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Charged States of ScsN@Cgs: An In Situ Spectroelectrochemical Study of the Radical
Cation and Radical Anion of a Non-IPR Fullerene
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The redox behavior of Sc;N@Cegg is studied systematically by means of electrochemistry, in situ ESR/Vis—NIR
spectroelectrochemistry, and detailed theoretical treatment. Formation of the negatively and positively charged
paramagnetic species for the same trimetallic nitride endohedral fullerene is demonstrated for the first time.
The electrochemical study of ScsN @ Cgs exhibits two electrochemically irreversible but chemically reversible
reduction steps and two reversible oxidation steps. A double-square reaction scheme is proposed to explain
the observed redox reaction at cathodic potentials involving the reversible dimerisation of the Sc;N@Ceg
monoanion. The spin state of the radical cation and the radical anion is probed by ESR spectroscopy, indicating
that in both states, the large part of the unpaired spin is delocalized on the fullerene cage. The charged states
of the non-isolated pentagon rule fullerene are characterized furthermore by in situ absorption spectroscopy.
The interpretation of experimental data is supported by the density functional theory (DFT) calculations of
the spin distribution in the anion and cation radicals of Sc;N@Cgg and time-dependent DFT calculations of
the absorption spectra of the charged species.

Introduction

Endohedral fullerenes with an encaged trimetallic nitride
cluster (clusterfullerenes) have been attracting great interest since
their discovery in 1999! because of the feasibility of tuning the
trapped metal atoms and stabilizing a large variety of cage sizes
with different isomeric structures.”!3 It has been recently
discussed how much the variation of the cluster size can be
extended®! and how the leading forces for the stabilization of
endohedral structures have been revealed.!> ScsN@Cgg discov-
ered in 20006 is a unique member of the clusterfullerene family
because it was the first clusterfullerenes with the cage violating
the isolated pentagon rule (IPR; note, however, that several new
non-IPR nitride clusterfullerenes have been discovered recently).>10.1217
The non-IPR carbon cage with D3 symmetry (isomer 6140) was
proven for this clusterfullerene by means of NMR !¢ and single-
crystal X-ray studies.'® However, despite the increased interest
in such unusual structures, only few spectroscopic and theoreti-
cal studies of ScsN@Cgg have been reported up to now.!'%22
The electronic structure and vibrational spectra of SczN@ Cgg
were studied in detail experimentally and with theoretical
computations in our group.?? Although the electronic structure
of trimetallic nitride clusterfullerenes is formally conceived as
a result of a six-fold electron transfer from the cluster to the
carbon cage, it was shown that the effect of ScsN encapsulation
in the Cgg cage is more complicated, with a significant
hybridization of the cluster and the cage orbitals.?022
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The cluster-to-cage electron transfer in the clusterfullerenes
implies that the surplus electron density is localized on the
fullerene and hence raises the question of the redox behavior
of these molecules. Systematic electrochemical studies of
clusterfullerenes including ScsN@Cyg (I),5232* TmN@Cy (1),
Dy3N@C2n (2n = 78, 80),26 Y3N@C80,27 Er3N@C80,27
Gd;N@C,, (2n = 80, 84, 88),28 and ScsN@C75%* were reported
in the past few years by our group®>2° and by the others.?>+27.28
A strong dependence of the electrochemical redox behavior and
frontier molecular orbitals (highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO))
on the cage size and the structure and a significant contribution
of the cluster to both the LUMO and the HOMO were found.

By decreasing the fullerene cage size to Cgg and by
encapsulating the trimetallic nitride cluster in such a small cage,
a substantial change in the LUMO and the HOMO is expected
as compared to larger cage sizes. Thus, the detailed analysis of
different ScsN@Ceg redox states appears an interesting point
to be studied. Recently, we reported the electrochemically
generated stable radical cation of Sc3N@Cgg as confirmed by
in situ ESR/Vis—NIR spectroelectrochemistry.? The spin state
of such radical cation was probed, indicating that the large part
of the unpaired spin is delocalized over the fullerene cage. The
anodic redox behavior of ScsN@Cgg is quite different from that
in the cathodic range, where a more complex redox behavior
was found. The complex redox behavior in the cathodic part,
with strongly shifted reoxidation peaks both for the anion and
dianion, appears to be typical for nonfunctionalized M3N@C,,
endohedral fullerenes,®23-25-28 and the observation of the cor-
responding paramagnetic anions of M3;N@C,, endohedral
fullerenes is up to now limited only to the [ScsN@Cgo]*~3? and
[Y3N@CgyC4HoN]"~.3! In this work, we performed a detailed
spectroelectrochemical and theoretical study on the charge
transfer at Sc;N@Cgg with the focus on the formation of both
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the corresponding anion and cation radicals. To interpret the
observed complex redox behavior in the cathodic part, a reaction
scheme is proposed, including the reversible chemical reaction
of the ScsN@Cgg monoanion induced by the charging of the
cage. DFT calculations of the optimal geometry parameters,
charge, and spin density distribution of the neutral and charged
forms of Sc;N@Cgg are performed to reveal the influence of
the electrochemical reduction/oxidation on the molecular struc-
ture of the clusterfullerene, and time-dependent DFT calculations
are used to explain the absorption spectra of the electrochemi-
cally generated species.

