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Abstract  

Asphaltenes are the heaviest and most polar group of molecules in crude oil. Colloidal behaviors 

of asphaltenes, including the aggregation and interfacial behaviors, have impacts on many 

petroleum production processes. For example, the aggregation of asphaltenes can lead to problems 

such as clogging the pipelines and changing the wettability of oil reservoirs. Also, the interfacially 

adsorbed asphaltenes contributed to the stabilization of crude oil emulsions, which can cause 

severe corrosion problems. The colloidal behaviors of asphaltenes were under influence of the 

molecular structure of asphaltenes, the salinity in the aqueous phase, the solvent type, and the 

addition of demulsifiers.  

In this dissertation, molecular dynamics (MD) simulations were performed to provide 

mechanistic understandings of the colloidal behaviors of asphaltenes at atomic level, where the 

first two topics were on the aggregation behaviors and the last two topics were on the interfacial 

properties. Firstly, the relations between aggregation and intramolecular deformation of 

archipelago type molecules were studied. A single archipelago asphaltene molecule favored 

unfolded state in water, while folded state was preferred in molecules in aggregates. In heptane 

and toluene, a single archipelago asphaltene or multiple asphaltenes in aggregates were flexible 

and could easily change between folded and unfolded states. In the co-aggregates of continental 

and archipelago asphaltenes, the archipelago molecules became less flexible in heptane, where the 

change was insignificant in toluene. Secondly, the effect of salinity (NaCl concentration) on the 

aggregation of continental asphaltenes with different side chain length was elucidated. With long 

side chains, the model asphaltenes molecules formed aggregate mainly through the hydrophobic 

interactions at the side chains. Due to the effect of salt on the hydrophobic interaction, the 
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aggregation of these model asphaltenes was enhanced at low salt concentration and then hindered 

at high salt concentration. For model asphaltenes with moderate side chain length, the interactions 

between core-core, core-chain, and chain-chain were under mutual influence of the salt 

concentration. The aggregation of model asphaltenes with the shortest side chain length was 

mainly driven by the core-core interactions, which were significantly affected by the salt 

concentration.  

Thirdly, the interfacial adsorption of asphaltenes at the water/oil interface with the presence 

of model demulsifiers (PEO-PPO-PEO copolymer and Brij-93) was studied. A fraction of 

archipelago model asphaltenes were adsorbed and formed loosely structured aggregates at the 

water/oil interface. The addition of Brij-93 resulted in the desorption of archipelago model 

asphaltenes at water/toluene or heptane interface, while adding PEO-PPO-PEO copolymer led to 

desorption of archipelago model asphaltenes at the water/toluene interface but not at the 

water/heptane interface. The continental model asphaltenes had more adsorption and formed more 

compact aggregates at the water/oil interface than archipelago model asphaltenes. Thus, co-

aggregation between continental asphaltenes and model demulsifiers, instead of desorption of 

asphaltenes, was observed at both water/toluene and water/heptane interface. Lastly, with model 

asphaltenes or model demulsifiers adsorbed at the water/toluene interface, the free energy of 

interaction between water droplets was calculated. When water droplets were far apart (over twice 

the droplet diameter), the dispersed asphaltenes contributed to the stability of water droplets that 

their coalescence was energetically unfavorable. At close proximity and before the merging of 

water droplets, the steric repulsion between the adsorbate films induced a large repulsive force 

between water droplets, which prevented the coalescence. The steric repulsion also contributed to 

the redistribution of adsorbate molecules at the surface of water droplets, and the water droplets in 
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the head-on direction were left with uncovered water molecules. Hydrogen bonds were formed 

between the uncovered water molecules, which gradually overcame the repulsive force and 

assisted the merging of water droplets. The copolymer had longer hydrophobic chains than Brij-

93 and was more easily redistributed on the surface of water droplets, when the surface coverage 

on water droplets was high. Thus, the maximum repulsive force for water droplets coalescence 

was lower when copolymer was the adsorbate compared with Brij-93. Overall, the work in this 

dissertation provided fundamental understandings of the colloidal properties of asphaltenes, which 

can further help to solve the related problems in petroleum industries.  
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Chapter 1. Introduction 

Unconventional oil, such as heavy crude oil and bitumen, is becoming an important resource 

because of the increasing energy demand and the depletion of conventional oil. [1–3] Although 

abundant in nature, unconventional oil is difficult to extract from the oil sand, and a series of 

enhanced oil recovery techniques is required for the extraction. [1] The fraction of crude oil has 

been categorized as saturates, aromatics, resins and asphaltenes (SARA). Among them, 

asphaltenes are the heaviest and most aromatic components, which are soluble in aromatic solvents 

and insoluble in paraffinic solvents by definition. [4] Asphaltenes are complex mixtures of 

molecules with polycyclic aromatic hydrocarbons (PAH) and aliphatic chains, containing 

heteroatoms such as oxygen, sulfur and nitrogen. [5] It is important to investigate the aggregation 

and interfacial behavior of asphaltenes. Aggregation of asphaltene molecules were observed in 

various solvents, which may cause problems in petroleum production by precipitation and 

deposition. [6] With interfacially active features, asphaltenes tend to adsorb at the water-oil 

interface, which stabilizes the undesirable emulsions in petroleum industry. [7,8] Understanding 

the colloidal behaviors, including the aggregation and interfacial behaviors, of model asphaltenes 

is of great importance for solving the industrial problems.  

1.1 Structure and Aggregation of Asphaltene 

Several aspects of asphaltene molecules are under inconclusive debates, including the molecule 

weight, molecular architecture, etc. [9,10] In 1967, Dickie and Yen [11] studied the structure of 

asphaltene clusters based on various experimental methods, such as X-Ray diffraction and 

scattering, and mass spectroscopy. In the “Yen Model”, the asphaltene “molecules” consisted of 

individual sheets, associated into clusters and formed larger micelles. Molecular weights of 
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asphaltenes were said to vary from lower than 1000 to almost 109 Da. [11] Mullins et al. [9,10] 

then modified the Yen model, which showed the dominant molecule structure, nanoaggregation 

and clustering of asphaltene molecules. In the “Yen-Mullins Model”, molecular weight of 

asphaltene molecules is on average around 750 Da and ranging between 500-1000 Da. [9,10] 

Typically, the architecture of asphaltene is categorized as continental type and archipelago type, 

as shown in Fig. 1.1. A continental (island) type asphaltene, as shown in Fig. 1.1a-c, has a single 

large PA core with peripheral side chains [12–14]. As proposed by the Yen-Mullins model [12], 

the continental type is the dominant structure of asphaltenes. An archipelago type asphaltene 

molecule consists of multiple PA cores with interconnecting alkane chains [15,16], as shown in 

Fig. 1.1d-e. Based on nuclear magnetic resonance (NMR) experiments, Durand et al. [17] and 

Chacón-Patiño et al. [18] suggested that asphaltenes contained both archipelago and continental 

types, while Athabasca asphaltenes might contain more archipelago type [17]. In more recent 

works, a new classification, “aryl-linked core”, is defined by Schuler et al. [19,20] based on their 

observation from scanning tunneling microscope (STM) and atomic force microscopy (AFM) 

experiments. In this new classification, the PA cores are connected by one or more aryl linkages, 

which can be a secondary feature in continental and archipelago type molecules. [19]  
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Figure 1.1 Molecular structures for (a-c) continental (island) type and (d-e) archipelago type 

model asphaltenes. (a: Violanthrane-79 (VO-79) [21]; b: C5Pe [22]; c [23], d [24] and e [25]: other 

model asphaltene molecules.) 

Asphaltene aggregation and precipitation have attracted extensive interest due to their 

importance in the petroleum production processes. On one hand, the aggregation of asphaltene is 

highly undesirable because it causes severe problems, such as clogging pipelines, settling in 

transportation and storage tanks, and deactivating catalysts. [17] On the other hand, solvent-

induced precipitation is an essential step in some heavy oil processes, including partial 

deasphalting and froth treatment. [26] Spontaneous aggregation of asphaltenes is mostly studied 

in toluene, in which the asphaltenes are by definition soluble. As shown in Fig. 1.2a-b, asphaltene 

molecules formed nanoaggregates when the concentration is above the critical nanoaggregate 

concentration (on the order of 100 mg/L). [12,13] Such nanoaggregates contain an average of six 

molecules, which formed stacking driven by the π−π interactions [27]. Heteroatoms, such as S, N, 

O, in the PA cores can change the strength of π-electron cloud, thus impacting the π−π interaction. 

(a) 

(b) 

(c) (e) 

(d) 
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[28] Peripheral chains also play important roles in the aggregation of asphaltenes, which impose 

steric repulsion in toluene and hinder the association of PA cores. [29] Simulations have confirmed 

the π−π interaction as a driving force for asphaltene aggregation in toluene and steric repulsion as 

a negative contribution [30]. The hydrophobic interactions between side chains make additional 

contribution for asphaltene aggregation in aqueous solutions. [30,31] Side chains may also contain 

heteroatoms and the asphaltene molecules are mildly polar. Hydrogen bonding between the polar 

groups provides an alternative driving force for the association of asphaltene molecules. The 

mechanism of aggregation is therefore largely dependent on the structures of asphaltene molecules 

and the nature of the solvent. Compared with continental type molecules, archipelago type 

asphaltenes have internal rotational degree of freedom at the interconnecting chains, which makes 

the core-core interaction less favorable. [17]  

 

Figure 1.2 Schematics for (a) association between asphaltene molecules through π−π interaction; 

(b) nanoaggregate and (c) cluster of asphaltene; adsorption of (d) asphaltene nanoaggregates and 
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(e) monomers at water/oil interface; (f) formation of film at water/oil interface. (subfigure (a-c) 

are adapted from Mullins et al. [10].) 

Asphaltene molecules associate into larger aggregates when their concentration reaches 

several g/L. In most cases, the larger aggregates or clusters are fractal gathering of the pre-formed 

nanoaggregates [13,32], as shown Fig. 1.2c. The clusters may exhibit other shapes, such as vesicles 

[33] and disks [34]. The binding energy between the clusters is smaller than that within the 

nanoaggregates. Clustering is sensitive to parameters such as temperature, asphaltene 

concentration, and solvent properties, which then affects the viscosity and rheological properties 

of asphaltene solutions. The clusters have various sizes, as small as 6 nm and up to tens of 

nanometers or more [12]. The smallest clusters are stably suspended in crude oil and toluene, while 

larger ones can become unstable and grow into flocs, which will then separate the asphaltene phase 

from the surrounding. From microscopic observations, the aggregate size of asphaltenes increases 

with the decrease of solvent aromaticity [35] and the increase of heptane content [36].  

Using molecular dynamics (MD) simulations, Jian et al. [37] observed that Violanthrone-

78 (VO-78), a model of continental type asphaltene, formed short cylinder-like aggregates in 

toluene and longer rod-like aggregates in n-heptane through π−π interactions. By simulating 

hypothetical model asphaltenes in MD, Headen et al. [38] investigated the nanoaggregation of 

continental and archipelago type model asphaltenes in toluene and heptane. For both types of 

asphaltenes, the aggregates were observed to be larger and more stable in heptane than in toluene. 

Unlike continental type asphaltenes, the archipelago type asphaltenes could form aggregates 

without the association of PA cores [38]. The authors then performed MD simulations on 

archipelago, continental and their mixtures in toluene and heptane [39]. For continental type 
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asphaltenes, a larger aggregate was formed in heptane than in toluene. [39] The difference was 

smaller for archipelago type. [39] The mixture of archipelago and continental types (50:50 weight 

ratio) had intermediate aggregate size compare to systems with a single type of molecules [39]. 

Kuznicki et al. [40] performed MD simulations on a mixture of 12 continental and 12 archipelago 

model asphaltenes, dispersed in water, toluene and heptane. Aggregation was found to be most 

significant in water, followed by heptane and then toluene. [40] The authors reported self-stacking 

of archipelago type asphaltenes in the aggregates, similar to folding proposed by Acevedo et al. 

[41].  

1.2 Stabilization of W/O Emulsions by Asphaltenes 

Crude oil emulsions are categorized into water-in-oil (W/O) emulsion, oil-in-water (O/W) 

emulsion and multiple emulsions. W/O emulsion corresponds to water droplets dispersed in the 

continuous phase of oil, while O/W emulsion contains oil droplets dispersed in the continuous 

phase of water. Multiple emulsions are complex water-in-oil-in-water and oil-in-water-in-oil 

emulsions where small droplets of phase A are suspended in a larger drop of phase B which in turn 

is suspended in the continuum form of phase A. Among the emulsions, W/O emulsions are most 

commonly encountered in the oil and gas industry. Based on their size, the water droplets during 

the crude oil production process were classified into three groups as: emulsified water with droplet 

diameter < 10 m, dispersed water with droplet diameter 10 to 60 m, and free water with droplet 

diameter greater than 60 m. [42] The free water could settle instantly and the dispersed water 

could be removed by sedimentation or centrifugation, while the emulsified water was stable due 

to the presence of interfacial active components in crude oil, such as asphaltene, resin, wax and so 

on. [42] The adsorption of asphaltene is the main contributor to the formation a rigid protective 

film at the water/oil interface, which stabilizes the W/O emulsions. [43] These emulsions are 
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desirable in food processing, cosmetics industries, etc., but mostly undesirable in the petroleum 

industry. For example, W/O emulsion causes severe corrosion problem during the storage and 

transportation processes in petroleum production.  

1.2.1 Adsorption of asphaltene and stabilization of W/O emulsions 

Asphaltene shows surface-active features and tends to be adsorbed at the water/oil interface. 

Sjöblom et al. measured the interfacial tension (IFT) of water/decane interface with presence of 

asphaltenes and resins extracted from crude oil. [44] The IFT was reduced in presence of 

asphaltene, with linear correlation between IFT (𝛾𝑤/𝑜) and ln 𝐶 (C is the asphaltene concentration 

in crude oil). The adsorption of asphaltene followed the Gibbs adsorption equation for a single 

component as [45]: 

𝑑𝛾
𝑑(𝑙𝑛𝐶)

= −Γ𝑅𝑇     (1.1) 

where Γ  is the surface excess (molecules per unit area), R is the gas constant, and T is the 

temperature. The stability of water/oil interface has been commonly attributed to the lowered IFT 

caused by the adsorption of asphaltenes. [44]  

Several subfractions of asphaltene have been explored based on their adsorption on the 

water/oil interface. For example, Qiao et al. [46] categorized the subfractions of asphaltenes into 

two groups, the remaining asphaltenes (RA) in the oil supernatant and the interfacial-active 

asphaltenes (IAA) that were adsorbed on the water droplets after a procedure of treatment. The 

IAA was only a small fraction (2% wt.) in the whole asphaltene, while played a dominant role in 

the stabilization of W/O emulsion. [46] With the presence of sulfoxide groups, the IAA were 

highly interfacial active and tended to form rigid films that interacted strongly with water. [46] Liu 

et al. [47] identified asphaltenes by their polarities, which was higher if the proportion of aliphatic 
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chains was lower. The asphaltene with higher polarity was proposed to be adsorbed as 

nanoaggregates on the interface, [47] as shown in Fig. 1.2d. While the asphaltenes with lower 

polarity was adsorbed in a less aggregated form. [47] For the subfraction with lower polarities, the 

asphaltenes had higher tendency to be dispersed in oil phase. [47] The dispersed asphaltenes had 

higher adsorption rate onto the interface. [47] However, the low polarity in asphaltenes also 

enhanced the migration rate of asphaltenes at the interface so that the asphaltene films were more 

likely to be deformed, which was indicated by the low dilatational modulus at the interface. [47] 

The emulsion stability was higher if the adsorption rate of asphaltenes was higher and the 

migration rate of asphaltene on the interface was lower, which reached maximum with moderate 

polarities of asphaltene subfraction. [47] 

Other adsorption mechanism of asphaltene at water/oil interface has been proposed by 

Rane et al. [48]. They measured the IFT of water/ Nexbase 2000 series oil and found it independent 

with the aging time and asphaltene concentration. [48] From Langmuir equation of state, the 

correlation between IFT and the surface coverage was fitted when the surface excess coverage was 

3.2 molecules/nm2. [48] It suggested that the asphaltene were adsorbed as monomers on the 

interface, as shown in Fig. 1.2e, instead of adsorbed as nanoaggregates. Overall, it is commonly 

accepted that the water/oil interface is stabilized by the formation of rigid solid film, as shown in 

Fig. 1.2f, which is under influence of various parameters, such as the solvent type, asphaltene 

structure, the composition of crude oil, and so on. [49] 

Adsorption of asphaltene at the water/oil interface is affected by various factors including 

the solvent type, the composition of oil, and so on. Facilitated by the dynamic IFT measurement, 

Mohammadi et al. [50] studied the adsorption kinetics of asphaltene at the heptol/water interface 

with various heptane-toluene ratio and asphaltene concentration. At the heptol/water interface, 
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adding asphaltene resulted in the reduction of equilibrium IFT at the interface, where the reduction 

increased with the increase of asphaltene concentration. [50] At a given asphaltene concentration, 

the reduction of equilibrium IFT was more significant when heptol had higher heptane/toluene 

ratio. [50] The authors concluded that the initial stage of asphaltene adsorption was controlled by 

the diffusion of asphaltene from bulk heptol phase to the interface, in a form of monomers instead 

of nanoaggregates. [50] Their results also indicated that the higher ratio of heptane in heptol 

contributed to a faster and more adsorption of asphaltene on the interface. [50] Interaction force 

between water droplets was studied by Shi et al. [51] using drop probe AFM, where the 

micrometer-sized water droplets were aged in asphaltene solutions and then immersed in organic 

solvents. The solvent types were varied between toluene, heptane and heptol with different ratio 

of heptane and toluene, and the asphaltene solution had different concentrations ranging up to 500 

mg/L. [51] In pure toluene, the water droplets had a steric repulsion due to the hydrodynamic force 

during the coalescence when there was no asphaltene. [51] With asphaltene adsorbed, the 

coalescence was not initiated with the maximum force of 2 nN. [51] When water droplets contacted 

and then separated by the probe, there was adhesion between asphaltene film on the two different 

water droplets, which was attributed to the aggregation of interfacial asphaltenes. [51] With the 

increase of heptane in the solvent, the aggregation of interfacially adsorbed asphaltene was 

enhanced, [51] which ultimately contributed to the coalescence of water droplets in pure heptane. 

Mouraille and Sjöblom et al. studied the stability of water in crude oil emulsion by using 

separation/sedimentation tests and high voltage destabilization test. [52] Different solutions were 

used to represent the oil phase, such as toluene, heptane, and heptol (mixture of toluene and 

heptane). [52] The solvation state of asphaltene played important roles in the stability of water in 

crude oil emulsion. [52] For example, asphaltene was dispersed in toluene instead of being 
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adsorbed on water/toluene interface. [52] For heptane as solvent, the asphaltene had low solubility 

and tended to form aggregated structure, which made it difficult to cover the entire water/heptane 

interface. [52] Thus, water/oil interface was less stable when pure toluene or heptane was used as 

solvent than the case with heptol as solvent. [52] While the above studies have focused on the 

toluene, heptane and their mixtures as organic solvents, researchers also investigated the 

adsorption of asphaltenes at pentol (mixture of pentane and toluene)/water interface [53], 

xylene/water interface [54], and so on. 

Compositions of crude oil also affect the adsorption of asphaltene and the stability of 

emulsion. For example, Liu et al. [55] investigated the properties of water/oil interface and the 

W/O emulsion stability in the binary system with both asphaltenes and resin and the single systems 

with asphaltenes or resin, respectively. It was concluded that asphaltene played important role in 

the stabilization of W/O emulsion, while adding resin (in binary system) enhanced the migration 

of asphaltenes and further improved the emulsion stability. [55] Wen et al. [56] estimated the 

correlation between emulsion stability and four parameters of the oil compositions, including 𝑐𝑎+𝑟 

(content of asphaltene and resin), 𝑐𝑤+𝑚 (content of wax and mechanical impurities), AV (acid 

value), and CN (average carbon number in crude oil). Emulsification experiments were performed 

on eight crude oils with various parameters, and the correlation between emulsification and 

parameters were obtained by data regression. [56] The stability of water-in-paraffin based crude 

oil emulsion was enhanced by higher values of the four parameters. [56] The influence of the 

parameters from the highest to lowest was CN > 𝑐𝑎+𝑟 > AV > 𝑐𝑤+𝑚, which again emphasized the 

importance of solvent environment and the content of asphaltene and resin on the stability of 

emulsions. [56] Zhang et al. studied the water droplets coalescence by using microfluidic flow-

focusing geometry [57]. Water droplets were introduced into the collision chamber filled with 
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model oil solution, which contained asphaltene from crude oil or asphaltene-like molecules, VO-

79 or coronene. [57] The coalescence rate was calculated based on the number of coalescence 

events monitored and recorded by camera. [57] At certain concentration of asphaltenes, water 

droplets in solution containing real asphaltene had lowest coalescence rate compared to the case 

with VO-79 or coronene. [57] The coalescence rate tended to decrease with the increase of the 

concentration for asphaltene or asphaltene-like molecules. [57] It indicated that the model 

asphaltene molecules could not fully mimic the real asphaltene when the stabilization of water 

droplets was considered. [57] 

1.2.2 Simulation studies  

Simulation studies have provided atomic or molecular level insights into the adsorption 

and interfacial properties of asphaltene at water/oil interface [58]. Nanoaggregation of model 

asphaltene molecules at the water/oil (represented by toluene and heptane) interface was 

investigated by Mikami et al. [59] The asphaltene molecules adsorbed more on the water/heptane 

interface than on the water/toluene interface, because asphaltenes had high solubility in toluene 

and tended to be dispersed in bulk toluene. [59] With only small amount of asphaltene adsorbed, 

the reduction of IFT at water/oil interface was insignificant. [59] While the IFT was reduced by 

12 mN/m at water/heptane interface when asphaltene molecules were abundant and formed a 

complete film. [59] Jian et al. used [60] MD simulation to study the reduction of IFT at 

water/toluene (or heptane) interface with presence of asphaltene and compared the results with 

experimental measurements. It suggested that the reduction of IFT at water/oil interface was 

dependent on the surface concentration instead of the bulk concentration of asphaltene. [60] Using 

MD simulation Gao et al. [61] investigated the adsorption of model asphaltenes, N-(1-

hexylheptyl)-N’-(5-carbonylicpentyl) perylene-3,4,9,10-tetracarboxylic bisimide (C5Pe) and 
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anionic C5Pe, at the water/model crude oil interface. The anionic C5Pe molecules had high affinity 

to the water/oil interface due to the formation of H-bond between their oxygen functionality and 

water phase. [61] While the majority of the electroneutral C5Pe molecules were in bulk oil phase 

with only a small proportion adsorbed on the interface. [61] 

In another simulation work of Jian et al. [62], two identical water droplets surrounded by 

model asphaltene, Violanthrone-79 (VO-79), were placed in toluene or heptane. At equilibrium 

state, protective films of asphaltenes were formed at the surface of water droplet, which was 

stabilized in the organic solvent without spontaneous coalescence. [62] In toluene, the adsorption 

of asphaltene was less pronounced than in heptane. [62] The dispersed asphaltene in toluene phase 

could also contribute the stabilization of water droplets. [62] Duan et al. [63] investigated water 

droplet in toluene with the adsorption of asphaltenes/polyacrylamide (PAM) by using dissipative 

particle dynamics (DPD). They identified the layer-by-layer assembly of asphaltene and PAM 

where PAM was adsorbed as the inner layer and asphaltene as the outer layer. [63] The simulation 

studies provided fundamental understanding on the stabilization mechanism of W/O emulsion. 

1.3 Destabilization of W/O Emulsions 

W/O emulsion is highly undesirable in petroleum industry because they increase the corrosion of 

equipment and pipelines, reduce the transportation efficiency, and pose environmental concerns. 

[64,65] It is necessary to separate water from the stable emulsions before further transportation 

and processing of crude oil. Various demulsification techniques are employed to destabilize the 

W/O emulsion, including chemical, physical and biological methods. Frequently, combinations of 

these techniques are applied in order to achieve the best demulsification outcome. Typical physical 

methods include sedimentation, centrifugation, application of electrical field or magnetic field, 

thermal treatment [66,67], freeze/thaw method [68], membrane separation [69–71], etc. Biological 
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methods apply biosurfactants produced from bacteria and microbial cell surface to destabilize the 

emulsion. [72–74] Chemical demulsifier has been extensively used because of their advantages 

such as adaptability, rapid demulsification and cost efficiency. [75]  

1.3.1 Chemical demulsifiers 

Chemical demulsifiers are categorized into three groups: polymeric surfactants, ionic 

liquid and nanoparticles. [76] Effective chemical demulsifiers are more interfacially active than 

the components in the rigid film which stabilize the emulsion. [64,76] As mentioned in section 1.2, 

W/O emulsions are stabilized by the formation of rigid, solid film by interfacial active components 

in crude oil, as shown in Fig. 1.3a. In contrary, demulsifiers break the stable emulsion and promote 

the flocculation or coalescence of water droplets. The typical mechanism of chemical 

demulsification is proposed to have the following steps: (1) the chemical demulsifiers have higher 

interfacial affinity and adsorb readily on the surface of water droplets, as shown in Fig. 1.3b [77,78]; 

(2) the adsorbed layers of demulsifiers are commonly loosely packed and less ordered than the 

rigid film formed by the surface active components in crude oil; (3) the demulsifier films are 

adsorbed as the inner layer and protective films are replaced and become thinner; (4) the water 

droplets are less stable and started to flocculate as shown Fig. 1.3c or coalesce as shown in Fig. 

1.3d.  
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Figure 1.3 Schematics of demulsification mechanism: (a) water droplets stabilized by interfacial 

films; (b) demulsifiers penetrate into the films and become adsorbed at the surface of water 

droplets; (c) flocculation and (d) coalescence of water droplets.  

Among chemical demulsifiers, polypropylene oxide (PPO)-polyethylene oxide (PEO) 

block copolymers are commercially available and have been extensively studied. [79–81] These 

copolymers show amphiphilic features with PEO as the hydrophilic group and PPO as the 

hydrophobic group. [49] Triblock polymers [PEO]m-[PPO]n-[PEO]m is commercially available as 

Poloxamer with the brand name of Pluronic. The amphiphilic character of the triblock copolymers 

is described by the hydrophilic-lipophilic balance (HLB), which can be calculated from m and n 

as [82]: 

𝐻𝐿𝐵 = − 36𝑛
2𝑚+𝑛

+ 33      (1.2) 

Zhang et al. [83] synthesized and characterized triblock copolymers with different 

molecular weight and HLB. From demulsification tests where water separated from emulsion was 

recorded with time, triblock copolymers with higher HLB resulted in lower dehydration speed than 
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those with lower HLB, but similar ultimate dehydration. [83] Researchers have also synthesized 

and investigated the copolymers with other structural isomers, including multibranch isomer, star 

isomer, and linear isomer. [49] Hernandez et al. [84] applied PPO-PEO copolymers with different 

number (1-5) of branches to destabilize water-in-crude oil emulsion. The traditional triblock 

copolymers had linear structure with two PEO branches, which represented the case of two-branch 

copolymers in their work. [84] At low dosage of demulsifiers (500 ppm), the two-branch 

copolymer reached better water removal than the other copolymers. [84] Likewise, Pacheco et al. 

[85] compared linear PPO-PEO copolymers (one branch) and three-branch copolymers and 

concluded that the three-branch copolymer resulted in better demulsification performance. Kailey 

et al. [86] proposed that five-branch PPO-PEO copolymers contributed to higher dehydration 

efficiency than three-branch copolymers. Cendejas et al. [87] investigated water removal from 

super-heavy crude oil by PEO-PPO-PEO triblock copolymers and their functionalized forms with 

amine groups attached to PEO groups. The functionalized copolymers had higher demulsification 

performance than the non-functionalized copolymers, due to the higher affinity of the 

functionalized groups to the water phase. [87]  

Beside structural properties, the concentration of demulsifiers has also been frequently 

studied as an important parameter for demulsification performance. Hernandez et al. [84] found 

that the water removal by using two-branch copolymer was suppressed when the demulsifier 

concentration increased from 500 ppm to 1000 ppm. [84] The performance at optimal 

concentration (500 ppm) was attributed to the complete coverage of the interface by demulsifiers. 

[84] Similarly, in Cendejas et al.’s study [87], the demulsification performance increased with the 

increase of concentration for the functionalized copolymers until the optimal dose, at which the 

saturation of polymeric chains at the water/oil interface was reached. [87] The demulsification 
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performance was dependent on the demulsifier concentration. Pensini et al. [88] used bottle tests 

and micropipette experiments to investigate the destabilization of water droplets in toluene with 

the presence of C5 asphaltenes, where the optimal concertation for star-like PEO-PPO copolymer 

was determined to be 2.3 ppm. [88]  

Many polymeric demulsifiers share similarity with the PPO-PEO copolymers, such as 

PEO-PDMS-PEO with two terminal PEO groups and poly(dimethyl)siloxane (PDMS) as central 

group. [77,89] From the microscopic image in Lobato et al. [89], the asphaltene films were 

disrupted by the PEO-PDMS-PEO copolymer at low dosage of 100 ppm. Le Follotec et al. [77] 

studied the demulsification efficiency of PEO-PDMS-PEO copolymer by using measurement of 

light backscattering and transmission. With higher PEO/PDMS ratio, the demulsifiers were more 

hydrophilic and more efficient for destabilizing water-in-crude oil emulsion. [77] Thus, the authors 

proposed the demulsification mechanism as that a hole nucleated in the oil films and the water 

droplets could contact and merge. [77] The curvature of the hole was opposite to the spontaneous 

curvature of the copolymer monolayer at the water/oil interface if the copolymer had long 

hydrophobic chain. [77] Thus, the copolymer with long hydrophobic chain was ineffective in 

destabilizing the water droplets. [77] Beside PPO-PEO and similar copolymers, other 

demulsification agents have been identified and widely studied, including non-ionic surfactants 

[90], ethyl cellulose (EC) [91,92], dendritic molecules [93], etc. Efforts have been made on 

developing novel demulsifiers, such as multibranch tannic acid phenol-amine polyether [94] and 

Fe3O4 based micro-spheres [95]. Along with the development of demulsifiers, mechanistic 

investigations on the destabilization of water/oil interface and W/O emulsion are in demand in 

order to improve the demulsification efficiency. [49] 
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1.3.2 Simulation studies 

In the aforementioned section 1.2.2, the interfacial behavior of asphaltene have been 

extensively investigated through simulations, while interfaces with co-existence of asphaltene and 

demulsifiers are less discussed. Without asphaltenes, the interfacial behavior of PEO-PPO-PEO 

triblock copolymer was studied by Ballal et al. [96] using modified interfacial statistical 

associating fluid theory. PEO-PPO-PEO copolymers with different molecular weight and EO/PO 

ratio was applied at water/toluene interface. [96] By adding copolymers, the IFT of water/toluene 

interface was reduced, and reached minimum if copolymer had a 1:1 EO/PO ratio. [96] The 

architecture of PEO-PPO-PEO was more effective in reducing IFT than the reverse structure of 

PPO-PEO-PPO. [96] This work suggested higher affinity of PPO-PEO copolymer to the interface 

was obtained if it had the PEO-PPO-PEO architecture and EO/PO at 1:1. [96] The co-existence of 

model asphaltene and demulsifier was studied by Niu et al. [97] using MD simulation. Three-

branch PEO-PPO copolymers were placed near water-xylene interface with C5Pe. [97] When the 

C5Pe layer was closer to the water phase and the copolymers layer was farther, the copolymer 

molecules penetrated into the C5Pe layer and adsorbed on the water surface. On the contrary, when 

the copolymer layer was initially closer to water phase than C5Pe, the C5Pe molecules were not 

able to replace the copolymers. It indicated a higher affinity of the copolymer than C5Pe. [97] 

The destabilization of water droplets with presence of asphaltene and demulsifiers were 

investigated at atomic level. For example, using MD simulations, Liu et al. [98] studied the 

adsorption of model asphaltenes at the surface of water droplets in toluene, and subsequent 

addition of EC molecules. A protective film of asphaltene was formed on the water droplet. [98] 

By adding EC, the adsorbed asphaltenes were attracted by the dispersed EC in toluene, forming 

interaction between EC and asphaltenes in toluene phase. [98] The observation was different from 
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the mechanism proposed earlier where the demulsifiers would penetrate into the film of 

asphaltenes. Using DPD, Song et al. [99] studied multiple water droplets in model crude oil (SARA) 

with polyether demulsifiers. The asphaltene and demulsifiers were both adsorbed on the surface 

of water droplet by forming patched films with mixing components. [99] The coalescence of water 

droplets was initiated by the bridging of the interfacial films. [99] 

1.4 Effect of Salinity  

Brine water always co-exists with crude oil during petroleum production. [100-101] Brine water 

with various salinity was injected into oil reservoir, where low salinity water could result in higher 

oil recovery than high salinity water (seawater and formation water). [102–104] Salinity of the 

aqueous phase is an important parameter throughout the investigations on the aggregation, 

adsorption, and interfacial properties of asphaltenes. The stability of W/O emulsion is highly 

dependent on the salinity, which ultimately affects the demulsification efficiency.  

