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Introduction

The properties of single-molecule magnets (SMMs) in the
solid state have been studied in great detail over the past
two decades and are now very well known.[1] The isotropic
superexchange coupling between the ions is such that the

spin ground state has a large spin (typically S � 4). The
combined zero-field splitting of the ions leads to a net uni-
axial magnetic anisotropy for the molecular spin, which gen-
erates an energy barrier between the spin-up and spin-down
configurations. The result is that these systems show slow re-
laxation of the magnetisation at low temperatures. In addi-
tion, single-molecule magnets show pronounced quantum ef-
fects, such as quantum tunneling of the magnetisation.[1] The
organic ligand shell shields the magnetic core from the sur-
roundings and, to a first approximation, the molecular prop-
erties are independent of these. In spite of that, magnetic di-
polar interactions between molecules can lead to long-range
dipolar magnetic ordering,[2] and are also thought to be re-
sponsible for the observed lack of selection rules in quantum
tunneling.[3] The large majority of studies on SMMs have
been carried out on (micro)crystalline samples. However, in-
vestigating the properties of these systems in conditions
other than the (micro)crystalline state is becoming increas-
ingly important for the following reasons: first of all, obser-
vation of slow relaxation of the magnetisation in samples of
frozen solutions or similar matrices is the ultimate proof of
SMM behaviour. Thus, whereas the onset of an out-of-phase
signal in the AC susceptibility is often taken as an indication
of SMM behaviour, it may actually be the onset of long-
range ordering,[4] spin-glass-like behaviour,[5] or the phonon
bottleneck effect.[6] Secondly, any viable application for mo-
lecular nanomagnets will involve their deposition on surfa-
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ces. Whereas the archetypical SMM Mn12 was shown to be
relatively unstable on surfaces,[7] Fe4 derivatives retain SMM
properties.[8] Thirdly, SMMs are currently showing great
promise for the study of mesoscopic quantum coherence,[9]

where a high degree of dilution has a strongly favourable
effect on coherence times. Studies have shown that SMM
properties are sometimes unaffected in frozen solution, but
in most cases the performance of SMMs deteriorates signifi-
cantly in noncrystalline environments.[10]

Here, we present two novel tetranuclear star-shaped iron-ACHTUNGTRENNUNG(III) clusters together with an in-depth investigation of their
magnetic properties. Interestingly, we find that the relaxa-
tion time of the magnetisation increases on going from the
solid state to frozen solutions, in contrast to what has thus
far been observed for SMMs in noncrystalline environ-
ments.[10] A preliminary account of this work has appeared
in literature.[11]

Results and Discussion

Crystal structures : Figure 1 shows the molecular structures
of complex 1, [Fe4ACHTUNGTRENNUNG(acac)6ACHTUNGTRENNUNG(Br-mp)2] (acac=acetyl acetonate,
Br-mpH3 =2-(bromomethyl)-2-(hydroxymethyl)-1,3-propane-

diol), and 2, [FeIII
4 ACHTUNGTRENNUNG(acac)6ACHTUNGTRENNUNG(tmp)2 ] (tmpH3 =2-ethyl-2-(hy-

droxymethyl)-1,3-propanediol), determined by X-ray crys-
tallography. Both complexes crystallise in the monoclinic
space group C2/c. The distorted octahedral coordination
sphere of each of the peripheral iron ions is formed by two
acac ligands and two oxygen atoms, one from each tripodal
alkoxide. These alkoxide oxygen atoms form bridges to the
central iron ACHTUNGTRENNUNG(III) ion, which is, therefore, coordinated by six
of these atoms. The crystallographic structures of 14 tetranu-
clear iron ACHTUNGTRENNUNG(III) complexes with similar structures have been
reported. Saalfrank et al. have employed derivatives of di-
ethanolamine, RN ACHTUNGTRENNUNG(CH2CH2OH)2 (R=CH3, PhCH2),[12, 13]

whereas Cornia et al. have been very successful with the
complexes [Fe4ACHTUNGTRENNUNG(dpm)6{RC ACHTUNGTRENNUNG(CH2O)3}2], where dpm is depro-
tonated dipivaloyl methane and R=CH3, BrCH2, Ph, tBu,
p-ClPh or PhO.[14,15] Complexes 1 and 2 are very similar to
these latter complexes, the only difference is that 1 and 2

