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ABSTRACT: The field of single molecule magnetism remains
predicated on super- and double exchange mechanisms to
engender large spin ground states. An alternative approach to
achieving high-spin architectures involves synthesizing weak-
field clusters featuring close M−M interactions to produce a
single valence orbital manifold. Population of this orbital
manifold in accordance with Hund’s rules could potentially
yield thermally persistent high-spin ground states under which
the valence electrons remain coupled. We now demonstrate
this effect with a reduced hexanuclear iron cluster that achieves an S = 19/2 (χMT ≈ 53 cm3 K/mol) ground state that persists to
300 K, representing the largest spin ground state persistent to room temperature reported to date. The reduced cluster displays
single molecule magnet behavior manifest in both variable-temperature zero-field 57Fe Mössbauer and magnetometry with a spin
reversal barrier of 42.5(8) cm−1 and a magnetic blocking temperature of 2.9 K (0.059 K/min).

1. INTRODUCTION

To achieve technological viability (operational temperatures
approaching 298 K) using single molecule magnets (SMM),
new synthetic strategies must be deployed to overcome the
thermal limitations with the existing state of the art SMM
materials.1 Two basic requirements for manifesting single
molecule magnet behavior with a large spin reversal barrier (U)
are (1) a high-spin ground state (S) and (2) large magnetic
anisotropy.2 To address the former, researchers have
approached maximizing the molecular spin ground state by
synthesizing large polynuclear assemblies wherein clusters of
paramagnetic ions couple their spins via superexchange
pathways to achieve extraordinary spin ground states (S = 7
→ 83/2).3−23 However, as a result of the superexchange
coupling mechanism employed, the maximum high-spin regime
for the cited examples only manifests at low temperatures (T <
∼30 K), above which the superexchange interaction is
thermally overcome and the metal centers behave as magneti-
cally noninteracting. Stronger electronic alignment of the
paramagnetic centers can be engendered by employing
radicaloid ligands that facilitate ferrimagnetic spin alignment24

and by spin delocalization in mixed valent clusters where the
double exchange mechanism is operative, wherein two metals
of different oxidation state come into strong electronic
alignment to facilitate internuclear electron exchange.25 Indeed,
clusters employing these exchange mechanisms have been
shown to exhibit thermally well-isolated ground states that
persist even to room temperature and beyond,26 though
systematic manipulation of the magnetic anisotropy remains
elusive. To improve SMM properties to achieve technical
viability, new materials exhibiting facile electronic exchange are
necessary to maximize spin ground states while also providing a
systematic means for manipulating magnetic anisotropy.27

An alternative approach to achieving strong electronic
coupling between paramagnetic centers is through the
generation of clusters featuring direct M−M bonding
interactions to facilitate direct intracluster valence orbital
overlap. In the strong field limit where the M−M overlap is
sterically unimpeded, maximal pairing of the valence electrons
can occur to yield maximal M−M bond orders (BO = 1−5)
and covalency is maximized.28 In the weak field limit where
energetic separation between valence orbitals is less than the
mean electron pairing energy for a transition element, the
valence electrons will populate in a parallel alignment to
achieve a high-spin configuration in accordance with Hund’s
rules. Targeting weak field clusters requires management of
both metal−ligand (use of weak field ancillary ligands) and
metal−metal interactions (sterically preclude strong M−M
bond formation). If these conditions are met, the transition-
metal valence orbitals will mix according to symmetry, creating
a single d-orbital manifold approximating that of a single metal
ion.29 Indeed, maximally high-spin complexes for iron have
been achieved for dinuclear S = 4 (DPhF)4Fe2,

30 S = 9/2
[(Me3tacn)2Fe2(μ

2-OH)3]
2+,26a,b,e S = 9/2 [Fe2(μ-

O2CAr
Tol)4(py)2]

