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Abstract: We present a series of pyrazolato-bridged copper complexes with interesting structures that
can be considered prototypic patterns for tri-, hexa- and hepta- nuclear systems. The trinuclear shows
an almost regular triangle with a y3-OH central group. The hexanuclear has identical monomer units,
the Cug system forming a regular hexagon. The heptanuclear can be described as two trinuclear
moieties sandwiching a central copper ion via carboxylate bridges. In the heptanuclear system, the
pyrazolate bridges are consolidating the triangular faces, which are sketching an elongated trigonal
antiprism. The magnetic properties of these systems, dominated by the strong antiferromagnetism
along the pyrazolate bridges, were described transparently, outlining the energy levels formulas in
terms of Heisenberg exchange parameters ], within the specific topologies. We succeeded in finding a
simple Kambe-type resolution of the Heisenberg spin Hamiltonian for the rather complex case of the
heptanuclear. In a similar manner, the weak intermolecular coupling of two trimer units (aside from
the strong exchange inside triangles) was resolved by closed energy formulas. The hexanuclear can
be legitimately proposed as a case of coordination-based aromaticity, since the phenomenology of
the six-spins problem resembles the bonding in benzene. The Broken-Symmetry Density Functional
Theory (BS-DFT) calculations are non-trivial results, being intrinsically difficult at high nuclearities.

Keywords: trinuclear complex; hexamer metallacycle; heptanuclear complex; pyrazolato-bridged
ligand systems; spin Hamiltonian; spin models; Kambe-type energy formulas; Broken-Symmetry
Density Functional Theory calculations

1. Introduction

This work is built on the frame of our deals in structural chemistry [1], putting on
equal footing the interest for experimental data from new syntheses (followed by X-ray
characterization) and theoretical approaches (phenomenological or computational). We
will present a suite of copper complexes having prototypical structural patterns, rising and
solving important aspects of their molecular magnetism. The common feature of all the
presented systems is the presence of pyrazolato-bridges in their polynuclear edifices.

The coordination chemistry of the pyrazole-based ligands provides a variety of com-
pounds with a large spectrum of molecular geometries, nuclearities and interesting prop-
erties [2]. Pyrazole and its derivatives proved to be versatile ligands, exhibiting several
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coordination modes [3], the bridging functionality allowing to form polynuclear struc-
tures [4]. Polynuclear copper complexes attracted special attention due to their magnetic
properties and for their relevance to the biomimetics of the copper proteins (e.g., ascorbate
oxidase, laccase, ceruloplasmin, methane monooxygenase) [5]. Among them, the triangular
trinuclear copper complexes were highlighted for their physical and chemical properties
related with blue multicopper oxidases [6-8].

From the magnetic point of view, the cyclic trinuclear copper systems were regarded
as geometrically frustrated antiferromagnetic compounds, offering the possibility to test
the exchange coupling models [9,10]. In the last decades, density functional theory (DFT)
methods and especially the broken-symmetry approach were raised as instruments of
choice to evaluate the magnetic coupling parameters for such systems [11]. There are
several electronic structure calculations on a cyclic trinuclear copper system, done on model
systems [12,13] or on experimental molecules [14,15]. In this work we will corroborate the
magnetic measurements with computational quests, performing and discussing non-trivial
numeric experiments.

The patterns of the discussed compounds are shown in Scheme 1, the labeling of
frames corresponding to those of the presented structures. While there are several known
trinuclear [16-18] and hexa-nuclear [19-23] analogs of the reported compounds, the hepta-
nuclear congeners are rare [24,25]. The insight offered by the phenomenological and
computational analyses is rather unprecedented, fixing landmarks on account of the
discussed systems, considering that each compound is a representative of their given
structural pattern.
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Scheme 1. Structural patterns of compounds 1, 2 and 3.

The triangular copper complexes with a hydroxy- or oxo-trinuclear bridge were
obtained usually by the pyrazole deprotonation in the presence of a base [16-18], while
in the case of using carboxylates copper salts, the pyrazole deprotonation is favored by
the presence of carboxylate ions. Our compound 1 parallels literature results in terms of
synthetic procedures and outcomes [26,27].

Concretely, we used the reaction of copper (II) acetate with 3,5-dimethyl-4-nitro-
pyrazole (dmnpz) in protic solvents to obtain a new triangular trinuclear copper complex,
[Cus(p3-OH)(u-dmnpz)s(OCOCHS3),(H,0)3]-H,O-EtOH (1). The oxo-trinuclear complex
contains two carboxylates coordinated to two Cu(ll) ions. It must be pointed out that
among the known compounds that have structure 1 from Scheme 1, there are no studies
with pyrazole derivatives dressed with different substituents in the 3, 4 and 5 positions, as
we approached here. The compounds of type 1 are interesting for the relative simplicity in
the interpretation of magnetic properties, the pyrazolate and y3-OH bridges determining
strong antiferromagnetism [28-30].

Performing the reaction with the same starting materials, but changing the solvent
with a more basic one, pyridine, the [Cug(y-OH)g(u-dmnpz)s(Py)s]-6Py-2EtOH (2) com-
pound was obtained. The neutral complex belongs to the class of six-membered metal-
lacycles, several known analogs being: ([{Cu(u-OH)(1-R1,Ro-pz)}s], R1 = Ry = H [19,20],
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R; =CHjs, Ry = H [21], Ry = CHj3, Py, Ry, = H [22], Ry = CF3, Ry = H [23,24]. The six-
membered rings with unsubstituted pyrazole ligands adopt a crown structure, with a cis
arrangement, where the six hydroxyl groups of the metallacycle are pointing towards a
focal point on an approximate symmetry axis, while the pyrazoles towards the periphery,
the ensemble with, consequently, hydrophilic and hydrophobic domains. For substituted
pyrazole, or for higher nuclearities of the metallacycles, the crown structures are sketching
a trans arrangement with half of the OH groups and half of the pyrazolato ligands oriented
on the same side, with respect to the mean plane of the metal-ions ring, while the other
subsets of these ligands are placed on the opposite hemispace.

The triangular fragment is remarkably stable and can be used as a secondary building
unit (SBU) in the construction of several coordination polymers [31,32]. We succeed
in connecting two SBU via six carboxylate anions to a central copper ion to obtain a
heptanuclear compound [Cuy(-OH),(#-dmnpz)s (1#-OCOCH3)6(MeOH)g] (3), in the shape
of an hourglass. Enlarging, by future syntheses and analyses, the list of the heptanuclears
belonging to the structural type 3 (see Scheme 1) can be proposed as a challenging task.

Our attention was focused on the reaction of copper(ll) carboxylates with pyrazole
derivatives, 3,5-dimethyl-4-nitro-pyrazole (dmnpz), observing that different nuclearities
and topologies depend on the employed solvent. The pyrazole (dmnpz) was synthesized
according to Scheme 2 [33-35].
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Scheme 2. Synthesis of the used pyrazole ligand.

