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Abstract

This manuscript mainly deals with some
models and concepts that are used to characterize the
aggregational behavior of surfactant molecules.
Thermodynamic and molecular approaches are also
outlined in some detail in this paper. Micellar colloids
are distinguished from other colloids by their
association-dissociation  equilibrium in  solution
between monomers, counter-ions and micelles.
Surfactant solutions are unique solvent systems because
the surfactant molecules form micelles in aqueous and
non-aqueous solvents by self-assembly under the
hydrophobic interaction with solvent molecules.
According to classical thermodynamics, the standard
Gibb’s energy of formation of micelles at fixed
temperature and pressure can be related to the critical
micelle concentration (CMC). This relation is different
for two models which are widely used to describe
micelle formation, namely the Phase Separation and the
Mass Action Models. The concept of molecular packing
parameter is widely used to explain, rationalize and
even predict molecular self-assembly in surfactant
solutions. A particular value of the molecular packing
parameter can be translated via simple geometrical
relations into specific shape and size of the equilibrium
aggregate. Surfactant solutions have attracted much
attention from academia and industry because they play
an important role in different industrial areas, e.g.
chemical and oil industry, pharmaceutical and bio-
industries, paper, emulsions, food and film industries.
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I. INTRODUCTION
Surfactants are  amphiphilic ~ molecules

containing both hydrophilic and hydrophobic parts.
Because of the presence of hydrophilic and
hydrophobic parts (Fig.1) they are compatible with
water and oil both. At low concentrations, the solution

of ionic surfactant shows similar properties to those of
simple electrolytes except that the surface tension
which decreases rapidly with surfactant concentration.
But at higher concentrations, unusual changes are
recorded and suggest a changeover from a solution
containing unimers to a situation where the surfactant
occurs more and more in a self-assembled state. But
this self-assembly does not occur at all concentrations.
The concentration at which surfactant starts to form
these self-assembled structures is known as “critical
micelle concentration” abbreviated as CMC.

—
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Fig. 1. Surfactant molecule

The CMC is the most important characteristic of
a surfactant and can be measured by techniques like
“surface tension” and “solubilization”. Self-assembly
gives various molecular architectures, depending upon
the type of surfactant and the solution conditions. The
first formed aggregates are generally approximately
spherical in shape. The aggregates may also be globular
or rod like or have the structure of spherical bilayers.
The aggregates in which the interior is occupied by
hydrophobic part is known as “micelle”, while the
closed aggregate with hydrophilic interior is known as
“reverse micelle”. As mentioned before, the
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hydrophobic part is compatible with oil so there is a
driving force for expelling them from the aqueous
environment. It can be achieved either by macroscopic
phase separation or by hiding the non-polar groups in
some other way. When a polar group is attached to a
hydrocarbon an opposing force is created, which
counteracts phase separation. [1-5]

Il. CRITICAL MICELLE CONCENTRATION

A. Phase separation model

Micelle formation is generally
discussed in terms of phase separation model. CMC is
the saturation condition of surfactant in the unimeric
state. Surfactant addition above the CMC consequently
only effects the micelle concentration, but not the
unimer concentration. In many physicochemical
investigations, it has been observed a number average
over the different states that a surfactant molecule

can occupy. The phase separation model is particularly
simple for interpretation of experimental observations.
Below the CMC there are only unimers and the average
of a quantity Q is simply

<Q>:Qaq
For a concentration above the CMC,
Since  Cpic= CovCMC and C,q=CMC

<Q>:pmic Qmic + paq Qaq = (1'CMC/Ctot)Qmix +
(CMC/Cio1)Qagu

For concentration, above CMC, <Q>approaches Qpic.

