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We are reporting the first supramolecular dimeric units of basic carboxylates. The neutral [Fe™,M"O]
motif for different 3d M metals is covalently bound through 2,2’-bipyrimidine. We have structurally
characterized the hexanuclear clusters and the related trinuclear building blocks. Their magnetic
properties have been fully analyzed and DFT calculations have been performed as a supplementary
tool. All results evidence a weak antiferromagnetic interaction through the bpym bridge between
isolated spin ground states (in some examples) arising from intra-Fe,MO core exchange couplings.

Introduction

Molecular clusters of 3d transition metals continue to be of major
interest in the research due to their fascinating physical properties
and their complex structures. In particular, they often show high-
spin ground states and easy axis-type magnetic anisotropy, giving
a significant energy barrier to reversal of the magnetization.
Thus, at sufficiently low temperatures they behave as nanoscale
single domain magnets.! Such single-molecule magnets (SMMs)
span the classical/quantum interface by displaying not just
classical magnetization hysteresis but also quantum tunneling
of magnetization (QTM)* and quantum phase interference.?
SMMs represent a molecular, or “bottom-up”, route to nanoscale
magnetic materials,* with potential applications in information
storage and spintronics® at the molecular level and use as
quantum bits (qubits) in quantum computation.>’ Regarding
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T Electronic supplementary information (ESI) available: Fig. SI1: molecular
representation of the H-bonding between adjacent molecules in complex
1; Fig. S2: arrangement of the H-bond interacting complexes in the
crystal packing of 1; Fig. S3: molecular representation of the extended
H-bond interaction in complex 4; Fig. S4: crystal packing of the unit
cell of complex 4; Fig. S5: molecular representation of the extended H-
bond interaction in complex 6; Fig. S6: crystal packing of the unit cell of
complex 6; Fig. S7: overlaid X-ray structures of the pair complexes 1-4,
2-5 and 3-6; Fig. S8: overlaid Mdssbauer spectra at 80 K of complexes
4, 5 and 6; Fig. S9: overlaid y,,7 data plots of the complexes pairs 1—
4, 2-5 and 3-6; Fig. S10: spin density isosurfaces of the different spin
topologies employed in the broken-symmetry exchange coupling constants
calculations of complexes 1-3 (illustrated with compound 2); Fig. S11:
spin density isosurfaces of the different spin topologies employed in the
broken-symmetry exchange coupling constants calculations of complexes
4-6 (illustrated with compound 5); Fig. S12: natural localized orbitals
pairs with unitary occupancy, centered at Co(I1) sites that show o-type
exchange pathway through the bipyrimidine bridge in complex 4; Fig.
S13: natural localized orbitals pairs with unitary occupancy, centered at
Fe(1n) sites, that show o-type exchange pathway through the bipyrimidine
bridge in complex 6. CCDC reference numbers 750190-750195. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b925214b

the latter, it has been shown that SMM properties are not
essential requisites for transition metal clusters suitability within
the quantum computation research area. A cluster size big enough
to make addressing possible and an isolated spin ground state
are the starting essential features.®* Magnetic molecules have been
proposed as a novel route to a spin-based implementation of
quantum-information processing.”®

Within this field, the assembly of pre-formed polymetallic
clusters by covalent bonds in a step-by-step strategy has become
quite a desirable goal for chemists. As an example, the linking
of SMM in a rational manner was only introduced a few years
ago.” Since then, this procedure has opened the way to 1D-—
3D frameworks that exhibit properties ranging from classical
to quantum magnetism.'™"? However, very few examples have
been reported of discrete covalently attached 3d transition metal
clusters and even less examples of a rational strategy have been
employed.”® The very recently reported Cr,Ni covalently attached
wheels appear as the out-standing example of well characterized
rational assembled molecular clusters, where the properties of the
building unit can be separately studied and understood.™

The “basic carboxylate”, [M;0(0,CR)¢] (with M a first row
d-block transition metal and R a suitable organic group) core,
known for a couple of decades,” is a good starting reagent
in the preparation of clusters with higher nuclearity. The most
prominent example being the synthesis of the pioneer SMM,
Mn,,0,,(0,CR);,(H,0),.® In spite of this, there are only a few
examples reported to date where this [;-O core is used as a “true”
building block for the construction of supramolecular arrange-
ments, specifically by linking them with appropriate bridging
units through covalent bonds.!'>'7 However, all these examples
are extended systems and no reports can be found of discrete
molecular species where two or more M;O units are connected
for 3d metals. The only well known examples are the covalent
linked Ru;O basic carboxylate cores, prepared in a rather rational
approach.'®

We are reporting here, the first example of supramolecular
dimeric units of basic carboxylates baring the neutral Fe"',M"O
motif for different 3d M metals, covalently linked by the
tetradentate 2,2’-bipyrimidine ligand (bpym). We have struc-
turally characterized these hexanuclear clusters and the related
trinuclear building blocks. Their magnetic properties have been
fully analyzed and DFT calculations have been performed as
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Scheme 1

a supplementary tool. All results evidence a weak interaction
through the bpym bridge between isolated spin ground states
arising from intra-Fe,MO core exchange couplings.

Results and discussion
Synthesis

The well proven synthetic versatility of the p;-oxo triangular
iron basic carboxylate precursor, [Fe;O(RCOO),L;]* (L = neutral
ligand), prompted us to use it as the building block for constructing
higher nuclearity clusters in a rational approach. Taking advantage
of the relative stability of the heteronuclear [Fe™,M"-u;0] core and
the driving force of its neutral character regarding crystallization
properties, we studied the reaction of [Fe;O(O,C'Bu),(H,0);]CI10,
in acetonitrile with a M(11) source in the presence of the bidentate
ligand 2,2’-bipyridine (bpy) or 1,10’-phenantroline (phen). Single
crystals obtained under smooth conditions proved that the final
product is still a triangular core but now incorporating one
M(n) in place of one Fe(iir), which additionally appears as the
preferred coordination site for the bpy ligand. In view of the
two-site coordination mode of the latter, one of the y, bridging
carboxylates in the starting precursor changes to a non-bridging
k?-0, O” mode and two of the apical H,O ligands are removed
(Scheme 1). Interestingly, a different product is obtained when
M is Mn**. Here the bidentate ligand 1,10’- phenantroline (phen)
is not coordinated to the Mn(1n) site but to the Fe(1r) one. This
behaviour suggests that both high-spin d° configurations of Mn(i1)
and Fe(111) do not show strong preference for the phen ligand.

H20 ™ ©
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Pictorial sketch of the reported new complexes 1-6.

Once the synthetic route is well established, it is possible
to replace the bidentate ligand bpy by the parent tetradentate,
2,2’-bipyrimidine (bpym). Under the same reaction conditions
but adjusting the stoichiometric relationship in order to have
a 2:1 ratio between the Fe,O precursor and the bpym ligand,
neutral hexanuclear [(Fe™',M"O)-w(bpym)-(Fe',M"O)] products
are obtained as confirmed by single crystal X-ray crystallography.
Noticeably they are built up of exactly bpym bridged, compounds
1-3 (Scheme 1) where the bpy leaves its place to the bpym,
evidencing the success of this rational approach. In all cases,
analytical pure single crystals are directly obtained from the
reaction, aided by their poor solubility in acetonitrile.

