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A B S T R A C T

The present work reports the adsorption of serine in the neutral and zwitterionic forms on the pure and Pt-
decorated B12N12 fullerenes by means of density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations. The binding energy of serine over the fullerene has been studied through its
hydroxyl (-OH), carboxyl (-COOH), and amine (-NH2) functional groups. Based on our analysis, the binding
energy of serine in zwitterionic form (F:−1.52 eV) on B12N12 fullerene is less stable than that of the neutral form
(C: −1.61 eV) using the M06-2X functional. Our results indicated that the most stable chemisorption state for
serine is through its amine group (I:−2.49 eV) interacting with the Pt-decorated B12N12 fullerene in comparison
with the carbonyl group (J: −1.92 eV). The conductivity of the B12N12 and Pt-decorated B12N12 fullerenes is
influenced by the energy band gap variation when serine is adsorbed upon the outer surface of fullerenes.
Understanding the adsorption of serine on B12N12 and Pt-decorated B12N12 fullerenes provide fundamental
knowledge for future applications in biomolecules and metal surfaces.

1. Introduction

Amino acids are considered as the fundamental building blocks of
peptides and proteins where their complexes with different nanos-
tructures are being widely explored as a new class of materials having
fascinating applications in biosensors and other medical diagnoses
[1–3]. Amino acids are based on two functional groups, namely the
amine and carboxyl groups, which could function as linkers for their
interaction with nanostructures. Serine (H2NCHCH2OHCOOH) is a
chiral amino acid that is used in the biosynthesis of proteins and is a
polar amino acid found in nature that has three functional groups with
a hydroxyl moiety in addition to the amine and carboxyl. Serine ap-
pears predominantly in the anionic form (H2N-CHR-COO−) at high pH
and as the cation (H3N+-CHR-COOH) at low pH [4–6]. L-serine and D-
serine crystal structures were investigated by X-ray diffraction [7] and
neutron diffraction [8] methods. L-serine is mainly present in its non-
ionic form in crystals in the dipolar ion (zwitterion) form [9, 10]. In bio-
molecules, L-serine is mostly present on the border of large proteins as it
can provide a link to anchor these proteins to inorganic supports [11].

Therefore, serine can be considered as the most distinguished member
of the family of amino acids and its interaction with different nanos-
tructures is important because of the three functional groups that
render better control and flexibility in comparison to the rest of the
amino acids [12].

The relatively flexible structure of boron nitride (BN) cages makes
possible the domiciliation of various-sized proteins, viruses and other
biomolecules [13]. There are many reports on the biocompatibility of
BN nanostructures [14–16]. Horváth et al. have observed the relative
BN nanotube (BNNT) cytotoxicity in a time- and dose-dependent
manner with more toxicity in macrophages, which was probably related
to a higher endocytic (phagocytic) property [17]. It seems that pre-
paring materials by different chemistry and modifications, which de-
termine the final size and shape of BN nanostructures, is the main
reason for the cytotoxicity contradiction. For example, BNNT particles
modified with polyethyleneimine, glycolchitosan or poly-L-lysine im-
prove particle monodispersity and reduce their cytotoxicity [15]. Si-
milarly, recent reports showed that matrix embedding decreases cyto-
toxicity of BNNTs [17]. However, caution should be exercised for the
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uncontrolled release of these molecules from the matrix. Therefore, it
seems that surface modifications with bioactive molecules and matrix
usage improves BN biocompatibility, which are essential for future
potential biomedical applications [18] and further precise research is
needed to make clear the potential of BN.

In this study, the adsorption of serine to B12N12 fullerenes has been
simulated and have been showed that serine can form a chemical bond
with fullerene. Furthermore, simulation showed that serine conjugation
will increase BN solubility and with consideration of previous findings,
serine conjugation potentially can reduce the probable toxicity of BN
both in vitro and in vivo. Smaller structural size and large numbers of
hydroxyl functional groups on side chains play an important role in the
interaction of biomolecules with different nanomaterials in developing
new techniques [19]. The adsorption of L-serine on the Cu(001) surface
at 310 K has been investigated experimentally by scanning tunnelling
microscope (STM) [20]. The interaction between serine functional
groups and single-walled carbon nanotubes was investigated by Wang
and Jiang [19]. Yang et al. performed a DFT study on the encapsulation
of serine physical adsorption with a (13, 0) BN nanotube [21]. Farm-
anzadeh and Ghazanfary carried out DFT calculations to study serine
with (9, 0) BN nanotubes having various lengths in the presence and
absence of an external electric field (EF) in gas and solvent phases [22].
The interaction of serine with different adsorbents including the zinc
oxide(1010) [23], Au(100), Au(111) [24], hydroxyapatite [25], Ge
(100) [26], Cu (531) [27], pure and metal-doped graphene [28], hy-
droxylated quartz(0001) [29], Ge(110) [30], aluminum octacarbox-
yphthalocyanine hydroxide (Al(OH)PcOC) [31], kaolinite [32] and
anatase TiO2(101) [33] surfaces have been studied using computational
approaches and with Au-Modified Chiral Cu (31) [34, 35], graphite
[36] and copper [37] substrates through experimental methods.