+,31 and S = 6 trinuclear (tbsL)Fe3(thf)
32 and

(PhL)Fe3(thf)3
33 dictated by this direct exchange pathway. We

now demonstrate that chemical reduction of the intermediate
spin hexanuclear cluster (HL)2Fe6 (1)34 induces an abrupt
increase in its electronic configuration to achieve a thermally
persistent S = 19/2 spin ground state which displays SMM
behavior at low temperature.
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2. EXPERIMENTAL SECTION
2.1. General Considerations. All manipulations involving metal

complexes were carried out using standard Schlenk or glovebox
techniques under a dinitrogen atmosphere, unless otherwise noted. All
glassware was oven-dried for a minimum of 10 h and cooled in an
evacuated chamber prior to use in the drybox. Diethyl ether and
tetrahydrofuran (THF) were dried and deoxygenated on a Glass
Contour System (SG Water USA, Nashua, NH) and stored over 4 Å
molecular sieves (Strem) prior to use. Pyridine (Sure/Seal) and N,N-
dimethylformamide (Sure/Seal) were purchased from Sigma-Aldrich
and stored over 4 Å sieves prior to use. Nonhalogenated solvents were
frequently tested, by a solution of sodium benzophenone ketyl in
THF, for effective water and dioxygen removal. Tetrabutylammonium
chloride was purchased from Sigma-Aldrich and naphthalene from Alfa
Aesar and used without further purification. (HL)2Fe6 (1) was
prepared according to the methodology previously reported by our
laboratory.34

2.1.1. [Bu4N][(
HL)2Fe6(py)2] (2). (HL)2Fe6 (1) (100 mg, 0.080

mmol) was suspended in 2 mL of THF and cooled down to −35 °C. A
freshly prepared solution of sodium naphthalenide (10.3 mg of
naphthalene, 0.080 mmol) in 2 mL of THF (−35 °C) was added to
the suspension of (HL)2Fe6 (1) by filtering through Celite.
Immediately following combination of the solutions, [Bu4N]Cl (22.4
mg, 0.080 mmol) was added as a solid, and the reaction mixture was
stirred for 3 h at room temperature. The dark brown precipitate was
collected upon a medium size fritted funnel and washed with 5 × 2 mL
of THF. The solid left behind was extracted into pyridine, and the dark
brown solution extracted through the fritted funnel into a diethyl ether
vapor diffusion cell. Bulk crystallization provides 2 in 48% yield
(average over several batches). Anal. calcd for 2: C72H94Fe6N15: C,
57.47; H, 6.30; N, 13.96%. Found: C, 57.28; H, 6.41; N, 13.86%.
2.1.2. [Bu4N][(

HL)2Fe6(dmf)2] (3). The preparation of 3 is identical
to that of 2 the only difference is that instead of extracting with
pyridine, N,N-dimethylformamide (dmf) is used. Similarly, the dark
brown solution is extracted through the fritted funnel into a diethyl
ether vapor diffusion cell. Bulk crystallization provides 3 in 36% yield.
Anal. calcd for 3: C68H98Fe6N15O2: C, 54.72; H, 6.62; N, 14.08%.
Found: C, 54.58; H, 6.65; N, 13.91%.
2.2. X-ray Structure Determinations. Single crystals suitable for

X-ray structure analysis were coated with deoxygenated Paratone N-oil
and mounted in MiTeGen Kapton loops (polyimide). Data for
compound 2 were collected using synchrotron radiation at the
Argonne National Laboratory Advance Photon Source, ChemMat-
CARS. Data for compound 3 were collected at 100 K on an APEX II
DUO single crystal diffractometer. None of the crystals showed
significant decay during data collection. Raw data were integrated and
corrected for Lorentz and polarization effects using Bruker APEX2
v.2009.1.35 Absorption corrections were applied using SADABS.36

