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ABSTRACT: The dimetallic endohedral heterofullerene (EHF), Gd,@C-N,
was prepared and isolated in a relatively high yield when compared with the
earlier reported heterofullerene, Y,@C,oN. Computational (DFT), chemi-
cal reactivity, Raman, and electrochemical studies all suggest that the
purified Gd,@C-oN, with the heterofullerene cage, (C;oN)> has compar-
able stability with other better known isoelectronic metallofullerene (C )"
cage species (e.g., GdsN@Csg). These results describe an exceptionally
stable paramagnetic molecule with low chemical reactivity with the unpaired
electron spin density localized on the internal diatomic gadolinium cluster
and not on the heterofullerene cage. EPR studies confirm that the spin state

Gd,@CyoN

Spin Density

of Gd,@C,oN is characterized by a half-integer spin quantum number of S = */,. The spin (S = '/,) on the N atom of the fullerene
cage and two octet spins (S = ’/,) of two encapsulated gadoliniums are coupled with each other in a ferromagnetic manner with a
small zero-field splitting parameter D. Because the central line of Gd,@C-9N is due to the Kramer’s doublet with a half-integer spin
quantum number of § = '*/,, this relatively sharp line is prominent and the anisotropic nature of the line is weak. Interestingly, in
contrast with most Gd>" ion environments, the central EPR line (g=1.978) is observable even at room temperature in a toluene
solution. Finally, we report the first EHF derivative, a diethyl bromomalonate monoadduct of Gd,@C-9N, which was prepared and

isolated via a modified Bingel—Hirsch reaction.

B INTRODUCTION

Shortly after the discovery and macroscopic production of
fullerenes, the idea of modifying the all-carbon sp” hybridized
carbon surface of fullerenes has been an intriguing area of
fullerene research. For example, fullerenes with icosahedral
symmetry cages (e.g., Cso and Cgp) that have single atom replace-
ment (doping) with a trivalent heteroatom (N or B) leads to
nearly spheroidal heterofullerene radicals which could have
numerous applications.' > Wudl and co-workers first reported
the preparation of the unstable aza(60) fullerene (CsoN),
which is easily dimerized as the corresponding dimer species
(CsoN),.*

For the larger Cgy cage system, it is well recognized that
trimetallic nitride template (TNT) endohedral metallofullerenes
(EMFs), such as, MsN@Cgo and M,@Cgy (M = metals) have
highly stabilized icosahedral carbon (Cgo)® cages. The stability of
the aza(Cgo) fullerene (C,oN) cage was first recognized by Akasaka
and co-workers who reported evidence for (La,@CoN) " by mass
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spectrometry.® Other workers have reported computational studies
supporting the stability of related heterofullerenes Sc;N@CroN,
ScsN@CooB, and Sc;N@C-sBN.® More recently, our laboratory
has reported the isolation and characterization of the paramagnetic
dimetallic endohedral heterofullerenes (EHFs), Y,@C,oN and
Tb,@C,oN.” The EPR studies of Y,@CoN indicate that the
unpaired spin density is mainly localized between the two equiva-
lent yttrium ions and not on the heterofullerene cage.” Also,
the trimetallic nitride cluster (LasN)®" has been reported by
Stevenson and co-workers in the same C,9N cage, namely,
LasN@CoN.® Surprisingly, it was found that the large LasN
cluster was preferentially encapsulated in a C;9N cage, but not in
a Cgp cage (e.g., Laz@C80).8 However, most studies of EHFs are
based on computational studies because experimental isolation
and detailed characterization is extremely difficult due to the
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small amount of sample usually available and the difficulty in the
separation and characterization of EHFs.

Gadolinium-based endohedral metallofullerenes (e.g., GA@Css,
Gd;N@Cg) represent an important class of new nanomaterials
since it is well recognized that these have important magnetic
properties and are actively being explored as next-genera-
tion magnetic resonance imaging (MRI) contrast agents.9716
Herein, we report the preparation, purification, and spectro-
scopic studies of the first gadolinium-based EHF, namely,
Gd,@C,9N. All theoretical and experimental studies confirm
that this unique EHF displays an unusually high stability with
an impressive yield compared with other EHFs reported to
date.”® The magnetic properties for this paramagnetic molecule
are also very interesting since the seven unpaired f electrons
for each Gd>" ion within the cage can interact with an additional
unpaired electron formally provided by the nitrogen atom on
the heterofullerene C;9N cage. Additionally, the first successtul
functionalized gadolinium-based EHF is also reported and
isolated.

