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ABSTRACT 

Water droplets in crude oil can be stabilized by the adsorption of interfacially active components, 

such as asphaltenes. Demulsifiers like non-ionic surfactants are commonly used to destabilize the 

water-in-oil emulsions. In this work, molecular dynamics simulations and free energy calculations 

were performed to study the coalescence of water droplets coated with both model asphaltene and 

non-ionic surfactants (PEO-PPO-PEO copolymer (SurP) or Brij surfactant (SurB)). For the first 

time, we quantitatively studied the interaction force between water droplets with the presence of 

both asphaltenes and demulsifiers, and addressed the effect of solvent property on the coalescence 

process. At the droplet surface, demulsifiers adsorbed closer to the water phase and formed more 

hydrogen bonds with water molecules compared to asphaltenes, indicating the capability of 

demulsifiers to break the asphaltene film. Comparing the two non-ionic surfactants, VO-79/SurP 

complexes formed a single-layer film on the droplet surface, while a two-layer structure was 

formed by VO-79/SurB complexes. This led to a higher repulsive force during droplet coalescence 

when SurB was present, regardless of the type of solvent. Comparing the two different solvents 

(toluene vs. heptane), for the same adsorbates the interfacial film was more compact in heptane 

and there were fewer dispersed VO-79. For VO-79/SurB adsorbates, this led to smaller repulsion 

during droplet coalescence when the solvent was heptane, while the difference is insignificant for 

VO-79/SurP adsorbates. This work suggests that the energy barrier and interaction force for 

droplet coalescence is highly dependent on the structure of interfacial films, thus providing atomic-

level insights into the demulsification mechanisms of water-in-oil emulsions in the presence of 

surface-active asphaltenes.  
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1. Introduction 

Droplet coalescence exists in many natural and industrial processes, such as the formation of 

rain drops1, spray drying2,3, emulsification and demulsification4. Water and oil are immiscible, 

however, water droplets dispersed in the oil phase could be stabilized by the interfacially-active 

components, e.g. asphaltene.5–7 In fact, asphaltene is the heaviest and most polar group in crude 

oil, and a main contributor to stable water-in-oil (W/O) emulsions.8 Such emulsions are highly 

undesirable in the petroleum industry as they could cause severe fouling and corrosion problems 

in the downstream operations.7,9 Stability of W/O emulsions is dependent on many conditions, 

including solvent types or composition of the oil phase4,10, temperature11–13, ionic strength14–16, 

and the presence of demulsifiers17,18. Various demulsification methods have been applied to 

destabilize water droplets in the oil phase.19–23 Understanding droplet coalescence is of 

fundamental importance for uncovering the mechanisms of emulsification and demulsification.  

Investigations on droplet coalescence started at the end of the 19th century.24 Since then, the 

morphologies during droplet coalescence have been studied experimentally and theoretically.25 

For example, high-speed imaging was used to capture the bridging morphologies of two water 

droplets and illustrate its hydrodynamics under the influence of different viscosity. Chen et al.26 

combined high-speed imaging and numerical simulation to investigate the morphologies of droplet 

coalescence during the pinch-off process. Perumanath et al.27 used molecular dynamics (MD) to 

simulate water droplet coalescence and observed single and multiple bridges initiated by thermal 

motion.  

With the assistance of atomic force microscopy (AFM) and surface force apparatus (SFA), 

researchers performed experiments to measure the interaction force between droplets during their 

coalescence.24 Dagastine et al.28 explored the feasibility of using AFM to measure the force 
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between two oil droplets in the aqueous phase. The results were qualitative, but accompanied by 

numerical modeling that predicted the force as a function of displacement.28 Carnie et al.29 

developed the first model that took into account several factors, e.g. surface force, hydrodynamics, 

drop deformation and cantilever deflection, that influenced interaction force between droplets with 

size of 10-100 m. Shi et al.4 used drop probe AFM to investigate the interaction force between 

W/O emulsion droplets with the presence of asphaltenes. The water droplets were reported to be 

stabilized by the adsorbed asphaltenes due to steric hindrance.4 Interfacial behaviors of the 

asphaltenes and the stability of W/O emulsion droplets were affected by many factors, including 

asphaltene concentration and solvent types, e.g., toluene, heptane and their mixture at different 

ratios.4 In toluene and when asphaltenes were present, there was a repulsive force during the 

approaching stage and adhesion during separation.4 In pure heptane, asphaltenes was insoluble and 

had higher tendency to aggregate, which resulted in adhesion between the interfacial asphaltene 

films on different water droplets.4 The corresponding AFM result showed a sudden “jump-in” 

behavior and the water droplets readily coalesced, indicating that a poor solvent (heptane) could 

promote the destabilization of water droplets.4 

In recent years, MD simulations have been performed to provide atomic-level investigations 

and to quantitatively probe the interaction force between water droplets. Pak et al. simulated bare 

water droplets1 and carboxylic acids coated droplets30 in vacuum, and found that their interaction 

force was attractive in both cases. They concluded that the collision speed was correlated to the 

formation of H-bonds between the two water droplets, and was reduced by the presence of 

coatings.1,30 By combining MD and AFM, our previous work investigated water droplets in toluene 

with the presence of a model asphaltene or non-ionic surfactants commonly used as demulsifiers.31 

MD simulations and AFM measurements agreed in that the adsorbate imposed repulsion between 
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the water droplets.31 Lower repulsion was observed for adsorbates with higher mobility on the 

surface during droplet coalescence.31 One limitation of this work is that only a single component 

of adsorbates were introduced into the systems, while it is commonly hypothesized that the 

demulsifiers can penetrate into and break up the asphaltene film at the water/oil interface, leading 

to the destabilization of W/O emulsions. Understanding the interactions between W/O emulsion 

droplets with the co-adsorption of model asphaltenes and demulsifiers is necessary in order to 

uncover the demulsification mechanisms.  

In this work, MD simulations were performed on W/O emulsion droplets with the presence of 

both model asphaltenes and demulsifiers. Free energy and interaction force during droplet 

coalescence were calculated. Recognizing that the solvent type can have significant impact on the 

stability of W/O emulsions, this effect was investigated and compared with previous experimental 

studies. Through quantitative analysis, this work aims to provide insights into the demulsification 

mechanisms under the mutual influence of asphaltene adsorption, presence of non-ionic 

surfactants, and solvent properties.  