Space group assignments were determined by examination of
systematic absences, E-statistics, and successive refinement of the
structures. The program PLATON37 was employed to confirm the
absence of higher symmetry for any of the crystals. The positions of
the heavy atoms were determined using direct methods using the
program SHELXTL.38 Successive cycles of least-squares refinement
followed by difference Fourier syntheses revealed the positions of the
remaining non-hydrogen atoms. Non-hydrogen atoms were refined
with anisotropic displacement parameters, and hydrogen atoms were
added in idealized positions. Crystallographic data for 2 and 3 are
given in Table S1.
2.3. Magnetic Data Measurements. Magnetic data for 1, 2, and

3 were collected using a Quantum Design MPMS-XL Evercool
SQUID magnetometer. The following is a general procedure for
sample preparation: bulk crystals were collected and washed
thoroughly with Et2O. These black block-shaped crystals were crushed
in the presence of Et2O, and the resulting fine suspension was then
dried under high vacuum. The sample powder was then immobilized
within a gelatin capsule size no. 4 by adding melted eicosane at 50−60
°C. The gelatin capsule was inserted into a plastic straw. Samples were
prepared under a dinitrogen atmosphere. Magnetization data at 100 K

from 0 to 7 T were used as a test for ferromagnetic impurities (see
Figures S11−13). Variable-temperature (VT) direct current (dc)
magnetic susceptibility measurements were collected in the temper-
ature range 1.8−300 K under applied fields of 0.1, 0.5, and 1 T. The
χMT data were collected multiple times until they were reproduced at
least three times (in all three cases the ferromagnetic-impurity test was
passed). Variable-temperature, variable-field (VTVH) magnetization
data were acquired on heating from 1.8 to 10 K at increasing fields of
1, 2, 3, 4, 5, 6, and 7 T. Magnetic susceptibility data were corrected for
diamagnetism of the sample, estimated using Pascal’s constants,39 in
addition to contributions from the sample holder and eicosane. The ac
magnetic susceptibility data were collected at zero applied dc field and
with a 4 Oe oscillating ac field. Magnetization data were collected at
1.8 K on steps and cycling between −7 and +7 T to probe for
magnetic hysteresis. Additionally, zero-field-cooled (ZFC) and field-
cooled (FC) data were collected between 1.8 and 10 K by measuring
with a dc applied field of 0.1 T and at a sweeping rate of 0.059 K/min.

2.4. Fitting the Magnetic Data for 1−3. The VT magnetic
susceptibility and the VTVH magnetization data were fit in PHI40

according to the spin Hamiltonians described in the main text. The
relaxation dynamics were fit according to a generalized Debye model.41

Igor Pro Wavemetrics was used to fit χM′′ and χM′ vs ν to a
distribution of single relaxation processes; similarly, it was also used to
fit χM′′ vs T as described elsewhere.42

2.5. Electrochemical Measurements. Cyclic voltammetry
measurements were acquired by a CHI660d potentiostat using a
three-electrode cell with a glassy carbon working electrode, platinum
wire as a counter electrode, and a Ag/AgNO3 reference electrode. All
potentials were referenced versus the Fc/Fc+ couple. Saturated AgNO3
solutions were prepared fresh before each experiment. A 0.1 M
solution of tetrabutylammonium hexafluorophosphate in pyridine was
employed as a supporting electrolyte. All measurements were done
under a dinitrogen atmosphere.

2.6. Zero-Field 57Fe Mössbauer Spectroscopy. Data were
previously reported for 1 at 90 K only;34 thus the 4.2 K spectrum was
recorded (Figure S3). Data for 2 and 3 were acquired at 4.2, 90, and
210 K. Solid samples (ca. 20 mg) were restrained with Paratone-N oil.
The data were measured with a constant acceleration spectrometer
(SEE Co., Minneapolis, MN). Isomer shifts are given relative to α-Fe
metal at 298 K.