2. Materials and Methods
2.1. Materials and Physical Measurements

All reagents were of analytical grade, being used without further purification. 3,5-
dimethyl-4-nitro-pyrazole (dmnpz) was synthesized according to literature procedures [33-35].
The content in carbon, hydrogen and nitrogen was determined by elemental analysis using
a Perkin Elmer PE 2400 analyzer (Perkin Elmer, Boston, MA, USA). The IR spectra were
performed by a JASCO 4200 spectrometer with Pike ATR unit in the 400-4000 cm ! range
(JASCO, Tokyo, Japan). The magnetic data were collected in the range of 2-300 K at an
applied field of 0.1 T on a MPMS-55 SQUID magnetometer (Quantum Design, San Diego,
CA, USA). The diamagnetism was corrected by Pascal constants [36].

2.2. Synthesis
2.2.1. [Cuz(pu3-OH)(u-dmnpz)3;(OCOCH;3)2 (H,0)3]-H,O-EtOH (1)

A solution of copper acetate monohydrate Cu(CH3COO),-H,O (0.4 g, 2 mmol) in
ethanol/water (5 mL/5mL) was added drop wise, under continuous stirring, to a solution
of dmnpz (0.282 g, 2 mmol) in ethanol (5 mL). The resulting blue-greenish mixture was
stirred at room temperature for 24 h and then filtered. A blue microcrystalline precipitate
formed, and was subsequently filtered, washed with EtOH and dried under vacuum. It
was recrystallized from EtOH, yielding in few days dark greenish-blue crystals for (1),
suitable for X-ray crystal structure determination and for all measurements. Yield (based
on Cu?*): 73%. Elemental Analysis: calc. for Co1H3oCusNgO14 (Mr = 864.22): C, 29.19; H,
4.55; N, 14.59; Found: C, 28.78; H, 4.42; N, 14.01%. FT-IR (cm™1): 3517(w), 3446(w), 2916(w),
1673(m), 1538(s), 1474(s), 1404(s), 1354 (vs), 1312 (sh), 1171 (s), 1093 (w), 1008 (sh), 980(m),
952(sh), 832(s), 754(my), 599 (w), 486(w), 457(m), 408(w).
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2.2.2. [Cug(u-OH)g(u-dmnpz)g(Py)s]-6Py-2EtOH (2)

A solution of copper acetate monohydrate Cu(CH3COO),-HyO (0.4 g, 2 mmol) in
ethanol (5 mL) was added drop wise, under continuous stirring, to the dmnpz solution
(0.282 g, 2 mmol) in ethanol (5 mL). The resulting green mixture was stirred at room
temperature for 24 h and then filtered. The filtered clear solution was removed and the
separated green solid was recrystallized from pyridine. The blue pyridine solution was
slowly evaporated in a cooler. Suitable greenish-blue crystals for (2), which appeared in
six months, were used for all the measurements. Yield (based on Cu?*): 54%. Elemental
Analysis: calc. for CosH114CugN30O0 (Mr = 2365.38): C, 47.73; H, 4.86; N, 17.76. Found:
C, 46.63; H,4.77; N, 16.02%. FT-IR (cm1!): 3382(w), 3177(m), 1595(w), 1538(m), 1474(m),
1439(sh), 1418(s), 1376 (m), 1348 (vs), 1171 (m), 1100 (w), 1029 (w), 987(m), 902(w), 839(m),
768(w), 690 (m), 606 (w), 535(w), 479(w).

2.2.3. [Cuy(u-OH),(p-dmnpz)(u-OCOCH;3)s(MeOH)g] (3)

A solution of copper acetate monohydrate Cu(CH3COO),-H,O (0.4 g, 2 mmol) in
methanol (5 mL) was added slowly, under stirring, to a dmnpz solution (0.282 g, 2 mmol)
and Et3N (0.202 g, 0.28mL, 2 mmol) in methanol (15 mL). The resulting green solution was
stirred at room temperature for 24h and then filtered. The clear dark green solution was
slowly evaporated at room temperature. Suitable green crystals for (3), appeared in few
days, and were used for all the instrumental measurements. Yield (based on Cu®*): 89%.
Elemental Analysis: calc. for C4gHgyCuyN1gO3, (Mr = 1866.07): C, 30.89; H, 4.32; N, 13.76.
Found: C, 30.47; H, 4.38; N, 13.14%. FT-IR (cm!): 3586 (m), 3446(m), 2980(w), 1683(w),
1658(m), 1542(vs), 1521(m), 1472(s), 1457(sh), 1416(vs), 1379 (s), 1357 (vs), 1176 (s), 1108 (w),
1029 (w), 990(m), 835(m), 763(w), 690(m), 606(w), 530(w), 484(w), 419(w).

2.3. X-ray Crystallography

A Rigaku Rapid II R-Axis diffractometer (MoK« (A = 0.71075A), was used to collect
the diffraction data of complexes 1-3. All calculations were performed using the Crystal-
Structure [37] crystallographic software package. The refinement was performed using
the Olex1.2 [38] program. The structure was solved by direct methods and refined in a
routine manner (SHELXL) [39]. Non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were refined using the riding model. Molecular graphics were generated
by MERCURY 3.9 [40] and POV-Ray [41] software. The details of the X-ray crystal data
and the structure solutions, as well as the refinements, are given in Table S1. A summary
of selected bond lengths (A) and angles (in degrees °) is outlined in Tables 52-54 (see
Supplementary Materials). The Crystallographic data for the structures reported in this
paper have been deposited in the Cambridge Crystallographic Data Centre with CCDC
reference numbers 2059160 for compound 1, 2059163 for 2 and 2059182 for 3.

2.4. Computational Methods

The calculations were realized on the experimental geometries of the complex com-
pounds, obtained from the X-ray diffraction analysis, in the frame of Density Functional
Theory (DFT) [42], using the B3LYP [43] functional and 6-31G* basis on copper, nitrogen
and oxygen, while 6-31G for the carbon and hydrogen atoms [44]. The calculations were
done with the GAMESS [45] suite.

3. Results and Discussions
3.1. Structural Analysis from Crystallographic Data
3.1.1. Structure of Compound 1

The asymmetric unit of complex 1 contains two molecular complexes with slight
mutual differences and disordered solvent molecules, which affect the final refinement
parameters. In Figure 1 we present only one molecular species, the couple of closely
similar structures being shown in Supplementary Materials (Figure S1). Each molecule
(see Figure 1), [Cuz(p3-OH)(p-dmnpz);(OCOCH3),(H,0)3], reveals a triangular trinuclear
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neutral core. The copper ions are connected via a trihapto oxygen from a central hydroxyl
group and three bridging pyrazolate ligands. Two acetate ions are coordinated, each to
Cul and Cus3 sites. Two water molecules are linked to the Cu2 center and another one to
Cul. The structure of compound 1 is special for containing, simultaneously, three distinct
stereochemistries of copper ions, which can be quantified by the help of so-called 5 [46]
and T4 [47] indices. The idealized margins are: 15 = 0 for a square-pyramidal complex,
while t5 = 1 for a trigonal bipyramidal frame; T4 = 0 for a square planar unit, while T4 = 1
for a tetrahedral case. The sites in compound 1 can be characterized as square pyramid for
Cul (with 15 = 0.227), trigonal bipyramid for Cu2 (with 15 = 0.567) and square planar for
Cu3 (14 = 0.098).

o6 9”7

05

N6

04

Figure 1. Asymmetric unit of compound 1 with partial atom labeling scheme. Hydrogen atoms are
omitted for clarity.

