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Context

Choline-based surfactants  are  interesting  both from the  practical  point  of  view to

obtaining environmental-friendly surfactants as well as from the theoretical side since the

interactions  between  the  choline  and  surfactants  can  help  to  understand  self-assembly

phenomena in deep eutectic  solvents.  Although no significant  change was noticed  in  the

micelle  size  and shape due to  the  exchange of  the  sodium counterion  by choline  in  our

simulations, the adsorption of the choline cation over the micelle surface is stronger than the

adsorption of the sodium, which leads  to  a  reduction of  the exposed surface area  of the

micelle and remarkable effects over the electrostatic potential.  The choline neutralizes the

surface charge of the surfactant better than sodium, however, this is partially compensated by

a stronger water orientation around the SDS micelle. The balance between the contributions

from the surfactant, the counterion and water to the electrostatic potential leads to a complex

pattern with alternate regions of positive and negative potential at the micelle/water interface

which can be important to the incorporation of other charged species at the micelle surface as

well as for the interaction between micelles in solution.

Methods

To evaluate  the effects  of the counterion substitution,  micelles  of sodium dodecyl

sulfate (SDS) and choline dodecyl sulfate (ChDS) were studied and compared by means of

molecular dynamics simulations in aqueous solution. In both cases, the simulations started

from pre-assembled  micelles  with  60  dodecyl  sulfate  ions  and  240  ns  simulations  were

performed at NPT ensemble at T = 323.15 K and P = 1 bar using the Gromacs software with

the OPLS-AA force  field  to  describe  dodecyl  sulfate  and choline,  Åqvist  parameters  for

sodium and SPC model for water molecules. 

1. Introduction

Self-assembled  structures  play  a  key  role  in  biological  systems,  with  cellular

membranes  being  responsible  for  isolating  regions  with  different  chemical  compositions,

controlling the entry and exit of substances in the cell and more complex phenomena like

phagocytosis.1,2 In  industry  and  laboratories,  surfactants  are  often  used  to  improve  the
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solubility  of  hydrophobic  compounds  in  water,  stabilize  dispersions,  limit  the  growth  of

nanoparticles and as a template for the synthesis of nanoporous materials.3,4,5 Despite being

different  phenomena,  they share a common origin as a balance between the hydrophobic

effect that results in a tendency of the aliphatic portions of the surfactant or lipid molecules to

avoid  contact  with  water  by  clustering  together  or  by  the  adsorption  at  interfaces,  and

electrostatic and/or steric repulsions between the polar portion of the molecule which limits

the growth of the self-assembled structure, avoiding a phase separation.1,2,6

In this  work,  we will  focus on the effect  of the counterions over  the electrostatic

interactions  involved  in  the  micelles  formed  by  ionic  surfactants.  In  those  systems,  the

repulsion between heads with the same charge and the strong interaction between them and

water  molecules  limits  the  size  and  also  defines  the  cluster’s  shape.  Considering  the

surfactants  based  on  dodecyl  sulfate  anion,  the  reduction  of  the  cation  radius  along  a

homologous series as in the alkaline metals results in a systematic increase in the critical

micellar  concentration  (CMC),  which  is  the  smallest  concentration  at  which  the  micelle

formation  is  observed.2 Computer  simulations  were used to study different  effects  of the

substitution of the counterion in surfactant systems. Liu  et al compared the shape, solvent

accessible surface area and counterion adsorption in micelles of dodecyl sulfate with sodium

and several quaternary ammonium counterions and observed different binding patterns for

the ammonium cations.7 Hantal et al compared the adsorption of Li , Na , K , Rb , and Cs⁺ ⁺ ⁺ ⁺ ⁺
cations  at  decyl  sulfate  monolayers  at  air/water  interface  and reported an increase  in  the

Helmholtz layer thickness with increasing the ionic radius of the cation.8 Racktin and Pack

simulated  dodecyl  sulfate  micelles  with  different  cations  and  found  that  the  counterion

binding  decreases  on  the  sequence  NH4  >  ⁺ Li  >  Na .⁺ ⁺ 9 The  effect  of  the  interaction

parameters between the surfactant and the counter-ion over micelle structure, which to some

extent presents similar effects of possible counterions exchanges, was studied by de Moura

and Freitas10 and by Tang et al.11 The salt concentration was also showed to have significant

effects over the shape and dynamics of aggregates in self-assembled systems.12,13,14,15

Here, we will compare the widely used surfactant sodium dodecyl sulfate (SDS) with

the choline dodecyl sulfate (ChDS). The micelles formed by dodecyl sulfate are well-behaved

and stable. The choline cation is not only bulkier than sodium and any other alkaline metal

cation,  but  also  presents  a  hydroxyl  group  that  can  form hydrogen  bonds,  leading  to  a
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competition  between ionic  and hydrogen bonds interaction  with  the  surfactant.  From the

practical point, the choline cation is also interesting since the use of organic cations tends to

increase the solubility of surfactants16 and choline is a bio-compatible cation,17,18 which can be

used to design greener surfactants.19 In order to use choline-based surfactants, it is important

to  know in advance  how this  cation  can  affect  the surfactant  self-assembly  and also the

interaction between aggregates. Hence, we used molecular dynamics simulations to study the

effect  of  substituting  the  sodium  counterion  by  the  choline  over  the  micelle  shape,  the

extension  of  the  counterion  association  with  the  micelle,  and  the  electrostatic  potential

produced by the micelle, with particular interest in its long-range behavior since that controls

the interaction between charged particles before they get into contact. In previous works from

our  group,  we  investigate  the  electrostatic  potential  produced  by  sodium  octanoate

monolayers at air-water interface20 and by a SDS micelle interacting with monolayers of the

same surfactant,21 being observed in the latter  a stronger counterion adsorption at the flat

monolayer  than  at  the  spherical  micelle  surface.  Other  groups  also  characterized  the

electrostatic  potential  produced  by  lipid  bilayers.22,23,24 However,  to  the  best  of  our

knowledge,  no  computer  simulation  work  so  far  focused  on  the  effects  of  counterions

exchange over the electrostatic potential of self-assembled surfactant structures. 

