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Abstract

Adsorption free energy is important for the fundamental and practical aspect to describe the nature of the reaction and to understand the

interconnection of the various ingredients involved in the adsorption process. It is also useful to understand the thermodynamics of the molecules
in drug delivery, removal of contaminant and protein folding among other. Here, we used TIP3P water model as a solvent to find out the adsorption
free energy of the biphenyl and aniline on the surface of graphene at different temperatures through NAMD (Nanoscale Molecular Dynamics) for
simulations and VMD (Visual Molecular Dynamics) for molecular visualization and modeling of the system. Overall calculations is performed
within the framework of Adaptive Biasing Force (ABF) method in different temperatures at 1.03x10° Pascal pressure. The value of adsorption
free energy of the systems in the NPT ensembles increase as increasing the temperature on both the systems. The calculation reveals that at the
surface of graphene, biphenyl has a higher adsorption free energy than aniline. The present calculation for biphenyl is in excellent agreement
with the prior result at 300 K.
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1. INTRODUCTION

The study of zero dimensional to three-dimensional nano-materials, as well as their corresponding derivatives, is a major emphasis
of the twenty-first century. Carbon derivatives including fullerene, carbon nanotubes, graphene, and graphite have received a lot of
attention recently[1]. Among these materials, graphene and gadgets can have a significant impact on how these materials are
executed [2]. Adsorption, utilising computational methods, has an exceptional propensity to design and optimize the nanomaterial,
including graphene, for various applications like the removal of contaminants from a mixture of complex types, delivery of a high
load of drugs, and so forth. For that, the system needs a reliable model of nanomaterial surfaces and their potential interactions with
pertinent materials and solvents in order to fulfill each of these functions. To perform each of these roles, the system requires a
trustworthy model of nanomaterial surfaces and their potential interactions with relevant substances and solvents[3]. The use of free
energy calculations based on simulations of classical molecular dynamics has increased recently in a number of scientific
disciplines, including thermodynamics, molecular recognition, and protein folding. Fundamental chemical quantities like
equilibrium constants, solubilities, partition coefficients, and adsorption coefficients are linked to the adsorption free energy within
the framework of physical and non-physical conditions [4]. In this study, we look into how the temperature impacts the adsorption
of aniline and biphenyl on graphene surface.

Graphene, a carbon allotrope and a derivative of graphite is the wonderful substance, was discovered in 2004. It is a thin, single
sheet made of layers of graphite that has been sheared off to create the thinnest and stiffest layer possible. Each layer contains sp2
hybridised carbon atoms which are arranged in a flat, hexagonal lattice structure that resembles a honeycomb. It is a sheet of one
atom thick semiconductor material overlapped valence and conduction bands that contain both holes and electrons as charge
carriers. Each carbon atom in graphene is linked to three more carbon atoms, leaving one electron free for electrical conduction. In
short, highly mobile m-electrons located above and below the graphene sheet make it a million times higher conducting than
copper even in the room temperature [5]. Mechanically, it is one of the the strongest material and highly elastic with a tensile
strength of 130 gigapascals about 300 times greater than the strongest steel. Young’s modulus of graphene is about 1 terapascals
and spring constants in the region of 1-5 Nm™. It exhibits a breaking strength of 42 Nm™' [6]. In addition, the current density of
graphene is very high about six orders of magnitude higher than that of copper, and hence shows record thermal conductivity at
room temperature is approximately (4.84 = 0.44) x 10> Wm™'K™! to (5.30 + 0.48) x 10°* Wm 'K compared to the graphite of
approximately 2000 Wm™'K™!. The surface area of graphene is 2630 m?g™! whereas CNTs have 100 to 1000 m?g™!. Graphene is
very light at a density of 0.77 mg™' i.e. the same size of paper is roughly 1000 times heavier. Also, it can be said that 1 gm of
graphene is enough to cover a whole football ground of standard measurements [7, 8]. Graphene is almost transparent and can
absorb approximately 2.3 % (i.e. transmit about 97.7 %) of the white light intensity and is independent of the wavelength in the
optical domain [5]. The melting point of the graphene is about 4510 K which is about 250 K greater than that of graphite measured
under the same technique [9].

