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Abstract Self-diffusion of surfactants and counterions in premicellar and micellar
solutions of sodium, lithium and cesium dodecyl sulfates has been examined by
nuclear magnetic resonance (NMR)-diffusometry. Self-diffusion of surfactants
obeys as a whole the well-known two-site exchange model in which surfactants
diffuse as micelles and non-micellized molecules in monomer and dimer forms. To
explain self-diffusion of counterions, the model which takes into account their
diffusive motion about the surface of micelles is proposed. It is shown that this
phenomenon contributes considerably to charge transfer in micellar solutions.
Estimation of surface diffusion of counterions about the micellar surface is made on
the basis of experimental results on self-diffusion of surfactants and counterions, the
data obtained on critical micelle concentration and the degree of counterion binding.

1 Introduction

Tonic surfactants are the most widely used family of surfactants in both academic
research and industrial practice, being utilized in practical applications ranging from
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household uses, including detergents, pharmaceuticals, and personal care products,
to industrial applications involving lubricants and coatings.

Below the critical micelle concentration (cmc) in water solutions of ionic
surfactants, which belong to 1-1 electrolyte family, the surfactant ions and
counterions do not form ion pairs similar to inorganic electrolyte solutions. Under
surfactant micellization the charged surface of micelles binds a portion of
counterions as a result of electrostatic [1] and, possibly, specific interactions [2].
But the data on the degree of counterion binding (f) obtained by means of different
experimental techniques is rather conflicting even for one and the same surfactant
[1, 3-6].

The nuclear magnetic resonance (NMR)-diffusometry approach for probing
translational diffusive mobility of surfactants and counterions is one of the most
versatile techniques to characterize surfactant self-assembly, to study micellar size/
shape and to analyze the degree of counterion binding [7-11]. The established
procedure to analyze self-diffusion NMR data is to make use of a two-site exchange
model [12, 13], in which the observed diffusion coefficient is expressed as a
population-weighed average between “free” (monomer) and “bound” (micelles)
surfactant. Below cmc, surfactant is considered to exist in the form of monomers.
Under the increase of surfactant concentration, at cmc and over it, a part of
surfactant turns into micelles, whose concentration increases with the growth of
total surfactant concentration.

According to the two-site exchange model, the self-diffusion coefficients of
surfactant molecules and counterions D™ follow the equation

D* = Dimi + Dimy, (1)

where superscripts ~ and T correspond to surfactant and counterions, mi and m3
(mli + mic = 1) are the portions of “free” and “bound” species, D1i and DZE are
their on self-diffusion of coefficients. In our previous work on the self-diffusion
of sodium dodecyl sulfate (SDS) in premicellar and micellar solutions [14], we
made this approach more realistic when it was determined that below cmc in
addition to “free” SDS molecules the surfactant dimers give remarkable
contribution to the measured self-diffusion coefficient. By this one can see that
the two-site exchange model is rather simplified to describe NMR data in
surfactant solutions where additional species can present. However, to the
present day it is the main model which is very helpful in analysis of NMR data
for such systems as surfactant solutions where the rapid exchange of molecules
between states exists. And we are using the term “two-site exchange model”
since the introduction of the third participant into the process does not contradict
the basic principles of this model.

The two-site exchange model can be also used for analysis of counterion
diffusive motion on the basis of NMR self-diffusion experiment [9-11, 15]. In this
case one has to take into account D3 = D5 . By definition the degree of counterion
binding to micelles looks like

B =my /m;. (2)
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In the other form it can be written as
g (DI = D7) (Dy —Dy)
(Df = Dy)(Dy = D7)’

since on the background of the two-site exchange model:
my =(D; =D")(D; =D;) and m; =(D; =D")(D; =D;).

At high values of the surfactant concentration when overwhelming majority of the
surfactant presents in the micellar state and the obstruction effect for self-diffusion
of micelles is taken into account, D~ — D5 and
g = Df — D+.

Dy —D,

Although the combination of NMR-diffusometry and the two-site exchange
model constitutes a direct way to obtain the degree of counterion binding,
practically its application is rather restricted. At the same time the independent data
in this field may be exclusively useful for confirmation of assumptions about the
surface mobility of bound counterions based on the results of electric conductivity
[16] and dielectric relaxation [17-20] studies, the structure of electric double layer,
the protolytic balance at the micelle surface, the solubilizing capacity and reactivity
of micellar solutions of surfactants [3, 21-23].

