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Photoinduced electron transfer in Nano-Saturn complexes of 
fullerene   

 Olga A. Stasyuk,a Anton J. Stasyuk,a* Miquel Sola,a* and Alexander A. Voityuka,b*

The photoinduced electron transfer is studied computationally in 

several Saturn-shaped inclusion complexes of carbo-aromatic rings 

and C60 fullerene – C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60. 

Analysis of their structural and electronic properties shows that the 

charge separation process is efficient in C120⊃C60 and C168⊃C60 

where the host molecule resembles the conjugated [24]circulene 

unit. In contrast, the electron transfer is not feasible in the 

oligophenylene-based rings C72⊃C60 and C96⊃C60 complexes. 

In the past few decades, great efforts have been made to design 

and manufacture compounds that can efficiently mimic natural 

photosynthetic systems.1 A suitable combination of donor (D) 

and acceptor (A) units is the main requirement in the 

development of photovoltaic systems in which long-lived 

charge-transfer (CT) states can be generated with a high 

quantum yield.2 Effective communication between D and A 

connected by a molecular spacer may essentially be influenced 

by its structural and electronic features.3 For this reason, D-A 

systems that are assembled via non-covalent interactions and 

have no spacer are of particular interest for photo-induced 

electron transfer (PET). 

For the last decade, complexes of fullerenes with 

cycloparaphenylenes (CPPs) and their -extended analogs (so-

called nanorings and nanobelts) have attracted a significant 

attention due to their properties arising from a distorted and 

strained aromatic system, and radially oriented π-orbitals.4 The 

CPPs complexes have relatively high binding constants so that 

many of them can be isolated and structurally characterized. 

The photophysical properties of the complexes can be varied 

significantly by changing both the inner and outer subunits. The 

electron transfer capability of certain systems makes them a 

promising platform for the development of photovoltaic 

devices.5 A rather unusual type of the host-guest compounds in 

which the disc-shaped ring of the host resembles the rings of 

the planet Saturn. The first example of such complexes 

assembled by C60 and cyclohexabiphenylene was shown by 

Kigure et al. and was termed “nano-Saturn”.6 In contrast to 

other types fullerene complexes, not much is known about the 

nano-Saturn systems because of their relatively low stability 

caused by a smaller contact area between the host and guest 

molecules.7 

All known nano-Saturn complexes can be divided into two 

groups depending on the ring nature: (1) macrocycles based on 

heteroaromatic molecules, e.g. oligothiophenes8 and Cu-

methylimidazolate assemblies9 and and (2) macrocycle based 

on aromatic hydrocarbons, e.g. cyclohexabiphenylene (C72H48),6 

1,3-phenylene-bridged hexameric naphthalene (C96H60),10 and 

cyclic anthracene hexamer (C120H72) rings.11 Recently synthesis 

of large-cavity coronoids with different inner and outer edge 

structures has been reported.12 The newly synthesized 

[6]coronoid (C168H60) is a macrocyclic conjugated hydrocarbon 

which consists of circularly fused benzenoid rings and has a 

cavity of 1.40±0.05 nm in the center. High resolution scanning 

tunneling and atomic force microscopy techniques reveled its 

flat structure. The rigid structure of C168H60 and the cavity 

diameter make this ring ideal for the formation of a nano-Saturn 

complex with C60 fullerene, C168⊃C60. 

In this work, we report electronic properties of four Saturn-

shaped complexes C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60 

(Figure 1), and explore their ability for photoinduced electron 

transfer. The non-covalent interactions between the host and 

guest fragments are studied using the topological analysis 

performed using the Bader Atoms in Molecules theory (QTAIM) 

and the reduced density gradient non-covalent index (RDG NCI). 

The four structures under consideration can be divided into two 

groups based on the structural motif of the ring (1) 
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oligophenylene rings, which consist of alternating six m-

phenylene and six p-phenylene units (C72H48), or its structural 

analog with naphthalene-1,4-diyl units (C96H60) and (2) 

[24]circulene-like rings, hexamer of anthracene-2,7-diyl units 

(C120H72) and [6]coronoid (C168H60). The last ring is a highly 

conjugated hexamer of 14-phenylbenzo[m]tetraphene. The 

formation of nano-Saturn systems were previously reported for 

C72H48, C96H60, and C120H72.9-11 The structural similarity of these 

rings and the newly synthesized [6]coronoid encouraged us to 

compare their response to photoexcitation. We consider 1:1 

complexes of the rings with C60 in their equilibrium geometries. 

