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ABSTRACT: A radical-anion of [5,6]-pyrrolidine-Sc3N@C80 is generated both chemi-
cally and electrochemically and studied by ESR spectroscopy. The rotation of the Sc3N
cluster is shown to be frozen on the ESR time scale resulting in nonequivalent Sc atoms
with hyperfine coupling constants noticeably smaller than in the radical anion of the
pristine Sc3N@C80 but larger than in any other derivatives of Sc3N@C80. Experimental
ESR studies are supported by extended DFT calculations of the cluster rotational
pathways, spin density distribution, and hyperfine coupling constants.

■ INTRODUCTION

Since its discovery in 1999, Sc3N@C80 with icosahedral cage
symmetry remains the third most abundantly produced
fullerene (after C60 and C70) and the most abundant
endohedral metallofullerene (EMF).1 The high availability
and enhanced stability as compared to conventional EMFs has
made Sc3N@C80 the preferred compound to probe the
electronic, chemical, and physical properties of EMFs.2,3 The
ESR studies of both chemically and electrochemically produced
anion-radical Sc3N@C80

− revealed that three equivalent
scandium atoms yield a 22-line hyperfine pattern with a coupling
constant (hfcc) of 55.6 G.4−6 Among all of the Sc-based EMF
radicals known so far, including Sc@C82,

7,8 Sc@C84,
9 Sc3C2@

C80,
7 as well as the charged states of Sc3N@C68

10,11 and
Sc4O2@C80,

12 this a(45Sc) value is surpassed only by the
recently studied cation-radical of Sc4O2@C80. The large hfcc
indicates that the spin density in Sc3N@C80

− is localized
primarily on the Sc3N cluster in accord with the results of the
computational studies.13,14

The potential applications of EMFs (e.g., in photovoltaic15 or
medicine16−20) usually require derivatization of pristine EMF
compounds to improve solubility or introduce functional
groups; thus the influence of chemical modification on the
electronic and structural properties of EMFs must be
thoroughly studied. Exohedral derivatization of EMFs partially
saturates the fullerene π-system and hence substantially changes
the way the endohedral cluster interacts with the carbon cage.
Redistribution of the frontier orbitals as well as a change of the
spatial distribution of the metal-cage bonding sites result from
the π-system saturation. These changes can also modify the

internal dynamics of the cluster (e.g., single-crystal X-ray
diffraction studies show that free rotation of the Sc3N
cluster in Sc3N@C80 is hindered for the derivatives21−30).
ESR spectroscopy is an especially convenient tool to address
these phenomena because hyperfine structure strongly depends
on the extent of the spin population on metal atoms, whereas
the number of equivalent/nonequivalent metal atoms provides
information on the cluster dynamics. In particular, hindered
rotation of the Sc3N and Y3N clusters was revealed by ESR
spectroscopy for the radical anions Sc3N@C80(CF3)x

− (x = 2,
10, 12),6,28 Sc3N@C80(CF3)2

3−,6 and [5,6]-pyrrolidino-Y3N@
C80,

31 whereas the decrease of the a(45Sc) values in the Sc3N@
C80(CF3)x

− series indicates redistribution of the LUMO from
the cluster in Sc3N@C80 to the carbon cage in polytrifluor-
omethylated derivatives.28 ESR studies of the cycloadducts of
Sc3C2@C80 also proved that rotation of the Sc3C2 cluster is
hindered after derivatization.32−35 Although dipolar cyclo-
addition is among the most ubiquitous derivatization
techniques used to prepare many derivatives of Sc3N@
C80,