Experimental Details

The synthesis of Sc;N@Cgg was reported previously.??
Chemical identification and purity of the studied Sc;N@Cgg
clusterfullerene was established by the laser desorption time-
of-flight (LD-TOF) mass spectrometry and by high performance
liquid chromatography (HPLC) analysis.

For a typical electrochemical and spectroelectrochemical
study, the Scs3N@Cgg sample dissolved in toluene was dried and
transferred as a powder into a glove box (oxygen and water
content below 1 ppm), where it was immediately redissolved
in 1,2-dichlorobenzene (0-DCB, anhydrous, 99%, Aldrich) at
concentrations ranging from 1x10™* to 5x10™* mol L~
Tetrabutylammonium tetrafluoroborate or hexaflourophosphate
(TBABF,4 or TBAPF, Fluka, dried under reduced pressure at
340 K for 24 h prior to use) was added as the supporting
electrolyte at concentrations of 0.1—0.2 mol L™!. The cyclic
voltammograms and the square-wave voltammograms were
obtained with a PAR 273 potentiostat (EG&G, Gaithersburg,
MD) in a three-electrode system with platinum wires as working
and counter electrodes and a silver wire as pseudo-reference
electrode under glove-box conditions. For fast scan voltammetry,
a platinum microelectrode was used. Ferrocene (Fc) was added
as the internal standard after each voltammetric measurement
series, and all potentials are given versus the Fc/Fc* couple. A
PG 284 potentiostat (HEKA, Germany) was used for the
potential control in the in situ ESR/UV—Vis—NIR spectroelec-
trochemical studies. ESR spectra were recorded by the EMX
X-Band ESR spectrometer (Bruker, Germany), and optical
spectra were obtained simultaneously by the UV—Vis—NIR
spectrometer system TIDAS (J&M, Aalen, Germany).

Computational Details

Geometry optimization and time-dependent DFT calculations
of ScsN@Cgg and its charged states were performed by using
PBE functional®? and PRIRODA quantum-chemical code.?334
The code employed expansion of the electron density in an
auxiliary basis set to accelerate evaluation of the Coulomb and
exchange-correlation terms.’* A TZ2P-quality basis set with
SBK?’ effective core potential for Sc atoms as implemented in
PRIRODA was used for optimization; no symmetry constraints
were adopted. TD-DFT calculations were performed with a
reduced basis set of double-zeta quality (DZ hereafter). Testing
calculations have shown that the use of such a moderate basis
set for the neutral SczsN@Cgg did not result in qualitative changes
in the predicted excitation spectra as compared to the results of
calculations with TZ2P basis set reported earlier.?”> Point-energy
calculations at the B3LYP/6-311G* level of theory were
performed with the use of PC GAMESS.3¢ DFTB?’ calculations
were performed with the use of deMon software.

Results and Discussion

Cyclic Voltammetry of Sc;N@ Cgs. Figure 1 shows a cyclic
voltammogram of Sc;N@Cgg in 0-DCB/TBABF, solutions
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Figure 1. Cyclic voltammetry of the non-IPR D3 ScsN@Cgs (black)

and the [, DysN@Cg (red and blue lines) in 0.1 M TBAPFs-0-DCB

solution at a scan rate of 0.1 V s,

performed at both the cathodic and the anodic potentials and
compared to the voltammetric data of DysN@Cg. The cyclic
voltammogram of Sc;N@Cgg exhibits two electrochemically
irreversible but chemically reversible reduction steps similar to
the reduction of other M3N @C,,, clusterfullerenes.®2>-28 The first
reduction step of ScsN@Cgg at a scan rate of 0.1 V s™! clearly
indicates the first reduction peak and the strongly shifted
reoxidation peak of those species formed by the fullerene
monoanion. The electrochemical energy gap of Sc;sN@Cgg of
1.71 V, which is obtained as the difference between the redox
potential of the first oxidation step and the redox potential of
the first reduction step, is considerably smaller than that of
ScsN@Csg (1), being 1.86 V.6 This is consistent with the results
obtained for their optical energy gaps determined previously
by UV—Vis—NIR spectroscopy and DFT computations.??