B EXPERIMENTAL AND COMPUTATIONAL METHODS

Preparation and Separation of Gd,@C;gN. The preparation
of Gd,@C;N was accomplished utilizing a Kratschmer-Huffman
(K—H) generator as described previously.”"” Specifically, soot contain-
ing Gd,@C,9N and other fullerenes and endofullerenes were synthe-
sized in a K—H generator by vaporizing composite graphite rods
containing a mixture of gadolinium oxide, Gd,0O5, graphite powder,
and metallic Cu with a weight ratio 0f 2.0:1.0:2.1 in a dynamic flow of He
and N, (flow rate ratio of N,/He = 3:100). The resulting soot was then
extracted with refluxing toluene in a Soxhlet extractor and the soluble
extract was applied to a cyclopentadiene-functionalized Merrifield
peptide resin (CPDE-MPR) column.'® As previously reported, most
of the empty cage fullerenes and more reactive classical endofullerenes
are retained on the CPDE-MPR column. There are seven distinct
fractions obtained utilizing a pentabromobenzyl (PBB) HPLC column
in similar fashion to results reported previously for other metal ions as
shown in Figure 1. To estimate the overall yield, the relative yield ratio
of Gd,@C,9N/Cqgq is ~0.05—0.1% using the current preparation and
separation protocol; that is, for every gram of Cg, formed we can isolate
0.5—1 mg of Gd,@CN. Although this yield is relatively low, it is still
~10 times greater than achieved for Y,@C-oN (see Figure 1).

Synthesis of the Diethyl Bromomalonate Monoadduct of
Gd,@C;9N. Approximately 100 ug of Gd,@C7oN was dissolved in
2 mL toluene, and ~20 equivalent of diethyl bromomalonate (Aldrich
Chemical Co.) and ~10 equivalents of 1,8-Diazabicycloundec-7-ene
(DBU, Aldrich Chemical Co.) was added for the synthetic preparation
and reactivity comparison study, respectively. Finally, a drop of DMF
was added with a syringe as a catalyst. The reaction mixtures were
degassed and subsequently stirred at room temperature for 40 and 60
min, respectively. The product was isolated by HPLC.

Characterization. Mass spectrometry was performed on a Kratos
Analytical Kompact SEQ LD-TOF mass spectrometer. Cyclic voltam-
metry (CV) was conducted using a CH Instruments 600A potentiostat
(Austin, TX) with a single-compartment electrochemical cell. A 2.0 mm
glassy carbon working electrode, a platinum wire auxiliary electrode and
a silver wire pseudo-reference electrode were used; ferrocene was added
as an internal standard. The x-band EPR spectrum of Gd,@C,9N at 4K
was obtained by using a Bruker ES00 spectrometer. The w-band EPR
spectrum of Gd,@C-oN at 30K was obtained by using a Bruker E680
spectrometer. Other EPR spectra were recorded with a Bruker D200
ER IBM-Bruker spectrometer.

Gd2 lGdl@c”N
Cos |

Gd,@C;5N
Gd1 |

Cyy

T R R T R T R R T e L T R T T T R T

W 20 30 40 S0 60 70 80

lv2

Y,@C,.N
C.\.q.
v
Y4
S bﬁ vs Y6 y;

ALY WA

S R R T N T T R TR TR O Y Ry T TR TN RN ETE

10 20 30 40 20 ol T0 80

Figure 1. HPLC Chromatography of soot extracts containing Gdl
(top) and Y1 fractions (bottom) utilizing a PBB column; A = 390 nm;
flow rate 2.0 mL/min; toluene as eluent; 25 °C; upper right insert
HPLC chromatographic Gd,@C9N and Y,@C;9N separation with a
PYE column; A = 390 nm; flow rate 2.0 mL/min; toluene as eluent;
25 °C.

