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ABSTRACT 

Over the last years, carbon nano-onions (CNOs) have been in focus in material science research. 

Their red-shifted absorption allows utilizing CNOs as promising photosensitizers. We report here 

a systematic study of excited state properties of six double-layered Li+ doped fullerenes of Ih 

symmetry: [Li@C60@C240]
+, [Li@C60@C540]

+, [Li@C60@C960]
+, [Li@C240@C540]

+, 

[Li@C240@C960]
+ and [Li@C540@C960]

+. On the basis of TDDFT calculations, we show that the 

long-wave absorption by the Li+ doped species leads to charge transfer (CT) between the inner and 

the outer shells unlike their neutral double-layered precursors. The CT energy depends strongly on 

the size of the concentric fullerenes and it can easily be tuned by varying both the encapsulated 

metal ion and the size of the shells. Two types of low-lying excited states are identified (1) 
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capacitor-like structures, as Li+@C60
-@C240

+, with alternating positive and negative charges, and 

(2) states, where the positive charge is delocalized over the outer shell, as in Li@C240@C540
+. We 

suggest a simple expression to estimate the energy difference of these excited states and to predict 

the type of the lowest CT state in nested fullerenes. The effect of nature of the encapsulated ion on 

the charge transfer state energies is considered. The HOMO – LUMO transition energy is found 

to vary significantly when going from [Li@C60@C240]
+ to [Li@C540@C960]

+. 

1. INTRODUCTION  

Multiwall fullerenes, also known as carbon nano-onions (CNOs), hyperfullerenes or onion-like 

fullerenes are spherical or polyhedral nanoparticles of pure carbon. They consist of several stacks 

of graphene-like shells; each of them forms a closed structure on a linear scale of 10 nm.1 

Discovered by Iijima2 in 1980 in amorphous carbon black, CNOs were synthesized and described 

by Ugarte3 only twelve years later. The first experimental observation of double- and triple-layered 

CNOs was reported by Mordkovich in 2000.4 Nowadays, different large-scale preparation 

approaches, such as decomposition of the carbon-containing precursor in presence of a catalyst,5 

thermal annealing of detonation nanodiamond powders,6,7 and others,8-11 exist for the synthesis of 

CNOs. Functionalized analogs of CNOs with largely improved solubility are used as electrode 

materials for capacitors,12,13 anode materials for Li-ion batteries,14,15 terahertz-shielding 

devices,16,17 and have numerous biological applications.18-21 Applicability of CNOs functionalized 

with NIR-emitting aza-borondipyrromethenes22,23 for high-resolution cellular imaging has also 

been reported. Additionally, it has been recently demonstrated that photoluminescence is observed 

in CNOs.24 Since preparation, separation, and analysis of properties of double- and triple-layered 

CNOs of a predetermined composition and structure are still very challenging25 and cumbersome, 
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computational modeling appears to be a quite attractive tool to predict ground and excited state 

properties of such systems. The relatively large size of CNOs, however, limits the use of high-

level ab initio and DFT methods. Among several considered CNOs, the smallest double-layered 

nano-onion C60@C240 is the most intensively studied model.26-29 The stabilization energy of CNOs 

is determined essentially by the dispersion interactions between layers and changes remarkably 

with their size.26-28 The interaction energy between the outer and the inner shells in C60@C240 is -

144.0 kcal/mol, whereas in C240@C540 it is -489.6 kcal/mol at PBE0-D3/def2-TZVP level of 

theory.28 The interactions between individual layers in triple-layered CNOs is found to be 

superadditive. 27  In particular, the stabilization energy in C60@C240@C540 is found to be by 25 

kcal/mol larger than the sum of interactions in C60@C240 and C240@C540.  

