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Three isomers of Dy,0O@Cgg and two isomers of Dy,C,@Cgg Were synthesized and structurally character-
ized by single-crystal X-ray diffraction, vibrational spectroscopy, and DFT calculations. Both types of clus-
terfullerenes feature 4-fold electron transfer to the carbon cage, thus resulting in the same carbon cage
isomers identified as Cy(26), C4(32), and D,(35). The studies of Dy---Dy superexchange interactions in
Dy,O and Dy,C, clusters revealed that the O~ bridge favors antiferromagnetic coupling whereas the
acetylide group C,2 supports ferromagnetic coupling of Dy magnetic moments. The strength of the
coupling showed a considerable variability in different cage isomers. All metallofullerenes exhibited slow

Received 17th August 2022, relaxation of magnetization and magnetic hysteresis. In Dy,O@Cgg isomers the hysteresis remained open

Accepted 25th September 2022
DOI: 10.1039/d2qi01796b

up to 7-9 K, while in Dy,C,@Cgg the hysteresis loops were closed already at 2.5 K. This study demon-
strated that both the endohedral bridge between metal atoms and the fullerene cage play an important

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 2565. Downloaded on 4/2/2569 20:22:14.

(cc)

rsc.li/frontiers-inorganic

Introduction

Endohedral metallofullerenes (EMFs) feature fascinating struc-
tural diversity, defined by a broad variability of endohedral
species with 1-4 metal ions, which are encapsulated in carbon
cages of various shape and size ranging from Cg¢ to Cyog and
beyond."™ 1In clusterfullerenes, endohedral species also
include some non-metal atoms, which acquire a negative
charge and serve as bridges between metals.®” The non-metal
then defines the names of clusterfullerenes, such as endohe-
dral oxygen in oxide clusterfullerenes®® or endohedral carbon
in carbide clusterfullerenes.'®'*

The exploration of oxide clusterfullerenes started with a dis-
covery of Sc,0, ;@Cgo by Stevenson et al.">"* and then contin-
ued with a series of Sc,0@C,, EMFs with cage sizes from C;,
to Cg,."* 2% More recently, the focus was shifted to lanthanides,
resulting in several M,O@C,, EMFs with Ho (C,, = Cy4,>"
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role in magnetic interactions and relaxation of magnetization.

Cgs,”> 4 isomers of Cgo,>* and 2 isomers of Co, %), Dy (C,, =
Cy2,”% Cy4,>° Cgo,>° three isomers of Cg, *’), and two isomers of
Lu,0@Cgo.2® In M,0@C,, clusterfullerenes, two rare-earth
metal ions (M>*") are bridged by the p,-O*~ ion; the whole M,0
cluster has a formal charge of +4 and is encapsulated in fuller-
ene cages preferring the C,,*” state.

A special interest in Dy-EMFs is motivated by their mag-
netic properties.”® In lanthanide clusterfullerenes, the non-
metal ions bear a large negative charge, which imposes a
strong axial ligand field and large magnetic anisotropy of
nearby lanthanide ions. At the same time, isolation of endohe-
dral species inside the carbon cage enables rather uncommon
and yet simple atomic arrangements, thus creating a platform
for the study of magnetic interactions and relaxation phenom-
ena, especially well established for Dy-EMFs. But the carbon
cage is not just an inert container for encapsulated clusters. A
size and shape of a fullerene and topology of its n-system not
only determine the electronic properties of the host but also
affect the properties of the guests. An intriguingly strong vari-
ation of the magnetic properties found for Dy,O@C,,, cluster-
fullerenes with C,,~Cg, cages® >’ calls for a systematic study
of this factor, and in this work we focus on the larger fullerene
cage, Cgg, for which we isolate three isomers of Dy,O@Cgs,
determine their molecular structures and analyze magnetic
properties.

While oxide -clusterfullerenes based on Cgg were not
reported yet, this cage is known for other EMFs with 4-fold
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electron transfer, such as dimetallofullerenes Sm,@Cgg *° and
Lu,@Cgs,>" and carbide clusterfullerenes M,C,@Cgs (M = Sc,*?
Y,>® Er** and Lu;*"?® see Table 1). The structural studies
revealed four cage isomers of Cgg in those EMFs, including
three classical fullerenes C;(26), C4(32), and D,(35), and one
heptagon-containing isomer with C, symmetry (labeled as
Cy(hept)). As both feature 4-fold electron transfer to the fuller-
ene, it is reasonable to expect similarity of the cage structure
of oxide and carbide clusterfullerenes, and we anticipated to
find these cage isomers for Dy,O@Cgg as well. But this struc-
tural similarity also allows a different question to be addressed
- how the bridge between two Dy ions affects magnetic pro-
perties and in particular Dy---Dy coupling. This problem
requires a study of different types of clusterfullerenes sharing
the same fullerene cages, and therefore we also decided to syn-
thesize Dy,C,@Cgg isomers for comparison with Dy,O@Cgs
counterparts. Furthermore, magnetic properties of Dy,C, clus-
terfullerenes remain poorly explored, except for a single study
of Dy,C,@C;s(6)-Cg,, and thus analysis of the role of acetylide
group in Dy,C,@C,, EMFs with different cages is an important
task on its own.

Synthesis and separation

For the synthesis of Dy,O-clusterfullerenes, core-drilled graph-
ite rods filled with Dy,Os/graphite powder mixture were evap-
orated in arc-discharge under He/CO, (270/27 mbar) atmo-
sphere. The soot was collected and extracted by carbon di-
sulfide (CS,) under an argon atmosphere for 12 h. The crude
extract, containing mainly empty fullerenes, Dy-monometallo-
fullerenes, and Dy,0O-oxide clusterfullerenes, was treated with
TiCl, following the method proposed by Shinohara et al.**?”
While empty fullerenes did not react with TiCl,, Dy-EMFs
formed an insoluble complex and could be separated by fil-
tration and then released by breaking the complex with water
(Fig. S17). Three isomers of Dy,0O@Cgg were then isolated from
the recovered EMF mixture after several steps of linear and re-
cycling HPLC (Fig. S2t) and characterized by LDI-TOF mass-
spectrometry as described in ESI (Fig. S3f). The isomers are
denoted as Dy,O-I, Dy,O-II, and Dy,O-III, where the Roman
number corresponds to the retention time of a given isomer
during HPLC separation.