Crystal and molecular structures

All triangular complexes 1-3 are isomorphous and crystallize in a
triclinic cell, space group P1 (Table 1). Each unit cell contains two
neutral complex molecules, and two acetonitrile solvent molecules.
The complex molecules are interacting trough H-bonds between
the coordinated aqua ligand and two pivalate oxygen atoms from
the neighbour molecule, holding the closest inter-molecular metal—
metal distance at about 5 A (see ESIt). The bulky fert-butyl
groups keep those formed pairs well isolated from each other.
The molecular structures show the planar [Fe'™,M-u;0] motif
typically observed in basic carboxylates but in this case with only
five W, complementary carboxylate bridges instead of six (Fig. 1).
The sixth carboxylate adopts a k¥*-O,0" non-bridging coordination
mode leaving one free site for the bidentate ligand coordination at
the neighbouring metal ion. The apical position at the remaining
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Table 1 Crystallographic data and refinement parameters

1 2 3 4 5 6
Formula C,HgCoFe,N,0,, C,HgFe,N;NiO,, Cy,HgFe,MnN,;0,, C,,H»,Co,Fe;N;O C;,,H,»,Fe,;N¢Ni, O, C;H, 3 Fe,Mn,NgOs
Formula weight 1008.62 1008.40 1028.65 1863.03 1862.59 1937.16
T/K 173 173 173 173 173 173
Wavelength/A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Monoclinic
Space group P1 P1 P1 P1 P1 P21/n
a/A 11.4643(4) 11.4460(7) 11.5312(7) 11.8218(10) 11.7753(4) 14.6170(16)
b/A 12.0792(5) 12.0370(7) 12.2514(8) 13.6367(12) 13.5794(4) 16.8069(18)
c/A 19.9530(7) 19.9590(12) 19.4796(13) 18.0729(16) 17.9814(6) 20.971(2)
a/° 77.597(2) 77.711(2) 78.256(2) 109.112(2) 108.7492(12)
B/° 88.046(2) 88.033(2) 86.361(2) 105.071(3) 105.7623(12) 93.166(4)
y/° 72.215(2) 72.212(2) 74.106(2) 107.185(3) 106.8220(12)
v /A3 2568.1(2) 2557.0(3) 2591.3(3) 2415.9(6) 2385.9(2) 5144.0(1)
VA 2 2 2 1 1 2
Ocatca/ g CM™ 1.304 1.310 1.318 1.281 1.296 1.251
u/mm™ 0.937 0.985 0.854 0.990 1.049 0.856
Crystal size/mm 0.17%x0.15x0.12  046x0.31x0.26 0.15x0.08x0.01 0.20x0.13 x0.02 0.59%x0.47x0.35  0.34%x0.08 x0.05
O/ 27.52 27.53 27.57 26.73 27.59 27.50
Reflns. collected 54053 28 596 56676 25041 35739 56537
Indep. reflns (Rint) 11748 (0.0694) 11719 (0.0316) 11916 (0.1207) 9958 (0.1106) 10801 (0.0271) 11787 (0.2779)
Data/restraints/ 11748/2/565 11719/9/587 11916/12/614 9958/12/542 10801/6/533 11787/12/568
parameters
Goof on F? 1.044 1.045 0.991 0.943 1.048 0.958
R, wWR, (I >20(I)) 0.0455 0.0354 0.0518 0.0629 0.0371 0.0584

0.1016 0.0889 0.0976 0.1206 0.0933 0.1104
R,, WR, (all data) 0.0854 0.0534 0.1085 0.1514 0.0531 0.2469

0.1209 0.1007 0.1217 0.1555 0.1036 0.1740
Largest diff. peak and 0.591/-0.328 0.436/-0.330 0.446/-0.452 0.696/-0.420 0.657/-0.421 0.478/-0.498

hole/e A

metal ion is occupied by an aqua ligand. For first row transition
metals, to the best of our knowledge, the only reported example
with only five 1, carboxylate bridges in a [M;0(0,CR);] core is
an Fe'',Fe" acetate.” Selected bond lengths and bond angles are
listed in Table 2. In all complexes the M" site is clearly recognized
from the metric of the Fe,M"O moiety, as it possesses the longest
M-u;0 bond length. The relevant M-u;O bond lengths are in
agreement with other reported Fe'',M"O cores***?with the Fe-O
bond distances as the smaller ones. In the case of complexes 2
and 3, with Ni(11) and Mn(11) respectively, Fe-u;O bond lengths
are quite similar with values, 1.8317(14) and 1.8433(14) A Q)
and 1.836(2) and 1.846(2) A (3). For complex 1, with Co(1r), the
Fe-u;0 distances are more asymmetric with values 1.8827(19)
and 1.8416(19) A. The longest Fe-O bond distance agrees with
the observed ones in the few crystallographically characterized
reported examples of basic carboxylates with the [Fe,Co"-
W;0] core. 22 Thus, the smallest Fe-O distance appears as an
exception in these type of complexes. Regarding the M"-11;0 bond
length values of 1.9958(19), 2.0230(14) and 2.119(2) A for M =
Co, Ni and Mn, all appear exceptionally large for these type of
heteronuclear systems, except the one for Co, when comparing
with the reported examples.?**** Overall, metal-metal distances
within the triangle range between 3.186 and 3.368 A, with complex
3 closely resembling an equilateral arrangement while complexes
1 and 2 are far away. With respect to the bidentate ligand, 2,2’-
bipyridine, in the case of complexes 1 and 2 and 1,10-phenantroline
in the case of complex 3, the found M—-N distances are within the
usual range observed in related complexes involving these metal
ions, Co" and Ni" for bpy** and Fe™ for phen.” As already
mentioned in the discussion of the synthetic procedures, it is

noticeable that in complex 3, the phen ligand is not coordinating
the divalent metal site, Mn", but the Fe'" site. The set of the five
W,-pivalates shows distances that agree with the usually observed
for this type of complexes, thus the whole structure pretty much
resembles the complete [M;0(0,CR);] basic carboxylate motif.'s
The remaining aqua and x>-pivalate ligands that complete the
entire six coordinated metals environment exhibit typical M—O
bond lengths for these ion—ligand combinations.

These heteronuclear basic carboxylate cores incorporating a
bidentate ligand constitute a new archetype within this extensively
studied family of first row transition metal clusters.