Nanostructures have played a critical role in biological applications.
Kaviyarasu et al. reported on the synthesis of the ZrO2 doped PbO2

nanocomposites and its possible application on preparation of the
cladding materials for water-cooled reactors [38]. They also described
the photocatalytic, photoluminescent and antibacterial properties of the
ZnO thin films for the degradation of Rhodamine-B dye [39]. They
studied the cytotoxicity effect and antibacterial performance of zinc
oxide doped TiO2 nanocrystals on human lung cell lines A549 [40, 41].
Magdalane and colleagues reported on the UV/Vis light induced pho-
tocatalytic degradation of Rhodamine B dye using the heterostructured
CeO2/Y2O3 binary metal oxide nanocomposites [42]. Ezhilarasi et al.
have also reported on the green synthesis of NiO nanoparticles and their
cytotoxicity effects against HT-29 cancer cells [43].

Among all nanomaterials that have been examined for these appli-
cations, boron nitride nano-cages are considered as promising materials
that are analogous of carbon-based fullerenes. They have exhibited
excellent properties like high temperature and oxidation stability, low
dielectric constant, high thermal conductivity and constant semi-
conductor band gap in comparison to that of carbon [17–19]. Recent
investigations on structures and stability of fullerene-like clusters of
(BN)n nanostructures suggested the most stable cluster is where n=12
i.e. B12N12 consisting of six tetragon rings and eight hexagon rings
which have been validated both experimentally and theoretically in
numerous studies [22, 44]. In previous reports, the sensitivity of B12N12

fullerene on adsorption of caffeine, nicotine, cysteine, adenine, uracil,
cytosine, 5-aminolevulinic acid, 5-fluorouracil and phenol molecules
was studied using the DFT method [45–51]. The interaction of pyr-
imidine nucleotide [52], histidine and tyrosine [53], H2S gas [54],
hydrogen halides [55] and aspirin [56] with the B12N12 nano-cage and
its derivatives have been performed using computational approaches.

Fig. 1. The optimized structures and TDOS plots of (a) pure B12N12 fullerene and (b) serine.
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However, to the best of our knowledge, the interaction of the serine
molecule with the B12N12 nanocage has never been reported. The ob-
jective of the present study is to investigate the adsorption of serine
over the B12N12 surface, which will be helpful for understanding the
role of functional groups in adsorption and will be useful for inter-
preting the interaction mechanism between large biomolecules and
fullerenes.

2. Computational methods

The geometries of pure B12N12 fullerene, serine and their adsorbed
configurations with different functional groups have been fully relaxed

by using M06-2X [57, 58] functional and 6-311G** basis set. Moreover,
the frontier molecular orbital (FMO), molecular electrostatic potential
(MEP), total density of states (TDOS), partial density of state (PDOS)
and natural bond orbital (NBO) analysis have also been carried out to
calculate other important parameters for critical investigation. All the
calculations have been performed within the DFT formalism im-
plemented in the GAMESS software package [59]. Adsorption of serine
over the pure and Pt-decorated B12N12 fullerenes by means of M06-2X,
B3PW91, and B3LYP methods were studied. For the Pt adsorbed on the
B12N12 surface, the standard LANL2DZ basis set was used. M06-2X
functional is showed to be a dependable and is the usual functional used
in the study of various BN fullerenes [60–62]. The accuracy of

Fig. 2. Optimized geometry of the neutral form of serine interacting with B12N12 fullerene through: Model A: carbonyl group, Model B: hydroxyl group, Models C and
D: amine group, Model E: amine and carbonyl groups, and Model F: two amine groups.

Table 1
The adsorption energy (Ead), nearest atom distances (D), dipole moment (DM), band gap (Eg) and change in band gap (ΔEg) of B12N12 fullerene after the adsorption of
serine at M06-2X level of theory. The states A to H are the same as referred to in Figs. 2 and 3.

