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Abstract
Combined small-angle neutron scattering (SANS) and small-angle x-ray
scattering (SAXS) studies have been performed on charged micelles of anionic
surfactants of alkali metal dodecyl sulphate (MDS, M = Li, Na, Rb and Cs)
in aqueous solution. The dimensions of the micelles have been obtained
using SANS as the neutrons are mostly scattered by the hydrogenous core of
the micelles. The contrast for the head groups and the counterions is very
small, so they are not seen with the neutrons. On the other hand, x-rays are
scattered by the electron density fluctuation, which is proportional to the atomic
number, and thus x-rays have been used to see the high-Z components of the
micelles directly. SAXS from LiDS gives the headgroup thickness, and the
counterion condensation is measured directly by the scattering from the high-
Z counterions of MDS (M = Na, Rb and Cs) micelles. Based on the results
of these two techniques, the role of the different counterions in deciding the
structure of micelles has been explained in terms of counterion condensation
and the thickness over which they are condensed around the charged micelle.
It is found that as the hydrated size of the counterion decreases, the counterion
condensation increases and counterions are condensed over a smaller thickness,
which results in larger charge neutralization and hence a larger size of the
micelles.

1. Introduction

Surfactant molecules in aqueous solution self-associate to form micelles [1–7]. Surfactant
molecules such as sodium dodecyl sulphate (NaDS) ionize in aqueous solution and the
corresponding micelles are aggregates of dodecyl sulphate (DS−) ions. The micelle is
negatively charged and the Na+ ions, known as counterions, tend to stay near the DS− micellar
surface. The counterions situated at the vicinity of the colloidal surface experience a very
strong electrostatic attraction compared with the thermal energy kBT , and these counterions
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are referred to as being condensed on the colloid surface [8–10]. In charged micellar solutions,
counterion condensation plays a very important role in deciding the effective charge on the
micelle and hence the formation, structure and interaction of the micelles [1–7].

Micelles of the anionic surfactant of metal dodecyl sulphate (MDS, M = Li, Na, Rb
and Cs) show different sizes, although their hydrocarbon chains and head groups are the
same [11–14]. This difference in size of the micelles is attributed to the difference in
condensation of the counterions around the micelles. The counterions neutralize the charge
on the surface of the micelle, which is formed of oppositely charged entities. The distribution
of the counterions around the micelles is strongly dependent on the hydrated ionic size of
the counterions of the corresponding alkali metal. The hierarchy of the hydrated sizes of the
counterions of the alkali metals is given by the Hoffmeister series (Li+ > Na+ > K+ > Rb+ >

Cs+) [7]. In this paper, we show a combined use of SANS and SAXS for the direct observation
of counterion condensation on charged micellar solutions of anionic surfactants with different
counterions, MDS, and their correlation in deciding the size of the micelles.

Small-angle scattering covers a length scale where most of the micelle structures, starting
from spherical to rod-like or disk-like shapes, are formed [15–18]. Small-angle neutron
scattering (SANS) and small-angle x-ray scattering (SAXS) in combination provide a direct
method for studying the counterion condensation on charged micelles [19–22]. While neutron
scattering in micellar solutions is from the core of the micelle, x-rays are largely scattered by
counterions, especially when the counterion has a large atomic number Z (e.g. Br−, Cs+). The
neutron scattering intensity from the counterion distribution is negligible in comparison with
that from the core. Thus neutrons see the core of the micelle, and x-rays give information
relating to the counterion condensation around the micelle.

