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The reaction between N-methydiethanolamine (mdeaH2), benzoic acid, FeCl3, and DyCl3 yields a decanuclear
coordination cluster, [Dy3Fe7(μ4-O)2(μ3-OH)2(mdea)7(μ-benzoate)4(N3)6] 3 2H2O 3 7CH3OH (1) whose single crystal
structure exhibits three and seven crystallographically distinct Dy(III) and Fe(III) ions; six of the Fe(III) ions are pseudo-
octahedrally coordinated, whereas the seventh has a trigonal-bipyramidal coordination geometry. Both direct current
(dc) and alternating current (ac) magnetic susceptibility studies indicate that, upon cooling, intracluster antiferro-
magnetic interactions are dominant in 1, yielding a ferrimagnetic spin arrangement. The out-of-phase (χ00) ac
susceptibility reveals that 1 undergoes a slow relaxation of its magnetization mainly resulting from the anisotropy of the
Dy(III) ions. This slow relaxation has been confirmed both by magnetization measurements on an oriented single
crystal of 1 and by the observation of hysteresis loops below 1.9 K. The macroscopic magnetic studies yield an
effective energy barrier, Ueff, of 33.4 K for this relaxation, a barrier that is the highest yet reported for a lanthanide(III)-
Fe(III) single molecule magnet. The 57Fe M

::
ossbauer spectra of 1 obtained between 3 and 35 K are consistent with the

presence of Fe(III) intracluster antiferromagnetic coupling with slow magnetic relaxation relative to the Larmor
precession time, thus confirming, on a microscopic scale, the presence of a barrier to the magnetic relaxation below 35
K. Between 55 and 295 K the M

::
ossbauer spectra reveal paramagnetic behavior with six partially resolved quadrupole

doublets, one for the trigonal-bipyramidal Fe(III) site and five for the six pseudo-octahedral Fe(III) sites.

Introduction

The discovery of the first single molecule magnet1 has
generated new interest in the field of magnetism because single
molecule magnets may be magnetized below a certain tem-
peraturewith retention of theirmagnetization upon removal of

the applied magnetic field.2-4 To date the quest for new 4f-3d
singlemoleculemagnets displaying high blocking temperatures
has focused on heterometallic complexes that combine the
large, predominately anisotropic, magnetic moments of lanth-
anide(III) ions with the high spin-states of many transition
metal ions. Thus coordination complexes containing a combi-
nation of lanthanide(III) ions with manganese(II,III,IV),5*To whom correspondence should be addressed. E-mail: powell@

aoc.uni-karlsruhe.de (A.P.), glong@mst.edu (G.J.L.). Phone: +49-721-
608-2135 (A.P.). Fax: +49-721-608-8142 (A.P.).
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iron(II,III),6,7,8a cobalt(II),9 nickel(II),10 and copper(II)11-13

ions have been investigated in recent years. For example, the
Dy3Cu6 andGdCo2 complexes have recently been reported12c,9

to have effectivemagnetization reversal energy barriers,Ueff, of
about 25 to 28K. Similarly, the combination of lanthanide(III)
andMn(III) andMn(IV) ions has yielded5f aUeff of 38 K, one
of the highest energy barriers yet reported for the relaxation of
the magnetization in a 4f-3d single molecule magnet. The
magnetic interactions in these compounds are more complex
than in those containing only 3dmetal ions.With the exception
of the isotropic Gd(III) ion and the diamagnetic La(III) and
Lu(III) ions, the ground states of the remaining lanthanide(III)
ions have an orbital angular momentum, which prevents
modeling the magnetism with a spin-only Hamiltonian for
isotropic exchange. However, by using Gd(III) in a complex
the lanthanide anisotropy and orbital angular momentum can
be “turned off,” whereas with La(III) and Lu(III) the 4f
contribution to the magnetism can be completely removed.
In the case of a Eu(III) ion, which has a J=0 diamagnetic
ground state, the interpretation of the magnetic properties is
also complicated by the presence of low lying J 6¼ 0 excited
states that produceaparamagnetic contribution to themoment
that can hide any magnetic exchange coupling.

Alkoxy ligands have been widely employed in the synth-
esis of high nuclearity clusters because they possess both
chelating and bridging capabilities.14 Although significant
progress has been made in the use of diethanolamine and
related tripodal ligands in the synthesis of high-spin manga-
nese15a-15c and high nuclearity iron15d-15f and nickel15d

complexes, there has been much less progress in preparing
mixed-metal clusters derived from these ligands.5f,6b,8,16 The
possibility of using aminopolyalcohol based ligands was
encouraging because the hard-donor oxygen tends to bind
to oxophilic lanthanide ions and the soft-donor nitrogen
tends to bind to transition-metal ions. Further, the deproto-
nated hydroxyethyl portions of these ligands are very good
bridging groups and favor the formation of high nuclearity
coordination clusters. As an extension of our previous work
on the synthesis of iron-lanthanide ion clusters,8a,17 herein we
employ N-methyldiethanolamine, mdeaH2, as a ligand.
Although this ligand has been used in coordination chemistry
of transition metal ions in recent years,14a,15e,15f examples of
mdeaH2 acting as ligand in 4f-3d heterometal clusters are still
rare.5f It therefore seemed logical to extend the work on the
synthesis of transition metals complexes using this ligand to
the synthesis of new heterometallic Fe(III) containing 4f-3d
clusters. Moreover, to date we know of only three examples
of dysprosium-iron cluster single molecule magnets.6

Herein, we report the synthesis, structure, magnetic, and
M

::
ossbauer spectral properties of [Dy3Fe7(μ4-O)2(μ3-OH)2-

(mdea)7(μ-benzoate)4(N3)6] 3 2H2O 3 7CH3OH, 1, which has
an effective energy barrier of 33.4 K.

Experimental Section

Synthesis.Unless otherwise stated, all reagents were obtained
from commercial sources and were used as received without
further purification. All reactions were carried out under aero-
bic conditions.

