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The key parameter related to the structure of the electric double layer of ionic surfactant
micelles — electrostatic potential - is considered. A brief overview of experimental methods
and theoretical models for estimating electrostatic potential is given. The calculating meth-
od for the electrostatic potential based on a numerical solution of the Poisson-Boltzmann
equation using an atomistic model of anionic surfactant micelle is proposed. The parameters
necessary for the construction of atomistic models are obtained from molecular dynamic
modeling. The electrostatic potentials for the micelles of sodium dodecyl sulfate and cetyl-
trimethylammonium bromide at different ionic strengths were calculated by this method.
The results are discussed in comparison with the values calculated in the simplified model, the

Ohshima - Healy — White equation.
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INTRODUCTION. Micelles of colloidal
surfactants are widely used in different fields
of chemistry and related sciences and techno-
logies [1-3]. Aqueous micellar solutions are
almost transparent and thermodynamically
stable (i.e., reversible) liquid systems [3-5].
They may be considered as the most simple and
at the same time most important and unique
representatives of the so-called organized solu-
tions [6, 7]. Hereafter, we shall consider ion-
ic surfactants, which are diphilic molecules
consisting of a hydrophobic portion and ionic
group. In fact, they are colloidal electrolytes
with a hydrocarbon chain containing from 8 to
18 carbon atoms.

Micelles of a given colloidal surfactant are
formed in aqueous solutions upon reaching
a certain concentration, the so-called critical
micelle concentration (CMC) and at a tempe-
rature equal or above the so-called Krafft point.
The driving force of micellization in water is
the hydrophobic interaction [3-5]. The hydro-
philic parts of the surfactants are directed to-
wards the bulk (aqueous) phase, while the
hydrophobic tails form the internal hydrocar-
bon core. According to the generally accepted
model, these surfactant aggregates are highly
porous, highly hydrated, disordered clusters in
a state of dynamic equilibrium with monomers
in the bulk phase. In the concentration range
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about the CMC, the micelles are several nm-
sized and practically sphere-shaped.

Although many models of the structure of
micelles of ionic surfactants can be found in
the literature, they all agree on the main point.
Namely, an electric double layer (EDL) appears
at the micelle-water interface. The ionic head
groups form the inner layer characterized by
surface electrostatic potential ¥ . It attracts the
counterionsfromsolution, whichformtheouter
layer. Different approaches were proposed
for its description, starting from the Gotiy -
Chapman model, where the counterions are
considered size-less and adopting Boltzmann
distribution of concentration immediately af-
ter the inner layer, and then the Stern model,
where some portion of counterions is assumed
to adsorb strongly and form a thin dense lay-
er (subsequently called Stern layer), while
Boltzmann distribution starts from its outer
boundary. The thickness of the Stern layer is
usually denoted as §, and the electrostatic po-
tential at its boundary is hence denoted as \¥';.
Various departures from this model were de-
veloped beginning with the classical papers by
Stigter [8, 9]. For the counterions in the Stern
layer, mobile and localized adsorption mo-
dels were considered by Rathman and Scame-
horn [10]. Treating micelle formation by small
system thermodynamics, Gilanyi suggested
a diffuse monolayer structure instead of the
idealized Goiity — Chapman model [11]. This
listing can be continued up to the latest works
utilizing molecular dynamics (MD) simula-
tions [12-14].

In many cases, the electrostatic potential is
considered as a key parameter governing the
properties of the micellar solutions of ionic
surfactants, affecting their behavior in photo-
physical and analytical processes, chromatog-
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raphy, shifting of equilibrium states and acce-
leration of a variety of reactions, binding vari-
ous compounds, in synthesis of nanoparticles,
etc. [1-4,7,15]. Consequently, there are many
approaches to determine its value for ionic mi-
celles.

