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Abstract: Herein, we describe the synthesis, crystal structure, and electronic properties of {[K2(dmso)
(H2O)5][Ni2(H2mpba)3]·dmso·2H2O}n (1) and [Ni(H2O)6][Ni2(H2mpba)3]·3CH3OH·4H2O (2) [dmso
= dimethyl sulfoxide; CH3OH = methanol; and H4mpba = 1,3-phenylenebis(oxamic acid)] bearing
the [Ni2(H2mpba)3]2− helicate, hereafter referred to as {NiII2}. SHAPE software calculations indicate
that the coordination geometry of all the NiII atoms in 1 and 2 is a distorted octahedron (Oh) whereas
the coordination environments for K1 and K2 atoms in 1 are Snub disphenoid J84 (D2d) and distorted
octahedron (Oh), respectively. The {NiII2} helicate in 1 is connected by K+ counter cations yielding
a 2D coordination network with sql topology. In contrast to 1, the electroneutrality of the triple-
stranded [Ni2(H2mpba)3] 2− dinuclear motif in 2 is achieved by a [Ni(H2O)6]2+ complex cation,
where the three neighboring {NiII2} units interact in a supramolecular fashion through four R2

2(10)
homosynthons yielding a 2D array. Voltammetric measurements reveal that both compounds are
redox active (with the NiII/NiI pair being mediated by OH– ions) but with differences in formal
potentials that reflect changes in the energy levels of molecular orbitals. The NiII ions from the
helicate and the counter-ion (complex cation) in 2 can be reversibly reduced, resulting in the highest
faradaic current intensities. The redox reactions in 1 also occur in an alkaline medium but at higher
formal potentials. The connection of the helicate with the K+ counter cation has an impact on the
energy levels of the molecular orbitals; this experimental behavior was further supported by X-ray
absorption near-edge spectroscopy (XANES) experiments and computational calculations.

Keywords: {NiII2} helicate; oxamate; supramolecular chemistry; counter cations; electronic properties;
redox activity; XANES spectroscopy; theoretical calculations
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1. Introduction

The fine-tuning in the design of functional ionic metal-organic materials by a suitable
selection of counterions is an exciting pathway to explore while developing new platforms
for heterogeneous catalysis [1], gas adsorption [2,3], and electron conductivity [4], to
mention just a few. This control can be made using post-synthetic protocols to exchange
free guest ions within frameworks, or while controlling the assembling of target materials
by choosing the synthetic parameters [5–7].

Oxamate-based compounds represent an impressive number of multifunctional molec-
ular materials described in the literature, and a number of publications has shown that
the control of several synthetic parameters including metal/linker ratio, temperature, syn-
thetic method, and solvent choice highly contributes to the isolation of materials with
varied topologies and properties [8–15]. In the supramolecular coordination materials
involving polyoxamate-type ligands, the case of the Hxmpba(4-x)- family [H4mpba = 1,3-
phenylenebis(oxamic acid)] has been object of much attention since the built meso-helicates
are model systems for the study of self-assembling processes [16–19]. When using these
ligands, their preorganization around the metal centers can lead to the self-assembly of
either helicates or mesocates [10,20,21]. The predictable nature of the metal-ligand coor-
dination sphere and the variety, flexibility, and easy functionalization of organic ligands
are important factors to achieve new functional architectures through supramolecular
chemistry and crystal engineering. This has been shown by the recent development of thou-
sands of fascinating materials called porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs) [22–24].

The Hxmpba(4-x)– ligand can be found in metal-organic structures either in the partially or
fully deprotonated forms adopting mainly a tetradentate coordination mode towards the metal
centers yielding polynuclear complexes. Classical examples are the heterochiral honeycomb-
like frameworks with a triple-stranded dinuclear core (see Table S1, Supplementary Materials).
It has been exploited since the first report by Pardo et al. [25], and henceforth, different
facets of di-deprotonated (H2mpba2-) and fully deprotonated (mpba4−) compounds have
been uncovered (Chart S1, Supplementary Materials) [16–18,20,21,26–33]. From this family of
compounds, those containing the [Ni2(H2mpba)3]2– motif have been scarcely explored, the first
reported example being the complex of formula Na8[Ni2(mpba)3]·10H2O [18]. To the best of
our knowledge and in a journey through the last three decades, besides the systems described
in this contribution, there are only four other examples of isolated NiII-based compounds
containing the di-deprotonated (H2mpba2−) or fully deprotonated (mpba4−) forms of the
1,3-phenylenebis(oxamic) acid (Table S1, Supplementary Materials).

Herein we describe the role played by different cations {K+ and [Ni(H2O)6]2+} on
the topology of supramolecular materials based on the triple-stranded [Ni2(H2mpba)3]2–

dinuclear motif, hereafter referred to as {NiII2} (see Figure 1).
We show in this study that the choice of solvents used in the preparation of the supramolec-

ular materials based on this {NiII2} unit seems to dictate the type of cation to be incorpo-
rated into the crystal structures. We found that the use of a H2O/MeOH/dmso—(1:1:1
v/v/v) solvent mixture yields single crystals of a 2D network of formula {[K2(dmso)(H2O)5]
[Ni2(H2mpba)3]·dmso·2H2O}n (1), whereas in the case of a H2O/MeOH (1:1 v/v) mixture, an-
other compound of formula [Ni(H2O)6][Ni2(H2mpba)3].3CH3OH.4H2O (2) results. Finally, we
sought to assess the effects of the counter cations on the electronic properties of these molecular
materials using XANES spectroscopy, electrochemical measurements in the solid state, and
theoretical DFT-type calculations.
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Figure 1. Structure of the [Ni2(H2mpba)3]2– helicate highlighting the regions of the primary 
coordination environment of NiII and the available sites to establish supramolecular interactions: 
hydrogen bond donor (blue), primary coordination environment of NiII (pink), free moieties for 
coordination and supramolecular interactions (green), and anionic species assessing different 
counter cations (gray). 
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Figure 1. Structure of the [Ni2(H2mpba)3]2– helicate highlighting the regions of the primary co-
ordination environment of NiII and the available sites to establish supramolecular interactions:
hydrogen bond donor (blue), primary coordination environment of NiII (pink), free moieties for
coordination and supramolecular interactions (green), and anionic species assessing different counter
cations (gray).

2. Results and Discussion
2.1. Synthesis, IR Spectroscopy, Thermal Analysis, and X-ray Powder Diffraction

Both compounds were prepared by the diffusion method. The heterometallic KI/NiII

coordination polymer 1 was obtained from the reaction between NiCl2·6H2O and K2H2mbpa
in a H2O/MeOH/dmso solvent mixture. Its structure is made up of triple-stranded dinickel(II)
units that are interlinked by centrosymmetric dipotassium(I) entities. The same reaction in
a binary mixture of polar protic solvents such as methanol and water yielded compound 2
where the negative charge of the discrete triple-stranded dinickel(II) anionic complex is counter-
balanced by the hexaaquanickel(II) complex cation. These results point out that the use of polar
aprotic solvents like dmso (this work) or dimethylformamide (dmf) as in a previous report
where the compound of formula {[K2(dmf)2(H2O)2][Ni2(H2mpba)3]·2H2O}n, was isolated) [21]
appears to be responsible for the self-assembly of the [Ni2(H2mpba)3]2– motif in a heterometallic
framework (see Scheme 1).

The thermal analysis of 1 (Supplementary Materials: Figure S1a) shows weight losses
corresponding to three endothermic processes at 66, 106, and 276 ◦C which are attributed
to the release of seven water molecules (two being free and the other five coordinated) and
two dmso molecules in the temperature range of 25–291 ◦C (obsd. 24.5%; calcd. 23.5%).
Moreover, other mass losses occur in the range of 291–505 ◦C which are due to the thermal
decomposition of 2.5 H2mpba2- ligands with exothermic peaks in the DTA curve centered
at 360, 398, and 472 ◦C (obsd. 52.4%; calcd. 50.9%). The stable residue at 498 ◦C (22.4%) is
most likely related to a mixture of 2NiO and K2O (19.8%) with an organic material, which
is difficult to identify. The thermogravimetric study of 2 (Figure S1b) shows a first-mass
loss in the temperature range 89–110 ◦C, which is accompanied by an endothermic event
in the DTA curve at 90 ◦C. This feature can be attributed to the removal of uncoordinated
solvent molecules (obsd. 14.2; calcd. 14.0%). This mass loss continues in the TG curve until
502 ◦C due to the release of coordinated water molecules and thermal decomposition of
the organic ligand. The DTA curve exhibits two exothermic processes at 393 and 456 ◦C.
An amount of residue can be noted at 840 ◦C which is most likely due to NiO plus the
organic moiety.
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Scheme 1. Synthetic conditions for the preparation of 1 and 2. Layers in the test tubes: H2O
(K2H2mpba) (top), MeOH (middle) and dmso (NiCl2 . 6H2O) (bottom) for 1 and MeOH (NiCl2 .

6H2O) (top), MeOH/H2O (middle) and H2O (K2H2mpba) (bottom) for 2.

