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The reaction between the mononuclear [ReO(salen)(OMe)] (salen2- =N,N 0-ethan-1,2-diylbis(salicylidenamine) dianion)
and Dy(hfac)3 3 2H2O (hfac-= 1,1,1,5,5,5-hexafluoroacetylacetonate anion) complexes lead to the formation of a compound
with the formula {[Re(salen)]2O3[Dy(hfac)3(H2O)]2}(CHCl3)2(CH2Cl2)2 noted (Dy2Re2). This compound has been
characterized by single crystal and powder X-ray diffraction and has been found isostructural to the Y(III) derivative (Y2Re2)
that we previously reported. The cyclic voltammetry demonstrates the redox activity of the system. The characterization of both
static and dynamic magnetic properties is reported. Static magnetic data has been analyzed after the cancellation of the crystal
field contribution by two different methods. Weak ferromagnetic exchange interactions between the Dy(III) ions are highlighted.
The compound Dy2Re2 displays slow relaxation of the magnetization when an external magnetic field is applied. Alternating
current susceptibility shows a thermally activated behavior with pre-exponential factors of 7.13 ((0.10) � 10-6 and 5.76
((0.27)� 10-7 s, and energy barriers of 4.19 ((0.02) and 8.52 ((0.55) K respectively for low and high temperature regimes.

Introduction

The exploration for high performance molecular magnets
is currently an important research subject for both physicist
and chemist communities. In particular, zero-dimensional
complexes like SingleMoleculeMagnets (SMMs)1 have been
intensively investigated because of their potential applica-
tions for future devices. Recently, lanthanides-based SMMs
have added to the library since trivalent rare-earth ions
present many advantages, as compared to transition metal
ions. Indeed, their large spins and pronounced spin-orbit

coupling may result in strong Ising-type magnetic aniso-
tropy.2 The most popular lanthanide ions used for this
magnetic peculiarity are certainly Dy(III) and Tb(III) ions.
Many mono, bi-, and trinuclear complexes built with these
ions have been reported as SMMs.3Moreover, to increase the
spin ground state of such complexes, 3d metal ions can be
associated to these ions to enhance the intramolecular mag-
netic exchange interactions in complexes.4 As a last develop-
ment, substitution of 3d ions by 4d or 5d ions may lead to an
increase of the exchange interactions because of the diffuse
orbital for second and third transition metal series and some
4d or 5d-based SMMs have been recently reported.5

Schiff-baseRheniumcomplexes are an example of a poten-
tial 5d precursor, and were mainly studied for their applica-
tion in nuclear medicine where Rhenium is used as a non-
radioactive model for technetium.6 In [Re(salen)]2O3,
(salen2-=N,N0-ethan-1,2-diylbis(salicylidenamine) dianion),
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the surprising reactivity of the RedO group gave rise to
tetranuclear complexes in which two lanthanides ions were
connected through theOdRe-O-RedObridge.7 Along this
family of compounds, {[Re(salen)]2O3[Y(hfac)3(H2O)]2}-
(CHCl3)2(CH2Cl2)2 (Y2Re2) was the first that we reported
since it was the only compound for which we were able to
obtain X-ray quality single crystals. The goal was then to
obtain the first ever 4f-5d paramagnetic complex. Such
compound may indeed have interesting magnetic properties
and, given the strong anisotropy of the ions used, have a
possible SMMbehavior. This implies the use of paramagnetic
lanthanides ions and then the conversion of the diamagnetic
Re(V) into a paramagnetic form of Rhenium upon oxidation
to Re(VI) or reduction to Re(IV). While the former has given
promising results in oxygen atom transfer,8 the latter is known
for its magnetic anisotropy.5

