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Abstract: In this research, we explore the potential of employing density functional theory (DFT)
for the design of biodegradable hydrogels aimed at capturing carbon dioxide (CO2) and mitigating
greenhouse gas emissions. We employed biodegradable hydrogel models, including polyethylene
glycol, polyvinylpyrrolidone, chitosan, and poly-2-hydroxymethacrylate. The complexation process
between the hydrogel and CO2 was thoroughly investigated at the ωB97X-D/6-311G(2d,p) theoretical
level. Our findings reveal a strong affinity between the hydrogel models and CO2, with binding
energies ranging from −4.5 to −6.5 kcal/mol, indicative of physisorption processes. The absorption
order observed was as follows: chitosan > PVP > HEAC > PEG. Additionally, thermodynamic
parameters substantiated this sequence and even suggested that these complexes remain stable up to
160 ◦C. Consequently, these polymers present a promising avenue for crafting novel materials for
CO2 capture applications. Nonetheless, further research is warranted to optimize the design of these
materials and assess their performance across various environmental conditions.

Keywords: carbon dioxide; CO2-capture; frontier molecular orbitals; green-hydrogen; DFT

1. Introduction

With the rapid development of industrialization and urbanization, there has been
a significant increase in the emission of greenhouse gases into the atmosphere [1]. This
increase in emissions is largely due to human activities such as burning fossil fuels, defor-
estation, and changing agricultural and industrial practices. As a result, the buildup of
greenhouse gases has caused global warming and climate change, which have had severe
consequences such as rising sea levels, extreme weather events, and loss of biodiversity.
The impact of climate change is not limited to the environment but also affects human
welfare, causing public health issues and economic losses. It is essential to take coordinated
action at the global, regional, national, and local levels to mitigate the impact of climate
change and make cities an integral part of the solution [2].

To address the challenge of climate change, the technology known as carbon capture,
utilization, and storage (CCUS) has been proposed. This technique allows for the capture
of CO2 from emission sources, including power plants, industrial facilities, and the atmo-
sphere. Once captured, CO2 can be utilized as a raw material for chemical synthesis or
stored deep underground in a safe and permanent manner [3]. This innovative approach
offers the potential to achieve net-zero emissions on a large scale. CCUS, which includes
biomass power with carbon capture and storage (BECCUS) when biomass is used, can
be implemented in existing coal and gas power plants. By capturing CO2 from these
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emission sources, as well as directly from the atmosphere, it becomes possible to utilize
the captured CO2 for chemical synthesis or store it securely underground for long-term
storage [4]. In addition to contributing to the electricity supply sector, CCUS is possibly
the only scalable and cost-effective option to achieve a deep decarbonization of certain
industries such as steel, cement, glass, and ceramics, as well as the manufacture of chemical
products that generate CO2 during production processes [5]. The analyses carried out
by the Intergovernmental Panel on Climate Change (IPCC) and the International Energy
Agency (IEA) have shown that CCUS will be key to achieving “Net Zero” in 2050, which
contributes to a sixth of the reduction of global CO2 emissions in order to limit the increase
in global temperature to less than 1.5 ◦C, as established in the Paris Agreement [6].

Carbon capture technologies have been developed in recent decades, and can be di-
vided into three pathways: post-combustion capture, oxy-combustion, and pre-combustion
capture [7]. Various physical and chemical processes have been reported to be used
in carbon capture technology, such as solvent-based adsorption, solid solvent adsorp-
tion/absorption, membranes, cryogenics, and chemical loops for CO2 separation [8–10].
Among these methods, chemical absorption is currently one of the most widely used and
commercially available techniques [11,12]. However, there are several limitations, such as
the high energy consumption required for solvent regeneration, as well as the corrosive-
ness, high toxicity, volatility and high cost of solvents, which are the main barriers to the
deployment of carbon capture technology carbon [13].

In this sense, the use of biodegradable hydrogels for CO2 absorption is an interesting
approach that has attracted attention in recent research. The advantages of using biodegrad-
able hydrogels in CO2 absorption include their biodegradability, which makes them more
environmentally friendly than traditional materials [14]. Furthermore, hydrogels can be
synthesized to exhibit CO2 responsive properties, and swell or deflate in the presence of
CO2, further enhancing their potential for CO2 capture applications [13]; however, the
selection of the most suitable absorbent hydrogels remains a challenge.

In light of the aforementioned challenges, our study introduces a novel approach
to CO2 absorption using Density Functional Theory (DFT) to predict the most effective
absorbent hydrogels. This innovative method stands out as it allows for a more precise and
efficient selection of hydrogels, thereby overcoming the existing challenge in the field [15,16].
By leveraging DFT, we are able to model and predict the interaction between CO2 and
potential absorbent materials at the atomic and molecular levels. This provides a more
detailed understanding of the absorption process, enabling the design of more efficient and
effective hydrogels. Furthermore, our approach also considers the environmental impact
and cost-effectiveness of the absorbent materials, ensuring a sustainable and economically
viable solution to CO2 capture [17,18]. This work, therefore, not only contributes to the
advancement of CCUS technology but also paves the way for the development of next-
generation absorbents for greenhouse gas capture.

