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Abstract 

In petroleum and chemical engineering, mixtures of oil, water, and other chemicals are 

commonly encountered in various applications, such as oil extraction, transportation, 

and refining. Surfactants are widely used in these applications for their ability to 

stabilize dispersion systems, including foams, emulsions, and suspensions. However, 

the impact of surfactants as stabilizers is a double-edged sword, as system 

destabilization is often required in subsequent processes and typically demands much 

more energy. Furthermore, the use of surfactants poses significant challenges in product 

purity control and wastewater disposal, resulting in both economic and environmental 

issues. Consequently, the search for a novel surfactant that is efficient and eco-friendly 

with minimal side effects has been a long-standing pursuit in petroleum and chemical 

engineering. 

The presence of a CO2-responsive surfactant is considered a promising solution for the 

petroleum industry, as this material can switch between its interface-active and 

interface-inactive forms when exposed to external CO2/N2 stimuli. Compared to other 

stimuli-responsive surfactants, using CO2/N2 as the stimuli has a significant advantage: 

their by-products do not accumulate in a system, and the external stimuli are easy to be 

introduced or removed. Because of these superior advantages, CO2-responsive 

surfactants are currently a focus in many fields, including enhanced oil recovery and 

oilfield chemistry. However, the CO2-responsiveness of this material raises new 

questions for the research community. What is the origin of its CO2-responsiveness? 



 

 

How can we regulate its CO2-responsiveness in different environments? Is there a 

possibility that its CO2-responsiveness could be disabled under specific conditions? To 

answer these questions, it is essential to thoroughly investigate the physicochemical 

interactions between a CO2-responsive surfactant and other chemicals. For this purpose, 

molecular dynamics simulations are considered the most appropriate tool. In this thesis, 

we employed molecular dynamics simulations to explore the CO2-responsive 

mechanisms at an atomistic level. Additionally, we utilized various advanced analytical 

tools of MD simulations to address different topics and investigate related issues 

comprehensively. 

The results of this thesis have shown that CO2-responsiveness significantly depends on 

the molecular interactions between a surfactant and its surrounding molecules. The 

switching between active and inactive forms is controlled by the 

deprotonation/protonation of the CO2-responsive surfactant, which alters the 

distribution of atomic charges and the polarity of molecules. It was discovered that the 

deprotonation/protonation process could occur at different locations within a system, 

with deprotonation being more likely at an oil-water interface due to van der Waals 

interactions with oil molecules, as indicated by free energy perturbation calculations. 

Additionally, it was found that the molecular interactions between different types of co-

surfactants formulated with the CO2-responsive surfactant can modify the CO2-

responsive mechanisms of a system. Typically, the protonation process activates a CO2-

responsive cationic surfactant and stabilizes the system, but formulating with another 

anionic surfactant can reverse this effect, causing the protonation process to eventually 



 

 

destabilize the system. Furthermore, other types of molecular interactions, such as 

amide-́  interactions, can impair the CO2-responsiveness of a system due to undesirable 

conformations of surfactants. Lastly, the curvature of an interface and modeling of the 

system can either screen or amplify the effects of specific molecular interactions, 

potentially changing the dominant factors of the CO2-responsive mechanisms. 

To conclude, this dissertation deepens our understanding of how intermolecular 

interactions influence the responsive mechanisms of a CO2-responsive surfactant at the 

nanoscale. The achievements will provide helpful guidance on how to optimize and 

control these interactions under suitable conditions to maximize the performance of 

CO2-responsive surfactants, facilitating a mature application of this novel surfactant in 

various fields of chemical and petroleum engineering. 
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CHAPTER 1 Introduction 

1.1  Research background and motivation 

In the fields of petroleum and chemical engineering, an application of surfactants is 

indispensable and ubiquitous [1ï3]. Surfactants can effectively reduce the interfacial 

tension between oleic and aqueous phases, stabilizing an emulsion system [4,5]. Due to 

the presence of crude oil and water in formations, surfactants play a crucial role in 

various processes such as crude oil extraction [6ï8], crude oil transportation [9,10], and 

wastewater treatment [11]. However, the role of surfactants as stabilizers is a double-

edged sword, as destabilizing a system is often necessary in subsequent processes, 

which typically requires significantly more energy. If a surfactant is highly surface-

active, its resulting emulsion will be extremely difficult to break down. This 

significantly complicates the recycling of valuable chemical agents and the purification 

of a final product [12,13]. 

To address these issues, the fields of chemical and petroleum engineering have long 

focused on developing surfactants that offer high surface activity during the mass and 

momentum transfer processes of fluids, while ensuring that a dispersion system can be 

easily destabilized in subsequent stages. In recent years, a series of so-called stimuli-

responsive surfactants have gained increasing attention due to their ability to reversibly 

switch between interface-active and interface-inactive states in response to external 

stimuli or triggers [14ï16]. This characteristic allows for a simple and effective method 

to achieve both emulsification and demulsification. 



 

 

Among various stimuli-responsive surfactants, a CO2-responsive surfactant stands out 

as particularly exceptional due to its low cost, non-toxicity, ease of introduction and 

removal, and the lack of accumulating side products [17,18]. The use of CO2-responsive 

surfactants aligns with the global goal of carbon neutrality. This approach supports 

Carbon Capture, Utilization, and Storage (CCUS) initiatives, contributing to the 

mitigation of climate change. So far, an application of CO2-responsive surfactants has 

been tested on both CO2 foam flooding and chemical flooding processes [19ï21]. 

Essentially, a CO2-responsive surfactant can be considered a type of pH-responsive 

surfactant, as a switching process occurs within a pH range governed by a carbonic acid. 

A long-chain alkyl acetamidine was reported as the first example of a CO2-responsive 

surfactant by Jessop et al. in 2006 [22]. They discovered that bubbling CO2 into pure 

water forms a carbonic acid solution, which renders the water acidic. Protons can be 

released from the carbonic acid and protonate nitrogen atoms in an acetamidine group, 

transforming the long-chain alkyl acetamidine into its surface-active form 

acetamidinium bicarbonate. Bubbling N2, air, or argon, combined with heating, reverses 

the reaction by removing CO2 from the solution, regenerating surface-inactive amidine 

compounds.  

Other cationic CO2-responsive surfactants, incorporating various functional groups 

such as amine, imidazole, and guanidine, have been designed and synthesized [23ï27]. 

They operate on a principle similar to that of acetamidine. The head groups of the CO2-

responsive surfactants can be designed to offer these surfactants with different basicities, 

solubilities, the heat of protonation, rates, and extents of switching, and abilities to 



 

 

reversibly stabilize and demulsify oil-water emulsions [28]. These different structures 

can tune the properties of CO2-responsive surfactants to suit different application 

environments. For example, arylacetamidine exhibits a significantly faster switching 

rate compared to other surfactants, whereas alkyl guanidine and alkyl amidine 

compounds are more basic, resulting in a high extent of switching even at low water 

concentrations.  

On the other hand, the tail groups of CO2-switchable surfactants determine their 

solubility, partitioning, and ecotoxicity [29]. It is well-known that the length of the 

hydrophobic tail of a surfactant affects its partition coefficient in aqueous and oleic 

phases [30ï32]. The longer a carbon chain, the more easily a surfactant solubilizes in 

the oleic phase. CO2-responsive surfactants with longer hydrophobic tails also exhibit 

greater sensitivity to temperature during a protonation process. If the hydrophobic tails 

of the CO2-responsive surfactants are short, they may even lose their surface activity 

and fail to remain at an oil-water interface. 

The effort to tune the properties of CO2-responsive surfactants by tailoring their 

structures represents a viable method to enhance their performance under specific 

conditions. However, this approach overlooks the underlying responsive mechanisms 

of the surfactants. While a molecular structure undoubtedly determines its individual 

behavior within a system, the phase behavior of an oil-water-surfactant system depends 

on the collective interactions of all molecules present. Consequently, it is these 

molecular interactions that ultimately determine the behavior of surfactants, the 

morphology of supramolecular structures, and the macroscopic chemical and physical 



 

 

properties of the system. Unfortunately, the responsive mechanisms of CO2-responsive 

surfactants at the nanoscale have not received sufficient attention in the fields of 

petroleum and chemical engineering. 

Therefore, to effectively control the macroscopic physical and chemical properties of 

systems containing such surfactants and to ensure their efficient CO2-responsive 

performance for stable control of emulsification and demulsification, it is essential to 

thoroughly study their conformations, proton transfer processes, phase behavior, and 

morphological changes of the surfactant monolayer at an oil-water interface before and 

after introducing CO2 to a system. The resulting findings can shed light on the 

interactions within CO2-responsive surfactants and between surfactant molecules and 

other chemicals in both the oleic and aqueous phases. They will reveal the potential 

impact of these interactions on the overall behavior of the system. In addition, they will 

suggest an alternative method to tune the properties of complex fluids containing CO2-

responsive surfactants by regulating the types and strengths of molecular interactions 

within the system, rather than altering the molecular structures of CO2-responsive 

surfactants. 

Due to limitations in traditional detection techniques, obtaining the above findings 

through experiments is challenging. With the rapid development of computational 

methods, computer simulations can now complement experiments perfectly by 

providing detailed insights into the underlying mechanisms at an atomic level. To 

address the gaps left by experimental methods, molecular dynamics (MD) simulations 

have recently become a powerful and standard tool for investigating molecular 



 

 

interactions, as they are more accessible and less time-consuming with the increased 

availability of computational resources. 

Over the past few years, several MD studies have focused on the molecular interactions 

of various CO2-responsive surfactants [33ï35]. However, these studies suffer from 

several deficiencies. One significant issue is the modeling of a system used in MD 

simulations. For instance, Liu et al. mixed surfactant molecules with hexadecane and 

water in a cubic box to simulate an aggregation process of hexadecane molecules in the 

aqueous phase, demonstrating that the dispersed oil droplets can be stabilized by an 

active CO2-responsive surfactant [36]. Zhang et al. highlighted that the electrostatic 

interaction between a deprotonated lauric acid and its counter-ion stabilizes emulsion 

[37]. They employed a droplet model in their simulations, which has a major limitation: 

the radius of the oil droplets covered by surfactants is confined to several nanometers. 

This constraint only allows for the simulations of microemulsion droplets and hardly 

reflects interactions at an oil-water interface when a system is in an emulsion state.  

In the case of emulsions, the spontaneous curvature of an oil-water interface should be 

assumed zero, and the interface should be modeled as flat. This is commonly referred 

to as an interface model or sandwich model, in contrast to a droplet model. Zhang et al. 

constructed a sandwich model to analyze the interfacial behavior of N'-dodecyl-N, N-

dimethylacetamidine (DMAA) and its bicarbonate salt N'-dodecyl-N, N-

dimethylacetamidinium (DMAAH+) upon purging CO2. They concluded that the 

interfacial activity of CO2-responsive surfactants originates from enhanced Coulomb 

interactions between charged surfactant molecules and water/anions [34]. Their study 



 

 

provides a fundamental explanation for the CO2-responsiveness of pure CO2-

responsive surfactants at an O/W interface. However, even if their model accurately 

reflects molecular interactions in an emulsion system, another unresolved issue for 

CO2-responsive surfactants is that traditional MD simulations often overlook a proton 

transfer process itself. A system is typically constructed after a complete conversion of 

CO2-responsive surfactants into either the protonated or deprotonated states. As a result, 

previous MD simulations can only capture the changes resulting from physical 

interactions within the system after the surfactants have been fully deprotonated by 

purging N2 or fully protonated by purging CO2. Neglecting the proton transfer results 

in missing crucial information about CO2-responsiveness, which is the central focus of 

related studies. Consequently, the effect of breaking and formation of chemical bonds 

should be discussed in more detail in MD simulations. 

Last but not least, an application environment of surfactants in chemical and petroleum 

engineering is highly complex. For example, during chemical flooding processes, 

surfactants are frequently used to reduce interfacial tension and lower a capillary 

number to improve recovery efficiency [38ï40]. In such processes, they encounter a 

variety of different chemicals. In an oleic phase, polar organic molecules are present 

and often act as in-situ surfactants, further reducing interfacial tension. Alkanes are also 

known to influence the arrangement of surfactants at an oil-water interface. In the 

aqueous phase, water molecules can form hydrogen bonds with surfactants, and various 

ions present can interact strongly with surfactants, affecting their behavior at the 

interface. At the oil-water interface, all surface-active materials can interact with 



 

 

surfactants, potentially altering the morphology of a surfactant layer. Due to the 

complexity of the oil-water-surfactant system composition, it is critical to investigate 

whether the molecular interactions between CO2-responsive surfactants and other 

chemicals can regulate the CO2-responsive mechanisms of the system. Additionally, it 

is essential to seek the most appropriate and efficient analytical methods, based on MD 

simulation results, to characterize these different interactions.  

In summary, this thesis uses molecular dynamics simulations to explore how molecular 

interactions between CO2-responsive surfactants and other substances at an oil-water 

interface affect and alter the CO2-responsive mechanisms. Throughout this thesis, we 

have selected Nô-dodecyl-N,N-dimethylacetamidine (DMAA) and its activated form 

Nô-dodecyl-N,N-dimethylacetamidinium (DMAAH+) as a model CO2-responsive 

surfactant due to its extensive investigation in both experimental and simulation studies. 

We investigated the impact of molecular interactions on a proton transfer process, 

addressing the gap in previous molecular dynamics simulations that did not consider 

the chemical reactions of these substances. We characterized how surfactants with 

different charges regulate the CO2-responsive mechanisms of a system and explored 

why certain substances can weaken or even eliminate CO2-responsiveness of the system. 

Furthermore, we employed various advanced analytical methods based on molecular 

dynamics simulation results to address different types of molecular interactions. For 

instance, we used free energy perturbation to study changes in the Gibbs free energy 

and the average reduced density matrix method to investigate noncovalent interactions. 

These analytical methods provide researchers with information that is often overlooked 



 

 

in standard molecular simulations, thereby enhancing the role of molecular dynamics 

simulations in uncovering microscopic mechanisms, predicting macroscopic 

phenomena, and guiding the formulation and regulating principles of systems 

containing CO2-responsive surfactants.  

In petroleum engineering, the outcome of this thesis can guide the formulation of 

drilling muds to achieve a controllable formation and collapse of mud cake, which can 

reduce filtration loss while avoiding severe formation damage for subsequent 

production. The findings in Chapter 3 demonstrate that chemical engineers who attempt 

to employ CO2-responsive surfactants during emulsion polymerization process should 

increase the oil-to-water volumetric ratio and reduce the contact of water molecules 

with CO2-responsive surfactants to enhance their switching extent. The outcome 

yielded from Chapter 4 can also provide reservoir engineers an easy way to effectively 

separate and recycle common surfactants employed in EOR processes such as DTAB 

and SDS, rendering the oil-water-surfactant CO2-responsive character and achieving 

desirable properties like ultra-low interfacial tension at the same time. The outcome in 

Chapter 5 implies that it is critical to scrutinize the chemicals formulated with a CO2-

responsive surfactant to avoid possible ineffective CO2-responsiveness due to 

undesirable molecular interactions. In general, the outcome of this thesis indicates an 

alternative approach to adjusting the formulations and properties of the oil-water-

surfactant mixture containing a CO2-responsive surfactant by utilizing the molecular 

interactions between a CO2-responsive surfactant and other chemicals.  



 

 

1.2 Objectives  

This dissertation aims to investigate the effect of molecular interactions on the 

interfacial behavior and CO2-responsive mechanisms of an oil-water-surfactant system 

containing a CO2-responsive cationic surfactant through molecular dynamics 

simulation and other analyzing methods based on molecular dynamics simulations. 

The primary objectives include: 

¶ Systematically review the molecular dynamics studies focusing on the molecular 

interactions of surfactants in an oil-water-surfactant system 

Recent MD studies on surfactants and other components within oil-water-surfactant 

systems need to be reviewed to investigate the molecular interactions in these systems 

that can affect the CO2-responsive mechanism. 

¶ Identify the locations where the proton transfer occurs within a system and 

investigate the contributions of different molecular interactions to this process. 

Due to the various forms in which CO2-responsive surfactants exist within a system 

(monomers in bulk phases, at a micelle surface, and at an oil-water interface), it is 

crucial to determine the locations where the protonation/deprotonation processes are 

most likely to occur. Identifying these locations will help predict a switching rate and 

optimize the switching conditions, ultimately improving the performance of surfactants. 

The free energy perturbation method is adopted together with MD simulations to 

achieve this goal. 

¶ Investigate how molecular interactions can be designed and controlled to regulate 

the CO2-responsiveness of a system.  

In most applications, surfactants are often formulated with other chemicals to optimize 

system performance. It is crucial to understand how the type and strength of these 



 

 

interactions can affect and alter the CO2-responsive mechanisms of a system. A deeper 

understanding of these interactions can guide the design of formulations to include 

chemicals that interact with CO2-responsive surfactants in ways that enhance CO2-

responsiveness, leading to more complete conversion and faster switching rates. 

¶ Investigate how undesirable molecular interactions can reduce or even eliminate 

the CO2-responsiveness of a system.  

Desirable chemicals can enhance the CO2-responsiveness of a system by highlighting 

the differences in molecular interactions before and after a response. However, there 

are also undesirable chemicals whose interactions with CO2-responsive surfactants can 

impair the CO2-responsiveness to external CO2/N2 stimuli, rendering a CO2-responsive 

surfactant ineffective. Therefore, it is crucial to understand the underlying mechanisms 

of how these molecules interact with CO2-responsive surfactants to avoid introducing 

such chemicals or undesirable interactions into the system. Moreover, the average 

reduced density gradient analyses are conducted with MD simulations to highlight the 

effect of non-covalent interactions. 

 

 

 

1.3 Thesis outlines 

This thesis is composed of six chapters. To elaborate, Chapter 1 presents a brief 

introduction to the background, objectives, and contributions of this thesis.  

Chapter 2 presents a literature review of the applications of molecular dynamics 

simulations focused on investigating an oil-water-surfactant system. This review offers 

the basis for selecting the analyzing tools for specific molecular interactions. 



 

 

Chapter 3 investigates the mechanisms of how the proton transfer between a carbonic 

acid and CO2-responsive surfactants is affected by the surroundings of the surfactant-

counterion pairs. Three potential locations for this process are identified through 

molecular dynamics simulations, and the breakage and formation of chemical bonds 

were simulated using the free energy perturbation method. 

Chapter 4 investigates how the molecular interactions between a CO2-responsive 

surfactant and other chemicals can affect the CO2-responsive mechanisms of a system. 

The morphological changes to the surfactant layer at an oil-water interface and the 

phase behavior of the system are investigated.  

Chapter 5 investigates how the non-covalent interactions can impair the CO2-

responsiveness of a system. The average reduced density gradient method is adopted to 

identify non-covalent interactions.   

Chapter 6 summarizes the conclusions of this dissertation and presents the 

recommendations for future work.  

 

 

 

1.4Contributions 

All contents of this dissertation, except for the Conclusion Chapter, have 

contributed to nine papers. Among them, five articles have been published in peer-

reviewed journals. Two articles are under review in peer-reviewed journals. Two 

articles have been just submitted to journals for peer review. As the first author, I have 



 

 

conducted the following papers ensuing from this research:  

1. Lei, X., Liu, B., Hou, Q., Wang, Y., Ahmadi, M., Liu, Z., & Chen, Z. (2024). 

Switchability and synergistic effect of a CO2-responsive surfactant with co-surfactants 

at an O/W interface: A molecular insight. Journal of Molecular Liquids, 405 (April ), 

125051. (Conceptualization, Methodology, Software, Validation, Formal Analysis, 

Resources, Data Curation, Investigation, Writing-original draft, Writing-

review&editing, Visualization),  https://doi.org/10.1016/j.molliq.2024.125051   

2. Lei, X., Liu, B., Liu, Z., & Chen, Z. (2024). Insights into the noncovalent 

interactions between a CO2-responsive cationic surfactant and anionic surfactants: 

molecular dynamics simulation and average reduced density gradient analysis. 

(Conceptualization, Methodology, Software, Validation, Formal Analysis, Resources, 

Data Curation, Investigation, Writing-original draft, Writing-review&editing, 

Visualization), Journal of Molecular Liquids. Revision submitted. 

3. Lei, X., Liu, B., & Chen, Z. (2024). Molecular Interactions and Responsive 

Locations of CO2-responsive Surfactants in an Oil-water-surfactant System: 

Molecular Dynamics Simulation and Free Energy Perturbation. (Conceptualization, 

Methodology, Software, Validation, Formal Analysis, Resources, Data Curation, 

Investigation, Writing-original draft, Writing-review&editing, Visualization), 

Chemical Engineering Journal. Submitted. 

4. Lei, X., Liu, B., Di, C., Wei, Z., Deng, P., & Chen, Z. (2024). Molecular 

Insights into the Interactions of Surfactants with Other Chemicals in Chemical 

Flooding Processes: A Comprehensive Review. (Conceptualization, Formal Analysis, 

https://doi.org/10.1016/j.molliq.2024.125051


 

 

Resources, Investigation, Writing-original draft, Writing-review&editing, 

Visualization), Advances in Colloid and Interface Science. Under review. 

 

As the corresponding author or co-author, I have also contributed to the following 

papers contributing to part of this research:   

5. Ahmadi, M., Aliabadian, E., Liu, B., Lei, X., Khalilpoorkordi, P., Hou, Q., 

Wang, Y., & Chen, Z. (2022). Comprehensive review of the interfacial behavior of 

water/oil/surfactant systems using dissipative particle dynamics simulation. 

(Conceptualization, Investigation), Advances in Colloid and Interface Science (Vol. 

309). https://doi.org/10.1016/j.cis.2022.102774 

6. Ahmadi, M., Hou, Q., Wang, Y., Lei, X., Liu, B., & Chen, Z. (2023). 

Spotlight on reversible emulsification and demulsification of tetradecane-water 

mixtures using CO2/N2 switchable surfactants: Molecular dynamics (MD) simulation. 

(Conceptualization, Investigation, ) Energy, 279, 128100. 

https://doi.org/10.1016/j.energy.2023.128100 

7. Liu, B.-J.-M., Lei* , X.-T., Ahmadi, M., & Chen, Z. (2024). Molecular 

insights into oil detachment from hydrophobic quartz surfaces in clay-hosted 

nanopores during steam-surfactant co-injection. (Conceptualization, Methodology, 

Formal Analysis, Validation, Investigation, Formal Analysis, Writing-

review&editing), Petroleum Science. Published online 

https://doi.org/10.1016/j.petsci.2024.04.004 

https://doi.org/10.1016/j.cis.2022.102774
https://doi.org/10.1016/j.energy.2023.128100
https://doi.org/10.1016/j.petsci.2024.04.004


 

 

8. Liu, B., Lei, X.* , Ahmadi, M., Jiang, L., & Chen, Z. (2024). Surface 

modeling of wettability transition on Ŭ-quartz: Insights from experiments and 

molecular dynamics simulations. (Conceptualization, Methodology, Formal Analysis, 

Validation, Investigation, Formal Analysis, Writing-review&editing), Journal of 

Molecular Liquids, 406 (June), 125147. https://doi.org/10.1016/j.molliq.2024.125147 

9. Liu, B., Lei, X. * , Feng, D., Ahmadi, M., Wei, Z., Chen, Z., & Jiang, L. 

(2024). Nanoconfinement effect on the miscible behaviors of CO2/shale oil/surfactant 

systems in nanopores: Implications for CO2 sequestration and enhanced oil recovery. 

(Conceptualization, Methodology, Formal Analysis, Validation, Investigation, Formal 

Analysis, Writing-review&editing), Separation and Purification Technology. Under 

review. 
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CHAPTER 2 Literature Review1 

2.1 Oil-water-surfactant systems in chemical and petroleum engineering   

Surfactants are widely used in chemical and petroleum engineering because they can 

stabilize dispersion systems, including foams, emulsions, and suspensions [1ï3]. In an 

oil-water-surfactant system, the surfactants can effectively reduce the interfacial tension 

(IFT) of an oil-water interface, lower the interface energy of the system, and create a 

double diffuse layer that prevents the coalescence of oil droplets [4ï7]. Before 

conducting MD studies on the target CO2-responsive surfactant in an oil-water-

surfactant system, it is crucial to understand the types of molecular interactions within 

these systems and the corresponding methods to investigate them. 

For most applications of surfactants in chemical and petroleum engineering, the stable 

phase behavior of an oil-water-surfactant system is frequently desirable for mass and 

momentum transfer processes [8ï12]. In an oil-water-surfactant system, various 

chemicals are co-injected to achieve different objectives [13ï15]. Co-surfactants are 

injected for temperature or salt tolerance [16ï18]. Water-soluble polymers are often 

 
1
Part of this chapter has been published or submitted as: Ahmadi, M., Aliabadian, E., Liu, B., Lei, 

X., Khalilpoorkordi, P., Hou, Q., Wang, Y., & Chen, Z. (2022). Comprehensive review of the 

interfacial behavior of water/oil/surfactant systems using dissipative particle dynamics simulation. 

Advances in Colloid and Interface Science. https://doi.org/10.1016/j.cis.2022.102774; Ahmadi, M., 

Hou, Q., Wang, Y., Lei, X., Liu, B., & Chen, Z. (2023). Spotlight on reversible emulsification and 

demulsification of tetradecane-water mixtures using CO2/N2 switchable surfactants: Molecular 

dynamics (MD) simulation. Energy 279, 128100. https://doi.org/10.1016/j.energy.2023.128100; 

Liu, B., Lei, X., Ahmadi, M., Jiang, L., & Chen, Z. (2024). Surface modeling of wettability 

transition on -quartz: Insights from experiments and molecular dynamics simulations. Journal of 

Molecular Liquids, 406(June), 125147. https://doi.org/10.1016/j.molliq.2024.125147; Liu, B.-J.-M., 

Lei*, X.-T., Ahmadi, M., & Chen, Z. (2024). Molecular insights into oil detachment from 

hydrophobic quartz surfaces in clay-hosted nanopores during steam-surfactant co-injection. 

Petroleum Science. In Press. https://doi.org/10.1016/j.petsci.2024.04.004; Lei, X., Liu, B., Di, C., 

Wei, Z., Deng, P., & Chen, Z. (2024).Molecular Insights into the Interactions of Surfactants with 
Other Chemicals in Chemical Flooding Processes: A Comprehensive Review. Advances in Colloid 

and Interface Science. Submitted to Journal. 
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applied to increase the viscosity of the fluid and reduce the friction with the pipes 

[19,20]. The type and structure of surfactants, water molecules, ions, temperature, and 

organic components in the oleic phase can all have significant impacts on the 

performance of the surfactant [21,22]. The interactions between these chemicals can 

trigger undesirable phase behaviors that lead to serious engineering issues. Therefore, 

it is important to fully understand how these chemicals interact in complex fluid 

systems and the microscopic mechanisms that cause different phase behaviors. 

Unfortunately, traditional experimental methods are insufficient to reveal such 

interactions explicitly. These challenges have led chemical and petroleum engineers to 

explore new techniques for identifying molecular interactions. 

In this regard, molecular dynamics (MD) simulations have been rapidly developed in 

recent years and have become a standard tool for researchers to investigate the 

properties and behaviors of complex fluid systems [23ï25]. For most engineering 

processes, a microscopic mechanism was proposed based on a corresponding 

macroscopic phenomenon. However, MD simulations can directly investigate 

molecular interactions, eliminating potential discrepancies caused by different scales. 

They have proven effective in evaluating the performance of new chemical agents and 

exploring molecular-level phase behavior [26ï31]. MD simulations have been 

successfully used to analyze the morphology and formation of a surfactant-polymer 

complex, the influence of ions in the aqueous phase and the organic molecules in the 

oleic phase, and the surfactant-assisted oil detachment processes [32ï35]. To shed light 

on mechanisms that provide necessary theoretical guidance for subsequent applications 



 

 

of surfactants, the MD studies on oil-water-surfactant systems need to be elucidated 

and summarized.  

Recent research studies have explored the use of MD simulations to investigate various 

factors and molecular interactions of surfactants from two distinct perspectives. The 

first is a summary of the unique molecular interactions and nanoscale mechanisms 

discovered by the MD simulations, which can be used to interpret the phase phenomena 

observed on a larger scale. The second aspect is a summary of the analyzing methods 

employed in MD simulations to yield their results and conclusions. It is expected that 

a systematic review of applications of MD simulations on the role that a surfactant plays 

in an oil-water-surfactant system could build a solid basis for the investigation of CO2-

responsive surfactants in such systems. 

2.2 Molecular dynamics (MD) simulation fundamentals  

In a general definition, the MD simulation incorporates two distinct sub-groups: the ab 

initio MD simulation and classical MD simulation (also referred to as all-atom MD or 

molecular mechanics MD). The ab initio MD simulation assumes that the Bornï

Oppenheimer approximation is valid and treats the nuclei and electrons separately [36]. 

The dynamics of the nuclei can be treated classically on the ground-state electronic 

surface, which allows both the effect of chemical reaction and the dynamic of molecules 

in the system. There are indeed situations where the chemical reaction plays a critical 

role, such as chemisorption, generation of soap, and divalent ion sequestration. So far, 

there are some ab initio MD studies focused on the adsorption of gas and ions on various 

mineral surfaces without consideration of explicit water molecules [37,38]. 



 

 

Unfortunately, the computing cost for the application of ab initio MD in an oil-water-

surfactant system has far exceeded the computing power of modern computers. 

The classical MD simulation, on the other hand, means that the quantum effect is 

neglected, and the system obeys the laws of classical mechanics. The classical 

Newtonian equations of motion of the system are numerically solved from a 

predetermined initial state and subjected to appropriate boundary conditions. Classical 

MD simulations provide a description of the dynamic behavior of thousands of atoms 

in a system. This level of detail is adequate for studying the behavior of oil-water-

surfactant systems. 

A workflow of a typical MD simulation is shown in Figure 2.1: 

 

Figure 2.1 A workflow for a typical MD simulation 

 

2.2.1 Model Construction 

As discussed above, classical MD simulations do not account for the quantum effect. 

Consequently, the substitute solution for describing intramolecular and intermolecular 

interactions is the use of the so-called force field.  

