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(n-acetato)-diaqua Complexes: Nature, Strength, Length,

and Topology

Michal Maléek ©,*™ Barbora Vénosova,® Ingrid Puskarova,™ Jozef Kozisek,™ Marian Gall,™

*[a]

and Lukas Bucinsky

Geometry optimization, energetics, electronic structure, and
topology of electron density of dicopper (I) and dichromium (II)
tetrakis(p-acetato)-diaqua complexes are studied focusing on
the metal-metal interactions. The performance of broken sym-
metry (BS) single-determinant ab initio (Hartree-Fock, Mgaller-
Plesset perturbation theory to the second and third orders,
coupled clusters singles and doubles) and density functional
theory (BLYP, B3LYP, B3LYP-D3, B2PLYP, MPW2PLYP) methods is
compared to multideterminant ab initio (CASSCF, NEVPT2)
methods as well as to the multipole model of charge density
from a single-crystal X-ray diffraction experiment (Herich et al.,
Acta Cryst. 2018, B74, 681-692). In vacuo DFT geometry optimi-
zations (improper axial water ligand orientation) are compared
against the periodic ones. The singlet state is found to be

Introduction

Metal-metal (M—M) interactions have raised a considerable
attention since the discovery of M,(CO);o complexes (where
M = Mn and Re)." The carbonyls have been quickly extended
by additional classes of complexes with direct M—M interac-
tions such as halogenide ions like [Re,Clg]*~ for instance and
double dentate ligands interconnecting the metal centers
[M;L,4] or [M,L,] such as carboxylate anions (although the group
of bidentate ligands is considerably large and the coordination
number depends on the ligand charge and the oxidation state
of the central metal atom).”” Currently, the number of com-
plexes that exhibit M—M interactions and/or bondings is huge,
in the case of 3d homodimers (with M—M distance limited to
2.8 R), the Cambridge Structural Database (version 5.40 2018)
search yields 50, 101, 353, 149, 3231, 1342, 359, 1957, and
47 hits for Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn, respectively,
when no other metal is bonded to one of the metal atoms.*
This is reflected in the revision of 3d homometalic M—M com-
plexes of Lyngdoh et al,” summarizing the current state and
general trends about the bond lengths and bond orders in the
particular systems from an experimental and theoretical view-
point. In addition, M—M interactions have been further
reviewed from the stand point of the topology of electron den-
sity by Lepetit et al”®! As highlighted already in the second

*A simple structure search of any bond type between two metals lead
to 48206 hits in the CSD database (version 5.40 2018) or 35724 when
the bond distance is limited to 2.8 A.

J. Comput. Chem. 2020, 41, 698-714

energetically preferred. J coupling of (I) becomes under-
estimated for all ab initio methods used, when compared to
experiment. It is concluded that the strength of the direct M—M
interactions correlates closely with the J coupling magnitude at
a given level of theory. The double potential well character of
(I) and of the dehydrated form of (ll) are considered with
respect to the Cr—Cr distance. The physical effective bond order
of the metal-metal interaction is small (below 0.1 e) in (I) and
moderate (0.4 e) in (). The CASSCF results overestimate the
electron density of the metal-metal bond critical point by 20%
and 50% in (1) and (ll), respectively, when compared to the mul-
tipole model. © 2019 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.26121

edition of Cotton and Wilkinson’s Inorganic Chemistry
Textbook,™ the M—M distance (with respect to the covalent
radius) can be regarded as a good measure of M—M bond
strengths. In the presence of carboxylate anions, this range
starts at weak interactions (formally a single bond) in Cu—Cu
and reaches a multiple bond mode in Mo—Mo systems. Hence,
the bond order within the M—M moiety ranges from a multiple
bond mode in, for example, [Re,Clg]*>~ or [Mo,(OOCR),] to only
weak rather ligand bridge stabilized interactions in, for exam-
ple, [Cu,(OOCR),]. Other M—M moieties, such as Cr—Cr for
instance, can be formally considered bonded in a multiple
nature, albeit the physical criteria showed on a weak single
bond™ A further important point to mention (aside of a
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physical vs. formal oxidation state and thus physical bond
order/effective bond order [EBO] and formal bond order) is the
orbital framework used in the theoretical treatments which on
the one hand is an almost mathematical necessity to obtain
solutions in quantum mechanics of many electrons systems
(more than one) and to gain a pictorial representation of a sys-
tem studied. On the other hand an orbital is a mathematical
tool, not a physical reality and can be considered as almost a
bias with respect to an interpretation of, for example, bonding
interactions upon the shape of canonical molecu-
lar orbitals (MOs). Still, the bond theory allows for a very practi-
cal rationalization of M—M bonding interactions with respect to
the ordering and occupation of the on88 n'c" orbitals build as
a linear combination of the metal d orbitals.**! Hence, the
comparison between orbital-based approaches and density-
based representations (topology of scalar fields derived from
density and/or Kohn-Sham orbitals) is well suited to gain a
compact, but not necessarily unified, characterization of bond-
ing interactions. The large number of compounds with direct
M—M interactions existing opens a great field of challenges and
tasks for the theoretical treatment and description/characteriza-
tion of these interactions. It is obvious that not all challenges
and degrees of freedom can be accomplished in a single study.
The compounds choice, presented herein, is motivated by the
existence of experimental reference data available with respect
to energetics and charge density, hence enabling a direct com-
parison of several (DFT and ab initio) levels of theory to experi-
mental references.

We have chosen two isostructural complexes tetrakis(p-
acetato)-diaqua-dicopper(ll) [Cuy(OAc); 2H,0] and tetrakis(p,-
acetato)-diaqua-dichromium(ll) [Cr,(OAc), 2H,0], abbreviated as
(1) and (1), respectively. This work is a continuation of authors’
previous experimental work of Herich et al,'® which reports
robust and compact multipole model of charge densities
derived from single-crystal X-ray diffraction (SCXD) experiment
of both compounds and hence can be used as a reference for
the theoretical treatment of electron density and bonding char-
acterization. The accurate experimental data'® include aniso-
tropic correction for secondary extinction.”? The outcome of
this reference experimental study™® can be summed up as fol-
lows: (1) there are only four classical coordination bonds
M—0,cetate; (2) M—M interaction is an electrostatic one; (3) the
M—Oyater is merely an electrostatic interaction between the
oxygen lone electron pair and the positive area of the M(ll) ion
(this conclusion was approved also by Scatena et al.®)). From
the theoretical perspective, the static electron correlation
effects are present in both of the chosen systems, hence it is
reasonable to compare single-determinant versus multi-
determinant treatments when considering the spin state and
energetics due to the M—M (spin) interactions. Having experi-
mentally derived charge density!® and energetics by means of
J coupling (and/or singlet-triplet gap) values,®~'*! one can criti-
cally review the performance of different theoretical methods
for the treatment of the compounds chosen. To be mentioned
in this respect as well, the pure homonuclear metallic dimers
offered an exceptional meeting point of experiment and the-
ory.” The group 11 and 12 closed-shell dimers'*'® are a
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further proof of the appropriateness of the theoretical treat-
ment of dynamic electron correlation, the complete basis set
limit extrapolations, the relativistic effects, and the basis set
super position error with respect to the experimentally deter-
mined spectroscopic properties/constants. On the contrary, the
group 6 dimers (in particular Cr,)!"”~24 offered a challenge with
respect to the multideterminant nature of the ground state,
where even the DFT methods were successful in hitting the
right position and depth of the Cr, potential well.”* Interest-
ingly, the Cry cation is found stable according to Yamada
et al.?® and similar is true for Cr3* *

This study gives first a brief overview of works related to
compounds ~ (D®°7132728  gand  ()©1819294 iy the
section “Overview of Previous Results.” The “Computational
details” section compiles the state-of-the-art methods of com-
putational chemistry employed to assess and describe the
geometry, energetics, electronic structure, and bonding proper-
ties of the two coordination compounds studied. In the
“Results” section, the in vacuo (complete active space [CAS],
Hartree-Fock [HF], Meller-Plesset perturbation theory to the
second order [MP2] and density functional thoery [DFT]) geom-
etry optimizations are compared to periodic DFT ones (includ-
ing M—M potential energy surface [PES] scans at DFT and
N-electron valence perturbation theory to the second order
[NEVPT2] levels of theory) and to experimental results to shed
light on the issues with M—M distances for the two compounds
studied. The spin state preference (J coupling and/or singlet-
triplet gap AEs_7) of (I) is discussed, comparing DFT (B3LYP,
BLYP, B3LYP-D3, B2PLYP, MPW?2PLYP), ab initio single-
determinant approaches (HF, MP2, Mgller-Plesset perturbation
theory to the third order [MP3], coupled clusters singles and
doubles [CCSD]) as well as multideterminant (CAS and NEVPT2)
approaches (using the experimental geometry of Herich
et al®). In the case of (Il), the CAS and NEVPT2 results are com-
pared to HF, MP, and DFT spin states preferences, including
J coupling assessment. Electronic structure is characterized by
means of Léwdin atomic orbital (AO) populations and Wiberg's
bond orders (WBOs), as well as quantum theory of atoms in
molecules (QTAIM) analysis and electron localization function
(ELF) visualization. Furthermore, the electronic configuration of
the metal atoms is highlighted at various spin states and/or
levels of theory. The structure of the studied paddle-wheel
coordination compounds () and (ll) is shown in Figure 1.

Overview of Previous Results
Compound (1)

The X-ray crystal structure of cupric acetate [Cu,(OAc), 2H,0] (I)
has been determined for the first time by Niekerk and
Schoening™” reporting the Cu—Cu dimer stabilized by four ace-
tate ligands and a Cu—Cu distance of 2.64 A. More recent stud-
ies have reported the Cu—Cu distance of 2.6107,%% 2,619,

*The Cr3*, Cus*, and Cu3* dimers are not stable (the interaction is
repulsive) for high spin and a BS singlet UMP2/6-311++G** geometry
optimizations. In the case of Cr3* dimer the BS singlet UMP2/6-311+
+G** geometry optimization yields a value of 2.9058 A.