Dy,C,-clusterfullerenes were synthesized by a similar arc-
discharge process, but using He atmosphere with the addition
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of N, (180/10 mbar). The CS, extract of the soot in this case
contained mainly empty fullerenes, Dy-monometallofuller-
enes, Dy;N-nitride clusterfullerenes, and Dy,C,-carbide clus-
terfullerenes. Following the SAFA approach developed by
Stevenson et al.,*®™° the extract was re-dissolved in toluene
and reacted with dried diamino silica gel (DASG). Empty fuller-
enes, Dy-monometallofullerenes, and Dy,C,-clusterfullerenes
reacted with amino groups and were trapped by DASG,
whereas less reactive Dy;N@C,, clusterfullerenes mainly
remained in solution. The DASG with immobilized
fullerenes was then filtered and washed with CS,, which
resulted in the release of Dy,C,@C,,, whereas Dy-monometal-
lofullerenes and main part of empty fullerenes remained
trapped (Fig. S41). Two isomers of Dy,C,@Cgg denoted as
Dy,C,-I and Dy,C,-II (the Roman numbers correspond to the
retention time), were then isolated by HPLC (Fig. S5t) and
characterized by LDI-TOF mass-spectrometry as described in
ESIY (Fig. S6).

Molecular structures
Single-crystal X-ray diffraction

Molecular structures of Dy,0-I, Dy,C,-1, Dy,C,-II, and Dy,O-III
were established by single-crystal X-ray diffraction (SC-XRD).
The crystals were obtained by layering fullerene solutions in
CS, (for Dy,C,-I) or toluene (other EMFs) with a benzene solu-
tion of nickel octaethylporphyrin (NiOEP) in glass tubes. After
slow diffusion of solutions during 3-4 weeks, fullerene-NiOEP
co-crystals were obtained as black blocks on the tube walls.
X-ray diffraction data collection was carried out at 100 K using
synchrotron irradiation at the BESSY storage ring (BL14.2,
Berlin-Adlershof, Germany)."' XDSAPP2.0 suite was employed
for data processing.*>*® The structures were solved by direct
methods and refined by SHELXL-2018.** Hydrogen atoms were
added geometrically and refined with a riding model. In each
structure, the fullerene molecule is supported by one NiOEP
molecule, which is the typical packing character of
fullerene-NiOEP co-crystals.*”™” The endohedral units showed
a considerable disorder as is common in EMF crystallography.
However, in all crystals we could identify one major site with
enhanced occupancy, which allowed discussion of the cluster
shape and internal position inside the fullerene if not precise
geometry parameters. Additional crystal data can be found in
ESI} (Table S1 and Fig. S7, S8).

Table 1 DFT (PBE/TZ2P) stability row of Cgg*~ isomers and corresponding EMF structures

Cas*™ Y,0@Css Y2C.@Cs
Isomer AE (k) mol™) Gap (eV) AE (k) mol ™) Gap (eV) AE (kJ mol ™) Gap (eV) Known structures This work
D,(35) 0.0 0.59 0.0 0.75 0.0 0.75 Sm,,*° Lu,C, ** Dy,0, Dy,C,
C4(32) 30.2 0.46 16.5 0.69 13.2 0.69 Er,C,,** Lu,C, ** Dy,0, Dy,C,
C1(26) 28.6 0.69 21.1 0.87 38.5 0.84 Y,Cy,”® Lu, ** Dy,O
C4(30) 47.7 0.40 36.2 0.59 30.0 0.63
C4(hept) 67.0 0.64 54.0 0.77 57.7 0.79 S¢,C,,%% Lu,C, *°
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Dy,0-1 (Dy,O@C;(26)-Csg). The asymmetric unit contains
half NiOEP molecule, two halves of fullerene molecule with 0.5
occupancies, half benzene molecule and two halves of toluene
molecule with 0.5 occupancies. The intact NIOEP molecule is
generated from the half NiOEP molecule with its image by the
crystal mirror plane, which coincides with the NiOEP mole-
cule’s mirror symmetry plane. The two halves of the fullerene
cage and their images by the crystal mirror plane are corre-
lated by the crystal mirror plane as two enantiomers of the
chiral C;(26)-Cgg fullerene cage (Fig. 1a). The encapsulated
Dy,O cluster is disordered, however with high occupancies of
0.35 and 0.40 (out of 0.50) for the two main metal sites. The
occupancies of the four remaining minor sites are 0.03-0.09
(Fig. 1a). The main site has Dy-O bond lengths of 2.019(4) and
2.050(4) A, the Dy1-O-Dy2 angle of 166.0(2)°, and Dy1---Dy2
distance of 4.0386(9) A.

Dy,C,-I (Dy,C,@C4(32)-Cgg). The asymmetric unit contains
one intact NiOEP molecule, one intact fullerene molecule,
one ordered benzene molecule and a disordered solvent
molecule. The ordered fullerene cage is assigned as Cy(32)-
Cgg. The encapsulated Dy,C, cluster is considerably dis-
ordered with 11 Dy sites, which are grouped into two regions
with net occupancy of 1 in each of them. The main Dy sites in
each group, Dyl (0.60) and Dy2 (0.34)/Dy10 (0.31), have
sufficiently high occupancy to allow the discussion of the
cluster geometry. The C, unit is refined as ordered, with the
C-C bond length of 1.20(2) A. In the main sites, the Dy,C,
cluster has a butterfly shape, in which Dy1-C distances are
2.48(2) and 2.49(2), the angle between two Dy-C, planes is
150°, and the Dy---Dy distances are 4.54(2) A (Dy1---Dy2), and
4.47(2) A (Dy1---Dy10).
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Dy,C,-IT (Dy,C,@D5(35)-Css) and Dy,O-III (Dy,O@D,(35)-
Cgsg). The fullerene-NiOEP-2C,Hy crystals of both compounds
are essentially isostructural. The asymmetric unit contains one
half NiOEP molecule with unit site occupancy, two halves of
fullerene molecule in half (0.5) site occupancy, and two dis-
ordered toluene molecules. The fullerene cage is assigned to
the D,(35)-Cgg isomer. Positions of its two enantiomers related
by the crystallographic mirror symmetry plane overlap, result-
ing in the overall carbon cage disorder.

Positions of endohedral clusters inside the fullerene are
also very similar in the two structures. Dy atoms are dis-
ordered, but show enhanced occupancies of 0.28/0.34 (out of
0.50) for the main metal sites, which are located on one of the
two-fold axes of the D,-symmetric fullerene cage. In
Dy,C,@D,(35)-Cgs, the C, unit has the bond length of 1.23(1)
A, and the main site of the Dy,C, cluster has a slightly bent
butterfly shape, with Dy-C bond lengths of 2.401(6), 2.393(6),
2.417(6), and 2.433(7) A, the angle between Dy1-C, and Dy2-C,
planes of 161.4(4)°, and Dy1---Dy2 distance of 4.602(2) A. In
Dy, O@D,(35)-Cgg, Dy-O bond lengths in the main site are
2.061(3) and 2.109(3) A, the Dy1-O-Dy2 angle is 173.9(2)°, and
Dy1---Dy2 distance is 4.164(2) A.

