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Abstract 

 Imidazolium-based ionic surfactants with hydrocarbon tails of different sizes were 

simulated with lipid bilayers at different salt concentrations. Starting with the random position of 

ionic surfactants outside the bilayer, surfactants with long tails mostly insert into the bilayer, 

while those with short tails show the insertion of fewer surfactant molecules, indicating the effect 

of the tail length. In particular, surfactants with the tail of two or four hydrocarbons insert and 

reversibly detach from the bilayer, while the inserted longer surfactants cannot be reversibly 

detached because of the strong hydrophobic interaction with lipid tails, in quantitative agreement 

with experiments. Longer surfactants more deeply and irreversibly insert into the bilayer and 

thus increase lateral diffusivities of the bilayer, indicating that longer surfactants more 

significantly disorder lipid bilayers, which also agrees with experiments regarding the effect of 

the tail length of ionic surfactants on membrane permeability and toxicity. Addition of NaCl ions 

weakens the electrostatic interactions between head groups of surfactants and lipids, leading to 

the binding of fewer surfactants into the bilayer. In particular, our simulation findings indicate 

that insertion of ionic surfactants can be initiated by either the hydrophobic interaction between 

tails of surfactants and lipids or the electrostatic binding between imidazolium heads and lipid 

heads, and the strength of hydrophobic and electrostatic interactions depends on the tail length of 

surfactants. 
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Introduction 

 Ionic liquids (ILs) are organic or inorganic salts in liquid phase at room temperature. 

Because ILs have low volatility, non-combustibility, and high thermal and chemical stability,1-4 

they have shown great potential for use as electrolytes or sorption media for many chemical or 

biological applications such as battery,5, 6 separation process,7, 8 catalysis,9, 10 and cellulose 

processing.11 Although ILs have been widely used as safe electrolytes for many industrial 

applications,12, 13 experiments at the organism level have shown that ILs are toxic to biological 

organisms in aquatic environment,14-19 indicating that their industrial applications should be 

reconsidered with caution. To develop ILs with low toxicity while still maintaining high 

efficiency, the dependence of toxicity on the conformation and structure of ILs needs to be 

understood, which has motivated experimental studies at the higher resolution.  

 Evans pioneered the experimental studies of the interactions between imidazolium-based 

ionic surfactants and membranes,20-22 showing that the instability and permeability of liposomes 

or supported lipid bilayers increase as the tail length of surfactants increases, which indicates that 

membranes are disordered mainly by the hydrophobic interactions between surfactants and lipid 

tails. Recently, Jeong et al. showed that ionic surfactants with longer hydrocarbon tails at higher 

concentrations induce the lower transition temperature of liposomes,23 again indicating the effect 

of the surfactant-tail length. Also, Galluzzi et al. electrochemically characterized the interactions 

between ionic surfactants and phospholipid monolayers, showing that the strength of the 

surfactant-monolayer interaction is controlled by the length of hydrocarbon tails rather than by 

the charge interactions between surfactants and lipid headgroups.24 In particular, they found that 

ionic surfactants with short tails adsorb onto the monolayer and then detach from it, showing the 

reversible interaction, while those with longer tails insert into the bilayer but cannot reversibly 
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detach from it. Rapid cyclic voltammetry experiments showed the higher extent of toxicity for 

ionic surfactants with longer tails. They suggested that when ionic surfactants penetrate into the 

bilayer, surfactant tails may first migrate toward the tail region of the membrane, although the 

mechanism of the binding and insertion of surfactants into membranes has not been 

experimentally well studied because of the limited resolution.  