The force field builds a set of parameters to calculate the potential energy of the system 

and forces exerted on atoms during the simulation. Normally, the potential energy of a 

system consists of the bonded term and the non-bonded term. The bonded term 

Model 

Construction

Geometry

Optimization

Molecular

Dynamics

Trajectory

Analysis

ÅBuild the molecular 

structure

ÅSelect the force field

ÅGenerate the 

initial configuration

ÅSearch for the most 

stable configuration

ÅRemove bad contacts

ÅRelax the initial structure

ÅEquilibrate the system

ÅProduce the data

ÅVisualize the 

molecular trajectory

ÅStatistical analysis of

the trajectory



 

 

describes the intramolecular interactions between nearby atoms within a molecule, 

while the non-bonded term describes the intermolecular interactions or intramolecular 

interactions between non-nearby atoms within a molecule. A detailed composition of 

the potential energy of a system is shown in Figure 2.2. 

 

Figure 2.2 The potential energy composition of in MD simulations. 

 

It is noteworthy that various types of force fields have been developed so far. These 

force fields adopted different functions to describe the different types of interactions 

and thus exhibited their unique advantages in simulating specific systems. A proper 

selection of the force field determines the molecular topology in the system, impacting 

the accuracy of the simulation. For the majority of studies in the field of cEOR, common 

force fields that are applied include the General AMBER Force Field (GAFF) [39], 

Optimized Potentials for Liquid Simulations (OPLS) [40,41], Chemistry at Harvard 

Macromolecular Mechanics (CHARMM) [42], CHARMM General Force Field 
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(CGenFF) [43], Condensed-phase Optimized Molecular Potentials for Atomistic 

Simulation Studies (COMPASS) [44], Consistent Valent Force Field (CVFF) [45], 

Polymer Consistent Force Field (PCFF) [46], Groningen Molecular Simulation 

(GROMOS) [47ï49], INTERFACE, and CLAYFF [50,51]. Additionally, due to the 

importance of water molecules, different water models are developed and tested 

together with these force fields. Consequently, the selection of a water model should 

align with the primary force field applied in a simulation. Furthermore, there is also 

research focused on modifying existing force fields and developing parameters to 

accurately describe specific particles.  

The GAFF force field can be used to model various organic molecules, especially 

polymers. Yuan et al. employed the GAFF force field to explore the formation of the 

three-dimensional polymer network structure [52] and the self-assembling behavior of 

the polymer under the nanoconfinement effect [53]. For MD simulations of heavy oil, 

the GROMOS force field is frequently adopted since it simplifies the aliphatic hydrogen 

atoms and improves the computing efficiency for large systems. For other chemicals 

present in an oil-water-surfactant system, both OPLS and CHARMM force fields are 

suitable. These force fields are widely applied to simulate small organic molecules such 

as surfactants and solvents. INTERFACE and CLAYFF force fields can be used to 

model the solid surface of minerals in the system. However, due to the complexity of 

modeling minerals, there is a tremendous amount of work focused on developing 

unique parameters to describe different minerals. 

 



 

 

2.2.2 MD Algorithms 

The essence of MD simulation is to solve the Newtonian equations of motion of the 

system [54]. To properly achieve this goal and simulate the nanoscale phenomenon in 

the expected environment, a series of techniques and corresponding algorithms need to 

be employed.  

Conducting the energy minimization to remove unphysical contact between particles 

and avoid potential collapse of the following simulation is necessary to prepare for an 

initial configuration that is used as an input for the MD simulation. Common algorithms 

adopted for this purpose include the steepest descent algorithm, conjugated gradient 

algorithm, and quasi-Newtonian algorithm. The steepest descent algorithm is efficient 

when the system deviates significantly from a local minimum but converges slowly 

near a local minimum. The conjugate gradient algorithm is frequently used in 

conjunction with the steepest descent method to accelerate the convergence, addressing 

the limitations of the steepest descent algorithm. The application of the quasi-

Newtonian algorithm is more time-consuming than the other two algorithms since the 

quasi-Newtonian algorithm needs to calculate the Hessian matrix and its inversion.  

The following step of energy minimization is the proper dynamics part, which can be 

categorized into several distinct phases, namely the relaxation, equilibration, and 

production phases. However, these different phases share similar algorithms to 

calculate the molecular interactions and update the forces, positions, and velocities of 

the atoms in the system. In this regard, several finite difference methods have been 

employed, including the velocity Verlet algorithm [55], the leap-frog algorithm [56], 



 

 

and the Beeman algorithm [57]. The velocity Verlet algorithm is widely applied since 

the velocity and positions of the atoms can be achieved at the same time. The leap-frog 

algorithm improves the original Verlet method in accuracy, but it is not able to update 

the velocities and positions at the same time. The order of the local error of the Beeman 

algorithm is higher than those of velocity Verlet and leap-frog algorithms, resulting in 

greater accuracy and higher computational cost for the Beeman algorithm. 

To properly simulate the behaviors of molecules under specific environmental 

conditions, the ensemble of the system should be set up correctly. The ensemble of the 

system determines the thermodynamic state and macroscopic constraints. Common 

thermodynamic ensembles applied in the MD simulations include the canonical 

ensemble (NVT), micro-canonical ensemble (NVE), grand canonical ensemble (ÕVT), 

isothermalïisobaric ensemble (NPT), and isoenthalpicïisobaric ensemble (NPH). For 

most MD studies in oil-water-surfactant systems, the canonical ensemble and 

isothermalïisobaric ensemble are employed to determine the environment of the 

simulation. Table 2.1 summarizes the variables controlled in each ensemble. 

 

Table 2.1 Summary of ensembles in MD simulations.  
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Due to the wide application of canonical ensembles and isothermalïisobaric ensembles, 

the temperature should be controlled carefully to accurately reveal the molecular 

behaviors at designated temperatures. The technique used in MD simulations to control 

the temperature of the system is known as the thermostat. Typical thermostats include 

the Nos®-Hoover [58], Anderson [59], Berendsen [60], and velocity-rescale [61]. The 

Nos®-Hoover thermostat employs an extended ensemble temperature coupling where 

the imaginary particle is used as the heat sink, and the systems can achieve a Maxwell 

distribution. Anderson thermostat randomizes the velocities of a fraction of the particles 

at each timestep according to the Maxwell distribution of velocities at reference 

temperature. Berendsen thermostat couples the particles to a bath at reference 



 

 

temperature with a time constant controlling the strength of the temperature coupling 

effect. The velocity-rescale thermostat improves the Berendsen thermostat by 

introducing a stochastic term to fix the issue of particle velocities not obeying the 

Maxwell distribution.  

In the isothermalïisobaric ensemble, the pressure of the system is also controlled. The 

technique used to control the pressure of the system is known as the barostat such as 

the Berendsen barostat and Parrinello-Rahman barostat [62]. In the Berendsen barostat, 

the size of the simulation box scales at every timestep to modify the pressure. The 

Berendsen barostat is highly efficient at the beginning of a run because it uses 

exponential relaxation pressure coupling. Although some argue that the Berendsen 

barostat does not produce a correct thermodynamic ensemble, this issue can be 

overlooked for large systems. Similar to the Nos®-Hoover, the Parrinello-Rahman 

barostat also employs an extended ensemble for the pressure coupling, and it can yield 

a precise isothermalïisobaric ensemble. However, due to the possible oscillations, this 

barostat is more appropriate for the production stage of MD simulations.  

The efficiency of a typical MD simulation depends largely on the algorithms used to 

calculate the nonbonded interactions. Since the nonbonded interaction is pairwise, the 

time needed to calculate scales with O(N2), which becomes a significant portion of the 

total simulation time as the number of particles in a complex system increases. The 

simplest algorithm for calculating nonbonded interactions is the plain cut-off, but it can 

lead to significant errors if the cut-off radius is too small. The introduction of a neighbor 

list can reduce errors by considering the effect of potential interactions with particles 



 

 

outside of the cut-off range. However, it cannot solve the issue that the energy is not 

conservative due to the cut-off scheme. To solve this issue, the switching function and 

shifted potential methods are proposed. For van der Waals interactions, the error caused 

by the cutoff scheme is small, as the repulsion decays rapidly with increasing distance. 

For systems that need to consider the van der Waals interaction outside of the cutoff 

range, the dispersion correction can be applied. In contrast, the cutoff scheme can lead 

to large errors in the electrostatic interaction as the electrostatic interaction decays much 

slower than the van der Waals interaction. In this regard, the Ewald method calculates 

the short-range and long-range electrostatic interaction separately in the real space and 

reciprocal space, which significantly increases the computing efficiency and achieves 

a high accuracy. The Particle-Mesh Ewald (PME) method and smooth Particle-Mesh 

Ewald (SPME) further improve the Ewald method, and they are widely applied in most 

MD studies nowadays [63,64].  

 

2.2.3 Trajectory Analysis 

Molecular trajectories contain important information that reveals the behavior of 

molecules and their interactions. It is critical to understand how to utilize various 

analyzing tools to extract the information from the molecular trajectories. In the oil-

water-surfactant system, the arrangement of surfactants at the oil-water interface 

significantly affects the stability of the interface, resulting in different phase behavior 

of the system. The order parameters, number densities, and visualized trajectory can 

reveal the change in the distribution and aggregating behavior of surfactants with other 



 

 

species. On the other hand, the radial distribution functions, potential of mean force, 

hydrogen bonds, and potential energy reflect their interactions. In this part, various 

analyzing techniques are summarized with examples of their applications in an oil-

water-surfactant system. 

A radial distribution function (RDF) gives a measure of the probability that, given the 

presence of an atom at the origin of an arbitrary reference frame, there will be an atom 

with its center located in a spherical shell of infinitesimal thickness at a distance, r, 

from the reference atom [65]. The radial distribution function is defined by equation 

(1):  
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In a MD simulation, the numerous interactions among various molecules will determine 

the most probable distance between specific molecules. Under different conditions, the 

RDF between specific groups will also be changed. As the distance increases, the RDF 

will converge to a specific value since the number of particles within a large shell space 

is proportional to its average concentration. Consequently, RDF can well reflect the 

structural change in the system. For example, Tohidi et al  identified the oil 

detachment process with the variation in RDF values after equilibration. In their study, 

the calcite molecules are fixed during the simulation [66]. The RDFs between carbon 

atoms in calcite molecules and other atoms represent the distance between different 

species and the calcite surface. Yaseen and Mansoori [67] used RDF results to 

characterize different types of ́-́  stackings. As the distance of the peak increases, face-



 

 

to-face, parallel-displaced, and T-shaped stacking geometries can be found successively.  

On the other hand, the distance, width, and height of the peak in the RDF is a good 

representation of intermolecular interactions. Gao et al discovered that the RDF of 

oxygen atoms in sulfonate groups and oxygen atoms in the water exhibited two distinct 

peaks at 0.27nm and 0.51nm, respectively. In addition, the first peak is higher and 

narrower, indicating a denser concentration of atoms. This behavior is interpreted as 

two hydration layers near the head groups of surfactants. The first hydration layer is 

more stable since it is formed as a result of strong Coulomb interaction between the 

charged group and water molecules, and the second hydration layer is formed between 

water molecules. (Molecular dynamics study of ñquasi-geminiò surfactant at n-

decane/water interface: The synergistic effect of hydrophilic headgroups and 

hydrophobic tails of surfactants on the interface properties) 

The number densities reflect the distributions of different species in the system. The 

number density of a component in a system can be calculated according to Equation (2)  
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where Ўᾀ is the bin width, S is the cross-section area of each bin along the z-axis, ὔ 

is the number of species in the interval ᾀ
Ў
ȟᾀ

Ў
, the brackets denote averaging 

over time. It is noteworthy that the number densities can be calculated in this way along 

all the three dimensions of the system. 

One of the most common uses of number densities in an oil-water-surfactant system is 

the characterization of the aggregating behavior of various groups near an interface. 



 

 

Szczerba et al. [68] studied the effect of brine chemistry on the affinity of organic 

components of the oleic phase onto the smectite surface. Their number densities show 

that water molecules are closer to the smectite surface, indicating stronger 

hydrophilicity over the hydrophobicity of the smectite model throughout the whole 

simulation. The number density can also denote the structural change in the system. 

Tang et al. investigated the oil-detachment process using the number densities of 

dodecane and water molecules alone z-axis extracted at 0.1 ns, 0.3 ns, 0.5 ns, 1.0 ns, 

and 30.0 ns. The shift in the plateau values of the number densities of water molecules 

reveals the formation of a water channel near the silica surface.  

Another critical parameter that is frequently calculated in trajectory analysis is the mean 

square displacement (MSD) of the molecules. MSD is an ideal measure of interactions 

between tagged atoms with surrounding molecules. If the attraction between molecules 

and their surroundings is strong, the motion of the molecules will be impeded. 

Mohammadali et al. discovered that the MSD of water molecules close to decreases 

drastically after the addition of surfactants [69]. They explained that when surfactants 

are present, water molecules can form a hydration layer around them. This 

supramolecular structure significantly impedes the motion of water molecules. The 

MSD can be defined by equation (3): 
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Similarly, Yuan et al. compared the MSD of water molecules before and after the 

addition of surfactant molecules to study the wettability alteration process of a lignite 



 

 

surface [70]. It is clear that the MSD curve of water molecules in the absence of AEO9 

is above the MSD curve of water molecules in the presence of AEO9, which 

demonstrates that water molecules can move faster without AEO9 molecules. The 

attraction of surfactant molecules impedes the movements of water molecules, which 

is consistent with the variation in the concentration profile of water molecules and 

AEO9 molecules near the lignite surface.  

The total energy in the MD simulation is the sum of the potential energy and the kinetic 

energy. The kinetic energy of the molecules depends on the temperature and remains 

relatively stable when the proper thermostat is used. The difference in the potential 

energy of different conformations reflects the change in the equilibrium of the system. 

Moreover, it is the difference between energy values of different configurations or 

conformations of the system matters rather than the actual energy values themselves. 

There are various techniques to utilize the energy yielded from molecular dynamics 

simulation results for the analysis of the states of a system.  

For instance, the interface formation energy (IFE) of an oil-water-surfactant system can 

be calculated through the equation (4):  

ὍὊὉὉ Ὁ Ὁ τ 

where Ὁ   and Ὁ  are the energies of surfactants and the energy of 

an oil-water system without surfactant, respectively. The IFE indicates the stability of 

the surfactant layer formed at the O/W interface. The lower the IFE, the more stable the 

formed layer since the layer significantly reduces the interface energy. 



 

 

On the other hand, the interaction energy reflects the intensity of intermolecular 

interactions between two or more species. In general, the interaction energy between 

two species can be expressed as equation (5):  

Ὁ Ὁ Ὁ Ὁ υ 

where Ὁ  is the interaction between species A and B, Ὁ  is the total energy of 

both species A and B, Ὁ is the energy of isolated species A and Ὁ is the energy of 

the system with isolated species B. The choice of species is very flexible and often 

adjusted according to the specific topic. For example, Ahmadi and Chen applied this 

concept to investigate the interactions between the surfactant and heavy oil fractions 

[71]. In addition, the interaction energy can be divided into van der Waals and Coulomb 

interactions. The contribution of Coulomb and van der Waals interaction can be 

compared directly to determine the dominating mechanism of the intermolecular 

interactions. They employed this method in another study and discovered that the “-“ 

stacking between SDBS molecules and resin molecules is the primary mechanism that 

enhances the interaction energy of the system [72].  

The order parameter is crucial for evaluating the array behavior of surfactants at an oil-

water interface. The order parameter of any carbon atom in a hydrophobic tail can be 

calculated with the equation (6): 
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— is the angle between the z-axis of the box and the direction in a hydrophobic tail of 

interest. The direction of a hydrophobic tail is defined as the direction of the vector that 



 

 

points to the next carbon atom from a previous carbon atom. The brackets in the formula 

imply averaging over time and molecules. Order parameters can vary from 1 (the chain 

direction is parallel to the main axis) to -0.5 (the chain direction is normal to the main 

axis), and 0 means that the orientation of a hydrophobic tail is isotropic [73]. Using this 

definition, the order parameters of the first and last carbon atoms in a hydrocarbon chain 

cannot be calculated. Through the change of order parameters, the form of surfactant 

molecules and the structure of the surfactant layers can be understood. For instance, 

Chapman et al. have presented the order parameters of carbon atoms in the surfactant 

tails. According to the lower order parameters of lauryl betaine molecules, they 

concluded that the hydrophobic tails of the lauryl betaine are less ordered and have 

more freedom in the oleic phase constant to those of alpha olefin sulfonate.   

The formation of hydrogen bonds is considered to be the driving force behind a series 

of interface phenomena. Accurately identifying hydrogen bonds present in MD 

simulations is the key to achieving a thorough understanding of the molecular 

interactions. In MD simulations, the geometric criterion is commonly used to evaluate 

the existence of hydrogen bonds. According to this criterion, the angle formed by the 

hydrogen-donor-acceptor should be less than 30Á, and the distance between the donor 

and acceptor should be within 0.35 nm.  

The hydrogen bonding between the heteroatoms and water molecules is considered the 

primary reason why asphaltene molecules can stabilize oil droplets. Ahmadi and Chen 

demonstrated the formation of hydrogen bonds between asphaltene and water 

molecules, showing that the heteroatoms in asphaltene molecules can create a hydrogen 



 

 

bonding network with water molecules [74]. The number of hydrogen bonds can also 

be used to characterize the hydrophilicity of the surfactants. Shen et al. analyzed the 

hydrogen bonds formed between various nonionic surfactants and water molecules [75]. 

They concluded that surfactants with a larger hydrophilic group could form more 

hydrogen bonds with water molecules, and the increased hydrogen bonds further 

enhanced the hydrophilicity of the oil droplet.  

 

 

2.3 The interactions between surfactants and aqueous phase 

Water is ubiquitous in chemical and petroleum engineering. Brine is almost always co-

produced with crude oil during the water flooding or surfactant-polymer flooding 

processes in the oil field. The composition of the aqueous phase is highly complex. 

Also, the concentrations of ions in the aqueous phase are very high. It is well-known 

that the thickness of the double diffuse layer near the oil-water interface, where ionic 

surfactants are adsorbed, can be significantly altered by the ionic strength of an aqueous 

solution. Consequently, the water molecules and other solutes in the aqueous phase 

exert significant impacts on both the phase behaviors and rheological properties of the 

surfactant solution. For instance, one critical factor to consider when using surfactant 

is its compatibility with the aqueous phase. To this end, it is vital to know the 

microscopic mechanism of how ions and water molecules affect the structure of self-

assemblies of surfactants and their ability to reduce IFT on an atomistic level.  

A fundamental mechanism of cations interacting with surfactant molecules is disrupting 



 

 

the double hydration layer formed around the head groups of surfactants. Yan et al. 

investigated the effect of Ca2+ and Mg2+ on the hydrogen bonding structure around the 

polar group of different anionic surfactants using all-atom MD simulations [98]. Their 

results showed that two hydration layers can be observed near the polar groups of 

anionic surfactants. The first hydration layer is created by a strong electrostatic 

interaction between the charged polar groups of surfactants and the water molecules. 

The hydrogen bonds between water molecules in the first hydration layer and other 

surrounding water molecules promote the formation of the second hydration layer. 

Numerous MD studies on surfactants have reported the discovery of the double 

hydration layer structure and employed this mechanism to interpret various phase 

behaviors [76ï80].  

Interestingly, it has been observed that the monovalent and divalent cations in the 

aqueous phase can induce different mechanisms in disrupting the structure of the 

hydration layer. The energy barrier for Na+ to come into the first hydration layer is 

lower than divalent cations, meaning that Na+ is easier to bind and unbind to the polar 

head groups through electrostatic interactions. Moreover, the hydration layer around 

the Na+ is looser than those around the divalent cations. This suggests that Na+ causes 

fewer disruptions to the original hydration structure near the head groups than divalent 

cations. Because of the higher energy barrier, it is more difficult for cations such as 

Mg2+ and Ca2+ in the aqueous phase to bind and unbind to the polar head groups. In 

addition, owing to their higher valence, they can attract more water molecules into their 

hydration layer, which can disrupt the original structure around the head groups, 



 

 

compressing the thickness of the hydration layer. An illustration of the structure of 

hydration layers around the surfactant head groups is shown in Figure 2.3. Figure 2.3 

(a) represents the original double hydration layers in the absence of the divalent ions; 

Figure 2.3 (b) denotes the double hydration layers when the divalent ions enter into the 

first hydration layer; Figure 2.3 (c) illustrates the double hydration layers when the 

divalent ions enter into the second hydration layer. 

 

 

Figure 2.3 An illustration of the hydration layers around a surfactant head group [75].  

 

On the other hand, the presence of divalent ions can promote the formation of an ion 

bridge between surfactant polar head groups, leading to a compact arrangement of 

surfactants. Sammalkorpi et al. explored the effect of strong cation bridging on the 

morphology of surfactant self-assembly [81]. They discovered that the presence of 

excess salt results in a larger aggregating number of the micelle, which is consistent 

with previous experimental findings. This finding was explained by the fact that high 



 

 

ionic strength has a stronger screening effect on the charged surface of the micelle, 

reducing the electrostatic repulsion between the head groups. More importantly, they 

proposed that the enhanced structural rigidity of the aggregates in the presence of 

divalent cations could be attributed to forming a relatively stable ion bridge between 

the nearest-neighbor head groups. Furthermore, by comparing the lifetimes of ion 

bridges under different ionic strengths, it was noted that the Na+-mediated ion bridge is 

less stable than a Ca2+-mediated ion bridge. This suggests that the valence of ions could 

significantly affect the interaction between surfactant head groups, aligning with the 

conclusion of Yan et al.  

The hydration layer of surfactant head groups and the ion bridges between the surfactant 

head groups can be modified according to the characteristics of counterions present in 

the system. For example, the presence of divalent cations like Ca2+ and Mg2+ can change 

the distribution of monovalent ions. Based on traditional theories, the high valent 

cations in the aqueous phase can decrease the thickness of the double diffuse layer of 

the charged surface of surfactant self-assemblies and reduce the repulsion between the 

self-assemblies of anionic surfactants by lowering osmotic pressure, which often leads 

to unstable phase behavior. MD studies offered a detailed description of how the 

compression of the double diffuse layer occurs at the atomistic level and destabilizes 

the system, revealing that this can be interpreted as the high valent cations altering the 

distribution of monovalent cations and disturbing the original structure of ion bridges. 

Chen et al. reported that although ion bridges mediated by Ca2+ and Mg2+ are more 

stable than those mediated by Na+, the barrier energy of the former is much higher [82]. 



 

 

Consequently, divalent cations have less chance to cross the hydration layers and form 

the ion bridge. However, due to the higher valences of the Ca2+ ions, they saturate the 

interface more efficiently than the monovalent ions like Na+, excluding Na+ from the 

interfacial region. As a result, the head groups of the anionic surfactant are less bridged 

by Na+ cations and more solvated by water. Such solvated head groups can impact the 

arrangement of the alkyl tails of surfactants, causing a more disordered and thinner 

interfacial layer. Therefore, divalent cations in the system eventually lead to a more 

fluctuated interface with a lower bending modulus of their double diffuse layer.  

The impact of divalent cations on altering the ion bridges is not solely through the 

modification in the distribution of monovalent cations. It can also be achieved by 

changing the distribution of monovalent anions such as Cl-, which is typically assumed 

to have a negligible effect on the surface structure of self-assemblies of anionic 

surfactants. Nan et al. investigated the ion valency and concentration effect on the 

structure and thermodynamic properties of oil-water interfaces with anionic surfactant 

[83]. Besides lowering the distance between the head groups through the cation-

bridging, it is found that the Ca2+ can result in the enrichment of Cl- at the interface 

since Ca2+ has strong electrostatic interactions with both the anionic surfactant and the 

anions like Cl-. An increasing concentration of Cl- at the interface can, in turn, melt the 

Ca2+ cation bridges. The melting of a part of cation bridges leads to a nonuniform 

distribution of surfactants at the interface, which can potentially cause the instability of 

the interface because of a gradient in local IFT. To compare, Cl- can rarely penetrate 

into the hydration layers of Na+ and the head group due to the weaker electrostatic 



 

 

interaction, and the Na+ cation bridges are easier to dissociate than Ca2+ cation bridges. 

This explains why the concentrating behavior of Cl- cannot be observed without 

divalent cations in the system. The distribution of surfactants, the influence of Ca2+, and 

the scheme of ion bridges of this study is shown in Figure 2.4. Figure 2.4 (a) denotes 

the surfactant distributions in the interfacial region with only Na+ as counterions; 

Figure 2.4 (b) denotes the surfactant distributions in the interfacial region with Na+ and 

Ca2+ as counterions; Figure 2.4 (c) provides RDFs of different species around the head 

groups in the absence of Ca2+; Figure 2.4 (d) provides RDFs of different species around 

the head groups with Ca2+; Figure 2.4 (e) illustrates a typical ion bridge; Figure 2.4 (f) 

illustrates the ion bridge distributions of different scenarios; Figure 2.4 (g) gives an 

illustration of a so-called pentagon ion bridge. 

 



 

 

 

Figure 2.4 The effect of Ca2+ on the distributions of Na+ and surfactants and schemes 

of ion bridge [83]. 

Further research has suggested that even ions with the same valence can interact with 

water and surfactants differently, resulting in a change in the structure of hydration 

layers. Allen et al. studied the impact of different monovalent counterions on the 

morphologies of surfactant self-assembly, hydration behaviors, and ion bridges [84]. 

They found that the morphologies of the surfactant monolayers remained unchanged 

despite the different counterions used. However, the hydration layer surrounding the 

head groups exhibited significant alterations. Due to the size difference between the 

ions, their distributions near the interface show slight variations. The intrinsic density 



 

 

profiles of Li+ and Na+ exhibit a characteristic "shelves" structure. Cs+ follows a similar 

trend, but it displays a minimum and a secondary peak due to its larger size. The 

distribution of NH4
+ is distinguishable from the others and has a broader range. 

Visualized spatial distributions of different counterions around a surfactant head group 

are shown in Figure 2.5. With an increase in the size of the ions, the density within the 

monolayer decreases due to the steric effect. They also investigated the number and 

type of ion bridges mediated by different counterions. It is noticeable that Cs+ and NH4
+ 

bind to the sulfate groups more easily than Na+ and Li+. In addition, Cs+ and NH4
+ have 

more chance to be bound to more than two sulfate groups, forming the ñpentagonò 

structure. When examining how different ions interact with the hydration layer 

surrounding the sulfate group, it is observed that Cs+ are tightly bound to the sulfate 

group and cause displacement of water molecules in the hydration shell due to weak 

hydration. On the other hand, NH4
+ ions can compete with water molecules for 

hydrogen bonds within the hydration layer, resulting in a less hydrated structure for the 

sulfate groups. Li+ ions are slightly less hydrated than Na+ ions, but they interact with 

the sulfate groups almost equally.  



 

 

 

Figure 2.5 Spatial distributions of water (red and gray clouds for oxygen and hydrogen 

atoms in water molecules, respectively) and different counterions around the sulfate 



 

 

group [84].  

 

Peng et al. showed that inorganic counterions can interact with not only the head groups 

of SDS but also a few CH2 fragments close to the SDS [85]. It was found that the 

interaction energies with head groups were similar for different ions, but the potential 

mean forces of different ions on the CH2 fragments showed that the interactions were 

strong, following the order Cs+>K+>Na+>Li+. Therefore, they proposed that such a 

strong interaction between counterions and the CH2 fragments of SDS could explain 

why the counterions with larger radius can distribute more densely in the adsorption 

layer even though the interaction energies between head groups and counterions are 

close to each other. Based on these findings, it was concluded that large counterions 

can enhance the adsorption of SDS molecules onto the interface. However, they also 

stressed that an accurate description of molecular interaction between surfactant head 

groups and counterions at the interface still relies on a polarizable force field or 

quantum chemistry calculation, and it is still too expensive to conduct at the current 

stage.  

Besides monovalent ions, different divalent ions are also found to have significant 

impacts on the hydration layers around the head groups of the surfactant. Yan et al. 

reported that Mg2+ ions need to overcome a higher energy barrier to enter the hydration 

layer of the sulfate group than Ca2+ [75]. Tiwari and Singh calculated the escape free 

energies of Mg2+ and Ca2+ ions [86]. They found that although both Ca2+ and Na+ can 

enter the first hydration layer of the sulfate group, Ca2+ exhibits a higher peak due to 



 

 

the stronger electrostatic interaction. In contrast, few Mg2+ ions can penetrate the first 

hydration layer. They can only coordinate with the sulfate group at a further position. 

It was also noticeable that even at a high concentration of 0.5M CaCl2, the strength of 

interaction between sulfate groups still increases with an increasing Ca2+ concentration. 

On the other hand, the Mg2+ failed to enhance the interaction between sulfate groups at 

a high concentration of 0.5M MgCl2.  

Xu et al. constructed their MD model that includes various ions and organic molecules 

to simulate surfactant performance under practical reservoir conditions and avoid the 

oversimplified single-factor simulation [87]. They found that the aggregation of the 

anionic surfactant sodium dodecyl benzene sulfonate (SDBS) is significantly 

influenced by the cations in the system with an order Ca2+>Na+>K+>Mg2+. This order 

reflects that although the Mg2+-mediated ion bridge is the most stable one among the 

previously investigated cations, the difficulty of formation of such an ion bridge limits 

its ability to enhance the aggregation of the sulfonate groups. In a complex system 

where all these cations are present, Mg2+ makes fewer contributions than monovalent 

ions like Na+ and K+ in the aggregation of surfactant head groups. This conclusion is 

hard to draw from the single-factor simulations, as these ions are not directly competing 

against each other in such simulations. For most oil-water-surfactant systems, there is 

an enrichment of ions with varying valences. It is crucial to know how the head groups 

of surfactant molecules interact with these ions underground. The understanding 

achieved from such simulations can guide researchers in tailoring the surfactant to 

different oil-water-surfactant systems more effectively, considering the various 



 

 

components present in chemical and petroleum engineering. 

Other than the inorganic ions, it was discovered that the organic counterions could 

induce more significant changes to the morphology of the surfactant self-assemblies 

and the phase behavior of the system than inorganic counterions. Wang and Larson 

probed the effects of Cl- and salicylate ions on the morphological transition of a CTAC 

micelle [88]. They discovered that the behaviors of Cl- ions and salicylate ions were 

different near the micelle surface, leading to distinct micelle shapes. Cl- ions reside 

weakly on the micelle surface, while the salicylate ions can penetrate into the 

hydrophobic core of the micelle and associate with the surfactant headgroups tightly. 