28


mailto:gck223@gmail.com

Pragya Darsan, 2025, 6(2) @DEPAN, UCU
ISSN: 2542-2634 (print) Research Article

Biphenyl is an organic aromatic hydrocarbon having the molecular formula C¢HsCsHs or C12Hjo with a distinctively comical smell
that forms colorless crystals at room temperature. It is composed of carbons and hydrogen atoms so is called hydrocarbon. It consists
of two benzene rings attached at one point by removing single H-atoms from each and the total number of hydrogens is two less
than that of two benzene rings [10, 11]. It doesn’t contain any functional group so it is less reactive. The molecular mass of biphenyl
is about 154.2 g/mol and its density is 1.04 g/cm?. The vapor pressure is 4 Pa at 20 °C, water solubility is 4.45 mg/liter at 20 °C,
and specific gravity is 0.991. The melting point is 69.2 °C and the boiling point is 255 °C. Crude oil, coal tar, and natural gas are
the main sources of biphenyl and they can be pulled out by the distillation method.

Aniline (benzenamine or phenylamine) is an organic aromatic hydrocarbon having the molecular formula CsHsNH, with an
unpleasant, rotten fish-like smell. It is an oily, colorless poisonous liquid at room temperature. It is a compound of carbon, hydrogen,
and nitrogen. Aniline consists of a benzene ring on which the amino group (i.e. NH3) is attached by removing a hydrogen atom, one
from a phenyl group and the other from the amino group. Aniline is obtained especially by the reduction of nitrobenzene. Aniline
contains NHj3 as a functional group with basic in nature yielding salts when reacting with mineral salts. The molecular mass of the
aniline is 93.13 gm/mol and the density is 1.02 gm/cm?. The boiling point and melting point of the aniline are 184 °C and -6.3 °C
respectively. Aniline is soluble in the organic compound but slightly soluble in water. The vapor pressure is 0.6 mmHg at 20 °C, the
water solubility is 0.036 gm/ml. Aniline is toxic that causes skin diseases. It produces toxic oxide on nitrogen while burning [12,
13]. It is used for the manufacture of chemical compounds like dyes, photographic chemicals, a chemical used in agriculture, drugs,
explosive chemicals, plastics, and rubber chemicals [14].

2. THEORY

The free energy additionally called the thermodynamic free energy of a system is the most important thermodynamic quantity which
is helpful in the thermodynamics of chemical or thermal processes in science. Free energy is also called helpful work and can be
extracted from a closed system. It is a function of the energy of a system and can be determined by subtracting an entropy-
temperature term; consequently, it characterizes the capacity for temperature-instigated events to happen within a closed system.
The adjustment in free energy is an amount of most extreme work that a thermodynamic system can perform in a process at a
constant temperature. The calculation of absolutely free energy required a suitable reference. But we do not have this so, we can
never figure out absolute free energy. However, relative free energies can be determined using different computational techniques,
and hence determined free energies have physical significance. Through knowledge of this, it is conceivable to build up stable
states, their thermodynamic properties, and the phase transitions between states, and it is also possible to deduce how stable states
are changed by external conditions or other transformations [15, 16]. Based on transform between different states, the free energy
calculation can be recognized into two principal terms; geometrical and alchemical transformations. Calculation of free energy for
alchemical transformation uses perturbation and thermodynamic integration strategies [17]. However, the adaptive bias force
strategy has been used in the free energy calculation of geometric transformations.

The thermodynamic free energy can be determined by utilizing the Helmholtz or Gibbs free energy which depends on statistical
ensembles. In canonical ensembles (NVT ensemble having constant volume and temperature), the free energy termed is Helmholtz
free energy A and in the isothermal-isobaric ensemble (NPT ensemble having a constant temperature and pressure), it is termed the
Gibbs free energy G [15, 16].

In our work, Gibb's free energy has been calculated as the thermodynamic system at constant NPT. This absorbs heat energy from
the reservoir and the work energy expands to make room for it. The change in free energy can be expressed in terms of the partition
functioni Q %sz;

AA= E In Q_1 ....................................... ( 1)

where, f = b QW, k = Boltzmann constant.