Molecular recognition is a pivotal factor influencing the selectivity of CO2-absorbent
materials. The paramount significance of frontier molecular orbitals (FMOs) in molecular
recognition cannot be overstated. These FMOs precisely delineate the regions where
chemical bonds exhibit heightened reactivity owing to their associated orbital energies.
Furthermore, molecular orbital theory appropriately elucidates the selectivity of chemical
reactions and the formation of discrete product species [19,20].

Given the significant role of molecular frontier orbitals in molecular recognition,
their utility in elucidating the selectivity of CO2-absorbent materials is substantial. This
understanding serves as the foundation for our research, which endeavors to engineer
biodegradable hydrogels for CO2 absorption using Density Functional Theory (DFT).

Our study employs concepts such as binding energy, frontier molecular orbitals, and
chemical bonds, and utilizes poly(2-hydroxyethylmethacrylate), poly(ethylene glycol), chi-
tosan, and polyvinylpyrrolidone as models of CO2 bio-sorbent hydrogels. These hydrogels
have demonstrated a commendable capacity for CO2 absorption [21–23].
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This methodological approach will facilitate the validation of DFT as a predictive tool
and stimulate the synthesis of hydrogel matrices with enhanced CO2 absorption capacity.

DFT, a widely accepted method for understanding and predicting the adsorption of a
specific molecule on a polymeric structure, has been shown to yield results that correlate
satisfactorily with experimental outcomes [24,25]

Therefore, the study of the relative absorption capacity of biodegradable hydrogels for
CO2 absorption was carried out using the concepts of interaction energy and Gibbs energy.
The nature of molecular interactions was studied using frontier molecular theory, binding
energy, and the Gibbs energy equation. This work underscores the critical role of frontier
molecular orbitals in designing effective CO2-absorbent materials, thereby emphasizing
the importance of this study.

2. Results and Discussion
2.1. Minimum-Energy Structures

The minimum-energy structures for the dimer were selected from the results of the
systematic rotor search; the global minimum-energy structures were optimized at ωB97X-
D/6-311G(2d,p) and verified using frequency calculations. The global minimum structures
for dimer along with CO2 are shown in Figure 1 embedded in their electrostatic potential
(ESP) surface. The electrostatic surface potential is crucial for CO2 molecular recognition
by hydrogels. It enables the design of hydrogel materials that can selectively and efficiently
capture CO2, offering promising solutions for carbon capture and reduction of greenhouse
gas emissions [26,27].

As shown by the results, except for carbon dioxide, all the compounds studied herein
are polar in nature. Even though CO2 are non-polar, the molecule is polarizable due to the
presence of O in the extreme of the molecule; therefore, in the presence of polar compounds,
CO2 could polarize its electron-cloud and participate in dipole-induced dipole interaction
or hydrogen bond acceptor [28,29].

Chitosan, polyvinylpyrrolidone, and 2-hydroxyethylacrylamide showed electron den-
sity distributions characterized by pronounced asymmetry. This property significantly
enhances their propensity for dipole–dipole interactions. Conversely, polyethene glycol
exhibits a more symmetrical electron density distribution, marked by the presence of hy-
drogen atoms bearing partial positive charges (depicted in blue). These hydrogen atoms
are pivotal for hydrogen bonding interactions. Collectively, these findings suggest a height-
ened likelihood of induced dipole–dipole interactions with carbon dioxide (CO2), thereby
promoting its absorption.
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2.2. Minimum-Energy Structures for Dimer and CO2-Hydrogel Complexes:
Molecular Recognition

Molecular recognition is a fundamental concept in the chemical industry that involves
specific interactions between molecules based on complementary shapes, sizes, charges,
and functional groups [30,31]. It plays a crucial role in various aspects of the chemical
industry, primarily in the field of drug discovery, material and engineering design, catalysis,
separation technology, sensor development, and supramolecular chemistry, among oth-
ers [31,32]. The relationship between frontier molecular orbitals and molecular recognition
lies in how the electronic structure of molecules, described by these orbitals, influences their
ability to interact and recognize each other specifically [33,34]. Frontier molecular orbitals,
consisting of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), play a crucial role in molecular recognition [35,36].

The energy gap between the HOMO and LUMO orbitals determines the ease of
electron transfer between molecules. In molecular recognition, this energy gap influences
the strength of the interactions between molecules. When two molecules approach each
other, their HOMO and LUMO orbitals can overlap, allowing charge transfer interactions. A
smaller HOMO–LUMO gap improves electron transfer, affecting the strength of recognition
interactions [36].

In this context, the investigation of frontier orbitals at the interface between dimers
and CO2 emerges as a critical analytical approach. This exploration provides invaluable
insights into the feasibility of CO2 absorption within a given polymeric matrix, constituting
a fundamental step in the selection of the optimal absorbent material.

Figure 2 illustrates the frontier orbitals of the candidate absorptive compounds, includ-
ing vinylpyrrolidone, ethylene glycol, hydroxyethyl methacrylate, and chitosan, alongside
the target absorbate, CO2. Notably, the frontier orbitals of CO2 exhibit a remarkable degree
of uniformity, with electronic density uniformly distributed throughout its molecular struc-
ture. This characteristic renders CO2 highly versatile, and capable of functioning as both



Gels 2024, 10, 386 5 of 12

an electron acceptor and donor—a trait that augments its propensity for interaction with a
wide array of chosen biodegradable matrices.
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Figure 2. Frontier molecular orbitals (HOMO and LUMO) for all compounds studied herein, obtained
at ωB97X-D/6-311G(2d,p).