Property B12N12 A B C D E F K Z G H

B-N/Ǻ 1.565 1.548 1.568 1.564 1.563 1.790 1.558 1.562 1.566 1.545
N-H/Ǻ – 1.017 1.013 1.021 1.024 1.024 1.036 1.020 1.023 1.024 1.015
C-O/Ǻ – 1.239 1.208 1.201 1.201 1.200 1.199 1.233 1.202 1.201 1.184
O-H/Ǻ – 0.969 0.979 0.959 0.967 0.968 0.965 0.970 0.966 0.968 0.972
N-B-N/° 92.71 93.84 92.34 92.33 92.49 87.08 92.75 92.61 92.35 93.43
B-C-O/° – 134.94 – – – – – – – – –
B-N-C/° – – – 116.04 115.92 119.80 – 119.98 115.88 116.42 –
B-O-C/° – – 115.26 – – – 120.19 134.44 – – 135.58
D/Ǻ – 1.590 1.596 1.625 1.624 1.625 1.435 1.632 1.627 1.620 1.686
Ead/eV – −1.10 −1.19 −1.61 −1.60 −1.53 −1.52 −1.16 −1.49 −1.62 −0.60
EHOMO/eV −8.44 −8.76 −8.48 −8.66 −8.67 −8.67 −8.90 −7.97 −7.74 −8.66 −8.90
ELUMO/eV −1.24 −0.83 −0.20 −0.18 0.17 0.18 −0.35 −0.42 0.26 0.16 −0.11
Eg/eV 7.20 7.93 8.28 8.48 8.84 8.85 8.55 7.55 8.00 8.82 8.79
ΔEg (%) – 10.14 15.0 17.78 22.78 22.92 18.75 4.86 11.11 22.50 22.08
DM/Debye 0.0 6.04 10.62 6.54 6.51 6.91 4.78 7.48 7.28 6.59 3.92
EF/eV −4.84 −4.80 −4.34 −4.42 −4.25 −4.24 −4.63 −4.20 −3.74 −4.25 −4.51
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calculations was further studied by the B3PW91 and B3LYP functionals.
The binding energy (Eb) of serine over the pure B12N12 fullerene is
represented by:

= + +−E E –(E E ) BSSEb fullerene serine fullerene serine (1)

= + +− − −E E –(E E ) BSSEb fullerene Pt serine fullerene Pt serine (2)

where Efullerene and Efullerene-Pt are the total energies of the pure and Pt-
decorated B12N12 fullerenes. Efullerene-serine and Efullerene-Pt-serine are the
total energies of serine adsorbed over pure and Pt-decorated B12N12

fullerenes and Eserine represents the total energy of an isolated serine
amino acid. Incompleteness of the basis set originates from the basis set
superposition errors (BSSE) during the investigation of weak inter-
molecular interactions in the present calculations which have been
resolved by estimating the BSSE energy for all the complex systems
using counter poise correction method. ELF analysis was performed
using the Multiwfn software package [63].

3. Results and discussion

3.1. Geometrical structure

The interaction of serine over the outer surface of B12N12 fullerene
was investigated through three different interaction sites i.e. amine,
carbonyl, and hydroxyl linkage with the fullerene. The optimized
structural parameters of serine and B12N12 fullerene with their TDOS
spectrums in the gas environment are displayed in Fig. 1(a) and (b). The
calculated length of CeN and C]O bonds for serine are 1.455 and
1.202 Å by M06-2X functional and 1.463 and 1.207 Å by B3LYP func-
tional, respectively, and is in agreement with the results obtained from
theoretical data [4]. Kistenmacher et al. experimentally calculated the
length of CeN and C]O bonds with the values of 1.485 and 1.247 Å,
respectively [64].

3.2. Interactions via neutral and zwitterionic states

Six relaxed geometries obtained while studying the interaction of
neutral and zwitterionic forms of serine upon the B12N12 fullerene are
displayed in Fig. 2A–H. Out of the six geometries that consider

interaction through different functional groups of the amino acid, the
most favorable interaction attributed in terms of adsorption energy,
charge transfer, and bond lengths (see Table 1) is through the amine
functional group of serine with the boron atom of the fullerene. Ac-
cording to Eq. (1), the negative value of the binding energy demon-
strates an exothermic nature for all the interaction states. The most
negative Eb belongs to the amine group (NH2) of the serine (state G)
which can bond covalently with the B atom of B12N12 fullerene with the
value of −1.62 eV, whereas the adsorption of a zwitterionic model of
serine (state F) has a low binding energy (−1.52 eV) in comparison to
its neutral model using M06-2X functional. A Hirshfeld population
analysis indicates that a large amount charge transfer happens from the
serine to the B12N12 fullerene of about 0.43 (G) and 0.21 |e| (F),
showing that the amino acid functions as an electron donor. In contrast
to the three functional groups reported in the present study, the amine
group of the molecule with the highest nucleophilicity is a suitable
group for interacting with the nucleophilic site (boron atom) of the
B12N12 fullerene, while the other groups including carbonyl and hy-
droxyl groups are the least nucleophilic. In a previous study, we have
shown that the nucleophilic amine group of cysteine over the surface of
B12N12 has the highest binding energy (−1.15 eV by B3PW91 func-
tional) in comparison with other groups [48]. Leon and co-workers
have shown a weak chemical interaction (electrostatic interaction)
between serine and C60 fullerene [65]. In contrast to the fullerene [65],
carbon nanotube [66] and BN nanotube [67], B12N12 fullerene has a
strong binding energy with serine. In the B12N12 fullerene with Th