Computational Study. Density functional theory (DFT) compu-
tations were performed using the spin-unrestricted B3LYP functional as
provided in the Gaussian 03 program package.'® All of the molecules
were geometry optimized at the UB3LYP level with a 6-31G* basis set
for carbon and nitrogen atoms and the CEP-121G basis set for
gadolinium atoms. DFT-optimized energy values were obtained starting
from the X-ray crystallographic structures of the corresponding
Tb,@CoN.” The DFT computations employed the PBEO functional®®
as described in the Gaussian 09'? program package and were utilized for
Gd,@CN in an effort to properly treat the unpaired electrons on the
gadolinium atoms, while the B3LYP functional set?’ " was used for the
empty cage calculations. The 6-31G basis set”* was used for all carbon
and nitrogen atoms in all computations.

B RESULTS AND DISCUSSIONS

Preparation and Separation of Gd,@C;gN. A sample of
Gd,@C>9N was synthesized by utilizing a Kratschmer-Huffman
(K—H) generator by vaporizing graphite rods containing a
mixture of Gd,O3 and graphite powder and Cu as a catalyst.
The toluene extract from the raw soot was applied to a CPDE-
MPR. The eluent was further separated by two-stage HPLC."”
The first stage was carried out on a SPBB column and there are
seven distinct fractions obtained utilizing SPBB HPLC column
in similar fashion to results reIported previously for other metal
clusters as shown in Figure 1. 7 The first fraction Gd1 obtained
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Figure 2. (a) HPLC Chromatography of Gd,@CoN (a 10 x 250 mm
SPYE column; A = 390 nm; flow rate 2.0 mL/min; toluene as eluent; 25
°C); (b) positive ionization LD-TOF mass spectra of Gd,@C-oN, Inset:
theoretical and experimental isotopic distribution of Gd,@C9N com-
parison; (C) UV—vis spectrum of Gd,@CoN in toluene.

from the PBB column contains Cg4 and Gd,@C-oN, which was
further purified by a SPYE column as illustrated in the top inset of
Figure 1. An unusual feature of the preparation and separation
process is the significantly higher yield of Gd,@C-9N in compar-
ison with the previously reported Y,@CoN as illustrated in
Figure 1. The higher yield at this stage in the separation is either
due to a higher inherent yield in the K—H generator and/or lower
chemical Diels—Alder reactivity of Gd,@C9N in comparison
with Y,@C-9N on the CPDE-MPR column, and this point is dis-
cussed vide infra.

The purity of Gd,@C,9N was confirmed by laser-desorption
time-of-flight (LD-TOF) mass spectrometry. The HPLC chro-
matogram, LD-T OF mass spectrum, and the UV—vis absorption
spectrum of the purified Gd,@C7oN is shown in Figure 2.
When compared with Y,@C,oN and Tb,@CN, the similarity
of UV—vis spectra and chromatographic retention behavior
of Gd,@CoN indicate a close correspondence of these cage
structures (See Supporting Information and Figure 3).

Comparative Diels—Alder Reactivity Study of Gd,@C,9N
and Y2@C79N Although the enhanced stability of the icosahe-
dral (Cgo)® cage is well documented, the stability of the
isoelectronic (C,oN)* cage is not as well recognized. As noted
above, a surprising feature of Gd,@C,9N was the significantly
higher yield of Gd,@CoN obtained in the separation process in

comparison with Y,@CoN (Figure 1). This enhanced yield is
either due to a higher inherent yield in the K—H electric-arc
generator process and/or lower chemical Diels—Alder reactivity
of Gd,@C7oN in comparison with Y,@C-9N during the chemi-
cal CPDE-MPR separation process. To test between these
alternatives, we prepared a two-component mixture (in toluene)
containing nearly equal quantities of pure Gd,@C,9N and
Y,@C9N samples; the overall process is outlined in Figure 3.
As expected, these two heterofullerenes have very similar chro-
matographic retention times and are only slightly resolved on
a PYE column. A two-component mixture of Gd,@C-9N and
Y,@C,9N was applied a second time to the CPDE-MPR column
as summarized in Figure 3. Greater than 70% of the mixture was
recovered from the (CPDE-MPR) column and the resulting
mixture exhibits a slight enhancement (~5—10%) in the con-
centration of the Gd,@C,9N species. This preferential reaction
of the Y,@CoN species was confirmed by heating the recovered
cyclopentadiene-functionalized Merrifield peptide resin under
reflux conditions in toluene for 12 h. The resulting toluene
solution was concentrated and mass spectral analysis on the
recovered sample indicates a preponderance of the Y,@C,9N
species (Figure 3c). These results confirm very low chemical
reactivity of both Gd,@CoN and Y,@C,9N toward the cyclo-
pentadlene moiety on the Merrifield peptide supported
column.'® Thus, we observe a slightly enhanced Diels—Alder
chemical reactivity of the Y,@C-oN species in comparison with
Gd,@CN toward the supported cyclopentadiene moiety.
These results are consistent with an enhanced yield of the
Gd,@C9N species in the K—H electric-arc process, and a
slightly lower Diels—Alder chemical reactivity relative to
YZ@C79N These results suggest that an optimum size of the
(M,)>" cluster is necessary for optimizing metal—carbon cage
bonding in the (C,N)* cage. This 1s also consistent with the
optimized formation of the (La;N)*" cluster in the (C79N)