 To support and complement experimental observations, molecular dynamics (MD) 

simulations have been performed to understand the interactions between imidazolium-based 

ionic surfactants and bilayers. Ballone and coworkers simulated ionic surfactants with butyl tails 

in cholesterol bilayers, showing that surfactants adsorb into the bilayer, while counterions mostly 

dissolved in water and only partially interact with the bilayer surface.25 They also simulated 

those surfactants in phospholipid bilayers, showing that when surfactants penetrate into the 

bilayer, surfactant tails first insert into the bilayer, which influences membrane properties.26 

Recently, Klahn and Zacharias simulated ionic surfactants with longer tails in model membranes 

with different ratios of cholesterols and anionic phospholipids, and their free energy calculations 

showed that cholesterols modulate the structural and electrostatic properties of membranes and 

thus inhibit the ionic-surfactant insertion.27 These simulations indicate that ionic surfactants 

insert into lipid bilayers due to the hydrophobic interaction between tails of surfactants and lipids, 

but the binding and insertion dependence on the ionic-surfactant tail length and the salt 

concentration has not been systematically studied through computation.  

 As a further step toward understanding the binding and insertion of ionic surfactants into 

membranes, here we report MD simulations of imidazolium-based ionic surfactants with 

hydrocarbon tails of four different lengths in phospholipid bilayers at 0 and 0.5 M NaCl. To 

understand the effect of the surfactant-tail length, the extents of random adsorption of surfactants 
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and membrane disruption are analyzed by quantifying the numbers and positions of the inserted 

surfactants, density profiles, and lateral diffusivities of lipids, which support the experimental 

observations of the reversible interactions between short ionic surfactants and bilayers. Also, the 

strength of the surfactant-bilayer interaction is analyzed at different salt concentrations. Finally, 

the dependence of the binding and insertion on the surfactant length and salt concentration is 

rationalized by considering their electrostatic and hydrophobic interactions with lipid head and 

tail groups. 

 

Methods 

 All simulations and analyses were performed using the GROMACS4.5.5 simulation 

package28-30 with the OPLS all-atom force field (FF) and TIP4P water model.31, 32 Potential 

parameters for dioleoylglycerophosphocholine (DOPC) lipids were taken from the Berger lipid 

FF modified by Tieleman et al., which can be compatibly used with the OPLS FF and predict the 

experimentally observed areas per lipid and dynamics of DOPC bilayers.33, 34 For imidazolium-

based ionic surfactants, Sambasivarao and Acevedo parameterized the OPLS ionic-liquid FF, 

which has successfully captured the structural and thermodynamic properties of ionic surfactants 

and their solvent effects on the conformation of polymer chains, in agreement with experiments 

and polymer theories.35, 36 Thus, this OPLS ionic-liquid FF has been widely used for many other 

simulations,37-40 and here we use this FF to model four ionic surfactants, 1-ethyl-3-

methylimidazolium (C2MIM), 1-butyl-3-methylimidazolium (C4MIM), 1-hexyl-3-

methylimidazolium (C6MIM), and 1-decyl-3-methylimidazolium (C10MIM), where this FF 

distinguishes partial charges and dihedral potentials for EMIM, BMIM, and other longer ones.  

 16 or 60 ionic surfactants were randomly added to the water region of the equilibrated 

Page 5 of 31 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



6 

 

bilayer system (Figure 1, left). Since each surfactant has a net charge of +1, 16 or 60 counterions 

(Cl-) were added to neutralize the systems. Also, 79 NaCl ions were additionally added to 

generate the ion concentration of 0.5 M, as shown in Table 1. The final simulated system consists 

of 16 (or 60) ionic surfactant, 128 DOPC (64 DOPC/leaflet), ~8,000 TIP4P water, and 16-95 ion 

(Na+ and Cl-) molecules in a periodic box of size 7 × 7 × 9 nm3. Real space cutoffs of 14 Å and 

11 Å were respectively applied for Lennard-Jones and electrostatic forces with the inclusion of 

particle mesh Ewald summation for long-range electrostatics.41 A temperature of 298 K and a 

pressure of 1 bar were maintained by applying the velocity-rescale thermostat42 and Berendsen 

barostat43 in the NPxyPzT ensemble (semi-isotropic pressure coupling). The LINCS algorithm 

was used to constrain the bond lengths.44 Simulations were performed for 250 ns with a time step 

of 2 fs on computational facilities supported by the National Institute of Supercomputing and 

Networking/Korea Institute of Science and Technology Information with supercomputing 

resources including technical support (KSC-2014-C3-068). The last-30 ns trajectories were used 

for analyses. 