For complexes 4-6 the crystal structures reveal a supramolecular
arrangement of covalently k*-u-bipyrimidine bridged Fe'',M"O
basic carboxylate cores, where each Fe"™,M"O unit roughly
corresponds to complexes 1-3 cores (Fig. 2). Compounds 4
and 5 are isostructural and crystallize in a triclinic cell, space
group PI, with one complex molecule and two acetonitrile
solvent molecules in the unit cell; while compound 6 shows a
P21/n space group in a monoclinic cell, containing two complex
molecules and eight acetonitrile solvent molecules. As observed
for the structure packing in complexes 1-3, the hexanuclear
[Fe"™,M"O-u—(bpym)Fe™,M"O] clusters interact between them
through H-bonds involving the apical aqua ligands. Because of
the presence of aqua ligands in the axial positions at both sides of
these hexanuclear clusters, the H-bonding interaction propagates
affording a 1D network due to the bulky terz-butyl groups with the
1D chains well isolated (more than 12 A closest M—M distance, see
ESIY). In the case of complex 6, the H-interaction motif exactly
matches the one observed for complexes 1-3, involving the aqua
ligands and the neighbour molecule O-pivalate atoms. A different
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Table 2 Selected bond lengths (A) and M—j1;-O-M angles (°) for 1-3

1 2 3
Fel-Ol 1.8827(19) Fel-Ol 1.8317(14) Fe2-0Ol 1.836(2)
Fel-06 2.0281(19) Fel-03 2.0040(14) Fe2-Ol1 1.986(2)
Fel-05 2.051(2) Fel-09 2.0468(15) Fe2-04 2.025(2)
Fel-09 2.081(2) Fel-O7 2.0622(14) Fe2-03 2.031(2)
Fel-010 2.0955(18) Fel-O2 2.0823(14) Fe2 N1 2.202(3)
Fel-O12 2.148(2) Fel-010 2.1575(15) Fe2-N2 2.220(3)
Fe2-0O1 1.8416(19) Fe2-Ol 1.8433(14) Fel-Ol 1.842(2)
Fe2-04 2.006(2) Fe2-05 1.9883(15) Fel-Ol14 1.984(2)
Fe2-0l14 2.010(2) Fe2-011 2.0115(15) Fel-08 2.006(2)
Fe2-Ol1 2.027(2) Fe2-06 2.0387(15) Fel-O5 2.046(2)
Fe2-03 2.057(2) Fe2-012 2.0494(15) Fel-06 2.078(2)
Fe2-02 2.222(2) Fe2-08 2.2240(15) Fel-O7 2.231(2)
Col-01 1.9958(19) Nil-Ol 2.0230(14) Mnl1-Ol 2.119(2)
Col-07 2.048(2) Nil-04 2.0250(15) Mnl-O13 2.143(2)
Col-013 2.064(2) Nil-O14 2.0603(15) Mn1-010 2.151(2)
Col-08 2.081(2) Nil-O13 2.0660(16) Mnl-O12 2.172(3)
Col-N2 2.139(2) Nil-NI 2.0768(18) Mn1-02 2.214(2)
Col-NI1 2.142(2) Nil-N2 2.0771(18) Mn1-09 2.221(2)
Fel - Fe2 3.210 Fel .- Fe2 3.186 Fel .- Fe2 3.323
Fel---Col 3.307 Fel - Nil 3.284 Fe2---Mnl 3.327
Fe2---Col 3.359 Fe2.--Nil 3.368 Fel---Mnl 3.330
Fel-O1-Col 116.95(9) Fel-O1-Nil 116.74(7) Fel-O1-Mnl 114.28(11)
Fel-O1-Fe2 119.05(10) Fel-Ol-Fe2 120.22(7) Fe2-O1-Mnl 114.35(11)
Fe2-0O1-Col 122.15(10) Fe2-O1-Nil 121.11(7) Fel-Ol-Fe2 129.26(12)

Fig. 1 ORTEP representation (ellipsoids at 30% probability) of complexes 1 (top left), 2 (top right) and 3 (bottom) molecular structures. Terz-butyl
groups and H atoms were removed for sake of clarity. Only selected atoms were labeled.

5008 | Dalton Trans., 2010, 39, 5005-5019 This journal is © The Royal Society of Chemistry 2010



Fig. 2 ORTEP representation (ellipsoids at 30% probability) of complexes 4 (top), 5 (middle) and 6 (bottom) molecular structures. 7Tert-butyl groups
and H atoms were removed for sake of clarity. Only selected atoms were labeled. Symmetry operation for the “a” labelled atoms: —x, —y, —z.
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Table 3 Selected bond lengths (A) and M—u,-O-M angles (°) for 4-6

4 5

Fel-O14 1.837(3) Fel-O14
Fel-010 1.972(4) Fel-Ol1
Fel-05 2.008(4) Fel-0O8
Fel-02 2.074(4) Fel-0O2
Fel-06 2.086(4) Fel-0O10
Fel-0O7 2.177(4) Fel-0O4
Fe2-0O14 1.843(3) Fe2-0O14
Fe2-03 2.007(4) Fe2-03
Fe2-09 2.018(4) Fe2-0O13
Fe2-0O1 2.052(4) Fe2-O1
Fe2-013 2.063(3) Fe2-06
Fe2-0O12 2.127(4) Fe2-012
Col-0O14 1.999(3) Nil-O14
Col-0Ol11 2.053(4) Nil-O7
Col-04 2.060(4) Nil-O5
Col-08 2.086(4) Nil-09
Col-N1 2.130(4) Nil-N2
Col-N2 2.188(4) Nil-N1
Fel---Fe2 3.212 Fel ---Fe2
Fe2---Col 3.257 Fe2---Nil
Fel---Col 3.340 Fel ---Nil
Col---Cola“ 5.764 Nil --- Nila“
Fe2-014-Col 115.86(17) Fe2-O14-Nil
Fel-014-Col 120.98(18) Fel-O14-Fe2
Fel-O14-Fe2 121.59(19) Fel-O14-Nil

“ Symmetry operation, a: —x, -y, —z.

6
1.8382(17) Ol1-Fel 1.861(4)
1.9707(17) 04-Fel 1.997(4)
2.0024(18) Ol11-Fel 2.024(4)
2.0824(17) 03-Fel 2.057(4)
2.0884(18) NI-Fel 2.249(5)
2.1770(18) N2-Fel 2.280(5)
1.8389(17) Ol-Fe2 1.856(4)
2.0098(17) 02-Fe2 1.976(4)
2.0168(18) 09 Fe2 2.010(4)
2.0504(17) O13-Fe2 2.026(4)
2.0701(16) Ol14-Fe2 2.095(4)
2.1292(19) 010-Fe2 2.160(4)
1.9838(15) O1-Mnl 2.086(4)
2.0249(18) 012-Mnl 2.108(4)
2.0480(18) 07-Mnl 2.138(4)
2.0504(19) 08-Mnl 2.155(4)
2.091(2) 05-Mnl 2.161(4)
2.142(2) 06-Mnl 2.204(4)
3.203 Fel---Mnl 3.284
3.240 Fe2-- Mnl 3.320
3.333 Fel---Fe2 3.352
5.646 Fel .- Fela 6.007
115.84(8) Fel-O1-Mnl 112.49(19)
121.19(8) Fe2-O1-Mnl 114.64(18)
121.34(9) Fel-Ol-Fe2 128.8(2)

