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The synthesis, crystal structure, and magneto-chemical characterization of two new unprecedented
m-phenoxo-m-carboxylato heterodinuclear complexes based on the Cr(salen) moiety (salen =
N,N¢-bis(salicylidene)ethylenediamine), [MII(O2C(CH3)3)(OH2)2(m-O2C(CH3)3)(m-salen)CrIII-
(O2C(CH3)3)], M = Ni (2), Co(3) are reported. The dinuclear complexes were obtained starting from
the mononuclear trans-[Cr(salen)(CN)2]PPh4 (1), whose crystal structure is also reported. They show a
trans arrangement of the Cr(salen) unit, bridging through the phenolate O atoms to a second metal
center. An additional m2-O2-carboxylato bridge and a further monodentating carboxylate ligand
complete the roughly octahedral Cr(III) coordination sphere. The highly distorted octahedral M(II)
coordination environment is completed by two coordinated water molecules and an additional
monodentating carboxylate. Variable-temperature solid-state DC magnetization studies were carried
out in the 2.0–300 K range. Ferromagnetic isotropic pairwise exchange parameters were found with
values of J = 4.1 cm-1 (2) and J = 2.1 cm-1 (3). Additionally, for complex 3, a ZFS parameter, D, was
employed to properly fit the experimental data. Magnetization (M) vs. field (H) and temperature (T)
data further support the presence of this anisotropic component and confirm ground states S = 5/2 and
S = 3 for 2 and 3, respectively. Broken symmetry DFT calculations properly reproduce the experimental
J values supporting the ferromagnetic exchange interaction experimentally observed. No out of phase
susceptibility signal was observed in 0 DC magnetic field for both complexes. However, in the case of
complex 3 a non-zero c¢¢ is observed when a small external field is applied below 3 K, suggesting slow
relaxation of the magnetization which at 0 DC field is suppressed, probably due to efficient tunnelling
relaxation pathways. The low symmetry of the Co(II) site in complex 3 may lead to the presence of
transversal anisotropic components which could be responsible for the enhanced tunnelling pathway.

Introduction

Existence of ferromagnetic interactions between metal centers,
which provide high S values for the ground state, and easy axis
anisotropy (negative D value) of the spin ground state are the main
requisites for the design of clusters with single molecule magnet
(SMM) behavior.1,2 Both of them are continuously pursued
by chemists using different synthetic strategies. While quite a
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good understanding of the ions possessing local high values
of anisotropy is available,3 obtaining metallic clusters exhibiting
ferromagnetic exchange interactions is still a difficult task even if
some recent examples have been reported.4 The usual approach
towards rational design of ferromagnetically coupled systems
relies on orthogonality of the interacting magnetic orbitals.
Usually, the combination of t2g–eg single occupied d orbitals of
the coupled metal pairs fits this scheme and is one of the main
strategies used. However, the local symmetry at each metal center
and the total cluster symmetry have a crucial role in the final
observed interaction type between the metals.2,5

We have explored the reaction of a Cr(salen), (salen = N,N¢-
bis(salicylidene)ethylenediamine) based precursor with Co(II) and
Ni(II) m-carboxylato moieties, both of them containing potential
local anisotropic ion sources. Namely, we prepared and struc-
turally characterized for the first time the trans-[Cr(salen)(CN)2]-

anion as the tetraphenylphosphonium salt. This anion had been
previously used for the design of cyano bridged complexes.6 How-
ever in the presence of metal carboxylate sources, here in the case of
Co(II) and Ni(II), it readily releases the cyanide ligands, retaining
the stable Cr(salen) core, and affords O-phenolate salen bridged
dinuclear products additionally bridged by carboxylate ligands.
The new dinuclear complexes are ferromagnetically coupled, hence
exhibiting non-diamagnetic ground states which in the case of
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the Cr(III)–Co(II) complex, exhibits a high negative D parameter
value. None of them show out of phase signals at 0 DC in the
AC susceptibility measurements. However, complex 3 does show
a non-zero c¢¢ susceptibility component when a small external DC
field is applied below 3 K. Most probably, fast tunneling relaxation
pathways are operative at 0 DC field preventing the observation
of non-zero c¢¢ signal, typical of SMM behaviour, as a moderate
thermal barrier for reversal of the magnetization is expected for
complex 3, bearing a highly anisotropic Co(II) site.

We report the synthetic procedure, structural characterization
and magnetic properties study of the two new ferromagnetic cou-
pled m-phenoxo-m-carboxylate heterodinuclear complexes based
on the Cr(salen) moiety and containing Co(II) and Ni(II) as the
second metallic site. These are the first structurally characterized
ever reported examples of complexes showing a Cr(salen) unit
bridging additional metallic centers through the O-phenolate
atoms set.

