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Dysprosium-oxide clusterfullerene Dy,0@C,,(5)-Cgo is a single-
molecule magnet featuring antiferromagnetic superexchange
Dy- - -Dy coupling via the p,-O?~ bridge, the strongest of its kind
among {Dy,} complexes with non-radical bridges.

The inner space of fullerenes allows stabilization of species
comprising several metal and non-metal atoms. This turns
endohedral metallofullerenes (EMFs) into a natural laboratory
for the study of interactions in model systems, which can
hardly be obtained by conventional chemical means." For
instance, short-distance bonding of endohedral lanthanide
ions with non-metal ions, such as C*~ (ref. 2), N°~ (ref. 3),
0° (ref. 4-6) or S~ (ref. 7 and 8), leads to the strong magnetic
axiality beneficial for single-molecule magnets (SMMs)’ and
earned EMFs a visible place among SMMs.'° At the same time,
confining two lanthanide ions inside a limited space of a
carbon cage enhances their interaction and allows exploring
the limits of exchange coupling between lanthanide magnetic
moments. The first experimental studies of Dy-oxide cluster-
fullerenes Dy,O@C,, revealed that their SMM performance and
Dy---Dy interactions vary considerably with the fullerene
cage.”” Here we report on the isolation of a new Dy-oxide
clusterfullerene, Dy,0@Csgy, and demonstrate that the SMM
behaviour in this molecule is combined with the strongest
antiferromagnetic Dy---Dy exchange interactions among Dy
molecular magnets.
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Metallofullerene single-molecule magnet
Dy,0@C,,(5)-Cgo With a strong antiferromagnetic
Dy- - -Dy couplingf¥

% Wei Yang,#°° Yang-Rong Yao,” Svetlana M. Sudarkova,*

*@ Ning Chen @2 *° and Alexey A. Popov () *?

Dy,O@Cg, Was synthesized by an arc-discharge method and
isolated by HPLC (see ESIY). Its molecular structure was deter-
mined by single-crystal X-ray diffraction of a co-crystal with Ni"
octaethylporphyrin (OEP).§ The fullerene cage coordinated by
Ni(OEP) (Fig. 1a) is ordered and allows unambiguous assignment
of the Cyy(5) isomer, which is typical for Cgy-based EMFs with
4-fold electron transfer and was first identified in Sc,C,@Cgo,'*
and then in Sc,0@Cs,"” Er,C,@Cso,"> and Lu,@Cgo."* Dy atoms
are disordered over 10 sites. For the two sites with the highest
occupancy of 0.38 and 0.36, the Dy-O-Dy angle is 154.2(3)° and
the Dy-O distances are 1.999(5) and 2.005(5) A. Since the disorder
reduces the reliability of the structural parameters, DFT computa-
tions were performed to analyze possible positions and geome-
tries of the Dy,O cluster in Dy,O@Cso.9 Optimization of 120
uniformly distributed starting cluster orientations inside Cgo
resulted in only 4 unique conformers (see ESIT). The most stable
one (Fig. 1b) coincides with the major Dy,O cluster orientation in
the X-ray structure. The DFT-optimized Dy-O-Dy angle is 145.2°,
whereas the Dy-O bonds are 2.040 and 2.052 A long.

The molecular structure of Dy,O@C,,(5)-Cg, is further corro-
borated by spectroscopic studies. Excellent agreement between

Fig. 1 (a) The Dy,O@C,,(5)-Cgo-NiOEP moiety in the single crystal (30%
probability ellipsoids); major Dy sites are shown in intense green, minor
sites — pale green. (b) The lowest-energy DFT-computed conformer;
green arrows show the directions of the Dy magnetic moments predicted
by ab initio calculations.
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Fig. 2 (a) The experimental IR spectrum of Dy,O@Cgo compared to the
DFT-computed one for isostructural Y,O@C,,(5)-Cgg; the arrow denotes
the Dy-0 stretching mode. (b) Vis-NIR absorption spectrum of Dy,O@Cgq
in CS,; the inset shows the cyclic voltammogram of Dy,O@Cgq in 0-DCB/
TBAPFe.

