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{CoIII
2Dy

III
2} single molecule magnet with two

resolved thermal activated magnetization
relaxation pathways at zero field†

Alejandro V. Funes,a Luca Carrella,b Eva Rentschlerb and Pablo Alborés*a

The new complex [CoIII
2Dy

III
2(OMe)2(teaH)2(Piv)6] in the {CoIII

2-

DyIII2} family, shows two well resolved thermal activated magneti-

zation relaxation pathways under AC experiments in zero DC field.

Fitted crystal field parameters suggest that the origin of these two

pathways relies on two different excited mJ sub-levels.

Recent years have witnessed rapid growth and success in the
field of lanthanide-based single molecule magnets (Ln-SMMs)1

after the discovery that lanthanide mononuclear complexes
can exhibit slow relaxation of the magnetization at liquid nitro-
gen temperature.2 This result was fascinating as the slow relax-
ation was found to originate from a single metal ion and
subsequent related SMM complexes with larger energy barriers
were developed.3 This has been highlighted with several recent
examples of polynuclear compounds displaying large thermal
energy barriers such as {Dy5}, {Dy4} complexes,4 with many
other compounds displaying impressive properties.4b,5 An
important aspect of these complexes is the small but signifi-
cant perturbation that the ligand field has on the spin–orbit
coupled ground J state in relation to the observed SMM
properties.1c,6

Very recently a series of {CoIII2Dy
III

2} SMMs have been
reported exhibiting a wing alternated butterfly core: [CoIII2-
DyIII2(OMe)2(teaH)2(O2CPh)4 (L)2][X]2 (L = MeOH or NO3

− and
X = NO3

−);7 [CoIII2Dy
III

2(OR)2(teaH)2 (acac)4(NO3)2], R = H, Me8

and [CoIII2Ln
III

2(OH)2(bdea)2(acac)2(NO3)4]; teaH3 = triethano-
lamine, bdeaH2 = n-butyldiethanolamine.9 SMM behaviour
was observed for them with large anisotropy barriers spanning

a wide energy range (22–117 cm−1) with reduced QTM time-
scales at low temperatures. The coordination sphere around
the DyIII ions in these cores was found to be eight coordinate
with distorted square antiprismatic (SAP) geometries and
different degree of distortion as evaluated with SHAPE
routine.10 From these reports it appears that the dynamic
behaviour is strongly influenced by slight modifications in co-
ordinated ligands around the DyIII sites.

In this communication we are reporting a new member of
this growing family of compounds with formula: [CoIII2-
DyIII2(OMe)2(teaH)2(Piv)6] (1), Piv = trimethylacetate, as well as
preliminary magnetic studies including magnetization
dynamic relaxation ones. The reaction of Co2(μ-H2O)-
(Piv)4(HPiv)4 and Dy(NO3)3·xH2O with teaH3 in MeCN
(Scheme 1) afforded blue crystals of 1 (see ESI†). Compound 1
(Fig. 1) is a heterometallic 3d/4f complex consisting of two
CoIII and two DyIII ions, with the asymmetric unit of the tri-
clinic P1̄ cell consisting of half of the molecule which lies
upon the crystal inversion centre, thus making both DyIII and
CoIII coordination spheres strictly equivalent. The metals core
displays a butterfly like arrangement with wings at opposite
sides of the body core. The CoIII ions are at the outer ‘wing’
positions while the DyIII ions at the body sites. Each DyIII ion
is coordinated via two μ3 methoxide ligands, two μ2-O atoms of
the opposing doubly deprotonated teaH2− ligands, two μ2-O
atoms of also opposing pivalates and finally by both O atoms
of a κ2-capping pivalate. The coordination environment

Scheme 1 Compound 1 synthesis reaction scheme.

†Electronic supplementary information (ESI) available: X-ray crystallographic
data in CIF format, experimental section, magnetic data and their analysis
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data information. CCDC 958224. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c3dt52765d
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around the DyIII ions differ from the previously reported
related complexes in that the four distinct coordination sites
(besides the shared methoxides and teaH2−) are all occupied
by carboxylate donor O atoms (Fig. 1 ESI†). The crystallogra-
phically unique DyIII ion in 1 is eight coordinate with a dis-
torted SAP geometry and average Dy–O distance of 2.373 Å.
This value is in the middle of the range span by all the other
{CoIII2Dy

III
2} (2.365 Å–2.380 Å).7–9 Analysis of its coordination

geometry, with SHAPE shows a continuous shape measure
(CShM) of 1.890. This value is the second highest among the
CShM’s found for the previously reported {CoIII2Dy

III
2} com-

plexes, which displayed values ranging 0.865–2.305. Values of
CShM between 0.1 and 3 usually correspond to a not negligible
but still small distortion from ideal geometry.10 The CoIII ions
are in a six coordinate, octahedral environment, with Co–O
bond distances ranging 1.881–1.935 Å and a Co–N bond dis-
tance of 1.990 Å, characteristics of CoIII oxidation state. Hydro-
gen bond interactions between the protonated O of the teaH2−

ligands and the neighbor molecule κ2 bonding pivalate ligand,
held molecules of 1 in chains running along c-direction (Fig. 2
ESI†). The inter-molecular closest Dy⋯Dy distance of 9.308 Å
is twice larger than the intra-molecular Dy–Dy distance,
4.097 Å; and is not mediated through these H-interactions, but
just through the tert-butyl van der Waals interactions among
chains. Dy⋯Dy distance along chain direction is even larger
with a value of 12.204 Å.

