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he interaction between
5-fluorouracil and B12N12 nanocluster

Masoud Bezi Javan,a Alireza Soltani,*b Zivar Azmoodeh,c Nafiseh Abdolahib

and Niloofar Gholamid

The electronic and optical properties of the 5-fluorouracil (5-FU) on B12N12 surface were investigated

theoretically by pure and time-dependent density functional theory (TD-DFT) calculations. Herein, the

B12N12 nanocluster is utilized as a drug delivery vehicle for both the free and tautomeric forms of 5-FU

drug. Our study indicates that the adsorption energy of 5-FU is an exothermic process with negative

values of a few hundreds up to �1.779 eV, depending on their interaction configurations. The results

show that the 5-FU drug is covalently bonded to the surface of its nitrogen head, whereas the other

forms represent weak interactions due to noncovalent bonds between two species. The tautomeric

forms of 5-FU and the free forms of the adsorbate show different behavior of binding energies and the

changes in molecular energy gaps.
1. Introduction

Nanotechnology has attracted much attention owing to its
interesting applications in the medical eld, such as medical
devices and pharmaceutical studies.1 The use of nanoscale
devices and materials for diagnosis, treatment and drug
delivery for chemotherapy have resulted in effective treatment
with low side effects.2,3 5-Fluorouracil (5-FU) is a known anti-
cancer drug, which can play an active role in the treatment of
colon and breast cancers.4,5 The structure of 5-FU is similar to
that of uracil. 5-FU is one of the pyrimidine bases that are used
as cytostatic agents in oncology. The signicance of 5-FU in
cancer chemotherapy and in diagnostics using 19F MRI and
MRS centralized spectroscopy have spanned vast experimental
and clinical in vitro and in vivo reports.6–12

In the modern era of nanotechnology, massed nano-
materials have replaced bulk substrates in a vast range of
applications because of their unprecedented properties. Out of
the numerous inorganic nanomaterials, boron nitride (BN) and
analogues of carbon nanocages have gained research attention
because of their wider range of excellent properties such as high
temperature and oxidation stability, low dielectric constant,
high thermal conductivity and constant band gap with semi-
conductor nature than carbon. Recent studies on the structural
properties and stability of the fullerene-like cages of (BN)n
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nanomaterials have indicated that the most stable nanocage is
where n ¼ 12, i.e., B12N12, which consists of six tetragon rings
and eight hexagon rings.13–15 The interaction of adenine, uracil,
and cytosine amino acids over BN and AlN nanocages were
studied using DFT calculations.16 The results reveal that the
B12N12 nanocage has more sensitivity to these amino acids than
Al12N12 nanocage. We have previously reported a DFT study of 5-
FU adsorption onto a perfect and metal-doped BN nanotube in
the gas phase by B3LYP functional.17 We have shown that the
adsorption of 5-FU as an anticancer drug over a pure substrate
has an electrostatic nature. In addition, the drug molecule
interacts with Ga-doped BN nanotubes and presents a strong
interaction and high sensitivity to the presence of the drug,
which was also compared to Al and Ge doping.

Several studies can be found that include extensive work on
BN nanostructures. BN nanocages have large HOMO–LUMO
gaps and lower interaction with the molecules.14 There are
several published papers on the gain of surface sensitivity with
doping, particularly for hydrogen storage.18,19 For instance, Wu
et al. showed that the Li-doped (BN)xC1�x structure can change
the adsorption energy of H2 molecules signicantly.18 Hu et al.
showed that doping of the carbon atom enhances the hydrogen
adsorption capacity of the BN nanocage.19

In 2015, Yaraghi et al. studied the adsorption of 5-uorour-
acile tautomers on the surface of silicon graphene nanosheets
using DFT calculations. They showed that the binding energy of
the di-keto form is the most stable structure in comparison with
keto–enol and di-enol forms.20 Faria and Queiroz experimen-
tally reported the interaction of TiO2/ZnS nanotubes with 5-FU
as an anticancer drug used in photodynamic therapy.21