 

Results and Discussion 

 Imidazolium-based ionic surfactants with hydrocarbon tails of four different lengths 

were simulated at different concentrations of surfactants and NaCl for 250 ns. Simulated systems 

are named in Table 1. “CnM” indicates the imidazolium surfactants, where n is the number of 

hydrocarbons per surfactant tail. The number, “16” or “60”, describes the number of surfactant 

molecules in the system, which are followed by “i” for the system at 0.5 M NaCl. For example, 

“C10M60” designates a bilayer with 60 C10MIM molecules with counterions, while “C6M16i” 

indicates that the bilayer system includes 16 C6MIM molecules with counterions and additional 
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ions of 0.5 M NaCl.  

 

Binding and insertion dependence on the ionic-surfactant length and salt concentration 

 Figure 1 shows snapshots from the beginning (left) and end of simulations (columns 2-7). 

Ionic surfactants, which were initially randomly distributed in the solvent region, insert into lipid 

bilayers, but their insertion extents differ. Most surfactants insert into the lipid bilayer in C4M16, 

C6M16, and C10M16, while C2M16 shows the insertion of much fewer surfactants, indicating the 

effect of the tail length. For ionic surfactants with tails of the same size, fewer surfactants insert 

into the bilayer at 0.5 M NaCl than at 0 M, implying that NaCl ions may inhibit the insertion of 

surfactants into the bilayer. For the systems with C2MIM and C10MIM, ionic surfactants of 

higher concentrations were also simulated, showing insertion of surfactants as well as the micelle 

formation. 

To quantify the extent of insertion, the numbers of the inserted surfactants were 

calculated as a function of time. Figure 2 shows that for the systems with 16 surfactants, only ~5 

C2MIMs insert into the bilayer, while surfactants with longer tails mostly insert into lipid 

bilayers, indicating more insertion of surfactants with longer tails, as observed in Galluzzi et al.’s 

experiments.24 In particular, the numbers of the inserted C2MIMs and C4MIMs significantly 

fluctuate, while the numbers of the inserted C6MIM and C10MIM linearly increase without much 

fluctuation. This implies that ionic surfactants with short tails may reversibly insert and detach 

from the bilayer, while those with longer tails irreversibly bind to the bilayer, which will be 

discussed in the following section. Since longer surfactants show more insertion and irreversible 

interaction with the bilayer, longer tails of surfactants may have the stronger hydrophobic 

interactions with lipid tails. To resolve this, we calculated the average number of carbon atoms of 

Page 7 of 31 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



8 

 

DOPC tails close to the surfactant tail, and the cumulative number of those as a function of 

distance from the surfactant tail. Here, if the distance between hydrocarbon tails of surfactants 

and DOPC lipids is less than 0.6 nm, they are considered to be close. In Figure 3, the numbers of 

DOPC-tail carbons close to surfactant tails increase as a function of time, showing the order 

C10M16 > C6M16 > C4M16 > C2M16. This tendency is confirmed in their cumulative numbers 

as a function of distance from the surfactant tail, indicating that ionic surfactants with longer tails 

have the stronger hydrophobic interaction with DOPC tails and thus induce insertion of more 

surfactant molecules. Cumulative numbers also show that other criteria with the distance from 

0.5 to 1 nm produce similar qualitative trends, conforming that the analysis does not significantly 

depend on the distance criteria. In Figure 2, for the systems with the same-sized surfactants at 

different salt concentrations, fewer surfactants are inserted at 0.5 M NaCl than at 0 M NaCl, 

presumably because NaCl ions weaken the electrostatic interactions between cationic surfactant 

headgroups and anionic lipid phosphates, leading to the less binding. These indicate that 

insertion of ionic surfactants is controlled not by any single factor, but by a combination of the 

hydrophobic interaction with lipid tails and the electrostatic interaction with lipid heads. For the 

systems with 60 surfactants, more surfactants insert into the bilayer than do those for the systems 

with 16 surfactants, showing more insertion at higher concentrations. Note that the number of 

inserted surfactants drastically increases as the surfactant-tail length increases, showing the order 

C6M60 > C4M60 > C2M60, while this concentration effect does not even occur in C10M60, 

presumably because long surfactants (C10MIM) tend to form micelles at the high concentration, 

as visualized in Figure 1. These indicate more insertion of ionic surfactants at higher 

concentrations, but this concentration effect depends on the length of surfactant tails. 

