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Abstract

Azeotropes are the most intriguing form of mixtures that shows the unique boiling point. These

are laborious systems to deal with when we compare them with the separation of zeotropic mixtures.

The structure gained by the azeotrope is still a mystery as experiments can only infer results from

data. The simulations explicitly look at the interactions between molecules and can show the struc-

ture of such systems. Multiple research groups have studied the behaviour of methanol in benzene

and tried predicting the unit structure using spectroscopy techniques. The NMR, IR, Raman and

other spectroscopies have been highly beneficial to determine the behaviour of pure compounds

and in an azeotropic mixture. In this study, we try to understand the structure attained by this

minimum boiling azeotrope of methanol and benzene and the role of temperature in it. For analysis

of the system, we performed an agglomerative clustering algorithm and metadynamics simulations.

This study shows the temperature role in azeotrope formation. Also, we explored the forces between

methanol and benzene that help the system attain a stable structure.
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Chapter 1

Introduction

Boiling is a phenomenal process in which the vapour pressure of the liquid reaches the external pressure as the

temperature is increased, resulting in the change of phase from liquid to vapour. This is a common process observed

in our day-to-day lives. The mixtures follow the same pattern, the component of the mixture boils and exits the

system once its boiling temperature is reached, this helps in the process of distillation to separate two liquids but this

fails in the case of azeotropic mixtures.[1]

1.1. Azeotropes

Azeotrope has a constant boiling temperature at a fixed mole ratio i.e. azeotropic composition. It can be easily

distinguished from the pure component. As the composition changes, the boiling point changes for an azeotrope

which is not the case for a pure liquid. The azeotropes are categorized based on the number of constituents as

binary and ternary. There are different types of azeotropes known as minimum-boiling azeotropes and maximum

boiling azeotropes. Also, azeotropes are differentiated based on phases of components as a homogeneous and non-

homogeneous azeotrope. The existence of azeotrope is based upon their deviation from Raoults law [2](deviation of

vapour pressure w.r.t. mole fraction).

For an ideal liquid mixture, Raoult’s law states that the pressure applied by a component in a mixture which is

the partial pressure of the component is equal to the product of mole fraction and pressure of that component, in the

pure state. Raoults law equation (1) inherently assumes the ideality of mixture and takes γ = 1 (activity coefficient)

i.e. the interactions of like and unlike molecules as similar. As the interaction between like and unlike molecules

becomes different, there is a deviation of activity coefficient from unity causing the formation of non-ideal mixtures.

Ideal Raoult’s law can be expressed by equation 1, for simplification we will consider only binary mixture;

p1 = x1P
0
1 , y1 =

x1P 0
1 T

Ptot

& y2 =
(1− x1)P 0

2 T

Ptot

(1)

1



Chapter 1 Introduction

where y is the composition of vapour phase; x is the composition of liquid phase; Po and Ptot are the pure component

and total pressure. A mixture is an azeotrope if x becomes equal to y for all components.

The entire pressure of the mixture is given as

Ptot = p1 + p2 (2)

A positively deviated mixture or if total pressure is higher than ideal makes a minimum boiling azeotrope is formed

as less amount of energy is required to convert the system between liquid and vapour state and a negatively deviated

makes a maximum boiling azeotrope due to the potential barrier is heightened for the boiling process. Mixtures that

dont make up an azeotrope are called zeotropic mixtures (means zeo-boil; tropos-way) in which the components boils

individually irrespective of composition at their boiling points. The observation regarding azeotrope is summarized

in Ghemling et al[3].

Figure 1.1: Vapour pressure variation with composition. (https://en.wikipedia.org/wiki/Azeotrope)

The relative volatility is important to understand the azeotrope formation. The relative volatility, α, is used for

comparison of volatilities of components and aids in the distillation process.[4]

α =
yi/xi

yj/xj

(3)

Azeotrope is formed when the compositions are equivalent, or, when relative volatility becomes unity. Any deviation

from this value implies that the vapour phase can be more enriched by one component specifically. This value signifies

that ordinary distillation techniques used for separation are ineffective in this scenario.

The azeotrope can be divided into three different categories depending upon the interactions between components

as minimum boiling azeotropes (positive deviation from Raoults law), maximum boiling azeotrope (negative deviation

from Raoults law) and ideal mixture (follows Raoult’s law).

The boiling point of liquids and the amount of non-ideality are the two key factors to facilitate the formation of

2
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(a) Maximum boiling azeotrope (b) Minimum boiling azeotrope

Figure 1.2: Variation of boiling point of mixture with composition. Minimum Boiling azeotrope and Maximum boiling
azeotrope. Copyright c©pchemandyou.blogspot.

azeotropes [5, 6]. As a thumb rule for homogeneous mixtures, it is said that if the difference between boiling points

of two components > 30oC, the likelihood of formation of the azeotrope is higher [7]. Swietoslawki [8] et al. explored

the azeotropes formed by organic molecules and found that the majority of azeotropes formed by these are minimum

boiling non-ideal mixtures and contains a polar moiety. The ideal behaviour is seen among the molecules with almost

similar structure. Although it is generally the scenario if there is existence of Bancrofts point the mixture still shows

an azeotropic behaviour[9].

1.2. Vapour Liquid Equilibrium

The phase diagram of a mixture depends upon the temperature, pressure and composition that are conventionally

known as the phase variables. In separation processes, these variables are tailored such that one component of the

mixture dominates in a phase. In Vapour- Liquid equilibrium, the component’s composition doesn’t vary over time.

For mixture, Raoult’s law is depicted as follows:

yiP = xiγiP
sat
i T i = 1, 2, ......, n (4)

where T, P and n are pressure, temperature and the number of components in a mixture. If the value of γ > 1 the

mixture is said to exhibit a positive deviation and if γ < 1 represents the negative deviation from Raoult’s law. The

amount of deviation from the unity of γ can even explain the type of azeotrope formed homo or hetero. The stronger

the attraction between unlike molecules than like ones, the greater is the negative deviation from Raoult’s law but,

if the converse is true, it leads to positive deviation.

