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The role of temperature in the formation of high nuclearity
nickel(r) citrate spin clusters is explored, revealing how
changes in structure and hence magnetic properties can be
triggered through desolvation and ligand reorganisation.

The possibility of using discrete transition metal complexes as
nanomagnetst continues to fuel the synthesis and magnetic
study of high nuclearity spin clusters.2 Typical synthetic routes
to spin clusters culminate in crystallisation of the reaction
product from solution at ambient temperature. High reaction
temperatures have been employed in the synthesis of chrom-
ium(in) clusters,34 and ligand ‘melts’ have aso been used to
good effect as reaction solvents.> However, even in these rare
examples, the crystallisation step is carried out at room
temperature,35 or by slowly cooling a superheated solution.4

We have developed a synthetic approach to nickel(ir) spin
clusters, using the ligand citrate.5 Previously, we reported a
heptanuclear nickel(n) complex in which the predominantly
ferromagnetic exchange is mediated by citrate, leading to a
high-spin S = 7 ground state. To investigate further the
potential of assembling high-spin molecules using citrate, and
as part of a study into the role of the different reaction
parameters, we have begun to explore the effect of temperature.
Herein, weillustrate how changesin the structure and hence the
magnetic properties of nickel(n) citrate clusters, can be
triggered by synthesis and crystallisation at elevated tem-
perature.

Slow evaporation of a basic aqueous solution containing
nickel (i) sulfate, citric acid and tetramethylammonium hydrox-
ide (ca. 1:1:3.6) at ambient temperature produces (NMey)10-
[Nig(cit)e(OH)2(H20);] 1, {Hacit = C(OH)(CO.H)(CH»-
CO,H),}.T This compound differs to that previously reported
by Strouse et al. in both the crystal packing of the octanuclear
clusters, and in the number of lattice water molecules.” The
structure consists of two distorted nickel(in) tetrahedra related
by acentre of inversion (Fig. 1a).+ The tetrahedraare capped by
three tridentate groups. one ps-hydroxide (bridging Nil-Ni2—
Ni4) and two ps-alkoxide groups from two of the three
independent citrate ligands (bridging Ni2—Ni3-Ni4 and Nil—
Ni2-Ni3). The carboxylate groups of these two citrate ligands
are monodentate. The third citrate ligand caps Ni4 through one
[B-CO>— group and the «-CO,~ group. The second (-CO,—
group displays a 1,1,3 bridging motif (to Nil, Nil’ and Ni2’),
thus providing an exchange pathway between the two nickel(i1)
tetrahedra. The final citrate alkoxide is po-bridging (Ni1l-Ni4)
while a H,0 ligand completes the coordination at Ni3, which
displays approximate square pyramidal geometry.

Crystallisation of the reaction mixture at 50 °C instead of
ambient temperature produces (NMey)q1o[Nig(Cit)e(OH)2] 2,
which contains a double-cubane structure (Fig. 1b).¥ Com-
pound 2 is the doubly-dehydrated analogue of 1, and thus is
structurally related. However, a comparison of the two
structures reveals a series of fascinating differences. The citrate
ligand which bridges four metal centresin 1, now bridges five
metal centresin 2. The citrate p,-alkoxide group in 1 becomes
uz-bridging in 2 (Fig. 2), thus closing the open edge of the
cubane (for 1, Ni1-Ni3 = 3.65A; for 2, Ni1l-Ni3 = 3.14 A);in
doing so, this ligand has changed its conformation from
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extended in 1, to rotated in 2. Furthermore, the §-CO,— group of
thisligand, whichiscapping Ni4in 1iscapping Ni3in 2. Hence
the position of the 5-coordinate nickel (1) differsfrom 1 (Ni3) to
2 (Ni2). Conformational changes in the remaining two inde-
pendent citrate ligands are also seen. Compound 2 represents
thefirst reported example of this structural motif for atransition
metal cluster ligated by oxygen donors, but resembles a sulfur
bridged {FesMo,} double-cubane cluster.8 In contrast, a
compound containing a face-sharing {Nig(OH)e} double-
cubane, [Nig(OH)e{ Ni(mhp)s} s(HmMhp)(H20),Cl], has been
reported for nickel(i1).°

A comparison of the magnetic propertiesof 1 and 2 is shown
in Fig. 3, revealing that the two octanuclear compounds display
different magnetic behaviour at low temperature. In the high
temperature regime (300-30 K), 4T for both compounds
increases as the temperature is lowered due to predominantly
ferromagnetic interactions. T continues to increase for 1,
reaching 17.3 cm3 mol—1 K at 1.8 K. For 2, ¥T decreases from
12.4 cm3 mol-1 K a 26 K, to 7.96 cm3 mol-1 K at 1.8 K.
M agnetisation measurements were performed at 1.8 K, where
M/Nug at 5T = 12.3for 1 and 8.5 for 2 (Fig. 4).8

Fig. 1 The structure of theanionsin 1 and 2 (Ni, blue; O, red; C, grey lines;
H atoms omitted for clarity). (a) For 1, bond length ranges: Ni—O 1.98-2.14
A. Ni---Ni distances: 2.88 to 3.65 A. Bond angle ranges: Ni—O-Ni
86.4-122.5°. (b) For 2, bond length ranges: Ni—O 1.96 to 2.16 A. Ni---Ni
distances: 2.84 to 3.27 A. Bond angle ranges: Ni-O-Ni 85.8 to 103.5°.
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For 1, both magnetic susceptibility and magnetisation data
are consistent with an S = 6 ground state, with therisein T at
low temperature due to thermal depopulation of excited spin
states (for an isotropic S = 6 ground state and g = 2.2: 4T
caculated = 25.4 cm3 mol—1K; Mg calculated = 13.2). For 2,
the value of xT at around 20 K is consistent withan S = 4
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Fig. 2 (a) Coordination of the citrate ligand containing the u,-alkoxidein 1
(citrate extended conformation) and (b) the uz-alkoxide in 2 (citrate rotated
conformation).

