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ABSTRACT: 

A series of molecular dynamics simulations were performed to investigate the effects of model 

asphaltenes on the toluene/water interfacial tension (IFT) under high temperature and pressure 

conditions. In the absence of model apshaltenes, the toluene/water IFT monotonically decreases 

with increasing temperature; while with the presence of model asphaltenes, especially at high 

concentrations, such monotonic dependence no longer holds. Furthermore, in contrast with the 

decreasing trend of IFT with increasing model asphaltene concentration at low temperature (300 

K), increasing concentration at high temperature (473 K) leads to increasing IFT. This relation 

can even be non-monotonic at moderate temperatures (373 K and 423 K). Through detailed 

analysis on the distribution of model asphaltenes with respect to the interface, such complex 

behaviors are found to result from the delicate balance between miscibility of toluene/water 

phases, solubility of model asphaltenes, and hydrogen bonds formed between water and model 

asphaltenes. By increasing temperature, the solubility of model asphaltenes in toluene is 

enhanced, leading to their transition from being a surfactant to being a solute. The effect of 

pressure was found to be very limited under all model asphaltene concentrations. Our results 

here present, for the first time, a complete picture of the coupled effect of (high) temperature and 

asphaltene concentration on IFT, and the methodology employed can be extended to many other 

two-phase or multiphase systems in the presence of interface-active chemicals.  
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1. INTRODUCTION 

Interfacial tension (IFT) is a quantity of great importance in multiphase processes such as oil 

production. IFT is related to the stability of emulsions, interfacial adsorption of surface-active 

components, critical micelle concentration of heavy oil compounds, etc.1-4 Fundamental 

knowledge on IFT not only helps us with understanding the dynamics and morphologies of 

multiphase systems in oil production,5-8 but also sheds lights on how to destabilize undesired 

emulsions as well as remove problematic compounds.1-4 Because of this, significant amount of 

experimental work has been dedicated to investigating oil/water IFT under different conditions: 

solvents, salinity, presence of surface-active compounds, temperature (T), and pressure (P), 9-11 to 

name a few. In parallel with experiments, to fully understand the underlying mechanisms 

responsible for IFT variations, there is also a great need of computational studies that can 

provide atomistic evidences for experimental observations.  

Over the past decade, computational tools, such as molecular dynamics (MD) simulation, 

have been widely employed to investigate the bulk aggregation and interfacial adsorption of 

heavy oil compounds, i.e. asphaltenes.12-15 These works have greatly helped to explain 

experimental observations, as well as to resolve existing discrepancies. For instance, using model 

compounds, MD studies have clarified the effect of core size, heteroatoms, and side-chain length 

on the aggregation behaviors of asphaltenes.12-15 On the other hand, little computational work has 

been done to investigate oil/water IFT, in particular, with the presence of surface-active 

components such as asphaltenes. Mikami  and co-workers16 performed the pioneering work in 

this direction, and it was observed that increasing asphaltene concentration decreased oil/water 

IFT, consistent with experimental observations.17-19 However, the bulk concentrations, at which 

IFT reduction was observed in simulations and experiments, differed by two orders of 
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magnitude.3,16,20 To probe the cause of this discrepancy, recently a novel approach, combining 

the strength of MD simulations and pendant drop IFT measurements, was proposed21 for 

investigating the IFT between organic solvent and water in the absence and presence of model 

asphaltenes. It was revealed that21 the reduction of oil/water IFT was determined by the surface 

concentration, rather than bulk concentration, of the interfacially active components. To achieve 

a surface concentration similar to that in experiments, much higher bulk concentrations must be 

adopted in simulations, given the large surface-to-volume ratio at nano scale.  

