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ABSTRACT
Application
Sodium Laurylethoxysulfate (SLES) is a fundamental ingredient in a wide range of surfactant products and the mapping of its various mesophases is pivotal in predicting the liquid viscosity. 
Experiments
We use a novel set of Dissipative Particle Dynamics parameters specifically developed for surfactant molecules to construct the first phase diagram of pure SLES in sodium chloride/water solutions.
Findings
We found that our DPD model is able to reproduce the range of morphologies expected for these types of ionic surfactants and in agreement with recent rheological data and theoretical predictions based on the packing parameter. We calculated the structure factor for various salt concentrations and show that the change from spherical to worm-like micelles can be inferred also looking at the intensity of the peak at intermediate q-values which decreases in intensity as salt concentrations increase. Varying the ethoxyl groups we observe that the additional ethoxyl group increased the micellar radius and affected the micelles’ shape polydispersity in the system. Finally, based on the contour length of worm-like micelles observed at intermediate salt concentrations, a closed mathematical formula is proposed capable of predicting the average micellar contour length given the salt and surfactant concentrations.
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1. INTRODUCTION
In aqueous solutions surfactants self-assemble into a collection of mesoscopic structures varying from discrete spherical and rod-like or worm-like micelles (WLM) to continuous branched networks [1]. This wide range of morphologies results in a variety of physicochemical behaviours that make surfactants the basic ingredients in the formulation of numerous commercial products used in multiple industrial sectors from the oil and gas [2] to the pharmaceutical industries [3,4]. Phase diagrams can be used to represent the various morphologies of surfactant systems. The phases depend on the surfactant chemical structure, its concentration (), the presence of co-surfactants or other additives and, in the case of ionic surfactants, on the salt concentration (cs) of the solution. While the presence of co-surfactants has the main effect of reducing the interfacial tension, the presence of salt affects the solution morphology by screening the electrostatic repulsion between the charged surfactant head groups and allowing the formation of long micellar mesophases even at relatively low surfactant concentration [5].  
In this work we have explored the phase behaviour of Sodium Laurylethoxysulfate (SLES), a common ingredient in several formulated home and personal care products. SLES is an anionic surfactant with the chemical formula CH3(CH2)m(OCH2CH2)nOSO3Na where n denotes the number of ethoxyl groups (EO) in the molecule (Fig.1) and m the number of carbons in the alkyl tail. The ionic strength of the solution and the number of ethoxyl monomers, n, strongly affect the micellar morphology [6,7]. Due to the divalent charged head group containing a sulfate functional group, the addition of salt to a SLES solution can lead to significant micelle growth and closed packed structures, while the number of EO groups have been shown to have a direct effect on the value of  critical micelle concentration (CMC) [8]. Commercial grades of SLES contain a variety of chemical impurities resulting from the synthesis methods adopted at large scale. For example they commonly contain inorganic salts (e.g., Na2SO4) resulting from the synthesis of the molecule. This synthetic by-product can accelerate the aggregation of the surfactants, enabling micelles to form at lower surfactant concentrations. The properties (specifically the viscosity) of the final mixture will be affected by the micellar size and the packing structure of surfactants [6,9,10]. 
Although SLES finds important applications in a wide range of sectors, published data on pure single component (i.e. with specific values of m and n) SLES systems are scarce. Indeed despite its apparently simple chemical composition, the synthesis of single component SLES is a costly and time consuming process [11]. Therefore the majority of published data refer to mixed systems of SLES in association with other surfactants [12–16] or industrially produced SLES which contains a distribution of alkyl chain lengths and EO groups [6].  So, while several computational and experimental studies, including the phase diagram, can be found on the related surfactant with n = 0 ethoxyl groups (i.e. sodium dodecylsulfate (SDS)) [17–19], we are unaware of any systematic studies of the phase behaviour and the structural properties of single component SLES in the literature. 
The experimental characterization of a surfactant phase diagram is difficult and requires the use of several techniques including optical microscopy, fluorescence and scattering, however thanks to the recent increase in computer power and the introduction of coarse-grained molecular models, in-silico prediction of surfactant solutions properties is now possible. In particular, a mesoscopic modelling technique such as Dissipative Particle Dynamics (DPD) has proved to be a powerful tool to predict several surfactant solutions properties [20,21]. DPD has been extensively used to study surfactants self-assembly [22–24] and polymers solutions [25] to calculate CMC and investigate full phase diagrams. The rheology of surfactant solutions has been also investigated using non-equilibrium DPD simulations providing information on the orientation of WLMs obtained under shear rate before breaking apart [26–28]. 
The objective of this work is to construct a phase diagram for a system that consists of pure SLES of m = 11 (i.e. 12 carbons in the alkyl tail) and n = 1, SLES1EO. Moreover, we systematically investigate the effect that the number of EO monomers has on the self-assembly process and fully characterise the phase behaviour of the surfactant. Finally the mechanism of micellar elongation is investigated for SLES1EO and we construct a closed mathematical formula which is able to predict the average contour length of a micelle in the non-branching regions.
2. MATERIALS AND METHODS
2.1 DPD
 
