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ndohedral fullerenes, that is,
E fullerenes with atoms or clusters en-
capsulated in their interior, are

known for their special property to stabi-
lize chemical entities that cannot exist out-
side the carbon cage." > A majority of the
endohedral fullerenes known to date are
based on the Group Ill metals (i.e., Sc, Y, and
lanthanides), although Group Il and Group
IV metallofullerenes are also known. In par-
ticular, Ti has a relatively small ionic radius
(0.605 A for Ti**, 0.67 A for Ti**)® compared
to those of other Group Il metals (e.g., 0.75
A for Sc3*), and this might facilitate its en-
capsulation inside the fullerene. On the
other hand, ionization energies of the Ti
atom are considerably higher than those of
Sc. Until now Ti was reported to form isolat-
able endohedral metallofullerenes like
“Ti,@Cgo” and “Ti,@Cg,".”® As found later,
the “Ti,@Cgy" structure turned out to be a
Ti,C, carbide encaged within the Csg-D3y,
cage (Ti,C;@Cyg).°~ " DFT studies suggested
the existence of Ti** cations in the carbide
structure trapped in a C;s°~ cage, where
two additional negative charges are con-
tributed by the encapsulated C, carbide
unit.>1%12 The Ti** state is also predicted
for Ti@Cyg, which was observed in the mass
spectra but could not be isolated in appre-
ciable amounts.'*' Thus, the data available
so far on Ti-based endohedral fullerenes
are in line with the fact that Ti is known to
exist in the stable ionic state of Ti**, while
the Ti*" is quite reactive and preferably sta-
bilized as a solid.

Metal-nitride cluster fullerenes (NCFs) are
a special class of endohedral fullerenes with
the trimetallic nitride cluster inside the car-
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ABSTRACT The recently isolated TiSc;N@Cg, was used to study the spin state of a Ti* ion in a mixed metal
nitride cluster in a fullerene cage. The electronic state of the new clusterfullerene is characterized starting with
the redox behavior of this structure. It differs markedly from that of homometallic nitride clusterfullerenes in
giving reversible one-electron transfers even on the cathodic scale. Both oxidation and reduction of TiS,N@Cg,
occur at the endohedral cluster changing the valence state of Ti from Ti(ll) in anion to Ti(IV) in cation. The unpaired
electron in TiSc,N@Cy is largely fixed at the Ti ion as shown by low temperature ESR measurements. Isotropic
g-factor 1.9454 points to the significant spin—orbit coupling with an unquenched orbital momentum of the 3d
electron localized on Ti. Measurements with the frozen solution also point to the strong anisotropy of the g-tensor.
DFT computations show that the cluster can adopt several nearly isoenergetic configurations. DFT-based
Born—Oppenheimer molecular dynamics (BOMD) simulations reveal that, unlike in S;N@Cg, the cluster dynamics
in TiS;N@Cg, cannot be described as a 3D rotation. The cluster rotates around the Ti—N axis, while the Ti atom
oscillates in one position around the pentagon/hexagon edge. Evolution of the spin populations along the BOMD
trajectory has shown that the spin distribution in the cluster is very flexible, and both an intracluster and cluster-
cage spin flows take place. Fourier transformation of the time dependencies of the spin populations results in the
spin-flow vibrational spectra, which reveal the major spin-flow channels. It is shown that the cluster-cage spin
flow is selectively coupled to one vibrational mode, thus, pointing to the utility of the clusterfullerene for the
molecular spin transport. Spin-flow vibrational spectroscopy is thus shown to be a useful method for
characterization of the spin dynamics in radicals with flexible spin density distribution.

KEYWORDS: endohedral fullerenes - nitride clusterfullerene - ESR spectroscopy -
molecular dynamics - DFT computations - spin transport - QTAIM - electronic
structure

bon cage.3*'>'® NCFs have attracted consid-
erable attention in the past decade because
of their higher kinetic stability and improved
yields compared to the conventional en-
dohedral metallofullerenes. A number of
homometallic NCFs have been isolated, in-
cluding the most studied ScsN@GC,, (2n = 68,
70, 78, 80)'>'7722 and different MsN@C,,,
fullerenes (78 =< 2n = 88 for M =Y, Gd, Tb,
Dy, Ho, Er, Tm, Lu; 80 =< 2n = 96 for M = Pr,
Nd; 86 = 2n = 96 for M = La, Ce).2> ¥ They all
exist in the formal electronic configuration
Of (MaN)6+@C2n67.5,12,36741
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Figure 1. Cyclic voltammetry of TiSc,N@Cg, measured in
0-DCB solution (room temperature, TBABF, as supporting
electrolyte) at a scan rate of 20 mV s~". Dotted vertical bars
denote reversible redox potentials of Sc;N@Cg, (from refs 20
and 51).

Furthermore, mixed metal nitride clusterfullerenes
(MMNCEFs) such as M,Sc3_yN@Cgy (M =Y, Ce, Nd, Gd, Th,
Dy, Er, Lu)?427%8 or Lu,Y3_N@Cg,* have also been iso-
lated. Thus, all of NCFs known to date are limited to the
Group Il (Sc, Y, and lanthanide) metals. While endohedral
metallofullerenes with encaged metals of the Groups II,
I, and IV and all the lanthanide metals have been de-
scribed, the role of Group IV metals in NCFs is still to be
followed in detail. Recently we have reported the first syn-
thesis of NCF with a Group IV metal, TiSc,N@Cg,, which
was suggested to have a Ti(lll) state of titanium.>° In this
work we report an in-depth study of this special NCF by
means of cyclic voltammetry, ESR spectroscopy, and DFT
computations to reveal the state of Ti in TiSc,N@Cg, and
its influence on the electronic properties, internal dynam-
ics, and chemical bonding in TiSc;N@Cg, in comparison
to ScsN@Cg. In the frames of this study we propose a
spin-flow vibrational spectroscopy, which combines DFT-
based Born—Oppenheimer molecular dynamics with fol-
lowing the spin population to reveal the details of the dy-
namics of the spin distribution. Although essentially
simple, this approach is found to be a powerful tool in
the study of the spin dynamics and the spin-transfer chan-
nels, which might be of use in the molecular spin
transport.

RESULTS AND DISCUSSION

Electrochemistry of TiSc;N@Cgy. Cyclic voltammetry of
TiSc;N@Cg in solution exhibits one reversible oxida-
tion and three reversible reduction steps at +0.16,
—0.94, —1.58, —2.21 V versus Fc/Fc* in 0.1 M TBABF,/
0-DCB solution at room temperature and a scan rate of
20 mV s~ (Figure 1). Electrochemical reversibility of the
reduction steps of TiSC;N@Cg, is quite remarkable be-
cause reductions of other homometal nitride cluster-
fullerenes like ScsN@Cg, are electrochemically irrevers-
ible under the same conditions, and much higher scan
rates are required to achieve reversibility.' Compared

to ScsN@Cg, TiSc,N@Cg, is easier to oxidize by 0.46 V
and easier to reduce by 0.30 V, and hence, the electro-
chemical gap of TiSc;N@Cg, 1.10 V, is 0.76 V smaller
than that of S;sN@Cg, (1.86 V), which is not surpris-
ing taking into account the radical nature of TiSc,N@Cg.
At the same time, it is remarkable that the electro-
chemical gap of TiSc;N@Cg is relatively large com-
pared to other radical endohedral metallofullerenes
such as Y@Cg, (0.47 V)*? or Sc;C,@Cg (0.44 V).>3 How-
ever, the gap for TiSC;N@Cyg is 0.34 V smaller than that
in CeLu,N@Cg, (1.40 V), which has an unpaired electron
localized on the Ce atom.>* The difference in the elec-
tronic state of TiSc,N@Cg, as compared to CeLu,N@Cg,
being demonstrated by cyclic voltammetry requires fur-
ther deep characterization, as given below. We will
show that both oxidation and reduction of TiSc,N@Cg,
occur at the endohedral cluster, changing the valence
state of Ti from Ti(ll) in anion to Ti(lll) in the neutral state
to Ti(IV) in the cation. While either reduction of the en-
dohedral species (as in ScsN@Cg) or their oxidation (as
in CeLu,N@Cg;) has been reported, 251545 to our knowl-
edge, TiSC,N@C g is the first example of EMF in which
the endohedral cluster is electrochemically active in
both reduction and oxidation.