The precipitation of asphaltenes from crude oil was measured by Ameri et al. [105], where 

water with different salinity was added into the crude oil. Adding water at all salinity resulted in 

precipitation, while the amount of precipitation first decreased with the increase of salinity and 

then increased. [105] The interfacial adsorption of asphaltene is commonly studied by analyzing 

the IFT, as introduced in section 1.2.1. At water/pentol interface stabilized by asphaltene, 

increasing the concentration of NaCl in water from 0 to 3 M contributed to the increase of IFT. 

[53] At the interface of water and crude oil, the IFT had a non-monotonic trend, first decreasing 

and then increasing, as the salinity increased from low (10 and 2 times diluted seawater) to high 

(seawater and formation water). [103] Compared with pure water, the reduction of IFT was 

observed for all salinity level. [103] The authors attributed the IFT reduction to the adsorption of 

asphaltene at the interface, which reached maximum when the minimum IFT was observed (with 



 19 

2 times diluted seawater). [103] With further increase of salinity, the cations accumulated at the 

interface and decreased the interaction between water and polar asphaltene molecules. [103] Thus, 

the adsorption of asphaltene was suppressed and IFT was increased when the salinity increased 

from 2 times diluted seawater to seawater and then formation water. [103] Similar observation was 

obtained in the work of Moeini et al. [106], where the IFT at brine/ heavy oil (from Iranian oil 

reservoirs) interface was correlated to the NaCl concentration (up to 200,000 ppm) in brine. IFT 

was reduced by the addition of low concentration of salt and reached a minimum at NaCl 

concentration of ~ 40,000 ppm and then increased with further increase of NaCl concentration. 

[106]  

The emulsion prepared with heavy oil and different seawater samples was observed by 

Maaref et al. [107] using microscopic imaging. The water droplets had larger size when the salinity 

of water phase was higher, which indicated a higher coalescence rate of water droplets and lower 

stability of emulsion. [107] However, Ling et al. [108] studied their sample of brine in crude oil 

emulsion and found out that the long-term stability of emulsion was increasing with the increase 

of salinity. Similarly, Wang et al. [109] found that having salt in water phase was beneficial for 

the stability of water-in-crude oil emulsion. The effect of salinity on demulsification is a more 

complex topic, as interfacial behavior of both demulsifiers and interface-active components in 

crude oil should be taken into account. Zaki et al. [110] investigated the demulsification efficiency 

of PPO-PEO copolymers on water-in-benzene emulsion with presence of petroleum asphaltene. 

The demulsification efficiency decreased with the increase of NaCl concentration from 0 to 1 M. 

[110] While, Borges et al. proposed that the increase of salinity enhanced the demulsification 

efficiency of non-ionic demulsifiers by increasing their adsorption at the interface [111].  
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Using MD simulations, Yassen et al. [100] studied the aggregation of model asphaltene 

molecules in oil phase (ortho-xylene) by water flooding with high salinity brine (25% wt. NaCl). 

Salting-in effect was observed where the aggregation of asphaltene was hindered by the high 

salinity brine compared with pure water. [100] At water/toluene interface without model 

asphaltenes, the IFT of water/pure toluene interface was reported by Jian et al. to increase upon 

the increase of NaCl concentration from 0 to 28 % wt. [21] Adding model asphaltene, VO-79, 

caused the reduction of IFT at the water/toluene interface, and the reduction increased with the 

increase of NaCl concentration. [21] The larger IFT reduction was attributed to the increase of H-

bonding between asphaltene and water phase. [21] For water droplets, the increase of asphaltene-

water interaction by adding NaCl was more pronounced when the size of water droplets was small. 

[112]  

1.5 Motivations and Objectives 

Asphaltenes are complex mixtures of molecules with various structures, which is categorized into 

continental and archipelago types. The continental model asphaltenes have been frequently studied, 

while the aggregation of archipelago model asphaltenes and their coaggregation with continental 

model asphaltenes have been less investigated. An archipelago type asphaltene contains multiple 

PAH cores and may undergo intramolecular flexibility that will impact its aggregation behaviors. 

There is a lack of studies on the relation between intramolecular flexibility of archipelago 

asphaltene and the aggregation of model asphaltenes.  

As introduced in Section 1.4, salinity is an importance parameter that affects the 

aggregation behavior and interfacial properties of asphaltenes. The effect of salinity on the 

interfacial properties of water/oil interface has been commonly studied from experimental work. 

While mechanistic studies have not been carried out on the aggregation of asphaltenes under 
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influence of salinity. As the aggregation behavior of asphaltenes varies by their molecular 

structures, studying the effect of salinity on the aggregation of various model asphaltene is in 

demand.  

Water/oil interface is commonly stabilized by the adsorption of asphaltene, which is 

influenced by many factors, including the molecular structure of asphaltenes, the solubility of 

asphaltene in oil phase, and the addition of demulsifiers. In order to understand the stabilization 

and destabilization of water/oil interface, it is demanding to study the adsorption of asphaltenes 

and the co-existence of asphaltenes and demulsifiers. Though experiments have proposed various 

demulsification mechanism by measuring interfacial properties at the water/oil interface, 

molecular level investigation on the interaction between asphaltenes and demulsifiers have not 

been obtained by solely experimental work.  

Interaction force between water droplets is a direct indicator of the stability of W/O 

emulsion. Though experimental measurements, such as AFM, have been used to measure the 

interaction force between water droplets with adsorption of asphaltene. To the best of my 

knowledge, similar measurements has not been performed on water droplets with adsorption of 

model demulsifiers, such as PEO-PPO copolymers. Thus, it is important to quantitatively study 

the water droplets coalescence with adsorption and demulsifiers, which will provide understanding 

on the stabilization and destabilization of the problematic W/O emulsions.  

In this thesis, the aggregation and interfacial properties of asphaltenes will be investigated 

at atomic level by using MD simulations. The studies on asphaltene aggregation will address the 

following two questions: firstly, the colloidal behaviors of archipelago asphaltenes and 

continental/archipelago mixtures; secondly, the effect of salinity on the aggregation of asphaltenes. 

Investigation on the interfacial properties of asphaltene will focus on two fields: firstly, the 
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interfacial adsorption of asphaltenes, and the co-existence of asphaltenes and demulsifiers in 

various solvents and interfaces; secondly, the water droplets coalescence with presence of model 

asphaltenes and demulsifiers. Overall, the research in this thesis aims to fulfill the following four 

objectives through MD simulations: (1) understand the relation between the intramolecular 

flexibility in archipelago model asphaltenes and aggregation and coaggregation of model 

asphaltenes; (2) illustrate the effect of salt on the aggregation of model asphaltenes with various 

structures; (3) unveil the effect of demulsifiers on the adsorption of model asphaltenes at the 

water/organic solvent interface; and (4) probe the free energy for coalescence of water droplet 

adsorbed model asphaltene and demulsifiers.  

1.6 Outline  

In Chapter 2, the simulation methodology is reviewed, including the force field, equation of motion, 

temperature and pressure coupling, cut-off and long-range interactions, the concepts of radial 

distribution function and potential of mean force.  

Chapter 3 presented the folding and aggregation of archipelago type model asphaltene, and 

the coaggregation of archipelago and continental type model asphaltenes in water, heptane and 

toluene. MD simulations were performed to illustrate the intramolecular conformational changes 

and intermolecular aggregation of archipelago type model asphaltenes, and the subsequent effect 

on their aggregation behavior in different solutions. 

In Chapter 4, a series of MD simulations was performed to study the aggregation of model 

asphaltenes in aqueous solutions with various concentration of NaCl, compared to the case of pure 

water without adding NaCl. Molecular structures of the model compounds were varied in order to 

investigate the effect of side chain length of the model asphaltenes. The aggregation behavior of 
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model asphaltenes under the influence of NaCl concentration was studied, and the driving force 

for the aggregation was identified. 

In Chapter 5, the effect of demulsifiers on the adsorption of asphaltenes at water/organic 

solvent interfaces was investigated by using MD simulations. Various parameters were varied and 

studied, including the solvent type to represent the oil phase, the molecule structure of asphaltenes, 

the type and concentration of demulsifiers. The adsorption of asphaltenes was correlated to their 

aggregation form at the interface, their solubility in organic phase and their interaction with 

demulsifiers at the water/organic solvent interface. 

Chapter 6 presented the water droplets coalescence with the adsorption of model asphaltene 

and demulsifiers. Quantitative probing of interaction forces was facilitated by MD simulation with 

potential of mean force calculation by umbrella sampling. The surface coverage of molecules on 

the water droplets was studied as an important parameter. Intermolecular interactions between the 

water droplets and the adsorbed molecules were observed at atomic level. The destabilization 

mechanism of water droplets in oil phase was provided.   

In Chapter 7, overall conclusions were summarized, and future perspectives were given.  
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Chapter 2. Simulation Methodology 

Molecular dynamics (MD) is an atomic-level simulation method based on the classical statistical 

mechanics, which was first introduced in the 1950s. [1] Its applications have been widely explored, 

ranging from physics, materials science, to biological systems. [2] In MD simulations, atoms 

interact with each other through inter-atomic potentials defined in a force field. The motions of the 

atoms are obtained by numerically integrations of the classical equations of motion by an algorithm. 

[1–4] Possible conformational profiles and dynamics of the molecules are simulated at molecular 

level, which are usually impossible to reach by real experiments. Nowadays, many software 

packages are available to carry out MD simulations, such as Assisted Model Building with Energy 

Refinement (AMBER), Chemistry at Harvard Macromolecular Mechanics (CHARMM), 

GROningen MAchine for Chemical Simulations (GROMACS), GROningen MOlecular 

Simulation (GROMOS), Nanoscale Molecular Dynamics (NAMD), Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS), etc. In this thesis, MD simulations 

are mainly performed by using GROMACS software package due to its various advantages. 

GROMACS is versatile to simulate systems with up to millions of particles from a variety of 

molecules, including biomedical molecules and polymers. Moreover, it is suitable to perform 

calculations with complex bonded interactions and provides extremely fast calculation on non-

bonded interactions. [5] 

2.1 Force Field 

Force field is a collection of equations that specify the potential energy of a system in terms of 

atomic coordinates. [2,6] In general, the potential is the summation of various interaction terms, 
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including two body interaction, three body interaction, four body interaction, and so on. [3] A 

typical functional form for the potential is expressed as [2,7]: 

𝑈(𝒓) = ∑ 𝑘𝑖,𝑙
2

(𝑙𝑖 − 𝑙𝑖,0)2
𝑏𝑜𝑛𝑑𝑠 + ∑ 𝑘𝑖,𝜃

2
(𝜃𝑖 − 𝜃𝑖,0)2

𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝑉𝑖,𝑛
2

(1 + 𝑐𝑜𝑠(𝑛𝜔𝑖 − 𝛾))2
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠 +

∑ 𝑘𝑖,𝜂

2
(𝜂𝑖 − 𝜂𝑖,0)2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 + ∑ ∑ 4𝜀𝑖𝑗 [(𝜎𝑖𝑗

𝑟𝑖𝑗
)

12
− (𝜎𝑖𝑗

𝑟𝑖𝑗
)

6
]𝑁

𝑗=𝑖+1
𝑁
𝑖=1 + ∑ ∑ 𝑞𝑖𝑞𝑗

4𝜋𝜖0𝜖𝑟𝑖𝑗

𝑁
𝑗=𝑖+1

𝑁
𝑖=1  (2.1) 

where 𝑈(𝒓) is the potential energy, r represents the position of N atoms in the system. The first 

four terms on the right side of the equation are the bonded potential between a fixed list of atoms. 

Specifically, the first term represents the bonded energy between pairs of atoms, e.g. A-B. It is the 

harmonic potential as the bond stretches from the equilibrium reference li,0 to length li with force 

constant ki,l. The second term is a harmonic angle potential summing over all the bond-angles 

between three atoms, e.g. A- B- C, as angle i deviates from the equilibrium value i,0 with force 

constant ki,. The third term represents the potential of proper dihedrals between four atoms A-B-

C-D, where i is the torsional angle, n is a multiplicity coefficient, Vi,n is the height of the potential 

barrier and  is the phase factor (0 or 180). The fourth term is the simplest form of improper 

dihedral potential, which is used to keep the planar structure of certain atom groups or to prevent 

the flipping-over of molecules. ki, is the force constant, i the angle between two planes and i,0 

is the equilibrium value of the dihedral angle. The fifth and sixth terms are the non-bonded 

potentials, describing the interaction between pairs of atoms i and j in different molecules or in the 

same molecule but are at least three bonds apart from each other. Specifically, the fifth term is the 

Lennard-Jones potential for van der Waals interactions, where variable rij is the distance between 

atoms i and j, parameters ij is the depth of the potential energy and ij is the collision diameter. 

The sixth term is potential for the electrostatic interaction based on the Coulomb’s law, with partial 

atomic charges qi and qj, dielectric constant 𝜖 and the permittivity of free space 𝜖0. [2] 
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A force field is defined by both the functional form of the potential energy and the 

associated set of parameters. As the force field is empirical, the optimal force field for a system is 

usually obtained by evaluating the accuracy and computational efficiency. [2] With certain 

functional form chosen, the parameterization of the force field is implemented by comparing data 

to experimental results or quantum mechanics calculations. [2] Usually, the structure properties 

for some molecules, including geometry of molecular structure, conformational energies and 

thermodynamic properties, are difficult to obtain from experimental measurements. [2] Quantum 

mechanics calculations are more commonly used to optimize the force field. The force fields are 

further optimized by two traditional approaches, trial and error assessment and least square fitting, 

or automated approach such as machine learning methods. [2] In the traditional approaches, the 

parameters for an individual molecule from experimental data or quantum mechanics calculations 

are used as input, which may require fragmentation of large molecules. Then, the feature properties 

of the molecules are characterized and fitted by human and computer efforts, which ultimately 

lead to the force field parameterization. The process might be less efficient than the automated 

approaches such as machine learning. [2] 

2.2 Equation of Motion  

The general form for classical equations of motion is expressed as [8]: 

�̇�𝒊 = 𝒑𝒊
𝑚𝑖

,      �̇�𝒊 = 𝒇𝒊,      (2.2) 

where qi is the coordinate, pi is the conjugate momentum, and mi is the mass of particle i; fi is the 

force on particle i. The total energy, or Hamiltonian H, of the system is the summation of kinetic 

energy K and potential energy U, as [1]:  

𝐻 = 𝐾(𝒑) + 𝑈(𝒒) = ∑ 𝒑𝑖
2

2𝑚𝑖
+ 𝑈(𝒒)𝑖     (2.3) 
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Then equation 2.2 is rewritten as: 

�̇�𝒊 = 𝜕𝐻
𝜕𝒑𝒊

,      �̇�𝒊 = − 𝜕𝐻
𝜕𝒒𝒊

     (2.4) 

MD simulations are implemented by solving the equations of motion step-by-step. The 

Verlet algorithm is one simple and commonly used method, which is expressed as follows [8]: 

𝒑𝒊(𝑡 + 1
2

∆𝑡) = 𝒑𝒊(𝑡) + 1
2

∆𝑡𝒇𝒊(𝑡),    (2.5a) 

𝒒𝒊(𝑡 + ∆𝑡) = 𝒒𝒊(𝑡) + ∆𝑡𝒑𝒊(𝑡 + 1
2

∆𝑡) 1
𝑚𝑖

,   (2.5b) 

𝒑𝒊(𝑡 + ∆𝑡) = 𝒑𝒊(𝑡 + 1
2

∆𝑡) + 1
2

∆𝑡𝒇𝒊(𝑡 + ∆𝑡),   (2.5c) 

where t is the time and ∆𝑡 is the time step. As shown in equation 2.5a, the momenta are first 

advanced by half of a time step. Then, the coordinates are moved forward by one time step 

calculated from the new momenta, as shown in the equation 2.5b. Lastly, the force at 𝑡 + ∆𝑡 is 

evaluated and used towards the calculation of momenta at 𝑡 + ∆𝑡, as shown in equation 2.5c. The 

Verlet/leapfrog algorithm has various advantages, such as time reversibility, simplicity, and 

stability. [1,8] 

In MD simulation, the intermolecular bonds have high oscillation frequency, which limits 

the length of time step. Constraints are usually applied to fix the bonds to certain lengths in order 

to improve the calculation efficiency. [2] In a system with constraints, Lagrange multipliers are 

added to the Hamiltonian and solved by algorithms. The first scheme for applying constraints 

under the leapfrog algorithm is called SHAKE. More recently, LINCS (linear constraint solver) is 

another algorithm to apply constraints, which reduced the constraint equations to a linear matrix 

equation. [8] 
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2.3 Temperature and Pressure Coupling 

An ensemble is a collection of systems in identical macroscopic states but different microscopic 

states. [3] If the systems are closed and have fixed volume V and total internal energy E, it is called 

a microcanonical (NVE) ensemble. Canonical (NVT) ensemble represents the case where systems 

exchange heat with the surrounding environment through a heat bath to maintain a constant 

temperature T. If the systems could exchange heat and volume with the surrounding environment 

but have a constant pressure p, they form the isothermal-isobaric (NpT) ensemble.  

Among the ensembles, the NVT ensemble is the more commonly used. The internal energy 

is Ei(N,V) for quantum state i, and repeated based on its degeneracy. At thermodynamics 

equilibrium, the statistical properties, including energy, pressure, etc., of systems can be described 

by the partition function, which has the form of [3]: 

𝑄(𝑁, 𝑉, 𝑇) = ∑ 𝑒−𝐸𝑖(𝑁,𝑉)/𝑘𝐵𝑇
𝑖     (2.6) 

where kB is the Boltzmann constant. The Helmholtz free energy is expressed as: 

𝐴(𝑁, 𝑉, 𝑇) = 𝑘𝐵𝑇 ln 𝑄(𝑁, 𝑉, 𝑇)    (2.7) 

In practice, the absolute free energy of a system is difficult to be calculated, while the free energy 

difference between two different states can be obtained in MD simulations [9,10]. 

In order to obtain constant temperature of the systems, various thermostats have been 

introduced, including Nosé-Hoover thermostat, Berendsen thermostat, etc. The Berendsen 

thermostat uses a weak coupling to a heat bath at temperature T0, which corrects the first order 

deviation of system temperature by: 

𝑑𝑇
𝑑𝑡

= 𝑇0−𝑇
𝜏𝑇

      (2.8) 
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where 𝜏𝑇 is a time constant. The advantage of Berendsen thermostat is that the temperature could 

be equilibrated in a short time, while the fluctuations of kinetic energy are suppressed, which 

compromises the accuracy in calculating fluctuation-related properties. [11] The velocity-rescaling 

thermostat modifies the Berendsen coupling by adding a stochastic term to correct the probability 

distribution of kinetic energy. Canonical ensemble is properly produced with this thermostat, with 

the same efficiency as Berendsen coupling. [11] 

Beside thermostat, the isothermal-isobaric (NpT) ensemble requires pressure coupling to a 

pressure bath. Different pressure coupling methods are available, such as Berendsen and 

Parrinello-Rahman barostats, which are compatible with many temperature coupling methods. The 

Berendsen pressure coupling uses the same concept as the temperature coupling, which rescales 

the pressure p according to 

𝑑𝑝
𝑑𝑡

= 𝑝0−𝑝
𝜏𝑝

      (2.9) 

where 𝜏𝑝 is a time constant and p0 is the reference pressure. Berendsen barostat also results in a 

fast equilibration of pressure but does not reproduce the exact NpT ensemble. If the fluctuation in 

volume is of interest, the weak-coupling scheme of Berendsen algorithm is not suitable, and more 

exact albeit less efficient barostats such as Parrinello-Rahman pressure coupling should be used. 

[11] 

2.4 Cut-off and Long-Range Interactions 

Due to the computational cost for large systems, the size of the simulation systems is limited. 

Periodic boundary conditions (PBC) are commonly applied so that the primitive simulation box is 

surrounded by its identical replicas in all directions. [1] In the calculation, one particle may leave 

the primitive box and will be replaced by its periodic image entering the box. [2]  
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Computing the energy and forces is time consuming if all pairwise interactions were looped 

over. [2] Cut-off is applied to the non-bonded interactions in order to reduce the calculation cost. 

A switch function f(rij) is used to simply truncate the non-bonded interactions, which is expressed 

as [2]: 

𝑓(𝑟𝑖𝑗) = {
1, 𝑟𝑖𝑗 < 𝑅𝑐
0, 𝑟𝑖𝑗 > 𝑅𝑐

     (2.10) 

where rij is the distance between atom i and j, and Rc is the cut-off. As an example, the non-bonded 

interactions, such as Lennard-Jones interaction 𝑉𝐿𝐽(𝑟𝑖𝑗) and electrostatic interaction 𝑉𝐸𝑙𝑒𝑐(𝑟𝑖𝑗), 

between atoms i and j are adjusted to [2]: 

𝑉𝐿𝐽(𝑟𝑖𝑗) + 𝑉𝐸𝑙𝑒𝑐(𝑟𝑖𝑗) = 𝑓(𝑟𝑖𝑗) [4𝜀𝑖𝑗𝛾𝑖𝑗
𝐿𝐽 [(𝜎𝑖𝑗

𝑟𝑖𝑗
)

12
− (𝜎𝑖𝑗

𝑟𝑖𝑗
)

6
] + 𝛾𝑖𝑗

𝐸𝑙𝑒𝑐 𝑞𝑖𝑞𝑗

4𝜋𝜖0𝜖𝑟𝑖𝑗
] (2.11) 

where 𝛾𝑖𝑗
𝐿𝐽 and 𝛾𝑖𝑗

𝐸𝑙𝑒𝑐 are scaling factors defined at the beginning of simulations.  

The distance between pairs of atoms is examined and only the interaction for the nearby 

atoms will be calculated. Verlet scheme suggests a fast way to examine the pair separation using 

the so-called neighboring list. [8] In this scheme, a list is constructed for the neighboring atoms 

within a distance rlist of the atom of interest, where rlist is slightly greater than Rc. In the next time 

step, only the atoms on the list will be examined. The lists are updated during the time evolution, 

and the frequency to update the list is negatively correlated to the size of the list. [2] 

Long-range interactions, such as electrostatic interaction, is subjected to contribution from 

long-range images in the periodic boxes. [2] The Ewald summation provides a way to integrate 

the electrostatic interaction in the primitive simulation box and the infinite periodic images. [2] 

The particle-meshed-Ewald (PME) method further increases the efficiency of calculating the 

reciprocal sum in Eward summation. In PME method, the charges are assigned to each point on a 
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grid by interpolation. [2] The reciprocal summation is done by looping over the grid transformed 

by Fast Fourier Transformation (FFT) algorithm. The PME method is considered to be both 

accurate and computational efficient. 

2.5 Radial Distribution Function 

Radial distribution function (RDF) describes the probability of finding particles at certain 

distance r from a reference particle. [3] As shown in Fig. 2.1, the RDF for particle type B (marked 

in blue) with respect to particle type A (marked in gray) is a function of the distance r. The system 

is divided into spherical shells with thickness of dr. If the center of mass of a type B particle is in 

the shell, it is counted towards the average particle density 〈𝜌𝐵(𝑟)〉 at distance r, as shown in blue 

filled circles in Fig. 2.1. The RDF g(r) of particle type B with respect to type A is obtained from 

the following expression [12]: 

𝑔𝐴𝐵(𝑟) = 〈𝜌𝐵(𝑟)〉
〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙

= 1
〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙

1
𝑁𝐴

∑ ∑ 𝛿(𝑟𝑖𝑗−𝑟)
4𝜋𝑟2𝑑𝑟

𝑁𝐵
𝑗∈𝐵

𝑁𝐴
𝑖∈𝐴    (2.12) 

where 𝑁𝐴 and 𝑁𝐵 are the number of type A and type B particles, respectively. The normalization 

factor 〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙  is the density of type B particles averaged over all spherical shells with radius up 

to rmax, which is commonly half of the box length. And 𝑟𝑖𝑗 is the distance between particle 𝑖 ∈ 𝐴 

and 𝑗 ∈ 𝐵. For any pair of particles i and j, the distribution 𝛿(𝑟𝑖𝑗 − 𝑟) of particle j in the shell is 

quantified by: 

if 𝑟 < 𝑟𝑖𝑗 < (𝑟 + 𝑑𝑟), 𝛿(𝑟𝑖𝑗 − 𝑟) = 1   (2.13) 

which means that if particle j was located in the shell with bin width of 𝛿𝑟 at distance r from 

particle i, then the distribution of particle j was counted as 1. The shell has a volume of  

𝑉𝑠ℎ𝑒𝑙𝑙 = 4
3

𝜋(𝑟 + 𝑑𝑟)3 − 4
3

𝜋𝑟3 = 4𝜋𝑟2𝑑𝑟    (2.14) 
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Equation 2.12 has two summations: one is the summation over all particles in B around any 

particle in A; the other summations is over all particles in A.  

 

Figure 2.1 Schematic of calculating radial distribution function. 

2.6 Free Energy Calculation 

Potential of mean force (PMF) calculation is a quantitative way to describe the free energy profile 

of the system along a reaction coordinate (). In mechanics, a conservative force F() is equal to 

the negative gradient of a potential W() as: 

𝑭() = −𝛻𝑊()     (2.15) 

In the simulation, the potential of mean force can be calculated from the average distribution 

function P() expressed as: 

𝑊() = 𝑊(0) − 1
𝛽

𝑙𝑛 [ 𝑃()
𝑃(0)

]     (2.16) 

where 𝛽 is 1/𝑘𝐵𝑇, 0 is the reference reaction coordinate where 𝑊(0) is defined as zero, 𝑃(0) 

is the reference value of distribution function.  
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To calculate PMF in MD simulations, umbrella sampling (US) method has been commonly 

used to obtain the approximate PMF with a set of histograms over the range of reaction 

coordination. For an umbrella simulation indexed by i in a set of Nw sampling windows, the biasing 

potential applied on the reaction coordinate is given by [13]: 

𝑤𝑖() = 𝐾𝑖
2

( − 𝑖)
2

,    (𝑖 = 1, … , 𝑁𝑤)   (2.17) 

which represents a harmonic potential restraining the reaction coordinate to position 𝑖 with force 

constant 𝐾𝑖. Adding the biasing potential 𝑤𝑖() to the system, the biased probability distribution 

𝑃𝑖
𝑏() along  is represented by a histogram ℎ𝑖() in each umbrella sampling window. The PMF 

is then calculated by the weighted histogram analysis method (WHAM), in which the unbiased 

probability distribution 𝑃() is given by  

𝑃() = ∑ 𝑥𝑖
−1ℎ𝑖()𝑁𝑤

𝑖=1

∑ 𝑛𝑗𝑥𝑗
−1𝑒−𝛽[𝑤𝑗()−𝑓𝑗]𝑁𝑤

𝑗=1
    (2.18) 

and  

𝑒−𝛽𝑓𝑗 = ∫ 𝑑𝑒−𝛽𝑤𝑗() 𝑃()    (2.19) 

where 𝑛𝑗 is the number of data points in umbrella sampling window j; 𝑥𝑖 and 𝑥𝑗 are the statistical 

inefficiency as a function of the autocorrelation time, which can be canceled if the autocorrelation 

is identical in different umbrella windows; 𝑓𝑗 is the free energy constant of an umbrella sampling 

window j. In WHAM, the above two equations are solved iteratively to computes 𝑓𝑗 and 𝑃().  
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Chapter 3. Molecular Simulation of Folding and Aggregation of Multi-Core 

Polycyclic Aromatic Compounds 

3.1 Introduction  

Flexible molecules in colloidal systems undergo dynamic motion and conformational changes 

driven by many non-covalent interactions, such as hydrogen bonding, van der Waals forces, π-π 

interactions, electrostatic interactions, etc. Internally, different parts of the same molecule can 

interact forming interesting configurations [1]. One such example is the folding of 

biomacromolecules such as protein [2–4]. Molecular folding has also been studied in many other 

applications, including biomedical [5,6], environmental [7,8], food science [9,10], and chemical 

engineering [11,12]. On the other hand, interactions among different molecules can lead to 

aggregation and even assembly of ordered structures in colloidal systems, which has found 

applications in a number of areas [13,14]. In this work we investigate a class of interesting 

molecules, polycyclic aromatic compounds (PACs), which are susceptible to both intramolecular 

conformational changes and intermolecular aggregation.  

PAC has two subgroups: polycyclic aromatic hydrocarbon which has two or more fused 

benzene rings with only carbon and hydrogen atoms, and heterocyclic aromatic hydrocarbons 

which contain heteroatoms [15,16]. A large fraction of PACs exists naturally in coal, oil, wood, 

tar, etc. [17], while some have been synthesized for nanotechnology applications [18–21]. It is 

known that PACs tend to stack through intermolecular π−π interactions between their polyaromatic 

(PA) cores [22,23]. In fact, self-assembly of PACs into columnar superstructures has led to 

intriguing nanostructures [24–26] that can function as optical and electronic devices [24,27–29]. 

The PA cores in a PAC can have different sizes and structures, such as acenaphthene, fluoranthene, 
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pyrene, etc. [15,24] In addition, a PAC can contain one large PA core, or multiple small cores 

connected by aliphatic linkers. For example, structures of asphaltenes, a component of crude oil, 

are typically categorized as continental type (single-core) and archipelago type (multi-core). 

Adamson et al. [30], using tandem mass spectrometry, detected aliphatically-bridged multi-core 

PACs in sooting flames. Alvariño et al. [25] synthesized metallacycles of PACs with multiple 

aromatic regions and matched the dimension of cavity to dinuclear receptors, which was of interest 

for applications such as drug delivery. Pisula et al. [22] studied columnar assembly of disk-like 

PA cores in electronic applications; by attaching side chains with or without other PA cores, the 

mobility of charge carrier could be tuned. Mativetsky et al. [31] synthesized self-assembled 

monolayer of multi-core bridged PACs that could be applied as a new donor-acceptor dyad. While 

the intermolecular aggregation or self-assembly have been frequently studied for single-core PACs 

[32–35], much less attention has been paid to multi-core PACs [22,25,30,31]. Furthermore, 

compared with single-core PACs, multi-core PACs are usually more flexible and susceptible to 

internal structural changes. This has motived the present study, where we investigate both 

aggregation and folding, the stacking between the cores within the same molecule, of multi-core 

PACs. 

Studies on the colloidal behaviours of multi-core PACs have been limited. Acevedo et al. 

[36] calculated the solubility parameter of PACs in 57 organic solvents and found multi-core PACs 

to be more difficult to aggregate than single-core PACs [36]. To explain, the authors hypothesized 

that multi-core PACs may have folding and unfolding features due to their rotational degree of 

freedom at the interconnection between the cores, although no direct evidence was provided [36]. 