Dissipative Particle Dynamics is a mesoscale simulation technique that has been used to explore many systems such as colloid suspensions [29,30] and polymers [31]. As it is a mesoscale method by nature, it deals with the movement of a cluster of atoms (beads) rather than individual atoms. It describes the movement of beads through Newton’s equations of motion and non-bonded interactions between the beads are most frequently characterized by soft repulsive potentials [32]. This method was initially introduced by Hoogerbrugge and Koelman in 1992 [33] while its mathematical background was established by Español and Warren in 1995 [34]. At the same time the ability of DPD to predict hydrodynamic behavior was proven by Español [35] by deriving two out of three conservative laws from DPD variables. This enables DPD to reach the thermodynamic equilibrium quicker than any equivalent coarse graining method. Also, as a mesoscopic method, DPD is able to reach time and length scales beyond those achievable by atomistic models and makes the simulations of any system faster than by simulating with molecular dynamics (MD).
For a full description of the DPD algorithm and theory the reader can consult the references above. Here we will just outline the basic concepts of the method. Let us consider a system of N particles that have equal mass. It is common in literature to perform this assumption for simplicity. A cluster of these N particles will form a DPD particle. The number of particles that constitute a bead is called the coarse graining parameter and is denoted by Nm [36].  Similarly to MD, the total force acting on a bead is the summation of several force components, in this case three distinct DPD forces and any other bonded force (eq. 2.1).

			   	 (2.1)

where () are the conservative, dissipative and random interaction forces between the beads. There are three coefficients in the interaction forces taking care of the lost degrees of freedom. The parameter  is the conservative coefficient for beads i and j in , the dissipation coefficient γ in  and  is the cut-off radius beyond which no interaction between the beads is taking place. The random coefficient σ in the random force  is related to γ through the following equation (2.2) while the random and dissipative weight functions are related to each other by equation (2.3).

				    	  (2.2)
 		    	          (2.3)

Relations (2.2)-(2.3) form the fluctuation dissipation theorem that enables DPD equations to establish an isotropic Galilean invariant thermostat which preserves hydrodynamics [34,37]. 
	For the current work the dissipation parameter γ was taken equal to 4.5 for all the ij pairs of interactions and  whilst all the bonded interactions are described by a harmonic potential. 

2.2 Simulation details

We adopt a model for the SLES1EO () in which each surfactant molecule consists of 9 beads in our DPD representation. In this representation one bead is a counter ion (Na+) that is not connected with bonded interactions to the rest of the surfactant. The model used for the coarse grained simulations is given in Fig.1 and the parameters used in DPD simulations are taken from Anderson et al. [38,39]. A table with all the interaction parameters can be found in the supporting document (Table S4). In similar manner SLES2EO and SLES3EO molecules consist of 10 beads and 11 beads respectively. The alkyl chain length in all the cases was 12 carbons which are translated into 6 hydrophobic tail beads (Fig.1). 
Water is represented by beads consisting of two water molecules, . Na+ and Cl- beads are conceptualised as being partially hydrated and modelled effectively as water beads but each possessing an additional charge [40]. This may seem quite a coarse approach for the charged beads but as yet no systematic approach exists in literature for dealing with charged anion and cation beads as previously discussed by Tang et al [16] and Anderson et al [39]. The salt concentration added in the system is given by  so that the number of Na+ beads is the number of surfactants plus the number of added salt cations and the total beads of Cl- is the number of added salt anions. Since DPD is a coarse grained method the overlapping of beads will cause a thermodynamic instability if point charges are used [41,42]. For this reason charge smearing out of charges was accomplished by the exponential function given below [43]:

    				     (2.4)

where λ is the decay charge length; here taken as  [38,39,43], q is the total charge and r the distance between two particles. In the current study, a significant proportion of the charge density is located outside of a given charged bead. In previous studies smaller λ values were trialled [40,44,45] and the effect of the shorter length on the calculated properties is negligible in this case. 
All simulations were in NVT ensemble and were performed using DL_MESO mesoscale simulation package [46] in a cubic simulation box with volume of  DPD length3 (i.e. box dimension DPD length) and number density . This box size has shown to be big enough to provide the correct CMC [39]. Throughout the study we explore multiple concentrations of surfactant. When 10% of the total number of particles were SLES1EO beads then . More concentrations were also investigated, i.e. , so that a detailed phase diagram can be constructed. 
The use of reduced units is common in DPD simulations. Correspondingly, the mass of a water bead is usually taken as the reference mass and the masses of the rest beads are reported with respect to the reference mass. In this model all the masses are approximated as equivalent to that of a water bead i.e. M = 1 DPD mass units for all particles. This is a common approximation in DPD simulations for computational efficiency [47]. The thermal energy was set to kBT = 1 DPD energy units with T = 298.15 K. In reference [38] the authors chose to separately specify the conservative coefficient  and cut-offs  ranging from 0.950 to 1.170 DPD units. This reflects the chosen coarse-grained mapping and relative molar volume of the constituent atoms in each bead. The conversion from DPD to real length units is done by multiplying length by 5.65 Å for this model [38].
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[bookmark: _Ref511253][bookmark: _Toc12449928]Fig.1: The Sodium Lauryl Ether Sulfate model adopted in this work. Each coloured circle signifies different DPD beads.  Blue for the alkyl chains, orange for the ethoxyl group, green is the sulphate bead and pink is the sodium cation. 




Initially the surfactants and solution beads were randomly placed into the simulation box. Afterwards, each system was equilibrated using velocity Verlet integration scheme [37] with timestep dt = 0.020 DPD time units until the total number of micelles formed in the box converged to a constant value. There are two distinct self-assembly stages exhibited, the first stage is the rapid aggregation of surfactants into small clusters or micelles after a few hundreds of timesteps. Once the first stage is achieved the micelles undergo a second slower stage where the exchange of surfactants between them takes place. These two stages of self-assembly can be thought as equilibrium stages and the slowest one is taken into consideration when the thermodynamic equilibrium is checked. These two stages are visible in the plot of average number of micelles vs. time as in the first  DPD time units the total number of micelles decreases because smaller aggregates gather into larger micelles. It is also evident that the system reaches equilibrium more rapidly at low salt concentrations (see Fig.S1 in supporting document). Moreover, the total number of micelles in the system is smaller at higher salt concentrations indicating longer/larger aggregates. This happens as the increased salt in the system screens out the electrostatic interactions between the surfactants allowing them to pack closer.
Once the system has reached equilibrium, the production run is started and data collection commences for further analysis. The production runs last  DPD time units, i.e. 20 million timesteps for the longest simulation time and  DPD time units, i.e. 5 million timesteps for the shortest analysis. The accumulation frequency in the trajectory runs is the same in both cases and is every 100 DPD time units. 
At the end of the production period a cluster analysis that counted the total number of micelles per frame and provided details on the total number of surfactants in each micelle along with the position coordinates of them, was performed over the whole trajectory. The cluster analysis was performed using UMMAP [48], using neighbour lists for efficiency. The systems were inspected visually by creating images using the Visual Molecular Dynamics (VMD) package [49]. A list of all the simulations performed can be found in supporting document (Tables S1 – S3). 
2.3 Calculation of packing parameter

One of the properties that are calculated in the post processing is the packing parameter (pp). In the current work we will follow the geometry-based approach introduced by Israelachvili that describes the aggregation of surfactants into different micellar geometries [50]. This dimensionless number is associated with the principal curvatures of the micellar surface and the alkyl chain length of the surfactant.
It is known from theory [50] that when 0 < pp < 1/3 the geometry of the micelles is spherical, whilst if 1/3 < pp < 1/2 the micelles have rod or worm shape. At pp = 1/2 the shape is cylindrical and for values greater than 1/2 the observed structures have a vesicle shape, lamellar geometry or reverse micelle which are not observed in this work. 
For the purposes of this work the pp is calculated in similar manner to ref. [51]. Initially the micellar surface was defined by the head group beads, i.e. CH2OSO3. Around each head group bead the neighbours within the distance Rc = 1.750 DPD length units were found. This led to a list of patches of beads on the micelle surface. In order to decide Rc the radial distribution function (g(r)) of the head groups was calculated with Rc taken as the first peak of g(r). Then the surface function given in equation (2.5) was fitted to the patches [51]