25,36−44 the influence of the pyrrolidine ring on the
endohedral cluster is not well characterized, especially for the
charged states.
In this work, we report an ESR spectroscopic study of the

radical anion of a pyrrolidine cycloadduct of Sc3N@C80 and an
assignment of the spectrum based on DFT calculations. A
complicated hyperfine structure produced by nonequivalent Sc
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atoms unambiguously proves the reduction of the cluster
symmetry and the hindrance of its rotational motions. In
addition, the total spectral width is considerably smaller than
that of the anion of the pristine Sc3N@C80 suggesting a partial
transfer of spin from the Sc3N cluster to the carbon cage
induced by the cycloaddition.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
A [5,6]-n-ethyl-pyrrolidino-Sc3N@C80 derivative was synthe-
sized in the same way as described earlier44 using the Sc3N@
C80 provided by Luna Innovations, Inc. Chemical reductions
were performed in a glass-blown two-compartment cell with a
connected EPR tube using potassium metal in THF solution.
Pure [5,6]-pyrrolidino-Sc3N@C80 was placed in one compart-
ment of the cell, and potassium metal in the other, and the cell
was pumped under high vacuum. Dry THF was then vapor-
transferred into the cell, and the connection to the vacuum line
flame-sealed. The compound was reduced by repeated contact
of the THF solution with the potassium metal, after which the
solution was transferred into the EPR tube. The first derivative
X-band spectra were recorded using a Bruker EMX
spectrometer.
Preliminary optimization of the molecular structures was

performed using PBE exchange-correlation functional45 and
TZ2P-quality basis set (full-electron {6,3,2}/(11s,6p,2d) for C,
N, and SBK-type effective core potential for Sc atoms with
{5,5,4}/(9s,9p,8d) valence part implemented in the PRIRODA
package.46,47 More extended computations of the lowest energy
conformers of the anion (optimization, IRC) were then
performed with the Λ2m basis set {4,3,2}/(12s,8p,4d) for
cage carbon atoms and pyrrolidine ring, the Λ3 basis set
{5,4,3,2,1}/(14s,10p,5d,4f,3g) for N, and Λ33 basis
{10s,9p,7d,5f,3g,1h}/ {27s,22p,16d,10f,8g,4h) for Sc. For hfcc
and energy calculations along the IRC trajectories (the values in
the Table 1 and Figure 3), the basis for carbon atoms was
extended to Λ2 {4,3,2,1}/(12s,8p,4d,2f).48 The structures,
trajectories, and isosurfaces were visualized with VMD.49

■ RESULTS AND DISCUSSION
The electrochemical study of the compounds was reported
earlier and showed that the derivative exhibits reversible
reduction at the potential of −1.18 V versus Fe(Cp)2

+/0

couple,37 which is 0.08 V more positive than the first reduction
of Sc3N@C80 at −1.26 V.5 Electrochemical reversibility of the
first reduction step indicates that the radical anion of [5,6]-n-
ethyl-pyrrolidino-Sc3N@C80 is sufficiently stable in solution at

room temperature and hence can be studied by electron spin
resonance spectroscopy.
The ESR spectrum of the radical anion produced by chemical

reduction (potassium metal in a THF solution) of the
pyrrolidino-derivative is shown in Figure 1. An electrochemical

reduction of the Sc3N@C80 derivative in o-dichlorobenzene
yielded an equivalent ESR spectrum (Supporting Information
for further details). Owing to the I = 7/2 spin of 45Sc, a rich
hyperfine structure in the spectrum of the radical anion of the
[5,6]-pyrrolidino-Sc3N@C80 can be expected, especially if Sc
atoms have large spin population as found earlier in the radical
anions of Sc3N@C80

4 and Sc3N@C80(CF3)2,10,12.
6,28 In the

Sc3N@C80
−, three equivalent Sc atoms give rise to the

characteristic ESR spectrum with 22 main lines and a number
of second-order features caused by the large 45Sc coupling
constant of 55−57 G. In contrast to the 22-line spectrum of
Sc3N@C80

−, the spectrum of [5,6]-pyrrolidino-Sc3N@C80
−

exhibits many more lines with the total hyperfine pattern
spanning the field range of 535 G, more than two times
narrower than the spectral width of the nonfunctionalized
Sc3N@C80