Kuznicki et al. [37] performed molecular dynamics (MD) simulations on a mixture of both single-

core and multi-core PACs, dispersed in water, toluene and heptane. The observation of “self-
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stacking” was reported for multi-core PACs, similar to the folding proposed by Acevedo et al. [36] 

Recently, an interesting work by Wang et al. studied the aggregation and folding of multi-core 

PACs in toluene, n-heptane and their mixtures, using coarse-grained MD simulation and nonlinear 

machine learning [38]. Folding of these PACs was demonstrated to depend on the molecular 

structure, for example, extended (unfolded) configuration was energetically favorable for a model 

with two linearly connected PA cores and a model with three mutually connected PA cores, 

whereas a model that contained three linearly connected PA cores showed a complex free energy 

landscape that was concentration dependent [38]. Although different concentrations were 

simulated, mechanistically how the folding of individual molecules was impacted by aggregation 

was not addressed.  

Based on the state of the literature, the present work investigated the folding of multi-core 

PACs and for the first time, addressed the relationship between folding and aggregation. Three 

commonly used solvents: water (polar), heptane (aliphatic) and toluene (aromatic), were applied 

to examine the potential effect of solvent. In addition, single-core PACs were introduced to study 

the impact of heteroaggregation on the folding of multi-core PACs. Our work contributed to the 

fundamental understanding of molecules in a colloidal system which are simultaneously 

susceptible to intramolecular conformational changes and intermolecular aggregation. The results 

illustrated the connections between the intra- and intermolecular behaviors, as well as the impact 

of surrounding environment (i.e., solvent), which may provide insights into the investigation of 

other complex colloidal systems. 
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3.2 Method  

3.2.1 Models and systems  

Two molecular models were constructed to represent multi-core (model archipelago asphaltene) 

and single-core PACs (model continental asphaltene), respectively, and their chemical structures 

are shown in Fig. 3.1. The multi-core PAC is a hypothetical model that contains three aromatic 

cores connected by short aliphatic chains (Fig. 3.1a), which will be hereafter referred to as model 

“M”. The initial structure of model M was drawn in ChemDraw Prime 16.0. The geometry of the 

entire molecule was optimized using Gaussian16 [39] at B3LYP/3-31G + (d,p) level [40], and then 

submitted to Automated Topology Builder (ATB) [41,42] to produce the topology compatible with 

the GROMOS96 [43–45] united-atom force field. The partial atomic charges were calculated using 

Gaussian16 at B3LYP/6-31G + (d,p) level [46–49] with CHELPG (CHarges from ELectrostatic 

Potentials using a Grid based method) , and manually assigned to the topology generated from 

ATB [8,50,51]. This procedure of developing the force field parameters is well-established and 

used extensively in the literature [40–42,46–49]. The creation of model M originated from a 

chemical structure proposed by Nexen Energy ULC to represent pentane-insoluble asphaltenes 

[52,53] in Athabasca bitumen. MD simulations were performed to calculate the density of M 

molecules in solid state and size of their aggregates in organic solvents, which compared well with 

experimental study of asphaltene samples (see Appendix A1 for details). However, it should be 

emphasized that it is not the purpose of the present work to determine the quality of model M in 

representing asphaltenes, which is still highly debated. Rather, our focus is to investigate its folding 

and the interplay between folding and aggregation. The single-core PAC (Fig. 3.1b) is based on 

the compound Violanthrone-79 (VO-79) and will be hereafter referred to as model “S”. This model 

has been simulated in the past and its force field parameters were directly adopted [54,55]. 
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Figure 3.1 Molecular structure of (a) molecule “M”; and (b) molecule “S” (VO-79). 

Three types of solvents were selected to study folding and aggregation of PACs in colloidal 

systems. The first is water since PACs are common water contaminants and their behaviors in 

aqueous solution are of wide interest [56–58]. The other two are organic solvents, respectively 

aliphatic (heptane) and aromatic (toluene) in nature. They were chosen because like most of the 

PACs, the models in Fig. 3.1 contain both aromatic and aliphatic units. In fact, heptane and toluene 

have both been extensively used as solvents for PACs [59–65]. SPC model was used for water, 

while force field parameters for heptane and toluene were adopted from previous publications of 

Lan et al. from our group [54,55]. 

A single model M molecule was solvated in water, heptane and toluene respectively, which 

formed systems 1, 2 and 3 as shown in Table 3.1. Solutions containing multiple M molecules were 

simulated as systems 4, 5 and 6 respectively in water, heptane and toluene. A mixture of M and S 

molecules were also simulated in water, heptane and toluene (systems 7, 8 and 9).  
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Table 3.1 Details of simulated systems 

sys.  # of M # of S solvent # of solvent molecules initial box length (nm) 

1 1 0 water 7039 6 

2 1 0 heptane 1063 6 

3 1 0 toluene 1132 6 

4 12 0 water 56786 12 

5 12 0 heptane 8450 12 

6 12 0 toluene 9920 12 

7 6 18 water 56542 12 

8 6 18 heptane 8500 12 

9 6 18 toluene 9793 12 

 

3.2.2 Simulation details  

All simulations were performed using GROMACS package [45,66–68] (version 5.0.7) 

with GROMOS 96 force field 53A6 parameter sets [69]. Each system first underwent a static 

structure optimization via energy minimization. Then, NVT simulation was carried out for 100 ps 

where non-hydrogen atoms of the model PAC molecules were restrained by a harmonic potential 

with constant 1000 kJ/(mol·nm2). The restraint was removed, and full dynamics simulation was 

carried out in NpT ensemble at 300 K and 1 bar. The pressure was controlled by Parrinello-Rahman 

barostat and the temperature was controlled by velocity rescaling thermostat. LINCS algorithm 

and Particle Mesh Ewald method for full electrostatics [70] were applied. The cut-off for non-

bonded (van der Waals and electrostatic) interactions was set to 1.4 nm. Periodic boundary 

conditions were applied in all directions. All simulations had a time step of 2 fs and simulation 

time of 60 ns.  
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3.3 Results and Discussion 

3.3.1 Folding of a single M molecule  

Systems 1 to 3 examine the conformation changes of a single M molecule in the three solvents. 

From the root-mean-square deviation (RMSD) of the molecule (Appendix A2), in the last 50 ns, 

configuration of the single M molecule became relatively stable in water, while the molecule in 

heptane or toluene underwent more dynamic but reversible conformational changes. Data in the 

last 50 ns representing dynamic equilibrium were analyzed. Because the interconnecting chains in 

the M molecule allow for internal degree of freedom, it was observed that sometimes during the 

simulation trajectory, two aromatic cores within the molecule could approach each other and 

exhibit stacking or parallel alignment. An example for such a configuration is shown in Fig. 3.2a 

and b. The aromatic cores may also stay un-stacked, as shown in Fig. 3.2c and d. Dynamic 

conversion between the two types of configurations, i.e., folding and unfolding of the molecule, 

was observed. 

In order to quantify folding and unfolding, the distance (D) between the centers of 

geometry (COGs) of core1 and core2 (see Fig. 3.1a for definition) was calculated, along with the 

angle (θ) between the two cores. As shown in Fig. 3.1a, core1 contains 6 aromatic rings, core2 

contains 2 aromatic rings, whereas core3 only has one aromatic ring. It is therefore expected that 

among the three cores, the interaction between core1 and core2 is the strongest and plays dominant 

role in folding. This was confirmed by the generally larger distance between core3 and core1 than 

that between core2 and core1 (see Appendix A3 for details). To calculate D and θ, each core was 

approximated by a plane defined by three atoms, two carbon atoms shown in cyan and one sulfur 

shown in yellow in Fig. 3.2. The COG of these three atoms was calculated to represent the COG 

of each core. θ was calculated as the angle between the positive normal of the two planes. Therefore, 
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when θ is close to 0 or 180 the two cores are nearly parallel to each other (see Appendix A4 for 

more details). In Fig. 3.2c-d, D = 1.0 nm and θ = 137, whereas in Fig. 3.2a-b, D = 0.4 nm and θ 

= 173. The reduction in separation along with θ approaching 180 is an indication of stacking 

between the two cores, i.e., folding of the molecule.  

(a) Folded configuration (top view) 

 

(c) Unfolded configuration (top view) 

 
(b) Folded configuration (side view) 

 

(d) Unfolded configuration (side view) 

 
Figure 3.2 Left panel: a representative folded configuration of the M molecule in toluene (a) top 

view, (b) side view. Right panel: a representative unfolded configuration for the same molecule 

(c) top view, (d) side view. Distance between core1 and core2 are indicated in (b) and (c), and 

three atoms defining the plane of each core are highlighted in each subfigure.  

D and θ values were collected along the simulation trajectory for the last 50 ns (one data 

every 10 ps, 5000 data points in total) and plotted against each other in Fig. 3.3. For D, the data 

naturally separates into groups that are either slightly smaller than 0.55 nm, or greater than 0.55 

nm. For θ, separation of data can be observed at around 140. As stated earlier, angles close to 

1.0 nm 

0.4 nm 
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180 or 0 represent nearly parallel stacking of core1 and core2. Considering symmetry, in this 

work the molecule will be defined to be in a folded state when D ≤ 0.55 nm and θ is either <40 

or >140. If D ≤ 0.55 nm but θ is between 40 and 140, the two cores have close contact but are 

not parallel, and we describe the molecule as being in a partially folded state. The molecule is in 

an unfolded state if D > 0.55 nm. Further explanation on using 0.55 nm as the criterion is given in 

Appendix A5.  

In water, Fig. 3.3a shows two distinct bands for the collected data (highlighted by black 

lines): one with D slightly below 0.75 nm and θ in the range of 20 to 100, representing the 

unfolded state; and the other with D slightly below 0.55 nm and θ in the range of 140 to 180, 

representing the folded state. There is a clear gap between θ = 100 and θ = 140 where few data 

points exist, suggesting an energy barrier for the transition between folded and unfolded states. 

Additional evidence for this barrier is shown in Appendix A6 where the molecule stayed in the 

unfolded state for the first 56 ns, then became folded and stayed in such state for the rest of the 

simulation. The folded configuration is favored by the π−π interaction between the hydrophobic 

PA cores, while the unfolded configuration is favored by the release of stress in the linkers 

connecting the cores as well as the entropy gain from the dissociation of cores. Dynamic motion 

of the small water molecules also tends to destabilize the folded configuration of a single molecule. 

Consequently, the M molecule spends the majority of the time in the unfolded state.  

In heptane, as shown in Fig. 3.3b, a band near θ = 180 (highlighted by black line) can be 

recognized as the molecule being in the folded state. This band is continuous with another band 

(highlighted by another black line) where D =~0.55 nm and θ is between 50 and 140, 

corresponding to partially folded state. There are also considerable amounts of data for the folded 
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state near θ = 0. Compared with water, data corresponding to the unfolded state do not form a 

narrow band. Instead, there is a cloud-like distribution spanning a large range of D (from 0.55 nm 

to 1 nm). The molecule shows much more flexibility in heptane, which can also be seen from the 

larger fluctuations in θ (Appendix A6) along the simulation trajectory. Data in toluene (Fig. 3.3c) 

exhibit similar features as in heptane, except that partial folding of the molecule is almost absent. 

The lack of partial folding could be caused by the interaction between the aromatic cores of toluene 

and PA cores on the M molecule, which tends to destabilize a partially folded configuration. 

 

Figure 3.3 Distance D between COGs of core1 and core2 versus angle  between the two cores. 

Data are from simulations of a single M molecule in (a) water, (b) heptane and (c) toluene.  

Based on the criteria introduced above, the numbers of folded, unfolded and partially 

folded states were counted from the 5000 frames in the last 50 ns of the simulations, from which 
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the probability of each state was calculated, as shown in Table 3.2. The free energy change from 

state 1 to state 2 was then be estimated from [71]: 

∆𝐺 =  G(2) − G(1)  =  −kTln[𝑃2/𝑃1]   (3.1) 

where k = 1.38×10−23 J/K is the Boltzmann constant, T = 300 K is the simulation temperature, P2 

is the probability for one M molecule to be in state 2, and P1 is the corresponding probability in 

state 1. Table 3.2 also shows ∆𝐺 for the transition from unfolded to partially folded states, and 

from unfolded to folded states. ∆𝐺 in water (system 1) has greater values than those in heptane 

(system 2) and toluene (system 3), confirming the larger energy barrier for the M molecule to 

transit from unfolded to folded states in water as discussed in Fig. 3.3. 

Table 3.2 Probabilities that one M molecule is in unfolded, partially folded and folded states, as 

well as the free energy change estimated from the probabilities.  

sys. solvent 

probability (%) free energy change (kJ/mol) 

unfolded 
partially 

folded 
folded 

unfolded to 

partially folded 

unfolded to 

folded 

1 water 91.1 0.9 8.0 11.5 6.1 

2 heptane 50.5 15.1 34.4 3.0 1.0 

3 toluene 61.4 3.1 35.4 7.4 1.4 

4 water 27.1 16.7 56.2 1.2 -1.8 

5 heptane 58.8 10.0 31.2 4.4 1.6 

6 toluene 61.7 14.3 24.0 3.6 2.4 

7 water 78.9 2.6 18.5 8.5 3.6 

8 heptane 87.4 6.4 6.1 6.5 6.6 

9 toluene 65.3 15.7 19.1 3.6 3.1 
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The above results show that compared with in heptane and toluene, the M molecule is less 

flexible in water, has lower probability of being in the folded state and is more likely to be “locked” 

in the unfolded state due to the energy barrier. Acevedo et al. [36] hypothesized that multi-core 

PAC molecules would unfold in very good solvents due to solute-solvent affinity. The aromatic 

nature of toluene usually renders itself as a better solvent than water for PAC molecules. However, 

the M molecule in our simulations exhibited more likelihood to be unfolded in water than in 

toluene, which seems contradictory to Acevedo et al.’s hypothesis. One reason is that water can 

interact with the carboxyl group on the M molecule (evidence in Appendix A7) which suppresses 

folding. More importantly, Acevedo et al. considered a PAC solution, not a single PAC molecule 

as discussed in this section. The folding behaviors of multiple molecules in a solution will be 

studied next to reveal the relations between folding, flexibility and solubility.  

3.3.2 Folding under homoaggregation  

The number of molecules in the largest aggregate for systems with 12 M molecules is shown in 

Fig. 3.4a, for the last 10 ns of the simulations. The cut-off minimum distance for two molecules to 

be considered in an aggregate was set to be 0.35 nm (see Appendix A8 for detailed explanation on 

this criterion). A large stable aggregate containing 6 molecules was formed in water, which did 

not change its size in the last 10 ns. The size of the largest aggregate in heptane fluctuated between 

2 and 4 molecules, with an average of 2.6. In toluene, the largest aggregate had up to 3 molecules 

(average 1.8) and its fluctuation was more frequent. The solubility of M molecules is clearly lowest 

in water and slightly higher in toluene than in heptane. Snapshots of the largest aggregate in the 

three solvents are shown in Fig. 3.4b-d. It should be pointed out that all the 4 molecules in heptane 

and all the 3 molecules in toluene are shown in the snapshots, although as seen in Fig. 3.4a some 

of them detached from the largest aggregates during the simulation. The largest aggregate in water 
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(Fig. 3.4b) had a spherical shape and the carboxyl tails were located at the surface of the aggregate. 

In heptane (Fig. 3.4c), close contact between carboxyl groups was observed in the aggregate, as 

highlighted by black circles. In toluene (Fig. 3.4d), the three molecules were considered forming 

an aggregate based on the minimum distances between them. However, the structure of the 

aggregate was very loose, and there was no clear evidence for the association of PA cores or 

carboxyl groups.  

 

 
 

 
 

Figure 3.4 (a) Number of molecules in the largest aggregates over the last 10 ns, for systems 

with 12 M molecules in water, toluene and heptane. Snapshots of the largest aggregate for 

systems in (b) water, (d) heptane and (d) toluene.  

(b) (d) 

(c) (a) 
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To investigate the roles of PA cores and carboxyl tails in the aggregation, radial distribution 

functions (RDFs) between PA cores and carboxyl groups are plotted in Fig. 3.5a and 5b 

respectively. RDFs in Fig. 3.5a were calculated for the COG distance between core1 (see Fig. 3.1a 

for its definition) of any two M molecules. Compared with core2 which has 2 aromatic rings, core1 

contains 6 rings and is dominant in the π−π interaction between two molecules. To obtain the RDFs 

in Fig. 3.5b, each carboxyl group was represented by the COG of its two oxygen atoms. Results 

for the system in water are shown as red curve in Fig. 3.5a and b. In Fig. 3.5a, the first and most 

prominent peak is located at 0.8 nm, which corresponds to a T-shaped stacking where the two 

cores are nearly perpendicular (see a snapshot in Appendix A9). In water, there is no evidence of 

association between carboxyl groups as the curve stays close to zero in Fig. 3.5b. This is consistent 

with the fact that the carboxyl groups were located at the outer surface of the sphere-like aggregate 

(Fig. 3.4b) with large separation between them. The curve (blue) for heptane in Fig. 3.5a has a 

distinct peak at ~1.0 nm. Meanwhile the RDF for the carboxyl groups in Fig. 3.5b has its first peak 

located at a much closer distance (~0.28 nm). The result implies that hydrogen bonding between 

the carboxyl groups made dominant contribution to the aggregation of M molecules in heptane, 

whereas the interaction between PA cores was limited at close proximity (see a snapshot in 

Appendix A9). For toluene (yellow curve in Fig. 3.5a), there is no obvious peak in the RDF of PA 

cores. There is a peak in the RDF of the carboxyl groups at a similar location (~ 0.28 nm) to 

heptane, but the peak value is much smaller. The results suggest that the aggregation of the M 

molecules in toluene is driven mainly by interaction between carboxyl groups. Interaction between 

cores is weak, and as such the formed structure is looser compared with those in water and heptane, 

as seen in Fig. 3.4d. 
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Figure 3.5 (a) RDFs for the COG distance between core1 (see Fig. 3.1a for its definition) of any 

two M molecules; (b) RDFs for the distance between the carboxyl groups of any two M 

molecules, where each carboxyl group is represented by the COG of the two oxygen atoms. Data 

are for systems with 12 M molecules and different curves in each subfigure correspond to 

different solvents (water, toluene and heptane).  

Folding behavior of the molecules in the largest aggregates was investigated and shown in 

Fig. 3.6. D and θ values were collected along the simulation trajectory for the last 50 ns and plotted 

against each other. Each subplot corresponds to one molecule. In water, there were 6 molecules in 

the largest aggregates, labeled as W1 to W6. All 4 molecules in heptane and 3 molecules in toluene 

shown in Fig. 3.4c-d were analyzed in Fig. 3.6. They were labeled as H1 to H4 in heptane, and T1 

to T3 in toluene. Among the 6 molecules in water, W2, W3, W4 were mainly in the folded state, 

and W6 was mainly in the partially folded state. With all of their D values close to 0.55 nm, these 

molecules had almost zero probability of being in the unfolded state. On the contrary, W5 was 

exclusively in the unfolded state. Only W1 exhibited both folded and unfolded states throughout 

the simulation. ∆𝐺 for the transition between states is shown in Table A2 (Appendix A10) for these 

6 individual molecules, while the overall ∆𝐺 determined from probabilities using data for all 6 

(a) (b) 
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molecules is given in Table 3.2. As described in Fig. 3.3, there was an energy barrier for a single 

M molecule in water to switch between folded and unfolded states. With the presence of multiple 

molecules, it was still difficult for individual M molecules to overcome this barrier (see Appendix 

A10 for details), and the transition was lacking for 5 out of the 6 molecules in the largest aggregate. 

Upon homoaggregation, the internal motions of the molecules within were further restricted, and 

the molecules were more likely to be “locked” in one of the configuration states. Another 

interesting observation, from the comparison of Fig. 3.6 with Fig. 3.3, is that when a single M 

molecule was in water the unfolded state was preferred, while in an aggregate the folded state was 

dominant. This can also be seen in Table 3.2 where the averaged ∆𝐺 from unfolded to folded states 

is positive for system 1 but negative for system 4. The interactions between the M molecules 

significantly altered the folding behavior of individual molecules in water. The situation is 

different in heptane, where the D-θ distributions in Fig. 3.6 are similar to those shown in Fig. 3.3 

and aggregation did not introduce significant alteration of the folding behaviors. ∆𝐺 values in 

Table 3.2 further confirm this, showing similar magnitude for systems 2 and 5. Influence of 

aggregation on folding was also small in toluene, but partial folding which was lacking in Fig. 3.3 

can now be observed for all the molecules in the largest aggregate. Consequently, system 6 has a 

smaller ∆𝐺 from unfolded to partially folded states compared to system 3, as shown in Table 3.2. 
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Figure 3.6 Distance between COGs of core1 and core2 versus angle between the two cores. Data 

are for individual M molecules in the largest aggregate in water (W1~W6), heptane (H1~H4), 

and toluene (T1~T3).  

A closer look at the interactions between polyaromatic cores and between carboxyl groups 

(Fig. 3.5) allows us to further investigate the relation between homoaggregation and folding. In 

water, the hydrophobic polyaromatic cores repelled water while interacting strongly within the 

aggregate (Fig. 3.5a). The tendency to form a compact structure that minimizes core-water 

interaction and maximizes carboxyl tail-water interaction enhanced folding, changing the 

dominant configuration from unfolded (for a single molecule) to folded (for molecules in the 

aggregate). In heptane, the aggregation was achieved mainly through the strong carboxyl-carboxyl 
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association (Fig. 3.5b). Core-core interactions were not strong enough to have significant 

contribution to the aggregation. Such interactions left the molecules in the aggregate with 

sufficient flexibility to switch between the folded and unfolded configurations. In toluene, the core-

core interactions were almost absent, and the carboxyl-carboxyl interactions were much weaker 

than in heptane as seen in Fig. 3.5. Such weak interactions also allowed the molecules to be flexible 

and easily switch between folded and unfolded states. On the other hand, the presence of 

interactions between multiple M molecules, although small, could still shield some interaction 

between M molecules and toluene so that partially folded configurations could be stabilized. As 

discussed in Section 3.1, a single M molecule unfolded more in water than in toluene, whereas 

Acevedo et al. [36] hypothesized that multi-core PAC molecules tended to unfold in good solvent. 

Here we see that when multiple M molecules were present in water, their folding behavior was 

significantly altered, with folded configuration being dominant. The molecules in toluene did not 

experience such a change, and more unfolding is now observed in “good” solvent (toluene) than 

in “bad” solvent (water), consistent with the hypothesis of Acevedo et al. [36]. Our results not only 

demonstrate the effects of solvent on the folding of multi-core PACs (see Appendix A11 for a 

comparison to folding of multi-core PACs in vacuum), but also highlight the dependence of such 

effects on the aggregated state of the PAC molecules.  

3.3.3 Folding under heteroaggregation 

Since single-core PACs are more prone to aggregation than multi-core PACs, simulations were 

performed to investigate the effect of adding model S molecules on aggregation, and consequently 

on the folding of M molecules. Fig. 3.7 shows the number of molecules in the largest aggregate in 

systems with a mixture of 6 M molecules and 18 S molecules. In water, all the PAC molecules 

formed a single large aggregate, which was stable in the last 10 ns of the simulation. There were 
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much more molecules in the largest aggregate in heptane (average 7.1) than in toluene (average 

2.5), in agreement with the distinct solubility of single-core PACs in toluene and in heptane [72,73]. 

Near the end of the simulations, the largest aggregate in heptane contained 1 M and 5 S molecules, 

while the largest aggregate in toluene contained 1 M and 1 S molecules.  

 

Figure 3.7 Number of molecules in the largest aggregate of systems containing 6 M molecules 

and 18 S molecules during the last 10 ns.  

D-θ distributions for the M molecules in the largest aggregates are plotted in Fig. 3.8. In 

water, W1 to W3 were mainly in the unfolded state (over 89% probability, see Appendix A10), 

whereas W4 to W6 had 19.7% to 52.6% of probability to be in the folded states as shown in SI10. 

The presence of both folded and unfolded states for 3 out of the 6 molecules (W4, W5, W6), as 

compared to only 1 out of the 6 molecules in Fig. 3.6, suggests that the M molecules in system 7 

were more flexible than those in system 4 which contained only M molecules. Normally, higher 

flexibility and larger conformation change of individual molecules are detrimental to the stability 

of aggregation. However, the aggregate in water was large and very stable here due to the presence 

of S molecules, which dictates the dominating role of S molecules in the heteroaggregation. In fact, 

the folding characteristics of the M molecules was altered by the aggregation driven by S 



 64 

molecules. Unlike in system 4, the folded state was no longer preferred in system 7, and ∆G from 

unfolded to folded states was positive as shown in Table 3.2. The S molecules also influenced the 

behavior of M molecules in heptane. Firstly, the interaction between M molecules was suppressed 

and there was only one M molecule in the largest aggregate. Secondly, unlike in system 5 where 

the M molecules had frequent transitions between folded and unfolded states, the M molecule in 

the largest aggregate in system 8 was almost exclusively in the unfolded state, which had large ∆G 

values for the transition out of the unfolded state (Table 3.2). The interactions between M and S 

molecules reduced the flexibility of the M molecule, which favored aggregation. Different from 

that in water and heptane, when S molecules were introduced to toluene, no significant changes 

were observed for the folding behavior of the M molecules in the aggregates. ∆G from unfolded 

state to folded or partially folded states were similar between systems 9 and system 6, as shown in 

Table 3.2. This can be understood by comparing the degree of homoaggregation (Fig. 3.4) with 

that of heteroaggregation (Fig. 3.7). While the presence of S molecules significantly changed the 

degree of aggregation in water and in heptane, their influence on the aggregation in toluene was 

minor. Our findings therefore underline the significant interplay between aggregation and folding.  

While previous studies observed self-stacking of multi-core PACs as they aggregate 

[36,37], the only in-depth investigation on the intramolecular conformational changes of this type 

of molecules was provided by Wang et al. [38], where a mechanistic connection between 

aggregation and folding was still absent. Our work, for the first time, compared the folding 

behaviors of multi-core PACs in isolation vs. in aggregated states, and addressed the effect of 

aggregation on folding. Homoaggregation and heteroaggregation had different effects, as well 

changing the type of solvents led to different folding characteristics within the aggregates, which 

was not studied in previous literatures. 
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Figure 3.8 Distance between COGs of core1 and core2 versus angle between the two cores. Data 

are for individual M molecules in the largest aggregate in systems with a mixture of M and S 

molecules: in water (W1 to W6), in heptane (H1) and in toluene (T1).  

3.4 Conclusion  

This work investigated the folding and aggregation of multi-core polycyclic aromatic compounds 

(PAC). Solvent was shown to have a strong influence on the structural flexibility of the multi-core 

PAC molecules. In water, a single dispersed multi-core PAC molecule had small internal flexibility, 

evidenced by an energy barrier separating folded and unfolded states. The unfolded configuration 

was dominant, and the molecule had a high probability of being “locked” in such a state. When 

several multi-core PAC molecules were in water and aggregated, the folded state replaced the 

unfolded state to become dominant, due to the tendency to form a compact structure where the 
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exposure of polyaromatic cores to water was minimized. Introduction of single-core PAC 

molecules further changed the folding characteristics of multi-core PAC molecules in water due 

to heteroaggregation. The flexibility of the multi-core PAC molecules was enhanced, and there 

was more frequent exchange between the folded and unfolded states. In both heptane and toluene, 

the multi-core PAC molecules were flexible and could easily switch between folded and unfolded 

states, whether they were dispersed as individual molecules, or in aggregated form. Single-core 

PAC molecules also altered the folding behavior of multi-core PAC molecules in heptane, making 

them less flexible, while such effect was not seen in toluene. 
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Chapter 4. Probing the Effect of Salt on Asphaltene Aggregation in Aqueous 

Solutions Using Molecular Dynamics Simulations 

4.1 Introduction 

Asphaltenes are the heaviest components in crude oil. [1] Their aggregation and interfacial 

activities pose serious problems during oil production, such as changing the wettability of oil 

reservoir, choking the pore throats, and stabilizing the interface between water and oil. [2–12] 

Spontaneous aggregation of asphaltenes is mostly studied in toluene, in which asphaltenes are by 

definition soluble. It was observed that above the critical nanoaggregate concentration (CNAC), 

on the order of 100 mg/L, nanoaggregates are formed each containing a small number of molecules 

(<10). At higher concentrations (several g/L), the nanoaggregate can associate into clusters. [13,14] 

The clusters have various sizes, as small as 6 nm and up to tens of nanometers or more. [15] 

The most well-known model that describes the aggregation behavior of asphaltenes is the 

Yen-Mullins model, [14,16] which considers the continental-type asphaltene that consists of a 

polycyclic aromatic (PA) core attached with peripheral hydrocarbon chains. [17,18] Supported by 

many experiments, [13,19] the nanoaggregate in the Yen-Mullins model has a stack of PA cores 

surrounded by aliphatic side chains. The aggregation is mostly attributed to the π−π interaction 

between the PA cores, while the side chains exhibit steric repulsion in toluene and hinder the 

association of PA cores. [20,21] In aqueous solutions, however, the hydrophobic association 

between side chains becomes another driving force for asphaltene aggregation. [21,22] In the 

molecular dynamics (MD) simulations by Jian et al., [21] hydrophobic interaction contributed 

significantly to the aggregation of model compounds with long side chains. By reducing the length 

of the side chains, the size of the aggregates decreased due to the reduced degree of side chain 
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association. Only when the side chains were sufficiently small the aggregation could be enhanced 

again due to the diminishing interference of the side chains with the π-π interaction. The 

mechanisms of aggregation are therefore largely dependent on the structures of asphaltene 

molecules and the nature of the solvents.  

Salt is another factor that can influence the behaviors of asphaltenes, since water or brine 

water is widely applied in water-flooding during the recovery process. [23–25] In carbonate 

reservoirs, the salt in water can reach a concentration as high as 250 000 ppm, [26] which impacts 

the viscosity of crude oil, interfacial tension between water and oil, and wettability of oil reservoirs. 

[27] It is therefore important to understand the role of salinity during the oil production processes. 

Rezaeidoust et al. discovered that the solubility of asphaltene in low salinity water was 

significantly decreased by increasing salt concentration, [25,28] which could in turn promote the 

aggregate of asphaltene molecules. They attributed the observation to the salting-out effect, viz., 

the cations (Na+, Ca2+) interfered with the water structure around the organic molecules, thus 

decreasing their solubility. Chaala et al. also found that salt deposits in flooding water promoted 

the flocculation of asphaltenes. [29] Liu et al. [30] and Zhang, et al. [31] measured the interfacial 

forces between asphaltene films in aqueous solutions by an atomic force microscope (AFM) and 

surface forces apparatus (SFA), respectively. The results suggested that the adhesion force 

between asphaltene films was slightly increased upon the addition of 100 mM KCl [30] or 100 

mM NaCl, which was more significantly enhanced upon the addition of 1-100 mM CaCl2 [31]. 

Previous studies also investigated the effect of salt on the behaviors of asphaltenes adsorbed on 

water/oil interfaces, since the accumulation of asphaltenes on the interfaces tends to cause a 

reduction in the interfacial tension (IFT). [32] In the presence of low salinity water, asphaltene 

accumulation on the water/oil interface is prominent, and several independent works reported a 
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reduction of IFT. [11,23,33–35] When the salt concentration is sufficiently high (~40,000 ppm), 

Moeini et al. observed that the IFT started to increase with further addition of salt. This reversed 

trend was attributed to the salting-out effect, which decreased the solubility of asphaltene in water, 

increased its solubility in oil, and reduced asphaltene accumulation on the interface. [34]  

Despite the above experimental work, mechanistic understanding on the effect of salinity 

on asphaltene aggregation is not yet completely clear, especially at the molecular level. Such effect 

is likely dependent on the molecular structure of the asphaltenes, which has not been investigated. 

Motivated by these, we performed a series of MD simulations to study the aggregation of model 

asphaltene compounds in water with the presence of salt (NaCl). Below the saturation 

concentration of NaCl (26% wt. at 20°C), we selected three different concentrations (5% wt., 10% 

wt. and 15% wt.), in addition to the case of pure water (no salt). Variations in the molecular 

structures of the model compounds were also studied. This work provides new insights into how 

salinity impacts the asphaltene aggregation and the interplay between salinity and different 

moieties (PA core, side chains) on the asphaltenes. 