The triangular frame is not symmetric, having different Cu—Cu distances. There are
slightly different bond lengths formed by copper and central oxygen (Cul-O1 1.974(8) A,
Cu2-012.039(8) A, Cu3-01 1.985(8) A), larger than those reported for systems with the
same core [48]. The capping u3-O(1)H group is out of the plane formed by copper ions,
displaced by about 0.752(2) A. Two of the Cu-O(H)-Cu angles are very close to each other
(Cul-01-Cu3 and Cul-0O1-Cu2, 105.7(4)° and 105.0(4)°, respectively), quite different
in comparison with the third one (Cu2-O1-Cu3 109.3(4)°). Only one pyrazolate ring
bearing N4-N5 is coplanar with the copper ions moiety, since the other two pyrazolate
rings (N1-N2 and N7-N8) are displaced out of the {Cus} plane, conferring to the overall
structure a flattened bowl-shape. The Cu-N(bridged) distances are all in the range of
1.939(13)-1.984(12) A. The Cu-N-N(bridged) angles are in the 115.1(9)-119.2(9)° interval.

The triangular bowl-shaped molecules are stacked along the a axis (Figure 2) within a
columnar arrangement established through hydrogen bonds, the most interesting being the
hydrogen bond between the carboxylate group coordinated to Cul and the O(1)H group
from the next molecule (01-O11 = 2.738(4) A). The distance between the copper ion planes
in this packing is slightly alternating, by 7.086 and 7.100 A. The packing details for 1 are
presented in Figures S2-54 from the Supplementary Materials.
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Figure 2. Packing diagram for compound 1 along a axis (top) and packing detail along c axis, showing
the supramolecular column arrangement stabilized by hydrogen bonds (bottom).

The structural parameters for compound 1 are very poor, due to a sever disorder
of two solvent molecules and the poor quality of crystals. Therefore, we consider it as a
structural model for the further discussions. However, the reduced resolution, does not
imply doubts about the molecular structures themselves. Since compound 1 is important
in the red line of this work as preamble to compound 3, a system with a high degree of
novelty, we carry on the discussion, retaining this slight caveat.

3.1.2. Structure of Compound 2

The compound 2 crystalized in a triclinic system, R-3 space group. As seen in Figure 3,
the molecular unit of 2 consists in a six membered metallacycle copper (II) pyrazolate,
where the copper atoms are in a hexagonal planar geometry, with a Cu—Cu distance of
3.32 A. The neutral cyclic complex [Cug(u-OH)g(y-dmnpz)s(Py)s] contain six distorted
square-pyramidal Cu ions with t5 = 0.44 stereochemical index [46]. The square pyramide
basis plane is formed by two nitrogen atoms from two dmnpz ligands arranged in trans
(Cul-N1 = 2.018(4) A and Cul-N2 =2.003(4) A) and two oxygen atoms from the OH (Cul-
O1 = 1.943(4) A, Cul-O1 = 1.947(4) A) bridging groups. The apical position of each site is
occupied by pyridine (Cul-N4 = 2.359(5) A). The pyridine molecules are coordinated in the
plane of the copper ring, while the dmnpz and OH groups are forming two bowl-shaped
cavities. Such cavities can accommodate guest molecules, and in our case, two disordered
ethanol molecules are involved. The compound 2 shows a hexagonal tubular structure,
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on the packing along c axis, which can be interesting for further debate on the porosity
properties. The packings for 2 are presented in Supplementary Materials Figures S6-S8.

Figure 3. Asymmetric unit of compound 2 with atom numbering scheme (left side). Side-view (right half). Hydrogen
atoms and solvent molecules are omitted for clarity.

3.1.3. Structure of Compound 3

The compound 3 has a surprising symmetry, crystallizing in the trigonal system, R-3¢
space group. The structure (Figure 4) shows an “hourglass” pattern with two trinuclear
triangular copper complexes at the ends, connected to a central octahedral copper ion via
carboxylate anions coordinated in chelating and bridging fashion. The compound can be
viewed like consisting of two oxo-trinuclear units, which act here like SBUs.

Figure 4. Asymmetric unit of compound 3 with atom numbering scheme (left). Side-view (right). Hydrogen atoms are
omitted for clarity.

The three-fold axis is oriented along O3, O3A and the central Cul atom. The copper
ions from the trinuclear SBU have an elongated octahedral geometry, along the O1-Cu2-O6
direction with 2.462(4) and 2.506 A bond lengths, respectively. The current literature knows
two similar compounds, one with the same ligand, reported by Lang and Zhu [24], follow-
ing a single crystal-to-single-crystal transformation, where ligated-EtOH molecules were
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replaced with MeOH. The mentioned authors did not carry further investigations, while the
interesting pattern deserves detailed attention, as we devoted in the following. According
to the Cambridge Structural Database, there is a second compound with the same pattern
(CCDC 853959, refcod XEMY1Z), including a different pyrazole derivative, respective
3,5-bis-(trifluoromethyl)-pyrazole [25]. This last study includes only the structural analysis.

A synopsis of the discussed structures, highlighting for view and measurements the
copper atoms, is given in Figure 5. As advocated previously and proved by the following
analyses, the considered structural patterns have prototypic virtues. The conclusions
extracted from specific structural analyses show generalized relevance for all the previous
and future members of each class. The next section, devoted to the formal spin coupling
models, comprises useful methodological advances, extracting new closed formulas, usable
for the simulation of the magnetic properties of the considered prototypes.

116.93°

Figure 5. The structural patterns and Cu—Cu distances of the compounds 1 (left side), 2 (center) and 3 (right side).

3.2. Spin Hamiltonians and Magnetic Data
3.2.1. Spin Hamiltonian and Magnetic Susceptibility Equations

In the following, we will rely on the Heisenberg-Dirac-van Vleck (HDvV) Spin Hamil-

tonian [49,50],
Hupov = =23 Jij 5i - § ¢Y)

j<i

for accounting for the magnetic properties of the discussed systems. The general treatment
of large or non-symmetric systems demands the full numeric approach, namely construct-
ing and resolving Hamiltonian matrices having the dimension of the total number of spin
states, taken as the product of local spin multiplicities on the constituent ions. In the case
of copper homo-metallic systems with nuclearity N, the total number of states (including
the 25 + 1 spin degeneracies) is 2. In the absence of further spin-type interactions (like
Zeeman, dipolar, spin-orbit or zero-field-splitting), the whole matrices are factorized in
blocks corresponding to total spin projections, S;, and furthermore by total spin quantum
numbers, S, provided that the corresponding basis transformations are made. Solving the
Hamiltonian as eigenvectors Ej, associated to total spin quantum numbers Sj, the product
between magnetic susceptibility and temperature is given by the van Vleck equation [36]:

Nap? Ligh Si(Si+1)(2Si+1)- Exp(—¢r )

(xT) = @
HDVYV 3kp Y (25 +1) - Exp(—,i—’T)

where N4 and kg are Avogadro and Boltzmann constants, § is the Bohr magneton and g;
are gyromagnetic factors of each state, algebraically formed from g; parameters of each
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paramagnetic center. Often, a global unique g2 factor is taken, which is literally true in the
case of equivalent isotropic sites. Sometimes, the practice imposes adding certain empirical
correction terms, such as the linear add-on,

XT = (XT)ypyy + PIM+TIP- T 3)

with a constant off-set having the meaning of paramagnetic impurity (PIM) and the slope
known as temperature independent paramagnetism (TIP) [36]. The paramagnetic impurity
can come literally from inherent sample conditions, or can cumulate extended lattice
interactions, not accounted by the assumed molecular model. The TIP can result from first
order expansion of non-HDvV interactions, such as spin-orbit or dipolar terms, being then
a surrogate avoiding higher, possibly unreachable, complexity of the case.