pattern is observed for complexes 4 and 5, where one of the
O-pivalate is replaced by a solvent acetonitrile molecule. The
closest M—M distance of H-interacting moieties is longer than 5 A
in the three complexes. Noticeably, the metric of the molecular
structure of these hexanuclear compounds closely agree with
the observed for the related complexes 1-3 (Table 3). Pair-wise
overlaying of related structures 1-4, 2-5 and 3-6 leads to root
mean square (rms) values for the atom to atom distance differences
of 0.205, 0.203 and 0.201 A, respectively (see ESIT). The latter
have been calculated for all atoms (including the whole bridging
L ligand) except for the methyl carbons of pivalate groups.
In the three complexes both bpym bridged p;-oxo trinuclear
fragments are related by an inversion center, hence, their molecular
structures roughly correspond to bipyrimidine bridged complexes
1-3. Regarding structural features of the M-bpym-M bridge,
the observed M—N bond distances are comparable with the ones
observed in related systems.?**® Surprisingly, complex 6 is only the
second reported example of bpym bridged Fe(11r) ions after the first
example reported a decade ago.* In all cases the Fe,M-u;0 plane
appears close to an orthogonal arrangement with respect to the
plane of the bpym bridge which roughly contains the p;-O ligands.
The N-M-O-M torsion angles are ca. 75° for complexes 4 and
5 and ca. 85° for complex 3. In all cases the apical aqua ligands
in both trinuclear cores point to opposite faces of the bridging
bpym plane. Metal-metal distances mediated by the bpym ligand
are 5.764, 5.646 and 6.007 A in complexes 4-6 respectively, not so
far away from the M - - - M inter-molecular distances mediated by
H-bonding.

To our knowledge these complexes are the first exam-
ple of a structurally characterized dimeric supramolecular ar-
rangement of covalently bridged basic carboxylate cores pre-
pared in a rational approach. Moreover, we are also report-
ing the basic carboxylate units included in the supramolecu-

Table 4 Maossbauer data fitting parameters of complexes 4-6

Complex Site 6/mms™ AE,/mms™ I'/2[mms™'] Area [%]
4 I 0.63 0.93 0.18 50
II 0.43 0.86 0.17 50
5 I 0.62 0.86 0.15 50
II 0.45 0.78 0.15 50
6 1 0.64 0.90 0.16 50
11 0.40 0.86 0.18 50

lar dimeric structure showing strongly related geometric para-
meters.

Maéssbauer spectroscopy

Taking advantage of the iron content of these systems we
performed preliminary Fe’-Mossbauer studies for complexes 4-6
at 80 K (Fig. 3) to test for possible electronic isomerization after
the assembly of the heteronuclear Fe™,M" cores. Confirming the
crystallographic data, no signals corresponding to a possible high-
spin Fe' ion are observed, clearly excluding this possibility. Data
can be successfully fitted with a 1:1 two site model involving
two quadrupole-split doublets with typical parameters for six-
coordinated high-spin Fe(111) in these type of complexes'*! (Fig.
3 and Table 4). It is therefore clear that the configuration
Fe',M" is retained in the three compounds 4-6. Superposition
of the spectra (see ESIt) and the narrow range observed in the
isomer shift and the quadrupole splitting, 0.40-0.64 and 0.78—
0.93 mms™, respectively confirms the similar local environments
around the Fe ions. The two distinct Fe™ sites are in agreement
with the crystallographic imposed inversion center that makes
both Fe™,M" cores chemically equivalent.

5010 | Dalton Trans., 2010, 39, 5005-5019
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Fig.3 Fe’ Mossbauer spectra at 80 K of complexes 4-6 (top to bottom).
Open circles: experimental data; full line: fitting with parameters of Table 4.

Magnetic properties

Single basic carboxylates Fe'",M"LL (1-3). DC magnetic
susceptibility of complexes 1-3 was measured in the temperature
range 2-300 K (Fig. 4) under an applied field of 1 T. In all cases,
competing antiferromagnetic exchange interactions are expected
as has been previously observed for these ;-oxo triangular
systems.’® This is confirmed by the experimental y,, 7 data. At
300 K y,, T values of 4.04 (1), 4.34 (2) and 4.69 (3) cm’ K mol™
are observed, all well below the expected values for two isolated
high-spin Fe(111) ions and the corresponding high-spin M" ion,
10.62,9.75 and 13.12 cm® K mol™ with g,, = 2, respectively. With
decreasing temperature the y,, T product smoothly decrease down
to 50 K where an abrupt drop in case of complexes 1 and 3 down to
1.89 and 1.99 cm® K mol™, respectively, at 2 K is observed, which
may be attributed to inter-molecular interactions being operative.
For complex 2 an increase to 3.24 cm® K mol™ at 6 K and then
a drop to 2.93 cm® K mol™ at 2 K is found. The non-zero y,T
values at 2 K suggest the presence of magnetic ground states for
these triangular systems.

We attempted a full fitting of the data by obtaining the energy
of the different spin states and calculating the molar susceptibility
with eqn (1) for all possible field orientations:

1 N> " (~0F,[0H exp(~E,/kT)

_1 5 1
T > exp(—E,/kT) W

i

The energy of the different spin levels is obtained through
diagonalization of the suitable Hamiltonian. In this case, the
Heisenberg spin Hamiltonian (with the corresponding Zeeman
terms) describing the isotropic exchange interactions within the
Fe,M triangle (Scheme 2) is given by eqn (2), where J, refers to

-1
w

2,1l cm’Kmol

0 50 100 150 200 250 300
T/ K

Fig. 4 Open squares: y,,T vs. T plots at 1 T of complexes 1-3 (top to
bottom); full line: best fitting with Hamiltonian of eqn (2) (see text).

Co (S=3/2), Ni (S=1) and Mn (S=5/2)

Fe1
S=5/2 J2

Fe2
S=5/2

Scheme 2 Exchange coupling pattern in triangular complexes 1-3.

the interactions between Fel --- M and Fe2--- M and J, refers to
the Fel - - - Fe2 interaction:

[r[:_le(SFCI.SM+§F02.§M)_2J2(§FCI’SFCZ) 2)

Rigorously, a 3J model should be employed as both Fe sites are
not chemically identical but a 2/ model is retained to avoid over-
parameterization. The energies of the resultant total spin states
S, which are eigenfunctions of the Hamiltonian in this coupling
scheme, are given by eqn (3), where Sy = Sr + Sre. The overall
multiplicities of the spin system are 144, 108 and 216, made up
of 20, 16 and 27 individual spin states ranging from S; = 1/2 to
13/2,0to 6 and 1/2 to 15/2 for 1, 2 and 3 respectively.

E|S1,54) = ~=Ji[St(St + 1) = Sa(Sa + D] = L[SA(Sa + D] (3)
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Fig.5 Plot of reduced magnetization (M/Nf) vs. H/ T for complexes 1-3 (left to right) in the 2-5 K range. The solid lines are the best fitting of the data

(see text).