There is also a fast-increasing interest in the use of deep eutectic solvents (DES) in

replacement of traditional solvents in synthesis and extraction operations due to properties

including low toxicity, great thermal stability and negligible vapor pressure,25,26 and choline

salts are present in some of the most studied DES, like reline (choline chloride + urea)27 and

ethaline (choline chloride + ethylene glycol).28 The micelle  formation is also observed in

those  DES,  but  while  the  CMC of  non-ionic  surfactants  is  usually  larger  than  in  water,

presumably due to a decrease in the importance of the hydrophobic effect, the opposite trend

is noticed for ionic surfactants, which form larger micelles and at lower concentrations in

choline-based DES and in its mixtures with water than at pure aqueous solution.29,30,31 This

behavior is attributed to a more efficient screening of the electrostatic interactions due to the

high ionic strength in DES. Besides an investigation of the electrostatic interactions involved

in  surfactant  systems  in  DES is  beyond  the  scope  of  our  present  work,  the  comparison

between the SDS and ChDS systems can give some insights into how specific interactions

with choline cation may affect the micelle formation and inter-micelle interactions in choline-

based DES when compared to aqueous solutions. 
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2. Methods 

Model  system.  In order  to  verify the effects  of  the exchange of  the counterion  between

sodium and choline over the structure and the electrostatic potential of the micelle, this study

embraces the comparison of two systems: sodium dodecyl sulfate (SDS) micelle in water (1)

and choline dodecyl sulfate (ChDS) micelle in water (2). The initial structure of the N=60

micelles was made using the Packmol software32 with the surfactant heads pointed outward

from a sphere with a radius of 1.4 nm, and the terminal methyl groups remained inside a

sphere with a radius of 0.85 nm. Subsequently, 42,000 solvent molecules and 60 counter-

ions, sodium for system 1 and choline for system 2, were added, filling a cubic box with an

edge of 16 nm. After equilibration, the volume of the simulation boxes reaches an average

value of 1294.4 nm³ for SDS and 1304.7 nm³ for ChDS, resulting in molar concentrations of

ca. 0.08 mol/L.

Simulations Conditions and Parameters. All of the simulations were performed using the

GROMACS suite33,34 (version 2021.4) with an integration step of 0.8 fs and a total time of

240 ns. An energy minimization was performed with the Steepest descent algorithm. The

structural relaxation was determined by the convergence of the density of the system and the

counterion adsorption over the micelle surface. All the simulations were performed in the

NPT ensemble with the temperature coupled with the V-rescale algorithm,35 with the bath

temperature equal to 323.15 K and the coupling constant equal to 0.1 ps. A temperature larger

than the room temperature was chosen to enable the comparison with ongoing simulations of

our group with micelles in choline-based deep eutectic solvents, which are being done at

323.15 K to mitigate the slow dynamics resulting from the higher viscosity of those systems,

which  are  orders  of  magnitude  higher  than  water  at  room  temperature  but  decreases

significantly with the temperature.36 The isotropic Berendsen pressure coupling37 was used

with the P = 1.0 bar and coupling constant equal to 1.0 ps. Periodic boundary conditions were

used in all directions. The potential energy for dodecyl sulfate and choline ions was described

using the OPLS-AA parameters38 with the partial charges of the dodecyl sulfate head group

and the first CH2 group attached to it recalculated based on RHF/6-311G* calculations of the

ethyl-sulfate anion using the geodesic method implemented in Firefly 7.1.0.39,40 The charges
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of the remaining of surfactant aliphatic tail as well as for the choline cation were taken from

OPLS-AA forcefield. The torsion potentials for the H-O-C-C and O-C-C-N dihedral angles

of choline cation were taken from reparametrizations performed in previous works41 based on

flexible  scans  performed using B3LYP-D3(BJ)/Def2-TZVPD calculations  performed with

Orca 4.0.0.2 software.42 Flexible SPC model43 was employed for water molecules and the

Åqvist  parameters44 for  sodium  cations.  Those  parameters  are  given  in  the  supporting

information file of this manuscript (Table S1 and S5). Nonbonded interactions were truncated

at  1.2 nm, with the particle-mesh Ewald correction  (PME)45 for the long-range Coulomb

interactions  and a shift  function for the Lennard-Jones interactions  starting from 1.0 nm.

VMD  (version  1.9.4)46 was  used  to  visualize  the  trajectories  and  render  the  graphical

representations of the systems.

3. Results and Discussions

3.1 Micelle shape and counterion adsorption

Starting from pre-assembled N=60 dodecyl sulfate micelles, no surfactant dissociation

was observed in the system with sodium counterions (SDS), and only one dissociation was

observed  in  the  system  with  choline  cations  (ChDS),  resulting  in  a  micelle  with  an

aggregation number of 59 (graphical representations of the structures in Figure 1). Since only

one surfactant dissociation was observed across the two systems in the 240 ns simulations,

this  event  can  be  considered  a  rare  one and cannot  be used  to  infer  anything about  the

differences  in  the  thermodynamic  stability  of  the  aggregates  due  to  the  change  in  the

counterion. The dissociated dodecyl sulfate in ChDS was excluded from the center of mass

and moment of inertia calculations that will be discussed on this and on the next section.
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Figure 1 – Graphical representations of the simulation boxes showing the micelles with their

respective  counter-ions.  Counterions  are  shown  in  blue  while  surfactant  atoms  are

represented with the following colors: Hydrogen (gray), Carbon (cyan), Oxygen (red) and

Sulfur (yellow). Water molecules were hidden for better visualization.

