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Abstract  

For decades, interfacial dynamics is always a hot spot in interface-related fields such 

as colloidal stabilization, fabrications of new materials, heterogenous catalysis, 

biosensors, chemical or physical absorption, and many others. Observing the dynamic 

behavior of the molecules in the interface is significant to explore the mechanisms of the 

formation of the interface and interfacial mechanics. According to the interfacial 

geometry, we studied the interfacial dynamics in two parts, curved interface and flat 

interface. In this thesis, the self-emulsifying microemulsion is targeted as the curved 

interface, while the ice/graphene is studied as the flat interface. 

In part of curved interface, it aims at investigating the mechanical properties of 

microemulsion droplet and the particle size distribution of the water-oil microemulsion. 

The mechanical properties of microemulsion droplets and the correlation to their 

molecular structures are of vital importance to those applications. Here, atomistic 

modelling was utilized to study the stability, deformation, and rupture of Janus oligomer 

enabled water-in-oil microemulsion droplets, aiming for revealing their intrinsic 

relationship to the Janus oligomer-based surfactants and oil structures. The self-

emulsifying process from a water, oil and surfactant mixture to a single microemulsion 

droplet was modulated by the amphiphilicity and the structure of the surfactants. Four 

microemulsion systems with interfacial thickness in the range of 7.4-17.3Å were self-

assembled to explore the effect of the surfactant on the droplet morphology. By applying 

counter forces on the water core and the surfactant shell, the mechanical stability of 

microemulsion droplets was probed at different ambient temperatures. A strengthening 

response and a softening regime before and after a temperature-dependent peak force 

were identified followed by the final rupture. This work demonstrates a practical strategy 

to precisely tune the mechanical properties of a single microemulsion droplet, which can 

be applied in the formation, de-emulsification, and design of microemulsion in oil 

recovery and production, drug delivery and more other applications. As continuing work, 

a coarse-grained model with molecular dynamics was built up to simulate a liquid mixture 

of water, oil, and surfactant molecules, a total of 864000 untied atoms. Hundreds of water-

in-oil microemulsion droplets formed in a configuration consisted of a hydrophilic core 
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and a hydrophobic shell. By observing the size variation of the microemulsion droplets 

during the self-emulsifying of the microemulsion, the droplets’ diameter and particle size 

distribution was calculated and compared. According to the results of the particle size 

distribution of the microemulsion, direct aggregating and the water molecules transition 

between microemulsion droplets and a steep energy barrier were observed clearly. A 

mechanism found in the results explicated droplets’ variation during the preliminary stage 

of microemulsion emulsifying and explained the reason why microemulsions can be 

thermodynamically stable. Furthermore, the temperature’s effect on the droplet size was 

also studied by a series of parallel simulations. It indicated that higher thermal energy can 

lead to a large droplet size. This work compensates for the understanding deeply of the 

mechanism of water-in-oil microemulsions self-emulsifying and their particle size 

distribution. Such a theoretical finding suggests some practical strategy to prepare a 

microemulsion in a desirable size. 

In part of the flat interface, mechanical properties of the ice/graphene interface were 

studied systemically. This work built up the models of oriental-structured materials with 

diverse arrangement density that were adhered to the ice layer. The mechanical properties 

of such kind of materials were systematically investigated in terms of different loading 

rate, pulling direction, arrangement density, and fracture mode. The stress-strain response 

and the changes in the morphology of an oriental-structured substrate indicated that 

relatively low loading rate and high arrangement density remained the original 

morphology of the substrate and exhibited unique reversibility. Increasing the 

arrangement density reduced the ice adhesion strength and favored ice removal. The shear 

test with two-mode (concurrent and sequential) and two directions (along and against the 

structure of substrate) exhibited lower stress along with the oriental structures than against 

it and finally reached constant shear stress that can be considered as the ice friction force. 

In general, the findings not only contribute to fundamental knowledge of ice adhesion 

dynamics but also provide a practical strategy for de-icing or anti-icing surface design. 
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Chapter 1. Introduction 

 

 

 

 

 

1.1 Background and Motivation 

Interface dynamics attract the decades-long interest of scientists in many fields, such 

as colloids[1-3], adhesions[4-6], tribology[7, 8], functional-coating materials[9-11], 

anti-icing[12-14] or de-icing[15, 16], catalysts[17, 18] and so on. Many mechanisms 

have been explored to understand scientific phenomenon and problems. In recent 

decades, the spontaneous self-assembly behaviors on the interface are strongly 

capturing the eyes of researchers in both academia and industry. Especially, by studying 

the interfaces in colloid systems with normal three phases (water, oil and surfactant 

phase), it discovered many fundamental knowledges which can provide us practical 

strategies to fabricate new materials. As an important one of curve-interface colloids, 

microemulsion systems[19, 20] with core-shell spherical droplets realized the designing 

and manufacturing of nanoscale materials for a specific function. Although there are 

many experiments[21-24] and computational calculations[25-27] focusing on the 

emulsifying mechanism and the stability of microemulsions, atomistic insights to 

explicate the dynamic processes of these phenomena are far unexplored, due to the 

limits of the currently available experimental technologies and methods. For a purpose 

of comprehensive study, standing for flat-morphology interface, as a flat interface, the 

ice/graphene interface is a typical target for studying the mechanism of the ice 

adhesion[28-30]. It is easy to measure the values of the ice adhesion with the specific 

machines. Meanwhile, it is still difficult to capture the detailed dynamic processes of 
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deformations and atomistic view of interface configurations. So, it is meaningful to 

study these behaviours and mechanisms happening on the interfaces. The theoretical 

finds in this thesis are expected to compensate for fundamental understanding on the 

physical and chemical properties of the interfaces. 

1.2 Research Objectives 

The present thesis is funded by a NTNU - CSC scholarship program, which aims to 

explore atomistic insights to fundamental understanding of the interfacial dynamics , 

including mechanical stability of  water-in-oil microemulsion droplets, the droplet size 

distribution of water-in-oil system during preliminary stage of the micro-

emulsification, and the mechanism of de-icing in the ice/graphene-platelets. The 

primary objective of this thesis is to establish a coarse-grained model of a liquid system 

containing water, surfactant and oil, trying to observe the detailed information of the 

self-emulsifying process of a water-in-oil microemulsion. It mainly focused on the 

information and mechanical properties of the microemulsion, and droplets size 

distribution during preliminary stage of micro-emulsification of water/surfactant/oil 

system. Another objective is to build up an ice/graphene-platelets interface model as a 

tensile test target, aiming at exploring the atomistic insights to the detailly process and 

mechanism of de-icing in the interface.  

1.3 Thesis Highlights 

With a series of comprehensive molecular dynamics (MD) simulations, the thesis 

exhibits results on the self-emulsifying process during the formation of the 

microemulsion and the mechanisms of the droplet size distribution of a water-in-oil 

microemulsion system. Except for such a kind of curved interface, the thesis also 

investigated the mechanical properties of a flat-interface ice/graphene. In summary, the 

highlights of the thesis are listed in the following: 

• The spontaneous emulsification of microemulsion droplets showed that the 

structure and arrangement of the water and oil interface were dominated by the 

amphiphilic parts of the linear surfactant molecules. Molecular level insights 

were explicated to improve the understanding of interfacial behaviors of a 

water/surfactant/oil system. 
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• Four microemulsion systems with interfacial thickness in the range of 7.4-17.3Å 

were self-assembled to explore the effect of the surfactant on the droplet 

morphology. We found that surfactant molecule can impact on the arrangement 

density of surfactant monolayer in the water/oil interface and curvature of a 

microemulsion droplet by their intrinsic molecular length and amphiphilicity. 

• The force peak and the rupture work were obtained to identify the softening-to-

strengthening transition as lowering the temperature. It is a novel method to 

measure or quantify the stability of a microemulsion droplet. 

• Due to the instability of small microemulsion droplets, the water molecules on 

the surface of water drop trend to detach from their host droplets, and then 

redeposit into the large microemulsion droplets. It is detailed atomistic insights 

to mass transfer of water in water/oil system. 

• At the time of 1.8 ns, it is found that there is approximately a Gaussian-like 

particle size distribution in the water/oil system including 182 droplets, and the 

size range of the microemulsion droplets is from 4.0 nm to 8.0 nm. A size 

statistic was introduced to describe the information of droplet-diameter 

distribution of water/oil system. 

• Following the mechanism similar to Ostwald ripening, directly aggregating of 

two microemulsion droplets and the transition of water molecules from the 

small microemulsion droplets to the large microemulsion droplets realizes the 

rapid growth of droplets and brings the system into the next level of stability. 

This find added atomistic knowledges into the mechanisms of mass transfer in 

water/oil systems.   

• The graphene platelets with dense arrangement reduce the ice fraction force 

effectively. By using three graphene-platelets substrates with different ordered 

geometry, we figured out different ice adhesion after the de-icing test. 

• suitable knitting or arrangement of the graphene-platelets in materials for anti-

icing or de-icing is expected for other researchers to fabricate for de-icing & 

anti-icing and water collection. 

1.4 Thesis Outline 

The thesis consists of an introductory section and a collection of three peer-reviewed 

papers. The introductory section is divided into five chapters. Detailly, in Chapter 1, 
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the background and motivation, research objectives, thesis highlights are stated. 

Chapter 2 will review the literatures. Chapter 3 describes the simulation methods and 

details involved in the thesis. The main findings are summarized in Chapter 4. Finally, 

recommendations for further work are given in Chapter 5. 
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Chapter 2. Literature Review 

 

 

 

 

2.1 Introduction  

Thousands of years ago, people began to recognize that there are various elements 

consisting of the world or the universe and they can present as simple substances or 

compounds. Their existence makes it unavoidable to form a number of phases or 

mixtures. Due to the different properties of these phases, the interfaces naturally appear 

as boundaries among them, generally including liquid-liquid interfaces (some colloid 

systems), solid-solid interfaces, gas-liquid interfaces, gas-solid interfaces, liquid-solid 

interfaces according to their physical states.[31-35] It is no exaggeration to say that the 

interfacial problems are highly relevant of both our life and academic fields, such as 

dishes washing by using detergent, fabrication of ice cream, using of daily necessities, 

grain boundary, interfacial wettability and activity, functional surface coatings and so 

on. Up to date, the topics about interfaces are keeping the appealing to scientists in 

many fields. As a branch of interfacial research, interfacial dynamics focuses on 

interfacial behaviors driven by molecule-level physical and chemical interactions. 

