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ABSTRACT: Endohedral fullerenes are known for their exceptional ability to host metal clusters which contain unique bonding
motifs. In this study, we report a facile strategy to synthesize a new family of clusterfullerenes, the fluoride clusterfullerenes (FCFs).
This work demonstrates that actinides and rare earth metals as well as alkaline earth metals can be encapsulated within a variety of
fullerene cages and these fullerenes can be obtained in their pristine form without additional functionalization methods. Notably,
ThoF@11(7)-Cso and CaScF@Cs(6)-Cs,, were isolated and their molecular structures and magnetic properties were characterized by
X-ray single-crystal diffraction and multiple spectroscopic techniques, as well as DFT calculations. These findings reveal that the
unique internal addition of a single fluorine atom significantly alters the metal-metal bonding interaction of Th-Th and Ca-Sc. While
Tho@14(7)-Cso hosts a 6> Th-Th bond, an unprecedented Actinide-Actinide (Th-Th) single electron metal-metal bond is formed inside
ThoF@11(7)-Cso, upon the internal addition of fluoride. Similarly, while Ca-Sc single electron bond exists in CaSc@Cs(6)-Cs», which
exhibits excellent molecular qubit properties, the addition of fluoride transforms the compound into a singlet. The present study not
only highlights the successful synthesis of a novel family of fluoride clusterfullerenes, which will likely be an extensive family, it
also shows that fluorine doping can induce novel metal-metal bonding motifs leading to potentially intriguing magnetic properties.

INTRODUCTION

Understanding the basic concepts of chemical bonding is es-
sential in the field of chemistry, as it forms the basis for predict-
ing chemical reactions and conducting further synthetic proce-
dures. One type of bonding interaction is the metal-metal bond,
which involves a direct interaction between metal atoms.' This
type of bonding has significant implications in catalysis, metal-
lic surface chemistry, and magnetism, and it underlies a wide
range of phenomena in both natural and synthetic systems.*’
While metal-metal bonds between transition metals have been
intensively investigated in recent years,*'® metal-metal bonds
involving lanthanides and actinides, which have limited valence
4f and 5f orbitals, remain as a challenge.'!"!3

Interestingly, fullerenes, with their hollow internal space, can
function as unique nano-containers and encapsulate metal
ions.'*!* Due to its unique nano-scale confined space and elec-
tron transfer as well as coordination interactions between the
embedded metal ions and the carbon cages, fullerenes provide
an ideal environment for the formation of elusive metal-metal
bonds.'*!"” Novel metal-metal bonds involving lanthanides and
actinides have been successfully stabilized by the encapsulation
of metal ion pairs into the fullerene cages. Single-electron
bonds, such as in ThY@Css,'® LaTi@Css," Y.@C7N,?
Dy>@Cso(CH,Ph)*! and two-electron bonds, such as in
Thy@Cso,* U@Cso,>>** and ScY@Cs2*, have been success-
fully characterized. Most of these novel metal-metal interac-
tions have not been obtained in other kinds of compounds,
which highlight the unique value to study metal-metal interac-
tions inside fullerenes. These findings have also enlightened re-
searchers in the organometallic compounds, which contain sim-
ilar metal-metal bonds and exhibit unique molecular

magnetism, have been successfully synthesized in the recent
studies.!!- 2627

On the other hand, fullerene cages can also capture electro-
negative non-metallic elements such as C, N, O, S, etc., acting
as bridging ligands between two metals.”> Very recently, Shi
and coworkers reported the synthesis and characterization of
fluoride clusterfullerene derivatives.”® In their study, polytetra-
fluoroethylene (PTFE) was used as a fluorine source during the
arcing process and M,F@Cso (M=Gd, Y) were extracted with
DMF to afford monoanions [M,F@Cso]; afterwards, by elec-
trophilic trifluoromethylation M,F@Cso(CF3) compounds were
finally obtained. This method, however, like the previously re-
ported My@C,n(CF3), requires a CF; addition on the fullerene
cage to stabilize the compound. Fluorine, as the most electro-
negative element, can lead to highly localized electronic density
in fluorides, enabling strong binding with “hard” (i.e., highly
charged, weakly polarizable) metal ions.”” However, how the
internal doping of fluoride affects the chemical and physical
properties of these clusterfullerenes remains unexplored.

In this work, we present a facile strategy for the synthesis of
a series of novel fluoride clusterfullerenes (FCFs). By using
metal fluorides as metal and fluorine sources, a family of pris-
tine fluoride clusterfullerenes, which encapsulated rare earth
metals and alkaline earth metals, as well as two actinide metals,
were successfully synthesized and characterized for the first
time. Particularly, different from the recent report, these novel
endohedral fullerene compounds are stable in their pristine
form, with no additional functionalization. Moreover, com-
bined experimental and theoretical studies were employed to in-
vestigate the molecular structures, the encapsulated bonding
motifs as well as the magnetic properties (EPR). The results



show that the unique internal addition of a single fluorine atom
alters the metal-metal bonding interaction of Th-Th and Ca-Sc.
In particular, an unprecedented Actinide-Actinide (Th-Th) sin-
gle electron metal-metal bond is formed with the addition of
fluoride. In addition, with the number of unpaired electrons
(open/closed-shell character) altered by internal addition of flu-
orine, the molecular magnetic properties of these compounds
were also altered as compared to their dimetallofullerene ana-
logues.