feature acac instead of dpm ligands. The latter type of clus-
ter was also modified for anchoring to surfaces and carbon
nanotubes.[16] Further similar clusters include [Fe4ACHTUNGTRENNUNG(dpm)6-ACHTUNGTRENNUNG(OCH3)6],[17] [Fe4ACHTUNGTRENNUNG(nPrOH)6Cl6ACHTUNGTRENNUNG{CH3C ACHTUNGTRENNUNG(CH2O)3}2],[18] and [Fe4-ACHTUNGTRENNUNG(vap)4ACHTUNGTRENNUNG(OCH3)4Cl2] (vap=o-vanillinidene-3-propanol-
amine).[19]

DC magnetic susceptibility : DC magnetic susceptibility data
recorded for powder samples of 1 and 2 (Figure 2) show
qualitatively the same behaviour. The observed room-tem-
perature cT values (12.3 and 12.1 cm3 K mol�1 for 1 and 2,
respectively) are significantly lower than those expected for
four noninteracting high-spin ironACHTUNGTRENNUNG(III) ions each with S=5/2

Figure 1. Molecular structures of compound 1 (A) and compound 2 (B).
Iron ions are large, dark grey spheres, oxygen atoms are small spheres,
and bromine atoms are large, light grey spheres. Carbon atoms are repre-
sented by sticks only, and hydrogen atoms have been omitted for clarity.

Figure 2. DC magnetic susceptibility–temperature product as a function
of the temperature recorded for powder samples of 1 (top, &) and 2
(bottom, &). Solid lines are fits produced by using the Kambe model (see
text; 1: J=�8.2 cm�1, g=1.985 and 2 : J =�8.5 cm�1, g=1.995).
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(17.5 cm3 K mol�1 for g=2.00), indicating the presence of
moderate antiferromagnetic exchange interactions, corrobo-
rated by the fact that the cT product decreases with decreas-
ing temperature. However, at approximately 120 K, both
curves reach a minimum beyond which the cT values rise
again before they finally decrease below �15 K. Inspection
of the structures (Figure 1) of the complexes reveals that an-
tiferromagnetic nearest-neighbour interactions between the
central spin and the peripheral spins will result in a non-
zero-spin ground state. This ferrimagnetic structure accounts
for the initial decrease in cT, followed by an increase to
values close to that expected for an isolated S=5 state
(cT= 15 cm3 K mol�1). The final decrease is due to zero-field
splitting (ZFS) of the ground state or small intermolecular
interactions. Considering nearest-neighbour superexchange
interactions only, the isotropic exchange Hamiltonian is:

H ¼ �2JðŜ1þŜ2þŜ3ÞŜ4 ð1Þ

In view of the (idealised) trigonal symmetry of the com-
plex, the susceptibility can be described analytically accord-
ing to the Kambe formalism,[20] giving the following expres-
sion for the energies of the spin states at zero field:

E ¼ J½S123ðS123þ1Þ�STðSTþ1ÞþS4ðS4þ1Þ� ð2Þ

where J is the exchange coupling strength, S123 the coupled
spin of the peripheral ions, ST the total spin and S4 the spin
of the central ion. A fit of J to the experimental data gives a
value of J=�8.2 cm�1, with g=1.985 for compound 1, and
J=�8.5 cm�1, with g=1.995 for 2 (see Figure 2). This mod-
erately strong exchange interaction leads to a well isolated
S= 5 ground multiplet, with the first excited multiplet (S=

4) lying at approximately 60 K. These values are typical for
FeIII-O-FeIII exchange interactions, and calculations accord-
ing to published magneto–structural correlations give J=

�9.1 cm�1 for 1 and J=�9.4 cm�1 for 2.[21] The employed
model does not reproduce the downturn in cT at lowest
temperatures, which may be due to intermolecular interac-
tions, next-nearest-neighbour intramolecular interactions
and/or zero-field splitting of the ground state. Magnetisation
measurements at variable temperatures and fields (not
shown) show considerable nesting of the magnetisation
curves, indicating the presence of significant anisotropy. Fits
of the magnetisation curves, by employing the spin Hamilto-
nian H =DS=5Ŝz

2 + gmBS·H, gave DS= 5 values of �0.34 cm�1,
and DS=5 =�0.35 cm�1, for 1 and 2, respectively.

