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       In the present study, the capability of the pristine and P-doped Al12N12 nanocage to deliver and detect of 5-Fluorouracil (5-FU) 
anticancer drug is investigated using the density functional theory (DFT) at the cam-B3LYP/6-31G(d,P) level of theory. The adsorption 
energy, thermodynamic parameters, natural bond orbital (NBO), atom in molecule theory (AIM), quantum parameters, reduced density 
gradient (RDG) and UV-Vis spectrum for all selected models are calculated and results are analyzed. The values of adsorption energy 
(Eads) and thermodynamic parameters (ΔG and ΔH) for 5-FU@Al12N12 and 5-FU@Al12N11P complexes are negative and obtained 
results reveal that all adsorption processes are spontaneous and suitable to make a delivery of drug. The ΔΔG(sol) values of the all systems 
understudy in the presence of water and ethanol solvents are positive and this property is favourable to shooting drug in biological system. 
The AIM, RDG, NBO results indicate that the interaction between 5-FU drug and Al12N12 nanocage is weak covalent or strong 
electrostatic type. The band gap energy of the 5-FU/Al12N12 nanocage complex alters slightly from original values, indicating that pristine 
and P doped Al12N12 nanocage are not excellent candidates for making a sensitive sensor for the 5-FU drug. 
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INTTRODUCTION 

 
      In the last decade, the extensive studies have been 
performed on various nanoparticles such as nanotubes, 
nanocages, and nanowires from III and V group table due to 
their numerous electrical, mechanical, and technological 
applications in nanoengineering, nanoelectronic devices and 
nano compounds design [1-2]. Aluminum nitride nano 
structures with high-temperature stability, high hardness, 
high thermal conductivity, low thermal expansion, 
semiconductor properties, specific physical and chemical 
properties are suitable for electronic applications and 
making a sensor or adsorbent for various toxic materials and 
drug compounds [3-13]. In the last decades, many 
researchers have focused on the synthesis, characterization 
and structural properties of AlN nanotubes, nanocages, 
nanosheets, and  nanowires.  Among  of (AlN)n  nanocages,  
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Al12N12 is the most stable structure [14-18]. In the recent 
years, the potential of pristine and doped Al12N12 for 
adsorbing and detecting various compounds such as 
Tabun[19], dehydrogenation of formic acid [20], sulfur 
mustard [21], Cl2 [22], cyanogen gas [23], acetylene and 
ethylene molecules [24], H2 [25], adenine, uracil, cytosine 
[26], guanine [27], hydrogen storage [28], fluorinated [29], 
phosgene [30], NH3 [31], acetone [32], NO2 and SO2 [33], 
pyrrole [34], and H2O2 [35] has been investigated with 
theoretical methods. Based on the results, the pristine and 
doped models of Al12N12 could be the excellent adsorbents 
or sensors for the compounds aforementioned in 
environmental systems.  
      With advancement in drug production and drug delivery 
in biological systems, the extensive research activities have 
been performed on optimizing the efficiency of drug 
therapy in human body. One of the most practical methods 
for this purpose is using nanomaterial for the delivery           
of  drug  in  human body. The 5-Fluorouracil (5-FU) drug is  
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widely used to remedy the cancer of lung, colon, skin, 
stomach, lung, gastrointestinal, and breast [36-38]. The 
biological half-life and selectivity of 5-FU are very short, 
so, many novel nanomaterial carriers such as silica 
nanoparticles, chitosan nanoparticles, cationic cyclodextrin/ 
alginate, nanogels, and magnetic nanoparticles have been 
proposed to control the release of 5-FU drug in biological 
systems [39-46]. Vatanparast et al.’s [47] results revealed 
that the doped graphene with Al&N and Al&P atoms were 
suitable for 5-FU delivery in biological systems. The results 
obtained by Hadipour et al.  indicated that doping B, Si and 
Al atoms improves the drug delivery properties of C60 [48]. 
Shayan et al.’s results showed that the encapsulation of the 
5-FU molecule on the surface of BNNTs was more stable 
than the hybrid complexes [49].  
      Following our previous study [50-55], in this work, we 
investigate the adsorption and interaction of 5-FU molecule 
on the surface of the pristine and P-doped Al12N12 
nanocage using the DFT and TD-DFT methods. The 
geometrical parameters, adsorption energy, thermodynamic 
and quantum parameters, the topological parameters of 
AIM, the NBO, RDG, DOS plots and UV-Vis spectrum for 
all selected models are calculated. The results of this work 
can be useful for making a drug delivery tool or a drug 
sensor in biological systems. 
 