 

2. Methods. 

2.1 Molecular models and simulated systems. 

The model asphaltene was represented by a polycyclic aromatic compound (PAC), 

violenthrane-79 (VO-79, C50H48O4, molecular weight MW: 712 g/mol), as shown in Fig. 1a. While 

it is primarily used as an organic semiconductor, VO-79 has also been extensively adopted as a 

model asphaltene due to its structural similarities with the continental-type asphaltenes.16,32–34 Two 

non-ionic surfactants were modeled, which have been frequently used as demulsifiers owing to 

their advantages of low cost and high efficiency.22,35 With hydrophilic poly(ethylene oxide) (PEO) 
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and hydrophobic poly(ethylene oxide) (PPO) branches, PEO-PPO-PEO triblock copolymer is a 

family of polymeric surfactants that has been commonly used as breakers of water-in-oil 

emulsions.36 PEO-PPO-PEO copolymers have different structural characteristics, such as 

hydrophilic-lipophilic balance (HLB), EO/PO ratio, structural isomers etc., which affect their 

demulsification performance.35 As shown in Fig. 1a, a model PEO-PPO-PEO copolymer 

(PEO5PPO10PEO5, MW: 1039 g/mol) was built and applied as a polymeric demulsifier, which will 

be referred to as “SurP”. It captured the triblock feature of PEO-PPO-PEO copolymer that has two 

hydrophilic tails and a hydrophobic center. The chain length was scaled down to meet the 

capability of molecular simulations. Based on the method introduced by Guo et. al.37, the HLB of 

SurP was estimated to be 18.9, indicating a high hydrophilicity. Another model non-ionic 

surfactant, polyethylene glycol octadecyl ether (C22H46O3, MW: 358 g/mol), shares the structural 

features of Brij surfactants with hydrophilic EO groups and hydrophobic hydrocarbon groups. 

With its chemical structure shown in Fig. 1a, this molecule will be referred to as “SurB”. SurB is 

an analogy of the surfactant Brij-93, which was shown by Pradilla et al. to be able to replace crude 

oil-extracted asphaltenes at water/xylene (oil) interface, hence having the potential to destabilize 

water-in-oil emulsions.38,39 Compared with SurP, SurB has a shorter chain, a hydrophilic-

hydrophobic (instead of hydrophilic-hydrophobic-hydrophilic) structure, and overall higher 

hydrophobicity.  

Force field parameters of the model asphaltene and demulsifiers were developed and validated 

in our previous work 40–42, where their simulated densities were compared with real materials that 

they represent. Briefly, the geometry of the non-ionic surfactants was optimized by Gaussian 16 

43 at the B3LYP 44/6-31G + (d,p) level. Their topologies were then generated by using Automated 

Topology Builder (ATB)45. The partial atomic charges were calculated by CHELPG (CHarges 
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from ELectrostatic Potentials using a Grid based method)46, and manually applied to the topologies. 

The values of the partial atomic charges are given in Supporting Information (SI) section SI1. 

Simple-point-charge47 model was used for water molecules. Force field parameters for toluene and 

heptane were also verified previously40,48 and used as is.  

   

Figure 1. (a) Molecular structures of VO-79 and non-ionic surfactants. For each molecule, the 

atoms in the orange box(es) are defined as the hydrophilic group and the rest considered as the 

lipophilic group. Initial configuration for (b) the simulation of a single water droplet (phase 1) and 

(c) the SMD simulation (phase 2). Water molecules are shown as red (oxygen) and white 

(hydrogen) spheres; adsorbates are shown in cyan (carbon) and red (oxygen); organic solvents are 

removed for clarity. Snapshots in (b) and (c) are for sys. Tol-VP.  

 

As shown in Table 1, two sets of systems were simulated, and the systems in each set had the 

same organic phase, toluene or heptane, indicated in the system names before “-”. The first set 

contained two systems with toluene being the organic phase, Tol-VP and Tol-VB, where “V” stood 

for VO-79, “P” for SurP and “B” for SurB. In the second set, systems Hep-VP and Hep-VB had 

heptane as the organic phase. These four systems contained the same number of VO-79 molecules, 

VO-79

SurP

or

SurB

(a)

(b) (c)

z
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Tol-VP and Hep-VP had the same number of SurP, similarly Tol-VB and Hep-VB had the same 

number of SurB. The number of molecules in each system and the corresponding mass 

concentrations of the adsorbates are given in Table 1. The systems with two types of adsorbates 

were accompanied by two reference systems serving as control (Table 1). Tol-V contained 196 

VO-79 molecules (10.0 wt.%) in toluene, which was simulated in a previous work31. Hep-V also 

had VO-79 as the only adsorbates, with a similar VO-79 concentration (9.9 wt%). 

Table 1. System details. (Numbers are for a single water droplet in each system.) 

Sys. VO-79 SurP SurB Water Toluene Heptane Adsorbate Concentration (wt.%)  
Tol-VP 104 102 - 4074 12125 - 5.7 (VO-79) + 8.2 (SurP) 
Tol-VB 104 - 311 4074 12073 - 5.7 (VO-79) + 8.6 (SurB) 
Hep-VP 104 102 - 4074 - 11714 5.5 (VO-79) + 7.8 (SurP) 
Hep-VB 104 - 311 4074 - 11437 5.6 (VO-79) +8.4 (SurB) 
Control VO-79 SurP SurB Water Toluene Heptane Adsorbate Concentration (wt.%)  
Tol-V31 196 - - 4074 13460 - 10.0 (VO-79)  
Hep-V 196 - - 4074  12724 9.9 (VO-79)  
Abbreviations: Tol – Toluene; Hep – Heptane; V – VO-79; P – SurP; B – SurB.  

 

2.2 Simulation details.  

MD simulations were performed using the GROMACS software package (version 5.0.7) 49–51 

with GROMOS force field parameter set 54A752. To obtain the free energy for water droplet 

coalescence, the simulation of each system followed a three-phase procedure: (1) equilibration of 

a single water droplet; (2) coalescence of two water droplets simulated via steered molecular 

dynamic (SMD); and (3) potential of mean force (PMF) calculation using umbrella sampling (US) 

simulations.  