Satisfactory fitting of the experimental data in the whole
temperature range (with exception of the very low T range, below
4 K) were obtained (Fig. 4) with the following parameters: g,, =
2.76+0.01,J,=-34t1cm' and J, =-85+2cm™ (R = 3.39 X
10*); g, =2.284+0.03,J, =-34+2cm”' and J, =-74 + 2 cm™!
(R =359 %x10%); g, =2.07+£0.01, J, =-20.2+ 0.6 cm™ and
J,=-66+2cm” (R =2.18 x10™*) for 1, 2 and 3 respectively.
These values for the exchange coupling constants J. g and Jg. v
are in close agreement with the ones found previously in related
heteronuclear basic carboxylates compounds.’*?*** In these type
of triangular systems the ratio between both coupling constants
J1/J, determines the identity of the ground state spin multiplet,
St. From the above quoted exchange coupling constant values,
the following J,/J, ratios are obtained: 0.40, 0.46 and 0.31 which
afford the following spin ground states (according to eqn (3)) a
degenerate S =1/2(|1/2,1)); S=3/2(13/2,0)) pair, S =1 (|1,0))
and S=3/2(13/2,1)), respectively. A close in energy low lying first
excited state is predicted for complexes 2 and 3, being an S = 0 (at
12cm™) and an S = 5/2 (at 8 cm™) respectively.

In order to obtain more information about the spin ground
states of these triangular compounds, we performed magnetization
measurements in the range 2-5 K under magnetic external fields
up to 70 kOe (Fig. 5). In the three complexes saturation of the
magnetization is reached, but only in complex 1 the isofield lines
completely superimpose. Saturation values found are 2.08, 3.42
and 2.70 Nf for 1, 2 and 3 respectively. Only for complex 2 a
satisfactory data fitting assuming an isolated ground state, in this
case S = 1, can be obtained. A negative zero-field splitting D
parameter must be added, by employing Hamiltonian of eqn (4):

H =gBSH + D(S* - S(S + 1)/3) 4)

The obtained fitting parameters for the S = 1 ground state are:
g=224+£003,D=-5+£1cm’ (R =419 x 10™*). Whereas
the g value nicely agrees with susceptibility data, the D value
cannot be reliably extracted from there but it appears clearer in
the reduced magnetization data. No possible fitting is obtained
when considering a positive value of D. This rather big value of
D is within the usual range observed for Ni(i1) ion*® agreeing with
the composition of this S = 1 ground state: (| 1,0)) which has no
Fe(111) component.

In the case of complex 3, it is necessary to include in the
model the first excited state with S = 5/2 (from susceptibility

data) in addition to the S = 3/2 ground state, to properly
fit the experimental data. When the energy of the quintuplet
is fit, together with a unique g value for both multiplets, the
following best fitting parameters are obtained: g = 2.19 £ 0.01
and E(S=5/2) = 12.6 £ 0.5 cm™ (R = 3.11 x 10™*). This energy
value obtained for the excited quintuplet is in close agreement with
the susceptibility data.

The case of complex 1 is the most striking. From susceptibility
data an almost degenerate ground state with S=1/2and S =3/2
is predicted. However, no possible data fitting can be performed
under this assumption, even if some energy difference between
both multiplets is taken into consideration. On the other hand, the
data is reasonably fit with the assumption of an S = 1/2 ground
state with a large g value, g = 5.26 £ 0.02 (R =1.83 x 10™). A well
isolated ground state with angular moment J = 1/2 and a large g
value has been also shown for a quite similar triangular Fe™,Co"
basic carboxylate.®® This ground state is calculated considering
an additional spin-orbit contribution arising from the angular
moment L = 1 coupled to the Co" ion S = 3/2 that adds to the
HDvV Hamiltonian of eqn (2), suitable for the high-spin d’ Co"
configuration. Even if this model has a high over-parametrization
risk, there is no possibility of fitting our data with reasonable
parameters values. At the same time the J, and J, values found in
the Fe",Co complex — mathematically treated by Tsukerblat et al.
with this model that includes the orbital angular contribution —are
almost identical to the ones we found for complex 1 using HDvV
Hamiltonian of eqn (2).% It could be possible that the isotropic
restriction imposed in this model is no longer valid in the case of
complex 1, as the bpy ligand considerably breaks the octahedral
symmetry. Any attempt to fit the low temperature data (below 20
K) under the assumption of a unique populated Kramer doublet
for Co'" was also unsuccessful, as unreliable values for the Fe-Fe
exchange coupling constant were obtained. Even if a convincing
precise model cannot be employed, magnetization data at least,
strongly suggest a well isolated ground state with a half-integer
angular moment.

In summary, magnetic data show non-zero spin ground states
for the triangular Fe",M" cores which are the building blocks for
the supramolecular dimeric hexanuclear clusters 4-6.

{Fe"",M"O},(n-bpym) complexes (4-6). As for the trinuclear
complexes, DC magnetic susceptibilities were measured in the
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Fig. 6 Open squares: y,,7 vs. T plots at 1 T of complexes 4-6 (top to
bottom); full line: best fitting with Hamiltonian of eqn (5) and 6 (see text).
For complex 4, full line: best fitting with fixed g,, = 2.76 and free J coupling
constants; dashed line: best fitting with fixed J, and J, and free g, (see
text).

temperature range 2-300 K (Fig. 6) under an applied field of
1 T for complexes 4-6. A weak antiferromagnetic coupling is
expected to operate between the bipyrimidine bridged trinuclear
cores, as all previously reported examples of interacting metallic
sites through this ligand show this type of magnetic interaction,
which is usually in the order of a few wavenumbers,1226:2830:34.35 Tpy
fact, this is clearly observed at low temperature as a maximum
in the y, vs. T plot (absent in the isolated trinuclear partner
compounds) for complexes 4 and 5, at 12 and 14 K respectively. In
the case of complex 6, no distinctly differences to the susceptibility
data of complex 3 are observed. When looking at the high
temperature range a rough concordance in the y,, 7T vs. T plot is

found, between complexes 4-6 data and complexes 1-3 data after
accounting for the presence of two Fe,MO units and normalizing
the small differences in g, value (see overlayed plots in the
ESI¥). Thus, as a consequence of the antiferromagnetic coupling
between Fe,MO units through the bpym bridge, only at low
temperature the plots deviate (with exception of complex 6). This
apparent decoupled behaviour between the intra-Fe,MO p,-oxo
mediated magnetic exchange interactions and the inter-Fe,MO
u-bpym mediated magnetic exchange interaction, is explained by
the relative magnitude of the J constant coupling strengths. The
intra [1;-0xo core interactions being much larger than the inter
u-bpym one. Based on this observation, we attempted to fit the
experimental data restraining the J values that describe the intra-
Fe,MO p;-oxo0 interactions to the values obtained from complexes
1-3 . T vs. T data fittings, such to avoid over-parameterization.
The spin Hamiltonian we employed to describe the magnetic
behaviour in complexes 4-6 are the ones in eqn (5) and eqn (6) for
complexes 4-5 and 6, respectively (see Scheme 3):

H= 72']1(‘§Fel o §Ml + *§Fe2 d SMI + §Fe3 d ‘§M2 + ‘§Fe4 b L§1Mz)

_ZJZ(SFel 'SFez +§Fe3.§Fe4)_2J3(‘§M] "§M2) )

H= _2J1(‘§Fel b ‘§Mn1 + ‘§Fe2 b S‘Mm + ‘S:Fe?’ d 3‘an + §Fe4 d *§an)
—2J,(Spe; @ Spex + Sk @ Skes) — 2J5(Spey @ Ses)

(©6)

Scheme 3 Exchange coupling pattern in complexes 4 and 5 (top) and 6
(bottom).