J. Comput. Chem. 2020, 41, 698-714
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Figure 1. The visualization of the molecular structure and selected atoms
labeling (where W = water) of studied compounds (I) and/or (ll). [Color
figure can be viewed at wileyonlinelibrary.com]

and 2.6108 A®® in the same cupric acetate complex. Charge
density of (I) has already been experimentally or theoretically
studied by means of QTAIM analysis by Bertolotti et al.[*® Shee
et al,” and Herich et al.”® Bertolotti et al.?® have taken into
account the ROB3LYP/6-311++G** triplet states and the experi-
mental geometry. It has been pointed out in Bertolotti et al.*®
that the single-molecule (in vacuo) geometry optimization
affects the bond distances with respect to the crystal structure,
Acuay—o@) = 0.065, Acyi)—ow@ = 0.047, and Acyy—o) = 0.162 A.
The QTAIM delocalization index (DI) between the copper atoms
in (1) was 0.129 which indicates a low electron share.?® Shee
et al” have used the BP86 functional and pseudopotentials for
Cu atoms in (I) and [Cu,(OAc),], the dehydrated form of (I). The
found Cu—Cu Wiberg’s bond indexes of Shee et al.”’ show on a
value smaller than one (actually 0.1 and 0.3 e for the basis set
without and with diffuse functions, respectively). Furthermore,
Shee et al have shown that the water molecule in (I)
becomes twisted in the optimized geometry, forming hydrogen
bonds with the acetate oxygens. Jerabek et al."® have reported
DFT geometry optimizations of [M;(OAc),], where M = Cu, Ag,
and Au, and considered relativistic effects with respect to ener-
getics (dissociation energies and J couplings), Lowdin atomic
charges and ELF plots (the J coupling value in [Cuy(OAC),]
reported was —268 cm™").l'" Kyuzou et al.'"! have reported a
susceptibility-based J coupling measurement of (I) and found a
value of —298 cm™', which agrees with previous experimentally
determined J coupling constants —286!'? and -305"3! cm™".
Actually, Goodgame et al."®! have entitled their work “Insignifi-
cance of metal-metal bonding in antiferromagnetism of copper
(I carboxylate dimers” and assign the antiferromagnetism to a
super exchange via the carboxylate bridges. Nevertheless, Shee
et al® have performed a dependence of singlet-triplet energy
gap on the Cu—Cu distance arguing that the acetyl bridge
ligands are responsible for a ferromagnetic exchange, when
taking into account that the singlet versus triplet ground-state
preference switches at 2.9 A. The UB3LYP/LANLDZ J coupling
value obtained in Kyuzou et al.’" is —295 cm™', albeit the theo-
retical value depends naturally on the basis set choice as

J. Comput. Chem. 2020, 41, 698-714
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reported therein. Furthermore, Kyuzou et al.""! have explored
the electronic transitions within the TD-DFT framework as well.
Shee et al.®! have reported BP86 functional J couplings of larger
magnitude for their optimized geometries (—497 cm™") in com-
parison with the already referenced values, vide supra.

Compound (Il)

The X-ray crystal structure of chromium acetate [Cry(OAc),
2H,0] (Il) has been determined for the first time also by Niekerk
et al,®* reporting the Cr—Cr distance of 2.64 A. Cotton et al.>®
have determined the metrically corrected Cr—Cr distance of
2362 (1) Ain (I1). The Cr—Cr bond length of (II) found in the lat-
est experimental study of Herich et al.® is 2.34779 A, and which
confirmed the previous X-ray structure of Cotton et al.®® Fur-
thermore, the review of Lyngdoh et all? points out that the
Cr—Cr bond length in the apically coordinated tetracarboxylates
varies from 2.15 to 2.55 A with respect to the apical bridging
ligand (Cr—Cr bond lengths for the acetylate group are between
2.295 and 2.411 A). Without any apical ligand, the experimentally
determined Cr—Cr distance is 1.966 A7 The first theoretical
electron density analysis of this complex has been performed at
HF and CI levels of theory by Benard et al.®® for an experimen-
tally determined Cr—Cr bond distance of 2.35 A. However, it has
to be mentioned, and the authors critically commented on the
fact that the self-consistent field (SCF) calculations used therein
do not provide a realistic picture of M—M interactions.>® Further
theoretical geometry optimizations?>3°*"!  of the bare
[Cry(OAC),4] system have led to Cr—Cr bond distances between
2.40 and 2.50 A (mostly restricted HF (RHF) configuration interac-
tion (CF) or generalized valence bond (GVB) results were
reported). The obtained GVB optimized Cr—Cr distance in (ll) was
2.60 A% still, only little attention has been spent on the spin
state preference and energetics in the aforementioned theoreti-
cal pilot studies of [Cr,(OOCR),] like systems. Finally, Andersson
et al.”% have reported a detailed DFT (BLYP, B3LYP), CASSCF, and
CASPT2 study on the Cr—Cr bond lengths in [Cr,(OOCR),] and
[Cr,(OOCR)4 (H,0),] complexes (with R = H, CHs). It has been
shown that only in the case of the restricted DFT calculations, the
[Cr,(OOCR)4] bond length becomes shorter (1.8 A) when compar-
ing to experiment (1.966 A).2” Nevertheless, for the hydrated
dimer [Cry(OOCH); (H,0),], the restricted DFT value remained
heavily underestimated (1.875 A) in comparison with experiment
(+£2.35 A). On the contrary, the unrestricted DFT values of Cr—Cr
bonds reported therein®® are overestimated in comparison with
experiment for [Cr,(OOCH), (H,0),] by more than 0.1 A. The
CASPT2 Cr—Cr bond length was found to be 2.43 A*B3% |n the
work of Petrie and Stranger," the optimized Cr—Cr bond
lengths are considerably shorter (around 2.0 A) in [Cry(OOCH),]
for all the DFT functionals employed, when using the unrestricted
broken symmetry (BS) approach of Noodleman and Norman.B2
A similar result was reported in Kitagawa et al,['® who have

*CASSCF and CASPT2 geometry optimizations of [Cry(OOCH),] lead to
longer bond lengths of about 2.85 and 2.54 A, respectively.
Nevertheless, the analysis of the inner and outer minimum in the Cr,
dimer with respect to the treatment of 3s3p electron correlation lead to
a correction of the inner minimum depth, which is used to explain the
shift in the reported CASPT2 results of [Cro(OOCH),].
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applied an approximate spin projection as well as the BS treat-
ment, obtaining satisfactory Cr—Cr distances in the BLYP and
B3LYP calculations of (Il). Furthermore, Andersson et al.2® have
reported for () the CASPT2 singlet-triplet gap of 983 cm™1
which agrees excellently with the experimental value of
980 cm™" .23 Roos et al!"® have characterized the Cr—Cr interac-
tion in [Cry(OOCH),] as a formally quadruple bond with an EBO
value of 2.0. The actual physical bond order in [Cr,(carboxylates),]
is reported to be below the formal bond order of four also in the
DFT calculations.®*

Computational details

Experimental (X-ray) structures of (I) and (ll) were taken from
the previously published work of Herich et al.®

In vacuo single-point calculations and geometry optimizations
have been performed at the DFT (ie, functionals BLYP#%4%!
B3LYP,“>**) and B3LYP including the D3 version of Grimme’s dis-
persion correction [GD3]“), HF and MP2 levels of theory along
with the 6-311G* basis set™”*® in Gaussian09 program pack-
age™ In vacuo single-point calculations further included also
for the double-hybrid B2PLYP®® and MPW2PLYP™" functionals,
MP3 and CCSD levels of theory, with the active space chosen
according to text, vide infra. In addition, 6-31G* and 6-311++G**
basis sets are used for comparison purposes of the basis set qual-
ity impact on the DFT spin state energetics and DFT-optimized
geometries (for the same reasons, the def2-TZVPP™? basis set
has been utilized as well). Restricted (closed shell) and
unrestricted high spin as well as BS®>*~”! approaches have been
used to study the different spin multiplets of (I) and (ll) systems.
In the case of the BS calculations, original unrestricted energies
are shown, without any corrections or further manipulations.
Note also that methods denoted unrestricted (U), like UBLYP for
instance, denote implicitly a BS calculation for lower than maxi-
mum multiplicity case targeting the antiferromagnetic coupling.

The energy difference between the unrestricted triplet and
singlet states (corresponding to minus J coupling) can be evalu-
ated in several ways. The “bare” triplet (M3)-singlet (M1) energy
gap AEyms-m1 can be evaluated according to

AEymz-m1 =-J=(Emz—Emr), (1)

This is derived with respect to the spin Hamiltonian®® Hg =
-JSpn Sg, where the individual energy levels are given by
Es = —(J/2)[S(S + 1)-Sa(Sa + 1)-Sg(Sg + 1)]. These can be further
shifted to Es = —(J/2)[S(S + 1)], where for the singlet-triplet gap
the factor of one half and the S(S + 1) value of two do cancel
out (AEymz-m1 = —J).

The energy gap in the BS calculations (abbreviated as
AEgsi m3-m1), Where the spin contamination may affect signifi-
cantly the overall energetics, can be evaluated according to the
following formula!®>>20!;

AEgsmz-m1 = —J=2(Ems — Egsmr )/(<52>M3 —($)gs >, (2)

where Eys denotes the unrestricted high spin (triplet) energy.
The particular (S?) expectation values of (I) and (I) are
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compiled in Supporting Information Table S1. This equation can

be made also related to the work of Caballol et al.®® who have
obtained the following equation:
-J=2(Ems = Egsmr)/ (1+Sab?), (3)

where S, is the overlap between magnetic orbitals (being an
approximation of the overlap between two BS wave functions
|...ab) and |...ab)). One also has to mention that the two mag-
netic orbitals have to be well defined (i.e., small-spin polariza-
tion of the closed-shell orbitals). Caballol et all®® have
mentioned two limiting values of S,, namely 0 (strong orthogo-
nal or localized limit) and 1 (delocalized limit). The character of
the open-shell orbital and the polarization of closed-shell
orbitals are discussed in the “Results” section.

Additional in vacuo calculations (both single points and
geometry optimizations) were carried out at the CAS self-
consistent field®'%%! |evel of theory, without including the reso-
lution of identity approximation,® in ORCA software package
(version 4.0.1.2).%%! The CAS was built of the d-like orbitals of
the two metal centers. The number of correlated electrons was
18 and 8 in the case of (I) and (1l), respectively. Hence, the CAS-
labeled calculations are the shortcuts for CASSCF (18,10) and
CASSCF (8,8) in the case of (I) and (Il), respectively. In the case
of (Il), the smaller active space has been chosen, because of
the presence of intruder states in the singlet-state calculations,
although the energetics of the CASSCF (8,10) calculations of (ll)
is also considered. Furthermore, NEVPT2!5%Y |evel of theory
has been utilized to account for the dynamic electron correla-
tion in the single-point CAS calculations (the active space
included valence electrons and 3s and 3p electrons of the
metal atoms). In addition, a NEVPT2 PES scan has been per-
formed for the Cr—Cr and Cu—Cu bond lengths (with keeping
the water molecules in a constant position with respect to the
central atom). These PES calculations have been performed for
(1) and (Il) as well as for the dehydrated form of (ll).