The FT-IR spectra of 1 and 2 show characteristic absorption bands centered at 3340
and 3240 cm–1 (1) and 3300 cm–1 (2) which are assigned to the amide ν(NH) stretching
vibrations suggesting the occurrence of the partial deprotonated H2mpba2− form as ligand.
The strong absorption peaks at 1632 and 1603 cm–1 (1) and 1630 and 1600 cm–1 (2) were
attributed to ν(CO) stretching vibrations (to be compared with the peaks at 1677 and
1609 cm–1 occurring in the i.r. spectrum of the K2H2mpba salt). These assignments are,
in turn, associated with the carbonyl-amide and carboxylate groups from the H2mpba2–

ligand. Moreover, bands around 3400 cm−1 relative to ν(OH) from water molecules were
observed in the i.r. spectra of 1 and 2. Finally, the absorption peaks at 1011 and 939 cm–1

which are observed in the spectrum of 1 and that are lacking in 2 are attributed to the ν(SO)
stretching of uncoordinated dmso molecules [34].

To confirm the phase purity of the bulk materials, X-ray powder diffraction (XRPD)
experiments were carried out for 1 and 2 (Figure S2, Supplementary Materials), and
the good coincidence in the position of all peaks confirmed that the single crystal X-ray
structures are the same as the as-synthesized bulk materials 1 and 2.

2.2. Description of the Crystal Structures of 1 and 2

The crystal structures of 1 and 2 were determined by single-crystal X-ray diffraction,
as provided below. Compound 1 crystallizes in the monoclinic crystal system in the P21/n
space group while 2 crystallizes in the orthorhombic crystal system in the Fddd space group.
Crystal data and details of the data collection and refinement for 1 and 2 are listed in
Table 1. Selected bond lengths and angles plus hydrogen bonds and C-H . . . O type contacts
are given in Tables S2 (1) and S3 (2). SHAPE software calculations [35] indicated that the
coordination geometry of all the NiII atoms in 1 and 2 is a distorted octahedron (Oh) with
different distortion degrees. Additionally, the coordination environment for K1 in 1 is Snub
disphenoid J84 (D2d) and the other K2 is a distorted octahedron (Oh). The results through
the continuous shape measures (CShMs) can be seen in Tables S4 and S5.
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Table 1. Summary of the crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C34H44K2N6Ni2O27S2 C33H50N6Ni3O31
Formula weight/g mol−1 1228.45 1202.05

T/K 296 (2) 293 (2)
Wavenumber/Å Mo Kα Mo Kα
Crystal system Monoclinic Orthorhombic

Space group P21/n Fddd
a/Å 11.684 (2) 18.6873 (8)
b/Å 25.948 (3) 30.9191 (13)
c/Å 16.255 (2) 36.0368 (14)
β/◦ 91.24 (2)

V/Å3 4927.0 (12) 20,821.9 (15)
Z 4 16

ρcalc/g cm−3 1.656 1.320
Refl. Measured 19,570 59,179

Refl. Independent 9087 4611
Refl. observed [I > 2σ (I)] 6726 3933
No. of parameters refined 688 290

Rint. 0.039 0.044
R [F2 > 2σ (F2)] 0.052 0.046

wR (F2) 0.154 0.133
GOF over F2 1.05 1.09

A perspicuous representation of the coordination environment of 1 (Figure 2) shows
how its H2mpba2− ligands exhibit three different coordination modes with the two crystal-
lographically independent NiII centers (Ni1 and Ni2) being separated by a distance of 6.302
(1) Å. The nickel (II) environments exhibit the same chirality as the [Ni2(H2mpba)3]2− units,
∆∆ or ∧∧ (the centric crystal structure leadings to a mixture of both enantiomers in the
single crystal), resulting in an helicate building block [36–42]. The two oxamidate groups
of each H2mpba2− ligand exhibit a syn-syn configuration around the central phenylene
ring. The three coordination modes of the H2mpba2−ligands involve different chemical
environments leading to a 2D-coordination network which expands along the diagonal
of the crystallographic ac plane, where each helicate unit is connected to two different
types of dinuclear units based on solvated K+ ions. The H2mpba2− ligand in 1 is versatile,
as shown by the different bridging modes between the NiII/KI ions (see Figure S3 in the
Supplementary Materials for further details). For example, O11 and O17, among other sets
of atoms not highlighted herein, form oxo-bridges connecting the Ni2/K1iv and Ni1/K2iii

pairs, respectively.
In this way, the triple-stranded [Ni2(H2mpba)3]2– anionic motif in the polymeric

structure of 1 is stabilized by hydrogen bonds involving uncoordinated water and dmso
molecules and coordinated dmso, exhibiting a motif in which the dinickel(II) units are
connected to five neighboring KI ions (Figure S4A). Thus, a 2D coordination network
grows along the diagonal of the crystallographic ac plane connecting each helicate unit
to two different types of dinuclear units. Figure S4B shows each generic helicate M
surrounded by the other six ones (noted as M1–M6) with the values of the shortest and
largest Ni···Ni inter-helicate distances equal to 8.111(1) Å and 8.660(1) Å, respectively [21].
To the best of our knowledge, the spatial arrangement of the KI-dinuclear units in the
network admits a regular and periodic array which is represented by an underlying net
with sql topology [43,44] (Figure S4C). The simplification method in the standard mode
establishes centroids on the KI-dinuclear units that are 4-connected nodes (Figure S4D).
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Figure 2. Views of the structure of 1: (a) representation of a fragment of the crystal structure displaying
ellipsoids at the 30% probability level (hydrogen atoms and solvent molecules of crystallization were
omitted for clarity); (b) coordination polyhedra around the NiII and KI metal centers. [Symmetry
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In the crystal structure of 2, three amidate-oxygen atoms (O2/O4/O8) plus three
carboxylate-oxygens (O1/O5/O7) from three oxamate groups are coordinated to Ni1
and the same occurs at Ni1ii, the donors being the symmetry-related O2ii/O4ii/O8ii and
O1ii/O5ii/O7ii sets of oxamate-oxygen atoms (Figure 3). The Ni1 and Ni1ii atoms are six
coordinated by three distinct deprotonated H2mpba2– ligands with the same coordination
mode, each metal ion exhibiting a racemic crystal with ∆∆ or ΛΛ conformers. The Ni1···Niii

distance observed in 2 is 6.3121(7) Å, a value which is quasi-identical to that observed in 1
[ca. 6.30 Å], this feature suggesting that the interaction of the [Ni2(H2mpba)3]2– helicate
with the K+ ions in 1 does not cause any significant intra-helicate elongation. The negative
charge of the [Ni2(H2mpba)3]2– triple-stranded unit in 2 is balanced by the [Ni(H2O)6]2+

counter ion where the metal center exhibits a slightly distorted octahedral surrounding
(see Figure 3 and Table S3).
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clarity and the thermal ellipsoids were drawn at the 30% probability level); (b) supramolecular 2D
expansion built from homosynthons expanding along the crystallographic bc plane (each helicate
entity interacts with three neighboring ones through four homosynthons); (c) polyhedral representa-
tion of the two crystallographically-independent NiII ions; (d) 3D supramolecular expansion reached
via the [Ni(H2O)6]2+ unit as hydrogen bond donor [Symmetry code: (i) = −x, −y, −z; (ii) = −x + 5/4,
−y + 1/4, z; (iii) = −x + 7/4, y, −z + 7/4; (iv) = x, −y + 1/4, −z + 9/4].
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The supramolecular assessment of hydrogen bonds and contacts was carried out
based on geometric parameters (see Table S3). The shortest inter-helicate Ni···Ni distance
in 2 is 9.759(1) Å and the largest one is 13.8696(8) Å, both values being greater than those
observed in 1 [8.111(1) and 8.660(1) Å, respectively]. A GraphSet R2

2(10) observed in these
patterns involves the N1-H1···O3iii and N2-H2···O6iv hydrogen bonds. The supramolec-
ular 3D arrangement is built through the [Ni(H2O)6]2+ cationic complex, which acts as a
hydrogen bond donor via O10-H10B···O5, O11-H11B···O7, and O12-H12B···O1 interactions
displaying the R2

2 (8) GraphSet (see Figure 3).

2.3. Theoretical Study

The frontier orbitals and their corresponding calculated energies are shown in Fig-
ure S5. The results in the case of 2 show two unpaired electrons for each NiII ion, with
each pair lying on nearly degenerate molecular orbitals that are mainly made up of the 3d
orbitals of NiII, as expected from the classical molecular orbital theory. However, the calcu-
lations predicted a very different picture for 1, with the singly occupied HOMO-diffusely
spread on the planar ligand having a π character. This possibly accounts for the presence
of the pre-edge feature at the XANES spectrum of 1, which indicates more hybridization of
3d–4p orbitals, and thus the deviation from the simple d-type (Figure S5). Furthermore, the
absence of this pre-edge feature in 2 agrees with the conventional d character of all singly
occupied orbitals in this compound, which also leaves the 4p orbitals of 2 free for the more
intense dipolar peak, as observed. The intriguingly-shaped HOMO of 1 is substantially
more weakly bonding than that of 2 (see ESI). The HOMO of 1 is non-degenerated and
it spreads around the ligand instead of on the metal center showing a π character. The
HOMO-1 and HOMO-2 are also singly occupied but can be largely described as 3d orbitals
from the Ni atom. As for 2, all singly occupied molecular orbitals (SOMOs) are mainly
made by nickel 3d orbitals. For this reason, the HOMO orbital of 2 is more tightly bound
(−3.21 eV to be compared with −2.8 eV for 1). We have also calculated the vertical ioniza-
tion energy, which corroborates this trend: the energy required to remove an electron from
1 is 6.26 eV while it amounts to 7.72 eV for 2, corroborating the fact that it is much easier to
remove one electron from the diffuse π orbital of 1.