Results and discussion

Synthetic procedures

We have prepared and structurally characterized the tetraphenyl-
phosphonium (PPh4

+) salt of the trans-[Cr(salen)(CN)2]- anion
(1). The synthetic procedure essentially follows the reported one
for the potassium salt.7 This new salt is a relevant precursor
as it allows reaction in non-aqueous solvents. Reaction of an
acetonitrile solution of 1 with dinuclear Co and Ni carboxy-
late precursors yielded novel neutral heterometallic Cr–Co and
Cr–Ni dinuclear complexes where the different metallic sites
are bridged through the phenoxo-O atoms of the salen and
one pivalate ligand, [MII(O2C(CH3)3)(OH2)2(m-O2C(CH3)3)(m-
salen)CrIII(O2C(CH3)3)], M = Ni (2), Co(3) (Scheme 1). From
the reaction batch single crystals suitable for X-ray diffraction
measurements are directly collected.

Most interestingly the reaction at room temperature involves
the release of the cyanide ligands coordinated to the Cr(III) center.
The reaction also proceeds in the dark, hence no photochemical
pathways are involved. Most probably, as previously observed in
other Cr(III)-cyano complexes,8 an acid catalyzed mechanism is
operative. The protons here are provided by the weakly bounded
pivalic acids of the Co2 and Ni2 precursors.

Scheme 1 Pictorial sketch of complexes 2 and 3.

Structural characterization

X-Ray measurements of single crystals of 1 revealed the trans con-
figuration of this dicyano anion. Surprisingly enough this is only
the third structurally characterized trans-dicyano Cr(III) complex
and the first anionic one, as the previous two examples reported
correspond to cationic Cr(III) N4-macrocycle compounds.9 For a
detailed discussion of its structure see the ESI.†

Crystal structures of complexes 2 and 3 (Fig. 1) are roughly
similar. Both complexes crystallize in the orthorhombic Pbca
space group with comparable cell parameters. Crystallographic
data are shown in Table 1.

Complexes 2 and 3 show the trans arrangement of the
Cr(salen) unit as in complex 1, bridging through the phenolate O
atoms the second metal. An additional m-1,3-pivalato bridge and
a monodentate pivalate ligand complete the roughly octahedral
Cr(III) coordination sphere. The M(II) highly distorted octahedral
coordination environment is completed by two coordinated water
molecules and an additional monodentate pivalate ligand. Both
non-bridging pivalate ligands are H-bonded to one of the coor-
dinated water molecule (see Fig. S3†). This overall arrangement
affords a Cr(III)–M(II) distance of ca. 3 Å. Selected distances and
angles are collected in Table 2.

The Cr–Nsalen and Cr–Osalen bond distances are almost the
same as the ones observed in the precursor complex 1, while
the Cr–Opivalate distances are in the usual range observed in
other Cr–pivalate complexes, for example Cr wheels or Cr3–m3-O

Fig. 1 ORTEP representation of complexes 2 (left) and 3 (right). Ellipsoid probability: 50%. Hydrogen atoms have been omitted for clarity.
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Table 1 Crystal and refinement data for 1–3

1 2 3

Empirical formula C42H34CrN4O3P C31H45CrN2NiO10 C31H45CoCrN2O10

FW 725.70 716.40 716.62
Temperature (K) 173 173 173
Wavelength (Å) 0.71069 0.71069 0.71069
Cryst. syst. Monoclinic Orthorhombic Orthorhombic
Space group P21 Pbca Pbca
Unit cell dimensions (Å, deg) a = 9.496(4) a = 17.473(3) a =17.4198(3)

b = 13.23(50) b = 17.499(4) b = 17.6220(4)
c = 14.082(5) c = 23.282(4) c = 23.3583(6)
b = 92.183(12)

Volume (Å3) 1767.9(1) 7119.0(30) 7170.3(4)
Z 2 8 8
Density calcd. (g cm-3) 1.363 1.337 1.328
Abs. coeff. (mm-1) 0.415 0.888 0.819
F(000) 754 3016 3008
Cryst. size (mm3) 0.43 ¥ 0.03 ¥ 0.02 0.10 ¥ 0.13 ¥ 0.20 0.09 ¥ 0.21 ¥ 0.30
q range (deg) 1.45 to 20.31 1.75 to 28.56 1.74 to 28.46
Limiting indices -9 ≤ h ≥ 9 -23 ≤ h ≥ 22 -23 ≤ h ≥ 23

-12 ≤ k ≥ 12 -22 ≤ k ≥ 22 -20 ≤ k ≥ 23
-13 ≤ l ≥ 13 -28 ≤ l ≥ 30 -30 ≤ l ≥ 30

Reflns collected 9740 110567 123131
Ind. reflns 3413 [Rint = 0.13] 8784 [Rint = 0.31] 8897 [Rint = 0.13]
Reflns obs. [I > 2s(I)] 2316 3207 4985
Completeness to q (%) 99.6 96.7 98.0
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2

