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Abstract 

The phase behaviour of a series of discotic micellar liquid crystal systems found in 

aqueous solutions of pertluorinated carboxylic acids has been determined mainly by the 

use of 2H and 133Cs NMR. All the systems exhibited an isotropic micellar solution phase 

which underwent transitions to first a micellar nematic N0 and then a micellar lamellar 

Lo phase on decreasing temperature or increasing the surfactant concentration. It was 

found that the self-organisation could be understood within the framework of a hard 

particle interaction and the changes in the phase transition temperatures on the addition of 

salt, change of counter-ion, and substitution of different chain length fluorocarbons were 

the result of changes in the micellar self-assembly. 

The effect of amphiphile chain length was investigated by studying the caesium 

salts of perfluorinated carboxylic acids with chain lengths of 7, 9 and 10 carbons, in 

2H20. A comparison with the caesium pentadecafluorooctanoate (CsPFO)f2H20 system 

shows the four systems exhibit universal phase behaviour with the phase transition 

temperatures at any given volume fraction of surfactant being simply displaced in 

temperature. In addition, the variation in the axial ratio of the discotic micelles along the 

transition lines ha� been established from the magnitudes of the 2H quadrupole splittings 

of 2H20. It has been shown that for any given thermodynamic state of the system axial 

ratios of the discotic micelles decrease with increasing chain length, i.e: the mrcelle 

aggregation number increases. At the phase transition temperatures, however, the 

micelles have the same axial ratio irrespective of the length of the fluorocarbon chain. 

The influence of inorganic electrolyte on the mesophase behaviour !:as been studied 

in the CsPFO/CsClf2H10 and ammonium pentadecatluorooctanoate (APFO)/N"f-4Cl/ 

2H20 systems. The addition of electrolyte has the effect of increasing the phase transition 

temperatures in both systems. 2H NMR has been used in conjunction with low angle x­

ray scattering to probe changes in the micelle structure as a function of electrolyte. It has 

been shown that electrolyte promoies growth of the micelle, i.e. a decrease in the axial 

ratio. But, as in the case of changing the chain length, the axial ratio of the discotic 

micelle is the same at the phase transition temperatures for any given volume fraction of 

amphiphile. 

The role of the counter-ion and eo-ion have also been established by 133Cs and 

35CJ NMR. The effect of counter-ion has been investigated by progressively substituting 

APFO for CsPFO on a mo le for mole basis. The Cs+ ions are shown tc be preferentially 

"bound" over NH4 ions, but the micelle size is the same at the phase transition 

temperatures. Co-ion effects on the phase behaviour of the added salt systems has been 

probed by substitution of Cl· ions with F·, Br·, and I· ions. lt has been shown that the eo­

ion has no significant effect on the pha�e behaviour. 
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Chapter 1 
Introduction 

Lyotropic liquid crystals are formed b y  aggregates of amphiphillic molecules 

dispersed in a solvent. Amphiphilic molecu!es characteristically consist of a hydrophobic 

and hydrophilic moiety. There are :wo levels of ordering. On increasing the amphiphile 

concentration of the molecular solution, the amphiphilic molecules initially undergo self­

assembly to form aggregates, the con..:c!ntration at which this occurs is called the critical 

micelle concentration (erne). The aggregates at higher concentrations can undergo �elf­

organization to form liquid crystalline mesophase::s. A variet:,· of different phases can be 

formed dependent on the size and shape of the amphiphile aggregate. 

Conventional hydrocarbon surfactants exhibit an essentially universal phase 

behavi�ur in water (figure 1.1 ), irrespective of the srructure of the polar groups. 

Mesophases with one- (lamellar), two- (hexagonal and rectangular), and three­

dimensional (cubic) translational order occur, but nematic (orientable) states are 

conspicuously absent. The dominant feature is that the transition from one mesophase to 

the next is associated with a dramatic change in the topology of the aggregate. The 

interpretation of this universal phase behaviour is therefore reduced to obtaining an 

understanding of the factors that govern the variation of the stability of the various 

aggre-gates with concentration and temperature. 

In 1967 Lawson and Flautt 1demonstrated th··t a solution of sodium decylsulphate 

�:i water containing small amounts of decanol and sodium sulphate was homogeneously 

aligned by the magnetic field in NMR experiments. Rosevear2 then observed that the 

same solutions .exhibited a Schlieren :opto-micrographical texture, a characteristic 

signature of a nematit phase. Using X-ray and neutron diffraction, Charvolin and co­

workers3· 4 have shown that these solut;'"lns consist of rod- or disc-shaped micelles with 

long range orientational ordering of their symmetry axes (figure 1.2). The eariy reponed 

nematic phases were located over narrow concentration ranges in complex mixtures of 

amphiphile, solvent, and salts or alcohols. For a long time it was thought that a third 

- componenr. either·-salt or alcohol. w-as'essential for the production of stable 
·
nen1atic 

phases. However. several binary systems which exhibit nematic phases have now been 
observed5. The decylammonium chloride (DACl)/water system for example. which was 
long thought to require salts to fonn a stable nematic phase. exhibits such a phase over 
the amphiphile mass fraction w3 range of 0.42 to 0.496. The disodium 
cmmogly(;ate/water system also exhibits a nematic phase from w3 = 0. 1 0  to 0.15 7.These 
are examples of hydrocarbon amphiphiles where the nematic range is typically limited to 
ver y small concentration rar.ges. 



J. 1n1rouuc;uon 

Figure 1.1 Schematic phase diagram for a conventional amphiphile in water, reproduced 

from reference[8]. ci>A is the volume fraction of amphiphile, T the 

temperature, and K is crystalline surfactant. 
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Figure 1 .2  Schematic representation of possible structures of aggregates and their 

associated mesophases formed by conventional amphiphiles in water. 
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1: Introduction 3 

On the other hand, salts of shon chain perfluorocarbon carboxylic acids form 

solutions of discoric micelles which are stable over wide concentration and temperature 

intervals. Unlike the conventional hydrocarbon systems the phase changes in the 

perfluorinated systems do not undergo dramatic changes in the aggregate topology on 

traversing phase transition boundaries. Typically, the discotic micelles, with increasing 

concentration undergo a sequence of disorder/order transitions to form first a nematic 

phase and, subsequently, a smectic lamellar phase. The nematic phase No is characterised pru�"te.�-<•" .... l 
by long-rang(j(_correlations in the micelles, whilst in the dilute lamellar phase Lo the 

micelles are arranged on equidistant planes. The discotic micelles have a positive 

diamagnetic susceptibility ( N0) which gives rise to monodomain samples in applied 

magnetic fields and shon magnetic relaxation times9, both of which make them amenable 

to experimental interrogation. 

The caesium10, ammonium11, rubidium12, and tetramethyl ammonium13 salts of 

�hon chain perfluorocarbon carboxylic acids form a N0 phase while the sodiurr. and 

potassium salts are not sufficiently soluble to form liquid crystal phases. The lithium salt 

behaves somewhat like a classical soap-like surfactant, exhibiting hexagonal and bilayer­

type lamellar phases, but no nematic phase, and the parent acid exhibits phospholipid 

type vesicle and lamellar phases. The corresponding salt of heptadecafluorononanoic acid 

yield similar phase diagrams, with corresponding transition temperatures about 2 5  K 

higher14. Each of the systems that undergo the 1-to- N0 and N 0 -to-L0 disorder/order 

series of transitions exhibit a generic phase behaviour. 

Of the salts that form dis�otic micelles the caesium pentadecafluorooctanoate 

(CsPFO)f2H20 system i$ the archr.typal system. A high resolution phase diagram of this 

system has been established and is shown in figure 1 .315. The phase diagram exhibits the 

extensive nematic phase intermediate to the isotropic micellar solution phase I, and the 

discotic lamellar phase. The range of the discotic nematic phase extends from a 

amphiphile mass fraction of wa = 0 .225 to 0.632 and temperatures from T = 285. 3  to 

351.2 K. The N0 -to-Lo transition is second order to low concentrations but crosses 

over to first order at a tricritical point Tcp at wa = 0.4 3; T = 304.80 K. Investigation of 

the CsPFOJ2H20 system have shown that the micelle size decreases along the phase 

transitions with increasing concentration of amphiphile. from an aspect ratio alb of 0 .2 1  
(aggregation number s of 351 ) at wa = 0.2 to alb = 0.38 (s = 80)at w1 = 0.615. It has 

also been shown that the micelle size decreases as a function of increasing temperature 15. 
The CsPFO/water system phase behaviour has also been established 16 to high 

precision. A comparison of the two systems in volume fraction, temperature space shows 

an isotor-e effect on changing the solvent. Substituting H20 for 2H20 lowers both TNI 
and TNL al corresponding concentrations: at tP = 0. 1 5, TNt(2H20)- TNt (H20) is 3. 9 K 
and TNL<2H20> · TNdH20) is 4.3 K; these differl'!nces r!ccreasc: with increasing � 
(temperature) and eventually vanish at tP = 0.41 (80 °C}. The micelle size� were shown to 
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1.3 Phase diagram for the CsPFOf2H20 system
15

, temperature versus the mass fraction 

of amphiphile, w. Nomenclature: K, crystal; Lo , lamellar phase; N0, 

� 
--

nematic phase with positive diamagnetic anisotropy and discct.c. micelles; I, 

isotropic m icellar solution phase; Tcp, the lamellar-nematic oicritical point: 

Tp(I,N.L). the isotropic micellar solution-nematic-lamellar triple point. 
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be essentially the same at TNI (TLN) at corresponding concentrations. They also decrease 
as the temperature is raised. It follows that the micelles must be larger in �HiO than in 
H'l.O at corresponding concentrations and temperatures below 80 OC. This "isotope 
effect" on the micelle size is attributed to tighter binding of Cs+ to surface carboxylate 
groups via bridging water molecules in the case of 2H20. 

Changing the counter-ion has a much greater effect on the phase behaviour. The 
ammonium pentadecafluorooctanoate(APFO)f2H20 system high resolution phase 
diagram has been established 11 and exhibits similar phase behaviour as the CsPFOf2H20 
system but with phase transition temperatures at corresponding volume fractions about 23 
K lower14• although tP versus alb is the same i n  both systems17. 

Simple statistical mechanical models suggest that discotic micelles are intrinsically 
unstable and should undergo spontaneous growth to fonn infinite bilayers as is the case 
for phospholipids for example18• However, theoretical models have been proposed to 
account f�r their intrinsic stability. McMullen and co-workers19• 20 used a micelle model 
consisting of an oblate right-circular cylinder (body) closed by a half-toroidal rim. The 
chemical potential of a surfactant molecule is different in the "body" than in the "rim" 
because of changes in both the surface interactions and the elasticity free energy 
difference in those two environments. They showed that only small discotic micelles can 
be stable, and that the chemical potential of the surfactant in the rim can be only �lightly 
greater than in the body so that the entropy of mixing off-sets their explosive growth into 
infinite bilayers. 

For thermotropic liquid crystals it is the entropic free energy.21 which drives order­
disorder transitions. Onsager obtained a relationship between the panicle number density 
and their eccentricity (!la. where I is the lenght of the rod and G its diameter) for very 
long rods (Ita> 100). Recent treatments have established corresponding relationships 
between the diameter and thickness of discs which enable comparisons with theory to be 
undenaken. For the CsPFOf2H20 and APFOf2H20 system it has been shown that the 
volume fraction versus alb ratic ( a is the minor axis and b is the major axis of the 
ellipsoidal micelle) is close to that predicted from an Onsager hard panicle model 
modified tc include particles with low eccentricity21-27. The measured alb ratios are 
higher than those predicted at low q, values. In the case of thermotropics, the particles can 
be considered to have a constant geometry (apan from possibly conformational changes) 
irrespective of the thennodynamic state of the system. In micellar liquid crystals, 
however. the micelle sizes are expected tc vary with concentration and temperature and to 
depend upon the nature of the forces between the micelles and also upon any coupling to 
the symmetry and order of :he mesophase. This will have a marked effect on the phase 
behaviour. Taylor and Herzfeld2R have recently considered liquid crystal phases formed 
in reversibly self-assembling systems (micellar liquid crystals) within the framework of a 
hard-particle model. Their model allows for polydispersity which is expected to 



I. Jnrmducrion 6 

significantly affect the structure of any rranslationally ordered phases which occu�9. The 
effect of including polydispersity is to favour a translationally ordered lamellar phase 
consisting of layers of discotic micelles rather than the characteristic columnar phases 
exhibited in thermotropic discoric systems30. They also calculated alb ratios as a function 
of l/J at both the 1-to- N0 and .N[)-to-Lo transitions. 

The object of this study is to investigate factors that govern the size and shape of 
the aggregates, and the mechanism of the disorder/order phase transitions of the shon 
chain fluorinated surfactants in aqueous solution. In order to achieve this aim a study of 
the effect of systematic penurbations on the phase behaviour of the fluorinated 
surfactantf2H20 system has been undenaken. 