Studying further on interfacial dynamics is critical for us to enrich our fundamental 

understanding of nanoscale level phenomenon, which can make basement to develop 

new techniques and materials, such as drug deliver, nanomaterials’ fabrication and 

coatings of anti-icing & de-icing. In this chapter, formation of some curved and flat 

interfaces, intermolecular forces at interfaces and previous studies will be emphatically 

introduced. 
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2.2 The formations of interfaces  

2.2.1 Intermolecular forces at interfaces 

As known well, the intermolecular interactions presented at interfaces are namely 

called intermolecular forces (IMF, or secondary forces)[36], such as hydrogen 

bonding[37], ionic bonding[38-40], ion-induced dipole forces[41], ion-dipole 

forces[42] and van der Waals forces[43, 44] (Keesom force, Debye force, and London 

dispersion force[45, 46]), weaker than intramolecular forces[47, 48], as shown in Figure 

2.1. They can also be divided into strong and weak interactions, according to their 

bonding energy and intrinsic strength. The following text will introduce them 

separately.   

 

Figure 2.1 Different intermolecular interaction types and their energy. Taken from 

http://slideplayer.com/slide/2740266/ 

http://slideplayer.com/slide/2740266/
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Hydrogen bonding (H-bond)[49] is normally seen as a covalent bond to describe the 

electrostatic attractions between a hydrogen atom (hydrogen acceptor) and an 

electronegative atom or functional group (hydrogen donor), primarily the second-row 

elements oxygen, nitrogen, or fluorine. Interestingly, hydrogen bonds can be 

intermolecular or intramolecular interactions occurring among separate molecules or 

the parts of the same molecule, which is a kind of strong attraction but weaker than 

covalent or ionic bonds.[50-52] For example, the intermolecular hydrogen bonds make 

the high boiling point of water (100 °C).[53] There are also some weaker hydrogen 

bonding whose donor is sulfur (S) or chlorine (Cl).[54] In protein-ligand interfaces, 

there have been proven to be many hydrogen bonding between hydrogen atom with 

halogen element (nitrogen, oxygen, sulfur, fluorine, chlorine, bromine and iodine), as 

Figure 2.2 shows. A computer program figured out that such hydrogen bonding 

interactions occurred in the active sites, as a sphere of 10 Å radius around the ligand. 

[55]An experimental study exhibits that self-assembled adsorption at the liquid-solid 

interface formed and stabilized through hydrogen bonds, shown in Figure 2.3. And the 

intermolecular N· · ·H−O H-bonds dominated the interactions and afford the main 

driving force for the self-assembly behaviors. For water in crude oil emulsion systems, 

hydrogen bonding (such as pyrrole, carboxylic, thiophene, sulfhydryl, and related 

functional groups)[56] also contributes significantly to their formation and stability. 

 

 

Figure 2.2 Representative hydrogen bond. A–C is a single or double bond. 

Reprinted from Ref [54].
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Figure 2.3 (a) Scanning tunneling microscopy (STM) topograph of the 80° TPT (trimesic 

acid)−TPA (terephthalic acid) cocrystal on highly oriented pyrolytic graphite (HOPG) (0001). 

TPT molecules appear as several bright, triangularly arranged features, whereas TPA appears 

as a single round feature. (b) Molecular model of the 90° TPT−TPA structure (the bold dashed 

green lines indicate the N· · ·H−O H-bonds of the TPT−TPA−TPT basic units, and the fine 

green lines (additionally marked with asterisks) indicate weaker C−H···O H-bonds between 

these building blocks), reprinted from Ref [55].  

 

Ionic bonding[57], as one kind of chemical bonding, is produced by the electrostatic 

attraction from the ions charged by opposite charge or atoms with entirely distinct 

electronegativities. In a Pickering emulsion[58], amphiphilic Fe3O4 nanoparticles were 

utilized as surfactant with their interfacial activity of ionic head part, to stabilize the 

emulsions system, as Figure 2.4 shows. It is an efficient extraction system to separate 

chlorobenzene, phenol, and methyl orange from many kinds of aqueous solutions by 

utilizing the intermolecular ionic bonding.  

 

Figure 2.4 Smart magnetic ionic liquid-based Pickering emulsions stabilized by amphiphilic 

Fe3O4 nanoparticles: Highly efficient extraction systems for water purification, reprinted from 

Ref[58].  
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Van der Waals force[59, 60] is a distance-dependent interaction between the 

chemical electronic bonds, differing from ionic and covalent bonds. It can describe the 

attraction and repulsions among atoms, molecules and surfaces, similar to other 

intermolecular interactions. Normally, the Lennard-Jones potential is used as an 

approximate calculation method for performing van der Waals force.[61] Form the 

view of molecular physics, van der Waals is weaker than the covalent and ionic bonds, 

not directional, short-range, and mostly temperature-independent except for the dipole-

dipole interactions. [62]The van der Waals emulsion is a result of using van der Waals 

forces to trap the particles in the water-oil interface, which enables a practical strategy 

for the design and fabrications of new materials, as Figure 2.5 shows. 

 

 

Figure 2.5 Van der Waals Emulsions: Emulsions Stabilized by Surface‐Inactive, 

Hydrophilic Particles via van der Waals Attraction, reprinted from Ref[62]. 

 

In most cases, the interactions presented in the interfaces normally are quite 

complex, not only depending on the kinds of atoms or molecules but also being 

determined by the morphology of the interface, such as their roughness[63] and 

https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201805410
https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201805410
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curvature. It is also possible to include one or several ones of intermolecular forces in 

one case. 

2.2.2 Curved water/oil interfaces and microemulsion system 

A mixture of water, surfactant and oil, can form a emulsion system that can be 

prepared by dry gum, wet gum, In-situ soap and mechanical method.[31, 64]  It can 

divided into Emulsions[65, 66], microemulsions[31, 67] and nanoemulsions[68] that 

are multi-phases colloid systems containing water, oil and surfactant & cosurfactant. 

They possess various particle sizes and morphologies, as Figure 2.6 shows. For 

example, emulsion systems can be divided into three types: water-in-oil, oil-in-water, 

and multiple emulsions, according to their disperse and continuous phases, as Figure 

2.7 shows. Most of them are in spherical or lamellar shape with various sizes. In such 

polydisperse solutions, disperse phase is isolated from the continuous phase by a 

surfactant & cosurfactant monolayer, which leads to the different surface tension of two 

sides of the monolayer. Curve interface is a quite reasonable configuration to balance 

this difference between their surface tension. Meanwhile, the surfactant and 

cosurfactant also have been trapped tightly in the interfaces. So, the strength of the 

monolayer dominates the stability of these emulsified systems.  
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Figure 2.6 Comparison of macroemulsions, nanoemulsions (also referred to as 

miniemulsions) and microemulsions with respect to size, shape, stability, method of preparation, 

and polydispersity. Nanoemulsions and microemulsions have a larger surface area per unit 

volume than do macroemulsions because of their size. In addition, due to strong kinetic stability, 

nanoemulsions are less sensitive to physical and chemical changes. The nanoemulsion TEM 

image has been reprinted with permission. Copyright (2006) by IOP Publishing. Reprinted from 

Ref [68]. 

 

 



Literature Review 

 

12 

 

Figure 2.7 Classification of oil emulsions, reprinted from Ref [69]. 

Microemulsions are transparent, thermodynamically stable multiphase liquid 

systems, differing from emulsions or nanoemulsions[70, 71]. Self-emulsifying is a 

unique character of some microemulsions, such as self-emulsifying drug delivery 

systems (SEDDS)[21, 23, 72]. For example, developing a self-microemulsifying drug 

delivery system was applied to enhance antiplatelet activity and bioavailability of 

ticagrelor, as Figure 2.8 shows[73]. In a self-emulsifying system, surfactant and 

cosurfactant play an important role that can function as emulsifiers or stabilizers in 

emulsion or microemulsion. These amphiphilic materials that work as an emulsifier, 

can adsorb on the immiscible water/oil interface and reduce the interfacial tension[74], 

finally trapped in the interface. This process can be seen as a minimization of the 

system's total energy. During this process, surfactant automatically arranges in the 

interface by a self-assembly way, forming a surfactant monolayer or double layer with 

mechanical strength.[75] Under different conditions, the microscopic configuration of 

the solution will be various, as Figure 2.9 shows.  

 

Figure 2.8 Schematic design of a drug delivery systems by preparing a microemulsion, 

reprinted from Ref [73]. 
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Figure 2.9 Schematic representation of a typical progression of phases as a function of 

concentration for an amphiphile dissolved in a selective solvent, reprinted from Ref [75]. 

2.2.4 Flat ice/graphene-platelets interface and the adhesion mechanism 

Differing from the curved interfaces, flat interfaces are commonly related to liquid-

solid interfaces or solid-solid interfaces. Herein, our topic focuses on the ice/graphene-

platelets interfaces, starting from interfacial configurations to their mechanical 

properties (ice adhesion, shear force, pulling force, and so on).[76] In a low-temperature 

condition, the water or its vapor tends to accrete into a solid ice. During the freezing, 

the stabilizing hydrogen bonds will push water molecules away a bit from each other, 

resulting in an expansion of the water volume, as Figure 2.10 shows.[77, 78] The 

formation of hydrogen bonds makes water crystallize and organize in order. 

