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Abstract 

The straightforward molecular modelling of an aqueous surfactant system at 

concentrations below the critical micelle concentration (pre-cmc) conditions is unviable 

in terms of the presently available computational power. Considering a typical non-

ionic surfactant, a fully atomistic simulation that includes several micelles will require 

in excess of O(107) atom sites and several nanoseconds of real time. Here, we present an 

alternative that combines experimental information with simulations of a more modest 

size to understand the surface tension changes with composition and the structural 

behaviour of surfactants at the water-air interface. The crux of the matter is to express 

the surface tension as a function of the surfactant surface excess both in the experiments 

and in the simulations, allowing direct comparisons to be made. As a proof of concept a 

coarse-grained model of tetraethylene glycol monodecyl ether is considered at the air-

mailto:e.muller@imperial.ac.uk
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water interface at 298 K, with a force field parameterized through an equation of state 

(SAFT-γ-Mie). An excellent agreement is obtained between the simulation results and 

experimental observations in terms of efficiency and effectiveness. 

Keywords: Molecular dynamics, molecular simulation, coarse graining, non-ionic 

amphiphiles, C10EO4OH 

 

 

1. Introduction 

Surface tension is the utmost property of interest in solutions of surfactants and 

amphiphiles, and knowledge of its behaviour as a function of temperature, pressure and 

concentration is a key factor to evaluate the performance of consumer household 

products, biocompatible drug delivery systems, additives for enhanced gas solubility 

and oil recovery, just to name a few.1,2 (delete this – it is not true The reduction of the 

air-water surface tension is ultimately related to the capacity of amphiphilic molecules 

of self-assembling into micellar structures and mesophases, which often are the base of 

their utilization. ) 

The capacity of a surfactant for lowering the surface tension of an aqueous 

solution can be discussed in terms of (i) the concentration required to produce a given 

surface tension reduction and (ii) the maximum reduction in surface tension that can be 

obtained regardless of concentration.3 These are referred to as the surfactant efficiency 

and effectiveness respectively. As a rule of thumb, a good measure of the surfactant 

adsorption efficiency is the concentration of surfactant required to produce a 20 mN m-1 

reduction in surface tension. At this value, typically the surfactant concentration is close 

to the minimum concentration needed to produce maximum adsorption at the interface. 

The maximum surface excess generally lies in the range 1 − 4.4×10-10 mol cm-2 (see 
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comment below) .4 The performance of a given surfactant can also be discussed in terms 

of effectiveness of adsorption at the air-water interface.  The effectiveness of adsorption 

is an important factor in determining such properties as foaming, wetting, and 

emulsification. This is usually defined as the maximum lowering of surface tension γmin 

(regardless of concentration), or as the surface excess concentration at surface saturation 

equivalent to the maximum adsorption, Γmax, a measure of the interfacial packing. For 

non-ionic surfactants, γmin, and Γmax, happen to closely match at what is called the 

critical micelle concentration2 (cmc), the point in which a surface phase transition 

occurs and surfactants self-assemble in the bulk water phase. The efficiency and 

effectiveness of surfactants do not necessarily run parallel, and it is commonly observed 

– as shown by Rosen’s extensive data listing3 – that materials producing significant 

lowering of the surface tension at low concentrations (i.e., they are more efficient) have 

smaller Γmax (i.e., they are less effective). 

At the molecular level, surfactant efficiency is mainly dictated by the energetics 

while its role in effectiveness is directly related to entropic effects, i.e. to the relative 

size of the hydrophilic and hydrophobic portions of the adsorbing molecule. The area 

occupied by each molecule is determined either by the hydrophobic chain cross-

sectional area, or the area required for closest packing of head groups, whichever is 

greater. Therefore, surfactant films can be tightly or loosely packed resulting in very 

different interfacial properties. For instance, straight chains and large head groups 

(relative to the tail cross section) favour close, effective packing, while branched, bulky, 

or multiple hydrophobic chains give rise to steric hindrance at the interface. This 

competition between energetic and entropic contributions may lead to the observation of 

surface phase transitions at the interfaces,5 including liquid crystal-like dense 2D phase 

upon compression. On the other hand, within a series of single straight chain 
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surfactants, increasing the hydrocarbon chain length from C8 to C20 will have little 

effect on adsorption behaviour.3 

It is a non-trivial task to deduce the mesophase behaviour of dilute surfactants 

solutions, hence the increased relevance on experimental probing of these systems. 

