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PAIR INTERACTION POTENTIAL FOR NONIONIC MICELLES
IN AQUECUS MEDIA

V.A.LOBASKIN and V.K.PERSHIN
Dept. of Physics, Cheliabinsk State University,
Br. Kashirin Str. 129, 454136 Cheliabinsk, RUSSIA

Abstract Temperature behaviour of the potential of
mean force and the second virial coefficient is
studied for nonionic micelles in agqueous medium. The
proposed model of intermicellar interaction is then
used for the analysis of phase diagrams of nonionic
micellar solutions.

INTRODUCTION

The essential role of intermicellar interactions in various
processes such as cloudiness or mesophase formation which
occur in lyotropic systems was stressed repeatedly for the
last yearsl-4, Considerable theoretical attention has
already been devoted to developing a theory of forces
between amphiphilic surfaces in liquids3.%. In our recent
work’ on the basis of the disjoining pressure concept, we
have proposed the model of intermicellar interaction in
aqueous solutions of nonionic surfactants, which allows one
to take into account solute-solute, solute-solvent and
solvent-solvent interactions.

The goal of the present work was to study temperature
behaviour of intermicellar interaction so as to describe
phase separation of nonionic micellar solutions.
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VIRIAL EXPANSICON FOR A MICELLAR SOLUTION

It is known from experiments, that in some nonionic micel-
lar soluticns the micellar mass and size remain fairly
constant through a wide concentration range over the
critical micellization concentration®-%. Therefore, it is
reasonable to consider single-phase micellar scolution to be
a two-component system, where the solvent consists of water
plus monomer and the micelles form the solute. Furthermore,
it is convenient to assume micelles to be monodisperse with
a single aggregation number independent on concentration.
The McMillan-Mayer theory may be applied to nonionic
micellar solution if the micellar molar mass is independent
on concentrationl®, According to Ref.10, the micelle
activity coefficient y and the osmotic pressure % may be
represented as series in micelle number density p

Iny = 2Bosp + 3Bppop? + ... (1)
K/(ka) =1 + BZZP + B222P2 + ... (2)

Here, the virial coefficients B;; are related to the
solute-solute cluster integrals b;; (for example By>=-b,;).
The second virial coefficient is defined byl0
[= o]
By,=-27Ns | (exp(-¥(r)/kT)-1)r2dr (3)
0

where W(r) i3 the potential of mean force (FMF) of solute-
solute interaction in aqueous medium. To analyse the state

equation (1) in explicit form, one needs to calculate the
virial coefficient By, (3).

THE POTENTIAL OF MEAN FORCE

For spherical solute particles, the PMF is the work done on
two particles to bring them from infinite separation to
distance r from each other in the given solvent. In gene-
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ral, this work consists of two parts: the work done against
the forces of intermicellar interaction {u(r}) and the work
done on the change of the free energy of the solvent. Deno-
ting the work on the last process by W{r) we can write the
expression for PMF as’

¥(r) = u(r) + wW(r) (4)

The potential energy of intermicellar interaction is

u(ry = ug + ug + Ug (5)

where uy is a potential of the steric repulsion between the
hard spheres of the radius R, uyq and ugz are the potentials

of dispersion and structural interaction, respectively’.
The energy of the dispersion interaction between spherical
particles in liquid is described by the Hamaker formula:

ug(r)=-(A/6) {2R2/ (r2-4R2?)+2R2/r2+1n(1-4R2/r2)} (6)

where r is a separation between centers of micelles, A is
the complex Hamaker constant for the system amphiphile-
water—-amphiphile.

According to Ref.7, we write down the potential of
structural forces between hydrated surfaces of the radius R

uy{r) = KRexp{-(r-2R}/1) {(?7)

where 1 is a correlation length of the moclecular ordering,
K is a state-dependent coefficient which is proportional to
the degree of hydration. In the previous work’ we represen-
ted K in the form K=K'exp{Q/kT), where K' is a temperature-
independent factor and Q plays a role of an activation
energy for solvent molecules.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:19 18 February 2013

588 V. A. LOBASKIN AND V. K. PERSHIN

solution) the coefficient cannot be correctly determined in
experiment because of increase in the collective character
of intermicellar interactions. That is why the large
negative values of the second virial coefficient and its
derivative (0B,,/8T) seem doubtful. Therefore, we can

consider the meanings of the fit 1 to be more realistic.