Specifically, Figure 2.11 shows the details about phase diagrams of water, which 

exhibits process of phase transition during frosting and deicing. Under low temperature 

and atmospheric pressure, vapor is easy to frost, from gaseous state into solid state. If 

the temperature and atmospheric pressure increase, the frost attend to evaporate into 

vapor, which can be called deicing process. Meanwhile, the nucleation way can be 

controlled by the designed surface, as Figure 2.12 shows. The interfaces formed 

between the ice layer and material, and such a combination is quite tightened. 

Furthermore, unwanted ice is a serious problem in many fields, such as power line[79, 

80], turbine[16, 81, 82], aircraft[83-85] and so on. Different anti-icing and de-icing 

materials and techniques have been developed well.[12, 83, 86-88]  
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Figure 2.10 Schematic diagram shows how water expand when it freezes, copyright © 

sciencefacts.net. 

 

 

Figure 2.11Phases diagram of water, Reprinted from Ref [78]. 
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Figure 2.12 Control of ice formation leading by the types of surfaces, where SiNW is Si 

nanowire, reprinted from Ref [78].  

Adhesion[4] is the tendency of different materials or surfaces to adhering to one 

another, which is a process of exothermal reaction. Taking the intermolecular forces 

and some mechanical effects into the consideration, the mechanisms of adhesion can 

be divided into the following five mechanisms: mechanical adhesion, chemical 

adhesion, dispersive adhesion, electrostatic adhesion and diffusive adhesion. This also 

works for ice adhesion.  

⚫ Mechanical adhesion. Due to the roughness of materials or surfaces 

including the voids and pores, interlocking is highly possible to be observed 

on multi scales. As Figure 2.13 shows, the “peak-valley” interface affords a 

wonderful configuration to produce mechanical interlocking[89].  

⚫ Chemical adhesion. Two kinds of materials or surfaces may make a new 

compound at the joint parts, as Figure 2.14 shows. By forming covalent 

bonds, ionic bonds or hydrogen bonds, two surfaces form the adhesion, even 

a complex network of these bonds at the interface. Such adhesion has been 

applied widely to many materials fabrications[90, 91]. 

⚫ Dispersive adhesion. It is also known as physisorption or adsorptive 

adhesion, resulting from van der Waals forces or hydrogen bonding[92]. This 

adhesion is the most important part of adhesion due to its presence[93, 94] 

in all kinds of adhesive examples and its great strength.  

⚫ Electrostatic adhesion. It also is called electroadhesion, created by an 

electrostatic force between the conducting materials. [95]Figure 2.15 shows 
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us the principle of electroadhesion on conductive and semi-conductive 

substrates.  

⚫ Diffusive adhesion. It stems from the diffusive forces, acting a role like 

mechanical tethering at the molecular scale.   

Actually, every adhesion case is controlled by the combination of several ones of 

these five mechanisms. In addition to these mechanisms, adhesion is influenced 

strongly by other crucial effects, such as stringing[96, 97], microstructures[98, 99], 

polymer-polymer hysteresis[100], wettability & absorption[96], and lateral 

adhesion[101, 102]. So, case-dependent adhesion is a result caused by the accumulation 

of the above factors. 

 

 

Figure 2.13 Large-area mechanical interlocking via nanopores: Ultra-high-strength direct 

bonding of polymer and metal materials, reprinted from Ref [89]. 

 

 

Figure 2.14 Chemical bonding for adhesion, reprinted from Ref [103]. 
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Figure 2.15 Principle of electroadhesion on conductive and semi-conductive substrates: (a) 

is the cross sectional view of the electroadhesive system, (b) is the equivalent circuit of two 

adjacent electrodes in series, (c) is charges accumulated between the non-contact areas[104], 

(d) is the equivalent circuit of the J–R type electroadhesive[104], and (e) is the equivalent circuit 

of the Coulomb type electroadhesive[105], reprinted from Ref [95]. 

2.3 Interfacial dynamics by MD Simulations 

Limited by present techniques and methods, to observe a nanoscale interface is a 

very challenging task, not to mention capturing the detailed dynamic process that 

happens on the nanoscale view. As expected, computer simulation, such as first-

principle[106, 107], Monte Carlo simulation[108, 109], density functional theory[110, 

111], and molecular dynamics simulations[112, 113], was explored and developed into 

a mature method of quantum and physicochemical calculations based on the 

fundamental quantum, physics, and chemistry theory. As an important part of 

computational simulations, molecular dynamics simulations related with this thesis will 

be mentioned specially here.  

2.3.1 The studies about particles’ self-assembly on the water/oil interface  

For recent decades, the self-assembly properties of surfactants on the interface 

attracts a lot of interest from academia and industry. Molecular dynamics simulations 

(MD simulations) were chosen to observe molecule-level phenomena and predict some 

properties. According to time and length scales in liquid surfactant solutions, the 
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approaches to modelling them can be concluded into quantum mechanics, atomistic, 

coarse grain, mesoscale, and fluid mechanics, as Figure 2.16 shows.[114] Molecular 

dynamics simulations are adapted for atomistic simulations (full atom), coarse-grained 

modeling, and mesoscale modeling (dissipative particle dynamics, DPD) of surfactant 

solutions. The followings are previous studies by common MD simulations methods 

including atomistic simulations, coarse-grained modelling and mesoscale modelling.  

⚫ Atomistic simulations. In such simulations, all information of all the atoms is 

explicitly represented. When running the simulations,[114] five kinds of 

intermolecular or intramolecular interactions are mainly taken into 

consideration, including bond potentials[115], angle interactions, dihedral 

potentials, electrostatic interactions and non-bonded & non-electrostatic 

potentials. For example, using fully atomistic molecular dynamics simulations 

represent how ionic surfactants adsorb and aggregate at liquid/solid interface, 

as Figure 2.17 shows.[116] Such kind of simulations have some disadvantage, 

such as the large amount of calculations, the limitation of simulation scale and 

low running speed.  

⚫ Coarse-grained modeling.[114] By this method, it needs to make a specific 

number of atoms group together as on one united atom, meanwhile the 

information of angle, dihedral or electrostatic potentials will be absent. [117]For 

instance, a coarse-grained molecular dynamics simulation was employed into 

observing the interfacial self-assembly behaviour of the micelle of a cationic 

surfactant (CTAB), shown in Figure 2.18. This simulations method can save a 

large number of cup hours, but it also ignores detailed information of simulated 

system. It can have high speed of calculations although the scale of system is 

quite large. 

⚫ Mesoscale modeling. Here, dissipative particle dynamics (DPD) is introduced, 

which is adapted well for a liquid solution system at the mesoscopic level.[118, 

119] Compared to coarse-grained simulations, DPD can describe more atoms in 

one site, suitable for mesoscale simulated system. By this method, large-scale 

systems, such as vesicle and nanoemulsion systems, can be simulated and run a 

long simulated time, from separated phases to microstructure in order.[120, 121] 

These studies performed a complete dynamic process of particles’ self-

assembling. 
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Figure 2.16 Time and length scales in surfactant solutions. A log-log schematic diagram of 

the length- and time-scale ranges present in surfactant solutions and rough estimates for the 

range of applicability of various approaches to modeling surfactant solutions. The labeled 

horizontal and vertical lines are estimates for the lower bounds of the length- and time-scales 

relevant for a common surfactant, sodium dodecylsulfate, in water near equilibrium, reprinted 

from Ref [114]. 
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Figure 2.17 Free energy of transferring one SDS surfactant molecule from the bulk solution 

to the alumina surface with adsorbed SDS aggregates, reprinted from Ref[116]. 
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Figure 2.18 Potential of mean force (PMF) of a CTA+ (Hexadecyltrimethylammonium 

bromide)surfactant as a function of the distance from the interface in two situations: a water 

slab in contact with a vacuum (top panel) and a water slab in contact with an organic solvent 

slab (bottom panel), reprinted from Ref [117]. 

 

2.3.2 The studies of ice/materials interface  

With the increasing interest in the formation[122] & mechanics of ice/materials 

interface, molecular dynamics simulation was more frequently employed into 

simulating such an interfacial structure at the atomistic level. Focusing on the ice 

formation on the crystalline substrate,[123] the results of seeded molecular dynamics 

simulations demonstrate that ice nucleation on the orientation of hydroxylated (001) 

kaolinite grows exclusively in the shape of hexagonal ice polytype, as shown in Figure 

2.19. It approved that the critical nucleus size of hexagonal ice is about half of the 

critical nucleus size of homogeneous water freezing under the condition of 

supercooling. Some nuclei automatically form at the surface, but the ones in the initial 

stages of heterogeneous ice nucleation form only on the particular kaolinite surface. 
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There are also other studies of MD simulations to explore the mechanism of ice 

nucleation on various surfaces[122, 124, 125]. On the other hand, many solutions[12, 

126-128] and materials[129-131] have been designed for anti-icing or de-icing of 

unwanted ice or frost, as shown in Figure 2.20. This work exhibits Heterogeneous 

SEEDing (HSEED) method to tackle the MD simulations of heterogeneous ice 

nucleation on crystalline surfaces. Comparing with coarse-grained mW water freezing 

model, fully atomistic TIP4P/Ice water turning into ice on crstals, it has been proved 

that the HSEED method is able to pinpoint the combination of ice polytype and 

crystalline face.  For exploring atomistic ice adhesion mechanics, a full atom modeling 

was developed to investigate the effect with or without water layer on the detaching 

and shearing force of the ice cube.[132] 

 

Figure 2.19 Seeded MD simulations of heterogeneous ice nucleation on the KAOOH surface. 

Ice nuclei of Ic (top, blue) and Ih (bottom, red), as obtained from metadynamics simulations 

provided high-quality starting points in terms of the hydrogen bond network between ice and 

the kaolinite surface. The number λ of ice-like molecules within the largest connected cluster 

is reported as a function of time for seeds with initial sizes of about 250 and 450 ice molecules 

of Ic [(a) and (b)] and Ih [(c) and (d)]. For each seed five different temperatures (220, 225, 230, 

235 and 240 K) have been considered, reprinted from Ref [123].  
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Figure 2.20 Atomistic models and simulation setup. (A) Atomistic ice cube model both 

from the top view on the basal face (left) and the side view (right). (B) Four simulation systems 

studied in this study, including IS, IaS, IG and IaG. (C) Molecular dynamics simulation setup 

with force acting on the center of mass of the ice cube. The force application directions for 

detachment pulling and shearing are indicated in the figure. Simulation box axes are indicated 

in the figure, reprinted from Ref [132]. 