ESR Study. The odd number of electrons in TiSc,N@Cg,
suggests that this structure is paramagnetic and, thus,
should be ESR active. The measurements of the ESR
spectra of the toluene solution at room temperature
showed only a very broad ESR line hardly distinguish-
able from the background. However, lowering the tem-
perature resulted in the narrowing (to a line width of
35 G at 180 K) of a featureless ESR signal with a g-factor
of 1.9454 observed in the whole temperature range
down to 180 K, the freezing temperature of the sol-
vent (Figure 2a). Further cooling of the solution resulted
in a significant change of the ESR spectrum (Figure
2b). At 100 K the signal has two main features and is
about 250 G broad, which points to the significant ani-
sotropy of the g-tensor. The latter could not be ad-
equately modeled by the use of three different gyy,y,.,
values, probably because TiSc,N@Cg, radicals exist in
the frozen solution in different environments, includ-
ing both crystalline and glassy states of toluene. How-
ever, the field range covered by the ESR signal suggests
that the difference between the largest and the small-
est principal moments of the g-tensor should be about
0.08. This as well as the significant shift of the isotropic
g-factor value from that of the free electron suggests
that the spin density in TiSc,N@Cyg, is to a large extent
localized on the Ti atom, and the orbital moment of the
d-electron is not completely quenched.

In another series of measurements, the fullerene so-
lution was quickly frozen to 4 K, and the ESR spectra
were measured then during a stepwise increase of the
temperature (Figure 2c¢). By this method, presumably a
glassy state of toluene is obtained, and hence, the ESR
spectra are different from those measured during slow
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Figure 2. ESR spectra of TiSc;N@Cg, in (a) toluene above the melting point of toluene (the inset shows the temperature de-
pendence of the line width); (b) frozen solution obtained by slow cooling; and (c) frozen solution obtained by fast cooling to
4 K and then a slow increase of the temperature (the inset shows the spectrum measured at 75 K with higher resolution).
The asterisks in (a) and (c) denote an unidentified impurity. Note that (a) and (b) on the one side and (c) on the other side
were measured on different instruments, and hence, the axes are not exactly coinciding.

cooling of the frozen solution. Instead, they are more signal. The total line width is about 40 G, and a hyper-
reminiscent of the spectra measured above the freez- fine structure due to **Sc with the hyperfine coupling
ing point of toluene overlapped by the much broader ~ constant of about 7 G can be seen, although it is still not
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Figure 3. DFT-optimized molecular structures of Sc;N@Cgo and TiSc,N@Cgy conformers: (a) C,-ScsN@Cgp; (b) C3,-ScsN@Cqy; ()
C3-ScsN@Cg; (d) 1-TiSc;N@Cgy; (€)2-TiSc,N@Cgy; (f) 3-TiSc;N@Cgp; (g)4-TiSc;N@Cgy. Sc and Ti are shown in magenta and cyan

colors, respectively.

sufficiently resolved for the precise determination of
the hfc values and their anisotropy.

In summary, VT-ESR measurements show that
TiSc,N@Cg is a radical with relatively high anisotropy
of the g-tensor. At room temperature the ESR signal is
very broad and can hardly be seen, but the low temper-
ature measurements clearly reveal the strong ESR sig-
nal. The reasons for the severe broadening of the sig-
nal at room temperature are not clear yet and may
include the intermediate regime of the rotation of the
TiSc,N cluster (between the slow and fast limits). Unfor-
tunately, attempts to measure the ESR spectra above
room temperature in 0-DCB solution resulted in the de-
composition of the sample.

Molecular Structure of TiS;;N@Cz. Numerous studies of
MsN@Cg(ly,) reported in the past decade have shown
that the M;N cluster is not tightly fixed in the carbon
cage, which results in multiple conformers with close
relative energies and small barriers to rotation.37>6~60
For the ScsN@Cg, (hereafter we will discuss only Cgo-li,
carbon cage and, hence, its symmetry designation will
be omitted), we have shown that the lowest conformer
has C; symmetry.'? In this structure, the Sc atoms are
facing hexagons but are somewhat displaced toward
the pentagon/hexagon (pent/hex hereafter) edge (the
structure with all Sc atoms facing the centers of hexa-
gon has D; symmetry and is found to be the third order
transition state at the PBE/TZ2P level of theory). At the
same time, for the Sc;N@Cg,~ radical-anion (which is
isoelectronic to TiSc,N@Cg), the conformer with G,
symmetry was found to be considerably more stable.'
The second most stable structure both for the neutral
and the anionic Sc;;N@Cg, has a C; symmetry. Based on
these data, in the studies of TiSc,N@Cg, in this work, we
have started from the three lowest energy conformers
of S;sN@Cg (G5, G, and G,) and replaced the symme-
try inequivalent Sc atoms by Ti (Figure 3). This proce-
dure resulted in four different conformers of TiSc,N@Cg,
(Cs conformer of Sc;sN@Cg, gives two different conform-
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ers of TiSc;N@Cg), which were then fully optimized at
the PBE/TZ2P and B3LYP/6-311G* levels of theory. Like-
wise, we have also optimized the structures of corre-
sponding monoanions and monocations of TiSc,N@Cgy.
Table 1 compares the relative energies of TiS.;N@Cgy
conformers in different charge states to the conform-
ers of ScsN@Cg, (note the TiSc,N@Cg," is isoelectronic
to ScsN@Cgp, while TiSc,N@Cg, ™ is isoelectronic to
ScsN@Cgy? ). In the following discussion, we will de-
note conformers of ScsN@Cg, by their symmetry group,
while the conformers of TiSc,N@Cg, will be denoted by
bold numbers: 1 and 2 denoting the conformers ob-
tained from the C; conformer of ScsN@Cg, 3 originat-
ing from the G, conformer, and 4 originating from the
C; conformer (Figure 3).

For the neutral TiSc,N@Cg, the conformers 1, 2,
and 3 have almost the same energies (within 0.8 kJ/
mol at the PBE/TZ2P level and within 1.1 kJ/mol at the
B3LYP/6-311G* level), while the conformer 4 is consid-
erably less stable. The same trend was found by us ear-
lier for the ScsN@Cg,~ conformers, in which the G struc-
ture is also considerably less stable (Table 1).'? Thus,
the fact that TiSc,N@Cgy and ScsN@Cg, ™ are isoelec-
tronic indeed results in the very similar relative ener-
gies of the conformers. An analogous situation is found
for the TiSc;N@Cg,~ anion and ScsN@Cgy?~ dianion.

TABLE 1. Relative Energies of TiSc,N@Cg, Conformers in
Neutral, Monocationic, and Monoanionic States and
Isoelectronic Charge States of Sc;N@Cg, Computed at the
PBE/TZ2P and B3LYP/6-311G* Levels of Theory (kJ/mol)

1(C) 2(C) 3(Gy 4(6)
PBE B3LYP PBE B3LYP PBE B3LYP PBE B3LYP
TiSGN@C,™ 19 08 0.0 00 16 38 05 41

SGN@Cg, 48 07 89 55 00 00
TiSoN@G, 08 03 0.0 00 03 11 133 212
SGN@Cgy ™ 38 23 0.0 00 134 271
TiSGN@C~ 1.0 0.0 16 68 0.0 48 29.9
SGN@G>~ 33 6.2 00 00 217 343

www.acsnano.org



Cs-based structures are further destabilized (at the
B3LYP level we did not find a minimum for 4; optimiza-
tion of the structure resulted in the conformer 1), while
1, 2, and 3 have close energies (PBE favors the con-
former 3, which agrees well with the lowest energy
found for the C;, conformer of ScsN@Cgo?~, while B3LYP
predicts that the conformer 1 is the most stable struc-
ture). For the TiSc,N@Cgot cation, all four conformers
are isoenergetic within 2 kJ/mol. Thus, in the positively
charged state, the conformer 4 is not as destabilizing as
for the neutral and anionic states, which also agrees
with the fact that for the noncharged Sc;N@Cg the C;
conformer has the lowest energy. In summary, these
calculations have shown that there are apparent paral-
lels between the relative energies of S;;N@Cgy and
TiSc;N@Cgy conformers in corresponding charge states.

