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ABSTRACT: Clusterfullerenes are capable of entrapping a variety of metal
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the isomeric structure of fullerene cage, and whether the properties of the
entrapped metal cluster is geometry-dependent remains unclear. Herein we
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report an unusual triangular monometallic cluster entrapped in fullerene cage s

by isolating several novel terbium cyanide clusterfullerenes (TbNC@Cyg,) & < =17/
with different cage isomeric structures. Upon varying the isomeric structure ‘:gy ﬁV
of Cg, cage from C,(5) to C,(6) and to C,,(9), the entrapped triangular ™ N
TbNC cluster exhibits significant distortions as evidenced by the changes of 0.01

Tb—C(N) and C—N bond distances and variation of the Tb—C(N)—N(C) C,(9)-C,, c.(e-c,, c.(8)-C,

angle by up to 20°, revealing that the geometric structure of the entrapped The distance between Th and C(N
triangular TbNC cluster is variable. All three TODNC@Cg, molecules are
found to be single-ion magnets, and the change of the geometric structure of TbDNC cluster directly leads to the alternation of the

magnetic relaxation time of the corresponding TOINC@Csg, clusterfullerene.

B INTRODUCTION

generally keeps its geometric structure (e.g., bond distance and

Fullerene has a hollow interior, able to entrap versatile species
such as atoms, ions and metal clusters in the form of
endohedral fullerenes.' ™ During the past two decades,
comprehensive studies on different types of endohedral
fullerenes reveal that the interplay between the size/shape of
the entrapped species and the fullerene cage plays an important
role on the stabilization of endohedral fullerenes.'~"" Due to
the charge transfer from the entrapped species to the outer
fullerene cage, such unstable species as the charged metal
clusters can be stabilized to form endohedral clusterfullerenes.”
Among all endohedral fullerenes reported up to now,
clusterfullerenes exhibit the largest dlver51ty of the entrapped
species, 1nclud1ng metal nitrides,"® carbides,"’™"® oxides,'*

sulfides,** hydrocarblde, carbonitride,"” and a unique TiLu,C
cluster with a central y;-C atom and double Ti = C bond
reported recently.'® Despite the recent advance on clusterfuller-
enes focusing on searching for new structures, the dependence
of the geometric structure of the entrapped metal cluster on the
outer fullerene cage remains unclear, and limited reports
revealed that the entrapped metal cluster within fullerene cage

-4 ACS Publications  © 2016 American Chemical Society

angle) upon changing the isomeric structure of fullerene cage.
In few cases, even though the geometric structure of the
entrapped metal cluster altered, the central nonmetal ion
remains in the center of the cage and the change of the bond
distance within the metal cluster was typically negligible when
the cage isomeric structure changed. For instance, X-ray
crystallographic studies of two isomers of scandium (Sc)-based
sulfide clusterfullerenes Sc,S@Cg, revealed that, upon changing
its cage isomeric structure from C(6)-Cg, to C;,(8)-Cq,, the
change on the Sc—S bond distance within the Sc,S cluster is
negligible (<0.08 A) although the Sc—S—Sc angle decreases
from 114° to 97°."° Likewise, for the well-known Sc-based
nitride clusterfullerenes Sc;N@Cg, (I, Dy;,), variation of the
cage isomeric structure from I,-Cgy to Dg;,-Cg, resulted in no
change on the planar triangular geometry of the Sc;N cluster
despite of a small variation of the averaged Sc—N bond distance
of less than 0.05 A."*°
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Figure 1. Negative-ion LD-TOF mass spectrum of the purified TENC@Cg, (I-III). Insets: measured and calculated isotopic distributions of

TbNC@Csg,.

Because of the intramolecular charge transfer from the
entrapped metal cluster to the outer fullerene cage,
clusterfullerene exhibits unique electronic, physical and
chemical properties.'~* In particular, the magnetic properties
of clusterfullerenes appear quite intriguing and complicated
because of the exchange interactions among multiple para-
magnetic lanthanide ions entrapped.' "' Recently a few
clusterfullerenes including metal nitride clusterfullerenes
Ln,Sc;_,N@Cg, (Ln = Dy, Ho, x = 1, 2)** > and carbide
clusterfullerene Dy, TiC@Cg, (ref 26) were found to behave as
single molecule magnets (SMMs) or more specifically single-
ion magnets (SIMs), which are SMMs containing only a
single magnetic ion,”’ > showing potential applications in
spintronics, quantum computing and high-density storage
devices.””™>* They all have a central nonmagnetic ion (N or
C) that imposes a strong ligand field, which provides the
anisotropy for the single molecule magnetism. In contrast to
the well-known conventional SIMs based on coordination
compounds, endohedral fullerene provides a truly individual
molecular system as a kind of ideal SIM with a well-isolated
metal ion anchored in a certain position.”**”*° Noteworthy,
since for those known clusterfullerenes the entrapped metal
cluster within fullerene cage generally keeps its geometric
structure when the cage isomeric structure changes, the central
nonmetal ion remains in the center of the cage and it is not
clear whether the magnetic properties of clusterfullerene SIMs
would change upon altering the geometric structure of the
entrapped cluster and consequently its coordination to the
diamagnetic cage.