Among the experimental methods, the
most popular and universal one is based on the
application of colored or fluorescent acid-base
indicators [3,15-20]. There, ¥ is determined
using the so-called apparent dissociation con-
stant, K™, of the indicator bound to the mi-
celle and the so-called intrinsic constant, K.,
Eq. 1,

lP:RTlnIO

<(pK! -pK™) ()

Here R, T, F have their usual meanings.

The apparent constant is in fact a two-phase
equilibrium constant because the pH value is
determined in the bulk phase, whereas the ac-
id-base couple of the indicator dye is located
in the micellar palisade. As the pK! value, the
pK.™ value of the same indicator in micelles
of nonionic surfactant is usually used. Some
more sophisticated assumptions to determine
these values are also used [3, 15, 16, 19, 20].
A similar approach is based on using acid-base
equilibria of stable free radicals and the elec-
tronic spin resonance method [21]. A method
of monitoring the fluorescence changes along
with electrostatic potential alterations was de-
veloped for membranes and vesicles [22]. Uti-
lization of the small-angle neutron scattering
method for determination of the surface elec-
trical charge and potential of surfactant mi-
celles is also reported [23].

Yet, all these experimental methods are
based on the use of molecular probes, which
makes their results depending on the chosen
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probe. One of the reasons is the variation of the
probe location in the micelle. In general, the
probes are considered to be located within the
Stern layer, which implies the ¥ in Eq. 1 should
be somewhere between ¥ and ¥, Another
reason is the possibility of specific interactions
between the probe and surfactant. In total,
for sodium dodecyl sulfate (SDS) micelles the
variation of ‘¥, as found using Eq. 1, reaches
about 200 mV [15].

This makes the demand for approaches that
consider the sole micelles and, hence, are free
from this issue. In this connection, the most
relevant approach is the electrophoretic meas-
urement of the electrokinetic (or (-) potential
of colloid particles. No foreign probes are re-
quired, and the obtained ( values characterize
solely the particles and the solution. However,
(-potential is a priori of a lesser magnitude
than ¥ because corresponds not to the surface,
but to some slipping plane located ~1 nm far
from it. Hence it is just a lower estimate of |¥|.
It was supposed that the rough and dynamical

character of the micelle surface due to mono-
mer motion reduces the potential fade near the
surface smearing the difference between the ¥
and ( values [24]. However, this assumption
was later considered improbable because the
slipping plane is located about 0.8 nm farther
than the Stern layer [25].

So that, at present, only theoretical methods
to the stated problem are available. The mostly
used ones are based on solving the Poisson -
Boltzmann (PB) equation, Eq. 2. This equation
establishes the relation between the charge
density of the system and the electrostatic po-
tential created by it. The density is represented
as a sum of two contributions: the fixed one,
which is constant and belongs to the solute, and
the mobile one, which depends on the electro-
static potential distribution in a self-consistent
manner and represents the coions and coun-
terions in the solution [26]. It is this equation
that grounds the Goily - Chapman model of
EDL, as well as the Debye — Hiickel theory of

V() (5,0, 2)) =~ 2 (j;; ) _

0
Here y(x, y, z) is the electrostatic poten-
tial, &, has its usual meaning, p(x, y, z) is total
charge density, (x, y, 2) is the relative permit-
tivity (in the general case it is a function of co-
ordinates, t00), p, is the fixed charge density, ¢
is the total concentration of the electrolyte (as-
sumed here to consist of single-charged ions).
Overall, the solvent is treated here as a con-
tinuum characterized with uniform relative
permittivity, thus, disregarding the discrete
nature of solvent molecules and ions. The so-
lute is also treated as a continuum with some
other value of relative permittivity. The ions are
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originally considered to be point charges oc-
cupying no volume. Nevertheless, by adjusting
boundary conditions the ions may be attribu-
ted with a radius R for interaction with the so-
lute making them unable to approach it tightly,
as is assumed in the Stern model of EDL.

