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Abstract: Dimethyl sulfoxide (DMSO) is an aprotic organic solvent widely used in laboratory practice due to its
ability to dissolve both polar and nonpolar compounds. However, DMSO is also commonly known as a strongly
coordinating solvent, especially towards transition metal containing complexes. In this study, estimation of the
coordination ability of DMSO towards the Cu(II) ion was attempted, employing a model system composed of
37,4"-dihydroxyflavone-Cu(II) complex in the presence of explicit DMSO molecules, using the density func-
tional theory (DFT). Nature of the Cu-DMSO chemical interaction (i.e. Cu-O bonding) was studied within the
framework of quantum theory of atoms in molecules (QTAIM). Impact of DMSO coordination on the charge
and spin distribution at Cu(II) ion was inspected using Mulliken population and QTAIM analysis.
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Introduction

Anhydrous dimethyl sulfoxide (DMSO) is an
aprotic organic solvent widely used in laboratory
practice, including important biochemical and bio-
logical experiments (Tashrifi et al., 2020; Psomas
and Kessissoglou, 2013; Dorotikova et al., 2015;
Simunkova et al., 2019; Misuri et al., 2017). It was
first prepared by Alexander Saytzeff in 1867 using
oxidation of dimethyl sulfide (Saytzeff, 1867).
DMSO, an amphipathic molecule composed of a
polar domain characterized by a sulfinyl and two
nonpolar methyl groups, is able to solubilize a wide
variety of polar and nonpolar compounds at high
concentrations (De Abreu Costa et al., 2017; Tun-
cer et al., 2018). The DMSO-H,O binary mixture
(Sergievskii, Skorobogat’Ko, and Rudakov, 2010;
Roy et al., 2011) is a common solvent in experi-
ments involving cell cultures since a small amount
of DMSO is well tolerated and does not change
the culture viability (Allen et al., 2008; Singh and
Ghosh, 2016). In addition, DMSO is well known
as a strongly coordinating solvent (Levchenkov et
al., 2014; Rancan and Armelao, 2015; Rancan et
al., 2019; Patra et al., 2013)- Highly polarized S=O
double bond has positive and negative charges
localized on sulfur and oxygen atoms, respectively
(Cioslowski and Surjan, 1992). This polarity of the
S=O0 double bond is related to the high dielectric
constant. With respect to the properties of the
coordinated metal, DMSO can bind via either the
sulfur or (sterically less hindered) oxygen atom. As
reported by Calligaris, the S-bonding is essentially
limited to the metal atoms of groups 8—10 (Cal-
ligaris, 1999). A decade ago, Diaz-Torres and
Alvarez (Diaz-Torres and Alvarez, 2011) attempted

to quantify the coordinating character of a series
of various solvents based on the probability to find
the particular solvent coordinated in the presence
of a transition metal. Their search was conducted
in the Cambridge Structural Database (CSD), (Al-
len, 2002) and DMSO was found to be coordinated
in 66 % of the searched cases (2038 structures in
total) (Diaz-Torres and Alvarez, 2011). Moreover,
strong coordination of the DMSO solvent towards
transition metals can lead to chemical changes
in coordination compounds. For example, Patra
et al. (Patra et al., 2013) revealed, using 'H NMR
spectroscopy, that Ru complexes with N-heterocyclic
ligands readily undergo a ligand exchange reaction
in DMSO. Recently, Rancan et al. (Rancan and
Armelao, 2015; Rancan et al., 2019) pointed out that
the use of DMSO affects the synthesis of coordina-
tion polymers by blocking some coordination sites.
Aside the above mentioned coordination ability, the
DMSO solvent can also act as a hydrogen bonding
acceptor, as it was reported by Protti and coworkers
(Protti et al., 2008)

In our previous studies (Jomova et al., 2019;
Simunkova et al., 2020), antioxidant activity of
flavonoid-Cu(II) complexes in the DMSO solvent
was investigated. It is well known that biological
activity of flavonoids can be significantly enhanced
in the presence of transition metal ions (in this case
cupric ion), forming complex compounds (Kumar
and Pandey, 2013; Grazul and Budzisz, 2009; Sam-
sonowicz and Regulska, 2017; Jomova et al., 2019)
In general, study of antioxidant activity of flavo-
noids or other transition metal complexes is often
limited by their poor solubility in most assays, thus
the use of solvents such as DMSO is required (van
Acker et al., 1996). However, strong coordination