Both  micelles  displayed  nearly  spherical  shapes,  as  can  be  seen  by the  graphical

representations (Figure 1) and also by the average values of the moments of inertia and radius

of gyration across the three mutually orthogonal principal axes (Table 1) computed for the

micelle only as well as for the micelle with the adsorbed counterions. The components Ij of

the moment of inertia were computed by Equation 1, where mi is the mass of each atom and

rij is the distance between the atom and the reference axis that passes through the structure

center of mass. The principal axes are computed at every frame with the one that results in

the smallest  possible momentum being the axis number 1.  For  I3 is used  the axis that is

perpendicular to I1 and which results in the largest momentum. The component I2 is computed

along  the  remaining  mutually  orthogonal  axis  and  results  in  an  intermediate  value. The

components of the radius of gyration were computed based on the components of inertial

moment across the principal axis using Equation 2, where M is the total mass of the structure

(the micelle or the micelle with adsorbed counterions).

I j=∑
i
mi rij

2
(Equation 1)

Rg , j=√ I jM (Equation 2)

 For  a  perfect  sphere,  the  three  components  of  the  moment  of  inertia  would  be

identical. Since this is not the case, both micelles present an ellipsoidal component. This can
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be quantified  by  the  calculation  of  eccentricity  e (Equation  3,  where  Iaver is  the  average

between the three components of inertia moment).  A value of  e=0 would imply a perfect

sphere while 0 < e < 1 describes an ellipsoid. The value larger but still close to zero indicates

that,  although the micelles are not spheres,  the deviations from spherical  shape are small

(Table 1). The comparison between the two systems also showed that  the change of the

counterion  between sodium and choline  also  didn’t  induce  any significant  change in  the

shape of the micelle at least under the assumption that the aggregation number remains nearly

the same. 

e=1−
I 1
I aver

(Equation 3)

The inclusion of the adsorbed counterions in the calculation of the moment of inertia

and radius of gyration results in a systematic increase of those values, as expected since more

particles were included in the calculation. The increases are larger for ChDS than for SDS

since the choline cation is bulkier and heavier than the sodium and the association degree is

larger  for  ChDS  (see  discussion  next).  The  eccentricity,  however,  remains  essentially

unchanged as well as the conclusions regarding the micelle shape. 

Table 1 – Moment of inertia  components  Ii along principal  axes,  the components  of the

radius of gyration Rgi along principal axis and the eccentricity of the micelles in both ChDS

and SDS systems. Analyses were performed two times for each system, one considering only

the surfactant while the other considered the surfactant with the counterions in the first shell.

System ChDS SDS
Species used in
the calculation

Surfactant
only

Surfactant +
adsorbed

counterions

Surfactant
only

Surfactant +
adsorbed

counterions 
I1 (104 au nm2) 2.55 ± 0.11 3.38 ± 0.17 2.54 ± 0.12 2.63 ± 0.12
I2 (104 au nm2) 2.92 ± 0.12 3.87 ± 0.19 2.96 ± 0.14 3.05 ± 0.15
I3 (104 au nm2) 3.19 ± 0.14 4.21 ± 0.21 3.22 ± 0.15 3.34 ± 0.18

 Rg1 (nm) 1.27 ± 0.03 1.33 ± 0.03 1.26 ± 0.03 1.27 ± 0.03
Rg2 (nm) 1.35 ± 0.03 1.43 ± 0.03 1.36 ± 0.03 1.37 ± 0.03
Rg3 (nm) 1.42 ± 0.03 1.49 ± 0.03 1.42 ± 0.03 1.43 ± 0.03

Eccentricity 0.12 ±  0.03 0.12 ± 0.06 0.13 ±  0.04 0.12 ± 0.06
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Besides  not  resulting  in  any  significant  change  in  the  shape  of  the  micelle,  the

substitution  of  the  sodium by the  choline  produces  remarkable effects  on  the  ionization

degree, which have consequences for the electrostatic potential and intermicellar interactions.

As noticed by the structures in Figure 1, the choline cation has a stronger tendency to be

adsorbed  at  the  micelle  surface  than  the  sodium  counterion.  This  can  described  on  a

quantitative basis by computing the association number of the counterions in both systems

(Figure 2). The cation association degree is defined as the number of different surfactant

heads in contact with a given cation at a given time. A surfactant head group was considered

in contact with the cation if the distance between any oxygen atom of the surfactant is at a

distance smaller than 0.32 nm of the sodium atom in SDS or smaller than 0.4 nm of any

choline hydrogen atom in ChDS. We chose the oxygen atoms of dodecyl sulfate heads and

hydrogen atoms for choline cations to define the contacts since those atoms are the exposed

ones in both species and the distances were defined based on the positions of the minima of

radial  distribution  function  between  those  atoms  (Figures  S1  and  S2  in  Supporting

Information).  The  counterion  association  is  a  dynamic  and  reversible  process,  hence  the

fluctuations displayed in the time evolution in Figure 2 even after a running average was

performed in the curves. Since those curves only displayed fluctuations around the average,

without systematic trends, we can conclude that the counterions achieve an equilibrium state

fairly quickly in the simulations starting from the pre-assembled micelle.