− (ca. 1100 G). The g-factor is significantly shifted to
1.9972, and the line width, 2.8 G, is almost half that of the
pristine Sc3N@C80

−. A second-order simulation accounting for
all spectral lines proved that the symmetry of the cluster has
been reduced by the cycloaddition reaction resulting in one
scandium that is nonequivalent to the other two. The a(45Sc)
hfc constant of the single scandium is 9.6 G, whereas the two
equivalent Sc atoms have a hfcc of 33.4 G (Figure 1). The study
of the radical anion of pristine Sc3N@C80 under the same
conditions yielded a spectrum with a(45Sc) value of 56.0 G, a
line width of 5.5 G, and a g-factor of 1.9923. The reduced
symmetry of the Sc3N cluster caused by the cycloaddition in
the pyrrolidino-Sc3N@C80 is reminiscent of the analogous
situation found in the mono- and trianion of Sc3N@C80(CF3)2

6

as well as in the fulleropyrrolidine adducts of Sc3C2@C80.
34,35

In these compounds, exohedral derivatization also hindered
rotation of the endohedral cluster resulting in a more complex
hyperfine structure. In Sc3N@C80

− and Sc3C2@C80, the clusters
are rotating almost freely at room temperature, and hyperfine
coupling constants of the Sc atoms are averaged over time.
To analyze the influence of the cycloaddition on the

molecular structure and electronic properties of [5,6]-
pyrrolidino-Sc3N@C80, we performed DFT calculations of
this derivative in the neutral and charged states. Cycloaddition

Table 1. DFT-Computed Relative Energies (ΔE) and 45Sc
Hyperfine Coupling Constants for Selected Sc3N Positions
in the Radical Anion of the [5,6]-Pyrrolidino-Sc3N@C80

conformer ΔE, kJ/mol a(45Sc1), G a(45Sc2), G a(45Sc3), G

I 0.0 12.9 12.9 5.7
TS(I→II) 11.5 17.8 24.9 10.9
II 2.4 27.8 27.8 −0.1
TS(II→III) 10.6 52.9 22.7 −1.0
III 10.4 46.5 20.2 −1.2
TS(III→IV) 23.5 15.0 10.7 −1.2
IV 20.9 14.2 5.5 −0.9
aver. (298 K) 19.3 19.3 4.9
exp. 33.4 33.4 9.6

Figure 1. Experimental (top) and simulated (bottom) X-band ESR
spectra of the chemically reduced monoanion of [5,6]-pyrrolidino-
Sc3N@C80. The asterisk denotes an impurity.
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reduces the symmetry of the carbon cage and provides a
possibility of large energy variations depending on the cluster
orientation within the carbon cage. To address this dependence
in the most possible detail we generated 52 conformers of
[5,6]-pyrrolidino-Sc3N@C80 fusing the pyrrolidine ring to all
nonequivalent 5/6 edges in the lowest energy C3- and Cs-
symmetric conformers of Sc3N@C80 (ref 13 for a detailed study
of Sc3N@C80) and then performed DFT optimizations. The
procedure resulted in 45 nonequivalent conformers for the
neutral molecule and 41 conformers for the anion. In all of
these structures the pyrrolidine nitrogen atom was placed over
the cage pentagon; inversion of the ring increases the energy by
ca. 5 kJ/mol. The energy range covered by the conformers (65
and 75 kJ/mol for the neutral molecule and anion, respectively)
is much larger than that found for different positions of the
cluster in the nonfunctionalized Sc3N@C80 (ca. 10 and 25 kJ/
mol for the neutral and anionic forms) showing that 3D
rotation of the cluster is substantially hindered in the
cycloadduct.
In the lowest energy conformer (I) found in this study for

the noncharged [5,6]-pyrrolidino-Sc3N@C80, two Sc atoms
(denoted hereafter as Sc1 and Sc2) are coordinated near the
carbon atoms in the para-positions with respect to the C-sp3

atoms, whereas the third Sc atom (Sc3) is facing the carbon
atom on the pentagon/hexagon/hexagon junction located on
the opposite pole of the molecule (part a of Figure 2). This
structure agrees well with the single-crystal X-ray diffraction
studies of the [5,6] cycloadducts of Sc3N@C80