COMPUTATIONAL DETAILS 
 
      In this work, we considered different possible positions 
for adsorption of 5-FU drug on the surface of pristine and P-
doped Al12N12 nanocage, and then, four possible 
configurations were selected for this research (see Fig. 1). 
According to the structure of the 5-FU drug, it was observed 
that among all the situations, the four selected positions 
were both structurally and energetically efficient. 
      The labels A and C denote the pristine and P-doped 
Al12N12 nanocages, respectively. The a, b, c and d indexes 
(see Fig. 1) denote the orientation of 5-FU drug adsorption 
on the surface of AlN nanocage. The A-a to C-d models are 
optimized using DFT method at the cam-B3LYP/6-
31G(d,p) level of theory [56] with performing the GAMESS 
suite of programs [57]. The adsorption energy, deformation 
energy, and thermodynamic parameters (such as Gibbs free 
energy (G), enthalpy (H) and entropy(S)) for the  interaction  

 
 
of 5-FU with the pristine and P-doped Al12N12 nanocage 
are calculated by Eqs. (1)-(4): 
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5 / 12 12 5 / 12 12FU Al N FU Al NE and M 

 are the total energy and 

thermodynamic parameters of the 5-FU/Al12N12 complex, 
respectively. 

5 5FU FUE and M 
 are the total energy and 

thermodynamic parameters of pure 5-FU, respectively, and 
12 12 12 12Al N Al NE and M  are the total energy and thermodynamic 

parameters of pristine or P doped Al12N12 nanocage, 
respectively. In Eq. (3), E is the total energy of pure 
Al12N12 or 5-FU drug, and E* is the total energy of 
Al12N12 in the presence of 5-FU or the total energy of 5-
FU in the presence of Al12N12 nanocage. 

 

    ( ) 5 / 12 12( ) 5 ( ) 12 12( )( ) (4)sol FU Al N sol FU sol Al N solG G G G         (4) 

 
In Eq. (4), 

5 / 12 12( )FU Al N solG  ,
 5 FUG   and

12 12( )Al N solG  are the 

changes of Gibbs free energy 5-FU/Al12N12 complex, 5-
FU and Al12N12 nanocage in solvent (water, ethanol) 
phase, respectively.   
      The highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energies, the 
band gap energy (Eg), the electrochemical potential (μ), 
global hardness (η), and charge transfer parameters (ΔN) 
were calculated for all the systems understudy by Eqs. (5)-
(8) [50-55] 
 

( ) / 2 (6)
( ) / 2 (7)

( ) / ( ) (8)

gap LUMO HOMO

HOMO LUMO

LUMO HOMO

HOMO LUMO LUMO HOMO

E E E
E E
E E

N E E E E




 

 
 

    

 

 
RESULTS AND DISCUSSION 
 
Structures, Adsorption Energies, and 
Thermodynamic Parameters 
      The optimized structures of the A-a to C-d adsorption 
models are shown in Fig. 2. In optimized structures, the Al-
N bond length,  Al-N-Al bond angles of Al12N12  nanocage  

