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ABSTRACT.

Structure and interaction parameters of micelles in solutions of dodecylbenzene sulfonic acid
(DBSA) in deuterated water are studied by small-angle neutron scattering. The dependences of
micellar aggregation number, fractional charge, charge per micelle and surface potential on
surfactant concentration are analyzed. A typical increase in the micelle size with the growth in the
acid content is found, which can be related to the transition from spherical to rod-like micelles. The
obtained data are used for estimating surfactant micelle concentration in water-based ferrofluids

stabilized with DBSA.
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1.Introduction
Dodecylbenzene sulfonic acid (DBSA), CH3(CH,),;;CsH4SO3H, is a popular component of
various colloidal solutions. Thus, the doping of the most promising conducting polymer polyaniline
[1-5] with functional protonic acids such as DBSA improves its processibility and thermal stability.
At the same time DBSA can form micelles, whose presence affects the size of the corresponding
polymeric nanoparticles during polymerization. Again, DBSA plays an important role in improving
the reaction rate and conversion of esterification for production of organic esters under relatively

mild reaction conditions [6]. Also, DBSA is actively used in the double sterical stabilization of



technical water-based ferrofluids [7-11], aqueous dispersions of magnetic (mostly magnetite)
nanoparticles. The second surfactant layer at the surface of magnetite in such ferrofluids is formed
due to physical adsorption in excess of the acid. So, the micelle formation in these systems is an
important factor, which regulates the content of free surfactant molecules in bulk solutions.

Despite the practical use of DBSA, the formation, structure and interaction of its micelles in
aqueous solutions are poorly studied. The given work fills the deficiency of information on this
question. Small-angle neutron scattering (SANS) is used to find out parameters of the structure and
interaction of the DBSA micelles in deuterated water (d-water) as a function of the surfactant
concentration in solution. Deuterated water is used to achieve a sufficient scattering contrast
between the surfactant and liquid carrier and also for reduction of incoherent scattering background
from hydrogen. The structure parameters of the micelles are compared with those obtained [10] for
DBSA micelles formed in the above-mentioned water-based ferrofluids. The surfactant content in

the bulk of ferrofluids is found.

2.Experimental

First, the critical micelle concentration (cmc) of DBSA in water was determined from the
surface tension measurements performed with a Kriiss Processor Tensiometer K100 using the ring
method. Pure DBSA (c.p., Merck) was dissolved in bidistilled water (Millipore) with several
volume fractions within the range of 0.001-0.8%. Surface tension was determined at 25 °C by
recording ten data points per one concentration within a measuring interval of 300 s.

SANS experiments were performed with the Yellow Submarine small-angle instrument at the
steady-state reactor of the Budapest Neutron Centre (BNC), Hungary. The differential cross-section
per sample volume (hereafter referred to as scattered intensity) was obtained as a function of the
scattering vector module, ¢ = (47/1)sin(82), where A is the incident neutron wavelength and @ is
the scattering angle. The fixed wavelength of 0.386 nm (monochromatization AA/A = 20%) and
sample-detector distances of 1.3 and 5.6 m (detector size 0.64 m) were used to cover the g-interval
of 0.15-4.5 nm™'. SANS measurements were performed at 25 °C. The calibration on 1-mm water
sample was made after the background, buffer (D,O) and empty cuvette corrections in a standard
way [12]. Pure DBSA was dissolved in d-water (99.9%, Sigma—Aldrich) within a wide interval of

2-17% in volume fraction.

3.Results and discussion
The experimental values of surface tension a(¢) against the logarithm of the concentration (¢,
vol. fraction) are plotted in Fig.1. This dependence has a typical shape for micelle formation

solutions described well by the expression:



o(c) = -A(In(cmc)-In(c))g(c)+o,, (1)
1 for ¢ <cmc

with g(c)={

0 for ¢ > cmc,

where g, is the surface tension at surfactant concentrations higher than cmc and 4 = 0o/0ln(c) (the
slope) corresponds to the alteration in the surface tension as a function of the natural logarithm of
the surfactant concentration, ¢. The curve in Fig.1 is fitted to the function (1) with the varied cmec, o,
and 4, which gives cme = (1.8 £ 0.01):107 vol. % = (5.51 £ 0.03)-10* M/L, 4 = 6.62 £ 0.02 mN/m
and o, = 32.9 = 0.1 mN/m. The obtained value of cmc for DBSA is comparable with those for
surfactants of the same (Cy) alkyl chain length, e.g. sodium p-dodecylbenzene sulfonate (cmc =
1.2:10° M/L) or CH3(CH,);1(OCH,CH,)sOH (cmc = 8.7-10° M/L).