In the present study we have chosen several representatives of dodecyl sulfates of
alkali-earth elements for comprehensive analysis of diffusion of all species using the
basic principles of the quasi-chemical theory of micelle forming [3]. One of them,
SDS, and its micelle properties have been under different investigations over the
years [24]. Moreover, SDS is the generally accepted model system to study
micellization phenomena. That is why the SDS self-diffusion data could be found in
many papers (e.g., Refs. [7, 25, 26]). We also selected SDS for our study as a
reference system to compare self-diffusion behavior of three dodecyl sulfates, which
are studied more poorly. Moreover, the self-diffusion data for inorganic counterions
in surfactant solutions is a rare occurrence in scientific literature [26].

In this work we have (1) investigated self-diffusion of surfactant ions and
counterions in premicellar and micellar solutions of sodium, lithium and cesium
dodecyl sulfates by means of NMR-diffusometry, (2) developed and (3) tested the
model of counterion diffusion taking into account their self-diffusion about the
micelle surface for different alkaline-earth elements.

2 Experimental
2.1 Chemicals and Samples

The chemicals of reagent grade (99%) from Sigma (SDS), ACROS Organics
(lithium dodecyl sulfate, LiDS), Fluka (LiCl), ECROS (NaCl, CsCl) were used as
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received. Cesium dodecyl sulfate (CsDS) was obtained from SDS by ion exchange
in CsCl solution. Mixed solution of SDS (0.5 M) and CsClI (1.0 M) was prepared at
50°C. Then the solution was allowed to stand at 50°C for 2 h and at room
temperature for next 12 h. The sediment was separated off solution using Biichner
funnel and again dissolved in CsCl solution. After three consecutive recrystalliza-
tions the sediment was washed with acetone and dried over sulphuric acid till
constant mass is obtained. The product yield was about 85%. The degree of ion
exchange Na® and Cs' was determined by flame photometry (air—acetylene
mixture) at 2,300°C and it was not lower 96%. Solutions for NMR measurements
were prepared using Milli-Q water. The concentration of surfactants was varied
from 0.003 to 0.1 M. To determine self-diffusion of free counterions the water
solutions of LiCl, NaCl and CsCl in concentration of 0.007, 0.02 and 0.1 M were
used. All measurements were fulfilled at 40°C, i.e., higher than the Kraft point for
CsDS (28-32°C) [27].

2.2 Self-Diffusion Measurements

Bruker AVANCE 400 NMR spectrometer equipped with z-gradient probe head
(BBO) with a gradient strength up to 53.5 G cm™' was used. Stimulated-echo
sequence [28] incorporating bipolar gradient pulses and a longitudinal eddy current
delay (BPP-LED) was employed. For uniform warming-up of the sample volume
and for minimization of convection effects, the air stream of 400 L/min was used.
Samples were kept at 40°C for 20 min before measurement. Self-diffusion
measurements for surfactants were made using 'H signal (400.13 MHz). For
counterions the resonance signals of 2Na (105.84 MHz), i (155.51 MHz), and
133Cs (52.48 MHz) were used. The gradient strength was incremented from 0 up to
50.0 G cm™ " under constant diffusion time (50-60 ms) and diffusion gradient pulse
(3-6.5 ms). The proton self-diffusion measurements were made with the pulse
sequence 3-9-19 for solvent signal suppression [29]. The 90°-pulse duration was
9.5 ms for nuclei of protons, 8.6 ms for sodium, 7.25 ms for lithium, and 4.87 ms
for cesium. A recycle delay of 5 s was used to collect 16—128 transients in 32-64 k
of data poin%ts. The deviation of adjustable curves on diffusive decays did not exceed
3-5 x 107"

2.3 Determination of cmc and Degree of Counterion Binding

For cmc determination a potentiometry method was used [30]. For LiDS and SDS
solutions, we used a galvanic cell with ion transfer consisting of glass ion-selective
electrodes with hard contact and a chlorosilver electrode, the last being a reference
electrode. To determine the mean activity of CsDS ions the ion-selective electrode
with plasticized membrane was used. This membrane represents a polyvinyl
chloride film plasticized with dioctyl phthalate which also operates as the solvent
for electrode-active substance, cesium tetra(p-chloride-phenyl)borate. The inter-
electrode potential was determined with the help of the ionometry converter I-500
(Russain Federation). The mean activity of ions in LiDS, SDS and CsDS was
determined with the help of calibration curves for LiCl, NaCl and CsCl. All
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samples were stored for 1.5-2 h at 40°C. The values of cmc were defined as
X-coordinate of the intersection of two rectilinear lines which approximate the
concentration dependences of the ion activity in ions in premicellar and micellar
domains [31]. The slope of lines for the micellar domain was equal to a degree of
dissociation of counterions bound to micelles, i.e., (1 — f).

