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Abstract. The adsorption of the 5-Fluorouracil (5-FU) molecule on the pristine and Al-doped activated
carbon (AC) was investigated by using the Vienna Ab-initio Simulation Package. It is found that the 5-FU
molecule is only weakly adsorbed on the pristine AC with high adsorption energy and large surface distance.
The adsorption of the 5-FU molecule on pristine AC is highly disfavored. In contrast, the molecule shows
strong interactions with the Al-doped AC confirmed by the lesser adsorption energy, the charge transfers
on the Al-modified zone and the significant changes in the DOS at the Fermi level. The results of our study
suggest that the Al dopant increases the adsorption capacity of AC enhancing its interactions with polar
atoms of the adsorbate, hence improving its adsorption properties.

1 Introduction

5-Fluorouracil (5-FU) is one of the most successful agents
in the medication of stomach, colorectal carcinoma, neck
and head cancers [1,2]. Regardless of the improvement
made with the introduction of new cytotoxic agents and
medical training, the adsorption properties of this drug on
the selected carrier matrix need to be investigated for more
efficient therapies. Treatment with classical drugs such as
5-FU, has important harmful side effects. Thus, encapsu-
lation in delivery systems may help to decrease side effects
and admit oral administration. Oral drug administration
presents numerous advantages, including patient’s toler-
ance and the lower costs related to drug preparation and
dispensation [3]. The efficacy of 5-FU therapy may also be
increased and its toxicity diminished by linking it with de-
livery systems that selectively transmit this active agent
and reduce its toxicity [4]. In addition, the carrier may al-
low drugs to be liberated in a controlled way to the cancer
zone preventing drug degradation [3–5].

Activated carbon (AC) presents significant pore area
and dissemination, being an extraordinary material for
adsorption processes [6]. In consequence, it is important
to understand the advantages and inconvenience of 5-FU
adsorption on AC to drug delivery applications. The ef-
fects of 5-FU adsorbed by activated carbon nanoparticles
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(ACNP) in vivo and in vitro, and the mechanism of ACNP
to influence the anti-tumor effects of 5-FU has been stud-
ied [7]. ACNP can absorb 5-FU effectively and the absorp-
tion curve is consistent with exponential form. In vitro
ACNP can block the cell cycle in the S phase, induce the
prophase apoptosis and enhance the inhibitory effects of
5-FU on BGC-823 cells showing good concentration- and
time-effect relationship. ACNP can block the cell cycle in
the S phase, and absorbing 5-FU can induce the prophase
apoptosis. In vivo ACNP can inhibit the growth of tumor
in S and prolong the life span of H bearing mice. ACNP
can enhance the anti-cancer effect of 5-FU in vivo and in
vitro, induced the prophase apoptosis; and blocking the
cell cycle in the S phase may be parts of the mechanisms
of such effect.

Determining the structural properties of 5-FU on the
carbon surface leads to a better understanding of its bond-
ing and reactivity during adsorption. On the other hand,
the presence of a heteroatom on the carrier surface could
have a significant effect on the adsorption. Doped materi-
als are investigated in many applications such as biosens-
ing, biological separation and anticancer therapy because
of their novel properties as well as their extreme different
functionality compared to their bulk counterparts. These
unique properties distinguish them as potentially attrac-
tive candidates for a wide range of biological applications
and innovative tools in the nanomedicine domain. Unfor-
tunately their biomedical applications are almost unex-
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plored from the theoretical point of view. During the past
few years many attempts have been made to investigate
the interaction of carbon surfaces with different molecules.
It is noteworthy that research on functionalized carbon
surfaces is nowadays a hot spot for scientists. Hazrati and
Hadipour have examined the ability of C60 fullerene to
adsorb 5-FU [8]. The interactions of this drug with doped
fullerenes showed that Al-doped C60 fullerene presents the
most stable configuration [8]. On the other hand, Al-doped
B24N24 nanoclusters are also presented as a good strat-
egy to increase the 5-FU delivery performances because
of a significant increase in the interaction strength and
the electronic sensitivity [9,10]. In this work, the interac-
tion of the 5-FU drug with an Al-doped activated carbon
surface is studied by the density functional theory (DFT)
in order to shed more light on this promising delivery sys-
tem. The density functional theory (DFT) is widely ap-
plied in molecular modeling studies to predict and display
structures and energy changes of small, medium-sized, and
large molecules in chemistry. The methodology and model
used in this paper are described in the next section.

