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Mirosław Arczynśki* and Dawid Pinkowicz*

Cite This: Inorg. Chem. 2020, 59, 13489−13501 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The preparation, structures, and electrochemical and magnetic
properties supported by density functional theory (DFT) calculations of three
new copper(II) compounds with [1,2,5]thiadiazolo[3,4-f ][1,10]phenanthroline 1,1-
dioxide (td) and its radical anion (td·−) are reported: {[CuIICl(td)](μ-Cl)2[Cu

IICl-
(td)]} (1), which incorporates only neutral td ligands; [CuIICl(td·−)(td)]·2MeCN
(2), which comprises one neutral td and one radical td·−; and PPN[CuIICl(td·−)2]·
2DMA (3), where CuII ions are coordinated by two radical anions td·− (DMA,
dimethylacetamide; PPN+, the bis(triphenylphosphine)iminium cation). All three
compounds show interesting paramagnetic behavior with low-temperature features
indicating significant antiferromagnetic coupling. The magnetic properties of 1 are dominated by CuII···CuII interactions (JCuCu)
mediated through the Cl− bridges, while the magnetic properties of 2 and 3 are governed mainly by the td·−···td·− (Jtdtd) and CuII−
td·− (JCutd) exchange interactions. The structure of 2 features only two major magnetic coupling pathways enabling the fitting of
experimental data with Jtdtd = −36.0(5) cm−1 and JCutd = −12.6(2) cm−1 only. Compound 3 exhibits a complex network of magnetic
contacts. Attempt to approximate its magnetic behavior using only a local magnetic contacts model resulted in Jtdtd = −5.6(1) cm−1

and two JCutd constants, −12.4(2) and −22.6(4) cm−1. The experimental fitting is critically compared with the results of broken
symmetry density functional theory (BS DFT) calculations for inter- and intramolecular contacts. More consistent results were
obtained with the M06 functional as opposed to popular B3LYP, which encountered problems reproducing some of the
experimental intermolecular exchange interactions. Electrochemical measurements of 2 and 3 in MeCN showed three reversible
nearly overlapping redox peaks appearing in a narrow potential range of −600 to −100 mV vs Fc/Fc+. Small differences between the
redox events suggest that such compounds may be good candidates for new switchable materials, where the electron transfer
between the metal and the ligand center is triggered by temperature, pressure, or light (valence tautomerism).

■ INTRODUCTION

Over the past two decades, the molecular magnetism
community has advanced from studying the basic rules
governing the magnetic coupling in paramagnetic molecules
toward the design and synthesis of multifunctional molecular
materials.

1 However, understanding the mechanism of
magnetic interactions in molecular magnets is still a crucial
task, especially in view of the recent trends in designing weakly
coupled molecular qubit arrays.2

Organic radical ligands very often show moderate-to-strong
magnetic interactions with metal ions3 due to the large spin
density at the donor atoms, which in combination with their
redox noninnocence4−6 and chemical tunability results in
fascinating magnetic behaviors.5 On top of that, radicals are
well known for their catalytic activity and biological
importance.7−11 Notably, molecular magnetism and catalysis
share a library of organic radicals.3,7 It is thus crucial to develop
a chemical and theoretical understanding of new organic
radicals in order to increase the number of nonmetal
paramagnetic building blocks for the synthesis of functional
and multifunctional molecular materials.5 Among many

different functionalities of radical-based magnetic compounds,
the following seem to be the most popular: electronic
conductivity,12−14 long-range magnetic ordering,15−19 valence
tautomerism,6,20−22 photomagnetism,20,23−28 lumines-
cence,29−32 and single molecule and single chain magnet
behavior (SMM and SCM).3,33−36

Even though the library of organic radicals is enor-
mous,3,20,37−40 only a few classes dominate the field of
molecular magnetism, and these are verdazyls,41,42 nitronyl
nitroxides,43,44 semiquinones,45,46 and TTF, TCNE, and
TCNQ derivatives.47−52 The popularity of these four groups
is dictated by their stability, chemical tunability, coordination
abilities promoting strong magnetic interactions, and electro-
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chemical properties providing electron transfer and enabling
various types of switching properties.
Herein, we focus on the properties of [1,2,5]thiadiazolo[3,4-

f ][1,10]phenanthroline 1,1-dioxide (td), which belongs to the
group of dioxothiadiazole-based electroactive molecules,53−60

and the influence of its valence state on the outcome of its
reaction with CuII. The td molecule shows three features
important from the point of view of the design of new
magnetic materials: (i) it can be easily reduced to an air-stable
radical anion (S = 1/2), (ii) it shows strong coordination
abilities via the 1,10-phenanthroline backbone, and (iii) its
rigid nonflat geometry favors specific supramolecular arrange-
ments involving anion−π-type contacts. According to DFT
calculations, the unpaired electron of the td·− radical anion is
mostly delocalized over the thiadiazole ring and partially
localized on the nitrogen atoms of the 1,10-phenanthroline
backbone, suggesting the possibility of medium-to-strong
metal−radical magnetic interactions in the case of its
coordination to paramagnetic metal centers.54,56 In this
context, we decided to investigate the magnetic exchange
interactions between the paramagnetic transition-metal center
and the td·− radical anions by using a combined experimental
and theoretical approach. This is the first report where the
dioxothiadiazole-type radical ligand is coordinated to a
paramagnetic transition-metal center. The choice of CuII (S
= 1/2) is dictated by the fact that complexes with this
particular metal ion are a good model systems for the in-depth
investigation of the magnetic interactions in molecular
materials including DFT methods.61−65 The main advantage
of CuII is its simplicity: only one unpaired electron, the lack of
the first-order orbital momentum, and the absence of zero-field
splitting effects.66

In this article, we present the experimental and theoretical
(broken-symmetry DFT) survey of the structural, electro-
chemical, and magnetic properties of three new CuII−td
complexes with an increasing number of coordinated td·−

radical anions: {[CuIICl(td)](μ-Cl)2[Cu
IICl(td)]} (1) coordi-

nated solely by neutral td ligands (no radicals), [CuIICl(td·−)-
(td)]·2MeCN (2) (MeCN, acetonitrile) with one neutral and
one reduced td (one radical anion), and PPN[CuIICl(td·−)2]·
2DMA (3) (DMA, dimethylacetamide) with two radical td·−

anions. Compound 1 was analyzed by assuming one type of
exchange interaction through the CuII−Cl−CuII bridges which
proved to be weakly antiferromagnetic, while compounds 2
and 3 reveal complex magnetic behavior dominated by
antiferromagnetic interactions involving CuII metal centers (S
= 1/2) and td·− radicals (S = 1/2) via CuII−Cl···CuII, CuII−
td·−, and td·−···td·− intermolecular contacts (···) and coordi-
nation bonds, respectively (−). Electrochemical properties
(cyclic voltammetry, CV) were also investigated for complexes
2 and 3 in order to confirm the potential of CuII−td pairs for
the construction of switchable molecular materials.

