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Abstract

Computational simulation techniques have become increasingly powerful and widespread due to advancements in computing capabilities which
provide valuable insights into the behavior, properties, and interactions of nanoscale systems to accelerate development, optimize designs, and
improve the safety and efficacy of nanomaterial-based applications. In the current study, adsorption equilibrium coefficients and free energy of
some aromatic acids are calculated at different temperatures using molecular dynamics simulation along with free energy calculation to
investigate the adsorption behavior of aromatic acid on graphene surface with temperature. The effect of temperature on the adsorption behavior
of certain aromatic acids salicylic acid, benzoic acid, and phthalic acid- on carbon nanotubes was investigated using molecular dynamics
simulation and free energy calculations at three different temperatures 260K, 300K, and 340K. Current analysis show that, in all temperature,
salicylic acid has the highest adsorption and phthalic acid has the lowest (phthalic acid < benzoic acid < salicylic acid). It is discovered that the
number of carboxylic acids that adsorb on carbon nanotubes increases with temperature.

Keywords: carbon nanotube, aromatic compounds, free energy calculation, adsorption equilibrium constant

Introduction

Graphene is a single atomic layer of hexagonally linked carbon atoms that exhibits a real two-dimensional (2D) crystalline
structure and unique properties. The unique properties of the pristine graphene sheet, such as the theoretical specific surface
area of thermal conductivity of ~ 5000Wm~*K ™!, theoretical specific surface area ~ 2630m?g~1, Young’s modulus of
~0.1 TPa , good optical transmittance of ~97.7%, And intrinsic mobility of ~2 X 10%> cm?V~15~1, Graphene and its
related mate- rials have strong potentials for a variety of applications over a broad wavelength range (Zhang et al., 2013).
Fullerenes, nanotubes, nanodiamonds, and graphene are examples of carbon- based materials that are important for biomedical
applications. Due to their high biocompatibility, fullerenes, graphene, and their derivatives are desirable candidates for
biomedical applications, particularly in the fields of biosensing, imaging, and drug delivery (Navya & Daima, 2016).
Graphene-based nanocomposites have been widely used in numerous applications, including wound dressing (He et al., 2012;
Liuetal, 2014; B. Lu et al., 2012; Madhavan et al., 2013), tissue engineering scaffolds (Faghihi et al., 2014; Mazaheri et al.,
2014; Sietal., 2014), water purification (Bao et al., 2011; Kumar et al., 2013; Musico et al., 2014), fabrication of antibacterial
paper (Bao etal., 2011; W. Hu et al., 2010; Park et al., 2010; Sreeprasad et al., 2011), drug delivery (Gao et al., 2011; Pandey
et al., 2011), and contaminant removal (F. Lu & Astruc, 2020; S. Wang et al., 2013), because of their excellent
physicochemical and inherent antibacterial qualities. Fan et al. prepared highly flexible, reusable, and foldable GO-based
cotton fabrics showed excellent antibacterial activities with minimal skin irritation which were found to inactive > 90%
bacteria (Zhao et al., 2013). CS-PV A nanofibers containing graphene, collagen-fibrin composite film with GO (Deepachitra
et al., 2014), GO-Ag composites into the polymer hydrogel were prepared and shows excellent antibacterial activity and
accelerated the wound healing as well as wound dressing (Fan et al., 2014). In gelatin composite hydrogel GO nanosheets can
be used for tissue engineering as a suitable scaffold, graphene-Ag nanowires, and GO-PVK nano composites have also been
used as antibacterial coating (Kholmanov et al., 2012; Santos et al., 2011, 2012). Because of the properties such as high aspect
ratio, rich surface chemistry, and ability to cross the plasma membrane, graphene has been widely used as an effective
nanocarrier to deliver drugs such as antibiotics. The GO-PSA composite showed a significant increase in effective release
time compared to the pure polysebacic anhydride (PSA) in releasing antibacterial drug levofloxacin (Gao et al., 2011). The
GO-benzylpenicilin anion shows highly extended-release time and helps in enhancing synergistic antibacterial effect on GO
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(Y. Wangetal.,2012). Sun et al. prepared a GO-balofloxacin nanocomposite and investigated the loading and release behavior
of balofloxacin. The as-prepared nanocomposite exhibited a longer release time because of the hydrogen bonding interaction,
which led to an excellent effect against E. coli (Li et al., 2013). Nafisi et al. systematically investigated the adsorption behavior
of tetracycline onto GO at various pH, temperatures, and sorption times (Chand et al., 2021; Ghadim et al., 2013). Zhou et al.
fabricated a carboxylate graphene-f-cyclodextrin/chlorhexidine acetate (GO-COOB-CD/CA) inclusion as a graphene-based
drug carrier. The inclusion showed great blood compatibility as indicated by hemolysis and the recalcification test. The
inclusion also showed excel- lent antibacterial activity without any cytotoxic effect (Xiao et al., 2014).

