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Despite wide laboratory and industrial use, the structure of non-ionic surfactant micelles
and the state of molecular probes adsorbed by them are relatively poorly studied by
computational methods in comparison to the ionic surfactants. The state of an acid-base
indicator dye, namely, 2,6-dinitro-4-n-dodecylphenol, solubilized by micelles of Triton
X-100 non-ionic surfactant, was revealed by means of molecular dynamics simulations.
Both neutral and ionized protolytic forms were considered. The average positioning of the
forms with respect to micelle, composition of their local environment and number of
hydrogen bonds with water molecules were obtained and compared with those in ionic
micelles. The dye was found to be located on the surface of hydrocarbon core and be
significantly less hydrated than in ionic micelles due to covering by polyoxyethylene chains.
Both forms are localized similarly, while the anionic form is hydrated stronger than the
neutral one, which resembles the situation in ionic micelles. The convergence of simulation
results in such micelles is found to be slower than in the ionic micelles, especially for the
neutral form.
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Introduction

Micellar solutions of surfactants are widely used
in different fields of science and technology. Besides
their versatile applications, micelles serve as (reduced)
models of biological membranes, biomolecules, etc.
At the same time, acid-base, solvatochromic and
fluorescent indicators are unique tools for gaining
insight into micellar properties. In this connection,
it is of critical importance to know the location of
these molecular probes. In our previous publications,
we used the molecular dynamics (MD) simulations
for solving this problem. The Reichardt’s
solvatochromic indicators [1,2] and some acid-base
indicators [3,4] were studied in micelles of ionic
surfactants and conclusions were made about the
location and microenvironments of the indicator
dyes. The present paper is aimed to extend the
research to non-ionic micelles. 2,6-dinitro-4-n-
dodecylphenol (DDP) was taken as an indicator dye.
This indicator was previously examined both
experimentally and computationally in micelles of
ionic surfactants [4]. It is a weak acid dissociating

by hydroxyl group forming yellow-colored anion.
Further in the text, the acidic and anionic forms
will be denoted by HA and A, respectively. Triton
X-100 (TX-100 for short, its full chemical name is
4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene
glycol) was chosen because it is one of the most
widely used non-ionic amphiphiles. The structures
of the compounds are given in Fig. 1.
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Fig. 1. Molecular structures of DDP and Triton X-100.
The industrially available surfactant is a mixture of molecules
with n=9 and 10
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Despite wide laboratory and industrial
application, non-ionic surfactant micelles remain less
studied by MD method in comparison to anionic or
cationic ones. The gap becomes particularly large
for studies of compounds solubilized or adsorbed by
such micelles. Considering Triton X family,
micellization process of two representatives was
examined in large-scale MD simulations by
Yordanova et al. [5]. To this end, potential models
were thoroughly built in the framework of CGenFF
force field. A similar study, but at a hybrid coarse-
grained/atomistic resolution, was performed by de
Nicola et al. [6]. Interaction of carbon and boron
nitride nanotubes with TX-100 micelles was studied
by Fatemi and Foroutan [7—9]. Thus, it is timely to
include other compounds, including molecular
probes, to this list, and perform comparison between
the state of a compound in ionic and non-ionic
micelles.

Computations

MD simulations were performed at the standard
conditions (temperature of 298 K and pressure of
1 bar), Berendsen thermostat with time constant of
I ps and Berendsen barostat with time constant of
1.5 ps were employed for this. Time step was equal
to 1.6 fs, the 3D periodic boundary conditions were
imposed. Electrostatic interactions were computed
by means of the PME method, while van der Waals
interactions were cut off at 1 nm. All covalent bonds
were constrained. GROMACS 5 software package
was used.

The potential model for DDP was taken from
our previous works [4]. It was derived in the basis of
the common well-validated OPLS-AA force field.
For TX-100, it was straightforward to build the model
because for all parameters, the standard values present
in the force field were suitable. We used value n=10

(Fig. 1) for simulations.