Notably, the frontier orbitals of chitosan, polyvinylpyrrolidone, and ethylene glycol
share striking similarities with those of CO2. This observation underscores the potential for
efficient absorption of CO2 gas onto the polymeric matrices formed by these compounds.
Such molecular-level compatibility hints at the possibility of establishing strong intermolec-
ular interactions between the polymeric matrices and CO2 molecules, suggesting these
materials as promising candidates for CO2 capture and storage applications. This intricate
understanding of frontier orbital interactions not only facilitates the selection of the most
suitable absorbent but also contributes significantly to the advancement of environmentally
sustainable solutions for managing greenhouse gas emissions.

2.3. Hydrogels Model CO2 Complexation

Once it was established that symmetry existed between the frontier orbitals, the
search for the minimum energy configuration in the formation of the complex between
CO2 (the absorbate) and the hydrogel model (the absorbent) was studied. To attain this
minimum energy configuration, a systematic rotor search was conducted in tandem with a
genetic algorithm to identify the global minimum. Subsequently, these complexes were
saved in .gjf file format and optimized using Gaussian 16. Their optimization was verified
through a frequency calculation at the ωB97X-D/6-311G(2d,p) theory level. The structures
with the lowest energy levels are depicted in Figure 3. In all instances, the CO2 molecule is
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oriented such that the carbon atom is proximate to an electronegative atom, such as oxygen
or nitrogen, at interatomic distances of 2.8–3.6 Å. This suggests short-range interactions,
such as dipole–dipole or hydrogen bonding; therefore, a Van der Waals interaction seemed
imminent. It is noteworthy that in the case of chitosan and PVP, the interatomic distances
are smaller, which aligns with the Highest Occupied Molecular Orbitals (HOMO) shape in
both cases. This implies a superior molecular interaction with the CO2 molecule, facilitating
its absorption.

Gels 2024, 10, x FOR PEER REVIEW 6 of 12 
 

 

through a frequency calculation at the ωB97X-D/6-311G(2d,p) theory level. The structures 
with the lowest energy levels are depicted in Figure 3. In all instances, the CO2 molecule 
is oriented such that the carbon atom is proximate to an electronegative atom, such as 
oxygen or nitrogen, at interatomic distances of 2.8–3.6 Å. This suggests short-range inter-
actions, such as dipole–dipole or hydrogen bonding; therefore, a Van der Waals interac-
tion seemed imminent. It is noteworthy that in the case of chitosan and PVP, the intera-
tomic distances are smaller, which aligns with the Highest Occupied Molecular Orbitals 
(HOMO) shape in both cases. This implies a superior molecular interaction with the CO2 
molecule, facilitating its absorption. 

 

Figure 3. Minimum molecular structure for complexes of: (A): CO2–polyethyleneglycol; (B): CO2–2-
hydroximethacrylate; (C): CO2–polyvinylpyrrolidone; (D): CO2–chitosan. 

2.4. Thermodynamics of Molecular Complexation 
Molecular recognition occurs through an orbital interaction, specifically, the Highest 

Occupied Molecular Orbital (HOMO) of one participant must interact with the Lowest 
Unoccupied Molecular Orbital (LUMO) of the other species. Once the structures of the 
frontier orbitals have been examined, suggesting a probable molecular recognition, it be-
comes necessary to determine the interaction energy. To do this, as explained in the meth-
odology, we used binding energy. A negative value implies a spontaneous attraction be-
tween the species, signifying that molecular recognition takes place spontaneously. The 
feasibility of this interaction and the potential adsorption of the absorbate into the absor-
bent matrix depend on the magnitude of this parameter. Thus, values between −50 and −1 
kJ/mol would indicate physisorption, meaning CO2 is absorbed without the presence of a 
covalent bond [37,38]. These results are qualitatively in line with some experimental 
works [21–23]. 

Table 1 shows that all ΔEb (binding energy difference) values are negative, indicating 
an attractive interaction. The enthalpy (H) values suggest that the absorbent–absorbate 
complex formation is exothermic; the entropy change (S) suggests a diminishing of disor-
der during the complexes� formation; chitosan and PVP are the dimers with the major 
molar volume; in addition are the models with the more negative values of H, suggesting 
a greater molecular interaction between CO2 therefore, As expected, these two complexes 
(chitosan–CO2 and PVP–CO2) showed the greater change in entropy values.  

2.8 Å 

3.0 Å 

3.2Å 

3.6 Å 

D 
Figure 3. Minimum molecular structure for complexes of: (A): CO2–polyethyleneglycol; (B): CO2–2-
hydroximethacrylate; (C): CO2–polyvinylpyrrolidone; (D): CO2–chitosan.

