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Density Functional Theory of the Cu,-Like Cu,S,
Diamond Core in Cu Y(NGuaS),Cl,

M. Witte,* U. Gerstmann,'® A. Neuba,™ G. Henkel,”™ and W. G. Schmidt"

Density functional theory (DFT) calculations with localized as
well as plane-wave basis functions are performed for the
recently reported dicopper thiolate species Cu,(NGuaS),Cl,
[NGua$ = 2-(1,1,3,3-tetramethylguanidino) benzenethiolate,
C11H16N3S] and its bromo derivative [Neuba et al., Angew.
Chem. Int. Ed. 2012, 51, 1714.]. For both hybrid and semilocal
functionals, the neutral complexes are found to have broken
symmetry (BS) character, with electron paramagnetic reso-
nance silent, antiferromagnetically coupled [Cu?*...Cu*"] site
in which the coupling is driven by super exchange interaction
within the Cu,S, diamond core. The accurate theoretical
description of the geometric structure, however, provides a
major challenge for DFT: (i) the multideterminant character of

Introduction

The dinuclear copper core is essential for metal-based electron
transfer in the Cuy, site of cytochrome ¢ oxidase, the terminal
enzyme of aerobic respiration in eukaryotic organisms, as well
as the nitrous oxide reductase found in denitrifying bacteria.'™”!
A wide range of spectroscopic studies including extended X-ray
absorption fine structure,”**! electron paramagnetic resonance
(EPR),’® optical absorption,"®'" low-temperature magnetic cir-
cular dichroism,”'? resonance Raman,”"®! and X-ray crystallogra-
phy!" =" addressed its electronic and structural properties and
concluded on a rhombic geometry, that is the “diamond” core,
where the two Cu atoms are separated by a short distance of
about 2.44 A. They are bridged by two S(Cys) atoms and coordi-
nated to two N(His) ligands. Electron nuclear double resonance
studies on various Cu, species found an electronic structure of a
S=1/2 state.®*'>' Hence, the singly occupied molecular
orbital (SOMO) shows a delocalized character. For the Cuy site in
nitrous oxide reductase, for example, about 90% of the magnet-
ization density is found to be equally distributed over the central
Cu and S atoms of the diamond core; a considerable part of the
unpaired electron spin density (up to 5%) is also found on the
N(His) ligands.”® Hence, the natural Cu, complex is an open
shell system with an unpaired electron delocalized over the
Cu,S, core, resulting in a mixed-valent [Cu'>"...Cu'>"] state.
Generally, Cu(ll) centers can be classified into three types
based on their EPR and optical spectroscopical data: “blue”
(type-1), “nonblue” (type-2), and “dinuclear” (type-3) species.
The blue copper site in plastocyanin, also being thiolate
bridged,”" has been studied in detail,*>*®" and it has been
found that the Cu-thiolate bonds, like metal-thiolate bonds, in
general, are strongly covalent.””! It has been shown that type-1

Wiley Online Library

the ground state wave function has to be covered by the BS
approach. It requires (i) metageneralized gradient approxima-
tions, that is hybrid functionals with an explicit dependence
on the kinetic energy of the individual orbitals: In combination
with a dispersion correction, the metafunctional TPSSh results
in a Cu—Cu distance close to the experimentally observed
value of 2.7 A. For the negative charge state of the complex,
a mixed-valent [Cu'**...Cu'"] electronic structure with a
smaller Cu—Cu distance of 2.6 A is predicted, similar to the
value of the Cuy, site of cytochrome c oxidase. © 2016 Wiley
Periodicals, Inc.

DOI: 10.1002/jcc.24289

centers can be structurally converted into purple Cu, centers.!*®

The synthesis of dinuclear mixed-valent copper(ll) thiolate com-
plexes with active-site properties comparable to those of the
natural Cuy has been a challenge for synthetic inorganic chemis-
try for some time.**” The first, though not reversibly reduci-
ble, mixed-valent complex has been developed by Tolman and
coworkers” and theoretically characterized by Solomon
et al”*? Duboc and coworkers succeeded in synthesizing a
mixed-valent thiolate bridged complex, showing biomimetic
functionality.”® Although the redox reaction is slower than for
the natural Cuy site, it is still faster than for Cu(ll) complexes uti-
lizing plastocyanin.™*

Recently, Neuba et a reported a previously unknown
chloride-induced disulfide-thiolate interconversion, leading to the
copper(l) disulfide complex cation [Cu ’2{(NGuaS—)2}2}2+ to the elec-
trically neutral, blue copper(ll) thiolate species [Cu 4(NGuaS),Cl,]
(hereafter: 1) (scheme, Fig. 1)*. Owing to its symmetry, the neutral
complex has an even number of electrons and, thus, cannot show
Cu, functionality. Nevertheless, it (i) can be used for analyzing the
exchange coupling in the Cu,S, diamond core, (i) may serve as a
structural model for Cu, centers, and (iii) represents a possible
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Figure 1. Schematic representation of neutral copper(ll) thiolate species 1
reported in Ref. [45]. The “diamond” core is indicated by the gray diamond
square.

starting point for the development of realistic Cuy model com-
plexes. The X-ray crystallography shows a folded structure with mir-
ror symmetry with a rhombic, but puckered Cu,S, diamond core. In
analogy to similar systems with diamond core,***® the properties
of the complex are determined by the exchange coupling of the Cu
and S atoms™! by which the ground state is composed of a multi-
determinant wave function. In the framework of density functional
theory (DFT), this wave function is not directly accessible. But Noo-
dleman®®>¥ showed that its total energy can be approximated by
a so-called broken symmetry (BS) calculation in which an antiferro-
magnetic configuration is postulated* and used to calculate the sin-
glet-triplet total energy splitting.

In this study, the BS approach within DFT is used to explore
the molecular geometry and electronic structure of the neutral
complex. This article is organized as follows: After a brief
description of the computational method, the energy landscape
within the BS configuration is investigated, addressing the ques-
tion of the structural ground state and whether there are other
possible metastable or degenerated minima. Afterward, techni-
cal aspects are discussed, focusing on the difference between
the gas and the solid phase, the role of the van der Waals inter-
action (dispersion), and the choice of the exchange-correlation
(XC) functional. The next two sections provide an in-depth anal-
ysis of the exchange coupling of the antiferromagnetic BS con-
figuration by which the coupling constants are calculated with
the help of two different spin decontamination schemes and
used afterward to reconstruct the total energy curve of the
multideterminant singlet state. The atomic charges are subse-
quently analyzed regarding the question of the valency. Finally,
the orbital character and spatial distribution of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are discussed, suggesting the reduced,
that is negatively charged complexes as a possible starting
point for the development of realistic Cuy, model complexes.