RESULTS AND DISCUSSION

Syntheses and isolation of pristine fluoride clusterfuller-
enes

In this work, metal fluoride powder was chosen as both the
metal and fluoride sources, which facilitates the generation of
the metal fluoride clusters during the arc discharging process.
Utilizing this strategy, pristine FCFs, such as Th,F@Cs and
CaScF@Cs,, were synthesized by The Kritschmer—Huffman
DC arc discharge method.*® Graphite rods, packed with metal
fluoride (ThF, for ThoF@Cso, CaF2/Sc,03 for CaScF@Cs,) and
graphite powder with a molar ratio of ThF4;:C=1:30 and
CaF»:Sc,03:C=1:0.5:20, were vaporized in the arcing chamber

under a 200 Torr He atmosphere. The obtained soot was then
collected and extracted with CS, for 12 h. Multistage high-per-
formance liquid chromatography (HPLC) procedures were em-
ployed to isolate dimetallic FCFs ThoF@Csy and CaScF@Cs,
along with dimetallic fullerenes Thy@Cse** and CaSc@Cs., as
shown in Figure S1-S5. Additionally, we observed CaSc@Cso
and CaScF@Cso during this process, but subsequent character-
ization was limited due to their relatively low abundance. The
variety of both encapsulated metal fluoride clusters and the host
fullerene cages show that this synthetic strategy can be applied
to synthesize an extensive family of fluoride clusterfullerenes.
Moreover, different from the very recent report in which the
FCF was extracted in an anionic form and an additional func-
tionalization was needed to obtain the stable MoF@Cso(CF3)
compound,?® this method yields stable pristine FCF compounds
with no need for additional chemical functionalization.

The purity of ThoF@Cso, CaSc@Cs, and CaScF@Cs, were
confirmed by the single peaks in HPLC and sole peaks at
1442.828 m/z, 1044.739 m/z and 1063.839 m/z by MALDI-
TOF mass spectrometry, and the observed isotopic distribution
agrees well with the theoretical calculations (see Figure 1).
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Figure 1. The positive-ion mode MALDI-TOF mass spectra of (a) ThoaF@Cso, (b) CaSc@Cs, and (c) CaScF@Cs,. The insets show
the expansions of the corresponding experimental isotopic distributions in comparison with the theoretical ones.

Actinide metal FCF Th,F@Csy and Th-Th single electron
bond

Molecular structure of ThoF@I(7)-Cso [Ni(OEP)].

The black block cocrystal was obtained by the slow diffusion
of a Ni''(OEP) (OEP = 2, 3, 7, 8, 12, 13, 17, 18-octaethylpor-
phyrin dianion) solution in benzene into a CS; solution of the
corresponding EMF. The molecular structure of the obtained
crystal was determined by single-crystal X-ray diffraction anal-
ysis and refined as ThyF@/,(7)-Cso: [Ni''(OEP)] 2CsHs (OEP =
2,3,7,8,12,13, 17, 18-octaethylporphyrin dianion) in the mon-
oclinic C2/m (No. 12) space group. Figure 2a shows that
ThoF@1(7)-Cso co-crystallized with one Ni'(OEP) molecule,
due to substantial n—m interaction between them. In the com-
pound, Ni"(OEP) is responsible for hindering the rotation of the
fullerene cage and facilitates structure determination.’!

For clarity, only one orientation of the fullerene cage together
with the major site of the ThyF cluster are shown in Figure 2,
while the other disordered sites and occupancies of internal at-
oms are shown in Figure S6a and Table S2. The two dominant
Th atoms are located over two non-parallel hexagons in the
11(7)-Cso, as shown in Figure 2b. Notably, the two Th atoms are
no longer situated on the same C; axis of /,(7)-Cso, in contrast
to the Th atoms within Thy@J(7)-Cso.?* With the introduction
of the single F atom, one of the inner metal atoms shifts to a
position under an adjacent hexagon and deviates from the