In all conformers a substitution of Sc by Ti results in
significant changes of the cluster bond lengths. Ti—N
and Ti—C bonds (1.875 and 2.174 A, respectively, in the
conformer 3 at the B3LYP/6-311G* level of theory) are
shorter than the corresponding Sc analogues (1.995
and 2.287 A in G5,-ScsN@Cgy 7). As a result, the Sc—N
bonds in the TiSc,N cluster (2.096 A in the conformer
3) are elongated in comparison to the ScsN values, and
the nitrogen atom is displaced from the center of the
molecule toward the titanium atom. Similar changes in
the cluster parameters are known for the Ln,Sc;_,N@Cg
mixed nitride clusterfullerenes (where Ln denotes Y
and lanthanides), however, in all Ln,Sc;_,N@Cgy mol-
ecules known so far, these were the Sc—N bonds that
were shortened in comparison to Sc—N bonds of
ScsN@Cg, while the Ln—N bonds were elongated in
comparison to LnsN@Cg,*>4345~47,61

Cluster Dynamics. The relative energies of different con-
formers of TiSc,N@Cg fall in the very small range, which
points to the possible rotation of the TiSc,N cluster,
just like it happens with the ScsN cluster in Sc;N@Cg.
However, the small difference in the energies of the
conformers is not a sufficient proof of the cluster rota-
tion by itself, since the barrier to the rotation can be
large at the same time. To achieve the deeper under-
standing of the dynamical situation of the TiSc,;N clus-
ter, we have performed Born—Oppenheimer molecular
dynamics (BOMD) simulations of TiSc,N@Cg, at the PBE/
DZ(P) level of theory (that is, the basis set of DZ quality
was used for the carbon atoms of the fullerene cage,
while the nitrogen and metal atoms were treated us-
ing DZP-quality basis set). Analogous calculations were
also performed for ScsN@Cgy and ScsN@Cg, ™.

In line with all previous experimental and theoreti-
cal findings,'>37:56-60 BOMD simulations show that ScsN
exhibits almost free rotation in ScsN@Cg, (not shown).
Similar free rotation was also found in the ScsN@Cgy™
anion, in spite of the fact that the barriers to rotation of
the cluster are predicted to be higher in the anion than
in the neutral state.'? Figure 4 shows the trajectory of
ScsN@Cg,~ followed for 16 ps in the microcanonical en-
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Figure 4. BOMD trajectories of TiSc,N@Cg, (a, b) and ScsN@Cgy~ (c, d): Ti
atom is cyan, Sc atoms are in different shades of magenta and violet, ni-
trogen atom is blue, and carbon atoms are gray. In (a) and (c) molecu-
lar presentations of trajectories are given (displacement of the carbon
atoms are not shown); in (b) and (d) the trajectories are shown in polar
coordinates (only angular part) emphasizing rotational component of
the displacements.

semble after equilibration for 0.6 ps at 300 K. During
this relatively short time, position of the Sc;N cluster re-
arranged completely, the Sc atoms exhibiting long ir-
regular trajectories covering substantial part of the in-
ner surface of the carbon cage. Obviously, on the
experimentally relevant time scale (for instance, nano-
seconds for X-band ESR measurements) the cluster mo-
tion can be described as free rotation. Substantially dif-
ferent dynamical behavior in the same conditions is
found for the TiSc,N cluster in TiSc,N@Cyg, (Figure 4a).
During the whole 18 ps period, for which the trajectory
was followed, the Ti atom remained almost fixed exhib-
iting only oscillations close to one pentagon/hexagon
(pent/hex) edge of the carbon cage. The amplitudes of
these oscillations are much higher than those for the
carbon atoms, but are much smaller than those found
for the Sc atoms in ScsN@Cg,. As to the Sc atoms of the
TiSc,N@Cg, their dynamic behavior is close to that of
ScsN@Cg, with large amplitude motions covering large
parts of the cage. However, the motions of the Sc atoms
in TiSc;N@Cgg are somewhat frustrated compared to
those in ScsN@Cg. Thus, the TiSc;N cluster dynamics
can be described as restricted rotation around the Ti—N
axis, which in due turn performs oscillations around
the centre of one of the pent/hex edges of the carbon
cage.

This result encouraged us to get more detailed infor-
mation on the cluster rotation around the Ti—N axis,
and we have analyzed a profile of potential energy sur-
face (PES) along the cluster rotation at the PBE/TZ2P
level of theory. In these calculations, six other conform-
ers of TiS:,N@Cg, were found as well as a set of transi-
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Figure 5. PBE/TZ2P energy profile along the rotation of the TiSc,N
cluster in TiSc;N@Cg, around the Ti—N bond. Each point of the curve
corresponds to one step in the intrinsic reaction coordinate calcula-
tions. Conformers 1—4 are denoted on the profile (4’ is the symmetry
equivalent of 4 with respect to the mirror plane of the carbon cage).
Molecular structures of the conformers 2, 3, and 4 are also shown pro-
jected along the Ti—N bonds to emphasize rotation of the cluster.

tion states connecting the conformers (see Supporting
Information for more details). Intrinsic reaction coordi-
nate (IRC) calculations were then performed to recon-
struct the energy profile. Figure 5 shows a representa-
tive fragment of the energy profile corresponding to
the rotation of the cluster by 90°. It can be seen that ro-
tation of the cluster can be described as a stepwise
jumping between nine different conformers. Each step
can be described as a rearrangement of usually one Sc
atom from one pent/hex edge to another one, either in
the same pentagon or in the neighboring pentagon
(in the latter case transition state corresponds to Sc
atom facing the center of the hexagon). This finding
agrees with the results of BOMD simulations from this
work as well as from ref 59 describing BOMD simula-
tions for ScsN@Cg,. It should be mentioned that the four
conformers discussed in the previous section can be
also obtained from each other by rotation of the clus-
ter around Ti—N bond. If the rotation angle in con-
former 3 is taken as a reference (0°), then the angles in
other conformers are 27°in 1, 33°in 2, and 80° in 4 (Fig-
ure 5). Importantly, two regimes can be distinguished
in the cluster rotation. The conformers 1—3, as well as
one newly found conformer, all have their energies be-
low 2 kJ/mol and the barriers to the interconversion be-
low 5 kJ/mol (Figure 5). These structures are, hence, eas-
ily accessible at room temperature, which agrees well
with the results of our BOMD simulations. Further rota-
tion requires a much higher barrier (16.5 kJ/mol). Once
this barrier is overcome, five other conformers (includ-
ing 4) with relative energies in the range of 13—18 kJ/
mol and barriers in the range of 15—20 kJ/mol can also
be reached. Importantly, in our BOMD simulations, the
cluster always remained in the first regime, and the
higher energy structures have never been accessed in
the 18 ps time scale.

The barriers to rearrangement of the Ti atom have
also been studied. It was found that for the conform-
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ers 1—3 rearrangement of the Ti atom between pent/
hex edges of the same pentagon requires barriers of
about 25—26 kJ/mol, while jumping to the pent/hex
edge of another pentagon requires barriers of 11—13
kJ/mol.