2.7. Other Physical Measurements. Elemental analysis was
performed by Complete Analysis Laboratories, Inc., Parsippany, New
Jersey. Perpendicular mode X-band EPR spectra were collected in 2-
methyltetrahydrofuran at several different temperatures from 3.2 to 79
K on a Bruker ElexSys E500 EPR spectrometer. UV−vis-NIR spectra
were collected in a 1 cm path length cuvettes on a Varian 5000 UV−
vis-NIR spectrophotometer at room temperature. All solutions were
prepared in the glovebox, and the cuvettes sealed with a J-Young screw
cap. Absorbance values were kept under 1 for all concentrations
measured.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. Reduction of

(HL)2Fe6
34 (1) involves adding freshly prepared sodium

naphthalenide to a suspension of 1 in THF at −35 °C
(Scheme 1). Immediately after combining the two solutions, 1
equiv of [Bu4N]Cl was added and stirred for 3 h at room
temperature during which time a dark brown precipitate forms.
Cation metathesis eliminates complications arising from cation
desolvation from the previous preparation. The isolated powder
was dissolved in pyridine (py) or dimethylformamide (dmf)
and set up to crystallize in a vapor diffusion cell containing
diethyl ether. Large block-shaped crystals can be obtained at
room temperature that affords crystalline [Bu4N]-
[(HL)2Fe6(py)2] (2, 48%) or [Bu4N][(

HL)2Fe6(dmf)2] (3,
36%) as room temperature stable materials under an inert
atmosphere (Figure 1a). The constitution of 2 and 3 were
confirmed by X-ray crystallography (vide inf ra). The solid- and
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solution-state properties for 2 and 3 are largely analogous, thus
properties for the pyridine complex 2 will be discussed in the
text, while the comparable data for 3 are presented in the
Supporting Information.
Unlike the unsolvated cluster 1, the X-ray molecular crystal

structures of the anionic clusters 2 and 3 display trans-ligation
of solvent to make the [Fe6] octahedron asymmetric as
illustrated in Figure 1a. The molecular crystal structure of 2
reveals that the pyridine-bound (dFe−py: 2.363(3) Å), five-

coordinate Fe sites in 2 extend away from the center of the
[Fe6] core (dFe−Fe: 4.001(2) Å), while the remaining pairs of
trans-disposed iron sites reveal further asymmetry (dFe−Fe:
3.403(2), 3.838(2) Å). The trans-disposed iron sites in 3 reveal
a less significant distortion (dFe−Fe: 3.442(1), 3.846(1),
3.863(1) Å). Elongation of the Fe−N ligand bonds from 1
(Fe−N 2.037(8), Fe−NH 1.998(2) Å)34 occurs upon
reduction (Fe−N 2.12(3), Fe−NH 2.07(3) Å in 2 and 3)
(see Table 1).

To assess the stability of the mixed valence cluster 2, the
electrochemical properties of 2 were investigated via cyclic
voltammetry. In pyridine 2 displays one reversible oxidation
(E1/2 = −1.62 V vs Fc/Fc+, ΔEP = 91 mV) and one reversible
reduction (E1/2 = −2.21 V vs Fc/Fc+, ΔEP = 90 mV) as shown
in Figure 1b. The reversible reduction at −2.21 V suggests a
pyridine-bound, dianionic cluster could be chemically acces-
sible. The calculated comproportionation constant for 2 is 1.3
× 1010, indicating significant electron delocalization in the
mixed-valent cluster 2.34

3.2. Zero-Field 57Fe Mössbauer Spectroscopy. Our lab
has previously reported the species [Na(Et2O)2(NCMe)2]-
[(HL)2Fe6] having an asymmetric 57Fe Mössbauer spectrum at
90 K.34 The spectral asymmetry was attributed to a proposed
mixture of neutra l (HL)2Fe6 and reduced [Na-
(Et2O)2(NCMe)2][(

HL)2Fe6] clusters, owing to the presumed
instability of the [Fe6]

−. An alternative reason for the spectral
asymmetry could be due to slow magnetic relaxation of the
[Fe6]

