
Tailoring the Exchange Interaction in Covalently Linked Basic
Carboxylate Clusters through Bridging Ligand Selection
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ABSTRACT: We are reporting new dimeric units of basic carboxylates bear-
ing the {FeIII2M

IIO} motif for M = Co and Ni, covalently bound through the
tetradentate bridging (LL) 2,2′-azopyiridine (azpy) and 2,3-di(2-pyridyl)-
quinoxaline ligands (dpq). We structurally characterized the hexanuclear
clusters, and their magnetic properties have been fully analyzed. DFT calcula-
tions have been performed as a supplementary tool. All results evidence a
weak antiferromagnetic interaction through the bridging ligands between iso-
lated spin ground states arising from intra-Fe2MO core exchange couplings.
Together with the pioneer 2,2′-bipyrimidine bridged systems, the new com-
plexes reported constitute a family of complexes where the exchange interaction
can be tuned by the selection of the bridging LL type ligand.

■ INTRODUCTION
Molecular clusters of 3d transition metals continue to be a main
research area due to their fascinating physical properties and their
complex structures. Well-defined properties such as high-spin
ground states and easy-axis-type magnetic anisotropy are pur-
sued, as they can afford significant energy barriers to reversal of
the magnetization. In this situation, at sufficiently low temper-
atures, they may behave as nanoscale single domain magnets.1−3

SMMs represent a molecular, or “bottom-up”, route to nanoscale
magnetic materials,4 with potential applications in information
storage and spintronics5,6 at the molecular level and use as quan-
tum bits (qubits) in quantum computation.7 Regarding the latter,
it has been shown that SMM properties are not essential req-
uisites for transitionmetal 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.6 Magnetic molecules have been
proposed as a novel route to a spin-based implementation of
quantum-information processing.8

Within this field, the assembly of preformed polymetallic
clusters by covalent bonds in a step-by-step strategy has become
a quite desirable goal for chemists. As an example, the linking of
SMM in a rational manner was introduced only some years ago.9

Since then, this procedure has opened the way to 1D−3D frame-
works that exhibit properties ranging from classical to quantum
magnetism.10 However, very few examples have been reported of
discrete covalently attached 3d transitionmetal clusters, and even
for a lesser number of examples a rational strategy has been
employed.11−13 The recently reported Cr7Ni covalently linked
wheels appear as the outstanding example of well characterized

rational assembled molecular clusters, where the properties of
the building unit can be separately studied and understood.13,14

The “basic carboxylate”, [M3O(O2CR)6] (with M a first row
d-block transition metal and R a suitable organic group) core,
known for decades,15 is a good starting reagent in the preparation
of clusters with higher nuclearity. The most prominent example
is the synthesis of the pioneer SMM, Mn12O12(O2CR)16(H2O)4.

16

In spite of this, there are only a few examples reported to date where
this μ3-O core was used as a “true” building block for the con-
struction of higher dimension arrangements, specifically by
linking them with appropriate bridging units through covalent
bonds.17 However, all of these examples are extended systems.
We have recently reported the first example of discrete molecular
species, prepared in a rational approach, where two or more basic
carboxylate M3O units are connected for 3d metals through an
organic linker,12 as the only known examples before were the
covalent linked Ru3O basic carboxylate cores.18 In our previous
work, we have reported the synthetic route for obtaining dimeric
units of basic carboxylates bearing the neutral FeIII2M

IIO motif
for different 3d metals, covalently linked by the tetradentate 2,2′-
bipyrimidine ligand (bpym). We structurally characterized these
hexanuclear clusters and also the related trinuclear building
blocks, which allowed a detailed study of their magnetic prop-
erties. The latter evidenced a weak interaction through the bpym
bridge between isolated spin ground states arising from intra-
Fe2MO core exchange couplings.12
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In order to move forward into a precise synthesis to allow
tailoring of the interaction strength between the bridged Fe2MO
cores, we explored two new different bridging tetradentate li-
gands: 2,2′-azopyridine (azpy) and 2,3-di(2-pyridyl)quinoxaline
(dpq). Here on, we are reporting the synthesis, structural
characterization, and magnetic properties of a new set of neutral
hexanuclear [(FeIII2M

IIO)μ-(LL)(FeIII2M
IIO)] complexes with

LL = azpy and dpq. These new compounds add to the reported
[(FeIII2M

IIO)μ-(bpym)(FeIII2M
IIO)], creating a new family of this

type of system with potential interest in the quantum computing
field as coupled spin-qubits models.

■ RESULTS AND DISCUSSION
Synthesis. The well proven synthetic versatility of the μ3-oxo

triangular iron basic carboxylate precursor, [Fe3O(RCOO)6L3]
+

(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
[FeIII2M

IIO(RCOO)6] core and the driving force of its neutral
character regarding crystallization properties, we studied the reaction
of [Fe3O(O2C

tBu)6(H2O)3]ClO4 in acetonitrile with aM(II) source
in the presence of tetradentate pyridine-like ligands (LL), obtaining
neutral hexanuclear [(FeIII2M

IIO)μ-(LL)(FeIII2M
IIO)] products as

confirmed by single crystal X-ray crystallography. We previously
employed this approach to obtain compounds bearing 2,2′-
bipyrimidine as the LL bridging ligand. We now have successfully
extended this approach to the ligands 2,2′-azopyiridine (azpy) and
2,3-di(2-pyridyl)quinoxaline (dpq) (Scheme 1). In all cases,
analytically pure single crystals are directly obtained from the reaction.

Crystal and Molecular Structures. For complexes 1−4, the
crystal structures reveal a dimeric arrangement of covalently κ4-μ2-
azpy and dpq bridged FeIII2M

IIO basic carboxylate cores (Figure 1).

