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A B S T R A C T   

The present study provides an intriguing approach for the development of an efficient drug carrier for the 
biomedical system. Photoelectron spectroscopy (PES) and density functional theory (DFT) studies have been 
performed to illustrate the interactions of sulfasalazine (SSZ) drug with gold (Au) decorated B12N12 nanoclusters 
using B3LYP, B3PW91, M06–2X, and PBE functionals. All the possible orientations of Au adsorption have been 
taken into consideration and the energetically most favorable state is declared on the basis of their binding 
energies. Furthermore, the insight interactions of drug and Au/B12N12 complex have been discussed by altering 
the relative sites of interactions. The negative value of adsorption energy declared the feasibility of the process. 
The polarizability was investigated by calculating the alteration in potential energy due to charge exchange 
between the drug and Au-decorated nanocluster. The results show that the donor state red shift of the fermi states 
localized on Au-orbitals are due to significant changes in coulomb quantum well (QW) depth between the 
nanocluster and the complex. Tuning of the electronic properties of B12N12 nanoclusters after the adsorption of 
SSZ makes them efficient biosensors.   

1. Introduction 

In the recent years, revolutionary modifications have been done in 
the biomedical system with the introduction of advance technology in 
diagnosis, medicines and drug delivery systems. A major credit of these 
advancements goes to nanomaterials and nanotechnology, which grab-
bed the tremendous interest of scientific communities owing to their 
unprecedented properties and applications [1,2]. Initially, carbon-based 
nanomaterials have extensively been explored in the biomedical appli-
cations but now they can be significantly supersede by their structural 
analogues boron nitride (BN) nanomaterials through their imperious 
properties [3,4]. The high polarity of B–N bond renders them as a better 
substrate for surface interactions while strength of the bond is respon-
sible for their high temperature stability, oxidation resistance, large 
thermal conductivity and low electric constant [5,6]. In addition, their 
nontoxic behavior upfront them as potential candidate for biomedical 
purposes [7–9]. Among all the BN nanostructures, BN nanoclusters 
particularly (BN)n with n in range of 4–30 possess extraordinary 

characteristics [10–12] and hence being focused for drug carrier appli-
cations [9,13–15]. 

Boron nitride nanostructures are the smallest fullerene like struc-
tures which are energetically stable and successfully fabricated by Gol-
berg and co-workers for the first time in 1999 using electron beam 
irradiation method [16]. The presence of two types of BN rings i.e. 4- 
and 6- membered rings has also been confirmed by Oku et al. [17]. Soon 
after its discovery, a huge portion of scientific research is diverted to-
wards it and numerous theoretical as well as experimental studies have 
been performed to validate their nature of interactions with other 
molecules [18–22]. In our earlier studies, the adsorption of biomolecules 
including serine, cysteine, adenine, uracil, cytosine, caffeine and nico-
tine on the surface of B12N12 nanoclusters revealed the presence of 
highly exothermic nature of interactions with significant alteration in 
the electronic properties [23–25]. Hence, it can be administrated that 
B12N12 nanoclusters exhibit the potential characteristics of biochemical 
adsorbents as well as sensors. In addition, B12N12 nanoclusters also 
provides a suitable surface for the adsorption of drug molecules. For 
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instance, Vessally et al. studied the interactions of aspirin and B12N12 
nanoclusters by density functional theory (DFT) calculations and 
observed the strong interactions between them with release of high 
amount of energy [26]. Furthermore, a variety of drugs molecules 
including 5-fluorouracil [27], 5-aminolevulinic acid [28] and celecoxib 
[29] have also been found to be strongly adsorbed over the surface of 
B12N12 nanoclusters with significant change in their electronic 
properties. 

A number of studies have witnessed the fact that chemical doping 
with foreign atoms is the most effective and primarily adopted strategy 
to modify the properties of boron nitride nanomaterials [30,31]. The 
dopant site acts as an activation center for the reactions by altering the 
electronic structure [32,33]. Abbasi et al. reported the appreciable 
increment in the metallic character and decrement in the HOMO-LUMO 
gap of B12N12 nanoclusters after doping with first row transition metals 
[34]. Recently, Shakerzadeh et al. have studied the effect of Al and Ga 
doping on the adsorption of phosgene molecule and stated that doped 
clusters interacted more effectively in comparison to the pristine BN 
nanoclusters [35]. Similarly, the silicon and boron doping have signifi-
cantly facilitated the adsorption of ibuprofen and amantadine molecules 
respectively [36,37]. Among all the metal nanoparticles, gold nano-
particles (AuNP) have been widely used in the biomedical applications 
because of their high chemical stability, biocompatibility and antimi-
crobial activity against a wide variety of bacteria [38]. Moreover, 
several reports have affirmed that AuNPs have a strong potential to 
deliver a drug inside the cancer cells. Afterwards, it was believed that 
the incorporation of Au atom into another nanomaterial might enhance 
their drug delivery applications and hence being investigated by 
different research groups [39–41]. Minati el al. have proved this fact 
right by studying the application of gold-carbon nanotube hybrid for the 
delivery of anticancer drug doxorubicin hydrochloride into A549 lung 
cancer cell line [42]. Besides, Adeel et al. have recently explored the 
AuNP decorated BN nanosheets as label-free aptasensor for the detection 
of cardiac biomarker myoglobin [43]. Therefore, the present study is 
focused to enhance the drug delivery applications of Au decorated 
B12N12 nanoclusters. 