[Dy3Fe7(μ4-O)2(μ3-OH)2(mdea)7(μ-benzoate)4(N3)6] 3 2H2O 3
7CH3OH, 1, was prepared as follows. A solution of N-methyl-
diethanolamine (0.09 g, 0.75 mmol) in 20 mL of MeOH was
added dropwise over 20min to a stirred solution of DyCl3 3 6H2O
(0.07 g, 0.25mmol), benzoic acid (0.06 g, 0.50mmol), FeCl3 (0.08
g, 0.50 mmol), and NaN3 (0.034 g, 0.50 mmol) in 20 mL of
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MeOH.Themixturewas heated under reflux for 1 h afterwhich it
was cooled at room temperature and then allowed to stand
undisturbed in a sealed vial. Orange needles of 1 were obtained
after 3 days in 40% yield. The crystals were collected by filtration
and washed with MeCN.

Elemental analysis (%) calcd (found) for Dy3Fe7C63H103-

N25O28 (corresponds to loss of the 7 lattice methanols): C,
29.82 (29.95); H, 4.09 (3.95); N, 13.80 (13.81). IR (KBr): ν
(cm-1)=3421 (w), 2851 (w), 2059 (vs), 1594 (w), 1548 (m), 1400
(s), 1259 (w), 1085 (m), 1026 (w), 1000 (w), 898 (w), 721 (m),
655(w), 578 (w), 491 (w).

X-rayCrystallography.X-ray crystallographic data for 1were
collected on a Bruker SMARTApex CCD diffractometer using
graphite-monochromated Mo KR radiation. Crystals of 1 twin
by a 180� rotation about c*; data were integrated as a twin and
corrected for absorption usingTWINABS.18b The structurewas
solved using direct methods, followed by full-matrix least-
squares refinement against F2 (all data, HKLF 5 format) using
SHELXTL.18a Anisotropic refinement was used for all ordered
non-H atoms; organic H atoms were placed in calculated
positions.

Crystal data for 1: Dy3Fe7C70H131N25O35, Mr=2761.4 g/mol,
triclinic, space group P1, a= 14.2482(17), b= 17.446(2), c=
21.224(2) Å, R=90.430(2)�, β=92.445(2)�, γ=98.445(2)�, V=
5212.4(11) Å3,T=100K,Z=2,μ(Mo-KR)=3.152mm-1,F(000)=
2772, Fcalcd=1.759Mgm-3. 44477 reflections measured, of which
24716 unique (Rint=0.0389), 1213 parameters, final wR2 (F

2, all
data)=0.1753, S=1.071, R1 (19922 with I > 2σ(I))=0.0551.
Crystallographic data (excluding structure factors) for the struc-
tures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC 729433. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, U.K.: http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, e-mail:
data_request@ccdc.cam.ac.uk, or fax: +44 1223 336033.

Data for a crystal of 1 that had been exposed to the air (and
lost the lattice methanols according to CHN data) were mea-
sured at 150 K on the SCD beamline of the ANKA synchrotron
at the ForschungszentrumKarlsruhe, using Si-monochromated
radiation of wavelength λ=0.80000 Å. The data set was not of
high quality because of high mosaicity, and the structure could
not be refined to a fully publishable standard (R1=0.1509).
However, it was sufficient to demonstrate that the molecular
structure had remained unchanged, and to reveal the change in
the crystal packing on desolvation. Triclinic, space groupP1, a=
14.447(2), b=17.000(4), c=21.277(3) Å, R=108.962(14)�, β=
99.885(12)�, γ=96.484(14)�, V=4788.4(14) Å3.

Physical Measurements. Elemental analyses for C, H, and N
were performed using an Elementar Vario EL analyzer at the
Institute of Inorganic Chemistry, University of Karlsruhe. IR
spectra were measured on a Perkin-Elmer Spectrum One spec-
trometer as KBr disks.

Magnetic susceptibility measurements were obtained with a
Quantum Design SQUID magnetometer MPMS-XL. Magne-
tizationmeasurements on single crystalswere performedwith an
array of micro-SQUIDs.19 The SQUID measurements were
performed on polycrystalline samples, first as 7.5 mg of powder
placed in a plastic bag and, second, as 6.6 mg of powder
restrained in ∼6.0 mg of grease. Alternating current (ac) sus-
ceptibility measurements were performed with an oscillating ac
field of 3 Oe and ac frequencies ranging from 1 to 1500 Hz. M
versus H measurements were performed at 100 K to check for
the presence of ferromagnetic impurities; none were observed.

The magnetic data were corrected for the sample holder and the
diamagnetic contribution.

For measurements between 295 and 4.2 K the M
::
ossbauer

spectral absorber contained 18 mg/cm2 of a finely powdered
sample of 1 dispersed in boron nitride; for the 3 K spectrum the
absorber contained 65 mg/cm2 of finely ground sample. The
spectra were obtained between 3 and 295 K on constant accele-
ration spectrometers that utilized a rhodium matrix cobalt-57
source and were calibrated at room temperature with R-iron
powder. The statistical errors are given in parentheses. The
absolute errors for the fitted parameters are estimated to be
approximately twice as large.

Results and Discussion

Synthesis. There are various strategies which have been
utilized in the synthesis of iron containing 4f-3d complexes.
These include among others, the self- or serendipitous
assembly of preformed small nuclearity species with
[Fe2MO]6+/7+ (M=Fe(III) or Ba(II)) cores with6b,8a or
without7e chelating ligands; a successful preparation used
[Fe(bpca)2], where Hbpca=bis(2-pyridylcarbonylamine)
building block.6a,6c For other preparations, the starting
materials were simple salts of iron such as FeCl3.

