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ABSTRACT 

The outcome of a coarse-grained simulation within the Dissipative Particle Dynamics 

framework strongly depends on the choice of the repulsive parameter between different 

species. Different methodologies have been used in the literature to determine these 

parameters towards reproducing selected experimental system properties. In this work, a 

systematic investigation on possible procedures for estimating the simulation parameters is 

conducted. We compare methods based on the Hildebrand and the Hansen solubility 

parameter theories, mapped into the Flory-Huggins model. We find that using the Hansen 

solubility parameters it is possible to achieve a high degree of coarse graining, with 

parameters that yield realistic values for the interfacial tension. The procedure was first 

applied to the water/benzene system, and then validated for water/n-octane, water/1,1-

dichloroethane, water/methyl cyclohexane, and water/isobutyl acetate. In all these cases, the 

experimental interfacial tension could be reproduced by adjusting a single correction factor. 

In the case of the water-benzene system, the Dissipative Particle Dynamics parameters 

derived using our approach were able to simultaneously describe both the interfacial tension 

and micellar properties of aqueous non-ionic surfactants representative of the octyl 

polyethylene oxide C8H17O(C2H4O)mH family. We show how the parameters can be used, 

within the Dissipative Particle Dynamics framework, to simulate the water/oil interface in 

presence of surfactants at varying concentrations. The results show, as expected, that as the 

surfactant concentration increases, the interfacial tension decreases and micelles form in bulk 

water.  
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1. INTRODUCTION 

Molecular simulations are widely used to provide molecular-level information to 

complement experimental data. Striolo and Grady1 recently reviewed, for example, how 

experiments and simulations have been synergistically combined to investigate the adsorption 

of surfactants on a variety of substrates. While electronic-structure calculations are useful, 

e.g., in catalysis, and atomistic simulations reveal details such as the orientation of solvent 

molecules near surfaces, coarse-grained simulations can be implemented to investigate the 

emergent properties of complex fluids, e.g., surfactants2-4 and emulsions.5-7 Coarse-grained 

simulations allow us to sample length and time scales that approach experimental values, but 

at the expense of atomic-level descriptions of the phenomena. Among other coarse-grained 

approaches, the Dissipative Particle Dynamics (DPD) formalism is attracting significant 

attention.8, 9 In such technique the particles (beads) represent group of molecules rather than 

atoms, and they interact with each other via soft potentials. DPD was introduced by 

Hoogerbrugge and Koelman,8 and modified later on.9-11 Compared to other coarse-graining 

techniques based on ‘soft’ effective interaction potentials,12 the simple soft DPD potential 

allows practitioners to use relatively long time steps, while providing a correspondence 

between DPD interaction parameters and thermodynamic properties (e.g., solubility 

parameters, as discussed below) without invoking complicated calculations.9  

One of the most important parameters that can be tuned within a DPD simulation is the 

one describing repulsions between DPD beads. For pure fluids, this parameter is referred to 

as the ‘self-repulsion parameter’. Building on results for the compressibility of water, Groot 

and Warren9 related the self-repulsion parameter to the density within the simulation box and 

to the degree of coarse graining, as shown in Eq. (1):9, 13, 14  

𝑎ii = kBT
κ−1Nm − 1

2αρDPD
 (1) 

In this equation 𝑎ii is the repulsion parameter between same beads, kB is the Boltzmann 

constant, T is the temperature of the system, κ−1 is the compressibility of water (equals to 

15.9836 at 300 K), Nm is the degree of coarse-graining, ρDPD is the density inside the 

simulation box, and the coefficient α is estimated to be equal to 0.101 ± 0.001.  

When different fluids are simulated, one could tune the repulsive parameter between 

different beads to reproduce selected experimental properties or to match results obtained 

from atomistic simulations.15-17 Alternatively, one could define the repulsive DPD parameter 

‘a priori’, starting from the thermodynamic properties of the pure components. For example, 
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Groot and Warren9 showed how to extract the DPD repulsive parameter from the χij 

parameter of the Flory-Huggins model via the Eq. (2):  

𝑎ij = (𝑎ii + 3.27 χij)
kBT

rc
         at   ρDPD = 3 (2) 

In Eq. (2), 𝑎ij is the repulsion parameter between different beads, χij is the Flory-Huggins 

parameter between component i and j. The parameter 𝑎ij is expressed in units of kBT rc⁄ , 

where rc is the cut-off distance, which defines the range of interaction between two beads. 

Maiti et al.14 showed that increasing the repulsion parameter to match relatively high degree 

of coarse-graining could yield a deviation from the experimental values of the interfacial 

tension. Instead of using parameters as calculated from Eq. (1), a reduced value of 𝑎ii is often 

used in Eq. (2) to reproduce experimental interfacial tension data.18 

The χij parameter can be estimated experimentally, as well as via other approaches. 