3
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Essentially, the VLE exists when the system tends to oppose any change in free energy i.e.

dG = 0 (5)

for any change in composition, the chemical potential follows the same equation.

The Wilson[10], Antoine[11], NRTL[12], UNIFAC[13] and UNIQUAC[14] equations are usually employed while

calculating the activity coefficient that corresponds well with the relation between γ and compositions. Generally, the

use of Henry’s law[15] yip = xipsati is done for dilute solutions. The knowledge of VLE and phase diagram is essential

for multiple industrial applications and the azeotrope’s formation.

As explained, the azeotropes are formed due to the interactions that behave non-ideally, therefore, it is vital to

figure out the unit structure of azeotropes formed at the azeotropic composition and to study the role of temperature

in that structure. In this study, we will consider a methanol benzene system that exhibits the azeotropic behaviour

at 3:2 (methanol: benzene) ratio and boils at 58.3oC i.e. lower than boiling point of both the components, hence

forming a minimum boiling azeotrope.

Previous literature indicates that the methanol can form clusters with the help of hydrogen bonding, with the

formula [CH3OH]n, where n ranges from 1-7 [16–22]. To gain insight on the frequency of hydroxyl group ion-dip

infrared spectroscopy is also done on clusters of methanol where n=1-6[23]. The hydrogen bonding is ultimately

responsible for the formation of the cluster is also explained by these works of literature.[24] Dimer study done by Del

Bene was further studied by Curtius using the minimal basis set[25, 26]. A theoretical study by Matisz et al[27] was

based upon ab-initio calculations and DFT to understand the formation of clusters of the methanol present in Benzene.

The milestone towards understanding the methanol cluster size in Benzene was done by Pribble which showed the

presence of[CH3OH]4 is the most prominent[23]. Experimentally, the densities of methanol and benzene at different

compositions were calculated by Irving and Simpson[28]. Jalilian et al used implicit techniques such as NMR, IR and

FT Raman to illustrate the structure gained by benzene and methanol at azeotropic composition[29]. The techniques

used by Jalilian et al doesnt give the explicit structure of the benzene, hence the structured derived was based upon

interpretation of peaks and comparison of them with pure benzene and methanol. The structure predicted by Jalilian

et al was to satisfy the spectral data only and might not depict the true unit structure. Nonetheless, they observed

that methanol is not separated much from each other at the azeotropic composition, since the azeotropic boiling point

is much closer to methanols boiling point than benzene.

In this study, we try to find the structure obtained by the azeotrope explicitly using Molecular Dynamics and we

study the effect of temperature and composition on the structure. Finally, we will explore the phase space and plot

the free energy surfaces for the methanol-benzene azeotropic system and try to find out the unit structure formed

and compare it with the structure predicted by Jalilian et al.

4
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1.3. Outline
The thesis follows the folowing section for the analysis of the binary azeotropic system:

• Methodology:

This section explains the various softwares and programs employed in the analysis of azeotrope study. Moreover,

this part touches upon the background of various techniques used and explains the choices made for the analysis.

• Azeotrope Structure Determination:

This part shown the results gained from the simulation and the interpretation made from those results. The

entire section is divided on the basis of the analysis. The relative terms are explained in between the section

whereever necessary.

• Discussion:

This part discussed the important results gained from the simulation and the future direction of the work.

This section compares the results gained from simulation with previously reported results.

5
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Chapter 2

Methodology

2.1. Introduction

Azeotrope formation is a spontaneous process given the conditions for its formation are satisfied such as composi-

tion, temperature and pressure. The azeotrope is said to be formed when the composition is the same in both liquid

and vapour state and the mixture boils at one temperature. These mixtures are commonly not separable using the

common distillation process as they tend to boil at the same temperature irrespective of the component’s individual

boiling points which is the main differences between zeotropic and azeotropic mixtures. We will focus in this study on

binary azeotropic mixture having a lower boiling point than its individual components i.e. an example of the positive

azeotrope.

To study the formation of the cluster we employed the agglomerative clustering techniques with the distance as

the measure to clustering molecules together. Thereafter different linkage was taken into account to choose the most

optimum one which is illustrated in section 2.3 and Appendix A. The primary difference between these linkages is the

parameter that these employ to cluster the molecules together.

To study the stable state of the azeotrope we plotted the free energy surfaces for the structure of azeotrope as a

function of the coordination number. This chapter is primarily focused on the methodology background and gives an

explanation about the choices made to study the system.

2.2. Molecular Dynamics

2.2.1. System Preparation

The benzene and methanol was prepared using the AVOGADRO software[1, 2] and were converted into the format

i.e. compatible for simulation using Gromacs in-built functions. Different topology generators were used to generate

8



Chapter 2 Methodology

the parameter files for the OPLS-AA force field[3] and CHARMM force field[4, 5] namely LigParGen[6–8] from the

Jorgensen group and CGenFF. The Gaussian software[9] with 6-31G* basis set and ambertools[10, 11] were used to

generate the topology for the GAFF force field[12] via antechamber. The topology thus created was further converted

to the format which Gromacs understand using Perl script amb2gmx.pl[13]. The system was created using the packing

software PACKMOL[14] in various compositions. Gromacs[15–17] was used for the simulation of the systems.

2.2.2. Simulation Details

All the simulations were performed using the Gromacs software. Initially, the steepest descent method[18] was used

to minimize the energy of the system such that the potential of the system becomes negative. The simulations are

then subjected to 4 ns equilibration having the modified Brendensen thermostat[19] to heat the system at different

temperature. The annealing was done in all systems for effective mixing of the system while using 0.001 ps as the

time step. Compressibility of the system was taken from previously reported results[20, 21]. The Parrinello- Rahman

barostat[22, 23] was used while equilibrating the system with LINCS[24] algorithms to constraint all bonds. The

particle- mesh Ewald or PME[25] method was employed for the calculation of electrostatics within the distance cutoff

of 1nm. Afterwards, the simulation was submitted for a production run for 100ns and the analysis was done on this

100 ns long trajectory. Almost half the simulations of the methanol- benzene azeotrope was done at the azeotropic

composition (3:2 or 1.5:1) with varying the temperature from the room temperature till T=450K. The pure methanol

and pure benzene were also simulated using the same parameter but only in the OPLS-AA force field. The visualization

software we used is VMD[26] for our system. The analysis was done using the Gromacs in-built functions and Plumed

software.

