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Abstract

The double-shell fullerene Ceo@C240 formed by inclusion of Ceo into Ca4ois the smallest stable carbon
nano-onion. In the paper, we analyze in detail the character of excited states of Ceo@C240 in terms of
exciton localization and charge transfer between the inner and outer shells. The unique structure of
the buckyonion leads to a large electrostatic stabilization of charge-separated (CS) states in the
Ceo@C240. As a result, the CS states Ceo*@Co40™ lie in the same region of the electronic spectrum
(2.4-2.6 eV) as strongly absorbing locally excited states, and therefore, can be effectively populated.
The CS states Ceo@C240" are found to be by 0.5 eV higher in energy than the states Ceo*@Ca0'.
Unlike the situation observed in donor-acceptor systems, the energy of the CS states in Ceo@C240
does not practically depend on the environment polarity. This leads to exceptionally small
reorganization energies for electron transfer between the shells. Electronic couplings for
photoinduced charge separation and charge recombination processes are calculated. The absolute rate
of the formation of the CS states Cgo*@C240" is estimated at ~ 4 ps™. The electronic features found in
Ceo@C240 are likely to be shared by other carbon nano-onions.
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Introduction

Carbon nano-onions (CNOs), also known as multi-shell fullerenes, hyperfullerenes or
buckyonions, are formed by several concentric shells of carbon atoms in a structure
resembling a nesting Russian doll.* From vacuum deposited amorphous carbon films, lijima
observed CNOs for the first time in 1980.* He presented electron micrographs of small
spherical particles of graphitized carbon whose sizes varied in between 30-70 A in diameter.
Five years later, Ceo Was discovered by Kroto, Smalley, and Curl.® In 1987, lijima realized
that the inner most shell of the CNOs he observed in 1980 has a diameter of 8 A and,
therefore, it could perfectly be Cgo.5 In 1992, Ugarte’ obtained CNOs by intense irradiation
of carbon soot. Nowadays, there are several procedures that can be used to produce CNOs at
relatively large scale.™ 3 8° A number of various functionalization reactions of CNOs have
been developed. In fact, the first covalent functionalized CNO was obtained by a 1,3-dipolar
addition of azomethine ylide in 2003.2° CNOs have already been proved to offer a variety of
potential applications. Among them, we can mention their application as electrode materials
in capacitors,'! anode materials in lithium-ion batteries,® catalyst support in fuel cells,'? solid
lubrication,®® heterogeneous catalysis,'* or electro-optical devices.™

The first observation of double- and triple-shell CNOs was reported in 2000.1® The double-
shell Ceo@C240 and C240@Csgo and triple-shell Ceo@ C240@Cseo fullerenes were found in the
products of the high temperature laser pyrolysis. Because of its relatively small size,
Ceo@C240 has been studied theoretically by several groups. At the density functional theory
(DFT) level, it has been found that the van der Waals interaction energy between Cgo and
C240 in Ceo@Ca4p is about -150 to -185 kcal/mol.1”-*® The global minimum of Ceo@C240 has
Dsq symmetry, although rotation of Ceo inside Cz40 is almost free with energy barriers of
about 1 kcal/mol, the In structure depicted in Figure 1 being almost isoenergetic with the Dsq
one. Geometry relaxation of Ceo and Ca40 in Ceo@ C240 Was found to be negligible,*® Ceo being
slightly expanded inside Cz40, While C240 somewhat shrunk.'® Moreover, because Cgo, Co4o,
and Ceo@Co40 are of the same symmetry (In), the electronic structure of these molecules is
similar. In particular, their HOMO (highest occupied molecular orbital) is five-fold
degenerated whereas the LUMO (lowest unoccupied molecular orbital) has three-fold
degeneracy. In fact, it was found computationally that Ceo@C240 Shows an UV-Vis spectrum
that is the overlap of the two spectra of Ceo and C240.8 In addition, the vibrational modes of
Ceo and Cas0 in Ceo@Co240 are clearly recognizable, with small shifts that reflect the small
geometrical deformation of Ceo and Ca40.1® It is worth noting that the reduction in the Ceo
polarizability after inclusion in Czs was found to be about 75%.2%2* Moreover, there is a
charge transfer of about 0.7 electrons from Ceo to Ca40,'° as expected from the higher electron
affinity of C240.222 Interestingly, it was found that when an external electric field is applied,
the outer Ca40 shell almost completely shields the inner Ceo cage, and, therefore Ceo@C240
can be considered a near perfect Faraday cage.?%?! In fact, the polarizability of Ceo@Caao is
essentially due to the outer cage fullerene.? Finally, it was shown that the Xe 4d



photoionization cross section changes significantly when going from Xe@ Ceo and Xe@ C240
to Xe@Cgo@Co40.2