 These configurations and the insertion extent of ionic surfactants are also confirmed by 
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calculating density profiles. Figure 4 shows that there are fewer surfactants inside the bilayer for 

the systems with shorter surfactants and more NaCl ions, consistent with Figures 1 and 2. Since 

C2MIM and C4MIM have short hydrocarbon tails, surfactant tails are not observed inside the 

bilayer. However, the systems with C6MIM and C10MIM clearly show that surfactant tails are in 

the hydrophobic-tail region of the bilayer, again confirming the strong hydrophobic interaction 

between tails of surfactants and lipids, consistent with Figure 3. Figure 4 also shows that cationic 

imidazolium heads interact with anionic DOPC phosphates, implying that their charge 

interactions may influence the binding of surfactants into the bilayer. For the systems with 60 

surfactants, many surfactants are observed outside the bilayer, showing that densities of the 

inserted surfactants are almost same as those for the systems with 16 surfactants. Na and Cl ions 

are broadly positioned in the system, although they are slightly more concentrated on the bilayer 

surface. Note that previous simulations of lipid bilayers with NaCl have shown that Na ions 

strongly interact with lipid phosphates, while Cl ions mostly interact with water.45 In Figure 4, 

Na ions are concentrated around anionic DOPC phosphates, which can reduce the electrostatic 

binding of cationic imidazolium heads of surfactants into the bilayer surface, leading to the less 

insertion of surfactants as shown in Figure 2. In Figure 5, radial distribution functions between 

DOPC phosphates and Na ions show high peaks for surfactants of all lengths, indicating the 

strong phosphate-Na interactions. RDF peaks for C6M16i and C10M16i are lower than those for 

C2M16i and C4M16i, as expected, since cationic ionic surfactants with longer tails are more 

inserted, which can weaken the charge interaction between Na and DOPC phosphates. These 

results indicate that NaCl ions weaken the electrostatic interactions between ionic surfactants and 

lipid headgroups, leading to the binding and insertion of fewer surfactants. 

 

Page 9 of 31 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



10 

 

Reversibility of the ionic surfactant-bilayer interaction and bilayer disorder 

 As discussed above, ionic surfactants with short tails may reversibly insert into the 

bilayer and detach from it, while those with long tails cannot reversibly interact with the bilayer. 

To examine this, the insertion of surfactants into the bilayer was further quantified by calculating 

the coordinate of the terminal carbon of each surfactant’s tail in the bilayer normal direction (z-

direction). Figure 6 shows that C2MIM molecules repeatedly insert into the bilayer and then 

detach from it for whole simulation time, indicating the reversible interaction between 

surfactants and the bilayer. C4MIM molecules also show the same trend, although reversible 

interactions are less observed than for the system with C2MIM. In contrast, once C6MIM and 

C10MIM molecules insert into the bilayer, they do not detach from the bilayer for whole 

simulation time. This indicates that C2MIM and C4MIM reversibly interact with lipid bilayers, 

while C6MIM and C10MIM do not, which quantitatively agrees with Galluzzi et al.’s experiments 

that showed that C2MIM and C4MIM have the reversible interaction with DOPC monolayers, 

while C8MIM and C12MIM have the irreversible interaction.24 In Figure 6, terminal carbons are 

more deeply inserted as the tail length of surfactant increases, indicating the deeper insertion of 

longer surfactants because of the stronger hydrophobic interaction.  