symmetry reported in the present study based on the M06-2X func-
tional, boron is the electrophilic center with 0.162 |e| partial positive
charge, while nitrogen is the nucleophilic center with the same amount
of partial negative charge (See Fig. 2). It is interesting to note that the
trend of interaction stability is entirely contradictory to the nucleo-
philic character of the functional groups; the binding energy has the
greatest magnitude when Eb is via the amine group (G: −1.62 eV) and
is minimum Eb via the carbonyl group (A: −1.10 eV) of the serine
amino acid. Our results indicate that serine through the amine, hy-
droxyl, and carbonyl groups are covalently bonded on the boron atom
of B12N12 fullerene. The alteration in structural properties of the B12N12

fullerene provide further evidence to the fact that there are covalent
and noncovalent interactions between the amino acid and the fullerene.
The BeN bond length in the most stable state (See state G in Table 1) is
significantly increased to 1.566 Ǻ after adsorption in comparison with
the B12N12 fullerene (1.483 Ǻ). In agreement with the earlier reports,
the most alteration in bond length is calculated for the -NH2 group
closest to the B12N12 fullerene. The elongated BeN bond of the fullerene
reveals that sp2 hybridization of the fullerene has transformed to sp3

hybridization. During the interaction process between serine and full-
erene, the amount of dipole moment has risen significantly in the serine
through the hydroxyl group (B: 10.62 Debye) in comparison with the
amine (E: 6.91 Debye) and carbonyl (A: 6.04 Debye) groups. The in-
frared (IR) spectra of the different states belong to serine adsorbed over
the pure B12N12 fullerene was calculated and studied by the M06-2X
functional and 6-311G** basis set. Fig. 3 indicates the HOMO and
LUMO molecular orbitals of adsorbed serine (in the different states)
over B12N12 fullerene. The orbitals with green color represent positive
regions and red color represents negative regions. In state G, the HOMO
orbitals are localized on the N and B atoms of B12N12 fullerene with an
energy of −8.66 eV and the LUMO orbitals are localized on atoms of
serine and B atoms of fullerene with an energy of −0.16 eV. In the state
E, the energies of HOMO and LUMO are found to be −8.67 and
0.18 eV, respectively. The B12N12 fullerene has an energy band gap
(Egap) of 7.20 eV using M06-2X functional, which is comparable with
those of other reports [61, 62]. Vibrational frequencies also provide
evidence in favor of the presence of strong interactions between serine
and B12N12 fullerene in their adsorbed states (See Fig. 4). In the IR
spectra, the bands in the 3041–3199 cm−1 region are the CeH

Fig. 3. Optimized geometry of one (states G and H) and two (state T) Serin
amino acid interacting with the pure and Pt-decorated B12N12 fullerenes.
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stretching vibrations and those in the 1420–1480 cm−1 region relate to
sharp bands due to the stretching vibrations of BeN in the serine ad-
sorbed upon the B12N12 surface (See state G). The NH2 stretching vi-
bration is observed in the 3500–3550 cm−1 range. In the IR spectrum of
serine, C]O stretching is found in the region of 1842 cm−1. In state F,
the bands at around 1129 and 1253 cm−1 are due to CeC and CH2

twisting vibrations, which are comparable with experimental data [68].
The strongest bands at 1844 and 1649 cm−1 are assigned to the C]O
and NH2 groups of serine in state F, whereas these bands in state B are
observed at around 1839 and 1675 cm−1, respectively. The bands at
around 3519, 3522, and 3538 cm−1 are assigned to the NeH stretching
vibrations in states G, F, and B, respectively [12].