The effect of changing the chain length of the perfluorocarbon chain has been 
revealed by determining the phase behaviour for the homologous systems caesium 
tridecafl�Joroheptanoate (CsTFH)f2H20. caesium heptadecafluorononanoate 
(CsHFN)f2H20. and caesium nonadecafluorodecanoate (CsNFD)f2H20 over accessible 
temperature and concentration ranges using 2H NMR spectroscopy15 to define the phase 
transition temperatures. These results. together with previously determined phase 
diagram for the caesium '">entadecafluorooctanoate (CsPFO)f2H20 system, were used to 
investigate how the chain length aff�cts the size of the micelles and in turn the phase 
.rransitio� temperatures. It i!: shown that the behaviour of all these binary systems can be 
represented by a universal phase diagram plotted in reduced temperature versus volume 
fraction space where the temperature is scaled by the temperature at the tricritical point 
Tcp. The 1-to- N0 phase transition appears to be governed by hard particle forces at high 
surfactant concentrations whilst at lower concentrations longer range softer forces seem 
to be importaut too. Thus the actual shape of the phase diagram in reduced 
temperature/volume fraction space is primarily governed by the effects of temperature and 
composition on the self-assembly behaviour of the discotic micelles. 

The effect of added electrolyte was determined by studying the phase behaviour of 
the CsPFO/CsClf2H20 and APFO/NH4Clf2H20 systems. Added electrolyte can effect 
both the inter-micellar and intm-micellar forces as a result of electrostatic screening and 
specific surface interactions. 

It is shown that at a fixed temperature. electrolyte induces growth in the micelles 
(i.e. it affects the self-assembly of the micelles) but at the phase transition temperatures 
the micelle size is unchanged from that i� the binary system at the corresponding 

. surfactant concentration (i.e. it' n.a's 'little effect on the self-organization of the micelles). 
Thus. the primary effect of the electrolyte is to change the intra-mir.ellar interactions. The 

counter-ion and eo-ion binding at the micelle surface has been inve:aigated using 133Cs 
and 3'iCl NMR as well as .:o-ion substitution expe:iments. It will be shown that the eo­
ion has no significant part to play in the micelle self-assembly. 
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The role of rhe counrer-ion has been funher investigated by a counter-ion 
substitution experiment in which NH4 ions are proponionally exchanged for Cs• ions at 

a fixed amphiphile to 2H20 mole ratio. Specific counter-ion surface interactions are 

revealed with the Cs• ion being preferentially bound 
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Chapter 2 
Materials and Methods 

2.1 C he m i cals  
Deuterium oxide, 99.9 atom % deuterium, was obtained from both Aldrich and 

S igma Chemical Company. Tridecafluoroheptanoic acid, pentadecafl uorooctanoic acid 

heptadecafluorononanoic acid, and nonadecafluorodecanoic acid were obtained from both 

Aldrich and Riedel-de Haen (98% puri ty ). All H20 u sed in the pre paration of samples 

was deion ised and doubly d ist illed. Caesi um fluoride, chloride, bromide and iodide were 

obtained from Aldrich,  as was the ammon i um chloride. All of the i norga nic sal ts  had a 

purity of at least 99.9% 
The caesi um salts of tridecafl uoroheptanoic (CsTFH), pen tadccafluorooctanoic 

(CsPFO}, .heptadecafluorononanoic ( CsHFN ), and nonadecafl uorodecanoic (CsN FD) 

acids were prepared by neutralising an aqueous solution of the appropriate perfluorinated 

carboxylic acid w i th an aqueous solut ion of caesium carbon ate, w here a simple acid­

carbonate react ion occurred with  the evolu tion of carbon dioxide.  Although t he 

perfl uorin ated carboxy l ic acid is o n l y  spari ngly · soiuble i ri  water, a l l  the acids are 
... ' . . � 

solubilized as the reaction proceed s and the water soluble salt is formed. 

The R ubidium salt of pentadecafluorooctanoic acid (RbPFO ) w a s  preJ)Qrr� using 

rubidium carbonate as the base and ammonium pentadecafluorooctanoate (APFO) was 

prepared by neutrali s i ng a pentadecatluorooctanoic acid sol u t ion w i t h  a sol u tion of 

ammonium hydroxide (30 % ) .  
Each neutral ization reaction was followed usi ng indicator paper (BDH). Once the 

acid solut ion was neutral ized the resulting amphiphile solution was freeze dried to remove 
t he water. The a mp h i p h ile was generally recrystalli zed , twice . usi n g  a 50/50 v/v 

n - h e x ane/n - bu tanol mi x ture . a l t h o u g h  for more soluble am p h i ph i les such as the 

ammonium salt thP. fraction of non - polar sol vent was increased. 

The recrystallized amph iph ile was dried under vacuum (0.5 mm H g )  at 318 K for 

periods of 12 to 36 hours to ensure the removal of any traces of the organic solve nt used 

in the recrystal l intion. This was essential as t iny amounts of solvent c a n  m arkedly affect 

the phase trdnsi .:ion temperatures. Residual butanol in the sample causes the transition 

temperature to be lowered . The puri fied dried amph iphile was stored in a desiccator to 

keep i t  moisture free until requ ired. Prior to the preparation of a sample t he amphiphile 
was again  placed under vac u u m  to emue (:omplete dryness. This is i mponant because 

any addit ional water would make a di fference in the calcu lation of the composition of the 

sample. Any i norga nic salts used to prepare samples were also dried u nder vacuum 
before use . 
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2.2 Preparati on Of Samples 
Al l  samples used in this study were prepared gravimetrically using a Mettler AT 

26 1 Delta Range balance. Masses were measured to a precision of ±0.00002. As sample 

preparation methods are critical in obtaining consistent results in  studies involving 

l yotropic l iquid crystal systems each sample preparation method is outlined in detail 

below . 

2.2 . 1  N M R  Sam ple Prepa ra tion 

Samples for use in the NMR spectrometer were produced by weighing 2H20 and 

solute directly into Li 5 mm o.d. NMR tube that had been shortened to a length of 100 

mm. The NMR tube had previously been soaked in concentrated nitric acid and then 

rinsed repeatedly  with d i sti l kri water a fter which it was dried in an oven . The 

concentra�ed acid solubi l ized any organic or inorganic contamin ants in the NMR tube, 

which could then be flushed out by the distil led water. 

The sol ute was added though a long funnel whi lst the 2H20 was introduced by 

means of a long hypodermic syringe needle so as to avoid contact with the upper section 

of the tube .  This is essential  to prevent  any alterations in  concentration due to 

evaporation of 2H20 or the decomposition of amphiphile when the tubes are flame 

sealed .  Thi s  method al lowed samples to consistently be prepared with an accuracy �n 

composition of ± 0.00 1 mass fraction. 

When a series of samples required a constant  ratio of 2H20 to amphiphile a bulk 

standard solut ion of the req uired mass fraction of amphiphile was prepared. This was 
done by weighing ·directly into a g lass ampoule, which was then immediately flame 
sealed to avoid concentration changes due to either evaporation or the absorption of water 
by the hygroscopic 2H20. The sample was then heated in an oven to about fifteen 
degrees above the isorropic-to-nematic transition temperature and inverted repeatedly until 
a homogeneous i sotropic phase was fonned. The NMR samples were then prepared by 
weighing both the inorganic salt and the standard amph iphile solution directly into 5 mm 
o.d. NMR tubes. Immediately prior to use the amphiphile solution was heated into the 
i sotropic phase and thorough ly mixed to ensure concentration homogeneity. The 
amph iphi le solution was added using a constant volume micropipettor with a long 
hypodermic syri nge need le. so that the sample could be placed in the base of the NMR 
tube. The i norganic sa l t  was added through a long glass funnel that fitted inside the NMR 
tube .  

Once the components were added the NMR tube was sealed with "parafilm" and 

then centrifuged, to ensure that there was no sample material adhering to the upper 

portion of the tube. The tu he was then flamed sealed, and a section of 5 mm glass tubing 

fused on to bring the total length , sample tube plus ex tension tube. to 655 mm. The 

sample cou ld then be loaded into the sample temperature control cell shown in figure 2. 1 .  
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Fil!ure 2 . 1 Dou ble-pass water flow sample cell  used to control the sample temperature 

during NMR experiments. The water is pumped to the cell by a Colora WK3 cryostat. 

--- QC28 Plastic cap 
SQ28 Joint 

QR28 Rubber ring 

SQ 1 3  

{ out Water . 
m 

20 mm o.d . -� 

, ........... . . . .. . .......... -........................ .. 

1 90 mm 

1 0  mm o.d .  

B l 9F joint 

�-- Teflon sample 
holder 

30 mm o .d. 

5 mm o.d.  
Sample tube 

Teflon rotor 
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Samples stored at room temperature gave reproducible results (i.e. the phase transition 
temperatures were invariant) over a period of several months. Samples kept at elevated 
temperatures (>353 K). however underwent decompositior within a few days. 

2.2.2 Polarizin g  O pt i cal  M icroscopy Samp'e Preparation 

Prior to obtai ring precise transition temperatures using NMR spectroscopy, the 
phase behaviour was often coarsely determi ned using optical microscopy to detect 
changes in texture on passing through phase tran sitions. Samples for use in polarizing 
optical microscopy were made up by weighing into glass vials which were then flame 
sealed. Prior to loading of the samples into the microslide the solution was heated into the 
isotropic phase and thoroughly mixed. The microslides used had the dimensions 2 mm x 
50 mm x 0.5 mm with an optical path length of 0.2 mm and were supplied by Camiab, 
Cambridge . .  The microslide was first passed through a moderate blue flame to remove 
any water that might be absorbed onto the surface of the glass. before being allowed to 
cool to room temperature in a desiccator. The microslide was then insened into a slit in a 
rubber septum that was fitted to a syringe. The s l i t  was onl y  wide enough to 
accommodate the microsl ide thus allowing the solution to be drawn up into the microslide 
by raisi ng the plunger of the syringe until the microslide was about two thirds full. The 
end of the microslide that was in the septum was then flame sealed by drawing out the 
end of the microslide in a flame with a pair of tweezers. This had to be performed 
relatively qurckly so as to avoid heating of the sample. and possible consequent changes 
in sample composition . or even decomposition of the amphiphile. Once the end was 
flame set' :ed the sol ution was centrifuged in a microcentrifuge unti l  all the sample solution 
resided at the sealed end. The open end was then flame sealed a$ before. The success of 
the sealing process was tested by placing the sealed microslide in wann water. In poorly 
sealed samples

.a.ir bubbles were seen to escape as the air inside the microslides expanded. 
Two Sides were prepared for each sample and in cases where the phase transition 
temperatures for these samples differed by more than 0.2 K the results were rejected. 
Once loaded into the microslides the samples could not be mixed effectively and so 
measun:ments were m�de i mmediately following sample preparation . 

2.2.3 Densitometer Sample Preparation. 

Dilute isotropic sol ution s for density measurements were prepared in 10 mL 
volumetric flasks equipped with close fitting lids. The amphiphile was added through a 
long funnel whilst the water was added via a long hypodermic syringe need!�: 

�
Sol�tion�"' 

were made up to the required molality by first wei ghing in the amphiphile and then 
calcu lating the mass of water that was required to be added in order to obtain the required 
concentration . Once a solut ion had been prepared, ·  the lid was placed on the flask ��d 
then sealed with parafi lrr.. Solutions sealed in this manner showed no measurable change 
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of mass over a t wo day period. Once sealed the solutions wer� mixed b y  repeated 

inversion of the flask.  The solutions were al lowed to stand for 1 2  hours to allow the 

foam produced d uri ng the mixing process to dissipate. Prior to use the flasks were 

carefully invened twice to insure that the solution composition was homogeneous. 

2.2A Q u a l i t a t i ve Phase Detection S a m ple Prepara t i on. 

Samples used to establish the phase transitions for the consrruction of the triangular 

phase diagram w ere prepa :·\;d in screw top vials  ( 1 0  mL) that were fitted with teflon 

sealed tops. The solute and the 2H20 were each weighed directly into the vials. The 

solutions were then mixed by heating the sample into the isotropic phase and ;.nverring the 

vial repeatedly .  Tests performed on the seals of the tops showed that, even at 353 K, 

there was no measurable change in  the mass of the samples over a period of days. The 

pha.:\e tra.nsirions were determined simply by observation between crossed polarisers. 