No significant change in the shape and intensity of the
reduction peaks during the multiple redox cycles for ScsN@Ceg
was observed. A further confirmation of the chemical revers-
ibility of the redox reactions was obtained by LD-TOF mass-
spectroscopy measurements performed with the sample solutions
after the voltammetric measurements and also exhausting
electrolysis. They reveal that the peaks of the corresponding
clusterfullerene dominated the mass spectra in all cases, and
no stable follow-up products of the clusterfullerenes were
detected. Because the electrochemical reduction is chemically
reversible and no reaction with the solvent was observed by
mass spectrometry after multiple cycling, the follow-up pro-
cesses can be attributed either to intramolecular structural
changes in the anion or to a reaction between the reduced
species.

Spectroelectrochemistry of Sc;N@Cgs. To get a deeper
insight into the possible electrode processes during the first
reduction step of SczN@Cgg, we performed an exhaustive
electrolysis in the ESR cavity at potentials of the first reduction
step and detected an ESR signal which could be attributed to
the anion radical of ScsN@Cgg (Figure 2a). Similar to the
[ScsN@Cgg]"* radical cation (Figure 2b), the characteristic ESR
pattern of the anion includes 22 lines with the intensity
distribution characteristic for three equivalent Sc nuclei. How-
ever, the hyperfine splitting of the Sc atoms in the anion is
slightly increased to 1.75 G as compared to 1.28 G found for
the cation radical. Additionally, the g value of the anion, 2.0023,
is substantially larger than the g value of the cation, 2.0010. If
the ESR spectrum of [ScsN@Cgs]*™ is compared to the spectrum
of [ScsN@Cg]*~ anion radical, which also exhibits 22 lines, a
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Figure 2. In situ cyclic voltammograms (V = 3 mV s™!) and representative ESR spectra of (a) [ScsN@Cqs]"™ and (b) [ScsN@Ces]™" radical ions
observed in situ in the course of reduction and oxidation in 0.1 M TBAPF¢/0o-DCB at the first oxidation peak and at the first reduction peak,

respectively (asterisk denotes a narrow impurity signal at g ~2.0005).
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Figure 3. Absorption spectra of ScsN@Cgs in 0.1M TBAPFs-0-DCB solution at room temperature under spectroelectrochemical conditions in the
potential range of (a) the first oxidation and (b) the first reduction peak.

significant difference occurs. The latter exhibits a Sc hyperfine
splitting of 55.6 G and a g factor of 1.9984, both pointing to
the localization of the spin density of the [ScsN@Cgo]*™ on the
cluster. In contrast, the comparably small Sc hyperfine spitting
constants found for the anion and cation radicals of ScsN@ Cgg
indicate that the cluster has a minor contribution to the spin
density and to the frontier orbitals.

Importantly, the concentration of the [SczN@Cgs]*™ detected
by ESR spectroscopy was much smaller than the concentration
of the radical cation [ScsN@Cgg]"t generated with the same
sample under the same experimental conditions, which confirms
the low stability of Sc3N@Cgg radical anion. This fact leads to
the conclusion that the major part of ScsN@Cgg monoanion
forms diamagnetic species at the first reduction step.

Because the Vis—NIR spectra of the charged fullerenes used
in the characterization of the corresponding anions and cations
provide important information on their electronic structure, we
also performed in situ ESR/Vis—NIR spectroelectrochemical
studies on Sc;N@Cgg, both in the anodic and in the cathodic
potential range where the ion radicals are generated. As shown
in our recent communication,” the generation of the stable
radical monocation [ScsN@Ceg]*™ was clearly identified upon
oxidation of ScsN@Cgg by in situ ESR/Vis—NIR spectroelec-