(1) 
(2) 
(3) 
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and its bond distances, and the bond angle between 5-FU 
and nanocage are shown in Fig. S1 and Fig. 2, respectively.  
According to the results, the average bond length Al-N in 
Al12N12 nanocage is 1.85 Å and with doping P atom the 
Al-N bond length increased significantly from 1.85 to 2.37 
Å. This result is in agreement with the literature [18-30]. 
The bond angle <Al-N-Al in the pristine model is 112.57º 
and with doping P atom bond angle <Al-P-Al reduces 
significantly to 87.81º, because the radius of P atom is 
larger than N atom. With adsorbing 5-FU drugs on the 
surface of nanocage the structural properties (Al-N bond 
length and Al-N-Al bond angle) of system change slightly 
from the pristine model. According to the calculated 
structural results, the bond distance between 5-FU and AlN 
nanocage in the A-a, A-c, A-d, C-a, C-c and C-d models are 
2.04, 2.25, 1.90, 2.07, 1.90 and 1.92 Å, respectively. 
      The bond angle between 5-FU drug and AlN nanocage 
is in the range of 102.41 to 111.13º. By using optimized 
structures, the adsorption and deformation energy for 
adsorbing 5-FU on the pristine and P doped Al12N12 
nanocage are computed, and the calculated results are given 
in Table 1. Based on the calculated results, the values of 
adsorption energy for all studied systems are negative, and 
the adsorption process is exothermic. The adsorption energy  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of the system depends on the orientation of 5-FU drug 
adsorption and doping atom. The values of adsorption 
energy for the A-a, A-c and A-d adsorption model are            
-14.64, -7.87 and -39.10 Kcal mol-1, respectively, and for 
the C-a, C-c and C-d models are -12.07, -38.16 and              
-35.37 Kcal mol-1, respectively. In the pristine model, the 
adsorption of 5-FU from d orientation and in the P doped 
from c orientation is more stable than other models. The 
deformation energy values of AlN nanocage and 5-FU drug 
(see Table 1) are negative, indicating that the significant 
curvature in the geometry of nanocage and 5-FU drug 
occurs after the adsorbing process. 
      On the other hand, the absolute values of deformation 
energy of drug and nanocage in the A-d and C-c models are 
more than those in other models studied. It is notable that in 
the A-d and C-c models, the structure of nanocage and 5-FU 
drug changes significantly from original states. The dipole 
moments of the A-a, A-c, A-d, C-a, C-c and C-d models are 
-4.32, -4.30, -4.06, -4.37, -4.30 and -4.08 Debye, 
respectively. Inspection of results indicates that the 
adsorption of the 5-FU drug from the a orientation (F site) 
has the most dipole moment and from d orientation (O site) 
has the lowest dipole moment and this property is important 
to determine the polarity of compound.  

                 

Fig. 1. The optimized structures of 5-Fluorouracil drug and corresponding adsorption positions, a, b, c and d. 
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      The NBO charge density of 5-FU drug for all adsorption 
models is positive. The positive values of charge density 
indicate that the electron charge transfer occurs from the         
5-FU drug toward the nanocage surface.  
      To investigate the adsorption of the 5-FU drug on the 
surface of nanocage, the thermodynamic parameters in the 
gas and solvent (water and ethanol) phases are computed    
by Eq. (4) and results are given in Table 1. Based on         
the calculated results, the changes of enthalpy, entropy  and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gibbs free energy values for the A-a, A-c, A-d, C-a, C-c and 
C-d models are negative. Negative values of enthalpy 
change and Gibbs free energy indicate that the adsorption 
process between 5-FU and AlN nanocage is exothermic and 
spontaneous. A comparison of the thermodynamic results 
exhibits that the values of ΔG, ΔH and ΔS of A-d model (in 
the pristine Al12N12) and C-c model (in P doped Al12N12) 
are more than those in other models and these results have   
a good  agreement with  adsorption  energies.  These  results  

 

Fig. 2. 2D views of 5-Fluorouracil drug adsorption on the surface of Al12N12 nanocage at the A-a to C-d models. 
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demonstrate that the pristine and P doped Al12N12 
nanocages probably can be used for the drug delivery in the 
biological systems. On the other hand, this result confirms 
that the adsorption of 5-FU from d orientation (O site) of 
pristine nanocage and c orientation (N site) of P doped 
nanocage is more favorable than that in other sites. The 
trend of absolute thermodynamic values in the pristine and 
P doped Al12N12 models are in order: A-d > A-a > A-c and 
C-c > C-d > C-a, respectively. The changes of Gibbs free 
energy (ΔΔG(sol)) for adsorption of the 5-FU drug on the 
surface of AlN nanocage in the water and ethanol solvents 
are calculated by Eq. (4), the calculated results are listed in 
Table 1. Comparison results reveal that the ΔΔG(sol) values 
for all studied systems are positive. The positive value of 
ΔΔG(sol) indicates that the adsorption process in the 
presence of solvent is unspontaneous, and dissociation drug 
occurs in the solvent phase. This property is probably 
suitable for drug delivery in the biological systems. 
Interestingly, the A-d and C-c models with the highest 
absorption energy in the gas phase have the highest  positive  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
amount of ΔΔG(sol) in ethanol solution. Therefore, these 
models are more suitable for the absorption of the drug in 
the gas phase and release it in an ethanol solvent. This 
feature is probably beneficial in terms of biological and 
drug treatment in the human body. 
 