 These results imply that longer ionic surfactants adsorb more deeply into the bilayer and 

thus may more effectively disorder lipid bilayers. This was also observed in experiments, 

showing that longer surfactants more significantly decrease the liposome stability and increase 

monolayer permeability and cytotoxicity.23, 24 To investigate this, lateral diffusion coefficients of 

DOPC lipids were calculated from the slopes of the mean-square displacements (MSDs) in the 

xy-plane (the direction perpendicular to the bilayer normal). Note that for the calculation of 

MSD from MD simulations of cubic boxes with periodic boundary conditions, the MSD needs to 
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be corrected for finite size effects using Yeh and Hummer’s analytic formula.46 For bilayers in 

noncubic boxes, the analytic equation is not clearly formulated. Also, the size effect should not 

significantly affect the comparison of lateral diffusivities because the sizes of simulated systems 

do not differ. Thus, the finite size effect is not corrected here. We calculated the lateral diffusion 

coefficient of pure DOPC bilayer, showing that the diffusivity is 0.74 (± 0.15) × 10-7 cm2 s-1 at 

298 K, close to the experimental value of 0.82 × 10-7 cm2 s-1,47 indicating that lateral diffusivities 

can be accurately predicted by simulations. Figure 7 shows that the addition of ionic surfactants 

increases lateral diffusivities, indicating that surfactants disorder lipid bilayers, although the 

increased extents differ. For C2M16, C4M16, and C6M16, lateral diffusivities are only slightly 

higher than for the pure DOPC bilayer, while the diffusivity drastically increases for C10M16. In 

particular, the numbers of the inserted surfactants are same for the systems C4M16, C6M16, and 

C10M16, but lateral diffusivities for C10M16 are much higher than those for others. These 

indicate that longer ionic surfactants more significantly disorder lipid bilayers, even when the 

same amount of surfactant molecules insert. Note that although much more surfactant molecules 

insert in C4M16 and C6M16 than in C2M16, their lateral diffusivities are almost same, indicating 

that short surfactants cannot disorder lipids even at the high surfactant concentration in the 

bilayer. These results imply that the longer ionic-surfactant tails more significantly destabilize 

lipid bilayers and thus can increase membrane permeability and toxicity, as observed in 

experiments.23, 24 

 

Micelle formation at the high concentration of surfactant 

 Figure 2 shows that, although C10M60 has almost four times as many C10MIM 

molecules as does C10M16, the numbers of the inserted C10MIM do not significantly differ, 
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indicating that the higher concentration of surfactants does not increase the extent of insertion, 

presumably because of the micelle formation of ionic surfactants, as visualized in Figure 1. To 

understand the formation of micelles, the numbers of surfactants in the largest surfactant cluster 

were calculated for all simulated systems. Here, if the distance between terminal groups of 

different surfactant tails is less than 0.6 nm, then those surfactants are considered to be a cluster. 

Other criteria with the distance from 0.6 to 0.9 nm produce similar qualitative trends, as also 

observed in our previous work.48-50 In Figure 8, C10M16 shows no cluster formation, since most 

surfactants insert into the bilayer. However, C10M60 shows the formation of the cluster 

composed of ~14 surfactant molecules, as visualized in Figure 8. These surfactant aggregation 

and micelle formation occur in C10M60, but not in C2M60, C4M60, and C6M60, indicating that 

tail lengths of C2MIM, C4MIM, and C6MIM are too short to induce the strong hydrophobic 

interaction for the micelle formation even at the high concentration, although it cannot be ruled 

out that the micelle formation might eventually occur in the system with more than 60 

surfactants. For C10M16i, ~5 free surfactants form the cluster, showing an incomplete micelle, 

again indicating the tendency for the micelle formation of surfactants with long tails. It would 

obviously be interesting to further simulate micelles of ionic surfactants to understand its 

dependence on the ionic-surfactant and salt concentrations, which would be computationally 

very expensive and thus beyond the scope of this paper. Whether or not the results here can 

explain the micelle formation of ionic surfactants, simulations show that the higher concentration 

of surfactants does not necessarily lead to more insertion because they can induce the higher 

extent of aggregation and micelle formation. 