From the information given above, it is clear that some properties of the fullerenes change
significantly while others remain almost unchanged by the formation of two- and multi-shell
structures. Being the smallest stable CNO,*® Ceo@C240 is a good computational model to
study the structural and electronic properties of CNOs. Because of the size of the CNOs, not
much is known about the nature of excited states of these species. In the paper, we will
perform a detailed analysis of the excited states of Ceo@C240. Note that the excited states of
both fullerenes have similar energies and just a small electronic interaction (coupling) of the
states leads to exciton delocalization and to mixing of the locally excited (LE) and charge
transfer (CT) states. Moreover, CT configurations Ce*@Czs0 and Ceo @Co2s0" may have a
similar energy and significantly contribute to excited states of interest. Because of that, a
special computational tool is required for quantitative analysis of excited states in Cso@ C240.
Our analysis is based on the treatment of the transition electronic density developed in several
recent works®?" and used to describe electronic excitations in a number of molecular
systems.

In this paper, 100 low-energy excited states of the Ceo@Co240 cOmplex are characterized in
terms of exciton localization and CT between the inner and outer spheres. In particular, we
consider the nature of states responsible for the light absorption with the aim to know whether
Ceo@C240 Can act as an effective chromophore in dye-sensitized solar cells. We also calculate
electron transfer (ET) parameters for the photo-induced charge separation and charge
recombination reactions. Marcus theory?® is applied to determine the absolute rate for ET
between the inner and outer fullerenes. Our results (vide infra) show that i) charge separated
(CS) states Ceo"@Co40™ lie in the same region of the electronic spectrum (2.4-2.6 eV) as
locally excited (LE) states responsible for strong light absorption, and therefore, they can be
effectively populated; ii) unlike the situation commonly observed for donor-acceptor
systems, the energy of the CS states in the Ceo@C240 is practically independent of the
environment polarity (because of its concentric structure) resulting in exceptionally small
reorganization energies for electron transfer between the shells; and iii) Ceo@C240 is able to
absorb sun energy much more efficiently than the free Ceo or C240 molecules. We hope that
the unique electronic features of Ceo@C240, Which are most likely shared by other CNOs,
may be exploited in molecular electronics.



Figure 1. Ceo@C240 complex is composed of two shells Cgo and C240 With Iy symmetry shown
in the olive and gray color, respectively.

Methods

All quantum mechanical calculations were performed with the Gaussian program.?® The
ground state geometries of neutral fullerenes Ceo and C240 and their radical cation and radical
anion species were optimized using the B3LYP/6-31G* scheme. The geometries of the
radicals are needed to estimate the reorganization energy of ET between Ceo and Ca40. For
comparison, excited states of Ceo were calculated using both the TD-DFT (B3LYP and CAM-
B3LYP with B3LYP with 6-31G* and 6-311+G basis sets) and the semiempirical INDO/S
approach.® The calculations of 100 low-energy excited states of Ceo@Cz40 Were performed
with INDO/S. All possible singly excited configurations (360000) were accounted for in the
configuration interaction scheme. The advantages and limitations of INDO/S as well as its
recent applications in material science are considered in the review of Ref. 31.

The energies and oscillator strengths of selected dipole allowed transitions of Ceo as well as
experimental data are listed in Table 1. Comparison of the computed and observed electronic
spectra shows that the INDO/S results for Ceo are in better agreement with experiment than
the TD-DFT data. A detailed comparison of experimental and computational data for several
fullerenes is given in Ref. 24. Note that C240 has been less extensively characterized due to
its lower abundance. Recently, it has been computationally studied at the BLYP/TZP level.*®
The INDO/S reproduces quantitatively the optical absorption parameters whereas the TD-
DFT calculations yield less accurate estimates of the transition energies and oscillator
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strengths. Because of that, our analysis of the excited states of Ceo@C240 Was done on the
basis of the INDO/S calculation. The analysis of the nature of excited states and the
calculation of electronic couplings were performed using a local program.