Periodic (crystal phase) single-point calculations and geome-
try optimizations have been performed in the CRYSTAL17V7%7"]
program package using BLYP and B3LYP functionals and the
pob-DZVP basis set.”? Periodic geometry optimizations have
been done for atomic positions only (ATOMSONLY).

QTAIM analysis””® has been performed in the AIMAIl pack-
age” for every system under study using the Gaussian09
checkpoint and/or ORCA wavefunction (wfn) files. The ORCA
wfn files have been produced via the Molden2AIM utility soft-
ware.”>! TOPOND software”® has been used in the QTAIM cal-
culations of periodic systems as included in CRYSTAL17. The
QTAIM method is employed to evaluate charge and spin densi-
ties at the particular atoms (basins) and to estimate the charac-
ter of the interatomic interactions via properties in the bond
critical points (BCPs) and via Dls. ELFY”! is inspected in the
“spin-polarized” formalism,”® via the DGrid”®' and MULTI-
WFN®Y packages, to pictorially identify the presence of M—M
interactions in the systems studied. It is important to mention
that the one electron density matrix approximation of Miiller®"]
is actually utilized in the case of DIs evaluated upon the CAS

J. Comput. Chem. 2020, 41, 698-714
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natural orbitals. Limits for the missing two electron reduced
density matrix contributions in covalently bonded model mole-
cules are discussed in Francisco et al.®2 A similar study for elec-
tron localization indices is also reported.®*#* Francisco et al.
have shown that the DI value of N, molecule changes from
3.042 at HF level of theory to 1.988 at the CAS(10,10) one. On
the contrary, Fradera et al.®*! have reported a Cl value of 2.219
and in the our case CAS(10,10)/6-311G* level of theory yields a
value of 2.297 when the analysis is based on the natural orbital
populations in the wfn file and/or on the usage of the one elec-
tron reduced density matrix approximation. Still, this approxi-
mation seems to be qualitatively meaningful and the Dls
obtained here are in good agreement when compared to
unrestricted Hartree-Fock (UHF) or DFT results, vide infra.

To elucidate the electronic structure and/or the M—M interac-
tions in the studied complexes also in the AOs perspective
(although being thus more sensitive to the basis set choice),
Léwdin populations and WBOs (calculated using ORCA package
or MULTIWFN software in cases of WBOs below 0.05) are
reported. Visualization of the molecular structure, orbitals, and
spin densities has been performed in the Molekel®® software
suite with the isovalue set to +0.02 and +0.005 a.u., respec-
tively; ELF 3D plots have been visualized with a 0.4 isovalue.
ELF 2D plots have been visualized in the XCrySDen
package.[87’88]

Results and Discussion
Structural parameters from geometry optimization

Compound (I). The calculated bond distances and angles
obtained from geometry optimizations are compiled in Table 1.
One can see from Table 1 that in the case of (I), the closest
agreement with the experimental values is provided by the
UMP2 method. The UMP2 Cu—Cu distance of 2.610 A reported
herein corresponds well with the X-ray structure of Herich
et al’® 26108 A. In addition, the potential energy scan with
respect to change of the Cu—Cu distance performed at the
NEVPT2 level of theory provides a very good agreement with
the X-ray structure as well, see Table 1 and Supporting Informa-
tion Figure S1a. Moreover, deviations between the DFT (both
UB3LYP, UBLYP) and X-ray Cu—Cu bond lengths are below
0.1 A for the in vacuo 6-311G* calculations (the hybrid UB3LYP
functional underestimates the Cu-Cu distance less than the
nonhybrid UBLYP one). The obtained Cu-Cu bond lengths are
well in line with the previously published DFT results, see
Table 127828 On the other hand, the BS singlet UHF (or CAS)
method fails in the case of Cu—Cu bond distance, leading to a
value of 3.08 A (or 284 A for CAS), when compared to
experiment,’® see Table 1.

The Cu—0;4 bond lengths become overestimated by max.
0.02 and 0.05 A in the in vacuo UMP2 and DFT calculations,
respectively, when compared to the X-ray structure.™ In the
case of Cu—0,, bond lengths are the deviations with respect to
X-ray experiment larger than in the case of Cu—0;4 bond and
reach up to 0.2 A. The obtained Cu—0,4 and Cu—O,, bond
lengths agree well with the previously published DFT results,

J. Comput. Chem. 2020, 41, 698-714

WWW.C-CHEM.ORG

Journal of

CHEMISTRY

see Table 1.°'828 The large Cu—0,, bond length deviation is
closely related to changes of Cu—Cu—Oyy angles, see Table 1.
The in vacuo optimized Cu—Cu—Oyy angle is more bent (except
for CRYSTAL17 calculations) with respect to the experimental
one, that is, £160° versus 173°, respectively. This bending of
the Cu—Cu—Oy, angle is caused by the creation of two hydro-
gen bonds of the water hydrogens and the acetate oxygens in
the in vacuo optimizations as shown previously in Shee et al.””)
and grossly affects the obtained Cu—Oy bond lengths. In the
case of the periodic calculations carried out in the CRYSTAL17
program code, the calculated and the experimental X-ray
Cu—Cu—Oy, angles are in close agreement (the difference is less
than 0.5%), see Table 1. In the case of the periodic optimization
of the triplet state, the UB3LYP functional performs very well
with respect to the obtained Cu—Cu and Cu—O bond lengths
when comparing to the experimental values, albeit a DZ quality
basis set has been employed (only atomic positions were opti-
mized). Results of 6-311++G** and 6-31G* in vacuo UB3LYP
geometry optimizations are compiled in Table 1. The Cu-Cu
bond distance improves for the UB3LYP/6-311++G** basis set
with respect to the experimental geometry’® while the Cu-O
distances became longer than for the 6-311G* geometry opti-
mization. The 6-31G* basis set has been utilized for a consis-
tency check of the smaller pob-DZVP basis set used in the
CRYSTAL17 calculations.

Compound (ll). The optimized CAS (for all multiplicities) and

UBLYP/UB3LYP/UHF/UMP2 bond distances and angles of (Il) are
also presented in Table 1. In the case of the single-determinant
optimizations of (ll), only the high-spin state M9 and the ener-
getically preferred BS singlet spin state M1 have been taken
into account. All the theoretical methods based on the nonet
(M9) multiplicity overestimate the experimentally obtained
Cr—Cr bond distance (2.348 A),"® including periodic geometry
optimizations in CRYSTAL17. The calculated M9 Cr—Cr distances
are within the interval of 2.7-3.0 A, see Table 1. On the con-
trary, the singlet (M1) spin states lead to a considerable
improvement of the Cr-Cr distances. The best agreement with
the experiment is obtained for the M1 state at the UB3LYP level
of theory (249 A) and for the NEVPT2 PES scan of the Cr—Cr
distance (243 A), while the UBLYP functional considerably
underestimates this distance (1.95 A), see Table 1, Figure 2a,
and Supporting Information Figure S1b. BS UHF and CAS results
of (Il) are close to each other and the UMP2 geometry optimi-
zation leads to shorter (yet overestimated) Cr—Cr distance with
respect to UHF (experiment). In general, the obtained results
correspond well with previously reported findings of
Andersson®® and Kitagawa.'® Furthermore, the dehydrated
form of (Il) yields the following Cr—Cr bond lengths: 2.43 and
1.85 A for the M1 UB3LYP and UBLYP, respectively (see Fig. 2b).
In the case of NEVPT2, the double well of the PES scan of the
dehydrated form of (Il) is more troublesome to be addressed
accurately. The inner potential well preference in the NEVPT2
PES of the dehydrated form of (Il) was assessed in the case of
UBLYP relaxed geometry (with the frozen experimental Cr—Cr
distance), see Figure 2b, black solid line. Furthermore, we have
to highlight the CASPT2 results of Andersson et al.*” who have
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Table 1. Comparison of calculated optimized and experimentally obtained (X-ray) structural parameters (bond distances in Angstrom and angles in
degrees) of the studied systems (I) and (1l), where subscripts W and 1-4 follows the notation in Figure 1.

System Distances (A) Angles (°)
(U] Cu—Cu Cu—Oyw Cu—04 Cu—Cu—Oy
UBLYP 2.530M, 2.525M3 2324M1,2321M3 2.005™", 2.006M* 158.79M1, 159.38M3
UB3LYP 2.585M" 2571M3 2.264M", 2.258M3 1.981™, 1.980™* 159.06M", 159.54M3
UBLYP™! 2.624M3 2.130M3 2.019M3 173.85M3
UB3LYP®™! 2.696M3 2.112M3 1.994M3 173333
UB3LYP®! 2.605M", 2.601™3 2.299™1, 2.298M3 1.999M1, 1.999M3 163.93M', 163.80M*
UB3LYP' 2.571™1, 2.561™3 2.250M, 2.271™3 1.951M1, 1.959M3 158.49M', 158.41™3
UHF 3.082M7, 2.811™3 2121, 2201™3 2.049M", 2.006™* 146.02™', 161.57M3
UmP2 2.610M, 2.610M3 2.189M1, 2.188M3 1.953M1, 1.954M3 163.24M", 163.26M*
CAs! 2.837M", 2.838M3 2.197M", 2.197M3 2.008M", 2,008M3 160.73"", 160.68M>
NEVPT2!®! 261", 2611™3 - - -
Relevant published data
BP86!" 2.619M 2.378M", 2.366M' 2.000M"
ROB3LYPY! 2.678M3 2.309™3 2.014M3
X-ray™ 2.61082(3) 2.14884(8) 1.9679 17397
X-rayt 2.6107(4) 2.1474 (9) 1.9670
(In Cr—Cr Cr—Ow Cr—0_4 Cr—Cr—Oyw
UBLYP, M9 2.809 2.405 2.063 150.65
UB3LYP, M9 2817 2.369 2.059 150.75
UBLYP, M9™! 2.878 2.164 2.069 171.19
UB3LYP, M9 2.902 2.180 2.064 170.65
UBLYP, M1 1.946 2492 2.036 162.91
UB3LYP, M1 2.486 2367 2.039 157.43
UBLYP, M1™! 2227 2459 2.040 166.28
UB3LYP, M1 2522 2.394 2.042 162.24
UHF, M9 2.924 2373 2.101 153.57
UMP2, M9 2815 2329 2.060 15241
UHF, M1 2.847 2375 2.095 155.17
UMP2, M1 2.656 2323 2.048 156.67
CAS, Mo!! 2,950 2372 2,099 154.06
CAS, M7 2918 2372 2.097 153.73
CAS, M5 2.890 2373 2.094 154.09
CAS, M3 2.868 2374 2.093 154.42
CAS, M1 2.858 2371 2.092 154.64
NEVPT2, M1'€! 2433 - - -
NEVPT2, M9®! 2.774 - - -
UBLYP, M1 2.057 - - -
UB3LYP, M1® 2497 - - -
Relevant published data ) ) )
UBLYP 2.347,9 2,224 2281, 2,342 2.018%, 2,017
UB3LYP 2,543, 2.478M 21831 2,215 20231, 2,021
X-ray™ 2.34779(8) 2.25798(11) 2018 175.74
X-ray! 2.362(1) 2.272(3) 2.0179

[a] Calculations carried out in CRYSTAL17 using pob-DZVP basis set.
[b] 6-311++G** basis set used.