■ RESULTS AND DISCUSSION
Synthesis. Single crystals of 1 are obtained by the slow

diffusion of MeCN solutions of CuIICl2·2H2O and td. Direct
mixing leads to a fast precipitation of a shimmering crystalline
powder. Both methods result in pure samples of 1.
In our first approaches to the synthesis of compound 2, hot

MeCN solutions of CuICl and td were mixed, and the reaction
mixture was left to crystallize under ambient conditions. This
method, however, leads to impure samples. To obtain pure
compound 2, a hot MeCN mixture of CuICl and td needs to

be quickly filtered and the hot filtrate is left for crystallization
at 60 °C. The reaction takes advantage of the redox potentials
of td and CuICl in hot MeCN: CuI is oxidized to CuII by one
of the td ligands with its concomitant reduction to radical form
td·−. This is consistent with the CV results presented below.
The most straightforward way to obtain compound 3 is

through the slow vapor diffusion of diethyl ether into the DMA
solution of radical anion salt PPNtd·− and CuIICl2·2H2O. This
method yields relatively large crystals of 3.
The purity of all products was carefully verified by elemental

analysis and powder X-ray diffraction (PXRD) of the samples
immersed in the mother solution (Figure S1 in the Supporting
Information). The Le Bail refinement of the unit cell
parameters (Table S1 in the Supporting Information) against
the room-temperature experimental PXRD patterns using the
scXRD unit cell parameters as the starting values (color solid
lines and bars in Figure S1) was done to confirm that the slight
differences between the room-temperature PXRD and the
simulated low-temperature scXRD patterns are solely due to
the thermal expansion effects. Indeed, the positions of the
diffraction peaks after Le Bail refinement (bars) are in perfect
agreement with the experimental room-temperature PXRDs.
The Le Bail refined unit cell parameters are presented in Table
S2 in the Supporting Information.

Structural Analysis. Reported compounds 1−3 crystallize
in centrosymmetric space group P1̅. Details of the structure
refinement can be found in Table S1 (in the SI). The
asymmetric units are presented in Figure 1. The valence state
assignment of the td ligands in 1−3 is based on the number of
anions and cations in the crystal structures and the careful
analysis of the td bond lengths (Table 1). The reduction of td
to a radical anion leads to a strong shortening of the C−C
(“CC”) bond of the dioxothiadiazole ring by ca. 0.06 Å (based
on the observations of Awaga et al.53−55). Most importantly,
this particular structural change occurs regardless of the
coordination mode of the ligand.

Crystal Structure of 1. 1 forms dinuclear molecules
{[CuCl(td)](μ-Cl)2[CuCl(td)]} with two chloride anions
bridging two CuII metal centers. The asymmetric unit (Figure
1a) comprises only half of the molecule, with the second half
being reproduced by the inversion center. Each CuII is
coordinated by a neutral td ligand and three chloride anions
(one terminal and two bridging), resulting in a distorted
square-pyramidal geometry. (Continuous shape measure
(CShM) analysis leads to the following shape parameters:
1.175 for square pyramid SPY-5, 2.089 for vacant octahedron
vOC-5, and 4.465 for trigonal bipyramid TBPY-5; see Table S3
in the Supporting Information.) The analysis of the Cu−Cl
(2.240(3), 2.273(3), and 2.651(3) Å) and Cu−N (2.053(10)
and 2.046(11) Å) bond lengths reveals strong Jahn−Teller
distortion along the Cu1−Cl2 bond of 2.651(3) Å. (See also
Table S4 in the Supporting Information). The td ligands in 1
are neutral, which is supported by the dioxothiadiazole ring
C−C (CC) bond length of 1.503(17) Å, and are arranged in
such a way that the oxygen atoms of one ligand are directed
toward the electron-deficient CC bond of the dioxothiadiazole
group of the adjacent molecule (Figure 2), with a O···CC
distance of ca. 2.93 Å. Additional supramolecular contacts
involving the dioxothiadiazole CC bonds are formed by the
terminal Cl− ligands (Cl···CC of ca. 3.01 Å).

Crystal Structure of 2. The asymmetric unit of 2 (Figure
1b) consists of a mononuclear complex [CuCl(td·−)(td)] and
two crystallization molecules of acetonitrile (one is slightly
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disordered). CuII metal centers are coordinated by one
chloride (Cu−Cl: 2.2872(6) Å), two nitrogen atoms of the
neutral td (Cu−N: 1.9884(17) and 2.1851(18) Å), and two
nitrogen atoms of radical anion td·− (Cu−N: 2.0620(18) and
1.9893(17) Å), resulting in a penta-coordinate geometry
somewhere between a square pyramid and a trigonal bipyramid
(CShM analysis parameters are 2.599 for SPY-5, 3.106 for
vOC-5 and 2.883 for TBPY-5 see also Table S3 in the
Supporting Information for CShM parameters and Table S4 in
the Supporting Information for selected bond lengths). The
analysis of the dioxothiadiazole ring geometry supports the
proposed valence state assignment: one neutral and one radical
ligand coordinated to CuII. The CC bond length in the radical
anion is 1.453(3) Å, while the corresponding one in the neutral
ligand is 1.513(3) Å (Figure 3 and Table 1). The [CuCl-
(td·−)(td)] molecules in compound 2 form supramolecular
pairs with π−π contacts between the radical ligands (td·−···td·−

ca. 3.5 Å) which are strengthened by intramolecular σ-
donor−π-acceptor interactions67,68 between the >SO2 group of
the radical td·− and the central C6 ring of the neutral td (Figure
3b). The supramolecular pairs are further “expanded” into
quasi-chains by weaker alternating CuII−Cl···CuII contacts
(Cu···Cu ca. 4.5 Å) (Figure 3b). It is noteworthy that the

propagation direction of the quasi-chains coincides with the a
crystallographic direction, which shows unusually large thermal
elongation. The neutral ligands are pointing perpendicular to
the direction of chain propagation engaging in interchain O···
CC contacts with >SO2 groups of the radical td·− ligands.
There is no structural indication of π−π contacts involving
neutral td ligands only.

Crystal Structure of 3. The asymmetric unit of 3 contains a
PPN+ cation, a [CuCl(td·−)2]

− complex anion, and two
dimethylacetamide crystallization solvent molecules (Figure
1c). Each of the td·− ligands is in the radical anion form
(dioxothiadiazole C−C bonds of 1.450(4) Å and 1.452(4) Å,
respectively; see Table 1 for details), so the presence of the
PPN+ cation in the crystal structure is necessary to balance the
negative charge of the coordinated chloride. CuII adopts a
distorted trigonal bipyramidal geometry (CShM analysis
parameters are 4.579 for SPY-5, 1.091 for TBPY-5, and
6.399 for vOC-5; see also Table S3 in the Supporting
Information for CShM parameters and Table S4 for selected
bond lengths). It is coordinated by four nitrogen atoms of the
td·− radical anions (Cu−N: 2.121(3), 1,982(3), 1.999(3), and
2.079(3) Å) and one chloride (Cu−Cl: 2.302(1) Å).
Every two [CuCl(td·−)2]

− molecules in 3 form a supra-
molecular pair (Figure 4a) very similar to those in compound 2
with the corresponding π−π contacts between the td·− radicals
of ca. 3.4 Å and the σ-donor−π-acceptor type interactions
between the >SO2 group of one radical td·− and the central C6
ring of the other one. This highlights the extraordinary stability
of the supramolecular pairs in both 2 and 3 and the strength of
the relevant molecular contacts despite the anionic character of
the [CuCl(td·−)2]

− moieties in 3. The PPN+ cations and the
pairs of [CuCl(td·−)2]

− anions form supramolecular layers
(Figure 4b,c) with the crystallization solvent molecules
occupying the empty spaces formed by the PPN+ cations.
The anionic layers are stabilized by local weak π−π contacts
between the td·−···td·− ligands of the aforementioned supra-
molecular pairs. (The shortest centroid-to-centroid distances
between the radicals are 6.840 and 6.225 Å.)