Here, we report a systematic computational study of structural and electronic properties in a 

series of double-layered CNOs constructed from Ih symmetrical fullerenes following the isolated 

pentagon rule (IPR), namely, C60@C240, C60@C540, C60@C960, C240@C540, C240@C960, and 

C540@C960, and their Li+ doped derivatives. The latter systems are particularly interesting because 

lithium-ion doped fullerenes show long lifetimes for charge separated (CS) states.30,31 Given that 

the CS states in Li+ doped CNOs are of the lowest energy, the main attention in this work is paid 

to analysis of electron transfer (ET) between the shells caused by light absorption. Two types of 

low-lying excited states are identified (1) capacitor-like structures, as Li+@C60
-@C240

+, with 

alternating positive and negative charges, and (2) states where the positive charge is delocalized 

over the outer shell, as in Li@C240@C540
+. The excitation energy is found to decrease from 1.70 

eV in [Li@C60@C240]
+ to 0.04 eV in [Li@C540@C960]

+ changing significantly the electrical 

properties of the systems. 
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2. COMPUTATIONAL DETAILS 

2.1 General Methods.  

Geometry optimization, electronic structures calculations and vertical excitation energies were 

calculated using Tamm-Dancoff approximation (TDA)32 with the range-separated CAM-B3LYP 

functional of Handy and coworkers33 using Gaussian 16 (rev. A03)34 and Pople’s 6-31G(d) basis 

set.35 The empirical dispersion D3 correction with Becke–Johnson damping36,37 was employed. 

TDA is a popular method in computational chemistry because it is formally simpler than the full 

Casida formalism by setting matrix B to zero (see Eqs. S3-S7, SI), thus saving computational 

time.38,39 It is also worthwhile to note that for a long-range CT state in the time-dependent density 

functional theory (TDDFT) the B matrix vanishes, which is equivalent to applying the Tamm-

Dancoff approximation. Thus, TDDFT and TDDFT/TDA yield identical results for the excitation 

energies of long-range CT states.39 Another benefit of the TDA is that it allows avoiding singlet 

and triplet instabilities and thus is highly useful for calculations of excited-state potential energy 

surfaces.40,41 It was also demonstrated that TDA is in a good agreement with both TDDFT and 

experimental band shapes for conjugated molecules.42 Isegawa and Truhlar showed that the TDA 

overestimates excitation energies as compared to TDDFT, but the average absolute error changes 

insignificantly.43 According to the systematic evaluations, the TDA performs better than the 

TDDFT in calculation of nonadiabatic couplings between ground and excited states. The 

correlation between TDDFT and TDA is good when hybrid functionals are used.43 Some 

discrepancies between TDDFT and TDA are observed for insulators, while for semiconductors 

they are negligibly small.38 Overall, the TDA is a safe way to simplify the original TDDFT 

formulation.44 Frontier molecular orbitals and molecular structures were visualized using the open-

source molecular builder and visualizer Avogadro.45,46 
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2.2 Simplified TDA (sTDA).  

It is known that TDA-DFT approach is practical for medium-sized systems.42 However, its 

applicability to systems with more than 5000 basis functions is extremely time-consuming. For the 

large systems, high density of electronic states exist already at common energies. The latter, in 

turn, can lead to unstable operation of the Davidson algorithm. Introduced recently by Grimme, 

sTDA method47 (simplified TDA) was used for characterization of the excited state properties of 

the studied systems. It solves the majority of problems by introducing basic approximations to the 

standard TDA-DFT treatment. sTDA employs atom-centered Löwdin-monopole based two-

electron repulsion integrals with the asymptotically correct 1/R behavior and perturbative single 

excitation configuration selection. The sTDA excitation energies are of good quality with typical 

deviations of 0.2–0.3 eV from experimental data available for EXC2647 and DYE1248 benchmark 

sets. The method was formulated for conventional hybrid functionals but works also good with 

long-range corrected/range-separated functionals.49 sTDA method comprises 3 global fit 

parameters and depends on the amount of Fock-exchange mixing parameter (ax) of density 

functional. The adaptation of ax parameter, responsible for non-local Fock-exchange, is necessary 

for a particular type of systems. TDA-DFT calculations for [Li@C60@C240]
+ were used as a 

reference for energetics. We have found that the best performance for the Li-doped CNO systems 

can be obtained with ax= 0.19. Comparison of spectra obtained with TDA-DFT approach and 

sTDA (with parameters: ax= 0.19, α= 0.90, β= 1.86) demonstrated the excellent performance of 

the latter. To be completely confident in sTDA performance, the energies of the first singlet excited 

state of [Li@C60@C540]
+ and [Li@C240@C540]

