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Abstract

Poly(oxyethylene) alkyl ethers, usually denoted by CiEj surfactants, exhibit a rich phase behavior 

in water, self-assembling to form a variety of 3-D structures with a controllable morphology that 

find multiple applications, across different industrial segments. Hence, being able to describe and 

understand the effect of molecular structure on the phase behavior of these systems is highly 

relevant for the efficient design of new materials and their applications.

Considering the promising results obtained over the last decade using the MARTINI model to 

describe ethylene-oxide containing compounds, an extensive assessment of the ability of such 

model to describe the phase behavior of CiEj in water was carried out and results are presented 

here. Given the overall poor temperature transferability of the MARTINI model, mostly due to 

the lack of an accurate representation of hydrogen bonding, simulations were carried at a single 

temperature of 333 K, where most phases are expected to occur according to experiments. 

Different chain lengths of both the hydrophobic and hydrophilic moieties, spanning a wide range 

of hydrophilic-lipophilic balance values, were investigated and the phase diagrams of various 

CiEj explored in a wide concentration range. The model was able to satisfactorily describe the 

effect of surfactant structure and concentration on the mesophase formation. The stability and 

dimensions of the obtained phases, including the prediction of some unique features such as the 

characterization of a singular lamellar phase is presented. Results obtained in this work highlight 

both the predictive ability and the transferability of the MARTINI forcefield in the description of 

such systems. Moreover, the model was shown to provide adequate descriptions of the micellar 

phase in terms of micelle dimensions, critical micellar concentration, and average aggregation 

numbers.

Keywords: non-ionic surfactants, modelling CiEj mesophases, MARTINI forcefield, CiEj 

micelles
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1. Introduction

Non-ionic surfactants such as poly(oxyethylene) alkyl ethers have a wide number of 

applications, across different industrial segments. From detergents and cosmetics to enhanced oil 

recovery, many other applications such as drug delivery, emulsification, proteins purification and 

crystallization, and others in the agriculture, textile, and paper industries have been reported.1–3 

Most of their success is due to their ability to, once in aqueous solution, self-assemble to form a 

variety of 3-D structures with a controllable morphology, ranging from simple spherical, rod, 

disk or worm-like micelles at low surfactant concentrations, to the formation of more complex 

liquid crystalline (LC) phases (e.g. hexagonal (H1) or lamellar (Lα) phases) at higher 

concentrations.4 

Among the different non-ionic surfactants, linear poly(oxyethylene) alkyl ethers, whose 

general chemical formula is H(CH2)i(OCH2CH2)jOH, often simply denoted by CiEj surfactants, –

i represents the number of carbon atoms in the hydrophobic tail of the surfactant and j the 

number of ethylene oxide (EO) groups – are particularly relevant. CiEj surfactants are often 

known as reference detergents, and as archetypal systems to study fundamental aspects of non-

ionic surfactant solutions. Owing to their simple molecular architecture, they are easy to 

synthesize (several CiEj grades are commercially available), and their properties can be tuned, 

aiming at a specific application, by manipulating the length of the hydrophobic tail and 

hydrophilic moiety of the molecule.5 As an example, the shapes and sizes of the self-assembled 

structures of systems containing CiEj surfactants are useful as templates in the development of 

new materials, such as nano-porous structures with dimension-controlled pores.6

Therefore, understanding and ultimately predicting the role of the surfactants molecular 

structure on the properties of their aqueous micellar solutions, and on the morphology of the self-

assembled structures, is highly relevant for the design and synthesis of new compounds and 

materials of interest for many applications.7 On the other side, for some aspects of industrial 

handling, processing and transportation, it is important to avoid the formation of LC phases that 

exhibit marked gel-like properties, with considerable high viscosities hampering the preparation 

of useful formulations.8

Given the importance of these surfactants, both from a fundamental and a practical point of 

view, several experimental techniques were employed to characterize their rich phase behavior in 
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water, providing useful information both in the micellar regime,9,10 and at higher amphiphile 

concentrations, where techniques like small-angle X-ray scattering (SAXS), small-angle neutron 

scattering (SANS), and polarizing optical microscopy (POM), among others, allow to investigate 

the formation of different LC phases and display their phase diagrams.11,12 Unfortunately, an 

unequivocal identification of the mesophase formed under certain thermodynamic conditions and 

its microscopic structure is not an easy task, being the origin of conflicting results, especially 

when different experimental techniques are used. As an example, the phase diagram of 

C10E5/water reported by Nibu and Inoue13 describes the existence of a bi-continuous cubic phase 

(V1) in the composition range between the Lα and H1 phases, while in the study of Lang and 

Morgan,14 only the Lα and H1 phases were reported; similar issues were also reported for other 

surfactants such as C10E6,13,15,16 C12E2,17,18 C12E6,
11,19

 C12E8.
11,20–22

By establishing a link between molecular structure and the fluids microscopic behavior, 

molecular dynamics (MD) simulations can be used to enhance our ability to identify the various 

phases observed experimentally and discern the most stable ones. Furthermore, MD simulations 

provide useful insights into the mechanisms ruling micellization, clouding or self-assembly 

phenomena. All-atom (AA) models, although being able to provide detailed and precise 

information about the initial stages of micelle formation in diluted systems,3,7,23–26 are unable to 

address the time and size scales relevant for the self-assembling and mesophase transition 

processes. In this regard, the required relaxation times, typically in the order of microseconds at 

the nanometer scale, leave the AA models out of the way unless preformed structures are used. 

Conversely, coarse-grain (CG) models, constructed by grouping a certain number of atoms into a 

single interaction site, significantly reduce the computational demand, being a powerful tool to 

investigate the surfactant self-assembly and, consequently, to investigate the mesophase behavior 

of CiEj surfactants in water.

