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Abstract. In order to design biosensors, it is quite necessary to have an insight upon the nature of interaction between
the modified nucleic bases (MNBs) and carbonaceous materials. This study is focussed upon the interaction of the various
doped graphene models like graphene (GR), aluminium doped graphene (AlG), sulphur doped graphene (SG), nickel
doped graphene (NiG), chromium doped graphene (CrG) and germanium doped graphene (GeG) with MNBs (caffeine,
hypoxanthine, uric acid and xanthine) by employing the electronic structure calculations and the associated methodology.
All the geometries considered in this study (MNBs and graphene models) were initially optimized at M06-2X/6-31+G** basis
set without any constraints followed by the single point energy calculation at three different and well established methods
using the Gaussian 09 software package. A detailed comparison of the interaction energy is accomplished in this study.
The interaction energy values were further corrected for the basis set superposition error. The theory of atoms in molecules
analysis is also performed in detail, which showcases the bond critical points, Laplacian and various other parameters of
interest. The variation of frontier molecular orbitals, i.e., highest occupied molecular orbital–lowest unoccupied molecular
orbital gap for different models of graphene have been discussed in detail upon the adsorption of MNBs. Among the doped
graphene models, the graphene model doped with Cr seems to be more suitable for the application of sensors, also it is found
that the MNBs interact primarily via π –π interaction. The results highlight that the CrG can act as a sensor for the detection
of MNBs.
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1. Introduction
Graphene, a versatile material has opened new avenues
to increase the technological advancement owing to its
extraordinary properties and enormous application in various
fields [1–5]. Therefore, the application of graphene and its
derivatives in various fields like sensors, field effect transistors, nanoelectronics, engineering nanocomposite materials,
energy storage, biology, catalysis and medicine have been
studied extensively [6–14]. From the conviction of graphene
and its derivatives application in medicine, biology and its
interaction with biomolecules, it has drawn considerable
amount of interest. The small gas molecules and various
biomolecules used get adsorbed on the graphene surface due
to its remarkable large surface area [15–20]. Umadevi and
Sastry [21] used the density functional theory (DFT) and
validated that the binding energy of carbon nanotube and
DNA/RNA nucleic bases complexes is inversely proportional
to the curvature. The DNA sequencing was observed successfully with the aid of functionalized graphene in order