The PB equation is a non-linear differential
equation of the second order, which makes its
analytical solving possible just for the simplest
geometries of charge distribution like uni-
formly charged planes, spheres, or cylinders.
It can be linearized to facilitate solving, but
this procedure is correct for relatively weakly
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charged solutes only. The approximate analy-
tical solution of this equation in its non-linear
form for a uniformly charged spherical particle
with radius r was deduced by Ohshima, Healy,
and White, Eq. 3 [27]. It will be called Ohshi-
ma - Healy - White (OHW) equation further
in the text.

The authors also derived the formula for cy-
lindrical particles [27]. If the g_value is known,
‘¥ can be calculated and vice versa. In summa-
ry, there are two parameters for a micelle rep-
resented as a homogeneously charged sphere:
radius and molecular area of a head group. In
this respect, it is worth to mention the work
by Lukanov and Firoozabadi who numerically
solved the PB equation modified to incorpo-
rate non-electrostatic solute — ions interactions
for similar geometry [28].

In principle, Eq. 3 may be used to predict
the potential of Stern layer ‘¥, instead of the
surface potential ¥ . In such a case, the surface
charge density is reduced due to the presence
of adsorbed counterions. Hence, the g_value
must be multiplied by (1 - f) to reflect the par-

tial neutralization of the micelle charge, where
B is the degree of neutralization. Additionally,
the r value should be increased to match the
total size of the micelle together with its Stern
layer. It was shown that for well-defined col-
loidal systems like aqueous micellar solutions
of SDS or cetyltrimethylammonium bromide
(CTAB) such calculations give plausible results
(16, 17].

Yet, despite the usefulness of the described
equation, it is a severe simplification origina-
ting from the inability to analytically solve the
PB equation for a case of complex geometry.
However, at present one is no more constrained
to analytical solutions due to the availability of
computers allowing the direct numerical sol-
ving of this equation. Nowadays there is a va-
riety of software developed for this sake [29].
There, the input is the atomistic model of the
system of interest (consisting of the positions
of atoms, their van der Waals radii and atom-
ic point charges) and, the output is the corre-
sponding distribution of the electrostatic po-
tential in surrounding space.

1
81 h(Y /4)] )2
_2RTE Gy oy 1 — 2, Sholeosh(Y /)]
‘ xrcosh” (Y /4) (xr)’sinh*(Y/2) (3)
_E_eNagg . _FTO. _ 2F1
b= RT’ £,6RT

Here, g_ is the surface charge density, s is
the molecular area of a head group on the mi-
cellar surface, N is the aggregation number,
e is the elementary charge, « is the reciprocal
Debye length, I is the ionic strength of a solu-
tion. (represented as a three-dimensional grid
of y(x, y, z) values). The solution parameters
(relative permittivity, temperature, ionic
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strength) are also required. The main benefit
of the numerical approach is that the charge
distribution is considered in all its complexity
with no need to simplify or impose some limi-
tations on its geometry. Additionally, the inter-
polation schemes can be applied for &(x, y, z) at
the solute-solvent boundary to form a smooth
contact between the two continuums. Hence,
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this technique is widely used for studying va-
rious biomolecules and biological assemblies
(lipid membranes, individual proteins, and
protein complexes including viruses) having
an elaborate structure, where it reveals the re-
gions of high positive or negative charge den-
sity [30-33]. However, to our knowledge, such
objects as surfactant micelles have not been in-
vestigated with this method up to date.

