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Abstract

This manuscript is devoted to classical molecular dynamics (MD) simulation studies of the
bulk and surface properties of liquid benzonitrile (BZN) in the temperature range of 293-323K.
The content and the simulation-analysis are inspired by our recent ab initio calculation on
benzonitrile, whereas present results are to expand and develop macroscopic documentation
involving data verification. We investigate the molecular stacking that involves phenyl ring,
which is notably absent in the counterpart acetonitrile solvent. MD simulations of the bulk
liquid unravel the hydrogen bond (—-C=N---H) formation and strength, in the order of ortho-H
>> meta-H ~>para-H. The possibility for ortho-H’s to get involved in the formation of two
bonds simultaneously confirms each having o~ and zbonding features. The singularity
centered at about 313 K found in the trend of the simulated temperature-dependent viscosity
and diffusion coefficient of liquid BZN goes alongside the reported experiment, and the
phenomenon may root from a change in the internal frictional motion of the molecular cluster
in stacking modes. Accordingly, we used vast efforts for analysis particularly based on the
deconvolution of the corresponding complex correlation functions. Specific angle-dependent
correlation functions led to the recognition of the stacking molecules and their strict
orientational character by utilizing relative molecular twist angles. Recognition of the strict
orientational character of the stacking molecules, as a clue to the singularity in the viscosity

trend, will be discussed based on specific angle-dependent correlation functions.

Keywords: Angle-dependent correlation function; Benzonitrile stacking; Liquid bulk and
surface; MD simulation; Singularity and deconvolution; Temperature-dependent viscosity and
diffusion
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1. INTRODUCTION
As the simplest aromatic nitrile, benzonitrile (CeéHsCN, cyanobenzene) provides a good
bridging point between aliphatic nitriles, already extensively researched, and more complex,
substituted species that have greater industrial relevance in several sectors of the chemical
manufacturing industry such as pharmaceuticals and agrochemicals. Also, this molecule has a
wide distribution of natural products.! As the simplest nitrogen-bearing aromatic molecule,
benzonitrile has been discovered recently in the interstellar medium.2? Benzonitrile and its
derivatives are comprising an important class of organic compounds in the chemical industry.
This is a stable compound to pyrolysis* an essential process in the synthesis of benzoic acid,
benzylamine, benzamide, pesticides, fatty amines, dyes and could be precursors for the
synthesis of benzylamine, which can be used as a pharmaceutical intermediate.>®

Also, benzonitrile is generally a good solvent for the synthesis of organic, anhydrous
inorganic, and organometallic compounds and is generally similar in its behavior as a solvent
to acetonitrile (CHsCN).” But, benzonitrile differs from acetonitrile in two interesting and
significant ways: it has delocalized z-electrons in the phenyl ring constantly interacting with
the —C=N group, and it has a large phenyl group as compared to the methyl group creating a
steric problem.® Furthermore, the benzonitrile unlike acetonitrile have not a hydrogen atom in
the alpha position to the nitrile group. While acetonitrile and benzonitrile have the same
functional group — C=N, the differences must be sought out in the contribution of the
delocalized electrons of the phenyl ring in benzonitrile. More specifically, the cyano group in
benzonitriles represents one of the most prevalent functional groups and can feasibly transfer
to other functional moieties, such as aldehydes, carboxylic acids, amidines, amides, and
amines.> The cyano compounds show larger discrepancies relative to the analogous nitro
compounds. This is an observable difference between benzonitrile and nitrobenzene even

though the dipole moments are similar and the two compounds have equal polarizabilities. This



may be explained in terms of a more localized charge in benzonitrile which results in a strongly
oriented dipole-moment vector.® Benzonitrile is an interesting molecule because of its ability
to form a variety of hydrogen-bonded structures, having three different sites through which
may form a hydrogen bond: (1) the -electrons of the CN triple bond, (2) nonbonding electrons
of the nitrogen atom of the CN group, and (3) the r-electrons of the phenyl ring.'° The features
of these interactions have been characterized recently!! by studying the specification of
benzonitrile cluster formation of different sizes by quantum chemical calculations.