38 Acta Chimica Slovaca, Vol. 13, No. 2, 2020, pp. 38—48, DOI: 10.2478/acs-2020-0022



a)

b)

Fig. 1. Scheme of B3LYP/6-311G* optimized DHF (a) and DMSO (b).

affinity of DMSO towards the Cu(II) ion (Rancan
et al., 2019) is a problem. Gutmann donor number
of DMSO, which is a measure of the strength of
solvent as Lewis base, is 29.8 (Gutmann, 1978). For
comparison, Gutmann donor numbers of methanol
(MeOH) and H,O are 19 and 18, respectively (Gut-
mann, 1978). To study the DMSO-Cu(II) coordina-
tion directly, inclusion of explicit solvent (DMSO)
molecules in theoretical calculations is necessary. In
this work, 37,4"-dihydroxyflavone-Cu(II) complex
in the DMSO solvent from our previous studies
(Jomova et al., 2019) was used as a model system.
37,4"-Dihydroxyflavone (DHF) is a polyphenolic
compound containing a 2-phenyl-benzo-+-pyrone
moiety typical for flavonoids (Kumar and Pandey,
2013; Grazul and Budzisz, 2009; Jomova et al.,
2019) (Figure la). For completeness, optimized
structure of DMSO is shown in Figure 1b.

The paper is organized as follows: computational
details are presented at first; then the Results sec-
tion is subdivided into three parts, where optimized
structures, charge density topologies, analysis of
bond critical points and impact of coordinated
DMSO molecules on the EPR parameters are dis-
cussed. At last, the main conclusions of this work
are summarized.

Computational details

Model system DHF-Cu(II) was solvated with two
and four molecules of DMSO. In all cases, the
DHF-Cu(II) system containing protonated as well
as deprotonated OH groups was considered. [Note
that the deprotonation of OH groups of DHF is
denoted with “-2H” superscript throughout the
manuscript.] As a reference, Cu(Il) ion solvated
with two, four, five and six DMSO molecules was
used. Additional reference systems, particularly
Cu(II)-nH,O and Cu(I)-nMeOH (where n = 5, 6)
complexes, were selected for comparison purposes
only. Water and methanol act like donor solvents

coordinating the Cu(Il) ion via oxygen, i.e. in the
same way as in case of DMSO. Geometry optimiza-
tion of all studied systems was performed at the
B3LYP (Becke, 1988; Lee, Yang, and Parr, 1988;
Becke, 1993; Vosko, Wilk, and Nusair, 1980)/6-
311G* (Krishnan etal., 1980; McLean and Chandler,
1980) level of theory in the Gaussian09 program
package. (Frisch et al., 2009) The computational
protocol used here (B3LYP/6-311G*) was chosen in
accordance with our previously published results
(Simunkova et al., 2020). In our previous study
(Simunkovi et al., 2020), the use of DFT functionals
accounting for dispersion correction (particularly
B3LYP-GD3 and B2PLYP) was reported to have
only negligible effect on the geometries and
energies of Cu(II)-flavonoid complexes compared
to B3LYP. The energy-based criterion of SCF
convergence was set to 10 Hartree. All systems
were treated as doublets using the unrestricted
Kohn-Sham formalism. Vibrational analysis was
employed to confirm that the optimal geometries
correspond to energy minima (i.e. absence of
imaginary vibrations). Solvent effects of DMSO
were treated via Polarizable Continuum solvent
Model (PCM) (Miertus, Scrocco, and Tomasi, 1981;
Tomasi, Mennucci, and Cammi, 2005) and Solvent
Model based on Density (SMD) (Marenich, Cramer,
and Truhlar, 2009) as implemented in the
Gaussian09 package.