We report here the second step of this strategy, which is the
coordination of paramagnetic and anisotropic lanthanide
ions on the diamagnetic OdRe(V)-O-Re(V)dO bridge.
The {[Re(salen)]2O3[Ln(hfac)3(H2O)]2}(CHCl3)2(CH2Cl2)2
(Ln2Re2) complexes possess two main characteristics; (i) the
short OdRe-O-RedO bridge allows to investigate the
capability of this diamagnetic central unit to transmit a
sizable magnetic interaction between the external paramag-
netic units, (ii) the presence of an inversion center in the
central oxygen atommade the two lanthanide ions symmetry
related and thus maximizes the effect of their magnetic
anisotropy since the two Ising axes are collinear. This may
be a significant benefit for the dynamic magnetic properties
of the complex.4f,9

We report here the characterization of {[Re(salen)]2O3-
[Dy(hfac)3(H2O)]2}(CHCl3)2(CH2Cl2)2 (Dy2Re2) and Dys-
prosium doped {[Re(salen)]2O3[Dyx(hfac)3Y2-x(hfac)3-
(H2O)]2}(CHCl3)2(CH2Cl2)2 (DyxY2-xRe2) byX-ray powder
diffraction, energy-dispersive spectrometry (EDS) analysis,
cyclic voltammetry, static and dynamic magnetic measure-
ments.

Experimental Section

Synthesis. General Procedures and Materials. The precur-
sors Ln(hfac)3 3 2H2O (For Ln(III)=Y, Gd and Dy)10 (hfac-=
1,1,1,5,5,5-hexafluoroacetylacetonate anion) and [ReO(salen)-
(OMe)]11 complex (salen2- = N,N0-ethan-1,2-diylbis(salicyli-
denamine) dianion) were synthesized following previously reported

methods. All other reagents were purchased fromAldrich Co. Ltd.
and were used without further purification.

{[Re(salen)]2O3[Dy(hfac)3(H2O)]2}(CHCl3)2(CH2Cl2)2 latter
named (Re2Dy2). A 491 mg portion of [ReO(salen)(OMe)]
(1mmol) was dissolved in 50mLof CHCl3 at 50 �Cunder aerobic
atmosphere. The slow evaporation of the resulting green solution
leads to a crystalline green powder of {[Re(salen)]2O3}. On one
hand, 94.4 mg of {[Re(salen)]2O3} (0.1 mmol) was dissolved in a
mixture of CH2Cl2 and CHCl3 (1:1 in volume, 20 mL). On the
other hand a solution of 163.9 mg of Dy(hfac)3 3 2H2O (0.2mmol)
in CHCl3 (10 mL) was prepared. It was then added to the
{[Re(salen)]2O3} solution at 40 �C. The resulting mixture was
stirred at 40 �C during 30 min. Red-brown needles were obtained
by slow evaporation of the solution after one night. Single crystals
were found to become very quickly amorphous by loss of the
solvent molecules. They thus have to be conserved in the mother
solution or in a tiny fiber glass. Anal. Calcd (%) for C66H44-
N4O22Cl10F36Re2Dy2: C 26.59, H 1.49, N 1.88; found: C 29.56, H
1.73, N 2.22. Discrepancies between calculated and observed
values are due to the loss of solvent molecules.

{[Re(salen)]2O3[Dyx(hfac)3 Y2-x(hfac)3 (H2O)]2}(CHCl3)2-
(CH2Cl2)2 latter named (DyxY2-xRe2). A similar procedure as
for Dy2Re2 was used starting from 98.2 mg of {[Re(salen)]2O3}
(0.1 mmol). The heterolanthanides based solution was prepared
with 8.2 mg of Dy(hfac)3 3 2H2O (0.01 mmol) and 67.1 mg of
Y(hfac)3 3 2H2O (0.09 mmol) in CHCl3 (10 mL). As for Dy2Re2,
single crystals were found to become very quickly amorphous by
loss of the solvent molecules. They were conserved in a very
small amount of pure CHCl3 and not in the mother solution to
avoid the deposition of the excess of lanthanide that does not
coordinate to the Re-based moiety. In fact, this could hamper
the accurate determination of the doping rate of the crystals.
Anal. Calcd (%) for C66H44N4O22Cl10F36Re2Y1.72Dy0.28: C
27.77, H 1.55, N 1.96; found: C 30.01, H 1.79, N 2.34. Dis-
crepancies between calculated and observed values are due to
the loss of solvent molecules.