Magnetic Properties. Magnetic Properties of Com-
pound 1. 1 shows paramagnetic behavior with a signature of
weak antiferromagnetic coupling. The χT(T) dependence
(Figure 5a) remains constant at 0.79 cm3 K mol−1 in the 300−
40 K range and then starts to decrease to reach 0.32 cm3 K
mol−1 at 1.8 K.
The high-temperature χT value is in agreement with that

expected for two noninteracting CuII ions assuming gCu = 2.05
and S = 1/2. The observed χT(T) decrease below 40 K is due
to weak antiferromagnetic interactions between the chloride-
bridged CuII ions. The field dependence of the molar
magnetization shows a gradual increase with an inflection at
around 1.2 T and slow flattening above 6 T reaching 1.9μB at 7
T. This is very close to the expected 2.06μB assuming two
weakly interacting CuII centers with gCu = 2.05 and S = 1/2.
According to the scXRD studies, 1 is a dinuclear molecule

with Cl− acting as molecular bridges. Therefore, in order to fit
its magnetic properties (PHI software;68 green solid lines in
Figure 5a), the following Hamiltonian was used assuming a
single magnetic interaction pathway between the CuII centers
(Figure 5b):

μ μ̂ = + −H g BS g BS J S S21 B Cu Cu1 B Cu Cu2 CuCu Cu1 Cu2 (1)

Figure 1. Structural diagrams of the asymmetric units of (a) 1, (b) 2,
and (c) 3 with ellipsoids at the 70% probability level. Colors: Cu,
orange; Cl, green; S, bright yellow; P, dark yellow; O, red; N, blue; C,
gray; and H, white or ommited. (The same colors apply to all
structural diagrams.) Note that (a) also illustrates a symmetry-
dependent part (dimmed) to better visualize the dinuclear character
of 1.
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(gCu is the average isotropic g parameter of the two CuII ions in
the molecule, JCuCu is the isotropic exchange coupling constant,
μB is the Bohr magneton, and B is the magnetic field). Both
magnetization and magnetic susceptibility data were fitted
simultaneously. The best-fit parameters are summarized in
Table 2. Both χT(T) and M(H) fits match the experimental
data well (Figure 6a).
Magnetic Properties of Compound 2. 2 also exhibits

paramagnetic behavior with a very clear indication of moderate
antiferromagnetic coupling as the χT(T) value decreases from
0.72 cm3 K mol−1 (close to 0.75 cm3 K mol−1 expected for two
noninteracting S = 1/2 moieties (CuII and a radical td·−) to
almost zero at 2.0 K (Figure 6a). The M(H) curve (Figure 6a
inset) recorded at 1.8 K in the 0−4.5 T range shows only a
small increase in the magnetization, reaching 0.2 μB at 4.5 T
without saturation, which is expected for two S = 1/2 moieties
coupled antiferromagnetically (assuming moderate interac-
tions).
At first glance, compound 2 is a two-spin system comprising

a single CuII center and one radical td·−. Hence, one would
expect that the observed magnetic behavior with a basically
nonmagnetic ground state is due to the antiferromagnetic

interactions between the CuII and the radical (JCutd). However,
a careful examination of the crystal structure indicates an
intermolecular contact between the td·− ligands within the
supramolecular pairs of [CuIICl(td·−)(td)] molecules. Such
contacts have been shown to be very efficient pathways for
moderate and strong magnetic interactions.54 Therefore, they
must be included in the fitting of the magnetic properties as an

Table 1. Comparison of the Bond Lengths (Å) within the Dioxothiadiazole Ringsa of the td Ligands in 1−3 and in Selected
Compounds Reported in Reference 54

aSee the red part of the structural formula in the last column.

Figure 2. Structural diagram presenting Cu−Cl bond lengths and
intermolecular contacts in compound 1.

Figure 3. Structural diagrams for 2 demonstrating the formation of
supramolecular pairs based on td·−···td·− and td·−···td interactions (a)
which extend further into a supramolecular chain formed by CuII−
Cl···CuII contacts (b). Violet arrows show the direction of the
supramolecular chain propagation which is parallel to the crystallo-
graphic a direction. Note that the peripheral translucent molecules are
the repetition of the main fragments.
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additional antiferromagnetic pathway (Jtdtd) to reproduce the
experimental curves correctly (Figure 6b).
Other molecular contacts such as the aforementioned CuII−

Cl···CuII contacts (see the crystal structure description) are
treated within the mean field model as zJ (as implemented in
the PHI software).69 The magnetic properties were success-
fully fitted (solid red lines in Figure 6a) using the following
Hamiltonian with two types of antiferromagnetic interactions

within a pair of [CuCl(td·−)(td)] molecules (four S = 1/2 spin
centers, arranged as depicted in Figure 6b)

μ μ μ μ̂ = + + +

− + −

H g BS g BS g BS g BS

J S S S S J S S2 ( ) 2

2 B Cu Cu1 B Cu Cu2 B td td1 B td td2

Cutd Cu1 td1 Cu2 td2 tdtd td1 td2 (2)

(gCu and gtd (fixed) are the average g parameters of the CuII

ions and td radicals, respectively, JCutd is the isotropic exchange
coupling constant between CuII and coordinated radical anion
td·−, and Jtdtd is the coupling constant between the td·− radicals
of the neighboring [CuCl(td·−)(td)] molecules). Both magnet-
ization and magnetic susceptibility data were fitted simulta-
neously. The best-fit parameters are summarized in Table 2.
Both χT(T) and M(H) fits match the experimental data.

Magnetic Properties of Compound 3. 3 is also a
paramagnet showing a strong deviation from Curie’s law due
to moderate antiferromagnetic interactions. χT(T) decreases
from 1.08 cm3 K mol−1 expected for three noninteracting S =

Figure 4. Structural diagrams for 3 demonstrating the formation of
supramolecular pairs based on td·−···td·− interactions (a) and packing
diagrams showing the alternating layered arrangement of the PPN+

cations and [CuCl(td·−)2]
− anions in compound 3 (b) and a single

anionic layer perpendicular to the c crystallographic direction (c). The
cationic layers in (b) are rendered partially transparent for clarity. The
π−π pairs of [CuCl(td·−)2]

− anions are highlighted using translucent
green ellipses.

Figure 5. (a) Temperature dependence of the molar magnetic
susceptibility and temperature product χT(T) recorded for a 0.1 T
magnetic field and (inset) the field dependence of the molar
magnetization M(H) recorded at 2.0 K for compound 1. The solid
green lines represent the best fit to the experimental data (black
points) assuming magnetically isolated molecules with only one type
of magnetic interaction as depicted in (b).