The initial configuration for phase 1 simulation is shown in Fig. 1b using sys. Tol-VP as an 

example. The adsorbates were placed on the 6 sides of a cubic water box (5×5×5 nm3), which 

contained 4074 water molecules. Organic solvent, toluene or heptane, was then added to the 

simulations box with a dimension of 14×14×14 nm3. Each system went through an energy 
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minimization using the steepest descent method, followed by an NVT equilibration for 100 ps with 

position-restraints on non-hydrogen atoms. Production run was then carried out in NPT ensemble 

for 60 ns at 300 K and 1 bar. Parrinello-Rahman53 barostat with a time constant (p) of 1.0 ps was 

used for maintaining the pressure. Temperature coupling was achieved by using velocity rescaling 

thermostat with a time constant (T) of 0.1 ps. LINCS54 algorithm was used to constrain the 

intramolecular bonds. Cut-off distance for van der Waals interaction and short-range electrostatics 

was 1.4 nm, while the smooth Particle-mesh Ewald method was used for long-range 

electrostatics.55 Periodic boundary conditions were applied in x, y, and z directions. All simulations 

had a time step of 2 fs. After equilibration, the final configuration of phase 1 contained a spherical 

water droplet approximately 6.16 nm in diameter. This configuration was duplicated in z-direction 

to generate a two-droplet system with a total dimension of 14×14×28 nm3. The initial separation 

between the centers of mass (COMs) of the two droplets was half of the simulations box, i.e., 14 

nm, which was greater than twice the diameter of the droplets. The two-droplet system served as 

the initial configuration for phase 2 simulation, as shown in Fig. 1c for sys. Tol-VP.  

Phase 2 simulation was SMD for the coalescence of two identical water droplets with coated 

adsorbates in the organic solvent. Each droplet was defined as a cluster of water molecules where 

any molecule was within 0.35 nm of at least another molecule in the initial configuration.56 Two 

pulling groups were then defined: the droplet on the left (drop1) and the one on the right (drop2). 

The reaction coordinate () was chosen to be the separation between the COMs of the two pulling 

groups. Following energy minimization and NVT equilibration similar to phase 1, SMD was 

performed where the COMs of the two water droplets were each attached to a spring with force 

constant of 1000 kJ/(molnm2) and pulled along the head-on direction. To determine a suitable 

pulling speed, we consulted the SMD simulations of Lemkul et al.56, where a pull rate of 0.01 
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nm/ps was shown not to give artifacts compared with lower pull rates (0.005 nm/ps or 0.001 nm/ps). 

Thus, in this work 0.01 nm/ps was applied on the reaction coordinate , i.e.,   decreased from its 

initial value at a constant rate of 0.01 nm/ps (confirmed in SI section SI2). Simulation parameters 

for SMD were the same as those in the production run of phase 1, except that NVT ensemble was 

used in SMD. The total pull time was 1.4 ns.  

PMF calculation was performed during phase 3 simulation. A set of configurations generated 

from SMD were selected as the initial configurations for US simulations. The largest value for  

was the COM separation in the initial configuration of the SMD simulation (~14 nm), and the 

smallest  was the COM separation a few frames after the two droplets merged. In each US window, 

the system underwent a brief NVT equilibration followed by US simulation, which was performed 

using the same strategy as in phase 2, except that the spring constant was 2000 kJ/(molnm2) and 

the pull rate was zero. A good overlap between the histograms from US57 was achieved, as shown 

in SI section SI3. Weighted histogram analysis method (WHAM)58 was used to generate the 

unbiased PMF as a function of .  

 

3. Results and Discussion 

3.1 Co-adsorption of VO-79 and non-ionic surfactant 

Data from the last 5 ns of phase 1 simulations were used to calculate the radial distribution 

functions (RDFs) of the atoms in the adsorbates with respect to the COM of water droplet, as 

shown in Fig. 2a-2d. Each type of adsorbates had a hydrophilic group (HP) and a lipophilic group 

(LP), as defined in Fig. 1a. RDFs for the atoms in HP and LP are shown as separate curves in Fig. 

2a-2d. The results for the control sys. Tol-V can be found in the previous work31 and those for sys. 

Hep-V are shown in SI section SI4. Table S4 in SI section SI4 also summarizes the location and 
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width of the first and most prominent peak in the RDF curves. In sys. Tol-VP (Fig. 2a), the peak 

for HP in VO-79 was located at a smaller distance (3.78 nm) than that for LP in VO-79 (4.16 nm), 

and the peak for all the VO-79 atoms was at 3.88 nm. The curve for all the SurP atoms had a broad 

distribution and a peak at 3.68 nm, smaller than all three VO-79 peaks. This closer location was 

caused by the distribution of HP atoms in the SurP, which was narrow with a sharp peak located 

at 3.30 nm. In contrast, atoms in LP of the SurP were distributed at the outer layer of the interfacial 

film with its peak location (4.12 nm) similar to that of LP in VO-79. In sys. Tol-VB (Fig. 2b), RDF 

curves for all atoms, HP and LP of VO-79 were broad and overlapping, located at a large distance 

(5.26 nm) with low intensity. This indicates that VO-79 molecules were distributed in the outer 

layer of the interfacial film, and there was no preference for the HP or LP parts of VO-79 to 

approach water. In comparison, SurB was located at a much closer distance to the water droplet, 

with the first HP, LP and all atom peaks located at 3.24, 3.76 and 3.54 nm respectively. HP still 

had more tendency to interact with water, but the preference was smaller than what was observed 

for the two groups in the SurP. Interestingly, the curve for HP in SurB had another, lower, peak at 

4.9 nm, which suggests a two-layer structure formed by SurB near the droplet surface, a first layer 

in direct contact with water and a second layer consisting of excess SurB molecules attached to 

the first layer. VO-79 was expelled to the outside of the second SurB layer, forming the most 

distant part of the interfacial film.  
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(a) 

 

(c) 

 
(b) 

 

(d) 

 

Figure 2. RDF of all atoms, atoms in hydrophilic (HP) and lipophilic (LP) groups of the adsorbates 

around the COM of the water droplet in phase 1 simulations; data for (a) sys. Tol-VP, (b) sys. Tol-

VB, (c) sys. Hep-VP and (d) sys. Hep-VB. 