Based on these results, the effect of T on IFTs was further investigated.22 It was found 

that elevating T (from 300 K to 350 K) decreased the IFT by increasing the miscibility of toluene 

and water phases. The calculated trends are consistent with the effects of T reported in 

literature.23-26 With the presence of asphaltenes, the effect of temperature was alleviated. That is, 

in comparison with their counterparts without asphaltenes, the decrement in IFT caused by 

increasing T was less evident with the presence of asphaltenes.  This interesting coupling is 

caused by the extent of asphaltene accumulation on the interface, which can be modified by the 

change of T. While this work provided atomic-level explanations on the effect of T, the range of 

T studied is much narrower than that encountered during industrial processing.27 Therefore, it is 

of great importance to extend the T range. Furthermore, from the computational aspect, most 

available protocols and force fields are developed for simulations near room T and P. It is thus of 

general interest to investigate their applicability at high T and P. This benchmarking is useful for 

many other studies where interfaces are present under drastically varied external conditions.  

The remainder of this article is organized as follows: the systems studied along with 

simulation method are introduced in section 2; results are discussed in section 3, and final 

conclusions are presented in section 4.  
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2. SIMULATION METHODS  

In this work, toluene was selected as a model oil phase, considering its wide usage in separating 

asphaltenes from fine solids and bitumen. Violanthrone-79 (VO-79, C50H48O4) was adopted as 

the model asphaltene compound, for which the chemical structure is shown in Figure 1. The 

rationale for choosing VO-79 has been elaborated in our previous work.21,28 Briefly, the 

molecular structure of VO-79 is similar to that of the island-type asphaltenes,29 and its oxygen 

content (9.0%) is relatively close to that of the asphaltene fractions stabilizing water/oil 

emulsions (4.42%−5.54%).30,31 

2.1. Systems Simulated. In total, 16 systems were constructed to investigate the IFT of 

toluene/water interface at high T and high P, and their details are summarized in Table 1.  

The first 4 systems in Table 1 were built in the absence of VO-79, each simulated at a 

specified T and P: system T373-P100 at 373 K and 100 bar, T423-P100 at 423 K and 100 bar, 

T473-P100 at 473 K and 100 bar, and T473-P200 at 473 K and 200 bar. As experimental IFT 

values under these conditions (except 473 K and 100 bar) are available in literature,9 these 

systems were used to validate our theoretical protocols. The additional simulation at 473 K and 

100 bar can allow us to probe the effect of P separately from the effect of T (see discussions in 

section 3).  

The other systems, each containing a certain amount of VO-79, were then built to probe 

the role of VO-79 in modulating the effect of T and P. Under each T/P condition, 3 different 

concentrations of VO-79 were studied, corresponding to 180, 540, and 720 molecules 

respectively. While these numbers represent enormous bulk concentrations given the small sizes 

of our simulation boxes, they are necessary in order for the surface concentration of VO-79 to 
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reach the critical threshold in experiments (performed at 300 K) below which no apparent change 

of the toluene/water IFT was caused by VO-79.21 It is also noted that the pressure employed in 

our simulations are quite high (100 bar or 200 bar); such high values are necessary to maintain 

the liquid state for water and toluene. 

The initial configurations were constructed using the procedure reported in our previous 

work. 21 Briefly, for the first four systems in Table 1, a box of dimension 6*6*3 nm3 was first 

filled with water molecules. Then the water box was expanded in the z direction for 3 nm to 

reach a final dimension of 6*6*6 nm3. Following this, the rest of the box was filled with toluene 

molecules, generating the water/toluene interface in the xy plane. When constructing the initial 

configurations for systems containing VO-79 molecules, a box of dimension 12*12*12 nm3 was 

first randomly filled with water molecules, and then the box was expanded in the z-direction to a 

length of 24 nm. After expansion, we placed, adjacent to the water phase, 180 VO-79 molecules 

in systems T373-P100-VO180, T423-P100-VO180, T473-P100-VO180 and T473-P200-VO180. 