The structures (see Figure 1) were optimized using the B3LYP-

D3(BJ)/def2-SVP scheme. The excited state calculations were 

performed using the time-dependent DFT formalism with the 

range-separated CAM-B3LYP functional13 (computational 

details are provided in the SI). 
Figure 1. HOMO and LUMO energies of the host and guest molecules and their 

complexes. 

As seen from Figure 1, the HOMO of the complexes is localized 

on the ring and its energy is similar to that of the host molecule. 

LUMO is localized on C60 in all complexes. The energy of LUMO 

changes by less than 0.35 eV when passing from free C60 to one 

of its Saturn complexes. 

It is well known that even relatively small polyacenes can show 

a significant multi-configurational character. Biradical nature of 

all systems studied in this work has been tested using broken-

symmetry technique. In all cases, closed-shell singlet state was 

found to be the ground state.  

To estimate the stability of the complexes, the interaction 

energy (Eint) between a ring and fullerene was computed. Eint 

is found to be -27.6, -43.7, -22.8 and -24.0 kcal/mol in C72⊃C60, 

C96⊃C60, C120⊃C60, and C168⊃C60, respectively. Interestingly, the 

interaction energy in C96⊃C60 is almost twice as large as that in 

other complexes. To understand the observed difference and 

gain an access to the interaction topology between the 

fragments, a series of QTAIM14 calculations have been 

performed. Several topological parameters were calculated at 

the bond critical points (BCPs) (see Table S1). Two types of the 

host-gest interactions were revealed in C72⊃C60 and C96⊃C60: 

the  ∙∙∙interaction between the -electron systems of the 

fragments and the CH∙∙∙ interaction. In the case of C72⊃C60, the 

CH∙∙∙ interactions is dominant, whereas the ∙∙∙interaction is 

dominant in C96⊃C60 (see Table S1, SI). In view that 

∙∙∙interactions are generally stronger than CH∙∙∙,15 the 

binding energy in the C96⊃C60 complex is larger than in C72⊃C60. 

In the C120⊃C60 and C168⊃C60 complexes, only CH∙∙∙ interactions 

were found (see Figure S1). 

Also we analyzed the non-covalent index (NCI) in the systems.16 

For the C120⊃C60 and C168⊃C60 complexes, the NCI isosurfaces 

are narrow and located strictly between CH groups of the ring 

and C60 unit. In case of C72⊃C60, and especially in C96⊃C60 

complex, the NCI isosurface is significantly wider. The reduced 

density gradient (RDG) plots and NCI isosurfaces are presented 

in Figures S2 and S3, SI. Different zones on the isosurfaces 

corresponds to the CH∙∙∙ and ∙∙∙interactions. Their 

comparison enables a better understanding of the noncovalent 

bonding in the systems. 

Simulations of the excited states were performed using the 

TDA-DFT method with the CAM-B3LYP-D3(BJ)/def2-SVP scheme 

(see SI for computational details). The guest (C60) and the host 

molecule contributions to the excited state electronic density 

were analyzed for the lowest 100 excited states of each 

complex.   

Table 1. Singlet excitation energies (Ex, eV), main singly excited configuration 

(HOMO(H)–LUMO(L)) and its weight (W), oscillator strength (f), and extent of 

charge separation (CT, e) or exciton localization () in the host-guest systems. 

 Supramolecular host-guest systems 

C72⊃C60 C96⊃C60 C120⊃C60 C168⊃C60 

 LE1 (Fullerene C60) 

Ex 2.540 2.554 2.569 2.566 

Transition 

(W) 

H-3 – L 

(0.53) 

H-2 – L+1 

(0.23) 

H-8 – L+1 

(0.30) 

H-13 – L+3 

(0.29) 

f <0.001 <0.001 <0.001 <0.001 

 0.953 0.935 0.979 0.989 

 LE2 (Host) 

Ex 4.932 4.282 3.391 2.356 

Transition 

(W) 

H-1 – L+9 

(0.11) 

H-1 – L+7 

(0.11) 

H – L+6 

(0.37) 

H – L+8 

(0.20) 

f 0.011 <0.001 0.047 <0.001 

 0.940 0.964 0.992 0.995 

 Most absorptive transition 

Ex 4.967 4.391 4.150 2.648 

Transition 

(W) 