Comparing the two systems, while in the SDS the majority  of Na  ions show an⁺
association number of zero (black curves in Figure 2), meaning they are not associated with

the micelle, for the choline cations in ChDS about half of the cations are associated with at

least one surfactant head. The ionization degree can be computed directly from this data by

dividing the average number of cations with association number of zero by the total number

of cations,  resulting in 0.83 ± 0.05 for SDS and 0.48 ± 0.04 for ChDS. Wei et  al. also

reported  the  ionization  degree  for  the  ChDS  and  found  the  value  of  0.16  ±  0.05, 19

significantly smaller than ours. However, their simulations were performed at a concentration

ca 2.5  times higher  and an increase in  concentration  will  always decrease  the ionization

degree.  Also,  our  simulations  were  performed  at  a  higher  temperature,  which  can  also

contribute to a higher ionization assuming that the dissociated state is entropically favorable.
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In  addition  to  the  high  ionization  degree,  when  a  sodium is  associated  with  the

micelle, it is more likely to interact with a single head group and rarely with two, while for

choline cation the simultaneous interaction with two surfactant heads is slightly more likely

than the interaction with a single head and even interactions with three and four head groups

are common for this cation. This can be attributed both to the larger volume of the choline

when compared to the sodium cation, which enables the former to interact with more heads at

the same time without the need to bring them too close to each other, and to the presence of

OH group in choline in addition to the ammonium group which enables the formation of

hydrogen bonds with the surfactant as a secondary form of interaction that is not present in

SDS. Another factor that contributes to the larger adsorption of the choline cations at the

micelle surface is the higher hydrophobic nature of this cation when compared to sodium,

which makes the loss of some first shell  water molecules when get into contact with the

surfactant  easier  than  for  the  sodium  cation.  Figure  3  highlighted  the  structure  of  the

surfactant  and  water  molecules  around  choline  cations  at  the  micelle  surface  with

coordination numbers of 1, 2 and 3.



11

Figure 2 –  a and b) Number of cations with each association number with surfactant head

groups along the simulations of SDS (a) and ChDS (b). A running average was performed at

each  10  points  for  each  curve  for  better  visualization.  c and  d) Histograms  with  the

probability of each coordination number for sodium (c) and choline (d). 
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Figure 3 – Organization of surfactant and water molecules in the first coordination shell of

adsorbed choline cations with coordination number of (from left to right) 1, 2 and 3. The

selected  choline  cation  and species  in  contact  with  them are  displayed as  ball  and stick

models while other dodecyl sulfate anions are represented with lines. At the top a zoom close

to the choline is displayed while at the bottom the whole micelle is shown with the same

molecules highlighted. Atoms are represented with the following colors: Hydrogen (gray),

Carbon (cyan), Oxygen (red) and Sulfur (yellow). 

The stronger  association  and the  bulkier  nature  of  the  choline  when compared  to

sodium affects the area of the micelle that is exposed to the solvent (Table 2). The total area

of the micelle (first column of Table 2) is essentially the same in both systems. However,

when subtracting the surface area of  the surfactant  that  is  shielded by the contact  with a

counterion (second column), the area that is really accessible to water molecules in ChDS

micelle is significantly smaller than in the SDS micelle. It is important to notice that in both

systems there is still some contact between water molecules and the hydrophobic tails of the

surfactant. Due to the electrostatic repulsion between surfactant heads, the micelle structure

close  to  the  interface  is  relatively  open  (see  structures  in  Figure  3).  Also,  the  stronger

interaction between the head group and water results in the formation of coordination shells

that can propagate up to the second or the third carbon in the aliphatic chain. This results in
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water penetration in distances smaller than the maximum of the radial distribution function of

surfactant head groups (Figure 4) and this results in a considerable hydration of the first 2 or

3 carbon atoms as  noticed  for  other  surfactants  in  previous  works.47 However,  no water

penetration is noticed in distances smaller than 1.2 nm, implying that the micelle core is dry

as expected.

Table. 2 –  Solvent accessible surface area of the SDS and ChDS micelles,  including the

shield of Na+ and choline counterions. In order to guarantee an easier comparison, only the

portion of the trajectories prior to the surfactant dissociation were used for ChDS.

System Total surfactant
exposed area  (nm2)

Surfactant area
excluding the counter-

ions bonded (nm2)

Counterion shield
(nm2)

SDS 109 101 8
ChDS 109 79 30

Despite the large association of the choline cation over the micelle surface,  which

leads to a significant reduction in the hydration of the surfactant heads and a drop of ca. 9%

in the  number  of  hydrogen  bonds  the  surfactant  can  make  with  water,  the  formation  of

hydrogen bonds  between the  choline  cation  itself  and the  surfactant  are  not  so common