Simple experimental approaches can be implemented for the measurement of the air-

water surface tensions in dilute surfactant solutions; however, they only provide indirect 

evidence of the surface filling by surfactants. On the other hand direct scattering 

methods (e.g. neutron reflection) are routinely used to probe the surfactant layer 

structures and self-assembly at the water-air interfaces.6 

It would seem sensible to interrogate these systems employing molecular 

simulation. For recent reviews of the current perspective on the applications of 

molecular modeling in the present context the reader is referred to the reviews by 

Gubbins et al.,7 Maginn and Elliott8 and in particular to the recent one by Creton et al.9 , 

focused on surfactant solutions. The straightforward atomistic modelling of a surfactant 

system at pre-cmc conditions is unviable in terms of the present (and foreseeable future) 

computational capacity; as an example, consider a typical non-ionic surfactant, which 

ca. 60 atoms immersed in water. The concentrations range in the pre-cmc region span 

from zero up to O (10-4 mol dm-3)4 . The smallest simulation cell to mimic the latter 

state point must have almost 100 000 water molecules per surfactant. If one wishes to 

model the saturated surface along with single surfactants in the bulk and/or several 

micelles then the system size runs into the O(107) atom sites. Furthermore, to guarantee 

an equilibrated state and suitable statistics, simulations need to be run for at least several 

hundreds of nanoseconds to explore the diffusion dynamics. This is not within the realm 

of the simulations possible in terms of both system size and simulation length. The most 

discouraging point is that in this scenario, due to the dilution of the system, the vast 
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majority of the computations are spent in modelling the bulk behaviour of pure water, 

which, in this context, is superfluous. 

It is not to say that “heroic” atomistic simulations have not been attempted to 

study a variety of surfactant micellar systems10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 and 

insights have been gained regarding structural properties of post-cmc regions through 

calculation of density distributions, micelle size and shapes, average micellar 

population, etc. The challenge remains in tackling computationally demanding 

calculations in the pre-cmc region. Coarse-grained (CG) methodologies been used to 

approach these systems, reducing the number of non-relevant degrees of freedom and 

allowing for a more tractable simulation,23, 24, 25, 26, 27, 28, 29, 30 . However, even with 

commonly used CG approaches, pre-cmc calculations are strongly dependent on (i) the 

capability of the model to preserve the molecular character of surfactant-solvent 

interactions and, (ii) the adopted methodology.31,32,33,34,35,36,37,38,39 {EAM: to review 

these references} 

The aim of this communication is to present an alternative simulation method to 

explore the pre-cmc region in a surfactant at the free air-water interface. Having an 

experimental setup in mind we propose the use of a representative simulation cell to 

model this system in a tractable time span based on the calculation of the surface 

tension in terms of the surface excess data. The key point of this set up is to recognize 

that in the dilute regime, the concentration of the surfactant in the bulk solution is 

negligible as compared to the accumulation at the free surface and that the accounting 

of the bulk phase adds no new information to the study. 

 

2. Surface tension isotherms 
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Experimentally, the outcome of tensiometry is the generation of a surface 

tension isotherm, data giving the variation of surface tension with concentration. The 

plot will typically have a shape similar to that seen in the left hand side of figure 1. The 

tension decreases with concentration until a limiting value is obtained, where the 

increase in surfactant concentration does not alter the tension. The challenge from a 

molecular simulation perspective is to model this curve, as the concentrations involved 

are in a very dilute regime. 

In terms of classical thermodynamics, the Gibbs adsorption isotherm expresses 

the relationship that must hold at a given at a constant temperature and pressure 

between the surface tension, the chemical potential, I , and number of moles , ni
s,  of 

the k components within an arbitrary region defined as an interface, s, that separates two 

bulk regions  and ,   

ni

sdmi + Adg = 0
i=1

k

å    (1) 

It is convenient to express the compositions in terms of an intensive quantity, the 

surface excess, ,  defined as 

Gi =
ni

s

A
=

ni

total - ni

a - ni

b

A
   (2) 

For a binary system consisting of a solvent (1), and a solute (2), equation  (2) reduces to 

-dg = G1dm1 + G2dm2
   (3) 

considering the choice of the Gibbs dividing surface position, so that 1 = 0, then 

equation (4) simplifies to 
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dg = -G2dm2
   (4) 

For simplicity we drop here the indices and take  to be the surfactant surface 

concentration at the air-water interface. 