Herein, we report on an unusual triangular terbium cyanide
(TbNC) cluster entrapped in fullerene cage on the basis of
isolating several novel Tb-based metal cyanide clusterfullerene
including three isomers of TbNC@Cg,. Upon varying the
isomeric structure of Cg, cage from C,(5), C,(6) to C,,(9), the
triangular TbNC cluster distorts as evidenced by the dramatic
change of the Tb—N(C)/C—N bond length and the Tb—
C(N)-N(C) angle. Furthermore, such geometric structural
changes of the entrapped TbNC cluster dictated by fullerene
cage are found to directly lead to the change of magnetic
relaxation times of the corresponding metal cyanide clusterful-
lerenes.

14765

B RESULTS AND DISCUSSION

Synthesis, Isolation, and Cage Isomeric Structures of
Three Isomers of TONC@Cg,. As an entrant of clusterfuller-
ene family, metal cyanide clusterfullerene (CYCF) discovered
recently represents the first endohedral fullerene entrapping a
monometallic cluster.”> Up to now only two CYCFs have been
isolated which are both based on Cs;, cage, including
YNC@C,(6)-Cg, and TBNC@C,(5)-Cq,, and a striking
structural feature of them is that the entra 6ped MNC (M =
Y, Tb) cluster takes a triangular geometry.*>”® Such a triangular
geometry of the MNC cluster is rather unusual because it has
been well-known that the traditional inorganic metal cyanide
compounds or cyano coordination complexes exhibit linear
structures, while a bent metal-C—N structure was observed
only when the C and N atoms within the CN™ ligand were
coordinated with two metal atoms.>”>° Thus, the triangular
geometry of the MNC cluster can be stabilized only in the
confined space of fullerene cage.”>*® Moreover, the C—N bond
length found in YNC@C,(6)-Cg, and TBNC@C,(5)-Cs, is
only 0.935 and 0.94(S) A, respectively, which is smaller by at
least 0.17 A than those of the reported C—N triple bonds in
traditional inorganic metal cyanides and cyano coordination
complexes as well as the organic nitrile compounds.””™** The
unusual triangular geometry and small C—N bond length of the
MNC cluster within the reported MNC@Cg, (M = Y, Tb)
suggest that the MNC cluster is highly strained in the confined
space of Cg, cage.”” Thus, we are stimulated to address whether
the strained MNC cluster within CYCF is rigid like those
within other known clusterfullerenes.

The synthesis procedure of three isomers of TbDNC@Cg,
(labeled as I-IIT) by a modified Kritschmer—Huffman DC arc
discharge method involving nitrogen gas (N,) is similar to that
of YNC@C,(6)-Cg, we reported recently.”> An optimized
condition (the molar ratio of Tb:C = 1:15; discharging
atmosphere: 400 mbar He mixed with 10 mbar N,) was
used.”® TODNC@Cg, (I-III) were successfully isolated from
fraction A/A’ by a two-step HPLC (see Supporting
Information S1 for details). To ensure the high purity of the
isolated TONC@Cg, (I-1II), we carried out laser desorption
time-of-flight (LD-TOF) mass spectroscopy (MS), showing a
single mass peak at m/z = 1169 for which the isotopic
distribution analysis shows a good coincidence with the
calculated one (Figure 1).
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The molecular structures of the isolated TOINC@Cg, (I-III)
were determined unambiguously by X-ray crystallographic
study based on their correspondin§ cocrystals with Ni''(OEP)
(OEP = octaethylporphyrin).**~™ The cage structure of
TbNC@Cg, (I, C,(5)) has been reported very recently.36
Figures 2a and 2c¢ show the relative orientations of TENC@Csg,

Figure 2. Single crystal X-ray structures of TbNC@Cg, (C(6),
C,,(9)). The structures of TONC@C,(6)-Cg,-Ni"(OEP)-2(C¢Hy) (a)
and TBNC@C,,(9)-Cg,-Ni"(OEP)-2(C4Hg) (c) are shown with only
the predominant Tb (Tb1) positions, and solvent benzene molecules
and hydrogen atoms are omitted for clarity. The structures of TEINC@
C,(6)-Cg, and TbDNC@C,,(9)-Cg, with the major TbNC clusters are
illustrated in (b) and (d), respectively.