DFT calculations

Crystallographic studies were augmented by extensive DFT cal-
culations of Y,0@Cgg and Y,C,@Cgg for the four lowest-energy
Cgg’ ™ isomers, including D,(35), C4(32), C4(26), and C;(30), and
also for Cs(hept), which was earlier found in some Cgg-based
EMFs.>>?® For each cage isomer, we first used Fibonacci
sampling to generate 120 starting structures with different
orientations of the Y,O endohedral cluster

2748 and then per-

" ﬁ‘ > i
& P & 2' <,0'1(5) -
Dy1(0.35)
. . — (—_— @ (0.07) ®

Dy1(0.34)

Fig. 1 SC-XRD structures of Dy-EMFs co-crystallized with NiOEP. (a) Dy,O-C4(26); (b) Dy,C,-Cs(32); (c) Dy,C,-D,(35); (d) Dy,O-D,(35). In each

figure, coordination of the fullerene with the major site of the endohedral

cluster to NiOEP is shown on the left, whereas all metal sites in endohe-

dral clusters with their site occupancies and selected geometrical parameters are shown on the right. Note that in (a), (c), and (d), only one from two

overlapping fullerene enantiomers is shown.
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formed their complete optimization, which gave several unique
conformers (Fig. S97). For Y,C,@Cgs, the reduced set of starting
coordinates based on Y,0@Cgg conformers was used, in which
oxygen atom was replaced by the acetylide group. Relative ener-
gies of the most stable conformers for each cage isomer are
listed in Table 1, more detailed data can be found in ESL} The
conformers of Y,0@Cgs and Y,C,@Cgg were then re-optimized
with Dy replacing Y (Fig. 2). Since Y** and Dy*" have similar
ionic radii, the structure and relative energies are very similar,
and the following discussion is based on Y analogs.

The most stable isomers of Cgg*™, Y,O0@Css, and Y,C,@Css
all have the D,(35)-Cgg cage. For Y,O@Cgs, the calculations
revealed only four unique conformers, of which two are 34 kJ
mol ™" higher in energy than the two most stable ones. The
structure of the lowest-energy conformer corresponds to the
main site in SC-XRD structures of Dy,0-D,(35) and Dy,C,-
D,(35) with the metal atoms aligned along the C, axis of the
cage. The Y,O cluster in this conformer is linear, but attains
the Y-O-Y angles of 166° and 155° in higher-energy confor-
mers. Likewise, the Y,C, cluster is planar in the most stable
conformer of Y,C,@D,(35)-Cgg. Interestingly, the optimized
Y---Y distance in Y,0@Cgg is 0.436 A shorter than in Y,C,@Cgs
(4.206 A versus 4.642 A; compare to experimental values of
4.164(2) A and 4.602(2) A in Dy analogs), which leads to the
shorter distance between the metal and the coordinated
hexagon in Y,C,@Cgs (2.015 A) than in Y,0@Cgg (2.167 A) and
makes the fullerene cage in Y,C,@Cgs longer by 0.133 A
(8.673 A versus 8.540 A measured as the distance between cen-
troids of Y-coordinated hexagons). A considerable variation of
the fullerene size depending on the endohedral species was
observed earlier in La,@Ds(450)-C1o0 compared to
La,C,@Ds(450)-C19, but in that case it was the carbide cluster-
fullerene which had the shorter length, whereas the La-C¢ dis-
tance was identical in both structures, and the whole effect

Dy,C,-l
Dy,C,@C,(32)-Cqgq

Dy,O-Il
Dy,0@C,(32)-Cgs
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could be explained by a stronger Coulomb repulsion between
La ions when not mediated by the acetylide group.*’

The next in the stability row are Y,0@Cgg and Y,C,@Css
isomers based on the C4(32)-Cgg cage. The conformer survey of
Y,0@Cy(32)-Cgg gave 6 unique structures, of them three are
almost isoenergetic within 4 k] mol™ and separated from
other conformers by a gap of 25 k] mol™'. The Y,O/Dy,O
cluster in all of them is nearly linear with the M—O-M angle of
174-179°. For Y,C,@Cs(32)-Cgg, the lowest-energy conformer
has the same position of metal atoms as in the most stable
conformer of Y,0@Cgs and corresponds to the main site in
the SC-XRD structure of Dy,Cy-Cs(32) and Lu,C,@Cy(32)-Cgg.>
The cluster is planar and is located on the symmetry plane of
the fullerene cage.

Y,O®@C4(26)-Cgg is found to be the third most stable isomer
of Y,0@Cgg. The endohedral cluster is located rather freely,
with 9 unique conformers spread in the energy range of 57 kJ
mol™, of which six fall into the window of 15 kJ mol™'. The
major site in the SC-XRD structure of Dy,0-C;(26) corresponds
to the second conformer with the relative energy of 1.1 kJ
mol ™. The Y-O-Y angle in this structure is 157°, but the Y,O
cluster appears to be rather flexible with the angle varying
strongly between conformers.

To summarize, the cage structures identified in this work
for Dy,O@Cgg and Dy,C,@Cgg by SC-XRD correspond to the
most stable cage isomers, whereas locations of the endohedral
cluster, at least in their major crystallographic sites, corres-
pond to the lowest-energy conformers. The disorder in the
crystal structures may be partially caused by the conformation-
al freedom as DFT predicts several structures with close ener-
gies. The relative energies of C;(30) and Cs(hept) isomers are
not prohibitively high, and their formation should be con-
sidered as plausible, although they were not found in this
work. A deeper study of other cage isomers and their thermo-

Dy,O-lll
Dy,0@D,(35)-Cgg

Dy,C,-ll
Dy,C,@D,(35)-Cgg

Fig. 2 DFT-optimized molecular structure of Dy-EMFs (the lowest-energy conformers). Dy — green, O — red, C — gray.
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dynamic functions may be required to fully disclose the stabi-
lity row, but this exercise goes beyond the scope of this work.

Spectroscopic properties

While the SC-XRD is the golden standard of the molecular
structure determination, a disorder may pose a serious
problem for the structure elucidation and even reduce the
reliability of the fullerene isomer assignment of EMFs. The
high structural sensitivity of UV-Vis-NIR absorption spectra
makes them a convenient complimentary technique, which
can help resolving questionable structural assignments. If
endohedral clusters are not contributing to the frontier orbi-
tals, the absorption spectra of EMFs are dominated by & — n*
excitations of the carbon cage. As a result, the spectra of EMFs
with different metals or even different types of endohedral
clusters may be very similar when they have the same fullerene
isomer in the same formal charge state. In particular, close
similarity of the spectra can be expected for the same isomers
of carbide and oxide clusterfullerenes, as well as of dimetallo-
fullerenes with divalent metals, as they all share the formal
fullerene charge of 4—. The exact similarity, however, is
expected only if the cluster is not involved at all, which is often
not the case. Thus, different positions of the endohedral metal
atoms (i.e. different conformers) may also contribute to the
distinctions between the spectra.

