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Properties of mixed micelles composed of sodium n-dodecyl sulfate surfactant and 1-butanol co-surfactant
were examined using molecular dynamics simulation for three experimentally observed compositions. The
aggregation number varied in the range of 30 to 64, and the co-surfactant content was 75 to 32 molecules,
respectively. The composition of the bulk water — 1-butanol mixture matched the experimentally studied
concentrations. All-atom potential models and explicit solvent were used in order to capture the most structural
details. Such characteristics as micelle size, co-surfactant location, depth of water penetration were determined.
The simulated micelles were found to have compact ellipsoidal shape, except of the most co-surfactant-rich
ones, which were elongated. The equilibrium composition differed little from the initial one indicating
consistence of the simulations. The co-surfactant molecules were observed in different positions: either situated
on the surface of surfactant aggregate or having hydrocarbon tails immersed in it. Still, the hydroxyl groups
stayed on the micelle surface and preserved contact with bulk solution. Water molecules were found
penetrating the mixed micelles up to 0.3 — 1.0 nm from their center. Degree of counterion binding was
estimated and its dependence on micelle composition was derived. It was found to decrease with the co-
surfactant content in a non-linear manner. Specifically, for co-surfactant content up to 34% the counterion
binding was almost similar to that of pure sodium n-dodecyl sulfate micelles; the value gradually fade at higher
1-butanol content. Several positions of the boundary between bound and free counterions were considered.
The approach proposed here may be employed for examination of other mixed micelles, as well.
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Introduction

At present, surfactant micellar solutions found versatile application. They serve as cleaning agents,
disinfection aids, emulgators, as reaction media, and so forth. One of their valuable features is a
variety of characteristics, which can be tuned to achieve desired properties: surfactant head group and
hydrocarbon radical, counterion, concentration, ionic strength. Introduction of a co-surfactant provides
a new degree of freedom, which extends the range of available properties of micelles and bulk solution
even more.

In this paper we examine the microscopic structure and counterion binding of mixed micelles made
of sodium n-dodecyl sulfate (SDS) surfactant and 1-butanol (BuOH) co-surfactant (Fig. 1). On one
hand, this is a relevant choice because SDS is among the most widely used surfactants in technology
and laboratory practice. On the other hand, extensive experimental data was collected for this system
at various concentrations of the components. [1-3] It is summarized in a recent review. [4] However,
intriguingly, for most cases the available data is fragmentary. Often the micelle size and composition
are reported (radius, aggregation number Nsps and number of co-surfactant molecules Npyon), but there
is no information about degree of counterion binding. Oppositely, when counterion binding was
examined, there is no data about the aggregation number and co-surfactant content. This shows that
our knowledge of properties of this object is still limited.
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Figure 1. Structure formulas of SDS surfactant and 1-butanol co-surfactant.
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Here we will use the method of molecular dynamics (MD) to get a new insight. It is a powerful
instrument for identifying microscopic structure of a molecular system. When applied to micelles it
can reveal water penetration into the hydrocarbon core, ordering of surfactant molecules, counterion
binding, dynamics of self-assembly efc. At present, single-component surfactant micelles are
thoroughly examined by this method. [5] Computational studies of the mixed micelles are also found
in literature, although in much lesser amount. [6—8]

Notably, the chosen system has not yet been studied with MD. The closest match is the MD
simulation of mixed micelles made of SDS and medium to higher alcohols (hexanol to hexadecanol)
[8]. The authors were focused on structure of the micelles and its dependence on composition.
Transitions between different micelle shapes were identified. Importantly, coarse-grained potential
models were used there. On one hand, it allowed cover long time scale (microseconds), on the other
hand, these models lack detail needed to study ion binding. The mixture of SDS and 1-butanol was
investigated, as well, but in an interfacial setup only. [9] There, the effect of the co-surfactant on
surface tension and density profile of the surfacial film was identified.