2.4. Electrochemical Behavior of the Supramolecular Materials

In this section, the electrochemical behavior of the supramolecular materials is dis-
cussed. Figure 4 presents the cyclic voltammograms for 1 (A) and 2 (B) obtained at different
scan rates.

Both complexes are redox-active and exhibit faradaic signals referring to the NiI/NiII

pair, but the structural and electronic differences affect the polarization and profile of the
CV curves. The charge transfer for 2 occurs to a greater extent and the highest current
densities can be correlated to the greater number of nickel(II) ions per formula. In this
sense, the electrochemical processes involve the redox centers of the helicate and the
complex cation in 2. Furthermore, the ratio between the intensities of the anodic and
cathodic peaks is closer to unity for 2 (Ianodic/Icathodic = 1.46, at 5 mV s–1) compared to 1
(Ianodic/Icathodic = 1.94, at 5 mV s–1), indicating a greater electrochemical reversibility.

Another important difference between 1 and 2 concerns the values of their formal
potentiasl (E1/2). They are +0.42 and +0.37 V (vs. Ag/AgCl/3.5 M KCl) for 1 and 2,
respectively. Changes in the formal potentials reflect the energy changes in the molecular
orbitals involved with the electron transfer, corroborating the results predicted by the
DFT calculations discussed above. The voltammetric measurements also reveal that the
electrochemical reactions on the electrodes have diffusional control for both complexes.
This is attested by the linear dependence of the peak current (Ip) upon the square root of
the scan rate, ν1/2 (Figure 4c,d). Based on this behavior, it can be inferred that the OH−

anions play a crucial role in the reactions, justifying the diffusional control (mass transport),
interacting and also maintaining the electroneutrality of the materials after the change in
the oxidation state. To support this hypothesis, voltammetric measurements were also
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conducted in neutral KCl electrolytes (Figure S6). CV curves in this medium do not show
any signal of the NiI/NiII pair and they are mostly capacitive. This demonstrates that the
chloride anions, being bulkier and having a lower charge density, are not able to interact
with the complexes and stabilize them.
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Considering the participation of OH− species in the redox reactions, there are two
possibilities: (i) being a strong field ligand, OH− ions can replace one of the coordinated
oxygen atoms at the coordination sphere of the NiII ions in 1 and 2, and also replace the
water molecules in the complex cation of 2; and/or (ii) electrostatic interactions can occur
between OH− ions and low-electron density sites in the supramolecular structure.

2.5. XANES Spectroscopy Study

We have conducted a further study to shed light on the electronic structure of 1 and 2.
X-ray absorption near-edge structure spectroscopy (XANES) was used to investigate the
structures around the Ni K-edge [Figure 5a]. For this edge, a 1s core electron is excited to an
available state above the HOMO (4p level) by an X-ray photon in a dipolar approximation.
However, this electron can also be promoted to a Ni 3d prohibited final state, corresponding
to the quadrupolar contribution. Comparing the spectra of 1 and 2, one can notice that the
dipolar peak is more significant for 2 [see Figure 5b], indicating the higher contribution
of the Ni-4p empty states for this compound. This could suggest that the Ni-4p states for
this sample are more localized than those in 1. The quadrupolar transition can occur under
peculiar conditions, namely, when the hybridization between the 4p-nd levels is likely. In a
qualitative analysis, the pre-edge feature observed on 1, located just a few eVs below the
edge [around 8.328 keV; see Figure 5c], can be associated with a quadrupolar transition
(from 1s to a nd). This pre-edge feature in the spectrum of 1 indicates that the 3d orbitals
from nickel (II) are hybridized with the np levels. In contrast, the main peak, the Ni K-edge,
is related to the dipolar one (1s to a np), as shown in Figure 5.
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Thus, XANES performed on the Ni K edge of both compounds suggest a scenario
where depending on the NiII complex environment, the system can present more localized
Ni-4p or more spread 3d Ni states, which can give rise to a 4p-nd hybridization. The
enhancement of the white line observed for 2, can signal the location of the 4p states. On
the other hand, a 4p-nd hybridization is attributed to the observed pre-edge feature for 1.

3. Materials and Methods
3.1. Reagents

Nickel (II) chloride hexahydrate, potassium hydroxide, dimethyl sulfoxide, acetone,
ethanol, and methanol were purchased from commercial sources and used without further
purification. The Et2H2mpba proligand was prepared as previously described [21,25].

3.2. Preparation of the Oxamate Ligand and Complexes 1 and 2

K2H2mpba. This salt was prepared by a previously reported procedure [21]. Briefly, an
aqueous solution (2.0 mL) of KOH (0.180 g, 3.2 mmol) was added to an aqueous suspension
(12.0 mL) of Et2H2mpba (0.5 g, 1.6 mmol) at 60 ◦C under continuous stirring during for
30 min. The resulting clear solution after the hydrolysis reaction was cooled to 25 ◦C. The
addition of 15 mL of acetone caused the precipitation of a white solid which was filtered
off on a sintered glass filter and air-dried. Yield: 85%. IR ( cm–1): 3358 [ν(N-H)], 1677; 1609
[ν(C=O) + νas(COO–)], 1542; 1510 [ν(C-C)], 1484 [νs(COO–)], 1386; 1373 [ν(C-N)] and 878; 786
[ν(C-H)].

{[K2(dmso)(H2O)5][Ni2(H2mpba)3]·dmso·2H2O}n (1). A dmso solution (2.0 mL) of
NiCl2·6H2O (0.022 g, 0.091 mmol) was placed at the bottom of a test tube. Then, a layer
of methanol (2 mL) was added followed by an aqueous solution (2.0 mL) of K2H2mpba
(0.030 g, 0.091 mmol) which was carefully layered on the top. The tube was covered
with parafilm® and left to diffuse at room temperature. Needle-like green X-ray qual-
ity crystals of 1 were collected by filtration after 6 days. Yield: 40%. Anal. Calcd for
C34H44K2N6Ni2O27S2 (1): C, 31.5; H, 3.6; N, 6.8. Found: C, 32.3; H, 3.4; N, 6.7%. IR (cm−1):
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3414 [ν(O-H)], 3340; 3240 [ν(N-H)], 3187, 3075; 2912 [ν(C-H)], 1666; 1610 [ν(C=O) + νas(COO)],
1592; 1555 [ν(C=C)], 1458; 1355 [νs(COO)], 1289 [ν(C-N)], 1011; 939 [ν(S=O)], and 689 [δ(C-H)].

[Ni(H2O)6][Ni2(H2mpba)3]·3CH3OH·4H2O (2). Crystals of 2 were obtained by slow
diffusion of the reagents in a test tube as done for 1. An aqueous solution (3.0 mL) of
K2H2mpba (0.030 g, 0.091 mmol) was deposited at the bottom of a test tube and a layer of
a water/methanol mixture (2.0 mL, 1:1 v/v) was placed on the top. Then, a methanolic
solution of NiCl2·6H2O (0.022 g, 0.091 mmol) was carefully added forming the third layer.
The tube was covered with parafilm® and allowed to diffuse at room temperature. Block-
shaped green crystals of 2 suitable for X-ray diffraction were collected after 25 days. Yield:
30%. Anal. Calcd for C33H50N6Ni3O31 (2): C, 33.7; H, 4.19; N, 6.99. Found: C, 34.4; H, 3.93;
N, 7.07%. IR ( cm-1): 3429 [ν(O-H)], 3300 [ν(N-H)], 3148, 3086; 2962 [ν(C-H)], 1620, [ν(C=O) +
νas(COO)], 1553; 1475 [ν(C=C)], 1458; 1369 [νs(COO)], 1289 [ν(C-N)], and 684 [δ(C-H)].

3.3. X-ray Data Collection and Structure Refinement

Single crystals of 1 and 2 were collected at 293(2) K on a Bruker-AXS Kappa Duo diffrac-
tometer with an APEX II CCD detector (1) and on a Bruker D8 Venture diffractometer
(2). The absorption correction for 1 was carried out with an analytical numeric absorp-
tion correction using a multifaceted crystal model [45]. APEX3 [46] and SADABS [47]
were employed for the data collection, cell refinement, data reduction, and multi-scan
method-absorption correction in the case of 2. The solution and full–matrix least–squares
refinements based on F2 were performed with the SHELXS [48] and SHELXL [45] programs,
respectively, included in the WinGX [49] (1) or Olex2 (2) software [50]. All non-hydrogen
atoms were identified and refined by the least-squares full-matrix on F2 with anisotropic
thermal parameters. Hydrogen atoms were included as fixed contributions according to the
riding model. The MERCURY program [51] was used to prepare artwork representations.
The topological analyses of the networks were performed by the ToposPro package [52,53]
at the standard method for the simplification process. Crystals of 2 are air-sensitive when
removed from the mother liquor after 15 days. Besides, the crystal structure of 2 displays
large accessible voids, which are filled by disordered solvent molecules of crystallization..
All our attempts to unequivocally identify them failed and the solvent mask routine im-
plemented on the Olex2 program was used [50]. A total of 1504 electrons were found
in a volume of 6920 Å3 at one void per unit cell. This is consistent with the presence
of three methanol and four water molecules per formula unit which would account for
1504 electrons per unit cell.

