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The interaction between nanoparticles and biomolecules such as protein and
DNA is one of the major instructions of nanobiotechnology research. In this study,
we have explored the interaction of adenine nucleic base with a representative
golden cluster (Aul3) by using dispersion corrected density functional theory
(DFT-D3) within GGA-PBE model of theory. Various active sites as and ways of
the approach as well as several affecting parameters on the interaction nature of
interacting molecules such as adsorption energy, binding distance, solvent effect
and, electronics structure were investigated. Our first-principles results indicated
that adenine forms a stable complex with the golden cluster with interaction
energy of —42.84 kcal/mol and binding distance of 2.139 A. Charge transfer
analysis with Hirshfeld approach demonstrated about 0.52 e was transferred from
adenine to golden cluster skeleton. It was found from the obtained interaction
parameters that there is strong interaction (chemisorption) between adenine and
golden cluster. The type and strength of interaction have been also confirmed by
hybrid functional B3LYP level of theory. This finding is very promising for potential

medicinal and pharmaceutical applications of golden clusters.
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INTRODUCTION

Drug-delivery systems (DDSs) are tools
to enhance the efficiency of pharmaceutical
payloads owing to poor solubility, limited stability,
biodistributions and pharmakinetics of payloads
rather than the free ones. Thus, DDSs have been
designed and practically employed, which one
of the most important of them are based on
nanomaterials. Nanomaterials because of their
unique specifications have been considered as
potential carriers for drug and gene. Broad range
of surveys have been done by many researchers
that some of them concentrate on kind of materials
that used for drug delivery and some others discuss
the experimental and theoretical methods of
studies. Materials that have been used as carrier
are polymers, dendrimers, liposomes and recently
* Corresponding Author Email: ganji_md@yahoo.com

nanomaterials such as nanotubes (1, 2) nanorods
(3) and nanoparticles (4, 5).

Inorganic nanoparticles have represented
various advantageous features such as tunable
size, specific surface properties, multifunctional
capabilities, and their abilities to result in
synergistic properties of metal core. Amongst these
nanoparticles, gold nanoparticles (AuNPs) due to
their physical and biological properties, including
chemical stability, compatible with biological
media, non-toxicity, and satisfied interactions
with biological species, can be examined as an
attractive candidate to deliver some payloads, such
as nucleic acids of DNA, RNA, proteins and free
amino acids, into intended targets. For instance,
it was found AuNPs can play an effective role as
carrier and insulin-loaded (6). As AuNPs act well
in drug delivery, for gene transfer would also
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be appropriate and this claim is proved by some
researchers. In a research, delivery applications
of AuNPs like drug and nucleic acid delivery
were studied simultaneously (7). In other work,
delivery of nucleic acid and its challenges such as
endosomal entrapment/escape and active delivery/
presentation in the cell were discussed (8). More
recently, in a novel work siRNA delivery has been
assessed by AuNPs as a promising strategy (9).

On the other hand, nucleicacids can also provide
promising tools for therapeutic targets, including
pathways and molecules involved in cancer and
genetic disorders. In addition, the efficient release
of these therapeutic agents is a prerequisite for an
impressive therapy. This releasing process may be
affected by some internal and external functions
including glutathione (GSH), pH, temperature,
light, and interference species in accordance with
the related drug and gene. Moreover, in contrast
with small-molecule therapeutics, nucleic acids
require delivery vehicles for protection from
nucleases and other environmental agents and to
facilitate entry into the cell. Hence, the preference
of these carriers should be previously studied at in
vitro and also in vivo conditions.

Accordingly, since the experimental studies
are so complicated, time consuming and costly,
the theoretical ones have been more interested.
The modern theoretical approaches based on
quantum chemistry such as dispersion-corrected
DFT (DFT-D) represented a good compromise
between computational findings and accuracy. In
the present work, the potential application of gold
nanocluster as nanocarrier was investigated by
using DFT-D calculations. The main goal of this
project was theoretically identification whether
gene delivery based on gold nanostructures is
appropriate regarded to biological aspects. Here,
the molecular structures according to their length
and angle of bonds were modeled. After that, the
DFT calculations were performed to calculate
the interaction parameters of complex including
nucleobase and nanocluster.

