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Polydentate ligands were used to support planar methoxo-
bridged {Nig_xCo,} (x = 0, 1 or 2) clusters which were structurally
characterized by single crystal analyses. The homometallic {Nig}
complex displayed overall ferrimagnetic interactions between
metal centres, and increasing the cobalt content led to a pro-
portional increase in ac-response.

The synthesis of novel polynuclear transition metal complexes
continues to attract a great deal of research interest due to the
propensity of such clusters to display remarkable physical
characteristics such as multi-redox activity," single molecule
magnet (SMM) behaviour® and magnetic bistability.> Com-
plexes in which metal ions are bridged by oxygen-donor
ligands to form cubane or open-cubane arrangements have
been widely reported and are promising systems for the
study of molecular magnetism,” and as mimics of biological
systems.” Neighbouring metal ions in such complexes are
usually bridged by oxygen donor ligands at angles close to 90°,
leading to accidental orthogonality of the interacting magnetic
orbitals and ferromagnetic interactions.® Planar multidentate
ligands are good candidates for the semi-directed synthesis of
multinuclear magnetic clusters due to their propensity to form
regular, close-knit metal ion arrays, such as grids, rings and
squares.” The use of planar alkoxo/phenoxo donors may allow
the synthesis of extended clusters with open-cubane frame-
work structures and ferromagnetic ground states, and is there-
fore a promising approach towards the synthesis of new
polynuclear clusters with high spin ground states. In this study
we synthesized a planar {Nig} complex with an open-cubane
type framework and investigated the effect of the incorporation
of heterometal ions on the magnetic properties.
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The multidentate planar ligand 1,3-bis-(2-hydroxyphenyl)-
1,3-propanedione (H3L) was synthesized by the Claisen con-
densation of 2-hydroxyacetophenone and ethyl salicylate, fol-
lowing a slightly modified version of the previously reported
method (Scheme S11).® Combination with NiCl,-6H,O and
triethylamine in methanol allowed the isolation of yellow
crystals of [Nig(HL),(MeO),(MeOH)s]-4MeOH (1-4MeOH),F
a complex of higher nuclearity than those previously reported
with H,L.8

The cluster contains a hexanuclear nickel core similar to
those of complexes reported by Tandon et al,” and McInnes
and co-workers,'® in which the nickel ions are bridged by four
pz-methoxo ligands and supported by the p-diketone (central)
and ketone/phenoxide (outer) binding sites of four dianionic
ligands (HL>"). The deprotonation state of the ligands was pre-
dicted from charge balance and their bonding behaviour. 1
crystallises in the monoclinic space group P2,/n, and the
asymmetric unit contains three nickel centres. All three metal
ions have subtly different distorted octahedral O coordination
environments. Ni1 is coordinated by one central and one outer
bidentate binding site from two HL>~ ligands, and its coordi-
nation sphere is completed by the coordination of two
ps-methoxo groups. Ni2 is bound by one outer HL>~ bidentate
site, three p;-methoxo ligands and one methanol molecule,
and Ni3 is chelated by the central site of one HL>" ligand, one
ps-methoxo moieties and two solvent methanol molecules.

The contrasting coordination environments lead to subtle
differences in the average Ni-O bonding distances of 2.031(6),
2.039(6) and 2.065(7) A for Nil, Ni2 and Ni3, respectively,
while all show substantial distortion from ideal octahedral
geometry (Table S1f). It is interesting to note that the
distortion of the coordination geometry of Ni3 results in
the elongation of the bonds along one axis with Ni3-O8 and
Ni3-011 bond lengths of 2.135(6) and 2.115(6) A, respectively
(Fig. 1).

The difference in the coordination environments of the
three metal centres, as shown by the X-ray analysis, prompted
our attempts to generate heterometallic derivatives, and con-
ducting the corresponding syntheses using Ni:Co ratios of
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Fig. 1 The crystallographically determined structure of 1, viewed perpendicular
to the plane of the metal ions. Nickel ions are in green, and oxygen and carbon
atoms in red and white, respectively. Thermal ellipsoids are shown at 30% prob-
ability, and lattice solvent molecules and hydrogen atoms have been removed
for clarity.