Quantum Theory of Atoms in Molecules
(QTAIM) analysis (Bader, 1990), as implemented
in the AIMAIl package, (Keith, 2014) was
applied for every system under study using the
Gaussian09 formatted checkpoint files. QTAIM
analysis employed to charge
populations at particular atoms and to estimate
the character of interatomic interactions using
properties in the bond critical points (BCP) and
delocalization indexes (DI). Visualization of the
calculated structures was performed using the
Molekel software suite (Fliikiger et al., 2002).

was evaluate
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Results and Discussion

Structure of studied systems

Optimized geometries of all systems under study are
shown in Figures 2 [DHF-Cu-nDMSO (n = 2, 4)
complexes] and 3 [Cu-nDMSO (n = 2, 4, 5, 6)
reference systems]. In case of DHF-Cu solvated with
two DMSO molecules, the Cu(II) ion has a square
planar coordination polyhedron with oxygens in the
corners (Figures 2¢ and 2d). In case of DHF-Cu
solvated with four DMSO molecules, the coordination
polyhedron of Cu(Il) is a Jahn-Teller distorted
octahedron (Figures 2e and 2f). The main difference
between the (protonated) DHF-Cu-4DMSO and the
(deprotonated) DHF“*"-Cu-4DMSO system is that
the former has one OH group of DHF and one
DMSO molecule in the axial positions while the
latter contains two DMSO molecules in the axial
positions. This can be clearly seen from the calculated
Cu—O bond lengths of the above-mentioned

systems. Optimized B3LYP/6-311G* Cu—O bond
lengths of all the systems under study are presented
in Table 1, including the reference Cu-nDMSO
systems. As it can be seen from Figure 3 and Table 1,
coordination polyhedron of Cu(Il) in Cu-2DMSO,
Cu-4DMSO, Cu-5DMSO, and Cu-6DMSO is linear,
square planar, square pyramid, and Jahn-Teller
distorted (elongated) octahedron as reported in
Rancan et al. (Rancan and Armelao, 2015),
respectively. For comparison, a scheme of the
optimized Cu(I)-nH,O and Cu(II)-nMeOH (where
n=>5,6) complexes is shown in Figure S1 in Electronic
Supplementary Material (ESI).

From the calculated Cu—O bond lengths presented
in Table 1 follows that in fully protonated systems,
Cu—O bonds between Cu and DMSO molecules are
stronger (equatorial bonds being shorter than 2 A)
than those between Cu and DHF (equatorial bonds
being longer than 2 A). On the contrary, in case of
deprotonated systems, Cu—O bonds between Cu

f)

Fig. 2. Scheme of B3LYP/6-311G* optimized DHF-Cu-nDMSO systems: DHF-Cu (a), DHF“"-Cu (b),
DHF-Cu-2DMSO (c), DHF?"-Cu-2DMSO (d), DHF-Cu-4DMSO (e), DHF“*"-Cu-4DMSO (f).
For simplicity, hydrogens of DMSO molecules are omitted.
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and DHF are the stronger ones compared to the
Cu-DMSO interaction. Obviously, the presence of
O—H bonds weakens the binding capacity of DHF’s
oxygens towards the Cu(II) ion, leading to stronger
interaction of Cu(II) with DMSO molecules. It is
also noteworthy that all equatorial Cu—O bonds
(either Cu—OPHF or Cu—OPM59) in Table 1 have
similar lengths in the interval of 1.9-2.1 A. This
finding points out that the coordination of DHF to
Cu(II) is of similar strength than the one of DMSO
to Cu(Il). For comparison, equatorial Cu—O
bond lengths in Cu-4DMSO, Cu-5DMSO and Cu-
6MDSO are from the interval of 1.9—2.0 A. [We
do not consider the Cu-2DMSO system because
it does not represent the DMSO solvation of the
Cu(II) ion. These data are presented only for the
sake of completeness.] Our calculated data are in
agreement with the average Cu—O bond distances
in metal sulfoxide complexes (2.03 A) reported by
Calligaris (Calligaris, 1999).

