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Abstract
The ability of fullerene to form stable π → π-complexes was studied by quantum-chemical methods and the fluorescence 
quenching of reference dye (thiochrome). The correlation between the theoretically calculated and experimentally obtained 
energy of the π → π-complexes was determined. The energy of the stack interaction between fullerene and some biological 
active compounds, derivatives of 1,3-oxazoles, containing donor/acceptor substituents was estimated.

Keywords Fullerene · Acceptor property · π → π-complex · Stack interaction · Quantum-chemical and spectral methods · 
1,3-Oxazoles

Introduction

Physical and chemical, biological and pharmacological prop-
erties of fullerenes as nanoparticles have found applications 
in the clinical practice, in particular due to their antioxidant 
properties, possibility to inactivate free radicals, reduce 
oxidative stress, lipid peroxidation and neuronal membrane 
destruction (Li et al. 2008; Jain 2005; Kovtun et al. 2007). 
Fullerenes are potential carriers of drugs and radioactive 
labels: in the cavity during the synthesis process the drugs, 
radioactive particles can be placed (for the direct influence 
of diseased cells); they are used as a transporters for drugs 
because the "packaged" form of C60 will not cause toxic 
effects on the body and as a safe X-ray contrast agents in 

radiodiagnostics (Najam-ul-Haq et al. 2007; Movchan 2007). 
Studies have shown that C60 derivatives do not cause good 
or malignant neoplasms in animals after 2 months from the 
start of treatment, so fullerene is considered to have a very 
low level of cytotoxicity (Satoh and Takayanagi 2006). It has 
been experimentally proven that the human body can pro-
duce antibodies to fullerenes. The property of these specific 
anti-fullerene antibodies adsorbed on the surface of fullerene 
enable them to be used as cellular probes in immunology 
and to better investigate the function of the body’s immune 
system (Ixhaky and Pecht 1998; Veetil and Ye 2007; Prato 
et al. 2008).

A number of studies have shown that fullerenes can attach 
molecules and fragments of DNA without altering their 
biological properties. By providing DNA/fullerene-nano-
particles with cytotropic properties they can serve as direc-
tional vectors in the body. These vectors are more efficient 
than the similar vectors studied earlier (Jensen et al. 1996; 
Nakamura and Isobe 2003). By a similar principle, fullerene 
molecules are used as vehicles for pharmacological drugs. 
Addition of the special chemical groups and substances to 
a fullerene molecule provides solubility in polar or non-
polar compounds, sensivity to different organs, tissues and 
cells, and other properties. This allows applying fullerenes 
as biosensors that report changes in the body (Veetil and Ye 
2007; Harrison and Atala 2007). Numerical applications of 
fullerene C60 in pharmacology are due to extraordinary high 
acceptor property of its collective π-electron system.

 * Nataliya Obernikhina 
 nataliya.obernikhina@gmail.com

1 Department of Bioorganic and Biological Chemistry, O.O. 
Bogomolets National Medical University, 13 T. Shevchenko 
boul., Kyiv 01601, Ukraine

2 National University of “Kyiv-Mohyla Academy”, 2 
G. Skovoroda Str., Kyiv 04070, Ukraine

3 Department of Chemistry of Bioactive Nitrogen-Containing 
Heterocyclic Compounds, V.P. Kukhar Institute 
of Bioorganic Chemistry and Petrochemistry NASU, 1 
Murmanskaya Str., Kyiv 02094, Ukraine

4 Faculty of Physics, Taras Shevchenko National University 
of Kyiv, 60 Volodymirska Str., Kyiv 03127, Ukraine

http://orcid.org/0000-0003-1143-8924
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-019-01225-9&domain=pdf


1346 Applied Nanoscience (2020) 10:1345–1353

1 3

The purpose of our work was to study the mechanism of 
interaction of some conjugated molecules, primarly, substi-
tuted 1,3-oxazoles as far as these compounds exhibit a wide 
range of biological activities, including cytotoxicity (Sasse 
et al. 2002), immune suppression (Lawrence et al. 2001), 
antibacterial and antiviral activities (Borst 1999; Cameron 
et al. 2002; Rodnina et al. 1999; Johnson and Johnson 1993); 
then they have shown themselves as powerful scaffold in 
drug design, especially, highly active anticancer agents (Liu 
et al. 2009; Chen et al. 2011; Kachaeva et al. 2018; Meervelt 
et al. 1995).

