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ABSTRACT

THEORETICAL INVESTIGATION OF CARBONYL SULFIDE CAPTURE BY
ORGANIC SOLVENTS

Mahmoud Abduesslam
PhD, Modeling and Design of Engineering Systems (MODES) Department
Supervisor: Prof. Dr. Seniz Ozalp Yaman

Co-Supervisor: Assoc. Prof. Dr. Hakan Kay1
July 2021, 94 pages

Chemical engineers focus on the presence of carbonyl sulfide (COS) in industrial gases, and
also consider natural occurrences of COS in liquefied petroleum gas. To comply with the
environmental regulations and meet the strict environmental requirements of gas delivery
industries, all impurities in gas streams that are toxic and have corrosive properties should
be cleaned. Reactive absorption is a technique that is typically used for removing acids
through the use of amines and alcohol mixtures, since it is considered as one of the most
reliable ways to remove acid gases. In this study, capture of COS was investigated using the
density functional theory (DFT) calculations at the theory level of ®B97X-D3/6-
311++G(d,p) with the use of organic liquid mixtures. These mixtures consisted of amines,
1.e., 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 1,5-diazabicyclo[4.3.0]-non-5-ene (DBN),
2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG) and 1, 5, 7-triazabicyclo [4.4.0] dec-5-
ene (TBD), as well as a number of linear alcohols, i.e., methanol, ethanol, 1-propanol, 1-
butanol, I-pentanol, and 1-hexanol. Throughout the study, a termolecular reaction
mechanism of a modified single-step for 4 types of amines with 6 types of alcohol in the
capture of COS was examined. In total eighteen different systems have been investigated,
and the structural properties along with the thermodynamics and kinetics of the suggested
COS capture reactions have been revealed in detail. The results showed that the suggested
termolecular reaction mechanisms were thermodynamically feasible for the 18 different

systems being tested, and the organic liquid combination of the BTMG and methanol
iii



resulted in an energy barrier that was the lowest and a rate of reaction that was the highest

in the capture of COS.

Keywords: Carbonyl sulfide capture, Density functional theory, Single-step reaction

mechanism.
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ORGANIK COZUCULERLE KARBONIL SULFIT YAKALAMANIN TEORIK
OLARAK INCELENMESI

Mahmoud Abduesslam
Doktora, Miihendislik Sistemlerinin Modellenmesi ve Tasarimi (MODES) Boliimii
Tez Yoneticisi: Prof. Dr. Seniz Ozalp Yaman

Ortak Tez Yoneticisi: Dog. Dr. Hakan Kay1

Temmuz 2021, 94 sayfa

Kimya miihendisleri, endiistriyel gazlardaki karbonil siilfitin (COS) varligina odaklanirlar
ve ayrica sivilastirilmis petrol gazinda COS'nin dogal olusumlarini dikkate alirlar. Cevresel
diizenlemelere uymak ve gaz dagitim endiistrilerinin kati c¢evresel gereksinimlerini
karsilamak icin gaz akislarindaki zehirli ve asindirict 6zelliklere sahip tiim safsizliklar
temizlenmelidir. Reaktif sogurma, asit gazlarimi gidermenin en giivenilir yollarindan biri
olarak kabul edildiginden, aminler ve alkol karisimlar1 kullamilarak asitleri gidermek icin
tipik olarak kullanilan bir tekniktir. Bu ¢alismada, organik sivi karigimlar kullanilarak
®oB97X-D3/6-311++G(d,p) teori diizeyinde yogunluk fonksiyonel teorisi (DFT)
hesaplamalar1 kullanilarak COS'nin yakalanmasi arastirilmistir. Bu karisimlar, aminlerden,
1,8-diazabisiklo[5.4.0Jundek-7-en (DBU), 1,5-diazabisiklo[4.3.0]non-5-en (DBN) ve 2-
tert-biitil-1,1,3,3-tetrametilguanidin (BTMG) and 1, 5, 7-triazabicyclo [4.4.0] dec-5-ene
(TBD)’den olugmakta ve ayrica bir dizi lineer alkol, yani metanol, etanol, 1-propanol, 1-
butanol, 1-pentanol ve 1-hekzanol igermektedir. Calisma boyunca, COS'un yakalanmasinda
4 tip amin ile 6 tip alkol i¢in modifiye edilmis tek basamakli bir termolekiiler tepkime
mekanizmasi incelenmistir. Toplamda on sekiz farkli sistem arastirilmis ve dnerilen COS
yakalama tepkimelerinin termodinamigi ve kinetigi ile birlikte yapisal 6zellikleri ayrintilt
olarak ortaya konulmustur. Sonuglar, 6nerilen termolekiiler tepkime mekanizmalarinin test

edilen 18 farkli sistem i¢in termodinamik olarak uygulanabilir oldugunu ve BTMG ile



metanolden olusan organik sivi kombinasyonunun, COS yakalamada en diisiik enerji

bariyeri ve en yiiksek tepkime hizi ile sonuglandigini gosterdi.

Anahtar Kelimeler: Karbonil siilfit yakalama, Yogunluk fonksiyoneli teorisi, Tek

basamakli tepkime mekanizmasi.
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CHAPTER 1

INTRODUCTION

1.1. Problem Statement

Natural gas has grown in importance in the global energy matrix during the previous
few decades, and its importance has been steadily increasing over time. The reason for
this rise is that natural gas has gradually replaced coal and fuel oil as a more convenient
and environmentally friendly alternative. Regardless, gas processing technologies play
a part in its development since they can help with the extraction of inaccessible
deposits [1]. Most gas fields contain considerable amounts of acid, carbon dioxide
(CO»), and sulfur compounds, such as hydrogen sulfide (H2S) gas. It is true that sulfur
compounds sour the gas, and if H»S concentrations in natural gas exceed 5.7 mg/m?®, it
is difficult to use [2]. There are some procedures that have been utilized in the removal
of H>S and other acid gases. A process such as this is what is known as a "sweetening

process". This is because this process aids in the process of removing the acid gas.

In recent decades, acid gas treatment has grown in popularity. Since the
implementation of increasingly rigors environmental rules, the efficiency of acid gas
removal (CO2 and H»S) has greatly increased; thus, greater research work in this field
is required. Because much recent research has concentrated on CO; and H>S removal,
specialists have paid little attention to the removal of less reactive sulfur compounds
such as carbon disulfide (CS»), mercaptans, and carbonyl sulfide (COS), despite the
fact that they are also present in several industrial gases. Normally, environmental
specifications are stated in terms of total sulfur content rather than merely H-S;
however, eliminating other sulfur compounds is equally critical [3, 4]. Such sulfuric
compounds are very toxic; hence, they can poison catalysts and they are extremely

detrimental to industrial equipment and pipelines [3, 5].



To comply with environmental pollution prevention requirements, it is necessary that
these contaminants in the gas streams, which were mentioned previously above, are
removed and then handled in an environmentally appropriate manner. Reactive
absorption, which frequently employs alkanolamines as absorbents, is likely the most
commonly chosen technology that is used in the removal of acid gas in gas processing

operations [5-7].

1.2. Purpose of the Study

The present thesis focused on achieving the following goals:

¢ Understanding the process of removing COS using organic solvent mixtures.
e Investigating and revealing kinetics of the reaction when COS absorption takes
place in an organic solvent mixture.

¢ Finding an effective organic solvent to remove COS.

1.3. Aims and Objectives

The aims of this study included investigating the COS absorption and its reaction
kinetics in organic liquids [COS-binding organic liquids (COS-BOLs)], as well as
evaluating their potential for the COS removal. To achieve these aims, specific

objectives were set:

e Conducting a performance evaluation of a one-step reaction with the aim of
obtaining reaction rate constants for the reaction that occurs between amidine or
guanidine organic bases, which, in this research, comprised 1,8-diazabicyclo [5.4.0]
undec-7-ene (DBU), 1,5-diazabicyclo [4.3.0]-non-5-ene (DBN), and 2-tert-butyl-
1,1,3,3-tetramethylguanidine (BTMG), 1, 5, 7-triazabicyclo [4.4.0] dec-5-ene
(TBD) and COS in the presence of linear alcohols.

e Conducting an evaluation of the dominant base effect that was observed while
conducting the kinetic calculations of the termolecular reaction, as well as the effect

that each of the alcohols had during the reactions.



1.4. Scope of the Study

The main scope of the current research study is to obtain first-hand knowledge about

the new COS-BOL, as well as to understand its behavior in removing COS.

1.5. Thesis Outline

This design of this thesis was organized in the following manner:

It starts with an introduction section, as described above in Chapter One. Chapter Two
provides a literature survey on capturing COS by applying organic solvents. Chapter
Three explains the research methodology to represent the work in detail and the steps
supporting the work by reviewing the previous literature, as well as the use of
modeling to simulate and reveal the details of the structural and energetic interactions
that occur for a single-step termolecular reaction. Chapter Four mainly presents the
results and discusses them. Finally, Chapter Five presents the conclusions and

recommends the future course of action.



CHAPTER 2

LITERATURE SURVEY

2.1. Chapter Overview

Now, the acid gas removal process will be introduced.

This chapter mentions several processes, such as acid gas removal, and explains the
best available technology for removing acid gas from natural gas through amine

treatment and reactive absorption, which are popular industrial processes.

2.2. Reasons for Acid Gas Removal

As mentioned previously, natural gas that has been extracted from gas and oil wells
comprises a significant quantity of carbon dioxide (CO2) and sulfur compounds.
Normally the acid gas proportion in natural gas is different for almost every gas field,

and the impurities of acidic gases deter the properties of natural gas.

In the cryogenic conversion of natural gas to COz and LNG, for instance, the
substances are transformed into solid state, which stops the liquid transportation in
pipes. Sometimes, the corrosiveness of HoS decreases the service time that is necessary
for these transportation pipes. Furthermore, H>S is very harmful and dangerous to
humans and CO; has no heating value. As a consequence of this, the acid gas impurities
that are found in natural gas are concentrated; thus resulting in the necessity for this
concentration to be decreased down to a specific level prior to the initiation of any

further processes [8—10].



2.3. Acid Gas Removal Technologies

Traditional technologies for removing acid gas are given below [8]:

» Physical Absorption: This process physically absorbs acidic gases in a specific
organic solvent without the need chemical processes. Since acid gases are highly
soluble, they are absorbed by the solvent. Their solubility increases when the
temperature is reduced and pressure is increased; hence, the cost of physical
absorption and operational procedures is higher when compared to amine processes,
because it requires refrigerating units and high-pressure exerting equipment.
Although the application of a physical solvent for bulk acid gas removal removes
large quantities of gas, when a chemical solvent is used, the concentration of acid
gas will be much lower. Since some physical solvents are cheaper, choosing either
an amine solvent or a physical one depends on the requirements involved. However,
anime absorbing chemicals are more popular.

* Chemical Absorption: When chemical absorption is initiated, the components of
acidic gases chemically react in a solvent, which transforms them into dissolved
chemicals. A stripper column is used to apply heat and regenerate the solvent. When
heat is applied, it removes the chemical bond between the solvent and the acid
gases, and therefore, the solvent gases are removed. Alkanolamine is the most
commonly used solvent to absorb acidic gases, and it is used in the amine process.

* Hybrid Process: When a hybrid process is chosen, it combines the use of both
chemical and physical solvents so as to be able to benefit from the advantages
provided by both of these processes.

* Membrane Separation Process: In this process, membrane separation is
performed for CO2 removal in bulk; thus, it is commonly chosen when there is high

concentration of COxs.

2.4. Amine Process

The gas industry utilizes chemical solvent absorption on a commercial scale to remove
acid gas impurities, and, as mentioned earlier, chemical solvent technology is currently
used for this purpose (amine-based absorbents). Popular amine chemical solvents

include alkanolamines, which have been used in many industries to remove CO». For
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natural gas treatment, ammonia and H; production, and capturing CO: from
combustible gases, alkanolamines are commonly used [8]. This process was first
developed in the 1930s [8], but now, methyldiethanolamine (MDEA) and
monoethanolamine (MEA) aqueous solutions are popular gas sweetening solvents.
Some industries use blended amines to improve gas quality and reduce operating costs
[10]. It should be kept in mind that MDEA is better due to its selective H>S removal
from the mixture. This happens as a result of the higher reaction rate between MDEA
and H»S, which is certainly greater than its reaction rate with CO2 [11]. This happens
because HzS gas has H' ions, so they shift to MDEA through speedy and spontaneous
proton transfer. When compared to the rest of the amines, MDEA has better stability,
lower volatility, and is less corrosive. Moreover, it has a higher absorption capacity

and lower reaction to heat [11].

2.5. Amine Type

Commercially, four amine types are used for acidic gas removal, which include MEA
(primary amines), diethanolamine (DEA) (secondary amines), MDEA (tertiary
amines) and piperazine (PZ) (cyclic amines). Figures 2.1 and 2.2 show the chemical

structures of these different amines [8].

H
N
:N_CH2CH20H HOCHZCH2\ HOCHZCH2\
/ ‘N—H :N_CH3
H v p.
HOCH,CH, HOCH,CH,
MEA DEA MDEA

Figure 2.1. Representation of the chemical structure of the primary amine, secondary
amine, and tertiary amine [8].

CH>-CH >

7/ N
HIN INHL
\ s

CHL>-CH>

Figure 2.2. Representation of the chemical structure of the cyclic amine PZ [8].
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2.5.1. Amidine and Guanidine Catalysts

The past decade has witnessed a massive increase in the usage and development of
organo-catalysis, which require a catalyst to act like a nucleophile. Both amidines and
guanidines are strong organic bases, but their small molecules with fundamental

functional groups also function like nucleophilic catalysts.

Guanidines and amidines are significant compound classes, which exist in nature, and

they are used in organic chemistry [12—17].

Guanidines and amidines are commonly used as organic alkalis. They are strong
organic bases, and they have protonated forms, which delocalize charge in a couple of
nitrogen atoms. The structures of common amidines and guanidines are shown (Figure
2.3) [15, 18]. Such alkalis are widely used in several organic reactions; hence, they
have definitive advantages when compared to other organic alkalis, such as the
bicyclic amidines DBU and DBN are commonly used for dehydrohalogenation
reactions, because they allow alkene bonds to form under mild conditions, so they are
better than other nitrogenous bases [19]. Both guanidines and amidines have useful

physical coordination properties [13].

