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Single-molecule magnets (SMMs) are a fascinating class of
molecular materials that display slow relaxation of magnet-
ization because of an intrinsic energy barrier (Ug) to spin
inversion.!!! The magnitude of the barrier is related to the
magnetic ground state of the molecule and its associated
magnetic anisotropy. When such a compound is magnetized
and then removed from the field, the return to equilibrium
requires energy to traverse the U, barrier through a series of
steps, which allows for the “freezing” of the molecular
magnetization below a certain temperature. Below this
blocking temperature (7), these molecules display magnetic
hysteresis of purely molecular origin. This “memory” effect
implies that these systems are suitable for high-density
information storage,”) with other proposed applications,
such as molecular spintronic and quantum computing devices,
also gaining interest.”] It would therefore be of great
significance to develop this class of materials such that this
behavior can be observed at substantially higher temper-
atures, thus greatly improving the application prospects. This
can potentially be achieved by increasing the anisotropy
associated with the ground state, which results in longer
relaxation times. Increases in the magnetic-anisotropy barrier
have recently been achieved by the use of lanthanide ions,
which possess large single-ion magnetic anisotropies. This has
resulted in the development of several mono- and polynuclear
compounds displaying energy barriers to magnetic reversal of
up to 938 K, an order of magnitude larger than the barrier of
60 K displayed by the prototype SMM, the iconic
[Mn;,(OAc)] complex.’! Although large thermal energy
barriers can be achieved through the use of lanthanide ions,
additional processes, such as rapid quantum tunneling of the
magnetization (QTM), which shortcuts the relaxation barrier
and is fast in many lanthanide containing complexes at zero
magnetic field, hamper the appearance of hysteresis with
large coercive fields.

[*] Dr.S. K. Langley, D. P. Wielechowski, Dr. B. Moubaraki,
Prof. K. S. Murray
School of Chemistry, Monash University
Clayton, Victoria 3800 (Australia)
E-mail: keith.murray@monash.edu
V. Vieru, Prof. L. F. Chibotaru
Theory of Nanomaterials Group and INPAC—Institute of Nano-
scale Physics and Chemistry, Katholieke Universiteit Leuven
Celestijnenlaan 200F, 3001 Heverlee (Belgium)
E-mail: Liviu.Chibotaru@chem kuleuven.be
N. F. Chilton
School of Chemistry, University of Manchester
Manchester M13 9PL (UK)
Prof. B. F. Abrahams
School of Chemistry, The University of Melbourne
Victoria 3010 (Australia)

[**] K.S.M. thanks the Australian Research Council (ARC) and the
Australia-India Strategic Research Fund (AISRF) for support of this
work. V.V. and L.C. acknowledge the support of the Flemish Science
Foundation (FWO) and of the University of Leuven through the
INPAC and Methusalem programs.

@ Supporting information for this article, including experimental
details, is available on the WWW under http://dx.doi.org/10.1002/
anie.201306329.

Angew. Chem. 2013, 125, 12236 -12241

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gngewandte
Ch

For the majority of the reported polynuclear lanthanide
complexes, the intramolecular magnetic exchange is found to
be extremely weak with little to no coupling between the
lanthanide ions, implying that in these cases, the slow
relaxation of the magnetization originates from single-ion
states.’ It has previously been shown that exchange effects
reduce zero-field QTM, thereby preventing a loss of magnet-
ization at zero field.””’ Recently, this was beautifully explored
for two dinuclear lanthanide single-molecule magnets
[({(Me,S).NL{tht]La™),(wa’m™N,)]  (Ln=Tb or Dy),
where the diffuse spin density of the radical N,*>~ bridge was
able to penetrate the core-like 4f orbitals of the Tb and Dy
ions, resulting in strong intramolecular exchange coupling.
Large thermal energy barriers of 326 K and 177 K were
reported for these systems, which, coupled with the large
magnetic exchange interaction, resulted in reduction of the
QTM, thereby increasing the relaxation time significantly.
Record blocking temperatures of 73 =14 K and 8.3 K where
thus recorded for the Tb and Dy complexes, respectively.”®