[c] 6-31G* basis set used.

[d] Calculations carried out in ORCA using 6-311G* basis set.

[f] Values taken from LACVP*(Cu)/6-311++G**(rest) BS calculations of Shee et al.”!
[g] Values taken from 6-311++G** calculations of Bertolotti et al.l2®

[h] Experimental values taken from Herich et al.”’

[i] Experimental values taken from Bertolotti et al.2®!

[j] Values taken from 6-311+G* BS calculations of Kitagawa et al.'®

[I] Experimental values taken from Cotton et al.Be

In the case of the Cu—0,;_4 bond, average values are presented. Basis set used is 6-311G* unless stated otherwise and M stands for multiplicity.

[e] Only M—M distance has been varied (the water molecules are kept in the same position with respect to M as in the experimental geometry).

[k] Values taken from 6-311+G* approximate spin projection calculations of Kitagawa et a

1.8l

very precisely addressed the necessity of the usage of 3s and
3p orbitals as a part of the PT2 active space. It is noteworthy,
that also in the case of the copper acetates, the M—M distance
becomes shortened after removal of the water ligands.”®
Hence, one can conclude that the axial water ligands polarize
the metal atom electron density toward the neighboring metal,
what in turn enhances the M—M repulsion when water mole-
cules are present in the axial positions. From an orbital

Wiley Online Library

perspective, the antibonding interactions are stabilized (and
bonding interaction are destabilized) in the presence of the api-
cal ligand.

The Cr—0O bonds and water ligand orientations (see Table 1)
become altered for the optimized geometries of (ll) in a similar
fashion like in the case of (I), except that in the periodic calcula-
tions the Cr—0,, bond length becomes significantly shortened.
Nevertheless, this Cr—O,, bond shortening is due to the
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Figure 2. Relative NEVPT2 and DFT energies (AE) in a.u. with respect to the change of Cr-Cr distance: a) compound (ll), b) dehydrated form of compound (lI).
Basis set used is 6-311G* and multiplicity is 1 unless stated otherwise. Abbreviations in subscripts EXPG and BLYPG stand for experimental® and BLYP
relaxed geometry, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

overestimated Cr—Cr distance in the unchanged unit cell (only
atomic positions were optimized). Still the Cr—Cr—Oy, angle
and the water coordination is in accordance with the experi-
mentally obtained one for the periodic geometry optimization,
while the calculated Cr—Cr—0O angles in the in vacuo single-
molecule calculations are again reoriented with hydrogens
toward the oxygens of the acetate as in the case of (I). One can
also see that the monitored UBLYP and UB3LYP distances and
angles of (Il) are strongly affected by the choice of the basis
set, when comparing the particular 6-311G* and 6-311++G**
values in Table 1.

Spin states preference

Compound (I). The CAS(18,10) and the particular NEVPT2 ener-
gies based on the experimental geometry of Herich et al.'® of
the triplet and singlet ground states of () are compared to the
unrestricted triplet and BS singlet as well as to restricted open-
triplet and restricted singlet calculations at the DFT, HF, MP2,
MP3, and CCSD levels of theory, see Table 2. The unrestricted
BS singlet spin state calculations are found to be the energeti-
cally preferred over the triplet spin state in the ab initio and
DFT single-determinant calculations, see Table 2. This is in
accordance with the CAS and the subsequent NEVPT2 calcula-
tions. Thus, the poor man’s BS approach is indeed able to pro-
vide a qualitatively meaningful representation of the energetics
of a wave function with two closely degenerate open shells
of (I).

The low spin (singlet) versus high spin (triplet) energy gap is
almost identical for the UHF and CAS levels of theory,
ca. 20 cm~" without considering any correction of the BS treat-
ment (i.e, AEymz-m1 = Eums — Eumi). The inclusion of dynamic
electron correlation within the ab initio framework leads to a
larger singlet-triplet energy gap AEyms-mi1, see Table 2. The
single-reference MP2 and MP3 calculations (valence electrons
active) give values of 42 and 33 cm™, respectively. In the
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shrunk active space (vide infra), the single-reference MP3 and
CCSD values are 36 and 85 cm™, respectively. In the case of
the NEVPT2 calculation, the AFyms-m1 is above 70 cm™' for the
larger active space (with 3s and 3p electrons of Cu accounted
for), see also the particular comments of Table 2. The same
extension of the active space in the MP2 case shifts AEymz-m1
by ca. 20 cm™" up, while for MP3 by ca. 3 cm™' down. The MP3
and CCSD calculations have been performed especially because
of the failure of the MP2 method which identifies the restricted
closed-shell singlet spin state as the ground state (albeit the
unrestricted MP2 AEyms_m1 is assessed correctly, i.e., singlet
being below triplet).* Nevertheless, it has to be noted that the
ab initio (UCCSD, UMP2, UMP3, or NEVPT2) J values are under-
estimated in comparison with the experiment when using just
the direct energy difference of eq. 1, see Table 2. This can be
assigned to an overestimated localization of spin on the copper
atoms and/or the underestimated metal-ligand interactions in
contrast to experiment and/or DFT (see also spin density plots
in Supporting Information Fig. S2 or the AO populations and
QTAIM analysis in the following sections). The almost equal and
underestimated AEys_m7 Values at UHF and CAS levels of the-
ory (or MP vs. NEVPT2) show on an equal spin localization on
the metal atoms in each case, vide infra. To improve the CAS
and NEVPT2 values, the Cu—O interactions need to be
accounted for in the CAS active space. It is also worth to point
out that in the UHF regime, the BS open shells can be hardly
identified laying deep in the orbital sea (for further detail see
the following section and Supporting Information). Hence, there
is a large (huge) spin polarization of the closed shells, and the

*MP3 and CCSD calculations identify the unrestricted BS singlet spin
state as the ground state again (as found in the HF, DFT, and
CAS/NEVPT2 calculations). The failure of the MP2 single reference
method seems to be further manifested in the NEVPT2 calculations
which identify high CAS roots as a ground states, the particular NEVPT2
energies are compiled in Supporting Information Table S2.
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uncorrected triplet-singlet values (eq. 1).

Table 2. Relative energies for experimental (X-ray) structures of (l), where AEgs corresponds to BS treatment according to eq. 2, and AE corresponds to

Relevant published data

(l) AEBS,M37M'I AEU,M37M'I AE(R*U),M'I AE(RO*U),MS
UBLYP 9373 5173 23823 182.5
UBLYP 643.5 5383.4 -
UB3LYP™ 396.2 199.9 11998.2 406.6
UB3LYP®! 192.7 16983.2 -
UB3LYP' 399.1 2014 11931.8 407.7
uB3LYPM 456.2 230.7 11023.9 4402
UB3LYP™ 3714 187.2 12808.8 353.2
uB3LYP! 4357 2209 11407.7 561.7
UB2PLYP 226.2 113.0 —8195.1 605.0
UmpW2PLYP 201.1 100.2 —2759.1 636.8
UHF 416 207 77523.8 1194.1
UHF 417 208 78174.0 1843.4
UMP2 84.9 422 —441543 7774
ump2 85.4 425 49206.6 1199.6
UMP3 66.0 328 27899.2 7803
ump29! 124.7 62.0 —55243.6 -159
ump3l 584 29.0 47090.5 1787
ump3hl (51.-96) 722 359 20893.5 7743
uccspt 51-96) 170.2 84.7 145405 564.8
CAS 19212265 16.1M

CAs!? 18.6,721.9, 15,6

NEVPT2! 72.6,11 452,11 39,7

NEVPT2! 1] 733,11 432,11 463

268, 298,™ 295, 286, 497!

[a] Periodic pob-DZVP calculation.

[c] 6-311G** calculation.

[d] 6-311++G** calculation.

[e] 6-31G* calculation.

[f] def2-TZVPP calculation.

[g] Active orbitals space accounts for the 3s3p (29,0) orbitals of Cu.

manual.
[i] Difference of lowest energy singlet and triplet CAS solutions.

[I] || value taken from Jerabek et al.'”

[m] Experimental |J| value taken from Kyuzou et a
[n] Calculated DFT/LANL2DZ |J] value taken from Kyuzou et al.""!
[o] Experimental |J| value taken from Figgis et al.'?

[p] Calculated BP86 |J| values taken from Shee et al®

1o

6-311G* basis set was used (unless stated otherwise). All the AE values are in cm™". Subscripts U, R, and RO refer to unrestricted, restricted, and restricted open, respectively.

[b] Grimme’s GD3 correction gave exactly the same AE values as the original B3LYP functional.

[h] Active orbitals space has been shrunk from (37,0) to (51,-96), that is, the (51, -96) energy window employs active orbitals in the range from —0.9 to 5.0 Eh, see Gaussian09

[jl The triplet multiplicity lowest energy state solution has been expanded in the basis set of the singlet ground-state CAS solution.
[kl The singlet multiplicity ground state solution has been expanded in the basis set of the lowest energy triplet CAS solution.

original assumptions of Caballol et al® are not fulfilled. Still,
when applying the correction given in eq. 2, naturally, the
obtained AEgsms-m1 values become larger by a factor of two
which shifts UCCSD, UMP2, and UMP3 estimates closer to
experimentally determined J values, this is because the ab initio
BS M1 (S) are actually equal to one (see the BS (S%) expecta-
tion values compiled in Supporting Information Table S1), that
is, overall one o open shell in total does not find the spatial
overlap within the p spin counterpart, vide infra.

