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RESUMO

A alta emissao dos gases do efeito estufa (GHGs) na atmosfera, especialmente o gas CO»,
esta ocasionando no avango do aquecimento global, resultando em diversos problemas
para a sociedade, como secas, furacdes, ondas de calor e inundagdes. Portanto, ¢ urgente
capturar esse gas. Nessa tese, o primeiro trabalho analisou o efeito do aumento da
temperatura na absor¢ao de CO> usando um solvente eutético profundo (DES) baseado
em ureia e cloreto de colina (relina) através das simulagdes por dindmica molecular (MD)
e interagdes nao covalentes (NCI). Posteriormente, o segundo trabalho analisou o efeito
sinérgico de trés DESs (etalina, relina e glicelina) e uma nanoparticula de prata (AgNP)
no processo de captura de CO; através das simula¢des de MD. No primeiro trabalho, foi
observado que o efeito do aumento da temperatura ocasionou na reducao do numero de
ligagdes de hidrogénio entre as moléculas de CO2 e de ureia, resultando em valores
maiores de energia potencial de interacdo (IPE) total, indicando que o processo de
absor¢ao de CO; ¢ mais indicado na temperatura de 303 K, com valor de IPE médio de
-3872.54 kJ mol™!. Por outro lado, os resultados de NCI indicaram que o efeito do aumento
da temperatura resultou no aumento de interagdes repulsivas e reduziu as interagdes
atrativas nos sistemas simulados. Portanto, ambas abordagens computacionais sugeriram
que o processo de absor¢do de CO> ¢ mais indicado na temperatura de 303 K. Em relagdo
ao segundo trabalho, foi observado que a presenga da nanoparticula de prata aumentou o
numero de ligagdes de hidrogénio entre as moléculas de CO» e as moléculas que agem
como doadoras da ligagdo de hidrogénio (HBD), resultando em valores menores de IPE
total, indicando um melhor processo de captura de CO., especialmente para o sistema
AgNP-relina-CO,, com valor de IPE médio de -757.68 kJ mol™!'. A anélise de fungio de
distribuicdo radial (RDF) indicou que o etilenoglicol e a ureia sdo as espécies chave no
processo de captura de CO» para os sistemas AgNP-etalina-CO, e AgNP-relina-CO,,
respectivamente. Além disso, o AgNP ¢ a espécie chave no processo de captura de CO»

para o sistema AgNP-glicelina-COx.

Palavras-chave: aquecimento global; didoxido de carbono; solvente eutético profundo;

nanoparticulas de prata; abordagem computacional.



ABSTRACT

The high levels of greenhouse gas (GHG) emissions in the atmosphere, especially CO»,
are driving global warming, which is causing several problems for society, such as
droughts, hurricanes, heat waves, and floods. Therefore, it is urgent to capture CO gas.
In this thesis, the first work analyzed the effect of increased temperature on CO;
absorption using a deep eutectic solvent (DES) based on urea and choline chloride (reline)
through molecular dynamics (MD) simulations and non-covalent interactions (NCI).
Posteriorly, the second work analyzed the synergistic effect of three DESs (ethaline,
reline, and glyceline) and a silver nanoparticle (AgNP) in the CO; capture process through
MD simulations. In the first work, it was observed that the increased temperature effect
occasioned the reduction of the hydrogen bond (HB) number between the CO2 molecules
and the urea molecules, resulting in the highest total interaction potential energy (IPE),
indicating that the CO; absorption process is more indicated at 303 K, with an average
IPE value of -3872.54 kJ mol!. On the other hand, the NCI results indicated that the
increased temperature effect resulted in increased repulsion interactions and reduced the
strong interactions in the systems simulated. Therefore, both computational approaches
suggested that the CO» absorption process is more indicated at the temperature of 303 K.
In the second work, it was registered that the AgNP presence increases the HB number
between the CO; gas and the molecules that act as hydrogen bond donors (HBD), resulting
in the lowest total IPE values for this group, occasioning a better CO> capture process,
especially for the AgNP-reline-CO» system, with an average IPE value of -757.68 kJ mol
!, The radial distribution function (RDF) analysis indicated that ethylene glycol and urea
are key species in the CO; capture process for the AgNP-ethaline-CO, and AgNP-reline-
CO; systems, respectively. Furthermore, the AgNP is the key species in the CO: capture
process for the AgNP-glyceline-CO, system.

Keywords: global warming; carbon dioxide; deep eutectic solvent; silver nanoparticles;

computational approach.
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1. INTRODUCTION

Global warming is causing the average temperature increase on the surface of the
earth because of the high emission of Greenhouse Gases (GHGs) in the atmosphere
(VENKATARAMANAN; SMITHA, 2011). This phenomenon has increased extreme
weather events, such as droughts, hurricanes, heat waves, and floods (N AVAS-MARTIN
et al., 2024), resulting in several problems for society. It was estimated that these extreme
events have cost around US$ 143 billion per year due to climatic change (NEWMAN;
NOY, 2023). In an attempt to slow the advance of global warming, 196 countries signed
the Paris Climate Agreement, which aims to keep global average temperature increases
below 2 °C by reducing GHG emissions into the atmosphere.

The GHGs previously cited are composed of carbon dioxide (COz), methane
(CH4), water vapor (H20), ozone (O3), chlorofluorocarbons (CFCs), and nitrous oxide
(N20) (VENKATARAMANAN; SMITHA, 2011). Among GHGs, CO; is the main
contributor to global warming (MJALLI ef al., 2017). The main contributors to high CO-
emissions were China, the USA, and India (JONES et al., 2023), with concentrations of
1.62,0.71, and 0.35 ppm, respectively (GREENMATCH, 2025). Besides, the CO2 global
concentration in the atmosphere reached a value of 428.62 ppm in January 2026
(NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION —NOAA, 2025),
registered by the Mauna Loa Observatory. This value observed is well above the
acceptable limit of 350 ppm (MJALLI ef al., 2017). Therefore, to slow the advance of
global warming, it is urgent to develop or improve methods for capturing CO».

Carbon Capture and Storage (CCS) employs several methods for CO> capture and
release from the industrial sector and various other energy sources (YAASHIKAA et al.,
2019), including combustion, photochemical, biochemical, and electrochemical
processes. The combustion process is classified into pre-combustion (YAASHIKAA et
al., 2019), oxyfuel combustion (MUSKALA et al, 2011), post-combustion
(KRZYWANSKI et al., 2018), and chemical looping combustion (ZYLKA et al., 2019).
Among these processes, post-combustion is more indicated due to the ease of separating
CO, gas after combustion and the intuitive retrofitting of existing CO» sources
(DUTCHER; FAN; RUSSELL, 2015). This process may be realized through cryogenic
separation (HE et al., 2025), membrane separation (MICARI; DAKHCHOUNE;
AGRAWAL, 2021), absorption using solvents (KUSSAINOVA; SHAH, 2020), and
adsorption with sorbents (BALASUBRAMANIAM et al., 2024). The absorption
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technology is more indicated because it can be efficiently applied in plants, such as in the
post-combustion process (DUTCHER; FAN; RUSSELL, 2015).

