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Abstract: Molecular dynamics method (MD) was used to study the distribution of potassium perfluoro (2-ethoxyethane) sulfonic acid (PESK) in 
water/gas systems. During the MD process, PES− spontaneously moves to the water surface, which is also the principle by which surfactants 
act. At equilibrium, most of the fluorocarbon chain faces the gas phase while the sulfonic acid radical faces the water, with a very small quantity 
of PES− and K+ is still in the bulk solution. The distribution of quantity density and charge density both confirm that PES− is mainly distributed at 
the water/gas interface. Weak intermolecular interactions were analyzed using the IGMH method, with the main interaction energy between 
PES− and water coming from h-bonds formed by the oxygen atom in the sulfonic acid group and hydrogen atom in water molecules. There is 
only van der Waals interaction between K+ and H2O molecules. The strength of the interaction between surfactants and water molecules was 
studied through energy decomposition. 
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INTRODUCTION 
IN recent years, there has been an increasing challenge 
in the development of oil and gas resources,[1] especially 

in the context of shale gas or shale oil reserves.[2] Hydraulic 
fracturing is widely recognized as a highly effective method 
for enhancing gas and oil production. This technique 
involves the injection of a substantial volume of liquid, 
typically water, along with quartz sand or ceramsite, known 
as proppant, into the geological formation. The injected 
fluid creates numerous small fractures within the 
formation, and upon extraction, the proppant remains 
within these fractures. This process serves to expand the 
seepage areas for gas and oil, ultimately leading to 
increased production levels.[3,4] The liquid typically does not 
naturally seep back into the ground, necessitating the 
addition of drainage aids.[5,6] 

 Surfactants are extensively utilized in the gas/oil 
industry for a multitude of applications, such as enhanced 
oil recovery (EOR), drilling, fracturing, acidizing, et al.[7−9] 
Surfactants incorporating fluorinated hydrocarbons exhibit 
remarkable thermal, salt, and chemical resistance, render-
ing them the optimal selection for applications characterized 
by high temperatures and mineral concentrations.[10−12] 
Therefore, it is necessary to study, fluorinated surfactant 
monomers and interfacial structures.[13] Molecular dynamic 
simulation (MD) helps understand how fluorosurfactants 
work by studying the small-scale interactions between mol-
ecules and surfaces. Using molecular simulations, Jang et 
al.[14] studied the interfacial tension of cetylbenzenesul-
fonate with benzenesulfonic acid groups at various posi-
tions. Additionally, Wardle et al.[15] studied how surfactants 
affect the movement of sodium ions in mixtures containg 
inorganic salts, water, and hexanol. 
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 Research is currently focused on novel fluorine-
containing surfactants with unique structures that are not 
easily accessible. Potassium perfluoro (2-ethoxyethane) 
sulfonate (PESK) has attracted attention as a surfactant 
(CAS No. 117205-07-9, also known as PESK).[16] In this study, 
molecular dynamics simulation method was used to inves-
tigate examine PESK distribution on the surface of an aque-
ous solution. 
 

COMPUTATIONAL DETAILS 
The calculation details were as follows:[17] as a first step, 
ORCA version 5.0.4[18,19] was adopted to optimize the struc-
ture of PES− using B97-3c method,[20] the optimized molec-
ular structure formula is shown in Figure 1. Then the single 
point energy was calculated by using the theoretical 
method of B3LYP D3 def2-TZVP.[21] The MD simulation was 
performed using GROMACS version 2019.6 software,[22,23] 
GAFF[24] force filed was used to describe PES−, the RESP 
charge[25] was calculated by using Multiwfn.[26] Then, pack-
mol[27] was used to construct the box as shown in Figure 2A; 
the OPC three-point model was used to describe water.[28] 
In the current work, the simulation box containes 100 PES−, 
100 K+, and 32862 water molecules, resulting in a PESK con-
centration of approximately 166 mmol L−1. The box size  
(X × Y × Z) is 10 × 30 × 10 nm, the solution inside the box is 
10×10×10 nm. After energy minimization using the steep-
est descent algorithm, 200 ns MD was carried out under 