In summary, both BOMD simulations and analysis
of the energy profile show that the cluster dynamics
can be described as rotation of the cluster around the
Ti—N bond in a restricted range of rotation angles.
Either rearrangement of the Ti atom or further rotation
of the cluster require significantly higher barriers and
such events have not been observed in our BOMD
simulations. It is possible that at a longer time scale
(which cannot be reached at this moment with our
BOMD simulations) Ti atoms also perform ratchetlike
jumping reorientations to other pent/hex edges, but in
any case, it is obvious that the dwelling time of Ti at-
oms in one position is dramatically longer than that of
Sc atoms. Hindered rotation of the cluster seems to be
one of the reasons for the broadening of the ESR signal
found for the TiSc,N@Cg, at room temperature.

Molecular Orbital Analysis. Substantially different redox
potentials observed for TiSc,N@Cg, in comparison to
ScsN@Cgq as well as different electronic absorption
spectra>® and dynamical properties indicate that re-
placement of one Sc atom by Ti results in strong
changes in the electronic properties of the cluster-
fullerene. Of course, these changes are in part explained
by the surplus electron contributed by the Ti atom,
but the difference in dynamic properties of the cluster
between TiSc,N@Cg, and ScsN@Cg,~ shows that the ad-
ditional electron is not the only reason for the outlined
differences. In this section we will analyze the difference
in the electronic structure of TiSc,N@Cg, and ScsN@Cg,
in detail with the help of DFT calculations.

Figure 6 shows Kohn—Sham MO levels in
TiSc;N@Cgy ™, TiSC;N@Cgy, ScsN@Cg, and ScsN@Cgy .
For the sake of clarity, in this analysis we used the G,
conformer for ScsN@Cgy and the conformer 3 for
TiSc,;N@Cgo. When MO levels are uniformly shifted to ad-
just the difference in the MO levels in different charge
states (in the cation MOs are stabilized, while in the an-
ion they are destabilized), close similarities in the pairs
TiSc,N@CgyT/ScsN@Cgy and TiSCN@Cgo/ScsN@Cgy~ can
be clearly seen in Figure 5. In both the TiSc;N@Cg,* and
ScsN@Cg, the LUMO level is somewhat separated from
the other unoccupied orbitals and, as can be seen in
Figure 7, the LUMO is localized on the metal atoms of
the cluster. However, in TiSc,N@Cg, ", the contribution
of Ti to LUMO is significantly larger than that of Sc at-
oms (Figure 7), and the orbital is stabilized by 0.378 eV
compared to that in ScsN@Cg, (at the B3LYP/6-311G*
level, the HOMO—LUMO gaps are 1.695 and 2.074 eV,
respectively). When the LUMO is occupied by one elec-
tron, the single-occupied MO (SOMO) is stabilized with
respect to the highest 2-fold occupied orbital, the gaps
being 0.952 and 1.380 eV in TiSc;N@Cgy or ScsN@Cg,~,
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Figure 6. Kohn—Sham (B3LYP/6-311G*) MO levels of TiSc;N@Cgy*, TiSc;N@Cgy, ScsN@Cgp, and ScsN@Cg,~. Occupied levels
are black (o) and gray (), unoccupied levels are blue (o) and violet (), and SOMO levels are red. For radicals, both a and
B levels are shown. For the sake of comparison, the energy levels of TiSc,N@Cg," and Sc;N@Cg,~ are shifted to match the en-
ergies of the neutral TiSc;N@Cg, and ScsN@Cg, which are shown in the same scale.

respectively. Here it can be seen again that the gap in
TiSc;N@Cg is 0.427 eV smaller than in ScsN@Cgy ™. At the
same time, the energies of the highest 2-fold occupied
orbitals in TiS;;N@Cgy and ScsN@Cg are virtually identi-
cal (—5.864 and —5.834 eV, respectively), and, as can
be seen in Figure 7, these are essentially the cage orbit-
als, without significant metal contribution, and hence,
they are virtually identical in both molecules.

The effect of the Ti atom, which stabilizes the LUMO
by about 0.4 eV with respect to the analogues orbitals
in ScsN@Cg, can be understood in the spirit of the Z+1
method, that is, considering that replacement of Sc by
Ti is like an appearance of the core hole. The interaction
of the hole with the valence electrons stabilizes to a
larger extent those orbitals that are localized on the
metal atom. This kind of interaction is also the reason
of the preferable localization of the SOMO in TiSc,N@Cg,
on the Ti atom. The LUMO+1 in ScsN@Cg, (the next or-
bital after LUMO with the energy of 2.547 eV above
HOMO) is 2-fold degenerate and also has significant
metal contribution (Figure 7). In TiSc;N@Cg,™ this or-
bital is split into two components (2.297 and 2.444 eV
above HOMO). Thus, LUMO+1 components are also
stabilized by replacement of Sc by Ti. Surprisingly, here
the lower-energy component has a smaller Ti
contribution.

Energetics of the Charged States. MO analysis clearly
shows that the major difference in the redox proper-
ties of TiSc;N@Cgy and ScsN@Cg, can be related to the
presence of the electron on SOMO orbital in TiSc,N@Cygy,
which is still vacant in the neutral ScsN@Cg, molecule.
It can thus be expected that TiSc,N@Cg, should be
easier both to oxidize and to reduce than ScsN@Cg,, be-
cause the energy of SOMO in TiSc;N@Cg is between
the energies of HOMO and LUMO in ScsN@Cg. This rea-
soning perfectly agrees with the results of electro-
chemical measurements discussed above (Figure 1).
DFT calculations also show that the adiabatic ioniza-
tion potential (IP) of TiSc;N@Cg, 5.77 eV (B3LYP/6-
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311G*) or 6.18 eV (PBE/TZ2P), is noticeably smaller
than that of ScsN@Cg, (6.88 or 6.62 eV at the B3LYP/6-
311G* or PBE/TZ2P levels, respectively). In these calcu-
lations, the singlet state of TiSc,N@Cg, was used, in
which the electron is removed from the SOMO of
TiSCN@Cy. If, however, a triplet state of the TiSC,N@Cgg
is considered, in which the electron is removed from
the cage orbital just like in the oxidation of Sc;N@Cg,
then the corresponding IPs are computed to be 6.99 eV
(B3LYP) or 6.73 (PBE), the values that are only 0.10 eV
larger than those of Sc;N@Cgy,.

The adiabatic electron affinities (EA) predicted for
TiSCN@Cy, 2.77 €V (B3LYP) or 2.86 eV (PBE), are some-
what larger than those predicted for ScsN@Cg, 2.60 eV
(B3LYP) or 2.83 eV (PBE; the experimental EA value for
ScsN@Cg, is 2.81 eV%?); however, the differences are not
as strong as for the IP values. This is explained by the
fact that, upon reduction, the electron goes to the or-
bital of the same type in both molecules, although in
TiSc,N@Cg this MO is already occupied by one electron.
Taking into account the deficiencies of DFT and the ab-
sence of solvation corrections, the differences in EA
and IP values for ScsN@Cgo and TiSc,N@Cg, agree rea-

Figure 7. Isosurfaces of the frontier orbitals of C3,-ScsN@Cg, (top row)
and 3-TiSc;N@Cg,* (bottom row): (a) HOMO, (b) LUMO, (c) LUMO+1, (d)
LUMO+2. In SczsN@Cgp, LUMO+1 and LUMO+2 are 2-fold degenerate.
The shapes of the orbitals in TiSc;N@Cg,* and TiSc,N@Cg, are indistin-

guishable.
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Figure 8. Spin density distribution (B3LYP/6-311G* level) in the con-
formers of TiSc,N@Cgy: (a) 1, (b) 2, (c) 3, (d) 4. Sc and Ti are shown in ma-
genta and cyan, respectively.

sonably with the results of electrochemical
measurements.