to distinguish various nucleic bases [22]. For the removal
of pollutants and pesticides, graphene can be used effectively [23,24]. Graphene owes high conductivity, and the
associated charge transfer that occurred between the two interacting moieties made it convenient to detect the adsorbed
molecules [25]. In the present era, doping is considered to
be an effective way to modulate and tune the adsorption
strength and various other parameters of interest. Thus doping with elements like sulphur, phosphorus, silicon, nitrogen,
aluminium and boron lead to topological deformation [26–
31]. In the field of catalysts, pristine as well as modified
graphene made their significant contribution [32,33]. Sundar
and Subramanian [34] proposed the novel mechanism and
explored new paths to activate the benzyl alcohol using the
graphene and N-doped graphene by using DFT. Kumar et al
[35] studied the interaction of nucleic bases with the pristine carbon nanotube and explored the difference between the
binding affinity of the nucleic bases inside and outside the
carbon nanotube. It is clear from the previous reports that the
silicon-doped graphene is useful in sensing various gases [36].
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Recently it has been reported by Junkaew et al [37] that N2 O
reduction and CO oxidation is feasible using silicon coordinated nitrogen doped graphene. The DFT calculations reveal
that graphene doped with silicon can be used to convert the
NO into NO2 , as it acts as a metal free catalyst [38]. Besides
graphene doping, carbon nanotube doping too can be used to
detect the highly carcinogenic and persistent pollutants and
biomolecules [39,40]. Singh et al [41] used DFT to explore
the adsorption of the harmful gases. In the same study, the
aluminium doped graphene was suggested and shown to have
greater inclination to behave as a good sensor in comparison to the pristine graphene in order to detect the harmful
gases. Ao et al [42] studied the aluminium doped graphene
by employing DFT and suggested it as a promising material
for the hydrogen storage. In his study, mainly two modes were
considered, i.e., parallel and perpendicular to study the interaction of hydrogen with aluminium doped graphene. Chen
and Xu [43] investigated the high adsorption capacity of the
haemoglobin via nickel-doped reduced graphene oxide by
using the experimental techniques, like Raman spectroscopy,
X-ray diffraction, X-ray photoelectron and Fourier transform
infrared spectroscopy, etc. Denis [44] explored the chemical
reactivity of the graphene doped with gallium (Ga), arsenic
(As), germanium (Ge) and selenium (Se). It is proposed that
gallium doping makes the graphene to behave as a semi-metal.
In this study, the effect of formation energy with the mentioned dopants is also discussed. Losurdo et al [45] studied
the gallium nanoparticles on graphene and elaborated various
aspects to modulate the Fermi level that may aid to create a
high performance surface enhanced Raman scattering (SERS)
platforms. They also compared the commonly used noble
metals, i.e., gold and silver with the gallium and provided
some useful suggestions. Lv et al [46] addressed the effect of
aluminium or gallium doping on graphene using the first principle calculations and discussed the ways to dissociate N2 O
into N2 and O2 that can protect the ozone layer and pave a step
forward to mitigate the global warming. It is also reported that
aluminium doped graphene may be used to tackle the N2 O. Li
et al [47] brought to light the effect of sulphur doped graphene
effectively that may be used to detect the Fe3+ . For the several physiological and pathological processes, this Fe3+ is
the main metal ion in many biological systems. Li et al [48]
brought forth the noteworthy and remarkable criteria to tune
the electronic properties of graphene. It is reported that the
sulphur-doped graphene quantum dots (S-GQDs) may be utilized in a wide range of applications. So, the interaction of
the biomolecules with graphene and doped graphene (aluminium, sulphur, nickel, chromium and germanium) is quite
significant. Thus these doped graphenes have been selected
to study the interaction with MNBs in this study. It is hoped
that these molecular systems will efficiently interact with the
molecules, and they may also provide very good molecular
systems for the development of sensors.
The building units of the DNA and RNA are the purine
bases, i.e., adenine and guanine. The compounds like hypoxanthine, uric acid and xanthine are the oxidation products
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that can be observed in the purines metabolism of the humans
[49]. By drinking the coffee, tea and coca-cola, caffeine is
introduced into our body which is a methyl derivative of xanthine [50]. For some serious problems like pneumonia, gout,
hyperuricaemia, xanthinuria, etc., the levels of the modified
nucleic bases like uric acid, caffeine, hypoxanthine and caffeine from the samples of blood and urine proved to be strong
indicators to detect such states [51–55]. So, for the clinical
prediction of these indicator levels at an accurate level is very
much required [56]. These MNBs can also be detected using
the high pressure chromatography, electrochemistry methods,
enzymatic methods, etc. [57–64]. However, in order to detect
these MNBs, one requires fast sample preparation, expensive
setup and expensive material which limits the application of
these methods. Therefore, electrochemical methods prove to
be a better way in comparison to the above described methods. The modified electrodes have paved new ways to detect
these important biomolecules [65]. It is quite clear from the
previous studies that carbon based materials can contribute
enormously to develop the electrodes for different applications [66,67]. Using the carbon nanotube and multi walled
carbon nanotube, the electrodes were fabricated and used
to detect the MNBs [68,69]. For the detection of caffeine,
graphene was successfully used [70,71]. It is very much clear
from the studies performed by Alwarappan and co-workers
[72] that the electrodes made by using graphene are much
better than carbon nanotubes. An improved electro catalytic
activity was observed due to π –π interaction with MNBs
using the reduced graphene oxide [73]. Thus, the understanding of these MNBs at molecular level is very much required
in order to develop new sensors. In this study, an effort
has been made to study the interaction of the graphene and
doped graphene (aluminium doped graphene, sulphur doped
graphene, Ni doped graphene, chromium-doped graphene and
germanium doped graphene) with the modified nucleic bases
(MNBs).
The following points have been dealt with in detail in this
study:
(1) To evaluate the strength of the interaction between the
MNBs and graphene (GR) along with doped graphenes
(AlG, SG, NiG, CrG and GeG).
(2) Comparison of the adsorption energy of the MNBs on
graphene and doped graphenes.
(3) To study the nature of the interaction among the two
moieties (i.e., graphene and MNBs).
(4) Comprehending the changes in electronic structure
after the adsorption of the MNBs with graphene and
doped graphene.