Electrical Properties and Quantum Parameters 
      To investigate the reactivity and electrical properties of 
nanocage, the HOMO and LUMO orbitals are calculated. 
The calculated HOMO and LUMO orbital results are shown 
in Fig. 3. According to the calculated results, the HOMO 
orbital density in the A-a, A-c, A-d, C-a, C-c and C-d 
models are distributed around nanocage. The LUMO orbital 
density of the A-a, A-d and C-a models are distributed 
around nanocage, whereas in the A-c, C-c and C-d models 
the LUMO orbital density is localized around 5-FU drug 
surface. This result reveals that in the A-c, C-c and C-d 
models the surface of the 5-FU drug is suitable for 
nucleophilic species, whereas the surface of AlN nanocage 
for all studied systems is favorable for  electrophilic  species 

                                Table 1. Adsorption  Energy  (Eads),   Deformation   Energy  of    5-Fluorouracil 
                                               (Edef (5-FU)),   Al12N12 (Edef(nano)),  Complex   Al12N12/5-FU,   Binding 
                                               Energy  Ebin,   Thermodynamic  Parameters   and   Dipole  Moment  of 
                                               Al12N12/5-FU   Complex   and   Al12N11P/5-FU   Complex  for  A-a  
                                               to C-d  Models. Energies are in kcal mol-1 

 

Property A-a A-c A-d C-a C-c C-d 

Eads -14.64 -7.87 -39.10 -12.07 -38.16 -35.37 

Edef(nano)  -1.45 -1.12 -5.71 -1.46 -5.45 -5.31 

Edef(5-FU)  -1.61 -4.74 -6.40 -1.51 -5.22 -5.21 

d/Debye -4.32 -4.30 -4.06 -4.37 -4.30 -4.08 

ρNBO 0.10 0.10 0.07 0.09 0.08 0.08 

ΔG -24.46 -17.76 -26.11 -0.24 -25.03 -22.31 

ΔH -13.57 -6.80 -51.29 -11.07 -37.54 -34.70 

ΔS -36.84 -36.77 -42.25 -36.10 -42.10 -41.58 

ΔΔG(sol)water 1.78 1.68 0.89 1.11 0.26 0.04 

ΔΔG(sol)ethanol 2.69 2.78 3.09 3.17 3.49 3.43 
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attack.  
      From using the HOMO and LUMO energy, the band 
gap, global hardness, chemical potential (μ) and charge 
transfer parameters (ΔN) for all studied systems are 
calculated  and  results  are  listed  in  Table 2.  The bandgap  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
energy between HOMO and LUMO is in the range of           
3.31-3.98 eV. This result indicates that 5-FU drug 
adsorption is accompanied a slight change in band gap 
energy and so, the pristine and P doped AlN nanocage will 
not be sensitive sensors for the 5-FU drug  in  the  biological 

 