Shinoda and co-workers27 were the first to propose a coarse-grain model for the CiEj 

surfactants. In their work, the intramolecular potentials were fitted to reproduce the bond and 

angle distributions obtained from more detailed AA-MD simulations, while the intermolecular 

interactions were fitted using density, surface tension and hydration free energy experimental 

data. However, for the interaction between the EO groups and water, since hydration free energy 

data was not available, they used structural data of the Lα phase in the C12E2/water system (e.g. 

lamellar spacing and molecular area) to parameterize this interaction, and showed that the model 
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was able to correctly describe such phase. Only on a later study carried out by the same 

authors,28 the transferability and versatility of the model was assessed by extending the model to 

the C12E6 surfactant. The model predicted the existence of the micellar, H1 (although thin water 

channels were found to persist between the cylinders) , and Lα phases at 20, 50 and 80 %wt of 

surfactant concentration, respectively, in agreement with experimental reports.11,19

However, the majority of the CG modelling of CiEj surfactants in water1,29–32 relied on the 

MARTINI forcefield (FF). Although this model was initially aimed for biomolecular simulations 

of phospholipids, the MARTINI FF has been increasingly successfully applied for a variety of 

chemical systems.33 The adoption of the MARTINI FF is mainly due to its remarkable 

transferability, since it proposes a general coarse-graining framework, where molecules are 

mapped from a few pre-defined bead types (with different polarities and hydrogen bonding 

capabilities), whose interaction LJ potentials are systematically parameterized to match densities, 

self-diffusion constants, and partitioning free-energies of representative building blocks.34 

The MARTINI FF have thus been applied to investigate the critical micellar concentration 

(cmc) and aggregation number (Nagg) of CiEj surfactants in water.1 The micellar assemblies of 

C12E5 and the existence of a sphere-to-rod transition with increasing surfactant 

concentrations,29,35 or the self-assembly of micellar, hexagonal and lamellar phases of C12Ej (j = 

2, 4, 6) surfactants were also tackled.31 Despite some promising results, the models available 

exhibited a limited transferability to compounds with a large number of EO units and the existent 

MARTINI beads were shown to be too hydrophilic to accurately represent an EO group,31,33 

being inappropriate for simulations in non-polar media. 

To overcome such limitations, and to increase the numerical stability of these models, 

Grunewald et al,36 recently proposed a new MARTINI bead to represent EO groups, carrying a 

systematic parameterization to ensure its full compatibility with the whole MARTINI energy 

matrix of interactions. The new model was successfully applied to describe the densities of bulk 

PEO oligomers, long-range structural properties of different PEO chains, structural properties of 

lipid bilayers containing pegylated lipids, and the phase behavior of some CiEj surfactants, 

paving the way to the simulation of more complex systems containing EO groups. However, as 

previously done in the work of Rossi et al.31, the simulations of non-ionic surfactants in water 

were carried only for three specific concentration/chain length pairs, namely C12E2, C12E4, and 

C12E6, with a surfactant composition of 71.1, 53, and 50 % (w/w), respectively. Consequently, 
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before using this surfactant model for more complex studies, such as in multi-component 

systems (e.g., by adding an oil, a salt, or a co-solvent to the aqueous solution), it is vital to assess 

the performance of the above-mentioned model under a wide variety of conditions and CiEj 

surfactants. Therefore, the main aim of this work is to extend the MARTINI model for a wide 

range of CiEj surfactants by carrying a systematic assessment of its performance. The effect of 

chain length (of both the hydrophobic and hydrophilic moieties) and the surfactant concentration 

on the phase behavior of CiEj/water is presented, while spanning a wide range of hydrophilic-

lipophilic balance (HLB) values.

2. Methodology

The MD simulations performed in this work were carried out using the GROMACS 2019 

package,37 integrating the equations of motion using the leap-frog algorithm with a time step of 

20 fs. The potential energy in the CiEj surfactant CG model proposed by Grunewald et al.36 is 

obtained as a sum of the contributions due to bond stretching, angle bending (including the use 

of a “restricted bending” potential developed by Bulacu and co-workers38 for improved stability 

when one of the angles approaches 180º), and dihedrals for bonded interactions and a Lennard-

Jones (LJ) potential to describe the non-bonded interactions. Examples of topology (.itp) files for 

a surfactant molecule were provided together with the original publication of the EO bead in the 

work of Grunewald et al,36 while a schematic representation of the CG mapping considered for 

the C12E6 surfactant is provided in Figure S1 in the Supporting Information as an example of the 

surfactants studied in this work. The alkyl groups are described using a 4:1 mapping by the 

apolar C1 bead proposed in the original MARTINI FF;34 the EO groups are represented by the 

EO bead (OCH2CH2) recently proposed in the work of Grunewald et al,36 and the terminal 

hydroxyl group is modelled using a small-type polar bead, SP2, from the original MARTINI 

FF.34

Non-bonded interactions were computed using a Verlet cut-off scheme (Potential-shift-verlet 

modifier) with a cut-off length of 1.1 nm, changing the verlet-buffer-tolerance from its default 

value (5·10-3) to 10-5 kJ/mol/ps. The temperature of the simulation boxes was fixed using the 

velocity-rescaling thermostat,39 with a coupling time constant, τT = 1.0 ps, while the pressure 

coupling was assured by the Parrinello-Rahman barostat40 with a coupling time constant, τP = 

Page 6 of 36Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
de

 A
ve

ir
o 

(U
A

ve
ir

o)
 o

n 
4/

19
/2

02
1 

10
:4

6:
23

 A
M

. 

View Article Online
DOI: 10.1039/D1SM00362C

https://doi.org/10.1039/d1sm00362c


7

24.0 ps. Before the production runs in the NpT ensemble, an equilibration procedure was 

followed for every simulation: an energy minimization step using the steepest descent method to 

prevent short-range contacts between atoms, followed by a short NVT run to ensure the right 

temperature of the simulation (5-10 ns) and a short simulation in the NpT ensemble to equilibrate 

the system density (20 ns). During the NVT equilibration step, the LINCS algorithm41 was used 

to constrain the bond lengths to facilitate the equilibration of temperature in some of the more 

concentrated systems. For the production runs, the total energy profile of the systems was 

monitored, and the equilibrium assumed when the energy remained constant for at least 1 μs with 

an energy drift lower than 10 kJ/mol. A total simulation time of 6 μs was observed to be 

sufficient to ensure that all the investigated systems have reached their final equilibrium state. 

The equilibrium was also confirmed by monitoring temperature, pressure and density of the 

system as well as by visual inspection of the simulation boxes. To confirm that the simulations 

did not become trapped in a local minimum, as it may occur in CG simulations due to high 

energy barriers, the first 4 μs were carried out at the simulation temperature (333 K was used for 

all systems), followed by 1 μs at a higher temperature (363 K), and an additional 1 μs at the 

simulation temperature. This procedure was shown in a recent work with imidazolium-based 

ionic liquids (ILs) to help simulations reach their final equilibrium structure and overcome local 

minima.42

Every simulation was carried out using a cubic box with periodic boundary conditions (PBC) 

and an initial random configuration, generated using the PACKMOL code.43 Simulations were 

visualized using the Visual Molecular Dynamics (VMD) software package,44 and the micellar 

aggregates were analyzed using an in-house code45 inspired by the Hoshen-Kopelman cluster-

counting algorithm.46 This algorithm considers that two surfactant molecules belong to the same 

aggregate when their tail sites are separated by less than a certain threshold, which is usually 

defined by the first minimum of the respective radial distribution functions. The aggregate sizes 

can then be monitored along the simulation trajectory, until reaching their final equilibrium 

value.