Fitting of the experimental data employing the MAGPACK
package® (with J, and J, fixed according to compounds 1-3
obtained values, Fig. 6) afforded the following parameters: g,, =
3.07+0.03, J, (fixed) = -34 cm™, J, (fixed) = -85 cm™, J; =-2.4
+03(R=12x107%);g, =2.26%0.01, J, (fixed) =-34 cm™, J,
(fixed) =-74cm™, J;, =-6.6 £ 0.3 (R= 5.6 x10*) and g,, = 2.01
+0.01, J, (fixed) = -20.2 cm™, J, (fixed) = =69 cm™', J; (fixed)
=0 (R = 2.7 x 107*) for 4, 5 and 6, respectively. For complex 6,
there is no way to determine a definite value for Js, as no fitting
improvement is achieved when including this coupling constant in
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Fig. 7 Plot of reduced magnetization (M/Np) vs. H for complexes 4-6 (left to right) in the 2-5 K range. The solid lines are the best fitting of the data
(see text). For complex 5, full line: best fitting with fixed D = -5 cm™; dashed line: best fitting without zfs term (see text).

the model. Hence, it was fixed to the value of zero and only the
g., fitting parameter was left free. Regarding complex 4 a much
better factor agreement is obtained when a more realistic g,, value
is used. When g,, is fixed according to the data fitting results in
complex 1, and all three J coupling constants are fit, an improved
agreement factor, R = 5.6 x 10 is obtained with the following
best fitting parameters: g,, (fixed) =2.76, J, =-13+2cm™, J, =
-85+ 8 cm™ and J; = -2.2 £ 0.1 cm™ (Fig. 6, full line). While
the J; value remains essentially the same, a smaller J, value is
obtained. As the orbital angular contributions are not included,
the susceptibility data fitting is probably hampered in complex
4. However, it is certainly more correct kept this way as this
avoids over-parametrization and consequently misleading results.
The exchange interaction coupling constant J; values obtained
for the u-bpym pathway are in close agreement with the ones
observed in other M—p(bpym)-M systems, with M = Co(11) and
Ni(1).2%3% For M = Fe(1) in the only reported corresponding
example [Fe™,(bpym)Cl,(H,0),],*® a very weak antiferromagnetic
J coupling parameter was found to be < 1 cm™. This confirms the
difficulty we had to determine J; for complex 6.

In order to get a deeper insight in the magnetic behaviour of
the complexes, we performed magnetization measurements in the
range 2-5 K under external magnetic fields up to 70 kOe, shown in
Fig. 7 as variable field isotherms. With the exception of complex
6 data, that resemble the magnetization data obtained for the
related Fe,Mn trinuclear complex 3, distinctive M vs. H data plots
for complexes 4 and 5 were obtained. They are characteristic of a
non-magnetic ground state with low lying magnetic excited states
and subsequent energy level crossing. Their profiles constitute
unequivocal evidence of antiferromagnetic exchange coupling
through the bpym bridge.

Magnetic susceptibility data suggest that these complexes
behave as isolated Fe,MO cores with a weak interaction through
the bpym bridge. In consequence, we first attempted to fit
magnetization data as isolated identical spin ground sates (S, =
S,) (arising from intra-Fe,MO core coupling) interacting through
u-bpym mediated J exchange parameter. The corresponding
Hamiltonian is described in eqn (7):

H= gﬂ(gl + SZ)H_ ZJ(SI'S2) N

In the case of complex 6, no satisfactory fitting is possible, in
agreement with the results obtained for complex 3, where two
close spaced lying levels were found instead of a well isolated
spin ground state. On the other hand, satisfactory fitting were
achieved in the case of complexes 4 and 5. For complex 5, relying
on magnetic data results extracted for the related complex 2, Fe, Ni,
the involved spins are S; = S, = 1, with best fitting parameters, g =
1.96+£0.05and J =—4.44£0.1 cm™ (R=9.3x10*).If, as observed
for complex 2, a fixed ZFS parameter, D, is included (through
addition of a Hamiltonian term like eqn (4)), the following best
fitting parameters are obtained: g=2.09+0.06,J =—4.4+0.1 cm™!
and D (fixed) =-5cm™ (R=9.1x 10*). The relevant J parameter
remains unchanged independently of the inclusion of the ZFS
contribution and is in agreement with the J; value found in the
susceptibility data. A similar result is obtained for complex 4. As
observed in the related complex 1, data can be reasonably fitted as
two interacting S = 1/2, with an unusual high g value. Best fitting
parameters are: g = 5.7+ 02and J =-6.7+03cm™” (R=2.7 X
107*). The observed level crossing at a field of about 50 kOe, is well
reproduced with this model and any attempt of fitting with the
complete Hamiltonian of eqn (5) completely failed. The J value
is somewhat bigger than the J; value obtained from susceptibility
data, but should be related to the fictitious S = 1/2 spin arising
from the combined effect of spin—orbit coupling and the orbital
momentum contribution.

Magnetization data of complex 6, allows determining a non-
zero value for J;, whose assessment is not possible solely from
susceptibility data. By using the Hamiltonian of eqn (6), with
fixed values for J, and J,, the following best fitting parameters are
obtained: g, = 1.95 £ 0.02, J, (fixed) = -20.2 cm™, J, (fixed) =
—69cm™, J; =-1.1£0.2 (R=19.9 x 10*). If a rigorous value of
zero for J; parameter (no interaction through the bpym bridge) is
set, the high field profile of the magnetization isotherms cannot be
properly reproduced.