Another important application of graphene with antibacterial properties is water purification. An rGO-Ag nanocomposite-modified
porous carbon foam electrode was prepared by Kumar et al. to purify water. With the minimal power consumption of a 1.5-V battery,
the antibacterial device can be used to rapidly purify drinking water (Kumar et al., 2013). Wang et al. prepared AgNPs and Ag@C
on rGO and used them as electrodes in a capacitive deionization process to desalinate the seawater into drinking water (Cai et
al., 2014). Ray et al. fabricated a nisin antibacterial peptide-conjugated 3D porous GO membrane for effective separation and
inactivation of methicillin-resistant S. aureus (MRSA) pathogens from water (Kanchanapally et al., 2015). Graphene-based
nanomaterial-modified membrane filters can be used in water treatment due to their enhanced antibacterial properties (Musico
et al., 2014). Hyperbranched polyethylenimine (HPEI)-GO/polyethersulfone (PES) hybrid ultrafiltration membranes were
fabricated via a classical phase inversion method by dispersing HPEI-modified GO in the PES casting solution. The as-
prepared hybrid membranes exhibited excellent mechanical properties and good antibacterial activity, with potential
applications beyond water purification or the fractionation of proteins and peptides (Yu et al., 2013). Bose et al. fabricated
porous membranes for water purification by selectively etching one phase from a binary blend. Membranes decorated with
rGO-Ag displayed enhanced synergistic bactericidal effect on E. coli (Kumar S Mural et al., 2015). Ruiz et al. used a GO
nanomaterial as the filtration medium to eliminate bacteria from fuel. GO and GO-Ag columns could efficiently trap and
inactive bacteria while allowing fuel to flow freely (Ruiz et al., 2015). Huang et al. fabricated a graphene-agarose hydrogel
using agarose as the crosslinking agent and stabilizer. The as-prepared hydrogel showed remarkable antibacterial abil- ity, and
it has been successfully fabricated into a gel column to purify miniature-scale water (Y. Wang et al., 2013). Very recently, an
antibacterial rGO-Ag hydrogel composed of well-dispersed AgNPs and a porous rGO network was fabricated via a facile
hydrothermal reaction for point-of-use water sterilization. The rGO network was used as the support for AgNPs, which in turn
can facilitate the formation of the porous hydrogel. The bacte- ricidal filter composed of the rGO-Ag hydrogel showed good
efficacy against E. coli. Moreover, the level of silver in the purified water was found to be much lower than the drinking water
standard because silver is held by rGO (Zeng et al., 2015).