 

VO-79 is less soluble in heptane and hence has higher tendency to adsorb at the water/heptane 

interface. This is supported by the comparison between the two control systems Tol-V and Hep-V 

(SI section SI4): in Hep-V the RDF peaks were closer to water and had smaller width. In 

accordance with this, the RDF curves for SurP also had higher intensity (Fig. 2c vs. Fig. 2a) and 

smaller width (SI section SI4) in sys. Hep-VP than in sys. Tol-VP. In both systems, the interfacial 

film consisted of SurP/VO-79 complexes due to the co-adsorption of both adsorbates, and the 

higher tendency for VO-79 to adsorb at water/heptane interface might have made the film more 
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compressed in sys. Hep-VP, as reflected by the narrower RDF peaks. In sys. Hep-VB (Fig. 2d), 

SurB also formed a two-layer structure, while VO-79 were distributed at a smaller distance to the 

water droplet compared with sys. Tol-VB (Fig. 2d vs. Fig. 2b, and data from SI section SI4). In 

fact, the VO-79 peak was between the two peaks for HP in SurB, suggesting strong complexation 

between VO-79 and SurB. For both sys. Hep-VP and sys. Hep-VB, the atoms from HP of VO-79 

and the non-ionic surfactants were in closer contact with water than their counterparts in LP.  

Fig. 2a-2d shows that for all four systems, water had stronger interaction with the non-ionic 

surfactant than with VO-79. This can also be observed directly from snapshots taken during the 

SMD (phase 2) simulations. Fig. 3a-3d shows the initial configurations (top panel) and the 

configurations at 0.6 ns (middle panel) and 0.9 ns (bottom panel) of the SMD. The configurations 

for the control sys. Tol-V and sys. Hep-V are shown in SI section SI5. To distinguish different 

components, the non-ionic surfactants are shown in blue and the atoms in VO-79 are shown in 

cyan and red. In Fig. 3a (top panel), SurP molecules adsorbed at the surface of water droplets, with 

the VO-79 molecules attached to the outside of the SurP layer or dispersed in the organic phase. 

As the droplets were pulled closer, in Fig. 3a (middle panel), the loosely structured interfacial film 

redistributed on the droplet surfaces, leaving some areas uncovered. At the onset of coalescence, 

in Fig. 3a (bottom panel), some of the adsorbate molecules were detached from the interfacial film 

and dispersed into toluene, which is a “good” solvent for VO-79. Similar phenomenon was 

observed from the configurations in Fig. 3b where SurB replaced SurP. Upon coalescence (Fig. 

3b, bottom panel), the dispersed molecules were almost entirely VO-79, and SurB redistributed at 

the surface without desorbing into the organic phase. In sys. Hep-VP (Fig. 3c) and sys. Hep-VB 

(Fig. 3d), the adsorbate films appeared to be thinner and more condensed than their counterparts 

in sys. Tol-VP and sys. Tol-VB. In the bottom panel of Fig. 3c and Fig. 3d, the adsorbates stayed 
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on the droplet surfaces when the coalescence was about to occur. Comparing sys. Hep-VP to sys. 

Tol-VP and sys. Hep-VB to sys. Tol-VB, the surface redistribution of adsorbate molecules was 

less evident during the approaching of the water droplets in heptane.  
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(a) sys. Tol-VP (c) sys. Hep-VP 

  

  

  
(b) sys. Tol-VB (d) sys. Hep-VB 

  

  

  

Figure 3. Configurations at 0 (top), 0.6 (middle) and 0.9 (bottom) ns during SMD for (a) sys. Tol-

VP, (b) sys. Tol-VB, (c) sys. Hep-VP and (d) sys. Hep-VB. (Red and white spheres: oxygen and 

hydrogen in water molecules; blue: SurP or SurB; cyan and red connected with bonds: carbon and 

oxygen in VO-79.) 
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3.2 Droplets interaction and evolution of molecular contact during coalescence 

During SMD (phase 2 simulation), the water droplets were pulled together along the reaction 

coordinate (, COM separation of two droplets), representing the process of coalescence. The 

coalescence was under the influence of complex interactions involving different components: 

water, VO-79, demulsifiers, and organic solvents. In this section, the interactions among different 

components and evolution of their contacts were examined through the analysis of hydrogen 

bonding (H-bonding) and aggregation. All results were plotted against  and changes during the 

coalescence process should be read as  was decreasing from the largest to the smallest.  

The number of H-bonds between all adsorbates and water molecules is plotted in Fig. 4a for 

sys. Tol-VP and Tol-VB and 4c for sys. Hep-VP and Hep-VB using symbols, and the dashed line 

with the same color represents the H-bonds between water and VO-79 only. The data reported here 

were for the adsorbates and the droplet they originally adhered to, before the SMD. That is, the H-

bonding between adsorbates on one droplet and water in the other droplet was not considered here 

(to be discussed later), and hence the analysis allowed us to study how the coalescence disrupted 

the interaction and interfacial film within each droplet. As shown in Fig. 4a, the number of H-

bonds between VO-79 and water was 96 in sys. Tol-VP, less than half of the value in sys. Tol-V 

(SI section SI6). The total number of H-bonds was over 1000 at the largest ; therefore, most H-

bonds in sys. Tol-VP was between the SurP and water. The value gradually decreased as  became 

smaller, implying that the water-SurP interaction was compromised during coalescence. In sys. 

Tol-VB, even fewer H-bonds were formed between VO-79 and water, consistent with the distant 

peak of VO-79 found in Fig. 2b, while the total number of H-bonds was still greater than 1000 at 

the largest . The presence of SurB weakened the interaction between VO-79 and water, but this 

was compensated by the large amount of H-bonds SurB established with water. The total H-bonds 
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also reduced slightly during the decrease of . The reduction was less significant than that in sys. 

Tol-VP, indicating that the interaction between SurB and water was more stable. In heptane, the 

H-bonds between VO-79 and water were also supressed by the presence of the demulsifiers (Fig. 

4c vs. data in SI section SI6 for the control sys. Hep-V). Compared with sys. Tol-VP, sys. Hep-

VP in Fig. 4c had a similar amount of H-bonds between VO-79 and water, but the total number of 

H-bonds was higher, suggesting more H-bonds between SurP and water when heptane was the 

solvent. Consistently, the RDFs in Fig. 2c have shown a more compact interfacial film (narrower 

RDF peak) at the water/heptane interface than at the water/toluene interface (Fig. 2a). The number 

of H-bonds between VO-79 and water in sys. Hep-VB was similar to that in sys. Hep-VP, and 

higher than that in sys. Tol-VB. The total H-bonds between all adsorbates and water in sys. Hep-

VB was the highest among the four systems, in line with Fig. 2d and SI section SI4 where the HP 

group of SurB was closest to water. During coalescence, the H-bonds between all adsorbates and 

water remained steady in Hep-VP and Hep-VB, and did not experience the decline observed for 

Tol-VP and Tol-VB. This is in line with Fig. 3 where during coalescence the surface redistribution 

of adsorbate molecules was less significant in heptane. 
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(a) 

 

(c) 

 
(b) 

 

(d) 

Figure 4. Number of H-bonds between adsorbates and water in (a) sys. Tol-VP and Tol-VB, (c) 

sys. Hep-VP and Hep-VB. Inset in subfigure (a) illustrates the two groups involved in H-bonding, 

group 1: adsorbates and group 2: water molecules. Solid curves with symbols are H-bonds between 

water and all adsorbate molecules (VO-79 and SurP or SurB), dashed curves are H-bonds between 

water and VO-79 only. Number of H-bonds within adsorbate films (i.e., among adsorbate 

molecules) in (b) sys. Tol-VP and Tol-VB, (d) sys. Hep-VP and Hep-VB. The groups involved in 

the H-bond calculation are illustrated in the inset of subfigure (b). 