Figrue 2.1: Screenshot of methanol-benzene azeotropic system at 3:2
(methanol: benzene ratio).

2.3. Clustering Analysis

The formation of clusters from the individual yet similar objects present in large data is known as clustering.

Clustering is a robust method effectively used in generating information from a large number of datasets. This

method uses certain functions based upon the algorithm presented to cluster the objects together, from large data,

9
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that have some amount of resemblance either in pattern or structure[27]. Cluster analysis is a more common practice

used in data mining, finding a pattern in climate [28], the grouping of similar genes together, computer vision etc.

There are multiple clustering analysis algorithm present namely K means clustering[29], Self organizing maps[30]

and Hierachical clustering[31] , all of these are unsupervised learning algorithms. In the K-means clustering it is a

prerequisite to know about the number of clusters in advance. This algorithm employs equivalent centroid in the

data set and then performs iteration to cluster together the data points having resemblance in some manner and the

centroid changes till the change in succesive steps becomes negligiable or centroid becomes static. The disadvatage

that this clustering suffers is that it cant be applied to smaller data sets and it requires a prior knowledge of number

of clusters gained from other algorithms commonly. We have opted for hierarichal clustering for our system study

due to its highly reliable clustering algorithm and even though it time consuming for larger datasets for our study it

can cluster in a reasonable amount of time. The other advatage is it doesnt require any prior knowledge of number

of clusters formed ergo it can perform optimally with least human intervention.

2.3.1. Hierarchical Clustering

The Hierarchical clustering is based upon the creation of a binary tree of similar data and it returns the clusters

having the potential to provide essential information about cluster ergo showing its different approach than other

flat clustering algorithms[32]. Unlike K-means clustering, it doesnt require any prior set number of clusters for

clustering analysis. This algorithm combines the nearby clusters until we hit the root of the tree created i.e. all

the data is clustered into cluster 0. As depicted in Figure 2.1, show how a sample set can be clustered together

using hierarchical clustering. The full data is at the top (A, B, C, D, W, X, Y, Z) as shown in figure 2.1 and the

individual clusters are at the bottom as shown at the leaves of the tree. Hierarchical clustering is based upon the

idea that similar objects are present nearby and objects with different properties are far apart which is used for our

advantage in this case as the molecules which are interacting with each other will be found nearby. Ergo, Hierarchical

Clustering is used for the clustering analysis in the methanol-benzene azeotrope system over the entire trajectory.

Figure 2.2: Hierarchical Clustering.

As depicted in the adjacent figure the data points were all

different at the bottom and in the successive steps these are

combined based upon the criteria specified in a binary fashion

i.e. one-to-one cluster combination. This approach continues un-

til all the data points are present in any one or more clus-

ters. This approach can be halted at any point wherever it seems

best.

After carefully analysing the dendrogram (figure 2.1) it can be seen that

since the clustering is done in a binary fashion ergo we can create the following

two approaches either going from root to leaves (top-down approach) or from

leaves to roots (bottom-up approach). Indeed these approaches divide the
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hierarchical approach into two different methods:

(i) Agglomerative Bottom-up approach i.e. starting from all the data points and gradually making the clusters larger.

(ii) Divisive Top-Down approach i.e. starting from the largest cluster possible and dividing it into smaller clusters

till the number of clusters becomes equal to the number of data points.

Even though the hierarchical approach suffers the disadvantage of being slow for a huge data set we can still use it

for analysis of our system. We will utilise the agglomerative hierarchical clustering (HAC) approach for our analysis.

Divisive clustering is more complex than agglomerative clustering.

2.3.2. Agglomerative Clustering

Agglomerative hierarchical clustering or HAC approach utilises the bottom-up approach that means it starts with

all the data points as separate entities and then clusters together till a specific condition is met or all the data points

are clustered together. This approach takes into account the local orientation without considering the global picture

of the system which although a flaw is an advantage for our system. This approach is clustering together the data

points based upon distances between them i.e. calculated using Euclidean distance or Manhattan distance. The

euclidean distance in 3-D is calculated using the equation

d(p, q) =
√

(p1 + q1)2 + (p2 + q2)2 + (p3 + q3)2 (1)

where, p1, p2 and p3 and q1, q2 and q3 are Cartesian coordinates of points p and q present on the euclidean plane.

The criteria used to specify clusters is distance and that can be beneficial since at large distances it is rather unlikely

that the first molecule will interact with the last one. Apart from this we also tend to use different linkage which tells

the algorithm which distance to choose for clustering, such as Single linkage, complete or maximum linkage, average

linkage or Ward linkage. All these types of linkages differ in the mathematical function that they choose to optimize

The following are the types of linkages that are present for agglomerative hierarchical clustering[33]:

i. Single Linkage: In this linkage the clusters are clubbed together depending upon the shortest distance between

the data points in different clusters which are in proximity. Mathematically, it can be express as linkage L between

two clusters r and s where the distance is the parameter i.e. minimized and if the distance is less than the threshold

distance these clusters are merged together. The disadvantage of this linkage is that it tends to form larger clusters

which can be sub divided and provide much more detailed information from data.

ii. Complete or Maximum Linkage: In this linkage the maximum distance between all data points is taken into

account and based upon whether it is satisfying the distance threshold it clubs together the two clusters. Mathemat-

ically, it is expressed as linkage L between two clusters r and s where the distance is the parameter between the two

farthest data points that must be below the distance threshold.

iii. Average Linkage: In this linkage the distance is taken as the average distance between all the data points.

Mathematically, it is expressed as linkage L between two clusters r and s where the distance between all points are
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calculated using euclidean distance and then averaged to check does it satisfy the distance threshold. This type of

linkage is beneficial but it tends to create different shape of clusters which is not an ideal scenario for our analysis.

iv. Ward Linkage[34]: In this linkage the objective function is variance which we tend to minimize within the

cluster. Ergo, the clusters that will finally pair in binary fashion will be based upon the change in variance i.e. lower

the change higher the probability of such clusters to pair. The distance d in this linkage is calculated using the

following

di,j = d(Xi, Xj) = (||Xi −Xj ||)
2 (2)

This type of linkage is beneficial for our system analysis since it creates almost similar shape of clusters which is vital

for clustering analysis as the system is present in liquid state and it is not possible to see a definite boundary between

clusters.