These 180 VO-79 molecules were arranged to have their polyaromatic cores perpendicular to the 

interface but parallel with one another, forming a single layer on the water surface. Two 

additional layers of VO-79 were introduced into systems T373-P100-VO540, T423-P100-

VO540, T473-P100-VO540 and T473-P200-VO540 to form a three-layer interface; similarly, in 

systems T373-P100-VO720, T423-P100-VO720, T473-P100-VO720 and T473-P200-VO720, 

three additional layers were introduced, resulting in a four-layer interface. Finally, the rest of the 

box was filled randomly with toluene molecules.  

2.2. Simulation Details. The topologies for VO-79 and toluene molecules was built 

previously21,32 based on the GROMOS96 force field parameter set 53A6,33 and they were 
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directly applied here. For the aqueous phase, a simple-point-charge model34 was used for water, 

which has been extensively tested for interfacial studies.35-37  

 All simulations were performed using GROMACS (version 4.6.5).38-41 For each system, 

static structure optimization was first performed to ensure the maximum force is less than 1000.0 

kJ/(mol nm). Then full dynamics simulations were conducted in NPnAT ensemble for 10 ns for 

the four systems without VO-79 molecules, and for 30 ns for all the other systems. Here Pn and 

A are, respectively, the normal pressure perpendicular to the interface (i.e. in z direction) and the 

interfacial area in the xy plane. During all dynamics simulations, a time step of 2 fs was adopted; 

a twin-range cutoff scheme was used to treat van der Waals interaction; particle-mesh Ewald42 

method was employed to handle long-range electrostatic interaction. Furthermore, average Pn 

was kept constant in each system using Parrinello−Rahman barostat,43 and average T was 

maintained using a velocity rescaling thermostat.44 The velocity rescaling thermostat adopted 

here is based on correctly reproducing the distribution of kinetic energy under constant 

temperature and thus is an accurate method.44  

The topology constructed and simulation parameters chosen have been widely tested, 

against experimental measurements wherever available, in our previous work on the aggregation 

of model asphaltenes in bulk solvents, the adsorption of asphaltenes onto oil/water interface, and 

the interfacial structure formed by asphaltenes.15,21,32 The applicability of NPnAT ensemble for 

investigating IFT, as well as the procedure to calculate IFT, was described and validated in our 

previous work.21,22 Appropriate post processing tools in GROMACS38-41 were used for analysis 

and VMD45 for visualization.  
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3. RESULTS AND DISCUSSION 

The IFT values of toluene/water interface in the absence of VO-79 are calculated and listed in 

Table 2; in comparison, experimental values available in literature9 are also presented. The 

computational results reproduced all experimental values with an absolute error < 5%. Therefore, 

our simulation protocols, including the employment of NPnAT ensemble and the usage of 

GROMOS96 force field, are robust and can be applied when investigating IFT at high T and 

high P. In the following, we first present the coupled effect of T and VO-79 concentration in 

section 3.1, and the effect of pressure will be discussed in section 3.2.  

3.1. Coupled Effect of T and VO-79 Concentration. Detailed examination of Table 2 shows 

that, with increasing T but constant P (100 bar), the IFT exhibits a decreasing trend. Such T 

dependence resembles the trend found in simulations performed at relatively low T (300 and 350 

K) and low P (1 bar).21,22 To probe whether similar influences of T can be observed with the 

presence of VO-79, Figure 2 plots the IFT vs. the number of VO-79 molecules (denoted as M 

hereafter), each curve representing a particular T/P condition as indicated by the legend. We will 

first discuss the three curves corresponding to P=100 bar, leaving the discussion on the effect of 

P to section 3.2.  

The first observation is that at low and moderate VO-79 concentrations (M ≤ 540), 

increasing T leads to a reduction in IFT, consistent with the trends observed in Table 2. 

However, at extremely high concentration (M = 720), the effect of T on IFT is different. 