On the contrary, DFT calculations show that the nonhybrid
(pure XC) UBLYP functional yields the largest AEymz-m1 gaps of
about 500 cm™', while the hybrid UB3LYP functional AEyms_m1
gap values are around 200 cm™'. The UB3LYP AEym3-m1 9ap
evaluated according to eq. 1, is in agreement with the previous
theoretical AEyms-m1 gaps and/or experimental J values, see
Table 2.* The UBLYP AE,ms-m1 gap evaluated according to

*Here, we omit the minus sign for the antiferromagnetic interaction
(singlet below triplet state).

Wiley Online Library

eq. 1 is overestimated by a factor of two when compared to
experimental J values (this is a general feature of pure GGA
functionals,’ with a preference of the low spin states). The
MP2-based double hybrids (UB2PLYP and UmpW2PLYP) yield
AEyms-mi values of around 100 cm™ (albeit the double
hybrids identify the restricted closed shell as the ground
state as MP2 itself did, see Table 2). The usage of eq. 2 would
shift the UB3LYP (or UBLYP) AEgsms-m1 Values up by a factor
of two (or four) which is not correct. Still, eq. 2 would lead to
an improved agreement with experimental J values in the
case of double hybrids (UB2PLYP and UmpW2PLYP). The
comparison of results obtained for the chosen Pople style tri-
ple zeta basis set with the Ahlrichs def2-TZVPP basis set does
not show any quantitative differences with respect to the
obtained energetics, aside the case of AEgo_u), Where the
number of basis set functions is proportional to the energy
(RO - U) difference, see Table 2. For completeness, NEVPT2
energies of (I) are provided in Supporting Information
Table S2.
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The periodic calculations have been performed to consider the
crystal environment effects and possible contact interactions
between the molecular moieties with respect to the spin states
preference. Note that the actual unit cell contains 4 molecules
(each formally possessing four possible combinations: ao, of, po
and Bp), hence there are 128 unique spin state configurations (S,
projections) out of 256 possible, when assuming that the full spin
inversion leads to double degeneracy (e.g. all o vs. all ) and
when enforcing C; symmetry to be able to assess the full control
over the BS unrestricted spin flips in the CRYSTAL17 package.
The UBLYP/pob-DZVP energies yield the following nonet:septet:
pentet:itriplet:singlet degeneracy 8:32:48:32:8 with energies of
2561.2, 1924.1, 1283.6, 643.5, and 0.0 cm™' (relative to the lowest
BS singlet spin state). In the case of B3LYP/pob-DZVP level of the-
ory these configurations yield the following energies: 769.6,
577.5, 385.1, 192.7, and 0.0 cm™' for the particular nonet, septet,
pentet, triplet, and singlet spin states, respectively. Hence, the
periodic results are in a reasonable agreement with the in vacuo
AEyms-m1 DFT values (compared with the DZ basis set quality
6-31G* results presented in Table 2).

Compound (ll). The singlet is identified as the energetically
lowest (ground) state of compound (ll) at the CAS and NEVPT2
levels of theory, see Table 3. The multideterminant approaches
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show the (relative) total energies to be proportional to the mul-
tiplicity (Es = —(J/2)[S(S + 1)]). The obtained NEVPT2 singlet-
triplet gap is in agreement with the CASPT2 result of Andersson
et al.B% (983 cm™") and the experimental value of 980 cm™" of
Cotton et al.>3 On the contrary, the obtained DFT, UHF, UMP2,
and UMP3 energies are oscillatory, see Table 3. Still, the BS
unrestricted calculations do correctly assess the M1 ground
state and the BS AEgsmo-m1 energy differences, according to
eq. 2, are in a qualitative accordance with the CAS and NEVPT2
results. The UHF approach underestimates the AEyo_m1 energy
gap by a factor of two when compared to CAS, while the
J coupling is underestimated only by less than 20%, when tak-
ing into account BS correction of eq. 2. The UMP2 and UMP3
do underestimate the NEVPT2 AFyqo v, value by about 30%,
and the J coupling is underestimated (BS correction of eq. 2)
only by 10% again. UBLYP and UB3LYP overestimate the AEyg_m1
value and J coupling according to eq. 2 is overestimated by
a factor of two and one half, respectively. The def2-TZVPP
basis set results are very close to the 6-311G* basis set ones.
As already found for (I) the solid-state CRYSTAL17 calculations
yield UBLYP and UB3LYP AEgsyo-m1 Values which are in a rea-
sonable agreement with the in vacuo calculations, see Table 3.
In the case of (Il), the spin is well localized at the metal centers,
which is reflected in the agreement of NEVPT2 results (as well as

Table 3. Relative energies (relative to M1) of the experimental (X-ray) structure of (llI) and J coupling estimates.

AE () M1 M3 M5 M7 M9
CAS™ 0.0 726.6 2015.9 41563 8434.0
CAS™! 0.0 657.1 2005.6 4157.8 10285.0
CAS© 0.0 561.0 1699.7 3470.8 6064.3
CAsIPL [ 0.0 665.3 2032.7 42246 7736.3
CAS[e) [ 0.0 552.2 16743 34236 5995.4
NEVPT2!! 0.0 995.3 4270.2 7385.4 107225
NEVPT2[P! 0.0 871.5 2652.1 5506.6 10285.0
NEVPT2! 0.0 8283 2514.7 5178.9 9314.7
NEVPT2!E! I 0.0 886.0 2697.2 5611.4 10605.5
NEVPT2[) [ 0.0 836.2 2540.6 5238.7 9471.4
UHF 0.0 (70987.0)'€! 17186.9 219203 15726.9 4919.5
UHF! 0.0 16290.8 20503.9 14862.6 4828.8
UBLYP 0.0 (14548.1)'! 9069.8 12001.2 8503.8 17522.0, 18594.21
UB3LYP 0.0 (44373.4) 11358.7 14376.6 9212.7 12563.3, 12815.71
UB3LYP™ 0.0 11067.9 14167.7 9057.8 12463.4
UmpP2 0.0 (59747.0)'! 15422.1 19912.7 13677.7 6854.4
ump2t 0.0 14260.5 18372.6 12661.0 6906.9
UmP3 0.0 (60060.6)'! 15177.6 19643.5 13848.7 6860.3
Jan M1 M3 M5 M7 M9
CASE o - 726.6 672.0 692.7 843.4
NEVPT2[M9! - 995.3 14234 1230.9 1072.3
UHFM] 611.0 —1624.7 —2805.0 —3030.1 -
uBLYp 2037.1 1031.0 825.5 2261.8 -
uB3LYP™M 1514.4 1534 —-284.1 839.6 -
ump2 851.3 —1134.7 —21545 -1913.0 -
ump3™ 852.1 —11015 —2109.1 —-1857.2 -

All values are in cm™" and the 6-311G* basis set was used unless stated otherwise.

[a] Difference of lowest energy singlet and triplet CAS(8,10) solutions.

[b] The particular multiplicity lowest energy state solutions have been expanded in the basis set of the singlet ground state CAS(8,8) solution.

[c] The particular multiplicity lowest energy state solutions have been expanded in the basis set of the nonet ground state CAS(8,10) solution.

[d] def2-TZVPP calculation.

[e] Restricted closed-shell calculation.

[f] Periodic pob-DZVP calculation.

[g] Taking the multiplicity S? factor Es = —(J/2)[S(S + 1)-Sa(Sa + 1)-Sg(Sg + 1)] of AFmims = — (Emn — Ems)/IS(S + 1)1, where S, and Sg are partial spins on centers A and B,
respectively.

[h] BS treatment according to eq. 2.
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UMP2 and UMP3 ones) with the experimental J coupling value,
while DFT overestimates the J values when using eq. 2. Another
option for the J coupling estimate could be done via the AFy;_
mi difference using the results of the unrestricted single-
determinant methods. Nevertheless, this seems troublesome due
to the fact that both states (M1 and M3) suffer from BS and spin
contamination, which affect the final value of energy difference
and the correction is not straightforward.

Comparison of UHF/UDFT and CAS states

Compound (I). A notable feature to be mentioned here is the

different character of the UHF BS singlet (spin up and spin
down) and the CAS (closed-shell) wave functions. The singlet
spin state in the UHF BS approach is a single-reference determi-
nant with spin up and spin down on each of the copper cen-
ters, while the CAS singlet ground-state wave function has a
closed-shell character (no spin density at all). The restricted
open Hartree-Fock (ROHF) and CAS triplet wave functions have
an identical single-determinant character which is furthermore
confirmed by the Léwdin d-orbital populations and bond
orders, see Table 4. Furthermore, as already mentioned above
the open shell orbitals (with respect to their eigenvalues) lay
deep in the orbital sea in the case of UHF calculations. Hence it
is not straightforward to identify the magnetic orbitals in the
UHF calculation while in the UB3LYP and UBLYP calculations
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the frontier orbitals (HOMO and LUMO) can be associated with
the open-shell (magnetic) orbitals. An extended discussion of
open-shell (magnetic) orbitals of compound (1) is accounted for
within the Supporting Information.

The CAS(18,10) active space of the M1 ground state is
depicted in Figure 3a, the active orbitals ordering is due to the
particular eigenvalues. Considering the shapes of the orbitals,
one can see that the EBO"® is formally zero according to the
balance in the bonding and antibonding character of the
8p2g082g MEgMEgOAIGNEG MEg OAlg OB1gdBlg  active space. An
extended discussion of open-shell (magnetic) orbitals of com-
pound (I) is accounted for within the Supporting Information.

Compound (Il). The M9 CAS state is confirmed to be a single-

determinant wave function matching the ROHF results (see the
following section). Similar as in the case of (I) the M9 ROHF
eigenvalues are considerably lower than the CAS ones, despite
the same total energy values. The spatial overlaps Zj(iyjs) prove
that the open shells of the UHF calculations are deeper in the
frontier orbitals sea comparing to UB3LYP and especially to
UBLYP orbitals. The UBLYP (as well as UB3LYP) open-shell
orbitals are essentially the top eight occupied a-MOs (or lowest
eight unoccupied p-MOs). Still, the UHF spin polarization of the
closed shells in (I) is considerably lower than in (I). The M1 CAS
multideterminant wavefunction has the largest contributions
from the oa1gMegMegOr2g Closed-shell determinant with a weight

Table 4. Lowdin (total and spin density) orbital populations of Cu, in (1) and WBOs of Cu; coordination polyhedron.