Table 1. Excitation Energies and Oscillator Strengths for Optically Allowed Transitions in Ceo

Method hv,ev f hv,ev f
B3LYP/6-31G* 3.510 0.0105 3.954 0.156
B3LYP/6-311+G* 3.484  0.0103 3.902 0.170
CAM-B3LYP/6-311+G* 4320  0.247 4.691 0.101
INDO/S 3.214  0.011 3.846 0.386
Experiment 2 3.04 0.015 3.78 0.37

@ Experimental data are taken from Refs. 18, 32.

Analysis of excited states

The energetic similarities of electronic excitations in Ceo and Co40 make it difficult to explore
even their qualitative nature. The quantitative analysis of exciton delocalization and charge
separation was carried out in terms of transition density.?®?” Because the INDO/S scheme
employs an orthogonal basis set (it means that the overlap matrix is diagonal), a key quantity
Q (A,B) used in the analysis of the density distribution between molecules A and B, is
defined as

Q(A,B):1 > PRP

aff’ aff
aeA, BeB
X(A)=Q(A,A) 1)
AgQ=Q(A,B)-Q(B,A)

where P% is the transition density matrix for the yo —i excitation. The extent of exciton
localization on the site A is termed X(A), the electron transfer from site A to B and from B to
A is represented by Q(A,B) and Q(B,A), respectively. The total weight of CT states in i is
equal to Q(A,B)+Q(B,A) whereas the charge separation between sites A and B is determined
by the difference Aq given by the difference Q(A,B)-Q(B,A).

Solvent effects. The equilibrium solvation energy EZ* in medium with the dielectric constant

€ was estimated using a COSMO-like polarizable continuum model (C-PCM) in monopole
approximation 30 33

E9(Q.¢) =—% f()Q'DQ, @)



where the f(e) is the dielectric scaling factor, f(g) = g1 , Q -the vector of n atomic charges
€

in the molecule, D is the n x n symmetric matrix determined by the shape of the boundary
surface between solute and solvent; D=B*AB, where the m x m matrix A describes
electrostatic interaction between m surface charges and the m x n B matrix describes the
interaction of the surface charges with n atomic charges of the solute.®® The GEPOL93
scheme3* was used to construct the molecular boundary surface.

The charge on atom A in the excited state i, q', , was calculated as

i i i 1 i i i i
Qa =0p + A, AA:_Z Z (PSBPSB_P[?&PI?Q)’ (3)

2 B=A acA,BeB

where q% is the atomic charge on A in the ground state (the reference state) and Al is its

change upon yo —j excitation.

The non-equilibrium solvation energy for excited state y; can be estimated as:33 %
EF(Q" A7) = F(£)ADQ" — 1(n*)A DA, @)

In Eq. (4), n? (the refraction index squared) is the optical dielectric constant of the medium,
the vector A describes the change of electronic density in the molecule by excitation in terms
of atomic charges, see Eqg. (3).

Electron transfer parameters

The rate of nonadiabatic electron transfer at the temperature T can be estimated using Marcus
equation?®

A+AG)
kct = 2_”Vij2 = eXp _( ) (5)
no Y Jamak,T 47k, T

Three parameters control the ET rate electronic coupling Vi; between the initial and final
states, reorganization energy A, and the Gibbs energy AG°.

In the system Ceo@C240, there are many degenerate and nearly-degenerate states.
Consequently, a two-state model that takes into account only one state per each site, cannot
appropriately use to describe electronic coupling in the model. On the basis of our analysis
of electronic states, several combinations of initial and final states were considered. The
Fragment Charge Difference (FCD)%-" were employed to calculate the coupling.



The reorganization energy is usually divided into two parts, A=A, +A, including the

internal and solvent terms, respectively. Often, the term As is treated classically whereas the
internal component is calculated with a quantum-chemical approach.?®

The internal reorganization energy Ai was calculated at the B3LYP/6-31G(d) level. To types
of CT states, Ceo"@Co40 and Ceo @Co40", were considered. For the radical cation and radical
anion states, the unrestricted Kohn-Sham method was applied. To estimate A for ET between
the sites A and B, AB—A*B", the following terms were computed : (1) energies of neutral
species A and B at optimized geometries, E,(A) and E,(B), (2) energies of the
corresponding radical ions at optimized geometries, E,(A") and E_(B7), (3) energies of
neutral A and B, calculated at the geometries of A" and B", E,(A) and E_(B), and (4) the
energies of the radical ions at the geometries of corresponding neutral molecules E,(A")
and E,(B”). Then Ai is a sum of the reorganization energies of the site A and B,

A=7A)+A(B):

