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Abstract

Natural gas plays a pivotal role in the global transition toward cleaner energy alternatives;
however, the sustainable utilization of unconventional and contaminated reserves remains
restricted by the presence of hazardous sulfur species. While conventional gas sweetening
processes effectively reduce hydrogen sulfide (H2S) levels, meeting stringent modern
environmental regulations requires the comprehensive elimination of trace, less-reactive
organosulfur contaminants, particularly carbonyl sulfide (COS). (COS) poses severe threats due
to its high toxicity, pipeline corrosion potential, and tendency to poison industrial catalysts. To
address the limitations of traditional alkanolamine absorption, Carbonyl Sulfide-Binding Organic
Liquids (COS-BOLs) comprised of sterically hindered organic bases and linear alcohol co-solvents
have emerged as highly tunable, efficient alternatives. Nevertheless, the precise molecular-level
mechanisms and termolecular reaction kinetics governing these systems remain poorly
understood. In this study, rigorous quantum mechanical calculations and electron correlation
methods, including Density Functional Theory (DFT), were deployed to systematically investigate
the efficiency of (COS) immobilization by organic solvent mixtures. Specifically, the
termolecular, single-step reaction pathways between (COS) and key amidine or guanidine organic
bases including 1,8-diazabicycloundec-7-ene (DBU), 1,5-diazabicyclonon-5-ene (DBN), 2-tert-
butyl-1,1,3,3-tetramethylguanidine (BTMG), and 1,5,7-triazabicyclodec-5-ene (TBD) were
mapped in the presence of various linear alcohols. By elucidating the dominant base effects and
synergistic alcohol co-solvent behaviors through high-level electronic structure configurations,
this work delivers crucial molecular insights necessary for the rational design and optimization of
high-performance organic solvents for effective (COS) mitigation.
Keywords: Carbonyl Sulfide (COS) Capture; (COS-BOLs); Density Functional Theory (DFT);
Termolecular Kinetics; Electron Correlation; Gas Sweetening.

Laildll
il P ol @l pap sdillas JSY) A8l il s el Jsaill A T san 150 ordall ) Gy
g Al Jlall Adas il o Gam g 3 plaall Cy SIS 5e 35 52 Taie iy A5 shall 5 Al e iplalia
Alalall A1) Y ket A jlall g paald) Al w3 5l 4055 8 ¢ (HaS) Om soned) Ak S Gl siese (s (8 dllady
Lasen Tangd o S iy € IS0 (COS). s SN iy 1S Lo W 5 e s JBY) 5 2 Y1 & guinall <y oSl il glal

1215


mailto:nizar.r@scst.edu.ly

UNVEILING THE EFFICIENCY OF CARBONYL SULFIDE CAPTURE BY ORGANIC SOLVENTS: AN
ELECTRON CORRELATION STUDY

s Aallaaly Apeliall 3l arend ) aley ccanbl) Jagha 8 JSEI Cilaa) e 43,08 dgilall adpand 1 ks
4 5Sall - (COS-BOLs) Jaiso Sl gy yiSldday) Il 4y gacanll Jal gl o jeds ecilina gilSIVL dpadiil) aliaieV) Cillee
LIV 8 @lld aay BelaSll g Janall dlle Jak - Apladl) Y a S (e Al e 5 Le | 8 Alae 4y gaiac a0 8 (he
S S R ggde e 135 Y Al o3a oS3 Sl il el A Al ) S Al s a5 sl e ddl
¢ (DFT Al Alal) 4y ylas @l b Lay ol 5 IV Jali 51 (3 sk s a sl oS 151800 il Gk 3 cdasl 5l 03a
Jeliill ¢l jlse an y a3 ddapaat s 4 sl Clpdall il glie ddassl 50 i ga S 2y 5 Sladial 3US) agiall ¢ laiiiudl]
168 Jadii - cpadl a5l (w0 Aty Ay gume 20l sy s S Al S (il jall 4y 8 shaall Akl
-tert-butyl-1,1,3,3-2 s ¢«-diazabicyclonon-5-ene (DBN)1¢5 s <¢diazabicycloundec-7-ene (DBU)
Adide e @Y aS 3 a5 & —friazabicyclodec-5-ene (TBD) 1¢5¢7 s <tetramethylguanidine (BTMG)
A g IV i) iy S5 e o ) S Ll lasball S by Bageall o) ) 55 a5 JNS e
aall oY1 Alle 3 pmall Cilastall (i s M) asansill A 5 5 juin s Feanla At S (55 Janll 138 4y €5 sinnal) Alle
580 35 S sl (pa Ol