Fig. 3 compares UV-Vis-NIR absorption spectra of Dy-EMFs
isolated in this work. The spectrum of Dy,0-C;(26) with
Cy(26)-Cqs cage resembles the spectra reported for
Y,C,@C1(26)-Cgs ®* and Lu,@C;(26)-Cgg,®' but also that of
Er,C,@Cy(32)-Cgg from ref. 34. Given that the latter is also
different from the spectra of other EMFs with Cy(32)-Cgs cage,
we suggest that the Er,C,@Cgg identified as the Cs(32) isomer
in ref. 34 requires reassignment to C,(26).

o
o
i~
©
S
o
0
Q
<
Dy,0-D,(35)
I T T T ¥ T T T T
400 600 800 1000 1200 1400 1600

A, nm

Fig. 3 Vis-NIR absorption spectra of Dy,0@Cgg and Dy,C,@Cgg
isomers measured in toluene solution at room temperature.
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The spectrum of Dy,C,-Cy(32) is virtually identical to that of
Lu,C,@C(32)-Cgg from ref. 31, in agreement with the same
fullerene cage determined by SC-XRD for both structures. It
also shows a certain similarity to the spectrum of Dy,O-II, the
only compound for which we did not succeed with the SC-XRD
structure elucidation. We thus tentatively assign Cy(32) isomer
to Dy,O-II, and further confirm this assignment by IR spec-
troscopy as discussed below.

In line with the same cage isomerism and metal positions
determined by SC-XRD, Dy,C,-D,(35) and Dy,0-D,(35) have
almost identical absorption spectra. Comparison to the litera-
ture data gave rather puzzling results. Our spectra are similar
to that of Sm,@Csgg-D,(35)°° with the same fullerene cage as
determined in this work, but also show a close resemblance
with the spectra of Sc,C,@Cs(hept)-Cgs ** and Lu,C,@Cs(hept)-
Cgs.>® We thus decided to look for further spectroscopic verifi-
cation of the fullerene cage structure.

IR spectra are also very sensitive to the molecular structure
of the fullerene cage. Besides, they can be predicted by DFT
with high accuracy. This good agreement between experiment
and theory was used earlier for the correct determination of
some EMF structures when SC-XRD data were not available
yet.>°* Fig. 4a compares experimental and calculated spectra
of Dy,C,-C4(32) and Dy,0-C4(32) (note that calculations were
performed for Y analogs, which does not affect the results of
comparison because metal-based modes occur at much lower
frequencies). For Dy,C,-C4(32), the theory gives very good
agreement with the experiment, especially in the range of tan-
gential fullerene modes above 1000 cm ™. For Dy,0-C,(32), we
averaged the spectra of three low-energy conformers, as their
spectra were found to be rather different. After the averaging,
reasonable agreement with experimental data was obtained.
Note that the spectra of Dy,C,-C(32) and Dy,0-C(32) with the
same fullerene cage are still considerably different, which
shows that the internal cluster and position of metal atoms do
affect the IR spectra. Earlier we have already seen similar
differences in the spectra of EMFs with I,-Cg, fullerene cage
and different endohedral units.*?

For Dy,C,-D,(35) (Fig. 4b) and Dy,0-D,(35) (Fig. 4c), the cal-
culated spectra of D,(35) isomers show strikingly good agree-
ment with the experimental data, whereas those of Cy(hept)
isomers are substantially different. Thus, the IR spectroscopy
confirms the cage isomer assignment of Dy,C,-D,(35) and
Dy,0-D,(35). Both EMFs have a very characteristic absorption
band at 1574 cm™" with a particularly strong intensity con-
siderably exceeding that of all other absorption features. DFT
calculations ascribe this band to the stretching vibration of the
shortest C=C bonds in the molecule (1.384 A) located between
pentagons in four pyracylene fragments.

Magnetic properties

The isolation of three isomers of Dy,0@Cgg and two isomers
of Dy,C,@Cgg allows us to analyze how the structural
peculiarities of endohedral clusters and fullerene cages can

Inorg. Chem. Front,, 2022, 9, 5805-5819 | 5809


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qi01796b

Open Access Article. Published on 26 2565. Downloaded on 4/2/2569 20:22:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Inorganic Chemistry Frontiers

(a) (b)

calc. Y,0-C(32)

exp. Dy,0-C(32)

calc. Y,C,-C(32) »——\

Transmittance

(c) il

calc. Y,C,-C (hept)

calc. Y,0-C (hept)

calc. Y,C,-D,(35)

calc. Y,0-D,(35)

exp. Dy,0-D,(35)

exp. Dy,C,-D,(35)

exp. Dy,C,-C,(32) e 7~

\\‘ ~;'
T T T T T T T T T T T T T T T T T T
1600 1400 1200 1000 800 600 400 1600 1400 1200 1000 800 , 600 400 1600 1400 1200 1000 800 = 600

wavenumber, cm™

wavenumber, cm™

400
wavenumber, cm™

Fig. 4 Experimental and DFT-computed IR spectra: (a) Dy,0-C(32) and Dy,C,-C(32); (b) Dy,C,-D»(35); (c) Dy,O-D,(35). Computations are per-

formed for Y analogs. The inset in (b) shows vibrational displacements of pyracylene fragment responsible for the strong band at 1574 cm

affect the magnetic properties of Dy EMFs. The first effect may
be addressed by comparing isostructural Dy,O and Dy,C, com-
pounds, whereas the second one can be considered by compar-
ing different cage isomers with the same endohedral cluster.
The role of the non-metal units, such as 0>~ and C,*>7, in the
magnetism of EMFs is two-fold: they have a strong influence
on the single-ion magnetic anisotropy of Dy ions by providing
the main contribution to the ligand field,”*>® and they play a
role of bridges between two Dy ions thus determining the
strength of superexchange interactions,>*”>7°9761

Ab initio calculations

The single-ion anisotropy can be analyzed straightforwardly
through multiconfigurational ab initio methods, such as the
CASSCF/RASSI approach in Molcas employed in this work.®*>®
We use Dy,0-D,(35) and Dy,C,-D,(35) as representative

