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HIGHLIGHTS GRAPHICALABSTRACT

e Structural and bulk properties of a-linoleate

methyl ester biodiesel were evaluated using
DFT, Monte Carlo, and Molecular Dynamics

simulations.

© DFT was used to obtain the lowest-energy
optimized structure of a-linoleate methyl
ester in vacuum.

* Monte Carlo configurations were employed
as input for Molecular Dynamics at 298 K
and 1 atm to model the liquid phase.

® An annealing cycle from 600 K to 300 K with
NPT MD was applied to explore equilibrium
properties at ambient conditions.

® Molecular Dynamics showed the best

agreement with experimental data,
highlighting its suitability for predicting

biodiesel behavior.
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Today, replacing fossil fuels with biofuels is essential due to their pollution and non-
renewability. Biodiesel, a biofuel, has unique environmental properties and similar
performance to diesel fuel. The strategic component of biodiesel is the a-linoleate methyl
ester molecule, in which the acidic properties of fatty acid chains, hydrogen bond
formation strength, and other thermodynamic parameters that determine the quality of
biodiesel have not been well studied. In this study the bulk properties of a -linoleate
methyl ester has been investigated using molecular dynamics computations. At first step,
the optimization structural with the least energy for a a- Linoleate methyl ester molecule
in the vacuum state was determinate by the density functional theory (DFT). In the second
step, the state and equilibrium phase of a set of a- Linoleate methyl ester molecules were
simulated using two methods: Monte Carlo and Molecular Dynamics. At this step, the
Monte Carlo simulation output was used as the Molecular Dynamics input, and the
Molecular Dynamics simulation was run at a temperature of 298K and a pressure of 1 atm.
In the third step, the system was converted to a gaseous state at 600K and brought to
300K using the annealing technique. At 300K, Molecular Dynamics was performed in the
NPT ensemble. The results of these simulations were compared with together and with
experimental data to gain a better understanding of the structure and behavior of this
compound under different conditions and it was observed that Molecular Dynamics
provided the best results.
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1- Introduction

Clean fuels operate cleaner than gasoline due to their inherent
physical and chemical properties [1-3]. Combustion of clean fuels
produces fewer unburned compounds and environmentally harmless
products with less chemical activity for ozone formation [4,5]. Clean
fuels also reduce the intensity of the increase and accumulation of
atmospheric CO2, thus helping to better control global warming [6,7].
Biodiesel is one of the best clean fuels, produced from mono alkyl
esters of long-chain fatty acids from renewable natural resources
such as vegetable oils or animal fats [8]. The edible and non-edible
vegetable oils used to produce biodiesel including rice bran, jatropha,
coconut, castor, soybean, cottonseed, sunflower, peanut, safflower,
palm oil, and any other non-edible waste, can be used to make
biodiesel [9-11]. Biodiesel molecules are simple hydrocarbon chains
that do not contain aromatic and sulfur substances, they use a large
amount of 02, which makes complete combustion more reliable [12].
The most important advantages of biodiesel fuel include: similarity to
diesel fuel in many physical and chemical properties[13], sustainable
development, non-toxicity and recyclability up to 100 times [14],
Biodiesel is carbon neutral (all CO2 released during consumption is
absorbed from the atmosphere for the growth of the oil plant) [15],
increased efficiency and engine lifetime with good lubricating
properties[16], unlimited miscibility with diesel fuel in any ratio
without changing the structure of diesel engines[17].

The general process for producing biodiesel, after refining the oil-free
gum extract and drying it, is a two-step process: first, esterification of
the fatty acid with an acidic catalyst, and then transesterification of
the triglyceride with an alkaline catalyst [18]. Figure 1 shows the
overall reaction for producing biodiesel.

In this reaction, biodiesel is produced through the transesterification
of vegetable oils or animal fats with short-chain alcohols, typically
methanol or ethanol, in the presence of a catalyst. This process yields
fatty acid methyl esters (FAMEs), which are the primary components
of biodiesel, and glycerol as a byproduct [19].

