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ABSTRACT: The complexation behavior of La,@Cg
dimetallofullerenes with organic donor molecules (D) in
solution has been investigated. It has been shown that
La,@Cgo and D form 1:1 complexes as a result of electron
transfer interactions in the ground state. The equilibrium
between La,@Cgo/D and [La,@Cg]" /[D]" in solution is
readily controlled by changing the temperature and solvent.

n recent years, a tremendous variety of supramolecular elec-
Itron donor—acceptor systems based on fullerenes have been
established." Considering, for example, empty fullerenes, they
exhibit all the hallmarks that are found in nature’s highly
sophisticated solar energy conversion/storage systems, namely,
photosynthetlc organisms in plants, algae, and in various types of
bacteria.” meg to its rrgrd structure, Cgg possesses exception-
ally small reorganization energies in charge transfer reactions,
and features outstanding electron accepting properties. To this
date, a myriad of systems, which exhibit efficient charge transfer
between organic donors and Cgp, have been reported Charge
transfer evolves, however, in most of these systems from a
photoexcited state, while ground state charge transfer is rather
unusual. In this regard, endohedral metallofullerenes have
attracted special attention due to their unique electronic proper-
ties and reactivities. Their propertles differ strikingly from those
known for empty fullerenes.* Among the endohedral metallo-
fullerenes, lanthanum encapsulating systems are particularly
interesting—they give rise to much lower reduction potentials
than pristine fullerenes. The latter is one of the keZ parameters
for controlling the reactivities of metallofullerenes.

Recently, we have reported on the complexation behavior of
paramagnetic endohedral metallofullerene La@C,,-Cg, w1th aza-
and thiacrown ethers and organic donors in solution.’ The
binding affinities were found to be much stronger than those
for Cgp. Interestingly, complexation of La@Cg, induces ground
state electron transfer—entirely without photoirradiation. In
addition, it has been demonstrated that metallofullerenes com-
prising I;-Cgo cages [ie, MsN@Cso (M = S’ and Lu®) or
M,@Cgo (M = La’ and Ce'?)] are promising materials for the
design of electron donor—acceptor conjugates and hybrids
suitable for the use in optoelectronic devices at the nanometer
scale. Among these, M, @Cyg, reveal remarkably small band gaps.
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Exceptional are also their electron accepting properties. The
reduction Potentral on the other hand, is even higher than that of
La@ng

In this paper, we have examined the intermolecular complexa-
tion and electron transfer behavior between La,@Cgy and
organic donor molecules such as TMPD (Scheme 1). Our
experimental assays have been complemented by theoretical
calculations, which bring to light the complex electronic proper-
ties of the radical anion species of La,@Cgj.

The complexation behavior of La,@Cgy with TMPD in
nitrobenzene at room temperature was followed by standard
titration techniques using vis-NIR spectroscopy. Figure 1 shows
the evolution of the characterrstlc absorptions of the [TMPD]**
radical cation at 568 and 620 nm® upon increasing concentration
of TMPD. In addition, in the NIR region, the appearance of a
new low-intensity absorption band at 1160 nm and two isosbestic
points at 670 and 990 nm is discernible. Notable, the 1160 nm
maximum resembles the signature of the one-electron reduced
form of Cg, as, for example, produced by flash photolysis, at
1070 nm"* and those of Sc;N@Cgo, LusN@Cgo, La,@Cgo, and
Ce,@Cso with maxima at 1120,* 1025° 1200,° and
900—1200 nm,"° respectively. Hence, the absorption titration
experiments in nitrobenzene suggest the successful formation of
a ground-state electron transfer complex to yield [La,@Cso]" /
[TMPD]"".

To explore the excited state properties of [La,@Cgo)™ /
[TMPD]"" and to correlate them with the spectroscopic results
on the complex formation, time-dependent density functional
theory (TDDFT) methods have been employed, see Supporting
Information for details. Figure 2 shows the resulting electronic
configuration of [La,@Cgo]"~ as compared to [Sc;N@Cgo]™
and [Cg]*". Notable here is that the SOMO of [La,@Cgo]"~
exhibits the lowest energy among all of the occupied molecular
orbitals.