In addition, the two solvent models used (i.e. PCM
(Miertus, Scrocco, and Tomasi, 1981; Tomasi, Men-

nucci, and Cammi, 2005) and SMD (Marenich,
Cramer, and Truhlar, 2009)) were compared.
Differences in the optimized Cu—O bond lengths
using either PCM or SMD solvent model are less
than 0.1 A, hence they can be considered negligi-
ble. However, in case of calculating certain proper-
ties, such as solvatochromic shifts (Eilmes, 2014)
reaction energy barriers (Miguel et al., 2016) or
solvation free energies (Guerard and Arey, 2013),
the choice of the solvent model can play a non-
negligible role.

Charge density topology and QTAIM Cu-O bond
characteristics

In the presented work, charge density topology of
the studied systems was analyzed using the Mul-
liken population analysis (Mulliken, 1955) and the
Bader’s quantum theory of atoms in molecules
(QTAIM) (Bader, 1990). Mulliken population
analysis (as implemented in Gaussian09) is based on
the Roothan’s self-consistent field (SCF) LCAO-MO
method (Roothaan, 1951), while Bader’s QTAIM

)

Fig. 3. Scheme of B3LYP/6-311G* optimized Cu-nDMSO reference systems; where n=2 (a), n=4 (b),
n=>5 (c), n==6 (d). For simplicity, hydrogens of DMSO molecules are omitted.
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Tab. 1. Calculated B3LYP/6-311G* Cu—O bond lengths of the studied systems using two solvent models
(PCM and SMD). Superscripts “E” or “A” stand for equatorial or axial O position, respectively.

System Solvent model d(Cu—OP"¥)/A d(Cu—OP¥s%)/A
DHF-Cu PCM 2.03%,2.03*
SMD 2.05,2.06
DHF“*"-Cu PCM 1.90, 1.89
SMD 1.90, 1.89
DHF-Cu-2DMSO PCM 2.01, 2.01 1.90, 1.89
SMD 2.03,2.03 1.91, 1.91
DHF“"W-Cu-2DMSO PCM 1.91, 1.92 1.96, 1.96
SMD 1.92, 1.93 1.96, 1.97
DHF-Cu-4DMSO PCM 2.10%, 2.65% 1.94%, 1.95%, 1.97%2.28*
SMD 2.09%, 2,744 1.94%, 1.95, 1.96%, 2.30*
DHF“"-Cu-4DMSO PCM 1.94%, 1.96" 2.01%, 2.02F, 2.48%, 2.49*
SMD 1.95%, 1.97% 2.01%, 2.02%, 2.48%, 2.48*
Reference
Cu-2DMSO PCM 1.82, 1.82
SMD 1.92, 1.93
Cu-4DMSO PCM 1.94, 1.95, 1.95, 1.95
SMD 1.95, 1.95, 1.96, 1.96
Cu-5DMSO PCM 1.98%4, 1.98%4, 1.97%2 1,985 2 2744
SMD 1.98%, 1.98%, 1.98%, 1.98%, 2.26*
Cu-6DMSO PCM 1.98%4, 1.99%4, 2,005, 2.01%2, 2.38%4, 2,424
SMD 1.99%, 1.99%, 2.01%, 2.01%, 2.374, 2.404

“B3LYP/6-311G*/PCM values from Simunkova et al. (Simunkova et al., 2020).

analysis is based on the decomposition of molecule
into atomic domains (so-called basins) defined as
zero-flux surfaces in the gradient vector field of
electron density [Vp(r)]. Calculated Mulliken and
QTAIM charges (¢) at Cu(ll), DHF, and DMSO
moieties are presented in Table 2 which shows that
both Mulliken and QTAIM partial charges at Cu
are from the interval of 1.2—1.4 ¢. Charge transfer
from the Cu(II) ion to the originally electroneutral
moieties DHF and DMSO is nearly equivalent in
fully protonated systems, i.e. partial charges at DHF
and DMSO molecules are similar (around 0.2 e).
On the other hand, in case of systems containing
deprotonated DHF, charge transfer from Cu to the
DHF®" moiety is larger (around 0.5 ¢) than to the
DMSO molecule (around 0.15 ¢). This result is in
agreement with the above reported Cu—O bond
lengths (see Table 1), i.e. weaker coordination of
DMSO to Cu in the presence of deprotonated DHF
than in the presence of protonated DHF.