Although introducing radical ligands has proven success-
ful in providing strong exchange interactions, such radicals are
rarely found to bridge directly between Ln™ ions and are
difficult to isolate, with only one other example reported.”’ A
second approach for inducing stronger magnetic exchange is
through the introduction of 3d ions into lanthanide-contain-
ing systems. One particular heterometallic 3d—4f family that
we have recently synthesized, and which has proven to be of
interest, is the [Co",Dy"}] butterfly SMM complexes.” In
these examples, the Co™ ions are low spin and diamagnetic
and therefore do not contribute to the magnetic behavior.
[Co™,Dy"™,(OMe),(O,CPh),(mdea),(NO;),] (1; mdeaH,=
N-methyldiethanolamine), one member of the family, dis-
played SMM behavior with a thermal energy barrier of 79 K,
but crossed over into a pure quantum regime below 2.5 K,
displaying a tunneling frequency of 0.79 Hz.'"™ This
[M"™,Dy™,] system is an ideal candidate for exploring the
effects that different trivalent 3d ions (replacing Co™) have
on the relaxation dynamics. Herein, we report the isolation of
[Cr™,Dy™,(OMe),(O,CPh),(mdea),(NO;),] (2), the chro-
mium analogue. This new compound joins a small family of
Cr"™-Ln™ complexes,'"! is a rare example of a chromium-
based SMM, and displays the largest energy barrier reported
for a Cr'™-Ln"" complex thus far. Furthermore, well-resolved
magnetic hysteresis for 2 is observable up to 3.5 K, using
a conventional superconducting quantum interference device
(SQUID) magnetometer, in contrast to the Co™ analogue 1,
which displayed no such behavior above 1.8 K. Ab initio
calculations® ™ are utilized to provide insight into the
influence that the Cr™ ions have on the system, and how
they affect the static and dynamic magnetic behavior.

Complex 2 was synthesized by the reaction of
Dy(NO;);-6H,0 and CrCl;-6H,0 with mdeaH,, benzoic
acid, and triethylamine in acetonitrile. After removal of the
solvent and re-dissolution in MeOH, magenta-colored crys-
tals of 2 were grown after allowing diethyl ether to slowly
diffuse into the solution. Compound 2 (Figure 1) crystallizes
in the monoclinic space group P2,/n and is isostructural to 1.
The complex is a heterometallic 3d—-4f tetranuclear cluster
with the metallic core displaying a planar butterfly-type
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Figure 1. Molecular structure of 2, the H atoms have been omitted for
clarity. The dashed lines correspond to the main magnetic axes of the

Dy ions. The arrows show the orientation of local magnetic moments

in the ground exchange doublet state. Selected bond distances [A] and
angles [°] for 2: Dy1-Dy1’ 4.105, Cr1-Cr1’ 5.157, Cr1-Dy1 3.290, Cr1-

Dy1’ 3.302; Dy1-O4-Dy1’ 114.09, Dy1-O4-Cr1 95.70, Dy1'-O4-Cr1 95.80,
Dy1-O5-Cr1 102.74, Dy1’-06-Cr1 103.32. C light gray, Cr'" yellow,

Dy" purple, O red, N blue.

topology. The asymmetric unit consists of half of the complex
(one Cr'™ and one Dy™ ion), which lies upon an inversion
center, with no solvent of crystallization found in the lattice.
The two Dy"™ ions are found at the “body” sites of the
butterfly, whereas the Cr'™ ions occupy the outer “wing”
positions. Two p;-methoxide ligands bridge the two Dy" ions
to each Cr'™ ion. Each Cr'™ is further ligated by a single
mdea” ligand and two benzoate ligands, which results in a six-
coordinate octahedral environment. The average Cr—Lyo
bond length was found to be 1.99 A. The two Dy ions
were found to be eight-coordinate with a distorted square-
antiprismatic geometry. This is a result of two bridging
O atoms from the mdea”~ and benzoate ligands in addition to
the two methoxide ligands, with the final two coordination
sites being taken up by a chelating nitrate ligand. The average
Dy—O bond length was found to be 2.37 A. Intermolecular
interactions are dominated by aromatic n- and C—H inter-
actions derived from the benzoate ligands (Figure S1).
Direct current (dc) magnetic susceptibility measurements
were performed on a polycrystalline sample of 2 in the
temperature range 2-300 K, in applied fields of 0.1 Tand 1 T.
The yu T (xm = molar magnetic susceptibility) versus 7 plots
for 2 and its Co™ analogue 1 are shown in Figure 2. The room
temperature yy T product of 30.71 cm® K mol™! for 2 is in good
agreement with the value expected for two non-interacting
Cr'™ (S=3/2,g=2, C=1.875 cm®Kmol ") and Dy™ (S =5/2,
L=5 ‘Hy, g=4/3, C=1417cm’Kmol™!) ions
(32.09 cm*Kmol ™). As the temperature is decreased, the
xm T product gradually decreases until 50 K, where it plateaus
before a small increase at ca. 20 K, followed by a rapid drop
below 10 K. The decrease in y), T"at higher temperatures can
be attributed to the depopulation of the excited m; states of
the Dy ions, whereas the plateau and small increase at lower
temperatures suggest non-negligible and significant exchange
interactions with the Cr'™ ions. This is supported by the
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Figure 2. Plots of y T versus T for 1 and 2 measured under 1T (2—
300 K) and 0.1 T (2-70 K) dc fields. Inset: Plot of magnetization versus
temperature for 2 during zero-field-cooled and field-cooled modes
using a 1000 Oe magnetic field.