− that is not fully resolved at 90 K.44 Thus, samples of
polycrystalline 2 were isolated, and their Mössbauer spectra
recorded at 4.2 K under a zero-applied external magnetic field.
The spectrum of the pyridine adduct 2 features a well-

defined multiline pattern at 4.2 K (Figure 2a). The data were
modeled taking into account three crystallographically distinct
iron environments. The zero-field spectrum was modeled by
employing a nuclear Hamiltonian that only includes the electric
quadrupole and the nuclear Zeeman interaction: Ĥ = I·Q·I +
gnβnH·I,

45 where Q is proportional to the electric field gradient.
The only contribution to H originates from the internal
magnetic field (Hint) since Hext = 0. In this case, the “static”
internal field (Hint) results from slow relaxation of the
electronic ground state |S, ms⟩.

46 The data were fit as described
in the Supporting Information. The three sextets that best
model the data have the following parameters [δ, ΔEQ (mm/s),
Hint (T): 0.55, +0.15, 36.6 (33%, blue trace); 0.65, −0.06, 39.1
(33%, green trace); and 0.80, 0.72, 34.6 (34%, brown trace)]
and are shown in Figures 2a and S4. The hyperfine splitting
disappears upon warming to 90 K, but relaxation effects are still
observed (Figure 2b). In the high-temperature regime the
internal field relaxes fast enough to average to zero, and thus
the only perturbation that persists is the quadrupole

Scheme 1

Figure 1. Representative molecular crystal structure and electro-
chemical behavior of [Bu4N][(

HL)2Fe6(solv)2]. (a) X-ray structure of
the cluster anion in 2. Thermal ellipsoids are set at 50% probability
level. The Fe, C, and N atoms are colored orange, gray, and blue,
respectively. (b) Cyclic voltammogram of 2 in pyridine at room
temperature. Scan rate: 100 mV/s. A 0.1 M [Bu4N][PF6] solution was
used as supporting electrolyte.

Table 1. Relevant Bond Lengths and Angles for [(HL)2Fe6]
n

Species

(Å;°) 1a Na[1]a 2 3

Fe−Fe 2.597(1) 2.580(6) 2.65(4) 2.63(3)
Fe−N 2.037(8) 2.081(8) 2.12(3) 2.11(3)
Fe−NH 1.998(17) 2.052(15) 2.07(3) 2.07(3)
∠Fe−N−Fe 79.2(2) 77.0(2) 78(3) 78(3)
∠Fe−NH−Fe 81.1(2) 77.5(3) 79(2) 78(2)

aPreviously reported neutral 1 and reduced clusters Na[1] (where
Na[1] = [Na(Et2O)2(NCMe)2][(

HL)2Fe6]).
34
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interaction.47 Two sharp doublets are observed at 210 K
(Figure 2c) with Mössbauer parameters [δ, |ΔEQ| (mm/s):
0.61, 0.97 (59%, blue trace); 0.38, 1.65 (41%, green trace)].
Hence, while the 4.2 K data reflect three distinct iron sites
(consistent with the crystallographic data), the four four-
coordinate sites become equivalent as temperature increases,
distinct only from the pyridine bound five-coordinate iron sites.
3.3. Magnetometry. Variable-temperature (VT) magnetic

susceptibility (χMT) data and VTVH magnetization data were
collected for compounds 2 and 3 to assess their spin ground
states. The χMT data for 2 obtained at 0.1 T from 1.8 to 300 K
are shown in Figure 3a, which indicates a well-isolated ground
state up to room temperature. At 50 K χMT has a maximum of
55.94 cm3 K/mol (χMT50 K = 53.39 cm3 K/mol for 3, Figure
S15a); which decreases to 52.54 cm3 K/mol at 300 K.48 Below
50 K the effect of zero-field splitting is manifest and χMT drops
rapidly until 3 K (46.50 cm3 K/mol), after which it falls
precipitously to 2.23 cm3 K/mol at 1.8 K (Figure S14). The

susceptibility data for 2 was fit between 5 and 150 K using
PHI49 according to the spin Hamiltonian Ĥ = DSẑ