Crystallography. The crystal structure of Re2Y2, depicted in
Figure 1, has already been reported.7 Cell parameters determi-
nation forRe2Dy2 andDyxY2-xRe2were performed on the same
apparatus.

X-ray powder diffraction diagrams were recorded using a
Panalytical X’Pert Pro diffractometer equipped with an X’cele-
rator detector. The Cu-KR lines were used and diagrams were
recorded in θ/θ mode, between 5 and 75� (4189 measurements)
with a step size of 0.016� in 2θ and a step scan time of 10 s. Given
the small amount and low crystallinity of the samples, X-ray
powder diffraction diagrams were recorded using an obliquely
cut silicon crystal as Zero Background sample Holder (ZBH).
Simulation of Y2Re2 powder diagram was obtained using
Powdercell software considering Cu-KR lines in a KR1/KR2=
0.497 ratio and a Pseudo-Voigt profile of the peaks.

Figure 1. View of the crystal structure of {[Re(salen)]2O3[Ln(hfac)3-
(H2O]2}(CHCl3)2(CH2Cl2)2 (Ln2Re2) family with the coordination poly-
hedron of the terminal Ln(III) ions. Hydrogen atoms have been omitted
for clarity.
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Physical Measurements. Cyclic voltammetry was performed
at room temperature in CH2Cl2 on Dy2Re2. n-BuNPF6 (0.1 M)
was used as the supporting electrolyte; glassy carbon as the
working electrode; Pt wire and saturated calomel as the counter
and reference electrodes, respectively; scan speed=100mV s-1.
The evaluation of the doping rate ofDyxY2-xRe2was performed
by SEM-EDS analysis (Scanning ElectronMicroscopy-Energy-
Dispersive Spectrometry). All observations and measurements
were carried out with a JEOL JSM 6400 scanning electron
microscope (JEOL Ltd., Tokyo, Japan) with an EDS analysis
system (OXFORD Link INCA). The voltage was kept at 9 kV,
and the samples were mounted on carbon stubs and coated
for 5 min with a gold/palladium alloy using a sputter coater
(Jeol JFC 1100). This analysis has been performed by the Centre
de Microscopie Electronique �a Balayage et microAnalyse
(CMEBA) of the University of Rennes (France).

The direct current (dc) magnetic susceptibility measurements
were performed on solid polycrystalline sample with a Cryo-
genic S600 SQUIDmagnetometer between 2 and 300 K under a
magnetic field of 100 Oe for temperatures of 2-65 K, 1 kOe for
temperatures of 65-250 K and 10 kOe for temperatures of
250-300 K. These measurements were all corrected for the
diamagnetic contribution as calculated with Pascal’s constants.
The alternating current (ac) magnetic susceptibility measure-
ments were performed using a homemade probe operating
in the range 100-25000 Hz.12 All measurements were per-
formed on pellets to avoid orientation of these very anisotropic
materials.

Results and Discussion

Synthesis. The Re2Dy2 compound is synthesized ac-
cording to our previous reportedmethod that was slightly
modified. The precursor [ReO(salen)(OMe)] is voluntary
dimerized in {[Re(salen)]2O3} in chloroform under aero-
bic condition to increase the yield of the coordination
reaction. The dimerization of such compounds was pre-
viously described by Van Bommel et al.11,13 The second
step consists to put together the {[Re(salen)]2O3} Lewis
bases and Dy(hfac)3 3 2H2O Lewis acid in non coordinat-
ing solvent (mixture of CH2Cl2 and CHCl3) to realize the
substitution of one molecule of water by one RedO
moiety.