experimental and calculated IR spectra supports the structural
elucidation and enables the assignment of individual vibrational
modes. The antisymmetric Dy-O stretching vibration is found at
693 cm !, within the range of 680-700 cm™* found for this mode
in other Dy,O@C,, clusterfullerenes (2n = 72, 74, and 82).** For
comparison, Dy-O stretching vibrations in the matrix-isolated
Dy-O species are found in the range of 600-850 cm™"."*

The vis-NIR absorption spectrum of Dy,O@Cg, with a strong
feature at 600-700 nm resembles those of other EMFs with a
C14(5)-Cg carbon cage." ™ Dy,0@Cjs, exhibits electrochemical
activity with two oxidation and four reduction steps (Fig. 2b).
The redox potentials (Table 1) and electrochemical gap of
Dy,O@Cg are close to Sc,0@Cgo, but show a more pronounced
difference to Sc,C,@Cgo and Er,C,@Cg, pointing to the invol-
vement of the endohedral cluster in the redox processes.

The magnetic properties of powder Dy,O@Cg, were studied
by SQUID magnetometry. Temperature-dependent magnetiza-
tion measurements for field-cooled (FC) and zero-field cooled
(zFC) samples show a peak in the ZFC curve at 5 K, but the
bifurcation of the ZFC and FC curves happens at a higher
temperature, near 11-12 K. Magnetic hysteresis of Dy,O@Csg, is
open up to 6 K (sweep rate of 2.9 mT s~ '). The shape of the
hysteresis curves is quite remarkable. At 1.8 K, the coercivity is
0.65 T, but the hysteresis loop is open between -5 and 5 T.
Besides, the curves measured during the field decrease show a
pronounced inflection near 2 T (Fig. 3).

The magnetodynamics of Dy,O@Cg, were evaluated by DC
measurements of magnetization relaxation times, 1. The
sample was magnetized at 7 T, and then the field was quickly
swept to a required value, and then the decay of magnetization

Table 1 Redox potentials? of Dy,0@C,,(5)-Cgo and other EMFs with a
C,(5)-Cgp cage

EMF Ol OI RI R-II RII  RIV  Gapgc
Dy,0@Cs 0.67 0.27 —0.81 —1.19 —-1.98 —2.24 1.08
Sc,0@Cgo'> 0.56 024 —0.89 —1.48 -1.75 -1.96 1.13
Sc,Co@Cgo't 041 —-0.74 -1.33 —-1.71 —2.04 1.15
Er,C,@Cgo " 0.46 —0.80 —0.98 —1.77 —2.09 1.26

“ Measured in TBAPFg/o-dichlorobenzene and referred versus Fe(Cp),™°.

This journal is © The Royal Society of Chemistry 2022

View Article Online

ChemComm

1.0

0.5

Fig. 3 Magnetic hysteresis of Dy,O@Cgo, at a sweep rate of 2.9 mT s~

Inset: FC and ZFC measurements; field 0.2 T, sweep rate 5 K min~™.

was recorded and fitted with a stretched exponential. Fig. 4a
demonstrates that in the zero field, the temperature-dependence
of 7y follows the linear Arrhenius regime, switching to a levelling-
off below 2.5 K. The temperature-independent relaxation is a
characteristic of the quantum tunnelling of magnetization
(QTM). Indeed, in a field of 0.1 T applied to suppress the QTM,
v grows with cooling without levelling-off and approaches
~10° s at 1.8 K. The fitting of the zero-field ty(7)-dependence
with a combination of Orbach and QTM relaxation processes,
™ N(T) = 1o exp (—UT) + 1o *, gives T = 6600 + 200 s
and the barrier of U°% = 26(1) K (18 cm ") with 7, = 31(2) ms. The
U° value is much smaller than expected for the relaxation via
excited ligand field states and is assigned to the exchange barrier,
as discussed below.