trochemistry. New NIR absorption bands with maxima at 1.13
eV (1100 nm) and 1.01 eV (1226 nm) are observed for the cation
(Figure 3a), whereas the absorption spectrum in the visible range
is more similar to the spectrum of the neutral form and exhibits
two intense bands at 1.91 eV (651 nm) and 2.13 eV (583 nm).
As shown in Figure 3, there is a substantial difference in the
electronic spectra of positively and negatively charged
ScsN@Cgg (Figure 3b). In contrast to the cationic form, the
species formed in the reduction of ScsN@Cegg do not exhibit
detectable NIR features down to 0.8 eV, the range accessible
with our spectrometer. In the visible range, the bands are much
broader than those in the pristine Sc3N@Cgg, and a new, poorly
resolved band is developed at around 1.62 eV (770 nm).
DFT Calculations. To rationalize the observed ESR and
Vis—NIR spectra of the charged ScsN@Cgg states, we have
performed DFT calculations of the structure, spin density
distribution, and excitation spectra of the monoanion and
monocation of ScsN@Cgg. First, the geometry of the charged
species was optimized at the PBE/TZ2P level. The calculations
have shown that the charging of Sc;N@Cgs does not result in
dramatic changes of the geometry parameters of the cage and
the cluster (Table 1, Figure 4). As the HOMO and the LUMO
of Sc3N@Cgg have both A; symmetry,?? the ground electronic
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TABLE 1: DFT-Optimized Bond Lengths (in Angstroms),
Natural Charges (¢), and Hyperfine Splitting Constants (q,
in Gauss) in Sc;N@ Cgg, [SC3N@C63]'+ and [Sc;N@Cgg]*

ScsN@Ceg cation A anion A°
C—C Bond Distances”
a 1.445 1.448 0.003 1.447 0.002
b 1.455 1.454  —0.001 1.460 0.004
c 1.470 1.465  —0.004 1.465  —0.005
d 1.451 1.457 0.006 1.452 0.001
e 1.446 1.441  —0.006 1.445  —0.001
f 1.454 1.446  —0.008 1.454 0.000
g 1.462 1.477 0.015 1.459  —0.003
h 1.437 1.432  —0.005 1.444 0.007
i 1.436 1.435  —0.001 1.430  —0.006
j 1.416 1.416 0.000 1.423 0.006
k 1.449 1.448  —0.001 1.454 0.005
1 1.443 1.443 0.000 1.441  —0.001
m 1.445 1.445 0.000 1.453 0.008
n 1.429 1.429  —0.001 1.426  —0.004
o 1.450 1.451 0.002 1.458 0.008
p 1.440 1.438  —0.001 1.440 0.001
q 1.440 1.439  —0.001 1.441 0.001
r 1.432 1.431  —0.001 1.432 0.000
Sc—N 1.993 1.988  —0.005 1.999 0.005
Sc—C 2.313 2.314 0.001 2304  —0.009
Natural Charge
q(Sc) 1.433 1.422  —0.010 1.444 0.012
q(N) —1.575 —1.569 0.006 —1.586 —0.011
Hyperfine Splitting Constants
a(Sc) —1.376 —2.536
a(N) 0.050 0.112

“Bond lengths are optimized at the PBE/TZ2P level, whereas
natural charges and hyperfine splitting constants are calculated at
the B3LYP/6-311G*//PBE/TZ2P level. » See Figure 4 for the bond
labeling system wused in this work. ¢ Difference from the
corresponding values in the neutral state; the largest changes of the
bondlengths are highlighted in bold.

states of both the cation and the anion have the 2A; symmetry,
and hence, the addition or removal of one electron to/from
ScsN@Cgg does not result in changes of the molecular sym-
metry. In the cation, the Sc—N bonds become slightly shorter,
whereas in the anion, they are slightly longer compared to the
neutrally charged ScsN@Cgg. The largest changes of C—C
bondlengths in the cation do not exceed 0.008 A. In the

Figure 4. Schlegel diagram of Cgs and labeling of the atoms (1—12)
and C—C bonds (a—g) adopted in this work. Adjacent pentagons are
shown in bold.
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Figure 5. Spin density distribution in [ScsN@Cgs]™™ (left) and
[ScsN@Ceg]*™ (right) as computed at the B3LYP/6-311G*//PBE/TZ2P
level of theory.

monoanion, the bond g (Figure 4) is elongated by 0.015 A,
whereas the changes in all other parameters do not exceed 0.007
A (Table 1).

The point-energy calculations with the B3LYP/6-311G*
method were performed to reveal the spin density distribution
and the hyperfine constants (Table 1). The B3LYP-computed
a(Sc) hyperfine constant for the cation is —1.38 G in perfect
agreement with the experimental value of 1.28 G (Figure 2).
For the anion, the calculations predict a(Sc) = —2.54 G. This
value is somewhat larger than the experimentally observed
la(Sc)l = 1.75 G, but the overall qualitative agreement of the
computed and experimental data is also apparent. In agreement
with the comparably small a(Sc) values in both charged species,
the calculations predict that the major part of the spin density
in the anion and the cation is localized on the carbon cage with
very modest contribution on the Sc atoms (Figure 5). Because
the spin density distribution on the carbon cage is substantially
different in the cation and the anion, the differences in the a(Sc)
values of these species are to be explained in this manner (Figure
5). In particular, the spin density in the cation is largely localized
near the bonds of type g and the atoms of C3 and C6 type,
close to the poles of the cage, whereas the largest spin density
in the anion is found for the atoms of C8 type located in the
adjacent pentagons (see Figure 4 for the labeling of the atoms
in ScsN@Cgg). The analysis of the natural charges of the Sc
and N atoms in the different states of Sc;N@Cgg (Table 1) shows
that the charging of the clusterfullerene results in very minor
changes of the cluster charge state, which is in line with the
delocalization of the spin density over the carbon cage.