Generally, Ionic Liquids (ILs) and Deep Eutectic Solvents (DESs) are employed
in the CO, absorption process due to their high affinity with the CO> molecules
(KUSSAINOVA; SHAH, 2020; NAWAZ KHAN et al., 2024). Both solvents have
similar physical properties, such as low vapor pressure, relatively wide liquid range, and
nonflammability (SMITH; ABBOTT; RYDER, 2014). However, ILs are more expensive
than DESs. Besides, this solvent has several advantages over traditional ILs, such as easy
preparation and greater chemical inertness.

Some researchers have studied CO; capture using the DESs. Ji et al. (J1 et al.,
2014) analyzed the CO; capture using DESs based on choline chloride and urea through
an experimental approach. This work showed that this solvent has a higher CO;
absorption capacity compared to conventional amine solvents. Furthermore, Kussainova
& Shah (KUSSAINOVA; SHAH, 2020) analyzed CO: absorption in DESs containing
triphenylphosphonium bromide (MTPPBr) and monoethanolamine (MEA) using
molecular dynamics (MD) simulations. This work reported strong interactions between
MEA/CO> and Bromide/CO., indicating that MEA and bromide are key components in
CO3 capture.

Another method used in CO; capture is Electrochemical CO2 Reduction (ECR).
This method forms important products such as carbon monoxide, formate/formic acid,
oxalate/oxalic acid, methanol, methane, formaldehyde, ethanol, and ethylene
(YAASHIKAA et al., 2019). The main advantages of ECR are that the controlled reaction
occurs aided by the electrode potentials and temperature, and the ECR system is easy,
modular, and compact for application on a large scale. Besides, recycling electrolytes is
possible, resulting in minimized consumption of chemicals (YAASHIKAA et al., 2019).
Generally, oxides, metal nanoparticles (MNPs), and bimetallic catalysts are used in the
ECR method. Among these species, MNPs have received attention as a promising
candidate for the ECR method. Furthermore, MNPs exhibit interesting properties,
including high activity, stability, and recyclability (YAASHIKAA et al., 2019).

Some researchers have used silver (AgNPs) and gold nanoparticles (AuNPs) in
the ECR process. Chang ef al. (CHANG et al., 2020) investigated the validity of applying
space confinement to increase the faradaic efficiency of the CO2RR to CO using AgNPs
and AuNPs via quantum mechanics calculations. For large-scale ECR processes, the

employed Au metal is not favorable due to their high price (NGUYEN et al., 2021).
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However, the Ag metal may be used instead of Au metal because silver metal is more
abundant, has a lower price (compared to Au metal), and has an excellent activity for
ECR to CO production (NGUYEN et al., 2021). In addition to the reasons above, the
AgNP has several applications, including as a photocatalyst (Kang et al., 2019), an
antibacterial agent (LOPEZ-CARBALLO et al., 2013), and an electronic device (CHUN
et al., 2009).

To further improve CO; capture, some researchers have analyzed the synergistic
effect of DESs and MNPs. Ahmad et al. (AHMAD et al., 2023) analyzed the synergistic
effect of DESs (tetrabutylphosphonium bromide and formic acid) and cerium oxide
nanoparticles (CeNPs) for CO> capture. Furthermore, Noorani et al. (NOORANI et al.,
2023) reported a synergistic effect between cobalt oxide nanoparticles (Co3O4 NPs) and
DESs (ethylene glycol and choline chloride) for CO; capture. Both works reported the
synergic effect of CO2 capture.

Researchers have used a computational approach to understand, at the molecular
level, the interactions between CO> molecules and the components of the system
(BEZERRA et al., 2024; KUSSAINOVA; SHAH, 2020). This approach is classified into
simulations based on quantum mechanics and molecular mechanics methods. MD
simulations based on molecular mechanics were employed in the two chapters of this PhD
thesis. On the other hand, the Non-Covalent Interactions (NCI) based on quantum
mechanics were utilized only in chapter one.

This PhD thesis reported on the CO; capture process using DESs and AgNPs via
a computational approach. This PhD thesis was divided into two chapters. Chapter one
analyzed the temperature increase in the CO- absorption using the DESs based on choline
chloride and urea through MD and Non-Covalent Interactions (NCI) simulations. On the
other hand, chapter two reported the synergistic effect of AgNPs with ethaline
(1ChCI:2E), reline (1ChCI:2U), or glyceline (1ChCl:2G) in the CO; capture process via
MD simulations. All these systems were simulated and analyzed from September 2022

to December 2025.
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Chapter 1

ANALYSIS OF TEMPERATURE IN THE CO2 ABSORPTION USING A DEEP
EUTECTIC SOLVENT: AN IN SILICO APPROACH
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RESUMO

O excesso de gas carbonico na atmosfera tem contribuido consideravelmente para o
aquecimento global, ocasionando diversos danos ao planeta. Portanto, € urgente encontrar
formas de capturar esse gés. Entdo, o presente trabalho analisou o efeito da temperatura
na absor¢ao de CO» através dos solventes eutético profundos (DESs) baseado em ureia e
cloreto de colina utilizando uma abordagem in silico. As simula¢des por dinamica
molecular (DM) indicaram que o aumento da temperatura reduziu o potencial de interagao
das moléculas de didxido de carbono com os componentes do DESs, indicando que o
processo de absor¢do ¢ mais indicado em 303 K. Por outro lado, as simulagdes de
interagdes nao covalentes (NCI) sugerem que o aumento da temperatura reduziu as fortes
atragcdes e aumentou as interagdes repulsivas entre as moléculas de CO> com a relina.
Portanto, ambas abordagens in silico sugerem que a absor¢ao de didoxido de carbono ¢

mais indicada na temperatura de 303 K.

Palavras-chave: aquecimento global; didxido de carbono; absorcdo; solvente eutético

profundo; abordagem in silico.
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ABSTRACT

The excess level of carbon dioxide in the atmosphere has contributed a lot to global
warming, causing several damages to the planet. Therefore, it is urgent to find ways to
capture this gas. Then, the present work analyzed the temperature effect in CO, absorption
through deep eutectic solvents (DESs) based on urea and choline chloride using an in
silico approach. The Molecular Dynamics (MD) simulations indicated that the increased
temperature reduced the interaction potential of carbon dioxide molecules with the DESs
components, indicating that the absorption process is more indicated at 303 K. On the
other hand, the Noncovalent Interactions (NCI) simulations suggest that the increased
temperature reduced the strong attractions and increased repulsive interactions between
the carbon dioxide molecules with the solvent analyzed. Therefore, both in silico

approaches suggest that the carbon dioxide absorption is more indicated at 303 K.

Keywords: global warming; carbon dioxide; absorption; deep eutectic solvents; in silico

approach.
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1. Objective

1.1 General

Analyze the effect of increased temperature on CO> absorption using DESs based on
choline chloride and urea through a computational approach.

1.2 Specifics

Calculate the hydrogen bond number for the CO»-U and CO,-Ch" groups as a function of
temperature.

Measure the interaction potential energy between CO> molecules and the DESs
components.

Verify the key species in the CO» absorption process.

Analyze the COz solvation layer.