2 + gisoμBS·H
for an S = 19/2 ground state to give: g = 2.11 and |D| = 0.67
cm−1. Similarly for 3: g = 2.06 and |D| = 0.40 cm−1 for an S =
19/2.50 These parameters were utilized to extrapolate the fit to
300 K. The susceptibility data for 1 are also shown for means of
comparison to the intermediate spin S = 6 configuration. The
VTVH magnetization data for 2 nearly plateau as the magnetic
field is increased, indicating full population of the spin ground
state saturating at 16.5 μB (17.0 μB for 3, Figure S18) at 1.8 K
and 7 T (Figure 3b). An ideal S = 19/2 (g = 2.0) would be
expected to saturate at 19 μB, while deviation from saturation at
the M = gS limit can be attributed to the presence of zero-field
splitting. The reduced magnetization data of 2 were fit
according to the spin Hamiltonian Ĥ = DŜz

2 + E(Sx̂
2 − Sŷ

2)
+ gisoμBS·H to yield the following parameters for the S = 19/2
ground state: g = 2.10, D = −0.60, and |E/D| = 0.30 (Figure
3b). Fitting of 3 as an S = 19/2 in an analogous way to 2 we
obtain g = 2.06, D = −0.48, and |E/D| = 0.24 (Figure S18).
Analysis of the χM′T vs T dependence for 2, where population
of low-lying excited states under large dc fields is suppressed,51

reveals a plateau of 53 cm3 K/mol in χM′T for T > 5 K (Figure
3c), in agreement with the expected value for an ideal S = 19/2
(g = 2, χMT = 49.875 cm3 K/mol).
The low-temperature slow magnetic relaxation evident from

the Mössbauer spectrum of 2 and the precipitous drop in
susceptibility led us to examine whether magnetic blocking was
operative. Thus, zero-field-cooled (ZFC) and field-cooled (FC)
magnetization data were collected at 0.059 K/min for 2. The
ZFC data at 0.1 T display a narrow peak on the magnetization
at 2.9 K; in contrast the FC data display no peak but rather a
plateau at 3.07(1) μB from 1.8 to 2.5 K, after which the moment
decreases superimposing with the ZFC data at T ≥ 3.0 K (inset
Figure 3c), a signature of magnetic blocking.3a

3.4. Slow Magnetic Relaxation. The relaxation dynamics
of 2 were further probed by ac magnetic susceptibility at a 4 Oe
oscillating field (1−1488 Hz) and in the absence of an external
dc magnetic field in the temperature range 1.8−6.6 K. A
maximum in the out-of-phase component (χM′′ vs ν, Figure 4a)
and the concurrent decrease in the in-phase component (χM′ vs
ν, Figure 4c) are hallmark characteristics of slow magnetic
relaxation. The maximum in χM′′ vs ν occurs in a narrow
temperature range (3.4 to 6.6 K) and is consistent with the
sharp maximum observed in the ZFC data.24a Alternatively, the
relaxation behavior can also be observed by a peak maximum in
the χM′′ vs T plot (Figure 4b). Additionally, Cole−Cole plots
(χM′′ vs χM′) displaying semicircular profiles, as is the case for 2
as illustrated in Figure 4d, indicate that a single relaxation
pathway is operative. The relaxation dynamics were fit as
described in the Supporting Information to a generalized Debye
model.41 Each panel in Figure 4a−d was fit independently, and
the extracted temperature-dependent relaxation times (τ) fit to
an Arrhenius temperature law, τ = τ0 exp(Ueff/kBT). The
average values from all the four methods fit to an effective spin
relaxation barrier of Ueff = 42.5(8) cm−1 and an attempt time of
τ0 = 9(2) × 10−9 s (Figure 4e). Remarkably, parallel analysis of
the less structurally distorted dmf-ligated cluster 3 reveals a
lower effective spin relaxation barrier of Ueff = 33.5(1) cm−1 and
an attempt time of τ0 = 1.3(1) × 10−8 s (Figure 4e). The
magnetic blocking temperature (TB) is 2.9 K from examination
of the ZFC data (Figure 3c inset). Magnetic hysteresis
experiments were conducted on 2 at 1.8 K (Figure 4f) where
step-like behavior is observed as the magnetization at ±7 T