2.4 Modeling the Effective Self-Diffusion Coefficients of Surfactant
and Counterions in Surfactant Solutions

Let us modify the two-site exchange model taking into account the processes of
dimerization of surfactant molecules [15, 31] and surface diffusion of counterions.
In this case Eq. (1) for the surfactant and the counterion can be rewritten,
respectively, as

D™ = Dyymyy + Dyymy, + Dymy 3)
and
D" =D{m; + D (1 — B)m5 + D} pm; + D; fmy; . (4)

Here, my; = c3/c = a, o is the degree of micellization, c5 is the surfactant con-
centration in the micellar form, c is the total surfactant concentration, D7, and Dy,
are the self-diffusion coefficients of monomer and dimer forms of surfactant ions,
my, and mj, are their portions and Dtis the surface diffusion coefficient of bound
counterions. The terms in Eq. (3) determine diffusive contributions of surfactant
monomers, dimers and micelles into the effective self-diffusion coefficient. The
effective self-diffusion coefficient of counterions [Eq. (4)] is composed of four
terms. First one reflects the contribution from free counterions which are present as
a result of dissociation of the non-micellized surfactant. It is evident that m; = m; .
The second term characterizes free counterions which appear under dissociation of
the micelle-forming surfactant. The bound counterions take part in two independent
diffusive motions: about the surface of micelles (third item) and translating with
micelles (forth item). From Eq. (4) it follows that

D" =D{ (1 - ap) + ap(D] + D3). (5)

Equation (5) characterizes the dependence of the effective self-diffusion coefficient
on ¢, and consequently on the total surfactant concentration, the dependence on total
surfactant concentration. In extreme case under « — 1 one has

D, ., =D; ©)

a—1
and
D;_, =D{(1-p)+B(Df +D3). (7)

Thus, at a high degree of micellization the effective self-diffusion coefficient of
counterions tends to a certain limit which depends on their self-diffusion coeffi-
cients in free and bound states so as on the self-diffusion coefficients of the sur-
factant in the micellar state. From Eq. (7) it is seen that the surface self-diffusion
coefficient of counterions is determined as
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D+:D:~>l - (1 _ﬁ)Di‘r

’ p

The right-hand side of Eq. (5) holds the parameters DY, D5, B, which are available
from literature or experiment. To calculate D (c), first, it is necessary to have a
value of the unknown parameter DY, and, second, to determine the functions o(c),
m1(c) and mi,(c). The last can be solved on the basis of the quasi-chemical theory
of micelle forming [3] with the known data on dimerization constants for SDS [31].

There is a need to state that Eqgs. (3)—(8) are correct only when the obstruction
effect for diffusion of micelles can be neglected. This effect originates from
overlapping of double electric layers in concentrated micellar solutions. In the
present work we restricted the total surfactant concentration to 0.1 M. Taking into
account the aggregation number of surfactant in micelles n; = 40.1 at 40°C [1] and
an average radius of micelles a, = 2.2 x 10~° m [14], one has the maximum
volume fraction of micelles of 6.6%. The mean intermicellar distance r is equal to
8.7 x 1077 m and we have the condition xr >> 1 (k is the reciprocal of the Debye
length which is no more than 3.2 x 10* m™') when there is no noticeable
overlapping of double electric layers. So the obstruction effect can be regarded as
inessential in the concentration range studied.

—D;. (8)

2.5 The Composition of Premicellar and Micellar Solutions

We consider that surfactants in premicellar solutions and intermicelle medium
present in monomer and dimer forms. To determine the concentrations of
monomers, ¢,,, and dimers, ¢y, we defined the dimerization degree oy = c4/c11,
where c;; = ¢q + ¢, is the concentration of non-micellized surfactant molecules
(in the premicellar range ¢, = c). It is evident that

em = (1 —ap)cn,

Cq4 = %oCi1-

The equilibrium constant of coexistence of monomers and dimers, K, is equal to

Cd
Ky =—,
Cm
or, in the other form, to
do
Ki=—"—.
cii(1—op)

The unknown parameter K; can be found [31] on the basis of the quasi-chemical
theory of micelle forming as

Ki = cme 0P,

With the known K] it is possible to determine the dimerization degree o, and then
the concentrations of monomers and dimers. The dependence of the degree of
micellization, «, on the total surfactant concentration for 1-1 ionic surfactants obeys
the equation [3]
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11 M _bm
¢ = (Keny) lel(l — o) 1(1 = o) T,

1 . . . . . .
where (K.n1) ™1 & ceme [28], K, is the micellization constant, n; is the aggregation
number of surfactant ions in micelles, n = n;(1 + ). When the function a(c) is
known it is possible to determine the concentration of free surfactant in the inter-
micelle space:

c; =c(1—0);
the concentration of micellized surfactant:
¢y, = cu;
the values of m| and m; :

my =c [fc, my =c;/c.