Partial charges of DMSO molecules in all studied
systems (naturally) decrease with respect to their
increasing number, from around 0.3 ¢ in Cu-
2DMSO up to 0.15 or 0.05 ¢ in Cu-6DMSO (equa-
torial or axial position, respectively) (Table 2). A
similar decrease of charge transfer from DMSO to

a metal atom (particularly Li) has been reported for
[Li(DMSO),]" clusters (Sladek et al., 2011). Herein,
the Mulliken population analysis did not provide
correct nearly-equivalent values of the DMSO
partial charges, ¢f. e.g. Mulliken ¢(DMSO) values
of 0.26 and 0.17 ¢ and QTAIM ¢(DMSO) values of
0.23 and 0.23 ¢ for the DHF-Cu-2DMSO system.
Additional information about the character of
chemical bonds can be obtained from the analysis
of bond critical points (BCPs). Bader has described
several types of critical points, among them BCP
as a saddle point of electron density between two
atoms forming a chemical bond (Bader, 1990)
Nature (or strength) of the studied chemical bond
can be estimated via properties in the BCP, such as
charge density in BCP and its Laplacian. Another
useful parameter is the delocalization index (DI)
(Bader and Stephens, 1975) which provides a
quantitative measure of electrons sharing between
the two atoms (Fradera, Austen, and Bader, 1999).
BCP charge densities (ppcp), Laplacians (Apyep) and
DIs of Cu—O bonds in the studied systems are
presented in Table 3.

BCP characteristics presented in Table 3 are in
overall agreement with the optimized Cu—O bond
lengths reported in the previous section. In case
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Tab. 2. Mulliken and QTAIM charges (¢) at Cu, DMSO and DHF moieties calculated at the B3LYP/6-311G*/
PCM level of theory. Superscripts “E” or “A” indicate position (equatorial or axial, respectively) of the

DMSO molecule.
System q(DHF)/e ¢(Cu)/e ¢(DMSO)/e
DHF-Cu Mulliken 0.72 1.28
QTAIM 0.74 1.26¢
DHF®"_Cu Mulliken -1.22 1.22
QTAIM -1.19 1.19
DHF-Cu-2DMSO Mulliken 0.21 1.36 0.26, 0.17
QTAIM 0.20 1.34 0.23,0.23
DHF“".Cu-2DMSO Mulliken -1.51 1.23 0.14, 0.14
QTAIM -1.52 1.25 0.14, 0.14
DHF-Cu-4DMSO Mulliken 0.16 1.39 0.16%, 0.16%, 0.07%, 0.06*
QTAIM 0.08 1.33 0.17%, 0.18%, 0.18%, 0.08*
DHF"".Cu-4DMSO Mulliken -1.78 1.39 0.10%, 0.11%, 0.104, 0.094
QTAIM -1.56 1.29 0.11%, 0.11%, 0.034, 0.034
Reference
Cu-2DMSO Mulliken 1.36 0.36, 0.28
QTAIM 1.39 0.30, 0.32
Cu-4DMSO Mulliken 1.35 0.27, 0.24, 0.08, 0.06
QTAIM 1.31 0.17, 0.18, 0.17, 0.17
Cu-5DMSO Mulliken 1.38 0.13%, 0.15%, 0.15%, 0.14%, 0.06*
QTAIM 1.33 0.15%, 0.16%, 0.15%, 0.16%, 0.06*
Cu-6DMSO Mulliken 1.38 0.11%, 0.14%, 0.13%, 0.13%, 0.05%, 0.07*
QTAIM 1.35 0.14%, 0.15%, 0.14%, 0.14%, 0.04*, 0.05*

“B3LYP/6-311G*/PCM values from Simunkova et al. (Simunkova et al., 2020).

Tab. 3. Calculated B3LYP/6-311G*/PCM QTAIM BCP characteristics (charge density pycp, Laplacian
Apgep and delocalization index DI) of Cu—O bonds in the studied systems. Due to the similar
nature (or length) of the particular equatorial or axial Cu—O bonds (Table 1), only average values
are presented. Superscripts “E” or “A” stand for equatorial or axial O position, respectively, and
superscripts “DHF” and “DMSO” indicate the O containing molecule (moiety).

