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Abstract 1"he LC phase behavior of 
ternary mixtures of the two 
corresponding branched non-ionic 
surfactants 1,3-bis-(methoxy-tetra- 
oxyethylene)-2-propoxy-tetradecane 
(Y-surfactant) and 1,3-bis- 
(heptyloxy)-2-propoxy- 
octaoxyethylene mono-methyl ether 
(V-surfactant) and water were studied 
by polarizing microscopy. The two 
branched surfactants, which have 
different molecular geometries but 
nearly the same hydrophilic-lipophilic 
volume ratio, exhibit extremely 
different phase behavior in binary 
surfactant/water systems. For the 
ternary mixtures of Y- and V- 
surfactant and water we 

found-according to established 
packing models-a continuous 
stabilization of the cubic and 
hexagonal phases and 
a destabilization of the lamellar phase 
with increasing amount of Y- 
surfactant. On the other hand, we 
observed a thermal stabilization of 
the lamellar phase. The maximal 
transition temperatures of the 
lamellar phase pass a maximum with 
increasing amount of Y-surfactant. 
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Introduction 

Above a critical micelle concentration (CMC) surfactants 
form micelles in aqueous solutions which can aggregate to 
lyotropic liquid crystalline (LC) phases. The shape and size 
of the micelles depend mainly on the molecular structure 
of the surfactant, the concentration, and temperature. The 
simple packing model of Israelachvili et al. [1] relates the 
molecular structure of the surfactant to the shape of the 
micelles. Neglecting micellar interactions, the packing para- 
meter F, 

VI 
F - I~. A' (1) 

where V~ denotes the lipophilic chain volume, lc the 
lipophilic chain length, and A the area of the hydrated 

hydrophilic headgroup at the micellar interface, predicts 
the preferred micellar geometry. Above the CMC it is 
predicted that for 0 < F < 1/3 spherical micelles, for 
1/3 < F < 1/2 cylindrical micelles, for 1/2 < F _< 1 disc- 
like micelles, and for F > 1 inverse micelles will form. 
Modifications of the molecular structure and therefore of 
the packing parameter are directly reflected in the shape of 
the micelles and in the LC phase structure. In a mixture of 
two surfactants with different F and water the packing 
parameter of the mixture (Fmi~) and the curvature of the 
mixed micelles (rmix) depend on the mixing ratio, as shown 
by Marques et al. [2]. In the quasi binary two surfac- 
rants/water system Fmjx and rrnix no longer refer to the 
molecular geometry of one single molecule, but rather to 
an average lipophitic chain volume (I71), an average 
lipophilic chain length (T~), and an average area of the 
headgroup (A). 
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In previous papers [3, 4], the syntheses and LC phase 
behavior of a homologous series of branched non-ionic 
surfactants with the general formula C,G(E,~M)2 (Y-sur- 
factants) and (C,)2GE,~M (V-surfactants) were presented, 
where C,, denotes an alkyl chain, G a triglyceryl unit, and 
EmM an oligo-oxyethylene mono-methyl ether. For 
example, a comparison of the two surfactants C14G(E4M)2 
and (CT)aGEsM shows that these surfactants have nearly 
the same hydrophilic-lipophilic volume ratio but different 
molecular geometry. In this special case, the molecular 
geometry of the Y-surfactant leads to a quantitatively 
smaller packing parameter F compared to the V-surfac- 
tant (Fv < Fv). As a consequence, the interracial curvature 
of the micelles (r) of the Y-surfactant is larger than that of 
the V-surfactant and a change in the dominant phase 
structure from cubic/hexagonal for the Y-surfactant to 
lamellar for the V-surfactant can be observed (see Fig. la) 
and lc). The extremely different LC phase behavior of the 
binary surfactant (Y or V)/water systems leads to the 
following considerations: i) how is the phase behavior of 
the ternary surfactants (Y and V)/water system influenced 
by a systematic variation of the mol fraction of Y- and 
V-surfactant, and ii) what kind of phase behavior exhibits 
an equimolar mixture (1 : 1) of the Y- and V-surfactant with 
water. 