Scheme 1. Molecular Representation of Reported Complexes 1−4

Figure 1. Ellipsoid representation (at 30% probability) of the crystal structures of complexes 1−4 (top left, top right, bottom left, bottom right,
respectively). tert-Butyl groups and hydrogen atoms omitted for clarity sake.
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Closely related structures were previously found for the κ4-μ2-
bpym bridged family.12 Compound pairs 1−2 and 3−4 are
isostructural and crystallize in a monoclinic cell, space group
C2/c, and a triclinic cell, space group P1̅, respectively. Crystal
structures of 1 and 2 contain two acetonitrile molecules per
hexanuclear molecule in the unit cell, while in compounds 3 and
4 there are three acetonitrile molecules per cluster moiety in the
unit cell. The hexanuclear [FeIII2M

IIOμ-(LL)FeIII2M
IIO] clusters

interact between them through H bonds involving the apical
aqua ligands. The presence of these aqua ligands on both sides of
these hexanuclear clusters has the result that the H-bonding
interaction propagates, affording a 1D network with the 1D
chains well isolated (∼11 Å closest M−M distance among all
1−4 complexes, see SI) due to the bulky tert-butyl groups. In
complexes 1 and 2, the H interaction involves only the aqua
ligands, while for complexes 3 and 4, the neighbor molecule
pivalate O atoms are also engaged in the intermolecular contact.
This additional contribution forces all the bridging dpq ligands
to lie in the same plane along the 1D propagating chains. The
closest intermolecular M−M distance (corresponding to Fe−Fe
contacts) of H-interacting moieties is longer than ∼5.5 Å in all
complexes. All these structural features were previously observed
for the μ-bpym parent system.12 Noticeably, the molecular struc-
ture of these hexanuclear compounds closely agree with that
observed in these related μ-bpym complexes (for selected bond
distances and angles, see SI). The Fe2M-μ3O cores in compounds
1−4 are completed with five μ2-bridging pivalate and a sixth
κ2-O-pivalate together with an aqua ligand in apical positions. The
metric of these units slightly differs among all complexes 1−4 and
also includes the μ-bpym compounds (see SI) and generally
agrees with that observed in the previously reported building unit
[Fe2M-μ3O(bpy)] trinuclear complexes.12 The crucial Fe−O
and M−O bond distances for all of these compounds can be
found in the Supporting Information. Regarding structural
features of the M−azpy−M and M−dpq−M bridges, the
observed M−N bond distances are comparable with the ones
observed in related systems.19−21 Surprisingly, among the few
(only six, up to our knowledge) structurally characterized
compounds with the LnM−azpy−MLn bridging motif for first
row transition metals, there is only one Ni example20 and no Co-
containing complex. Hence, complex 2 is the first reported
example of azpy bridged Co(II) ions. Also, for the bridging ligand
2,3-di(2-pyridyl)quinoxaline, there are no reported examples

with Ni and Co ions, but just one Ni and Co compound with
the related 2,3-di(2-pyridyl)pyrazine ligand (dppz).21 Hence,
complexes 3 and 4 appear as pioneer examples of this type of
bridging motif with the dpq ligand and first row transition ions.
In all complexes 1−4, the Fe2Mμ3−O plane shows almost an
orthogonal arrangement with respect to the plane of the azpy or
dpq bridge, which roughly contains the μ3-O ligands. The
N−M−O−M torsion angles are ca. 78° for complexes 1 and 2
and ca. 75° for complexes 3 and 4. Regarding the dpq bridge
compounds (3 and 4), a substantial difference is noticed with
respect to the related bpym and azpy bridged ones: the Fe2Mμ3-O
cores are shifted up and down on both sides of the plane
containing the pyrazine moiety of the dpq with M−dpq angles of
ca. 150°, approximated as the M−Npz−Npz angle. In complexes 1
and 2, the apical aqua ligands in both trinuclear cores point to the
same face of the bridging azpy plane; this structural feature
contrasts with compounds 3 and 4, where, like the bpym ana-
logues, the apical aqua ligands point to opposite faces of the
bridging aromatic ligand. Metal−metal distances via the azpy
ligand are 5.0919(5) Å and 5.1662(7) Å in 1 and 2, respectively,
while M−M distances via dpq are 7.0506(5) Å and 7.1314(4) Å
in complexes 3 and 4, respectively. These values are higher and
lower with respect to the bpym bridging analogue distances of
MCo = 5.764(1) Å and MNi = 5.6464(4) Å and close to
the intermolecular Fe−Fe shortest distance, although they are
H-bond interacting.
These new complexes add to the previously characterized

2,2′-bipyrimidine bridged analogues constituting a small family
of [FeIII2M

IIOμ-(LL)FeIII2M
IIO] dimeric arrangements of

covalently bridged basic carboxylate cores prepared in a rational
approach with control over the identity of the bridging tetradentate
ligand.

Mössbauer Spectroscopy. Taking advantage of the iron
content of these systems, we performed 57Fe−Mössbauer studies
for all complexes at 80 K (Figure 2) to test for possible electronic
isomerization after the assembly of the heteronuclear FeIII2M

II

cores.
Confirming the crystallographic data, no signals correspond-

ing to Fe(II) ions 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(III) (Figure 2 and Table 1).12,15,22 It is
therefore clear that the electron configuration FeIII2M

II is

Figure 2. 57FeMössbauer spectra at 80 K of complexes 1 and 2 (left, top to bottom) and 3 and 4 (right, top to bottom). Open circles: experimental data.
Full line: fitting with parameters listed in Table 1.
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retained in these complexes as was previously observed in the
reported μ-bipyrimidine family. Superposition of the spectra
(see SI) and the narrow range observed for the isomer shift and
the quadrupole splitting, 0.49−0.55 and 0.73−1.02 mms−1,
respectively, confirm the similar local environments for the Fe
ions. Compounds 1 and 2 possess a crystallographically imposed
2-fold rotation axis, affording equivalency between distinct Fe
sites in each FeIII2M

II core. At the same time, the spectra of com-
pounds 3 and 4 still fit to only two distinct Fe(III) sites, in spite of
exhibiting four symmetry independent Fe ions.
Magnetic Properties. DC magnetic susceptibilities were

measured in the temperature range 2−300 K (Figure 3) under an

applied field of 1 T for complexes 1−4. In all cases, competing
antiferromagnetic exchange interactions are expected within the
trinuclear cores [Fe2M-μ3O] as has been previously observed for
these μ3-oxo triangular systems,15 in particular for the model
complexes [Fe2M-μ3O-μ2(Piv)5(Piv)(H2O)(bpy)].

