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Ni'"Mn""Ni"' and Ni"'Fe'Ni"' complexes with the same 1-5/2—1 spin
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Two heterotrinuclear complexes, [Mn"(Ni"L),]-2CH;0H
(where HL = 1,1,1-tris(/V-salicylideneaminomethyl)ethane)
and [Fe™(Ni"L),[NO;-C,HsOH, consisting of three face-
sharing octahedra have been prepared; although these com-
plexes have closely related structures and have the same 1-5/2-1
spin system, they show completely different magnetic interac-
tions between the adjacent metal ions: ferromagnetic (Ni"-
Mn") and antiferromagnetic (Ni"-Fe™).

The magnetic properties of multinuclear 3d metal complexes have
fascinated researchers for over a half a century. As a result of an
enormous volume of study, we can predict the magnetic properties
of many complexes from knowing their molecular structures; we
have now almost come to the point where we can design a complex
molecule with a desired magnetic property.! Among the large
number of 3d multinuclear complexes, the number of triply
bridged face-sharing complexes is small”> compared with the
number of doubly bridged edge-sharing complexes. This is mainly
due to the difficulty in designing their ligand system, and the
magnetostructural relationships that exist are still not clear. Face-
sharing multinuclear complex systems are of importance in
understanding overlapping magnetic orbitals, since both dy2 .
and d.. orbitals are concerned with bridging. By employing a
“complexes as ligands” strategy,” we have prepared two face-
sharing linear trinuclear complexes, Ni"Mn""Ni"" and Ni'"Fe™Ni'.
A mononuclear Ni"" complex, [Ni"L]~, coordinates to the central
Mn" or Fe' jon through three bridging phenolate oxygen atoms,
where L*~ denotes the tripodal hexadentate Schiff base-phenolate
ligand (Hi3L = 1,1,1-tris(N-salicylideneaminomethyl)ethane;
Fig. 1(a)). The two complexes have closely related crystal
structures and exhibit the same 1-5/2-1 spin system; therefore,
we naturally expected that they would exhibit similar magnetic
interactions. However, their magnetic interactions are different,
being ferromagnetic and antiferromagnetic between the adjacent
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metal ions, in the Mn" and Fe'™ systems, respectively. Thus, this
system provides a unique opportunity to develop a better
understanding of overlapping magnetic orbitals. To the best of
our knowledge, such a system has not been reported on so far even
in the dinuclear Ni-M (M = Mn"., Fe'™) system. Here, we report
on the synthesis, crystal structure, and magnetic properties of the
two complexes.

The orange complex, [Mn"(Ni""L),]-2CH;0H (1), was prepared
using the reaction of [Ni(HL)] and MnCl,-4H,0O in methanol in a
2 : 1 mole ratio, with the addition of triethylamine (2 equiv.) to
deprotonate the HL?" ligand. The dark purple complex,
[Fe"™(Ni"L),]NO;-C,HsOH (2), was prepared in a similar manner.
The [Ni(HL)] was allowed to react with Fe(NOs);-9H,O and
triethylamine in ethanol in a 2 : 1 : 2 mole ratio. The crystal
structures of 1 and 2 were determined using single-crystal X-ray
diffraction analysis.] Figs. 1(b) and 1(c) show the molecular
structure of 1 and a view of the N3Ni(p-O);Mn(p-O);NiN3 core,
respectively. The overall structure is similar to that of the
homonuclear Ni"' complex, [Ni'(Ni''L),].* Complex 1 contains
two octahedral Ni'! jons, and each ion is coordinated by the
hexadentate L3~ ligand with a facial N;O; donor set. Each [NiL]~
unit caps the Mn"" ion via three bridging phenolate oxygen donor
atoms. The complex is linear, with the Ni---Mn distance being
2.92085(11) A, and the Ni--*Ni distance being 5.8400(9) A. The
average Ni-O-Mn bond angle is 86.6(4)°, and the Ni---Mn---Ni
angle is 177.23(2)°. The aromatic rings are stacked with an average
distance between the paired rings of ca. 3.5 A. The structure of 2 is
very similar to that of 1. The average Ni---Fe distance is 2.8154(4)
A, and the Ni---Ni distance is 5.6308(6) A. The average Ni-O-Fe
bond angle is 86.2(7)°, and the Ni---Fe---Ni angle is 180.00(11)°.
Compounds 1 and 2 are discrete molecules, with the shortest
intermolecular metal-metal distance being 9.6318(9) A in 1 and
9.5394(3) A in 2.