The initial configuration was prepared in several
steps. First, an empty micelle was made by
equilibration of a preassembled bilayer of 110
molecules put in cubic water cell with edge length
of 9.7 nm. The number of monomers corresponds
to the experimental aggregation number [10]. After
50 ns of simulation at the stated conditions, a rod-
like micelle was formed (Fig. 2). Then, a cavity was
created near the surface of micelle following the
protocol, described in detail elsewhere [1—4]. In the
cavity, a dye molecule was placed, and the cavity
was collapsed providing a configuration where dye
is solubilized in micelle. For each dye and each
protolytic form, three configurations were prepared
in such a way.

For each system, simulations were performed
starting from these 3 configurations, and
corresponding 3 sets of computed characteristics were
averaged. Simulation length was 50 ns for the anionic
form and 130 ns for the neutral one. The analysis
was performed based on the last 40 ns of runs, while
the time before were discarded as equilibration.

Results and discussion

First, we focused on the properties of the
micelle itself. The final equilibrated shape is a curved
rod with highly irregular surface, with diameter of
~5 nm and length in unbend state of ~12 nm, as was
determined by visual inspection in VMD program
(including van der Waals radii of atoms). The micelle
consists of hydrocarbon core composed by atoms
belonging to benzene ring and aliphatic radical
attached to it and hydrophilic shell formed by
polyoxyethylene chains. The core has diameter of
~3 nm and length of ~10 nm, while the chains extend
as far as 1 nm out of it. To obtain quantitative
understanding of the density of the hydrophilic shell,

Fig. 2. Equilibrated Triton X-100 micelle. Hydrocarbon core is colored gray, hydrophilic shell is colored orange. On the left
image, polyoxyethylene chains are depicted as simplified; on the right image, water molecules within 0.6 nm of hydrocarbon core
are shown as well
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we computed the fraction of O atoms of the chains
(out of 11x110=1210 in total) within a range of
distances from the surface of hydrocarbon core. The
graph is presented in Fig. 3,a (an interval of 40—
50 ns of trajectory was used for computation). The
distance from an O atom to the core surface was
calculated as the center-to-center distance from it
to the closest atom belonging to the core. Estimated
in such a way, shell thickness equals 0.8 nm (that is
consistent with the results of visual examination),
while the half of O atoms are collected within
0.4 nm from the surface (i.e. lay immediately on it
without water molecules located in between).

Now we turn to describing DDP—micelle
complex. In comparison with moderately ellipsoidal
micelles of ionic surfactants, characterization of
localization of dye molecules with respect to highly
non-spherical rod-like micelles is much more difficult
task. Usually used distribution functions of distance
or angle between micelle center of mass (COM) and
some atoms of the dye molecule are not insightful
here. Instead, we computed distribution functions
of distance between the surface of hydrocarbon core
and chosen the following dye atoms: hydroxyl O
atom (denoted by Oy,) and the first C atom of dodecyl
radical (denoted by C,) (Fig. 3,b). Again, the distance
to its surface was approximated by the distance to
its closest atom. This approximation does not allow
distinguishing between location immediately on the
surface of the core and inside it: in both cases, the
distance will correspond to the closest contact
distance between the atoms that is determined by
the sum of their van der Waals radii. For H and C
or O atoms, it equals to ~0.28 nm [11]. However,
larger distances are unambiguous.
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As is seen from computed distributions, most
of the time, the distance between dye atoms and
hydrocarbon core is <0.37 nm with the peak at
0.32 nm (C,) or 0.28 nm (Oy), which indicates the
phenyl ring stays inside the core or immediately on
its surface. For O, atom, the values longer than
0.45 nm seldom occur indicating the hydroxyl group
is able to advance towards water for short time, but
not far (<0.6 nm); this tendency is two times stronger
for the anionic form. Thus, there is no evidence for
the phenyl moiety as a whole to be located inside
the hydrophilic polyoxyethylene shell or on the
interface between the shell and bulk water.

For clarity, several configurations generated by
MD are shown in Fig. 4 allowing visual perception
of the dye locus.

The composition of microenvironment of the
dye molecule was inspected via the following
approach. The atoms, surrounding the molecule, were
classified in three categories: atoms of water
molecules, atoms of hydrocarbon core and atoms of
hydrophilic shell; and the average populations of
each category were computed. The results are shown
in Fig. 5. Fraction of water in ME computed in
such a way represents an average measure of the
hydration of the molecule.