Fig. 3. Plots of HOMO and LUMO orbital structures for 5-Fluorouracil drug adsorption on the surface of Al12N12  
             nanocage at the A-a to C-d models. 
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systems. 
      The global hardness and electrochemical potential of all 
studied systems are in the range of 1.65-1.99 eV and -4.06 
to -4.37 eV, respectively. With adsorption of 5-FU, the 
reactivity of AlN nanocage increases significantly from the 
original values. This property is favorable for deliver and 
attachment the 5-FU drug to the objective position of the 
biological system. On the other hand, the charge transfer 
parameters (ΔN) values for all studied systems are in the 
range of 2.10-2.60. The positive values of ΔN indicate that 
the electron charge transfer occurs from 5-FU toward the 
nanocage surface, so, the electron density around nanocage 
increases. The density of state (DOS) and partial density of 
state (PDOS) plots for all systems are shown in Fig. 4 and 
Fig S5, respectively. 
      The DOS plots of the A-a, A-c, A-d, C-a, C-c and C-d 
reveal that the number and altitude of peaks in all plots are 
the same (see Fig. 4). 
      The band gap energy between HOMO and LUMO in all 
models alter slightly from original values, and so, the 
conductivity of nanocage remains almost constant. This 
result confirms that the pristine and P doped AlN nanocage 
is unfavorable for making a sensitive sensor for detecting 5-
FU drug.  According to PDOS plots (Fig. S5), in the A-a, A-
c and A-d models, the interactions of 2P orbitals of F, N and 
O atoms of 5-FU drug with 2P orbitals of Al and N atoms of 
Al12N12 nanocage in the HOMO region are stronger than 
those  in  other  orbitals.  Whereas, in the LUMO region, the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
interaction of 3P orbital of F atom of 5-FU, with 3P orbital 
of Al and N atoms of AlN nanocage, is more considerable. 
In the C-a, C-c and C-d model, the overlap of 2P orbitals of 
F, N, O and C atoms of 5-FU with 2P orbitals of Al, N and 
P atoms of AlN nanocage is more than the other orbitals. In 
the LUMO region, the interaction of 3P orbitals of F, O and 
C atoms of 5-FU drug with 3P orbitals of Al, N and P atoms 
of AlN nanocage is more evident. 
      Interestingly, these interactions in the A-c and C-c 
models are more remarkable than those in other models. On 
the other hand, the altitude of PDOS peaks of 2P and 3P 
orbitals of Al, N, O, F atoms is larger than that in other 
atoms.  
   
Quantum Theory of Atoms in Molecules (QTAIM) 
      To understand the nature of interactions between 5-FU 
drugs with pristine and P doped AlN nanocage, the QTAIM 
parameters [58] at the bond critical point (BCP) between 
drug and AlN nanocage are calculated using the Multiwfn 
software. The total electronic densities (ρ) and Laplacian of 
electron densities (▽2ρ), the potential energy (VBCP), the 
total electronic energy (HBCP), the kinetic energy (GBCP) are 
determined for all the systems understudy and the calculated 
results are given in Table 3. The bond critical point of 
interaction between 5-FU drug with AlN nanocage for all 
systems is shown in Fig. 5.  
      The calculated results indicate that the values of ▽2ρ 
and  HBCP  for  all  the  systems  are  positive.   The  positive  

                         Table 2. Quantum Parameters for Adsorption of 5-Fluorouracil (5-FU) on 
                                        the  Surface  of  Pristine  (A  Model)  and   P (C  Model)  Doped 
                                       Al12N12 for A-a to C-d Models. The Values are in eV 
 

Model A-a A-c A-d C-a C-c C-d 

EHOMO -6.27 -6.17 -5.98 -6.36 -5.95 -6.01 

ELUMO -2.37 -2.42 -2.14 -2.37 -2.65 -2.14 

Egap 3.91 3.75 3.84 3.98 3.31 3.87 

η 1.95 1.88 1.92 1.99 1.65 1.94 

 -4.32 -4.30 -4.06 -4.37 -4.30 -4.08 

ΔN 2.21 2.29 2.12 2.19 2.60 2.10 
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values of ▽2ρ and HBCP detonate that the interaction 
between 5-FU and nanocage is a weak covalent or a strong 
electrostatic. The V(r)/G(r) ratio is used to determine the 
strength of the interaction between drug and nanocage. 
According to QTAIM theory, |V|/G < 1 is related to weak 
interactions and |V|/G > 2 is related to strong interactions 
between drug and nanocage. Comparison the results reveal 
that the ratio V(r)/G(r) for all systems is smaller than 1 and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for the A-c model is larger than 2. So, the interaction 
between 5-FU drug and AlN nanocage in the A-c is stronger 
than that in other models. 
 