Temperature-dependent molar susceptibility measurements on
powdered samples of 1 and 2 were carried out in an applied field of
0.1 T in the temperature range 1.9-300 K. The data are shown in
the ymT versus T plot in Fig. 2, where yy; is the molar magnetic
susceptibility and 7 is the absolute temperature. The value of y 7'
of compound 1 is 7 = 7.04 em® K mol™! at 300 K, and this
value increases with decreasing temperature, and reaches a
maximum of 7 = 1329 cm® K mol ! at 7= 7.0 K. The
value of ymT then drops sharply. The magnetic behavior of 2 is
completely different from that of 1, although both complexes have
the same spin system, 1-5/2—-1. The value of y7 for 2 is ym7T =
6.56 cm® K mol ™! at 300 K, and 7 decreases smoothly with
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Fig. 2 Magnetic behavior of 1 and 2 in the form of the y\ 7 vs. T plots;
the solid lines correspond to the best data fits (cf. text).

decreasing temperature. The profiles of the yy 7 versus T curves
indicate that the overall magnetic interactions between the metal
ions are ferromagnetic (S = 9/2 in the ground state) in 1, while
those in 2 are antiferromagnetic (S = 1/2 in the ground state). The
spin Hamiltonian in linear trinuclear complexes is given by H =
*2(.]1251'52 + J2352'S3 + J13S1‘S3), where Sl = S3 =1 and Sz =
5/2 for the S;—S»—S; arrangement. The terminal Ni'l ions are
nearly equivalent for 1, and those for 2 are crystallographically
equivalent. Thus, the spin exchange coupling constant for the
interactions between the adjacent ions is expressed as Ji, = Jos.
Fits to the experimental data were carried out, including a zero
field splitting (ZFS) term for Ni'. The best fit parameters to the
data for 1 were g(Ni) = 2.29, ¢g(Mn) = 191, J(Ni-Mn) =
+4.65 cm™!, and D(Ni) = —1.75 cm™'. There is no coupling
between the two terminal Nil ions, ie, JINi-Ni) = 0 cm .
Ferromagnetic interactions between the terminal Ni'! ion and the
central M™ jon have been observed in the same type of LNi"-M"—
Ni''L complexes (wWhere M = Ni# COS). For 2, using a value of
g(Ni) = 2.29 from the data fit of 1, and neglecting D(Ni), which is
justified because its effect is strongly coupled with that of the
negative value of J, we obtained g(Ni) = 2.29 (fixed), g(Fe) = 1.97,
and J = —1.85cm .

The field dependence of the magnetization at 1.9 K was also
measured, and the M versus H curve for 1 is shown in Fig. 3.
The saturation magnetization of 9.5 Nf is observed at 5 T, and
the value corresponds fairly well with 9 Nf expected for the
ferromagnetic system. The data are reproduced by a Brillouin
curve' for S = 92 with g, = 2.16 and the ferromagnetic
interaction is confirmed.
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Fig. 3 Field dependence of magnetization at 1.9 K for 1. The lower solid
line corresponds to the non-interacting metal ions, and the upper solid line
is the calculated Brillouin curve for S = 9/2 with g,, = 2.16 (¢f. text).

It should be noted that complexes 1 and 2 show completely
different magnetic exchange interactions, although they have the
same 1-5/2-1 spin system and have similar crystal structures. A
qualitative interpretation of the magnetic exchange between the
two metal centers may be given using Goodenough-Kanamori
rules® based on the relevant ferromagnetic (orthogonal) and
antiferromagnetic (superexchange) pathways. As both Ni' and the
central metal ions are in an octahedral environment, the d® Ni'!
center has two magnetic orbitals with e, (d.» and d,» ,) symmetry,
while the high spin d®> Mn" or Fe" center has five magnetic
orbitals with both t;, (d,,, d\., and d,.) and e, (d.» and d,. \»)
symmetry (Scheme 1). Therefore, both orthogonal, t,—e, and
superexchange, e,—e,, pathways are possible between adjacent
metal ions and, as the latter is known to prevail, a weak
antiferromagnetic coupling is expected in both 1 and 2. In the
manganese complex 1, a small ferromagnetic coupling was
observed, suggesting that the Mn—Ni superexchange overlap is
weaker than the Fe-Ni overlap. The reason for this weaker
antiferromagnetic contribution in 1 is attributed to the small
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Scheme 1  Electron configurations for Ni'' and M™ (M = Mn, Fe) ions
in an octahedral coordination environment showing the magnetic orbitals.

This journal is © The Royal Society of Chemistry 2006

Chem. Commun., 2006, 1950-1952 | 1951



® o .
3 ‘Q 6“' :}..:g.