In terms of a probability distribution, change in free energy AA can be expressed as;

AA=—-1mZ ©)

Among the c}fffferent calculation methods to compute the thermodynamic free energy, the Adaptive biasing force (ABF) technique,
advanced technology has been used [15, 18].

The Adaptive biasing force method is an advanced form of Umbrella sampling which is used to calculate the free energy along the
transition coordinates and can be seen as potential from the average force. In Umbrella sampling, an external potential is applied to
allow for the exploration of higher energy configurations and the states that they are separate [19]. This method is based on the
formalism of thermodynamic integration as the quantity of the average force is calculated directly and force is integrated to calculate
free energy. The efficiency of molecular dynamics simulations is improved by using the ABF method by sampling the potential
energy surface ineffectively due to free energy barriers. Due to this, the ABF method is used to compute free energy along the
selected reaction coordinate ¢ [15, 20] and is given as;

AE) =" Y INPe+ Ay 3) |

Where A(Lb is the free energy of the state at a particular value of &, P: is the probability density of finding the system at , and Ao
is a constant. ABF is a method of reaction coordinate sampling that applies a continuous biasing force, which is tuned during the
simulation to evaluate the free energy progressively. Uniform sampling can thus be achieved by the on-the-fly calculation of A(')
and the implementation of this information in the form of an external bias. Therefore, this model requires no knowledge about the
potential of mean force.
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The derivative of the free energy with respect to the reaction coordinate can be represented in terms of configurational averages as;

[ |
L 4 = B 4)

Where, 0U(x)/0& represents the force exerted on the system derived from potential energy function, represents a geometric
correction that accounts for the difference in a phase space availability as the reaction coordigvaries, and where |J| is the
determinant of the Jacobean for the transformation from generalized to Cartesian coordinates. ¢ is an average force acting
along reaction coordinates and is the derivative of the instantaneous force component [18, 21]. In this thesis work, we have used
this approach to calculate the free energy profile for the interaction between graphene-biphenyl and graphene-aniline.

3. COMPUTATIONAL DETAILS

Molecular Dynamics simulation is an established classical computational simulation technique to study the structural and dynamical
properties of interacting particles. It is one of the best techniques to solve the many-body problem. In the molecular simulation, we
prepare a sample by selecting the model system consisting of N-interacting particles to solve Newton’s equation of motion for this
system until the properties of the system that are no longer change with time i.e. equilibrium state. Newton’s equation of the motion
for an i™ atom can be written as;

mi ~ =-VU@) =Fiooooiioooiieieieeee, (5) wherei=1,2.....N

Here my; is mass; r; is the position of i atoms. This equation (1) gives the relation between mass, rates of change of position i.e.
acceleration, and potential energy experienced by i particles. The negative of the potential gradient gives the force Fi. Integration
of equation (1) gives the trajectory of the system describing the positions, velocities, and accelerations of the particles. Mainly there
are four steps in MD simulation: Modeling of the system, Initialization, Force calculation, and Integration of equations of motion.
The first step of the MD simulation is the preparation of the model of the system, under consideration. In a model of a system, we
specify molecules in terms of parameters like atomic masses, charges, van der Waals radii, force field, etc. The model contains the
topology file in which parameters are connected [22]. All these parameters are specified in the CHARMM36 force field for now.
These force fields show a considerable difference in the strategy of parameter specification but have similar functional forms [23].
The pairwise additive potential functions calculate the force fields between each particle. The potential energy functions are derived
empirically to describe the atomic interactions in classical force. The effective pairwise additive potentials represent the interaction
between atoms and molecules. The interactions are divided into two categories; bonded and non-bonded. Bond length stretching,
bond angle vibration, proper dihedrals, and improper dihedral are bonded while Coulomb and LJ interactions are the non-bonded
interactions [24]. The total potential energy is the sum of the bonded and non-bonded interactions energies which is given by:
Utotat = Ubond + Uangle + Uproper + Uimproper + ULr + Ucoulomb. +vvvvvvvvniineinnnn. (6)