This work aims to fill this gap and perform
the numerical computations of the electrostatic
potential around ionic micelles based on their
accurate atomistic models instead of the sim-
plified ones. We chose SDS and CTAB micelles
for this study as the typical and well-defined
ones. The produced results will be contrasted
with the predictions of the simplified model
given by the OHW equation.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Computational procedure. The
parameters of micelles required by the OHW
equation (radius, surface area, degree of neu-
tralization) were calculated grounding on the
molecular dynamics simulations of SDS and
CTAB micelles composed from 60 (the former)
or 80 and 95 (the latter) surfactant monomers.
Unlike SDS, for CTAB there is some spread in
the experimental data about aggregation num-
ber, hence, two values of N, were considered.
We used the last 10 ns interval of the trajecto-
ries generated during our previous investiga-
tions of these systems, for details please refer
to the corresponding papers [13, 14]. The radi-
us was calculated in two ways: 1) as the gyra-
tion radius of hydrocarbon core multiplied by
/573, and 2) as the position of the maximum
of the radial distribution function (RDF) be-
tween micelle center of mass and S (N) head
groups atoms. Both ways provided similar val-
ues (within 0.05 nm).

https://ucj.org.ua

The solution parameters submitted to the
OHW equation were: € = 78.5; T = 298.15 K;
I=0.05M =50 mol m™.

To determine the degree of neutralization
we calculated the radial distribution func-
tion g(d) of counterions around the micelle,
Eq. 4. It shows how much the density of coun-
terions on distance d from the surface dif-
fers from the cell-average value. Preliminary,
the function N(d) was calculated as the total
number of ions laying within distance d from
the surface. The peaks on RDF’s indicate the
regions of increased ions density, hence, it is
reasonable to define the Stern layer as the peak

in g(d).

pd) 1 dN(d) _

Py Py dV(d)

1 1 dN(d)
" An(r+d)’ dd

Where p, is the cell-average number density
of counterions, p(d) is the number density of
counterions at distance d from micelle, dN is
the number of counterions within an infinitely
thin layer around micelle at distance d, dV is
the volume of this layer, which is approximat-
ed by the volume of a spherical layer, r is the
micelle radius.

The input for PB computations was ob-
tained in two stages. At first, the distribution
of electrostatic potential around micelles was
calculated using the Adaptive Poisson - Boltz-
mann solver (APBS) software [34,35]. The box
size was chosen similar to the MD cell size,
namely 8 nm for SDS and 10 nm for CTAB,
and grid dimensions were 257x257x257. The
micelle was centered in the box. Relative per-
mittivity was set to 78.5 for water and 2 for mi-
celle (matching higher alkanes like n-decane).
Radius of solvent molecules was set to the

g(d)=
(4)
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default value that is 0.14 nm. Because we deal
with highly charged systems, non-linearized
version of Poisson-Boltzmann equation was
chosen. Both the cation and the anion of the
background electrolyte were single-charged
and were attributed with radius 0.1 nm for SDS
and 0.2 nm for CTAB matching the ionic radii
of Na* and Br, respectively [36]. The computa-
tions were carried out at a range of electrolyte
concentrations from 0.05 M to 1 M including
the case of no electrolyte.

The atomistic models were obtained from
the above stated MD simulations of SDS and
CTAB micelles. For each surfactant, 3 models
were prepared by extracting instantaneous
configurations from MD trajectory at 10 ns,
15 ns, and 20 ns. The atomic point charges
were taken from the used potential models,
which belong to the optimized potentials for
liquid simulations - all-atom (OPLS-AA) force

field [13, 14]. The atomic radii were provided
by gmx editconf utility executed with -mead
option specified.

The second stage was averaging the spa-
tial distribution of the electrostatic potential
w(x, y, z) over relevant regions to get meaning-
tul average values, which can be interpreted and
compared with predictions of other methods.
The quantities predicted by analytical models
of micelles are usually related to the distance
from the micelle surface, while the micelle
shape itself is considered as a simple geometric
form (sphere, cylinder etc.). However, in our
case it appears non-trivial to define the concept
of “distance from micelle surface” because the

atomistic models have rough, irregular shapes
preventing the application of simple geometric
criteria like distance from the micelle center of
mass. Consequently, it is difficult to outline the
regions for averaging the y(x, y, z).

