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Abstract: The synthesis, crystal structure and magnetic properties of the coordination polymers of
formula [EDAP({Lis(H,O)s[(Cuz(n-mpba);)2(H20)21}1n (1) and [(EDAP): {K(H20)4[Cuz(u-mpba)

2(H;0),]}C1-2H,0],, (2), in which mpba = N,N’-1,3-phenylenebis(oxamate) and EDAP?+ =
1,1"-ethylenebis(4-aminopyridinium) are described. Both compounds have in common the presence
of the [Cuz(mpba)z]‘l’ tetraanionic unit which is a [3,3] metallacyclophane motif in which the
copper(Il) ions are five-coordinate in a distorted square pyramidal surrounding. The complex
anion in 1 is dimerized through double out-of-plane copper to outer carboxylate-oxygen atoms
resulting in the centrosymmetric tetracopper(ll) fragment [Cu4(u-mpba)4(H20)2]8’ which act
as a ligand toward six hydrated lithium(I) cations leading to anionic ladder-like double chains
whose charge is neutralized by the EDAP?* cations. In the case of 2, each dicopper(Il) entity
acts as a ligand towards tetraquapotassium(l) units to afford anionic zig zag single chains of
formula {K(H20)4[Cu2(p—mpba)z(HZO)z]}If’“’ plus EDAP?* cations and non-coordinate chloride
anions. Cryomagnetic measurements on polycrystalline samples 1 and 2 show the occurrence of
ferromagnetic interactions between the copper(Il) ions across the -Namidate(C—C—C)phenyl~Namidate~
exchange pathway [J = +10.6 (1) and +8.22 cm~! (2)] and antiferromagnetic ones through the double
out-of-plane carboxylate-oxygen atoms [j = —0.68 cm~! (1), the spin Hamiltonian being defined as

H = —](Scu1-Scuz + Scini-Scini) — J(Scuz-Scuni)1-

Keywords: oxamate; copper(Il); crystal engineering; spin polarization; ferromagnetic coupling;
coordination polymers

1. Introduction

Nowadays molecular magnetism has become an interdisciplinary field in which scientists of
different domains such as organic and inorganic chemistry, physical chemistry, condensed matter
physics and biology have invested impressive research efforts. This diversity has led to a fast and
significant progress of the different approaches of molecular magnetism, which depends on the nature
of the spin carriers, these ones being organic radicals and/or paramagnetic metal ions [1,2].
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Over the last two decades, research involving tetranuclear compounds has provided us with
better mathematical models and accurate interpretations of the magnetic behaviors [3-8] even
including magneto-structural correlations [9-11]. In this direction, the design of the ligand is not
only the first step but a crucial choice in the self-assembly of metal ions resulting in coordination
compounds with predictable magnetic properties. Combining the versatility of the oxamate as a
bridge and the aromaticity of the deprotonated form of the N,N’-1,3-phenylenebis(oxamic acid)
molecule (hereafter noted Hympba), a moderate ferromagnetic coupling between two copper(II)
ions in the dinuclear metallacyclophane Nas[Cuy(p-mpba);]-10H,O (J = +16.8 cm™ 1) [12] was
achieved the intramolecular copper-copper separation being ca. 6.8 A. High-nuclearity homometallic
compounds with transition metal ions and mpba ligands were synthesized in a programmed stepwise
manner such as the octanuclear copper(Il) complex Nay {[Cuy (pn-mpba)s][Cu(pmdien)]g}(ClO4)6-12H,O
(pmdien = N,N,N’,N”, N"-pentamethyldiethylenetriamine) and the octanickel(Il) species
{INip(n-mpba)s][Ni(dpt)(H20)]6}(ClO4)4-12.5H,0 [13] (dpt = dipropylenetriamine). Both compounds
exhibit “dimer of tetramers” structures, with two oxamate-bridged propeller shaped tetranuclear
units connected through three meta-substituted phenylenediamidate bridges. Overall, antiferro-
and ferromagnetic behaviors for the octacopper(ll) and octanickel(Il) complexes were observed,
respectively, with an appreciable magnetic anisotropy in this latter case.

Besides the possibility of self-assembled structures, the use of the mpba ligand with its
variety of coordination modes allows the generation of supramolecular structures exhibiting
different dimensionalities (nD with n = 2 and 3) [14,15]. Illustrative examples are brick-wall-like
2D motifs assembled from [Cuz(u-mpba)2]4_ in [{Cup(p-mpba),}Cuy(Hy0)5]-6H,O [16] and in
[CoxCup(pn-mpba)y (H20)6]-6H20 [17], honeycomb 3D networks Lis[Li3Nip (u-mpba); (H2O)e]-31H,0
and Lis[Li3Cop(pu-mpba)3(H20)6]-31H,0O also called MOCNSs (Metal-Organic Coordination Networks)
which behave as rather well-isolated MIZI (M = Ni and Co) dimers with a moderate to
weak ferromagnetic coupling [18], and the chiral hexagonal supramolecular 3D network
(HNEt3),;[Coy(n-Hoympba);]-6DMF-5H,0 [19] (HNEt;* = triethylammonium cation) obtained by
solvothermal synthesis, for instance.

The intense research in materials science and nanotechnology also reached the molecular-based
magnets, now designing them as multifunctional molecular materials. MOCNs based on the
mpba ligand [20] have already been applied as solid-state anion-host for encapsulation [21],
reversible solvatomagnetic switching [22] acting as selective magnetic adsorbent for gas and vapor [23]
and 3D porous coordination polymers [24].