2.1. Simulated Systems

As mentioned in the introduction, the aim of this study is to extend the Grunewald et al.36 

model for a wide range of CiEj surfactant aqueous solutions. This should allow to validate the 
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MARTINI FF for further studies of multicomponent systems containing such compounds. 

Therefore, twelve different surfactants, with various chain lengths of both the alkyl tail and 

hydrophilic moiety were selected to investigate the relationship between molecular structure and 

phase behavior. The simulated systems are reported in Table 1 displaying a range of alkyl-chain 

lengths i = 8, 12, and 16, while the number of EO units, j, varies between 2 and 23. The 

expression proposed by Griffin47 to determine the hydrophilic-lipophilic balance (HLB) values 

was applied to the selected surfactants, as follows:

𝐻𝐿𝐵 = 20 ∗
𝑀ℎ

𝑀 #(1)

where  is the molar mass of the hydrophilic segment and  is the molar mass of the surfactant 𝑀ℎ 𝑀

molecule.

The values obtained from equation 1 are displayed in Table 1. As can be gauged from Table 

1, the selected surfactants span a wide range of HLB values (8.17-17.4), especially in the water-

soluble region of the scale (values between 10-20 characterize water-soluble surfactants).

The overall CiEj/water systems were simulated at least at four different surfactant 

concentrations, namely 15, 30, 50, and 70 %wt. A few additional simulations at different 

concentrations were carried out for specific systems, whenever appropriate for further 

comparisons with experimental reports. Although there is a marked temperature effect on the 

phase diagram of CiEj/water systems (e.g. sphere to rod transitions, clouding phenomena, etc.), 

the MARTINI FF suffers from a poor temperature transferability, mainly due to the lack of an 

accurate representation of certain nonbonded interactions, such as hydrogen bonding. 

Consequently, changes in temperature are mainly advantageous to reduce the mixing entropy and 

to increase the kinetic energy, helping to avoid local minima during the calculations. Therefore, 

all the simulations were carried out at 333 K, a temperature slightly higher than most 

experimental observations. 
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Table 1. Non-ionic surfactants studied in this work.

Surfactant HLB Experimental observations reported in 
Literature Ref. %wt of CiEj in 

CG-MD simulations (%wt)
Phases observed in the 

simulations

C8E6 14.9 H1
11,16 15/30/50/60/70 L1, H1

C8E12 17.0 No mesophases were observed. 11 15/30/50/70 L1

C12E2 8.17 W, L3, L2, V2
(1), V2

(2), Lα
17,18 15/30/45/50/70 W, L3*, Lα

C12E4 11.2 W, L3, L2, L1, Lα
11 15/30/53/70/80 L1, Lα

H, Lα 
C12E6 13.0 H1, Lα, V1

11,19 15/30/50/70/80 L1, H1, V1,  Lα
H, Lα

C12E10 15.0 H1, L2, L1
48 15/30/50/70/85 L1, H1

C12E12 15.6 Fm3m, Im3m, Pm3n, H1
49 15/30/50/70/82 L1, H1

C12E23 17.4 L1, I1, L2
48 15/30/50/70 L1

C16E4 9.62 W, L2, L3, V2, Lα
11 15/30/50/70 L1, V1,  Lα

C16E6 11.5 Nc, L1, Lα
H, H1, V1, Int, Lα, Lβ

50,51 15/30/40/50/70 L1, H1, Int, Lα
H, Lα

C16E8 12.8 W, L1, I1, H1, V1, Lα, L2
11 15/30/50/70/80 L1, I1*, V1, Lα

C16E12 14.5 W, L1, I1, H1, V1, Lα
11 15/30/50/70/90 L1, V1, Lα

Nomenclature: L1 – Micellar Solution; L2 – Surfactant liquid; L3 – ‘critical’ aqueous surfactant solution; I1- cubic phase of close-packed micelles; H1- normal 
Hexagonal phase; V1 – normal bi-continuous cubic phase; Lα – Lamellar phase; V2 – Reversed bi-continuous cubic phase; V2

(1) – bi-continuous cubic phase with 
Pn3m symmetry; V2

(2) – bi-continuous cubic phase with Ia3d symmetry; W – water containing surfactant unimer, usually continuous with L1; Fm3m/Im3m/Pm3n 
– different arrangements of a micellar cubic phase; Nc- lyotropic nematic phase composed of rod-shaped micelles; Lα

H –lamellar phase with water-filled defects; Lβ 
– Gel phase; Int – non-cubic phases between H1 and Lα occurring in CiEj/water systems when long alkyl chains prevent the formation of V1.
* - the system is in a transition towards the indicated mesophase
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3. Results and discussion

Aqueous solutions of CiEj surfactants with short alkyl tails (i < 8) usually do not exhibit the 

formation of LC phases with a consequent mesophase instability for lower i surfactants caused 

by the entropy increase associated with the formation of small micelles from rods or bilayers. 

Therefore, their phase diagrams usually feature only a two-phase liquid-liquid equilibrium (LLE) 

characterized by a lower critical solution temperature (LCST) and, in some cases, exhibiting a 

closed-loop type behavior with an upper critical solution temperature (UCST) emerging at higher 

temperatures. Examples of such phase diagrams were reported by Christensen and co-workers 

for both types of diagrams,52 and are widely available in literature for a considerable number of 

surfactants. 

The clouding phenomena leading to the phase separation is mainly driven by a temperature 

effect leading on long-range concentration fluctuations and a hypothetical micellar growth that 

are thought to be in the origin of the phase transition.53,54 Unfortunately, as mentioned in the 

previous section, the CG models have a limited ability on capturing the effect of temperature. 

For this reason, the study of the macroscopic LLE of these surfactant solutions is, in our opinion, 

better tackled using other types of modelling techniques such as umbrella-sampling MD 

simulations, thermodynamic integration or the use of advanced molecular-based equations of 

state, derived from the Statistical Associating Fluid Theory.55,56 Nevertheless, a complete 

description of the LLE equilibrium of CiEj/water systems is out of the purpose of this work. 