4.2 Simulation Methods  

4.2.1 Molecular models 

The model asphaltene compounds simulated in this work are based on Violantrone-78 (C70H84O6, 

VO-78), [36] shown in Fig. 4.1a. It has the typical structure and properties of continental-type 

asphaltene, containing a polyaromatic core and aliphatic side chains, and has been employed 

widely as a model compound to study the aggregation behaviour of asphaltenes. [12,21,22,37–40] 

In order to investigate the effect of molecular structure, three models were constructed in addition 

to the original VO-78, by varying the side chain length. These models are shown in Fig. 4.1b to d, 

where the number of carbon atoms in each side chain attached to –COO- is reduced from 16 in 
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VO-78 to 12, 8 and 4, respectively. The four models will be denoted as VO-16C, VO-12C, VO-

8C and VO-4C in this work.  

  

  

Figure 4.1 Molecular structures of (a) VO-16C, (b) VO-12C, (c) VO-8C and (d) VO-4C. The 2 

oxygen atoms bonded to the core are colored blue, and the 4 oxygen atoms on the side chains are 

colored red. 

The molecular structure of VO-16C was generated using the Chem3D Ultra 10.0 software. 

By manually adjusting the number of carbon atoms on the side chains, the structures of VO-12C, 

VO-8C and VO-4C were obtained. The coordinate files of each model were submitted to 

GlycoBioChem PRODRG2 server, [41] which generated the corresponding topology files. The 

partial charges and charge groups in the topology were manually modified in order to be 

compatible with the force field GROMOS96 53A6 [42]. Appendix B1 shows the partial atomic 

(a)  (b)  

(c)  (d)  
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charges of the model compounds, which were proposed and validated in our previous studies 

[21,22,39,40,43]. 

4.2.2 Simulation details 

In each simulation, 24 molecules of a particular type of model compound were introduced into a 

cubic box with side length of 12 nm in the form of a 2 × 3 × 4 array. The box was large enough to 

ensure all solute molecules were at least 1.8 nm from the edge of the box. The box was then filled 

with simple-point-charge (SPC) water, which has been proven suitable to simulate the interaction 

between water and asphaltene molecules. [44–46] The concentration of asphaltenes was around 

20 g/L so nanoaggregates were expected to be formed.  

To investigate the effect of salinity, different amount of NaCl was added to the water box 

to reach salt concentrations of 5% wt. 10% wt. and 15% wt. respectively. All systems simulated 

in this work are listed in Table 4.1, where each system is named by the concentration of NaCl and 

the type of asphaltene models. For example, 5%-4C represents the system with 24 VO-4C 

molecules in 5% wt. NaCl solution.  
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Table 4.1 Details of simulated systems. 

System NaCl concentration (mM) Model compounds 

5%-16C 854.5 VO-16C 

5%-12C 856.3 VO-12C 

5%-8C 858.2 VO-8C 

5%-4C 862.2 VO-4C 

10%-16C 1755.3 VO-16C 

10%-12C 1763.3 VO-12C 

10%-8C 1772.1 VO-8C 

10%-4C 1777.1 VO-4C 

15%-16C 2712.0 VO-16C 

15%-12C 2715.6 VO-12C 

15%-8C 2731.0 VO-8C 

15%-4C 2735.2 VO-4C 

 

MD simulations were performed using the GROMACS (version 5.0.6) package. [47–50] 

In all simulations, periodic boundary conditions and a time step of 2 fs were used. Long range 

electrostatics was handled with particle mesh Ewald summation method, [51] while short range 

non-bonded interactions were calculated with a cutoff distance of 1.4 nm. The SETTLE algorithm 

was used to constrain all bonds in water molecules and the LINCS algorithm was applied to 

constrain all bonds of solute molecules. In each simulation, the total potential energy was first 

minimized by static structure optimization. Then, the solvent molecules were relaxed for 1 ns (300 

K, 1 bar) around the solutes whose heavy atoms were restrained with a harmonic potential 

(coefficient = 1000 kJ/(mol nm2)). After removing the restraint, an NpT ensemble simulation was 

performed for 80 ns. Full trajectory was obtained by recording the coordinates every 10 ps. 
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4.3 Results  

In the last 10 ns of the simulation, a large stable aggregate is observed in each of the 12 systems, 

along with a few smaller aggregates in some systems. The time evolution of number of molecules 

in the largest aggregates is shown in Fig. B2 (Appendix B2), which remains the same in the last 

10 ns. The radial distribution functions (RDFs) for the center of geometry (COG) separation 

between PA cores are shown in Fig. B3 (Appendix B3). The RDF curves obtained from averages 

in different 2 ns time windows overlap with each other, which further supports the stability of the 

aggregates and the attainment of equilibrium. The number of molecules in the largest aggregate 

quantifies the size of the largest aggregate and the averaged value over last 10 ns is plotted in Fig. 

4.2, where data in pure water (0% salt) is adopted from Jian et al. [21] Depending on the length of 

the side chain, the size of the largest aggregate shows different trend with the salt concentration. 

Starting with the VO-16C systems, the largest aggregate in 5% salt solution is of the same size as 

in pure water (all 24 molecules fully aggregated). With further increase of salt, the size decreases 

to 15 molecules in 10% solution and increases slightly (to 17 molecules) in 15% solution. The 

trends in the systems containing VO-12C and VO-8C are similar: the largest aggregate is relatively 

small in pure water (13 and 10 for VO-12C and VO-8C respectively), while the 24 molecules 

become fully aggregated in 5% and 10% solution; with increase of salt concentration to 15%, the 

size of the largest aggregate reduces again (to 23 molecules in 15%-12C and 17 molecules in 15%-

8C). In the systems containing VO-4C, the aggregate size is 24 in pure water, decreases to 13 with 

5% salt addition, increases to 24 again in 10% solution, and finally decreases to 18 at the highest 

concentration of salt in 15%-4C.  
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Figure 4.2 Number of molecules in the largest aggregates plotted against % wt of NaCl in the 

solution. Data for 0% wt salt (i.e. pure water) were adopted from Jian et al. 2013. [21] 

It is clear from the results above that the extent of aggregation can have a non-monotonic 

dependence on the salt concentration, which differs from the monotonic increasing trend reported 

by Rezaeidoust et al. [28] The dependence is further sensitive to the molecular structure of the 

solutes, i.e., the different side chain lengths here. In pure water, the full aggregation of VO-16C 

molecules was attributed to the mutual association of the long side chains caused by hydrophobic 

interactions, whereas with the short side chains the full aggregation of VO-4C molecules was due 

to the stacking of PA cores. [21] The smaller degree of aggregation of VO-8C and VO-12C was 

caused by the interactions between cores and side chains, which interfered with the core-core 

stacking. [21] To understand the different trends observed in Fig. 4.2 for different molecules, and 

whether such difference is caused by different forces driving the aggregation, we quantify the 

interactions between the model asphaltene molecules via their two regions: the PA core and the 

side chains. 
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To do so, each molecule was separated into the two regions, and for any two molecules we 

calculated: 1) the minimum distance (dmin) between the two PA cores, 2) dmin between the core 

region of one molecule and the side chain region of the other molecule, and 3) dmin between the 

two side-chain regions. A π-π contact is said to be formed if dmin between the two core regions is 

≤ 0.5 nm, a θ−θ contact is recorded if dmin between the two side chain regions is ≤ 0.5 nm, and a 

π−θ contact is said to be present if dmin between one core region and one side chain region is ≤ 0.5 

nm. The criteria of 0.5 nm was chosen because it corresponds to the distance at which the radial 

distribution function between the centers of geometry of two PA cores shows the first and most 

prominent peak in pure water. [21] For a pair of molecules, there can be at most one π−π contact 

and one θ−θ contact. However, two π−θ contacts can potentially be formed: one between the core 

of molecule 1 and side chains of molecule 2, and the other between the core of molecule 2 and 

side chains of molecule 1. Consequently, in any system the maximum possible number of π−θ 

contacts is twice the maximum possible numbers of π−π and θ−θ contacts. To make a fair 

comparison, the calculated number of π−θ contacts is divided by two to obtain a scaled value.  

Counts of π−π, π−θ (scaled) and θ−θ contacts as functions of time are presented in Fig. B4 

(Appendix B4). In the last 10 ns, the numbers for all 12 systems become stable, and the average 

values are plotted in Fig. 4.3. As shown in Figure 4.3a, the number of θ−θ contacts in all 4 systems 

containing VO-16C is not only 2-3 times the number of π−π contacts, but also much greater than 

that of π−θ contacts. It is clear that it is the hydrophobic association of the side chains that 

dominates the aggregation of VO-16C molecules in water. The change of θ−θ contacts with salt 

concentration also correlates well with the trend of aggregation size shown in Fig. 4.2. Specifically, 

the number of θ−θ contacts is about the same in pure water and 5% solution, decreases in 10% 

solution and remains almost the same at 15%. Consistently, Fig. 4.2 also shows the aggregation 
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size at 10% and 15% to be comparable, which is smaller than the aggregates at 0% and 5% (fully 

aggregated).   

  

  

Figure 4.3 Numbers of π−π, π−θ (scaled) and θ−θ contacts averaged over last 10 ns of 

simulation for the systems containing: (a) VO-16C, (b) VO-12C, (c) VO-8C, (d) VO-4C. Data 

for 0% salt are adopted from Jian et al. 2013. [21] 

Compared with VO-16C, in systems containing VO-12C (Fig. 4.3b), the count of θ−θ 

contacts have reduced due to the length reduction of the side chains. However, it still appears to 
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be the most important among the three interactions. As the salt concentration increases from 0% 

to 5%, θ−θ contacts experience a sharp increase; further increase in salt concentration causes it to 

decrease but very gradually. This again aligns well with results shown in Fig. 4.2, where for 

systems containing VO-12C, the aggregate increases its size significantly from pure water to 5% 

solution and becomes fully aggregated, remains fully aggregated at 10% and only decreases 

slightly at 15%. 

Since side chain association plays the most significant role in aggregating VO-16C and 

VO-12C molecules, the trend observed in Fig. 4.2 for systems containing these two types of 

molecules can be understood by considering the effect of salt on the aggregation of hydrophobic 

entities. Zangi et al. performed such a study [52] and found that increasing ions with low charge 

density in a solution promoted the aggregation of hydrophobic particles at low salt concentration 

but suppressed it at high concentration. Their results were explained by recognizing that the low 

charge ions behave like co-solutes to the hydrophobic particles at low salt concentration. They 

increase the aggregation of the hydrophobic particles by withdrawing water from them and adhere 

to the formed aggregates. When too much salt was introduced, however, the dielectric constant of 

the solution was significantly decreased, making the hydrophobic particles more soluble in water. 

The increase of solubility resulted in a reduced tendency for aggregation. That is, there exists a 

salt concentration at which the salt ions transition from being “co-solute” to being “co-solvent”, 

and the aggregation of hydrophobic particles is maximized at this transition concentration. 

Interestingly, the transition concentration was found to depend on the number of hydrophobic 

particles in the solution. [52] With more hydrophobic particles, the ions became “co-solvent” at a 

lower concentration, i.e., the transition concentration is smaller.  
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If we consider each side chain in the model compounds simulated here as a collection of 

hydrophobic particles (carbon atoms), the aggregation behaviors observed earlier for VO-16C and 

VO-12C systems can be explained by the findings of Zangi et al. [52] In the systems containing 

VO-16C, significant reduction in aggregation (Fig. 4.2) as well as in side chain θ−θ interaction 

(Fig. 4.3a) occurs after the salt concentration is increased beyond 5%. That is, the transition 

concentration is around 5% for VO-16C. The side chains in VO-12C are shorter, i.e., the 

hydrophobic carbon atoms in the systems containing VO-12C are fewer than in those containing 

VO-16C. It can then be hypothesized that the transition salt concentration may be higher in the 

VO-12C systems. Indeed, the aggregation size for VO-12C (Fig. 4.2) starts decreasing only after 

reaching 10%. Although the side chain association (θ−θ contact in Fig. 4.3b) shows signs of 

decreasing from 5% to 10%, the decrease is very limited and almost negligible if standard deviation 

in the data is taken into account. More noticeable reduction in the θ−θ contact also occurs after 

10%.   

While the aggregation of VO-16C and VO-12C is mainly governed by side chain 

association, and the role of salt can be explained by its effect on the aggregation of carbon atoms, 

it is not the case for the systems containing VO-8C. If we only considered the aggregation of 

carbon atoms on the side chains, the smaller number of carbon atoms in VO-8C systems would 

suggest an even higher transition concentration compared with the VO-12C systems (i.e., at least 

and possibly beyond 10%). However, in Fig. 4.3c we see a clear decreasing trend in the number 

of θ−θ contacts initiated at 5%. In addition, from Figure 4.3b to Fig. 4.3c we see that the number 

of θ−θ contacts has further decreased and is comparable to the number of π−θ contacts. The above 

result implies that the aggregation of VO-8C may also be affected by the interactions involving 

the core region.  
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In order to examine the effect of salt addition on the PA cores alone, individual PA cores 

were created by removing the side chains from the molecules in Fig. 4.1 and MD simulations were 

carried out on systems containing 6 PA cores in pure water, 5%, 10% and 15% NaCl solutions. 

The details of the simulations can be found in Appendix B5. Each system was simulated for 20 ns, 

which became stable in the last 3 ns. As shown in Fig. 4.4a, in pure water a 4-molecules aggregate 

(shown in dashed square) and a dimer are formed, which are separated without mutual interactions. 

The aggregate has a very ordered structure, with the 4 PA cores stacking to each other in perfect 

parallel. In 5% solution as shown in Fig. 4.4b, all 6 PA cores form a single aggregate. Five out of 

the six PA cores are stacked together in parallel fashion while the last one is perpendicular, i.e., 

forming a T-stacking. When the salt concentration is increased to 10% (Fig. 4.4c), there are one 

dimer and one 4-molecular aggregate. However, unlike in Fig. 4.4a, only three PA cores in the 

aggregate form parallel stacking while the other forms a T-stacking (Fig. 4.4c). In 15% solution 

(Fig. 4.4d), a large aggregate is formed again with 5 molecules in perfect parallel, along with a 

single dispersed molecule. Clearly the presence of 10% salt has weakened the ability of the PA 

cores to form parallel stacking. To quantify parallel stacking, the number of direct parallel stacking 

(DPS) pairs has been calculated. A DPS between two cores is the configuration in which the 

distance of their geometry centers is within 0.50 nm and the angle between the two cores is near 

zero (cosine of the angle greater than 0.90). [21] Fig. 4.5 shows the relationship between the 

number of DPS pairs and salt concentration, where for the core-only systems minimum number of 

DPS pairs is found in 10% solution.  
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Figure 4.4 Snapshot of 6 polyaromatic cores in (a) pure water, (b) 5%, (c) 10% and (d) 15% 

NaCl solutions at the end of 20 ns simulations. Largest aggregates are shown in dashed 

rectangle.  

One possible explanation to this non-monotonic dependence of parallel stacking on salt 

concentration is the interaction between salt ions and the heteroatoms on the PA cores (Oxygen 

here). It is well known that the parallel stacking of large aromatic moieties is driven by the 

interaction between positive σ-framework and negative π-electron cloud. [20] The presence of 

heteroatoms withdraws the π-electron clouds to reduce the π-π electron repulsion, further 

enhancing the parallel stacking. [53] When salt ions are introduced, they can establish interactions 

with the heteroatoms. Our analysis on the distribution of Na+ ions around the model compounds 

in Fig. B6 (Appendix B6) in fact shows that they interact with the oxygen atoms on the PA cores 

at short distance while having little interaction with the oxygen atoms in the side chains. The 

attraction between Na+ ions and oxygen atoms on the cores can reduce the stacking-enhancing 

effect of the oxygen atoms and negatively impact parallel stacking of the PA cores. The results in 

Fig. 4.4 seem to suggest that this influence of the salt is little at 5% salt but becomes noticeable at 

(a) (b) 

(c) (d) 
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10%. With more salt added (15%), the negative impact of salt is diminished again, possibly due to 

the strong screening of the electric field under such a high concentration, which has reduced the 

π-π electron repulsion.  

 

Figure 4.5 Number of direct parallel stacking pairs for the core-only systems and systems 

containing VO-8C and VO-4C.  

Through the above analysis, it has been demonstrated that the addition of salt can promote 

aggregation by increasing side chain association (up to a “co-solute” to “co-solvent” transition 

concentration); meanwhile it can reduce aggregation by decreasing parallel stacking of the cores 

for intermediate concentration. In the systems containing VO-8C, the number of DPS pairs shows 

the same trend as the core-only systems (Fig. 4.5). Although the effect of salt on hydrophobic 

association of side chains, if isolated, would have predicted higher intermolecular interactions at 

10% than at 5%, the reduced capability of forming parallel stacking at 10% has led to the decrease 

in the numbers of π−θ and θ−θ contacts as the salt concentration changes from 5% to 10% (Fig. 

4.3c). The results also indicate that there are mutual influences of the core-core, chain-chain and 
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core-chain interactions in VO-8C, because the length of side chains is comparable to the size of 

the PA core. 

Interestingly, the reduced parallel stacking at 10% did not cause the overall π−π contacts 

to decrease. Instead, the number of π−π contacts in Fig. 4.3c increases as the salt concentration 

changes from 5% to 10%. The reason for this seemingly contradictory observation is that while 

the capability of forming parallel stacking is weaker at 10%, T-stacking between cores increases 

(see Fig. 4.4). T-stacking is able to compensate for the loss of parallel stacking, which leads to the 

same aggregation size at 10% as the size at 5% (Fig. 4.2). However, the aggregate structures are 

less compact with T-stacking (as shown in Appendix B7). T-stacking also limits the core-chain 

and chain-chain interactions at 10%, as shown in Fig. 4.3c.  

Finally, in VO-4C systems (Fig. 4.3d), the side chains are so short that the θ−θ interaction 

becomes the smallest among the three. The aggregation through hydrophobic interaction becomes 

less dominant. On the other hand, despite the short side chains, the aggregation of VO-4C 

molecules is not entirely controlled by core-core interaction. In fact, the trend of aggregation size 

shown in Fig. 4.2 is not the same as that of π−π contacts in Fig. 4.3d. The counting of DPS pairs 

shows that the smallest number of DPS pairs occurs at 5%, as shown in Fig. 4.5. This is different 

from the VO-8C systems, as well as the systems without side chains (Fig. 4.5); in both cases the 

DPS is weakest at 10%. Given that the side chains in VO-4C are the shortest; its behaviors would 

have been expected to be closest to the model without side chains. The counterintuitive results we 

observed suggest that the role of the rather short side chains in VO-4C is not negligible in the 

presence of salt, although the exact mechanism still remains inconclusive and to be further 

explored. Nevertheless, the smallest DPS at 5% does agree with the smallest aggregation size at 

5% for VO-4C (Fig. 4.2), even though the number of π−π contacts (Fig. 4.3d) is not reduced at 
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5%. T-stacking in this case appears to be incapable of compensating for the loss of DPS, as it did 

for the VO-8C systems. As for the decreased aggregation size again at 15% (Fig. 4.2), it is similar 

to the cases of VO-12C and VO-8C and is caused by the significant reduction in of π−θ and θ−θ 

interactions from 10% to 15% (Fig. 4.3d)), possibly due to the transition of salt from “co-solute” 

to “co-solvent”.  

4.4 Discussion  

It is worth commenting on our results in comparison to two experimental works that studied the 

effect of salt on asphaltene accumulation on oil/water interface. Verruto et al. [54] observed that 

the salt addition delayed the formation and consolidation of asphaltene film at heptol/water 

interface. Chávez-Miyauchi et al. [55] reported a non-monotonic relationship between the 

elasticity of asphaltene film on crude oil/water interface and salt concentration. Both works 

attributed the effect of salt to the screening of electrostatic interactions between asphaltenes. 

Compared with these studies, the electrostatic interaction in our work is expected to be weaker. 

Firstly, the model compounds simulated in this work (based on VO-78) are likely to be less polar 

than real asphaltenes used in the experiments. As shown in Fig. B1 (Appendix B1), the model 

compounds have partial charges at the oxygen atoms and their neighboring carbon atoms, while 

the rest of the molecules carry zero or negligible partial charges. Furthermore, the two studies 

considered oil/water interface, which can be negatively charged and provide a strong electrostatic 

driving force. Such an interface is absent in our systems. As a result, the electrostatic interaction 

in our work is weaker and is manifested via the core-core interaction. The added salt interacts with 

the heteroatoms (oxygen) on the cores, which in turn affects the core-core interaction. 

On the other hand, in bulk water the hydrophobic association of side chains provides 

another mechanism for the aggregation. Rankin et al. [56] studied the interaction between small 



 90 

hydrocarbon groups (CH3OH and C4H10O) in water and reported the contact between them to be 

random rather than hydrophobic. In our work, however, the hydrophobic moieties are much larger. 

Even VO-4C, with shortest side chain length, contains 5 hydrocarbon groups on each side chain. 

There is strong evidence of association of side chains, as shown by the stable θ−θ contacts found 

in the last stage of simulation (Fig. B4 in Appendix B4). Studying modified VO-78 with different 

side chain lengths has allowed us to address the role of side chain association, and their joint effect 

with the electrostatic interaction among the cores. There has been a large body of simulation work 

[57–61] that has provided fundamental understanding of interaction between hydrophobic entities, 

including quantification of the interaction between two hydrophobic solutes using the potential of 

mean force (PMF). Similar PMF calculation for our model compounds is of interest but performing 

constraint MD simulations to obtain the PMF is out of the scope of this work. 

Asphaltenes are known to absorb onto oil/water interface and stabilized the oil-in-water or 

water-in-oil emulsion. Many researchers have reported the accumulation of asphaltene at the 

oil/water interface in the form of aggregates. [54,55] Molecular arrangement in the aggregates can 

affect the rheological properties of the asphaltene films, thereby influencing the emulsion stability. 

The presence of salt can affect the interfacial adsorption of asphaltenes via two ways. Firstly, it 

can change the amount of asphaltenes accumulation on the interface. For instance, the MD 

simulation performed by Jian et al. [62] reported that salt addition increased the accumulation of 

asphaltene onto toluene/water interface. Secondly, the presence of salt can affect the interaction 

among asphaltene aggregates, thus affect the structure of asphaltene film. [54,55] The model 

compound (VO-79) simulated by Jian et al. [62] has a similar structure to VO-8C studied in the 

present work. Our results have shown that the aggregate size of VO-8C has non-monotonic 

dependence on salt concentration, reaching a maximum at intermediate concentration. One could 
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then hypothesize that intermediate salt concentration might be most detrimental in terms of 

stabilizing the emulsion, since it will lead to not only large amount of adsorption, but also large 

aggregates that form a rigid film. Confirming this hypothesis, however, would require a series of 

simulations with different salt concentration applied to a water/oil/asphaltene system. 

4.5 Conclusions 

Using molecular dynamics simulations, we studied the aggregations of 4 types of asphaltene model 

compounds, VO-16C, VO-12C, VO-8C and VO-4C, in aqueous solution with different NaCl 

concentrations. Our results, for the first time, revealed complex non-monotonic relationship 

between the aggregation size and salt concentration. In addition, the four compounds, having the 

same polyaromatic core but different side chain length, exhibited different dependence on salt 

addition. Hydrophobic association between side chains are the predominant driving force for 

aggregation in systems containing VO-16C and VO-12C molecules which have longer side chain 

length. The change of aggregation size with salt concentration is positively correlated to the effect 

of salt on hydrophobic interaction: it promotes the hydrophobic interaction at low concentration 

but suppresses it at high concentration. In systems with VO-8C molecules, which have 

intermediate side chain length, the aggregation is not only dependent on the hydrophobic 

association between chains, but also influenced by core-core and core-side chain interactions. In 

systems containing VO-4C with shortest side chain, while salt addition has a significant effect on 

the core-core interaction, the short side chains still play a non-negligible role in aggregation with 

the presence of salt.  
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Chapter 5. Effect of Non-ionic Surfactants on the Adsorption of Polycyclic 

Aromatic Compounds at Water/Oil interface: A Molecular Simulation Study 

5.1 Introduction 

Understanding the adsorption of surface-active components at liquid/liquid interfaces is essential 

for many colloidal processes and industrial applications. [1,2] Transportation of surface-active 

components from one liquid phase to another plays important roles in extraction and separation 

processes, which involves the important step of interfacial adsorption. [3–5] Interfacially adsorbed 

molecules with functional groups could form well-organized aggregates, which are suitable as 

catalysts, biosensors, drug delivery agent, etc. [6–8] Emulsification occurs when the interface 

between two immiscible liquids (e.g., water and oil) is stabilized by the adsorption of surface-

active components. [9] Stable emulsions are desirable in applications such as food, pharmaceutical, 

and cosmetic industries. [10–14] On the other hand, water/oil emulsification is highly undesirable 

in petroleum industry because it causes difficulty in oil/water separation, increases the corrosion 

of equipment and pipelines, and reduces the transportation efficiency. [15–17]  

The adsorption of polycyclic aromatic compounds (PACs) on the water/oil interface has 

attracted wide attention in environmental [18–23] and industrial research [24–27]. PACs, naturally 

present in fossil fuel, contain polycyclic aromatic hydrocarbon (PAH) core(s) and aliphatic chains, 

which generally have functional groups with heteroatoms such as sulfur, oxygen and nitrogen. 

These molecules exhibit amphiphilic and surface-active features and can be adsorbed at the 

water/oil interface. Consequently, they become organic contaminates and accumulate in soil and 

ocean as oil spills [18–23]. For example, Zhu et al. [23] studied the co-existence of PAH 

(anthracene) and cyclodextrin on water/chloroform interface, as a means to extract PAH pollutants 
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from the oil phase. The cyclodextrin was found to be able to transport spontaneously from water 

phase to the water/oil interface, indicated by the negative free energy change. The PAH preferred 

to be included into the cyclodextrin aggregates on the water/oil interface instead of in bulk oil. The 

same authors [28] reported the co-aggregation of humic acid and PACs at water/toluene interface, 

and suggested that the co-aggregation increased the retainment of the oil contaminants in aqueous 

environments. [28] Various non-ionic surfactants have been explored for remediation of PACs 

from contaminated soil or water [20,21], as they increased the dissolution rate and solubility of 

PACs in the aqueous phase and promoted the efficiency of groundwater flushing [29]. 

Beside pollutant treatment, non-ionic surfactants were frequently applied as destabilisers 

for unwanted emulsions stabilized by PACs. [30] Water and oil emulsification was commonly 

attributed to the formation of a stable and rigid film of surface-active components at the water/oil 

interface, [15–17] among which the PACs were a main contributor. The water and oil emulsions 

include water-in-oil (W-O), oil-in-water (O-W), and more complex cases like water-in-oil-in-

water (W-O-W) emulsions, where the W-O emulsion is the predominant type. To break up the W-

O emulsion, various non-ionic surfactants have been used for chemical demulsification. [30–32] 

The experiments of Li et al. [33] studied the demulsification of water-in-aging-crude-oil emulsion 

by novel tannic acid phenol-amine polyether with multiple branches. They proposed that the 

hydrophilic branches entered the interior of the water droplets while the hydrophobic parts stayed 

on the surface, which had the strong interaction with the PACs in the protective film and could 

partially break up the film. [33] PEO-PPO copolymers, a group of non-ionic surfactants, have been 

commonly synthesized and used for W-O demulsification processes. [34–37] Their 

demulsification performance, i.e. the water removal efficiency, was affected by many factors such 

as the number of copolymer branches [34], molecular weight, PPO/PEO ratio [36], and 
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concentration [35]. For example, Cendejas et al. [35] attributed the optimal water separation from 

water-in-crude-oil emulsion at certain concentration of PEO-PPO copolymer to the saturation of 

polymeric chains at the water/oil interface. The desorption mechanism of PACs from water/xylene 

interface by PEO-PPO co-polymer, as well as Brij-93, was investigated by Pradilla et al. [38,39] 

They added the non-ionic surfactants to the water/xylene interface with already adsorbed PACs 

and carried out interfacial tension measurement to assess the desorption of PACs at the interface. 

[38,39] The composition of non-ionic surfactants and PACs on the mixed interface was calculated 

using the Langmuir equation of state. [38,39] At low concentration of non-ionic surfactants (10 

ppm for Brij-93 and 0.5 ppm for PPO-PEO co-polymers), interaction between non-ionic 

surfactants and PACs was detected on the interface, while the PAC desorption was partial or 

negligible. [38] At 2500 ppm Brij-93 and 100 ppm PPO-PEO co-polymers, the PACs were 

completely replaced from the interface and had no interaction with the surfactants. [38] The 

authors proposed that the desorption of PACs was initiated by the interaction between the non-

ionic surfactants and PACs, followed by the formation of complex structure between them, and 

finally the displacement of PACs by the surfactants. [38] While experimental studies frequently 

attributed the demulsification mechanisms to the interactions of PACs with non-ionic surfactants 

on the interface, molecular-level evidence of the interactions was difficult to obtain by 

experimental approach alone.  

Theoretical investigations, by the means of molecular simulations, have provided direct 

observations on the interfacial adsorption and interaction of PACs and surfactants, and contributed 

to the understanding of demulsification mechanisms. Many studies have been carried out on 

water/oil interface with solely PACs [40–42] or non-ionic surfactants [2,43]; few works simulated 

the co-existence of PACs and surfactants. For example, molecular dynamics (MD) simulation was 



 101 

carried out by Niu et al. [44] on water/xylene interface with adsorbed C5Pe, a model PAC molecule, 

by adding a PEO-PPO triblock copolymer. The copolymer was found to be more surface active 

than C5Pe and could form stronger hydrogen bonding with water. [44] The adsorbed copolymers 

replaced C5Pe molecules and broke up the rigid C5Pe film at the water-xylene interface, which 

would ultimately assist the coalescence of water droplets. [44]  

In spite of experimental and theoretical approaches to understand the demulsification 

mechanism by non-ionic surfactants, molecular level investigation on the intermolecular 

interactions between PACs and non-ionic surfactants on the water/oil interface is still in demand. 

Especially, there is a lack of systematic theoretical investigation on the factors that affect the 

demulsification process. For example, various non-ionic surfactants have been applied as 

destabilizers and the demulsification mechanisms can vary greatly. [30,45,46] While many reports 

studied the popular PEO-PPO copolymers, other non-ionic surfactants have been much less 

discussed, such as the Brij group which has been compared with PEO-PPO copolymers in 

experiments [38,39]. Additionally, PACs have complex structures that yield different surface-

activity [47]. For example, it was suggested that PACs with moderate polarity could be adsorbed 

readily at the water/oil interface to stabilize the emulsion, while the stability was reduced when 

PACs with low or high polarity were adsorbed. [48] Mixtures of PACs were generally used in 

experimental studies, and there is a lack of comparison between different PAC structures in the 

demulsification by non-ionic surfactants. Also, the oil phase could be represented by various 

organic solvents, among which the aromatic solvent (toluene) and aliphatic solvent (heptane) were 

commonly compared. The emulsion was generally less stable with PACs on water/heptane 

interface than on water/toluene interface, which was attributed to the change in the aggregation 
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state of PACs on the interface. [15] It remains unclear how the solvent type would affect the 

demulsification by non-ionic surfactants at the molecular level. 

This work aims to use MD simulations to provide a comprehensive understanding on the 

effect of non-ionic surfactant on the adsorption of PACs at water/oil interface, by considering 

several factors, such as PAC architecture, solvent types, structures and concentration of non-ionic 

surfactants. To achieve this objective, model PAC molecules with a single polyaromatic (PA) core 

and multiple PA cores were simulated. The effect of solvent types was studied by representing the 

oil phase with two different organic solvents: one aromatic (toluene) and the other aliphatic 

(heptane). A model PEO-PPO copolymer, (EO)5(PO)10(EO)5, was introduced to examine its 

capability of desorbing the PACs from the oil/water interface. Comparison was made with another 

widely used non-ionic surfactant from Brij family, Brij-93 [38,39]. Finally, each of the two non-

ionic surfactants was applied into the organic phase at two concentrations. The interactions 

between PACs, non-ionic surfactants and interface were analyzed at the molecular level, to provide 

mechanistic insights into the stabilization and destabilization of water/oil interfaces.  

