This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 05:58

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Lyotropic Liquisd Crystals
Stig Friberg ?

& chemistry Department, UMR, Rolla, MO, 65401
Version of record first published: 21 Mar 2007.

To cite this article: Stig Friberg (1977): Lyotropic Liquisd Crystals, Molecular Crystals
and Liquid Crystals, 40:1, 49-58

To link to this article: http://dx.doi.org/10.1080/15421407708084470

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/15421407708084470
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 05:58 23 February 2013

Mol. Cryst. Lig. Cryst., 1977, Vol. 40, pp. 49-58
© Gordon and Breach Science Publishers, Ltd., 1977
Printed in Holland

Lyotropic Liquid Crystalst

STIG FRIBERG
Chemistry Department, UMR, Rolla, MO 65401

(Received December 6, 1976)

The importance of the structure of solubilized motecules for the structure of lyotropic liquid
crystals is illustrated by examples from phase diagrams and NMR investigations of molecular
mobility in the liquid crystal.

When the solubilization capacity is exceeded the liquid crystal is dispersed and a pronounced
influence on the colloidal stability of the disperse system has been found. The basis for this
stabilization is discussed in terms of a strongly modified distance dependence of the Van der
Waals attraction potential.

INTRODUCTION

Lyotropic liquid crystals are formed after addition of a solvent to a solid or
to a polar liquid. A good illustration to the former phenomenon is the in-
fluence of water on a crystalline monoester of glycerol, monolaurin.! In the
solid state the hydrocarbon chains are in a crystalline close-packing; it is
essential to understand that the stability of this crystalline packing is depen-
dent on the network of hydrogen and polar bonds in the central part of the
structure (Figure 1). The regular pattern of hydrogen bonds are indicated
in the right part of the structure.

Addition of water leads to a disruption of the regular hydrogen bond
network. Water forms hydrogen bonds with the hydroxyl groups of the
glycerol residue. These bonds are of equal strength to the ones in the solid
ester, but the order in the central part of the structure is destroyed and a
transition from crystalline order of the hydrocarbon chains to a liquid
crystalline order takes place. The order in the liquid crystalline state (Figure
2) may be exemplified by the order parameter?

={3cos’ -1
For a soap system the order of a hydrocarbon chain is fairly constant except

for the three last carbon atoms toward its end ; where the order parameter will
rapidly decrease (Figure 3).

t Plenary lecture presented at the Sixth International Liquid Crystal Conference, Kent State
University, August, 1976.
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FIGURE 1 The crystalline close-packing of a monolaurin' depends on the hydrogen bond
network in the central part of the structure for its stability.

FIGURE 2 Introduction of water destroys the order in the central part of the structure (cf.
Figure 7) and the hydrocarbon chains becomes less ordered in the liquid crystalline state.
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FIGURE3 The methylene groups of a soap in the liquid crystalline state have a constant order
parameter except for the three last ones towards the chain end, which show increasing disorder.
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FIGURE 4 A liquid emulsifier, vinyl phenol poly® ethylene glycol ether, and water form
several liquid crystalline phases at 20°C. Increased account of water gives structures with
increased water/amphiphile interface. (Right to left in the figure.)

This case illustrates the common disordering at the addition of water to a
structure. The opposite phenomenon is also possible; an amphiphilic liquid
may form a liquid crystalline phase in combination with water. One example
is I-amino octane,? the phase behavior of a commercial liquid poly-ethylene
glycol nonyl-phenyl ether* and water is a more interesting illustration.
These two substances form a whole series of liquid crystalline phases with
water at 20°C. The phases are shown in Figure 4 illustrating the gradual
enhancement of water exposure to the polar groups with increasing water
concentration. At low water content a lamellar structure is observed, in-
creasing water content gives a structure of short rods, which are transformed
to infinitely long rods in a regular hexagonal packing at high water content.

The lyotropic liquid crystals will solubilize hydrocarbons and amphi-
philic substances. The systems formed may at first look highly complex but
they actually behave in a regular manner and the general features of the
phase diagrams studied by Ekwall® may be estimated. The following treat-
ment gives a schematic view of the importance of molecular interactions
from the solubilized compound for the association structures in different
parts systems.

PHASE DIAGRAMS AND INTERACTIONS WITH SOLUBILIZED
MOLECULES

The base for the studies is the pair water/sodium octanoate, a short chain
soap. Dissolution of soap in the water gives rise to a molecularly dispersed
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solution for concentrations below 5% (W/W), which is the critical micelliza-
tion concentration. The micellar solution accepts a maximum of 40 °{ soap,
at concentration above this limit a liquid crystalline phase is formed. [Its
structure contains a hexagonal array of cyclinders (Figure 4, Hex): a typical
“middle phase”.