*Although the structural symmetry is retained, the asymmetry of the spin
degrees of freedom “breaks” the symmetry of the wave function.
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Computational Method

The structurally and electronically relaxed minimum energy
state of 1 and its bromo derivative 2 are determined within
DFT. The multideterminant character of the neutral ground
state is covered by the BS approach.”®>¥ We use both the
Gaussian09 code,™! using localized basis functions, and the
Quantum ESPRESSO package®® which is based on a plane-
wave (pw) representation of the electronic orbitals. An infinite
number of pws forms a complete set, and a pw basis con-
verges in a smooth, monotonic manner to the target wave
function. The convergence of the calculation can easily be
monitored and controlled by varying the pw cutoff, allowing
to approach the completeness of the basis set and thus to
eliminate related numerical errors. Using norm-conserving
pseudopotentials, an energy cutoff of 90 Rydberg is found to
lead to converged results for the systems studied here. In
addition, as the pw basis functions are not associated with
any particular atom, pw basis sets do not lead to basis set
superposition errors and are ideally suited for modeling peri-
odic boundary conditions appropriate for molecular crystal cal-
culations. At the same time, cc-pVDZ and cc-pVTZ basis
sets®’~ are used in the Gaussian calculations. Hence, a strict
scf convergence criterion of 107 '° Hartree as well as tight
convergence criteria for relaxations are enforced. The electron-
electron interaction is modeled here with various local, semilo-
cal, and nonlocal XC functionals. Although, from a purist’s
point of view, functionals with as few parameters as possible
are clearly desirable,®® they are not always expedient for com-
plexes including transition metal atoms like copper. Therefore,
we compare the results obtained within the local-density
approximation (LDA)®'"%% the Perdew, Burke, and Ernzerhof
(PBE) implementation of the generalized gradient approximation
(GGA)® as well as the hybrid B3LYP®7 and TPSSh function-
als’®®7% which incorporate some Hartree-Fock exchange. The
latter functional depends explicitly on the kinetic energy density
of the occupied one-particle orbitals and has shown a superior
performance in various recent studies on transition-metal sys-
tems (for a detailed discussion, see Ref. [71]).

Although the ubiquitous dispersion interaction can be
accounted for by performing high-level quantum-chemical wave
function or quantum Monte Carlo methods or by the combination
of exact exchange plus correlation energy within the adiabatic-
connection fluctuation-dissipation theorem,”? it is neglected by
most of the currently used XC functionals in DFT calculations.
Among the many concepts to include dispersion interaction in
DFT,”3>7! the addition of a pairwise interaction energy ~CsR™®
with a suitable cutoff function for small atomic distances R (Refs.
[76-78]) is a computationally particularly inexpensive, still often
rather accurate approach.”2% This so-called DFT-D scheme deliv-
ers information on the influence of vdW forces at virtually no addi-
tional computational costs in an a posteriori way. In this study, we
employ this scheme using the DFT-D2 and D3BJ parameter sets
proposed by Grimme et al.®"#? for studying the impact of disper-
sion effects on the molecular properties.

To probe the influence of the spin-orbit coupling (SOC) on
the energetic and electronic properties of the investigated
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copper disulfide complexes as well as to study the possible rele-
vance and influence of noncollinear spin orientation,®
we perform calculations starting from the Foldy-Wouthuysen
transformed® Dirac Hamiltonian within the zero-order regular
approximation (ZORA).®*! As we have shown earlier for a series
of transition-metal systems,®® SOC may be accounted for by an
additional contribution to the nonlocal part of scalar-relativistic
PAW pseudopotentials. This approach, described in detail in Ref.
[87], allows for accurate, but numerically highly efficient
relativistic calculations including SOC for spatially anisotropic
potentials and is applied here to the species 1 in the gas phase.

Results and Discussion
Energy landscape within the BS approach

At first, we address the energetics of the neutral complex via
BS calculations; we determine the geometry of the BS configu-
ration and search for alternative metastable minima and sad-
dle points, both with possible relevance for the synthesis. For
this purpose, we start scanning the two-dimensional potential
energy surface (PES) for the system in antiferromagnetic elec-
tronic configuration, that is for a Hilbert space with vanishing
total spin S =0, built up from wave functions that give rise to
a vanishing total magnetic moment

mtot:J(na(F)—n/j(F’)) d3r:N1—N/;:25 (M
but specific absolute magnetic moment

o= [ Ina7) (P @

Here, n,(r) and ng(r) denote the charge density of the
corresponding spin channels o and f5, respectively. Their dif-
ference m(r)=n,(F)—np(r) is often called magnetization
density.

For the PES, the Cu—Cu and S—S distances are chosen as
parameters. Hence, the complex was structurally fully relaxed
for specific constrained Cu—Cu and S—S distances, sampled
on a dense mesh. The result, on the PBE+D2/pw level of
theory, is shown in Figure 2. Earlier DFT calculations on other
Cu, model complexes identified two flat minima that can be
rationalized by two types of ground state wave functions, ¢,
and 7, that correspond to shorter and longer Cu—Cu distan-
ces.®88% Two distinct Cu—Cu distances, corresponding to two
different Cu oxidation states, characterize as well the Cu,0,
binding motif in many model complexes for the binuclear cop-
per enzyme tyrosinase; for example, see Refs. [90-94], where
the short- and long-distance copper configuration are referred
to as oxo and peroxo isomers. In all these cases, the overall
flat geometry of the rhombic dicopper core remains intact,
and different Cu—Cu distances are accommodated by varying
the bonding angles. However, this is different for 1: Besides
the ground state with a rhombic, but puckered Cu,S, core
with a Cu—Cu distance below 2.9 A and a S—S distance of
about 3.3 A, no further minimum with the same kind of geom-
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Figure 2. Calculated (PBE+D2/pw, BS approach) two-dimensional PES a),
normalized to the minimum energy configuration (labeled 1). Also shown
is the corresponding absolute magnetic moment [eq. (2)] b). Metastable
minima within mirror and inversion symmetry are marked by 1* and 1",
respectively (see also Figs. 3b and c), whereas T denotes a possible transi-
tion state between 1 and 1*.