Materials

The molecules of fullerene C60 1, tiochrome dye 2 and some 
biological active 1,3-oxazole derivatives 3–8, are presented 
in Fig. 1.

Here,  R1 is conjugated substituent; it can essentially affect 
on the donor/acceptor properties of main oxazole cycle. We 
will consider influence of the donor substituents 6, 7 accep-
tor substitution 8 and ambivalent phenyl residue 4; these 
compounds were studied as the cancer chemotherapeutic 
agents (Kachaeva et al. 2019a and refers therein).

Methodology

Materials

Fullerene 1. Previously it was proved that the fullerene 
with its spherical constitution is a strong acceptor (Pav-
lenko et al. 2018). In our work we used fullerene as a 

reference molecule for investigation π-stack interaction 
with the studied compounds 2–8. Water-soluble form of 
fullerenes  C60, pyrrolidine tris-acid ethyl ester, purity 
97%, was purchased from Sigma Aldrich.

Thiochrome 2. Previously thiochrome was used in bio-
chemical analysis as a substance for confirming the struc-
ture of thiamine (Parkhomenko et al. 2012). We consider 
the thiochrome as a detector the complexes formation 
(with fullerene and 1,3-oxazoles), it has good water solu-
bility, is not toxic for biological systems, and possesses 
intensive fluorescence at 443 nm (Edwards et al. 2017; Yu 
et al. 2015 and refers therein).

The synthesis of the 1,3-oxazole derivatives (3–8) and 
their physical, chemical and pharmacological proper-
ties are described in (Kachaeva et al. 2019a, b and refers 
therein).

Spectral measurements

The steady-state absorption and fluorescence spectra were 
received only for the compounds 1 and 2. The steady-state 
absorption spectra were recorded with the use of Ana-
lytic Jena Specord 210 Plus UV/Visible spectrophotom-
eter at room temperature in the spectral range from 190 to 
1100 nm. Fluorescence spectra were obtained with the use 
of single-beam Agilent Cary Eclipse fluorescence spec-
trophotometer (equipped with xenon lamp as excitation 
light source) from 200–900 nm using quartz cuvette for 
fluorescence (1 cm path length). Concentration of the dyes 
in dimethylsulfoxide (DMSO) solutions was CM = 1·10–6 
for the absorption and for fluorescence spectra.

1                                                  2                                                               3-8

where R1 = 

3                  4                      5                  6                  7                          8
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Fig. 1  Formulae of fullerene C60 1, tiochrome 2 and derivatives of 1,3-oxazole 3–8 
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Quantum‑chemical calculations

The main characteristics of the complexes (optimized molec-
ular geometry, charge distribution, energies and shapes of 
molecular orbitals) and the binding energy were calculated 
by DFT/6–31 (d, p)/wB97XD method in GAUSSIAN 03 
package (Frisch et al. 2003). Initial distance between both 
components of the complexes was chosen as 3.4 Å and after 
that procedure of geometry optimization was performed.

Results and discussion

Quantitative quantum‑chemical estimation 
of acceptor property of fullerene and other 
investigated molecules

Similarly, to conjugated molecule, the donor/acceptor prop-
erty of the fullerene can be quantitatively estimated by its 
topological index φ0, which directly connected with the rela-
tive position of the frontier levels of the conjugated mol-
ecules (Obernikhina et al. 2019) by the formulas (1):

where α is energy of the so-called non-binding MOs; 
Δ = εLUMO−εHOMO is energy gap; εLUMO is the energy of the 
lowest unoccupied molecular orbital, εHOMO is the energy 
of the highest occupied MO. The value α corresponds to 
the disposition of the frontier levels when the donor and 
acceptor properties are mutually balanced: φ0 = 0.5, i.e., 
the energy gap is disposed symmetrically in respect to the 
non-binding level α. Therefore, the shift of the energy gap 
up (and hence increase of the parameter φ0 > 0.5) indicates 
on the predominately donor properties of the conjugated 
molecules. If the parameter φ0 < 0.5 and the energy gap is 
shifted down, then the molecule is predominately acceptor. 
The calculated values φ0 for the fullerene 1 and other com-
pounds 2–8 studied are collected in Table 1.

