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Micelles are aggregates of surfactant molecules
suspended in water. The structure (shape and size)
of a micelle depends both on the architecture of the
constituent surfactant molecule and the solution
conditions such as temperature, presence of impuri-
ties, etc. The inter-particle interaction between
micelles also depends on several different parame-
ters. It is of interest to study the structure and inter-
micellar interactions in micellar solutions both from
the point of view of basic research and the applica-
tions. It has been found that the technique of Small
Angle Neutron Scattering (SANS) is ideally suited
for the above studies. This paper gives an introduc-
tion to the technique of SANS and discusses the
results of typical SANS studies dealing with the micel-
lar structure and the inter-micellar interactions.

1. Introduction

SURFACTANT molecules (e.g. CTAB, SDS, Triton
X-100, etc.) self-aggregate into supermolecular struc-
tures when dissolved in water or oil. The simplest ag-
gregate of these surfactant molecules is called a
micelle; and the dispersion of the aggregates in water or
oil is referred to as a micellar solution' *. An excellent
introduction to micelles is given in an article’ by
Moulik published in this journal in 1996. A typical
micelle has size of ~ 50 A and is made of about 100
surfactant molecules. In general, these pseudo-particles
could be spherical, cylindrical, ellipsoidal or disc-like
in shape. It may be mentioned that self-aggregation of
surfactant molecules in water/oil arises because of dual
affinity of these molecules for water and oil. The
surfactant molecule consists of two parts, namely, a
polar hydrophilic head group and an apolar hydrophobic
tail (hydrocarbon chain). A schematic representation of
a surfactant molecule and a micelle is shown in
Figure 1.
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The intermolecular forces between surfactant mole-
cules in presence of water (high dielectric constant) are
weak (~ kgT) and can be easily modified by manipulat-
ing them by addition of salts (that is, by reducing or
increasing electrostatic effects). Hence, micellar solu-
tions exhibit interesting properties on addition of salts
or with a change in temperature. For example, the mi-
cellar solutions of cetyltrimethylammonium bromide
(CTAB) become extremely viscous on addition of small
quantities of sodium salicylate®®. Triton X-100 micellar
solutions separate into two phases —one rich and the
other dilute in micellar concentration (analogous to
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Figure 1. A schematic structure of a micelle and a surfactant mole-
cule.
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gas—liquid transition) on heating or beyond a well de-
fined temperature Ii, called cloud pointg’m. These
observations suggest that there are significant changes
in the micelle structures and inter-micellar interactions
on addition of salt or with a change in temperature.

The study of micellar solutions is of interest both
from the point of view of basic research and applica-
tions of surfactants. A variety of experimental tech-
niques have been used for studying the micellar
systems’. Among these, Small Angle Neutron Scattering
(SANS) technique is an important tool for studying the
micellar structures (size and shape) and the inter-
micellar interactions'''>. This paper gives an introduc-
tion to the technique of SANS and shows results of
some of the studies undertaken by us at BARC, Trom-
bay on micellar solutions. The plan of the paper is as
follows. An introduction to different types of surfactant
molecules is given in the next section. The characteris-
tic parameters of these molecules and their role in de-
ciding the shape of micelles is discussed in §3. A brief
discussion on the various terms contributing to inter-
micellar interactions is also given in §3. §4 gives a
detailed introduction to the experimental and theoretical
aspects of SANS. The results of typical SANS studies
on micellar solutions are given in §5. Lastly, a summary
of the paper is given in §6.