In this work, sulfasalazine (SSZ) which is one of the effective and 
widely used drug to cure the rheumatoid arthritis disease, has been 
taken into consideration. SSZ is also commonly prescribed for the 
treatment of other diseases such as psoriatic arthritis, Crohn’s disease 
and ulcerative colitis [44–46]. In the biological system, before reaches to 
colon, SSZ got metabolized into mesalazine and sulfapyridine, the latter 
is responsible for majority of adverse effects. In order to accomplish an 
effective treatment, the metabolism can be slower by their loading on 
the nanomaterials. 

The present study is aimed to provide an efficacious approach for the 
application of SSZ by loading on the surface of Au doped B12N12 nano-
cluster. The nature of interactions and adsorption has been critically 
scrutinized using DFT calculations. To obtain the best drug carrier, the 
ratio of Au doping has also been varied. Furthermore, the effect of Au 
doping and SSZ adsorption on the electronic properties of B12N12 
nanoclusters has also been analyzed by monitoring the change in 
HOMO-LUMO gap through total density of state (TDOS) plots. 

2. Computational methodology 

The interactions of selected B12N12 nanocluster consisting 12 N and 
12 B atoms with Au atom/dimer has been evaluated using DFT calcu-
lations. B12N12 fullerene geometry optimizations were performed by 
using B3LYP [47,48], B3PW91 [49], PBE [50], and M06–2X [51,52] 
functionals with 6-311G** basis set as these are the commonly 
employed methods for the theoretical studies of BN nanostructures. 
However, standard LANL2DZ basis set has been implemented for Au 
atom/dimer [53,54]. The value of binding energies (Eb) have been 
calculated using the following expression: 

Eb¼EðAu� B12N12Þ � EðAuÞ � EðB12N12Þ (1)  

Eb¼EðAu� B12N12=SSZÞ � EðAu� B12N12Þ � EðSSZÞ (2)  

where EðAu� B12N12Þ is the total energy of Au loaded B12N12 nanocluster 
while E(B12N12) and E(Au) are the energies of pristine B12N12 nanocluster 
and Au metal atom respectively. By definition, the negative and positive 
values of Eb correspond to exothermic and endothermic adsorptions 
respectively. Total density of states (TDOS), projected density of states 
(PDOS), molecular electrostatic potential (MEP), and all energy calcu-
lations were performed using the same level of theory. Gaussian 09 
electronic structure program has been used to perform all the calcula-
tions [55]. The energy convergence criteria in both Self-consistent field 
(SCF) and electron density calculations has been set at 1.0 * 10� 6 har-
tree. However, the cutoff values for force and displacement have been 
assigned to 0.00045 hartree/bohr and 0.0018 bohr, respectively. The 
reliability of the optimize geometries has been ascertained by examining 
their vibrational frequencies using PBE functional incorporated with 
LAN2DZ basis set. Furthermore, electron localization function (ELF) and 
color-filled plots of electron density (ED) maps have also been deter-
mined with the help of Multiwfn software package [56]. 

3. Results and discussion 

3.1. B12N12 nanocluster 

The geometrical parameters and electronic properties of pristine 
B12N12 nanocluster have been illustrated by presenting its fully opti-
mized geometry along with TDOS plot, highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) im-
ages (shown in Fig. 1). As mentioned earlier, B12N12 nanocluster is made 
up from six tetrahedral rings and eight hexagonal rings, hence consists 
two different types of B–N bond lengths corresponding to each ring type. 
In order to obtain the most accurate level of theory, all the calculation 
have been performed by employing PBE, B3LYP, B3PW91, and M06–2X 
functionals. The length of B–N bonds shared by two hexagonal rings is 
1.446 Å, 1.438 Å, 1.436 Å, and 1.434 Å while that of shared by 
tetragonal and hexagonal rings is 1.492 Å, 1.486 Å, 1.484 Å, and 1.483 Å 
corresponding to PBE, B3LYP, B3PW91, and M06–2X functionals, 
respectively. Furthermore, natural bond orbital (NBO) analysis and 
Mulliken population charge analysis (MPA) has also been performed to 
calculate the charge on B and N atom in B12N12 nanocluster and found to 
be 1.10 and � 1.10 |e| using NBO analysis and 0.118 and � 0.118 |e| 
using MPA analysis on B and N atom respectively. Presence of charge 
difference revealed the polar nature of the B–N bonds. In addition, the 
electronic configuration of B and N atoms in B12N12 nanocluster has also 
been estimated from NBO analysis i.e. [He] 2s0.47 2p1.39 and [He] 2s1.43 

2p4.69, respectively. 
Furthermore, the electronic properties calculated using these func-

tionals have also been compared with the experimental one to ensure the 
authenticity of current work. The values of HOMO-LUMO gap (tabulated 
in Table 1) have also been determined from the TDOS plot (represented 
in Fig. 1) by incorporating all the selected functionals and found to be 
4.99 eV, 6.71 eV, 6.93 eV and 9.45 eV corresponding to PBE, B3LYP, 
B3PW91, and M06–2X respectively. On comparing the data obtained by 
all the functionals with the experimental one i.e. bond length of 1.455 Å 
[57] and HOMO-LUMO gap is 5.1 eV, it can be deduced that PBE 
functional is very close to the real model [58]. 