Simulation Set Up
Our simulation is carried out mainly with graphene, a biphenyl molecule with 2265
molecules of water in the hexagonal box at different temperatures. Fig. 1 is a small
patch of multi-layer graphene which is constructed by using the inorganic Builder
plugin of NAMD in a regular hexagonal box of dimensions D: 12 (i.e. inside diameter
of the box) and Z: 2 (i.e. the height of a box). The multi-layer graphene consists of
four layers. The graphene layer consists of 1152 numbers of carbon atoms. Each
carbon atom is bonded to three other carbon atoms. There is no number of carbon
atoms having less or more than three bonds with other carbon atoms.

Fig. 1 Multilayer Graphene Structure
It means the number of C-atoms having less or more bonds should be zero.
Here all the simulations were carried out with the NAMD package where all bonded and non-bonded parameters were specified in
accordance with CHARMM36 as force field parameters. We use the ParamChem server to generate the topology and parameter
files for biphenyl. Before this all, the structure file that is going to be parameterized is necessary. For this, a file of .mol2 format is
best because it contains information such as a double bond that is not available in a protein data bank file. There are various ways
to construct the .mol2 format. In this work, we first obtain the structure file in .mol format by clicking the 3D button from the
ChemSpider database and convert it into .mol2 format using software called OpenBabel.

30



Pragya Darsan, 2025, 6(2) @DEPAN, UCU
ISSN: 2542-2634 (print) Research Article

Fig.2. Structure of biphenyl portrayed by VMD Fig. 3. Structure of aniline portrayed by VMD

Figure 2 represents the model of biphenyl with 22 atoms where the bond length and force constant between C-C atoms is 1.3750 A
and 305.00 kcal mol’2 respectively and that of C-H atoms is 1.0900 A and 340.00 kcal mol'A2 respectively. The bond angle
and force constant between C-C-C atoms is 120° and 40 kcal mol™'S 72, Similarly, the bond angle and force constant between C-C-
H atoms is 120 and 30 kcal mol 'A% Figure 3 represents the model of aniline with 14 atoms with témd length and force cont
between C-C atoms is 1.3750 A and 305.00 kcal mol'A2 respectively, C-H atoms are 1.0900 S and 340.00 kcal mol’l’2
respectively, C-N atoms is 1.3900 A and 400.00 kcal mol'A2 respectively and N-H atoms are 1.0000 A and 488.00 kcal mol A2
respectively.

Water molecules to the system containing graphene are added. The water
model available for simulation is standard TIP3P (Transferable
Intermolecular Potential with 3 points) which is based on the CHARMM36
force field and is widely used in MD simulations of water solvent-solute
interactions. It is one of the earliest and most commonly used fixed charges,
non-polarizable water model which is implemented in CHARMM force field
specifies a three-site rigid water molecule with charges and L-J parameters
assigned to each of the three atoms. This model maintains an electrically
neutral water molecule has two hydrogen atoms with a partial charge of
+0.417¢ and one oxygen atom carries a partial charge of -0.834e, where ¢ =
1.602x107"” Coulomb. It has a high value of dipole moment of around 2.35
and a dielectric constant of around 82. There are two water models depending
upon the flexibility of bond length and angle: rigid TIP3P model and flexible
TIP3P model. In the rigid TIP3P model bond length and bond, an angle is
fixed while in the flexible TIP3P model bond length and bond angle are
changed with time. In this model intramolecular interaction is defined in
terms of potentials consisting of harmonic bond stretching and bond angle
vibration potentials defined as

Fig. 4. Structure of water and graphene

Uon(r) = 2kom(r = bom)? .o (7)
and
Union(8) = 5 kiion(® = 00 ...ooovovono (8)

Where kon is the force constant for the bond stretching, bon is the equilibrium bond length between oxygen and atoms of water.
kuon represents the force constant for bond angle vibration and 6, represents the equilibrium bond angle HOH.
The values of force field parameters for the flexible TIP3P water model are given in the table below;

Table 1: Force field parameters for the TIP3P water model.