2. Computational methods
The structure of the graphene model in this study have been
considered from the previous study [74]. The model of the
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Figure 1. The modified nucleic bases and molecular electrostatic potential at an isovalue of
0.0004 a.u.

graphene holds 42 carbon atoms that are passivated at the
edges of the carbon atoms with hydrogen atoms. Thus, the
molecular formula of graphene is C42 H16 . The DFT methods like M06-2X, B3LYPD and ωB97XD were extensively
used methods to study the non-covalent interactions [21,75].
Therefore these functional are used in this study. The geometry of the graphene is optimized at M06-2X/6-31+G** level
of theory.
In this study, the pristine graphene is doped with
aluminium, sulphur, nickel, chromium and germanium atoms.
The exact position of doping site is taken into consideration from the previous study [76]. The doped graphene
models were also optimized at the same level of theory.
The modified nucleic bases (MNBs), i.e., caffeine, hypoxanthine, uric acid and xanthine are abbreviated as CAF,
HX, UA and X, respectively. The optimized geometries
of the MNBs are shown in figure 1. The graphene models are abbreviated as pristine graphene (GR), aluminium
doped graphene (AlG), Sulphur doped graphene (SG), nickeldoped graphene (NiG), chromium-doped graphene (CrG) and
germanium doped graphene as (GeG). The optimized geometries of the graphene (GR) and various doped graphene
model systems are shown in figure 2. However the electron
density isosurface of frontier orbital, i.e., highest occupied

molecular orbital–lowest unoccupied molecular orbital
(HOMO–LUMO) of CrG is shown in figure 3.
The molecular complexes between the MNBs, graphene
(GR) and doped graphenes (AlG, SG, NiG, CrG, GeG)
were optimized at M06-2X/6-31+G** level of theory. The
supramolecular approach is used to calculate the interaction energies by employing the M06-2X/6-311+G** (BS1),
ωB97XD/6-311+G** (BS2) and B3LYP-D/6-311+G** (BS3)
methods for the geometries obtained after optimization process at M06-2X/6-31+G**. The interaction energies were
calculated by using the formula
I.E. = [E AB − (E A + E B )],

(1)

where E AB is energy of the complex formed between MNBs
and graphene, E A the energy of the graphene and E B the
energy of the MNBs.
The interaction energies were corrected for the basis set
superposition error (BSSE) employing the well known counterpoise method given by Boys and Bernardi [77]. All the
calculations were performed using the Gaussian 09 software
package [78]. The atoms in molecule (AIM) analysis was
also performed, which is used to identify both the covalent
and non-covalent interactions [79–81]. In this study, the AIM
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Figure 2. Optimized geometries of the graphene and doped graphenes at M06-2X/6-31+G** level:
(a) top view and (b) side view.

analysis is used to get a better understanding of the nature
of interaction between graphene models and MNBs. The
wave function generated from the M06-2X functional with
6-31+G** basis set is used for the AIM analysis using the
AIM 2000 package [82].
According to the Koopman’s approximation, there are
various global reactivity descriptors, i.e., electronegativity
(χ ), chemical potential (μ), global hardness (η), global
electrophilicity index (ω) and global softness (S) that are
computed by using the energies of frontier molecular orbitals
E HOMO , E LUMO using the following equations [83–87].

1
χ = − (E HOMO + E LUMO ),
2
μ = −χ =

1
(E HOMO + E LUMO ),
2

η=

1
(E LUMO + E HOMO ),
2

S=

1
,
2η
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Figure 3. Electron density isosurface of frontier orbitals (HOMO and LUMO) of CrG at an isovalue
of 0.05 a.u.