3.3. Adsorption of two serine molecules

The adsorption capacity of B12N12 fullerene has been further ex-
amined by taking two serine amino acids. Keeping in view of the fact
that two amino acids are likely to bind with each other, the adsorption
of two serine amino acids on the fullerene surface has been studied.
Two possible configurations have been considered with the adsorption
of two separate serine amino acids with their C]O and NH2 groups
over the fullerene surface (K) and the adsorption of two distinct serine
molecules with their NH2 groups over the surface of fullerene (Z) (See
Fig. 6). It has been demonstrated that the functional groups in serine
play a significant role in many biochemical reactions related to the
charge-transfer and electron-capture. For serine, the calculated Eb for
per molecule at the M06-2X functional is about −1.16 eV for state K
and− 1.49 eV for state Z. Javan et al. calculated the adsorption of two

Fig. 4. HOMO and LUMO plots of the neutral form of serine with B12N12 fullerene.
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distinct cysteine molecules on the exterior wall of B12N12 with the
binding energy of −1.07 eV by the B3LYP and −1.16 eV by B3PW91
functional [48]. Gao and co-workers have shown that the more stable
adsorption corresponds to two glycine molecules (NH2 group) far from
each other on the opposite sides of the SiCNT with a binding energy of
−0.91 eV by the PBE functional [69]. In the IR spectra, the peaks ob-
served in the (K) 3053–3154 cm−1 and (Z) 3010–3150 cm−1 region are
assigned to the CeH stretching vibrations and those in the (K)

1414–1435 cm−1 and (Z) 1411–1434 cm−1 region relate to the sharp
bands due to stretching vibrations of BeN in the serine adsorbed upon
the B12N12 surface (See Fig. 5). The NH2 stretching vibration is ob-
served at 1645–1647 cm−1. The C]O stretching vibration of the serine
appears at 1750 and 1879 cm−1 for state K and 1872 and 1877 cm−1

for state Z.

Fig. 5. IR spectra of serine interacting with B12N12 fullerene in the most stable states.

Fig. 6. Optimized geometries of two serine amino acids interacting with the B12N12 fullerene.
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3.4. Adsorption over Pt-decorated B12N12

For the neutral model, two alternatives for bonding of serine in-
teracting with Pt-decorated B12N12 fullerene have been explored; one
with the C]O group and the other with the NH2 group (see Fig. 7).
Decoration of B12N12 with a Pt atom was studied by using M06-2X,
B3PW91 and B3LYP functionals and 6-311G** basis set. The optical,
electronic, and adsorption properties of B12N12 fullerene with the
decoration of Pt can significantly be modified [70]. It was found that
the binding energy of Pt on the BeN bridge site of B12N12 fullerene is
about −2.59 eV (B3LYP), −2.77 eV (B3PW91) and −2.85 eV (M06-
2X). Sharifi et al. have shown the binding energy for the most stable
configuration site for Pt over γ-alumina (110) surface is −3.16 eV [71].

The adsorption behavior of both the amine and carbonyl groups as
the most stable state have been examined over the surface of B12N12

fullerene. The most stable state and fully optimized geometries are
summarized in Table 2. The length of PteN and PteB bonds after ad-
sorption of serine for the most stable state varies in the range of 1.987
and 1.960 Å to 2.049 and 1.997 Å by the M06-2X functional, which is
comparable with both B3LYP and B3PW91 functionals (see Table 2). To
evaluate the feasibility, extent and nature of the interaction of serine
over the Pt-decorated B12N12 surface, binding energies have been cal-
culated using Eq. (2). Whereas the amine group from serine has higher
binding energy in comparison with its carbonyl group, the amine group
of serine (I) has higher negative values for the binding energy i.e.
−2.49 eV in comparison to carbonyl group (J) i.e. −1.92 eV indicating
the higher adsorption tendency of state I rather than state J (see
Table 2). Kliber-Jasik et al. calculated the interaction between serine
and aluminum octacarboxyphthalocyanine hydroxide (Al(OH)PcOC)
using DFT calculations [31]. Their results showed the binding energy
value for serine with the Al atom of Al(OH)PcOC is about −0.81 eV.
Based on our results, with increasing of binding energy in both states I

and J, the value of dipole moment increases from 3.88 Debye to 7.53 (I)
and 7.13 Debye (J). According to Hirshfeld population analysis [72],
the Pt atom in the Pt-decorated B12N12 fullerene in the neutral state has
a charge about 0.173 |e|, while the charge of the Pt atom is reduced
significantly after the adsorption process with the amounts of 0.119 and
0.091 |e| in states I and J, respectively. The interaction distance be-
tween serine and Pt-decorated B12N12 fullerene is about 2.125 Å in state
I and 2.138 Å in state J, accompanied with charges of about 0.420 and
0.191 |e| transferred from the amino acid to the Pt-decorated B12N12