(1, C,(6)), TbBNC@Cq, (I, C,(9)) and the Ni"(OEP)
molecules in TbNC@C,(6)-Cq,-Ni"(OEP)-2(C¢Hg) and
TbNC@C,,(9)-Cgy'Ni"(OEP)-2(C¢Hg) cocrystals, respec-
tively. Only one orientation of the fullerene cage together
with the major site of TbNC cluster is shown in the drawings
for clarity. For both cases of TbNC@C,(6)-Cy, and
TbNC@C,,(9)-Cg,, the asymmetric unit cell of the cocrystal
contains a half of the Ni"(OEP) molecule and two halves of the
C,(6)-Cg,/C,,(9)-Cg, cage. The crystallographic mirror bisects
N 2p, N 3p, Ni 1p, C83(N1), N1(C83) and is perpendicular to
the paper plane (see Supporting Information Figures S4A and
SSA). The fully ordered Ni"(OEP) molecule is present
perpendicular to the crystal mirror plane that bisects the Ni
1p, N 2p and N 3p, so the intact molecule is generated by
combining the existing half molecule with its mirror image, and
a complete C,(6)-Cg,/C,,(9)-Cq, cage is generated by
combining one of the halves of the fullerene cage with the
other for which both have an occupancy of 0.50. The nearest
Ni-cage contact is 2.826(12) (Cl6a-Ni 1p) and 2.80(3) A
(C09a-Ni 1p) for TENC@C,(6)-Cg,-Ni"(OEP)-2(C¢Hy) and
TbNC@C,,(9)-Cgy'Ni"(OEP)-2(C¢Hg) cocrystals, respec-
tively, which are comparable to that observed in the reported
TbNC@C,(5)-Cgy'Ni'(OEP)-2(C4Hg) cocrystal.*
Geometric Structures of TONC Clusters within TONC@
Cgy (Cy(5), Ci(6), C,,(9)). As commonly observed in
clusterfullerenes including the reported YNC@C,(6)-Cg, and

TbNC@C,(5)-Cg, CYCFs,***° the entrapped TbNC clusters
within TBNC@Cs, (C,(6), C,,(9)) all exhibit disorders. As a
result, as many as 12 and 16 Tb sites are refined for
TBNC@C,(6)-Cg, and TOBNC@C,,(9)-Cs,, respectively (see
Supporting Information Figures S4—SS). For the NC moiety,
positional disorder of the N and C atoms was not detected
according to the present X-ray data, while it may exist as
conjectured from the geometries of different Tb sites.
Furthermore, the detected NC moiety locates on the crystal
mirror plane, but distinguishing nitrogen and carbon atoms is
challenging because of their similarities on the atomic size and
scattering power.' %% Although there exists severe disorders
for the encapsulated Tb atom, the major site Tb1 occupied a
much higher probability than the other minor sites, ie.,
0.274(3) and 0.233(3) for TbNC@C,(6)-Cg, and
TbNC@C,,(9)-Cg,, respectively (see Supporting Information
Figures S4—S5), so we take Tbl site as the representative
TbNC cluster in the following discussion. Noteworthy, similar
to the reported YNC@C,(6)-Cg, and TBNC@C,(S5)-Cs,
CYCEFs, the entrapped TbNC cluster in C,(6)-Cyg,/C,,(9)-Cg,
cage takes a triangular geometry (see Figures 2 and 3b,c), which
is dramatically different from the linear structures commonly
found in traditional metal cyanide complexes.””~*'

0.94(5) A oA
1.05(
{ ACN

(a) TONC@C(5)-Cs.

(b) TONC@C(6)-Cs,

(c) TONC@C,,(9)-Cy,

Figure 3. Comparison of the geometric structures of the TbNC
clusters within TEINC@Cg, (C,(5), C,(6), C,,(9)). The structures of
the major TbNC clusters within C,(5)-Cs, (a, ref 36), C,(6)-Cg, (b)
and C,,(9)-Cs, (c) with X-ray determined bond lengths and bond
angles are shown.