As a result, Cl- ions behave as a typical counterion and can only partially modify the 

spherical shape of the micelle. However, salicylate ions effectively increase the critical 

packing parameters of CTAC, favoring a much denser packing of surfactant and 

promoting the formation of a worm-like micelle. Additionally, Yuan et al. employed a 

series of different tetraalkylammonium (TAA+) counterions with anionic surfactant 

dodecyl sulfate (DS-) at the water surface [89]. They also found that the hydrophobic 

parts of the TAA+ can interact with the tails of DS-. Consequently, TAA+ can penetrate 

into the surfactant monolayer and form a mixed adsorption layer with DS-. Meanwhile, 

the hydrophobic effect between TAA+ and DS- allows the charged part of TAA+ to easily 

enter the first hydration layer of DS- head groups and thus significantly reduces the 

number of hydrogen bonds of water and DS- head groups. These unique behaviors of 

organic counterions suggest that organic counterions can interact more effectively with 

surfactant molecules due to both the hydrophobic effect and the screening effect, which 



 

 

increase the critical packing parameters of the surfactants and favor the formation of 

more complex self-assembly. These findings suggest the potential effect of the oleic 

acid molecules and other organic ions present in the oleic phase on the performance of 

surfactants. The mixed monolayer formed by surfactants and organic counterions TAA+ 

is shown in Figure 2.6. It is evident that varying numbers of terminal methyl groups of 

TAA+ can penetrate the monolayer due to the hydrophobic effect, which is a distinctive 

behavior of an organic counterion compared to an inorganic one. 

 

Figure 2.6 A schematic representation of a surfactant monolayer with organic 

counterions [89]. 

 

In previous experiments, it has been found that a common method to resist the high 

salinity and hardness of the brine in practical applications in oil fields is to use nonionic 

surfactants [90ï93]. Although the presence of inorganic ions that affect the phase 

behavior of ionic surfactants can be explained by the variation in the Coulomb 

interaction between charged species, it is difficult to apply this interpretation to the 

phase behavior of nonionic surfactants. In this regard, several MD simulations have 



 

 

focused on understanding the performance of nonionic surfactants in a high-salinity 

environment and investigating their mechanism for improving salt resistance. 

Barbosa et al. investigated the interfacial properties of two different nonionic 

surfactants in the presence of high concentrations of ions [94]. They observed that 

different nonionic surfactants show significant variations in interaction energy with 

ionic species, but the morphological properties of the surfactant layer (orientation 

distributions and density profiles) remain relatively unaltered, with varying ion 

strengths. They also reported that the number and lifetime of the hydrogen bonds 

between the surfactant and water molecules show a negligible sensitivity to the ionic 

strength of the aqueous phase, which suggests that the ions do not influence the 

hydration behavior of the nonionic surfactants.  

Gang et al. explored the interfacial properties and salt tolerance of carboxylate 

nonylphenol ethoxylate surfactants using all-atom MD simulations [95]. They reported 

that the number of ethoxy (EO) units is critical in determining the interfacial properties 

and salt tolerance of ionic alkoxy-based surfactants, which possess advantages of both 

nonionic and anionic surfactants. In the simulations, the carboxyl groups of the 

surfactant molecules bind with cations in the aqueous phase, while the EO segments 

mainly interact with water molecules in its hydration layer. As a result, the carboxyl 

group is sensitive to the change in ionic strength. As salinity increases, the number of 

water molecules in the hydration layer decreases, and more Na+ ions are bound to the 

carboxyl group, leading to the dehydration of the polar group and a decreased solubility 

of surfactant. However, an increasing number of EO groups in the molecules can 



 

 

compensate for such an effect, as the number of water molecules in the hydration 

number of EO groups barely changes at higher salinity. Moreover, as the number of EO 

groups of the surfactant increases, the surfactant layer at the oil-water interface becomes 

thicker, by which a more ordered surfactant layer may form and significantly reduce 

the interfacial tension.  

Lin et al also reported similar effects of the EO group in enhancing the surfactantôs 

resistance to salt [96]. They observed that the aggregating behavior of the polar head 

groups was significantly affected by the ionic strength. In contrast, the number of 

hydrogen bonds formed between the ethoxy group and water remained almost constant 

despite varying electrolyte concentrations. Additionally, Xu et al. suggested that the 

existence of EO groups can prevent the sulfate groups and Ca2+ from binding by either 

displacing part of Ca2+ into the bulk phase or attracting some Ca2+ to distribute around 

EO groups [97]. Consequently, the ion bridging effect can be reduced through these two 

mechanisms, and the stability of the surfactant monolayer will be improved. Mustan 

and colleagues found that the addition of Ca2+ to a NaCl solution can cause the depletion 

of Na+ from a surfactant monolayer that is stabilized by SDBS [98]. However, if the 

interface is stabilized by sodium lauryl ether sulfate (SLES), the Na+ will be only 

partially displaced into the aqueous phase. They also attributed the difference in binding 

with ions to the extra EO group in the surfactant, concluding that the EO group 

prevented substantial dehydration of the sulfate groups. 

Specifically, the ́-́  stacking between the benzene rings of SDBS molecules in a 

surfactant monolayer can be effectively disturbed by the ions. According to Wu et al., 



 

 

the -́́  stacking between SDBS molecules and Ca2+ was disrupted by the strong 

electrostatic interaction between head groups and ions, as demonstrated by the spatial 

distribution function and radial distribution function [99]. They proposed that the 

strength of -́́  stacking was weaker than that of Coulomb interaction between head 

groups and divalent ions. This leads to a change in the dominant mechanism of 

surfactant arrangement. As a result, the previously -́́  stacking-stabilized structure of 

the SDBS monolayer became more disordered, and the SDBS molecules tended to align 

more parallelly at the interface. 

Based on these MD studies, it can be concluded that at an atomistic level, the ions can 

affect the structure of surfactant self-assemblies and their performances through two 

main mechanisms. First, they significantly disturb the previous hydration layer near the 

polar groups of surfactants. Second, they tend to enhance the self-aggregating behavior 

of surfactants through the ion bridges. Besides the two main mechanisms, other 

phenomena can affect the performance of surfactants, such as ion redistribution, if 

multiple types of ions are present in the system. The competition among different ions 

for available space in the interface region can occur and significantly affect the 

aggregating behavior and morphological properties of surfactants in the monolayer. 

For future studies, more attention should be paid to the multifactor investigations of the 

ionic strength on the aggregating behavior of surfactants, as some studies have pointed 

out that the synergistic effect between different species can happen if other chemicals 

are present in the system besides surfactant and ions. These synergistic effects can 

significantly impact the resulting phase behavior of the system, leading to a conclusion 



 

 

that differs from what would be drawn from a single-factor investigation. Also, there is 

a lack of studies that concern the effect of the polarizability of the molecules on the 

aggregating behavior of surfactants. A well-known drawback of the classical molecular 

mechanics MD simulation is the neglect of the polarizability of ionic species and water 

molecules, which often leads to a lower dielectric constant of the solvent and 

overestimates the electrostatic interaction between the charged species. Therefore, the 

association between charged species predicted by classical MD is probably stronger 

than it should be, such as the interaction energy between the anionic and cations at the 

oil-water interface. The simulation details for MD studies in this section are 

summarized in Table 2.2. 

 

Table 2.2 Summary of MD simulation packages and techniques applied in studies of 

the effect of water and ions on the performance of surfactants 

Software Force Field                      MD Parameters Mechanism Refs 

GROMACS ¶          OPLS-AA 

¶    Radial distribution functions 
¶  The structure of the surfactant layer affected by 

different counterions is studied. 

[82] 
¶    Intrinsic density profiles 

¶  The strengths of association between head 

groups and different counterions are compared 

using RDF. The relative positions of counterions 

and head groups are revealed by spatial 

distribution functions. 

¶    Spatial distribution function 

GROMACS ¶        CHARMM-36 

¶    Radial distribution function 

¶  The effect of valence and concentration of 

counterions on the morphology of the SDS 

surfactant layer is investigated. 

[83] 
¶    Concentration profiles 

¶  The ñpentagon-likeò structure of the ion bridge 

is characterized by visual analysis.  

¶    Spatial distribution function ¶  The formation of ion bridge can be determined 

using distance criterion. ¶    Visual analysis 

LAMMPS ¶        CHARMM-36 ¶    Intrinsic density profiles 
¶  The effect of different monovalent counterions 

on the surfactant monolayer is studied. 
[84] 



 

 

¶    Radial distribution functions ¶  The intrinsic surface defines a continuous 

interface to represent the contact between head 

groups and the aqueous phase.  

¶    Spatial distribution 

functions 

GROMACS ¶    GROMOS 54a7 

¶   Radial distribution functions 
¶  The effect of different counterions on the 

surface tension of a SDS solution is examined. 

[85] 
¶   Potential of mean forces ¶  The potential of mean forces is derived from 

the RDF, which also reflects the strength of 

interaction between head groups and different 

counterions. 

¶    Concentration profiles 

Materials Studio ¶    COMPASS 

¶    Radial distribution functions 

¶  The impact of SDBS on the stability of crude 

oil-brine water is explored, different from single 

factor MD studies. 
[87] 

¶    Concentration profiles ¶  Based on the relative peak positions of 

different ions in the RDF plot, the structure of the 

hydration shell of head groups is built.   
¶    Interface formation energy 

GROMACS ¶    GROMOS 45a3 

¶   Radial distribution functions 

¶  The effect of different salts on the 

morphological changes in the CTAC self-

assemblies in an aqueous solution is explored. 
[88] 

¶    Concentration profiles ¶  The morphological changes can be 

characterized with both the concentration profiles 

and visual analysis. 
¶    Visual analysis 

GROMACS ¶    GROMOS 53a6 

¶    Hydrogen bonds 

¶  The common inorganic counterions are 

replaced with organic ones to explore their effect 

on the surfactant layer. 

[89] ¶    Time correlation functions 

of hydrogen bonds 

¶  The hydrogen bonds formed between head 

groups and waters are calculated, and their 

lifetime are revealed by the time correlation 

functions. 
¶    Order parameters 

GROMACS ¶    GROMOS 54a7 

¶    Interfacial tension ¶  The impacts of screening effect and ion bridge 

on the IFT of a water-decane interface are 

investigated. 

[96] 

¶    Concentration profile 

¶    Hydrogen bonds ¶  The IFT are calculated in MD simulations 

based on the pressure tensor of the system. Results 

have shown that the salt exercts a complex 

influence on the IFT. 

¶    Self-diffusion coefficients 

GROMACS ¶    GROMOS 53a6 

¶    Interfacial tension 
¶  The effect of salts on the aggregation behaviors 

of SDBS at the oil-water interface is explored. 

[99] 
¶    Angle distribution functions ¶  The angle distribution functions indicate that 

the orientation of surfactants are changed by the 

addition of salts due to the strong electrostatic 

interactions. 

¶    Radial distribution functions 

 



 

 

2.4 The interactions between surfactants and oleic phase 

Traditionally, the theoretical understanding of the surfactant layer that develops at the 

oil-water interface has been based on the layer formed at the solution/air surface. 

Furthermore, most research on surfactant-induced IFT reduction has centered on the 

hydration characteristics of the head groups and the strong interaction between head 

groups and counterions in the aqueous phase, as discussed in the previous section. 

However, numerous studies have highlighted the crucial role of alkane molecules 

present in the system, which can significantly alter the phase behavior of the surfactant 

[100ï103].  

Previous experimental works have reported that the adsorption of surfactants at the oil-

water interface cannot be well explained by the classical Langmuir adsorption model 

[104ï107]. Recently, Fainerman et al. suggested that the adsorption of surfactant and 

alkane depends on the interaction between the two and the coverage of the surfactant at 

the interface based on their IFT measurements [108]. At a very low concentration of 

surfactant, the alkane molecules can increase the adsorption of surfactants onto the 

interface. Even a few surfactant molecules can significantly reorient oil molecules in 

the interfacial layer. Conversely, at higher concentrations, surfactants compete for 

available space in the interfacial layer, which limits the cooperative adsorption 

mechanism [109].  

Later, Schneck et al. conducted MD simulations to investigate the impact of oil 

molecules on the distribution and arrangement of surfactants in the interfacial layer 

[110]. The comparison of the surfactant monolayer at an oil-water interface and an air-



 

 

water interface is depicted in Figure 2.7. In their simulation, the surfactants distributed 

more evenly at the oil-water interface than at the air-water interface, which explains 

their higher efficiencies of IFT reduction at the oil-water interface. The clustering of 

surfactants was explained by the van der Waals interactions between the tails of 

different surfactants or between the tails and oil molecules, which were almost 

equivalent to each other. Without alkane molecules, the hydrophobic effect becomes a 

powerful driving force for the surfactants to cluster together. However, when there is 

an alternative at the oil-water interface, the influence of the hydrophobic effect is 

reduced, resulting in a more even distribution of surfactants. On the other hand, 

different from the hypothesis of Fainerman et al., the MD simulation results indicated 

that the reorientation of oil molecules could only occur at a high level of surfactant 

interface coverage.  

 

Figure 2.7 A surfactant monolayer at the oil-water interface and the number densities 

of different species in an air-water-surfactant system [110]. 

 

2.5 Surfactant Synergistic Effect  

Various kinds of surfactants have been successfully applied in the surfactant flooding 

processes according to their respective characteristics [16]. For example, anionic 



 

 

surfactants are most widely used in the industry due to their low cost for production and 

satisfying effect on IFT reduction. However, these surfactants are very sensitive to the 

high salinity of the brine in the oil field, especially the high concentration of divalent 

ions [111]. Nonionic surfactants exhibit good resistance to salt, but they are sensitive to 

the variation in temperature [91,112]. Cationic surfactants are reported to induce 

wettability alteration in the reservoirs, but their high production cost and toxicity to 

human beings limit their application conditions. Zwitterionic surfactants are reported 

to be highly water soluble and tolerant to salt, but they are difficult to synthesize, so 

their cost is very high [113,114]. Functional surfactants are also tested in the field to 

achieve various desirable effects, such as a switchable emulsion [115,116]. 

To utilize their characteristics and compensate for the shortcomings of each other, 

various surfactants are often mixed and injected simultaneously to adapt to various 

conditions. In an oil-water-surfactant system, the surfactant that reduces the IFT of the 

system is called the primary surfactant, and other surfactants regulating the phase 

behavior are called the co-surfactant. Experimental studies have revealed that different 

surfactant combinations can perform better than single surfactant systems [117,118]. 

For example, in a mixture of nonionic surfactants and ionic surfactants, the nonionic 

surfactants can effectively reduce the electric repulsion between similarly charged head 

groups of ionic surfactants, favoring the formation of a mixed micelle or mixed 

adsorption layer at a lower surfactant concentration [119,120]. Formulating a cationic 

surfactant with an anionic surfactant can lead to a significant increase in the adsorption 

density of surfactants in the interfacial region due to the strong attraction between 



 

 

oppositely charged head groups [121ï124].  

MD simulations were frequently applied to explore the arrangement of surfactants at 

the interface, which is crucial in determining the performance of the surfactant mixture. 

The array behaviors of surfactants encompass different mechanisms, but the 

rearrangement of their hydrophobic tails is a critical aspect of their behavior at the 

interface. In an early MD study, Dominguez found that for a particular mixture of SDS 

and nonionic surfactant, the SDS tails are more disordered in the mixture than in a pure 

SDS monolayer [125]. The hydrophobic tails of the nonionic surfactants in their study 

are longer and more ordered than those of SDS. As the concentration of nonionic 

surfactants increases at the interface, the hydrophobic tails of nonionic surfactants tend 

to bend while those of SDS tend to extend. This means that at higher concentrations of 

nonionic surfactants, the hydrophobic tails of two surfactants tend to behave identically.  

In a separate study, Dominguez discovered another important mechanism that can 

influence the arrangement of surfactant mixtures at the interface, thereby determining 

their interfacial properties and performance [126]. The synergistic effect causes the 

charge redistribution of both head groups and counterions at the interface, leading to 

changes in the morphology and the electrostatic potential of the interface. In turn, the 

hydration layer around the head groups will be affected because of the redistribution. 

For different surfactant mixtures, the orientation of water molecules around the polar 

head groups varied. At the interface composed of nonionic and cationic surfactants, the 

water molecules are attracted closer to the head groups of cationic surfactants, with 

their oxygen atoms pointing towards the positive head groups. On the other hand, for a 



 

 

nonionic/anionic surfactant mixture, it is found that water molecules are closer to the 

head groups of anionic surfactants, with their hydrogens pointing to the head groups of 

anionic surfactants. Such a difference in the orientation of water molecules can be 

explained by the stronger Coulomb interaction between ionic surfactants and water 

molecules.  

When used alone, nonionic surfactants cause a distinctive orientation of water 

molecules in the hydration layer compared to ionic surfactants. The hydrogen atoms in 

water molecules tend to point outward the polar groups of nonionic surfactants. For a 

nonionic/ionic surfactant mixture, there is a competition between their ability to interact 

with the water molecules in the interface region. As a result, the hydration layer of the 

surfactant layer will also be distinct from those found in a single surfactant system. 

However, since these studies were conducted very early, the DL-POLY force field 

parameters for nonionic and cationic surfactants were incomplete. These surfactants 

were modified from the model of SDS anionic surfactant, which could induce 

nonnegligible deviation from the practical phase behavior of the mixture.  

Nevertheless, these studies provided a good model for analyzing surfactant interfacial 

behavior based on the arrangement of their hydrophobic tails and head group 

distribution. 

Cai et al. studied the interface behavior of a binary mixture of zwitterionic/anionic 

surfactants [127]. They examined the interfacial thicknesses of the surfactant mixture 

and single surfactant systems. It was reported that upon mixing, the interfacial thickness 

increases in comparison with single surfactant systems due to the synergistic effect. 



 

 

According to the density profile, the distribution of carbon atoms of the zwitterionic 

surfactant (alkyl sulfobetaine, ASB) and that of the anionic surfactant (sodium dodecyl 

benzene sulfonate, SDBS) is exactly the same in the oleic phase, which implies the 

consistency of extensions of their hydrophobic chains. Moreover, the head groups of 

SDBS and ASB molecules are also rearranged. Based on the relative position of the 

head groups, Cai et al. proposed two types of synergistic effects. If the head groups of 

SDBS molecules are located beside the ASB molecules, it is considered that they 

generate competitive adsorption at the oil-water interface. Otherwise, the head groups 

of SDBS are located within the interface region and closer to the oleic phase, which is 

termed mixed adsorption. They concluded that the mixed adsorption dominates the 

surfactant adsorbent process for the zwitterionic/anionic surfactant mixtures. The 

different adsorption schemes are illustrated in Figure 2.8. Figure 2.8 (A) illustrates 

the system of a sole zwitterionic surfactant at a low concentration; Figure 2.8 (B) 

denotes the system of a sole zwitterionic surfactant at a saturated concentration; Figure 

2.8 (C) illustrates the mixed adsorption and competitive adsorption for the mixture 

system; Figure 2.8 (D) illustrates the mixed adsorption and competitive adsorption for 

the mixture system at a higher concentration. 

 



 

 

 

Figure 2.8 The arrangements of surfactants at the oil-water interface [127]. 

 

Ergin et al. mixed an anionic surfactant SDS with different zwitterionic surfactants 

(lauryl betaine (C12B) and cocoamidopropyl betaine (CAPB)) [128]. It was reported 

that the mixture of SDS and C12B had a desirable synergistic effect, while the SDS and 

CAPB mixture did not show the same effect. When SDS and CAPB are mixed together, 

the head groups of SDS bring the C12B molecules to the surface, resulting in a closely 

packed structure compared to their respective single surfactant systems. Both the 

hydrophobic tails of SDS and C12B are nearly parallel to each other at the interface and 

remain nearly upright on the surface. Moreover, they compared the trends of carbon 

atoms using the order parameters and found that the tilt angles of the nonpolar tails of 

surfactants are closely related to the interactions between their head groups. To achieve 

a desirable synergistic effect between surfactants and create a more compact, stable film 

at the interface, it is necessary to ensure that the tight geometry of the surfactant pair 



 

 

would not be hindered by steric effects. They compared the structures of adsorption 

layers based on the number densities of surfactants in different scenarios, as shown in 

Figure 2.9. Figure 2.9 (a) represents a desirable synergistic effect due to the dense 

packing of head groups in the first adsorption layer; Figure 2.9 (b) represents an 

undesirable synergistic is observed due to the steric effect between the two surfactants. 

It is clear that formulating surfactants results in a narrower distribution of the mixture, 

shifting it towards the first layer and indicating competitive adsorption. 

 

Figure 2.9 Representation of the distributions of head groups of surfactants near the 

interfacial region [128]. 

 

On the other hand, Chapman et al. discovered that the electrostatic interactions between 

a zwitterionic surfactant (Lauryl Betaine, LB) and an anionic surfactant (AOS) can lead 

to a more complex redistribution of head groups [129]. Although the sulfonate group 

of AOS is in close proximity to the nitrogen atom in LB due to electrostatic attraction, 

there is a repulsion between the sulfonate group and the sulfur atom in LB. 

Consequently, there is an offset in their peaks of number density curves.  Similarly, 

Sun et al. found that in a zwitterionic/anionic mixed surfactant system (carboxyl betaine 

(CAB) and alcohol ether sulfate (AES)), the positively charged groups of CAB and the 



 

 

negatively charged groups in the AES almost coincided [130]. The redistribution of 

charged groups of AES/CAB surfactant mixture is due to the strong attraction between 

oppositely charged groups. When the CAB was used alone, their carboxylate groups 

and quaternary ammonium ions were very close to each other, exhibiting an identical 

trend on the number density profile. The introduction of a strong, negatively charged 

sulfate group scatters their distributions. In the AES/CAB mixture, the sulfate groups 

of AES molecules penetrate more deeply into the aqueous phase than the carboxylate 

groups of CAB. Ren et al. also stressed the significant impact of electrostatic 

interactions on the interfacial arrangement of a zwitterionic/extended surfactant 

mixture [131]. They mixed ASB with an anionic-nonionic surfactant (s-C13POnS) and 

found that the electrostatic attraction between positive center of ASB head groups and 

the negative center of the anionic extended surfactant led to the extension of betaine 

head groups into the aqueous phase.  

Lian et al. explored how the micellization behavior affects the interfacial adsorption of 

a mixture of nonionic surfactant (octylphenol polyoxyethylene ether-n, OP-n, where 

n=1,5,10) and anionic surfactant (1-dodecylsulfonic acid sodium, DAS) [132]. They 

found that the nonionic surfactant significantly reduces the hydrophilicity of the mixed 

micelle in the water phase. This causes more surfactant molecules to spontaneously 

desorb from the mixed micelle and adsorb onto the oil-water interface. In more detail, 

the additional OP-5 molecules exhibit an intensive charge-dipole interaction with DAS 

molecules. This promotes the formation of mixed micelles by weakening the 

electrostatic repulsion between DAS molecules in micelles with low-aggregating 



 

 

numbers. The hydrophilicity of mixed micelle is weaker due to OP-5 having weaker 

hydrophilicity and a higher solvent-accessible surface area (SASA) compared to DAS. 

As a result, the mixed micelles tend to move toward the oil-water interface instead of 

staying in the bulk aqueous phase. Eventually, the micelle dissociates and forms a 

uniform mixed surfactant layer at the oil-water interface.  

It is also noticeable from their study that the order in which surfactants are added can 

affect the behavior of the micelle-interface system. If the OP-5 monomers are 

introduced after the micellization of DAS molecules, they can improve the adsorption 

and dissociation of the micelle. However, if the DAS molecules are added after the OP-

5 molecules have already been adsorbed onto the oil-water interface, the DAS 

molecules cannot be entirely adsorbed onto the interface, and thus still micellize in the 

bulk aqueous phase. The comparison of these two scenarios is shown in Figure 2.10. 

Figure 2.10 (a) denotes the scenario where nonionic surfactants are added after the 

equilibration of anionic surfactants; Figure 2.10 (b) denotes the scenario where anionic 

surfactants are added after the equilibration of nonionic surfactants. The difference in 

the two scenarios demonstrates a different energy barrier to overcome for the mixture. 



 

 

 

Figure 2.10 The comparison of different adding sequences of surfactants [132]. 

 

This suggests that the interactions between surfactants depend heavily on their 

environment and that reaching an equilibrium requires overcoming different energy 

barriers. Co-surfactants are frequently co-injected with primary surfactants to improve 

the effect of reducing IFT and avoid phase behavior issues. The results of this research 

imply that by using nonionic surfactants, it is possible to improve the adsorption of low-

aggregate micelles of anionic surfactants onto the oil-water interface, thereby reducing 

the IFT. It is also important to consider the order in which surfactants are added, as this 

can affect the amount of surfactant adsorbed onto the oil-water interface. The IFT needs 



 

 

to be minimized in areas where oil is trapped, and if the adsorption process is too slow, 

a significant amount of oil may still be left there.  

A critical requirement for the surfactants employed in the surfactant flooding process 

is that undesirable phase behavior, such as liquid crystals, must be avoided. However, 

it has been reported that a mixture of anionic and cationic surfactants can exhibit much 

richer phase behavior and form complicated surfactant aggregates. Previous theories 

and experiments have provided coarse descriptions of the structure of their self-

assembly and rules to predict the phase behavior of the surfactant mixture system 

[133,134]. To detailedly investigate the interactions between oppositely charged 

surfactants and the morphological properties of their aggregates, Chen et al. conducted 

MD simulations to examine the phase behavior of a mixture of anionic surfactant 

(sodium octyl sulfate, SOS) and cationic surfactant (cetyltrimethylammonium bromide, 

CTAB) on the molecular level [135].  

It was discovered that in a single surfactant system, similarly charged groups repel each 

other, resulting in a spherical micelle formation due to the large area occupied by the 

head groups. As oppositely charged head groups are mixed in the system, the repulsion 

is diminished, leading to a close-to-one critical packing parameter of the surfactant pair. 

As a result, the curvature of the surface of the self-assembly decreases, and spherical 

micelles are flattened and elongated, which signals the formation of worm-like micelles 

and maybe even more complicated self-assemblies. If the number of CTAB and SOS 

molecules in micelles is not equal, the excess charged species tend to distribute at the 

edge of the micelle, where the curvature is high. Besides the electrostatic interaction, it 



 

 

was proposed that the length of the hydrophobic tail can also make a difference in the 

morphology of the aggregates. Since alkyl chains of CTAB molecules are longer 

compared to SOS molecules, fewer CTAB molecules are distributed at the edge due to 

the steric effect, which displaces some of CTAB molecules into the middle region of 

the micelle. The densely packed cationic/anionic surfactant pairs are shown in Figure 

2.11. Figure 2.11 (a) illustrates a spherical micelle at a low aggregating number of 

surfactant mixture; Figure 2.11 (b) represents a flattened and elongated worm-like 

micelle of the surfactant mixture demonstrates the close-to-one critical packing 

parameter of the surfactant pair; Figure 2.11 (c) denotes a wormlike micelle formed at 

a different surfactant ratio, indicating the distribution of charged species at the edge. 

 



 

 

Figure 2.11 Self-assemblies of cationic/anionic surfactant mixtures [135]. 

 

On the other hand, different studies have reported that the mixture of a cationic 

surfactant (Dodecyl amine, DDA) and different anionic surfactants (sodium oleate 

(NaOl) and SDS) exhibits a distinct phase behavior at the air/water interface [136,137]. 

Although the simulations indicate a strong synergistic effect and higher surface activity 

between the surfactants compared to pure surfactant systems, their aggregates were not 

as compact as in the aqueous solution. The number densities of head groups of the 

mixture are heavily overlapping near the interfacial zone, demonstrating the strong 

electrostatic attraction between the surfactants. However, the concentration profiles for 

carbon atoms do not follow the same trend. When present in the aqueous phase, 

surfactants form a compact wormlike micelle. To compare, at the air/water interface, 

the surfactant mixture results in a less orderly arrangement. This indicates that the 

hydrophobic effect that occurs between the surfactant tails will lead to the formation of 

distinct structures of self-aggregates of the surfactant mixture, depending on the 

environment.   

Another MD simulation exploring the adsorption behavior of a mixture of DDA and 

NaOl also validates that the morphologies of the surfactant self-aggregates are sensitive 

to the environment [138]. Their results indicate that DDA can adsorb onto muscovite 

through electrostatic interactions and hydrogen bonding, while NaOl alone cannot 

adsorb due to electrostatic repulsion. When DDA and NaOl are mixed together, they do 

not form an adsorption layer that covers the muscovite surface, as observed at the 

air/water interface, nor do they create an ordered compact self-aggregate as in the 



 

 

aqueous phase. In this case, the head groups of DDA attach firmly onto the muscovite 

surface due to the electrostatic attraction. The NaOl can co-adsorb with DDA molecules 

through the hydrophobic effects between their tails, but their head groups are repelled 

from the muscovite surface due to the electrostatic repulsion. The electrostatic 

interactions with the surface are considered the primary reason for the formation of a 

loose surfactant layer. 

Zhou et al. conducted MD simulations to explore the mechanisms and interfacial 

behavior of a binary mixture of anionic-nonionic surfactant (alcohol ether sulfate, AES) 

and cationic (dodecyl trimethylammonium chloride, DTAC) at the oil-water interface 

[139]. It was found that the sulfate groups in the AES molecules can attract the head 

groups of DTAC molecules in the mixed surfactant layer, reducing the repulsion 

between molecules. As a result, the addition of DTAC molecules can improve the 

arrangement of AES molecules at the interface. In addition, it was also found that the 

number of ethylene oxide groups in the AES molecules can have a significant impact 

on the morphology of the surfactant layer. An increase in EO number in the surfactant 

can induce the bending of AES molecules through the steric effect, which is similar to 

the findings of Ergin et al. Therefore, they proposed that the structure of the surfactant 

layer can be tuned by controlling the EO number of the surfactants to avoid the typical 

compact arrangement between oppositely charged surfactants. Moreover, they observed 

that the positive charge of DTAC head groups can effectively repel the Ca2+ ions from 

the interface, thus enhancing the salt resistance of the surfactant mixtures. The 

simulation details for MD studies in this section are summarized in Table 2.3. 