original C, axis. The distances between the Th atoms and the
closest cage carbons range from 2.330(16) to 2.623(29) A, with
Thl and Th2 at distances to their corresponding hexagon cen-
troids of 2.010(2) and 2.029(3) A, respectively, similar to those
observed for Tho@/n(7)-Cso. It indicates a strong interaction be-
tween the Th metals and the fullerene cage in ThoF@JZ(7)-Cso
analogous to that in Tho@/(7)-Cso.”> The experimental Th-Th
distance of 3.651(3) A is notably shorter than that observed in
Thoy@In(7)-Cso (3.816(6) A), consistent with the theoretically
calculated distances. It is evident that incorporation of the F
atom inside the limited space of the Cgy cage causes a new bind-
ing motif and results in a small Th-F-Th angle of 99.87° and a
shorter Th-Th distance. The Th-F distances for the ThoF cluster
are 2.357(14) A and 2.414(15) A, comparable to Th-F bond
lengths for previously reported thorium fluorides: 2.307(2) to
2.374(6) A for [(ThoFs)(NC7Hs04)2(H.0)][NOs],*? 2.418(7) A
to 2.634(7) A for ThO4Fs polyhedra,*® and average value 2.379
A for Hexagonal CsTh;F 5.3 These results are consistent with
theoretical calculations which show that Th-F bonds are ionic.
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Figure 2. (a) ORTEP drawing of ThoF@/u(7)-Cso'[Ni"OEP]
with 10% thermal ellipsoids. Only one cage orientation and the
selected Th (Th1 with 0.334 occupancy and Th2 with 0.254 oc-
cupancy) sites are shown, and the solvent molecules are omitted
for clarity. (b) Fragment view of the relationship between the
inner Th/F/Th unit and the closest cage segments.

Computational study of electronic structure and bonding in
Th;F@Csg.

To describe the electronic structure of ThoF@1n(7)-Cso we
can assume that there is a formal transfer of six electrons from
the actinide fluoride cluster to the cage, [Th.F]**@Cso®, as usu-
ally occurs for EMFs with the Iy(7)-Cso isomer.'* 3> We have
confirmed that the fluoride clusterfullerene observed by X-ray
crystallography is by far lower in energy (>100 kcal mol') than
the corresponding dimetallofullerene with an attached exohe-
dral fluorine, Tho@Cso-F (Figure S7), as observed in previous
laser ablation experiments.*® The optimized ThoF@/n(7)-Cso
structure (PBEO/TZP/D3 level, see Computational Details)
shows Th-F distances of 2.291 and 2.290 A and a Th-F-Th an-
gle of 110.3°, with a Th-Th distance of 3.760 A, in good agree-
ment with the experimental structure. The Th-cage distances to
nearest C atoms range between 2.52-2.58 A and are comparable
to those for Tha@I(7)-Cso (2.55 A, in average). The doublet
ground state shows the spin density localized on the Th,F clus-
ter, in particular, distributed equally on the two Th atoms. The
singly-occupied molecular orbital (SOMO) is a sigma orbital
delocalized between the two Th atoms (Figure 3b). Therefore,
there exists a sigma single-electron Th-Th bond even with the
presence of a fluoride bridging the two actinides, showing an
unprecedented bond type in actinide dimers. Unfortunately, we
did not obtain a CW EPR spectrum for Th,F@Csy, which is
likely due to the severe line broadening caused by the strong

spin-orbit coupling of Th. The Bader’s Quantum Theory of At-
oms in Molecules analysis was performed to further character-
ize the Th-Th interaction.’” The bond critical point (bcp) be-
tween two atoms, postulated by Bader, is a necessary and suffi-
cient condition for the atoms to be bonded. The Bader analysis
shows a bond critical point in between the two Th atoms, not
exactly in the middle of the Th-Th axis, but slightly shifted,
making a Th-bep-Th angle of 150.3°. The values of the density
and the Laplacian of the density at the bep (pvep = 0.16 €A and
V2 puep = -0.098 eA), as well as the Th-Th delocalization index
(0.343) confirm the presence of this single-electron bent or ba-
nana bond. Besides, the Th-F bonds can be described as rather
ionic bonds (pue, = 0.54 €A and V2 ppe, = 7.24 eA™), as found
for Sc-F and Ca-F bonds in CaScF@Cs(6)-Cs. (see below). In-
terestingly, the Th-Th distance in ThoF@Cs is slightly shorter
than in Th,@Cso, even though the two-electron sigma Th-Th
bond is stronger than the single-electron bond in Th-F-Th. This
counterintuitive observation can be rationalized by considering
that the main factor influencing the position and the structural
characteristics of the cluster within the cage in endohedral full-
erenes is the interaction between the metal atoms and the carbon
cage. For the two systems, the Th-cage distances are mainly the
same. However, upon fluorination, the relatively large Th-F dis-
tances (2.3-2.4 A) force the cluster to adopt a highly bent con-
figuration (approximately 100 degrees). This adjustment is due
to the limited space inside the spherical I5(7)-Cso cage leading
to a somewhat shorter Th-Th distance in Th,F@Csy compared
to Tho@Cso.

Due to the synthetic challenge, the study of An-An metal-
metal bond is rare. So far, we have identified three types of An-
An bond, which are: (i) strong Th-Th ¢* bond in Thy@Cso; (ii)
weak U-U ¢® bond in U>@Cso; and (iii) strong triple *a* bond
in U,@Ca, (2n < 60).>2* In 2021, Liddle and co-workers also
reported c-aromatic Th-Th bonding in a tri-thorium cluster.*®
Here, surprisingly, by the doping of a single F atom into the Th-
Th moiety inside the fullerene cage, not only two Th-F ionic
bonds are formed, but a novel An-An single electron bent bond
is also present, which represents a new type of An-An metal
bond.
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Figure 3. (a) DFT-optimized geometry of ThoF@/Z(7)-Cso. (b)
Singly-occupied molecular orbital (SOMO) of ThoF@1u(7)-Cso.