In recent years, molecular dynamics simulation with atomistic models and explicit sol- vent has been applied to elucidate interactions
between common nanomaterials and organic molecules. Molecular dynamics simulation were employed to understand the adsorption
affinity of number of neutral organic pollutants (Y. Wang et al., 2018), small organic molecules (Comer, Chen, et al., 2015), protein
(Kang et al., 2009) on a graphene and its derivatives. L. Xu and X. Yang uses molecular dynamics simulation to
investigate the interaction of pyrene-ployethene glycol (Pu- PEG) with graphene (Xu & Yang, 2014). Comer et. al.
performs molecular dynamics simulation along with free energy calculation to investigate the interaction of different
small organic molecules on graphene, carbon nanotube and successfully design the atrazine-CNT composite for drug
delivery (Comer, Chen, et al., 2015). R.R. Johnson et. al. employed large-scale replica exchange molecular dynamics
(REMD) simulation to find minima corresponding to six distinct conformations of oligonucleotide with DNA-carbon
nanotube hybrid (DNA- CN) (Johnson et al., 2009). In the current work, the center of mass of the first graphene layer and
the adsorbate molecule are defined along the z-axis. By collecting sample forces, the potential of the mean force is estimated
along this transition co-ordinate. The interaction between the adsorbate molecules and the graphene surface is represented
using the CHARMM general force field. The system is solvated using the common TIP3P water model. In order to investigate
the temperature dependence of the probe molecules on the graphene surface, we calculated the adsorption equilibrium constants
of three different distinct aromatic acids, salicylic acid, phthalic acids, and benzoic acid, at three different temperatures, 260K, 300K,
and 340K. We haven’t yet discovered the experimental evidence of such compounds’ adsorption coefficient, though.

Results and Discussion

Adsorption on carbon nanotube

Force field parameters are extremely important in molecular dynamics simulations which defines the mathematical equations that
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govern the inter-atomic interactions and determines the motion and behavior of the adsorbate molecules in the simulated
environment. In this work, we have used CHARMM general force field which include parameters for bond lengths, bond angles,

torsion angles, van der Waals interactions, and electrostatic interactions. The mathematical equation that governs the simulation
is (Duan et al., 2003; MacKerell et al., 1998; Oostenbrink et al., 2004).

U(?) = Z Ubounded (F) + Z Uunbounded (F)
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Here, the first and second term of the above equation represents the potential due to van der Waals and electrostatic interactions
respectively. The first term of vender Waals represents repulsive potential due to overlapping electron clouds between interacting atoms
and the second term represents the attractive potential due to induced dipole interactions. The symbol 7;; represents the distance between
two atoms i and j is called interatomic or intermolecular separation; €ij represents L] well-depth; whlle Rmin;; is the radius in the
Lennard-Jones potential. The coulombs potential is expressed by second term of above equation where r is relative permittivity called
dielectric constant. Also, q; and g;represents the charge for particles i and j respectively. Third term of above equation represents
potential due to bond between atoms where, b is bond length, bo is equilibrium bond length, k,, is the bond force constant. The fourth
term of the above equation represents potential due to angle where, k is the force constant, is the angle between atoms and o is
equilibrium bond angle. The 4-body atom torsion angle is also known as dihedral angle potential, describes the angular spring between
the planes formed by the left sided three atomic plane and right sided three atomic plane of consecutively bonded atoms is represented
by fifth term of above equation where, k,, is dihedral force constant, 77 is multiplicity and & is phase angle. Sixth term represent potential
due to improper angles where ¢ is improper angle, ¢, is improper equilibrium angle, and k;,,,,, is improper force constant.

The adsorption of small aromatic compounds on carbon nanotubes is a promising area of research with potential applications in various
elds. Here, molecular dynamics simulation has been used to investigate the adsorption behavior of small aromatic compounds on carbon
nanotubes. We modeled multi-wall carbon nanotube having inside diameter of 12nm and height of 2nm. We assigned 6-member aromatic
ring to graphene specified by CHARMM General Force Field (CGen) which determines how the carbon nanotube interact with other
atoms and with itself. The carbon nanotube with periodic boundary condition, pervades to entire xy-plane having effectively
large surface area. Comer et. al. has validated that modelling four graphene layers compared to single graphene layer has only
little effect on adsorption equilibrium constant K£*'. With this validation, in the present work, we modeled four-layer graphene
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2.1. Adsorption of salicylic acid on carbon nanotube
Salicylic acid is a naturally occurring compound in many plants, including willow trees, from which it was first isolated. Today,
salicylic acid is widely used in a variety of applications, including as a skin care ingredient, as an active pharmaceutical ingredient,
and in the production of other chemicals (Oostenbrink et al., 2004). Salicylic acid has been explored for potential applications in
nanomedicine such as targeted drug delivery (Arif, 2015), cancer treatment (Mohammadian et al., 2017), wound healing (Zou et
al., 2023), anti-inflammatory therapy, etc. (Koo et al., 2006). In order to com- prehend adsorption behavior of salicylic acid on
carbon nanotube, potential of mean force and free energy were calculated using molecular dynamics simulation followed by free
energy calculation.
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Figure (1a), (1b) and (1c) shows energy profile

