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Research efforts in the quest for new single-molecule magnets
(SMMs) have increasingly focused on systems either based on
or else incorporating 4f ions.!! For most pure 3d systems, and
especially those containing the Mn™ ion such as the original
Mn,,-Ac coordination cluster, spin reorientation is blocked
when the ground state spin (S) combines with uniaxial
magnetic anisotropy (D) to give an energy barrier to magnetic
relaxation with the superexchange interactions between the
metal centers leading to a molecular spin ground state and
a molecular anisotropy.>? The resultant exchange-based
blocking of magnetization can be analyzed using a giant
spin model.”! In systems incorporating highly anisotropic 4f
ionsl it has become clear that magnetic interactions between
4f ions are weak and generally dipolar in nature. Here the
single-ion spin and anisotropy become of greater relevance.
For example, recent calculations on a Dy, SMM showed that
the blocking mechanism largely arises from the individual
Dy"™ ions with exchange-based behavior only seen at very low
temperatures.’! In systems combining 3d and 4f ions the aim
is to embed highly anisotropic 4f ions into an exchange-
coupled molecular 3d system, since 3d—4f interactions can be
intermediate in magnitude between 3d-3d and 4f—4f. How-
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ever, analysis of the origins of the blocking mechanism in such
systems is not straightforward and can generally only be
achieved through detailed ab initio calculations, such as we
recently reported for a Cr,Dy, SMM.) We now present
a SMM comprising two Co" and two Dy™ ions for which we
can demonstrate the novel situation of single-ion blocking of
the Dy" ions at higher temperatures with a crossover to
molecular exchanged-based blocking at low temperatures.

Reaction of Dy(NOs;);-6 H,0, Co(NO3),-6 H,O, H,L and
Et;N in the molar ratio 1:1:2:4 in MeOH gives crystalline red
powder which was recrystallized from THF giving pink
crystals of [Co,Dy,(L),(NO;),(THF),]-4THF (1) in 75%
yield. H,L is the Schiff-base we previously described!”!
resulting from condensation of o-vanillin and 2-aminophenol
to give a “pocket ligand” capable of binding two different
types of metal ion (see Figure S1 in the Supporting Informa-
tion).

Compound 1 crystallizes in the triclinic space group P1
with Z =1. Within the core of the centrosymmetric complex,
the metal ions are linked by four (L)?~ ligands in the butterfly
(or defect-dicubane) topology (Figure 1). One of the two

Figure 1. Molecular structure of the Co,Dy, complex in 1.

crystallographically independent ligands chelates Dy(1)
through its imine nitrogen and the two phenolate oxygens
O(1) and O(3) (corresponding to pocket I, see Figure S1 in
the Supporting Information). Co(1) and Co(1’) are linked
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through a p;-OR-bridge from the phenolate O(3) which also
connects to Dy(1) to form a Co,Dy triangle. The other ligand
chelates Co(1) through pocket I as well as the O(4) and O(5)
donors of pocket IT which also coordinate Dy(1) with the
(amino)phenolate O(6) bridging to Dy(1’). The ligand and its
inversion equivalent provide p-OR bridges along the four
outer edges of the Co,Dy, rhombus with a chelating nitrate on
Dy™ and the O(10) oxygen of THF Co" completing the
respective coordination spheres. Co(1) has a slightly distorted
octahedral geometry with an O;N donor set whilst the O,N
donor set about Dy(1) is close to pentagonal-bipyramidal
geometry if we regard the chelating nitrate as a single donor
(similar cone angle as for a chloride) on an axial site
(Figure S2 in the Supporting Information). The complexes
are surrounded by lattice THF molecules which prevent any
intercomplex m—m stacking and the intermolecular Dy--Dy
distances are over 10 A. Full details of the structure are in the
Supporting Information with selected bond lengths and
angles in Table S2.