The field-dependence of 1y has a complex shape (Fig. 4b).
First, near zero field, the relaxation times increase up to the
maximum near 0.1 T. This regime is caused by a contribution of
the QTM, which is gradually suppressed as the magnetic field
increases. Then, 1y starts to decrease, which is typical for the
direct relaxation mechanism (ty, ' ~ H'T, n = 2-4). The
gradual decay changes to a sharp dip when the field exceeds
1.5 T, with the shortest time recorded near 2 T. At the further
field increase, 1\ grows again, and then switches to a decay
above 2.5 T. The sharp negative peak in the field-dependence is
an indication of an additional relaxation mechanism, which
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Fig. 4 Temperature-dependence (a) and magnetic field-dependence (b)
of the magnetization relaxation time tu. The temperature-dependence
was measured at 0 T, 0.1 T and 2.0 T. The temperature-dependence at 2 T
and the field-dependence at 2.5 K were measured with the field ramped
from 7 T and from O T, giving two sets of data.
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steps in between 1.5 and 2.5 T and dominates the relaxation
near 2 T. We suggest that this mechanism is the QTM at the
anticrossing of the states with ferromagnetic (FM) and anti-
ferromagnetic (AFM) alignment of Dy magnetic moments."®
The QTM nature is further confirmed by the lack of temperature-
dependence of 1y, measured at 2 T (Fig. 4a). Interestingly, when 1y
is measured not for the decay of magnetization after saturation at
7 T, but for the growth of magnetization after sweeping from zero
field, the negative peak near 2 T is not observed (Fig. 4b).

The shape of the hysteresis curves points to the AFM
coupling of Dy magnetic moments. The AFM coupling also
follows from the shape of the xT curves (see ESIt). To obtain
quantitative characteristics of the Dy---Dy coupling, we simu-
lated magnetization curves using the Hamiltonian (1):

ﬁspin = I:\ILFI + ﬁLFz — 2jiay - J2 + Hzgg (1)

in which I?U:l are the single-ion ligand-field terms and ﬁZEE is
the Zeeman term. The interaction of two Dy magnetic moments
is described by the third term, in which jj, is the effective

coupling constant, whereas J; are the total angular momentum
operators of Dy ions. The energy difference between the FM and
AFM states in zero field is AEspm-pm = 225 jipc0s (o), where o is
the angle between two magnetic moments.

Single-ion magnetic properties were computed using MOL-
CAS at the CASSCF/SO-RASSI level."” The overall LF splitting for
Dy ions exceeds 1400 cm ™, and the energy difference between
the ground state (essentially pure m; = = 15/2) and the first
excited doublet (m; = £13/2) is 410-420 cm ' (see ESIT). The
quantization axes are nearly coinciding with Dy-O bonds with a
small deviation of 1-3° (Fig. 1b).

Hamiltonian (1) with ab initio ligand field parameters was
then used to fit the experimental magnetization curves; j;, and o
were set as free variables. The calculations were performed with
the PHI code™® and included powder averaging. A good agreement
with experimental data was obtained for j;, of —0.12 cm ™" and o
of 48.5°, yielding the AEspypv Of —18.5 cm ™' (the dipolar and

(a)

Eem

EAFM
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exchange contributions are 2.7 and —21.2 cm™ ', respectively).
The AEspviem value of —18.5 em™! is unprecedentedly large for
multinuclear Dy complexes with non-radical bridges. Before this
work, the largest values in EMF-based {Dy,} systems were
10.7 em ™! in Dy,S@CsCg,” and —12.9 em ™' in Dy,0@C,,~Css,,’
whereas the largest AEapv.pm Values in non-fullerene {Dy,} com-
plexes do not exceed 6-7 cm ™" (ref. 19).

The AEspvrm energy from the fit is very close to the U°f
barrier determined from the temperature-dependence of 7y,
which confirms the interpretation of U™ as the exchange
barrier. Thus, the relaxation of magnetization in Dy,O@Cg, at
helium temperatures proceeds mainly via the flip of one of the
Dy moments. A simultaneous flip of two Dy moments is a low-
probability process, which is observed in zero field as the QTM
with the long characteristic time of 6600 s.