THE PHENOMENOLOGICAL STATE EQUATION AT FINITE DILUTION

In our previous work we have considered the second virial
coefficient at finite dilution. We have used a concentra-
tion-dependent micellar PMF instead of the McMillan-Mayer
PMF ¥(r) in Eq.(8). We assumed that the potential u(r) does
not depend on the micelle concentration. Moreover, we have
supposed W(r) to be a small negative value decreasing with
concentration that corresponds to the weak hydrophobkic
attraction between dehydrated micelles. Basing on these
suppositions, we have suggested a state equation for a
micellar solution

=/ (pkT) = 1 + B*(T)p + Wpa-1i (8)
and the expression for the micelle activity coefficient
lny = 2B*{T)p + 2wWpd-l (9)

where 1<g<2, B*(T)=1+K*exp(Q*/kT)-A* (q,K*,Q* and A’ are
positive fitting parameters) and W is a negative constant,
determined by the values of K*,Q*,A* and q. This four-
parameter model provides full coincidence of the calculated
results with the experimental consolution curves? for the
soclutions of nonionic surfactant C,,Eg in water? 14,

The preceding analysis shows that phase behaviour of
nonionic micellar solutions is determined by the tempera-
ture dependence of the micellar PMF. The increase in the
hydrophobic character of the micelles is due to the inten-
sification of thermal motion of the solvent molecules and
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TEMPERATURE BEHAVIOUR OF THE MICELLAR INTERACTION POTENTIAL

For the further analysis, we assume W(r) to be independent
on temperature. Figure 1 shows the qualitative form of the
normalized potential u{r)/kT {(5) for A/6~KR12. There are
two qualitative types of intermicellar potentials depending
on whether the dispersion or the structural term dominates
at the short distances. The curve 1 corresponds to the
short-range structural forces (1=0.1R). There exists a
potential barrier near the point r=2R in this case. Its
width and the R value add up to the radius of a hydrated
micelle. In the case of "long-range" structural effects
1=0.5R {curve 2), there appears a deep potential well near
the point of contact of the micelles, followed by an energy
barrier and a secondary minimum. Both the shapes of the
potential are typical for those observed in charged
colloids according to the DLVO theorylil,12,

T

u{r)/kT
Q_.
5
S

FIGURE 1 Qualitative form of the normalized
potential u(r)/kT for 1=0.1R(1l) and 1=0.5R{(2)

Figure 2 demonstrates a set of u(r) curves calculated

according to Eq.{(7) for 1=0.1R at different temperatures.
Since the equilibrium ug(r) value decreases as
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FIGURE 2 The normalized potential u{(r}/kT at dif-
ferent temperatures: T;<T,<T3

the temperature is raised, the potential barrier retarding
the coacervation of micelles lowers and concurrently
potential minimum depth increases. It is seen from the
pictures that the effective micelle radius also decreases
with temperature.

TEMPERATURE DEPENDENCE OF THE SECOND VIRIAL COEFFICIENT

Using Egs.(4-7) we obtain the second virial coefficient in

the form
[» +]
Byp=-2TNa{ (2R)3/3 - | (exp(~¥(r)/KkT)-1)r2dr) (8)
2R

Np is the Avogadro's number. Temperature dependence of the
By, value is caused by the thermal motion of micelles them-
selves and solvent molecules. In the limit of T-—»w the
integral in Eq. (8) tends to zero. In this limit the virial

coerricient equals to the volume excluded by a micelle. At
the low temperatures the exponential function exp{-¥(r)/kT)
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rapidly increases due to the increase in the structural
potential and, hence, the integral diverges, B,,—»o.

w
=
3
-
&
o
100 500 w2 Bto

Temperature, K

FIGURE 3 Temperature dependence of the second virial
coefficient Byy(T).