of salicylic acid on graphene surface at three -
different temperature 260K, 300K, and 340K respectively. The contribution due to different energy parameters such as bonds,
angles, dihedrals, kinetic, potential, electrostatics, and van der Waals on energy of the system is illustrated in Figure (1) and
explicitly tabulated in table (1). All the parameters contributing to the energy of the system increases with temperature however
van der Waals interaction decreases with temperature. We notice that weaker van der Waals forces is due to less interactions
between the molecules since we have considered sufficiently low density in our simulation. In other hand, the kinetic energy of
the system with temperature is found to be directly proportional to temperature illustrated in table (4) that lead to an increase in
the distance between neighboring molecules and thus decreases the van der Waals forces. More kinetic energy may lead to an
increase the magnitude of the fluctuating dipoles that increases the van der Waals forces however, in our case, this effect is found
to be negligible. As temperature rises, it is discovered that the depth of potential energy decreases.

Table 1: Contribution of different energies at different temperatures of the system containing salicylic acid.

Flgure 1 Energy profile of salicylic acid at 260K, 300K,

Energy (Kcal/Mol) 260K 300K 340K
Bond 1352.82 £+ 0.46 1412.52 + 0.54 1469.82 + 0.61
Angle 455.53 £0.35 496.31 £0.39 536.79 £0.45
Proper dihedral 245.85+ 0.42 283.28+ 0.46 321.39+ 0.56
Electrostatic -8606.39+ 2.35 -8120.34+ 2.54 - 7652.59+ 2.70
VDW 4166.47 £1.52 4 091.57 £1.60 4026.68 +1.62
Potential -2376.85 £1.76 -1826.68+ 1.94 - 128691+ 2.19
Kinetic 2068.74 £1.33 2389.95 £1.55 2608.93 £1.71
Total -308.12 £2.22 563.27 +£2.52 1422.02 £2.76

Benzoic acid (C7Hs02), melting point 122°C, is an aromatic carboxylic acid that is widely used in the food and pharmaceutical industries
as a preservative (Hazan et al., 2004). Benzoic acid has been widely investigated for its potential applications. It has been used to modify
the surface of nanoparticles such as gold and silver, to improve their stability and biocompatibility. It has been incorporated into various
nanomaterials such as ‘ ‘ ‘ ‘
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Figure 2 Energy profile of benzoic acid at different temperatures
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adsorption behavior of benzoic acid on carbon nanotube, potential of mean force and free energy were calculated using molecular

dynamics simulation followed by free energy calculation.

Figure (2a), (2b) and (2¢) shows energy profile of benzoic acid on graphene surface at three different temperature 260K, 300K,

and 340K respectively. The contribution due to different energy parameters such as bonds, angles, dihedrals, kinetic, potential,

electrostatics, and van der Waals on energy of the system is illustrated in Figure (2) and explicitly tabulated in table (2). According

to the table (2), all sources of energy in the system increase as the system’s temperature rises, with the exception of energy

produced via van der Waal’s interaction. When we examine kinetic energy, we see that kinetic energy is proportional with

temperature explained in table (4). Depending on the simulation’s temperature, potential and electrostatic energy is always

negative, whereas total energy can either be positive or negative. Additionally, it is discovered that total energy increases with
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Table 2: Contribution of different energies at different temperatures of the system containing benzoic acid.