2.4. Thermodynamics of Molecular Complexation

Molecular recognition occurs through an orbital interaction, specifically, the Highest
Occupied Molecular Orbital (HOMO) of one participant must interact with the Lowest
Unoccupied Molecular Orbital (LUMO) of the other species. Once the structures of the
frontier orbitals have been examined, suggesting a probable molecular recognition, it
becomes necessary to determine the interaction energy. To do this, as explained in the
methodology, we used binding energy. A negative value implies a spontaneous attraction
between the species, signifying that molecular recognition takes place spontaneously.
The feasibility of this interaction and the potential adsorption of the absorbate into the
absorbent matrix depend on the magnitude of this parameter. Thus, values between
−50 and −1 kJ/mol would indicate physisorption, meaning CO2 is absorbed without the
presence of a covalent bond [37,38]. These results are qualitatively in line with some
experimental works [21–23].

Table 1 shows that all ∆Eb (binding energy difference) values are negative, indicating
an attractive interaction. The enthalpy (H) values suggest that the absorbent–absorbate
complex formation is exothermic; the entropy change (S) suggests a diminishing of disorder
during the complexes’ formation; chitosan and PVP are the dimers with the major molar
volume; in addition are the models with the more negative values of H, suggesting a
greater molecular interaction between CO2 therefore, As expected, these two complexes
(chitosan–CO2 and PVP–CO2) showed the greater change in entropy values.
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Table 1. Binding energy, free energy, enthalpy, and interaction entropy for studied complexes at
ωB97X-D/6-311G(2d,p).

Complex ∆∆G (kcal/mol) ∆∆H (kcal/mol) ∆∆S (Cal/mol) ∆Eb (kcal/mol) Predicted Absorption
Yes/No

Experimental
Work

Chitosan–CO2 −3.50 −11.21 −25.88 −5.41 Yes [24]
PVP–CO2 −3.12 −9.99 −23.07 −4.83 Yes [25]
EG–CO2 −1.98 −6.34 −14.64 −3.06 Yes [21]

HEAC–CO2 −2.78 −8.91 −20.56 −4.29 Yes No

The Gibbs free energy (G) values confirm that the processes are spontaneous.
In other words, there is a high probability that the hydrogels constructed from these

monomers will absorb CO2 through physisorption, as corroborated by the magnitude of these
values [39]. It is important to note that, based on these results, and knowing that since Gibbs
energy is connected to the equilibrium constant through the formula ∆G◦ = −RTlnKe [40],
the order of CO2 absorption would be chitosan > PVP > HEAC > PEG. Interestingly, all the
first three compounds in the mentioned order contain nitrogen atoms in their molecular
structure, demonstrating the significance of this atom in the absorption and transformation
of CO2.

The last two columns are related to the absorption predicted for the methods used
herein and their experimental reports as CO2-absorbent. Interesting, chitosan, PVP, and
PEG are reported as CO2-absorbent; therefore, the methodology used herein qualitatively
reproduce the experimental results, suggesting a good starting point to predict new hydro-
gel matrices for CO2 absorption. On the other hand, in the best of our knowledge, HEAC is
not reported as a single hydrogel matrix for CO2 absorption; however, the results presented
herein suggest it could be a good CO2 absorbent.

Computational calculations identify chitosan as the most promising absorbent. Chi-
tosan offers the advantage of having more nitrogen groups in its structure, and possesses a
more suitable reticular structure that facilitates the diffusion of CO2 through the polymeric
matrix [41]. Additionally, it is obtained from natural sources, making its natural degrada-
tion much more spontaneous than the other monomers listed in Table 1. However, the use
of other monomers is not ruled out, and it could be interesting to explore their potential in
CO2 capture applications in future.

2.5. Temperature Dependence of Complexation Gibbs Energy

Given that CO2 is a gas, it is anticipated that its absorption capacity will diminish as
the temperature rises [37,42]. This phenomenon can be attributed to the thermodynamics of
the exothermic CO2 absorption system, which may induce reversible reactions at elevated
temperatures. Consequently, it becomes pertinent to calculate the transition temperature,
denoted as the temperature at which ∆G (Gibbs free energy change) equals zero.

The Gibbs free energy, which determines the equilibrium conditions of chemical
reactions and materials stability, depends on temperature, and changing the temperature
can change the sign of ∆G; in this sense, the variation of free energy with temperature
for the complexation of CO2 absorbance was calculated by the already known Helmholtz
equation, and the results are shown in Table 2.

Table 2. Temperature dependence of Gibbs energy at 1 atm, calculated at ωB97X-D/6-311G(2d,p).

Complex/T (◦C) 25 ◦C 100 ◦C 200 ◦C Transition T ◦C

Chitosan–CO2 −3.5 −1.55 1.04 160.00
PVP–CO2 −3.12 −1.38 0.93 159.88
PEG–CO2 −1.98 −0.88 0.59 159.91

HEAC–CO2 −2.78 −1.24 0.82 160.22

Table 2 shows the values of Gibbs free energy in a temperature range of 25 to 200 ◦C.
The Gibbs free energy decreases as the temperature increases and becomes zero (transition



Gels 2024, 10, 386 8 of 12

temperature), around 160 ◦C in each case. This result means that CO2 is released above this
temperature; that is, after this temperature, the complex becomes unstable. The value of T
of transition (the temperature at which the process begins to become non-spontaneous),
around 160 ◦C, indicates that from this temperature, any amount of CO2 begins to separate
from the polymeric matrix. This temperature seems suitable for the use of these polymeric
matrices as absorbents in the post-combustion process of green hydrogen.