Oviedo-Roa et al.,19 for example, reproduced the critical micelle concentration of dodecyl-

trimethyl ammonium chloride when the Flory-Huggins χij parameter between different 

entities was estimated using the infinite dilution activity coefficients as produced from 

quantum-atomistic simulations. On the other hand, according to the regular solution theory, 

the χij parameter could be related to the solubility parameters of different species:20, 21 

χij(T) =
Vi

RT
(δi(T) − δj(T))

2
 (3) 

In Eq. (3), δi(T) and δj(T) are the solubility parameters of component i and j, Vi is the molar 

volume of component i (in this notation, coefficient i represents the solvent, and j the solute), 

and R is the gas constant. It is worth noting that when DPD simulations are employed, it is 

common practice to use the volume of one bead as partial molar volume in Eq. (3).6, 14, 18  

Lindvig et al.22 discussed how the χij parameter can be obtained from Hansen solubility 

parameters. The model proposed yielded a good prediction of the solubility of different 

polymers in a large group of solvents. The Hansen solubility parameters for component i 

results from contributions due to dispersion interactions (δi,d), dipolar interactions (δi,p), as 

well as hydrogen bonds effects (δi,hb), all related to the Hildebrand solubility parameter δi 

according to: 

δi
2 = δi,d

2 + δi,p
2 + δi,hb

2
 (4) 
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In the Hansen theory, the solubility parameters provide an accurate description of polar 

systems.20 Lindvig and co-workers proposed to extract χij from Hansen solubility parameters, 

using Eq. (5): 

χij = α
Vi

RT
((δi,d − δj,d)

2
+ 0.25(δi,p − δj,p)

2
+ 0.25(δi,hb − δj,hb)

2
) (5) 

In Eq. (5) α is a correction factor. These Authors showed that changing this correction factor 

allows them to provide a good prediction of the thermodynamic property and solubility of 

four polymers [poly (butyl methacrylate), poly (methyl methacrylate), poly (ethyl 

methacrylate), and poly (vinyl acetate)] in various solvents (polar, non-polar, and hydrogen-

bonding ones), and suggested a value of 0.6 as optimum for their systems. 

In this work, we seek a procedure to determine the DPD repulsive parameters for a 

water/oil system in the presence of surfactants. The model parameters are validated by 

simultaneously representing the water/oil interfacial tension and the properties of the aqueous 

surfactant system. We screen parameters estimated using different solubility theories first, 

and then we carry on our simulations to identify the micellar properties in water. Finally, we 

simulate a water/oil system in presence of surfactants, proving that the simulations show a 

good representation of such a system. The study is conducted for a system composed of 

water/benzene containing a family of non-ionic polyethylene oxide surfactants. The 

reliability of the approach is then extended to a few water/organic liquid binary systems. 

The remainder of this paper is organised as follows: In Section 2 we present the 

computational details. In Section 3, we validate the force-fields by comparing the simulations 

results obtained when the DPD parameters derived from different methodologies are 

implemented. In this section, we first consider the water/benzene system as a test case, and 

then we apply the procedure to a few other binary fluid systems. In section 4, we provide a 

detailed characterization of non-ionic surfactant aggregates in aqueous systems. Finally, in 

section 5 we discuss the results of the simulations for the water/benzene system in the 

presence of surfactants. We then briefly conclude summarizing our main findings.  

 

2. Simulation Models and Algorithms 

2.1. Dissipative Particle Dynamics  

DPD is a class of coarse-grained simulations that was introduced by Hoogerbrugge and 

Koelman in 1992.8 In DPD, the total force acting on particle i (𝐅i) is a summation of four 
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types of pair interactions: conservative 𝐟C(𝐫ij), dissipative 𝐟D(𝐫ij, 𝐯ij), random 𝐟R(𝐫ij), and 

bonding 𝐟S(𝐫ij), as shown in the following equations: 9, 23 

𝐅i = ∑[𝐟C(𝐫ij) + 𝐟D(𝐫ij, 𝐯ij) + 𝐟R(𝐫ij) + 𝐟S(𝐫ij)]

j≠i

 (6) 

𝐟C(𝐫ij) = {
𝑎ij (1 − rij rc⁄ ) �̂�ij        rij < rC

0                                       rij ≥ rC
 (7) 

𝐟D(𝐫ij, 𝐯ij) = − γωD(rij)(�̂�ij. 𝐯ij) �̂�ij (8) 

𝐟R(𝐫ij) = σωR(rij) ξij ∆t−1 2⁄   �̂�ij (9) 

𝐟S(𝐫ij) = −ks(rij − r0)�̂�ij (10) 

 

The pair DPD interaction parameter  𝑎ij determines the strength of the conservative forces, 

and describes the interactions between particles i and j. The vectors 𝐫ij and 𝐯ij are the distance 

(𝐫ij = 𝐫i − 𝐫j) and the relative velocity (𝐯ij = 𝐯i − 𝐯j) between particle i and j, respectively. 