3 Results and Discussion

Figure 1 depicts, as an example, the mean activity of ions, a, as a function of total
concentration of SDS in solution. For solutions of LiDS and CsDS similar
dependences were detected. Within the bounds of experimental errors for all studied
systems these dependences were characterized by two rectilinear domains, which
correspond to premicellar and micellar states of surfactant solutions. According to
the current opinion the breaking points of this dependence correspond to the cmc
value, which was calculated by joint regression procedure for both rectilinear
domains. At ¢ < cmc the slope of the curve characterizes the mean activity
coefficient of ions, y., in premicellar solutions, or the association (dimerization) of
free surfactant ions. At ¢ > cmc the slope corresponds to the degree of dissociation
of the micellized surfactant, or to the value (1 — f5). The results followed from the
ions activity data are presented in Table 1. One can see that the nature of the
counterion considerably influences cmc, premicellar association of surfactants and
the degree of counterion binding by micelles. At that, the following pattern has to be
marked: the higher the hydrated ion radius (Li > Na > Sc), the stronger the
deviation of premicellar solutions from ideality (y; = 1). In the micellar solutions,
one can see a noticeable increase of f§ under the passage from LiDS to CsDS.
Figures 2 and 3 depict experimental self-diffusion coefficients of counterions and
surfactant molecules, respectively. The results are in good qualitative agreement
with the proposed model [Egs. (3) and (4)]. All curves show sharp inflections at
definite values of the total surfactant concentrations which in the first approximation
agree with cmc values. The radii of hydrated counterions strongly influence their
self-diffusion coefficients which below cmc coincide with corresponding values
determined for LiCl, NaCl and CsCl solutions (Fig. 2a—c). At the same time the
nature of the counterion does not give significant effect on self-diffusion coefficients
of surfactants (Fig. 3a—c). They do not differ one from another at ¢ < cmc, showing
slight decrease as the result of premicellar surfactant association [14, 31]. At the
total surfactant concentrations when the contribution from non-micellized
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Fig. 1 Mean activity of ions in the SDS solution as a function of the surfactant concentration

Table 1 Mean activity coefficient of ions y.. in the premicellar concentration range of a surfactant, the
degree of counterion binding f, cmc and the dimerization constant K; for LiDS, SDS and CsDS solutions

Surfactant Y+ p cme (mM) K, LMY
LiDS 0.585 0.74 10.0 3.02 x 10°
SDS 0.76 0.76 7.7 5.25 x 10°
CsDS 0.94 0.80 55 1.17 x 10*

molecules is very low, the self-diffusion coefficients of all species [D*(c) and
D™ (¢)] tend asymptotically to the values presented in Table 2. We used these values
to estimate micelle radius «, and the surface self-diffusion coefficients of
counterions DY .

From the Stokes—Einstein equation it follows that

kT

fm = 6mnD, |’

where k is the Boltzmann constant, T is the absolute temperature and 7 is the
viscosity of medium. Since viscosity of water at 40°C is equal to 0.653 mPa-s, for
LiDS and SDS we have estimated the value of micelle radius a,, = 2.3 x 10~° m.
For CsDS micelles, the radius is equal to 1.5 x 10~° m. These values are in
satisfactory agreement with many results on micelle radii of ionic surfactants
obtained with the help of different methods [32-35].

There are two ways to estimate the surface self-diffusion coefficient of
counterions from experimental data. One is the direct use of Eq. (8) with the
limit values of self-diffusion coefficients for counterions and a surfactant. Using the
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Fig. 2 Concentration dependence of effective (measured) self-diffusion coefficients of counterions in
LiDS (a), SDS (b) and CsDS (c) solutions. Curves 1 correspond to the results of modeling which includes
the surface self-diffusion coefficients of counterions. Curves 2 correspond to the concentration
dependences of self-diffusion coefficients of Li* (a), Na* (b) and Cs" (¢) in LiCl, NaCl and CsCl
solutions

values of D} ,, D; =D, , and D{ = D}, from Table 2 together with the value
of f§ from Table 1, one can obtain the surface self-diffusion coefficients Dy equal to
3.8 x 107" 4.6 x 107" and 5.9 x 107" m*™" for Li*, S* and Cs™,
respectively.