Among these FAMEs, a-linoleate methyl ester is an important
component derived from linoleic acid, a polyunsaturated fatty acid
found in various vegetable oils. The a-linoleate methyl ester is an
essential component for improving biodiesel properties, such as
viscosity and combustion characteristics, and contributes to its
quality and performance [20]. This compound provides oxidative
stability to biodiesel for storage and uses in diesel engines [21].
Standards such as EN 14214 specify an acceptable range of a-
linoleate methyl ester content in biodiesel fuel to ensure optimal
performance and stability, typically between 1% and 15% by mass
[22].

Given the hundreds of times increase in oil prices over the past half
century, the increasing energy consumption due to the growth of the
world's population, and the non-renewable nature of fossil
resources, extensive research has been conducted on alternative
fuels, especially biodiesel fuels. In a research work to improve the
performance of biodiesel at low temperatures and reduce
production costs, the pyrolysis process has been used to produce low
molecular weight compounds with high energy density. In this
research, the pyrolysis pathway has been investigated at the atomic
scale using ab initio calculations and suitable reactants have been
engineered to maximize the energy of the molecules created. The
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Figure 1. Three-step transesterification process of biodiesel producing.



Evaluation of structural and bulk properties of « -Linoleate methyl ester biodiesel using Molecular Dynamics simulations 3

thermodynamic properties of these molecules have been
determined using molecular dynamics calculations [23]. Poonam Syal
and et al. have developed a method to replace acidic or alkaline
catalysts with enzymatic catalysis to producing clean biodiesel with
greener grade. In this method, targeted motions and MD simulations
of a methanol-stable lipase YLIP9 from Yarrowia lipolytica MSR80
were studied to develop a biodiesel enzyme. This enzyme increased
the transesterification rate of palm oil in the presence of methanol
by 8-fold [24]. The engineered thermal cracking mechanisms at the
atomic level of methyl linoleate and methyl oleate have been studied
using B3LYP, M06-2X, and B97D density functional theory methods in
order to produce thermally stable biodiesel [25]. The liquid-vapor
equilibrium as a function of temperature and surface tension of three
pure long-chain fatty acids (linoleic, oleic, and palmitic acids) and the
extrapolation of critical point properties were performed using
molecular dynamics simulation and the direct determination of
phase coexistence method [26]. Felipe A. Perdomo and et al. have
developed a clever way to predict the thermophysical properties of
biodiesels by evaluating the structure and composition of fatty acids
using the SAFT-y method. The global optimization is performed by
implementing a simulated thermal annealing algorithm to determine
the SAFT-y parameters of groups that are fully representative of
biodiesel compounds. These parameters are consistent with existing
experimental data for similar chemical families such as secondary
alkanols and short-chain esters. This method improves the quality
and energy profile of biodiesel by modifying its structure and
components [27]. Achieving coupled cluster theory using Kohn—Sham
density functional theory (DFT) to accurately calculate the
thermochemical properties of large biodiesel molecules; with this
method, the bond dissociation enthalpies (BDEs) of seven molecules
of methyl linolenate, propene, methyl formate, cis-3-hexene, 1,4-
pentadiene, methyl butane, 1-pentadiene, 1-4-pentadiene, methyl
butane, and 1-pentate were accurately obtained [28]. Investigations
of the combustion dynamics of biodiesel produced by supercritical
methanol transesterification show that increasing the number of C=C
double bonds increase the combustion temperature, resulting in
delayed combustion in the engine, such that the combustion
temperature of biodiesel is lower than that of crude vegetable oil,
but higher than that of petroleum diesel [29].

2. Computational Details

The geometries of the LAx molecule were optimized using different
levels of quantum-chemical calculations. Pre-optimizations were
performed by applying the molecular mechanics (MM) method using
MM1 force field. The high computational speed of MM makes it
easier to perform a better optimization using a higher level of
computational methods. This optimized structure was taken and the
semi-empirical  self-consistent-field molecular-orbital (SCF-MO)
method at PM3 level within the restricted Hartree—Fock (RHF)
formalism was applied to fully optimize the structures and calculate
the vibrational spectra. At the final stage, the geometry taken from
PM3 was used to perform single-point calculations with the DFT. The
DFT calculations were realized using the 6-31G basis set and hybrid
functional B3LYP. The calculations MM and PM3 were carried out with
the Gussian-09 program package [18].