It can be safely assumed that a dilute solution complies with ideal solution 

behaviour hence dm = RT d ln(c) were R is the gas constant, T is the system 

temperature and c is the surfactant concentration, then we can rewrite (4) as: 

 G = -
1

RT

dg

d ln(c)
  (6) 

Equation (6) relates the surfaces excess to the derivative of the surface tension 

isotherm. Hence, one could use the isothermal data in the pre-cmc region where 

tangents of the plot correspond to (
𝑑𝛾

𝑑𝑙𝑛 (𝑐)
), and can be used to obtain to produce a curve 

that relates the surface excess to the bulk surfactant concentration ( c.f.  figure 1 top 

right) . Experimentally, this procedure has been proved to work well for CiEjOH 

nonionic surfactants, finding good agreements between  values from tensiometry and 

using (6)9 with those measured directly by neutron reflection.5 

However, a more interesting plot is that of the surface tension in terms of the 

surface excess, which again is acquired from the same data. The novelty of the 

methodology used herein is found in the actual abstraction for the construction of the 

simulation cell, based on exploring Γ rather than surfactant concentration.  
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Figure 1. Schematic representation of surface tension as a function of surface excess. 

Details are found in the main text.  

 

In a canonical (constant number of particles, volume and temperature) ensemble, 

one may calculate the surface tension, , directly from a molecular dynamics simulation. 

There are essentially two routes to the determination of the surface tension, the most 

common one explores the relationship elements of the pressure tensor, or mechanical 

route. A recent development consists of relating the tension to the results of a 

perturbation approach, sometimes referred to as the thermodynamic route40. In the limit 

of a planar interface both methods yield identical results.41 In most “off the shelf” MD 

programs, the components of the pressure tensor, Pii are calculated explicitly using the 

virial (mechanical) route, hence its use herein. Assuming a two phase system with a 

clear interface, the tension is proportional to the difference between the normal ( z 

direction ) and the tangential components ( x-y direction ) of the pressure tensor: 

  (5) g =
1

n
Pzz -

Pxx + Pyy

2

é

ë
ê

ù

û
ú

0

Lz

ò dz
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where Lz is the longest length of the simulation cell and n is the number of surfaces.38  

From the molecular dynamics perspective a direct calculation of the equilibrium 

surface tension as a function of the surface excess can be performed independently of 

the surfactant concentration. Since the system is very dilute (bulk concentrations are 

typically in the order of 10-4 mol dm-3) in a small simulation cell, the number of free 

surfactants in solution away from the interface is negligible. Hence one can focus on the 

number of molecules on the surface, which in essence will be numerically equivalent to 

, from where the bottom-right-hand plot in figure 1 can be drawn. 

 

3. Molecular dynamics details. 

As a proof of concept, we consider the non-ionic surfactant tetraethylene glycol 

monodecyl ether (C10EO4OH, CAS Number 5703-94-6) at the air-water interface at 298 

K. Experimental data report a surface tension variation from 72 to 28 mN m-1 when the 

surfactant bulk concentration goes from zero to the cmc at 6.1x10-4 mol dm-3, 

respectively.42  

We chose to coarse grain the surfactant in order to access both the time and 

length scales required for the modelling of the system. Within this reduction in the 

degrees of freedom of the system, a single isotropic bead is used to describe two water 

molecules43. Although several options are available for choosing the number of water 

molecules in a CG bead44, this choice guarantees that the parameterization produces 

densities, tensions, vapour pressures and melting points close to the experimental 

values. Surfactant molecules were recast at the same level of definition by employing 

tangent-beads, a double bead labelled OA, which groups the terminal -[CH2-O-CH2-

CH2-OH], a bead labelled EO, for the groups -[CH2-O-CH2]- and a CM bead 

representing either the –[CH2-CH2-CH2]- or the terminal –[CH2-CH2-CH3] groups. 
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Figure 2 shows a cartoon of the CG model and a superimposed atomistic depiction for 

reference purposes only. 

 

Figure 2. A cartoon of the CG model. Blue beads are CM (alkane-like), white are the 

EO (ethoxylated-like) and red are the AO (alcohol-like) coarse grained beads. The 

underlying atomistic depiction is placed as a reference, although the force field 

parameters are not obtained from the atomistic model, but from a top-down approach. 