AC magnetic susceptibility : The combination of a large-spin
ground state and a negative D parameter suggests the possi-
ble occurrence of slow magnetisation dynamics or single-
molecule magnet behaviour at low temperatures. Indeed,
AC susceptibility measurements at temperatures T � 1.8 K
show frequency dependent out-of-phase components c’’.
However, the absolute value of the out-of-phase component
is an order of magnitude smaller than the in-phase compo-
nent and no maximum is observed. Hence, no distinction be-

tween possible sources of the observed slow magnetisation
dynamics, including SMM behaviour, spin-glass-like behav-
iour, proximity to long-range ordering or phonon bottleneck
effect, is possible. Therefore, we performed AC susceptibili-
ty measurements down to T=90 mK at frequencies up to
13 333 Hz to investigate the origin of the observed slow re-
laxation behaviour (Figure 3). The results show clear, fre-
quency-dependent maxima in the c’’ versus T curves. The
shift in the temperature, Tf, of the maximum per decade in
frequency, DTf/ ACHTUNGTRENNUNG[TfDlog(w)], is 0.25 for both complexes,
which is a typical value for superparamagnet-like behav-
iour.[5] This shows that both molecules are single-molecule
magnets, with relaxation times, t, that can be described by
the Arrhenius law t= t0expACHTUNGTRENNUNG(DE/kBT), with DE being the
energy barrier for the relaxation of the magnetisation and
kB being the Boltzmann constant. At Tf, wt=1, where w=

2pnAC, is the angular frequency corresponding to the driving
frequency nAC of the AC susceptibility measurement. A
linear fit of ln ACHTUNGTRENNUNG(w�1) versus Tf

�1 (Figure 4) yields DEeff =

12.2�0.2 K and t0 = 17�3 ns for 1 and DEeff =12.6�0.8 K
and t0 =24�14 ns for 2 (Table 1), which are the same within
experimental accuracy. These energy-barrier values are iden-
tical to those calculated from the D values obtained from
magnetisation measurements through DE= DS2. No evi-
dence for deviation from linearity was observed in our data
that span two decades in frequency. The frequency range is
limited by the instrument on the high-frequency side and by
a rapidly deteriorating signal-to-noise ratio on the low-fre-
quency side. The application of a small field of 0.1 T increas-
es the absolute relaxation times of 1, but does not affect the
temperature dependence (Figure 4), and a fit of the data
yields DEeff =12.4�0.4 K and t0 = 47�12 ns. This significant
increase in t0 may be understood in terms of a decreased
separation of the MS states close to the top of the barrier,
which slows down phonon-induced transitions between
those states.[1]

Magnetic resonance : The experimental energy barriers to
relaxation of the magnetisation, and the energy barriers cal-
culated from DE= DS2 are identical, suggesting that (ther-
mally activated) tunnelling is not a significant contributor to
the magnetisation dynamics, and, hence, that transverse ZFS
is negligible. To characterise the ZFS of the spin ground
state more fully, we have recorded frequency-domain mag-
netic resonance (FDMR) spectra (Figure 5) and continuous-
wave electron paramagnetic resonance (CW EPR; W-band)
spectra (Figure 6). The FDMR spectra show single-magnetic
resonance lines at 92 and 93 GHz for 1 and 2, respectively,
which are attributed to the MS =�5 to MS =�4 transitions
within the respective ground state multiplets. The D values
derived from these transition frequencies are DS=5 =

�0.34 cm�1 for both compounds, in exact agreement with
values derived from the magnetisation measurement. It is
often the case with molecular clusters that the D values ex-
tracted from magnetisation measurements are unreliable
due to the influence of excited spin states. For the present
Fe4 complexes, however, such states are energetically very
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far from the ground multiplet, which accounts for the per-
fect agreement between magnetic resonance and magnetisa-
tion measurements for 1 and 2. FDMR at these low frequen-
cies is quite challenging with the wavelength ranging from
3–5 mm in the studied region, causing artefacts in the base-
line due to standing waves. EPR is often more informative
at these energies and indeed the W-band EPR spectrum
(Figure 6 A) recorded on a powder sample of 1 shows many
more features. Extensive simulations revealed that the spec-
trum shows signatures of both D strain and partial orienta-
tion of the crystallites in the field. Although the space group
is monoclinic, the two independent molecules in the unit

cell have exactly the same ori-
entation, leading to a strong
tendency for the powder to
orient. The best fit was ob-
tained with the following pa-
rameters: g= 2.00, DS=5 =