 

Electrostatic and hydrophobic interactions between ionic surfactants and lipids 
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Since ionic surfactants with longer tails have the stronger hydrophobic interaction with 

lipid tails and irreversibly interact with lipid bilayers, the surfactant-bilayer interaction seems to 

depend only on the hydrophobicity, but the charge interactions between surfactants and lipids 

may be also important. Note that tails of C2MIM and C4MIM are too short to induce the strong 

hydrophobic interaction with lipid tails, showing the reversible interaction with bilayers, and 

hence their binding and insertion may be influenced by the charge interaction. To understand this, 

the effects of electrostatic and hydrophobic interactions on the surfactant binding and insertion 

were investigated. 

Figure 9 visualizes two cases for the insertion of surfactants into the bilayer. In Figure 9 

(top), the surfactant headgroup first binds to the lipid headgroup apparently because of their 

charge interactions, and then the surfactant tail inserts into the bilayer due to the hydrophobic 

interaction. For the other case (Figure 9, bottom), the surfactant tail binds to the bilayer surface 

and slides through the bilayer interior, showing the binding and insertion dependence only on the 

hydrophobic interaction. These indicate that the binding and insertion of surfactants into the 

bilayer are attributed to both electrostatic and hydrophobic interactions, although the insertion of 

surfactants is mainly due to the hydrophobic interaction. To understand the strength of 

electrostatic and hydrophobic interactions, we calculated radial distribution functions (RDFs) 

between the phosphorus atoms of DOPC and the center of mass (COM) of the surfactant 

headgroup, and RDFs between the tail groups of DOPC and the terminal carbons of surfactants. 

In Figure 10, both hydrophobic and electrostatic interactions show lower peaks for C2M16 than 

for other surfactants with longer tails. This is expected, since much fewer surfactants insert in 

C2M16 than in other systems. However, the RDF height for surfactant-lipid headgroups of 

C2M16 is approximately a half of those for other systems, while the RDF height for surfactant-
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lipid tails is much lower for C2M16 than for others, indicating that as the surfactant-tail length 

decreases, their hydrophobic interactions with lipid tails become significantly weaker, which 

implies that the binding and insertion of surfactants with short tails mostly depend on the 

electrostatic interaction.  

These results, combined with the observations in Figures 2-6, indicate that ionic 

surfactants with short tails bind and insert into lipid bilayers mainly because of the electrostatic 

interaction, where their tails are not long enough to form the strong hydrophobic interaction, 

leading to the reversible binding and insertion of surfactants into the bilayer, in agreement with 

experiments.24 For ionic surfactants with longer tails, surfactants have the stronger hydrophobic 

interactions with lipid tails, leading to the deeper insertion of more surfactants, the irreversible 

interactions with the bilayer, and the increased lateral dynamics of the bilayer, which support the 

experimental observations that showed that membrane permeability and toxicity depend on the 

length of the ionic-surfactant tail. 

 

Conclusions 

 We performed MD simulations of imidazolium-based ionic surfactants with tails of 2, 4, 

6, and 10 hydrocarbons in DOPC bilayers at the salt concentrations of 0 and 0.5 M NaCl. Ionic 

surfactants, which were initially randomly distributed in the solvent region outside the bilayer, 

insert into the bilayer, where the insertion extent depends on the tail length. For surfactants with 

long tails, most surfactants insert into the bilayer and then cannot reversibly detach from it 

because of their strong hydrophobic interactions with lipid tails, while for surfactants with short 

tails much fewer surfactants insert and then reversibly detach from the bilayer. This indicates the 

effect of the surfactant-tail length on the reversibility of the surfactant-bilayer interaction, in 
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agreement with experiments. Longer surfactants insert more deeply into the bilayer and increase 

the lateral dynamics of the bilayer, leading to the increased disorder of the bilayer, as observed in 

experimental observations that showed that longer ionic surfactants more significantly 

destabilize liposomes and supported monolayers. Simulations also show the insertion of fewer 

surfactants at 0.5 M NaCl than at 0 M because NaCl ions weaken the electrostatic interactions 

between imidazolium heads and lipid head groups.  