cage (LasN@CoN), but not in the isoelectronic (Cgo)® cage.®

Computational Studies of the Heterofullerenes [C5oN]>"
and Gd,@C;9N. Because of the recent experimental success in
preparing stable heterofullerenes with (C,oN)* cages with
different endohedral clusters (M,)>" and (La;N)>" 7%, we have
explored the stability of the heterofullerene cage alone and with
two Gd>" encapsulated ions by density functional theory (DFT)
computations using the spm -unrestricted B3LYP functional in
the Gaussian 03 program ? For the I,-Cgo cage there are two
types of carbon atoms: 60 carbon atoms reside at pentagon sites
at a 665 junction, while the remaining 20 carbons are not at
pentagon sites but reside at the junctions of three hexagons
(a 666 junction). Our studies have confirmed that the nitrogen
atom in the I,-Cg, cage is significantly more stable at the 665
junction (pentagon) position than the 666 ]unctlon and this cage
with a (Gd,)*" cluster yields Gd,@C5oN.° Thus, encapsulation
of the dimetallic cluster into a C,9 cage with a N at the 665
junction is favored.

As shown in Flgure 4, the heterofullerene (C,oN)*
isoelectronic I;- (Cgo) cage both have relatively large HOMO
—LUMO gaps of 2.67 and 3.16 eV, respectively. These values
are similar to the HOMO—LUMO gaps for other well-known
stable MsN@1I;,-Cgo molecules. 25728 1t is also significant that
the HOMO level and total energy of the heterofullerene cage
(C7N)* is even lower than isoelectronic (Cgo)®. However,
when an extra electron is added (Figure 4c) to the  cage surface,
the LUMO—HOMO gap of the resulting (CN)® is relatlvely
small (1.47 eV) and is destabilized relative to (C5oN)>". This
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Figure 3. (a) HPLC of pure Gd,@C9N and Y,@CoN samples (a) and the mixture (b) before and after separation and reaction on a CPDE-MPR
column (a 10 X 250 mm SPYE column; A = 390 nm; flow rate 2.0 mL/min; toluene as eluent; 25 °C); (c) Negative ion ionization LD-TOF mass spectra
of recovered Gd,@C-sN and Y,@C-oN mixture from CPDE-MPR column with internal standard C,;H;504N3P3F34."® (d) HPLC of recovered

Gd,@CN and Y,@C-9N mixture.
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Figure 4. DFT HOMO—LUMO levels of (Cs0)%, (CoN)¥, (C,oN)* cages.

result is consistent with the notion that both (M,)*" and
(LasN)*>" endohedral clusters would be suitable for stabilization
of a heterofullerene (C;oN)™ cage and the internal cluster can
accept the unpaired electron formally from the N atom of the
fullerene cage.