3.4. Physical Measurements

IR spectra were recorded on a Thermo Scientific iS50 (Waltham, MA, USA) spec-
trophotometer coupled to Pike Gladi FTIR in the wavenumber range 4000–400 cm−1 with
an average of 144 scans and 4 cm−1 of spectral resolution using an ATR apparatus. El-
emental analyses were carried out with a CHNS/O Elemental Analyzer Perkin Elmer
2400 (Waltham, MA, USA). Thermal analyses (TGA/DTA) were performed with the same
modulus employing a thermobalance Hitachi (EXSTAR SII TG/DTA 7300 Tokyo, Japan) in
the temperature range 35–1100 ◦C by using alumina crucibles and around 3 mg of each
sample. A dinitrogen flow of 100 mL min-1 with a heating rate of 10 ◦C min-1 was used.
Powder X-ray diffraction data for 1 and 2 were collected at room temperature using a
Rigaku Ultima IV with Cu-Kα radiation (λ = 1.5418 Å at 40 kV and 30 mA) and 2θ from 3
to 50◦, the step size being 0.02◦ (Figure S2).

3.5. Theoretical Calculations

Density functional theory calculations were performed with the ωB97X-D functional
with the SNKJC basics set including an effective core potential. All calculations were carried
out using the GAMESS-US package and employed restricted wavefunctions, thus avoiding
spin contamination. Several spin multiplicities were tested to determine the ground
state [54–56]. Starting from the structures obtained by the X-ray diffraction, we extracted
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the smallest molecule size able to mimic the complex and its counterions. The calculations
were performed on an isolated system, without any charge. Thus, when simulating 1, we
have included two KI cations to balance the doubly-charged negative complex anion of
the complex, whereas the simulation of 2 included a single [Ni(H2O)6]2+ counterion. The
potassium cations from the CIF file were bound to more than one H2mpba2− entity, and
since our model system consists of only one of such units, the oxygen atoms participating
in the K-O bonds with the vicinal H2mpba2- ligands were passivated as K-OH2. The energy
of singlet, triplet, quintet, and septet spin multiplicities were calculated to identify the
preferred spin state of each molecule. As a result, 1 was found to display a quintet ground
state (four unpaired electrons) while 2 displayed a septet one (two unpaired electrons
per Ni atom, or six unpaired electrons overall). Geometry optimizations were performed
in the ground states of 1 and 2 to relax the initial structure extracted from the X-ray
diffraction data.

3.6. Electrochemical Experiment Set Up

The working electrodes were prepared from slurries composed of the supramolecular
materials (1 and 2), MWCNT (Nanocyl NC 7000), and polyvinylidene fluoride (PVDF) in an
8:1:1 mass ratio, using 1-methyl-2-pyrrolidone (NMP) as a solvent. Due to the low electrical
conductivity of the active complexes, multi-walled carbon nanotubes (MWCNT) were used
as a conductive additive and PVDF as a binder. The mixture was stirred for 12 h (350 rpm)
and subjected to ultrasonic treatment for 15 min. Finally, 100 µL of the slurry was added
dropwise over the current collector (gold disks with 2.26 cm2) followed by drying for 12 h
at 85 ◦C on a hot plate to allow the complete evaporation of NMP. The electrodes presented
masses of approximately 1.5 mg. Cyclic voltammetry (CV) experiments were conducted
using an Omnimetra PG 29A Potentiostat (National Instruments software, Austin, TX,
USA) at 25 ◦C in three-electrode configuration cells. 1.0 M KOH was used as electrolyte,
graphite as the counter electrode, and Ag|AgCl|KCl (3.5 M) as the reference electrode.

3.7. XANES Study

The XANES measurements were conducted at the Extreme Methods of Analysis (EMA)
beamline [57], sited at 4th generation Brazilian synchrotron Sirius. The X-ray EMA source
is a 22 mm period Kyma undulator which delivers photons in the energy range from 5
(3rd harmonic) to 30 keV (13th harmonic), selected by the suitable choice undulator phase.
The outgoing beam is monochromatized by an N2L-cooled high-resolution Double Crystal
Monochromator (DCM). The EMA’s DCM has two sets of silicon crystals ([111] or [311]).
Finally, an achromatic set of K-B mirrors focuses the beam at the sample position with
a spot size down to 1.0 × 0.5 um. This beamline is in the final stage of commissioning.
It is equipped with the complete infrastructure to study the crystalline, magnetic, and
electronic structure of materials under extreme temperature, magnetic field, and pressure
conditions. The K-edge of the Ni of both samples was measured at the undulator 3rd
harmonic using the [111] crystals of the DCM with a spot size of 10 × 10 µm at the sample.
The spectra were collected in a transmission configuration. The intensity of the incident
beam (I0) was measured using a semitransparent photodiode and the transmitted one (I)
through a thicker photodiode with good sensitivity in this range of energy. The absorption
spectra were calculated using a Beer-Lambert law [ABS = ut = ln(I0/I), where u is the
absorption coefficient of the sample and t is its thickness]. Ten spectra were collected for
each sample, each one of these spectra being individually normalized by the absorption
jump and averaged to obtain the result.

4. Conclusions

In summary, we show here a simple synthetic protocol at room temperature which
is suitable for the preparation of two new crystalline supramolecular materials bearing
the triple-stranded [Ni2(H2mpba)3]2– helicate, {NiII2}. The presence of either K+ (1) or
[Ni(H2O)6]2+ (2) as counter cation in the supramolecular structures was likely driven by
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the different solvent mixtures used in the slow diffusion systems containing the same
starting materials (K2H2mpba and NiCl2·6H2O). The coordination mode adopted by each
H2mpba2– ligand around the NiII ions in 1 and 2 involves only oxygen atoms from the two
monoprotonated oxamate moieties forming the [Ni2(H2mpba)3]2– dianionic helicate with-
out deprotonation of the amide-nitrogen atoms. This feature allows for the establishment
of hydrogen bonds, which play a key role in the crystal packing of both compounds. The
{NiII2} helicate is connected by K+ counter cations in the crystal structure of 1 affording a
2D coordination network with a sql topology, and in contrast to 1, three neighboring {NiII2}
helicate units in 2 interact in a supramolecular fashion through four homo R2

2(10) synthons
yielding a supramolecular 2D array. The structural and electronic differences between 1
and 2 are reflected in the electrochemical response. The NiII ions from the helicate and
the counterion (complex cation) in 2 can be reversibly reduced, resulting in the highest
faradaic current intensities. The redox reactions in 1 also occur in an alkaline medium
but at higher formal potentials. For 2, the charge transfer occurs to a greater extent and
the highest current densities can be correlated to the highest number of nickel(II) ions per
formula. Changes in the formal potentials reflect energy changes in the molecular orbitals
that are involved with the electron transfer, and this corroborates the results predicted by
the theoretical DFT-type calculations. XANES results suggest a scenario quite susceptible to
the NiII complex environment. For 1, the XANES signal can be associated with a localized
Ni-4p. On the other hand, the results for 2 indicate a spread of 3d Ni states which gives rise
to a 4p-nd hybridization.

We hope our findings will open an avenue to the fine-tuning of the redox properties
of coordination compounds and will contribute to the discovery of new redox-active
molecular materials being triggered by counterions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28052086/s1, Characterization (IR, TG/DTA, PXRD,
SXRD, voltammograms, and Frontier molecular orbitals) (Figures S1–S6); revision (H4mpba-based
compounds, Chart S1, Table S1) and crystallographic data (Tables S2–S5). References [17,18,20,21,25,
27–33,58] are cited in the supplementary materials