There is a certain similarity between CeLu,N@Cg,
and TiSc;N@Cg, in that both molecules are radicals
with an unpaired electron localized to a large extent
on the metal (Ce or Ti) atoms. Both compounds are
easier to oxidize in comparison to their diamagnetic
analogues (LuzN@Cg and ScsN@Cg, respectively) be-
cause oxidation results in the removal of the metal-
localized unpaired electron. For both radicals the oxida-
tion to the virtual state in which the electron is removed
from the highest 2-fold occupied orbital of the carbon
cage requires nearly the same energy as the oxidation
of the diamagnetic analogues LusN@Cg, or ScsN@Cgy.
The difference between CeLu,N@Cg, and TiSc,N@Cg is
found in the reduction, which occurs via occupation of
metal-based SOMO in TiSc,N@Cg, and the cage-based
orbital in CeLu,N@Cgy.>*

Spin Density Distribution. MO analysis shows that an un-
paired electron in TiSc,N@Cygy is largely localized on the
Ti atom; that is, the valence state of Ti can be formally
described as Ti(lll). The spatial localization of the un-
paired electron can be even better analyzed by means
of spin density distribution shown in Figure 8 for the
four conformers of TiSc,N@Cg. In line with MO shapes,
spin density is mostly localized on the TiSc,N cluster
and, in particular, on the Ti atom. At the B3LYP/6-311G*
level, the net Mulliken spin populations for the whole
clusterin 1, 2, and 3 are in the range of 0.70 and, from
that, 0.50—0.60 is contributed by Ti, nitrogen has a
small negative spin population (—0.03), while the spin
population of Sc atoms varies from conformer to con-
former but does not exceed 0.17. In the conformer 4,
the spin population of the cluster is increased to 0.96,
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from that population for Ti atom is 0.70, and the popu-
lation for one of the Sc atoms is as large as 0.33. At the
GGA PBE/TZ2P level, the spin distribution is qualitatively
the same, but GGA tends to give larger Mulliken spin
populations of the cluster in general (close to 1.00) and
for the Ti atom in particular (ca. 0.90). Note that Hir-
schfeld spin populations computed at the PBE/TZ2P
level appear to be closer to the Mulliken populations
computed at the B3LYP/6-311G*. While exact values
can vary from method to method, the qualitative de-
scription is the same and agrees with MO analysis,
showing the three-valent state of Ti atom with an un-
paired d-electron.

Spin Dynamics. An important conclusion based on the
analysis of the spin density distribution is that a reorien-
tation of the cluster is accompanied by the spin flow be-
tween the metal atoms in the cluster and between the
cluster and the cage. We have recently described simi-
lar flexibility of the spin distribution in the studies of the
different conformers of the ScsN@Cg, ™~ anion radical.
To get a deeper insight into the dynamics of the spin
flow we have analyzed the evolution of the spin popu-
lations in the BOMD trajectories described above. Fig-
ure 9 plots the spin populations of the Ti, Sc, and N at-
oms in ScsN@Cg,~ and TiSc;N@Cg, as a function of time.
The spin populations experience a significant variation
with time in both studied radicals. In Sc;N@Cgq, ™, the
spin population of Sc atoms oscillates in the range of
+0.25 about the averaged value of 0.29, the nitrogen
atom exhibits negligible variations of the population
(the value averaged over the trajectory is —0.04), and
the net spin population of the whole cluster mostly re-
mains in the range of 0.83 = 0.15 (with few dips down
to 0.50—0.60). A different scenario of the spin dynamics
is observed in TiSc,N@Cg,. At the PBE/DZ(P) level used
for the BOMD simulations, the population for Ti atom
averaged over the trajectory is 0.97, and the value var-
ies in the range of about £0.15 (the maximum devia-
tions reaching 0.22). Sc atoms have much smaller aver-
age populations, 0.06, and the values deviate within the
range of about +0.05 (the maximum deviation is 0.12).
The net spin population of the TiSc,N cluster lies within
the range of 1.02 = 0.10 (the maximum deviations, co-
inciding in time with the maximum deviations for Ti
atom, are at the order of 0.16). It can be seen that in
both molecules the deviations of the net spin popula-
tions of the cluster are considerably smaller than those
of the individual metal atoms. This shows that both an
intracluster and a cluster-cage spin exchange take
place.

Taking the dynamical nature of the spin distribu-
tion in the clusterfullerenes into account does not
change the main conclusion about the preferential lo-
calization of the spin density on the Ti atom in
TiSc,N@Cgy. However, it can be seen already in the
time domain that the spin population for Ti shows regu-
lar oscillations, and the periodicity can be even better
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seen for the autocorrelation function (not shown). Fou-
rier transformation of the autocorrelation function
transforms the dependence into the frequency do-
main, thus, allowing the more detailed analysis of the
spin flow channels. The spin-flow vibrational spectra
obtained as a result of the Fourier transformation of the
autocorrelation functions for spin populations of the
Ti, Sc, and N atoms as well as the net spin population
of the TiScyN cluster are shown in Figure 10a (Fourier
transformation of the dependences themselves yields
qualitatively the same spectra but with somewhat
higher level of noise).

To relate the peaks in the spin-flow vibrational spec-
tra to the motions of the cluster we have performed
Hessian computations of the conformers 1—4. Al-
though BOMD gives averaged information on all ther-
mally accessible conformers, it is still possible to use the
normal modes computed for specific conformers for
such an analysis because vibration of a similar type in
different conformers occurs in the narrow frequency
range (usually a few cm™7). Hence, the frequency of the
peaks in the BOMD-derived spectra are very close to
the vibrational frequencies of the individual conform-
ers (however, they are usually not identical because the
former correspond to the mean value for several struc-
tures).

The highest amplitude of the spin population varia-
tion for the Ti atom is observed at 87 cm ™. Hessian
computations show that this frequency corresponds to
the libration of the TiSc,N cluster as a whole, with the
largest displacement exhibited by the Ti atom (see Fig-
ure 10b). In fact, the displacement of the Ti atom ob-
served in BOMD (Figure 4) is largely caused by this vi-
bration. Because this mode has a high activity for both
Ti and the whole cluster, this mode is considered to be
the major channel for the spin flow between the cluster
and the carbon cage. However, this mode is also one
of the most active for Sc atoms, and hence, it is also a
major channel for the intracluster spin exchange.

Amplitudes of the spin population variation for the
Ti atom that are an order of magnitude lower than that
for the 87 cm ™" mode are found for the vibrations at
262,314, and 601 cm ™. In the conformer 3, the former
corresponds to the two modes at 259 and 261 cm ™',
with a large contribution from the out-of-plane motion
of the nitrogen atom (in other conformers, analogous
modes are found at close frequencies). The peak at
314 cm™ " is due to the vibrational mode at 317 cm™,
which is basically the cage vibration with some contri-
bution of the Ti—N stretching. Finally, the peak at 601
cm~ ! corresponds to the component of the antisym-
metric metal —nitrogen stretching mode, with the pre-
dominant contribution of Ti—N stretching. This mode is
characteristic for the metal-nitride clusterfullerenes
and can be described as the in-plane motion of the ni-
trogen atom, with the metal atoms remaining intact. In
M3N@Cg, clusterfullerenes (with homogeneous metal
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Figure 9. Spin populations for Sc, Ti, N atoms and Sc;N (a) and
TiSc;N (b) clusters as a function of time obtained in the
Born—Oppenheimer molecular dynamics at the PBE/DZ(P) level.
Dark horizontal lines show the average values over the trajectory.

clusters), the mode is 2-fold degenerate.?'34%3 |n the
mixed cluster, the degeneracy is lifted, and the split-
ting of the two components can reach 200

cm 1434574749 | particular, for TiSc,;N@Cgp, our FTIR vi-
brational spectroscopy study revealed a splitting of
about 100 cm™'.5° The component at 600 cm ™! corre-
sponds to the motion of the nitrogen atom along the
Ti—N bond, while the perpendicular motion of the
nitrogen atom (parallel to the Sc--- Sc vector) occurs
at about 510 cm ™. Note that the peaks at 261 and
314 cm™ " appear for both Ti and the whole cluster,
while the peak at 601 cm™! has no counterpart for the
whole cluster (Figure 10b). Thus, the antisymmetric
metal—nitrogen stretching mode, being the channel
for the intracluster spin flow, does not cause the spin
exchange between the cluster and the cage.