The excess surface concentration /" can be calculated as [13]:
I'=-A/kRT, ()

where R is the gas constant, 7 is the temperature. For DBSA as an ionic surfactant the counterions
are taken into account by setting k = 2 [13]. From the excess surface concentration (/) the minimum

area per molecule at the air/water interface (S *) can be found [14]:
S =Ny, (3)

where N4 is the Avogadro‘s number. Calculations in accordance with (2), (3) give I = 1.34-10°°
mol/m’® and §” = 1.24 nm”.

The obtained experimental SANS curves from micellar solutions are given in Fig.2. They are
divided into three groups corresponding conventionally to low (¢ < 5%), intermediate (5< ¢ < 10%)
and high (10% < ¢) volume fraction of DBSA. The peaks in the experimental SANS curves at ¢ < 1
nm’' reflect the interaction between micelles. The position of the interference maximum shifts to a
larger g-value with an increase in the surfactant concentration, which points to a decrease in the
characteristic intermicellar distances in the solution.

Assuming that micelles are monodisperse spheres one can write the scattered intensity in the

standard form as:

I(q)=n(Ap)’V?F*(9)S(q), (4)



where 7 is number particle density; Ap = p - ps is the contrast, the difference between the scattering
length densities of the particle, p, and solvent, p;; V is the micelle volume; F*(q) is the squared
form-factor of a single particle (defined in a way that F*(0) = 1); and S(g) is the structure-factor
describing the interaction between micelles. For non-spherical micelles the well-known decoupling
approximation [15,16], which assumes that there is no correlation between position and

size/orientation of particles can be used, where

1(q)=n(Ap)’ <|F(q) >(1+B(@)[S(@)-1]). )
Here, f(q) :|< F(q) >|2 / <|F (q)|2 > 1is a g-dependent anisotropy factor with <...> denoting the

averaging over all possible micelle orientations. To model S(g), we apply the rescaled mean
spherical approximation for dilute charged colloidal dispersions developed by Hansen and Hayter
[17]. Since the studied micelles consist of ionic surfactant molecules, the screened Coulomb

potential is used in the model:

o DYk
U(r)=rne,eD*¥Y3 ———, for r > D, (6)
r

where g, = 8.85-107"2 F/m is the vacuum permittivity; & = 78.5 is the dielectric constant of the
solvent medium (water) for 25 °C; D is the particle diameter; y, =z/[g,6D,(2+k,D,)] 1is the

surface potential, which is related to the charge on the micelle, z; k; is the usual Debye-Huckel
inverse screening length. In addition, the resolution function of the SANS set-up with pin-hole
geometry [18] is taken into account when calculating the model curves.

The results of the fits are shown as solid lines in Fig.2. The varied parameters are the
aggregation number (N,), degree of ionization (a), axial ratio (y) and residual background. They
are used for calculating the average size (Dy) and charge (z) of micelles, as well as the inverse
screening length (k;) and surface potential (). Both types of the resulting parameters are gathered
in Table 1. One can see that the micelle axial ratio grows with the surfactant concentration within
the interval of 1.4 - 2.65 thus showing a transition towards elongated (rod-like) particles. This is
accompanied by an increase in the mean micelle size. The obtained fractional charge of the micelles
(below 0.2) is in agreement with the well-known fact that in micellar systems of ionic surfactants
only a fraction of 0.15-0.3 of counterions are dissociated, the rest of them are effectively bound to
the micellar surface [19].

A more detailed analysis of the change in the micelle parameters with the DBSA

concentration in solution is given in Fig.3. Thus, one can see (Fig.3a) that the corresponding

4



dependence for the aggregation number has two slopes. We associate this observation with the
mentioned transition from spherical to rod micelles. For higher surfactant concentrations it is
obtained that N, ~ 0. This law is usual for micellar systems [20,21]. Again, the expected typical
decrease in the charge per micelle and degree of micelle ionization, as well as in the calculated
surface potential when increasing the surfactant concentration is observed (Fig.3b,c,d). The
calculation of the area per molecule on the micelle surface gives about 0.65 nm?; and it slightly
decreases with growing ¢. The comparison of this value with the area per molecule at the air/water
interface obtained in the surface tension measurements indicates that the surfactant molecules are
arranged more closely in the micelles.

For the highest concentration (>0.17 of volume fraction) we observed a significant drop in
such a parameter of micelles as the degree of dissociation (charge and surface potential). It can be a
real effect as well as a limitation of the decoupling approximation (Eq. 5), there we assume that the
position and orientation of micelles are independent. To check this assumption, the structure
parameters of micelles (Table 1) are used for estimating the overlapping concentration of

DBSA/water solutions (¢") (effectively micelles with surfactant length / occupy all the space):

¢* o (I/sphere_max / I/sphere_mean ) =p- Zetaz 4 (7)

where Vsph‘a,r(.3_mm=4/3nl3 -zeta and Vsphf.3r.3_rm=4/3ft(l-zeta)3 are the mean and maximum values of
micelle volume, respectively. It is obtained that for 17 vol. % of DBSA in water the overlapping
concentration is higher than 1 ((p* = 1.2), which means that effectively all of the micelles overlap.
Thus, the surfactant solutions with higher concentrations cannot be considered in the same way as
above with respect to the intermicelle potential, i.e. the decoupling approximation is not valid any
more.