3.2. Interactions of Au atom/dimer with B12N12 nanocluster 

The detailed interactions of Au (gold) atom and dimer with B12N12 
nanocluster have been critically scrutinized by optimizing all the 
possible geometries (shown in Fig. 2). State I (Fig. 2(a)) represent the Au 
atom trapped inside the B12N12 nanocluster while in state II (Fig. 2(b)) 

N. Abdolahi et al.                                                                                                                                                                                                                               



Physica E: Low-dimensional Systems and Nanostructures 124 (2020) 114296

3

Au atom was present at above the N atom of B12N12 nanocluster. 
Furthermore, state III and IV (Fig. 2(c)) depicts the bridge state geom-
etries where Au atom and dimer were placed over the B–N bond 
respectively. All the calculated structural parameters and electronic 
properties obtained from the optimized geometries have been summa-
rized in Tables 1 and 2. The most stable configuration of Au conjugated 

B12N12 nanocluster has been evaluated on the basis of their calculated 
binding energies (summarized in Table 1) i.e. þ10.5 eV, � 2.38 eV, 
� 2.57 eV and � 3.06 eV corresponding to state I, II, III and IV respec-
tively optimized by PBE functional. The order of stability of the com-
plexes remained same under all employed functionals. From the results, 
it can be deduced that the bridged orientation is energetically more 

Fig. 1. (a) Fully optimized geometry, (b) TDOS plot, (c) HOMO and (d) LUMO images of B12N12 nanocluster. The bond lengths and bond angles are in Å and degrees, 
respectively. 

Table 1 
The structure and electronic parameters of Au atom and Au dimer adsorbed over B12N12 nanocluster in the different methods.  

Property B–N/Ǻ Au–N/Ǻ Au–B/Ǻ Au–Au N–B–Au/� B–Au–Au N–B–N/� Ead/eV DM/Debye 

B3LYP 
B12N12 1.486 – – – – –  – 0.0 
I 1.542 2.533 2.285 – 37.7 – 97.9 þ9.5 0.18 
II 1.500 2.580 – – 114.9 – 97.7 � 0.13 2.87 
III 1.524 – 2.268 – 102.8 – 95.3 � 0.23 1.53 
IV 1.484 2.236 2.959 2.563 104.1 150.7 97.4 � 0.68 5.54 
B3PW91  – – – – –  –  
B12N12 

I 1.543 2.530 2.274 – 37.2 – 98.3 þ8.0 0.03 
II 1.499 2.506 – – 115.2 – 98.0 � 0.12 3.01 
III 1.524 2.989 2.224 – 104.7 – 95.5 � 0.38 1.83 
IV 1.495 2.195 2.295 2.536 38.8 140.0 97.3 � 0.79 2.44 
PBE 
B12N12 1.492 – – – – –  –  
I 1.540 2.522 2.528 – 37.0 – 98.3 þ10.5 0.02 
II 1.496 2.486 3.372 – 115.4 – 98.1 � 2.38 3.01 
III 1.521 2.981 2.220 – 104.5 – 95.6 � 2.57 1.91 
IV 1.493 2.188 2.284 2.532 123.9 133.4 97.5 � 3.06 2.32  
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preferential and feasible with release of higher amount of energy as 
compared to the state I and II [59,60]. These observations are highly in 
coherence with the earlier reports on Au atom and dimer adsorption on 
perfect and defective BN monolayer and metal-oxide surfaces using first 
principle study [61,62]. 

The nature of interactions between the gold atom and B12N12 
nanocluster has been investigated by measuring the distance between 
their nearest atoms as tabulated in Table 1 and charge transfer by MPA. 
The MPA analysis implies that the charges about 0.368 and 0.138 
electrons were transferred from Au- and Au2- to B12N12 nanocluster 
respectively. This fact has been evidenced by both experimental and 
theoretical studies indicating a significant transfer of electronic charge 
from the gold to C60 surface [63–66]. 

The small nearest atom distance i.e. in the range of 2.188 Å to 2.981 
Å in state II, III and IV confirms the presence of covalent bonding 

between the Au and B12N12 nanocluster [63]. On comparing the nearest 
atom distance in state II and III, it was observed that the distance is 
shorter in state III (where Au atom binds with the B atom of B12N12 
fullerene) than state II (where Au atom was nearer to nitrogen atom of 
B12N12 nanocluster). This reason of this can be explained by accounting 
the electronic behavior of atoms i.e. the electron rich gold metal atom 
prefers to bind with the electron deficient boron atom more closely than 
highly negative nitrogen atom. Moreover, the adsorption of gold on the 
outer surface of nanocluster caused significant expansion of the ring 
indicated by the increase in diameter from 3.91 Å (pristine B12N12 
nanocluster) to 4.03 Å and 3.93 Å in states II and III, respectively. 