etry is found. There is, however, a metastable conformer with
a “flat core” with inversion symmetry 1™, 8.95 kcal/mol (388
meV) higher in energy (Fig. 3c), as well as another metastable
minimum 1* lying 13.88 kcal/mol (602 meV) above 1 on the
PES (Fig. 2). The latter corresponds to a Cu—Cu distance of 3.7
A and a S—S distance of 2.2 A. It still reflects mirror symmetry,
but the rhombic geometry of the Cu,S, core is lost, and the
system adopts an end-on geometry with a sulfur bridge (com-
pare Fig. 3b). This metastable isomer 1% is reached if the S—S
distance is reduced below about 2.4 A and results from the
relief of the corresponding intramolecular strain. Interestingly,
the S—S bridge found in 1% is reminiscent of the educts in the
synthesis leading to 1.1 In Figure 2b, the absolute magnetic
moment m,ps of 1 calculated within PBE+D2/pw is shown in
dependence on the Cu—Cu and S—S distance for the relaxed
molecular structures discussed above. It should be noted that
in contrast to the total magnetic moment my, which vanishes
by definition for all investigated BS configurations, mgps is
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Figure 3. Calculated (structurally relaxed via PBE+D2/pw) geometries of the neutral Cu,(NGuaS),Cl, complex as indicated in the PES shown in Figure 2:
Besides the stable 1 a) and metastable 1* b) states with mirror symmetry and puckered Cu,S, diamond core, also a metastable (“flat core”) configuration

within inversion symmetry 1™ c) is shown.

strongly varying depending on the molecular arrangement. In
contrast to the minimum total energy structure 1, the meta-
stable minimum 1% provides a diamagnetic singlet where both
the total [eq. (1)] and the absolute [eq. (2)] magnetic moments
vanish. Generally, the magnetic moment tends to decrease or
even to vanish for short S—S distances (Fig. 3b).

Molecular structures—gas phase versus solid state

To discuss the influence of different XC functionals, we com-
pare key structural parameters of the Cu,S, core (Figs. 1 and
3a) calculated for various functionals and basis sets with the
experimental values which, however, correspond to X-ray dif-
fraction data obtained for the solid state. The experimental
error bars for the Cu, S, and Cl bond lengths/angles are 0.0007
A/0.006°, respectively,”> which is clearly below the numerical
accuracy of the present calculations. The results are summar-
ized in Table 1.7 To explore the crystallization effects on the
molecular structure and energy of 1, Table 1 contains besides
the gas-phase data, also the results for the solid state (“PBE/
pw” and “PBE+D2/pw"). Hence, periodic boundary conditions
have been used to model the molecular crystal with a two-
molecule unit cell as shown in Figure 4.

Interestingly, gas-phase molecule calculations performed
with the LDA vyield structural parameters that are largely in
close agreement with the experiment. Nevertheless, with LDA
a proper BS configuration cannot be stabilized, falling back to
an unlikely closed shell configuration. The GGA within PBE
leads to bond lengths that are larger than the results of LDA
by 0.1-0.3 A. Very often (Refs. [76,77]), large structural differen-
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ces between LDA and GGA calculations are indicative for a
strong influence of dispersion interactions that frequently are
fortuitously mimicked by the former. Hence, the influence of
dispersion interaction is explored here in more detail. For the
calculation with a pw basis set, we use the DFT-D2
scheme.®"®1 From the comparison of the results for the vac-
uum molecule and the solid (Table 1), it becomes obvious that
the dispersion interaction plays only a minor role for the latter.
This can be explained by the solid-state matrix, leading to
some cancellation of van der Waals forces. This is, of course,
not the case for the isolated gas-phase complex. Owing to the
folded geometry of 1, the face-to-face ligands sense a noticea-
ble dispersion attraction that increases the S—Cu—S angle,
resulting in a larger S—S bond and shortening the Cu—Cu dis-
tance. Hence, the PBE+D2 molecular structures calculated for
the gas-phase and solid-state embedded species do not differ
more than a couple of hundredths of Angstrom. The fact that
there are still large discrepancies compared to the measured
geometry is, thus, indicative for an insufficient theoretical
modeling rather than for large differences between gas-phase
and solid-state geometry.

The choice of the XC functional

Therefore, we explore the influence of the exact exchange
contribution to the XC functional in the following. We expand
the wave functions in a localized basis (cc-pVDZ and cc-pVTZ)
rather than pws to keep the numerical effort as low as possi-
ble. For technical reasons, the Becke-Johnson damping (D3BJ)
scheme® was used to model the dispersion interaction in
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Table 1. Calculated key structural parameters (bond lengths in A, angles in °) and the absolute magnetic moment m.p; (in 1) [eq. (2)] in comparison
with the experimental data.”) For comparison, the values of the bromo derivative 2 are also given (lower part).

Cu—Cu S—S Cu—Cl/Br Cu—S Cu—S <L (Cu—S—Cu) <L (S—Cu—9) Mabs
Exp. “! (solid state) 2.73 3.19 222 222 234 73.69 88.96 -
LDA/pw 2.71 3.21 2.19 2.18 2.26 75.06 92.46 0
PBE/pw 3.03 3.27 2.27 2.27 2.39 80.93 89.06 1.53
PBE/pw (solid state) 2.88 3.30 2.28 2.27 241 75.82 89.50 1.33
PBE+D2/pw 2.90 3.31 2.26 2.28 2.38 76.78 90.39 1.40
PBE+D2/pw (solid state) 2.88 3.31 2.28 2.29 241 75.59 89.42 1.31
PBE+D2/pw (singlet) 2.82 3.35 2.26 2.27 2.37 74.86 92.31 0
PBE+D2/cc-pVDZ 2.75 3.34 2.23 2.27 2.36 73.02 92.28 0
PBE+D3BJ/cc-pVDZ 2.73 3.34 2.23 2.26 2.34 72.75 92.97 0
PBE+D3BJ/cc-pVTZ 2.74 3.31 2.23 2.24 233 73.63 92.84 0
PBE+D3BJ/aug-cc-pVTZ 2.82 3.30 2.24 2.25 235 75.64 91.64 0.57
B3LYP/cc-pVDZ 3.14 3.22 2.25 2.30 241 83.39 86.15 1.91
B3LYP/cc-pVTZ 3.14 3.19 2.25 2.28 240 84.03 85.58 1.92
B3LYP+D3BJ/cc-pVDZ 3.00 3.25 2.24 2.30 2.39 79.18 87.49 1.87
B3LYP+D3BJ/cc-pVTZ 295 3.25 2.23 2.28 2.39 78.66 88.58 1.87
TPSSh/cc-pVDZ 2.94 3.22 2.24 2.28 237 78.25 87.62 1.79
TPSSh/cc-pVTZ 294 3.17 2.23 2.26 2.36 79.14 86.73 1.81
TPSSh+D3BJ/cc-pVDZ 2.78 3.27 223 2.28 235 73.86 90.08 1.71
TPSSh+D3BJ/cc-pVTZ 2.78 3.24 222 2.26 233 74.39 89.92 1.71
Exp."”’ (solid state) 2.71 3.19 2.35 222 2.33 73.12 89.19 -
PBE+D2/pw 2.88 3.33 2.39 2.29 2.38 76.13 91.17 1.31
PBE-+D2/pw (solid state) 2.84 3.32 242 2.29 241 74.34 89.83 1.25
TPSSh+D3BJ/cc-pVDZ 276 3.29 237 2.28 234 73.48 90.55 1.67
[a] So far, m,,s could not be determined experimentally. [b] A. Neuba, G. Henkel, Private communication, 2014.