The main purposes of the present investigation are to assess
the electronic properties, charge transfer, and binding energy of
RSC Adv., 2016, 6, 104513–104521 | 104513
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5-FU drug molecule with B12N12 nanocage and to clarify both
strong and weak modication of the drug molecule properties
when located on the B12N12 nanocage.
2. Computational details

Theoretical calculations were performed using Perdew–Burke–
Ernzerhof (PBE) functional22 augmented with an empirical
dispersion term (PBE-D) and then compared with B3LYP-D
functional23,24 and 6-311+G** basis set as implemented using
the GAMESS suite of programs.25 The PBE density functional
has been previously reported to study BN nanostructures.26–29

The GaussSum program has been applied to get the density of
state plot (DOS).30 Moreover, the corresponding optical
adsorption spectra were obtained via time-dependent density
functional theory (TD-DFT) computations (B3LYP/6-311+G**) in
the gas phase regime.31,32 Based on the natural bond orbitals
(NBO), the charges on boron and nitrogen atoms in B12N12

nanocluster are 1.101 and �1.101 |e|, showing the strong ionic
nature of the boron-nitrogen bonds. Spin multiplicity of the
drug molecule was set to one with relevance to its molecular
orbital of ground state (its ground electronic state is 1S+). The
optimized congurations were further subjected to harmonic
vibrational frequency calculations at the PBE functional level.
For all systems studied, the SCF convergence limit was set to
10�6 a.u. over energy and electron density. The basis set
superposition error (BSSE) for the adsorption energy was cor-
rected by implementing the counterpoise method.33 Binding
energies (Eb) were calculated using the following formula:

Eb ¼ Ecomplex � (Enanocluster + E5-FU) + EBSSE (1)

where Ecomplex is the total energy of the B12N12 interacting with
the 5-FU molecule, Enanocluster is the total energy of the pure
Fig. 1 Different structures of the 5-FU molecule.

Table 1 Optimized structural geometries of 5-FU using the PBE metho

Property C1–N2 C1–N6 C1–O7 C3–O9

Di-keto 1.396 1.398 1.221 1.222
keto–enol 1.306 1.361 1.347 1.223
Di-enol 1.340 1.341 1.350 1.344

104514 | RSC Adv., 2016, 6, 104513–104521
B12N12 nanocluster, and E5-FU is the total energy of an isolated 5-
FU molecule.

3. Results and discussion
3.1 Structural analysis of 5-FU drug

The relaxed structural parameters of 5-FU drug as computed by
PBE-D method in the gas phase are shown in Fig. 1 and
summarized in Table 1. The calculated length of C4–F10 bond is
1.346 �A, by PBE-D method, which is in agreement with the
experimental value of 1.348 �A.34,35 Calculated bond lengths of
C1–O7 (1.221 �A) and C3–N2 (1.417 �A) are also close to experi-
mental results (C1–O7: 1.233 �A and C3–N2: 1.408 �A).34,35

Therefore, we have found that the PBE-D method is more suit-
able (due to its closeness to the experimental data) than the
B3LYP-D method to assess the accuracy of the geometry relax-
ations. We have observed that the charges of O7, O9, and F10
atoms by PBE-D functional are �0.316, �0.277, and �0.154 e,
respectively, whereas both carbonyl oxygen atoms, O7 (�0.493
e) and O9 (�0.477 e), in 5-FU represent higher values of negative
charge by B3LYP-D functional. The charge of the F atom by PBE-
D is �0.154 e, whereas it increases to �0.277 e using B3LYP-D
functional.

3.2 Structural analysis of 5-FU loaded onto B12N12

Fig. 2 presents the relaxed structure of B12N12 nanocage using
DFT calculations using the PBE-D method. The effects of 5-FU
adsorption on the B12N12 nanocage were investigated in four
states, the original (di-keto) form and six tautomer states (keto–
enol and di-enol), using DFT calculations, as well as PBE-D level
of theory, chosen for accuracy of the geometry optimizations
(see Fig. 3). The relaxed bond lengths and angles as obtained
from the DFT calculations are in good agreement with the
experimental data. The computed values of bond lengths
associated with equilibrium formation of 5-FU adsorbed onto
the B12N12 nanocage are summarized in Table 2.

