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Abstract
Density functional theory (DFT) approach was employed to investigate relaxation processes of each of 
pyrimidine nucleobases (NBs); cytosine (C), thymine (T) and uracil (U), at the Cubane Cluster Surface 
(CCS). The main idea was about providing a material for recognition of NBs, in which a nanostructure form 
of cubane (CCS) was first generated by optimization process. In the next step, relaxation processes of each of 
NBs at the surface were investigated to examine the function of such system for NBs recognition. The results 
indicated that the electronic based molecular properties could work as proper parameters for recognizing 
such molecular system, in which energy gap (EG) could be referred for the purpose. Measuring EG could 
help to recognize the complexes of CCS-C, CCS-T and CCS-U from each other. Strength of such complex 
formations was investigated using values of binding energy (BE); CCS-U > CCS-C > CCS-T. Total results of 
EG, BE and additional atomic scale properties indicated that the investigated CCS could work very well to 
recognize U as the characteristic NB of RNA.
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INTRODUCTION
Carbon nanotube (CNT) innovation has 

raised considerable efforts for development of 
various aspects of this novel material in addition 
to innovate other related ones [1]. CNT itself 
and its modification showed wonderful features 
very much useful for different applications and 
specified purposes [2]. The benzene-architecture 
of CNT raised the idea to find other spherical and 
cyclic structures to innovate other nanostructures 
[3]. Buckyball (C60) is a good example of such 
case, which is consisting of mixture of cyclic 
hexagonal and pentagonal carbon structures [4]. 
Surveying through literature shows several other 

examples in shapes and atomic components to be 
categorized in nanostructures [5]. Cubane (Fig. 1) 
is a cubic carbon structure, which has been always 
interesting for researchers because of its unique 
structural features to work as a single structure 
or in combination with other structures [6]. 
Moreover, its modification by functional groups 
made it useful for some other applications [7]. 
Previously, possibility of formation of cubane 
nanostructure was seen as an important topic 
of literature to have some single standing 
counterparts [8]. It was shown that linear or cluster 
forms of cubane complexes could work very well 
for specific purposes of nanotechnology fields 
[9]. To this aim, such advantage was investigated 

http://creativecommons.org/licenses/by/4.0/.
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in this work to see the formation possibility of 
Cubane Cluster Surface (CCS) (Fig. 2) in addition to 
relaxation of nucleobases at such surface (Figs. 3 
and 4). The pioneering work of DNA recognition 
by Watson and Crick in 1953 leaded huge number 
of research works on characterizing such building 
blocks of living systems [10]. The structures are 
very well known now, but their separation is still a 
difficult task to be done [11]. Moreover, formation 
of complexes of nanostructures and nucleobases 
could be expected to work in drug delivery 
purposes [12]. Nucleobases could be involved in 
the structures of viruses to damage living systems 
in addition to their benefits; therefore, they 
should be recognized to prevent such activity 
[13]. HIV and COVID-19 are only few examples of 
such biological disasters to human life, which are 
both caused by nucleobase-included viruses and 
their recognition is a must [14-16]. Pyrimidine 
nucleobases include cytosine (C), thymine (T) and 

uracil (U) (Fig. 3) consisting similar heterocyclic 
structure in addition to small difference in some 
of functional groups [17-19]. Such small difference 
made this pyrimidine nucleobases working 
differently in living systems; T is the characteristic 
nucleobase of DNA whereas U is the characteristic 
nucleobase of RNA [18, 19]. Therefore, it is an 
important task to have such useful detector 
for recognizing small differences of structures 
for nucleobases. Two other nucleobases are 
adenine and guanine belonging to purine family 
completely different from pyrimidine nucleobases 
[20]. Interactions of biological molecules and 
nucleobases with nanostructures have been 
always interesting for researchers of various 
filed to evaluate novel applications of complex 
formation of such materials [21-25]. In this work, 
the investigation was focused on recognition of 
pyrimidine nucleobases for purposes of separation 
of such DNA and RNA NBs.

 

 

 
 

Fig. 1: Cubane (ChemSpider ID: 119867). 
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Fig. 2: Cubane Cluster Surface (CCS), ESP surface and LUMO/HOMO distribution patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Cubane (ChemSpider ID: 119867).