Table 2. Best-Fit Parameters Obtained by Fitting the
Magnetic Properties of 1−3 Using Equations 1−3

1 (eq 1) 2 (eq 2) including zJ 3 (eq 3) including zJ

gCu 2.06 (5) 2.15 (5) 2.15 (5)
JCuCu/cm

−1 −1.2 (1)
JCutd/cm

−1 −12.6 (2) −22.6 (4)
−12.4 (2)

Jtdtd/cm
−1 −36.0 (5) −5.6 (1)

zJ/cm−1 −1.9 (2) −0.6 (1)
gtd (fixed) 2.00 2.00

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01904
Inorg. Chem. 2020, 59, 13489−13501

13493

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01904?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01904?ref=pdf


1/2 moieties (ca. 1.13 cm3 K mol−1 for one CuII and two
td·−radicals ) to 0.04 at 2.0 K (Figure 7a). This is well below
the expected 0.38 cm3 K mol−1 assuming antiferromagnetic
interactions between the central ion and both radical ligands.
The M(H) curve (Figure 7a inset) recorded at 1.8 K in the

0−7 T range shows a gradual increase in the magnetization of
up to 0.21 μB at 7 T without reaching the saturation value of
ca. 1 μB expected for three S = 1/2 moieties arranged in a
quasi-linear fashion with moderate antiferromagnetic coupling.
Moreover, M(H) also deviates from what would be expected
for a simple molecule with local antiferromagnetic interactions
as in compound 2.
Both χT(T) and M(H) suggest that an additional

antiferromagnetic interaction pathway transmitted through
the π−π contacts of the td·− radicals must be included in the
analysis of the magnetic behavior of 3. Moreover, anti-
ferromagnetic interactions with other neighboring molecules
through the extensive π−π contact network in 3 are also
possible.
An attempt to fit the χT(T) dependence for 3 assuming

magnetic interaction pathways for a supramolecular dimer as
depicted in Figure 7b (and similar to 2) did not yield
satisfactory agreement with the experimental data below 10 K
(blue line in Figure 7a). Assuming this “pair” model, the
following Hamiltonian with three types of antiferromagnetic
interactions within a pair of [CuCl(td·−)2] molecules (six S =

1/2 spin centers in a linear arrangement as depicted in Figure
7b) was used (including a zJ component):

μ μ μ μ

μ μ

̂ = + + +

+ + − +

− + −

H g BS g BS g BS g BS

g BS g BS J S S S S

J S S S S J S S

2 ( )

2 ( ) 2

3 B Cu Cu1 B Cu Cu2 B td td1 B td td2

B td td3 B td td4 Cutd1 Cu1 td1 Cu2 td4

Cutd2 Cu1 td2 Cu2 td3 tdtd td2 td3 (3)

(The meaning of the parameters is analogous to that from eq 2
with indexes in JCutd1 and JCutd2 pointing toward two
independent radical ligands.) Only susceptibility data was
fitted with eq 3, and the results are gathered in Table 2. These
parameters, however, are not as reliable as in 1 and 2 due to
the presence of many other moderate magnetic interactions in
3 which could not be taken into account to avoid severe
overparameterization. The BS DFT calculations described
below support this general conclusion that the magnetic
properties of 3 are not dominated by the supramolecular pairs.

BS DFT Calculations. The calculations were carried out
with B3LYP and M06 functionals under an unrestricted
Kohn−Sham formalism. Several basis sets were tested with the
B3LYP functional, but only the results using ma-Def2-SVP (C,
H, N, O)/Def2-TZVP (Cu, S, Cl) are presented below. Results
for other basis sets are gathered in the Supporting Information
(Tables S5−S7 and Comment S1 in the SI). Geometries for
the DFT studies were taken from the experimental scXRD
structural models.

Figure 6. (a) Temperature dependence of the molar magnetic
susceptibility and temperature product χT(T) recorded at 0.1 T
magnetic field and (inset) field dependence of the molar magnet-
ization M(H) recorded at 1.8 K for compound 2. The solid red lines
represent the best fit to the experimental data (black points) assuming
two types of strong magnetic interactions: (b) intramolecular JCutd
within each [CuCl(td·−)(td)] molecule and intermolecular Jtdtd
between two neighboring [CuCl(td·−)(td)] molecules.

Figure 7. (a) Temperature dependence of the molar magnetic
susceptibility and temperature product χT(T) recorded at 0.1 T
magnetic field and (inset) field dependence of the molar magnet-
ization M(H) recorded at 1.8 K for compound 3. The blue solid lines
represent the best fit to the experimental data (black points) assuming
three types of magnetic interactions: (b) intramolecular JCutd1 and
JCutd2 within each [CuCl(td·−)(td)] molecule and intermolecular Jtdtd
between [CuCl(td·−)(td)] molecules.
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BS DFT Calculations for 1. The JCuCu magnetic interaction
in compound 1 calculated with B3LYP and M06 functionals is
weakly ferromagnetic (+3.45 cm−1 for B3LYP and +5.74 cm−1

for M06), which is in direct disagreement with the experiment.
However, quantum chemical methods often fail to provide
correct estimates of weak magnetic interactions, especially
when the coupling constant values are close to zero.53,55 The
total energies and ⟨S2⟩ expectation values of the triplet and the
BS states are presented in Table S8 in the Supporting
Information. The spin density illustration of a high-spin-state
system calculated with the M06 functional is showed in Figure
S3 in the Supporting Information.
BS DFT Calculations for 2. As discussed in previous

sections, the crystal structure of compound 2 comprises
supramolecular pairs of [CuCl(td·−)(td)] complexes (Figures
3a, 6b, and SI S4a). In order to extract magnetic interactions
JCutd and Jtdtd within these pairs, the following structural
fragments were selected for BS DFT calculations: the
[CuCl(td·−)(td)] molecule as a two-spin model for the
calculation of JCutd (model 1, Figure S4b), a π−π pair of td·−

radicals as a two-spin model for the calculation of Jtdtd (model
2, Figure S4c), a supramolecular π−π pair of [CuCl(td·−)(td)]
complexes as a four-spin model for the calculations of JCutd and
Jtdtd (model 3, Figure S4d), and a supramolecular Cu−Cl···Cu
pair of these complexes as a four-spin model for the calculation
of JCutd and JCuCu (model 4, Figure S4e). Results of the
calculations for the four models using B3LYP and M06
functionals are presented in Table 3 and Tables S10−S13 in
the Supporting Information.
JCutd is antiferromagnetic in all models (1, 3, and 4), and the

obtained values are in reasonable agreement with the
experimental data. Moreover, JCutd does not seem to be
sensitive to the choice of the electron density functional
(B3LYP vs M06). The slight difference among models 1, 3,
and 4 is most probably caused by the change in the spatial spin
density distribution due to the presence or absence of
neighboring molecules and coordinated CuII ions (Figure S5
in the Supporting Information).
The intermolecular Jtdtd exchange coupling, on the other

hand, depends significantly on the functional used for
calculations. Both B3LYP and M06 lead to antiferromagnetic
coupling, which is in agreement with the experimental data.
However, the B3LYP Jtdtd = −12.53 cm−1 obtained within
model 2 is slightly smaller than the B3LYP JCutd = −14.91
cm−1, while the corresponding values calculated with M06 are
Jtdtd = −33.02 cm−1 and JCutd = −14.48 cm−1, in agreement
with the experimental values of −36.0(5) and −12.6(2) cm−1,
respectively. The B3LYP calculations lead to even worse results
in model 3, where Jtdtd is close to zero (−1.8 cm−1). It appears
that the M06 functional performance for compound 2 is

significantly better than that of B3LYP in calculating the
intermolecular exchange coupling constants transmitted
through π−π contacts, leading to much more consistent
results in models 2 and 3.
We have also performed calculations using model 4 in order

to confirm our assumption that JCuCu in compound 2 is weak
and to test the behavior of JCutd in this simplified model that
neglects next-nearest-neighbor (NNN) interactions (only two
BS states). Indeed, |JCuCu| is smaller than 2 cm−1 regardless of
the functional used, and the JCutd values are consistent with
those obtained in models 1 and 3.