+ obtained with TDA-DFT and sTDA approaches 

were compared. According to the TDA-DFT method, the lowest singlet excited state in 
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[Li@C60@C540]
+ complex corresponds to HOMO-LUMO transition with the energy of 0.87 eV 

and is characterized by the formation of a charge separated state. The sTDA approach predicts the 

formation of the complex with the same structure with the energy of S0-S1 transition equals to 0.65 

eV. Thus, the difference in the predicted energies is 0.22 eV. The first singlet excited state for 

[Li@C240@C540]
+ complex corresponds also to HOMO-LUMO transition with an energy of 0.67 

eV and exhibits charge separated nature. At the same time, sTDA predicts a S0-S1 gap of 0.59 eV. 

Most importantly, sTDA approach reproduces correctly the nature of the CS states in both 

complexes. In this view, further calculations for all other systems were performed within sTDA 

method with the set of parameters denoted above. 

2.3 Analysis of excited states.  

The quantitative analysis of exciton delocalization and charge transfer in the donor-acceptor 

complexes was carried out using a tool suggested recently by Plasser et al.50,51 A key quantity is 

the parameter Ω: 
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where A and B are atoms, Fi and Fj are fragments, α and β are atomic orbitals, P0i is the transition 

density matrix for the 0 i excitation, and S is the overlap matrix. X(Fi) is the extent of exciton 
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localization on the site Fi.  q(𝐶𝑇𝐹𝑖→𝐹𝑗) is the total amount of the electron density transferred 

between the fragments in the 0 i excitation. q(CS) is a measure of the charge separation 

between fragments Fi and Fj. Note that in the situation when charge transfer FiFj, δq, is equal to 

the back transfer FjFi, charge separation between the fragments i jF F
q(CS )


  is equal to zero, 

whereas  q(𝐶𝑇𝐹𝑖→𝐹𝑗) is equal 2δq. 

 

3. RESULTS AND DISCUSSION 

First, we consider concentric symmetric complexes, C60@C240, C60@C540, C60@C960, 

C240@C540, C240@C960, and C540@C960, and their Li+ derivatives. For the smallest species 

C60@C240, the interaction energy is found to be -170.5 kcal/mol, which agrees well with previous 

estimates by Lein28 and Saielli26 obtained by different DFT functionals. The stabilization energy 

of complexes decreases dramatically as the size of the outer shell increases. For C60@C540 and 

C60@C960, the energies are -17.6 and -4.0 kcal/mol, respectively. A similar situation is observed 

for C240@C540 and C240@C960. Their interaction energies are -490.5 and -52.6 kcal/mol, see Table 

1. Interestingly, doping of these systems by Li+ leads to a noticeable stabilization associated with 

a superadditive effect similar to that found for the triple-layered CNOs.27 The stabilization energy 

in [Li@C60@C240]
+ is by almost 8 kcal/mol larger than the sum of the energies in the individual 

species [Li@C60]
+ and C60@C240. As expected, this effect decreases rapidly with increasing size 

of the outer shell (Table S1). 
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Table 1. Interaction energies (ΔEint, kcal/mol)a between CNOs layers obtained at CAM-B3LYP-

D3(BJ)/6-31G(d) level of theory. 

             Outer shell 

Inner shell 
C240 C540 C960 

C60 -170.46 -17.57 -4.02 

Li+@C60 -208.48 -49.09 -34.69 

C240 - -490.46 -52.60 

Li+@C240 - -503.64 -61.24 

C540 - - -973.96 

Li+@C540 - - -979.76 

a Interaction energies were calculated as a difference in electronic energies for particular CNO 

and energies of its individual fragments. 