absence of such behavior for 1. The isothermal magnetization
versus field plots (Supporting Information, Figure S2)
revealed S-shaped profiles at 2 K and 3 K, which indicate
possible slow magnetic relaxation. Above 4 K, however, the
plots display a rapid increase in magnetization below 2 T,
before following a more gradual linear increase without
saturating. The possible presence of slow magnetic relaxation,
which corresponds to a blocking of the magnetization, was
further explored by comparison of field-cooled (FC) and
zero-field-cooled (ZFC) magnetization data. The temper-
ature at which the curves diverge (ca. 3.7 K) also corresponds
to the peak in the ZFC measurement, indicating a narrow
distribution of relaxation times, as expected for a molecular
nanomagnet (Figure 2, inset). This behavior confirms the
presence of magnetic irreversibility with a blocking temper-
ature of T, =3.7 K.

Alternating current (ac) experiments were performed to
probe the dynamics of the relaxation. Compound 2 was
subjected to an ac magnetic field of 3.5 Oe, oscillating at
frequencies ranging from 0.1-1500 Hz at temperatures
between 1.8-17 K. This technique again confirms the pres-
ence of magnetic blocking for 2, which indicates SMM
behavior through the temperature and frequency dependence
of both the in-phase (x) (Figure S3) and out-of-phase ()\")
susceptibility components (Figure 3). The faster experimental
timescale allows for the slow relaxation to be observed at
higher temperatures. The yy/'n.. values were found to be
temperature dependent between 4.5-9.5 K over the entire
frequency range (Figure 3, top). This indicates that the
relaxation does not cross over to a pure quantum tunneling
mechanism at temperatures above 4.5 K, contrary to what is
often observed for the majority of Ln-based SMMs where the
QTM is fast.®®12 Cole—Cole plots of y,, versus y\’, between
5-8.5 K (Figure 4, inset) revealed semicircular profiles (indi-
cating a single relaxation process), and were fitted to
a generalized Debye model with a parameters in the range
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Figure 3. Frequency (top) and temperature (bottom) dependence of
am’” for 2 in a zero applied dc field, with an ac field of 3.5 Oe.
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Figure 4. Magnetization relaxation time (t), plotted as In(z) versus T™'

for compound 2. The solid red line represents a fit to the Arrhenius

law in the thermally activated regime. Inset: Cole—Cole plots of 2 at

temperatures between 5 K and 8.5 K. The solid lines are fits of the

experimental data using a generalized Debye model.

of 0.12-0.28. This indicates a narrow distribution of relaxation
times in 2. At all temperatures, it was found that the

relaxation is thermally activated and plots of In(z) versus 1/
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Tare linear (Figure 4), which suggests that an Orbach process
is operative over the entire temperature and frequency range
investigated. Fitting the data to the Arrhenius law [t=
t,exp(Uylksg T)] yields a significant effective barrier to
magnetization reversal: U, = (77 +0.5) K (ca. 54 cm™') with
7,=51x10"%s (R=0.99).