N
N N v 0]
CX) O O G
N N N" N o
H H H H 3
DBU

DBN TBD BTMG

Figure 2.3. Structure of some commonly used amidine and guanidine bases.

Amidines and guanidines have been conventionally considered as non-nucleophilic
alkalis, but when interest in organo-catalysis [14] increased, researchers declared some
amidines and guanidines as nucleophilic catalysts, which were suitable for a wide
range of reactions. Several structurally related derivatives of isothiourea have been
prepared due to the amazing potential that amidines and guanidines have as acyl
transfer catalysts [13, 20, 21]. Nucleophilic catalysts have structural diversity, which

is based on isothiourea, guanidine cores, and amidines, which include structures with



stereo-centers, and that makes this type of catalyst useful for large numbers of stereo-

selective and achiral reactions.
2.6. Carbonyl Sulfide Removal
2.6.1. Chemical Properties of Carbonyl Sulfide

COS is a linear molecule with the structure of O=C=S. As COS and CO; are
structurally similar and have the same number of valence electrons, they share some
similarities in their chemical properties and reactions. The boiling point of COS is —50
°C at 1 atm [22]; hence, COS exists in the gas phase on the earth’s surface. COS is
soluble in water, even though it has lower solubility than CO, [23]. Due to the
difference between the electro-negativities of oxygen and sulfur, the length of the C-S
bond is significantly longer than that of the C-O bond (1.56 vs. 1.16 A) [22]. Thus,
unlike CO», COS is a polar molecule (dipole moment 0.715 D) [24]. Its hydrolysis in
water differs from the hydrolysis of CO»>. The asymmetry of the COS molecule gives

rise to a more complicated rotational and vibrational spectrum than that of CO, [25].
2.6.2. COS Effect on the Environment

COS is a very tiny environmental component, because the atmosphere only has
approximately 0.5 ppb of it, and its lifetime is just a few years [26]. Hence, if we
consider its oxidation, which takes place by hydroxyl ion, it is above 9 years; however,
since it is a chemically stable compound, it survives in the atmosphere for almost 4

years [26-28].

The major source of COS is the ocean, which has direct, indirect (CS»), and dimethyl-

sulfide (DMS) emissions, which immediately oxidize to form COS [29].

Different industrial plants and refineries operating in the energy sector are sources of

COS, as well as other sulfur compounds, which all have serious environmental impact.



2.6.3. Health and Safety

Since COS irritates the eyes, skin, throat, lungs, and nose, which results in sneezing
and coughing, it has the ability to form H>S through hydrolysis [30]. For low or
moderate concentrations of vapors, a highly noticeable irritant action appears in the
form of painful and severe conjunctivitis, which leads to tears or lachrymation, and
light sensitivity or photophobia [30, 31]. If the concentrations are either low or
moderate, it results in diarrhea, nausea, headache, mental confusion, and profuse
salivation, but the response is different for different people; therefore, precisely
limiting the concentration is impossible and inadvisable. In the event that a person is
exposed to a high vapor concentration, it might lead to tremors, sudden collapse,
tachycardia, or blurred vision, while prolonged exposure results in coma, death, or
unconsciousness due to respiratory paralysis [31]. Sub-lethal exposure to high
concentrations might lead to slow recovery, low pulse rate, amnesia, or even cardiac
dilation. Normally, complete recovery takes place when there is a nonfatal case. As
mentioned previously, it is impossible to exactly define a high vapor concentration
[32, 33], but generally, a concentration of 0.1% “*!/yo1 or more can cause death within

2 h.

2.6.4. Carbonyl Sulfide in Petroleum and Natural Gas

In petroleum, COS is found in tiny fractions, which makes it an issue in different
petrochemical procedures. Since both COS and propane have almost same boiling
points (—50.2 °C for COS and —44.5 °C for propane), after separation, only 10% COS

is found in ethane, while 90% exists in propane.

When COS occurs in natural gas, it is generally saturated with water, and before
processing, this COS is mostly hydrolyzed into H>S. The frequency of COS in the
downstream has been identified. COS quantitative trapping should be undertaken
using a cryogenic trapping process, which is performed at —150 °C without the use of

liquid cryogens [35].



2.6.5. Uses of Carbonyl Sulfide

COS has been used for the industrial synthesis of sulfur-trisubstituted carbinols, thio
acids, substituted thiocarbamic acids, and substituted thiazoles (pharmaceutical anti-
inflammatory drugs, flavors, and fragrances). Particularly when dealing with

substituted thiazoles, high yields are obtained.

2.6.6. Carbonyl Sulfide Chemistry, the Claus Reaction

Recently, experts have realized the importance and benefits of COS for different
industries when environmental concerns were raised. For example, the Claus reaction
is very important for gas desulfurization, and obtains sulfur at high temperatures
through the oxidization of H>S at almost 850 °C. Using Egs. (2.2) and (2.3), it was
possible to obtain Eq. (2.4), which is given below:

3H»S + 3/202 — 2H,S + SO2 + H,O (2.1)
2H,S + SO, — 3S + 2H,0 (2.2)
3H,S +3/20; — 3S + 3H,0 (2.3)

Here, it is obvious that H>S combustion first leads to SO, formation and water is also
obtained [Eq. (2.2)]. The obtained SO, further reacts with the H>S and expels
condensed sulfur, and water is also obtained [Eq. (2.3)]. Moreover, CO> also forms
during the combustion process, which yields CS: and COS when it reacts with H2S, as

shown in Egs. (2.5) and (2.6).

CO; + HaS — COS + H,0 (2.4)

CO; + 2H,S — CS; + 2H,0 (2.5)

In the Claus reaction, COS is a pollutant because it yields H>S and CO; [34] when it
undergoes hydrolysis, which is given in Eq. (2.7):
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COS + H,0 — CO; + HaS (2.6)

Generally, H2S and CO; are the hydrolysis products, which are easier to remove from
refinery gases when compared to COS; therefore, the downstream removal of COS

through a Claus converter requires costly treatments [36].

Reactive absorption is perhaps the best acid gas removal technology in gas processing

industries [5-7].

Several studies have been conducted using a wide range of solvents to investigate COS
absorption over the last few decades [37-45], and both single-step and two-step
(zwitterion) molecular reaction mechanisms have been proposed. Now, most
researchers are attempting to find the best solvents for absorption capacity
enhancement, improve the reaction rate, and reduce the heating needs for COS and
CO; absorption. An alternative approach to capture COS is the application of organic
alcoholic liquids that have a strong guanidine or amidine base rather than the use of
aqueous solutions. This was proposed due to the fact that CO, and COS have structural
similarity, because both of them are linear compounds; hence, this similarity is
reflected in their reactions [37, 40, 41]. Many researchers have used this assumption
to build theories specifically on reaction mechanisms. They proposed the reaction
mechanism as: the reaction between COS and organic alcohol-based mixtures of
amine, and the formation of zwitterion has been observed, which increased the system
polarity. This means that at low temperatures, desorption is possible because of a
reduction in the COS binding enthalpy [7, 46]. Moreover, the alcohol type or amine
affects the reaction rate during the capturing process, which means that it is a tunable

property of organic mixtures.

An approach to using alcohol-based COS is the binding of organic liquids (COS-

BOLs) and using a strong guanidine/amidine base rather than using amines [46, 47].

After reviewing the literature, it was noticed that COS removal requires an in-depth
understanding regarding kinetics and reaction mechanisms when it is immersed and

dissolved in alkanolamines.
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2.6.7. Reaction Mechanism for COS Capture

Organic liquid mixtures react using COS and primary/secondary amines, which have
been explained in the studies by termolecular and zwitterion reaction processes [37,
41]. Caplow [48] was the first to propose the zwitterion mechanism for CO; absorption
reaction. Later, Danckwerts [49] discussed it again. There are two sequential
reactionary steps in a zwitterion mechanism. Zwitterion formation is the first step in
COS-amine reaction, and the second step is thiocarbamate ion formation when a
protonated base in the zwitterion reacts with another base [5, 41, 4345, 50-51]. A
study was conducted by Crooks and Donnellan [52], which was regarding the reaction
that occurred between CO> and amines within aqueous solutions. Alper and Bouhamra
[37] suggested that in aqueous solutions, COS reacts just like CO2, which is shown in

Eq. (2.7).

COS + RoNH...B 2 R;NCOS-...BH' 2.7)

For COS absorption reactions, amidine bases, such as DBU or DBN, are used. A
guanidine base BTMG is also used with an alcohol. After this, a termolecular reaction
mechanism that has been modified can then be initiated, which is similar to COa-

binding organic liquids (CO2-BOLs) [53-55], as is given below:

COS(g) + amineqy + ROHgy 2 [amine —H'] [R— O - COS ]y (2.8)
COS(y + DBU()+ ROH() 2 [DBUH'] [ROCOS ]y (2.9)
COS(g + DBN(y+ ROH() 2 [DBNH'] [ROCOS ] (2.10)
COS(y + BTMGq)+ROH() 2 [BTMGH'] [ROCOS ) (2.11)
COS(g + TBDy+ ROH(y 2 [TBDH'] [ROCOS ] (2.12)

In these reactions mentioned above, the H atom that is in the alcohol included in the
hydroxyl group. The atom also has a link to the nitrogen atom that is in the DBN,
DBU, or BTMG, TBD and they then have a further link to a couple of carbon atoms.

12



Thus, a covalent bond is formed between the carbon atom in the COS and the O atom
in the alcohol, and this thus brings about the formation of zwitterionic products, which

are shown in Figure 2.4, 2.5, 2.6, 2.7 and Eq. (2.8).

Figure 2.4. Representatives of the mechanism of reaction by means of
COS/DBU/methanol, which consists of reactant (on the left), transition
state (in the center), and product (on the right).

1 K3t

Figure 2.5. Representatives of the mechanism of reaction by means of
COS/DBN/methanol, which consists of reactant (on the left), transition
state (in the center), and product (on the right).

& &



Figure 2.6. Representatives of the mechanism of reaction by means of
COS/BTMG/methanol, which consists of reactant (on the left),
transition state (in the center), and product (on the right).

Figure 2.7. Representatives of the mechanism of reaction by means of
COS/TBD/methanol, which consists of reactant (on the left), transition
state (in the center), and product (on the right).

The observed forward reaction rate is shown in Eq. (2.13) using pseudo first-order
conditions when there is an excessive amount of organic liquid, which comprises a

mixture of the amine and the alcohol.

ro = ko[COS] (2.13)
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The COS capture systems containing DBU, DBN BTMG and TBD are shown in Eq.
(2.14), where it can be seen that k, (mechanism 2.8) resembles the COS-BOL systems
[53-55].

Ko = {Kamine [amine] + kron [ROH]} [amine] (2.14)
ko= {kosu [DBU] + kron [ROH]} [DBU] (2.15)
ko= {kpsx [DBN] + kror [ROH]} [DBN] (2.16)
ko = {kntv [BTMG] + krou [ROH]} [BTMG] (2.17)
ko = {krsp [TBD] + krox [ROH]} [TBD] (2.18)

In the event that there is an excessive volume of alcohol, Eq. (2.19) shows the rate

constant, k, with a constant concentration of alcohol:

k = krox [ROH], (2.19)

and then k,, which includes k, becomes:

Ko = {Kamine [amine] +k} [amine] (2.20)
ko = {kpsu [DBU] +k} [DBU] 2.21)
ko = {kpex [DBN] +k} [DBN] (2.22)
ko = {kstmc [BTMG] +k} [BTMG] (2.23)
ko= {krep [TBD] +k} [TBD] (2.24)

The reaction order for the systems used to capture the COS equals one. This is because
the alcohol is the dominant base; therefore, for (mechanism 2.8), the k, expressions

are given below:

15



ko =k [amine] (2.25)

ko =k [DBU] (2.26)
ko =k [DBN] (2.27)
ko =k [BTMG] (2.28)
ko=k [TBD] (2.29)

Now, it is appropriate to mention that the reaction order is two when the amine is a
dominant base. Moreover, recent studies on capturing CO> through CO>-BOLs [53—
55] have shown that the pseudo first-order conditions were focused on for the forward
reaction rate. The kinetics and thermodynamics of COS capturing reactions have been
investigated when organic liquids were used as suitable solvents. For simulating the
dominant base effect of the alcohols that were under study herein, so as to be able to
determine the kinetics of the termolecular reaction, in these mentioned studies, the
researchers used the integral equation formalism-polarizable continuum model (IEF-

PCM) [56-58]; hence, the alcohols implicitly affected the reaction.
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CHAPTER 3

METHODOLOGY COMPUTATIONAL CHEMISTRY

3.1. Introduction

A few decades ago, several alkanolamines were studied to dissolve COS and CO..
However, some shortages or limited clarifications pertaining to the molecule structures

and their chemical equilibrium still exist [59].

The researchers pondered how a theory could be proven through an experiment, and

how to solve the experimental problems using theoretical systems.

The search for the answers to these questions led the research community towards

computational modeling [60].

Chemical engineering and applied chemistry require specific processes, costs, or trials
to understand the accompanying risks, which aid in achieving the best performances

in the studied system.

Another question was: Why should computers be used to do molecular modeling?

A model was prepared to be specifically applied in a definitive area or chemical space

[60].

Molecular modeling aids researchers in understanding the details of molecules, and it

has the following benefits [61]:

It is more appropriate than the classic methods.
* The models are like actual molecules.
» Rotating the model is possible using a computer, so as to observe it from different

angles.
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* Atomic positions can be seen in several ways.

» Corrections can be made to incorrect drawings.

* For unstable molecules, modeling is better than hand drawings.

+ It is possible to display and predict various properties, such as energies, attractive

forces, frequency properties, and spectra.

Based on the mentioned benefits, computer-aided molecular modeling is more
appropriate because it involves imagination, study, research, and the optimization of

chemical processes.

Improvements in chemical theories and computational and software/hardware are
inter-related. The inability to solve equations leads to difficulties in testing a theory;
however, computational and technological improvements make such theories relevant

and applicable, despite the fact that they have complex systems [60].

Theories are drafted to assure the generality of a finding. Most theories can be applied
in the case of macroscopic systems, but that is not the case with small systems. For
example, Quantum theory is defined through intractable equations; however, it is ideal
for small systems because the mentioned model simplifies quantum calculations and

gives them the form of a general theory [60].

This model applies to a definite volume, also termed as chemical space, through

calculations to simplify the approximations, which are needed to generalize a theory

[60].