�0.342�0.002 cm�1. Most Fe4

stars possess DS=5-values either
in the range �0.3 <

D/cm�1 < �0.2 or in the range
�0.5 < D/cm�1 < �0.4
(Table 2). The intermediate
values found for 1 and 2 are in
good agreement with the “heli-
cal pitch”, g,[14] that is, the aver-
age dihedral angle formed be-
tween the plane through the
four iron ions and the plane
through the central and one of
the peripheral iron ions and the
two bridging oxygen atoms. It
was shown that the DS=5 value
increases with helical pitch,
where the g values for 1 and 2
are intermediate between the
two extremes found for the
dpm complexes (Table 2). The
last entry in Table 2 has a very
small g value in spite of a large
DS=5, but this complex has a
different coordination sphere
around the peripheral ironACHTUNGTRENNUNG(III)
ions (N2O4 vs. O6), and the sem-
iquantitative magnetostructural
correlation cannot be expected
to hold. Introduction of non-
zero E, B4

0 or B4
3 values did

not improve the simulated spec-
trum, which agrees with the
fact that calculated (DS2) and

Figure 3. AC magnetic susceptibility–temperature product as a function of
the temperature recorded for powder samples of 1 (left) and 2 (right), at
frequencies from left to right: 251, 397, 629, 997, 1333, 5333 and 13333 Hz
for 1, and 333, 663, 1333, 5333, and 13 333 Hz for 2.

Figure 4. Plot of the natural logarithm of the inverse of the radial AC
driving frequency as a function of the inverse of the temperature of the
maximum in c’’ for the two compounds in 0 (&=1 and *=2) and 0.1 T
(~= 1) applied fields. Drawn lines are linear fits.
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effective energy barriers are equal, and tunnelling appears
to play a minor role in these complexes.

Frozen-solution studies : The ultimate evidence for single-
molecule magnet behaviour is the observation of slow relax-
ation of the magnetisation in diluted frozen solutions. None
of the other physical phenomena that can lead to slow mag-
netisation dynamics persist in diluted solution. However, be-
cause molecular nanomagnets are often not the thermody-
namically most stable product, they are not always stable in
solution. Figure 7 shows the room-temperature, fluid solu-
tion 1H NMR spectra of 1 in C6D6, recorded after different
time delays. The NMR spectrum recorded for the freshly
prepared solution shows peaks at d=44.2, 20.3, 11 and
�18.5 ppm. The second and fourth of these are attributed to

Table 1. Experimental energy barriers and Arrhenius prefactors derived
from AC susceptibility measurements.

Complex Field [T] Solid DEeff

[K]
Solid t0

[ns]
Solution DEeff

[K]
Solution t0

[ns]

1 0 12.2�0.2 17�3 12.0�0.3 280�40
0.05 13.7�0.2 570�50
0.10 12.4�0.4 47�12 14.1�0.3 630�70
0.15 14.2�0.4 630�120
0.20 13.8�0.4 800�130

2 0 12.6�0.8 24�14

Figure 5. FDMR spectra recorded for pressed powder samples of 1 (A)
and 2 (B) shown as normalised transmission as a function of frequency at
different temperatures. Note that the 1.8 K spectra have been cropped to
the region around the absorption lines, because of excessive baseline ar-
tefacts elsewhere due to the presence of liquid helium in the sample
chamber.