Extension of the DFT computational approach to Gd,@C,oN
(PBEO functional) and the CEP-121G basis set for gadolinium
atoms provides energy levels that are comparable with the
previously reported Y,@C-oN system (Figure 5).” The com-
puted HOMO—LUMO gap for Gd,@CoN (2.74 eV) is slightly
larger than the previously computed HOMO—LUMO gap for
Y,@C,N (2.39 eV).” Careful examination of each HOMO
level indicates no significant Gd—Gd bonding overlap until
the HOMO-7 to HOMO-22 levels. We assign the former
HOMO-7 level as the highest of the fifteen singly occupied

9744

molecular orbitals (SOMO) on Gd,@C;sN. The HOMO-7
SOMO orbital can be described in terms of a natural bonding
order (NBO) as a Gd(slpo‘%do'ufo'%)—Gd(slpo'%do'nfo'%)
bond. In analogous fashion with Y,@C-sN, Gd,@C-9N repre-
sents another example of spin-};olarized orbitals that occur at
energy levels below the HOMO.” The large degree of s character
on the Gd, cluster as well as the o spin densities illustrated in
Figure 6 for both Gd,@C;9N and Y,@CN clearly indicate
unpaired electron spin density localized between the two Gd
atoms and not delocalized on the heterofullerene cage. Although
we previously reported the spin density for Y,@C,N, a
significant difference is the higher degree of p and f orbital
hybridization in the Gd,@C-oN case.” The significant s-orbital
Fermi contact is also an important feature in understanding the
EPR spectra vide infra. The computed Gd—Gd bond length for
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Figure 5. DFT MO energy level diagrams for optimized Y,@C9N (from ref 7) and Gd,@C7oN (LUMO, HOMO and HOMO-7 orbitals shown).

Gd,@CoN is 3.808 A. This is another example of along M—M
bond, but is close to the Tb—Tb distance of the X-ray crystal-
lographic value for Tb,@CoN (3.902 A) and the previously
computed Y—Y distance in Y,@C,oN (3.994 A).” The electro-
static metal ion repulsion within these M,>" units and fullerene
cage restrictions are clearly important factors in determining the
M—M bond distances.

Electrochemical Studies of Gd,@C;9N. Electrochemical
studies provide an excellent approach to further understand
the redox chemistry of metallofullerenes and the unusual elec-
tronic and magnetic properties of Gd,@C-oN. Specifically, cyclic
voltammetry electrochemical data for Gd,@CoN is directly
compared with GdsN@Cg, under the same conditions (Figure 7).
In addition, this data is compared with other related endohedral
metallofullerenes and summarized in Table 1. The electroche-
mical response for Gd,@C,oN exhibits an electrochemically
reversible oxidation accompanied by two prominent reduction
potentials; the first reduction peak is reversible with a half-wave
potential (E; ;2 = —0.96 V) and the second reduction is
irreversible at —1.98 V. The order of the first reduction
potentials for La,@Cgy, Gd,@CN, and Gd;N@Cg are
E "% = 031V, E ., = 096 V,and E, ," = —1.44 V,
respectively. It has previously been reported that the low first
reduction potential of La, @Cgy is associated with a lower LUMO
level in comparison with other trimetallic nitride endohedral
metallofullerenes (e.g,, GdsN@Cgo and YsN@Cgo)*® whereas
the first reversible reduction of Gd,@CoN is significantly
different and can be assigned to the low-lying SOMO vide supra.

Y,@C,N Gd,@C,,N

Figure 6. Unpaired spin density (o) distribution for Y,@C;oN and
Gd,@CoN.

The oxidation of [Gd,@C,oN] ™ /[Gd,@CoN]’ is not as kine-
tically favored as the forward reversible reduction reaction as
shown by scan rate dependence (Supporting Information).
One explanation of this is a possible structural rearrangement
when the SOMO is filled due to the change in bond order of
the Gd—Gd complex. The question of the reversibility of the
first oxidation and reduction steps for Gd,@C,9N was explored
in greater detail with additional cyclic voltammetry experiments
as well as independent samples (see Supporting Information).
EPR Studies of Gd,@C;oN. For most lanthanide ions, it is well
recognized that the corresponding EPR signals are not readily
observed at room temperature because of relatively short elec-
tron spin—lattice relaxation times (T}, < 1078-1077 s) with
large zero-field splitting parameters (D) and corresponding
broad EPR line widths for these f-orbital ions.”® In contrast,
the X-band EPR spectrum (Figure 8) for a dilute solution of
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Journal of the American Chemical Society

Gd,@CN in toluene exhibits a broadened, but observable,
symmetric spectral line with a g-factor 1.978 similar to Y,@C,oN
(g = 1.9740) at 298 K. A solid sample of Gd,@CN at room

S pA
Gd;N@Cso- ()

Gd,@C,N - (D)

V vs Fe/Fct

Figure 7. Cyclic voltammogram of (a) Gd;N@Cgo and (b) Gd,@C79N
in o-dichlorobenzene, 0.1 M TBABF,, 100 mV/s scan rate.