In this paper, the LC phase behavior of the ternary 
mixtures of C14G(E4M)2 (CT)2GEsM, and water is pre- 
sented. Since these surfactants differentiate only in their 
molecular structure, a dependence of the LC phase behav- 
ior on the surfactant mixing ratio can be expected. The LC 
phase behavior (as examined by contact preparation) of 
these ternary mixtures as a function of the surfactant 
mixing ratio will be described with respect to the LC phase 
behavior of the binary systems. Additionally, the quasi 
binary phase diagram of the equimolar surfactant mixture 
and water will be presented. 

Experimental section 

Materials 

In previous papers [3, 4], the syntheses of C14G(E4M)2 
and (C7)2GEsM were described. The surfactants were 
purified by column chromatography and their purity 
(ca. 99%) was confirmed by high-pressure liquid 
chromatography. 

Polarizing microscopy 

All microscopic investigations were carried out with 
a Leitz-Ortholux II Pol-BK microscope equipped with 

a modified Mettler FP 80/82 hot stage which can be cooled 
with liquid nitrogen down to - 60 ~ All points of the 
phase transitions were determined by heating the samples 
(heating rate: 1 ~ and each solution was prepared 
using deionized water which had been fed through 
a Milli-Q ion-exchange system and were homogenized in 
isotropic solution. 

For the contact preparations [5] surfactant mixtures of 
different molar fractions (0 < ~ < 1, where ~ denotes the 
relative molar fraction of the Y-surfactant in the surfactant 
mixture) were prepared using an analytical balance. By 
penetration of water into the surfactant mixture, a concen- 
tration gradient is established from pure water to pure 
surfactant mixture (0-]00wt%). By heating the samples 
the phase transitions can be observed. Solid phases, hexa- 
gonal Ha, and lamellar L~ phases are birefringent and can 
be identified by their typical fan-shaped (Ha) and focal 
conic, mosaic, oily streak (L,) textures between crossed 
polarizers. The cubic I'1 and I'~ phases are optically 
isotropic. They can be determined by their high viscosity 
and the phase boundary lines to the isotropic L~ phase 
and between the two different cubic I~ phases without 
polarizers. 

To determine the phase diagram of the surfactant mix- 
ture with e = 0.49 and water, defined ternary mixtures 
were prepared using an analytical balance. 

Results and discussion 

LC phase behavior of the ternary system 
C1,G(E4M)2/(C7)zGEsM/water as a function of the mix- 
ing ratio 

The ternary mixtures were examined by contact prepara- 
tion from e = 0.1 to 0.9, where c~ denotes the relative molar 
fraction of the Y-surfactant in the surfactant mixture. Basic 
for the discussion of the ternary systems are the phase 
diagrams of the binary systems which are presented in 
Fig. la and lc. The LC phase behavior of the Y- and the 
V-surfactant in water correspond to the packing model of 
Israelachvili. According to Eq. (1), the large area of the 
branched headgroup (A) and the long lipophilic chain (lc) 
of the Y-surfactant lead to a low packing parameter (F). 
A low F is equivalent to a large interracial curvature of the 
micelles (r) so that the formation of spherical micelles and 
- at higher concentrations - of cubic 11 respectively hexa- 
gonal H1 phases is preferred, as one can see in Fig. la. 
Comparing the Y-surfactant with the V-surfactant, it be- 
comes evident that the A of the V-surfactant is smaller and 
the l~ is shorter which results in a quantitatively higher 
F and therefore in a lower r. For V-surfactant, cylindrical 
or disc-like micelles are predicted which prefer to form at 
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Fig. 1 Phase diagrams of a) Y-surfactant and water, b) surfactant 
mixture with c~ = 0,49 and water, c) V-surfactant and water, L, L~ 

and Lz denote isotropic solutions, Ix, Ht and L~ denote the LC 
phases and C.A. is the crystalline surfactant 

higher surfactant concentrat ions a lamellar L,  phase, as 
presented in Fig. lc. 

