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Synthetic, structural and magnetic studies of a new Fe(II) single

chain magnet are reported.

There is much current interest in slow relaxation in magnetic

nanosystems such as single-molecule magnets (SMMs)1 and single

chain magnets (SCMs),2 since they show unusual physical proper-

ties, such as quantum tunneling of the magnetization3 and

quantum phase interference4 that are not observed in bulk

magnets. Investigations have also been inspired by the idea that

they could be used as high-density information storage devices.4

Theoretical studies have also suggested that SMMs are appro-

priate systems to be used as quantum bits in quantum computing.5

The occurrence of the slow relaxation of the magnetization

in a one dimensional polymer was first observed in 2001.6 The

compound—a heterospin chain: [Co(hfac)2{NIT(C6H4OMe)}]

(hfac ¼ hexafluoro-acetylacetonate; NIT(R): 2-(40-R)-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide)—illustrated for the

first time a theoretical model designed by Glauber in 1963

for anisotropic Ising systems.7 Only a few examples of single-

chain magnets are currently known. The majority are hetero-

spin systems containing at least two different spin carriers,

either a d-metal ion and a radical, or two different paramag-

netic d-block ions—achieved either through being heterome-

tallic or heterovalent.2,8a Homospin SCMs are rare. Only three

examples are known to date, and all contain Co(II): a homo-

metallic Co(II) azide-bridged chain in which the coupling is

ferromagnetic,9 and an SCM containing canted Co(II) spins

bridged by phosphonates,10 and a carboxylate bridged system

where again the interaction is ferromagnetic.11

The vast majority of SMMs contain MnIII, due to the high

anisotropy of this ion.12 Recently SMMs containing other

metal centers have been discovered, and we wished to extend

work from Perlepes and co-workers13 and Oshio et al.,14 who

have shown that Fe(II) can be used to produce SMMs. We

reasoned that chemistry developed to make a dodecanuclear

nickel SMM,15 and an isostructural cobalt(II) wheel16 should

work with iron(II). Particularly inspirational was Perlepes

observation of isostructural {Ni9},
17 {Co9}

18 and {Fe9}
13 cages

with dipyridylketone.

Anaerobic reaction of Fe(O2CMe)2 with 6-chloro-2-pyridi-

nol (Hchp) (2 : 1 molar ratio) at 130 1C, followed by ligand

sublimation and recrystallization from MeCN, yielded orange

single crystals. Structural analysisy shows a complex of formula

[Fe9(chp)12.4(O2CMe)5.6]n 1, with an asymmetric unit contain-

ing nine Fe(II) centers. The structure can be described as

containing two iron ‘‘butterflies’’ (Fe1, Fe2, Fe3, Fe4 and

Fe6, Fe7, Fe8, Fe9) which are linked through an additional

Fe5 atom (Fig. 1). All bond lengths are consistent with FeII.

The mean planes defined by the four FeII centers of each

butterfly are perpendicular to one another. The ligands at-

tached to the first butterfly show some disorder, with partial

occupancy by a mixture of chp : acetate (0.4 : 0.6) of the site

occupied by O3. There are two m3-oxygen sites in the first

butterfly; one (O6) comes from a chp ligand, while the second is

associated with the disordered ligand site. In the second {Fe4}

butterfly there is only one m3-oxygen (O11), again from chp,

while there is also a 3.21-bridging acetate (O23 and O22, Harris

notation19). Each FeII site is six-coordinate, but with variable

coordination spheres: three (Fe1, Fe4, Fe6) are bound to three

N- and three O-donors; two (Fe2, Fe8) are bound to one

N- and five O-donors; three (Fe3, Fe5, Fe7) are bound only to

O-donors; the final site (Fe9) is bound to two N- and four

O-donors. There are three different coordination modes of the

chp ligands and two different modes for acetates (Scheme 1).

The first butterfly unit is bound to five 2.21-chp ligands and

two 3.31 ligands—one of which is a chp, the other disordered

between chp : acetate. The second unit butterfly contains four

2.21-chp ligands, one 3.31 chp and one 3.21-acetate. The

butterflies are linked through Fe5 and two 3.21-acetates

(O16, O17, O18, O19) and two 3.31-chp ligands (including

O7 and O13). Four 2.11-bridging acetates are also found and a

1.11 chp ligand is bound to Fe1. The disorder in the ligands

raises the possibility that the magnetic behaviour observed

could be due to a spin glass, however the measurements made

are clearly inconsistent with such an interpretation (see below).

A one-dimensional polymer grows via inversion centers be-

tween the butterflies (Fig. 2); the result is that almost planar

octametallic regions lie between each Fe5 site, at which point the

polymer twists 901 before there is another octametallic fragment,

but this time derived from the other butterfly in the asymmetric

unit. The result is a helical polymer of FeII centers (Fig. 2 and

Fig. S1z). The chains are isolated with the shortest metal–metal

separation between chains being around 11 Å. The helical

structure is unusual, and very different from the cyclic structures

that this chemistry produced with NiII and CoII.15,16

Given the small number of FeII cages in the literature, it is

difficult to predict how the magnetic behaviour relates to

structure; we assumed that the angles at the bridging O-centres
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are relevant. The angles at O-atoms that bridge between wingtip

Fe sites of the butterfly and body sites are obtuse, varying from

114 to 1231 and these angles are larger than the angles at the O-

atoms that link the body–body contact. Therefore for each

butterfly we can assume the spins at wingtip and body sites

cancel. The angles involving Fe5 are more acute to body-sites

(95–981) than to wing-tip sites (1131), so we assume Fe5 aligns

parallel with the former, giving two sub-lattices, with the body

Fe sites (Fe2, Fe3, Fe7 and Fe8) and Fe5 in one sub-lattice, and

the wing-tip sites (Fe1, Fe4, Fe6, Fe9) in the second. The

magnetic properties would then be due to ferromagnetic

exchange between very anisotropic S ¼ 2 {Fe9} repeat units.