The geometric structure of the entrapped cluster within a
clusterfullerene is crucial for the intramolecular interaction
between the cluster and the outer carbon cage which
determines the stability of specific cage isomer.”” For the
same type of clusterfullerenes, the geometric structure of the
entrapped cluster can be also regarded as a measure of the
internal strain within the confined space of carbon cage.** For
TbNC@Cs, (Cy(5), C(6), C,,(9)), when the cage isomeric
structure changes from C,(5), C,(6) to C,,(9), the distance of
the shorter Tb1—C83(N1)/Tb—N1(C83) bond decreases
dramatically from 2.32(3), 2.10(2) to 1.98(4) A, whereas that
of the longer Tb1—N1(C83)/Tb—C83(N1) bond changes
from 2.36(5), 2.217(16) to 2.37(3) A. As a result, the triangular
TbNC cluster exhibits obvious distortions with the Tb—C(N)—
N(C) angle varying by up to 20° (see Figure 3a—c). This
suggests that, dramatically different to the cases of metal sulfide
and nitride within the corresponding clusterfullerenes, the
geometric structure of the entrapped TbNC cluster is dictated
by the fullerene cage.

The dramatic geometric change of the entrapped TbNC
cluster within TBNC@Cg, (C,(5), C,(6), C,,(9)) is further
confirmed in terms of the C—N bond length. Interestingly,
when the cage isomeric structure of TENC@Cy, changes from
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Cy(5), C(6) to C,,(9), the C—N bond length increases
gradually from 0.94(5), 1.02(3) to 1.05(4) A by neglecting the
esd’s (see Figure 3a—c). Such a change of the C—N bond length
indicates further the distortion of the TbNC cluster within Cg,
cage. In fact, the C—N bond length within TEINC@C,,(9)-Cs,
becomes more close to those of the reported C—N triple bonds
in traditional cyanide/nitrile compounds and cyano coordina-
tion complexes (1.12—1.17 A, see Supporting Information
Table S4 for details).””~** The change of the C—N bond length
along with the distortion of the TbNC cluster discussed above
reveal that the entrapped TbNC cluster is variable by altering
the outer fullerene cage. To our knowledge, this phenomenon
has never been reported for other known endohedral fullerenes.

The unprecedented variability of the entrapped cluster within
fullerene cage is rather surprising because the geometric
structure change of the entrapped metal cluster within
clusterfullerenes would have sensitively affected the stability
of the clusterfullerene. While this phenomenon has not been
fully understood yet, a plausible interpretation is that, upon
varying the cage isomeric structure from C,(5), C,(6) to C,,(9),
the coordination bonding between Tb metal atom and CN~
ligand would be weakened as a result of the strengthening of
the Tb-cage interaction inferred from the decrease of the
average distance between Tb and the nearest carbon atoms of
the Cg, cage (see Supporting Information Figure S6 and Table
S3).

Electronic Properties of TONC@Csg, (C,(5), C,(6), C,,(9)).
Figure 4 shows the UV—vis—NIR absorption spectra of

|

C(6)-C,

1\ TONC@ C,(5)-Cq, C2(9)-Cs,

Absorbance (a.u.)

(@)

T T T T T T T
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Figure 4. UV—vis—NIR spectra and photographs of TbNC@Cjg,
(Cy(8), C(6), C,,(9)) dissolved in CS,. Insets: Photographs of the
corresponding solutions in toluene.

TONC@Cg, (Cy(5), C(6), C,,(9)) dissolved in CS,, and
their characteristic absorption data are summarized in
Supplementary Table S6 and compared in Supporting
Information S4. For TB(NC@C,(6)-Cg, (see curve b, Figure
4), its overall absorption spectrum and all of the absorption
features, including the characteristic absorption peaks, the
optical band gap (AEgap,optical) and color of toluene solution of
TbNC@C,(6)-Cg, are almost identical to those of
YNC@C,(6)-Cg, with the same C,(6)-Cg, cage (see Supporting
Information Figure $8),% confirming that the electronic
absorptions of endohedral fullerenes are predominantly due
to m—n* carbon cage transitions and depend on the cage
isomeric structure.” With respect to TBNC@C,,(9)-Cg, (see
curve ¢, Figure 4), its electronic absorption spectrum is less
featured compared to those of TEINC@C,(5)-Cg, (ref 36) and

TbNC@C,(6)-Cgy, while its AEg, i (070 eV) is the
smallest among the three isomers of TbNC@Cg, (see
Supporting Information Table S6).