Figure 6. A) CW EPR (W-band) spectrum recorded for a powder sample
of 1 at n= 94.22 GHz and T =4.3 K (top) and fitted by using the parame-
ters in the text (bottom). B) CW–EPR spectrum recorded for a frozen so-
lution sample of 1 (0.5 mg mL�1 in toluene) at n=94.22 GHz and T=

4.5 K (top) and fitted by using the parameters in the text (bottom).
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the methyl and methine protons of the acac ligand, respec-
tively.[22] The remaining peaks are assigned to the Fe�
OCH2� and �CH2Br moieties, respectively. Over time, the
intensity of all these peaks de-
creases, whereas new peaks
appear, at d=41.1, 16.0 and
�25.1 ppm, indicating that the
complex decomposes over time.
Possible decomposition prod-
ucts include [Fe ACHTUNGTRENNUNG(acac)3], similar
to what has been reported for
[Fe4(L)2ACHTUNGTRENNUNG(dpm)6] clusters.[14] No
extensive decomposition has
taken place after 30 min and all
sample preparations for subse-
quent measurements were com-
pleted within that period. In ad-
dition, magnetic measurements
were repeated after 24 h to
ensure that the measurement
results were not due to decom-
position products. CW EPR
(W-band) spectra were record-
ed for characterisation of the
ZFS of the ground state (Fig-
ure 6 B), and a satisfactory fit of
the spectrum was obtained with
D=�0.35�0.01 cm�1, and a
line width of 0.5�0.1 T. The
large line width prevented

more accurate characterisation
of the ZFS.

AC susceptibility measure-
ments on a frozen solution of 1
in toluene (5.0 mg mL�1,
Figure 8) reveal that the onset
of out-of-phase signals occurs at
higher temperatures for a given
frequency, than found for poly-
crystalline samples of the same
material (Figure 3). In addition,
the maxima in the out-of-phase

component of the AC susceptibility shift to higher tempera-
tures upon the application of an external DC field. Measure-
ments at lower concentrations (0.5 mg mL�1) did not yield
significantly different results indicating that intermolecular
magnetic dipolar interactions play a minor role in the mag-
netisation dynamics. Fits of ln(t) as a function of 1/T yield
the energy barriers and pre-exponential factors at various
external fields (Table 1). These data demonstrate that the
energy barrier in a zero field is unchanged compared to the
solid state, and shows a small and probably insignificant in-
crease upon application of an external field. More striking is
the change in the pre-exponential factor t0, which increases
by an order of magnitude going from the solid state to solu-
tion. In these measurements the accessible frequency range
was limited by the instrument of the high-frequency side
and by the base temperature on the low-frequency side. This
means that the data do not allow the detection of small de-
viations from the Arrhenius law. Measurements at higher

Table 2. Zero-field splitting parameters and ratios between experimental and calculated (on the basis of the
ZFS parameters) energy barriers towards relaxation of the magnetisation derived for 1 and 2, and comparison
with similar complexes.

Complex D [cm�1] B4
0 [10�5 cm�1] DEeff/DS2[a] g [8][b]

1 �0.342�0.002 0 0.99�0.01 66.4
2 �0.35�0.01 0 1.00�0.03 66.0ACHTUNGTRENNUNG[Fe4 ACHTUNGTRENNUNG(dpm)6 ACHTUNGTRENNUNG(OCH3)6]

[17] �0.206 �1.1 0.47 63.2ACHTUNGTRENNUNG[Fe4 ACHTUNGTRENNUNG(dpm)6 ACHTUNGTRENNUNG{CH3C ACHTUNGTRENNUNG(CH2O)3}2]
[17] �0.445 +1.0 1.06 70.8ACHTUNGTRENNUNG[Fe4{RN ACHTUNGTRENNUNG(CH2CH2O)2}6]

[12] �0.40 �2.1 n/a 60.5

[a] Note that �4
0(jSMS>=j5�5> )��4

0 ACHTUNGTRENNUNG(j5�0>)=0, hence, the theoretical energy barrier is independent of B4
0 ;

[b] g is the helical pitch, defined in [14].

Figure 7. 1H NMR spectra recorded for a solution of 1 in C6D6 at room
temperature at various times after preparation (0, 30, 90, 405, 1440,
3000 min). Arrows indicate appearing and disappearing peaks.