Instead, the simulations are focused on investigating the formation of the lyotropic LC phases 

observed for surfactants possessing higher alkyl chain lengths (typically i >= 8) as well as the 

impact of the surfactant molecular structure and concentration. The different phases observed in 

the CG-MD simulations are summarized in Table 1 and will be discussed in the following 

sections, before concluding with some remarks on the more diluted micellar phase.

3.1. C8 surfactants

The C8 surfactant in water with two different EO groups, namely the C8E6 and C8E12, were 

simulated. For the former, Clunie et al.16 and Marland et al.57 reported the existence of a H1 

phase in a narrow temperature range for surfactant concentrations between 50 and 70 %wt. The 

MD results for C8E6 at this concentration range are shown in Figure 1. At 50 %wt, the C8E6 
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system revealed the formation of cylindrical micelles resembling the hexagonal arrangement. 

Conversely, at 70 %wt concentration the C8E6 system displayed a transition state towards the 

formation of layers, in what should be the initial stage of the Lα phase that although not observed 

here, has been reported experimentally for C10E6.14 Both concentrations were in reasonable 

agreement with the experimental reports since the 50 and 70 %wt concentrations are the lower 

and upper limits for the H1 mesophase observed. An additional simulation at 60 %wt (the 

concentration at which such phase is, according to the literature, present in a wider temperature 

range) was carried out and the final equilibrium state is also shown in Figure 1. It clearly shows 

the hexagonal arrangement of the cylindrical micelles. The individual cylindrical micelles and 

their long-range organization can be clearly seen in Figure S2 in the Supporting Information.

Figure 1. CG-MD simulations of C8E6 in water at different surfactant concentrations. Green 
represents the alkyl tail beads, while purple is used to represent the beads of the EO hydrophilic 
moiety. Water molecules are omitted for a clear visualization.

At lower concentrations, 15 %wt and 30 %wt, the MD C8E6 simulations were in good 

agreement with the literature reports.16,57 As shown in Figure S3 in Supporting Information, both 

concentrations consisted in a simple micellar solution with individual spherical or near-spherical 

micelles. Nonetheless, an increase in the size and elongation of the micelles was observed as the 

surfactant concentration increased, leading to a sphere-to-rod transition of the micelles being 

observed from 15 %wt to 30 %wt of surfactant.

For the C8E12 system, the increased number of EO units (higher HLB), exhibited a much 

higher affinity with water molecules that makes it much less prone to the formation of 

mesophases. Mitchell et al.11 reported the absence of mesophases in aqueous solutions for C8E4, 
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C8E8, and C8E12. The CG-MD simulations were able to accurately predict the higher water 

affinity induced by the extra EO units, whose final snapshots are depicted in Figure S4 in 

Supporting Information. Figure S4 shows the existence of dispersed micelles of different sizes 

and shapes in the 15-50 %wt concentration range. Nonetheless, at 70 %wt, the simulation reveals 

the initial stages of formation of a H1 – like phase that was not previously reported in the 

literature. This is the first time that the MARTINI FF is applied to CiEj surfactants with i ≠ 12 

and it is in good agreement with the experiments, especially when predicting the mesophase 

instability of C8 surfactants with a higher number of EO units, which can be interpreted as an 

indicator of the good transferability of the CiEj CG model.

3.2. C12 surfactants

It is widely accepted that, by increasing the alkyl chain length, the mesophase instability 

previously observed for C8 surfactants is decreased, with the interactions between alkyl tails 

favoring the formation of LC phases even for those surfactants containing relatively short 

hydrophilic segments. To assess whether the MARTINI FF is able to capture such behavior, CG-

MD simulations of six different C12 surfactants with different EO groups in water were carried 

out, allowing to systematically study the effect of the number of EO units in the mesophase 

formation, spanning a wide range of HLB values (8.17-17.4). 

At low HLB (lower number of EO units), Funari et al.17 reported the phase diagram for the 

C12E2/water system. A striking feature of such phase diagram is the absence of an isotropic 

micellar phase in the low surfactant concentration regime, conversely to the majority of 

surfactant solutions. Instead, at 298 K, the micellar solution is replaced by a Lα phase – that is 

thought to coexist in equilibrium with water containing surfactant unimers. This Lα phase, 

present even at very low concentrations, is further found to persist up to approximately 80 %wt 

of surfactant concentration. The diagram proposed also suggests the formation of two reversed 

bi-continuous cubic phases with different morphologies (V2
(1) and V2

(2)) and a sponge-like phase 

L3 between 40-60 %wt in a narrow temperature range above the 303 K. A few years later, the 

same system was revisited by Lynch et al.18 that proposed a new phase diagram for the same 

system. This new diagram essentially shares the same features described by Funari except for the 

presence of miscibility gaps between L3/ V2
(1) and in between the two bi-continuous phases.
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The CG-MD simulation results for the C12E2 system are shown in Figure 2 where the Lα 

phase is indeed observed at low surfactant concentrations (15 %wt) persisting up to 70%wt, in 

excellent agreement with the experiments.17,18 Literature CG-MD simulations have previously 

been carried out for this system but only at very high surfactant concentrations (around 70 %wt) 

for which the lamellar phase was also reported.31,36 This is the first time that the formation of 

such phase in the low concentration regime, starting from random positions, is reported using 

CG-MD simulations. Unfortunately, no evidence for the formation of L3 and V2 phases was 

found in our simulations, what must be related to the narrow (T, x) experimental range in which 

they were observed. Accordingly to Funari et al.,17 the interconversion between the V2 phases is 

mainly driven by temperature rather than by surfactant concentration, thus being difficult to 

capture this phase in CG-MD simulations. Nonetheless, an additional simulation at 45 %wt was 

carried out at 303 K where Lynch and co-workers18 reported the existence of an L3 phase. The 

CG-MD result shown in Figure 2, points towards the formation of bended bilayers that can 

represent an intermediate stage towards the formation of a sponge-like phase, commonly 

suggested as a possible structure of the L3 phase.

Figure 2. CG-MD simulations for C12E2 in water. Green represents the alkyl tail beads, while 
purple is used to represent the beads of the EO hydrophilic moiety. Water molecules are omitted 
for a clear visualization.

Page 13 of 36 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
de

 A
ve

ir
o 

(U
A

ve
ir

o)
 o

n 
4/

19
/2

02
1 

10
:4

6:
23

 A
M

. 