12 High tem-
perature χmT values are in agreement with this behavior, with all
values well below the ones expected for isolated spins from all
constituting metal ions. Additionally, a weak antiferromagnetic
coupling was observed between these cores when they were
bridged by the 2,2′-bipyrimidine (bpym) ligand.12 For the azpy
bridged 1 and 2 and the dpq bridged 3 and 4 compounds, the few
well studied examples of homodinuclear complexes containing
Co(II) or Ni(II) ions anticipate also a weak antiferromagnetic
exchange, weaker in the case of the dpq bridging ligand.20,21 In
fact, this is the behavior observed at low temperatures, reflected
as a maximum in the χm vs T plot for complexes 1 and 2, at 6 and
12 K, respectively, and an extrapolated χmT value of zero at low
temperatures. In the case of complexes 3 and 4, this maximum is
not observed, suggesting that the exchange interaction promoted
by the dpq bridge is weaker than the one promoted by azpy
bridge, as a priori expected. In addition, the χmT vs T profiles of
these latter complexes closely resemble the observed ones for the
isolated complexes [Fe2M-μ3O-μ2(Piv)5(Piv)(H2O)(bpy)].

12

For the data of complexes 2 and 4, when looking at the high

Table 1. Moessbauer Data Fitting Parameters of Complexes
1−4

complex site δ [mms−1] ΔEQ [mms−1] Γ/2 [mms−1] area [%]

1 I 0.55 0.96 0.22 50
II 0.49 0.75 0.15 50

2 I 0.55 0.91 0.19 50
II 0.50 0.73 0.16 50

3 I 0.52 1.02 0.20 50
II 0.53 0.85 0.15 50

4 I 0.52 0.99 0.20 50
II 0.53 0.90 0.15 50

Figure 3.Open squares: χmT and χm vs T plots at 1 T of complexes 1−4 (top to bottom, left to right). 1 and 2, red line, best fitting with Hamiltonian of
eq 2. 3, red line, best fitting with Hamiltonian of eq 2; black line, best fitting with Hamiltonian of eq 2 with J3 = 0 cm−1. 4, red line, best fitting with
Hamiltonian of eq 2; black line, best fitting with Hamiltonian of eq 2 with fixed J2 value; blue line, best fitting withHamiltonian of eq 2 + ZFS term (eq 3).
See text for details of all fittings.
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temperature range in the χmT vs T plot (see SI), an almost
complete superposition is observed, confirming the structural
robustness of the Fe2MO moieties as well as their intracore
magnetic behavior independency with respect to their intercore
exchange interaction. In the case of the data of complexes 1 and 3
(M = Co(II)), the high temperature range in the χmT vs T plot is
less superposed but still quite similar. The observed discrepancy
probably reflects the high sensitivity of the χmT vs T profile to
small structural changes in the Co(II) coordination sphere, as
expected due to the orbital momentum contribution in this ion.23

This decoupled behavior between the intra-Fe2MO μ3-oxo medi-
ated magnetic exchange interactions and the inter-Fe2MO μ-LL
mediated magnetic exchange interaction is explained by the
relative magnitudes of the J coupling constant strengths. The
intra-μ3-oxo core interactions are much larger than the inter-μ-
LL one, as previously observed in the bpym bridged systems.
As a consequence of the stronger strength of the antiferro-

magnetic coupling between Fe2MO units through the azpy
bridge in comparison with the dpq bridge, at low temperatures,
the χmT vs T plot's discrepancy becomes evident between com-
pounds 1 and 3 and compounds 2 and 4 (see SI).
In order to extract information from these experimental data,

we attempted a full fitting by obtaining the energy of the different
spin states and calculating the molar susceptibility with eq 1 for
all possible field orientations, as previously done with the related
bpym complexes:

χ =
∑ −∂ ∂ −

∑ −H

N E H E kT

E kT
1 ( / ) exp( / )

exp( / )
n i i

i i
m

(1)

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, including a unique average gav value) describing the iso-
tropic exchange interactions within the Fe2M triangle and between
them (Scheme 2) is given by eq 2, where J1 refers to the Fe···M
interactions, J2 refers to the Fe···Fe interaction, and J3 refers to the
LL bridging ligand mediated M−M interaction:

̂ = − ̂ • ̂ + ̂ • ̂ + ̂ • ̂

+ ̂ • ̂ − ̂ • ̂ + ̂ • ̂

− ̂ • ̂

H J S S S S S S

S S J S S S S

J S S

2 (

) 2 ( )

2 ( )