Finally, a meaningful and important
characteristic of the medium is the number of
hydrogen bonds formed by the species of interest
with accessible water molecules (ny;). The following
geometric criteria were employed for identification
of the presence of a hydrogen bond: (i) distance
between donor and acceptor no longer than 0.35
nm; (ii) angle Z(donor, H atom, acceptor) not less
than 150°. These criteria are standard for GROMACS
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Fig. 3. a — fraction of O atoms of polyoxyethylene chains within some distance from the hydrocarbon core; b — distribution
functions of distances between the surface of TX-100 micelle hydrocarbon core and hydroxyl Oy, C, atoms of DDP. Red curves
are for Oy atom, black curves are for C, atom, solid curves are for neutral form, and dashed curves are for anionic form
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a b c

Fig. 4. Instantaneous configurations of DDP in TX-100 micelle: a — highly hydrated neutral form, b — neutral form almost
screened from water, ¢ — anion at intermediate hydration. Hydrocarbon core is colored gray, atoms of hydrophilic shell within
0.6 nm from surface are colored orange and other its atoms are colored yellow. Water molecules within 0.5 nm of the dye are

shown as lines. Local environment of the dye is shown in insets
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Fig. 5. Compositions of microenvironment of DDP molecule (left) and its hydroxyl O atom (right) in TX-100 micelles. The first
section (gray) shows the number of hydrocarbon core atoms, the second one (light blue) shows the number of water atoms, and
the one (orange) shows the number of hydrophilic shell or headgroups atoms

utility gmx hbond that was used for analysis. The in these non-ionic micelles than in ionic ones. The
obtained nyp values are listed in Table. For cause is the bulky hydrophilic shell in the former,
completeness, the values for water and surfactants which expels a plenty of water from the dye vicinity,
studied before are computed and listed as well. as can be seen in Fig. 5. This stays in contrast to the

In general, the dye appeared much less hydrated situation in ionic micelles, where hydrophilic
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headgroups occupy much less space and screen the
molecule from water to lesser extent. This may appear
contradictory to the common opinion that non-ionic
micelles are well-hydrated, but as we emphasized in
the paper devoted to the Reichardt’s dye, the
microenvironment of the adsorbed species may
strongly differ from average composition of the region
it resides in.

Average numbers of hydrogen bonds formed by DDP with
water in various solutions. Uncertainty is no more than
0.1, except A~ in CTAB, where it equals +0.16

Surfactant ngp(HA) nyp(A)
pure water 33 8.1
TX-100 1.2 3.5
SDS 2.5 6.4
CTAB 1.7 4.4

It can be seen that the microenvironments of
both forms are almost similar despite the difference
in charge. This stays in line with the situation in
micelles of SDS and CTAB. Oppositely, the amount
of water around the hydroxyl group and,
consequently, the number of hydrogen bonds formed
by it are highly different that is also typical of SDS,
but not of CTAB.

It attracts attention that uncertainties for
microenvironment in TX-100 are unusually big
compared to those in ionic micelles. They stem from
discrepancies between the values computed based
on three runs. Actually, the convergence of
simulation results appeared to be unexpectedly slow,
especially for the neutral form. To struggle it, we
had to extend simulations of HA to 130 ns, and
even this duration appeared insufficient to reach
complete coincidence. We think that the cause is
that the local environment of the dye molecule in
TX-100 is more viscous because of the presence of
bulky hydrophilic shell immediately around the
hydrocarbon core that moves much slower than the
ionic headgroups. Also, it allows for higher variations
of dye hydration (from complete covering from water
molecules to giving them free access), while small
headgroups of ionic surfactants does not allow
complete covering. The ionized hydroxyl group has
stronger affinity to water than the neutral, thus,
complete covering is less typical of it in non-ionic
micelles, too. So that, the application of advanced
sampling techniques like replica exchange MD [12]
may be strongly needed for these systems despite
their relative simplicity.

Actually, these observations about localization
and hydration of DDP molecule, as well as

computational difficulties may be relevant for other
acid-base dyes adsorbed by TX-100 micelles, too,
because all of them seem to be caused by the nature
of hydrophilic shell.