2.3 I n s� ru mc n t a t i o n  

2.3. 1 N u clea r M a gn etic R esona nce 

i'TMR wac;; used to detect phase transition temperatures and also to monitor changes 

in the size of the mesophase aggregates. The NMR 5pectra were obtained using a JEOL 

J N M -G X 270 spec trome ter w i t h  an Oxford Instruments 6 . 34 Tf''ila  wide bore 

superconducting magnet. 1 33Cs and 2H spectra were collected using the NM-G27T I O  10  

mm tu neab le probe ,  while 35CJ spectra were cul lected using the NM-G27T l OL 1 0  mm 

low freque ncy tuneable probe. 

The i nstrument parameters given in table 2 . 1 are typical values and were altered as 

nece ssary to meet the requireml!nts of specific experiments. There are two pulse widths 

q uoted for 2H, the short pulse width corresponds to the sitl;ation where the probe was 

w ned to 2H and the long pulse for when it was tuned to I33Cs (detuned from 2H). When 

the probe is detuned d longer pulse width is required to rotate the magnetisation through 

9()0 bu• the quali ty of the 2H spectra is not affected. Detuning al lows the collection oi 

both 7H and 1 33Cs spectra in a very short spac e  of time. This is achieved by using both 

of the  term i n a ls of the GX-27 0  machi ne , one terminal with the parameters set for 2H 
observation and the other set for 1 33Cs observ"tion. As soon as the 1 33Cs accumulation 

is completed the 2H acc umulation can be started. This procedure enabled 2H and 1 33Cs 
spectra to be obtained at exactly the same temperatures. 

Phase tran si tion detection was ach ieved primarily by monitoring 2H and 1 33Cs 

spec tra a s  a function of temperatur� .  3 5 Cl measurements were not very u seful in the 

determinat ion of phase transiti0ns. It i s  a less sensitive nucleus than I 33Cs , and although 
jr i� more sensit ive than 2 H .  there are many more 2H nuc lei in the samples. A lsv the very 
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short quadrupole re laxation t ime for 3 5Cl  in  l iquid cry stal line mesophases resu lts in 

quadrupole peaks that are very broad with a consequent poor signal to noise ratio . 
• 

Table 2. 1 .  Typica l Values U sed For NMR Experimen tal Parameters 

Nucleus 2H 1 3 3Cs 35CJ 

I Experimental Modei S G N ON *  SGNON SG NON 
I 

! Observation Freq . 4 1 .47 M Hz 35 .44 MHz 26.34 MH.z 

S weep width 2 kHz 1 0-60 kHz 1 0-30 kHz ' 
Data Points I 8 1 92 32 768 8 192 I 
Broadening Factor 0. 1 H z  1 Hz 5- 1 0 Hz 

Accumulations 4 1 6  1 ()()() 

rr./2 Pulse Width 20 or 200 JlS l 9JlS 30 JlS 

I P�lseiDelav 
. . ..  _ .  . . . . .  

2 s 0.5 s 0.5 s 

* SGNON : - :;ingle pulse,  no decoupling 

2,3.1.1 NMR Temperature. Control -and Measurement 
In  determining phase transition. temperatures i t  i s  important to have both stable and 

accurate temoerat ure con trol of the sample. Temperature control was maintai ned by 

mounting the e xtended sample tube into a double pass water flow sample cel l 1 (see figure 
2 . 1 ). The cel l  was constructed by the g lass blower of the Department of Chemistry and 
Biochemistry to fit the dimensions of the Oxford lnstrumen's 6.34 T wide-bore magnet. 

The cel l  can be easi ly c u stom i zed to .suit the dimensions of other magnets, either 

superconducting or iror.. Th�.:. sample ce ! l was con nected to a Colora WK3 cryothermostat 

through thermally insulated sil icone-tubi ng. The control water had a relatively high flow 

rate so that there was no measurable temperature gradient over the sample length. 

The temperature was measured by a copper/constantan thermocouple using an ice 

. slurry referenee poi nt .  The thermocouple was placed as close to the sample �s was·· 
consistent wi.th good resolution. The thermocouple poter :ial was measmed with a Philips 
Pl\12535 systems mult i meter. to an accuracy of O. l JlV . The thennocouple was calibrated 

at 2 K i n:erval s to an ac�·uracy of ± 1 0  mK, against a Hewlett ·Packard 2804A digital 

quartz thermometer w i t h  a 2X05A temperature probe, the cali bration curve is given i n  
figure 2 . 2 .  The measured thermocouple potential was transfo�i nto temperature (K ) by 
linear ;nrerpolation betweer: the cal ibration poin ts using a simple computer program. 
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Fi gure 2 . 2  Cal i bration curve for the copper/constantan thennocouple used to measure the 

temperature during NMR expP.ri ments. T I °C = -0.49796 V2 + 25. 35537 V 

+ 0. 1 30907 . 
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2.3.2 Pol a risi n g  M icroscopy 

Polarising Microscopy , using a Nikon 104 polarising microscope, was routinely 
used to determine the phase transition temperatures for the lyotropic l iquid crystal 
systems studied and ro identify the nature of the phases fonned2. The sample temperature 
was controlled using a ' home built system' as described below. 

2 .3.2. 1 Polarising Microscopy Temperature Control and Measuremeilt 
The heating stage (Figure 2.3) was constructed by the mechanical and electronics 
workshops of the Department of Chemistry and Biochemistry. This stage consists of a 
brass block mounted upon a cast iron ring, which in turn was mounted directly on to the 
stage mount of the microscope. Glass microslides containing the sample were placed in a 
brass slide-holder ..-1hich fitted tightly into a channel mil led in the brass block. The holder 
can be moved with in  the channel. so that different pans of the sample can be viewed. 
Over the top of the brass block a copper shield was p laced to minimise possible thermal 
gradients as a resu l t  of the sample being i n  contact with air. To further minimise 
temperature gradients when in use the whole unit wa� covered with a coat of insulating 
glasswool. The iron ring has a copper pipe soldered to i t  which is connected to a Colora 
WK3 cryo-thennostat via rubber tubing. This provides a he3t sink for the brass block 
through the thermal contact with the mounting screws. The brass block is heated by two 
cartridge heaters that reside within the b!ock either side of the sample to minimise the 
temperature gradient across the sample (see figure 2.3). The power ro the cartridge 
heaters is controlled by a Omron E5AX tempenlture controller which monitored the block 
tempera£Urc via a thermistor placed in the block close to the sample. The digital readout 
(resolution 0. 1 K )  from the Omron temperature control l er was calibrated against the 
temperature at the sample as monitored by a copper/constantan thermocouple, over the 
operating range of 278 K to 393 K. 

2.3.3 Densi t y  M easu remen ts 

Density measurements were used to determine the apparent molar volume of the 
amphiphi les and also for e rne determinarions. All  density measurements were obtained 
using a Anton Paar DMA 602 vibrating tube density measuring cell with an Anton Paar 
DMA 60 density meter. The solution densities were measured relative to that of pure 
water. The cal ibration constant of the densi ty meter was determined from the known 
densities of water3 and air4 .  The reproducibility of an individual density measurement 
was better than 3x 1 O·" g cm·3 .  The experimental conditions were set to measure the 
period of 10,000 osci l lations of the tube with every fourth measurement recorded . 
1 ypi •. : a l ly  three recordings were collected to  ind icate the period of osci llation was 
constant. 
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Figure 2.3 Schematic diagmm of the heating stage constructed to control and measure the 

temperature during polarising microscopy experiments. 
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2.3 .3. 1 Dens . ·:,  Temperature Control and Measurement 

1 9  

To mainta in a constan t  temperature over the sample during the experiment the 

density ceJ l is conta ined with i n  a water jacket. The temperature of the water circulating 

around the density cell water jacket was controlled by a Tronac Inc. PTC-41 precision 

temperature controller, to an accuracy of ± 1 mK. 
The temperature of the water was monitored by a Hewlett Packard 2804A Quanz 

thermometer in the waterbath, whilst the temperature in the density cell was detennined 

from the resistance of a thermistor as measured by a A u.ka 8050A digital multimeter The 

thermistor was first cal ibrated against the quanz thermometer. Since there was a fast flow 

of water from the waterbath to the cell  there was no sign ificant difference in temperature 

between the cell  and the waterbath. 

2 .3.4 
·
Q u a l i tat ive Phase Detect ion 

Since anisotropic mesophases of liquid crystals exhibit optical birefringence, this 

property was used to coarsely establish isotopic, anisotropic and biphasic regions. This 

was achieved by observing sample� of various compositions as a function of temperature 
• j . ... . . . 

through ·crossed polaroid sheets. 

2 .3 .4. 1 Quali tative Phase Detection Temperature Control and Measurement 

The samples were ma intained at the required temperature in a heating block that was 

thermostatical ly controlled to within ± 1  K. The temperature of the heating block was 

measured with a glass thermometer. 

R e fe ren ces 
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3 .  G .  S .  Kel l .  J. Chem . Eng Data 12,  66-69 ( 1 967).  

4 .  R .  C. Weast, Handbook of Chemistry and Physics (The Chemical Rubber 

Co .. Ohio, 1 97 1 )  5 1 st ed. 
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Chapter 3 
NMR 

Nuclear magnetic resonance of quadrupole nuclei is an excellent experimental 

technique for mapping phase boundaries and studying the nature and mechanism of phase 

transitions in lyotropic amphiphi l ic l iquid crystals. This is  because the quadrupole 

spiitting is a characteristic signature of each kind of phase and is also a function of 

composition and temperature. It can , therefore,  provide detailed information about the 

uniformity of composition and temperature in bulk samples. It is a panicularly useful 

method when traversing phase coexistence regions in that the signal  from each 

component is observable and the relative amounts of the phases can be monitored. · 

Pri.marily 2H, 35CI and 133Cs NMR have been used in this study. In the fol lowing 

sections the basic theory of the NMR of quadrupole nuclei wil l  be developed and the 

dependence of the quadrupole spl i t tings on the size and shape of the aggregate, and the 

fraction of bound counter-ion will be discussed. In ordered phases I 33Cs spectra reveal a 

large anisotropy in the chemical shift shielding tensor which provides a useful method for 

detecting some phase transitions. The relationship of the che�nical shift an i sotropy to the 

structure and order of the liquid crystal mesophase is described and il lustrative spectra are 

presented . The methods used to determine the phase trans�tion temperatures for each . 
samJ.ilc wil l  also be described. 

3. 1 The Zeeman I n t eracti on 

For a spinning nucleus the magn itude of the spin angular momentum vector, P, is  

defined by the nuclear spin quantum number, /, such that 

P = n�IU + I) [ 3 . 1 1  

The direction of P is defined by the quantum number, m1, which represents the 

component of the spin angular momentum along the reference z-direction . 

,">, = nm, (m, = 1.1- 1 .1-2 . . .  -/) [3 .2]  

A charged nucleus wi th spin angu lar momentum wi ll generate. <. qagnetic moment, J.i., 
related to P by 

;..t = RN�N p  
( 3 . 3 ]  

where · g N i s  the nuc lear g factor and J.1. N i s  t he  nuc l ear magneton  ( = 2e;p = s. 0509 5  X 1 o-27 J T I ) . This is commonly written in the fonn, 
. �L = yP ( 3 .4 ) 

where y i s  the magnetogyric ratio ( y ::  g.vJ.lN /tz ),The magni tude of J.l is thus given by 
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J.l = ifz�/(1 + 1 )  

with components along the reference direction, J.lz of 

J.lz = ;1imJ 

21 

[3 .5]  

[3.6] 
In the absence of a magnetic field the energy of an isolated nucleus is independent 

of direction and therefore independent of m1. In the presence of a magnedc field, B, a 

magnetic moment has energy , 

E = -p .B 
with components in the field direction (along the z-axis) 

= -JJzBo 
= -;1zmJBo 

i. e. there _are 2/+ 1 energy levels each separated by l}fiBol 

[3.7] 

[3 .8] 
[3 .9] 

Transitions can be made to occur between energy levels by using electromagnetic 

radiation of the appropriate frequency. 

!lE = hv = ;1iBo&n1 [3. 1 0] 
i .e .  v = LBo (L1m1 = ±1 ) [ 3 . 1 1 ] 2 .tr  
So in the absence of any extra penurbing interactions all nuc lei of a given species 

will have the same resonance frequency, v, and a specrrum consisting of a single 

absorption line comprised of 2/ superposed components. The effects of Heisenberg 

Uncenainty, relaxation . and inhomogeneities in the magnetic field (causing a distribution 

of resonance conditions  through the bulk of the sample) cause the absorption line to have 

a finite width . There are a number of effects which can cause a change in the permitted 

energy levels which lead to shifts in the resonan�e frequencies. Two such effects, which 

are relevant to the present study, give rise to quadrupole splittings and 1 33Cs chemical 

shifts . 