 

Fig. 4b and 4d shows the number of H-bonds between VO-79 and non-ionic surfactants (i.e., 

VO-79/SurP or VO-79/SurB) as well as between non-ionic surfactants themselves (i.e., SurP/SurP 

or SurB/SurB) within the adsorbate films. Similar to Fig. 4a and 4c, calculations here captured the 

Group 1 Group 2 

VO-79 and SurP or SurB
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H-bonding among adsorbate molecules on the same droplets and from the two different droplets 

if they merged. As shown in Fig. 4b, there were similar H-bonds for SurP/SurP (55) and for VO-

79/SurP (58) at the largest  in sys. Tol-VP. With the approaching of water droplets, the number 

of H-bonds for SurP/SurP gradually increased to 81 and that for VO-79/SurP decreased to 39. The 

coalescence disrupted the interaction between VO-79 and SurP and promoted the interaction 

between SurP themselves in the interfacial film. In Tol-VB, at the largest  the number of 

SurB/SurB H-bonds (248) was much higher than the number of VO-79/SurB H-bonds (76). As  

decreased, the number of VO-79/SurB H-bonds remained steady; on the other hand, the number 

of SurB/SurB H-bonds decreased to the minimum of 204 at ~8.1 nm but increased to 256 at the 

lowest ,. Consulting Fig. 2b and Fig. 3b, the interaction between SurB themselves was dominant 

and remained relatively stable as the droplets approached each other. Overall, in toluene there were 

more H-bonds in the SurB/VO-79 film than in the SurP/VO-79 film. For sys. Hep-VP, as shown 

in Fig. 4d, the number of H-bonds for VO-79/SurP and SurP/SurP had no evident change with , 

and the average values were 33 and 83 respectively. The total H-bonds within the VO-79/SurP 

film in sys. Hep-VP was similar to that in sys. Tol-VP, while the SurP/SurP H-bonds were more 

dominant in sys. Hep-VP. This is consistent with the observation that SurP formed a denser and 

thinner layer in heptane than in toluene (Fig. 2c vs. Fig. 2a and Fig. 3c vs. Fig. 3a). In sys. Hep-

VB, the curve for VO-79/SurB H-bonds and SurB/SurB H-bonds were steady and remain at 56 

and 237, respectively, which were slightly lower than that in sys. Tol-VB.  

Upon the approaching of the two water droplets, the adsorbates were redistributed on the surface 

and in the regions where the two droplets faced each other. As a result, some water molecules 

became exposed to the organic solvent. In Fig. 5a-5d, the number of H-bonds between water 

molecules from two different droplets is plotted against  in cyan. In Fig. 5a-5b, for the range of  
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from 14 nm to 6 nm, the number of H-bonds (cyan curves) was nearly zero for both sys. Tol-VP 

and Tol-VB. When  further reduced from 6 nm, the number of H-bonds became non-zero and 

started to increase drastically, indicating that the two water droplets started to merge. The onset of 

the increase occurred at higher  in sys. Tol-VB than in sys. Tol-VP, as shown in detail in the 

insets of Fig. 5a-5b. When  reached 2 nm (at the end of the SMD simulations), the two water 

droplets have merged into one and formed a large amount of H-bonds. For the systems in heptane 

(Fig. 5c-5d), the cyan curves also stayed at zero and then increased, while the onset of the increase 

occurred at lower  compared with sys. Tol-VP and Tol-VB.  

(a) 

 

(c) 

 
(b) 

 

(d) 

 

Figure 5. Number of H-bonds between water molecules from different droplets (drop1 – drop2) 

and between one water droplet and the adsorbate molecules in the other droplet (film – other drop) 

in (a) sys. Tol-VP, (b) Tol-VB, (c) sys. Hep-VP and (d) Hep-VB. The groups involved in the H-
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bond calculation is illustrated in subfigure (a). The inset in each subfigure shows the details for  

between 5 nm and 7.5 nm.  

 

The snapshots in Fig. 3 suggested that the adsorbates on one droplet may interact with the other 

droplet and the adsorbates on it. Fig. 5a-5d (blue curves) shows the H-bonds between the 

adsorbates (group 1) and the water molecules of the other droplet (group 2). Both scenarios shown 

in the legend of Fig. 5a were considered and the data were the sum of the two. As shown in the 

inset of Fig. 5a for sys. Tol-VP, the blue curve had non-zero value for 6 nm <  < 7 nm, suggesting 

that the interfacial film had interacted with the exposed water surface before the two droplets were 

about to form H-bonds at  slightly lower than 6 nm (cyan curve). Similar feature was observed 

for sys. Tol-VB, Hep-VP and Hep-VB, where the interaction between adsorbates on one droplet 

and water in the other droplet started sooner, i.e., at larger  than the interaction between water 

molecules from the two droplets. Such a behavior was also observed in the control system Hep-V 

but absent in sys. Tol-V (SI section SI6). In the latter case, the VO-79 molecules formed negligible 

amount of H-bonds with water molecules in the other droplet until  reached around 4 nm, whereas 

the H-bond formation between two water droplets occurred at  = 6 nm. The result implies that in 

toluene and without the demulsifiers, VO-79 was able to easily redistribute on the droplet surface, 

exposing the water molecules, and drop coalescence was initiated by interactions among water 

molecules before the involvement of VO-79. While in this work, a complex interfacial film formed 

at the droplet surface, which reduced the ability of adsorbates to redistribute. On the other hand, 

the interfacial film played a role in bridging the two droplets in heptane, as well as in toluene with 

the presence of demulsifiers. In particular, in Fig. 5a-5b the blue curve for sys. Tol-VP was higher 
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than that for sys. Tol-VB when  < 6 nm, indicating the higher tendency of SurP to bridge the 

droplets compared with SurB.  

