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Abstract—The quantum-chemical study of the copper diketonate dimers ([Cu(Acac),], and
[Cu(Acac)Hfac)],) is performed using various functionals (B3LYP, TPSSh, PBEO, and B2PLYP) and basis
sets (6-3111++G(d,p) and Def2-TZVP) and taking into account dispersion interactions (D3BJ). The calcula-
tions using the B3LYP and TPSSh functionals combined with the Def2-TZVP basis set give the best agree-
ment with experiment. The Basis Set Superposition Errors introduce no substantial changes to the stabiliza-
tion energies of the considered systems. The obtained results show that the quantum-chemical study of sim-
ilar associates of transition metals should be performed without empirical D3BJ dispersion corrections.
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INTRODUCTION

From the moment of the synthesis, the coordina-
tion compounds of transition metals with B-diketones
attract increased attention of specialists in diverse
areas [1]. They are used as catalysts in a series of indus-
trially important organic reactions, for example,
alkene isomerization and Mukaiyama epoxidation [2—
4], and act as precursors for the fabrication of metal-
containing coatings [5, 6]. Increasing interest in the
complexes with the B-diketone ligands is due to the
possibility of synthesis of mono- and polynuclear sys-
tems demonstrating unusual magnetic properties [7—
13]. It has recently been shown that compounds of this
class are promising as single-molecule magnets
(SMM) [11, 12, 14, 15]. The revealed possibility of the
mechanical and electrical manipulation of molecular
magnetism allows their application in devices of nano-
mechanics and spintronics [16]. A significant group of
magnetically active structures based on bis(diketo-
nates) is represented by the copper complexes with the
radical-containing ligands [17—19]. The quantum-
chemical methods, the reliability of results of which is
determined to a high extent by the type of the approx-
imation used, are applied to explain the magnetic
behavior of these heteroligand compounds. The den-
sity functional theory (DFT) is used most frequently
to study the structures and reaction mechanisms and
to explain the physicochemical properties of transition
metal complexes containing a high number of atoms
(>100). However, unsubstantiated combinations of

the functionals and basis sets can result in obtaining
incorrect data [20].

‘We have previously performed the quantum-chem-
ical (DFT B3LYP/6-311++G(d,p)) study of the
structures and energy characteristics of oligomers of
the Co(II), Ni(II), and Zn(IT) diketonates [21]. The
nonforming polynuclear structures copper(Il)
bis(diketonates) that do not form polynuclear struc-
tures and the dimers of which were found only in the
crystals of the heteroligand complexes, were also con-
sidered [22—24]. The calculation schemes that take
into account dispersion interactions are shown to sub-
stantially overestimate the stability of the studied
coordination compounds [21]. Since this result is not
consistent with examples of successful application of
dispersion corrections in the studies of the complexes
containing no transition metals with the open elec-
tronic shell [25, 26], an extended theoretical study of
the binuclear structures of [Cu(Acac),], and
[Cu(Acac)(Hfac)], (Acac is acetylacetonate, and Hfac
is hexafluoroacetylacetonate) was performed in this
work using four functionals and two basis sets, and
also the influence of the D3BJ dispersion corrections
[27] applied to the investigation of magnetically active
compounds was considered. The dimers of copper
bis(diketonates) were chosen as objects of the study,
because their formation is not accompanied by a sub-
stantial change in the geometry of the monomers,
unlike similar cobalt, nickel, and zinc complexes [21],
owing to which the reaction route contains no transi-
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Fig. 1. Packings of molecules (a) Cu(Acac)(Hfac) and (b) Cu(Acac), in the crystal according to the XRD data [22, 23, 42—44].

tion states capable of affecting the energy characteris-
tics of the dimerization process under study.

CALCULATION PROCEDURE

Calculations were performed by the DFT method
using the Gaussian 16 program [28], the B3LYP [29],
TPSSh [30], PBEO [31], and B2PLYP [32] function-
als, and the 6-311++G(d,p) and Def2-TZVP
extended basis sets, combinations of which are suc-
cessfully applied to the study of the transition metal
complexes [33—40]. Stationary points were localized
on the potential energy surface by the full geometry
optimization of molecular structures with the check-
ing of the DFT stability of the wave function and cal-
culation of the force constants. The graphical images
of the molecular structures were drawn using the
ChemCraft program [41].

RESULTS AND DISCUSSION

According to the crystal-chemical data, the
Cu(Acac)(Hfac) complex forms dimers in which the
distances between the copper ion and oxygen atom of
the adjacent molecules are 2.70—2.72 A [22, 23]
(Fig. 1). These values indicate rather weak intermo-
lecular interactions determined by the dispersion
forces and packing effects. In the crystal of Cu(Acac),,
the distance between the molecules of the complexes
arranged in stacks reaches 3.02—3.06 A [42—-44),
which together with the nearly planar structure of
bis(chelates) assumes the formation of these structures
only owing to crystal packing.