As shown in Table 2, signicant changes in the length of B–N
bonds can be observed in A and K congurations. A decline in
the binding energy is observed with increasing distance
between the 5-FU molecule and the nanocage (Table 2). The
distance of the 5-FU molecule to the nanocage is approximately
large, indicating a physical adsorption-like bonding. Within the
B12N12 nanocage, the average B–N distances are increased from
1.491 �A to 1.620 (A), 1.568 (B), 1552 (C), and 1.545 �A (D). The
N–H distances aer the adsorption processes are 1.082 (A),
1.022 (B), 1.023 (C), and 1.072�A (D) in comparison with the pure
5-FU (1.01�A). Other adsorption sites led to an evident difference
in the geometric model, as shown in Table 1. In agreement with
d. Lengths are in angstrom (�A)

C4–F10 C5–N6 C3–C4 N6–H12 O7–H8

1.346 1.381 1.466 1.016 —
1.347 1.427 1.367 1.021 0.977
1.352 1.332 1.385 — 0.976

This journal is © The Royal Society of Chemistry 2016



Fig. 2 The optimized B12N12 nanocage and its DOS plot.
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previous reports,18 we found that the binding of 5-FU in
tautomer forms compared to the original form are the more
energetically favorable and the difference in energy of these
congurations would be large. The computed binding energies
in the A, B, C, and D forms are �0.0453, �0.0267, �0.0310, and
�0.0399 eV, respectively, representing the binding of 5-FU over
B12N12 that comes from the hybridization of the O-2p and N-2p
Fig. 3 Relaxed structures of nine stable configurations for the adsorptio

This journal is © The Royal Society of Chemistry 2016
orbitals with the B-2p orbitals, whereas the adsorption of 5-FU
(original form) interacting with B12N12 nanocage can be attrib-
uted to the electrostatic bond in the interaction process (see
Fig. 3).36 In Fig. 4, we have shown the charge density distribu-
tion around interacting atoms of the 5-FU and BN nanocage
from A to K congurations. The contour plot of charge density
in the interacting regions of the 5-FU molecules with B12N12

nanoclusters can show the strength of the orbital hybridization
for all examined congurations due to changes in the nature of
the atomic orbital charge distribution of the adsorbent and host
nanocage. In many cases, deviation from spherical symmetry
around interacting molecules is not very high, which implies
the electrostatic nature of the interaction. However, the charge
density distributions of F, G and K states show high density and
non-covalent bonding between 5-FU molecule and B12N12

nanocluster, as presented in Table 2.
Table 3 presents the values of Gibbs free energies (DG),

enthalpy changes (DH), and entropic changes (DS) in all exam-
ined congurations. The values of DG, DH, and DS for the forms
A, B, C, and D are negative. The lowering of DG proves the
weakening of the 5-FU adsorption onto the B12N12 nanocage.15

The computed DG values in E, F, G, K, and J forms are �12.279,
�44.304, �30.489, �16.498, and �38.477 kcal mol�1, whereas
n states of 5-FU onto the pure B12N12 nanocage.

RSC Adv., 2016, 6, 104513–104521 | 104515



Table 2 The structural and electronic parameters of 5-FU molecule over B12N12 nanocage