Lots of (experimental, theoretical, and computational) research works have shown interest
in benzonitrile and its derivatives, and recently, it has found other applications such as co-
solvent because of large dipole moment (4.01 D'? and 4.18 D*®) and widespread strong
miscibility.}*16 Because of the three different binding sites, benzonitrile has shown interesting
adsorption features on metal and non-metal surfaces. So far, various studies have been
performed on the adsorption of benzonitrile on the Ag, Ni, Pd, Pt, Au and, Fe-doped carbon
nanostructures surfaces.!’?2 Also, the structure of various benzonitrile clusters was
investigated through different theoretical'* and experimental methods such as laser-induced
fluorescence (LIF) spectra in a free jet.2 Conclusively, benzonitrile must be characterized for
the molecular structure in the bulk media, the possible molecular orientation at the liquid
interface and surface energy, and the free energy of solvation with other solute moieties where
it is considered as the pure or mixed solvent.

According to the studies until now, no simulation studies have been reported on
benzonitrile liquid and this work is the first molecular dynamics (MD) simulation reported
here. Though very recently, a study of the molecular reorientation and local structure of the
benzonitrile has been done through simulations and analysis of time correlation functions.?*
The purpose of the present study is to investigate the thermodynamic, structural, and transport

properties of BZN liquid in the range of 293-323 K by utilizing classical MD simulation. The



phenyl ring interaction in the stacking mode and the contribution to the liquid structure and
morphology will be studied vastly. Finally, since few other simulation studies have been done
to date,?* the effort is also concentrated on force field development too. To our knowledge, this
research presents the first comprehensive simulation study of the thermodynamic, transport,
and structural properties as well as the surface tension and molecular orientation at the liquid

interface.

2. METHOD

To search and investigate the interaction involve and responsible for the BZN liquid structure
and properties. Particularly, the stacking phenomenon through the phenyl group (being absent
in counterpart acetonitrile solvent) and hydrogen bonding and their role are studied by different
methods. These bring us to come up with the extensions in line with our recently conducted
studies on clusters of different sizes of benzonitrile molecules that examined the effect of
hydrogen bond formation on their stability.!* Also, various studies on liquid crystals and

stacking,?>28 the particular effect of hydrogen bond formation12® are available in the literature.

2.A. Computational Details. The benzonitrile molecular structure was optimized using the
Gaussian 09 program.® Geometry optimizations of BZN monomer were performed by utilizing
B3LYP functional and 6-311++G(3df,3pd) basis set. Vibrational frequencies of the neutral
compound were examined to ensure that the BZN’s structure has a qualified potential energy
surface. Using CHELPG procedure,® as a Gaussian 09 utility, the partial charges for BZN
atoms were determined. Figure 1 display the BZN molecule and the atoms label used in all

computations and simulations. The calculated partial charges are shown in Table S1 (in



Supporting Information), and BZN geometrical parameters have been given and verified in a

recent study.

Figure 1. The structure of the optimized BZN molecule. The atom labels used throughout are shown.

All simulations were performed using the DL_POLY program version 2.17,%? to
investigate the structural properties of BZN liquid and calculate the bulk thermodynamic
(density) and transport properties (diffusion coefficient and viscosity) at ambient pressure
(P=1.01325x10°Pa). The non-polarizable optimized potentials for liquid simulation all-atom
(OPLS-AA)*® force field were used in all simulations. Optimized potential includes
intramolecular and intermolecular potential. The interaction potential energy function is given
below:

Uintramotecutar = Ubond (Tij) + Uangie(8) + Uginea(d) (1)

Potential energy contribution is accounted as the followings:

Ubond(rij) = % (r; — req)z 2
Uangle 0) = kz_e (6; — Qeq)z 3)
Uainea(® = Zi 211+ cos(e] + 21— cos(2)] + L[1 + cos(3py)] @)

where all the terms have their usual meaning. Intermolecular interactions involve atom-atom
(12-6) Lennard-Jones (LJ) potential for the van der Waals interactions and columbic

electrostatic interactions between point charges centered on the atoms:
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The potential well-depth ¢;;, and the hard-sphere diameter o;;, is determined by simple

combining and mixing rule, respectively:

gj = \J&& , 0 = %\/UiTUj (6)
The partial atomic charges for this solvent were taken from our CHELPG calculations. The ¢
and o parameters are given in Table S1 (in the Supporting Information). Equilibrium bond
distances and angles were based on optimized geometry. The bond and angle force constants
and dihedral parameters were obtained from the literature.3*3 The force field parameters are
presented in Table S2 (Supporting Information).