-1

examples as they have the same fullerene cage isomer and
identical n°-coordination of Dy ion to the carbon cage, and
hence the difference between them can be directly ascribed to
the different influence of O~ and C,>~ units. Fig. 5 shows the
calculated ligand field splitting and orientation of magnetic
moments for Dy ions in Dy,0-D,(35) and Dy,C,-D,(35). Both
0" and C,>” impose an axial ligand field on Dy ions, yielding
the ground state Kramers doublet (KD) with J, = +15/2. The
orientation of the quantization axis is also similar in both clus-
ters as it coincides with Dy-O bond in Dy,O and passes
through the center of the acetylide group in Dy,C,. However,
the ligand-field splitting and the degree of axiality imposed by
0>” and C,>” are very different. On average, the splitting in
Dy,O is twice higher than in Dy,C, (481 cm™" versus 224 cm™*
for the first excited KD and 1494 cm™" versus 780 cm™" for the
whole LF splitting in the ground-state °H;s, multiplet).
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Fig. 5 Ligand-field splitting in Dy ions in Dy,0-D,(35) (a) and Dy,C,-D,(35) (b) computed at the CASSCF/RASSI level. Insets show fragments of the
molecules with atoms surrounding Dy ions. Quantization axes are shown in light blue, Dy — green, O - red, C — gray.
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Already for the ground-state KD, the g, and g, components of
the pseudospin g-tensor in Dy,C,@Cgg are 50 times larger
than in Dy,O@Cgs. This indicates that Dy magnetic moments
in Dy,C, are more susceptible to perturbations of the magnetic
field and hence can relax faster. A purity of the KD states when
presented in |m;) basis is also considerably higher in Dy,O
than in Dy,C,. In the latter, only the first KD is relatively pure
with 99.8% of the |15/2) term, whereas already in the second
KD the contribution of the leading [13/2) term is only 86.5%,
and the mixing is further increased in higher-energy KDs. In
Dy,O@Cgg, the leading term contributions in the four lowest-
energy KDs are 100.0% |15/2), 99.9% |13/2), 97.7% |11/2), and
94.3% |9/2), and only in the fifth KD the weight decreases
below 90%, to 89.2% for |7/2). Thus, the Dy,O cluster with the
negative charge localized on the single oxide ion features
much stronger axiality than the Dy,C, cluster, in which the
negative charge is spread over two carbons.

SQUID magnetometry

As follows from the results of ab initio calculations, magnetic
ground state of Dy ions in all the studied EMFs is the Ising
state with J, = + 15/2. It means that the differences in the static
low-temperature magnetic behavior of the compounds should
be caused by variation in the Dy---Dy interactions. The latter
can be conveniently addressed by measurements of the temp-
erature dependence of the magnetic susceptibility y as the
shape of the yT product curve exhibits characteristic signatures
of interactions between magnetic moments. For two non-inter-
acting moments, the curve should be almost flat with a steep
decrease at the lowest temperatures. This is the behavior we
observe for Dy,0-C4(32) (Fig. 6). For the antiferromagnetic
(AFM) coupling, the decrease of yT starts at higher tempera-
tures and is smoother, which corresponds to the behavior

——Dy,C,-C.(32)
——Dy,C,D,(35)

calc. T, cm’mol 'K
N
o
L

1 —— Dy, 0-D,(35)
10 - ——Dy,0-C(32)
—Dy,0-C,(26)
5
o-T——T7 71 T
0 40 80 120 160 200

T,K

Fig. 6 Experimental T curves (dots) and results of simulations (solid
lines; red dashed line is calculated for the system of two non-interacting
Dy ions) of Dy,O and Dy,C, EMFs with Cgg cages. Magnetic suscepti-
bility is defined as y = M/H at 0.5 T. Experimental curves are corrected
for linear background and scaled to match simulated curves in high-
temperature range.
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found for Dy,0-C,;(26). Finally, for the ferromagnetically-
coupled (FM) moments, the yT curve develops a peak at low
temperatures, which matches the behavior of Dy,0-D,(35).
Thus, from the yT measurements, we infer that the isomers of
Dy,O@Cgg represent three different situations of magnetic
Dy---Dy interactions. For the Dy,C,@Cgg isomers the situation
is different — both Dy,C,-C4(32) and Dy,C,-D,(35) show clear
signatures of FM coupling, which is stronger in Dy,C,-C,(32).
For all the compounds, the shapes of experimental yT curves
are well reproduced by simulations with interaction para-
meters determined from the fit of magnetization curves as
described below.

Further details are obtained from isothermal magnetization
curves plotted in Fig. 7. All three Dy,0O@Cgg isomers show
magnetic hysteresis with a closing temperature of around
8-9 K at a sweep rate of 2.9 mT s~ . The hysteresis closing
temperature matches the bifurcation temperatures of y curves
measured in zero-field cooled sample (ZFC) and during the in-
field cooling (FC) and listed in Table 2 (see also insets in
Fig. 7).

The shapes of hysteresis are quite different between the
isomers and reflect the nature of Dy---Dy interactions deduced
from yT measurements. The most distinctive are the curves
measured for Dy,0-C;(26). At 1.8 K the hysteresis is open in
the whole measurement range from —7 T to +7 T and clearly
shows two regimes with a small and large magnetic moment.
The low-field regime corresponds to the dominant AFM align-
ment of the magnetic moments. But when the magnetic field
exceeds 2 T, the state with the FM alighment gains lower
energy and starts to increase its population, hence causing an
increase of the magnetization. This hysteresis shape resembles
that found in some other dinuclear Dy complexes with anti-
ferromagnetic coupling,””®*”"" but the transition between the
two states in Dy,0-C4(26) occurs at a considerably higher field,
pointing to a much stronger Dy---Dy coupling in the fullerene.

To obtain the numerical parameters of the coupling, we
fitted magnetization curves measured at different tempera-
tures using the effective spin Hamiltonian (1):

ﬁspin = I:ILFl +HLF2 - Zjlzfl Jo + Bz (1)

where I—AILFI, are single-ion ligand-field Hamiltonians of Dy*", j;,
is the coupling constant between dysprosium moments, and
Hygg is the Zeeman term describing interaction of Dy** mag-
netic moments with the external magnetic field. We use
ab initio computed ligand field parameters in I—AILF[, and Dy**
moments J; are treated in the |J, my) basis sets of the °Hys),
multiplet. In the lowest-energy part of the spectrum, the
Hamiltonian yields two quasi-doublets associated with ferro-
magnetic and antiferromagnetic alignment of Dy’" magnetic
moments (Fig. S12 in ESIf). The energy difference between
them depends on the coupling constant and the angle « between
quantization axes of Dy’ ions: AEspvem = 225712 cos(a),
where the coefficient 225 appears because of the use of the full
Dy** momentum in the Hamiltonian (1) and the single-ion
ground state with J, = +15/2 (see ESI{ for more details). In the
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Fig. 7 Low-temperature magnetization curves of Dy,0@Cgg and Dy,C,@Cgg EMFs: Dy,O-C;(26) (a and d), Dy,0O-C(32) (b), Dy,O-D,(35) (c), Dy,C>-
C.(32) (e), and Dy,C»-D»(35) (f), sweep rate 2.9 mT s, Insets in (a)—(c) show yec and yzec curves (0.2 T, sweep rate 5 K min~?) and determination of
Tg and Tey- (d) Shows magnetic hysteresis of Dy,O-C1(26) measured in different field ranges at 1.8 K, as well as the derivative of the magnetization

curve.