Figure 2. Zero-field 57Fe Mössbauer spectra for [Bu4N]-
[(HL)2Fe6(py)2]. Spectra collected at: (a) 4.2, (b) 90, and (c) 210
K. The red traces in (a) and (c) correspond to the overall fit. The fit in
(a) is composed of three sextets shown by the top blue, green, and
brown traces; similarly, the fit in (c) encompasses the two doublets
shown in blue and green. The fit parameters are described in the text.
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reaches ±16.6 μB (Figure S22). A remnant magnetization of 8.5
μB is observed when cycling from +7 to −7 T with a coercive
field of ∼0.8 T. Step-like hysteresis has been attributed to
quantum tunneling of magnetization, one of only a few
macroscopic measurements where quantum effects are
evident.52 The current data suggest that ligation of the pyridine
molecules in 2 provides a route to impart magnetic anisotropy
via the large axial structural distortion. The effective spin
reversal barrier in 2 is Ueff = 42.5(8) cm−1 which is less than the

theoretical value calculated from U = |D|(S2 − 1/4), where S =
19/2 and D = −0.60 cm−1 yielding U of 54 cm−1. Similarly for 3
Ueff = 33.5(1) cm−1 vs the calculated barrier U of 43.2 cm−1.
Inclusion of the rhombic ZFS parameter in the calculation of
the spin reversal barrier provides U of 60.8 and 46.8 cm−1 for 2
and 3, respectively (see the Supporting Information). The
lower than theoretical Ueff observed is typical of systems where
the spin reversal does not follow strictly the thermal barrier, but

Figure 3. Magnetic characterization of (HL)2Fe6 and [Bu4N][(
HL)2Fe6(py)2]. (a) VT dc magnetic susceptibility of 1 (1 T, green squares) and 2 (0.1

T, blue circles). (b) VTVH magnetization of 2 at selected fields (1−7 T) measured on increasing temperature from 1.8 to 10 K. Solid red and black
lines in (a) and (b) correspond to the fit of the data as described in the text, respectively. (c) Plot of χM′T versus T for 2 at an oscillating field
frequency of 1 Hz. The inset displays the ZFC and FC data of 2 collected between 1.8 and 5 K at 0.1 T and at a temperature sweeping rate of 0.059
K/min.

Figure 4. Slow magnetic relaxation phenomena in [Bu4N][(
HL)2Fe6(py)2]. Out-of-phase (χM′′, a) and in-phase (χM′, c) components of the ac

magnetic susceptibility versus frequency (ν). (b) χM′′ versus T. (d) Cole−Cole plots. The solid continuous lines in (a−d) represent a fit to the data
as described in the text. Data collected under a zero-applied dc field. (e) Relaxation times (ln τ) extracted from (a−d) versus 1/T for 2 (circles) and
Figure S21 for 3 (diamonds). (f) Zoomed-in plot of the magnetic hysteresis loop from −7 to +7 T. Data collected at rate, range: 0.296 mT/s, ± 1⇆
± 0.1 T; and 0.041 mT/s, +0.1 ⇆ −0.1 T.
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instead tunnels through the barrier at some higher energy ms
levels.2,53