Conclusions

Molecular dynamics simulation of acid-base bye
2,6-dinitro-4-n-dodecylphenol in micelles of non-
ionic surfactant Triton X-100 was performed. The
results show that the dye molecule (its phenyl ring)
in both forms (neutral and anionic) is immersed into
hydrocarbon core having hydroxyl group located on
the surface of the core mostly keeping contact with
water molecules. The dye is much less hydrated than
in ionic micelles of sodium dodecyl sulfate or
cetyltrimethylammonium bromide; the number of
hydrogen bonds formed with water molecules is
smaller, as well. Unexpectedly long simulation times
were needed to reach sufficiently converged results
of different runs, which is likely caused by the bulky
nature of hydrophilic shell. These observations may
be relevant for other acid-base dyes adsorbed by these
micelles. The use of advanced techniques like replica
exchange MD may be important for such systems.

Acknowledgements

Authors thank Ministry of Education and
Science of Ukraine for financial support in the frame
of the project «Molecular docking for express
identification of new potential drugs» (0119U002550)
and to Dr. Dmitry Nerukh (Aston University,
Birmingham, UK) for the provided computational
facilities.

REFERENCES

1. Farafonov V.S., Lebed A.V., Mchedlov-Petrossyan N.O.
Character of localization and microenvironment of solvatochromic
Reichardt’s betaine dye in sodium n-dodecyl sulfate and
cetyltrimethylammonium bromide micelles: molecular dynamics
simulation study // Langmuir. — 2017. — Vol.33. — No. 33. —
P.8342-8352.

2. Farafonov V.S., Lebed A.V., Mchedlov-Petrossyan N.O.
An MD simulation study of Reichardt’s betaines in surfactant
micelles: unlike orientation and solvation of cationic, zwitterionic,
and anionic dye species within the pseudophase // Kharkov Univ.
Bull., Chem. Ser. — 2018. — Vol.30. — P.27-35.

3. Mchedlov-Petrossyan N.O., Farafonov V.S., Lebed A.V.
Examining surfactant micelles via acid-base indicators: Revisiting
the pioneering Hartley-Roe 1940 study by molecular dynamics
modeling // J. Mol. Liq. — 2018. — Vol.264. — P.683-690.

4. In search of an optimal acid-base indicator for examining
surfactant micelles: Spectrophotometric studies and molecular
dynamics simulations / Mchedlov-Petrossyan N.O., Farafonov V.S.,
Cheipesh T.A., Shekhovtsov S.V., Nerukh D.A., Lebed A.V. //

Molecular dynamics study of an acid-base indicator dye in Triton X-100 non-ionic micelles



102

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 1, pp. 97-103

Colloids Surf., A. —2019. — Vol.565. — P.97-107.

5. Yordanova D., Smirnova 1., Jakobtorweihen S. Molecular
modeling of Triton X micelles: force field parameters, self-
assembly, and partition equilibria // J. Chem. Theory Comput.
—2015. — Vol.11. — P.2329-2340.

6. Self-assembly of Triton X-100 in water solutions: a
multiscale simulation study linking mesoscale to atomistic models /
De Nicola A., Kawakatsu T., Rosano C., Celino M., Rocco M.,
Milano G. // J. Chem. Theory Comput. — 2015. — Vol.11. —
No. 10. — P.4959-4971.

7. Fatemi S.M., Foroutan M. Study of dispersion of carbon
nanotubes by Triton X-100 surfactant using molecular dynamics
simulation // J. Iran Chem. Soc. — 2015. — Vol.12. — P.1905-
1913.

8. Fatemi Sh. M., Foroutan M. Molecular dynamics
simulations studies of Triton surfactant-wrapped single-walled
carbon nanotubes surface // J. Adv. Phys. — 2016. — Vol.5. —
No. 2. — P.129-133.

9. Fatemi Sh.M., Foroutan M. Study of the dynamic behavior
of boron nitride nanotube (BNNT) and Triton surfactant
complexes using molecular dynamics simulations // Adv. Sci.
Eng. Med. — 2014. — Vol.6. — No. 5. — P.583-590.

10. Grieser F., Drummond C.J. The physicochemical
properties of self-assembled surfactant aggregates as determined
by some molecular spectroscopic probe techniques // J. Phys.
Chem. — 1988. — Vo0l.92. — P.5580-5593.