Cell Determination and X-ray Powder Diagrams. We
have previously reported the synthesis and crystal struc-
ture of theY2Re2 derivative that is briefly described in this
paper.7 However, we recall here that the crystallization of
this complexwas rather tricky since the use of bothCHCl3
and CH2Cl2 (1:1) was mandatory to obtain suitable
crystals for X-ray diffraction. These solvents being very
volatile, crystals were sealed into glass capillaries to per-
form a reliable data collection and avoid amorphization.
Unfortunately, crystals of the other derivatives (Gd2Re2,
Dy2Re2, andDyxY2-xRe2) rapidly turn intomicrocrystal-
line powder and then amorphous compound, even if
sealed in a glass capillary. Consequently only the cell
determination was performed on these derivatives. The
cell parameters are gathered in Table 1 and show that
Re2Dy2 and Re2Y2 are isostructural systems whereas the
Gd-based compound crystallizes in a different cell. This is

in agreement with the so-called “lanthanide contrac-
tion”,14 that underlies the diminution of the ionic radius
along the lanthanides series. Hence, a structural change
around the gadolinium is often seen and results in non-
isostructural families all along the lanthanides series.15 To
confirm the cell determination data and the homogeneity
of the sample, X-ray powder diagrams were measured
using freshly ground crystals with a fast data acquisition
method. All diagrams are superimposed in Figure 2. A
simulation of the X-ray powder diagram of Y2Re2 was
performed using Powdercell software16 considering the
parameters detailed in the Experimental Section. The
diagrams of Y2Re2, Dy2Re2, and DyxY2-xRe2 are highly
similar to each other confirming the observationmade on
crystals, and we are then confident of the isostructurality
of Y2Re2, Dy2Re2, and DyxY2-xRe2 even in their powder
form.

Structural Description. TheDy2Re2 compound crystal-
lizes in the P1 (No.2) triclinic space group.Dy2Re2 can be
described as a linear tetranuclear complex composed of
two terminal Dy(hfac)3(H2O) moieties bridged by the
linear central {[Re(salen)]2O3} entity (Figure 1). The
inversion center is localized on the oxygen atom linking
the two Re(V) ions. Both terminal Dy(III) ions should
adopt a slightly distorted dodecahedral geometry in a
DyO8 environment. In the case of the isostructuralY2Re2
tetranuclear compound, the distortion of the dodecahe-
dron can be evaluated with the values of these dihedral
angles of 25.7(3), 24.9(2), 27.2(4) and 28.1(3)� compa-
red to the value of 29.5� for a regular dodecahedron.
Supporting Information, Figure S1 illustrates the crystal

Table 1. Comparison of Cell Parameters of Y2Re2, Gd2Re2, and Dy2Re2

Gd2Re2 Dy2Re2 Y2Re2

R (deg) 90.297(1) 86.281(4) 86.276(5)
β (deg) 89.694(8) 82.231(4) 82.220(5)
γ (deg) 118.89(2) 82.396(3) 82.396(5)
a (Å) 16.435(1) 12.241(5) 12.222(5)
b (Å) 16.524(4) 12.790(4) 12.783(5)
c (Å) 19.877(1) 15.243(6) 15.222(4)
V (Å3) 4726.3(20) 2338.9(10) 2332.9 (15)

Figure 2. Superposition of X-ray powder diagrams. From bottom to
top: (a) Simulation from Y2Re2 cif file (black); (b) Dy2Re2 (gray); (c)
DyxY2-xRe2 (pink); and (d) Gd2Re2 (red).
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packing of the Y2Re2 and shows the location of the
crystallization solvent molecules. These latter remain in
the free space between the complexes and do not interact
strongly with the tetranuclear units. This may explain
why the crystals so easily lose the CH2Cl2 and/or CHCl3
crystallization molecules.

EDS/Elementary Analysis. The Y(III) doping rate in
DyxY2-xRe2 has been characterized through EDS mea-
surement. In fact, even if Y(III) and Dy(III) have similar
ionic radius and similar chemical properties their effective
ratio in the crystal can be significantly different from the
one theoretically expected. This is mainly due to the slight
differences in hydration and coordination enthalpies
along the lanthanide series15a that sometimes leads to
relevant discrepancies between theoretical and experi-
mental doping rates in such complexes.17 This technique,
coupled with a Scanning Electron Microscope, allows
comparing local and global Ln ratios since areas and
punctual scans can be performed (Supporting Informa-
tion, Figure S2). The analysis has been performed on the
DyxY2-xRe2 powder and punctual scans on micrometric
single crystals give similar Y/Dy ratios than areas scan
(100 � 120 μm). The value of x is determined equal to
x=0.14. These two scan types allow us to assert that the
doping is homogeneous and no segregation is observed.
This is a crucial point when trying then to correlate the
magnetic behavior of the complexes to their doping rates.