In comparison to the Co" analogue 1, the effective
anisotropy barriers are found to be almost identical (77 K for
Cr' vs. 79K for Co™), but it was found that 1 displayed
a thermally activated mechanism only above 8.5K and
crossed over to a pure quantum regime below 2.5 K, with
a tunneling time of 0.2 s (Figure S4). This is not observed for 2
in the temperature and time-scale range of the ac experiment,
which indicates that the zero-field quantum tunneling is
significantly reduced. Because of the large thermal barrier
and lack of observable QTM, we performed variable-field
magnetization measurements to probe the relaxation time on
a longer time scale, and to search for signs of magnetic
hysteresis. It was found that using sweep rates accessible with
a conventional magnetometer (an average of 0.003 Ts™') on
a polycrystalline sample, we were able to observe magnetic
hysteresis for 2 at temperatures up to 3.5 K. Figure 5 shows

111

MINB

HIT

Figure 5. Plot of magnetization (M) versus field (H) for 2, sweeping
the field with an average sweep rate of 0.003 Ts™', at the temperatures
indicated.

the hysteretic behavior between 1.8-3.5 K, where some loss of
the magnetization is observed at 1.8 K at zero field, indicating
some QTM, which was not apparent on the much faster time
scale of the dynamic ac experiment. A large coercive field of
ca. 2.8 T is also observed at 1.8 K, and, as the temperature is
reduced, the size of the coercive field diminishes, as expected
for a SMM. This behavior is remarkably different to that of
the Co™ analogue 1; in this case, no hysteresis was observable
above 1.8K using a conventional SQUID magnetometer.
Compound 2 therefore unambiguously joins a small number
of Cr'"Ln™ based SMMs,'»*dl and displays the highest
anisotropy barrier and the longest relaxation times recorded
for such systems thus far. In fact, 2 displays properties on par
with the best performing 3d—4f SMMs, [Mn"Tb™,]"¥l and
[Co",Dy",]™ complexes, which display thermal barriers of
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103 K and 127 K and with M(H) hysteresis loops observed to
ca.4 K (sweep rate of 7x 10~* Ts™') and ca. 3 K (sweep rate of
0.2 Ts™"), respectively.

In an attempt to explain the differences between 1 and 2
and to gain further insight into the magnetization blocking of
2, fragment ab initio calculations'™* have been performed with
the CASSCF/SO-RASSI/SINGLE_ANISO approach imple-
mented in the Molcas 7.8 program package!' (for calculation
details, see the Supporting Information). The energies of low-
lying Kramers doublets and the main components of the
gtensor of the Dy ion are shown in Table S2. The main
magnetic axes (Z) on the two Dy ions are indicated in
Figure 1 by dashed lines and are parallel to each other
because of the inversion symmetry of 2. As we can see from
Table S2, the ground Kramers doublet of the Dy™ ions is
strongly axial, whereas the first excited Kramers doublet lies
at >100 cm ™, therefore, the Dy-Dy and Dy-Cr exchange
interactions will be mainly of the collinear Ising type.
Considering the exchange and dipolar interaction between
the ions, the Hamiltonian [Eq. (S1)] applies and is given in the
Supporting Information.

The magnetic susceptibility of 2 was simulated with the
program POLY_ANISO (Figure S8) using the exchange
parameters from Table 1 (fourth column). All parameters
(dipolar and exchange) from Table 1 were calculated with

Table 1: Exchange coupling parameters (cm ') between magnetic ions in
2.

Complex Calculated Fitted
2 Jd'\p Jexch Jexch J

(BS-DFT) in [Eq. (ST)] in [Eq. (1)]
Dy1-Dyl’ 2.5 1.00 1.00 -15
Cr1-Cr1’ 0.34 0.12 0.10 0.12
Dy1-Cr1 5.2 —26.0 —20.5 —20.3
Dy1-Cr1’ 5.2 —32.5 -17.0 -16.7

respect to the pseudospin §=1/2 of the Dy ions (gp, ; ca. 20),
which explains their large values. To check the validity of the
exchange interactions between the Dy and Cr ions (as
determined from fitting the data), BS-DFT calculations!"”!
were carried out by replacing the Dy with Gd ions and
keeping the atom positions the same as those determined by
X-ray analysis (details are provided in the Supporting
Information). The derived exchange coupling constants for
the Gd-Cr pairs were rescaled to the spin of the Dy ion by
multiplying them by 5/2 (spin of Dy™) and dividing by 7/2
(spin of Gd™). Then, the obtained exchange coupling
parameters were rescaled to the pseudospin '/, of the Dy
ions. The obtained exchange coupling parameters are in good
agreement with the fitted values in Equation (S1) (Table 1).