Fig. 1. A: The principle of calculation of solvent-accessible surfaces. Dark blue circles - CH

, groups

of hydrocarbon core, dotted orange circle — a head group, red line “vdW” - van der Waals surface of
hydrocarbon core, light blue outlined circles - solvent probes with radius R, light green outlined circle -
solvent probe with radius (R, + x), solid and dashed violet lines — SAS of hydrocarbon core obtained with
the smaller and the bigger probes, respectively. The former SAS establishes the origin of the distance scale,
d = 0, and the points of the latter SAS are considered as located on distance x from the hydrocarbon core.

B: SDS micelle within its solvent-accessible surface. The regions of the surface located within 0.4 nm
of S atoms are highlighted orange, and the regions within 0.5 nm of two S atoms are highlighted white.
S and O atoms are shown as red and yellow spheres, respectively.
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We solved this problem by employing sol-
vent-accessible surfaces (SAS). According to
the definition, SAS is the locus of the center of
a spherical probe as it rolls over the accessible
regions of the van der Waals surface of object.
The probe radius R is usually set to the approx-
imate radius of water molecules R, that is 0.14
nm. In turn, the van der Waals (also called mo-
lecular) surface is the union of atom-centered
spheres each having the radius set to the van
der Waals radius of the corresponding atom
[37]. Here we generated the solvent-accessible
surface of the hydrocarbon core of micelles us-
ing the gmx sasa utility with the default value of
the probe radius (0.14 nm) and increased pre-
cision (parameter -dots 100). The head groups
0SO,” and CH,N(CH,)," were omitted in the
calculation as not forming the surface but pro-
truding from it. This SAS was considered as the
actual micelle surface, and it set the origin for
measuring distance d towards a bulk solution:
all points of this SAS were attributed with d = 0.
Further, a series of SAS was generated using
larger probe radii of (0.14+x) nm where x
ranged from 0.05 to 1 nm. These surfaces were

larger than the original one and represented an
accurate equivalent to the notion “the place of
points at distance x from micelle”. The princi-
ple is illustrated in Figure 1A.

These surfaces were used then as the regions
for averaging the electrostatic potential distribu-
tion. The average of y(x, y, z) evaluated over the
surface generated using probe radius (0.14+x)
nm was considered as the ¥ value at distance
d = x from micelle surface. Because each surface
was intrinsically represented as a set of points,
and the potential distribution was a three-di-
mensional grid, calculation of the average value
was done by enumerating the surface points and
summing up the values of potential there, which
were in turn determined via trilinear interpola-
tion between the neighboring grid points. Im-
portantly, not all surface points were used here,
but only a subset: we excluded the SAS points
located closer than 0.4 nm to any S (N) atom
of head groups and the points within 0.5 nm of
two or more S (N) atoms at the same time. The
justification is provided in the Results section
below. An example of a SAS with the indication
of the excluded regions is shown in Figure 1B.

Table 1
The parameters of micelles and subsequent solutions of OHW equation
surfactant N r, nm s, nm? | |¥ |, mV | B | |V |, mV
aggr 0 8
SDS 60 1.81 0.686 139 0.48 94
CTAB 80 2.22 0.774 134 0.61 75
CTAB 95 2.35 0.731 138 0.65 74
Table 2
Electrostatic potential of micelles from numerical solution of PB equation at I = 0.05 M
surfactant wcer ¥ |, mV [¥(0.2)], mV | |¥(0.4)], mV |¥,|, mV
SDS 60 100 85 68 75
CTAB 80 149 106 76 70
CTAB 95 151 111 85 78
https://ucj.org.ua 61
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Firstly, we focus on the theoretical predic-
tions of the OHW equation. The parameters
of micelles obtained from MD simulations (7,
s, ) and the subsequent solutions of Eq. 2 are
collected in Table 1. For Y, calculation, the
micelle radius r was increased by 0.1 nm in
order to reflect the incorporation of neighbor-
ing ions (the s value was accordingly changed,
too). We deliberately chose the addition less
than § because the visual examination of MD
trajectories revealed that most of these coun-
terions are located in between the head groups
or alongside them, therefore, do not advance
far towards a bulk solution. The analysis of
g(d) graphs suggested placing the Stern lay-
er boundary § at about 0.32 nm for SDS and
0.45 nm for CTAB, Figure 2. The correspond-
ing f8 values found as N(8)/N,  are 0.48 and
0.61, respectively. We note that the experimen-
tally determined f values vary within the range
of 0.5-0.9 for different surfactants and depend
on the method used [3, 15].