Micelles are formed in a step wise process, so the
elementary step is the equilibrium between a unimer
and a micellar aggregate:

An+ AroAnn

The basic concept behind the driving force of the
micelle formation is the elimination of the contact
between the alkyl chains and the water. Micelle, in a
wide concentration range above the CMC viewed as
microscopic liquid hydrocarbon droplets covered with
the polar head groups, which are in interaction with
water. The larger spherical micelle is more efficient,
since the volume-to-area ratio increases. Decreasing the
micelle size always leads to an increased hydrocarbon-
water contact. It appears that the radius of the micelle
core constituted of the alkyl chain is close to the
extended length of the alkyl chain i.e. in the range of
1.5 to 3 nm. When a micelle radius equals the length of

an extended surfactant, molecule it does not mean that
the surfactant molecules are extended. Only the
surfactant molecule needs to be extended to fulfill the
requirements mentioned. As such, the majority of the
surfactant molecules are in the disordered state with
many gauche conformations. Micelle may for many
purposes be considered as a microscopic droplet of oil.
This explains the large solubilization capacity towards a
broad range of non-polar and weakly polar substances.

The number of surfactant molecules present in
the micelle is known as “aggregation number”, it
becomes a better approximation the higher the
aggregation number, the greater the number of
surfactant molecules in the micelle. Aggregation
number is a related and equally important characteristic
of a micelle, which is best determined in fluorescence
quenching experiments. [6-12]

B. Mass action model

In fact, by analyzing experimental
observations around the CMC using the “mass-action
model” some information on the micelle aggregation
numbers can be obtained. Based on the mass action law
model and the general relation between the free energy
change and the equilibrium constant

AG°=-RT In K
The approximate relation for the micelle formation:
AG° =-RT InCMC

Here AG® represents the free energy difference between
a unimer in the micelle and some suitably chosen
reference state. This is a convenient starting point for
thermodynamic considerations.

As mentioned earlier, in polar solvents,
aggregation results from the insolubility of the non-
polar parts in water. The packing of the hydrocarbon
chains result from the drive to minimize contact with
water. Aggregation is opposed by the hydrophilic
interaction, giving a repulsion between a polar head
group on the micelle surface, the head groups will
arrange themselves to minimize the unfavorable
repulsions. The self-assembly of an amphiphile depends
on the strength of an opposing force. It must be strong
enough to compete with one alternative, which is
macroscopic phase separation, but must also be limited
in magnitude, since otherwise the unimeric state will be
the most stable one. Examples of the head groups
giving amphiphiles that are too weak are hydroxyl,
aldehyde, ketone and amine groups. For a long chain
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alcohol, macroscopic phase separation results rather
than micelle formation.

For ionic surfactants, the counterion
dissociation plays a great role. Because of the
counterions, macroscopic phase separation becomes
entropically very unfavorable and there is a very strong
tendency to form small micelle. Co-solutes may affect
amphiphile self-assembly in many different ways one
of them being that they can stabilize the micelle by
reducing the polar interactions.

For ionic surfactants:

1) neutralize the charges by adding an oppositely
charged surfactant

2) screen the repulsions between head groups

3) rather even out the uneven counterion distribution
by adding electrolyte

4) dilute the charges by introducing a non-ionic
amphiphile, like a long chain alcohol

In all cases marked reduction of CMC and an increase
in micelle size observed. [13-18]

I11. INTERMOLECULAR INTERACTIONS

It is not sufficient to only consider the
interaction between surfactant molecules because of the
trivial fact that micelles don’t form in the gas phase.
The solvent plays a crucial role for the micellar
aggregation and water in this respect is almost unique.
Micelle can’t form in a solvent with a low dielectric
permittivity resulting in only a weak screening of the
electrostatic repulsion between head groups. Because
their interaction will depend on the dielectric
permittivity of the solvent, which make the interaction
temperature dependent, this type of interaction will be
referred to as an effective pair potential. Effective
potential are frequently encountered in chemistry, the
hydrophobic interaction and the screened coulomb
interaction are typical examples. [19-21]

IV. HYDROPHOBIC INTERACTIONS

Water interaction is comparably strong
due to the hydrogen bonds formed between the water
molecules. Hence introducing a non-polar molecule
into water strongly disturbs the hydrogen bond network
with a loss of interaction energy. The loss in interaction
energy can be minimized if the water molecules around
the solute adjust themselves, but the price has to be paid

in lowered entropy. As a consequence, the free energy
of transfer of a nonpolar molecule into water at room
temperature contains a large entropy contribution.