Alkaline earth/rare earth metal FCF CaScF@Ci(6)-Cs:

Molecular structure of CaSc@Ci(6)-Csy[Ni"(OEP)] and
CaScF@Cy(6)-Cs>'[Ni" (OEP)].

The molecular structures of CaSc@Cy(6)-Cs» and
CaScF@Cy(6)-Cs> were unambiguously determined by single-
crystal X-ray diffraction studies. Black crystal blocks of
CaSc@Cy(6)-Cso [Ni"(OEP)] 2C¢Hs and CaScF@Cy(6)-
Cs2'[Ni'(OEP)] 2CsHs were obtained by slow diffusion of a
benzene solution of Ni"(OEP) into a CS; solution of the samp-
les. Figure 4a and 5a show the molecular structures of the two



previously unreported EMFs together with the cocrystallized
Ni''(OEP) molecules.

CaSc@Cy(6)-Cs;. The fullerene cage of CaSc@Cy(6)-Cs, ex-
hibits two orientations attributed to the crystallographic mirror
of the C2/m space group. As shown in Figure S6, Ca and Sc
ions are highly ordered and only two sites (Cal, Scl and their
mirror-related counterparts CalA, SclA) are observed inside
the fullerene cage. Considering the previously reported crystal-
lographic studies of CaY @Cy(6)-Cs,,” we selected the Cal and
Sc1 positions for further analysis, (see Figure 4a).

As shown in Figure 4b, the Ca ion resides in the center above
a hexagon, with the closest Ca-cage contact falling within a
range of 2.513(6)-2.607(6) A, in agreement with the theoretical
calculations. The Sc ion resides over the [6, 6] carbon bond (be-
tween a pair of adjacent hexagon rings) with the shortest Sc-
cage distance ranging from 2.154(6)-2.162(8) A, comparable to
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Figure 4. (a) ORTEP drawing of CaSc@C(6)-Cs.-[Ni"OEP]
with 20% thermal ellipsoids. Only one cage orientation and the
selected Ca (Cal with 0.5 occupancy) and Sc (Sc1 with 0.5 oc-
cupancy) sites are shown, and the solvent molecules are omitted
for clarity. (b) Fragment view of the relationship between the
inner Ca/Sc unit and the closest cage portion.

calculations (2.173-2.198 A) and to the Sc-C distances in
Sc@C3(8)-Csa (2.21-2.40 A) and ScY@Cs.(8)-Csa (2.225-
2.447 A)."-25 The details of metal-cage distances and metal po-
sitions for CaSc@Cs(6)-Cs, are depicted in Table S4. The dis-
tance between Ca and Sc is determined to be 3.778(2) A, com-
parable to the Ca-Y distance (3.691 A) for CaY@Cy(6)-Cs, and
Sc-Y distance (3.674 A) for ScY@C5(8)-Cs2.2> ¥ As for
CaY@C(6)-Cs> and ScY@Cs(8)-Csz, a metal-metal bond is
also present for CaSc@Cy(6)-Cs (see below).

CaScF@C,(6)-Cs. Similar to CaSc@Cy(6)-Cs», the crystal of
CaScF@Cy(6)-Cs, with a C2/m space group exhibits two

crystallographic mirror-related orientations with the same occu-
pancy of 0.5. The encapsulated Ca and Sc ions shows two sites
(Cal, Scl and their mirror-related counterparts CalA, SclA)
respectively. Additionally, the F atom situated on the crystallo-
graphic mirror plane shows exclusively one site, as shown in
Figure S6c. The computational results regarding the metal po-
sitions in the fullerene cage are discussed in subsequent sections.

The interaction of the Ca-F-Sc unit and the closest cage por-
tion is illustrated in Figure 5b. The Ca-F-Sc angle of 143.9° is
much larger than the M-F-M bond angles (M=Th and Gd) in
Cso cages. It indicates that the Ca-F-Sc cluster is flexible and
stretches out in the larger inner space of the Cs, cage. The metal
sites of Ca and Sc are found to be near to those in the
CaSc@Cy(6)-Cs..

For CaScF@Cs(6)-Cs,, the Ca ion resides in the center over a
hexagon with the closest Ca-cage contacts in the range of
2.492(8)-2.579(8) A, as well as the Sc ion above the [6, 6] car-
bon bond with the shortest Sc-cage distance ranging from
2.142(8)-2.167(6) A. Notably, upon introduction of the single
F atom into the endohedral Ca-Sc moiety, the Ca-Sc distance in
CaScF@C(6)-Cs, stretches to 3.907(2) A from that of the
CaSc@Cy(6)-Cs (3.778(2) A). This stretched distance may be
caused by the transfer of a single-electron from the Ca-Sc bond
and formation of a metal-fluoride ionic bond, which will be dis-
cussed below.
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Figure 5. (a) ORTEP drawing of CaScF@Cy(6)-Cs.-[Ni"OEP]
with 20% thermal ellipsoids. Only one cage orientation and the
selected Ca (Cal with 0.5 occupancy) and Sc (Sc1 with 0.5 oc-
cupancy) sites are shown, and the solvent molecules are omitted

for clarity. (b) Fragment view of the relationship between the
inner Ca/F/Sc unit and the closest cage portion.