The following methods have been employed and can be seen in Appendix A where complete and average linkages

were used at different temperatures and at different cutoff distance or distance threshold. It is interesting to note

that the size of cluster varies extremely when the linkages are different at same distance.

2.4. Metadynamics
Metadynamics is a robust technique used to calculate the free energy or other state functions for a simulation such

that the systems entire landscape can be gained by increasing the probability of the system attaining a rare event

rather quickly. The metadynamics is explained as filling the energy wells with computational sand[35]. It works based

on a beforementioned collective variable with the help of which the energy of the entire system can be varied. Ergo,

12



Chapter 2 Methodology

collective variable in a sense forces the system to navigate through the entire energy landscape hopping from one

minimum to another. The various values of the collective variable are attained by the addition of gaussian potential

to the true systems potential such that it can visit multiple states without failure and this addition also decreases the

probability of the system reaching the same state again[36]. This addition of gaussian hills to the systems potential

creates the entire energy landscape until all the state that are plausible are visited at least once. Thereafter the

system tends to float in the space and as the entire well is filled with computational sand the system now can vary the

collective variable as needed resulting in high fluctuation in the collective variable. The potential added by depositing

gaussian potential hills over the entire simulation is:

V (!s, t) =
∑

kτ

W (kτ)exp(−
d

∑

i=1

(si − si(q(kt)))2

2σ2
i

) (3)

where τ is the frequency of addition of gaussian, σ is the width of the gaussian hill i and W(k) is the height of the

gaussian hill i.e. deposited.

Figure 2.3: Moving from normal MD trajectory to metadynamcis by addition of gaussian plots (grey) that in turn increases
the potential of system and alters the free energy landscape (dashed grey line). After filling up of first potential well the

system hops to another minima where the again the gaussian hills starts to deposit. In the end the system start to floats over
the entire space.

Metadynamics simulation is essential at times where the MD simulations are not enough for instance processes

that occur rarely or shifting from one metastable state to another takes a long MD run which might not be feasible.

Obtaining the required state after employing the all-atom force field is even more expensive from MD simulation alone

in terms of computational. Therefore, metadynamics simulation helps to hop from one metastable state to another

based upon the choice of collective variable. The advantages of metadynamics also include that it doesnt require

any prior knowledge of energy landscape and it is easier to plot the entire energy-landscape once the system reached

the floating state or when the collective variable converges by simply subtracting the amount of gaussian hills added

in the potential well[37]. Along with these advantages, the metadynamics approach of accelerating rare events has

serious demerits such as the system tends to float around the space once it fills the potential wells and visits all the

states. This inherently adds up error while constructing the free energy landscape from the metadynamics simulation

which is commonly known as overfilling of the well. As mentioned, it is important to look for the convergence of
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collective variable but on multiple occasions i.e. not an easy task. The other task to take into consideration is opting

for a decent collective variable for the free energy calculation.

Metadynamics has been employed even before in different manners[38–40]. . As discussed above the metadynamics

drawbacks are quite significant and to tackle these the metadynamics is distributed into two different types based

upon the implementation of gaussian hills namely ordinary and well-tempered metadynamics. The well-tempered

metadynamics is introduced to reduce the overfilling of the well and as a result, reducing the overall error in the

calculation of the free energy landscape. In the ordinary metadynamics, the gaussian hill i.e. deposited is of constant

height i.e. not the case in well-tempered metadynamics simulation.

2.4.1. Well-Tempered Metadynamics

In well-tempered metadynamics, the deposition of the bias factor gradually drops to decline the error caused by

overfilling of the well. This is done by declining the height of the gaussian hills added to the total potential over

time[39]. The hill height W(k) is decreased according to the following equation:

W (kτ) = W0 exp(−
V (!s(q(kτ)), kτ)

kB∆T
) (4)

where , W0 is the first hill height of the gaussian added, ∆T is the parmeter that the user specifies with the unit

of temperature and kB is the boltzmann constant. The convergence of bias is smooth but the compensation of free

energy is not complete, as depicted by

VG(S, t −→ ∞) = −
∆T

T +∆T
F (S) + C (5)

where T is the systems temperature and ∆T is the parameter which if tends to zero becomes MD simulation and

when tends to infinity becomes ordinary metadynamics simulation. The bias factor γ is often described in the

metadynamics simulation which corresponds to the ratio

γ =
T +∆T

∆T
(6)

This should be chosen after extreme consideration as it can influence the efficiency of the metadynamics simulation

to overcome a certain barrier.

The well-tempered metadynamics is based upon a previous approach known as the self-healing sampling method[41].

This approach helps the system to spend more time in the phase space of interest rather than simulation all the rare

events. The collective variable is chosen and the width of the gaussian hill are the parameters at hand which we

can play around with to plot the free energy landscape by mandating the exploration done by the metadynamics

simulation. Tuning the T parameter can help the system to overcome the barrier in free energy. The metadynamics

simulation is also discouraging the system to visit the same state twice. The system tends to move from the initial

state to the final state with help of added potential as gaussian hills which tends to compensate for the free energy
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required for this transverse process. When the entire system reaches the floating state or the state where the collective

variable varies drastically the free energy can be calculated employing the equation 2.5.

The most essential part is to understand when to halt the metadynamics simulation or how to know the system

has reached the convergence. This is non-trivial to see the oscillations done by the collective variable such that we

can restrict the overfilling of potential well and reduce the error while plotting the free energy landscape.