 		   (2.5)

where the capital letters denote adjustable parameters and the coordinate of a point on the fitted patch is . The packing parameters can then be found from the relation [50]:

pp = 				(2.6)

where  is the notation used for the packing parameter and relates the volume of the head group, , with the surface area of head group attached on the micelle’s surface and the length  of the alkyl chain. 
In equation (2.6) the parameter H refers to the mean curvature whilst K is the Gaussian curvature (see supporting document section s3). From the coefficients of equation (2.5) it is straight forward to calculate the curvatures of the surface:  

					(2.7)
						(2.8)

Saddle points have a zero mean and negative Gaussian curvatures and for these points equations (2.7) and (2.8) do not give representative results of the micelle surface. In order to exclude the saddle points that could be fitted by the patches of particles described above, a constrained optimization was performed with the determinant of the optimization’s Hessian matrix to be strictly positive, i.e. the Hessian should be positive definite. In this way spherical or WLMs are more accurately fitted while branched aggregates that contain saddle points were excluded from the calculations. Finally, the time average of all pp is taken.

2.4 Structure factor

	The structure factor describes how a material scatters incident radiation and can be calculated from simulations in two ways. The calculation of the structure factor can be achieved by the Fourier transformation of the radial distribution function:

       			  (2.9)

where  is the microscopic density and  the scattering vector. The minimum value of q in the simulations is set by the dimension of the simulation box and it is equal to  with  being in distance units. Alternatively the partial structure factor by bead type can be obtained by the Debye formula, i.e.

    		    (2.10)

with f is the atomic form factor and R the positions of atoms (in our case the position of beads). In the present study the structure factor is calculated using the Debye formula (2.10) and the form factors are all assumed to be the same and equal to one [52–54]. 

2.5 Aspect ratio and contour length

The aspect ratio of a micelle is the ratio of its lengths in different orthogonal dimensions. The closer this fraction is to 1 the more spherical the shape is, thus for perfect spheres it is exactly 1. 
In order to find the aspect ratio a micelle based axes coordinate system is defined. The centre of mass (COM) of each micelle is taken as the origin and the furthest point from the COM is found by calculating the greatest distance, , of a point on the surface from it. These two points define one axis and from this axis two more orthogonal axes are defined so that an orthonormal system of coordinates is formed. In case of spherical micelles the choice of x-axis is arbitrary and  will give the radius of the micelle. 
	For spherical and rod-like micelles the aspect ratio will be meaningful, however in the case of WLMs the aspect ratio cannot be calculated as these structures are flexible and so do not span linearly in space. Instead, for these micelles the contour length will be calculated in similar manner to ref. [51]. Initially the micelles will be further coarse- grained by grouping the surfactants into larger superbeads. In order to do this a sphere of radius  is drawn around each head group with  taken to be the radius of a spherical micelle, . The number density  of each sphere was calculated and the sphere with the highest  was picked as a starting superbead. Around this initial superbead, n* new trial spheres are randomly generated at a distance of  from the initial superbead. Again was calculated for the trial sphere and the trial sphere with the highest value is selected, unless it is overlapping with a previously accepted superbead. This procedure is repeated until an end is reached, where the end is defined as having no trial spheres with , where  is threshold value. The accepted superbeads are then rechecked for trial spheres with  to fully capture the surfactants in the micelle. By the end of this process the length of the superbeads gives the contour length of a micelle and this procedure was followed for all the micelles in the system.  
[bookmark: _Ref6499697]3. RESULTS AND DISCUSSION
3.1 Phase diagram of SLES1EO