Harmonic frequency analysis indicated that all stationary points were
found to be true minima (there was no imaginary frequency). force
constants using matrix Hessian is calculated and it is fully optimized
and vibrational frequencies computed makes no negative force
constant (k). Not existence the imaginary frequency means that the
structure is the most stable state of the surface potential. Molecule

a- Linoleate methyl ester with pack formulation (C19H3,0,) And the
IUPAC name of cis, cis, cis — 9,12,15 — octadecatri enoulate methyl
ester of esterified compounds derived from fatty acids plant oils.

3. Results and discussion

The naturally occurring cis configuration was always considered in the
structure optimization. This constraint is also justified by the fact that
the reaction rates of singlet oxygen with a double bond are optimized
structure of the molecule a- Linoleate methyl ester along with the
number of atoms and the diagram the convergence of the structure
energy of the molecule (Figure 2) during the structural optimization
using DFT calculations with B3LYP hybrid function with the basic set
6-31G show. As shown in the figure 3 the molecular shape curved
(folded) by the calculation, it forms one of the best stats for energy
minimum structure for stability and structural studies of molecules
using AM1.

B3LYP/6-310

B3LYP/6-31G Caleculation

Figure 2. the optimized structure of the molecule a- Linoleate methyl ester
using DFT calculations

Figure 3. the convergence of the structure energy of the molecule a-
Linoleate methyl ester during the structural optimization using DFT
calculations

The electronic properties of molecules with computation methods
B3LYP/6-31G obtained. The properties of dipole moment and
molecular orbital is included. Figure 4 shows the highest occupied
molecular orbitals (HOMO) as well as the dipole moment of the
molecule is shown. HOMO orbitals in the molecule a- Linoleate
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methyl ester over carbon atoms with number 11 and 14 located
where between double bonds C35-Cy6, C12-Ci3, Co-Ci0. As you can see
in figure 5 the LUMO orbitals in the molecule a- Linoleate methyl
ester is on the carbonyl group.

The electron parameters obtained with the same method have been
shown in the Table 1.

and more accurate structural parameters for molecular dynamics
simulation input files provides by this way.

3.1.1. Computational details

Monte Carlo simulation studied by MCCCS Towhee7.0.2. software

Table 1. value of electron parameters obtained with single-point method

structure Eg LUMO HOMO Dipole moment (u) Optimization energy
(eV) (Hartree) (Hartree) (Debye) (Hartree)
:;tL;r:meate methyl | 522203 -0.00860 1023063 +1.8337 893.47

3.1. Calculation of Monte Carlo (MC) simulation

For MC calculation we need initial optimized structure. This structure
obtained by DFT calculation were explained in the previous part.

Figure 4. HOMO orbitals in the molecule a- Linoleate methyl ester.

Figure 5. LUMO orbitals in the molecule a- Linoleate methyl ester.

Initial optimized structure has itself optimize energy and other
structure parameters for creating input file of MC simulation. MC
Simulation have been done in isothermal- isobaric ensemble,
because of the pressure, temperature and number of moles is
constant. To control path of the simulation density of the molecules
have been calculated from the final volume. The MC simulation have
been done to obtain the input files for molecular dynamics
simulations. Because the molecular motions, configure stigmatized

with Lennard-Jones potential. Simulations were implemented in
conditions constant temperature of 298 K and constant pressure 1
bar. Force field used in the input file Dreiding. The number of 64
molecules were placed in the box. The calculating of Coulomb forces
and periodic boundary conditions were applied in all directions. The
used Coulomb forces cut off radius was 16 A. Total number of Monte
Carlo steps simulation was selected 1750000.