Theoretical chemistry illustrates the following [62]:

» The structural geometries of molecules.
» Advanced properties like energies, wave functions, polarization, IR vibrations,
nuclear magnetic resonance (NMR), and dipole moments.

» The inter-molecular interaction and potential energies of different reactions.

18



The field of computational chemistry has been growing very fast, as it is a form of
theoretical chemistry, which focuses on solving chemical problems through

calculations [62].

The capability to create data and analyze the wave function is one of the greatest effects
of computational chemistry, which provides a better understanding into gain insight
and highlights. In this way, the behaviors of different molecular groups can be justified

[62].

Computational chemistry is new and old at the same time; old because it has existed
since the development phase of quantum mechanics, during the early twentieth
century, and young because it is based on the latest technology, including computers

and software [60].

Mathematical procedures are extensively used in the two-particle system, but they are
not as effective for multi-particle systems. Many computational processes can solve

such problems to obtain approximated solutions [62].

Now it is necessary to review the background of particle theories before going deeper

in the computational methodologies.

3.2. Quantum Mechanics

Quantum mechanics calculations are used for clarifying the reaction mechanism, and

highlighting the processes involved in it [59].

This is a benefit because it allows the opportunity to calculate chemical properties with
or without experimental data. Recently, quantum mechanics has improved in terms of
calculations and applications pertaining to computational chemistry, and such
calculations have been successfully applied to research for assessing the molecular
structures, reaction mechanisms, and spectroscopic characterizations and

thermodynamics of the studied systems [59].

19



The mathematical expression for dynamical equations for particle velocity and mass

are subdivided into four regimes (Figure 3.1).

Velocity
¥
Quecrntum Classical
T
i
Dirac l Einstein i cric
H'P= 1P/t : F — yma Relativistic
o I
1/3 ¢ I Lo
~10% m/s :
I
Schridinger : Newton Non-relativistic
HYW= id‘¥/dt | F =ma
|
I
: Mass
~ 1027 kg

~ 1 amu

Figure 3.1. Domains of the dynamical equations [62].

The classic approach is very different when compared to quantum mechanics, because
the later just explains approximations or probabilities, while the former is thought to

be deterministic [62].

Classical/deterministic mechanics is based on the integration of Newton’s equations,
which define the locations of the particles at certain times. Using this type of
mechanics, it is possible to predict the location and time of solar eclipses with
remarkable accuracy; however, quantum mechanics calculates both the time and
location in terms of probability, and the probability function is determined by taking

the square of the wave function, as shown below:

P(r,t) = V2 (r¢t). (3.1)

Here, r represents the location/position, while ¢ shows the time, and the wave function
is denoted by ¥, which is computed by solving the Schrédinger or Dirac equation

(Figure 3.1) [62].

The electronic Schrodinger equation (time-independent) for an N-electron atomic or

molecular system can be given as in the following equation:
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HY = EW. (3.2)

In this equation, the Hamilton operator (/) sums up the potential as well as kinetic

energies, which can be termed as electronic energy [63].

The target is approximated in the quantum chemical approaches. The Schrodinger

equation is given below:

HW,(X;, Xy, ..., X, Ry, Ryy ooy Ri) = Ei¥;(X1, Xgy oo, Xno Ry, Ry ooy Ryp). (3.3)

Here, H represents the Hamiltonian operator of a molecular system, which has N
electrons and M nuclei. In this case, the wave function, ¥;, possesses all possible
information regarding the ith state of the quantum system that is under study. It relies
on Xy, which are the spatial coordinates of the nuclei) and Xu (spatial and spin
coordinates). Here, ¥; describes E;, which is a numerical value of energy. Moreover,

H is a differential operator as well, which shows the total energy, as shown below:

1N p2 _1ym 1 o2 N M Za N N 1 M M ZaZaB
H=-=Y 1 Vs—=3/  —Vi-=Y" =Y Y =YY :
2 &i=1"1 2 &A=1 My A i=14A=1 Tia i=14&j>i Tij A=14B>A Rap

(3.4)

In this equation, i and j denote the system electrons; 4 and B both run over the M
nuclei; 4, r, and R denote the inter-particle distances; and M, denotes the mass of the
nucleus. In the Eq. (3.4), the term 1 depicts the electron’s kinetic energy, term 2 depicts
the electron’s nucleic kinetic energy, and the restof the equation depicts the electron’s
potential energy. Term 3 depicts the electron-nucleus electrostatic interaction, while
terms 4 and 5, respectively, depict the repulsiveness because of the electron-electron

and nucleus-nucleus interactions [64].

According to the variational principle, the energy determined through a wave function

will always be equal to or more than the exact energy [62].

This principle is important for every quantum chemical application. Standard quantum
mechanics show that observable operator O has the expected value of wave function

Yiial, as demonstrated by Koch and Holthausen [64]:
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Both the Dirac and Schrodinger equations (Figure 3.1) look similar; however, their
difference is based on factor H. In the case of small mass particles, for example,
electrons, the Schrodinger equation will be applied [62], as follows:

ow

HY = i (3.6)

The Hamiltonian operator sums up all kinetic (7)) and potential (V) energies.

HSchrodinger =T+ V (3.7)

The Schrodinger equation shows results in the form of Eq. (1), which finds a the

probability of a particle at time ¢ and position r.

Light particles move at a mere fraction of the speed of light, and the Dirac equation is
used in this case.
ow

HY = i (3.8)

Here, the Hamiltonian operator is more complex.

Hpirac = (ca.p + pmc?) +V (3.9)

Both a and P exist in the form of 4 x 4 matrices, while the relativistic wave function
is made up of 4 components that are both large and small, and each one of them has a
and f spin functions that differ from the a and p matrices. Here, wave functions have
two components: electronic (large components) and positronic (small components),
wheras the a and P matrices couple components such as these. When the limit c—oo,
the Schrodinger equation forms when Dirac equation is reduced; hence, the wave

function components are reduced into the a and f spin orbitals [62].

The physical properties of the system are described through a wave function; thus,

factors (operators) are applied in quantum mechanics according to the studied physical
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properties. The probabilities and expectations allow a system to give a certain

value/values for the physical property/properties [60].

Both atoms and molecules have more weight when compared to electrons; hence, they
basically behave like classical particles. Quantum mechanics, on the other hand,

describes electrons as lighter and also mentions their particle properties [62].

Defining a wave function or giving it a physical explanation is not possible. There is

no possibility of directly deriving a wave function [65].

When trying to solve the electronic Schrédinger equation for a molecule; in that case,

every electron function will become a molecular orbital (MO) [62].

A spin quantum number describes electrons, but it cannot be assigned to two electrons.

Then, in the opposite spin, the MO is fixed for two electrons [65].

Although the Schrédinger equation is accurate, it is over-complicated, that a H> atom
is the greatest system it can analytically solve. For calculating the multi-particle

system, Dirac and others conducted several approximations [65].

In the next sections, some of these approximations have been summarized.

3.3. Ab Initio Computation Methods

These methods require no approximation other than the one that was mathematically
tested. In this context, a useful approximation for molecules is the Born-Oppenheimer

approximation.

3.3.1. Born-Oppenheimer Approximation

This study theoretically deals with multi-molecular systems, which means that the
wave functions for these systems are excessively complicated because the movements
of the species are affected by both repulsion and attraction forces, which means that

the particles are unable to travel independently [60].
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It is common knowledge that nuclei move remarkably slower when compared to
electrons because electrons are lighter; thus, separating electronic energies in fixed

nucleic positions will be appropriate [60].

Nucleic kinetic energy is independent of electrons, and the potential energy of
electron-nuclear attraction is ignored; hence, nuclear-nuclear repulsion has constant

potential energy [60].

The term Born-Oppenheimer approximation is alternatively termed as clamped nuclei
approximation because electrons move towards a fixed nuclei field; thus, H reduces

into electronic Hamiltonian, Herc [Eq. (3.4)].
1 z 1
Hepee = —3 £V=1 Viz - §V=1 %=1ﬁ + Zy:l ?I>ir_ij =T+ Vye + Ve (3.10)

The Schrédinger equation is solved using Heec, which has electronic energy Eejec and

electronic wave function e [64].
Heiee Yetee = Eetec Pelec (31 1)

The total energy, Es, 1s the summation of replulsion energy and Eeiec:

ZAZAB
Rag ’

Enuc = Z%:l Zg>A

which given as [64]:

Eror = Eetec T Enuc. (312)

The concept of potential energy surface (PES) has been illustrated through Born-
Oppenheimer approximation. Here, Ece. determines the PES by finding the total

possible coordinates of the nucleus [60].

This approximation has improved the concepts of transition state geometry and

equilibrium geometry, which are sensitive in the case of PES [60].
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The Hartree-Fock self-consistent field (HF-SCF) method is considered as the easiest
Ab initio procedure, which was developed by the Nobel Laureate John A. Pople, [66],

to perform calculations regarding atoms and other microstructures is described below:

3.3.2. Hartree-Fock Self-Consistent Field Method

There are some difficulties in solving and analyzing a Schrédinger equation, because
defining the energy of a single electron is required, which exists in a field with all of

the other electrons [65].

The HF-SCF process deals with this difficulty because it computes the energy of each
electron. Initially, it estimates the total energies of the electrons, which are later used
to compute the energy that exists in each electron. Then, the repitition of this recursive

routine continues until convergence is assured [65].

Correlation energy needs to be defined because it is the energy difference between the

Hartree-Fock calculations and the Schrodinger equation [65].

Since the HF-SCF calculations are sufficiently accurate, and they adequately highlight
the issues, they are applied in different problems. Moreover, the correlation energy is

significant in defining the properties of the system [65].

3.4. Electron Correlation Methods

The HF-SCF process has a major deficiency, in which it assumes that every electron
is under the average effect of the energy for the movement; hence, finding the
particular position of a specific electron is not dependent on the other electrons’
positions. However, this approach is unable to take into account the inter-electron
Coulombic interactions that cause them to repel each other. This means that the motion
of the electrons is correlated, which makes them move apart, which is contrary to the
HF-SCF concept [67, 68]. In quantum chemical calculations, electron correlation can
be handled using multiple approaches, of which the density functional theory (DFT)

and Moller-Plesset perturbation theory are very important.
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DFT is explained in detail in the next section because it is applied in this research.
3.4.1. Density Functional Theory
3.4.1.1. Introduction

For the sake of simplicity and ease in processes, rather than working on wave
functions, it is possibile to work on physical observables to determine energy;

moreover, this possibility existed in classical mechanics as well [60].

Studying the Hamiltonian operator is sufficient to find the physical observable because
it is dependent on both the nuclei’s atomic number and its position (r). On the other
hand, the Hamiltonian operator depends on the total number of electrons, which makes
it a useful choice for physical observation because it aids in computing the electron

density (p) [60].
3.4.1.2. Electron Density

The given electronic system has a specific electron density, p(r), in the given state. Its

formula in terms of wave function is given below [63]:

p(r) =N [ .. [, [¥Xy, Xo, .., Xp)|Pdsidx,. .. dxy. (3.13)
The non-negative simple function shows the total number of electrons (N) [66]:

N = [ p(r)dr. (3.14)

The local maxima, in terms of electron density, is according to the positions of the
nuclei; hence, the Hamiltonian operator can be defined by the atomic number. The
density shows this information because the maximum electron density (rp) is the

location of each nucleus (A).

9p(ra)
aTA

= —2Zpp(ra) (3.15)

LN
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Here, 7, is the radial distance from A, p represents the spherically-averaged density,

and Za is the atomic number of A.

The DFT of the electronic structure allows for replacing the complex N-electron wave
function ¥ (X;,X,, ..., Xy), which is linked with the Schrodinger equation, through

calculations that include the simple electron density p(r).

The main target of the DFT method is to design functions to connect the electron
energy and density [63, 64], while that of the former can be totally defined as the
ground state using the electron density (p) [62].

Hohenberg and Kohn [72] presented two fundamental but crucial theorems that

established the DFT as a logical quantum chemical methodology [60].

3.4.1.3. First Hohenberg-Kohn Theorem: Proof of Existence

For N-electron system, Hohenberg and Kohn [69] reported that the Hamiltonian
operator can be completely fixed by the external potential (V.x); hence, all of the

ground state density p(r) properties can be determined using N and the Ve [63].

In this case, the Hamiltonian operator is determined through p(r). Moreover, the
density integration shows a specific number of electrons, and the remainder of the
process involves defining an operator to determine the Ve, in terms of the positions

and charges of the nuclei [60].

In this case, p shows Vey, and it is assumed that the Ve (V. and V) are consistent and

have a similar ground state density (po) [60].

In this case, the ground state wave functions are ¥, and ¥, and H, and H, belong to
them. The wave functions correspond to Ey, and Eos, given that Eg, # Eo». The only
difference between H, and Hpisthe Vex, SO Hy =T + Vee + Voand Hy =T + Vee + Vi
[64].
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With Hamiltonian operators H, and Hp, V, and V; appear, while every Hamiltonian
operator associates with the ground state ¥). It is further associated with the ground
state Ey. H, 1s the expected value through ¥, but it should be more than E,, as given
below [60]:

Eoq < (Wop|Hal¥op)- (3.16)
Rewriting this expression:

Eoa < (¥op|Hq — Hp + Hp|¥Pop)

< (Wop|Ha — Hp|¥ ) + (Fo | Hp|¥op)

< (Wop|Va — Vp|Wop) + Egp. (3.17)

The last line integral in Eq. (3.17), in terms of the ground-state density, is given below.

Here, V' is a single-electron operator:

Epq < [(Va(r) = Vy (1)) po(r)dr + Egp,. (3.18)

Here, no difference exists between a and b, so Eq. (18) will become:

Eop < J(Vp(X) = Vo (1) po(r)dr + Eqq. (3.19)

Adding the inequalities given in Eqgs. (3.18) and (3.19), will give:

Eoa + Eop < f (Vo (1) = V() po (X)dr + f (Va () = V(1)) po (0T + Egp + Eoa

< f (Vo () = Va (1) + Va(F) = Vy (1)) po (0)dr + Egp + Eog

< Epp + Eog. (3.20)
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This means that there is a contradiction [64]:
Eog + Eop < Egp + Egg 01 0 < 0. (3.21)

This clearly indicates that two Ve, cannot yield the same density. To state it a different
way, the density of the ground state is specifically specified by the Vey:. If Eq. (3.4) is
recalled, po is added, which has certain information {N, Zs, Ru4}; thus, after
summarizing, po = {N, Z4, R4} = H = ¥) = E) is obtained (with other properties).
Since there is a functional relationship between the electron density of the ground state
and the full ground state energy, Ne shows the Ve, which is defined by the nucleic
attraction [64].