(Table 3). From an average number of 31 choline cations at the micelle surface, only 8 are

donating hydrogen bonds to the surfactant. For instance, for the choline cations highlighted in

the  structure  of  Figure  3,  only  on  the  structure  in  the  right  the  choline  OH  group  is

establishing a hydrogen bond with the surfactant, in the others this group is only involved in

hydrogen bonds with water. This shows that, despite choline can form hydrogen bonds with

the surfactant due to the OH group, the most important interaction is still the ionic interaction

with the ammonium portion of the cation. The dominance of the ionic interaction also results

in the broader radial distribution function curve for the oxygen of the choline around the

micelle  center  of mass (red dashed curve in  Figure 4) than for the nitrogen atom (green

dashed curve in Figure 4). The choline oxygen atom can be closer to the micelle center of

mass than the nitrogen atom due to the bulk CH3 groups around the latter.  This does not

indicate a preference of the O to point toward the micelle core since it also presents a higher

g(r) than the N around 2.5 nm and the distance between their maxima is nearly the N-C bond

length, meaning CH3 bonded to N can penetrate as deeper as the OH group.  
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The number of hydrogen bonds between choline and water is slightly above 1.5 per

choline cation, but the hydrogen bonds between choline cations are very rare. In simulations

of concentrated solutions of choline salts with oxyanions, hydrogen bonds between choline

cations  were  also  very  rare,  on  the  other  hand,  the  number  of  hydrogen  bonds  between

choline  cations  and both the  acetate  and dihydrogenophosphate  cations  was  significant.41

However,  the  comparison  should  be  made  with  caution  since  the  differences  in  the

concentration  can  result  in  a  high  impact  on  the  number  of  cation-anion  interactions  in

general  and  in  the  number  of  hydrogen  bonds  in  particular.  In  a  solution  with  a  high

concentration  of  choline  cations,  as  would  be  the  case  in  a  deep  eutectic  solvent  or  in

mixtures  of deep eutectic  solvents  with water,  the interaction  between the surfactant  and

choline will be amplified and a greater shielding effect will be observed in comparison with

the results discussed here where choline is present only as the surfactant counterion.  

Table. 3 –  Average number and standard deviation of hydrogen bonds along the SDS and

ChDS simulations.

System Hydrogen bond Average number and
stardard deviation

SDS surfactant-water 402 ± 9

ChDS
surfactant-water 367 ± 10

surfactant-choline 8 ± 3
choline-water 95 ± 5

choline-choline 0.1 ± 0.4
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Figure 4 -  Radial  distribution  function  between the  micelle  center  of  mass  and selected

atoms, with solid lines for SDS and dashed lines for ChDS. The radial distribution function of

the water oxygen was scaled by a factor of 5 for better visualization. 

3.2. Electrostatic potential

Charged surfaces in aqueous solutions induce the formation of the electric  double

layer, which consists of a distribution of counterions between the surface and the solution.1,2,21

This can be seen by the radial  distribution of the counterions (green curves in Figure 4),

which displays in both SDS and ChDS systems a maximum nearly in the same distance from

the micelle center as the surfactant head (Figure 4) and then decreases smoothly as getting

farther  from the  aggregate.  As  discussed  in  the  previous  section,  the  choline  displays  a

stronger adsorption at the micelle surface which results in a higher maximum at the micelle

surface and a faster decrease toward the bulk solution in comparison to sodium cation. The

counterions and water molecules cannot penetrate inside the hydrophobic core of the micelle,

as seen in the radial  distribution functions  of both going to zero for r  < 1.0 nm in both

systems. However, the ammonium group of the choline cation can penetrate deeper inside the

polar  region of the  micelle  than the sodium cation.  This  effect  cannot  be attributed  to a

difference in the micelle shape and size, as the distribution of the surfactant head remains

essentially the same in both systems and the parameters that describe them are very similar

(Table 1), but instead is  a result  of the smaller charge density  and a higher hydrophobic

character of the quaternary ammonium group in comparison to the sodium cation. 
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It is interesting to compare these results with the ones described by Hantal et al8 for

alkali metal cations: while they found an increase in the Helmholtz layer thickness with the

increase of the cation radius, in our work the opposite trend was found, showing that specific

interactions can also play a role in addition to the variation of the ionic radius. Also, the

geometry  of  the  surface  was different  as  their  study was  performed for  a  flat  surfactant

monolayer instead of a micelle and this affect counterion adsorption as well.20

Since each atom in the system has a fixed partial charge in the simulation (Tables S1

to S4 in the Supporting Information file), by the distributions of each atom type in relation to

the micelle  center  of mass, the average charge density at each spherical shell  of radius r

around the micelle center of mass can be computed and split into contributions arising from

each molecule or ion in the system (Figure 5). As expected, in both systems the surfactant

contributes to a strongly negative charge density at the micelle surface (pink curves in Figure

5). However, close to the center of the micelle, there is a region of positive charge density

inside the hydrophobic region, where the only species present are the CH3 and CH2 groups of

the surfactant tail.  This phenomenon was already discussed in our previous works20,21 and

occurs  in  both  flat  surfactant  monolayers  and  spherical  micelles  and  results  from  the

preferential orientation of the surfactant alkyl tails. Although considered as apolar since the

dipole moments of neighbors CH2 tend to cancel each other, at least in anti conformation, the

carbon atoms and hydrogen atoms of  the tail  have negative  and positive  partial  charges,

respectively. In an idealized micelle structure, with all tails in anti conformation and pointing

radially from the center of the micelle, closer to its center there will be a region with only H

atoms of the CH3 groups, leading to an excess of positive charge at the center of the cluster.

Although the charge is small, the volume of the spherical shell when r approaches zero also

becomes small, rendering a large charge density. Of course, moving a little outward from the

center of the micelle in this idealized structure we would find the carbon atoms of CH 3 group

with a negative charge density which neutralizes the positive charge density of the hydrogen

atoms. Realistic  micelles are more disordered than this idealized view with straight  alkyl

chains  perfectly  oriented,  however,  it  is  still  more  likely  to  find  the  positively  charged

hydrogen atoms close to the center of the micelle than the negatively charged carbon atoms,

hence there is a region with a positive charge density close to the center but this is quickly

neutralized  by the charge of  carbon atoms as moving farther  from the  center.  Since this

region suffers no influence of the counterions, the results for small r are essentially the same
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for SDS and ChDS. However,  at  the micelle  surface and beyond the counterion starts  to

display remarkable effects. 