Specifically, while the IFT at 473K is still the lowest, the IFT at 423 K is almost identical to that 

at 373 K. Moreover, at a given T, complex dependence of IFT on the VO-79 concentration is 

observed. While it is a well-known result at room T that17-19 increasing M leads to decrease in the 
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IFT, such a trend is not observed in Figure 2. At 473 K, increasing M in fact causes a monotonic 

increase in IFT. At 423 K, the IFT first stays almost constant as M is increased from 0 to 180, 

then increases with M, and finally decreases after M reaches 540. That is, the variation of IFT 

with M is non-monotonic, and there exists a transition value (denoted as Mc, equal to 540 here) 

at which the trend changes from increasing to decreasing. At 373 K, a non-monotonic relation is 

again observed, but the transition occurs at a smaller Mc (= 180).  

In previous simulations performed at 300 and 350 K,21,22 it was demonstrated that 

increasing T can enhance the miscibility of two immiscible phases (water and toluene), leading 

to IFT reduction. For the range of temperature studied here, in the absence of VO-79, the 

toluene/water IFT again follows a monotonically decreasing trend (Table 2), thus demonstrating 

that without VO-79, the IFT is still mainly governed by the miscibility of toluene and water 

phases. With the presence of VO-79, to probe the effect of T on toluene/water miscibility, we 

calculated the cumulative numbers of toluene atoms around the center of mass (COM) of the 

water phase for each concentration studied.  

Firstly, Figure 3a plots the cumulative numbers for the three systems with 180 VO-79 

molecules, all simulated at 100 bar but at different temperatures. The curves from top to bottom 

correspond to, respectively, the highest (473 K), intermediate (423K) and lowest (373K) 

temperatures, suggesting that at this concentration, higher T can increase the miscibility of 

toluene and water phases. Given the identical composition of these three systems, the different 

miscibility observed here suggests that lifting T could affect the distribution of each component 

in the bulk phases and near the interface. To investigate this, for the same three systems we 

plotted the density profiles of water, toluene and VO-79 along z-axis (perpendicular to the 

water/toluene interface) in Figure 3b. Drastic differences are found in the distribution of VO-79 
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molecules among the 3 systems. In T373-P100-VO180, the dotted line, representing VO-79 

molecules, has a prominent peak near the intersection of dashed (water) and solid (toluene) lines, 

suggesting that VO-79 molecules tend to accumulate near the interface and form a protective 

layer, inhibiting direct contact between toluene and water. When T is increased to 423 K, the 

height of the peak in the dotted line is reduced, meanwhile its horizontal span is increased, 

indicating that VO-79 molecules are more likely to stay in the bulk toluene phase. When T is 

further increased to 473 K, the peak in the dashed line essentially disappears and VO-79 

molecules are almost homogeneously distributed in the bulk toluene phase. The enhanced 

solubility of VO-79 in toluene at higher T facilitates direct “contact” between water and toluene 

molecules, which further helps to increase the miscibility of the two phases.  

 We further investigated systems containing 540 and 720 VO-79 molecules, and the 

density profiles for these systems are plotted in Figures 4a and 4b, respectively. In both figures, 

with increasing T the dotted lines (representing VO-79 molecules) gradually shift towards the 

right while the solid lines (representing toluene) move towards the left, suggesting increased 

solubility of VO-79 in toluene, their reduced accumulation at the interface and better miscibility 

of toluene/water phases (for the cumulative number of toluene atoms around water COM in these 

systems, see Figure S1 in Supporting Information).  

          Given the same increased toluene/water miscibility at higher T observed in Figures 3 and 

4, one may expect the IFT to decrease with increasing T, similar to simulations performed at 300 

K and 350 K.21, 22 However, as mentioned before (Figure 2), while this is true for the systems 

containing 180 and 540 VO-79 molecules, with 720 VO-79 molecules, increasing T does not 

necessarily lead to reduction in IFT (IFT values in T373-P100-VO720 and T423-P100-VO720 

are almost identical). This apparent discrepancy seems to suggest that there may be other 
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mechanisms, associated with the existence of VO-79, which can act in ways opposite to the 

effect of toluene/water miscibility on IFT.  