Eo(po) = T(po) + Ece(po) + Ene(po) (3.22)

The nuclei-electron attraction of the system has potential energy; hence, N, R4, and Z4

can be expressed in the universal form, as given below:

Eo(po) = fPo(F)VNedF + T (po) + Ece(po)- (3.23)

Here, T(pg) + Ezc(po) is the universally valid part, while the system-dependent part
is shown by po (7)Vyd7 [64].

If the system-independent parts in a Hohenberg-Kohn (HK) function, Fuk (po), are

combined:

Eo(po) = | po(F)VnedT + Fyx (Po)- (3.24)

At first, functional Fuk (po) seems like a desired formula for DFT, but if it is known
exactly, the Schrodinger equation can be solved. Since it is system-independent, a H
atom can be used to find the exact solution for the system, but it is impossible to find

T(py) in the exact forms and E,.(py) [64].

Up until now, it can be stated that the density of the ground state is sufficient to obtain

every one of the system properties. However, it is important to understand if the

29



density that has been defined is in actuality the density of the ground state that is

required.
3.4.1.4. Second Hohenberg-Kohn Theorem: Variational Principle

In this theorem, at the ground state, the functional Fux (po) drives the system energy,
and it also drives the least energy when there is real ground state density po [64]. The

variational principle can be written in the following form:
Ey < E(p) =T(P) + Ene(P) + Ece (D). (3.25)

The trial density §(r) has its specific H and ¥. Now, this wave function is taken as
Yiiai. The true Ve generates H. The desired results are achieved from the equation

below [64]:

(P|H|P) = T(B) Vee (P) + [ F(¥)WVeredF = E(B) 2 Eo(po) = (¥olHIWo).  (3.26)
3.4.1.5. The Kohn-Sham Approach

Kohn and Sham (KS) [70] used the HF theory to bring the HK theorems into reality,
and performed its calculations. It is necessary to develop the required imaginary
system for N non-interacting electrons with the density of a real system. This system
has a ground state wave function ¥y that has been expressed through a single-slater
determinant. This slater determinant is formed by the KS orbital ($KS) to solve N
single-particle equations. The ¢KS variations determine the energy and density of the

ground state on the basis of the variational principle [71].

The single-electron KS operator is given below [60]:

1 i Z ' ’
hl{(S — _EV? _ Z;{luclel k4 f fl(_rr2| dr' +V,, (3.27)

7Tkl

and
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8Exc
Here, E.. is the V.. expectation value and V. is a single-electron operator. The KS-
energy contribution comes from the exchange correlation energy (Exc), which includes

the kinetic energy corrections, which emerge because of electron-electron repulsions,

while the interaction correlations need corrections [71].

3.5. Basis Sets

This is actually a set of mathematical functions used for constructing wave functions
[60]. The computations of its electronic structure require molecular wave functions in
the linear combination of atomic orbitals (LCAOs), while the AO function solves the

Schrédinger equations for the Hz atoms [67].

For defining MOs, LCAOs are used, while every MO is itself a single-electron wave
function. The N electrons of the MO combine and make the N electron wave function.
MOs or AOs cannot describe systems that have two or more electrons. For describing
this kind of system, it is necessary to have specific N-body wave functions, while the

MOs construct good approximates to the mentioned N-electron wave functions [72].

Each single-electron function is considered as a MO to solve the electronic
Schrédinger equation for a molecule produced from a spin function (a, ) and a spatial

orbital [62].

Many approximation methods are available to solve the Schrédinger equation and to
select a method, its performance is compared to the values given in the experimental

data, which is certainly better than directly proceeding with the computation [62].

A basis set approximates ab initio methods. In this case, there is a complete basis set,
it is not an approximation if the known function is expanded as an MO. In this case, a
complete basis set is based on an unlimited number of functions. Moreover, in real

calculations, they are considered to be impossible [62].
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The expansion of the MO leads to the integration of the QM operators over the basis
function, but making the calculations easier depends on the form of the basis function

[62].
3.5.1. Slater and Gaussian Type Orbitals Basis Set

There is a need to simplify ab initio MO calculations to apply them to large molecules.
A widely used method is termed as the linear combination of the AOs self-consistent

field (LCAO-SCF), which uses a minimal-basis slater-type orbital (STO) set [73].

H> wave functions acquire the following form: ynlm(r, 8, ) = Rnl(r)YmL(6, ¢).
Rnl(r) as the radial part of the H> wave function, which is a polynomial of r that
represents the distance from the origin. The polynomial drives the STOs and it is a

simplified form, which is given below [72]:

@sto(Ta, 0,0, n,m,1,{) = Nr}xl_l exp(—{ 1r4)¥ (6, @). (3.29)

In this case, a spherical coordinate system (7, 8, ¢) is defined around atom A, while

parameter Zeta ({') represents the orbital exponent and N is a normalization constant.

It takes long time to calculate full STOs because this requires a two-electron integral
evaluation. The Gaussian function integrals can be analyzed, so replacing each STO is
possible through a small number of linear combinations in the Gaussian-type orbitals

(GTOs) [73].

The following spherical Gaussian form was obtained when the GTOs replaced

exp(—{ r) by exp(—a r?) [72]:
Osero(T,0,0; nm,L,a) = Nrj ! exp(—ar?)Y,,; (6, ¢). (3.30)

The form of Cartesian Gaussians is:

0ero(r; i,j,k, @) = N X} YAjZ}f exp(—a |RA — 7|?). (3.31)
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In Eq. (3.31), the coordinate Ry = (X4 Y4,Z4) defines the GTO center, N is the
normalization constant, and » = (X,y,z) expresses the Cartesian coordinate when the

GTO is evaluated. The integers 7, j, and k show the angular momentum of the GTOs
[72],

and

L=i+j+Fk (3.32)

When the STO and GTO are compared, the STO cusps are correct when the distance
from the center reduces to zero, and as the distance increases, it decays, like H. At a
decreased r, the GTOs have an incorrect behavior, and they rapidly decay when r is
increased. GTOs are more practical because in this and faster evaluations of the

integrals is possible [72].

The long-range decay and incorrect cusp of the GTOs can be fixed when Gaussian
functions are applied in a linear combination with a unique orbital exponent for each

of them to make a contracted Gaussian basis function (CGTO) [72].

©cero(r) = Xk di ©ro (5 o) (3.33)

3.5.2. Minimal Basis Set

There is a single function STO, GTO, or CGTO, which is used for the AO. The STO-
nG, generally represents this basis, for example, the STO-3G basis set means that three

primitive GTOs have combined into a single CGTO [64].

The nomenclature implies that every orbital core through valence is only defined by a
single basis function; thus, H and He only have a single function, while five functions
exist for Li to Ne. Elements from Na to Ar have four functions, which are added to the

five second-row functions to make a total of nine functions [60].
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3.5.3. Split-Valence (Pople) Basis Sets

It is possible to construct two basic functions in the STO-3G basis set for each AO,
without doubling the size of a basis set, but it will certainly increase the size of
equation. Thus, it is likely to double { with two functions, so it is called a ‘double-C ’

basis [60].

The electronic wave function changes take place in a valence space. If it is possible to
limit the set doubling of the functions while still keeping the inert core electrons in a

minimal set, it will define a split-valence set [64].

Split-valence basis sets were developed by Pople et al. [66], in which the Pople basis
sets have the following typical notation: X-YZg, while X shows the Gaussian primitive
number that has been used in the inert core functions. The valence orbitals primitives
are denoted by Y and Z, and when there are two basis functions, it is written as a

double-( basis. In this case, it has three functions, so it has a triple-C valence [60].

In this notation, * shows the polarization functions for all of the atoms other than H»,
while ** shows that the atoms, including the H> atom, have polarization functions.
Here, + means that there are diffused functions for all of the atoms, other than Ha,

while ++ means that the H» also has diffusion functions [72].

Table 3.1 shows some Pople-style basis sets with their compositions for contracted as

well as primitive basis functions, and Table 3.2 shows the designation of a 6-

311++G(d,p) basis set.

Table 3.1. The composition of the basis sets with regard to the primitive and contracted
basis functions for some of the Pople style basis sets [62].

Basis Hydrogen First row elements Second row elements
Contracte | Primitiv | Contracted | Primitive | Contracted | Primitive
d e
STO-3G Is 3s 2slp 6s3p 3s2p 9s6p
321G 2s 3s 3s2p 6s3p 4s3p 9s6p
6-31G(d,p) 2slp 4s 3s2pld 10s4p 4s3pld 16s10p
6-311G(2df,2pd) 3s2pld s 4s3p2dif 11s5p 6s4p2difa | 13s9pa*

*McLean-Chandler basis set [74]
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Table 3.2. 6-311++G(d,p) designation [62].

6-311++G(d,P) 6 primitive GTOs
- Split valence
311 AOs
G GTOs
++ Diffuse functions

Polarization functions
(d,p) d- type orbitals for heavy atoms
d- type orbitals for H atom

3.5.4. Correlation-Consistent Basis Sets

For optimizing correlated Post-Hartree-Fock methods, Dunning [75] wused
extrapolation techniques to design the correlation-consistent polarized valence. This
function is included in the basis set, which has the abbreviated form cc-pVxZ, while
VxZ shows the number of functions for each valence AO. Here, X is the zeta basis that

denotes double and triple as: D = double, T = triple [72].

Dunning [75] established that primitive Gaussian functions describe correlation in case
the functions’ exponents are then optimized using atomic correlated calculations. They
established this after studying correlation effects on the O atom. Calculations such as
this guide the first-row atoms from B to Ne. For all of these atoms, the spdfg sets are

used for correlated molecular calculations.

Due to the addition of correlation functions, the incremental energy reduces; hence,
the /d function and /s/p set reduce the correlation energy. Moreover, the incremental
energy reduces for the 2s2p, 2d, and If sets. Table 3.3 shows the sp set for the first-

row atoms [75].

Table 3.3. The sp set [75].

Primitive Contracted Polarization set
cc-pVDZ (9s4p) (3s2p) (1d)
cc-pVTZ (10s5p) (4s3p) (2d 11)
cc-pVQZ (12s6p) (5s4p) (3d2/1g)
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3.5.5. Exchange-Correlation Functional

Eq. (28) shows the Exc, which comprises differences in kinetic energy between the
real and imaginary systems. The Exc has functional and energy densities (exc), which

depend on the electron density [60].

Exc (p(1) = [ p(Mexc (p(r))dr (3.34)
3.5.6. BSLYP Hybrid Functional

The Becke 3-Term Correlation Functional; Lee, Yang, and Parr (B3LYP) functional method,
which is pronounced B-three-lip, combines the B88 functional [76], LYP functional [77], and
local density approximation. It also combines the generalized gradient approximation (GGA)

correlation function by Lee et al. [77] with the GGA exchange of Becke [72].

This method uses the following formula to show the KS DFT based on the exchange-
correlation energy (Ex.) [78]:

1
Exc = [ Ugc dA. (3.35)

Here, U, represents the potential energy of the exchange correlation and A represents

a parameter that shows the inter-electronic coupling-strength.

In Eq. (3.35), when limit A = 0 is applied to the coupling-strength integration in the
exact exchange, the exact exchange energy is highly accurate in terms of DFTs; hence,

the following exchange-correlation approximation was proposed [78]:
Exc = EEZPA + ay(ES**t — EXSPY) + ayAEZ®® + a AEEV®1, (3.36)

Eq. (3.36) has semi-empirical coefficients (ao, ax, ac) that are determined using
experimental data. In this equation, AEZ® denotes Becke's gradient correction, E£¥4¢t
stands for the exact exchange energy, and AEE"®! represents the 1991 gradient

correlation correction (Perdew and Wang) [76, 79].
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3.6. Computational Method

When the COS interacted with the amidine, i.e., the DBN and the DBU, and the guanidine,
i.e. the BTMG and TBD bases, in the presence of the linear alcohols, i.e., methanol, ethanol,
1-propanol, 1-butanol, 1-pentanol and 1-hexanol, they were theoretically investigated by
applying quantum mechanics. Initially, the minimum energy structures of linear alcohols,
DBU, DBN, BTMG, TBD and the COS were obtained by optimizing their geometries, and
then vibrational frequency analyses were performed to ensure that, at the same level, they were
appropriate minima on the potential energy surface. A flowchart is given in Figure 3.2 that
shows the different steps of the geometric optimization. When minimum energy structures
were obtained for the COS, DBU, DBN, BTMG and TBD as well as the linear alcohols, as
the next step, both the products and the reactants were prepared by considering the

termolecular reaction mechanisms that were discussed previously.

Following the geometry optimizations for both systems of the reactants (R) and
products (P), the vibrational frequency was calculated by applying the same process
for both, to verify that neither of the systems had imaginary vibrational frequency
values, and that both had a proper minimum value. When both systems of the reactants
and products, which were located at the surface, had sufficient potential energy, then
the transition state calculations were done to determine the saddle point. At this time,
the transition state (TS) structure was also determined. Vibrational frequency
calculations and intrinsic reaction coordinates verified the attained transition state
structures. The calculations done by ®B97X-D3 hybrid functional [80] that included

Grimme’s empirical dispersion corrections in the D3 version.

According to Goerigk et al. [80], large database utilization is focused on the kinetics,
thermochemistry, and non-covalent interactions of the general main-group. It was
found that ®B97X-D3 was one of the 3 best-performing hybrid functionals. Next,
Pople’s contracted Gaussian triple-zeta-quality basis set, 6-311++G (d,p), was applied,
which includes diffusion and polarization functions for H», as well as other heavier
atoms [81]. Throughout this study, all of these calculations were done at a level of
®oB97X-D3/6-311++G(d,p), utilizing the IEF-PCM when there was a self-consistent

reaction field [56-58]. The dominant base effect of each alcohol was considered. What
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this means is that the effects of the bulk solvent were taken into consideration while
the calculations were being performed. The thermodynamic analysis and the kinetic
analysis of these suggested reactions were all then done at 298.15 K below 1 atm of
pressure, when, at the same time, the Gibbs free-energy of reaction and activation
values were calculated. Gaussian software version 09 Rev.D.0.1 [82] was used to
calculate all of the density functions and Gauss View 5.0.9 [83] was used for the
molecular visualizations. Figures 3.2 and 3.3 give an overview of a theoretical model,

and how molecular structures and properties are measured for quantum calculations.