Data/restraints/params 3413/1/460 8784/4/418 8897/24/410
Goodness-of-fit on F2 0.882 0.799 0.967
Final R indices [I > 2s(I)] R1 = 0.0523, wR2 = 0.0910 R1 = 0.0500, wR2 = 0.1907 R1 = 0.0579, wR2 = 0.1140
R indices (all data) R1 = 0.0729, wR2 = 0.0829 R1 = 0.1041, wR2 = 0.1356 R1 = 0.1579, wR2 = 0.1818
Largest diff. peak and hole (e Å-3) 0.212 and -0.215 0.783 and -0.548 1.132 and -0.734

Table 2 Selected bond lengths (Å) and bond angles (deg) of compounds
2 and 3

2 3

Ni(1)–O(5) 2.008(3) Co(1)–O(8) 2.020(3)
Ni(1)–O(8) 2.039(3) Co(1)–O(5) 2.064(3)
Ni(1)–O(3) 2.043(3) Co(1)–O(10) 2.081(3)
Ni(1)–O(4) 2.056(3) Co(1)–O(2) 2.104(3)
Ni(1)–O(6) 2.130(3) Co(1)–O(1) 2.169(3)
Ni(1)–O(2) 2.278(3) Co(1)–O(7) 2.319(2)
Cr(1)–O(6) 1.930(3) Cr(1)–O(1) 1.930(3)
Cr(1)–O(2) 1.937(3) Cr(1)–O(6) 1.946(3)
Cr(1)–O(7) 1.944(3) Cr(1)–O(7) 1.938(3)
Cr(1)–O(1) 1.979(3) Cr(1)–O(3) 1.991(3)
Cr(1)–N(2) 1.997(4) Cr(1)–N(2) 2.012(3)
Cr(1)–N(1) 1.999(4) Cr(1)–N(1) 2.013(3)

O(7)–Cr(1)–O(1) 172.39(13) O(6)–Cr(1)–O(3) 172.29(11)
Cr(1)–O(2)–Ni(1) 91.25(12) Cr(1)–O(1)–Co(1) 96.23(11)
Cr(1)–O(6)–Ni(1) 96.11(13) Cr(1)–O(7)–Co(1) 91.28(10)

based systems.10 The roughly octahedral environment of the
Cr(III) site contrasts with the noticeably distorted coordina-
tion spheres around the M(II) sites. In complex 2 as well
as in complex 3, the M(II) site possesses two clearly long
distances corresponding to the M–Ophenolate bonds, one of them
remarkably long, being Ni(1)–O(2), 2.278(3) Å and Co(1)–O(7),
2.319(2) Å. The remaining M(II)–O bond lengths are considerably
shorter with an exception in complex 3, where the Co–O bond
length, involving the monocoordinating pivalate, is rather large,
Co(1)–O(2), 2.104(3) Å. A small deviation from complete pla-
narity for the Cr(III)–Ophenolate–M(II)–Ophenolate core is observed in

both complexes with a torsion angle of ca. 17◦. Surprisingly, no
examples are reported up to date where the Cr(salen) moiety
appears bridging in a planar mode through its O-phenolate atoms,
hence complexes 2 and 3 constitute the first ones. Moreover,
there is only one structurally characterized example of a dinuclear
complex with the planar bridging salen moiety, reported up to date,
where both metal coordination spheres appear hexacoordinated,
comprising a homonuclear Mn dinuclear complex.11 However, in
this example, no additional bridging ligands are present in the
structure.

In both complexes, 2 and 3, well defined H-interactions between
one of the coordinated water ligands and the phenolate O atoms
of the closest neighbouring molecule are clearly recognized. This
affords an overall packing of well isolated pair of dimers held by
H-bond interactions which leave the M(II) centers of each dimer
ca. 4.8 Å apart (see Fig. S3†). This M(II)–M(II) inter-metallic
distance is not much larger than the Cr(III)–M(II) intra-metallic
one and may have some impact on the electronic structure of these
dinuclear complexes.

Magnetic properties

The magnetic behaviour of the reported complexes was studied
in the temperature range 2–300 K (Fig. 2) under an applied
field of 0.1 T. For complex 2 the cmT value at 300 K is with
3.28 cm3 K mol-1 slightly above the expected value for an isolated
Cr(III)/Ni(II) couple (g = 2), 2.87 cm3 K mol-1, but it is close
when a more realistic g value for Ni(II) is considered,12 cmT =
3.01 cm3 K mol-1 (gNi = 2.2). With decreasing temperature, cmT
smoothly increases until 100 K when it suddenly rises up to a
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Fig. 2 cmT vs. T plots at 0.1 T of complexes 2 (top) and 3 (bottom); Full
line: best fitting with Hamiltonian of eqn (2) (see text). Dashed line: best
fitting with Hamiltonian of eqn (2) + ZFS contribution (eqn (3)) (see text).

maximum of 4.81 cm3 K mol-1 at 2 K. This value is almost identical
to the expected value for a S = 5/2 state (cmT = 4.82 cm3 K mol-1,
gav = 2.1) for ferromagnetically coupled Cr(III)–Ni(II) ions.