The calculations show that fullerene (as a conjugated 
molecule) is high acceptor, while the tiochrome dye is a 
donor molecule. The donor/acceptor index φ0 of the substi-
tuted azoles depends directly on the residue R and exceeds 
the topological index φ0 of fullerene. Therefore, we could 
suppose that fullerene should form the stable π–π-complex’ 
with the conjugated molecules 2–8.

Stacking interaction in π‑complexes with fullerene 
C60

First, let us consider the complex of fullerene with tiochrome 
as a dye. Since the dye 2 exhibits the appreciable absorption 

(1)�0 = (�LUMO − �)∕Δ

and fluorescence in UV and visible spectral region (Edwards 
et al. 2017; Yu et al. 2015 and ref.), this enables to study the 
interaction between two the conjugated molecules not only 
by quantum-chemically, but also spectrally.

The complex stability depends on the geometrical con-
formity or complementarity of both components. The opti-
mization shows that the dye 2 is planar and in the complex 
with fullerene is oriented parallel to 6-membered cycle of 
C60 (Fig. 2).

Obtained distance between the components in the com-
plex is 3.4 Å, it corresponds to the thickness of π-electron 
systems (the same as it is between bases in DNA helix 
(Zaenger 1984) or the intermolecular distance in the poly-
methine dyes aggregates (Shapiro 2006).

Therefore, it can be stated that stability of the π–electron 
complexes can be quantitatively estimated by the binding 
energies of π-complexes obtained from the quantum-chem-
ical calculations.

Quantum‑chemical calculations of binding energies 
of π‑complexes

It can be supposed that both π–electron affinity and charge 
distribution should influence the stability of the π–electron 
complexes. Generally, according to the perturbation theory 
(Dewar 1969), the interaction between π–electron systems A 
and B is connected with the relative positions of the molecu-
lar levels of both molecules as well as the overlapping of 
their π-systems. It can be estimated by formulas (2);

where εi and εj are MO energies; Ciμ and Cjν are MO coef-
ficients; nieces i,μ ∈ system A, while indices j,ν ∈ system B; 
first two sums run the all levels, second two sums run all 
atom in the corresponding system.

(2)ΔE ≈

A
∑
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�i − �j

]

,

Table 1  The electron characteristics of substituted compounds 1–8 

α = − 3.56 eV (Obernikhina et al. 2019)

Compound ε(MO) eV Δ φ0

HOMO LUMO

Fullerene 1 − 7.83 − 1.78 6.05 0.29
Tiochrome 2 − 7.27 0.75 8.02 0.54
3 − 7.89 2.63 10.52 0.59
4 − 7.51 1.00 8.51 0.54
6 − 6.54 3.03 9.57 0.69
7 − 7.34 2.32 9.66 0.61
5 − 9.14 1.11 10.25 0.46
8 − 8.66 1.58 10.24 0.50
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Here, the binding Ebinding was estimated as the difference 
of the total energies of the complex its components:

where Ecompl is the energy of optimized complex, while 
Ecomp1,2 are energies of both optimized components.

Figure 3 presents electron density distribution in the com-
plex [Fullerene–Tiochrome], the calculated energies are 
collected in Table 2.

Interaction of π–electron systems of both components of 
the complex causes shift of the molecular frontier levels, 
including HOMO and LUMO (the orbitals take part in the 
first electron transition: S0 → S1 ⇒ HOMO → LUMO >). 
Transformation of the frontier and nearest MOs in the com-
plex shows Fig. 4.