3. Conclusions

In conclusion, the application of density functional theory (DFT) in designing biodegrad-
able hydrogels for carbon dioxide (CO2) capture presents a significant advancement in the
field of materials science. The results obtained in this work are qualitatively in line with
experimental results. Through the exploration of molecular interactions, frontier molecular
theory, and thermodynamic parameters, this study has shed light on the potential of poly-
meric matrices such as poly(2-hydroxyethyl methacrylate), poly(ethylene glycol), chitosan,
and polyvinylpyrrolidone in effectively absorbing CO2.

The findings of this research not only suggest the stability of the complexes formed
between the hydrogel models and CO2 but also suggest promising prospects for the
development of novel materials for CO2 capture applications. The calculated binding
energies and Gibbs energy equations not only are qualitatively in line with experimental
results but provide valuable insights into the affinity between the hydrogel models and
CO2, emphasizing the critical role of frontier molecular orbitals in designing efficient CO2-
absorbent materials. These methodological approaches offer a theoretical framework for
future research and development in the design of eco-friendly materials for mitigating
greenhouse gas emissions.

Overall, the outcomes of this study contribute to the growing body of literature on
carbon capture technologies and highlight the potential of biodegradable hydrogels as
sustainable solutions for addressing climate change. Further optimization and exploration
of these materials across various environmental conditions are warranted to maximize their
performance and applicability in real-world CO2 capture scenarios.

By emphasizing the significance of this research in advancing the development of
environmentally friendly materials and its implications for CO2 mitigation strategies, this
study paves the way for future investigations and innovations in the field of materials
science and sustainable technology.

4. Materials and Methods
4.1. Molecular Modelling for Polymers with High CO2 Absorption Capacity

The study aimed to design biodegradable hydrogels for CO2 absorption using Density
Functional Theory (DFT). The polymeric matrices, including poly(2-hydroxyethyl methacry-
late), poly(ethylene glycol), chitosan, and polyvinylpyrrolidone, were modelled by search-
ing for their 2D structures on the PubChem website (https://pubchem.ncbi.nlm.nih.gov/;
accessed on 18 August 2023) as shown in Figure 4. To determine the lowest energy con-
former in polymeric structures such as dimers and trimers, an advanced systematic rotor
search was performed using Avogadro 1.2. software [43]. This study allowed us to ex-
plore the conformational space of polymeric structures and identify the arrangements of
low-energy atoms. Once the global minimal structures were identified, they were saved
in .gjf format and further optimized using density functional theory (DFT). Because Stan-
dard DFT methods often struggle to accurately describe dispersion interactions, which
are important in systems like hydrogels, in this study the exchange-correlation functional
ωB97X-D, which includes both large and short dispersion energy corrections [30], and the
base ensemble 6-311G(2d,p) in Gaussian view 6 were used.

The use of DFT in this study provides a theoretical framework for designing hydrogels
with optimal CO2 absorption capacity, paving the way for further research and development
in this field. It is important to note that the specific details and methodologies of the study
may vary depending on the research context and objectives [28].

https://pubchem.ncbi.nlm.nih.gov/
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4.2. Computational Analysis of Polymers

The structural stability of the systems was ensured by conducting vibrational fre-
quency calculations to confirm the absence of imaginary frequencies within all com-
pounds. Following this validation, optimization of these structures was performed at
the ωB97XD/6-311++G(2d,2p) level of theory to facilitate the formation of complexes with
carbon dioxide (CO2) at the same theoretical level. The determination of the minimum
energy complex involved molecular dynamics calculations, employing the Autodock Vina
tool [43]. To calculate the total binding energies of the optimized polymers, the following
equation was used:

∆ET = E(A,B) −
(

EA − EB
)
+ BSSE (1)

where EA and EB represent the electronic energy of molecules A and B, respectively; E(A,B)

represents the electronic energy of the A, B complex, and BSSE represents the overlap
error of the base set. A negative value for the change in total energy (∆ET) indicates a
favorable interaction between two molecules and an exothermic process [44,45]. Similarly,
the thermodynamics of complexations was studied using the Gibbs equation as follows:

∆Gbinding = ∆Hbinding − T∆Sbinding (2)

∆Hbinding = Hcomplex − (Hmonom + Hdimer) (3)

∆Sbinding = Scomplex − (Smonom + Sdimer) (4)

In this context, H and S represent the enthalpy and entropy values of the complex,
drug, and dimer, respectively. These parameters are calculated at a standard temperature
of 298.15 K and a pressure of 1 atm, with data extracted from the results of frequency
calculations. A negative ∆ET value signifies a favorable interaction between two molecules,
indicative of an exothermic process. Likewise, H and S pertain to the enthalpy and entropy
values of the complex, CO2, and the hydrogel, all computed under the same standard
conditions. A negative ∆G value denotes the spontaneous formation of the complex at the
specified temperature, ensuring the spontaneous absorption of CO2 within the hydrogel. A
negative ∆H value indicates an exothermic process, while positive entropy values suggest
an increase in degrees of freedom, signifying that the inclusion complex involves low-
energy molecular interactions.
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This comprehensive study encompasses a range of temperatures, enabling the con-
struction of a free energy profile that will pinpoint the optimal temperature gradient for
absorption and desorption processes. Additionally, the stability of these complexes in
solution was assessed through simulation utilizing the CPCM (Conductor Polarizable
Continuum Model) solvation method, ensuring a thorough examination of their behavior
in a liquid environment [37].
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5. Pal, M.; Karaliūtė, V.; Malik, S. Exploring the Potential of Carbon Capture, Utilization, and Storage in Baltic Sea Region Countries:

A Review of CCUS Patents from 2000 to 2022. Processes 2023, 11, 605. [CrossRef]
6. O’Neill, S. Global CO2 Emissions Level Off in 2019, with a Drop Predicted in 2020. Engineering 2020, 6, 958–959. [CrossRef]

[PubMed]
7. Szulczewski, M.L.; MacMinn, C.W.; Herzog, H.J.; Juanes, R. Lifetime of Carbon Capture and Storage as a Climate-Change

Mitigation Technology. Proc. Natl. Acad. Sci. USA 2012, 109, 5185–5189. [CrossRef] [PubMed]
8. Boot-Handford, M.E.; Abanades, J.C.; Anthony, E.J.; Blunt, M.J.; Brandani, S.; Mac Dowell, N.; Fernández, J.R.; Ferrari, M.-C.;

Gross, R.; Hallett, J.P.; et al. Carbon Capture and Storage Update. Energy Environ. Sci. 2014, 7, 130–189. [CrossRef]
9. Yu, W.; Wang, T.; Park, A.-H.A.; Fang, M. Review of Liquid Nano-Absorbents for Enhanced CO2 Capture. Nanoscale 2019,

11, 17137–17156. [CrossRef] [PubMed]
10. Wang, T.; Liu, F.; Ge, K.; Fang, M. Reaction Kinetics of Carbon Dioxide Absorption in Aqueous Solutions of Piperazine,

N-(2-Aminoethyl) Ethanolamine and Their Blends. Chem. Eng. J. 2017, 314, 123–131. [CrossRef]
11. Mantripragada, H.C.; Zhai, H.; Rubin, E.S. Boundary Dam or Petra Nova—Which Is a Better Model for CCS Energy Supply? Int.

J. Greenh. Gas Control 2019, 82, 59–68. [CrossRef]
12. Stéphenne, K. Start-up of World’s First Commercial Post-Combustion Coal Fired CCS Project: Contribution of Shell Cansolv to

SaskPower Boundary Dam ICCS Project. Energy Procedia 2014, 63, 6106–6110. [CrossRef]
13. Yu, X.; Catanescu, C.O.; Bird, R.E.; Satagopan, S.; Baum, Z.J.; Lotti Diaz, L.M.; Zhou, Q.A. Trends in Research and Development

for CO 2 Capture and Sequestration. ACS Omega 2023, 8, 11643–11664. [CrossRef] [PubMed]
14. Wu, X.; Wang, M.; Liao, P.; Shen, J.; Li, Y. Solvent-Based Post-Combustion CO2 Capture for Power Plants: A Critical Review and

Perspective on Dynamic Modelling, System Identification, Process Control and Flexible Operation. Appl. Energy 2020, 257, 113941.
[CrossRef]

https://doi.org/10.1038/s42949-023-00084-2
https://doi.org/10.1007/s43538-022-00073-6
https://doi.org/10.1007/s11356-023-27749-w
https://www.ncbi.nlm.nih.gov/pubmed/37269511
https://doi.org/10.1016/j.fuel.2023.127776
https://doi.org/10.3390/pr11020605
https://doi.org/10.1016/j.eng.2020.07.005
https://www.ncbi.nlm.nih.gov/pubmed/32837753
https://doi.org/10.1073/pnas.1115347109
https://www.ncbi.nlm.nih.gov/pubmed/22431639
https://doi.org/10.1039/C3EE42350F
https://doi.org/10.1039/C9NR05089B
https://www.ncbi.nlm.nih.gov/pubmed/31517369
https://doi.org/10.1016/j.cej.2016.12.129
https://doi.org/10.1016/j.ijggc.2019.01.004
https://doi.org/10.1016/j.egypro.2014.11.642
https://doi.org/10.1021/acsomega.2c05070
https://www.ncbi.nlm.nih.gov/pubmed/37033841
https://doi.org/10.1016/j.apenergy.2019.113941


Gels 2024, 10, 386 11 of 12

15. Ahmadi, M.; Ghaemi, A.; Qasemnazhand, M. Lithium Hydroxide as a High Capacity Adsorbent for CO2 Capture: Experimental,
Modeling and DFT Simulation. Sci. Rep. 2023, 13, 7150. [CrossRef] [PubMed]

16. Stankovic, B.; Barbarin, I.; Sanz, O.; Tomovska, R.; Ruipérez, F. Experimental and Theoretical Study of the Effect of Different
Functionalities of Graphene Oxide/Polymer Composites on Selective CO2 Capture. Sci. Rep. 2022, 12, 15992. [CrossRef]

17. Torkzadeh, M.; Moosavi, M. CO2 Capture Using Dicationic Ionic Liquids (DILs): Molecular Dynamics and DFT-IR Studies on the
Role of Cations. J. Chem. Phys. 2023, 158. [CrossRef]