COMPUTATIONAL DETAILS

All calculations were carried out on the basis
of DFT method to study the interaction between
the considered adenine nucleobase and Aul3
golden cluster. DFT is the main computational
technique, which extensively utilized in this
research. Quantum-based designs were conducted
using ORCA (3.0.3) (10, 11) and all electrons
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DEFT calculations were investigated in accordance
with the Perdew-Burke-Ernzerhof (PBE) (12)
functional and generalized gradient approximation
(GGA). To achieve this objective, geometry of
designed structures was optimized and total energy
calculations were respectively carried out for all
atoms utilizing split-valance polarization (def2-
SVP) and triple-( plus polarization basis set (def2-
TZVP) in accordance with the method suggested
by Ahlrichs et al. (13, 14). In addition, the [SD
(60, MDF)] effective core potential (ECP) for Au
atom (15, 16) was utilized in this study within
the nucleus effective charge method. In order to
consider the electrostatic interaction of molecular
systems within the solvent, the solvent effect was
described by conductor-like screening models
(COSMO) (17).

Accordingly, the normal optimization
convergence criteria have been satisfied using
ORCA and this process was considered to
thoroughly optimize all structures for SCF iterations
set to VeryTightSCF to diminish the contaminating
of noise in the gradient calculations. In order to
examine the long-range dispersion interactions,
Grimme’s atom pair-wise dispersion corrections,
3" version, with Becke-Johnson damping, called
D3-B], were combinational employed (18-20).
The influence of imperfect nature of the basis set
in non-covalently bonded systems was reduced
whereas the basis set superposition error (BSSE)
is decreased utilizing counterpoise correction
(21). On the other hand, the complex systems were
investigated when the optimized structures were
subjected to single point energy calculations on
the basis of def2-TZVP basis set until the energies
were approached to the basis set limit. Energies
of adsorption were calculated by the following
equation:

B =Epsns ~ (EAu13 + Ep) — Opsr 1)
Where E, .-,.. E, > and E, are respectively

related to the total energies of the complex, golden
cluster Aul3, and nucleobases. The compatibility
between the utilized method amongst the basis set
and the experimental results have been validated in
the next section.

The molecular properties including gap energy
(Eg), hardness (#), and softness (s) for the related
species and their interactions were calculated
utilizing the following equations (22).

I=-E )

HOMO

A=-E (3)

LUMO
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Eg= ELUMO - EHOMO (4)
1 =12 (I-A) 5)
S=n" (6)

Where the HOMO and the LUMO are related
to the highest occupied molecular orbital and
the lowest unoccupied molecular orbital states of
energy transitions.

RESULTS AND DISCUSSION

In this study, the interaction between
the adenine nucleobase and the gold cluster
nanostructure was investigated by the DFT-D3
method and the GGA-PBE model of theory. As
mentioned, the main objective of this work was
practical examination of golden nanocluster (Aul3
in the present work) for drug nanovector and use
it for other biomedical applications such as DNA
sequencing and bio-functionalized materials.
Hence, the molecular structures of nucleobases as

(a) PBE

well as Aul3 nanocluster were first modeled and
then optimized with SVP basis set. The optimized
structure of Aul3 and nucleobase are shown in
Fig. 1. The obtained geometries parameters with
the PBE-D3/SVP are in good agreement with
reported theoretical and experimental values in
literatures (23-27). For more evaluation of the
accuracy of the current method, we have also
optimized the adenine molecule with high-level
quantum chemistry method at the MP2 level of
theory. MP2 considers electron correlation effects
on the Hartree-Fock method which improves
molecular properties of system under study such
as polarized group in molecular system (28, 29).
The optimized structure obtained with the same
basis set is demonstrated in Fig. 1(c). As it can be
seen from the figure, the PBE functional is in good
consistence with the MP2 method indicating the
validity of selected theory model for optimization
procedure.

Several orientations have been considered

(b) MP2

Fig. 1: The schematic representation of optimized structure of (a) adenine with PBE, (b) adenine with MP2 and, (c) Aul3 gold cluster
with PBE.
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(b)

(@

Fig. 2: The optimized structure of most stable configuration for adenine-Aul3 with PBE: (a) bond length in A and (b) the orientation

angle of adenine attached to Aul3 cluster. Calculated isosurface of (c) the total electron density and (d) the HOMO/LUMO states for

most stable adenine-Aul3 complex (iso-value of 0.02 and 0.07 were considered, respectively). The calculated PDOS for bonded Au-N
atoms from adenine and Aul3 cluster ((e) and (f)).
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Fig. 2: The optimized structure of most stable configuration for adenine-Aul3 with PBE: (a) bond length in A and (b) the orientation

angle of adenine attached to Aul3 cluster. Calculated isosurface of (c) the total electron density and (d) the HOMO/LUMO states for

most stable adenine-Aul3 complex (iso-value of 0.02 and 0.07 were considered, respectively). The calculated PDOS for bonded Au-N
atoms from adenine and Aul3 cluster ((e) and (f)).