 These findings indicate that ionic surfactants have the electrostatic and hydrophobic 

interactions respectively with lipid heads and tails, both of which modulate their insertion and 

binding into the bilayer. Surfactants with shorter tails show the insertion of fewer surfactants, 

since their interactions with lipid bilayers depend on electrostatics rather than on hydrophobicity, 

leading to the reversible surfactant-bilayer interaction. In contrast, long surfactants have the 

strong hydrophobic interactions with lipid tails, and thus they more deeply insert and cannot be 

reversibly detached from the bilayer, yielding the increased dynamics of bilayers, which support 

the experimental observation of the dependence of membrane permeability and toxicity on the 

length of the ionic-surfactant tail. 
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Table 1. List of simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surfactant 
type 

Name 
No. of 
surfac-
tants 

No. of ions No. of 
surfactants 

inserted into the 
bilayer at 250 ns 

Na+Cl- counterions (Cl-) 

C2MIM C2M16 16 - 16  5 
 C2M16i 16 79 16  2 
 C2M60 60 - 60 10 
C4MIM C4M16 16 - 16 15 
 C4M16i 16 79 16  6 
 C4M60 60 - 60 27 
C6MIM C6M16 16 - 16 15 
 C6M16i 16 79 16 12 
 C6M60 60 - 60 40 
C10MIM C10M16 16 - 16 15 
 C10M16i 16 79 16  6 
 C10M60 60 - 60 13 
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Figure 1. Snapshots of the cross section of the ionic surfactant-bilayer system at the beginning (0 

ns; left) and end of simulations (250 ns; columns 2-7). Initial configuration is shown only for 

C10M16, but this random configuration is applied for all other systems. Black, brown, and light-

blue colors respectively represent ionic surfactants, DOPC phosphates and hydrocarbon tails. For 

NaCl ions, Na+ and Cl- ions are colored in blue and red. The explicit water and counterions (Cl-) 

are omitted for clarity. The images were created with Visual Molecular Dynamics.51  
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Figure 2. Number of ionic surfactants inserted into lipid bilayers as a function of time.  
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Figure 3. Average number of carbon atoms of DOPC tails close to each surfactant as a function 

of time (top), and cumulative number of carbon atoms of DOPC tails as a function of distance 

from the surfactant tail (bottom). 
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Figure 4. Mass density profiles of ionic surfactants, DOPC lipids, and NaCl ions.  
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Figure 5. Radial distribution functions between DOPC phosphorus atoms and Na ions 
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Figure 6. Coordinates of the terminal carbon of each surfactant’s tail in the bilayer normal 

direction (z-direction) as a function of time. Dotted red lines represent the average position of P 

atoms of DOPC lipids, and solid lines with 16 different colors designate the position for the 

terminal carbon of each surfactant tail. To analyze complete trajectories, periodic images are 

considered in z-direction. 
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Figure 7. The number of ionic surfactants inserted into lipid bilayers (square) and lateral 

diffusion coefficients of DOPC lipids (D; circle) for the systems with 16 ionic surfactants 

(CnM16), as a function of the number of hydrocarbons in the surfactant tail (n). The lateral 

diffusivity of pure DOPC bilayer is shown in n = 0. 
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Figure 8. Number of ionic-surfactant molecules in the largest cluster as a function of the number 

of carbons in the surfactant tail. 
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Figure 9. Snapshots of the ionic-surfactant insertion into the lipid bilayer. Either a head or a tail 

of the surfactant binds to the bilayer surface (respectively, top and bottom images). The 

imidazolium headgroup is highlighted in red circles. 
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Figure 10. Radial distribution functions between the DOPC phosphorus atom and the center of 

mass of the surfactant headgroup (top), and between the DOPC tail and the terminal carbon of 

surfactant (bottom). 
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