Property Pure A B C D E F G J K

B–N/�A 1.491 1.620 1.568 1.552 1.545 1.521 1.574 1.559 1.523 1.607
N–H/�A — 1.082 1.022 1.023 1.072 1.039 1.021 1.121 — —
C–O/�A — 1.277 1.261 1.259 1.274 1.220 1.221 1.282 1.374 1.305
O–H/�A — — — — — 0.981 1.540 0.977 0.983 1.058
N–B–N/� 126.03 115.85 117.42 117.87 116.29 121.81 113.59 115.33 95.78 91.06
EHOMO/eV �7.03 �6.4 �5.98 �5.92 �6.2 �6.22 �6.29 �6.17 �6.62 �6.49
ELUMO/eV �2.04 �3.53 �4.22 �4.22 �3.48 �2.60 �2.67 �3.46 �2.98 �3.43
Eg/eV 4.99 2.87 1.79 1.70 2.72 3.62 3.62 2.71 3.64 3.06
DEg/eV — �42.49 �64.13 �65.93 �45.49 �27.45 �27.45 �45.69 �27.05 �38.68
Ead/eV — �0.045 �0.027 �0.031 �0.040 �0.753 �1.779 �1.319 �0.480 �1.525
EBSSE/eV — �0.031 �0.016 �0.022 �0.029 �0.623 �1.486 �1.114 �0.370 �1.245
D/�A — 1.573 1.636 1.626 1.590 1.853 1.563 1.558 1.943 1.607
DM/Debye 0.0 3.978 11.395 11.546 8.785 3.778 4.319 7.958 4.210 4.773
EF/eV �4.535 �4.965 �5.10 �5.07 �4.48 �4.41 �4.48 �4.82 �4.80 �4.96

Fig. 4 Contour plots of charge density for 5-FU drug adsorbed on B12N12 nanocluster.

104516 | RSC Adv., 2016, 6, 104513–104521 This journal is © The Royal Society of Chemistry 2016
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Table 3 The values of Gibbs free energy (DG), enthalpy change (DH), and entropic change (DS) in all examined configurations

Property H E E0 G S DS DE0 DH DG CV ZPE

5-FU �513.57 �513.57 �513.58 �513.61 83.87 — — — — 27.29 47.74
B12N12 �955.03 �955.03 �955.05 �955.05 98.62 — — — — 53.82 78.21
A �1468.638 �1468.639 �1468.658 �1468.705 141.64 �41.68 �17.583 �23.862 �28.258 85.60 126.45
B �1468.689 �1468.623 �1468.643 �1468.689 141.57 �41.75 �8.163 �55.888 �18.211 86.19 127.03
C �1468.625 �1468.626 �1468.645 �1468.689 133.94 �49.38 �9.419 �15.699 �18.211 84.07 127.17
D �1468.643 �1468.644 �1468.663 �1468.709 140.15 �43.17 �20.722 �27.002 �30.770 85.32 126.36
E �1468.601 �1468.602 �1468.621 �1468.669 143.34 �39.98 �6.570 �7.163 �12.279 86.34 126.24
F �1468.654 �1468.655 �1468.674 �1468.720 139.23 �44.09 �39.851 �40.445 �44.304 85.29 126.32
G �1468.631 �1468.632 �1468.651 �1468.698 140.17 �43.15 �25.409 �26.001 �30.489 85.48 125.52
J �1468.592 �1468.593 �1468.612 �1468.670 140.15 �43.17 �0.918 �4.952 �16.498 85.52 126.39
K �1468.640 �1468.641 �1468.660 �1468.705 137.02 �46.30 �35.094 �35.095 �38.477 84.73 126.50

Paper RSC Advances
the DH values are �7.163, �40.445, �26.001, �4.952, and
�35.095 kcal mol�1, respectively. The thermodynamic param-
eters imply that the adsorption of 5-FU in keto–enol form (F) is
strongly favorable as the drug can be adsorbed spontaneously
on the surface of an adsorbent.

