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The lamellar-nematic transition in the caesium-perfluoro-octanoate-water system changes 
from second to first order at a tricritical point as the volume fraction of surfactant is 
increased [N. Boden, P. H. Jackson, K. McMullen and M. C. Holmes, Chem. Phys. 
Letters, 65 (1979) 4761. This observation is explained by applying McMillan’s model 
of smectic ordering to a system of disc-shaped particles with both attractive and re- 
pulsive long range interactions. In the lamellar phase the lamellae are envisaged as 
consisting of layers of disc-shaped micelles which, at the lamellar-nematic transition, 
simply disperse to form an orientationally ordered micellar solution. Using this model 
the main features of the phase diagram are explained. 

INTRODUCTION 

Lyotropic nematic mesophases have been identified*V2 in surfactant- 
water mixtures and shown3q4 to consist of solutions of anisometric 
micelles which possess long range orientational order. Nematic phases 
of disc-shaped micelles, N,, occur as the precursor to the lamellar L 

tPaper presented at the 10th International Liquid Crystal Conference, York, 15th- 
21st July 1984. 
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132 M. C. HOLMES and N. BODEN 

phase, whilst those consisting of rod- or cylindrical-shaped micelles 
N ,  act as the precursor to the hexagonal H phase.5 There is a one- 
to-one correspondence in the symmetries of the phases involved in 
the lyotropic isotropic (I) - No - L transitions and the thermotropic 
I - nematic(N) - smectic A(SA) transitions exhibited by rod-shaped 
molecules. A similar correspondence in symmetries exists between 
the phases involved in the lyotropic I - N ,  - H transitions and 
those in the thermotropic I - N - columnar transitions exhibited 
by disc-shaped molecules. These observations seem paradoxical when 
considered in terms of the intrinsic shapes of the particles which are 
seen to be opposite in the corresponding lyotropic and thermotropic 
sequences. However, we expect the symmetries of the ordered phases, 
not the particle shape, to dictate the phase transition behaviour. We 
might, therefore, anticipate that these lyotropic transitions can be 
understood in terms of McMillan’s mean field theory which has been 
shown to account for the general features of the thermotropic S, - 
N 6  and columnar - N7 transitions. In this paper we shall explore 
whether McMillan’s theory can be extended to predict the major 
features of the phase diagram (Figure 1) for the caesium perfluoro- 
octanoate-water system which forms a N D  phase.R It should be noted, 
however, that this theory was developed for a single component sys- 
tem and as a consequence we cannot expect it to predict the biphasic 
regions in the phase diagram of a binary system. These biphasic 
regions would not be present in a phase diagram in which the com- 
position variable is chemical potential rather than volume fraction. 

We see from Figure 1 that the L - No transition line changes from 
second-order (where coexisting phases have identical compositions) 
to first-order (where coexisting phases have different compositions) 
at a tricritical point, T$,  with increasing volume fraction of amphi- 
phile 4,. This behaviour, together with the triple point T,(LNZ) is 
reminiscent of the phase behaviour (Figure 2) predicted by McMillan6 
for thermotropic S, - N - I transitions. The interaction driving the 
N - S, transition arises from the mutual attraction of the aromatic 
cores of the lath-like mesogenic molecules; this will increase as the 
ratio of the lengths of the aromatic core and the molecule decreases, 
i.e. as the length of the alkyl end chains increases. In the McMillan 
theory the strength of this interaction is modelled by the parameter 
(Y and we see from Figure 2 that the S, - N transition changes from 
second order to first order at ct = 0.70, whilst for (Y > 0.98 the S, 
phase goes directly to the I phase. To establish a correlation between 
the phase behaviour depicted in Figures 1 and 2 it is necessary for 
4, and (Y to be directly, functionally dependent. To appreciate the 
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A MEAN FIELD MODEL 133 
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FIGURE 1 Portion of phase diagram of the caesium perfluoro-octanoate-water sys- 
tem showing the temperature and composition ranges of the nematic phase. [This is 
an updated version of the diagram previously published.]' 

significance of this relationship it is first necessary to describe the 
mechanism of the lyotropic N D  - L transition in the caesium per- 
fluoro-octanote-water system. 