For the spectroscopic discussion, we may consider the five
energetically lowest excited states of the anion species of
La,@Cgo as calculated by TDDFT methods. The first three
low-energy excitations are attributed to the excitation of one
electron from the SOMO to three different unoccupied orbitals
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Figure 1. Vis-NIR spectra of La,@Cg (3.5 x 10> M) in the presence
of TMPD (0—6 equiv) in nitrobenzene. Inset: titration plots at 580 nm.
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Figure 2. MO diagrams of [La,@Cgo]" ™, [ScsN@Cgo]™, and [Ceo]” -

(SOMO+1 to SOMO+3). The two most dominant excited states
refer to excitations into the orbitals SOMO+1 and SOMO+3,
which are localized between the La atoms. All other excitations
occur into orbitals that evolve from the mixing of the {La,}* and
{Cg)® states. The first excited state comprises the highest
oscillator strength and leads to the most dominant but rather
weak absorption. According to the calculations, this absorption is
centered at 1153 nm (1.08 eV) and corresponds to the excitation
of the additional electron within the La atoms of the reduced
La,@Cgo ([La,@Csgo)" ). Hence, our TDDFT computations
nicely corroborate the spectroscopic investigations. The newly
developing weak absorption maximum at 1160 nm upon com-
plexation with TMPD clearly attests the successful formation of
the one-electron reduced form of La, @Cgg and the correspond-
ing excitation of the additional electron into the SOMO. How-
ever, owing to the very low oscillator strength (f = 0.0009), its
intensity is very weak. Considering the fact that the low-energy
excited states infer excitations within La orbitals inside the cage,
one may envision stabilizing and shielding effects of the Cg
cavity. All of the remaining excitations (i.e., at higher energies) do

Table 1. Oxidation Potentials (**E;)” of the Donors and
Thermodynamic Parameters for the Electron Transfer and
the Binding between La,@Cgo and Donors

compd OXEIZ7 AGetc log Kobs AGobsd AGobs - AGet 108 Kassoc

TMPD —-0.30 —3.23 6.1 —8.25 —5.03 3.7
FeCp*, —0.52 —830 6.9 —9.34 —1.04 0.8
“ Obtained by CV in nitrobenzene at 296 K. ®V vs Fc/Fc*. “ The driving
forces for the electron transfer from organic donors to fullerenes. 9 The

free-energy changes for the whole reaction, as obtained from the
equation: AGy, (kcal/mol) = —RT In Ky,

not contribute to the absorption features of the one-electron
reduced form of La,@Cg due to zero oscillator strengths.
Notable, the singlet—singlet transitions of [Cg]*  and
[SesN@Cgo]"~ have been calculated to occur at 994 and
1209 nm, respectively (Figure 2). Thus, we believe that the
features of the one-electron reduced form of La,@Cg, fit
perfectly in this context. The detailed orbital diagrams of neutral
and radical anion species of La,@Cgo, S;aN@Cg, and Cg are
illustrated in Figures S1 —$4.8In general, it is rather difficult to
distinguish between the neutral and the radical anion species of
La,@Cgo by means of steady-state absorption measurements. In
both cases, the absorption cross sections are quite low and are
located in similar regions of the spectrum, see Figure SS. There-
fore, experimental results on the characteristic absorption wave-
lengths of the radical anion of La,@Cgo have not been reported
so far. However, our titration experiments unambiguously point
to the reduction of La,@Cg due to the occurrence of the two
isosbestic points. In conclusion, our theoretical investigations
shed important light onto the characteristic absorption finger-
prints of the one-electron reduced form of La,@Cgy.

Further, the titration plot in the inset of Figure 1 reveals an
inflection point at the 1:1 ratio of [La,@Cgo] to [TMPD], which
is indicative for the formation of a 1:1 complex. This stoichiom-
etry was also confirmed by supplementary Job’s plot titration
experiments (Figure S6). The binding constant for the
La,@Cgo/TMPD system as evaluated by nonlinear least-squares
curve fitting of the titration plots, was determined to log Kops =
6.1. Importantly, this value is dependent on the solvent with
binding constants of log K,ps = 5.7 and 4.5 in benzonitrile and o-
dichlorobenzene, respectively. In toluene, on the other hand, the
binding is too weak and, thus, hampers a meaningful analysis.
Taking into account the different solvent permittivities €, a
stabilizing trend toward solvents with higher values of &,
emerged. Such a trend agrees well with the fact that increasing
the polarity of the solvent goes along with the stabilization of
radical ion pairs.

In complementary experiments, the one-electron reduction of
La,@Cg was confirmed using decamethylferrocene (FeCp*,) as
electron donor (Figure S7). In this particular case, the higher
binding constant of log K, = 6.9 correlates well with a lower first
oxidation potential (Table 1).