System pscp(Cu—O0)/bohr-? Apgcp(Cu—O)/bohr DI(Cu—O0)/-
DHF-Cu? 0.07"% bHEF 0.37% bHF 0.35" PHE
DHF®"-Cu 0.10%-P1F 0,545 D11F 0.628 DItk

DHF-Cu-2DMSO
DHF“*"-Cu-2DMSO

DHF-Cu-4DMSO

DHF®"-Cu-4DMSO

()()7F, DHF’ ()10}7, DMSO
0.10%PHF () ()QE. DMSO

006E DHF 0.021\, DHF
()0811 DMSO ()O4A DMSO

0.09% 1
007E, DMSO, 0.02;\, DMSO

0.40F DHF () 54E. DMSO
0.50% PHF () 45E DMSO
(.29 DHF () (74, DHF
(0.46E DMSO_() 174, DMSO

045E DHF
038}2, DMSO’ 0'071\, DMSO

0.325 PHF () 59F, DMSO
(0.51E DHF () 4()E- DMSO
0.26% PHE () (74 DHF
(0.42E- DMSO () 184, DMSO

0.46% PHr
(.34 DMSO_ () 194 DMSO

Reference

Cu-2DMSO 0.12% 0.68" 0.62%
Cu-4DMSO 0.08" 0.46" 0.42F
Cu-5DMSO 0.08%, 0.04* 0.42%, 0.174 0.39%, 0.19*
Cu-6DMSO 0.06%, 0.034 0.33%, 0.124 0.31%, 0.14*

aB3LYP/6-311G*/PCM values from Simunkova et al. (Simunkova et al. 2020).
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of fully protonated systems, stronger interaction
was found between Cu and DMSO compared to
the Cu—DHT bond (pycp and DI values in Table
3). Such strong coordination can play a key role in
ligand replacement reaction when studying various
transition metal complexes as competitive reaction
between a ligand and DMSO (Sudo et al., 2012). On
the contrary, in systems containing deprotonated
DHF moiety, the Cu—O bond between Cu and
DHF®" is stronger than that between Cu and the
DMSO molecule/molecules. Coordination bonds
formed between Cu and oxygens in the equato-
rial positions have DI values in the interval of
0.3—0.5 (Table 3), indicating a coordination bond
equal in strength to nearly half of a single covalent
bond (Fradera, Austen, and Bader, 1999). Bond
interactions between Cu and oxygens in the axial
positions are, naturally, significantly weaker (DI
values below 0.2).

For comparison, BCP parameters and DI values of
Cu-nDMSO systems are shown in Table 3 as well.
These values are comparable to those for Cu-nH,O
and Cu-nMeOH (n = 5, 6) presented in Table S1.
Thus, coordination of the Cu(II) ion with DMSO
solvent can be assumed to be of similar nature as
that of water or methanol molecules.

Impact of explicitly included DMSO molecules

on spectroscopic parameters

As shown in the previous section, coordination of
Cu with DMSO molecules affects the localization of
charge density in the studied systems. Subsequently,
such changes can possibly affect the properties
directly derived from charge (or spin) density. For
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example, Almeida and Ramalho (de Almeida et
al., 2011) reported the effect of explicitly included
solvent molecules (pyridine, in particular) on the
UV-Vis-NIR and EPR parameters of Cu(acac),
complex. Also, a comparison of EPR and UV-
Vis spectra of DHF-Cu (molar ratio 1:2) system
measured in DMSO (experiments taken from
Jomova et al.?) and in MeOH (our results presented
in Figure S2) prove the existence of such an effect.
Stronger coordination of DHF to Cu(II) in MeOH
compared to that in DMSO is documented by the
higher absorbance band at 410 nm (see Figure
S2a). In case of the EPR spectrum, only small
changes were observed for the g-value but there
is a non-negligible shift in the A-value of Cu(II)
(115 Gauss in DMSO and 102 Gauss in MeOH, see
Figure S2b). This is in agreement with the results
of Almeida and Ramalho (de Almeida et al., 2011)
who reported the hyperfine coupling constant to be
more solvent-dependent than the g-tensor.