Figure  5  -  Charge  density  of  SDS  components  represented  by  solid  lines  and  ChDS

components  represented  by  dashed  lines  and  the  total  charge  density  in  the  respective

systems. The inset zooms over the total charge density curve close to the micelle surface.

The radial distribution function of the surfactant heads is essentially unaffected by the

exchange of the counterion between sodium and choline, hence, the charge density due to the

surfactant head is nearly the same in both systems. However, as choline penetrates a little

deeper inside the micelle than sodium, the positive charge density arising from the counterion

(green curves in  Figure 5)  starts  to  grow at  smaller  distances  in  ChDS than in  the SDS

system.  Also,  as  the  adsorption  of  the  choline  cation  is  stronger,  the  maximum  of  the

counterion charge density curve is  also higher  for ChDS, indicating that  choline is  more

efficient in neutralizing the negative charge of the surfactant head group. Notice, however,

that neither counterion neutralizes completely the negative charge of the surfactant in the

interfacial  region,  with water  molecules  also playing an important  role  in neutralizing  it.

Besides  the  fact  water  molecules  have  no  net  charge,  they  can  assume  a  preferential

orientation with the positively charged hydrogen atoms pointing toward the negative surface

of the micelle, resulting in regions with positive charge density from water due to an excess

of hydrogen atoms (blue curves in Figure 5).

It is interesting to notice that in the ChDS system the contribution of water molecules

to the charge density (dashed blue curve) starts only at a greater distance from the micelle
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center of mass than in the SDS system (solid blue curve). This has two causes. First,  the

water penetration in the polar region of the micelle is smaller in the ChDS than in SDS as can

be noticed by the radial distribution function curves (cyan and blue curves in Figure 4), which

is naturally due to the larger association of the choline with head groups when compared with

sodium cations. Second, since the cations neutralize more efficiently the surfactant charge in

ChDS than in SDS system, the driving force to orient water molecules around the micelle

becomes smaller. This can be quantified by computing the average value of the cosine of the

angle θ defined between the vector connecting the micelle center of mass to the oxygen of

water molecule and its dipole moment vector μ, as shown at the top of Figure 6. If the oxygen

atom is pointing toward the micelle, θ < 90  and cos(θ) will be positive. On the other hand, if⁰

the hydrogen atoms are the ones pointing toward the micelle,  θ > 90  and cos(θ) will  be⁰

negative.  The  average  orientation  at  a  distance  r was  computed  including  every  water

molecule whose oxygen atom was located between r and r + 0.1 nm from the micelle center

of mass. The average value of cos(θ) for both systems is negative, indicating a preferential

orientation with the positive portion of the molecules pointing toward the negative micelle, as

expected.  Those  curves  present  global  minima  closer  to  the  micelle  surface  and  tend

smoothly to zero as moving some nanometers far from the micelle surface. Comparing the

two  systems,  the  average  value  of  cos(θ)  is  more  negative  for  SDS  at  every  distance,

confirming that on this system there is a stronger orientation effect over water molecules than

in the ChDS system.
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Figure 6 –  Average orientation of water molecules at different distances from the micelle

center of mass. Top: Definition of θ as the angle defined by the vector r between the micelle

center of mass and water oxygen atom and the dipole moment μ of the molecule. Bottom:

average value of the cosine of the angle θ at each spherical shell of radius r around micelle

center of mass. 

The total charge density is given by the sum of the contributions of each component

of the system (orange curves in Figure 5) and, despite the individual components resulting in

very large charge densities, they cancel each other in a large extension and the total charge

density at the micelle surface is about 20 times smaller than the individual components. This

results  in  a  poor  noise/signal  ratio  for  the  total  charge  density  computed,  since  small

uncertainties on the individual components are of a similar order of magnitude as the total

charge  density,  an  issue  that  was  also  noticed  in  our  previous  works.20,21 Even  with  the

relatively high noise, a complex pattern can be noticed with alternated regions with positive

and negative charge densities. Water can penetrate more deeply than both counterions and

surfactant heads, and close to 1.0 nm the positive contribution from water is the dominant,

but is quickly surpassed by the negative charge density of the surfactant heads leading to a

negatively charged region around r=1.5 nm. Beyond that distance, the counterion contribution

increases faster and water contribution is also high, leading to a region with a positive charge
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density near  r=2.0 nm, which is more positive in ChDS than in SDS due to the stronger

adsorption of the choline cation. Close to r=2.3 nm, the water contribution changes signal and

becomes negative while there is still some significant probability of finding surfactant head

groups, which results in another negatively charged region.

As discussed in the previous section, although not exactly spherical, our micelles are

very close to the spherical shape. Hence, we can assume that the charge distribution presents

on average  a  spherical  symmetry  to compute  the electrostatic  potential  ψ.  If  the average

charge density depends only on the distance r from the center of the aggregate, the average

potential at a given distance r depends only on the total amount of charge Q(r) inside the

sphere or radius r, a well-known result from the application of Gauss law in problems with

spherical symmetry (Equation 4, in which Q(r) is the accumulated charge inside a sphere of

radius  r centered  on  the  micelle  center  of  mass  and ε0 is  the  vacuum permittivity).  The

accumulated charge Q(r) can be computed from the integral of the charge density ρ(r) (Figure

5) in spherical coordinates (Equation 5). Equations 4 and 5 are valid not only for the total

potential,  but also for the contributions arising from the surfactant, the counterion and the

solvent  charge  densities.  Even  if  the  deviations  from  the  spherical  symmetry  were

considerable, this approach can still be used to compute a time-averaged potential assuming

that the medium is isotropic and that the cluster can rotate and the average of all possible

orientations describes a sphere.