When dissolving non-polar molecules the hydrocarbon
tail of the surfactant molecules will try to minimize the
damage to the water hydrogen bond network by
aggregating. The attractive interaction between two
atoms is due to solvation effect i.e. the two atoms are
pushed together by solvent. Thus the hydrophobic
interaction is the mechanism that promotes the
formation of micelle. The longer the hydrocarbon tail a
surfactant molecule carries, the more easily it will
aggregate, as indicated by the lowered CMC.

The hydrophobic interaction can be of considerable
strength and is a delicate balance of energetic
(enthalpic) and entropic terms.

Gtransfer _

v 4nR?

where y is the interfacial tension and R the solute
radius. The same type of expression can also be used to
estimate the hydrocarbon interaction between two non-
polar solutes at contact:

G (at contact) = - y 4nRr
where r is the radius of water molecule.

A semi quantitative measure of the solvent ability to
dissolve non-polar molecules is given by the so called
equation:

Gorden parameter=y V3(j/m®)

where y is the surface tension of the solvent
and V its molar volume.

Water has a very high Gorden parameter ~2.7
while hexane has a very low value of ~0.3. Thus
hydrophobic interaction is largely due to the high
cohesive energy density in water. Water is actually a
better solvent, as its high Gorden parameter implies,
which means water to some extent is capable of
compensating for the loss in cohesive energy when
dissolving a non-polar solute.

At the separation of two surfaces comparable
to the molecular size, packing effects will start to play a
role in the interparticle force. This can under certain
circumstances lead to an oscillatory density profile as
well as an oscillatory force as a function of the distance
between the surfaces. The oscillations could be
superimposed on both a net attractive or net repulsive
curve. [22-27]
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V. REPULSIVE HYDRATION FORCES

A charged or zwitterionic surface
immersed in aqueous solution achieves one or several
well-defined layers of water molecules hydrating the
surface in the same way as a dissolved ion has a
hydration shell. Pushing two such surfaces together
results in a dehydration and could be anticipated to be
accompanied by a repulsive hydration force. Repulsive
hydration forces seem to exist both between neutral and
charged surfaces. Structural or H-bonding polarization
at the surface has been suggested as the cause for the
repulsion.

Monte-carlo simulation shows the existence of
the short range repulsive forces even for perfectly
smooth surfaces. A strong attractive solvent-surface
interaction leads automatically to a repulsive surface-
surface force. If the surfaces are inert i.e. no attractive
surface-solvent interaction exist, then an attractive
solvation force acts between the surfaces. The
limitation in both cases of limited range, < 100A.

VI. ATTRACTIVE HYDROPHOBIC FORCES

Surprisingly long range attractive
forces exist between hydrophobic surfaces. The
attraction ranges several hundred A. The possible
source for the attractive interaction between these
surfaces is that they are locally non-neutral and that
patches of negative and positive charges correlate and
cause an attraction.

VII. CRITICAL PACKING PARAMETER

Critical packing parameter is an
important property for self-assembled aggregate.
Critical packing parameter CPP is a reflection of the
balance of the interaction between the hydrophobic
moieties and the polar part (Fig. 2). The estimation of
critical packing parameter of amphiphilic compound is
considered as hypothetical rather than empirical.