HOW BIG IS YOUR SYSTEM?
v : v
VERY BIG BIG TO MEDIUM (ex: SMALL

(ex: protein size) (organic molecules) (ex: 12 atoms or less)

A Y
Molecular mechanics Qualitative results/short
(MM) in Avogadro on time?
UFF MMFF94/ YES NO
MMFF9s4s / l
TO GAIN AN INCREASE IN THE RESULT

A

ACCURACY:
Semi-empirical / Open shell
models (G09) UHF species
Ab 1n1t10 HF .....................................
RHF Closed shell
species
\ 4 4 \ 4 y
PM3 ZIND Etc... DFT: B3LYB

There are other models.

The ones listed here are the
AD initio: MP2 to MP4 most common.

y

DISCLAIMER: THE ACCURACY OF THE RESULTS ALSO HEAVILY DEPENDS ON THE
BASIS SET USED!

Figure 3.2. Flowcharts demonstrating how to choose the right theoretical model.
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The method, basis set, initial guess of the
molecular geometry, charge, and spin
multiplicity
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using the semi-empirical calculations

The trial wavefunctions, which are estimated
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SCF calculation of both the energy and the
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improved wavefunctions
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geometry Optimized molecular
For > geometry, energy,
molecular wavefunctions
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Figure 3.3. Flowcharts demonstrating how molecular configurations and properties are
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Vibrational spectrum
IR, Raman, & INS
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calculated in quantum mechanical calculations.
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CHAPTER 4

RESULTS AND DISCUSSION

The chapter herein will present the theoretical findings with regard to the charge
distribution, the structure, and the kinetic and the thermochemical properties.
Moreover, descriptions of all of the details of the geometries that were optimized are

given and discussed for the termolecular reaction mechanisms.

In the current research study, a single-step mechanism was both considered and utilized,
and through this mechanism, interactions between organic bases, comprising DBU, DBN,
BTMG and TBD and COS, as well as linear alcohols, which comprised ethanol, methanol,
I-propanol, 1-butanol, 1-pentanol and 1-hexanol took place. The transition state, the
product structures, and the reactant were all obtained by utilizing calculations that were
performed at the level of ©B97X-D3/6-311++G(d,p). These included empirical dispersion
corrections as well as implicit solvent effects, as can be seen in Figures 4.2—4.25.
Furthermore, an atom labeling scheme can also be seen in Figures 4.2—4.25, that shows
the most significant structural parameters for the transition states, the products, and the
reactants, which were changed substantially when the reactions occurred. The geometrical
parameters as well as their values for the COS-binding organic liquids, which comprised
the COS/DBU/linear alcohols, COS/DBN/linear alcohols, COS/BTMG/linear alcohols
and COS/TBD/linear alcohols are given in Table 4.1 below.

The H31-026 distance depicts the lengths of the H-O bonds in the hydroxyl groups of all of
the linear alcohols. Table 4.1 shows the bond lengths for H31-O26 for the product and the
reactant structures for the COS/DBU/methanol system, which can be seen in Figure 4.2; the
COS/DBN/methanol system, which can be seen in Figure 4.8; the COS/BTMG/methanol
system, which can be seen in Figure 4.14 and the COS/TBD/methanol system, which can be
seen in Figure 4.20. The determined values for the systems comprised 0.989, 0.986, 0.990
and 0.992 A, and 1.972, 1.882, 1.927 and 1.887 A for the reactants and the products of
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COS/DBU/methanol, COS/DBN/methanol COS/BTMG/methanol, and
COS/TBD/methanol, respectively. For the structures of the transition state for the
COS/DBU/methanol system, COS/DBN/methanol system, COS/BTMG/methanol and
COS/TBD/methanol system, the determined geometrical parameter values comprised 1.109,
1.101, 1.090 and 1.716 A, respectively. The distance of the H-O bond for the methanol was
determined as 0.956 A in its isolated form [84], while the same distance for the
COS/BTMG/methanol system was 0.990 A. When a comparison was performed of the
experimental data with the values that were calculated, it appeared that they had been
overestimated. It is true that there existed methanol within the COS/BTMG/methanol reactant
system, and it was observed to interact with the COS and the BTMG. Moreover, it was not
determined to be stand-alone. In both the BTMG and the H31 atom in the methanol, the weak
interactions that took place between the un-paired electrons in the N1 atoms thus resulted in a
slight elongation in the length of the H31-O26 bond. This was additionally confirmed by the
observed reductions in the distances of the H31-N1 reactant-product for all of the systems that
were investigated. The H31-N1 distances that were calculated comprised 1.801, 1.438, and
1.018 A, when again taking into consideration the COS-BTMG-methanol system. Moreover,
the H31-026 distances comprised 0.990, 1.090, and 1.927 A for the reactant, the transition
state, and the product of COS/BTMG/methanol, respectively. Findings such as these ones
clearly proved that the H31-O26 bond had been broken as a result of the very strong attraction
forces that existed within the H31 and N1 atoms. In the hydroxyl group on the N1 atom in the
BTMG, the methanol donated the H31 atom, and then later on, a new covalent bond was
formed on the product, between the N1 and H31 atoms. This is reflected in Figure 4.1. Ina
similar manner, a reduction was observed in distances of the H31-N1 reactant-product from
1.806 to 1.025 in the COS/BTMG/1-propanol system, 1.799 to 1.018 in the
COS/BTMG/ethanol system, 1.747 to 1.019 in the COS/BTMG/1-pentanol system, 1.796 to
1.019 in the COS/BTMG/1-butanol system, and 1.752 to 1.019 A in the COS/BTMG/1-
hexanol system. The H31-N1 reactant-product distances reduced from 1.765 to 1.018 in the
COS/DBU/ethanol system, 1.763 to 1.017 in the COS/DBU/methanol system, 1.803 to 1.018
in the COS/DBU/1-butanol system, 1.780 to 1.017 in the COS/DBU/1-propanol system,
0.816 to 1.019 in the COS/DBUY/1-hexanol system, and 1.809 to 1.018 A in the COS/DBU/1-
pentanol system. For all of the investigated systems, it was observed that the alcohol-amine
interactions took place through H atoms (H31) in the hydroxyl alcohols and the same was true

for the nitrogen atoms (N1) in the amines.
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Figure 4.1. Representatives of the mechanism of reaction by means of the
COS/BTMG/methanol system, which consists of the reactant (on the
left), the transition state (in the center), and the product (on the right).

The single-step termolecular process that has been proposed shows that the concurrent
alcohol-COS interactions and alcohol-amine interactions should be elaborately examined. For
the reactant, the transition state, and the product structures, all of the C25-026 bond lengths
were calculated in 4 groups: (3.041, 1.917, and 1.382 A), (2.997, 1.900, and 1.378 A), (2.987,
1.902, and 1.379 A) and (3.818, 2.382, and 1.373 A). They were, respectively, computed for
the = COS-DBU-methanol  system, the  COS/DBN/methanol  system, the
COS/BTMG/methanol and the COS/TBD/methanol system. The angle values of the O27-
(C25-S28 bond, on the other hand, for similar systems were “177.88°, 150.02°, and 128.17°,
“177.94°,149.39°, and 128.45°,“177.69°, 149.82°, and 128.21°” and “178.78°, 164.28°, and
127.86°”. The COS was located at 2.987A at a distance of C25-026 from the methanol.
However, for the COS, the angle value of the 027-C25-S28 bond was 177.69°. The isolated
COS molecules had linear structures, like CO» [85]. The COS had slightly bent geometry for
all of the reactant systems, which showed very weak alcohol-COS interaction by means of the
025 and 026 atoms, which bent the COS structure almost 2°-2.3°. In the COS-DBU-butanol
system, the COS/DBUY/1-pentanol system, and the COS/DBU/1-hexanol system, the process
of the COS bending was, quite interestingly, obtained at just 0.3°, which was an exception.
Elucidating a large (above 4.3 A) distance of C25-026 for these 4 systems actually diminished
the interactions that took place COS between the butanol, the hexanol, and the pentanol. With
regard to the COS/BTMG/methanol system, the transition state structure bending was intense
because it reached 149.82°. Moreover, for the same system, the length of the C25-026 bond
and angle of the 027-C25-S28 bond were determined as 1.379 A and 128.21° in the product
structure. In the same way, the O27-C25-S28 bond angle decreased from 177.56 to 128.23°
and the C25-026 reactant-product distance reduced from 2.920 to 1.385 A. In the
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COS/BTMG/1-hexanol system, it showed that a deprotonated alcohol-COS covalent bond
had formed, which was obvious from the values. For all of the other systems, the same trend

was observed, which is obvious in Table 4.1.

Table 4.1. Geometrical parameters, which comprise the bond lengths in A and the bond
angles in degrees, for the reactant, the transition state (TS), and the product
structures of the systems used to capture the COS. The numbering scheme
for these atoms is given in Figures 4.2—4.25).

Geometric parameter

System H31- | H31- C25- C25- C25- 027-C25-
NI 026 026 027 S28 S28
R 1.763 0.989 3.041 1.152 1.563 177.883
COS/DBU/methanol TS 1.386 1.109 1.917 1.170 1.621 150.022
P 1.017 1.972 1.382 1.220 1.723 128.166
R 1.765 0.989 3.076 1.152 1.563 178.034
COS/DBU/ethanol TS 1.427 1.087 1.893 1.171 1.624 149.246
P 1.018 1.937 1.384 1.220 1.723 127.956
R 1.780 0.988 3.160 1.152 1.562 178.101
COS/DBU/1-propanol | TS 1.424 1.089 1.891 1.171 1.624 149.257
P 1.017 1.951 1.386 1.220 1.722 127.978
R 1.803 0.987 4.333 1.153 1.560 179.723
COS/DBU/1-butanol TS 1.428 1.087 1.890 1.171 1.171 149.226
P 1.018 1.935 1.386 1.219 1.722 128.030
R 1.809 0.987 4.341 1.153 1.560 179.689
COS/DBU/1-pentanol | TS 1.423 1.090 1.888 1.171 1.624 149.005
P 1.018 1.910 1.387 1.219 1.722 128.148
R 1.816 0.986 4.333 1.153 1.560 179.667
COS/DBU/1-hexanol TS 1.450 1.081 1.865 1.172 1.627 148.196
P 1.019 1.909 1.388 1.219 1.722 128.228
Geometric parameter H31- H31- C25- C25- C25- 027-C25-
NI 026 026 027 S28 S28
R 1.778 0.986 2.997 1.152 1.562 177.938
COS/DBN/methanol TS 1.399 1.101 1.900 1.170 1.624 149.391
P 1.019 1.882 1.378 1.218 1.726 128.447
R 1.790 0.985 2.992 1.152 1.562 177.984
COS/DBN/ethanol TS 1.462 1.069 1.876 1.170 1.627 148.706
P 1.029 2.647 1.363 1.219 1.738 126.662
R 1.790 0.985 2.977 1.152 1.562 177.962
COS/DBN/1-propanol | TS 1.464 1.073 1.870 1.170 1.627 148.513
P 1.029 2.642 1.363 1.219 1.738 126.782
R 1.789 0.987 3.176 1.152 1.563 177.836
COS/DBN/1-butanol TS 1.460 1.074 1.872 1.171 1.627 148.594
P 1.030 2.612 1.362 1.219 1.739 127.008
R 1.886 0.980 3.005 1.153 1.561 178.431
COS/DBN/I-pentanol | TS 1.469 1.068 1.862 1.171 1.628 148.235
P 1.030 2.608 1.363 1.219 1.738 127.050
R 1.929 0.978 3.030 1.152 1.561 178.500
COS/DBN/1-hexanol TS 1.468 1.070 1.856 1.172 1.629 147.881
P 1.030 2.608 1.363 1.219 1.738 127.119
Geometric parameter H31- H31- C25- C25- C25- 027-C25-
NI 026 026 027 S28 S28
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Table 4.1. (cont'd) Geometrical parameters, which comprise the bond lengths in A and
the bond angles in degrees, for the reactant, the transition state (TS), and
the product structures of the systems used to capture the COS. The
numbering scheme for these atoms is given in Figures 4.2—4.25).

Geometric parameter
System H31-N1 | H31-026 C25- C25-027 | C25-S28 | O27-C25-
026 S28

R 1.801 0.990 2.987 1.152 1.563 177.694
COS/BTMG/methanol | TS 1.438 1.090 1.902 1.170 1.623 149.821
P 1.018 1.927 1.379 1.219 1.726 128.209
R 1.799 0.990 2.991 1.152 1.562 177.759
COS/BTMG/ethanol TS 1.483 1.075 1.859 1.171 1.627 148.328
P 1.018 1.976 1.381 1.219 1.726 127.682
R 1.806 0.986 2.931 1.152 1.562 177.936
COS/BTMG/1- TS 1.496 1.077 1.837 1.174 1.629 146.716
propanol P 1.025 2.493 1.363 1.220 1.735 127.378
R 1.796 0.990 3.071 1.152 1.562 177.989
COS/BTMG/1-butanol | TS 1.431 1.088 1.919 1.169 1.622 150.334
P 1.019 1.858 1.383 1.218 1.726 128.176
R 1.747 0.991 2917 1.152 1.562 177.615
COS/BTMG/1- TS 1.436 1.088 1.905 1.170 1.623 150.016
pentanol P 1.019 1.868 1.383 1.218 1.726 128.190

1

R 1.752 0.990 2.920 152 1.562 177.563
COS/BTMG/1-hexanol | TS 1.435 1.089 1.906 1.170 1.623 150.014
P 1.019 1.866 1.385 1.218 1.725 128.230
Geometric parameter H31- H31- C25- C25- C25- 027-C25-
N1 026 026 027 S28 S28

R 1.751 0.992 3.818 1.151 1.564 178.778
COS/TBD/methanol TS 1.041 1.716 2.382 1.155 1.586 164.284
P 1.017 1.887 1.373 1.216 1.731 127.857
R 1.790 0.985 2.986 1.152 1.563 177.996
COS/TBD/ethanol TS 1.486 1.065 1.885 1.168 1.628 149.041
P 1.014 2.009 1.368 1.217 1.735 127.904
R 1.848 0.983 2.919 1.151 1.563 177.921
COS/ TBD /1-propanol | TS 1.428 1.090 1.889 1.169 1.625 149.075
P 1.023 2.695 1.360 1.219 1.741 126.735
R 1.814 0.985 2.899 1.151 1.564 177.760
COS/ TBD /1-butanol | TS 1.503 1.061 1.852 1.171 1.629 148.275
P 1.023 2.723 1.360 1.219 1.742 126.661
R 1.829 0.985 2.954 1.152 1.563 178.260
COS/ TBD /1-pentanol | TS 1.503 1.062 1.850 1.171 1.629 148.231
P 1.022 2.717 1.360 1.219 1.742 126.775
R 1.837 0.983 2.913 1.151 1.564 177.781
COS/ TBD /1-hexanol | TS 1.516 1.057 1.836 1.172 1.630 147.790
P 1.019 2.599 1.359 1.219 1.740 127.184

In the geometrical parameters, the above-mentioned changes to all of the systems that
were investigated herein proved that while the termolecular reactions were taking
place, the following also occurred: 1) the hydrogen atom was transferred from the
alcohol to the amine, 2) H31-O26 bond cleavage took place, 3) formation of a new

H31-N1 bond took place, and, since the COS had a strong interaction with the
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deprotonated alcohols (R — CH, — 07), 4) a new C25-026 covalent bond was
formed. Consequently, the amine-alcohol mixture captured the COS, which is clearly

depicted in Figures 4.2—4.25.