Figure S presents the cyclic voltammograms of TOINC@Cg,
(Cy(5), C(6), C,(9)) measured in o-dichlorobenzene (o-

I (nA)

-1 T T T T T
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Figure S. Cyclic voltammograms of TB(NC@C,(5)-Cg, (a), TENC@
C,(6)-Cg, (b), and TbNC@C,,(9)-Cg, (c) measured in o-DCB
solution. Ferrocene (Fc) was added as the internal standard, TBAPF
as supporting electrolyte, scan rate: 100 mV-s~'. The half-wave
potentials (E;/,) of each redox step are marked with a solid dot to aid
comparison. The asterisk labels the oxidation peak of ferrocene.

DCB) with tetrabutylammonium hexafluorophosphate
(TBAPF,) as supporting electrolyte. The characteristic redox
potentials are summarized in Table 1, which includes those of
other analogous Cg,-based endohedral fullerenes for compar-
ison. TONC@C,(6)-Cg, exhibits one reversible oxidation step
with a half-wave potential (E, ;) at 0.55 V in the anodic region.
On the other hand, in the cathodic region, TEINC@C,(6)-Cs,
shows four reversible reduction steps with E, ;, at —0.59, —0.84,
—1.77, —1.92 V, respectively (see Supporting Information
Figure S9). Obviously, both the oxidation and the reduction
potentials of TEINC@C,(6)-Cg, are nearly identical to those of
YNC@C,(6)-Cg, (see Table 1).** Likewise, for TEINC@C,,(9)-
Cg,, one reversible oxidation step with an E;/, at 0.55 V, which
is shifted positively compared with those of TOINC@C,(5)-Cg,
(ref 26) and TBNC@C,(9)-Cs,, and four reversible reduction
steps for TOD(NC@C,,(9)-Cs, in the cathodic region were
detected with E,,, at —0.46, —0.81, —1.78, —1.96 V,
respectively (see Supporting Figure S10). Interestingly, while
the E,/, of the first reduction potential shifts positively from
TONC@C,(5)-Cs, to TOBNC@C,(9)-Cs, and to TbNC@
C,,(9)-Cq,, their first oxidation potential experiences only a
slight change (0.50—0.56 V), thus their electrochemical gaps
(AEgy,.) decrease gradually from TBNC@C,(5)-Cy, (1.38 V)
to TEINC@C,(9)-Cg, (1.14 V) and to TENC@C,,(9)-Cs, (1.07
V) (see Table 1). Such a change on AE,,,xc is consistent with
the change of their optical band gap (AEgap,optical) as discussed
above. DFT calculations show that the frontier molecular
orbitals of TB(NC@Cg, (C,(5), C,(6), C,,(9)) are predom-
inantly localized on the carbon cage (see Supporting
Information Figure S7), hence TbNC@Cs, (C,(5), C(6),
C,,(9)) exhibit pronounced similarity in their redox potentials
(specifically the reduction potentials) to those of the
corresponding divalent metal-based monometallofullerene
Yb@Cyg, isomers (see Table 1).* Furthermore, TONC@Csg,
(C4(5), C(6), C1,(9)) all show a large separation (0.58—0.93
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Table 1. Redox Potentials (V vs Fc'/Fc) and Electrochemical Gaps (AE,,,..) of TEINC@Cs, (C,(5), C,(6), C,,(9))*

E,), (V vs Fc/Fc*)

reduction steps (E,.q)

oxidation step (E,,)

sample first second third
TbNC@C,(5)-Cg, —0.88 —0.97 —-1.55
Yb@C,(5)-Cy, —0.86 —0.98 —1.50
TbNC@C,(6)-Cq, —0.59 —0.84 —-1.77
YNC@C,(6)-Cs, —-0.59 —0.84 -1.76
Yb@C,(6)-Cg, —0.62 -0.92 —1.81
TbNC@C,,(9)-Cq, —0.46 —0.81 -1.78
Yb@C,,(9)-Cg, —0.46 —0.78 —1.60

fourth first AEg 5/ VP ref.
—-191 0.50 1.38 36

—1.87 0.38 1.24 49

-1.92 0.55 1.14 this work
—-1.92 0.56 1.15 35

—-2.01 0.34 0.96 49

—1.96 0.55 1.07 this work
—1.90 0.61 1.07 49

“Other reported Cg,-based endohedral fullerenes were also added for comparison. bAEgaP,EC = Eip0xt) — E1/2ed(1)-

V) between the second and third reduction steps, suggesting
that they all have closed-shell electronic configurations derived
from the same electronic configuration, namely
[Tb**(NC) > @[Cy, "