2.5. Collective Variable

The collective variable is an indirect way of monitoring the entire process that we are interested in since it is nearly

unrealistic to take note of every motion to understand the entire motion of the particle. The choice of collective variable

is one of the most important tasks while setting up metadynamics simulation and it can influence the entire analysis. It

is the reduction of the dimensionality of the phase space. Ergo, it is paramount to understand the characteristics that

the collective variable should exhibit. Firstly, the collective variable will be the one that can significantly distinguish

between the different states that the system visits and second, it should be able to accommodate the entire modes

exhibited by the system. Lastly, it is essential for the number of collective variables to be less as the dimensionality

of the metadynamics simulation increases as soon as we increase the collective variable.

For our system, the optimum collective variable that satisfies all these criteria is coordination between all possible

pairs namely Benzene- Benzene, Benzene- Methanol, Methanol- Benzene and Methanol- Methanol. These collective

variable are used to plot a 2-D metadynamics landscape. The collective variable is explained below.

2.5.1. Coordination

In structural determination, the metadynamics studies using the coordination number as a collective variable which

is not an uncommon pratice[43? , 44]. The coordination number is almost self-explanatory i.e. the coordination or

the neighbouring molecules that a reference molecule have in the proximity. The cut-off distance is set up using the

highest RDF value i.e. the distance between benzene rings which is calculated to be 0.78 nm by setting up the centre

of mass of benzene as a reference point and neighbouring group. The following equation is used for the calculation of

the coordination number between molecules

CNij =
∑

i∈A

∑

j∈B

sij (7)

Where A and B are the two different groups that are defined while calculation of coordination number i.e. this will

calculate the coordination number till the cut-off between molecule i of group A with all the molecules of group B.

The function must be smoothly decaying at the cut-off by which we mean that it should not decline to 0 exactly at

the next step from 0.78 as this might result in derivatives being non-continuous. In this case, the sij is called the

switching function which has many variants but we are particularly interested in rational switching function i.e. given

by the equation:

sij =
1− ( rij−d0

r0
)n

1− ( rij−d0

r0
)m

(8)

where if the rij ≤ d0 the sij will be 1 whereas for rij > d0 the value of the switching function is gradually decreasing till
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0. In the scenario where the two groups are the same then the coordination between the same molecule is considered

as 0 in other words self-interactions are not considered.

The entire analysis is done by considering the centre of masses of all the molecules in both groups. The four

different groups will be now between the COM of Benzene- Benzene, COM of Benzene- Methanol, COM of Methanol-

Benzene and COM of Methanol- Methanol. The first group here specifies the reference molecules and the second

group specifies the other molecule it should take into consideration for the calculation of coordination number.
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Chapter 3

Azeotropic Structure Determination

3.1. Introduction

Methanol and benzene shows a single azeotropic point on the phase diagram at 3:2 (methanol: Benzene). This

binary mixture signifies the attraction between a non-polar and polar molecule where the van der Waals attraction

plays an important role. The temperature plays an important role in the azeotrope formation which can aid the

system to overcome some specific barriers over the entire simulation. This study incorporates the effect of temperature

over the azeotropic composition qualitatively. This structure exploration study is done using the OPLS-AA force

field, amber and CHARMM general force field to comprehend and hand-pick the optimum force field.

3.2. Structure of Study

The simluations were first validated using the density as a parameter and analysis was done primarily using RDF

and corrdination number. The findings were compared with previously reported results on the benzene and methanol

azeotrope done using Monte-Carlo simulations. The analysis of hydrogen bonding between methanol was explored

and the unconventional hydrogen bonds such as between two benzene rings were found using the angle and distance

analysis. Along with this we tried to gain the exactboiling point of the azetrope with OPLS-AA atom which was

higher than expected for which we simulated using Amber and CgenFF force fields. As a result of no significant

change between the RDF, coordination number and Boiling ponits we used OPLS-AA force field which is frequently

used for liquid simulation (except protein systems). To study the uniquesness of this azeotrope we simulated different

systems as well as pure methanol and benzene. This clearly showed qualitatively that the methanol and benzene is

an exceptional case.

Later we incorporated the machine learning technique known as agglomerative clustering with ward linkage for

finding the clusters based upon distance. Moreover, we used metadynamics simulation using coordination number as

a collective variable to get an insight into the structure.
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3.3. Simulation Validation

Every simulation’s density was analyzed and compared with experimental values reported by Irving et al [1]. These

values are found to be in the acceptable range with the experimental data.

Temperature Mole-

fraction

300K 310K 315K 320K

0.75:1 (0.43:0.57) 847.7 835.2 828.2 821.8

1:1 (0.5:0.5) 841.4 829.3 822.7 815.8

1.5:1 (0.6:0.4) 832.2 819.0 812.8 805.9

At Room Temperature

Composition

(Me:Bz)

1:4 0.33:1 1:2 2:1 4:1

Density (Kg m-3) 818.91 822.15 835.069 859.517 866.245

Table 3.1: Density (Kg m-3) values at different temperature and composition.

The radial distribution function (RDF) was plotted using the gromacs inbuilt analysis function for the systems at

room temperature and different compositions. The Centre of mass of the molecules were taken to construct the RDF

plot.

Figure 3.1: Radial distribution function between COMs of (a) Methanol-Methanol (b) Methanol-Benzene (c)
Benzene-Benzene. T=300K. Composition (Methanol:Benzene)

The RDF plot between Methanol-Methanol shows a peak around 0.34 nm, depicting the first coordination

sphere was found of methanol relatively more closely compared to bulk i.e. the case for methanol-benzene at

0.56nm and Benzene-Benzene at 0.598nm. The RDF goes to unity in all the plots as the bulk density be-

comes equivalent to local density. In figure 3.1 a, the peak decreases as the number of methanol increases.

The plot for Benzene as reference and methanol is deliberately omitted as it was equivalent to figure 3.1 b.
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Figure 3.2: Coordination number of

Methanol- Benzene system.

We further looked at the coordination number at three differ-

ent compositions namely 0.75:1, 1:1 and 1.5:1 (Azeotropic com-

position). The number of methanol in the proximity of refer-

ence methanol is found to be increasing as the methanol con-

centration increases, which was expected. The observed can

be explained as the number of methanol increase but the den-

sity increases too ergo, there is a decrease in RDF func-

tion even though the number of methanol increases in the sys-

tem.