these calculations. The difference to the D2 results is expected
to be of minor importance. However, strong changes are
induced by the hybrid functionals. The frequently used B3LYP
approximation deteriorates rather than to improve the agree-
ment between experiment and theory: Irrespective of whether
or not dispersion is included and if a cc-pVDZ or cc-pVTZ basis
is used, the Cu—Cu distance is severely overestimated, by up
to 0.4 A. In accordance with former calculations for other Cu,-
like complexes by Takano et al,”® a substantially improved

Figure 4. Schematic representation of the crystalline structure of 1 and 2
with a two-molecule unit cell (one highlighted) as derived by X-ray diffrac-
tion in Ref. 45. It should be note that for 1 a more complicated structure
with four molecules in the unit cell (two of them inverted and shifted by
50% of the lattice constant) is determined. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Wiley Online Library

modeling is achieved if the meta-GGA is combined with 10%
of Hartree-Fock exchange in the TPSSh functional, leading to
0.2 A shorter Cu—Cu distances. Dispersion interaction shortens
the bond lengths further, apart from the S—S distance, which
even slightly expands. This is related to the folded geometry
of 1 (Fig. 3a): The face-to-face ligands sense a large dispersive
attraction that increases the S—Cu—S angle and stretches the
S—S bond length beyond its measured value. The resulting
butterfly opening of the diamond core has an angle of 124°.

In Figure 5 the influence of the XC functionals, the molecu-
lar modeling, and the dispersion interaction are further shown
by the one-dimensional PESs for selected calculation schemes:
TPSSh+D3BJ/cc-pVDZ, B3LYP+D3BJ/cc-pVDZ, and PBE+D2/
pw. Also, shown are PBE+D2/pw calculations for the molecular
crystal that employ periodic boundary conditions. The respec-
tive calculations are performed assuming restricted closed shell
(diamagnetic), triplet (paramagnetic), and BS (antiferromag-
netic) configurations. Their total energies are given in depend-
ence on the Cu—Cu distance exclusively, whereas relaxing all
other degrees of freedom. For all calculation schemes, a BS
configuration with nonvanishing absolute magnetic moment
Mm,ps gives the lowest energy. Nevertheless, as already found in
Refs. [97-100] for similar systems, the extent to which the BS
or triplet configuration is lowered in total energy with respect
to the closed shell configuration scales with the amount of
Hartree-Fock exchange employed in the calculation. It is
important to mention, though, that the restricted closed shell
configuration has no chemical meaning for the ground state.
Nevertheless, the corresponding energy curves are illustrative
in showing that for small Cu—Cu distances the BS solution
converges (depending on the different functionals) into the
chemically unlikely closed shell solution (Fig. 5).
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Figure 5. One-dimensional PESs for different spin configurations and XC
functionals. For each BS energy minimum, the formation energy Ef is given;
the vertical line indicates the experimental Cu—Cu distance from Ref. 45.
The gray line indicates the hypothetical closed shell singlet energy shown
here for comparison. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Taken together, the TPSSh+D3BJ/cc-pVDZ calculations
within the BS approach result in a structure that essentially
resembles the experimental findings. It can, thus, be used as a
reliable basis for further investigations presented in the follow-
ing section.

Antiferromagnetic coupling within the BS state

The BS state does not comprise the multideterminant charac-
ter of the singlet ground state, but often yields a very good
approximation for the correct ground state density. Neverthe-
less, the geometry of the multideterminant singlet differs
slightly from that of the BS configuration as well.”* Still, the
BS approach provides a good estimate for the geometry and
related spectroscopic properties as explained in Refs.
46,47,101-104. Steps beyond, however, require an in-depth
analysis of spin system. Assuming that the BS configuration
yields not only a reliable estimate for the geometry but for
the spin distribution as well, we analyze the antiferromagnetic
coupling within the BS state in terms of the two spin channels
o and f. The fact that essentially the Cu and S atoms are
affected by the spin asymmetry is illustrated by the calculated
magnetization density m(r)=n,(r)—ns(r) as shown in Figure
6. The atoms of the diamond core are mostly responsible for

Journal of Computational Chemistry 2016, 37, 1005-1018

WWW.C-CHEM.ORG

Journal of

OMPUTATIONAL
HEMISTRY

the absolute magnetic moment and hence for the antiferro-
magnetic coupling. Around 75% originates equally from the
Cu d states and S p states, 10% from the Cl and N(Gua)
ligands, whereas the remaining part is distributed over the
whole molecule. This asymmetry in the o and f§ spin distribu-
tion reduces the geometrical C, symmetry to C,°oy. Hence,
the subsets of each spin channel of the Kohn-Sham (KS) orbi-
tals |¢]),—(, 4 are energetically degenerated. To rationalize
the energy lowering owing to this symmetry reduction, we
consider the contribution of the individual orbitals to the
Hartree contribution

EHIQJJnf(‘mn/ /(F/)d3rd3r/ (3)

to the DFT total energy. For most of the orbitals, the corre-
sponding Coulomb repulsion is found to be lower in case of
the BS state than for the closed shell configuration. In total,
this electronic reorganization leads to an energy that is 3.04
kcal/mol (132 meV) lower owing to the antiferromagnetic
order (TPSSh+D3BJ/cc-pVDZ). Simultaneously, the HOMO-LUMO
gap widens from 1.1 to 1.5 eV.