The signicance of the bond reorganization energy (Ebr) of
the deformation degree in the geometry of B12N12 nanocluster
for the adsorption of 5-FU molecule was calculated. The values
of Ebr for B12N12 interacting with 5-FU in the forms A, B, C, and
D are found to be 0.728, 0.580, 0.564, and 0.819 eV, respectively,
suggesting a weak physical bond between the nanocage and the
molecule. In comparison with carbonyl and hydroxyl models,
the 5-FU tautomer from its nitrogen head has better adsorption
energy over the surface of the B12N12 nanocage. As listed in
Table 1, the order for the adsorption energy in tautomer forms
is F > K > G > E > J. As shown in Table 1, signicant changes in
the bond length and bond angle were also observed. The
interaction distances for the ve adsorption forms ranged from
1.558 to 1.943 �A. The adsorption of 5-FU onto the nanocage
increases the B–N distance from 1.491 �A in the free form to
1.521 (E), 1.574 (F), 1.559 (G), 1.523 (J), and 1.607 �A (K). In
contrast, the adsorption energy of 5-FU drug in tautomer forms,
di-enol form (J: �0.480 eV) is very weak compared to the keto–
enol form (F: �1.779 eV), which is stronger than silicon gra-
phene nanosheet and boron nitride nanotube.18 We also found
that the values of Ebr in E, F, G, K, and J forms are 0.204, 1.28,
0.871, 0.847, and 0.146 eV, respectively, indicating a strong
chemical bond in the keto–enol form (F) compared to di-enol
form (K). Electronegative atoms such as N atom of the drug
molecule, with a negative charge of about �0.209 |e|, affect
a different degree of charge distribution between both atoms of
the drug (0.143 |e|) and the nanocluster (1.101 |e|) when directly
interacting with the B atom of the B12N12, which carries a posi-
tive atomic charge of about 0.119 |e|. In this interaction, the
electron pair belonging to N atom of the adsorbate in a covalent
bond was donated and shared with the B atom of the adsorbent,
indicating a strong chemical bond between both structures. In
the most stable congurations (F and K systems) it has been
found that the charges of about 0.763 and 0.198 |e| are trans-
ferred from the nanocluster to the drug molecule by NBO
analysis, which indicates that the nanocage functions as an
electron donor and the drug molecule functions as an electron
acceptor.
This journal is © The Royal Society of Chemistry 2016
The density of states (DOS) of the B12N12/5-FU complex in
different forms has been compared to the pure B12N12 nano-
cluster and 5-FU molecule. It can be clearly seen in Fig. 5 that
the DOS of B12N12 is affected considerably due to the interaction
with the 5-FU molecule. Of all the forms considered in the
interaction, form C has the most signicant change on HOMO–
LUMO gap with an amount of 1.70 eV, whereas the HOMO–
LUMO gap of B12N12 nanocluster is 4.99 eV. In accordance with
the DOS plot results presented in Table 1, HOMO–LUMO energy
gap decreases in the B and C forms with increasing Fermi
energy levels; both forms have slight variations in the value of
�5.10 and �5.07 eV, respectively. Hazrati et al. showed that the
5-FU molecule can be physically adsorbed on C60 fullerene.36

They have used different DFT functional to investigate the
electronic structure of the 5FU–C60 complex and generally
found that the HOMO–LUMO gap of the C60 fullerene is slightly
smaller due to the adsorption of 5-FU.

We have calculated the energies of both HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) orbitals using PBE functional and 6-
311++G** basis set in different positions of the drug molecule.
The HOMO energy values in forms A, B, C, and D are altered to
�6.40, �5.98, �5.92, and �6.20 eV, whereas this value for the
adsorbent is �7.03 eV. In contrast, the LUMO energy values for
the same forms are �3.53, �4.22, �4.22, �3.48 eV, whereas for
the pure adsorbent the value is �2.04 eV. Moreover, there are
considerable changes in the LUMO values for the mentioned
congurations when compared with the pure adsorbent. In
forms B and C, the LUMO energy is more affected with a varia-
tion of about 2.18 eV. In Fig. 6, the HOMO, HOMO�4,
HOMO�10, HOMO�16 and LUMO, LUMO+4, LUMO+10,
LUMO+16 wave functions are shown for the F conguration, as
themost affected states of the stable 5-Fu->BN adsorbed system.
It is known that the wave function distributions show the active
sites of the molecule and it is important for protection of the
drug activity during interaction with the nanocage as a drug
carrier. It can be clearly observed that more than 90% of the
wave function is distributed on the 5-FU molecule, implying
that the activity of the drug is owing to the interaction with
B12N12 nanocluster.