 

 

 

Table 2.3 Summary of MD simulation packages and techniques applied in studies of 

the synergistic effects with co-surfactants on the performance of primary surfactants 

Software Force Field MD Analyses Mechanism Refs 

GROMACS 

 

¶ GR

OMOS-96 

¶ Concentratio

n profiles 

¶ Visual 

analysis 

¶ The morphology of a surfactant layer composed of 

a zwitterionic/anionic surfactant mixture is investigated. 

¶ The peak of different surfactants in the 

concentration profiles reflects the relative position of 

different surfactant at the interface. 

[127] 

GROMACS ¶ C

HARMM36 

¶ Identification 

of the truly interfacial 

molecules 

¶ Angle 

distribution functions 

¶ Order 

parameters 

¶ The relationship between the molecular interactions 

and distribution of surfactants is explored. 

¶ Order parameters are used to show the tail 

orientation of surfactants, which partly explain the 

increased packing efficiency of surfactants.  

¶  The identification of the truly interfacial molecules 

method is applied to characterize different layers near the 

interface, which shows a clear interface structure. 

[128] 

GROMACS ¶ A

MBER 

¶ Radial 

distribution functions 

¶ Concentratio

n profiles 

¶ Order 

parameters 

¶ Dilational 

modulus 

¶ The effect of lauryl betaine in the stability of AOS-

stabilized oil water interface is investigated. 

¶ The dilational modulus is employed to evaluate the 

mechanical stability of the surfactant film. 

¶ The range of order parameters is provided to reflect 

the tilting degree of alkyl chains to the primary axis. 

[129] 

GROMACS ¶ G

AFF 

¶ Radial 

distribution functions 

¶ Concentratio

n profiles 

¶ Angle 

distribution functions 

¶ A mixed surfactant layer is built to investigate the 

interactions between betaine surfactants and extended 

surfactants. 

¶ The number densities of different carbon atoms are 

calculated to compare with the angle distribution functions. 

The results show that the arrangement of PO chain of an 

extended surfactant depends on the steric effect of betaine.  

[131] 

GROMACS ¶ C

HARMM36 

¶ Concentratio

n profiles 

¶ Interaction 

energies 

¶ Solvent 

accessible surface area 

¶ Solvation free 

energy 

¶ The adsorption of a mixture of nonionic and anionic surfactants is 

investigated. 

¶ The interaction energies of different groups are calculated and 

compared for all the systems. The promotion of adsorption is verified 

through a stronger interaction energy. 

¶ Solvation free energy is used to evaluate the hydrophilicity of 

surfactants in different systems. 

[132] 



 

 

 

2.6 Effect of Force Field 

Besides the factors usually affecting the surfactant performance in the real world, it is 

worth special notice that for MD simulations, the force field selected to model the 

molecules in the system can make a great contribution to the final results of the 

simulation [140]. Different force fields are developed with the aim of different systems 

and thus are advantageous for specific chemicals and environments [141ï144]. In many 

current MD studies involving surfactant-contained systems, the selection of force fields 

is often based on past experiences rather than solid reasons. Numerous studies have 

reported that certain force fields may deviate from experimental results under particular 

circumstances [145]. In cases where a set of parameters fails to accurately represent the 

chemical characteristics of the target molecule at an atomistic level, MD simulations 

¶ Hydrogen 

bonds 

Materials 

Studio 

¶ PC

FF-

INTERFAC

E 

¶ Concentratio

n profiles 

¶ Radial 

distribution functions 

¶ Angle 

evolution 

¶ The interfacial behaviors of a mixture of cationic and anionic 

surfactants are investigated. 

¶ The angle evolution is employed to reflect the change in the 

equilibrium of the system. Compared with sole DDA surfactant, the addition 

of anionic surfactant leads to a perpendicular orientation of surfactant 

mixture at the interface. 

[133] 

Materials 

Studio 

¶ PC

FF 

¶ Concentratio

n profiles 

¶ Radial 

distributions 

¶ The adsorption of cationic/anionic surfactant mixtures of different 

molar ratios are investigated. 

¶ The interaction between surfactants and counterions and the 

interaction between surfactants and water are investigated using the RDFs. 

The weaker peak indicates that the amino groups reduce the interaction 

between carboxyl groups and sodium ions. 

[137] 

Materials 

Studio 

¶ C

OMPASS 

¶ Concentratio

n profiles 

¶ Angle 

distribution functions 

¶ Interface 

formation energies 

¶ The interfacial behavior of a binary mixture of 

anionic-nonionic and cationic surfactants is investigated. 

¶ The distribution of inclination angles reflects the 

orientation of hydrophilic and hydrophobic groups at the 

interface. It is discovered that a flat orientation of 

hydrophobic group can lead to a steric hindrance. 

[139] 



 

 

may generate results that misinterpret microscopic mechanisms. In order to optimize 

the use of the MD tool and prevent any potential errors caused by the selection of force 

fields, it is essential to have a good understanding of the properties of surfactants that 

are expected to be simulated, as well as the limitations of the force field when it comes 

to simulating certain objectives. 

For instance, due to the low synthetic cost and good performance in a wide range of 

applications, the SDS is often used as a typical anionic surfactant in the simulation to 

investigate the phase behavior of the system containing anionic surfactants. Tang et al. 

investigated the effect of the force field on SDS micelles in the water. In this study, they 

employed three versions of GROMOS (GROMOS54A7, GROMOS54A8, and 

GROMOS53A6), OPLS-UA, OPLS-AA, and CHARMM36 force fields [146]. After 

comparing SDS micelle structures obtained from these force fields, they found that the 

CHARMM36 force field was the most effective in simulating the behavior of the sulfate 

head group of SDS. The united-atom force fields failed to simulate the cylindrical 

micelles as expected when the aggregating number of the SDS self-assembly increased 

up to 300. They attributed the different phase behaviors to the close binding between 

the sodium ions and sulfate head groups in the cases of GROMOS and OPLS-AA force 

fields, which screens the electrostatic repulsion between surfactant molecules and leads 

to the unphysical bicelle structures. Different force fields of water molecules can also 

influence this process by strongly or weakly associating with Na+. It was found that 

SPC/E and SPC force fields can cause Na+ to be much closer to the head groups than 

the TIP3P force field. This finding supports the conclusion that the CHARMM36 force 



 

 

field is more accurate in predicting the structure of SDS self-assemblies than the OPLS-

AA force field. Later, Goh et al. compared the performance of CHARMM36, 

GROMOS53A6, and GROMOS45A3 force fields on simulating SDS solution by 

matching the osmotic pressure and Kirkwood-Buff integrals measured at finite 

concentration [147]. Similarly, they proposed that the artifacts of simulations in large 

SDS aggregates originated from the poor description of ionic interactions at high local 

concentrations of SDS. 

Farafonov and Lebed developed the all-atom potential models for SDS within the 

framework of both OPLS-AA and GAFF force fields [148]. Their research models have 

effectively reproduced some key characteristics of SDS micelles and have aligned 

accurately with the diffusing coefficient of SDS monomers. The aggregating number of 

their SDS aggregates ranged from 60 to 382, and the expected behavior of the micelle 

was accurately forecasted even at high SDS concentrations. In addition, they applied 

different combinations of force fields of Na+, water molecules, and dodecyl sulfate 

groups (both head groups and tails of SDS). It was discovered that for both the OPLS-

AA and the GAFF models, the most accurate outcomes can be obtained using Aquist's 

Na+ model and the SPC water model [149]. Conversely, employing the Na+ model 

developed by Joung and Cheatham and the TIP3P water model can lead to overly tight 

binding between Na+ and head groups due to the relatively low „  values in the LJ 

parameters [150]. The tight bindings between Na+ and head groups can screen the 

electrostatic repulsion between head groups, resulting in the condensed packing of 

surfactants and the incorrect bilayer shape of the micelle. This finding differs slightly 



 

 

from the previous conclusion made by Tang et al, who believed that the TIP3P model 

was better for achieving a realistic distance between sodium ions and water molecules. 

Farafonov and Lebed emphasized that their parameters for the head groups were not 

initially developed specifically for alkyl sulfates. Additionally, they suggested that the 

Lennard-Jones parameters for the oxygen atoms in SDS sulfate groups may need to be 

adjusted. This could explain why certain combinations of Na+ and water molecules did 

not yield favorable results with their SDS models.  

Based on the parameters recommended by Farafonov and Lebed, Abdel-Azeim 

conducted a much longer simulation (1‘s) and found that their SDS model failed to 

exhibit a stable cylindrical micelle, and the SDS aggregates eventually broke down into 

smaller spherical micelles [151]. This contradiction with the experiment was considered 

to be related to the nonbonded parameters of the head group of the OPLS-AA model, 

as suggested by Farafonov and Lebed previously. In this regard, Abdel-Azeim 

developed a set of nonbonded parameters within the framework of the OPLS-AA force 

field for the simulation of SDS. Abdel-Azeim updated the atomic charges in the SDS 

molecule using different population analyses (DDEC6, CHelpG, CHelpG-SMD, RESP, 

and CM5) and evaluated the performances of different sets. It was found that the charge 

sets calculated by DDEC, CHelpG, and CHelpG-SMD can lead to a stable rod-like 

micelle for a long simulation time in concentrated electrolyte solutions. Therefore, 

Abdel-Azeim claimed that this set of new atomic charges, together with the nonbonded 

parameters, would be effective in describing the molecular interactions among water 

molecules, SDS head groups, and Na+. 



 

 

Developing force field parameters for other surfactants is also a challenging task. For 

example, the extended surfactant is known as a novel class of anionic-nonionic 

surfactant used in EOR. However, it was recently reported that extended surfactants 

cannot be accurately described by generic force fields such as GAFF and CHARMM. 

Yu et al. have suggested that the flexibility of the hydrophilic groups in extended 

surfactants is similar to that of their hydrophobic tails [152]. As a result, the torsional 

parameters of extended surfactants play a crucial role in determining the accuracy of 

the force field. These parameters must be refined with more precision to predict the 

phase behaviors of extended surfactants with greater accuracy. In addition, they pointed 

out that the coverage of surfactants at the interface is often fixed in traditional MD 

simulations to investigate interfacial properties. However, this is not the case in 

experimental studies, where interfacial properties of surfactants are evaluated under 

different surfactant concentrations above the CMC and reaching the maximum interface 

excess concentration. Therefore, it makes the direct matching between MD-predicted 

phase behavior and the experimental results difficult and inaccurate. 
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CHAPTER 3 Molecular Interactions and Responsive Locations of 

CO2-responsive Surfactants in an Oil-water-surfactant System: 

Molecular Dynamics Simulation and Free Energy Perturbation2 

3.1 Introduction 

Surfactants are extensively utilized across numerous industries because of their 

capacity to stabilize dispersion systems, such as foams, emulsions, and suspensions. 

Maintaining the stability of these dispersion systems is crucial in certain processes to 

improve efficiency. However, this stability can create significant challenges in 

subsequent processes where destabilization of the system is required, such as soil 

washing [1], drug delivery [2], enhanced oil recovery [3,4], oil transportation, and 

refinement). The use of surfactants can result in higher separation costs, decreased 

product purity, and environmental damage due to their strong adsorption at interfaces.  

To address these issues, CO2-responsive surfactants are considered a promising solution 

because they can switch between interface-active and interface-inactive states when 

exposed to external CO2 /N2 [5ï8]. Such properties make CO2-responsive surfactants a 

convenient and eco-friendly alternative to traditional surfactants [9ï11]. By adding or 

removing CO2, the pH of the aqueous solution can be adjusted within a specific range, 

allowing for the control of the protonation and deprotonation of CO2-responsive 

surfactants. Compared to other responsive surfactants, the use of CO2/N2 as the external 

stimuli is easy to operate, avoids the accumulation of side-product, and meets the 

 
2 This chapter is a modified version of a paper that has been submitted to Chemical Engineering 

Journal: 10. Lei, X., Liu, B., & Chen, Z. (2024). Molecular Interactions and Responsive 
Locations of CO2-responsive Surfactants in an Oil-water-surfactant System: Molecular Dynamics 

Simulation and Free Energy Perturbation 



 

 

demand for CO2 sequestration and utilization [7,12,13]. This protonation/deprotonation 

process can alter the charge states of these surfactants, leading to significant changes in 

their physicochemical properties, including their interface activities.  

However, several challenges still remain before these novel surfactants can be 

practically applied in engineering. One of the primary issues troubling researchers is 

the high sensitivity of the CO2-responsive mechanism to onsite operating conditions. 

Numerous studies have aimed at optimizing the functionality of CO2-responsive 

surfactants across various applications and focused on testing their performance under 

different conditions [14,15]. Limited efforts have been devoted to understanding the 

fundamental mechanisms underlying CO2-responsive behavior. Lu et al. developed a 

series of monoethanolamines with long-chain fatty acids as CO2-responsive surfactants. 

They also conducted dynamic IFT and coalescence time measurements to differentiate 

the switching occurring at the interface and switching occurring in the aqueous solution 

when the surfactants respond to CO2 addition [16]. It was discovered that the switching 

pH at the oil/water interface is lower than in bulk solutions, due to the stronger 

interactions between the switching molecules at the interface. Xu et al. found that the 

stability and switchability of CO2-responsive pseudo-gemini surfactants are heavily 

dependent on the structures of the spacers [17]. Both the length of the spacer and the 

type of the functional group in the spacer can be designed to tune the CO2-responsive 

behavior of the surfactants. These experiments enhance the understanding of CO2-

responsive mechanisms, but the molecular interactions between CO2-responsive 

species and other chemicals in the systems remain unexplored. This gap is the primary 



 

 

reason for the variations in switching mechanisms under different conditions.  

To this end, molecular dynamics (MD) simulations have been increasingly used in 

interface science to uncover molecular interactions and explain macroscopic interface 

phenomena through nanoscale mechanisms. In the last few years, numerous studies 

have focused on the microscopic responsive mechanism of CO2-responsive surfactants 

[18ï21]. Zhang et al. utilized an interface model to examine the changes in the behavior 

of CO2-responsive surfactants upon protonation [22]. They found that the difference in 

the number of hydrogen bonds between the CO2-responsive surfactants and water 

molecules before and after CO2 addition is a critical factor affecting the hydrophilicity 

of surfactants and, consequently, the switchability of the system. Lei et al. revealed that 

the molecular interactions between CO2-responsive surfactants and co-surfactants 

depend on the type and strength of electrostatic interactions [23]. These interactions can 

significantly alter the responsive mechanism of the surfactant mixture. Regrettably, 

these MD studies merely characterize the interface behavior before and after 

protonation processes, neglecting the intricate details of the protonation process itself. 

In fact, the majority of current MD studies are based on molecular mechanics methods, 

which means they do not account for the breakage and formation of chemical bonds.  

This approach is acceptable for many interface-science studies where self-assemblies 

and supramolecular structures form solely due to physical interactions. However, in the 

case of CO2-responsive species, the protonation/deprotonation process plays a crucial 

role in the overall phase behavior of the complex system. Therefore, it is essential to 

thoroughly investigate and elucidate the details of protonation. An effective method for 



 

 

simulating CO2-responsive species should provide a comprehensive description of the 

physical molecular interactions in the system while accurately reflecting the impact of 

the proton transfer process on the system.  

To achieve this, we employed MD simulations and free energy perturbation calculations 

to explore the potential effects of a chemical reaction between a CO2-responsive 

surfactant and a carbonic acid molecule within the interface system. Based on the 

equilibrated configuration yielded from MD simulations, possible sites for protonation 

were selected for the subsequent free energy perturbation calculations, namely at the 

surfactant monolayer, at the surface of the micelle, or within the aqueous solution. By 

comparing these free energy differences, the preferred positions of the CO2-responsive 

behavior can be determined, and the following investigations on the more specific 

factors that influence this CO2-responsive behavior can be made. The determination of 

thermodynamically favorable proton transfer locations is not only critical to improving 

the switching extent and switching rate of the CO2-responsive surfactant in practice but 

also provides a theoretical base for the subsequent dynamic investigation into the 

gradual transition of the system from an activated state to a deactivated state. To the 

best of our knowledge, this is the first application of the free energy perturbation 

method to study CO2-responsive species. The outcomes of our research not only 

provide a clearer description of the CO2-responsive mechanism at the atomistic level 

but also propose a groundbreaking methodology for investigating stimuli-responsive 

materials using MD simulations. 

 



 

 

3.2 Method 

3.2.1 MD Simulations 

An amine-based cationic CO2-responsive surfactant was selected to represent CO2-

responsive surfactants. Upon the addition of CO2, the surfactant becomes protonated to 

an interface-active form (Nô-dodecyl-N,N-dimethylacetamidinium, DMAAH+). 

Conversely, the injection of N2 deprotonates the surfactant to its interface-inactive form 

(Nô-dodecyl-N,N-dimethylacetamidine, DMAA). An interface model was used to 

investigate the surfactant monolayer at the oil-water interface. The spontaneous 

curvature of the oil-water interface was neglected. Two surfactant monolayers were 

initially placed near both O/W interfaces in the box to ensure symmetry. Each surfactant 

monolayer consisted of 120 DMAAH+ molecules, based on the average area occupied 

by head groups reported in experiments and previous simulations [22ï24]. The oleic 

phase comprised 1000 dodecane molecules, while the aqueous phase included 10,000 

water molecules and 240 bicarbonate ions. 

Given the various organic molecules present in our oil-water-surfactant system, the 

OPLS-AA force field was chosen to generate all the topologies, including those for 

surfactants, bicarbonate ions, and dodecane molecules [25ï27]. The selection of OPLS-

AA force field is also consistent with previous free energy perturbation studies [28,29]. 

The SPC/E force field was used for the water molecules to ensure consistency with the 

OPLS-AA force field [30]. Considering the higher parallel computing efficiency 

compared to other MD software packages, the GROMACS software package (version 

2021.5) was used to conduct all the MD simulations in this study [31,32]. The initial 



 

 

configuration of the interface system was constructed using the PACKMOL package 

[33]. Periodic boundary conditions were applied in all three dimensions, with the 

orthogonal box dimensions set to Lx = Ly = 8 nm and Lz = 20 nm, considering the 

computational cost and number of particles to simulate the interface phenomena. 

The steepest descent algorithm was used for energy minimization, with the upper limit 

of force between any pair of atoms set at 1000 kJ/(molĬnm). The system was then 

relaxed with a shorter timestep of 0.5 fs for 2 ns in an NPT ensemble at a pressure of 1 

atm and temperature of 298.15K. Following this, the system was equilibrated in an NPT 

ensemble for 40 ns under the same conditions. Finally, an additional 60 ns simulation 

in an NPT ensemble was conducted for the production phase. The temperature during 

the equilibration stage was controlled by a velocity-rescale thermostat with a time 

constant of 0.5 ps, and the pressure was controlled by a Berendsen barostat [34,35]. The 

cutoffs for the neighboring list, van der Waals interaction, and Coulomb interaction 

were all set at 1.2 nm. The Coulomb interaction was calculated using the particle-mesh 

Ewald method with a Fourier spacing of 0.12 nm [36]. For the van der Waals interaction, 

a force-switching function was applied to smoothly switch the forces to zero from 1.0 

nm to 1.2 nm, and the van der Waals interaction was truncated at 1.2 nm [37]. The VMD 

package was employed to visualize all MD trajectories and configurations in this study 

[38]. An illustration of the initial configuration of the DMAAH+ system is shown in 

Figure 3.1. 



 

 

 

Figure 3.1 Molecular models of different species in the system and the initial 

configuration of the system. 

 

3.2.2 Free energy perturbation 

According to the equilibrated configuration yielded from MD simulations, three distinct 

surfactant-counterion pairs at different sites where the proton transfer process may 

occur were selected for the subsequent free energy calculations. The free energy of 

proton transfer is calculated using the free energy perturbation method [39ï41]. 

ȹGmicelle represents the Gibbs free energy needed to transfer a proton from a DMAAH+ 

molecule to a bicarbonate ion molecule at the surface of a micelle; ȹGinterface represents 

that at the oil-water interface; ȹGsolution represents that in the bulk aqueous solution. It 
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is critical to understand and compare the thermodynamic properties associated with 

different protonating processes.  

The transformation was accomplished through a dual-topology method in GROMACS. 

Before the proton transfer, the proton was connected to the nitrogen atom in the amine 

group of DMAAH+, as is shown by the molecular structure of DMAAH+ in Figure 1. 

The acceptor of the proton is an oxygen atom in the bicarbonate ion, and the proton is 

connected to the oxygen atom in a H2CO3 molecule once the proton transfer process is 

completed. Consequently, DMAAH+ and HCO3
- were defined as the reactant state, 

while DMAA and H2CO3 were defined as the product state. During the proton transfer 

process, the atom types, bond types, angle types, and torsion types involving the 

transferred proton will all undergo changes. Both the bonded and non-bonded potentials 

of the reactant moieties were parameterized using a state variable (ɚ) that maps the 

initial state to 0 and the final state to 1. The state variable was incremented by 0.02 for 

each window, resulting in a total of 51 windows. This means that the bonded and non-

bonded potentials transition linearly from the reactant state to the product state, 

changing by 2% in each window, to calculate the free energies. The bonds undergoing 

breakage and formation during the simulation were described using a soft-repulsion 

potential instead of the common stretching model. This choice was made because the 

soft-repulsion potential allows the stretching term to become zero once the distance 

between the two atoms reaches a threshold value, which is ideal for the FEP calculations. 

For other bonds, angles, and torsions involving atoms whose types were altered during 

the proton transfer, the force constant and the equilibrium angle were linearly adjusted 



 

 

to match those in the product state. In each window, the energy minimization, 

equilibration, and production were performed using the topology specific to that 

window. The production trajectories were employed to calculate the potentials in each 

window and calculate the free energy difference. Afterward, the change in Gibbs free 

energy of the system can be calculated through equation (1) as follows: 

ЎὋ ὙὝ ὰὲὩ ρ 

where Ὁ denotes the total energy of the system in the nth window, Ὁ  denotes the 

total energy of the system in the (n+1)th window, Ὑ represents the ideal gas constant, 

and T is the temperature of the system. 

 

3.3 Results & Discussion 

3.3.1 Equilibrated Configuration of the System 

 

Figure 3.2 The comparison between the equilibrated system. 

 

(a) (b) 



 

 

Our previous paper studied another interface system composed of identical components 

but applying CHARMM36 instead of the OPLS-AA force field [23]. Figure 3.2(a) and 

Figure 3.2(b) separately illustrate a comparison between the initial and final 

configurations of the two systems. The DMAAH+ molecules are in green with the VDW 

model. Water and dodecane molecules are represented by cyan and orange lines models, 

respectively. Figure 3.2(a) denotes the previous equilibrated configuration of the MD 

simulation from [1], while Figure 3.2 (b) represents the equilibrated configuration in 

this study prepared for FEP calculations. It appeared that both force fields eventually 

yielded very similar results, and the discrepancies generated by different choices of 

force fields can be neglected. From the results obtained from the classical MD 

simulations, we have examined the various environments in which the proton transfer 

process takes place. This forms the basis for analyzing the origin of the free energy 

difference during the subsequent FEP. 

 

Figure 3.3 Density profiles and radial distribution functions of the system 

In Figure 3.3, various key parameters are compared to characterize the equilibrated 

state of the two interface systems. Firstly, the number density profiles of all species in 

the system are presented in Figure 3.3 (a). The oleic and aqueous phase regions are 



 

 

determined according to the 90-10 principle and are shaded orange and blue, 

respectively. At the crossing point of the number density curves of water and dodecane, 

a surfactant layer is formed, as indicated by the peak in the number density of the 

DMAAH+ species. Beyond the peak at the oil-water interface, the number densities of 

DMAAH+ are nonzero throughout the aqueous phase, indicating that surfactant 

molecules can exist as monomers in the aqueous phase. Additionally, there are two 

peaks in the number densities of DMAAH+ corresponding to local minima in the 

number densities of water molecules in the aqueous phase, suggesting the formation of 

micelles. The three existing forms of DMAAH+ molecules make the determination of 

the deprotonation process by purging N2 very difficult.  

Besides DMAAH+, the number densities of (#/ are also nonzero throughout the 

aqueous phase, demonstrating that they can diffuse freely within it. (#/ acts as a 

counterion to the cationic DMAAH+ surfactant molecules, as evidenced by a peak in 

the number densities of (#/ at the surfactant monolayer. However, a peak of (#/ 

is not observed near the peaks indicating micelle formation, suggesting that the 

concentration behavior of (#/ is not as significant at the micelle surface as at the 

oil-water interface. There is no apparent preference for (#/ to stay at the micelle 

surface. Additionally, (#/ acts as a proton acceptor in the proton transfer process. 

This indicates that the likelihood of finding (#/ at the micelle surface or oil-water 

interface varies. affecting the subsequent proton transfer process. Its concentration 

behavior is also a crucial factor in determining the possibility of proton transfer, which 

can influence the change in Gibbs free energy of the system.  



 

 

Figure 3.3 (b) demonstrates the radial distribution function (RDF) of ὔ  

referring to ὕ . A peak with a height of 14.471 occurs at 0.27 nm, indicating that 

electrostatic attractions between oppositely charged species can promote their 

spontaneous approach to each other. Additionally, another less evident peak with a 

height of 4.115 occurs at 0.466 nm. These different peaks indicate that the conformation 

of the DMAAH+-(#/  pair is variable. The electrostatic attraction between the 

cationic DMAAH+ and its counterion (#/ is a fundamental condition for the proton 

transfer to occur. However, distinguishing between the combinations of surfactant-

counterion pairs at different sites in the system using RDF alone is challenging. This 

difficulty arises because the motion of surfactant molecules allows for the exchange of 

these molecules among micelles, the aqueous solution, and the oil-water interface.  

On the other hand, the position and height of the peak can also provide information 

about the molecular interactions that cause the approach of (#/ to the DMAAH+. 

The configuration of a surfactant-counterion pair is another crucial factor in 

determining the proton transfer process. The distance between the oxygen and nitrogen 

atoms, as well as the angle formed between the involved atoms, can significantly affect 

the likelihood of proton transfer, and this influence is reflected in the height and position 

of the peak. The equilibrated bond length of the hydrogen-oxygen bond in a carbonic 

acid molecule is 0.945 angstroms, while that of the hydrogen-nitrogen bond in the 

DMAAH+ molecule is 1.01 angstroms. Therefore, it is crucial that the peak position of 

the RDF curve does not deviate significantly from 1.955 angstroms; otherwise, proton 

transfer will be difficult. With the first nonzero radial distribution value occurring at 



 

 

0.24 nm, it is considered that the proton transfer process begins within this range. Due 

to the constraints of bonding angles and torsions, an effective configuration of the 

surfactant-counterion pair for proton transfer should align with the equilibrated angles 

and torsions. Consequently, aside from the environmental factors, the stretching of 

bonds and deformations of angles and torsions within the molecules could also hinder 

proton transfer.  

Figure 3.4 shows the surfactant-counterion pairs at the micelle surface, oil-water 

interface, and aqueous solution. The dodecane molecules are in the orange with lines 

model. The water molecules are in the cyan with lines model. DMAAH+ molecules and 

bicarbonate ions are denoted in the CPK model. In addition to the previously mentioned 

factors, the varying conformations of the hydrophobic tails of DMAAH+ can also 

potentially affect the proton transfer process through steric effects. In the system where 

excessive nitrogen gas is introduced, all the DMAAH+ have been deprotonated to the 

interface-inactive form DMAA, as shown in Figure 3.5. The dodecane molecules are 

in the orange with lines model. The water molecules are in the cyan with lines model. 

DMAA molecules are denoted in the CPK model. It can be observed that there is no 

DMAA molecule in the aqueous phase. The majority of DMAA molecules are adsorbed 

onto the oil-water interface, demonstrating the surface activity of the CO2-responsive 

surfactant in its inactive form, which can be attributed to the electronegativity of the 

nitrogen atoms in its amine group. Some DMAA molecules also diffuse freely into the 

oleic phase as monomers, with no reverse micelles observed in the oleic phase, 

indicating that the hydrophilicity of the DMAA head group is not very strong. The 



 

 

equilibrated distribution of DMAA molecules suggests that the only possible site for 

the protonation of DMAA molecules through injecting CO2 is at the oil-water interface 

in an emulsion system.  

 

Figure 3.4 Possible sites for the deprotonation of DMAAH+. 

 

 

Figure 3.5 Possible sites for the deprotonation of DMAA. 
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Furthermore, the differing array behaviors of DMAA and DMAAH+ molecules at the 

oil-water interface are reflected in the order parameters and the distribution of head 

groups near the interfacial region. Figure 3.6 (a) compares the distributions of amine 

groups in the protonated and deprotonated systems. The average width of the density 

peaks is 2.75 nm for DMAAH+ and 2.17 nm for DMAA, indicating that the amine 

groups of DMAA are more concentrated at the interface than those of DMAAH+. This 

trend is in accordance with the previous studies showing that the thickness of the 

DMAAH+ monolayer is greater than that of the DMAA monolayer. This can be 

attributed to the increased contact area with water molecules due to protonation, which 

also heightens the likelihood of contact between (#/  and DMAAH+. The wider 

peak in the number density curve of amine groups suggests a more scattered distribution 

of the head groups of surfactants upon protonation. 

On the other hand, the x coordinate in Figure 3.6 (b) represents the tilting angle of the 

vector from the carbon chains. For example, C1-C3 denotes the first carbon atom 

connected to the surfactant group to the third carbon atom in the carbon chain, and so 

on. A close-to-one order parameter indicates a vertical arrangement of the carbon chain 

at the oil-water interface, while a close-to-zero order parameter indicates a flat 

arrangement of the carbon chain. The decreasing trends of the order parameters in 

Figure 3.6 (b) indicate that the hydrophobic tails of both DMAA and DMAAH+ vibrate 

more freely as they enter the oleic phase. Generally, the order parameters of DMAA are 

lower than those of DMAAH+, demonstrating that DMAA tends to lie flat at the 

interface, covering the oil-water boundary and reducing direct contact between 



 

 

dodecane and water molecules. In contrast, DMAAH+ tends to be more vertical to the 

interface, with their tails stretched and tilted due to the hydrophobic effects of dodecane 

molecules. 

This arrangement behavior suggests that even at the oil-water interface, the 

conformation of the counterion-surfactant pair is distinct before and after protonation. 