Table 1. Redox Potentials of Gd,@C-oN and Related EMFs

Epcredl Epcredz El /zoxl AE
La,@Cgo>"" —031 —1.72 0.56 0.87
Gd,@C,oN —0.96 —1.98 0.51 1.47
Gd;N@(1)-Cso —1.44 ~1.86 0.58 2.02
Y,N@(I)-Cgo —141 —1.83 0.64 2.05

?)Reversible electrochemical redox potentials. Values vs ferrocene.

temperature exhibits increased broadening due to increased
Heisenberg exchange. This effect was confirmed by a solid-state
dilution experiment where the Gd,@C,9N sample was mixed
with an empty cage fullerene Cgy (ratio of Cep: Gd,@Cr9N
~9:1; see Supporting Information). There is a small sharp peak
with the observed g-factor (go = 2.001), which has been
previously reported as defect sites in Cq( cages™ (see Supporting
Information). The ambient temperature EPR spectrum of the
solution and mixed solid sample suggests considerable motional
averaging motion of the Gd,@C;9N molecule and/or Gd—Gd
cluster motional averaging in the Cgg solid matrix without an
observable nuclear hyperfine interaction.

In contrast, low temperature X-band and W-band EPR spectra
of Gd,@C9N were also obtained, as shown in Figure 9. Both
spectra are featured by the fine structure of a high spin state. The
w-band measurement gives a more simplified spectrum, which is
almost symmetric around the intense central line, as shown in
Figure 9b. Seven peaks on both sides of the central line at
equidistant intervals can be recognized (inset of the
Figure 9b), and a total of 15 peaks can be counted. The 15
peaks suggest the spin quantum number of '*/, for the spin state
of Gd,@C7oN. As previously reported,®" the ground spin state
of Gd@Cg,—1 is characterized b?r an integer spin quantum
number of S = 3. The spin (S = '/,) on the 7 orbital of the
fullerene cage is coupled with the octet spin (S = 7/,) of the
encapsulated gadolinium in an antiferromagnetic manner with
the exchange coupling constant of ] = —1.8 cm ™ ". In the case of
Gd,@C,9N, however, the spin state is characterized by a half-
integer spin quantum number of S = */,. The spin (S="'/,) on
the N atom of the fullerene cage and two octet spins (S ="/,) of
two encapsulated gadoliniums are coupled with each other in a
ferromagnetic manner. The difference of the electronic state of
Gd,@C9N also reflects its small zero-field splitting parameter
D. The value of D is estimated about 70 mT for Gd,@C-9N,
which is much smaller than the D = 420 mT of Gd@Cg,—L

Because the central line of Gd,@C-oN is due to the Kramer’s
doublet in the state with a half-integer spin quantum number of
S = '3/, the sharpness of the line is prominent and the
anisotropic nature of the line is weak. As a result the sharp
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Figure 8. EPR spectra of Gd,@C;9N samples at 298 K in toluene solution, as a solid, and as a solid solution with Cgo.
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central line is observable even at room temperature in solution
vide supra. The other surprising feature of Gd,@C-oN is a long
spin relaxation time, which enables the detection of electron spin
echo (ESE) signal by a pulsed EPR spectrometer even at 20 K. It
is rather exceptional that a pulsed EPR observation is applicable
to the high spin system of S = '*/, (see Supporting Information).

