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Abstract 
 

We have carried out a molecular dynamics simulation of a sodium 
pentadecylsulfonate (SPDS)/water system consisting of 64PDS/1200water and 
512PDS/9000water molecules, correspondingly. The overall simulation time for both cases 
reaches up to 60ns and the simulation was performed using the NAMD code with 
CHARMM27 force field. The main parameters of the system have been calculated and 
compared with available X-ray diffraction findings. For large system, after a couple of ns, we 
receive the molecule’s hydrocarbon chains tilt in the opposite sense in layers and reducing the 
system size leads to the decrease of the average angle between bilayer normal and chain 
vector. At the end of 50ns of a simulation run we achieve the crystalline-like structure of 
hydrocarbon packing. For both cases, we obtain tilted hydrocarbon chains packing and the 
average angle between bilayer normal and chain vector is estimated to be about 13 o and 10o. 
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Introduction 

 

Surfactants are amphiphilic molecules consisting of a hydrophilic polar head and a long 

hydrophobic alkyl chain. Due to interest of various natural and industrial applications and the 

wide application in drug delivery and oil industry, the surfactants have attracted much 

attention [1] and have been intensively studied for many years. Surfactant bilayers can be 

also considered as a simple model of biological membranes. For the investigation, many 

experimental techniques, mainly the X-ray diffraction methods and small angle scattering 

methods have been used [2,3]. Contrary to sodium dodecylsulfate (SDS), claimed as a 

benchmark surfactant, the study of systems consisting of sodium pentadecyl sulfonate 

(SPDS) is scarce, especially the lamellar phase has been reviewed only by Shahinyan et al. 

[3] using the X-ray analysis and pycnometric methods. Most of investigations are focused on 

the micellar features and characteristics of sodium dodecyl sulfonate (SDSN) systems [4-6]. 

Details of micellar properties of SDSN in D2O solution have been investigated by 1H NMR 

relaxation and 2D NOESY ranging the temperature from 298 to 313K [4]. The effect of 

various headgroups on micelle behavior in electrokinetic chromatography (MEKC) was 

examined by Trone and Khaledi [5]. The authors monitored the hydrogen-bond-

donating/accepting abilities for surfactants and the corresponding coefficients were obtained 

for surfactants systems. However, it should be noted that the experimental studies mentioned 

above were done on sodium counterion and a 12-member hydrocarbon tail with sulfonate 

[ −
3SO ] micelles, whereas the subject of our MD run is a sodium pentadecyl sulfonate 

(differing structurally by lengths of hydrocarbon chains). The development of computer 

perspectives afforded an opportunity to perform computational investigations in order to 

study such self-assembled systems in more detail. During the past decade, the molecular 

dynamics simulations (MD) have become a great tool for theoretical analysis of above 

mentioned systems [7]. To the best of our knowledge, there is no MD simulation on the 

above mentioned systems.  

 In this paper, we focus on the formation of the lamellar structure from SPDS 

surfactant molecules. It should be noted that only some experimental findings, obtained from 

X-ray diffraction study, are available for comparison [2, 3]. We have performed the MD 

simulation of two systems, with 64 and 512 SPDS molecules in aqueous solution, and the 

overall simulation run lasts about 60ns. Due to the lack of experimental study of the phase 

transition diagram, we have only estimated some parameters, like area per molecule on the 

surface of plane micelle, thickness of lamella, and also some orientational configurations of 

hydrocarbon chains. According to Luzzati et al.[8], the lamella exists at amphiphilic-rich 
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content and high temperature, although our early X-ray study claims the formation of lamella 

at room temperature and about 20-30wt% amphiphilic content.  The subject of our study is to 

achieve a better understanding of the equilibrium structure and to study the kinetic of 

hydrocarbon chains of SPDS molecules.  

 

Construction and simulation data 

 

For the system construction we have created a molecule of SPDS using Hyperchem 

(Hypercube Inc.) software and using MDesigner [9] by random replication we have received 

system consisting 512 molecules with 512 sodium counterions. In addition we have also 

created a system consisting of 64 molecules and correspondingly with 64 sodium 

counterions. The 512 SPDS system was inserted into water bulk correspondingly with 9.000 

water molecules of TIP3P [10] model and the additional 64SDPS/1200water molecules 

system has been also built for further comparison. For both systems, the constant temperature 

and pressure were set correspondingly to 300K and normal  1  atm.  The  Langevin dynamics 