Noncovalent Interaction (NCI)  
      The noncovalent interaction method is used to further 
understand the weak interactions between 5-FU drug with 
the pristine and P doped AlN nanocage using  the  Multiwfn 

 

Fig. 4. The DOS Plots of 5-Fluorouracil drug adsorption on the surface of Al12N12 nanocage at the A-a to C-d models. 
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software.  
In this method, the reduced density gradient (RDG) [59-60] 
at low densities is calculated by:  
 

      
2 1/3 4/3

( )1( ) (9)
2(3 ) ( )

r
RDG r

r


 


                                         (9) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The noncovalent interactions between the two compounds 
are determined by the small values of RDG.  
The sign(λ2)ρ(r) (product between electron density ρ(r) and 
the sign of hessian matrix (λ2)) is used to determine the 
different types of interactions. In these scatter graphs,           
the  X-axis and Y-axis are sign((λ2)ρ(r)) and RDG  function,  

                     Table 3. The Topological Parameters of QAIM Method for A-a to C-d Adsorption Models 

 A-a A-c A-d C-a C-c C-d 

ρ 0.0328 0.0312 0.0557 0.0308 0.0558 0.0544 

2ρ 0.1977 0.1191 0.3933 0.1711 0.3904 0.3783 

V(r) -0.0451 -0.0334 -0.0826 -0.0410 -0.0083 -0.0798 

G(r) 0.0473 0.0136 0.0904 0.0419 0.0901 0.0872 

V(r )/G(r) 0.9535 2.4559 0.9137 0.9797 0.0921 0.9151 

H(r) 0.0022 -0.0018 0.0078 0.0009 0.0075 0.0074 
 

 

 

Fig. 5. The bond critical point of interaction between 5-FU drug with Al12N12 nanocage at the A-a to C-d models. 
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respectively. According to these scatter graphs, the 
sign(λ2)ρ < 0 , sign(λ2)ρ > 0 and sign(λ2)ρ ≈ 0 represent the 
attractive interaction (H-bonding), repulsion interaction, and 
the van der Waals (vdW) interaction, respectively. The 
calculated RDG scatter graphs for all the systems are shown 
in Fig. 6. The blue, red and green circle represent the 
attractive, vdW and repulsive interactions, respectively. 
Inspection of results in Fig. 6 reveals that the                       
RDG  distribution  for  all  the  systems  is  localized  in  the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sign(λ2)ρ < 0 (blue) region and it reveals that the interaction 
between 5-FU drug and the pristine and P doped AlN 
nanocage is an attractive interaction type. The attractive 
interaction caused the 5-FU drug is bonded to the surface of 
nanocage and it can be carried to the target site of the drug 
in the body. On the other hand, the attractive interaction 
between 5-FU with AlN nanocage in the A-c model is more 
than other states and these models are more suitable for 
making deliveries and carriers of the 5-FU drug. 

 

Fig. 6. The  RDG plots of interaction between 5-FU drug with Al12N12 nanocage at the A-a to C-d models. 
 



 

 

 

TD-DFT, NBO, AIM, RDG and Thermodynamic Studies/Phys. Chem. Res., Vol. 8, No. 3, 511-527, September 2020. 

 521 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Molecular Electrostatic Potential (MEP) Plots 
      One of the practical methods to determine the shape, 
size, charge distributions and nucleophilic or electrophilic 
of molecule and regions of negative, neutral and positive of 
the system is molecular electrostatic potential (MEP) [61]. 
The MEP plots for A-a, A-c, A-d, C-a, C-c and C-d models 
are calculated and the results are shown in Fig. 7.  
      In the MEP plots, the blue and red colors represent the 
positive and negative charges or the nucleophilic and 
electrophilic regions, respectively. Based on the MEP plots, 
the most positive density is distributed around 5-FU…AlN 
nanocage and the most negative density is localized around 
the 5-FU…AlN surface. The results show that the surface of 
5-FU…nanocage is a good position for attacking 
electrophilic species and the surface of 5-FU…nanocage is 
suitable for attacking nucleophilic species. These positions 
are suitable for the interaction of 5-FU drugs with biological 
cells in body.   
 