More recently, oxamate-based compounds with higher nuclearity were prepared using two
different strategies. One of them consists of the combination of the mpba ligand and first- or second-row
transition metal ions described as “dimer of trimers” in which two Cul! —Pd"'—Cu!! trinuclear units are
connected by two mpba ligands [25]. The other one was the organic counterion modulated strategy in
metathesis reactions with different (cat),[Cu(opba)] [Hsopba = N,N’-1,2-phenylenediaminebis (oxamic
acid)] building blocks resulting in dimers of Cul! arranged in supramolecular chains [26]. Dealing with
this last bis(oxamic) acid, some of its compounds have interesting catalytic properties and exhibit
single-crystal-to single-crystal phase transitions [27-30].

Having in mind all those achievements with oxamate-based compounds, we decided
to unite the possibility to play with supramolecular chemistry using the organic counterion
EDAP?* [EDAP?* = 1,1’-ethylenebis(4-aminopyridinium)] featuring many sites of intermolecular
interactions and the coordination versatility of the anionic [Cuz(u—mpba)2]4_ building block
toward alkaline metal ions seeking out the synthesis of coordination polymers of varying
dimensionalities and topologies (Scheme 1). In the following, we present the first results
which concern the preparation, structural characterization and cryomagnetic investigation of
the heterobimetallic compounds of formula [EDAP{Lis(H2O)s[(Cuz(n-mpba);)2(H20)2]}n (1) and
[((EDAP)2{K(H20)4[Cuz(1-mpba), (H20),]}C1-2H, O], (2).
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Scheme 1. Molecular structure of the (a) EDAP?* cation and (b) [Cuz(u—mpba)z]‘l* building block.
2. Materials and Methods

2.1. Starting Materials

The reagents and solvents were purchased from Sigma Aldrich and they were used as received.
The diethyl ester form of the mpba ligand (Et,Hpympba proligand) and the (EDAP)CI,-2H,O salt
were synthesized by following previously reported methods [12,26]. Elemental analyses (C, H and N)
were performed with a Perkin-Elmer 2400 elemental analyzer. The lithium and copper contents were
determined by atomic absorption spectrometry with a Hitachi Z-8200 Polarized Atomic Absorption
Spectrophotometer. Infrared spectra were recorded on a Perkin Elmer 882 spectrophotometer in the
range 4000 and 400 cm ! using dry KBr pellets. Thermal analyses (TG curves) of 1 and 2 were carried
in alumina crucibles sample holing on a Shimadzu TGA-60 using dynamic nitrogen atmosphere
(see Supplementary Information, Figures S1 and S2). X-ray diffraction patterns for 1 and 2 were
obtained by means of a Rigaku/eirgeflex diffractometer working at room temperature. Diffraction
data were collected in the Bragg/Brentano mode (deg-s~!) using monochromatic Cu-Ka radiation
(see Supplementary Information, Figures S3 and 54).

2.2. Synthesis of [EDAP{Lig(H,O)sl(Cuy(u-mpba);),(HyO)21H, (1)

Compound 1 was prepared by the one-step reaction of the EtHympba proligand with copper(II)
nitrate trihydrate and lithium(I) hydroxide (1:1:4.2 molar ratio) in water plus a further addition of
(EDAP)Cl,-2H50. The detailed procedure is as follows: an aqueous solution (5 mL) of Cu(NO3),-3H,0
(0.24 g, 1.0 mmol) was added dropwise to an aqueous solution (15 mL) of Et;Hympba (0.308 g,
1.0 mmol) and LiOH-H,O (0.167 g, 4.2 mmol) with stirring at room temperature. The resulting
deep-green solution was filtered to discard any solid particle. Then, an aqueous solution (5 mL) of
(EDAP)CI, -2H,0O (0.323 g, 1.0 mmol) was added dropwise and the pale green solution was left to
crystallize at room temperature. X-ray quality green needles of 1 were grown after 3 days. The crystals
were filtered and dried on filter paper at room temperature. Yield: 0.227 g, 54%. Anal. Calcd for
CspHs5pCuyLigN12034 (1): C, 37.07; H, 3.11; N, 9.98; Cu, 15.09; Li, 2.47. Found: C, 37.21; H, 3.22; N,
10.14, Cu, 15.06; Li, 2.37. IR (KBr, cm~1): 3422 (O—H), 3172 (N—H), 1657, 1600 (C=0), 1483 (C=C), 1340
(C—0), 1208 (C—N), 840, 828 (C—H) cm !

2.3. Synthesis of [(EDAP){ K(H»O)4[Cuy(u-mpba),(H,0),1}CI-2H,01,, (2)

Compound 2 was prepared by the one-step reaction of the corresponding Et,Hympba proligand
with copper(Il) nitrate and potassium hydroxide (1:1:4.2 molar ratio) in water with further addition of
(EDAP)Cly-2H0. The detailed procedure is as follows: an aqueous solution (5 mL) of Cu(NOz3),-3H,0
(0.24 g, 1.0 mmol) was added dropwise to an aqueous solution (15 mL) of Et,Hympba (0.308 g,
1.0 mmol) and KOH (0.235 g, 4.2 mmol) with stirring at room temperature and the resulting deep-green
solution was filtered to discard any solid particle. Then, an aqueous solution (5 mL) of (EDAP)Cl,
2H,0 (0.323 g, 1.0 mmol) was added dropwise. Green needles of 2 suitable for X-ray experiments
separated from the resulting pale green solution on standing at room temperature after several days.
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The crystals were filtered and dried under ambient conditions. Yield: 0.291 g, 47%. Anal. Calcd for
CyaH56CICupKN120y (2): C, 41.46; H, 4.43; N, 13.19; Cu, 9.97. Found: C, 42.31; H, 4.36; N, 13.34,
Cu, 9.99%. IR (KBr, cm~1): 3435 (O—H), 3123 (N—H), 1674, 1641 (C=0), 1489 (C=C), 1313 (C—0),
1228 (C—N), 859 (C—H) cm ™.

