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 Abstract: Density functional theory calculations were performed to study the 
interactions between the host material Si-doped fullerene and the drug molecules 
paracetamol, a pain and fever reducer, and hydroxyurea, a drug for leukemic treatment. 
All atoms were relaxed so that the atomic force was less than 5.0 × 10−3 eV/Å. Structural 
and electronic properties, such as adsorption energy, formation energy, and charge 
transfer, were calculated. Results showed that Si-doped fullerene had more negative 
adsorption energy and lower formation energy than undoped fullerene, indicating that 
drug molecules could be chemisorbed in Si-doped fullerene. These results contribute to the 
future drug delivery application. 
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■ INTRODUCTION 

Reducing the inevitable side effects of drugs is 
currently becoming the main issue in drug development 
[1-2]. A drug delivery system is one popular method for 
solving the above problem. Drug delivery with a 
nanoscale delivery vehicle can minimize the side effects of 
drugs and enhance the efficacy of the associated drugs [3]. 
A nanoparticle, such as a fullerene, with a specific 
geometry, size, surface characteristics, unique structure, 
and strong polarity [4], can be used as a lipid-like system 
and even cross-cell membranes [5]. C60 is an appropriate 
structure for drug delivery given that its synthesized 
composition consists of 60 carbon atoms, 12 pentagons 
(5–5 single bonds), and 20 hexagons (5–6 double bonds) 
[6-7]. Previous work investigated C60 as a potential drug 
carrier and showed that fullerene maintains small molecules 
(H2O, O3, H2, NH3, and O2) in a stable state [8-14]. 

Studies on drug sensors using C60 have attracted 
considerable attention because of the importance of 
fullerene as a drug abuse detector. These works focused 
on calculating the adsorption energy of the drug for 
fullerene. The results showed that drug molecules, such as 

amphetamine and phenylpropanolamine, can be 
adsorbed onto fullerene through the introduction of an 
atom dopant. An atom dopant can increase the 
conductivity and reactivity of fullerene toward a drug, 
conferring fullerene with good potential as a drug abuse 
detector [10-11]. Given that doped C60 is a potentially 
good drug detector, it is also possible to apply doped C60 
as a drug delivery system with a similar structure. 

The application of fullerene as a drug delivery 
system has been studied in recent years [10-11,15]. 
Amantadine, a drug for the treatment of Parkinson's 
disease, was investigated by using density functional 
theory (DFT). The results showed that pure C60 had a 
weak interaction with the drug and was thus not an 
adequate amantadine carrier. Doping atoms were used 
to increase the reactivity of the C60 surface, resulting in 
the increased adsorption of the drug onto doped C60 
[12]. The cancer drug 5-fluorouracil was adsorbed onto 
doped C60 [13]. DFT calculations showed that 4-
phenylpyridine, a drug for the therapy of Alzheimer's 
disease, was physisorbed onto C60 and chemisorbed onto 
doped C60 [15]. The doped C60 successfully increased the 
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reactivity of fullerene because it decreased the bandgap 
and increased charge transfer and adsorption [16-17]. 

In the present work, the potential of C60 and Si-
doped C60 as drug delivery systems for hydroxyurea 
(CH4N2O2) and paracetamol (C8H9NO2) was analyzed. 
Hydroxyurea is a cancer drug that is used to treat acute 
leukemic, and paracetamol is a common drug used to 
treat fever and pain. The focus of this work is to study the 
interactions of these drugs with fullerene. The adsorption 
energy, formation energy, and charge transfer between 
the drug and fullerene were calculated. 

■ COMPUTATIONAL DETAILS 

Geometry optimization and energy calculations 
were carried out by using the DFT code PHASE/0 [18-21]. 
The generalized gradient approximation was chosen as 
the exchange–correlation functional [22]. All systems 
were modeled in a 25 × 25 × 25 Å3 square box. Here, 
30 Ry and an eight-point mesh grid were applied as the 
cut-off energy for Brillouin zone integration, respectively. 
During optimization, all atoms were relaxed until the 
atomic forces reached 5.0 × 10−3 eV/Å. For the analysis of 
the interaction between fullerene and drug molecules, the 
adsorption energy was calculated by using Eq. (1). 

 ads s fullerene drugsE E E E    (1) 

where Es is the energy of the system, and Efullerene and Edrugs 
are the total energies of the optimized geometries of 
fullerene and drug molecules, respectively. Negative 
adsorption energies indicate that interaction is exothermic 
and geometrically stable [23]. The stability interaction 
parameter of the Si-doped fullerene and the drug was 
calculated based on formation energy by using Eq. (2) [24]; 

 f s fullerene drugsE E E C X       (2) 

where Efullerene+drugs is the energy of the system containing 
pure fullerene with the drug, while μC and μX are the 
electronic chemical potentials of the doped C and X 
atoms, respectively (in this case, X = Si atom). 