1 Fe1 M1 Fe2 M1 Fe3 M2

Fe4 M2 2 Fe1 Fe2 Fe3 Fe4

3 M1 M2 (2)

Fitting of the experimental data employing the MAGPACK
package24 afforded the best fitting parameters shown in Table 2.
All of these fittings are shown in Figure 3 as red lines. In the case
of Co complexes 1 and 3, J2 values appear higher than the ones

found for the isolated Fe2Coμ3-O model complex [Fe2Coμ3-
Oμ2-(Piv)5(Piv)(H2O)(bpy)] in contrast with Ni complexes 2
and 4, which show similar J1 values with respect to the J1 found in
Fe2Niμ3-O. Most probably, the intrinsic Co(II) orbital contribu-
tion is hampering a precise and robust evaluation of these ex-
change coupling constants (as reflected in the atypical high gav
values), as the spin-only Hamiltonian of eq 2 is normally not
suitable for pseudo-octahedral Co(II) ions. However, we apply it
for sake of simplicity, accepting to obtain only rough estimations
about the exchange coupling magnitudes. In order to refine these
parameters, we performed additional fittings including some
constraints. We employed J2 values fixed to the ones found in the
Fe2Mμ3-O complexes, as the Fe−O−Fe pathway should remain
mostly unaffected by the replacement of the LL bridge due to the
structural rigidity of the {Fe−O−Fe} core along all complexes.
However, for none of the data sets could an improvement of the
fitting be obtained; gav, J1, and J3 changed only very slightly (see
SI and Table 2). No reasonable fitting can be achieved with J2 at a
fixed value in the case of complex 3. In complex 1, which also
contains Co(II), the availability of the J3 parameter masks to
some extent this orbital contribution, affording a quite reasonable
fitting, although probably artificial. In contrast to the behavior of
the Co complexes, the Ni complexes, 2 and 4, show a magnetic
behavior with robust intra-Fe2MO core J1 and J2 exchange coupl-
ing constants. In fact, the J3 parameter can be reliably estimated
independently of the restraints applied to the J1 and J2 constants.
From these two distinct fitting strategies, it can be seen that the

inter-Fe2MO core coupling constant J3 cannot be evaluated from
susceptibility data in the case of the dpq bridged complexes 3 and 4.
Specifically, in the case of compound 4, the low temperature
behavior doesn't seem to obey the J3 exchange interaction, as
these data cannot be satisfactorily reproduced. Alternatively, and
as expected for a Ni(II) containing compound,25 a not negligible
local zero-field splitting contribution may be operative, which in
the absence of the J3 interaction becomes distinguishable. In
order to account for this ZFS contribution in the low tempera-
ture susceptibility data of complex 4, we included the following
ZFS-Hamiltonian in the HDvV one of eq 2:

̂ = ̂ −H D S( 2/3)Ni Ni
2

(3)

This Hamiltonian applies to both Ni ions whose D parameter
remains the same, as they are symmetry related. When this new
term is added and the J3 value was fixed to zero, considerable
improving of the low temperature susceptibility data of complex
4 was achieved (Figure 3). Best fitting parameters are detailed in
Table 2. As expected, almost an overlay of the simulation curves
was obtained, confirming that the sign of D usually is difficult to

Scheme 2. Exchange Coupling Constants Included in Hamiltonian of eq 2
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determine from powder data. J1 and J2 values are in agreement
with the ones obtained in the absence of the ZFS term, rein-
forcing the suitability of this data interpretation.
Very few examples of well characterized complexes bearing

the M−μ(LL)−Mmotif (with LL = azpy or dpq) are reported to
date to compare the exchange interaction coupling constant J3
values obtained for these new μ-azpy and μ-dpq complexes. In
fact, there are no examples with LL = dpq but a few with the
related dppz. A J value of −7.5 cm−1 was found in the complex
[Ni2(azpy)(CH3CN)2(NO3)4],

20 in agreement with the value
observed for complex 2. No Co examples can be found in litera-
ture with LL = azpy. With LL = dppz, μ-LL[M(hfac)2]2
complexes have been studied, with a J value of −0.4 cm−1 for
M = Ni(II), while for Co(II) no fitting was performed, arguing
deviation from spin-only behavior.21 The small value of J in the
Ni−dppz−Ni complex suggests, as we observed for compounds
3 and 4, that the bridging ligand dpq mediates a very weak ex-
change interaction.
In order to get deeper insight into the magnetic behavior of

these complexes, we performed magnetization measurements in
the range 2−8 K under external magnetic fields up to 70 kOe,
shown in Figure 4 as variable field isotherms.
In the case of the azpy-bridged complexes (1 and 2) for the

magnetization data, distinctiveM vs H data plots were obtained.
They are characteristic of a nonmagnetic ground state with
low lying magnetic excited states and subsequent energy level

crossing. Their profiles constitute unequivocal evidence of anti-
ferromagnetic exchange coupling through the azpy bridge, as also
observed in the magnetization data of the related μ-bpym
compounds.12 On the contrary, for the dpq-bridged compounds
(3 and 4), M vs H profiles resemble a magnetic isolated ground
state, compatible with an almost negligible interaction between
Fe2MO cores through the dpq ligand.
It seems reasonable as a first approach, based on the previously

observed behavior for the μ-bpym system and the information
from the susceptibility data, to consider that these new com-
plexes (1−4) behave as isolated Fe2MO cores with a weak inter-
action through the LL bridge. In the case of the dpq ligand, this
interaction seems to be extremely weak. We attempted there-
fore to fit the magnetization data employing the following
Hamiltonian:

β̂ = ̂ + ̂ − ̂ • ̂H g S S H J S S( ) 2 ( )1 2
LL

1 2 (4)

For Ni complexes, 2 and 4, the isolated ground state of the
Fe2NiO cores involved spins S1 = S2 = 1, as arising from the
intracore J1/J2 exchange interaction ratio. This same model was
successfully applied to the related μ-bpym complex.
Satisfactory fittings were achieved (Figure 4, Table 2). They

can be further improved, if a ZFS parameter, D, is included (by
adding a Hamiltonian term like eq 3). This term is justified by the
fact that the S = 1 ground state of the Fe2NiO core is of pure Ni
contribution with a fully projected single ionDNi.