 

The parameterization was carried out using SAFT- Mie approach, where the 

non-bonded parameters for each group were obtained by fitting to macroscopic 

properties of the molecules regarding different functionalities. The SAFT equation of 

state is a perturbation approach based on a well-defined Hamiltonian, hence the CG 

beads are represented in the theory by a Mie potential, u,  

 𝑢(𝑟) = (
𝜆𝑟

𝜆𝑟−𝜆𝑎
) (

𝜆𝑟

𝜆𝑎
) 𝜀 [(

𝜎

𝑟
)

𝜆𝑟

− (
𝜎

𝑟
)

𝜆𝑎

] = 𝐴𝑟−𝜆𝑟 − 𝐶𝑟−𝜆𝑎 (6) 

 where r is the intermolecular distance, and , and , and are the adjustable parameters 

relating to the energy and distance scales. Noteworthy is that while the dispersion 

exponent was fixed at the value of six, the short-range repulsion (r) adopted different 

values reflecting the average softness/hardness of the potential. More details about this 

procedure can be found elsewhere. 45,46,47,48,49 The Mie potential in (6) may expressed in 

terms of two constants A and C that consolidate all the functionality corresponding to 

the prefactor and the size and energy parameters. This functional form, expressed in the 

right hand side of equation (6) is commonly used when tabulating potentials in MD 

codes. The intramolecular parameters describing the structure and rigidity of the 
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surfactant molecules are obtained by an analysis of single component molecules50. The 

intramolecular interactions are described by a harmonic potential that accounts for bond 

angle bending between three adjacent beads,  

  (7) 

where ka = 2.1113 [kcal/mol/rad2]  is the bending spring constant and 0 = 157.6 is the 

equilibrium angle. The distance between the beads is kept rigidly to . In practice, a 

stiff spring can be used to represent this bond distance. Table 1 summarizes the selected 

coarse-grained parameters. 

Table 1. Non-bonded coarse-grained parameters. 

 

Remove the “E” number notation – use standard scientific notation  

 

U
int ra

= k
a

q -q
0( )

2
Angle

å

Interaction  [nm] /kB [K] r C [kJ mol-1 nm6] A [kJ mol-1 nm^r] 

OA-OA 0.37244 461.11 19.00 2.54587E-02 6.75412E-08 

OA-EO 0.38929 392.00 19.00 2.82219E-02 1.33066E-07 

OA-CM 0.40440 375.50 16.86 3.75230E-02 2.02126E-06 

OA-W 0.37352 492.00 11.94 4.47232E-02 1.28300E-04 

EO-EO 0.40613 396.90 19.00 3.68439E-02 3.01309E-07 

EO-CM 0.42124 352.00 16.86 4.49336E-02 3.76974E-06 

EO-W 0.39036 480.00 11.94 5.68529E-02 2.11993E-04 

CM-CM 0.43635 344.42 15.00 6.06844E-02 3.48010E-05 

CM-W 0.40547 250.00 10.75 4.36947E-02 6.02313E-04 

W-W 0.37459 399.96 8.00 8.71139E-02 1.22238E-02 
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For the description of the pre-cmc region, a parallelepiped simulation box with 

aspect ratio Lz/ Lx = 6 was used, where Lx=Ly= 6 nm. 16000 (8000 CG beads) water 

molecules were employed, and the number of surfactant molecules was varied from 1 to 

96 per surface. This unit cell, initially filled with water molecules, is much larger than 

the one needed for a pure liquid phase; hence a slab of liquid is stabilized and coexists 

with a water vapour phase. At these conditions, the density of the water vapour is 

several orders of magnitude less than that of the liquid; hence is in essence a vacuum. 

Surfactant molecules were initially placed randomly in the void spaces of the cell, but 

rapidly migrated and collected at the surfaces of the aqueous slab. Larger systems with 

Lx=Ly= 12 nm and 64000 water molecules were tested with no appreciable difference in 

the results. 