2.4. Crystallographic Data Collection and Refinement

Single crystal X-ray diffraction data were collected on an Oxford-Diffraction GEMINI-Ultra
diffractometer (LabCri) at 150 K using Mo Ko radiation (A = 0.71073 A). The program CrysAlisPro [31]
was used for data integration, scaling of the reflections and analytical absorption corrections. Final unit
cell parameters were based on the fitting of all reflections positions. Non-merohedral twinning was
observed for both compounds and the data were treated using also CrysAlisPro with two domains.
The space group identification was done with XPREP [32] and the crystal structures were solved
with direct methods with SIR-92 [33]. The refinements were performed using SHELXL2018 [34]
based on F? through full-matrix least-squares routine, using the WinGX [35] graphical user interface.
All non-hydrogen atoms, except for the disordered ones, were refined anisotropically, and the hydrogen
atoms were placed at calculated positions and refined isotropically with a riding model. Disordered
atoms, except for those from crystallization water molecules in both structures, were split into two
positions with occupancy refined independently for each disordered moiety. The crystallization water
molecules were placed in electronic maxima not bonded to the rest of the structure with free refined
occupancy. A summary of the crystal data, experimental details, and refinement results for 1 and 2 is
given in Table 1 in which whereas selected bond lengths and angles are grouped in Table 2 (1) and
Table 3 (2). Crystallographic data for the structures of 1 and 2 have been deposited at the Cambridge
Crystallographic Data Centre with CCDC reference numbers 1846817 (1) and 1846818 (2).

Table 1. Summary of Crystallographic Data for 1 and 2.

Compound 1 2
Formula C26H16N6021_48CUZLi3 C44H52C1C112KN12025.38
Fw/g mol ™! 903.96 1344.65
T/K 150 150
A/A 0.71073 0.71073
Crystal System Triclinic Monoclinic
Space group P1 12/a
a/A 9.3856 (5) 14.0948(7)
b/A 10.3708 (6) 15.6318(11)
c/A 19.3438(10) 27.4889(15)
w/° 92.925(4) 90
B/° 96.846(4) 102.879(5)
v/° 98.239(4) 90
V/A3 1845.68(18) 5904.2(6)
Z 2 4
p/mgm~3 1.627 1.513
p/mm=! 1.245 0.928
F(000) 906 2740

Crystal size/mm?

0.40 x 0.17 x 0.10

0.38 x 0.13 x 0.11

Reflections collected (R;,;;) 15068 (0.069) 13128 (0.113)
Unique Reflections 15068 13128
Reflections with I > 20(I) 10152 7712
Goodness-of-fit on F2 1.426 1.173

Ra, wRP 0.1218, 0.3603 0.0815, 0.2378

R2, wRP (all data) 0.1545, 0.3789 0.1219, 0.2539

Larg. diff. peak and hole/e A3 3.268, —1.073 1.907, —0.952

AR =% | I1Fol — IFcl 1 /21F 1. P wR[E (1Fo 12 — | Fc12)2 /%1 Fy 121172,
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Table 2. Main Bond Lengths (A) and Angles (deg) for 12.

Bond Lengths/A Bond Angles/deg
Cul—N1 1.975 (6) N1—Cul—N2 104.2 (3)
Cul—N2 1.977 (7) N1—Cul—O1 83.2 (5)
Cul—O01 1.984 (16) N1—Cul—O04 162.6 (4)
Cul—O4 2.056 (12) N1—Cul—O013 94.9 (3)
Cul—O013 2.299 (7) N2—Cu1—O01 162.1 (5)
Cu2—N3 1.953 (6) N2—Cul—O04 82.7 (4)
Cu2—N4 1.951 (6) N2—Cu1—013 97.8 (3)
Cu2—07 1.978 (5) 01—Cul—O04 85.9 (6)
Cu2—010 1.985 (5) 01—Cul—013 97.8 (5)
Cu2—O010t 2.682 (6) 04—Cul—013 100.0 (5)

Li1—O8 2.113 (15) N3—Cu2—N4 102.9 (2)
Lil—O9 2.007 (15) N3—Cu2—07 84.0 (2)
Li1—O111 2.083 (15) N3—Cu2—010 170.7 (2)
Lil—O121 2.006 (16) N3—Cu2—010% 100.4 (2)
Li1—O19 2.083 (18) N4—Cu2—07 167.4 (2)
Li2—O2 2.04 (3) N4—Cu2—010 84.1(2)
Li2—O3 2.08 (3) N4—Cu2—010 105.2 (2)
Li2—O5t 2.08 (3) 07—Cu2—010 88.0 (2)
Li2—O6it 2.06 (3) 07—Cu2—010! 85.3 (2)
Li2—O14 2.09 (3) 010—Cu2—010! 83.3(2)
Li3—O3 1.77 (3) 08—Li1—09 81.1 (5)
Li3—O6' 1.88 (3) 08—Lil1—O111 100.9 (7)
Li3—O017 1.80 (3) 08—Lil1—O0121 157.9 (9)
Li3—O15 2.05 (3) 08—Li1—019 100.5 (8)

09—Li1—O0111 154.6 (10)
09—Li1—O0121 87.0 (6)
09—Li1—O019 98.6 (7)
0111 —Li1—O121 82.1 (6)

011" —Li1—O019 105.9 (7)
012 —1i1—019 99.7 (7)

02—Li2—03 81.1 (11)

02—Li2—Os5t 105.2 (13)

02—Li2—O6' 156.3 (16)

02—Li2—014 97.1 (14)

03—Li2—014 103.7 (14)

03—Li2—O6' 84.5 (12)

03—Li2—O5t 157.6 (16)

O5ii—Li2—Oe6' 81.8 (11)

O51—Li2—014 97.0 (13)

061 —Li2—014 104.5 (14)

03—Li3—06' 85.9 (11)

03—Li3—0151 127.5 (15)

017—Li3—O03 102.1 (13)

017—Li3—Oe6i 118.5 (15)

061 —1i3—017 97.8 (12)

06 —Li3—015 135.5 (15)

017—Li3—015 101.6 (14)

2 Symmetry code: (i) =2 —x,1 -y, 1 -z (ii))=x,1—-y,z

50f 20
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Table 3. Main Bond Lengths (A) and Angles (deg) for 2 2.