3.2 Q ua d r u pole S p l i t t i n g  

At  the field used in  this study and in the perfluorinated systems, the Zeeman 

interaction is much larger than the quadrupole interaction and the latter may be regarded 

as a small penurbation of the former. The origin of the quadrupole interaction is the non­

spherically symmetric nuclear charge distribution for a nucleus with I > 1 /2. This gives 

rise to a nuclear electrical quadrupole moment which interacts with an external electrical 

field gradient to create addit: .. mal nuclear energy states. The energy levels of a nucleus 

with I > 1/2 in the presence of an electric field gradient are given by 1 , 
3mf - I( I  + 1 )  Ern = - l*Boml + 41(2/ _ 1 ) hqzz · [ 3. 12]  
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Figure 3. 1 shows the effect of the quadrupole penurbation ( 2nd tenn in equation[3. 12] ) 
on the Zeeman levels energy level diagram for a 1 33Cs nucleus. 

The nemaric phases of perfluorinated carboxylate salts in 2H20 are diamagnetically 
positive and the mes::>phase director, n, undergoes spontaneous alignment along the 
direction of the field, B ,  to give a uniaxial macroscopically aligned sample. Such a 
sample will give a first order spectrum for any spin I> 1/2 consisting of 11 equally spaced 
lines with separation, referred to as the quadrupole splitting, ll. v given by24 

ll.v(<P ) = 2 1 (;/ - I ) QzzP2 (cos <P ) [ 3. 1 3] 

The upper ti lde denotes panial ly averaged quantities. The averaging arises as the result of 
reorientations that take place at a faster rate than the time-scale of the experiment ( 105 s·1), 
including local reorientation of the bound species and diffusion over the micelle surface. 

Qzz is the panially averaged component of the nuclear quadrupole-electric field gradient 
imeracrion tensor measured .par.allel to n  in .a .pelfectly .or.dered rnesophase .and is given by 

Qzz = I PnXn [ s�, + � 11n (s� - scb )] n 
[3 . 1 4] 

where Sij are ele�9ts lthe Saupe ordering  matrix at the nth site that has a statistical 
weight Pn. Xn = e qQ is the corresponding quadrupole coupling constant and 1]11 is 

. h 
the asymmetry pa met . The actual values for Xn and 1]11 may vary from site to site and 
will thus be determined by the detailed structure of the micelle. 

In micellar liquid crystal systems it is  useful  to be able to separate the contributions 
to the quadrllpole splitting that arise from micellar and order parameter fluctuations. This 
is done5· 6 by redefining qzz such that 

iizz = IQzz lsS [3 . 1 5 ] 
where liizz l now contai ns tenns which depend only on the detailed structure of the 5 

aggregate and on the solution concentration (i.e. i t  is the value of Qzz in a perfectly 
ordered crysta l )  and S is an order parameter which represents an average of the 
orienrarions of the micellar axes with respect to n. 

The contributions to S can be funher reduced to 
S = (P2 (cos/3 ))(P2 (cos 8)) 

= P2,mP2.n 

[3 . 1 6] 

[ 3 . 1 7 ]  

where 9 i s  the angle between the local director and thf. mesophase director and f3 i s  the 
angle between the micel le and the local director , i.e P1.11 describes local director 
fluctuations, and Pv, describes the average orientation of the micelle with respect to a 
local director (figure 3.2). 
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Figure 3. 1 El'lergy level diagram for a 1 33Cs nucleus in the presence of an electric field 
gradienr7. 
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From equation [3. 1 3 ) and [3 .  I!) we can write8 

6v(Q> ) = 3 liiu l SP2 (cos<J>) 
2/ (2 / - 1 ) s 

Figure 3.2 Representation of fluctuations contributing to the order parameter S. 

8 

n 

3.2. 1 Deu terium Q u a d ru pole S p l i t t i n g  

24 

[ 3. 1 8 ] 

The observed 2H quadrupole spl i t t ing of heavy water represents an average over a 
statistical ly representative set of sites. For a molecule of heavy water in  the solvent there 
are two di st inc t  sites; water molecu les  i n  t he solvent bulk where the quadrupole 
i nteractions average to zero \ iizz=O) and water molecu les associated with the micellar 
surface. Exchange between bound and unbound water molecules occurs rapidly  with 
respect to the time scale of the NMR experiment to give a si ngle sharp doublet the 
splitting of wh ich corresponds to a weighted average of heavy w3ter molecules i n  all 
possib le s i tes ( iizz�O). From equation [ 3 . 1 8 ] ,  the quadrupole spl i tt ing for a 2H nucleus 
(/= I ) in heavy water becomes 

with liizz l being given by5 
.'i 

liizz l,. = (Pz (cos a))_fxo(:: )nbSo-D 
[ 3 . 1 9] 

[ 3 .20] 

XD is the quadrupole coupling constant  for 2H in heavy water, .Xa and .Xw are the mole 
fractions of amphiphi le and heavy water respectively, nb is the number of bound water 
molecules per amphiphi le and So.o is an order parameter representing the averaging due 
to the local orientational mot ion of the Q-2H bonds of these bound water molecu les. 
(Pz (cos a))_f {= t (3cos2 a - 1 ) , }  . where a i s the angle between the normal to the 
micellt: surface and the micelle symmetry axis and the angular brackets denote an average 
over the micelle surface, accounts for the diffusive motion of the molecules over the 

surface of the micel le. 
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3.2.2 Caes i u m  Q u a d r u pole S pl i t t i n g  

For I33Cs ( I  =7/2 ) t h e  spectrum i s  made u p  o f  seven evenly  spaced l ines with 

relative intensiries of 7 :  1 2 :  1 5 : 1 6: 1 5 : 1 2:7 with a separation or9 

where 

6 v( tf> ) = -
1 liizz l SP2 (cos tf>) [ 3.2 1 ]  

1 4  J 

[ 3 .22)  

f3cs i s  the  fraction of  caesium ions · bou nd '  to the surface of the  micel le and Xcs i s  the 

quadrupole coupling constant of the ! 33Cs nucleus. In the caesium spectra only one set of 

l i nes is  ob served for any  given phase indicating that the exchange between bou nd and 

u nbound caesi um ions is  fast on the t ime-scale of the e x periment. The origin of the field 

gradient at the nucleus is  probably a distortion of the ion hydration shell from spherical 

symmetry in those ions ' bound" to the surface of the micel le4.9• 1 0. 

3.2.3 Ch lorine Q u a d r u pole S p l i t t i n g  

The spectrum for 35Cl (1=3/2) w i l l  consist o f  three equal ly  spaced l ines o f  relative 

intensities 3:4:3,  and with peak separation given by 

where 

6 ��( t1>) = *lcizz t. SP2 {cos <P )  [ 3 .23 ]  

[ 3 .24] 

f3o i s  the fraction of chloride ions ' bound ' to the su rface of the micel le and zc1 is the 

quadrupole coupling constant of the 35Cl nucleus. As i n  the case of caesium spectra the 

observation of only one set of l i nes in any  given phase indicates the exchange between 

bound and u n bound ch loride ion s is  fast on the t ime - scale of the NMR experiment.  In 

r.:•ddition the e lectric field gradient at the nucleus is also probably a result of a penurbation 

of the spherical ly symmetric hydration shel l  as a conseq uence of the "bound" ions being 

in the vicinitv of the charced surface.  " -
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3.3 1 3 3C s  C h e m i ca l  S h i ft A n isot ropies 

I n  the presence of an ex ternal magnetic field Bo. local magnetic fields are generated 
at the nucleus as a result of circulation s of the surrounding electrons i nduced by the 
applied field. The resonance condi tion of equation[3. 1 1 ] can be written 

v = / Bo( l - a) [ 3 .25 ]  _ Jr  
where a is the chemical shift shielding tensor. The a tensor elements reflect the symmetry 
of the electronic environment of the nucleus. 

The chemical shift of a nucleus in an anisotropic l iquid crysta l l ine phase i s  
composed of an isotropic and an an i sotropic pan . In an  isotropic liquid only the i sotropic 
pan is visible. The origin of chemical shifts of 1 33Cs+ ions in solution is overlap between 
the . outer orbitals of the ion and those of the solvent4 . The 1 3 3Cs+  ion is easi ly  
polarizable 1 1 , giv i11g comp•trat ively large changes in  t he  chemical shift, so that in  a non­
macroscopically al igned l iquid crystalline sample the chemical shift an isotropy can readily 
be observed4 • 1 1 . For the case of a macroscopically aligned discotic micel lar mesophase, 
the partially averaged chemical shift is given by9 

D-, (� )  = u, + * �P.[ s;:,{ �' - �( u�a + uM,)} +j(s:., - Sb, )(a;. - ob. J]P2 (cos � ) 
[ 3 .26] 

where ai is the chemical shift in the i sotropic phase and aii represent the principle ax"s 
(a,b,c) of the chemical shift shielding tensor. Averaging of the chemical shift ari sing from 
the diffusive motion of the caesium ion over the surface sites must also be allowed for. 
As  in the case of the quadrupole spl itt ings. for a uniform distribution of the ions over the 
micelle surface, th i s  averagi ng is g iven by (P2(cos a ))s = (3/2 cos2 a - lf2)

s
. After 

averagi ng due to the microscopic mot i on of the Cs+ ions is taken i n to consideration, 
equationl 3 .26) reduces to9 

.., G22 (� )  = ai + �(P2 (cosa))_ • .Bc"s{a11 - a.L )M SP2(cos cp)  [ 3 .27 ] 

where ( a11 )M and ( <TJJM are,  respec t i vely. the components of the axially symmetric 1 33Cs 
chemical shield i ng  tensor par�l l lel and perpend icu lar to the micel le surface, a nd 
<T; = l/3 {Tra0 }.B + ( 1 - ,B)af ,  w i t h  t h e  superscripts denoting "bound" and "free" 
counter- ions .  

I n  an i sotropic phase (S  = 0 )  t he observed shift is given by a; . I n  a macroscopically 
al igned phase C <P=(>'';S;t;O), the sel:oncl term in eq uat ion l 3 .27 ) is non zero. This  wi l l  give 
ri se to a discontinuity in the rncs sh ift at �In i sotopic-to-nematic transi tion of magnitude9 

where . 

.., .., 
017 (0" ) - a, = � 6c1 = � (P2 (cos a )) _f.Bc.f (a1 1 - aJ. )M s  1 3 . 2X ) 

1 3 .29 1 
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Thi s  discontinuity i n  the chemical shift enables the isotropic-to-nematic and isotropic-to­

lamellar phase transi tions to be determined from 1 33Cs chemical shift measurements. For 

a first  order nematic-to- lamel lar  transi t ion the discontinu i ty i n  Gzz (0° } i n  a 

macroscopically al igned sample arises from discontinuities in (P2 cos a) s and S across 

the transition9. It has been shown that the I 33Cs quadrupole spl ittings and chemical shift 

anisotropies scale with changes in (P2 cos a)J . S. and f3cs+ 9 . and both may be used to 

detect phase transitions. The best method to use depends on the particular phase transition 

to be determined. The ways in w hich measurements of quadrupole spli ttings and shift 

anisotropies can be used to precise) y locate phase transitions ,,� discussed in the fol lowing 

sections. 

3.4 Appearance of N M R  S pectra 

I l lustrat ions of spectra 1n  t he i sotropic phase I .  nematic phase N0 ,  and 

polycrystal l ine lamel lar phase Lo for 2H,  1 33Cs and 35Cl nuclei are given in  figures 3.3, 

3.4, and 3.5 respectively. In the i sotropic.: micel lar solution phase the order parameter S is 

zero. Thus on ly the Zeeman ir.teraction is  observed and the spectra of all three nuclei 

consist of a single peak (figures  3 .3a. 3.4a, and 3 .5a). 

for macroscopically ordered nematic and lamel lar mesophasc:s 0 < S < 1 and the 

quadrupole spli tti ng  for 2H. 1 33Cs. and 35C! spectra are given by equations[ 3 . 19 ] ,  

[ 3 .2 1 ] ,  and [ 3 .23 ]  respectively .  Thus the  2H spectrum of  heavy water eonsists of a 

symmetrical doublet (figure 3 . 3b) .  the 1 33Cs spectrum consists cf seven equally spaced 

lines (figure 3.4b),  and the 35Cl spectrum is composed of three equally spaced lines 

(figure 3.5b) with the expected intensity distributions. The ordered spectrum show;, is 

for the nematic phase in each case. The appearance of the spectrum of a macroscopically 

aligned lamel lar pha�e is identical to that of the corresponding nematic phase spectra but 

the magnitude of the quadmpole spli ttings is greater in the Lo phase. 

Macroscopica l ly  ordered lamellar phases are easi l y  prepared by cooling in the 

spectrometer magnetic field from the isotropic micellar solu tion phase,  through the 

nematic phase. where the nem�tic director aligns along the magnetic field. into the 

lamel lar phase where the lamel lar director becomes locked into the mesophase .  If the 

cooling takes place outside of a magnetic field an unorientated sample :s obtained in  
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Figur-e 3.3 2H N M R  spec tra 1 2for a CsP!=O/CsClf2H 20 samp le with a mass rati o of 

CsPFO to 2H20 of 1 : 1 a nd mass fraction of CsCl We of () .04 34 .  The phases 

represen ted are ;  (a )  I sot rop ic micel lar -;olu tion phase, (b) Nematic phase , (c) 

Lamel lar phase with �m i sotropic d istribution of local directors. 