Computational study of electronic structures and Ca-Sc in-
teractions in CaSc@Cs; and CaScF@Cs.



To further understand the electronic structure and bonding
nature of CaSc@Cs(6)-Cs, and CaScF@Cy(6)-Cs,, calculations
at the PBEO/TZP/D3 level were done. Figure S9 and S10 pro-
vides the DFT-optimized geometry of CaSc@Cy(6)-Cs,, which
shows a spin-doublet ground electronic state as in CaY @Cs,.%
Different positions of Ca and Sc inside Cy(6)-Cs, were explored
(see Figure S11). The lowest-energy structure corresponds to
the analogous metal positions of CaY@Cs(6)-Cs,, with the Y
site replaced by Sc. The DFT optimization of the crystallo-
graphic structure for Cal and Scl positions shows the lowest
energy; crystallographic equivalent Calm and Sclm positions
lead to a structure 8.0 kcal-mol” higher in energy. When the
metal positions are exchanged in CaSc@Cs(6)-Cs, the relative
energy increases to 6.6 kcal-mol”. The optimized Ca-Sc bond
length is 3.771 A, in very good agreement with experimental
results. The Ca atom remains at the center of a hexagon from an
s-indacene motif with the closest contacts within the range of
2.545 to 2.610 A, similar to those Ca-cage distances in
CaY@C(6)-Csz (2.490 — 2.585 A). Sc is placed at the center of
the [6,6] bond of a pyracylene fragment showing Sc-cage bond
lengths of 2.173 - 2.198 A. The position of Sc in the pyracylene

(a)

3.777

MSP: 0.38 Ca + 0.69 Sc

CaSc@C,(6)-C
@C(6)-Cez s Pop.: 15.6% Ca + 27.7% Sc

motifs is in line with (i) the largest molecular orbital contribu-
tion of the LUMO+1 of neutral Cy(6)-Cs, cage; and (ii) the most
negative region of the potential electrostatic map of the Cy(6)-
Cs2* anion (Figure S12).

For CaSc@Cs(6)-Cs, there is a formal transfer of four elec-
trons to the cage, (CaSc)*"@(Can)*, so there is one valence elec-
tron that remains in the internal metals. This unpaired electron
is delocalized between the two metal atoms, as the spin density
distribution illustrates in Figure 6, with a certain degree of po-
larization towards the Sc atom. Similar to the CaY EMF sys-
tems, the atomic Mulliken spin populations are 0.4 e for Ca and
0.7 e for Sc, which is importantly driven by the s-type orbitals
with the s spin density populations of 16-17% for Ca and 27-
28% for Sc. The unpaired electron is delocalized in a a; sigma-
type orbital (see Figure 6¢), as a consequence of a considerable
overlap between the 4s4p orbitals of Ca and the 4s4p3d orbitals
of Sc (see Figure 6d). For CaSc@Cs(6)-Cs,, more 4s orbital con-
tribution of Sc is found than that for the Y 5s orbital in
CaY@Czn.

Ca Sc
4s (12.9%) 4s (24.6%)
4py (12.0%)  4py (9.7%)
4p, (2.8%) 4p, (6.1%)
3dy, (1.4%)  3dyy, (4.0%)
3dyo.y2 (1.4%)  4p, (2.2%)

Eoc =6.27 eV

Figure 6. CaSc@Cy(6)-Csa: (a) DFT-optimized structure, where the Ca-Sc distance (in A) is indicated. (b) Spin density distribution with an
isosurface of £0.002 a.u., Mulliken spin populations (MSP) and amount of s spin density population (s Pop.) of the metals. (c) Molecular
orbital (MO) isosurface (+0.03 a.u.) for the delocalized sigma orbital a; for the alpha-spin with the corresponding MO energy (in eV). (d)
Molecular orbital contributions of the o-type bonding orbital formed essentially by ns, np and (n-1)d metal orbitals.

Table 1. Computed EPR, electronic and structural parameters for different CaX@C:, systems. Experimental values are in

parenthesis.
CaSc@C(5)-Cso  CaSc@Cy(6)-Cs2  CaY@C(5)-Cso CaY@Ci(6)-Cs» CaGd@Ca(5)-Cso  CaDy@C1u(5)-Cso
1.994 1.983 1.979
g-value 1.995 2.013 1.987
(2.074) (1.982) (1.981)
603 236 245
AY 569 151 447
(642) (254) (263)
3.773 3.704
d(Ca-X)® 3.919 3.841 3.830 3.850
(3.778) (3.147)
Spin Ca® 0.39 0.38 0.39 0.38 0.44 0.43
Spin X° 0.68 0.69 0.68 0.68 7.73 5.66
S Pop.¥ 27.0 27.7 27.1 27.5 22.7 23.0
g5"UMOe) -3.46 -3.55 -3.50 -3.59 -3.26 -3.39
Pocp” 0.077 0.086 0.091 0.100 0.093 0.090
V2pbep? -0.025 -0.013 -0.063 -0.026 -0.054 -0.043
6(Ca,X) 0.25 0.27 0.28 0.29 0.28 0.27