The general procedure for numerical handling of the HDvV Hamiltonian in its matrix
representation can be tedious and have a black box nature. Fortunately, the discussed
systems can be presented in a transparent fashion, as it follows. Thus, we will draw explicit
formulas for the counted Ej states of the systems, as a function of involved HDvV coupling
parameters and the defining spin quantum numbers.

3.2.2. The Magnetism of the Trinuclear Complex

The trinuclear compound has three pyrazoles as bridges, having the appearance of
an almost isosceles triangle. The slightly different coordination sites make the exchange
couplings on the Cu—Cu edges inequivalent, while yet comparable. The case of a general
triangle (scalene), with all edges inequivalent, is tractable by closed energy formulas.
Putting the lowest spin doublet in the energy origin, we have the following relative spin
state energies for the two spin-doublet states and quartet:

E<S—;)1—O )
1

E(S = 2) = 2\/]%2 + I35+ 13, — Ji2Jiz — Ji2)2s — 13 )23 ©)
2

E<S = i) =—Jio—Jis—Js+ \/1122 + I35+ I35 — JizJ1i3 — JaJ2s — J13)23 (6)

However, on the existing data, the general model cannot safely discriminate three
different couplings. As the calculations described in the following indicate, the different
coupling values are comparable, so that one may go on the simplified hypothesis of equal
parameters: | = J1o = 13 = J3. In this case, one may benefit from the simplified formula, as
a function of the total spin quantum number:

E(S) = —JS(S+1) (7)

One may easily verify that shifting the E(S = 1/2) from Equation (7) to zero, the
equilateral triangle is obtained as a particular situation of the above ascribed (4-5) formulas
for a scalene topology. The above result is very well-known, belonging to the class of
so-called Kambe formulas [51,52]. However, for the sake of completeness, let us recall here
the derivation. The spin Hamiltonian of the equilateral triangle is:

HM3 :—2]<§1~§2+§1~§3+§2~§3) (8)
Then, observe that the operator can be rewritten as follows:

2(§1~§2+§1-§3+§2-§3) = (§1+SA2+SA3)2—SA%—SA%—SA§=

— S(S+1)— 81(S141) — Sa(Ss+1) — S3(S5 +1) ©)
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The last equality involves the regularity that the sum of local spin operators yields
the total spin operator, $, and the 5? quantum square is S(S + 1), in all instances of total
or local spins. Since the sum comprising the square of the three local spin operators is a
constant shift, it can be eliminated, arriving at Equation (9). In the regular triangle, the two

=1/2 levels are degenerate, in a multiplet with “e” orbital label in the D3}, symmetry.
Then this is a case of the Jahn—Teller effect [53,54], namely experiencing the trend to
remove the degeneracy by distorting the molecular frame. Probably this is the reason for
which the compound forms itself with slightly inequivalent coordination sites. Considering
that the rather rigid pyrazole bridges would not easily allow a sensible distortion of the
triangle itself, for example, to an isosceles, the formation of different coordination sites is
the alternative, instead of distorting a system having identical coordination sites.

A reasoning succeeding to extract analytic energy formulas from the spin Hamiltonian,
linear in all the coupling parameters, is possible in a limited number of cases, with high
formal symmetries. Fortunately, one may further exploit such a strategy aiming to describe
long the long-range lattice interaction between two equilateral trimers, needed to better
account for the magnetism of compound 1. In this view, we are going to enforce the
assumption that all the centers of a trimer are coupled by the same parameter, j, with all the
nodes of the other triangle. This is not the realistic situation, but it allows, in the Gordian
knot-alike strategy, to tackle the problem in a yet acceptable semiquantitative manner. The
idea is that, in this way, one may account for a sort of global interaction between molecular
units, as monolithic spin carriers. Then, the Hamiltonian for a dimer of trimers is ascribed
as follows:

i, =21 (8 S 48189 +68) 208455464 S 85-8)
72](51 S4+51 55 +51:5¢+52-54+ S5 S5 52'S6+S3‘54+53~S5+53'S6)

(10)

Let us define the spin operators on molecular moieties:
§123 =851+5+5; (11)
§456 =S84+ 85+ 56 (12)

The total spin is, obviously:

S = 5123 + 5456 (13)

Let us observe that the parenthesis factored by the long-range —2j interaction is
actually 5193 - Sass, the scalar product of the spins on individual triangles:

Avy-my = —2J(S1-S2+ 51+ S5+ 55 S5+ 84+ S5+ 54 S6+ 55+ S6) — 28123 - Saa5 (14)

Then, using the trick exemplified previously, we can rewrite the Hamiltonian
a &2 &2 o &2 _ a2 &2
Finvg—m; = —](5123 + 5456) —JY. 5] (5 — Sz — S456) (15)
i=1

Dropping the middle constant term (from the summation on local spins and converting
the squared operators to their quantum expectation value), one may arrive to a nice simple
formula, as a function of the total spin and of spin states on the triangular moieties:

E(S,5123,5456) = —(J —j)(S123(S123 + 1) + Sa56(Sas6 +1)) —jS(S + 1) (16)

Then, to concretely apply these formulas, the triads of (S, S123, S45¢) quantum numbers
must be counted properly. For instance, let us exemplify the arising of five global singlet
states expected in a system with six 1/2 local spins. Thus, we have three S = 0 states
originating from the interaction of each spin state on a trimer with its mirror image on the
other one. In addition, two more singlets must be added coming from the cross-coupling
of the first singlet at one triangle with the second singlet on the companion, and vice-versa.
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The groundstate of the ensemble is expected to formally originate from antiferromag-
netic coupling of the lowest doublets on each triangular moiety. Since the first and second
doublets are degenerate in the case of the imposed equilateral triangle, the groundstate
has a fourfold degeneracy. This is an artificial situation, determined by the rather strong
idealization assumed at the beginning. However, in spite of limitations, the transparency
enabled by this treatment is quite precious. To the best of our knowledge, such a rational-
ization was not presented before. The magnetism of stacked trinuclear copper complexes
resembling the discussed system is a problem with a certain degree of generality, given the
many similar known complexes [10,28,29,55-61], so that the here proposed model acquires
a quite relevant meaning.

The dimer of trimers is needed to account for, in an effective manner, the sudden
drop of the xT at low temperature, observed in Figure 6. The slow increase of xT in the
high temperature domain, without reaching the paramagnetic plateau, is the signature
of strong antiferromagnetic coupling. Indeed, we fitted the value ] = —110 cm ™!, for the
averaged coupling inside the trimer units, altogether with a g = 2.1 Landé factor. The global
intermolecular parameter was found slightly antiferromagnetic, j = —3 cm ™. We avoided
introducing a TIP correction, although it may seem necessary, considering that, without this,
a small plateau trend may appear at intermediate temperatures, till the on-set of a molecular
effective magnetic moment, after reaching the saturation of the intermolecular coupling.
However, a paramagnetic impurity correction seemed necessary to describe why the xT
does not drop nearby zero at the lowest T point, taking then PIM = 0.1 cm® mol ! K~!, as
an empiric adjustment. The HDvV part was equated with the energies from Equation (16),
introduced in the van Vleck master formula (Equation (2)). The resulted (xT)upyv for the
model hexanuclear was divided into a half, to consider the molecular susceptibility of
the trimer itself. The concrete enumeration of states and expressions of energy levels are
shown in Table S5 of the Supplementary Materials.