2.4 Challenges and Tasks 

Based on the above literature’s reviews, the topics about interfacial dynamics attract 

the interests of scientists from many fields. It also shows that detailed molecule-level 

information of interfacial dynamics was unexplored although a series of interfacial 

mechanisms were proven by many experiments. It will be meaningful to deepen 

atomistic insights to interfacial dynamics. But challenge and tasks are still remined for 

future research. Here, they will be mentioned by two kinds of interfaces including 

curved interface and flat interface depending on their geometry.  

For curved interface, microemulsion was targeted to study behaviors and mechanical 

stability of water/oil interface. It is needed to build up large-scale coarse-grained 

modeling of microemulsion systems. During the self-emulsifying process, we will 
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investigate the dynamic variation of the microemulsion’s morphology, then apply a 

suitable pulling force solution to measure and quantify the mechanical strength of the 

single microemulsion droplet, and finally get the separation of water and oil phase. In 

addition, a larger microemulsion system will be studied further, in order to get the 

droplet size distribution. 

For flat interface, ice/graphene interface was chosen as a subject. The main challenge 

is to build up a suitable simulated model and find a solution to make pulling and 

shearing force. Another task is to organize the configuration of the graphene substrate. 

This is aiming at figuring out the effect of different-arranged graphene substrates on 

the adhesion and mechanical properties of this ice/graphene interface. 
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Chapter 3. Modelling and Simulation  

 

 

 

 

 

This chapter summarizes the methods and simulations details used in this thesis. It 

includes  

3.1 Modelling of microemulsion and ice/graphene-platelets Systems 

Generally, we need to choose a suitable molecule structure for these systems, then 

apply force field parameters for the interactions considered in the simulations. Herein, 

the molecular dynamics simulations in this thesis are obtained by Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) package[133] and 

GROMACS software package[134]. 

3.1.1 Modeling for self-emulsifying microemulsion system 

In order to realize meaningful microemulsion droplet size for mechanical tests in 

MD simulations, the transferable potentials for phase equilibria (TraPPE) united-atom 

parameters[135] were adopted for modeling oil and surfactant molecules, combined 

with the coarse-grained water, the mW model with many-body force field[136], to build 

simulation systems[137]. Briefly, the TraPPE united-atom parameters treated non-polar 

groups, such as the CH2 group, as one combined atom in the system. The mW water 

model also considered one water molecule as one combined atom and used a 3-body 

Stillinger-Weber potential for capturing the appropriate non-bonded interactions among 

different water molecules[136]. The mW Water model was found to well reproduce the 

thermodynamic properties of water in many studies[137-139]. Here, dodecane and 

hexane were modeled as the oil phase. To represent the amphiphile, the linear diblock 
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oligomer surfactants with a varied length of hydrophilic (labeled as L) and hydrophobic 

(labeled as B) parts were used by modifying the value of force-field parameters between 

different parts, with details given in Figure 3.1, following the similar way with a 

minimalist model[140]. The bonded potentials, including carbon-carbon single bond, 

angles, and dihedrals, for the linear oil and surfactant molecules, were borrowed from 

TraPPE parameters for alkanes[139]. The Lennard-Jones potential (eq (3.1)) was 

applied between oil, surfactant and mW water atoms, as details listed in Table 3.1, 

similar to the previous studies[135, 141-144]. All the nonbonded interactions were 

truncated at 9 Å. One can see the energy depth, 𝜖  of Ulj for water atoms (directly 

borrowed from the mW water model) was two orders of magnitude higher than that for 

hydrophobic oil atoms (CH2, directly borrowed from TraPPE parameters[135]), which 

enabled phase separation between the two. It should be noted that the purpose of the 

atomic parameters used was for predicting the qualitative microemulsion droplet 

rupture mechanics rather than the quantitative value of any specific property.  

𝐸 = 4𝜖[(
𝜎

𝑟
)12 − (

𝜎

𝑟
)6]              (3.1) 

Four systems were built containing surfactants with different length of hydrophobic 

and hydrophilic patches (termed L2B4, L2B10, and L4B8) and oil type, as shown in 

Figure 3.1 and Table 3.2. These systems contained the same amount of water (6144), 

oil (3072) and surfactant (1024) molecules, aiming to form water-in-oil 

microemulsions. The oil, water, and surfactants were initially distributed orderly in the 

periodic simulation boxes (209.097 Å × 209.097 Å × 209.097 Å. In addition, a large 

multiphase system consisting of water molecules (32928), L2B10 surfactant molecules 

(5488) and dodecane oil molecules (16464) was constructed. For comparison, we also 

built up an oil-in-water microemulsion system consisting of water molecules (47928), 

L2B10 surfactant molecules (5488) and dodecane oil molecules (16464). All systems 

formed stable water-in-oil or oil-in-water microemulsions, which demonstrated the 

validity of the molecular model and the applied potential. 
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Figure 3.1 Atomistic models. (a) Janus oligomeric surfactants and their hydrophilic and 

hydrophobic patches. (b) Schematic of a microemulsion droplet, with a red circle representing 

the droplet shape. Representative water, surfactant and oil molecules and their locations at the 

interface of a stable droplet are depicted. 

 

Table 3.1 The parameters in LJ potential between different atoms. 

 

 𝝐 (kcal/mol) σ (Å) 

H2O: H2O SW[136] SW[136] 

H2O: L 0.602 3.558 

H2O: B 0.119 3.558 

H2O: Oil-CH2 0.119 3.558 

L: L 0.602 3.558 

L: B 0.091 3.95 

L: Oil-CH2 0.091 3.95 

B: B 0.091 3.95 

B: Oil-CH2 0.091 3.95 

Oil-CH2: Oil-CH2 0.091 3.95 

 

 

Table 3.2 Four systems with different surfactants and oil molecules. The surfactants were 

named by the number of hydrophilic and hydrophobic patches, as depicted in Figure 3.1. 
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System Surfactant Oil 

A L2B4 Hexane 

B L2B4 Dodecane 

C L2B10 Dodecane 

D L4B8 Dodecane 

 

3.1.2 Modeling for ice/materials system 

The global model is the oriented graphene platelets coated by an ice layer, as Figure 

3.2 (e) shows. Each graphene platelet has a uniform morphology and size (a single 

graphene layer, and its area is ~2.3 × 2.3 nm2, as shown in Figure 3.2 (a), which is 

placed on XZ plane, in the arrangement of squama-like shape, as shown in Figure 3.2 

(b-d). There is some overlapping between the adjacent graphene platelets. The graphene 

platelets follow a tilting orientation along with the X- and Z-axis direction. Such kind 

of structure can perform perfectly how the fish-scale-like surface is torn from the ice 

layer against the atomistic interactions. Totally, two ways to fix the carbon atoms were 

selected to produce the behavior of graphene platelets, namely sequential mode, and 

concurrent mode. In sequential mode, only there anchor carbon atoms are fixed, and on 

the same XZ plane area (10.4 × 10.4 nm2), a various number of the graphene platelets 

(4 × 4, 5 × 5, 8 × 8) were spread homogenously, which specifically combined with 

ice atoms into three systems, labeled as “4”, “5” and “8”, as Figure 3.2 (b-d) shows. In 

concurrent mode, all of the carbon atoms are fixed, and others are completely same 

with the ones in sequential mode, labeled as “C4”, “C5” and “C8”.So, three models 

with different graphene platelet density are built up to perform the difference between 

them. Herein, hexagonal ice is chosen for this work. To obey the practical condition, 

the ice with a thickness of about ~2 nm is set as a periodic structure in X- and Z- 

boundaries, and its area is the same size with the simulation box area in XZ plane area. 

And its basal face is set as (0 0 0 1). At the beginning of the simulation, the ice has no 

overlapping with graphene platelets, which enables a fast adhesion process of ice and 

prepare an equilibrium system for the following pulling and shearing measurements. 

Every model has both concurrent and sequential mode to fix the graphene platelets. for 
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the sequential way, three carbon atoms at the bottom corner of each graphene platelet 

are fixed on the XZ plane. For the concurrent way, every carbon atom of the graphene 

platelets is fixed.  

The detailed simulation parameters used in this work are directed borrowed from the 

previous studies of de-icing[145, 146]. The tip4p/ice[147] was chosen to model the ice, 

and OPLS force-field[148] was used for the graphene platelets parameters. Table 3.3 

gives the parameters of the graphene platelets. And both the carbon and hydrogen atoms 

in the graphene platelets are electrically neutral. The interaction between the graphene 

platelets and ice is performed by van der Waals forces. A cutoff distance of 1.0 nm is 

employed for the non-bond interaction. 

 

 

Figure 3.2 (a) the molecule structure used in the model; (b-d) the graphene platelets 

substrate of three systems; (e) the scheme of the process of pulling and re-pulling to prove the 

reversibility of the function of the graphene platelets.  

 

Table 3.3 The simulation parameters value of van der Waals radius (σ) and energy well 

depth (ε) for the carbon (C) and hydrogen (H) atoms in the graphene platelets. 

 

Parameter  C H 

σ (nm) 0.355 0.242 

ε (KJ/mol/nm2) 0.293 0.126 
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3.2 Simulation Details 

3.2.1 Simulation details of microemulsion system 

For this system, all the MD simulations were performed by using the LAMMPS 

package[133]. Energy minimization was first carried out with each initial system, 

employing the steepest descent algorithm. Each system was then equilibrated under the 

NVT ensemble for 50 ns with a temperature of 400 K by the Nose-Hoover method with 

a coupling constant of 1 ps with 10 fs time step[149]. The purpose of this high-

temperature equilibration was to fully mix the oil, water and surfactant molecules in the 

systems. Subsequently, the systems run for another 50 ns under the NpT ensemble with 

a temperature of 300 K. The Parrinello-Rahman barostat was used to keep the system 

pressure to be 1 bar, with a coupling constant of 1 ps[150]. One stable microemulsion 

droplet then formed in each system, which was then subjected to mechanical testing 

and rupturing. The simulations before reaching the equilibrium state were run with a 

constant timestep 10 fs, and during the mechanical deformation and rupture with a 

constant timestep of 1fs. 