Excited state properties of C60@C240 were previously studied using the semiempirical INDO/S 

method.29 It was shown that charge-separated states in this model lie higher in energy than locally 

excited states, and thus have a very short lifetime. However, it should be noted that INDO/S and 

many others semiempirical methods provide very inaccurate vertical IP and EA values that can 

lead to significant errors in the description of charge separated (CS) processes (Tables S2 – S4). 

Thus, using DFT methods for the description of ionization potentials is strictly required. 

Since the energy of locally excited states is defined mainly by the HOMO-LUMO (H-L) gap, 

we have checked how the H-L gap depends on the DFT functionals used. For this aim, we have 

compared our data obtained by CAM-B3LYP with values computed using the PBE0 hybrid 

functional.24 We have found that the H-L gap values obtained by the range-separated CAM-

B3LYP functional is more than 1 eV bigger as compared to those obtained with the PBE0 

functional (Table S5). At the same time, comparison of HOMO energies obtained by CAM-
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B3LYP and PBE0 functionals with experimental vertical ionization potential values (Table S3) 

allows us to state that CAM-B3LYP provides more reliable results. 

The lowest 80 singlet excited states of [Li@C60@C240]
+ lie in the range of 1.703 – 2.788 eV. 

The oscillator strength (f) of the electronic transitions is quite weak, with fmax = 0.166. The energies 

of 80 triplets are found in the range of 1.633 – 2.630 eV. Both charge shift and locally excited (LE) 

states are identified (see Table 2). Interestingly, 30 lowest singlets are the CS states. 22 lowest 

singlet excited states (1.703 – 2.152 eV) correspond to dipole-forbidden transitions (f is equal to 

zero) with a large charge shift ranging from 0.77 to 0.93e. By the excitations, the electron density 

is transferred from C240 to C60. The generated states, Li+@C60
-@C240

+, can be described as a 

molecular capacitor with the oppositely charged external and internal fullerenes. The negative 

charge is delocalized over C60, whereas the positive charge is located on C240. Taking into account 

that [Li@C60@C240]
+ system exhibits Ih symmetry, HOMOs are 5-fold degenerated, while LUMOs 

are 3-fold degenerated and exhibit -nature. All 30 lowest CS states correspond to the transitions 

from HOMO to LUMO or LUMO+1, which allowed us to assign these transitions as *. Three 

transitions at 2.158 eV are CS states with a charge shift of 0.95e. They are of particular interest 

because can be directly populated by light absorption (the total oscillator strength is 0.17). Five 

states at 2.202 eV are the CS states. 
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Table 2. Electronic properties of singlet excited states of C60@C240 and [Li@C60@C240]
+ 

computed by TDA-CAM-B3LYP. X – exciton localization and q(CS) – charge shift between the 

C60, C240 or Li sites.a 

Energy range (eV) Type Associated fragment Nc X(C240), au X(C60), au Δq(CS)d, e 

C60@C240 

2.196 – 2.403 LE C240 13 0.89 0.02 0.10 

2.489 Mix C60
δ-@C240

δ+ 5   0.31 

2.538 – 2.587 LE C240 12 0.92 0.00 0.04 

2.591 – 2.617 LE C60 7 0.10 0.74 0.06 

2.804 – 2.853 CS C60
-@C240

+ 10   0.69 

2.880 – 2.939  Mix C60
δ-@C240

δ+ 10   0.19 

2.950 (2.648)b Mix C60
δ-@C240

δ+ 3 0.48 0.02 0.46 

2.968 LE C60 5 0.01 0.49 0.08 

2.978–3.137 

(0.740)b 
Mix C60

δ-@C240
δ+ 14   0.22 

3.142 LE C240 1 0.95 0.00 0.00 

Li@C60@C240 

1.703–2.152 CS Li+@C60
-@C240

+ 22 0.05–0.21 0.01 0.77–0.93 

2.158 (0.166)b CS Li+@C60
-@C240

+ 3 0.04 0.01 0.95 

2.202 CS Li+@C60
-@C240

+ 5 0.12 0.01 0.88 

2.341–2.396 LE C240 10 0.91 0.01 0.08 

2.460–2.582 CS Li+@C60
-@C240

+ 15 0.29–0.43 0.01 0.57–0.70 

2.651 LE C60 3 0.00 0.93 0.01 

2.657 Mix Li+@C60
δ-@C240

δ+ 3 
0.67 

 
0.00 0.32 
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2.687–2.709 LE C240 and C60 13   0.01 