Electrochemical Properties. The redox properties
of Dy2Re2 were determined by cyclic voltammetry
(Figure 3). For Dy2Re2, three quasi-reversible oxidation
waves were observed that are not split. This indicates that
each oxidation waves corresponds to two-electron events.
The two Rhenium ions are simultaneously oxidized. The
E1

ox, E2
ox, and E3

ox values are -0.580, þ0.360, and
þ0.860 mV versus SCE. The first potential corresponds
to the reductionof theneutral {[Re(V)(salen)]2O3[Dy(hfac)3-
(H2O]2} complex in the {[Re(IV)(salen)]2O3[Dy(hfac)3-
(H2O]2}

2-dianionwhile the twoother ones correspond to
the formation of {[Re(VI)(salen)]2O3[Dy(hfac)3(H2O]2}

2þ

and {[Re(VII)(salen)]2O3[Dy(hfac)3(H2O]2}
4þ cations,

respectively. It is noteworthy that the potentials E1
ox

and E2
ox are chemically accessible. In others words, the

diamagnetic OdRe(V)-O-Re(V)dO bridge can be
reduced or oxidized in paramagnetic OdRe(IV)-O-Re-
(IV)dO and OdRe(VI)-O-Re(VI)dO bridges, respec-
tively.

Static Magnetic properties. Samples where powder
diffraction diagrams are in agreement with Y2Re2 simu-
lated diagram are presented here. It is known that dia-
magnetic ions that bridge organic radical spin carriers can
efficiently mediate magnetic exchange interactions.18

Moreover the energies and the diffuseness of the unoccu-
pied d and vacant p orbitals are expected to have a strong
influence on the nature and magnitude of the exchange

interaction between the spin carriers.19 Thus, the diffuse
5d orbitals of Re(V) ions should be efficient in transmit-
ting a magnetic exchange interaction between the two
Dy(III) ions inDy2Re2. If one consider the Re2O3 bridge,
the unoccupied 5dxz and 5dyz orbitals of the Re(V) ions
interact with the filled px and py orbitals of the terminal
and bridging oxygen atoms to give four π-bonding, two
π-nonbonding and four π-antibonding molecular orbi-
tals.20 In total, the bridging Re2O3 unit can be described
by six delocalized bonding orbitals (two σ and four π).
The Re(V) is a 5d2 ion, and both electrons are usually
localized in the 5dxy orbital while the four other 5d
orbitals are unoccupied. Consequently the OdRe-O-
RedO central bridge is totally diamagnetic in both
Dy2Re2 and DyxY2-xRe2 and does not contribute to the
susceptibility.
The thermal variation of the magnetic susceptibility for

Dy2Re2 is shown in Figure 4. The χMTDy2Re2(T ) curve
shows a monotonic decrease between 300 and 3 K from

Figure 3. Cyclic voltammetry of {[Re(V)(salen)]2O3[Y(hfac)3(H2O]2}-
(CHCl3)2(CH2Cl2)2 Dy2Re2 in CH2Cl2 at a scan rate of 100 mV s-1.