 When VO-79 accumulates on the toluene/water interface, the heteroatoms (oxygen here) 

can form hydrogen bonds with water, and at room T the number of hydrogen bonds (NHB) was 

found21,22 to correlate with the IFT: increase in NHB leads to reduced IFT. For the high T systems 

studied here, we calculated NHB and plotted them in Figure 5. Drastic differences can be found 

among systems with different number, M, of VO-79 molecules. When M = 180, NHB increases as 

T increases, but the magnitude of increase is quite small. When M = 540, NHB at 423 K and 473 

K are similar and both are smaller than that at 373 K. For M = 720, NHB follows a completely 

different order compared to the case of M = 180: it decreases as T increases, with a large 

difference among the three cases. With large M, the apparently smaller NHB at higher T indicates 

less accumulated VO-79 near the interface and better solubility of VO-79 in bulk toluene, 

consistent with the density profile discussed before (Figure 4).  

The results above allow us to identify, for systems with a high VO-79 concentration, two 

competing effects as T is increased: 1) increased miscibility of toluene/water phases, which tends 

to reduce IFT; and 2) decreased NHB between VO-79 and water, which tends to increase IFT. For 

the three systems in Figure 4b (720 VO-79 molecules), while the miscibility of toluene and water 

is still enhanced at 423 K compared to that at 373 K (Figure S1, Supporting Information), NHB is 

significantly decreased (Figure 5), which leads to the similar IFT values observed for systems 

T373-P100-VO720 and T423-P100-VO720 (Figure 2). When T is further increased from 423K 

to 473K, the drop in NHB is less significant (Figure 5) and the enhanced miscibility (Figure S1, 

Supporting Information) dominates, leading to an overall reduction in the IFT (Figure 2).    

Contrarily, at low or moderate VO-79 concentrations (M = 180 or 540), the change of NHB with 
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T is not as significant (especially when M = 180) as in the case of high concentration (M = 720). 

Therefore, the IFT is mainly modulated by miscibility, resulting in the monotonic decreasing 

trend of IFT with increasing T.  

From the density profiles of VO-79 (Figures 3 and 4), it has been seen that VO-79 

migrates from the interface towards bulk toluene when T is increased. This suggests two roles 

the VO-79 molecules can play in our systems: as a surfactant which mainly accumulates near the 

interface, or as a solute which are largely distributed in bulk toluene. Their transition from one 

role to another can help us understand another phenomenon observed in Figure 2, viz., the 

variation of IFT with VO-79 concentration is T-dependent. At low T (300 K studied in our 

previous work21,22), VO-79 molecules have extremely limited solubility in toluene; as such they 

accumulate at the toluene/water interface and act like surfactant even at very low VO-79 

concentration (M = 32). In this case, increasing VO-79 concentration enhances their 

accumulation near the interface, and causes NHB to increase and water/toluene IFT to decrease 

(above a threshold of VO-79 concentration21, 22). At very high T (473 K), the solubility of VO-79 

is significantly lifted, and these molecules behave like solute which can be easily dissolved in 

toluene even at extremely high concentration (M = 720). Because the VO-79 molecules prefer to 

stay in the bulk toluene rather than near the toluene/water interface, their surface excess is 

negative. According to the Gibbs adsorption isotherm, 46 the surface excess Γ (kg/m2) is given by 

                           Γ ൌ ିౣ

ୖ

ୢஓ

ୢ୪୬ୡ
 ,       (1) 

where M୫  is the molar mass of the solute (VO-79), c is the bulk concentration of VO-79 

(mol/L), R is the universal gas constant (J/(K mol)), and γ is the IFT (N/m).  Since Γ is negative,  
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ୢஓ

ୢ୪୬ୡ
 0 , which implies that IFT will increase as the concentration of VO-79, as a solute, 

increases.  