5:1 and 4:2 led to the isolation of [NisCo(HL),(MeO),-
(MeOH)s]-4MeOH  (2:4MeOH) and  [Ni,Co,(HL)4(MeO),-
(MeOH)c]-4MeOH (3-4MeOH), respectively. Compounds 2 and
3 are isostructural to 1, with divalent cobalt ions replacing one
and two nickel centres, respectively. Elemental and ICP ana-
lyses confirmed the chemical composition of the clusters and
the single crystal analysis on 2 and 3 permitted the identifi-
cation of the cobalt centres. In both complexes, the cobalt ions
appeared to be located in the positions equivalent to the Ni3
positions of complex 1, with cobalt and nickel ions substitu-
tionally disordered between the two equivalent sites in 2, and
cobalt occupying both in 3. The average M-O bond distances
were 2.028(3), 2.040(2) and 2.084(5) A for Ni1, Ni2 and Ni3/
Col, respectively in complex 2, and 2.035(3), 2.045(3) and
2.096(3) A for Ni1, Ni2 and Co1 respectively in 3 (Table S1t);
significantly different only in the Co1/Ni3 position.

Magnetic susceptibility measurements were conducted for
compounds 1, 2 and 3 over a temperature range of 300-1.8 K
under a magnetic field of 0.05 T (Fig. 2 and S1f). Compound 1
had a y,,T value of 6.58 emu mol " K at 300 K, slightly greater
than the value expected for the uncorrelated spins of six nickel
ions (6.0 emu mol™" K, g = 2.0). As the measurement tempera-
ture was lowered, the y,,T value increased slowly to reach a
maximum of 8.93 emu mol™" K at 19 K, before decreasing to
reach a final value of 5.74 emu mol™" K at 1.8 K. The low temp-
erature maximum was much less than 21 emu mol™" K, the
value expected for six ferromagnetically coupled nickel centres
(g = 2.0), suggestive of a ferrimagnetic ground state. The
bonding distances and angles permitted the identification of
three independent magnetic coupling pathways within the
cluster core (Fig. 2, inset),” and the data were analysed using
the following spin Hamiltonian:

H = —2{(J1($:85) +J2(5:83) +J2(S586) +J1(8385) +J1(S256)
+J3(8182) +J3(S485) +J1(51S6) +J1(8554)}

using MAGPACK,"' to yield fitting parameters of g = 2.00,
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Fig. 2 Magnetic susceptibility data for 1 (blue), 2 (green) and 3 (red), with the

fitting data for 1 in black. Inset: magnetic exchange pathways in 1, weak ferro-
magnetic in black, strong ferromagnetic in blue and antiferromagnetic in red.

Table 1 Interatomic distances and Ni-O-Ni bridging angles for complex 1

M--M Dist. (A) M-O-M Ang.(°) J

Ni2'-Ni2 3.09 Ni2'-010-Ni2 97.61 J1=11.7K

Ni1-Ni2’ 3.01 Ni1-07-Ni2’ 95.81 Jo=135.5K
Ni1-O10-Ni2’ 96.82

Ni1-Ni2 3.05 Ni1-O10-Ni2 96.40 J1i=11.7K
Ni1-O9-Ni2 95.84

Ni2'-Ni3 3.08 Ni2'-O8-Ni3 96.48 J3=-25K
Ni2'-09-Ni3 99.52

Ni1-Ni3 3.06 Ni1-O3-Ni3 97.75 Ji=+1.7K
Ni1-09-Ni3 95.89

J1=+1.7 K, J, = +35.5 K and J;3 = —2.5 K. The obtained J values
suggest that both ferro- and antiferromagnetic pathways are
operative in complex 1, and the bridging angles and inter-
metallic distances offer evidence in support of the fitted para-
meters (Table 1). Ni-O-Ni angles of around 90° (below 98-99°)
are known to mediate ferromagnetic coupling pathways,® and
thus the bonding angles suggest that J; and J, are ferro-
magnetic, and that the large Ni2-O-Ni3 bridging angles (av. =
98.0°) may result in an antiferromagnetic pathway (J;). The
small Ni1-O-Ni2 bridging angles (av. = 96.3°) coupled with
the short interatomic distance (3.01 A) suggest that J, may be a
strongly ferromagnetic pathway.