An analysis of the amplitudes of the spin popula-
tion variation for the Sc atoms shows that there is no
special exchange channel for these atoms (like the
mode at 87 cm™ for Ti). Instead, there are several
modes with similar amplitudes. In addition to the afore-
mentioned vibration at 87 cm™', large amplitudes are
found for the modes at about 200 cm™', which corre-
spond to the Ti—N—Sc and Sc—N—Sc deformations.
Because the corresponding peaks are absent for both
Ti atom and the whole cluster, these modes are chan-
nels of the spin exchange between the two Sc atoms.
Considerable amplitudes of the spin population varia-
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Figure 10. (a) Spin-flow vibrational spectra obtained as a result of
Fourier transformation of the autocorrelation function of the time-
dependent spin populations (for TiSc,N and Ti, the insets show an en-
hanced higher frequency part); (b) vibrational displacement corre-
sponding to the most prominent peaks in (a).

tion are also found at around 510 and 600 cm ™', with
the frequencies corresponding to the two components
of the antisymmetric metal—nitrogen stretching mode,
as discussed above. While for Ti atom only the higher-
frequency vibration has a considerable amplitude, for
Sc atoms, both components are active. The lower-
frequency mode, which is basically the Sc—N antisym-
metric stretching mode, is another channel for the spin
exchange between the Sc atoms without participation
of the rest of the molecule.

Based on the analysis of the spin-flow vibrational
spectra outlined above, it can be concluded that the no-
ticeable flow of the spin density between the cluster
and the cage occurs only when the metal atoms are in-
volved in the vibrations. The antisymmetric
metal —nitrogen stretching, though producing notice-
able amplitudes of the spin population variations for
the metal atoms, is “silent” for the cluster as a whole. It
is also worth noting that when the metal atoms remain
in place, motions of the nitrogen atom can modulate
the spin exchange between them. The fact that the spin
flow between the cluster and the cage is selectively
coupled to a single vibrational mode at 87 cm™' is quite
remarkable. It shows that TiSc,N@Cg, might be a useful
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material for spin transport in the conditions of selec-
tive excitation of this vibration by, for instance, an AFM
tip.

Surprisingly, the spin-flow vibrational spectroscopy,
that is, coupling BOMD with observation of the spin
density distribution of molecular materials, although es-
sentially simple, has to our knowledge not been de-
scribed in the literature. Our work shows that this
method can be very useful in the understanding of the
dynamics of spin density distribution and can provide
valuable information on the coupling between the spin
states and the internal dynamics of the molecules.

Chemical Bonding and the Role of Ti(lll). Based on the
Ti(lll) state of the titanium atom with highly localized
d-electron it might be suggested that parameters of the
Ti-cage bonding in TiSc,N@Cg, are similar to those of
the Sc-cage bonding. At the same time, a removal of
one electron (which is therefore essentially removed
from Ti) transforms titanium into the formal Ti(IV) state,
while addition of one electron results in Ti(ll). Because
TiSc;N@Cgy* is isoelectronic to ScsN@Cy, it might be
also expected that the Ti-cage bonding in the cation is
similar to the Sc-cage bonding in Sc;N@Cgy. On the
other hand, studies of the bonding in Ti,C,@C;g with
the tetravalent Ti(IV) revealed a considerably enhanced
degree of covalency of the metal-cage bonding when
compared to Sc-based endohedral fullerenes,*'®* and it
is an open question whether a similar phenomenon
takes place in TiSc;N@Cgy.

To address these questions in this work, we have
analyzed the bonding in TiSc;N@Cyg in different charge
states using quantum theory of atoms in molecules
(QTAIM),5>66 which was employed by us recently to
study the bonding in different classes of endohedral
metallofullerenes.*’ From the many parameters pro-
vided by QTAIM, we will preferably use atomic charges,
g(M), and delocalization indices, 8(A, B), which quantify
the number of the electron pairs shared between A and
B. In other words, 8(A, B) can be described as the A—B
bond order. Note that A or B are not necessarily single
atoms; in particular, in the following analysis we will use
3(M, cage), the number of electron pairs shared be-
tween the metal atom and the carbon cage (that is,
the “metal-cage bond order”), obtained as a sum of all
individual 8(M, Cc,ge) values. Besides, the sum of all 3(M,
B) indices, where B denotes all atoms in the molecule
except for M itself, can be understood as the “valence”
of M and will be denoted hereafter as AM. Table 2 lists
some of the results of the QTAIM analysis performed
for the conformer 3 and its cation and anion (note that
for the charged states the coordinates optimized for the
neutral form were used in the calculations of the elec-
tronic density). For comparison, analogue calculations
were also performed for 0, —1, and —2 charge states of
the G, conformer of ScsN@Cg; for the sake for compari-
son, coordinates optimized for the monoanion were
used in all calculations.
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TABLE 2. Selected Charges and Delocalization Indices Obtained by the QTAIM Analysis of TiSc;N@Cgy %™, Sc;N@Cgo% 27,

Ti(Cp)ZCH3+'°'_ and Ti(Cp)z(CHg)z"

molecule M q(M) q(N/Q)® q(M;N)
TiS;N@Cg* Ti 2318 —1.879 3.942
Sc 1.752
TiSN@Cy, Ti 2190 —1.905 3.770
Sc 1743
TiS;N@Cg ™ Ti 2164 —1.922 3.664
Sc 1711
SN@Cyy Sc 1.764 —1772 3519
SGN@Cg " Sc 1.714 —1.791 3351
SGN@Cg? ™ Sc 1.691 —1.803 3.272
Ti@Grs Ti 1.670 —0.587
Ti(Cp),CH;* Ti 2329 —0.5%
Ti(Cp),CHs Ti 2031 —0.548
Ti(Cp),CH; ™~ Ti 1.918 —0.519
Ti(Cp)y(CHs); Ti 230 —0.502
Ti@Cy Ti 2280

B(M, N/C) d(M, S Bmax(M, Caage)” B(M, cage) AM
0.942 0.039 0.242 2.194 3.214
0.573 0.022 0.230 1.940 2.575
0.938 0.068 0.236 2.158 3.232
0.605 0.033 0.220 1.871 2.576
0.937 0.095 0.235 2.268 3.395
0.614 0.054 0.212 1.885 2.648
0.744 0.042 0.199 1.748 2.576
0.754 0.079 0.188 1.731 2.644
0.756 0.084 0.184 1772 2.695
0.805 0.349 3.291 4109
0.709 0.243 2.367 3.076
0.651 0.285 2.475 3.126
0.617 0.351 2.815 3.432
0.627 0.201 1.869 3.123

0.270 3.368 3.368

B3LYP/6-311G* calculations. °Charge of the carbon atom in the carbide unit in Ti,;@C or in the CH; group in Ti(Cp),CHs and Ti(Cp),(CHs),. S(Ti, C;) value for Ti,,@Crg
and (Ti, CH;) for Ti(Cp),CH; and Ti(Cp),(CHs),. TS mae(Ti, Cep) for Ti(Cp),CHs and Ti(Cp),(CHs)y; 3(Ti, (Cp),) for Ti(Cp),CH; and Ti(Cp),(CHs)y; From ref 41.

A comparison of the QTAIM parameters for Ti atom
in TiSc;N@Cg, to those of Scin ScsN@Cgy and TiSc,N@Cg,
shows a considerable difference in the bonding situa-
tion. First, atomic charges of Ti are about 0.5 € more
positive than those of Sc, while the charge of the nitro-
gen atom in Sc,TiIN@Cg, is about 0.1 € more negative
than in ScsN@Cg. Because the charges of Sc atoms are
similar in two types of clusters, the net charges of the ni-
tride cluster are about 0.4 é more positive for Sc,TiN in
the corresponding isoelectronic charge states. At the
same time, the Ti—N bond exhibits a higher degree of
covalency as revealed by the 3(Ti, N) values, which are
about 0.2 and 0.3 higher than 3(Sc, N) values in ScsN
and TiSc,N clusters, respectively. In fact, the 8(M, N) in-
dices show a reasonable correlation with the
metal—nitrogen bond lengths: the longer the bond,
the smaller the delocalization index.