�̂�ij is the unit vector in the direction of 𝐫ij , and  rij = |𝐫𝐢𝐣|. rC is the cut-off distance, which 

defines the effective interaction range, and represents the length scale in the DPD simulation. 

The variation of the friction coefficient and random force with distance are represented by 

ωD(rij) and ωR(rij), respectively. ξij is a random number selected following a Gaussian 

distribution with zero mean and unit variance; γ is a coefficient controlling the strength of the 

frictional forces between the DPD beads; σ determines the magnitude of the random pair 

force between particles. To describe bonds, spring forces are introduced, which are described 

by ks, the spring constant, and r0 the equilibrium bond length. In order to conserve the Gibbs 

equilibrium conditions, ωD(rij) and ωR(rij), σ and γ are related by the following constraints: 

ωD(rij) = [ωR(rij)]
2
 (11) 

σ2 = 2kBTγ (12) 

2.2. Coarse-Grained Models and Algorithms 

All simulations presented here are conducted using the simulation package LAMMPS,24 

with the isothermal pair style DPD force fields. The random and dissipative parameters are 

set to σ = 3 and γ = 4.5.9 The time step ∆t = 0.04 τ is used to integrate the equations of 
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motion. Simulations are performed in a rectangular box of dimensions 30 × 30 ×

40 rc
3 (Lx × Ly × Lz). The simulations are intended to reproduce ambient conditions. 

In the first instance, we simulate water, benzene, and surfactants. The degree of coarse 

graining of the water beads is chosen to be 5, which means that each DPD water bead 

represents 5 water molecules. Thus, the volume of one DPD bead (Vbead) equals ~150 Å3. 

The density (ρDPD) in the simulation box is taken as 3, which means that the total number of 

beads is 108000 in all simulations. The cut-off distance (rc) is taken as 1, and according to 

the relation rc = √ρDPDVbead
3

, rc is equal to 7.66 Å and the diameter of one bead equals 

0.86 rc. Because this volume approximates that of one benzene molecule, in our 

representation one benzene molecule is represented by one DPD bead. 

To validate the approach optimised for the water/benzene system, we also consider 

water/n-octane, water/1,1-dichloroethane, water/methyl cyclohexane, water/isobutyl acetate. 

For consistency, the degree of coarse graining was not changed compared to the 

water/benzene system. 

We consider two non-ionic surfactants of the C8H17O(C2H4O)mH family. In the first 

one, the surfactant molecule is represented by three connected beads: one head represents one 

diethylene glycol group, and two tail beads represent three ethylene molecules, as shown in 

Figure 1. This surfactant is denoted as H1T2 in what follows. In the second surfactant, there 

are 3 head beads and 2 tail beads. This surfactant is denoted as H3T2. Consecutive beads in 

the surfactant molecule are connected with harmonic springs having an equilibrium bond 

length approximately equal to the bead diameter r0 = 0.9 rc, and spring constant ks =

100 kBT rc
2⁄ .25 

 

 

 

Figure 1. Schematic representation of the coarse-grained DPD beads representing the 

different components simulated in the systems considered in this work. 
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2.3. DPD Interaction Parameters 

As briefly discussed above, in a DPD simulation box with density 3 and degree of coarse 

graining 5, the self-repulsion parameter (𝑎ii) should be 131.5 [see Eq. (1)]. However, the 

value 25 has often been used in the literature, 14, 18 in an effort to reproduce experimental 

properties, as the estimation of 𝑎ij depends on 𝑎ii as discussed above [Eq. (2)].   

 

Figure 2. Different combination of parameters. 

Using either 𝑎ii = 25 or 𝑎ii = 131.5, we considered different combinations of 𝑎ij DPD 

parameters, as shown schematically in Figure 2. We systematically compared parameters 

derived from different solubility parameter theories, as well as the effect of the correction 

factor (α) in Eq. (5).22 Ultimately, we compare the ability of coarse-grained simulations to 

reproduce the water-benzene interfacial tension for the 10 combinations of parameters shown 

in Figure 2. To obtain the DPD parameters using different solution theories, we require the 

Hansen and the Hildebrand solubility parameters, which are listed in Table 1.20 The values 

for δHildebrand as listed in Table 1 are calculated from Eq. (4). All the parameters used for the 

10 combinations of Figure 2 are listed in the supporting document (Table S1). 
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Table 1. Hansen and Hildebrand solubility parameters estimated at 25℃, in (𝑴𝑷𝒂
𝟏

𝟐⁄ ), 

and molar volume in 𝒄𝒄 𝒎𝒐𝒍𝒆⁄  for some of the compounds used in this study20 

Compound 𝛅𝐃 𝛅𝐏 𝛅𝐇 𝛅𝐇𝐢𝐥𝐝𝐞𝐛𝐫𝐚𝐧𝐝 𝐕𝐦𝐨𝐥𝐚𝐫 

Water 15.5 16 42.3 47.81 18 

Benzene 18.4 0 2 18.51 89.4 

Diethylene glycol 16.6 12 20.7 29.12 94.9 

Polyethylene 16 0.8 2.8 16.26 63 

2.4. Computational details 

The procedure is optimized for the water/benzene system. The interfacial tension is 

calculated by performing simulations for systems with equal number of beads of water and 

benzene (54000 beads each). Water and benzene phase separate. Water is at the bottom of the 

simulation box, benzene at the top, as shown in Figure 3. Note that the Z direction of the 

simulation box is perpendicular to the liquid-liquid interface. The interfacial tension between 

the two liquids is determined using the pressure tensors as shown in Eq. (13). 14 The 

interfacial tension,  γDPD, is averaged over the last 105 steps of a total 106 steps, after 

equilibrium has been reached.  