The sudden decrease in the susceptibility data at low temp-
erature can be ascribed to a combination of zero-field splitting
and intermolecular effects.” The clusters adopt a columnar
packing arrangement, with a shortest Ni---Ni distance of ca.
7.5 A between the complex moieties. Methanol molecules form
hydrogen-bonded bridges between neighbouring columns but
the long distance between metal ions (ca. 10.8 A) suggests that
the strongest intermolecular magnetic pathway is likely to be
intracolumnar (Fig. S2f). Reduced magnetization measure-
ments, conducted to estimate the complex D value, were
unsuccessful due to the partial population of low-lying states
close to the ground state.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Out-of-phase ac susceptibility data for complexes 2 (empty circles) and
3 (filled circles), measured at 10 (blue), 100 (green) and 1000 Hz (red) at 1.8-4.0 K.

Magnetic susceptibility measurements were conducted on 2
and 3 under the same conditions as 1. 2 and 3 had y,,,T values
of 9.76 and 11.16 emu mol™' K respectively at 300 K, values
that initially decreased slightly as the temperature was lowered
until they began to increase at approximately 80 and 50 K,
reaching maxima of 10.62 and 11.24 emu mol " K at 16 and
15 K before rapidly decreasing to 8.45 and 9.16 emu mol™"' K
respectively at 1.8 K. The susceptibility plots of 2 and 3 differ
in profile from that of 1, due to the orbital contribution associ-
ated with Co™ ions; the relatively small increases in y,,T at low
temperatures suggest that both show ferrimagnetic behaviour.
The magnetization plots for 1, 2 and 3 are shown in Fig. S3.T

Ac magnetic susceptibility measurements were conducted
on all three samples. Complex 1 showed no ac response, but
the data collected for complexes 2 and 3 indicated the occur-
rence of slow magnetic relaxation (Fig. 3). The scale of the
magnetic response appeared to be proportional to the cluster
cobalt content. The existence of an easy axis of magnetization
may be understood by considering the distorted coordination
geometry of the cobalt binding sites. In 2 and 3 the Co ions
each have one elongated axis with Co1-08/Co1-011 bond dis-
tances of 2.159(4)/2.176(5) and 2.174(3)/2.198(3) A, respectively.
The two bond vectors run approximately parallel to the length
of the cluster (Fig. $47). The inclusion of one Co ion in 2 leads
to a very small ac response, while the semi-alignment of the
distortion axes in 3 amplifies the behaviour, probably through
a combination of increasing the negative anisotropy and the
number of spins. Despite the improved ac response, however,
the energy barriers of magnetic relaxation could not be deter-
mined at 1.8 K.

Conclusions

Complexation of the planar multidentate ligand 1,3-bis-(2-
hydroxyphenyl)-1,3-propanedione with nickel chloride led to
the isolation of a hexanuclear {Niq} cluster in which the nickel
ions existed in three distinct coordination environments.
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Subsequent syntheses performed using mixtures of nickel and
cobalt chloride salts led to the generation of mono- and di-
substituted heterometallic clusters, {NisCo} and {Ni,Co,}. The
composition of the heterometallic clusters was supported by
X-ray crystallography, elemental analysis and magnetic suscep-
tibility measurements. The magnetization data also showed
that the inclusion of increasing numbers of cobalt ions led to
improved frequency response. This observation is an example
of the importance of the controlled generation of hetero-
metallic clusters, in which physical properties can be tuned by
altering the electronic and magnetic interactions between
neighbouring metal centres.