AU Al 25k ¢ (COS-BOLsYida )l & pmall Jilsad) ¢ (COS)diise oS 4y »S laial; dpalidal) cilalst)
Ol Aalas el o I dals ) ¢l Hall 256 4K al) ¢(DFT)

I. ANINTRODUCTION

In recent decades, natural gas has emerged as a cornerstone of the global energy matrix,
driving the transition toward cleaner energy alternatives by progressively replacing coal and fuel
oil. However, the sustainable exploitation of natural gas, particularly from highly contaminated or
unconventional reserves, heavily relies on advanced gas processing technologies. Raw natural gas
typically contains substantial amounts of acid gases and hazardous sulfur species. While the
removal of hydrogen sulfide (H2S) to meet strict pipelines and safety limits (typically below 5.7
mg/m?) has been extensively optimized, commercial gas sweetening processes face critical
challenges regarding trace sulfur contaminants [1-2].

Amid tightening environmental regulations, standard industrial specifications now restrict
total sulfur content rather than merely H»>S. Consequently, eliminating less reactive sulfur
compounds such as carbon disulfide (CS,), mercaptans, and carbonyl sulfide COS has become
equally paramount. Among these, COS represents a persistent threat; it is highly toxic, capable of
severely poisoning industrial catalysts, and induces aggressive corrosion in pipelines and process
equipment [2-5].

Reactive absorption utilizing alkanolamines or specialized organic solvents remains the
industry standard for acid gas treating. Nevertheless, capturing (COS) efficiently requires a deeper
molecular understanding of its reaction kinetics and thermodynamics, which are often obscured in
macro-scale engineering studies. To bypass these limitations, Carbonyl Sulfide-Binding Organic
Liquids (COS-BOLs) composed of hindered organic bases and linear alcohols have been proposed
as highly efficient, tunable solvents. Yet, the exact mechanistic pathways, the prominent base
effects, and the termolecular reaction kinetics governing these systems remain poorly understood
at the quantum mechanical level [6-10].

1216



UNVEILING THE EFFICIENCY OF CARBONYL SULFIDE CAPTURE BY ORGANIC SOLVENTS: AN
ELECTRON CORRELATION STUDY

To unveil the foundational factors driving this capture mechanism, this study deploys
rigorous electron correlation methods to systematically investigate the efficiency of (COS)
immobilization by organic solvent mixtures. Specifically, we explore the termolecular reaction
kinetics and one-step reaction mechanisms between (COS) and key amidine or guanidine organic
bases, including 1,8-diazabicycloundec-7-ene (DBU), 1,5-diazabicyclonon-5-ene (DBN), 2-tert-
butyl-1,1,3,3-tetramethylguanidine (BTMG), and 1,5,7-triazabicyclodec-5-ene (TBD), in the
presence of various linear alcohols. By analyzing the dominant base effects and alcohol co-solvent
behaviors through high-level electronic structure calculations, this work delivers crucial
molecular-level insights required to optimize and discover high-performance organic solvents for
effective (COS) mitigation.

e  Quantum Mechanics

Quantum mechanics calculations are used for clarifying the reaction mechanism, and
highlighting the processes involved in it . 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. The mathematical expression for dynamical equations for particle velocity and mass are
subdivided into four regimes Figure 1 [1-2].
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Figure 1: Domains of the dynamical equations [2].

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. The
probability function is determined by taking the square of the wave function, as shown below.
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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 1) [1-2].