[11] with 5ps-1 damping 

coefficient was used for 

constant temperature control 

and the constant pressure was 

controlled by using the 

Langevin piston Nose-Hoover 

method [12]. For non-bonded 

full electrostatic interactions 

between atom pairs cutoff the 

parameter was set to 14 Ao   and 

PME [13] with the precision of 

10-6 was used. The coordinates 

and velocities were saved each 

0.1ns and the visual 

representation performed by using VMD package. System energy minimization and 

simulation run (NPT ensemble) were done with 1fs timestep, using NAMD software code 

with CHARMM27 all-atom force field [14] on parallel Linux cluster. The force field 

parameters of SPDS molecule were generated using the Dundee PRODRG server [15].  

 
Figure 1. The system thickness profiles vs. simulation time. Both 
cases are shown; solid line – 512 SPDS with 9000 water molecules, 
and dotted line 64 SPDS with 1200 water molecules. 
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Results and discussion 

 

The comparable parameter with 

the X-ray diffraction data is the 

interlayer spacing, which is one 

of the important features of the 

system. The spacing was 

determined from the bilayer 

normal z  value over the 

simulation time, i.e., as a 

thickness we consider the layer 

repeat unit – water layer and 

bilayer thickness. The system 

thickness profiles for both 

cases have been shown in Figure 1. We have constructed two systems with same 

surfactant/water ratio in order to check also the sensitivity of the system size on dynamical 

and structural features of surfactant/water systems. On the other hand, reducing the system 

size leads to a considerable gain 

of computational run-time. In 

Figure 1, we see the increase of 

the system thickness for both 

cases, and for a large, system 

after the end of 10ns point, we 

received the average value of 

about 90-91 oA , although for 

the small system, after a long 

50ns of MD run, we receive the 

growth till 97 oA . In order to 

better understand the increasing 

behavior of system thickness, 

we have also determined the so-

called sulfur-to-sulfur distances.  

 
Figure 2. The sulfur-to-sulfur distances against the simulation time. 
Both cases are shown; solid line – 512 SPDS with 9000 water 
molecules, and dotted line – 64 SPDS with 1200 water molecules. 

 

 
Figure 3. The area per molecule depending on simulation time; solid 
line – 512 SPDS with 9000 water molecules, and dotted – 64 SPDS 
with 1200 water molecules. 
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The plots for two cases are shown in Figure 2. The same behavior is observed as in case of 

system thickness, and one can see the increase of sulphur-to-sulphur distances for both cases. 

If we compare the gradient of the increase from both system and bilayer thickness, for the 

two cases we see that about 25% of thickness growth is due to the contribution to amphiphilic 

molecules. Hence, at the end of the simulation run we estimate the water layer, which is  

about 55 oA . According to X-ray diffraction measurements [2], the thickness depending on 

surfactant/water concentration ratio ranges from 30 to 80 oA  and at a given concentration 

ratio of 
surf

wat
c

c  the experimental findings are in agreement with the MD simulation results, 

and only a bit shift from the experimental data is observed [3]. The second calculated 

parameter is the area per molecule, which is the structural characteristic of bilayer. The plots 

for both cases are displayed in Figure 3. For the large systems, one can observe, in parallel 

with the increase of system thickness, the decrease of area per molecules was occurred. At 

the end of the simulation run, the estimated value for a large system was about 21 2oA  and for 

a small system, after a 50ns long simulation, about 18 2oA  was received. It should be noted 

that the area per molecule is calculated by dividing the >−< yx  plane projection of the 

average area of the layer 

>< >−< yxS  by the half number 

of surfactants in the bilayer.  

In order to understand 

the behavior of structural 

changing, we have visualized 

the structure of the system in 

more detail to deep insight of 

the system and provide some 

snapshots of the PDSD/water 

system at the end of the 

simulation. For a large system 

consisting of 512 SPDS 

molecules in aqueous solution, 

we show the snapshot from the 

end of 10ns simulation as 

shown in Figure 4. 