The aggregation of VO-79 (Fig. 6a and 6c) and demulsifiers (Fig. 6b and 6d) were analyzed by 

calculating the number of molecules in their largest aggregates. Here, a group of molecules were 

considered to form an aggregate if any molecule in this group had close contact with, i.e., within 

0.35 nm of, at least one other molecule. With SurP or SurB adsorbed at the surface (Fig. 6a), sys. 

Tol-VP and Tol-VB had small VO-79 aggregates: the largest aggregate contained only about 20 

molecules, as compared to ~107 molecules in the control sys. Tol-V (SI section SI7). The 

difference is significant even with the recognition that Tol-VP and Tol-VB contained less (104) 

VO-79 molecules than Tol-V (196). The values were stable with only subtle fluctuations, implying 

that the outer layer of the adsorbate film (VO-79) had no obvious association during the merging 

of the droplets. Instead, the association of SurP was significant in sys. Tol-VP, as shown in Fig. 

6c. The number of molecules in the largest SurP aggregate was 95-97 at the largest . Considering 

that the number of SurP molecules was 102 near each water droplet, most of them were 

interconnected on the surfaces of individual droplets. The value doubled at ~10 nm and dropped 

to 95 at ~7.5-9.2 nm. The increase was caused by the interaction and contact between adsorbate 

films on the two droplets, while the decrease was due to the instability of the interaction. The 

number doubled again when  < 7.5 nm, corresponding to the merging of the two adsorbate films. 

The merging was not observed in sys. Tol-VB, where the number of molecules in the largest SurB 

aggregate only increased gradually with the decrease of  (Fig. 6b). 

In sys. Hep-VP, the number of molecules in the largest VO-79 aggregate fluctuated between 21 

and 32 (Fig. 6c), which may be attributed to unstable association of multiple small aggregates. 

This value was again much smaller than that (~272) in the control sys. Hep-V (SI section SI7). 
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The number of molecules in the largest SurP aggregate was 102 at large  (Fig. 6d), i.e., on each 

droplet all SurP molecules were interconnected and formed a single aggregate. The number 

doubled when  was slightly larger than 8 nm, suggesting the merging of the SurP aggregates. For 

sys. Hep-VB, the number of molecules in the largest VO-79 aggregate slightly increased during 

the reduction of  (Fig. 6c), while the curve for SurB fluctuated around 220, as shown in Fig. 6d. 

(a) 

 

(c)  

 
(b) 

 

(d) 

 

Figure 6. Number of molecules in the largest aggregate of VO-79 in (a) sys. Tol-VP and Tol-VB, 

and (c) sys. Hep-VP and Hep-VB. Number of molecules in the largest aggregate of the demulsifiers 

(SurP or SurB) in (b) sys. Tol-VP and Tol-VB, and (d) sys. Hep-VP and Hep-VB.  
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3.3 Free energy and mean force  

PMF (F) for water droplet coalescence was calculated through US simulations and plotted in 

Fig. 7a and 7c, where the PMF at the largest  (around 14 nm) was set to zero as the reference. As 

shown in Fig. 7a, the PMF value for sys. Tol-VP increased gradually as  decreased, representative 

of repulsive interaction between the droplets. The curve reached a maximum of Fmax = 93.8 

kCal/mol at  = 6.82 nm. Over the energy barrier Fmax, PMF reduced as  further decreased 

suggesting attraction between the two droplets. Similar trend was observed for other systems, and 

the location and value of Fmax were marked on each curve in the form of ( (nm), Fmax 

(kCal/mol). The mean force between the droplets can be derived from the negative derivative of 

the PMF with respect to the reaction coordinate59, 

𝑓ሺሻ ൌ െ డ∆ி

డ
.      (1) 

Results for the mean force are shown in Fig. 7b and 7d, where positive value corresponds to 

repulsion and negative value corresponds to attraction. Each curve increased until a maximum (fmax) 

and then decreased upon further reduction in . The location and value of fmax were also marked 

on each curve as ( (nm), fmax (pN)). 
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(a) 

 

(c) 

 
(b)  

 

(d) 

Figure 7. PMF during droplet coalescence for (a) sys. Tol-VP and Tol-VB, and (c) sys. Hep-VP 

and Hep-VB. Mean force during droplet coalescence for (b) sys. Tol-VP and Tol-VB, and (d) sys. 

Hep-VP and Hep-VB. Values in the parentheses are (, PMF or mean force) at the maximum.  

 

The coalescence process can be divided into three stages to facilitate the reading of the curves 

in Fig. 7a-d: stage 1 ( > 12.3 nm) where the interaction between the two droplets was low, stage 

2 (from  = 12.3 nm to the PMF peak) where the droplets were under repulsion, and stage 3 (below 

the PMF peak) where the droplets attracted each other and coalesced. It should be noted that the 

value of  to divide stages 1 and 2 was only an estimate, where the change in PMF became more 

evident. In stage 1, the mean force in sys. Tol-VP (< 40 pN) was lower than that in the control sys. 

Tol-V (~50 pN)31. The reasons are two-fold. First, there were fewer VO-79 molecules in sys. Tol-
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VP (104) compared with sys. Tol-V (196). Second, from the RDF (Fig. 2a) and snapshots (Fig. 

3a), SurP had higher affinity to the water phase and replaced the VO-79 molecules at the droplet 

surface. With the co-adsorption of SurP and VO-79, the interfacial film had VO-79 located at the 

outer layer, which resulted in less dispersed VO-79 in sys. Tol-VP. Since dispersed VO-79 

molecules pose a barrier for the approaching droplets31, lower repulsion was found in Tol-VP than 

in sys. Tol-V. The observation was opposite in stage 2, where the curve for sys. Tol-VP increased 

to fmax ~ 140 pN, higher than that in sys. Tol-V (fmax ~ 98.2 pN)31. This can be attributed to the 

higher surface coverage provided by the co-adsorption of SurP and VO-79, which resulted in 

higher steric repulsion. In stage 3, the curve for Tol-VP was always higher than the curve for sys. 

Tol-V. Comparing sys. Tol-VB and Tol-VP, the force was higher in sys. Tol-VB in all stages. As 

suggested by the RDFs in Fig. 2b, a two-layer structure was formed by SurB and VO-79 was 

pushed to the outside of the second SurB layer. Such a thick structure led to steric hindrance at 

larger  and overall higher repulsion during the approaching of the water droplets.  