Upon protonation, the conformation of the counterion-surfactant pair becomes more 

varied, as the amine group can lie flat or remain upright at the interface. This variety of 

conformations allows for different angles and torsions of both DMAAH+ and (#/ 

at the surface. Additionally, the varying contact area with water molecules affects the 

van der Waals and electrostatic interactions of DMAAH+ and (#/ with surrounding 

molecules, including water, counterions, and surfactants, due to changes in atom types 

and atomic charges. 

 

Figure 3.6 Number densities and order parameters that characterize the array behavior 

of surfactants at the oil-water interface.  

 

The hydrophobic effect of alkane molecules plays a critical role in the arrangement of 

surfactant tails. Therefore, the change in van der Waals interactions of deprotonated 

surfactant molecules with dodecane molecules could significantly influence the proton 
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transfer process at the oil-water interface. All these factors contribute to the change in 

Gibbs free energy during the proton transfer process, and their respective contributions 

can be reflected through the different terms of the potential energy of the system during 

the FEP calculations.  

For DMAAH+ molecules at the micelle surface and in aqueous solution, their 

deprotonation process occurs in an environment with more contact with water 

molecules and thus requires more consideration. Firstly, more contact with water 

molecules leads to stronger noncovalent interactions with water molecules than at the 

oil-water interface so that their tails are bent and nearly folded to minimize contact with 

water. As discussed earlier, the different conformations of the surfactant-counterion pair 

lead to varying bonded and nonbonded interactions with surrounding molecules during 

the proton transfer process. Additionally, due to the nonpolar molecular structure of 

deprotonated DMAA, the strong hydrophobic effect prevents DMAA from remaining 

in aqueous solution as monomers. Based on the equilibrated configuration of the 

deprotonated system, DMAA molecules are expected to adsorb onto the oil-water 

interface. Although the subsequent motion of a deprotonated DMAA molecule within 

the bulk aqueous solution cannot be evaluated through free energy perturbation, such 

motion should be considered to describe the overall deprotonation process of the system. 

Lastly, the likelihood of a bicarbonate ion approaching a DMAAH+ monomer in the 

bulk aqueous phase is much lower than at the oil-water interface. This difference in 

preconditions for proton transfer also needs to be considered when evaluating the 

overall deprotonation process. 



 

 

At the surface of the micelle, the process of proton transfer can have distinct impacts 

on the surrounding molecules. Firstly, the unique structure of a micelle allows for the 

solubilization of DMAA molecules in its hydrophobic core. Consequently, the proton 

transfer process can influence van der Waals interactions with the hydrophobic tails of 

other DMAAH+ molecules, which determines the conformation of the deprotonated 

DMAA molecule. Additionally, the proton transfer process neutralizes the net charges 

originally carried by both DMAAH+ and (#/ , enabling the nonionic DMAA 

molecule to act as a nonionic surfactant. This enables DMAA to reside at the micelle 

surface and reduce the charge density of the micelle surface, which further reduces the 

electrostatic repulsion between DMAAH+ head groups at the micelle surface and affects 

the equilibrated conformation of the deprotonated molecule and the free energy of the 

system. Lastly, although the distribution of (#/ should be more concentrated due to 

the net charge of the micelle surface, a peak in (#/ number density is not observed. 

Consequently, the likelihood of (#/  approaching the DMAAH+ head group and 

inducing the proton transfer process is greater than in the bulk solution but lower than 

at the oil-water interface. During the free energy perturbation process, these interactions 

can all contribute to the change in the potential energy of the system, resulting in 

differences in deprotonation compared to the bulk aqueous phase and oil-water 

interface.  

 

3.3.2 Prediction of thermodynamics parameters 

To investigate the preference of protonation at different sites within the system, three 



 

 

counterion-surfactant pairs have been selected from the micelle surface, the oil-water 

interface, and within the bulk aqueous solution from the equilibrated configuration of 

the MD simulations. During the free energy perturbation process, the system transits 

from the reactant state to the product state within 50 windows. The sampling time in 

each window is 50ps, and the change in Gibbs free energy was calculated through the 

summation of free energy. Besides the free energy, the change in the enthalpy of the 

system can be calculated through Equation (2), while the change in entropy of the 

system can be calculated through Equation (3) : 

ЎὌ Ὄ Ὄ ς 

ЎὛ
ЎὌ ЎὋ

Ὕ
σ 

where Ὄ  denotes the enthalpy of the system in product state, Ὄ  denotes the 

enthalpy of the system in reactant state, and Ὕ represents the absolute temperature of 

the system. The results yielded from the free energy perturbation are provided in Table 

3.1. 

 

Table 3.4 Change in thermodynamic properties of different locations 

Sites ЎὋ(kJ/mol) ЎὌ(kJ/mol) ЎὛ(kJ/(K*mol)) 4ЎὛ Ë*ȾÍÏÌ 

Solution 12.838 23.273 0.035 10.435 

Interface 10.360 22.584 0.041 12.224 

Micelle 11.513 21.054 0.032 9.541 

 

As shown in Table 3.1, the Gibbs free energies of deprotonating DMAAH+ molecules 

increase regardless of the environment in which the proton transfer process occurs. This 

indicates that the deprotonation process itself is not thermodynamically spontaneous 

and requires an energy input or must be coupled with another thermodynamically 



 

 

spontaneous process to achieve efficient CO2-responsiveness of the system. The Gibbs 

free energy values are close to each other due to the limited number of bonded and non-

bonded interactions involved in the process. During the proton transfer process, the 

ȹGsolution increases by 12.838 kJ/mol, the ȹGmicelle increases by 11.513 kJ/mol, and the 

ȹGinterface increases by 10.360 kJ/mol. The change in Gibbs free energy follows the 

order ȹGsolution>ȹGmicelle>ȹGinterface, which means that the deprotonation process is 

most likely to take place at the oil-water interface, followed by at the micelle surface, 

and least likely within the bulk solution. This observation aligns well with the 

conclusion from a previous experiment, which determined that the switching protocol 

involves proton transfer occurring at the interface rather than in the solution. 

Unfortunately, there remains a lack of comparison with the case at the micelle surface. 

Through a further calculation of the enthalpy of the system, it was discovered that 

ȹHsolution increases by 23.273 kJ/mol, the ȹHinterface increases by 22.584 kJ/mol, and the 

ȹHmicelle increases by 21.054 kJ/mol. The change in enthalpy of the system follows the 

order ȹHsolution>ȹHinterface>ȹHmicelle. Afterward, the change in entropy of the system is 

calculated through equation (3). It demonstrates that ȹSinterface is 0.041 kJ/(K*mol), 

ȹSsolution is 0.035 kJ/(K*mol), and the ȹSmicelle is 0.032 kJ/(K*mol), following the order 

ȹSinterface>ȹSsolution>ȹSmicelle. 

Based on these results, it is evident that the changes in Gibbs free energy, enthalpy, and 

entropy of the system do not follow the same trend. This behavior can be attributed to 

the distinct covalent interactions within the surfactant-counterion pair and the 

noncovalent interactions between the pair and surrounding molecules, as discussed 



 

 

previously. According to equation (1), the change in Gibbs free energy of the system 

during the FEP process is estimated through the difference in the total energy of the 

system. The temperature has been controlled by the thermostat, indicating that the 

actual source of the difference is the potential energy of the system, which comprises 

bonded and nonbonded terms. The bonded term includes bonds, angles, and torsions, 

while the nonbonded term involves electrostatic and van der Waals interactions. To 

further characterize the respective contributions of these terms, the changes in potential 

energy of these interactions have been calculated during the free energy perturbation 

process.  

 

Table 3.5 The values of change in different potential energy terms 

Terms 

Angle 

(kJ/mol) 

Bond 

(kJ/mol) 

Dihedral 

(kJ/mol) 

van der Waals 

(kJ/mol) 

Coulomb 

(kJ/mol) 

Solution 0.616 1.245 0.026 2.157 8.794 

Interface 0.632 0.508 0.591 4.217 4.413 

Micelle 0.092 1.577 0.023 2.740 7.080 

 

Figure 3.7 The pie charts of contributions of different potential energy terms 
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The contributions of different interactions to the change in potential energy are provided 

in Table 3.2, with their respective ratios illustrated in Figure 3.7. It is evident that 

noncovalent interactions predominantly drive the changes in the potential energy, 

whereas bonded terms account for only a small fraction. Among the noncovalent 

interactions, the variation in Coulomb interactions has a more significant impact on the 

potential energy changes than the van der Waals interaction.  

At the oil-water interface, both Coulomb and van der Waals interactions account for 

approximately 40% of the change in potential energy. This indicates that these two 

noncovalent interactions are nearly equally significant at the oil-water interface. The 

deprotonation process neutralizes the net charge of both DMAAH+ and (#/, so that 

it is predictable that the Coulomb interaction will increase after the proton transfer. Due 

to the enrichment of both dodecane and water molecules at the interface, the surfactant-

counterion pair has an equal chance of interacting with both types of molecules. This 

explains the equal contribution of Coulomb and van der Waals interactions to the 

change in the potential energy. It is also noteworthy that the deprotonation process can 

reduce the charge density of the interface, which can potentially reduce the Coulomb 

interactions. 

At the micelle surface, the ratio of van der Waals interactions decreases to 23.8%, while 

Coulomb interactions increase to 61.5%. This trend corresponds to the increasing 

contact area with water molecules. At the micelle surface, the curvature is nonzero, 

providing the DMAAH+ head group more opportunities to interact with water 

molecules. On the other hand, the van der Waals interactions are mainly between the 



 

 

nonpolar species. Although the head group can still have van der Waals interactions 

with the hydrophobic tails of other DMAAH+ molecules, the local density of nonpolar 

species is not as high as at the oil-water interface. In addition, the effect of reduction of 

charge density is not strong enough compared to the interactions with water molecules. 

Consequently, the Coulomb interaction becomes more dominant than the van der Waals 

interaction during the proton transfer process.  

In the bulk aqueous phase, the ratio of van der Waals interactions further decreases to 

16.8%, while Coulomb interactions increase to 68.5%. As discussed previously, this 

difference arises mainly from the contact area with water molecules. In this case, the 

DMAAH+ monomer is completely surrounded by water molecules, with no other 

nonpolar species nearby. Thus, the changes in both van der Waals and Coulomb 

interactions can be attributed to the noncovalent interactions between water molecules 

and the DMAAH+-(#/ pair.  

Lastly, although the bonded terms contribute only a small fraction to the change in the 

system's potential energy, they reflect the preferred conformation of the DMAAH+-

(#/  pair at different locations. If the changes in bonded energies are large, it 

indicates that the conformation is closer to the equilibrium state of the reactants and 

deviates from the equilibrium state of the products. Conversely, if the changes are 

relatively small, it suggests that the conformation deviates from the reactant equilibrium 

and is closer to the product equilibrium. According to the results, the change in the 

angle term is nearly equal at the oil-water interface and in the aqueous solution, while 

it is close to zero at the micelle surface. For the stretching term, the change in energy 



 

 

follows the order ȹEbond,micelle>ȹEbond,solution >ȹEbond,interface. For the dihedral terms, the 

changes in energies are close to zero in the solution and at the micelle surface, but this 

term is larger at the oil-water interface. These results indicate that during the proton 

transfer process, the variations in the conformations of the DMAAH+-(#/ pairs at 

different locations are complex. The stretching of bonds, deviations in angles, and 

changes in dihedrals do not necessarily follow the same trend. Each of these factors 

can independently approach or deviate from the equilibrium state. However, compared 

to the nonbonded interactions, these bonded terms are relatively small and less likely 

to dominate the proton transfer process. 

 

3.4 Conclusion 

In this study, we investigated the free energy differences caused by the proton transfer 

of a CO2-responsive cationic surfactant at different locations within a system using 

molecular dynamics simulations and free energy perturbation methods. This allowed us 

to determine the preferred locations for deprotonation of such surfactants and the 

underlying reasons.  

Through molecular dynamics simulations, we identified the activated CO2-responsive 

surfactant and its counterion in three different environments: at the oil-water interface, 

in the bulk aqueous phase, and at the micelle surface in water. Further simulations 

revealed that at the oil-water interface, the surfactant and its counterion could interact 

with water, bicarbonate, DMAAH+, and dodecane molecules. At the micelle surface, 

the DMAAH+-(#/  pair had more contact with water molecules and could also 



 

 

interact with the hydrophobic tails of other DMAAH+ molecules. In the bulk phase, the 

DMAAH+-(#/  pair was completely surrounded by water molecules. These 

intermolecular interactions influenced the changes in non-bonded potential energy 

during the proton transfer process. 

On the other hand, the conformations of the (#/  pair varied in these three 

environments. At the oil-water interface, the hydrophobic tails of DMAAH+ were more 

extended, and the head groups could be either perpendicular or parallel to the interface. 

At the micelle surface, the hydrophobic tails of DMAAH+ molecules formed the 

hydrophobic core of the micelle. In the bulk phase, the tail of DMAAH+ folded to 

minimize contact with water molecules. These different conformations caused 

variations in the bonded potential energy terms during proton transfer. 

Through free energy perturbation calculations, we found that the free energy increase 

during deprotonation was minimal in all three cases, with the largest increase in the 

bulk phase, followed by the micelle surface, and the smallest increase at the oil-water 

interface. This indicates that the oil-water interface is thermodynamically the most 

favorable location for proton transfer, while the bulk phase is the least favorable. 

Further analysis revealed that non-bonded interactions were the main contributors to 

the increase in potential energy, with bonded interactions playing a minor role. The 

interaction between the DMAAH+-(#/  pair and water molecules significantly 

influenced the strength of Coulomb interactions, making it the primary factor in the 

increase in potential energy. 

In summary, this study provided a detailed analysis of the proton transfer process of a 



 

 

CO2-responsive surfactant at different locations using molecular dynamics simulations 

and free energy perturbation methods. It revealed the thermodynamic mechanisms that 

favor proton transfer at the oil-water interface, providing an important theoretical 

foundation for the application of such surfactants. 
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CHAPTER 4 Switchability and synergistic effect of a CO2-responsive 

surfactant with co-surfactants at an O/W interface: A molecular 

insight3 

4.1 Introduction 

Increasing demand for energy consumption has led to a focus on applying cEOR 

technologies in petroleum reservoirs with lower deliverability [1ï3]. Here, surfactant 

flooding is the working horse as it can mobilize the trapped oil and delay phase 

separation by reducing the interfacial tension. However, surfactant flooding frequently 

brings new challenges, including severe emulsion and soil pollution [4]. Therefore, it 

is a long-standing issue to explore novel techniques for achieving a delicate and 

efficient control of emulsification/demulsification and preventing further 

environmental damage in the field of cEOR [5ï7]. 

 
3 This chapter has been published at: Lei, X., Liu, B., Hou, Q., Wang, Y., Ahmadi, M., Liu, Z., & 

Chen, Z. (2024). Switchability and synergistic effect of a CO2-responsive surfactant with co-
surfactants at an O/W interface: A molecular insight. Journal of Molecular Liquids, 405(April), 

125051. https://doi.org/10.1016/j.molliq.2024.125051 

https://doi.org/10.1016/j.molliq.2024.125051


 

 

Recently, the emergence of CO2-switchable surfactants has introduced a new approach 

to the industry [8ï10]. These surfactants possess the unique ability to reversibly switch 

between their interface inactive and active forms, solely by the introduction of CO2/N2. 

This reversible switching mechanism allows them to stabilize/destabilize an oil/water 

(O/W) interface, making them a convenient and environmentally friendly alternative to 

traditional surfactants [11ï13]. Additionally, the use of CO2-switchable surfactants 

aligns with the global goal of ñEmission Peak and Carbon Neutralityò, promoting 

CCUS, which is conducive to mitigating climate change [13ï16].  

Numerous studies have demonstrated the feasibility of CO2-switchable surfactants in 

EOR applications. However, further investigation is required to understand their 

switching mechanism in various formulations, as CO2-switchable surfactants are 

commonly co-injected with other surfactants in a reservoir. While it is  believed that 

an ordinary emulsion stabilized by a traditional surfactant can be made CO2-switchable 

by adding a CO2-responsive surfactant, it is crucial to determine whether a desirable 

synergistic effect can be achieved with the formulation. To answer this question, a 

comprehensive understanding of the interactions between CO2-switchable surfactants 

and other chemicals in an emulsion system is necessary. Unfortunately, there has yet to 

be an agreement on such interactions from an experimental standpoint. 

Su et al. reported that an emulsion stabilized by conventional surfactant SDS becomes 

CO2-responsive in the presence of a typical CO2-responsive material N, N-

dimethylethanolamine (DMEA) in the aqueous phase [17]. They reasoned that such a 



 

 

novel phenomenon is attributed to the electrolyte-like behavior of DMEA upon purging 

CO2, and the CO2-responsive behavior can be attributed to a variation in the ionic 

strength of the aqueous phase. Later, Li et al. had similar findings on the performance 

of another CO2-responsive material N, N-dimethylcyclohexylamine (DMCHA), added 

to an emulsion stabilized by sodium dodecyl benzene sulfonate (SDBS) [18]. They took 

a further step to propose that besides an organic salt, DMCHA is also very interface-

active since a high peak of DMCHA is found at an O/W interface using the 1H NMR 

method. Dai et al. found that a SDBS surfactant failed to stabilize an emulsion in the 

presence of a protonated tertiary amine (TA) [19]. They hypothesized that the strong 

electrostatic attraction between SDBS and TA molecules results in the formation of an 

ion pair, and the electroneutral ion pairs can diffuse into the bulk oleic phase, reducing 

the interface activity of the mixture. Unfortunately, due to limitations  in traditional 

detecting techniques, the specific mechanisms of interactions between CO2-switchable 

surfactants and other chemicals on the microscale still need to be determined.  

Thanks to the rapid development in computational techniques, computer simulations 

can now complement experiments perfectly and provide detailed information on the 

underlying chemical mechanisms on an atomistic level. Molecular Dynamics (MD) 

simulation has become a powerful tool for investigating a molecular system as the 

computational resources are more available and less time-consuming. Over the past few 

years, some studies have focused on the molecular interactions of various CO2-

responsive surfactants. Liu et al. mixed surfactant molecules with hexadecane and water 

molecules in a cubic box to simulate the aggregation process of hexadecane molecules 



 

 

in the aqueous phase. The dispersed oil droplets can be stabilized by DMAAH+ 

molecules.[20]. Zhang et al. pointed out that an electrostatic interaction between a 

deprotonated lauric acid and its counter-ion stabilizes the emulsion [21]. However, a 

fatal defect of their droplet model is that the simulation scale is limited to several 

nanometers, and only a microemulsion droplet can be simulated, which partially reflects 

an interaction at an O/W interface. Although there have been many MD studies of CO2-

responsive surfactants, the mechanism of switchable behavior between CO2-responsive 

surfactants and other chemicals near an O/W interface is less explored.  

Zhang et al. built a sandwich model to analyze the interface behavior of Nô-dodecyl-N, 

N-dimethyl- acetamidine (DMAA) and its bicarbonate salt Nô-dodecyl-N, N-

dimethylacetamidinium (DMAAH+) upon purging CO2 [22]. They conclude that the 

interface activity of the CO2-responsive surfactant originates from the enhanced 

Coulomb interactions between charged surfactant molecules and water/anions. Their 

study provides a fundamental explanation of the CO2-switchability of a pure CO2-

responsive surfactant at an O/W interface. However, because of the limited surface 

activity of DMAA/DMAAH+ and the need to adapt to reservoir conditions, they are 

more frequently formulated with other surfactants to achieve better performance. 

Therefore, it is necessary to include the interactions between the CO2-switchable 

surfactants and other chemicals. Sun et al. built a slab model to characterize the surface 

of a solution containing DMAA and a common anionic surfactant sodium dodecyl 

sulfate (SDS) [23]. They found that foam can be stabilized before purging CO2 since 

most surfactants will adsorb onto the surface of the aqueous phase, and destabilized by 



 

 

purging N2 to decrease the surface activity. This finding is unusual because DMAAH
+ 

is usually viewed as an interface-active material, but formulating with an anionic 

surfactant deprives such interface activity. They stressed the importance of Coulomb 

attraction between oppositely charged species in the occurrence of the phase behavior. 

Regrettably, a detailed analysis of the relationship between the synergistic effect and 

the CO2-responsive mechanism is still lacking.  

Herein, we conduct MD simulations to explore the impact of synergistic effect between 

surfactants on the specific CO2-responsive mechanism of the system.  To achieve this 

goal, we employed a mixture of a CO2-responsive cationic surfactant 

DMAA/DMAAH+ and co-surfactants of different charge types at an O/W interface and 

discussed their corresponding molecular interactions and phase behaviors. Although 

electrostatic interaction is essential in the emulsification/demulsification process, 

previous studies failed to build a clear connection between the switching mechanism 

and the electrostatic interaction of surfactants. To the best of our knowledge, it is the 

first time to reveal that different synergistic effects between the CO2-responsive 

surfactants and other co-surfactants have a significant impact on the phase behavior of 

the system and can even lead to distinct CO2-responsive mechanisms. Our results gain 

a breakthrough understanding of the emulsification/demulsification behavior of a CO2-

switchable surfactant with co-surfactants, guiding researchers and practitioners in 

cEOR and CCUS to formulate emulsions with CO2-switchable surfactants more 

tactfully. 



 

 

4.2 Simulation details 

4.2.1 Model Construction  

The initial configurations of all the scenarios are constructed by the PACKMOL 

package [24], and all the MD simulations are conducted by the GROMACS package 

(version 2021.5) in this work for its superiority in simulating a monolayer of surfactants 

in a multiphase system [25,26]. The topologies of all the molecules are built with the 

CHARMM-GUI tool [27ï30], describing all the inter- and intra-molecular interactions. 

The TIP3P model is selected for water molecules to be consistent with the force field 

[31]. The force field parameters of a bromide ion are complemented by the OPLS-AA 

force field. Based on the interfacial tension (IFT) values reported in previous studies, 

the target system is assumed to be an emulsion system. For such a system, the 

spontaneous curvature of an interface can be neglected, and the interface is usually 

treated as flat, given the scale of MD simulation. Therefore, we chose a sandwich model 

over a droplet model to simulate the interfacial behavior between oleic and aqueous 

phases in a Water/Oil/Surfactant system.  



 

 

 

Figure 4.1 An example of the initial configuration rendered by the VMD package 

 

Moreover, it is assumed that by replacing DMAA molecules with DMAAH+ molecules 

and inserting an equal number of HCO3
- into the aqueous phase, a purging of CO2 can 

be simulated on the molecular scale. Na+, Br-, and Cl- are randomly inserted in the 

aqueous phase as electrolytes to achieve an electro-neutrality of the system. 

Considering the average area occupied by DMAA/DMAAH+ molecules and SDS 
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molecules at an O/W interface, 120 surfactant molecules are set at each interface in the 

system [32,33] as an initial guess of the structure of the O/W interface. Moreover, 

previous studies indicated that for a mixture of cationic surfactant and anionic 

surfactant at an O/W interface, the number of anionic and cationic surfactant molecules 

should be equal [34]. Therefore, the numbers of SDS/DTAB surfactant molecules and 

DMAA/DMAAH+ surfactant molecules are set as 60 in the simulations. Considering 

the computational cost and number of particles to simulate the interface phenomena, 

the dimensions of the simulation box are set as Lx = Ly = 8nm and Lz = 20 nm. Periodic 

boundary conditions (PBC) are adopted in all three dimensions in the simulations, so 

two surfactant monolayers are placed near both O/W interfaces in the box to eliminate 

the possible discrepancy brought by such conditions. More details of the settings of 

systems are reported in Table 1. VMD package is employed to visualize all the MD 

trajectories and configurations in this study. An illustration of the initial configuration 

of SDS/DMAAH+ is shown in Figure 4.1 [35]. 

 

Table 4.6 Compositions of all the scenarios 

Scenarios H2O Dodecane DMAA  DMAAH + SDS DTAB TX-

100 

Br - Na+ HCO3
- 

DMAA  10000 1000 240 0 0 0 0 0 0 0 

DMAAH + 10000 1000 0 240 0 0 0 0 0 240 

SDS 10000 1000 0 0 240 0 0 0 240 0 



 

 

 

4.2.2 Simulation methods 

After the construction of each system, an energy minimization task is performed to 

remove unphysical contacts between atoms. The steepest descent algorithm was used 

for energy minimization, and the structure of a system is optimized until the maximum 

force between any atom pairs is less than 1000 kJ/(molĬnm). The following procedure 

is relaxing a system with a short timestep of 0.5 fs for 10 ns: First, the constrained 

molecules are free to move, and the systems get ready for the equilibration stage with 

longer timesteps; afterward, a system is equilibrated in an isothermal-isobaric ensemble 

for 40 ns with a pressure of 1atm, a temperature of 298K, and a longer timestep of 2 ps, 

the temperature of the equilibration stage is controlled by a velocity-rescale thermostat 

with a time constant of 0.5 ps, and the pressure of the equilibration stage is controlled 

DTAB 10000 1000 0 0 0 240 0 240 0 0 

TX-100 10000 1000 0 0 0 0 240 0 0 0 

DMAA+SDS 10000 1000 120 0 120 0 0 0 120 0 

DMAA+ DTAB  10000 1000 120 0 0 120 0 120 0 0 

DMAA+TX -100 10000 1000 120 0 0 0 120 0 0 0 

DMAAH ++SDS 10000 1000 0 120 120 0 0 0 120 120 

DMAAH ++DTAB 10000 1000 0 120 0 120 0 120 0 120 

DMAAH ++TX-100 10000 1000 0 120 0 0 120 0 0 0 



 

 

by a Berendsen barostat [36,37]; finally, an extra 60-ns simulation in an isothermal-

isobaric ensemble is performed as a production stage. A Nos®-Hoover thermostat and a 

Berendsen barostat are applied for temperature and pressure control in the production 

stage with the same time constant of 0.5 ps [36,38].  

A cutoff of 1.2 nm is used for a neighboring list, Lennard-Jones interaction, and 

Coulomb interaction. While a Coulomb interaction is calculated with the particle-mesh 

Ewald method, a truncation method is used for a Lennard-Jones interaction [39]. In 

addition, a force-switching function is applied to smoothly switch the forces to zero 

from 1.0 nm to 1.2 nm [40]. The GROMACS manual suggests these parameter settings 

as a force field of CHARMM36, or a newer version is applied [41]. 

4.2.3 Simulation analysis 

The order parameter of any carbon atom in a hydrophobic tail can be calculated with 

the following equation [42]: 
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— is the angle between the z-axis of the box and the direction in a hydrophobic tail of 

interest. The direction of a hydrophobic tail is defined as the direction of the vector 

which points to the next carbon atom from a previous carbon atom. The brackets in the 

formula imply averaging over time and molecules. Order parameters can vary from 1 

(a chain direction is parallel to the main axis) to -0.5 (a chain direction is normal to the 

main axis), and 0 means that the orientation of a hydrophobic tail is isotropic [41]. 

Using this definition, the order parameters of the first and last carbon atoms in a 



 

 

hydrocarbon chain cannot be calculated. Obviously, for all the surfactant molecules 

employed in this study, the number of carbon atoms in a hydrocarbon chain is 12, which 

implies that a maximum of 10 order parameters can be calculated. Through the change 

of order parameters, the form of surfactant molecules and the structure of the surfactant 

layers can be understood.  

Another important parameter that reflects the structural information and phase behavior 

is the number density of each species in a system. The number density of a component 

in a system can be calculated according to Equation (2) [22]: 
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where Ўᾀ is the bin width, S is the cross-section area of each bin along the z-axis, ὔ 

is the number of species in the interval ᾀ
Ў
ȟᾀ

Ў
, the brackets denote averaging 

over time. With density profiles of the systems, it is convenient and straightforward to 

see each species' spatial distribution and relative amount near the O/W interfaces. In 

this study, the whole box is divided into 100 bins along the z-axis in each scenario to 

investigate the density profiles. Moreover, the ñ90/10ò principle is adopted to determine 

the boundary of bulk phases. Namely, the bin where the number density of 

water/dodecane molecules reaches 90 percent of their respective maximum is 

considered the boundary for the aqueous/oleic phase with the interface region.  

The energies of different groups of particles in a system indicate the intensities of 

interaction between particles, determine the relative stable configuration, and uncover 



 

 

the mechanisms contributing to various phase behaviors. Equation (3) is taken to 

calculate the interaction energy in this study [43]:  

Ὁ Ὁ Ὁ Ὁ σ 

Knowing the total energies of different scenarios and the energies of surfactant mixtures, 

the interface formation energy (IFE) can then be calculated through the following 

equation:  

ὍὊὉὉ Ὁ Ὁ τ 

where Ὁ    and Ὁ   are the energies of surfactants applied and the 

energy of an oil-water system without surfactant, respectively. The calculation of IFE 

requires individual cases to be run at the same conditions (i.e., thermostat and barostat) 

as in the scenarios listed above. The IFE indicates the stability of the surfactant layer 

formed at the O/W interface. The lower the IFE, the more stable the formed layer since 

the layer significantly reduces the interface energy. 

4.2.4 Model validation 

In this section, we validated our model by comparing the IFT calculated from our MD 

simulations with published experimental/simulation results. IFT is one of the most 

important indicators of the performance of surfactants in different systems. When 

describing surfactants, force field parameters are commonly evaluated using IFT as a 

benchmark to assess their accuracy.  On the other hand, previous studies have 

indicated that IFT values yielded from MD simulations may deviate from experimental 



 

 

values if the aggregation number of the surfactant self-assembly exceeds the limit[44]. 

Therefore, the accuracy of the molecular models employed in simulations is of utmost 

importance for obtaining accurate IFT values. A close estimation of IFT indicates the 

accuracy of simulation results and reliability of force field parameters. For this research, 

we anticipate that if the IFT from sole surfactant systems matches previous findings, it 

is reasonable to infer that the number of surfactant molecules can accurately reflect the 

interfacial phenomena and phase behaviors of the surfactants near the O/W interface. 

The most frequently applied equation for computing IFT using MD simulations is given 

as: 
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where ὒ is the length of the box in the z-axis. ộὖỚ, ộὖỚ, and ộὖỚ are the ensemble 

average pressure components in the x, y, and z directions, respectively. 