18. Torkzadeh, M.; Moosavi, M. DFT and COSMO-RS Studies on Dicationic Ionic Liquids (DILs) as Potential Candidates for CO 2
Capture: The Effects of Alkyl Side Chain Length and Symmetry in Cations. RSC Adv. 2022, 12, 35418–35435. [CrossRef]

19. Scivetti, I.; Persson, M. Frontier Molecular Orbitals of a Single Molecule Adsorbed on Thin Insulating Films Supported by a Metal
Substrate: Electron and Hole Attachment Energies. J. Phys. Condens. Matter 2017, 29, 355002. [CrossRef]

20. Zagni, C.; Coco, A.; Dattilo, S.; Patamia, V.; Floresta, G.; Fiorenza, R.; Curcuruto, G.; Mecca, T.; Rescifina, A. HEMA-Based Macro
and Microporous Materials for CO2 Capture. Mater. Today Chem. 2023, 33, 101715. [CrossRef]

21. Li, X.; Hou, M.; Zhang, Z.; Han, B.; Yang, G.; Wang, X.; Zou, L. Absorption of CO2 by Ionic Liquid/Polyethylene Glycol Mixture
and the Thermodynamic Parameters. Green Chem. 2008, 10, 879. [CrossRef]

22. Foong, S.Y.; Chan, Y.H.; Yiin, C.L.; Lock, S.S.M.; Loy, A.C.M.; Lim, J.Y.; Yek, P.N.Y.; Wan Mahari, W.A.; Liew, R.K.; Peng, W.; et al.
Sustainable CO2 Capture via Adsorption by Chitosan-Based Functional Biomaterial: A Review on Recent Advances, Challenges,
and Future Directions. Renew. Sustain. Energy Rev. 2023, 181, 113342. [CrossRef]

23. Sharma, T.; Joshi, A.; Jain, A.; Chaturvedi, K.R. Enhanced Oil Recovery and CO2 Sequestration Potential of Bi-Polymer
Polyvinylpyrrolidone-Polyvinyl Alcohol. J. Pet. Sci. Eng. 2022, 211, 110167. [CrossRef]

24. Goeminne, R.; Vanduyfhuys, L.; Van Speybroeck, V.; Verstraelen, T. DFT-Quality Adsorption Simulations in Metal—Organic
Frameworks Enabled by Machine Learning Potentials. J. Chem. Theory Comput. 2023, 19, 6313–6325. [CrossRef] [PubMed]

25. Makkar, P.; Ghosh, N.N. A Review on the Use of DFT for the Prediction of the Properties of Nanomaterials. RSC Adv. 2021,
11, 27897–27924. [CrossRef] [PubMed]

26. Vogel, P.; Möller, N.; Qaisrani, M.N.; Bista, P.; Weber, S.A.L.; Butt, H.-J.; Liebchen, B.; Sulpizi, M.; Palberg, T. Charging of Dielectric
Surfaces in Contact with Aqueous Electrolytes—The Influence of CO2. J. Am. Chem. Soc. 2022, 144, 21080–21087. [CrossRef]
[PubMed]

27. Haskopoulos, A.; Maroulis, G. Carbon Dioxide Interacting with Rare Gases: Insights from High-Level Ab Initio Calculations of
Polarizability and Hyperpolarizability Effects. Chem. Phys. 2016, 475, 90–103. [CrossRef]

28. Beil, R.L.; Hinde, R.J. Ab Initio Electrical Properties of CO2: Polarizabilities, Hyperpolarizabilities, and Multipole Moments. Theor.
Chem. Acc. 2021, 140, 120. [CrossRef]

29. Ariga, K.; Ito, H.; Hill, J.P.; Tsukube, H. Molecular Recognition: From Solution Science to Nano/Materials Technology. Chem. Soc.
Rev. 2012, 41, 5800. [CrossRef]

30. Yang, W.; He, H.; Drueckhammer, D.G. Computer-Guided Design in Molecular Recognition: Design and Synthesis of a
Glucopyranose Receptor. Angew. Chem. 2001, 113, 1764–1768. [CrossRef]

31. Fiedler, D.; Leung, D.H.; Bergman, R.G.; Raymond, K.N. Selective Molecular Recognition, C−H Bond Activation, and Catalysis
in Nanoscale Reaction Vessels. Acc. Chem. Res. 2005, 38, 349–358. [CrossRef] [PubMed]

32. Yan, Z.; Wang, J. Specificity Quantification of Biomolecular Recognition and Its Implication for Drug Discovery. Sci. Rep. 2012,
2, 309. [CrossRef]

33. Shawon, J.; Khan, A.M.; Rahman, A.; Hoque, M.M.; Khan, M.A.K.; Sarwar, M.G.; Halim, M.A. Molecular Recognition of Azelaic
Acid and Related Molecules with DNA Polymerase I Investigated by Molecular Modeling Calculations. Interdiscip. Sci. 2018,
10, 525–537. [CrossRef]

34. Furusho, Y.; Endo, T. Reversible Capture and Release of Carbon Dioxide by Binary System of Polyamidine and Polyethylene
Glycol. Polym. Bull. 2017, 74, 1207–1219. [CrossRef]