Parameters | Values

Kon 450 kcal mol'A2
bon 09572 A

Knon 55 kcal mol™ rad™?
O, 104.52°
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The size of the final system(set A@f the box) after modeling of water with biphenyl-graphene, and aniline-graphene lﬁ -17 -23)
(1517 23) (ile=15<x < 156, -17 < y<17 , apd =23 \'2¢ 23 ) where graphene only is in a range —15 - 15 i x-
direction, —17 C W along y-direction and —15 g along z-direction as shown in fig. 5.

Now the biphenyl is placed over the graphene and can travel between the surface z 3.5 || and the bulk aqueous solution z ' 14 4
many times during the simulation. Before the simulation, make sure that there shouldn’t be any water molecules within the graphene
layer which may end up stuck between layers of graphene during minimization. If there are, they should be removed before the
simulation. Here the total number of atoms is 3439 (22 atoms in biphenyl, 1152 carbon atoms in graphene, and 2265 atoms in water
molecules).

(b)
Fig.5. (a) A system containing biphenyl (b) System containing aniline ready for simulation portrayed from VMD.
MD simulations were performed using a software package NAMD version 2.12 for Linux-x86 64-multicore. ree-dimensional
periodic boundary conditions were applied. The van der Waals and electrostatic interactions were cut-off at 9 . and the Particle
Mesh Ewald (PME) method with a grid spacing of 1.2 A was used for counting the long-range electrostatic interactions. An
isothermal-isobaric (NPT) ensemble was treated. The temperature was controlled by using Langevin force and the pressure was
maintained at 1.01325 bar by using the modified Nosé-Hoover method. The system prepared for simulation might contain
unphysical Vander Waals contact due to the presence of the atoms which are too close to each other. In this situation, the system
does not equilibrate at all and MD fails. To remove this difficulty, we need to carry out energy minimization. The systems were first
minimized in energy for 10000 steps to avoid clashes between atoms. This energy-minimized configuration was then used as the
initial configuration in the subsequent simulations. After that, the systems were equilibrated at temperatures; 250 K, 260 K, 280 K,
300 K, 320 K, and 340 K for biphenyl and 250 K, 260 K, 280 K, 300 K, 320 K, 350 K for aniline using Langevin dynamics to
control the temperature. The Langevin damping coefficient was taken to be 1 ps™!, and the simulations were run for 200 ps with a
2 fs time step and 500000 number steps.
The energy minimization run leads to the situation where the system attains the lowest value of potential energy. After energy
minimization, the potential energy of the system containing biphenyl and aniline is given below:

40000 ' ' T T 30000 [y T T T T
5 30000 H i
£ __ 20000 [ i
> 20000 [ i 3
E’ =
§ 5
E £ 10000 |- )
[ Q
= 10000 i 2
g o
Q
°
o
o -
0 i
M‘““_‘_‘_“‘L‘_‘_'(—u"— L Y O I, WY, 0 )|
1 I . ; : 3 .

1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Total steps Total steps

(a) (b)
Fig.6. (a) Potential energy after energy minimization for biphenyl (b) Potential energy after energy minimization for aniline at 300
K.

The temperature fluctuation after final simulations run for a system containing graphene-biphenyl and graphene-aniline.
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Fig.7. (a) Temperature fluctuation during simulation for biphenyl (b) for aniline at 300 K.

Figure 7 (a) shows the temperature pl(ﬁ of the system containing biphenyl after the final run at 300 K. The average temperature
over all the number of steps is 299.65 “* 0.10 K and figure 7 (b),shows the temperature of the system containing aniline at 300 K.
The average temperature over all the number of step is 299.38 “* 0.10 K. The averaged values are represented by a horizontal line
in their respective plots.

Table 2: The temperature fluctuation after the final simulation for biphenyl (a) and aniline (b).