Obtain the reduced density gradient versus (A2p) at different temperatures.
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2. Computational details
2.1 Obtain of tridimensional structures and of partial charges

The Density Theory of Functional (DFT) was employed the obtain tridimensional
structures (urea, choline, and CO;) optimized in the gas phase using the hybrid functional
B3LYP (PERDEW; BURKE; ERMZERHOF, 1996) with the 6-311+G(d,p) basis set
(FRISCH; POPLE; BINKLEY; 1984), implemented in the Gaussian 09 software
(FRISCH et al., 2009). All the frequencies were checked, and the absence of negative
vibrational frequencies was constated (Figs. S1, S2, S3 in the supplementary material).
Posteriorly, the Multiwtn software (LU; CHEN, 2012) was used to obtain the partial
charges of urea, choline, and CO; species (Table S1, S2, and S3 in the supplementary
material, respectively) utilizing the CHELPG method (GARCIA; ATILHAN;
APARICIO; 2015). Furthermore, the species in Fig. 1 were employed in the MD

simulations.

@ Carbon @ Oxygen & Hydrogen @ Nitrogen @ Chloride
Fig. 1. Tridimensional structures employed in the MD simulations with the nomenclature

of main atoms. (a) urea, (b) choline, (¢) chloride, and (d) CO..

2.2 Molecular dynamics

All the MD simulations were performed using the Gromacs sofiware
(ABRAHAM et al., 2015) version 2021.4 implemented with the OPLS-AA force field
(JORGENSEN; TIRADO-RIVES, 1988). First, the CO> parameters were taken from
Moosavi et al. (MOOSAVI; ABDOLLAHI; RAZMKHAH, 2015). Then, the 56 CO>
(corresponding to the maximum solubility of CO> as observed experimentally in the
Leron et al. (LERON; CAPARANGA; LI, 2013), 1160 urea, 580 choline, and 580
chloride species were added in a cubic box of simulation of initial dimensions of 12 x 12

x 12 nm? and simulated at 303, 313, 323, 333, and 343 K. A low-density box reaches
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faster a better equilibrium and mixture (SHAH; GAPEYENKO; URAKPAYEV;
TORKMAHALLEH, 2019; KUSSAINOVA; SHAH, 2020).

The geometry of the system was realized using the steepest descent (HAUG;
ARORA; MATSUI, 1976) and gradient conjugate algorithms (YUAN; LI; HU, 2019),
both with the energy tolerance of 10 kJ mol! nm™! and step size of 10"! nm. Posteriorly,
the equilibrium dynamics were simulated in 1 ns and divided into two steps. The first step
was to apply the ensemble NVT using the Berendsen thermostat (BERENDSEN et al.,
1984) at 303, 313, 323, 333, and 343 K for respective systems, then, the second step was
performed by the ensemble NPT using the Parrinello-Rahman barostat (PARRINELLO;
RAHMAN, 1984) with pressure in value of 3.0 bar. Finally, the production step was
realized in 100 ns through the Leap-Frog algorithm (GUNSTEREN; BERENDSEN,
1988) using the same temperature and pressure values used in the equilibrium dynamics
step. Besides, the production step was simulated in three replicates for each temperature.

The Interaction Potential Energy (IPE) (Equation 1) was calculated by the sum of
short-range energies of Lennard-Jones and Coulomb (MANSUROV; SHAH;
BAZYBEK; TORKMAHALLEH, 2018) to mensurate the affinity between the CO;

molecules with the species present in the systems analyzed. The N; and N; are the number

total of atoms of i and j, respectively. On the other hand, the V4, and V. are terms

corresponding to the van der Waals forces and electrostatic contributions, respectively.

Ni Nj
IPE;; = 2 Voaw (1i;) + Z Vetec (i) (1)
7

JED)

2.3 Quantum calculations

The equilibrium structures (Fig. 2a) in the last simulation frame (100000 ps)
obtained by the MD simulations were chosen as a starting point for the quantum
calculations. Only the species within a 4.0 A radius of the CO> molecule (Fig. 2b) were
considered for these simulations; this value was employed because the interactions
occurred before 4.0 A among dioxide carbon with the DESs species, as we will see in the
RDF results (Fig. 4). Then, the single-point calculations were performed using the
®B97XD (CHAI; HEAD-GORDON, 2008) functional with the 6-311+G(d,p) (FRISCH,
M; POPLE, J; BINKLEY, J; 1984) basis set in the Gaussian 09 software (FRISCH et al,
2009).
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Fig. 2. (a) Snapshot of equilibrium structures in the last simulation frame. (b) Cutting
radius of 4.0 A of species around the CO, molecule. The CO», urea, choline, and chloride

species are represented by the black, blue, yellow, and green colors, respectively.

Posteriorly, the NCI simulations (Equation 2) were realized by the Multiwtn
software (LU; CHEN, 2012) version 3.8 to analyze noncovalent interactions at the
molecular level of single-point calculations. In Equation 2, S is the NCI function, Vp(r)
is the gradient of charge density, and p(r) is the electron density. The Reduced Density
Gradient (RDG) versus 4, p(r) distribution shows different noncovalent interactions,
like as strong attractive (4, p(r) < 0) such as hydrogen bonds, van der Waals interactions
(A, p(r) = 0), and repulsive interactions (4, p(r) > 0) such as steric hindrance

(JOHNSON; KEINAN; MORI-SANCHEZ, 2010).

g1 [Vp(r)l @

2317)5 p(r)3
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3. Results and discussion

The OPLS parameters utilized to describe the solvent employed in this work were
validated by Bezerra et al. (BEZERRA et al, 2022). The validation parameters were
realized through specific mass correlation obtained by the experimental and theoretical
methods in function of the temperature.

The CO» absorption process using the DESs based on urea and choline chloride
was analyzed through Hydrogen Bonds (HB), IPE, Radial Distribution Function (RDF),
Cumulative Coordination Number (CCN), and NCI results. Fig. 3 shows the average HB
number among CO> molecules with the Urea (U) and Choline (Ch") species in the
function of temperature. Furthermore, the HB values for each replicate are registered in
Table S4 in the supplementary material. Analyzing this effect, it was observed that the
HB number decreased (54.08 to 50.28) between the CO2 molecules with the U specie. On
the other hand, the HB number for the CO>-Ch"* group in all the temperatures remained
constant. Furthermore, the CO»-U group registered about 33 times more HB than the CO»-
Ch" because the urea molecule has 4 hydrogen bonding sites, while that the choline specie
has only one hydrogen bonding site (Fig. S5 in the supplementary material). Therefore,
the increased temperature resulted in reduced hydrogen bonds between CO> and the DESs

studied.
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Fig. 3. Number of hydrogen bond between the CO,-U and CO,-Ch* groups in function

of temperature.
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Table 1 shows the average IPE values with the standard deviation among the CO>
molecules with the species in the system. Furthermore, the IPE values for each replicate
are registered in Table S5 in the supplementary material. First, it was observed that the
CO2 molecules exhibited a good interaction potential with the U, Ch", Cl" and CO, species
(independent of temperature analyzed), highlighted for the U and Ch™ species. The high
IPE values registered for the CO,-U and CO»-Ch" groups are explained by the presence
of hydrogen bonds between these species (Figure 3), especially for the CO2-U group. This
intermolecular force may contribute around -1 to -40 kJ mol! (IZGORODINA;
MACFARLANE, 2011) in the interaction potential energy values.

Analyzing this effect, it was observed that occurred an increase in the average IPE
values for CO»-Cl~, CO>-U, and CO>-Ch" groups, except for CO»-CO, groups that
remained constant. These results indicate that the temperature increase reduced the
affinity between CO; molecules and species analyzed. Therefore, the CO> absorption

process in IPE terms is more indicated at 303 K due to the lowest IPE value.

Table 1
Interaction Potential Energy between the CO» molecules with the species present in the

systems in different temperatures.