View Article Online
DOI: 10.1039/D1SM00362C

https://doi.org/10.1039/d1sm00362c


14

For C12E4, Mitchell et al.11 proposed a similar behavior with the system exhibiting a W + Lα 

dispersion at lower surfactant concentrations and a single Lα in the range of 25-75 %wt. The 

increased EO units in C12E4 promoted that V2 phases are no longer observed. This system was 

previously modelled through CG-MD simulations by Rossi et al.31 and Grunewald et al.36 but 

only at 53 %wt of surfactant for which, a defected lamellar phase (Lα
H) was observed, i.e. the 

bilayers contain water-filled defects in the form of pores or necks.58 In our simulations, displayed 

in Figure S5 in Supporting Information, this phase was found at 53 %wt persisting up to at least 

70 %wt of surfactant concentration. Only above 80 %wt, near the upper concentration limit for 

which it was reported in literature, a perfect lamellar phase was observed.

Curiously, as can be observed in the same figure, at lower surfactant concentrations, disperse 

rod-like micelles are found in solution, instead of the W + Lα dispersion suggested by Mitchell et 

al.11 Nevertheless, although the model was not able to reproduce the Lα phase at low surfactant 

concentrations, as happens for the C12E2, it still predicts a lower surface curvature and the 

consequent inability of the system to produce spherical micelles for a surfactant with such a low 

HLB.

Clunie et al.19 reported the phase diagram for the aqueous solution of C12E6 exhibits a 

L1/H1/Lα sequence. The proposed phase diagram shows an unusual region of micellar phase L1 

between H1 and the Lα. However, this was not supported by Mitchell et al.11 in a later study that 

reported the archetypical sequence of L1/H1/V1/Lα phases. In previous studies using CG-MD 

simulations, only the L1 and H1 phases were observed. Thus, in this work, the concentration 

screening allowed to investigate the formation of all the reported phases, as depicted in Figure 3. 

The increased hydrophilicity of the C12E6 yielded a micellar solution at 15 %wt, with the 

micelles adopting a near spherical shape, contrarily to what it was observed for the lower HLB 

surfactant C12E4. At 30 %wt, the micelles are larger and adopted a rod-like shape that are at the 

origin of the cylindrical rods that later form the H1-like phase observed at 50 %wt, in excellent 

agreement with the experiments.19

In contrast, our simulation at 70 %wt (333 K) revealed the formation of a lamellar phase 

containing water-filled pore defects, as previously observed for the C12E4 system. According to 

Mitchell and co-workers,11 at this concentration range, the expected phase can be either Lα or V1 

depending on temperature. Therefore, and since the Lα
H is a transition towards Lα, we carried out 

an additional simulation at a lower temperature (303 K). In Figure 3, it can be noticed an 
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intermediate V1-like phase with different layers still connected. Despite the limitation of 

capturing the effect of temperature in CG-MD simulations, the V1Lα transition was indeed 

promoted by a temperature increase, in agreement with experiments. This is not the usual case, 

especially when dealing with the I1 and the H1-like phases. The energy barriers during the 

mesophase formation in CG-MD simulations, usually prevent the system to reach the proper 

equilibrium state unless higher simulation temperatures are considered. This was previously 

discussed by us for the phase behavior of imidazolium based ILs.42

The presence of a defected lamellar phase in CiEj/water systems, as found in our simulations, 

seems to be the most stable phase for the C12E6/water system at around 70 %wt concentration. 

The defected lamellar phase was first reported for C22E6,59 C16E6,50 and C30E9
60 systems and 

thought to be induced by the increased alkyl chain lengths with limited flexibility, as a way to 

increase the EO hydration, without changing the surface area per molecule. However, a few 

years later, Constantin et al.58 demonstrated that such phase also occurs for surfactants with 

lower alkyl chains, namely C12E6, at around 65 %wt, in a remarkable agreement with the CG-

MD simulations carried out in this work.

Since the Lα phase appeared at even higher surfactant concentrations (up to 85 %wt), an 

additional simulation at 80 %wt was carried out for this system. The final simulation snapshot is 

displayed in Figure 3, revealing the formation of a defect-free Lα phase. This is in excellent 

agreement with the work of Mitchell et al,11 with all the four different phases being observed in 

our CG-MD simulations.
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Figure 3. CG-MD simulations for aqueous solutions of C12E6 at different surfactant 
concentrations. Green represents the alkyl tail beads, while purple is used to represent the beads 
of the EO hydrophilic moiety. Water molecules are omitted for a clear visualization.

It must be noticed that the model correctly captured the structure and formation of the Lα 

phase for this C12E6 system, a phase that was not observed clearly for C8E6. This can be ascribed 

to the increased interactions between alkyl chains and demonstrates the ability of the model to 

capture the delicate balance of forces required for the formation of the Lα phase.

A further increase in the number of EO units to 10, revealed a decrease in the stability of the 

lamellar Lα phase. As a consequence, Patrick et al.48 suggested that, depending on the surfactant 

concentration, the C12E10/water system is either in a micellar solution or in a H1 phase. Our CG-

MD simulations, shown in Figure S6 in Supporting Information, suggest that the model is able 

to capture such effect for concentrations below 50 %wt, revealing the presence of micelles 

whose shape and size is varies when the surfactant concentration is increased (spherical micelles 

 micelle rods  long cylindrical rods). The elongated cylindrical micelles observed at 50 %wt 

revealed the initial stages of the H1 phase formation, later observed at 70 %wt, in excellent 

agreement with literature as shown in Figure 4. When the surfactant concentration is further 
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increased to 85 %wt, the CG-MD simulations predicted the formation of a V1 phase. Although 

this V1 phase was not reported experimentally, it is a well-known feature of this type of systems, 

being, according to experimental results, also present in C12E8 and, in a very narrow range of 

conditions, in the C12E9 system.22,61 It must be pointed out that the Lα phase was not observed in 

our CG-MD simulations for the C12E10/water system, confirming the absence of such phase, as 

previously reported experimentally for the C12E9 system.61

Figure 4. Spatial organization of the alkyl tails in the H1 phase observed in the C12E10/water 
system at 70 %wt concentration.