P(r,t) = %2 (rt).
HY = EY.
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The Hamiltonian operator sums up all kinetic (7)) and potential (¥) energies.

HSchrodinger =T+ V

. 0¥
HY = la

Here, the Hamiltonian operator is more complex.
Hpirae = (ca.p + Bmc?) +V

Both a and B 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 o and B matrices. Here, wave functions have two components:
electronic (large components) and positronic (small components), wheras the o and B matrices
couple components such as these. When the limit c—=o, the Schrodinger equation forms when
Dirac equation is reduced; hence, the wave function components are reduced into the a and S spin
orbitals [1]. Although the Schrodinger 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 [11].
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e FElectron Correlation Methods

Density Functional Theory Foundations

The Hartree-Fock Self-Consistent Field (HF-SCF) framework suffers from a fundamental
deficiency due to its reliance on the mean-field approximation. By assuming that each electron
moves within an average potential generated by all other electrons, the instantaneous position of
any specific electron is treated as statistically independent of the remaining electronic coordinates.
This approach fails to account for instantaneous inter-electron Coulombic repulsions, which in
reality cause electrons to dynamically avoid one another. To recover this missing electron
correlation in quantum chemical modeling, modern investigations rely heavily on Density
Functional Theory (DFT) and Meller—Plesset perturbation theory (MP). For the present study of
carbonyl sulfide (COS) capture kinetics, DFT offers an ideal balance of computational efficiency
and accuracy by shifting the focus from the complex, 3N-dimensional many-body wavefunction
to physically observable quantities principally the ground-state electron density, p(r). Figure 2.
Conceptual flowchart outlining the systematic transition from uncorrelated wavefunctions to exact
electronic density grids. (I) The mean-field limits of Hartree—Fock theory; (II) The conversion to
physical ground-state electron density metrics via Hohenberg—Kohn mapping; and (IIT) Practical
execution via non-interacting Kohn—Sham reference states to capture exchange-correlation
profiles [12-14].

l. Hartree-Fock Theory (HF-SCF Limit)

Operates via the Mean-Field Approximation — treats electronic positions independently.
Critical Deficiency: Ignores instantaneoUs electron-electron Coulomb repulsions.

Il. Density Functional Theory Foundations (DFT)

Hohenberg-Kohn Theorems: Replaces the 3N-dimensional wavefunction with 3D electron density p(r).
Establishes an exact functional connection toround-state energy using variational bounds.

lll. The Kohn-=Sham Implementation (KS-DFT)

Models a reference framework of non-interacting electrons inside single-particle orbitals.
Sudcessfully isolates missing correlation corrections into the Exchange-Correlation Energy (Ekc).

Figure 2: Methodological workflow of electron correlation methods and DFT foundations.

The electronic Hamiltonian of an N-electron system is uniquely determined by the total
number of electrons, (N), and the external potential, Vex(r), exerted by the nuclei. Because p(r)
integrates directly to the total number of electrons and exhibits local maxima precisely at the
nuclear coordinates, it contains all the necessary structural parameters to completely reconstruct
the system Hamiltonian. Mathematically, for an (N)-electron system in a given quantum state, the
electron density p(ri) is derived by integrating the squared modulus of the many-body
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wavefunction over the spin coordinates of the first electron and all spatial and spin coordinates of
the remaining (N-1) electrons: The non-negative simple function shows the total number of
electrons (N) [1-2]:

p(l‘l) =N fl fN |IIU(X1,X2,...,XN)lzdslde...de.

N = [ p(r)dr.
Eoq < J(Va(r) = V(1)) po(r)dr + Egp,.

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

Eop < [ (Vp(r) = Vo (1)) po(r)dr + Eqy,.

Eoqa + Eop < f(Vb (r) = Vg (1)) po(r)dr + f(Va(r) — V(1)) po(r)dr + Eop + Egq

< [ ) = V) + Vo 6) = Vo 1o (r)er + oy + Fag

< Eyp + Egg-

This means that there is a contradiction [1-2]:

EOa + EOb < EOb + EOa or0<O0.