The infrared (IR) spectrum of 5-FU molecule was recorded in
the 3600–400 cm�1 spectral region in the different states, as
shown in Fig. 7. The strongest peaks at 1625 and 1787 cm�1 (A),
RSC Adv., 2016, 6, 104513–104521 | 104517



Fig. 5 Calculated DOS plots of 5-FU drug adsorbed over B12N12 nanoclusters at the different states.
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1616 and 1786 cm�1 (B), 1665 and 1750 cm�1 (C), and 1669 and
1738 cm�1 (D) are assigned to the C3]O9 and C1]O7 groups
of 5-FU/B12N12 complex, whereas the bonds of maximum
Fig. 6 The HOMO and LUMO orbitals of the 5-FU molecule adsorbed o

104518 | RSC Adv., 2016, 6, 104513–104521
intensity at 1725 and 1759 cm�1 are assigned to the C3]O9 and
C1]O7 groups in the free 5-FU molecule, respectively. The IR
spectrum indicates signicant changes in the C4–F10 stretching
n B12N12 nanocluster in F configuration.

This journal is © The Royal Society of Chemistry 2016



Fig. 7 IR spectrum of 5-FU drug adsorbed over B12N12 nanocages at the different states.

Table 4 Selected excitation energies (E, nm), oscillator strength (f), Wavelength (lmax/nm), and relative orbital contributions calculated by B3LYP
functional

Structure Energy/eV Wavelength/nm f Assignment

B12N12 0.612 506.27 0.0001 H�2 / L+1 (�24%), H�1 / L (38%), H / L+1 (�13%)
0.637 486.26 0.0001 H / L (32%), H / L+2 (20%)
0.699 443.16 0.0001 H�2 / L+2 (42%), H / L+1 (21%)

A 4.031 307.54 0.0009 H / L (99%)
4.234 292.79 0.0008 H�2 / L (24%), H�1 / L (73%)
4.334 286.04 0.0001 H�2 / L (73%), H�1 / L (�26%)

B 2.712 457.09 0.0049 H�1 / L (�34%), H / L (63%)
2.807 441.61 0.0218 H�1 / L (63%), H / L (36%)
3.054 405.98 0.0007 H�2 / L (99%)

C 2.675 463.50 0.0001 H / L (98%)
2.814 440.49 0.0001 H�1 / L (96%)
3.037 408.25 0.0007 H�2 / L (99%)

D 3.865 320.74 0.0005 H / L (99%)
4.179 296.68 0.0001 H�2 / L (22%), H�1 / L+1 (74%)
4.225 293.40 0.0001 H�2 / L (70%), H�1 / L (�25%)

E 4.749 261.05 0.1010 H�4 / L (�26%), H / L (64%)
4.761 260.37 0.0494 H�4 / L (52%), H / L (31%)
5.179 239.38 0.0004 H�1 / L (97%)

F 4.764 260.25 0.0001 H�2 / L (90%)
4.823 257.05 0.2565 H / L (93%)
4.949 250.48 0.0001 H / L+1 (99%)

G 3.715 333.70 0.0044 H / L (99%)
4.154 298.42 0.0001 H�1 / L (89%)
4.224 293.52 0.0001 H�2 / L (82%), H�1 / L (�10%)

J 4.73 262.16 0.0817 H / L (94%), H�1 / L (2%)
4.82 257.10 0.0057 H�7 / L (83%), H�6 / L (6%), H�4 / L (6%)
4.83 256.94 0.0035 H�1 / L (93%), H�7 / L (2%), H / L (2%)

K 4.09 303.12 0.0003 H / L (98%)
4.29 288.69 0.0008 H�2 / L (26%), H�1 / L (69%), H�5 / L (2%)
4.43 278.54 0.0006 H�2 / L (71%), H�1 / L (28%)
4.43 278.54 0.0006 H�2 / L (71%), H�1 / L (28%)

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 104513–104521 | 104519
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Fig. 8 The optical absorption spectra of 5-FU–B12N12 nanoclusters in F and K configurations.
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bonds appearing at 1250 (A), 1247 (B), 1251 (C), and 1248 cm�1

(D) in comparison with the isolated state (1227 cm�1), which is
in excellent agreement with the results reported by Pavel and co-
workers.37