The magnetic data of 1 were collected on a powdered
polycrystalline sample. The dc y T product under applied
direct current (dc) magnetic fields ranging from 0.01 to 1 T in
the temperature range of 1.8 to 300 K (Figure 2) show that
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Figure 2. x T versus T at different applied dc fields. Inset: M versus H and
M versus H/T plots at indicated temperatures. Experimental data: unfilled
symbols; solid lines: ab initio calculated magnetism (see text for details).

with decreasing temperature, the yx7 product slightly
decreases from 300 to 55 K, then sharply increases to 3 K
before decreasing again down to 1.8 K. The behavior between
55 and 3 K suggests intramolecular ferromagnetic interactions
dominate. The room-temperature y7 value of about
35.3 cm’Kmol ™" per molecule is higher than the expected
value of 32.1 cm’ Kmol ' (Co™: §=3/2,g=2;and Dy™: S =5/
2, L=5, ‘His,, g,=4/3) consistent with the presence of
ferromagnetic interactions with some contribution from the
unquenched orbital contribution from the Co" ions.®! The
field dependence of magnetization (Figure 2, inset) below 5 K
abruptly increases below 0.5 T confirming the presence of
ferromagnetic interactions in 1. At higher field the magnet-
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ization curve follows a linear slope and reaches 15.2 ug
without saturation even up to 7 T, suggesting the presence
of low-lying excited states and/or magnetic anisotropy in
1'[9.10]

The strong temperature and frequency dependences of
the in-phase (') and out-of-phase (") alternating current
(ac) susceptibility signals under zero dc field (Figure 3 and
Figures S4 and S5) are characteristic of SMM behavior. The
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Figure 3. a) Logarithm of the relaxation time 7 plotted as a function of
1/T. Empty circles refer to the data extracted from the ac out-of-phase
signal and full squares to those extracted from dc magnetic decay
measurements. The lines represent Arrhenius fits to the data in the
temperature range 1.6-8 K and 18-22 K, yielding AE;=11.0cm ™",
7,=7.7x107*s, and AE,=82.1cm ™', 1,=6.2x107" s, respectively.

b) Frequency dependence of the ac out-of-phase susceptibility for T=2
to 25 K. ¢) Dc magnetization decay curves for T=1.6-2.6 K.

frequency dependence of the ac susceptibility was analyzed
using the Debye model to extract the relaxation time 7z,
plotted as a function of 1/7 in Figure 3a. There are two
thermally activated regimes with AE;=11.0cm™! and 7, =
7.7x10*s in the temperature range 1.6-8 K and AE,=
82.1cm ' and 7,=6.2x 107" s between 18 and 22 K. Notably,
the regime of quantum tunneling of magnetization is still not
achieved within the investigated temperature domain. A
nearly symmetrical Cole-Cole (Argand) plot results between
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5 and 21 K (Figure S5). Fitting the diagram at each temper-
ature to the generalized Debye model leads to a parameter
a ranging from 0.024 to 0.012 over the temperature range 8-
15 K, while in the high-temperature regime above 18 K the
parameter o is found to be always less than 0.009 (Figure S5,
Table S3) indicating a very narrow distribution of relaxation
times for each process.

To confirm the SMM behavior, hysteresis loops were
recorded using a micro-Hall magnetometer for which a suffi-
cient range of sweep rates is available! on a crystal well
coated in Apiezon grease. Even if such a crystal fractures on
cooling the grease prevents any movement of the fragments
and the measurements correspond to those on aligned single
crystallites. Hysteresis was clearly observed below 3 K at
a sweep rate of 235mTs™'. The coercive fields of the
hysteresis loops increase with decreasing temperature and
increasing field sweep rates (Figure 4 and Figure S6). The
loops display steplike features below 1.5 K, indicating that
resonant quantum tunneling occurs below this temperature.
Time decay measurements of the dc magnetization were
performed in zero magnetic field on a single crystal of 1in the
temperature range 1.6 to 2.6 K (Figure 3¢). The data could be
fitted well using single-exponential time decay curves.
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Figure 4. Temperature-dependent magnetic hysteresis loops of 1 below
4 K and a sweep rate of the external magnetic field of 235 mTs™".