Bond Lengths/A Bond Angles/deg
Cul—N1 1.975 (6) N1—Cul—N2! 106.9 (3)
Cul—N2! 1.977 (7) N1—Cul—O01 83.6 (3)
Cul—O01 1.984 (16) N1—Cul—O04! 83.0 (3)
Cul—O4! 2.056 (12) N1—Cul—O7 95.0 (3)
Cul—07 2.55 (1) N2i—Cul—O1 169.3 (2)

K1—O1 2.892 (6) N2! —Cul—04! 83.0 (3)
K1—O4 2.799 (6) N2! —Cul—07 91.4 (3)
K1—O08 2.812 (9) 01—Cul—O4 86.4 (2)
K1—O9t 2.999 (7) 01—Cul1—07 89.4 (3)
04'—Cul—07 86.0 (3)
01—K1—O1v 127.1 (3)
01—K1—04 55.95 (16)
01—K1—O04" 101.75 (18)
O1vi—K1—04 101.75 (18)
O1Vi—K1—04vi 55.95 (16)
01—K1—O08 79.3 (2)
01—K1—O08" 147.1 (2)
01 —K1—08 147.1 (2)
01vi—K1—08vi 79.3 (2)
O1Vi—K1—09it 67.76 (18)
01—K1—O09t 131.30 (18)
O1Vi—K1—O9iil 131.30 (18)
01—K1—O9ii 67.75 (18)
04Vi—K1—04 132.8 (3)
04—K1—O08 75.8 (3)
04—K1—O08" 146.4 (3)
04vi—K1—08 146.4 (3)
04Vi—K1—08vi 75.8 (3)
04—K1—O09t 76.38 (19)
04—K1—O09i 119.24 (17)
04vVi—K1—09i 119.23 (17)
04vi_K1—QO9iil 76.38 (19)
08—K1—O08" 85.5 (4)
08—K1—O09i 80.0 (3)
08—K1—O00t 73.1 (3)
08vi—K1—09i 73.1 (3)
08vi_K1—Q9iil 80.0 (3)
091 —K1—Q9iil 143.2 (3)

2 Symmetry code: (1) =5/2 —x,y,2 — z (ii))=2 —x, —y,2 — z; (1lii)) =1/2 = x, =y, z,(iv) =2 —x,1/2 - y,3/2 — z;
WV)=2—-x1-y,2—-2zVi)=3/2—-xy,2—z (vi)=2—-x,1/2+y,3/2 — z.

2.5. Magnetic Measurements

The magnetic susceptibility measurements were carried out on crushed single crystals of 1
and 2 in the temperature range 2.0-300 K with a Quantum Design SQUID magnetometer and
using applied magnetic fields of 0.5 T (T > 100 K) and 1000 G (2.0 < T < 100 K). Diamagnetic
corrections of the constituent atoms were estimated from Pascal’s constants [36] as —749 x 10~©
(1) and —620 x 107% cm® mol~! (2) [per two copper(Il) ions in both cases]. Corrections for the
temperature-independent paramagnetism [60 x 107® cm?-mol~! per copper(Il) ion] and for the

magnetization of the sample holder (a plastic bag) were also applied.
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3. Results and Discussion

3.1. Description of the Crystal Structures of 1 and 2

Compound 1 crystallizes in the triclinic space group P1, with the asymmetric unit composed by
a dicopper(Il) [Cuy( u—mpba)z]‘l’ unit (Figure 1a), in which three lithium(I) cations are coordinated
to it. In order to reach the charge balance, half of EDAP?* cation appears in this asymmetric unit
together with coordinated water molecules to the lithium(I) cations. The two copper(Il) ions of the
dinuclear fragment (Cul and Cu2) are coordinated to two oxamate groups from two mpba*~ ligands
in a bidentate form. Due to the geometrical constraints of this ligand, it cannot adopt the tetradentate
coordination mode observed in its parent ligand in which the two oxamate substituents are in ortho
position; however, a cis-CulN,O; coordination sphere occurs in relation to the bidentate oxamate
groups. The resulting [3,3] metallacyclophane-type motif of this dicopper(Il) entity is also somewhat
driven by 7-stacking between the phenyl groups of the two mpba ligands which are placed very close
(h = 3.38 A between the geometric centers) and almost parallel [6 = 10.7(1)° from mean planes] to each
other. The value of the dihedral angle between the basal planes of the copper atoms (®) is 59.2(2)°
and the intermetallic distance (r) is equal to 7.030(1) A. All these values are slightly different from
those in the compound Nay[Cuy(u-mpba),]-10H,O [12] (k= 3.36 A, 0=75° &=58 and r = 6.822 A,
respectively). Cul and Cu2 are five-coordinate in somewhat distorted square pyramidal surroundings.
Their basal planes are defined by the O1N1N204 (Cul) and O7N3N4010 (Cu2) sets of atoms whereas
the apical sites are filled by a water molecule (O13 at Cul) and a carboxylate-oxygen from an oxamate
group of an adjacent [Cup(p-mpba),]*~ unit [010' at Cu2; symmetry code: (i) =2 — x,1 —y, 1 — z].
The copper atoms are shifted from the mean basal plane by 0.261 (Cul) and 0.135 A (Cu2) towards the
apical position. The values for the trigonality parameter (1) are equal to 0.015 (Cul) and 0.057 (Cu2)
(t=0and 1 for ideal square pyramidal and trigonal bipyramidal, respectively) [37].