Interaction Potential Energy / kJ mol™!

Temperature / K
CO02-CO2 CO:-CI CO2-U CO2-Ch*  CO2-DES

~133.59 48357 —1959.81 —1670.72
303 ~4114.10
(£16.79)  (£74.16) (£141.26) (£110.71)
-134.98 479.52  -1920.54  -1630.80
313 -4030.86
(£18.32)  (£78.35) (x156.07) (£134.32)
~132.09 ~473.52  —1882.40 —1610.02
323 ~3965.94
(£19.30)  (£72.58) (£146.77)  (£123.30)
-132.90 47099  -1865.86  -1584.02
333 -3920.86
(£17.19)  (£72.69) (£158.13) (£127.39)
~131.13 ~461.24  —1853.08 —1558.22
343 ~3872.54

(£19.91) (£75.99)  (£141.90) (£116.25)

Fig. 4 showed the RDF that realized a structural analysis through the probability
density of the species around CO2 molecules. This analysis is crucial to identify the key

species in the absorption process. The CO»-Cl~ (Fig. 4a), CO»-U (Fig. 4b), and CO»-Ch"
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(Fig. 4c) interactions were registered in 3.5 A, 3.0 A, and 2.9 A, respectively.

Furthermore, all the species showed similar g(r) values with the CO> molecules,

indicating that all the solvent components are essential in the absorption process in the

RDF terms. Analyzing this effect, it was observed that occurred the reduction of the g(r)

values for all interactions. Therefore, the RDF results indicated that the CO; absorption

process is more indicated at 303 K.

CO,-Cl'/ a(r)

]

CO.,-Ch"/g(r)

w

(b)

303 K
313K 7
323 K
333 K
343K o

10.0
r/A

10.0

Fig. 4. Radial Distribution Function of (a) CO.-Cl, (b) CO.-U, and (c) CO,-Ch*

interactions in different temperatures.

The CCN analysis (Fig. 5) measures the average species number around the CO>

molecules. Then, it was observed around 1.0 C1™ ion (Fig. 5a), 1.5 U molecules (Fig. 5b),
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and 0.5 Ch" ions (Fig. 5¢) around the CO> molecules. Furthermore, the CCN results
indicated a not well-defined solvation layer. Analyzing this effect, the CCN values did
not show significative changes, indicating that the coordination around the CO2 molecules
did not have significative changes. The following analysis will not discuss the systems at
the temperature of 313 and 333 K due to the small variation interaction of CO2 molecules
with the solvent analyzed, as observed in the RDF results (Fig. 4) and CCN analysis (Fig.
5).
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Fig. 5. Cumulative Coordination Number of (a) CO»-CI', (b) CO»-U, and (c) CO,-Ch”*

interactions in different temperatures.

Fig. 6 shows the RDG function versus sign (4,)p for systems at 303, 323, and
343 K. Furthermore, the isovalue employed for this analysis was 0.6, as we may see in
Fig. 6. All the RDG graphs showed strong attraction, van der Waals interactions, and

strong repulsion. Then, analyzing this effect, a reduction in strong attraction and increased
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repulsive interactions among the species present in these systems were observed. Besides,

the van der Waals interactions are almost constant with the increased temperature.

Therefore, the NCI results suggest that CO2 absorption is more indicated at 303 K due to

many strong interactions and a small number of repulsions. Furthermore, the isosurfaces

of RDG function for these systems are present in Fig. S6 in the supplementary material.
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4. Conclusions

The MD simulations showed that the increased temperature resulted in the
reduction of hydrogen bond numbers between CO> molecules with the U species,
consequently increasing IPE values among CO:; molecules with the DESs species.
Furthermore, this effect reduced the probability density of CO2 molecules interacting with
the DESs species. However, this increased temperature did not affect the solvation layer
around the CO; molecules. On the other hand, the NCI simulations indicated that the
increased temperature reduced strong attractive and increased repulsive interactions
between the CO2 molecules with the DESs species. Therefore, the results indicated that
the DES based on urea and choline chloride has higher CO2 molecules absorption at 303
K.
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Supplementary Material
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Fig. S1. The vibrational frequencies for the U molecule were calculated by the B3LYP/6-
311+G(d,p).
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Fig. S2. The vibrational frequencies for the Ch™ ion were calculated by the B3LYP/6-
311+G(d,p).
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Fig. S6. Isosurfaces of RDG function of systems in the temperatures of (a) 303, (b) 323,
and (c) 343 K.

Table S1. Partial charges of U specie.

Atom name Partial charges (e)
Cl 0.884257
N1 —0.839256
N2 —0.837029
01 —0.620105
H1 0.351016
H2 0.355891
H3 0.350528
H4 0.354698




Table S2. Partial charges of Ch" specie.

Atom name

Partial charges (e)

C2 0.018258
H5 0.111847
H6 0.111526
C3 0.287619
H7 0.009572
H8 0.009218
02 —0.671612
H9 0.454011
N3 0.035607
C4 —0.21053
HI10 0.150680
HI11 0.150338
HI12 0.132613
(O] —0.224576
HI13 0.154720
H14 0.136886
HI15 0.153094
Cé6 —0.360751
H16 0.178802
H17 0.178708
H18 0.193973

Table S3. Partial charges of CO» specie.

Atom name

Partial charges (e)

C7 1.2082
03 —0.6041
04 —0.6041

34
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Table S4. Hydrogen bond values for each replicate between the CO2 molecules with the

U and Ch" species in different temperatures.

Temperature / K Hydrogen bonds
Replicate CO2-U COC
! 54.59 359
303 2 53.22 79
3 54.44 58
1 52.44 73
313 2 52.65 68
3 53.50 62
! 51.54 70
323 2 51.16 60
3 50.96 63
! 50.38 %
333 2 51.58 60
3 50.67 63
! 50.18 63
343 2 50.45 70
3 50.21 T4
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Table S5. IPE values for each replicate between the CO2 molecules with the species

present in the systems in different temperatures.

Temperature / K

Interaction Potential Energy / kJ mol™!

Replicate | CO2-CO2 | CO2-CI" | CO2-U | CO2-Ch* | CO:-DES

1 —129.97 | —479.17 | —1975.27 | —1668.73 | —4123.17

303 2 —136.37 | —499.58 | —1910.55 | —1675.60 | —4085.73
3 —134.43 | —471.96 | —1993.61 | —1667.83 | —4133.4

1 -128.84 -488.47 | -1903.34 | -1647.63 | -4039.44

313 2 -141.05 -466.39 | -1950.89 | -1613.34 | -4030.62
3 -135.05 -483.69 | -1907.38 | -1631.44 | -4022.51

1 —136.67 | —467.16 | —1882.99 | —1624.87 | —3975.02

323 2 —130.46 | —474.11 | —1886.57 | —1606.79 | —3967.47
3 —129.05 | —479.30 | —1877.65 | —1598.39 | —3955.34

1 -130.57 -478.96 | -1855.02 | -1590.48 | -3924.46

333 2 -133.47 -461.03 | -1897.29 | -1567.63 -3925.95
3 -134.67 -472.98 | -1845.26 | -1593.94 | -3912.18

1 —133.16 | —463.16 | —1845.15 | —1558.12 | —3866.43

343 2 —131.67 | —453.15 | —1864.79 | —1554.22 | —3872.16
3 —128.57 | —467.41 | —1849.30 | —1562.33 | —3879.04
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Chapter 2