Fragment abinitio calculations using the previously
described MOLCAS program package!'” were performed
on 1 (see also the Supporting Information).['* The calculated
lowest energy levels on the Co®" and Dy*" centers in 1 are
given in Table 1 and the dashed lines in Figure 5 show the
resulting orientation of the local anisotropy axes on Dy*" ions
with respect to the molecular frame in 1.

The exchange interaction in 1 was calculated within the
Lines model (see the Supporting Information for details).""
Table 2 shows the spectrum of the lowest exchange levels.
These levels are grouped into doublets split by an amount A,
because of the even number of electrons in 1. Such Ising
doublets are characterized by one single direction of magnet-
ization Z, which varies according to the doublet and zero
transversal magnetization (gy=gy=0). On the other hand,
the inversion symmetry of the complex, according to which
the anisotropy axes on the opposite ions in 1 are parallel to
each other in addition to the predominant Ising interaction,
makes some of the exchange doublets in Table 2 nonmagnetic

(g2=0).
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Table 1: Energy (cm™') of the lowest Kramers doublets on individual
magnetic centers in 1. Only the states corresponding to the free ion ‘T
term on Co®" and to the multiplet /] =15/2 of the free ion Dy** are
presented.

Dy Co
0.0 0.0
192.6 109.1
307.7 1045.5
386.2 1276.2
430.9 1624.0
509.0 1750.8
565.8
627.9

main values of the g tensor of the lowest Kramers doublets
gx=0.005 gx=1.89
gy=0.008 gy=3.24
g,=19.53 g,=6.74

Figure 5. Main anisotropy axes (dashed lines) on Dy and Co ions and
local magnetizations (arrows) in the ground state in 1.

Table 2: Lowest exchange spectrum (cm™') arising from the exchange
interaction of the lowest Kramers doublets on magnetic centers in 1.

Energy A, gz
0.0 1.7x107°° 49.4
12.5 7.8x107° 0.0
13.4 5.9%x10°° 0.0
15.9 1.4x107° 39.5
17.9 8.4x1077 0.0
20.1 7.0x1077 39.7
20.5 1.4x1077 0.0
26.5 3.7x107° 31.8

This arises because for these doublet states, the magnetic
moments on the two Dy™ and two Co" ions point in opposite
directions and completely compensate each other. In contrast,
in the ground exchange doublet they are parallel to each other
(Figure 5) resulting in a large magnetic moment u, = 1/2 g, ug,
g,="24.7 ug (Table 2). As a result of the exchange interaction,
local magnetizations on the Co™ ions make an angle of about
13.2° with the main anisotropy axis g, of the ground Kramers
doublet, while on Dy™ this angle is only 0.3° (Figure 5). A
comparison of measured and calculated magnetism is shown
in Figure 2.

Table 2 shows that the ground exchange doublet is
characterized by a relatively small tunneling gap, which
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explains why quantum tunneling of magnetization is sup-
pressed until very low temperatures are reached (Figure 3).
The fourth exchange doublet has a tunneling gap of the order
107° cm™!, which opens the channel for tunneling relaxation of
magnetization through this state.'! We can, therefore,
associate the height of the barrier (11.0cm™) to the
relaxation regime at T<18 K (dashed line in Figure 3a)
with this state.

On the other hand the Arrhenius regime of relaxation
observed at 7>18K (solid line in Figure 3a) cannot be
associated with the exchange states since the highest of these
states (26 cm !, Table 2) lies much lower than the value of the
extracted barrier (82 cm™'), meaning that this regime must be
associated with relaxation through excited Kramers doublets
of individual metal ions, as previously inferred for some Dy
complexes.'®! The condition for this relaxation regime to be
observed in ac measurements is wt,~ 1, where 7,(T) is the
intraionic relaxation time and w is the frequency of the ac
field. Table 1 tells us that the Dy" ions are much more axial
(g, gy << g) than the Co" ions and, therefore, should possess
much longer relaxation times. Hence, for @ <1000 Hz the
observed maximum of y”(w) at 7>18 K (Figure 3b and
Figure S4) should be attributed to the intraionic relaxation
through the Dy" ion.'"! As additional confirmation of a very
fast relaxation on the Co" ions in 1, the ac measurements
made on the isostructural compound Co,Y, show a zero out-
of-phase signal. The calculated lowest excitation energy on
the Dy™ sites (Table 1) is higher than the estimated height of
the barrier for this regime, which probably results from the
lack of sufficient temperature points being taken in the high-7
region in Figure 3 as a result of instrumental limitations.!!