3.1.2. Monte Carlo analysis

To verification implementation of a true simulation at the end of the
simulation, it must converge some thermodynamic parameters such
as temperature, pressure and energy. For analysis of the Monte Carlo
results evaluation of the energy fluctuations in the chart to ensure a
proper simulator and radial distribution function in order to
determine the phase diagram of the of molecules at ambient
temperature are need.

3.1.2.1. Energy diagram

The total energy is the sum of kinetic and potential energy, so it must
be a conserved quantity. For fluctuations of energy investigation, the
energy change for each step can be evaluated by Monte Carlo
simulation. Whatever in every step for more precise simulation and
properties are calculated closer to reality. Figure 5 shows the energy
fluctuations for molecule a- Linoleate methyl ester.

Whatever obvious in the Figure 6 is intensive decrease of energy.
System stablished with decrease energy. After system being
equilibrium, energy changes be very low and constant. Fluctuation
value of energy was decreased about 0.763%.

3.1.2.2. The radial distribution functions

Considering the fact that the radial distribution function is a valuable
measure to describe the structure of the system. It is important that
we have a correct interpretation of the radial distribution function
graphs. Figure 7 shows the radial distribution function of the
molecule a- Linoleate methyl ester that obtained in the Monte Carlo
calculations. The peak in distance 1 to 1.5 A is related on bonding
interactions. There is a link to this interaction that related to the
double bonds.

The peak appeared in the region of 1.5 to 5 A related to hydrogen
bonding and van der Waals interactions and the peak in the range 5
to 6 related to coulomb interactions. The hydrogen and Coulomb
interactions did not study in this system. Intensively and number of
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picks shows system in investigated conditions is liquid.
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Figure 6. the energy fluctuations for molecule a- Linoleate methyl
ester in MC simulation
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Figure 7 . The radial distribution function shows that the molecule a-
Linoleate methyl ester was obtained in the Monte Carlo calculations.
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3.2. Molecular dynamics simulations (constant pressure and
temperature NPT)

Aimed of Biodiesel study in molecular dynamics simulations to obtain
the thermodynamically stable at surrounding conditions is, therefore
we can with molecular dynamics simulation molecule a- Linoleate
methyl ester at constant pressure and temperature in the bulk state
calculate these parameters. for calculations we need to appropriate
input files. Due to the structural parameters were optimized with the
DFT calculations couldn't create appropriate input files for software
DL-POLY 1.9 classic, therefor the Monte Carlo calculations to create
two FIELD and CONFIG files. Monte Carlo calculations appropriate
structural parameters and random configurations for set of molecules
in the system to calculation of MD provides.

3.2.1. Computational details

Molecular Dynamic simulation run with software DL-POLY classic 1.9.
Motion equation is differentialized with jumping Verlet algorithm and
periodic boundary conditions were applied in all directions and
Lennard-Jones potential is performed with cut off 8A. We used
berendsen thermostat and barostate. Simulations were implemented

in conditions constant temperature of 298 K and constant pressure 1
bar. Dreiding Force field was used in the input file. The number of 64
molecules placed in the box. The coulomb forces cut off radius was
16 A. Total number of steps simulation 3000000 was selected where
run in time 3ns. Molecular Dynamic simulation analysis the
evaluation of the energy fluctuations in the chart to ensure a proper
simulator, compared density obtained from MD calculations to the
experimental values and also, analysis the radial distribution function
in order to determine the phase diagram of the of molecules at
ambient temperature and pressure.

3.2.2. Energy diagram analysis

Energy diagram calculations based on MD simulation run time, and
this chart is drawn from the total energies Conformational, Coulomb
and van der Waals is achieved. Conformational energies of structures
related molecular energy (vibrational energy, rotational, bending,
etc.) and Coulomb energy have information related to part of
interactions between charges and Van der Waals energy interactions
between the molecules. Figure 8 shows fluctuation molecule a-
Linoleate methyl ester at zero Celsius degrees. Value of fluctuation

energy is of degree 10™* and the error percentage value is:

(2.975-2.946)
(2.960)

1000ps equilibrium created in the system then begins MD simulation.