2 Computational methodology and model

As the basic quantum-chemical approach, we selected the
density functional theory (DFT). This is one of the most
efficient tools of quantum chemistry that enables one to
calculate structural and energetic properties of relatively
large systems. In this work, DFT calculations were per-
formed using the Vienna Ab-initio Simulation Package
(VASP) [11,12] including the dispersion interaction via
Grimme’s –D2 correction [13]. In this code plane-wave ba-
sis sets are used to solve the Kohn-Sham equations. The
electron projector augmented-wave (PAW) method was
used and the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional was
utilized [14–19]. The fixed convergence of the plane-wave
expansion was found with cut-off energy of 400 eV. A set
of 3× 3× 1 Monkhorst-Pack k-points was used to sample
the Brillouin Zone [20]. The ground state was found by a
Methfessel-Paxton smearing of 0.2 eV [21].

Some theoretical studies of graphite [22–27] have con-
firmed that most of its physics is the same as that of
a single graphite layer. In theoretical studies, the struc-
tural models that are traditionally used to simulate ad-
sorption are derived from graphite, in which all the atoms
are in hexagonal rings [28]. The carbon pores are then
assumed to have a slitlike shape confined by the paral-
lel planes of the graphite. Accordingly, a slab consisting
of three graphene layers arranged in a regular hexago-
nal pattern was modeled. The number of layers in the
slab was previously tested. The criteria were followed to
get faster convergence and a reasonable compromise be-
tween accuracy and computational time. In graphitic crys-
talline regions, the layers are stacked parallel to one an-
other in a regular fashion. The atoms within a plane are
covalently bonded (C-C bond length of 1.42 Å) with sp2

hybridization, while the interaction between the sheets oc-
curs through relatively weak van der Waals forces, giving

Table 1. Minimum distances and energies when 5-FU adsorbs
on Al-doped activated carbon.

Geometry Bond Distance (Å) ΔE (eV)

(fig. 1)

A Al-N 2.09 −2.30

B Al-O 1.83 −2.74

C Al-H 2.52 −1.95

D Al-F 1.99 −2.23

rise to a space between two graphene layers in graphite of
about 3.35 Å [29]. In a second stage, the slab was doped
with Al atom by C atom substitution in graphite ring,
obtaining an Al atoms concentration by surface area of
1 Al atom/144 Å2. During relaxation, the bottom layer
of the slab are kept fixed in bulk positions to represent
the semi-infinite bulk beneath the surface while the oth-
ers was fully relaxed together with the drug molecule. The
adsorption energy (Eads) was calculated as the difference
between the energy of the adsorbed molecule and the sum
of the free surface and the isolated molecule energies. A
negative adsorption energy value indicates an exothermic
sorption process. When analyzing the possible structures
of the molecule adsorption complexes, we have selected
diverse arrangements of the adsorbate molecule on the
surface to ensure that we identified the lowest-energy ad-
sorbate/substrate structures. Here we present and discuss
the most stable geometries obtained.

3 Results and discussion

According to the results of our calculations, only a weak
interaction occurs between 5-FU and the pristine AC,
which resulted in adsorption energy of −0.20 eV. Indeed,
the high Eads value and the long molecule-surface dis-
tances (d = 3.10 Å) suggest that 5-FU molecules are not
significantly adsorbed on pristine AC surface, and only
undergo a physical adsorption by weak van der Waals in-
teractions between the molecule and the surface. There-
fore, pristine AC could not be able to bind 5-FU strongly
enough to adsorb it from drug solution.