BS DFT Calculations for 3. BS DFT calculations for
compound 3 were performed using four models comprising
four different fragments of the crystal structure: a single
[CuCl(td·−)2]

− complex anion as a three-spin model for the
calculation of JCutd1, JCutd2, and Jtd1td2 (model 1, Figure S6a in
the Supporting Information) and three two-spin models 2−4
for the calculations of the three different intermolecular Jtdtd
coupling constants between td·− radicals corresponding to
three different π−π contacts as depicted in Figure S6b−d,
respectively). The results are summarized in Table 4 and

Tables S14 and S15 in the Supporting Information. Both M06
and B3LYP calculations confirm antiferromagnetic interactions
between CuII and the radical ligands with different JCutd1 and
JCutd2 values. The next-nearest-neighbor-type (NNN) radical−
radical interactions through the CuII centers is also
antiferromagnetic but much weaker, ca. −4 cm−1.
The only significant difference between M06 and B3LYP

calculated exchange coupling constants appears in model 2
(Figure S6b), where M06 predicts relatively strong anti-
ferromagnetic interactions (−19.97 cm−1) and B3LYP shows
moderate ferromagnetic ones (+7.91 cm−1). Since the fitting of
the experimental data for 3 is not conclusive, it is difficult to
choose the correct set of results. However, we assume that,
similar to the BS DFT results for 2, the M06 functional is also
more reliable in the case of compound 3.
The coupling constants, Jtdtd, calculated in model 3 (Figure

S6c) are quite large (ca. −20 cm−1); therefore, the related
molecular π−π contacts seem to be very efficient magnetic
interaction pathways despite the large offset of the interacting
radical anions. Calculations for model 4 demonstrate that the

Table 3. Results of the BS DFT Calculations for Compound 2a

model 1 2 3 4 exp

B3LYP JCutd −14.91 −18.77 −19.12 −12.6 (2)
Jtdtd −12.53 −1.75 −36.0 (5)
JCuCu −0.22
zJ −1.9 (2)

M06 JCutd −14.48 −16.31 −22.8 −12.6 (2)
Jtdtd −33.02 −25.62 −36.0 (5)
JCuCu +2.0
zJ −1.9 (2)

aJ value given in cm−1.

Table 4. Results of the BS DFT Calculations for Compound
3

model: 1 2 3 4

J/cm−1 JCutd2 JCutd1 Jtd1td2 J′tdtd J′′tdtd J′′′tdtd
B3LYP −22.59 −16.68 −4.37 +7.91 −22.56 −1.28
M06 −21.39 −15.71 −3.62 −19.97 −19.21 +0.83
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magnetic interactions transmitted through the π−π-like
contacts between the side C5N rings of the phenanthroline
backbone (Figure S6d) in compound 3 are negligible: −1.3
cm−1 in B3LYP and +0.8 cm−1 in M06.
These results support our assumption that compound 3

cannot be considered to be a magnetically isolated pair of
[CuCl(td·−)2]

− anions. Unfortunately, the difference between
JCutd2 and JCutd1 interactions is not easily explained on the basis
of the structural analysis. In Figure S3b, the spin density
contours show no clear differences between the two ligands’
arrangement in relation to the CuII localized spin density.
Nonetheless, calculations support the difference in observed
experimental coupling constants JCutd2 and JCutd1.
Comment on BS DFT Calculations Using B3LYP vs M06

Functionals. The literature data agree that M06 performs
similarly well to B3LYP when it comes to the BS DFT.61,70

Indeed, our calculations of the magnetic interactions between
CuII and the coordinated td·− radical anions JCutd in compound
2 using B3LYP and M06 are similar and close to the
experimental values regardless of the functional used. However,
in the case of radical−radical magnetic interactions Jtdtd in
compound 2, the B3LYP functional gives values that are 2
times smaller than the experimental ones, while M06
reproduces them quite well. In our study, the only two cases
in which B3LYP did not agree with M06 were the ones
(models 2 and 3 for compound 2 and model 2 for compound
3) in which one can point out π−π interactions at a moderate
distance covering the large contact surface of the molecules. A
few other studies also highlight some advantages of using M06
for systems with intermolecular magnetic interactions.71,72

Electrochemistry. The electrochemistry of various CuII/CuI

redox couples has been extensively studied in the past,73−75

and has been shown to be strongly dependent on the
coordination geometry. In particular, the impact of steric
effects was noticed in copper complexes of 2,9-substituted-
1,10-phenathrolines. However, compounds involving redox-
active ligands are not very common.4,76−80

Cyclic voltammograms (CVs) for complexes 2 and 3 are
presented in Figure 8 and Tables S17 and S18 as well as in
Figure S7 in the Supporting Information. (Data for compound
1 was not collected due to very low solubility in MeCN.) CVs
of 2 and 3 reveal three electrochemically reversible redox
events in the −600 to −100 mV range vs Fc/Fc+ and one
(compound 3) or two (compound 2) electrochemically quasi-
reversible/irreversible processes at lower potentials (below
−800 mV). The three main processes (I−III; see Table 5 for
the exact values of half potential E1/2) are assigned in
accordance with our findings related to the crystal structures
of 2 and 3.
ScXRD structural models showed that in compounds 2 and

3 [CuIICl(td·−)(td)] and [CuIICl(td·−)2]
− are the respective

stable states. Hence, the first two redox events, I and II, are
most probably related to td ligands, while III is related to CuII/
CuI couples which are slightly lower as compared to some
literature reports for [CuII(phen)2]

+ (phen = 1,10-phenanthro-
line derivatives)73,74 (Scheme 1).
The three major redox processes (I−III) show very similar

half potentials (E1/2) in compound 2, while in 3, redox event
III is shifted toward more negative values. The slight
differences in the corresponding E1/2 values for 2 and 3
might be ascribed to different starting geometries of the two
complexes (Tables S4 and S19 in the Supporting Information).
The splitting of td/td·− into two separate events (I and II) is

most probably due to the different coordination of the two
ligands to the Cu center in both compounds. It is noteworthy
that this difference is larger for compound 2, leading to slightly
stronger splitting of 135 mV as compared to that for 3 at 85
mV.
It is important to note that the reduction potential of

[1,2,5]thiadiazolo[3,4-f ][1,10]phenanthroline 1,1-dioxide in 2
and 3 is shifted by ca. 300 mV toward more positive values
upon coordination to CuII (from −520 mV) as compared to
the uncoordinated molecule. This is due to the electron-
withdrawing properties of the positively charged metal ion.
Irreversible processes IV and V in 2 and 3 are most probably

related to further reduction of the td·− radical anions to their
respective dianions. However, due to the high negative charge

Figure 8. Cyclic voltammograms of a free td molecule (black),
compound 2 (blue), and compound 3 (green) measured in 0.1 M
TBAPF6 solutions at a 200 mV/s scan rate vs Fc/Fc+ (td at 100 mV/
s). Arrows point in the direction of the potential sweep. Numbers
assign peak pairs to redox events as presented in Scheme 1.

Table 5. Half-Potential Values for the Three Reversible
Redox Processes in 2 and 3 (vs Fc/Fc+)

E1/2 (ΔEpp)/mV

redox process 2 3

I −160 (60) −196 (60)
II −295 (58) −281 (60)
III −432 (64) −514 (64)

Scheme 1. Assignment of the Redox Events in CVs of 2 and
3a

aThe hypothetical assignments are marked with “?”.
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of expected products [CuICl(td2−)(td·−)]3− and [CuICl-
(td2−)2]

4−, they might undergo a significant coordination
geometry change, decomposition (ligand dissociation/sub-
stitution), or precipitation from the MeCN solution, resulting
in the irreversible character of the corresponding electro-
chemical processes. These irreversible processes (IV and V),
however, do not affect I, II, and III, as in the three consecutive
CV cycles there are no signs of decomposition of 2 and 3 in
MeCN (Figure S7 in the Supporting Information).