Natural Bond Orbital (NBO) 
      To further understand the interaction 5-FU with the 
surface of pristine and P doped Al12N12, the  natural  bond 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
orbital (NBO) parameters are calculated for all the systems. 
For doing so, the stabilization energy (second-order 
perturbation energy) E(2) [62] between the bond orbitals (i) 
and anti-bond orbitals (j) or Rydberg orbitals (j) is 
calculated:  

 

      

2
(2) ij

i
j i

F
E q

 



                                                           (10) 

 
where qi , Fij , i  and j are the donor occupancy orbital, 

off-diagonal, and orbital energies (i and j). The calculated 
results (see Table 4) reveal that the E(2) values for all the 
systems are in the range of 1.49-19.32 Kcal mol-1.  
      The highest values of E(2) for the A-a, A-c, A-d, C-a,     
C-c and C-d models are observed for the electron          
transition between donor orbital to acceptor orbital 
in *3 1  4 3N Al N Al    . Comparison the results indicate 
that the E(2) values for the transition in  *3 1  4 3N Al N Al     
with 19.32 kcal mol-1 stabilization energy is more than that 
in other transitions. The lowest E(2) values for A-a, A-c, A-
d, C-a, C-c and C-d  models  are observed   for  the  electron  

 

Fig. 7. The  MEP plots of interaction between 5-FU drug with Al12N12 nanocage at the A-a to C-d models. 
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transition in *4 1  2 1N Al N Al    . According to these 
results, the stabilization energy E(2) values of pristine 
models (A-a, A-c, A-d), except C-c models, are more than 
those of the P-doped nanocage. This result confirms that the 
interaction of 5-FU with P-doped AlN nanocage is lower 
than that in pristine AlN nanocage and is in a good 
agreement with MEP and RDG results.  
 
Infrared (IR) and UV-Vis Spectra 
      The  infrared  (IR)  spectra  for  the  interaction of  5-FU 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
with the pristine and P-doped AlN nanocage are shown in 
Fig. S6. Inspection of IR spectra for all the systems 
indicates the remarkable peaks at 1000, 1600, 2000 and 
2600 cm-1, pertaining to the stretching vibrations of O-C,     
N-C-N, and C≡N bonds, respectively. 
      The UV-Vis spectra of 5-FU drug adsorption on the 
pristine and P-doped AlN nanocage are calculated by              
TD-DFT method and calculated results are given in Table 5 
and the UV-Vis spectra are shown in Fig. S7.  
      The  maximum  peaks of UV-Vis  spectrum  at  the  A-a, 

                         Table 4. The Second-order Perturbation Energies (2) (Donor (݅) → Acceptor (݆)) for A-a 
                                        to C-d Models 
   

Structure Donor(i) 

 

 

 

Acceptor(j) 

 

E(2) 

(kcal mol-1) 

E(j)-E(i) 

(a.u.) 

F(i,j) 

(a.u.) 