fullerene in the states I and J, respectively.
The PteN and PteB stretching vibrations of Pt-B12N12 fullerene are

seen near 890 and 919 cm−1, respectively, as presented in Fig. 8. As
displayed in Fig. 3, it can be seen that the binding energy value between
serine and Pt-B12N12 fullerene in state T is about −1.801 eV (M06-2X),
−1.645 eV (B3PW91) and −1.609 eV (B3LYP) per molecule when two
serine molecule adsorbed on the same surface which are much smaller
than those of a single molecule chemisorbed on the Pt-B12N12 fullerene.
Moreover, the calculated binding energies obtained using the M06-2X
functional is significantly more than those obtained using the B3PW91
and B3LYP functionals. After serine adsorption upon the Pt-decorated
B12N12 fullerene, the C]O stretching vibration is observed at a lower
frequency for state J (1811 cm−1) and for state I, it occurs at a higher-
frequency (1911 cm−1), which can be related to the high value of the
binding energy. In the region of 1715 and 1703 cm−1, the IR spectra of
both states J and I exhibit bands due to the presence of NH2 group in
serine amino acid. The bands at around 1433 and 1435 cm−1 are due to
BeN stretching vibration in both states I and J, respectively.

3.5. Molecular electrostatic potential

To better comprehend interactions and charge distribution, mole-
cular electrostatic potential (MEP) maps were calculated for the most

Fig. 7. Optimized geometries and FMO plots of the neutral form of serine interacting with Pt-decorated B12N12 fullerene.
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stable states. MEP maps are a significant tool to investigate the reactive
sites for electrophilic and nucleophilic attack, which can play an im-
portant role in the biological recognition process and hydrogen bonding
interactions [73], which is a consideration in this research. All iso-
surfaces are calculated at an isovalue of 0.0004 e/au3 by Gausview
software [74]. Positive, negative and neutral electrostatic potential
regions in the MEP maps are represented by the blue, yellow and green
color, respectively. MEP maps for serine over B12N12 fullerene clearly
depicting the strong interactions between them can be seen in Fig. 9.

3.6. ELF plot of Pt-decorated B12N12

Fig. 10 contains electron localization function (ELF) maps for serine
adsorbed on Pt-decorated B12N12 fullerene. The ELF is a measure of the
degree of electron localization (on a scale between 0 and 1). Similar to
the strong interaction states and large geometric changes of serine on
Pt-decorated B12N12 fullerene, the ELF reveals that there is large elec-
tron localization (electronic density sufficient for chemical bonding)
between the oxygen/nitrogen atoms and the Pt atom, which could be
characterized as a covalent interaction as the ELF value is close to 1.00
[75, 76]. In general, the ELF is exhibiting strong binding energy values
and large geometric changes seen after adsorption of serine from their
amine and carbonyl groups on Pt-decorated B12N12 fullerene.

3.7. Optical properties

The adsorption spectra of the serine interacting with B12N12 and Pt-
B12N12 fullerenes are depicted in Fig. 11 and the results were sum-
marized in Table 3. In Table 3, the lowest and highest excitation peaks
are presented for the most stable states in the interaction between the
serine and the fullerenes. In the pure B12N12 fullerene, the maximum
peak (λmax) is observed around the wavelength of 205 nm and origi-
nates mainly owing to the electronic excitation of H-1→ L+ 1 with a
large contribution about 75% [45, 49, 50]. The highest excitation is
associated with state A, which happens at a wavelength of 237 nm with
a maximum oscillator strength of 0.0215 and excitation energy of
3.46 eV that originates due to the electronic excitation from the H-3→ L

Fig. 8. IR spectra of B12N12 fullerene, Pt-decorated B12N12 fullerene and serine interacting with Pt-decorated B12N12 fullerene in the most stable states.

Fig. 9. MEP maps of serine adsorbed on Pt-decorated B12N12 fullerene.
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with a large contribution of about 74%. At a wavelength of 307 nm, the
electronic excitation from the HOMO to LUMO+2 has a low oscillator
strength intensity (f 0.0063) with a 99% contribution.

After decoration of Pt on the B12N12 fullerene, the maximum and
minimum absorption peaks lie at 190 and 582 nm with excitations of H-
1→ L+ 3 (15%) and H→ L (55%), respectively as displayed in Table 3.
For state I, the maximum peaks increased to 238 nm with major ex-
citation of electrons from H-1 to L+1 (59%), which was attributed to
π-π* electronic transition. In the state J, we can see the maximum peak

with the wavelength of 224 nm with excitation of H-1→ L (17%),
which is attributed to n-π* electronic transition. The calculation reveals
that the electron-donating amino group increases both λmax and oscil-
lator strength values in comparison with that of the carbonyl group.