The N D  - L transition is second-order over most of the compo- 
sition range of the nematic phase; this is a clear indication of a con- 
tinuity in the structure of the amphiphile aggregates, an assertion 
confirmed by X-ray diffraction, nmr and electrical conductivity meas- 
u r e m e n t ~ . ~  Thus, we are led to infer that at the N D  - L transition 
the nematogenic disc-shaped micelles simply condense on to the la- 
mellar planes rather than aggregate into infinitely extending bimo- 
lecular lamellae. Intuitively, it seems natural to compare the role of 
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FIGURE 2 Phase behaviour predicted by McMillan modeL6 Transition temperatures 
correspond to TITNI where TNI = 0.2202 uJk. 

the layers of water separating the lamellar planes to that of the alkyl 
end chains in the thermotropic S, phase. But this cannot be correct 
because it would require the L - N ,  transition to change from second 
to first-order as +A (volume fraction of micelles) decreases, which is 
exactly the opposite of the observed behaviour. Clearly, the strength 
of the interaction driving the lyotropic N ,  - L transition increases 
as the separation of the micelles decreases; its origin must, therefore, 
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A MEAN FIELD MODEL 135 

be in the electric double layer repulsion between micelles in adjacent 
lamellae rather than in the mutual attraction of neighbouring micelles 
in the same layer. The electrostatic repulsive energy will be a mini- 
mum for a structure in which the micelles are arranged on a f.c.c. 
lattice and with their symmetry axes normal to the (111) planes: these 
planes are envisaged as constituting the amphiphilic layers of the L 
phase. The increasing inter-micellar repulsion with increasing +A ac- 
counts for the functional dependence of OL upon +A as required by 
the phase diagram (Figure 1). 

Another striking difference between Figures 1 and 2 is that for the 
caesium perfluoro-octanoate-water system the ratio of the transition 
temperatures T L N I T N ,  is constant at 0.98 over the composition range 
42.5 to 70% by weight of 2H,0, whilst the original McMillan model 
predicts that the value for this ratio should decrease with OL and is 
0.70 at T:. This unexpectedly large value of T L N I T N ,  at 7': in the 
Iyotropic system requires a relatively large scalar contribution to the 
micellar pair potential.1° This could arise from either a small micelle 
eccentricity or a large intermicellar separation, or both of these fac- 
tors. 

In section 2 it will be shown that when an anisotropic repulsive 
term is included in the pair potential, McMillan's theory predicts the 
major features of the L - N,, - I transitions shown in Figure 1. 

In section 3 we shall consider the extent of the theory's validity in 
the light of experimental measurements, and consider its usefulness 
in the study of these systems. 

THEORETICAL MODEL 

We will assume firstly, that in the L phase the amphipilic lamellae 
consist of layers of disc-shaped micelles which, at the L - N,, tran- 
sition, simply disperse to form an orientationally ordered micellar 
solution. Secondly, the dimensions of the micelles are unchanged 
through the L - N,, - I transitions. 

Following McMillan, we start with the two-particle interaction po- 
tential 
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136 M. C. HOLMES and N. BODEN 

where rI2 is the intermicellar separation, el, is the relative orientation 
of the micelle symmetry axes and P, is the second Legendre poly- 
nomial. The parameters rl and r, determine the ranges of, respec- 
tively, the attractive and repulsive interactions; the Gaussian form of 
the repulsive interaction is chosen for convenience. uo is the strength 
of the anisotropic attractive part of the potential, this is scaled by the 
factor A in the repulsive part of the potential and 6 is the relative 
weight of the scalar part which is assumed to be the same for both 
contributions. The self-consistent single particle potential is 

where 5 equals (2~z /d ) ,  d is the lamellar periodicity which is taken 
to be in the z direction, and 8 is the angle between the micellar 
symmetry axis and the director. The order parameters are given by 