However, the interaction of the 5-FU ring with the Al-
doped AC surface leads to more negative-energy values
(see table 1), suggesting that the interaction is enhanced
in comparison with the pure surface. 5-FU is adsorbed on
the Al zones that are favorable enough to interact with
the polar atoms of the 5-FU molecule. Figure 1 shows
the obtained most stable geometries. Since the Al atom is
bigger than the C atom, after full optimization it is found
that the Al atom protrudes out of the plane and causes
a drastic distortion in the region around the doping site
to relieve the stress. This causes that the bond lengths
at the doping site are elongated to dAl-C = 1.85–1.87 Å
from dC-C = 1.42 Å. This variation in bond lengths is re-
lated to the distortion of hexagonal structures adjacent to
the Al atom, which was also observed in Al-doped car-
bon nanostructures [30–32]. For the Al-doped AC system,
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Fig. 1. Major geometries for 5-FU adsorbed on Al-doped ac-
tivated carbon (for simplicity only two graphene layers are
shown).

the most favored state is the doublet, which indicates that
the missing electron of the isolated Al atom couples with
one of the two electrons of the graphene sheet (with the
C monovacance), leaving the other electron dispersed on
the substrate. A relevant electronic transfer was observed
between Al and the three neighboring Cs of about 0.8 e
with respect to pristine AC [33]. Regarding the location

Fig. 2. Reference for atoms (table 2 and table 3).

of the spin, approximately 0.4 of the total spin density
corresponding to the doublet configuration is located on
the Al and its first neighbors. Comparing this result with
the fraction obtained for the regular surface (0.25), it can
be observed that the spin is more localized in the case
of the adsorption in the Al region; this positively influ-
ences the absorption of the 5-FU molecule. Among the
positions of minimum energy adopted for 5-FU on the
doped surface, when the molecule absorbs through the
Al-O interaction, it was found that this geometry leads
to the major ring adsorption (see table 1). A similar in-
teraction has been obtained for 5-FU adsorption on doped
C60 fullerene for an Al-O distance of 1.8 Å [8]. In addition,
the O-side of the 5-FU molecule implies strong adsorption
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Table 2. Partial charges on atoms when 5-FU adsorbs on pris-
tine activated carbon (AC).

Atom Isolated 5-FU Isolated AC 5-FU on AC

(ref. fig. 2)

1 0.000 0.000

2 2.914 2.911

3 3.165 3.334

4 1.357 1.231

5 7.984 8.000

6 8.025 7.964

7 7.937 7.968

8 7.811 7.885

9 7.861 7.815

10 0.000 0.000

11 0.000 0.000

12 0.942 0.914

13 3.931 4.030

14 4.015 4.100

15 4.022 4.027

16 3.922 3.924

17 4.115 4.078

18 4.015 3.934

19 4.022 4.086

20 3.922 3.928

21 4.115 4.015

22 4.015 4.011

23 4.115 4.072

24 3.919 3.948

on the metal (Al-, Ga- and Ge-) doped BNNTs [9]. Re-
cent results also showed that mainly the Al atom in doped
B24N24 fullerene tends to have an interaction with the oxy-
gen atoms of 5-FU at Al-O distances of 1.86 Å and 1.89 Å,
respectively [10].