	In this section the results for a concentration of 0 SLES1EO with various salt concentrations are discussed. The addition of salt in the mixture is expected from literature to accelerate the aggregation of surfactants into micelles leading to longer aggregates. When the salt concentration reaches a certain value then branches can appear in the system [1]. The chosen DPD model was able to reproduce this behaviour and the most representative microstructures are shown in Fig.2. More specifically, the trend that is observed is an evident micelle growth with increasing salt concentration up to  where the first branches appear. 
[image: ]
[bookmark: _Ref528709][bookmark: _Toc12449929]Fig.2: Final snapshot of  SLES1EO with varying salt concentration at (a)  (b)  (c)  (d)  NaCl.  
	At  and  the micelles are spherical with the mean number of micelles decreasing from approximately 35 to 30 (Table 1). At 0, rods appear in the system while at 0 to 0.090 WLM, whose length increases with increasing salt concentration, develop. Some spherical micelles are observed for and  but their population reduces at and . The full phase diagram is reported in Fig.3. The points (geometrical shapes) on the plot resulted from extensive simulations while the dotted coloured areas are based on a machine learning technique, the quadratic discriminant analysis algorithm (QDA). QDA is a classification method that separates the points by quadratic hyperplanes finding the optimal plane that fulfils two criteria: the distance between the centres of each class should be as close as possible and the variance within each class should be the minimum possible [55]. 
The concentration of surfactant is expected to shift the phase diagram towards the formation of larger aggregates even at relative small salt concentration. This is a result of the mass action law applied on micelles formation for which the excess amount of surfactants will increase the size of the existing micelles [56]. In accordance with the theory, Fig.4 shows that for surfactant concentration  WLMs appear only when the salt concentration reached  while for 0 SLES1EO these can be observed already at .
The distribution of micelles sizes shown in Fig.4 can give a better insight into the increased aggregation polydispersity observed with increasing salt concentration. Single surfactants, i.e. unimers, were excluded from the calculation of the aggregation number distributions. At high salt concentrations where only one structure was present in the simulation box as well as for the branched aggregates, no distribution of sizes was calculated. For the spherical micelles the distribution has a bell shape which however becomes broader and skewed towards longer aggregates as the salt level increases (Fig.4). The overlapping distributions at 0 and  is remarkable compared with the boost in micellar length at . This indicates that the extra amount of salt added to the system was not sufficient to favour further assembly of the micelles into longer structures and that this barrier is overcome only by reaching. 
At low salt concentrations, 0, the distribution of aggregation number behaves like a normal distribution and a mean and standard deviation (std) value can be extracted under this observation (Table 1). However as salt concentration increases,  the distribution consists of sparse peaks (Fig.4b). Several micellar shapes are observed to coexist in these cases and a mean value would not be representative of the system. For this reason we only report mean or std values for .	
[image: ]
[bookmark: _Ref529896][bookmark: _Ref529889][bookmark: _Toc12449931]Fig.3: Phase diagram of SLES1EO with salt concentration. The triangles (Δ) represent spherical micelles, circles (o) rod micelles, stars (*) WLM and diamonds (◊) branched micelles. The blue doted area represents the spherical micelles, green dots depict the rods, red is for WLM and black is for the branched structures.
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[bookmark: _Ref9412870][bookmark: _Ref9412924][bookmark: _Toc12449932]Fig.4: Aggregation number of SLES1EO for  = 0.100 with (a) = 0.010, 0.020 and 0.040 (b) = 0.050, 0.060 and 0.075.
3.2 Contour length and packing parameter

In order to quantify the phase behaviour obtained from our simulations, the packing parameter was calculated following the methodology described in section 2.3. As observed in Fig.S2 (supporting document) the distribution of the packing parameter peaks at 0.225 for  and  and then the mean value increases with the salt concentrations reaching 0.494 at  and 0.564 at . All the mean values and stds are reported in Table 2. The results agree with the suggested theoretical values [50,57] within the confidence interval of the calculated error. 
In the case of the pp seems to be slightly higher than the theoretical predicted value of 0.500, although it is reasonable within the bounds of standard deviation. This is due to the quality of the fitting that was performed on the micellar surface as well as on the noise in the defined surface. 
For spherical and rods micelles, complementary to the pp distributions is the calculation of micelle aspect ratio. For worm-like micelles where the calculation of aspect ratio would give less reasonable results, the contour length, ℓ, will be given. The probability distributions of aspect ratio from  to  salt concentration were found to behave as normal distributions with the mean value being 1 for  and  for . From the results, reported in Table 3, it is evident that micelles of spherical shape give aspect ratio close to unity while rods that have an ellipsoidal shape have a greater aspect ratio with the major axis being the nominator of the fraction. The aspect ratio between y and z axis in rods is close to unity indicating a circular shape at yz cross-section. 
	The probability distributions of ℓ for WLMs were calculated over a production run of  DPD time units and accumulation frequency in the trajectory file of  steps. As evident from Fig.5 not all the curves follow a normal distribution. Namely, for  the contour length distribution has a well-formed bell shape and for it behaves like a binomial function while for  up to two extreme peaks are observed at large lengths and fewer small micelles appear in the system. This leads to a shifting in the mean value that does not correspond to the most representative contour length found in the system (Table 4). The reason why the contour length distribution obtained for is binomial (Fig.5a) is because in the system longer micelles of comparable size to those at   coexist with shorter WLMs with sizes similar to those at.
The morphology for   up to  is mainly dominated by one long micelle and several smaller micelles that coexist in smaller amounts (Fig.5b).