26 Two possible

Table 2. Best Fitting Parameters of All Experimental Magnetic Data Measurements

susceptibility data magnetization data

1 gav = 3.01 ±
0.01

gav = 2.89 ±
0.02

geff = 5.15 ±
0.05

geff = 5.43 ± 0.08

J1 = −43.3 ±
0.9 cm−1

J1 = −35 ± 2
cm−1

Jeff
LL = −4.0 ±
0.1 cm−1

Jeff,z
LL = −10.6 ±

0.9 cm−1

J2 = −109 ±
1 cm−1

J2 = −85
cm−1(fixed)

(R = 6.1 ×
10−4)

α = 0.17 ± 0.03

J3 = −2.06 ±
0.05 cm−1

J3 = −1.0 ± 0.7
cm−1

(R= 3.7 × 10−4)

(R = 1.5 ×
10−4)

(R = 8.9 ×
10−4)

Jeff,iso
LL = −4.7

cm−1

geff = 5.6 ± 0.1

Jeff,z
LL = 4 ± 1

cm−1

α = −2.3 ± 0.4

(R = 3.2 × 10−4)

Jeff,iso
LL = −4.0

cm−1

2 gav = 2.34 ±
0.04

gav = 2.39 ±
0.01

g = 1.96 ± 0.04 g = 2.03 ± 0.04

J1 = −34 ± 2
cm−1

J1 = −37.9 ±
0.3 cm−1

JLL = −3.7 ±
0.1 cm−1

JLL = −3.8 ± 0.1
cm−1

J2 = −70.0 ±
0.8 cm−1

J2 = −74
cm−1(fixed)

(R = 7.1 ×
10−4)

D = 5.9 ± 0.8
cm−1

(R = 2.4 ×
10−4)

J3 = −5.6 ± 0.1
cm−1

(R = 4.2 × 10−4)

(R=2.6 ×
10−4)

g = 2.00 ± 0.03

JLL = −3.70 ±
0.08 cm−1

D = −6 ± 1
cm−1

(R = 4.3 × 10−4)

3 gav = 3.11 ±
0.02

geff = 5.57 ±
0.02

geff = 5.61 ± 0.02

J1 = −54 ± 4
cm−1

Jeff
LL = −0.97
± 0.06 cm−1

Jeff,z
LL = 1.6 ±

0.6 cm−1

J2 = −135 ±
3 cm−1

(R = 2.1 ×
10−4)

α = −1.3 ± 0.3

J3 = 0 ± 1
cm−1

(R = 1.8 × 10−4)

susceptibility data magnetization data

(R = 3.6 ×
10−4)

geff = 5.41 ±
0.04

Jeff,iso
LL = −0.91

cm−1

Jeff
LL = 0 cm−1

(fixed)

(R = 6.6 ×
10−4)

geff = 5.59 ± 0.02

Jeff,z
LL = −2.6 ±

0.4 cm−1

α = 0.0 ± 0.1

(R= 1.9 × 10−4)

Jeff,iso
LL = −0.97

cm−1

4 gav = 2.38 ±
0.02

gav = 2.33 ±
0.01

gav = 2.28 ±
0.01

g = 2.16 ± 0.02 g = 2.15 ± 0.01

J1 = −40.0 ±
0.9 cm−1

J1 = −37.2 ±
0.7 cm−1

J1 = −34.1 ±
0.5 cm−1

JLL = −0.37 ±
0.06 cm−1

JLL = −0.06 ±
0.03 cm−1

J2 = −79 ± 1
cm−1

J2 = −74
cm−1(fixed)

(R = 6.2 ×
10−4)

D = 3.3 ± 0.1
cm−1

J3 = 0.0 ± 0.4
cm−1

J3 = 0.0 ± 0.4
cm−1

J2 = −70.5 ±
0.7 cm−1

(R = 1.4 × 10−4)

(R = 6.2 ×
10−4)

(R = 6.2 ×
10−4)

J3 = 0 cm−1

(fixed)
g = 2.18 ± 0.01

DNi= 5.5 ±
0.2 cm−1

JLL = −0.11 ±
0.04 cm−1

(R = 1.1 ×
10−4)

D = −4.8 ± 0.3
cm−1

(R = 2.0 × 10−4)gav = 2.27 ±
0.01

J1 = −33.4 ±
0.5 cm−1

g = 2.14 ± 0.01

J2 = −69.9 ±
0.9 cm−1

D = 3.44 ± 0.08
cm−1

J3 = 0 cm−1

(fixed)
(R = 1.5 × 10−4)

DNi = −8.3 ±
0.4 cm−1

(R = 1.2 ×
10−4)

g = 2.16 ± 0.01

D = −5.1 ± 0.3
cm−1

(R = 2.4 × 10−4)
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sets of best fitting parameters are obtained due to the sign
uncertainty over D (Table 2). The JLL parameter is in agreement
with J3 magnitudes found in susceptibility data and remains
nearly unaffected by the addition of the ZFS contribution. It
should be noted that for compound 4 the very small JLL value can
even be neglected, affording a virtually equal fitting with nearly
unmodified D parameters. This shows that the unambiguous
determination of the presence of an exchange interaction
through the dpq bridging ligand is difficult even involving mag-
netization data. The situation for the Co complexes is different.
For 1 and 3, data can only be reasonably fitted as two interact-
ing S = 1/2, with an unusual high g value. This model was also
employed in the analogue μ-bpym complex and also in the
isolated model compound [Fe2Co-μ3O-μ2(Piv)5(Piv)(H2O)-
(bpy)]. It mainly relies on the assumption that only the lowest
Kramers doublet, arising from the splitting of the Co(II) ion 4T1g
term under the combined effect of crystal field and spin−orbit
coupling, is populated at low temperatures.27 Hence an effective
Seff = 1/2 spin with also an effective Zeeman g factor replaces the
S = 3/2 of Co(II) ion. Good fittings are obtained under this
model (Table 2, Figure 4). In the case of complex 1, the observed
level crossing at a field of about 30 kOe is well reproduced with
this model. The Jeff