As shown previously [21], the calculation of
[Cu(Acac),], in the B3LYP/6-311++G(d,p) approxi-
mation using the XRD data as the starting geometry
results in the structure in which the shortest distance
between the atoms of two molecules is 3.481 A
(Fig. 2a) exceeding the values obtained by the XRD
data (3.02—3.06 A) [42—44]. This fact can be
explained by non-accounting for the crystal lattice
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effects in the calculations. The geometry optimization
of [Cu(Acac),], with the applied dispersion correction
(B3LYP/6-311++G(d,p) + D3BJ) gives the associate
with the distortion of the molecules, which is not char-
acteristic of the copper bis(chelate) dimers. The dis-
tance between these molecules is shorter than that
found in the crystal (Fig. 2b).

To answer the question whether the predicted dis-
tortion is a consequence of the use of the B3LYP/6-
311++G(d,p) approximation, we performed the cal-
culations using the TPSSh, PBEO, and B2PLYP func-
tionals and 6-311++G(d,p) and Def2-TZVP basis
sets. The results of calculations of the characteristic
distances R, and R, presented in Fig. 2a are consistent
with the B3LYP data [21]. The geometry optimization
without dispersion interactions leads to the overesti-
mation of the distance between the complexes,
whereas the application of the D3BJ dispersion cor-
rection to the calculation scheme is accompanied by
the shortening of the distances between the molecules
and the bent of the chelate cycles (Fig. 2b).

The results of high-level calculations using the
B2PLYP double hybrid functional including effects of
electron correlation are worthy of special mentioning.
As follows from Fig. 2a, the structure with the short-
ened (compared with those determined by XRD)
interatomic Cu—Cu distances was localized using this
approximation (Fig. 1). The inclusion of the D3BJ
dispersion corrections to the calculation scheme
favors a distortion of the bis(chelates) and shortens the
intermolecular distances R, and R, to the values simi-
lar to those obtained using the B3LYP, TPSSh, and
PBEO functionals in combination with D3BJ. This
result suggests that the application of the aforemen-
tioned dispersion corrections leads to an incorrect
reproduction of the experimental geometry of the
Cu(Acac), complex regardless of the chosen func-
tional and basis set.

The coordination compound Cu(Acac)(Hfac) is
one of a few copper bis(diketonates) with the dimeric
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Fig. 2. Spatial structures and geometric characteristics of the [Cu(Acac),], and [Cu(Acac)(Hfac)], dimers calculated
without (a, ¢) and with (b, d) allowance for the dispersion corrections.

structure in the crystal [22, 23], and no existence of TZVP basis sets well reproduces the geometry of
binuclear structures in the solution was reported. The [Cu(Acac)(Hfac)],. When using the TPSSh func-
data presented in Fig. 2c¢ show that the B3LYP func- tional, correct results were obtained only in the Def2-
tional combined with the 6-311++G(d,p) and Def2- TZVP basis set, and the application of PBEO favors a
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Table 1. Stabilization energies without (£,;,) and with allowance for the zero-point vibration energy (ESZtE,E) (all values are
given in kcal/mol) of the [Cu(Acac),], and [Cu(Acac)(Hfac)], dimers calculated by the DFT method

[Cu(Acac),], [Cu(Acac)(Hfac)],
Basis set
Estab ES%:bE Estab ES%;,E
B3LYP
6-311++G(d,p)* 3.1 2.8 2.7 2.6
6-311++G(d,p) + D3BJ 23.3 22.2 22.2 21.1
Def2-TZVP 2.5 2.3 0.6 0.5
Def2-TZVP + D3BJ 23.1 22.0 19.5 18.7
TPSSh
6-311++G(d,p) 4.0 3.9 3.8 3.6
6-311++G(d,p) + D3BJ 21.6 20.8 19.4 18.9
Def2-TZVP 3.3 3.1 0.9 0.8
Def2-TZVP + D3BJ 20.9 19.9 17.0 16.3
PBEO
6-311++G(d,p) 7.2 7.1 7.0 6.8
6-311++G(d,p) + D3BJ 21.5 20.6 20.3 19.7
Def2-TZVP 6.4 6.1 4.2 4.0
Def2-TZVP + D3BJ 20.6 19.7 17.1 16.4
B2PLYP
6-311++G(d,p) 11.3 12.6
6-311++G(d,p) + D3BJ 23.4 23.8
Def2-TZVP 9.6 8.3
Def2-TZVP + D3BJ 21.5 19.3

* The results of calculations in the B3LYP/6-311++G(d,p) approximation are taken from [21].

substantial decrease in the intermolecular Cu—O con-
tact compared to the XRD data (Fig. 1). The geometry
optimization by the double hybrid potential B2PLYP
led to dimers in which the distance between the metal
ion and oxygen atom of the adjacent molecule turned
out to be shorter than that determined in experiment
(Fig. 2). This result makes doubtful the applicability of
this approximation in the quantum-chemical study of
similar systems. Regardless of the functional/basis set
combination, the inclusion of the D3BJ dispersion
correction into the calculation scheme favors a signif-
icant shortening of the distance between the
[Cu(Acac)(Hfac)], molecules (Fig. 2d) and, as a con-
sequence, overestimation of its stability.