Kohn and Sham (KS) 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 ¥ 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.

The single-electron KS operator is given below [1-12]:

hg(S — _%VLZ . Z;{luclei Zk + f p(r") dr' +V,,

77l [ri_r'|

_ 8Exc
xc — W
Here, Ex. is the Vi 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 [1-2].
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II. RESULTS AND DISCUSSION

Geometrical Evolution and Termolecular Capture Mechanism: To unveil the microscopic
efficiency of carbonyl sulfide (COS) immobilization, the geometric parameters of the reactants
(R), transition states (TS), and products (P) were systematically evaluated. The termolecular,
single-step reaction mechanisms involving organic bases (DBU, DBN, BTMG, and TBD) and
linear alcohols (methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, and 1-hexanol) were
mapped using long-range corrected hybrid density functional theory with empirical dispersion
(0B97X-D3/6-311++G(d,p)). This advanced electron correlation method accurately captures the
delicate interplay of non-covalent interactions and charge re-distribution governing the capture
matrix. Key structural parameters tracking this single-step transformation are detailed in Table 1.
The capture efficiency is fundamentally driven by a synchronized proton-transfer and nucleophilic
attack pathway. In the reactant complex, the alcohol hydroxyl group acts as a bridge between the
organic base and the (COS) molecule. At the un-isolated reactant stage, weak hydrogen bonding
between the nitrogen atom (N1) of the organic base and the hydroxyl hydrogen (H31) of the
alcohol induces a slight elongation of the (H31-026) bond compared to its isolated form (0.956A).
For instance, in the (COS/BTMG/methanol) reactant assembly, the (H31-026) distance stretches
to (0.990A), dictated by the unshared electron pair on (N1).

Organic Base Linear Alcoho Carbonyl Sulfide
(DB / DBN f TBD / BTMG) Co-solvent Bridge (COS Target)
Active Site: N1 ....1........].. H31l - 026 o T C25 =027
l |
Proton Acceptor Mucleophilic Center Electrophilic Target

Figure 3: Schematic representation of the termolecular reaction scheme for carbonyl sulfide
immobilization.

As the system progresses over the activation barrier to the transition state, the (H31-026)
bond breaks as a consequence of the strong attractive force exerted by the (N1) center.
Concurrently, a new covalent (N1-H31) bond forms. This structural migration is reflected by the
steady reduction of the (H31-N1) distance across all systems, collapsing from an average of
(1.76A%) down to (1.02A°) in the product complexes (Table 1).

Simultaneously, the deprotonated oxygen (026) targets the electrophilic carbon (C25) of (COS),
converting the linear molecule into a bent thiocarbonate derivative. Isolated (COS) maintaining a
strictly linear conformation (180°) undergoes modest initial bending (2)—(2.3) in the reactant stage
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due to weak early phase (026-C25) interactions. During the transition state, severe geometric
deformation takes place as the (027-C25-S28) angle contracts rapidly to values near (150°). In
the final bound product state, the (027—-C25-S28) bond angle stabilizes at (128°), while the newly
formed (C25-026) covalent distance shortens dramatically to (1.38A). Table shown the optimized
geometric parameters (bond lengths in (A) and angles in degrees) tracking the active structural
evolution of (COS) capture complexes calculated at the ®B97X-D3/6-311++G(d,p) level.

Table 1: Optimized geometric parameters

System Matrix State | (H31- (H31- (C25- (C25- (C25- (027-
NI A | 026) (A) | 026) (A) | 027) (A) | S28) (A) | C25-S28)

(°)

(COS/DBU/methanol) | R 1.763 0.989 3.041 1.152 1.563 177.88
TS 1.386 1.109 1.917 1.170 1.621 150.02

P 1.017 1.972 1.382 1.220 1.723 128.17

COS/DBU/ethanol) R 1.765 0.989 3.076 1.152 1.563 178.03
TS 1.427 1.087 1.893 1.171 1.624 149.25

P 1.018 1.937 1.384 1.220 1.723 127.96

(COS/DBU/1-propanol) | R 1.780 0.988 3.160 1.152 1.562 178.10
TS 1.424 1.089 1.891 1.171 1.624 149.26