There is no significant difference found be-
tween ¥ values of CTAB micelles composed of

60
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A

80 and 95 monomers indicating the negligible
effect of the micelle size in this case.

Now we turn to the results of PB calcu-
lations. From the qualitative point of view,
visual examination of the electrostatic poten-
tial distribution depicted as equipotential sur-
faces (isosurfaces) reveals its complex shape.
v(x, y, z) is quite uniform near the regions
where the hydrocarbon core is exposed to wa-
ter, however, it sharply increases in magnitude
upon approaching the head groups. Its gradi-
ent increases there, too, as is evidenced by a
tighter spacing between isosurfaces: there the
magnitude reaches >260 mV/nm, while far
from head groups it drops to <80 mV/nm.

To get quantitative results we averaged
v(x, ¥, z) following the procedure described in
the Computational procedure section. The pre-
vious observations motivated us to exclude the
vicinities of head groups from averaging: these
regions, while having comparatively small total
area, are located at y(x, y, z) values very dif-
ferent from the rest of the surface. Therefore,
keeping them would distort the average.

0.6

——8DS
1 ™ ---- CTAB
054 |
|
!
1
044 |
] 1
S i
5 037 |
024 |
1
0.1
0.0 T T T T T T 1
00 01 02 03 04 05 06 07
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B

Fig. 2. A: the number of counterions at given distance from micelle surface; B: radial distribution
function of counterions around the micelle. The origin corresponds to the solvent-accessible surface of

hydrocarbon core.
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The produced dependences of ¥ on dis-
tance from micelle surface and ionic strength
are presented in Figures 3, 4A and summa-
rized in Table 2. The profiles demonstrate
the expected behavior of gradual monotonic
decrease towards zero with distance and ion-
ic strength. At similar conditions, ¥ around
CTAB micelles have a larger magnitude than
around the SDS ones. It should be emphasized
that the data for high ionic strengths is rather
evaluative because all the computations were

0

-204

404

¥, mV

60

d, nm

A

done using the same atomistic model. While
at such conditions the micelles usually change
shape from ellipsoidal to rod-like.

A feature of the numerical computa-
tions is the possibility to handle the case of a
“bare” micelle in the absence of counterions
and background electrolyte. In this case I = 0
and «' tends to infinity preventing the use of
the OHW equation. The estimated ¥ values
equaled -535 mV and +630 mV for SDS and
CTAB micelles, respectively.

Fig. 3. Profiles of electrostatic potential fade with distance for SDS (A) and CTAB (B) micelles at dif-

ferent ionic strengths.
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Fig. 4. A: Dependence of surface electrostatic potential on ionic strength for SDS and CTAB micelles;
B: Profile of electrostatic potential fade with distance for CTAB micelles of different sizes at I = 0.05 M.
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Table 3

Effect of counterions radius on ¥ from the numerical solution of PB equation
at I = 0.05 M. The original values are highlighted in bold

|¥,|, mV
surfactant
assr Ri =0.2 nm Ri =0.1 nm Rl. =0
SDS 60 130 100 71
CTAB 80 149 106 74

To check the robustness of the presented
results, we varied several factors, which can af-
tect the computed y(x, y, z) distributions.