Author Contributions: C.A.S.: Conceptualization, Data curation, Methodology, Formal analysis.
R.M.R.d.S.: Data curation, Conceptualization, Formal analysis, Writing—original draft, Writing—
review & editing. N.R.D.C.: Conceptualization, Data curation, Methodology, Formal analysis.
M.A.R.S.: Data curation, Methodology, Conceptualization, Formal analysis. A.C.D.: Conceptualiza-
tion, Formal analysis, Writing—original draft, Writing—review & editing. L.S.F.: Conceptualization,
Data curation, Writing—original draft, Writing—review & editing. C.C.C.: Conceptualization, Data
curation, Writing—original draft, Writing—review & editing. T.R.G.S.: Conceptualization, Formal
analysis, Methodology, Writing—review & editing. A.K.S.M.V.: Conceptualization, Data curation,
Formal analysis, Writing—review & editing. F.T.M.: Conceptualization, Data curation, Writing—
original draft, Writing—review & editing. F.G.: Conceptualization, Formal analysis, Writing—original
draft, Writing—review & editing. G.P.G.: Conceptualization, Data curation, Writing—original
draft, Writing—review & editing. B.R.L.G.: Conceptualization, Data curation, Writing—original
draft, Writing—review & editing. J.C.-B.: Conceptualization, Data curation, Writing—original draft,
Writing—review & editing. R.D.d.R.: Conceptualization, Data curation, Writing—original draft,
Writing—review & editing. H.O.S.: Conceptualization, Formal analysis, Methodology, Writing—
review & editing. D.D.J.: Conceptualization, Data curation, Formal analysis, Writing—review &
editing. P.F.R.O.: Conceptualization, Data curation, Writing—original draft, Writing—review &
editing. W.D.d.P.: Conceptualization, Data curation, Formal analysis, Supervision, Writing—original
draft, Writing—review & editing. M.J.: Conceptualization, Data curation, Formal analysis, Supervi-
sion, Project administration, Writing—original draft, Writing—review & editing. M.V.M.: Concep-
tualization, Data curation, Formal analysis, Supervision, Project administration, Writing—original
draft, Writing—review & editing. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/molecules28052086/s1
https://www.mdpi.com/article/10.3390/molecules28052086/s1


Molecules 2023, 28, 2086 13 of 15

Funding: This work was supported by the Fundação de Amparo à Pesquisa do Estado de Minas
Gerais (FAPEMIG, Project CEX—APQ-01597-17, Project CEX—PPM-00707-18, Project APQ-01835-18),
CNPq (Project 308893/2019-0, Project 304671/2020-7)), FAPERJ (Project E-26/210.751/2021 (270596),
E-26/201.314/2022 and E-26/202.720/2018), FAPESP (Project 2020/01952-9), the Spanish MINECO
(Project PID2019-109735GB-I00), Unidad de Excelencia Maria de Maeztu CEX2019-000919-M and
AICO2021/295. N.R.D.C. and R.M.R.d.S. thank FAPEMIG and the CAPES Foundation [Brazil (CAPES,
code 001)], respectively, for their research scholarships. C.A.S. and M.A.R.S. thank PIBIC-CNPq and
PIBITI-CNPq-Scientific Initiation grant-UNIFAL-MG for their research scholarships.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research used facilities of the Brazilian Synchrotron Light Laboratory
(LNLS), part of the Brazilian Center for Research in Energy and Materials (CNPEM), a private non-
profit organization under the supervision of the Brazilian Ministry for Science, Technology, and
Innovations (MCTI). The EMA beamline staff is acknowledged for assistance during the experiments
[Proposal 20210102]. The authors also thank LDRX-UFF, LDRX-UFJF, LDRX-UFGO for the use of the
crystallographic facilities.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Do Pim, W.D.; Mendonça, F.G.; Brunet, G.; Facey, G.A.; Chevallier, F.; Bucher, C.; Baker, R.T.; Murugesu, M. Anion-Dependent

Catalytic C-C Bond Cleavage of a Lignin Model within a Cationic Metal-Organic Framework. ACS Appl. Mater. Interfaces 2021, 13,
688–695. [CrossRef] [PubMed]

2. An, J.; Rosi, N.L. Tuning MOF CO2 Adsorption Properties via Cation Exchange. J. Am. Chem. Soc. 2010, 132, 5578–5579. [CrossRef]
[PubMed]

3. Kumar, N.; Mukherjee, S.; Harvey-Reid, N.C.; Bezrukov, A.A.; Tan, K.; Martins, V.; Vandichel, M.; Pham, T.; Van Wyk, L.M.;
Oyekan, K.; et al. Breaking the Trade-off between Selectivity and Adsorption Capacity for Gas Separation. Chem 2021, 7, 3085–3098.
[CrossRef]

4. Park, S.S.; Hontz, E.R.; Sun, L.; Hendon, C.H.; Walsh, A.; Van Voorhis, T.; Dinc

Molecules 2023, 28, x FOR PEER REVIEW 14 of 16 
 

 

4. Park, S.S.; Hontz, E.R.; Sun, L.; Hendon, C.H.; Walsh, A.; Van Voorhis, T.; Dincə, M. Cation-Dependent Intrinsic Electrical Con-
ductivity in Isostructural Tetrathiafulvalene-Based Microporous Metal-Organic Frameworks. J. Am. Chem. Soc. 2015, 137, 1774–
1777. 

5. Paiva, F.F.; Ferreira, L.A.; Rosa, I.M.L.; da Silva, R.M.R.; Sigoli, F.; Cambraia Alves, O.; Garcia, F.; Guedes, G.P.; Marinho, M.V. 
Heterobimetallic Metallacrown of EuIIICuII5 with 5-Methyl-2-Pyrazinehydroxamic Acid: Synthesis, Crystal Structure, Mag-
netism, and the Influence of CuII Ions on the Photoluminescent Properties. Polyhedron 2021, 209, 115-466. 

6. Simões, T.R.G.; Marinho, M.V.; Pasán, J.; Stumpf, H.O.; Moliner, N.; Lloret, F.; Julve, M. On the Magneto-Structural Role of the 
Coordinating Anion in Oxamato-Bridged Copper(II) Derivatives. Dalton Trans. 2019, 48, 10260–10274. 

7. Rosa, I.M.L.; Costa, M.C.S.; Vitto, B.S.; Amorim, L.; Correa, C.C.; Pinheiro, C.B.; Doriguetto, A.C. Influence of Synthetic Methods 
in the Structure and Dimensionality of Coordination Polymers. Cryst. Growth Des. 2016, 16, 1606–1616. 

8. Marinho, M.V.; Simões, T.R.G.; Ribeiro, M.A.; Pereira, C.L.M.; Machado, F.C.; Pinheiro, C.B.; Stumpf, H.O.; Cano, J.; Lloret, F.; 
Julve, M. A Two-Dimensional Oxamate- and Oxalate-Bridged CuIIMnII Motif: Crystal Structure and Magnetic Properties of 
(Bu4N)2[Mn2{Cu(opba)}2ox]. Inorg. Chem. 2013, 52, 8812–8819. 

9. Journaux, Y.; Ferrando-Soria, J.; Pardo, E.; Ruiz-Garcia, R.; Julve, M.; Lloret, F.; Cano, J.; Li, Y.; Lisnard, L.; Yu, P.; Stumpf, H.O.; 
Pereira, C.L.M. Design of Magnetic Coordination Polymers Built from Polyoxalamide Ligands: A Thirty Year Story. Eur. J. Inorg. 
Chem. 2018, 2018, 228–247. 

10. Pardo, E.; Carrasco, R.; Ruiz-Garcia, R.; Julve, M.; Lloret, F.; Muñoz, M.C.; Journaux, Y.; Ruiz, E.; Cano, J. Structure and Mag-
netism of Dinuclear Copper(II) Metallacyclophanes with Oligoacenebis(Oxamate) Bridging Ligands: Theoretical Predictions on 
Wirelike Magnetic Coupling. J. Am. Chem. Soc. 2008, 130, 576–585. 

11. Dul, M.C.; Pardo, E.; Lescouëzec, R.; Journaux, Y.; Ferrando-Soria, J.; Ruiz-García, R.; Cano, J.; Julve, M.; Lloret, F.; Cangussu, 
D.; Pereira, C.L.M.; Stumpf, H.O.; Pasán, J.; Ruiz-Pérez, C. Supramolecular Coordination Chemistry of Aromatic Polyoxalamide 
Ligands: A Metallosupramolecular Approach toward Functional Magnetic Materials. Coord. Chem. Rev. 2010, 254, 2281–2296. 

12. Grancha, T.; Ferrando-Soria, J.; Castellano, M.; Julve, M.; Pasán, J.; Armentano, D.; Pardo, E. Oxamato-Based Coordination Pol-
ymers: Recent Advances in Multifunctional Magnetic Materials. Chem. Commun. 2014, 50, 7569–7585. 

13. Grancha, T.; Mon, M.; Lloret, F.; Ferrando-Soria, J.; Journaux, Y.; Pasán, J.; Pardo, E. Double Interpenetration in a Chiral Three-
Dimensional Magnet with a (10,3)-a Structure. Inorg. Chem. 2015, 54, 8890–8892. 

14. Mon, M.; Ferrando-Soria, J.; Verdaguer, M.; Train, C.; Paillard, C.; Dkhil, B.; Versace, C.; Bruno, R.; Armentano, D.; Pardo, E. 
Postsynthetic Approach for the Rational Design of Chiral Ferroelectric Metal-Organic Frameworks. J. Am. Chem. Soc. 2017, 139, 
8098–8101. 

15. Ferrando-Soria, J.; Fabelo, O.; Castellano, M.; Cano, J.; Fordham, S.; Zhou, H.C. Multielectron Oxidation in a Ferromagnetically 
Coupled Dinickel(II) Triple Mesocate. Chem. Commun. 2015, 51, 13381–13384. 

16. Simões, T.R.G.; do Pim, W.D.; Silva, I.F.; Oliveira, W.X.C.; Pinheiro, C.B.; Pereira, C.L.M.; Lloret, F.; Julve, M.; Stumpf, H.O. 
Solvent-Driven Dimensionality Control in Molecular Systems Containing CuII, 2,2′-Bipyridine and an Oxamato-Based Ligand. 
CrystEngComm 2013, 15, 10165–10170. 