7b

Recently we have reported the synthesis of iron-lantha-
nide containing clusters by using [Fe3O(piv)6(H2O)3](piv)
(piv = O2CCMe3), which resulted in a series of high-
nuclearity compounds [Ln8Fe

III
5(μ3-OH)12(L)4(piv)12-

(NO3)4(OAc)4]
-[H3L]

+.8a Herein, for the preparation
of 1, a variety of reaction ratios, reagents, and preparative
conditions were investigated. Reaction between FeCl3,
DyCl3 3 6H2O, benzoic acid, and N-methyldiethanola-
mine in a 2:1:2:3 molar ratio inMeOH gave a red solution
from which light red crystals of [Dy3Fe7(μ4-O)2(μ3-OH)2-
(mdea)7(μ-benzoate)4(N3)6] 3 2H2O 3 7CH3OH, 1, precipi-
tated after 3 days. The same complex was also obtained,
but in a much lower yield, when the FeCl3 and benzoic
acid were replaced by [Fe3O(C6H5CO2)6(H2O)3](C6H5-
CO2). The products were identified by IR spectral com-
parison and elemental analysis. Small variations in the
ratio of the startingmaterials also resulted in 1, indicating
that is the preferred product.

Crystal Structure. Compound 1 crystallizes in the tri-
clinic space group P1, with Z=2. Although the molecule
has no crystallographically imposed symmetry, an idea-
lized 2-fold axis runs through N(1), Fe(1), and Dy(1). The
central core is built up from seven Fe(III) cations, each of
which is chelated by a doubly deprotonated (mdea)2-

ligand and three Dy(III) cations. The structure of the
molecule is shown in Figure 1. Two views of the central
core with the benzoate and azide ligands omitted are
shown in Figure 2. The bond lengths and angles are given
in Table 1.
The two (μ4-O)2- ligands O(1) and O(2) each bridge

between twoFe and twoDy centers, either Fe(2) andDy(2)
or Fe(3) andDy(3), respectively, and Fe(1) andDy(1). The
resulting distorted tetrahedral {Fe2Dy2(μ4-O)} units thus
share one edge, Fe(1) 3 3 3Dy(1). Within each tetrahedron,
the Fe-O-Fe angles (144.1(4) and 143.5(4)�) are much
larger than the Fe-O-Dy (99.1(3)-101.9(3)�) and Dy-
O-Dy (106.1(2), 106.6(3)�) angles. The two Dy 3 3 3Dy
edges are each further bridged by a hydroxo ligand, both
ofwhich form (μ3-OH)-bridges to a furtherFe center, with
O(3) and O(4) bridging either Dy(1), Dy(2), and Fe(4), or

(18) (a) Sheldrick, G. M. TWINABS; University of G::ottingen: G::ottingen,
Germany, 2005. (b) Sheldrick, G. M. SHELXTL 6.12; Bruker AXS Inc.:
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Dy(2), Dy(3), and Fe(5), respectively. These hydroxo
bridges are more regular than the oxo bridges; the angles
around O(3) and O(4) are all in the range 103.0(3)-
111.5(3)�. The final two triple-bridges are provided by
alkoxo oxygens from two (mdea)2- ligands: O(13) bridges
Fe(5), Dy(3), and Fe(7), while O(11) bridges Fe(4), Dy(2),
and Fe(6). The angles around O(11) and O(13) are rather
smaller (95.4(3)-101.6(3)�) than those for the (μ3-OH)-

bridges. The remaining 12 (mdea)2- oxygens each form a
(μ-OR) bridge between the iron to which their respective
ligand chelates and a further metal center, thus forming 10
Fe 3 3 3Dy and 2 Fe 3 3 3Fe bridges. The 12 Fe-O-Dy or
Fe-O-Fe angles are rather consistent; all are in the range

101.7(3)-109.9(3)�. The four benzoate ligands form syn,
syn bridges, each between an iron and a dysprosium center.
The coordination sphere of each iron with the excep-

tion of Fe(1) is completed by a terminal azido ligand
resulting in a more or less distorted cis-N2O4 octahedral
environment. Fe(1) has a five-coordinate NO4 environ-
ment in which the two alkoxo oxygens O(5) and O(6)
occupy the axial sites of what is best described as a
trigonal bipyramidal geometry. The Fe-O, Fe-N(azide)
and Fe-N(imino) distances are in the ranges 1.880(7)-
2.143(7) Å, 1.971(9)-2.080(9) Å, and 2.199(10)-
2.240(10) Å, respectively. The three Dy centers are each
eight-coordinate, with approximate square-antiprismatic
geometries and Dy-O bond lengths in the range
2.258(8)-2.532(7) Å.

Figure 1. Molecular structure of Dy3Fe7(μ4-O)2(μ3-OH)2(mdea)7-
(μ-benzoate)4(N3)6, 1. Organic hydrogen atoms and minor disordered
components have been omitted for clarity.

Figure 2. Two views of the structure of the core of Dy3Fe7(μ4-O)2-
(μ3-OH)2(mdea)7(μ-benzoate)4(N3)6, 1. Azide and benzoate ligands, and
C-H hydrogen atoms have been omitted for clarity.