γDPD =
1

2
 ⟨ Pzz −

(Pxx + Pyy)

2
 ⟩ Lz (13) 

To convert the calculated interfacial tension from the DPD units to mN/m, we multiply the 

simulated value by kBT/rc
2.14 It is worth noting that the factor (

1

2
) in Eq. (13) is due to the 

presence of two interfaces in our simulations, as shown in Figure 3. 

        

Figure 3. The water (transparent blue beads) - benzene (grey beads) system simulated here. 
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To quantify the properties of aqueous surfactants, simulations were conducted in bulk 

water at increasing surfactant volume fraction φ. As φ increases, surfactants might aggregate. 

To identify a cluster of surfactant molecules, we follow the approach proposed by Johnston 

and co-workers.26 In this approach it is estimated that two surfactants belong to the same 

cluster when the distance between any of their hydrophobic tail beads is lower than 1 rc; note 

that this is the cut-off distance for the conservative interactions between DPD beads in our 

simulations. Once a micelle is identified, its properties are quantified as ensemble averages. 

Properties of interest include aggregation number, number of micelles in the simulation box, 

and the free surfactant volume fraction in the presence of micelles, which is used to estimate 

the critical micelle concentration (CMC). These properties are estimated after a total 2 × 106 

simulation steps and averaged over 1.9 × 106 steps, considering the first 0.1 × 106 steps are 

the equilibrium time. Regarding the micellar shape, qualitative information is obtained by 

analysing snapshots taken at the end of 106 simulations steps. 

The micellar properties depend on the cluster size cut-off, which means the aggregation 

number at which a cluster is considered as a micelle or as a surfactant aggregate 

(submicelles). Johnston et al.26 reported the cluster size distribution for different surfactants. 

They used a minimum, or a gap in the cluster size distribution as the cluster size cut-off: 

clusters smaller than such cut-off were not considered micelles, clusters larger than such cut-

off were considered as micelles. They found that this cut-off number could depend on the 

concentration of surfactant and the surfactant type. Building on this analysis, we calculated 

the cluster size distribution (based on aggregation number) of the simulated surfactants at 

different surfactant volume fractions with respect to the water beads (φ) as shown in the 

supporting document (Figure S1 and Figure S2). In agreement with the previous studies, the 

cut-off number was found to be dependent on the surfactant type and its volume fraction φ. 

To calculate the critical micelle concentration (CMC) we implemented the approach 

proposed by Santos et al.,27 who demonstrated that the CMC can be estimated by the constant 

value of the volume fraction free surfactant (φoligomer) in the accessible volume of aqueous 

phase (water beads in our case) when the total surfactant volume fraction in water (φ) 

increases. In Figure S3 and Figure S4 in supporting document, we report the number of 

micelles and φoligomer found in our simulation box as a function of simulation time for both 

surfactant molecules considered in this study. The results proved that 0.1 × 106 steps are 

enough to reach a dynamic equilibrium for our systems. 
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The correspondence between simulation time 𝜏 and real time can be estimated by 

comparing the experimental diffusion constant of water Dwater  (2.43 × 10−5  cm2 s⁄ ) to the 

diffusion constant of the water beads in the DPD simulation, Dsim, as shown in Eq. (14).10 

Following standard protocols, the simulated diffusion constant is calculated by the slope of 

the mean square displacement (MSD) of the water beads against time (in rc
2/τ), as described 

by Eq. (15).  

τ =
Nm Dsimrc

2

Dwater
 (14) 

 Dsim =
MSD

6t
  (15) 

Based on the procedure just summarized, we conclude that the time step in our simulations is 

equal to 15.2 ps and 5.45 ps in case of self-repulsion parameter equals 25 and 131.5 

respectively. This decrease in the diffusion coefficient of the beads might be due to the fact 

that, as proved previously by Goicochea at al.,25 increasing the self-repulsion parameter to 

match a high degree of coarse graining increases the excess pressure inside the simulation 

box according to: 

p = ρkBT + α𝑎ρ2         (α = 0.101 ± 0.001) (16) 

This increase in the excess pressure hinders the movement of the beads inside the simulation 

box, and by consequence, decreases the diffusion coefficient in DPD unit even if the density 

is constant. The dependency of the diffusion coefficient on the degree of coarse graining and 

the self-repulsion parameter were also studied by Pivkin et al.13 and they also found that 

increasing  𝑎ii to match a high degree of coarse graining leads to a decrease in the diffusion 

coefficient. 