Energy (Kcal/Mol) 260K 300K 340K

Bond 1352.05+ 0.47 1410.334+ 0.52 1468.65+ 0.61

Angle 454.88 £0.35 494.85+£0.41 536.96 +£0.46

Proper dihedral 246.06+ 0.42 284.47+ 0.47 322.70+ 0.54

Electrostatic -8586.58+ 2.42 -8096.414 2.52 -7642.57+ 2.72

VDW 4165.81+£1.56 4087.96 +1.58 4027.97 £1.64

Potential -2358.91 £1.77 -1808.63+ 1.97 - 1277324+ 2.20

Kinetic 2069.39+1.32 2388.51 £1.50 2709.07 £1.73

Total -289.52 £2.21 579.88 £2.52 1431.75 £2.82
Phthalic acid CsH¢O4is a white crystalline organic compound with melting point 191°C. Phthalic acid can form various salts and
esters, which are widely used in the production 2000} 444 et ahaad] AT rriee]
of plastics, dyes, and pharmaceuticals (Abu 2000 ] E‘Eﬁ% sl T YT T Y v vy v vy vy vy vy vyvy]
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functionalization, Metal Organic Framework g_mi ] g_mo;
(MOFs), nanoparticle synthesis, anticancer w_sm, ] 5000}
agent, gene delivery, etc. (Huang et al., 2016; [
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adsorption behavior of phthalic acid on carbon
nanotube, potential of mean force and free
energy were calculated using molecular
dynamics simulation followed by free energy

calculation.

Figure (3a), (3b) and (3c) shows energy profile
of phthalic acid on graphene surface at three
different temperature 260K, 300K, and 340K
respectively. The contribution due to different
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Figure 3 Energy profile of phthalic acid at different temperatures

energy parameters such as bonds, angles, dihedrals, kinetic, potential, electrostatics, and van der Waals on energy of the system
is illustrated in Figure (3) and explicitly tabulated in Table (3). Table indicates that as the temperature of the system increases, all
types of energy of the system increases except the energy contributed by van der Waal’s interaction. As we look at kinetic energy,

it shows that it grows as temperature. Electrostatic energy, potential energy as well as kinetic energy are increasing with

temperature. Potential and electrostatic energy is always negative, and overall total energy may have positive or negative value
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depending on the temperature of simulation. In addition, total energy is found to be increasing with temperature. This shows that

temperature is directly proportional to the total energy.
Table 3: Contribution of different energies at different temperatures of the system containing phthalic acid.

Energy (Kcal/Mol) 260K 300K 340K
Bond 1354.09+ 0.47 1412.18+ 0.53 1469.65+ 0.61
Angle 455.9440.36 496.58+0.41 536.99 +£0.47
Proper dihedral 254.56+ 0.43 29241+ 0.49 329.03+ 0.53
Electrostatic -8621.65+ 2.38 -8132.53+ 2.52 - 7667.85+ 2.77
VDW 4164.99£1.56 4089.36 £1.61 4023.57 £1.67
Potential -2382.77 £1.77 -1831.79+ 1.96 - 1297.044+ 2.26
Kinetic 2073.10+1.32 2390.16 £1.49 2709.45 £1.69
Total -309.67 £2.17 588.37 £2.44 1412.41 £2.84

Table 4: Variation of kinetic energy with temperature.

Temperature Salicylic acid Benzoic acid Phthalic acid
K.E. K.E./T K.E. K.E./T K.E. K.E./T
260K 2068.74+1.33 | 7.96 2069.39+£1.31 | 7.96 2073.10+£1.33 | 7.97
300K 2389.95+£1.55 | 7.97 2388.51+£1.50 | 7.96 2390.16+1.49 | 7.97
340K 2608.93+1.71 | 7.67 2709.07+£1.73 | 7.97 2709.45+1.70 | 7.97

1.2. Binding energy of salicylic acid
The adsorption free energy curve of salicylic acid on the surface of the graphene layer at 260K, 300K, and
340K is shown in Figure (4).
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Figure 4 Adsorption free energy of salicylic acid on graphene surface at 260K, 300K and 340K

18

From Figure (4), it can be inferred that at a distance z < 3.0 A, there is no effect of binding of Salicylic acid on graphene.

