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Treatment of 1-chloro-6-iodohexane or 1-chloro-10-iododecane with
lithium tris(pyrazolyl)methanide, followed by potassium thioacetate,
affords bifunctional 1-S(acetyl)-tris(pyrazolyl)alkanes (L) (pz)3C-
(CH2)nSAc (n ) 6, 1; 10, 2). Magnetic studies of {[(pzTp)FeIII-
(CN)3]4[NiIIL]4[OTf]4}‚solvent (4, L ) 1; 5, L ) 2) boxes suggest
that −(CH2)6 chains (4) limit intermolecular interactions while
−(CH2)10 chains in 5 introduce crystallographic disorder and a
distribution of relaxation times; 4 and 5 exhibit slow relaxation of
the magnetization.

The increasing demand for higher information density and
circuit miniaturization is rapidly approaching the limits of
device-scaling technologies, with potential cost and perfor-
mance limits being realized within a decade.1 Molecule-based
electronics offer the prospect of scalable and tunable devices
via judicious choice of the molecules present; systematic in-
sertion and chemical modification of the molecules may also
afford insight into the dominant conduction mechanisms that
are operative.1,2 Spin-polarized electron transport (Kondo-
assisted tunneling) was recently reported in electrical devices
constructed from physisorbed C60 between ferromagnetic

nickel electrodes.1e Tunneling magnetoresistance (TMR)
through the fullerenes (e40% at 1.5 K) was also found, sug-
gesting that simple resistance measurements can probe the
quantum state of electrically isolated molecules;1e the modest
TMR value is likely due to the low spin state and inefficient
electronic coupling of the fullerenes to the electrodes.

We reasoned that covalently linked paramagnetic (or
magnetic) complexes (S> 1/2) bridging magnetic electrodes
(e.g., Co, Ni, Fe/Ni) would afford more efficient molecule-
based spin valves under ideal conditions.1,2 Via modified
synthetic strategies developed for self-assembled monolayers
and single-molecule magnets appended to gold surfaces, we
prepared a series of polynuclear magnetic complexes con-
taining poly(pyrazol-1-yl)borate tricyanoferrate(III)3 and eas-
ily modified ancillary ligands (Figure 1)1,2,4-6 for use in
molecule-based devices; integration of{FeIII

4[Ni IIL] 4} cubes
into nanoscale tunnel junctions afford apparent molecule-
based devices that function at 300 K.2c

Furthermore, systematic modification of the ancillary
ligands may also assist our understanding of the spin
transport mechanisms operative in these molecule-based
devices, the origin of unusual magnetization relaxation
behavior in{FeIII

4[Ni II{(pz)3C2H2OH}]4}4+ cubes, and allow
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Figure 1. X-ray structure of4. All anions, H atoms, pendant pyrazoles,
and disordered S(acetyl)-hexyl chains were removed for clarity. Selected
bond distances (Å) and angles (deg): Fe1-C11, 1.950(6); Ni1-N11, 2.078-
(5); Fe1‚‚‚Ni1, 5.188(5); Fe2‚‚‚Fe4, 7.434(6); Ni1‚‚‚Ni3, 7.175(6); C11-
Fe1-C12, 88.2(2); N11-Ni1-N21, 92.6(2).
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for tuning of cluster anisotropy barriers.2c,3a,4In the present
Communication, we report the synthetic, spectroscopic,
structural, and magnetic details of several structurally related
{FeIII

4NiII4} complexes.
The synthesis of two 1-S(acetyl)-tris(pyrazolyl)alkanes is

illustrated in Scheme 1. Treatment of tris(pyrazolyl)methane
with stoichiometric quantities ofn-butyllithium in tetrahy-
drofuran (THF), followed by dropwise addition of 1-chloro-
6-iodohexane or 1-chloro-10-iododecane and potassium
thioacetate, readily affords 1-S(acetyl)-functionalized tris-
(pyrazolyl)alkanes, [(pz)3C(CH2)nSAc; n ) 6, 1; 10, 2] as
yellow oils.3i The IR spectra of1 and 2 exhibit intense
pyrazole (νCdN) and thioacetyl (νCdO andνS-CO) stretching
absorptions at ca. 1515, 1690, and 628 cm-1, respectively.3i