The situation in the metal-cage bonding is also dif-
ferent in TiSc;N@Cgy and ScsN@Cg. In particular, both
3(Ti, cage) and 3(Sc, cage) indices are about 0.45 and
0.15, respectively, larger in TiSc,N@Cg, than the 8(Sc,
cage) indices in ScsN@Cg. In due turn, Ti exhibits a con-
siderably stronger covalent bonding to the carbon
cage than the Sc atoms, which is in line with the lower
mobility of Ti atoms revealed by the BOMD study. Fi-
nally, the AM values for Ti are also about 0.6 larger than
the corresponding values for Sc, showing the higher va-
lency of Ti. At the same time, in spite of a considerable
difference in Sc—N and Sc-cage bonding in TiSc,N@Cg,
and ScsN@Cgo, AM values for Sc atoms are very similar in
two clusterfullerenes, irrespective of the charge state.
Thus, the decreased covalency of the Sc—N bonds in
TiSc;N@Cg is compensated by the increased covalency
of the Sc-cage interactions. Note that just like already
mentioned for Sc, the AM values for Ti are weakly
changing with the charge of TiSc,N@Cg, (from 3.2 in
the monocation to 3.4 in the monoanion). That is, based
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on the charges, delocalization indices, and AM, it is con-
cluded that the actual valence state is essentially the
same for the Ti atom in different charge states of
TiSc;N@Cg, while the formal valence of Ti is changing
from Ti(ll) in the anion to Ti(IV) in the cation. Compari-
son to the state of Ti in Ti,C,@C;5 shows that in the lat-
ter the charge of the Ti atom is much smaller (g = 1.67),
the Ti-cage bonding is considerably stronger (3(Ti, cage)
= 3.29) and, hence, the AM value (4.11) is considerably
larger than in TiSc,N@Cgy. Bonding situation is thus con-
siderably different for Ti atom in carbide and nitride
clusterfullerenes.

The shape of the SOMO in TiSc;N@Cgy and ScsN@Cg,
suggests a weak metal—metal bonding character,
which can be enhanced by a further occupation of this
orbital. Based on the SOMO shape in C3,-ScsN@Cg~, Va-
lencia et al. have also pointed out that enhanced
Sc---Sc bonding interactions might be the reason for
the increased stability of the Cs;, conformer (in other
conformers these interactions are less pronounced).®
In this respect, we have analyzed the Ti—Sc and Sc—Sc
delocalization indices in different charge states of
3-TiSc;N@Cgy and G5,-ScsN@Cgp. As shown in Table 2,
the population of the cluster-based orbital results in an
increase of the 3(Ti, Sc) and d(Sc, Sc) values. For in-
stance, the 8(Ti, Sc) index is increased from 0.039 in
TiSc;N@Cgy* to 0.095 in TiSc,N@Cg,~, while the 8(Sc,
Sc) index is growing from 0.042 in Sc;N@Cg, to 0.084
in Sc;N@Cgy?~. However, these values are still rather
small, and it is difficult to correlate them with the stabil-
ity of the conformers. Note that, among the four con-
formers of TiSc,N@Cg, studied in this work, the largest
3(Ti, Sc) index, 0.19, is found in the relatively unstable
conformer 4 (see Figure 8 for the spin density distribu-
tion).

Spin-Charge Separation. The changes of the valence
states of Sc and Ti atoms with the charge of the cluster-
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Figure 11. Isosurfaces of the difference densities (B3LYP/6-311G*
level): (a) [p(TiSc;N@Cgp) — p(TiSc;N@Cgo™)]; (b) [p(TiSc;N@Cgy ™)
— p(TiISC;N@Cgo)]; (c) [p(TiSC;N@Cgo™) — p(TiSC;N@Cgo™)]; (d)
[p(ScsN@Cgy™) — p(ScsN@Cyg)].

fullerenes deserve a special attention. Importantly, a re-
moval of one electron, which, according to the SOMO
shape and spin population, should result in about a
+0.5 é increase of the g(Ti) value in TiSc;N@Cg, actu-
ally gives a much smaller increase of +0.13 é. Likewise,
an addition of one electron to TiSc;N@Cg, reduces the
charge by only —0.03 é in spite of the total localization
of the LUMO on the cluster and in particular on the Ti
atom. Thus, on passing from TiS;;N@Cg, " to
TiSc;N@Cg,~ via population of the cluster-based MO
by two electrons, the charge of the cluster is changed
by only —0.28 é and the charge of the Ti atom by only
—0.15 é. These values contradict the changes of the
spin population (from 0.5 to 0 in the cation and anion)
and point to the spatial charge-spin separation (that is,
while the spin is changed on the cluster, the charge
changes occur on the carbon cage). Earlier we have
found a similar phenomenon for some other endohe-
dral fullerenes with metal-localized LUMO (SOMO).? In
such molecules, a change of the charge state resulted in
the localization of the spin density on the metal atoms
but was not accompanied by the corresponding
changes in the atomic charges. To clarify this point, we
have plotted differences in the electronic densities be-
tween the different charge states of TiSc,N@Cg, (Figure
11). The [p(TiSc;N@Cgg) — p(TiSCN@Cgy¥)],
[p(TiSc;N@Cgp ) — p(TiSCN@Cgo)], and [p(TiScN@Cygg )
— p(TiSc,N@Cg,™)] differences (Figure 11a—c) reveal
large changes in the local electron density distribution
of the metal atoms (and in particular Ti) caused by the
change of the total charge, but these changes are rather
reorganizations than depletions, because in all cases
the change of the electronic density is compensated
by the appearance of the lobes with the opposite sign.
As a result, the total change of the metal charges is
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rather small, while the small changes of the electronic
densities in the carbon atoms of the cage are not com-
pensated by the lobes with the opposite sign and there-
fore sum up into the relatively large net values. The
same effect can be seen for S;sN@Cg, on passing from
the neutral to the dianionic state (Figure 11d); the only
difference is that the local changes of the density are
more enhanced for the Ti atom in TiSc,N@Cg, and are
uniformly distributed over all three Sc atoms in
ScsN@Cy.

To clarify whether this situation is specific to the
bonding in endohedral metallofullerenes or has a more
general nature, the nonfullerene Ti compounds with
carbocyclic w-ligands were considered and computa-
tions were performed for Ti(Cp),CHs and Ti(Cp),(CHs),
(Cp = cyclopentadiene). The valence state of Ti in
Ti(Cp),CH3 mimics the situation in TiSc;N@Cg, in that
the two electrons are formally transferred to the Cp
rings, which is equivalent to the electron transfer to
the carbon cage in TiSc;N@Cgy, while the polar cova-
lent Ti—CHj; bond is similar to the Ti—N bond in
TiSc;N@Cgp. Thus, Ti is in the formal Ti(lll) state and has
an unpaired d-electron (the spin population is 0.97, so
the electron is more strongly localized on the Ti atom
than in TiSc;N@Cg, and the SOMO of Ti(Cp),CHjs is re-
spectively a pure 3d-orbital of Ti). Likewise, addition/re-
moval of one electron to/from the molecule should re-
sult in the change of the charge states of Ti by almost 1
é. Yet, even in this system the actual changes of the va-
lence state of Ti are comparably small. On passing from
the cation to the anion by populating the 3d-orbital of
Ti by two electrons, the charge of the Ti atom is re-
duced by only 0.41 é. The AM value is also changed by
0.35. Counterintuitively, population of the 3d-orbital of
Ti, which formally yields the Ti in the lower valence
state, increases its AM value. Thus, we can conclude
that the spatial spin-charge separation is not specific
to metallofullerenes but probably a general property
of transition metals coordinated to the carbocyclic
ligands. This phenomenon will be studied in more de-
tail in future work.