Above the distance z = 3.0 4, the depth of the curve was increased, and lowest minima were attained at z = 3.40 A, 3454
and z = 3.45 A for 260K, 300K and 340K respectively. We can infer that near z = 3.45 A, there has been proper and
maximum interaction between the salicylic acid and graphene layer Table 2 provides a summary of the free energy values
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at 260K, 300K, and 340K, which are -7.58Kcal mol-!, -8.39Kcal mol-!, and -8.66 Kcal mol-! respectively. Additionally, after
a constant value of z = 10.00 A, the interaction between the surface of graphene and salicylic acid becomes insignificant, producing
minute fluctuations. From table (5), we deduce that as the temperature of the system increases, its free energy also increases.
1.3. Binding energy of benzoic acid

The adsorption free energy curve of benzoic acid on the surface of the graphene layer at 260K, 300K, and 340K is shown in

figure (5).
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Fig. 5: Adsorption free energy of benzoic acid on graphene surface at 260K, 300K and 340K

We can deduce from figure (5) that there is no effect of binding of benzoic acid on graphene at a distance z < 3.0 A. Above the
distance z > 3.0 A, the depth of the curve is increased, and lowest minima is attained at z = 3.45 A,3.55A and z=3.50 A
for 260K, 300K, and 340K respectively. We infer that near z = 3.45 A, there has been proper and maximum interaction
between the benzoic acid and graphene layer, and the free energy values at 260K, 300K, and 340K are -6.88 Kcal mol!, -7.18
Kcal mol!, and -7.71 Kcal mol-!, respectively. Additionally, after a constant value of z = 3.45 A, the interaction between the
surface of graphene and benzoic acid becomes insignificant, producing minute fluctuations. From Table (5), we deduce that as the
temperature of the system increases, its free energy also increases.
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were achieved at z=3.65 A,z=3.70 A, and z=3.70 A. This indicates that near z=3.70 A, there has been proper and maximum
interaction between the phthalic acid and the graphene layer. The free energy values at 260K, 300K, and 340K are -7.19 Kcal mol-
1, -7.89 Kcal mol'!, and -8.80Kcal mol"!, respectively. Additionally, after a constant value of z = 10.25 A, the interaction
between the surface of graphene and phthalic acid becomes insignificant, producing minute fluctuations. From table (5), we deduce
that as the temperatures of the system increases, its free energy also increases.

Table 5: Minimum free energy of certain aromatic acids at different temperatures.

@DEPAN, UCU
Research Article

Temperature Salicylic acid Benzoic acid Phthalic acid
D.F.S.' () | Freeenergy | D.F.S.! () Free energy | D.F.S.' (A) | Free energy

260K 3.40 -7.85 3.45 -6.88 3.65 -7.19

300K 3.45 -8.39 3.45 -7.18 3.70 -7.98

340K 3.45 -8.66 3.45 -7.71 3.70 -8.08

ID.F.S. represents distance from the first layer of graphene surface.
2.5. Adsorption equilibrium constant
Table (6) shows the logarithmic value of adsorption equilibrium constants of three different aromatic compounds on graphene surface
at three different temperatures. From table (6), the value of logKf® is increasing with temperature for all adsorbate molecules. The
maximum value of logK*" is found highest for salicylic acid and minimum for benzoic acid at all temperature.
Table 6: Comparison of calculated logarithmic values of adsorption equilibrium coefficients of different atomic acids on carbon
nanotube at different temperature.