5.2 Methods 

5.2.1 Molecular modelling 

Two PAC model molecules were used in this work, one of which had multiple PA cores (model 

archipelago asphaltene) and the other had a single PA core (model continental asphaltene). The 

PAC with multiple PA cores, referred to as “PacM”, was hypothesized based on C5-insoluble 

asphaltenes [49,50] from Athabasca bitumen, as shown in Fig. 5.1a. PacM has a molecular weight 

(MW) of 1303 g/mol and chemical composition as: C 81.12; H 7.97; N 1.07; O 2.46; S 7.38 (%wt.). 

There are six heteroatoms including 2 oxygen atoms, 3 sulfur atoms and 1 nitrogen atom. The 

other PAC with a single PA core, Violenthrane-79 (VO-79), has been extensively studied [51,52] 
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and is referred to as “PacS” in this work. PacS has a chemical formula of C50H48O4 with MW of 

712 g/mol, as shown in Fig. 5.1b. One of the non-ionic surfactants used was polyethylene glycol 

oleyl ether C22H44O3 (Brij-93) with average MW of 357 g/mol (Fig. 5.1c), which is referred to as 

NisB in this work. The other model non-ionic surfactant simulated was (EO)5(PO)10(EO)5 (referred 

to as NisP, MW: 1039 g/mol), a typical triblock copolymer with equal number of EO and PO 

branches as shown in Fig. 5.1d. 

 

 

 

 

Figure 5.1 Molecular structures of (a) PacM (archipelago model asphaltene), (b) PacS (VO-79), 

(c) NisB (Brij-93), and (d) NisP ((EO)5(PO)10(EO)5). 

Initial chemical structure of PacM was drawn in ChemDraw Prime 16.0. Geometry 

optimization of PacM was first performed by density functional theory (DFT) calculation at 

B3LYP/6-31G + (d,p) level [53]. The obtained geometry was further optimized using Automated 

Topology Builder (ATB) [54], in order to generate force field parameters compatible with the 

GROMOS96 parameter sets [55]. The partial atomic charges were determined from the 

electrostatic potential calculated at B3LYP /6-31G + (d,p) level, with the CHELPG (CHarges from 

ELectrostatic Potentials using a Grid based method) [56] method. The partial charges were then 

manually mapped to the topology generated from ATB. The parameters for NisB and NisP were 
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obtained following the same procedure. All quantum-chemical calculations were carried out using 

the Gaussian 16 software package [57]. Models for PacS, toluene and heptane were adopted from 

previous publications in our group [58]; the parameterization steps were identical except the use 

of def2-SV(P) basis set. Single point charge (SPC) model was used for water molecules, which 

has been extensively applied and validated. [59] The density of pure PACs (PacM, PacS) and non-

ionic surfactants (NisB, NisP) were further validated against the experimental data in the literature, 

as explained in Appendix C1. 

5.2.2 Simulated systems 

A total of 20 systems were simulated, with details given in Table 5.1. The name of each system 

starts with a letter of T or H, corresponding to toluene and heptane being the organic solvent (oil 

phase), respectively. The second letter indicates the type of PAC molecules: M for PacM and S for 

PacS. The non-ionic surfactants, NisB and NisP, are labeled as B and P after the type of PACs. 

The label is finally followed by “low” or “high”, which corresponds to relatively low and high 

concentrations of the surfactants. Sys. 1, 6, 11 and 16 do not contain any non-ionic surfactants and 

are used as control systems. Each system contained 32 PAC molecules. In the system with PacM 

and a low concentration of NisB, 32 NisB molecules were introduced, leading to the same molar 

concentration between NisB and PacM. A high concentration of NisB corresponded to 124 NisB 

molecules, which had a mass concentration comparable to PacM. The number of NisP molecules 

were also decided to render comparable molar (low concentration) or mass (high concentration) 

ratios between NisP and PacM. The same number of non-ionic surfactants were added to systems 

containing PacS. 
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Table 5.1 Details of simulated systems. (sys. 1 TM, sys. 6 HM, sys. 11 TS, and sys. HS are 

control systems without adding non-ionic surfactants) 

Sys. Name Solvent 
no. of 

PacM 

no. of 

PacS 

no. of 

NisB 

no. of 

NisP 

Molar ratio 

(PAC/NIS) 

Mass ratio 

(PAC/NIS) 

1 TM Toluene 32 - - - -  

2 TM-B-low Toluene 32 - 32 - 1:1 1:0.27 

3 TM-B-high Toluene 32 - 128 - 1:4 1:1.1 

4 TM-P-low Toluene 32 - - 24 1:0.75 1:0.6 

5 TM-P-high Toluene 32 - - 48 1:1.5 1:1.2 

6 HM Heptane 32 - - -   

7 HM-B-low Heptane 32 - 32 - 1:1 1:0.27 

8 HM-B-high Heptane 32 - 128 - 1:4 1:1.1 

9 HM-P-low Heptane 32 - - 24 1:0.75 1:0.6 

10 HM-P-high Heptane 32 - - 48 1:1.5 1:1.2 

11 TS Toluene - 32 - -   

12 TS-B-low Toluene - 32 32 - 1:1 1:0.5 

13 TS-B-high Toluene - 32 128 - 1:4 1:2 

14 TS-P-low Toluene - 32 - 24 1:0.75 1:1.1 

15 TS-P-high Toluene - 32 - 48 1:1.5 1:2.2 

16 HS Heptane - 32 - -   

17 HS-B-low Heptane - 32 32 - 1:1 1:0.5 

18 HS-B-high Heptane - 32 128 - 1:4 1:2 

19 HS-P-low Heptane - 32 - 24 1:0.75 1:1.1 

20 HS-P-high Heptane - 32 - 48 1:1.5 1:2.2 

 

5.2.3 Simulation details  

To construct the initial configuration for the control systems, a box with dimension of 12×12×12 

nm3 was filled with water [60]. As shown in Fig. 5.2a, the box was then extended in z direction to 
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24 nm, where the PacM/S were aligned in an array of 4×4×2 next to the water box. The extended 

box containing PacM/S molecules was then filled by organic solvent (toluene or heptane), which 

formed the initial configuration for the control systems, as shown in Fig. 5.2b. After equilibration, 

the final configuration of PacM/S adsorbed at the interface was obtained, as shown in Fig. 5.2c. 

This was used to construct the initial configuration for systems with non-ionic surfactants (NisB/P) 

by the following steps in Fig. 5.2: removing the solvent (Fig. 5.2d), adding NisB/P (Fig. 5.2e), and 

filling the right side of the simulation box with organic solvent (Fig. 5.2f).  

 

Figure 5.2 Schematic representation of the construction of initial configurations. 

All simulations were performed by using GROMACS package [61–63] (version 5.0.7) 

with GROMOS 96 force field parameter set 53A6 [64]. Each simulation underwent an energy 

minimization process for static structure optimization. Then, a short NVT simulation was carried 

out with position-restraints on the non-hydrogen atoms of PAC, using a harmonic potential of force 

constant 1000 kJ/(mol·nm2). The restraint was removed, and full dynamics simulation was carried 

out in NpT ensemble at 300 K and 1 bar. The pressure was controlled by isotropic Parrinello-
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Rahman barostat with time constant 𝜏𝑝  of 1 ps and compressibility of 4.5×10-5 bar-1. The 

temperature was controlled by velocity rescaling thermostat with time constant 𝜏𝑇 of 0.1 ps. For 

each simulation, LINCS [65] algorithm and Particle Mesh Ewald method for full electrostatics [66] 

were applied. The cut-off for non-bonded (van der Waals and electrostatic) interactions was set to 

1.4 nm. Periodic boundary conditions in all three directions were applied. All simulations had a 

time step of 2 fs, and the total simulation time was 60 ns for each system, except sys. 1 which was 

simulated for 120 ns.  

5.3 Results and Discussion  

5.3.1 Adsorption and desorption of PacM 

Control systems with PacM on water/toluene (sys. 1) and water/heptane (sys. 6) interfaces were 

simulated before adding the non-ionic surfactants. Density profiles of water, organic solvent and 

PacM are shown in Fig. 5.3a and b, respectively for sys. 1 and 6, with final configurations of the 

systems above the plot. The density profiles were averaged over the last 5 ns when the adsorption 

of PACs was stable, as shown in Appendix C2. Compared with Fig. 5.2, the simulation boxes in 

Fig. 5.3 were each translated by 6 nm along -z direction, in order to better show the interfaces 

between water and organic solvent. For the rest of this paper and in the SI, the same translation 

was applied to all figures containing snapshots and density profiles. Due to the periodic boundary 

condition, each system had two interfaces, obtained from the intersection of the density profiles 

for water and toluene (or heptane), which were marked by blue arrows. The left interface was 

located at z = ~6 nm, referred to as interface-L. The right interface, referred to as interface-R, was 

located around 18 nm for sys. 1 and 11, and around 20 nm for sys. 6 and sys. 16. The density 

profile of PacM in each system had two peaks each near one of the interfaces, indicating the 

adsorption of PacM molecules. Also shown in Fig. 5.3a, PacM had non-zero density in the bulk 
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toluene phase, consistent with the snapshot where many PacM molecules were dispersed in bulk 

toluene. On the contrary, in Fig. 5.3b the density of PacM was close to zero in bulk heptane, and 

the vast majority of the PacM molecules were located close to the interfaces. 

 

  

  

  

  
Figure 5.3 Density profiles of water, toluene or heptane, and PacM or PacS, averaged over the 

last 5 ns of the simulations for the control systems without non-ionic surfactants (a) sys. 1 

(water/toluene with PacM); (b) sys. 6 (water/heptane with PacM); (c) sys. 11 (water/toluene with 

(a)  (c) 

(b) (d) 
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PacS); (d) sys. 16 (water/heptane with PacS). Above each subfigure is the snapshot of final 

configuration for the corresponding system (water molecules shown in red; heptane or toluene 

molecules removed for clarity; PacM or PacS molecules shown in cyan).  

The number of adsorbed PAC molecules was quantified by the criterion that the minimum 

distance between PAC and the water phase was below 0.35 nm, as explained in Appendix C3. For 

all systems involving PacM molecules (sys. 1 to 10), the number of adsorbed PacM were stable 

over the last 5 ns of the simulations (see Appendix C4) and the averages are plotted in Fig. 5.4 

(one decimal of the average value was kept). On the water/toluene interface, without non-ionic 

surfactants (sys. 1, shown as “None” in black symbol), the average number of adsorbed PacM 

molecules was 22.8. By adding NisB, the number of adsorbed PacM decreased to 18.2 at both low 

and high concentrations, indicating that the effect of NisB concentration was negligible. Adding 

NisP also resulted in a reduction of adsorbed PacM at water/toluene interface, but the effect of 

concentration was more significant. Lower concentration of NisP resulted in more desorption of 

the PacM, with 16.8 PacM remaining adsorbed as compared to 19.9 at high NisP concentration. 

On the water/heptane interface, as shown in Fig. 5.4 by red symbols, adding NisB reduced the 

number of adsorbed PacM molecules from 25.5 to 23.9 at lower concentration and to 23.6 at higher 

concentration. The difference caused by different NisB concentrations was again negligible. 

Interestingly, more PacM became adsorbed at the water/heptane interface with the addition of NisP, 

where lower concentration of NisP led to 26.2 adsorbed molecules and higher NisP concentration 

further increased the number to 28.5.  
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Figure 5.4 Number of adsorbed PAC molecules at organic solvent/water interface averaged over 

the last 5 ns of simulation. Water/toluene with PacM (black), water/heptane with PacM (red), 

water/toluene with PacS (green), water/heptane with PacS (blue). Horizontal labeling: (None) 

control systems without adding surfactants, sys. 1, 6, 11, 16; (NisB-low) adding NisB at low 

concentration, sys. 2, 7, 12, 17; (NisB-high) adding NisB at high concentration, sys. 3, 8, 13, 18; 

(NisP-low) adding NisP at low concentration, sys. 4, 9, 14, 19; (NisP-high) adding NisP at high 

concentration, sys. 5, 10, 15, 20. System number shown beside each symbol. 

5.3.2 Role of non-ionic surfactants: competition vs. co-adsorption 

The destabilization of water/oil interface by non-ionic surfactants have been frequently attributed 

to the competitive adsorption between non-ionic surfactants and PACs, where the non-ionic 

surfactants were more surface active and replaced the adsorbed PAC molecules [38,39, 44,67,68]. 

Generally, if some adsorption sites were occupied by one component causing fewer adsorption 

sites available for other components, the situation was considered competitive adsorption. [69] In 

this work, competitive adsorption was identified if desorption of PACs was observed along with 
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simultaneous adsorption of non-ionic surfactants. On the other hand, the intermolecular interaction 

between non-ionic surfactants and PACs might assist their adsorption together on the interface, 

which represents co-adsorption [70]. 

The adsorptions of PACs and non-ionic surfactants were analyzed through their density 

distribution at equilibrium. Density profiles for PacM and NisB/P were averaged over the last 5 ns 

of simulation and plotted in Fig. 5.5a for sys. 2-5 (PacM in toluene) and Fig. 5.5b for sys. 7-10 

(PacM in heptane). Two dashed lines in each system corresponded to the locations of interface-L 

and interface-R determined from the intersection of water and toluene (or heptane) density profiles. 

In each system, the curve for PacM or NisB/P had two peaks located near the interfaces, indicating 

the interfacial adsorption of both PacM and NisB/P. The black dot curve in each plot was the 

density profile of PacM in the corresponding control system, in absence of non-ionic surfactants. 

It should be noted that the locations of the two interfaces in systems with non-ionic surfactants 

were slightly different from the control systems, due to the change in box dimensions during the 

NpT simulation. In Appendix C5, the actual locations of the two interfaces in each system were 

given, along with locations of the peaks in the PacM density profiles. These data allowed us to 

calculate the distance between each PacM density peak and the nearest interface, as a measure of 

the proximity of PacM adsorption. By adding NisB at low concentration (sys. 2), the peak of PacM 

at interface-L was lowered but the peak at interface-R had no significant change. The curve for 

NisB had one peak on each interface, with zero values in bulk toluene, indicating their complete 

adsorption on the interfaces. Most of the NisB molecules were adsorbed at interface-L, where there 

was evident competitive adsorption between NisB and PacM. For sys. 3 with NisB at high 

concentration, the peak of PacM at interface-L was also lowered and both peaks shifted toward 

bulk toluene (see Appendix C5 for more details). Meanwhile, NisB showed two pronounced peaks 
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at the two interfaces. The adsorption of NisB also competed with the adsorption of PacM, pushing 

them towards the bulk. When NisP were added instead of NisB, sys. 4 and sys. 5 were found to 

behave similarly to sys. 3.  

As shown in Fig. 5.5b, on the water/heptane interface, adding NisB at low concentration 

(sys. 7) did not have obvious effect on the peak of PacM near interface-L but slightly narrowed 

the peak near interface-R. The peaks of NisB at the two interfaces were weak and non-zero 

densities were found in bulk heptane, suggesting that the adsorption of NisB was incomplete. The 

adsorbed NisB competed with PacM, but the competition was very mild and only seen by the slight 

narrowing of the PacM peak at interface-R. Meanwhile, the dispersed NisB and PacM had 

interaction in bulk heptane, as shown in Appendix C6. For sys. 8, the PacM peak at interface-L 

was lowered and shifted towards bulk heptane, while the peak at interface-R was narrowed but 

moved closer to the water phase (see Appendix C5 for more details). By adding NisP at low 

concentration (sys. 9), the changes in the PacM peaks were negligible. With NisP completely 

adsorbed at the interfaces, co-adsorption between NisP and PacM was observed. In sys. 10, the 

PacM peaks near both interfaces increased compared with the control system, signifying 

considerable co-adsorption of NisP and PacM.  
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Figure 5.5 Density profiles for PacM/S and NisB/P averaged over last 5 ns for (a) sys. 2-5, 

PacM on water/toluene interface; (b) sys. 7-10, PacM on water/heptane interface; (c) sys. 12-15, 

PacS on water/toluene interface; and (d) sys. 17-20, PacS on water/heptane interface. In each 

plot, vertical dashed lines indicate the locations of the two interfaces, and the black dot curve is 

the density profile of PacM/S in the corresponding control systems. 

(a)  (c) 

(b) (d) 
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The co-adsorption of PacM and NisB/P might be attributed to their intermolecular 

interactions, which was analyzed through the radial distribution function (RDF) of the atoms in 

NisB/P with respect to the atoms in PacM, as plotted in Fig. 5.6a for sys. 2-5 (water/toluene 

interface) and in Fig. 5.6b for sys. 7-10 (water/heptane interface). RDF represents the probability 

of finding a particle at a certain radial distance from the reference particle, which is useful to 

identify interparticle structural correlations. [71] For example, de Oliveira et al. [72] simulated 

polyethylene glycol (PEG) polymers in water and chloroform solvents, and calculated the RDF 

between PEG groups in different polymers. The first peak in the RDF was located at 0.48 nm, 

corresponding to direct PEG-PEG interaction. The second peak was located at 0.59 nm, 

corresponding to PEG-PEG interaction mediated by solvent molecules. [72] The two non-ionic 

surfactants simulated in this work were not PEG but share some similarities at the end groups. On 

the other hand, the RDFs in Fig. 5.6 used the PAC atoms as the reference particles. The PACs do 

not have linear structures and may not be able to interact with the surfactants at distances as close 

as those reported in de Oliveira et al. [72] In Fig. 5.6a, the first RDF peaks in sys. 2-5 (PacM in 

toluene) was located at 0.56 - 0.58 nm. The intensity of the first peak was quite low (around 1-2), 

indicating weak interaction between PacM and non-ionic surfactants. As shown in Fig. 5.6b, the 

first RDF peaks for sys. 7-10 were located at 0.54 - 0.56 nm, with low intensity (~ 3) for sys. 7-8 

and higher intensity (~ 4.5-5.5) for sys. 9-10. The higher intensity for sys. 9-10 indicated a stronger 

correlation between PacM and NisP than between PacM and NisB in sys. 7-8. From the 

comparison of the first RDF peaks, the strength of short-range interaction between PacM and non-

ionic surfactants was characterized as weak (intensity of peak: 1-2) in sys. 2-5, moderate (intensity 

of peak: 2-4) in sys. 7-8, and strong (intensity of peak over 4) in sys. 9-10. As mentioned in Fig. 

5.5a-b, competitive adsorption was observed in sys. 2-5 and sys. 7-8, while co-adsorption was 



 115 

more dominant in sys. 9-10, which was correlated with the stronger interaction between PacM and 

non-ionic surfactants in sys. 9-10.  

 

  

  
Figure 5.6 Radial distribution functions (RDFs) of all atoms in NisB/P molecules with respect to 

all atoms in PacM/S molecules, averaged over the last 5 ns, for (a) sys. 2-5, PacM on 

water/toluene interface; (b) sys. 7-10 PacM, on water/heptane interface; (c) sys. 12-15, PacS on 

water/toluene interface; and (d) sys. 17-20, PacS on water/heptane interface. 

5.3.3 Co-adsorption between PacS and non-ionic surfactants 

For the control systems with PacS, the density profiles stayed zero in bulk toluene (Fig. 5.3c) and 

heptane (Fig. 5.3d), indicating that all molecules were completely adsorbed at the interface. By 

introducing non-ionic surfactants into the water/toluene systems (sys. 12-15), as shown in Fig. 5.4, 

the number of adsorbed PacS molecules had no obvious change. It was consistent with the 

(a) 

(b) 

(c) 

(d) 
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observation in Fig. 5.5c that the density profiles for PacS in sys. 12-15 with non-ionic surfactants 

almost overlapped with the curve for the control system (sys. 11). There was even a slight shift of 

the PacS peaks towards bulk water at interface-R for sys. 12-14, and at interface-L for sys. 15 (see 

Appendix C5 for more details). As shown in Fig. 5.6c, the first RDF peaks for sys. 12-15 had 

intensity of ~ 2.5-6.0, indicating that the interaction between PacS and NisB/P was moderate (sys. 

13-15) to strong (sys. 12). At water/heptane interface (sys. 17-20), Fig. 5.5d shows considerable 

shift of the PacS peaks towards the water phase, however this was mainly due to the change in the 

simulation box (see Appendix C5 for details). Nevertheless, the interaction between PacS and 

NisB/P (Fig. 5.6c) was moderate (sys. 18, sys. 20) to strong (sys. 17, sys. 19), and co-adsorption 

of NisB/P with PacS was evident.  

5.3.4 Discussion 

 

Figure 5.7 Summary of (a) the largest aggregate size vs. the probability of monomers; (b) the 

interaction between PacM/S and NisB/P vs. the number of adsorbed PacM/S molecules, where 

the interaction is represented by the intensity of the first RDF peaks in Fig. 5.6. Label on each 

symbol indicates the system number given in Table 5.1. All systems are mapped onto these two 

(a) (b) 
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diagrams (control systems are excluded in (b)), based on data from the last 5 ns of the 

simulations.  

Stable W-O emulsions were frequently attributed to the adsorption of PACs on the water/oil 

interface, which had certain correlation with the aggregation of PACs. [73–75] For example, 

Spiecker et al. [73] investigated the effect of resin on the aggregate size of PACs, and the stability 

of W-O emulsion. With the increase of resin concentration, the aggregate size of PACs in mixtures 

of toluene and heptane, measured by small-angle neutron scattering, became smaller. [73] And the 

stability of W-O emulsion was lowered, due to the strong interaction between resin and PACs that 

interrupted the aggregation of PACs. [73] In our work, adding non-ionic surfactant also affect the 

aggregation of PACs. The aggregate size was quantified by the number of PAC molecules in the 

aggregate, which was determined by the criterion that any two PAC molecules in the aggregate 

had minimum distance less than 0.35 nm. The size of PAC aggregates was recorded over the last 

5 ns of the simulations, and the probability distributions were plotted in Appendix C7. In addition, 

the size of the largest aggregates in each system was averaged over the last 5 ns of the simulations 

and reported in Appendix C8. Using the data from Appendix C7 and 8, the aggregation of PAC 

molecules is compared in Fig. 5.7a through two aspects, the probability that PAC molecules 

existed as monomers (x axis) and the size of the largest aggregates (y axis). It was reported that 

compared with PacS, individual PacM molecules possessed intramolecular flexibility and could 

transition between folded and unfolded state in bulk toluene and heptane, which hindered 

aggregation [76]. As shown in Fig. 5.7a, PacM molecules also formed small aggregates (2-6 

molecules in sys. 1-10), whereas PacS molecules formed larger aggregates (7-14 molecules in sys. 

11-20). Also, compared with PacM for which the aggregates were loosely structured, the structure 

of PacS aggregates were more compact due to π−π stacking (see Appendix C9).  
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As Anton et al. [77] suggested, larger aggregates on the water/oil interface were more 

difficult to desorb than smaller aggregates. Among the systems containing PacM which formed 

smaller aggregates than PacS, desorption was observed in sys. 2-5 (PacM at water/toluene interface 

with NisB or NisP) and 7-8 (PacM at water/heptane interface with NisB), as marked in the blue 

circle in Fig. 5.7a. In these systems, the probability of monomers increased, and the size of the 

largest aggregate decreased compared with the control systems, sys. 1 (PacM only on 

water/toluene interface) and sys. 6 (PacM only on water/heptane interface). This result implies the 

correlation between desorption and aggregation: desorption was more likely to occur upon the 

reduction of aggregate size and the increase of monomers, caused by adding non-ionic surfactants, 

as observed in sys. 2-5 and 7-8. In sys. 9-10, the largest aggregate size was increased by adding 

NisP on water/heptane interface, and desorption was not observed, which confirmed that larger 

aggregates were more difficult to desorb from the interface. It should be noted that all 32 PAC 

molecules were analyzed in Fig. 5.7a, and PAC monomers or the largest aggregates could be on 

the interface or dispersed in bulk organic phase. In fact, the largest aggregates were always 

observed on the interface except for sys. 2-3 where the largest aggregates were in bulk toluene. 

Large and compact aggregates formed by PacS were more difficult to desorb from the interface, 

and no desorption of PacS was observed for sys. 12-15 and 17-20 as shown in Fig. 5.7a.  

Beside the effect of PAC structure, the aggregation and adsorption form of PAC at the 

interface also depended on the type of organic solvent. The PACs molecules had higher solubility 

in aromatic solvent (toluene) than in the aliphatic solvent (heptane). [58,76] Larger PAC 

aggregates could be formed in bulk heptane due to the solvent-solute incompatibility. [73] As 

shown in Fig. 5.7a, there were more PAC molecules in the largest aggregates on water/heptane 

interface. Also, more PacM molecules was adsorbed on the water/heptane interface than on 
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water/toluene interface, which can be seen from Fig. 5.7b where the intensity of the first RDF peak 

from Fig. 5.6 is plotted against the number of adsorbed PAC molecules from Fig. 5.4. Mikami et 

al. [78] observed through MD simulations that their model single-core PACs had more adsorption 

on water/heptane interface than on water/toluene interface. The finding was similar to the case of 

PacM molecules in our work where there was more adsorption at water/heptane interface. In this 

work, PacS molecules were completely adsorbed on both water/toluene and water/heptane 

interfaces, which was consistent with the simulation work from Lan et al. [58], but different from 

Mikami et al. [78]. One possible explanation is that the single core PAC model in Mikami’s work 

had only one heteroatom, sulfur, located in the side chain, whereas the PacS molecule in our work 

had two oxygen atoms at the PA core, which could interact strongly with water phase and promote 

the adsorption of PacS molecules, as shown in Appendix C9.  

The role of non-ionic surfactants is summarized in Fig. 5.7b. For sys. 2-3, and 7-8 marked 

in the blue circle, there was competitive adsorption between PacM and NisB. As discussed in Fig. 

5.5a-b, all NisB were completely adsorbed in sys. 2, 3, and 8, while the adsorption of NisB in sys. 

7 was incomplete due to their interaction with dispersed PacM in bulk heptane (Appendix C6). 

The adsorbed NisB molecules competed with PacM and caused desorption of PacM. Several 

factors contributed to the desorption of PacM by NisB. Firstly, NisB had hydrophilic ethyl oxide 

groups and chain-like structure with low molecular weight, which enabled the entire NisB 

molecule to be adsorbed close to the water phase, as shown in Fig. 5.5a-b and illustrated in 

Appendix C10. PacM molecules were larger and interacted with water mainly at the point of 

carboxyl group, while the rest of the molecule could be far from the water phase, as shown in 

Appendix C9 and C10. With the adsorption of NisB, the interaction between PacM and water 

might be interrupted. Secondly, the interaction between NisB and PacM (Fig. 5.7b, y-axis) was 
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weak for sys. 2-3 and moderate for sys. 7-8, thus the co-adsorption was insignificant. Thirdly, the 

adsorbed NisB interfered with the loosely structured PacM aggregates and promoted the 

dissociation of the aggregates into monomers. As discussed in Fig. 5.7a, the reduction of aggregate 

size and increase of monomers contributed to the desorption of PacM. It is important to mention 

that in our simulations, the concentration of NisB did not make significant difference in the 

desorption of PacM. On the water/oil interface, the interfacial tension was governed by the surface 

concentration of PACs and not the bulk concentration, as pointed out by Jian et al. [41] In our 

work, while the bulk concentration of the solute was high (over 10,000 ppm) due to the small size 

of the simulation box, the maximum surface concentration possible was (32+128)/(2*144) = 0.56 

molecules/nm2, assuming all solutes were adsorbed. This concentration was less than half of the 

saturation surface concentration for single-core PAC on water/oil interface: 1.32 molecules/nm2. 

[41] The insignificant effect of the concentration of non-ionic surfactants was likely caused by the 

fact that the interface was well below saturation.  

The desorption of a mixture of PACs from water/xylene interface by adding Brij-93 were 

investigated by Pradilla et al. through interfacial tension measurement. [38,39] From Langmuir 

adsorption isotherm, they analyzed the composition on the interface and proposed the interaction 

between non-ionic surfactants and PACs. At low concentration of Brij-93 (10 ppm), there were 

interaction between Brij-93 and PACs and the partial desorption of PACs from the interface. [38] 

At higher concentration of Brij-93 (100 ppm), the PACs were almost completely desorbed from 

the interface and the interaction between Brij-93 and PACs diminished. [38] In our case, the 

interface with mixtures of PACs and NisB was below saturation, which corresponded to low 

concentration in the experiment. The low concentration scenario from Pradilla et al. [38] was 

consistent with our observation that there was weak (sys. 2-3) to moderate (sys. 7-8) interaction 
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between Brij-93 (named NisB in this work) and PacM, and PacM molecules were partially 

desorbed from the interface. Other observation was obtained in this work for PacS molecules on 

water/toluene (sys. 12-13) and water/heptane (sys. 17-18) interfaces with the presence of NisB. 

The PacS molecules were difficult to desorb due to their large and compact aggregate structure, 

close contact with water phase, and moderate to strong interaction (Fig. 5.7b) with NisB. 

In Pradilla et al.’s work [38,39], PE8100, a PEO-PPO copolymer, was shown to have better 

desorption capability than Brij-93, in that less amount of PE8100 was required to obtain similar 

degree of PAC desorption by Brij-93. At low concentration of PE8100 (0.5 ppm), strong 

interaction between PE8100 and PACs was observed and there was negligible desorption of PACs. 

[38,39] At high concentration of PE8100 (100 ppm), there was no interaction between PACs and 

PE8100, and PACs were completely desorbed. [38,39] The low concentration scenario in Pradilla 

et al.’s work was similar to sys. 9-10 in our work, where there was strong interaction between 

PacM and NisP, and co-adsorption was dominant on water/heptane interface, as shown in Fig. 5.7b. 

While for sys. 4-5 with PacM on water/toluene interface, the desorption of PacM by NisP could 

be attributed to the close contact between NisP and water phase, the small and loose structure of 

PacM aggregates, and the weak interaction between NisP and PacM. The effect of NisP 

concentration was more significant than NisB, probably due to the higher surface activity and 

molecular weight of NisP [38,39]. Increasing NisP concentration from sys. 4 to sys. 5, the 

desorption became less significant. And from sys. 9 to sys. 10, the co-adsorption of PacM and 

NisP was enhanced. The increased adsorption of PacM correlated with the increase of interaction 

between PacM and NisP (Fig. 5.7b). For systems with PacS (sys. 14-15, 19-20), co-adsorption 

between PacS and NisP was observed, similar to systems where NisB was added (sys. 12-13, 17-

18).  
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In a previous simulation study, Niu et al. [44] placed a complete film of PEO-PPO 

copolymer and C5Pe, a model single-core PAC molecule, on water/xylene interface. They reported 

that the PEO-PPO copolymer could penetrate into and destroy the film formed by C5Pe. [44] 

Pradilla et al. [38,39] reported that with high concentration of non-ionic surfactants (2500 ppm of 

Brij-93 and 100 ppm of PE8100), the PACs could be completely displaced and there was no 

interaction between PACs and non-ionic surfactant. Such complete desorption was not observed 

in our work, most likely due to the relatively low surface concentration of PACs and surfactants. 

While the bulk concentration of PACs can be assigned at the beginning of the simulations, their 

adsorption and hence surface coverage of the interface cannot be controlled. All of our simulations 

showed many of the PACs adsorbed in aggregated form, and even when they adsorbed in monomer 

form, their polyaromatic cores tended to be perpendicular or slant, instead of parallel, to the 

interface. Such configurations led to limited surface coverage of the interface, even though the 

bulk concentration was quite high. As shown in the Appendix C11, the surface coverage fraction 

was 15% for sys. 1, 18% for sys. 6, and 11% for both sys. 11 and sys. 16. The surface coverage 

fraction was less than 20% in all cases, leave ample exposed interface where the non-ionic 

surfactants could adsorb and co-exist with the PACs. Although higher surface coverage was 

obtained for control systems with PacM than with PacS, the difference is small and the different 

desorption behaviors observed between PacM and PacS were mainly due to their different 

solubility, aggregation characteristics and interaction with the non-ionic surfactants. Our work 

shed light onto the different roles played by non-ionic surfactants on the adsorption of PAC on 

water/oil interface, which depend on PAC architecture, solvent and surfactant property. 