Experimental vibrational frequency of the 5-FUmolecule was
previously studied by Rastogi and Palafox.38 They reported that
the 5-FU molecule has intensive peaks at frequency intervals
between 400 and 3000 cm�1, which is in agreement with our
results.39 In its monomer form, peaks of the CN3–H, C–F, C4]
O, C2]O, N3–H and N1–H bonds of 5-FU appear at 758, 1254,
1748, 1764, 3491, and 3510 cm�1, respectively. Our results also
present an increase in bond length of C]O, C–C and N–H
bonds agreeing combined mode's change to lower frequencies
and increase in bond strength with an adsorbent surface and
simultaneous decrement in bond length of C–F and C–H bonds
agreeing recognized mode's changes to higher frequencies.
Aer the interaction between 5-FU and B12N12 nanocage, the
C4–C5 bonding frequency mode of the adsorbed molecule
appears at lower values and is slightly altered from 1652 cm�1 to
1651 (A), 1641 (B), 1636 (C), 1638 cm�1 (D) compared with
a value of 1671 cm�1 (5-FU molecule) recently reported by
Simonetti40 and Rastogi.41 The IR spectrum of the free 5-FU
exhibits a decrease in bond strength for the ring N–H wagging
mode at about 1451 cm�1,42 which, upon interaction with
adsorbent, decreases to 1430 (A), 1418 (B), 1421 (C), and 1425
cm�1 (D).

For further investigation the optical properties of 5-FU
interacting with B12N12 nanocluster was provided by TDDFT-
(B3LYP/6-311+G**) calculations in gas phase.43 Shown in
Table 4, the excitation energies and oscillator strengths of all
states of the adsorbing 5-FU complexes in free and tautomeric
forms were calculated and studied. The structure of B12N12 has
one considerable peak with the energy of 5.844 eV and an
104520 | RSC Adv., 2016, 6, 104513–104521
adsorption wavelength of 212.13 nm. Aer adsorption of free
form of 5-FU molecule in its most stable state, B, a signicant
peak is observed with energy of 2.807 eV and red-shied wave-
length of 441.61 nm. This is in contrast to B12N12 nanocage,
which undergoes a hypsochromic or blue shi in the gas phase.
The most important contribution observed in form B was from
H�1 / L with 63% of the 0.0218 oscillator strength, mainly
including the C3–O9 carbonyl group. There are contributions
from three transitions for 5-FU adsorbed in tautomeric form, F,
with the most important existence being H/ L with 93% of the
0.2565 oscillator strength, which is predicted to be blue-shied
in this form (see Fig. 8). The results indicate that the adsorption
intensity in F form is decreased from 5.83 to 4.823 eV owing to
hypochromic effects. Furthermore, it is signicant that, when 5-
FU in form of tautomeric (F) is adsorbed over the B12N12

nanocage, the adsorption wavelength is signicantly reduced to
257 nm, arising from H–L p/p* transition.44,45

4. Conclusion

In conclusion, based on DFT and TD-DFT calculations, we have
found that the electronic and optical properties of B12N12

nanocluster interacting with 5-FU molecule depend strongly on
the binding nature of the interacting systems. Our study indi-
cates that the adsorption energy of 5-FU in the exothermic
process is negative, with values of a few hundreds up to
�1.779 eV. The results show that the 5-FU drug towards its
nitrogen head was covalently bonded to the surface of the
substrate, whereas the other forms represent weak interactions
due to noncovalent bonds between two species. The tautomeric
forms of 5-FU and the free forms of adsorbate show the different
behavior of binding energies and the changes in molecular
energy gap. The obtained results for the 5-FU:B12N12 complex
This journal is © The Royal Society of Chemistry 2016
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demonstrate that the binding energy of the keto–enol form is
more stable than both the di-keto and di-enol forms. The
formation of covalent bonds between the carbonyl group of the
5-FU molecule and the boron atom of the substrate, accompa-
nied by a charge transfer from the 5-FU to the nanocluster,
resulted in Eg reduction and raising the electrophilicity and
chemical potential of the substrate. Optical and vibrational
frequency modes were studied for experimental conrmation of
the considered systems.
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