1) =3 [E.(A)-E.(A) +E,(A)-E,(A)] (6)

1(B)=[E.(B)-E.(B)+Es(B)-E(B)] (6b)

Our B3LYP calculations predict that the internal reorganization energy is 0.13 eV for ET
from Ceo to C240 (formation of Ceo*@C2407) and 0.10 eV for ET from Ca40 to Ceo. The solvent
term As is determined by the difference of the non-equilibrium and equilibrium solvation
energies:

hs =Eg(QA8,n") ~EF(Q" ) (7)

where A=Q"—Q', see Egs (2)-(4). Very small values were found also for As. For the both

types of the CS processes As is estimated at 0.05 eV. Thus the total reorganization energy
derived from our calculation is 0.17 eV.

Results and Discussion

In studies of charge transfer processes, adiabatic ionization potentials (IP) and electron
affinities (EAS) are two important quantities. For isolated Ceo, B3LYP/6-31G* yields 7.15
and 2.06 eV (exp. values are 7.58% and 2.68% eV, whereas previous DFT calculated values
gave 7.70 and 2.90 eV?®) for IP and EA, respectively. Differences of about 0.5 eV in
calculated and experimental IPs and EAs are not unusual using DFT methods.*° For Ca40, our
calculated IP and EA are 6.81 and 2.70 eV to be compared with previous DFT calculated
values of 6.55 and 3.54 eV.2 From calculated IPs and EAs of Cso and Cz40, ONe can expect
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that ET from Ceo to Coso (i. €. Ceo™¥@C240) is more favorable than that in the opposite
direction. However, in the ground state of Ceo@Ca240, the B3LYP scheme predicts the net
charge on Ceoand Ca40 to be -0.049 and +0.049, respectively. The same character of charge
separation, Ceo®@C240", is found using the INDO/S: the charge on the internal and external
fullerenes is -0.144 and +0.144 e, respectively. The charge separation obtained by Grimme
et al.?® using a Mulliken population analysis with the B97-D/TZV/(d,p) functional was in the
same direction but much higher (0.67 e).

Figure 2 shows the overall character of the lowest 300 excited states in Ceo@ C240 computed
with INDO/S. The states are in the energy region of 1.8-3.6 eV (the corresponding wave
length interval ~700-350 nm). The electronic transitions from the ground state to lower
excited states lying up to 2.5 eV are dipole forbidden by symmetry. The situation is similar
to that found for Ceo. In this molecule, the first allowed transition with a relatively large
transition dipole moment corresponds to the 1'Ti, « 1!A4 excitation involving the
HOMO—LUMO+1 and HOMO—LUMO+3 transitions.*? Experimentally, this band was
assigned by Leach et al.*® to a relatively weak but sharp peak near 3.02 eV. Our calculations
predict high absorption of the complex is predicted to be at 2.5-2.7 eV and 3.0-3.5 eV (upper
panel in Fig. 2), i.e., at somewhat lower energy than that observed in Cso. Both Ceo and Ca4o
absorb light in these regions (see Table 2). Excited states in donor-acceptor complexes can
be characterized as LE states (changes in the electron density occur within the donor or
acceptor site), CT states (photon absorption leads to electron transfer between the donor and
acceptor) or mixed states that include both LE and CT contributions. In Ceo@Co240, there are
two types of CT states, Ceo"@Ca40" and Ceo'@Cas0". In first case, Ceo is electron donor and
Caaois electron acceptor, the opposite situation occurs for Ceo@C240*. The CT states cannot
be directly excited by light absorption because of their weak oscillator strength. However,
these states can be populated because of their coupling to strongly absorbing LE states. Our
calculation suggests that in Ceo@C240, the CT states and LE states with the strong oscillator
strength lie in same energy region (e.g. at 2.5 eV), and therefore, even their weak interaction
should populate the CT states by light absorption. Figure 3 shows the character of excited
states in the system.



0
15 |
|
10
05} " h
0.0 |
| ' | ) | ) |
2.0 25 3.0 35
[ Exciton
o L Exciton
05}
00 |
| i | : | A |
2.0 25 3.0 3.5
10
05}
' | ' | ) | ) |
2.0 25 3.0 35
hv, eV

Figure 2. Character of excited states in Ceo@C240. Oscillator strength (upper panel),
Contribution of exciton (locally excited) and CT configurations (middle and lower panels).