T/K. 

(a) 
338.29 

329.58 (b) 

321 .03 (c) 

0 . 5  0 . 0  � - 5  
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rigure 3.4 1 33Cs N M R  spectra 1 2  for a CsPFO/CsCif2 H 20 sample with a mass ratio of 

CsPFO to 2H20 of 1 : 1  and mass fraction of CsCl we of 0.0434. The p�ases 

represented are;  (a) Isorropit: mice l l ar solution phase, ( b) Nematic phase, (c) 

Lame l lar phase \vi t :t n isotropic J iqriburion of local directors. 

T/K 
(a) 

338.29 

(b) 
329.'58 

(c) 

1 0  5 0 -5 - 10 
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Fi g u re 3.5  35Cl NMR spectra 1 �  for a CsPFO/CsClf2H 20 sample w i t h  a mass ratio of 
CsPFO to 2H20 of 1 : 1  and mass fraction of CsCl we of 0.0434. The phases 

represented are; (a) Isotropic m icel l ar solution phase, (b) Nematic p h ase ,  (c) 
Lamel lar phase with an isotropic d i stribution of local di1�ctors. 

T / K  

(a) 
338.29 

(b) 
329.58 

_ _.J _________ ._ _______ ____, _ 

(c) 
32 1 .03 

I<HZ 
10 5 0 -5 - 10 
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which there is a random orien tation of local l amellar directors. S ince the lamellar phase 

wil l  not reorientate i n  a magnetic field (i.e. it has an infini te valued rotational viscosity 

coefficient5), the observed spectra reflect an i sotropic distribution of director orientation. 

For the 2H nucleus (figure 3 .3c)  th� unorientated spectrum consists of a "Pake" doublet, 

where singularities are evident at t/J = 90<1 (central doublet) and tP = 00 (outer doublet). 

Thus the quadrupole spl i ttings as defined in equation [3 . 1 9] (tP = 0) can easi ly be extracted 

from this spectrum. The 1 33Cs unorienrated spectrum (figure 3 .4c )  has a singularity at 

t/)=900 and so the spl itting between adjacent lines is half that of the quadrupole splittings 

as defined in equation f 3 .2 l l . i.e. L\ v( tP = 90° ) = lf28liizz i S The 900 orientation are also s 

c learly seen i n  the 35Cl unoriemated spectrum (figure 3 . 5c) .  Although quadrupole 

spl ittings can be reaciily extracted from both ordered and unorientated spectra, i t  is usually 

better to �ork with ordered :�<tmples since the lines are much sharper and the signal to 

noise ratio much greater. 

From the spec tra of al l  three n uclei it is thus possible to d istinguish between 

isotropic and ordered phases. Furthermore, in  biphasic regions separate signals for the 

coexisting phases can be observed which enables the precise determination of the upper 

and lower boundaries to these transitions. 

3.5 Determ inat i on of L i q u i d  Crystal  Pha se Boundaries  

In determining t he  phase transit ion temperatures i t  i s  important to approach .the 

tran si tion from a pure phase region . Thus. for example. the upper boundary of the 

i sotropic-to-nemauc transit ion is  obtai ned by cooling from the i sotropic phase whereas 

the lower boundary to the transit ion is approached from the nematic phase. The 

impcrtance of the procedure cannot be over emphasised if precise values of the phase 

transition remperatures are to be obta ined. The greater the time period sper.t in phase 

coexistance ··egions, and the larger the density difference between the two phases, the 

greater the op�rtun i ty for phase separation and a consequent concen tration gradient 

within a sample to occur. S1�ending as little time as practicable in the mixed-pha� regions 

minimizes the pha!'-= separat ion problem. 

3.5. 1 Jsot ropic- to- Nema t ic Phase Transi t ion 

Figure 3.6 shows the sequence of 2H spectra observed as the temperature i s  

lowered from the ismropit· micel lar sol ution phase in to the nematic phase 7 .  At high 

temperatures the spectrum is a single l ine with a half width of = 1 . 2 Hz determined by 

spin relaxation processe s. As the temperature is lowered the l ine broadens and then splits 
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Figurl! 3.6 Seq uence of 2H N I\·1 R spectra7 observed on cooling a CsPFOf2H20 (wa == 

0. 302 ) sample from the isotropic phase (a) to (c) into the i sotropic/nematic 

biphasic region (d ) and (1!). 

T /K 

2 9 4 . 9 3 4  (a) 

2 9 4 . 888 (b) 

2 9 4 . 8 4 4  (c) 

2 9 4 . 8 1 0  (d) 

2 9 4  . 7 6 0 (e) 
HZ 

I I I I I I I I I I I I I I I I I I I I 
GO 4 C  � c  c - � c - 4 0 - eo 
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into a doublet whose separation increases rapidly in magnitude until the temperature of 

the upper boundary to the isotropic-to-nematic transition TIN is reached. This temperature 

is signified by the appearance of the outer doublet which comes from the nematic phase. 

TIN can be accurately determined from a plot of the inverse of the quadrupole splittings 

versus tht temperature. The splitt ing of the isotropic phase signal into a doublet arises 

from the orientational ordering of the micel les induced by the magnetic field. Using this 

method the upper boundary to the isotropic-to-nematic transition can be determined with 

high precision (± 5 mK )13
. 

The magnitude of the isotropic spli tting depends on the sample concentration and 

the magnitude of B. For practical purposes at 8 = 6.34 T it is not possible to use the field 

induced order t:!chnique for samples w i th wa > 0.40 1 3 . For samples with these 

concentrations i t  is better to obtain TIN by looking for the first appearance of the nematic 

133Cs Zeeman peak which is preceded t'ly the pretransitional broadening of the isotropic 
.. .. .. . . ,� .. , . . ; . .. . ..  

peak as is shown in f igure 3. 7 .  Al ternatively the first appearance of the quadrupole 

muhiplet in both the 2H and I 33Cs spectra can be used for this purpose. These tend to be 

broad, however, and more diff icult to detect than the I 33Cs Zeeman peak when the 

proponion of nematic phase is  small .  Of course, the appearance of the N0 phase peak 

indicates that the sample is already in the mixed phase region. The maximum error in TIN 

as a result of this depends on the sensi tivity of detection of the nematic phase peak and 

the temperature range of the mixed-phase region. Typical ly TIN cou ld  be located to a 

temperature precision of ±<lOI K using this method. 

The best method to determine TN J ,  temperature of the lower boundary to the 

isotropic-to-nematic transi t ion, makes use of the discontinuity in the temperature 

dependence of the magnitude of either the 2H or 1 33Cs quadrupole splittings at this phase 

boundary (figure 3.8). To determine T NI the sample is rapidly  cooled into the nematic 

phase and left unti l the sample has t ime to become well ordered as indicated by the 

sharpness of the nematic peaks. The temperJture dependence of the quadrupole splittings 

-· is thcndetennined on heating of the s:1mple, making carefu l  measurements· close to the 

discontinuity. The sharp di scontinui ty in the quadrupole splitt ings at TNI is a precise 

indication of this temperature to = 0.0 1 K. The r.tpid fall in the quadrupole spli ttings on 

approaching TNl is due to the rapid change in S (equation[ 3. 1 8] )close to Tm�- While _in 

the mixed-phase region the nematic split t ing changes l i ttle with temperature as a 

consequence of the value of S being essentia l ly constant at the nematic-to-isotropic phase 

transition5. 
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Fi gure 3.7 Sequence of 1 33Cs N M R  spectra 1 � for the - 1 /2 to + 1 /2 tra n si tion as observed 

on cool i n g  a Cs PFO/� H:!O C w a  = 0.500) sample  from the isotropic phase in to 

the i sotropi c/ne matic b iphasic reg ion . (a) Isotropic micel lar solution phase, 

(b) Isotropic m icellar sol ut ion phase with broadening of the l ine as a result of 

mag ne tic field i nduced prerransir ional orientational ordering of the micelles. 

(c) and (d) i sotropic/nematic biphasic regi on . The structure i n  the isotropic 

phase signal i s  due to the orientational  orderi ng of the micelles. 

T / K  I 
32 1 .40 (a) 

3 2 1 . 1 8  (b) 

32 1 .08 (c) 

32 1 .07 (d ) 
HZ 

200 0 -200 
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Fi gure 3 .R  The temperat u re dependence of the panial ly averaged 1 33Cs quadrupole 
spl i rrin g  for a CsPFOf2 H 20 (\\'a = 0.500). T Nl is clearly identi fied from the 

d i scont i n u i ty i n  � q l:\}Cs) . 
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3.5.2 La mel l a r-to-Nema t ic p ha se t ra nsi t ion bounda ry 

The spectra obtai ned whe n a samp le from the CsPFOf2H 20 system with an 

amphiph i le mass fraction of wa = 0.50 is slow ly cooled from the nematic phase across 

the nematic/l amel l ar biphasic region i n to the lamellar phase are shown i n  figure 3.9. 

Separate lamel lar, and nematic signals  are resolved, in the phase coexistence region, since 

the peak separation of nematic and lamel lar signals is of the order of 40 Hz (cj 

quadrupole splinings of 5000 Hz). The outer peaks represent the lamell ar phase spectrum 

while the inner peaks represent the nematic phase spectrum. I t  is in teresting to comtJare 
the l 33Cs spectra with the 2H spectra at the same temperatures for th is samp le as sh�wn 

in figure 3 . 1 0. This clearly indicates the greater resolving power of ! 33Cs in the detection 
of the L0 and N0 phases, the only ind ication from the 2H spectra of 2H20 that a biphasic 

region e xists i s  a s l ight broaden i n g  of the 1H peaks in the mixed phase region . The 

appear-ance of the lame l lar peak s on cool i ng, or nematic peaks on heating to determine 

TNL or TLN ·  i s an im preci se method for reasons already d iscussed . A much better 

detenninatior. is achieved by observing the temperature dependence of the quadrupole 

split t i ngs ( figure 3. 1 1  a ). A d iscon t i n u i ty  in quadrupole spli ttin gs i s  observed at TNL the 

temperatu re of the upper boundary to the nematic-to- l ame l l ar tran si tion , and TLN the, 

temperature of the lower boundary to rhe nematic-to- lamel lar  transition. which c learly 

identi fies these transition temperatures . 
When the intervening biphasic region is so narrow that separate signals from each 

of the phases are u nable to be resolved using N M R  the phase tra nsit ion is determined 

from the poin t  of inflection of the temperature dependence of the quadrupole splittings. 

For such a case a plot of the quadrupole spl i t t ing versus temperature , figure 3 . 1 1 b, 

shows a change in the temperature dependence of the quadrupole splitt ing at TLN · The 

· maximum slope indicates the TLN transi tion the downward turn in the quadrupole splitting 

on the lame l lar side of the transit ion and upward turn on the nematic side (figure 3. 1 l a) 

are i nd icat ions of strong pretransi t iona l effects. 1 33Cs is a better nucleus tha" 2H for 

detect ing the narrow m ixed phase region. This is 'ecause the magnitude of the 1 33Cs 
quadrupo le spl i t tings and t he refore the magn itudes of 6 v(L) - 6 v( N )  is greater for this 

nucleus 1 4 .  
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Figure 3.9 Sequence of 1 3JCs N MR spec tra 1 4  observed on cooling a CsPFOf2H20 (wa = 

0. 500) sample from the nematic phase N j)  into the lamellar phase Lo. The 
two d i s t i nc t  m u l t ip lets  i n  ( b) ind ica te the presence of a nematicf)amellar 

biphasic region.  
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Figure 3. 1 0  Seque nce of 2H N.MR spec tra 1 4observed on cooli ng a CsPFOf2H 20 (wa = 

0.500) sa mple from the nem:u ic phase Ni)  in to the lamellar phase Lo. The 
1 33Cs NMR spec tra for the same sample shows two distinct mu ltiplets within 
the N0/LD biphasic region ( figure 3.9) but the 2H NMR spectra shows only 
a slight broade n i n g  of the doub let l i nes as an indication of a N i)/Lo biphasic 
region.  Th is comparison i l l ust rates the greater resolving power of I33Cs 
NMR compared to 2H NMR .  
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3 1 5.70 