2. Surfactants used in formation of micelles

As already mentioned, the surfactant molecule consists
of a polar hydrophilic head group and a non-polar
hydrophobic tail. A variety of surfactant molecules have
been synthesized. Schematic representations of some of
these molecules are given in Figure 2. Surfactant mole-
cules are classified as ionic or non-ionic depending on
whether the head group has a net charge or not. The
ionic surfactants are further classified as cationic or
anionic depending on whether the head group is posi-
tively or negatively charged. CTAB is an example of a
cationic surfactant and sodium dodecyl sulphate (SDS)
that of an anionic surfactant. Most of these ionic surfac-
tants have a single tail and a single head group. How-
ever, it is possible to synthesize surfactant molecules
having double or branched hydrophobic tails or those
having multiple head groups. The Gemini surfactants
consist of two hydrophobic tails and two hydrophilic
head groups covalently attached by a hydrophobic or
hydrophilic spacer'”'*. Triton X-100 is an example of a
non-ionic micelle. Non-ionic micelles are neutral.
Unlike ionic surfactants, where the head consists of a
small molecular group, the hydrophilic part of the non-
ionic surfactant molecule consists of a long chain. In
addition to Triton X-100, diblock (PEO-PPO) and
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Figure 2. Some of the commonly used surfactants.
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triblock (PEO-PPO-PEQO) copolymers are the other
examples of non-ionic surfactants. There is another
class of surfactants, called zwitterionic surfactants,
which tend to make long thread-like micelles. Alkyl
dimethyl betaines are an example of zwitterionic surfac-
tants'”. Thus we see there are a variety of surfactants;
their micellar solutions, in general, could have different
structures or inter-particle interactions.

3. Parameters controlling the micellar
structure and the inter-micellar interactions

Micelles are formed by the competition of two forces —
the hydrophobic interaction between the tails provides
the driving force for aggregation and the electrostatic or
steric repulsion between the head groups limits the size
that a micelle can attain. The architecture of the mole-
cule and the head group charge thus play important
roles in deciding the micellar shape. It can be shown
that micellar shape depends on the relative values of tail
length (/), head group area (@) and the molecular vol-
ume (v) of the molecule. Israelachvili er al.'® have ar-
gued that depending on the value of packing parameter
p (=v/al), the surfactant aggregates could acquire dif-
ferent shapes (Figure 3). They showed that, in general,
micelles are spherical for p < 1/3 and ellipsoidal and
cylidrical for 1/3 <p < 1/2. The surfactant aggregates
tend to be bilayers for p > 1/2 and in suitable cases this
results in formation of vesicles. It may be mentioned
that the effective head group area a can be altered by
addition of salt to the micellar solution or by changing
the solution temperature and this results in changes in
micellar shape'’2°. The addition of an electrolyte to the
ionic micellar solution, for example, screens the Cou-
lombic repulsion between head groups and this modifies
the value of a. The value of a for non-ionic surfactants
changes on heating because of dehydration of hydro-
philic tails. SANS experiments have shown that micel-
lar structures change on addition of salt or with a
change in temperature® '°.

The statistical description of the micellar solution
employs a single component fluid model with micelles
as the constituents”’. The presence of water, the electro-
lyte and the counterions (in ionic micelles) is taken into
account via an effective inter-micellar potential energy
U(r). There are, in general, three contributions to U(r):
(i) the hard sphere potential Up(r), (ii) the van der Waals
attractive potential U,,(r) and (iii) the water-mediated
interaction U,,(7). In case of ionic micelles, there is an
additional contribution U(») arising from Coulombic
repulsion between the micelles as modified by the pres-
ence of counterions, etc. SANS has been successfully
used to obtain information about interaction potential
U(r) for micellar solutions when inter-micellar distance
is ~ 100 A (refs 10 and 22, also see ref. 28).
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Figure 3. The packing parameter of a surfactant molecule and the
various structures they form in aqueous solutions.

4. Small angle neutron scattering

The technique of SANS is used for studying the struc-
ture of a material on length scale of 10-1000 A (refs
23-26). In particular, it is used to study the shapes and
sizes of the particles dispersed in a homogeneous me-
dium. The particle could be a macromolecule (biologi-
cal molecule, polymer, micelle, etc.) in a solvent, a
precipitate of material 4 in a matrix of another material
B, a microvoid in certain metal or a magnetic inho-
mogeneity in a nonmagnetic matrix. The spatial distri-
bution of particles in a medium can also be studied
using SANS and thus, this technique provides informa-
tion about inter-particle interactions also.

SANS is a diffraction experiment which involves
scattering of a monochromatic beam of neutrons from
the sample and measuring the scattered neutron inten-
sity as a function of the scattering angle (Figure 4). The
wave vector transfer Q (= 4msin®/A, where A is the
incident neutron wavelength and 26 is the scattering
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Figure 4. Schematic details of SANS experiment.

angle) in these experiments is small, typically in the
range of 107 to 1.0 A”', the wavelength of neutrons
used for these experiments usually being 4-10 A. Since
the smallest O values occur at small scattering angles
(~ 1°), the technique is called as small angle neutron
scattering.