ω=

μ2
,
2η

μ
Nmax = − .
η

(2)

According to Parr and Pearson [84], the term ω is called as
the electrophilicity index and resembles the measure of electrophilic power. ω is a global reactivity index related to the
chemical potential and chemical hardness, which is positive
and definite quantity. The value of ω helps to gain insight
upon the stabilization in energy when the system acquires
an additional electronic charge (N ) from the surroundings
environment. The chemical potential of the molecule helps to
determine the path of the charge transfer as an electrophile,
which is a chemical species proficient in accepting electrons
from the surroundings. Hence, its energy must get reduced
upon accepting electronic charge and so its electronic chemical potential must be negative. The energies E HOMO , E LUMO ,
energy bandgap (E LUMO −E HOMO ), χ , μ, η, S and ω are listed
in table 1. The calculated high value of ω shows that the
monomer behaves as a strong electrophile. The optimized
geometries of the graphene (GR) and various doped graphene
models with MNBs are shown from figures 4 to 7. These
figures portrays the interaction in two views, i.e., top and side
views to have a good understanding and clear vision of the
interacting sites. It is noteworthy that in CrG, the Cr atom
gets attracted to the MNBs but the rest doped atoms in other
graphene models tend to repel the MNBs.
3. Results and discussion
The molecular electrostatic potentials for the MNBs are
shown in figure 1. The active centres of these MNBs like
CO and N were made to interact with the graphene (GR) and
doped graphene (AlG, SG, NiG, CrG and GeG). The active
centres of the MNBs were placed parallel to the graphene

surface at a certain distance around 3 Å. The set of geometries
obtained in this way were optimized at M06-2X/6-31+G**
level. It is quite noteworthy that all the MNBs interacted
with the different graphene models via the π –π (stacking)
interaction. In almost all the complexes formed, the doped
atom protrudes out of the graphene surface (downwards).
The interaction energies calculated at M06-2X/6-311+G**
are shown in table 2. The interaction energies were corrected
for BSSE. The BSSE corrected and uncorrected energies were
reproduced in this study, prior to this study, it was successfully studied by Mudedla et al [88] for the graphene system.
Thus, clearly indicating the importance of the BSSE for the
studied complexes. The BSSE corrected values for BS1, BS2
and BS3 are illustrated in the same table. Taking into consideration the stacking pattern of the geometries, the dominant
role of the dispersion interaction can be well understood. The
Laplacian of the electron density ∇ 2 ρc gives the important
information pertaining to the nature of bonding. A negative
value of ∇ 2 ρc suggests that the concentration of the electron
density along a particular bond pertains to covalent bond. A
positive value of the ∇ 2 ρc informs that the local depletion of
the electron density exists at the BCPs, thereby suggesting the
possibility of the closed shell interaction (i.e., electrostatic,
hydrogen bond and π –π stacking). The molecular graphs for
the various complexes obtained from the AIM analysis are
shown from figures 8 to 11. The BCPs are generally found
between the two stacked entities. The calculated bond critical points and the corresponding Laplacian at these points
are shown in table 3. The important parameters like ∇ 2 ρc ,
potential energy density (Vc ), kinetic energy density (G c )
and total energy density (Hc ) are related to each other with
the following equation. These parameters are related to each
other as:
(1/4)∇ 2 ρc = 2G c + Vc ,

(3)

Hc = G c + Vc .

(4)
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Table 1. Calculated E HOMO , E LUMO , HOMO–LUMO gap (E L − E H ), chemical potential (μ), electronegativity (χ ), global hardness
(η), global softness (S) and global electrophilicity index (ω) and Nmax at 298.15 K for monomer.
Molecular system
CAF
HX
UA
X
CrG

E HOMO (eV)

E LUMO (eV)

E L − E H (eV)

χ (eV)

μ (eV)

η (eV)

S (eV)

ω (eV)

Nmax (eV)

−6.346
−6.742
−6.420
−6.840
−4.333

−1.272
−1.437
−1.442
−1.616
−3.737

5.074
5.305
4.978
5.224
2.618

3.809
4.089
3.931
4.228
4.035

−3.809
−4.089
−3.931
−4.228
−4.035

2.537
2.652
2.489
2.612
0.298

0.197
0.189
0.201
0.191
1.680

2.860
3.152
3.104
3.422
27.345

1.501
1.542
1.579
1.619
13.554

Figure 4. Optimized geometries of the complexes formed by caffeine with (i) graphene (GR),
(ii) AlG, (iii) SG, (iv) NiG, (v) CrG and (vi) GeG at M06-2X/6-31+G** level shown in top view
and side view.
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Figure 5. Optimized geometries of the complexes formed by hypoxanthine (HX) with (i) graphene
(GR), (ii) AlG, (iii) SG, (iv) NiG, (v) CrG and (vi) GeG at M06-2X/6-31+G** level shown in top
view and side view.