For MD simulation, a geometry-optimized BZN structure was enfolded to make a
simulation box (50 x 50 x 50 (A®)) containing 343 BZN molecules. The equation of motion
was solved using the Verlet-Leapfrog integration algorithm. Periodic boundary conditions are
applied in three dimensions. By using Ewald summation with the precision of 1 x 10-,
Coulombic pair interaction in the form of non-bounded Lennard-Jones interaction was
calculated. The potential cut-off distance of 24 A is appropriate for the simulation box
involved.

The simulation was initially performed in the NVE ensemble with a short time step (0.0001
ps) for 1 ns for BZN molecules to be randomly distributed without overlapping. Then, after the
heating (up to 423K) and cooling process, the simulation was continued for 5 more ns with
0.001 ps time step in NPT ensemble (for simulation of density) under Hoover thermostat and
Andersen barostat algorithm. Then, the simulation was continued, to calculate transport
properties, for 10 more ns in the NVT ensemble. The simulation was started from the highest
temperature of the temperature range of interest (293-323 K) in 5 K intervals. To simulate the

equilibrium and transport property, the output of one NPT ensemble was used as the input of



the initial ensemble at the next lower temperature successively. Self-diffusion coefficient and
viscosity were determined using mean square displacement (MSD) (initially calculated from
the simulated trajectories of the NVT ensemble). The specification of the simulation boxes is
shown in Table S3 (Supporting Information).

Also, to investigate the BZN molecular surface structure, 540 BZN molecules were
simulated in a cubic box of the sizes 50 x 50 x 50 (A%). After equilibration, the ensemble was
extended in the z-direction to 150 A to create a liquid slab with a final thickness of about 50 A.
Similarly, MD simulation was performed in the NVE ensemble for 1 ns before performing the
heating-cooling cycle. After cooling the ensemble down to 298K, MD simulation was

continued in the NVT ensemble for 20 more ns.

3. RESULTS AND DISCUSSION

The liquid bulk properties including structure, thermodynamics, and transport as well as the
surface properties have a fundamental relationship with the molecular structure. We present
the result of computational studies that incorporate the stacking phenomena of the BZN phenyl

ring.

3.A. Bulk liquid benzonitrile

3.A.1. Density and Force Field Assessment. The liquid density (equivalently the hard-
sphere diameter) and intermolecular forces are the most relevant quantity in the thermodynamic
of a fluid from which the basic parameters of the equation of state can be derived. Fortunately,
liquid density can be measured accurately by experimental methods easily. Since the liquid
density depends on the intermolecular forces too, this single parameter is usually utilized to
test the validity of the force field applied in the simulation. Table 1 contains the simulated

density of liquid benzonitrile in the range of 293 to 323 K and 1 atm pressure. The densities



obtained are in good agreement (with a maximum deviation of 0.29%) compared to the
experimental densities®®*” over the whole temperature. The result of the simulation can be
tested visually and verified numerically with regards to literature experimental data (See Table
1 and Figure 2). We will discuss the small deviation from the linear behavior of the temperature

dependence of density centered at 308 K.

Table 1. Simulated densities (at one atmosphere) and comparison with experimental values.%

o, (%Dev.)" (gr/cm?3)
T(K) Simulation - Experimental =
293.15 1.0028 - -
298.15 0.9982 1.0009 (0.27) 1.0006 (0.24)
303.15 0.9943 0.9964 (0.21) 0.9963 (0.20)
308.15 0.9890 0.9919 (0.29) | 0.9918 (0.28)
313.15 0.9863 0.9872 (0.09) | 0.9862 (0.01)
318.15 0.9829 - 0.9830 (0.01)
323.15 0.9790 - -
“ % Dev =100% (| Pexp-osim|)/ Pexp