The antiferromagnetic coupling is reflected in a nonvanish-
ing absolute magnetic moment m_ys [eq. (2)] of up to 1.92 ug
calculated within B3LYP/cc-pVTZ. The corresponding value of
the TPSSh+D3BJ/cc-pVTZ calculation, which closest resembles
the experimental geometry, amounts to 1.71 pg. In this con-
text, it is interesting to have a closer look at the PBE results.
The combination of PBE with a pw basis results in a sizable
absolute magnetic moment of 1.31-1.53 ug depending on
whether or not dispersion interaction is included and if the
calculations are performed for gas-phase or solid-state species.
In contrast, unless the basis is augmented to a triple-Zeta basis
including diffuse functions, the PBE description with localized
basis sets does not show any stable antiferromagnetic mini-
mum energy configuration and relaxes barrier-free into the
diamagnetic closed shell configuration. This indicates that
localized basis sets in combination with (semi-) local function-
als are, in this particular case, not suitable to represent the
electronic BS state. It is furthermore possible that the frozen-
core pseudopotential approach profits from error cancellation.
The majority of the results, in any event, point to a BS mini-
mum energy configuration with a nonvanishing absolute mag-
netic moment of about m,ps ~ 1.4-1.9 pg.

All the calculations discussed above rest on the assumption
of a perfectly aligned, collinear spin orientation. To explore a
possible influence of noncollinear spin polarization, we per-
form relativistic two-component PBE/pw calculations for iso-
lated molecular species that include SOC and allow for
arbitrary spin orientations.®”! It is found, however, that irre-
spective of the spin orientation used as starting configuration,
the spin degrees of freedom relax into a collinear configura-
tion with all spins aligned along the direction imposed by the
Cu magnetic moment (Fig. 6). Hence, the orientation of the
quantization axis is almost arbitrary: The corresponding energy
difference is below 107¢ eV, suggesting a very efficient intra-
molecular antiferromagnetic coupling. The inclusion of SOC is
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Figure 6. Calculated (PBE/pw) BS magnetization density ny(F)=n*(F)—n(F)
for the minimum energy state of 1 (red, positive; blue, negative). Arrows
indicate the corresponding local spin orientation. For clarity, the arrows are
scaled equally and are only shown for local magnetic moments of >0.001
1g. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

also of minor influence (<1 meV) for the relative stability of
the different spin states of the isolated molecular species. We
cannot exclude, however, a more significant influence in
molecular crystals, in particular in case of 1, where four mole-
cules in a hexagonal unit cells™**! give various possibilities for a
rather complicated spin ordering. This is, however, beyond the
scope of this article in which full relativistic calculations are
restricted to the isolated molecular species.

Exchange coupling

The exchange coupling within the BS configuration can be
analyzed with respect to the phenomenological Heisenberg-
Dirac-van Vleck Hamiltonian!'®!

A=-2J5,-5, )

Experimentally, the exchange coupling constants are
related to the temperature dependence of the magnetic sus-
ceptibilities. In Ref. [45], this has been measured for powder
samples of 1 and 2 using a SQUID magnetometer. From the
data of the bromo derivative 2, a magnetic phase transition
at 160 K can be clearly determined, resulting in an experi-
mental value of [2J,]=2210 cm™ "' For 1, a very strong
antiferromagnetic coupling of the two Cu atoms is con-
cluded: As no clear transition is observed up to 290 K, the
coupling constant |2J;| might be >4000 cm ™', that is consid-
erably larger than |2J,|. Apart from the coupling constant,
however, the electronic and structural properties of the
molecular species 1 and 2 do not differ significantly (Table
1). To understand this behavior, we calculate the coupling
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constant J from the energies and spin expectation values of
the corresponding high-spin (HS, triplet) and BS configura-
tions by following Ref. [106]

Egs—Ens

J=— (5)

<5 >H57<S >BS

which in the weak and strong bonding limits can be reduced
to simpler formulas alternatively used in the litera-
ture.P152197.1981 \a note that the experimental data for J were
obtained from crystalline samples. It has been pointed out ear-
lier that the calculated coupling constants are very sensitive
with respective to the molecular geometries.*”! Therefore, in
Table 2, we summarize the data calculated for the measured
ground-state geometries as well for relaxed molecular struc-
tures, assuming in both cases a vertical, atomic structure con-
serving, spin excitation.

For HS states, the spin expectation value (§2>H5 in terms of
h? will be close to integer S(S+ 1). The calculation of (§2)BS
for a BS state is more involved. Owing to serious spin contami-
nation,!'%""% the corresponding BS wave function is by no
means an eigenfunction of (§2). The total spin angular
momentum is two-particle in nature. Hence, in the framework
of DFT, a relationship to the (magnetization) density or at least
the KS one-particle orbitals have to be established by modeling
the exchange-correlation hole. Several methods are used in
the literature."""™"" In the so-called “noninteracting” (NI)
scheme, the expectation value is obtained by evaluating the

overlap integrals between spin-up and spin-down
electrons'%%11%!
2 N, Ng 2
(s >N|=h2{5(5+1>+Nﬁ— ZJ¢E§®¢,§§(md3r } (6)
=1 j=1

This approach can be used to rationalize the antiferromag-
netic coupling by defining a pair of magnetic orbitals which
account completely for the overlap."'? As there is, however, no
formal justification for describing the exchange-correlation hole
via KS orbitals, and for correlating the expectation value (§2)
with the absolute magnetic moment of the antiferromagneti-
cally coupled BS state (Table 1), we compare the results of the
NI scheme with the prediction of an exchange-only local spin
density (XLSD, or shorter XD) approach!""®

(8%) o =h? [s<s+1)—J

ns<0

n(r) dﬂ , 7)

where ny(r)=n,(F)—ng(F) denotes the local magnetization
density (Fig. 6). Exploiting that on the one hand

—J ny(F) d3r=J [ns(7F)| d°r,
ns<0 ns<0
and on the other hand

2~j |ns(r*)|d3r=[ \nsm\d%—J s (7) o r=mass —Mice,
ns<0 oo

o0
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Table 2. Calculated and measured exchange coupling constants, here

given by the singlet-triplet splittings 2J in cm™ ",

Exp. geometry Calc. geometry

1 2 1 2
Experiment %1 —2210
PBE+D2/pw —=1910 —1960 —1818 —1898
PBE+D2/pw (solid) —2210 —2241 —1901 —1886
B3LYP+D3BJ/cc-pVDZ —1286 —1331 —875 —925
TPSS+D3BJ/cc-pVDZ —1834 —1941 —2228 —2300
TPSSh+D3BJ/cc-pVDZ —1541 —1591 —1637 —1641

[a] Using the NI spin-decontamination scheme, the calculations are per-
formed for different functionals, using either the experimental (X-ray
diffraction) or the respective calculated geometries of Cu,(NGua$),Cl,
(1) and Cu,(NGuaS),Br; (2).

and furthermore using the definitions of the absolute and
total magnetic moments in eqgs. (1) and (2), respectively, one
can rewrite eq. (7) as

2

($%) o= [5(s+1)+%—s].