3 1 5 .58 

3 1 5 .44 

0 . 4  0 . 2 0 . 0 
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Figure 3. 1 1 The tempera ture depe ndence of the part i a l l y  averaged 1 33Cs quadrupole 
spli ttings � v( 1 33Cs) for the samples: (a) CsPFOf2H20 (wa = 0.500) sample ; 

i l lustrati ng the disconti n u : ty  in  the quadrupole spli rti n g  at TNL and TLN , and 
(b)  CsPFO/CsClf2H 20 sample with a mass rat io  of CsPFO to 2H20 of 1 : 1  

and a mass frac tion of added CsCI we of 0.0 1 26. I n  (a) TLN and TNL are 
indicated by discon t i n u i r ies i n  the q u adrupole spl i t t i ngs. I n  (b)  only TLN i s  
detecta b l e  from t h e  d i scon t i n u i t y  i n  t h e  te mperat u re d ependence of 
� ii( 133Cs) .  

t:l I I 
5.9 """ 0 0 0 

0 

5.4 - LD 

4.9 """ 

N :c 4.4 I I 

� - 1 .5 - 1  -0.5 
....._ 
l> I I <] 

0 
0 

5 .5  f-

LD 

5 -

4.5 I I 

- 1 .5 - 1  -0.5 

i ' I ' I 
I I 

Tu� 0 O l 
tfhr:1 
iliJIJJ ,0 

I l:bo I TNL 

I I 

0 
I 

TLs 
0 o 1 0 �  

1 otel 

I 

0 

0 

I 

0.5 

I 

0 
0 

I 

0.5 

(T-T LN)/K 

T 
(a) -

-
N+ D 

0 -

0 

I 

1 1 .5 

I 
(b) 

-

N+ D 

-

0 
0 

0 

I 

1 1 .5 



3. NMR 40 

3.5.3 LameUar-to- lsot ropic phase t ransi t i on bou ndary 

Phase separation is particularly rapid in the isotropic-to-lamel lar phase coexistence 
regions due to the l arger density d ifferences between the phases. I t  is ,  therefore. 
particu larly important to approach the upper T1 L and lower Tu temperature boundaries of 
the mixed phase region from the pure phase regions. The method of identification of T1L 
i s  identical to that used for TIN when thl! pretrdnsitional quadrupole spl i tting is  too small 
to monitor. To determine Tu the sample is first cooled rapidly from the homogeneous 
i sotropic phase i n to the l amellar phase by immersion of the NMR tube in a beaker of 
water at an appropriate temperature. This is necessary since the temperature width of the 

· I!Lo mixed-phase region is largl! enough that during the t ime i t  takes to cool across this 
region using the sample temperature control system, macroscopic phase separation can 
occur9. S ince this is done ourside the magnetic tield an unorientated sample i

.
s produced 

but importantly it is homogeneous. 
The quadrupole spl itt ings are easi ly  obtai ned from a polycrystal l ine sample (the 

quadrupole spl i tt ing is twice the separation of the peaks in a polycrystalline sample4) and 
so a plot of the quadrupole splitting ver�v" temperature is readily constructed. On hearing 
from the lamellar i nto the mixed phase there is a discontinuity in the quadrupole splitting 
(fi gure 3 . 1 2) ,  simi lar to that  observed i n  the detection of TNI . I t  does not matter that 
phase separation occurs in the bi phasic region as Tu is  iden tified by the discontinuity. 

Fig ure 3 .12 is a plot of the temperature dependence of the I 33Cs quadrupole 
spl i tt ings but a plot of the temperature dependence of the 2H spl i tti n gs is equally as good 
for the purpose of detem1ining Tu . At templ!ratures close to Tu (= (Tu - 0.5 K)) the 
sampk beg i ns  to orien tate in the magnetic fie ld .  This is  also t he case al l along the 
lamel lar- to- nematic tran sit ion l i ne .  If  an orientated sample is required it is  simply 
necessary to wait for a peri.od which is dependent upon the proximity of the sample 
temperature to Tu 15 . 
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Figure 3 . 1 2  The tempera ture depe nd� n<:e of  the pa rt i a l l y averaged 1 33Cs quadrupole 

spl i t t i ngs Ll \'( 1 33Cs) for a CsPFO/CsCI/�H20 sample with a mass ratio of 

CsPFO to 2H20 of 1 : 1  and ;: mass fraction of added CsCl We of 0. 1 02.  The 

discont inu i ty in 6 \'( 1 33Cs) identifies Tu . 
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C hapter 4 
Theories of Sel f-Assem bly and Self-Organisation 

In order to funher the uncierstandir.g of the self-assembly and self-organisation in 

micdlar systems it is  impurtant to compliment the experimental results and the 

conclusions drawn from them with a comparison of current theoretical models, as neither 

the experimentalist nor the theoretician should work in isolation. In this chapter three 

c urrent theoretical models are presen ted. They comprise of two aggregate self-assembly 

models fr<?m the research groups of McMullen, Ben-Shaul, and Gelban (MBG)1 -3 and 

Erikssor: and Ljunggren (EL)4-6, and ti tc self-organ isation model of Taylor and Herzfeld 

!TH) 7• which also al lows for s�J-assembly of the aggregate. This is by no means a 

comprehensive review of the range of theoretical models for self-assembling lyotropic 

l iquid crystals .  F lther. the models have been selected on the basis of their relevance to 

experiments presented in th i s  thesis. 

MBG have developed a phenomenological ,,10':iel to determine the chemical 

potential of rnonomers within aggregai.eS and the consequent equilibrium micelle size 

distribution. The model is presented here in detail as the equations will be. used in� 
calculations to qualitatively eslimate changes in the aggregate theoretical size distributions 

with ternperaturt: and fluorocarbon chain length. EL have approached the problem of self­

assembly by considering the :;urface thermodynamics anu small system thermodynamics 

of kggregate formation . The EL trea tment involves determination of the ir.dividual . 

contributions to the excess free energy of a monomer from which aggregate size 

distributions can be calculated. Only a brief outline of the EL model will be presented as 

values for the parameters in their model pertinent to the system under study are currently 

not well defined. and so no specific calculations using this model will be conducted. This . 

model is presented to al low a comparison of their predictions of the effect of salt on the 

aggregation shape and size distribution , with the findings of the experiments on the 

ternary CsPFO/CsCif2H20 and APFO!'NH4Cif2H20 systems. 

The approach that TH have employed is a phenornenological description of 

aggregate assembly in conji.lnction with a scaled panicle trcltment of fluid configurational 

entropy and a cell description of periodic smectic density modulations. A brief summary 
. . ....... .. · - · . ...... .. .. .... 

of the development of the model and the predicted phase beh::.viour of discoric aggrega:_ 

s ystems is presen ted . This nred icred phase behaviour wiJ I be us�d to qualitatively 

compare theoretical results with experimental phase behaviour of these micellar systems. 
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4 . 1  S e l f- A sse m b ly M o dels  

4. 1 . 1  Phen omenological A pp roach t o  Self-Assembly 

Prior to the approach of MBG2, self-assembly models assumed that the chemical 

potential per surfactant molecule was dominated by the "surface" terms yp+cla where rr 
and c represent the interfacial and electrostatic energies associated with the head groups 

(having area of a) respectively. That is contributions to the chemical potential from energy 

and entropy tenns associated with the packi ng  of hydrophobic chains were 1gnored. 

These tenns not only depend on the head group area but also on the elastic propenies of 

the chai ns .  MBG2 argue that the chains are not "passive" as the head group chemical 

potential cannot be optimized without taking i nto account the free energy "price paid" by 

the hydrophobic tai ls .  The fol lowing is  their phenomenclogical model where they 

introduce a "relative stability" parameter y to treat the compressional and splay e lasticity 

contribution to the chemical potential per surfactant molecule. Although this model has 

been derived for solutior.s of infinitely di lute non-interacting micelles, inclu sion of an 

in ter-micellar interaction tenn changes the models qualitative predictions only slightly3· 8. 
MBG considered the case of spherical,  cylindrical and discotic micel les. In  the 

discotic micelle two distinct si tes are recognised such that the surfactant can reside in the 

oblate-cylindrical .. body .. or the pan-toroidal "rim". The different chemical potentials for 

each environment are expressed by 

jif( a) = h (a ) + gi (a) ,  [ 4. 1 ]  

where hj(a) represents the in!erfacial tension and electrostatic energy connibutions to the 
"surface" part of Ji .O and gj( a) corresponds to the "bulk" energy and entropy effects 

associated with the packing of the hydrophohic tails. Whereas gj(a) has previously been 

treated as indepe�1dent of environment i and headgroup area a .  MBG consider its 

comp l icated dependence on the area per head group and the nature of the surfactant 

envuonmer� � .  
MBG assume that the chemical potential jj.O at each site is  optimized, that is it 

adjustc. to the appropriate optim i zed headgroup area ao in each environmen t of each 

micel le of interest which allows the fol lowing to be written 

- n  _ - o  Srim [ - o  - o  ] [ 4 2 ]  . J.1J.d1.d. - t1r�l.di.•·lo: + -S- J.lrim - J.1cyl,disk · 

Here jj.� = min ii:1 ( a) = .iif(a�l ) . where i represen ts the two environments ( 1 )  cylinder 

ot the disc and (2 )  rim oft he disc.  snm denotes the number of surfactants in the rim of an 

s-d isc . The nature of the thermodynamic equi l ibrium depends on the relative and absolute 

magnitudes of the chemical potential associated with each of the relevant surfactant 

environments. 

Using  straightforward surface/volume geometric relations and assuming  that the 

core of the aggregate is of uniform densi ty filled exclusively by chains. lsradachvi l i9 has 
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shown the area per head group a; of a surfactant in a given environment  i is uniquely 

related to its thickness, /;: 
(i) 

{
I , bilayer( lamel lar) �/l- = i = 2, cylinder(hexagonal ) 

' 3, sphere 
[4.3] 

where v is the space fil l ing volume associated wi th each molecule. As l ittle is known 

about the actual e lasticity effects which determine the contribution of g(a), MBG allowed 
for it indirectly as follows2 . For al l i jif (a) = r1a + cja and they define /; to also be fixed 

(l). This is essentially the approach of Israelachvil i  er aJ 9except that instead of setting v/l 
= ao or 2v//, they allow the fol lowing intermediate cases; 

ao = y( I + y) [4.4 ]  

where 0 S y S 2 .  I i �  considered the mean of the /; values associated with the surfactant in 

question. Similarly ,  ao represents an average of the optimum head group areas. The 

quantity y accounts  for the bulk  elasticity effects that have been suppressed. Under these 

conditions for d iscotic aggregates to be stable, y must have a val ue wi thin 0.4 S y S 

0 .43 . 
Equation [4 .2]  can now be rewritten in the more explicit fmm 

- o  - o ( ) s,,m [ - o ( ) - o (  )] J.l..di.�Jr. = JL adi.d. + s J.1 a,im - J.1 adisk. [4 .5 ] 

Where a,;m and Srim can be determined as explicit functions of v, J and s and it can be 
shown that 

with 

and 

- o  - o  f J.l.r.disJr. = J.l-.d + ad d(s)  

- o  - .., [ y2 1 f.l ... . d - - r tllO 1 + -2.....:( 1'-+-y�) J 
= P 0 (adi.tJr. ) = i1�yl.disk. 

ad (s) = ( 3m )V2 .n;no x [! - y(2 + y) ] 32 l + y 1 +� 
Srim 

f · ) - ( 32m )1/2 1 { l + .'irim/m)2 d l .'i  - � - 2 · 3 rr  s ( 1 + 2 � · fm) . '"" 

[4.6] 

Translationa l  and rotat ional  contri but ions to the size of micelles have been 

determined by statistical - thermodynamic treatment of the ideal (molecular) gas panition 

functions1 • It has been shown th<'l inclusion of these two terms in the expression for the . 
free energy favour smal l aggregates, so thus further stablizing the 

discotic aggregates against the formation of btlayers. As there are no accurate data for the 

interfacial tension and average optimum head group areas for the system under study, 

translational and rotational ';ontributions have not been included in this analysis. 
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I� fol lows from equation 1 4.6]  the equi l ibrium size dis tribution of micel les is  

determined by the s-dependence of fio by the following expression 

Xs = sx{e/Js(J.L�-jl� ) [4.7 ] 

w here x1 and J.LP are respectively the mole fraction and c hemical potential of the 

monomer. 

From th� ?bove eq uation it is now possible to predict the size distribution of the 

micelles in a panicular system if values of the interfacial  tt.:nsion, volume and length of 

the chain ,  ar�a the head group occupies, and the chemical potential of the monomer in 

solution are known. \Vhereas in the fluorocarbon systems being studied in this thesis the 

volume and length of the chain can be determined, the values of the remaining parameters 

are not well defined. As MBG have indicated, the specific c hoice of those values which 

are not well defined2 , does not q ual i tativelfrh"ts discussion .. ther�fore the 
0 

procedure u sed was to chqse reasonable values for the unknown p arameters from 

existing data. The chemical potentia l of a monomer in a range of micelle sizes was then 

calculated using �quationj 4. 6 1  and the micelle size di stri bution from eq uation[ 4.7 } .  