Figure 4. (Top) Thermal variation of the magnetic susceptibility for
Dy2Re2 (dark gray open circles) and Dy(hfac)3 3 2H2O (gray squares). In
inset, thermal variation of the magnetic susceptibility of ΔχMT(i) =
χMTDy2Re2 - 2χMTDy calculated according to method (i). (Bottom)
Thermal variation of the magnetic susceptibility for Dy2Re2 (dark gray
open circles) and rescaled DyxY2-xRe2 (gray lozenges). In inset, thermal
variation of the magnetic susceptibility of ΔχMT(ii) = χMTDy2Re2 -
(2/x)χMTDyxY2-xRe2 (x= 0.18) calculated according to method (ii).
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27.85 at room temperature to 20.37 cm3 K mol-1 at 3 K.
The χMTDy2Re2 value at 300 K is in agreement with the
expected value of 28.34 cm3Kmol-1 for twomagnetically
isolated Dy(III) ions.21 We remind that the free Dy(III)
ion has a 6H15/2 ground state characterized by gJ=4/3.22

The multiplet is split in zero field in levels separated by a
small energy (few hundred cm-1).21 Consequently the
excited sublevels depopulate as the temperature is low-
ered, and a χMT curve can decrease even in absence of
magnetic exchange interaction. That is why one cannot
ascribe the decrease of the χMTDy2Re2(T ) curve to a
Dy-Dy interaction. To solve this problem, two methods
can be explored to cancel the crystal field contribution
to χMT:(i) the use of a Dy(III) monomeric analogue,
and (ii) a Dy(III) doping of a diamagnetic analogue
(i.e., Y2Re2).

4f,17,23

The Dy(hfac)3 3 2H2O precursor has been chosen as the
Dy(III) monomeric analogue to estimate JDy-Dy thanks
to method (i). In fact it presents a crystal field equivalent
to the one ofDy2Re2.

23g Bymeasuring the χMT product of
Dy(hfac)3 3 2H2O one can thus subtract the crystal field
contribution to χMT of Dy(III) in a DyO8 environment.
The χMTDy(T ) curve for the precursor is depicted in
Figure 4 (top). ΔχMT(i) is defined by the following
expression: ΔχMT(i) = χMTDy2Re2 - 2χMTDy, ΔχMT(i)
can be considered free of single ion effects and thus
representative of the nature of the exchange interaction
between the Dy(III) ions (inset of the Figure 3). The
ΔχMT(i) product takes a constant value of almost 0 cm3

K mol-1 in the 300-100 K temperature range and
increases for lower temperatures until a maximum value
of 1.05 cm3 K mol-1.
Concerning the method (ii), a suitable diamagnetic

analogue isY2Re2 sinceY
III has a 4d0 diamagnetic ground

state and contrary to what is observed on EuIII doped
samples, it does not possess any thermally accessible
magnetic excited states.24 Moreover, the choice of this
ion guarantees the isostructurality of the complex (see
above). The room temperature χMT value (2.60 cm3 K
mol-1) is in good agreementwith the expected doping rate
determined through EDS analysis (DyxY2-xRe2, x=0.14
( 0.05) with x = 0.18 ( 0.10. Assuming a random
distribution of the lanthanide ions in the doped com-
pound, Dy-Y and Dy-Dy pairs represent 29.50% and
3.25%, respectively. The effect of the magnetic exchange
interaction between the DyIII is thus negligible in the doped
sample. We have extracted the difference curveΔχMT(ii) as
ΔχMT(ii) = χMTDy2Re2 - (2/x)χMTDyxY2-xRe2, with x=
0.18.23g The ΔχMT(i) product increases continually from
0 cm3 Kmol-1 at room temperature to 1.05 cm3 Kmol-1

at low temperature. The low temperature increase of
the ΔχMT(T ) curves, obtained from both method (i)
and (ii), indicates a weak but significant ferromagnetic
interaction between the Dy(III) ions through the linear
and diamagnetic OdRe-O-RedO bridge although
the intrinsic limitations of the twomethodsmake it unrea-
listic to extract a quantitative value of the Dy-Dy inter-
action.
Although dipolar interactions have been found to

overwhelm exchange ones in a linear Dy3 cluster,25 the
large separation between the Dy ions (about 12.00 Å)
through the penta-atomic bridge allows us to exclude that
the observed ferromagnetic interaction is solely due to
dipolar interactions.