σN4-Al1
  σ*N2-Al1

 1.49 0.75 0.030 

σN1-Al1  σ*N6-Al5 6.11 0.68 0.058 

A-a 

πN3-Al1
  π*N4-Al3

 18.16 0.39 0.076 

σN3-Al1
  σ*N1-Al1

 1.93 0.74 0.034 

σN1-Al1
  σ*N6-Al5

 6.26 0.69 0.059 

A-c 

πN3-Al1
  π*N4-Al3

 18.42 0.40 0.077 

σN3-Al1
  σ*N2-Al1

 1.59 0.76 0.031 

σN1-Al1
  σ*N6-Al5

 6.18 0.68 0.058 

A-d 

πN3-Al1  π*N4-Al3
 18.03 0.38 0.075 

σN3-Al1
  σ*N3-Al5

 1.80 0.77 0.033 

σN1/P-Al1
  σ*N6-Al5

 5.27 0.54 0.048 

C-a 

πN3-Al1
  π*N4-Al5

 17.89 0.39 0.075 

σN3-Al1
  σ*N3-Al3

 1.92 0.68 0.032 

σN1/P-Al1
  *N6-Al5

 5.39 0.53 0.049 

C-c 

πN3-Al1
  π*N4- Al3

 19.23 0.41 0.079 

σN3-Al1
  σ*N3-Al3

 2.22 0.78 0.037 

σN1/P-Al1
  π*N3-Al1

 5.41 0.47 0.045 

C-d 

πN3-Al1
  π*N4- Al3

 17.25 0.38 0.073 
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A-c, A-d, C-a, C-c and C-d models are shown at 325.21, 
298.49, 292.31, 388.99, 301.13 and 384.33 nm with 
oscillator strengths of 0.0061, 0.0082, 0.0128, 0.0129, 
0.0197 and 0.1804, respectively. The maximum peaks of all 
adsorption system are localized in the ultraviolet region, and 
with doping P atom the wavelength of system increases.          
On the other hand, the maximum peaks for the A-a, A-c,               
A-d, C-a, C-c and C-d models occur in transitions of              
0.024(H-18L) + 0.93(H-11L), 0.6(H-9L) + 0.24(H-
9L+1), 0.03(H-10L) + 0.933(HL+2), 0.24(H-9L) 
+ 0.7(HL+1), 0.98(H-12L), and 0.424(H-11L) 
+0.21(H-9L), respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
      Using the DFT and TD-DFT method, the interactions of 
5-Fluorouracil drug with the surface of pristine and P-doped 
Al12N12 nanocage are investigated at the cam-B3LYP/6-
31G(d,p) level of theory. The geometrical results reveal that 
the bond distance and bond angle between 5-FU and AlN 
nanocage are in the range of 1.90-2.25 Å and 102.41-
111.13º, respectively. The values of adsorption energy, 
enthalpy and Gibbs free energy for the systems understudy 
are negative and all the adsorption process are exothermic 
and spontaneous in  view of the  thermodynamic approach.  

    Table 5. The UV-Vis Electron Transient between the Occupied and Unoccupied Orbitals for A-a to C-d Models 

Model Excited state Wavelength 

(nm) 

Excitation energy 

(eV) 

Configurations composition F 

S0S8 323.11 3.8372 0.6(H-2L+1) + 0.2(HL+1) 0.0044 

S0S14 369.45 3.3559 0.9(H-10L) + 0.05(H-7L) 0.0022 

 

A-a 

S0S20 325.21 3.8125 0.024(H-18L) + 0.93(H-11L) 0.0061 

S0S1 398.08 3.1146 0.9(HL) + 0.1(HL+1) 0.0027 

S0S4 378.14 3.2788 0.1(H-3L) + 0.82(HL+1) 0.0034 

 

A-c 

S0S19 298.49 4.1537 0.6(H-9L) + 0.24(H-9L+1) 0.0082 

S0S5 350.11 3.5413 0.99(HL+1) 0.0020 

S0S16 293.57 4.2233 0.81(H-9L) + 0.1(HL+4) 0.0027 

 

A-d 

S0S18 292.31 4.2415 0.03(H-10L) + 0.933(HL+2) 0.0128 

S0S3 368.93 3.3606 0.14(H-2L) + 0.64(H-1L) 0.0106 

S0S10 388.99 3.1873 0.24(H-9L) + 0.7(HL+1) 0.0129 

 

C-a 

S0S14 370.73 3.3443 0.041(H-12L) + 0.9(H-10L) 0.0092 

S0S1 448.49 2.7645 0.99(HL) 0.0091 

S0S14 340.90 3.6369 0.95(H-4L) 0.0107 

 

C-c 

S0S22 301.13 4.1173 0.98(H-12L) 0.0197 

S0S20 292.37 4.2406 0.824(H-1L+2) + 0.1(HL+2) 0.0098 

S0S7 450.01 2.7552 0.4(H-6L) + 0.3(H-3L) 0.0850 

C-d 

S0S14 384.33 3.2260 0.424(H-11L) + 0.21(H-9L) 0.1804 
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The changes of Gibbs free energy in the water and ethanol 
phase (ΔΔG(sol)) for adsorption of the 5-FU drug on the 
surface AlN nanocage for all systems are positive. The low 
changes in bandgap energy of the 5-FU/AlN nanocage 
system indicate that the pristine and P-doped AlN nanocage 
are not good candidates for making a sensor for the 5-FU 
drug in a biological system. The AIM results show that the 
values of ▽2ρ and HBCP for all systems are positive and 
detonate that the interaction between 5-FU and nanocage is 
electrostatic in nature, and this result is in agreement with 
RDG and NBO results. The calculated results demonstrated 
that the AlN nanocage could not be a sensitive sensor for 
detecting 5-FU, whereas the pristine and P doped Al12N12 
nano cage can be used as a carrier of the 5-FU drug in a 
biological system.    
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