This unusual coordination mode for meta-substituted bis-oxamate ligand in 1 is reported here for
the first time, despite it has been already described for ortho [26,38,39] and para [40] derivatives. It is
important to point out that several counterions were used to obtain [Cuz(u—mpba)2]4_ complexes in
the literature such as Na* [12], Li* [41,42], methylviologen (MV?*) [43] 1-alkyl-3-methylimidazolium
[C4MIm]* [44] and (S)-1-phenylethyl-trimethylammonium [(S)-(1-PhEt)MesN]* [45] for instance,
as described in the literature. In these cases, the resulting structures were composed by the [3,3]
metallacyclophane-type motif of dicopper(ll) ions in a dinuclear entity containing mpba as
ligand. The EDAP?* dication combined with Li* ions in the presence of the metallacyclophane
[Cuz(u—mpba)2]2' moiety led to the tetranuclear copper(Il)-oxamate unit, compound 1, which is the
unique tetracopper(ll) example reported in the literature so far. Besides that, it has already been shown
that the EDAP?* cation as an additional templating counterion is justified by its ability to establish both
hydrogen bonds and 7t—7t interactions in the solid state due to the presence of the amino substituents
at the pyridinium aromatic rings [26].

This dimerization of the [Cuy(p-mpba),]*~ units turns into a centrosymmetric tetracopper(Il)
entity (Figure 1b) with metal-metal distances of 15.166(2), 8.472(1) and 3.517(1) A for Cul - Cul},
Cul--- Cu2' and Cu2 - Cu2}, respectively. It should be noted that the value of the copper to apical
oxygen atom bond length in this out-of-plane coordination [2.683(1) A for Cu2-0101] is longer than
the apical copper to water [Cul-O13 = 2.297(1) A] probably due to steric effects in the assembling
of the two dicopper(Il) entities. The angle at the bridgehead carboxylate-oxygen is equal to 96.6(2)°
[Cu2-010-Cu2'] and the basal planes around the symmetry related Cu2 and Cu2' atoms are perfectly
parallel and separated by 2.78(1) A.

Six lithium(I) cations [Lil, Li2, Li3, Lil}, Li2!, Li3 and Li3!; symmetry code: (ii) = x, 1 — y,
z] are bound to each tetranuclear [{Cuz(u—mpba)z}z]g’ unit, four of them (Lil1, Li2, Lil' and Li2")
being coordinated by two double carbonyl groups of two oxamate groups from two mpba ligands
belonging to two tetranuclear units. These four alkaline cations exhibit a distorted square pyramidal
surrounding, which is defined by one water molecule in the apical position and four oxamate-oxygens
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in the basal plane. The values of T are equal to 0.06 (Lil and Lil') and 0.02 (Li2 and Li2%) and
they are shifted from the mean basal planes by 0.46 (Lil and Li1") and 0.31 A (Li2 and Li2')
towards the apical site. The two remaining lithium atoms (Li3 and Li3') are also bonded to two
tetracopper(Il) units, but the coordination to the oxamate group in a monodentate form shares one
oxygen atom of a carboxylate group with other lithium(I) ion. They are four-coordinate in a tetrahedral
geometry with two water molecules completing the coordination sphere. Lithium(I) ions connect
the tetranuclear units along the crystallographic b axis extending the motif to an 1D coordination
polymer {Li6(HzO)8[Cu4(u—mpba)4(H20)2]}2’, in which the copper(lIl) ions separated along lithium
bridges are distant from each other by 10.371(2) A (Figure 2a). The resulting ladder-like double chain
structure is interlinked through the EDAP?* cations, these counterions joining the ladders along the
crystallographic ¢ axis by means of hydrogen bonds involving their terminal NH, groups and the
carboxylate oxygen atoms (Figure 2b). Since the EDAP?* cations in this compound show the anti
conformation around their CH,—CH; centers, the pyridyl groups are not coplanar and occupy different
layers, interconnecting ladders from different crystal packing layers and guaranteeing the 3D structure.

Figure 1. (a) Perspective view of the dicopper [3,3] metallacyclophane-type fragment of 1 with the
atom labelling scheme. Carbon and hydrogen atoms are displayed as dark and light gray spheres.
Atoms with half of sphere in white represent the disordered atoms. Hydrogen atoms were omitted
for clarity. (b) The crystal structure of the centrosymmetric tetracopper(II) [Cu4(u-mpba)4(H20)2]8*
fragment in 1 [symmetry code: (i)=2 —x,1 —y, 1 — z; (ii) = x, 1 — y, z]. (c) Coordination polyhedra of
the copper(Il) and (d) lithium(I) ions, respectively. Atomic displacement ellipsoids of 1 can be found in
the Supplementary Information, Figure S5.
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Figure 2. (a) Fragment of the {Li6(H20)8[Cu4(u-mpba)4(H20)2]}2* 1D coordination polymer growing
parallel to the crystallographic b axis featuring the coordination polyhedra of the metal ions [color code:
purple for lithium(I) and green for copper(I)]. (b) Crystal packing of 1 along the crystallographic c axis
showing the {Lig (HZO)g[Cu4(u—mpba)4(H2O)2]}2* units separated by the EDAP?2* cations which create
bridges between coordination polymers via hydrogen bonds. Atomic displacement ellipsoids of 2 can
be found in the Supplementary Information, Figure S6.