To interpret the changes in the Vis—NIR absorption spectra
observed during reduction and oxidation of ScsN@Cgg, we have
performed TD-DFT calculations of the excitation spectra of the
cation and anion (Tables 2 and 3). Figure 6 shows MO levels
of the neutral ScsN@Cgg as well as the schematic presentation
of orbital occupancies in the cationic state and the most intense
transitions which can be assigned to the experimental spectra,
and Figure 7 compares the experimental and calculated excita-
tion spectra for the neutral Sc3N@Cgg and its charged forms.
The spectrum predicted for the cation shows a perfect agreement
with the experimental data. Namely, the most intense transitions
in the NIR range are expected because of the two excitations:
HOMO — 2 — SOMO (1?4 — 12A,, E = 1.01 eV) and HOMO
— 3 — SOMO (124, — 22E, E = 1.13 eV). These transitions
perfectly correspond to the experimentally observed bands at
1.01 and 1.13 eV, respectively (marked as I and II in Figure
7b). Note that the SOMO — LUMO excitation in [ScsN@Cgg]*"
is optically forbidden (because it yields an excited state of A,
symmetry, and only transitions to A, and E symmetric states
are allowed), whereas the HOMO — 1 — SOMO (124, — 12E,
E = 0.49 eV) excitation, although formally allowed, is expected
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TABLE 2: Most Intense* Low Energy Excitations in the Sc;N@Cgg Cation: Experimental Data and TD-DFT Calculations

ex. state exp. E, eV calc. E, eV f leading configurations (%)”

124, 1.01 1.013 0.00632 HOMO — 2 — SOMO (98)

2°E 1.13 1.129 0.00755 HOMO — 3 — SOMO (99)

3%A, 1.671 0.00103 HOMO — 6 — SOMO (97)

5°E 1.86¢ 1.840 0.00607 SOMO — LUMO + 2 (54), HOMO — 1 — LUMO (39)

6’E 1.893 0.00555 HOMO — 7 — SOMO (52), SOMO — LUMO + 2 (24), HOMO —
1 — LUMO (20)

T’E 1.91 1.961 0.03024 HOMO — 7 — SOMO (45), HOMO — 1 — LUMO (24), SOMO
— LUMO + 2 (18)

9’E 2.128 0.00387 HOMO — 1 — LUMO + 1 (87)

10°E 2.13 2.154 0.03546 SOMO — LUMO + 4 (76)

T?A, 2.286 0.00160 HOMO — 1 — LUMO + 2 (59), HOMO — 2 — LUMO (38)

12°E 2.313 0.00355 HOMO — 1 — LUMO + 2 (66), HOMO — 3 — LUMO (30)

“Only excitations with f > 0.001 are listed; the full list of excitations in this energy range can be found in the Supporting Information.
b Contributions less than 10% are omitted. ¢ Shoulder at the peak at 1.91 eV.

TABLE 3: Most Intense® Low Energy Excitations in the
Sc;N@Cgs Anion: TD-DFT Calculations

calc. E, leading
ex. state eV f configurations (%)”
1A, 0498 0.00180 SOMO — LUMO + 1 (100)
1’E 0.654  0.00153 SOMO — LUMO + 2 (99)
2’E 0.884  0.00267 SOMO — LUMO + 4 (99)
3’E 1.322  0.00240 SOMO — LUMO + 5 (99)
2%A, 1.357  0.00270 SOMO — LUMO + 6 (99)
5’E 1.745  0.00721 HOMO — 1—SOMO (77),
SOMO — LUMO + 9 (14)
42A, 1.782  0.00153 HOMO — LUMO + 1 (100)
6’E 1.801  0.00760 SOMO — LUMO + 9 (84),
HOMO — 1 — SOMO (12)
8’E 1.969  0.01200 HOMO — LUMO + 2 (82)
12°E 2.125 0.00156 SOMO — LUMO + 13 (66),

HOMO — 1 — LUMO + 1 (19),
HOMO — LUMO + 4 (13)

% Only excitations with f > 0.001 are listed; the full list of
excitations in this energy range can be found in the Supporting
Information. » Contributions less than 10% are omitted.

to have a very low intensity. Besides, this transition is beyond
the range accessible by our spectrometer. At higher energy, the
excitation spectrum of [ScsN@Cgg]™t resembles that of the
neutral molecule, with a slight shift of the energies and changes
in the oscillator strengths. Experimental absorption bands at 1.91
and 2.13 eV (marked as III and IV in Figure 6b) are assigned
to the calculated excitations 124; — 7°E (E = 1.96 e¢V) and
1?2A; — 10%E (E = 2.15 eV). The latter is analogous to the
excitation in the neutral Sc;sN@Cgg and can be described
presumably by a SOMO — LUMO + 4 excitation, whereas
the former is more complex in nature (see Table 2).