LL value is somewhat bigger than the J3 value
obtained from susceptibility data, but this is due to the fictitious
nature of the S = 1/2 spin. In fact, up to first order approximation,
the following relation between JLL and Jeff

LL is valid: Jeff
LL = 25/9

JLL.27b In order to test the reliability of the obtained Jeff
LL value for

complex 3, we performed a data simulation with a fixed Jeff
LL =

0 cm−1, obtaining poorer agreement than the one found with a

nonzero Jeff
LL parameter (Figure 4, Table 2). This observation

suggests that in contrast with the results found for the Ni partner
complex 4, it is possible, in principle, to determine the exchange
interaction through the dpq bridge.
At this point, it is important to discuss the magnitude of

the found geff values associated with the effective S = 1/2 of the
Co(II) ion site. It is well-known that this description at low
temperatures may afford at maximum an isotropic geff = 4.33,
even under distorted octahedral symmetry.23 However, this limit
relies on a complete neglect of spin excited state admixture. When
the excited states contribution is considered, the geff value is
allowed to deviate from this limit, and it additionally becomes
dependent on the exchange interaction parameter.27b

It is also established that the effective Seff = 1/2 ground state of
the Co(II) ion can be extremely anisotropic, reaching in some
cases a complete Ising behavior.28 Hence, in an attempt to further
improve the M vs H plot profile fitting, we test the possibility
of employing an anisotropic exchange parameter using the
following Hamiltonian (we avoided using an anisotropic g value
as this undoubtedly leads to an overparameterization):

α

β

̂ = − ̂ • ̂ + ̂ • ̂

+ ̂ • ̂ +

H J S S S S

S S g H

2 ( (

))

,z z z x x

y y

eff
LL

eff,1 eff,2 eff,1 eff,2

eff,1 eff,2 eff (5)

As is usual with the ZFS parameter D, it is also very difficult to
establish the sign of the Jz component from powder measure-
ments; hence, two sets of parameters of similar fitting quality
(Figure 4, Table 2) are obtained. The isotropic component of
these found exchange parameters are in close agreement with the
isotropic model results. Only for the azpy bridged complex 1 is
there considerable improvement in the fitting quality by in-
cluding an anisotropic exchange coupling parameter.
In summary, it becomes clear from all of the magnetic data

previously analyzed that the new members of the [FeIII2M
IIOμ-

(LL)FeIII2M
IIO] hexanuclear complex family behave as weakly

interacting pairs of the basic Fe2M−μ3O carboxylate motif, as
also was concluded for the parent FeIII2M

IIOμ-(bpym)FeIII2M
IIO

complex (Table 3).

Here, this interaction is mediated in a stronger way by the
2,2′-azopyridine ligand than by the 2,3-di(2-pyridyl)quinoxaline,
although it has been reported that both of them propagate
antiferromagnetic interaction between first row transition metals.
Thus, it becomes clear that the combination of {M−LL} frag-
ments should be considered when evaluating the extent of inter-
Fe2MO core exchange interaction and not only the isolated LL
bridge.

DFT Calculations. To get a deeper understanding on the
magnetic interactions present in these complexes, we performed
broken-symmetry (BS) DFT calculations at the X-ray geometry

Figure 4. Plot of reduced magnetization (M/Nβ) vs H for complexes
1−4 (top to bottom, left to right) in the 2−5 K range. 1, 3: full line, best
fitting with Hamiltonian of eq 4; dashed, best fitting with Hamiltonian of
eq 5. 2, 4: full line, best fitting with Hamiltonian of eq 4; dashed lines,
best fitting with Hamiltonian of eq 5 + ZFS term. See text for details of
all fittings.

Table 3. Experimental Exchange Coupling Constants of
[FeIII2M

IIOμ-(LL)FeIII2M
IIO]

complex
J1/
cm−1

J2/
cm−1

J3/
cm−1

JLL/
cm−1

[FeIII2Ni
IIOμ-bpym)FeIII2Ni

IIO]a −34 −74 −6.6 −4.4
[FeIII2Ni

IIOμ-azpy)FeIII2Ni
IIO] −34 −70 −5.3 −3.7

[FeIII2Ni
IIOμ-dpq)FeIII2Ni

IIO] −40 −79 0.0 −0.4
[FeIII2Co

IIOμ-bpym)FeIII2Co
IIO]a −34 −85 −2.4 −6.7b

[FeIII2Co
IIOμ-azpy)FeIII2Co

IIO] −43 −109 −2.1 −4.0b

[FeIII2Co
IIOμ-dpq)FeIII2Co

IIO] −54 −135 0.0 −0.9b
aFrom ref 12. bIn this case, JLL = Jeff

LL
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for all of them. Calculated values for the different isotropic ex-
change coupling constants (Scheme 3) were obtained.
We used the medium size basis set, LanL2DZ, which we pre-

viously successfully employed in related systems, including the
μ-bpym congeners.12,29,30 It provides a size/computing time ratio
suitable for big cluster computations, affording reliable computed
values, in this case shown in Table 4. Comparing these values
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, sup-

porting the expected and observed antiferromagnetic interaction
within the Fe2MO cores and between them. The Ising formalism
overestimates the experimental J values in comparison with the
more accurate results coming from the Ruiz method. For dpq
complexes, the different J1a and J1b coupling constants afford a
mean value in close agreement with the experimental J1 value.
Clearly, both theoretical calculated coupling constants cannot be
independently extracted from the experimental data fitting due to
overparameterization. In all cases, as expected, the bigger J value
corresponds to J2, which couples both Fe(III) sites through the
shortest M−O−M pathway.
Probably the most relevant information obtained from DFT

calculations is the inter-Fe2MO core exchange coupling J3 value.
In complexes 1−4, the accordance with the experimental data is
remarkable, affording antiferromagnetic exchange interactions as
expected and correctly predicting a higher value for the azpy
bridge in comparison with the dpq one, as well as the right order
of magnitudes. Previous theoretical calculations showed that the
bipyrimidine bridge HOMO σ-type orbitals are responsible for
the exchange pathways between the Fe2MO cores.12,30,31 In this
case, magnetic orbital inspection in complexes 1−4 (Figure 5
and SI) shows that the same pathways (HOMO σ-type orbitals of
the bridging ligand) are responsible for the inter-Fe2MO exchange
interaction.
In order to compare the LL bridging ligands, we calculated the