Compound 2 is made up of [Cuy(u-mpba),(H,0),]*~ dicopper(Il) units which act as ligands
towards tetraaquapotassium(I) entities, non-coordinated chloride anions and EDAP?* cations allowing
the achievement of the electroneutrality (Figure 3a). Disordered crystallization water molecules are
found filling the voids in the structure. Each crystallographically independent copper(Il) ion in 2 (Cul)
is five-coordinate in a cis-CuN,O3 environment (Figure 3b), just as found for 1 and related compounds
in the literature. The value of T for this copper atom is equal to 0.01. Two oxamate groups from two
mpba ligands occupy the basal plane and the apical site is filled by a water molecule. The copper(Il)
ion is slightly lifted from the mean basal plane, being 0.03 A above it. The copper-copper separation
within the [3,3] metallacyclophane-type unit in 2 is equal to 7.056(1) A and the angle between the basal
planes of each copper atom is 47.4(1)°. This smaller angle, compared to 1, is most likely caused by the
potassium coordination to both carboxylate groups, forming double Cu—(n-O),-K bridges [Cul-O1-K1
and Cul-041-K1; symmetry code (i) = 5/2 — x, y, 2 — z] which tide the carboxylate groups and force
their approximation and thus a more distorted square base at the copper atom [the carboxylate oxygen
atoms in 1 are 2.754(1) A far from each other whereas they are 2.675(1) A in 2]. The distortions are also
observed in the phenyl rings. Since the carboxylate groups are close, the phenyl rings are farther than
in 1, with their geometric centers at 3.44 A and their mean planes forming a dihedral angle of 9.15(1)°.

Each potassium cation in 2 is eight-coordinate with four carboxylate-oxygens and four water
molecules building a distorted square antiprism geometry (Figure 3c). Like in 1, the alkaline cation
extends the structure into 1D coordination polymers of formula {K(HO)4 [Cuz(u—mpba)z(HZO)z]}n?’“’,
differently from 1 in which the alkaline ion is coordinated by the carbonyl amide and the carboxylate
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groups. The single chains in 2 exhibit a zig zag conformation using the intrinsic bend of the
1,3-substituted ligand, as pictured in Figure 4a. This pattern raises along the crystallographic a axis
and voids filled with the two disordered crystallization water molecules (the number of crystallization
water molecules was determined by TG/DTA analysis) can be found along the crystallographic b
axis. Finally, the 1D coordination polymers are packed in the crystallographic ac plane and they are
intercalated with layers of EDAP?* cations (Figure 4b).

(a)

Figure 3. (a) Representation of a fragment of the structure of 2. Carbon and hydrogen atoms are
displayed as dark and pale gray spheres. Two chlorine atoms are present since each position is
equivalent to half of the occupancy for this atom. Crystallization water molecules are hidden for the
sake of clarity [symmetry code: (i) =5/2 — x,y,2 — z; (ii) =5/2 — x, =1/2 — y,3/2 — z; (iii) =3/2 — x,
Y, 2 —z (iv) = =1 + x, y, z]. (b) Coordination polyhedron of the copper atom. (c) Coordination
polyhedron of the potassium atom.
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Figure 4. (a) View of the packing of two adjacent heterobimetallic chains along the crystallographic a
axis in 2. EDAP2* cations are omitted for clarity. (b) Intercalated layers of EDAP2* cations separating
the layers of {K(H20)4[Cuz(u-mpba)z(HZO)z]}nsr‘* polymers packed along the crystallographic ab
plane. The crystallization water molecules were omitted in both figures for the sake of clarity.

3.2. Magnetic Study

Magnetic properties of 1 in the form of the x\T versus T plot [xnm is the magnetic susceptibility
per four copper(Il) ions] are shown in Figure 5. ymT at 300 K is equal 1.59 cm® mol~! K, a value
which is consistent with the presence of four magnetically isolated spin doublets (ca. 1.58 cm? mol~!
K for Scy =1/2 and gcy = 2.05). Upon cooling, a smooth increase of T occurs below 100 K to
reach a maximum of 1.98 cm® mol~! K at 9.0 K and exhibiting a further decrease to 1.77 cm® mol !
K at 2.0 K. This plot is typical of an overall ferromagnetic behavior, the small decrease at very low
temperatures being most likely due to very weak (intra/intermolecular) antiferromagnetic interactions
and/or zero-field splitting effects. No maximum of ) is observed in the x\ against T plot (see inset
in Figure 5).

Having in mind the tetracopper(Il) unit of 1 and aiming at evaluating the magnitude and nature of
the magnetic interactions in this compound, its magnetic data were analyzed through the Hamiltonian
of equation (1):

H=—](Scu1-Scuz + Sculi'scuzi) — j(SCuZ'SCuzi) + gBH(Sciu1 + Scu + Scuoi Sculi) (€))]

in which | and j are the magnetic coupling parameters between the copper(Il) ions across
the meta substituted phenyl ring of the mpba ligand and through the double out-of-plane
carboxylate(oxamate)-oxygen exchange pathway, respectively. An average Landé factor (§ = gcu1
= gcu2) was assumed for the two crystallographically independent copper(Il) in order to avoid any
overparametrization. The deduced analytical expression is given by equation (2) [46]:

T 2NBg*2 BeFT 4 e if +e kT 4o T ?
M =
k Be~ KT + 3¢ i + 3¢~ k1 + 3¢~ i1 +5¢ i1 4~ T
i
Al=—-2 —Z;
4 2
i
A2 =—=+=;
4 * 2
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] VA2 —2]j+2)2
2 2 ’
J
2

V42 =2]j+2]%

> ;
in which N, B and k have their usual meanings. The best-fit parameters are: | = +10.63 cm ™!,
j=—068cm™!, ¢ =205and R = 1.4 x 107° (R is the agreement factor defined as Z[(xmT)obs —
OmTDeate]?/ZI(mT)obs2])- The calculated curve (solid line in Figure 5) reproduces well the magnetic
data in the whole temperature range explored.