Fig. 2. Cubane Cluster Surface (CCS), ESP surface and LUMO/HOMO distribution patterns.
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Fig. 3: Pyrimidine nucleobases (optimized structures, ESP surfaces 

and LUMO/HOMO distribution patterns). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Pyrimidine nucleobases (optimized structures, ESP surfaces and LUMO/HOMO distribution patterns).
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Fig. 4: CCS-NB complexes (optimized structures, ESP surfaces and LUMO/HOMO distribution 
patterns). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. CCS-NB complexes (optimized structures, ESP surfaces and LUMO/HOMO distribution patterns).
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Within this work, formation of CCS was 
investigated to be considered as a surface for 
relaxation of each of pyrimidine nucleobases 
(C, T and U) (Fig. 4). This work was targeted 
due to importance of recognition activity of 
nanostructures for nucleobases. To this aim, 
quantum mechanical calculations were performed 
to generate the investigated structures for further 
examinations. The main problem of this work was 
oriented to see the possibility of CCS formation for 
recognizing pyrimidine nucleobase. In addition to 
crucial experimental measurements, theoretical 
works could provide insightful information to 
validate ideas of molecular systems for further 
developments [26]. 

MATERIALS AND METHODS
Density functional theory (DFT) approach 

was used to perform quantum mechanical 
calculations at the level of B3LYP exchange-
correlation functional and 6-31G* standard basis 
set as implemented in the Gaussian program [27]. 
The importance of DFT approach is based on its 
capability for generating reliable results especially 
for complicated chemical systems at the atomic 
and molecular scale [28, 29]. The phenomena 
are based on electron density distribution to 
obtain the energy of molecular system [30]. The 
single-standing CCS was generated from the 
original cubane (Figs. 1 and 2) through geometry 
optimization processes. Additionally, each singular 
C, T and U nucleobases (NBs) (Fig. 3) were optimized 
to have minimum-energy structures for involving 
in complex formations with CCS. In the next step, 
complex formations of CCS-NB were investigated 
by allowing both structures freely interact with 
each other (Fig. 4). Grimme’s dispersion correction 
(GD2) was included for the calculations of CCS-NB 
complexes [31]. By doing such calculations, energy 
levels of the lowest unoccupied and the highest 
occupied molecular orbitals (LUMO and HOMO), 
energy gap (EG), dipole moment (DM), binding 

energy (BE) and the nearest distance of CCS-NB 
counterparts in complexes were evaluated (Table 
1). Moreover, the electrostatic potential (ESP) 
surfaces and the LUMO and HOMO distribution 
patterns were presented to show the surfaces 
properties and the orbital features of whole 
investigated systems (Figs. 2-4). Moreover, infrared 
spectra (IR) were calculated for all the investigated 
models to see the variations of such systems in the 
singular and complex structures (Fig. 5). To see the 
effects of such complex formations of CCS-NB on 
the atomic properties of C, T and U, quadrupole 
coupling constants (QCC) were evaluated for the 
nitrogen and oxygen atoms of NBs in singular and 
complex structures (Table 2) [32]. By benefits of 
computer-based studies to examine features of 
complex systems at the molecular/atomic scales 
[33-36], this work was performed to examine the 
relaxation processes of each of C, T and U NBs at 
the CCS nanostructure regarding the recognition 
and detection purposes. Indeed, achieving this 
purpose could be seen as a possible solution 
of major problem in the current status of living 
systems and human life. To characterize the original 
features of CCS through interactions with NBs, the 
calculations were performed in isolated gas phase 
for the pristine system [35], otherwise including 
solvent media in the calculations could be an 
important task to see the effects of environment 
on the interacting system [37]. Moreover, surface 
modification could be done to see the changes 
of pristine CCS in the atomic doped or molecular 
functionalized models [38].

RESULTS AND DISCUSSION
In this work, DFT computations were performed 

to investigate relaxation of pyrimidine NBs (C, T and 
U) at the CCS nanostructure. To this aim, singular 
properties of all molecule were investigated first, 
and their complex formations were investigated 
next. Table 1 presents the obtained optimized 
molecular properties, in which a quick look at its 

Table 1: Optimized molecular properties*. 