X 100 = 0.97, as well as you can see in figure 8 to

Plot of Energy Flacturation

2990( ‘ T T T . T ‘

20800 I ﬂf h |
f

L 1)'“

29600

Total Energy (Kjoule/ mol)

29500 ‘

29400 —

29300 | I . \ . I \
1500 2000 2500

Times (ps)

Figure 8. fluctuation molecule a- Linoleate methyl ester in MD simulation NPT
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Figure 9 changes volume in the NPT set at 273 K and latm.

During the simulation of the physical properties are important. To
ensure the correct implementation of the simulation, the density of
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the molecules employed according to the type of set (NPT). As can be
seen in table (2), the calculated density has 9.47% percentage error.
And you can see changes volume in the figure 9, too. Also, the Figure
10 shows RDF manner in NPT conditions.

Table 2. Density obtained from MD calculations and the experimental
value.

calculated density empirical density

0.8097 gr/ml 0.895 gr/ml
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Figure 10. The radial distribution function Molecular Dynamics simulation in
NPT ensemble

3.2.3. Annealing constant temperature and volume with molecular
dynamics simulations

In this section, we investigate the phase changes along with
temperature changes. We started simulation at high temperature
step by step to lower the temperature; the process is called
temperature annealing. The temperature annealing is a procedure
that the temperature of a system to gradually and the set time
interval reduce to reach the desired temperature. During the
annealing process, the molecules of the gaseous state to the liquid
and their true form in nature reach. Annealing in set of NVT from
temperature 600 K to 300 K begin with temperature interval 10
degrees to reach the final temperature. After the system processes,
we simulated environmental conditions (pressure 1 atm and
temperature 300 K) to determine the equilibrium state. The results of
the annealing molecular dynamics simulations divide two parts.

Plot of Energy Flacturation
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Figure 11 Energy fluctuation at temperature 300K in NVT set

3.2.3.1. Energy diagram analysis

At the all examined temperatures, fluctuations of energy were
studied to sure how balance the system. Simulation system equalized
at the lower temperature. The purpose of the annealing temperature

is to achieve last temperature range therefore we examined only
fluctuations in the temperature of the latest range 300 K. Figure 11
shows the fluctuation energy at temperature 300K in NVT set. As you
can see the value of energy fluctuation is of degree 10~* and the
error percentage value is:

33828-33798
33810

x 100 = 0.0887

3.2.3.2. The radial distribution function curves

In this part, the radial distribution function of the atom to atom was
used to detect phase changes; After a radial distribution function
curves obtained for all atoms; it was found that the corresponding
RDF 0s-C; best represent the phase changes in the RDF graph to have
a single episode. As the figure 12 shows, the system is a gas at high
temperatures because curves peak are lacks the soft.

Radial Distribution Function fin differents temperatures of anncalling)

*J000AT —
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* 530087
-

an

Rad;lll\l
Figure 12 . RDFs related O3-C, in different temperatures annealing.

at lower temperatures shoulder curves are found and become two
separate peaks. In the liquid phase molecules are closer together,
thus increasing the intensity peaks, the first peak between 5A shows
in the liquid phase the maximum molecular density at this distance
then the curve drops distance, between 10.5A again increases are
shown the second layer of molecules. As it evidenced in figure 12, by
reducing the temperature the density of molecules was increased.
Molecules are gaseous at the 590K and by reducing the temperature
gradually the molecules go to be liquid.

We noticed accurately figure 13 a lot of empty space. there is in the
simulation box, for to create final balance in system and to reach the
system maximum density at the end of annealing the molecules in
the set NPT with 1500000 stages were simulated. The good results
were obtained. Whatever we referred previously we required
perform system in the end of annealing and in the final temperature
300K and pressure 1atm. This work led to final equilibrium created in
the system and thermodynamic parameters calculated better form.