Number average Sn and weight average Sw were calculated from Sn = I,xsjL ·� and 
s s 

Sw = I,sxsji,x.\. respectively. 
s s 

Figure 4. 1 shows an e xample of the micelle size distribution for a CsPFOf2H20 

:;ample w i t h  an amp h i p h i le mole fraction of 0.0094 at 300 K .  The ,val�es of th� 
. . . . . \ , . •  · -· , \  

parameters u sed are given in the legend, the choices of these values are more ful ly  

explai ned i n  chapter five where these calculation s are used to  q ual i tatively compare 

theoretical predictions with experimental observations. 

4. 1 .2 Free Energy A pp roac h to Sel f- Assembly 

The EL treatmen t  of self-assembly involves determination of the individual  
contributions to the excess free energy r; of a monome� in an aggregate with an 

aggregation number of s ( * denote:; the geometry of the aggregate) . The size distribution 
of the micel les  is readily obtained once r; is known as a function of s. Contribution s  to 

the excess free energy are give by 

r.� = ftan + r;, + ( £.: )cnnf + Yhr.twa· + c;g (4 .8 ] 

w here ftan i s  the contribut ion from the free e nergy gai ned upon removi ng the 

hydrophobic chain from a water sol ution to a h ydrophobic environment, r;, is the 

electrostatic free energy which counteracts Ctan as a iesult  of concentrating the i onic 

headgroup s  and t heir cou nter-ions. ( r.; )cunf and Yhc twa· represent the free energy 

con tribut ions of the con fi gura tional restrict ions on the aggregated chai ns ,  and 
hydroc�rbon/�at�t: .cQntact res�ctively . . Finally r�js the surfactant headgroup parameter 

introduced in order to accou nt tor several lesser know effects, for example the reduction 
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Fi gure 4. I .  M icelle size d is tri but ion for a CsPFOf2H20 sample the mole fraction of 
'amphiph i le i n  an  agg regate of siz": s verses the aggregation n1.1mber s 

cJlculated from equations[ 4 .6 j  ar:d [4 .7]. The total amphi phi le mole fraction 
i s  x8 = 0.0094 a nd the temperature is set at 300 K. The val ues of ihe 
parameters used i n  the calculat ions are: ,uf = 1 5  k T; y = 0.025 J m·2; y = 
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in  overal l  free energy of the hydrocarbon/water contact becaus� of the presence of polar 

headgroups. 

In the case of a disc shaped micelle, which is modelled as being composed of a 

planer bilayer part joined with a toroidal , semicylindrical rim part, EL have shown that 

the e xcess free energy varies as a. function of the aggregation number s in the fol lowing 

manner 

[4.9] 
where a' is t he contri bution to the excess free energy of a monomer in  the toroidal, 

semicyiindrical rim. f3b i s  the free energy difference corresponding to the work needed 

per monomer to fonn part of an infini te bilayer out of surfactant ions present in solution, 

and d(s) is  a tenn introduced to accou nt for the end to end repulsion resu
.
l ting from 

overlap of the junction zone between the bi layer and half toroid. 

· Once the excess free energy is  known as a function of the aggregation number, EL 

h ave shown that i t  i s  stra ight  forward to compute the vo l ume fraction of disc shape 

aggregates by means of the expression 
tPd = exp( -s£1 I kT) [ 4 . 1 0] 

Usi ng the above express ion for the aggregation number dependence C'f the excess 

free e nergy, EL have calcu lated the distribution of disc shaped aggregates of sodi u m  
dodecyl sulfate (SDS) in  water, a s  a funct ion of surfactant and added inorganic salt4• 6. 
They have used experimental data to determine each of the individual contributions in 

equation[4 .8 ]  to  the  excess free energy . 
Figure 4.2 i s  an examp le of the micel le size distributions that have been calculated 

by EL. The micel le  distributions are for a monomer concentration cf 0.47 mM and at =  

-0. 1 53 299. To exam i ne the i nfl uence of sal t  on the micel le  size di stribution the 
distribution curves have been calcu lated at varying values of /J1 as indicated on the figure . 
f3b i s  inversely proportional to the sal t  concen tra tion, where f3b = 0.2044 corresponds to 

an effective sa lt concentration of 0.5 M, with the two other distributions adapted from 

thi s  value . The graph i ndicates that  the EL model predicts that t here wil l be an increase in 

the average aggregate size and the vol ume fraction of discotic aggregates as the salt 

concen tration is  increased . Th is  prediction of an increase in  the micelle size distribution a� 

a function of salt concentration wil l  be compared with the expe ri mental results from the 
effect of adding e lectrolyte to the mesophase behaviour. EL have also computed 

aggregate size d istri but ions for spheres, rods and vesic les using the above method. It is 
predicted that bimodal distributions can exist  between different aggregate structures and 

an evol ution in the aggregate struc ture of spheres-+rods-+discs-+vesicles as a function 

of increasing sal t  concentrat ion4 (see figure: 4.3) .  This  is an interesting prediction and will 
a lso be used in conj unct ion with e x perimental observations in chapter six of the effect of 

added electmly:e of the self-assembly of lyotrop ic liquid crystal systems. 
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Figure 4.2  The pred icted d i scotic m ice l le size d i stribution . The mole fraction of 
am p h i p h i le i n  an aggregate of siz� s verses the aggregation number s ,  

ca lculated from EL mode l for a S O S  concentration o f  0.47 mM w hich gives 
a1 = -0. 1 5 3299 and di fferent values of f3b (as i ndicated on the figure) 

correspond ing to the i n verse of the salt concentration. 
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Figure 4 .3  Evolution of aggregate structure fi gure reprod·Jced from reference[4] . The 

predicted evolu t ion of the structure of the aggregate as a function of the salt 

and amph iphile concentration. 
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4.2 Self-Organ isat i on Model  

4.2. 1 Sel f-Orga n isa t ion in Rev e rsibly Assembling Lyotropic Systems 

Ini tial theoretical explanations of the orientational ordering in reversibly assembling 

l yotropic systems were b<tsed purely on excluded volume interactions, such as Onsager's 

hanJ panicle model wh ich demonstrated the existence of an alignment transition in a dilute 

solution of long thin hard rods 1 0. A lthough these models may appear rather simplistic, 

especial ly  in considerat ion of i r. teractions s uch as  van der Waals  attrac;uon and 

decrrostatic repul s;on. i t  can be shown from the  theory of simple fl uids,  hard-core 

interactions play a dominant role in determi ning fluid structure and long-range attractive 

potentia l ' s  can often be treated in  a perrurbative manner1 1 . A no t her d i fficult ly in  

modell i n g· order/d isorder tran sitions in  self· assembling systems i s  t h e  vari able and 

polydisperse aggregate size distri bution which is general ly both concentration and 

temperature dependent .  When considering these problems in the context of order/disorder 

transition� in lyotropic liquid crystal systems. it appears that the most applicable theory is 

currently that of Taylor and Herzfeld. They have developed a model based on the scaled 

panicle mod ification of Onsager theory .  for reversibly assembl i n g  systems which 

u ndergo a series of order/di!;order transi tions 7 . The fol lowing is a brief summary of the 

model. and presentation of the resul ts .  I t  is introd uced to al low a com parison between 

predicted and experimentally determi ned ph�se _�haviour. 

Taylor and Herzfe l d  define the model system as a set of pol yd isperse uniaxia l  

part icles ( aggre gates)  i n  a volume V and temperature T. A g i v e n  aggregate is  
characterised by i ts  aggregation number s and its orientation n. The fraction of particles 

which have an aggregation n umber s and orientation n is given by the aggregate n umber 

d i s tribut ion fu nct ion N(s.Q )/Nr where the total n u mber of panicles  is defined as 
N p = Ls.n�N(s.O ) .  Np is  a variable quantity. while the total particle volume fraction �P 
i s  constant .  The Helmholtz  free energy of such a reversibly assembl in g system is  given 
by A(<t>p . y. T ) = -knT ln Q(<f>,, \' , T )  where 

Q(�pY.T) = L,Q{N(s�Q); \',T] 1 4. 1 1 ]  . . . 
{ N ( .t,U)} 

., 

b the canon ical part i t ion fu nctio n ,  in which the sum extends over al l  possible size 
distributions subject to t he constrai nt  of a constant �p· 

The intra-aggregate free energy is  then described phenomeno logically.  The a\lerage 
free energy per monomer, of monomer-monomer contacts within a .'i aggregate i s  taken 
as -((s - 1 ) / s]<t>(T)koT where ct>(T)  is the free energy of assoc iation. Th us each s 

aggregate con tribu tes a Bol tzma nn factor of l/.t = exp[ -( s - 1 )<J>] to the corresponding 
term i n  the partition function. 
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The i nter-aggregate potenti a l  has been model led as an i n fi n i tely hard core 
(correspond ing to the physical d imensions of the particle) surrounded by a short-range 
soft repulsive s tep of height .I and width �- The position and orientation of aggregate i 
h ave been defi ned as x; and !2; respectively, so the interaction energy between two 
aggregates i and j, which depends on their  separation Xij = x; - Xj 
orientarions O.;j = 0.; - Q j .  i ncl udes the hru-d core contribution {oo, d; < () f3J.Lo(x;J ,O.;J ) = 0, d� > O  
ana the contribution of the soft repulsions 

{ 0, d;j < 0 
f3J..L t (X;j ,O.ij ) = {31, o(!l; - 0.1 ), 0 < d;1 < � 

0, d;j > � 

and relative 

[4 . 1 2] 

[ 4: 1 3 ] 

where f3 = 1/knT. d�1 is the minimum surface to surface distance between aggregates i and 
j, and o(il;-Dj) is the overlap length of aggregate i with the rep ulsive step of aggregate j. 

To model translat ional order TH have defined al l aggregates in a translationally 
ordered p hase as bei ng pardl lel  to each other, so disordered dimensions of the systems 
are a llowed to be separated from translational ly  ordered dimensions. Thus the smectic 
p hase i s  viewed as a t wo-dimensional fluid  confined w i t h i n  a one-dimensional cel i  
corresponding to t h e  lh ickness of t h e  smectic layer. In t h e  fl u i d  dimensions the 
i nterpanicle in teractions are sti l l  described by equations[  4. 1 2] and r 4. 1 3] ,  while in  the 
translationally ordered dimensions the-particle-cell  walr interaction takes t he form 

{3w(x · . = {oo if parti�le i penetrates a cel l  wall  
1 )  0 otherwise. [ 4. 1 4] 

Thi s  phenomenological  description of aggregate assembly,  i n  conjunction with a 
scaled panicle treatment of fluid configurational entropy and a cel l description of periodic 
smectic density modu lations is then used to calculate the phase diagram for the disc-l ike 
system. Ir.  the case of d iscmic aggregates TH have modell ed the system as s symmetric 
right cyli nder monomers of equal height and diameter (/) self-assembled to form a right 
c y l inder disc- l ike  s aggregate of height !. They make the assumption that the disc 
polydi spersi ty is  s u f ficient to suppress col umnar ordering, so the system is expected to 
form isotropic, nematic and smectic (lamellar) phases. 

Their  phase diagram of the self-assembl i ng disc-like system is shown, as a function 
of <I> and tf>p, in Figure 4.4.  The ;>arameters that were then u sed i n  the calculations are a 
monomer length of I = 9 A and mass of 500 amu with a repulsive step potential of height 
{3£21 = 0.2 and width .; /a = 0. 1 .  They have assumed that <I> increases l inearly with T· 1 so 
that the phase diagram can be interpreted as a temperature-concentration phase diagram 
The phase diagram displays a low temperature nematic phase intervenin g between a low 
concen tration isotropic phase a nd a high concentration smectic phase. With increasing 
temperature the region of nc::matic stabi l i ty narrows and final ly  terminates at an isotropk­
nematic-smectic tri ple point UP, = 0.35. <I> =  22.0) above which there is a direct isotropic 
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Figure 4.4  TH model  phase diagram for a self-a�:sembl ing disc-l ike system reproduced 
from referencei 7 1 . <l> is the magni tude of the free energy of association of 

each monomer-monomer con tact within the aggregate which is assumed to 
increase l inearly wi th T- 1 ,  and t/11 is the panicle volume fraction. 
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to srnecti<.· tra ns i t ion. For most  ,1f t h e  temperat ure range the smectir. phase is stable vut to 

clo . ..;e pack i n f, .  However. at the  h i ghest tem;Jeratures. when aggregatior t is very weak, the 

smcc�ic phase is prt:d ic ted to he repl �.ced hy a col umnar phase of symmetric or sl ightly 

asymmetric monod isperse d i scs. The TH model wi l l  be compared with th! experimenta l ly  

determined ph<!se behaviouL in  later chapters . 
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Chapter 5 
Effect of Amphi phile Chain  Length on the Self­

Assembly and Self-Organisation of Micelles of the 
Caesium Salts of Perfluorocart'oxylic Acids in  

Aqueous Solut ions 

5. 1 I n t rodu ct ion 

56 

E xperiments conducted on the APFOf2H20 and CsPFOf2H20 systems indicate 

thJt order/d; '  0i Jer transitions are governed primarily by hard core interactions 1 •  2. The 

impl ication .... . th i s  is that, at tractive interactions such  as dispersive forces, or repulsive 

electrostatic i n teractions between micel les are not significant in ihe mechanism of the 

order/disorder trans it ions.  To examine the role of these in teractions, a systematic 

i nvesti gation was undertaken of the effect of the chain length on the nature and 

mechanism of the phase transi t ions in micellar l iqu id crystals found in aqueous 

solu tions of the salts of perfl uorinated carboxylic acids. Tr .�re are some rudimentary 

phase d i3grams available for the heptadecafluorononanoic salts3 · 4 but these are not of 

suffic ient quality for the purpose of the present i nvestigation . 