During the production stage of the MD simulations, pressure components of scenarios 

using sole surfactants were extracted from molecular trajectories to represent the 

pressures of the systems in equilibrium. Figure 4.2 displays the IFT results, which were 

calculated using Eq. (5). The simulation outcomes agree well with prior experimental 

and simulation findings [22,45ï47]. The IFTs between the oil phase and aqueous 

solutions were measured using an Easy Dyne Kruss Tensiometer K-20. All 

measurements were conducted at ambient temperature (25 ÁC) and atmospheric 

pressure employing the Du Nouy Ring method and the Harkins and Jordan ring 



 

 

correction method. It demonstrates that our MD models are constructed soundly and 

avoid potential risks related to large aggregation numbers that could cause deviations 

in the phase behaviors of surfactant molecules from experimental outcomes. Therefore, 

it is reliable to use these models for studying the interfacial phenomena of the 

oil/water/surfactant systems. 

  

Figure 4.2 Comparison of IFTs estimated from simulations with experimental data 

adopted from other studies. 

 

4.3 Results and discussion  

4.3.1 The switchable phase behaviors of DMAA/DMAAH+  

Prior to exploring the phase behavior of a mixture of DMAA/DMAAH+ with ionic 

surfactants, we investigated the CO2-responsive characters of DMAA/DMAAH
+. 

Before protonation, the DMAA molecules fail to pack orderly at the O/W interface. 

Many of them can diffuse into the oleic phase while no DMAA molecule is present in 
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the aqueous phase, as shown in Figure 4.3 (a). Also, the Figure 4.3 (b) shows that the 

order parameters of the carbon atoms in the hydrophobic tails of DMAA molecules are 

around 0.2~0.1 and do not exhibit a monotonic decreasing trend, which means that 

DMAA molecules lack the character of a typical surfactant. Another noteworthy 

phenomenon in Figure 4.3 (c) is that the number densities of DMAA molecules are 

zero in the aqueous phase, but nonzero in the oleic phase, and the number densities are 

almost constant throughout the oleic phase. A constant number density value means the 

molecules are distributed uniformly and randomly in the oleic phase. Compared this 

result with Figure 4.3 (a), it can be observed that although DMAA molecules tend to 

form dimers and trimers in the oleic phase, a distinct reverse micelle is not observed. 

The free DMAA surfactants in the oleic phase reflect their hydrophobicity and explain 

why the O/W emulsion cannot be stabilized by DMAA in experiments [48]. 



 

 

Figure 4.3  Final configurations and parameters of activated/deactivated systems.  

After protonating DMAA into its active form DMAAH+, the phase behavior is distinct. 

An illustration of DMAAH+ can be seen in Figure 4.3 (d). In Figure 4.3 (e), The order 

parameters of DMAAH+ molecules decrease monotonically from 0.3 to 0.1, reflecting 

the structure of the surfactant layer. Such a monotonic decreasing trend of DMAAH+ 

exhibits a typical character of an ionic surfactant, as pointed out by previous research 

[49]. The hydrophobic chain of a DMAAH+ molecule becomes less perpendicular to 

the O/W interface and vibrates more freely as the hydrophobic chain penetrates deeper 
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into the bulk oleic phase. The dominating van der Waals interactions between dodecane 

molecules and hydrophobic tails of surfactant molecules should mitigate the 

electrostatic repulsion between polar groups of surfactant molecules. In Figure 4.3 (f), 

the number densities of DMAAH+ are nonzero in the aqueous phase. Namely, 

DMAAH+ can distribute in the aqueous phase apart from staying at the O/W interface. 

In contrast to the average distribution of DMAA molecules in the oleic phase, a peak 

of the number densities of DMAAH+ occurs in the aqueous phase, accompanied by 

lower number densities of water molecules. A peak in number density indicates an 

aggregation of molecules, which can be regarded as a micelle of DMAAH+ molecules 

in the aqueous phase.  

Furthermore, the interface thickness was regarded as a critical indicator of the interface 

activity of the surfactants in early research[22]. However, such an assumption is 

effective only for the DMAA/DMAAH+ case. For example, although SDS is more 

interface active than the DMAA, the interface thickness of a layer composed of DMAA 

molecules is 2.18 nm, as shown in Figure 4.3 (c). In contrast, the thickness of the 

surfactant layer composed of SDS molecules is 2.13nm. Such a contradiction 

demonstrates that interface thickness fails to work as an effective indicator for interface 

activity. All of the interface thicknesses in different MD simulations have been 

calculated in this study, which shows that the thickness of an interface is primarily 

influenced by the structure of a surfactant layer rather than the interface activity of a 

surfactant. The IFE of DMAA molecules is -6127.3 kJ/mol.  After the DMAA is 

protonated to DMAAH+, the IFE decreases to -12810 kJ/mol. Such a variation also 



 

 

validates the enhanced interface activity of DMAAH+ molecules. The hydrophilicity of 

DMAAH+ molecules favors its role as an emulsifier due to the changes in the 

morphology of surfactant monolayer and their aggregating behavior in aqueous phase 

[50]. 

We now come to the general conclusion that DMAA molecules are more lipophilic 

before activated and only present in the oleic phase. They pack less orderly at the O/W 

interface, forming a loose structure. Upon purging CO2, the protonation process renders 

DMAAH+ with higher hydrophilicity. DMAAH+ plays the role of a common cationic 

surfactant, packing more orderly and stabilizing the O/W interface. Owing to the excess 

charge density at the O/W interface, some DMAAH+ molecules diffuse into the aqueous 

phase, and the Coulomb interactions dominate the phase behaviors of the system. These 

findings complement the CO2-switching mechanism proposed by previous studies [22] 

and explain the experimental phenomenon reported by Jessop et al [33]. The following 

sections will show how the Coulomb interactions between DMAA/DMAAH+ 

molecules and cationic/anionic surfactants influence the specific CO2-responsive 

mechanism.  

4.3.2 Switchability and synergistic effect of DMAA/DMAAH+ with an anionic 

surfactant of SDS  

To simulate the synergistic effect between the CO2-switchable cationic surfactant with 

an anionic surfactant, SDS was selected as a representative anionic surfactant, similar 

to previous MD simulations [51,52]. Before purging CO2 into a mixture of SDS/DMAA, 

it can be observed in Figure 4.4 (a) that some DMAA molecules diffuse into the oleic 



 

 

phase, and no SDS molecule is present in either the aqueous or oleic phases. Therefore, 

SDS is undersaturated at the O/W interface, whereas DMAA is saturated at the O/W 

interface. Figure 4.4 (b) shows the radial distribution function of DMAA molecules 

with water and SDS molecules. The peak of the DMAA/SDS plot is farther than the 

hydration shell, indicating that the structure of the layer composed of DMAA and SDS 

is rather loose. In Figure 4.4 (c), the number density of DMAA molecules in the oleic 

phase is much lower than that observed in Figure 4.3 (c), which means that formulating 

with an anionic surfactant relatively increases the interface activity of DMAA 

molecules. Along with the results in Figure 4.4 (d), the order parameters of SDS 

decrease from 0.48 to 0.18 monotonically, and those of DMAA molecules are mainly 

kept at 0.3. A reasonable explanation is that the steric effect of SDS molecules is weaker 

than that of the DMAA molecules. Formulating with SDS renders DMAA molecules 

more opportunity to contact water molecules since SDS is more ordered at the O/W 

interface and occupies less interface area than DMAA molecules. 

A predictable effect of mixing up DMAA and SDS is the reduction of the electric 

density of SDS molecules, which can be validated through the change in energies. 

Compared to the result where SDS is applied solely, adding DMAA lowers the area 

density of SDS molecules at the O/W interface and significantly reduces the 

electrostatic repulsion between SDS molecules. The average interaction energies 

between SDS molecules drop from 1324.3 kJ/mol to 594.4 kJ/mol after mixing up with 

DMAA. In contrast, the intensity of interaction energies between DMAA molecules 

hardly changes upon mixing. In addition, the average number of hydrogen bonds 



 

 

formed between DMAA molecules and water molecules in a mixture of DMAA/SDS 

is more than in a pure DMAA. This indicates that DMAA molecules can contact with 

water molecules more efficiently.  

Figure 4.4 Anionic/CO2-responsive surfactants mixture before activation. (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAA
 atoms, (c) number densities, and (d) order parameters of surfactants. The SDS 

molecules are colored gray, and the DMAA molecules are colored light green. 
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Surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane molecules and water molecules for clarification. 

Upon purging CO2, there is an obvious synergistic effect between DMAAH
+ and SDS 

molecules. In Figure 4.5 (a), it is clear that nearly all the hydrophobic tails of the 

surfactant molecules are parallel to the main axis of the system and normal to the O/W 

plane, which represents a dense packing of surfactants at the interface. Figure 4.5 (b) 

demonstrates the radial distribution functions between the nitrogen atoms in the 

DMAAH+ molecules and oxygen atoms in water, bicarbonate, and SDS molecules 

separately. The first peak of the curve of N(DMAAH+)-O(SDS) can be observed at 

about 0.25nm, which is closer than those of the others. This peak is also narrower in 

width and higher in height in comparison to the much less apparent peaks of the others, 

indicating a tight combination between the head groups of the SDS and DMAAH+ 

surfactants. Figure 4.5 (c) is the number densities profile of different species. It 

indicates that neither SDS nor DMAAH+ is present in bulk phases, contrary to the 

previous conjecture that electrostatic-neutralized ion pairs are free to diffuse into the 



 

 

oleic phase [19].  

Figure 4.5 Anionic/CO2-responsive surfactants mixture after activation. (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAAH
+ atoms, (c) number densities, and (d) order parameters of surfactants. The 

SDS molecules are colored gray, and the DMAAH+ molecules are colored dark green. 
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the lines model. 

 

 In addition, the plateau values of both the surfactant and dodecane molecules are 

observed within the ñinterfaceò zone, as illustrated in Figure 4.5 (c). It indicates that 

the transition from the oleic to the aqueous phase is rather sudden than gradual. A 

plateau value means that the number of dodecane molecules and surfactant molecules 

is constant within this region, which can be attributed to the filled gaps between ion 

pairs with dodecane molecules. Such a structure of the surfactant layer permits direct 

contact between dodecane and water molecules and thus is energetically unfavored. 

Therefore, it is reasonable to consider that the packing of SDS/DMAAH+ molecules at 

the O/W interface is still unsaturated, and more surfactant molecules can adsorb onto 

the interface.  

Moreover, Figure 4.5 (d) shows the order parameters. It is noticeable that all the order 

parameters are very close to one. As aforementioned, a close-to-one order parameter 

means that the direction of the hydrophobic tail is nearly parallel to the main axis, which 

is consistent with the snapshots of the O/W interface. Another critical phenomenon is 

that the trends of SDS and DMAAH+ molecules are highly similar to each other. Such 

a tendency can be explained by a strong attraction between the hydrophobic chains of 

the two molecules, and this phenomenon further validates the formation of ion pairs. 

The IFE also indicates that an oil-water system stabilized by a mixture of 

SDS/DMAAH+ exhibits the lowest IFE among all the MD simulations. Such results 



 

 

validate the stability of a surfactant layer composed of SDS/DMAAH+ from the energy 

perspective. 

Our observations provide a different picture to previous experimental conjectures that 

the CO2-responsiveness of the emulsion system originates from the enhanced ionic 

strength of the aqueous phase [17,18], and partially support the hypothesis from Dai et 

al. that the interface activity of a mixture of CO2-switchable surfactant and an ionic 

surfactant should be the dominating factor for the change in phase behavior [19]. Dai 

et al. proposed that the switchable surfactant and formulated ionic surfactant will form 

an ion pair with electrostatic neutrality. The ion pair should diffuse into the oil, raising 

the IFT and leading to demulsification. However, our MD simulations demonstrate that 

the formation of ion pairs is validated, but the behavior of the formed ion pairs is distinct. 

When the CO2-switchable surfactant is protonated, the adsorptions of both surfactant 

molecules at the O/W interface are enhanced. Instead of exhibiting strong 

hydrophilicity and forming micelles in the aqueous phase, a compact surfactant layer 

will form. No ion pair is present in either the aqueous or oleic phase. Obviously, the 

response to the CO2 after the addition of SDS is distinct from that where a sole DMAA 

is employed. Therefore, a new mechanism for the CO2-responsive behavior of an 

emulsion system is proposed. When a CO2-switchable surfactant is formulated with a 

co-surfactant that carries an opposite charge to the activated form of the CO2-switchable 

surfactant, they tend to form an ion-pair and adsorb onto the O/W interface, forming a 

compact surfactant layer.  



 

 

In addition, there are still gaps between SDS and DMAAH+ molecules after purging 

CO2. It is still possible to increase the interface concentration of the surfactant mixture. 

Such a system should favor a more complex phase behavior, e.g., a bi-continuous phase. 

Although no experimental work directly investigates the phase behavior of a mixture 

of SDS and DMAAH+ surfactants, earlier works have reported a similar case with 

SDBS as an emulsifier and DMCHA as a CO2-switchable surfactant and justified that 

a bi-continuous phase is present when CO2 is purged [18]. However, they concluded 

that a protonated DMCHA should be regarded as a counter-ion to the SDBS, which 

compresses the electrostatic double-layer, and results in the occurrence of the complex 

phase behavior, despite their 1H NMR results which have shown a sharp peak at the 

O/W interface. The deduction from our MD simulation results exhibits a consistency 

with the experimental observations.   

4.3.3 Switchability and synergistic effect of DMAA/DMAAH+ with a cationic 

surfactant of DTAB  

The above discussion indicates that a strong electrostatic attraction between DMAAH+ 

and SDS molecules increases the interface activity of the surfactant mixture and favors 

a more complicated phase behavior of the system. In this section, a representative 

cationic surfactant, DTAB, is selected, and their interactions at the O/W interface are 

investigated, similar to the previous MD studies [51,52].  

Before protonation, the general phase behavior of a mixture of DMAA/DTAB is similar 

to that of DMAA/SDS. Figure 4.6 (a) illustrates that all the DTAB molecules are 

adsorbed onto the O/W interface, but some DMAA molecules can diffuse into the oleic 



 

 

phase besides staying at the interface. To compare the stability of the O/W interface of 

the two cases from the energy perspective, the IFE of DMAA/DTAB is -9825.7 kJ/mol, 

while that of DMAA/SDS is -10265.7 kJ/mol. The subtle difference demonstrates the 

resemblance between the two scenarios. It supports the hypothesis that before activation, 

mixing with either anionic or cationic surfactant will not trigger a significant change in 

the phase behavior of the system. 

 

Figure 4.6 Cationic/CO2-responsive surfactants mixture before activation. (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAA
 atoms, (c) number densities of all the species, and (d) order parameters of 

surfactants. The surfactant molecules are in VDW models compared to the lines 

model adopted by dodecane and water molecules. The DMAA molecules are colored 

(a) (b)

(c) (d)



 

 

light green, and the DTAB molecules are colored brown. 

Still, a critical difference with the DMAA/SDS mixture lies in the structure of a 

surfactant layer. In a surfactant layer composed of DMAA/DTAB, the DTAB molecules 

distribute closer to the aqueous phase, while the DMAA molecules distribute closer to 

the oleic phase. This difference can be validated through the radial distribution 

functions in Figure 4.6 (b). Compared to a mixture of DMAA/SDS, the peak of 

DMAA/DTAB is lower in height and farther relative to the hydration shell.  

The number densities in Figure 4.6 (c) show a more precise result, where an offset 

occurs between the respective peaks of DMAA and DTAB molecules. Due to their 

preferred positions at the O/W interface, the thickness of the layer composed of 

DMAA/DTAB molecules is 2.53 nm, the biggest among all the simulations. In addition, 

in a mixture of DMAA/DTAB, the DMAA molecules can diffuse into the oleic phase 

more efficiently than the DMAA molecules in a mixture of DMAA/SDS since the 

number density of DMAA in the oleic phase is higher. A possible explanation for this 

discrepancy is that the steric effect of DTAB molecules is more substantial. The less 

ordered arrangement of DTAB molecules leads to more extensive coverage of DTAB 

molecules at the O/W interface, excluding the adsorption of DMAA.  

This explanation can be validated through the order parameters in 5(d), where the order 

parameters of DTAB decrease from 0.44 to 0.18, while those of DMAA is kept around 

0.15. In addition, if not mixed with DMAA, the DTAB molecules can form micelles in 

the aqueous phase. In comparison, all the DTAB molecules stay at the O/W interface in 

a DMAA/DTAB mixture. The hydrophobic effect of DTAB molecules seems 



 

 

inadequate to hold all the 120 DTAB molecules at an O/W interface but enough to resist 

the repulsion when the amount of DTAB molecules is halved. This difference is 

probably caused by the difference in the interface activities of SDS and DTAB 

molecules. The average interaction energies between DTAB molecules drop from 

2074.6 kJ/mol to 1706.9 kJ/mol. Such a variation is less apparent than that of SDS 

molecules, probably due to the different phase behaviors of SDS and DTAB molecules 

when employed alone, respectively.  



 

 

 

Figure 4.7 Cationic/CO2-responsive surfactants mixture after activation. (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAAH
+ atoms, (c) number densities, and (d) order parameters of surfactants. The 

surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The DMAAH+ molecules are colored dark green, and 

the DTAB molecules are colored brown.  
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After protonation, an O/W interface is stabilized by a mixture of DTAB/DMAAH+, as 

shown in Figure 4.7 (a). Compared to the surfactant layer composed of SDS/DMAAH+, 

it is noticeable that the surfactant layer composed of DTAB/DMAAH+ is much less 

ordered. The hydrophobic tails of both DMAAH+ and DTAB molecules are tilted. Thus, 

the packing of DMAAH+ and DTAB molecules at the O/W interface is loose, and both 

dodecane and water molecules can diffuse into the surfactant layer more easily. Also, 

many surfactant molecules diffuse into the aqueous phase and even form micelles, 

which means that the interface activity of the surfactant mixture of DTAB/DMAAH+ is 

much lower than the surfactant mixture of SDS/ DMAAH+.  

Figure 4.7 (b) shows the radial distribution functions between different species. The 

main peak of the curve of N(DMAAH+)-N(DTAB) can be observed at about 0.75nm, 

which is nearly triple the distance of N(DMAAH+)-O(SDS), and the peak is farther than 

the hydration shell. Both the width and height of this peak are close to those of 

N(DMAAH+)-O(H2O), and the difference only lies in the position of the peak. Although 

the formation of micelles and a surfactant layer is observed at the O/W interface, the 

association between two surfactants with similar charges is much weaker than that 

between two surfactants with opposite charges. Thus, the assemblies of the surfactant 

mixture are looser than the compact surfactant layer composed of surfactants with 

opposite charges.  

In Figure 4.7 (c), in contrast to the number densities of DMAA and DTAB molecules, 

the relative positions of DMAAH+ and DTAB become nearly indistinguishable. The 



 

 

trends of the number densities of DMAAH+ and DTAB appear to be synchronous. This 

is to say that they behave similarly at the molecular level. The peaks of DMAAH+ and 

DTAB located within the interface region represent that the surfactant layer is 

composed of a mixture of DTAB and DMAAH+ surfactants. Also, the peak present in 

the aqueous phase indicates that the micelles are composed of both DTAB and 

DMAAH+ molecules. The heights of the peaks are also very close, so there is no priority 

for the adsorption of the surfactants onto the O/W interface since the amount of DTAB 

and DMAAH+ molecules employed in the systems are equal.  

Moreover, in Figure 4.7 (d), the order parameters of the surfactant mixture of 

DMAAH+ and DTAB decrease from 0.3 to 0.07 monotonically as the hydrophobic tail 

extends into the oleic phase from the O/W interface. To compare this result with the 

order parameters in other cases, it is evident that the trend is similar to the cases where 

DTAB or DMAAH+ is employed alone. When the DTAB is used alone, its order 

parameters decrease from 0.32 to 0.07, while the order parameters of DMAAH+ 

decrease from 0.31 to 0.09 under similar conditions. Although the trends of DMAAH+ 

and DTAB are almost identical, the reason for this resemblance differs from that of 

DMAAH+/SDS discussed above. Instead of an association caused by a strong 

electrostatic attraction, DMAAH+ and DTAB are similarly charged and only feel 

repulsion from each other. Therefore, it is more suitable to make another explanation 

that DTAB and DMAAH+ play a similar role in the mixture, and they are 

interchangeable with each other. More importantly, the IFEs of DMAAH+, DTAB, and 

DTAB/DMAAH+ are very close, indicating that the substitution of DMAAH+ with 



 

 

DTAB will not exert an evident impact on the stability of the system.  

Different from the formulation of a surfactant mixture with opposite charges, few 

studies focus on the formulation of a surfactant mixture with similar charges, and there 

are no corresponding experimental observations. Formulating a switchable surfactant 

with another surfactant carrying a similar charge is distinct from formulating a 

switchable surfactant with another surfactant carrying an opposite charge. The phase 

behavior of a surfactant mixture of DMAAH+/DTAB is similar to the phase behaviors 

of the surfactants in their own forms. It is then hypothesized that replacing some of the 

DMAAH+ molecules with DTAB molecules will make no change to the phase behavior 

of the system. In other words, DMAAH+ and DTAB make equal contributions to the 

final phase behavior.  

Since the phase behavior of a surfactant mixture of DMAAH+/DTAB is close to 

DMAAH+, it indicates that the CO2-responsive mechanism of the mixture of DTAB/ 

DMAAH+ is similar to that of DMAAH+ alone. When the CO2 is purged into the system, 

DMAA is protonated to DMAAH+, then the interface activity of the system is offered 

by DTAB and DMAAH+ together. This finding will be meaningful to applying CO2-

switchable surfactants like DMAA/DMAAH+, for it becomes possible to replace parts 

of the expensive CO2-switchable surfactant which is hard to synthesize with some 

traditional surfactants which are easy to synthesize.  



 

 

4.3.4 Switchability and synergistic effect of DMAA/DMAAH+ with a nonionic 

surfactant of TX-100  

In addition to anionic and cationic surfactants, the synergistic effects of 

DMAA/DMAAH+ with a typical nonionic surfactant (Triton X-100, TX-100) were also 

examined. 

Figure 4.8 Nonionic/CO2-responsive surfactants mixture before activation (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAA
 atoms, (c) number densities, and (d) order parameters of DMAA. The 
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surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The DMAA molecules are colored green, and the TX-

100 molecules are colored pink. 

 

As shown in Figure 4.8 (a), it can be observed that before protonation, DMAA and TX-

100 molecules can both diffuse into the oleic phase and adsorb onto the O/W interface. 

In comparison to Triton X-100, more DMAA monomers are present in the oleic phase. 

This is due to the higher interface activity of TX-100 over DMAA molecules. From the 

perspective of energy, the IFE of the DMAA/TX-100 mixed interface is -9013.5 kJ/mol, 

which is smaller than that of the mixture with ionic surfactants. 

However, the radial distribution functions between the head groups of the surfactant 

mixture with TX-100 are significantly different from those in the scenarios with ionic 

surfactants. In Figure 4.8 (b), a sharp peak occurs at about 0.2 nm for the head groups 

of DMAA and TX-100. The height of the peak reaches 10.4, which even exceeds the 

maximum of the RDF peak in the DMAAH+/SDS scenario. This suggests that there is 

an intensive interaction between the head groups of DMAA and TX-100 molecules.  

Such an unusual behavior can be explained by the formation of hydrogen bonds 

between the hydroxyl group in the TX-100 molecules and the amidine group in the 

DMAA molecules, based on their molecular structures. The unprotonated nitrogen 

atoms in DMAA molecules can be hydrogen acceptors, and the oxygen atoms in TX-

100 molecules can be hydrogen donors. While the cationic and anionic surfactants in 



 

 

this study do not possess the ability to form hydrogen bonds with DMAA molecules. 

The number densities of TX-100 and DMAA displayed in Figure 4.8 (c) suggest that 

the thickness of the interface and the distribution of surfactant molecules are similar to 

those observed in the DMAA/SDS scenario. This implies that the general phase 

behavior of the TX-100/DMAA system is similar to that of the DMAA/SDS system. In 

other words, although hydrogen bonds can form between TX-100 and DMAA 

molecules, they are not strong enough to induce an orderly arrangement of surfactants 

at the interface. The order parameters of DMAA in Figure 4.8 (d) also suggest that the 

hydrogen bonds have insignificant effects on the alignment of hydrophobic tails of 

DMAA molecules. 

After protonation, the mixture of DMAAH+/TX-100 exhibits a typical synergistic effect 

between nonionic and ionic surfactants as discovered in previous studies. According to 

the final configuration of the MD simulation, as shown in Figure 4.9 (a), all the 

surfactant molecules are concentrated in the surfactant monolayer at the O/W interface. 

Compared with the scenarios of sole DMAAH+, it can be observed that mixing with 

nonionic surfactants can enhance the adsorption of DMAAH+ on the interface. Free 

DMAAH+ monomers and micelles are not present in the system. This can be interpreted 

as the nonionic surfactants reducing the charge density of DMAAH+ near the interfacial 

region, decreasing the electrostatic repulsion between the DMAAH+ head groups. 

Additionally, further investigation reveals that hydrogen bonds can form between 

DMAAH+ and TX-100 molecules, which also enhances their interactions and favors the 



 

 

co-adsorption of both surfactants at the interface.  

Figure 4.9 Nonionic/CO2-responsive surfactants mixture after activation. (a) O/W 

interface final configuration, (b) radial distribution functions of particles referring to 

NDMAAH
+ atoms, (c) number densities, and (d) order parameters of DMAAH+. The 

surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The DMAAH+ molecules are colored dark green, and 

the TX-100 molecules are colored pink.  
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Moreover, it is noticeable that after protonation, the peak of radial distribution functions 

shifts further away, as displayed in Figure 4.9 (b), which can be attributed to the change 

in the type of hydrogen bonds. Protonation alters the role of nitrogen atoms in the 

DMAAH+ molecules from hydrogen acceptor to hydrogen donor. Consequently, 

although the number of hydrogen bonds barely changes upon protonation, the 

geometries of hydrogen bonds in the DMAAH+/TX-100 system are distinct from those 

in the DMAA/TX-100 system. Still, comparing the number densities of different 

species and order parameters of surfactants in Figure 4.9 (c) and Figure 4.9 (d), the 

hydrogen bonds between DMAAH+ and TX-100 fail to induce significant changes in 

the morphologies of surfactant layers and the phase behaviors of the system. Although 

the order parameters are higher than those in the case of sole DMAAH+, the 

hydrophobic tails of the surfactants are not vertically arranged on the interface as 

observed in the mixture of DMAAH+/SDS. On the other hand, the offset in the peak of 

number densities of surfactant headgroups were not found either as in the case of 

DMAAH+/DTAB, which suggests that there is no competition in adsorption between 

the two surfactants at the O/W interface. 

Therefore, the conclusion can be drawn that the addition of a typical nonionic surfactant 

to an emulsion stabilized by CO2-switchable surfactants can enhance the interface 

activity of the mixture by forming hydrogen bonds near the interface. However, such a 

synergistic effect is not strong enough as observed in the case of mixing with anionic 

surfactants.  



 

 

 

4.4 Conclusions 

In this work, the emulsification/demulsification behavior of a surfactant mixture 

containing CO2-responsive cationic surfactant (DMAA/DMAAH+) and different types 

of co-surfactant (DTAB/SDS/TX-100) was investigated using MD simulations. For a 

sole CO2-responsive cationic surfactant system, DMAA is more lipophilic and diffuses 

into only the oleic phase besides adsorbing onto the O/W interface before CO2 injection. 

With the injection of CO2, a DMAAH
+ molecule gains stronger hydrophilicity and 

diffuses into the aqueous phase instead, which validates the CO2-responsive behavior 

of a switchable surfactant[22].  

Adding co-surfactants to the system will lead to distinct phase behaviors depending on 

the type of surfactants. If the co-surfactant is cationic like DTAB, a surfactant mixture 

of DMAAH+ and DTAB will behave as its separated form (i.e., the phase behavior is 

similar to a typical cationic surfactant). The electrostatic repulsion between DMAAH+ 

and DTAB molecules limits the amount of adsorption onto the O/W interface and 

impedes the formation of an orderly packed surfactant layer. Thus, the demulsification 

can be achieved by deprotonating DMAAH+ to decrease the interface activity of the 

surfactant mixture. In contrast, emulsification can be achieved by protonating DMAA 

to enhance the interface activity.  

For an anionic co-surfactant (SDS in this study), all the molecules in a mixture of 

DMAAH+ and SDS will adsorb onto the O/W interface, forming a compact surfactant 



 

 

layer. It indicates a higher interface activity of the surfactant mixture. The electrostatic 

attraction between the oppositely charged surfactants plays a critical role in the 

formation of ionic surfactant pairs. The hydrophobic effect will further prompt a tight 

association of surfactant tails. Compared with previous experimental results, we 

propose that the synergistic effect between DMAAH+ and SDS enhances the interface 

activity of a surfactant mixture and favors a more complicated phase behavior instead 

of the enhanced ionic strength through the purging of CO2 as hypothesized in previous 

studies [17,18]. More importantly, the formation of a compact surfactant layer indicates 

a distinct mechanism of CO2-responsive behavior, where the CO2-responsive surfactant 

is primarily concentrated in the bi-continuous phase instead of the aqueous or oleic 

phase after introducing CO2.  

For typical nonionic co-surfactants like TX-100, they can reduce the electrostatic 

repulsion between DMAAH+ head groups. They also possess the ability to form 

hydrogen bonds with both DMAA/DMAAH+. This characteristic enhances the 

interface activity of the surfactant mixture. However, such a synergistic effect is not 

strong enough to induce significant changes in the morphologies of the surfactant 

monolayer or phase behaviors of the system.  

In previous cEOR studies of CO2-switchable surfactants, co-surfactants are employed 

with a CO2-switchable surfactant to adapt to the complex reservoir conditions, but few 

studies have focused on the switching mechanism and phase behavior of the surfactant 

mixture with their synergistic effect. Our results demonstrated that an undesirable 



 

 

complex phase behavior could occur with an inadequate formulation. It revealed a 

breakthrough understanding of the emulsification/demulsification behavior of a CO2-

responsive surfactant with co-surfactants. A conclusion can be drawn that the types of 

surfactants formulated with a CO2-responsive surfactant will lead to distinct CO2-

responsive mechanisms of the oil-water-surfactant system. Therefore, more attention 

should be paid to the formulation of CO2-switchable surfactants with other surfactants 

to make the mixture respond to the external stimuli as desired. 