In  the following, we will discuss the LC-phase behavior  
of the ternary system C14G(E4M)2/(CT)2GEsM/water as 
a function of the mixing ratio. The observed maximal 
transit ion temperatures (T~,x) of the LC phases I'~, IT, 

Table 1 Maximal transition temperatures of the LC-phases (T=~,) 
and lower critical consolute temperatures (To) as a function of cq ~ is 
the relative molar function of the Y-surfactant in the surfactant 
mixture. Temperatures in ~ + 0.4 ~ 

Tm~x 
I i I~' H~ L~ To 

0,00 0.8 44.4 16.5 
V-suffactant 
0.10 10.6 48,1 27.6 
0.19 14.8 47.7 31.7 
0.30 18.0 37.8 35.5 
0.39 21.4 20.2 39.0 
0.49 24.1 - 10.7 42.3 
0.59 4.0 26.6 45.1 
0.68 7.9 2.6 28.3 47.0 
0.80 12,2 9.2 29.5 50.0 
0.90 16,0 14.0 30.3 51.8 
1.00 19,0 17.6 31.6 53.4 
Y-surfactant 

H1 and L~ and the lower critical consolute temperatures 
(To) are summarized in Table 1 and are shown in Fig. 2 as 
a function of e. The discussion of the LC phase behavior  of  
this ternary system is also based on the packing model. In 
the present surfactant mixture, one has the interaction of 
a surfactant which tends to form spherical micelles 
- C~4G(E4M)z/water with a low F and a high r - with 
a surfactant which tends to form cylindrical or  disc-like 
micelles - (CT)2GEsM/water with a much  higher F and 
a lower r. We expected a decrease of the Fmi, value and an 
increase of  the rmix value by adding Y-surfactant to the 
V-surfactant/water system. In this case, one should ob- 
serve a change in the dominan t  phase structure f rom 
lamellar for the V-surfactant-rich mixtures over hexagonal 
to cubic for the Y-surfactant-rich mixtures. 

Cubic I't, I'~ and hexagonal H1 phases 

F r o m  a relative molar  Y-surfactant fraction of ~ ~ 0.6 and 
~ 0.7 up to ~ = 1 the cubic LC phases I] and I]' respec- 

tively are formed. In contrast  to the I ,  phases, the Ha 
phase is stable over the whole concentrat ion range 
(0 _< ~ _< 1). With increasing e, the T~a~ values of the I1 and 
H ,  phases as well as the concentrat ion ranges in which the 
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Fig. 2 Maximal transition temperatures of the LC-phases (Tm~) and 
lower critical consolute temperatures (T,) as a function of the relative 
molar fraction of the Y-surfactant in the surfactant mixture (c 0. The 
size of the symbols contains the error of __+ 0.4 ~ 

LC phases are stable, increase. This means that the stabi- 
lity of these phases increases with increasing amount of 
Y-surfactant. It must be noted that the contact prepara- 
tion gives only an initial insight into the establishment of 
LC phases qualitative considerations of concentration 
ranges are not possible. As expected, the observed develop- 
ment of the LC phases indicates that the packing para- 
meter of the mixture ( F ~ )  decreases and the curvature of 
the micelles (rrnix) increases with increasing c+. These obser- 
vations are understandable as an increase of the Y-surfac- 
tant concentration results in i) an increase of the average 
lipophilic chain length ([,) and ii) an increase of the average 
area of the headgroup (,~). 

Lamellar L~ phase 

In the concentration range 0 <_ cz < 0.5 the IameIIar L~ 
phase is stable. In accordance with the geometrical pack- 
ing model we observed a destabilization of the L~ phase 
with increasing ~, i.e., the L~ phase range decreases as 
c~ increases. At this point, it is interesting to note that the 
maximal transition temperatures (T~,ax) of the L~ phase 
show a remarkable course which is not comparable with 
the observed courses of the Ia and Ha phases. Taking the 
V-surfactant (c~ = 0) as the starting point, at first the Tmax 
values increase gradually before falling off steeply. In the 
range 0 _< ~ < 0.2, the increasing concentration of Y-sur- 
factant causes a thermal stabilization of the L~ phase; the 
Tma~ values reach a maximum. Further increase of the 

relative molar fraction of the Y-surfactant (~ > 0.2) leads 
to a decrease of the Tmax values of the L,-phase. Finally, for 
c~ > 0.5 the L~ phase is no longer formed. In the following, 
the thermal stabilization of the L~ phase with increasing 
Y-surfactant concentration up to e ~ 0.2 will be discussed 
on the basis of two different arguments (see Figs. 3 and 4). 