Using the obtained SANS curves we can estimate the micelle concentration in the magnetic
fluid with magnetite coated by double layer of DBSA formed in excess of free surfactant in the
solution [10]. For this purpose we compare these curves with the shape scattering function, /.(q),
which is one of the modified basic functions, introduced and applied recently to the analysis of the
contrast variation from ferrofluids of various types [10, 22-28]. In accordance with [22] I.(q) is the
Stuhrmann shape basic function [29] averaged over all particle shapes in the solution. The /(q)
function obtained from the experimental scattering curves at various contrasts [10] for the discussed
ferrofluid (volume fraction of magnetite 1.3% against 2.2% of DBSA) is given in Fig.4, where three
scattering levels can be distinguished. The first level (¢ < 0.2nm™) shows the presence of fractal
aggregates (size > 250 nm), while the second level (0.2 < ¢ < 0.5nm™) corresponds to primary

particles (size ~ 20 nm) composing the aggregates. The third level (¢ > 0.5nm™) can be associated
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with the micelles of DBSA (size ~5 nm). It is fitted well by the Guinier approximation (Fig.4) with
the resulting forward scattering intensity, 7,:(0) = 0.003x1072° cm’, and the radius of gyration, R =
2.0 nm. On the assumption of a spherical shape of the micelles one determines the micelle radius, R
= 2.6 nm, in accordance with a well-known relation Rg2 = (3/5)R*. It is comparable with that for the
micelles in pure heavy water obtained in the given work. As the first approximation, where the
micelle interaction is neglected, the parameter 7,,(0) can be used for estimating the volume

fraction, @, of the surfactant in micelles formed in the ferrofluid as follows:

L3 (0) = 1V e = @i i ®)

where 7, and V,,;. are the concentration and volume of the micelles, respectively. The contrast
factor is excluded from (8) in accordance with the definition of the shape basic function [29,22].
From (8) we have ¢, =0.00041. The I.(q) basic function can also be compared directly with the
scattering from micelles in pure d-water. In Fig.4 this is done for the rescaled scattering curve from
2.58% solution of free DBSA. Good consistency can be seen. From the rescaling factor, which
takes into account the contrast in the pure micelle solution, we obtain the micelle concentration in
the ferrofluid, @, = 0.00073, which is higher than the previous estimate. Taking into account CMC
(the corresponding volume fraction 0.00018) one obtains the total volume fraction of the non-
adsorbed surfactant in the ferrofluid to be 0.00091. This value takes about 5% of the whole
surfactant content in the system, with the approximate ratio of 1:4 for the free monomer surfactant
and micelles. So, one can conclude that almost 95% of DBSA are effectively adsorbed on the

magnetite surface and form the stabilizing shell.

4.Conclusion

To summarize, the micelle formation of DBSA in d-water is detected in SANS experiments.
The micelle structure and interaction parameters are obtained as a function of the surfactant
concentration in solution. It is shown that DBSA/d-water behaves as a typical solution of ionic
surfactants showing the transition from spherical to rod-like micelles with the growth in the
surfactant concentration within a range of 2-17 vol.%. The determined dependences can be used in
the study of complex systems with DBSA, where potential presence of micelles takes a strong effect
on the properties and synthesis of such systems. Particularly, the micelle size is comparable with the
size of surfactant aggregates in water-based ferrofluids with double stabilization. Experimental
SANS data for aqueous DBSA micelles solutions can be used for estimating the content of the non-
adsorbed surfactant in water-based ferrofluids, which is always a question in their structure

characterization.
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Table 1. Derived from SANS data parameters of DBSA micelles including micelle aggregation

number, N,4,; degree of ionization, «; axial ratio, y; average size, Dy; charge, z; inverse screening

length, k;; surface potential, .

0, Dy, z, ka, Yy,
vol. fraction Nesg * ’ nm e nm™ mV
0.0258 93 0.197 1.4 5.74 18.321 0.3014 197
0.0368 98 0.192 1.4 5.83 18.816 0.3516 183
0.0496 104 0.176 1.49 5.97 18.304 0.3886 163
0.0598 118 0.138 1.64 6.26 16.284 0.3786 137
0.0717 131 0.112 1.91 6.5 14.672 0.3723 117
0.1086 168 0.082 2.33 7.09 13.776 0.3907 94
0.1429 190 0.056 2.58 7.39 10.64 0.3735 70
0.1732 196 0.02 2.65 7.51 3.92 0.2503 31
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