ac Magnetic Measurements. Dynamic magnetic mea-
surements were performed on the same pellets as for the
static ones. In-phase (χM0) and out-of phase (χM00) com-
ponents of the susceptibility were recorded using 12
logarithmic spaced frequencies in the range 100-15000
Hz.Dy2Re2 is the only derivative presented here since the
doping rate of DyxY2-xRe2 is so low that no reliable
information can be extracted from its ac measurements.
As for numerous lanthanide-based complexes in the
absence of external field, the out-of phase signal was
almost undetectable.4f,17 It has been shown that this
behavior can be due to zero-field fast tunneling of the
magnetization,3b,26 and the application of a small exter-
nal field in usually sufficient to partially suppress this fast
tunneling.27 Indeed the field dependence of the suscept-
ibility was recorded, and, as predicted, a strong field
dependence of χM00 is observed (Supporting Information,
Figure S3). The slowest relaxation time is observed for an
external field of 700 Oe. This field is thus supposed to be
the most efficient one to suppress the zero-field fast
tunneling in Dy2Re2 and is then used for the analysis of
the dynamic behavior of the complex in the 1.6-8 K
range.
The temperature dependence of χM0 and χM00 plotted

against the frequency is depicted in Figure 5 (for clarity
only the lowest temperature, in the range 1.6-3.2 K, are
represented). Same data, but plotted versus temperature,
can be found in Supporting Information, Figure S4.
Frequency dependence of the out-of-phase component
of the susceptibility (χM00) is seen for temperature as high
as 5K (Supporting Information, Figure S4), but a reliable
extraction of dynamical parameters has been possible
only between 1.6 and 2.7 K, the relaxation being too fast
for higher temperatures. At a first glance the χ00 versus
frequency curve shows a monotonic behavior but a close
examination of the low temperature region shows that
two regimes are present. In fact, at the three lowest
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temperatures (1.60, 1.65, 1.70 K) χM00 shows a peak at
almost the same frequency. From 1.9 K and above, the
χM00 trend turns out to be strongly temperature depen-
dent, similarly to what commonly is observed in Dy(III)-
based compounds.4f At 1.8 K the compound seems to be
in between the two regimes.
The characteristic time constants of the system, eva-

luated as τ=(2πν)-1, where ν is the frequency atwhich the
maximum of χM00 occurs, have been reported in the
Arrhenius plot of Figure 6 to evidence the thermal
activated character of the relaxation process. Two regi-
mes are observed, and the dynamics parameters summar-
ized in Table 2.
In the high temperature region (1.8-2.8 K), Δ is found

equal to 8.52 ((0.55)K, and almost divided by two for the
three lowest temperatures (1.6-1.8 K), where Δ=4.19
((0.02) K (Table 2). The pre-exponential factors vary
from 5.76 ((0.26) � 10-7 to 7.13 ((0.10) � 10-6 s when
passing from the high T to the low T regime (Table 2).
This variation of Δ and τ within two regimes has already
been seen on single chain magnets,28 or rather progres-
sively when saturation of the relaxation time because of
quantum tunneling of the magnetization is observed on
discrete molecules.17 These dynamic parameters are com-
parable to what is found on similar compounds even if Δ
is smaller in our case.3d,4 Direct comparison of these

parameters is not possible since they depend on the
coordination environment (fully oxygenated or not)29

and on its geometry. Moreover, it a has been shown that
the energy barrier is significantly enhanced if the Dy(III)
ions are related by an inversion center,4f as it is the case
here. This correlation between the parallel anisotropy
axes of the Dy(III) is likely to be enhanced when the
Rhenium ions will turn paramagnetic and better transmit
magnetic exchange interactions.
The two regimes observed in the Arrhenius plot have

been found also in the width of the distribution of the
relaxation times. To better characterize this distribution
an Argand plot has been performed by plotting χM00
versus χM0 (Supporting Information, Figure S5). The
curves have been fitted by a Debye model using equation:

χðωÞ ¼ χS þ
χT - χS

1þðiωτÞ1-R

in which χT=χ(ωf0) is the isothermal susceptibility, χS=
χ(ωf¥) the adiabatic susceptibility, ω the angular fre-
quency of the ac field, and τ the relaxation time of the
system at the temperature at which the fit is performed.30