With respect to the above statement, the impact
of explicit inclusion of DMSO molecules on the
calculation of EPR parameters, particularly the
hyperfine coupling constant, was studied. In the
non-relativistic framework, the isotropic hyperfine
coupling constant (HFC) is limited to the Fermi
contact interaction. (Fermi, 1930). However, it has
to be mentioned that, especially in case of heavy
elements containing compounds, the inclusion of
spin-orbit coupling contribution as well as the rela-
tivistic effects are crucial for proper treatment of
the HFC constant (Maléek et al., 2015; Malkin et al.,
2006, 2011; Neese, 2003; Autschbach, 2014; Haase
etal., 2018). However, for comparison purposes and
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Fig. 4. Comparison of calculated (non-relativistic BSLYP/6-311G*) and experimentally obtained
isotropic Fermi contact coupling constants (Ay.) of Cu in the DHF-Cu-nDMSO (a) and Cu-nDMSO (b)

systems. Superscript

“-2H” indicates deprotonated DHF moiety. Experimental values are taken from

Jomova et al. (Jomova et al., 2019).
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for the sake of simplicity, only the non-relativistic
limit of HFC (i.e. Fermi contact interaction) was
considered here. A comparison of the calculated
B3LYP/6-311G* non-relativistic and experimen-
tally obtained (Jomova et al., 2019) isotropic Fermi
contact coupling constants (Apc) of the studied
systems is shown in Figure 4. (Note that absolute
Ay values are presented even though the calcu-
lated Ay values are negative, corresponding to the
positive spin density at Cu.). As it can be seen from
Figure 4a, inclusion of at least two explicit DMSO
molecules into the DHF-Cu system significantly im-
proves the agreement between the EPR experiment
and theory. The inclusion of solvent model only
(either PCM or SMD) into the DFT calculations is
not sufficient to obtain qualitative agreement with
the EPR experiment. If there are explicit DMSO
molecules included, similar results are provided by
the two different solvent models (PCM and SMD).
In case of Cu-nDMSO systems, an experimental Ay
value of CuCl, in DMSO (Jomova et al., 2019) was
used as a reference because it basically represents
the Cu(II) ion solvated with DMSO. As it was already
mentioned in the previous sections, the Cu-2DMSO
system is not robust enough to properly mimic the
DMSO-solvated Cu(Il) ion, see the overestimated
Ay value in Figure 4b. On the contrary, Ay values
of Cu-4DMSO, Cu-5DMSO and Cu-6DMSO are
in quantitative agreement with the experimental
Ay values of CuCly, in DMSO (Jomova et al., 2019)
(Figure 4b). Overall, the results presented in this
section further confirm that the strong coordinating
ability of the DMSO solvent plays a non-negligible
role in the spectroscopic measurements, such as
EPR in a frozen solution.

Conclusions

In the presented work, coordination ability of the
DMSO solvent towards the Cu(II) ion was studied
using model system DHF-Cu(II)-nDMSO (where
n =2, 4). The obtained results (calculated Cu—O
bond lengths, BCP characteristics and DIs) have
confirmed the strong coordination of the Cu(II)
ion with DMSO molecules, similar to the interac-
tion of Cu(Il) with the DHF molecule (Jomova
et al., 2019) or to the water-Cu coordination in
Cu-5H,0 and Cu-6H,O complexes (Malcek et al.,
2015). In case of fully protonated model system
DHF-Cu(Il)-nrDMSO, interaction between the Cu
and DMSO molecules is stronger than that between
Cu and DHF, while in case of deprotonated system
DHF®_-Cu(I1)-nDMSO it is vice versa. Based on
these results, a probability of ligand replacement
in the DMSO solution of metal complexes can be
assumed because DMSO can act as a competitive

ligand. Moreover, it was shown that strong coor-
dination of DMSO towards the Cu(II) ion can also
affect the EPR spectroscopic parameters such as the
Fermi contact coupling. In case of non-relativistic
DFT calculations of the Fermi contact coupling
constants, an inclusion of explicit DMSO molecules
significantly improved the agreement between the
EPR experiment and theory.