=
X 0.75
q
=
‘&
)
~ 0.5
b
T (K
0.25 &)
0 100 200 300

Figure 6. The xT vs. T curve for the trinuclear compound 1: experimental data (open circles) and fit to
model (continuous line). The model is made for the hexanuclear formed as dimer of trimers (shown as
sketched inset), in order to account long-range interaction by the unique j coupling parameter, while
the xT is taken as a half from the hexamer amount, in order to effectively describe the trimer only.

3.2.3. The Magnetism of the Hexanuclear Complex

The hexamer has a {CugOg} ring resembling the chain conformation of the cyclohexane,
with the hydroxo-bridges at vertices and the copper ions in the middle of the almost linear
O-Cu-O edges. Then, the {Cug} subsystem forms a regular planar hexagon. With this
note, one may properly say that, from the perspective of exchange coupling effects, the
hexanuclear is absolutely similar to the benzene, treated in the frame of a valence bond
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theory [62], to which the HDVV effective Hamiltonian is explicitly adequate [63]. From
this perspective, one may also speculate that the regular shape of the whole system, with
identical coordination spheres of the monomeric units and regular {Cug} frame, is a direct
consequence of the aromatic-alike stabilization ensured by the exchange interaction in such
a topology.

The associated spin Hamiltonian, considering the idealized Dg}, symmetry, is obvious:

HM&(Déh) = —2](§1 S+ 8- §3 + §3 : §4 + §4 : §5 + .§5 : g(, + §1 : g(,) (17)

The hexagonal hexanuclear does not benefit from a simplified Kambe-like tractability.
However, taking as a single significant parameter the coupling | along the proximal copper
sites, via hydroxo and pyrazolate bridges, the energy levels can be defined explicitly in
a numeric manner, as illustrated in Table S6 from the Supplementary Materials. The
neglecting of distant interaction within the ring, between copper ions mutually placed in
meta and para is reasonable, considering the very strong antiferromagnetic coupling along
the edges (i.e., between ortho-type neighbors).

The fit (see Figure 7) demands empirical adjustment with paramagnetic impurity,
since the xT values are not dropping to zero at low temperatures, as expected from the anti-
ferromagnetic six-spins system and also a TIP term, to account for a slope in the interval to
about 100K, instead of the plateau expected due to large absolute value of the coupling. As
will be debated later on, the large coupling is expected from computational hints and also
from precedent reported data on comparable systems [64]. We obtained the following fit pa-
rameters: ¢ =2.1,] = —310 cm~!, PIM = 0.08 cm® mol~* K, TIP = 0.00011 cm® mol~! K—2.
The above cited work obtained an even larger antiferromagnetic coupling, ] = 650 cm 1.
The larger absolute value can be correlated with shorter Cu-Cu distance in the previously
reported system, about 3.07 A, in comparison with our spacing, at 3.32 A. Probably, the
positive sign reported by cited authors is a printing error, since according to their data
and discussion, the system is recognized as antiferromagnetic, while using the same spin
Hamiltonian as in Equation (17). The mentioned work [64] used the Magpack code for
fit [65]. Since here we are making explicit the energy levels (see Supplementary Materials,
Table S6), we bring further insight to the particularities of hexagonal six-spins systems.

Let us come back to aromaticity-like spin coupling effects [66,67]. Within the HDvV
spin Hamiltonian, the resonance energy is E,es = 1.1055 ]| [68,69]. Then, with the above
fitted coupling value, one obtains Ees = 342.7 cm !, i.e., about 26.7 kcal/mol. This is an
amount that may count in the balance of deciding the stereochemistry of coordination
ensembles. Looking at the larger picture, one may conclude the virtues of the HDvV spin
Hamiltonian. It can answer to bonding regime problems (see Reference [1] pp. 325-331 and
411-423), being more valuable than a tool for interpreting the magnetism, as is perceived by
its intensive use in magnetochemistry. It can account for other chemical species as well, for
instance, the aromatic hydrocarbons with spin [70]. On the other hand, as proven here, it
can describe certain bonding aspects in coordination compounds, not only their magnetism.

3.2.4. The Magnetism of the Heptanuclear Complex

The heptanuclear compound can be described as a trigonal antiprism having in center
another metal ion. The coordination of the central ion is a trigonally distorted octahedron,
while the caps of the embedding antiprism resemble the above-discussed trinuclears,
having the same {Cuz(pyrazole)s} bridged sub-structure.
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Figure 7. The xT vs. T curve for the hexanuclear compound 2: experimental data (open circles) and
fit to model (continuous line). The model follows the hexagonal pattern, with a | coupling parameter
along edges, as illustrated in the inset.

A convenient fact is that the heptamer can be described, in idealized mode, by ana-
lytical formulas of the spin of Hamiltonian, provided that the hexamer moiety is taken
in a topology as those previously stated and the coupling from the central atom toward
all the others is assumed equal, say by the unique parameter J'. Thus, with the M’ as the
seventh paramagnetic site, having the spin Sy, while S;_4 denotes the quantum number
of the hexamer unit, the spin Hamiltonian of the heptamer is defined by the following
addition to the hexamer formula:

Any—My—wr = Avy—my — 27816 57 (18)

Then, with the total spin S running from 516 — Sy | to S1_¢ + S7, by transformations
resembling the previous ones, one arrives at the following formula of the energy levels:

E(S,S1-6, 5123, Sas6) = —(J —7)(5123(S123 + 1) + Sus6(Sas6 + 1)) (19)
—(j—J)S1-6(S1-6 +1) = J'S(S+1),

indexed with the intermediate spins S1_¢, S123 and Sys6.

The magnetic data are shown in Figure 8. Although formally kept, inherited from
previous derivation, the j parameter will be ignored, to avoid overcharging the fit. Then, the
result is: ¢ = 2.0, ] = —130 cm ™!, PIM = 0.05 cm® mol~! K~ !, TIP = 0.0001 cm?® mol~! K—2.
To the best of our knowledge, there are no other literature data on similar compounds to be
compared with.

The Supplementary Materials contains in Table S7 details on the spin states in the
copper heptanuclear.
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Figure 8. The xT vs. T curve for the heptanuclear compound 3: experimental data (open circles) and
fit to model (continuous line). The model consists of merging the above-defined dimer of trimers,
based on J, j couplings with a central node having equivalent parameters, | towards the vertices
of the hexamer. At the end, the j parameter is neglected, imposing j = 0 in the actual fit. The inset
annotates the considered ] and |’ interactions.