3. Simulation Results – Model Validation 

3.1. Interfacial tension  

The experimental interfacial tension between water and benzene is 32.5 mN/m at 25 ℃.28 

The water-benzene interfacial results as obtained from our simulations are summarized in 

Table 2. As expected based on literature observations,14, 18 in case of deriving the DPD 

parameters using the Hildebrand theory, realistic value for the interfacial tension is only 

produced at a self-repulsion parameter equals to 25. On the other hand, deriving the DPD 

parameters using the Hansen solubility theory yields interfacial tension values in reasonable 
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agreement with experiments when the self-repulsion parameter equals either 25 or 131.5, 

although for different values of the correction parameter α.  

When the self-repulsive parameter is 25, the correction parameter α needs to be 

exceedingly high (2), while when the self-repulsive parameter is 131.5 (representing 

accurately the degree of coarse graining of 5 water molecules/bead), a reasonable value for α 

(0.7), yields a value for the simulated interfacial tension that is in good agreement with the 

experimental value. Presumably, adjusting α slightly above 0.7 could optimize the match 

between simulated and experimental interfacial tension when 𝑎ii is 131.5. These results 

suggest that maintaining the original formalism and its relation to experimental observables 

(i.e., see Section 2.3) is critical for deriving sensible coarse-grained parameters.  

The three sets of parameters that yield water/benzene interfacial tensions that are in 

reasonable agreement with experiments are identified as Model 1, Model 5 and Model 8 in 

Table 2. These are the sets of parameters that are used below to determine which one is also 

able to predict a realistic behaviour of surfactants in water. 

 

Table 2. The simulated water/benzene interfacial tension using ten models. The 

underlined values are in reasonable agreement with experimental data 

 IFT (mN/m) 𝒂𝒊𝒊 Solubility parameter theory 

Model 1 32 ± 5 25 Hildebrand 

Model 2 17.5 ± 5 25 Hansen (𝛼 = 0.6) 

Model 3 20 ± 5 25 Hansen (𝛼 = 0.7) 

Model 4 25.5 ± 5 25 Hansen (𝛼 = 1) 

Model 5 33 ± 5 25 Hansen (𝛼 = 2) 

Model 6 61 ± 9 131.5 Hildebrand 

Model 7 26 ± 8.5 131.5 Hansen (𝛼 = 0.6) 

Model 8 30 ± 8 131.5 Hansen (𝛼 = 0.7) 

Model 9 41.5 ± 8.5 131.5 Hansen (𝛼 = 1) 

Model 10 65 ± 8 131.5 Hansen (𝛼 = 2) 

 

3.2.Micelle formation  

To identify the formation of micelles in aqueous systems we use Model 1, Model 5 and 

Model 8, as identified in Table 2. The simulations are conducted in bulk water at increasing 
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surfactant volume fraction φ. The results obtained for φ equal to 0.001, 0.003 and 0.05, in the 

form of simulation snapshots, are shown for the H1T2 surfactant in Figure 4. The results 

show that force-fields Model 1 and Model 5 yield surfactant aggregates already for surfactant 

volume fraction 0.001. Note that no free surfactants are observed for these parameterizations 

until φ equals 0.05. For the Model 8 parameterization, the results show that at low φ the 

surfactants are well dispersed in water. As the surfactant volume fraction increases, a micelle 

appears surrounded by free surfactant. This representation seems realistic, as it allows for the 

surfactants to exchange between the micelle and the free surfactants. 

 

 

Figure 4. Aqueous surfactant H1T2 simulated at increasing volume fraction φ (top: 0.001; 

middle: 0.003; bottom: 0.05). From left to right, the snapshots represent results obtained for 

different force-fields: Model 1 (left); Model 5 (middle); Model 8 (right). The snapshots are 

obtained after 106 simulation steps. 
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Although the simulation results presented in Figure 4 suggest that Model 8 yields parameter 

that reproduce the properties of H1T2 surfactants in water, when we increased the surfactant 

volume fraction further, the single micelle grew, rather than multiple micelles appearing in 

equilibrium with free surfactant. The expected behaviour for surfactants instead is that as the 

surfactant volume fraction φ increases above the critical micelle concentrations, multiple 

micelles form.26 Our simulations showed therefore evidence of phase separation between 

surfactant and water, rather than surfactant micelles formation in water. 

To prevent phase separation, the repulsion parameter between water and the surfactant 

hydrophilic groups (head) was set to zero, following literature simulations for the STS,29 as 

well as for the SDS surfactant in water.2, 4 We repeated the simulations discussed in Figure 4 

for the three force-fields (Model 1, Model 5 and Model 8) but with the reduced repulsion 

between water and surfactant head-groups. The results are shown in Figure 5 for surfactant 

volume fraction φ equal to 0.001 and 0.003. 