TD-DFT calculations predict a more complex excitation
pattern for the anion (Table 3). Because the density distribution
of the unoccupied MOs in Sc;3N@Cgg is very high in the anion,
it gives rise to the multiple SOMO — LUMO + N excitation
with a relatively low energy (Figures 6 and 7). Note that the
intensities of the NIR transitions in the anion are considerably
lower than those in the cation. The agreement with the
experimental spectrum is worse as compared to that of the
cation, indicating that the spectrum observed for the anion
corresponds to a mixture of the anion radical and its diamagnetic
follow-up product which is already discussed in the cyclovol-
tammetric studies above. Thus, the worse correspondence
between the computed and experimental spectra of the anion
should be understood by taking into account that the reduction
is electrochemically irreversible and the major part of the
reduction product is ESR silent. Therefore, the absorption

spectrum observed experimentally should also include the
contribution from the species other than the fullerene monoan-
ion, and because the major part seems to be ESR silent, this
contribution should be dominant. Therefore, it is not surprising
that the calculated absorption spectrum of the anion shows a
poor agreement with the experimental spectrum.

Redox Mechanism at Cathodic Potentials. Because the
reduction of ScsN@Cgg is chemically reversible and the reaction
with the solvent can be ruled out, the follow-up processes at
the first reduction step can be attributed either to the intramo-
lecular structural changes in the anion or to the reaction between
the reduced species. However, the intramolecular rearrangement
is not consistent with the formation of EPR silent species. To
fully rule out this possibility, we have tried to find other possible
positions of the cluster inside the cage in the Sc:N@Cgg
monoanion by the use of DFT computations, but the optimiza-
tion always resulted in the configuration described above (Table
1), which is only marginally different from the uncharged state.

Therefore, we propose that the formation of the diamagnetic
species at the first reduction step may be the result of the

Sc,;N@C +
LUMO(+5) A, (-3.08) ¢N@Ces  Sc;N@Cqs
LUMO(+6) E (-3.16)
LUMO(+4) E (-3.57)
LUMO(+3) A4 (-3.63) i i T
LUMO(+2) E (-3.81) IL:_ =
LUMO(+1) A, (-3.98) 1.98 (Il) |
LUMO A, (-4.35) v e
12250 1245 (V)
184 ()| | E

HOMO A, (-5.68)

HOMO(-1) E (-6.09)
HOMO(-2) A, (-6.58)
HOMO(-3) E (-6.71)

Figure 6. MO levels of the neutral ScsN@Cgs (left) with their
symmetries and energies as computed at the PBE/DZ level, and
schematic representation of MO occupancies in the [ScsN@Ces]'™
(right). The most intense transitions are shown by the black (neutral
state) and red (cation) arrows. The number at each arrow is the
excitation energy predicted by TD-DFT (in eV), and roman numbers
correspond to the bands marked in the experimental spectra (Figure
7). Note that the excitation corresponding to band III in the spectrum
of [ScsN@Cgs]"™ cannot be described by a single configuration (see
Table 2) and hence is not marked on the figure.
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Figure 7. Experimental spectra of the neutral Sc;N@Cgg (a), its cation
(b), and the product of cathodic reduction (c) compared to the results
of TD-DFT calculations of the excitation spectra for neutral and
positively and negatively charged ScsN@Cgs. Roman numbers in the
experimental spectra of Sc;N@Cgg and [ScsN@Ces]™™ mark the most
intense bands, the assignment of which is provided in Figure 6.