SANS experiment measures the coherent differential
cross-section (dX/dQ) as a function of wave vector
transfer Q. For a system of monodisperse particles, it is
given by ref. 26,

dx

T =Py~ VRS Q). M

where 7 is the number density of the particles, p, and p;
are, respectively, the scattering length densities of the
particles and the solvent and ¥ is the volume of the
particle. P(Q) is the intra-particle structure factor and is
decided by the shape and size of the particle. Expres-
sions for P(Q) for some standard geometries are avail-
able. S(Q) is the inter-particle structure factor, which
depends on the spatial arrangement of particles and is
thereby sensitive to inter-particle interactions.

In case of dilute solutions, inter-particle interference
effects are negligible and S(Q)=1. Thus measured
SANS distribution from a dilute micellar solution
depends on particle form factor P(Q) and is ideally
suited for studying micellar structure. This is especially
so as it is known that in a suitable O range, P(Q) varies
as 1/Q* for disc-like particles and as 1/Q for rod-like
particles. That is, the information on the shape of mi-
celle is extracted from the Q dependence of P(Q). The
information about inter-micellar interaction potential
U(r) is obtained from the experimentally measured
S(0). This involves carrying out SANS experiments on
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the concentrated micellar solutions, where inter-micellar
distances are comparable to the particle diameter.

Neutron is a neutral particle and its scattering from a
material arises because of a nuclear interaction (charac-
terized by scattering length ) between the neutron and
the atomic nuclei present in the sample. The scattering
length densities p, and p, in eq. (1) are the sums of the
scattering lengths of all the nuclei present in the unit
volume of the particle and the solvent, respectively. It is
seen that scattered neutron intensity in the SANS ex-
periment depends on (p, — ps)’ — the square of the dif-
ference between the average scattering length density of
the particle and the average scattering length density of
the solvent. (p, — ps)’ is referred to as contract factor. It
is equivalent to the contrast term in optics where it is
decided by the difference in the refractive indices of the
particle and the solvent. Due to the fact that the scatter-
ing length is negative (= —0.3723 x 10> cm) for hydro-
gen and positive (=0.6674 x 1072 ¢cm) for deuterium,
SANS is ideally suited for studying the structural as-
pects of hydrogenous materials, such as micellar solu-
tions. The contrast between the particle and the solvent
can be easily changed by deuterating either the particle
or the solvent.

Figure 5 shows a SANS diffractometer installed at the
guide laboratory of Dhruva reactor at Trombay®’. Neu-
tron beam from the guide is monochromatized by the
BeO filter. The average wavelength of the monochro-
mated beam is 5.2 A. This beam passes through two
slits S (2emx 3 cm) and S, (1 cm X 1.5 cm) before it
is incident on the sample. Distance between S| and S, is
2 m and this gives an angular divergence of = 0.5°. The
angular distribution of neutrons scattered by the sample
is recorded using a one-dimensional position sensitive
detector. The sample to detector distance is 1.85 m. The
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Figure 5. The schematic of SANS diffractometer at Dhruva reactor.

Q range of the diffractometer is 0.018-0.30 A and it is
suitable for the study of the particle sizes in the range
10-150 A (i.e. ©/Q).

5. Typical results

5.1. Role of molecular architecture on micellar
sStructure

The structures of micelles (sizes and shapes) in a vari-
ety of micellar systems have been studied using
SANS'"' Tt is known that the sizes and shapes of mi-
celles in micellar solutions depend on the architecture
of the surfactant molecule, the surfactant concentration
and the solution temperature’ *. In the following, we
show results of SANS experiments on micellar solutions
of CTAB surfactant and 16-m-16 Gemini surfactants to
bring out the role of molecular architecture on the mi-
cellar shape. The architecture of CTAB and 16-m-16
molecules are shown schematically in Figure 2. While
CTAB is a single tail/single head group molecule, the
gemini surfactant 16-m-16 consists of two tails and two
head groups connected by a spacer. The spacer of 16-m-
16 molecule consists of a hydrocarbon chain with m
carbon atoms and the two tails of this molecule have the
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same length (16 carbon atoms) as that of the CTAB
molecule. SANS experiments have shown that CTAB
micelles in 0.1 M solution are nearly spherical®®. Simi-
lar experiments on gemini surfactants show that mi-
celles are disc-like for m =3, rod-like for m =4 and
nearly spherical for m = 10 (ref. 29). The fact that mi-
cellar shapes are different for m = 3 and 4 is nicely brought
out in Figures 6 and 7, where the variation of SANS cross-
section with O are shown on a log-log scale. It is seen that
dZ/dQ varies as 1/Q” for m =3 and as 1/Q for m = 4. Fur-
ther, it was seen that micelles are ellipsoidal for m > 5 and
become nearly spherical for m = 10.