2.717 Mix Li+@C60
δ-@C240

δ+ 5 0.61 0.00 0.38 

2.788d CS Li@C60@C240
+ 1 0.01 0.01 0.95 

a The quantities X and Δq(CS) are defined by Eqs. 2 and 4, respectively. b Oscillator strength 

greater than 10-4 are shown in parentheses. c N – number of excited states in the given energy 

range. d CS occurs from C240 to C60 moieties in all listed transitions except for excited state of 

2.788 eV, where positive charge shifts from Li+ to C240.   

Ten transitions at 2.341 – 2.396 eV are localized on C240 and have zero oscillator strengths. 

Transitions with exciton localization on C60 are found at 2.651 eV. Twenty-one transitions in the 

range of 2.657 – 2.717 eV are also locally excited states. Several mixed states in this intermediate 

region exhibit partial charge shift (Δq is 0.32 – 0.38). Finally, the state at 2.788 eV corresponds to 

a new type of CS states, where the electron is transferred from C240 to Li+ moiety and characterized 

by Δq(CS) equals to 0.95e. Thereby, generation of the Li@C60@C240
+ complex is observed.  This 

CS state is associated with the transition from HOMO to LUMO+3 orbitals. Detachment orbital 

corresponds to  type, while attachment orbital is almost completely localized on the Li atom and 

corresponds to the  type.  
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Figure 1. Photoinduced charge separated states for [Li@C60@C240]
+ in singlet and triplet excited 

states. Red bars correspond to complex with structure Li+@C60
-@C240

+; green bar – 

Li0@C60
0@C240

+. Charges are in electrons. 

Analysis of 80 triplet excited states shows that the low-lying states correspond to the CS states. 

They are very similar to the corresponding singlet excited states, where the electron is transferred 

from C240 to C60 fragment (Table S6). The CS states for the Li+@C60@C240 complex are shown in 

Figure 1. The lowest singlet and triplet state energies are very similar, e.g. the S1 and T1 states are 

found at 1.703 and 1.633 eV, respectively. The same is also valid for singlets and triplets localized 

on C240. However, LE triplet states of C60 are by 0.20 eV lower in energy than the singlets. No 

Li@C60@C240
+ states were found within the studied 80 low-lying triplets.  
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For a better understanding of the Li+ doping effect, comparison of the excited states properties 

of Li+-doped system with pure C60@C240 has been performed. According to TDA-CAM-B3LYP 

calculations, the considered 80 excited states of C60@C240 are located in the range of 1 eV, with 

the lowest excited state characterized by the energy value of 2.20 eV. Nature of the 1st excited state 

can be characterized as locally excited state located mainly on the C240 fragment. Next several 

absorptive states were detected in the range of 2.95-3.14 eV (Table 2). In all cases, exciton is 

localized at the C240 moiety.  In the studied energy range (1 eV/ 80 excited states), CT states with 

other nature were not found. Thus, doping of the C60@C240 system with Li+ leads not only to a 

notable red shift of the absorption spectra (by ca. 0.5 eV), but also to significant stabilization of 

CT form (by ca. 0.8 eV). Moreover, the magnitude of charge separation in CT states in 

[Li@C60@C240]
+ becomes larger compared to C60@C240 system. At the same time, the effect of 

Li+ dopant on the positions of LE states located on both C240 and C60 fragments can be rated as 

minimal (Table 2). The latter allowed us to predict that highly absorptive states of [Li@C60@C240]
+ 

complex should be located at 2.90-3.00 eV energy range, similarly to the original C60@C240 

system.  