S.N. Compounds 260K (logK.,1) 300K (logK_,) 340K (logK.,)
1 Salicylic acid 3.39 3.99 4.20
2 Benzoic acid 2.93 3.14 3.74
3 Phthalic acid 3.17 3.74 3.81
3. Methods

Theoretical link between experiment and simulation in calculating adsorption equilibrium constant

In the relevant tests, a vial holding a colloid of water and a known quantity of nanoparticle (nanotubes) is introduced with varying
amounts of a number of tiny aromatic compounds. Solid phase microextraction and gas chromatography mass spectrometry are
used to precisely measure the final concentration of the substance that was not adsorbed to the nanoparticles. As a result, an
adsorption equilibrium constant provides a useful way to describe the adsorption affinity for a specific molecule,

v(c?-cf1 VN1
K'expt — (z eql )= LIeY; (2)

' me; mN;
where V is the volume of liquid inside the vial, m is the total mass of nanoparticles inside the vial. ¢/ is the concentration of compound
i there before it came into contact with the nanoparticles, c; ? is the concentration of free compound i that is still there after equilibrium
has been reached. The equilibrium numbers of the molecule i that has been adsorbed to the nanoparticle and is still free in solution are
Nf,‘f, p and Nieq respectively. The surface density of adsorbed molecules is relatively low when the lowest concentration is considerd in

the experiment. The diameter of the adsorbate molecules is much less than a typical distance between each molecule. Thus, the

eq

interactions among the adsorbates can be neglected. The ratio A"‘é‘{{’ in equation (2) can be determined from free-energy calculations.
i
eq
Ninp _ Jagrdrexp[Zfei0] 3)
N e dr exp [-Bwi(r)]

where w; () is the potential of mean force, f = (kzT)~? is the reciprocal thermal energy and the integrals in the denominator and
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numerator are over molecule positions, as a function of the three-dimensional position in the vial in the adsorbed and free regions of
space. The positions of the adsorbed molecule from any nanoparticle are w(r) = 0. Assuming that the concentration of colloid is
sufficiently dilute, the denominator of equation (2) can be approximated to V. We obtain the potential of mean force of compound i,
¢ (z) as a function of the distance between the plane passing through centre of mass of the first graphene surface and centre of mass
of adsorbates by performing free energy calculation. Given su cient sampling, w¢*(z) incorporates any lateral variability in the

adsorption affinity. Equation (2) can therefore be written
NiE NnpA c
i~ ERE [Cdz exp [-Bwi (2)] (4
13
where Ny, is the number of nanoparticles in the vial, Ayp is the accessible surface area of each of the nanoparticles, and ¢ is a cutoff
distance which defines the adsorbed region. All definitions of the integration limit ¢ yield identical K; values for the systems considered
here. Substituting equation (4) into equation (2) gives us a route to estimate the adsorption equilibrium constant from the simulations:

A c
K;cal = ML,;IO dz exp [—Bwf (2)] ..(5)
where Myp = Ninp is the typical mass of a single nanoparticle. The specific surface area ﬁil; = 233 m?/g is experimentally

determined by the Brunauer-Emmett Teller method (Comer, Chen, et al., 2015).

Modeling of Multilayer Graphene

We initially constructed a four-layer graphene system in a hexagonal box by using Inorganic Builder Plugin in VMD setting the
dimensions D: 12(inside diameter of hex-box) and Z: 2 (height of the hex-box) where the plugin assigns all the required bond lengths,
bond angles and constructs the protein structure le for the multilayer graphene system within certain periodic boundary conditions. The
structure of multi-layer graphene is observed with the help of Visual Molecular Dynamics (VMD) which reads the graphene.pdb le (i.e.
Protein Data bank File) to display it in visual screen. We assign the center of mass of the graphene system to (0,0, -11) position. Then,
we represent graphene atoms with the CHARMM General Force Field (CGenFF) (MacKerell et al., 1998) type for 6-member aromatic
rings to determine the nature of the way of interaction of graphene atoms with other atoms and with itself in the system. This creates
ready Graphene layer structure le and databank le (Poblete et al., 2017).