The partial charge on atoms has been made to ex-
plore the changes in the electronic structure of the drug
molecule after its attachment to the surface. Partial
charges on the atoms when 5-FU adsorbs on pristine AC
and Al-doped AC, are shown in table 2 and table 3, re-
spectively (see reference for atoms in fig. 2). When ad-
sorption is produced on pristine activated carbon, small
changes can be seen on 5-FU and C surface atoms confirm-
ing the weak interactions between the ring molecule and
carbon surface. When adsorption is produced on doped
AC, the major changes are shown on C atoms of the ring
bonded to Al atom. Initially, a partial charge is trans-
ferred from the Al atom to the vicinal carbon atoms. Thus,
the dopant site (Al atom) acts as an affinity center for
the chemisorption of the 5-FU molecule. In consequence,
the polar atoms of 5-FU bind to the exposed Al atom
which is electron-donant thus making the molecule more
stabilized. Therefore, the Al atom at the AC surface is
more reactive toward the electrophile attack of the 5-FU

Table 3. Partial charges on atoms when 5-FU chemisorbs on
Al-doped activated carbon (Al-AC).

Atom Isolated 5-FU Isolated Al-AC 5-FU on Al-AC

(ref. fig. 2)

1 0.000 0.000

2 2.914 3.000

3 3.165 3.205

4 1.357 1.486

5 7.984 7.962

6 8.025 8.007

7 7.937 7.962

8 7.811 8.057

9 7.861 7.820

10 0.000 0.000

11 0.000 0.000

12 0.942 0.864

13 3.990 3.980

14 4.935 4.728

15 3.990 3.999

16 4.005 4.093

17 3.938 3.964

18 4.087 4.100

19 4.069 3.940

20 4.091 4.101

21 3.978 3.978

22 4.833 4.698

23 4.058 4.019

24 3.957 4.001

25 4.030 4.068

26 4.987 4.702

27 0.020 0.000

molecule. In the doped zone, Al causes a rearrangement
in the electron density and an increase in the strength of
the interactions resulting in strong binding energies. Bind-
ing energies are found to be more negative implying sta-
bility towards covalent attachment of the drug molecule
onto doped AC.

We have computed the density of states (DOS) of
the system when 5-FU absorbs on the Al-doped AC sur-
face. For comparison, the densities of states of the clean
Al-doped AC surface, the isolated 5-FU molecule and
the pristine AC surface were also calculated (see fig. 3).
There are bands associated with the interaction between
5-FU and the Al-doped surface orbitals. The overlapping
molecule-surface takes mainly place within −6 and −18 eV
and near the Fermi level. 5-FU mainly contributes with
new states in the low part of the band in the range of −24
to −31 eV. Replacing a carbon atom by an aluminum atom
causes changes in the DOS spectrum compared with the
pristine AC. New states appear between −1 eV and the
Fermi level which belong to the 2s and 2p orbitals of the Al
atom (see fig. 3 (right)). A more uniform populated region
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Fig. 3. Density of states (DOS) of 5-FU adsorbed on Al-doped AC surface, Al-doped AC surface, 5-FU molecule and pristine
AC surface (left from top to bottom). Amplified DOS at Fermi level is shown (right).

can now be seen near the Fermi level. Consequently, elec-
trons are transferred more easily from the valance level to
the conducting level during drug adsorption. The Al atom
gives rise to a large increase in the electrical conductiv-
ity of the graphene layer. The electronic charge strongly
overlaps which leads to more orbital mixing and a large
charge transfer. These observations clarify the responsibil-
ity of the Al atom in the charge transfer process during the
adsorption of drug and support the strongest interaction
of the 5-FU molecule with Al-doped AC.

4 Conclusions

Our computational study contributes to open new routes
to design efficient materials as drug delivery systems. The
5-FU molecule does not adsorbed efficiently on the pris-
tine AC surface. This claim is confirmed by the high ad-
sorption energy and the big molecule-surface distance. It
is found that the 5-FU molecule major stabilized on Al-
doped surface. The molecule remarkably tends to adsorb
via its polar atoms with an appreciable strong adsorption
energy. The smaller adsorption energy, the charge trans-
fers on the Al-doped zone and the significant changes in
the DOS at the Fermi level confirm the results and open a

new perspective for designing novel drug delivery systems
based on Al-doped carbon surfaces.
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