It comes clear from the above results that the hexanu-
clear complexes behave as weakly interacting pairs of basic
carboxylate sharing the Fe,M-u;O motif. This interaction is
mediated by the 2,2’-bipyrimidine ligand, already known to
propagate antiferromagnetic interaction between first row tran-
sition metals. In the case of complexes 4 and 5, the whole
system behaves at low temperature as two isolated spin entities,
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Table 5 DFT calculated exchange coupling constants J for complexes 1-6

J./em™! Jip/cm™ J,/em™! Jy/em™!
Ruiz formalism (Ising formalism) Experimental
1 —29.6 (=35.6) -30.8 (-37.0) —61.7 (-74.1) — Jy=-34%1cm™
J,=-85+2cm!
2 -31.7 (-38.1) -39.2 (-47.1) —68.4 (-82.1) — J,=-34+2cm”
J,=-74+2cm!
3 -27.3 (-32.8) —34.9 (-41.8) -70.4 (-84.5) — J, =-20.2+£0.6 cm™
J,=-66+2cm™!
4 —29.6 (=35.6) —31.6 (=37.9) —66.9 (=80.3) 2.1(=2.7) Jy=-34cm (=13 £2 cm™)
J,=-85cm™ (<85£8 cm™)
J;=-24+£03cm™ (-2.2+0.1 cm™)
5 —34.1 (—40.9) —36.7 (~44.1) —67.0 (=80.4) -5.8(=8.8) J,=-34 cm™!
J,=-T74cm™
Ji=-6.6+03cm™ (-4.4+0.1 cm™)
6 ~32.0 (=38.4) —54.4 (=65.2) -69.3 (=83.2) ~1.3(-1.4) J, =-20.2 cm’!
J, =—-66cm™
Jy=-1.1£02cm*!

Scheme 4 DFT calculated exchange coupling constants pattern in complexes 1-3 (top) and 4-6 (bottom).

S = 1/2 and S = 1 respectively, covalently bridged and weakly
interacting.

DFT calculations

To get a deeper understanding on the magnetic interactions present
in these complexes, we performed broken-symmetry (BS) DFT cal-
culations at the X-ray geometry for all of them. Calculated values
for the different isotropic exchange coupling constants (Scheme
4) were obtained. We used the medium size basis set, LanL.2DZ,
which we previously successfully employed in related systems and
provides a size/computing time ratio suitable for big clusters
computations affording reliable computed values.?**” The results

are shown in Table 5. When comparing with the values obtained
from experimental data fitting, the accuracy is quite remarkable. In
all cases the correct signs for the J values are predicted, supporting
the expected and observed antiferromagnetic interaction within
the Fe,MO cores and between them. Calculated values support
the equivalency between intra-Fe,MO core exchange coupling
constants in the isolated complexes 1-3 and the interacting 4-6
ones. The Ising formalism over-estimates the experimental J values
in comparison with the more accurate results coming from the
Ruiz method. The different J,, and J,, coupling constants afford
a mean value in close agreement with the experimental J, value.
Clearly, both theoretical calculated coupling constants cannot be
independently extracted from the experimental data fitting due to
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Fig. 8 Natural localized orbital pairs with unitary occupancy, centered at Ni(11) sites that show o-type exchange pathway through the bipyrimidine

bridge in complex 5.

over-parameterization. In all cases, as expected, the bigger J value
corresponds to J,, which couples both Fe(im) sites through the
shortest M—O-M pathway. The only notably discrepancy appears
in the obtained values for complex 6. In this case an over-estimated
value for J,, when comparing with experimental results and even
with the calculated value for complex 3, arises from the calculation.
Even if some metric differences can be found in the Fe,MnO
core between complexes 3 and 6, they cannot easily explain this
discrepancy.

Probably the most relevant information obtained from DFT
calculations is the inter-Fe,MO core exchange coupling, J5, value.
In complexes 46 the accordance with the experimental data is
remarkable, affording antiferromagnetic exchange interactions as
expected. Previous theoretical calculations show that the HOMO
o-type orbitals of the bipyrimidine bridge are responsible for
the exchange pathways.?**® Inspection of the magnetic orbitals
involved shows that these pathways are also observed in our
systems (Fig. 8 and ESIY).

Conclusion

Following a rational approach we have successfully prepared a
family of covalently linked basic carboxylate cores with Fe,M"
(M = Co, Ni and Mn) composition using 2,2’-bipyrimidine as a
bridging ligand. Most important, we also succeeded in synthesiz-
ing the single building blocks. Their structures closely resemble
the ones in the dimeric supramolecular compounds [Fe™,M"-
w(bpym)-Fe,M"]. Thus we were able to study separately the
magnetic properties of the isolated triangular moieties as well as
the covalently linked ones. From susceptibility and magnetization
data a weak antiferromagnetic interaction of the order of a
few wavenumbers between the covalently linked heterometallic
trinuclear units was found. DFT calculations supported these
results. Depending on the identity of the metal M, different spin
ground states are obtained for the isolated basic carboxylate
building blocks. In the case of M" being Ni" and Co" ground
states well isolated from the first excited spin states are found. In

summary, our rational approach opens a new way for engineering
at the molecular level supramolecular systems based on third row
transition metal clusters bearing isolated spin ground states. This
is a key feature regarding what chemists can contribute within the
field of quantum computing and spintronics.

Experimental

Material and physical measurements

The complexes [Fe;O((CH;);COO)s(H,0);]ClO,,* [Co,(OH,)-
((CH;);CO0)4((CH;); COOH),],* [Ni,(OH,)((CH;);COO0),-
((CH;);COOH),]** and the ligand 2.,2’-bipyrimidine” were
prepared following previously reported procedures. Sodium
trimethylacetate was prepared by reaction of trimethylacetic acid
with sodium hydroxide in methanol. All other chemicals were
reagent grade and used as receive without further purification.
Elemental analysis for C, H and N were performed on a Foss
Heraeus Vario EL elemental analyzer. Magnetic measurements
were performed with a Quantum Design MPMS XL SQUID
magnetometer. DC measurements were conducted from 2 to
300 K at 1 T and from 2 to 5 K under applied field up to 7 T.
All measurements were performed on restrained polycrystalline
samples in order to avoid field induced re-orientation of the
microcrystals. Experimental magnetic data were corrected for the
diamagnetism of the sample holders and of the constituent atoms
(Pascal’s tables). Mossbauer data were recorded on an alternating
constant-acceleration spectrometer. The minimum experimental
line width was 0.3 mms™ (full width at half-height). The sample
temperature was maintained constant in an Oxford Instruments.
Isomer shifts are quoted relative to iron metal at 300 K.

Synthesis of the complexes

[Fe'';M"p;-(0)p-((CH;);CO0)s((CH5); COO)(H,0) (bpy)]-
2H,0, M = Co (1), Ni (2). 0.1 g (0.1 mmol) of
[Fe;O((CH;);COO)s(H,0);]C10, was dissolved in 10 ml of ace-
tonitrile affording a clear orange solution. To this solution
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0.016 g (0.1 mmol) of solid 2,2’-bipyridine (bpy) was added under
stirring. Once bpy had completely dissolved after a few minutes,
a dark brown solution was obtained. To this solution, 0.05 g
(0.05 mmol) of [M,(OH,)((CH;);COO0),((CH;);COOH),], M =
Co(1), Ni(2) dissolved in minimum amount of acetonitrile was
added immediately, affording a darker red-brown solution. It was
filtered to remove some insoluble solid residue, and the clear final
solution left undisturbed slowly evaporating at room temperature.
After 34 days, dark red blocks suitable for X-ray diffraction
measurements were obtained. After selecting one specimen for
measurement, they were filtered, washed with a small amount of
cold acetonitrile and vacuum dried (1: 0.012 g, 12%; 2: 0.023 g,
23%). Elemental analysis caled (%) for 1, CyHgCoFe,N,0,5: C
48.65, H 6.94, N 2.84; found: C48.31, H 7.05, N 2.55. 2, calcd (%)
Cy Hg Fe, N, Ni Oj5: C48.66, H 6.94, N 2.84; found: C 49.23, H
7.05, N 2.76.