Note that there is a difference between CT and CS states. The states A'B™ and A'B* can be

referred as both CS and CT states. Usually such states have large dipole moments. If the
. 1 .

states A*B-and A'B" mix, ¥, = —(z//NB, il/lNB,), the chargeson Aand B in ¥, and V¥,

2
are equal to zero. It means that there is no charge separation in the CT states ¥, and ¥, .
Such CT states are difficult to distinguish from LE states and their superposition in systems

where molecules A and B have similar electronic properties. For instance in symmetric
systems with identical donor and acceptor sites, there is no charge separation in all CT states.



As seen in Figure 3, the low-lying CT states are CS states Ceo"@C240", Where an electron is
transferred from the inner to the outer sphere. The states with the opposite CS character,
Ceo"@Co240", are energetically higher and lie at 2.8-3.3 eV. The lowest Ceo" @C240 States are
found to be energetically more favorable by ~0.5 eV than the lowest Ceo@C240" States.
Because of the symmetry of the system the dipole moment of both Ceo*@C2s0 and
Ceo'@Co240" is equal to zero and cannot be used to identify the CS states.

. T . T )
0.0 Al
T y T J

2.0 25 3.0 35
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Figure 3. Character of CT states in Ceo@Ca4o.

The electronic properties of the excited states in the range of 1.79-3.00 eV are listed
in Table 2. The lowest 22 states are dark (total oscillator strength <0.001) and localized on
the outer sphere; next 10 transition are also dipole forbidden and correspond to local
excitations of Ceo. 15 states at 2.38-2.47 eV show significant charge separation, at least 0.97
e is transferred from Ceo to Co40. A high absorption peak is predicted at 2.53-2.62 eV.
Electronic transitions localized on both Cz40 and Ceo are responsible for the absorption. These
states are followed by 18 CS and 9 mixed LE+CS states with relatively weak absorption (Zf
~0.03). CS states Ceo@C240" are found at 2.90 eV. Overall, Table 2 demonstrates large
variations in the nature of ~150 excited states lying in the low-energy region of 1.8-3.0 eV.
There are several electronic transitions that have a significant CS contribution and relatively
strong oscillator strength. Such transitions are responsible for direct generating charge
separation Ceo*@C240™ by light absorption.

Table 2. Electronic properties of selected excited states in Ceo@Ca40 derived from INDO/S
calculations. N is the number of states in the energy region and Zf is the sum of their oscillator
strengths. The exciton localization X and charge separation Aq are defined by Eq. (1)

hv, eV N >f X(C20) X(Ce0) Aq Description

1.79-2.08 22 0.00 0.99 0.01 0.00 dark LE on Ca40
2.10-2.25 10 0.00 0.01 0.98 0.01 dark LE on Cep
2.29 4 0.00 0.96 0.01 0.03 dark LE on Ca40
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2.38-2.47 15 0.00 0.02 0.01 0.97 CS Ceo"@Caa0”

2.48-253 15 0.00 0.76 0.01 0.22 LE and mixed CS
2.53-2.62 15 6.08 0.05 Large absorption
2.60-2.72 18 0.30 0.13 0.11 0.75 CS Ceo"@C240°
Mixed states
2.72-2.88 15 0.00 0.98 0.01 0.01 dark LE on Ca40
2.86-289 9 0.00 0.24 0.73 0.03 dark LE on Ceo
2.90-295 6 0.00 0.07 0.00 0.93 CS Ceo@Coa0"
2.92-296 8 0.00 0.85 0.00 0.15 Mixed states
297-3.00 9 0.00 0.10 0.00 0.90 CS Ceso @Coa0"

Figure 4. Van der Waals complex C240-Ceo

To understand better the electronic features of CNOs let us briefly compare two systems
Ce0@C240 and a non-encapsulated van der Waals complex Caao-Ceo formed by Cz40 and Ceo
(see Fig. 4). The most important difference is that the CS states are stabilized significantly
better in Ceo@Co40 than in Ca240-Ceo because of Coulomb interaction between the charged
spheres. In Ceo@C240, the CS states and LE states responsible for the absorption at 2.5 eV are
found to be of similar energy. In the non-encapsulated complex Cz40-Ceo, the CS states are
~0.5 eV higher than the LE states. This energy gap makes hinders the photoinduced charge
separation in Ceo-Coa0.