A similar cmT vs. T plot is observed for complex 3, with a
cmT value at 300 K of 5.40 cm3 K mol-1, being large for isolated
Cr(III)–Co(II) centers with gav = 2, leading to 3.74 cm3 K mol-1,
but in good agreement if a gav = 2.4 is considered which
gives an expected cmT value of 5.40 cm3 K mol-1. This big g
value is related to the presence of the HS Co(II) ion which
can exhibit strong anisotropic spin ground states due to first
order orbital contribution.5 The maximum in cmT is observed
at almost the same temperature as for complex 2, with a value
of 7.31 cm3 K mol-1 at 8 K. This value is somewhat below the
expected value for a S = 3 state for ferromagnetically coupled
Cr(III)–Co(II) (cmT = 8.64 cm3 K mol-1, gav = 2.4). At lower
temperatures the cmT value suddenly drops probably due to the
onset of zero-field splitting components. Again, as for complex 2,
cmT vs. T behaviour clearly evidences a ferromagnetic interaction
between Cr(III) and Co(II) ions.

A preliminary rough estimation of the coupling strength by a
Curie–Weiss treatment in the range 20–300 K gives q = 7.8 K
(5.4 cm-1) and q = 5.8 K (4.0 cm-1) for complexes 2 and 3,
respectively. The positive value for the Weiss temperature confirms
the ferromagnetic interaction.5 We therefore 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:

c =

−∂ ∂( ) −( )

−

∑
∑

1

H

N E H E kT

E kT

i i

i

i

i

exp

exp( )
(1)

The energy of the different spin levels is obtained through
diagonalization of the suitable Hamiltonian. In this case, the
Heisenberg spin Hamiltonian describing the isotropic exchange

interactions between Cr(III) and M(II) ions is added to the
Zeeman term:

Ĥ = -2JŜCr·ŜM + (gCrbŜCr + gMbŜM)H (2)

The best fitting to the cmT vs. T data (Fig. 2), with the
Hamiltonian of eqn (2) and fitting parameters J and an isotropic
gM factor (gCr fixed), afforded values of gM = 2.24 ± 0.01, J = 4.1 ±
0.2 cm-1 (R = 2.2 ¥ 10-4) for complex 2 and gM = 2.72 ± 0.01, J =
1.6 ± 0.1 cm-1 (R = 2.1 ¥ 10-4) for complex 3. In both cases gCr

was fixed to a value of 2.0. Changing gCr in the range 1.98–2.00, as
expected for a Cr(III) ion,12 did not modify the results within the
error interval.

In case of complex 3, cmT vs. T data was only considered up
to 10 K as the inclusion of the lower temperature data set did not
allow for obtaining a reasonable fit, probably reflecting the onset
of strong anisotropy due to the presence of the Co(II) ion (also
noticed in the large gCo value). In order to take this effect into
account and evaluate its impact on the data fitting we added to
the Hamiltonian of eqn (2) an axial zero-field splitting (ZFS) term
for the Co(II) site:

Ĥzfs = DCo (ŜzCo
2 - SCo(SCo+1)/3) (3)

This assumes that distortion of the Co(II) ion from a perfect
octahedron is big enough to remove the first-order orbital
momentum by splitting the 4T1g ground state allowing the use
of a pure spin Hamiltonian including a ZFS term.5 In this way,
over-parametrization is avoided which is implicit in the developed
models that attempt to include the orbital contribution to the
ground state in Co(II) complexes.13 The best fitting to the cmT vs.
T plot of complex 3 (Fig. 2), now with the Hamiltonian of eqn
(2) and the additional ZFS term (eqn (3)), with fit parameters J,
isotropic gM factor (gCr fixed) and DCo afforded values of gM =
2.70 ± 0.01, J = 2.1 ± 0.1 cm-1 and DCo= 2.8 ± 0.1 cm-1 (R =
1.8 ¥ 10-4). While the gCo value doesn’t change from the original
fitting without the ZFS term, the J value is now slightly bigger
and a positive DCo value was obtained. The fitting improvement in
the low temperature region is considerable. An error contour plot
for J and DCo parameters (Fig. S4†) shows a possible alternative
set of parameters with negative DCo (close to -12 cm-1), however
they afford an extremely poor quality data fitting (R = 2.7 ¥ 10-2).
Thus, the presence of a positive local axial ZFS parameter for the
Co(II) ion is suggested from the cmT vs. T data.