 

 Reference 

[1] Y. Lu, R. Li, R. Manica, Q. Liu, Z. Xu, Enhancing oilsolid and oil water separation in heavy 

oil recovery by CO2- responsive surfactants, AIChE J. 67 (2021). 

https://doi.org/10.1002/aic.17033. 

[2] T. Zhu, W. Kang, H. Yang, Z. Li, B. Zhou, Y. He, J. Wang, S. Aidarova, B. Sarsenbekuly, 

Advances of microemulsion and its applications for improved oil recovery, Adv. Colloid 

Interface Sci. 299 (2022). https://doi.org/10.1016/j.cis.2021.102527. 

[3] M. Ahmadi, Z. Chen, Challenges and future of chemical assiste[1] M. Ahmadi and Z. 

Advances in Colloid and Interface Science, vol. 275. Elsevier B.V., Jan. 2020, doi: 

10.1016/j.cis.2019.102081.d , Adv. Colloid Interface Sci. 275 (2020). 

https://doi.org/10.1016/j.cis.2019.102081. 

[4] I. Effendi, S. Nedi, E. Ellizal, N. Nursyirwani, F. Feliatra, F. Fikar, T. Tanjung, R. Pakpahan, P. 

Pratama, Detergent Disposal into Our Environmentand Its Impact on Marine Microbes, 

IOP Conf. Ser. Earth Environ. Sci. 97 (2017). https://doi.org/10.1088/1755-

1315/97/1/012030. 

[5] X. Ge, L. Mo, A. Yu, C. Tian, X. Wang, C. Yang, T. Qiu, Stimuli- responsive emulsions: 

Recent advances and potential applications, Chinese J. Chem. Eng. 41 (2022) 193209. 



 

 

https://doi.org/https://doi.org/10.1016/j.cjche.2021.11.002. 

[6] Y. Wu, M. Zeng, Q. Cheng, C. Huang, Recent Progress toward Physical Stimuli-

Responsive Emulsions, Macromol. Rapid Commun. 43 (2022) 2200193. 

https://doi.org/https://doi.org/10.1002/marc.202200193. 

[7] X. Li, L. Wang, H. Lu, B. Wang, Homogeneous extraction for sustainable separation of 

emulsified oily wastewater by using CO2 switchable solution, Sep. Purif. Technol. 254 

(2021) 117566. https://doi.org/https://doi.org/10.1016/j.seppur.2020.117566. 

[8] Y. Lu, Y. Zhu, F. Yang, Z. Xu, Q. Liu, Advanced Switchable Molecules and Materials for Oil 

Recovery and Oily Waste Cleanup, Adv. Sci. 8 (2021) 2004082. 

https://doi.org/https://doi.org/10.1002/advs.202004082. 

[9] Y. Lu, Y. Zhu, Z. Xu, Q. Liu, Pseudo- Gemini Biosurfactants with CO2 Switchability for 

Enhanced Oil Recovery (EOR), 56 (2019) 407416. 

https://doi.org/doi:10.3139/113.110638. 

[10] Y. Chen, A.S. Elhag, B.M. Poon, L. Cui, K. Ma, S.Y. Liao, P.P. Reddy, A.J. Worthen, G.J. 

Hirasaki, Q.P. Nguyen, S.L. Biswal, K.P. Johnston, Switchable Nonionic to Cationic 

Ethoxylated Amine Surfactants for CO 2 Enhanced Oil Recovery in, Spe (2014). 

[11] Z. Yang, C. He, H. Sui, L. He, X. Li, Recent advances of CO 2 - responsive materials in 

separations, J. CO2 Util. 30 (2019) 7999. https://doi.org/10.1016/j.jcou.2019.01.004. 

[12] Y. Lu, R. Li, R. Manica, Z. Zhang, Q. Liu, Z. Xu, CO2- responsive surfactants for greener 

extraction of heavy oil: A bench- scale demonstration, J. Clean. Prod. 338 (2022). 

https://doi.org/10.1016/j.jclepro.2022.130554. 

[13] Z. Liu, Z. Deng, G. He, H. Wang, X. Zhang, J. Lin, Y. Qi, X. Liang, Challenges and 

opportunities for carbon neutrality in China, Nat. Rev. Earth Environ. 3 (2022) 141155. 

https://doi.org/10.1038/s43017- 021- 00244- x. 

[14] F. Wang, J.D. Harindintwali, Z. Yuan, M. Wang, F. Wang, S. Li, Z. Yin, L. Huang, Y. Fu, L. Li, 

S.X. Chang, L. Zhang, J. Rinklebe, Z. Yuan, Q. Zhu, L. Xiang, D.C.W. Tsang, L. Xu, X. Jiang, 

Z. Bai, B. Li, B. Zhang, K. Wei, H. Cao, Z. Tan, L. bin Zhao, X. He, J. Zheng, N. Bolan, X. Liu, 

C. Huang, S. Dietmann, M. Luo, N. Sun, J. Gong, Y. Gong, F. Brahushi, T. Zhang, C. Xiao, X. 



 

 

Technologies and perspectives for achieving carbon neutrality, Innov. 2 (2021). 

https://doi.org/10.1016/j.xinn.2021.100180. 

[15] R. Chauvy, G. De Weireld, CO2 Utilization Technologies in Europe: A Short Review, 

Energy Technol. 8 (2020). https://doi.org/10.1002/ente.202000627. 

[16] A. Saravanan, P. Senthil kumar, D.V.N. Vo, S. Jeevanantham, V. Bhuvaneswari, V. Anantha 

Narayanan, P.R. Yaashikaa, S. Swetha, B. Reshma, A comprehensive review on different 

approaches for CO2 utilization and conversion pathways, Chem. Eng. Sci. 236 (2021). 

https://doi.org/10.1016/j.ces.2021.116515. 

[17] X. Su, T. Robert, S.M. Mercer, C. Humphries, M.F. Cunningham, P.G. Jessop, A 

conventional surfactant becomes CO2- responsive in the presence of switchable water 

additives, Chem. -  A Eur. J. 19 (2013) 55955601. 

https://doi.org/10.1002/chem.201203419. 

[18] H. Li, Q. Li, J. Hao, Z. Xu, D. Sun, Preparation of CO2- responsive emulsions with 

switchable hydrophobic tertiary amine, Colloids Surfaces A Physicochem. Eng. Asp. 502 

(2016) 107 113. https://doi.org/10.1016/j.colsurfa.2016.05.013. 

[19] S. Dai, Y. Suo, D. Liu, P. Zhu, J. Zhao, J. Tan, H. Lu, Controllable CO2- responsiveness of 

O/W emulsions by varying the alkane carbon number of a tertiary amine, Phys. Chem. 

Chem. Phys. 20 (2018) 1128511295. https://doi.org/10.1039/C8CP00527C. 

[20] X. Liu, Y. Li, S. Tian, H. Yan, Molecular Dynamics Simulation of 

Emulsification/Demulsification with a Gas Switchable Surfactant, J. Phys. Chem. C 123 

(2019) 25246 25254. https://doi.org/10.1021/acs.jpcc.9b07652. 

[21] M. Zhang, Y. Nan, Y. Lu, Q. You, Z. Jin, CO2- responsive surfactant for oil- in- water 

emulsification and demulsification from molecular perspectives, Fuel 331 (2023). 

https://doi.org/10.1016/j.fuel.2022.125773. 

[22] L. Zhang, X. Lu, X. Liu, Q. Li, Y. Cheng, Q. Hou, Molecular dynamics simulation of CO2-

switchable surfactant regulated reversible emulsification/demulsification processes of a 

dodecane- saline system, Phys. Chem. Chem. Phys. 22 (2020) 2357423585. 

https://doi.org/10.1039/d0cp03904g. 



 

 

[23] S. Sun, X. Zhang, S. Feng, H. Wang, Y. Wang, J. Luo, C. Li, S. Hu, CO2/N2 switchable 

aqueous foam stabilized by SDS/C12A surfactants: Experimental and molecular 

simulation studies, Chem. Eng. Sci. 209 (2019). https://doi.org/10.1016/j.ces.2019.115218. 

[24] 

initial configurations for molecular dynamics simulations, J. Comput. Chem. 30 (2009) 

2157 2164. https://doi.org/https://doi.org/10.1002/jcc.21224. 

[25] D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark, H.J.C. Berendsen, 

GROMACS: Fast, flexible, and free, J. Comput. Chem. 26 (2005) 17011718. 

https://doi.org/10.1002/jcc.20291. 

[26] H.J.C. Berendsen, D. van der Spoel, R. van Drunen, GROMACS: A message- passing 

parallel molecular dynamics implementation, Comput. Phys. Commun. 91 (1995) 4356. 

https://doi.org/10.1016/0010- 4655(95)00042- E. 

[27] S. Jo, T. Kim, V.G. Iyer, W. Im, CHARMM- GUI: A web- based graphical user interface for 

CHARMM, J. Comput. Chem. 29 (2008) 18591865. 

https://doi.org/https://doi.org/10.1002/jcc.20945. 

[28] J. Lee, X. Cheng, J.M. Swails, M.S. Yeom, P.K. Eastman, J.A. Lemkul, S. Wei, J. Buckner, J.C. 

Jeong, Y. Qi, S. Jo, V.S. Pande, D.A. Case, C.L. Brooks, A.D. MacKerell, J.B. Klauda, W. Im, 

CHARMM- GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and 

CHARMM/OpenMM Simulations Using the CHARMM36 Additive Force Field, J. Chem. 

Theory Comput. 12 (2016) 405413. https://doi.org/10.1021/acs.jctc.5b00935. 

[29] S. Jo, X. Cheng, S.M. Islam, L. Huang, H. Rui, A. Zhu, H.S. Lee, Y. Qi, W. Han, K. 

Vanommeslaeghe, A.D. MacKerell, B. Roux, W. Im, Chapter Eight -  CHARMM- GUI PDB 

Manipulator for Advanced Modeling and Simulations of Proteins Containing 

Nonstandard Residues, in: T. Karabencheva- Christova (Ed.), Adv. Protein Chem. Struct. 

Biol., Academic Press, 2014: pp. 235265. 

https://doi.org/https://doi.org/10.1016/bs.apcsb.2014.06.002. 

[30] S. Kim, J. Lee, S. Jo, C.L. Brooks III, H.S. Lee, W. Im, CHARMM- GUI ligand reader and 

modeler for CHARMM force field generation of small molecules, J. Comput. Chem. 38 

(2017) 1879 1886. https://doi.org/https://doi.org/10.1002/jcc.24829. 



 

 

[31] D.J. Price, C.L. Brooks, A modified TIP3P water potential for simulation with Ewald 

summation, J. Chem. Phys. 121 (2004) 1009610103. https://doi.org/10.1063/1.1808117. 

[32] A. Bahramian, A. Zarbakhsh, Interfacial equation of state for ionized surfactants at 

oil/water interfaces, Soft Matter 11 (2015) 64826491. 

https://doi.org/10.1039/C5SM01406A. 

[33] Y. Liu, P.G. Jessop, M. Cunningham, C.A. Eckert, C.L. Liotta, Switchable surfactants, Science 

(80- . ). 313 (2006) 958960. https://doi.org/10.1126/science.1128142. 

[34] L. Cai, Z. Chang, H. Dang, S. Ma, W. Liu, M.A. Hassane, D. Wei, Effects of interfacial molar 

ratios of anionic/cationic surfactant mixtures on properties at the gas- liquid interface: a 

molecular dynamics study, J. Dispers. Sci. Technol. (2022) 111. 

https://doi.org/10.1080/01932691.2022.2056481. 

[35] W. Humphrey, A. Dalke, K. Schulten, VMD: Visual molecular dynamics, J. Mol. Graph. 14 

(1996) 33 38. https://doi.org/https://doi.org/10.1016/0263 - 7855(96)00018- 5. 

[36] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, J.R. Haak, Molecular 

dynamics with coupling to an external bath, J. Chem. Phys. 81 (1984) 36843690. 

https://doi.org/10.1063/1.448118. 

[37] G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity rescaling, J. 

Chem. Phys. 126 (2007) 014101. https://doi.org/10.1063/1.2408420. 

[38] 

Phys. 52 (1984) 255268. https://doi.org/10.1080/00268978400101201. 

[39] T. Darden, D. York, L. Pedersen, Particle mesh Ewald: An Nᴋlog(N) method for Ewald 

sums in large systems, J. Chem. Phys. 98 (1993) 1008910092. 

https://doi.org/10.1063/1.464397. 

[40] P.J. Steinbach, B.R. Brooks, New spherical- cutoff methods for long- range forces in 

macromolecular simulation, J. Comput. Chem. 15 (1994) 667683. 

https://doi.org/https://doi.org/10.1002/jcc.540150702. 

[41] P. Bauer, B. Hess, E. Lindahl, GROMACS 2022.2 Manual, (2022). 

https://doi.org/10.5281/ZENODO.6637572. 

[42] T.J. Piggot, J.R. Allison, R.B. Sessions, J.W. Essex, On the Calculation of Acyl Chain Order 



 

 

Parameters from Lipid Simulations, J. Chem. Theory Comput. 13 (2017) 56835696. 

https://doi.org/10.1021/acs.jctc.7b00643. 

[43] M. Ahmadi, Z. Chen, Comprehensive molecular scale modeling of anionic surfactant-

asphaltene interactions, Fuel 288 (2021) 119729. 

https://doi.org/10.1016/j.fuel.2020.119729. 

[44] X. Tang, P.H. Koenig, R.G. Larson, Molecular dynamics simulations of sodium dodecyl 

sulfate micelles in water -  The effect of the force field, J. Phys. Chem. B 118 (2014) 3864

3880. https://doi.org/10.1021/jp410689m. 

[45] O. Tavakkoli, H. Kamyab, R. Junin, V. Ashokkumar, A. Shariati, A.M. Mohamed, SDS

Aluminum Oxide Nanofluid for Enhanced Oil Recovery: IFT, Adsorption, and Oil 

Displacement Efficiency, ACS Omega 7 (2022) 1402214030. 

https://doi.org/10.1021/acsomega.2c00567. 

[46] A. Miquilena, V. Coll, A. Borges, J. Melendez, S. Zeppieri, Influence of Drop Growth Rate 

and Size on the Interfacial Tension of Triton X- 100 Solutions as a Function of Pressure 

and Temperature, Int. J. Thermophys. 31 (2010) 24162424. 

https://doi.org /10.1007/s10765- 010- 0825- 6. 

[47] V.B. Fainerman, E. V Aksenenko, N. Mucic, A. Javadi, R. Miller, Thermodynamics of 

adsorption of ionic surfactants at water/alkane interfaces, Soft Matter 10 (2014) 6873

6887. https://doi.org/10.1039/C4SM00463A. 

[48] Q. Hou, Y. Wang, Z. Wang, Q. Wu, F. Wang, C. Ni, X. Zheng, Y. Xu, Y. Zhao, Temperature 

sensitivity of CO2- triggered switchable surfactants with acetamidine group, J. Pet. Sci. 

Eng. 186 (2020) 106677. https://doi.org/https://doi.org/10.1016/j.petrol.2019.106677. 

[49] S. Kamat, R. Lin, Y.C. Chiew, Structure and properties of dicarboxylic acids at 

hexane/water interface: A molecular dynamics study, Colloids Surfaces A Physicochem. 

Eng. Asp. 580 (2019) 123725. 

https://doi.org/https://doi.org/10.1016/j.colsurfa.2019.123725. 

[50] Q. Hou, Y. Wang, Z. Wang, Q. Wu, F. Wang, C. Ni, X. Zheng, Y. Xu, Y. Zhao, Temperature 

sensitivity of CO2- triggered switchable surfactants with acetamidine group, J. Pet. Sci. 

Eng. 186 (2020). https://doi.org/10.1016/j.petrol.2019.106677. 



 

 

[51] 

Interfaces: A Comparison Based on Molecular Dynamics Simulations, J. Phys. Chem. B 125 

(2021) 406 415. https://doi.org/10.1021/acs.jpcb.0c08615. 

[52] H. Zhao, Y. Bai, H. Sun, Y. Li, Study of the molecular array behaviours and interfacial 

activities of green surfactant alkyl polyglycoside and the mixed systems with other 

surfactants on oil water interface, Mol. Simul. 43 (2017) 11071115. 

https://do i.org/10.1080/08927022.2017.1332415. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 5 Noncovalent Intermolecular Interactions Leading to 

Ineffective CO2-responsiveness of an Oil-water-surfactant System: 

Molecular Dynamics and Average Reduced Density Gradient 

Analysis4 

 

5.1 Introduction 

CO2-responsive surfactants represent a pivotal class of materials capable of reversibly 

transitioning between active and inactive states in response to changes in CO2 

concentration. Since their discovery, they have been regarded as a promising chemical 

agent to achieve an efficient and delicate control of the emulsification and 

demulsification processes, which is desirable for a variety of applications where a stable 

emulsion is needed at specific stages but not at a later one [1]ï[5]. Among these 

applications, enhanced oil recovery (EOR) has notably benefited from CO2-responsive 

surfactants [6]ï[11]. The addition of CO2-responsive surfactants can significantly 

reduce the interfacial tension between oleic and aqueous phases, thereby improving the 

microscopic displacing efficiency during surfactant flooding [12]. Alternatively, they 

can enhance the miscibility between CO2 and crude oil and the stability of the 

dispersions in CO2 flooding, which has great potential applications for carbon capture, 

utilization, and storage (CCUS) [13], [14]. More importantly, after crude oil extraction, 

these additives can be efficiently deactivated and recycled in subsequent separation and 

 
4 This paper has been submitted to Journal of Molecular Liquids as: Lei, X., Liu, B., Liu, Z., & 

Chen, Z. (2024). Insights into the noncovalent interactions between a CO2-responsive cationic 
surfactant and anionic surfactants: molecular dynamics simulation and average reduced density 

gradient analysis. Major Revision. 



 

 

refining stages, lowering wastewater disposal costs and surfactant consumption [15], 

[16].  

Nonetheless, a successful practical application of CO2-responsive surfactants is still 

challenging because of the complex underground conditions. Frequently, the CO2-

responsive surfactants require careful formulation alongside co-surfactants to adapt to 

the reservoir conditions. A critical question arises concerning the impact of surfactant 

formulation on the switchable behavior of the emulsion system. Because of the distinct 

phase behaviors of CO2-responsive surfactants in their protonated/deprotonated forms, 

their synergistic interactions with other components in oil-water-surfactant systems 

become more complicated than those involving traditional surfactants. For example, it 

has been reported that a mixture of a non-switchable anionic surfactant sodium 

octadecyl sulfate and a CO2-responsive species can form a CO2-switchable wormlike 

micelles network structure [17]. These wormlike micelles endow the system with 

reversible viscoelasticity, allowing the adjustment of rheological properties to the needs 

of various applications [18], [19]. Furthermore, the charge type of ionic surfactants 

formulated with a CO2-switchable surfactant could regulate the CO2-responsive 

mechanism of emulsion employing DMAAH+ as a CO2-switchable surfactant. When 

DMAAH+ is formulated with an anionic surfactant as sodium dodecyl sulfate, the 

activated form of a CO2-responsive surfactant can induce demulsification rather than 

emulsification, as observed when used in isolation.  

Among these unique phase behaviors, a mixture of DMAAH+ and sodium dodecyl 

benzene sulphonate (SDBS) stands out. It has been reported that a vesicle composed of 



 

 

SDBS and DMAAH+ remains impervious to destabilization even when subjected to a 

N2 atmosphere, challenging the expected CO2-responsiveness [20]. More intriguingly, 

the transition between the protonated and deprotonated forms of CO2-responsive 

species remains unaffected according to the measured pKa value of the solution. In other 

words, both protonated and deprotonated forms of the CO2-responsive surfactant can 

interact with SDBS molecules, maintaining a close-to-one critical packing parameter 

(CPP) of the surfactant pair and thus favoring the vesicle structure. This phenomenon 

is especially noteworthy as it implies that inappropriate formulation of CO2-responsive 

surfactants could impede its response to the external CO2/N2. Consequently, the key to 

a valuable and reliable formulation of CO2-responsive surfactants lies in an in-depth 

understanding of the intermolecular interactions within these chemicals.  

Owing to the inherent limitations associated with experimental detection techniques, 

observing the interactions at the atomistic level proves challenging. Fortunately, 

advancements in computational chemistry have paved the way for molecular dynamics 

(MD) simulations to emerge as a standard tool to evaluate interactions at the atomistic 

level. The MD simulations have been applied widely to investigate the behaviors of 

different surfactants at an oil-water interface [21]. Moreover, plenty of MD studies have 

focused on the switching mechanism of CO2-responsive species [22]ï[27]. For instance, 

Lu et al. built a sandwich model for a dodecane/water/surfactant system employing 

DMAA/DMAAH+ as the CO2-responsive surfactant to investigate the oil/water (O/W) 

interface behavior of such species before and after protonation [28]. Their analysis 

included the number and lifetime of hydrogen bonds formed between surfactants and 



 

 

water molecules and the calculation of both vdW and electrostatic interaction energies. 

They attributed the emulsification effect of DMAAH+ to its enhanced electrostatic 

interaction between surfactants and water molecules upon protonation. Subsequently, 

Zhang et al. calculated the radial distribution densities, number of hydrogen bonds, and 

spatial distribution functions between water molecules and head groups of CO2-

responsive surfactant molecules [29]. Their results demonstrated that the CO2-

responsive character was mainly caused by the strength of the hydration shell of the 

micelles before and after protonation, which contradicts the conclusion drawn by Lu et 

al.  

Such a discrepancy in the explanation of the CO2-responsive mechanism of an 

oil/water/surfactant system underscores the limitations inherent in traditional MD 

simulations. The analysis of noncovalent interactions (NCIs) between specific groups 

in MD simulations is typically done using indirect parameters such as radial distribution 

function, spatial distribution function, and correlation function. To precisely describe 

NCIs in MD simulations is a lasting topic in computational chemistry [30], [31]. 

Johnston et al. first developed a reduced density gradient (RDG) method to detect NCIs 

in a biological system based on the electron density and its derivatives [32]. 

Subsequently, Wu et al. refined the RDG method to the averaged RDG (aRDG) method, 

which can calculate the Hessian matrix of electron densities for every single 

configuration in a molecular trajectory. [33]. The aRDG method offers more insightful 

information about the chemical system since it considers the thermal motions of 

molecules, reflecting the average intensity and fluctuations of the NCIs. Given these 



 

 

benefits, the aRDG method has extended its influence in many fields and frequently 

complements traditional MD simulations [34]ï[36].  

Herein, we initiated an investigation employing MD simulations followed by the aRDG 

approach to comprehensively examine the NCIs between two anionic surfactants (AOS 

and SDBS) and a CO2-responsive cationic surfactant (DMAA/DMAAH
+). Based on 

previous experiments, it is believed that the SDBS can interact with both protonated 

and deprotonated forms of the CO2-responsive surfactant. However, the specific form 

of the molecular interaction remains to be elucidated in detail. This study is also 

pioneering in using the aRDG method to investigate the NCIs between surfactant 

molecules. The outcomes of this research  reveal thatthe interactions between CO2-

responsive surfactant and other surfactants have significant effects on the CO2-

responsiveness of the system.  

 

5.2 Simulation Details 

5.2.1 MD Simulation 

The MD simulations were first conducted as follows. GROMACS software package 

(version 2021.5) was used for all the MD simulations due to its high parallel computing 

efficiency [37], [38]. Given the superiority of simulating an O/W interface system 

stabilized by surfactants, the CHARMM36 force field was used for all surfactant and 

dodecane molecules [39]ï[42]. The TIP3P force field was selected for the water 

molecules consistent with the CHARMM36 force field [43]. The initial configurations 

of all the scenarios were constructed by the PACKMOL package [44]. Periodic 



 

 

boundary conditions were adopted in all three dimensions. Two surfactant monolayers 

were placed near both O/W interfaces in the box to ensure the symmetry of the box. 

Considering the computational cost and number of particles to simulate the interface 

phenomena, the dimensions of the simulation box were set as Lx = Ly = 8 nm and Lz = 

20 nm, respectively. 120 surfactant molecules were set within a single surfactant layer 

[16], [45]. To simulate the purging of CO2/N2 into the system, two distinct models of 

the CO2-responsive surfactant were employed. A DMAA molecule is electrostatic 

neutral, without a counterion in the aqueous phase, representing a deprotonated form of 

the CO2-responsive surfactant that exhibits less interface activity. The protonation of 

DMAA, at an atomistic level, is achieved by replacing DMAA molecules with 

DMAAH+ molecules and inserting an equal number of HCO3
- into the aqueous phase 

to keep the total charge of the system at zero. Sodium ions were selected as the 

counterions for anionic surfactants and introduced randomly into the aqueous phase 

using GROMACS. 

After constructing initial configurations, the energy minimization task was conducted 

to remove unphysical contacts. The steepest descent algorithm was used for energy 

minimization, and the upper limit of force between any pair of atoms was set as 1000 

kJ/(molĬnm). The structure-optimized configuration was then relaxed with a shorter 

timestep of 0.5 fs for 5 ns in an NPzT ensemble with a pressure of 1 atm and temperature 

of 298.15K. After the relaxation, the intensity of NCI between any pair of atoms is 

sufficiently low to allow for longer time steps. The system was equilibrated in an NPzT 

ensemble for 40 ns under 1 atm and 298K. Finally, an extra 60 ns simulation in an NPzT 



 

 

ensemble was conducted for the production phase. The temperature of the equilibration 

stage was controlled by a velocity-rescale thermostat with a time constant of 0.5 ps, and 

the pressure of the equilibration stage was controlled by a Berendsen barostat [46], [47]. 

A Nos®-Hoover thermostat and a Parrinello-Rahman barostat were applied for 

temperature and pressure control in the production stage with the same time constant 

of 0.5 ps [48].  

The cutoffs of the neighboring list, Lennard-Jones interaction, and Coulomb interaction 

were all set as 1.2 nm. The Coulomb interaction was calculated with the particle-mesh 

Ewald method, and the Fourier spacing is set as 0.12 nm. For the Lennard-Jones 

interaction [49], a force-switching function was applied to smoothly switch the forces 

to zero from 1.0 nm to 1.2 nm [50], and the Lennard-Jones interaction was truncated at 

1.2 nm. More details of the settings of systems are reported in Table 1. VMD package 

is employed to visualize all the MD trajectories and configurations in this study. An 

illustration of the initial configuration of SDBS/DMAA is shown in Figure 5.1 [51]. 

 

Scenarios H2O Dodecane DMAA  DMAAH + AOS SDBS HCO3
- 

DMAA+ AOS 10000 1000 120 0 120 0 0 

DMAA H++AOS 10000 1000 0 120 120 0 120 

DMAA+SDBS 10000 1000 120 0 0 120 0 



 

 

Table 5.7 The compositions of all the scenarios in this study 

 

 

Figure 5.1 An initial configuration of the oil-water-surfactant system stabilized by a 

mixture of SDBS/DMAA and molecules present in the system 

 

5.2.2 aRDG approach 

The aRDG is an ideal tool for analyzing the NCIs between different species on the basis 

of the MD simulation results. In an aRDG analysis, the probability of all atoms 

appearing around the target molecule is shown, similar to the output of spatial 
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distribution functions. However, the aRDG provides more detailed information about 

the NCIs, including their interacting areas and types of interaction, determined through 

the use of isosurfaces and thermal fluctuation index. 

 

In preparation for the molecular trajectory input of aRDG analysis, an extra MD 

simulation was conducted as follows. The final configuration of each scenario in the 

production phase was inspected with VMD. An ionic surfactant molecule at an O/W 

interface was selected. GROMACS generated an index file to freeze this molecule in a 

2ns sampling MD simulation with a time step of 2 fs, and the information of the system 

is recorded every 0.5 ps. Since the final configuration of each scenario in the production 

phase has been well equilibrated at 1atm and 298K, the following NVT simulation was 

considered not to change the pressure of the system, and the temperature was kept at 

298K with a Nose-Hoover thermostat. Moreover, employing the NVT ensemble could 

avoid possible interference with the NCI analysis due to the variations in dimensions.  

The yielded molecular trajectories were further managed with the VMD package. 

Therefore, only the molecular trajectories of surfactant molecules within 5 ¡ of the 

target molecule were kept and analyzed, and the total number of frames to be analyzed 

was 4000 for each scenario. Such a selection in space and time is sufficient to describe 

the NCI between the target molecule and surrounding surfactant molecules in that the 

NCI itself is short-range and unstable. The aRDG method was adopted using the 

Multiwfn software package, which supports various methods to accomplish weak 



 

 

interaction analysis and has been successfully applied in a series of studies [52]. The 

range of the aRDG approach was set as 3.5 ¡ within the target anionic surfactant, with 

a 0.2 ¡ gridding resolution. The reduced gradient of electron density and thermal 

fluctuation index at each gridding point were calculated and recorded. In more detail, 

it determines the interacting area of the NCI by calculating the values of the RDG 

function for each grid point set in the space of a certain distance to the centering 

molecule, and the isosurface of the RDG function is considered an appropriate 

representation of interacting area of the NCI. After the determination of the interacting 

area, another function known as a sign(lambda2)rho function is calculated, and the 

results of the sign(lambda2)rho function are further projected to the isosurface of RDG 

function with different colors to denote the intensity and type of the NCI. Finally, the 

aRDG approach also defines a thermal fluctuation index (TFI) to evaluate the stability 

of the NCI. Similarly, the results of the TFI are also projected to the interacting area 

with different colors.  



 

 

5.3 Results and discussion 

5.3.1 CO2-responsive cationic surfactant formulated with a typical anionic 

surfactant AOS 

 

Figure 5.2 (a) O/W interface final configuration of DMAA and AOS, (b) order 

parameters of DMAA and AOS, (c) radial distribution function of the pair SAOS-

NDMAA, (d) distribution of angle formed by the normal vector to the N-C-N plane in a 

DMAA molecule and the normal vector to the O-O-O plane in an AOS molecule. The 

surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The polar groups of DMAA molecules are red, and 

the nonpolar groups of DMAA molecules are yellow. The polar groups of AOS 

molecules are colored dark blue, and the nonpolar groups of AOS molecules are cyan. 