The energy gap Eg is calculated based on the energy 
difference between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
[25-26]. Ligand binding is an important aspect of drug 
design exploration. Even though several processes may be 
involved in this process, partial charge transfer occurs 

through covalent bonding, dative bonding, or hydrogen 
bonding [27]. The system acquires an additional 
electronic charge when an interaction occurs between 
fullerene and drug molecules. A qualitative approach 
that measured the electrophilic power of a ligand was 
suggested to understand the reactivity of the HIV-1 
nucleocapsid protein p7 with a variety of electrophilic 
agents [28]. The global electrophilicity index ω was 
calculated by using Eq. (3-5); 

2

2





 (3) 

HOMO LUMOE E
2


   (4) 

 HOMO LUMOE E
2

  
   (5) 

where μ and η are the chemical potential and chemical 
hardness of a system, respectively. The global interaction 
of fullerene and the drugs is determined by ΔN, which 
represents the fractional number of electrons transferred 
from one system to another system [29]. In association 
with global electrophilicity, the maximum electronic 
charge ΔNmax is defined by using Eq. (6). 

maxN    (6) 
The electrophilicity of a system could be written in terms 
of ΔNmax as Eq. (7); 

2
max

2 2 2
            

 (7) 

where ω is the electronegativity of the system and 
Χ = 1/χ. Therefore, it becomes Eq. (8). 

maxN 2 2 X       (8) 
Then, if two systems A and B, approach each other, the 
number of charge transfers between systems in terms of 
electrophilicity is determined by the electrophilicity-
based charge transfer (ECT) as written in Eq. (9). 

     max max A A B BA BECT N N 2 X X        (9) 
ECT < 0 indicates that charges flow from A to B such 
that system A acts as the electron donor, whereas 
ECT > 0 indicates that charges flow from B to A such 
that system A acts as an electron acceptor [29]. The 
open-source program VESTA was used to generate the 
plot of charge difference distribution [30]. The plot was 
obtained by subtracting the total charge of the 
adsorption system from the drug system and fullerene or 
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doped fullerene with the individual charge of an isolated 
drug and host material [31-32] as Eq. (10). 

 pristine drug pristine drug        (10) 

Ρpristine+drug is the total charge of the system of 
fullerene or doped fullerene with drug molecules, and 
ρpristine and ρdrug are the total charge of individual isolated 
fullerene or doped fullerene and the drug, respectively. 

■ RESULTS AND DISCUSSION 

Optimized Geometries 

Drug molecules 
Fig. 1 shows the optimized geometries and 

molecular electronic potentials (MEP) of paracetamol and 
hydroxyurea, respectively. The MEP plot shows a color 
spectrum from red to blue that represents the 
attractiveness of the area around the drug molecules in 
descending order [33]. The MEP plot is determined by the 
electric potential at a given point around the molecule as 
a force acting on a positive test charge [34]. The MEP plots 
of the paracetamol (Fig.1(a)) and hydroxyurea (Fig. 1(b)) 
molecules show that the attractive area is near the oxygen 
atom (red MEP plot around the atom), indicating that the 
specific oxygen atom on each drug molecule is the 
sufficient site for the creation of a bond when it interacts 
with other molecules. Previous molecular electrostatic 
potential mapped molecular van-der Walls surface of HU 
was reported to have similar local minima at the oxygen 
atom [35]. 