To further illustrate the nature of bonding between Au atom and 
B12N12 nanocluster, electron localization function (ELF) maps have also 
been computed and are presented in Fig. 3. The ELF given in Fig. 3 refers 
to scaling runs from 0 (zero localization and/or zero electron density, 

Fig. 2. The fully optimized structures and PDOS plots of different orientations of Au atom/dimer adsorbed B12N12 nanocluster (a) state I, (b) state II, (c) state III and 
(d) state IV. Frag.1 and 2 demonstrate the BN cage and Au atom/dimer structure, respectively. 
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blue color) to 1 (strong localization, red color). The value of 0.5 (green) 
correspond to a homogeneous electron gas (metallic bonding), while 
covalent bonds appear red because of the electron pairing [67]. A strong 
chemical interaction by overlapping the outer electron represented by 
the merging of outer blue region between Au atom and the B atom of the 
B12N12 nanocluster has affirmed the presence of covalent bonding be-
tween them in state III and IV [68]. However, in state I and II, electro-
static interactions are considered as the major reason of bonding. 
Electron density (ED) plots in Fig. 4 clearly indicated a strong interaction 
due to the charge transfer from the Au atom to the B12N12 nanocluster in 
geometric positions of III and IV, while we see the electrostatic in-
teractions in geometric positions of I and II. 

3.3. SSZ adsorption on Au decorated B12N12 nanoclusters 

In this section, the detailed investigation on the nature of in-
teractions of SSZ drug moiety with the Au-decorated B12N12 nanocluster 
has been studied (see Fig. 5). Out of all the orientations of gold func-
tionalization, the most stable orientation i.e. state III with higher 
adsorption energy has been selected as drug loading substrate. SSZ drug 
molecule consists three different functional sites such as pyridine ring, 
sulfonamide and carbonyl moieties to interact with the Au atom deco-
rated over B12N12 nanocluster. In order to obtain the most interacting 
site of SSZ molecule, all the possible orientations have been fully opti-
mized and presented in Fig. 5. Where state V represents the interactions 
through pyridine ring while state VI depicts the interactions by sulfon-
amide group and state VII demonstrate the interactions of carbonyl 

Table 2 
The electronic and energetic parameters of Au and Au2 interacting with B12N12 nanoclusters.  

Property EHOMO/eV EHOMO-1/eV ELUMO/eV ELUMOþ1/eV Eg/eV ΔEg (%) EF/eV 

B3LYP 
B12N12 � 7.85 � 7.85 � 1.11 � 1.11 6.74 – � 4.48 
I � 3.83 � 7.59 � 1.90 � 1.90 1.93 71.36 � 2.87 
II � 5.63 � 7.58 � 1.46 � 1.41 4.17 38.13 � 3.54 
III � 6.81 � 7.67 � 1.63 � 0.97 5.18 23.14 � 4.22 
IV � 6.21 � 7.07 � 2.27 � 1.72 3.94 41.54 � 4.24 
B3PW91 
B12N12 � 7.98 � 7.98 � 1.05 � 1.05 6.93 – � 4.52 
I � 3.97 � 7.74 � 1.87 � 1.86 2.1 69.70 � 2.92 
II � 5.59 � 7.61 � 1.43 � 1.38 4.16 39.97 � 3.51 
III � 6.90 � 7.78 � 1.63 � 0.88 5.27 23.95 � 4.27 
IV � 6.67 � 7.61 � 2.68 � 1.53 3.99 42.42 � 4.68 
PBE 
B12N12 � 6.91 � 6.91 � 1.92 � 1.91 4.99 – � 4.42 
I � 4.06 � 7.97 � 1.66 � 1.66 2.40 51.90 � 2.86 
II � 5.65 � 7.83 � 1.24 � 1.17 4.41 11.62 � 3.45 
III � 6.99 � 8.0 � 1.46 � 0.67 5.53 10.82 � 4.23 
IV � 6.78 � 7.84 � 2.46 � 1.36 4.32 13.43 � 4.62  

Fig. 3. ELF plots of Au atom and Au dimer interacting with B12N12 nanocluster for state I, II, III and IV.  
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group with the AuB12N12 complex. The values of adsorption energy 
(Table 3) calculated using equation (2) have been found to be � 0.79 eV, 
� 0.34 eV and � 0.32 eV corresponding to state V, VI and VI respectively. 
Hence it has been deduced that the most stable orientation is the one in 
which pyridine interacted with Au atom. The reason behind this can be 
deduced by accounting the electronic nature of interacting atoms and 
groups. It is a well-known fact that the nitrogen atom of pyridine is 
electrophilic in nature owing to the contribution of it’s p orbital elec-
trons to the ring while the oxygen atoms of sulfonamide and carbonyl 
groups are highly nucleophilic. Therefore, the electron rich Au atom 
possessed strong electrostatic interactions with the N atom of pyridine 
moiety as compared to the other groups. Furthermore, the nearest atom 
distance has also been measured and found to be above 2.238 Å which 
also eliminated the presence of covalent interactions and hence eluci-
dated their binding through weak non-covalent interactions. 