Direct current (DC) magnetic susceptibility measurements
were performed on a single crystal crop of 1 in the temperature
range 2–300 K and in an applied field of 1 kOe under two
different situations: without preventing crystallites free move-
ment and preventing it by silicone grease embedding (Fig. 3
ESI†). The room temperature χmT value of the fixed sample,
25.1 cm3 K mol−1 is close to the expected value of 28.4 cm3 K
mol−1 for two non-interacting DyIII ions (6H15/2, S = 5/2, L = 5,
J = 15/2 and gJ = 4/3, χmT = 14.2 cm3 mol−1 K) under spherical
symmetry. Upon cooling, the χmT value falls gradually, down
to ∼30 K, before plummeting to reach a value of 15.1 cm3

mol−1 K at 2 K. This behavior is attributed to the depopulation
of the crystal field split mJ sublevels, with also a possible onset
of weak antiferromagnetic exchange and dipolar interactions
mainly contributing at very low T. The χmT vs. T data profile of

the “movable” sample is noticeably different suggesting field
alignment of crystallites due to magnetic moment torquing.
The room temperature χmT value clearly above the one
observed for the fixed sample together with the increasing
values upon cooling support a crystal field stabilizing higher
values of mJ in detriment of lower ones.

The M vs. H isotherms plots (Fig. 4 ESI†) at low tempera-
tures, show a rapid increase in M below 10 kOe, before saturat-
ing at values of 10.5 and 21Nβ for the restrained and
unrestrained samples, respectively. The abrupt saturation in
the case of unrestrained sample at 21Nβ, is a strong evidence
that the crystal field stabilizes a ground state with maximum
mJ projection, as the expected saturation value for a completely
oriented sample along the main quantization axis for mJ =
±15/2 with gJ = 4/3 is exactly 10Nβ in close agreement with experi-
mental one, as two equivalent DyIII ions must be considered.

It is possible to account for all these DC magnetic data be-
havior with the Hamiltonian of an isolated magnetic moment
J = 15/2 and a crystal field term expressed as Stevens equivalent
operators (see ESI† for details).1c The agreement with experi-
mental data, employing just two CF parameters of all possible
allowed for a close to SAP (D4d) geometry in order to avoid
over-parameterization, B02 = −2.4 cm−1; B04 = 2.9 × 10−3 cm−1, is
more than satisfactory (Fig. 3 and 4 ESI†). The lowest tempera-
ture data can be well account for, by adding a HDVV exchange
interaction term (which operates only over spin component of
states: |JmJ〉)

Ĥ ¼ �2JexcŜ1Ŝ2

between both DyIII ions, affording a Jexc = −0.046 cm−1. Note-
worthy, magnetization data is also well reproduced consider-
ing an isolated effective Seff = 1/2, with geffz = 20, supporting
two extremely weak exchange coupled, Ising mJ = ±15/
2 Kramers doublets, as ground state. A similar picture was
found, through CASSCF/RASSI theoretical calculations over
one of the previously reported {CoIII2Dy

III
2} compounds.7 In

view of these results, χmT data below 30 K can be alternatively
well fitted considering two interacting Seff = 1/2 with an Ising
exchange term (see ESI†). The obtained parameters in this
case are geffz = 19.7 and Jeffexc = −1.24 cm−1. Both found exchange
parameters are in agreement with the expected 25 multiplica-
tive factor linking them due to the S = 5/2 relationship with
Pauli matrices.

As found in the other {CoIII2Dy
III

2} systems,7–9 slow relax-
ation of magnetization at low temperature, is also observed in
complex 1. Alternating current (AC) magnetic susceptibility
measurements show dependence of the in-phase (χ′m) (Fig. 5
ESI†) and out-phase (χ″m) (Fig. 2 and Fig. 6 ESI†) components
of the susceptibility in zero DC field. Noticeably and differing
from the behavior observed in all previously reported {CoIII2-
DyIII2} compounds, two well resolved peak maxima in χ″m are
observed up to 9.5 K, with Cole–Cole plots constructed
between 2.5–9.5 K, revealing two convoluted semicircular plots
and reflecting two single relaxation mechanisms with large
differing timescales (Fig. 3, inset). They can be fitted to a