The ferromagnetic interaction in 1 (J = +10.63 cm 1) is unambiguously mediated by the double
Cul-Namidate(C-C~C)phenyl~Namidate—Cu2 exchange pathway, being once more a nice example of
the efficiency of the spin polarization mechanism to transmit ferromagnetic interactions between
copper(Il) ions separated by ca. 7 A in this type of meta-substituted bis-oxamate ligands [12,47-49].
The ferromagnetic coupling in this compound is explained by the spin polarization mechanism
operating in the Cu-Namidate=Cring=Cring=Cring—Namide—Cu fragment. The alternating sign of the spin
density in this pathway leads to the same sign on the two copper(Il) ions. In comparison with the first
dicopper(Il) compound containing mpba ligands reported in literature Nas[Cuy(pu-mpba), |- 10H,O [12],
J value for 1 is smaller than the one observed (see Table 4). This may be understood by comparing the
values of the torsion angle (¢) involving the Cu—N,pidate bonds and the aromatic spacers. The closer
this angle is to 90° and the greater the planarity of the aromatic spacer, the stronger is the ferromagnetic
coupling through this pathway. This angle in 1 vary from 71.5(3) to 85.9(9)°, a value which is
smaller than those occurring in the related compound Nay[Cuy(u-mpba);]-10H,O [¢ in the range
72.1(3)-82.0(3)°] [12], this fact accounts for the weakening of the ferromagnetic coupling in 1.

Concerning the value of j (—0.68 cm 1), it unambiguously corresponds to the interaction between
Cul and Cul! atoms through the double out-of-plane carboxylate(oxamate)-oxygen pathway. For such

a situation, weak ferro- and antiferromagnetic couplings were reported in the literature, its sign
and magnitude being dependent on subtle structural factors such as the value of the angle at the
bridgehead oxygen and the apical copper-to oxygen bond length (see Table 4). Simple orbital
symmetry considerations allow to understand this situation. For a copper(Il) ion in a square pyramidal
surrounding like Cu2 (and the symmetry related Cu2!), the unpaired electron is mainly defined by a
dy2_,» magnetic orbital which spreads its density only over the basal plane, a poor spin density being
expected on the apical site. Then, the overlap between the parallel magnetic orbitals of Cu2 and Cu2!
is predicted to be very weak leading to a very weak antiferromagnetic interaction. Depending on the
value of the angle at the bridgehead oxygen, accidental orthogonality of the magnetic orbitals may
result and the interaction would become weakly ferromagnetic. The j value found in 1 is in the range
of those reported in the literature for the double out-of-plane copper(ll)-carboxylate-oxygen bridged
compounds, as shown in Table 4.
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Table 4. Comparison of the magnetic exchange between copper(Il) ions in 1 and in other dicopper(II)
meta-substituted phenyl(pyridyl) bis-oxamate or double out-of-plane p-oxo(carboxylate) complexes.

Compound ? J¥lem—1 jlem™!  duga YA 0 ¢/K Ocuoca /1° Reference
1 +10.6 —0.68 2.682 96.7 This work
2 +8.22 +0.27 This Work
Nay[Cujy(p-mpba), ]-10H,O +16.8 — — — [12]
[Cuy(p-mpba), (H,O)F] [Cu(L)], +17.0 _ _ _
(PFg)3-5H,0
2 1
TS~ - - @
[Ni(L?)][Cuy(u-mpba),] +42 _ _ _
[Ni(L%)]5(ClO4)4-6H,0O
(MegN)4[Cuy(L)2(H20)],- H,0 +6.85 — — —
(Me;sN),KNa 740 B B B (48]
[Cu(L*)2(H20)6,5]-0.8H,0
Nag[Cuy(L*),Cly (H,0)4]-7H,0 +7.90 — — — [48]
[Cu(L%)(u-tfa)], — —3.30 2.630 105.7 [50]
[Cu(H,LO)(u-EtOH)], — +2.93 2.365 102.5 [51]
[Cu(L7)(u-OAC)], — —-0.37 2.399 102.2 [52]
[Cu(phen)(u-L8)], — +1.80 2.340 103.0 [53]
[Cu(bpy)-(u-L%)]2 — +1.50 2.369 104.9
[Cu(phen)(u-L19)],-H,L* — +3.20 2.320 101.9 [54]
[Cu(im)(u-L1)],-2H,0 — +0.58 2571 102.5 [55]
[Cu(L1?)(u-OAC)], — —0.50 2.490 95.3 [56]
[Cu(L13)(u-0OAC)],-2H,0 — —1.51 2.577 96.1 [57]
[Cu(LY)(u-OAc)],-2H,0O — —1.84 2.665 96.3
[Cu(L¥%)(u-OAc)], — +2.85 2.440 98.1 [58]
[Cu(L¥®)(u-HL)], — —2.03 2.299 103.3 [59]
Nay(C12H1oNp)[Cu(LY)],-4H,0 — —0.80 2.788 95.4 [38]
[Cu(L18)(u-OAC)], — —0.56 2.501 98.7 [60]
[Cu(phen)(u-L1%)], — +3.30 2.332 104.6 [61]
[Cu(L2)(u-OAc)],-H,O-EtOH — +0.63 2.650 102.6 [62]
(EDAP),[Cu(L17)],-4H,0 — -1.63 2.591 96.1
Nay(EDAP)[Cu(LY)],-6H,O — —2.29 2.616 93.7 [26]
Ky (EDAP)[Cu(L')],-5H,0 — —1.65 2911 94.1