 

 

Figure 5. Aqueous surfactant H1T2 simulated at increasing volume fraction φ (top: 0.001; 

bottom: 0.003). From left to right, the snapshots represent results obtained for different force-

fields: Model 1 (left); Model 5 (middle); Model 8 (right). As opposed to the results shown in 

Figure 4, the water-surfactant head-group repulsion parameter has been set to zero in these 

simulations. The snapshots are obtained after 106 simulation steps. 
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The results show that the surfactants yield multiple micelles for each of the force fields 

considered. However, the parameterization based on Model 1 and Model 5 does not allow for 

free surfactants in coexistence with the micelles. The Model force-field instead allows the 

description of multiple micelles in equilibrium with free surfactant. This force field is 

summarized in Table 3. Based on our results, DPD simulations based on such parameters 

predict realistic values for the water-benzene interfacial tension and describe realistic 

behaviour of aqueous H1T2 surfactants. 

It is possible that Model 8 yields a realistic representation of the simulated system because 

the parameters are mapped from the proper coarse-graining degree and derived from the 

solubility parameters of the Hansen theory, which accounts for the contribution of dispersion, 

polar and hydrogen-bond effects.20 Model 1 and Model 5 were derived from Hildebrand 

solubility parameters, based on the regular solution theory, which works best for nonpolar 

compounds where solvation and association effects are negligible.30  

 

Table 3. DPD force fields parameters, derived from Model 8 (see Table 2) that are able 

to both predict realistic water/benzene interfacial tension and realistic behaviour of 

aqueous H1T2 surfactants 

 Water Benzene Head Tail 

Water 131.5 171.43 0 168.9 

Benzene  131.5 142.07 132.01 

Head   131.5 140.83 

Tail    131.5 

 

3.3.Other binary fluid systems 

To assess the reliability of the approach described above to study the water/aromatic 

hydrocarbon interface, we consider here the interface between water and (a) one aliphatic 

hydrocarbon (n-octane), (b) one aliphatic halocarbon (1,1-dichloroethane), (c) one saturated 

cyclic compound (water/methyl cyclohexane), and (d) one ester (water/isobutyl acetate). 

These systems represent a variety of structural characteristics. For each binary system we 

compare the simulated interfacial tension against experimental data. As discussed above for 

Model 8, we impose  𝑎ii = 131.5, and we calculate  𝑎ij via Eq. (2) once χij is estimated from 

Eq. (5) and the Hansen solubility parameter for the chosen compounds.  
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In Table 4, we list the number of beads that represents the different fluids according to their 

molar volume and the chosen degree of coarse-graining. We found that the correction factor 

varied from 0.4 to 1.4. This large variation reflects the fact that some interfaces require strong 

repulsion between different beads to yield high interfacial tension. In fact, our results show 

that the correction factor increases as the interfacial tension increases. A final note, for the 

1,1-dichloroethane IFT with water, we compared to the available experimental values of 1,2-

dichloroethane at 25℃. 

 

Table 4. Calculated IFT (mN/m) of water/liquid systems from DPD simulations using 

Hansen solubility parameters and tuning the correction factor () in Eq. (5) to match 

the experimental data: 28, 31, 32  

 Model 
Correction 

factor () 

Water/liquid 

repulsion parameter 

Experimental 

IFT at 25 ℃  

Simulated 

IFT  

benzene 1 bead represents 1 molecule 0.7 171.43 32.5 30 ± 8 

n-octane 2 beads represent 1 molecule 1.4 216.86 51.22 48 ± 11.5 

1,1-dichloroethane 1 bead represents 1 molecule 0.8 170.03 28.4 29 ± 9 

Methyl cyclohexane 3 beads represent 2 molecules 1 190.01 41.9 41.5 ± 13 

Isobutyl acetate 3 beads represent 2 molecules 0.4 148.77 13.2 13.5 ± 12 

 

   

4. Simulation Results – Aqueous Micellar Properties 

4.1. Size distribution 

Using the parameterisation discussed in Table 3, the surfactants H1T2 and H3T2 were 

simulated in water at different φ. The snapshots after 2 × 106 simulation steps are reported in 

Figure 6 and Figure 7, together with the enlargement of a representative micelle, respectively.  

The aggregation number distribution (cluster size distribution) is reported at φ = 0.18 in 

Figure 8 (a) and (b) for H1T2 and H3T2 surfactants, respectively. Based on the cluster size 

distributions, the cluster cut-off is chosen as 10 for both surfactant types at this φ. This 

aggregation number shows a gap (Figure 8 (a)) and a minimum (Figure 8 (b)) in the cluster 

size distribution. All cluster size distributions as obtained for different volume fractions φ of 

both surfactant molecules are shown in the supporting document. 
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Once the cluster cut-off is identified, it is possible to classify clusters as micelles (their size is 

larger than the cut-off) or submicelles. The average number of micelles obtained at increasing 

surfactant volume fraction is shown in Figure 9 for both H1T2 and H3T2 surfactants. It is 

expected that the number of micelles in the systems increases linearly with φ. Instead, our 

results show a curvature, especially for the H3T2 surfactant. These results show that, as φ 

increases, the micelles increase in size. This behaviour is reported experimentally and, in 

some cases, leads to a micellar shape transformation (see the micellar shape section below).  