The graphs presented above were produced,
basing on a single model for each micelle.
To estimate the effect of the choice of con-
figuration, we repeated the computations at
I = 0.05 M using two other models. The pro-
duced VW profiles were within 5 mV at d = 0 and
within 3 mV for larger d indicating that using
a single model is enough to get a correct result.
The possible reason is that the main structur-
al motifs of the micelle surface are observed at
any time during the evolution of its shape. We
note that the values in Table 2 are averages over
three models.

Next, because of the uncertainty with N
of CTAB micelles we repeated the computa-
tions using the models with N, =95 instead of
80. Both results are confronted in Table 2 and
Figure 4B. It is seen that while some difference
is present, the profiles agree well: the ¥ values
almost coincide at the shortest (<0.15 nm) and
longest (=0.7 nm) d values. In between the dis-
crepancy is no more than 10 mV that is mo-
derate. This is in line with the behavior of the
OHW equation.

A crucial factor is the radius of ions of the
background electrolyte. We tested the values
0.2 nm for SDS (instead of 0.1 nm) and 0.1 nm
for CTAB (instead of 0.2 nm). Also, the point-
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like case (R, = 0) was checked. Unlike the previ-
ous factors, here the influence appeared signif-
icant for both kinds of micelles: each decrease
of R by 0.1 nm reduced |¥ | by 30-40 mV, Ta-
ble 3. This effect is expected due to the appear-
ance of counterions closer to the surface.

Finally, we tested the influence of the com-
putation parameters. The box size increase to
12x12x12 nm® and the grid dimensions de-
crease to 129x129x129 were found to cause
the negligible difference of ¥ (<3 mV).

First of all, the comparison of results in Ta-
bles 1 and 2 shows that both OHW equation
and numerical computations provide the mag-
nitude of ¥, in the range of 100-150 mV for
both kinds of micelles. The closer look, how-
ever, reveals a discrepancy: while OHW equa-
tion predicts almost equal |¥ | for SDS and
CTAB (within 5 mV), their numerical results
are much different (by ~50 mV). This behavior
seems rather surprising because both ways are
based on the same theory (that is Eq. 2) and
requires explanation.

The main distinction between the ways is
the geometry of the model: while the OHW
equation represents the micelle with head
groups as a smooth sphere with the uniformly
distributed charge, in numerical computations
the protrusion of head groups from the hydro-
carbon core and their discrete charge is taken
into account.
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The second distinction is more subtle but
no less important: in the derivation of the
OHW equation, the ions were treated as point
charges implying they approach infinitely close
to the solute. Oppositely, the used software for
numerical solution allowed tuning the dis-
tance of the closest approach between the ions
and the solute in terms of ions radii R. As was
mentioned before, this parameter strongly af-
fects the results. The examination of Table 3
shows that if equal radii are used, the ¥ values
of SDS and CTAB become much closer (with-
in 7-20 mV) resembling the behavior of the
OHW equation.

Still, there remains the difference in pre-
dicted ¥ magnitude. Surprisingly, the closest
match between OHW and numerical predic-
tions is observed for R, = 0.2 nm instead of
zero size. We attribute this fact to the geome-
try of the models via the following qualitative
consideration. The discrete head groups have
a high charge density. When their charge is
smeared across the whole surface, the charge
density proportionally decreases. As a result,
such uniformly charged surface exerts pro-
portionally weaker attraction to counterions.
This, however, leads to exponentially smaller
concentration and charge density of the ap-
proached counterions. Therefore the origi-
nal surface charge becomes neutralized to a
lesser extent resulting in higher |¥ | values.
To achieve the same magnitude in numerical
computation one has to artificially prevent
counterions from accumulating around high-
ly charged head groups by attributing the ions
with ~0.2 nm radii.

Considering the surface potential of “bare”
micelles without counterions, its large magni-
tude against the |V | values in Table 2 indicates
the effect exerted by the outer part of EDL.

https://ucj.org.ua

Turning to the potential of Stern layer ¥,
both ways agree that for CTAB it equals ~75 mV.
For SDS the numerical result is -75 mV. Its
direct comparison with the OHW solution is
impossible because of the discrepancies de-
scribed above.