By analyzing the spin-density plots of the high-spin and
broken-symmetry-spin configurations obtained by DFT cal-
culations (Figure S5a and S5b, respectively), we concluded
that the spin polarization on the atoms bridging Dy and Cr
looks similar for both of them. Thus, the spin polarization
mechanism is likely to be irrelevant, and the obtained strong
antiferromagnetic exchange interaction in the Dy-Cr pairs is

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

due to a spin-delocalization (kinetic) mechanism. This is
confirmed by the presence of tails of chromium magnetic
orbitals (Figure S6a—c) and of some of the Gd magnetic
orbitals (Figure S7a,b) on the common bridging oxygen
atoms. This means that their non-negligible overlap leads to
antiferromagnetic interaction between electrons accommo-
dated in these orbitals. Because of strong antiferromagnetic
interactions with the Dy"™ ions, the chromium spins will
always be aligned along the Z axis (Figure 1), anti-parallel to
the ground-state magnetic moments of the Dy" ions. Thus,
the exchange Hamiltonian [Eq. (S1)] acquires a pure Ising
form, [Eq. (1)], with parameters given in the last column of
Table 1 (J is calculated from J,,., and Jg,).["

H :7JDyl—Dy1’sDyl.ZSDyl’.Z
—Jpyi-cn (SDyl.ZSCrl.Z + SDyl’.ZSCrl’.Z)
_JDyl—Crl’ (SDyl.zSCrlnz + SDylthCrl.z)

*JCrl.LC:]f,zSCrl.ZSCr]/,Z

The resulting exchange spectrum is given in Table S3, and
the low-lying doublet states are shown in Figure 6. The
tunneling splitting of each doublet is very small (Table S3),

60 1+ 13+
12t =13k
10: =g,
0.2-12 By
50 T
& Crm—Tt
<
40+ S )
= 1 20°6 e D) A,,.=8.5x107 cm™! g 6+
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Figure 6. Low-lying exchange spectrum and the position of the mag-
netization blocking barrier (dashed green line) in 2. Each exchange
state is placed in accordance with the value of its magnetic moment
(bold black lines). The horizontal blue arrows show the tunneling
transitions within each doublet state (A,,, are the corresponding
tunneling gaps), whereas vertical arrows (red and dark-green) show
the spin—phonon transitions (the numbers are averaged transition
moments in ug connecting the corresponding states).

and therefore the ground-state and thermally-assisted QTM
are efficiently suppressed. The relaxation of magnetization is
therefore expected to occur through a spin-phonon mecha-
nism through the excited states indicated by red arrows in
Figure 6. Following a recent proposal,’® the relaxation path
can be outlined by connecting exchange states having the
largest transition magnetic moments (red numbers in
Figure 6). Thus, the derived blocking barrier (green dashed
line in Figure 6) matches well with the experimentally
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extracted barrier (U= 54 cm™"). Despite being of compara-
ble height, the activation barriers in 1 and 2 are of different
origin. The barrier in 2 is of a multilevel-exchange type,
whereas in 1 it originates from one excited state on individual
Dy™ ions."”! This explains the considerably longer relaxation
times in 2 (Figure 4) compared to 1,'% and the lack of
remnant magnetization in the latter.

In summary, we have synthesized a rare Cr''-Dy'" single-
molecule magnet with a substantial thermal energy barrier to
magnetic reorientation of 77 K (54 cm™). This barrier is
similar to that observed for the analogous Co™-Dy™
example 1; however, the inclusion of the paramagnetic Cr'™
ion in 2 allows for the observation of magnetic hysteresis with
large coercive magnetic fields, which is absent in the Co™
case. This is a consequence of the exchange interaction
between the Dy™ and Cr'™ ions, resulting in the barrier of 2
being of a multilevel exchange type,'¥ with significantly
reduced QTM, which leads to considerably longer relaxation
times; in 1, however, the barrier originates from one excited
state on individual Dy ions, and therefore shorter relaxation
times are observed. These results highlight the importance of
exchange coupling in lanthanide-based single-molecule mag-
nets, as well as the use of ab initio techniques to elucidate the
experimentally obtained results.
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