Table 1. Selected Bond Distances (Å) and Angles (deg) for 1

Bond Lengths

Dy(1)-O(14) 2.298(7) Fe(2)-O(19) 2.055(8)
Dy(1)-O(9) 2.298(7) Fe(2)-N(2) 2.238(9)
Dy(1)-O(7) 2.306(7) Fe(3)-O(2) 1.913(7)
Dy(1)-O(12) 2.334(7) Fe(3)-O(9) 1.975(7)
Dy(1)-O(2) 2.419(7) Fe(3)-O(10) 2.018(7)
Dy(1)-O(1) 2.433(7) Fe(3)-O(21) 2.063(7)
Dy(1)-O(4) 2.472(7) Fe(3)-N(21) 2.080(9)
Dy(1)-O(3) 2.499(8) Fe(3)-N(3) 2.240(10)
Dy(2)-O(8) 2.274(7) Fe(4)-O(12) 1.961(7)
Dy(2)-O(16) 2.317(7) Fe(4)-O(3) 1.975(7)
Dy(2)-O(20) 2.356(8) Fe(4)-N(31) 1.975(9)
Dy(2)-O(6) 2.359(8) Fe(4)-O(15) 2.009(7)
Dy(2)-O(24) 2.382(8) Fe(4)-O(11) 2.131(7)
Dy(2)-O(3) 2.401(7) Fe(4)-N(4) 2.220(8)
Dy(2)-O(1) 2.423(7) Fe(5)-N(41) 1.971(9)
Dy(2)-O(11) 2.532(7) Fe(5)-O(4) 1.977(6)
Dy(3)-O(10) 2.258(8) Fe(5)-O(14) 1.994(7)
Dy(3)-O(18) 2.272(7) Fe(5)-O(17) 2.022(7)
Dy(3)-O(5) 2.350(8) Fe(5)-O(13) 2.143(7)
Dy(3)-O(22) 2.358(7) Fe(5)-N(5) 2.223(9)
Dy(3)-O(26) 2.385(8) Fe(6)-O(16) 1.981(8)
Dy(3)-O(4) 2.419(7) Fe(6)-O(15) 1.982(7)
Dy(3)-O(2) 2.432(7) Fe(6)-O(23) 2.013(8)
Dy(3)-O(13) 2.524(7) Fe(6)-N(51) 2.020(10)
Fe(1)-O(2) 1.880(7) Fe(6)-O(11) 2.053(8)
Fe(1)-O(1) 1.905(7) Fe(6)-N(6) 2.201(10)
Fe(1)-O(6) 1.971(7) Fe(7)-O(18) 1.974(8)
Fe(1)-O(5) 1.974(8) Fe(7)-O(17) 2.001(8)
Fe(1)-N(1) 2.211(6) Fe(7)-O(25) 2.016(7)
Fe(2)-O(1) 1.890(7) Fe(7)-N(61) 2.042(10)
Fe(2)-O(7) 1.961(7) Fe(7)-O(13) 2.049(7)
Fe(2)-O(8) 1.994(7) Fe(7)-N(7) 2.199(10)
Fe(2)-N(11) 2.037(9)

Bond Angles

Dy(1)-O(2)-Dy(3) 106.6(3) Fe(3)-O(2)-Dy(3) 99.1(3)
Dy(2)-O(1)-Dy(1) 106.1(2) Fe(3)-O(9)-Dy(1) 104.3(3)
Dy(2)-O(3)-Dy(1) 104.7(3) Fe(4)-O(11)-Dy(2) 101.7(3)
Dy(3)-O(4)-Dy(1) 105.4(2) Fe(4)-O(12)-Dy(1) 109.6(3)
Fe(1)-O(1)-Dy(1) 99.1(3) Fe(4)-O(3)-Dy(1) 103.0(3)
Fe(1)-O(1)-Dy(2) 101.6(3) Fe(4)-O(3)-Dy(2) 111.5(3)
Fe(1)-O(2)-Dy(1) 100.3(3) Fe(5)-O(13)-Dy(3) 101.6(3)
Fe(1)-O(2)-Dy(3) 101.7(3) Fe(5)-O(14)-Dy(1) 109.9(3)
Fe(1)-O(2)-Fe(3) 143.5(4) Fe(5)-O(4)-Dy(1) 104.0(3)
Fe(1)-O(5)-Dy(3) 101.7(3) Fe(5)-O(4)-Dy(3) 110.8(3)
Fe(1)-O(6)-Dy(2) 101.8(3) Fe(6)-O(11)-Dy(2) 95.4(3)
Fe(2)-O(1)-Dy(1) 101.8(3) Fe(6)-O(11)-Fe(4) 101.2(3)
Fe(2)-O(1)-Dy(2) 100.1(3) Fe(6)-O(15)-Fe(4) 108.2(3)
Fe(2)-O(1)-Fe(1) 144.1(4) Fe(6)-O(16)-Dy(2) 104.6(3)
Fe(2)-O(7)-Dy(1) 104.1(3) Fe(7)-O(13)-Dy(3) 95.6(3)
Fe(2)-O(8)-Dy(2) 102.1(3) Fe(7)-O(13)-Fe(5) 101.0(3)
Fe(3)-O(10)-Dy(3) 101.9(3) Fe(7)-O(17)-Fe(5) 107.0(3)
Fe(3)-O(2)-Dy(1) 101.9(3) Fe(7)-O(18)-Dy(3) 106.3(3)
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Although 1 crystallizes in a triclinic lattice, the lattice
parameters make it very close to monoclinic. Small
reductions of both R and β (from 90.430 and 92.445,
respectively) to 90� would result in a structure that, after
suitable axis permutation, could be described in the space
group P2/c, with the molecular 2-fold axes now coinci-
dent with the monoclinic 2-fold axes. This pseudo-sym-
metry can be seen clearly in Figure 3. The layers of
molecules parallel to the 001 plane in the triclinic struc-
ture of 1 are all aligned very close to the crystal c-axis. The
adjacent layer, related to the first by inversion symmetry,
is also related by a quasi-glide plane parallel to the 001
plane and in the triclinic a-direction. This pseudo-mono-
clinic symmetry has unfortunate consequences for the
determination of the crystal structure of 1, as all the
crystals examined were twinned by a 180� rotation about
the c* reciprocal axis (i.e., the perpendicular to the 001
plane, corresponding to the b-axis of the pseudo-mono-
clinic cell) with a concomitant high degree of overlap of
reflections from the two domains. In most cases, addi-
tional twinning was also present, and the structure pre-
sented here was obtained from a carefully chosen crystal
that only showed the 180� rotational twinning.
Crystals that contain large amounts of volatile solvent

molecules in the lattice, such as 1 with seven methanols
per Dy3Fe7 aggregate, usually lose some or all of this
solvent rather rapidly on exposure of crystals to the air,
with loss of crystallinity. However, crystals of 1, although
they do indeed lose all their lattice methanol molecules,
remain crystalline. Using a synchrotron X-ray source, it
was in fact possible to determine the crystal structure of a
small desolvated crystal. The mosaicity was high, and
diffraction to higher angles very weak, so that the full
structure was not of publishable quality, but it was
sufficient to show that the molecular structure is essen-
tially unchanged, and to establish that a shearing of
the fully solvated structure has resulted in a new unit cell
(a = 14.447(2), b = 17.000(3), c = 21.277(3) Å, R =
108.962(14)�, β = 99.885(12)�, γ = 96.484(14)�, V =
4788.4(14) Å3) in which the axis lengths and γ are largely
unchanged, but R and β have both increased. The volume
has decreased, as expected for loss of lattice solvent, and

we formulate these crystals as the dihydrate on the basis
of the microanalytic data. These crystals remain un-
changed on exposure to air for at least a year.