Considering packing effects, the therma! stabiIization 
of the L~ phase with increasing amount of Y-surfactant up 
to c~ ~ 0.2 can be understood as a formation of ideal plane 
interfaces of the L~ bilayers. For the formation of bilayers 
with a zero interracial curvature, the cross-sections of the 
lipophilic and hydrophilic surfactant moieties have to be 
similar. As the headgroup is dehydrated and therefore 
reduced with increasing temperature the cross-section ra- 
tio of the lipophilic and hydrophilic moieties changes. The 
bilayer interface assumes a slightly concave curvature re- 
sulting in the melt of the L~ phase. By adding a small 
amount of Y-surfactant to the V-surfactant/water system 
(c~ < 0.2) we observed a thermal stabilization of the L, 
phase. The difference in the size of the hydrophilic head- 
group is one possible explanation for this phenomena. As 
the headgroup area of the Y-surfactant is larger than that 
of the V-surfactant, the plane interface of the bilayers can 
be maintained in spite of an increase in temperature. With 
further increase of the Y-surfactant amount (c~ > 0.2) the 
L~ bilayers finally assume a convex interracial curvature 
and the formation of cylindrical respectively spherical 
micelles becomes possible. As a consequence, the stability 
of the lamellar phase decreases and ultimately for c~ = 0.5, 
the L~ phase disappears. One possible organisation of the 
surfactant molecules is presented in Fig. 3. 

Another possible reason, however, for the thermal 
stability of the L~ phase with increasing c~(0 <_ c~ < 0.2) 
could be the structure of the bilayers. Due to the different 
lengths of the lipophilic and hydrophilic parts of the two 
surfactant molecules, one could assume that the molecules 
interlock, as presented in Fig. 4. Due to the bilayer struc- 
ture, the movement of monolayers in relation to one an- 
other (induced by the increase in temperature) is delayed. 

Fig. 3 Hypothetical organization of the surfactant molecules to 
disk-like micelles in the range from ~ = 0 to ~ ~ 0.2; the concentra- 
tion of the Y-surfactant increases from left to right 
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Fig. 4 Hypothetical 
organization of the surfactant 
molecules to a L,-bilayer in the 
range from ~ ~ 0.1-0.2. The 
arrows symbolize the directions 
in which the monolayers could 
move against one another 

( 

Therefore, the thermal stability of the L~ phase increases in 
this concentration range. 

This offered account is given as a basis for further 
discussion and should not be considered as a definitive 
explanation of the thermal stabilization of the L~ phase. 

In addition, the lower critical consolute temperatures 
(To) should be briefly discussed (see Fig. 2). The Tc values 
continuously increase with increasing amount of Y-surfac- 
tant. At the same time the stability of the isotropic micellar 
solution (L~) also increases. The increase of the micellar 
interfacial curvature with increasing e which efficiently 
screens the lipophilic micellar core from the interactions 
with water is offered as a possible explanation. 

concentration range between the liquidus line, the me- 
sophases, and the miscibility gap (L + L1). The Tc of the 
miscibility gap appears at 42.3 ~ Below the liquidus line, 
at concentrations below the eutectic point, ice coexists 
with the isotropic solution (L1) or the mesophases (H1 and 
L~). At higher concentrations, the two-phase region con- 
sists of L 1 and crystallized surfactant (C.A.). Finally, ice 
and C.A. coexist at temperatures below the eutectic tem- 
perature. 