Magnetic Properties of TONC@Cg, (C,(5), C((6), C,,(9)).
Since the paramagnetism of the TbNC@Cg, molecule is
governed by the 4f electrons of the entrapped Tb ion, it is
intriguing to investigate whether the geometric structure
change of the TbNC cluster upon altering the cage isomeric
structure affects the magnetism of the TONC@Cg, molecule.
The monometallic nature of the [TbNC]** cluster anchored
within the carbon cage and the fact that the natural abundance
of Tb is limited to a single isotope with a nuclear spin of 3/2
make TbDNC@Csy, an interesting model system to understand
the underlying physics of its magnetization. Trivalent Tb
(Tb*") has eight 4f electrons with a "Fg¢ Hund ground state.
The ligand field, which is mainly governed by the (NC)~ ion,
lifts the 13-fold degenerate ground state, and eventually enables
single molecule magnetism. Figure 6 shows the normalized
magnetizations of TB(NC@Cg, (C,(S), C,(6), C,,(9)) versus
the applied field temperature quotient x = y,H/T measured by
superconducting quantum interference device (SQUID) at
seven temperatures between 1.8 and 10 K. The magnetization
curves of the individual TONC@Cg, molecules scale with x,
while TONC@C,,(9)-Cs, shows the largest deviations among
different temperatures in the order of +2%. Deviations from a
perfect scaling may be due to a weak ligand field splitting, the
corresponding ground state excitations and other interactions
that do not scale with yH/T. The noncollinear magnetic
moment model considers that magnetic moments + pu
distribute isotropically in space, where the maximum of the
two possible projections of g along the external H-field
contributes to the magnetization (ref 23). This model has two
parameters (lp| and the number of Tb atoms) and can be fitted
almost perfectly to the experimental magnetization data (see
Supporting Information S6). Accordingly, the magnetic mo-
ments gl of TBNC@C,(5)-Cg,, TBNC@C,(6)-Cg, and
TbNC@C,,(9)-Cg, are determined to be 9.0, 9.1, and 10.2
Ug, respectively. This allows the assignment of the Tb ground
state to J, = +6, with L, = 3 and S, = 3 and a magnetic moment
of 9 ug. The magnetic moments of TENC@C,(5)-Cg, and
TbNC@C,(6)-Cg, are comparable (9.0—9.1 yz) and agree with
the theoretical limit of 9 p;. However, TONC@C,,(9)-Cq,
shows a magnetic moment that significantly exceeds the
theoretical limit of 9 pg. This is an indication for a deviation
from the noncollinear magnetic moment model.”® The reason
for the deviation of ThbNC@C,,(9)-Cy, is unclear yet (see
Supporting Information S6 for more detailed discussion).
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Figure 6. Magnetization of TEINC@C,(5)-Cg, (2), TENC@C,(6)-Cs,
(b) and TDLNC@C,,(9)-Cq, (c) versus the applied field temperature
quotient x. The color codes of the different temperatures are indicated.
The magnetization curves scale with the applied field temperature
quotient x = poH/T.

However, these results reveal that the magnetic ground state of
all molecules must be close to J, = 6. This large ], value is a
prerequisite for single molecule magnetism. Indeed, like
HoSc,N@Cg,,”* as shown in Figure 7, the AC susceptibility
identifies these three TEINC@Cg, molecules to be field-induced
single-ion magnets (SIMs).*” In low fields (uoH = 0.2 T), the
AC susceptibility shows significantly temperature-dependent
magnetic relaxation times. Above 4 K all three TO(NC@Cy,
molecules follow the same Arrhenius-trend that indicates a
demagnetization barrier between 10 and 20 K. Except for
TbNC@C,,(9)-Cg,, the magnetic relaxation times saturate at
the lowest temperatures of 1.8 K, indicating lifetimes for the
quantum tunneling of the magnetization in the order of 10 to
50 ms (see Supporting Information S6). Note that, while
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Figure 7. Imaginary part of AC susceptibility measured at different
temperatures for TE(NC@C,(5)-Cs, (a), TEINC@C,(6)-Cs, (b), and
TbNC@C,,(9)-Cs, (c). uoH = BO + B1 X sin(wt), BO = 200 mT, Bl =
0.25 mT.

TbNC@C,(5)-Cg, shows one peak for the imaginary part of
the AC susceptibility in the ranges of the investigated
frequencies and temperatures, the corresponding spectra for
TONC@C,(6)-Cg, and TbNC@C,,(9)-Cy, exhibit peak
shoulders, suggesting a more complex magnetization dynamics
(see Figure 7 and Supporting Information S6).