The 1H NMR spectrum of1 exhibits several multiplets due
to alkyl methylenes at 1.38 (4H), 1.54 (4H), and 3.28 (2H)
ppm, in addition to a singlet [δ 2.32, CH3C(O), 3H] and a
triplet [δ 2.83, CH2S, 2H] that are assigned as acetyl methyl
and methylene groups adjacent to the S atom. Additional
resonances, tentatively assigned as inequivalent pyrazole
protons, are also found at 6.31, 7.01, and 7.68 ppm in a 1:1:1
ratio. For 2, the alkyl resonances are found between 1.19
and 1.61 ppm in addition to a downfield multiplet at 3.29
ppm and triplet (3.26 ppm, CH2S), singlet (2.33 ppm, CH3),
and pyrazole resonances that are similar to those in1.3i,5

Treatment of [NEt4][(pzTp)FeIII (CN)3]3a [pzTp ) tetra-
(pyrazol-1-yl)borate]5a with nickel(II) trifluoromethane-

sulfonate in dimethylformamide (DMF), followed by 2,2,2-
tris(pyrazol-1-yl)ethanol (L1),5b affords dark-red crystals of
{[(pzTp)FeIII (CN)3]4[Ni IIL1]4[OTf] 4}‚10DMF‚Et2O (3).3a In
an analogous manner, substitution of L for1 and2 affords
additional{[(pzTp)FeIII (CN)3]4[Ni IIL] 4[OTf] 4} (4, L ) 1; 5,
L ) 2) boxes. IR spectra of3-5 exhibit an intenseνCN

stretching absorption at 2174 cm-1, which is shifted to higher
energy relative to [NEt4][(pzTp)FeIII (CN)3] (2120 cm-1),
indicating that bridging cyanides are present;3,5c,6aadditional
absorptions at 1672 and 1684 cm-1 signal the presence of
intact S(acetyl) groups in4 and5.2

Compounds3 and4 crystallize in tetragonal (I41/acd) and
monoclinic (P21/c) space groups, respectively.3a,i To date,
only microcrystalline powders of5 have been available,
precluding single-crystal diffraction studies. In3 and4, the
FeIII and NiII centers reside in alternate corners of a slightly
distorted box and are linked via cyanides (Figure 1). For4,
the bridging cyanide Fe-C and Ni-N bond distances range
from 1.939(6) to 1.957(6) Å and from 2.050(6) to 2.082(5)
Å, while the average C-Fe-C and N-Ni-N bond angles
are 87.9(3) and 92.9(2)°; the corresponding average edge
(Fe1‚‚‚Ni2), face (Fe1‚‚‚Fe2), and body-diagonal (Fe1‚‚‚Ni3)
distances are ca. 5.120(3), 7.364(4), and 8.858(4) Å, respec-
tively. The closest intermolecular contacts [3.513(4) Å] are
found between the alkyl chains and the pyrazole C atoms in
4; for 3, the closest contact between pendant pyrazoles is
3.668(4) Å.3i

For 4 and5, theøMT vs T data suggest that the FeIII and
NiII centers are ferromagnetically coupled (Figures 2, S2,
and S3 in the Supporting Information) becauseøMT gradually
increases from 7.9 and 7.5 cm3 K mol-1 (300 K) to maximum
values of 22.8 and 22.9 cm3 K mol-1 at 5.0 K, respectively.3,5,6a

Assuming that3-5 are structurally related, the magnetic data
were simulated (MAGPACK)7a via the following Hamilto-
nian: H ) -2Jiso[S1(S6 + S7 + S8) + S2(S5 + S7 + S8) +
S3(S5 + S6 + S8) + S4(S5 + S6 + S7)], where Jiso is the
isotropic exchange between the low-spin FeIII and NiII sites
and Si is the spin operator for each metal center (Si ) 1,
NiII, i ) 1-4; Si ) 1/2, FeIII , i ) 5-8). Neglecting the
magnetic data below 30 K, to avoid possible effects of the
magnetic ground-state anisotropy and intercluster interac-
tions, the calculated values ofgiso are 2.3, 2.3, and 2.3 while
the Jiso values are 9.5(5), 9.5(5), and 8.5(5) K for3-5,
respectively.3i As expected for low-spin FeIII (S) 1/2) centers
that exhibit orbital contribution to the magnetic moment, the
giso value deviates significantly from 2.3,6a The magnitudes
of the magnetic exchange interactions are also comparable
to a variety of polynuclear complexes containing FeIII and
NiII centers.3,6a