Considering formally the behaviour of function Bj,{(T)

{8) over a wide temperature range (T=100+500K), we find
that it is non-monotonic. There exists a minimum on the
plot of By, versus T (Fig.4). One can divide the By, (T)
curve into three regions corresponding to different types
of effective intermicellar interaction:
1) At the temperatures lower than T~300K the second virial
coefficient is positive because of significant contribution
of the structural component to PMF (ugxexp(Q/kT)). The
effective intermicellar interaction is repulsive.
2) At the temperatures between 300K and 350K the value of
By, (T) gradually decreases and eventually becomes negative.
In this temperature range micelles are attracted to each
other due to the dispersion interaction.
3) When the temperature is raised over 350K, the virial
coefficient reaches its minimum and then increases up to
positive values. This effective repulsion is caused by the
thermal motion of the micelles and the packing effects.
Different parts of the By;(T) curve correspond to the

liquid state of the solution depending on the ratio A/K'.
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The case when minimum of the B,,(T) curve falls into the
temperature range of water is of thé most interest. In this
case reentrant phase transitions in mesophases and closed
consolution regions can appear.

The second virial coefficient for nonionic micellar
solutions C;E4- water has been measured by Herrington and
Sahil3. The virial coefficient has been found to be positi-
ve at t~0°C and negative near the cloud point for all the
studied systems. The existence of the minimum on the curve
B>,{T) is established for the solution Cj3Eg - Hp,0. The
temperature of clouding increases in the series of homologs
C12E; when j being increased. The increase in the number of
hydrophilic units {ethylene oxide) is reflected by the
negative value of B,3{T) at higher temperatures.

Figure 4 demonstrates coincidence of our theoretical
calculation with the experimental data of Ref 13. For the
solution C;,;Eg-H,0 we put A=1,8-10-13erg, K'=6,8 -10%dyne/cm?
1=3A, R=20A, Q=1600K (curve 1) and A=1,7-10"14 erg,
K'=3,68-105 dyne/cm2, 1=3A, R=20A, Q=1600K (curve 2). The

60000

01

‘BOOOOJ

B(T), cub.cn/mol

= 12000045—— g I k) 0

Temperature, K

FIGURE 4 Calculated curves B,,(T) in comparison with
the experimental data of Ref. 13.

virial coefficient at low temperatures. The curve 4 fits
the dramatic decrease of By, (T} on heating. It should be

noted, however, that near the cloud point (T=348K for this
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dehydration of polar heads of the surfactant particles. It
should be noted that both attractive and repulsive forces

between micelles fall off with temperature but the attrac-
tive forces becomes dominant at the higher temperatures,

In the recent workf®, Israelashvili and Wennerstrdm have
suggested quite different treatment of the repulsive force
between amphiphilic surfaces. It is considered that the
amphiphile headgroup protrusion into the solvent interlayer
gives the dominant contribution to the repulsive force and
there is no reason to invoke the special hydration (struc-
tural) force for an explanation of the stability of
colloids. According to Ref.6, we may suppose that decrease
in the repulsive component is caused by change of flexibi-
lity of the protruding headgroups as a result of the dehyd-
ration. Our value of K=4-10’dyne/cm? used for the approxi-
mation of the experimental datal3 coincide with the esti-
mates of the characteristic value K=1.4-107dyne/cm? for
protrusion force between amphiphilic bilayers®. It should
be remarked, however, that the overlap repulsion should
increase with temperature that is in contrast with experi-
mentally observed tendency for decreasing the second virial
coefficient.

CONCLUSION

In the present work the temperature behaviour of the second
virial coefficient has been studied. It has been found that
effective intermicellar interaction is predominantly repul-
sive at the temperatures close to 0°C becomes attractive as
the cloud point is approached. It has been shown that the
molecular mechanism of phase separation of micellar solu-
tion at the lower critical point involves the dispersion
and the hydrophobic attraction between micelles.
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