Competitive adsorption and desorption of the PACs may not be the only way to destabilize W-O 

emulsions; in fact, co-adsorption and subsequent bridging of small droplets have been proposed to 
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be an alternative way of demulsification [58]. Understanding the roles of non-ionic surfactants is 

crucial to the design of chemical demulsifiers and control of their performance. 

5.4 Conclusion 

Molecular dynamics simulations were employed to investigate the adsorption of multi-core (PacM) 

and single-core (PacS) PACs at water/oil interfaces, in the presence of non-ionic surfactants (NisB 

and NisP). Different PAC architectures, solvent types, non-ionic surfactants and surfactant 

concentrations were used to investigate their influences. PacM tended to form smaller and more 

loosely structured aggregates at the interface, while the aggregates for PacS was larger and more 

compact. [76,78] There was more adsorption of PacM on water/heptane interface than on 

water/toluene interface, due to the lower solubility in heptane, whereas PacS molecules were 

completely adsorbed at both interfaces. [52,58,78,79] 

NisB molecules were adsorbed closer to the water phase than PacM molecules due to the 

strong interaction between the hydrophilic EO group of NisB and water. The adsorbed NisB 

interfered with the interaction between PacM and water, as well as the interaction within the 

loosely structured PacM aggregates, causing them to dissociate into monomers that were easier to 

desorb [77]. For the surface concentrations obtained in this work, the bulk concentration of NisB 

did not have significant effect on the desorption of PacM, which was likely caused by the fact that 

the interface was well below saturation [41]. When NisP were added to the systems containing 

PacM and water/toluene interface, desorption was also observed. While on water/heptane interface, 

the interaction between NisP and PacM promoted the adsorption of PacM. The effect of NisP 

concentration was more significant than NisB, probably due to the higher surface activity and 

molecular weight of NisP [38,39], with the increase of NisP concentration favoring adsorption. 

Adding NisB or NisP did not induce the desorption of PacS, due to the large size and compact 
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structure of PacS aggregates, the interaction between PacS and water, and the interactions between 

PacS and non-ionic surfactants.  

This work identified two opposite roles of non-ionic surfactants on the adsorption of PACs, 

namely, competition and co-adsorption. While it was traditionally believed that competitive 

adsorption of non-ionic surfactants and their displacement of PACs were necessary for 

demulsification [44,80], our results showed that co-adsorption could also occur when there were 

strong interactions between PACs and the surfactants. This phenomenon may not be detrimental 

to demulsification, and in fact suggests an alternative way of demulsification, by co-adsorption 

and subsequent bridging of small droplets into bigger ones which are then easier to be separated 

from the bulk phase [58]. To our best knowledge, this is the first atomistic-level study that 

comprehensively addressed the adsorption and interaction of PACs and non-ionic surfactants at 

water/oil interface under the influence of many important factors, such as PAC structure, solvent 

type, as well as structure and concentration of non-ionic surfactants. This work provided useful 

insights into the fundamental understanding of how non-ionic surfactants may modulate oil/water 

interfaces with adsorbed PACs, especially when they are used as chemical demulsifiers to treat 

water-in-oil emulsions. Future work will explore the coalescence or adhesion of water droplets 

with the presence of non-ionic surfactants, and a combined experimental and theoretical 

investigation on the stability of water-in-oil and oil-in-water emulsions with PACs and non-ionic 

surfactants. 
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Chapter 6. Free Energy of Interaction between Adsorbate-Stabilized Water 

Droplets 

6.1 Introduction  

Water droplet coalescence is a phenomenon in many environmental and industrial processes. [1–

8] Understanding water droplet coalescence in gas phase is crucial for studying atmosphere science, 

such as the cloud droplet growth, rain droplet formation etc. [9,10] Water droplets dispersed in 

immiscible liquids (e.g. oil) are thermodynamically unstable and tend to coalesce. [11,12] 

Interface-active materials could be adsorbed on the interface between water and the other liquid, 

making the water droplets kinetically stable in water-in-oil emulsion. [13,14] A stable emulsion is 

desirable in many applications, such as cosmetics, pharmaceutical, and food industries. While in 

petroleum industry, separating water from oil phase remains a key challenge because the presence 

of water in oil could cause severe problems such as corrosion and fouling. [15]  

By investigating water droplets with the adsorption of various interfacially-active materials, 

the stability of emulsified droplets can be understood and manipulated. For example, asphaltenes, 

a fraction in crude oil, are the main contributors to unwanted water in crude oil emulsion [11]. Shi 

et al. [16] measured the surface interaction between micrometer-size water droplets stabilized by 

asphaltenes with different concentrations in toluene, heptane and heptol (mixtures of toluene and 

heptane). Drop probe atomic force microscopy (AFM) was used to quantitatively measure the 

interaction force during the coalescence of water droplets in water-in-oil emulsion. [15] Adhesion 

between two water droplets during their separation were induced by the interpenetration and 

aggregation of interfacially adsorbed asphaltenes. [15] The strength of adhesion increased with 

increasing asphaltenes concentration up to a threshold and then significantly decreased with further 
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increase of asphaltenes concentration. [15] The water in crude oil emulsion, which is stabilized by 

interfacially-active components, can be destabilized by adding non-ionic surfactants as chemical 

demulsifiers. Pensini et al. [16] studied the demulsification of asphaltenes-stabilized water-in-

toluene emulsion by PEO-PPO copolymers. The amount of water resolved in the bottle test reached 

its maximum of ~85% by applying 2.3 ppm of PEO-PPO copolymer in the asphaltenes is stabilized 

water-in-toluene emulsion. [16] With lower than 0.1 ppm of demulsifiers, the water in toluene 

could not be separated; as well the resolved water decreased with the increase of PEO-PPO 

concentration from 2.3 ppm to 288.4 ppm. [16] By adding only PEO-PPO copolymers to the 

emulsion without asphaltenes, the amount of resolved water was 100% when the concentration of 

demulsifiers was 2.3 ppm. [16] Similar to the systems with a mixture of demulsifiers and PACs, 

the water resolved in systems with only demulsifiers decreased as the PEO-PPO concentration 

increased from 2.3 ppm to 230.7 ppm. [16] 

Experimental investigation on water droplet coalescence has encountered many challenges, 

such as the inability to capture the rapidity of the phenomenon [17] and nanometer size water 

droplets [18]. Molecular dynamics (MD) simulations have been carried out to provide molecular-

level evidence on water droplet coalescence [4,19–21]. Jian et al. studied the adsorption of model 

asphaltenes on water droplets and its effect on water droplet coalescence in toluene by using MD 

simulations. [22,23] At low concentration, the adsorption of model asphaltenes on the water 

droplets was incomplete. The dispersed model asphaltenes acted as barriers to prevent water 

droplet coalescence. [22,23] Evident adsorption of model asphaltenes was observed when the 

model asphaltenes concentration was sufficiently high. [22,23] A protective film of model 

asphaltenes was formed on the surface of water droplets and prevented the coalescence. [22,23] In 

a quantitative way, Pak et al. performed MD simulations to calculate the free energy profile for 
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the coalescence of water droplets uncoated [24] and coated by organic compounds (benzoic acid, 

heptanoic acid, and pimelic acid) [25]. Negative free energy profiles were obtained for all the 

systems, which indicated the spontaneous coalescence of water droplets with and without coated 

materials. [24,25] These free energy calculations were carried out for water droplets in the 

atmosphere [24,25]. It is demanding to provide quantitative analysis on water droplet coalescence 

coated with interfacially-active components in liquid solutions.   

In this work, MD simulations were performed on water droplets with the adsorption of 

interfacially active components in toluene, which represented the immiscible phase for water. The 

adsorbates of interest included a model asphaltenes, violenthrane-79 (VO-79), and two non-ionic 

surfactants, PEO-PPO triblock copolymer and Brij-93. Model asphaltenes, including VO-79, have 

been frequently considered as a stabilizer for water droplets in oil phase. PEO-PPO triblock 

copolymers have been extensively used as demulsifiers. A model PEO-PPO triblock copolymer, 

(EO)5(PO)10(EO)5, was employed and compared with another low molecular weight non-ionic 

surfactant Brij-93, which has also been studied as a demulsifier [26,27]. The process of water 

droplet coalescence was analyzed through adsorbate film formation on a single water droplet, non-

equilibrium head-on coalescence of two water droplets, and the equilibrium (quasi-static) state free 

energy calculations. This molecular level study provided useful quantitative insights into the free 

energy of coalescence and interaction force between adsorbates stabilized water droplets. 

Practically, this work gives useful implication on water droplet related problems such as 

emulsification and demulsification. 
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6.2 Methods 

6.2.1 Molecule models and system details. 

Three types of interfacially-active molecules were used as adsorbates at water and toluene interface. 

As shown in Fig. 6.1a, violenthrane-79 (VO-79, C50H48O4, molecular weight (MW): 712 g/mol) 

is a polycyclic aromatic compound (PAC) with a PA core (marked in dash blue square) and two 

peripheral chains. PEO-PPO-PEO copolymer, one of the non-ionic surfactants, had a triblock 

structure of (EO)5(PO)10(EO)5 (MW: 1039 g/mol) as shown in Fig. 6.1b, referred to as NisP in this 

work. Hydrophilic PEO groups are marked in dash blue squares as shown in Fig. 6.1b. Another 

non-ionic surfactant simulated was polyethylene glycol oleyl ether Brij-93 (C22H44O3, MW: 357 

g/mol), referred to as NisB in this work and shown in Fig. 6.1c where the hydrophilic group is 

marked. Force field parameters of the three molecules have been validated and directly adopted 

from our previous works. [28–30] Briefly, chemical structures for the non-ionic surfactants were 

drawn in ChemDraw Prime 16.0. The geometry and force field parameters were optimized by 

using Gaussian 16 [31] at the B3LYP [32]/6-31G + (d,p) level, with partial charge calculated with 

CHELPG (CHarges from ELectrostatic Potentials using a Grid based method) [33]. Automated 

Topology Builder (ATB) [34] was used to further optimize the obtained geometry and to generate 

the topology compatible with GROMOS parameter sets [35].  
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Figure 6.1. Molecular structure for (a) VO-79, (b) NisP ((EO)5(PO)10(EO)5), and (c) NisB (Brij-

93); (d-h) schematics of simulation procedure.  

Details of the simulated systems are shown in Table 6.1. Sys. A0 represented the control 

system with no adsorbates. The systems with adsorbate were named by the type of adsorbates, e.g. 

sys. V1 contained VO-79 molecules. The adsorbate concentration was lower in sys. V1, P1, and 

B1 than in sys. V2, P2, and B2, respectively. Each system had two water droplets that were built 

by duplicating a system with a single water droplet. The systems with a single water droplet were 

named with “-S” appending to the name of their corresponding system with two water droplets. 

There were 96 VO-79 in sys. V1-S, 34 in sys. P1-S, and 77 in sys. B1-S. These numbers were 

chosen to obtain a similar surface coverage of the water droplet (approximately 46-47%) in V1-S, 

P1-S and B1-S, as shown in Appendix D1. There were 196 VO-79 molecules in sys. V2-S, so that 
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the mass concentration of VO-79 in sys. V2 was approximately twice that in sys. V1. Similarly, 

the mass concentration of NisP in sys. P2 was about twice the concentration of NisP in sys. P1. 

The mass concentration of NisB in sys. B2 was comparable to the mass concentration of NisP in 

sys. P2.  

Table 6.1. System details. Surface coverage fraction was obtained from the equilibrated system 

containing a single water droplet.  

sys. adsorbate mass concentration 
of adsorbate (ppm) 

single water droplet 
sys. # of adsorbates surfaces coverage fraction 

A0 - - A0-S - - 
V1 VO-79 44,789 V1-S 96 47% 
P1 NisP 22,568 P1-S 34 47% 
B1 NisB 17,553 B1-S 77 46% 
V2 VO-79 97,558 V2-S 196 61% 
P2 NisP 46,027 P2-S 66 72% 
B2 NisB 45,807 B2-S 192 78% 

 

6.2.2 Simulation details. 

All simulations were performed by using GROMACS package [36-38] (version 5.0.7) with 

GROMOS force field parameter set 54A7 [39]. There were three phases in the simulations. First 

phase was the simulation for a single water droplet in sys. A0-S, V1-S, P1-S, B1-S, V2-S, P2-S, 

or B2-S, as shown in Fig. 6.1d (initial configuration) and Fig. 6.1e (final configuration). Second 

phase was the steered molecular dynamics (SMD) simulations where two water droplets were 

pulled towards each other till coalescence, as shown in Fig. 6.1f (initial configuration) and Fig. 

6.1g (final configuration). Third phase was the umbrella sampling (US) simulations to generate 

the potential of mean force (PMF), as shown in Fig. 6.1h.  
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In each simulation of a single water droplet, as shown in Fig. 6.1d, a water box with 

dimension of 5×5×5 nm3 was constructed and centered in a 14×14×14 nm3 box. For the control 

system with no adsorbates, the water box was then solvated by toluene molecules. For systems 

with adsorbates, the adsorbate molecules were placed in arrays on the six sides of the water box, 

as shown Fig. 6.1d. The rest of the box was then solvated by toluene molecules. Each system with 

a single water droplet underwent energy minimization (EM) using steepest descent method, NVT 

equilibration, and production simulation in NpT ensemble. NVT equilibration was performed for 

100 ps with position-restraints, where harmonic potential of force constant 1000 kJ/(mol·nm2) was 

applied on the non-hydrogen atoms in adsorbate molecules. With the restraint removed, production 

simulation was carried out at 300 K and 1 bar. Pressure coupling was applied by using Parrinello-

Rahman barostat with time constant (p) of 1.0 ps. Velocity rescaling thermostat with a time 

constant (T) of 0.1 ps was used for temperature coupling. LINCS [40] algorithm, Particle Mesh 

Ewald method for full electrostatics [41], and periodic boundary conditions in (x, y, z) directions 

were applied. Twin-range cut-offs were used for van der Waals and electrostatic interactions with 

cut-off of 1.4 nm. All simulations had a time step of 2 fs, and the simulation time for each system 

with a single droplet was 60 ns. After equilibrium, a single water droplet was formed and 

surrounded by the adsorbate molecules, as shown in Fig. 6.1e. 

SMD simulations were performed to expedite the coalescence of two water droplets by 

applying external force on their centers of mass (COMs). To obtain two water droplets, the 

configuration of an equilibrated single droplet (as shown in 1e) was duplicated along z direction, 

forming a simulation box approximately 14×14×28 nm3 in dimension, as shown in Fig. 6.1f. After 

EM and NVT equilibration following the same procedure as described above, SMD was carried 

out. The parameters in SMD were similar to those in the production MD in phase 1 with the 
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following exceptions. Firstly, the pressure coupling was removed and NVT ensemble was used in 

the SMD. [24,25] Secondly, COM pulling was applied on the water droplets, which were defined 

based on the initial configuration of the SMD (Fig. 6.1f). Specifically, each droplet contained a 

large cluster of water molecules where any water molecule had at least one neighboring water 

molecule within 0.35 nm [42]. The atom indices in this cluster were used to define the COM of 

the droplet, and a harmonic potential was applied on the two COMs with spring constant of 1000 

kJ/(molnm2). It was noteworthy that after EM and NVT equilibration just before SMD, the COMs 

of two water droplets may not be aligned exactly along z direction. The reaction coordination () 

was selected as the distance between the two COMs, i.e., along the head-on direction. COMs of 

both water droplets were pulled together along  at a net pull rate of 0.01 nm/ps. Such rate was 

selected based on the following considerations. Firstly, in Lemkul and Bevan’s work [43] of 

dissociating two peptides, the trajectory and force profile resulted from pull rate of 0.01 nm/ps was 

almost identical to those resulted from the pull rate of 0.005 and 0.001 nm/ps. Secondly, the 

primary aim of SMD here was to generate the trajectory of water droplet coalescence, while more 

quantitative analysis on PMF was performed by US. The total pull time was 1.4 ns and a total of 

140 configurations were obtained from every 10 ps of the 1.4 ns simulation. Since the COM 

distance in the initial configuration (Fig. 6.1f) was 14 nm, the two droplets merged into a single 

droplet (Fig. 6.1g) at the end of the SMD, with the final COM separation of approximately 0 nm.  

US was carried out to compute the PMF along the reaction coordinate (). The range of  

was selected to sample from the maximum COM separation (~14 nm) to the separation where the 

water droplets merged. A total of 43-50 US windows were used, in order to render good overlap 

(Appendix D2) between the probability distributions from neighboring US simulations. [43,44] 

During each US simulation, an external biasing potential with spring constant of 2000 kJ/(molnm2) 
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was applied on the COMs of the two droplets, at the corresponding US window. After a brief NVT 

equilibration, the US simulation was run for 2 ns by using an SMD at zero pull rate. Data collected 

from US was analyzed by weighted histogram analysis method (WHAM) [43,45] to generate the 

unbiased PMF as a function of the reaction coordinate ().  

6.3 Results and Discussion  

6.3.1 Adsorbate film on water droplet  

Fig. 6.2a shows the final configurations for systems containing a single water droplet. Without 

adsorbates (sys. A0-S), a sphere-like water droplet was formed in toluene. As shown Appendix 

D1, the diameter for the droplet (4074 water molecules) was estimated to be Dp = 6.18 nm (radius 

Rp = 3.09 nm). For sys. V1-S, most of the VO-79 molecules (90 out of 96) were adsorbed on the 

water droplet, forming a patchy film. In sys. P1-S and sys. B1-S, all the 34 NisP and 77 NisB 

molecules were adsorbed on the water droplets, resulting in surface coverage fraction comparable 

to sys. V1-S, as explained in Appendix D1 and shown in Table 6.1.  

The thickness of the films was analyzed by the radial distribution function (RDF) of all 

atoms in the adsorbate molecules with respect to the COM of the water droplet. The results 

obtained by averaging data over the last 5 ns of simulation are shown in Fig. 6.2b for sys. V1-S, 

P1-S and B1-S, and in Fig. 6.2d for sys. V2-S, P2-S and B2-S. The distance (d) from the water 

droplet COM was normalized by the radius of the water droplet (Rp) on the horizontal axis of the 

plots. For each system in Fig. 6.2b, a single pronounced peak was located at d /Rp around 1.0-1.2, 

indicating the formation of a film on the surface of the water droplet. As shown in Appendix D3, 

the thickness of the adsorbate film was represented by the width of RDF peak in Fig. 6.2b, which 

from the thickest to thinnest followed: sys. V1 > sys. P1 > sys. B1. 
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RDFs for different atom groups in the adsorbates with respect to the COM of water droplet 

are plotted in Fig. 6.2c for sys. V1-S, P1-S and B1-S, and in Fig. 6.2e for sys. V2-S, P2-S and B2-

S. The group of atoms located closer to the water phase was named group 1 (g1) for each type of 

adsorbates, which corresponded to the PA core in VO-79 and hydrophilic groups in NisP and NisB 

as marked in Fig. 6.1a-c. The other atom group, i.e. side chains in VO-79 and hydrophobic groups 

in NisP and NisB, was named group 2 (g2). The location and width of the RDF peaks are also 

summarized in Appendix D3. As shown in Fig. 6.2c and Appendix D3, the peak for group 1 of 

VO-79 was located at d /Rp = 1.15, which was closer to the droplet COM than the peak for group 

2 (d /Rp = 1.24). This was attributed to the fact that the oxygen functionality in the PA core formed 

hydrogen bonds with the water molecules [46]. Similarly, the RDF peaks for group 1 in sys. P1-S 

and B1-S were closer to the water phase than the peaks for the hydrophobic groups. The surfactants 

had amphiphilic feature and the hydrophilic groups tend to interact with the water molecules. 

Comparing group 1 in sys. V1-S, sys. P1-S and B1-S, the location of RDF peak from highest to 

lowest was ranked: sys. V1-S > sys. P1-S (slightly) > sys. B1-S. It indicated that the hydrophilic 

group in NisP and NisB molecules were located closer to water phase than the core group in VO-

79. For group 2 in sys. V1-S, sys. P1-S and B1-S, the location and width of RDF peak also followed 

the ranking of sys. V1-S > sys. P1-S > sys. B1-S.  

For systems with higher concentration of adsorbates (sys. V2-S, P2-S, B2-S), as shown in 

Fig. 6.2a, protective films were also formed at the droplet surface. In Fig. 6.2d, a single peak was 

observed in each RDF curve, and the width of RDF peak for sys. V2-S, P2-S, B2-S was larger than 

the corresponding systems with less adsorbates, as shown in Appendix D3. Comparing different 

adsorbates, the thickness of the film followed the ranking of sys. V2-S > P2-S > B2-S. 

Observations in Fig. 6.2e were similar to those in Fig. 6.2c.  
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Figure 6.2. (a) Snapshot of final configurations for all systems containing a single water droplet 

(atoms were shown as van der Waals spheres, oxygen atoms: red; hydrogen atoms: grey; carbon 

atoms: cyan; toluene molecules eliminated for clarity); RDF for all atoms in adsorbate molecules 
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with respect to COM of water droplet for (b) sys. V1-S, P1-S, B1-S, and (d) sys. V2-S, P2-S, B2-

S; RDF for atoms in PA core (g1) and side chains (g2) of VO-79, in hydrophilic (g1) and 

hydrophobic (g2) groups of NisP and NisB, with respect to COM of water droplet for (c) sys. 

V1-S, P1-S, B1-S, and (e) sys. V2-S, P2-S, B2-S.  

6.3.2 Coalescence of water droplets 

During the SMD, the two water droplets were pulled along the reaction coordinate (), i.e. 

their COM separation. The snapshots for 0 ns, 0.7 ns, 0.8 ns, 0.9 ns, and 1.0 ns in SMD are shown 

in Fig. 6.3 for sys. A0, V1, P1, and B1 (from left to right). The additional snapshots, e.g. 1.1-1.4 

ns for sys. A0, V1, P1, and B1 and 0-1.4 ns for sys. V2, P2, and B2 are shown in Appendix D4.  

As shown in Fig. 6.3a, at t = 0 ns,  was approximately 14 nm (half of box length in z 

direction). With constant pulling rate at 0.01 nm/ps,  at 0.7 ns was around 7 nm, where the two 

droplets were in close proximity of each other. For sys. A0, water molecules from the two droplets 

started to contact at 0.8 ns and continued to merge at 0.9 ns and 1 ns. In sys. V1 (VO-79 as 

adsorbates), as the water droplets approached each other, the adsorbed VO-79 molecules 

redistributed on the surface, leaving the droplets uncovered in the head-on direction. At 0.8-1.0 ns, 

the water droplets contacted each other and merged. As shown in Appendix D4, during 1.1-1.4 ns, 

a single spherical droplet formed due to coalescence, and VO-79 molecules initially from different 

droplets redistributed on the merged larger droplet. For sys. P1, the NisP molecules also 

redistributed on the droplet surface from 0 to 0.7 ns and drainage of the NisP film between the two 

droplets was observed. There was a still gap between the two droplets at 0.8 ns, coalescence 

initiated at 0.9 ns and continued at 1.0 ns. As shown in Appendix D4, redistribution of NisP 

molecules was also observed on the merged droplet during 1.1-1.4 ns. Observations in sys. B1 
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were similar, except that the initiation of coalescence was delayed to 1 ns, with some NisB 

molecules still interfering with the contact between water droplets at 0.9 ns.  

In Fig. 6.3b, the number of hydrogen bonds (H-bonds) between water molecules in 

different droplets is plotted against the reaction coordinate  (normalized by Dp). Four data points 

in each curve were highlighted, which corresponded to t = 0.7 ns, 0.8 ns, 0.9 ns and 1.0 ns in the 

SMD. For sys. A0 at t = 0.7 and 0.8 ns, the number of H-bonds were zero when the water droplets 

were close and about to make contact ( /Dp~ 1.1-1.3). At t = 0.9 ns, the number of H-bonds were 

393 and it increased dramatically to 1286 at t = 1.0 ns. Similar trend was observed for sys. V1. 

The number of H-bonds was zero before contact (t = 0.7 ns) and increased after coalescence began 

(t = 0.8 ns) and progressed (t = 0.9 and 1.0 ns). The curves sys. P1 and sys. B1 share the same 

trend, but with a delayed increase in the number of H-bonds, consistent with the observations 

shown in Fig. 6.3a.  

As shown in the snapshots for sys. V2 in Appendix D4, many VO-79 molecules were 

dispersed in toluene phase (0 ns). During the approaching of water droplets (0-0.7 ns), the 

dispersed molecules were gradually excluded from the space between the two droplets. Similar to 

sys. V1, the VO-79 molecules redistributed on the droplet surfaces, which left water molecules 

uncovered in the head-on direction (Appendix D4). H-bonds were formed after 0.8 ns when the 

droplets started to merge, as shown in Fig. 6.3c. For sys. P2 from 0-0.8 ns, the NisP film became 

thinner and the NisP molecules redistributed on the surface of water droplets as shown in Appendix 

D4. However, the exposed water surface after NisP redistribution of was less apparent at 0.9 ns, 

due to the high surface coverage of NisP. Droplet coalescence started after 0.9 ns and H-bonds 

formed between them, as shown in Fig. 6.3c. NisB in sys. B2 formed a very uniform coating on 
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the droplet surfaces, as shown in Appendix D4. The merging of water droplets initiated, and H-

bonds were formed after 1.0 ns, as shown in Fig. 6.3c.  

(a) sys. A0 sys. V1 sys. P1 sys. B1 
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Figure 6.3. (a) Snapshots of the droplets at 0 ns, 0.7 ns, 0.8 ns, 0.9 ns, and 1.0 ns during SMD 

for sys. A0, V1, P1 and B1 (from left to right). Atoms are shown as van der Waals spheres, 

oxygen atoms: red; hydrogen atoms: grey; carbon atoms: cyan; toluene molecules eliminated for 

(b) (c) 
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clarity. Number of hydrogen bonds vs. the COM separation (normalized by diameter of water 

droplet) between two water droplets during SMD for (b) sys. V1, P1, B1; (c) sys. V2, P2, B2. 

(sys. A0 is shown as reference; data points at time = 0.7, 0.8, 0.9, 1.0 ns are highlighted; arrows 

show the direction of time evolution.)  

6.3.3 Free energy and interaction force for water droplets coalescence. 

PMF (∆G) was plotted against the reaction coordinates  (normalized by Dp) in Fig. 6.4a. The 

range of reaction coordinate was selected to ensure sampling from the largest separation  / Dp ~ 

2.25-2.27 to the point after the coalescence occurred. The largest separation in each system was 

used as the reference for zero potential (G0 = 0). From the largest separation, PMF for sys. A0 

slight decreased until  / Dp  ~ 1.2 and then drastically decreased. For sys. V1, the PMF increased 

to the maximum of ∆Gmax=23.0 kcal/mol at  / Dp ~ 1.2, followed by a rapid drop. The positive 

and increasing value of ∆G as the droplets approached each other (up to  / Dp ~ 1.2) indicated 

repulsive interaction, and ∆Gmax represented the energy barrier for droplet coalescence. Similar 

trend was also observed in the PMF for sys. P1 and sys. B1, and ∆Gmax in these two systems were 

comparable to that in sys. V1., suggesting similar energy barrier caused by the three adsorbates. 

The difference among the three systems lied in the reaction coordinate at which ∆Gmax occurred, 

which was  /Dp = 1.13 in sys. P1 and  /Dp ~ 1.10 in sys. B1.  

As shown in Fig. 6.4b, the mean force (F) between the two water droplets was calculated 

from the negative derivative of the PMF curve as [47]: 

𝐹() = − 𝜕∆𝐺
𝜕

     (6.1) 
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Without adsorbates (sys. A0), the interaction between the water droplets was negligible (F 

close to zero) before  / Dp ~ 1.2 but became attractive (negative F) as coalescence started. For the 

systems with adsorbates, F underwent three stages as the droplets approached. In the first stage 

where  /Dp > ~ 2.0, F was positive (i.e., repulsive), and the repulsion was stronger in sys. V1 than 

in sys. P1 and B1. Within the second stage (transition point <  /Dp < 2.0), F in each system 

gradually increased as  /Dp decreased, until a maximum (Fmax) was reached. Fmax was similar for 

sys. V1, P1, B1, being 37 pN, 35 pN, and 29 pN, respectively. And the transition points of  /Dp 

at Fmax in sys. V1, P1, B1 was 1.47, 1.45, or 1.44, respectively. After the transition point, F started 

to decrease due to the attraction between water droplets and the formation of H-bonds between 

them as shown in Fig. 6.2b.  

In Fig. 6.4a, similar increasing-decreasing trend was observed in the PMF curves for sys. 

V2, P2 or B2. The energy barrier for droplet coalescence was much higher for systems with more 

adsorbates (sys. V2, P2 or B2) than their counterparts that had less adsorbates (sys. V1, P1, or B1). 

Comparing different adsorbates, ∆Gmax were ranked as sys. B2 > sys. V2 > sys. P2. As shown in 

Fig. 6.4b, the mean force F for sys. V2, P2 and B2 could also be distinguished in three stages, as 

was discussed for sys. V1, P1 and B2. In stage 1, F was again higher in sys. V2 than in sys. P2 or 

B2. However, in stage 2, Fmax was quite different among the three systems and followed the same 

ranking for ∆Gmax: sys. B2 (183 pN) > sys. V2 (98 pN) > sys. P2 (79 pN). The transition points at 

Fmax were located at  /Dp ~ 1.41 (sys. V2), 1.44 (sys. P2) and 1.16 (sys. B2), respectively.  
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Figure 6.4. (a) PMF (∆G) and (b) mean force (F) for between two water droplets as they 

approached each other (direction indicated by arrows).  

6.3.4 Discussion 

In this work, interfacially-active materials were adsorbed and formed barrier films on the 

surface of water droplets in toluene. As shown in Table 6.1 and Appendix D1, to achieve similar 

surface coverage, the mass concentration of VO-79 in sys. V1 had to be much higher than NisP in 

sys. P1 or NisB in sys. B1. With more adsorbates, the surface coverage by VO-79 (in sys. V2) was 

lower than the surface coverage by NisP (in sys. P2) or NisB (in sys. B2), even though the mass 

concentration of VO-79 was twice that of NisP or NisB. The more difficulty of coving the water 

droplet with VO-79 than with surfactants (NisP and NisB) was attributed to the following reasons. 

Firstly, VO-79 molecules were adsorbed mainly through the interaction between the PA cores in 

VO-79 and the water molecules, as shown in Fig. 6.2c and e. On the other hand, PA cores from 

different VO-79 molecules formed stackings through − interactions [22] as observed in Fig. 

6.2a. Fig. 6.2c and e show that the atoms in the PA cores of VO-79 were located farther from the 

droplet surface than the hydrophilic groups in NisP and NisB, which indicates that the PA cores 

were almost perpendicular to the surface, as suggested by previous studies [23]. Such configuration 

(a) (b) 
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tended to provide a poorer surface coverage than one in which the PA cores are parallel to the 

surface. The hydrophilic chains in NisP and NisB were closely adsorbed (as shown in Fig. 6.2c 

and e) which facilitated coverage of the droplet surface. Secondly, VO-79 had high solubility in 

aromatic solvent (i.e. toluene) [23], thus, the VO-79 molecules were partially adsorbed and some 

remained dispersed in bulk toluene, as shown in Fig. 6.2a and 6.3a. Comparing the two surfactants, 

the hydrophilic groups in NisP and NisB were adsorbed at a similar distance from the COM of the 

droplet, while the hydrophobic groups in NisP were located farther than the hydrophobic groups 

in NisB (Fig. 6.2c and e). The NisP film was therefore less compact than the NisB film on the 

surface of water droplets, and the surface coverage was compromised. This can be seen from Table 

6.1, where a higher mass concentration of NisP in sys. P1 was used to achieve a surface coverage 

comparable to sys. B1, and at similar mass concentration, surface coverage in sys. P2 was lower 

than that in sys. B2. 