ψ (r )= Q (r )
4 π ε 0r

 (Equation 4)

Q (r )=2 π∫
0

r

ρ (r )r2dr (Equation 5)

The electrostatic potential and the contribution of each species are given in Figure 7

with solid lines for SDS and dashed lines for ChDS while the respective accumulated charge

Q(r) profiles are shown in Figure S3 of the Supporting information file. As in the case of the

charge density (Figure 5), the individual contributions for the electrostatic potential are huge,

of the order of tens of volts, but the opposite contributions cancel each other to a large extent,

resulting in a total potential ca. 20 times smaller than the individual contributions. As in the

case of the charge density, this results in relatively large noise, but for the potential this is less

severe since the integral performed (Equations 4 and 5) reduces the effect of random noise. 
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Figure 7 –  Top: Contributions of each component for the electrostatic  potential.  Bottom:

Resulting electrostatic potential where a running average at each 20 points was used to reduce

the noise. Results for the SDS system are given as solid lines while results for ChDS system

are given by dashed lines. Insets zoom over the region inside the micelle for components and

on the solution outside the micelle for the total potential. 

Despite the charge density being large in the center of the micelles (Figure 5) due to

the aliphatic hydrogen atoms, the accumulated charge tends to zero as r→0 since the volume

by which the charge density is multiplied (2πr²dr factor in Equation 5) tends to zero (Figure

S3). Hence, the electrostatic potential tends to zero close to the center of the micelle (Figure

7). Still, there is a potential variation inside the hydrophobic core which can be important for

the orientation  of  solutes  incorporated  into  the micelle  and for  chemical  reactions  inside

micelles.

As in the charge density, the effect of the counterions over the electrostatic potential

only appears for r>1.0 nm. The profile for SDS and ChDS are qualitatively similar, with a

positive region due to the sharper increase of water positive charge density that happens a
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little bit before the strong negative charge density due to the sulfate headgroups which leads

to a region with a negative potential. The negative minimum at this region happens in a larger

r for SDS than for ChDS due to the stronger orientation and large water penetration in the

former which leads also to a stronger contribution of water molecules to the potential (blue

curves in Figure 7). Around r=2.3 nm, there is another region of positive potential due to a

large increase in the positive contribution of the counterions while the contribution of water

also remains high. This region of positive potential at the micelle interface can be important

to enable the adsorption of species with the same charge of the surfactant  at  the micelle

surface. Due to the stronger association of the choline cation, this positive peak is much more

intense for ChDS than for SDS. Since the water contribution arises from a dipole orientation

instead of a net charge, its contribution decreases faster than the contributions of ionic species

after the micelle surface. This leads to a negative potential region after the micelle surface

which remains for long distances from the micelle  surface.  This region is described as a

diffuse double layer in analytical models.2,48 Moving away from the micelle, the surfactant

contribution goes toward zero proportionally to Qtot/r, where Qtot is the total charge of the

micelle, if the dissociation of surfactant ions can be neglected. The counterion contribution,

on the other hand, decreases slower since, despite r increasing, the total charge Q(r) due to

the  counterion  also  increases  since,  differently  from the  surfactant,  there  is  a  significant

concentration of counterions far from the micelle surface. Comparing both systems in this

diffuse layer region, the potential of ChDS is less negative than the potential of SDS, which is

again due to the stronger adsorption of the choline cations over the micelle surface. In the

description of the Stern model of the electric double layer, the large adsorption means more

counterions in the Helmholtz layer, which neutralizes partially the charge of the surface and,

as a consequence, reduces the strength of the electrostatic potential produced by the structure

in the solution and the double layer thickness. 

Despite  the  complex  behavior  of  the  electrostatic  potential  close  to  the  micelle

surface,  the  potential  far  from  the  surface  can  be  described  by  Equation  6,  which  is

essentially a screened coulomb potential for a spherical surface, where κ is the reciprocal of

Debye double layer thickness and A is a constant of proportionality.2,48 Both A and  κ can be

estimated by fitting Equation 6 to the electrostatic potential curves for large  r (Figure 8).

Only values of r > 3.3 nm were considered for the fitting since at this distance the radial

distribution function for surfactant  head group atoms goes to zero in the SDS system (in
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ChDS it doesn’t go to zero outside the micelle due to the dissociation of one surfactant ion).

The obtained value of A of -1.46 V.nm for SDS is significantly more negative than the value

of -0.37 V.nm for ChDS, indicating that a negative particle would be subject to a stronger

repulsion close to the SDS micelle than close to the ChDS micelle, which is due to the larger

counterion adsorption in the latter which neutralizes better the micelle charge. Interestingly,

the κ for SDS is 0.43 nm-1 while for ChDS is only 0.20 nm-1. The larger value for κ implies in

a faster decrease in the absolute value of the electrostatic potential for SDS than for ChDS far

from the micelle surface. The larger counterion adsorption in the ChDS system results in a

small number of ions in the diffuse portion of the electric double layer, which results in a

smaller electrostatic screening far from the micelle. This would be described as a reduction of

the ionic strength which implies smaller κ values in analytical models for the electric double

layer.  All in all,  the greater counterion adsorption in the ChDS micelle  results in weaker

negative potential  close to the surface, but also in a smaller electrostatic screening in the

solution.