The ferromagnetic isotropic exchange constant values obtained
for both complexes indicate that S = 5/2 and S = 3 ground states
should be found for complexes 2 and 3, respectively, separated
from the first excited state with energy differences at zero field
of 20.5 cm-1 (S = 3/2) (2) and 12.6 cm-1 (S = 2) (3). To further
confirm these ground state total spin values, we performed variable
field (H) and temperature magnetization (M) measurements. Data
were collected in the 10–70 kOe and 2–5 K ranges and are plotted
in Fig. 3 as reduced magnetization. The saturation values at the
highest field and lowest temperatures are 4.95 Nb for complex 2
and 5.03 Nb for complex 3. In the first case, the value is quite
close to the gS expected one for an S = 5/2 with g = 2 while in
the second case it is clearly below the expected value for an S = 3
with g = 2. This mismatching together with the impossibility of
a proper simulation of the data with an S = 3 Brillouin function
suggests the presence of a sizeable anisotropic contribution already
assumed from the cmT measurements. We attempted a fitting of
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Fig. 3 Plot of reduced magnetization (M/Nb) vs. H/T for complexes 2 (left) and 3 (right) in the 2–5 K range. Solid lines are the data fitting with the
Hamiltonian of eqn (4) (see text).

the data (Fig. 3) by diagonalization of the spin Hamiltonian matrix
considering that only the ground state is populated, incorporating
axial anisotropy and Zeeman terms, and employing a full powder
average. The corresponding spin Hamiltonian is given by eqn (4).

Ĥ = DS(Ŝz
2 - S(S + 1)/3) + gSbŜH (4)

For complex 2 with S = 5/2, best fitting values obtained
are gS = 2.019 ± 0.004 and DS = -0.61 ± 0.06 cm-1 (R =
1.59 ¥ 10-4). No good fitting quality is obtained when setting
DS = 0, even if from the cmT data there is no evidence of an
anisotropic component; nor when trying data simulation with the
full exchange-coupled Hamiltonian of eqn (2) in order to model
the possible mixing with the first excited spin state (S = 3/2). When
the error surface over gs and DS parameters is explored, a clear
unique and defined minimum at the best fitting parameter values
is found, supporting the negative sign for the axial ZFS DS value
(see Fig. S5†). Projection techniques give the relationship between
the S = 5/2 ground state gS and DS values and the local gi and
Di parameters (the anisotropic exchange coupling component has
been neglected) (eqn (5)):

g g g D D D5

2

5

2

3

5

2

5

3

10

1

10
= + = +Cr Ni Cr Ni   ; (5)

While gS agree quite well with the local g values obtained
from cmT measurements, it is clear that there is no possibility
of evaluating the local Di values. However both ions Cr(III) and
Ni(II) may have positive or negative Di values12 which can combine
to afford a positive or negative DS value, hence no contradiction
is observed.

For complex 3 with S = 3, best fitting values obtained are gS =
1.94 ± 0.03 and DS = -2.1 ± 0.2 cm-1 (R = 4.34 ¥ 10-4). The error
surface for both parameters (see Fig. S6†) shows an additional
minimum for a positive DS value that was not considered due to
the poor fitting quality, R = 1.75 ¥ 10-3 (gS = 2.4 ± 0.3, DS = 3 ±
3 cm-1). Fitting attempts with a pure Brillouin function with S =
3 clearly failed, supporting the presence of a strong anisotropy.
However, this result should be analysed carefully, as the obtained
DS value (as well as the gS value) cannot be easily rationalized

from the predicted projected single ion Di values for two coupled
S = 3/2 spins affording an S = 3 ground state (eqn (6)):

D D D D3

1

5

1

5

3

10
= + +Cr Co CrCo (6)

From the fitting of the cmT vs. T data, a positive DCo value
is suggested which forces a non realistic quite big negative
value for DCr or eventually a big negative anisotropic exchange
coupling DCrCo parameter value. This apparent mismatching can
be understood as the break down of the strong exchange coupling
limit. In fact the estimated DCo value from cmT data is of the
same order of magnitude of the exchange coupling constant J.
Under this condition the total spin S is no longer a good quantum
number and eqn (6) fails.14 Comparison of these results with the
one for complex 2 clearly indicates that the big negative Ds value is
originated from the presence of the anisotropic Co(II) ion. Further
evidence is collected when a non-restrained sample of complex 3 is
used for measuring magnetization data. A completely different M
vs. H profile is obtained (Fig. S7†). In this case magnetization is
quickly saturating in a narrow range between 5.4 and 5.6 Nb. This
can be easily rationalized in terms of field induced sample torquing
with subsequent orientation along the applied field together with
an easy axis type anisotropy. In fact, these data can be properly fit
(Fig. S7†) assuming that all the sample has been orientated with
respect to the magnetic field. The orientation seems incomplete but
with an angle close to 25◦. With this angle, best fitting parameters
are gs = 1.945 ± 0.003 and Ds = -3.0 ± 0.2 cm-1, (R = 6.77 ¥
10-5) which are in good agreement with the one obtained for the
restrained full powder averaged sample. It should be remarked that
only a negative Ds value correctly reproduces this M vs. H profile.