The R parameter is introduced in the Debye law to
characterize the distribution of the relaxation times:30,31

R=0 corresponds to a unique relaxation time and is thus
expected for an ideal SMM.32 On the contrary R f1
characterizes an infinity of relaxation times and is char-
acteristic of spin-glasses.33 The parameters extracted
from the curves in the range 1.6-2.7 are gathered in
Supporting Information, Table S1 while the low tempera-
ture experimental curves and simulation are shown in
Figure 7 by normalizing the χ values against χT to allow a
better comparison.
InDy2Re2, the three lowest temperatures shows similar

R values (0.22, 0.24, 0.24) whereas definitely higher ones
are obtained when the temperature is rising (0.31 to 0.39

Figure 5. Frequency dependence of the in-phase, χM0, and out-of phase,
χM0 0, component of the molar susceptibility measured applying a 700 Oe
static field for 12 logarithmically spaced frequencies in a 100-16000 Hz
range. Colormapping represent temperature varying from1.6K (blue) to
3.1 K (red).

Figure 6. Arrhenius plot and linear regressions that evidence the two
dynamic regimes inDy2Re2. Characteristic values are gathered in Table 2.

Figure 7. Argand diagram extracted by plotting χΜ0 versus χΜ0 0 and
fittedbyan extendedDebyemodel (best fits for 1.6K, 2.0K, and 2.7Kare
depicted). All values are normalized by the isothermal susceptibility (χΤ).
Color mapping represent temperature varying from 1.6 K (blue) to 2.8 K
(red).
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for 1.9 to 2.3 K) (Table 2). Usually the opposite trend is
observed for either 3d or 4f based SMMs, with R increas-
ing significantly on approaching the quantum regime.
Unfortunately the temperature dependence ofR is seldom
reported in the literature, and a rationalization of this
behavior at the moment is not possible.

Conclusions

In this paper, the 5d4f {[Re(salen)]2O3[Dy(hfac)3(H2O)]2}-
(CHCl3)2(CH2Cl2)2 (Dy2Re2) tetranuclear complex has been
synthesized from the two [ReO(salen)(OMe)] andDy(hfac)3 3
2H2O mononuclear precursors.
Thanks to the diamagnetic doping with Y(III) we have

unambiguous evidence that the diamagnetic [Re(salen)]2O3]
bridge is efficient in transmitting a weak ferromagnetic ex-
change interactions between the terminal Dy(III). Although
themagnetization dynamics is affected by a strong tunnelling
in zero field, as observed for the most pure lanthanide-based
SMM, it should be interesting and informative in the rational
design of 4f-5d heterobimetallic SMMs to convert the dia-
magnetic bridge into a paramagnetic fragment. The electro-
chemical studies on Dy2Re2 have revealed a rich redox
chemistry involving several quasi-reversible oxidation and
reduction processes of the Rhenium. Chemical and electro-
chemical reduction and oxidation of Dy2Re2 are in progress

to obtain its paramagnetic analogue with Re(IV) or
Re(VI) ions. Such strategy has been successful for the
mono,34 bi,35 and tri-electron36 reduction of the Mn12
SMM. Moreover, the remaining water molecule on the
Dy(hfac)3(H2O) unit offers a labile position which, co-
ordinated by suitable ligands, may give rise to extended
magnetic structures.
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Table 2. Characteristic Δ and Time Constants Extracted from the Analysis of the Dynamic Magnetic Measurements of Dy2Re2
a

τ0 (s) Δ (K) R1 best R R2

low T regime 7.13 ((0.10) � 10-6 4.19 ((0.02) 0.99998 0.22 ((0.02) 0.98163
high T regime 5.79 ((0.26) � 10-7 8.52 ((0.55) 0.99991 0.31 ((0.01) 0.99703

aR1 and R2 are the agreement factor of the fittings of the Arrhenius and Argand plot, respectively.
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