SYNERGY EFFECT OF AG NANOPARTICLES AND DEEP EUTECTIC
SOLVENTS IN THE CO: CAPTURE PROCESS: A COMPUTATIONAL
APPROACH
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RESUMO

O agravamento do aquecimento global tem ocasionado diversos problemas para o planeta,
especialmente devido as altas taxas de emissoes de CO2 na atmosfera. Entao, ¢ necessario
encontrar novas formas ou aprimorar as ja utilizadas na captura do gas CO». Esse trabalho
analisou através das simula¢des de dindmica molecular (DM), o uso de nanoparticulas de
prata (AgNP) para melhorar a captura de CO» nos solventes etalina (1ChCI:2E), relina
(1ChCI1:2U) e glicelina (1ChCI:2G). As simulagdes de DM indicaram que a presenca de
AgNP nos trés solventes eutético ocasionaram o aumento do niimero de ligagdes de
hidrogénio (LH) entre o gas CO; e as espécies agindo como doadoras da ligacdo de
hidrogénio (DLH), resultando na reducdo dos valores da energia potencial de interagdo
para esse grupo, resultando em uma melhora do processo de captura de COo,
especialmente para o sistema AgNP-relina-CO,. Além disso, a partir da analise estrutural
das simulag¢des da DM ¢ sugerido que o etilenoglicol e a ureia sdo as espécies chave no
processo de captura de CO> para os sistemas de AgNP-etalina-CO; e AgNP-relina-CO»,
respectivamente. Para o sistema AgNP-glicelina-CO, a andlise estrutural indicou que a

AgNP ¢ a espécie chave no processo de captura de CO».

Palavras-chave: Aquecimento global; solvente eutético profundo; nanoparticulas de

prata; simulagdes computacionais.
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ABSTRACT

The worsening of global warming has caused several problems for the planet, especially
due to the high CO; emissions in the atmosphere. Then, it is necessary to find new ways
or improve the ways already used to capture the CO> gas. This work reported through
Molecular Dynamics (MD) simulations, the use of silver nanoparticles (AgNP) to
improve the CO; capture in the ethaline (1ChCl:2E), reline (1ChCl:2U), and glyceline
(1ChCl:2G) solvents. The MD simulations indicated that the AgNP presence in the three
solvents occasioned increased hydrogen bonds (HB) between the CO; gas and species
acting as hydrogen bond donors (HBD), resulting in a reduction of interaction potential
values for this group, resulting in improvement of CO; process capture, especially for the
AgNP-reline-CO» system. Furthermore, the structural analysis from MD simulations
suggested that ethylene glycol and urea are the key species in the CO» capture process for
the AgNP-ethaline-CO> and AgNP-reline-CO> systems, respectively. For the AgNP-
glyceline-COz system, the structural analysis indicates that the AgNP is the key species

in the CO; process capture.

Keywords: Global warming; deep eutectic solvents; silver nanoparticles; computational

simulations.
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1. Objective

1.1 General

Analyze the synergic effect of AgNP and DESs in the CO; capture process through a
computational approach.

1.2 Specifics

Verify in which time interval the DESs-CO2, AgNP-CO», and AgNP-DESs-CO: systems
reached equilibrium.

Calculate the hydrogen bond number for the CO>-HBD and CO,-Ch" groups in the DESs-
CO> and AgNP-DESs-CO> systems.

Measure the IPE values between the CO> molecules and the species present in the DESs-
CO2, AgNP-CO2, and AgNP-DESs-CO> systems.

Verify the key species in the COz capture process in different systems.
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2. Computational details
2.1 Quantum calculations

The ethylene glycol, urea, glycerol, choline, carbon dioxide, and water
tridimensional structures were optimized in the gas phase based on the Density Theory
Functional (DFT) using the hybrid B3LYP functional (PERDEW; BURKE;
ERMZERHOF, 1996) and 6-311+G(d,p) (FRISCH, M; POPLE, J; BINKLEY, J; 1984)
basis through Gaussian09 software (FRISCH et al, 2009). The optimized structures were
checked for the absence of negative frequencies, indicating that species are not in the

transition state.

2.2 CHARMM-GUI server

The CHARMM-GUI server (JO; KIM; IYER; IM, 2008) was utilized through the
nanomaterial modeler (CHOI et al, 2022) module to obtain the icosahedral AgNP
tridimensional structure in the vacuum with a diameter of 1.5 nm (containing 856 silver
atoms). Besides, the icosahedral AgNP is most stable with less 1130 silver atoms
(AKBARI; MORAD; MAAZA, 2023). The parameters utilized to describe the ethylene
glycol, urea, glycerol, choline, carbon dioxide, and water species were obtained by the

ligand reader & modeler (KIM et al, 2017) module.

2.3 MD simulations

All the MD simulations were performed by the Gromacs (ABRAHAM et al.,
2015) software implemented with the CHARMM36 force field (LEE et al, 2016). The
DESs-CO> (ethaline-CO3, reline-CO;, glyceline-CO2), AgNP-CO,, and AgNP-DESs-
CO2 (AgNP-ethaline-CO2, AgNP-reline-CO», and AgNP-glyceline-CO>) systems were
simulated in a cubic box with initial dimensions of 7 nm X 7 nm X 7 nm. A low-density
box reaches the equilibrium faster in the mixture (SHAH; GAPEYENKO, 2019).

For systems with the AgNP, the number of species employed for each system was
1 AgNP, 342 hydrogen bond donors (ethylene glycol, urea, or glycerol), 171 choline ions,
171 chlorides ions, and 15 carbon dioxide (Fig. 1) employed in the MD simulations.
Furthermore, the same quantities were utilized for the systems without the AgNP. These
quantities are employed based on the CO2 maximum solubility of 0.2529 mol kg on
ethaline solvent (LERON; LI, 2013). The same quantity of ethylene glycol was used for
the urea and glycerol molecules to compare with the other two solvents. The temperature

of 303.15 K and the pressure of 5.37 bar are employed based on the Leron and Li
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(LERON; LI, 2013). Fig. 7 shows the tridimensional structures with the nomenclature

used for the main species for the RDF analysis (Fig. 11).

(c)

@ Carbon @ Oxygen & Hydrogen
@ Nitrogen @ Chloride @ AgNP

J

Fig. 7. Tridimensional structures of (a) ethylene glycol, (b) urea, (c) glycerol, (d) choline,
(e) chloride, (f) carbon dioxide, (g) AgNP, and (h) water utilized in the MD simulations.

The optimization of the system was performed through steepest descent (HAUG;
ARORA; MATSUI, 1976) and gradient conjugate (YUAN; LI; HU, 2019) algorithms,
both with an energy tolerance of 100 kJ mol™! nm'. Posteriorly, the equilibrium dynamics
step was simulated initially through the NVT ensemble using the V-rescale (BUSSI;
DONADIO; PARRINELLO, 2007) at a temperature of 303.15 K, followed by the NPT
ensemble through Parrinello-Rahman (PARRINELLO; RAHMAN, 1984) with a pressure
of 5.37 bar. Besides, both ensembles were simulated at 400 ps. Finally, the production
step was performed in 100 ns in three replicates.