Notes and references

$[Nig(HL)4(MeO),(MeOH)s]-4MeOH (1-4MeOH): To a solution of H;L (25 mg,
0.1 mmol) and triethylamine (56 pL, 0.4 mmol) in methanol (40 mL), a solution
of NiCl,-6H,0 (36 mg, 0.151 mmol) in methanol (5 mL) was added dropwise.
The dark yellow solution was stirred at room temperature for 10 minutes, and
left untouched for crystallization by slow evaporation. After 2 days dark yellow
needle crystals of 1.4MeOH were collected by filtration (12 mg, 0.0066 mmol,
26.5%) and dried. Elemental analysis caled for (1-3.5H,0), C;oHgzNigOs5: C,
48.08; H, 4.78. Found: C, 47.74; H, 4.48. [NisCo(HL),(MeO),(MeOH)]-4MeOH
(2-4MeOH): To a solution of H;L (25 mg, 0.1 mmol) and triethylamine (56 pL,
0.4 mmol) in methanol (40 mL), a solution of NiCl,-6H,0 (30 mg, 0.126 mmol)
and CoCl,-4H,0 (6 mg, 0.025 mmol) in methanol (5 mL) was added dropwise.
The orange solution was stirred at room temperature for 10 minutes before
being left untouched for crystallization by slow evaporation. After 2 days light
brown needle crystals of 2:4MeOH were collected by filtration and dried
(10.88 mg, 0.006 mmol, 24.0%). Elemental analysis caled for (2-3H,0),
C,oHg>CONis05: C, 48.33; H, 4.75. Found: C, 48.05; H, 4.62. ICP caled Ni: 5.00;
Co: 1.00. Found: Ni: 5.56; Co: 1.0. [Ni,Co,(HL)4(MeO),(MeOH)s]-4MeOH
(3:4MeOH): To a solution of H;L (25 mg, 0.1 mmol) and triethylamine (56 pL,
0.4 mmol) in methanol (40 mL), a solution of NiCl,-6H,0 (24 mg, 0.100 mmol)
and CoCl,-4H,0 (12 mg, 0.051 mmol) in methanol (5 mL) was added dropwise.
The orange-brown solution was stirred at room temperature for 10 minutes,
before being left untouched for crystallization by slow evaporation. After 2 days
orange-brown needle crystals of 3-4MeOH were collected by filtration and dried
(11.85 mg, 0.0065 mmol, 26.1%). Elemental analysis caled for (3-3H,0),
C,oHg>CO,Ni,0,0: C, 48.32; H, 4.75. Found: C, 48.03; H, 4.25. ICP calcd Ni: 2.00;
Co: 1.00. Found: Ni: 2.23; Co: 1.0. Crystallographic data for 1-4MeOH:
[C70H76NigO,6]-4MeOH, M, = 1813.74, monoclinic, P2,/n, a = 8.578(6) A, b =
27.265(19) A, ¢ = 15.964(11) A, f# = 94.540(13)°, V = 3722(4) A%, Z =2, T=100 K. A
total of 18414 reflections were collected (2.96° < 20 < 50.25°) of which 6638
unique reflections (Rj,, = 0.1019) were measured. R, = 0.0706, WR, = 0.1694
(I> 26(I)). 2-4MeOH: [CoH,4CONi;0,¢]-4MeOH, M, = 1813.96, monoclinic, P2,/n,
a =8.5016(7) A, b = 27.218(2) A, ¢ = 16.0744(12) A, = 94.700(2)°, V = 3707.0(5)
A®, Z =2, T =100 K. A total of 19910 reflections were collected (2.94° < 20 <
50.50°) of which 6901 unique reflections (Rj, = 0.0294) were measured. R, =
0.0495, WR, = 0.1289 (I > 20(I)). 3-4MeOH: [C,H,sCONisO,¢]-4MeOH, M, =
1814.18, monoclinic, P2,/n, a = 8.4933(11) A, b = 27.255(3) A, ¢ = 16.116(2) A, f =
94.750(2)°, V = 3717.7(8) A%, Z = 2, T = 100 K. A total of 20 037 reflections were
collected (2.94° < 20 < 50.50°) of which 6917 unique reflections (Ri,, = 0.0409)
were measured. R; = 0.0564, WR, = 0.1377 (I > 206(1)).
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