In Figure 10, the mean aggregation number is calculated for the systems considered in Figure 

9. Note that the submicelles are excluded from this analysis. At low surfactant volume 

fraction φ, a sudden increase in the aggregation number is observed due to the formation of 

the first micelles in the system. Instead of a constant aggregation number at high surfactant 

volume fraction, our results show a slow increase in the aggregation number. The results just 

discussed are consisted with the results shown in Figure 9. It should be noted that previous 

DPD simulations26 also reported that the aggregation number is not constant after the 

formation of micelles. Instead, it depends on the surfactant volume fraction φ, and in general 

increases with φ following the law of mass action.  
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Figure 6. The aqueous H1T2 surfactant simulated at increasing volume fraction φ (left to 

right, top to bottom: 0.001, 0.002, 0.003, 0.005, 0.05, 0.11, 0.14, and 0.18). The snapshot at 

the bottom is an enlargement of a representative spherical micelle. 
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Figure 7. The aqueous H3T2 surfactant simulated at increasing volume fraction φ (left to 

right, top to bottom: 0.002, 0.003, 0.0042, 0.01, 0.02, 0.053, 0.087, 0.11, 0.176 and 0.2). The 

snapshot at the bottom is an enlargement of a representative spherical micelle. 

 

 



 
 

S 
 

 

Figure 8. Cluster size distribution for aqueous (a) H1T2 and (b) H3T2 surfactants when φ 

equals 0.18. The red circle in the X-axis identifies the cluster cut-off. 

 



 
 

T 
 

 

Figure 9. The increase in the number of micelles with increasing the surfactant volume 

fraction for both H1T2 and H3T2 surfactant molecules. 

 

Figure 10. Mean aggregation number as a function of surfactant volume fraction for H1T2 

and H3T2 surfactants. 
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4.2. Critical Micelle Concentration (CMC) 

To estimate the critical micelle concentration (CMC) for H1T2 and H3T2 surfactants we 

calculate the volume fraction of the surfactant oligomers (φoligomer ) as the surfactant volume 

fraction increases in our simulations. In Figure 11 we report the results: φoligomer increases as 

φ increases until the CMC is reached, after which φoligomer  remains constant. This plateau is 

reached at  φoligomer = 0.00125, equivalent to 0.004624 ± 0.0004 mole/litre for H1T2, and at 

 φoligomer = 0.006, equivalent to 0.01402 ± 0.0017 mole/litre for H3T2. In the case of H3T2, 

It was found that at surfactant volume fraction 0.0042, just below the CMC, unstable micelle 

was found then it dissolved in the bulk water again. This concentration is not included in our 

calculations of the CMC or in the properties mentioned above. 

 

 

Figure 11. Volume fraction of the free surfactant (φoligomer ) as a function of φ for aqueous 

H1T2 and H3T2 surfactants. The results are averaged over the last 1.9 x106 steps of the total 

2 x106 steps for each simulation. 

 

 

The CMC results are compared in Table 5 to experimental values reported for 

polyethylene oxide non-ionic surfactants.33-35 The simulated CMC for H1T2 is similar to the 

experimental one for octyl polyethylene oxide C8E1 (0.0049 mole/litre).33, 34 The simulated 

CMC increases as the length of the hydrophilic group increases (i.e., compare results for 

H1T2 to H3T2 surfactants). This is consistent with experiments, as the simulated CMC for 

H3T2 is similar to the experimental one for C8E9 (0.013 mole/litre).33, 35  
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Table 5. CMC in mole/litre determined from simulations and reported from 

experiments 

Simulation Experiment 

0.0046 ± 0.0004 

H1T2 

0.0049 

C8E1 (octyl glycol ether) 

0.0140 ± 0.0017 

H3T2 

0.013 

C8E9  (nonaoxyethylene glycol monoether) 

 

4.3. Micellar shape 

It has been reported that micelles for some non-ionic polyethylene oxide surfactants 

transform from spherical to rod-like as the surfactant concentration increases.36, 37 For 

example, Nilsson et al.38 reported that the size of C12E5 micelles increases and exhibit a 

shape transition from spherical to rod-like micelles with increasing surfactant concentration. 

Consistently with these experimental observations, at low surfactant volume fractions we 

observe spherical micelles with different aggregation numbers for both H1T2 and H3T2 

simulated surfactants (Figure 6 and Figure 7). When the volume fraction of aqueous H1T2 is 

increased to φ = 0.43, we observe micelles with ellipsoidal shape, as well as rod-like 

micelles. A similar shape transformation is observed for H3T2 in water when the volume 

fraction in increased to φ = 1. Snapshots of these two simulations are shown in Figure 12 

along with examples of micelles observed in both systems. 
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Figure 12. The ellipsoidal and rod-like micelles observed for H1T2 (left) and H3T2 (right) at 

φ 0.43 and 1, respectively, after 106 simulations steps. 