Another approach to determine the values of Dy is based on the analysis of self-
diffusion data for both the surfactant and counterions using Eqs. (3) and (4) and
taking into account the composition of premicellar and micellar solutions which are
calculated as described in Sect. 2. The minimization procedure of mean-square
deviations of experimental data for concentration dependences of the surfactant and
counterions self-diffusion coefficients using Egs. (3) and (4) gives values for the
surface self-coefficients of counterions. The calculations were simplified since
micelles practically do not contribute to measures self-diffusion coefficient below
cmc whereas monomers and dimers of the surfactant do the same at high total
surfactant concentrations. Fitting curves 1 in Figs. 2a—c and 3a—c correspond to D
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Fig. 3 Concentration dependence of effective (measured) self-diffusion coefficients (,) of surfactants in

LiDS (a), SDS (b) and CsDS (c) solutions. Curves correspond to the results of modeling [Eq. (3)] which
takes into account the coexistence of surfactant monomers and dimers

Table 2 Limit values of self-diffusion coefficients of surfactants and counterions in LiDS, SDS and
CsDS solutions

Surfactant (m?s~") Do x 10" D, x 10" Dy x 10" Dy, x 10"
LiDS 14.2 8.4 10.2 1.5
SDS 20.2 9.5 10.0 1.5
CsDS 24.8 11.8 10.1 2.3

values of 2.8 x 107'°,4.3 x 107'®and 5.8 x 107" m?s~' for Li*, Na* and Cs™,
respectively. As follows from comparison of the DJ values obtained by two
different methods, both methods give very close results for Na* and Cs* and a
slight difference for Li*.

It should be mentioned that both approaches for determination of surface self-
diffusion coefficient of counterions bound to micelles need to use the known value
of the degree of counterion binding to micelles, f5. It is well known [3] that this
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parameter is strongly dependent on the method of its determination. As follows
from our analysis, a range [DJ, fB] exists for which D{ > 0. This range is
characterized by the curve shown in Fig. 4. As follows from the results presented in
Fig. 4, D} turns to zero at f < 0.58. The obliteration of the counterions surface
diffusion in the analysis of self-diffusion data which is based on the simple two-site
exchange model results in systematic lowering of the /5 value. For example, the use
of Eq. (2) gives f = 0.57 £ 0.03 for SDS, which is significantly lower in
comparison with the results of other methods [1], the predictions of quasi-chemical
theory for micelle formation [3], and our results on ion activity.

It is interesting to analyze the concentration alterations of different diffusive
constituents of the effective self-diffusion coefficient of counterions [Eq. (4)].
Figure 5 depicts experimental data on counterion self-diffusion in SDS solutions
(shown as solid circles) and contributions from four terms in the right-hand side of
Eq. (4). At low concentration of micelles, the main contribution comes from
counterions which appear as a result of dissociation of the non-micellized
surfactant (curve 1 in Fig. 5). This contribution decreases with increasing
surfactant concentration, giving only about 5% of the contribution to the effective
self-diffusion coefficient for 0.1 M SDS. With increasing micellization degree,
one can see the growth of contributions from the surface diffusion of counterions
about micelle and from the diffusive motion of free counterions, which appear as
a result of dissociation of the micellized surfactant (curves 2 and 3 in Fig. 5,
respectively). At surfactant concentration of 0.1 M, the total portion of these two
constituents in the effective self-diffusion coefficient exceeds 80%. The contri-
bution from counterions which diffuse together with micelles (curve 4 in Fig. 5) is
relatively weak due to low mobility of micelles in comparison with mobility of
other species. And the total of all four constituents (curve 5 in Fig. 5) agrees
rather well with experimental data. Consequently, the effective self-diffusion
coefficient of counterions at ¢ > cmc depends on the contributions of all
constituents which give different deposits in dependence on the total concentration
of surfactant.

Fig. 4 Range [D7, B] satisfying D! /Df
to the solution of Eq. (6) for 0.4 —
micellar SDS solution

0.2 —

0.0 1 1 8

0.6 0.8 1.0
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self-diffusion coefficient of 2E-9 4 o
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(see explanations in the text)
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3
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4 Conclusions

A model is proposed to explain the patterns of self-diffusion of counterions in
micellar solutions of ionic surfactants which integrates additional diffusive
processes in comparison with classic two-site exchange model. The estimation of
surface diffusion of counterions about the micellar surface is made on the basis of
experimental results on the self-diffusion of surfactants and counterions, obtained
data on critical micelle concentration, and the degree of counterion binding. The
proposed model may be rather useful in the analysis of the ion diffusion, in
the studies of electric conductivity in micellar solutions and specific interactions in
the dense part of double electric layer of micelles.
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