SCHEME 1: Double-Square Reaction Scheme of the
Electrochemical Redox Reaction of SczN@ Cgg®

ScsN@Ces 4% ScaN@Ces™ %’; ScsN@Ces”™

RN T S e

\ - B
= [ScaN@Cegl®” —— [ScsN@Cesl2"

ECE? “wJ
“The stable species generated by the structural rearrangement or
other follow-up reaction are marked by asterisks. The arc arrows show
the main reaction pathways.

reversible dimerization of the anion. The dimer is then
decomposed into the monomeric species at the second reduction
because of the higher charge at the cage or (in the reversed
scan) at the reoxidation potential at less cathodic values than
expected for a reversible reaction of the monoanion to form
the neutral monomer. This complex redox behavior is explained
in detail by the double-square reaction scheme given for the
ScsN@Cgg reduction (Scheme 1). As shown in Figure 1, the
shift of the reoxidation peak in the range of the second electron
transfer is much lower than that of Dy;N@Cgo(/),), indicating a
redox behavior of ScsN@Cgg different than that of
DysN@Csg (1), for which an internal rearrangement of cluster
was proposed.?® In the region of the first reduction peak of
ScsN@Cgg, one electron is transferred to the initially neutral
ScaN@Cgg(0), generating its monoanion ScsN@Cgg(—1). This
reduction step is followed by a dimerisation reaction resulting
in the formation of the dimer dianion (ScsN@ Cgg),?~ (see DFT-
optimized molecular structure of the (ScsN@Cgg),>~ dimer in
Figure 9, which will be discussed later). The reoxidation of the
dimer dianion (ScsN@Cgg),>~ occurs at more positive potentials
than expected for a reversible reoxidation of the monoanion
generating the initial ScsN@Cgg(0). A large potential peak-to-
peak separation is therefore observed at conventional scan rates,
although the redox reaction is chemically reversible under the
given conditions. Consequently, in contrast to the SczN@Cgg
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Figure 8. Fast-scan cyclic voltammetry at (a) 25 V s~ and (b) 75 V
s~!and (c) square-wave voltammetry (75 mV s~!; step height, 3 mV;
pulse amplitude, S0mV; pulse duration, 0.02 s; black line, forward scan;
red line, back scan) of ScsN@Cgg in 0.2 M TBABF,/0-DCB solution
(Ag/AgCl wire, reference electrode; Pt, working electrode).

oxidation,? the anion radical of Sc;N@Cgs is less stable.
Obviously, an equilibrium of the monoanion with its dimeric
form exists, as summarized in the reaction scheme in
Scheme 1.

To support the reaction scheme of the Sc;N@Cgg reduction
(Scheme 1) and to confirm the formation of dimeric dianion
which cannot be identified by other spectroscopic techniques
(e.g., NMR or mass spectrometry) because of its limited stability,
we performed fast-scan cyclic voltammetry as well as square-
wave voltammetry of the ScsN@Cgg reduction. The results of
both techniques are given in Figure 8. In contrast to the low
scan-rate case (Figure 1), the pattern of the cyclic voltammogram
for ScsN@Cgg reduction substantially changes at high scan rates,
and new voltammetric peaks arise by increasing the scan rate
(Figure 8a,b). To understand the observed voltammetric behavior
of Sc;N@Cgg, fast-scan cyclic voltammetry with scan rates up
to 75 V s~! was done, and the square-wave voltammetric
technique was applied both in the forward scan and in the
back scan (Figure 8c). The larger potential peak—peak
separations in the cyclic voltammograms at higher scan rates
can be understood by the uncompensated internal resistance
drop in the electrochemical cell. In the first reduction step
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(step 0 — —1 in Figure 8a), one electron is transferred to the
neutral ScsN@Cgg (0), and its monoanion [ScsN@Cgg|*™ is
generated (see Scheme 1), as was unambiguously confirmed
by in situ ESR spectroelectrochemistry described above.