Moreover, the simulation carried by MD here was compared with a similar system but using monte Carlo simulation

which was previously reported [2]. The RDF of the hydroxyl group was plotted and found to be similar to the reported

result. Similarly, the RDF of plotted between oxygen from one group and another hydroxyl proton also gave a similar

result. In figure 3.3 b, the nearby hydroxyl group was found in approximately hydrogen bond length. This encourages

us to look for the hydrogen bond between methanols.

Figure 3.3: (a)RDF between oxygen of hydroxyl group. (b) RDF between oxygen and hydrogen of different methanols.

Coordination number analysis was done between the two hydroxyl groups which were found to be similar to the

reported result. As depicted in figure 3.4, the coordination number between two methanol group in the first coordi-

nation number was found to be 1 at the distance of the first peak in figure 3.3 b.

The coordination number between all four possible combinations was plotted, see figure 3.5, at all different compo-

sitions and found that it was following the same trend as reported by previous studies. The minor difference in the
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plot for methanol-methanol in figure 3.5 can be attributed to the fact that methanol is smaller than ethanol molecule.

Figure 3.4: Variation of coordination number of
hydroxyl groups between methanols.

Figure 3.5: Variation of coordination number of all
groups in the system using Centre of masses of

molecules.

From figure 3.5, the methanol in proximity is found to be 2, which is consistent with the prediction made by Pribble

et al[3] that methanol tetramer cyclic structure is most stable in benzene. Previously, Provencal et al[4] showed that

methanol tends to form a cyclic structure rather than linear.

3.4. Hydrogen Bonding

The analysis of the number of hydrogen bonds depends upon two factors distance between donor and acceptor as

well as the angle between these groups. The number of hydrogen bond between methanols can be found using the

conventional definition of hydrogen bonding but we have to use a different approach for finding the unconventional

hydrogen bond to verify the presence of this bonding between benzene and methanol.

Table 3.2 shows the number of hydrogen bond between methanols at azeotropic composition at different tempera-

tures. As expected the number of hydrogen bond decreases with an increase in temperature where the total number

of methanol is 1200.

Temperature 300K 310K 315K 320K 325K 330K 335K 340K 345K 355K 365K 375K

Number of Hydrogen

bonds

981.8 950.9 934.8 918.1 901.2 884.4 867.0 849.8 825.1 795.5 757.7 720.6

Table 3.2: Variation of number of hydrogen bonds of azeotropic composition at different temperature.

The total number of hydrogen bond can be greater than the value shown in the table due to the highly constrained

algorithm used by gromacs, especially in the case of angle, for an interaction to be considered as hydrogen bonding.

The trend seen in this table is the key feature that satisfies the expected result. This doesnt essentially mean that

all methanol is hydrogen-bonded as even in pure methanol some lone methanol molecules are not hydrogen-bonded

to any other methanol.
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In section 3.3, we tested the coordination number of methanol molecules with other methanols is 2 and hence it

becomes essential to see whether they form hydrogen bonds. As shown in figure 3.6, the average number of hydrogen

bond methanol makes is 2 which further satisfy the reported result by Pribble et al.

Figure 3.6: Average number of hydrogen bonds between methanols at different compositions per methanol molecules and
scaled by methanol mole fraction.
N= Number of hydrogen bonds

Ni= Number of methanol molecules
xi= Mole fraction of methanol

3.4.1. Determination of unconventional hydrogen bonding

Hydrogen bonding is one of the most important factors binding the unit structure together. The methanol hydrogen

bonding has a conventional form of acceptor and donor i.e. not the case if we look at benzene between -cloud and

other protons in the system. The unconventional hydrogen bonding presence can be judges on two factors, first the

distance between protons and Benzene and second, the angle between the acceptor and donor.

In figure 3.7, it can be seen that the shortest distance between the Benzene ring with other molecules is approxi-

mately similar over the three chosen compositions and is almost the distance of the hydrogen bond. Although this

gives a hint of the presence of some van-der Waals bonding between two molecules, it is vital to check for the angle

between these molecules.
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Figure 3.7: (a) Variation of shortest distance between Methanol and Benzene with composition (b) Variation of shortest
distance between Benzene and Benzene with composition.

The angle between benzene rings is studied at different compositions. In figure 3.8, the angle between benzene at

different compositions is analyzed over the entire 100ns trajectory. In the pure Benzene system, the stacked confor-

mation of benzene rings and T-shape conformations are both present and almost similar amount. In the presence of

methanol, the Benzene tends to stay in parallel conformation than T-shaped which can be seen by the increase in

peaks as the methanol concentration increases. This result is consistent with the experimentally proposed structure

by Jalilian et al [5], which shows the presence of stacked conformation. This angle analysis also confirms the presence

of van der Waals interaction between benzene molecules.

Along with these, the angle variation was analysed at different compositions which are depicted in figure 3.9. The

analysis was done on the 100ns trajectory at the azeotropic composition 3:2 (1.5:1) (Methanol: Benzene). It can be

seen that even though the temperature is increased from room temperature there is no significant change in the plot.

Figure 3.8: Angle analysis at different compositions of
Methnaol-Benzene mixture. Comparision of angles with

pure Benzene.
Figure 3.9: Angle analysis between benzene rings at
different temperature of azeotropic composition.

Alternatively, this unconventional bonding may be present in between the methanol proton and benzenes -cloud,

which is suggested by the distance analysis. Similarly, we plotted the angle analysis for the OH vector and normal

vector to benzene. The distance between hydroxyl proton and benzene is shown in figure 3.10 which is in the length
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of 1.5-2.5 [6]. The angle analysis as shown in figure 3.11 and 3.12, gives an explicit reason to believe that the bonding

is present between hydroxyl proton and benzene. This angle analysis gives a contradictory result to the predicted

unit structure by Jalilian et al[5].

Figure 3.10: Shortest distance between hydroxyl proton and Benzene.

The angle and distance are the two most important factors to determine the hydrogen bonding presence. From

figures 3.7-3.12 it is clear that there is van-der Waals attraction is present between methanol and benzene in the form

of hydrogen bonding between benzene molecules and benzene-methanol as well.

Figure 3.11: Variation of angle at different compositions
between O-H vector and benzene normal.