Raman Spectroscopy. As described above, Gd,@C-oN has a
similar structure to Gd3N@C8032 and Sc3N@C80,33 which have

i i | i i
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W-band ESR. measurement

Gd,@CyN / CS, at 30K

_’__,VJJ O L )
nd

T T T T T
25 3o 35 a 45010
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Figure 9. (a) X-band EPR spectrum of Gd,@C-oN sample at 4 K in
CS,; (b) W-band EPR spectrum of Gd,@C-oN sample at 30 K; vertical
expansion, horizontal axis, 34—44 x 10" gauss.

previously been studied by Raman spectroscopy, except that a
nitrogen atom, donating a free electron, has replaced one carbon
atom in the cage and the endohedral cluster is a (Gd,)*>" dimer.
The full Raman spectrum of Gd,@C9N is shown in Figure 10
and can be divided into four parts: low intensity modes above
1700 cm ™, tangential C;oN modes are found between 1000 and
1700 cm ™, radial C;oN modes between 200 and 1000 cm ™, and
afourth group from 200 cm ™" and below which has a counterpart
only in the spectra of endohedral fullerenes which exhibit low
energetic Gd-fullerene cage, intermolecular, and center-of-mass
(COM) modes. Low-energy Raman modes of endohedral full-
erenes (Gd;N@Cgo and ScsN@Cg) have been observed pre-
viously, confirming the coupling between the core and the cage
by hindered rotation modes.””*® We observe similar hindered
rotation modes for Gd,@C-oN at 156.1 and 170.4 cm ™.

The vibrational modes of Gd,@C,oN and Gd;N@Cg, were
calculated by hybrid DFT (B3LYP) and UFF in the Gaussian
03 package®® and compared with the experimental data. We
identify tangential and radial C;9N cage modes, which are similar
to the Cgo cage modes. A comparison of the Gd,@CoN and
Gd;N@Cgp experimental data is shown in Figure 11. In parti-
cular, we identify the Hy(1) squashing mode at 226 cm™ ' for
Gd>,@CoN and at 234 cm ™' for Gd;N@Csgo.

Additionally, upon further investigation of low-energy Raman
modes (Figure 12) and comparison with the theoretical model,
Gd,@CN hindered rotation and COM modes are observed
below 200 cm™'. A Gd—Gd stretching mode is observed at
52.4 cm ™' and confirmed by simulations. The Gd—cage mode
at 156.1 cm ™" has a very narrow peak, which is attributed to a
Gd—Gd stretch mode interacting with the C,oN cage and the
Gd, confinement in the smaller C;oN cage, when comgared to
similar molecules with larger cages, such as Gd,@Coo.>

Bingel—Hirsch Gd,@C,9N Diethyl Bromomalonate Mono-
adduct. We have previously described the exceptional chemical
stability of Gd,@C,9N and corresponding low Diels—Alder
reactivity (Figure 3) and relatively large HOMO—LUMO gap
(Figures 4 and S) from the computational studies. Although
purified sample quanities were limited to ~1 mg, other unsuc-
cessful chemical reactions were explored and summarized
(Figure 13). For example, in similar fashion with Y,@CoN,
we found no evidence of dimerization of Gd,@C,9N, which

Gd,@C N
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Figure 10. Analysis of full Raman spectra for Gd,@C;oN taken at 90 K. Tangential and radial C,oN modes are observed, as well as hindered rotation and

COM modes.
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Figure 11. Comparison of Gd,@C-9N and Gd;N@Cgo Raman spectra taken at 90 K. The C59N and Cgg cage modes are comparable, and both samples

exhibit hindered rotation modes below 200 ecm ™.

Gd,@C,oN
632.8 nm

Intensity (a.u.)

LN L I L DL LA LA L |
40 60 80 100 120 140 160 180 200
Raman Shift (cm'1)

Figure 12. Analysis of low-energy Raman spectra of Gd,@C9N taken
at 90 K, indicating hindered rotation due to the coupling of the core
complex to the cage. There is a strong Gd—Gd stretching mode at

524 cm ! and a narrow Gd—cage stretching mode at 156.1 cm L

readily occurs with CsoN.' In an attempt to explore known
heterofullerene reactions of CsgN, the arylation in the presence
of p-toluenesulfonic acid with toluene of anisole,>® does not lead
to any product in observable quantities. Alternatively, we
attempted a chemical reaction of 5,5-dimethyl-1-pyrroline-
1-oxide (DMPO), a well-known spin trap>” with Gd,@C-oN in
toluene, but the resulting EPR spectrum provides no evidence of
a chemical reaction between DMPO and Gd,@C,9N. This low
chemical reactivity of Gd,@C-oN is consistent with an excep-
tionally stable molecule with the unpaired electron spin density
mainly localized between the Gd metal atoms and is not easily
localized on the heterofullerene cage surface.