■ EXPERIMENTAL SECTION
Materials. All reagents were of analytical grade. CuCl (Alfa Aesar

97%) was recrystallized by the method described in ref 81 by diluting
a concentrated hydrochloric acid solution with water. PPN(td)·
(CH3)2CO·H2O was obtained according to a previously reported
procedure.56 [1,2,5]Thiadiazolo[3,4-f ][1,10]phenanthroline 1,1-diox-
ide (td) was obtained according to the literature procedure.54

Synthesis of {[CuCl(td)](μ-Cl)2[CuCl(td)]} (1). CuCl2·2H2O (10.7
mg, 0.063 mmol) was dissolved in 10 mL of MeCN in a 50 mL vial.
Then a test tube containing a suspension of 16.9 mg (0.063 mmol) of
td filled to the edge was placed inside the vial. Finally, the 50 mL vial
was gently filled with MeCN until the moment when the test tube
contents and the vial solutions started to mix. This reaction setup was
left undisturbed for 4 days, after which time green platelike crystals
were collected and analyzed using PXRD. Yield: 99%. Anal. Calcd for
{[CuCl(td)](μ-Cl)2[CuCl(td)]}, C24H12Cl4Cu2N8O4S2 (809.4 g/
mol): C, 35.61; H, 1.49; N, 13.84. Found: C, 35.93; H, 1.66; N,
13.69.
Synthesis of [CuCl(td·−)(td)]·2MeCN (2). td (10.7 mg, 0.063

mmol) was refluxed in 55 mL of MeCN until most of it dissolved, and
a solution of 39.6 mg (0.400 mmol) of CuCl in 5 mL of MeCN was
added with stirring. After 1 min of stirring, the initial precipitate was
filtered off while keeping the filtrate hot. The filtrate was sealed and
left to crystallize at ca. 60 °C for 1 h. The dark-blue crystalline powder
was collected, and its purity was confirmed by PXRD for a sample in
contact with MeCN. Yield: 12.4 mg (18%). Anal. Calcd for
[CuCl(td·−)(td)]·0.5H2O, C24H13ClCuN8O4.5S2 (648.5 g/mol): C,
44.45; H, 2.02; N, 17.28. Found: C, 44.52; H, 2.10; N, 17.04. The
samples of 2 undergo a very fast exchange of crystallized MeCN with
water.
Synthesis of PPN[CuCl(td·−)2]·2DMA (3). CuCl2·2H2O (10.2 mg,

0.060 mmol) in 9 mL of DMA was added to a 9 mL DMA solution of
106.2 mg (0.120 mmol) of PPN(td)·(CH3)2CO·H2O. The mixture
was stirred for a few minutes, and then 90 mL of diethyl ether was
layered on top of it. After ca. 20 h, small needlelike crystals were
collected by filtration and washed with a small quantity of THF and
diethyl ether. To obtain scXRD-quality crystals of 3, a slow vapor
diffusion method was used: 3 mL of the DMA mother solution
prepared as described was transferred into a narrow vial which was
then placed in a glass bottle with diethyl ether for 5 days. Large dark-
violet needles were collected and used for the structure determination.
The purity and identity of the bulk sample were checked by PXRD.
An a l . C a l c d f o r PPN[CuC l ( t d · − ) 2 ] · 1 . 5DMA ·H2O ,
C66H57.5ClCuN10.5O6.5P2S2 (1326.8 g/mol): C, 59.75; H, 4.37; N,
11.08. Found: C, 59.73; H, 4.11; N, 11.01. The samples of 3 undergo
a fast exchange of the crystallized DMA with water.
Physical Measurements. The single-crystal X-ray diffraction

(scXRD) experiments were carried out using a Bruker D8 Quest
Eco diffractometer equipped with a Photon 50 CMOS detector and a
Mo Kα radiation source with a Triumph monochromator. Data were
collected at 120(1) K using a Bruker Kryoflex II low-temperature
device. Data integration and the absorption correction were
performed using SAINT and SADABS or TWINABS (in the case
of compound 1) within the APEX3 suite of programs.82 The space
group determination was done using Xprep. The structure solution
and refinement were carried out using SHELXT and SHELXL within
the Olex2 graphical interface.83 Hydrogen atoms were refined using
the riding model, while all other atoms were refined anisotropically

using weighted full-matrix least squares on F2. Compound 1 was
refined as a two-component twin.

Magnetic measurements were performed using a Quantum Design
MPMS-3 Evercool SQUID magnetometer. The powder samples and a
small quantity of the respective mother solutions were packed and
sealed in double-layer high-density polyethylene foil bags to protect
them from the loss of the crystallization solvent under vacuum. The
data were corrected for the diamagnetism of the samples,84 solvent,
and foil. Fitting of the data was performed with PHI software.68

Magnetic studies for compounds 1−3 dissolved in acetonitrile could
not be performed due to their very limited solubility in MeCN.

Powder X-ray diffraction experiments were carried out using a
Bruker D8 Advance Eco diffractometer equipped with a Cu Kα
radiation source. The samples were ground under mother liquor to
protect them from the solvent loss, and the respective suspensions
were loaded into 0.5 or 0.7 mm glass capillaries.

Elemental analyses were carried out with an ELEMENTARY Vario
Micro Cube CHNS analyzer.

Cyclic voltammetry was performed using an Mtm-anko M-161C
electrochemical analyzer, a platinum working electrode, a platinum
wire auxiliary electrode, and a silver wire as a pseudoreference. The
potentials are given against an Fc/Fc+ internal standard (Fc =
ferrocene). The solvent of choice was MeCN, and the electrolyte was
0.1 M TBAPF6 (tetrabutylammonium hexafluorophosphate). Com-
pounds 2 and 3 were measured as saturated solutions. Compound 2
was found to be scarcely soluble, while the concentration of
compound 3 was ca. 1.6 mM.

Computational Methodology. The magnetic interactions in 1, 2,
and 3 were estimated using single-point broken symmetry (BS)
density functional theory (DFT) following the Yamaguchi generalized
projection scheme.85−87 Unrestricted Kohn−Sham methods with
B3LYP and M06 functionals were chosen.88−91 All calculations were
made in ORCA (versions 3.0.3, 4.1.1, and 4.2.1) with the RIJCOSX
density fitting (also known as the resolution of identity, RI)
approximation and a Def2-SVP-type auxiliary basis.92,93 We have
used Ahlrich’s basis sets throughout this study.94,95 Relatively small
basis ma-Def2-SVP on C, H, N, and O atoms and Def2-TZVP on Cu,
Cl, and S were selected to perform calculations presented in the main
part of the article. A ORCA grid size of 6 was selected, and Douglas
Kroll Hess (DKH) scalar relativistic corrections were applied for all of
the calculations.96 The basis set size dependence of the resulting
exchange constants was estimated with a B3LYP functional only,
using a simplified scheme that utilizes only two BS states for models 3
and 4. The results of these calculations are presented in Table S5 in
the Supporting Information, with a suitable comment (Comment S1).
The comparison between the results of RIJCOSX and no density
fitting calculations (NORI) for compound 3 in model 2 showed no
significant differences, thus approving the use of the RI approximation
(Comment S2 and Table S16 in the Supporting Information). The
structural fragments used for the calculations for compound 2 are
schematically presented in Figure S4 in the Supporting Information.
Coordinates for all structural models used in our calculations are
taken from the .cif files. The reasoning behind their selection is
described in section 2.5 of the main text.