HOMO σ-type orbitals of bpym, azpy, and dpq (see SI). In spite
of bis-dentating ligands toward each M center, only the bpym
HOMO exhibits electron density on both coordinating N atoms,
anticipating an improved overlap with metal center magnetic
orbitals compared to the azpy and dpq ligands. Both metal ion

centers, Ni(II) and Co(II), have two magnetic orbitals with
overlap through the LL bridge, as the third Co(II) magnetic
orbital is orthogonal (see SI).
It is possible to roughly correlate J3 with the M−LL−M

distance assuming that the overlaps through the bridges are
mainly governed by the M−LL−M pathway distance (see SI)
and properly normalizing the J values to account for the distinct
bpym feature (a factor of 2 between bpym J values and the rest;
Figure 6). Of course, more examples are needed to validate this
approach.

■ CONCLUSION
Following a rational approach, based on our previous work, we
have successfully extended the family of covalently linked basic
carboxylate cores with FeIII2M

II (M = Co, Ni) composition
incorporating 2,2′-azopyridine and 2,3-di(2-pyridyl)quinoxaline
as bridging ligands.
The structures of the new complexes closely resemble the ones

of [FeIII2M
IIμ-(bpym)FeIII2M

II]. From susceptibility and magne-
tization data, a weak antiferromagnetic interaction on the order
of a few wavenumbers between the covalently linked hetero-
metallic trinuclear units was found. The strength of interaction, in
principle, can be tuned by the choice of the LL bridging ligand.
DFT calculations supported these results and allowed for roughly
correlating structural and magnetic properties.
In summary, we have taken a step toward a rational approach

for engineering at the molecular level polynuclear dimeric sys-
tems based on 3d transition metal clusters bearing isolated spin
ground states, weakly coupled through an organic linker. More
precisely, we were able to modify the identity of this linker,
preserving the synthetic route and just switching the preferred
ligand. This is a key feature regarding what chemists can con-
tribute within the field of quantum computing and spintronics.

■ EXPERIMENTAL SECTION
Material and Physical Measurements. The complexes [Fe3O-

((CH3)3COO)6(H2O)3]ClO4,
32 [Co2(OH2)((CH3)3COO)4-

( (CH3) 3COOH)4 ] ,
3 3 and [N i 2 (OH2)( (CH3) 3COO) 4 -

((CH3)3COOH)4]
34 and the ligands 2,2′-azopyridine35 and 2,3-di(2-

pyridyl)quinoxaline36 were prepared following previously reported

Scheme 3. Exchange Coupling Constants Calculated through BS-DFT Methodology for Complexes 1−4

Table 4. DFT Calculated Exchange Coupling Constants J for Complexes 1−4

Ruiz formalism (Ising formalism)

J1a/cm
−1 J1b/cm

−1 J2/cm
−1 J3/ cm

−1

1 −27.8 (−33.4) −28.3 (−34.0) −73.0 (−78.8) −2.1 (−2.8)
2 −31.8 (−38.2) −34.8 (−41.8) −72.7 (−78.5) −6.8 (−10.2)
3 −27.8; −27.2 (−33.4; −32.6) −24.6; −24.0 (−29.6; −28.8) −74.7; −73.8 (−80.7; −79.7) −0.28 (−0.37)
4 −36.4; −36.6 (−43.7; −44.0) −35.5; −33.4 (−42.6; −40.1) −74.5; −73.6 (−80.5; −79.4) −0.70 (−1.05)
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procedures. All other chemicals were reagent grade and used as received
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 8 K under an applied field up to 7 T. All mea-
surements were performed on restrained polycrystalline samples in
order to avoid field induced reorientation of the microcrystals. Experi-
mental magnetic data were corrected for the diamagnetism of the sample
holders and of the constituent atoms (Pascal’s tables). 57Fe−Mössbauer
studies were recorded with a constant acceleration spectrometer. Low-
temperature spectra were taken in transmission geometry using a conven-
tional bath cryostat. Isomer shifts are quoted relative to iron metal at 300 K.
Synthesis of the Complexes. [FeIII2M

IIμ3-(O)μ2-((CH3)3COO)5-
((CH3)3COO)(H2O)]2(μ2-azpy)·CH3CN·xH2O, M = Co (1) (x = 2), Ni (2)
(x = 0). A total of 0.1 g (0.1mmol) of [Fe3O((CH3)3COO)6(H2O)3]ClO4

was dissolved in 10 mL of acetonitrile, affording a clear orange
solution. To this solution was added 0.010 g (0.05 mmol) of solid 2,2′-
azopyridine (azpy) under stirring. Once azpy dissolved completed after
a few minutes, a dark red solution was obtained. To this solution was
immediately added 0.05 g (0.05 mmol) of [M2(OH2)((CH3)3COO)4-
((CH3)3COOH)4], M = Co (1) and Ni (2), dissolved in a minimum
amount of acetonitrile, affording a darker red 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 ob-
tained. After selecting one specimen for measurement, they were filtered,
washed with acetonitrile, and vacuum-dried (1: 0.041 g, 43%; 2: 0.045 g,
61%). Elemental analysis calcd (%) for 1, C72H127Co2Fe4N5O30: C, 45.90;
H, 6.79; N, 3.72. Found: C, 45.95; H, 6.65; N, 3.67. 2. Anal. Calcd for
C72H123Fe4N5Ni2O28: C, 46.81; H, 6.71; N, 3.79. Found: C, 46.27; H,
6.63; N, 3.96.