2 (8)

In other words, m,,s/2 —S can be rationalized as an esti-
mate for the spin contamination in DFT. In Table 3, the <§2>
values obtained via eqgs. (6) and (8) are compared. The XD
approach gives the values that are always larger than the KS
orbital-based results of the NI approach, and hence the differ-
ence becomes smaller for larger spin contaminations. Cohen
et al'"" have elaborated a gradient corrected density func-
tional for (§2>, which lowers the results correcting for spin con-
tamination. The same trend should be expected if correlation
is taken into account. The XD results can, thus, be seen as an
upper limit for (52), those of the NI approach as a lower one.
The difference of the expectation value used to calculate J
comes again closer to each other, and the chosen method
only moderately affects the resulting coupling constants. In
addition, formula (5) is believed to lead to slightly underesti-
mated singlet-triplet splittings |2J].""®"""! Hence, the NI-KS
orbital-based method according to eq. (6) allows to take
advantage of error cancellation and can be trusted to give rea-
sonable estimates for the coupling constants J.

As summarized in Table 2, the calculated coupling constants
depend critically on the modeling of the DFT functional. First,
we discuss coupling constants obtained for molecular species
in the gas phase using the experimental geometries from
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X-ray crystallography: The calculations based on the semilocal
PBE and on the TPSS/cc-pVDZ meta-DFT functional, both con-
taining no exact exchange, give very similar results with com-
paratively large |J| values. The smallest coupling constants, for
both 1 and 2, are obtained within B3LYP/cc-pVDZ; the values
for the TPSSh functional with a medium content of exchange
are in between. This behavior reflects the varying energy dif-
ferences between the BS and the triplet states, which in turn
are related to the fact that functionals with a larger amount of
Hartree-Fock exchange tend to favor HS states.””~'°% As for
all functionals the values are underestimated, best agreement
with experiment is obtained for the semilocal functionals,
which in case of the bromo derivative 2 is still about 10%
smaller than the experimental value. A possible source for seri-
ous uncertainties is the influence of intermolecular (lattice)
interactions in the molecular crystal.

To investigate the influence of such crystallization effects,
additional total energy calculations (on the PBE/pw level of
theory) were performed for the solid phase. In comparison to
the gas-phase, larger energy differences between the BS and
the triplet HS states are obtained (Fig. 5), whereas the differ-
ence of the corresponding (§2) expectation values increases
only slightly (Table 3). As a consequence larger exchange cou-
plings (by ~10%) are predicted for the solid state. For 2,
where experimentally a transition into a ferromagnetic config-
uration has been clearly observed, the resulting exchange
splitting of —2240 cm™'"? (278 meV) agrees very well with the
experimental value of —2210 cm™ (Table 2). For 1, however,
we obtain almost the same exchange coupling constant. This
seemingly contradicts the experimental finding that the sin-
glet-triplet splitting |2J;| for 1 should be considerably larger
than the value |2J,] =2210 cm ™" for the bromide derivative
2. One has to mention, however, that the calculated coupling
constants J are strongly geometry dependent. They vary con-
siderably if calculated minimum total-energy geometries are
used instead of the experimentally observed crystal structures
(cf. right part of Table 2). However, this effect cannot explain
the large discrepancy in case of 1. Owing to the strong similar-
ities of all structural, electronic, and magnetic properties of
the individual molecular species 1 and 2, we might expect the
differences in the molecular crystal lattice and their influence
onto the spin-coupling as a possible origin: Although 2 crystal-
lizes with two molecules in a regular unit cell, complex 1 crys-
tallizes in a hexagonal cell containing four molecules. We

Table 3. Expectation values (§2> (in [%]) for the triplet (HS) and the BS states as well as their difference A=(§Z)HS—<§2)BS calculated for the Cl and Br
derivatives (1 and 2) via the NI scheme [eq. (6)] and via the exchange-only (local) density approximation (XD, eq. (8)) for different functionals and
geometries.
1BS 1 HS (triplet) 1(HS-BS) 2 BS 2 HS (triplet) 2(HS-BS)
a2 a2 22 22 a2 a2 22 22
<5 >N| <5 >>(D <5 >N| <5 >XD Ani Axo <5 >NI <5 >XD <S >N| <S >XD Ani Axp
PBE+D2/pw 0.53 0.77 2.007 2.1 1.48 1.34 0.46 0.65 2.007 2.11 1.55 1.46
PBE+D2/pw (solid) 0.47 0.67 2.006 2.06 1.54 1.39 043 0.63 2.006 2.10 1.57 1.47
B3LYP+D3BJ/cc-pVDZ 0.90 0.96 2.010 2.14 1.1 1.18 0.88 0.93 2.010 2.14 1.13 1.21
TPSS+D3BJ/cc-pVDZ 0.26 0.47 2.004 2.09 1.74 1.62 0.12 0.32 2.004 2.08 1.88 1.76
TPSSh+D3BJ/cc-pVDZ 0.76 0.86 2.008 213 1.25 1.27 0.73 0.83 2.002 213 1.27 1.30
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Figure 7. Top: Singlet triplet splitting factor 2J according to eq. (9) within the NI (black) and XD (purple) correction scheme. Bottom: One-dimensional PES
for the triplet, BS, and multideterminant singlet configurations. Both calculations were carried out on the TPSSh+D3BJ/cc-pVDZ level of theory. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cannot exclude that thermal effects onto the molecular crystal
structure and the spin-coupling therein actually lead to a sup-
pression of a magnetic phase transition. Here, further experi-
mental investigations for higher temperatures would be
helpful. Based on the present results, we can conclude that
the coupling constants are very sensitive to the details of the
molecular structure and the interaction with neighboring mol-
ecules. This is especially seen in the case of 1™ Though the
absolute magnetic moment is reduced to mups=1.53 pg (Fig.
2b) along with <§2>N,=0.69, the absolute value of the coupling
constant increases to |2J;n|=2002 cm™! owing to the frustra-
tion of the triplet state (TPSSh+D3BJ/cc-pVDZ). Further
improved theoretical results may, therefore, require (i) the use
of the TPPSh functional in the solid-state calculation, (ii) the
investigation of noncollinear spin ordering in the molecular
crystal lattice, and (i) the inclusion of thermal effects on the
molecular crystal structure.