The determination of the molecular structures of these three
TbNC@Cy, molecules specifically the geometric structure of
the TbNC cluster as discussed above allows a correlation
between the magnetic relaxation time and atomic distance.
Figure 8 shows the magnetic relaxation times of these three
TbNC@Cg, molecules for two temperatures (1.8, 6.0 K) as a
function of the experimentally determined distance between the
Tb ion and the closest N/C atom of the NC unit. This Tb—
C(N) distance is expected to determine the strength of the
ligand field that causes the lifting of the Hund degeneracy and
the magnetic reversal barrier of the Tb ion. Clearly, the
magnetic relaxation times measured at 1.8 K increase with the
decrease of the Tb—C(N) distance. Again, noteworthy,
TbNC@C,,(9)-Cg, shows the largest magnetic relaxation
time and has the smallest Tb—C(N) distance, suggesting that
the magnetic relaxation time of TbNC@C,, molecule is
sensitively dependent on the atomic distance in the [TbNC]**
cluster determined by its geometry. Intermolecular magnetic
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Figure 8. Magnetic relaxation times () of TEINC@Cg, (C,(5), C,(6),
C,,(9)) as a function of the distance between the Tb ion and the
closest C/N atom of the NC unit. Data at 1.8 K (circles) indicate a
clear decrease of the magnetization relaxation time with the increase of
Tb—N(C) distance, while at 6.0 K (squares) the trend is much weaker,
presumably due to thermal smearing. The dashed lines are exponential
trends for TBNC@Cg, (C,(5), C(6), C,(9)), with the linear
correlation coefficient between log(r) and the Tb—C(N) distance
being —0.99 + 0.17 and —0.69 + 0.72 for the line at 1.8 and 6.0 K,
respecitvely. Only the cage isomeric structures of TONC@Cyg, are
given in the labels for clarity.

interaction may also influence the magnetic relaxation time,
while the effect is more pronounced at low temperatures.”” At
6.0 K, where the temperature-induced demagnetization
becomes dominant, the correlation trend between the magnetic
relaxation time and the Tb—C(N) distance observed at 1.8 K is
much weaker. This suggests that the correlation between the
magnetic relaxation times and the Tb—C(N) distance is most
valid in the regime of quantum tunneling of the magnetization.
Accordingly we conclude that the magnetic reversal barrier of
the Tb ion is different for these three TEINC@Cg, molecules,
and is affected by the isomeric structure of the fullerene cage.
This systematic effect and its experimental quantification
provide new insight into the underlying physics of SIMs, and
highlight that magnetic relaxation time is very sensitive to the
local geometric arrangement in the picometer (pm) range.

B CONCLUSION

In summary, on the basis of the isolation and systematic
structural studies of three isomers of TbBNC@Cs, (C,(S),
C,(6), C,5,(9)), we reveal that the entrapped triangular TbBNC
cluster is unusual, which changes the geometric structure
including Tb—N(C)/C—N bond lengths and Tb—C(N)—
N(C) angle dramatically upon varying the cage isomeric
structure. When the isomeric structure of Cy, cage varies from
C,y(5) to C(6) and to C,,(9), the triangular TbNC cluster
within TO(NC@Cy, exhibits obvious distortions with the Tbh—
C(N)—N(C) angle varying by up to 20° and the C—N bond
length changing from 0.94(S), 1.02(3) to 1.05(4) A. The
geometric structure changes of the entrapped TbNC cluster
within TbBNC@Cg, (C,(S), C(6), C(9)) lead to the
alternation of the magnetic relaxation times of the correspond-
ing TONC@Cs, clusterfullerenes, rendering the corresponding
TbNC@Cg, as the first endohedral fullerene SIMs with
geometry-dependent magnetism dictated by fullerene cage.
Our discovery of the variability of the endohedral cluster and
consequently tunable magnetism opens up a new avenue to
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modulate the electronic and magnetic properties of endohedral
fullerenes toward tailorable applications.