1.00 A
\ —A—exp [36]
1.00 A —o—exp [37]
N } —6— sim [this work]

€ 0.99 -
L
)
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Figure 2. Comparison of the temperature-dependent density of the benzonitrile liquid. The dotted line
is the linear fit.
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3.A.2. Liquid Structure. The investigation for the structural properties of benzonitrile liquid
involves the simulated atom-atom radial distribution function (RDF). This is under the
condition that, particular hydrogen bonding structures confirmed based on clusters formation
of different sizes have been already established!! as shown in Figure 3. We study the g(r)’s
through CN group (employing N atom) and different H atom sites at equilibrium as shown in
Figure 4. The first peak indicates that the correlation of the N atom with different H’s (ortho,
meta, and para) are strong and of low dynamics at short ranges. The first peaks of N---Hi(H>)
interacting at ~ 2.945 A indicate (both equally) strong correlations and lowest dynamics at short
range (compared to other cases in Figure 4) and persist well in the long-range (second peak).
The fact that a conformer comprising, for instance, one benzonitrile dimer forming

simultaneously two strong H-bonds (like —C=N---H(ortho)) can thoughtfully account for this.

~
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S
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Figure 3. The distinguished hydrogen bonding in the dimmer and trimer BZN clusters.

The first peak is generally well-shaped in a similar way for the three different H atoms while
peak heights are slightly different in the order of meta-H ~ > para-H = > ortho-H and the

peak width is in the order meta-H ~ > para-H >> ortho-H. These peaks located in the 2.8-
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2.9 A domain could be attributed to the short-range electrostatic interactions enhanced due to
hydrogen bonding’s of moderate strength, being in good agreement with recent ab initio studies
done on benzonitrile by considering benzonitrile clusters up to tetramers.*

Owing to such behavior, we also investigated the temperature dependence of g(r)’s in the
range of 293-323 K and focused on peak heights as plotted in Figure 5. As can be seen, the
peak height is not considerably different among different cases of —C=N-:-H involvement
(being approximately 0.04). Therefore, the lower dynamics of —C=N---H1(H2) brought up a
conclusive assessment of the possible H-bonding’s strength and its influential value on liquid
structure in the order of ortho-H >> meta-H ~>para-H. The subsequent peaks (particularly, the
second peaks) are an indication of rather good coordination of dipoles at long ranges, whereas
—C=N---H1(H>) shows a second peak appreciably stronger than others. For more investigations,
other analyses like dimer existence autocorrelation functions (DACF) and the evaluated

structural condition were calculated by the TRAVIS package.®
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Figure 4. The simulated radial distribution function of N and different H atomic sites for benzonitrile
liquid at 298 K.
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Figure 5. Temperature dependence of the peak heights of the radial distribution functions.

In the DACF, we can calculate the lifetime that two specific atoms spend next to each other by
integrating the dimer existence autocorrelation functions at 298 K and the results are given in
Table 2. The results show that the lifetime of the interaction between the ortho-H---N is well
higher than others. Also, the percentage of the simulation time that two atoms experience a
strong correlation (Evaluated structural condition) has been calculated in all temperatures. By
examining Figure 6, an important conclusion brought about by the MD simulation of bulk BZN
is that the lifetime of the N atom interacting with the H atom is in the order of ortho-H > meta-

H > para-H.

Table 2. The calculated average lifetime between N and different H-atoms.

atoms Lifetime (ps)
ortho-H---N 9.9
meta-H---N 3.8
para-H---N 1.2
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Figure 6. Simulated temperature dependence of structural interrelation for benzonitrile liquid.

Considering the results in Figures 4 and 5, and the analyzes shown in Table 2 and Figure 6, the
strength of —C=N---H correlation is in order of ortho-H > meta-H > para-H at all
temperatures. These results are in good agreement with reported simulation studies.?*
Therefore, it can be concluded that the most interaction between benzonitrile molecules occurs
through ortho-H---N with low dynamic while lasting longer. Earlier ab initio calculations have
shown that the H-bonding in BZN through ortho-H---N is well-contributed specifically by the
both o- and z-bonding.!! Therefore, the possible H-bonding types demonstrated for different

clusters,!! for example in Figure 3, confirm the above trend in the correlation strength.