for interacting adenine molecule with Aul3
including various active sites such as N atoms as
well as pentagon and hexagon rings of nucleobase
approaching to gold atom of nanocluster (Aden/
Aul3 (I)-(III), respectively). According to this
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scheme, three orientations have been evaluated as
shown in Fig 2. The first-principles calculations data
have been obtained when the nucleobase is separately
investigated and also in the situation of them
interacted with the nanocluster. The corresponding
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Table 1. The adsorption energy for the interaction between nucleobases and golden cluster Aul3 and also the related molecular

properties.
Interaction energy (eV) Charge Transfer (e)
Aqueous Gas Aqueous
Syst Mullik Hirshfeld

ystem (vdW)  (vdW)  (non-vdW) wiken frshie
Aden/Aul3 (I) -1.858 -1.784 -1.366 +0.489 +0.477

Aden/Aul3 (II) -1.696 - - - -

Aden/Aul3 (III) -1.625 - - - -

computational calculations including adsorption
energies of geometry optimized structures with the
BSSE correction between interacting molecules have
been calculated and listed in Table 1.

As the interaction of adenine and nanocluster
Aul3 was studied, the resulting data represented
that adenine preferred to bound to Aul3 with the
interaction energy of —1.858 eV (—42.841 kcal/mol).
In this configuration, the adenine binds to gold
atoms of nanocluster through its NH, and N atom
of 5-membered ring with equilibrium distances
between the nearest atoms of 2.440 and 2.139 A,
respectively. Our obtained interaction properties
are in agreement with reported experimental and
theoretical values for adenine molecule interacting
with similar gold clusters (30-32). Comparison of
calculated bonding distance of our DFT-D3/PBE
with experimental and theoretical (MP2) values
for similar molecular systems (33-35) indicates the
existence of covalentbond between Auand N atoms.
As consequence, the obtained interaction energy
and bonding distance reveal that there is a strong
interaction (typical for the chemisorption) (36-40)
between adenine and gold cluster and the complex
is energetically stable in aqueous media. It should
be noted that the obtained structural geometry of
adenine was slightly changed after complexation
while golden cluster skeleton deviates significantly
from the sphere. This is important for gene delivery
and bio-functionalization technology where the
structure of selected biomolecule remains harmless.
We have also calculated the interaction energy of
complex under study with high-qualified hybrid
B3LYP-D3 functional and the result (-1.754 eV)
indicate good agreement between two employed
approaches.

To give deeper intuition into the interaction
nature of respective complex charge analysis based
on the popular Mulliken as well valuable Hirshfeld
methods was carried out and it was found that about
0.489 and 0.477 charges, respectively, have been
transferred from the adenine to the Aul3 cluster.
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This high amount of charge transfer confirms the
strong interaction between interacting entities. As
evidence from the electronics structure point of
view, total charge density has been also obtained
for the complex and represented in Fig. 2 (c). As it
is clearly found there is a charge accommodation
between N atom of 5-memberd ring while no
localization of charge was observed between N
of amine group and gold cluster. This is expected
from the obtained bonding distance of these two N
atoms in the complex (see Fig. 2(a)). The calculated
molecular orbitals related to the highest occupied
and lowest unoccupied states (HOMO and LUMO,
respectively) demonstrated that the majority of
both HOMO and LUMO states are localized on the
golden cluster moiety while the HOMO is slightly
located on the adenine atoms (see Fig. 2(d)).
This is in line with the observed charge transfer
where adenine tends to give charge to the golden
cluster. Further insight into the interaction nature
of molecular systems can be gained by analyzing
the projected density of states (PDOS) onto the
involved orbitals in the formation of complex. The
calculated PDOS plots for two bonded N and Au
atoms in the Aden/Aul3 complex was depicted in
Fig. 2(e, f). It was found that in energy range of
about —0.3 a.u. the overlap between the 2p orbitals
of the N atoms and 3d orbitals of the Au atoms was
happen which indicates the formation of Au-N
bond in the complex.