Continuing the trend of decreasing the stability of the lamellar phase, the C12E12/water 

system showed a similar behavior with the exception that, contrarily to C12E10, POM 

observations and low angle X-ray studies carried out by Mitchell et al.11 revealed the formation 

of a cubic phase with two different morphologies in the 30-55 %wt concentration range, prior to 

the formation of the H1 phase. A subsequent study developed by Sakya et al,49 reinforced the 

results of Mitchell et al.11 but stressed the existence of a third morphology of the cubic phase in a 

very narrow range of temperature and concentration conditions. The results of our CG-MD 

simulations for the C12E12 system are presented in Figure 5, confirming the decrease in the 

stability of the lamellar phase. At 15 %wt, the model predicted the formation of a micellar phase 

with near-spherical micelles in good agreement with the phase diagram reported by Sakya et al.49 

According to this study, at higher concentrations, a cubic phase with different structures is 
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expected but such well-defined cubic phases could not be well reproduced by the model. At 50 

%wt, cylindrical rod micelles were found instead, that represent the precursor of the H1 phase at 

this concentration and found to persist up to higher surfactant concentrations. In agreement, in 

the CG-MD simulation at 70 %wt, a H1 phase is predicted by the model. A further increase of the 

surfactant concentration (82 %wt) does not lead to a clear Lα phase. Instead, at this 

concentration, the system seems to be in an intermediate phase between H1 and a Lα
H-like phase, 

similarly to what was observed for C12E10.

 

Figure 5. CG-MD simulations carried out for C12E12/water system at different concentrations. 
Green represents the alkyl tail beads, while purple is used to represent the beads of the EO 
hydrophilic moiety. Water molecules are omitted for a clear visualization.
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Among the twelve different surfactants analyzed in this work, the C12E23 represents the 

molecule with the highest number of EO units (highest HLB). Due to the increased 

hydrophilicity, Patrick et al.48 reported the absence of mesophases in C12E23 except for the 

formation of the I1 phase, although no temperature and concentration ranges data were provided. 

Our CG-MD simulations for this surfactant confirmed the lack of ordered phases. Instead, a 

random dispersion of spherical or rod-like micelles (depending on the concentration) was 

observed in all simulations as illustrated in Figure S7 in Supporting Information. In fact, even 

for very high concentrations (e.g., 50 or 70 %wt), most of the micelles retain its sphericity, 

contrarily to what is observed for surfactants with a lower HLB.

Overall, the results predicted for C12 surfactants showed a good agreement with literature 

reports, especially considering the coarse-grained nature of the model and its inherent 

transferability. Previous models could not reproduce the phase behavior of surfactants with a 

considerable number of EO units. Nevertheless, the MARTINI FF successfully provided a 

reasonable description of CiEj surfactants with EO groups up to 23 units. Moreover, the model 

was able to predict the inability to form spherical micelles when the number of EO units is low (j 

= 2, 4) as well as how the lamellar phase is the most stable phase for such surfactants. 

Simultaneously, the model was able to predict how the increased hydrophilicity first induces the 

instability of the lamellar phase and, then the hexagonal phase emerges for even larger 

hydrophilic heads. In summary for C12Ej surfactants, increasing j, and consequently the HLB, 

changes the first mesophase from lamellar to hexagonal, and possibly to a cubic-like phase or a 

micellar solution. This is in good agreement with experiments and the model seems to predict 

that, as the size and consequently the area occupied by the hydrophilic group is increased, the 

surfactant packing favors the formation of curved interfaces (spheres and cylinders) over planar 

ones (bilayers) both observed in the simulations and in the experimental data reported in the 

literature.

3.3. C16 surfactants

Previous CG-MD studies of aqueous solutions covering CiEj surfactants were restricted to i = 

12 and three different EO groups, j = 2, 4, 6. Bearing in mind the effect that longer alkyl chains 

could have in the mesophase behavior, a set of CG-MD simulations were carried out for C16 

surfactants with different number of EO units.
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Mitchell et al.11 reported the phase diagram for C16E4. At low surfactant concentrations and 

temperatures lower than 333 K, the system exhibits a W + Lα dispersion with the Lα phase being 

replaced by an L3, V2 or L2 phase when the temperature is increased. Such phases are stable up to 

circa 60 %wt of surfactant, concentration beyond which the lamellar phase is always the most 

stable phase. 

The CG-MD simulation results for C16E4 are presented in Figure 6, exhibiting elongated or 

rod-like micelles at 15 %wt. At 30%wt, the system seems to be in a transition state resembling 

the V1 phase that often acts as a precursor for layer-like structures such as those later observed at 

50 %wt. Despite this intermediate phase was not reported by Mitchell et al.11, it is compatible 

with a phase transition from the micellar rods-to-Lα phase observed at low concentrations. This is 

unequivocally the most stable phase at higher concentrations, and is also observed in our CG-

MD simulation at 70 %wt.

Figure 6. Final snapshots of the CG-MD simulations for C16E4 at different concentrations. Green 
represents the alkyl tail beads, while purple is used to represent the beads of the EO hydrophilic 
moiety. Water molecules are omitted for a clear visualization.
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Funari et al.50 and Fairhurst et al.51 reported the phase diagram for the C16E6/water system. 

Even though there are a few differences concerning the location of the phase boundaries, both 

studies denoted the presence of an intermediate phase, a term used here for the first time to 

characterize non-cubic phases between H1 and Lα occurring in CiEj/water systems. Prior to the 

formation of the Lα phase, and because long alkyl tails cannot pack into V1 structures,50 the 

presence of both, the intermediate phase and a defected lamellar phase Lα
H, are expected to arise 

instead, stressing the role played by the alkyl chain conformations in controlling the transition 

between H1 and Lα. The CG-MD simulations for the C16E6/water system showed the change in 

the organization of the alkyl chains due to the increase on the surfactant concentration as 

presented in Figure 7. At 40 %wt, the system formed cylindrical rods resembling the H1 phase 

that was reported between 35-45 %wt of surfactant concentration.50,51 At 50 %wt, the system 

assembled in a mesh-like structure which is one of the possible structures suggested by Holmes 

and co-workers51,62 for the intermediate phase, thought to replace V1 for surfactants with 

considerably long alkyl chains. At higher surfactant concentration, the alkyl chains are already 

forming a Lα phase with an almost negligible presence of water-filled defects. Although the 

formation of a defected lamellar phase is expected between the intermediate phase and the Lα, 

the considerably high temperature and the high concentration contributed to the decreased 

number of defects found in the Lα
H phase. In Figure S8 in Supporting Information, another 

perspective of the simulation box for the 70 %wt system is shown, where one of the pore defects 

still present can be more easily observed.