3.A.3. Structural Properties: Combined Distribution Function. Further structural
analysis was elaborated by utilizing the combined distribution function. Such a goal was
achieved by mapping combined radial and angular distribution functions using the TRAVIS
package.® Therefore, a counter of angular distribution functions (ADF) versus RDF made it
possible to map and understand by what angle (6) does —CN group approach (r) the H atom
(Figure 7(a)) while is keeping an appreciable correlation. The results illustrated in Figure 7(b)

is representing a well-defined and precise ortho-H---N correlation, with a maximum between
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6 =120° and 135°. For the meta and para cases, the characteristic simulated angles 6 ~180°
(Figures 7(c) and (d)) are revealing and confirming the earlier finding!! that the para-H and the

meta-H interact with N atom through o-bond and z-bond formation, respectively.
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Figure 7. (a) Representation of angle ¢ and distance r, and (b)-(d) the combined distribution function
for hydrogen bonding between N and ortho-, meta-, para-H atoms.
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3.A.4. Transport Properties. In addition to calculating the equilibrium thermodynamic
properties (leading to force field development) and the liquid structural feature, the dynamics
of the BZN molecules in the liquid state can be investigated by the simulation of transport
properties. Therefore, the mean square displacement (MSD) and the self-diffusion coefficient
of benzonitrile liquid were calculated and shown in Figures 8 and, 9, respectively. The MSD
was calculated from the knowledge of coordinates of the particles during the simulation in the

NVT ensemble:
MSD = —(Z Lilmi(®) — 1 (0)[?) ()
where 7;(t) is the center-of-mass location of the particle i at time ¢, and N is the number of

particles.
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Figure 8. Simulated MSD of the center of mass of benzonitrile liquid at different temperatures. The
thick lines are composed of a copious number of overlapping data points. Dotted lines are the linear
fits.

Self-diffusion coefficient (D;) represents the microscopic liquid dynamics and were obtained

from the linear regime of MSD curves at long simulation time using the Einstein relation:

Dz=-llm = (I () — 1 (0)1?) (8)
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Self-diffusion coefficients for the benzonitrile liquid were calculated (from the simulation for

10 ns) in the temperature range of 293 to 323 K are shown in Figures 9.

0.80 A

0.70 A

0.60 -

Diffusion coefficient x10*9(m2/s)

0.50

290 295 300 305 310 315 320 325
T (K)

Figure 9. The temperature dependence of the calculated self-diffusion coefficient of benzonitrile liquid.

As seen in Figure 9, self-diffusion for BZN liquid increases (almost quadratically) with
increasing temperature while showing a fluctuation at 313 K. In addition, we calculated the
viscosity of benzonitrile liquid (Figure 10) to test our refined force field parameters. For
characterization and investigation of the microscopic dynamics of the liquid bulk, the

viscosities of BZN were estimated using the Stokes-Einstein equation,

kgT

n=— )

cmaD;
where kgT is the thermal energy at temperature T, « are the molecular diameter and c is a
parameter characteristic of the liquid. The value of ¢ depends on the molecular type and is often
adjusted (usually between 4 and 6) for the best result. For benzonitrile liquid in this work, ¢ =
6 was adopted. To determine a mean value «, we employed quantum mechanics using the
Gaussian 09 program® and calculated the volume of the benzonitrile molecule. The simulated
viscosities are plotted in Figure 10 and compared with the experimental data. Like all liquids,

the simulated BZN viscosity decreases monotonically as the temperature increases, though,
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consistent with the profile of the diffusion coefficient (Figure 9), fluctuates at about 313 K.
Quite interestingly, a fluctuation is seen in the experimental viscosity of benzonitrile,?® in the
same temperature range as shown together with the simulations in Figure 10. Therefore, the
fluctuation is part of the viscosity profile, whereas confirming the validity and accuracy of the
simulation of viscosity in detail. Under the condition that no interpretation has been given to
the observed experimental viscosity to date, we got the impression that the nature of these
fluctuations root in the factors that can be clarified by the simulation results. The conjecture is
that the fluctuation in viscosity can be attributed to the specific conformation occurring at
certain temperatures that leads to the stacking of benzene rings of the benzonitrile molecules

as will be discussed in detail in the next section.
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Figure 10. The calculated viscosity of benzonitrile liquid at different T. Lines are trend lines.