 
Property CCS CCS-C C CCS-T T CCS-U U 
LUMO eV -4.28 -4.47 -0.94 -4.26 -1.02 -4.41 -1.17 
HOMO eV -6.34 -5.22 -5.98 -6.04 -6.56 -4.88 -6.88 
EG eV 2.06 0.75 5.04 1.78 5.54 0.47 5.71 
DM Debye 0 6.93 7.84 1.58 4.13 6.32 4.26 
BE eV N/A -10.01 N/A -9.51 N/A -16.11 N/A 
CCS-NB Å N/A 1.54 N/A 1.39 N/A 1.42 N/A 
* See Figs. 2-4 for models details. EG = LUMO-HOMO; BE = ECCS-NB-ECCS-ENB.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 1. Optimized molecular properties*.
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Fig. 5 (a, b, c, d, e, f, g). IR spectra for all singular and complex models.
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Fig. 5 (a, b, c, d, e, f, g): IR spectra for all singular and complex models. 

 

 

 

 

 

Continued Fig. 5 (a, b, c, d, e, f, g). IR spectra for all singular and complex models. 
 
 

Table 2: Quadrupole coupling constants (QCC MHz)*. 
 

Atom CCS-C C CCS-T T CCS-U U 
N  4.38 

3.59 
2.39 

3.95 
3.58 
4.81 

3.46 
2.99 

3.96 
3.65 
 

1.21 
4.52 

3.91 
3.67 

O  10.25 8.81 10.15 
9.08 

8.25 
9.36 

11.18 
9.23 

8.31 
9.44 

* See Figs. 2-4 for models details. 
 
 

Table 2. Quadrupole coupling constants (QCC MHz)*.
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results could show different electronic properties 
for the investigated molecules with significant 
changes from the singular to complex forms. It 
is important to note that the stabilized structure 
of CCS was successfully obtained, in which the 
obtained layer form could be seen clearly in Fig. 
2. By this process, the major material component 
was available to work as a surface for relaxation of 
each NB. 

It was mentioned earlier that C, T and U 
NBs are generally similar, but the obtained 
results showed different electronic properties 
for these NBs. By such advantage of molecular 
characterization, it would be possible to 
recognize such NBs from each other using a 
material to detect such changes. Changes of 
LUMO and HOMO for singular NBs, could be used 
as proper parameters to separate them from 
each other. Moreover, the values of EG could 
show such benefit of recognition by a proper 
surface material. Comparing such electronic 
properties for the investigated singular and 
complex models showed that the CCS surface 
could work as a proper detector for relaxation 
of NBs. Details of such results could be very well 
discussed according to magnitude of changes of 
each parameter from singular to complex forms, 
in which the obtained magnitudes could show 
the function of such surface for detection of 
each of C, T and U NBs. Careful examination of 
content of Fig. 2 could approve that the size of 
surface cluster was meaningful for the purpose, 
in which the LUMO/HOMO distribution patterns 
were successfully located at the center of surface 
showing the possible interacting site of CCS far 
from the edges. Additionally, negative charge 
was also located at the center of CCS as shown 
by the red region of ESP surface.  The relaxation 
processes of each of C, T and U NBs at the CCS 
(Fig. 4) showed that the optimized configurations 
were located at the surface center of CCS. By 
such relaxation processes, the localization of 
typical molecular orbitals were also moved with 
different magnitudes of changes. The obtained 
different values of EG (0.75, 1.78 and 0.47 eV 
for CCS-C, CCS-T and CCS-U) showed that the 
CCS-NBs complex formations could work for 
recognizing different NBs. Comparing the values 
of EG for singular NBs and CCS-NB complexes 
could show significant changes of such important 
electronic feature. The largest changes of values 
for EG were found for U and CCS-U, in which the 

value was decreased from 5.71 to 0.47 eV with 
a magnitude of 5.24 eV. The next order was 
obtained for C and CCS-C, in which the value was 
decreased from 5.04 to 0.75 eV with a magnitude 
of 4.29 eV. The last order was for T and CCS-T, in 
which the value was decreased from 5.54 to 1.78 
eV with a magnitude of 3.76 eV. Such different 
changes of EG from singular NBs to complex 
forms could yield the detectability of NBs at the 
surface of CCS. Furthermore, the obtained values 
of DM also indicated significant effects of such 
complex formations on the original properties 
of each of singular CCS and NBs counterparts. 
This trend could increase hope for recognition 
purpose of NBs by the investigated CCS material. 