Table 2 Parameters of Dy---Dy interactions and magnetic hysteresis in Dy,

O@C88 and Dy2C2@C83 EMFSa'b

AEsrm-FMm J a (O) Ts Tirrev Thyst TB100
Dy,0-C4(26) -16.5 —0.080 23+1 10.5 8 6.0
Dy,0-C¢(32) -0.4 —0.002 23+11 5.5 8.5 8 4.6 (0.2T)
Dy,0-D,(35) 3.6 0.022 43 +2 7.5 8.5 8 3.9
Dy,C,-Cy(32) 6.3 0.029 11+3 2.1
Dy,C,-D,(35) 3.3 0.015 0+5 2.1

% AEapm-pm (em™), j (em™), and « (°) are determined from the fits of magnetization curves. b Ty is defined as the peak temperature in yzpc, Tirrey

is the bifurcation point between yzrc and ygc curves (both measured with

the sweep rate 5 K min_l), Thyst is the highest temperature at which the

hysteresis loop is still open (sweep rate 2.9 mT s™'), and Ty is the temperature, at which magnetization relaxation time is 100 s; all tempera-

tures are in K.

fitting with PHI code,”® j;, and a were treated as free para-
meters, and computed curves were powder-averaged to be com-
patible with experimental magnetization curves measured for
powder samples. Finally, only experimental points in the field
range where hysteresis is very narrow or completely closed
were used as the Hamiltonian (1) does not include relaxation
processes and hence cannot be used to model magnetic hyster-
esis. Experimental and fitted magnetization curves are com-
pared in ESL{ Although different conformers of EMF mole-
cules may have somewhat different single-ion LF parameters
and LF splitting, our calculations in this work as well as earlier
studies>®>”*” showed that the ground state KD of Dy ions in
such EMFs are very close to the pure m; = +15/2 state irrespec-
tive of the Dy-cage coordination. Furthermore, the energy gap

5812 | Inorg. Chem. Front., 2022, 9, 5805-5819

to the first excited KD is so high that only the ground-state KD
will have significant population at low temperatures. Thus, it
is not expected that the results of simulations with eqn (1) will
be noticeably affected by the coexistence of different orien-
tations of endohedral clusters or by accuracy limitations of the
ab initio modelling of the LF splitting.

For Dy,0-C;(26), the fitting procedure gave « of 23 + 1° and
Jj12 of —0.08 cm™, yielding the AExpy_py value of —16.5 cm™,
one of the largest interaction energies between Dy magnetic
moments in dinuclear {Dy,} compounds (see ref. 27 for a
recent survey). Note that since Dy*" magnetic moments in the
Dy,0-C;(26) molecule are not collinear, the magnetic moment
of the ground AFM state is not zero but amounts to 20 sin(a/2)
= 4ug. The fitted parameters and Hamiltonian (1) were then

This journal is © the Partner Organisations 2022
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used to simulate T curve, which gave good agreement to the
experimental data (Fig. 6), thus confirming the reliable deter-
mination of the interaction parameters.

In Dy,0-C4(32), the hysteresis shape features a considerable
decrease of the magnetization near zero field, which is consist-
ent with the weak Dy---Dy interactions. When the coupling is
negligible, an additional magnetization relaxation channel via
zero-field quantum tunneling of magnetization is open, which
results in a drastically reduced remanence. This hysteretic be-
havior is similar to the recently studied Dy,0@C-4,>’ although
the QTM signatures in the hysteresis curve of Dy,0-Cy(32) are
less pronounced than in the latter. The fitting of the magneti-
zation curves with Hamiltonian (1) gave the angle of 23 + 11°
and a very small constant j;, of —0.002 cm ™", Note that when
the coupling is weak, the dependence of the curves on the
angle between magnetic moment is also reduced, thus result-
ing in a larger uncertainty. The small AE gy gy value of only
—0.4 cm™! is in line with the shape of 4T curve, which is also
well reproduced by simulations.

The shape of the magnetic hysteresis in Dy,0-D,(35)
resembled that observed for some other dinuclear lanthanide
fullerenes with FM coupling, such as Dy,ScN@Cg,”
Th,ScN@Csgo,”* and Dy,S@Csg,.%" After the sample is saturated
at 7 T, ramping the field down produces only a small decrease
of magnetization until reaching zero field. On crossing zero
field, a certain decrease of magnetization occurs, which is
likely due to the zero-field QTM. But the latter implies simul-
taneous flip of magnetic moments of both Dy*" ions, and is
not very efficient in a strongly coupled system. At a further
negative ramping, another kink in the curve is seen at —0.48 T,
after which the magnetization drops abruptly. Following
earlier studies,®™”*”° this feature is assigned to the level cross-
ing between the FM and AFM states, which promotes the
efficient relaxation of magnetization via the QTM mechanism.
Fitting the magnetization curves of Dy,0-D,(35) resulted in j;,
of 0.022 ecm™, @ of 43 + 2°, and AEapm_pm Of 3.6 cm™ . The
angle is unexpectedly large, given that SC-XRD and DFT results
agree on the linear shape of the Dy,O cluster. Yet these para-
meters also give a good match between simulated and experi-
mental yT curves. The AFM-FM energy difference can be also
estimated from the magnetic field of the QTM kink (Hqry) in
the hysteresis curve as AEapm-pm = 0.935Hqrm[Tiny[ps] (ref.
61), which gives 4.4 em™".

In both isomers of Dy,C,@Cgg, only a very narrow opening
of the hysteresis is observed at 1.8 K and 2.1 K, and the loop is
completely closed by 2.5 K. Fitting of the magnetization curves
gives the FM coupling with AEspv_pum Of 6.3 cm™ in Dy,C,-
C4(32) and 3.3 cm™" in Dy,C,-D,(35). The angle between mag-
netic moments is only 11 + 3° in Dy,C,-Cs(32) and is nearly 0°
in Dy,C,-D,(35) within the uncertainty limit of +5°.

Magnetization relaxation times

The open magnetic hysteresis indicates that the studied Dy-
EMFs are single-molecule magnets,”®®° and their magnetody-
namics was further characterized by measuring the relaxation
times 7, at different temperatures. As the sample amount was

This journal is © the Partner Organisations 2022
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not sufficient for AC measurements, only DC technique was
employed. The samples were first magnetized at the field of 7
T, then the field was ramped down to zero as fast as possible,
and the decay of magnetization was then followed and fitted
with a stretched exponential function. The values determined
for Dy,O@Cgg isomers are plotted in Arrhenius coordinates in
Fig. 8. The DC technique is reliable only for relaxation times
longer than 50-100 s, which limits the accessible temperature
range to that below T.