For the prediction of the excited states energies for giant CNOs, the sTDA method was used. It 

was pre-calibrated according to TDA-DFT data in the way to reproduce the CS energies in 

[Li@C60@C240]
+ complex. The configuration space was restricted to 3 eV. Figure 2 demonstrates 

energetic diagram for the ground and first singlet excited state, as well as the frontier molecular 

orbitals (HOMO-LUMO) of the studied system. 
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Figure 2. Frontier molecular orbitals (HOMO, LUMO) and relative energies of ground and first 

excited states, which in all cases correspond to HOMOLUMO transition associated with charge 

transfer from the outer shell to inner fragment. The red and black lines show the energies computed 

with CAM-B3LYP/6-31G* and sTDA, respectively.  

In the large systems, the lowest excited states correspond to CS excitations as in the smallest 

[Li@C60@C240]
+ complex. The analysis of excited state energies and molecular orbitals revealed 

two interesting features. First, the CS character of the first excited state depends on the size of the 

inner shell. If the inner shell is C60, the S1 state is of the capacitor-like type, Li+@C60
-@CYYY

+, 

which is generated by ET from the outer shell to the inner shell. However, the nature of the lowest 

CS states will change when the size of the encapsulated cage increases. For the complexes 

[Li@C240@C540]
+, [Li@C240@C960]

+, and [Li@C540@C960]
+, the ET occurs from the outer shell to 
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Li+ with the formation of Li@@CXXX@CYYY
+ state. This switch between the two types of states 

results from the change of the LUMO character of Li+@CXXX@CYYY that is located in the inner-

cage for small inner fullerenes and in the Li+ for large inner fullerenes. Thus, for the systems where 

Li+ is encapsulated into C240 and higher fullerenes, Li+ becomes a stronger electron acceptor than 

the cage. 

These results can be explained as follows. In the considered complexes, two types of CS states 

exist: CS1, Li@X@Y+, formed by ET from outer shell Y to Li+, and CS2, Li+@X-@Y+, generated 

by charge separation between X and Y. We consider the ground state, Li+@X@Y, as a reference. 

CS1 is generated when 1 electron is fully transferred from the outer shell Y to Li+, and its energy 

is determined by the difference in the ionization potentials (IP) of the outer shell Y and the Li 

atom. 

𝐸𝐶𝑆1 = 𝐼𝑃(𝑌) − 𝐼𝑃(𝐿𝑖)         (5) 

The CS(2) energy is determined by eq. (6) 

𝐸𝐶𝑆2 = 𝐼𝑃(𝑌) − 𝐸𝐴(𝑋) +
𝑞(𝑋)𝑞(𝐿𝑖)

𝑅𝑋
+

𝑞(𝑌)𝑞(𝐿𝑖)

𝑅𝑌
+

𝑞(𝑋)𝑞(𝑌)

𝑅𝑌
 ≅ 𝐼𝑃(𝑌) − 𝐸𝐴(𝑋) −

14.4

𝑅𝑋
 (6) 

Here, IP(Y) is the ionization potential of the shell Y, EA(X) is the electron affinity (EA) of the 

inner shell X. Last 3 terms correspond to electrostatic interactions of the charges on X (q(X)=-1), 

Y (q(Y)=1), and Li (q(Li)=1). RX and RY are the effective radii of the inner and outer shells in Å. 

All energies are in eV.  

The sign of the energy difference of CS1 and CS2, Δ= ECS2-ECS1, indicates which state of the 

two CS states will be generated. 

∆= 𝐼𝑃(𝐿𝑖) − 𝐸𝐴(𝑋) −
14.4

𝑅𝑋
         (7) 



16 

 

The IP, EA, R and Δ values for C60, C240, and C540 are listed in Table 3. We note that Δ in Eq. 

(7) depends only on internal part of the system (IP of encapsulated metal, EA and radius of the 

inner shell). 

Table 3. Vertical ionization potentials and electron affinities (IP and EA) for selected fragments, 

average radii (R) of outer and inner shells, CS1 and CS2 energies for [Li@C60@C240]
+ and  

[Me@C240@C540]
+ (Me=Li, Cs). All energies are in eV. 