3.3. Broken Symmetry (BS) Calculations
3.3.1. Realization and Interpretation of BS Calculations

The so-called Broken Symmetry (BS) approach [71-74] represents the strategy usable
to obtain estimations of exchange coupling parameters in the frame of Density Functional
Theory. The BS-DFT calculations in compounds with many metal centers are laborious,
since they are implying the obtaining of single-determinants with unrestricted localized
orbitals, having a controlled spin polarization distribution on specific centers. Namely,
they must drive the convergence toward defined maps, switching, by proper educated
guesses, the local spin population on coordination sites between « or 3 preponderance. In
this view, we proceeded by the following steps: (i) first, do the unrestricted calculation of
the system with highest spin multiplicity (HS); (ii) collect the natural orbitals, emulating in
this way a restricted-type result; (iii) perform an orbital localization, focusing on functions
having singly-occupied nature; (iv) duplicate the sequences of restricted-type localized
orbitals, as the initial guess for both « and (3 unrestricted subsets; (v) initiate the desired
number of BS calculations operating the corresponding permutations in oc and {3 orbital
lists, in order to achieve the intended spin-flip scheme. The following Schemes 3-5 should
be regarded as a roadmap for the desired sequence of HS and BS calculations, customized
by the described algorithm, while the subsequent Figures 8-14, with spin density maps,
can be seen as a confirmation for achieving the targeted patterns.
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Scheme 3. The qualitative patterns of spin polarization (x in purple,  in green) and corresponding model energies for
Broken Symmetry (BS) configurations in a trinuclear system.
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Scheme 4. The qualitative spin polarization patterns (« in purple, § in green) and model energies for symmetry-independent
position isomers of BS configurations in a regular hexagon.
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Scheme 5. The spin polarization patterns (« in purple, 3 in green) and model energies for symmetry-independent position
isomers of BS states compound 3. The S, = 1/2 states are omitted.

Figure 9. The spin density maps of the unrestricted density functional theory (DFT) calculations for
the highest spin (HS) and BS configurations for the trinuclear unit of compound 1, drawn at 0.05 e /A3
isosurfaces. The violet and green colors are representing the « and f spin densities, respectively.
Note that the spin swap occurs on the aimed centers, as sketched in green in Scheme 3.
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Figure 10. The spin density maps for the BS calculations attempting the description of the intermolecular spin coupling.
The couple of dimers is taken as an excerpt from the crystal structure. The qualitative schemes are shown as insets.
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Figure 11. The spin density maps for the HS (upper half) and BS1 (lower half) for the copper hexamer.
The isosurfaces are drawn at the 0.05 e/ A3 threshold. The violet and green colors represent the «
and 3 spin densities, respectively.

Figure 12. The spin density maps for the BS configurations with S; = 1 (upper half) and S; =0
(lower half) for the copper hexamer. The isosurface coloring and drawing threshold is the same as in
Figure 9. Note that the green zones are matching the patterns planed in Scheme 4.
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Figure 13. The spin density maps for the S, = 7/2 (HS) and S, = 5/2 (BS1, BS2) configurations of the heptanuclear complex,
drawn at 0.01 e/ A3 isosurfaces. The upper-left corner shows a magnification from the HS spin density map, emphasizing the
d-type profiles on the metal ions labeled 1, 2 and 4. A part of the structure components (metal center #3 and certain ligand
fragments) were erased to ease the visibility to the portions suggesting the mutual orientation of the magnetic orbitals.
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Figure 14. The spin density maps for the S, = 5/2 (BS12, BS23, BS25 and BS26) configurations of
the heptanuclear complex, drawn at 0.01 e/ A3 isosurfaces. Molecular frames are slightly rotated,
mutually, in order to ensure better visibility of the sites with 3 spin density (green surfaces). A part
of the half-coordinated methanol molecules was removed to clear the visibility of density surfaces.

The interpretation of BS calculations is straightforward in binuclear systems, the
case of higher polynuclears being debated by Shoji et al. [75]. We also outlined a general
procedure, exposed in Reference [1] pp. 629-633. Other methodological considerations for
equating BS in polynuclears were advanced by Ruiz [76].

The easiest way for interpretation is to directly rely on the so-called Ising spin Hamil-
tonian, to which the BS calculations are conceptually related. For the sake of clarity, we
will try to reformulate now, in a simple way, the handling of BS data in polynuclears, given
the chance of the panoply of systems presented here as a quite interesting application. The
Ising form takes simple numeric products of spin projections instead of scalar products of
true spin operators, met in Equation (1):

Hising = =2 Jij SiS; (20)
j<i

By convention, the above formula can be taken without the —2 factor in the front of
the summation. The Ising Hamiltonian is invoked in certain dedicated physical problems
where pseudospins are adopted as the conventional description of certain site proper-
ties [77,78], but actually is of little use in the molecular magnetism itself. The Ising-type
expression is nothing else than the form of the diagonal elements in the matrix formulation
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of the full HDvV Hamiltonian. Therefore, the Ising energies are not directly usable in a
physical problem, but it happens that these are parallel to the meaning of energy in BS
configurations [76].

The BS treatments imply achieving calculations that reverse the local spin site from
projection S7 = +S5; to §7 = —§;, starting from the reference with all spins up. Note that
the whole spin population of a given site should undergo the transmutation from o to 3
local density, intermediate projections not being admitted as of BS nature. In the case of
sites with one unpaired electron, i.e., S; = 1/2, as are our copper polynuclears, the only
possibilities are, of course, 57 = £1/2.

In a practical sense, we shall rely on the BS energies relative to those of the highest
spin. The high spin (HS) configuration has the following Ising energy:

Eps = —2)_Jij 5;S; (21)
j<i

A BS configuration, labeled w, can be ascribed as consisting in a sequence of spin-flip
factors, oij = £1, as follows:

EBS(a;) = _Z;Ui/’(“J)]ij SiS]- (22)
j<i

Obviously, we have oj; = 1 for projections with the same sign, (57 > 0 and S]Z- > 0)

or (57 < 0and S]? < 0), and 0;; = —1 in the case of opposite projections. Let us take the
difference between a given BS state, w, and the HS reference:
AEgs(w) = Eps(w) — Ers = —2)_(oij(w) — 1) J;j 5:S; (23)
j<i

In a simplified recipe, the summation on pairs, j < i, retains only the terms with
0ij = —1, i.e., the situations where a relative spin flip occurs at the given i-j contact. The
Ising-like interpretation results can be saliently applied (using the DFT computed energies
of the different BS(w) configurations) as long as the corresponding computed expectation
values of the squared spin, (S(S + 1)) w, are well retrieving the following regularity:

A(S(S+1)), = (S(S+1)), = (S(S+1))ps = _22(‘71']'(‘*’) —1)s;5; (24)
j<i

All the computations presented in the following are obeying this demand. Note that,
while Equation (23) can omit the ij couples for which Jj; is assumed negligible, the summa-
tion in Equation (24) should include all the possible pairs. For details, see Reference [1]
pp. 629-633.

3.3.2. The BS Calculations of the Trinuclear Complex

The BS treatment of a triangle with inequivalent edges implies one HS configuration
with S; = 3/2 total spin projection and three configurations with S, = 1/2, labeled BSi, ac-
cording to the address of the i center lodging the 3 spin. These are qualitatively represented
in Scheme 3, according to the explicit AE(BSi) general formulas. The computed BS energies
of states, relative to the HS, are —287.6, —259.2 and —257.0 cm 1, at the reversal of the spin
on the respective coordination sites labeled 1, 2 and 3. With the model equations ascribed in
Scheme 3, one may deduce the following distinct coupling parameters, [, = —144.9 cm™!,
Jiz=—1427cm ! and Jp3 = —114.3 cm ™.