(a) (b)
S. N Coupling Average of simulatec
S.N Coupling Average of simulatec Temperature (K)|  Temperature (K)
Temperature (K)|  Temperature (K) 1. 250 249 884 0.08
L. 250 249.60° 0.08 2. 260 25950 ° 0.08
2. 260 259.68 £0.08 3. 280 279.54 + 0.09
3. 280 27942 0.09 4. 300 299.3810.10
4. 300 299.65 40.10 5 320 319.44 4 0.10
5. 320 319.58 40.10 . 350 349521011
6. 340 339.64L0.11 o

From table 2, it is found that the coupling temperature is almost equal to the average simulated temperature.

After equilibration, the system is ready for the final run, the final step of the simulation, which generates the files for calculation of
the physical properties of interest. Finally, the system was run at different temperatures for 100 ns with a 2 fs time step and 50000000
number steps. The energy minimization run leads to the situation where the system attains the lowest value of potential energy.

4. RESULTS AND DISCUSSION

In this section, we study and analyze the different results of the energy profile and binding energy curve at different temperatures
that we have obtained from the simulations.

Energy Profile

The existence of different interactions between atoms gives rise to different energies. The energy profile gives the interaction energy
of the system due to bonded and non-bonded interactions. Bonded interactions include bond stretching, bond angle vibration, proper
dihedral, and non-bonded interaction includes Van der Waal (Lennard Jones) and Electrostatic interactions. Bonded and non-bonded
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interaction energies contribute to the potential energy of the system and the total energy of the system is the sum of potential energy
and kinetic energy. Energy profiles show manifestations of different temperatures in energy.

(a) (b)
6000
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Fig.5. Energy profile of system containing biphenyl (left) and system containing aniline (right) at 300K

The different sorts of energy contributions due to different interactions for the system containing biphenyl and aniline are shown in
figure 5 which helps us to compare them with each other. Here Electrostatic potential is negative. The energies due to Electrostatic
interaction and L-J interaction have noticeable values and hence contribute significantly to the potential energy. Energies due to
angle vibration and dihedral are very less. For aniline, these values are almost coinciding with zero. Energy due to bond stretching
also has a noticeable significance to potential energy. The kinetic energy of the system is positive. The potential is negative and
larger than kinetic energy in magnitude. Hence total energy is negative which suggests the stability of the system. The relation
between kinetic energy and different values of temperature for the system is shown in table 3.

Table 3. The relation between kinetic energy and temperature for the system containing biphenyl (a) and aniline (b)

S. N/ Temperature (K| KE KE S. N/ Temperature (K| KE KE
(kcal mol™) T (kcal mol™) T
(kcal mol! (kcal mol! K!

1. 250 1994.42 7.98 1. 250 1994.45 7.98
2. 260 2074.98 7.98 2. 260 2068.19 7.95
3. 280 2232.76 7.97 3. 280 2227.80 7.95
4. 300 2394.39 7.98 4, 300 2385.97 7.95
3. 320 2553.64 7.98 5. 320 2545.85 7.95
6. 340 2713.85 7.98 6. 350 2785.56 7.96

Table 3 shows the ratio of kinetic energy to the corresponding temperature. This ratio ig found to be the nearly same for all
temperatures for both systems. This value is different for some temperatures for both sys}é‘ns, but the difference is so negligible.
Hence, the constant value of the ratio of kinetic energy to temperature gives the relation: = a constant = KE = constant x T =
KE < T.

This suggests that the kinetic energy of the system is proportional to the temperature. This is because, at a higher temperature,
molecules have higher thermal agitations and hence higher velocity.

Table 4. Different energies of the system containing biphenyl at different temperatures

Energy 250K 260K 280K 300K 320K 340K
(Kcal/mol)

Bond 1760.87+0.40 | 1818.217%0.44 | 1874.69%0.46 | 1931.48%0.51 | 1987.8940.53
Angle 472 40.03 4.89 +0.03 5232 0.03 5542 0.03 5.89 10.04 6.30 + 0.04
Proper Dihedral 6.81 + 0.04 7.05 + 0.04 7.49 + 0.05 7.87 4+ 0.05 8.23 + 0.05 8.75 + 0.05
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Electrostatic - - -8323.41+1.26 | - - -
8700.90+1.16 | 8574.04+1.29 8081.67+1.27 | 7845.64+1.29 | 7614.814+1.38