The system was run under a molecular dynamics canonical (NVT) ensemble, 

where the total volume, concentration and temperature are kept constant. The 

simulations were thermostated to 298K every 1ps by a Nose-Hoover algorithm, all non-

bonded interactions were truncated at 2.0 nm. The GROMACS simulation open source 

suite51 was used to calculate the molecular dynamics. The systems were run with a 

timestep of 0.01 ps for at least 20 ns. It should be noted that due to the CG nature of the 

forcefields, the dynamics of the system is also accelerated, hence 20 ns would 

correspond to a simulation of roughly 0.2 s if an all atom approach would have been 

used52. All reported properties came from relevant averages, taken over the last half of 

the configurations explored. 

 

4. Results and discussions 

Figure 3 shows a prediction of the surface tension in comparison with the 

experimental data.9  On the approach to the maximum surface concentration, surfactant 
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molecules are eventually driven from the interface and explore the bulk water region. 

This shows up as a surface roughness, as can be seen in figure 4. The surface tension is 

monotonically decreased as more surfactant molecules reach the interface. A critical 

point is reached when the concentration of surfactants at the surface reaches Γmax = 4.43 

x10-6 mol m-2 (you have mixed units here sometimes mol m-2 other times mol cm-2 – 

please homogenise units) corresponding to 96 surfactant molecules per surface in the 

periodic cell). A this point any further increase in the number of molecules results in the 

formation of micelles that eventually detach from the surface and explore the bulk 

water. The maximum surface excess is in excellent agreement with the experimental9 

value at 4.07 x10-6 mol m-2.  It is important to point out that if larger concentrations are 

considered the system will surpass the cmc and some of the surfactant molecules will be 

in micelles in the bulk region. An (erroneous) application of eq. (5) in this state point 

will give a numerical result for the tension, however, it would be an error to consider 

this point in the surface excess plot (figure 3), as the multiple interfaces formed by the 

micelles would be affecting the calculation of the pressure tensors. The final saturation 

point of the system cannot be deduced without either visually inspecting the 

configurations to rule out the formation of micelles, or by monitoring the positions of 

the surfactant molecules in the simulation box. 
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Figure 3. Surface tension as a function of surface excess, simulation prediction (blue 

solid circles) in comparison with experimental data (black open circles).9  

 

 

 

Figure 4. Snapshot sequence of the time evolution of the formation and separation of 

micelles from a surface with an initial surfactant concentration above the maximum 

surface concentration. The state shown corresponds to 4.98 x10-6 mol.m-2 or 216 

surfactant molecules in a periodic cell.  
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a)  b)  

Figure 5. Density profiles of the different bead types as a function of the distance to the 

Gibbs dividing surface, as defined by the water molecules. Colored lines stand for blue, 

water; black, surfactant COM; red, OA; orange, EO and green, CM. Left corresponds to 

a sparse surface coverage, while right corresponds to a point close to the maximum 

coverage. 

 

In this sense, the simulations allow the monitoring of molecular conformations 

at the interface.  Figure 5a and b, present concentration profiles of the different 

individual beads and oc the center of mass (COM) of surfactant molecules 

perpendicular to the xy plane for a surface coverage of 0.275 x10-6 mol m-2 and 2.035 

x10-6 mol m-2, respectively. The dashed line corresponds to the Gibbs dividing surface, 

as defined by the water profile. It can be seen how upon approach to saturation the 

centre of mass displaces towards the air-water interface. These types of curves bring 

detailed information, that help understand the role of each component of the surfactant 

on the surface at a given coverage in the pre-cmc region. 

It is worth reaffirming that the simulations as reported are incapable of 

determining the actual concentration of the cmc. It is here that a link to experiments 

must be made, i.e. by mapping the surface excess in both the model and the experiment. 

5. Conclusions 
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We present an alternative simulation method to explore the pre-cmc region of a 

surfactant at the air-water interface, based on the calculation of the surface tension in 

terms of the surface excess values. Although simulations of this type, where a given 

number of surfactants are places in a periodic box with an water-vapor interface are not 

uncommon, there is no systematic way of relating simulations to the more common 

adsorption isotherms. The use of the surface excess as a characteristic measure of 

interfacial concentration has the advantage that it can be directly calculated in 

simulations and inferred with confidence from experiments.  

The use of physically-based coarse grained approaches, such as the SAFT-γ 

forcefield, not only allow for the exploration of meaningful system sizes and times, but 

also provides quantitative predictions in terms of the efficiency and effectiveness of 

aqueous surfactant solutions.  

Just my comments to Erich about boosting/amplifying this section with 

reference to published literature  
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