The discussion of the quasi binary phase diagram cor- 
responds to the discussion of Fig. 2. This phase diagram 
demonstrates quite obviously the dependence of the pack- 
ing parameter of the mixture (Fmix) o n  the mixing ratio. As 
a consequence of Fig. 2, for the equimolar mixture of the 
Y- and V-surfactant, a dominant Ha phase was expected 
and indeed observed. Compared to the Y-surfactant, no 
cubic phase is present and in contrast to the V-surfactant 
the concentration range of the L~ phase is very small. This 
indicates that the Fmi~ value of this mixture lies between 
the packing parameters of the pure surfactants so that the 
mixture tends to form cylindrical mixed micelles. The 
dominance of the H1 phase points out that the organiza- 
tion of the two differently structured molecules is nearly 
optimized in view of cylindrical micelles. One could even 
assume that there exists a mixture between 0.49 < c~ < 0.59 
which forms only a H1 phase. In summary, it may be said 
that one can construct certain phase diagrams with surfac- 
tant mixtures. 

Conclusion 

LC-phase behavior of the ternary system Ca4G(E4M)2 
(CT)2GE~M/water for c~ = 0.49 

In the following, we will present the quasi binary phase 
diagram of the surfactant mixture of e = 0.49 and water. 
The phase diagram was determined by polarizing micro- 
scopy-additional information was obtained by DSC- 
measurements (eutectic point). The phase diagram is 
shown in Fig. lb. It should be noted that the quasi binary 
phase diagram presented here is a cut through a ternary 
phase diagram. To simplify matters, we will discuss it as 
a binary one. 

Above the liquidus line the surfactant mixture is sol- 
uble in water over the whole concentration range, forming 
the isotropic micellar solution L1. In the concentration 
range from approximately 40 to 70 wt% a H1 phase with 
the typical fan-shaped texture is formed-the maximal 
transition temperature (Tmax) of this phase is 24~ At 
higher concentrations, a L~ phase appears in a very small 
concentration range with an approximate Tmax value of 
- 11 ~ The isotropic solution L~ is stable over the whole 

In the present paper we discussed the influence of the 
molecular geometry of surfactants on the self-organization 
to micelles and LC phases in water when two differently 
structured surfactants are mixed. The packing model of 
Israelachvili was transferred to mixed micelles and a pack- 
ing parameter of the mixture (Fmix), which depends on the 
mixing ratio, was defined. Due to the observed I1 and H1 
phase development in dependence on ~, we concluded that 
the Fmi x value decreases with increasing amount of Y- 
surfactant. On the other hand, the development of the L, 
phase could still not be explained. In view of further 
measurements and discussions we suggested two possibili- 
ties which could perhaps explain these observations. 

In summary, one may say that the molecular geometry, 
which essentially determines the LC-phase behavior, can 
be continuously varied by mixing two differently struc- 
tured surfactants. One could assume that the "average" 
molecular geometry of the mixture lies between the pure 
surfactants and is therefore not symmetrical. First 
measurements of asymmetrical V-surfactants with two dif- 
ferent alkyl chains indicate that their LC phase behavior in 
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water is comparable to the LC phase behavior of the 
mixtures. This would underline the assumption of an 
"average asymmetrical" molecular geometry of the 
mixtures. 

In a forthcoming paper we will present the investiga- 
tions of asymmetrical V-surfactants in water, which will be 
helpful in reaching a better understanding of the influence 

of the molecular geometry on the shape of the micelles and 
the structure of the LC phases. 

Acknowledgements We thank Prof. Dr. Stegemeyer for initiating 
these investigations. Financial support from Fonds der chemischen 
Industrie and Deutsche Forschungsgemeinschaft (SFB 60) is grate- 
fully acknowledged. 

References 

1. Israelachvili JN, Mitchell D J, Ninham 
BW (1976) J Chem Soc Faraday Trans 2, 
72:1525 

2. Marques E, Khan A, da Graca Miguel 

M, Lindman B (1993) J Phys Chem 
97:4729 

3. Kratzat K, Finkelmann H (1993) Liquid 
Crystals 13(5):691 

4. Kratzat K, Finkelmann H (1994) Col- 
loid Polym Sci 272(4):400 

5. Jahns E, Finkelmann H (1987) Colloid 
Polym Sci 265(4):304 