The interaction between hydrocarbons and these two association struc-
tures i1s small; Figure 5 demonstrates a maximum solubilization of a few
percent and no difference between aromatic and aliphatic hydrocarbons is
observable. This is in complete agreement with the determinations of order
parameters® of solubilized hydrocarbons. The order parameter of an ethylene
group would be of the magnitude 0.05; that of a methyl group in the hy-
drocarbon would be only 0.005. Introduction of a polar group in the solubi-
lized molecule causes a drastic change of the interaction. The dotted lines
in Figure 5 demonstrate the strongly enhanced solubilization of an ester;
approximately a magnitude.

An alcohol of corresponding chain length (Figure 6) gives an even stronger
solubtlization; the lamellar liquid crystalline phase reaches far towards the
water corner; in the example the lamellar structure will be stable to a water
content of 88 9. The reason for this stability is found in the suitable packing
conditions of an alcohol and a soap. The small polar group of the alcohol
with no long range repulsion forces to the soap nor to itself causes no strains
in the lamellar structure and the extremely high stability are illustrated by
the order parameter:® it shows identical values to these of the parent sur-
factant for the entire chain.

SODIUM OCTANOATE

Yo

FIGURE 5 The difference in solubilization is pronounced between a hydrocarbon (—) and
an ester (- - -) both in an aqueous micellar solution (L) and in a liquid crystalline ** middle
phase™ (cf. Figure 4).
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SODIUM OCTANOATE
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FIGURE 6 The solubilization in the aqueous micellar solution (L), in the * middle phase”
(Hex) and in the lamellar liquid crystalline phase (Lam) are similar for n-octanol (——) and
n-octanoic acid (— -~ -).

The stability of the lamellar packing with soap, alcohol and water, is also
illustrated by the phase equilibria at high water concentrations. The solubi-
lity of the alcohol (Figure 7) is small in water at concentrations less than the
critical miceilization concentration (cmc); at which an increase of the
alcohol solubility due to solubilization in the soap micelles is observed. It
should however be noticed that the critical micellization is not the lowest
concentration at which an association structure is formed. A liquid crystal-
line phase is formed in equilibrium with the aqueous solution of soap at
alcohol concentrations in excess of its solubility in water. The lamellar phase
is actually in equilibrium with a more dilute aqueous solution of the soap
than the one at the critical micellization concentration, which is a good
illustration of ({a), Figure 7) the stability of the lamellar liquid crystalline
phase of alcohol and soap.
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FIGURE 7 The lameliar liguid crystalline phase of soap and a medium chain length alcohol
is in equilibrium with an aqueous solution of soap at a concentration (a) lower than the critical
micellization concentration (cmc) of the soap.

A carboxylic acid shows a more enhanced interaction with the soap than
the alcohol does which is manifested in a pronounced direct solubility of
the soap in the liquid acid. Figure 8 shows the solubility of water and sodium
octanoate in octanol and in octanoic acid. The alcohol (Figure 8, —)
dissolves the soap only to 29; further dissolution requires three water
molecules per soap molecule according to the solubility line. The acid on
the other hand dissolves the soap to 36 %, which corresponds to a soap/acid
molecular ratio of 0.5.

The reason for the soap solubility is found in the strong hydrogen bond
between the acid and the soap as evidence by the changes in infrared spectra.’
At addition of soap to the acid, the out-of-plane deformation vibration of the
carboxylic OH group at 935 cm™' disappears showing the acid dimers to
be disintegrated. The OH stretching vibrations in the range 3100-2900 cm ™
are moved towards lower frequencies and a new absorption is observed at
1900 cm~!. These two modifications of the spectrum are indicative of a
hydrogen bond of enhanced strength compared to the one in the acid dimer.
The added soap molecules form a liquid compound of soap and acid. The
aggregate actually contains four molecules of acid and two molecules of
soap® and is stable to high dilutions in carbon tetrachloride. Dilution with
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FIGURES8 Octanoic acid will dissove sodium octanoate to an isotropic liquid (- - -) a combi-
nation of water and soap are necessary to bring about solubilization in octanol (—).

water, on the other hand, disintegrates the hydrogen bond at a water con-
centration of 40%, by weight.® .

This change in the bond strength is also reflected in an interesting manner
in the phase equilibria with water and soap. At low water concentrations
at which the strong hydrogen bond is present a distinct difference from the
phase diagram with alcohol is observed (Figures 6, 8). On the other hand
with a disintegrated hydrogen bond at high water concentrations, the phase
equilibria with alcohol and acid are extremely similar (Figure 6).