Frag. IP EA Ra, Ǻ [Li@C60@C240]
+  [Li@C240@C540]

+ [Cs@C240@C540]
+ 

Li 5.59   

Δb = -0.24 Δb = 1.17 

 

 

Δb = -0.50 

Cs 3.92   

C60  1.76 3.537 

C240  2.38 7.051 

C540  2.82 10.520 

a determined as the mean distance between each atom and the centre of the shell; b Δ = ECS2- ECS1 

 

The negative  found for [Li@C60@C240]
+ suggests that the CS2 is its lowest excited state. In 

turn, the positive  for [Li@C240@C540]
+ means that the CS1 state will be generated first. These 

predictions are in good agreement with the TDDFT calculations.  

Eq. 7 can be generalized for arbitrary systems Me@X@Y, where X is a Goldberg-type fullerene 

CN (N=60m2, m=1, 2, 3 …). 

∆= 𝐼𝑃(𝑀𝑒) − 0.475(ln 𝑁 + 67𝑁−
1

2 − 0.42),      (8) 

where IP(Me) is the ionization potential of the encapsulated species (in our systems, Me = Li), and 

N is the number of carbon atoms in the inner shell. The second term in Eq. (8) describes the derived 

dependence of EA(X) and RX on N (the size of the inner shell X). 
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To check the proposed expression for prediction of the type of lowest CS transition in nested 

fullerenes Me@X@Y, let us compare two CNOs: [Li@C240@C540]
+ and [Cs@C240@C540]

+. In line 

with Eq. (8), the nature of CS in these systems should be different. In [Li@C240@C540]
+,  is equal 

to 1.17 eV (Table 3) and the lowest CT transition corresponds to ET from the outer shell to Li+. A 

negative value of  found for [Cs@C240@C540]
+, =-0.50 eV, suggests the alternative type of CS 

where an electron is transferred between the outer and inner shells. To verify this result, we 

performed TDA calculations of [Cs@C240@C540]
+. The analysis of the lowest excited state in this 

latter system shows that the CS state is formed by ET between the shells. In contrast, TDA 

calculations of [Li@C240@C540]
+ predict that the lowest CS in this complex is generated by ET 

from the outer shell to Li+. Thus, Eq. (8) allows one to predict correctly the type of the lowest CS 

state in the doped double-layered CNOs. Note that the energy of the CS state in [Li@C240@C540]
+ 

(0.67 eV), differs substantially from that in [Cs@C240@C540]
+ (1.62 eV). The frontier molecular 

orbitals representing the lowest excited states in Li+ and Cs+ doped systems are shown in Figure 

S2, SI. 

As expected, the HOMO-LUMO energy gap in double-layered CNOs is quite sensitive to the 

size of systems. For the smallest CNO, [Li@C60@C240]
+, the energy gap is found to be 1.70 eV, 

whereas very small gaps were found in the large complexes, [Li@C240@C960]
+ and 

[Li@C540@C960]
+ (0.09 and 0.05 eV, respectively). Such small gaps may lead to metallic-like 

properties of the systems. Fig. 2 demonstrates a qualitative trend in HOMO-LUMO gap. Overall, 

the energy gap can easily be tuned by varying both the encapsulated metal ion and the size of the 

external shell. 
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Effect of the Li+ ion encapsulation 

As demonstrated above, the encapsulation of Li+ ion leads to considerable changes in the 

electronic structure of CNOs. In particular, the energy gap decreases dramatically. In C60@C240, 

the energy gap between GS and CS reduces from 2.20 to 1.70 eV (Table 4). This can be explained 

as follows. In neutral (undoped) complexes, the lowest excited state is the LE state localized on 

the C240 moiety. Their HOMO and LUMO orbital energies, as well as the energy of LE states are 

almost identical to those in isolated C240, because orbital interaction between the shells is weak. In 

contrast, in the Li+ derivative the lowest excited state is the CS state with electron and hole 

localized on C60 and C240, respectively. As expected, the energy of LE states is almost insensitive 

to Li+ (Table 4). When passing from C60@C240 to [Li@C60@C240]
+, the energy of LE (C240) 

changes only by 0.15 eV, whereas LE (C60) changes by 0.09 eV. However, the energy of the CS 

state corresponding to electron transfer from the outer shell to the inner shell changes by more than 

1 eV.  