It was established that the highest occupied level in 
the fullerene is quintuply degenerated, while the lowest 
vacant level is triply degenerated because of its symmetry 

(3)Ebinding = Ecompl−Ecomp1−Ecomp2,

Fig. 2  Optimized geometry of fullerene 1 (a), tiochrome 2 (b) and complex [Fullerene–Tiochrome] (c) (mutual disposition of in two planes)

Fig. 3  Electron density distribution in the complex [Fullerene–
Tiochrome]: (dots show the spatial model by overlapping spheres)

Table 2  Calculated data 
for complex [Fullerene–
Tiochrome]

a.u. atomic unit

Energy (eV) Total energy Δ (Ebinding) total 
energy (kcal/
mol)HOMO LUMO a.u kcal/mole

Fullerene 1 8.4156 − 1.9151 − 2287.990743641 − 1,435,737.07 –
Tiochrome 2 − 7.8931 0.7980 − 1158.750654070 − 727,127.62 –
[Full–Tiochrome] − 7.9269 − 1.9387 − 3446.764145066 − 2,162,878.97 − 14.27
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(Edwards et al. 2017). Whereas in the dye, the frontier 
levels are not degenerated, the energy gap of dye is larger 
than the gap in the fullerene. The Fig. 4 shows the HOMO 
in dye molecule is disposed higher than the degenerated 
occupied levels of C60. It can be supposed that the most 
effective interaction occurs for the highest occupied 
orbitals of components. The degeneration of the MOs 
on fullerene component is removed and HOMO in the 
complex is located predominantly in the dye molecule, 
while the HOMO-1 is located in the fullerene. Thus, the 
complexation can cause changes in the spectra of the 
dye that can be observed experimentally. Besides, the 
relative positions of the frontier levels show that there 
occur a specific electron transitions from the HOMO of 
the dye to the vacant orbitals of the fullerene, so-called 
charge-transfer transitions (CT-transitions) (Valeur 2002). 
The transition should lead to the effective fluorescence 
quenching. The calculated data for separate compounds 
compared to the data of complex [Fullerene–Tiochrome] 
are collected in Table 2.

The obtained binding energies are close to similar to 
the typical the energies of π-complexes of some biologi-
cally active molecules (Schulz et al. 1979).

Spectral measurements of complex formation 
[Fullerene–Tiochrome].

Also, we have performed the spectral study of complex 
[Fullerene–Tiochrome] formation by spectrophotometric 
titration when the fluorescence quenching is registered. 
This method is based on the spectral change upon variation 
of the component concentrations in the solution. Then, 
the analysis of measured spectroscopic results enables 
determination of the complexing parameter (energy of 
π-complex stability) (Beck et al. 1990).

Tiochrome molecule is considered as a fluorophore, 
while fullerene is a quencher. The fluorescence quench-
ing is described by Stern—Volmer formulas (Lackowicz 
2006). Figure 5a presents the spectral data of fluorescence 
quenching of Tiochrome with constant concentration 
5 × 10−6 M by the fullerene C60 with the variable concen-
tration. One can see that the regular fluorescence quench-
ing is observed upon increasing of the fullerene quantity in 
solution. The linear relationship between the intensity and 
fullerene concentration is obtained (Fig. 5b) that points on 
the same mechanism (or path) of the complexing.

Fig. 4  Position and shape of the frontier levels in complex [Fullerene–Tiochrome] and its components: fullerene 1 and tiochrome 2 
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The mathematical analysis of obtained spectral titration 
data [by Stern—Volmer formulas (Lackowicz 2006)] gives 
the [Fullerene–Tiochrome] complex formation energy: 
− 10.07 kcal/mole; this value is close to the experimen-
tal data obtained for the protein complexing (Schulz et al. 
1979).

Quantum‑chemical investigation of binding 
energies of π‑complex [Fullerene–Azole]

Let us consider similar to previous one complex [Pharma-
cophore–Bio-Molecule] that can be formed under effective 
interaction of biological active drugs.

As an example of the simplest complexation between 
one 1,3-oxazole molecule and one fullerene molecule, we 
will consider the dependence of the binding energy of some 
oxazole derivatives 3–8 on their chemical constitution; 
the fullerene molecule should be as a reference acceptor 
molecule.