Table 3 lists electronic couplings Vcr for charge recombination of the low-energy states Ceo”
@C240" (in the course of the process the CS states in the range of 2.38-2.47 eV are converted
to the ground state of Ceo@C240). As seen, the Vcr values differ by an order of magnitude.
The Gibbs energy of the reactions is ~ -2.4 eV and the ET occurs in the inverse Marcus

regime. Because the decay of a CS state is proportional to VCZR , the relative life time for each
CS state is assumed to be proportional to :I,/VCZR . Estimated values of

Ti el = ri/rl =V1,2<:R /Vi,ZCR are merged in Table 3. The long-living CS states (states 4, 3, and

12) are of special interest. Population of these states is controlled by the electronic coupling
square of the CS states and LE states with the strong oscillator strength (at 2.53-2.62 eV).
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The computed coupling Vcs values are listed in Table 4. As seen, the coupling depends
strongly on the initial and final states. The largest values of the coupling are found for the
states LEz—CS12 (Vcs =0.015 eV) and LE>—CS12 (Vcs=0.012 eV). The Gibbs energy of the
ET processes is ca. -0.06 eV. Using the reorganization energy of 0.17 eV (see the section
Methods) we can estimate the absolute rate for the CS processes using Eq. (5): KLez—csi2=
4.5 pst and kLez—cs12= 3.0 ps™.

Table 3. Electronic coupling for charge recombination (in eV)
and relative lifetime of the CS states
CSstate |Vcr| eV

Ti,rel=Ti/ T1
1 0.805E-02 1

2 0.190E-02 18
3 0.706E-03 130
4 0.285E-03 798
5 0.347E-02 5
6
7
8
9

0.232E-01 0.12
0.187E-01 0.19
0.111E-01 0.53
0.457E-01 0.03

10 0.567E-01 0.02
11 0.174E-01 0.21
12 0.808E-03 99

13 0.118E-02 47

14 0.225E-01 0.13
15 0.108E-01 0.556

Table 4. Electronic coupling of selected CS and LE states in Ceo@C240 (in eV)

CS\LE 1 (f=1.88) 2(f=1.22) _ 3(f=0.81) 4 (f=2.06)
3 0.380E-03 0.242E-03  0.588E-03  0.490E-04
4 0.120E-02 0.289E-02  0.359E-02  0.365E-04
12 0.199E-02 0.122E-01  0.149E-01  0.493E-03

Another interesting point to be mentioned is that the solvation energy of the ground and
excited states Ceo@C240 (including CS states) is quite small and only insignificant effects of
environment are expected in the electronic spectrum. Even in the limiting case of very polar
environment (water, €=80), the solvation energy of the ground state and the CS state
Ce0™@Ca407! is found to be -0.02 and -0.14 eV, respectively. Thus the corresponding shift of
the absorption peak is 0.12 eV. Normally, the solvent stabilization energy increases
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considerably by passing from the ground (or LE) state to CS states. In particular, the solvent
stabilization energy for the GS and CS states of the van-der-Waals complex Cas0-Ceo i
calculated at -0.02 and -1.24 eV. Because of the unique structure of Ceo@C240 Where the
positive and negative charges are localized on concentric shells, the electrostatic field at the
solute-solvent boundary surface remains very weak independent of the amount of charge
transferred between the fullerenes. We note an important difference between the Ceo@C240
and symmetric donor-acceptor complexes. In the last case, the solute solvent interactions will
strongly stabilize asymmetric CS states DA and D"A" and the relative position of LE and
CS states of the DA complex should be rather sensitive to the environment polarity.

Conclusions

Based on the INDO/S calculations we have analyzed the character of excited states in the
encapsulated fullerene Ceo@Ca40 in terms of exciton localization and charge transfer between
the inner and outer shells. The structure of Ceo@C240 is found to significantly stabilize
charge-separated (CS) states as compared to a non-encapsulated van der Waals complex of
the two fullerenes. As a result, the charge-separated states Ceo*@C240" and locally excited
strongly absorbing states lie in the same region of the electronic spectrum (2.4-2.6 eV) and
can be effectively populated. The CS states Ceo @Co40" lie ~0.5 eV higher in energy than the
states Ceo"@C240". The CT excitation energies are practically independent of the environment
polarity, unlike the situation observed for common donor-acceptor systems. An extremely
small solvent reorganization energy, 0.05 eV, has been found for ET within Ceo@Ca40 in
polar medium. Electronic couplings for photoinduced charge separation and charge
recombination processes have been calculated. The absolute rate of the formation of the CS
states Ceo"@C240” have been estimated at ~ 4 ps™. The unique electronic features found in the
molecule Ceo@Co40 are likely to be shared by other CNOs.
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