Comparison of the systems in heptane showed similar characteristics, with the mean force 

following the general order of Hep-VB > Hep-VP > Hep-V (data in SI section SI8). The two-layer 

SurB structure again contributed to larger force and higher resistance to coalescence. Reading Fig. 

7b and Fig. 7d together, the mean force was lower in heptane than in toluene. We attribute this to 

the fact that asphaltenes (represented by VO-79 here) are less soluble in heptane; they tend to form 

aggregates and adsorb at the water/heptane interface to minimize contact with heptane. Such 

features would facilitate the formation of attractive contact between the water droplets.  

 

3.4 Discussion 
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Our previous work studied the coalescence of water droplets that were coated with a single 

component of adsorbates, either model asphaltene (VO-79) or non-ionic surfactants (SurP or 

SurB).31 The results were shown to be in good agreement with AFM measurements.31 

Fundamentally, it verified the feasibility of this computational method for investigating W/O 

emulsion droplets. In this work, model asphaltenes and demulsifiers co-existed at the surface of 

the water droplets, which could provide more insights into the demulsification mechanisms. RDFs 

in Fig. 2 and snapshots in Fig. 3 confirmed that the demulsifier molecules were located closer to 

water than model asphaltenes, indicating that demulsifiers were able to replace asphaltenes at the 

interface. This replacement should be distinguished from “desorption” as asphaltenes may still be 

attached to the demulsifier film. Nevertheless, the structure of asphaltene film was indeed 

disrupted. For example, without non-ionic surfactants, VO-79 could form a large aggregate with 

120 (out of the total of 196) interconnected molecules at the start of coalescence (SI section SI7). 

While with the addition of demulsifiers, the largest VO-79 aggregate contained only 20 to 40 (out 

of 104) molecules (Fig. 6a and 6c). The demulsification of W/O emulsions by non-ionic surfactants 

is commonly attributed to the higher affinity of the demulsifiers to the interface which enables 

them to replace the rigid asphaltene film.22,35 While our results are consistent with this hypothesis, 

the additional atomistic details from our simulations allow us to visualize the structure of the 

adsorbate film containing asphaltene/demulsifier complexes, which is schematically shown in Fig. 

8a-d.  
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Figure 8. Schematics of the asphaltene/non-ionic surfactant interfacial film at the onset of droplet 

coalescence for sys. (a) Tol-VP, (b) Tol-VB, (c) Hep-VP, and (d) Hep-VB. Polyaromatic cores of 

VO-79 are shown as grey plates and their hydrophobic tails are in blue. For SurP and SurB, their 

hydrophilic groups are shown in blue and hydrophobic (lipophilic) groups in orange. Enlarged 

interfacial regions are accompanied by SMD simulation snapshots showing the bridging of 

adsorbate films at 0.8 ns in sys. Tol-VP and Tol-VB, and 0.9 ns for sys. Hep-VP and Hep-VB (red 

and white balls: oxygen and hydrogen in water; blue bonds: SurP or SurB; cyan bonds: VO-79). 

 

In sys. Tol-VP (Fig. 8a), on each droplet surface, the SurP molecules adsorbed at the inner layer 

of the interfacial film and model asphaltenes were at the outer layer, with their hydrophilic groups 

oriented towards the water phase, as suggested by the RDF in Fig. 2a. Notably, due to their 

hydrophilic-hydrophobic-hydrophilic structure, the SurP molecules tended to bend and fold, 

exposing the hydrophobic center to toluene (Fig. 8a), with only a few exhibiting extended 

conformation into the oil phase (Fig. 3a). The radial location of VO-79 was similar to the 

(d) Hep-VB

Loose SurP film

Bridging of adsorbates

More SurP/water H-bonds

Bridging of adsorbates

(c) Hep-VP(a) Tol-VP

VO-79 in 1st SurB layer 
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SurB only
Two-layers

VO-79                  SurP SurB
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hydrophobic part of SurP (Fig. 2a). The adsorbate film was a complexation of VO-79 and SurP, 

confirmed by the formation of H-bonds between them (Fig. 4b). Within the film, SurP molecules 

also formed H-bonds between each other, and the amount was higher than that between VO-79 

and SurP. The dominant interaction in the droplets, however, was the H-bonding between SurP 

molecules and water (Fig. 4a), which was higher than the H-bonds within the adsorbate film. 

During coalescence, the number of H-bonds between adsorbates and the droplet they originally 

adhered to decreased (Fig. 4a) while new H-bonds were formed with the other droplet (Fig. 5a). 

The adsorbate film established bridges (Fig. 5a) prior to the H-bond formation between water 

droplets, as illustrated in Fig. 8a. The SMD snapshot in Fig. 8a shows that the bridging was mainly 

attributed to SurP molecules that were not drained between the water droplets. Only VO-79 

monomers and small aggregates were observed in the interfacial regions, and they were excluded 

from the thinnest part of the oil film.  

In sys. Tol-VB (Fig. 8b), on each droplet surface SurB formed a two-layer structure (Fig. 2b). 

Their hydrophilic groups were also closer to the water phase, resulting in preferred orientation in 

the adsorbate film as illustrated in Fig. 8b. VO-79 molecules were almost completely excluded 

from the first layer of SurB, and there was no orientation preference for the hydrophobic and 

hydrophilic groups in VO-79 (Fig. 2b). Though with only two EO units and one hydroxyl unit, the 

hydrophilic tail of SurB formed considerable amount of H-bonds with water which did not 

decrease as much as in sys. Tol-VP during droplet coalescence (Fig. 4a). This indicates that the 

adsorbate film was more stably bonded to water in sys. Tol-VB than in sys. Tol-VP. The thicker 

two-layer structure and more stable adsorbate film contributed to the larger repulsive force during 

droplet coalescence in Tol-VB (Fig. 7b). The snapshot in Fig. 8b also suggested that bridging was 

primarily enabled by SurB molecules, as VO-79 were drained from the thinnest part of the oil film. 