2 Hyperfine coupling (in MHz). ® Metal-metal distance (in A). © Atomic Mulliken spin densities for Ca and X. 9 Amount of s spin density
population on X (in %). ® Energies of the sigma LUMO (beta) orbital (in €V). ? Electron density and Laplacian of the electron density at the

bond critical points are given in [eA~*] and [eA"], respectively.
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Figure 7. (a) DFT-optimized geometry of CaScF@Cy(6)-Cs..
(b) Fragment view with the Ca-F, Sc-F, Ca---Sc and metal-cage
distances (in A) as well as the Ca-F-Sc angle. (c) Highest occu-
pied molecular orbital (HOMO) isosurface (+0.03 a.u.).

The formal oxidation states of Ca and Sc would be near to
1.5+ and 2.5+, respectively, if they share equally the unpaired
electron. The corresponding molecular orbital (MO) diagrams
for the spin-doublet state of CaSc@Cs(6)-Cs, are displayed in
Figure S13. The oxidation and reduction of CaSc@Ci(6)-Cs
are predicted to occur on the carbon cage, so the one-electron
Ca-Sc 6-bond remains essentially unaltered (Figure S14).*° The
Bader’s Theory analysis was performed to characterize the Ca-
Sc bond. The electron density at the bep (p) is 0.086 eA, and
the Laplacian of the electron density (V2p) is -0.013 eA™ (see
Table 1). These values indicate the presence of an accumulation
of charge density in the center of the metal-metal bond. Com-
pared to CaY @Can, lower electron density values are found for

(a) (b) 700

CaSc@Cn, which correlates with the smaller metal-metal dis-
tances in Y-based systems.** The negative sign on the Laplacian
is consistent with the Ca-Sc covalent interaction deduced from
the singly-occupied delocalized sigma orbital.

The DFT-optimized geometry obtained from the crystallo-
graphic structure of CaScF@Cs(6)-Cs: is displayed in Figure 7.
The closed-shell singlet state is the lowest-energy electronic
configuration, with the triplet spin state at 23.3 kcal'mol™'. The
Ca and Sc metals reside in the same positions as found in
CaSc@Cs», and the F atom connects the two metals. The Ca-F
and Sc-F bond lengths are 2.143 and 1.998 A, respectively, and
the corresponding Ca-F-Sc bond angle is 141.10° which is
smaller than that for Sc,O@Cy(6)-Cs» (162.2°) and larger than
that for Gd,F@Cso-CF3 (116°).2%#! The presence of the F atom
within the Cs, cage causes the increase of the Ca-Sc distance
(3.905 A), closer contacts between the Ca and the carbon cage
(2.500 A - 2.555 A) and a more central position of the Sc atom
on the [6,6] bond of the pyracylene fragment (2.182 - 2.183 A).
Test calculations have been performed with the F atom attached
to the carbon cage, i.e., forming an exohedrally functionalized
fullerene, as observed in previous laser ablation experiments.*
Interestingly, when the F atom is exohedrally attached to one
carbon atom of the CaSc@Cy(6)-Cs, cage, the relative energies
oscillate in the range of 126-130 kcal'mol” (see Figure 7).
Therefore, the F atom prefers energetically to be encapsulated
inside the Cy(6)-Cs, carbon cage to form a fluoride clusterfull-
erene.

The electronic structure is consistent with (CaScF)*@(Cs2)*,
where four electrons from the CaScF cluster are formally trans-
ferred to the carbon cage. The frontier molecular orbitals (MOs)
of CaScF@Cy(6)-Cs, are mainly localized on the Cy(6)-Cs, (Fig-
ures 7c and S14). Localized MO (LMO) analysis for
CaScF@Cy(6)-Cs, show the three filled 2p atomic orbitals of the
F atom with small contributions from the metal atoms (Figure
S15).

CaSc@C
CaSc@C,(6)-C = 82
| R CaSc@Cag...o*
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£
Simulation o 400 A
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Figure 8. (a) The EPR X-band spectra of CaSc@Cs(6)-Cs, and CaScF@Cy(6)-Cs. measured at room temperature. The black smooth
curve represents the simulated EPR spectrum of CaSc@ Cy(6)-Cs.. (b) Correlation between the hyperfine coupling constant (in MHz)
and the amount of s spin density population located on the Sc atom (in %) for CaSc@Ca, and Sc;X@1(7)-Cso (X = O, N, C,) systems.

Correlation coefficient r is also given.