[image: ]
[bookmark: _Ref530607][bookmark: _Toc12449933]Fig.5: Contour length distribution function for worm-like micelles. In all of them  = 0.100 (a) =0.050 and =0.060 (b) =0.075, 0.080 and 0.090. 

3.3 Structure factor

The structure factor (SF) was calculated using eq. (2.10) at 0 for salt concentrations from  (spherical micelles) to  where branched aggregates had formed. To speed up the computation only the alkyl chain and the ethoxyl groups were taken into account. Inclusion of the head group in the calculations is not expected to change the qualitative behaviour of the curves but only to shift them slightly to the left. Water and salt beads were excluded from the calculations as we are predominantly interested in the underlying microstructure and the resulting SF did not show any specific structure due to the high solution beads to surfactant beads ratio. 
The first point of the curves at the lowest q value corresponds to the simulation box size (Fig.6). For larger q the SF provides details of the microstructures formed in the system and in particular for q between  and  the first small shoulder peak is observed. This region represents the size of a spherical micelle (see Table 1 where micelle’s diameter is , thus ). The magnification of the curves in Fig.6 shows that the lower is the salt concentration the more intense is the peak. Indeed for the spherical micelles dominate the system thus increasing the scattered intensity in this q-region; on the contrary at higher salt concentrations (above ) spherical structures become the minority and thus the intensity is lowered. It is interesting to observe that the peak at this values of q never disappear completely even when the mesophases are rod- or worm- like as the radius of these larger “cylindrical” aggregates is still of comparable size of that of a spherical micelle (approximately twice the surfactant length). Values of q greater than 2.732 correspond to the size of one bead and all the curves overlap. The biggest difference between the curves is observed on the first point of the plot at low q due to the large structures that are formed at higher salt concentrations. For instance, at  only one big branched structure is present in the system. The system does not appear homogeneous to the incident radiation thus the scattered intensity is higher. Similar behaviour is observed in SDS solutions [58] and in SLES1EO/cocamidopropyl betaine (CAPB) mixtures [59] where the increasing salt concentration leads to a higher intensity value at low q values.  
[image: ]
[bookmark: _Ref1996607][bookmark: _Toc12449934]Fig.6: Structure factor of all the observed microstructures of SLES1EO. From blue to red . Grey region is shaded because statistics are not accurate to these points.

3.4 Effect of different ethoxyl numbers

In order to compare the behaviour of SLES2EO and SLES3EO with SLES1EO, 4 more simulations were performed with salt concentrations at  and 0. 
The presence of additional ethoxyl groups in the surfactant decreases the polydispersity of the aggregation number (Fig.7). For 0 the addition of one extra ethoxyl group leads to a reduced number of WMLs and eventually for SLES3EO no WLMs are formed (Fig.7b). Similarly for  increasing the number of EO groups reduces the likelihood to see rod-like micelles until the point where only spheres are observed for SLES3EO. Similar behaviour was observed experimentally in alkylpoly-oxyethyleneglycol molecules (CmEn) where the aggregation number was found to decrease as EO number was increasing [60]. Spheres still dominate in all the systems at  (Fig.7a) where the peak of the aggregation number lays at value commensurate with that of spherical micelles observed in section 3.1. For both salt concentrations (Fig.7a and Fig.7b) the histograms have the shape of a right- skewed distribution. In Table 5 mean and std are taken in the commensurate region of spherical micelles (i.e. first quantile of distribution).
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[bookmark: _Ref1133138][bookmark: _Toc12449935]Fig.7: Comparison of aggregation numbers of SLES1EO (red), SLES2EO (green) and SLES3EO (blue) for  = 0.130 and (a) cs = 0.020 (b) cs = 0.040.
Since the length of the surfactant is increased by one or two extra beads, the diameter of spherical micelles increases. For  we obtained ,  and   for SLES1EO, SLES2EO and SLES3EO respectively. It is interesting to notice that for SLES3EO the micelles had more an oblate shape rather than spherical one indicating a propensity to form structures with symmetry between rods and spheres. The aspect ratio was approximately 1.3 in both x/y and x/z directions. For the contour length of the WLMs was found to be 24.348(1.650) for SLES1EO. For SLES2EO the rod-like micelles had length  on the longest direction; this decreased to for SLES3EO.