@ Ligand abbreviations: ! = NNN' N, N" -pentamethyldiethylenetriamine; HyL? = 2, 4, 6-trimethyl-N,N'-1,
3-phenylenebis(oxamic acid); 3= 1,4,8,11-tetraazacyclotetradecane; H,[*=NN'-2, 6-pyridinebis(oxamic acid); HIL>
= pyridine-2-carbaldehyde thiosemicarbazone; tfa = trifluoroacetate; H4L® = NN'-2,2 -ethylenediphenylenebis(oxamic
acid); L7 = 2-(((2-(dimethylamino)ethyl)imino)methyl)-phenolate, OAc = acetate; H,I8 = (253R)-oxirane-2,
3-dicarboxylic acid; gahen = 1,10-phenantroline; bpy = 2,2"-bipyridine; L° = thiodiacetate; L' = phenylacetate,
im = imidazole; L' = 7-amino-4-methyl-5-aza-3-hepten-2-one; L' = N-methyl-N'- (5-n1trosahcylldene) -1,
3-propanediamine; L =  N-methyl-N'-(5-bromosalicylidene)-1,  3-propanediamine; HLY =
4-[(3-aminopentylimino)-methyl]-benzene-1,3-diol; L' = N3-benzoylpyridine-2-carboxamidrazone; HZL16
= phtalic acid; C12H1oN; = 6,7-dihydrodipyrido(1,2-a:2',1 -c)pyrazmlum HyLY =N,N'-1 2—phenylenebls(oxam1c
acid); HL'® = 4-(2-ethylamino-ethylimino)-pentan-2-one; L' = oxydiacetate dianion; HL? =
N-(11-dimethyl-2-hydroxyethyl)salicylaldimine. PMagnetic coupling between the copper(Il) ions through
the 1, 3-phenyl/pyridyl oxamidate pathway. ¢ Magnetic coupling between the copper(Il) ions across the double
out-of-plane monoatomic carboxylate bridge. ¢ Copper-copper separation through the double out-of-plane
monoatomic carboxylate bridge. ¢ Curie-Weiss term. f Cu-O—-Cu angle involving the carboxylate bridge.
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Figure 5. Temperature dependence of the xyT product for 1: (O) experimental; (—) best-fit curve
through Equation (3) (see text). Inset: x) versus T plot.

The magnetic properties of 2 in the form of yyT against T plot [xT is the magnetic susceptibility
per two copper(Il) ions] are shown in Figure 6. At room temperature, yumT is equal to 0.81 cm?® mol~! K,
a value which is as expected for two magnetically non-interacting spin doublets. Upon cooling,
this value remains practically constant until 150 K and it further increases continuously to reach
1.24 cm3 mol~! K at 2.0 K. This plot is typical of an overall ferromagnetic behavior.

1.3 T

ZaT! cm® mol K

o

0.8 1T T e
0 50 100 150 200 250 300

T/K

Figure 6. Temperature dependence of the T product for 2: (O) experimental; (—) best-fit curve
through Equation (1) (see text).

The magnetic data of 2 were analyzed through the spin Hamiltonian for an isolated pair of
isotropic metal ions [Equation (3)]

H = —]51-52+gﬁH(51 +52) 3)

in which | is the magnetic coupling parameter, S; = S, = 1/2 and g is the isotropic Landé factor of
the copper(Il) ions. In this case, the equation derived from the Hamiltonian is the Bleaney-Bowers
expression (equation (4)) [63]:



Magnetochemistry 2018, 4, 38 15 of 20

25,2
xm = {,ﬁ_gg)] [3+exp(~J/kT)] ! 4)

A Curie-Weiss term () was introduced in Equation (4) to take into account the possible
intermolecular interactions. Best-fit parameters are: | = +8.22 cm~!, ¢ = 2.07 and 6 = +0.27 K with
R =215 x 10~*. The magnetic coupling within the dicopper(Il) [3,3] metallacyclophane fragment
in 2 (J = +8.22 cm™!) is of identical nature with that in 1 (J = +7.14 cm~!), although it is somewhat
smaller. The same spin polarization mechanism involved in 1 occurs in 2, but the different values
of | found for them can be understood by a comparison of some structural parameters within their
dicopper(Il) fragments. The dihedral angle between the Cu—N,pidate bond and the aromatic spacer in
2 [47.4(1)°] is smaller than the corresponding one in 1 [59.2(2)°], indicating that the spin polarization
mechanism to mediate ferromagnetic interactions between copper(Il) ions through this pathway would
be more efficient in 1. This subtle structural difference accounts for the somewhat weakening of the
ferromagnetic coupling when going from 1 to 2 [12,48].

4. Conclusions

This work shows that the use of templating organic counterions such as EDAP?* and coordinated
alkaline cations may play a relevant structural role in the assembling of 1D coordination polymers
with ladder-like double chain or zig zag chain structures depending on the nature of the univalent
alkaline cation. Remarkably, the use of the lithium(I) leads to the tetranuclear copper(ll)-oxamate
unit in compound 1, in which two dicopper(Il) [3,3] metallacyclophane-type entities are assembled
throughout double out-of-plane interactions. As far as we know, it is the first time that such a
tetracopper(Il) unit with the mpba ligand is described. Although compound 1 presents a satisfactory
Rint indicator, due to intrinsic crystals quality and twinning, the refinement indicators are out of routine
of the X-ray crystallography for small molecules, but its crystal structure is corroborated by chemical
analysis and it matches the theoretical models based on it which were proposed to treat the magnetic
properties. Compound 2 is obtained when the lithium(I) cations are replaced by the potassium(I)
ones where this assembling does not occur and the dicopper(Il) [3,3] metallacyclophane units are
interconnected through the alkaline cations. Moderate ferromagnetic couplings between the copper(Il)
ions separated by more than ca. 7.0 A in the metallamacrocycles of the [3,3] metallacyclophane-type of
1 and 2 are observed, the spin polarization mechanism being responsible for them.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2312-7481/4/3/38/s1,
Figure S1: TG curve of 1, Figure S2: TG curve of 2, Figure S3: Experimental and Simulated X-ray powder
diffraction patterns for 1, Figure S4: Experimental and simulated X-ray powder diffraction patterns for 2, Figure S5:
Perspective view of the dicopper [3,3] metallacyclophane-type fragment of 1 with atomic displacement ellipsoids
at 50% of probability. Circles represents isotropically treated disordered atoms. Color code: carbon (grey), nitrogen
(sky blue), lithium (purple) and copper (green), Figure S6: Representation of a fragment of the structure of 2 with
atomic displacement ellipsoids at 50% of probability. Circles represents isotropically treated disordered atoms.
Color code: carbon (grey), nitrogen (sky blue), lithium (purple) and copper (green) [Symmetry code: (i) =5/2 — x,
Y,2—z]
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