P 1.017 1.951 1.386 1.220 — —

As shown in Figure 4, the compact methyl group in the methanol reactant complex (R)
provides minimal steric hindrance. This allows for optimal spatial alignment, positioning the
nucleophilic oxygen (026) within (3.041A) of the electrophilic carbon (C25), which initiates a
(2.1) bending of the linear (COS) core. At the transition state (TS), the (H31-026) bond breaks
(1.109A) while the forming (C25...026) bond contracts to (1.917A), bending the (027-C25-S28)
angle to (150.02). This smoothly yields a stable chemisorbed product (P) with a covalent (C25—
026) bond of (1.382A) and a relaxed angle of (128.17). Conversely, Figure 5 visually
demonstrates the severe steric blockades imposed by longer aliphatic chains. In the 1-hexanol
reactant complex (R), the bulky six-carbon chain disrupts spatial proximity, expanding the initial
(C25...026) separation beyond (4.3A). This wide gap suppresses early phase interactions,
restricting the initial bending of the (COS) frame to a mere (0.3). Consequently, the system requires
a demanding structural reorganization to fold the hexyl chain at the transition state. While the final
product (P) achieves a comparable covalent bonding profile (1.385A), (128.23), the initial
structural resistance detailed in Figure 5 confirms that increasing the co-solvent chain length
severely limits early-stage capture efficiency. Figure 6 shown the steric effect constraints on the
geometrical parameters of carbonyl sulfide reactant complexes.

1222



UNVEILING THE EFFICIENCY OF CARBONYL SULFIDE CAPTURE BY ORGANIC SOLVENTS: AN
ELECTRON CORRELATION STUDY

T-Hexanol System
iLong-Chain Co-sobvent)
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Figure 6: Steric effect constraints on the geometrical parameters of carbonyl sulfide reactant complexes.
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III. CONCLUSIONS

In this study, high-level electronic structure calculations utilizing long-range corrected hybrid
density functional theory with empirical dispersion corrections (#B97X-D3/6-311++G(d,p)) were
deployed to unveil the mechanistic efficiency of carbonyl sulfide (COS) capture by organic solvent
systems. The rigorous quantum chemical modeling of the single-step termolecular reaction
pathway yielded several critical insights:

Synchronized Reaction Mechanism: The immobilization of (COS) by mixtures of hindered organic
bases (DBU, DBN, BTMG, and TBD) and linear alcohols operates via a highly synchronized,
single-step termolecular mechanism. This path features a simultaneous proton transfer from the
alcohol hydroxyl group (H31-026) to the basic nitrogen center (N1), coupled with a nucleophilic
attack from the deprotonated oxygen (0O26) to the electrophilic carbon (C25) of (COS).
Geometrical Evolution as Efficiency Indicators: The High-precision electron correlation method
tracked a profound geometric transformation, where the isolated linear structure of (COS) (180°)
shifts down to a highly bent conformation (150) at the transition state and (128) in the bound
thiocarbonate product). This severe bending, combined with the dramatic contraction of the newly
formed (C25-026) covalent bond to (1.38A), serves as a clear structural marker of successful
chemical capture. Steric Constraints of Co-solvents: Aliphatic chain lengths of linear alcohols
impose prominent steric blockades. While shorter-chain alcohols (like methanol) facilitate close
spatial alignment and early-stage activation in the reactant complex, longer-chain co-solvents (1-
butanol, 1-pentanol, and 1-hexanol) expand the initial (C25—026) separation beyond (4.3A) and
suppress early (COS) bending to a mere (0.3), thereby lowering the structural capture efficiency.
Overall, this investigation demonstrates that combining sterically accessible organic bases with
highly mobile, short-chain linear alcohols offers the most efficient liquid matrix for gas sweetening
processes. The molecular-level data provided by this electron correlation study establish a solid
theoretical baseline for designing next-generation, high-performance (COS)-binding organic
liquids (COS-BOLs).
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