In addition to this, the interactions of SSZ have also been scrutinized 
with Au2–B12N12 complex (state IV). Similar to the above, all the three 
interacting sites have been taken into consideration and their optimized 
geometries have been shown in Fig. 6. Where state X, Y, and Z represent 
the interaction of Au atom of Au2–B12N12 with pyridine, sulfonamide 
and carbonyl groups. All the geometrical parameters and adsorption 
energy values are summarized in Table 3. On comparing the adsorption 
energy values, similar results have been obtained that affirmed the N 
atom of pyridine ring as the most interacting site [69]. However, the 
value of adsorption energy increased significantly from � 0.79 eV to 
� 1.03 eV on increasing the number of Au atom by one. This might be 
due to the increase in electron density on the Au atom which directly 

enhance the extent of electrostatic interactions [70,71]. Like earlier, the 
nature of interactions is weak through Van der Waals forces, depicted 
from the large intermolecular distance. 

The Q2/R values shown in Table 5 demonstrate the coulomb po-
tential (CP) values between the drug and the carrier nanocluster. On 
comparing the CP values of Au–B12N12 (0.061) and Au2–B12N12 nano-
clusters (0.008), it can be deduced that the electrostatic interactions are 
stronger in Au–B12N12 than Au dimer complex. Therefore, binding en-
ergy is found to be directly proportional to CP and hence with an in-
crease in the potential energy, stability of the complex increases. These 
results have been affirmed by evaluating the electronic configurations of 
B, N, and Au atoms in Au-decorated B12N12 nanocluster i.e. shifted from 
[He] 2s0.53 2p1.66, [He] 2s1.43 2p4.69, and [Xe] 6s0.79 5 d9.85 to [He] 2s0.31 

2p0.95, [He] 2s0.72 2p2.37, and [Xe] 6s0.57 5 d4.88 after SSZ adsorption 
respectively and of B, N, Au1, and Au2 atoms in Au2-decorated B12N12 
nanocluster i.e. shifted from [He] 2s0.49 2p1.55, [He] 2s1.43 2p4.67, [Xe] 
6s0.94 5 d9.69, and [Xe] 6s1.18 5 d9.89 to [He] 2s0.51 2p1.58, [He] 2s1.43 

2p4.69, [Xe] 6s1.08 5 d9.70, and [Xe] 6s1.12 5 d9.75 after the adsorption 
process respectively. The charge exchange between the carrier nano-
cluster and drug makes a coulomb potential as with a decrease of the 
coulomb potential strength we can see a red shift of the localized mid- 
gap Au atomic states. The red shift of the coulomb potential is also 
proportional with Q/R ratio which is in agreement with our results 
presented in Table 4 and Figs. 5 and 6. 

In order to mimic the biological system, the similar study has also 
been done in the aqueous environment using PCM solvation model by 
the PBE functional [25]. Interestingly, the adsorption of SSZ over the 

Fig. 4. Color-filled plots of electron density of Au atom and Au dimer interacting with B12N12 nanocluster for state I, II, III and IV. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.) 
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surface of Au decorated B12N12 nanocluster has been found to be ther-
modynamically feasible with release of energy indicated by the negative 
value of the adsorption energy (shown in Table 5). Table 4 shows that 
generally a substantial amount of charge transfer happens from SSZ 
(state V) to Au decorated B12N12 nanocluster. Thus, it might be con-
fessed that the SSZ drug can effectively loaded over the surface of Au 
decorated B12N12 nanocluster and efficiently delivered in the biological 
systems. 

3.4. Electronic properties 

Studying the effect of adsorption on the electronic properties of 
nanomaterial is the most crucial and important part to examine their 
sensing behavior. Therefore, the energy difference between HOMO and 
LUMO demonstrating the HOMO-LUMO gap values (ΔEg) have been 

calculated from the total density of state (TDOS) plots. 
Presence of metal atom (Au atom) introduced new energy levels 

which can cause significant alteration in the electronic properties of the 
B12N12 nanostructures. All the energy level values consisting HOMO, 
LUMO, HOMO-LUMO gap (Eg) and Fermi level (EF) attributing the effect 
of Au atom/dimer have been summarized in Table 2. It has been clearly 
observed from the HOMO-LUMO gap values that the maximum change i. 
e. from 4.99 eV to 2.40 eV has been noticed in state I in which Au atom 
was trapped inside the B12N12 nanocluster rather than state II, III and IV. 
The insertion of new energy levels are shown by TDOS plots presented in 
Fig. 2. It has be noticed that the states present in the HOMO-LUMO gap 
are strongly localized on the Au atomic states as donor energy levels and 
hence lead to significant increment in the electrical conductance. 
Similar results have also been reported by Yu et al. [72] which indicated 
the remarkable reduction in the resistance of boron nitride nanotubes 

Fig. 5. Optimized geometries and localized charge of Au-decorated B12N12 nanocluster interacting with sulfasalazine by different functional groups.  