Considering the estimated values ofJiso, the first excited
states (S) 5) for 3-5 are ca. 23.2, 23.2, and 20.7 K above
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Scheme 1. General Synthesis of Tripodal
S(acetyl)-tris(pyrazolyl)alkanes
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the S ) 6 ground state. Confirmation of theS ) 6 ground
state is found in the field dependence of the magnetization
measurements at 1.85 K becauseM approaches 12µB at 7 T
(Figures S4 and S5 in the Supporting Information) for3-5.
Least-squares fitting of theM vs H/T data (ANISOFIT)
affordsD/kB ) -0.33,-0.35, and-0.33 K, suggesting that
the maximum energy barriers for3-5 are∆ ) |D|ST

2/kB )
11.9, 12.6, and 11.9 K (Figures 2, inset, and S7 in the
Supporting Information).3a,i

To further probe suspected slow magnetization relaxation
behavior, the temperature dependence of the ac susceptibility
was measured at various frequencies atHdc ) 0 Oe (Figures
3, S8, and S9 in the Supporting Information). Compound3
exhibits rather small frequency-independentø′′ values that
are ca. 100 times smaller thanø′, while 4 and5 exhibit ø′′
values that are ca. 35 and 13 times smaller thanø’,
respectively (Figures 3, S8, and S9 in the Supporting
Information).3a,i Initially, the smallø′′ signals were attributed
to an undefined magnetic species, but the frequency depen-
dence ofø′′ at 1.8 K in the presence of nonzeroH fields
suggests that3 exhibits slow relaxation of the magnetization,
with two intrinsic characteristic times in the 1-1500-Hz
frequency range at 1.85 K.3a The origin of the two relaxation
modes in3 remains unclear, but qualitatively similar behavior
has been reported by Boskovic et al. for [Mn4Cl4(L’) 4]7b

(H2L′ ) 4-tert-butylsalicylidene-2-ethanolamine) and Mi-
yasaka et al. for [Mn4(hmp)4Br2(OMe)2(dcn)2]‚0.5H2O‚
2THF7c [Hhmp) 2-(hydroxymethyl)pyridine]. In both cases,
this feature has been attributed to intercomplex interactions,
but crystallographic disorder or phonon-bottleneck effects
may also be important.7d In 4, a single relaxation mode has
been observed during the course of our studies (Figure S10
in the Supporting Information). This high-frequency relax-
ation behavior is comparable to that observed for3 at zero
and nonzero applied dc fields (Figures 3 and S10 in the
Supporting Information),3a suggesting that the low-frequency
relaxation behavior is linked, as suspected, to the presence
of intermolecular interactions. These interactions are presum-
ably suppressed by the-(pz)3C(CH2)6SAc chains present
in 4, while even longer chains [-(pz)3C(CH2)10SAc,5] afford
similar behavior (Figure 3). Nevertheless, the frequency
dependence of the ac susceptibility (Figure S11 in the

Supporting Information) suggests that these{FeIII
4NiII4}

complexes exhibit a distribution of relaxation times and,
concomitantly, a broad relaxation mode is observed. This
result seems to be correlated with our inability to isolate
single crystals of5, which is probably a consequence of
extensive crystallographic disorder induced by the long alkyl
chains. It is worth noting that this unusual relaxation remains
field-dependent, as is often observed for single-molecule
magnets that exhibit fast quantum tunneling of the magne-
tization in zero dc field (Figure S11 in the Supporting
Information).

In summary, we have described the syntheses, structures,
and magnetic properties of two new cyanometalateS ) 6
anisotropic complexes that exhibit slow relaxation of mag-
netization. In 4, the hexyl chains limit intermolecular
interactions between the{FeIII

4[Ni IIL] 4} complexes, while
the longer decyl chains in5 induce crystallographic disorder,
which leads to a distribution of relaxation times, as suggested
by the ac susceptibility measurements.
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Figure 2. øT vs T plot for 4 at H ) 0.1 T (left). Red line: MAGPACK
simulation of the data above 30 K. Inset: Plot of reduced magnetization vs
H/T between 2 and 5 K. Solid lines represent least-squares fittings of the
data. Energy level diagram for4 (right).

Figure 3. Top: Temperature dependence of the imaginary (ø′′) compo-
nents of the ac susceptibility for4 (left) and5 (right) (Hdc ) 0 G andHac

) 3.5 G) between 1 and 1500 Hz. Bottom:ø′′ vs T data for4 (left) and5
(right) at Hdc ) 800 and 1000 G, respectively (Hac ) 3.5 G).
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