3.5 Contour length predictive model for worm-like micelles

In this section we develop a predictive model for micelle elongation that does not include branched networks regions.  The contour length values of the micelles will be used as training points for an optimization scheme of a suggested nonlinear two-variable function. By observing the general behaviour of WLMs and measuring their contour length or the diameter of the micelles a polynomial surface can be fitted to the simulation data providing an estimate of the mean micelle length at concentrations of SLES/salt that are outside the simulated points. Since we are interested in the non-branched micelle regime,  should take values from the region of spheres, rods or WLMs (see Fig.3 for phase behaviour). The surface that was fitted to the points is the following:

     	(3.1)

where Greek letters denote the fitting coefficients. The minimization problem that should be solved is given in eq. (3.2).

	    		          (3.2)

where  is the set of the fitting parameters. The search method most efficiently suited for eq. (3.2) is the interior point trust region approach proposed by Coleman and Li [61]. According to this approach, the quadratic trust region sub-problem is approximately solved as the minimization of a quadratic problem subjected to an appropriate ellipsoidal constraint.
The training procedure was performed over 11 points randomly selected from the simulations performed and the optimal coefficients were found to be  with root mean square error 1.758. The resulting surface is given in Fig.8 and it is observed that for  = 0.100 the values reach a plateau between = 0.075 and  0.090. This could be due to finite size effects. In order to keep the density of the system at  the number of surfactants cannot exceed a maximum value and thus the length of the formed micelle should never exceed a specific length, in this case based on the box size, 24. The amplitude of the stem points in Fig.9 depicts the distance (error) of the training points from the fitted surface. The maximum residual observed was 3.175 and the minimum was -2.179.
	The model was verified using a data set of 6 test points (Table 6) that lie within the optimization boundaries and the mean percentage error (MPE) is calculated to be 14.370%. In the obtained phase diagram the WLM region extends beyond the boundaries shown in Fig.8, i.e. at 0. However these regions are not included in the optimization process due to the significantly low number of micelles in the simulation box. Thus the regions that provide an insufficient sample were excluded from the domain of eq. (3.1). 
[bookmark: _Ref1744044][bookmark: _Ref1744037]With eq. (3.1) it is straightforward to calculate the expected contour length of the micelle without having to run extensive simulations by providing only the desired salt and SLES concentration within the given boundaries. This methodology can be also applied for other surfactant solutions and provides a relation between components’ concentrations with associated bulk properties, minimizing the number of simulations needed.
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[bookmark: _Ref533291][bookmark: _Ref2934630][bookmark: _Toc12449937]Fig.8: Optimal fitted surface on contour length points for SLES1EO. The dots represent simulation results; black dots are the training points and the red dots the testing points. The grey area depicts the fitted surface. 
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[bookmark: _Ref6506479][bookmark: _Toc12449938]Fig.9: Residuals of training points from the optimal fitted surface in Fig.8.
4. CONCLUSIONS