           The non-monotonic relation between IFT and M at 373K and 423K (Figure 2) can also be 

explained based on the different roles the VO-79 molecules play. At these intermediate 

temperatures, across the range of M applied, VO-79 molecules do not only simply serve as a 

surfactant or solute. Rather, below a transition concentration (M < Mc), they have little 

accumulation on the interface and act like solute. In this concentration range, increasing M tends 

to increase IFT. When M > Mc, VO-79 molecules act like surfactant, and increasing its 

concentration decreases IFT. Increasing T broadens the range of concentration where VO-79 can 

serve as solute; hence Mc is larger at 423K. The different roles of VO-79 in all of our simulations 

(including some from previous work21,22) are summarized in Figure 6, where filled circles 

represent solutes, empty ones are surfactants, and half-filled ones represent transition between 

the two roles. It is clear that the position of Mc, indicated by the half-filled circles, shift to the 

right as T is increased.  

3.2. Effect of P. Compared to T, increasing P only slightly changed toluene/water IFT in 

the absence of VO-79 (Table 2). Such small influence of P was also reported for benzene/water 

interface in absence of surface active molecules, where the IFT values were found to vary only 

2-3 mN/m over the range of ~100 bar to ~1400 bar.47 With the presence of VO-79, the influence 

of P on IFT as seen in Figure 2 is still very small, resembling literature findings on heavy crude 

oil/brine interface in presence of asphaltenes over the range of ~0 bar to ~170 bar.26  Consistent 

with this, density profiles as well as number of hydrogen bonds in systems investigated at 473 K 

and 200 bar are quite similar to those at 473 K and 100 bar (for comparison, see Section S2, 



14 

Supporting Information). The observations can be understood by examining equation (1), which 

does not have any explicit dependence on P. This explains why P has marginal effects on the IFT 

at high T where VO-79 are readily dissolved. 

3.3 Implications. To our knowledge, this is the first set of MD simulations that 

systematically investigate the effect of large values of T and P on water/toluene IFT, particularly 

with the presence of model asphaltene (VO-79) molecules. We demonstrated the applicability of 

GROMOS96 force field47 and MD simulation in NPnAT ensemble for investigating interfacial 

properties at high T and high P, which can support many other studies involving interfaces, for 

instance, in bio systems.48  

More importantly, together with our previous study,21,22 the results reported here have 

generated a more complete picture of IFT variation with model asphaltene concentrations and 

external environmental conditions (see Figure 6), which can be used for modulating IFTs during 

industrial processing.  

 

CONCLUSIONS 

In this work, we performed a series of MD simulations to investigate the effects of high 

temperature and high pressure on toluene/water IFT in the absence and presence of model 

asphaltenes. It was revealed that compared to temperature, pressure has marginal effect on IFT, 

regardless of the VO-79 concentration. In the absence of VO-79, the IFT monotonically 

decreases with increasing temperature, as a result of the increased miscibility of water/toluene 

phases. In contrast, with the presence of VO-79 molecules, the relation between IFT and 

temperature is concentration-dependent. At low and moderate concentrations, increasing 
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temperature monotonically decreases IFT, similar to the case without VO-79. At high 

concentrations, the monotonic dependence diminishes, and the IFT values at 373 K and 423 K 

are almost identical. Such complex behaviors are caused by two competing factors: miscibility of 

toluene/water phases and hydrogen bonding between VO-79 and water molecules. At high 

concentrations, increasing temperature enhances toluene/water miscibility, while simultaneously 

reducing the number of hydrogen bonds between VO-79 and water due to the increased 

solubility of VO-79 in bulk toluene. Further investigation shows that such increased solubility 

leads to completely different relations between IFT and VO-79 concentration at different 

temperatures. The relation is monotonically decreasing at low temperature (300 K, 350 K), first 

increasing and then decreasing at moderate temperature (373 K, 423 K), and monotonically 

increasing at high temperature (473 K). By increasing temperature, the solubility of model 

asphaltenes in toluene is lifted, leading to the transition of the model asphaltenes from being a 

surfactant to being a solute. The results here generate a complete picture of toluene/water IFT 

under different environmental conditions, and can help with modulating IFT during industrial 

processing.  
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ABBREVIATIONS 

A: interfacial area in the xy plane 

c: bulk concentration of violanthrone-79 in equation (1) 