In order to evaluate the influence of dispersion
forces in system under consideration we have
also carried out similar optimization procedure
without considering the vdW forces for most stable
complexes. The optimized geometry with the same
model of theory indicates that no significant change
was observed for the formed complex as shown in
Fig 3. However, the calculated interaction energy
(-1.366 eV) reveals an underestimation with
respect to the original system (PBE-D3 method).
Furthermore, the estimated dispersion forces
for considered complex was found to be about
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Fig. 3: The optimized structure of most stable configuration for adenine-Aul3 with PBE: (a) without vdW forces and (b) gas phase
(left: bond length and right: orientation angle of adenine attached to the Aul3 cluster).

Table 2 The values of molecular properties (HOMO-LUMO states, gap energy, softness, hardness and dipole moment) of adenine, Aul3
and adenine/Aul3 complex in aqueous solution with DFT-D3/TZVP model of theory.

Molecular properties
Softness Dipole momentum
Molecule Enomo Erumo Hardness (n)) W® Gap Energy (E,)
Adenine -5.475 -1.764 1.885 0.539 3.562 3.711
Aul3 -4.925 -4.313 0.312 3.208 0.019 0.624
Adenine/Aul3 -4.755 -3.938 0.197 5.084 16.819 0.393

—-3.013 eV. Hence, the vdW forces play a key role in
exploring the interaction nature of such molecular
systems.

We next investigate molecular properties of
systems, which provides beneficial information
about chemical reactivity of adenine/Aul3 complex.
The calculated energy gap, softness and dipole

J. Nanoanalysis., 7(1): 43-51, Winter 2020
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moment of adenine, Aul3 and most stable state of
adenine/Aul3 complex are given in Table 2. It was
found that both adenine and golden cluster have a
large gap leading to small softness value indicating
low chemical reactivity of individual molecules.
However, the calculated gap/softness value for
the complex is smaller/higher than its individual
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entities. This reveals higher chemical reactivity of
adenine/Aul3 complex in comparison with the
adenine molecule. In addition, the obtained dipole
moment of molecular systems shows a larger dipole
for the adenine/Aul3 system which causes the
complex to be more soluble in water than adenine.

We finally determined the solvation energy of
complex under consideration by re-optimization
of more stable state of adenine/Aul3 system.
Similar optimization procedure has been carried
out in gas phase and the solvation energy was
determined to be about —0.749 eV (-17.278 kcal/
mol) which is in consistence with the obtained
dipole moment for considered complex. It should
be noted that interaction energy (-1.784 eV) and
bonding distance (2.153/2.571 A) are similar to the
aqueous media which indicates the small influence
of aqueous solution to interaction properties
of molecular systems. Optimized structure of
adenine/Aul3 complex in gas phase is represented
in Fig. 3(c). As it can be observed from the figure,
the adsorbed adenine was located in a different
situation compared to one in aqueous media (see
the calculated angle between two molecules).

Our first-principles findings reveal that Aul3
cluster can be considered as suitable nanocarrier
for efficient drug and gen delivery application.
Moreover, the performed studies improved our
knowledge against the formation of probable
complexes between biomolecules and golden
nanostructures. This fact can be further studied
in the fields of drug and gen delivery and relevant
subjects based on nanomaterials.

CONCLUSION

In summary, we have investigated the
interaction of adenine nucleic base with Aul3
golden cluster, using the DFT-D3 calculations with
the GGA-PBE model of theory. We have found that
the interaction of adenine through its N atoms (N
atom at amine group and 5-member ring) with
the gold atoms is strong. The interaction energy
at the equilibrium distance has a value of —1.858
eV (—42.841 kcal/mol), implying a chemisorption
process. The charge transfer analysis revealed
a large amount of charge transferred between
interacting molecules. Charge density of complex
showed accommodation of charge in contact
region of adenine with gold cluster indicating
strong interaction of two species. Our DFT based
results for the magnitude and type of interaction
look promising for a detailed modeling of possible
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biological applications of Aul3 cluster because the
functionalization can be applied in large category
of golden clusters.

CONEFLICT OF INTEREST
The authors declare that there is no conflict of
interests regarding the publication of this
manuscript.

REFERENCES

1. Wu W, Wieckowski S, Pastorin G, Benincasa M, Klumpp C,
Briand JP, et al. Targeted delivery of amphotericin B to cells
by using functionalized carbon nanotubes. Angewandte
Chemie International Edition. 2005;44(39):6358-62.

2. Alinezhad H, Ganji MD, Soleymani E, Tajbakhsh M. A
comprehensive theoretical investigation about the bio-
functionalization capability of single walled CNT, BNNT
and SiCNT using DNA/RNA nucleobases. Applied Surface
Science. 2017;422:56-72.