H-2 – L+9 

(0.10) 

H-1 – L+6 

(0.10) 

H-5 – L+8 

(0.17) 

H – L+6 

(0.13) 

f 2.082 0.907 4.620 9.195 

Localiz C72 C96/C60 C120 C168 

 0.767 0.44/0.44 0.976 0.993 

 CT (Host   Fullerene C60) 

Ex 3.405 3.383 2.277 1.964 

Transition 

(W) 

H – L+1 

(0.64) 

H-3 – L+2 

(0.19) 

H – L 

(0.79) 

H – L 

(0.96) 

f <0.001 <0.001 <0.001 <0.001 

CT 0.965 0.955 0.994 0.991 

 

Three types of excited states were identified: (1) locally excited 

(LE) states, where excitation is mostly localized on a single 

fragment with charge separation value CS < 0.1e. In turn, there 

are two types of LE excitations: LE1 that occurs within C60, and 

LE2 that occurs within the host molecule; (2) charge transfer (CT) 
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states with the electron density (CS > 0.9e) transferred between 

the fragments and thus charge separation (CS) is observed and 

(3) mixed states with a significant contribution of both LE and 

CT (0.1e < CS < 0.9e). The vertical excitation energies of C72⊃C60 

and C96⊃C60 are found in the range from 2.5 to 5.0 eV. In both 

systems, LE1 states have the lowest energy. The LE2 states are 

significantly higher in energy (by 2.39 eV in C72⊃C60 and 1.73 eV 

in C96⊃C60). Only one type of CT states, with structure Host+ 

Guest-, is found among 100 lowest states. These states lie at 

3.40 eV and are characterized by almost complete charge 

separation (Table 1). The CT states Host- Guest+ are of higher 

energy (>5 eV) and were not detected within studied 100 

excited states. We note that the CT transitions have weak 

oscillator strengths (f < 0.001) and cannot be populated by 

direct light absorption. 

As seen from Table 1, the excited state properties of the 

complexes change dramatically as the size of the host molecule 

increases. The energy gap between LE1 and LE2 states becomes 

noticeably smaller. In particular, the LE2 state in C168⊃C60 

complex becomes the lowest one, although the energy of LE1 

state remains almost unchanged. The energy of the CT state 

also depends strongly on the host size. The CT states in the 

systems correspond to electron transfer from the host ring to 

C60 and can be described as host+⊃C60
-. Because C120H72 and 

C168H60 are much better electron donors than C72H48 and C96H60 

(see HOMO energies on Figure 1), the corresponding CT states 

have a lower energy. In fact, the CT states in C120⊃C60, and 

C168⊃C60 become the lowest-lying excited state. Among the 

studied complexes, C168⊃C60 seems to be the most promising. It 

has enormously high light absorption in the green-blue region, 

which makes the complex an ideal candidate for organic 

photovoltaics. In addition, we analyzed selected excited states 

with the natural transition orbital (NTO) method.17 The NTOs 

representing the LE and CT states are shown in Figures S4-S7 for 

all studied complexes. 

A well-proven COSMO-like model18 with dichloromethane 

(DCM) as the solvent was applied to estimate the effect of polar 

environment on electronic excitations. The ground state (GS) 

solvation energies of C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60 

are equal to -0.07, -0.09, -0.13, and -0.14 eV, respectively.  

Figure 2. Relative energies (in eV) of LE and CT states for C72⊃C60, C96⊃C60, 

C120⊃C60, and C168⊃C60 complexes computed in vacuum (VAC) and 

dichloromethane (DCM). 

The high symmetry of the studied complexes and the ability of 

the host and guest molecules to effectively delocalize an extra 

charge suggest that solvation energies of the CT states should 

not be large. A change in the dipole moment by LE excitation 

does not exceed 1.0D. The dipole moment difference between 

the CT and GS states is calculated to be 22.2, 0.7, 0.8, and 11.0 

D for C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60, respectively. The 

solvation energies found for the CT states in the complexes are 

similar, -0.68, -0.59, -0.42 and -0.54 eV for C72⊃C60, C96⊃C60, 

C120⊃C60 and C168⊃C60, respectively. The dipole moment 

changes and the solvation energies are listed in Table S2.  Figure 

2 shows the solvent effects on the LE and CT excitations in the 

complexes. The solvent stabilization of the CT state in C72⊃C60 

and C96⊃C60 is insufficient to reorder the CT and LE states when 

passing from the gas phase to the DCM solution. However, the 

CT states in C120⊃C60 and C168⊃C60 are already the lowest and 

the gap between the LE1 and CT states increases as these 

complexes are solvated. Thus, the population of the CT states 

due to electron transfer between the host and guest molecules 

is expected to be more efficient in the solvent (provided that 

the reaction remains in the normal Marcus region). 