In spite of this low chemical reactivity, the first successful
functionalization of Gd,@C-9N was achieved via a Bingel-Hirsch
reaction by cyclopropanation with diethyl bromomalonate, but
only in the presence of DMF (Figure 13).%® To directly compare
the reactivity of Gd;N@Cgo, ScsN@Cgp and Gd,@C9N, we
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Figure 13. Chemical reactivity summary of Gd,@C-oN.

prepared toluene solutions of these three purified metallofuller-
enes respectively in nearly equal molarities and performed
Bingel—Hirsch reactions under the same conditions. Approxi-
mately 20 equiv of diethyl bromomalonate, 10 equiv of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1 drop of DMF were
added to the solutions under argon at room temperature. All
three reaction mixtures were stirred for 1 h and then subjected to
HPLC analysis (see Supporting Information for the ScsN@Csgj
results). As summarized in Figure 14, the Bingel—Hirsch chemi-
cal reactivity of Gd;3N@Cg in the presence of DMF when
directly compared with Gd,@CoN indicates higher reactivity
of Gd;N@Cg with a higher overall yield of mono and significant
multiadduct formation (Figure 14a). This reaction was pre-
viously reported for Gd;N@Cg in the absence of DMF."* In
contrast, a lower yield of the Gd,@C;oN monoadduct was
obtained after DMF was added to the reaction mixture
(Figure 14c). The monoadduct was isolated and characterized
by mass spectrometry. Assuming the diethyl bromomalonate
anion is the actual intermediate for attack at the carbon sites on
the heterofullerene carbon surface, the DFT positive charge
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Figure 14. (a) Chromatogram of the Bingel—Hirsch reaction of
Gd3;N@Cgy (2) and Gd,@CoN (c) with diethyl bromomalonate
(10 x 250 mm SPYE column; A = 390 nm; flow rate 2.0 mL/min; toluene
as eluent; 25 °C) (d) Purified Gd,@C;oNC(CO,Et), monoadduct, laser
desorption time-of-flight mass spectrum of the isolated monoadduct.

+1.039

@ Possible sites for nucleophilic attack

Figure 15. DFT MO charge densities for Gd,@CoN view from vertical
C, axis (left), from orthogonal C, axis (middle), and carbon surface
motif about the N atom (right).

density (green) sites adjacent to the nitrogen atom are likely sites,
as illustrated in Figure 15.

The HPLC chromatograms also show that Gd;N@Cgo was
completely consumed, while about 73% Sc;N@Cgo and 83%
Gd,@C,9N was retained based on respective peak areas. This
suggests Gd;N@Cgo has much higher reactivity toward this
Bingel reaction than Sc;N@Cgo and Gd,@CN, which reacts
in a similar fashion, but limited extent. The reason for the
observation is that Gd,@CoN is less reactive than Gd;N@Cgg
despite a somewhat lower computed HOMO—LUMO band
gap and an electrochemically-derived band gap vide supra is not
completely understood, but this observation is consistent with
previously reported reactivity comparisons between Gd;N@Cgy,

Gd;N@Cgy and Gd3N@Cgg, in which the actual reactivity of the
gadofullerenes in the Bingel reaction showed an inverse depen-
dence of predicted stability based on band gap values.*

B CONCLUSION

In summary, we have prepared, separated and characterized
a new dimetallic EHF, Gd,@CN in a reasonable yield for
the first time. Theoretical and experimental results confirm that
this molecule has an unusually high chemical stability and the
unpaired electron spin density is centered between the encapsu-
lated Gd, cluster. In addition, the spin (S = '/,) on the 7 orbital
of the fullerene cage is coupled with the octet spin (S="/,) of the
encapsulated gadolinium in an antiferromagnetic manner with a
small exchange coupling constant. This EPR result suggest the
magnetic properties of Gd,@C,9N can be described by a spin
quantum number of § = "/, resulting from spin (formally
associated with the N atom of the fullerene cage) and two octet
spins of the two encapsulated gadolinium ions. Although the
heterofullerene Gd,@C-oN is surprisingly unreactive, we have
successfully prepared and isolated the first monoadduct of
Gd,@C,9N. We believe this unique EHF could be very useful
in future biomedical, magnetic, and electronic application areas.
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