3.A.5. Molecular Stacking in Benzonitrile. To date, several studies have been performed
on  — m interactions in liquid benzene and some of its derivatives, such as benzonitrile.®® In
these compounds, due to the dispersion attraction between the positively charged rings and the
7 electrons, the two rings may combine in a face-to-face sandwich configuration. Certainly,
factors such as electron-withdrawing and electron-donating of the benzene ring having
substituted with functional groups would affect this behavior. For example, in benzonitrile, the

18



electron-withdrawing substituent —C=N group helps to enhance the configuration with -
stacking interaction as a result of electron withdrawn from the conjugated m bonds and thus
reducing the electrostatic repulsion. For this reason, a 100 ps simulation was performed
(Hyperchem 7)#° at ambient temperature on benzonitrile clusters of various sizes. As shown in

Figure 11, the final structures led to clusters, all interacting in a ring stacking mode.
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Figure 11. The appearance of stacking in clusters of different sizes of benzonitrile with initial
configuration, (a) dimer-1, (b) dimer-2, (c) trimer-1, (d) trimer-2, (e) tetramer-1 and (f) tetramer-2.
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For quantifying the stacking behavior, the radial distribution functions between the center of
masses of BZN molecules in liquid bulk were analyzed by utilizing a 10 ns simulation at
different temperatures. Although the stacking assessment may be done by using radial
distribution function between different parts of the molecules while are correlated in stacking
mode, we found the assessment based on the center of mass produces results for best
comprehending in our presentations. This choice indeed puts all things together for visual
inspection of the basic facts, relevantly and correctly. In another sense, this produces a module
for angle-dependent pair correlation function in a relevant way. (See Figure 12 for the position
of the center of mass, near the C1 atom).

This leads to a rather well-defined sharp peak (shown in Figure 13 for different
temperatures) that implies a good correlation between the centers of mass of the BZN
molecules. Indeed, we may not be encountered with a straightforward analysis of the existing
intrinsic complex stacking because of the extensive overlap of the correlation functions arising
from dimer, trimer, and possible tetramer stacking conformers. From the first main peak
occurring at 6.23 A with appreciable dynamics, it can be inferred that distance r (= 6.23 A)
matches the correlation of the first benzonitrile molecule with the third one while three
molecules are stacked one on top of the other one.

A shoulder inappropriately masked underneath the main peak contains attractive
information due to its marked distinguishing position being at about 3.5-4.0 A. The distance of
the closest approach of the masked peak (at about 3.38 A, see Figure 13) is notably close to the
spacing between two graphene sheets.*! Beyond the first main peak, a second peak (hardly seen
due to extensive overlapping) at a long distance can be attributed to the correlation with the
fourth BZN molecule in a tetramer positioned equidistance at about 9.90 A (in stacking mode).
All these trends are challenging, though, undertakable naively by noting that the overall pair

correlation curve (Figure 13) is the summation (overlapping) of several pair correlation curves
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each containing correlation information of stacking of BZN cluster of different sizes and
structures sorts. These outcomes are quantitatively supporting the impression that each ring
plane tends to interact likely in a parallel stacking mode and give a hint to the importance of
the angle dependence of the correlations.

So, an analysis based on the combined orientational distribution function was performed
on the bulk liquid BZN simulated at different temperatures. Accordingly, a hypothetical vector
from the center of mass to the center of the benzene ring laying in the BZN molecule plane
(Figure 12) was defined, and its angular distribution among different molecules in the ensemble
was calculated to estimate the extent and role of the relative molecular orientation of the
clusters. Combining this vector orientational distribution with the radial distribution function
produces maps suitable for deconvoluting the complex radial distribution function of Figure
13, which would be otherwise very difficult (if not impossible) by the conventional

deconvolution mapping popular for the analytical curves

Figure 12. The position of the center of mass and the hypothetical vector from the center of mass to the
ring center in the BZN molecule.
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Figure 13. The radial distribution functions between the center of masses of BZN molecules in the liquid
bulk at different temperatures. The g(r)’s values are extensively overlaid at all different temperatures
considered.