Figure 7. Arrangement of the alkyl tails in the C16E6/water system as a function of the surfactant 
concentration.
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It must be highlighted that the model was able to predict the existence of a mesh-like 

intermediate phase, instead of the typical V1 phase due to the increase of the alkyl chain length, 

and a relatively low HLB is yet another beacon of the model prediction ability and 

transferability.

Mitchell et al.11 reported a few years earlier that neither the intermediate or Lα
H phases were 

present in C16E8. Instead, the phase diagram displayed the archetypical progression of phases 

from low to high amphiphile concentrations, i.e., micellar solution  micellar cubic phase  

hexagonal columnar phase  bi-continuous cubic phase  lamellar phase. The CG-MD 

simulations results for this C16E8 system are shown in Figure 8. The results display a fair 

agreement with experiments: at 15 %wt, the system exhibited a micellar solution with the 

micelles retaining their sphericity up to 30 %wt. At this concentration, the presence of a cubic 

phase could not be clearly identified, although some sort of long-range ordering of the micelles, 

resembling a micellar cubic phase, is visible when compared with the results for other systems at 

different conditions. At 50 %wt, the hexagonal phase is expected according to the literature but 

only dispersed cylindrical micelles were found. On the contrary, at 70 %wt and 80 %wt the 

model is able to predict the occurrence of the V1 and Lα phases, respectively. Perhaps, the most 

interesting result is that the defected lamellar phase – previously observed for C16E6 – was no 

longer observed in this system. The model was able to capture the ability of the system to form 

instead a V1-like phase given a sufficiently large j/i ratio. It is important to stress that V1 

structures are difficult to characterize, with the best candidates being extended networks where 

the chain/water interface has both positive and negative curvatures, as observed in some of our 

simulations.63
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Figure 8. Final snapshots of the CG-MD simulations carried out for C16E8/water system. Green 
represents the alkyl tail beads, while purple is used to represent the beads of the EO hydrophilic 
moiety. Water molecules are omitted for a clear visualization.

When the number of EO groups are increased, such as in C16E12, the agreement with experiments 

was less satisfactory. According to the work of Mitchell et al.11 at 30, 50 and 70 %wt the I1, H1, 

and V1/Lα phases are expected. The stability of the bi-continuous and lamellar phases decreases 

considerably and are only present in a very narrow range of concentrations. In our CG-MD 

simulations, depicted in Figure S9, at 30 %wt, the cubic phase was not found and at 50 %wt the 

cylindrical micelles were somehow organized but not in the expected hexagonal array. At 70 

%wt, the bi-continuous cubic phase was observed, as reported in the literature. However, the 

lamellar phase persisted to even higher concentrations (up to 90%wt) contrary what it was 

observed experimentally. This is, however, a common issue of MD simulations when tackling 

phase transitions starting from a lamellar phase at very high concentrations. Nonetheless, the 

ability of the model to predict the existence of a V1-like phase instead of a defected lamellar 

phase still a remarkable achievement.
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3.4. The low concentration regime

At diluted concentrations, a surfactant molecule is usually present in water as a solution of 

surfactant unimers or small oligomers aggregates. However, at a given temperature, once the 

surfactant concentration is increased beyond a certain threshold – denoted as the critical micellar 

concentration (cmc) – small spherical-shaped aggregates are formed to decrease the alkyl chain 

area exposed to water molecules. By increasing the surfactant concentration, the size of the 

micelles tends to rise, while its sphericity is severely decreased, leading to the formation of rod-

like and disk-like aggregates that can be seen as precursors of long-range ordering phases such as 

H1 and Lα.

Therefore, having a reasonable description of the micellar aggregates, precursors of certain 

mesophases, and the knowledge on how the cmc or the average micellar aggregation numbers 

(Nagg) vary with the surfactant nature, is highly relevant for the design and understanding of CiEj 

solutions. While cmc values are relatively easy to determine experimentally, usually capturing 

changes in the behavior of one or more physical properties (e.g., conductivity, surface tension, 

etc.), it is a tough question for MD simulations. This is mainly due to the very low cmc values of 

non-ionic surfactants when compared to their ionic counterparts that makes it very computational 

demanding to systematically simulate systems at such low concentrations, even using CG 

models. The experimental cmc and Nagg values found in literature for the studied surfactants are 

provided in Table 2. In the case of the C12E6 aqueous solution – surfactant with an intermediate 

HLB value in between those studied in this work – the cmc reported experimentally ranges 

between 6.8 and 8.8∙10⁻5 M, while their Nagg are between 110-180.9,64,65 Considering the highest 

concentration and the lowest Nagg, a simulation of only 110 molecules of surfactant requires 

more than 17 millions of CG water beads (68 millions of water molecules). An alternative is to 

perform simulations at higher concentrations but still within the micellar phase. Then, the 

average free surfactant unimer concentration can be used as a rough estimation of the actual cmc. 

This approach has been previously used with the MARTINI FF, using a different CG mapping 

for the CiEj molecules, and found to provide a reasonable estimation of the cmc values, although 

an incorrect temperature dependency was observed.1
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Table 2. Micelle aggregation numbers determined from the CG-MD simulations at 15 %wt of 
surfactant and literature values for Nagg and cmc.

Surfactant Nmin Nmax Nagg Nagg,Lit Ref. cmcLit (M) Ref.

C8E6 43 104 61.9 32 66 ~9.8·10-3 67–69

51 70 7.6·10-3 69

1.68·10-2 69

>300 71 2.3·10-4 65

C8E12 34 59 46.6 - -
C12E2 - - - - 3.3·10-5 12

C12E4 140 329 250.0 160* 64 6.0·10-5* 64

4.33·10-5 72

C12E6 53 158 90.9 110 64 6.8·10-5 64

144-180 65 8.8·10-5 9

C12E10 38 72 58.8 - -
C12E12 29 70 50.0 81 65 1.4·10-4 12,65

C12E23 19 61 38.5 40 64 1.0·10-4 64

41 65 1.75·10-4 65

C16E4 176 322 250
C16E6 73 168 111.1 1.3·10-6 73

C16E8 56 114 83.3 160 65 5.0·10-7 74

C16E12 39 105 66.7 152 65 2.3·10-6 65

*values for C12E5 

Lit – Literature values

With the aim to explore the ability of the CiEj CG model at concentrations near the cmc, an 

additional simulation of 51 C8E6 molecules (the surfactant with the lowest cmc from those 

investigated in this work) was carried out at 9.8∙10⁻3 M. After 5μs of simulation, using an in-