Based on the three stages of interaction force between water droplets, as shown in Fig. 6.4b, 

the mechanism of adsorbates stabilized water droplet coalescence is summarized as follows: 

Stage 1: At large COM separation ( /Dp > 2.0), water droplets were under influence of 

weak repulsive force, indicated by the positive mean force F in Fig. 6.4b. The repulsion in systems 

with VO-79 was stronger than that in systems with NisP or NisB, when comparing sys. V1 to P1 

and B1, and sys. V2 to P2 and B2. The plausible explanation was that some VO-79 molecules 

were dispersed in the toluene phase and interfered with the approaching of water droplets. Thus, 

the repulsive force in this stage might be attributed to the hinderance from the dispersed molecules 

in the toluene phase. 

Stage 2: When /Dp < 2.0 but greater than the transition point where F changes sign, steric 

repulsion between the adsorbate films hindered droplet coalescence and the repulsion became 
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stronger as the droplets got closer. Compared with the hydrophilic groups (g1), the hydrophobic 

groups (g2) in the adsorbates were located farther from the surface of water droplets, as shown in 

Fig. 6.2c and e. With water droplets approaching, the hydrophobic groups on different droplets 

came to contact first. At the same time, the steric repulsion pushed the adsorbate molecules away 

from the contact zone and drove them to redistribute on the droplet surface, as shown in the 

snapshots in Fig. 6.3a and Appendix D4. If the droplet surfaces were only partially covered (sys. 

V1, P1, B1), there was sufficient room for adsorbate redistribution, leaving the contact zone 

exposed, as shown in Fig. 6.3a. The attractive interaction between water molecules reduced the 

mean force F to zero at the transition point ( /Dp = 1.47, 1.45 and 1.44 for sys. V1, P1 and B1 

respectively). Similar energy barrier (∆Gmax) and maximum force (Fmax) was observed in sys. V1, 

P1 and B1, as shown in Fig. 6.4a-b, which might be attributed to the similar surface coverage 

fraction of adsorbates. For systems with higher surface coverage (sys. V2, P2, B2), the majority 

of the droplet surface was covered by the adsorbates, as shown in Fig. 6.2a. Consequently, the 

repulsive force was stronger in sys. V2, P2, B2 compared with sys. V1, P1, B1, respectively.  /Dp 

at the transition point was also smaller in V2, P2, B2, being 1.41, 1.44 and 1.16, respectively. 

However, there was still a limited surface for adsorbates to redistribute. As shown in Fig. 6.4b, 

sys. B2 had stronger repulsive force than sys. V2 and P2, probably due to the larger surface 

coverage in sys. B2 and less adsorbates drained between the water droplets. Additionally, the 

adsorbate film in sys. B2 was thinner and the hydrophobic groups were located closer to the water 

droplet as compared to sys. V2 and P2. Consequently, it was more difficult for NisB to redistribute 

(Appendix D4), resulting in higher Fmax in sys. B2. Sys. P2 had higher surface coverage but lower 

Fmax than sys. V2. One plausible explanation is that the long hydrophobic chains in NisP assisted 

the redistribution of molecules on the surface of water droplets. As shown in Fig. 6.3a, some NisB 
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molecules were still on the surface of water droplets at the head-on direction of coalescence in sys. 

B1 at 0.8 ns and 0.9 ns, while the surface of water droplets was uncovered in the head-on direction 

in sys. P1 at 0.8 ns.  

Stage 3: At the final stage of coalescence, where  /Dp is smaller than the transition point, 

the exposed water molecules from the two droplets interacted and formed H-bonds. As shown in 

Fig. 6.3b-c, the number of H-bonds between two water droplets dramatically increased after the 

merging of water droplets. Strong H-bonds between water molecules counteracted with the steric 

repulsion between adsorbates, which led to decrease in the mean force (increasing attraction). Also, 

the adsorbate molecules on different water droplets tended to associate (as shown in Appendix 

D4), which further facilitated the coalescence.  

From the PMF point of view (as shown in Fig. 6.4a), ∆G increased when water droplets 

were initially approaching, indicating that the coalescence was energetically unfavorable in stages 

1 and 2. In the other word, the water droplets were stabilized by the adsorbates. At stage 3, the 

formation H-bond between water molecules and association of adsorbates molecules caused 

spontaneous coalescence as the PMF decreased from its peak value.  

Understanding the process of coalescence between adsorbate stabilized water droplets 

provides useful implications on water-in-oil emulsification and demulsification. PAC molecules 

(VO-79) were adsorbed and formed patchy film at the water/toluene interface. The water droplets 

were stabilized by the adsorption of VO-79 molecules, due to the steric repulsion between the 

interfacial films. It was consistent with Shi et al.’s [15] AFM measurements that the interfacially 

adsorbed asphaltenes sterically hindered the water droplets coalescence. Also, this work proposed 

that the dispersed VO-79 molecules contributed to the long-range stability of water droplets, which 

was consistent with the previous hypothesis from Jian et al. [48] During chemical demulsification, 
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the non-ionic surfactants were adsorbed on the water/oil interface, break up the interfacial film and 

enhance the film drainage, which contributed to the destabilization of the asphaltenes-stabilized 

water droplets in oil. [49,50]. Comparing the two surfactants, the hydrophobic chains in triblock 

copolymer NisP were located farther from the water droplets than the hydrophobic chains of NisB. 

Thus, the NisP film was less compact than the NisB film at the surface of water droplets. Also, at 

similar mass concentration (sys. P2 and B2), the surface of water droplets was less covered in sys. 

P2 (72%) than in sys. B2 (78%), which resulted in lower energy barrier and repulsive force for 

water droplets coalescence. NisP molecules redistributed and were drained during head-on 

collision of water droplets. It suggested that molecular structure for NisP was beneficial for the 

destabilization of water droplets in emulsions.  

6.4 Conclusion 

This work used molecular dynamics simulations to quantitatively probe the free energy and 

interaction force for water droplets coalescence in toluene with the presence of adsorbates, 

including polycyclic aromatic compound (VO-79) and non-ionic surfactants (PEO-PPO triblock 

copolymer; Brij-93). Three stages of water droplets coalescence were distinguished as follows. 

Stage 1: When the center of mass (COMs) of water droplets were far separated (more than twice 

of the droplet diameter), weak repulsive force hindered the approaching of water droplets. The 

repulsion was enhanced if some molecules, e.g. VO-79, were dispersed in toluene phase. Stage 2: 

With the approaching of water droplets, the repulsion between them became stronger due to the 

increase of steric repulsion between the adsorbate films, mainly the hydrophobic parts. The steric 

repulsion also induced the redistribution of adsorbates on the water droplets, leaving uncovered 

water droplets surface facing each other. Stage 3: The uncovered water molecules tended to 

interact with the uncovered water molecules on the other droplets by forming H-bonds. Also, the 
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adsorbates became interconnect on the surface of merged water droplets. These interactions 

contributed to the attraction for the water droplets coalescence, which counteracted with the steric 

repulsion.  

The energy barrier and maximum repulsion for water droplet coalescence was similar for 

systems with different adsorbate but similar surface coverage fraction (46-47%). At systems with 

higher surface coverage (61-78%), the hindrance for water droplets became more significant, 

indicated by the higher energy barrier and maximum repulsion. Among these systems, the loose 

structure of NisP film and the long hydrophobic chain in the NisP molecules enhanced the 

redistribution of NisP on the surface compared with NisB. It resulted in a lower energy barrier and 

repulsion during the water droplets coalescence, which was beneficial for the destabilization of 

water droplets in emulsions.  
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Chapter 7. Conclusion and Future Perspectives 

7.1 Conclusion  

In this dissertation, a series of molecular dynamics (MD) simulations was performed to investigate 

the colloidal behaviors of model asphaltenes. Mechanistic understanding on the aggregation and 

interfacial behaviors of model asphaltenes was provided at atomic level. Two questions on the 

aggregation of model asphaltenes were answered, firstly, the relations between intramolecular 

flexibility in archipelago asphaltenes and the aggregation; secondly, the effect of salinity in 

aqueous phase on the aggregation of model continental asphaltenes. The other two important topics 

in the interfacial behaviors of model asphaltenes were elucidated, including the effect of non-ionic 

surfactants on the adsorption of asphaltenes, and the interaction between stabilized water droplets 

with adsorbed asphaltenes or model demulsifiers.  

In chapter 3, archipelago model asphaltenes had intramolecular flexibility and may exhibit 

folding between different polycyclic aromatic cores. In water, the single dispersed archipelago 

model asphaltene preferred unfolded states and had low internal flexibility. When multiple 

archipelago model asphaltenes formed aggregates in water, the folded stated became dominate. 

The folding behavior of archipelago model asphaltene was further altered if coaggregation 

between continental and archipelago model asphaltenes occurred in water. In heptane or toluene, 

the archipelago type asphaltenes had higher internal flexibility than in water and could easily 

change between folded and unfolded states whether a single archipelago molecule presented or 

multiple molecules aggregated. Co-aggregation between continental and archipelago model 

asphaltenes tended to make archipelago type asphaltenes more flexible in heptane, while the effect 

was insignificant in toluene. Chapter 4 unveiled the effect of NaCl concentration on the 
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aggregation of four continental model asphaltenes with different side chain length. For model 

asphaltenes with long side chain length, hydrophobic interactions contributed to the association 

between asphaltenes. NaCl concentration had non-monotonic effect on the hydrophobic 

interactions, thus the aggregation of asphaltenes with long side chains was promoted at low NaCl 

concentration and suppressed at high NaCl concentration. With moderate side chain length, the 

model asphaltenes were under influence of the mutual effect of NaCl concentration on the side 

chain-side chain, core-core, and core-side chain interactions. The NaCl had significant effect on 

the core-core interactions during the aggregation of model asphaltenes with shortest side chain 

length, while the effect on side chain-side chain interaction still played a role in the aggregation.  

Chapter 5 illustrated the effect of non-ionic surfactants on the adsorption of model 

asphaltenes at water/oil interface. A comprehensive set of simulations was carried out by 

employing various important parameters, such as asphaltene types (archipelago or continental), 

solvent types to represent oil phase (toluene or heptane), model demulsifiers (PEO-PPO-PEO 

triblock copolymer or Brij-93), and demulsifier concentrations (low or high). Archipelago 

asphaltenes tended to form small and loosely structured aggregates at the interface. More 

archipelago asphaltenes were adsorbed at water/heptane interface than at water/toluene interface. 

While continental asphaltenes formed larger and more compact aggregates than archipelago 

asphaltenes, and all 32 continental asphaltenes were completely adsorbed at water/toluene and 

water/heptane interfaces. Model demulsifiers were adsorbed closer than the model asphaltenes to 

the water phase. The adsorbed demulsifiers interacted with the water phase and interfered the 

interaction between model asphaltenes and water phase. Thus, desorption of asphaltenes was 

induced in the systems with archipelago asphaltenes at water/toluene and water/heptane interfaces 

when Brij-93 added, and in systems with archipelago asphaltenes at water/toluene interface when 
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copolymer added. For archipelago asphaltenes at water/heptane interface with copolymer added, 

co-adsorption between asphaltenes and demulsifiers was observed. With continental asphaltenes 

adsorption, adding demulsifiers resulted in co-adsorption between asphaltenes and demulsifiers at 

both water/toluene and water/heptane interfaces. Chapter 6 investigated the interaction between 

water droplets with adsorption of continental model asphaltene (VO-79), model demulsifiers 

(PEO-PPO-PEO triblock copolymer or Brij-93). The water droplets coalescence was classified 

into three stages based on the interaction force derived from the potential of mean force. In the 

first stage, where the center of masses (COMs) separation between water droplets was greater than 

twice the droplet size, the water droplets underwent repulsive force, mainly attributing to the 

dispersed adsorbate molecules in toluene phase. Comparing systems with similar surface coverage, 

VO-79 molecules had more dispersed molecules in toluene phase, thus the repulsive force in the 

first stage was higher in the systems with VO-79 than the systems with model demulsifiers. In the 

second stage, the steric repulsion between the adsorbate film induced the increase of repulsive 

force during the approaching of water droplets. At the same time, the adsorbate molecules 

redistributed on the surface of water droplets, leaving the water molecules uncovered in the head-

on direction. The maximum repulsive force for water droplets coalescence was positively 

correlated to the surface coverage of adsorbates on the surface. In the third stage, the repulsive 

force started to drop due to the formation of hydrogen bonds between water molecules in two water 

droplets. At similar concentration of model demulsifiers, copolymer coated water droplets had 

weaker repulsive force than Brij-93 coated water droplets, when the surface coverage of water 

droplets was high (71-78%).  

Overall, the work in this dissertation provided mechanistic understanding of the colloidal 

properties of model asphaltenes at atomic level, which shed light to solving the problems in 
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petroleum industries related to the aggregation of asphaltenes and interfacial adsorption of 

asphaltenes.  

7.2 Future Perspectives 

The following studies are suggested to be investigated in the future.  

(1) Stabilization of water-in-oil emulsions has been commonly attributed to the formation of rigid 

and solid film at the water/oil interface, as reviewed in Chapter 2. The interfacial behavior of 

asphaltene were dependent on their molecule structures, including the polarity, architecture of PA 

cores, and the presence of heteroatoms etc. Researchers have made hypothesis on the relations 

between polarity of asphaltenes and the stability of water-in-oil emulsions. While the effect of 

molecules structures of model asphaltenes on the formation of film at water/oil interface and the 

stability of water-in-oil emulsions has not been investigated. MD simulations could be used to 

study various model asphaltenes with different structures, whether as single component or in 

mixtures. It will help identity the effect of molecule structures of asphaltenes on the stability of 

emulsions.   

(2) The interfacial properties of water/oil interface, such as interfacial tension, are dependent on 

the salinity in aqueous phase. Through MD simulations, the interfacial tension at the water/oil 

interface with presence of asphaltenes and demulsifiers could be obtained, which can be compared 

with the experimental measurements. Also, the interaction between asphaltenes and demulsifiers 

can be observed and investigated by using MD simulations, which could not be achieved by 

experimental measurements alone. The study could investigate the adsorption of model 

asphaltenes and demulsifiers at interface oil and brine water with various salinity, in order to 

illustrate the effect of salinity on the stability of water/oil interface with asphaltenes and 

demulsifiers.  
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(3) Various demulsifiers have been used to break up the stable water-in-oil emulsions, especially 

the PEO-PPO-PEO copolymers with different structures. It is demanding to probe the interaction 

force between water droplets with presence of asphaltenes and different polymeric demulsifiers. 

Beside quantifying the interaction force, MD simulations could also provide observation on the 

movement of demulsifiers on the surface of water droplets. It will provide mechanistic 

understanding on the demulsification mechanism and thus improve the efficiency in the 

demulsification.  
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Appendix A: Supporting Information for Chapter 3  

A1. Density of M molecules in solid state and size of their aggregates in organic solvents.  

An MD simulation was performed on a system containing 44 M molecules in a cubic box with an 

initial length of 6 nm in each direction. No solvent was added so this system represented M 

molecules in solid state. Energy minimization and subsequent NVT and NpT (production run) 

simulations were performed, in the same way as described in the Method section of the Chapter 4. 

During the NpT simulation, the simulation box shrunk to approximately 4.4 nm in each direction. 

Using the final equilibrated volume, the density of the M molecules was calculated to be 1092 

kg/m3. This is in good agreement with the results of Duran et al. [1], where the density of 

asphaltene samples from Western Canada bitumen was measured to be 1008.8 to 1153.5 kg/m3.  

The size of the largest aggregate in organic solvents (systems 5, 6, 8, 9) was quantified by 

calculating its radius of gyration (Rg) through the following equation: 

𝑅𝑔 = (∑ 𝑚𝑖𝑟𝑖𝑖
∑ 𝑚𝑖𝑖

)1/2     (B1) 

where mi is the mass of atom i, and ri is the distance between atom i and the center of mass of the 

aggregate. The results for the largest aggregate at the end of the simulations are shown in Table 

A1. Rg of asphaltene nanoaggregates has been measured by many researchers using the small angle 

neutron and X-ray scattering technique [2,3]. The reported Rg ranged from 3.0 to 5.2 nm in toluene 

and from 5.1 to 11.8 nm in toluene/heptane mixture [4,5], which is in overall agreement with our 

simulation data. Because the asphaltic samples precipitated in heptane, the aggregate size was not 

obtained experimentally for pure heptane solutions. Theoretically, Teklebrhan et al. performed 

MD simulations on five types of model asphaltenes (molecular weight 689-762 g/mol) in heptane 
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and toluene [6]. In heptane, Rg was found to be 0.93-2.62 nm, and the number of molecules in the 

largest nanoaggregates (Nm) ranged from 4 to 21. In toluene, Rg was between 0.76-1.29 nm and 

Nm was 3-8 [6]. While Nm from our simulations compare well with Teklebrhan et al. (see Table 

A1), our Rg is larger probably because the M molecule is much larger (molecular weight: 1303 

g/mol) than the models in Teklebrhan et al. [6]. The trend of having smaller Rg (and Nm) in toluene 

than in heptane was captured in all works.  

Table A1 Radius of gyration (Rg) and number of molecules (Nm) in the largest aggregate.  

solvent sys. Rg (nm) Rg in S4-5 (nm) Rg in S6 (nm) Nm Nm in S6 

heptane 
5 4.94 

N/A 0.93-2.62 
3 

4-21 
8 7.17 6 

toluene 
6 3.31 

3.0-5.2 0.76-1.29 
2 

3-8 
9 0.92 2 

 

A2. Root-mean-square deviation (RMSD) for a single M molecule.  

As shown in Fig. A1, for system 1 with one M molecule in water, the curve increases rapidly and 

reaches a plateau. The curves for one M molecule in toluene and heptane show a similar trend but 

the fluctuation in RMSD is higher throughout the simulations. It indicates that after a short time 

(~ 4 ns), the structure of the single M molecule became relatively stable in water, while the 

molecule in toluene and heptane underwent more dynamic but reversible structural changes. 
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Figure A1 Root-mean-square deviation (RMSD) as a function of simulation time for systems 

with a single molecule in water, heptane and toluene.  

A3. Interaction between core1 and core3. 

Fig. A2 shows the distance (D) between centers of geometries (COGs) of core1 and core3 versus 

the angle (θ) between the two cores over the last 50 ns. Compared with Fig. 4.3 in the main texts 

(between core1 and core2), the separation between core1 and core 3 is generally larger, indicating 

weaker interactions.  
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Figure A2 Distance D between COGs of core1 and core3 versus angle  between the two cores. 

Data are from simulations of a single M molecule in (a) water, (b) heptane and (c) toluene. 

A4. Additional discussion on the folded configurations.  

Fig. A3a-b shows representative configurations for the single molecule in toluene in unfolded state. 

In Fig. A3a, core1 and core2 are each represented by three atoms, one sulfur in yellow, and two 

carbon in blue and pink respectively. These three atoms form a plane and Fig. A3b shows the 

calculation of the normal vectors of the planes. Specifically, each normal vector was determined 

using the right-hand-rule based on the following order of atoms: yellow-blue-pink. The cosine of 

the angle θ between the two planes was calculated from the dot product of the two normal vectors 

as shown in Fig. A3b. Fig. A3c-d show the molecule in folded states with angle θ close to 180 

and 0, respectively. Core1 and core2 are nearly parallel in both scenarios. In Fig. A3c, the normal 

vector of core2 is pointing outwards and the angle θ is close to 180. If core2 flips, the normal 

vector will point inwards and the angle θ is close to 0, as shown in Fig. A3d.  
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Figure A3 Snapshots of a single M molecule in toluene in unfolded state: D = 1.0 nm and θ = 

137 (a) top view and (b) side view; in folded states: (c) D = 0.4 nm and θ = 173, (d) D = 0.4 

and  = 5.  

A5. Cut-off distance for folded states.  

The distance between COGs of core1 and core2 for single M molecule in water was plotted in Fig. 

3.3 in Chapter 3, which separated into two bands. The probability distribution of distance was 

calculated and shown in Fig. A4. The two peaks correspond to the two bands observed in Fig. 3.3, 

and the dashed line (at 0.55 nm) locates the first minimum in the distribution between the two 

peaks. This value was therefore chosen to define folded, unfolded and partially folded states.  

(a) (b) 

(c) (d) 
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Figure A4 Probability distribution of distance between COGs of core1 and core2 for system 1. 

A6. Evolution of angle between core1 and core2.  

Fig. A5 shows the angle between core1 and core2 over the simulation time of 60 ns for systems 

with a single M molecule. In Fig. A5a, the angle fluctuates in a range of 20-100 with only a few 

data points below 20 during the first 56 ns. The curve then jumps to a higher range of angle 

between 140-180 in the last 4 ns. It suggests an energy barrier for the transition between unfolded 

and folded states for a single molecule in water. In heptane (Fig. A5b) and toluene (Fig. A5c), the 

angle evolutions have large fluctuations throughout the simulations.  
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Figure A5 Angle between core1 and core2 over the simulation of 60 ns for systems containing a 

single molecule in (a) water, (b) heptane and (c) toluene. 

A7. Interaction between M molecule and solvent molecules.  
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For systems with a single M molecule in solutions, the radial distribution functions (RDF) were 

obtained for water and toluene with respect to the oxygen atoms (in -COOH group) and the 

nitrogen atom (in -NH- group), as plotted in Fig. A6. The curve for water with respect to oxygen 

has a distinct peak at 0.18 nm, which corresponds to direct hydrogen bonding between water and 

the carboxyl group of the M molecule. A peak at such short distance is absent for the non-polar 

toluene, indicating its lack of short-ranged interaction with the carboxyl group. For both water and 

toluene, the first peak in the radial distribution function with respect to nitrogen occurs around 

0.36 - 0.40 nm, suggesting only weak contact between both solvents and the -NH- group.  

 
Figure A6 Radial distribution function of solvent (water and toluene) with respect to the oxygen 

atoms (in -COOH group) and the nitrogen atom (in -NH- group). 

A8. Definition of cut-off distance for aggregate. 

We used 0.35 nm as a cut-off minimum distance for two M molecules, below which they were 

considered to be in an aggregate. The choice of this value was based on two considerations. First 

of all, 0.35 nm is a common cut-off for hydrogen bonds because it is the location of the first 

minimum in the RDF of SPC water [7]. Secondly, for the system with 12 M molecules in water, 

the minimum distance between any pair of molecules were calculated for the simulation time from 
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40 to 60 ns, and the probability distribution for these distances is plotted in Fig. A7. The dashed 

line shows the distance of 0.35 nm. Clearly, there is a natural gap in the distribution from 0.35 nm 

to 0.45 nm. We therefore considered two molecules to be aggregated when the minimum distance 

between them was less than 0.35 nm.  

 

 
Figure A7 Probability distribution of minimum distance between every pair of M molecules in 

water. 

A9. Snapshots of association between two M molecules. 

Fig. A8a shows a snapshot of two M molecules in the largest aggregate in water. In each molecule, 

two carbon and one sulfur represent the plane of core1, and the two planes are highlighted by blue 

lines. Core1 in the bottom molecule is horizontal and the core1 in the top molecule is almost 

perpendicular to it, i.e., the two cores form a T-stacking with a distance of 0.8 nm between their 

COGs. Fig. A8b shows a snapshot of two M molecules in the largest aggregate in heptane. The 

two carboxyl groups have close contact and the distance between the oxygen atoms is about 0.3 

nm (see enlarged image in the black box). The association between carboxyl groups has limited 

the interaction between the polyaromatic cores at close proximity. Specifically, the distance 

between the COGs of the two core1 (planes highlighted by blue lines) is 1.0 nm.  
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Figure A8 Snapshots for the association between two M molecules (a) in water, and (b) in 

heptane.  

A10. Free energy change for individual M molecules in water.  

Table A2 shows the free energy change (see Eqn. 3.1 in Chapter 3) for individual M molecules in 

the largest aggregates in water (systems 4 and 7) to transit from one state to another. In system 4, 

molecules W2, W3, W4 and W6 have negative ∆𝐺  from unfolded to folded states with large 

absolute values, implying the high stability of the preferred folded configuration. W5 was 

exclusively in the unfolded state (100% probability) and therefore ∆𝐺 was reported as N/A. These 

5 molecules had large energy barrier to transit from one state to another. Only molecule W1 had a 

small |∆𝐺| and was relatively flexible to switch between the states. In system 7, molecules W1, 

W2 and W3 were highly constrained in the unfolded state (89% and more; large ∆𝐺 to come out 

of the unfolded states), while W4, W5 and W6 had noticeable probability for both folded and 

unfolded states.  

(a) (b) 

0.3 nm 
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Table A2 Probabilities that individual M molecules are in unfolded, partially folded and folded 

states, as well as free-energy change estimated from the probabilities, for systems 4 and 7. 

mol. 

probability (%) free energy change (kJ/mol) 

unfolded 
partially 

folded 
folded 

unfolded to 

partially folded 

unfolded to 

folded 

system 4: 12 M molecules in water, 6 in the largest aggregate 

W1 35.7 2.7 61.6 6.4 -1.4 

W2 0.4 4.3 95.3 -5.9 -13.6 

W3 6.8 14.4 78.8 -1.9 -6.1 

W4 17.8 2.2 80.0 5.2 -3.7 

W5 100.0 0.0 0.0 N/A N/A 

W6 1.9 76.7 21.4 -9.2 -6.0 

system 7: 6 M and 12 S molecules in water, all aggregated 

W1 100.0 0.0 0.0 N/A N/A 

W2 98.7 0.2 1.1 15.5 11.2 

W3 89.8 1.2 9.0 10.8 5.7 

W4 75.5 4.8 19.7 6.9 3.3 

W5 70.6 0.7 28.7 11.5 2.2 

W6 38.8 8.6 52.6 3.8 -0.8 

 

 

A11. Folding of M molecules in vacuum.  

An MD simulation was done for a single M molecule in vacuum (system V1), following the same 

procedure as described in the main text except that there was no pressure coupling in the production 

stage. As shown in Fig. A9, the D- plot indicated that during the last 50 ns the single M molecule 

had more folded states. The probabilities for unfolded, partially folded, and folded states were 

found to be respectively 26%, 1%, and 73%, as shown in Table A3. Though in the initial 
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configuration the molecule was unfolded, without solvents the through-space interactions led to 

the preference of folded state. Comparison with data in Table 3.2 of Chapter 3 indicates that all 

three solvents have, to some degree, suppressed the intramolecular folding of M molecule, and the 

effect was most significant in water. Such suppression may be caused by the interaction of M 

molecule with the solvent, as well as the more dynamic motion of the smaller solvent molecules 

(especially water) which hinders the stabilization of the folded configuration.  

 
Figure A9 Distance D between COGs of core1 and core2 versus angle  between the two cores 

for a single M molecule in vacuum in the last 50 ns.  

Table A3 Probabilities of states for systems V1-V3. 

sys. # of M molecules initial state 
probability (%) 

unfolded partially folded folded 

V1 1 unfolded 26 1 73 

V2 12 unfolded 53 10 37 

V3 12 folded 62 6 32 

 

Two additional systems, V2 and V3, were simulated with 12 M molecules in vacuum, 

following the same procedure as described above. In the initial configuration of system V2, the M 

molecules were all in the unfolded state and randomly dispersed in the simulation box. Whereas, 
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in the initial configuration of system V3, the M molecules were all in the folded state. At the end 

of the simulations, all 12 M molecules formed a single large aggregate in both systems V2 and V3, 

and the folding characteristics (to be discussed next) were similar in the two systems. This suggests 

the independence of the simulation results on the initial configurations. During the last 50 ns of 

simulations, all molecules in systems V2 or V3 were flexible enough to explore the three different 

states (Fig. A10), with the unfolded state being more favorable (Table A3). The results are 

qualitatively similar to those for systems 5 and 6 in Chapter 3 but quite different from system 4 

(Table 3.2), where the M molecules were much less flexible and the folded state was more 

dominant. 

RDFs for the COG distance between core1 of any two M molecules are shown in Fig. A11a. 

The first predominant peak is located at ~ 0.64 nm for system V2 and ~ 0.82 nm for system V3, 

close to the first peak (~ 0.8 nm) in the curve for system 4 in Fig. 3.5a of Chapter 3. However, the 

RDFs for the distance between the carboxyl groups of any two M molecules (Fig. A11b) are very 

different from the curve for system 4 in Fig. 3.5b. There is a sharp peak located at ~ 0.28 nm for 

system V2 and ~ 0.26 nm for system V3, corresponding to the hydrogen bonding between carboxyl 

groups. The height of the first peaks in Fig. A11b is not only 100 times more than the values for 

system 4 in Fig. 3.5b, but also more than 10 times the RDF values in Fig. A11a, indicating that the 

interaction between carboxyl groups played a significant role in the association of M molecules in 

vacuum. In contrast, in system 4 the hydrophobic polyaromatic cores repelled water while the 

carboxyl groups were attracted to water. This led to the formation of aggregates with interior 

polyaromatic cores and exterior carboxyl groups. The carboxyl groups on the outer surface 

interacted with water while having little interaction amongst themselves. In the final configuration, 

Rg of the largest aggregate was found to be 5.42 nm for system V2 (12 molecules), 5.09 nm for 



 196 

system V3 (12 molecules), and 1.13 nm for system 4 (6 molecules). If the spatial density of the M 

molecules were the same in the aggregates, then Rg would be expected to scale with the cubic root 

of the number of molecules within. In other words, Rg of systems V2 and V3 would only be 

(12/6)
1
3 = 1.26 time Rg of system 4. Instead, Rg values of systems V2 and V3 are more than 4 

times Rg of system 4. This indicates that the aggregate in system 4 is much more compact than 

those in systems V2 and V3. Two consequences arise from the significantly more compact 

structure in system 4: the molecules tend to be folded, and they are much less flexible.  The folding 

behaviors in systems V2 and V3 are closer to system 5 (heptane as solvent) and system 6 (toluene 

as solvent), where carboxyl-carboxyl interaction was more important in driving aggregation, the 

aggregates had less compact structure than in water and the molecules within were more flexible.  

 
Figure A10 Distance D between COGs of core1 and core2 versus angle  between the two cores, 

for the 12 M molecules (labeled from 1 to 12) aggregated in systems (a) V2 and (b) V3.  

(a) (b) 
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Figure A11 RDFs for (a) the COG distance between core1 of any two M molecules and (b) 

distance between the carboxyl groups of any two M molecules, where each carboxyl group is 

represented by the COG of the two oxygen atoms. Results are shown for systems V2 and V3 

from the averages over the last 5 ns.  

References  

[1] J.A. Duran, Y.A. Casas, L. Xiang, L. Zhang, H. Zeng, H.W. Yarranton, Nature of Asphaltene 

Aggregates, Energy & Fuels. 33 (2019) 3694–3710. 

[2] J. Eyssautier, P. Levitz, D. Espinat, J. Jestin, J. Gummel, I. Grillo, L. Barré, Insight into 

Asphaltene Nanoaggregate Structure Inferred by Small Angle Neutron and X-Ray Scattering, 

Journal of Physical Chemistry B. 115 (2011) 6827–6837. 

[3] L. Barré, S. Simon, T. Palermo, Solution Properties of Asphaltenes, Langmuir. 24 (2008) 

3709–3717. 

[4] K.L. Gawrys, G.A. Blankenship, P.K. Kilpatrick, Solvent Entrainment in and Flocculation of 

Asphaltenic Aggregates Probed by Small-Angle Neutron Scattering, Langmuir. 22 (2006) 

4487–4497. 

[5] J.N. Roux, D. Broseta, B. Demé, SANS Study of Asphaltene Aggregation: Concentration and 

Solvent Quality Effects, Langmuir. 17 (2001) 5085–5092. 