35. Farmanzadeh, D.; Ghazanfary, S. DFT Studies of Functionalized Zigzag and Armchair Boron Nitride Nanotubes as Nanovectors
for Drug Delivery of Collagen Amino Acids. Struct. Chem. 2014, 25, 293–300. [CrossRef]

36. Seeman, J.I. Kenichi Fukui, Frontier Molecular Orbital Theory, and the Woodward-Hoffmann Rules. Part II. A Sleeping Beauty in
Chemistry †**. Chem. Rec. 2022; 22, e202100300. [CrossRef]

37. Akkus, E.; Tayfuroglu, O.; Yildiz, M.; Kocak, A. Accurate Binding Free Energy Method from End-State MD Simulations. J. Chem.
Inf. Model. 2022, 62, 4095–4106. [CrossRef]

38. Li, J.; Sode, O.; Voth, G.A.; Hirata, S. A Solid–Solid Phase Transition in Carbon Dioxide at High Pressures and Intermediate
Temperatures. Nat. Commun. 2013, 4, 2647. [CrossRef]

39. Hensley, A.J.R.; Ghale, K.; Rieg, C.; Dang, T.; Anderst, E.; Studt, F.; Campbell, C.T.; McEwen, J.-S.; Xu, Y. DFT-Based Method for
More Accurate Adsorption Energies: An Adaptive Sum of Energies from RPBE and VdW Density Functionals. J. Phys. Chem. C
2017, 121, 4937–4945. [CrossRef]

40. Middelburg, J.J. The Gibbs Free Energy. In Thermodynamics and Equilibria in Earth System Sciences: An Introduction; Springer: Cham,
Switzerland, 2024; pp. 35–46.

41. Aranaz, I.; Alcántara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An Overview of Its
Properties and Applications. Polymers 2021, 13, 3256. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-023-34360-z
https://www.ncbi.nlm.nih.gov/pubmed/37130879
https://doi.org/10.1038/s41598-022-20189-5
https://doi.org/10.1063/5.0131507
https://doi.org/10.1039/D2RA05805G
https://doi.org/10.1088/1361-648X/aa7c3a
https://doi.org/10.1016/j.mtchem.2023.101715
https://doi.org/10.1039/b801948g
https://doi.org/10.1016/j.rser.2023.113342
https://doi.org/10.1016/j.petrol.2022.110167
https://doi.org/10.1021/acs.jctc.3c00495
https://www.ncbi.nlm.nih.gov/pubmed/37642314
https://doi.org/10.1039/D1RA04876G
https://www.ncbi.nlm.nih.gov/pubmed/35480718
https://doi.org/10.1021/jacs.2c06793
https://www.ncbi.nlm.nih.gov/pubmed/36354176
https://doi.org/10.1016/j.chemphys.2016.07.006
https://doi.org/10.1007/s00214-021-02797-y
https://doi.org/10.1039/c2cs35162e
https://doi.org/10.1002/1521-3757(20010504)113:9%3C1764::AID-ANGE17640%3E3.0.CO;2-Y
https://doi.org/10.1021/ar040152p
https://www.ncbi.nlm.nih.gov/pubmed/15835881
https://doi.org/10.1038/srep00309
https://doi.org/10.1007/s12539-016-0186-3
https://doi.org/10.1007/s00289-016-1772-6
https://doi.org/10.1007/s11224-013-0292-3
https://doi.org/10.1002/tcr.202100300
https://doi.org/10.1021/acs.jcim.2c00601
https://doi.org/10.1038/ncomms3647
https://doi.org/10.1021/acs.jpcc.6b10187
https://doi.org/10.3390/polym13193256
https://www.ncbi.nlm.nih.gov/pubmed/34641071


Gels 2024, 10, 386 12 of 12

42. Rashid, H.; Hasan, N.; Mohamad Nor, M.I. Temperature Peak Analysis and Its Effect on Absorption Column for CO2 Capture
Process at Different Operating Conditions. Chem. Prod. Process Model. 2014, 9, 105–115. [CrossRef]

43. Eberhardt, J.; Santos-Martins, D.; Tillack, A.F.; Forli, S. AutoDock Vina 1.2.0: New Docking Methods, Expanded Force Field, and
Python Bindings. J. Chem. Inf. Model. 2021, 61, 3891–3898. [CrossRef]

44. Ouyang, J.F.; Bettens, R.P.A. Many-Body Basis Set Superposition Effect. J. Chem. Theory Comput. 2015, 11, 5132–5143. [CrossRef]
45. Miliordos, E.; Aprà, E.; Xantheas, S.S. Benchmark Theoretical Study of the π–π Binding Energy in the Benzene Dimer. J. Phys.

Chem. A 2014, 118, 7568–7578. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1515/cppm-2013-0044
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1021/acs.jctc.5b00343
https://doi.org/10.1021/jp5024235

	Introduction 
	Results and Discussion 
	Minimum-Energy Structures 
	Minimum-Energy Structures for Dimer and CO2-Hydrogel Complexes:Molecular Recognition 
	Hydrogels Model CO2 Complexation 
	Thermodynamics of Molecular Complexation 
	Temperature Dependence of Complexation Gibbs Energy 

	Conclusions 
	Materials and Methods 
	Molecular Modelling for Polymers with High CO2 Absorption Capacity 
	Computational Analysis of Polymers 

	References