The low stabilization energy (£,,) of the
[Cu(Acac),], dimer predicted by the B3LYP and
TPSSh calculations (2—4 kcal/mol, Table 1) is well
consistent with the fact that no self-associates are
observed in the solution and in the gas phase. The use
of the PBEO and B2PLYP functionals gives E,, rang-
ing from 6 to 11 kcal/mol. These values can be due to
packing effects. The inclusion of the dispersion cor-
rections into the calculation scheme is accompanied
by the distortion of the molecules and shortening of
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the distance between the bis(chelates) (Fig. 2b) and
also by an increase in the stabilization energy to 20—
23 kcal/mol (Table 1). These values are characteristic
of the molecular associates stabilized by hydrogen
bonds but seem to be overestimated in the complexes
in which the distances between the molecules are lon-
ger than 3 A. Similar results were obtained for
[Cu(Acac)(Hfac)],: the expected low values of stabili-
zation energies were predicted by B3LYP and TPSSh,
the values found using the PBEO and B2PLYP func-
tionals, and the D3BJ dispersion corrections overesti-
mate the stability of the dimer (Table 1).

Basis set superposition errors (BSSE) were calcu-
lated to evaluate the influence of the inaccuracy of the
applied basis sets (6-311++G(d,p) and Def2-TZVP)
on the stabilization energies of the dimers [45]. The
calculations of BSSE were performed in the B3LYP/6-
311++G(d,p)/Def2-TZVP approximations providing
a good agreement with the experimental data and a
higher variability of taking into account dispersion
interactions. The results of calculations of BSSE
obtained using various schemes for taking into
account dispersion interactions (CAM [46], D3BJ,
and their combination CAM+D23BJ) are presented in
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Table 2. Energies of complex formation with allowance for the BSSE correction (EfB SSE) and basis set superposition errors
(BSSE) (all values are given in kcal/mol) for the [Cu(Acac),], and [Cu(Acac)(Hfac)], dimers calculated by the DFT

method using the B3LYP functional

Basis set EPSSE BSSE
[Cu(Acac),],
*6-311++G(d,p) 1.8 1.8
6-311++G(d,p) CAM-B3LYP 5.5 2.3
6-311++G(d,p) + D3BJ 22.4 2.7
6-311++G(d,p) CAM-B3LYP + D3BJ 20.4 2.7
Def2-TZVP 1.5 1.6
Def2-TZVP CAM-B3LYP 5.4 1.5
Def2-TZVP + D3BJ 22.4 2.5
Def2-TZVP CAM-B3LYP + D3BJ 16.5 2.2
[Cu(Acac)(Hfac)],
6-311++G(d,p) 2.2 2.4
6-311++G(d,p) CAM-B3LYP 8.9 4.3
6-311++G(d,p) + D3BJ 21.3 4.8
6-311++G(d,p) CAM-B3LYP + D3BJ 21.1 4.9
Def2-TZVP 1.9 1.7
Def2-TZVP CAM-B3LYP 7.5 2.4
Def2-TZVP + D3BJ 21.1 2.7
Def2-TZVP CAM-B3LYP + D3BJ 20.2 2.7

* The results of calculations in the 6-311++G(d,p) basis set are taken from [21].

Table 2. The complex formation energy calculated
using this approach nearly coincides with that deter-
mined ignoring BSSE, and the BSSE are within
3 kcal/mol, except for the calculation of
[Cu(Acac)(Hfac)], in the B3LYP/6-311++G(d,p)
approximation with the inclusion of dispersion cor-
rections in which the inaccuracy reaches 5 kcal/mol.
Therefore, the results obtained by the B3LYP calcula-
tions contain no systematic errors that affect substan-
tially the formulated results.

Thus, the systematic DFT study of the copper
diketonate dimers [Cu(Acac),], and [Cu(Acac)-
(Hfac)], showed that the use of the dispersion correc-
tions resulted in the overestimation of the stability of
these weakly bound associates and was accompanied
by a significant distortion of their geometries. The sta-
bilization energies of the copper bis(acetylacetonate)
dimers predicted with allowance for the D3BJ empir-
ical corrections (20—23 kcal/mol) allow one to expect
the existence of fairly stable binuclear structures that
were not detected in either solution, or crystalline state
[42—44]. The studies of the dimers using the B3LYP,
TPSSh, PBEO, and B2PLYP approximations that
takes into account effects of electron correlations show
that the B3LYP and TPSSh functionals combined
with Def2-TZVP give the best agreement with the
experiment, and similar results were obtained by the

use of the 6-311++G(d,p) basis set. According to the
calculations of BSSE, the errors caused by the super-
position of the basis sets range from 3 to 5 kcal/mol
and apply no substantial corrections to the stabiliza-
tion energies of the considered systems.
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