3.2.4. Results of Molecular Dynamics simulation in NPT ensemble
after annealing

Energy diagram analysis and the radial distribution function curve
were studied for this system. For this study the energy fluctuation has
been shown in the figure 14. After 2ns with energy reduce created
thermodynamically equilibrium in the system and MD simulation
begin. Figure 15 Shows the radial distribution function Molecular
Dynamics simulation in NPT ensemble after annealing.
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During the simulation of the physical properties are important. To
ensure the correct implementation of the simulation, the density of
the molecules employed according to the type of set (NPT). The
calculated density has 9.47% percentage error. And you can see
changes volume in the Figure 16, too.

300K

Figure 13. Molecules of a-linoleate methyl ester in different
temperatures annealing
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Figure 14. Energy fluctuation in Molecular Dynamics simulation in NPT
ensemble after annealing.
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Figure 15. The radial distribution function Molecular Dynamics
simulation in NPT ensemble after annealing.
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3.3. Comparison of Monte Carlo and Molecular Dynamics

The aim of this simulation study was reaching to the conditions that
molecules thermodynamically have the maximum stability.
Initial Monte Carlo simulation to generate inputs for the MD
calculations, in the second phase MD simulations were performed in
NPT. In the third step the system was in gaseous state at the
temperature of 600K with annealing technique reached liquid state
in temperature at 300K and in the NPT ensemble. The results of these
calculations done numerical and of the graphical analysis were
performed to just make sure the simulation. For that to get the best
out of calculations we need to compare the results of various
calculations. Therefore, first, we compare the results of molecular
dynamics and Monte Carlo simulations in NPT and we propose the
best method, then the results of molecular dynamics simulations in
NPT was carried out at the end of annealing were compared with the
results of the two methods.

3.3.1. Comparison RDFs of each three method
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In the Figure 17 RDFs of each three-method compared together. As
the diagram shows the investigated phase is liquid.
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Figure 16 Changes of volume in the NPT set at 300 K and 1 atm,
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Figure 17 RDF's of each three-method compared together

3.3.2. comparison energies of MD in NPT ensemble and MD after
annealing

The fluctuation range of MD and MC simulation in NPT ensemble
compared together in the previous. The value of calculated
fluctuation for MC is 0.763 and for MD is 0.97. Therefore, we can say
in the both way value of fluctuation is constant. You can see in figure
18 energy of annealing calculation 200 kJ/mol is higher, because
annealing calculation at temperature 300K and MD calculation at
temperature 298K. Two-degree temperature increase to mean have
bigger two degree of freedom, therefore kinetic energy NPT
simulation in the end of annealing is higher. In figure 19 variations of
volume NPT, and NPT in the end of annealing compared together.

4. Conclusions
MC and MD simulations include set of the molecules in order to

30200 r r » r

"./npt.diat" —
"./npt(annealing) dat" i

30100 [4
30000 |- ! | | N
29900 |- ‘ ‘ 4
29800

M\u | | w\ ‘ % M ‘
wen ! e
=\ Il

Total Energy (kjole/ mol)

29500 .

\ -
i

29300 I I 1 | | !
400 600 800 1000 1200 1400 1600

Times (ps)
Figure 18. comparison energies of MD in NPT ensemble and MD after
annealing
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Figure 19. Variations of volume NPT and NPT in the end of annealing
compared together.

simulate the state and the phase equilibrium of the considered
molecule. The MD simulations were performed in two ways. The
sequential that in the first method output of MC simulation was used
as input in MD and at temperature of 298K and a pressure of 1 bar
the MD simulations were performed. In the second sequential the
gaseous state at a temperature of 600K system temperature with
annealing technique has reduced 300K. So, at 300K temperature the
MD simulations with system when N, P and T are constant, was
performed. Then the graphical and numerical simulation results are
analyzed and the results of MC and MD simulations have been
compared with together and also MD simulations and the results
have been compared with together. It was observed that the MD give
the best results. In addition, some equilibrium parameters of a-
Linoleate methyl ester was calculated using the results the above
three modalities. Larger for the “cis” than for the “trans”
configuration.
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