As initially guessed from qualitative structural considerations, these parameters are
mutually comparable, indebting the approximate treatment as equilateral. In the regular
triangle, the energy of each BS state is 2], the computed average being | = —134.0 cm L.
This result is in good relation with the above-reported fit value (see Section 3.2.4). The
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differences in spin-squared expectation values, A(S(S + 1))ps—A(S(S + 1)) s are, in all three
cases, about 2.03, i.e., close to the ideal quantity, namely 2.

The spin density maps of HS and BS configurations are revealing the shapes of the
magnetic orbitals carried by each site (see Figure 9). Obviously, the sign information
associated to the wave-function lobes is lost in such representations, having only the orbital
contours. Thus, one may observe the “four leaf clover” shapes corresponding to the d-type
orbitals and mushroom-like profiles of the lone pairs from pyrazole and acetate ligands.
The central oxygen has a donut shape in the HS map, being affected by spin polarization in
the BS cases, when it forms asymmetric lobes. One observes that the BS spin reversal is
spreading also on the neighboring ligands, which are also colored in green around the 3
d-type orbital. The four-lobe d-type orbitals are oriented almost in the Cu(pyrazole) local
frames, certifying that the N-Cu-N axes are those undergoing the strongest ligand field.
Slight tilts out of the {Cuz} plane seem to be determined by the pyramidalization of the
coordinated central hydroxo group above the copper triangle fragment. If we define the
local coordination axes with x along the N-Cu-N average directions and y along the Cu-O
linkages toward the central group, then the magnetic orbitals of each coordination site can
be named qualitatively as x>—y?. Details on the BS-DFT data of the presented system are
in Table S8 from the Supplementary Materials.

Subsequently, we tried to investigate in the BS methodology the intermolecular inter-
action, roughly described by the j parameter in the model from Section 3.2.2. As discussed,
the j factorizes the interaction between the whole trimer moieties. We considered a pair
of molecules as a model which, in crystal are related almost by an inversion center (cor-
responding to Figure S1 in Supplementary Materials). The BS treatment can be simply
realized taking one trimer moiety in the HS configuration, while another one has the
same appearance, reverted in 3 spin density, as illustrated in Figure 10. Although the BS
intermolecular spin coupling regime is achieved, as certified by the obtained spin density
maps (see Figure 10), the energy difference between the HS and BS forms is practically
null. In turn, the fit discussed in Section 3.2.2 found a small, yet sizeable, intermolecular
antiferromagnetism. There may be multiple reasons for the computational failure. First of
all, one may suspect the intrinsic drawbacks of current density functionals in describing
long-range effects [79,80]. We refrained from introducing any of the many possible em-
pirical long-range corrections [81-84], since none of these were calibrated for such subtle
goals. Another possibility stays in the limitation of the “dimer of trimers” model. In the
crystal, such supramolecular contacts are continued as chains and sheets. Then, a very
small coupling at a dimeric sequence can be amplified, in the band structure interaction
regime, to a sizeable coupling effect. Thus, the fitted j, formally assigned to a dimer, actu-
ally describes effects from extended systems. Since the failures are also a part of the fair
scientific inquires, we mentioned the case here.

3.3.3. The BS Calculations of the Hexanuclear Complex

The BS calculations on the hexagonal complex are challenging, facing the situation
of many position isomers in terms of mutual placement of the « and (3 sites. Since only
one coupling parameter must be found, |, a single BS configuration will suffice. However,
treating the whole set implies a challenging technical virtuosity, and besides, retrieving the
same | value will certify the validity of the BS approach itself.

Scheme 4 outlines in a qualitative manner the distinct symmetry BS states possible
in a regular hexagon. The labeling by BSi, BSij and BSijk denotes the i, j or k sites taking
the § spin in the respective situations when one, two or three spin swaps are made with
respect to the HS state (with S, = 3 spin projection). There is only one distinct isomer with
Sz =2 projection, marked as BS1 (equivalent with one spin reversed on any center). The
S, =1 has the three possibilities of ortho-, meta- and para- BS isomers, labeled BS12, BS13
and BS14, respectively. Finally, the S, = 0 has the B5123, BS124 and BS135 cases. Their
energies, relative to the HS are printed in Scheme 4. There is a simple recipe to retrieve
the BS formulas: the cofactor of a given type of | is the count of edges carrying circles of
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different colors, in the drawn insets of Scheme 4. Details on the BS-DFT data of the hexamer
are in given Table S9 from the Supplementary Materials.

In order to extract information about the shape of magnetic orbitals, Figure 11 shows
the HS and BS1 configurations, each, in two orientations. One view is perpendicular to
the mean plane of the metal ions ring, aiming to verify the obtaining, from computation,
of the spin polarization pattern charted in Scheme 4. The views presented on the left side
of Figure 11 are allowing to view the sites labeled 1 and 4 particularly. Thus, one may
observe the four-lobed orbitals oriented perpendicularly to the Cug plane. The lone pairs
due to pyrazole ligands have mushroom shapes. The spin delocalized over a hydroxo
bridge takes the hearth-like shapes in the HS maps and in the points bridging ions with
the same spin. As a bridge between different local spin projections, the OH groups are
polarized in two-lobe profiles, with different colors. Interestingly, as a bridge between
two spin projections, the pyrazoles get one lone pair colored in purple and one in green,
certifying the inner spin polarization. Figure 12 shows the top view of the other computed
BS spin density maps.

The relative BS energies for the {BS1, BS12, BS13, BS123, B5124, BS135} sequence are,
correspondingly, {—480.6, —482.0, —960.2, —961.0, —481.9, —961.5 and —1439.0} (values
in cm~1!). Dividing these quantities by coefficients of | ascribed in Scheme 4 as analytic
BS energies, the following estimations for the | parameters are, respectively, obtained:
{—240.3, —241.0, —240.1, —240.3, —241.0, —240.4 and —239.8} (all values in cm_l). Thus,
all the estimations from the different BS calculations are very close to the | = —240 cm ™!,
the whole treatment being validated. The value is reasonably close, in semiquantitative
respects, to the | resulted from fit, in Section 3.2.3.

3.3.4. The BS Calculations of the Heptanuclear Complex

The heptamer presents a very large number of BS position isomers, whether the
whole set is aimed. We will limit ourselves to the configurations with the following
definitions: S, = 7/2 (HS), S, = 5/2 (BS1 and BS2, as symmetry distinct species) and
S, =3/2 (BS12, BS23, BS25 and BS26). Thus, we eluded the case of smallest projection,
S; =1/2, with a large number of positional mutations. The full BS-DFT data are posted in
Table S10 from Supplementary Materials. The considered set of six configurations offers
sufficient information to extract the three parameters assumed by the model presented in
Section 3.2.4, namely | for coupling inside the triangular caps of the structure, J’, for all the
contacts between these faces and the central atom, and j for the presumably weak effects
between triangular faces. The BS configurations and their model energies are presented in
Scheme 5. One may observe again the simple recipe for the BS formulas, by summing all the
coupling parameters picked from edges encountering centers of opposed spin polarity. This
simple rule, based on Ising interpretation is valid if the check assumed by Equation (24) is
approximately passed. Thus, the ideal values for the (S(S + 1))ps—(S(S + 1))gs differences
are 6 and 10 for the respective S; =5/2 and S, = 3/2 subsets. The computational details
given in Table 57 from Supplementary Materials are illustrating that this regularity is held
with reasonable accuracy, within the second decimal digit.