The Interaction Potential Energy (IPE) (Equation 3) measures the affinity between
the CO2 molecules with the others species. This energy is obtained by the sum of the
short-range of van der Waals (V,4y) and electrostatic (V) energies (AMORIM-
CARMO et al, 2019). The N; and N; terms are the number total of atoms of i and j,

respectively.
N; N;j

IPE;; = Z Voaw (1) + Z Vetec (i) 3)
i j#Ei
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3. Results and discussion

The Root Mean Square Deviation (RMSD) results were used to analyze the
equilibrium of systems. Posteriorly, the Hydrogen Bonds (HB) and IPE results were used
to analyze the CO; capture in the systems simulated. Furthermore, the Radial Function of
Distribution (RDF) and Spatial Distribution Function (SDF) the results were used to
perform a structural analysis of the systems after CO> capture.

The RMSD analysis was performed for the DESs-CO; (Fig. 8) and AgNP-DESs-
CO> (Fig. 9) systems. In this analysis, the system was utilized as a reference to obtain the
RMSD results. Furthermore, the black, red, and green line represents each replicate of the
systems simulated. The ethaline-CO; (Fig. 8a), glyceline-CO> (Fig. 8c), AgNP-CO: (Fig.
9a), and AgNP-reline-CO: (Fig. 9¢) systems reached equilibrium around 2 ns. On the
other hand, the reline-CO; (Fig. 8b) reached equilibrium around 20 ns, while the AgNP-
ethaline-CO; (Fig. 9b) and AgNP-glyceline-CO; (Fig. 9d) reached equilibrium around 60
ns, respectively. The following analysis was based on the trajectories in the last 10 ns.
Furthermore, it was also observed that AgNP addition in all the DESs-CO; systems
significantly decreases the RMSD values, especially for the AgNP-reline-CO, system

(Fig. 9¢), indicating more stable interactions in this system.
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Fig. 8. RMSD of (a) ethaline-COx, (b) reline-CO», and (c) glyceline-CO» systems. The

black, red, and green colors represent each replicate simulated.
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CO:> systems. The black, red, and green colors represent each replicate simulated.

Table 2 shows the average HB of the CO2-HBD and CO»-Ch" groups for all the
systems. The HB values for each replicate are present in the supplementary material
(Table S6). It was observed that the reline-CO> and AgNP-reline-CO> systems registered
the highest average HB number at the values of 3.78 and 5.60, respectively. This highest
average HB number may be explained because the urea molecules have four hydrogen
bond sites (Fig. 10b), while the ethylene glycol and glycerol molecules have two and three
hydrogen bond sites (Figs. 10a and 10c), respectively. On the other hand, the CO,-Ch”*
group registered an average HB number near zero (Table 2) in all the simulated systems.
This fact can be explained by the choline ion having only one hydrogen bond site (Fig.
10d). The AgNP presence did not significantly change the HB values for CO,-Ch*
interaction. However, an increase in the HB values in AgNP presence was observed for
the CO2-HBD group, especially for the AgNP-reline-CO; system. This increase may be
explained by the high affinity between the AgNP and urea molecules (Table S7 in the
supplementary material). Consequently, some urea species are adsorbed on the AgNP and
interact more easily through HB with the CO, molecules, which, too, are adsorbed in the
AgNP. On the other hand, it was expected that a greater change in HB values for the CO»-
G interaction (of the glyceline-CO> concerning the AgNP-glyceline-CO2) due to the
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lowest average IPE values (Table S7 in the supplementary material) between the AgNP

and glycerol molecules. However, the glycerol has only three HB sites (as mentioned

above), while the urea molecules have four HB sites.

Table 2

Average number of hydrogen bonds between the CO»-HBD and CO»-Ch" species for the

systems analyzed.

Average hydrogen bonds

Systems CO»-HBD CO:-Ch*
ethaline-CO; 0.67 0.15
reline-CO» 3.78 0.12
glyceline-CO» 1.30 0.18
AgNP-ethaline-CO» 0.89 0.18
AgNP-reline-CO> 5.60 0.03
AgNP-glyceline-CO» 1.44 0.14

Fig. 10. Hydrogen bond sites for the (a) ethylene glycol, (b) urea, (c) glycerol, and (d)

choline species.
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The average IPE values are present in Table 3 for all the systems simulated. The
supplementary material presents all the IPE values for each replicate (Table S8, S9, and
S10). For the systems without the AgNP, the reline-CO» system registered the highest
total IPE at the value of -542.27 kJ mol™!. This highest total IPE value may be explained
by the highest average HB number observed for the CO2-HBD group in the reline-CO>
system concerning the same group in the other systems (ethaline-CO> and glyceline-CO3).
Furthermore, the HB interaction between these species plays a role in the CO» capture
process because this intermolecular force may contribute around -1 to -40 kJ mol’!
(IZGORODINA; MACFARLANE, 2011) for the IPE value.

For the systems with the AgNP, the AgNP-CO> system registered an average IPE
value of -1086.73 kJ mol™! between the CO> molecules and the AgNP, indicating a strong
interaction between them. All contributions to the AgNP-CO; interaction energy arise
from short-range van der Waals interactions, since the AgNP atoms were modeled with
zero partial charges, resulting in a null electrostatic contribution for these specific
interactions. On the other hand, analyzing the average IPE value of CO2-AgNP interaction
in the AgNP-ethaline-CO; (-248.56 kJ mol '), AgNP-reline-CO> (-235.37 kJ mol™'), and
AgNP-glyceline-CO; (-220.13 kJ mol™') systems, it was observed a decrease in affinity
for this interaction. This decrease in these systems above may be explained by the CO>
molecules interacting with other species (CI', HBD, and Ch"), especially for the HBD
species, as seen in Table 2.

For the CO,-Cl interaction, the ethaline-CO», reline-CO», and glyceline-CO
systems registered average IPE values of -15.98 kJ mol™!, -28.97 kJ mol™!, and -11.84 kJ
mol!, respectively. On the other hand, concerning the same interaction, the AgNP-
ethaline-CO,, AgNP-reline-CO,, and AgNP-glyceline-CO» systems registered average
IPE values of -21.51 kJ mol™!, -35.44 k] mol!, and -16.31 kJ mol !, respectively. Then, it
was observed that the AgNP presence did not significantly change the CO> interactions
with the ClI” species. This fact is associated with the lowest IPE values registered between
the chloride anion and the AgNP concerning the other interactions (HBD-AgNP and Ch'-
AgNP). These data are presented in Table S7 in the supplementary material. For the CO»-
HBD interaction, it was observed a decrease in the average IPE values of -208.28 kJ mol
10 -230.92 kJ mol™!, -253.95 kJ mol' to -284.80 kJ mol ™!, and -231.21 kJ mol' to -268.80
k] mol! for the AgNP-ethaline-CO,, AgNP-reline-CO>, and AgNP-glyceline-CO>
systems, respectively. This decrease in average IPE values for these systems above

suggested an increase in affinity between the CO, and HBD species, indicating an
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improvement in the CO» capture process (concerning this interaction). It was observed a
decrease in the average IPE values for the CO,-Ch" interaction of -196.63 kJ mol™! to -
213.01 kJ mol™! and -161.77 kJ mol™ to -170.67 kJ mol™! for the AgNP-ethaline-CO; and
AgNP-glyceline-CO; systems, respectively. However, the same interaction showed an
increase in the average IPE values of -259.28 kJ mol™! to -202.07 kJ mol™! for the AgNP-
reline-CO:> system, indicating a worse in the CO; capture process (concerning this
interaction).