Magnetic Studies. Both static direct current (dc) and
dynamic alternating current (ac) magnetic properties of 1
were studied on a polycrystalline sample dispersed in
Apiezon grease. The χT product measured at 250 K and
0.1 T is 71.6 cm3Kmol-1, see Figure 4, a product that is in
agreement20 with the value of 73.135 cm3 K mol-1

expected for seven high-spin Fe(III) ions with S=5/2,
g=2, and C=4.375 cm3 K mol-1 and three Dy(III) ions
with S=5/2, L=5, 6H15/2, g=4/3 and C=14.17 cm3 K
mol-1. Upon cooling, χT continuously decreases to reach
a minimum of 15.1 cm3 K mol-1 at 2 K and then slightly
increases to 15.4 cm3 K mol-1 at 1.8 K. This behavior is
typically observed when both antiferromagnetic interac-
tions between magnetic ions are dominant and the
magnetic ground state corresponds to a ferrimagnetic
arrangement of spins. Nevertheless, the thermal depopu-
lation of the Dy(III) excited states, the Stark sublevels of
the 6H15/2 state,21 may be partially responsible for the
continuous decrease of χT below 30 K.

Figure 3. (left) Layer ofmolecules parallel to the 001 plane in the crystal structure of 1, showing how themolecular 2-fold axes are all closely aligned to the
c axis. (right) Crystal packing in 1 viewed along the b axis, emphasizing the quasi-2-fold crystal symmetry about c and the quasi-glide symmetry in the
a direction.

Figure 4. Temperature dependence of the χT product of 1. Inset: Field
dependence of the magnetization of 1.

(20) Benelli, C.; Gatteschi, D. Chem. Rev. 2002, 102, 2369.
(21) (a) Kahn, M. L.; Sutter, J.-P.; Golhen, S.; Guionneau, P.; Ouahab,

L.; Kahn, O.; Chasseau, D. J. Am. Chem. Soc. 2000, 122, 3413. (b) Kahn,
M. L.; Ballou, R.; Porcher, P.; Kahn, O.; Sutter, J.-P.Chem.;Eur. J. 2002, 8, 525.
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A Curie-Weiss law fit of the 0.1 T magnetic suscepti-
bility data of 1 between 100 and 250K leads to an excellent
linear fit with a Weiss temperature, θ, of-24.0 K, a Curie
constant, C, of 72.84 cm3 K mol-1, and a corresponding
effective magnetic moment, μeff, of 24.14 μB. The observed
μeff moment is in excellent agreement with the 24.18 μB
moment expected for three paramagnetic Dy(III) ions and
seven Fe(III) ions with the S and g values given above. The
negative θ indicates antiferromagnetic interactions bet-
ween the spins within the cluster.
The magnetization measurements at low temperature

obtained as a functionof the field, see the inset toFigure 4,
reveal that the magnetization increases between 1.8 and
8 K in two steps. First, between zero and 1 T applied field
the magnetization increases rapidly, as expected for a
non-zero spin ground state in 1, before essentially leveling
out to a step at about 7 μB at a field of 0.8 T.With further
increase in applied field, the magnetization increases
sharply again, with the gradient dM/dH reaching a maxi-
mum at about 1.6 T. Such an inflection is typically
observed when the applied magnetic field overcomes
antiferromagnetic interactions and aligns the spins in its
direction, that is, low-lying excited states are progres-
sively populated with an increase in the applied field.
Since the spin ground state is difficult to define in a
Dy(III) containing complex, it is also difficult to deter-
mine both the magnitude of the magnetic exchange
interactions and the identity of the magnetic spins in-
volved in the feature observed at 1.6 T. Themagnetization
curve then progressively flattens out, reaching 24.57 μB at
7 T, but without showing true saturation. The M vs H
data also show the onset of hysteresis at 1.8 K, that is, a
slow relaxation of the magnetization, with a very small
coercive field of a few 100 μT (Supporting Information,
Figure S2).
The relaxation of the magnetization in 1 was studied

using ac susceptibilitymeasurements both as a function of
temperature at different frequencies and as a function
of frequency at different temperatures. Slow relaxation of
the magnetization is observed for 1 in a zero dc applied
field (Figures 5 and Supporting Information, Figure S3)
with a strong frequency dependence for both the in-phase,
χ0, and out-of-phase, χ00, susceptibility below 7 K. The
maximum in χ00 is observed at 4.4 K at a frequency of
1500 Hz, with a shape- and frequency-dependence which
strongly suggests that 1 behaves as a single molecule
magnet. The characteristic relaxation time, τ, obtained

from both the temperature and frequency dependence
of the out-of-phase susceptibility, χ00, exhibits exponen-
tial Arrhenius behavior, see Supporting Information,
Figure S4, with a characteristic single molecule magnet
energy barrier, Ueff, of 30.9 K and pre-exponential
relaxation time, τ0, of 1.3 � 10-7 s.
Subsequently, during the ac susceptibility measure-

ments, a small dc field was applied to 1 to determine
whether the relaxation rate would decrease because of the
presence of a quantum relaxation pathway, see Support-
ing Information, Figure S5. The relaxation rate is almost
unchanged, indicating that for 1, at least above 1.8 K,
there is no quantum tunneling of magnetization.
Magnetizationmeasurements below 1.8 Kwere carried

out on a single crystal of 1, oriented with its magnetic
easy-axis parallel with the appliedmagnetic field, using an
array of micro-SQUIDs.19 As is shown in Figure 6, these
results confirm the presence of slow relaxation of the
magnetization because hysteresis effects are clearly ob-
served below 2 K at a field sweep rate of 0.035 T/s. The
coercive field is both strongly temperature-dependent,
increasing with decreasing temperature, and sweep-rate
dependent, increasing with increasing sweep rate of the
field, as would be expected for the superparamagnetic-
like behavior observed for single molecule magnets.
Below 0.5 K, the width of the hysteresis loop becomes
temperature-independent at about 2 T for a 0.035 T/s
sweep rate, indicating the presence of a quantum regime

Figure 5. Temperature dependence of the in-phase, χ0, left, and out-of-phase, χ0 0, right, components of the acmagnetic susceptibility, observed for 1 in a
zero dc applied field.