23−26 as well as
with earlier computational studies.14,36 In the second most
stable conformer (II, ΔE = 2.2 kJ/mol) the third Sc atom is
facing the 5/6 edge instead of the single carbon atom; otherwise
the structure is very similar (part b of Figure 2). The relative
energy of the third most stable conformer is 13.5 kJ/mol, and
all other conformers are densely distributed over the energy
range of 13.8−64.8 kJ/mol (Supporting Information for more
details).
Two lowest energy conformers of the anion with an energy

difference of only 2.4 kJ/mol resemble those of the neutral

[5,6]-pyrrolidino-Sc3N@C80. The study also revealed that the
third and fourth lowest energy conformers (III, ΔE = 10.4 kJ/
mol; IV, ΔE = 20.9 kJ/mol) are related to the conformer II and
can be obtained from the latter by rotation around the Sc3−N
bond (part c of Figure 2). The other conformers are noticeably
higher in energy (the majority of the structures spans the range
of 33−55 kJ/mol) and can be omitted in the analysis of the hfc
values.
Table 1 lists DFT-predicted a(45Sc) constants for the

conformers I−IV as well as for the transition states (TSs)
along the pathways between them, and Figure 3 shows relative
energies, a(45Sc) constants, and Sc spin populations computed
along the I→II→III→IV intrinsic reaction coordinate (IRC)
pathway. The energy profile shows that the barriers along I→II
and II→III trajectories are relatively small (11.5 and 10.6 kJ/

Figure 2. DFT-optimized conformers I−IV of the anion-radical of [5,6]-pyrrolidino-Sc3N@C80: (a) conformer I; (b) conformers I, II, and the I→II
IRC trajectory; (c) conformers II, III, IV, and the II→III→IV IRC trajectory. For the sake of clarity, the conformers in (b, c) are shown in the
orientations where the motion of the Sc atom(s) is seen best, the pyrrolidine ring is omitted, the functionalized 5/6 edge is highlighted in green, and
the carbon atoms with the shortest Sc−C distances are highlighted in orange. IRC trajectories are shown with superimposed positions of the Sc3N
cluster in the energy minima, and positions of the most labile Sc atoms in transition states are shown as cyan.

Figure 3. Energy (top), a(45Sc) constants (middle) and Sc spin
populations (bottom) computed for the radical anion of [5,6]-
pyrrolidino-Sc3N@C80 along the I→II→III→IV IRC pathway.
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mol, respectively); besides, the conformer III is found to be
only a small bump on the potential energy surface (its energy is
0.2 kJ/mol below the energy of the transition state). The
energies of the TS(III→IV) and of the conformer IV are larger
(23.5 and 20.9 kJ/mol, respectively) but still reachable at room
temperature. This means that, under the conditions of the ESR
measurements, the cluster is expected to move rapidly between
the four conformers, and adequate interpretation of the ESR
spectra must take into account this complex dynamic situation.