17. Dul, M.C.; Lescouëzec, R.; Chamoreau, L.M.; Journaux, Y.; Carrasco, R.; Castellano, M.; Ruiz-García, R.; Cano, J.; Lloret, F.; 
Julve, M.; Ruiz-Pérez, C.; Fabelo, O.; Pardo, E. Self-Assembly, Metal Binding Ability, and Magnetic Properties of Dinickel(II) 
and Dicobalt(II) Triple Mesocates. CrystEngComm 2012, 14, 5639–5648. 

18. Pardo, E.; Morales-Osorio, I.; Julve, M.; Lloret, F.; Cano, J.; Ruiz-García, R.; Pasán, J.; Ruiz-Pérez, C.; Ottenwaelder, X.; Journaux, 
Y. Magnetic Anisotropy of a High-Spin Octanuclear Nickel(II) Complex with a Meso-Helicate Core. Inorg. Chem. 2004, 43, 7594–
7596. 

19. Cangussu, D.; Pardo, E.; Dul, M.C.; Lescouëzec, R.; Herson, P.; Journaux, Y.; Pedroso, E.F.; Pereira, C.L.M.; Stumpf, H.O.; Car-
men Muñoz, M.; Ruiz-García, R.; Cano, J.; Julve, M.; Lloret, F. Rational Design of a New Class of Heterobimetallic Molecule-
Based Magnets: Synthesis, Crystal Structures, and Magnetic Properties of Oxamato-Bridged M3′ M2 (M′ = LiI and MnII; M = NiII 
and CoII) Open-Frameworks with a Three-Dimensional Honeycomb Architect. Inorg. Chim. Acta 2008, 361, 3394–3402. 

20. Lisnard, L.; Chamoreau, L.M.; Li, Y.; Journaux, Y. Solvothermal Synthesis of Oxamate-Based Helicate: Temperature Depend-
ence of the Hydrogen Bond Structuring in the Solid. Cryst. Growth Des. 2012, 12, 4955–4962. 

21. Mariano, L.D.S.; Rosa, I.M.L.; de Campos, N.R.; Doriguetto, A.C.; Dias, D.F.; do Pim, W.D.; Valdo, A.K.S.M.; Martins, F.T.; 
Ribeiro, M.A.; de Paula, E.E.B.; Pedroso, E.F.; Stumpf, H.O.; Cano, J.; Lloret, F.; Julve, M.; Marinho, M.V. Polymorphic Deriva-
tives of NiII and CoII Mesocates with 3D Networks and “Brick and Mortar” Structures: Preparation, Structural Characterization, 
and Cryomagnetic Investigation of New Single-Molecule Magnets. Cryst. Growth Des. 2020, 20, 2462–2476. 

22. Zheng, X.D.; Lu, T.B. Constructions of Helical Coordination Compounds. CrystEngComm 2010, 12, 324–336. 
23. Zhou, H.L.; Bai, J.; Tian, X.Y.; Mo, Z.W.; Chen, X.M. Dynamic Pendulum Effect of an Exceptionally Flexible Pillared-Layer 

Metal-Organic Framework. Chin. J. Chem. 2021, 39, 2718–2724. 
24. Huang, X.C.; Zhang, J.P.; Lin, Y.Y.; Chen, X.M. Triple-Stranded Helices and Zigzag Chains of Copper(I) 2-Ethylimidazolate: 

Solvent Polarity-Induced Supramolecular Isomerism. Chem. Commun. 2005, 17, 2232–2234. https://doi.org/10.1039/B501071C. 
25. Ruiz, R.; Faus, J.; Julve, M.; Lloret, F.; Cano, J.; Ottenwaelder, X.; Journaux, Y.; Mun, M.C. Ferromagnetic Coupling through Spin 

Polarization in a Dinuclear Copper(II) Metallacyclophane. Angew. Chem. Int. Ed. 2001, 1, 3039–3042. 

, M. Cation-Dependent Intrinsic Electrical
Conductivity in Isostructural Tetrathiafulvalene-Based Microporous Metal-Organic Frameworks. J. Am. Chem. Soc. 2015, 137,
1774–1777. [CrossRef] [PubMed]

5. Paiva, F.F.; Ferreira, L.A.; Rosa, I.M.L.; da Silva, R.M.R.; Sigoli, F.; Cambraia Alves, O.; Garcia, F.; Guedes, G.P.; Marinho, M.V.
Heterobimetallic Metallacrown of EuIIICuII

5 with 5-Methyl-2-Pyrazinehydroxamic Acid: Synthesis, Crystal Structure, Magnetism,
and the Influence of CuII Ions on the Photoluminescent Properties. Polyhedron 2021, 209, 115–466. [CrossRef]

6. Simões, T.R.G.; Marinho, M.V.; Pasán, J.; Stumpf, H.O.; Moliner, N.; Lloret, F.; Julve, M. On the Magneto-Structural Role of the
Coordinating Anion in Oxamato-Bridged Copper(II) Derivatives. Dalton Trans. 2019, 48, 10260–10274. [CrossRef] [PubMed]

7. Rosa, I.M.L.; Costa, M.C.S.; Vitto, B.S.; Amorim, L.; Correa, C.C.; Pinheiro, C.B.; Doriguetto, A.C. Influence of Synthetic Methods
in the Structure and Dimensionality of Coordination Polymers. Cryst. Growth Des. 2016, 16, 1606–1616. [CrossRef]

8. Marinho, M.V.; Simões, T.R.G.; Ribeiro, M.A.; Pereira, C.L.M.; Machado, F.C.; Pinheiro, C.B.; Stumpf, H.O.; Cano, J.; Lloret, F.;
Julve, M. A Two-Dimensional Oxamate- and Oxalate-Bridged CuIIMnII Motif: Crystal Structure and Magnetic Properties of
(Bu4N)2[Mn2{Cu(opba)}2ox]. Inorg. Chem. 2013, 52, 8812–8819. [CrossRef]

9. Journaux, Y.; Ferrando-Soria, J.; Pardo, E.; Ruiz-Garcia, R.; Julve, M.; Lloret, F.; Cano, J.; Li, Y.; Lisnard, L.; Yu, P.; et al. Design of
Magnetic Coordination Polymers Built from Polyoxalamide Ligands: A Thirty Year Story. Eur. J. Inorg. Chem. 2018, 2018, 228–247.
[CrossRef]

10. Pardo, E.; Carrasco, R.; Ruiz-Garcia, R.; Julve, M.; Lloret, F.; Muñoz, M.C.; Journaux, Y.; Ruiz, E.; Cano, J. Structure and Magnetism
of Dinuclear Copper(II) Metallacyclophanes with Oligoacenebis(Oxamate) Bridging Ligands: Theoretical Predictions on Wirelike
Magnetic Coupling. J. Am. Chem. Soc. 2008, 130, 576–585. [CrossRef]

11. Dul, M.C.; Pardo, E.; Lescouëzec, R.; Journaux, Y.; Ferrando-Soria, J.; Ruiz-García, R.; Cano, J.; Julve, M.; Lloret, F.; Cangussu,
D.; et al. Supramolecular Coordination Chemistry of Aromatic Polyoxalamide Ligands: A Metallosupramolecular Approach
toward Functional Magnetic Materials. Coord. Chem. Rev. 2010, 254, 2281–2296. [CrossRef]

12. Grancha, T.; Ferrando-Soria, J.; Castellano, M.; Julve, M.; Pasán, J.; Armentano, D.; Pardo, E. Oxamato-Based Coordination
Polymers: Recent Advances in Multifunctional Magnetic Materials. Chem. Commun. 2014, 50, 7569–7585. [CrossRef] [PubMed]

13. Grancha, T.; Mon, M.; Lloret, F.; Ferrando-Soria, J.; Journaux, Y.; Pasán, J.; Pardo, E. Double Interpenetration in a Chiral
Three-Dimensional Magnet with a (10,3)-a Structure. Inorg. Chem. 2015, 54, 8890–8892. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.0c19212
http://www.ncbi.nlm.nih.gov/pubmed/33356092
http://doi.org/10.1021/ja1012992
http://www.ncbi.nlm.nih.gov/pubmed/20373762
http://doi.org/10.1016/j.chempr.2021.07.007
http://doi.org/10.1021/ja512437u
http://www.ncbi.nlm.nih.gov/pubmed/25597934
http://doi.org/10.1016/j.poly.2021.115466
http://doi.org/10.1039/C9DT01277J
http://www.ncbi.nlm.nih.gov/pubmed/31204755
http://doi.org/10.1021/acs.cgd.5b01716
http://doi.org/10.1021/ic401038c
http://doi.org/10.1002/ejic.201700984
http://doi.org/10.1021/ja0747066
http://doi.org/10.1016/j.ccr.2010.03.003
http://doi.org/10.1039/C4CC01734J
http://www.ncbi.nlm.nih.gov/pubmed/24727906
http://doi.org/10.1021/acs.inorgchem.5b01738
http://www.ncbi.nlm.nih.gov/pubmed/26322529