It was established (Kachaeva et al. 2019a,b,c) that the 
anticancer effect of the substituted 1,3-oxazole depends 
appreciable on the donor/acceprot properties of conjugated 
residue R in position 5. So, compounds with the substituents 
with high acceptor properties in position 5 (compounds 5 
and 8) have demonstrated the appreciable higher level of the 
inhibition of the cell growth, whereas the analogous 1,3-oxa-
zole derivatives 6, 7 which contain the donor substituents 
[-N(CH3)2, -SCH3] at position 5 do not practically affect cell 
growth. This fact was connected with the influence of the 
donor ability on the stable complex formation [Pharmaco-
phore–Bio-Molecule] (Kachaeva et al. 2019a).

The performed calculations (Table 1) show that topologi-
cal index φ0 for the oxazole derivatives 3–9 exceeds this 
parameter for the fullerene. The frontier levels in the con-
sidered molecules are shifted higher compared to the non-
binding level energy (Fermi level, α), Fig. 6.

It can be supposed the compounds should form stable 
complexes with the acceptor fullerene. The calculated 
binding energies of the optimized complex compounds 3–8 
[Fullerene–Azole] are collected in Table 3.

In should be noted that the calculated binding energies 
are close to the value obtained spectrally for the complex 
[Fullerene–Tiochrome] (see above). Also, one can see that 
there is no direct correlation between the binding energy, 
E, and difference in the parameters φ0 for the fullerene and 
heterocycles. Careful analysis shows that some spatial hin-
drances can occur in the molecular complex because of the 
bulk branched constitution of the introduced substituent 
in the position 5 in compounds 5 and 8, especially, when 
R = SO2CH3 and PO(OCH3)2.

Also, all oxazole derivatives are polarized molecules; 
their dipoles are diversely oriented on the fullerene surface. 
So, the dipole moments of the molecules 3, 4, 6, 7 are paral-
lel to the 6-membered cycle of the C60, while the dipoles in 
the compound 5 and 8 are not. In dipole–dipole approach, 
the discrepancy in the mutual orientation of the moments, 
undoubtedly, should influence the binding energy. Table 4 
shows the changes of dipole moments upon going from the 
individual molecules 3–8 to their complex with fullerene.

One can notice that complexing is accompanied by some 
change of the total dipole momentum; this effect is evidently 
caused by the electron density transfer between the complex 
components and depends on the donor or acceptor nature of 
the substituents in the 1,3-oxazole molecule.

Besides, the varying of the substituent nature is accompa-
nied by regular changing of the frontier level positions and 
hence of the topological index φ0. The calculated values φ0 
of the substituted oxazoles 3–6 are collected in Table 3. The 
1,3-oxazole with three donor methyl (-CH3) groups (com-
pounds 3) are weak donors (φ0 > 0.5). The enhancement 
of the π-electron system upon introduction of the ambiva-
lent phenyl group, 4, dereasts the donor properties. On the 
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Fig. 5  Fluorescence quenching of thiochrome (C = 5 ×  10−6 M) upon 
its titration by fullerene solution (a); dependence of fluorescence 
intensity of thiochrome on fullerene concentration (b)
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contrary, the strong donor groups N(CH3)2 and  SCH3 (5, 
6) causes the parameter φ0 to increase. The introducing of 
the acceptor groups,  SO2Me and PO(OMe)2, (7, 8) leads 
to essential decreasing of the index φ0, in comparison with 
the initial trimethyl substituted oxazole 3. Consequently, the 
topological parameters of all 1,3-oxazoles studied exceed 
the correspond index of the acceptor fullerene; the one can 
suppose that the 1,3-oxazoles should generate relative stable 
complex’ with the reference fullerene molecules.

We could optimistically assume that the similar trend 
should exist upon the generation of the complexes with the 
amino acids (peptides in the proteins) or nucleic bases. This 
could explain the dependence of biological effectivity of the 
pharmacophore molecules derivatives of the 1,3-oxazole.

Conclusion

A quantum-chemical model is proposed for analysis of the 
stack interaction with a calculation of the stability energy 
for the π → π-complexes, which correlates with experimen-
tal data. Thus, the fullerene molecule as a strong acceptor 
can be used as a convenient reference model for the estima-
tion of dependence of stability π → π-complexes, including 
complexes with biological active compounds, for example, 

with the aromatic rests of the amino acids (phenyl-alanine, 
tryptophan etc.) or nucleic bases.
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