Figure 3.12: Variation of angle at different temperature
of azeotropic composition between O-H vector and

benzene normal.

3.5. Determination of Boiling points

As previously stated, it is vital to understand the role of temperature as it assists the system to form the azeotropic

unit structure. As shown in figure 3.13, the boiling point of azeotrope is 443K, which is higher than the experimental

result. The system simulation was again done using amber and Cgenff force field and we observed the systems didnt
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boil till 440K. OPLS-AA force field is used for qualitative analysis of the system as it is the most commonly used

force field for liquid systems except protein.

Figure 3.13: Boiling point of azeotropic system using the OPLS-AA force field

The boiling point determination of methanol and benzene is also done to look at whether the force field can distin-

guish between the pure system and azeotropic ratio. Figure 3.14 a and b shows the boiling point of methanol to be

380K and for benzene, it is 494K, showing that the force field is overestimating the interaction between methanol and

benzene molecules but we assume this wont affect the qualitative study of unit-structure attained by the azeotrope

at the boiling point.

Figure 3.14: Boiling point of pure systems (a) Methanol and (b) Benzene

3.6.Agglomerative Clustering Analysis

Agglomerative clustering analysis was done over the entire trajectory of 100ns. The Centre of masses was chosen

as the points to look for clusters taking the linkage as ward as it will create the clusters of almost similar structures.

The distance parameter was taken to look for the clusters in the trajectory.
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The initial distance was chosen as 0.68nm i.e. the value of the first peak between methanol and benzene as shown

in figure 3.1 b. The distance was explored approximately till the half of the box i.e. 2.28nm. Figure 3.15 shows the

number of clusters formed having the clusters of ratio 3:2 at five different temperatures.

Figure 3.15: Number of desired clusters variation with
temperature.

Figure 3.16: Clustering analysis for choosing the most
optimum distance for agglomerative clustering.

Figure 3.16 illustrates the distance at which the clusters formed have the maximum of 3:2 ratio and is found to be

1.08 nm. Figure 3.16 gives an unexpected shift peak near the boiling point at 443K, which further supports the fact

that temperature helps to overcome the barrier required for the formation of azeotropic structure at the azeotropic

composition. To further look at this, the analysis was done at 1.08nm to verify this trend.

Moreover, it became essential to understand the statistical distribution of ratio present in the most probable cluster

at 1.08nm such that we can confirm the most probable ratio is 3:2. Table 3.3 shows the distribution of the ratio of

molecules with temperature. The graphs show that the 3:2 is the most dominant peak in all the temperatures and

the role of temperature is depicted in all the plots.

There is some significant trend that can be observed from table 3.3. Firstly, the 3:2 ratio is the most significant

peak over all the temperature range which becomes progressively exclusive as the temperature is increased since the

nearby ratios diminish gradually. An increase in percentage difference between nearby peaks shows explicitly this

trend and explains the role of temperature in the formation of the azeotrope. Secondly, it can be seen that the clusters

which contain pure benzene and pure methanol decreases in number with temperature which shows that benzene and

methanol tend to move far from each other. The decrease in the number of clusters of pure benzene is more than

pure methanol. This distance created among the benzene results in the decrease of the boiling point of benzene i.e.

higher than methanol. This result is similar to the previously reported study of the azeotrope system by Jalilian et

al.

Table 3.3 shows that the temperature is exhibiting a vital role to overcome the barrier for the formation of azeotropic

unit structure. Other clusters are becoming unlikely to form as the temperature reaches closer to the boiling point of

azeotrope for the simulation.
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(a) T=300K, 6.2%, Highest Peak=
32320 clusters.

(b) T=340K, 14.7%, Highest Peak=
34410 clusters.

(c) T=440K, 23.1%, Highest Peak=
44059 clusters.

Table 3.3: Variation of ratio of molecules at most probable cluster with cutoff 1.08nm. T= temp. Percentage explains the
difference between azeotropic composition and nearby peaks (2:3 and 3:2).

Figure 3.17 illustrates the variation of the number of molecules in the desired cluster with the increase of temperature

till boiling point i.e. T=443K. Figure 3.17 shows an 60% increase in azeotropic clusters near boiling point. This

explicitly shows the role of temperature in the formation of azeotropic composition.

Figure 3.17: Clusters of 3:2 ratio at different temperature at 1.08nm.

Clustering analysis was compared with the other ratios as well. As depicted in figure 3.18, this was done at

T=443K where the clusters at 3:2 ratio are found to be maximum. Further explaining the role of temperature in the

formation of azeotropic structure. The difference between the nearby ratios 2:3 and 4:1 is seen to be increasing as the

temperature is increased. This explicitly shows the key role of temperature in overcoming the thermodynamic barrier

to gain an azeotropic structure. The difference between the two peaks was found to be 23.7% and this allows us

to make a reasonable assumption that during the boiling the heat supplied which is latent heat is also consumed to

overcome the barrier present in the formation of unit-structure of methanol-benzene azeotrope such that it maximizes

the number of cluster of 3:2 ratio.

This entire cluster analysis was done using the ward linkage as it is based upon decreasing the variance of the
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different clusters that in turn results in similar size clusters formation. This is necessary as using other linkages can

results in some unrealistic clusters as shown in chapter 2.

Figure 3.18: Comparision of different ratio clusters over the trajectory of T=443K. Highest Peak= 44059

3.7. Metadynamics
The well-tempered metadynamics simulation was done using the coordination number as a collective variable such

that we can simulate the rare events and increase the probability of the system to reach such an event by the addition

of potential to the system. The simulation is done at various temperatures such as T=330K, 350K, 440K and 443K.

It is observed at T=330K the simulation is showing minima at ratio 1:2 (Benzene: Methanol) for taking methanols

COM as a reference, while if we take benzene as COM the ratio is 4:5 (Benzene: Ratio). As soon as the temperature

is increased the free energy minima is shown to be around 3:2 (Methanol: Benzene) for both the references Benzene

or Methanols COM i.e. observed around T=440K. A similar trend is seen around T=443K but the barrier for the

vapour phase is too low that the system goes in the gaseous state in some nanosecond simulation.