For the current study we chose three compositions of mixed micelles, which were experimentally
observed: NSDS =30 and NBuOH =175 [1], NSDS =40 and NBuOH =40 [1], NSDS =64 and NBuOH =32 [2]
This choice covers a wide range of the co-surfactant content: from 71% to 33% by amount. For all of
these systems the degree of counterion binding was not reported, and micelle radius was not reported
for the last one.

Simulation methodology

The simulation cells consisted of a preformed DS~ + BuOH aggregate placed in a water — 1-butanol
mixture with distributed Na" counterion. The initial shape of the aggregate was a rectangular bilayer
made of alternating DS~ ions and BuOH molecules. This compact shape can be easily generated and
shortens the time period needed to obtain an equilibrated micelle. On one hand, close packing of
hydrophobic tails resembles that in a micelle. On the other hand, the initial placement of BuOH
molecules within the aggregate allows avoid waiting for their sorption from the bulk solution. The
cells were cubic-shaped with edge length 8.5 nm for Nsps = 64 and 8 nm otherwise. One of simulation
cells is shown in Fig. 2A. The number of 1-butanol molecules that should be placed in the bulk
solution was deduced from the conditions of the experiment, where given composition of mixed
micelles was observed. The calculations were done via Eq. 1 and the relevant experimental data is
collected in Table 1. The principle is as follows. Let us consider 1 L of the system. Amount of BuOH
in the bulk solution equals the difference between its total amount, cgon - 1 L, and its amount in
micelles. The latter equals the amount of SDS in micelles, (csps — CMC) - 1 L, multiplied by the ratio
Nguwon / Nsps. Here CMC 1is critical micelle concentration of SDS; it was taken as 0.004 mol/L because
in 1-butanol solutions it decreases compared with pure water [4]. Repeating the calculation for the
volume of bulk solution in the MD cell V,, gives the number of BuOH molecules to place in it.
Because the micelle occupies a considerable fraction of the cell volume, V,, should be found as the
difference between volume of the whole cell V,.; and volume of the micelle inside V... The latter can
be approximated as the volume of a parallelepiped and measured by visual examination, e.g., in VMD
software. [13]
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where Nguon s 1S number of BuOH molecules added in the bulk solution, NV, is Avogadro number.

Table 1. Compositions of the simulated cells and relevant experimental data.

system Nsps Nsuwon Csps, CBuOH, Veer — mec, NByoH sol Nyater
mol/L mol/L nm’

1[1] 30 75 0.0316 0.764 480 201 15046

2[1] 40 40 0.033 0.326 480 86 15683

3[2] 64 32 0.2 0.2 570 35 18936
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Figure 2. A: Simulation cell for micelle with Nsps = 40, Ng,on = 40. Na" ions are colored blue, BuOH molecules
are colored violet. B: Used OPLS-AA potential model of 1-butanol.

Atom—atom interactions in the system were described using OPLS-AA force field. The potential
model for SDS was taken from literature [10]. The one for BuOH was composed using the built-in
atom types and atomic point charges, which are empirical and optimized for reproducing properties of
organic liquids [11]. It is depicted in Fig. 2B. Water was represented by means of the SPC model.

The simulations were carried out at standard conditions (7 = 25°C, p = 1 bar), which were
maintained using Berendsen thermostat and barostat. Electrostatic interactions were calculated with
the PME method, while van der Waals interactions were cut at 1 nm. Three-dimensional periodic
boundary conditions and bond constraints were imposed. The simulations were 50 ns long, time step
equaled 2 fs. GROMACS 5.1 software was used [12].

Results and discussion

As the initial micelle shape was artificial (a bilayer), the beginning of each simulation was devoted
to equilibration of the micelle. The distribution of 1-butanol between micelle and solution was
equilibrated, as well. To monitor the progress we calculated number of BuOH molecules staying in
contact with DS™ ions (that is located within 0.4 nm of any DS ion). This number shows the amount of
co-surfactant in the micelle. The graphs are shown in Fig. 3.
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Figure 3. Evolution of number of contacts between DS™ ions and BuOH molecules for micelles of
different composition. 1 — Nsps = 30, 2 — Nsps =40, 3 — Ngps = 64.

contacts

We conclude that the original composition of the micelles was mostly preserved. For systems #1,
#2, and #3 the average number of BuOH molecules equals 71.4, 50.5, and 33.1, respectively, that is
close to the originally placed. This additionally proves the correctness of the computational model.
The graphs were also used to identify the end of equilibration phase, which was recognized at 20 ns.
The quantities below were computed over the 20-50 ns interval.