For Dy,0-C,(26), the increase of the relaxation time with
cooling takes a linear form down to 2.5 K, with the sign of a
leveling off at lower temperatures. The linear dependence is a
characteristic feature of the Orbach relaxation mechanism
with an effective barrier U™ corresponding to an excited spin
state:

w H(T) =101 exp(—Ueff/T). (2)

Fitting of the experimental data with eqn (2) gives U™ of
20.5 + 0.3 K (14.2 cm™') and the attempt time 7, of 3.3 + 0.3 s.
The barrier is much smaller than the energies of excited LF
states but is close to the AE pm_pm Value determined from the
fit of magnetization curves, which suggests that the magnetiza-
tion reversal in the AFM ground state of Dy,0-C,(26) proceeds
via sequential flips of individual Dy magnetic moments,
including a formation of the FM state after the first flip. The
levelling off below 2.5 K may indicate the switch to the simul-
taneous flip of two Dy moments through a temperature-inde-
pendent QTM such as observed in Dy,S@Cg, at sub-K
temperatures.®

In Dy,0-C4(32), the measurement at zero field showed coex-
istence of the fast relaxation (presumably a QTM) with a
slower thermal process, which makes a determination of 7y
rather ambiguous. As the zero-field QTM can be suppressed by

T, K
, 987 6 5 4 3 25 2
10 E ML 1 1 T T 1
E °
] e Dy,0-C(26),0T
1 & Dy,0-C(32),02T
4
077 e Dy,0-D,35),0T
o
NE
1033
102?
] T T T T T T T T T
0.1 0.2 0.3 04 0.5 0.6

T—1 K—1

Fig. 8 Temperature dependence of the magnetization relaxation time
measured for Dy,0@Cgg isomers: Dy,O-C4(26) (at O T), Dy,0O-C(32) (0.2
T), and Dy,O-D,(35) (0 T). Solid lines are fits with Orbach (Dy,O-C;(26))
and Raman mechanisms (Dy,O-C(32) and Dy,0-D,(35)).
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application of a finite magnetic field, the measurements were
then performed in the field of 0.2 T. For Dy,0-D,(35), the
measurements were performed in zero field. Dy,0-C4(32) and
Dy,0-D,(35) show a different temperature dependence of 7y
than Dy,0-C;(26), which can be described by a power-law func-
tion, 7y '(T) = CT", characteristic for the Raman relaxation
mechanism. The fit gives similar parameters for two isomers,
C=(1.13 £ 0.05) x 107* s7" K" and n = 2.93 + 0.04 in Dy,O-
C4(32) and C = (0.67 + 0.03) x 10~* s K" and n = 3.70 + 0.04
in Dy,0-D,(35). The n values are much smaller than the classi-
cal expectation of n = 9 for the Raman process but are consist-
ent with the behaviour of many other Dy-SMM, including Dy-
EMFs, also showing smaller exponents in the Raman regime
associated with the influence of optical phonons.®*

For both Dy,C,@Cgs isomers, the relaxation times appeared
too short for their reliable determination by DC magneto-
metry. Since an open magnetic hysteresis requires 7y, of at
least a few seconds, a conservative estimation would be 5-10
seconds at 1.8 K. Much faster relaxation of magnetization in
Dy,C,@Cgs when compared to Dy,O@Cgs is in line with the
ab initio calculations suggesting a substantially lower axiality
in Dy,C, clusters.

Discussion

With the study of Dy,O@Cgs in this work, Dy-oxide clusterful-
lerenes Dy, O@C,, become the most diverse class of Dy-based
EMF-SMMs both in terms of the cage size (ranging from C,, to
Cgg) and isomeric composition (Cg, and Cgg are represented by
three isomers each). Table 3 lists the energetic characteristics
of Dy---Dy interactions and blocking temperatures of magneti-
zation in the Dy,O@C,, series and compares the values to
other dinuclear Dy-clusterfullerenes.

View Article Online
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Our new results demonstrate that that the 0>~ bridge in
Dy,O cluster can support not only AFM interactions between
Dy magnetic moments as in previously studied Dy,O@C,,
EMFs, but also the FM coupling. It is different from Dy,-clus-
terfullerenes with S*>~, C,>~, C*~, and N>~ bridges, which all
favor the FM coupled ground state. Quite unusual is the mag-
nitude of the variation of the Dy---Dy interaction energy found
in seemingly similar Dy,0@Cgg isomers. Estimation of dipolar
contribution to AEapyv_py Shows that AEiiF';\,[_FM is positive in
all EMFs and falls into the energy range of 1.5-3 cm™ . Thus,
the exchange contribution to Dy:--Dy coupling appears to be
responsible for the strong variation of AEspyv_pyv. Among the
studied Dy,O@C,, compounds, only one, Dy,O@D,(35)-Cgs,
has moderately positive AESSH 0 value of 1.4-2.2 cm™,
whereas other 8 feature negative exchange term spanning from
the modest —1.5 cm™" in Dy,0@Cj, to very large —21.2 cm ™"
in Dy,0@Cso and —19.0 cm™" in Dy,0@C;(26)-Cgs, by far the
strongest Dy---Dy interactions in all Dy,-complexes. The data
does not present any clear correlation between the structural
parameters and the strength of the exchange coupling. The
fullerene cage definitively plays an important role, as can be
deduced from the considerable variation of the values within
the isomeric series, especially for isomers of Dy,O@Cgs.
However, it is hard to conclude at this moment if this strong
influence is caused by the variation of the Dy,O cluster shape
and size in different cages, by indirect interactions via the full-
erene n-system, or because different Dy-fullerene coordination
sites alter the metal orbital composition and hence modify the
superexchange interactions via the O*~ bridge. A combined
influence of all these factors is likely to play a role.

Comparison of different clusters within one fullerene cage
can be used to distinguish the cage and the bridge effects.
However, this also appears to be rather ambiguous. For
instance, Dy,C,@D,(35)-Cgs and Dy,O@D,(35)-Cgs have very
close AEspvpym Values, but at the same time Dy,C,@Csgg and

Table 3 Dy---Dy interaction energy and blocking temperature of magnetization in dinuclear Dy-EMFs?