To summarizing, in our opinion the distinc-
tion of results of the used ways is caused by the
different treatment of head groups and coun-
terions. Among the two ways, we have a pre-
ference for the numerical solution because it
implies fewer simplifications and assumptions
and, thus, provides a more realistic treatment
of the examined systems. Nevertheless, the
analytical equation produces the values of cor-
rect magnitude with much less computational
effort.

CONCLUSIONS. The surface electrosta-
tic potential ¥ of micelles of common sur-
factants sodium dodecyl sulfate and cetyltri-
methylammonium bromide was estimated
by two theoretical approaches based on the
Poisson - Boltzmann equation. The analy-
tical equation derived for uniformly charged
spherical particles and point-like counterions
was found to provide similar ¥ values for both
micelles. Oppositely, the numerical solution
with the geometry of the systems accurate-
ly reproduced and ions attributed with radii
equal to their ionic radii resulted in pronounc-
edly higher ¥ of CTAB micelles than of SDS
ones. Namely, at background electrolyte ionic
strength of 0.05 M the values equaled +150 mV
and -100 mV, respectively. By the same ap-
proach, the electrostatic potential on the
boundary of the Stern layer ¥, was found to
be ca. +74 mV and -75 mV, respectively. The
discrepancy between the approaches was ex-
plained on the basis of the assumptions and
simplifications made in them.
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KOHTWUHYAJIbHO-EJNIEKTPOCTATUMHE L0CHI-

JDKEHHSI MOHHWX MILEN I3 BUKOPUCTAH-
HAM ATOMICTUYHUX MOAENEN
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PosrnanyTo nurtaHHA mpo KIHOYOBUM IIa-
pameTp, HOB’si3aHMIT 3 OyZOBOIO IOABINHO-
ro €JIeKTPMYHOIO ILIapy Mile/n MOHOIeHHUX
ITAP, - enexrpocratnynmit norenniaa. Hase-
JNEHO KOPOTKMII OITIAJ, €KCHEPUMEHTA/IbHUX
METOJ|iB Ta TEOPETUYHUX MOJIe/IeN i1 OL[iHKU
€/IeEKTPOCTAaTMYHOIO IOTEHIIia/Ty. 3aIIPOIIOHO-
BaHO METOJ, PO3PaXyHKY €IeKTPOCTATUYHOTO
NOTeHIliany, AKUI 6a3yeTbCcs Ha YMCETbHOMY
po3p’sa3anHi piBHAHHA [lyaccona - Bombima-
Ha, 3 BUMKOPMCTAaHHAM aTOMICTMYHOI MOJei
miuenn ionoresHol ITAP. Heo6xigHi gia no-
OyZOoBM aTOMICTMYHUX MOJeJell IapaMeTpu
OJlep>KaHO 3 MOJIEKY/IAPHO-AVHAMIYHOIO MO-
JenoBaHHA. [3 BUKOPUCTaHHAM LIbOTO METO-
Iy PO3paxoBaHO €NEeKTPOCTATUYHMUI IIOTEH-
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ian i Minen popennacynb@ary Harpioo Ta
OpoMify LeTW/ITpUMEeTIIaMOHII0 TPy pi3sHUX
ionHnx cwmax. Pesynpratm  06roBOpPIOIOTH
IIOPiBHAHO 31 3HAYEHHAMH, PO3PaXOBAHUMMU
B paMKax CIIPOIIEHOI MOfei 3a PiBHAHHAM
Ommmu - Xini — Yaiira.

KnrouoBi croBa: Millenla IOBEPXHEBO-aK-
TUBHOI pedoBuHM, wmap IllrepHa, enexrpo-
CTaTWMYHMII TOTeHnian, piBHAHHA Ilyacco-
Ha — bonbliMaHa, JOCTYIIHA JI/14 PO3YMHHIMKA
IIOBEPXHA.
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