2. Experimental details

Lithium dodecyl sulphate (LiDS), rubidium dodecyl sulphate (RbDS) and caesium dodecyl
sulphate (CsDS) were synthesized by standard repeated crystallization of solutions of sodium
dodecyl sulphate (NaDS) with the corresponding salts. All the chemicals used (NaDS, LiCl,
RbCl and CsCl) were obtained from Aldrich. The samples were prepared by dissolving known
amounts of surfactants in D2O. For SANS experiments, deuterium oxide (D2O) is used
as a solvent instead of H2O, which provides better scattering contrast in neutron scattering
experiments. D2O (99.4% atom) was obtained from Heavy Water Board, BARC, Mumbai,
India. In SAXS experiments, the choice of solvent (D2O or H2O) does not matter from the point
of view of the contrast. However, since the micellar size is significantly different for D2O and
H2O as solvents [23], D2O was used for SAXS experiments too. Small-angle neutron scattering
experiments were performed using the SANS diffractometer at BARC [24]. The wavelength
(λ) of the neutron beam was 5.2 Å. SAXS experiments were performed at the high-brilliance
SAXS beamline of the synchrotron source of the European Synchrotron Radiation Facility
(ESRF), Grenoble, France [25]. The wavelength (λ) of the x-ray beam was 1.54 Å. For both
SANS and SAXS, data were recorded in the Q range of 0.018–0.3 Å

−1
. Measurements were

made on micellar solutions of fixed surfactant concentration at 0.3 M. The sample temperature
was maintained at 30 ◦C for all the measurements. The data were corrected using a standard
procedure for background, empty-cell contribution and sample transmission.

3. Small-angle scattering analysis

Excluding differences which arise due to characteristics of the radiation used, i.e. neutrons for
SANS and x-rays for SAXS, the experimental details and the data analysis methods used for
both small-angle scattering techniques (SANS and SAXS) are similar [26]. The difference
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between the interactions of neutrons and x-rays with matter gives rise to the different contrasts
for the radiation. In a small-angle scattering experiment the measured scattering intensity as a
function of wavevector transfer Q (= 4π sin θ/λ, where 2θ is the scattering angle and λ is the
wavelength of the incident radiation) for the micellar solution can be expressed as [27, 28]

d�

d�
(Q) = n

[〈F(Q)2〉 + 〈F(Q)〉2(S(Q) − 1)
] + B (1)

where n is the number density of particles. F(Q) is the single-particle form factor, which
depends on the shape and size of the particles. S(Q) is the inter-particle structure factor and
is decided by the spatial distribution (interaction) of the scattering particles. B is a constant
term that represents the incoherent scattering background, which occurs in the case of neutrons
mainly due to hydrogen in the sample.

The prolate ellipsoidal shape (a �= b = c) of the micelles is widely used in the analysis of
small-angle scattering data, because it also represents the other different possible shapes of the
micelles such as spherical (a = b) and rod-like (a � b). For such an ellipsoidal micelle [29]

〈F2(Q)〉 =
∫ 1

0

[
F(Q, μ)2 dμ

]
(2)

〈F(Q)〉2 =
[∫ 1

0
F(Q, μ) dμ

]2

(3)

F(Q, μ) = (ρm − ρshell)Vm

[
3 j1(xm)

xm

]
+ (ρshell − ρs)Vt

[
3 j 1(xt)

xt

]
(4)

j1(x) = (sin x − x cos x)

x2
(5)

xm = Q[a2μ2 + b2(1 − μ2)]1/2 (6)

xt = Q[(a + t)2μ2 + (b + t)2(1 − μ2)]1/2 (7)

where ρm, ρshell and ρs are the scattering length densities of the micelle, counterions shell and
solvent, respectively. The dimensions a and b are the semi-major and semi-minor axes of the
ellipsoidal micelle, respectively, and t is the thickness of the shell of condensed counterions on
the micelle. Vm (= 4πab2/3) and Vt (= 4π(a + t)(b + t)2/3) are the volumes of the micelle
and total volume of micelle along with shell, respectively. The variable μ is the cosine of the
angle between the directions of a and the wavevector transfer Q.

The expression for S(Q) depends on the relative positions of the particles. In the case of
the isotropic system, S(Q) can be written as [30]

S(Q) = 1 + 4πn
∫

(g(r) − 1)
sin Qr

Qr
r 2 dr (8)

where g(r) is the radial distribution function and it gives the probability of finding another
particle at a distance r from a reference particle centred at the origin. The details of g(r)

depend on the interaction potential U(r) between the particles. For the results reported herein,
U(r) was assumed to be the screened Coulomb potential and S(Q) was calculated under the
mean spherical approximation [31]. The charge on the micelles is an independent additional
interaction parameter, as determined in the calculation of S(Q).