Fig. 1 The molecular structure of 1. Hydrogen atoms are omitted for
sake of clarity. Ellipsoids drawn at 30% probability level.
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generalized Debye model including two relaxation pathways,11

with α parameters in the range 0.03–0.18 between 5 and 8 K,
indicating narrow distribution of relaxation times. From these
fittings, relaxation times at different temperatures are sepa-
rately obtained for the two observed pathways. Both prove ther-
mally activated and ln(τ) vs. 1/T plots are linear in the range
4.5–7.5 K for the fast one (F) and in the range 7.5–9.5 K for the
slow one (S) (Fig. 3). Deviation from linearity in the case of S
can be attributed to a regime where both thermal and QTM
mechanisms occur simultaneously. In fact, an excellent fit over
all temperature range is obtained through a law

1
τ
¼ 1

τ0
exp �Ueff

kT

� �
þ 1
τQT

with parameters: Ueff = 51 K; τ0 = 6.1 × 10−7 s and τQT =
7.3 s. In the case of F, deviation of linearity cannot be attribu-
ted to QT, instead it could be ascribed to a switch from an

Orbach to a Raman relaxation mechanism.12 Fitting data in
the 7.5–9.5 K range to the law,

1
τ
¼ 1

τ0
exp �Ueff

kT

� �
þ CRamT5

affords Ueff = 127 K; τ0 = 1.2 × 10−9 s; CRam = 1.7 × 10−3 para-
meters with very good experimental agreement (Fig. 3).

It is interesting to compare the parameters featuring the
dynamic behaviour of compound 1 with the reported for the
other {CoIII2Dy

III
2} complexes.7–9 After a closer inspection of

the reported data (see ESI†) it seems that for some of them a
related behaviour, possibly masked, could be envisioned.
Remarkably, the main distinction between complex 1 dynamic
behavior and the other {CoIII2Dy

III
2}, is the unambiguously

observation of two well resolved thermal activated magnetiza-
tion relaxation pathways under zero DC field. In contrast, only
upon setting an external DC magnetic field, a second well
resolved pathway can be observed in some of the previously
reported {CoIII2Dy

III
2} complexes.8

Is it possible in the case of complex 1 to gain some insight
about the origin of the two different relaxation pathways? Our
preliminary working model of the two relaxation pathways in 1
relies on the analysis of energy levels obtained from crystal
field parameters (Fig. 8 ESI†). Thermal barriers for pathways
fast relaxing through mJ = ±13/2 and mJ = ±11/2 from ground
state should be 39 and 104 cm−1. These values compare quite
well with Ueff = 35 and 88 cm−1 values obtained from AC data.
Moreover, when including the small exchange interaction
term, a more complex energy level splitting is obtained,
appearing singlets levels together with doublets. Now, a singlet
becomes the ground state, with the first doublet at only
1.1 cm−1 above; followed at 38 cm−1 by a second doublet, and
here could be the first thermal barrier; 1 cm−1 above lie two,
very close in energy, additional doublets, followed at 39 cm−1

by a new singlet, and this could be the second thermal barrier
(Fig. S9†). Thus now, expected barriers shift to 38 and
77 cm−1, with close lying states bearing small geff values
(resembling low mJ projections) favouring fast relaxation
through the barrier. Some reported examples of Dy2 systems
can be found where two relaxation pathways can be observed,
however all of them correspond to examples with two non-
equivalent Dy sites.13 Dilution experiments with YIII iso-
structural complexes have been proven to be a powerful tool to
test the role of exchange interaction in the dynamic properties
of these systems.14 In the case of complex 1, in spite of our
efforts, we have yet not been able to crystallize the isostructural
YIII analogue. It seems to crystallize preferentially in a different
crystal system.

Conclusions

With complex 1 we are showing the first example of this
{CoIII2Dy

III
2} family with two evident relaxation pathways at

zero DC field not ascribable to different DyIII sites. It is poss-
ible that more than one pathway are also operative in some of

Fig. 2 Temperature dependence of the out of-phase AC susceptibility,
χ’’m of 1 in a zero DC magnetic field at different driving field frequencies.

Fig. 3 ln τ vs. T−1 plots (open symbols) together with best fitting plots
(full line) according to the different Arrhenius type expressions discussed
in the text. Circles: S process; squares: F process. Inset: Cole–Cole plots
(circles) with best fitting (lines).
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the other related {CoIII2Dy
III

2} compounds.7,9 However, as far
as not well resolved out of phase maxima become evident, it is
difficult detecting them. Transversal crystal-field components
cannot be completely ruled-out in this complex and they surely
may be impacting on magnetization relaxation dynamic.
However at this preliminary level it is not possible to account
for them. More studies are needed to test our suggested expla-
nation about the origin of the different observed relaxation
pathways at zero field. Work on this issue as well as in extend-
ing the DyIII example to the other LnIII ions is in progress and
will be reported in a close future.
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