The IPE results suggested that the AgNP-CO, system has the lowest average total
IPE values, indicating that this system has a better CO2 capture process than the others.
However, analyzing this system from an experimental point of view, most nanomaterials
will aggregate with each other naturally, causing the limitation of capacity capture of
certain compounds (ABO-HAMAD; HAYYAN; ALSAADI; HASHIM, 2015). Then, a
DESs may be used as a functionalizing agent to stabilize the AgNP against the
aggregation (DAS; KUMAR; RAYAVARAPU, 2021), resulting in better CO2 capture.
Therefore, among the AgNP-DESs-CO> systems, the AgNP-reline-CO> system has the
better CO; capture process due to the lowest average total IPE of -757.68 kJ mol™. The
RDF and SDF analysis (Figs. 11 and 12) were realized only for the systems with the
AgNP due to the better average IPE values.



Table 3

IPE values between the CO> molecules and the species in all the simulated systems.
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Average interaction potential energy / kJ mol’!

Systems / Interactions C0O,-CO, CO,-AgNP CO,-CI CO»-HBD CO»-Ch* CO»-DESs CO,-DESs-AgNP
ethaline-CO» -7.58 -15.98 -208.28 -196.63 -420.88
reline-CO» -8.19 -28.97 -253.95 -259.28 -542.27
glyceline-CO» -7.29 -11.84 -231.21 -161.77 -404.81
AgNP-CO; -12.80 -1086.73
AgNP-ethaline-CO> -5.27 -248.56 -21.51 -230.92 -213.01 -465.44 -714.00
AgNP-reline-CO» -7.94 -235.37 -35.44 -284.80 -202.07 -522.31 -757.68
AgNP- glyceline-CO» -6.25 -220.13 -16.31 -268.80 -170.67 -455.79 -675.92
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The RDF analysis (Fig. 11) represents the probability density of CO» species
interacting with the other system components in function of radius. This analysis is very
important to find the key species in the capture process. The oxygen atom from the CO»
molecule was used as a reference in the RDF analysis. For the AgNP-CO» system (Fig.
11a), the CO,-AgNP interaction registered a high g(r) value of around 3.0 A. Concerning
the AgNP-ethaline-CO; system (Fig. 11b), it was observed that the interaction between
the CO, molecules and hydrogen atoms (H1,H2) of ethylene glycol species registered the
highest g(r) value around 3.8 A. This high g(r) value is probably associated with the weak
hydrogen bonds between the oxygen atom from the CO> molecules and the hydrogen
atoms (H1,H2) from the ethylene glycol. On the other hand, the other interactions (CO»-
AgNP, CO,-CIl', and CO»-H10) registered low g(r) values, then, these interactions will
not be discussed.

For the AgNP-reline-CO» system (Fig. 11c), the main interaction was between the
CO2 molecules and the hydrogen atoms (H3,H4,H5,H6) from the urea around 3.5 A. This
highest g(r) value can be explained by the weak hydrogen bonds between the oxygen
atoms from the CO; molecule and the hydrogen atoms from the urea molecule. The
second interaction most likely to occur was between the CO2 molecules and the AgNP,
this high probability is associated with the highest volume occupied by the AgNP,
increasing the probability of CO2 molecules interacting with the AgNP. The other
interactions (CO;-Cl" and CO»-H10) registered the lowest g(r) values and will not be
discussed. Concerning the AgNP-glyceline-CO, system (Fig. 11d), it was observed that
the interactions between CO> molecules and the AgNP registered the highest g(r) values.
These highest g(r) values are associated with the high volume occupied by the AgNP in
the box simulation. The other interactions [CO»-Cl", CO2-(H7,H8,H9), and CO,-H10]
registered lowest g(r) values, then, will not be discussed. Therefore, the RDF results
indicated that the ethylene glycol, urea, and AgNP are the key species in the CO» capture
process due to the highest g(r) values in the AgNP-ethaline-CO», AgNP-reline-CO, and
AgNP-glyceline-CO; systems, respectively.
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Fig. 11. RDF of (a) AgNP-CO., (b) AgNP-ethaline-CO», (¢) AgNP-reline-CO, and (d)
AgNP-glyceline-CO: systems.

The SDF analysis (Fig. 12) is utilized to visualize how the density components
present in the system are distributed around the CO> molecules. For the AgNP-CO»
system (Fig. 12a), it was observed that the CO> molecule is surrounded mainly by the
AgNP density (violet color). Concerning the AgNP-ethaline-CO; system (Fig. 12b), the
CO2 molecule is surrounded mainly by chloride (green color), ethylene glycol (blue
color), and AgNP densities. Posteriorly, a low density of choline (yellow color) surrounds
the CO2 molecule. On the other hand, in the AgNP-reline-CO> system (Fig. 12¢), the CO>

molecule was mainly surrounded by the density of urea (blue color). Furthermore, it was
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observed that, in descending order of density around the CO> molecule, the AgNP,
choline, and chloride species were observed. Concerning the AgNP-glyceline-CO>
system (Fig. 12d), the glycerol (blue color), choline, and chloride densities surround the
COz molecule. However, it was also observed that AgNP and some chloride densities are

more dispersed in this system.

(a)

Fig. 12. SDF for the (a) AgNP-CO3, (b) AgNP-ethaline-CO, (c) AgNP-reline-CO>, and
(d) AgNP-glyceline-CO; systems. CO2 (van der Waals visualization); Chloride (green);
ethylene glycol, urea, or glycerol (blue); choline (yellow); AgNP (violet).
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3. Conclusion

The MD simulations showed that the AgNP presence in ethaline, reline, and
glyceline solvents analyzed increased the HB between CO> molecules and the species
acting as hydrogen bond donors, especially in the AgNP-reline-CO> system. The
increased HB for these systems directly affected the IPE values, where it was observed
improve in the CO; capture process due to a reduction of IPE values, especially for the
AgNP-reline-CO> system compared to the AgNP-ethaline-CO, system and AgNP-
glyceline-CO» system. Furthermore, the RDF analysis suggests that the ethylene glycol,
urea, and AgNP species are the key species in the CO> capture process in the AgNP-
ethaline-CO2, AgNP-reline-CO2, and AgNP-glyceline-CO; systems, respectively.



Table S6

Supplementary Material

Number of HB between the CO,-HBD and CO»-Ch" species for each replicate.

Systems Hydrogen bonds
Replicate CO:-HBD CO2-Ch*
1 0.67 (£0.80) 0.11 (£0.34)
ethaline-CO; 2 0.68 (+£0.82) 0.17 (£0.40)
3 0.66 (+0.80) 0.16 (+0.40)
1 3.65 (+1.84) 0.09 (£0.31)
reline-CO» 2 3.70 (£1.73) 0.16 (+£0.38)
3 3.97 (+1.89) 0.12 (£0.37)
1 1.31 (£1.22) 0.17 (£0.41)
glyceline-CO» 2 1.32 (£1.13) 0.18 (+0.42)
3 1.26 (£1.09) 0.20 (+0.43)
1 0.34 (£0.59) 0.08 (£0.28)
AgNP-ethaline-CO» 2 0.31 (£0.53) 0.43 (£0.53)
3 2.01 (£1.04) 0.04 (+0.20)
1 5.96 (£1.91) 0.02 (+0.15)
AgNP-reline-CO» 2 5.64 (£1.63) 0.03 (£0.16)
3 5.17 (£1.69) 0.05 (£0.16)
1 1.21 (£1.11) 0.25 (+0.48)
AgNP-glyceline-CO» 2 1.35 (£1.09) 0.10 (+0.30)
3 1.75 (£1.22) 0.07 (£0.27)




Table S7
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IPE values of the three replicates between the AgNP and the DESs components for the
AgNP-ethaline-CO», AgNP-reline-CO», and AgNP-glyceline-CO, systems.