Fig. 4 Two magnetic orbitals representing the main superexchange
pathways in compound 2. Similar magnetic orbitals are calculated for 1,
but with a minor contribution on the bridging oxygen atoms.

structural difference from 2 and, in particular, to the longer Mn-O
bond distances (2.15-2.21 A) compared with the Fe-O bond
distances (2.01-2.02 A). Indeed, experimental’ and theoretical®
studies have shown that the antiferromagnetic coupling between
oxo- and hydroxo-bridged Fe(ill) dinuclear complexes strongly
decreases with the lengthening of the Fe-O bond distance. The Ni—~
O-M bridging angles, a major factor influencing the super-
exchange interactions, are almost the same for the two complexes
as described above.

To better understand the reason for the different magnetic
behavior of complexes 1 and 2, we undertook a theoretical study
using methods based on density functional theory. The hybrid
B3LYP functional was used in all our calculations, as implemented
in the Gaussian03 program. This functional provides excellent
results for the calculation of the exchange coupling in a wide range
of transition metal complexes.®'® We employed an all-electron
6-31G* basis set for the metal and other elements. We considered a
slightly simplified model, in which the benzene groups in the
tripodal ligand, L*~, were replaced by ethylene moieties with
geometries taken from the X-ray crystallographic data. We used
the broken symmetry (BS) approach, through which the super-
exchange coupling constant, J, in the Hamiltonian, H = —2J(S;-S,
+ 55-S)), employed in the fitting discussed above, was evaluated
using the energy of the highest-spin state, Eys, and the broken
symmetry state, Eps, corresponding to the spin flip of the central
metal atom using the equation, Eyg — Es = —2(2515; + Sh)J =
—30J.' The calculated coupling constants for 1 and 2 are +11.2
and —19.7 cm ™!, respectively, which are in reasonable qualitative
agreement with the experimental values, especially with regards to
the ferro (+) or antiferromagnetic (—) sign. Fig. 4 shows two
selected molecular magnetic orbitals from the high spin calcula-
tions of compound 2. These molecular magnetic orbitals are
composed of the local magnetic orbitals on each paramagnetic
metal ion, and the selected orbitals show the most effective
antiferromagnetic superexchange e,—€, pathway. Similar magnetic
orbitals were calculated for 1, but with a minor contribution of the
bridging oxygen atoms (see below).

To study the influence of the M-O bond distance (where M =
Mn and Fe) on the magnetic exchange, we calculated the Mulliken
overlap population, Pyo, and the Mulliken spin overlap
population, PEIO, which describe the degree of interaction between
M and O atoms and have been recently reported to correlate with
the antiferromagnetic coupling constant in Fe' and Cu™ oxo-
bridged dinuclear compounds.®*!® The calculated values were
Preo = 043 and Pyyo = 0.35, and P, = 0.11 and P§; = 0.07,
respectively, which suggest a lower superexchange antiferromag-
netic interaction through the bridging oxygen atom in 1 with
respect to 2.

This study has shown that, by the reaction of [Ni""L]~ with Mn"
and Fe', linear trinuclear complexes [Mn"(Ni'L),] (1) and
[Fe™(Ni"L),]" (2) were formed, respectively. Although both
complexes have the same 1-5/2-1 spin system and closely related
crystal structures, temperature-dependent magnetic susceptibility
measurements revealed that 1 has an S = 9/2 ground state whereas
2 has an S = 1/2 ground state. Theoretical studies have confirmed
that the different magnetic behavior is attributable to the small
difference in M—O bond distance.
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Notes and references

i Crystal data for 1: C53H5,NgNi,MnO,, M = 1057.37, monoclinic, space
group P2,/n (no. 14), a = 16.3186(8), b = 16.1878(1), ¢ = 18.4263(1) A, p =
108.443(3)°, V = 4617.5(5) A3, Z = 4, F000) = 2196.00, D, = 1.521 g cm >,
7= 071069 A, T = =150 + 1 °C, (Mo-Kor) = 11.389 cm ™!, 27255
reflections measured, 9012 unique (R;,, = 0.060), R1 = 0.0648 (I > 2.0a(1)),
wR2 = 0.1630. CCDC 293099.

Crystal data for 2: CsgH7-,FeN;Ni,O5 M = 1280.49, monoclinic, space
group P2/c (no. 14), a = 13.6537(6), b = 11.6810(4), ¢ = 18.7123(5) A,
B = 103.8870(2)°, V = 2897.17(2) A3, Z = 2, F(000) = 1342.00, D, =
1.468 gcm ™3, 4 =0.71069 A, T= —150 + 1°C, u(Mo-Koy) = 9.640 cm ™!,
20995 reflections measured, 6397 unique (R, = 0.047), R1 = 0.0469
(I>2.0a(D), wR2 = 0.1225. CCDC 293098. In 2 a nitrate ion is disordered
about an inversion center and we were unable to generate a physically
reasonable model for it.

For crystallographic data in CIF or other electronic format see DOI:
10.1039/b517503h
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