Numerous investigations of such systems® have demonstrated the validity
of these simple rules; few fundamental investigations as to the reasons for
the stability of different association structures has so far been presented.

DISPERSE SYSTEMS

The fact that liquid crystals might be present in disperse systems such as
emulsions had been known for about ten years,'®'? when the first de-
monstration of their pronounced effect on the stability was published.'?
Several investigations were made to confirm the effect!#!® and the technical
development has been comparatively rapid.!®
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The location of the liquid crystals to the O/W interphase was observed
using optical microscopy with polarized light,’” later determinations with
electron microscopy'® displayed the liquid crystalline pattern with great
clarity. Corresponding investigations on foam stability illustrated the pos-
sibility to make stable foams from hydrocarbons'® and could also add to
the understanding of the action by defoamers and destabilizers for foams.2°

The basis of the enhanced stability of disperse systems which contain a
liquid crystalline phase has recently been clarified.’® The main reason for
the stability is found in the modification of the distance dependence of the
Van der Waals potential. This potential influences the flocculation of
emulsion droplets when they have approached each other to a distance less
than half the radius between the surfaces. At this distance the hydrodynamic
conditions in the zone between the droplets causes a flattening of the part
of the drops which is closest to each other and a reasonable model system is
two infinite flat surfaces according to Figure 9.

The Van der Waals potential of the droplets without a liquid crystalline
phase (A, Figure 10) is

A
V= T 2
in energy units per area unit in which A4 is the Hamaker constant and d is
the distance between the surfaces.
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FIGURE 9 The mode! system used to calculate VdW potential during floccuiation leads to B
with a thin oil film between the droplets which bursts at coalescence. D. Two water droplets
covered with a lamellar liquid crystal and a thick oil film. Flocculation leads to C and coalescence
involves a stepwise removal of layers to B and bust.
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FIGURE 10 The distance dependence of the VdW potential is similar for droplets with (right
curve) and without a lamellar liquid crystal (left curve) during flocculation (upper part). The
presence of a crystal causes a pronounced change during the coalescence (lower part).

The flocculation process for the droplets with liquid crystals (D, Figure 9)
involves the Van der Waals potential from the complete system of drops
and liquid crystals. The ratio between the Van der Waals potential for the
droplets covered with a liquid crystal (D) and those without one (A4) gives
a fairly complex equation even when the simple formula (2) is used.

VB-42-{§ ST+ (p+a-(+ M)

VA g=0 p=0

n~1 n-1

+ Y Yd+2+(p+q-(+m]?

p=0 qg=0

n o an-—1

-3 ZZ-[d+1+(p+q)-(l+m)]‘2} {3)
p=0 ¢=0 J

As 1s easily seen there is only a small difference between the two cases. No

difference has been found in the flocculation rate for emulsions with and

without a liquid crystalline phase.

The potential change during coalescence process is different for the two
cases. The droplets with a monomolecular layer of surfactant coalesce over
a liquid film and the Van der Waals potential distance dependence is rep-
resented by the part of the upper potential curve in Figure 10. This potential
dependence means an enhanced driving force for coalescence with reduced
thickness of the film. The pressure will in fact be inversely proportional to
the cube of the distance. The coalescence over the liquid crystalline phase
implies a step-wise removal of the layers between the droplets (Figure 9,
C — B) of the change of Van der Waals potential during this process only
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the changes in the potential at the surfaces between the water and the liquid
crystalline phase are of importance for the coalescence. The expression will be

M=

—=m2-{i[m+p(m+l)]‘2— [(p+1)(m+l)]‘2} (4)
p=0

p=0

with the meaning of the symbols as in Eq. (2).

The difference in the distance dependence of the Van der Waals potential
is striking (Figure 10). The value of Eq. 3 is entirely governed by terms with
small p; removal of the first layer of the many in the liquid crystalline phase
changes the potential only to insignificant amounts. (Potential marked by
crosses in the COALESCENCE part of Figure 10.) This means that the
driving force is almost zero and an extremely slow coalescence should be
expected. It appears reasonable to attribute the enhanced dispersion stability
mainly to this factor; the enhanced viscosity also means an influence in the
same direction.

CONCLUSIONS

The knowledge about lyotropic liquid crystals their solubilization and the
behavior of their dispersion has now reached a state in which the systematic
phenomenological knowledge appears to be sufficient both for a more basic
contribution to the problems and for a wide technological application.
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