M3UB3LYP MIUB3LYP
Charge s 0478 0.528
d,» 1.968 1.967
dy, 1.987 1.987
d,, 1.986 1.985
dea - y2 1.340 1343
dy 1.985 1.985
Spin s -0.008 0.008
d,» 0.004 —0.005
dy 0.001 —0.001
dy, 0.002 -0.002
do -y 0.700 —0.695
dyy 0.004 —-0.004
WBO Cu, 0.078 0.080
014 0.259 0.259
Ow 0.127 0.127
M3UHF MIUHF
Charge s 0.393 0.348
d,» 1.996 1.996
dy 1.996 1.996
dy, 1.995 1.995
do -y 1.135 1.135
dyy 1.997 1.997
Spin s —0.006 0.008
d,» 0.003 —-0.004
dy 0.002 -0.002
dy, 0.002 —-0.002
Ao -y 0.919 -0918
dyy 0.004 —0.004
WBO Cu, 0.052 0.0411
014 0.212 0212
Ow 0.102 0.106

M3UBLYP MIyBLYP M3ROB3LYP MIRB3LYP
0.503 0.578 0529 0.498
1.947 1.947 1.968 1.960
1.982 1.982 1.987 1.984
1.980 1.980 1.986 1.983
1.443 1.449 1338 1476
1972 1.972 1.985 1.980
—0.006 0.004 0.000

0.004 -0.006 0.000

0.001 —0.001 0.000

0.002 -0.002 0.001

0.590 —0.561 0.706

0.004 —-0.004 0.003

0.099 0.123 0.078 0.391
0.270 0.269 0.258 0.260
0.136 0.136 0.127 0.127
M3ROHF MIRHF M3CAS MICAS
0.348 0376 0.348 0.348
1.996 1.992 1.99 1.996
1.996 1.994 1.99 1.996
1.995 1.993 1.995 1.995
1.131 1372 1.131 1.132
1.997 1.996 1.997 1.997
0.000 0.000

0.001 0.001

0.001 0.001

0.001 0.001

0.929 0.929

0.004 0.004

0.040 0.479 0.040'! 0.041%
0.211 0.231 0211 0.211
0.106 0.104 0.106 0.106

[a] MultiWFN program has been used to yield WBO values below 0.05.

6-311G* basis set was used; M3 and M1 denote triplet and singlet state calculations, respectively.
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Figure 3. CAS active space orbitals of a) compound (I) and b) compound (ll). [Color figure can be viewed at wileyonlinelibrary.com]

of 7.5%, and the M1 CAS determinants have a 40% closed-shell
character (contain only empty or double occupied active
orbitals). Still, the overall spin density is zero in the multi-
determinant M1 case. (In the case of the dehydrated form of
(), the weights of 6a1gMegMEgOE2g and cmgngnggSBzg* determi-
nants are 26.4% and 14.2%, respectively [Cr—Cr distance of
1.966 Al)

The CAS(8,8) active space orbitals (0a1gMEgTEgOB29082g
“Meg Meg Oarg) Of the M1 ground state are depicted in
Figure 3b. Considering the bonding (w;, = 1) and antibonding
(w, = —1) interactions in the active space of (ll) and weighting
(w) the occupation numbers accordingly, one yields an EBO
(formal) equal to 0.8 e as is suggested in Roos et al.'” with the
formula EBO = (n, — n,)/2. Still, because of the strong bonding/
nonbonding/antibonding character of d orbitals and no further
hybridization of the d orbitals with s and p ones (and/or due
to the presence of nodal surface [nonbonding contributions]),
a considerable part of the charge density (approx. one half) is
out of the bonding region for the ca14 and mgq interactions
(see Fig. 3b), while the net contribution of 85,4 orbitals is
almost zero. Hence, we find it appropriate to scale the formal
EBO by a factor of two to estimate the physical EBO to 0.4
e which is in reasonable agreement with the WBO for this M1
CAS calculation (0.303 e), see Table 5. Similarly in the
dehydrated form of (Il) with d(Cr—Cr) = 1.966 A, we find a for-
mal EBO™ of 1.86 e which leads to the physical EBO estimate
of 0.93 e, while the WBO yields 1.12 e which is closer to the
physical EBO estimate. When elongating the Cr—Cr bond
length by 0.5 A in the dehydrated form of (ll), the formal EBO,
physical EBO, and WBO values are 0.60, 0.30, and 0.19 e,
respectively.

AO-based population analyses

Compound (I). The Lowdin atomic populations and the WBOs
of (1) for Cul central atom are compiled in Table 4. The d,,_,,

J. Comput. Chem. 2020, 41, 698-714

AO is identified as the open shell in the triplet state, consider-
ing the total d AO populations (having a value below 1.5 in
each case) as well as spin populations (being above 0.5). Natu-
rally, these values are the largest for the ab initio methods
(overestimated spin localization on the central metal atoms),
followed by the hybrid (UB3LYP) and the pure (UBLYP) DFT
functionals. Herich et al® and Bertolotti et al.”® report d-
populations of similar magnitude for the SCXD-derived multi-
pole model charge density. The WBOs show that the Cu—O,,
dative bonds are by about a factor of half weaker than
Cu—0;_4 ones, see Table 4. Cu—Cu WBOs are low in the case of
the unrestricted calculations, where these values hardly exceed
0.1 e (only in the case of the BS M1 UBLYP is this value 0.123 e,
where Shee et al.” obtained a value of 0.30 for the BP86 func-
tional). The larger WBO values at the DFT levels of theory seem
to correlate with the spin delocalization for (I). Furthermore,
one can immediately see that the direct M—M interaction
(WBO) are proportional to AEyms-m1 (and/or energy stabiliza-
tion of the low spin state). Hence, the spin delocalization on
ligands does not lead to a ligand bridge mediated magnetic
interaction but rather stimulates the direct M—M exchange. Still,
the low CAS and BS WBO values suggest very weak bonding
interactions between the copper atoms in (I).

The restricted singlet calculations provide the largest Cu—Cu
bond orders, nevertheless these are accounted for just for com-
pleteness and cannot be made justified with respect to the
their energetics (see Table 2). The Léwdin atomic charges and
spin populations agree reasonably well with the QTAIM results
(see the following section and compare Table 6 and Supporting
Information Table S3).

Compound (ll). In the case of (ll), the AO d populations on Cr

identify the d,_,» AO as the empty d-shell irrespective of multi-
plicity, see Table 5. The d populations reported in Herich et al.’®!
agree reasonably well with Lowdin orbital populations in
Table 5. CAS AO spin populations of different multiplicities are
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Table 5. Lowdin (total and spin density) orbital populations of Cry in (Il) and WBOs of Cr; coordination polyhedron.
MOCAS M7CAS M>CAS M3CAS MICAs MOROHF MIRHF
Charge s 6.309 6.318 6.322 6.325 6.326 6.309 6.312
d, 1.050 1.042 1.038 1.037 1.036 1.050 0.688
dy, 1.009 1.009 1.009 1.008 1.008 1.009 1.346
d,, 1.008 1.007 1.007 1.007 1.006 1.008 1.027
do -y 0.303 0.304 0.304 0.305 0.305 0.303 0.334
dyy 1.026 1.026 1.026 1.026 1.027 1.026 1.017
Spin S 0.023 0.015 0.009 0.004 0.000 0.023
d, 0.940 0.543 0.310 0.143 0.000 0.940
dy, 0.983 0.794 0.542 0.272 0.000 0.983
d,, 0.984 0.795 0.543 0.272 0.000 0.984
do -y 0.001 0.001 0.001 0.000 0.000 0.001
dyy 0.979 0.788 0.553 0.288 0.000 0.979
WBO Cr, 0.085 0.132 0.200 0.258 0.303 0.085 0.242
O14 0.311 0.313 0.314 0.314 0.315 0.311 0.330
Ow 0.128 0.125 0.124 0.123 0.123 0.128 0.156
B3LYP M9U M7U MSU M3U M1 U MQRO M9R
Charge S 6.368 6.417 6.402 6.398 6.394 6.368 6.397
d, 1.021 0.989 0.995 1.006 1.017 1.023 0.965
dy, 1.013 1.014 1.012 1.010 1.010 1.014 1.072
d,, 1.010 1.011 1.010 1.006 1.007 1.011 0.969
do -y 0.437 0.441 0.443 0.444 0.443 0431 0.469
de 1.021 1.023 1.024 1.024 1.020 1.022 1.048
Spin s 0.052 0.008 (0.000) 0.021 (-0.011) 0.023 (—0.020) 0.026 (—0.026) 0.037
Cry d, 0.876 0.161 (—0.107) 0.513 (-0.432) 0.582 (—0.566) 0.644 (—0.644) 0.876
(Cry) dy, 0.964 0.965 (0.964) 0.937 (0.041) 0.919 (-0.902) 0.926 (—0.926) 0.964
d,, 0.964 0.966 (0.965) 0.937 (0.018) 0.929 (-0.536) 0.927 (-0.927) 0.965
do -y 0.054 0.045 (0.039) 0.051 (0.000) 0.053 (—0.034) 0.054 (—0.054) 0.001
dyy 0.942 0.941 (0.940) 0.942 (0.875) 0.940 (0.531) 0.926 (-0.926) 0.944
WBO Cr, 0.114 0.838 0.698 0.664 0.584 0.114 1.764
014 0.373 0.390 0.385 0.384 0.384 0.373 0.429
Oow 0.157 0.141 0.143 0.143 0.144 0.157 0.169

6-311G* basis set was used, labels M9, M7, M5, M3, M1 represent the spin state and U, RO, and R denote the single-determinant unrestricted, restricted open and restricted methods,
respectively. The Cr, spin AO populations of the BS results are presented in parenthesis.

closely related to the total $> and S, spin projections (and/or  (eigenvalues) of these orbitals in the formally D,, symmetry
spin populations on Cr). The CAS d,,, d., and d,, AO spin  (see Fig. 3b), while the d,, AO spin population is lower (having
populations of a particular multiplicity (M3-—M9) are very simi-  the lowest eigenvalue, see Fig. 3b). In the case of the UB3LYP,
lar which has to be correlated with the degeneracy the BS singlet closely reflects a complete spin flip on one of the

Table 6. QTAIM charge (g) and spin densities at Cu, Cr, and O atoms of the experimental (X-ray) structure of (I) and (II).

m q(Cu) spin(Cu) q(01_4) q(Ow)
UBLYP 1.13M1, 1.00M3 0.58M1, 0.59M3 -1.07M", —1.05M3 —0.91M", —1.00M3
UB3LYP 1.23M1, 1.24M3 0711, 0.71™3 —1.15M', —1.15M3 —-0.95M', —0.95M3
UB3LYP™! 1.28M1, 1283 0.70™', 0.70M3 —1.1M —1.92M8 —1.32M1, —1.32™3
UHF 1.53M1, 1.53M3 0.92M1, 0.92M3 -1.38M1, —1.38M3 -1.06M", —1.06M*
UmpP2 1.37M1, 1373 0.87M1, 0.86M> -1.20M', —1.20M3 -1.00M', —1,00M3
CAS 1.56M1, 1.56M3 0.93"3 —1.39M", —1.39M3 -1.06M", —1.06M*
B3LYPX! 1.20 -1.15 —-0.91
X-ray!®< 0.41 -0.96 -1.17
X-ray' 149 -1.02 -1.23
()] q(Cr) spin(Cr) q(04_4) q(Ow)
UBLYP 1.20M1, 1.38M° 2.76M, 3.64M° -1.00M", —1.11™° -1.07™", —0.97™°
UB3LYP 1.40M1, 1.42M° 3.48M1 3.75M9 -1.19M _1.18M° -1.13M" _0.99™°
UB3LYPIa 1.40M1, 1.42M° 3.57M", 3.95M° —1.16M", —1.17™° -1.35M1, —1.35M°
UHF 1.60M, 1.61M° 3.70M", 3.85M? -1.39M! _1.39M? —-1.08M", —1,08M°
CAS 1.61M", 1.62"° 3.79™° —1.40M", —1.40™° -1.08M", —1.08™°
X-ray'@ 155 -1.10 -1.30

Presented O,_4 charges are average values of four oxygens of the acetate ligands. Basis set used is 6-311G* unless stated otherwise. BS spin density at the other Cu/Cr atom has
an opposite sign in the case of M1.