The relative energies for the (BS1, BS2, BS12, BS23, BS25 and BS26) sequences are {27.7,
—313.9, —294.3, —312.0, —631.8 and —643.8}, respectively (all values in cm’l). The least
square solutions of the BS equations are: | = —1623 cm ™!, J' = +4.9 cm™, j = +0.75 cm 1.
One may remark that the | coupling corresponds to a strong antiferromagnetism, while
the J” is weakly ferromagnetic, in line with the experimental data. The magnitudes of
the computed parameters are matching the range of the experimental ones. Somewhat
intriguingly, the computed j coupling results as ferromagnetic, too. This parameter was
not the object of the fit and is difficult to charge the problem with too many parameters,
because of the inherent uncertainties, given the rather large parametric list.

A further detailing of the issue can be reached associated to the BS fit, complicating
the model a bit. Thus, relaxing the constraint of a unique coupling parameter inside the
hexanuclear subunit, one may propose two sorts of long-range interactions: a j., corre-
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sponding to the sites placed mutually in cis, inside the trigonally distorted octahedron and
a ji, for the trans couples. With this detailing, the BS25 and BS26 become inequivalent, the
4j term becoming 4 j. and 2j. + 2ji, respectively. Within the new BS model fit, the following
values are found ] = —163.0cm™ !, J' = +5.0 cm ™}, jo = +2.8 cm ! and jy = —2.7 em L.

Aside from verifying the success of BS attempts, by retrieving in the computed spin
density maps the patterns envisaged at the beginning of calculations, according to the
chart form Scheme 5, Figures 13 and 14 are offering information about implied magnetic
orbitals. Particularly, it is relevant to observe the magnified excerpt from the upper-left
corner of Figure 13, showing the d-type profiles for the central atom (#1) and for two atoms
from the upper triangle (#2 and #4). One notes that the four-lobe profile of the atom #1 is
tilted by about 45° with respect to the planes of the two Cus moieties. Inside the trimeric
fragments, the four-lobe shapes are approximately perpendicular to the axes formally
connecting the given sites to the central atom, being therefore tilted with about 30° from
their Cug planes. Looking along the dashed line drawn between #1 and #2 copper sites
(see the upper-left corner of Figure 13) one may say that, if this is taken as the z axis in a
local coordinate frame, then the corresponding magnetic orbitals look like a x> —y? and a xy
couple. Then, falling in a sort of orthogonality relationship (null overlap), one may guess
that this coupling is prone to ferromagnetic nature, according to the basic paradigms of
magneto-structural correlations [85-88]. Also, an almost-orthogonality can be proposed
for the contact along the #1+#4 line, having the situation of the first site with one lobe
approximately aligned to this axis (behaving then as able for o-type bonding), while the
other metal-based orbital has the lobes roughly perpendicular to the intercentrum direction
(as if ready for é-type overlap). The orbital interaction along the #1-#3 line follows a
similar situation. By symmetry, the interaction between the central magnetic orbital and
those of the other face undergo a mirroring of mutual overlap relations. Then, the orbital
quasi-orthogonality reasons are explaining the ferromagnetic coupling between the central
atom and the embedding cluster, obtained from fit and computational simulations.

4. Conclusions

The work deals with the structural chemistry of a series of newly synthesized coordi-
nation polynuclear compounds, seen from multiple perspectives, experimental, theoretical
and in correlation with the magnetic properties. The common feature of the presented
systems is the functionality of pyrazolate bridges as reinforcement of molecular edifices.

The clusters sketched by the Cu(II) centers show remarkable patterns: almost equilat-
eral triangles, regular hexagon and centered trigonal antiprism, for the respective tri-, hexa-
and heptanuclears. Remarkably, the last two systems span high space group symmetries,
R-3 and R-3c. The opportunity of meeting iconic patterns allows naming the compounds 1,
2 and 3 as representative for the described distinct topologies. In this way, the methods
and outcomes related to their structural analyses show general relevance, extended upon
past and future relatives falling in the 1, 2 or 3 classes.

Whether the actual literature knows many analogs of 1 and several congeners of 2,
compound 3 has only two previously reported relatives, lacking detailed insight. The fact
that compound 3 uses the 1-type subsystems as a starting base affords the prediction that
this class can be further grown by systematic synthetic attempts.

The presented compounds occasioned new Kambe-type systematization of energy
levels, namely having analytical formulas, linear in terms of existing coupling parameters.
Whether the equilateral triangle is a well-known Kambe case, we extended this treatment
for two interacting trimers, the model being usable for the effective account of long-range
effects in the class of compound 1. We also found Kambe-like formulas for system 3. The
hexagon from case 2 does not admit Kambe rationalization, but we considered explicit
numeric expression for the energy levels, making its treatment transparent. Remarkably,
system 2 can be legitimately presented as a case of coordination polynuclear aromaticity.
To the best of our knowledge, such developments related with the spin Hamiltonian
methodologies were not presented previously.
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The excurse is concluded with the simulation of exchange coupling parameters trough
BS-DFT calculations (Broken Symmetry). The BS approach consists of numeric experiments
aiming at the controlled swap of spin polarization on designated centers. At relatively high
nuclearities (as 6 or 7), the BS approach is non-trivial, in the technical respect, demanding
proper educated guesses of the orbitals used to initiate the calculations.

The interpretation of BS computational results is somewhat challenging, outlining
here clear and simple recipes. The presented systems show, as a distinct signature, the
strong antiferromagnetic coupling along the pyrazolate bridges. The spin density maps of
various BS position isomers (different symmetry-distinct ways to switch from o to 3 the site
spin, at one or many centers) are certifying the success of the attempted BS configurations.
The spin density maps are enabling the view of site-specific magnetic orbitals.

Supplementary Materials: The following are available online at https://www.mdpi.com/2624-8
549/3/1/31/s1, Figure S1: X-ray molecular structure of compound 1 with atoms coloring scheme,
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2, Figure S9: X-ray molecular structure of compound 3 with atoms coloring scheme, Figures 510 and
S11: Packing along 4, b and ¢ axes for compound 3, Table S1: Crystal data for complexes 1-3, Table S2:
Selected bond lengths [A] and angles [°] for 1, Table S3: Selected bond lengths [A] and angles [°] for
2, Table S4: Selected bond lengths [A] and angles [°] for 3, Table S5; The count and energies of spin
states (including total and intermediate spin quantum numbers) in a copper hexanuclear system,
constituted as dimer of trimers, with the topology discussed in the main text, Table S6: Numeric
energies in a hexanuclear system with local 1/2 spin centers and hexagonal topology (having unique
exchange coupling parameter ] along the edges), Table S7: The count and energies of spin states in a
copper heptanuclear system, constituted as a central atom interacting equivalently with two trimers,
Tables S8-510: The high spin (HS) and broken symmetry (BS) energies calculated for compounds 1-3.
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