Figure 6. Normalized magnetization,M/Ms, versus dc applied field for
single crystals of 1 obtained at the indicated temperatures at a fixed sweep
rate of 0.035 T/s.
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over which the relaxation of the magnetization occurs by
quantum tunneling.
It should be noted that steps are also observed in the

M vsH plots for 1, that are probably the signature of the
resonant quantum tunneling relaxation expected for a
single molecule magnet. To obtain a more quantitative
assessment of the dynamics of the magnetization relax-
ation, the dc magnetization decay was monitored as a
function of time (Supporting Information, Figure S6).
The resulting dc relaxation rate, together with the ac
susceptibility reported above, have been combined and
fit, see Figure 7, to obtain an effective energy barrier,Ueff,
of 33.4 K and a relaxation time of 6.6 � 10-8 s for 1.

M
::
ossbauer Spectral Studies. TheM

::
ossbauer spectra of

1 obtained between 55 and 295 K are shown in Figure 8,
and the spectra obtained between 3 and 15K are shown in
Figure 9.
The spectra indicate the absence of any magnetic sextet

at 55 K and above, and the spectra have been analyzed
with the superposition of six symmetric Lorentzian doub-
lets assigned to the seven crystallographically inequiva-
lent Fe(III) sites; two of these sites give rise to one doublet
with twice the expected area, the doublet shown in red in
Figure 8. The resulting fit parameters are six isomer shifts,
six quadrupole splittings, one line width, as well as the
total spectral area. If the seven crystallographic sites with
degeneracy one have the same recoil free fraction at all
temperatures, the expected relative areas of the six doub-
lets are 1:2:1:1:1:1. Initial attempts to fit the spectra with
this ratio indicated that the doublet shown in blue in
Figure 8, with its low velocity peak at about -0.5 mm/s,
has a relative area larger than expected, most likely
because this iron site, Fe(1), has a larger recoil free
fraction than the other sites. Hence, the relative areas of
the doublets have been constrained to x:2:1:1:1:1. All the
fits are excellent as is shown by the solid black total fit line
in Figure 8. The total number of adjustable parameters
used in the fits of the paramagnetic spectra is 15, speci-
fically, six isomer shifts, six quadrupole splittings, one line
width, the total absorption area, and one fractional area,
x, for Fe(1). This number may seem rather large but all
attempts to fit the spectra with fewer parameters and in a
consistent way as a function of temperature between 3
and 295 K have failed.

The initial estimate of the values for the isomer shifts
and quadrupole splittings were such that the doublets are
nested, that is, have very similar isomer shifts and differ-
ent quadrupole splittings. The resulting hyperfine para-
meters, given in Table 2, confirm this initial choice, a
choice that ensures that the isomer shifts are all
reasonable for high-spin Fe(III) ions in an octahedral
environment. This estimate is reasonable because the
Fe(2)-Fe(7) pseudo-octahedral Fe(III) ions in 1 all have
very similar average Fe-ligand bond distances, see
Table 3, and thus will exhibit rather similar isomer shifts.
In contrast, Table 3 reveals a range of distortions22 for
these Fe(III) environments, differing distortions that will
lead to a range of quadrupole splittings.
The smallest isomer shift, δ1, may be assigned to the

Fe(1) site, which is the site that has a 5-fold coordination
environment, an environment that also favors a tighter
bonding and a larger recoil-free fraction. The doublet
with a relative area of two may be assigned to the Fe(3)
and Fe(5) ions because their crystallographic environ-
ment, bond distances, and the percentage bond distor-
tions are very similar and give rise to one isomer shift and
one quadrupole splitting. The remaining four doublets
are assigned to Fe(2), Fe(4), Fe(6), and Fe(7) on the basis
of their distortions; the assignments for the these sites

Figure 7. Arrhenius semilog plot of the relaxation time, τ, vs 1/T for a
single crystal of 1 obtained between 0.8 and 5K from ac susceptibility and
dcmagnetizationdecaymeasurements. The dashed line is a linear fit of the
results obtained between 1.2 and 5 K, the thermally activated range of
temperatures.

Figure 8. M
::
ossbauer spectra of 1 obtained at the indicated tempera-

tures. The black and color solid lines are the resulting fit and the six
doublets used in the fit.

(22) Reger, D. R.; Gardinier, J. R.; Elgin, J. D.; Smith,M.D.; Hautot, D.;
Long, G. J.; Grandjean, F. Inorg. Chem. 2006, 45, 8862.
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given in Table 2 are tentative but probably valid. In
Table 2, the hyperfine parameters and the relative area
for the Fe(1) doublet and the average hyperfine para-
meters for the six remaining Fe(2)-Fe(7) doublets are
reported.
Between 3 and 15 K the M