3. Salem AK, Searson PC, Leong KW. Multifunctional
nanorods for gene delivery. Nature materials.
2003;2(10):668.

4. Luo D, Saltzman WM. Enhancement of transfection by
physical concentration of DNA at the cell surface. Nature
biotechnology. 2000;18(8):893.

5. Ganji MD, Larijani HT, Alamol-Hoda R, Mehdizadeh
M. First-principles and Molecular Dynamics simulation
studies of functionalization of Au 32 golden fullerene with
amino acids. Scientific reports. 2018;8(1):11400.

6. Joshi HM, Bhumkar DR, Joshi K, Pokharkar V, Sastry M.
Gold nanoparticles as carriers for efficient transmucosal
insulin delivery. Langmuir. 2006;22(1):300-5.

7. Ghosh P, Han G, De M, Kim CK, Rotello VM. Gold
nanoparticles in delivery applications. Advanced drug
delivery reviews. 2008;60(11):1307-15.

8. Ding Y, Jiang Z, Saha K, Kim CS, Kim ST, Landis RE et
al. Gold nanoparticles for nucleic acid delivery. Molecular
therapy. 2014;22(6):1075-83.

9. Artiga A, Serrano-Sevilla I, De Matteis L, Mitchell SG, de
la Fuente JM. Current status and future perspectives of
gold nanoparticle vectors for siRNA delivery. Journal of
Materials Chemistry B. 2019;7(6):876-96.

10. Neese F. The ORCA program system. Wiley Interdisciplinary
Reviews: Computational Molecular Science. 2012;2(1):73-
8.

11. Neese £ ORCA-an ab initio, Density Functional and
Semiempirical Program Package, 3.0. 1, University of Bonn,
Bonn, Germany, 2013.

12. Perdew JP, Burke K, Ernzerhof M. Generalized gradient
approximation made simple. Physical review letters.
1996;77(18):3865.

13. Weigend E Haser M, Patzelt H, Ahlrichs R. RI-MP2:
optimized auxiliary basis sets and demonstration of
efficiency. Chemical physics letters. 1998;294(1-3):143-52.

14. Weigend E, Ahlrichs R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for
H to Rn: Design and assessment of accuracy. Physical
Chemistry Chemical Physics. 2005;7(18):3297-305.

15. Haussermann U, Dolg M, Stoll H, Preuss H, Schwerdtfeger
P, Pitzer R. Accuracy of energy-adjusted quasirelativistic ab
initio pseudopotentials: all-electron and pseudopotential

J. Nanoanalysis., 7(1): 43-51, Winter 2020
(@) |



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gh. Hashemkhani et al / Complexes of adenine and Aul3 from first-principles

benchmark calculations for Hg, HgH and their cations.
Molecular Physics. 1993;78(5):1211-24.

Peterson KA. Systematically convergent basis sets with
relativistic pseudopotentials. I. Correlation consistent basis
sets for the post-d group 13-15 elements. The Journal of
chemical physics. 2003;119(21):11099-112.

Klamt A, Schitirmann G. COSMO: a new approach to
dielectric screening in solvents with explicit expressions
for the screening energy and its gradient. Journal of the
Chemical Society, Perkin Transactions 2. 1993(5):799-805.
Grimme S, Antony J, Ehrlich S, Krieg H. A consistent and
accurate ab initio parametrization of density functional
dispersion correction (DFT-D) for the 94 elements H-Pu.
The Journal of chemical physics. 2010;132(15):154104.
Grimme S. Density functional theory with London
dispersion corrections. Wiley Interdisciplinary Reviews:
Computational Molecular Science. 2011;1(2):211-28.
Grimme S, Ehrlich S, Goerigk L. Effect of the damping
function in dispersion corrected density functional theory.
Journal of computational chemistry. 2011;32(7):1456-65.
Boys SE Bernardi Fd. The calculation of small molecular
interactions by the differences of separate total energies.
Some procedures with reduced errors. Molecular Physics.
1970;19(4):553-66.

Torrent-Sucarrat M, De Proft F, Ayers P, Geerlings P. On
the applicability of local softness and hardness. Physical
Chemistry Chemical Physics. 2010;12(5):1072-80.
Johansson MP, Sundholm D, Vaara J. Au32: a 24-carat
golden fullerene. Angewandte Chemie International
Edition. 2004;43(20):2678-81.

Gao Y, Zeng XC. Au42: an alternative icosahedral golden
fullerene cage. Journal of the American Chemical Society.
2005;127(11):3698-9.