To probe the nanoscale de-emulsification mechanics of microemulsion droplets, 

counter pulling forces were applied onto the water core and the surfactant shell of each 

microemulsion droplets, in the same manner as former studies[146, 151]. Briefly, 

harmonic springs were linked to the center-of-mass of the water core and the surfactant 

shell, and then displaced at a constant speed. The counter pulling forces were generated 

and applied onto the droplet owing to the extension of the harmonic springs. In all the 

droplet rupturing tests, the springs had the same force constant 400 kcal/mol/Å2 and 

moving speed 5 nm/ns. Each microemulsion droplet was ruptured at different 

temperatures in the range of 280~360 K. All simulations end when the core of each 

microemulsion droplet was separated from the surfactant shell. The rupture work was 

calculated by integral of pull force on displacement between the water core and the 

surfactant shell. In another continuing work, we build up a larger system and try to 

analyse the diameter of all microemulsion droplets in the simulation box. Firstly, we 

have hidden the oil and surfactant molecules, to make every water drop visible. Then 

with neighbouring distance of 3.2 Å, every water drop was captured by labelled with 



Modelling and Simulation 

 

31 

 

different colours, detailly as Figure 3.3 shows. For a simple calculation, each water 

cluster was approximatively seen as a sphere. By counting the number of water 

molecules in each water clusters, the diameter and total surface area of each 

microemulsion droplets were carried out, according to the equation (3.2) and (3.3).  

𝐷 = √
29.9∙𝑁𝑊∙6

𝜋

3
     (3.2) 

𝐴 = 𝜋𝐷2               (3.3) 

Finally, we can get the diameter distribution of the microemulsion system in every 

trajectory. Due to the temperature’s effect on the microemulsion droplets' size, the 

temperature range of 280 K- 400 K was chosen to study the thermal influence on the 

microemulsion droplets’ behaviour. In addition, a small microemulsion system 

containing only two droplets was established to explore more details about the 

mechanism of droplets’ variations in the microemulsion.  

 

 

Figure 3.3 the method to calculate the number of every water cluster was shown here. (a) 

the general view of the whole simulation box. (b) the oil molecules and surfactant molecules 

were hidden. (c) different water clusters were captured and labeled with different colors. And 

the number of water molecules in every water cluster were recorded for the following 

calculation. 

 

3.2.2 Simulation details of ice/graphene-platelets system 

For this work, all MD simulations work were performed by the package GROMACS 

5.0.7.[134] all simulation boxes are periodic boundaries conditions. But, on the Y-axis, 

the length of simulation boxes is more than 2 times longer than the length of simulated 

maters in the Y-axis direction, due to show non-periodic boundary condition influence 
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in the Y-axis. Before any running of all simulation systems, the first step is energy 

minimization to prepare a reasonable spatial structure for the next work. The NVT 

(constant number of particles, a constant volume of the simulation box, and constant 

temperature of 180 K) ensemble is chosen for all systems. The Nosé–Hoover coupling 

method with the coupling time of 0.4 ps, is used to control the temperature of the 

simulation systems. A 100 ns time is taken to run for an equilibrated state of all systems 

when the ice will contact slowly with the graphene platelets. Finally, the systems with 

the ice adhesion to the surface of the graphene platelets are prepared well for the next 

pulling and shearing force-probe of MD simulation. 

 To enable pulling force and shearing force to work, a virtual spring with an elastic 

constant of 2000 kJ/mol/nm2 is tethered with the center of the mass (COM) of the ice.  

For pulling mode, the spring moves in the speed of 0.5 nm/ns along with the Y-axis 

direction, also vertically with the interface between the ice and graphene platelets. For 

shearing mode, the moving direction of the spring is along or against with Z-axis 

direction. During the running simulation, the particle trajectories and the pulling force 

with displacement between the ice and the spring will be recorded per 5 ps. By applying 

such forces, the ice adhering stress (𝜎, is calculated by pulling force divided by interface 

area (A) between the ice and graphene platelets, as shown in equation (3.4) ), the rupture 

stress (𝜎, is the peak value of the pulling stress), and shearing stress (𝜏, is obtained by 

the shearing force divided by interface area (A)  between the ice and graphene platelets, 

as shown in equation (3.5) will be calculated out. Likewise, the effects of various 

loading rates of spring on the stress are also taken into consideration for the evaluation 

of the mechanical properties of the systems. For the statistical significance, five 

independent simulations were carried out for every pulling test. The rupture work was 

calculated by the integral of pulling force on displacement between the ice and the 

graphene platelets. In order to prove the reversibility of the graphene platelets, there are 

designed to take a double-round pulling test, as shown in Figure 3.2 (e). This process 

can be divided into four parts. Firstly, an equilibrium system is prepared well from the 

initially designed morphology. Then, first pulling is applying into the ice layer until 

there is an obvious separation between the ice layer and the graphene platelets, which 

describes the deformation of the graphene substrate and the ice fracture on the organic 

surface. Following the re-equilibrium of the system, second pulling is taken to make 
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the ice fracture true. By analysis of the results of the two pulling tests, it can prove the 

reversibility of the function of the graphene substrate. 

𝜎 =
𝐹𝑃𝑢𝑙𝑙𝑖𝑛𝑔

𝐴
                                                      (3.4) 

𝜏 =
𝐹𝑠ℎ𝑒𝑎𝑟𝑖𝑛𝑔

𝐴
                                                       (3.5) 
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Chapter 4. Main Results 

 

 

 

 

 

4.1 Stability of the self-emulsifying microemulsion droplets 

As first part of studying curved interface, we have utilized atomistic modeling and 

molecular dynamics simulation to scrutinize the nanoscale mechanical properties of the 

microemulsion and resolve the determinants of the droplet stability. The spontaneous 

emulsification of microemulsion droplets showed that the structure and arrangement of 

water and oil interface were dominated by the amphiphilic parts of the linear surfactant 

molecules. The effects of the chemical composition of the surfactant, the surfactant 

packing structure and temperature on the droplet rupturing were explored by 

performing a series of tensile tests. The force peak and the rupture work were obtained 

to evaluate the robustness of the microemulsions and identify the softening-to-

strengthening transition as lowering the temperature. Compared to the previous studies 

[19, 152, 153], this work from the view of MD simulation investigated the 

morphologies of W/O microemulsion droplets and evaluated their dynamic 

deformation process. It is the first attempt to scrutinize the mechanical properties of a 

single microemulsion droplet. Although the loading manner could be different from 

possible shearing force a microemulsion droplet experienced in experiments, the 

amplitude of the rupturing force should be proportional to the mechanical stability of 

the microemulsion droplets. Furthermore, the findings contribute to establishing an 

atomistic view on microemulsion fluids and provide a general guide to design a stable 
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microemulsion system, such as oil recovery and production, drug delivery, materials 

fabrication, chemical sensors, and other related fields. [133, 154] 

 

4.2 Droplets size distribution of the microemulsion system 

Continuing with above study, this work explored deeply the particle size distribution 

of a W/O microemulsion system and illuminated detailly the mechanism about how the 

microemulsion droplets’ configuration and size varied during the spontaneous process 

of microemulsion emulsifying, by a series of molecular dynamics simulations. A 

coarse-grained model modified by a hybrid force field potential was built up to perform 

the polydisperse liquid system (water, dodecane oil, and Janus oligomer surfactant). 

Beginning from a homodisperse mixture of water, oil, and surfactant, there formed fast 

many single core-shell droplets consisted of a water core coated by some hydrophilic 

head groups of surfactants, and hydrophobic shell comprised of tail groups of 

surfactants. Due to the instability of small microemulsion droplets, the water molecules 

on the surface of water drop trend to detach from their host droplets, and then redeposit 

into the large microemulsion droplets. At the time of 1.8 ns, it is found that there is 

approximately a Gaussian-like particle size distribution in the microemulsion system 

including 182 droplets, and the size range of the microemulsion droplets is from 4.0 nm 

to 8.0 nm. Following the mechanism similar to Ostwald ripening, directly aggregating 

of two microemulsion droplets and the transition of water molecules from the small 

microemulsion droplets to the large microemulsion droplets realizes the rapid growth 

of droplets and brings the system into the next level of stability. Afterward, the number 

and speed of water transitions between droplets decrease, only leading to a slight 

variation of the droplets. Finally, the droplets’ size trend to be uniform in a close value, 

caused by the steep energy barrier occurring in an equilibrium state. Besides, we also 

studied the thermal effect on the average diameter of microemulsion droplets, by setting 

different ambient temperature. This funding is expected to approve some fundamental 

knowledge on understanding the mechanism of droplets’ variation during 

microemulsion emulsifying, which can support guidelines to the designs and 

fabrications of nanomaterials by the assistance of microemulsion. 
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4.3 The dynamics happened on the ice/material interface 

As a finding of flat interface, the dynamics of the interface between ice and the 

oriental-arranged substrate were systematically studied. the pulling with slow loading 

rate maintained the most of initial configuration of the substrate, which suggested that 

slow de-icing speed can make the substrate remain the retrievability. A series of double-

round pulling tests on systems 4, 5, and 8, the rupture stress of them was observed to 

be distributed like an upside-down “U” shape, intending to indicate that a suitable 

increasing the arrangement density of the substrate can decrease the ice adhesion. Both 

with different pulling mode and direction, the reversibility of the structural 

morphologies of the oriental-arranged graphene platelets was approved. In the shearing 

part, an interesting difference appeared between the results of shearing along the 

substrate and the shearing against the substrate. Finally, the value of the shearing stress 

will vibrate around the ice fracture force. The graphene platelets with dense 

arrangement reduce the ice fraction force effectively. By this finding, suitable knitting 

or arrangement of the graphene platelets for anti-icing or de-icing is encouraged for 

other researchers to synthesis a surface or coatings for deicing and water collection. 