Because of different nature of the first excited states in doped and undoped species, a great 

change in energy gap is observed. Additionally, we checked the effect of Li+ location on excited 

state electronic properties of the [Li@C60@C240]
+ complex. Conformer with Li+ located not in the 

center of fullerenes is more stable compared to the centered one by 4.7 kcal/mol. As can be seen 

from Table 4, the electronic properties (energetics of LE and CT states) for both conformers are 

nearly identical. Therefore, all the systems studied in this work have been considered with 

icosahedral symmetry to reduce the computational cost. 
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Table 4. Electronic properties of singlet excited states (in eV) of C60@C240 in centered and 

uncentered [Li@C60@C240]
+ computed with the TDA-CAM-B3LYP method. 

 

   

C60@C240 
[Li@C60@C240

]+ 

centered 

[Li@C60@C240
]+ 

uncentered 

LE (C240) 2.196 2.341 2.336 

LE(C60) 2.560 2.651 2.601 

CS (C60
-@C240

+) 2.804 1.703 1.668 

HOMO(C240) -6.356 -8.206 -8.204 

LUMO (C240) -2.705 -4.402 -4.409 

HOMO(C60) -7.191 -9.944 -9.888 

LUMO (C60) -2.180 -5.097 -5.137 

 

Note that the energies of the orbitals localized on the inner (C60) and outer (C240) spheres 

decrease by ~ 3 and 2 eV, correspondingly (see data for HOMO and LUMO in Table 4). The shifts 

can be approximately estimated as 14.4
𝑄

𝑅
 eV, where Q is the charge on the metal and R is the 

radius of the sphere in Å.  

An alternative explanation of small adiabatic gap for Li+-doped CNOs can also be provided. For 

a weakly interacting donor and acceptor (D-A) system, the adiabatic gap (E) is defined by the 
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energy of isolated donor and acceptor (D and A), and the electronic coupling (VDA) of the diabatic 

states:52  

∆𝐸2 = (𝜀𝐷 − 𝜀𝐴)2 + 4𝑉𝐷𝐴
2          (9) 

In the case where the diabatic states are nearly degenerated (D  A), the adiabatic gap is defined 

by VDA 

∆𝐸 = 2|𝑉𝐷𝐴|           (10) 

It was previously shown that depending on the character of the diabatic states, the electronic 

coupling in CNOs is in the region of 0.001 – 0.1 eV.29 Thus, change in the character of the lowest 

excited state due to inserting of Li+ ion may lead to a small gap value when the donor and acceptor 

states have similar energies. 

 

CONCLUSIONS 

The excited state properties of six double-layered CNOs and their Li+ doped derivatives have 

been studied in detail using TDDFT and sTDA methods. We have shown that the lowest excited 

states of the Li+-containing systems correspond to charge separated states. Two types of the CT  

states have been identified: (1) states with alternating charges in CNOs containing the C60 as inner 

shell, e.g. Li+@C60
-@C240

+, and (2) states with a positive charge on the outer shell in CNOs with 

a bigger inner shell, e.g. in Li@C240@C540
+. This switch between the two types of CS states results 

from the interchange of the LUMO localized on the inner cage and Li+. We have suggested a 

simple expression to estimate the energy difference in these states and thus to predict the type of 

the lowest CS state in the nested fullerenes [Me@X@Y]+: ∆= 𝐼𝑃(𝑀𝑒) − 0.475(ln 𝑁 + 67𝑁−
1

2 −

0.42). 
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Table S1 lists the formation energy of the CNOs, the interaction energies between the CNOs 

layers and the superadditivity energies. Comparison of electronic properties calculated by 

semiempirical methods and TDA-DFT is given in Tables S2-S4. Table S5 shows the HOMO-
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