Fullerene and Si-doped fullerene with the drug 
molecules 

The optimized geometries of C60 and Si-doped C60 
are presented in Fig. 2. The substitutional Si is 0.7 Å 
distorted from the fullerene surface. The newly created 
bond length between Si–C is about 1.89 Å stretched from 
the corresponding C–C bond in the pristine C60. The 
increase in the bond length of C–Si causes the hexagonal 
bond angle around the Si atom to decrease by ~19°. Our 
result agrees with that of the previous DFT study based on 
B3LYP functional, e.g., the C–Si bond in the Si-doped C70 
is distorted out of plane [36]. Given that Si is somewhat 
distorted from the C60 surface geometrically, if it is 
surrounded by molecules, a bond between the molecule 
and fullerene will be created from the Si dopant. 

 
Fig 1. Optimized geometry and MEP plot of (a) 
paracetamol and (b) hydroxyurea. Less to more 
attractive sites are shown from blue to red 

 
Fig 2. Optimized geometries of (a) pure C60 and (b) Si-
doped fullerene (SiC59) 

The optimized geometries of the C60 and SiC59 with 
paracetamol and hydroxyurea drug molecules are shown 
in Fig. 3. Pristine fullerene and drug molecules do not 
create a bond, whereas the Si-doped fullerene creates a 
bond between Si and the attractive site oxygen atom 
from the drug molecules. The drug interaction with Si-
doped fullerene resulting in a C–Si–C angle in the 
hexagonal site is about 108° which increases ~6° from Si-
doped fullerene without drug molecules. The Si–O bond 
(Fig. 3) aligns with the findings that the vicinity of the 
oxygen atom provides a suitable region for drug 
molecules to interact with other molecules, exhibiting an 
attractive characteristic (Fig. 1), and the distorted Si 
atom from the fullerene (Fig. 2). Additionally, in the 
pristine fullerene the distance C–O, C–N, C–C are 
similar in the paracetamol (Fig. 3(a)) and hydroxyurea 
(Fig. 3(c)), meanwhile in the Si-doped fullerene only 
atom in the attractive site (oxygen atom) produces a bond  
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Fig 3. Optimized geometries of (a) pure C60 with 
paracetamol and (b) Si-doped fullerene (SiC59) with 
paracetamol (c) pure C60 with hydroxyurea and (d) Si-
doped Fullerene (SiC59) with hydroxyurea 

with the Si atom from the fullerene (Figs. 3(b) and 3(d)). 
The active interaction between the attractive site from 
drug molecules and the Si-doped fullerene results in a 
shortened distance between drug molecules and the 
fullerene. The distance between oxygen and Si atoms in 
the SiC59–Para and SiC59–HU systems decrease almost 
twice that between oxygen and carbon atoms in the C60–
Para and C60–HU systems. 

Energy Calculation 

The calculated energies of the system are given in 
Table 1, which shows that the addition of the Si dopant 
decreases the energy gap between C60–drug and SiC59–
drug. The energy gap of the SiC59 system is 0.93 eV, 
which is lower than that of C60. The energy gaps of SiC59–
Para and SiC59–HU have decreased by 0.14 and 0.49 eV, 
respectively, relative to those of C60–Para and C60–HU. A 
reduction in the energy gap results in low binding energy 
needed in the interaction [34,37]. 

Next, the formation energy was calculated. The 
formation energy is the energy needed to change one 
doped atom in the system. A low formation energy 
indicates that the system is stable. Table 1 shows that the 
formation energy of SiC59–Para and SiC59–HU is 
~0.69 eV lower than that of SiC59. 

A positive adsorption energy indicates that the 
interaction between molecules is physisorption without 
charge transfer; meanwhile, a negative adsorption energy 
indicates that the interaction between molecules is 
exothermic, geometrically stable, and involves charge 
[23]. Negative adsorption energy also shows that the 
adsorption between molecules is chemisorption. All 
systems with drug molecules in Table 1 have negative 
adsorption energies. The system of Si-doped fullerene with 
drug molecules has high adsorption, e.g., the adsorption 
of SiC59–Para and SiC59–HU is 50 times higher than that 
of the C60–Para and C60–HU systems. The reduction in 
the bandgap of the SiC59–drug by the Si dopant increases 
the adsorption between drug molecules and fullerene. 
Geometrically, the high adsorption between Si-doped  
 

Table 1. Calculated energies of the systems: energy gap, adsorption energy, and formation energy of the system 