The final configurations of two micelles are shown in Fig. 4. Hydroxyl groups of BuOH molecules
are located among the surfactant head groups. The butyl radicals can be found either lying on the
surface of the SDS aggregate or protruding inside it.
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Figure 4. Final configurations for micelle with Nsps = 30, Ngwon = 75 (A) and Nsps = 64, Npwon = 32 (B). BuOH
molecules are colored violet.

To estimate size of the micelles we calculated the radial distribution function (RDF) of S atoms of
DS anions with respect to micelle center of mass, Fig. SA. The latter was approximated by the center
of mass of DS anions, which is justified by uniform distribution of the co-surfactant across the
micelle.
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Figure 5. A: RDF of S atoms (A) or water molecules (B) with respect to micelle center of mass. 1 — Nsps = 30,
2 fNSDs = 40, 3 — NSDS = 64

Abscissa of the peak of the RDF shows the most probable position of head groups and, thus,
indicates the radius of micelle. Determined in such a way it equals 1.54 nm, 1.78 nm, 1.88 nm for
Nsps= 30, 40, 64, respectively. The first two values agree quite good with the experimental numbers
1.71 nm and 1.68 nm, respectively. The last value (1.88 nm) also equals the radius of pure SDS
micelles with Nsps = 60.

The curve of micelle with Nsps = 30 is notably wider than the other. This is because of its
pronouncedly prolate shape, as is proven by visual inspection. This elongation is the probable reason
why experimental radius is 0.2 nm larger than the one determined from RDEF. Importantly, visual
inspection also reveals that the SDS content occasionally reversibly splits into two fragments bridged
by BuOH molecules for short times. Oppositely, the two other micelles are less fluid and have a more
compact, although still ellipsoidal, shape.

More detailed information about co-surfactant distribution in micelles is provided by radial
distribution functions of particular 1-butanol atoms with respect to micelle center of mass. The RDF's
for hydroxyl O atom and C atoms in positions 2 and 4 are shown in Fig. 6. The peaks of the O atom
are located ca. 0.2 nm closer to micelle center than those of S atoms of DS™ anions, which corresponds
to location among ester O atoms of DS™. The C* and C* atoms are in average immersed deeper into
micelles than hydroxyl O atoms, and this is more pronounced for Nsps = 30: the peak of C* atoms is
0.35 nm (Nsps = 30) or 0.25 nm (Nsps = 40, 64) behind that of the O atoms. The numbers are shorter
than the C* — O distance in a stretched BuOH molecule (0.5 nm) showing that in average the
molecules are inclined or bent. Considering Fig. 4 we conclude that BuOH molecules can both lie on
the surface of DS~ aggregate and be immersed in it, giving average C* — O distance projection to
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micelle radius less than 0.5 nm. Still, in micelles with Nsps = 40 and 64 the co-surfactant does not
reach the micelle interior: g(r) = 0 at » < 0.6 nm. The micelles with Nsps = 30 are more labile and rich
with co-surfactant, so BuOH can be found in all positions there.
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Figure 6. RDF of BuOH C* (1, red), C* (2, green), and O (3, blue) atoms with respect to the micelle center.
A: NgDs = 30, B: NgDs = 40, C: NSDS = 64.