Any attempt to fit the magnetic data of complex 3 at low tem-
perature values with an effective S¢ = 1/2 for the Co(II) ion (where
only the lowest energy Kramer doublet is considered populated)
completely failed. This approach usually works properly when the
local symmetry of the Co(II) ion is not far away from a perfect
octahedron.13

In view of the high negative Ds value for the S = 3 ground
state of complex 3, AC susceptibility measurements in the range
1.8–3.5 K at different driving frequencies were performed to
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evaluate possible SMM behaviour. No out of phase susceptibility
component was observed under 0 DC external field (Fig. S8†).
However, when a small field is applied (up to 4 kOe) a clear
non-zero c¢¢ signal appears evidencing slow relaxation of the
magnetization (Fig. 4). When this external field is scanned at
the lowest possible temperature (1.8 k) and maximum driving
frequency (1500 Hz), the out of phase component smoothly
increases to reach a maximum at ca. 1800 Oe (Fig. S9†) and then
decreases to almost completely vanishing at about 4 kOe. Thus,
AC susceptibility was measured at different driving frequencies
in the range 1.8–3.5 K under an 1800 Oe applied external field
(Fig. 5). Frequency dependence of c¢¢ as well as a divergence in the
c¢T plot are evident, however no peak for the out of phase signal
can be observed down to 1.8 K. Nevertheless, the c¢¢ value is quite
big, reaching almost 40% of the c¢ value at 1.8 K and 1500 Hz,
consistent with slow magnetic relaxation observed in SMMs.15

In order to completely discard intermolecular effects or simple
paramagnet behaviour, AC measurements were also performed

Fig. 4 Plot of c¢¢ vs. driving AC frequency (up to 1500 Hz) for complex
3 under an external DC field ranging 0–4 kOe at 1.8 K.

Fig. 5 Plot of c¢T (top) and c¢¢ (bottom) vs. T for complex 3 at different
driving AC frequencies under an external DC field of 1800 Oe.

for the isostructural complex 2. A strict zero out of phase signal
was observed at 0 DC and also under an external applied field
(Fig. S10†). These results are in agreement with the low expected
magnetization reversal thermal barrier for complex 2, U eff =
|D|S2 = 3.8 cm-1 which is not enough to block magnetization
down to 1.8 K. The picture is different in the case of complex 3
as a moderate value for the thermal barrier is expected, U eff =
|D|S2 = 18.9 cm-1. However, this latter expression completely
relies on the strong exchange coupling limit validity which is not
suitable in this case (J ~ D) and of course in the absence of any
kind of orbital momentum contribution. Nevertheless, we still rely
on it as an initial approximation to the barrier magnitude. In spite
of the barrier value should be enough to block magnetization at
1.8 K, no slow relaxation process is observed in a 0 DC field, which
is typical of SMM behaviour.1 Probably, the low symmetry of the
molecule allows the onset of transversal anisotropic components
in the Hamiltonian, which in addition to the low S value, may
lead to fast tunnelling relaxation pathways which if present, are
maximized at 0 DC field due to Ms levels energy degeneracy.1c This
phenomenon has been recently theoretically addressed for a Co7

wheel.16

When a small external field is applied, the tunnelling rate can be
modified by lifting the zero field degeneracy of MS levels.1c Hence,
the slow magnetization relaxation phenomenon observed under a
small external magnetic field for complex 3 may be originated in a
decrease of the tunnelling rate. In fact, the possibility of observing
slow relaxation processes, otherwise absent in a 0 DC field, by
application of a small external magnetic field has been recently
suggested.17

As for the temperature dependence, no frequency maximum
in the out of phase susceptibility component is observed at 1.8 K
when an applied field was scanned in the range of 0–4 kOe (Fig. 4).
Additionally, we couldn’t observe opening in the hysteresis cycle
at 1.8 K at our setup maximum field scan rate (0.004 T s-1).

DFT calculations

We performed broken-symmetry (BS) DFT calculations at the
X-ray geometry for complexes 2 and 3 to obtain calculated values
for the isotropic exchange coupling constant J. Two different
basis sets were used, a medium size one (LanL2DZ) and a
big size one (TZVP). Previously, we have successfully employed
this methodology in related systems proving this approach quite
reliable.18 The results are shown in Table 3.

The accuracy is quite remarkable and both basis sets afforded
quite coincident values with the experimental ones. In both cases
the right sign for the J constant value is predicted, supporting
the ferromagnetic interaction between Cr(III) and M(II) ions.