Table 3 
The structural and energetic parameters of Sulfasalazine adsorbed Au-decorated B12N12 fullerene by the PBE functional.  

Property S¼O/Ǻ C–N/Ǻ C¼O/Ǻ Au–B/Ǻ Au–Au/Ǻ N–B–Au/� B–Au–O/� B–Au–N/� Ead/eV D/Ǻ DM 

Au–B12N12 – – –  –  – – � 2.57 2.220 zero 
V 1.442 1.341 1.222 2.189 – 110.13 – 175.23 � 0.79 2.238 11.19 
VI 1.466 1.326 1.221 2.156 – 108.09 174.76 – � 0.34 2.436 12.36 
VII 1.447 1.328 1.240 2.173 – 105.98 166.62 – � 0.32 2.414 4.42 
Au2–B12N12 – – – – 2.532 67.09 – – � 3.06 2.283 2.32 
X 1.468 1.327 1.221 2.202 2.522 73.57 127.67 – � 0.42 2.317 11.65 
Y 1.442 1.342 1.221 2.200 2.530 76.07 – 126.69 � 1.03 2.177 9.73 
X 1.447 1.329 1.242 2.242 2.521 70.67 131.69 – � 0.57 2.309 3.80  
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(BNNT) i.e. from (1.0 � 108 Ω) to (3.3 � 107 Ω) by the decoration of Au 
nanoparticle. Furthermore, it has been depicted from the HOMO and 
LUMO images (shown in Fig. 7) that the energy levels are majorly 
localized over the Au atom and B–N bond which has proven the insertion 
of new energy levels of (Au atom) between the HOMO and LUMO energy 
levels of B12N12 nanocluster [73]. 

Moreover, the distribution of charge around the Au atom can also be 
evaluated from their molecular electrostatic potential (MEP) maps 
(shown in Fig. 8). The blue color on the Au atom in the most stable state 
III indicates the positive electrostatic potential whereas nitrogen and 
boron atoms of the nanocluster with orange and blue colors have 
negative and positive electrostatic potentials respectively. Since nitro-
gen and oxygen atoms of the drug molecule are the highly electroneg-
ative atoms (most reactive part), hence might have strong affinity 
towards the electrons of the Au atom of substrate. On calculating the net 
charges on B12N12 (� 0.369 e) and gold (0.368 e) atoms showed that a 
significant charge transfer has taken place from Au atom to B12N12 
nanocluster. The transfer of electrons from donor Au atom to acceptor B 
atom of B12N12, provides another evidence in favor of presence of strong 
covalent bonding between them. 

The value of ΔEg obtained for all the states of SSZ adsorption have 
been tabulated in Tables 6 and 7. The results have demonstrated a 
remarkable decrement in the HOMO-LUMO gap values of Au decorated 
B12N12 nanoclusters i.e. up to 3.04 eV from 5.53 eV after the adsorption 
of SSZ. This significant change in the HOMO-LUMO gap values has been 
noticed in all the orientations of SSZ adsorption on the outer surface of 

Fig. 6. Optimized geometries and localized charge of Au2-decorated B12N12 nanocluster interacting with sulfasalazine by different functional groups.  

Table 4 
The mean value of the coulomb potential energy between the drug and carrier 
nanocluster.  

Property <R>/Ǻ Q/e Q2/R 

Au–B12N12 2.220 0.368 0.061 
V 2.238 0.260 0.030 
VI 2.436 0.144 0.009 
VII 2.414 0.197 0.016 
Au2–B12N12 2.283 0.138 0.008 
X 2.317 0.217 0.020 
Y 2.177 0.162 0.012 
X 2.309 0.176 0.013  
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AuB12N12 as well as Au2B12N12 complex which indicates their excellent 
sensing property towards SSZ drug molecule [74]. On comparing the 
sensing properties of two complexes by measuring the percentage of 
change in HOMO-LUMO gap i.e. 43.94%, 45.03%, and 36.71% for the 
states V, VI, and VII respectively and 22.92%, 12.04% and 7.17% for 

state X, Y and Z, it can be suggested that AuB12N12 complex is better 
sensor owing to higher percentage change than Au2B12N12 complex. To 
own the explanation, insight investigation has been carried out by 
examining the change in the energy level of HOMO and LUMO (see 
Fig. 9). It has been observed that LUMO energy level shift to lower 

Table 5 
The structural and energetic parameters of Sulfasalazine adsorbed Au-decorated B12N12 fullerene by the PBE functional at the solvent (water) environment.  