[a] Calculations carried out in CRYSTAL17 using pob-DZVP(without f) basis set.

[b] Calculated values taken from Bertolotti et al.?®!

[c] Experimental multipole refinement values taken from Bertolotti et all2®

[d] Experimental values taken from Herich et al.
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Cr atoms as already seen in the case of (I) (being the energeti-
cally preferred state). The obtained BS UB3LYP/6-311G* (5%
expectation values are 3.41, 430, 7.24, 12.02 for M1, M3, M5
and M7 multiplicities, respectively, see Supporting Information
Table S1. These (5%) expectation values are very similar at the
UHF and UBLYP levels of theory, see Supporting Information
Table S1. The WBOs of (ll) are larger for M1 in comparison with
M9 calculations, when considering CAS and UB3LYP results in
Table 5. The overall CAS M1 WBO between Cr—Cr atoms is
0.303 which is nearly half smaller when comparing to the
UB3LYP one (0.584), but it is still about five times larger than in
the case of (I). (Note that in the case of UBLYP method is the
Cr—Cr WBO 1.036 in value, not shown in Table 5, which can be
further justified with the too short optimized Cr—Cr bond dis-
tances when using non-hybrid functionals.) As already dis-
cussed for (), the strength of the M—M interaction correlates
closely with the AEymo-m1 value in (ll) pointing toward the
direct magnetic coupling between the metal spin centers. The
Lowdin total charges and spin populations of (Il) (see
Supporting Information Table S4) agree qualitatively well with
the QTAIM analysis (see the following section).

QTAIM analysis and electron density topology

QTAIM analysis of BCPs and Dls are a useful tool to obtain addi-
tional information on the nature and character of chemical
bonds. According to Bader’s theory, the BCP is a saddle point of
electron density between the two atoms.”*! The DI is a measure
of the number of electrons that are shared (or exchanged)
between the two atoms being a synonym for the bond
order.®! Charge and spin densities at Cu and Cr are presented
in Table 6. BCP charge densities pgcp, Laplacians Lgcp and Dls of
M—M and M—O bonds in the studied systems are presented in
Tables 7 and 8.

Compound (I). The agreement between the calculated CAS or

UHF and experimentally obtained charge™ on Cu is very good
(1.56 e vs. 1.49 e), see Table 6. At the DFT level of theory, the
positive charge on the Cu atom is lower when comparing to
CAS, UHF method and the X-ray experiment reported by Herich
et al.'® while the Cu charge derived experimentally in Bertolotti
et al.®® is underestimated by a factor of three. The spin delo-
calization at the DFT levels of theory is immediately seen from
the QTAIM spin density on Cu, which affects also the total
charge of coppers. Oxygens of acetate ligands (O;_,) have the
calculated charges more negative than the ones of water mole-
cules (Oy) while in the experiment®?® is the charge of O,
larger (more negative) than of O,_4 see Table 6. The situation
becomes improved with respect to the experimentally deter-
mined charges of oxygens in the case of periodic calculations
carried out in CRYSTAL17. These calculations provide slightly
more negative charges for Oy oxygens what is in better agree-
ment with previously published experimental data.®*®! This can
be related to the importance of intermolecular hydrogen bond
interactions of the water molecule, which allow for a larger
charge on the Oy atom. Nevertheless, we should mention that
in the multipole model expansion of the experimental SCXD
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refined charge density, the oxygen atoms were treated with a
single set of radial contraction parameters.

Our calculated UB3LYP BCP parameters of () are in a quali-
tative agreement with the results published by Bertolotti
et al.”*® and Herich et al,'® see Table 7. This agreement is
generally better in the case of Cu—O bonds comparing to the
Cu—Cu one. The closest agreement with X-ray experiment™
for the Cu—Cu pgcp value is found for the CAS (and/or UHF)
method, albeit the calculated values are still overestimated by
a factor of two. Hence, the particular DIs (or WBOs) can be
considered slightly overestimated with respect to the experi-
ment. Nevertheless, the insufficient radial flexibility of multi-
pole model charge density has to be critically mentioned,
leading to an underestimated M—M interaction.”® The
UB3LYP pgcp values are larger than the UHF, UMP2, and CAS
ones especially in the Cu—Cu bond case, which is even more
pronounced for the pure UBLYP functional. Still, these UDFT
values are well in line with trends in DIs, WBOs, AEym3-m7 and
the spin delocalization in (I) for the different methods. More-
over, it is fair to stress that the UMP2 values are shifted
toward the UB3LYP ones, when compared to UHF level of
theory.* One can also see that there is basically no qualitative
difference between the values calculated for singlet and trip-
let states (compare M1 and M3 values). Also notice from
Table 7, that all the Laplacian values (Lpgcp) reported by Shee
et al.” are completely different than the rest of Table 7 as
pointed out in Herich et al® (including a different/wrong
sign). This error was probably caused by the incorrect unit
conversion using a bohr™ to A=3 instead of the correct bohr™>
to A= one. According to Table 7, the Cu—Oy bond is found
weaker by a factor of two when compared to Cu—0,_4 ones,
considering pgcp and DI values. This is well in line with WBOs
and matches the conclusion of Herich et al.® about the elec-
trostatic character of the Cu—Oy, interaction in (l).

Compound (ll). In the case of (ll), DFT level of theory underes-
timates the positive charge on the Cr atom as is the case of (I),
see Table 6. The agreement between the calculated CAS and
experimentally derived multipole model charges at Cr atoms is
again very good (1.61/1.60 e vs. 1.55 e, respectively). Further-
more, the general features in the oxygen charges of (ll) are also
matching closely with (l), vide supra.

BCP characteristics of Cr—Cr and Cr—O bonds in (ll) for M1
and M9 multiplicities at CAS and the single-reference UHF,
UBLYP, and UB3LYP levels of theory are compiled in Table 8.
The complete CAS, UBLYP, and UB3LYP data (i.e, M =1, 3, 5,
7, 9) can be found in Supporting Information Table S6. As can
be seen from Table 8 and Supporting Information Table S6, the
CAS values have well defined trends, that is, Cr—Cr BCP charge
densities (pgcp) as well as DI values are decreasing with the
increasing multiplicity of the system. The UHF BCP parameters
as well as DI values correspond well with CAS ones." This is in
agreement with the relative stability of (Il) with respect to the

*In the case of Cu3* and Cuj* UHF/6-311+G* DI values are 0.131 and
0.060, respectively (Cu—Cu bond length is 2.6108 A).

"In the case of Cr3* and Crj* UHF/6-311+G* DI values are 1.187 and
0.412, respectively (Cr—Cr bond length is 2.349 A).
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Table 7. QTAIM BCP characteristics, that is, charge density pgcp, Laplacian Lgcp, and DI of the X-ray structure of (I), where subscripts W and 1-4 follows
the atoms labeling in Figure 1.
BCP pece (€ A7) Lecp (e A™°) DI (-)
UBLYP
Cu—Cu 0.185M", 0.185M3 1.979M, 1.979M3 0.154"', 0.130M3
Cu—Oyw 0.364"", 0.364™3 5.700M", 5.698M3 0.245M, 0.244M3
Cu—0;_4 0.568M1, 0.567M3 9.873M1, 9.899M3 0.439M1, 0.445M3
UB3LYP
Cu—Cu 0.167™", 0.167™* 2.014M1, 2.015M3 0.103™, 0.102M3
Cu—Oy 0.356M1, 0.356M3 5.850M, 5.848M3 0.226M1, 0.226M*
Cu—0,_4 0.559M, 0.559™3 10.214M", 10.225™3 0416M", 0.417M3
UB3LYP®!
Cu—Cu 0.216M, 0.216™3 0.578M, 0.578M3
Cu—Oy 0.344™, 0.344M3 6.868M", 6.868M3
Cu—0;_4 0.521™1, 0.521M3 12.013"1, 12.019M3
UHF
Cu—Cu 0.121™, 0.120M3 1.995M1, 1.996M3 0.050™", 0.050M3
Cu—Oyw 0.328M', 0.328M3 6.369M", 6.369M3 0.182M" 0.182M3
Cu—0;_4 0.546M1, 0.545M3 13.222M1, 13.224M3 0.327"1, 0.327™3
UmP2
Cu—Cu 0.153™", 0.153™3 2.075M, 2.076™3 0.050M", 0.050M3
Cu—Oy 0.347M™1, 0.347M3 5.962M1, 5.962M3 0.196M1, 0.196M*
Cu—0;_4 0.579M, 0.578M3 11.705M, 11.710™3 0364, 0.364™2
CAS
Cu—Cu 0.113M, 0.113™3 1.930M7, 1.930M3 0.046M", 0.046M>
Cu—Oy 0.323M1, 0.323"3 6.534M1 6.534M3 0.178M1, 0.178™3
Cu—0;_4 0.532M1, 0.532M3 13.200M, 13.202M3 0.285M1, 0.318M3
Relevant published data
Cu—Cu 0.199,! 0.202, 0,057 158,01 -0.24, 1,648 0.129®!
Cu—Ow 0.349,"1 0.202,1! 0295 6.08,°! —0.96, 7.026'< 0.248™!
Cu—0,_4 0.566,"! 0.472,1! 0.440' 11.56,"°! —2.89,1! 11.876!"! 03731
In the case of Cu—O bonds average values are presented, complete set of data is provided in Supporting Information Table S5. Basis set used is 6-311G* unless stated otherwise.
Comparison to relevant published data is also given.
[a] Calculations carried out in CRYSTAL17 using pob-DZVP(without f) basis set.
[b] Calculated values taken from Bertolotti et al.?®
[c] Calculated values taken from Shee et al."”!
[d] Experimental values taken from Herich et al.”