Water molecules and dodecane molecules are colored blue and orange separately. 

 

Figure 5.2 (a) illustrates an O/W interface stabilized of DMAA and AOS. Prior to the 
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introduction of CO2 into the system, DMAA molecules stay unprotonated and exhibit 

stronger lipophilicity than hydrophilicity since they are present in the oleic phase 

instead of the aqueous phase. As expected, AOS molecules fulfill their anticipated role 

as conventional surfactants and primarily distribute at the interface. However, it is 

noteworthy that the surfactant layer is not packed orderly. The hydrophobic chains of 

DMAA molecules are rather loose at the interface, featuring tilting and crossing with 

each other or the hydrophobic chains of AOS molecules.  

The order parameters, as depicted in Figure 5.2 (b), provide additional insights into 

this arrangement. It can be observed that as their hydrophobic chains enter the oleic 

phase, the order parameters of AOS molecules rise to 0.43 and drop to 0.24. A similar 

trend is observed for DMAA molecules, with their order parameters increasing to 0.3 

and then decreasing to 0.16 under the same conditions. However, the order parameters 

of DMAA molecules are comparatively smaller, indicating that they tend to pack more 

irregularly in the surfactant layer due to a weaker interface activity. Furthermore, all 

order parameters are below the 0.5 threshold, suggesting that the structure of the 

surfactant layer is relatively incompact, which is consistent with the final configuration 

of Figure 5.2 (a).  

In Figure 5.2 (c), it can be seen that a spike of 7.5 is around 0.55 nm in the radial 

distribution function (RDF) of the atom pair of SAOS -NDMAA, denoting the most 

probable distance between the amidine group of the DMAA and the polar group of AOS 

when they are at equilibrium. More importantly, Figure 5.2 (d) illustrates the 

distribution of angles formed by the normal vector to the N-C-N plane in a DMAA 



 

 

molecule and the normal vector to the O-O-O plane in an AOS molecule. This 

distribution ranges widely from 0Á to 180Á, indicating that the surfactant pair exhibits 

no preferred configuration. Therefore, there is negligible interaction between DMAA 

and AOS, they can function independently without causing significant interference to 

one another. 

 

Figure 5.3 (a) O/W interface final configuration of DMAAH+ and AOS, (b) order 

parameters of DMAAH+ and AOS, (c) radial distribution function of the pair SAOS-

NDMAAH+, (d) distribution of angle formed by the normal vector to the N-C-N plane in 

a DMAAH+ molecule and the normal vector to the O-O-O plane in an AOS molecule. 

The surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The polar groups of DMAAH+ molecules are dark 
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green, and the nonpolar groups of DMAAH+ molecules are light green. The polar 

groups of AOS molecules are colored dark blue, and the nonpolar groups of AOS 

molecules are cyan. Water molecules and dodecane molecules are colored blue and 

orange separately. 

 

Purging CO2, the nonionic DMAA molecule is protonated to its cationic form 

DMAAH+ with a stronger interface activity. Compared to the final configurations of 

the surfactant layers in Figure 5.2 (a), all the surfactant molecules are tightly adsorbed 

onto the O/W interface in Figure 5.3 (a), and no free DMAAH+ molecule is observed 

in the bulk oleic phase. In addition, the surfactant layer consisting of DMAAH+ and 

AOS results in a significantly more compact packing. The hydrophobic chains of both 

DMAAH+ and AOS molecules are arranged almost vertically towards the O/W 

interface, while the polar groups occupy a smaller interface area. Furthermore, Figure 

5.3 (a) shows no bending, crossing, or tilting of hydrophobic chains at the O/W 

interface, unlike in Figure 5.2 (a). This structure of the surfactant layer is typical of the 

response to CO2 in a mixture of CO2-switchable cationic surfactant and an anionic 

surfactant, which indicates the high interface activity and favors a complicated phase 

behavior.  

The order parameters of the nonpolar part of DMAAH+ and AOS molecules are shown 

in Figure 5.3 (b). As anticipated, all the values have remained exceedingly high, 

ranging from 0.75 to 0.9, consistent with the findings in Figure 5.3 (a). It is worth 

mentioning that the trends of the order parameters exhibit similarities, with specific 

values being nearly identical. This suggests a robust and stable hydrophobic effect 



 

 

among the carbon chains of these molecules.  

When the amidine group of the CO2-switchable surfactant is protonated, a DMAAH+ 

molecule tightly binds to the negatively charged AOS. This can be inferred in Figure 

5.3 (c) through the RDF between . -SAOS. The maximum of the spike reaches 

46.8 at a distance of 0.42 nm. The proximity and height of the spike suggest that the 

NCIs between DMAAH+ and AOS are much stronger than the NCIs between the 

DMAA and AOS. As shown in Figure 5.3 (d), inspecting the angle formed by the 

normal vector to the N1-C-N2 plane in a DMAA molecule and the normal vector to the 

O-O-O plane in an AOS molecule, it becomes evident that the distribution is heavily 

concentrated around 90, displaying a more explicit Gaussian distribution compared to 

Figure 5.2 (d). This indicated that a surfactant pair of DMAAH+ and AOS, influenced 

by the NCI, tends to adopt a specific configuration.  

When examining the spatial distribution functions (SDF) of DMAAH+ molecules 

around an AOS molecule, as in Figure 5.4. The SDF highlights that the AOS molecules 

adjacent to a single DMAAH+ molecule tend to align almost parallel to each other, with 

their amidine group attached to the sulfonate group, while their hydrophobic chains 

stretch vertically towards the O/W interface.  



 

 

 

Figure 5.4 Spatial distribution function around an AOS molecule. The blue part 

represents space frequently visited by NDMAAH+
 atoms, and the orange part represents 

that of CDMAAH+
 atoms. 

 

Based on the above analysis of the structural characteristics of the O/W interface, it can 

be inferred that the transformation of the surfactant layer is considerable in response to 

CO2 for a mixture of CO2-switchable cationic surfactant and a typical anionic surfactant. 

This observation can be attributed to the way a surfactant pair reacts to CO2, suggesting 

that the NCIs between these two surfactants would also be different when protonated. 

More specifically, it is critical to determine whether the observed variation primarily 

stem from the alteration in electrostatic interaction resulting from protonation. 

Additionally, the trends of order parameters of hydrophobic chains suggest the presence 

of a nonnegligible hydrophobic effect between the carbon chains. However, the impact 



 

 

of the NCIs remains unexplored. Traditional MD simulations prove inadequate in 

revealing the details of these NCIs, including the relative intensity, stability, and 

interacting area. Therefore, it is necessary to utilize other specialized tools to analyze 

weak interactions to obtain a more comprehensive description of the NCIs. For this 

purpose, the aRDG approach was adopted to scrutinize the weak interactions between 

AOS and DMAAH+.  

Upon protonation, significant and observable NCIs emerge between the DMAAH+ and 

AOS molecules. There are two types of interacting mechanisms denoted differently in 

Figure 5.5. A small spherical area near the amidine group of a DMAAH+ molecule 

indicates the Coulomb interaction with the sulfonate group of AOS. On the other hand, 

the strip area along the hydrophobic tails of the surfactant molecules represents the 

hydrophobic effect dominated by the dispersion force.  



 

 

 

Figure 5.5 NCIs between AOS and DMAAH+ molecules illustrated by the aRDG 

approach. The red circle frame denotes the Coulomb interacting area, while the 

orange square frame denotes the enhanced hydrophobic effect. 

 

The Coulomb interaction area is highlighted blue, corresponding to the negative values 

of RDG function, and the type of NCI is electrostatic attraction. Dominated by 

electrostatic attraction, the surfactant pairs frequently adopt a particular spatial 

orientation at the O/W interface. This is consistent with the concentrated angle 

distribution of Figure 5.3 (a). Furthermore, considering the interaction area and the 

dimensions of the sulfonate and amidine groups, the DMAAH+ could contact more 

effectively with the aqueous phase, which explains why the peak of the DMAAH+ curve 



 

 

is closer to the aqueous phase in the concentration profile. Although these details 

frequently hold essential information, they are often overlooked in a traditional MD 

analysis and dismissed as simulation noise or randomness. Despite its limited spatial 

extent, the interacting area plays a vital role in determining the final configuration of a 

surfactant pair and the structure of the surfactant layer due to the intensity and stability 

of the electrostatic interaction. According to the corresponding isosurface of thermal 

flux index (TFI), the TFI values within this area are close to 0, indicating remarkable 

stability in Coulomb interaction.  

The other type of NCI is the hydrophobic effect between the carbon chains of the AOS 

and DMAAH+ molecules. This strip area is nearly parallel to the vector denoted by the 

carbon chain. In addition, the aRDG values associated with this surface are close to 0, 

and thus the isosurface is green. As the hydrophobic effect is dominated by dispersion 

forces, the intensity of such NCI is relatively weak. The isosurface of TFI values is 

colored green, meaning that the hydrophobic effect is not as stable as the electrostatic 

interaction. In this regard, the hydrophobic effect alone between the hydrophobic tails 

of the surfactant molecules is inadequate to withstand the thermal motion of the 

molecules and keep an ordered layer. To summarize, the dominant force that combines 

AOS and DMAAH+ surfactant molecules is the electrostatic attraction. Owing to the 

electrostatic attraction, the stability of the hydrophobic effect between carbon chains is 

also increased, and both of these factors contribute to the final configuration of the 

surfactant pair and the O/W interface. 

After utilizing the aRDG approach, a closer examination reveals that the NCIs between 



 

 

DMAAH+ and AOS molecules comprise two distinct mechanisms. Furthermore, the 

aRDG approach can offer additional insight that may inspire us to revisit overlooked 

information in a conventional MD simulation.  

5.3.2 CO2-responsive cationic surfactant formulated with SDBS 

According to the previous discussion of DMAA with AOS and earlier work [53], the 

CO2-switchable characteristic of an oil-water-surfactant system originates from the 

distinct phase behaviors of the CO2-responsive species before and after protonation. 

However, when the CO2-switchable cationic surfactant is formulated with an anionic 

surfactant that contains a benzene ring like SDBS, the response to the external stimuli 

is significantly hindered. We will demonstrate how aRDG can provide comprehensive 

insights into the NCI mechanism involving DMAA/DMAAH+ and SDBS, which 

cannot be fully elucidated by MD simulations alone. 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

1

2

3

4

5

6

ra
d

ia
l 
d
is

tr
ib

u
ti
o

n
 f
u

n
c
ti
o

n

Distance(nm)

 SSDBS-NDMAA

0 20 40 60 80 100 120 140 160 180

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

P
ro

b
a

b
ili

ty

Angle

 Probability

 Gauss Fit

C1-C3 C2-C4 C3-C5 C4-C6 C5-C7 C6-C8 C7-C9 C8-C10C9-C11C10-C12

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

 DMAA

 SDBS

O
rd

e
r

Group

(a) (b) 

(c) (d) 



 

 

Figure 5.6 (a) O/W interface final configuration of DMAA and SDBS, (b) order 

parameters of DMAA and SDBS, (c) radial distribution function of the pair SSDBS-

NDMAA, (d) distribution of angle formed by the normal vector to the N-C-N plane in a 

DMAA molecule and the normal vector to the benzene plane in a SDBS molecule. The 

surfactant molecules are in VDW models compared to the lines model adopted by 

dodecane and water molecules. The polar groups of DMAA molecules are red, and the 

nonpolar groups of DMAA molecules are yellow. The polar groups of SDBS molecules 

are colored black, and the nonpolar groups of SDBS molecules are white. Water 

molecules and dodecane molecules are colored blue and orange separately.  

 

Figure 5.6 (a) illustrates the O/W interface stabilized by a mixture of SDBS and DMAA 

molecules. Compared to the surfactant layer in Figure 5.2 (a), it is evident that the 

packing is more organized, which represents a smaller average area occupied by the 

polar groups of surfactant pairs. In Figure 5.6 (b), the order parameters of SDBS 

molecules range between 0.6 and 0.7, reflecting a relatively ordered molecular 

arrangement. On the other hand, the order parameters of DMAA oscillated between 

0.64 and 0.55 as the hydrophobic chain penetrates the oleic phase. Comparing the RDF 

in Figure 5.6 (c) to the one in Figure 5.2 (c), it becomes evident that DMAA has a 

stronger association with SDBS than other anionic surfactants, such as AOS. A peak 

value of the atom pair SSDBS-NDMAA is observed at 0.69 nm, with a maximum value of 

5.3, demonstrating an aggregating behavior of two surfactants. This behavior is similar 

to the order parameter pattern associated with a protonated DMAAH+ formulated with 

an anionic surfactant. It appears that a significant correlation exists between the 



 

 

hydrophobic chains of SDBS and DMAA molecules since the values of their order 

parameters are consistently above 0.5 without any signs of a decreasing trend, 

indicating the formation of a compact surfactant layer and an increased interface 

activity of the mixture.  

Figure 5.6 (d) gives the angle distribution of the angle between the normal vector to 

the plane N1-C-N2 in a DMAA molecule and the normal vector to the benzene ring in a 

SDBS molecule. The histogram displays an evident Gaussian distribution with an 

average of about 90. This observation, in conjunction with the order parameters in 

Figure 5.6 (b), strongly suggests the existence of a preferred structural configuration 

that is likely adopted by pairs of SDBS and DMAA molecules at an O/W interface, 

which is caused by strong molecular interactions between them. 

Through the statistics of the molecular trajectories of N in the amidine group of DMAA 

molecules and C in the hydrophobic chains of DMAA molecules, Figure 5.7 illustrates 

the spatial distribution function (SDF) of NDMAA and CDMAA around a single SDBS 

molecule. The trajectory of nitrogen atoms collectively formed a ring-shaped area 

around the benzene ring of the SDBS molecule, while the trajectory of carbon atoms 

also formed a circular area around the hydrophobic chain of the SDBS molecule. SDF 

around a SDBS molecule also displays a similar behavior to that observed around an 

AOS molecule, with a tiny difference in the position of the rings. The circular areas are 

adjacent to the benzene ring in the SDBS molecule, but the circular areas are closer to 

the polar head group of the AOS molecule. Although the SDF can indicate the most 

frequent positions visited by the atoms of DMAA molecules around a single SDBS 



 

 

molecule, such a representation is so coarse that it can hardly filter out the noise caused 

by surrounding DMAA molecules not interacting with the target SDBS molecule. 

Neither can SDF take the in-situ configuration of DMAA molecules into account to 

show a meaningful interacting area. 

Based on previous discussions, it is likely that there is an interaction between the 

benzene in the SDBS molecule and the amidine group in the DMAA molecule. A 

phenomenon known as amide-́  interaction was discovered between formamide and 

benzene, where the NH/ˊ geometry in a face-on configuration was found to be the most 

stable and attractive [54]. In addition, it was found that N-H ˊ type hydrogen bonding 

occurs in the amide-́  interaction [55]. It is plausible that the interaction between 

DMAA and SDBS can be classified as an amide-́  interaction. Even if this amide-́  

interaction is confirmed, it is still necessary to determine the relationship between the 

amide-́  interaction and the Coulomb interaction to further understand how these 

interactions affect the CO2-responsive mechanism of the DMAA-SDBS mixture.  



 

 

 

Figure 5.7 Spatial distribution function around a SDBS molecule. The blue part 

represents space frequently visited by NDMAA
 atoms, and the orange part represents 

that of CDMAA
 atoms. 

 



 

 

  

Figure 5.8 (a) NCIs between SDBS and DMAA molecules illustrated by aRDG 

approach. The blue square denotes the interacting area between the benzene ring and 

the amidine group, while the orange square denotes the enhanced hydrophobic effect 

between the chains. (b) The blue square denotes the interacting area between the 

benzene ring and the amidine group; the interacting area for enhanced hydrophobic 

effect is missing for another surfactant pair. 

 

To understand why SDBS is unique compared to other anionic surfactants formulated 

with DMAA, a thorough understanding of the specific form of NCIs between these two 

species is required. Figure 5.8 (a) shows the interacting areas between the DMAA and 

SDBS molecules. Similar to the NCIs between DMAAH+ and AOS described in the 

previous section, it can be observed that there are also two types of NCIs between SDBS 

and DMAA molecules. One is the amide-́  interaction between the amidine group and 

(a) (b) 



 

 

the benzene ring, while the other is the hydrophobic effect between the carbon chains. 

In addition, they are all in planar shapes and highlighted green according to the values 

of their aRDG function, which means the intensity of such interaction is weak. 

According to this unique form, the planar benzene ring in the SDBS molecule plays a 

critical role in determining the configuration of the surfactant pair of SDBS and DMAA 

at an O/W interface.  

Achieving an enhanced hydrophobic effect between the nonpolar parts of the surfactant 

molecules requires a stable and strong interaction between surfactants. Regarding AOS 

and DMAAH+, their polar groups carry opposite charges, creating a strong electrostatic 

attraction, which leads to an enhanced hydrophobic effect for their hydrophobic tails. 

In the case of SDBS and DMAA, the planar benzene ring in a SDBS molecule can 

generate an amide-́  interaction strong enough to replace the role of electrostatic 

attraction. Such interaction also facilitates a face-on geometry between the amidine 

group and the benzene ring, which in turn enhances the hydrophobic effect and supports 

a geometry that their hydrophobic tails are parallel to each other. However, the intensity 

of the amide-́  interaction is not as strong as that of the electrostatic interaction, which 

can be observed from the results of another pair of SDBS and DMAA in Figure 5.8 (b). 

The interacting area around the benzene still exists, but that between hydrophobic tails 

is absent, which means that the amide-́  interaction fails to effectively bind the two 

surfactant molecules. 



 

 

 

Figure 5.9 (a) TFIs of the NCIs between SDBS and DMAA molecules illustrated by 

aRDG approach. The blue square denotes the TFIs projected onto the interacting area 

between the benzene ring and the amidine group. In contrast, the orange square denotes 

the counterpart of the hydrophobic effect between the chains. (b) The blue square 

denotes the TFIs projected onto the interacting area between the benzene ring and the 

amidine group. 

 

Furthermore, inspecting the corresponding TFI values projected onto the isosurface in 

Figure 5.9 (a) and Figure 5.9 (b), it becomes more apparent that the stability of this 

amide-́  interaction is low, as certain parts of the interacting area are highlighted in red, 

indicating a high level of thermal fluctuation and corresponding instability. This 

outcome is not surprising, as the amide-́  interaction can be considered a type of vdW 

interaction, which is inherently weaker compared to the electrostatic interaction. The 

(a) (b) 



 

 

absence of an interacting area of hydrophobic effect and the TFI values could explain 

why some DMAA molecules are still able to diffuse into the oleic phase instead of 

solely existing at the O/W interface, while such phase phenomenon is not observed in 

the case of DMAAH+ and AOS. Therefore, although the occurrence of a benzene ring 

in SDBS significantly increases the interface activity of DMAA molecules, this effect 

is not considered as strong as the electrostatic attraction between the oppositely charged 

polar groups of DMAAH+ and another typical anionic surfactant.  

Previous studies have noted that a CO2-responsive surfactant displays some interface 

activity even in deactivated forms [28]. However, the cause for the increased interface 

activity when the CO2-responsive surfactant is formulated with other chemicals has not 

been well explored. More importantly, the presence of such materials can have 

detrimental effects on the practical use of CO2-switchable surfactants since they can 

interfere with the distinct phase behaviors of an oil-water-surfactant system triggered 

by the protonation/deprotonation of the CO2-switchable surfactant. As mentioned 

earlier, achieving a CO2-responsive characteristic requires inducing a distinct phase 

behavior in the system following protonation, regardless of the specific responsive 

mechanism. Therefore, it is possible that CO2 may not function as a switch in the system, 

as the SDBS molecules can form an organized structure with DMAA molecules at an 

O/W interface. If the protonated DMAAH+ fails to bring sufficient structural change to 

the surfactant layer and thus the change in phase behavior, it is anticipated that the 

system may lose the CO2-responsive characteristic.  

Actually, the deterioration of response to external CO2 has been reported in a previous 



 

 

study that focused on the vesicle composed of DMAA/DMAAH+ and SDBS [20]. 

Typically, the CO2-switchable vesicles are expected to display significant 

morphological changes or even complete dissociation in response to the external stimuli, 

but those composed of a mixture of SDBS and DMAA/DMAAH+ fail to behave so. 

Upon purging CO2, the vesicle did not display observable changes. It was presumed 

that the basicity of the CO2-saturated solution was not strong enough to induce the 

dissociation of the vesicle, so they used sodium hydroxide in an attempt to achieve a 

thorough deprotonation. Unfortunately, using a stronger base did not achieve a desirable 

effect either. The only morphological change that can be observed is a minor increase 

in the vesicle size. It is more likely that the phase behavior is dominated by the intensive 

NCIs between SDBS and DMAA rather than the level of protonation.  

 



 

 

 

Figure 5.10 (a) O/W interface final configuration of DMAAH+ and SDBS, (b) order 

parameters of DMAAH+ and SDBS, (c) radial distribution function of the pair SSDBS-

NDMAAH+, (d) distribution of angle formed by the normal vector to the N-C-N plane in 

a DMAAH+ molecule and the normal vector to the benzene plane in a SDBS 

molecule. The surfactant molecules are in VDW models compared to the lines model 

adopted by dodecane and water molecules. The polar groups of DMAAH+ molecules 

are dark green, and the nonpolar groups of DMAAH+ molecules are light green. The 

polar groups of SDBS molecules are colored black, and the nonpolar groups of SDBS 

molecules are white. Water molecules and dodecane molecules are colored blue and 

orange separately. 
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When the CO2-responsive surfactant is protonated, a mixture of DMAAH+ and SDBS 

displays the expected phase behaviors, as illustrated in Figure 5.10 (a). It is noteworthy 

in Figure 5.10 (b) that DMAAH+ exhibits greater interface activity compared to its 

unprotonated form, as free surfactant molecules are absent from either the aqueous or 

oleic phase. The order parameters of SDBS range from 0.67 to 0.88, while those of 

DMAAH+ range from 0.71 to 0.87. Moreover, except for the starting and ending points, 

the order parameters of the carbon chains are kept above 0.8, which suggests that the 

carbon chains are almost perpendicular to the O/W interface.  

Inspecting the RDF of SSDBS-.  in Figure 5.10 (c), the spike of the RDF plot 

reaches 37 at about 0.42 nm. This behavior suggests a significantly more compact 

structure than that in Figure 5.6 (c), in which no evident spike is observed. Such a 

difference in the RDFs indicates that the NCIs are different. More specifically, the 

mechanism cannot be solely attributed to electrostatic attraction. Compared to the RDF 

of SAOS-. , it can be observed that the spike of RDF of SSDBS-.  occurs 

at the same position but with a lower height and a narrower width of the first peak, and 

a slower rate of decaying to one.  

Additionally, the distribution of the angle formed by the normal vector to the plane N1-

C-N2 in a DMAAH
+ molecule and the normal vector to the benzene ring in a SDBS 

molecule is shown in Figure 5.10 (d). The histogram is more randomly distributed and 

scattered than the results shown in Figure 5.6 (d) and Figure 5.3 (d). This suggests that 

the amide-́  interaction and Coulomb interaction may interfere with each other, 

resulting in a variable arrangement of the surfactant pair in a stable configuration. The 



 

 

subsequent discussion, based on the aRDG approach, explicitly elucidates this 

mechanism.  

 

Figure 5.11 NCIs between SDBS and DMAAH+ molecules illustrated by aRDG 

approach. (a) The blue square denotes the interacting area between the benzene ring 

and the amidine group, the orange square denotes the enhanced hydrophobic effect 

between the chains, and the red circle denotes the electrostatic interacting area 

between the polar groups. (b) The red circle denotes the electrostatic interacting area 

between the polar groups, and the orange square denotes the enhanced hydrophobic 

effect between the tails of the surfactants 

 

According to the previous discussion, the presence of a benzene ring, amidine group 

(a) (b) 



 

 

and sulfonate group should lead to amide-́  interaction, Coulomb interactions and 

enhanced hydrophobic effect. Figure 5.11 (a) illustrates the yielded isosurfaces of NCIs 

between a DMAAH+ molecule and its surrounding SDBS molecules. All three types of 

NCIs between the SDBS and DMAAH+ molecules are observed. At first glance, it 

seems that the NCIs between SDBS and DMAAH+ are simply a combination of the 

three interactions. However, utilizing the aRDG approach divulges more 

comprehensive insights into these interactions, revealing that they are not independent 

of each other but limited by the relative positions and orientations of the atoms in both 

SDBS and DMAAH+ molecules and the preferred configuration of a surfactant pair. 

In Figure 5.11 (b), the Coulomb interacting area is still very small and close to the 

hydrogen atom protonated on the amidine group of the DMAAH+ molecules, and this 

area is highlighted blue, representing a high intensity. On the other side, it is noteworthy 

that the planar area representing the amide-́  interaction is absent close to the Coulomb 

interaction area. This means that the benzene ring of the SDBS molecule does not face 

the amidine group of the DMAAH+ molecule, implying that the positioning and 

orientation of the SDBS molecule are different from other SDBS molecules exhibiting 

the amide-́  interaction. It further indicates that a single SDBS molecule cannot exhibit 

both Coulomb and amide-́ interactions with the same DMAAH+ molecule at the same 

time. The presence of both interactions in the system does not lead to a tighter 

combination of the surfactant molecules. Rather, they compete with each other for the 

available geometries. This perfectly interprets the variations of the angle distribution in 

Figure 5.10 (d) and that in Figure 5.6 (d), that the stable angle distribution resulting 



 

 

from the amide-́  interaction is more scattered as a result of the presence of the 

electrostatic attraction.  

 

Figure 5.12 TFIs of the NCIs between SDBS and DMAAH+ molecules illustrated by 

aRDG approach. (a) The blue square denotes the TFIs projected onto the interacting 

area between the benzene ring and the amidine group, while the orange square 

denotes those of the hydrophobic effect. (b) The red circle denotes the TFIs projected 

onto the electrostatic interacting area between the polar groups, while the orange 

square denotes those of the hydrophobic effect. 

 

The amide-́ interacting areas are considerably larger and highlighted green, denoting 

that their aRDG values are close to 0. Also, as shown in Figure 5.11 (a), although both 

(a) (b) 



 

 

amide-́ and Coulomb interactions can lead to an enhanced hydrophobic effect for their 

hydrophobic tails, not all SDBS molecules that exhibit an amide-́  interaction with 

DMAAH+ can display an enhanced hydrophobic effect. In Figure 5.12 (a)-(b), the 

corresponding TFI values of the amide-́  interaction are slightly smaller than or close 

to 0, and thus these areas are highlighted from cyan to green. In comparison to the 

hydrophobic effect, the amide-́  interaction is stronger and more stable due to the 

delocalized bond of the benzene ring. On the other hand, it is less stable and weaker 

than the Coulomb interaction. Consequently, surfactant pairs formed under the impact 

of the latter are less stable and more prone to dissociation. This relation of intensity and 

stability leads to the unique CO2-responsive behavior of the surfactant mixture: the 

amide-́  interaction enhances the NCIs between the unprotonated DMAA and SDBS, 

while weaking that between the protonated DMAAH+ and SDBS. The amide-́  

interaction hinders significant variations upon protonation due to the electrostatic 

attraction that occurs initially. Therefore, such formulation should be avoided.  

With the assistance of the aRDG approach, we inspected into the NCIs between the 

DMAAH+ and SDBS molecules. The different NCIs make their respective 

contributions to the formation of a compact surfactant layer. More importantly, the 

amide-́ and Coulomb interactions can both facilitate the pairing of surfactants and 

maintain their hydrophobic tails normal to the interface. However, the amide-́  

interaction requires a face-on geometry of the surfactant pair, which hinders the 

electrostatic interaction between the sulfonate group and the amidine group. This is 

because the electrostatic interaction requires a different orientation of the SDBS 



 

 

molecules, and vice versa. The result suggests that when DMAA is formulated with 

SDBS and protonated to DMAAH+, the molecular interactions and phase behavior of 

the system change less significantly. This is in contrast to what happens when DMAA 

is combined with a different anionic surfactant, where there are more noticeable 

changes in both. Consequently, such a formulation would be less effective in acting as 

a trigger of emulsification/demulsification. These findings well explain the failure of 

DMAA/SDBS to regulate the formation/breakage of CO2-switchable vesicles in the 

previous experimental study. 

5.3.3 The two-dimensional distribution of surfactants and interfacial tension  

Figure 5.13 (a)-(d) shows the two-dimensional distribution of surfactants at the oil-

water interface. The orientation of surfactants can be determined by the coverage of the 

oleic phase. In Figure 5.13 (a), both DMAA and AOS have hydrophobic tails that tend 

to arrange flat at the interface, covering a large part of it. This result agrees well with 

the previous side-view of the surfactant layer in Figure 5.2 (a). In Figure 5.13 (b), 

nearly all the tails of DMAAH+ and AOS are arranged vertically to the interface, 

creating a high ratio of vacancy for the dodecane molecules to insert into the gaps 

between surfactant pairs. This scenario corresponds to the results in Figure 5.3 (a). 

When formulated with SDBS, the coverage of surfactants is intermediate in comparison 

with the AOS. In Figure 5.13 (c) and Figure 5.13 (d), the tails of surfactants are slightly 

more tilted compared to Figure 5.13 (b), which agrees well with the trends of the order 

parameters as discussed above. This difference suggests that the SDBS tails in the oleic 

phase vibrate more freely.  



 

 

 

Figure 5.13 Surfactant distributions of different systems on the x-y plane 

 

Moreover, the oil-water interfacial tensions (IFTs) of all the scenarios are calculated, 

and the results are provided in Table 2. The lowest IFT value is 5.643 mN/m, which is 

obtained from the scenario of DMAA and AOS. When the DMAA is protonated, the 

IFT increases significantly to 93.432 mN/m, which is the highest among all the 

scenarios. In the scenarios of SDBS, the IFT barely changes upon the 

protonation/deprotonation. For the mixture of SDBS and DMAA, the IFT reaches 

57.339 mN/m, while that of SDBS and DMAAH+ is 59.653.  

Compared to the morphologies of the surfactant layers and the phase behaviors 

discussed above, it can be observed that a more compact surfactant layer corresponds 
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