VDW 4210.4270.79 | 4190597080 | = X = 4117.84+0.84 | 4087.88 10.82 | 4059.2940.85

0.81

Potential -2690.91_| 2553.594 -2380.20L10.94 | -2012.99°% -1746.59. | -1484.124
0.81 0.87 0.97 1.05 1.10

Kinetic 1994.42 11.63 | 2074.9840.65 | 2232.76 +£0.70 | 2394.39°°0.74 | 2553.64.0.79 | 2713.85%0.86

Total Energy -696.49+1.04 | -478.61+1.10 | -47.44[11.18 [ 381407124 |807.05011.31 [ 122973 +

1.41
Table 5. Different energies of the system containing aniline at different temperatures

Energy 250K 260K 280K 300K 320K 350K

(Kcal/mol)

Bond 1337.3940.22 | 1351.6190.23 | 1380920 0.24 | 1410.45%0.26 | 1439.404+0.29 | 1483.02+0.31

Angle 444.01110.17 | 453.67+0.17 | 474274019 |494314+0.20 | 51438 +0.22 | 544.62 710.23

Proper Dihedral | 237.55+0.20 | 24723 £0.21 |265.69+022 |284.99+024 |303.22 025 |33224+0.28

Electrostatic 8732.96+1.16 | -8605.72+1.19 | -8356.08+1.21 | -8113.14.11.28 | - -

7880.40+1.33 | 7536.54+1.39
VDW 4188.9940.77 | 4168.06+0.78 | 4127.1570.78 | 4089.0110.82 | 4057.00 0.81 | 4011.64_10.82
Potential 2517.36%0.83 | -2377.34.10.87 | -2099.7140.94 | - -1557.124 -1155.02%1.14
1825.5440.98 | 1.06
Kinetic 1991.4510.63 | 2068.1840.63 | 2227.80+0.71 | 2385.9770.76 | 2545.85 10.80 | 2785.56%0.87
Total Energy -525.91+1.05 | -309.15+1.06 | 128.09.]1.20 560.43%1.24 | 988.73+1.32 | 1630.54+1.42

Table 4 and Table 5 show all types of energies of the system for biphenyl and aniline. There exist various contributions to the
potential energy of the system. The sum of all such interactions' potential is the total potential energy. From the above tables, we
can see that the potential energy due to bonded interactions increases with temperature but are very small in comparison to other
energies. The potential energy due to non-bonded interactions also decreases in magnitude with temperature. The potential energy
of the system decreases in magnitude with increasing temperature. The kinetic energy and total energy increase appreciably with
temperature. Overall the values of bond stretching, angle stretching, proper dihedral, VDW, and kinetic energies are positive while
Coulomb energy and potential energy are negative.

Free Energy Curve

The free energy also called the thermodynamic free energy of a system is the most important thermodynamic quantity which is
useful in the thermodynamics of chemical or thermal processes in science. Free energy is the useful work that may be extracted
from a closed system. It is a function of the energy of a system, subtracted by an entropy-temperature term, thus it defines the
capacity for temperature induced events to occur within a closed system. In this work, we performed a free energy calculation as a
function of the distance between a center of mass and the plane passing through the centers of the carbon atoms in the first layer of
graphene. Free energy may be positive, negative, or zero.

(i). Biphenyl

Figure 6 is the free energy profile for biphenyl on the surface of graphene at 300 K. The first minimum is seen at 3.55 A and the
second minimum is at 6.25 A which is -1.62 kcal mol™". The maximum depth of the free energy well is -8.16 kcal mol™" at 3.55.
Thus the adsorption free energy at 300 K is -8.16 kcal mol ™.
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Figure 6. Adsorption free energy of biphenyl on graphene at 300 K.
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The adsorption free energy at different temperatures is shown in figure 7 which helps us to compare them with each other. Here, we
can see that at a distance z* 3.0 T there is no effect of the adsorption of biphenyl on graphene and for all temneratures the depth of
the free energy curve i.e., the value of free energy is increasing at a distance z 3.0 = and is maximum at 3.55 . The corresponding
value of maximum depth gives adsorption free energy. Here it is seen that the adsorption free energy of the biphenyl increases with
increasing temperature. For all temperatures, at the distance z 13.5, the interaction between the graphene and biphenyl becomes
negligible, giving a plateau-like at a fixed value, which tends to zero.