The dimensions of the micelle, aggregation number and the fractional charge have been
determined from the analysis of SANS data. The semi-major axis (a), semi-minor axis (b = c)
and the fractional charge (α = Z/N , where Z is the micellar charge and N is the aggregation
number) are the parameters in analysing the SANS data. The aggregation number is calculated
by the relation N = 4πab2/3v, where v is the volume of the monomer of the surfactant. The
above structure and interaction information about the micelles, as obtained from SANS, is used
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Figure 1. SANS and SAXS data from 0.3 M LiDS micellar solution. Points represent the
experimental data and the solid lines are the theoretical fits to the data.

Figure 2. The variation in the scattering length density for different components of LiDS micelles:
(a) neutron and (b) x-ray scattering. The profiles are given along the minor axis of the micelle.

to fit the SAXS data, and the thickness (t) of the condensed counterions around the micelle is
obtained as an additional parameter. The parameters in the analysis were optimized by means
of a nonlinear least-square fitting program [32].

4. Results and discussion

Figure 1 shows SANS and SAXS data from 0.3 M LiDS micellar solution. The Q dependence
of the scattered intensity is very different for these two techniques. This can be understood
in terms of different scattering contrasts for different components of the micelles as seen by
the neutrons and x-rays (figure 2). The contrast for any component depends on the square
of the difference of scattering length densities of that component and the solvent. It is clear
from the variation in scattering length density for neutrons (figure 2(a)) that there exists a very
strong contrast for the core of micelles in D2O with respect to that from the head groups and
counterions. This makes the scattering from the head groups and counterions negligible and
neutrons only see the core of the micelles. On the other hand, for x-rays (figure 2(b)) there is
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Figure 3. Fitted curves for P(Q) and S(Q) for SANS and SAXS data of LiDS micelles.

Table 1. Micellar parameters as obtained from SANS and SAXS for 0.3 M MDS.

Micellar
system

Aggregation
number
(N )

Semi-minor
axis
b = c (Å)

Semi-major
axis
a (Å)

Fractional
charge
(α)

Counterion
condensation
1 − α (%)

Head group
thickness
thg (Å)

Counterions
thickness
t (Å)

LiDS 79 16.7 23.6 0.31 69 5.3 —
NaDS 91 16.7 27.3 0.28 72 5.3 7.3
RbDS 144 16.7 43.3 0.13 87 5.3 5.3
CsDS 244 16.7 73.5 0.04 96 5.3 4.1

good contrast for the core of the micelles as well as the headgroups. The lithium counterion
has a poor contrast. SANS data show a correlation peak at 0.09 A−1 which is due to a peak
in the inter-particle structure factor S(Q). The peak usually occurs at Qm ∼ 2π/d , where d
is the average distance between the micelles [33]. The prominent peak of the SAXS data is
observed at larger Q values and is due to the shell-like structure of the sulphate head groups
around the micellar core [34]. The parameters of the analysis of SANS and SAXS data on LiDS
micelles are given in table 1. SANS gives information about the structure (shape and size) and
counterion condensation of the micelles. This information, as derived from SANS, is used to
analyse the SAXS data, and the thickness of the headgroup shell (thg) is obtained. The fitted
curves of 〈F2(Q)〉 and S(Q) for SANS and SAXS data of the 0.3 M LiDS micellar system are
shown in figure 3.