[Fe;Mn'""p;-(O)p-((CH;); COO)s((CH;); COO)(H,0)(LL)]-
2H,0, LL = phen (3). 0.1 g (0.1 mmol) of
[Fe;O((CH;);CO0),(H,0);]C10, was dissolved in 10 ml of
acetonitrile affording a clear orange solution. To this solution
0.1 mmol of solid LL (0.02 g, phen, 0.016 g, bpy) was added
under stirring. Once LL had completely dissolved after a few
minutes, a dark brown solution was obtained. To this solution,
0.036 g (0.1 mmol) of solid Mn(ClO,),-6H,0 followed by 0.025
g of Na((CH;);COO) (0.2 mmol) were added with vigorous
stirring. After 1 h of further stirring the mixture was filtered
and the resulting solution left undisturbed slowly evaporating
at room temperature. In a few days dark red blocks suitable for
X-ray diffraction measurements were obtained. After selecting
one specimen for measurement, they were filtered, washed with
a small amount of cold acetonitrile and vacuum dried (0.016 g,
16%). Elemental analysis calcd (%) for 3, C,;HixFe,MnN,O,5: C
50.06, H 6.80, N 2.78; found: C 50.12, H 6.73, N 2.48.

[Fe",M"p; -(O)p-((CH;);COO)s((CH; );COO)(H,0) L (p-
bpym)-x H,O, M = Co 4) (x =0), Ni (§) (x =25). 0.1g
(0.1 mmol) of [Fe;O((CH;);COO0),(H,0);]CIO, was dissolved in
10 ml of acetonitrile affording a clear orange solution. To this
solution 0.008 g (0.05 mmol) of solid 2,2’-bipyrimidine (bpym) was
added under stirring. Once bpym had completely dissolved after a
few minutes, a dark brown solution was obtained. To this solution,
0.05 g (0.05 mmol) of [M,(OH,)((CH;);CO0),((CH;); COOH),],
M = Co(4), Ni(5) dissolved in minimum amount of acetonitrile
was added immediately, affording a darker red-brownish solution.
It was filtered to remove some insoluble solid residue, and
the clear final solution left undisturbed slowly evaporating at
room temperature. After 3-4 days, dark red blocks suitable for
X-ray diffraction measurements were obtained. After selecting
one specimen for measurement, they were filtered, washed with
acetonitrile and vacuum dried (4: 0.064 g, 72%; 5: 0.058 g,
63%). Elemental analysis calcd (%) for 4, CiH,5Co,Fe,N,Oy:
C 45.86, H 6.68, N 3.15; found: C 45.92, H 6.76, N 2.95. 5, calcd
CeH 3 Fe,NyNi,O595: C 44.74, H 6.79, N 3.07; found: C 44.77, H
5.99, N 3.05.

[Fe"',Mn''p;-(O)p-((CH;);COO)s((CH;);COO)(H,0) L(p-
bpym)-2.5H,0 6). 0.1 g (0.1 mmol) of
[Fe;O((CH;);CO0)s(H,0);]CIO, was dissolved in 10 ml of
acetonitrile affording a clear orange solution. To this solution

0.008 g (0.05 mmol) of solid 2,2’-bipyrimidine was added under
stirring. Once bpym had completely dissolved after a few minutes,
a dark brown solution was obtained. To this solution, 0.036 g
(0.1 mmol) of solid Mn(ClO,),-6H,0O followed by 0.025 g of
Na((CH;);COO) (0.2 mmol) were added with vigorous stirring.
After 1 h of further stirring the mixture was filtered and the
resulting solution left undisturbed slowly evaporating at room
temperature. In a few days dark red blocks suitable for X-ray
diffraction measurements were obtained. After selecting one
specimen for measurement, they were filtered, washed with
acetonitrile and vacuum dried (6: 0.043 g, 47%). Elemental
analysis calcd (%) for 6, CiH 3 Fe,Mn,N,O55: C 44.93, H 6.82,
N 3.08; found: C 45.02, H 7.09, N 2.87.

X-Ray structures determination

Crystals suitable for X-ray diffraction were obtained directly
from the synthetic procedure for all complexes and mounted
in a glass fiber. The crystal structures were determined with a
Bruker Smart APEX II CCD area-detector diffractometer using
graphite-monochromated Mo Ko radiation (A = 0.71073 A)
at 173 K. Data was corrected for absorption with SADABS.*
The structures were solved by direct methods with SHELXS-97
and refined by full-matrix least-squares on F? with anisotropic
displacement parameters for all non-H atoms with SHELXL-
97.4 Hydrogen atoms were added geometrically and refined as
riding atoms with a uniform value of U, with the exception of
hydrogen atoms of coordinated water molecules that were located
in the difference map. In all structures, except complex 1, some
pivalate zert-butyl groups appeared disordered and were modelled
as two split positions with refined occupation factor ratio.
Crystallographic data and refinement parameters are shown in
Table 1.

DFT quantum computations. Density functional theory (DFT)
spin-unrestricted calculations were performed at the X-ray geom-
etry using the Gaussian03 package (revision D.01)* at the B3LYP
level employing the LanL.2DZ basis set. Tightly converged (107
Eh in energy) single point calculations were performed in order to
analyze the exchange coupling between the metallic ion centres.
The methodology applied here relies on the broken symmetry for-
malism, originally developed by Noodleman for SCF methods,*
which involves a variational treatment within the restrictions of
a single spin-unrestricted Slater determinant built upon using
different orbitals for different spin. This approach has been later
applied within the frame of DFT.” The HS (high-spin) and BS
(broken symmetry) energies were then combined to estimate the
exchange coupling parameter J involved in the widespread used
Heisenberg-Dirac—van Vleck Hamiltonian.*® We have calculated
the different spin topologies of broken symmetry nature (see ESIt)
by alternatively flipping spin on the different metal sites. The
exchange coupling constants J; can be obtained after considering
the individual pair-like components spin interactions involved in
the description of the different broken symmetry states. We used
two main reported methodologies: the Ising approach,* where the
broken symmetry states are directly considered as eigenstates of
the HDvV Hamiltonian with the corresponding equation:

EBS - EHS = 2J12(S|S2)
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and the method proposed by Ruiz and co-workers,*® where the
following equation is applied:

Egs — Eys = 2J1,(28,S, + S,), with S, < S).

In both cases a set of linear equations must be solved to obtain
the J parameters.

Additionally, we have also employed localized natural orbitals
(LNO) with unitary occupancy as a means to visualize the mag-
netic orbitals and the possible spin-coupling exchange pathways.
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