Figure 5.Natural localized orbital pairs with unitary occupancy, centered at Ni(II) sites that show a σ-type exchange pathway through the azpy bridge,
complex 2 (a), and dpq bridge, complex 4 (b).
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[FeIII2M
IIμ3-(O)μ2-((CH3)3COO)5((CH3)3COO)(H2O)]2(μ2-dpq)·H2O,

M = Co (3), Ni (4). A total of 0.1 g (0.1 mmol) of [Fe3O((CH3)3-
COO)6(H2O)3]ClO4 was dissolved in 10 mL of acetonitrile affording a
clear orange solution. To this solution was added 0.014 g (0.05 mmol)
of solid 2,3-di(2-pyridyl)quinoxaline (dpq) under stirring. Once dpq
dissolved after a few minutes, a dark brown solution was obtained. To
this solution was added immediately 0.05 g (0.05 mmol) of [M2(OH2)-
((CH3)3COO)4((CH3)3COOH)4], M = Co (3) and Ni (4), dissolved
in a minimum amount of acetonitrile, affording a darker red-brownish
solution. It was filtered to remove some insoluble solid residue, and the
clear final solution was left undisturbed, slowly evaporating at room
temperature. After 3−4 days, dark red blocks suitable for X-ray diffrac-
tion measurements were obtained. After selecting one specimen for
measurement, they were filtered, washed with acetonitrile, and vacuum-
dried (3: 0.022 g, 23%; 4: 0.046 g, 48%). Elemental analysis calcd (%) for
3, C78H126Co2Fe4N4O29: C, 48.66; H, 6.60; N, 2.91. Found: C, 48.74; H,
6.58; N, 2.89. Elemental analysis calcd (%) for 4, C78H126Fe4N4Ni2O29:
C, 48.68; H, 6.60; N, 2.91. Found: C, 48.74; H, 6.59; N, 2.95.
X-Ray Structures Determination. Crystals suitable for X-ray

diffraction were obtained directly from the synthetic procedure for all
complexes and mounted on a glass fiber. The crystal structures were
determined with a Bruker Smart APEX II CCD area-detector diffrac-
tometer using graphite-monochromatedMoKα radiation (λ = 0.71073 Å) at
173 K. Data were corrected for absorption with SADABS.37 The struc-
tures were solved by direct methods with SHELXS-9738 and refined by
full-matrix least-squares on F2 with anisotropic displacement parameters
for all non-H atoms with SHELXL-97.38 Hydrogen atoms were added
geometrically and refined as riding atoms with a uniform value of Uiso
with the exception of hydrogen atoms of coordinated water molecules
that were located in the difference map. In all structures, except complex
2, some pivalate tert-butyl groups appeared disordered and were modeled
as two split positions with a refined occupation factor ratio. CCDC
880435−880438 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
Crystallographic data and refinement parameters can be found in the
Supporting Information.
DFT Quantum Computations. Density functional theory (DFT)

spin-unrestricted calculations were performed at the X-ray geometry
using the Gaussian03 package (revision D.01)39 at the B3LYP level
employing the LanL2DZ basis set. Tightly converged (10−8 Eh in
energy) single point calculations were performed in order to analyze the
exchange coupling between the metallic ion centers. The methodology
applied here relies on the broken symmetry formalism, originally
developed by Noodleman for SCF methods,40 which involves a varia-
tional treatment within the restrictions of a single spin-unrestricted
Slater determinant built upon using different orbitals for different spins.
This approach was later applied within the frame of DFT.41 The HS

(high spin) and BS (broken symmetry) energies were then combined to
estimate the exchange coupling parameter J involved in the widely used
Heisenberg−Dirac−van Vleck Hamiltonian.42 We have calculated the
different spin topologies of broken symmetry nature (see SI) by alter-
natively flipping spin on the different metal sites. The exchange coupling
constants Ji can be obtained after considering the individual pair-like
components' spin interactions involved in the description of the dif-
ferent broken symmetry states. We used two main reported method-
ologies: the Ising approach,43 where the broken symmetry states are
directly considered as eigenstates of the HDvV Hamiltonian with the
corresponding equation:

− =E E J S S2 (2 )BS HS 12 1 2

and the method proposed by Ruiz and co-workers,44 where the
following equation is applied:

− = + <E E J S S S S S2 (2 ), withBS HS 12 1 2 2 2 1

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 magnetic orbitals and
the possible spin-coupling exchange pathways.

For the ligands bpym, azpy, and dpq, closed shell, B3LYP/6-31G*
tight converged single point calculations at their experimental geometry
in the corresponding M3O-LL-M3O complexes12 were performed to
analyze the frontier molecular orbitals.

■ ASSOCIATED CONTENT
*S Supporting Information
Crystallographic data and refinement parameters, selected bond
lengths and angles, structural data of the Fe2MO cores, molecular
representation of the extended H-bond interaction in complex
2, crystal packing of the unit cell of complex 2, molecular rep-
resentation of the extended H-bond interaction in complex 4,
crystal packing of the unit cell of complex 4, overlaid Moessbauer
spectra, overlaid χmT data plots, natural localized orbital pairs
with unitary occupancy, spin topologies employed, HOMO mo-
lecular orbitals, through LL bridge exchange pathway distances,
and a crystallographic information file (CIF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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