ψ (r )=A exp (−κ r )
r

 (Equation 6)

Figure 8 –  Long range behavior of the total electrostatic potential  computed from charge

distributions (Equations 4 and 5) and fit using Equation 6. Results for SDS are given as solid

lines while results for ChDS are given by dashed lines. Fitting parameters: A(SDS) = -1.46

V.nm,  A(ChDS) = -0.37 V.nm,   κ(SDS) = 0.43 nm-1,  κ(ChDS) = 0.20 nm-1.  Correlation

coefficient: 0.93 for SDS and 0.77 for ChDS.
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4. Conclusions

The adsorption over the dodecyl sulfate micelle surface is stronger for choline than

for the sodium cation,  which,  along with the fact that the choline is  bulkier,  reduces the

surfactant exposed area to water. This can contribute to the larger micelles formed in choline-

based deep eutectic solvents and their mixtures with water when compared to the micelles in

pure water both by leading to a further entropy gain when the hydrophobic tails are hindered

from the solvent inside the cluster as well as by reducing the effective repulsion between the

surfactant  charged heads since each choline cation can efficiently  coordinate  with several

sulfate head groups simultaneously. 

Regarding the electrostatic potential, even being an anionic micelle, complex patterns

were observed, with alternating regions of positive and negative potential at the micelle/water

interface. This results from the different intensities of the contributions of the surfactant, the

counterion,  and the  solvent  and the  fact  that  each  one starts  to  increase  and decrease  at

different distances from the micelle center of mass. A balance is noticed between the roles of

counterions and water molecules in neutralizing the negative charges from the surfactant:

When the counterion adsorption is stronger, the reorientation of water molecules occurs to a

smaller extent and the contribution of the solvent to the resulting electrostatic potential  is

smaller,  while  the  opposite  scenario  occurs  if  the  adsorption  is  weaker.  The  long-range

behavior of the potential  is also affected by the choice of the counterion,  with the larger

counterion association in ChDS rendering a less negative potential than in SDS, which can

also help to explain the formation of larger anionic micelles in choline-based deep eutectic

solvents  since  the  choline  adsorption  reduces  the  long-range repulsion  between micelles,

enabling them to get closer to merge into larger clusters. 

Although no change in  the micellar  shape was induced in  our simulations  by the

substitution of the sodium with the choline cation, this may be due to the presence of a single

pre-assembled micelle in our study, which restrained it to the maximum coordination number

of 60. Also, the ionic concentration in deep eutectic solvents and their mixtures are larger

than  observed  here  by  the  counterion  exchange,  not  to  mention  the  presence  of  other

molecules like urea or glycerol. Further studies need to be performed to understand how the

driving forces for micellar aggregation change in those solvents, but the differences in the
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interaction of the cations choline and sodium with the surfactant and the effects  over the

electrostatic potential will certainly play an important role.
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Table S1 – Partial charges and Lennard-Jones parameters for dodecyl sulfate.

Atom q (e) ε (kJ/mol) σ (nm)
S  1.284 1.046000 0.355
O (bonded only to S)  -0.654 0.711280 0.296
O (C-O-S) -0.459 0.711280 0.300
C (from CH2 bonded to head)  0.017 0.276144 0.350
C (from other CH2) -0.120 0.276144 0.350
C (from terminal CH3)  -0.180 0.276144 0.350
H  0.060 0.125520 0.250

Table S2 – Partial charges and Lennard-Jones parameters for choline.

Atom q (e) ε (kJ/mol) σ (nm)
O  -0.683 0.711280 0.312
N  -0.008 0.711280 0.325
C (CH3 bonded to N)  0.090 0.276144 0.350
C (CH2 bonded to N)  0.150 0.276144 0.350
C (CH2 bonded to O) 0.145 0.276144 0.350
H (bonded to C)  0.060 0.125520 0.250
H (bonded to O)  0.418 0.000000 0.000

Table S3 – Partial charges and Lennard-Jones parameters for sodium (Åqvist parameters).

Atom q (e) ε (kJ/mol) σ (nm)
Na 1.000 0.011598 0.333045

Table S4 – Partial charges and Lennard-Jones parameters for water (SPC model).

Atom q (e) ε (kJ/mol) σ (nm)
O -0.820 0.650194 0.316557
H 0.410 0.000000 0.000000

Table S5 – Parameters for Ryckaert-Bellemans function used to describe dihedral angles of the

choline cation that were reparametrized from the original OPLS-AA force field (values in kJ/mol).

Dihedral C0 C1 C2 C3 C4 C5

N-C-C-O 223.27236776 -2.43302684 2.02582148 0.76256715 0.61590863 0.38680925
C-C-O-H 83.57190464 1.84400893 -3.76911786 -4.22542943 6.64022733 3.14606529
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Figure  S1 –  Radial  distribution  function  between oxygen atoms of  the  surfactant  and sodium

counterions in SDS simulation.

Figure S2  – Radial distribution function between oxygen atoms of the surfactant and hydrogen

atoms of the choline cation in ChDS simulation. The first small and sharp peak occurs at 0.28 nm

and corresponds to the hydrogen of choline OH group making a hydrogen bond with the surfactant.

The criteria for the aggregation, however, was based on the second minimum at ca. 0.4 nm which

also include hydrogen groups of CH3 and CH2 groups in contact with the surfactant head. 
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Figure S3 – Time-averaged value of the accumulated charge at each distance  r from the micelle

center of mass with results from SDS system represented as solid lines and for ChDS system as

dashed lines. Left: Components from each species, Right: Zoom at the the total accumulated charge.

A running average was performed at every 10-points of the total accumulated charge curves for

better visualization.