Examining the obtained values of BE could 
indicate that the formation of CCS-U was the most 
favorable complex formation among the CCS-NBs 
complexes, in which the value (-16.11 eV) was 
very much better than other two complexes. Each 
of CCS-C and CCS-T complex formations could be 
located at the next orders in the ranking of CCS-NB 
complex formations. In Fig. 4, it was shown that 
CCS-U created almost a chelated system, in which 
the NB counterpart was almost surrounded by the 
CCS counterpart. This trend could be important 
regarding the characteristic NB of RNA (U), which 
could be very well detected by the CCS counterpart. 
This achievement could distinguish CCS for possible 
detection of RNA viruses according to show higher 
interaction tendency to U NB than T and C. As 
mentioned earlier, general similarity of pyrimidine 
NBs could yield difficulty for their recognition, in 
which such CCS-U complex formation could help 
for the purpose. Although the nearest distance 
of CCS and NB in the CCS-U was not the shortest 
one among the complexes, but the relaxation was 
favorable enough to make it as the most working 
complex in comparison with other two ones. 
Comparing these results with other available 
parallel results in the literature [39, 40] indicated 
that the investigated CCS could be considered as 
one of proper surfaces for such function of NBs 
recognition. The represented ESP surfaces for the 
CCS-NB complexes (Fig. 4) could yield supportive 
information for the achievements up to now, in 
which the blue color at the surface of CCS-U could 
approve the highest strength of this complex in 
comparison with other two ones. The red color at 
the surface of CCS-T could show that the complex 
was not so much strong regarding other two ones, 
in which the attached T counterpart could still 
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have its own electrostatic property. For the CCS-U 
complex, the ESP surface could show a medium 
strength complex as indicated earlier by the values 
of BE. Such achievements were also approved by 
the obtained IR spectra for the investigated models 
(Fig. 5), in which the crowded peaks of panels e, f 
and g of Fig. 5 could show the strength orders of 
CCS-U>CCS-C>CCS-T. Because of formation of new 
C-C bonds in the complexes, the populations of 
crowded peaks were seen especially for stronger 
complexes, CCS-U. Moreover, such perturbations 
to the structures of both of CCS (Fig. 5a) and NBs 
(Fig. 5b, c and d) changed the vibrational modes of 
the new CCS-NB complex systems different form 
each of singular forms. Indeed, the vibrational 
intensity and shifts could be seen because of 
effects of such structural deformation for the CCS-
NB complexes.

Atomic scale properties including QCC for N 
and O atoms of NBs (Table 2) were calculated to 
recognize the effects of such complex formations 
on the characteristic electronic properties 
of atomic sites. Originally, three different N 
environments and one O environment were 
available for C NB versus two different N 
environments and two different O environments 
for each of T and U NBs. Therefore, detection 
of such environments for NBs in singular and 
complex forms could help to provide information 
about the effects of such complex formations 
for the NBs at the atomic scales. The obtained 
results indicated that the chemical environments 
at the atomic sites detected the effects of such 
complex formations. Comparing the results 
between two structural forms could indicate 
that the most significant changes of magnitudes 
of properties for each of N and O atoms from 
singular form to complex were seen for the CCS-U 
complex. The value of QCC for one of N atoms 
changed from 3.91 MHz of singular form to 1.21 
MHz of complex form. Additionally, the value of 
QCC for one of O atoms changed from 8.31 MHz 
of singular form to 11.18 MHz of complex form. 
Both of atomic variations of U were significantly 
different in comparison with each of C and T 
NBs. Such atomic results could be in agreement 
with earlier achievement of molecular scale 
properties, which introduced CCS-U as the most 
favorable complex.

CONCLUSION
In this DFT work, the relaxation processes 

of each of C, T and U NBs at the CCS were 
investigated by the obtained molecular and 
atomic scale properties. The results indicated 
that the formation of singular CCS could be seen 
possible and the obtained layer structure with 
central localization of LUMO/HOMO approved 
it. Formation processes of CCS-NB complexes 
indicated that the CCS could work differently 
regarding the relaxation of each of NBs, in which 
the formation of CCS-U complex was the most 
favorable one among other ones. Furthermore, 
magnitudes of values of EG indicated that the 
recognition of such different CCS-NB complexes 
could be possible for the purpose. To show the 
strength of complexes, values of BE indicated 
that the formation of CCS-U could be typically 
distinguished among other complexes, in which 
the graphical representation of the optimized 
complex indicated that the U counterpart 
was almost chelated by the CCS counterpart. 
Additionally, the values of QCC atomic scale 
properties indicated that the changes of chemical 
environments for N and O atoms of U were very 
much significant from singular to complex forms, 
approving the achievement of favorability of 
CCS-U complex formation. Finally, the investigated 
CCS counterpart could be available for pyrimidine 
NBs recognition with the most specific function 
for detection of U, as the characteristic NB or 
RNA.
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