To conclude this section, we have also studied
Ti(Cp)2(CH3),, in which Ti is in the genuine Ti(lV) state
and might be expected to be closer to Ti,C,@Cys in its
bonding situation. However, the charge and AM value
of Ti in Ti(Cp),(CHs), are quite close to those in
TiSc,N@Cg, and Ti(Cp),CHs. Finally, the computation
was also performed for Gs,-Ti@Cyg,'* in which Ti for-
mally donates four electrons to the T,-Cyg carbon cage.
Here again we find the charge and AM value of the Ti
atom to be not much different from those in TiSc,N@Cg,
and Ti(Cp),CHs. Thus, it can be concluded that QTAIM
charges of about 2.0—2.3 and AM values of 3.1—3.4 are
typical for Ti coordinated to the carbocyclic ligands,
and these values are almost independent of the formal
valence state of Ti. The valence state of Ti in Ti,(,@Csg
with g(Ti) of +1.67 and AM of 4.1 is an exception rather
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than the rule. This conclusion agrees well with the re-
sults of Hino et al.** and explains the fact that the deter-
mination of the valence state of Ti in Ti,C,@C;g by EELS
met some difficulties.’

CONCLUSIONS

In this work we have performed a detailed study of
the electronic structure and dynamics of the mixed-
metal nitride clusterfullerene TiSc,N@Cg,. In particular,
the role of the Ti atom in TiSc;N@Cg, was analyzed as
compared to Sc;N@Cg. It was found that substitution of
Sc by Ti results in the reversible redox behavior of the
new NCF, making TiSc,N@Cyg, different from all
M3N@Cgy NCFs known to date. TiSc;N@Cg, is paramag-
netic, but its room temperature ESR spectrum is
strongly broadened, and only lowering the tempera-
ture results in an ESR signal with a g-factor of 1.9454.
The significant shift of the g-factor from the free-
electron value as well as the significant g-tensor aniso-
tropy (ca. 0.08) point to the localization of the spin-
density on the Ti atom, a conclusion also being con-
firmed by DFT computations.

The structure of TiSc;N@Cg, in terms of the cluster
orientation inside the carbon cage resembles that of

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Synthesis and Isolation of TiS,;N@Cg. The details of the synthetic
procedure were described earlier.*® In brief, a mixture of TiO,
(99.99%) and Sc,05 (99.99%) with graphite powder at certain
Ti/Sc molar ratios ranging from 8:1 to 1:2 (typically 1:1, molar ra-
tio of Sc/C is fixed at 1:15) was subjected to DC-arc discharging.
The modified Kratschmer—Huffman DC-arc discharging was
done in a 400 mbar He atmosphere under addition of N, (10
mbar). The as-produced soot was Soxhlet-extracted by CS, for
24 h, and the resulting brown-yellow solution was distilled to re-
move CS,, redissolved in toluene (~ 200 mL), and subsequently
passed through a 0.2 wm Telflon filter (Sartorius AG, Germany)
for further HPLC separation. The separation of TiSc,N@Cg, was
performed by a multistep HPLC, as described in a former work.*
The purity of the isolated TiSc,N@Cg, was further checked by LD-
TOF MS analysis running in both positive and negative ion
modes (Autoflex Ill, Bruker Daltonics Inc., Germany).

Experimental Measurements. For a cyclic voltammetry study, the
TiSc;N@Cqy sample dissolved in toluene was dried and trans-
ferred as a powder into a glovebox (oxygen and water content
below 1 ppm), where it was immediately redissolved in 1,2-
dichlorobenzene (0-DCB, anhydrous, 99%, Aldrich) with tetrabu-
tylammonium tetrafluoroborate (TBABF,, Fluka, dried under re-
duced pressure at 340 K for 24 h prior to use) used as the
supporting electrolyte at concentrations of 0.1 mol L™". The cy-
clic voltammograms were obtained with a PAR 273 potentiostat
(EG&G, U.S.A) in a three-electrode system using platinum wires
as working and counterelectrodes and a silver wire as pseudo-
reference electrode under glovebox conditions. Ferrocene (Fc)
was added as the internal standard at the end of voltammetric
measurements and all potentials are given versus the Fc/Fc*™
couple.

ESR measurements in the temperature interval 100—300 K
were performed using EMX X-band spectrometer (Bruker, Ger-
many) and continuous-flow liquid-nitrogen cryostat, inserted in
the ER 4102 ST resonator of the spectrometer. For the helium-
temperature ESR measurements, a continuous-flow liquid-
helium cryostat was used. This cryostat was inserted into the
TE102 resonator of the EMX X-band ESR spectrometer (Bruker,
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the isoelectronic ScsN@Cg,~ and is different from
ScsN@Cgy. However, Born—Oppenheimer molecular dy-
namics simulations revealed that the cluster dynamics
of TiScyN is substantially different from that of Sc;N in
ScsN@Cg, irrespective of the charge of the latter. While
Sc;N exhibits free rotation inside the cage, the Ti atom
appears to be fixed in one position (although with
rather higher amplitudes of oscillations), and hence,
the cluster exhibits only rotations around the Ti—N axis.
The study of the atomic spin populations as a function
of time revealed that both ScsN@Cg,™ and TiSc,N@Cg
have flexible spin-density distribution with both intrac-
luster and cluster-cage spin flow. Furthermore, the spin-
flow vibrational spectra (obtained via Fourier transfor-
mation of the time-dependent spin populations)
revealed that the spin flow in TiSc,N@Cg, is not a ran-
dom process, but is coupled to a specific cluster vibra-
tion. Thus, the approach referred to in this work as the
“spin-flow vibrational spectroscopy” is shown to be a
powerful tool in the study of the spin dynamics in mol-
ecules with flexible spin-density distribution. By this
method, the major channels of the spin transfer in mo-
lecular systems are detectable and can be of high im-
portance for the spin transport.

Germany) and enabled the measurements down to about 4 K.
The sample (toluene solution with concentration of ca. 0.5 mg/
mL) was placed at the position of maximum microwave mag-
netic field inside the resonator. By adding a small ac modula-
tion to the external magnetic field, lock-in detection was used,
enabling high sensitivity of the detected ESR signal.

Computations. Optimization of the molecular structure of all
species reported in this work was first performed using PBE func-
tional®” and TZ2P-quality basis set (full-electron {6,3,2}/
(11s,6p,2d) for Cand N atoms, and SBK-type effective core poten-
tial for Sc and Ti atoms with {5,5,4}/(9s,9p,8d) valence part) imple-
mented in the PRIRODA package.®®%° This basis set is abbrevi-
ated in the manuscript as TZ2P. The code-employed expansion
of the electron density is an auxiliary basis set to accelerate
evaluation of the Coulomb and exchange-correlation terms.5®
Optimization of the molecular structure at the B3LYP/6-311G*
level was performed with the use of the Firefly package.”® QTAIM
(quantum theory of atoms in molecules) analysis of the electron
densities was performed with the use of the AIMAII code (version
10.01.14, http://aim.tkgristmill.com).

Velocity Verlet algorithm with the time step 1.5 fs was used
in Born—Oppenheimer molecular dynamics (BOMD) calcula-
tions. The energies and gradients were computed with PRIRODA
using PBE functional, double-{ quality {3,2}/(7s,4p) basis set for
cage carbon atoms and DZP-quality basis sets for nitrogen, scan-
dium, and titanium atoms (Sc, Ti: {6,5,3,1}/(19s,15p,11d,5f); N:
{3,2,1}/(10s,7p,3d)). Molecules were first equilibrated at 300 K
for 0.6 ps by rescaling velocities when the deviation of the in-
stant temperature from 300 K exceeded 20 K. Then, the trajec-
tory was followed without thermostat (i.e., in microcanonical en-
semble).
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