Figure 8. A) In-phase and B) out-of-phase component of the AC susceptibility recorded for a solution of 1 in
toluene (5.0 mg mL�1) at 0 T. Frequencies from top to bottom (A) or from left to right (B): 100, 158, 251, 397,
629, 997 Hz. C) Relaxation times and temperatures derived from Lorentz fits of the out-of-phase components
of the AC susceptibility measurements at different external magnetic fields (&=0 T, *= 0.05 T, ~=0.1 T, !=

0.15 T and ^=0.2 T).
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frequencies were not possible, because the high-frequency
susceptometer does not accommodate frozen-solution sam-
ples. However, the change in t0 is by an order of magnitude,
which is clear even in the limited frequency range studied.
Clearly, it is this difference that causes the observed increase
in relaxation time. Interestingly, the observed increase in t0

leads to a twofold increase in blocking temperature at a
given measurement time scale. The t0 factor depends on
several contributions, including the strength of the spin–
phonon coupling, the speed of sound and the density of
acoustic phonons, all of which may change depending on the
matrix in which the individual molecules are incorporated.[1]

In addition to the change in medium itself, the intermolecu-
lar dipolar interactions will be strongly decreased going
from the solid state to a frozen solution. This may be ex-
pected to have a significant influence on the magnetisation
dynamics and quantum tunnelling. For ground-state tunnel-
ling (which is temperature-independent) this might actually
lead to an apparent change in t0, but not for thermally as-
sisted tunnelling (which is temperature-dependent).

Conclusion

We have described the magnetic properties of two novel Fe4

star-shaped single-molecule magnets. Their magnetic aniso-
tropies are in between that found for related complexes, and
correlate well with structural parameters. Interestingly, the
magnetisation relaxation time increases on going from the
solid state to solution, which was shown to originate from
an increase in the pre-exponential factor in the Arrhenius
relation. This study demonstrates that control of this factor
is as yet an unexplored factor to tune and improve single-
molecule magnet properties. Further investigation into the
precise origin of the t0 factor is clearly warranted.

Experimental SectionACHTUNGTRENNUNG[Fe4 ACHTUNGTRENNUNG(acac)6ACHTUNGTRENNUNG(Br-mp)2] (1): [Fe ACHTUNGTRENNUNG(acac)2] (500 mg, 1.97 mmol) and Br-mpH3

(392 mg, 1.97 mmol) in MeCN (25 mL) in the presence of NaN3 (128 mg,
1.97 mmol) and NaOMe (106 mg, 1.97 mmol) were stirred at room tem-
perature for 14 h, followed by slow evaporation of the solvent to afforded
orange crystals of 1 during 8 days in a yield of �40 %. Elemental analysis
calcd (%) for C40H58Br2Fe4O18: C 39.70 %, H 4.83 %; found: C 39.84 %,
H 4.48 %.ACHTUNGTRENNUNG[FeIII

4 ACHTUNGTRENNUNG(acac)6 ACHTUNGTRENNUNG(tmp)2] (2): In an analogous manner to the preparation of 1
by replacing Br-mpH3 with tmpH3 orange crystals of 2 were prepared in
a yield of �40%. Elemental analysis calcd (%) for C42H64Fe4O18: C
46.69 %, H 5.93 %; found: C 46.55 %, H 5.75 %.

Crystallography : Crystallographic data for 1 and 2 were measured on a
Bruker SMART Apex CCD detector diffractometer by using graphite-
monochromated MoKa radiation (l =0.71073 �). The structures were
solved by Patterson and direct methods, respectively, and refined by full-
matrix least squares against F2 for all data by using the SHELXTL soft-
ware package.[23] All non-hydrogen atoms were refined anisotropically;
Hydrogen atoms were placed in calculated positions. CCDC-717578 and
717579 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical measurements : DC and AC magnetic susceptibility and DC
magnetisation data were obtained on Quantum Design MPMS XL7 mag-
netometers. Low- and ultralow-temperature AC data were recorded on
Quantum Design PPMS and homebuilt AC-susceptometers.[24] To prevent
crystallisation of the compound, toluene solutions for AC measurements
(5.0 mg mL�1) were quench-cooled from room temperature to 4 K, by
rapid insertion of the sample rod into the SQUID magnetometer. Fre-
quency domain magnetic resonance measurements were performed as
previously described,[25] whereas a Bruker Elexsys E680 spectrometer
was employed for CW EPR (W-band) measurements. EPR spectra were
simulated by using the Easyspin package.[26] Solution NMR spectra were
recorded on a Bruker DPX300 spectrometer
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