The simulations were done with explicit water, therefore, the distribution of water in micelle can be
examined. It was described using RDF of water molecules with respect to the micelle center, Fig. 5B.
Compared to the bulk solution, the density of water decreases by 2 times at the distance of
1.58 — 1.84 nm from micelle center. This indicates that the head groups and adjacent methylene groups
of the micelles are strongly hydrated. Except of Nsps = 30, micelles become almost dry at 1.1 nm
(RDF is <1% of the bulk value) and completely dry at 0.85 nm. The curve for micelles with Nsps= 40
almost coincides with that of pure SDS micelles having Nsps = 60. Therefore introduction of 1-butanol
up to 50% (Nsps = Npwon = 40) did not affect the micelle structure considerably. Contrary, low
aggregation number and prolate shape of the micelle with Nsps = 30 makes its hydrocarbon core rather
thin.

The other question of interest is counterion binding by mixed micelles. To calculate the degree of
counterion binding f it is necessary to place the boundary between bound and free Na' ions. We used
the position of the first and the second minima of the RDF between Na” ions and DS™ S atoms as the
criterion, which equal 0.44 nm and 0.7 nm, respectively. The graph for the case Nsps = 64 is shown in
Fig. 7A; in other cases RDF has similar abscissas of minima and maxima. An even longer distance of
0.9 nm was considered, as well. The ions located closer than the chosen boundary position d were
considered as bound and contributed to f. The values are collected in Table 2 and depicted in Fig. 7B.
For comparison the data for pure SDS micelles is shown, as well [10]. Molar fraction of BuOH was
computed using equilibrium Np,on values instead of the initial ones.
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Figure 7. A: RDF between S atoms and Na' ions. B: Dependence of degree of counterion binding on molar
fraction of 1-butanol in mixed micelle. Black squares: $(0.44 nm), red circles: (0.7 nm), blue diamonds:
£(0.9 nm). Lines are produced by spline interpolation.

Table 2. Numbers of bound Na" ions and corresponding degrees of counterion binding for different positions of
the boundary and micelle compositions.

d=0.44 nm d=0.7 nm d=0.9 nm
Nsps | Xpuon N | B N | p N | B
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30 0.70 2.3 0.08 8.7 0.29 12.3 0.41
40 0.56 5.8 0.15 17.5 0.44 22.4 0.56
64 0.34 14.1 0.22 35.6 0.56 42.0 0.66
60 0 14.2 0.24 35.1 0.59 40.7 0.68

A clear monotonic dependence is observed: increase of 1-butanol content lowers counterion
binding. However, the effect becomes significant only when the co-surfactant content is considerable:
even at xguon = 0.34 f remains almost equal to that of pure SDS micelles. We suggest the following
explanation. The micelle with xp,on= 0.34 contains Nsps = 64 and Ns,ou = 32. Size and shape of its DS~
aggregate differ little from those of pure SDS micelle with Nsps = 60, leading to similar counterion
binding. The additional 1-butanol is distributed over the surface (Fig. 4B). In two other mixed micelles
the BuOH molecules incorporate into the hydrocarbon core to larger extent and pull apart the
surfactant head groups. As a result, surface charge density decreases, which weakens attraction of Na'.

For the considered compositions there was no experimental data about f to compare. However,
S =0.39 was reported for a system with csps = 0.02 mol/L, cpuon = 0.8 mol/L that is quite close to
system #1 (Table 1). [4] For pure micelles the value 0.71 was reported there. Both values agree with
matching simulation results for boundary position at 0.9 nm.

Conclusions

Mixed micelles made of sodium n-dodecyl sulfate and 1-butanol at standard conditions were
simulated by means of molecular dynamics. Three compositions were considered with molar fraction
of the co-surfactant 33% to 71%. 1-butanol was found located both on the surface of micelles and
incorporated in their hydrocarbon core. Still, its hydroxyl groups stay on the micelle surface among
surfactant head groups. Degree of counterion binding was found reducing with increase of 1-butanol
content. However, up to molar fraction of 33% the effect was small, and counterion binding was
similar to that of the single-component micelles. The used approach may be utilizied for examination
of other mixed micelles, as well.