different spin states (see Table 3), pointing out that the stron-
gest Cr—Cr bond is present in the energetically preferred singlet
spin state (M1). Cr—O BCP parameters as well as QTAIM charges
at oxygens are not affected by the changes of spin states in (Il),
see Tables 6 and 8. One can see that the DFT BCP parameters
of Cr—O bonds are in a qualitative agreement with the CAS
ones (see Table 8 and Supporting Information Table S6). The
Cr—Cr interaction is found weaker than the Cr—0,_, ones at the
UHF and CAS levels of theory, while the opposite is true for the
DFT results. The UB3LYP and/or UBLYP M1 DIs of Cr—Cr bond
are approximately two and/or four times larger when compar-
ing to the CAS M1 value, respectively (a very similar situation is
found for the WBO values, see Table 5). The overestimated
UBLYP DI value corresponds to the shorter Cr—Cr distance of
the UBLYP optimized geometry when compared to UB3LYP
(and/or X-ray structure). The strength of the Cr—Cr interaction
at a given level of theory is found proportional to J coupling.
Although, the comparison of CAS and DFT QTAIM results corre-
lates less with the found J coupling. This can be made related
to the multideterminant character of the wave function and the
one particle reduced density matrix approximation used in the
evaluation of CAS Dls. All the theoretically determined Cr—Cr
pecp Values are overestimated with respect to the experimental
multipole refinement results reported in Herich et al.® Hence, it

Wiley Online Library

appears reasonable to argue that the determined theoretical
DlIs and/or WBOs are also overestimated, when assuming pro-
portionality of Dls with pgcp values, as already seen for (I). Nev-
ertheless, the insufficient radial flexibility of multipole model
charge density has to be mentioned again, leading to an under-
estimated M—M interaction also in the case of (I1).*® One can
also notice from the comparison of pgcp and DI values that the
Cr—Cr bond is significantly stronger than the Cu—Cu one,
cf. Tables 7 and 8. This is further confirmed by the ELF analysis,
see the following section.

Electron localization function

Herein, we make use of the ELF which is able to identify pictori-
ally bonding interactions upon the behavior of electron pair
density.”® As introduced by Becke and Edgecombe, ELF is a
measure of the probability to find an electron in the neighbor-
hood of another electron, that is, being a measure of Pauli
repulsion.”” In the case of BS M1 UB3LYP results of 3D ELF
visualization, one cannot identify any interactions in the Cu—Cu
region in (I), see Figure 4a, while a direct Cr—Cr bond interac-
tion can be clearly identified for (ll), see Figure 4b. It has to be
mentioned that the isovalue of 0.4 necessary to visualize the
Cr—Cr interaction in (Il) of Figure 4 is smaller than the

J. Comput. Chem. 2020, 41, 698-714

711


http://WWW.C-CHEM.ORG

712

FULL PAPER
Table 8. QTAIM BCP characteristics, that is, charge density pgcp,
Laplacian Lgcp, and DI of the X-ray structure of (ll), with different
multiplicities (M1, M9).
BCP pece (e A73) Lgcp (e A7) DI (-)
UBLYP
Cr—Cr 0.543M", 1.450™", 3.480M° 1.054M1,
0.362M° 0.280M°
Cr—Ow 0.298M", 5.247™1, 5.039M° 0.225M",
0.307M° 0.278"°
Cr—0;_4 0.523™, 10.131M, 0.457™,
0.527M° 10.118M° 0.447M°
UB3LYP
Cr—Cr 0.513M", 1.730M, 3.960™° 0.665™",
0.347M° 0.259°
Cr—Ow 0.292™, 5.394M1, 5293M° 0.211™1,
0.301° 0.231"°
Cr—0;_4 0.513™, 10.538M", 0.414™,
0.516M° 10.562M° 0.406M°
UB3LYP!
Cr—Cr 0.492™", 2.506M", 4.916M°
0.331™°
Cr—Ow 0.297™, 5.446M1, 55439
0.304M°
Cr—0;_4 0.488M1, 11.128M1,
0.491M° 11.110M°
UHF
Cr—Cr 0.387M", 3.630M, 4.822™° 0.276M",
0.301™° 0.183M°
Cr—Ow 0.275M, 5.891M1, 5.875M° 0.169™,
0.278"° 0.171™°
Cr—0;_4 0.477™, 12.023M1, 0.315M,
0.479M° 12.022M° 0.316M°
CAS
Cr—Cr 0.396M", 3.830M, 5.285M° 0.268M",
0.282M° 0.170M°
Cr—Ow 0.274™, 5.795M1, 5.842M° 0.162M1,
0.276M° 0.173"°
Cr—0;_4 0.475™, 11.637M, 0.305™,
0.477M° 11.659M° 0.310M°
X-ray®’
Cr—Cr 0.167 4944
Cr—Ow 0.252 5.690
Cr—0,_4 0424 11.989
Subscripts W and 1-4 follows the atoms labeling in Figure 1. Basis set used is
6-311G* unless stated otherwise. In the case of Cr—O bonds average values are
presented.
[a] Calculations carried out in CRYSTAL17 using pob-DZVP(without f) basis set.
[b] Experimental values taken from Herich et all®

homogenous gas value (0.5). In the case of (1), the Cu—Cu inter-
actions cannot be identified in the ELF plots neither for 0.2 nor
0.1 isovalue (not shown). On the other hand, the Cr—Cr regions
of () become joined within a single surface (no mid-bonding
ELF region can be obtained) in the BS M1 UHF (or M1 CAS) 3D
ELF plot for isovalue 0.25 (or 0.15), see Supporting Information
Figure S3. For comparison, Lepetit et al.”! have used the iso-
value of 0.45 for the visualization of the quadruple Mo—Mo
bond with DI = 2.93 at a bond distance of 2.092 A" in the
bimetallic [Mo,(formamidinate),] complex. The aforementioned
Cr—Cr interaction is further manifested in the 2D ELF plots of
(I1) with clearly visible ELF bonding regions between the Cr
atoms, see Figure 5. According to Jerabek et al,'? in the
dehydrated form of (I) a much smaller ELF isovalue needs to be
taken into account to make the Cu—Cu interaction (very hardly)
discernible in the 2D plot.
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(a) (b)

Figure 4. B3LYP/6-311G* 3D ELF plot of a) compound (l), b) compound (Il),
drawn at 0.4 isovalue. [Color figure can be viewed at wileyonlinelibrary.com]

Conclusions

The geometry of (I) can be well determined using both the DFT
methods and the single-reference dynamic electron correlation
methods (MP2, MP3, CCSD), except the orientation of the water
ligands, when compared to the X-ray structure!® The
CAS/NEVPT2 singlet or BS singlet is identified as the energeti-
cally preferred spin state. However, the MP2 approach (includ-
ing its double hybrid DFT clones) yields a wrong closed-shell
reference ground state what can be corrected for by means of
using the MP3 or CCSD levels of theory. The electronic structure
study (QTAIM and ELF analysis) confirms only weak bonding
interactions (below 0.1 e) between the two distant Cu centers.
The metal-metal interactions are slightly overestimated in com-
parison with QTAIM analysis of charge density derived upon
the X-ray experiment of Herich et al®® AFys_m: and/or
J coupling constant are being underestimated to 100 cm™' for
ab initio methods when not treating the spin delocalization
with respect to the J evaluation in the BS single-determinant
ab initio treatments and or CAS/NEVPT2 active space. These
values are underestimated by at least a factor of two when
compared to experimental or DFT results for a hybrid functional
(in this case B3LYP). Still, if one accounts for the BS energy cor-
rection, the DFT J values are overestimated by a factor of two.
Essentially, DFT leads to a larger spin delocalization to acetate
ligand oxygens and stronger M—M interactions of (I) when

Figure 5. B3LYP/6-311G* 2D ELF plots of compound (ll) in the Cr—Cr—0;
plane (a) and the plane crossing the Cr—Cr mid-bond perpendicular to the
C4y symmetry axis with respect to the acetyl ligands b), drawn with
9 isovalues in the 0 (white) to 0.8 (red) range. [Color figure can be viewed at
wileyonlinelibrary.com]
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compared to ab initio results what closely correlates with the
AEpz_m1 values. Hence, the spin delocalization to ligands does
not lead to a ligand bridge mediated magnetic interaction but
rather stimulates the direct M—M exchange. This shows on the
fact that the state energetics of (I) presents a challenge for
advanced ab initio methods benchmarking (including the par-
ticular electronic structure with respect to the spin
delocalization).®2*4 Albeit, a critical reevaluation of the experi-
mentally determined J value could possibly play a crucial twist
of the conclusion about the theoretical methods performance.

In the case of (ll), the geometry optimization needs to
account for static and dynamic electron correlation with
NEVPT2 PES scan performing very well. The Cr—Cr double
potential well character is found in (Il) and its dehydrated form,
as shown previously in Andersson et al.’®® with the double
potential well-being much more pronounced in the dehydrated
form. In the case of (ll), the spin density is preferably localized
at the Cr atoms and hence NEVPT2 performs very well for the
J coupling evaluation when comparing to experiment and pre-
vious works.2%*3! As already mentioned for (I), the amount of
spin delocalization affects the direct M—M interaction strengths
at different levels of theory, which also correlates with the
AEypo_m1 and/or J coupling of (1l). The electronic structure study
uncovers a moderate physical bond order of around 0.3-0.4
e for the Cr—Cr bond when taking into consideration the WBOs
and DlIs, while the CAS (formal) EBO is found around 0.8 e. This
value can be scaled down by a factor of two to take into
account the nonbonding character (including the nodal behav-
ior) of the d orbitals (especially of d,,, d,, and d,, ones) which
contribute the most to the difference between the bonding
and antibonding interactions in the (formal) EBO, reflecting thus
the obtained bond orders. When compared to the multipole
model charge density derived from the SCXD experiment, the
Cr—Cr BCP characteristics are overestimated with the best
agreement found for the M1 CAS level of theory. In general,
both studied systems appear as good candidates for testing the
flexibility of charge density models derived upon least squares
fit to structure factors from SCXD experiments.[®>~°%
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