The two relaxation regimes can also be seen in the
temperature dependence of y'(w)T for w>1000Hz
(Figure 6). The downturn of y'T from the isothermal curve
at 1500 Hz can be associated with quenching of intraionic
relaxation mediated by Dy™ ions when wtp(7) becomes
> 1.1 The y'T value drops with approximately constant slope
by a value roughly corresponding to the contribution of two
Dy™ ions, this corresponding to the regime where the single
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Figure 6. Temperature dependence of the DC susceptibility ' times
temperature Tof 1 (A), the in-phase ac susceptibility ' times T for
the frequencies 1, 20, 50, 100, 200, 400, 800, and 1500 Hz from left to
right (O and empty star), and the measured y T value of Co,Y, (H).
Also shown (horizontal line) is the x T value as determined from the
room-temperature Curie constant of Co,Y, plus two times that of

a free Dy" ion.
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ion contributions dominate. At lower temperatures, the
further drop of y'7, but with a shallower slope (Figure 6) is
where the presence of the Co™ ions becomes important and
can be attributed to the exchange-blocked relaxation regime
where the cooperative coupling of the 3d and 4f ions
dominates.

Such a switch to the exchange-blocked relaxation regime
at low temperatures has been inferred recently for Dy,
complexes.’! Here, however this can be unambiguously
identified since for 1 (Figure 3) the two regimes on the In(7)
versus 1/T curve can be observed thanks to the 10-times larger
exchange splitting of the low-lying levels seen here compared
with the Dy, complex. This is a direct result of the presence of
the 3d ions and allows us to come to the important conclusion
that the observation of two curves of different gradient, as
seen in Figure 3, can be taken as the signature of mixed 3d—4f
SMMs. A similar, but more dramatic, behavior is expected in
mixed 4,5d—4f complexes, which in addition will possess
larger exchange barriers than 1 because of more diffuse
magnetic orbitals on the transition-metal ions and, therefore,
should be regarded as most promising for the design of
effective and efficient SMMs.

Experimental Section

Crystallography: Structures solved and refined using SHELXTL
6.14.1 1: CyHy,Co,Dy,N¢O,, (1964.46 gmol™), triclinic, P1, a=
11.7308(9), b=13.2206(11), c¢=14.9021(12) A, a=109.568(7), f=
93.391(6), y=113.742(6)°, V=1951.03) A>, T=150Q2)K, Z=1,
0.=1.672gem™>, F(000)=992, u(Mo-Ka)=2.393mm'. 16703
reflections measured, 9316 unique (R;,=0.0256), refinement (510
parameters) to wR,=0.1060, S=0.997 (all data), R, =0.0411 (8192
data with I>20(I)), largest peak/hole 0.86/—2.46eA3 2:
CgoHy,Co,NO,,Y, (1817.28 gmol™), triclinic, P1, a=11.7437(12),
b=13.2227(13), ¢ = 14.9685(14) A, & =109.024(6), f =93.149(8), y =
113.694(7)°, V=1956.5(3) A>, T=180Q2)K, Z=1, p.=1.542 gcm,
F(000) =938, u(Mo-Ka)) =1.968 mm™'. 13449 reflections measured,
8261 unique (R;,=0.0209), refinement (510 parameters) to wR,=
0.1006, $=0.972 (all data), R, =0.0378 (7037 data with /> 20([)),
largest peak/hole 0.74/—0.55 ¢ A=>. CCDC 853440, 853441 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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