3.5. Electronic Structure Determination. Significant
spectroscopic, magnetic, and structural perturbations arise
upon reduction of 1 by one electron (vide supra). Most
remarkably, the spin ground-state changes abruptly from S = 6
for the parent all-ferrous cluster 1, to an S = 19/2 for 2 and 3,
for which we sought to account using a delocalized cluster
bonding approach.
Previously we proposed a qualitative molecular orbital

diagram for 1 to account for the S = 6 ground state (Figure
5a).34 The axis system at each iron site was chosen so that the

dz2 orbital is oriented normal to the cluster face and the dx2−y2
orbital along the Fe−N(H) bonds. The frontier iron 3d orbitals
were combined based on symmetry considerations and filled
with the available 36 iron valence electrons. To account for the
observed S = 6, the symmetry-adapted linear combinations
(SALCs) of the Fe−N antibonding interactions (1a2g, 2eg, and
2t2u) are high enough in energy to remain unpopulated (Figure
5a).
Based on the proposed model for (HL)2Fe6, reduction of 1

could result in two potential scenarios: (1) the added electron
fills the 1eg orbital set (1eg

4) to yield an S = 11/2 configuration
(Figure 5b); or (2) the added electron populates the lowest
unoccupied molecular orbital (1a2g

1) to yield an S = 13/2
configuration (Figure 5c). Although neither scenario is
observed, the latter may suggest a pathway through which the
actual high-spin ground state is attained. Addition of an
electron to any of the 1a2g, 2eg, or 2t2u antibonding orbitals
would weaken the Fe−N(H) bonds and lower their energy as a
result. This is indeed the case and is structurally manifested in
the longer Fe−N and Fe−NH bond distances observed for 2
and 3 (Table 1). Furthermore, the lower-lying 1a2g, 2eg, and

2t2u orbitals are now energetically accessible to be populated
and maximize the electron exchange interaction for the cluster.
Thus, we might anticipate that the true ground state of the
coordinatively unsaturated species would be a maximally high-
spin configuration of S = 23/2. While this is yet to be verified,
we can account for the observed spin state of the pyridine
bound 2 by considering how pyridine ligation alters the frontier
orbital picture in Figure 5. Akin to the redox directed binding of
acetonitrile or dimethylformamide to [(HL)2Fe6]

+,34,54 two
nominally dz2-based SALCs (originating from 1eg and 2t1u) are
destabilized upon binding of solvent to the [(HL)2Fe6]

− core,
leaving two orbitals out of energetic range to be populated.
Thus, populating the 37 valence electrons in the remaining 28
orbitals affords a maximum spin ground state of S = 19/2
(Figure 5d) consistent with that determined experimentally,
and suggesting ΔE (2t2u−2t2g) ≤ 19150 cm−1 (2.37 eV) the
mean spin-pairing energy for a ferrous ion.55 Via the strong
electron delocalization apparent in these weak field clusters, the
electronic structure begins to approximate that of a single
transition-metal ion, facilitating the isolation of the observed
ground states from lowest-lying electronic excited states.54

Consistent with this description, the formally mixed valent 2
does not exhibit intervalence charge-transfer bands in the near-
infrared (12000 > ν > 5000 cm−1, Figure S23).

4. CONCLUSIONS
The frontier of single molecule magnet design requires
strategies to maximize molecular spin while providing a
mechanism to generate large magnetic anisotropy. The weak-
field cluster approach described herein suggests a mechanism
wherein both criteria can be met. The delocalized electronic
structure observed for 2 provides a means for generation of well
isolated high-spin ground states with the added advantage that
postsynthetic cluster solvation can generate the magnetic
anisotropy necessary to enable SMM behavior. While the
overall magnetic blocking temperatures and spin reversal
barriers of 2 and 3 do not exceed other reported SMMs, the
findings presented herein highlight how the symmetry
reduction imposed on 2 can tune the magnetic properties of
these clusters with the possibility of incorporating the [Fe6]

−

unit into larger assemblies. Further exploration of this design
element is currently underway.
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