Equation (2) is identical to McMillan’s single particle potential except 
that here the dimensionless interaction strength is given by 

a = 2{exp - (.rrr,/d)’ - A exp - ( ~ r , / d ) ~ }  (4) 

A value for uo was obtained from the value of TN, (336.1 K) at the 
tricritical point composition (42.5% by weight ,H,O) using the Maier- 
Saupe” relation 

uo = 4.542 k T N I .  ( 5 )  

Values of a and 6 were then obtained from this value of uo and the 
tricritical point temperature T3,. The transition is found to be second- 
order for a < 0.17 and 6 > 2.4; thus the variation of a and 6 with 
4, must be as depicted in Figure 1. The inverse relationship between 
a and the lamellar periodicity d is the converse of that which pertains 
for thermotropic S, - N transitions; it implies that the composition 
dependence of a is dominated by the repulsive term. Since a is a 
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A MEAN FIELD MODEL 137 

positive quantity with 0 < A < 1, it is easily shown that in order for 
a to increase as d decreases it is necessary that r, > rl and that both 
of these quantities be less than d/n.  

The large value for 6 explains the unusually large value of 0.985 
for T , - N / T N ,  at T3, and is also indicative of a weak anisotropic inter- 
action potential. The latter is a consequence of both the continuous 
water medium separating the micelles and the small anisometry of 
the micelles.'2 The observed dependence of T N I  on +A (Figure 1) 
implies that uo increases with +A (equation 5 )  whilst the composition 
independence of the ratio T L N / T N /  across the entire range of second 
order transitions implies that T L N  exhibits the same functional de- 
pendence on 4A as TNI, i.e. it is proportional to uo. The value of TL, 
is mainly determined by the third term in equation (2) which we see 
is proportional to u06a (the magnitude of the cross term is negligible 
for the values of a and 6 involved here); thus, the product 6a is 
essentially composition independent and this must be a consequence 
of the contrasting dependences of a and 6 on +A. 

3. How successful is the model? 

Clearly the principal success of the model is in its ability to explain 
the phase diagram, Figure 1, in terms of disc shaped micelles inter- 
acting through a phenomenological potential which is physically rea- 
sonable; i.e. containing both attractive and repulsive components, 
and possessing a weak anisotropic term consistent with the small 
eccentricity of these micelles (-2 + 4). It therefore appears unnec- 
essary to invoke micelle aggregation processes or micelle growth. 
However X-ray scattering experiments have shown that the mean 
aspect ratio of the micelles increases as the temperature is decreased9 
and within the N D  phase it increases as +o is decreased (an effect of 
both temperature and composition) . I 2  Changes in micelle size will 
have the effect of modifying the constants in the interaction potential, 
equation 2, so that although the main features of the phase diagram 
remain unaffected changes in, for example, order parameters, will 
take place over a correspondingly smaller temperature interval. 

How valid is the assumption that the LND transition is a conden- 
sation of disc micelles onto translationally ordered planes? Experi- 
mental evidence is equivocal at present. In a recent paperI3 it was 
suggested that the equivalent transition in the decylammonium chlo- 
ride/NH,Cl/water system takes place by a series of micelle aggrega- 
tions commencing in the ND phase. Clearly further experiments are 
required to clarify this point. Since this is a mean field model, short 
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138 M. C. HOLMES and N. BODEN 

range correlations have been ignored although they might be expected 
to be important. Indeed X-ray scattering in the N ,  phase9 shows 
rapid increases in both the orientational order parameter and the 
translational order as the temperature is decreased. This cannot be 
wholly explained by an increase in eccentricity (it only changes by 
-8% across the N ,  phase) changing the parameters of equation 2 
and therefore is indicative of increasing short range correlations. 

To summarise: the theory is successful in as much as it describes 
an idealised micellar system which exhibits mesophase behaviour. 
Comparison with experiment shows disagreements which originate 
from such micellar behaviour as micelle growth and perhaps even 
aggregation. To this extent the model allows ‘liquid crystal’ behaviour 
to be distinguished from purely ‘micellar’ behaviour. 
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