As expected, the CT states in the complexes are characterized 

by a very weak oscillator strength and therefore cannot be 

effectively populated by light absorption. However, they can be 

generated by the decay of the lowest LE states. The semi-

classical method proposed by Ulstrup and Jortner19 was used to 

compute the rate for charge separation and charge 

recombination. The rate is controlled by four parameters: 

electronic coupling |Vij| of the initial and the final states, 

solvation reorganization energy s, reaction Gibbs energy G0, 

and effective Huang-Rhys factor Seff as a function of internal 

reorganization energy i (for details see the methodological 

section in SI). The rates were computed using the effective 

frequency of 1600 cm-1, which corresponds to the stretching of 

C=C bonds. Note that the calculated ET rate does not change 

significantly by changing the effective frequency from 1400 to 

1800 cm-1. 

Table 2. Gibbs energy G0, electronic coupling |Vij|, solvent (s) and internal (i) 

reorganization energy, and the ET rate kx (in s-1) for CS and CR processes for 

C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60 in DCM. 

System Trans. G0,[a] eV |Vij|, eV i[b] s kx, s-1 

C72⊃C60 LE1  CT 0.259 6.65∙10-3 0.268 0.374 3.61∙107 

C96⊃C60 LE1  CT 0.332 8.10∙10-4 0.260 0.266 4.45∙104 

C120⊃C60 
LE1  CT -0.289 1.27∙10-4 0.171 0.273 5.72∙108 

CT  GS -1.987 3.49∙10-4 0.189 0.273 1.60∙104 

C168⊃C60 
LE1  CT -0.788 7.93∙10-4 0.105 0.351 2.77∙109 

CT  GS -1.567 9.47∙10-5 0.118 0.351 3.57∙104 

[a] Gibbs energy difference between the final and initial states. [b] Internal 

reorganization energy defines effective Huang-Rhys factor Seff = i/ħweff, where 

ħweff set to 1600 cm-1 

The systems are characterized by a relatively small internal 

reorganization energy, which ranges from 0.10 to 0.27 eV. For 

instance, the contribution of the host molecule into i of 

C168⊃C60 complex, is as small as 0.012 eV, which is due to a high 

delocalization of the positive charge within the molecule C168. 

The charge separation reaction in C72⊃C60 and C96⊃C60 has a 
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positive Gibbs energy and, therefore, is slow. The estimated 

rate is 3.61∙107 and 4.45∙104 s-1, respectively (see Table 2). 

The photoinduced electron transfer in C120⊃C60 occurs in 

normal Marcus regime (|G0| < ) on the nanosecond time 

scale with the characteristic time ET of 1.74 ns. For C168⊃C60, 

the reaction takes place in inverted Marcus regime (|G0| > ) 

with ET =0.360 ns. The charge recombination reaction for both 

C120⊃C60 and C168⊃C60 takes place in the deep inverted Marcus 

region (|G0
 | ≫ ) and occurs on the microsecond time scale 

(the corresponding CR is equal to 28 and 63 µs). 

Summarizing, the photoinduced charge separation and charge 

recombination reactions have been studied in the nano-Saturn 

complexes C72⊃C60, C96⊃C60, C120⊃C60, and C168⊃C60 using the 

TD‐DFT approach. The inclusion complex C168⊃C60 based on -

extended [6]coronoid is the first hydrocarbon-based nano-

Saturn complex with truly flat ring. It is characterized by a high 

intensity of the light absorption in the visible spectrum and has 

promising PET properties. The CT state C168
+⊃C60

- can be 

populated on the sub-nanosecond time scale. The charge 

separation in the structurally similar complex C120⊃C60 has been 

found to be slightly less efficient. The electron transfer in the 

oligophenylene-based complexes C72⊃C60 and C96⊃C60 is much 

slower due to its negative driving force. 
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