The above results are consistent with the packing con-
siderations as discussed in §3. The average distance
between CTAB head groups on the micellar surface is
about 8 A. This distance is different for different spacer
lengths in a Gemini surfactant. A change in value of m
results in a change in effective head group area and the
packing parameter p. This is the reason for the change in
the micellar shapes with the change in spacer length®.

5.2. Role of additives on the micellar structure

Spherical micelles in ionic micellar solutions transform
to ellipsoidal and cylindrical micelles on addition of
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Figure 6. A log-log plot of SANS data for 16-3-16 gemini micellar
system. The cross section varies as 1/Q* for 0.009 < 0 < 0.07 A™".
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Figure 7. A log-log plot of SANS data for 16-4-16 gemini micellar
system. The cross section varies as 1/Q for 0.009 < 0 < 0.04 A",

additives such as salts, alcohols and amines — and this
results in an increase in viscosity of the solution®®’'. It
is seen that while the minor axis (~ length of the surfac-
tant molecule) of the micelle is independent of the addi-
tive concentration, the length of the major axis
increases with the additive concentration. The growth
rate of the major axis is, however, different for different
additives. The reasons for different growth rates for
different additives are not fully understood though sev-
eral different possibilities have been considered in the
literature™. Aswal and Goyal™ have carried out system-
atic studies on several different micellar systems and
have shown that the ionic sizes of the additives play an
important role in deciding the growth rate of the mi-
celle. Figure 8 shows the results of their SANS studies
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on 0.3 M sodium dodecyl sulphate (SDS) solutions in
presence of different alkali halides of the type ABr
(A =Na, K, Cs) (ref. 33). The salt concentration was
kept fixed (= 0.1 M) in these studies. It is seen that peak
in the SANS distribution shifts to lower O values on
addition of NaBr, KBr and CsBr and the shift is differ-
ent for different salts. It may be recalled that the peak in
SANS distribution arises from a corresponding peak in
the inter-particle structure factor S(Q) the position of
which at O, (= 2n/d) depends on the inter-particle dis-
tance 4. The growth of a micelle at a fixed surfactant
concentration results in a decrease in number of mi-
celles or an increase in 4. That is, a larger shift in the
peak position in a SANS distribution implies a larger
growth in micelle'®. The values of the major axis of
SDS micelles in SDS/CsBr, SDS/KBr and SDS/NaBr as
obtained from the above SANS data are 55.8, 49.7 and
42.4 A, respectively. This indicates that there is a defi-
nite correlation between the ionic sizes of the counter-
ions (Na", K" and Cs") and the micellar growth.

It may be mentioned that the counterions (e.g. Na,
K", etc.) decrease the effective head group area of the
surfactant molecule (increase in the packing parameter
p) by neutralizing the charge on the micellar surface
and this results in transformation of spherical micelles
to cylindrical ones. The effectiveness of the counterions
in charge neutralization depends on the relative affinity
of these ions to the micelle or the water. It seems that
the affinity of alkali ions to water decreases as we go
from Na to Cs. The sizes of the hydrated counter ions
are 3.6, 3.3 and 3.3 A for Na", K", Cs", respectively.
This explains why a smaller hydrated counterion results
in a larger micellar growth. It may be noted that though
the sizes of the hydrated K™ and Cs” ions are similar,
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Figure 8. SANS distributions from 0.3 M SDS and in presence of
0.1 M NaBr, 0.1 M KBr and 0.1 M CsBr.
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the water of hydration is more in K™ as the bare ionic
size of K" is smaller than that of Cs”.