The Bader analysis was also performed for CaScF@Cy(6)-Cs,
indicating the existence of bond critical points between the
Ca/Sc and the F atom. The py., are 0.38 and 0.55 eA- for Ca-F
and Sc-F, respectively, and their corresponding V2 py., present
both positive signs (8.22 eA~ for Ca-F and 11.86 eA~ for Sc-
F). Such results indicate the ionic bonding character for Ca-F

and Sc-F bonds due to the high electronegativity of F. In addi-
tion, the delocalization indexes are 0.25 for Ca-F, 0.36 for Sc-F
and almost nil (0.01) for Ca-Sc. Thus, different from the situa-
tion for ThoF@11(7)-Cso, in which F doping changes the Th-Th
o” bond to a single electron metal-metal bond, the incorporation
of the encapsulated fluoride breaks the Ca-Sc sigma bond found



in CaSc@Cy(6)-Cs., and results in a rather ionic metal-fluoride
bonding interaction.

EPR analysis of CaSc@Cs; and CaScF@Cs:.

Continuous-wave (CW) EPR spectra of CaSc@Cs, and
CaScF@Cs, were measured for CS, solutions to further en-
hance the understanding of their electronic structures. As shown
in Figure 8a, eight transitions are clearly identified for
CaSc@Cs», which are attributed to the hyperfine interactions
between the electronic spin and a nuclear spin I=7/2 *Sc (100 %
natural abundance), while the nuclear spin of °Ca is 0 in natural
abundance 96.941 %. In addition, the diverse intensities of eight
EPR peaks indicate the slightly paramagnetic anisotropy for
CaSc@Cs», similar to that observed in other EMFs, such as
Sc@Css,” CaY@Cso,” TiLa@Cs:!? and Y>@C7oN.* It can be
attributed to substantial molecular weight and complex geomet-
ric structure for EMFs, leading to incomplete motional averag-
ing.

The black smooth curve represents the simulated EPR spec-
trum of CaSc@Cy(6)-Csz, from which the anisotropic g tensor
of g./g=1.997:1.995 and hyperfine coupling constant (hfcc)
tensor of A 1/A=645:640 MHz were determined. The relatively
large A values indicate strong hyperfine interactions within the
bimetallic EMFs, which indicates that the unpaired electron is
localized between the Ca and Sc metal ions,'*?° and not on the
carbon cage, as is the case for Sc@Cs, (A=10 MHz). In addition,
the g values of CaSc@Cs. is comparable to those of CaY @Cso
(g=1.9817) and CaY(@Cs: (g=1.9809).% All together, these re-
sults provide a direct proof that a single-electron Ca-Sc metal-
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metal bond is formed, consistent with the DFT calculated re-
sults.

A computational study involving other Ca-X@C,, families
was performed to further explore the electronic structure and
the EPR parameters for CaSc@C,, systems. Besides the previ-
ously reported systems CaY@C>(5)-Cso and CaY @Cy(6)-Cso,
we have worked with CaSc@C»(5)-Cso and hypothetical Ca-
X@Cy(5)-Cso (X = Gd, Dy) systems. The calculated g values
for CaSc@C»(5)-Cso and CaSc@Cy(6)-Cs» are 1.995 and 1.994,
respectively, and the calculated hfcc are 569 MHz for
CaSc@Cx(5)-Cso and 603 MHz for CaSc@C;(6)-Cs>. The spin
density located on the Sc atom is the same for both CaSc@Cax
cages (0.68-0.69 e), similar to Y in the CaY @C, systems (0.68
e). CaSc@Cs(6)-Cs, shows the largest hfcc among all the sys-
tems studied herein. The slightly larger amount of s spin density
population located on Sc (27.7 vs. 27.0%) correlates with the
larger hfcc of CaSc@Cy(6)-Cs,, compared to that of
CaSc@Co(5)-Cso. In addition, both CaSc@Cs systems also
show the largest hfcc among other Sc;X@C>(5)-Cgo (X =0, N,
C,) endohedral fullerenes.'* * Interestingly, the hfcc and the
amount of s population on the Sc atom displays a very good
correlation (see Figure 8b). All the CaX systems show a spin
density on Ca that is smaller than 0.5e, ranging from 0.38 to
0.44e, in line with the presence of a polarized sigma bond. The
bond parameters from the Bader analysis are also comparable,
with similar densities at the bond critical points, Ca-X delocal-
ization indices and small and negative values of the Laplacian
of the electron density (Table 1).

(b)

50K

Wﬂ——

12dB

\/\_/‘\/V\/—\
\/\/\/\/W&
W\/\/\/\/\/‘\/\—ifﬁf

“\\ “/ \\ /,",\ WA T e T P VAV A VAV AV Ve

V

1 I L L L

Echo intensity (a.u.)

200 400 600 800 1000
Nutation pulse length (ns)
(d) S
o
10* £ e
o
~10% F
~
=
10% |

100
Temperature (K)

Figure 9. The X-band pulse EPR characterization of CaSc@C;(6)-Cs. dissolved in toluene. (a) EDFS spectrum at 50 K. (b) Rabi oscillations
under various microwave attenuations at 50 K. (c) Temperature dependence of 77 and 7>. (d) Temperature dependence of 1/7. The red line

is a fit with the Raman relaxation process.