The knowledge of the AEsrv-pm and o values allows detailed
analysis of the magnetic states and transitions between them.
As magnetic moments of Dy ions (each 10 ug) in Dy,O@Cg, are
non-collinear, the moment of the AFM state is not zero but
8.2 ug, whereas the magnetic moment of the FM state is 18.2 up
(Fig. 5a). In a powder sample, molecules attain different
orientations, and crossing of the FM and AFM levels depends
on the angle between the magnetic field and a molecular frame.
When the field direction is close to the direction of the
magnetic moment of the AFM state, the latter remains the
ground state in all fields. But for the majority of angles, one
component of the FM pseudo-doublet (|FM,)) decreases its
energy faster than the AFM component (JAFM,)), resulting in
the switching of the ground state from |AFM,) to |[FM,) in high
magnetic fields (Fig. 5b).>

Fig. 5c shows the histograms for the fields, at which the
|FM,) energy level crosses |AFM_) and |AFM,) levels. The |[FM,) <
|AFM,) crossing is distributed with a considerable prob-
ability over the broad field range with the flat maximum near
2.6 T. On the contrary, the distribution of the |[FM,) < |AFM_)
crossing has a sharp peak near 2 T, exactly where the field-
dependence of 7y has a sharp minimum. In the large positive

exp. M, T=18K
————— calc. M, T=18K|
—e—17, T=25K ®

Fig. 5

) F10?
crossing A
[ lcrossing B
12 3 4 5 6

3
pH, T

(a) Two quasi-doublets with antiferromagnetic (AFM) and ferromagnetic (FM) alignments; green arrows denote magnetic moments of Dy ions,

red and dark blue arrows are total moments of the Dy,O@Cgg molecule in FM and AFM states; dashed arrows show the QTM in zero field and the Orbach
mechanism via the FM state with the effective barrier U™, (b) Zeeman diagram for Dy,O@Cgo for an arbitrary orientation of the molecule versus the
magnetic field, where the total magnetic moment of the FM state is close to the parallel orientation; thick lines highlight the ground state in a given field
range, and letters A and B mark |[FM,) < |[AFM_) and [FM,) < |AFM,) level crossing, respectively. (c) Histograms of the crossing events of type A and B in
Dy,0@Cgo computed for 10° uniformly distributed orientations of the magnetic field, overlaid with experimental hysteresis and calculated equilibrium
magnetization curves at 1.8 K and the field-dependence of relaxation time at 2.5 K.
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field, the majority of molecules are in the |[FM,) state. When the
field is ramped down, the |FM,) level first crosses the |AFM.)
level, and some molecules change their magnetic state to
|AFM,), but some still remain in the |FM,) state and then
undergo the second crossing, this time with the |AFM_) level.
At this crossing, the QTM appears to be more efficient, and
besides that, the majority of crossing events are concentrated in
a narrow field range, which altogether leads to a pronounced
decrease of 7 at the field, where the |FM,) < |AFM_) crossing
distribution has a maximum. The |[FM,) < |AFM,) crossing
does not produce an analogous dip of 7, because the number
of events is smaller and they are distributed more uniformly in
a broader field range.

To conclude, we obtained clusterfullerene Dy,O@C,,(5)-Cgo
and showed that it behaves as a single-molecule magnet.
The molecule features the strongest exchange coupling of Dy
magnetic moments among {Dy,} molecular magnets.
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SHELXL2015 crystallographic software package.”” The disordered sol-
vent molecules are masked with SQUEEZE code.>* The crystal data are
presented in the ESI. The data can be obtained free of charge from the
Cambridge Crystallographic Data Centre with CCDC No. 2085187.

9 DFT calculations were performed first at the PBE/TZ2P level for
Y,0@Cg, (Priroda®!); the structures were then re-optimized with Dy at
the PBE-D/PAW level with 4f-in-core potentials (VASP 5.0*%).
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