Computations on model 4 of compound 2 were simplified to use
only two BS states to save time. To do that, the assumption was made
that the NNN and further magnetic contacts between spin carriers in
model 4 are negligibly small. This is a relatively good approximation
for that dimer because it presents good magnetic separation between
other than the closest spin carriers. For model 2, however, we have
used all five symmetrically relevant BS states. The spin density
contours of the high-spin state models of compounds 1−3 calculated
with the M06 functional are presented in Figures S3, S5, and S6 in the
Supporting Information. Details on the derivation and computation of
the exchange coupling constants from the DFT data can be found in
Comments S3, S4, S5, S6, and S7 in the Supporting Information.
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■ CONCLUSIONS

We have obtained and characterized three new coordination
compounds utilizing a redox-active dioxothiadiazole, [1,2,5]-
thiadiazolo[3,4-f ][1,10]phenanthroline 1,1-dioxide (td), as a
ligand: {[CuIICl(td)](μ-Cl)2[Cu

IICl(td)]} (1), [CuClII(td·−)-
(td)]·2MeCN (2), and PPN[CuIICl(td·−)2]·2DMA (3). These
complexes are the first demonstrations of the coordination of
the td·− radical anion to a paramagnetic transition-metal ion.
The function of the dioxothiadiazole ligand changes depending
on its valence state. In its neutral diamagnetic form, it merely
acts as a blocking ligand as demonstrated for compound 1. In
the anionic radical form, on the other hand, it takes control of
the magnetic properties of compounds 2 and 3 and enables the
construction of magnetically challenging systems. This is due
to its strong tendency to form π−π contacts which are very
efficient magnetic interaction pathways as was demonstrated
experimentally and by BS DFT theoretical calculations.
Moreover, the experimental and theoretical investigations
clearly show that the ligand is very useful for the construction
of complex magnetic systems, and the reciprocal shift of the
td·− radicals can potentially reverse the sign of the magnetic
coupling constants, leading to the observation of magnetic
switching behavior.55 Cyclic voltammetry revealed that in 2
and 3 the reduction of coordinated td ligands and CuII ions is
within a very close range of potentials similar to the ones
observed in guanidine- or dioxolene-based complexes exhibit-
ing valence tautomerism.21 These redox potentials should be
sensitive to the geometry of the complex through simple td
ligand modifications and through the exchange of the Cl−

anions.73,74,97 Such modifications will lead to new catalysts,98

light-harvesting complexes,99,100 and magnetically switchable
materials21 taking advantage of the versatile and unique
structural and redox properties of dioxothiadiazole molecules.
Research in this vein is currently being pursued in our
laboratory. Finally, comparison of the BS DFT calculations
using B3LYP and M06 functionals for the reported systems
leads to contradictory results when it comes to radical−radical
magnetic interactions. It appears that only M06 results are in
reasonably good agreement with the experiment. This
questions the popular choice of the B3LYP functional for the
BS DFT studies of radical−radical interactions with extensive
delocalized π-orbital contact surfaces.
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Batail, P.; Avarvari, N. Copper(I/II) Complexes of a Bis-
(Tetrathiafulvalene)-2,2′-Bipyridine: Synthesis, Characterization,
Magnetic and Electrochemical Properties. Dalton Trans. 2006, 1331.
(79) Kahn, O.; Prins, R.; Reedijk, J.; Thompson, J. S. Orbital
Symmetries and Magnetic Interaction between Copper(II) Ions and
the o-Semiquinone Radical. Magnetic Studies of (Di-2-Pyridylamine)-
(3,5-Di-Tert-Butyl-o -Semiquinonato)Copper(II) Perchlorate and
Bis(Bis(3,5-Di- Tert-Butyl-o -Semiquinonato)Copper (II. Inorg.
Chem. 1987, 26 (21), 3557−3561.
(80) Luneau, D. Coordination Chemistry of Nitronyl Nitroxide
Radicals Has Memory. Eur. J. Inorg. Chem. 2020, 2020 (7), 597−604.
(81) Armarego, W. L. F.; Chai, C. Purification of Laboratory
Chemicals, 7th ed.; Butterworth-Heinemann: Boston, 2013; Chapter
5, pp 555−661.
(82) APEX2, SAINT, SADABS, Xprep; Bruker AXS Inc.: Madison,
WI, 2012.
(83) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: A Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42 (2),
339−341.
(84) Bain, G.; Berry, J. F. Diamagnetic Corrections and Pascal’s
Constants. J. Chem. Educ. 2008, 85 (4), 532−536.
(85) Shoji, M.; Koizumi, K.; Kitagawa, Y.; Kawakami, T.; Yamanaka,
S.; Okumura, M.; Yamaguchi, K. A General Algorithm for Calculation
of Heisenberg Exchange Integrals J in Multispin Systems. Chem. Phys.
Lett. 2006, 432 (1−3), 343−347.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01904
Inorg. Chem. 2020, 59, 13489−13501