[6] R.B. Teklebrhan, L. Ge, S. Bhattacharjee, Z. Xu, J. Sjöblom, Probing Structure-

Nanoaggregation Relations of Polyaromatic Surfactants: A Molecular Dynamics Simulation 

and Dynamic Light Scattering Study, Journal of Physical Chemistry B. 116 (2012) 5907–5918. 

(a) (b) 



 198 

[7] M.J. Abraham, D. van der Spoel, E. Lindahl, B. Hess, the GROMACS development team, 

GROMACS User Manual version 2016, 2018. 



 199 

Appendix B: Supporting Information for Chapter 4 

B1. Partial atomic charges 

The default partial atomic charges generated from PRODRG was not used directly because it may 

lead to unreliable simulation results. [1] Instead, these charges were modified based on analogue 

structures in GROMOS96 force field 53A6. [2] Jian et al. [3] adopted the partial atomic charges 

from residues dipalmitoylphosphatidylcholine, phenylalanine and peptide bond, and used them for 

the aromatic carbon and hydrogen in the polyaromatic (PA) core, carbonyl groups in the PA core, 

ester groups and united hydrocarbon groups in the side chains. As shown in Fig. B1, the oxygen 

atoms in carbonyl groups of the PA core and ester groups of the side chains carry negative charges. 

Aromatic carbon and hydrogen carry small partial charges. The united atoms in the side chains do 

not carry any partial charges. 

 

 

Figure B1. Charge groups (shown in dashed square) in the molecular structure of VO-16C (left) 

and their partial atomic charges (right, value in unit of e). Only one group is shown to represent 

each type of charge groups.  
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B2. Time evolution of number of molecules in the largest aggregates  

As shown in Fig. B2, the largest aggregates become stable in the last 10 ns of simulations for all 

systems.  

 

 

Figure B2. Time evolution of number of molecules in the largest aggregates for systems 

containing (a) VO-16C, (b) VO-12C, (c) VO-8C and (d) VO-4C. 
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B3. Radial distribution functions (RDFs) for the center of geometry (COG) distance 

between PA cores  

Each subfigure below plots the RDFs for the COG distance between PA cores in a particular 

simulated system. There are five curves representing the average over different 2 ns time windows, 

e.g., curve “70-72 ns” represents the average RDF over simulation time from 70 ns to 72 ns.  

  

  

(a1) 5%-16C 

(a2) 10%-16C 

(b1) 5%-12C 

(b2) 10%-12C 
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(a3) 15%-16C (b3) 15%-12C 

(c1) 5%-8C 

(c2) 10%-8C 

(d1) 5%-4C 

(d2) 10%-4C 
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Figure B3. RDFs of COG between PA cores of VO-16C: (a1) 5%-16C, (a2) 10%-16C, (a3) 

15%-16C; VO-12C: (b1) 5%-12C, (b2) 10%-12C, (b3) 15%-12C; VO-8C: (c1) 5%-8C, (c2) 

10%-8C, (c3) 15%-8C; and VO-4C: (d1) 5%-4C, (d2) 10%-4C, (d3) 15%-4C.  

(c3) 15%-8C (d3) 15%-4C 



 204 

B4. Time evolution of π−π, π−θ and θ−θ contacts  

As shown in Fig. B4, the counts of the three types of contacts become stable in the last 10 ns for 

all systems. As explained in the main text, the numbers of π−θ contacts have been scaled by a 

factor of 1/2. 

 

  

  

  

(a1) 5%-16C (b1) 5%-12C 

(a2) 10%-16C 

(a3) 15%-16C 

(b2) 10%-12C 

(b3) 15%-12C 
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Figure B4. Time evolution of π− π, π−θ (scaled) and θ−θ contacts in systems containing VO-

16C: (a1) 5%-16C, (a2) 10%-16C, (a3) 15%-16C; VO-12C: (b1) 5%-12C, (b2) 10%-12C, (b3) 

15%-12C; VO-8C: (c1) 5%-8C, (c2) 10%-8C, (c3) 15%-8C; and VO-4C: (d1) 5%-4C, (d2) 10%-

4C, (d3) 15%-4C. 

(c1) 5%-8C (d1) 5%-4C 

(c2) 10%-8C 

(c3) 15%-8C 

(d2) 10%-4C 

(d3) 15%-4C 
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B5. Details of simulations on PA cores  

The structure of the PA core was created by removing the side chains from VO-16C (Fig. B5). 

The coordinates of the PA core were imported to GlycoBioChem PRODRG2 server [4], where the 

topology file was generated. The partial charges and charge groups in the topology were manually 

adjusted to be compatible with the GROMOS96 53A6 force field [2]. Six PA cores were randomly 

dispersed in a cubic box with edge length of 7.56 nm. The volume of the box is 1/4 of the volume 

of the box used to simulate 24 molecules with side chains; hence the number concentration of 

molecules is the same for the two sets of simulations. For the simulation in pure water the box was 

randomly filled with simple-point-charge (SPC) water [5–7]. Appropriate amount of NaCl was 

then added into the solvent to generate concentration of 5% wt., 10% wt. and 15%wt. respectively. 

MD simulations were performed by using GROMACS (version 5.0.6) package. Periodic boundary 

conditions and full electrostatics with particle mesh Ewald summation method [8] were used. 

SETTLE algorithm was used to constrain all bonds of water molecules and LINCS algorithm was 

applied to constrain all bonds of solute molecules. The total potential energy was first minimized 

by static structure optimization. Then, the solvent molecules were relaxed around the solutes for 1 

ns (300 K, 1 bar) with harmonic restraint (1000 kJ/(mol nm2)) on the non-hydrogen atoms. After 

removing the restraint, an NpT ensemble was performed on each system for 20 ns. Full trajectory 

was obtained, and coordinates were recorded every 10 ps. 

 

Figure B5. Molecular structure of the PA core. 
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B6. RDFs of Na+ around oxygen atoms  

The RDFs of Na+ ions with respect to oxygen atoms are shown in Fig. B6. The solid curves 

represent the RDFs of Na+ with respect to the two oxygen atoms on the PA cores, whereas the 

dash curves are the corresponding RDFs with respect to four oxygen atoms in the side chains. In 

each plot, the solid curves have two peaks, located at 0.24 nm and 0.48 nm respectively. Whereas, 

the dash curves stay close to zero at short distance. It indicates that the oxygen atoms on the core 

have more attractive interaction with neighbouring Na+ ions. 

Figure B6. RDFs of Na+ ions with respect to oxygen atoms in the PA cores (solid lines) and on 

the side chains (dash lines): (a) VO-16C, (b) VO-12C, (c) VO-8C, and (d) VO-4C. Each 

subfigure contains data that correspond to 5% wt., 10% wt. and 15% wt. NaCl solutions. All data 

are averaged over the last 10 ns of the simulations. 
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B7. Snapshot of aggregates in 5%-8C and 10%-8C systems.   

 

Figure B7. Snapshot of aggregates in (a) 5%-8C and (b) 10%-8C. 
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Appendix C: Supporting Information for Chapter 5  

C1. Thermodynamic properties of model molecules.  

Additional MD simulations were performed to calculate the density of pure model molecules, as 

shown in Table C1. In each system, a number of model molecules (see Table C1 for details) were 

randomly placed in a cubic simulations box of initial dimension 666 nm3 for systems with PacM, 

PacS and NisB, and 888 nm3 for the system with NisP. The system was then subjected to energy 

minimization, NVT (100 ps) and finally NpT (30 ns) simulations, using simulation parameters 

described in the main text. During the NpT simulation, the box size changed, and the density was 

calculated by averaging over the last 5 ns of the simulation.  

The PacM molecule is a hypothetical model and the exact same molecule is not available 

for direct comparison. Therefore, experimental data for naturally existing mixture of polycyclic 

aromatic compounds (PACs) were used as reference. The density of PacM was calculated to be 

1092 kg/m3, in good agreement with the experimental density of 1008.8 to 1153.5 kg/m3 reported 

by Duran et al. [1] for asphaltene samples from Western Canada bitumen. In our previous work 

[2], the radius of gyration (Rg) of PacM molecules in water, toluene and heptane were compared 

with experimental and theoretical references. For example, using small angle neutron and X-ray 

scattering experiments, Rg for nanoaggregates of natural mixture of PACs was measured to range 

from 3.0 to 5.2 nm in toluene, and from 5.1 to 11.8 nm in toluene/heptane mixture [3,4]. Our 

simulations [2] predicted that Rg for PacM was 3.31 nm in toluene and 4.94 nm in heptane, which 

showed good agreement. The density of PacS calculated from simulation was 1141 kg/m3, which 

also agreed with the density of naturally existing PAC mixtures, 1008.8 to 1153.5 kg/m3 [1]. 

Previous work [5] also reported other behaviours of the PacS model that aligned with experimental 
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observations, such as its aggregation in bulk solvent and interfacial activity reducing the 

water/toluene interfacial tension.  

The density of NisB was found to be 904 kg/m3 from our simulation. As a commercially 

available surfactant, the density of Brij-93 is 0.912 g/mL (912 kg/m3) at 25°C as reported by 

Sigma-Aldrich. Clearly, our simulation result showed good consistency with the real material. The 

PEO-PPO triblock copolymer (EO)5(PO)10(EO)5, NisP in our work, is a hypothetical model, thus 

it was compared with a group of poloxamer copolymers. The density of poloxamer copolymers 

(Poloxamer 124, Poloxamer 184, Poloxamer 188, Poloxamer 407) reported by BASF is between 

1050 and 1060 kg/m3, and our result of 1085 kg/m3 for NisP was close to this range.  

Table C1 System details for density calculation and comparison with experimental data.  

molecule # of molecules final box side length (nm) density (kg/m3) reference (kg/m3) 

PacM 44 4.43 1092 1008.8 - 1153.5 a 

PacS 76 4.29 1141 1008.8 - 1153.5 a 

NisB 171 4.83 904 912 b 

NisP 72 4.86 1085 1050 - 1060 c 
a data for natural mixtures of PACs from Duran et al. [S1] 
b data for Brij-93 from Sigma-Aldrich. 
c data for poloxamer polymers from BASF. 

 

  



 212 

C2. Equilibration of systems. 

Fig. C1 shows the total energy vs. time during the production runs for all systems. Since sys. 1 

was simulated longer (120 ns) than any other systems (60 ns), data for sys. 1 was only presented 

from the last 60 ns of the simulation. All curves reached a plateau after a few nanoseconds and 

fluctuated around this value afterwards.  

 
Figure C1 Time evolution of total energy during the production runs. For sys. 1, the last 60 ns of 

the 120 ns simulation was shown. 

In order to verify that the adsorption of PacM was equilibrated before adding non-ionic 

surfactants, the density profiles of PacM were examined during the last 10 ns of the simulations 

for sys. 1 and sys. 6. Fig. C2 shows the profiles plotted for every 1 ns during that time interval. 

The two peaks in each subfigure correspond to the accumulation of PacM at the interfaces, whereas 

the region between the peaks corresponds to the bulk organic phase (toluene or heptane). On 
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water/toluene interface as shown in Fig. C2a, the two sharp peaks from different curves were 

overlapping during the last 5 ns of simulation. This indicated the stabilization of PacM adsorption 

on the interface, although some PacM molecules remained in bulk toluene and exhibited more 

dynamic feature. As shown in Fig. C2b for sys. 6 with PacM on water/heptane interface, the peaks 

also converged in the 10 ns window. There were slight fluctuations near the lower peak on the 

right interface, caused by the configurational changes of adsorbed PacM. 

 
Figure C2 Density profiles for PacM molecules in (a) sys. 1 (water/toluene interface) and (b) 

sys. 6 (water/heptane interface), plotted at every 1 ns during the last 10 ns. 
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C3. Criterion for defining adsorbed PAC molecules. 

To define a criterion for adsorbed PAC molecules, the first consideration is the common cut-off 

distance used to define hydrogen bonding, 0.35 nm, which is the location of the first minimum in 

the radial distribution function (RDF) of single point charge (SPC) water [6]. Secondly, the 

criterion should be able to identify close contacts between PACs and the water phase. The 

minimum distance between every PAC molecule and the water phase in the control systems, sys. 

1, 6, 11 and 16, was averaged over the last 5 ns of simulation. The distribution of the minimum 

distance is shown in Fig. C3. For sys. 1, 6, 11 and 16, the first peak in the distribution reduced to 

minimum at 0.25 nm, 0.3 nm, 0.25nm and 0.20 nm, respectively. All control systems have a clear 

gap in the distributions immediately after 0.35 nm, as shown by the dashed line. As a result, 0.35 

nm was used as the cut-off distance to determine the number of adsorbed PACs on the interface.  

 
Figure C3 Histogram of the minimum distance between PacM molecules and the water phase, 

averaged over the last 5 ns of the simulations on the control systems.  
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C4. Number of adsorbed PacM molecules at the interface. 

The number of adsorbed PacM molecules were quantified as shown in Fig. C4. In the last 5 ns of 

simulation, the number of adsorbed molecules became stable and the average values are given in 

the insets. 

 

Figure C4 Number of adsorbed PacM molecules during the last 5 ns of simulation and the 

average values for (a) sys.1-5 (water/toluene interface), and (b) sys. 6-10 (water/heptane 

interface). Black: control system; red: NisB at low concentration; blue: NisB at high 

concentration; orange: NisP at low concentration; olive: NisP at high concentration. 

  

(a)
ç√ 

(b) 
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C5. Locations of interfaces and peaks in the PAC density profiles. 

Table C2 shows, for each system simulated, the final box length in z direction; the z-positions of 

the two interfaces (interface-L, interface-R) after shifting the configuration in -z direction for 6 

nm; the z-positions of the two peaks in the PAC density profile, one near interface-L (peak-L) and 

the other near interface-R (peak-R); the distance from peak-L to interface-L (dist.-L) and the 

distance from peak-R to interface-R (dist.-R); and the total distance calculated from the sum of 

dist.-L and dist.-R. After adding the non-ionic surfactants, an increase in dist.-L as compared to 

the control system corresponded to a shift of the left peak towards the bulk organic phase, while a 

decrease corresponded to a shift towards the water phase. The same applies to the right peak 

quantified by dist.-R.  
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Table C2 Box length in z direction, z-positions of the interfaces (interface-L and interface-R), z-

positions of the peaks in the density profiles of PACs (peak-L and peak-R), the distance from the 

peaks to the nearest interface (dist.-L and dist.-R), and the total distance (dist.-L + dis.-R).  

sys. z 
(nm) 

interface-L 
(nm) 

interface-R 
(nm) 

peak-L 
(nm) 

peak-R 
(nm) 

dist.-L 
(nm) 

dist.-R 
(nm) 

total dist. 
(nm) 

1 24.01 6.15 18.01 7.08 17.08 0.93 0.93 1.86 
2 23.99 6.15 17.94 7.00 17.00 0.85 0.94 1.79 
3 23.82 6.24 17.56 7.50 16.31 1.26 1.25 2.51 
4 23.94 6.17 17.85 7.62 16.72 1.45 1.13 2.58 
5 23.81 6.22 17.56 7.26 16.47 1.04 1.11 2.15 
6 25.42 5.94 20.29 6.65 19.44 0.71 0.85 1.56 
7 25.41 5.98 20.30 6.73 19.52 0.77 0.78 1.55 
8 25.48 6.01 20.33 6.84 19.66 0.83 0.67 1.50 
9 25.44 5.93 20.26 6.57 19.33 0.64 0.93 1.57 
10 25.46 5.99 20.30 6.58 19.65 0.59 0.65 1.24 
11 24.18 6.20 18.21 6.57 17.85 0.37 0.36 0.73 
12 24.41 6.16 18.60 6.63 18.27 0.47 0.33 0.80 
13 24.34 6.20 18.45 6.53 18.12 0.33 0.33 0.66 
14 24.33 6.19 18.45 6.61 18.13 0.42 0.32 0.74 
15 24.22 6.26 18.26 6.58 17.81 0.32 0.45 0.77 
16 25.43 5.97 20.34 6.23 20.05 0.26 0.29 0.55 
17 26.69 5.82 22.41 6.18 21.93 0.36 0.48 0.84 
18 26.53 5.87 22.08 6.23 21.62 0.36 0.46 0.82 
19 26.63 5.79 22.26 6.08 21.87 0.29 0.39 0.68 
20 26.53 5.74 21.97 6.05 21.70 0.31 0.27 0.58 
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C6. Interaction between non-ionic surfactants and PacM in bulk organic phase.  

Radial distribution functions (RDF) of all atoms in dispersed non-ionic surfactants with respect to 

atoms in all PacM molecules for sys.4 (PacM and NisP at low concentration, toluene as the organic 

phase) and sys. 7 (PacM and NisB at low concentration, heptane as the organic phase) are plotted 

in Fig. C5. Data were averaged over the last 5 ns of the simulations. There was only 1 NisP 

molecules in bulk toluene in sys. 4, the RDF increased gradually indicating there was no obvious 

short-range interaction between dispersed NisP and PacM molecules. In sys. 7, the first 

predominant peak was located at ~ 0.56 nm, indicating interaction of dispersed NisB with PacM 

molecules in bulk heptane.   

 
Figure C5 RDF for atoms in dispersed non-ionic surfactants with respect to atoms in all PacM 

molecules, averaged over the last 5 ns of simulation for sys. 4 (PacM and NisP at low 

concentration, toluene as the organic phase) and sys. 7 (PacM and NisB at low concentration, 

heptane as the organic phase).  
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C7. Probability distribution of aggregate size. 

Two molecules were considered in aggregated form if the minimum distance between any atoms 

from one molecule and any atoms from the other was below 0.35 nm, the same criterion as 

discussed in C3. The number of molecules in the PAC aggregates was used to represent the 

aggregate size, which were collected during the last 5 ns of the simulations. All the data were used 

to generate the probability distribution for the aggregate size, as plotted in Fig. C6. In sys. 1-10, 

more than 70% of PacM existed in monomer form. Adding non-ionic surfactants (sys. 2-5 and sys. 

7-10) increased the probability of monomers compared to the control systems, sys. 1 and sys. 6. 

In sys. 11-20, the aggregates were larger and the probability for monomers was below 50%. 

Adding non-ionic surfactant reduced the probability of monomers in sys. 12-15 compared to sys. 

11. For sys. 17-20, the probability of monomers was increased by adding non-ionic surfactants.  

 

 
Figure C6 Probability distribution for the number of PAC molecules in aggregates over the last 

5 ns of the simulations. 
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C8. Size of the largest aggregates. 

Fig. C7 shows the size of the largest aggregates, averaged over the last 5 ns. With PacM in systems 

with water/toluene interface (black symbols), the largest aggregates were small regardless of 

whether NisB or NisP were added. There were on average 2.7-3.5 molecules in the largest 

aggregates, and adding the surfactant slightly decreased the size. Increasing the concentration of 

NisB or NisP tended to decrease the size, although the effect was not significant. With PacM and 

water/heptane interface (red symbols), the size of the largest PacM aggregates was larger than the 

case of water/toluene interface (black symbols). While the addition of NisB reduced the size of the 

largest aggregates, the addition of NisP increased it. There appeared to be a correlation between 

the size of the largest aggregates and adsorption on the water/heptane interface: the higher the 

adsorption, the larger the aggregates. For systems with PacS and water/toluene interface (green), 

the size of the largest PacS aggregates was slightly reduced by adding NisB but increased by 

adding NisP. In the case of water/heptane interface (blue symbol), the size of the largest aggregates 

was increased by adding either type of non-ionic surfactant at low or high concentrations.  

 

Figure C7 Number of molecules in the largest PAC aggregates averaged over the last 5 ns of the 

simulations. PacM in toluene (black), PacM in heptane (red), PacS in toluene (green), PacS in 
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heptane (blue). Horizontal labeling: (None) control systems 1, 6, 11, 16; (NisB-low) sys. 2, 7, 12, 

17; (NisB-high) sys. 3, 8, 13, 18; (NisP-low) sys. 4, 9, 14, 19; (NisP-high) sys. 5, 10, 15, 20. 

C9. Final configurations for the control systems and RDF between PACs.  

Fig. C8 shows the final configurations for sys. 1, 6, 11, and 16 (left panel, also shown in Fig. 5.3) 

along with the top view on interface-L (right panel). The oxygen atoms in the PACs are highlight 

in red, including the two oxygen atoms in carboxyl groups of PacM, and the two oxygen atoms on 

the core of PacS without attaching to the aliphatic chains. As shown on the left, for sys. 1 and 6, 

most of the adsorbed PacM molecules had the oxygen atoms close to the water phase. Similarly, 

the oxygen atoms in PacS had close contact with water phase for sys. 11 and 16. As shown on the 

right, the largest aggregates were located on the interface-L, highlighted with thickened bonds. 

The PacM aggregates were loosely structured (sys. 1 and 6), while the PacS aggregates (sys. 11 

and 16) were more compact due to stacking through - interaction. As shown in Fig. C9, the RDF 

between different PAC molecules had sharp peaks around 0.5 nm. The intensity of the peaks was 

higher in sys. 11 and sys. 16 than in sys. 1 and sys. 6, indicating more aggregation between PacS 

molecules than PacM molecules. In all 4 systems, the interface was sparsely covered by the PAC 

molecules, leaving ample surface area exposed. A quantification of the surface coverage can be 

found in Appendix C11.  
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sys. 1   

sys. 6   

sys. 11   

sys. 16   

Figure C8 (Left panel) final configurations of the control systems, sys. 1, 6, 11 and 16 (red: 

water; cyan: PacM or PacS; organic solvent molecules removed for clarity; oxygen atoms in 

PacM and PacS (not including those attached to aliphatic chains) highlighted in red). (Right 

panel) top view of PACs on interface-L (the largest aggregates were shown in thickened bonds). 
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Figure C9 RDF between different PAC molecules, averaged over the last 5 ns of simulations for 

the control systems, sys. 1 (PacM at water/toluene interface), sys. 6 (PacM at water/heptane 

interface), sys. 11 (PacS at water/toluene interface), and sys. 16 (PacS at water/heptane 

interface). All atoms in each PAC molecule were included in the calculation. 
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C10. Final configurations for simulation sys. 2-5 and sys. 7-10. 

Final configurations for systems with non-ionic surfactants and PacM are shown in Fig. C10. the 

non-ionic surfactants (blue) were located closer to the water phase than PacM molecules. 

sys. 2  sys. 7  

sys. 3  sys. 8  

sys. 4  sys. 9  

sys. 5  sys.10  
 

Figure C10 Final configurations of sys. 2-5 and 7-10, red: water; cyan: PacM (oxygen atoms in 

PacM highlighted in red); blue: NisB/P; organic solvent molecules removed for clarity. 
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C11. Fraction of surface coverage by PACs in control systems. 

The fraction of interface covered by PacM and PacS in the control systems was quantified using 

an approach similar to what was proposed by Rabanel et al. [7] to calculate the surface coverage 

of nanoparticle by PEG chains. The projected area of each PEG chain on the nanoparticle surface 

was determined from 𝜋𝑅𝐹
2, where RF is the Flory radius of the PEG chain. [7] Here, the projected 

area (Ap) of a PAC molecule on the interface provided an estimation on the surface area covered 

by the PAC, as illustrated in Fig. C11. Ap depended not only on the number of atoms in the 

molecule, but also on its adsorbed configuration. For example, a PacS with its polyaromatic (PA) 

core perpendicular to the interface would result in a lower surface coverage than a PacS with its 

PA core lying flat on the interface. To calculate Ap for each control system, all the atoms in the 

adsorbed molecules were represented by van der Waals spheres and projected onto the interface. 

The fraction of surface coverage was obtained as the ratio of Ap to the area of the interfaces (both 

interface-L and interface-R). The surface coverage fraction was found to be 15% for sys. 1 (PacM 

at water/toluene interface), 18% for sys. 6 (PacM at water/heptane interface), and 11% for both 

sys. 11 (PacS at water/toluene interface) and sys. 16 (PacS at water/heptane interface). 

 

Figure C11 Schematic of projecting a PAC molecule on the interface. Atoms are represented by 

van der Waals spheres.  

water 

Ap 
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Appendix D: Supporting Information for Chapter 6 

D1. Quantification of surface coverage fraction. 

As shown in Fig. 6.2a in the main text, the water droplet in toluene (sys. A0-S) is sphere like 

with toluene surrounding. If the water droplet (4074 molecules) is treated as sphere with density 

of 997 kg/m3, the radius for the sphere is proposed to be Rp = (3*4074*18*10-

26/(4*pi*6.022*997))1/3 = 3.08 nm, where the diameter Dp = 6.18 nm.  

The surface coverage fraction of adsorbates on water droplets was calculated by the following 

procedures. 1. Treat the water drop as a sphere with radius of r; 2. Place the center of mass (COM) 

for the water drop located at (0, 0, 0), and obtain the translated coordination of the adsorbed 

molecules; 3. Project the coordination of each atoms in the adsorbed molecules to the sphere, as 

shown in Fig. D1 (a) and (d). Each coordination is a point on the sphere surface, as shown in Fig. 

S1 (b) and (e); 4. During the projection, the atom is treated as a sphere with its van der Waals 

(VDW) radius rW as shown in Fig. D1 (b). The sphere will be projected as an area on the surface, 

which is like a “footprint” [1], as shown in Fig. D1 (c); 5. Generate sufficient (e.g. 100,000) 

random points on the sphere surface. If the point fit into any projected area, that the distance 

between the random point and any projected atom is less than rmax, it is counted as covered.  

It should be noted that the radius r is determined by the distance between COM of water drop 

and the nearest atom in the adsorbed molecule. Because the coordination is projected, the actual 

value of radius r does not affect the fraction. This value is selected to facilitate the calculation. The 

distance rmax was calculated by the equations as follows: 

𝜃 = sin−1(𝑟𝑤
𝐷

)      (1) 

𝑟𝑚𝑎𝑥 = 2 × 𝑟 × sin(𝜃/2)     (2) 
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Where rW is the VDW radius, D is the distance between COM of the atom and the COM of the 

water droplet. 

 

Figure D1. Illustration on the calculation of surface coverage fraction.  

D2. Details of umbrella sampling 

Details of sampling windows are shown in Table D1. The histogram for 43-50 umbrella 

simulations was plotted against the reaction coordinate  (normalized by Dp) in the bottom panel 

of Fig. D2. The corresponding potential of mean force (PMF) was plotted in the top panel. As 

shown in the bottom panels, the sampling windows were overlapping their neighboring window, 

reproducing the unbiased potential by removing the biasing potential. Around the start point of 

dramatic drop of PMF, the histogram for some sampling windows has more than one peaks.   

(a)

(b) (c)

(e)

(d)

rw

rmax

㻌

D

(f)
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Table D1 Details of umbrella sampling windows.  

sys.  # of windows range of  / Dp 
A0 50 0.93 - 2.27 
V1 49 0.83 - 2.25 
P1 43 0.84 - 2.26 
B1 45 0.55 - 2.25 
V2 50 0.84 - 2.27 
P2 45 0.74 - 2.27 
B2 48 0.55 - 2.29 

 

 

(a) (b) 
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(c) (d) 

(e) (f) 
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Figure D2. PMF (top) and umbrella histograms (bottom) of the COM separation between two 

water droplets in toluene for (a) sys. A0 without adsorbates, (b) sys. V1, (c) sys. P1, (d) sys. B1, 

(e) sys. V2, (f) sys. P2, (g) sys. B2. 

D3. Location and width of RDF peaks.  

Estimation on the location the width of the RDF peaks is performed by fitting the peaks by 

Gaussian functions. As an example of curve fitting in Fig. D3a, the thickness of the adsorbate 

layers is determined by the width of the fitting Gaussian curves. Total width of RDF peak (wall), 

as shown in Fig. D3b, is calculated by: 

𝑤𝑎𝑙𝑙 = 𝑤1
2

+ 𝑤2
2

+ (𝐿2 − 𝐿1)    (D3) 

where, w1 and w2 are the width of RDF peak for group 1 and group 2 with respect to COM of 

water droplets, respectively; L1 and L2 are the center of the RDF peaks, as shown in Fig. D3b. 

The location and width of peaks in Fig. 6.2c and e, and the width of the peaks in Fig. 6.2b and d 

(g) 
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are presented in Table D2. The thickness of the adsorbate films was represented by the width 

(wall) of RDF peaks for all atoms in adsorbates with respect to the COM of water droplets, as: 

𝐴𝑓𝑖𝑙𝑚 = 𝑤𝑎𝑙𝑙 ∗ 𝑅𝑝 = 3.09𝑤𝑎𝑙𝑙 (𝑛𝑚)    (4) 

As shown in Table D2, the thickness of film was thickest for sys. V1 compared with sys. P1 

and B1. The film became thicker when there were more adsorbates in the system, e.g. comparing 

sys. V2 to V1, P2 to P1, B2 to B1. 

 

Figure D3 (a) Example of RDF curve fitting; scattered data is the RDF of group1 in sys. B1-S 

with respect to COM of water droplet (B1-S (g1) as shown in Fig 6.2c of the main text); red 

curve is the fitting Gaussian curve; full width at half maximum (FWHM) and the width of 

Gaussian curve are obtained; and (b) calculation of peak width (wall) for RDF of all atoms with 

respect to COM of water droplets. Scattered data are from B1-S (g1) and B1-S (g2) in Fig 6.2c of 

the main text.  

(a) (b) 
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Table D2 Location and width of RDF peaks in Fig. 6.2. Values are normalized by Rp. 

sys. 
g1 g2 

wall Afilm (nm) 
L1 FWHM w1 L2 FWHM w2 

V1-S 1.15 0.34 0.58 1.24 0.35 0.59 0.68 2.11 
P1-S 1.04 0.18 0.30 1.20 0.31 0.52 0.58 1.79 
B1-S 1.02 0.17 0.28 1.12 0.22 0.37 0.43 1.33 
V2-S 1.17 0.38 0.64 1.25 0.36 0.62 0.71 2.19 
P2-S 1.06 0.22 0.37 1.25 0.37 0.63 0.69 2.13 
B2-S 1.04 0.23 0.39 1.18 0.29 0.50 0.58 1.79 

 

D4. Additional snapshots during steered molecular dynamics (SMD). 

The snapshots of 1.1 ns - 1.4 ns in SMD for sys. A0, V1, P1 and B1 are shown in Fig. 6.4a. 

With the merging of water droplet, a single water droplet is gradually formed in each system. The 

adsorbates on different water droplets before coalescence are approaching to contact and interact. 

As shown in the snapshot of last frame (1.4 ns) in each system, some adsorbates are interconnecting 

the adsorbates on each side of the single large droplet.  

As shown in Fig. D4b for sys. V2, some of the VO-79 molecules are adsorbed on the water 

droplets and some are dispersed in toluene phase. The water droplets are approaching each other 

at time t = 0-0.7 ns and VO-79 molecules are redistributing on the surface of water droplets. There 

is gap between the two water droplets at =0.7 ns. The merging of water droplets in sys. V2 is 

observed at t=0.8 ns and later. In sys. P2, with the water droplets getting closer from t=0 ns to 0.8 

ns, NisP films on the surface of water droplets on the head-on direction are thinned, and the NisP 

molecules are redistributing on the surface. The water droplets merge at t=0.9 and 1.0 ns in sys. 

P2. similar observation can be obtained for sys. NisB, except that the thinning of NisB film is 

insignificant. With the merging of water droplets, a single large droplet is formed from 1.1 ns to 

1.4 ns. In the sys. V2, P2, B2 with more adsorbates compared with sys. V1, P1, B1 respectively, 
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it is similar that the adsorbates on each side of the water droplets are interconnecting each other 

during the merging. 
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(b) sys. V2 sys. P2 sys. B2 
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Figure D4. Snapshots of (a) 1.1 ns - 1.4 ns during SMD for sys. A0, V1, P1, and B1; (b) 0 ns, 

0.7 ns - 1.4 ns during SMD for sys. V2, P2 and B2. Atoms were shown as van der Waals spheres, 
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oxygen atoms: red; hydrogen atoms: grey; carbon atoms: cyan; toluene molecules are eliminated 

for clarity. 
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