N
(&)
L

% T [em®* mol" K]
=

O T T T T T 1
0 50 100 150 200 250 300

T [K]

Fig. 3 Magnetic susceptibility (¥T vs. T) of 1 (open diamonds) and 2 (open
squares).
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Fig. 4 Field dependence of the magnetisation at 1.8 K of 1 (open diamonds)
and 2 (open squares).

ground state (for an isotropic S = 4 ground state and g = 2.2;
T caculated = 12.1 cm3 mol—1 K). The drop in T below 20
K is attributed to anisotropy, resulting in a zero-field splitting
within the S = 4 ground state. The magnetisation data suggest
an S = 4 ground state (for S = 4 and g = 2.2: Mg calculated
= 8.8) and indicate the presence of low-lying excited states
with S > 4. Inspection of the bridging angles in these
compounds reveals the presence of competing ferro- and
antiferromagnetic exchange interactions (Ni-O-Ni anglesfor 1,
86.4-122.5°; for 2, 85.8 to 103.5°). This situation is consistent
with spin ground states lying between S = 0 (all antiferro-) and
8 (al ferro-).

By changing one parameter only, namely temperature, we
have been able to study its role in the synthesis of nickel(i)
citrate clusters. We find that synthesis at elevated temperature
promotes dehydration and ligand rearrangement, triggering
structural changes that are directly responsible for the different
magnetic properties of 1 and 2 observed at the lowest
temperatures. We are currently exploring further the role of
temperature in the synthesis of transition metal citrate com-
plexes, and hope that these studies will provide valuable insight
into the assembly of spin clusters and single molecule
magnets.
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Notes and references

T Satisfactory elemental analyses were obtained for 1 and 2.

iCryStaI daIajOl’ 1-46H,0: C76H242N10Ni8092, M = 3238.48, triclinic,
space group P1, a = 12.7400(9), b = 16.1927(11), ¢ = 19.6657(14) A, «
= 101.970(8), B = 98.544(9), ¥y = 111.854(8)°,V = 3567.8(4) A3,Z = 1,
T = 153(2) K, u(Mo-K,) = 1.143 mm—1, 28203 reflections measured,
12902 unique (Rx = 0.0550) which were used in all calculations. Thefinal
Ry (F2) was 0.0445 (observed data), wR, = 0.1284 (all data). For 2:24H,0:
C76H104N10NigOss, M = 2811.13, triclinic, space group Pl, a =
13.9785(10), b = 19.1426(14), ¢ = 24.6570(19) A, @ = 79.703(9), B =
87.441(9), y = 70.468(8)°, V = 6117.2(8) A3,Z = 2, T = 153(2) K, u(Mo-
Ks) = 1.307 mm—1, 47845 reflections measured, 22174 unique (R =
0.0944) which were used in al calculations. The fina Ry(F2) was 0.0642
(observed data), wR, = 0.1708 (all data). Structures were solved by direct
methods using the programme SHEL X S-97. The refinement and all further
calculations were carried out using SHELXL-97. CCDC 196103 and
196104. See http://www.rsc.org/suppdata/cc/b2/b210327c/ for crystallo-
graphic datain CIF or other electronic format.

§ Powder magnetic susceptibility measurements between 300 and 1.8 K
were performed using a Quantum Design MPMS-XL SQUID magnetome-
ter in a field of 100 G. Samples were seadled in gelatine capsules and
diamagnetic corrections applied for both sample and holder.

1 R. Sessoli, D. Gatteschi, A. Caneschi and M. A. Novak, Nature, 1993,
365, 141; R. Sessoli, H.-L. Tsai, A. R. Schake, S. Wang, J. B. Vincent, K.
Falting, D. Gatteschi, G. Christou and D. N. Hendrickson, J. Am. Chem.
Soc., 1993, 115, 1804.

2 G. Aromi, S. Bhaduri, P. ArtUs, K. Folting and G. Christou, Inorg. Chem.,
2002, 41, 805; M. Murugesu, C. E. Anson and A. K. Powell, Chem.
Commun., 2002, 1054; A. L. Dearden, S. Parsonsand R. E. P. Winpenny,
Angew. Chem., Int. Ed., 2001, 40, 151.

3 I. M. Atkinson, C. Benelli, M. Murrie, S. Parsonsand R. E. P. Winpenny,
Chem. Commun., 1999, 285.

4 E.J.L.Mclnnes, C. Anson, A. K. Powell, A. J. Thompson, S. Poussereau
and R. Sessoli, Chem. Commun., 2001, 89.

5 A. J. Blake, C. M. Grant, S. Parsons, J. M. Rawson and R. E. P.
Winpenny, J. Chem. Soc. Chem. Commun., 1994, 2363.

6 M. Murrie, H. Stoeckli-Evans and H. U. Gudel, Angew. Chem.,, Int. Ed.,
2001, 40, 1957.

7 J. Strouse, S. W. Layten and C. E. Strouse, J. Am. Chem. Soc., 1977, 99,
562.

8 K. D. Demadis and D. Coucouvanis, Inorg. Chem., 1994, 33, 4195.

9 E. K. Brechin, W. Clegg, M. Murrie, S. Parsons, S. J. Teat and R. E. P.
Winpenny, J. Am. Chem. Soc., 1998, 120, 7365.

CHEM. COMMUN., 2003, 230-231

231