Acknowledgements

The authors are grateful to the Ministry of Education and Science of Ukraine for the financial
support of this study via grant #0120U101064, and to Dr. Dmitry Nerukh (Aston University,
Birmingham, UK) for the generously provided computational resources.

References

1. Almgren, M.; Swarup, S. Size of sodium dodecyl sulfate micelles in the presence of additives 1. al-
cohols and other polar compounds. J. Colloid Interface Sci. 1983, 91, 256-266. https://doi.org/
10.1016/0021-9797(83)90330-2.

2. Caponetti, E.; Martino, D. C.; Floriano, M. A.; Triolo, R. Localization of n-Alcohols and Struc-
tural Effects in Aqueous Solutions of Sodium Dodecyl Sulfate. Langmuir 1997, 13, 3277-3283.
https://doi.org/10.1021/1a961013m.

3. Kharchenko, A. Yu. Composition of the sodium dodecylsulfate — 1-pentanol mixed micelles as de-
termined using acid-base indicators. Kharkov Univ. Bull., Chem. Ser. 2016, 27(50), 5-15. https://
doi.org/10.26565/2220-637X-2016-27-01.

4. Kharchenko, A. Yu.; Kamneva, N. N.; Mchedlov-Petrossyan, N. O. The properties and composi-
tion of the SDS — 1-butanol mixed micelles as determined via acid-base indicators. Colloids Surf.
A 2016, 507, 243-254. https://doi.org/10.1016/j.colsurfa.2016.08.004.

5. Taddese, T.; Anderson, R. L.; Bray, D. J.; Warren, P. B. Recent advances in particle-based simula-
tion of surfactants. Curr. Opin. Colloid Interface 2020, 48, 137—148. https://doi.org/10.1016/j.co-
€is.2020.04.001.

6. Marrink, S. J.; Mark, A. E. Molecular Dynamics Simulations of Mixed Micelles Modeling Human
Bile. Biochemistry 2002, 41(17), 5375-5382. https://doi.org/10.1021/bi015613i.

7. Shang, B. Z.; Wang, Z.; Larson, R. G. Molecular Dynamics Simulation of Interactions between a
Sodium Dodecyl Sulfate Micelle and a Poly(Ethylene Oxide) Polymer. J. Phys. Chem. B 2008,
112(10), 2888-2900. https://doi.org/10.1021/1a00022a026.

21



I. V. Kononenko, V. S. Farafonov

8. Mendez-Bermudez, J. G.; Dominguez, H. Structural changes of a sodium dodecyl sulfate (SDS)
micelle induced by alcohol molecules. J. Mol. Model. 2015, 22(33), 1-9. https://doi.org/10.1007/
s00894-015-2904-x.

9. Parra, J. G.; Aray, Y. B.; Iza, P.; Zarate, X.; Schott, E. Behavior of the SDS/1-butanol and SDS/2-
butanol mixtures at the water/n-octane interface through molecular dynamics simulations. Chem.
Phys. 2019, 523, 138—149. https://doi.org/10.1016/j.chemphys.2019.04.021.

10. Farafonov, V. S.; Lebed, A. V. Developing and validating a set of all-atom potential models for
sodium dodecyl sulfate. J. Chem. Theory Comput. 2017, 13(6), 2742—2750. https://doi.org/
10.1021/acs.jctc.7b00181.

11. Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development and Testing of the OLPS All-
Atom Force Field on Conformational Energetics and Properties of Organic Liquids. J. Am. Chem.
Soc. 1996, 118(15), 11225-11236. https://doi.org/10.1021/ja9621760.

12. Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.; Hess, B.; Lindahl E. GROMACS:
High performance molecular simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, -2, 19-25. https://doi.org/10.1016/j.s0ftx.2015.06.001.

13. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graphics
1996, 14, 33—38. https://doi.org/10.1016/0263-7855(96)00018-5.

Received 09.08.2022
Accepted 12.09.2022

I.B. KoHoHeHko, B.C. ®apadoHoB. [ocnigkeHHs 3MilaHux Miuen gogdeuuncynbgarty Hatpito — 1-OytaHony
MEeTOA0M MOMEKYNSAPHOI AUHAMIKA.