13500

https://dx.doi.org/10.1021/acs.inorgchem.9b01000
https://dx.doi.org/10.1021/acs.inorgchem.9b01000
https://dx.doi.org/10.1126/science.252.5011.1415
https://dx.doi.org/10.1021/ja066744f
https://dx.doi.org/10.1021/ja066744f
https://dx.doi.org/10.1021/ja066744f
https://dx.doi.org/10.1002/chem.201901792
https://dx.doi.org/10.1002/chem.201901792
https://dx.doi.org/10.1002/chem.201901792
https://dx.doi.org/10.1002/chem.201901792
https://dx.doi.org/10.1002/anie.201902301
https://dx.doi.org/10.1002/anie.201902301
https://dx.doi.org/10.1002/anie.201902301
https://dx.doi.org/10.3390/molecules19010609
https://dx.doi.org/10.3390/molecules19010609
https://dx.doi.org/10.3390/molecules19010609
https://dx.doi.org/10.3390/molecules19010609
https://dx.doi.org/10.1021/ic201966t
https://dx.doi.org/10.1021/ic201966t
https://dx.doi.org/10.1021/ic201966t
https://dx.doi.org/10.1021/ic401078z
https://dx.doi.org/10.1021/ic401078z
https://dx.doi.org/10.1021/ic401078z
https://dx.doi.org/10.1021/ic401078z
https://dx.doi.org/10.3390/cryst9010030
https://dx.doi.org/10.3390/cryst9010030
https://dx.doi.org/10.3390/cryst9010030
https://dx.doi.org/10.1002/poc.1823
https://dx.doi.org/10.1002/poc.1823
https://dx.doi.org/10.1021/ol1018213
https://dx.doi.org/10.1021/ol1018213
https://dx.doi.org/10.1002/slct.201801237
https://dx.doi.org/10.1002/slct.201801237
https://dx.doi.org/10.1002/slct.201801237
https://dx.doi.org/10.1021/cg500906w
https://dx.doi.org/10.1021/cg500906w
https://dx.doi.org/10.1021/cg500906w
https://dx.doi.org/10.1063/1.2838987
https://dx.doi.org/10.1063/1.2838987
https://dx.doi.org/10.1063/1.2838987
https://dx.doi.org/10.1021/ja990241a
https://dx.doi.org/10.1021/ja990241a
https://dx.doi.org/10.1021/ja990241a
https://dx.doi.org/10.1021/ja990241a
https://dx.doi.org/10.1021/jp912114d
https://dx.doi.org/10.1021/jp912114d
https://dx.doi.org/10.1021/jp912114d
https://dx.doi.org/10.1021/jp912114d
https://dx.doi.org/10.1016/j.ccr.2016.02.004
https://dx.doi.org/10.1016/j.ccr.2016.02.004
https://dx.doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://dx.doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://dx.doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://dx.doi.org/10.1021/ed072pA19.2
https://dx.doi.org/10.1002/cphc.201500314
https://dx.doi.org/10.1002/cphc.201500314
https://dx.doi.org/10.1021/acs.cgd.8b01653
https://dx.doi.org/10.1021/acs.cgd.8b01653
https://dx.doi.org/10.1021/acs.cgd.8b01653
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1016/j.cplett.2012.12.013
https://dx.doi.org/10.1016/j.cplett.2012.12.013
https://dx.doi.org/10.1016/j.cplett.2012.12.013
https://dx.doi.org/10.1016/j.poly.2012.04.040
https://dx.doi.org/10.1016/j.poly.2012.04.040
https://dx.doi.org/10.1002/chem.201404853
https://dx.doi.org/10.1002/chem.201404853
https://dx.doi.org/10.1021/cr020630e
https://dx.doi.org/10.1016/j.electacta.2014.07.086
https://dx.doi.org/10.1016/j.electacta.2014.07.086
https://dx.doi.org/10.1016/j.electacta.2014.07.086
https://dx.doi.org/10.1016/j.ica.2010.01.021
https://dx.doi.org/10.1016/j.ica.2010.01.021
https://dx.doi.org/10.1002/chem.201601169
https://dx.doi.org/10.1002/chem.201601169
https://dx.doi.org/10.1021/ic0256112
https://dx.doi.org/10.1021/ic0256112
https://dx.doi.org/10.1039/B512598G
https://dx.doi.org/10.1039/B512598G
https://dx.doi.org/10.1039/B512598G
https://dx.doi.org/10.1021/ic00268a028
https://dx.doi.org/10.1021/ic00268a028
https://dx.doi.org/10.1021/ic00268a028
https://dx.doi.org/10.1021/ic00268a028
https://dx.doi.org/10.1021/ic00268a028
https://dx.doi.org/10.1002/ejic.201901210
https://dx.doi.org/10.1002/ejic.201901210
https://dx.doi.org/10.1107/S0021889808042726
https://dx.doi.org/10.1107/S0021889808042726
https://dx.doi.org/10.1021/ed085p532
https://dx.doi.org/10.1021/ed085p532
https://dx.doi.org/10.1016/j.cplett.2006.10.023
https://dx.doi.org/10.1016/j.cplett.2006.10.023
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01904?ref=pdf


(86) Shoji, M.; Koizumi, K.; Hamamoto, T.; Kitagawa, Y.;
Yamanaka, S.; Okumura, M.; Yamaguchi, K. Hybrid-Density Func-
tional Study of Magnetism and Ligand Control in Ni9 Complexes.
Chem. Phys. Lett. 2006, 421 (4−6), 483−487.
(87) Shoji, M.; Koizumi, K.; Kitagawa, Y.; Yamanaka, S.; Okumura,
M.; Yamaguchi, K.; Ohki, Y.; Sunada, Y.; Honda, M.; Tatsumi, K.
Theory of Chemical Bonds in Metalloenzymes V: Hybrid-DFT
Studies of the Inorganic [8Fe−7S] Core. Int. J. Quantum Chem. 2006,
106, 3288−3302.
(88) Becke, A. Density Functional Thermochemistry III The Role of
Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(89) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37 (2),
785−789.
(90) Zhao, Y.; Truhlar, D. G. Density Functionals with Broad
Applicability in Chemistry. Acc. Chem. Res. 2008, 41 (2), 157−167.
(91) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 Other Function. Theor. Chem. Acc. 2008, 120 (1−
3), 215−241.
(92) Neese, F. The ORCA Program System. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2012, 2 (1), 73−78.
(93) Neese, F. Software Update: The ORCA Program System,
Version 4.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2018, 8 (1), 4−
9.
(94) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297−3305.
(95) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8 (9), 1057−1065.
(96) Douglas, M.; Kroll, N. M. Quantum Electrodynamical
Corrections to the Fine Structure of Helium. Ann. Phys. (Amsterdam,
Neth.) 1974, 82 (1), 89−155.
(97) Crispini, A.; Cretu, C.; Aparaschivei, D.; Andelescu, A. A.;
Sasca, V.; Badea, V.; Aiello, I.; Szerb, E. I.; Costisor, O. Influence of
the Counterion on the Geometry of Cu(I) and Cu(II) Complexes
with 1,10-Phenanthroline. Inorg. Chim. Acta 2018, 470, 342−351.
(98) Huang, Z.; Askari, M. S.; Esguerra, K. V. N.; Dai, T. Y.; Kwon,
O.; Ottenwaelder, X.; Lumb, J. P. A Bio-Inspired Synthesis of
Oxindoles by Catalytic Aerobic Dual C-H Functionalization of
Phenols. Chem. Sci. 2016, 7 (1), 358−369.
(99) Hattori, S.; Wada, Y.; Yanagida, S.; Fukuzumi, S. Blue Copper
Model Complexes with Distorted Tetragonal Geometry Acting as
Effective Electron-Transfer Mediators in Dye-Sensitized Solar Cells. J.
Am. Chem. Soc. 2005, 127 (26), 9648−9654.
(100) Ashbrook, L. N.; Elliott, C. M. Dye-Sensitized Solar Cell
Studies of a Donor-Appended Bis(2,9-Dimethyl-1, 10-Phenanthro-
line) Cu(I) Dye Paired with a Cobalt-Based Mediator. J. Phys. Chem.
C 2013, 117 (8), 3853−3864.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01904
Inorg. Chem. 2020, 59, 13489−13501

13501

https://dx.doi.org/10.1016/j.cplett.2006.01.100
https://dx.doi.org/10.1016/j.cplett.2006.01.100
https://dx.doi.org/10.1002/qua.21201
https://dx.doi.org/10.1002/qua.21201
https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1021/ar700111a
https://dx.doi.org/10.1021/ar700111a
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1002/wcms.81
https://dx.doi.org/10.1002/wcms.1327
https://dx.doi.org/10.1002/wcms.1327
https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1039/b515623h
https://dx.doi.org/10.1016/0003-4916(74)90333-9
https://dx.doi.org/10.1016/0003-4916(74)90333-9
https://dx.doi.org/10.1016/j.ica.2017.05.064
https://dx.doi.org/10.1016/j.ica.2017.05.064
https://dx.doi.org/10.1016/j.ica.2017.05.064
https://dx.doi.org/10.1039/C5SC02395E
https://dx.doi.org/10.1039/C5SC02395E
https://dx.doi.org/10.1039/C5SC02395E
https://dx.doi.org/10.1021/ja0506814
https://dx.doi.org/10.1021/ja0506814
https://dx.doi.org/10.1021/ja0506814
https://dx.doi.org/10.1021/jp3123693
https://dx.doi.org/10.1021/jp3123693
https://dx.doi.org/10.1021/jp3123693
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01904?ref=pdf