3.8. Effect on electronic properties

TDOS and PDOS curves were calculated for the most stable states of
serine adsorbed upon the Pt-decorated B12N12 fullerene (See Fig. 12).

Fig. 10. ELF maps of serine adsorbed on Pt-decorated B12N12 fullerene.

Fig. 11. The optical absorption spectra of serine interacting with B12N12 fullerene in the most stable states.
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Fig. 12. TDOS and PDOS images of the pure and Pt-B12N12/serine complexes.

Table 2
The structure and electronic parameters of serine over B12N12 fullerene at the M06-2X, B3LYP, and B3PW91 methods.

M06-2X B3PW91 B3LYP

Property Pt-B12N12 I J Pt-B12N12 I J Pt-B12N12 I J

B-N/Ǻ 1.478 1.483 1.487 1.485 1.481 1.485 1.490 1.483 1.487
Pt-N/Ǻ 1.987 2.049 2.027 1.979 2.033 2.011 1.997 2.049 2.027
Pt-B/Ǻ 1.960 1.997 1.998 1.977 1.983 1.986 1.991 1.997 1.997
N-H/Ǻ – 1.019 1.017 – 1.019 1.019 – 1.019 1.018
C-O/Ǻ – 1.208 1.229 – 1.207 1.229 – 1.208 1.229
O-H/Ǻ – 0.970 0.972 – 0.969 0.970 – 0.970 0.972
B-Pt-N/° 73.89 69.41 69.67 74.87 69.24 69.44 74.69 69.41 69.67
N-B-N/° 76.04 77.54 77.55 113.9 112.07 112.02 113.7 111.90 77.55
D/Ǻ 1.959 2.138 2.125 1.997 2.114 2.105 1.991 2.138 2.125
EHOMO/eV −8.21 −8.09 −8.14 −6.71 −6.30 −6.31 −6.64 −6.27 −6.28
ELUMO/eV −2.15 −0.96 −0.97 −3.13 −1.49 −1.78 −3.24 −1.60 −1.80
Eg/eV 6.06 7.13 7.17 3.58 4.81 4.53 3.40 4.67 4.48
ΔEg (%) – 17.66 18.32 48.34 34.36 26.53 49.55 30.45 25.14
DM/Debye 3.88 7.53 7.13 2.36 6.61 6.47 2.19 6.46 6.39
Ead/eV −2.85 −2.49 −1.92 −2.77 −2.36 −1.78 −2.59 −2.34 −1.82
EF/eV −5.18 −4.53 −4.56 −4.92 −3.90 −4.04 −4.94 −3.94 −4.04

Table 3
Selected excitation energies (eV, nm), oscillator strength (f) and relative orbital contributions calculated at the M06-2X functional.

Methods E/eV λmax/nm f Assignment

B12N12 6.05 205 0.0001 H-1→ L+ 1 (75%), H→ L+ 2 (12%)
6.06 204 0.0001 H-2→ L+ 2 (42%), H→ L+ 2 (33%)
6.07 204 0.0001 H-2→ L+ 1 (18%), H-2→ L+ 3 (27%)

State A 3.46 237 0.0215 H-3→ L (74%), H→ L (15%), H-1→ L (2%)
3.76 207 0.0032 H-5→ L (11%), H→ L (67%), H-6→ L (3%)
4.75 199 0.0022 H-4→ L (15%), H-1→ L (55%), H-5→ L (3%)

State D 4.47 213 0.0008 H-11→ L (59%), H-9→ L (11%), H-11→ L+6 (5%)
4.58 193 0.0009 H-1→ L+ 2 (66%), H-1→ L+ 1 (5%), H→ L+ 1 (6%)
4.78 191 0.0026 H→ L+ 1 (56%), H-4→ L+ 7 (5%), H→ L+3 (7%)

State F 5.27 235 0.0003 H-7→ L+ 3 (11%), H-4→ L+ 3 (17%), H-2→ L+3 (22%)
5.29 204 0.0029 H→ L (52%), H-8→ L (6%), H-2→ L (8%)
5.37 199 0.0052 H-1→ L (38%), H→ L (10%), H→ L+ 2 (9%)

Pt-B12N12 5.18 190 0.0652 H-1→ L+ 3 (15%), H-1→ L+ 6 (13%), H-8→ L (7%)
5.22 302 0.0262 H-1→ L+ 1 (19%), H→ L+ 1 (63%), H-4→ L+ 1 (2%)
5.35 582 0.0103 H-1→ L (33%), H→ L (55%), H-4→ L (3%)