::
ossbauer spectra of 1 result

from the superposition of several sextets, as is shown in
Figure 9. At 3 and 4.2K the lines at-7,-4, andþ8mm/s,
with a relative area of two, have been assigned to the Fe(3)
andFe(5) sites, whereas the lines at-5,-4, andþ7mm/s,
with a relative area of one, have been assigned to Fe(1),
because of its small isomer shift and large quadrupole
interaction, parameters that result from its 5-fold coordi-
nation environment. The remaining portion of the spec-
tral absorption has a relative area of four and has been

subdivided into four sextets, each with a relative area of
one. Hence, fits with six sextets with initial relative areas
of 1:2:1:1:1:1:1 have been carried out and the results are
shown in Figure 9. All fit attempts with a smaller number
of sextets were unsuccessful. In these fits, the six isomer
shifts and the six quadrupole interactions were con-
strained to values that are in agreement with their tem-
perature dependence in the paramagnetic region. The
angles, θ, between the hyperfine field and the principal
axis of the electric field gradient tensor have been ad-
justed, but the asymmetry parameter has been fixed at
zero for all six sextets. Fits with one common line width
for the six sextets were not as good and three line widths
have been used, one for each of the outer sextets and one
for the four inner sextets. The relative areas were fit in the
last step of the fitting procedure, and they do not deviate
significantly from 1:2:1:1:1:1:1, except at 8 and 15 K,
temperatures at which the magnetic sextets are not fully
developed.
The temperature dependence of the isomer shift, δ1,

and the weighted average of the five remaining isomer
shifts is shown in Figure 10. The solid lines result from fits
with the Debyemodel for the second-order Doppler shift,
and the correspondingM

::
ossbauer temperatures,ΘM, are

541(12) and 445(11) K, respectively. The M
::
ossbauer

temperature for Fe(1) is higher than that for the other
six iron sites because Fe(1) is more tightly bound in its
5-fold coordination site than the other six-coordinated
iron ions. This larger M

::
ossbauer temperature also justi-

fies the larger relative area for Fe(1) as compared with the
other sites above 55K; at 3 and 4.2Kall the iron sites have
equal recoil free fractions.
The temperature dependence of the six quadrupole

splittings, ΔEQi, in 1 is shown in Figure 11; the tempera-
ture dependence of the Fe(1) quadrupole splitting and of
the weighted average for Fe(2) to Fe(7) is shown in the
inset to Figure 10. The quadrupole splitting of Fe(1) is
larger than those of the six remaining iron ions because of
its more distorted 5-fold environment. The quadrupole
splittings show little dependence upon temperature
between 3 and 295 K, as expected for high-spin Fe(III)
ions for which the quadrupolar interaction arises only
from a lattice contribution to the electric field gradient at
the iron.
The temperature dependence of the six hyperfine fields

observed in 1 is shown in the upper portion of Figure 12,
and exhibits the usual decrease with temperature. A plot
of the reduced hyperfine field for Fe(1), Fe(3)-Fe(5), and
of the weighted average for the seven iron sites versus
reduced temperature is shown in the lower portion of

Figure 9. M
::
ossbauer spectra of 1 obtained at the indicated tempera-

tures. The black and color solid lines are the resulting fit and the six sextets
used in the fit.

Table 2. M
::
ossbauer Spectral Parameters of 1

T, K relative area1, % δ1,
a mm/s ΔEQ1, mm/s δav,

a mm/s ΔEQav, mm/s Γ, mm/s

295 0.205(5) 0.295(2) 1.383(7) 0.35(1) 0.54(3) 0.30(1)
225 0.199(4) 0.339(2) 1.365(5) 0.399(6) 0.54(1) 0.309(7)
155 0.184(2) 0.374(1) 1.367(2) 0.439(2) 0.579(4) 0.27(1)
85 0.172(2) 0.394(1) 1.358(3) 0.464(4) 0.593(9) 0.283(6)
65 0.171(4) 0.398(3) 1.346(8) 0.47(1) 0.62(2) 0.332(6)
55 0.161(4) 0.400(4) 1.337(9) 0.47(2) 0.61(4) 0.332(6)
15 0.400 1.337 0.47 0.63
8 0.400 1.337 0.47 0.63
4.2 0.161 0.400 1.337 0.47 0.63

aThe isomer shifts are relative to R-iron powder at 295 K.
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Figure 12. For this plot a critical temperature of 27, 27,
and 22 K has been used for Fe(1), Fe(3)-Fe(5), and the
weighted average, respectively. All three reduced fields
follow the Brillouin curve for S=5/2, shown as the solid
black curve. Hence, from an initial M

::
ossbauer spectral

point of view, the Fe(III) ions in 1 appear to behave as
expected in the presence of long-range magnetic order, an

Figure 10. Temperature dependence of the isomer shift, δ1, of Fe(1),
blue circles, and the weighted average of the five remaining isomer shifts,
black circles, in 1. The solid lines are the result of a fit with the Debye
model for the second-order Doppler shift.

Figure 11. Temperature dependence of the six quadrupole splittings,
ΔEQi, observed in 1.

Figure 12. Temperature dependence of the six hyperfine fields, top, and
the reduced hyperfine fields, for Fe(1), Fe(3)-Fe(5), and for the weighted
average versus the reduced temperature in 1, bottom. The critical tem-
perature and saturationhyperfine field are 27Kand38.8T forFe(1), 27K
and47.4T forFe(3)-Fe(5), and22Kand30.8T for theweightedaverage.

Table 3. Iron(III) Coordination Environments in 1

iron site iron coordination environment average iron bond distance, Å standard deviation,a Å iron bond distortion,b %

Fe(1) NO4 1.990(4) 0.133 4.53
Fe(2) N2O4 2.037(4) 0.103 3.43
Fe(3) N2O4 2.040(4) 0.114 3.98
Fe(4) N2O4 2.050(4) 0.095 3.83
Fe(5) N2O4 2.059(4) 0.102 3.99
Fe(6) N2O4 2.047(4) 0.078 2.48
Fe(7) N2O4 2.051(4) 0.076 2.63

aThe standard deviation of the 5 or 6 average iron(III) bond distances. bThe percentage iron bond distortions have been determined as explained in
reference 22.
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ordering that occurs below about 40 K and is fully
developed at 6 K and below. However, in view of both
the magnetically dilute, relatively isolated, nature of the
clusters found in 1 and the barrier to the relaxation of the
magnetization noted above, this is not the case as will be
shown below.
The analysis of the M