Interaction potential energy / kJ mol!

Systems / Interactions Replicates HBD-AgNP | Ch™-AgNP | CI-AgNP DESs-AgNP
1 2624151 288250 | -349.82 29473.83
(+119.22) (+72.98) | (£17.70)
. 26069.98 284334 | -359.13 2927245
AgNP-cthaline-CO: 2 *123.41) | (£78.75) | (£16.58)
X -6042.17 2860.64 | -319.77 2922258
(£125.75) +7137) | (x16.81)
1 25975.68 2300230 | -477.08 29455.06
(£177.61) (£90.32) | (+16.82)
. 1583223 320743 | -522.49 -9562.15
AgNP-reline-CO; 2 (+178.96) (£74.07) | (£20.68)
X 2576732 322112 | -512.85 -9501.29
(£176.48) (£77.93) | (£16.09)
1 -6910.38 215167 | -241.42 -9303.47
(+47.45) (+3536) | (+14.18)
, -6844.99 217397 | -230.73 29249.69
AgNP-glyceline-CO, 2 (+46.02) (+33.60) | (+11.67)
X 26991.16 2108.85 | -244.35 2934436
(+48.67) #38.11) | (211.51)




Table S8

IPE values of the first replicate between the CO> molecules and the species in all the simulated systems.
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Interaction potential energy / kJ mol!

Systems / Interactions C0O,-CO, CO»-AgNP CO,-CI CO,-HBD CO»-Ch* CO»-DESs CO,-DESs-AgNP
-7.58 -16.07 -208.04 -195.88
ethaline-CO; -419.99
(+1.49) (£14.93) (+£27.82) (£22.94)
-8.45 -31.78 -245.74 -260.12
reline-CO» -537.64
(£2.93) (£21.38) (£36.79) (£29.61)
-7.26 -12.11 -232.50 -162.10
glyceline-CO» -406.71
(£6.59) (£13.65) (£31.63) (£21.83)
-11.60 -1098.32
AgNP-CO;
(£3.18) (£29.49)
-5.61 -90.76 -16.52 -243.95 -236.44
AgNP-ethaline-CO» -496.91 -587.67
(+1.10) (£20.95) (x14.16) (£22.02) (£19.68)
-5.85 -265.15 -11.90 -297.71 -198.96
AgNP-reline-CO» -508.57 -773.72
(+1.33) (*13.17) (x10.07) (£21.28) (x15.02)
AgNP-glyceline-CO» -5.80 -222.21 -11.60 -266.52 -177.23
-455.35 -677.56
(£1.78) (£26.24) (x11.95) (£24.25) (£17.43)




Table S9

IPE values of the second replicate between the CO» molecules and the species in all the simulated systems.
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Interaction potential energy / kJ mol!

Systems / Interactions C0O,-CO, CO»-AgNP CO,-CI CO,-HBD CO»-Ch* CO»-DESs CO,-DESs-AgNP
-7.64 -16.03 -208.56 -196.22
ethaline-CO; -420.81
(+2.99) (x15.39) (£27.68) (£23.69)
-5.97 -27.52 -269.24 -262.89
reline-CO» -559.65
(+2.07) (+£16.47) (£30.14) (£24.35)
-7.28 -11.29 -231.19 -160.72
glyceline-CO» -403.20
(£2.97) (£13.75) (£31.69) (£22.52)
-13.16 -1084.75
AgNP-CO;
(£3.39) (£28.60)
-5.72 -301.52 -15.07 -232.39 -206.66
AgNP-ethaline-CO» -454.12 -755.64
(x1.77) (£13.38) (x13.11) (£21.43) (£17.53)
-10.29 -211.51 -43.60 -297.71 -202.11
AgNP-reline-CO» -543.42 -754.93
(£2.03) (£8.51) (x11.19) (£19.08) (x13.04)
AgNP-glyceline-CO» -7.48 -252.34 -21.79 -266.52 -164.21
-452.44 -704.78
(£2.72) (£19.43) (£15.05) (£24.25) (£20.20)




Table S10

IPE values of the third replicate between the CO> molecules and the species in all the simulated systems.
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Interaction potential energy / kJ mol!

Systems / Interactions C0O,-CO, CO»-AgNP CO,-CI CO,-HBD CO»-Ch* CO»-DESs CO,-DESs-AgNP
-7.53 -15.83 -208.24 -197.78
ethaline-CO; -421.85
(£2.80) (x15.39) (+£28.93) (£23.81)
-10.15 -27.61 -246.88 -254.84
reline-CO» -529.33
(+4.55) (x17.08) (£32.26) (£29.29)
-7.32 -12.11 -229.94 -162.48
glyceline-CO» -404.53
(£6.59) (£13.33) (£30.76) (£21.40)
-13.65 -1077.13
AgNP-CO;
(£3.69) (£29.77)
-4.47 -353.39 -32.93 -216.42 -195.94
AgNP-ethaline-CO» -445.29 -798.68
(£2.07) (£16.37) (£13.42) (£22.97) (£17.16)
-7.68 -229.45 -50.83 -258.98 -205.13
AgNP-reline-CO» -514.94 -744.39
(+1.72) (£9.47) (x11.69) (x18.76) (£13.77)
AgNP-glyceline-CO» -5.47 -185.83 -15.63 -273.37 -170.58
-459.58 -645.41
(£1.26) (£29.46) (£15.05) (£27.93) (£17.11)
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4 CONCLUSIONS

In this PhD thesis, two works about CO» capture were developed. The first work,
“Analysis of temperature in the CO» absorption using a deep eutectic solvent: an in silico
approach”, was realized through MD simulations and NCI calculations. The MD
simulations indicated the increased effect temperature occasioned in the reduction of HB
number between the CO; and U species, occasioning in an increase of IPE values for this
interaction. Besides, the RDF analysis suggested the increased effect temperature reduces
the probability density of CO; molecules interacting with other species of DESs. On the
other hand, the solvation layer of CO> was not affected. NCI simulations indicated that
the increased temperature resulted in the repulsion interactions and reduced the strong
interactions. Therefore, both computational approaches indicated the CO> absorption
process is more indicated at the temperature of 303 K.

The second work, “Synergic effect of Ag nanoparticles and deep eutectic solvents
in the CO; capture process: a computational approach”, was simulated through MD
simulations. The MD results indicated that the AgNP presence in three DESs increased
the HB number of CO»-E, CO,-U, and CO2-G groups, especially for the CO2-U group.
This increase of HB directly affected the average IPE values for these groups, occasioning
the reduction of these average IPE values, resulting in an improvement of the CO- capture
process, especially for the AgNP-reline-CO, system. Furthermore, the RDF analysis
suggested that ethylene glycol and urea are key species in the CO; capture for the AgNP-
reline-CO> and AgNP-reline-CO» systems, respectively. On the other hand, the AgNP is
the key specie in the CO; capture for the AgNP-glyceline-CO> system.
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