Due to the complicated and tedious synthetic route and the difficulty to experimentally characterise phase diagram of ionic surfactants [11,62], published data on the mesophases formed by these amphiphilic molecules are scarce and those available refer to the commercially available mixtures which comprise of surfactant with different aliphatic chain lengths and degree of ethoxilation [7,12–16]. Due to this wide range of impurities found in the samples, available experimental data such as CMC are therefore difficult to rationalize [63] making impossible to develop rigorous structure-property relationships. Since the rheological properties of the solution and the solubility of the surfactant depend on the morphologies of these mesophases, it is of fundamental importance to characterize pure component systems to disentangle the complicated interplay of enthalpic effects that lead to the formation of specific mesostructures.  
In the present paper we present the first systematic study of the phase behaviour and the structural properties of single component SLES1EO surfactant focusing on the effects that the solution salinity have on the micellar morphology. The predicted phases (i.e. spherical, rods, worm-like micelles and branches) are in agreement with the few rheological measurements available [6] and with theoretical predictions based on the packing parameter [50]. 
In particular we observe spherical micelles at low salt concentrations () that transition to rods at . For salt concentrations from 0.050 to 0.090, worm-like micelles start to form which then exhibit branches for 0. 
The aggregation number was presented in probability distribution plots as a function of salt concentration and the packing parameters of these systems were calculated by fitting a second degree polynomial surface on groups of particles that define the micellar surface. The probability distribution of the packing parameter was reported showing a peak around 0.20 for spherical micelles and around 0.50 for rods and worm-like micelles confirming the morphologies assigned by visual inspection. The aspect ratio of spherical micelles was found to fluctuate around unity while in rods it resulted in a higher value on the micelle’s longest direction again confirming the presence of rods. The calculation of the structure factor confirmed the geometrical analysis and can be used in the future for direct comparison with experimental studies. 
By comparing SLES1EO with SLES2EO, SLES3EO it was evident that the presence of longer ethoxyl chains within the surfactants resulted in a delayed appearance of rods and worm-like micelles. Surfactants with 3 ethoxyl groups form still spherical micelles at 0 indicating that the overall phase diagram for SLES2EO and SLES3EO is expected to be similar to that of SLES1EO but shifted to the right. It is interesting to notice that, counterintuitively, the presence of more ethoxyl groups tends to reduce polydispersity in terms of micellar shapes [60].
For worm-like micelles the contour length increases by increasing salt and SLES1EO concentration. Based on this observation a prediction model of micellar contour length that provides a closed mathematical relation was developed. This methodology can be used as a tool in the design of new surfactants systems to predict the contour length and associated bulk properties (e.g. viscosity), minimising the number of simulations and experiments required. 
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TABLES 
[bookmark: _Ref12453328]Table 1: Properties of SLES1EO for spherical and rod micelles. Mean is calculated as the standard average over time and std refers to standard deviation.
	Salt concentration
and mean no of micelles
	Mean aggregation no.
(in surfactants)
	std of probability distribution
	 Mean Radius of micelle (DPD length units)

	0
(35 micelles)
	51.848
	21.465
	4.565(0.073)

	0
(30 micelles)
	68.201
	27.538
	4.694(0.091)

	
0
(20 micelles)
	
102.667
(assuming normal distribution)
	
60.656
(assuming normal distribution)
	6.790(0.130)
[longest direction]
4.4270.225) 
[y direction]
4.4250.234) 
[z direction]



[bookmark: _Ref12453424]Table 2: Critical packing parameter (pp and its standard deviation, std) for SLES1EO.
	Salt concentration

	mean pp
	std of pp distribution

	0.010
	0.225
	0.137

	0.020
	0.238
	0.117

	0.040
	0.494
	0.130

	0.050
	0.564
	0.102



[bookmark: _Ref12453475]Table 3: Aspect ratios of SLES1EO for spherical and rod-like micelles. Standard deviation is indicated in brackets.
	Salt concentration

	x/y
	x/z
	y/z

	0.010
	0.999(0.144)
	0.999(0.147)
	1.000(0.158)

	0.020
	0.997(0.150)
	0.999(0.144)
	1.002(0.147)

	0.040
	1.689(0.157)
	1.690(0.155)
	1.000(0.167)



[bookmark: _Ref12453495]Table 4: Mean contour length and aggregation number of worm-like micelles for  SLES1EO.
	Salt concentration

	Mean ℓ  in DPD length units
	Std of ℓ
	Most probable ℓ 
DPD length units

	0.050
	20.195
	3.105
	20.270

	0.060
	23.265
	3.811
	22.165

	0.075
	21.999
	4.540
	24.592

	0.080
	21.521
	4.262
	23.852

	0.090
	20.927
	5.776
	23.837



[bookmark: _Ref12453578]Table 5: Mean aggregation number of different EO group numbers (in surfactants) at the region commensurate with spherical micelles at .  
	Number of EO

	Mean aggregation no. at  salt

	1
	

	2
	

	3
	



[bookmark: _Ref12453620]Table 6: Test points used for the verification of the predictive model of contour length for SLES1EO.
	[SLES1EO]
	[NaCl]
	Mean actual contour length
	Mean predicted contour length

	0.100
	0.040
	13.580
	19.796

	0.100
	0.060
	22.160
	23.235

	0.100
	0.080
	23.850
	23.369

	0.120
	0.050
	19.970
	25.663

	0.130
	0.040
	24.350
	24.076

	0.150
	0.050
	32.660
	31.370
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