Figure 4. The cross-sectional snapshots view of 512 SPDS/water 
system at the end of 10ns MD simulation point. The sulfur is drawn 
as a sphere, meanwhile the other molecules are given as sticks. The 
carbon is cyan, oxygen is red and the hydrogen - silver. 
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The snapshot is the cross-sectional view perpendicular to the bilayer plane. Very interesting 

information comes from the hydrocarbon chains, and one can see the tilting of the alkyl tail in 

an opposite sense in the alternating layers. This kind of structure is known as an “anticlinic 

structure of antiferroelectric liquid crystals phase”. The corresponding tilting angle (θ ) 

between bilayer normal and chain vector is determined and is shown in Figure 5. For the 

large system (snapshot is 

provided in Figure 4) the angle 

decreases and at the final point 

it is about 13o and the 

crystalline-like structure of 

hydrocarbon chains was 

observed. An interesting 

peculiarity is observed for a 

small system, as one can see in 

Figure 5. The corresponding 

snapshots for 3, 15 and 50ns 

simulation points are included 

in the plot. It is important to 

note that as a starting 

configuration for both systems we get the chain in all-trans conformation and after the energy 

minimization we received some tilting of hydrocarbon chains. The calculation of angle 

during the simulation time shows that the hydrocarbon chains undergo a tilting, and the 

oscillations are periodically damped over the simulation run and this periodicity, denoted as a 

relτ  - relaxation or dumping period, equals about 5-6ns as it is obvious from Figure 5. This 

oscillation, and the period in some manner, can be extrapolated to sinusoidal output, and it is 

also sensitive to system size, as the increasing the system size up to 512 SPDS atoms shows 

simply decreasing of the angle. Hence, we receive the periodically reducing of values in 

maxima points, i.e. the angle decreasing and after the end of 50ns point we obtain the 

extended tails of SPDS molecules, as it is apparent from Figure 6 (also in Figure 5), where 

the colored snapshot of 512 SPDS/9000 water at the end of simulation is given. The packing 

of hydrocarbon tails can be also characterized by orientation order parameter, which defined 

as:  

 

 
Figure 5. The average tilting angle (θ ) between bilayer normal and 
chain vector  depending on simulation time; solid line – 512 SPDS 
with 9000 water molecules, and dotted line – 64 SPDS with 1200 
water molecules. 
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Accordingly, the iα  is the angle 

between the z -axis of the 

simulation box and the 

molecular axis, defined as a 

vector from 1−iC  to 1+iC  carbon 

atom and the brackets denote 

the ensemble and time average. 

The corresponding profile 

obtained from small systems is 

shown in Figure 7. One can see 

that almost the same value is 

obtained for all carbons and the 

carbon atom position range 

from 0.47 up to 0.48. The order 

parameter profile shows a 

plateau region from first to 

terminal carbon. We have no 

comparison with experiment, 

due to the lack of NMR finding 

on SPDS systems. We assume 

that the small range of | CDS | 

value fluctuation allows to 

consider that the alkyl tails are 

strongly ordered, as plainly seen 

from provided snapshots. 

 
 

Figure 6. The cross-sectional snapshots view of 64 SPDS/water 
system at the end of 50ns MD simulation point. The sulfur is drawn 
as a sphere, meanwhile the other molecules are given as sticks. The 
carbon is cyan, oxygen is red and the hydrogen - silver. The 
replication over x - axis is done. 
 
 

Figure 7. The orientational order parameter for 64SPDS/water 
system. 
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To estimate the sodium 

counterions behavior we have 

determined the radial 

distribution function (RDF), and 

for 64 and 512 SPDS/water 

system we provide the RDF 

profiles, see Figure 8. From 

RDF both plots we detect peaks 

for sulfur to sodium at ~3.6 oA , 

which means that most of 

sodium counterions are covered 

in first shell. In order to reveal 

the amount of so-called “bound 

sodium”, we have calculated the 

amount of counterions, which are located into first shell, and during the simulation the value 

fluctuates within 61%.  

 

Conclusion 

 

Performing an MD simulation of SPDS/water systems, we received the crystalline-like phase 

of SPDS molecules at given concentration and in room temperature. According to X-ray 

scattering findings, the thickness of the system (interlayer spacing) is in good agreement with 

the MD simulation results, and only a bit shift from the experimental data is observed [3]. 

The hydrocarbon chains are strongly ordered and shows a bit tilting with the average angle of 

10-13o. The typical phase diagram of common surfactants (phase diagrams are qualitatively 

similar for all surfactants) shows that in a given concentration and temperature (t = 300K) the 

gel phase is usually obtained and we consider that the tilted crystalline-like hydrocarbon 

chains and packing corresponds to gel phase [16]. Nevertheless, further MD simulations will 

be focused on the influence of the temperature (currently in progress) and it will be better to 

re-check by means of real experiments. 

 

 
Figure 8. The radial distribution functions from sodium counterions 
to SPDS sulphur for large and small systems. 
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