AES oM AEi;-PM—FM AEeA);‘CI\}/} FM ngch Ty Tirrev Tg100 Ref.
Dy,O@Cs(10 528)-C5, 1.5° 3.0 -1.5 — 4.0 8 3.4 25
Dy,0@C,(13 333)-C,4 ~0.1° 2.6 -2.5 — 6.7 14 5.0 (0.2 T) 25
Dy,0@Cy(5)-Cso -18.5° 2.7 -21.2 18.0 5.0 11 3.2 26
Dy,0@C(6)-Cgs —7.5° 3.0 -10.5 7.5 4.4 10 2.8 27
Dy,0@C3,(8)-Cs» —5.4° 2.5 -7.8 5.4 7.4 9 5.9 27
Dy,0@C5(9)-Cgs —12.9° 2.6 —-15.6 12.9 5.8 8 3.7 27
Dy,0@C;(26)-Cgs -16.5° 2.5 —19.0 14.2 10.5 6.0 Tw*
Dy,0@C,(32)-Cgs —0.4° 2.3 -2.7 — 5.5 8.5 4.6 (0.2T) Tw
Dy,0@D,(35)-Cgg 3.6%/4.47 2.2 1.4/2.2 — 7.5 8.5 3.9 Tw
Dy,C,@C;(6)-Cgs 12.1° 2.6 9.5 12.1 ~2 — 57
Dy,C,@Cs(32)-Css 6.3 1.7 4.6 — ~2 — Tw
Dy,C,@D,(35)-Ces 3.3% 1.7 1.6 — ~2 — Tw
Dy,S@Cs(6)-Cs» 11.0%/10.7¢ 2.2 8.5 12.4 ~2 — 57 and 61
Dy,S@C3,(8)-Cs» 6.45/5.1¢ 2.3 2.8 4.2 4.0 2.0 57 and 61
Dy, TiC@I(7)-Cso 8.57 3.4 5.1 6.6 ~2 1.7 59 and 82
Dy,SeN@7;,(7)-Cgo 5.6° 3.3 2.3 5.6 7.9 8 5.0 56
Dy,LuN®@I,(7)-Cgo 3.0° 3.3 -0.3 3.0 7.9 10 5.2 60

“AESSh o is the difference of AESY, o, and AEi;?M FM3 U is the energy barrier of the low- temperature Orbach process assigned to the relaxation via

the exchange excitation; AEap\pyv and UexCh values in cm -t

c ot : .
AE + ev 1S determined as the exchange barrier ngch

5814 | Inorg. Chem. Front.,, 2022, 9, 5805-5819

, temperature in Kelvin. b AE ;o is determined from the fit of magnetization curves.
AE};’}EM ru 1 determined from the QTM features in hysteresis curves. ¢ Tw - this work.
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Dy,O@Cgg isomers with the Cy(32) cage have different size and
the sign of AEsemrm. The comparison of Dy,O@Cg,,
Dy,C,@Cs,, and Dy,S@Csg, with Cy(6) cage isomer shows that
the strength and the sign of Dy---Dy coupling in Dy,S and
Dy,C, are similar, while Dy,O counterpart has the opposite
sign of AEspv-rym (Table 3). Finally, in isostructural and iso-
electronic Dy,TiC and Dy,ScN clusters within the Iy(7)-Cgo
cage, the superexchange through C*~ is almost twice stronger
than through N*7.>° Overall, we can conclude that the bridge
is certainly crucial in determining the Dy---Dy coupling, but
not in a very deterministic way as the influence of other factors
may be of a comparable magnitude.

The SMM performance of Dy,-clusterfullerenes does not
show an obvious correlation with the Dy---Dy coupling strength
but is clearly affected by the single-ion magnetic anisotropy.
Thus, the blocking and hysteresis closing temperature in
dinuclear systems reduces in the following row of the
bridge units: 0>~ > N>~ > C*~ > §>~ > C,*7, which corresponds
to the decrease of the average ligand-field splitting in
these types of clusterfullerenes as predicted by ab initio
calculations.>**>?7°%8%  Counterintuitively, this conclusion
is not directly transferable to analogous mono-nuclear
Dy-EMFs. The  hysteresis closing temperature in
DySc,N@Cgo,”** DyLu,N@Cso,*® DyY,N@Cgo,®® DyScS@Csgs,%°
and DyYTiC@Cgo >® is near 7-8 K irrespective of their non-
metal units. The synthesis and studies of mixed-metal oxide
and carbide clusterfullerenes with single Dy atom, such as
DyScO@Cg, and DyScC,@Cg;, and the studies of mono-
nuclear Dy-SMMs with different cage sizes will be required to
fully disclose this phenomenon. However, it can be pointed
out that the highest hysteresis closing temperature among Dy,-
clusterfullerenes, 14 K, is found for Dy,0@C-,4, in which the
Dy---Dy coupling is so weak that the compound shows butter-
fly-shaped hysteresis with pronounced zero-field QTM typical
for single-ion SMMs.?®

Although the Dy---Dy coupling does not seem to correlate
with the blocking temperature in Dy,-clusterfullerenes, it does
affect the low-temperature relaxation. The distinct Orbach
relaxation mechanism involving the exchange excitation
(either FM — AFM or AFM — FM) is observed only in Dy,-clus-
terfullerenes with |AEapy-pMm| values exceeding a threshold of
5 cm™' (e.g., Dy,O@C;(26)-Cgg). For compounds with weaker
coupling, the relaxation is better described by the Raman
mechanism (as Dy,0@C(32)-Cgg and Dy,O@D,(35)-Cgs,
Fig. 8).

Conclusions

In this work, we report on the synthesis, isolation and systema-
tic structural studies of endohedral metallofullerenes with
Dy,O and Dy,C, clusters encapsulated within Cgg cages. As
both clusters transfer four electrons to the fullerene host, they
tend to feature the same cage isomers, which were identified
by single-crystal X-ray diffraction as C;(26), C4(32), and D,(35)
and further supported by spectroscopic studies. These cage
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isomers correspond to the most stable Cgs”~ isomers accord-
ing to DFT calculations.

The availability of isomeric and isostructural Dy,O@Css
and Dy,C,@Cgg EMFs allowed the study of magnetic Dy::-Dy
interactions as a function of the fullerene cage and the brid-
ging unit. We showed that the oxide ion O~ tends to prefer an
antiferromagnetic coupling of Dy magnetic moments, whereas
the acetylide group C,>~ favors their ferromagnetic coupling.
The strength of the interaction is found to vary strongly with
the fullerene cage isomerism. All metallofullerenes exhibited
single-molecule magnetism with an open magnetic hysteresis
but with a considerably different blocking temperature of mag-
netization. Dy,C,@Cgg isomers are weak SMMs with hysteresis
closing already at 2.5 K, whereas in Dy,O@Cgg isomers the hys-
teresis remained open up to 7-9 K. This difference in relax-
ation behavior agrees with the much stronger single-ion mag-
netic anisotropy in Dy,O@Cgg than in Dy,C,@Css predicted by
ab initio calculations.
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