Variable-temperature (2–300 K) DC magnetic susceptibility

measurements were performed on powdered crystals of 1 under

applied magnetic fields of 0.1, 0.5, 1, 5 and 10 kG (Fig. S2z).
The wMT value at room temperature is ca. 29.2 cm3 K mol�1

(1 T field), which is larger than the spin-only value (27 cm3 K

mol�1) expected for nine non-interacting metal ions with S ¼ 2

and g¼ 2.00. This is ascribed to the orbital contribution of FeII

in an octahedral ligand field.20 With decreasing temperature,

wMT decreases to a minimum value of 15.2 cm3 K mol�1 at

18 K, after which it increases to reach a field-dependent maxi-

mum (58.6 cm3 K mol�1 at 0.1 kG field; Fig. 3 and Fig. S2)

before dropping again at very low temperatures due to satura-

tion effects and/or magnetic anisotropy. The decrease of wMT

above 18 K is mainly due to the spin–orbit coupling of the

Fe(II) centers, but may also indicate predominant antiferro-

magnetic exchange. By contrast, the magnetic behaviour below

18 K suggests dominant ferromagnetic interactions leading to a

non-zero ground state. A scaling procedure8b of the wMT data

of 1 (Fig. S3) clearly indicates a linear regime characteristic of

Ising 1D systems. The ln(wMT) versus 1/T plot increases linearly

between 13 and 6 K, with an energy gap of 9.0 K. Below this

temperature, saturation effects become important and produce

a deviation from the linear regime.

Variable field (0–70 kG) magnetization experiments on 1

were performed at temperatures of 1.8, 2 and 4 K. The

magnetization does not saturate up to a field of 70 kG

(Fig. S4z), due to the strong anisotropy of the material. It is

thus impossible to assign a ‘spin-ground’ state. The magne-

tization recorded at 1.8 K reveals the presence of a hysteresis

loop (280 G coercive field, inset Fig. 3). Below 2.7 K, there is a

divergence between zero-field cooled and field cooled magne-

tization (inset Fig. S4z).
To probe the magnetization relaxation in 1, zero-field ac

susceptibility measurements between 1.8 and 10 K were car-

ried out at frequencies of 1, 14, 104, 480 and 1200 Hz with a

1 G ac field (Fig. 4). Below 5.5 K, both the in-phase (w0M) and

out-of-phase (w00M) components of the ac susceptibility are

strongly frequency dependent. This result precludes any tri-

dimensional ordering. Moreover, the relative variation of the

temperature of the maximum of w00M with respect to the

frequency is measured by a parameter f ¼ (DTmax/Tmax)/

D(lg n) ¼ 0.13, which is in the range of normal superpara-

magnets11,21 and excludes the possibility of a spin glass.22

The magnetization relaxation times obtained from ac experi-

ments were fitted to the Arrhenius equation t ¼ t0 exp(DE/-
kBT), where t is the relaxation time, DE is the energy barrier for

the relaxation of the magnetization and t0 is the pre-exponen-
tial factor. From the least-squares fit, DE was found to be 61 K

(42.4 cm�1) and t0¼ 1.5� 10�11 s. The DE value obtained here

is larger than that of the two reported iron(II) SMMs.13,14

Previous SCMs containing Fe(II) are limited to two FeII–FeIII

heterospin polymers, whose energy barriers (27 K23a and 19

K,23b respectively) are also substantially smaller than that of 1.

At fixed temperatures between 2.9 and 3.4 K and zero

applied magnetic field, we obtained semicircle Cole–Cole

diagrams (w00M versus w0M), which could be fitted by a general-

ized Debye model, with the a parameters in the range

Fig. 1 The asymmetric unit in the structure of 1 in the crystal.

Scheme 1 Coordination modes of the ligands in 1.

Fig. 2 The FeII–O core within the polymeric strands in 1. The Fe sites

in one asymmetric unit are yellow, and in neighbouring units green.

Fig. 3 Temperature dependence of wMT for a polycrystalline sample of

1 measured at 0.1 kG. In the inset: Hysteresis loop measured at 1.8 K.
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0.31–0.36, which indicates a moderate distribution of relaxa-

tion time (Fig. S5z).24 The energy barrier extracted from the ac

susceptibility data, DE, is significantly larger than that ob-

tained in the scaling procedure of the wMT curve, Dx, suggest-

ing that the relaxation mechanism in this single chain magnet

cannot be described by a simple Glauber model;24 additional

contributions associated with the relaxation of the individual

nonanuclear units must be taken into account. Such a me-

chanism has been already proposed in the literature.2b,d

To the best of our knowledge, compound 1 is the first

example of a Fe(II) homospin SCM, and has a higher energy

barrier to loss of magnetization than Fe(II) SMMs13,14 or other

homospin SCMs.9–11 Further experiments are underway to

quantify the different contributions to this behaviour.
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93.344(2), b ¼ 90.670(2), g ¼109.256(2)1, V ¼ 4827.0(7) Å3, M ¼
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Fig. 4 Temperature dependence of the in-phase and out-of-phase

susceptibilities of 1 measured with an ac field of 1 G oscillating at

frequencies of 1–1200 Hz. In the inset the temperature dependence of

the relaxation time extracted from ac measurements.
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