Molecules 2023, 28, 2086 14 of 15

14. Mon, M.; Ferrando-Soria, J.; Verdaguer, M.; Train, C.; Paillard, C.; Dkhil, B.; Versace, C.; Bruno, R.; Armentano, D.; Pardo, E.
Postsynthetic Approach for the Rational Design of Chiral Ferroelectric Metal-Organic Frameworks. J. Am. Chem. Soc. 2017, 139,
8098–8101. [CrossRef] [PubMed]

15. Ferrando-Soria, J.; Fabelo, O.; Castellano, M.; Cano, J.; Fordham, S.; Zhou, H.C. Multielectron Oxidation in a Ferromagnetically
Coupled Dinickel(II) Triple Mesocate. Chem. Commun. 2015, 51, 13381–13384. [CrossRef] [PubMed]

16. Simões, T.R.G.; do Pim, W.D.; Silva, I.F.; Oliveira, W.X.C.; Pinheiro, C.B.; Pereira, C.L.M.; Lloret, F.; Julve, M.; Stumpf, H.O.
Solvent-Driven Dimensionality Control in Molecular Systems Containing CuII, 2,2′-Bipyridine and an Oxamato-Based Ligand.
CrystEngComm 2013, 15, 10165–10170. [CrossRef]

17. Dul, M.C.; Lescouëzec, R.; Chamoreau, L.M.; Journaux, Y.; Carrasco, R.; Castellano, M.; Ruiz-García, R.; Cano, J.; Lloret, F.;
Julve, M.; et al. Self-Assembly, Metal Binding Ability, and Magnetic Properties of Dinickel(II) and Dicobalt(II) Triple Mesocates.
CrystEngComm 2012, 14, 5639–5648. [CrossRef]

18. Pardo, E.; Morales-Osorio, I.; Julve, M.; Lloret, F.; Cano, J.; Ruiz-García, R.; Pasán, J.; Ruiz-Pérez, C.; Ottenwaelder, X.; Journaux, Y.
Magnetic Anisotropy of a High-Spin Octanuclear Nickel(II) Complex with a Meso-Helicate Core. Inorg. Chem. 2004, 43, 7594–7596.
[CrossRef] [PubMed]

19. Cangussu, D.; Pardo, E.; Dul, M.C.; Lescouëzec, R.; Herson, P.; Journaux, Y.; Pedroso, E.F.; Pereira, C.L.M.; Stumpf, H.O.;
Carmen Muñoz, M.; et al. Rational Design of a New Class of Heterobimetallic Molecule-Based Magnets: Synthesis, Crystal
Structures, and Magnetic Properties of Oxamato-Bridged M3

′ M2 (M′ = LiI and MnII; M = NiII and CoII) Open-Frameworks with
a Three-Dimensional Honeycomb Architect. Inorg. Chim. Acta 2008, 361, 3394–3402. [CrossRef]

20. Lisnard, L.; Chamoreau, L.M.; Li, Y.; Journaux, Y. Solvothermal Synthesis of Oxamate-Based Helicate: Temperature Dependence
of the Hydrogen Bond Structuring in the Solid. Cryst. Growth Des. 2012, 12, 4955–4962. [CrossRef]

21. Mariano, L.D.S.; Rosa, I.M.L.; de Campos, N.R.; Doriguetto, A.C.; Dias, D.F.; do Pim, W.D.; Valdo, A.K.S.M.; Martins, F.T.; Ribeiro,
M.A.; de Paula, E.E.B.; et al. Polymorphic Derivatives of NiII and CoII Mesocates with 3D Networks and “Brick and Mortar”
Structures: Preparation, Structural Characterization, and Cryomagnetic Investigation of New Single-Molecule Magnets. Cryst.
Growth Des. 2020, 20, 2462–2476. [CrossRef]

22. Zheng, X.D.; Lu, T.B. Constructions of Helical Coordination Compounds. CrystEngComm 2010, 12, 324–336. [CrossRef]
23. Zhou, H.L.; Bai, J.; Tian, X.Y.; Mo, Z.W.; Chen, X.M. Dynamic Pendulum Effect of an Exceptionally Flexible Pillared-Layer

Metal-Organic Framework. Chin. J. Chem. 2021, 39, 2718–2724. [CrossRef]
24. Huang, X.C.; Zhang, J.P.; Lin, Y.Y.; Chen, X.M. Triple-Stranded Helices and Zigzag Chains of Copper(I) 2-Ethylimidazolate:

Solvent Polarity-Induced Supramolecular Isomerism. Chem. Commun. 2005, 17, 2232–2234. [CrossRef] [PubMed]
25. Ruiz, R.; Faus, J.; Julve, M.; Lloret, F.; Cano, J.; Ottenwaelder, X.; Journaux, Y.; Mun, M.C. Ferromagnetic Coupling through Spin

Polarization in a Dinuclear Copper(II) Metallacyclophane. Angew. Chem. Int. Ed. 2001, 1, 3039–3042.
26. Pereira, C.L.M.; Pedroso, E.F.; Stumpf, H.O.; Novak, M.A.; Ricard, L.; Ruiz-García, R.; Rivière, E.; Journaux, Y. A CuIICoII

Metallacyclophane-Based Metamagnet with a Corragated Brick-Wall Sheet Architecture. Angew. Chem. Int. Ed. 2004, 43, 956–958.
[CrossRef]

27. Pardo, E.; Bernot, K.; Julve, M.; Lloret, F.; Cano, J.; Ruiz-García, R.; Delgado, F.S.; Ruiz-Pérez, C.; Ottenwaelder, X.; Journaux, Y.
Spin Control in Ladderlike Hexanuclear Copper(II) Complexes with Metallacyclophane Cores. Inorg. Chem. 2004, 43, 2768–2770.
[CrossRef]

28. Pardo, E.; Cangussu, D.; Dul, M.-C.; Lescouëzec, R.; Herson, P.; Journaux, Y.; Pedroso, E.F.; Pereira, C.L.M.; Muñoz, M.C.;
Ruiz-García, R.; et al. A Metallacryptand-Based Manganese(II)–Cobalt(II) Ferrimagnet with a Three-Dimensional Honeycomb
Open-Framework Architecture. Angew. Chem. Int. Ed. 2008, 47, 4211–4216. [CrossRef]

29. Ferrando-Soria, J.; Ruiz-García, R.; Cano, J.; Stiriba, S.E.; Vallejo, J.; Castro, I.; Julve, M.; Lloret, F.; Amorõs, P.; Pasán, J.;
et al. Reversible Solvatomagnetic Switching in a Spongelike Manganese(II)-Copper(II) 3D Open Framework with a Pillared
Square/Octagonal Layer Architecture. Chem. Eur. J. 2012, 18, 1608–1617. [CrossRef]

30. Ferrando-Soria, J.; Grancha, T.; Pasán, J.; Ruiz-Pérez, C.; Cañadillas-Delgado, L.; Journaux, Y.; Julve, M.; Cano, J.; Lloret, F.; Pardo,
E. Solid-State Aggregation of Metallacyclophane-Based MnIICuII One-Dimensional Ladders. Inorg. Chem. 2012, 2, 7019–7021.
[CrossRef]

31. Grancha, T.; Tourbillon, C.; Julve, M.; Lloret, F.; Fabelo, O.; Pardo, E. Self-Assembly of a Chiral Three-Dimensional Manganese(II)–
Copper(II) Coordination Polymer with a Double Helical Architecture. CrystEngComm 2013, 2, 9312–9315. [CrossRef]

32. Oliveira, W.X.C.; Ribeiro, M.A.; Pinheiro, C.B.; Da Costa, M.M.; Fontes, A.P.S.; Nunes, W.C.; Cangussu, D.; Julve, M.; Stumpf,
H.O.; Pereira, C.L.M. Palladium(II)-Copper(II) Assembling with Bis(2-pyridylcarbonyl)amidate and Bis(oxamate) Type Ligands.
Cryst. Growth Des. 2015, 15, 1325–1335. [CrossRef]

33. De Campos, N.R.; Simosono, C.A.; Rosa, I.M.L.; da Silva, R.M.R.; Doriguetto, A.C.; do Pim, W.D.; Simões, T.R.G.; Valdo, A.K.S.M.;
Martins, F.T.; Sarmiento, C.V.; et al. Building-up Host–Guest Helicate Motifs and Chains: A Magneto-Structural Study of New
Field-Induced Cobalt-Based Single-Ion Magnets. Dalton Trans. 2021, 50, 10707–10728. [CrossRef] [PubMed]