Property S¼O/Ǻ C–N/Ǻ C¼O/Ǻ Au–B/Ǻ Au–Au/Ǻ N–B–Au/� B–Au–O/� B–Au–N/� Ead/eV D/Ǻ DM 

SSZ 1.451 1.328 1.224 – – – – – – – 8.31 
Au–B12N12 – – – 2.17 – 107.62 – –  – 6.38 
V 1.450 1.339 1.224 2.17 – 109.59 – 178.12 � 0.69 2.232 15.61 
VI 1.469 1.327 1.224 2.13 – 110.09 173.65 – � 0.21 2.420 16.46 
Au2–B12N12 – – – 2.24 2.54 68.59 – –  2.245 1.96 
X 1.449 1.343 1.224 2.15 2.54 83.94 – – � 0.99 2.148 14.07  

Fig. 7. HOMO and LUMO energy profiles for state I, II, III and IV illustrating the interactions of Au atom/dimer with B12N12 nanocluster.  
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energy while HOMO energy level shift to high energy i.e. both the levels 
moved closer to the Fermi level (EF) and hence leading to the reduction 
of HOMO-LUMO gap. As shown in Fig. 9, positive charge over SSZ and 
negative charge over the B12N12 nanocluster in all the MEP maps clearly 
demonstrates the strong electrostatic interactions between the two 
species. Conforming the MEP results, we illustrated the ELF plots for the 
SSZ adsorbed on B12N12 nanocluster, where more electrons are localized 
between two atoms (the nitrogen atom of the drug and gold atom of the 
B12N12 nanocluster) by sharing electrons through interactions (see 
Fig. 10). Moreover, the effect of solvent (water) has also been studied on 

the electronic electrostatic properties and similar results has been ob-
tained. It is worth to mention that Au-decorated B12N12 nanoclusters not 
only proved as an efficient drug nano-cargo system but also can be 
introduced as a novel sensor for detection of SSZ drug even in the 
aqueous environment [75]. 

3.5. Infrared spectra 

Infrared (IR) analysis provides another source of insightful infor-
mation regarding the nature of interaction between the B12N12 

Fig. 8. MEP plots of pristine B12N12 nanocluster, state I, II, III and IV. The surfaces are defined by the 0.0004 electrons/b3 contour of the electronic density. *Color 
ranges in a. u.: blue more positive than 0.010, green between 0.010 and 0, yellow between 0 and -0.015, red more negative than � 0.015. . (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 6 
The electronic and energetic parameters of Sulfasalazine adsorbed Au- and Au2-decorated B12N12 nanoclusters by the PBE functional.  

Property HOMO/eV HOMO-1/eV LUMO/eV LUMOþ1/eV Eg/eV ΔEg (%) EF/eV 

SSZ � 6.77 � 7.11 � 2.78 � 1.89 3.99 – � 4.78 
Au/B12N12 � 6.99 � 8.00 � 1.46 � 0.67 5.53 10.82 � 4.23 
V � 6.03 � 6.90 � 2.93 � 2.15 3.10 43.94 � 4.48 
VI � 6.12 � 7.01 � 3.08 � 2.03 3.04 45.03 � 4.60 
VII � 6.57 � 7.06 � 3.07 � 2.55 3.50 36.71 � 4.82 
Au2/B12N12 � 6.78 � 7.84 � 2.46 � 1.36 4.32 – � 4.62 
X � 6.36 � 6.98 � 3.03 � 2.02 3.33 22.92 � 4.70 
Y � 6.73 � 6.91 � 2.93 � 2.0 3.80 12.04 � 4.83 
X � 6.98 � 7.03 � 2.97 � 2.38 4.01 7.17 � 4.98  
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nanocluster, Au atom/dimer and SSZ molecule by critically examining 
the alteration in IR frequencies. In the present study, IR spectra have 
been studied using GaussSum program [76] within wave number range 
of 4000–400 cm� 1 by the PBE functional at 298.15 K. Primarily, the IR 
spectrum of Au- and Au2-decorated B12N12 nanocluster (shown in 
Fig. 8), representing the interactions of B12N12 nanocluster and Au 
atom/dimer have been administrated by comparing with that of pristine 
B12N12 nanocluster in Fig. 11. The characteristic peak of B12N12 nano-
cluster at 1403 cm� 1 represents the stretching vibrations of B–N bond 
while peaks at 1180 cm� 1 and 801 cm� 1 represent the bending of B–N 
[77–79]. After the adsorption of Au atom/dimer, a significant change 
has been observed in one of the peaks i.e. at 1403 cm� 1 to 1462 cm� 1, 
1458 cm� 1 and 1458.9 cm� 1 in state II, III and IV respectively. This 
confirmed the presence of strong interactions between B12N12 nano-
cluster and Au atom/dimer. The increase in the frequency indicates the 
strengthening of B–N bond in the presence of Au atom/dimer which was 
also affirmed by the charge transfer analysis owing to transfer of elec-
tronic charge from Au atom to fullerene nanostructure. 

Further, the IR spectra of pure SSZ molecule, state V, VI and VII 
(shown in Figs. 11 and 12) have also been accounted to understand the 
interactions between Au decorated B12N12 nanocluster with SSZ mole-
cule. The spectrum of pure SSZ molecule exhibited medium strong peaks 
at 1781 and 1467 cm� 1 assigned for asymmetric and symmetric 
stretching vibrations of the carboxylate moiety respectively [80], while 
these peaks after the interaction, states V (1857 and 1516 cm� 1), VI 
(1788 and 1504 cm� 1), and VII (1858 and 1528 cm� 1) were slightly 
shifted to higher frequencies [81]. The IR of pure SSZ exhibited peaks at 
1166, 1372, and 1582 cm� 1 assigned to symmetric and asymmetric 
O––S––O and –N––N- stretching vibration, respectively. The character-
istic peaks of B12N12 nanocluster has been noticed after the adsorption of 
SSZ molecule resulting the absence of strong interactions between them. 
However, the small shifts have been observed in the peaks corre-
sponding to functional moieties present in the SSZ molecule which 
therefore confirmed the presence of weak i.e. Vander Waal interactions 
between SSZ molecule and Au- and Au2-decorated B12N12 nanoclusters. 