Nevertheless, already on the present level of theory, we are
able to construct the total energy curve of the multidetermi-
nant singlet Es with the formula by Yamaguchi et al."'® which
can be written as

(5)us

ES:EHS+ =
<52>Hs_<52>Bs

(EBS_EHS):EHS+ <52>HS J (9)
~——

~2

For TPSSh+D3BJ/cc-pVDZ, the energy splitting and the one-
dimensional PES are shown in Figure 7. Irrespective of whether
the NI or XD scheme is used, the correction is maximal for
short Cu—Cu distances (76 and 104 meV, respectively). At the
minimum energy configuration, both methods shift the BS
energy by about 64 meV downward, and the Cu—Cu distance
is slightly reduced to 2.75 and 2.70 A for the NI and XD
scheme, respectively. Having in mind that the two schemes
provide upper and lower limits for the correct data, we obtain
a perfect agreement with the experimental value of 2.73 A.

Wiley Online Library

For the Br derivative 2, an application of the correction
schemes leads to a similar improvement, reducing the Cu—Cu
distance by about 0.05 A to the experimental finding of
2.71 A.

Valency of the ground states

From the measured Cu—K edge absorption, it was proposed
that 1 is a Cu(ll) complex.*™ A natural bond orbital (NBO)
charge analysis (TPSSh/cc-pVDZ) performed for a Cu atom in 1
results in a net positive atomic charge of 1.01 e (Table 4)
which certainly corresponds rather to the lower limit for a for-
mal Cu(ll) complex!"'®? and might even be explained by a
Cu(l) complex."" To put this result into further context, we
perform comparative PBE/pw calculations for prototypical Cu(l)
and Cu(ll) compounds, namely bulk CuCl and CuCl, ionic crys-
tals, where the oxidation state is well defined, given by the
stoichiometry, and compare the atom-projected charge distri-
butions. The results compiled for different functionals are also
summarized in Table 4. An accurate description of the Cu(ll)Cl,
electronic structure is, however, not trivial.'?2'%3) Nevertheless,
using a noncollinear spin treatment (Computational Method
section), the ground-state spin wave has been reproduced in
the present calculations. The atomic base-projected Cu net
charge as well as the projection of the total charge on the Cu
3d, 4s, and 4p states for the Cu(l)Cl and Cu(ll)Cl, ionic crystals
in Table 4 can be used as a reference for molecular Cu com-
plexes. Here, the net charge of the 3d shell for Cu(ll)Cl, is 0.50
e, whereas for Cu(l)Cl the charge deficiency is only 0.18 e. For
all calculations, independent of the XC functional, the net
charge of the 3d shell for 1 is between 0.40 and 0.53—close
to that of Cu(ll)Cl,. From a comparison with hybrid DFT calcu-
lations, we estimate the error bars of these values to be below
+0.05 e. The same is found for the Br derivative 2. Therefore,
from an analysis of the d-shell occupation, it seems justified to
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Table 4. Orbital projected charges (NBO analysis) for the ionic crystals Cu(l)Cl, Cu(ll)Cl, (PBE/pw), and for 1 in the solid states (all PBE/pw) and the
isolated complex 1 calculated with different functionals and basis sets (lower part of the table).

[a]

(Solid state) PBE+D2/pw 0.99

PBE+D2/pw 0.99

10.95 9.48 0.53
10.92 9.47 0.54

TPSS+D3BJ/cc-pVDZ 0.94 10.69 9.60 0.46
B3LYP+D3BJ/cc-pVDZ 1.03 10.53 9.53 0.44
B3LYP+D3BJ/cc-pVTZ 1.04 10.53 9.54 0.42
TPSSh+D3BJ/cc-pVDZ 1.01 10.59 9.55 0.44

Cu cl S
Ag Total 3d 4s 4p Total 3s 3p 3d Total 3s 3p 3d
Cu()Cl PBE/pw 0.86 10.80 9.82 0.32 0.68 7.18 1.58 5.04 0.56 - - - -
Cu(InCl, PBE/pw 1.12 10.64 9.50 0.38 0.78 7.16 1.64 5.00 0.54 - - - -

0.94 7.59 1.78 5.44 0.36 6.09 1.50 4.02 0.55
0.90 7.48 1.80 5.46 0.22 6.05 1.50 4.03 0.51

0.64 7.51 1.88 5.63 - 591 1.64 4.25 0.02
0.56 7.53 1.88 5.65 - 6.00 1.66 4.32 0.02
0.58 7.55 1.88 5.67 - 5.95 1.64 4.28 0.02
0.60 7.53 1.88 5.74 - 5.94 1.64 4.28 0.02

Besides the net atomic charge Aq =m + n of the Cu-atoms in 3d'® ™4s’

~ " configuration, in particular the deviation m of the Cu 3d shell from a d'°
closed shell occupation can serve as a reliable measure for the oxidation state.

classify 1 and 2 as Cu(ll) complexes, in agreement with the
previous interpretation of the X-ray absorption data.””’

Alternative structures and reduced species

With the values between 2.7 and 2.8 A, the calculated and the
measured Cu—Cu distances of the neutral model complex 1
are significantly larger than the value of 2.44 A typically
reported for flat Cu, centers.">'" As already mentioned
above, complex 1 has a metastable conformer with C; symme-
try 1™ possessing a Cu, typical, flat diamond core. On the
TPSSh+D3BJ/cc-pVDZ level of theory, however, it is 8.95 kcal/
mol (388 meV) higher in energy than the folded C, symmetry
structure 1, and features an even far longer Cu—Cu distance
of 3.18 A (Fig. 3c). Owing to the even number of electrons,
neither the neutral complex 1 nor the 1™ can be mixed-
valent as in Cuy.

Therefore, we investigate the reduced (negatively charged)
species of the abovementioned symmetry variants as a possi-
ble mixed-valent core. A DFT treatment is here much more
straight forward as the S =1/2 ground state of the negatively
charged species is given by a single Slater determinant. After
relaxing the structures of the reduced complexes, we find a
structure with C, symmetry similar to 1 as most stable. The
energy gain with respect to a structure with inversion symme-
try (again similar to 1), however, becomes smaller and now
amounts to 5.37 kcal/mol (233 meV). In other words, the gen-
eral structure of the diamond core remains qualitatively the
same, irrespective of the charge state. The symmetry of the
molecules is retained, and the oxidation state for the negative
species becomes actually mixed-valent [Cu'**...Cu'**] with
the SOMO being primarily delocalized over the diamond core
(Fig. 8). At the same time, the Cu—Cu distance is reduced to
2.82 A (1™) and 2.64 A (1), respectively.