Finally, the electron transfer in the La,@Cgo/TMPD system
was probed in EPR measurements as summarized in Figure S8.
The addition of La,@Cg to a nitrobenzene solution of TMPD
evokes the appearance of an EPR signal due to [TMPD]"". Its
intensity is growing with the amount of La,@Cgo. The line width
of the resulting EPR spectrum is as narrow as that of the
[TMPD]™" PF¢  salt in solution, indicating that the stable
spin is located on the time scale of the EPR experiment. Vari-
able temperature EPR measurements from 320 to 260 K in
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Figure 3. EPR spectra of (a) La,@Cg in the presence of 1 equiv of
TMPD in nitrobenzene at S K (([TMPD] = 3.5 x 107> M) and (b)
electrochemically generated radical anion of La,@Cgy (n-BuN"
[Lay@Cgo]" ") at 2 K.

o-dichlorobenzene/benzonitrile (1:1 v/v) reveals that the equi-
librium shifts to the formation of [TMPD]"" at lower tempera-
tures (Figure S9). Repeating the temperature variation affords
the same spectra, denoting that the electron transfer from TMPD
to La,@Cgo is fully reversible. The EPR signal of [La,@Cgo]"
was detected only under ultracold temperature conditions
(Figure 3). Independent confirmation for this assignment came
from reference experiments with n-Buy,N " [La,@Cgo]"™ Hat2 K
Here, the EPR spectrum reveals a very complex pattern ranging
over 6000 gauss. The latter is due to the large hfc constant (~360
gauss) and relates to the large spin density between the two La
atoms (Figure 3b). Meanwhile, EPR measurements of La,@Cgj
in the presence of TMPD at § K afforded spectra similar to those
of the reference sample (Figure 3a).

Noteworthy, in absorption titration experiments with Cs and
Sc;N@Cgg, on one hand, and TMPD, on the other hand, the
appearance of the corresponding [TMPD]"" absorption features
evolved. However, the overall intensities were very weak and the
equilibrium constants were too small to be determined. The
thermodynamic driving forces for the electron transfer from
TMPD to ScsN@Cgp and Cg are evaluated as 17.76 and 15.22
kcal/mol, respectively. In this context, we used the following
relationship'®

AGy = 23.06 x [*E, (donor) — "E, (fullerene)]

The corresponding values indicate a thermodynamically un-
favorable electron transfer between TMPD and Cg, as well as
between TMPD and Sc;N@Cg. In contrast, the low reduction
potential of La,@Cgo leads to a significant increase of the
thermodynamic driving force and renders the electron transfer
exothermic.'® The AG,, values for La, @Cg are listed in Table 1.
As a complement, the free-energy changes (AG,y,) were calcu-
lated from the aforementioned binding constants. A notable
trend toward lower values emerged, with a disagreement that
appears to be larger in the La,@Cgo/TMPD system. A likely
rationale infers the fact that for the determination of AG,, in
La,@Cgo/TMPD and in La,@Cgo/FeCp*, neither different
electron donor—acceptor separations nor different reorganiza-
tion energies have been considered. However, it is obvious that a
change in distance between La,@Cgo and any of the electron
donors will impact the electron transfer dynamics. Likewise,
the association constants differ from those determined from
the absorption titrations for La,@Cgo/TMPD and La,@Cgo/
FeCp*, with values of 3.7 and 0.8, respectively, when

calculated via
In Kyoe = — (AGyps — AGy) /RT

Steric hindrance of FeCp*, is certainly one factor that is
responsible for the small K 4.. Overall, the bulky FeCp*, ligand
will adopt an unfavorable geometry within the otherwise stable
complex with La,@Cgo.

In conclusion, it has been shown that La,@Cg reveals strong
reversible intermolecular interactions with various organic do-
nors. In solution, ground-state electron transfer was confirmed at
complete equilibrium yielding stable radical ion complexes. The
current work contrasts from previous investigations with para-
magnetic La@Cg,, in which the electron transfer is driven by the
low LOMO level. The fact that even diamagnetic La,@Cygy is
susceptible toward ground-state electron transfer is interesting
and relates to its exceptional LUMO orbital/level. Thus, we feel
that the current results constitute an important milestone with
respect to developing materials, which are suitable for modern
electronic, magnetic, and optical applications. With enhance-
ment of the longer wavelength absorption by using endohedral
metallofullerene, improvement in the quantum efficiency and an
increase in the current density of photovoltaics are also expected.
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