Additionally, the study of the mechanics of ice was performed to supply fundamental 

knowledge for reducing ice fraction. 
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Chapter 5. Recommendations for Further Studies 

 

 

 

 

We have done some work on the interfacial dynamics, focusing on atomistic-level 

morphology and detailed process of interfacial behavior with molecular dynamics 

simulations. Furthermore, there is still much room to improve the fundamental 

understanding of the mechanisms. 

⚫ Except for chemical or physical activity of a molecule, the molecular length 

and structure is a key factor to affect molecular behavior. The molecular 

length and structure of oil and surfactant also play an important role in the 

microemulsion system. So, a series of different-length oil and surfactant 

molecules should be used in the microemulsion system, to investigate the 

effect of the morphology of oil and surfactant molecules on the properties of 

the microemulsion system.  

⚫ It has been studied that droplet size distribution in the preliminary stage of 

water-in-oil microemulsion’s self-emulsifying. The final state of the 

microemulsion in this finding is a relatively equilibrium, not really stable. 

So, longer-time simulations should be archived to make sure the final state 

of droplets size distribution and try to make a further theoretical 

acknowledgment on the mechanism of stability of microemulsion system. 

⚫ It is well known that the morphology of oil &surfactant and temperature have 

an influence on the droplet size distribution of the microemulsion system. 

For a comprehensive mechanism of microemulsion droplets’ control, more 

factors (including pressure, the kind of oil & surfactant) should be figured 

out how to impact the microemulsion droplets’ size.  
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⚫ Based on the above findings, a lot of result data can be input information for 

the next work by a machine learning method. It is expected to provide a 

systematic guideline to design and control accurately the microemulsion 

droplets’ size for material fabrication and drug delivery. 

⚫ Starting from anti-icing or de-icing, other material or method can be seen as 

a new measuring substrate in the ice/material interface system by MD 

simulations. This further work aims to find out material for anti-icing or de-

icing and predict the direction of the development of new materials. 
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Abstract 

Microemulsion exists widely in nature, daily life and industrial manufacturing, 

including petroleum production, food processing, drug delivery, new materials 

fabrication, sewage treatment, etc. The mechanical properties of microemulsion droplets 

and the correlation to their molecular structures are of vital importance to those 

applications. Despite researches on their physicochemical determinants, there are lots of 

challenges to explore the mechanical properties of microemulsion by experimental 

studies. Herein, atomistic modelling was utilized to study the stability, deformation, and 

rupture of Janus oligomer enabled water-in-oil microemulsion droplets, aiming for 

revealing their intrinsic relationship to the Janus oligomer based surfactants and oil 

structures. The self-emulsifying process from a water, oil and surfactant mixture to a 

single microemulsion droplet was modulated by the amphiphilicity and the structure of 

the surfactants. Four microemulsion systems with interfacial thickness in the range of 7.4-

17.3Å were self-assembled to explore the effect of the surfactant on the droplet 

morphology. By applying counter forces on the water core and the surfactant shell, the 

mechanical stability of microemulsion droplets was probed at different ambient 

temperatures. A strengthening response and a softening regime before and after a 

temperature-dependent peak force were identified followed by the final rupture. This 

work demonstrates a practical strategy to precisely tune the mechanical properties of a 

single microemulsion droplet, which can be applied in the formation, de-emulsification, 

and design of microemulsion in oil recovery and production, drug delivery and many 

other applications.  
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Key Words: Self-emulsifying; microemulsion droplet; stability; deformation; rupture; 

molecular dynamics simulation. 

1 INTRODUCTION 

The microemulsion is thermodynamic-stable mixtures of multiphase system, and in 

many cases presents as droplets of one liquid dispersed inside the other surrounding 

liquid1-3. Because microemulsion plays an important role in daily life and applications 

including wastewater treatment4, 5, drug-delivery6, electro-kinetic chromatography7, 8, 

enhanced oil recovery9, fabrication of new materials10, nanoparticle synthesis11, and many 

others, it has been the focus of many research fields for decades. 

Research on microemulsions started in 1943 when microemulsion as a scientific 

concept was first promoted by Hoar and Schulman12. With limited experimental 

characterization methods, spontaneous formation of globular micelles with size ~120 Å 

in diameter was identified, which clearly explained how the orientated non-ionized 

amphipathic molecules prevented the ion-pairs of soap from the repulsion. In 1959 

microemulsion was characterized by electron microscopy and demonstrated a uniformly 

dispersed spherical oil or water core in water or oil droplet13. The detailed structural and 

dynamic properties of the chemical ingredients of microemulsion were then investigated 

by Fourier transform nuclear magnetic resonance (FT-NMR), which provided a clear 

picture of the polydisperse nature of the complex multiphase system14-16. Other 

experimental methodologies, such as infrared and Raman spectroscopy, were also applied 

in studying microemulsion to gain a better understanding of nanoscale morphologies17, 18. 

It is generally accepted nowadays in the nanotechnology era that microemulsion is a 

colloid system consisting of small droplets of water (or oil), which could be on the 
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nanometer scale, dispersed in a continuum medium of oil (or water) phase by adding 

surfactant and/or cosurfactant as stabilizer. The highly complicated nature of the 

surfactant layer on microemulsion droplets is currently attracting attention from different 

research fields, and continually provides new multi-disciplinary insights19, 20. 

The most important property of the microemulsion is its thermodynamic stability21, 22. 

The surfactant and cosurfactant coating on the surface of the emulsion droplets greatly 

reduces the interfacial tension between the continuum phase and the interior of the 

droplet, minimizing the overall free energy of the microemulsion system23. There are 

many factors affecting the stability of a microemulsion system, including temperature, 

salinity, surfactant structure, oil composition, cosolvent, and immiscible solids, and their 

effects are inherently intertwined24, 25. It is highly challenging in experiments to clarify 

the intricate relationship between each factor and the stability of the microemulsion 

system. In contrast, atomistic modeling and molecular dynamic (MD) simulations can 

provide resolution extending the experimental limits in investigating microemulsion. For 

instance, a series of MD simulations were performed to probe the properties of 

water/trichloroethylene (TCE) interface absorbed with sodium alkyl sulfate (SDS-type) 

surfactant monolayers, and further to elucidate the underlying connections between the 

parameters of a microemulsion system. The results revealed that the tail order of the 

surfactants was dependent on their interfacial coverage, while the interface thickness (in 

the range of 10-25 Å) was interestingly dependent on tail length rather than the surface 

coverage26.   

Comparing to the fast accumulation of synthesis and physicochemical knowledge on 

microemulsion, the mechanical stability of microemulsion still awaits a thorough 
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investigation. The mechanical stability of microemulsion is crucially important in many 

production and application processes27-29. For instance, microemulsion was utilized in 

drug delivery, where the mechanical robustness of the microemulsion droplets are critical 

to the transport and the release of the loaded drug30. The nanomechanics of 

microemulsion droplets is the determinant of the de-emulsification process on oil/water 

separation in oil production, which prominently influences the production cost in the 

petroleum industry31. However, there are still lots of challenges for experimental methods 

to explore the mechanical properties of the microemulsion from the view of atomic size. 

Unlike other solid materials, a single microemulsion droplet is very difficult to be 

separated from a microemulsion solution as only investigated target, not even measuring 

its mechanical properties. Besides, their structure is too tiny to be captured for current 

experimental methods. Until now, there is no efficient means to evaluate the mechanical 

properties of a microemulsion droplet.  

This work aims to probe the nanomechanics in rupturing microemulsion droplets and 

to establish the connections between nanoscale mechanical properties of surfactant coated 

droplets and the molecular structures of microemulsion. Following similar approaches 

utilizing atomistic modeling and MD simulations32-34, stable microemulsion droplets were 

constructed and subjected to rupturing forces. The effects of surfactant structure and the 

environmental temperature on the droplet rupturing mechanics were scrutinized, which 

for the first time provided theoretical fundamentals for experimental studies on 

microemulsion as well as design and processing in practice.  

2 MODELS AND METHOD 

2.1 Atomistic modeling 
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In order to realize meaningful microemulsion droplet size for mechanical tests in MD 

simulations, the transferable potentials for phase equilibria (TraPPE) united-atom 

parameters35 were adopted for modeling oil and surfactant molecules, combined with the 

coarse-grained water, the mW model with many-body force field36, to build simulation 

systems37. Briefly, the TraPPE united-atom parameters treated non-polar groups, such as 

the CH2 group, as one combined atom in the system. The mW water model also 

considered one water molecule as one combined atom and used a 3-body Stillinger-Weber 

potential for capturing the appropriate non-bonded interactions among different water 

molecules36. The mW Water model was found to well reproduce the thermodynamic 

properties of water in many studies37-39. Here, dodecane and hexane were modeled as the 

oil phase. To represent the amphiphile, the linear diblock oligomer surfactants with a 

varied length of hydrophilic (labeled as L) and hydrophobic (labeled as B) parts were 

used by modifying the value of force-field parameters between different parts, with details 

given in Fig. 1, following the similar way with a minimalist model40. The bonded 

potentials, including carbon-carbon single bond, angles, and dihedrals, for the linear oil 

and surfactant molecules, were borrowed from TraPPE parameters for alkanes39. The 

Lennard-Jones potential (eq (1)) was applied between oil, surfactant and mW water 

atoms, as details listed in Table 1, similar to the previous studies35, 41-44. All the nonbonded 

interactions were truncated at 9 Å. One can see the energy depth, 𝜖 of Ulj for water atoms 

(directly borrowed from the mW water model) was two orders of magnitude higher than 

that for hydrophobic oil atoms (CH2, directly borrowed from TraPPE parameters35), 

which enabled phase separation between the two. It should be noted that the purpose of 

the atomic parameters used was for predicting the qualitative microemulsion droplet 

rupture mechanics rather than the quantitative value of any specific property.  
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𝐸 = 4𝜖[(
𝜎

𝑟
)12 − (

𝜎

𝑟
)6]      (1) 

Four systems were built containing surfactants with different length of hydrophobic 

and hydrophilic patches (termed L2B4, L2B10, and L4B8) and oil type, as shown in Fig. 