The combined distribution function (at 298 K) shown in Figure 14 indicates that the correlation
between the center of mass of two adjacent rings in stacking mode (in a dimer, trimer, ...) is
strongest where the most probable angle between their in-plane vectors (shown in Figure 12)
is centered strictly at 180° and 0°. However, the two vectors oriented with 180° are much more
probable than the 0°. These quantitative findings are in good agreement with the quantum
mechanical studies*? as are shown schematically in Figure 15. Furthermore, the results
distance-wise are in good agreement with the 3.2-3.4 A distance reported by quantum
mechanical calculation.*?

According to Figures 14 and 15, the state that the planes of the BZN molecule stack
together are characterized here by the angle between the in-plane-vectors, having preferentially
accessed to in the order of 180° > 0° >>90° (Figure 15(a)). In short, based on the deconvolution
scheme followed, the two adjacent BZN molecules be stacked and correlated effectively to
make a stable dimer if they have achieved an anti-parallel in-plane-vector orientational

conformation, in good agreement with the recent simulation reported.?
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Figure 14. The combined angle distribution function for the in-plane-vector versus distance
corresponding to RDF (shown in Figure 13) at 298 K.

It is worth noting, due to the effective repulsion interaction of the cyano group at short
ranges, the benzonitrile molecules in the predicted most probable orientation of 180° do not
overlap exactly and show slight shifting as shown in (Figure 15(a)). By calculating the radial
distribution functions for —C=N---C1.7) in anti-parallel in-plane-vector orientation (Figure 16),
it is found that the interaction of C4 and C5 atom with N atom with the characteristics peak

maximum at 3.8 A and the distance of the closest approach of ~ 3.0 A.

(Y p & ¢

Figure 15. Schematic representation of the most probable states for BZN molecules in stacking mode
in-plane orientation angle of (a) 180°, (b) 90°, and (3) 0°-
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r(A)

Figure 16. The simulated radial distribution function of —C=N---C1.7 for BZN liquid at 298 K.

Further detailed analysis on the simulation performed at different temperatures up to 323K is
shown in Figure 17, according to which, the stacking occurs at all temperatures. Here, (the
color coding in) Figure 17 indicates the m-n stacking interaction of BZN rings occurs more
effectively by turning into an anti-parallel configuration with high probability (within a limited

distance and low dynamics) at the characteristic temperature T= 308 K.
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Figure 17. The same as Figure 14 but for different temperatures (293-323 K).
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To unravel the dependence of BZN stacking on temperature, a refined orientational analysis
was done by selecting two hypothetical plates on the BZN molecule (Figure 18), one involving
the ring only and one involving the ring and the CN group, and the angle between the vectors
perpendicular to these plates at different temperatures was calculated. For this purpose, the
angles formed between two vectors defined by vector V1 in reference to vector V2 are
calculated by Travis software®® and by analyzing the radial distribution function. For the
angular distribution function (ADF) analysis at each temperature, the occurrence for the most

probable angle (of V1-V2) was calculated and shown in Figure 19.

Vi V2

Figure 18. The two hypothetical plates pass through triangle C7-H3-H4 atoms and triangle H5-H1-H2
atoms. The vectors V1 and V2 pointing outwards perpendicular to each plate are marked with ®.
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Figure 19. The simulated angular distribution function between the vectors perpendicular to the
hypothetical planes specified in Figure 18 at 293-323 K.
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According to Figure 19, the system at 303 K is just about to make a phase transition from solid
(crystal) phase to nematic phases,?>?® as having been known very often for liquid crystals.
Before this transition, the system is quite ordered, and in the 303-313 K range, the molecules’
planes are aligned preferentially along the shear direction and the liquid is positionally
disordered but orientationally ordered. Therefore, part of these molecules contributes more to
the viscous isotropic phase and the increase of temperature gives rise to an increasing portion
of the isotropic phase at the expense of the anisotropic phase. Above this temperature range,
the system becomes disordered again and the isotropic liquid phase prevails. Such behavior
would be influential on the physical properties of the system, such as self-diffusion coefficient,
viscosity, ... (Figure 9 and 10). As shown in Figure 10, in the temperature range 303 to 313 K,

the viscosity is steady. Such behavior can be more severely observed in liquid crystals.*?