NVT ensemble. V-rescale algorithm[29] was employed and 
coupling constant time was 0.2 ps. The PME algorithm[30] 
was used to calculate Coulomb interaction, and the van der 
Waals interaction algorithm was cut-off. Visual observation 
was conducted using VMD software.[31] 
 IGMH analysis steps are as follows: firstly, all 
atoms/molecules within 3.5 nm of an specific atom/mole-
cule are selected; secondly, wavefunction information is 
obtained by ORCA with B3LPY D3 ma-def2-TZVP; thirdly, 
Multiwfn is used for IGMH analysis.[32] 

 

RESULTS AND DISCUSSION 

Solution State Before and After MD 
The solution state before and after MD are quit different. 
As shown in Figure 2A, before the MD starts, K+ and PES− 
are both distributed in the bulk solution and the 
distribution is irregular. When the simulation starts, the 
PES− in the solution gradually moves towards the water/gas 
interface; when the simulation reached 100 ns, the system 
basically reached equilibrium and there was no PES− in the 
bulk solution, as shown in Figure 2C. After the MD is 
completed, PES− is mainly distributed at the water/gas 
interface, as shown in Figure 2E. This is precisely the 
mechanism by which surfactants reduce surface-tension. 
This means that at this concentration of 166 mmol L−1, PES− 

 

   

Figure 1. Molecular structure formula of PES− (a): structural 
formula; (b): molecular structure of the ball and stick 
model). 
  

 
 

 PES−         H2O       K+ 

Figure 2. Snapshots of PESK aqueous solution before and 
after MD. 

 

 

 

Figure 3. Average number of water molecules arroud per 
PES− and K+. 
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can distribute on the water surface. K+ is mainly located 
near PES− and a small quantity of K+ are still distributed in 
bulk aqueous solution randomly without aggregations. The 
video of the trajectory can be obtained here 
https://youtu.be/342TqFFzJC4. 
 It is obvious that the process of PES− spontaneously 
move from the bulk solution to the water/gas interface, is 
actually a process of PES− changing from being completely 
surrounded by water to partially in contact with water. Here, 
we investigated the average water number of 0.35 nm near 
each PES− and K+. 
 From Figure 3A, it can be seen that during the simu-
lation process, the number of water molecules around each 
PES− gradually decreases, indicating that the PES− continues 
to move towards the water/gas interface. When the simu-
lation reaches approximately 100 ns, there is no significant 
change, indicating that the simulation has reached totally 
equilibrium. In Figure 3B, the number of water molecules 
near K+ remains basically unchanged. Combining with Figure 
2E, we believe that all PES− in the box is distributed at the 
water/gas interface and K+ is always in the bulk solution. 

Radial Distribution Function (RDF) 
Analysis Between Atoms With Opposite 

Charges 
The radial distribution function (RDF) can describe the con-
figuration of PES− and K+. It indicates the position for a given 
particle α, the probability of particle β appearing. It can be 
seen in Figure 4 that the RDF between O atom in PES− and K+ 
peaks at 0.28 nm, which is the first coordination layer. There 
is also a weak peak above 0.43 nm, which is the second coor-
dination layer. The RDF curve (red one) is also very similar to 
the black one, but it has a much higher peak value than the 
black curve. As a result of electrostatic attraction, K+ and 
oxygen atoms in water molecules are also located closely, 
this is because K+ is more evenly distributed in the bulk solu-
tion than PES−, so the peak value is lower and tends to 1. 