State I 3.37 201 0.0351 H-1→ L+ 3 (18%), H→ L+ 6 (13%), H-4→ L+ 2 (8%)
3.55 210 0.0642 H→ L+ 6 (15%), H-4→ L (8%), H→ L+ 5(8%)
3.71 238 0.0559 H-1→ L+ 1 (59%), H-1→ L+ 4 (4%), H→ L+ 2 (6%)

H-2→ L (14%), H-1→ L (4%)
State J 3.46 201 0.0352 H-5→ L+ 1 (11%), H→ L+ 3 (13%), H→ L+ 6 (8%)

3.76 211 0.0789 H-5→ L+ 1 (13%), H→ L (67%), H-4→ L (8%)
4.75 224 0.0695 H-1→ L (17%), H-3→ L+ 1 (7%), H-1→ L+ 8 (5%)
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The TDOS curves have been calculated for the electronic structures of
the adsorption of serine upon pure and Pt-decorated B12N12 fullerenes.
All the TDOS curves are shown for their optimized geometries and the
values of Egap have been listed in Tables 1 and 2. There is a meaningful
increment in the Egap (increasing up to 17.66, 30.45, and 34.36% in
state I by the respective M06-2X, B3LYP, and B3PW91 functionals)
during the adsorption process, which cause an increase in the electrical
conductance and hence demonstrates the sensitivity of B12N12 to serine
(See Table 2). With regard to the TDOS curves of the Pt-B12N12 and
serine/Pt-B12N12 complexes, it can be seen that there are differences in
Egap as for both states I and J, the adsorption of serine changes the
electronic property of the Pt-B12N12 system. The value of Egap for Pt-
B12N12 after serine adsorption increased from 6.06 eV to 7.13 and
7.17 eV in states I and J when using M06-2X functional, respectively.
When changing from the Pt-B12N12 to the Pt-B12N12/serine complex,
the value of the Egap increased and indicated that the complex becomes
more stable.

The PDOS curves in Fig. 10 indicate that the adsorption of the
amino acid introduces certain impurity states in the Egap and creates
localized states near the Fermi level, thus, adsorption of serine in both
forms will reduce the original Egap. However, serine can be adsorbed
strongly upon Pt-decorated B12N12 fullerene through the amine and
carbonyl groups with a large overlap between the Pt atom and the N
atom, which results in strong hybridization between the p and d orbital
of the Pt atom of B12N12 and s, p orbital of the N atom of serine. In the
two states I and J, due to the interaction between serine and Pt-deco-
rated B12N12 fullerene, the values of Egap have dramatically increased
(See Table 2). This result proves that the reactivity of Pt-B12N12/serine
will be remarkably reduced compared with free Pt-B12N12 (increase in
its stability). This acceptor states can significantly change the optical
excitation because of the increment of the Egap [77, 78]. In fact, the new
states inside Pt-B12N12 gap can be in a correlated function of the low
energy excited states in the UV–Vis spectrum. Based on the UV–Vis data
presented in Table 3, the first excitation modes shift toward lower en-
ergy levels due to the appearance of new states inside Egap.

4. Conclusions

In this study, the adsorption of serine upon B12N12 and Pt-B12N12

surfaces through various functional groups (hydroxyl, carbonyl, and
amine) have been investigated by means of DFT and TD-DFT calcula-
tions. Our calculations show that the functionalization of B12N12 and Pt-
B12N12 surfaces are thermodynamically remarkable and energetically
the serine/B12N12 and serine/Pt-B12N12 systems are quite stable. Out of
the three functionalities present in serine, it covalently bonded through
the amine group with the B and Pt atoms of the fullerenes. The inter-
action of zwitterionic form of serine on the B12N12 fullerene was in-
vestigated. The values of binding energy indicate that in the zwitter-
ionic form of serine, the adsorption through the carboxylate group of
the amino acid is weaker in comparison with the neutral form (amine
group). The increases of binding energy and charge transfer demon-
strate that the complexes of serine/B12N12 and serine/Pt-B12N12 sys-
tems could modify electronic and optical properties of both fullerenes.
The Hirshfeld population analysis indicates that the inclusion structures
have a charge transfer from the serine to the B12N12 and significantly
altered the Egap of the fullerene when the serine adsorbed. The UV–vis
spectrum and IR frequency analysis aided to characterize the interac-
tions of serine upon adsorption to the B12N12 and Pt-B12N12 fullerenes.
These results may be helpful in providing a reliable platform for further
experimental probes of bioconjugated nanostructured materials.
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