Supporting Information

Figure S1 Scheme of B3LYP/6-311G*/PCM opti-
mized reference systems; where Cu(I)-5H,O (a),
Cu(ID-6H,O (b), Cu(Il)-5MeOH (c¢), Cu(ID)-
6MeOH (d).

Figure S2 a) Black line: UV-Vis spectrum of DHF
dissolved in methanol, ¢ = 1.10* M; blue line:
UV-Vis spectra of DHF-Cu(II) (molar ratio = 2:1)
system measured in methanol b) EPR spectrum of
DHF-Cu(II) (molar ratio = 2:1) system dissolved in
methanol measured at 120 K (experimental para-
meters: g. = 2,10 g;=2,42 A;= 102 Gauss).

Table S1 Calculated B3LYP/6-311G*/PCM Cu—O
bond lengths d, charge densities pycp, Laplacians
Appcp and delocalization indexes DI of Cu(ID)-
nH,O and Cu(II)-nMeOH systems (where n=5, 6).
Superscripts “E” or “A” stand for average values of
equatorial or axial Cu—O bonds, respectively.
Table S2 Mulliken and QTAIM charges (¢) at
Cu, H,O and MeOH moieties calculated at the
B3LYP/6-311G*/PCM level of theory. Superscripts
“E” or “A” indicate the position (equatorial or axial,
respectively) of HyO or MeOH molecules.
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Fig. S1 Scheme of B3LYP/6-311G*/PCM optimized reference systems: Cu(II)-5H,O (a), Cu(ID)-6H,O (b),
Cu(ID)-5MeOH (c), Cu(I)-6MeOH (d).
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Fig. S2 a) Black line: UV-Vis spectrum of DHF dissolved in methanol, ¢ = 1.10® M; blue line: UV-Vis
spectra of DHF-Cu(II) (molar ratio = 2:1) system measured in methanol b) EPR spectrum of DHF-Cu(II)
(molar ratio = 2:1) system dissolved in methanol measured at 120 K (experimental parameters: g = 2,10
g" = 2,42 A” =102 GaU.SS).
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Tab. S1. Calculated B3LYP/6-311G*/PCM Cu—O bond lengths (d), charge densities (ppcp), Laplacians
(Apgcp) and delocalization indexes (DI) of Cu(I)-nH,O and Cu(I)-nMeOH systems (where n =5,
6). Superscripts “E” or “A” stand for average values of equatorial or axial Cu—O bonds, respec-

tively.
System d/A Prcp/bohr? Apgcp/bohr? DI/-
Cu-HH,O 1.97% 0.08* 0.46" 0.37"
2.184 0.05* 0.244 0.21*4
Cu-6H,0 1.99¢ 0.07% 0.43% 0.34%
2.9224 0.05* 0.21* 0.19*
Cu-5MeOH 1.98* 0.08" 0.44"* 0.37"
2.224 0.05* 0.204 0.19*
Cu-6MeOH 2.00" 0.07" 0.41* 0.35"
2.274 0.04* 0.174 0.174

Tab. S2. Mulliken and QTAIM charges (¢) at Cu, HyO and MeOH moieties calculated at the BSLYP/6-
311G*/PCM level of theory. Superscripts “E” or “A” indicate the position (equatorial or axial,
respectively) of the HyO or MeOH molecules.

System q(Cu)/e g(solvent)®/e g(solvent)*/e
Cu-5H,0 Mulliken 1.51 0.11 0.06
QTAIM 1.43 0.12 0.05
Cu-6H,0 Mulliken 1.56 0.09 0.04
QTAIM 1.45 0.11 0.05
Cu-5MeOH Mulliken 1.47 0.12 0.04
QTAIM 1.40 0.14 0.05
Cu-6MeOH Mulliken 1.56 0.09 0.04
QTAIM 1.40 0.12 0.05

48 Simunkova M et al., Dimethyl sulfoxide as a strongly coordinating solvent...