Some atoms experienced partial charges because they were located around the region
of the reaction, and this meant that they were exposed to significant changes. This
provided an opportunity to examine the electron transfer that occurs when a chemical
reaction takes place. Mulliken [86] and Hirshfeld [87] analyzed such changes, which
are mentioned in Table 4.2. Mulliken found that the charges were more negative in the
case of negatively-charged species, which confirmed the findings mentioned in the
literature. However, the Hirshfeld analysis was followed herein, as have some other
researchers [88]. Since there was an alcohol-anime H> (H31) transfer, and the
formation of a new C25-026 bond between deprotonated alcohol and the COS, the
negative charge distribution was observed to have changed significantly, which
specifically took place in the C25, 026, O27, and S28 atoms. Moreover, on the
Hirshfeld scheme, it could be observed that, on the O27 atom, an increase occurred in
the negative charge in the reactant, from —0.127, —0.148, —0.137 and —0.150 e to —
0.373,-0.379,-0.383 and —0.374 e in the product. On the other hand, the S28 negative
charge in the reactant was observed to have increased significantly, from —0.047, —
0.042,-0.046 e and —0.034 e to —0.522, —-0.576,—0.537 and —0.511 e in the product for
the COS/DBU/methanol system, the COS/DBN/methanol system, the
COS/BTMG/methanol system, and the COS/TBD/methanol system respectively.
Moreover, at the same time, the positive charge on the C25 atom was observed to have
reduced from the reactant to the product between 0.069 e (for the
COS/BTMG/methanol system: from 0.216 to 0.147) and 0.060 e (for the COS-DBN-
I-hexanol system: from 0.214 to 0.154 ¢) for all of the systems investigated, which
occurred as a result of to the newly-formed C25-026 bond. The charges on the C25,
027, and S28 atoms significantly changed because they had bond elongation between
the C25-S28 and C25-027 atoms. The C25-O27 elongation was observed from 1.152,
1.152, 1.152 and 1.151 A (in the reactants) to 1.220, 1.218, 1.219 and 1.216 A (in the
products). The elongation of the C25-S28 bond in the COS-DBU-methanol system,
the = COS/DBN/methanol  system, = COS/BTMG/methanol  system  and
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COS/TBD/methanol system ranged from 1.563, 1.562, 1.563 and 1.564 A, in the
reactants, to 1.723, 1.726, 1.726 and 1.731 A in the products.

In the COS/DBU/methanol system, the COS/DBN/methanol system, the
COS/BTMG/methanol system and the COS/TBD/methanol system on the O26 atom,
the negative charge diminished from —0.317¢, —0.307¢, —0.292¢ and —0.311¢ (in the
reactants) to —0.139¢, —0.133e, —0.125¢ and —0.13 1e (in the products). Considering all
of the systems, on the 026 atom, the negative charge reduced between 0.18e (—0.318e
to —0.138¢ for the COS-DBU-1-pentanol system) and 0.14e (—0.282¢ to —0.142e¢ for
COS-BTMG-1-propanol system), which originated because of the transfer of the H31
atom from the 026 atom of the alcohol group to the N1 atoms in the amine. On the
other hand, in the Mulliken population analysis, it was observed that a stronger
diminishment in the negative charge on the O26 atom, of approximately 0.4 e. In the
majority of the products, an observation was made that the O26 atom had a positive

charge, as can be seen in Table 4.2.
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Table 4.2. Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Mulliken charges

Atom
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.487 —0.091 —0.055 0.173 0.470 —0.405 —0.091 0.141 -—--
COS/DBU/methanol P —0.083 -0.314 —0.532 —0.263 0.418 —0.125 —0.111 0.147 -—--
R —0.428 —0.034 —0.033 0.127 0.418 —0.402 —0.205 0.149 -—--
COS/DBU/ethanol P —0.018 —0.288 —0.599 —0.302 0.434 —0.142 —0.153 0.146 —
R —0.406 —0.021 —0.061 0.1418 0.418 —0.381 —0.157 0.132 -—--
COS/DBU/1-propanol P 0.004 —0.271 —0.638 —0.224 0.454 —0.141 —0.246 0.156 —
R —0.363 —0.045 —0.001 0.210 0.429 —0.218 —0.323 0.191 -—--
COS/DBU/1-butanol P 0.034 -0.259 —0.677 —0.182 0.473 —0.142 —0.293 0.150 —
R —0.353 —0.035 —0.002 0.215 0.427 —0.215 —0.345 0.193 -—--
COS/DBU/1-pentanol P 0.049 —0.250 —0.657 —0.176 0.486 —0.128 —0.348 0.152 —
R —0.349 —0.021 —0.018 0.221 0.425 —0.203 —0.325 0.206 —
COS/DBU/1-hexanol P 0.057 —0.246 —0.672 —0.148 0.490 —0.124 —0.371 0.154 —
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.475 —0.106 0.008 0.080 0.416 —0.369 —0.154 0.168 —
COS/DBN/methanol P —0.108 —0.364 —0.561 —0.085 0.422 -0.209 0.080 0.148 —
R —0.414 —0.100 0.031 0.078 0.345 —0.366 —0.320 0.193 —
COS/DBN/ethanol P —0.003 —0.360 —0.480 —0.063 0.170 0.253 —0.823 0.232 —
R —0.368 —0.085 0.042 0.065 0.321 —0.326 —0.528 0.221 -—--
COS/DBN/1-propanol P 0.026 —0.356 —0.504 —0.063 0.174 0.247 —0.751 0.237 —
R —0.398 —0.065 —0.051 0.163 0.448 —0.302 —0.367 0.165 —
COS/DBN/1-butanol P 0.030 —0.357 —0.507 —0.065 0.181 0.242 —0.690 0.237 —
R —0.305 —0.100 —0.041 0.207 0.357 —0.254 —0.579 0.175 —
COS/DBN/1-pentanol P 0.042 —0.354 -0.510 —0.053 0.184 0.242 —0.681 0.241 -—--
R -0.277 —0.088 —0.021 0.191 0.301 —0.173 —0.759 0.245 —
COS/DBN/1-hexanol P 0.046 —0.351 —0.509 —0.047 0.182 0.254 -0.670 0.238 —
System 026 027 S28 C25 H31 N1 C6 N2 N3
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Table 4.2. (cont'd) Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Mulliken charges
Atom
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.425 —0.083 —0.017 0.126 0.336 —0.151 —1.295 —0.032 0.078
COS/BTMG/methanol P —0.086 —0.339 —0.512 —0.151 0.363 —0.062 —0.675 —0.049 0.091
R —0.379 —0.060 —0.066 0.168 0.399 —0.062 —-1.360 —0.017 0.096
COS/BTMG/ethanol P 0.013 -0.314 —0.403 —0.332 0.377 —0.171 —0.666 —0.027 0.090
R —0.351 —0.097 0.011 0.139 0.495 0.207 —-1.836 —0.030 0.243
COS/BTMG/1-propanol P 0.108 —0.338 —0.438 —0.149 0.203 0.516 —2.108 0.086 0.247
R —0.319 —0.036 —0.056 0.164 0.481 —0.053 —1.441 0.003 0.111
COS/BTMG/1-butanol P 0.038 —0.294 —0.507 —0.215 0.427 -0.117 —0.938 —0.036 0.167
R —0.318 —0.050 0.043 0.055 0.346 —0.134 -1.34 0.050 0.086
COS/BTMG/1-pentanol P 0.036 —0.289 —0.512 —0.213 0.440 —0.125 —0.937 —0.033 0.171
R -0.310 —0.043 0.036 0.057 0.343 -0.129 -1.342 0.047 0.098
COS/BTMG/1-hexanol P 0.037 —0.282 —0.511 —0.209 0.444 —0.120 -0.959 —0.028 0.177
System 026 027 S28 C25 H31 N1 C6 N2 N3
R -0.469 -0.081 0.082 -0.011 0.405 -0.363 -0.247 -0.227 0.036
COS/TBD/methanol P -0.150 -0.365 -0.499 -0.034 0.423 -0.229 0.066 0.008 -0.064
COS/TBD/ethanol R -0.409 -0.067 0.020 0.060 0.339 -0.444 -0.242 -0.096 0.018
P -0.101 -0.366 -0.472 -0.072 0.327 -0.091 -0.179 0.036 -0.009
COS/TBD/1-propanol R -0.303 -0.125 0.034 0.136 0.287 -0.268 -0.338 -0.205 0.112
P 0.116 -0.339 -0.503 -0.064 0.169 0.172 -0.413 -0.026 0.093
COS/TBD/1-butanol R -0.326 -0.109 0.007 0.171 0.354 -0.340 -0.424 -0.105 0.166
P 0.139 -0.324 -0.517 -0.054 0.176 0.193 -0.428 -0.030 0.090
COS/TBD/1-pentanol R -0.294 -0.077 -0.006 0.168 0.214 -0.307 -0.462 -0.129 0.198
P 0.143 -0.318 -0.515 -0.071 0.182 0.206 -0.447 -0.012 0.095
COS/TBD/1-hexanol R -0.303 -0.107 0.023 0.137 0.338 -0.265 -0.495 -0.118 0.200
P 0.143 -0.297 -0.421 -0.218 0.210 0.061 -0.276 0.076 0.114
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Table 4.2. (cont'd) Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Hirshfeld Charges

Atom
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.317 —0.127 —0.047 0.217 0.097 —0.223 0.127 —0.087 —
COS/DBU/methanol P -0.139 —0.373 —0.522 0.150 0.117 -0.079 0.184 —0.042 -—--
R -0.311 -0.127 —0.047 0.217 0.096 —0.222 0.127 —0.087 —
COS/DBU/ethanol P —0.140 —0.360 —0.522 0.153 0.115 —0.080 0.183 —0.043 —
R —0.310 —0.126 —0.046 0.218 0.097 —0.224 0.128 —0.087 —
COS/DBU/1-propanol P —0.140 —0.358 -0.519 0.154 0.116 —0.080 0.183 —0.043 —
R —0.319 —0.132 —0.024 0.220 0.097 —0.225 0.127 —0.087 —
COS/DBU/1-butanol P —0.140 -0.359 —0.520 0.153 0.115 —0.080 0.183 —0.043 —
R —0.318 —0.131 —0.024 0.220 0.098 —0.225 0.127 —0.087 —
COS/DBU/1- pentanol P —0.138 -0.359 -0.517 0.154 0.113 —0.080 0.183 —0.043 —
R -0.317 —0.132 —0.024 0.220 0.099 —0.225 0.127 —0.087 —
COS/DBU/1-hexanol P -0.139 —0.358 -0.514 0.154 0.113 —0.080 0.183 —0.044 —
System 026 027 S28 C25 H31 N1 C6 N2 N3
R -0.307 —0.148 —0.042 0.215 0.098 —0.245 0.120 —0.081 —
COS/DBN/methanol P —0.133 -0.379 —0.576 0.148 0.109 -0.079 0.180 —0.042 —
R —0.299 —0.149 —0.043 0.215 0.100 —0.244 0.121 —0.082 —
COS/DBN/ethanol P —0.143 —0.381 —0.508 0.154 0.094 —0.092 0.179 —0.040 —
R -0.297 —0.150 —0.043 0.215 0.101 —0.244 0.121 —0.082 —
COS/DBN/1- propanol P —0.142 —0.381 —0.507 0.154 0.094 —0.092 0.180 —0.040 —
R —0.315 —0.133 —0.049 0.218 0.098 —0.228 0.122 —0.085 —
COS/DBN/1-butanol P —0.141 —0.382 —0.508 0.153 0.094 —0.091 0.180 —0.040 —
R —0.294 —0.147 —0.064 0.214 0.106 —0.260 0.124 -0.079 —
COS/DBN/1- pentanol P —0.141 —0.381 -0.507 0.153 0.094 —0.091 0.180 —0.041 —
R —0.296 —0.146 —0.066 0.214 0.108 —0.253 0.124 -0.079 —
COS/DBN/1-hexanol P —0.141 —0.380 —0.505 0.154 0.094 —0.091 0.180 —0.041 —
System 026 027 S28 C25 H31 N1 C6 N2 N3
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analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Table 4.2. (cont'd) Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