Table 3 DFT calculated exchange coupling constants J and metal spin
densities for complexes 2 and 3

Spin density Cr/M

Jcalc/cm-1 Jexp/cm-1 HS BS

2 LanL2DZ 5.5 4.1 2.975/1.721 2.981/-1.738
TZVP 5.9 3.051/1.738 3.050/-1.736

3 LanL2DZ 0.8 2.1 2.981/2.770 2.989/-2.789
TZVP 3.0 3.055/2.794 3.054/-2.791
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Inspection of the magnetic orbitals involved, after a corresponding
orbital transformation of the BS spin states, allows an insight on
the origin of the observed ferromagnetic interaction. Fig. 6 shows
the a–b pairs obtained for both complexes. It can be clearly noticed
that all the partner magnetic orbitals are almost orthogonal to
each other diminishing the antiferromagnetic pathways resulting
in overall ferromagnetic coupling between Cr(III)–M(II) metallic
centers. To the best of our knowledge there are no structurally
characterized examples of m-salen dinuclear complexes bearing
the Cr(salen) motif in order to compare the nature and strength
of the exchange interaction. The only reported example of a
related system,19 lacking structural characterization and with a
poor magnetic properties study (only between 80–300 k) seems
meaningless.

Fig. 6 a and b magnetic orbitals arising from the broken-symmetry state
calculation (after a corresponding orbital transformation) of complexes 2
(left) and 3 (right). Isogrids: 0.03 a.u.

Conclusions

We have synthesized and structurally characterized two new m-
phenoxo-m-carboxylato heterodinuclear complexes based on the
Cr(salen) moiety with Co(II) and Ni(II) as the second metallic
site. The trans-[Cr(salen)(CN)2][PPh4] precursor proved to be a
suitable source of the Cr(salen) core. Both dinuclear complexes
exhibit ferromagnetic interaction due to negligible overlap of the
magnetic orbitals, affording ground states with S = 3 and S = 5/2
for M = Co(II) and Ni(II) respectively. DFT broken-symmetry
calculations support these results. While the Cr–Ni complex spin
ground state shows little anisotropy, the Cr–Co one possesses
a large and negative D value as evidenced from magnetization
measurements. No out of phase susceptibility signal was observed
in a 0 DC magnetic field for complexes 2 and 3. While in the
case of complex 2 this can be understood in terms of the expected
low energy for the thermal activation barrier for magnetization
reversal, complex 3 is supposed to exhibit a moderate barrier.
Most probably fast tunnelling processes arising from transversal
Hamiltonian components are operative as the molecule possesses
very low symmetry. However, a non-zero out of phase component
of the susceptibility is observed when a small external field is
applied. No maximum in the c¢¢ component is observed down

to 1.8 K when the driving frequency is scanned up to 1500 Hz
neither when a small DC external field is varied in the range 0–
4 kOe. Unfortunately, our current setup facilities do not allow us to
explore higher AC frequencies or temperatures below 1.8 K, which
could provide a further insight into the magnetization dynamics
of this compound.

Nevertheless, these new ferromagnetic coupled dinuclear com-
plexes, specially the one with the Co(II) anisotropic ion, appear
as promising building blocks for the design of higher nuclearity
clusters exhibiting high spin ground state values and high easy axis
anisotropy. Further research is currently being performed within
this area.

Experimental

Material and physical measurements

[Cr(salen)(H2O)2]Cl, [Co2(m-OH2)(m-Piv)2(Piv)2(HPiv)4] and
[Ni2(m-OH2)(m-Piv)2(Piv)2(HPiv)4] were prepared following
previously reported procedures.7,20 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. Infrared spectra were
recorded with a Jasco FT-IR 4200 spectrophotometer with KBr
pellets in the 400–4000 cm-1 range. Magnetic measurements
were performed with a Quantum Design MPMS XL SQUID
magnetometer. DC measurements were conducted from 2 to
300 K and from 0 kOe to 70 kOe. AC measurements were
performed at frequencies ranging from 0.1 to 1500 Hz with an AC
field amplitude of 3 Oe and applied DC field from 0 kOe to 50 kOe.
Except explicitly described exceptions, all measurements were
performed on restrained polycrystalline samples in order to avoid
field induced reorientation of the microcrystals. Experimental
magnetic data were corrected for the diamagnetism of the sample
holders and of the constituent atoms (Pascal’s tables).

Synthesis of the complexes

PPh4[Cr(salen)(CN)2]·2H2O (1). This complex was pre-
pared by a modification of the reported synthesis of
K[Cr(salen)(CN)2]·H2O.7 2.00 g (5.1 mmol) of [Cr(salen)(H2O)2]Cl
were dissolved in 50 ml of 80% methanol in water. 1.70 g (26 mmol)
of solid KCN were added, and the mixture was heated up to 60 ◦C
during 1 h under stirring. After cooling down to r.t. an orange solid
was obtained and was collected by filtration. After air drying 1.26 g
of crude K[Cr(salen)(CN)2] was obtained. It was re-dissolved in
the minimum amount of water and filtered. To this clear orange
solution 1.50 g (4 mmol) of solid PPh4Cl were added. Immediately
a solid appeared and the suspension was vigorously stirred for
ca. 30 min. Then the orange solid was collected by filtration and
thoroughly washed with water. After vacuum drying 1.50 g of final
product were obtained. Yield: 40%. From the aqueous filtrate,
single crystals suitable for X-ray were obtained after standing at
r.t. for several days. Anal. Calcd. for C42H34CrN4O2P·2H2O C:
67.64, H: 5.14, N: 7.51. Found: C: 68.00, H: 4.72, N: 7.66. IR,
KBr: nC≡N, 2112 (vw) cm-1, 2125 (vw) cm-1.