Ozeki K, Sakabe N, Tanaka J. The crystal structure of
thymine. Acta Crystallographica Section B: Structural
Crystallography and Crystal Chemistry. 1969;25(6):1038-
45.

Fonseca Guerra C, Bickelhaupt FM, Snijders ]G, Baerends
EJ. Hydrogen bonding in DNA base pairs: reconciliation of
theory and experiment. Journal of the American Chemical
Society. 2000;122(17):4117-28.

Sponer J, Hobza P. Nonplanar geometries of DNA bases. Ab
initio second-order Moeller-Plesset study. The Journal of
Physical Chemistry. 1994;98(12):3161-4.

Jurecka P, Hobza P. True stabilization energies for the
optimal planar hydrogen-bonded and stacked structures
of guanine... cytosine, adenine... thymine, and their
9-and 1-methyl derivatives: complete basis set calculations
at the MP2 and CCSD (T) levels and comparison with
experiment. Journal of the American Chemical Society.
2003;125(50):15608-13.

J. Nanoanalysis., 7(1): 43-51, Winter 2020
(D)o |

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Zierkiewicz W, Komorowski L, Michalska D, Cerny J,
Hobza P. The amino group in adenine: MP2 and CCSD (T)
complete basis set limit calculations of the planarization
barrier and DFT/B3LYP study of the anharmonic
frequencies of adenine. The Journal of Physical Chemistry
B. 2008;112(51):16734-40.

Kryachko E, Remacle F. Complexes of DNA Bases and Gold
Clusters Au3 and Au4 Involving Nonconventional N- H Au
Hydrogen Bonding. Nano letters. 2005;5(4):735-9.
Kryachko E, Remacle E Complexes of DNA bases and
Watson— Crick base pairs with small neutral gold clusters.
The Journal of Physical Chemistry B. 2005;109(48):22746-
57.

Vyas N, Ojha AK. Interaction of gold nanoclusters
of different size with adenine: A density functional
theory study of neutral, anionic and cationic forms of
[adenine+(Au) n= 3, 6, 9, 12] complexes. Computational
and Theoretical Chemistry. 2012;984:93-101.

Pyykko P, Mendizabal E Theory of d10- d10 closed-
shell attraction. IIL Inorganic ~ Chemistry.
1998;37(12):3018-25.

Laguna A, Laguna M. Coordination chemistry of gold
(II) complexes. Coordination Chemistry Reviews.
1999;193:837-56.

Abdou HE, Mohamed AA, Fackler JP. Oxidative Addition
of Small Molecules to a Dinuclear Au (I) Amidinate
Complex, Au2 [(2, 6-Me2Ph) 2N2CH] 2. Syntheses
and Characterization of Au (II) Amidinate Complexes
Including One Which Possesses Au (II)- Oxygen Bonds.
Inorganic chemistry. 2007;46(23):9692-9.

Ganji M. Density functional theory based treatment of
amino acids adsorption on single-walled carbon nanotubes.
Diamond and Related Materials. 2009;18(4):662-8.

Abadee ZGN, Hekmati M, Ganji MD. Removing phenol
contaminants from wastewater using graphene nanobuds:
DFT and reactive MD simulation investigations. Journal of
Molecular Liquids. 2019;286:110872.

Soleymani E, Alinezhad H, Ganji MD, Tajbakhsh M.
Enantioseparation performance of CNTs as chiral selectors
for the separation of ibuprofen isomers: a dispersion
corrected DFT study. Journal of Materials Chemistry B.
2017;5(33):6920-9.

Larijani HT, Jahanshahi M, Ganji MD, Kiani M.
Computational studies on the interactions of glycine amino
acid with graphene, h-BN and h-SiC monolayers. Physical
Chemistry Chemical Physics. 2017;19(3):1896-908.

Moradi F, Ganji MD, Sarrafi Y. Tunable phenol remediation
from wastewater using SWCNT-based, sub-nanometer
porous membranes: reactive molecular dynamics
simulations and DFT calculations. Physical Chemistry
Chemical Physics. 2017;19(12):8388-99.

rings.

51



	Adenine molecule interacting with golden nanocluster: A dispersion corrected DFT study  
	Abstract
	Keywords
	How to cite this article 
	INTRODUCTION
	COMPUTATIONAL DETAILS 
	RESULTS AND DISCUSSION 
	CONCLUSION
	CONFLICT OF INTEREST 
	REFERENCES 