The calculated topological parameters viz., ρc , ∇ 2 ρc , G c ,
Hc , Vc and |V |/G are tabulated in table 3. Upon having
a close view, it is observed from table 3 that the sum of
the electron density (ρc ) is comparatively higher for the
CrG–MNBs complexes than other models of graphene considered in this study. The values of ∇ 2 ρc (Laplacian) at each
of the bond critical point (BCP) for all the complexes is
found to be positive, which attributes to the non-covalent
nature of the interaction. For non-covalent interaction, the

electron density is of the order of 0.01 a.u. or even less,
however for the covalent interaction, it is 0.1 a.u. To further confirm the nature of interaction, total energy density
(Hc ) value at BCP have also been calculated, which is tabulated in the same table 3. If Hc is positive, then for such
values of Hc , the interaction is non-covalent, while for negative values it corresponds to covalent interaction. It is well
established from the previous study [88] that if the value of
Hc is negative and ∇ 2 ρc is positive, then such values address
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Figure 6. Optimized geometries of the complexes formed by uric acid (UA) with (i) graphene (GR),
(ii) AlG, (iii) SG, (iv) NiG, (v) CrG and (vi) GeG at M06-2X/6-31+G** level shown in top view and
side view.

to the partial electrostatic interaction and partial covalent
nature. However in this study, as both values are positive,
these values confirm that the interaction is non-covalent in
nature.

4. Interaction energy
The interaction energies of all the complex systems were optimized and corrected for BSSE for the three basis sets viz.

M06-2X/6-311++G** (BS1), ωB97XD/6-311++G** (BS2)
and B3LYP-D/6-311++G** (BS3).
The preferential order of binding for the three basis sets are
as follows:
For BS1, the order is CAF > UA > X > HX, UA > X > HX >
CAF, CAF > UA > HX > X, CAF > UA > HX > X, HX > UA >
X > CAF, and UA > CAF > HX > X for the G, AlG, SG, NiG,
CrG and GeG, respectively.
For BS2, the order is CAF > X > HX > UA, CAF > UA >
X > HX, CAF > UA > HX > X, C > UA > HX > X, HX > X >
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Figure 7. Optimized geometries of the complexes formed by xanthine (X) with (i) graphene (GR),
(ii) AlG, (iii) SG, (iv) NiG, (v) CrG and (vi) GeG at M06-2X/6-31+G** level shown in top view and
side view.

UA > CAF, CAF > UA > HX > X for the G, AlG, SG, NiG,
CrG, GeG, respectively.
For the BS3, the order is CAF > UA > X > HX, X > CAF >
UA > HX, CAF > UA > HX > X, CAF > UA > HX > X, HX >
UA > CAF > X, UA > HX > X > CAF for G, AlG, SG, NiG,
CrG, GeG, respectively.
For the SG and NiG, it is clear that the interaction energy
vary for the three methods; however, the trend remains the
same irrespective of the method. However, for G, SG and NiG,
the caffeine exhibits the highest interaction energy. In case of

CrG, the hypoxanthine has the highest interaction energy for
all the three basis sets, i.e., BS1, BS2 and BS3.
For CrG model system, considerable increase in interaction energy can be observed in comparison to the other doped
model systems and previous model systems studied in the past
(see supplementary information) [88]. The order of interaction energy is found to be HX>UA>X>C for BS1 and BS2,
while for the BS3 it is HX>UA>C>X. This trend is quite
different from the rest of the model system of graphene considered in the study.
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Table 2. Calculated interaction energy of MNBs (kcal mol−1 ) with graphene models (GR, AlG, SG, NiG,
CrG, GeG) at M06-2X/6-311++G** and ωB97XD/6-31++G** with and without basis set superposition error
(BSSE).
Model

MNBs

BSSE corrected M06-2X

BSSE corrected ωB97XD

BSSE corrected B3LYPD

GR(88)

CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X

−20.11
−14.32
−17.38
−14.98
−46.58
−47.33
−49.15
−48.21
−79.68
−76.77
−79.52
−76.26
−90.40
−86.54
−90.35
−86.28
−104.71
−140.29
−114.85
−113.01
−43.04
−42.90
−43.83
−40.59