SANS and SAXS data from the 0.3 M CsDS micellar solution are shown in figure 4. The
general features of the data for 0.3 M CsDS are similar to those for 0.3 M LiDS micelles. The
correlation peak in the SANS data of CsDS occurs at a significantly smaller Q value than that
for LiDS, which is an indication of the formation of larger micelles with Cs+ counterions. The
large contribution of the scattering intensity in the lower Q region for SAXS data of 0.3 M
CsDS is due to the large size of the micelles formed in this system. Figure 5 shows the contrast
for different components of the micelles of CsDS, as seen by the neutrons and x-rays. It is
clear that, unlike LiDS, the counterions of CsDS have a very strong contrast for x-rays. The
values of the fitted parameters of the shape, size from SANS data and the thickness of the
−SO−

4 headgroup shell from LiDS data have been used to determine the thickness of Cs+
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Figure 4. SANS and SAXS data from 0.3 M CsDS micellar solution. Points represent the
experimental data and the solid lines are the theoretical fits to the data.

condensed counterions (tcc) around the charged headgroups. The distribution of condensed
counterions is treated as a step function and it fits the data reasonably well, perhaps due to the
large condensation of the counterions on the charged micelles. The fitted parameters are given
in table 1. The calculated curves of 〈F2(Q)〉 and S(Q) for SANS and SAXS data of the 0.3 M
CsDS micellar system are shown in figure 6.

SANS data for 0.3 M alkali metal dodecyl sulphate (MDS) micellar solutions having
different counterions (M+) for NaDS, RbDS and CsDS are shown in figure 7. It is observed
that the correlation peak broadens and shifts to lower Q values, along with an increase in the
scattering intensity as the counterion is varied from Na+ to Cs+. These observations suggest
that the micellar size and the interaction between the micelles depend strongly on the nature of
the counterions [11–14]. Figure 8 shows the SAXS data on the same samples, for which the
SANS data are shown in figure 7. Both peaks in the SAXS data show a significant change in
the variation of the counterions. The change in correlation peak in the SAXS data follows a
trend that is similar to that in the SANS data. However, the increase in the magnitude of the
second peak corresponds to the enhancement of the contrast of condensed counterions due to
an increase in the Z value of the counterions. The micellar parameters of the combined SANS
and SAXS studies in these systems are given in table 1. It is seen that the fractional charge α

on the micelle decreases and the aggregation number increases on the variation of counterions
from Na+ to Cs+. The thickness of the condensed counterion shell decreases as the counterions
are varied from Na+ to Cs+.

The hydrated size of the counterion plays an important role in deciding the structure
and interaction in the micellar solutions. It is believed that, while counterions having higher
hydration have more affinity to remain in the bulk of the micellar solution, the counterions
having less hydration tend to stay near the micelle, and thereby, as the hydration of counterions
decreases, their condensation increases and they provide a better screening of the micellar
charge. The amount of charge neutralization at the surface of the micelle decides the effective
head-group area and this controls the size and aggregation of the micelles. Our results
using combined SANS and SAXS studies in these systems show that counterion condensation
increases and the thickness over which they are condensed decreases with a decrease in
the hydrated size of the counterions. This leads to the strong charge neutralization on the

6
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Figure 5. The variation of the scattering length density for different components of CsDS micelles
(a) neutron and (b) x-ray scattering. The profiles are given along the minor axis of the micelle.
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Figure 6. Fitted curves for P(Q) and S(Q) for SANS and SAXS data of CsDS micelles.

micellar surface and hence the formation of a larger size of micelles for smaller hydrated size
counterions. Due to the fact that larger ions are less hydrated [7], the Cs+ counterions are more
effective in charge neutralization compared to Rb+ and Na+ counterions.

5. Conclusions

The effect of a variation of counterions on charged micelles of anionic surfactants of alkali
metal dodecyl sulphate (MDS) for the counterions M = Li, Na, Rb and Cs has been examined
by combined SANS and SAXS studies. While neutrons see the core of the micelle, x-rays give
information on the counterion condensation around the micelle. It is found that the differences
in the condensation of counterions around the micelles give rise to a different structure of
the micelles. The size of the micelles increases with an decrease in the hydrated size of
the counterion because of the increase in the counterion condensation and a decrease in the
thickness over which they are condensed for smaller counterions.
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Figure 7. SANS Data from 0.3 M MDS with different counterions M = Na, Rb and Cs.
Experimental data are represented by the points and the solid lines are the theoretical fits to the
data.
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data.
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