This reduction step is followed by a fast (relative to the
timescale of the voltammetric experiment) reversible dimeri-
sation, resulting in the formation of dimeric dianion
[ScsN@Cgg],?>~ (marked as D?™ in Figure 8). The reoxidation
of the dimer D?~ to the neutral initial Sc3N@Cgg occurs at
more positive potentials than expected for the reversible
reoxidation of the monoanion. Such a reoxidation peak is
denotedas D?>~ — 0 in Figure 8ab. At high scan rates, a
new anodic peak (step —1 — 0 in Figure 8a) attributed to
the reoxidation of monoanion [ScsN@Cgg]*™ to the neutral
ScsN@Cegg is already observable at the potential expected for
the reversible voltammetric behavior. Both these reoxidation
processes including the step —1 — 0 as well as the reoxidation
of dimer (D>~ — 0) are completely observable in Figure 8c in
the back scan in the square-wave voltammetric experiment
(performed in the glove box in the same solution of Sc;N@Ceg
and in the same voltammetric cell as the other voltammetric
experiments). Upon reduction at more negative potentials at
high scan rates, we observed exclusively a direct reduction
of the unstable monoanion to dianion and its reoxidation
(steps —1 — —2 and—2 — —1 in Figure 8b). As already shown
in Scheme 1, the reduction of dimeric dianion is expected to
be a complex process because of the decomposition of the dimer
into the dianion and the monoanion. The destruction of the
reduced dimer occurs because of the strong Coulomb repulsion
in the higher charged state. This process is seen in Figure 8c in
the range of the second electron transfer. The second square-
wave voltammetric peak in the forward scan is much broader
than the first reduction peak, indicating more complex processes
than the simple reduction of dimeric dianion to dimer trianion.
In the back scan, a very small peak corresponding to the
reoxidation of dimer trianion was observed, confirming the low
stability of triply charged dimer. Additionally, two new reoxi-
dation peaks are observable at lower potentials in the back scan.
One of them corresponds to the reoxidation of monomer dianion
to the monoanion, as already confirmed by fast-scan voltam-
metry. The monoanion is not stable and dimerises again. The
small shoulder observed in the back scan at about —1.1 V versus
Ag/AgCl, the relative intensity of which is dependent on the
scan rate, is tentatively attributed to the redox processes
accompanied by the dimer formation. Very recent electrochemi-
cal studies of trimetallonitride endohedral fullerenes indicate
the influence of the solvent on the reduction behaviour,?* as
well as the strong influence of the derivatisation (termination
of reactive sites on the cage) of trimetallonitride endohedrals
to the reversibility of reduction processes,”’ supporting our
reaction scheme which includes a reversible dimerisation. It is
well known that the reversible dimerisation, very often observed
and described in detail in the field of short organic sr-conjugated
oligomers, strongly depends on the solvent as well as on the
presence of reactive sites on the oligomer chain.?”

To explore the possibility of a reversible dimerisation of
[SesN@Ces]*~, we have performed theoretical studies of the
dimerization of the ScsN@Cgg anion. As Cgg has 12 symmetry-
non-equivalent atoms (Figure 4), it gives rise to the 66 inter-
cage bonding motifs, each being presented by several structural
and rotational conformers. Calculations for selected dimerization
motifs have shown that the energy differences between the
conformers were in the order of 1—2 kJ/mol, and thus, only
one structure of each type was considered at the first stage.

Rapta et al.

Figure 9. DFT-optimized molecular structure of the C8—C8'
(ScsN@Ceg),*>~ dimer (C, symmetry).

Because of the high computational requirements, the computa-
tions were first performed at the DFTB level, and then, the DFT
calculations were performed for the lowest-energy structures.
In agreement with the common chemical intuition, both DFTB
and DFT favor the formation of the dimer linked through C8
atoms, which have the highest contribution to the spin density
(Figure 9).

Stable structures were also obtained by linking the fullerene
cages through C8—C10’ (7 kJ/mol above C8§—C8' isomer, prime
means that the atom is in a different cage) or C10—C10" atoms
(16 kJ/mol above C8—CS8' isomer). The lowest energy dimer
structures have also the highest HOMO—LUMO gap, which is
equal to 1.0 eV for C8—C8' structure and 0.1—0.15 eV smaller
for other dimeric structures. Thus, in contrast to the monomeric
radical anion, a dimer should not exhibit strong absorptions in
the NIR range. Because such NIR absorptions are not found
experimentally, this interpretation could explain the disagree-
ment between the computed (for the monomeric form) and the
experimental spectra. Therefore, it supports the conclusion
drawn from the spectroelectrochemical as well as the voltam-
metric studies.

Conclusions

In this work, we have performed a detailed electrochemical,
spectroelectrochemical, and theoretical study of the redox
behavior of the non-IPR clusterfullerene ScsN@Cgs. The
formation of negatively and positively charged states of a
paramagnetic trimetallic nitride endohedral fullerene is dem-
onstrated for the first time by applying in situ ESR/Vis—NIR
spectroelectrochemistry. The spin density distribution in
[ScsN@Cgg]"" and [ScsN@Cgg]*™ was computed at the B3LYP/
6-311G*//PBE/TZ2P level. Both the experimental and the
theoretical results confirm that in both charged states (cation
and anion), the larger part of the unpaired spin is delocalized
on the fullerene cage. To interpret the changes in the Vis—NIR
absorption spectra observed during the electrochemical reduction
and oxidation of ScsN@Cgg, TD-DFT calculations of the
excitation spectra of the cation and anion were performed. A
double-square reaction scheme was proposed to explain the
observed redox behavior of the monoanion involving its
reversible dimerisation. The results of the fast-scan cyclovol-
tammetry and of the square-wave voltammetry of SczN@Cgg
support our interpretation of the reaction scheme for SczN@Ceg
reduction.
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