To explore the potential applications of CaSc@C(6)-Cs in
quantum information science,** we dissolved it in toluene and
employed X-band (9.6 GHz) pulsed EPR spectroscopy to char-
acterize its qubit behavior. The echo-detected field sweep
(EDFS) spectrum obtained at 50 K clearly reveals anisotropic
g-factors and a hyperfine splitting with **Sc (I = 7/2, 100% nat-
ural abundance) (Figure 9a). It was fitted with S = 1/2, g =
2.00066(10), g.= 1.99201(5), A1 = 707.7(4) MHz, and 4, =
614.7(1) MHz. The hyperfine splitting constants are signifi-
cantly larger than those of CaY@Cy(6)-Cs»,” indicating higher
electron spin distribution on the s-orbitals of Sc. Nutation ex-
periments performed at 322.6 mT revealed Rabi oscillations at
various microwave powers (Figure 9b and Figure S16), demon-
strating the coherent addressability of CaSc@C(6)-Cs,.

We further conducted spin dynamic studies with
CaSc@Cs(6)-Cs> to determine its spin-lattice relaxation time (77)
and spin decoherence time (73), two key metrics of electron spin
qubits (Figure S17 and Table S6). The T; and 7> values are com-
parable for all hyperfine sublevels at 50 K (Figure S18), so we
focused on the transition at 322.6 mT that shows the highest
EDFS intensity. Thanks to its s-orbital character, the Ca-Sc sin-
gle electron spin maintains quantum coherence up to 160 K
(Figure 9c), close to the melting point of toluene (Tpmer = 178.2
K).*® Because of the weaker spin-orbit coupling of Sc than Y,
the 7} of CaSc@Cy(6)-Cs; is significantly longer than that of
CaY@Cs(6)-Cs, from 10 — 160 K, reaching 41.5 ms at 10 K,
that is more than 5 times the latter (Figure S19).* Below 100 K,
the spin-lattice relaxation is dominated by the Raman process

with Ti o T224 indicating a low Debye temperature (Figure

1

9d).* The T deviates from this trend above the glass transition
temperature of toluene (Tgass = 113 K) as a result of the solvent
disturbance. The values of 7> and its temperature dependence
are consistent with those of CaY@Ci(6)-Cs,, likely because of
similar nuclear spin environments involving 'H and "*C in tolu-
ene and *C in the Cs, cage (Figure S19). The detuned rotation
of the methyl group of toluene causes an increase of 7> with
rising temperature, which reaches a maximum of 7.43 us at 40
K. Above 40 K, the 7> decreases with rising temperature, man-
ifesting the influence of spin-lattice relaxation on the coherence,
and it tends to level off between Tyiass and Timere of toluene. Over-
all, CaSc@C;(6)-Cs, behaves as an electron spin qubit with bet-
ter spin dynamic properties than CaY @C,(6)-Csz.

Finally, analysis of the EPR spectrum for CaScF@C(6)-Cs
shows no signal (Figure 8a). Clearly, the doping of the single F
atom between Ca and Sc altered the bonding between them and
quenched the spin of the Ca-Sc single electron bond, obtaining
in this case an electronic closed-shell system. The lack of EPR
activity for CaScF@C(6)-Cs, is in agreement with the elec-
tronic structure obtained by DFT computations.

CONCLUSIONS

In this work, we present the facile synthesis of a new series
of pristine clusterfullerenes, i.e., actinide metal FCF, alkaline
earth/rare earth metal FCF. We successfully isolated and char-
acterized two notable examples: ThoF@/n(7)-Cso and
CaScF@Cy(6)-Cs,. Our results reveal that, in addition to the po-
tential variety of metals and oxidation states that can be encap-
sulated inside the fullerenes as fluoride clusters, the metal-metal
bonding interaction as well as the magnetic properties of these
compounds can be fine-tuned by the internal doping of a single
fluorine atom. For example, Tho@Cso exhibits a closed-shell
ground state featuring a two-electron sigma Th-Th bond.

However, upon the internal incorporation of a fluorine atom,
one electron is removed from the Th-Th bond leading to the
formation of an unprecedented single electron Th-Th bond. The
electronic structure of the encapsulated ThyF cluster is deter-
mined to be (Th*>*F Th**")%*, indicating that the formal oxida-
tion state of Th ions is +3.5. Similarly, CaSc@C(6)-Cs> pos-
sesses a single electron in a sigma Ca-Sc bonding orbital, which
confers excellent molecular qubit properties. The addition of
fluorine removes this electron, thus transforming the ground
state of CaScF@C4(6)-Cs, to a singlet. Fluoride clusterfuller-
enes could represent an extensive and novel family of endohe-
dral fullerenes. The fine-tuning effects achieved by the internal
doping with single fluorine atoms could lead to the discovery of
more unique bonding motifs and various potential applications
in future studies.
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SYNOPSIS TOC

Th-Th o2 bond Th-Th single electron bond

= <
Th,@1y(7)-Cgg ThoF@I(7)-Ceo
Closed-shell Internal doping of fluorine Open-shell
CaScF@C,(6)-Cy, CaSc@C,(6)-Cg,
1~ = P - — 3

Spin-singlet ground state Ca-Sc single electron bond
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