  30

Asphaltenes are defined as the fraction of crude oil that is soluble in aromatic solvents (e.g., 

toluene) and insoluble in n-alkanes (e.g., heptane).60 The property of the solvent that represents 

the oil phase is an important factor that affects the stability of W/O emulsion droplets. As stated 

by Qiao et al.61, the majority of the water droplets stabilized by interfacial-active asphaltenes (IAA) 

were smaller in toluene than in heptol (heptane/toluene 1:1 vol.), suggesting a higher resistance to 

coalescence in toluene. The AFM measurements of Shi et al. also suggested that in pure heptane, 

the adhesion between asphaltene film promoted the coalescence of water droplets.4 In our work, 

the energy barrier (29.4 kCal/mol) and maximum force (33.0 pN) in sys. Hep-V was lower than 

70.3 kCal/mol and 98.2 pN in sys. Tol-V31, which is consistent with Qiao et al.61 and Shi et al.4 

The characteristics of the VO-79/SurP film were preserved when the solvent was changed from 

toluene to heptane, as shown in Fig. 8a and 8c. While with lower solubility of VO-79 in heptane, 

two differences are worth highlighting. On the one hand, the extended conformation of some 

surface SurP molecules in sys. Tol-VP (Fig. 3a) was absent in sys. Hep-VP (Fig. 3c), and more 

SurP/water H-bonds were formed in Hep-VP (Fig. 4c vs. 4a). Such a feature resulted in a more 

tightly bound SurP layer, which tended to reduce the exposure of water molecules for coalescence 

and increase the repulsion in Hep-VP. On the other hand, VO-79 formed larger aggregates in sys. 

Hep-VP (Fig. 6c) than in Tol-VP (Fig. 6a). Such large VO-79 aggregates stayed in the oil film 

between water droplets and participated in bridging (Fig. 8c), which tended to reduce the repulsion 

for coalescence. The competition between the two effects is likely the reason why the difference 

in energy barrier or mean force was insignificant for sys. Tol-VP and Hep-VP (Fig. 7a, c). The 

formation of a two-layer structure by SurB was present in both Tol-VB and Hep-VB (Fig. 8b and 

8d). Similar to SurP, in heptane more SurB molecules were adsorbed in the first layer (higher first 

RDF peak in Fig. 2d than in Fig. 2b) and formed more SurB/water H-bonds (Fig. 4c vs. 4a), which 
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tended to increase the repulsion for coalescence. However, in heptane VO-79 molecules also 

moved towards the first layer (Fig. 2d vs. 2b), which could reduce the steric repulsion from the 

bulky VO-79 in the outer layer as seen in Fig. 3b. In addition, similar to sys. Hep-VP, VO-79 

aggregates in sys. Hep-VB stayed in the oil film between the water droplets and participated in 

their bridging (snapshot in Fig. 8d). The net consequence was a significant reduction of repulsion 

in heptane (Fig. 7d vs. 7b).  

In real crude oil, asphaltenes are a complex mixture, and it is commonly believed that water-in-

crude oil droplets are covered by a rigid film formed by various surface-active components.62,63 

Zhang et al. reported that compared with VO-79, crude oil derived asphaltenes resulted in finer 

sized water droplets in oil (toluene) and more stable W/O emulsions.34 In the control systems where 

VO-79 was the only adsorbate, the water/oil interface was partially covered by a patchy VO-79 

film (SI section SI5), even when the mass concentration of VO-79 was as high as 10 wt.% (Table 

1). For a given type of solvent, the control system had the lowest energy barrier and repulsive force 

(previous work31 and SI section SI8), followed by the system with a loose VO-79/SurP film and 

then the system with a condensed VO-79/SurB film. Our results therefore revealed that the 

interaction force for droplet coalescence was highly dependent on the structure of the interfacial 

film. Crude oil derived asphaltenes contain a mixture of molecules with various architectures, 

polarity, and interfacial affinity, which likely will form a more rigid and compact film at the 

interface compared with VO-79. As a result, the water droplets in crude oil could have much higher 

repulsion and stability than the system with a single model asphaltene. One could expect that SurP 

might produce a looser structure than the rigid asphaltene film in crude oil and reduce the repulsion 

during droplet coalescence.  
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Finally, we mention limitations of this work and several important aspects that can be studied 

in the future. Firstly, while the model asphaltene VO-79 captures some structural characteristics 

of continental asphaltenes, real asphaltene molecules can have different polyaromatic cores, 

molecular weight, heteroatoms and polarity. These differences can affect the stability of W/O 

emulsion droplets in future investigations where a more comprehensive representation of real 

asphaltene is sought. Secondly, stability of the emulsion droplets can be size-dependent. While the 

systems simulated in this work are quite large compared with other all-atom MD simulations in 

the literatures1,30, the droplets are still in the nanometer range. Coarse-graining and/or other 

simulation techniques should be considered for micrometer-sized droplets, but care needs to be 

taken in order not to lose the important molecular details for the interfacial interactions. Thirdly, 

the PMF calculated in this work describes the change in free energy during droplet coalescence, 

which includes both energetic and entropic contributions. The change of H-bonds during droplet 

coalescence, computed in this work between different components, is a manifestation of the 

intermolecular interactions and associated free energy change. Accurate decomposition of the free 

energy into energetic and entropic components is non-trivial due to the fluctuation in the total 

energy of the system along the simulation trajectory. Other techniques may be employed, e.g., by 

studying the dependence of the free energy change on temperature, but this would involve a 

significant amount of additional simulations. Nevertheless, such a decomposition would provide 

valuable insights into the driving force for water droplet coalescence.  

 

4. Conclusions 

In this work, MD simulations were performed to probe the coalescence of W/O emulsion 

droplets with the presence of both model asphaltene and demulsifiers. Free energy and interaction 
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force between such droplets during coalescence were calculated for the first time via PMF 

calculations. Based on the simulation data, we proposed the structures of the interfacial film, which 

varied with the type of demulsifier and solvent, and played an important role in the interaction 

force during droplet coalescence. Both demulsifiers adsorbed closer to the water phase compared 

to the model asphaltene and disrupted the formation of large asphaltene aggregates. While the 

triblock polymer and VO-79 formed a single-layer film on the droplet surface, a two-layer structure 

was formed in the presence of Brij surfactant, regardless of the type of solvent. This thick two-

layer structure contributed to higher repulsion during droplet coalescence. Given a specific 

demulsifier, the interfacial film was thinner in heptane than in toluene, due to the poorer solubility 

of VO-79 in heptane and the resulting tendency to form a more compact structure on the droplet 

surface. Consequently, lower repulsive force was found in heptane when compared with the 

counterpart in toluene (except for the case with the triblock polymer where the repulsive force was 

comparable in the two solvents). This work revealed that the interaction force during droplet 

coalescence was highly dependent on the structure of interfacial film on the droplet surface, which 

provided atomic-level insights into the demulsification mechanisms.  
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