1 and Table 2. Other systems consisting of different surfactants can be found in supporting 

information (Fig. S1). These systems contained the same amount of water (6144), oil 

(3072) and surfactant (1024) molecules, aiming to form water-in-oil microemulsions. The 

oil, water, and surfactants were initially distributed orderly in the periodic simulation 

boxes (209.097 Å × 209.097 Å × 209.097 Å), as shown in Fig. 2 (a). In addition, a large 

multiphase system consisting of water molecules (32928), L2B10 surfactant molecules 

(5488) and dodecane oil molecules (16464) was constructed, as shown in Fig. 2 (f)-(j) 

and Fig. S2. For comparison, we also built up an oil-in-water microemulsion system 

consisting of water molecules (47928), L2B10 surfactant molecules (5488) and dodecane 

oil molecules (16464), as shown in Fig. S2. All systems formed stable water-in-oil or oil-

in-water microemulsions, which demonstrated the validity of the molecular model and 

the applied potential. 

2.2 Molecular dynamics (MD) simulations 

All the MD simulations were performed by using the LAMMPS package45. Energy 

minimization was first carried out with each initial system, employing the steepest 

descent algorithm. Each system was then equilibrated under the NVT ensemble for 50 ns 

with a temperature of 400 K by the Nose-Hoover method with a coupling constant of 1 

ps with 10 fs time step46. The purpose of this high-temperature equilibration was to fully 

mix the oil, water and surfactant molecules in the systems. Subsequently, the systems run 

for another 50 ns under the NpT ensemble with a temperature of 300 K. The Parrinello-
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Rahman barostat was used to keep the system pressure to be 1 bar, with a coupling 

constant of 1 ps47. One stable microemulsion droplet then formed in each system, as 

shown in Fig. 2 (d), which was then subjected to mechanical testing and rupturing. The 

simulations before reaching the equilibrium state were run with a constant timestep 10 fs, 

and during the mechanical deformation and rupture with a constant timestep of 1fs. 

To probe the nanoscale de-emulsification mechanics of microemulsion droplets, 

counter pulling forces were applied onto the water core and the surfactant shell of each 

microemulsion droplets, in the same manner as former studies48, 49. Briefly, harmonic 

springs were linked to the center-of-mass of the water core and the surfactant shell, and 

then displaced at a constant speed. The counter pulling forces were generated and applied 

onto the droplet owing to the extension of the harmonic springs. In all the droplet 

rupturing tests, the springs had the same force constant 400 kcal/mol/Å2 and moving 

speed 5 nm/ns. Each microemulsion droplet was ruptured at different temperatures in the 

range of 280~360 K. All simulations end when the core of each microemulsion droplet 

was separated from the surfactant shell. The rupture work was calculated by integral of 

pull force on displacement between the water core and the surfactant shell. 
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Figure 1. Atomistic models. (a) Janus oligomeric surfactants and their hydrophilic and 

hydrophobic patches. (b) Schematic of a microemulsion droplet, with a red circle 

representing the droplet shape. Representative water, surfactant and oil molecules and 

their locations at the interface of a stable droplet are depicted.    

 

Table 1 The parameters in LJ potential between different atoms. 

 𝝐 

(kcal/mol) 

σ 

(Å) 

H2O: H2O SW36 SW36 

H2O: L 0.602 3.558 

H2O: B 0.119 3.558 

H2O: Oil-CH2 0.119 3.558 

L: L 0.602 3.558 

L: B 0.091 3.95 

L: Oil-CH2 0.091 3.95 

B: B 0.091 3.95 
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B: Oil-CH2 0.091 3.95 

Oil-CH2: Oil-

CH2 

0.091 3.95 

 

 

Table 2 Four systems with different surfactants and oil molecules. The surfactants 

were named by the number of hydrophilic and hydrophobic patches, as depicted in Fig. 

1. 

System Surfactant Oil 

A L2B4 Hexane 

B L2B4 Dodecane 

C L2B10 Dodecane 

D L4B8 Dodecane 

 

3 RESULTS AND DISCUSSION 

3.1 Spontaneous formation of stable microemulsion droplets  

For evaluating the mechanical properties of microemulsion droplets, four stable 

microemulsion systems coated with surfactants were prepared with three surfactants and 

two oil types. Following the defined simulation process of mixing in the NVT ensemble 

at 400 K and equilibration in the NpT ensemble at 300 K, the final state of all the 

microemulsion droplets featured a spherical core of water fully coated by surfactants and 

surrounded by oil molecules, as the representative sequential snapshots are shown in Fig. 
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2(a-d) and a short video in the supplement (spontaneous-process.MP4). The 

representative system potential energy profile monitored in preparing the microemulsion 

droplet was given in Fig. 2(e). Both in the high-temperature mixing simulation and in 

equilibration, the system potential reached a plateau in a very short time and maintained 

at that state. The surfactants were packed around the water core, forming an ordered 

curvature with the hydrophilic patches facing the water. In order to demonstrate the 

formation process, a larger water-in-oil microemulsion multiphase system was also 

simulated, as shown in Fig. 2(f-j). The potential energy profile and the packing of 

surfactants at the oil/water interface agreed with the results predicted in former studies50.   

As shown in Fig. 2, the prepared microemulsion droplets featured the most frequently 

observed structures, namely water core structure coated by a well-defined surfactant 

monolayer in the continuous oil phase. The mass ratio between water and oil in the 

systems was 0.21. The surfactant shell had long been identified to be critically important 

to the properties of the microemulsion and was previously found to have an interfacial 

tension at a threshold of 10-3 mN/m51. It is known that the interfacial tension of the 

surfactant layer can compensate for the dispersion entropy of the microemulsion droplets, 

which contributes to the stability of the microemulsion system52, 53. The prepared 

microemulsion droplets should thus be able to withstand certain pulling force and provide 

rupturing events for probing the nanoscale de-emulsification. 
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Figure 2. Spontaneous formation of microemulsion droplets, represented by system C. 

(a) Initial atomistic structure of the systems, with all the components in an orderly 

arrangement. (b) Disordered and mixing of oil, water and surfactant molecules at 400 K. 

(c) A complete microemulsion droplet formed at the end of high temperature mixing in 

the NVT ensemble; (d) The microemulsion droplet at the end of 50 ns equilibration at 300 

K in the NpT ensemble. (e) Total system potential energy. (f-j) the self-emulsifying 

processes of a multiphase system consisting of water molecules (32928), L2B10 
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surfactant molecules (5488) and dodecane oil molecules (16464) and the total potential 

energy. 

3.2 The internal structure of the microemulsion droplets 

The difference in the surfactants and the oil molecules led to noticeable deviations in 

the internal structures of the final microemulsion droplets, as shown in Fig. 3. System A 

and B consisted of the same surfactant but different oil species, namely hexane and 

dodecane, respectively. The final structure of the two microemulsion droplets showed 

similar morphologies at the stable state, which suggested that the molecular sizes of 

hexane and dodecane did not lead to obvious differences in the microemulsion droplet. 

As shown in Fig. 3 (a-b) and (e-f), the shape of two microemulsion droplets fluctuated in 

equilibrium, with surfactant molecules randomly adsorbing to and escaping from the 

oil/water interface. A small fraction of the surfactant molecules could even diffuse into 

the oil phase as well as into the water core. The result could be attributed to the relatively 

weak phase preference of the L2B4 molecules (2 hydrophilic and 4 hydrophobic sites in 

the linear molecule). The stronger hydrophobic or hydrophilic property was needed for 

the surfactant molecules to firmly coat the internal core of a microemulsion droplet, which 

was clearly illustrated by comparing the final microemulsion droplets in system B and C, 

as shown in Fig. 3 (b-c) and (f-g). If the surfactant molecules contained a long 

hydrophobic patch, 10 hydrophobic atoms in L2B10 instead of 4 in L2B4, the surfactant 

molecules could not diffuse into the water core, as shown in Fig. 3(c). Thanks to the 

longer hydrophobic patch in the molecule, the L2B10 surfactant showed more ordered 

packing at the oil/water interface, and resulted in a more spherical droplet in system C. 

Because the L2B10 surfactant molecules had the same length of the hydrophilic patch as 
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L2B4 in system A and B, a small fraction of L2B10 were able to escape from the oil/water 

interface in system C, as shown in Fig. 3(g) and Fig. 4(c). In comparison, system D with 

L4B8 surfactants was the only system that had a clean oil phase as shown in Fig. 3(h) and 

Fig. 4(d). Despite the same molecule length of L4B8 surfactants as L2B10, longer 

hydrophilic patch of L4B8 resulted in the fully locking of all the surfactants at the 

oil/water interface and an almost perfectly spherical droplet in equilibrium. The packing 

of the surfactants in system D was the most ordered among the four systems (Fig. 3(d) 

and Fig. 4(d)). All the results indicated that the surfactant chemistry was the most 

determining factor of the final state of microemulsion droplets at the nanoscale, consistent 

with the experimental work54, 55.          

The molecular length and packing orderliness of the surfactants defined the thickness 

of the microemulsion droplet shell. As shown in Fig. 4(e-h), the shell thicknesses in 

system A, B, C, and D were 10±2.9, 8±0.6, 15.5±2.1 and 12.4±3.5 Å, respectively 

(comparison in Fig. S3). The thickness and the packing order of surfactants further 

influenced the rigidity of the microemulsion droplets, which would induce different de-

emulsification behaviour. Besides, the radius of microemulsion droplets in the larger 

system were in the range of 4-8 nm after equilibration of 2 ns, as shown in Fig. S4. 