[NiII (O2C (CH3) 3) (OH2)2 (l - O2C (CH3)3) (l - salen) CrIII (O2C -
(CH3)3)]·0.5CH3CN (2). 0.100 g (0.11 mmol) of [Ni2(m-OH2)(m-
Piv)2(Piv)2(HPiv)4] dissolved in 10 ml of acetonitrile and 0.070 g
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(0.09 mmol) of 1 dissolved in 10 ml of acetonitrile were mixed. The
resulting dark orange solution was filtered to remove some powder
developed and left standing undisturbed slowly evaporating at r.t.
After a few days orange crystals suitable for X-ray appeared. One
of them was used for structural determination and the remaining
ones collected by filtration, washed with acetonitrile and air dried.
Yield: 20 mg, 30%. Anal. Calcd. for C32H49CrN2NiO10·0.5CH3CN
C: 52.40, H: 6.56, N: 4.70 Found: C: 49.87, H: 5.96, N: 5.05.

[CoII (O2C (CH3)3) (OH2)2 (l - O2C (CH3)3) (l - salen) CrIII (O2C -
(CH3)3)] (3). 0.100 g (0.11 mmol) of [Co2(m-OH2)(m-Piv)2(Piv)2-
(HPiv)4] dissolved in 10 ml of acetonitrile and 0.070 g (0.09 mmol)
of 1 dissolved in 10 ml of acetonitrile were mixed. The resulting
dark red solution was filtered to remove some powder developed
and left standing undisturbed slowly evaporating at r.t. After a
few days red crystals suitable for X-ray appeared. One of them was
used for structural determination and the remaining ones collected
by filtration, washed with acetonitrile and air dried. Yield: 30 mg,
45%. Anal.Calcd. for C32H49CrN2CoO10 C: 52.46, H: 6.74, N: 3.82
Found: C: 51.67, H: 6.20, N: 4.21.

X-Ray structure determination. Crystals suitable for X-ray
diffraction were obtained directly from the synthetic procedure
and mounted in a glass fiber. The crystal structures were de-
termined with a Bruker Smart APEX II CCD area-detector
diffractometer using graphite-monochromated Mo-Ka radiation
(l = 0.71073 Å) at 173 K. Data was corrected for absorption
with PLATON21 using a multi-scan semi-empirical method. The
structures were solved by direct methods with SHELXS-9722

and refined by full-matrix least-squares on F 2 with anisotropic
displacement parameters for non-H atoms with SHELXL-97.23

Hydrogen atoms were added geometrically and refined as riding
atoms with a uniform value of U iso with the exception of hydrogen
atoms of coordinated water molecules that were located in the
difference map. Hydrogens of the non- coordinated water molecule
in the complex 1 crystal structure were not found in the difference
map and hence not included in the model. Two tert-butyl groups of
pivalates coordinated to the Co atom in complex 3 crystal structure
were disordered over two positions and refined isotropically in a
0.65:0.35 occupation factor ratio.

DFT quantum computations. Density functional theory (DFT)
spin-unrestricted calculations were performed at the X-ray ge-
ometry using the Gaussian03 package (revision D.01)24 at the
B3LYP level employing the LanL2DZ and TZVP basis sets.
Tightly converged (10-8 Eh in energy) single point calculations were
performed for the HS (high spin) and BS (broken symmetry) states
in order to analyze the exchange coupling between the metallic
centers. The HS- and BS-energies were then combined to estimate
the exchange coupling parameter J involved in the widely used
Heisenberg–Dirac–van Vleck Hamiltonian:

ĤHDvV = -JŜAŜB (7)

The methodology applied here relies on the broken symmetry
formalism, 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 spins.25 This approach has been
latterly applied within the frame of DFT.26 We employ here the
approximation described by Yamaguchi and co-workers, who

relate the exchange coupling parameter to the energies and
expectation values of the spin-squared operator for the HS (MS =
SA + SB) and BS (MS = |SA - SB|) states.27

J
E E

= −
< > < >

HS BS
2

HS

2

BS

 - 

 S - S� �
(8)

We also employed the BS-type spin unrestricted solutions after a
corresponding orbital transformation as a means of visualizing the
interacting non-orthogonal magnetic orbitals.28 Note that these
orbitals do not have a well-defined orbital energy. In the figures
showing such orbitals, we therefore do not give orbital energies
explicitly. Our main interest is the occupation and spin-coupling
patterns.
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