−23.63
−16.93
−19.31
−16.99
−50.71
−49.86
−50.70
−50.17
−82.78
−78.98
−81.06
−77.99
−92.04
−87.77
−90.51
−86.39
−121.75
−138.60
−122.18
−125.45
−47.68
−46.01
−46.26
−43.54

−21.50
−15.43
−18.27
−15.76
−50.57
−50.13
−51.40
−50.62
−80.98
−77.65
−79.70
−76.82
−86.11
−82.04
−85.25
−81.19
−116.72
−132.80
−118.13
−113.87
−43.04
−48.15
−48.44
−45.77

AlG

SG

NiG

CrG

GeG

Figure 8. Different graphene models with caffeine (CAF), showing the bond critical points represented by red dots.
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Figure 9. Different graphene models with hypoxanthine (HX), showing the bond critical points
represented by red dots.

Figure 10. Different graphene models with uric acid (UA), showing the bond critical points represented by red dots.
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Figure 11. Different graphene models with xanthine (X), showing the bond critical points represented by red dots.

Table 3. Calculated sums of electron density (ρc ) and Laplacian (∇ 2 ρc ), total
energy density (H ), potential energy density (V ), Lagrangian form of kinetic
energy density (G) and |V |/G descriptor at the BCPs.
Model

MNBs

ρc

∇ 2 ρc

Gc

Hc

Vc

|V |/G

GR(88)

CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X

0.0656
0.0533
0.0598
0.0450
0.0660
0.0657
0.0768
0.0596
0.0835
0.0558
0.0760
0.0601
0.0694
0.0608
0.0749
0.0534
0.0723
0.1212
0.0737
0.0784
0.0728
0.0531
0.0647
0.0551

0.0535
0.0403
0.0475
0.0359
0.0516
0.0494
0.0613
0.0452
0.0664
0.0426
0.0598
0.0479
0.0557
0.0463
0.0590
0.0425
0.0612
0.1526
0.0590
0.0880
0.0564
0.0407
0.0513
0.0417

0.0444
0.0351
0.0410
0.0304
0.0441
0.0427
0.0534
0.0397
0.0561
0.0373
0.0521
0.0417
0.0467
0.0403
0.0512
0.0368
0.0641
0.1472
0.0628
0.0829
0.0483
0.0349
0.0452
0.0370

0.0092
0.0053
0.0065
0.0055
0.0076
0.0066
0.0079
0.0055
0.0103
0.0054
0.0076
0.0063
0.0091
0.0060
0.0078
0.0057
0.0029
0.0054
0.0039
0.0050
0.0081
0.0058
0.0061
0.0047

−0.0352
−0.0298
−0.0345
−0.0250
−0.0365
−0.0361
−0.0455
−0.0342
−0.0459
−0.0319
−0.0445
−0.0354
−0.0376
−0.0343
−0.0434
−0.0311
−0.0669
−0.1417
−0.0667
−0.0779
−0.0402
−0.0291
−0.0390
−0.0323

0.792793
0.849003
0.841463
0.822368
0.827664
0.845433
0.85206
0.861461
0.818182
0.855228
0.854127
0.848921
0.805139
0.851117
0.847656
0.845109
1.043682
0.962636
1.062102
0.939686
0.832298
0.833811
0.862832
0.872973

AlG

SG

NiG

CrG

GeG
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Table 4. Calculated HOMO–LUMO energy gap (eV) of various
complexes at M06-2X/6-31+G** method.
Model
GR
GR

AlG
AlG

SG
SG

NiG
NiG

CrG
CrG

GeG
GeG

MNBs

CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X
CAF
HX
UA
X

HOMO–LUMO
energy gap (eV)
4.0
4.0
4.0
4.0
4.0
2.7
2.5
2.5
2.5
2.5
2.8
3.4
3.4
3.5
3.4
3.4
3.5
3.6
3.6
3.6
2.6
3.8
3.7
3.9
3.8
3.7
3.4
3.4
3.4
3.4