11. Zefirov Yu.V., Zorkii P.M. Van der Waals radii and
their application in chemistry // Russ. Chem. Rev. — 1989. —
Vol.58. — No. 5. — P.421-440.

12. Replica exchange molecular dynamics: a practical
application protocol with Solutions to common problems and a
peptide aggregation and self-assembly example / Qi R., Wei G.,
Ma B., Nussinov R. // Peptide Self-Assembly. Methods in
Molecular Biology. — 2018. — Vol.1777. — P.101-119.

Received 04.11.2019

JOCILIXKEHHSA METOJOM MOJIEKYJIAPHOT
JUHAMIKHA KUCJIOTHO-OCHOBHOI'O
IHAUKATOPHOI'O BAPBHIKA B HEIOHOIEHHUX
MIIIEJAX TPUTOH X-100

B.C. Dapagponos, O.B. Jlediov, H.JI. Xumenrxo, M.O. Mueoaos-
Ilempocan

Heseaxcarouu na wupoke arabopamopre ma npomucioge gu-
KOPUCMAHHS, CMPYKMYpa Miyen HeiOHOeHHUX NOBEPXHEB80-AKMUG-
Hux peuosun (IIAP) ma cman adcop608aHux HUMU MOACKYAIPHUX
30H0i6 € 8iIOHOCHO MAA0 QOCAIONCCHUMU PO3PAXYHKOBUMU Memooa-
Mu, nopigHsaHo 3 ionocennumu ITAP. Cman kucaomHo-ocHo8H020
iHouxamopHoeo 6aperuxa 2,6-0unimpo-4-H-dodeyuagpeHony, conro-
6inizoeanoeo miyeaamu HeionoeenHoi ITAP Tpumown X-100 eéusna-
ueHi 3a 00NOMO20I0 MONEKYAAPHO-OUHAMIUH020 ModeatosanHs. Po3-
ensaHymi i HeumpanvHa, i ioHiz06ana npomonimuuni gpopmu. Ce-
PeOHE NOA0JICeHHS (hopM 8IOHOCHO Miyeau, CKAao iX N0KAAbHORO ce-
pedosuuya ma Kinbkicmes 600He8UX 36 3Ki6 3 MoAeKyiamu 600u
PO3Paxo8ani ma NopieHAHi 3 maxkumu 6 miyeaax ionoeeHHux [1AP.
Busigneno, wo 6apenuk pozmauwioeanuli Ha noeepxHi 8yeneeodHe-
6020 0pa Ma € 3HAYHO MeHW 2i0pamo8aHum, Hidc y IOHHUX Miue-
AGX, 34 PAXYHOK YKpUMMs HOAIOKCIemUNeHOBUMU AGHUIO2AMU.
O6udsi popmu nokanizosani nodibHo, npome auionHa gopma eidpa-
M06aHa CunbHile 3a HelmpaavbHy, wo nodibHo 00 cmaHosuwa 6
ionHux miyenax. 36ixcHicms pe3yabmamie Mo0erO8aAHHs GUABACHA
NOBINbHIUOMN, HidIC 8 IOHHUX Mileaax, ocobAu8o 045 HeUmpanbHoi
hopmu.

KaouoBi caosa: 2,6-1MHITpO-4-H-H0neunIbeHON,
ajicopO1ist, ToKasizailist, rinpaTailisi, BOMHEBUI 3B’ I30K.
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methods in comparison to the ionic surfactants. The state of an acid-
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solubilized by micelles of Triton X-100 non-ionic surfactant, was
revealed by means of molecular dynamics simulations. Both neutral
and ionized protolytic forms were considered. The average positioning
of the forms with respect to micelle, composition of their local
environment and number of hydrogen bonds with water molecules
were obtained and compared with those in ionic micelles. The dye
was found to be located on the surface of hydrocarbon core and be
significantly less hydrated than in ionic micelles due to covering by
polyoxyethylene chains. Both forms are localized similarly, while
the anionic form is hydrated stronger than the neutral one, which
resembles the situation in ionic micelles. The convergence of simulation
results in such micelles is found to be slower than in the ionic micelles,
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