The geometric or packing properties of
surfactants depend upon their optimal head group area
’a’ as well as on the hydrocarbon volume ‘v’ and the
extended length of the surfactant hydrophobic chain,
Imax- The value of ‘@’ is governed by repulsive forces
acting between the head groups and attractive
hydrophobic forces between the hydrocarbon chains. It
was observed that the magnitude of both v’ and ¢/’
parameters can be estimated directly from quantum
mechanical calculations. While the investigations found
that the ‘a’ parameter is parallel to the Connolly solvent
accessible surface area which could also be determined
through theoretical computations.

~ pr—s 1‘
e

T - - v
Packing Parameter
P=V/aL
e a — Head group cross-sectional
area

e | — Length of tail
e VV —Volume of tail

Fig. 2. Critical packing parameter

The ratio v/lh@ which gives a geometric
characterization of a surfactant molecule, will be seen
to be very useful when discussing the type of structure
formed by a given amphiphile. It is denoted as a critical
packing parameter (CPP) or the surfactant number. The
CPP of non-ionic surfactant is easily altered by
changing the length of the chain or by changing the
temperature. In ionic surfactant systems the CPP can be
changed by altering the hydrocarbon chain length.
Single chain surfactants tend to form micelles and other
normal structures, while double chain surfactants prefer
to form lamellar phases and reversed structures. On
trying to pack space filling models of surfactant into
different aggregate shape, find that due to bulkiness of
the hydrophobic part, double chain molecules can’t be
packed into spherical micelles.

VIIl. NANOSIZED SURFACTANTS

There are two factors that are not taken into
account in the simple geometrical model but has a great
influence on the aggregate structure. The first is the
interaction between the head groups in the aggregates.
Clearly a strong repulsive attraction between head
groups will drive aggregates to the left in the Fontell
scheme while the opposite applies for attractive
interactions. This problem can be circumvented by
estimating an effective head group area. E.g. for ionic
surfactants, the head group interactions will be strongly
affected by the electrolyte concentration so that a
decrease on addition of electrolyte. Electrostatic
calculations of distances between head groups can be
made to estimate a CPP value or surfactant number in
this case. For non-lonics temperature rather than
electrolyte concentration is very important for
interaction between head groups and is decisive for
aggregate structure.
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As a bottom-up strategy to fabricate
nanomaterials, surfactant self-assembly has received
considerable attentions. Based on their diverse self-
assembling behavior surfactants exhibit great potentials
in  many fields, including membrane protein
stabilization, drug delivery, and tissue engineering.
Since the surfactant-like peptide molecules can be
easily designed and modified to form various
nanostructures, they can be easily tailored for drug or
gene delivery. Because of the unique amphiphilic
structure of surfactant, and the hydrophobic tail could
promote surfactant to self-assemble into the
nanostructure with a hydrophobic core, which has
potential to encapsulate water-insoluble molecules and
deliver drugs and other biological molecules. On the
other hand, the hydrophilic head could be modified as
functional group for cell-targeting. Although several
attempts have been tried to obtain controllable self-
assembling nanostructures. Nanosized surfactants have
wide range of applications in the biomedical, clinical,
pharmacological engineering products. [29-34]

IX. CONCLUSION

This article mainly focuses on the applications
of the nanosized structured surfactant aggregates that
are extensively used in various fields, depending upon
the desired properties mainly in the fields of biomedical
engineering, self assembled structures, desired
structured nanomaterials etc. Surfactant aggregation is a
spontaneous process and a delicate balance of forces
governs the size and shapes of the structures at
equilibrium. Aggregation is driven by the hydrophobic
effect, the minimization of surfactant tail-water contact
by transfer of the tail of the surfactant unimer from
water to the aggregate core with the concomitant
release of water of hydration, and an increase in the
entropy of the system. Balance is provided by a
combination of electrostatic, ion-specific, and hydration
interactions in the interfacial region of the aggregates.
In addition to lowering surface and interfacial tension,
and rendering soluble what is insoluble, surfactants also
have a number of useful properties including:

e  Emulsifying or dispersing power
e Wetting
e Foaming

e  Suspending/stabilizing power.
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