34. Wallace, V.M.; Dhumal, N.R.; Zehentbauer, F.M.; Kim, H.J.; Kiefer, J. Revisiting the Aqueous Solutions of Dimethyl Sulfoxide by
Spectroscopy in the Mid- and Near-Infrared: Experiments and Car-Parrinello Simulations. J. Phys. Chem. B 2015, 119, 14780–14789.
[CrossRef]

http://doi.org/10.1021/jacs.7b03633
http://www.ncbi.nlm.nih.gov/pubmed/28585837
http://doi.org/10.1039/C5CC03544A
http://www.ncbi.nlm.nih.gov/pubmed/26207532
http://doi.org/10.1039/c3ce41783b
http://doi.org/10.1039/c2ce25434d
http://doi.org/10.1021/ic048965x
http://www.ncbi.nlm.nih.gov/pubmed/15554623
http://doi.org/10.1016/j.ica.2008.02.042
http://doi.org/10.1021/cg300877r
http://doi.org/10.1021/acs.cgd.9b01638
http://doi.org/10.1039/B911991D
http://doi.org/10.1002/cjoc.202100263
http://doi.org/10.1039/b501071c
http://www.ncbi.nlm.nih.gov/pubmed/15856106
http://doi.org/10.1002/anie.200352604
http://doi.org/10.1021/ic049875v
http://doi.org/10.1002/anie.200800208
http://doi.org/10.1002/chem.201103308
http://doi.org/10.1021/ic300953n
http://doi.org/10.1039/c3ce41022f
http://doi.org/10.1021/cg5017388
http://doi.org/10.1039/D1DT01693H
http://www.ncbi.nlm.nih.gov/pubmed/34308946
http://doi.org/10.1021/acs.jpcb.5b09196


Molecules 2023, 28, 2086 15 of 15

35. Llunell, M.; Casanova, D.; Cirera, J.; Alemany, P.; Alvarez, S. Shape: Program for the Stereochemical Analysis of Molecular Fragments
by Means of Continuous Shape Measures and Associated Tools; Eletronic Structure Group Universitat de Barcelona: Barcelona,
Spain, 2013.

36. Romero, M.J.; Martínez-Calvo, M.; Maneiro, M.; Zaragoza, G.; Pedrido, R.; González-Noya, A.M. Selective Metal-Assisted
Assembly of Mesocates or Helicates with Tristhiosemicarbazone Ligands. Inorg. Chem. 2019, 58, 881–889. [CrossRef]

37. Mayans, J.; Font-Bardia, M.; di Bari, L.; Arrico, L.; Zinna, F.; Pescitelli, G.; Escuer, A. From Mesocates to Helicates: Structural,
Magnetic and Chiro-Optical Studies on Nickel(II) Supramolecular Assemblies Derived from Tetradentate Schiff Bases. Chem. Eur.
J. 2018, 24, 7653–7663. [CrossRef]

38. Wu, B.; Li, S.; Lei, Y.; Hu, H.; Amadeu, D.S. The Effect of the Spacer of Bis (Biurea) Ligands on the Structure of A2L3 -Type
(A = Anion) Phosphate Complexes. Chem. Eur. J. 2015, 21, 2588–2593. [CrossRef]

39. Lin, S.Y.; Xu, G.F.; Zhao, L.; Guo, Y.N.; Guo, Y.; Tang, J. Observation of Slow Magnetic Relaxation in Triple-Stranded Lanthanide
Helicates. Dalton Trans. 2011, 40, 8213–8217. [CrossRef]

40. Lisboa, L.S.; Riisom, M.; Vasdev, R.A.S.; Jamieson, S.M.F.; Wright, L.J.; Hartinger, C.G.; Crowley, J.D. Cavity-Containing [Fe2L3]4+

Helicates: An Examination of Host-Guest Chemistry and Cytotoxicity. Front. Chem. 2021, 9, 697684. [CrossRef]
41. Albrecht, M. Catecholate-Based Helicates. Eur. J. Inorg. Chem. 2020, 2020, 2227–2237. [CrossRef]
42. Zhang, Z.; Dolphin, D. A Triple-Stranded Helicate and Mesocate from the Same Metal and Ligand. Chem. Commun. 2009,

6931–6933. [CrossRef] [PubMed]
43. Mitina, T.G.; Blatov, V.A. Topology of 2-Periodic Coordination Networks: Toward Expert Systems in Crystal Design. Cryst. Growth

Des. 2013, 13, 1655–1664. [CrossRef]
44. Alexandrov, E.V.; Shevchenko, A.P.; Blatov, V.A. Topological Databases: Why Do We Need Them for Design of Coordination

Polymers? Cryst. Growth Des. 2019, 19, 2604–2614. [CrossRef]
45. Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
46. Bruker APEX3. Bruker APEX3, V2019.1-0; Bruker AXS Inc.: Madison, WI, USA, 2019.
47. Krause, L.; Herbst-Irmer, R.; Sheldrick, G.M.; Stalke, D. Comparison of Silver and Molybdenum Microfocus X-Ray Sources for

Single-Crystal Structure Determination. J. Appl. Crystallogr. 2015, 48, 3–10. [CrossRef]
48. Sheldrick, G.M. A Short History of SHELX. Acta Crystallogr. A 2008, 64, 112–122. [CrossRef]
49. Farrugia, L.J. WinGX and ORTEP for Windows: An Update. J. Appl. Crystallogr. 2012, 45, 849–854. [CrossRef]
50. 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, 339–341. [CrossRef]
51. MacRae, C.F.; Sovago, I.; Cottrell, S.J.; Galek, P.T.A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G.P.; Stevens, J.S.; Towler,

M.; et al. Mercury 4.0: From Visualization to Analysis, Design and Prediction. J. Appl. Crystallogr. 2020, 53, 226–235. [CrossRef]
52. Blatov, V.A.; Shevchenko, A.P.; Proserpio, D.M. Applied Topological Analysis of Crystal Structures with the Program Package

Topospro. Cryst. Growth Des. 2014, 14, 3576–3586. [CrossRef]
53. Fedorov, A.V.; Shamanaev, I.V. Crystal Structure Representation for Neural Networks Using Topological Approach. Mol. Inform.

2017, 36, 1–8. [CrossRef] [PubMed]
54. Chai, J.; Head-gordon, M. Long-Range Corrected Hybrid Density Functionals with Damped Atom–Atom Dispersion Corrections.

Phys. Chem. Chem. Phys. 2008, 10, 6615–6620. [CrossRef] [PubMed]
55. Schmidt, M.W.; Baldridge, K.K.; Boatz, J.A.; Elbert, S.T.; Gordon, M.S.; Jensen, J.H.; Koseki, S.; Matsunaga, N.; Nguyen, K.A.;

Shyjun, S.U.; et al. General Atomic and Molecular Electronic Structure System. J. Comput. Chem. 1993, 14, 1347–1363. [CrossRef]
56. Stevens, W.; Raus, M.; Basch, H.; Jasien, P.G. Relativistic Compact Effective Potentials and Efficient, Shared-Exponent Basis Sets

for the Third-, Fourth-, and Fifth-Row Atoms. Can. J. Chem. 1992, 70, 612. [CrossRef]
57. Dos Reis, R.D.; Kaneko, U.F.; Francisco, B.A.; Fonseca, J., Jr.; Eleoterio, M.A.S.; Souza-Neto, N.M. Preliminary Overview of the

Extreme Condition Beamline (EMA) at the New Brazilian Synchrotron Source (Sirius). J. Phys. Conf. Ser. 2020, 1609, 012015.
[CrossRef]

58. Hill, S.; Datta, S.; Liu, J.; Inglis, R.; Milios, C.J.; Feng, P.L.; Henderson, J.J.; del Barco, E.; Brechin, E.K.; Hendrickson, D.N. Magnetic
Quantum Tunneling: Insights from Simple Molecule-Based Magnets. Dalton Trans. 2010, 39, 4693–4707. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acs.inorgchem.8b02996
http://doi.org/10.1002/chem.201800323
http://doi.org/10.1002/chem.201405235
http://doi.org/10.1039/c1dt10729a
http://doi.org/10.3389/fchem.2021.697684
http://doi.org/10.1002/ejic.202000255
http://doi.org/10.1039/b913231g
http://www.ncbi.nlm.nih.gov/pubmed/19904351
http://doi.org/10.1021/cg301873m
http://doi.org/10.1021/acs.cgd.8b01721
http://doi.org/10.1107/S2053229614024218
http://doi.org/10.1107/S1600576714022985
http://doi.org/10.1107/S0108767307043930
http://doi.org/10.1107/S0021889812029111
http://doi.org/10.1107/S0021889808042726
http://doi.org/10.1107/S1600576719014092
http://doi.org/10.1021/cg500498k
http://doi.org/10.1002/minf.201600162
http://www.ncbi.nlm.nih.gov/pubmed/28266179
http://doi.org/10.1039/b810189b
http://www.ncbi.nlm.nih.gov/pubmed/18989472
http://doi.org/10.1002/jcc.540141112
http://doi.org/10.1139/v92-085
http://doi.org/10.1088/1742-6596/1609/1/012015
http://doi.org/10.1039/c002750b
http://www.ncbi.nlm.nih.gov/pubmed/20405069

	Introduction 
	Results and Discussion 
	Synthesis, IR Spectroscopy, Thermal Analysis, and X-ray Powder Diffraction 
	Description of the Crystal Structures of 1 and 2 
	Theoretical Study 
	Electrochemical Behavior of the Supramolecular Materials 
	XANES Spectroscopy Study 

	Materials and Methods 
	Reagents 
	Preparation of the Oxamate Ligand and Complexes 1 and 2 
	X-ray Data Collection and Structure Refinement 
	Physical Measurements 
	Theoretical Calculations 
	Electrochemical Experiment Set Up 
	XANES Study 

	Conclusions 
	References