Hirshfeld Charges
Atom
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.292 -0.137 —0.046 0.216 0.104 —0.221 0.165 —0.095 —0.088
COS/BTMG/methanol P —-0.125 —0.383 —0.537 0.147 0.098 —0.100 0.208 —0.063 —0.055
R —0.287 —0.134 —0.045 0.217 0.104 —0.221 0.165 —0.095 —0.088
COS/BTMG/ethanol P —0.140 —0.373 —0.537 0.149 0.096 —0.102 0.207 —0.062 —0.054
R —0.282 —0.153 —0.051 0.213 0.106 —0.213 0.169 —0.095 —0.092
COS/BTMG/1-propanol P —0.142 —0.384 —0.503 0.152 0.089 —0.099 0.209 —0.063 —0.054
R —0.288 -0.131 —0.041 0.217 0.044 —0.220 0.166 —0.095 —0.087
COS/BTMG/1-butanol P —0.123 -0.372 —0.540 0.150 0.096 —0.099 0.208 —0.063 —0.056
R —-0.290 —0.140 —0.048 0.217 0.100 —0.212 0.166 —0.095 —0.088
COS/BTMG/1-pentanol P —0.123 -0.372 —0.538 0.150 0.096 —0.100 0.208 —0.063 —0.055
R —0.289 —0.140 —0.047 0.217 0.100 -0.211 0.166 —0.096 —0.089
COS/BTMG/1-hexanol P —0.124 —0.370 —0.532 0.150 0.097 —0.100 0.208 —0.063 —0.055
System 026 027 S28 C25 H31 N1 C6 N2 N3
COS/TBD/methanol R -0.311 -0.150 -0.034 0.220 0.099 -0.246 0.157 -0.152 -0.101
P -0.131 -0.374 -0.511 0.152 0.102 -0.109 0.208 -0.116 -0.067
COS/TBD/ethanol R -0.300 -0.146 -0.037 0.214 0.101 -0.265 0.154 -0.149 -0.101
P -0.132 -0.377 -0.522 0.152 0.108 -0.109 0.209 -0.109 -0.066
COS/TBD/1-propanol R -0.294 -0.159 -0.056 0.214 0.102 -0.265 0.164 -0.139 -0.098
P -0.154 -0.377 -0.499 0.154 0.092 -0.111 0.208 -0.104 -0.063
COS/TBD/1-butanol R -0.298 -0.155 -0.059 0.214 0.100 -0.259 0.167 -0.136 -0.092
P -0.153 -0.376 -0.497 0.155 0.093 -0.112 0.208 -0.105 -0.064
COS/TBD/1-pentanol R -0.301 -0.153 -0.064 0.213 0.099 -0.258 0.167 -0.135 -0.091
P -0.153 -0.375 -0.496 0.155 0.095 -0.111 0.208 -0.105 -0.064
COS/TBD/1-hexanol R -0.295 -0.157 -0.058 0.214 0.101 -0.262 0.167 -0.139 -0.089
P -0.159 -0.369 -0.516 0.153 0.104 -0.101 0.211 -0.101 -0.066
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Table 4.2. (cont'd) Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Natural Population Analysis Charges

Atom
System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.823 —0.468 -0.012 0.475 0.504 —0.673 0.533 -0.521 -——-
COS/DBU/methanol P —0.632 -0.712 —0.578 0.615 0.450 —0.577 0.614 —0.447 -
R —0.835 —0.466 -0.014 0.478 0.507 -0.671 0.533 —0.520 -——-
COS/DBU/ethanol P —0.645 —0.715 -0.574 0.616 0.451 -0.579 0.614 —0.448 -
R —0.829 —0.466 -0.012 0.478 0.506 -0.671 0.534 —0.520 -——-
COS/DBU/1-propanol P —0.643 —0.713 -0.572 0.616 0.451 —0.578 0.614 —0.448 -
R —0.820 —0.461 0.012 0.454 0.504 —0.669 0.529 —0.522 -——-
COS/DBU/1-butanol P —0.643 -0.712 -0.572 0.616 0.452 -0.579 0.614 —0.448 -
R -0.819 —0.461 0.012 0.455 0.504 —0.668 0.529 —0.522 -——-
COS/DBU/1- pentanol P —0.643 —0.711 -0.571 0.616 0.453 —0.580 0.614 —0.449 -
R -0.817 —0.462 0.013 0.455 0.504 —0.667 0.529 —0.523 -——-
COS/DBU/1-hexanol P —0.644 —0.710 —0.569 0.615 0.453 —0.580 0.614 —0.449 -
System 026 027 S28 C25 H31 N1 Co6 N2 N3
R —0.818 —0.462 —0.007 0.466 0.500 —0.675 0.529 —0.507 -
COS/DBN/methanol P —0.632 —0.706 —0.594 0.622 0.459 —0.580 0.602 —0.435 -
R —0.825 —0.461 —0.010 0.470 0.499 —0.678 0.530 —0.508 -
COS/DBN/ethanol P —0.623 —0.709 —0.579 0.640 0.446 —0.608 0.620 —0.445 -
R —0.822 —0.461 -0.011 0.471 0.500 —0.678 0.530 —0.508 -
COS/DBN/1- propanol P —0.620 —0.708 —0.577 0.641 0.446 —0.608 0.620 —0.444 -—--
R —0.827 —0.462 —0.013 0.472 0.502 —0.675 0.529 —0.507 -——-
COS/DBN/1-butanol P —0.619 —0.708 —0.578 0.643 0.446 —0.608 0.620 —0.444 -—--
R —0.811 —0.464 —0.004 0.466 0.496 —0.676 0.524 -0.514 -——-
COS/DBN/1- pentanol P —0.620 —0.707 —0.578 0.642 0.446 —0.608 0.620 —0.445 -
R —0.807 —0.463 —0.005 0.466 0.496 —0.671 0.521 -0.519 -——-
COS/DBN/1-hexanol P —0.620 —0.706 —0.575 0.642 0.447 —0.608 0.620 —0.445 -
System 026 027 S28 C25 H31 N1 C6 N2 N3




43

analysis. The numbering scheme for these atoms is given in Figures 4.2—4.25).

Table 4.2. (cont'd) Partial charges, in e, of the atoms that were in the reaction region, which were obtained via the Mulliken and Hirshfeld population

Natural Population Analysis Charges

Atom

System 026 027 S28 C25 H31 N1 C6 N2 N3
R —0.826 —0.461 -0.014 0.477 0.510 -0.716 0.720 —0.562 -0.519
COS/BTMG/methanol P —0.626 —0.710 —0.590 0.625 0.448 -0.671 0.786 —0.499 —0.461
R —0.838 —0.464 -0.010 0.476 0.514 -0.716 0.721 —0.562 -0.519
COS/BTMG/ethanol P —0.637 -0.712 —0.585 0.619 0.450 —0.678 0.783 —0.495 —0.459
R —0.829 —0.462 —0.013 0.473 0.507 —0.699 0.713 —0.560 —0.528
COS/BTMG/1-propanol P —0.622 -0.712 —0.581 0.638 0.455 —0.698 0.776 —0.499 —0.466
R —0.836 —0.463 —0.005 0.472 0.515 -0.716 0.721 —0.562 -0.519
COS/BTMG/1-butanol P —0.641 —0.708 —0.585 0.628 0.452 —0.668 0.787 —0.498 —0.468
R —0.839 —0.465 —0.013 0.481 0.514 —0.703 0.721 —0.562 —0.525
COS/BTMG/1-pentanol P —0.642 —0.708 —0.585 0.628 0.452 —0.670 0.787 —0.498 —0.466
R —0.838 —0.465 —0.013 0.480 0.514 —0.700 0.720 —0.563 —0.526
COS/BTMG/1-hexanol P —0.642 —0.707 —0.582 0.627 0.453 -0.671 0.789 —0.499 —0.466

System 026 027 S28 C25 H31 N1 Co6 N2 N3
COS/TBD/methanol R -0.827 -0.448 -0.020 0.474 0.501 -0.721 0.690 -0.676 -0.539
P -0.625 -0.699 -0.568 0.635 0.446 -0.632 0.740 -0.656 -0.484
COS/TBD/ethanol R -0.825 -0.462 -0.007 0.472 0.497 -0.721 0.689 -0.672 -0.539
P -0.635 -0.703 -0.581 0.641 0.446 -0.632 0.740 -0.648 -0.485
COS/TBD/1-propanol R -0.820 -0.459 -0.023 0.479 0.499 -0.719 0.684 -0.658 -0.535
P -0.610 -0.705 -0.583 0.638 0.440 -0.645 0.745 -0.628 -0.488
COS/TBD/1-butanol R -0.822 -0.459 -0.023 0.478 0.500 -0.715 0.687 -0.66 -0.537
P -0.610 -0.705 -0.585 0.640 0.440 -0.645 0.746 -0.629 -0.489
COS/TBD/1-pentanol R -0.826 -0.458 -0.014 0.469 0.500 -0.714 0.687 -0.662 -0.535
P -0.610 -0.704 -0.584 0.639 0.440 -0.643 0.746 -0.631 -0.489
COS/TBD/1-hexanol R -0.820 -0.458 -0.025 0.479 0.499 -0.714 0.685 -0.664 -0.533
P -0.611 -0.705 -0.588 0.630 0.442 -0.629 0.741 -0.639 -0.489




Mulliken and Hirshfeld conducted population analyses, which are given in Table 4.3. The
Mulliken charge for the negatively charged species was excessively negative. Additionally,
the positive species were excessively positive when compared to the Hirshfeld charges, which
are also given in Table 4.3. The COS/DBU/1-pentanol, COS/DBU/I-hexanol, and
COS/DBU/1-butanol systems were perhaps the most interesting examples, because their
fragments charged above +1. The Hirshfeld scheme showed a systematic reduction in the
negative as well as positive charges using the linear alcohols for the COS/DBU/1-pentanol
system, the COS/DBU/1-hexanol system, and COS/DBU/I-butanol system. The
COS/BTMG/ethanol system was the only exception, which showed that the fragment charges
slightly increased when compared to the COS/BTMG/methanol system, no trend was
observed in the Mulliken scheme for the systematic analysis. The structures of the product of
the COS/DBU/methanol system, the COS/DBN/methanol system, the COS/BTMG/methanol
system and the COS/TBD/methanol system resulted in fragments that consisted of: DBU —
H*, DBN — H*, BTMG — H*, TBD — H* They had 0.757e, 0.810e, 0.773¢ and 0.730e
Hirshfeld partial charges and CH; — O — COS™ fragments for the systems, which had —
0.757e, —0.810e, —0.773¢e and — 0.730e partial charges. The COS/TBD/methanol systems (—
0.730, 0.730e) exhibited the lowest Hirshfeld fragment charges, while the highest fragment
charges were seen with the COS/DBN/methanol system, at —0.810 and 0.810 e. The mixture
of these 4 amines with the studied linear alcohols brought about the same amine — H* and
R — 0 — COS™ trend as the fragment charge distribution. Table 4.3 shows the findings that
the products of the Zwitterionic complex were formed as a result of the single-step reaction

and Eq. (2.8) suggests the mechanism, which was given above in the COS reaction process.

Table 4.3. Charges, in e, that were on the product fragments, which were obtained via the
Mulliken and Hirshfeld analyses, which comprised amine—H+ and R—O—COS—.

Fragment
System DBU — H* CH; —0—C0S~
Mulliken 0.949 -0.949
COS/DBU/methanol Hirshfeld 0.757 —0.757
NPA 0.966 —0.966
DBU — H* CH; —0—C0S~
Mulliken 0.983 —0.983
COS/DBU/ethanol Hirshfeld 0.746 —0.746
NPA 0.963 —0.963
DBU — H* CH; —0—C0S~
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Table 4.3. (cont'd) Charges, in e, that were on the product fragments, which were obtained
via the Mulliken and Hirshfeld analyses, which comprised amine—H+ and

R—-O—COS-.
Fragment

System DBU — H* CH; —0—C0S~
Mulliken 0.997 —0.997
COS/DBU/1-propanol Hirshfeld 0.746 —0.746
NPA 0.964 —0.964

DBU — H* CH; —0—-C0S™
Mulliken 1.001 —1.001
COS/DBU/1-butanol Hirshfeld 0.746 —0.746
NPA 0.963 —0.963

DBU — H* CH; —0-C0S™
Mulliken 1.009 —1.009
COS/DBU/1-pentanol Hirshfeld 0.742 —0.742
NPA 0.962 —0.962

DBU — H* CH; —0—COS~
Mulliken 1.014 —1.014
COS/DBU/1-hexanol Hirshfeld 0.739 -0.739
NPA 0.961 -0.961

DBN — H* CH; —0—COS~
Mulliken 0.878 —0.878
COS/DBN/methanol Hirshfeld 0.810 —-0.810
NPA 0.965 —0.965

DBN — H* CH; —0—COS~
Mulliken 0.770 —-0.770
COS/DBN/ethanol Hirshfeld 0.757 —0.757
NPA 0.920 -0.920

DBN — H* CH; —0—COS~
Mulliken 0.823 —0.823
COS/DBN/1-propanol Hirshfeld 0.755 —0.755
NPA 0.920 -0.920

DBN — H* CH; —0—CO0S~
Mulliken 0.847 —0.847
COS/DBN/1-butanol Hirshfeld 0.752 —0.752
NPA 0.921 —0.921

DBN — H* CH; —0—CO0S~
Mulliken 0.864 —0.864
COS/DBN/1-pentanol Hirshfeld 0.751 —-0.751
NPA 0.879 -0.879

DBN — H* CH; —0—CO0S~
Mulliken 0.865 —0.865
COS/DBN/1-hexanol Hirshfeld 0.748 —0.748
NPA 0.918 -0.918

BTMG — H* CH; —0—-C0S™
Mulliken 0.863 —0.863
COS/BTMG/methanol Hirshfeld 0.773 —0.773
NPA 0.957 —0.957

BTMG — H* CH; —0—-C0S™
Mulliken 0.891 —0.891
COS/BTMG/ethanol Hirshfeld 0.783 —0.783
NPA 0.959 —0.959

BTMG — H* CH; —0—-C0S™
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Table 4.3. (cont'd) Charges, in e, that were on the product fragments, which were obtained
via the Mulliken and Hirshfeld analyses, which comprised amine—H+ and