Table 7 
The electronic and energetic parameters of Sulfasalazine adsorbed Au- and Au2-decorated B12N12 nanoclusters by the PBE functional at the solvent (water) 
environment.  

Property HOMO/eV HOMO-1/eV LUMO/eV LUMOþ1/eV Eg/eV ΔEg (%) EF/eV 

SSZ � 6.75 � 7.13 � 2.80 � 1.74 3.95 – � 4.78 
Au/B12N12 � 6.46 � 7.79 � 0.86 � 0.49 5.60 – � 3.66 
V � 6.05 � 6.78 � 2.84 � 1.76 3.21 42.68 � 4.44 
VI � 6.24 � 6.80 � 2.88 � 1.76 3.36 40.0 � 4.56 
Au2/B12N12 � 6.77 � 7.69 � 2.15 � 1.09 4.62 – � 4.46 
X � 6.78 � 6.92 � 2.84 � 1.79 3.94 14.72 � 4.81  

Fig. 9. MEP plots of SSZ interacting with the Au- and Au2-decorated B12N12 nanoclusters. The surfaces are defined by the 0.0004 electrons/b3 contour of the 
electronic density. *Color ranges in a. u.: blue more positive than 0.010, green between 0.010 and 0, yellow between 0 and -0.015, red more negative than � 0.015. . 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.6. Photoelectron spectrum 

The photoelectron spectrum (PES) studies provides an intuitive in-
formation on the binding of electrons to the atoms in a molecule 
structure, hence we carried out PES estimating for Au- and Au2-deco-
rated B12N12 nanoclusters interacting with SSZ drug molecule (shown in 

Fig. 13). The study significantly calculated the photoelectron binding 
energies of most stable structures of Au- and Au2-decorated B12N12 
nanoclusters before and after the adsorption of SSZ drug molecule. The 
analysis of photoelectron binding energies is extremely important for 
examining the binding of non-localized electron to the surface of the 
complexes and can be calculated by measuring the energy of incidental 

Fig. 10. ELF and PDOS plots of SSZ interacting with the Au- and Au2-decorated B12N12 nanoclusters in the most stable configuration.  

Fig. 11. IR spectrum of Au-decorated B12N12 interacting with SSZ drug.  
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Fig. 12. IR spectrum of Au2-decorated B12N12 interacting with SSZ drug.  

Fig. 13. Photoelectron spectrum of Au- and Au2-decorated B12N12 interacting with SSZ drug.  
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electromagnetic wave used to eject the electron. The peaks of PES of Au- 
decorated B12N12 nanocluster are mainly near energy range of 4–5 eV 
and 6 eV, however after the adsorption of SSZ molecule the peaks 
expand in continually over the range 4–6 eV. In case of Au2-decorated 
B12N12 system, the PES spectrum are extended between 3.5 and 5 eV and 
6 eV with low intensity while after incorporation of SSZ molecule, the 
appearance of peak in between the 5–6 eV confirm the presence of 
strongly bound electron by SSZ. Therefore, the appearance of additional 
peak after the adsorption of SSZ molecule indicated the presence of in-
teractions of Au atom/dimer decorated B12N12 nanocluster with SSZ 
molecule through strongly bonded electrons. 

4. Conclusion 

In summary, exhaustive theoretical investigations have been carried 
out to illustrate the nature of interactions of SSZ drug moiety with Au 
atom/dimer decorated B12N12 nanocluster using B3LYP, B3PW91, and 
PBE level of theory in DFT formalism. Primarily, different orientations of 
Au atom/dimer in and over the surface of B12N12 nanocluster have been 
evaluated to obtain the most stable orientation energetically i.e. the 
state III where Au atom bridged over B–N bond. Further, the adsorption 
behavior of SSZ molecule has been studied by examining the interaction 
of Au decorated B12N12 nanocluster with different functionalities of SSZ 
molecule i.e. pyridine, sulfonamide and carbonyl groups. On the basis of 
binding energy calculations pyridine bound more strongly than other 
functionalities. The nature of bonding between Au atom/dimer with 
B12N12 fullerene and SSZ molecule with Au decorated B12N12 nano-
cluster i.e. chemical and physical respectively has been declared on the 
basis of bond length, Mullikan charge analysis, IR spectra and ELF maps. 
Moreover, the electronic properties have also been investigated by 
analyzing the TDOS plots and it has been noticed that the adsorption of 
Au atom/dimer leads to significant reduction of HOMO-LUMO gap i.e. 
up to 45.03% and hence would cause the increment in the electrical 
conductivity of the B12N12 nanocluster. 
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