Although the microemulsion system was thermodynamically stable, the size of the 

microemulsion droplet changed with time due to droplet coalescence. The average radius 

became larger and larger while the speed of radius increase was getting slower. The speed 

and the average radius varied from case to case. It was also the reason why different 

microemulsion systems could keep stable for various time lengths. 
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Figure 3. Structures of microemulsion droplets in equilibrium. (a-d) Dissection of the 

four equilibrated microemulsion droplets with the surfactant and the oil types given on 

each figure. (e-h) The final system snapshots of the four equilibrated systems in respective 

order as (a) to (d). 

 

 

Figure 4. Surfactant shell thickness of the four microemulsion droplets in equilibrium. 

(a-d) Cross-section view of the four equilibrated droplets, with surfactant and oil type 

given on top of each figure. (e-h) Representative density distributions of oil, water, and 

surfactants in representative equilibrated snapshots of the four systems in respective 
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order to (a) to (d). The surfactant shell thickness was quantified as the projected distance 

on the X-coordinate of the simulation box between the initial point of increasing density 

of water and surfactant. The blue dash-lines in (e-h) highlight the initial point of 

increasing density of water and surfactants with coordinates given. The distance between 

the near-by blue dash-line pair is the surfactant shell thickness.    

 

3.3 Rupture mechanics of microemulsion droplets 

3.3.1 Rupturing in nanoscale de-emulsification  

The water core and the surfactant shell of each microemulsion droplet were attached 

to harmonic springs moving on opposite directions, which generated the counterforce on 

the droplet. Because of the thermodynamic stability of the droplets, a significant force 

was needed to rupture apart the water core from the surfactant shell, as example system 

C shown in Fig. 5 and a short video in the supplement (rupture-process.MP4). Force 

profiles monitored in rupturing all the microemulsion droplets at a temperature below 340 

K showed the same pattern of a steady increase to peak values and then a gradual decrease 

to a low plateau, as shown in Fig. 5. The highest force peak corresponded to the opening 

of the surfactant shell, while the low force plateau resulted from the friction of the 

deformed water core with the surfactant shell and the oil phase. For comparison, extra 

simulations were performed to examine rupture events and rupture forces of the same 

microemulsion droplets by using different timesteps of 1 and 2 fs. As shown in Fig. S5, 

the effect of simulation timestep on the rupture behaviour was negligible. 

The pulling force monitored before the opening of the surfactant shell showed an 

almost linear increase, indicating a strengthening behavior of the microemulsion droplet 
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following with a softening process, as shown by the initial part of the force profile and 

system snapshot 1 in Fig. 5. Releasing the external pulling force before the surfactant 

shell opening (the peak force value) led to a restoration of the original droplet shape. Such 

strengthening property was essential to the mechanical stability of microemulsion 

droplets in experiments, relevant cases of which were drug-carrying droplets transporting 

through narrow channels.  

 

Figure 5. Nanoscale rupturing behaviour of microemulsion droplets represented by 

system C. Sequential system snapshots, ① - ④, were taken from the one continuous 

simulation trajectory. The oil molecules were not shown in the figure for a clear view of 

the microemulsion droplets in the rupturing process. The average force profile monitored 

in the simulations is given at the bottom, with labels ①  - ④  indicating the above 

corresponding system snapshots. The initial average force is not 0 nN in the figure, which 



Appendix A Appended papers 

71 

 

was resulted from the diffusing and shape fluctuation of the droplet. ΔX is the separation 

distance of the two pulling harmonic spring along with opposite pulling directions.    

3.3.2 Temperature effect  

The mechanical properties of the microemulsion droplets were greatly affected by 

temperature owing to the viscosity of the liquid, namely lower temperature resulting in 

more robust droplets. The four microemulsion droplets were subjected to rupturing force 

with the same simulation parameters at the varied temperature of 280, 300, 320, 340, and 

360 K. The results indicated that temperature played a major effect on the surfactant shell 

to influence the mechanical properties of the whole microemulsion droplets. By 

comparing the force profiles, as shown in Fig. 6, lower temperature resulted in higher 

peak force and rupture work. High temperature could even diminish the general pattern 

of the monitored pulling force shown in Fig. 5, especially in system A where the 

surfactants could easily escape from the oil/water interface (Fig. 3 (a) and (e)). The 

missing of the force peak at the high temperature indicated that the microemulsion droplet 

was marginally stable, which coincided with previous experimental observations56 of 

high temperature enhancing the thermal motion of the molecules, enlarging the 

intermolecular distances, and thus weakening the surfactant shell coating on each droplet. 

The requirement for microemulsion stability differs in the application fields. For instance, 

robust microemulsion droplets are preferred during transport through channels like in oil 

production and drug delivery, while weak microemulsions are favorable for subsequent 

oil separation and drug release57, 58. For environments where the temperature range is a 

non-negligible factor, special attention should be paid to the surfactant composition in the 

microemulsion system for its stability.  



Appendix A Appended papers 

72 

 

 

 

Figure 6. Temperature effect on rupturing the four microemulsion droplets. Force 

profiles of the four droplet rupturing events are given in (a-d) in the four systems. The 

surfactant and oil types of each system are given in each figure. The force profiles 

obtained at different temperatures of 280 K, 300 K, 320 K, 320 K, 340 and 360 K, are 

labeled by different colors with corresponding legends; the work of fracture of each 

system at the different temperatures are shown in (e-f). 
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3.3.3 Surfactant composition effect  

The microemulsion droplets in the four systems demonstrated varied mechanical 

response to the increasing temperature, as shown in Fig. 6. The most robust droplet in 

system D with a surfactant shell of L4B8 could strongly endure pulling force at the 

simulation temperature range of 280 ~ 360 K, leading to obvious force peaks compared 

to its counterparts. As shown in Fig. 3 (d) and (h), the L4B8 surfactant molecules were 

highly packed and firmly adsorbed at the oil/water interface. The high orderliness of the 

surfactants was a result of the optimized amphiphilicity of the molecules and synergically 

contributed to the mechanical stability of the droplet. Comparing the force profiles of 

rupturing the four microemulsion droplets at 280 K in Fig. 7, the force peak for opening 

the L4B8 surfactant shell in system D outperformed its three counterparts. Yet, the highest 

force peak in system D was observed at the smallest separation distance of two pulling 

harmonic spring (ΔX) among the four force profiles. As discussed above, the deformed 

microemulsion droplet could restore its spherical structure and maintain integrity before 

the opening of the surfactant shell. Highly rigid microemulsion droplets could be difficult 

to transport through narrow channels if deformation in the droplet shape is required. The 

other three microemulsion droplets showed much lower surfactant shell opening peak 

force with larger droplet shape deformation. There is a tendency of higher surfactant 

packing order leading to higher peak force, more rupture work and smaller droplet 

deformation in the rupturing simulations. 
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Figure 7. Pulling force profiles with peak values observed in rupturing the four 

microemulsion droplets in systems A, B, C and D at the temperature of 280 K, shown in 

(a). the work of fracture of four systems at 280 K are collected into (b). The surfactant 

and oil types in each system are given as legends.   

 

4 CONCLUSIONS 

We have utilized atomistic modeling and molecular dynamics simulation to scrutinize 

the nanoscale mechanical properties of the microemulsion and resolve the determinants 

of the droplet stability. The spontaneous emulsification of microemulsion droplets 

showed that the structure and arrangement of water and oil interface were dominated by 

the amphiphilic parts of the linear surfactant molecules. The effects of the chemical 

composition of the surfactant, the surfactant packing structure and temperature on the 

droplet rupturing were explored by performing a series of tensile tests. The force peak 

and the rupture work were obtained to evaluate the robustness of the microemulsions and 

identify the softening-to-strengthening transition as lowering the temperature. Compared 

to the previous studies 59-61, this work from the view of MD simulation investigated the 
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morphologies of W/O microemulsion droplets and evaluated their dynamic deformation 

process. It is the first attempt to scrutinize the mechanical properties of a single 

microemulsion droplet. Although the loading manner could be different from possible 

shearing force a microemulsion droplet experienced in experiments, the amplitude of the 

rupturing force should be proportional to the mechanical stability of the microemulsion 

droplets. Furthermore, the findings contribute to establishing an atomistic view on 

microemulsion fluids and provide a general guide to design a stable microemulsion 

system, such as oil recovery and production, drug delivery, materials fabrication, 

chemical sensors, and other related fields. 45, 62 
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Figure S1 Atoms with red color are water molecules; atoms with blue and green color are janus 

oligomer molecules; the yellow atoms are oil molecules. With same mole ratio of 

water:surfactant:oil (6144:1024:3072), three microemulsion droplet were built up. (a) water, 

surfactant L1B11 (512)+ L3B9 (512), and dodecane oil; (b) water, surfactant L3B9 and 

dodecane oil; (c) water, surfactant L1B11 (512)+ L3B9 (512), and dodecane oil; (d) water, 

surfactant L3B3 and dodecane oil; (e) water, surfactant L5B7 and dodecane oil; (f) water, 

surfactant L6B6 and dodecane oil. 
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Figure S2 With same forcefield parameter, two microemulsion systems were simulated. (a) 

water in oil microemulsion system consisting of water molecules (32928), L2B10 surfactant 

molecules (5488) and dodecane oil molecules (16464); (b) oil in water microemulsion system 

consisting of water molecules (47928), L2B10 surfactant molecules (5488) and dodecane oil 

molecules (16464). 
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In order to get a statistical significance, we calculated the thickness of interface of each system 

from X-, Y-, and Z- axis direction.  

 

Figure S3 The method to scan the density of the system. (a) When the scanning direction is 

fixed, the rotating angle is set to 30°, 60°, 90°, 120°, 150° and 180°, that is to say, in 

every axis direction six density values are calculated. All density values of four systems are 

collected into (b). 
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Figure S4 The microemulsion droplets diameter distribution in a large system. 
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Figure S5 Rupturing force profiles of the same microemulsion droplet using timesteps 

of 1 and 2 fs. 
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