System Es (eV) EHOMO 

(eV) 
ELUMO 

(eV) 
Eg 

(eV) 
Eads 

(eV) 
Ef 

(eV) 
Paracetamol −2521.74 0.13 3.53 3.40 - - 
Hydroxyurea −1628.63 0.13 4.43 4.30 - - 
C60 −9262.96 0.14 1.50 1.36 - - 
C59Si −9213.78 0.14 1.06 0.93 - 2.55 
C60-Para −11784.73 0.13 0.89 0.76 −0.03 - 
C59Si-Para −11736.79 0.15 0.78 0.63 −1.27 1.31 
C60-HU −10891.62 0.13 1.35 1.22 −0.03 - 
C59Si-HU −10843.58 0.13 0.87 0.73 −1.16 1.41 
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Table 2. ECT calculations of the systems 

System μ η ω ΔNmax χ 
ECT 
(e) 

Note 

Paracetamol 1.83 1.70 0.99 −1.08 −1.83 - - 
Hydroxyurea 2.28 2.15 1.21 −1.06 −2.28 - - 
C60 0.82 0.68 0.50 −1.21 −0.82 - - 
C59Si 0.60 0.46 0.39 −1.29 −0.60 - - 
C60-Para 0.51 0.38 0.34 −1.34 −0.51 0.13 drug acceptor 
C59Si-Para 0.47 0.31 0.35 −1.48 −0.46 0.22 drug acceptor 
C60-HU 0.74 0.61 0.45 −1.21 −0.74 0.15 drug acceptor 
C59Si-HU 0.50 0.37 0.34 −1.36 −0.50 0.23 drug acceptor 

 
fullerene and the drug molecules is illustrated by the 
creation of a Si–O bond in the optimized geometry (Fig. 
3). Initially, the Si atom that replaces C in fullerene is in 
an sp2 hybridization state. By interacting with 
paracetamol and hydroxyurea, Si creates a bond with 
oxygen, thus entering an sp3 hybridization state. 

The electrophilic index, chemical reactivity, and 
chemical hardness were then calculated to determine the 
reactivity and chemical stability of the compounds. 
Chemical hardness is one important parameter for 
determining the structures and activities of molecules. 
Table 2 shows that the chemical hardness of Si-doped 
fullerene with drug molecules (paracetamol and 
hydroxyurea) is lower than that of the individual drug 
molecule. This result indicates that the systems of SiC59–
Para and SiC59–HU are more active and have higher 
adsorption levels than other systems. 

The electrophilicity index and maximum charge 
transfer are also considered to be major parameters for 
determining the tendency of a molecule to adsorb 
electrons. Compounds with low electrophilicity can 
transfer electrons, whereas those with high 
electrophilicity can accept electrons. Table 2 shows that 
Si-doped fullerene has a lower electrophilicity index than 
the drug molecules. Electrophilicity indexes are used to 
determine the charge transfer (ECT) between drug 
molecules and fullerene. The ECT value of the Si-doped 
fullerene with drug molecules is ~0.7 e higher than that of 
the undoped fullerene system with drug molecules. 
Therefore, more charges are transferred during the 
adsorption of a drug onto fullerene. 

 

 
Fig 4. Charge density difference plot of (a) pure C60 with 
paracetamol and (b) Si-doped fullerene (SiC59) with 
hydroxyurea 

The charge density difference plots generated by 
using Eq. (10) are presented in Fig. 4, where yellow and 
blue represent the gain and loss of charge after 
adsorption, respectively. The area around Si from 
fullerene in both systems is blue, indicating that 
fullerene has lost charge. Meanwhile, the area around 
oxygen from both drug molecules is yellow, indicating 
that the drug molecules have gained charges. Therefore, 
charges flowed from fullerene to the drug molecules. 
This result agrees with the positive ECT values obtained 
through the electrophilicity calculation and indicates 
that paracetamol and hydroxyurea act as acceptors. 

■ CONCLUSION 

Systems of fullerene and Si-doped fullerene with 
paracetamol and hydroxyurea were investigated by using 
DFT calculations. SiC59 has a higher adsorption capacity 
for paracetamol and hydroxyurea than undoped C60. 
Paracetamol and hydroxyurea behave as acceptors as  
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indicated by their positive ECT values. As inferred from 
the energy and ECT calculations, SiC59 is a plausible 
candidate drug delivery system for paracetamol and 
hydroxyurea. 
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