HOMO and LUMO orbital character

In the context of the electronic and spin-dependent properties
of the neutral and negatively charged species of 1, it is illustra-
tive to analyze the orbital composition of the HOMO and
LUMO as shown in Figure 9. The dependence on the basis set
and on the XC functional is shown in Figure 10. We find only
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minor differences between the double-Zeta and the triple-Zeta
basis set results. In contrast, the Cu contributions to the
HOMO and LUMO depend strongly on the amount of exact
exchange used in the functional: 20% of exact exchange in
the B3LYP hybrid functional decreases the HOMO Cu contribu-
tion significantly (to the values of <15%). At the same time,
the Cu contribution in the LUMO is increased, the HOMO-
LUMO gap is enlarged (Fig. 10) and a higher magnetic moment
is obtained (Table 1) .

On the TPSSh+D3BJ/cc-pVDZ level of theory (with 10%
exact exchange), the LUMO for 1 comprises 40% Cu, 30% S,
9% Cl p, and 7% N states. For the Br derivative 2, we obtain
basically the same values. Only the contribution at the Br
ligands (11%) is slightly increased, and hence that of the Cu
atoms (38%) is decreased by the same amount. Despite the
electron transfer from the sulfur to the additional Cl and Br
ligands, the LUMO values are, thus, nearly identical with the
values reported by Neese et al.”” for the SOMO of a Cuy
complex, also reflecting the characteristic Cu-d and S-p spin
densities reported in the study of Solomon.'*¥ This suggests
once more the reduced species 1 as a possible starting point
for the development of a Cuy-like system.

For the HOMO of the neutral charged system, however, we
determine a much larger delocalization over the entire mole-
cule. For both derivatives, 1 and 2, only 22% arise from Cu,
and 35% (33% for 2) from the bridging S atoms. Hence, the
ratio between the Cu and the S contribution to the HOMO
also corresponds to the distribution of the magnetization den-
sity shown in Figure 6. This suggests that the HOMOs (/): and
(/)'/}' of the two spin channels can serve as a pair of magnetic
orbitals."'? Indeed, by restricting the analysis of the expecta-
tion value (S%)gs in eq. (6) to this pair of orbitals exclusively,
we reproduce within =0.05 the values obtained using the full
set of orbitals (Table 3). In Figure 11, it is shown that the cor-
responding overlap stems predominantly from the Cu,S, dia-
mond core. A surprisingly large overlap is also found at the Cl
and Br ligands. This overlap is slightly larger for the Br deriva-
tive 2 than for 1. The largest overlap, however, is found at the
S atoms bridging the two Cu nuclei, conclusively confirming
the super-exchange character of the antiferromagnetic cou-
pling within the Cu,S, diamond core.
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Figure 8. Calculated magnetization density of the mixed valence species in
1 in G; symmetry within TPSSh+D3BJ/cc-pVDZ. The magnetization density
is predominantly given by the SOMO. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Conclusions

In conclusion, DFT calculations for Cu,(NGuaS),Cl, and its
bromo derivative, both in gas-phase and in molecular crystals,
are performed. The structural and electronic properties of the
neutral species depend sensitively on the choice of the XC

DOS [arb. u.]
Total
——Ng,.+Ph
S [
HOMO LUMO
S
Cu
-5 -4 -3 -2 -1 0
Energy [eV]

Figure 9. Density of states (DOS) for the BS state of 1, here calculated with
TPSSh+D3BJ/cc-pVDZ, broken down into total, Cu, S, Cl, and N(Gua) contri-
butions. The energy (eV) is given with respect to the vacuum level; HOMO
and LUMO levels are also indicated. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Calculated atomic contributions to the HOMO and LUMO as
well as the band gap compared for several functionals and basis sets,
determined for the BS state of 1 in the gas phase. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

functional and provide a major challenge for DFT: whereas (i)
the multideterminant character of the wave function of the
neutral complexes is covered by the BS approach, (i) meta-
GGAs, that is hybrid functionals with an explicit dependence
on the kinetic energy of the individual orbitals, are required to
obtain the correct atomic structures. In combination with the
BS approach, the TPSSh functional provides particularly mean-
ingful results for the neutral Cu(ll) thiolate complexes, reducing
the Cu—Cu distance toward the experimentally observed value
of 2.7 A. The molecular ground state can be characterized by
an antiferromagnetic electronic structure with nonvanishing
absolute magnetic moment of about mups =~ 1.4—1.9 .
Hence, the coupling is driven by super exchange interaction
via the sulfur atoms within the Cu,S, core. The coupling con-
stants are calculated with the help of two different spin
decontamination schemes (“NI” and “XD"). Within the second
scheme, we present an interpretation in terms of the total
spin S and m,, exclusively. Both quantities are directly accessi-
ble in DFT, allowing an ad hoc spin decontamination. After-
ward, the total energy curve of the multideterminant singlet
state is reconstructed. For both schemes, the multideterminant
ground state singlet energy is found to be 1.48 kcal/mol (64
meV) below the BS energy. SOC effects are of minor impor-
tance; their influence on the total energies as well as the intra-
molecular coupling constants is nearly negligible. Owing to
the folded structure of 1, puckered at the S atoms, the overlap
of the HOMOs of the spin-up and -down channel is nearly
maximized, offering a quite sensitive and extremely efficient
antiferromagnetic  coupling pathway. Consequently, the
exchange coupling constants depend very sensitively on the
structural environment. Molecule-molecule interactions in the
crystalline structure are crucial to reproduce the experimental
value for the bromo derivative 2.

For the negative charge state of the complex, a mixed-
valent [Cu'>"...Cu"*] electronic structure with a rather small
Cu—Cu distance of 2.6 A is predicted, closer to the value of
the Cu, site of cytochrome c¢ oxidase. Hence, the negative
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Figure 11. Overlap (/)':(F)rf)'l}'(F') of the HOMO orbitals of the two spin channels o and f calculated on the TPSSh/cc-pVDZ level of theory for 1 (left) and the
bromo derivative 2 (right). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

complex [Cu 4(NGuaS),Cl,]~ provides a promising candidate to
show Cu, functionality. Further experimental study is neces-
sary to prepare the reduced Cu 4(NGuaS),Cl, species and to
analyze its microscopic and electronic structure, for example,
by X-ray and EPR spectroscopy.
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