Modeling of adsorbate molecule

First, we need to have structure le in order to parameterize the interested solute molecules. For this purpose, mol format of interested
molecules can be obtained from the ChemSpider database http://www.chemspider.com/. The mol format containing the structure of the
molecules is converted to mol2 format by using OpenBabel software. After that, mol2 le is uploaded in ParamChem server
http://www.cgen.paramchem.org. that assigns parameters for the compound based on analogies between well parameterized model
compounds in the CGenFF library and the chosen compound to get output le which contains topology and parameters of the molecule.
Saving such le in compatible format .str, we convert it into .psf file using VMD and assembled a final psf and pdb file. The serial
numbers of the atoms of solute molecules and top layer of graphene, step number, values of collective variable, values of biasing forces
were assigned using VMD. The collective variable defined is distance-z variable which gives component of a vector along z axis (0,0,1)
between two points that are centre of mass of the first layer of graphene and centre of mass of solute molecule (Poblete et al., 2017).
Molecular Dynamics Simulation

NAMD?2.12 was used to carry out all molecular dynamics simulations for the system, including graphene nanomaterials and each
aromatic compounds. The standard three site TIP3P water model was used for aqueous environment in all simulations (Alexiadis &
Kassinos, 2008). The temperature was controlled by Langevin thermostat at 260K, 300K, and 340K for each aromatic adsorbate
molecules (Soddemann et al., 2003). The pressure was maintained at 1.01325 bar by using group-based Langevin piston acted only
along z-axis (Quigley & Probert, 2004). The particle mesh Ewald algorithm with maximum grid spacing of 1.2 A was employed to
compute the electrostatic interactions. Van der Waals forces were computed using modified 14 VDW parameters with smooth cutoff of
8 — 9 A. A multiple time stepping scheme was employed to integrate the equation of motion with time stepping of 4 and 2 fs for long
and short-range interactions. Visual Molecular Dynamics (VMD) was used in modeling, visualization and analysis of the system (Poblete
etal., 2017).

Free energy calculation

Free energy is an important thermodynamic quantity that is very helpful in studying thermodynamic properties, phase transitions and
stable states under external conditions. In the present work, we perform free energy calculation for three different adsorbate molecules-
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salicylic acid, benzoic acid and phthalic acid- at three different temperatures 260K, 300K and 340K on graphene surface having same

functional group (carboxylic acid). Transition coordinate- the distance between center of mass of adsorbate molecule and center of mass

of first layer graphene along z-axis- was defined using the Colvar module of NAMD 2.10. Before free energy calculation, system

underwent 10000 steps of energy minimization and 500000 steps of equilibration which took about 10-15 minute of simulation. After

minimization and equilibrium run, free energy calculation was performed with Adaptive Biasing Force (ABF) using NAMD 2.10 which

took about 2 days of continuous simulation on a single processor computer (Comer, Gumbart, et al., 2015; Darve & Pohorille, 2001;

Hénin & Chipot, 2004). The calculation was performed in between 03 z 15 nm using a single window and potential of mean force (PMF)

is calculated by collecting sample forces, along the transition co-ordinate, in bins of width 0.05 A (Poblete et al., 2017).

Conclusion

Salicylic acid, benzoic acid, and phthalic acid in particular have been studied for their temperature dependence on the adsorption on

graphene surface using molecular dynamics simulation and free energy calculations. It is discovered that the number of aromatic acids

that adsorb on carbon nanotubes increases with temperature. In all temperatures, salicylic acid has the highest adsorption and benzoic

acid has the low est. We hope, the design of nanomedicine and nanomaterials, as well as their delivery, will all bene t from this

fundamental insight. The difference between the results from the experiment and the calculations could be caused by a number of

different variables. It is highly likely that some of the discrepancy results from flaws in the force eld and water model. Because of the

very abrupt change in dielectric characteristics at the graphene-water interface-which is known to be a point of failure for fixed charge

atomic models-some explicit consideration of electronic polarizability may be required. As the classical molecular dynamics approach

is incapable of adequately describing quantum chemical systems, some of the discrepancy even be inherent to it. On the other hand,

insufficient sampling may lead to biased or inaccurate results.
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