5.3. Effect of additives on inter-micellar
interactions

The inter-micellar interaction potential U(r) has several
contributions as discussed in §3. In the case of ionic
micelles, U(r) is largely decided by the Coulombic
repulsion between the micelles. When one adds an elec-
trolyte to these solutions, the Coulombic forces between
micelles are screened out, and at high salt concentra-
tions repulsive Coulombic forces become comparable to
the attractive van der Waals interactions. Goyal et al.*®
have successfully used SANS to study the relative roles
of Coulombic and van der Waal’s interactions between
CTAB micelles in the CTAB/KCI solutions. CTAB/KC1
was chosen as it is known that sizes of CTAB micelles
are independent of KCl concentration up to high salt
concentrations.

Figure 9 shows the measured SANS distributions for
0.1 M CTAB solution with the varying concentration of
KCL. The well-defined peak at Q ~0.05 A™! in the SANS
distribution from pure CTAB solution indicates the
presence of strong electrostatic interaction between
CTAB micelles. When the KCl concentration is
increased, this above peak broadens without any sig-
nificant shift in the peak position. The broadening of
the peak is a result of the reduction in the Coulomb
interaction between the micelles. It was seen that at
high salt concentrations, where the Coulomb interaction
has been screened out, SANS distributions were very
similar to those obtained from non-ionic micellar solu-
tions. These studies showed that the van der Waal’s
term of the interaction potential U(r) is characterized by
the Hamaker constant H = 14.7 kg7 and is independent
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Figure 9. SANS distributions from 0.1 M CTAB with varying
concentrations of KCI.
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Figure 10. SANS distributions from 8 wt% Triton X-100 solution
at different temperatures.

of KCI concentration. The Coulomb term varies with
KCl concentration and is characterized with the varia-
tion in the fractional charge on the CTAB micelle.

5.4. Effect of temperature on inter-micellar
interactions

The interaction potential U(r) between two non-ionic
micelles is dominated by attractive van der Waal’s
forces. These attractive interactions are, however,
screened by the water of hydration which is attached to
the hydrophilic part of the micelle. It may be recalled
that unlike ionic surfactants where head group is small
in size, the non-ionic surfactants have a bulky hydro-
philic chain. The non-ionic micelle thus has a signifi-
cant amount of water attached to its outer surface.
When one increases the solution temperature, the
amount of water of hydration decreases and this results
in a decrease in screening of van der Waal’s interac-
tions. That is, the interaction potential U(r) between
non-ionic micelles becomes more attractive with an
increase in temperature. SANS has been used to study
the interaction potentials in non-ionic micellar solutions
and in the following we give results of such studies on
Triton X-100 (ref. 10).

Micellar solutions of non-ionic surfactant Triton
X-100 become cloudy on heating at a well defined tem-
perature T, called cloud point’. Above cloud point, the
solution separates in two phases — one rich and the other
poor in micellar concentration. The effect of tempera-
ture on SANS distribution from Triton X-100 solutions
is shown in Figure 10. It is seen that scattered neutron
intensity at low Q values diverges as one approaches the
cloud point. The changes in the measured distributions
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are connected with the changes in the interaction poten-
tial U(r) with the temperature. The parameters of the
potential have been obtained by analysing the SANS
data in terms of Sticky Hard Sphere model, which as-
sumes a narrow square well potential for the attractive
part. The depth U,/kgT of the square well potential at
295, 328 and 334 K has been found to be 0.9, 2.6 and
2.9, respectively for 8 wt% Triton X-100 micellar solu-
tion'”.

6. Summary

Small angle neutron scattering is a neutron diffraction
experiment involving small wave vector transfers and is
used for studying the structures of materials on a length
scale of 10-1000 A. In particular, this technique is used
to study the sizes and shapes of particles dispersed in a
homogeneous medium. SANS is ideally suited for
studying the structures of hydrogenous materials where
the contrast between the particle and the solvent can be
varied by deuterating either the particle or the solvent.

This paper deals with use of SANS in study of struc-
ture and inter-micellar interactions in micellar solu-
tions. The fact that micelles are made up of organic
material and have a typical size of ~50 A, SANS has
been fruitfully used for studying micellar solutions.
Results of SANS studies both on the micellar structure
and the inter-micellar interactions are given in the pa-
per.
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