R-O-COS—.
Fragment
System DBU — H* CH; —0—C0S~
Mulliken 0.745 —0.745
COS/BTMG/1-propanol Hirshfeld 0.770 -0.770
NPA 0.926 -0.926
BTMG — H* CH; —0—-C0S~
Mulliken 0.887 —0.887
COS/BTMG/1-butanol Hirshfeld 0.766 —0.766
NPA 0.954 —0.954
BTMG — H* CH; —0—-C0S~
Mulliken 0.900 —0.900
COS/BTMG/1-pentanol Hirshfeld 0.766 —0.766
NPA 0.954 -0.954
BTMG — H” CH; —0—-C0S~
Mulliken 0.906 —0.906
COS/BTMG/1-hexanol Hirshfeld 0.760 —0.760
NPA 0.952 -0.952
TBD —H* CH; —0—-C0S~
COS/TBD/methanol Mulliken 0.841 —0.841
Hirshfeld 0.730 —0.730
NPA 0.910 -0.910
TBD — H* CH; —0—-C0S~
COS/TBD/ethanol Mulliken 0.825 —0.825
Hirshfeld 0.749 —0.749
NPA 0.920 -0.920
TBD —H* CH; —0—-C0S~
COS/TBD/1-propanol Mulliken 0.711 -0.711
Hirshfeld 0.763 —0.763
NPA 0.923 -0.923
TBD —H* CH; —0—-C0S~
COS/TBD/1-butanol Mulliken 0.696 —0.696
Hirshfeld 0.751 —-0.751
NPA 0.920 -0.920
TBD —H* CH; —0—-C0S~
COS/TBD/1-pentanol Mulliken 0.733 -0.733
Hirshfeld 0.750 —0.750
NPA 0.920 -0.920
TBD — H* CH; —0—-C0S~
COS/TBD/1-hexanol Mulliken 0.813 —0.813
Hirshfeld 0.777 -0.777
NPA 0.935 —0.935

It is worth mentioning that, generally, chemical reactions exhibit aspects that are both
thermodynamic and kinetic; hence, the thermodynamics and kinetics were also
analyzed to investigate the reactionary energetics, in addition to analyzing the
structures and population. The standard Gibbs free reactionary energy (AG,,,),

reaction rate constant (k) and free activation energy (A*G") values are given in Table
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4.4. Eyring [89] presented a postulate to calculate reaction rate constants. In Table 4.4,
the AG,,,, values were an indication that all of these COS capturing reactions that were
investigated herein had an exergonic nature, which means that all of these reactions
were thermodynamically feasible and spontaneous. Here, the AG,,, values kept
changing between —8.57 kcal/mol, in the COS/DBU/1-hexanol system, and —18.87, in
the COS/TBD/1-propanol system. The next lowest after the COS/TBD/1-propanol
system was the COS/BTMG/methanol system, with a AG,.,, value of —18.12 kcal/mol.
Among all of the systems that were investigated, the COS/BTM/methanol system was
determined to have the activation energy value that was the lowest, which was 8.49
kcal/mol, when an investigation of the reaction barriers was conducted via calculation
of the standard Gibbs free-energy activation values. Because the activation energy had
an influence on the reaction rate constant, and so the activation energy value of the
COS/BTMG/methanol system, which was low, and is shown in Figure 4.3., thus
brought about the highest reaction rate constant value, which was 37.34 x 10° s™'. The
COS/TBD/1-propanol system exhibited the 2nd-best performance with regard to the
COS absorption, which can be seen in Figure 4.4. It can be observed that the A*G"
value was 8.71 kcal/mol, while the k value was 25.39 x 10° s!. Activation energy
yields of below 10 kcal/mol were also obtained with the other systems, such as the
COS/DBU/methanol system, with a value of 9.23 kcal/mol, as shown in Figure 4.5.
and COS/BTMG/1-pentanol system, with a value of 9.07 kcal/mol, as shown in Figure
4.6. The rate constants for these were determined to be 14.02 x 10°s™! and 10.57 x 10°
s7!, respectively. Rather than using BTMG or DBU as a base, when DBN and TBD
was used, the same reactionary performance was achieved for all of the
COS/DBN/alcohols and COS/TBD/alcohols. The activation energy and rate constant
were observed to fluctuate for the both systems. Such as, (10.61 kcal/mol and 1.032 x
10° s7!) and (10.13 kcal/mol and 2.329 x 10° s7!) for COS/DBN/1-propanol and
COS/TBD/methanol system, respectively, while for the COS/DBN/1-butanol and
COS/TBD/1-hexanol systems these values were (11.64 kcal/mol and 0.181 x 10° s71)
and (12.49 kcal/mol and 0.043 x 10° s7!) respectively. In fact, the COS capturing
performance using the COS/DBN/alcohol and COS/TBD/alcohol processes, Figures
(4.8-4.13), (4.20-4.25) was generally an intermediate-level performance.
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The mixture of BTMG and 1-propanol should be avoided while capturing COS

because it exhibited the reaction rate constant that was the lowest, at 0.829 x 103 s,

and the reaction barrier that was the highest, at13.47 kcal/mol.

Table 4.4. Tabulation of the kinetic and thermodynamic properties of the systems used

to capture the COS.
Thermodynami System
c& COS/DBU/methano | COS/DBN/methano | COS/BTMG/methano | COS/TBD/methano
kinetic | 1 1 1
properties
AG, s -12.61 -12.74 -18.17 -16.28
(kcal/mol)
A*G° 9.23 10.71 8.49 10.13
(kcal/mol)
k(s1) 10.57 x 10° 0.876 x 105 37.34 x 10° 2.33x10°
COS/DBU/ethanol COS/DBN/ethanol COS/BTMG/ethanol COS/TBD/ethanol
AG, s —-13.05 —-13.99 —-16.50 -17.45
(kcal/mol)
A*G° 8.83 11.24 10.97 11.12
(kcal/mol)
k(s1) 21.07 x 103 0.359 x 10° 0.568 x 10° 0.44x10°
COS/DBU/1- COS/DBN/1- COS/BTMG/1- COS/TBD/1-
propanol propanol propanol propanol
AG, s -10.93 —-15.01 —-18.12 -18.87
(kcal/mol)
A*G° 10.06 10.61 13.47 8.71
(kcal/mol)
k(s1) 2.635 x 103 1.032 x 10° 0.829 x 103 25.39x10°
COS/DBU/1- COS/DBN/1- COS/BTMG/1- COS/TBD/1-
butanol butanol butanol butanol
AG, s -10.16 —-13.16 -16.23 -16.69
(kcal/mol)
A% G® 11.68 11.64 10.37 11.90
(kcal/mol)
k(s1) 0.171 x 103 0.181 x 105 1.555 x 10° 0.117x10%
COS/DBU/1- COS/DBN/1- COS/BTMG/1- COS/TBD/1-
pentanol pentanol pentanol pentanol
AG, -9.40 —-13.66 -14.49 -16.55
(kcal/mol)
A% G® 12.54 10.97 9.07 11.88
(kcal/mol)
k(s1) 0.040 x 103 0.560 x 103 14.02 x 10° 0.121x10%
COS/DBU/1- COS/DBN/1- COS/BTMG/1- COS/TBD/1-
hexanol hexanol hexanol hexanol
AG, -8.57 -13.87 -14.11 -16.12
(kcal/mol)
A% G® 12.69 10.62 10.48 12.49
(kcal/mol)
k(s1) 0.031 x 103 1.013 x 10° 1.293 x 103 0.043x10°

For various organic liquids, when the reaction barriers to COS capture were compared

to the findings available in the literature, it can be claimed that the findings presented

in the research herein are promising. First, Hinderaker and Sandall [4], and later,
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Amararene and Bouallou [3], conducted experiments to investigate COS capturing
through the application of aqueous diethanol amine solution, which showed reaction
barriers of around 12.5 and 11.5 kcal/mol, respectively. Cabago et al. determined
barrier heights between 15.1 to 27.3 kcal/mol for a reaction in which COS and
imidazole-2-ylidene carbene species were used at the B3LYP/6-31+(d,p):MQZVP(S)
theoretical level [90]. The stopped-flow technique was used by Alper et al., from 278
K to 298 K, using monoethanolamine, diethanolamine, diglycolamine, 2-amino-2-
methyl-1-propanol, = morpholine, and  2-(methylamino)ethanol, and di-
isopropanolamine in their research study of COS reaction kinetics in the solutions,
such as propylene glycol, ethylene glycol, isopropanol, and methanol. The activation
energies were in the range of 11.1-19.7 kcal/mol [46]. According to our knowledge,
in a recently conducted computational study related to COS capture using ionic liquids,
the barriers with the lowest values were determined to be in 1-ethyl-3-
methylimidazolium acetate (7.4 kcal/mol) at a B3LYP/6-31+(d,p):MQZVP(S)
theoretical level [6]. In the current research study conducted herein, all of the reaction
barrier values were determined to be less than or nearly equal to both the theoretical
and the experimental values that have been previously reported in the literature for the
different organic liquids. The results showed that most amine alcohol mixtures, which

were investigated in this study, can be used for capturing COS.

In summary, the theoretical findings determined within the context of this research
proved that as a guanidine base, such as BTMG when mixed with the methanol and
TBD when mixed with the 1-propanol, exhibited the kinetically fastest reactions.
Hence, this means that they were thermodynamically the most viable options for use
in the capture of COS. Furthermore, when an amidine base, such as DBN or DBU, was
utilized after having been mixed with a linear alcohol, comprising the methanol to 1-
hexanol, DBU/methanol, or DBU/ethanol, and DBN/I-propanol mixture, it was
observed that the systems effectively captured COS.
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Figure 4.2. R (top), TS (middle), and P (bottom) structures of the COS/DBU/methanol
system.
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Figure 4.3. R (top), TS (middle), and P (bottom) structures of the COS/DBU/ethanol
system.

60



Figure 4.4. R (top), TS (middle), and P (bottom) structures of the COS/DBU/1-
propanol system.
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Figure 4.5. R (top), TS (middle), and P (bottom) structures of the COS/DBU/1-butanol
system.
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Figure 4.6. R (top), TS (middle), and P (bottom) structures of the COS/DBU/1-
pentanol system.
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Figure 4.7. R (top), TS (middle), and P (bottom) structures of the COS/DBU/1-hexanol
system.
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Figure 4.8. R (top), TS (middle), and P (bottom) structures of the COS/DBN/methanol
system.
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Figure 4.9. R (top), TS (middle), and P (bottom) structures of the COS/DBN/ethanol
system.
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Figure 4.10. R (top), TS (middle) and P (bottom) structures of the COS/DBN/1-
propanol system.
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Figure 4.11. R (top), TS (middle) and P (bottom) structures of the COS/DBN/1-butanol
system.
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Figure 4.12. R (top), TS (middle), and P (bottom) structures of the COS/DBN/1-
pentanol system.
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Figure 4.13. R (top), TS (middle), and P (bottom) structures of the COS/DBN/1-
hexanol system.

70



Figure 4.14. R (top), TS (middle), and P (bottom) structures of the
COS/BTMG/methanol system.
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Figure 4.15. R (top), TS (middle), and P (bottom) structures of the
COS/BTMG/ethanol system.
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Figure 4.16. R (top), TS (middle), and P (bottom) structures of the COS/BTMG/1-
propanol system.
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Figure 4.17. R (top), TS (middle), and P (bottom) structures of the COS/BTMG/1-
butanol system.



Figure 4.18. R (top), TS (middle), and P (bottom) structures of the COS/BTMG/1-
pentanol system.
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Figure 4.19. R (top), TS (middle), and P (bottom) structures of the COS/BTMG/1-
hexanol system.
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Figure 4.20. R (top), TS (middle), and P (bottom) structures of the COS/TBD/methanol
system.
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Figure 4.21. R (top), TS (middle), and P (bottom) structures of the COS/TBD/ethanol
system.
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Figure 4.22. R (top), TS (middle), and P (bottom) structures of the COS/TBD/1-
propanol system.
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Figure 4.23. R (top), TS (middle), and P (bottom) structures of the COS/TBD/1-
butanol system.
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Figure 4.24. R (top), TS (middle), and P (bottom) structures of the COS/TBD/1-
pentanol system.

81



Figure 4.25. R (top), TS (middle), and P (bottom) structures of the COS/TBD/1-
hexanol system.
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CHAPTER 5

CONCLUSIONS

Quantum chemical calculations were performed to investigate the potential uses of
twenty-four organic liquid mixture systems consist of guanidine, such as BTMG and
TBD or amidine, such as DBU and DBN, bases and the linear alcohols, which included
methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol and 1-hexanol in the capture of

COS.

These above-mentioned ®B97X-D3/6-311++G(d,p) calculations included the
polarizable continuum model, which proved that the single-step termolecular reaction
mechanism that was proposed herein was thermodynamically feasible. In fact, findings
of this study also proved both the theoretical and experimental findings, which were
obtained for capturing CO> with similar organic liquid mixtures mentioned in previous
studies [53-55], and were also congruent with the results, i.e., B3LYP/6-31G(d), that
were previously reported by Wang et al., in a theoretical study that they conducted in

order to investigate the CO>/DBU/1-propanol system [85].

Based on the findings that were obtained in the research conducted herein, the
BTMG/methanol exhibited the reaction barrier that was the lowest. This meant that
the organic liquid mixture that had the highest reaction rate constant is the best and the
most suitable one among the twenty-four organic mixture systems for the capture of
COS investigated here. After this system, the TBD/I-propanol system is the second
most appropriate choice according to the theoretical findings obtained. Both ethanol
and methanol showed better kinetic and thermodynamic results when DBU was used
as the amidine. Moreover, 1-propanol was the most appropriate alcohol option with

DBN.

83



RECOMMENDATIONS

In many ways, these investigations might be continued. Some suggestions for future

study work are provided below.

e Modeling different systems of amines.

e Integrate the models with commercial simulation tools such as ASPEN PLUS,
ASPEN HYSYS and simulate the acid gas process.

e Itis extremely necessary to measure the physical characteristics of the loaded amine
alcohol solutions within the temperature range of industrial applications. Few
investigations on the physical properties of solvents used to remove acid gas from

the process of amine-based acid.
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APPENDICES

Appendix A: Thermochemistry Calculations

Free Energy of the Reaction:

The free energies of the reactions can be determined by the deduction of the sum of
the free energies of the reactants from the sum of the free energies of the products.

The free energies can be calculated for each chemical species within the model based
on the frequencies of the resulting optimized species. This is derived from the
thermochemical portion of the outputs.

AGOrxn = [AG(products)] - [AG(reactants)]

Free Energy of Activation:

The free energies of the activation (A7G®) are determined from the difference in the
free energies of the reactants and the transition state. The free energies can be measured
from the frequency calculations of the optimized individual chemical species, as well
as the TS. All of the computations are performed using the same algorithm mentioned
above.

A?G® = [AGqtransition state)] — [AGireactants)]

Using the value of the free energy of the activation in the Eyring equation, the rates
for the reaction from the ground state to the activated state can be easily determined.
This allows for the measurement of the concentration of the products formed by the
reaction in the reaction rate constants.

Activation Energy:

The activation energies are determined by deduction of the free electronic energies of
the individual reactants, and the electronic energies of the transition state.

AE” = [AE(transition state)] - [AE(reactants)]

94