house cluster counting code, the Nagg was found to be 39 surfactant molecules, with 12 

molecules remaining freely in the solution. The free surfactant unimers correspond to a 

concentration of 2.3∙10⁻3 M that compares reasonably well with the values reported from 

literature. This fact suggests that the CG mapping proposed by Grunewald et al.,36 used in our 

study retains the ability to provide a reasonable estimate of the cmc for CiEj surfactants in water.
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The MARTINI FF has been previously applied for the prediction of the Nagg in aqueous 

solutions of CiEj surfactants1 and to obtain the average size distribution of ethylene oxide 

urethane micelles75. However, in those works previous parameterizations of the EO groups based 

on pre-existing MARTINI beads were considered. Therefore, aiming at evaluating the ability of 

the new EO parameterization to predict the aggregation behavior of CiEj surfactants, the Nagg 

values, were here obtained using an in-house cluster counting code for the systems at 15 %wt. It 

is however important to point out two aspects of the values obtained using this procedure: firstly, 

the Nagg cannot be obtained for the C12E2 system, since the Lα phase was already observed at 15 

%wt. Secondly, as Nagg tends to increase with surfactant concentration, the values reported here 

are expected to be slightly higher than those that would have been predicted by the model at the 

cmc, especially for those surfactants with a considerably high i to j ratio, where micellar-to-rod 

transition was observed at this concentration, instead of spherical micelles, observed in C12E4 

and C16E4. 

The aggregation numbers (minimum, maximum, and average) obtained in the CG-MD 

simulations are reported in Table 2 and compared with some experimental values found in the 

literature. It must be pointed out that the literature values should be taken with caution since 

diverse values were reported by different authors and, in addition, the concentrations were not 

always shown. Table 2 exhibits a considerable disparity between the minimum and maximum 

micelle size. Conversely, the Nagg values obtained correctly describe the effect of the chain 

length, increasing the Nagg with i and decreasing with j. The agreement with literature can also be 

considered fairly satisfactory, in particular for C8E6, C12E6, and C12E23 systems. It is worth to 

highlight the excellent agreement obtained for the C12E6, Nagg ~ 90.9, which is close to the value 

reported in literature as shown in Table 2, Nagg = 110, and different to the Nagg = 45 previously 

reported by Puvvada et al.24,76 who they used a molecular thermodynamic approach to predict the 

micellization. 

Clearly, the highest deviations were observed for the C16 systems when comparing with the 

data reported by Levitz et al.65 however, such data could have been severely overestimated. For 

instance, in the C8E6 system, micelles with more than 300 surfactant molecules were reported 

even though, other authors have reported values between 32 and 51 for the same system69,77 or 

80 for C8E5, whose Nagg is expected to be higher.64
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These results reinforce the ability of the MARTINI FF to provide a reasonable description of 

the low concentration micellar regime in aqueous solutions of non-ionic surfactants; however, as 

previously mentioned, to obtain quantitative measurements of the cmc using this type of 

simulations can easily become computational prohibitive, especially for the longer non-ionic 

surfactants with very low cmc values. One viable alternative, suggested by Anogiannakis et al,78 

is to use an implicit solvent version of the MARTINI FF to calculate such diluted properties, 

while retaining the original variant to study the phase behavior at higher concentrations. In their 

work, after a small tweak of the interaction between the hydrophobic beads and of the electric 

permittivity of water, a good agreement with the cmc and Nagg of ionic surfactants was achieved 

and, considering the good description obtained here, similar results can be expected for the non-

ionic surfactants. Another alternative would be to adapt the methodology proposed by Santos et 

al.79 that used Monte Carlo simulations of a lattice surfactant model to determine the cmc from 

extrapolations of the unimer surfactant concentration. However, as exemplified above for C12E6, 

diluted simulations of these surfactants at concentrations even slightly above the cmc are 

computational prohibitive so that an implicit solvent model would still be required.79

A final model benchmark on describing the diluted region of the CiEj/water systems is the 

micellar radius. Unfortunately, experimental data was only found for C12E6, exhibiting a micelle 

radius ~ 20 ± 5 Å reported by Corti et al.9 To obtain the micelle radius from the CG-MD 

simulation carried out for C12E6/water system at 15 %wt, the micelle density profile from the 

micelle center of mass was obtained and shown in Figure 9. The micelle radius is the distance 

from the center of the micelle (0) to the maximum of hydrophilic head curve (purple). Thus, the 

micellar radius is ~21.7 Å which is in excellent agreement with the literature. This suggests that 

the model correctly describes the molecular packing of the surfactant within the micelles.
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Figure 9. Micelle density profile for the C12E6 in water as obtained from the CG-MD simulation 
at 15 %wt.

4. Conclusions

In this work, an extensive analysis of the influence of molecular structure and concentration 

on the phase behavior of aqueous solutions of CiEj surfactants was carried out using a MARTINI 

FF for CG-MD simulations. Twelve different surfactants with different chain lengths of both the 

hydrophobic and hydrophilic moieties were investigated at different concentrations, allowing to 

span a wide range of HLB values. 

Concerning the effect of the alkyl chain length, MD simulations were able to correctly 

reproduce how an increase of i from 8 to 12 leads to the decrease of mesophase instability. LC 

phases were obtained for C12 surfactants, even for small hydrophilic moieties, for which a 

lamellar phase can be predicted even at very low surfactant loadings, in agreement with 

experiments. In addition, the effect of adding EO units is shown to be well captured by the 

model, used to simulate surfactants with up to 23 EO units, accurately describing the decreased 

stability of the lamellar phase when the number of EO chains are increased.

In terms of mesophase structures, the model captured the existence of intermediate phases 

between H1 and Lα, other than the usual V1 phases, typical of these types of systems. As an 
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example, the presence of a defected lamellar phase, initially supposed to exist only for long alkyl 

chains (i > 16), was here shown also for C12 surfactants, in excellent agreement with some of the 

most recent studies.

Furthermore, the model provided a reasonable description of the micellar regime, namely the 

micelle radius, aggregation numbers and critical micellar concentration, in agreement with 

experiments, considering the uncertainty of some experimental values.

Overall, the model correctly predicted the formation of LC phases in CiEj systems in a wide 

range of concentrations in good agreement with experiments, regardless the surfactant structure, 

while still providing a reasonable description of diluted micellar phases. The obtained results 

improve the reliability of the MARTINI CiEj model, paving the way for the use in multi-

component systems used in the industry and diverse research areas, providing some clues when 

experimental data is not available.
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