B EXPERIMENTAL METHODS

Synthesis, Isolation and Spectroscopic Characterizations of
TbNC@Cg, (C3(5), C(6), C5,(9)). TENC@Cy, (C5($), C(6), C,,(9))
were synthesized in a modified Kritschmer-Huffman fullerene
generator by vaporizing composite graphite rods (® 8 X 150 mm)
containing a mixture of Tb,O, (99.99%) and graphite powder (molar
ratio of Tb:C = 1:15) with the addition of 10 mbar N, into 400 mbar
He as described previously.*® To investigate the effect of TiO, on the
formation of TENC@Cs,, a reference synthesis by using a mixture of
Tb,0,, TiO, (99.99%) and graphite powder with a molar ratio of
1:1:15 (Tb:Ti:C) was also carried out. The as-produced soot was
Soxhlet-extracted by CS, for 24 h, and the resulting brown-yellow
solution was distilled to remove CS, and then immediately redissolved
in toluene and subsequently passed through a 0.2 ym Telflon filter
(Sartorius AG, Germany) for HPLC separation. The isolation of
TbNC@Cs, (Cy(5), C(6), C5(9)) was performed by multistep
HPLC. The purities of the isolated TEINC@Csg, (C,(5), C,(6), C,,(9))
were further checked by laser desorption/ionization time-of-flight
(LD-TOF) mass spectroscopic (MS) analysis (Biflex III, Bruker
Daltonics Inc., Germany).

UV—vis—NIR spectra were recorded on a UV-vis—NIR 3600
spectrometer (Shimadzu, Japan) using a quartz cell of 1 mm layer
thickness and 1 nm resolution with the samples dissolved in toluene.

Electrochemical Study. Electrochemical study was performed in
o-dichlorobenzene (0-DCB, anhydrous, 99%, Aldrich). The supporting
electrolyte was tetrabutylammonium hexafluorophosphate (TBAPF,,
puriss. electrochemical grade, Fluka), which was dried under reduced
pressure at 340 K for 24 h and stored in glovebox prior to use. Cyclic
voltammogram experiments were performed with a CHI 660
potentiostat (CH Instrument, USA) at room temperature in a
glovebox. A standard three-electrode arrangement of a platinum (Pt)
wire as working electrode, a platinum coil as counter electrode, and a
silver wire as a pseudoreference electrode was used. In a comparison
experiment, ferrocene (Fc) was added as the internal standard and all
potentials are referred to the Fc/Fc* couple.

Magnetic Measurements. Magnetic properties were measured in
a Quantum design MPMS3 Vibrating Sample Magnetometer (VSM).
The samples were prepared by drop-casting from toluene solution in a
plastic sample-holder. The evaporation of the solvent was increased by
nitrogen flow. According to the saturation magnetization at 1.8 K, an
effective moment of 4.5 py (which is justified by the fit of the
noncollinear magnetic moment model*) and the molecular mass of
1169 g/mol for TENC@Cyg,, the sample masses of TENC@C,(5)-Cg,
(188 pg), TENC@C,(6)-Cs, (87 pg) and TDNC@C,,(9)-Cs, (123
ug) were determined. The diamagnetic background of the capsule was
subtracted from the data. In the AC measurements, an oscillating field
of amplitude pyH,. = 25 mT was employed.

X-ray Crystallographic Studies of ToNC@Cg, (C,(6), C,,(9)).
Crystal growths of TENC@C,,-Ni"(OEP)-2(C4H,) was accomplished
by layering a solution of 1 mg Ni"(OEP) (OEP = octaethylporphyrin)
in 1 mL benzene over a solution of ca. 1 mg of TLNC@C,, in 2 mL
benzene, similar to the procedure reported recently for TINC@C,(5)-
Cg, (ref 36). After the two solutions diffused together over a period of
one-two months, small black crystals suitable for X-ray crystallographic
study formed upon a slow evaporation of benzene. X-ray diffraction
data collections for the crystals of TBNC@C,,-Ni"(OEP)-2(C¢Hj)
were carried out at 100 K on an Agilent Supernova diffractometer
(Agilent Technologies, USA) with a Cu radiation (4 = 1.54178 A). A
numerical absorption correction utilizing equivalents was employed.
The structure was solved by direct methods and refined using all data
(based on F?) by SHELX 2014 (ref 50). Hydrogen atoms were located
in a difference map, added geometrically, and refined with a riding
model. The detailed refinement parameters are listed in Supporting
Information Tables S2. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre with CCDC Nos.
998108 and 1000357.

Details of Computations. DFT calculations were performed first
for YNC@C,, using PBE functional® and Priroda code.’** The basis
set was TZ2P-quality {6,3,2}/(11s,6p,2d) for C and N atoms and
SBK-type core potential with {5,5,4}/(9s,9p,8d) valence part for Y.
Then, calculations for analogues TbNC@C,, structure were
performed at the B3LYP/def2-SVP level with Dolg’s ECP basis
{5,4,3}/(7s,6p,5d) for Tb (ref 54) using the Firefly code.>
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