COM: center of mass 

IFT: interfacial tension 

M: number of violanthrone-79 molecules  

Mc: transition value of M at which the interfacial tension changes from increasing with M to 

decreasing with M  

Mm: molar mass of violanthrone-79 in equation (1) 

MD: molecular dynamics 

NHB: number of hydrogen bonds 

P: pressure 

Pn: the normal pressure perpendicular to the interface (i.e. in z direction) 

R: universal gas constant in equation (1) 

T: temperature 

VO-79: violanthrone-79  

Γ: surface excess in equation (1) 

γ: interfacial tension in equation (1) 

 

SUPPORTING INFORMATION 

Cumulative number of toluene atoms around water COM in systems containing 540 and 720 

VO-79 molecules, comparison on the density profiles and number of hydrogen bonds between 

systems simulated at 473 K and 100 bar and those at 473 K and 200 bar.  
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Tables: 

Table 1. Details of the Simulated Systems 

 

 

 

  

 

 

 

 

System name Box size (nm3) No. of VO-79 molecules Temperature (K) Pressure (bar)

T373-P100 6ൈ6ൈ6 0 373 100 

T423-P100 6ൈ6ൈ6 0 423 100 

T473-P100 6ൈ6ൈ6 0 473 100 

T473-P200 6ൈ6ൈ6 0 473 200 

T373-P100-VO180 12ൈ12ൈ24 180 373 100 

T373-P100-VO540 12ൈ12ൈ24 540 373 100 

T373-P100-VO720 12ൈ12ൈ24 720 373 100 

T423-P100-VO180 12ൈ12ൈ24 180 423 100 

T423-P100-VO540 12ൈ12ൈ24 540 423 100 

T423-P100-VO720 12ൈ12ൈ24 720 423 100 

T473-P100-VO180 12ൈ12ൈ24 180 473 100 

T473-P100-VO540 12ൈ12ൈ24 540 473 100 

T473-P100-VO720 12ൈ12ൈ24 720 473 100 

T473-P200-VO180 12ൈ12ൈ24 180 473 200 

T473-P200-VO540 12ൈ12ൈ24 540 473 200 

T473-P200-VO720 12ൈ12ൈ24 720 473 200 
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Table 2. IFT values of toluene/water interface in absence of VO-79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conditions Simulation values (mN/m) Experimental values (mN/m)9

373 K 100 bar 28.79 27.58

423 K  100 bar 23.30 23.33

473 K 100 bar 14.47 N/A

473 K 200 bar 16.59 16.66



24 

Figures:  

 

 

 

Figure 1. Chemical structure of the VO-79 compound 
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Figure 2. IFT as a function of number of VO-79 molecules. 
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Figure 3. a) Cumulative number of toluene atoms around COM of water phase, and b) density 

profiles of water, toluene and VO-79 along z-axis (perpendicular to the water/toluene interface). 

Both plots are for the three systems containing 180 VO-79 molecules, simulated at 100 bar but at 

different temperatures. 
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Figure 4. Density profiles in systems containing a) 540 VO-79 molecules, and b) 720 VO-79 

molecules. Each subfigure consists of three plots that correspond to simulations at the same 

pressure (100 bar) but different temperatures.  
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Figure 6. Roles of VO-79 at different VO-79 concentrations and different temperatures, where 

filled circles represent solutes, empty ones are surfactants, and half-filled ones represent 

transition between the two roles.  
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