The preferential order of interaction energy for the studied
MNBs in general is CAF > UA > HX > X.
The decreasing order of separation of doped atoms from
the MNBs is as follows:
For AlG, it is UA > CAF > HX > X, for SG, the order is HX >
UA > CAF > X, for NiG it is CAF > HX > UA > X, for CrG, the
separation distance is UA > CAF > X.HX, and for GeG, the
order is CAF > HX > X > UA. While the separation distance of
graphene (GR) from the MNBs is CAF > X > HX > UA. In the
case of SG, the minimum distance of separation is for the X.
which is 3.98 Å, while for the same system the distance ranges
from 4.13 to 4.15 Å for rest of the MNBs. It is quite noteworthy
that the CrG graphene shows the least separation distance
among the different considered systems. In this system, the
doped atom gets attracted towards the MNBs, however for
the rest of the doped graphene systems upon interaction with
MNBs, the doped atoms is repelled away from the graphene
surface.
The undoped graphene model system while interacting
with the MNBs exhibits the planar geometry. When CAF
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interacts with the doped graphene systems, it retains the
parallel position and is displaced by some distance ranging
from 3.18 to 4.3 Å from the graphene surface. When HX interacts with GR, AlG, SG, NiG and GeG, it interacts via π –π
interaction but when it interacts with CrG, the oxygen atom
of HX is attracted to the CrG-atom of CrG with the separation
distance of 1.97 Å. The UA also interacts via π –π interaction and from figure 6, it is clear that the UA shows a parallel
displacement from the doped models of graphene. However
for AlG, the UA demonstrates less π –π interaction which
may be attributed to the fact that the UA is at a certain angle
to the graphene model. In CrG, the UA tries to align itself perpendicular to the CrG. The xanthine (X) also shows the π –π
interaction as it interacts keeping the X in parallel position.
In CrG, the Cr atom is projected out of the graphene plane
in upward direction because the length of Cr–C (1.87 Å) is
longer in comparison to the C–C (1.42 Å) bond length. The
calculated bond length for Al–C, S–C, Ni–C and Ge–C are
1.40, 1.74, 1.68 and 1.72 Å, respectively. However, the maximum increase in the bond length can be observed for the
Cr–C, which owes a maximum increase in the bond length up
to 1.87 Å, while the CrG interacts with MNBs.

5. HOMO–LUMO gap
The HOMO and the LUMO, i.e., HOMO–LUMO gap is calculated for all the complex systems that involve the graphene
(GR), doped graphene models and MNBs. The HOMO–
LUMO gap for the graphene complexes is the highest with
maximum value of 4.0 eV, as shown in table 4. The trend of the
HOMO–LUMO gap for the different doped graphenes is G >
GeG > NiG > SG > AlG > CrG. The trend clearly shows that it
is the chromium doped graphene (CrG) that owes the smallest
HOMO–LUMO gap and thereby proving itself as a promising
candidate for sensor applications. The more pronounced contribution of the chromium in CrG can be observed from both
HOMO and LUMO. The Cr in CrG plays as a reactive site for
both the electophilic and nucleophilic attacks. The HOMO–
LUMO gap of CrG is 2.6 eV, which is the least gap among
the studied graphene model systems. Hence, it can be concluded that CrG can act and play a dominant role to detect the
modified nucleic acid bases (MNBs). To have a more detailed
understanding, the electron density isosurface of the frontier
orbitals were calculated and is shown in figure 12.

6. Conclusion
This study elaborates in detail the interaction energies of
MNBs on graphene (GR) and various other models of doped
graphenes (AlG, SG, NiG, CrG and GeG). Among all the
doped graphene model systems studied, the doped atoms upon
the interaction with the MNBs repel each other and maintain
a certain distance. However in case of CrG, the interaction

205

Page 14 of 16

Bull. Mater. Sci.

(2020) 43:205

Figure 12. Isosurface of HOMO and LUMO electronic states of CrG–MBs complexes at an isovalue
of 0.02 a.u.

energy of all the MNBs is higher due to the π –π stacking
interaction present in the system. The AIM analysis confirms
that the MNBs interact with the π –π (stacking) interaction,
which is the main factor for the adsorption of MNBs on different doped graphenes. Significant changes in the HOMO–
LUMO gap of the intermolecular complex are analysed. These
variations in the electronic structure and associated changes
in the electronic properties will be helpful to design new
sensors. Therefore, the findings of this study may spark experimental studies in this direction. This detailed study using

electronic calculations and associated analysis tools can be
used to explore the utility in the field of sensors.
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