 

5. Water/Benzene/Surfactant Systems 

The parameterization of Table 3 is able to reproduce the water/benzene interfacial 

tension as well as several properties of aqueous micelles for both H1T2 and H3T2 

surfactants. This parameterization is implemented here to simulate water/benzene interfaces 

in the presence of surfactants. We prepare a simulation box with an equal amount of beads 

representing water and benzene (number of beads of each constituent are listed in Table 6 for 

different simulations). As the simulation progresses, water and benzene phase separate. The Z 

direction of the simulation box is perpendicular to the water-benzene interface. When 

surfactants are present in the system, they are expected to accumulate at the water/benzene 

interfaces. Figure 13 (a) and (b) show representative simulation snapshots obtained when 300 

surfactants (either H1T2 or H3T2) are introduced to water/benzene system. 
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Table 6. Number of water/benzene/surfactant beads in all simulations in Section 5 

Molecules H1T2  H3T2 

Water 53550 52500 52200  53250 522500 51000 

Benzene 53550 52500 52200  53250 52250 51000 

Surfactants 

(Head/Tail) 
300/600 1000/2000 1200/2400 

 
900/600 2100/1400 3600/2400 

 

At these conditions, we find little, if any surfactant in the bulk phases. At these 

conditions, the water/benzene interfacial tension (30 mN/m) is reduced to 26.3 ± 9.6 and 

26.6 ± 9.2 mN/m by 300 H1T2 and H3T2 surfactants, respectively. When the number of 

H1T2 and H3T2 surfactant molecules is increased to 1000 and 700, respectively, the 

interfacial tension is reduced to 17.4 ± 8.5 and 16.3 ± 10 mN/m, respectively. The 

correspondent snapshots are shown in Figure 13 (c) and (d). The surfactant concentrations 

were chosen, via trial and error, to achieve maximum interfacial saturation before surface 

deformation.  

Increasing the surfactant concentration further to 1200 molecules, the water/benzene 

interfaces saturate, and micelles appeared in bulk water. At these conditions, oil beads were 

found inside the micelles, suggesting that the simulations are consistent with the formation of 

micro-emulsions. A schematic representation of these later simulations is shown in Figure 14 

with snapshots of the micelles contain benzene beads in both surfactant molecules. 

We conclude that the DPD parameterization of Table 3 yields properties of the 

water/benzene/H1T2 and water/benzene/H3T2 systems that are qualitatively consistent with 

experimental expectations. 
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Figure 13. Representative snapshots for water/benzene/H1T2 (left) and water/benzene/H3T2 

(right) systems containing 300 (a and b), 1000 H1T2 (c) and 700 H3T2 (d) surfactants. 

 

Figure 14. Snapshots of water/benzene system in presence of 1200 molecules of H1T2 (left) 

and H3T2 (right), with oil beads entrapped inside micelles found in each simulation (bottom). 

Oil beads are shown in grey. 
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6. Conclusions 

In this work, we implemented a systematic process for determining DPD parameters for 

simulating water/oil interfaces in the presence of non-ionic surfactants. The Hansen/Flory-

Huggins theory proved its ability to provide parameters that reproduce experimental 

interfacial tension consistent with the degree of coarse graining selected for the simulations. 

The approach was optimised for the water/benzene system and validated for other binary 

liquid systems. Our results show that to reproduce the properties of aqueous micelles formed 

by non-ionic surfactants of the C8H17O(C2H4O)mH family, it is necessary to strongly reduce 

the repulsive parameters between water and surfactant head groups.  

The resultant parameterization is able to simulate the expected behaviour of non-ionic 

surfactants in water and to predict their critical micelle concentration in good agreement with 

experiments, including the dependency of the CMC on the length of the surfactant head 

group and the shape transformation of micelles as the surfactant volume fraction increases. 

When the parameterization is implemented to simulate water/benzene/surfactant systems the 

results are in qualitative agreement with experiments. They show that the surfactants 

accumulate at the liquid/liquid interface reducing the interfacial tension; that the surfactants 

do not distribute significantly on either pure bulk phase until the interfaces are saturated by 

surfactants; and that when the surfactant amount increases further, the surfactants deform the 

interface and distribute preferentially in the aqueous phase where they form micelles 

containing oil beads.  

 

Supporting Information 

The repulsion parameters for DPD models; the cluster size distribution of H1T2 and H3T2 

micelles at different surfactant volume fraction φ; number of H1T2 and H3T2 micelles in 

water at different φ; and  φoligomer change with time for H1T2 and H3T2 in water at different 

φ. This material can be found free of charge on the ACS Publications website at DOI: 
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