XapkiBCbkuI HaLUioHanbHWI yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHui dakynbteT, maigaH Ceoboau, 4, Xapkis,
61022, YkpaiHa

BnactmBocTi  3miwaHuMx  Miuen, WO CKNagawTbCa 3 MOBEpPXHEBO-akTMBHOI  peyvoBuHM  (MAP)
H-popeumnncynbdaTy HaTpito Ta ko-lMAP 1-OyTaHony [ocnimkeHi MeToooM MOAEMBaHHA  MOMEKYNSpHOT
OVHaMIiKM Anst TPbOX eKCNepuMMEHTarnbHO CrocTepeXxXyBaHWX cknagis. Yucno arperauii nepebysano B iHTepBani
Big 30 go 64, a BmicT ko-lAP ctaHoBuMB Big 75 0o 32 monekyn BignosigHo. Cknaz HaBKOMULLIHBOIO PO34MHY BoAa
— 1-6yTaHon BignoBigaB eKkcnepMMeHTanbHO AOCHIAXEHUM KOHLEeHTpauisM. BukopucToByBanmcs NoOBHOATOMHI
noTeHuianbHi MOAeni Ta sIBHUA PO3YMHHUK, LWOO BiATBOPUTU BinbLUICTb CTPYKTYPHUX AeTanei. BuaHayeHo Taki
XapaKTePUCTUKK, SIK PO3MIp MiLlenu, po3TtallyBaHHsa ko-IAP, rmnbuHa npoHMKHEHHS BoAW. 3MoaenboBaHi MiLenm
Manu KOMMNakTHy enincoiganbHy opMy, 3a BUHATKOM Hamnbinbl 6aratnx Ha ko-MAP, ski 6ynu npogoBryBaTMmMm.
PiBHOBaXkHWMI cknag, mMano Bigpi3HABCS Bif NOYaTKOBOrO, L0 BKa3ye Ha Y3ro4XeHiCTb MoaentoBaHHs. Monekynu
ko-MAP cnocTepiranucst B pisHUX MOMOXEHHSIX: po3TalloBaHi Ha noBepxHi arperaty MNAP abo 3aHypeHi B HbOro
BYrneBOAHEBUMY pagvkanamu. MpoTte rigpokcunbHi rpynu nepebyBanu Ha NoBepxHi MiLenu i 36epiranu KOHTakT
i3 posunHoM. BusiBneHo, WO Monekyny BOAM MPOHMKaKTb Y 3MiwaHi Miuenu Ha BigctaHb Ao 0,3 — 1,0 HM Big
ueHtpy. OuiHeHO CTyniHb 3B'A3yBaHHA MNPOTMIOHIB Ta BCTAHOBMEHO MOr0 3arnexHiCTb Bi4 cknagy Milenu.
BusBneHo, WO BiH HEMIHINHO 3MEHLLYETLCS 3i 3pocTaHHAM BMicTy Ko-MNAP. 3okpema, 3a BmicTy ko-NAP o 34%
3B’A3yBaHHS MPOTUIOHIB Oyno Marke nofibHMM OO Takoro B YWUCTMX Milenax H-goaeumncynbdaTy HaTpito;
3HAYEHHs1 MOCTYMOBO 3MEHLUYyBanocs npu nigBueHHi BMIiCTy 1-OyTaHony. Po3rnsaHyTi Oekinbka MonoXeHb
rpaHuli MK 3B'A3aHMMKU Ta BiNMbHUMW NPOTUMiIOHaMK. 3anponoHOBaHMI MiaXia Moxe OyTv BUKOPUCTaHUI Ans
[OCTIIKEHHS iHLWINX 3MilLaHMX Miuen.

Knro4doei cnoea: ¢yHkyiss padiarbHo2o po3nodiny, posmip Mmiuenu, eidpamauis, cmyriHb 38'A3yeaHHs
pomuioHis.
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