Mean Square Displacement (MSD) 
Analysis 

In the MD process, particles within the system constantly 
move, resulting in varying positions at each stage. As a 
valuable tool for examining the diffusion characteristics of 
diminutive molecules, the mean square displacement 
(MSD) measures the average square displacement of these 
particles. According to Figure 5, the diffusion coefficient of 
water is (1.6373 ± 0.0153) × 10−5 cm2 s−1, it is observed that 
this diffusion coefficient is lower than that of the OPC3 
water model (2.28 ± 0.0020) × 10−5 cm2 s−1.[28] This disparity 
can be attributed that PES− molecules have a larger volume 
and molecular weight than water molecules, thereby 
impeding the movement of water and reducing its diffusion 
coefficient in surfactant solutions. The diffusion coefficient 
of K+ is (1.0144 ± 0.0779) × 10−5 cm2 s−1, while the PES− 
diffusion coefficient is (1.0508 ± 0.0946) × 10−5 cm2 s−1, 
there is a great deal of similarity between these two values. 
This disparity can be attributed to the strong electrostatic 
attraction between positively charged K+ and negatively 
charged PES−, they always appear in pairs, resulting in a 
significantly lower coefficient than that of water. 

Number Density Distribution Analysis 
An essential aspect of understanding the interaction of PES− 
and K+ ions is their distribution within a solution. PES− are 
mainly concentrated at the water/gas interface, while K+ 
ions are located near the PES− layer and dispersed through-
out the bulk solution. In Figure 6, the number density of 
both PES− and K+ are calculated and plotted to quantify this 
distribution 
 As shown in Figure 6A, this observation is consistent 
with Figure 2A, which shows the PES− solution with an 
irregular number density in the bulk solution and a number 
density of 0 per nm3 on both sides (in gasous). Figure 6B 
shows a number density of approximately 0.45 per nm3 at 

 

Figure 5. MSD of each component of the simulated system. 
 

 

 

Figure 4. The RDF of K+ between O atoms in PES−, and K+ 
between O atoms in water. 

https://youtu.be/342TqFFzJC4
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a distance of about 5 nm from the center, in contrast with 
nearly zero density in bulk solution. In this manner, PES− are 
primarily gathered at the water/gas interface. Alterna-
tively, K+ ions have a density of 12 per nm3 in areas with the 
most sulfonate groups, suggesting that they are likely to 
occur near sulfonate groups. This is consistent with the 
results of RDF. 

IGMH Analysis  
Here, weak intermolecular interactions were analyzed 
using the IGMH method. Figure 7 shows two types of weak 
interactions. Firstly, the blue isosurface in Figure 7A shows 
H-bonds formed between PES− molecules and adjacent H2O 
molecules, blue dots are displayed in the scatter plot at the 
same time, but some water molecules only have van der 
Waals interactions with PES−. Van der Waals interaction 
takes place when K+ is distributed around PES− molecules, 
as indicated by the arrow, shown as the green isosurface 
and displays as green dots in the scatter plot. Because K+ is 
a positively charged atom and oxygen in water is negatively 
charged, the oppositely charged atoms attract each other, 
so the coordinate position of water molecules determines 

the direction of van der Waals interactions. As shown as the 
green isosurface in Figure 7B, the scatter plot is filled with 
green dots instead of blue, indicating that the interaction 
between K+ and water is extremely weak. There is no red 
isosurface in Figure 6A and 6B, nor is there any red area in 
the scatter plot, indicating that there is no obvious 
repulsion between molecules. 
 

CONCLUSION 
Using the MD method, the dispersive process of potassium 
perfluorohexanesulfonate (PESK) in aqueous solution was 
investigated. Simulation experiments indicate that PES− is 
distributed spontaneously at the water/gas surface; hydro-
philic sulfonic acid groups are immersed in water, while 
hydrophobic fluorocarbon chains face the gaseous phase. 
This is also the basic principle of surfactants reducing water 
surface tension. The distribution of molecular quantity 
density confirms this conclusion. Due to the attraction of 
charges, PES− and K+ are likely to appear in pairs. K+ has only 
van der Waals interactions with adjacent water molecules, 
while O atoms in PES− form multiple h-bonds with adjacent 
water molecules. 
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Figure 6. Number density of PES− and K+  before and after 
MD (a) before; (b):after. 

(a) 

(b) 

 
 

 

 

Figure 7. IGMH analysis (A: PES− at the water/gas interface 
with surrounding water molecules/ions; B: K+ in bulk 
solution with surrounding water molecules). 
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