3.B. Interfacial Properties

3.B.1. Surface Tension. Molecular dynamics simulation could be used as a prevailing tool
in the prediction of surface properties of organic liquids. The surface tension, y, is proportional
to the integral of the difference between the normal components of the pressure tensor:

¥ = b (Pex + By — 2P,;) /4 (10)

where b, is the length of the simulation box along the box principle axis (the z-axis)

perpendicular to the liquid/vapor interface, and P, P,

v, and P,, are the principal components

of the pressure tensor. The result of surface tension simulations (for 20 ns in NVT ensemble)
of liquid BZN at 298 K is 38.35 mN/m, being in good agreement with the experimental data
(38.33 mN/m)* within 0.1 mN/m. Such a high level of agreement assures the accuracies of the
refined force field parameters and allows moving forward studying the surface structure of the

liquid benzonitrile.

27



Knowledge of the nature and molecular structure of the liquid/vapor interface is of prime
interest in surface science applications like the assessment of the transport of chemical species
across the interface. The molecular structure and geometry of the liquid system have the basic
role in molecular orientation at the liquid surface, reminiscent of the state of minimum
mechanical surface stress. The composition of a liquid surface is different from the bulk due to
unbalanced forces exerted on particles in this region, which requires the surface to contract to
attain a state of minimum stress. The surface molecular structure also determines the liquid
surface free energy, a factor that is involved in modeling the theory of solubility. Accordingly,
the solubility parameter is ordered by the interfacial tension of the solute and solvent in addition
to the solute-solvent interaction.**¢ So, the simulation of highly accurate surface properties of
liquid BZN are enabling the theoretical study of features of an important solvent in organic

reaction synthesis.

3.B.2. Atom’s Density Profiles at Interface. MD simulation can be used exclusively to
produce spatial positioning and the orientational ordering of molecules at the liquid surface.
The molecular density in the liquid bulk and at the interface is rather uniform, while the density
of each constituting atom shows specific periodic oscillations characteristics of the atom’s
environment in the molecules. The density profiles of benzonitrile atoms at 298 K are shown

in Figure 20(a). (see Figure 20(b) for the details at interface).
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Figure 20. (a) Atom’s density profiles of equilibrated benzonitrile liquid/vapor at 298 K. (b) Details of
atom’s density profiles of equilibrated benzonitrile liquid/vapor at 298 K.
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To analyze the molecular orientation of benzonitrile in the surface region, the angular
distribution function (ADF) was calculated by Travis software.® Accordingly, the vector

Th,..n and the angle & (the angle between the vector ry;_...y and the box principle axis (the z-

axis), is defined and used to calculate the molecular orientation during the simulation. The most
probable orientations of benzonitrile molecules calculated within the range of 10 A from the
surface indicate that the Hg — N vector makes an angle of 157.5° with respect to the z-axis.
So, the BZN molecule in the surface region is tilted such that the —C=N head group is
submerged and the Hs tail inclined to air. These results are in good agreement with the results

obtained from the density profile.

4. CONCLUSIONS

MD simulations remarkably have enabled us to determine the details of bulk liquid benzonitrile
structural properties at equilibrium and utilize them to enlighten microscopically the specific
phenomenon in non-equilibrium properties such as temperature-dependent of viscosity and
diffusion. After elucidating the liquid BZN cluster formation,!! and now paying attention to
the details of its molecular stacking phenomenon, we could have deconvoluted and extracted
the distribution of twist orientational distribution in stacking mode by appropriate
implementation of the angle-dependent pair correlation function. Two BZN molecules prefer
interacting in stacking mode with their principle molecular axis angled by about 180° (i.e., twist
angle). This firm relative structure is somewhat relaxed for a third BZN molecule admitted to
finding a correlation by stacking on, while it is freer to map a wider twist distribution. The
Analysis of resulted simulation at different temperatures (within 298-323 K) suggests that the
specific singularity in the trend of the temperature-dependent-viscosity centered at about 313

K can adhere to the twisting of the third molecule with respect to the first one.
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