45Sc hfcc values are found to be extremely sensitive to the
position of Sc atoms (similar results were found before for
some other Sc-based EMF radicals).13,50 For instance, a(45Sc1)
in II (27.8 G) is ca. two times larger than in I (12.9 G),
although positions of Sc1 and Sc2 are only slightly altered in
the I→II transition (part b of Figure 2). Furthermore, a(45Sc1)
increases to 46.5 G in III, and then drops down to 14.2 G when
Sc1 is further moved to the conformer IV. At the same time,
a(45Sc2) drops from 27.8 G in II to 5.5 G in IV, although
displacements of Sc2 along the II→III→IV pathway are very
small (part c of Figure 2). The hfcc of Sc3 at the energy minima
does not exceed 6 G irrespective of the conformer, however the
largest value (17.2 G) is achieved between I and TS(I→II).
Note that the lowest energy path between Cs-symmetric
conformers I and II breaks the symmetry as the Sc3 prefers to
move along the 5/6 edges rather than through the middle of
the pentagon (part b of Figure 2). Computations also showed
that inversion of the pyrrolidine ring has almost no effect on the
hfc constants.
In general, DFT computations show that the hfc constants of

Sc1 and Sc2 are significantly larger than that of Sc3. Averaging
the a(45Sc) constants along the I→II→III→IV IRC path using
temperature Boltzmann factors and taking into account the Cs
symmetry of the functionalized carbon cage gives hfc constants
of 19.3 G for Sc1/Sc2 and 4.9 G for Sc3 in qualitative
agreement with the experimental data (the value for Sc3 is
several times smaller than that for Sc1/Sc2). However, DFT-
derived a(45Sc) values are almost a factor of 2 smaller than the
experimental ones. Similar underestimation was found for
Sc3N@C80

− in ref 13 and was partially explained by the
dynamic effects.50 Averaging the hfc constant along the
molecular dynamics trajectory resulted in a noticeably larger
value than that obtained at the same level of theory for a static
computation at the energy minimum.50 Presumably, taking into
account dynamic effects in the anion-radical of [5,6]-
pyrrolidino-Sc3N@C80 in a more robust manner may improve
agreement between experiment and theory, but such a task
exceeds the goal of this work.
Spin populations of Sc atoms in the radical anion of [5,6]-

pyrrolidino-Sc3N@C80 also experience noticeable changes
depending on the cluster position inside the carbon cage
(Figure 4), but the net population of all Sc atoms remains in
the range of 0.40−0.46 (compared to 0.64 in Sc3N@C80

−13).
Spin population for Sc3 does not exceed 0.04, and the spin
density is mostly localized on the Sc1/Sc2 atoms and the
carbon cage near the pyrrolidine addition site (Figure 4 for
visualization of the spin density in I and II), which agrees with
the results of the earlier computational studies for one of the
conformers.14

■ CONCLUSIONS
Combined ESR and DFT study of the radical anion of [5,6]-
pyrrolidino-Sc3N@C80 shows that cycloaddition imposes a
significant impact on the electronic structure and internal

dynamics of the Sc3N@C80 core. Partial saturation of the
fullerene π-system at only one 5/6 edge significantly hinders
rotational motion of the Sc3N cluster, and its three Sc atoms are
not equivalent on the ESR time scale. The 45Sc hyperfine
coupling constants in the radical anion of [5,6]-pyrrolidino-
Sc3N@C80 are noticeably reduced in comparison to those of
Sc3N@C80

−, showing that the spin density is shifted from the
cluster to the carbon cage. Moreover, chemical functionaliza-
tion results in the enhanced asymmetry of the spin density
distribution, the a(45Sc) constant and spin population of the Sc
atom opposing the pyrrolidine ring being ca. 4 times smaller
than those for the two equivalent Sc atoms coordinated in the
vicinity of the pyrrolidine fragment. These results emphasize
flexibility and tunability of the electronic structure of Sc3N@C80
and show that relatively small perturbation of the fullerene π-
system results in the significant changes of the frontier orbitals
and the cluster dynamics. On the basis of the experimental
electrochemical and ESR spectroscopic studies as well as
quantum-chemical computations, we can conclude that cyclo-
addition stabilizes the carbon cage-based unoccupied MOs,
which results in the higher contribution of the carbon cage to
the LUMO of the cycloadducts and therefore reduced spin
populations and hyperfine coupling constants of the Sc atoms
in comparison to the radical anion Sc3N@C80

−.
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