T

Free energy (kcal/mol)

-10 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16

Distance from surface (A)
Figure 7. Adsorption free energy of biphenyl at different temperatures

The value of adsorption free energy of biphenyl on graphene at different temperatures is given in table 6.

Table 6: Free energy of biphenyl on graphene

S.N.| Temperature| Free Energy, Comer et al| Error
(K) (kcal mol")| (kcal mol)| %
1. 250 -7.07 - -
2. 260 -7.66 - -
3. 280 =7.77 - -
4. 300 -8.16 -7.99 2.13
5. 320 -8.75 - -
6. 340 -8.88 - -
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The value of adsorption free energy of biphenyl on graphene at different temperatures is given in table 6 and we compared our
result with the result obtained by J. Comer et al. [3]. Our result is quite closer to Comer et al., with an error of 2.13 %.

(ii). Aniline
Figure 8 is the free energy profile for aniline on the surface of graphene at 300 K. The first minimum is seen at 3.50 A. The maximum
depth of the free energy well is -4.26 kcal mol™ at 3.50 A. Thus the adsorption free energy at 300 K is -4.26 kcal mol™.
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Figure 8. Adsorption free energy of aniline on graphene at 300 K.
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Figure 9. Adsorption free energy of aniline at different temperatures

The adsorption free energy of aniline at different temperatures is shown in figure 9. Here, we can see that at a distance z ‘3.0 A
there is no effect of the adsorption of aniline on graphene and for all temperatures the depth of the free energy curve i.e., the value
of free energy is increasing at a distance z I 3.0 and is maximum at 3.50 A. The corresponding value of maximum depth gives
adsorption free energy. Here we can see that the adsorption free energy of the aniline increases with increasing temperature. For all

temperatures, at the distance z 135 A, the interaction between the graphene and aniline becomes negligible, giving a plateau like
at a fixed value, which tends to zero.

The value of adsorption
graphene at different
table 7.

free energy of aniline on
temperatures is given in
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Table 7: Free energy of aniline on graphene

S.N.| Temperature (K)| Free Energy (kcal
mol!)
1. 250 -3.62
2. 260 -3.71
3. 280 -4.10
4. 300 -4.26
5. 320 -4.37
6. 340 -4.62
S. CONCLUSION AND CONCLUDING REMARKS

In our present work, Molecular Dynamics simulations of the system containing biphenyl and aniline as solutes and water as solvents
were carried out. Classical Molecular Dynamics simulations were done using NAMD 2.12 for Linux-x86 64-multicores and
CHARMMS36 as a force field. VMD version 1.9.3 for LINUXAMDG64, (November 30, 2016) is used to design, molecular
visualization, modeling, and analyzing the system. We analyzed all the obtained data by xmgrace.

During the entire work 2265 water molecules of the TIP3P model, multi-layer graphene (four layers) consisting of 1152 numbers
of carbon atoms are used. We calculated the adsorption free energy of the systems containing biphenyl-graphene, aniline-graphene,
and water at different temperatures. The pressure for all temperatures was maintained at 1.01x10° Pascal by Langevin piston
methods. The area of the system was fixed in XY-plane, and the Langevin piston acted along the z-direction only. Bonded
interactions (bond, angle, and dihedral) and non-bonded interactions (VDW and electrostatic) were taken into account. Minimization
was done for 10000 steps, equilibration was done for 200 ps, and production runs for 100 ns (50000000 steps) using an NPT
ensemble. Adsorption free energy was calculated by using Adaptive Biasing Force (ABF) method and results for the biphenyl-
graphene system were compared with previous works. The comparison shows a good agreement with previous work with a small
deviation of 2.13 % at 300 K for the system containing biphenyl-graphene.
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