(a) Methanol as reference (b) Benzene as reference

Figure 3.19: Metadynamics at T=330K
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(a) Methanol as reference

(b) Benzene as reference

Figure 3.20: Metadynamics at T=345K

(a) Methanol as reference

(b) Benzene as reference

Figure 3.21: Metadynamics at T=440K
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(a) Methanol as reference

(b) Benzene as reference

(c) Benzene as reference

Figure 3.22: Metadynamics at T=443K
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Chapter 4

Conclusion

This study aims to understand the unit structure of methanol-benzene azeotrope and the role of temperature using

the molecular dynamics approach due to its advantage over the experimental techniques. The boiling point analysis

shows that the OPLS-AA force field underestimates the self-interaction between methanol and benzene molecules in

the pure state and also in the mixture as all the temperatures are higher than experimental results. The methanol

and benzene azeotrope mixture boils at T=443K.

The hydrogen bonding analysis shows the presence of unconventional hydrogen bond between methanol and ben-

zene as depicted by angle and distance analysis. It is not surprising to note that all methanol is not hydrogen bonded

as this can be seen in the pure methanol system as well. The Van-Der Walls forces seem to be the most prominent

between this azeotrope which is expected.

The clustering analysis explains the role temperature played during the formation of azeotrope formation. The

temperature gradually helps the system to overcome the barrier for the formation of azeotropic structure. The

molecules tend to come closer to form more 3:2 (methanol: benzene) ratio azeotrope as the temperature is increased

and we observe the peak near boiling point.

The metadynamics study supports this analysis as we increase the temperature the coordination number minima

is seen to be getting closer to the azeotropic ratio near boiling point. At T=443K the system is seen to be more

inclined towards the formation of a gaseous state.

To study the unit structure we still have to look for the most probable structure present in the clusters from the

entire trajectory near boiling point. The structure identification can be more efficiently seen using the Monte Carlo

simulations. Small alterations in the force field can be also effective to gain quantitative agreement with experiments

but those alterations will be specific to this system only.
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The following agglomerative clustering analysis was performed using the different linkage (other than the ward) as

explained in chapter 2. The following cluster analysis was done at different temperature but due to their inherent dis-

advantages, they were unlikely to use in clustering analysis for our system. We deliberately omit out the single linkage.

First, we will look into the average linkage for our agglomerative clustering. In figure A.1 it can be seen that at a

distance of 0.68 nm the most probable cluster size is 4 at T=300K with azeotropic composition. This plot is made

using the values at different frames in the 100 ns trajectory. Distance 0.68 nm has opted as it is the RDF value

for the benzene-methanol system. The ratio clustering analysis was done as shown in Fig A.2. This doesnt give

any information about the system and now we omit the clustering analysis for the systems that cant satisfy the 3:2

(Methanol: Benzene) composition i.e. we are interested in clusters with size 5,10,15 and so on.

Figure A.1: Mode and median at the 0.68 nm distance at T=300K.

Figure A.2: Ratio distribution for the cluster size of 4 at T=300K.
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Afterwards, the clustering analysis was done at different distances using the same linkage as shown in Figure A.3.

The distance is varied at a distance of 0.1nm. In this plot, it is evident that a cluster of 5 contains the azeotropic

ratio as the highest peak.

Figure A.3: Clustering analysis at distance 0.78 nm at T=300K. (a) Mode and median of clustering at 0.78nm (b) Ratio
analysis for most probable cluster.
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Figure A.4:Mode and median values at different distance and the ratio analysis at T=300K. (a) Mode and Median at 0.98nm.
(b) Ratio analysis at 0.98nm for cluster size=10. (c) Mode and median at 1.18nm. (d) Ratio analysis at 1.18nm for cluster

size=15. (e) Mode and median at 1.38nm. (f) Ratio analysis at 1.38nm for cluster size=25.

In figure A.5 the clustering was done at T=325K utilizing the same average linkage for clustering analysis. This

analysis will only contain the distances 1.18 and 1.28nm.
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Figure A.4:Mode and median values at different distance and the ratio analysis at T=300K. (a) Mode and Median at 0.98nm.
(b) Ratio analysis at 0.98nm for cluster size=10. (c) Mode and median at 1.18nm. (d) Ratio analysis at 1.18nm for cluster

size=15. (e) Mode and median at 1.38nm. (f) Ratio analysis at 1.38nm for cluster size=25.

Moreover, the analysis was done using the Complete or Maximum linkage for agglomerative clustering analysis i.e.

already discussed in chapter 2 and as shown in figure A.6. This was done at different Temperature T=300K, 315K

and 330K but at a distance of 0.98nm. This result shows a similar trend as ward analysis discussed in chapter 3 i.e.

as the temperature increases the azeotropic composition ratio becomes exceedingly significant than the previous one.

This provides a hint towards the role of temperature in the formation of azeotrope unit- structure.
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Figure A.6: Ratio analysis at distance threshold 0.98nm with complete linakge in HAC. (a)T=300K (b) 315K and (c) 330K

These two linkage were not utilized in the main analysis due to the cluster sizes that were formed were quite different

when visualized using VMD. On the contrary, ward linkage was found to form almost similar type of clusters while

analyzing the 100ns long trajectories. All the linkages shows the similar trend when the temperature is increased

making the azeotropic ratio cluster as the dominant cluster.
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Clustering analysis at different temperature.

(a) T=300K, 6.2%, Maximum peak=32320 (b) T=310K, 7.3%, , Maximum peak=33410

(c) T=315K, 8.5%, , Maximum peak=33890 (d) T=320K, 8.5%, , Maximum peak=34112

(e) T=325K, 9.4%, , Maximum peak=34210 (f) T=330K, 11.4%, , Maximum peak=34316
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(g) T=335K, 13.3%, Maximum peak=34615 (h) T=340K, 14.7%, , Maximum peak=34410

(i) T=365K, 16.8%, , Maximum peak=35004 (j) T=440K, 23.1%, , Maximum peak=34975

Figure B.1: Clustering analysis at different temperature

Figure B.2: Decline of switching function with r using different r 0 values 0.01, 0.5 and 0.1
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