::
ossbauer spectra must be consis-

tent with the magnetic results described above. The
relaxation times of the magnetization of 1 at 4.2, 15, 35,
and 55 K are about 190� 10-6, 0.61� 10-6, 0.17� 10-6,
and 0.12 � 10-6 s, as obtained from the Arrhenius
parameters derived from the dc and ac susceptibilities,
see Figure 7. The Larmor precession time for the iron-57
nuclear magnetic moment in a magnetic field of 30 T is
about 0.05 � 10-6 s. Hence, at 3, 4.2, and 6 K the
magnetization relaxation time is about 104 to 103 times
larger than the Larmor precession time, and fully devel-
oped sextets with sharp lines are observed. At 35 and 55
K, the magnetization relaxation times are between four
and two times the Larmor precession time, and somewhat
broadened and slightly broad sextets are observed at 35
and 45 K, respectively, see Figure 13, indicating a de-
crease in the relaxation time of the magnetization. How-
ever, the observed M

::
ossbauer spectra do not show the

characteristic temperature dependence of the hyperfine
fields in the presence of slow paramagnetic relaxation,
that is, a sudden appearance of a saturated hyperfine field
at a temperature corresponding to a relaxation time
similar to the Larmor precession time. In the M

::
ossbauer

spectra of the Fe4, Fe8, and Fe13 clusters, this typical
behavior in the presence of slow paramagnetic relax-
ation was observed.23,24 A M

::
ossbauer spectral study25

of dinuclear lanthanide-iron systems also shows spectra
broadened by slow relaxation at 4.2K and sharp doublets
at 295 K. In contrast in 1, the Brillouin behavior of the
hyperfine fields indicates that there is coherent alignment
of the spins within the cluster, or at least within an
estimated distance of 15 Å, the approximate distance
between the centers of the two clusters present in the unit
cell. It has previously been observed26 that 57Fe
M

::
ossbauer spectra exhibit fully developed sharp sextets

in the presence of short-range magnetic correlations
within a distance of 50 Å. It seems that in the present
case, the intracluster magnetic correlations within the
about 2600 Å3 volume of the decanuclear cluster of 1
are sufficient to yield sharp sextets. The use of the volume
of the decanuclear cluster to quantify the dimension of the
cluster that gives rise to coherent alignment of spins is
rather arbitrary but the distance between the two Fe(1)
central iron(III) ions in the unit cell is a good estimate of
the distance giving rise to the magnetic correlations, and
the 10 magnetic centers in the cluster must be included in
an estimate of the volume.

The temperature dependence of the logarithm of the
total M

::
ossbauer spectral absorption area is shown in

Figure 14. The solid line is a fit with the Debye model,
and the resulting Debye temperature, ΘD, a temperature
similar to the Debye temperature, is 137(2) K. As is
usually observed, this temperature is smaller than the
M

::
ossbauer temperature obtained from the temperature

dependence of the isomer shift, a dependence that is more
sensitive to high-frequency phonons than that of the
absorption area.26

Figure 13. M
::
ossbauer spectra of 1 showing the onset of slow relaxation

broadening at 35 K, a slight broadening at 45 K, and paramagnetic
behavior at 55 K.

Figure 14. Temperature dependence of the logarithm of the spectral
absorption area in 1. The solid line is the result of a fit with the Debye
model.
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Conclusions

The reaction of N-methydiethanolamine, mdeaH2, and
benzoic acid with FeCl3 and DyCl3 yields a decanuclear
coordination cluster, [Dy3Fe7(μ4-O)2(μ3-OH)2(mdea)7(μ-
benzoate)4(N3)6] 3 2H2O 3 7CH3OH, 1, that crystallizes in the
space group P1 with Z=2. The structure of 1 has three and
seven crystallographically distinct Dy(III) and Fe(III) ions;
six of the Fe(III) ions are pseudo-octahedrally coordinated,
whereas the seventh has a trigonal bipyramidal coordination
geometry. The three intercluster Dy(III)-Dy(III) distances
within the unit cell range from 10.99 to 16.68 Å whereas the
seven Fe(III)-Fe(III) distances range from 9.16 to 19.32 Å
and, as a consequence, intermolecular exchange coupling is
either weak or absent. Macroscopic dc and ac magnetic
susceptibility studies indicate that intracluster antiferromag-
netic interactions between the Dy(III) and Fe(III) ions in 1
are dominant, and yield a ferrimagnetic arrangement of spin
carriers. Both ac χ0 and χ00 susceptibilities measured on a
powder sample, and single crystal magnetization studies,
reveal that 1undergoes a slow relaxation of itsmagnetization.
The effective energy barrier,Ueff, of 33.4K for this relaxation
is the highest yet reported for a lanthanide(III)-Fe(III) single
molecule magnet and the second highest energy barrier yet
reported for a 3d-4f single molecule magnet. Although many
Fe(III)-based single molecule magnets are known,27 it is
likely that the height of the energy barrier in 1mainly results
from the single-ion anisotropies of the Dy(III) ions, as we
have previously demonstrated for Mn(III)-Dy(III) single
molecule magnets.5f

The M
::
ossbauer spectra of 1 obtained between 55 and

295 K are characteristic of paramagnetic behavior
and exhibit six partially resolved Fe(III) quadrupole doub-
lets, in the ratio of x:2:1:1:1:1, that may be assigned to the
trigonal bipyramidal Fe(1) site, the pseudo-octahedral Fe(3)
and Fe(5) sites, and to the four remaining pseudo-octahedral
sites.
An indication of M

::
ossbauer spectral broadening in 1

because of the onset of slow magnetic relaxation is
first observed upon cooling to 45 K, becomes more
apparent at 40 K, and is obvious at 35 K. The spectra of 1
obtained between 3 and 35 K are consistent with the
presence of Fe(III) intracluster antiferromagnetic coupling
with slow relaxation of the magnetization relative to the
Larmor precession time, thus confirming, on a microscopic
scale, the presence of a barrier to the magnetic relaxation
below 35 K.
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