Previous work on t he phase bc;haviour of the CsPFOf2H20 system has been 

extended by accurate ly  measur ing  the 1 - to- N0 and N[) -to- L 0  phase transi tion 

temperatures in micel lar l iquid crystals formed from solu tions of the caesium sal ts of 

t ri decafl uorohepta  no i �.:  ( C sTFH ) .  hep tadecafl uoro n o n a noic ( CsHFN ) a nd 

nonadecafluorodecanoic (CsNFD) acids in 2H 20. NMR was used to monitor the change 

i n  the s ize of t he aggregate along the transit ion l ines. Phase transi tion temperatures 

were determi ned precisely and accurately  to ± 0.0 1 K by NMR measurements of 

quadrupole spl iu ing�  of 2H i n  2 H20 as out l ined ih c hapter 3. In addit ion , the 

magn i tudes of the 2 J-I quadrupole spl i tti ngs were used to moni tor the variation of 

micelle •;ize a long the 1 - to- N 0 and 1\:i) -to- L0 rran�: i t ion. 

5.2 The Phase Behavi<Jur 

The phase transi tion temperatures of the CsTFHf2H20 (C7) .  CsHFNf2H20 (C9) 
and CsNFDJ2H20 (C l 0) systems are shown superposed on the I - to- N0 and N0 -to- L0 
transi t ion l ine.;, of the CsPFQf2 H 20 (CX) system in  fi gure 5 . 1 .  For the CsPFOf2H20 

sys tem the  i sotropic nema t t c  a nd l ame ! ! ar phase bou�dary curves have b�en 

reca lcu lated from the h i gh resolu t 1on phase diagram of Boden et a/5, using the new 

measured CsPFO den s i ty  of p = 2 .3 2  g. c m · 3  ( a ppend ix C). Using  this density the 

nematic phase volume fract ion (/> at Tp( I ,N ,L) i s  0.44 2(cj. (/> = 0.4266) and the volume 

fraction at t he tricritical  pmnt Tcp is  0.26 (cf. q) = 0.256) . I n  temperature verses volume 
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Fi gure 5 . 1 Nematic-to- isotropic and l amel lar-to-nematic phase transition temperatures 
for the for the CsTFHf2H 20 ( A } , CsHFN/2HzO{o}, and CsNFDf2H20 (0 ) 
systems superi m posed on a partia l  phase diagram (solid lines) for the 
CsPFOf.?H 20 system . A l l  l ; thels  refer to the CsPFOf2H20 phase diagram. I ,  

i sotropic m ice l lar sol ut io� phase; N [) .  nematic phase with discotic micelles; 
L o .  lamel l ar phase; Tp( I .N .L) ,  the isotropic mice l l ar sol ution-nematic­
l amel lar trip l e  point ;  Tcp, the Iamel lar-nemati..: tricritical point. Tc is the 
solubility curve and the dotted l ines belo ... ·.- Tc therefore represent transitions 
between met�stable phases5 · 6. 
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fra�tion of amphiphile space the phase behaviour of the four surfactants is strikingly 

similar wi th the phase transition temperatures being displaced to higher temperatures as 
the length of the fluorc : :rbon chain increases. At corresponding volume fractions the 

temperature range of the nematic range also increases with increasing chain length. The 
correspond i ng temperature range of the nematic phase for C7, C8, C9 and CIO are 
about 5.0 K, 5 .5 K. 6.9 K and 7 .8 K respectively . But at corresponding volume fractions 

the width of the isot r op ic/nematic biphasic region is almost  constant irrespective of the 
chain length. T1w TN I is p lotted as a function of the volume fraction of each of the 
surfactant systems C7 to Cl  0 in figure 5.2 .  The figure shows the width of the 

coexistence regicn decreases as a function of decreasing amphiphile concentration , 

from a rneasured high of == 1 .4 K at Q> = 0.42 to a low of == 0. 1 0  K at Q> = 0. 1 0. 
The ·csTFHf2 H 20 system is d isplaced to lower temperatures (by = 45 K) than the 

CsPFOflH20 system. The tri p le poi n t  Tp( I,N,L) temperature was determined to be 
307 . 3  K (QJI = 0.442, (/)N = 0.450, and d>L = 0.468) (see figure 5 .3 ) .  Tp(I,N,L) was 

determined by cool i ng ; a l/J = 0.45 1 sample from the isotrop ic in to firstly the 

isotropic/lamel lar mixed phase region when the lamellar doublet appeared. On funher 

cooling below Tp(I.N.L ' :·'-:e i� .. >tropic peak disappeared as a nematic doublet increased 
in intensity5 . The onset �f the disappearance of the isotropic phase signal indicated the 
temperature of Tp( I ,N ,L) .  The concentration of each phase was determined from the 

abscissae of the i sotropic .  nematic and lamel lar phase boundary curves at the triple 

point tempe rature5 . Thefe is a remarkable correspondence between the triple point 

compositions in the CsPFOflHzO and CsTFHflH20 systems . It was not possible to 

determine Tcp for the sample si nce th is  occurred at a temperature wel l  below the 

so lubi l ity curve (figure 5J ) .  
The CsHFN/2 H2q system presented (figure 5 . 1 )  i s  disp l aced to higher 

temperatures (by = 33 K )  than  the CsPFOflH20 system with an accessible nematic 

range that is governed hy t he upper temperature attainable on our temperature control 

uni t ( == 370 K ). For th i s  l'iYStem measurements have not been carried out in sufficient 

deta i l  to accurate ly  loc ate the tricrit ical poi n t  Tcp along the nematic- to-lamel lar 
transition line. But the temperature width of the N0/L0 phase coexistence regime at tP 
= 0. : J2 ( = 0.15 K )  is pra<rtica lly the same as that for the corresponding volume fraction 
of CsPFOflH206. I f  i t  i s  �ssumed that the concentration dependence of T LN - TNL is the 

same as that of the CsPFOf2H20 system . which wou ld appear reasonable considering 
the iden tical concen trat i�n depe ndence of T1N -T NI for the perfluorinated systems 

(figure 5 .2 ). then Tcp for the CsHFNf2H20 system will occur at the same volume 

fractior. as it does i n  the Cs?FOf2H20 system i .e.  at Q> = 0.26°. 
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Figure 5.2 Temperature range of the isorropic-to-nematk phase coexistence region as a 

function of vol u me fraction of amphiphi le cp for the CsTFHJ2H20 (•). 
CsPFOf2HzO(e). CsHFNf2H 20( .t.) ,  and CsNFDf2H20<• )systems. 
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In the CsNFDf2H 20 system the phase transitions are displaced by about 60 K and 
the n ematic-to- lamel l � :  •ransit ion is second order (below Tcp )  at t he maximum 
concen tration st• 1died (4> = 0.20). Tha t is Tcp is l()Cated at an i n accessible temperature 

as far as this  study is concerned. At lower volume fractions the i sotropic-to-nematic 

mixed phase region : ·: very narrow (< 80 m K )  and exchange of 2H20 between i sotropic 

and nematic regime�. is usually fast on the time scale of the NMR experiment5 . This, in 

combination with fie ld induced orderin g  of the sample in the isotropic phase, meant that 
TN1 could not be measured to a high precision. A l so, at tfJ = 0.05 and lower the samples 

were very v i scous and at a volume fraction of 0.024 shear i nd uced birefringence 

was observ ed .  This  sam ple e x h i bi ted complex phase beh a v iour which. was 
uncharacteristic of the 1-to- N0 and N0 -to-Lo series of transitions. The shear induced 

birdrin gencc i s  simi lar behaviour to that observed in t he CsPFO/CsClf2H20 system at 

low volume frdctions of surfactant ( see triangular phase diagram chapter 6). Phases that 

e x hibit  t h i s  phenomenort are no longer compri sed of d i scotic aggregates but of large 

vesicles 7 ,  a nd the shear ind uces deformations in the vesicle resulti ng i n  birefringence. 

This  p henomenon is  inte�esri ng and warra n ts funher study, but i t  i s  beyond the scope of 

this investigation. 
In the concentration/temperature space where the 1-to- N [, - to-Lo phase transitions 

prevail it would appe;.:- ihat, within the temperature and concentration constraints of this 

stud y.  t he major effec t of var::ing  the chain  len gth is a vertical shift in  the phase 

bound ary curves <t nd it shoul d  he possi ble to represent the phase behaviour for all four 

sy�tems on a " u n i versal' '  phase d iagram. Such a diagram, which was constructed by 
assumi ng that  Tcp occurs at the same vol ume fraction, 4> = 0.26, for al l four systems 

and treati n g  the Tcp temper;.ture as an adj u stable parameter i n  the CsTFHf2 H 20. 

CsHFNf2H20, and CsNFDf2HzO systems. is given in figure 5.4. The best fit values for 

Tcp u sed i n  t he construction of this figure were 264.5 K, 338.2 K and 365.5 K for C7, 

C9. and C 10 respectively.  The u n i versa l phase di agram is of practical signi ficance 

because the extent of any part icul ar a spect of the phase space accessible to experiment 

is readi l y  d i scemi hle . 

5.3 Aggregate Size Along Phase Transition Boundaries 

A comparison of the aggregate s ize along the 1 - to- N0 and N 0 -to- L0 phase 

transition l i nes  can be obtai ned from the 2H quadrupole splittings. To enable such a 

compari son to be conduc ted it must be remembered thzt at a common volume fraction 

the mole fraction ra tio of am phiphi le  to 2H 20 xJx .. wi l l  depend on the chain length. 

Con sideri n g  the contri hut ion� to the 2H quadrupole sphtting,  equation f 3. 1 9 ] ,  i t  is 

imponant that we account  for the vari ation of xJx"" between systems. This can be 

achieved by simply d iv iding the quadrupole splitt ing at any given volume fraction by 
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Figure 5 . 3  Panial phase d iagram for t h e  CsTFHJ2H 20 system showing the Tp(I ,N,L) 

tnple poin t .  The triang les  represent  experimental points and the lines are 

best fit  second degree polynomials through the data po ints . 
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Figure 5 .4 U n ivers�l  phase d i agram for the CsTFHJ2H20. CsPFOf2H20, CsHFNf2H20. 

a nd Csf'.: FDJ2 H z0 s y s t e m s  i n  red uced p hase transition temperature 
Tff(Tcp) vol u me fraction (/> space. Thl! val ues of the tricritical point (Tcp) 
tempera t u re fot t h e  fou r  sys te ms are g iven in the text.  The symbols 
represent  the CsTFHf2 H 20 ( A),  CsHFNf2H20(o),  and CsNFDf2H20 (D) 
systems. 
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xJxw . h has been shown for the CsPFOf2H20 system that the terms Xv. nb and Sov 
remain constant over the temperature and concentration range of the nematic phasl!5 , 

and therefore 
t. i'(2H )  

I = K(P2 (cosa))5S 
.Xa .Xw 

where K (� � xvnbSoo ) contains all th� terms which are constant (cf. equation[3.20]). 

The quanti ty !lv(2H)/(.x8/Xw ) is a sensitive function of the micelle afb ratio through the 
(P2 (cos a))5 term5. 

A plot of 6 v(2H)/(Xa/Xw ) as a function of tP is given i n  figure 5.5 .  The upper 

curve is for the lamellar-to-nematic phase transition boundary, while the lower curve is 

for the nematic-to-isotropic one. The coincidence of the ll V(2H)/(.x1/Xw ) values at 

corresponding l/J values for all four systems along the transition curves is striking. 

Along TtN the order parameter S is essentially constant8, so the general decrease 

i n  ll V(2H)/(xa/Xw ) with increasing l/J is due to a corresponding decrease i n  

(P2 (cosa ))5 5 . A decrease in (P2 (cos a))5 corresponds to an  increase i n  the aspect 

ratio alb . Considering that a corresponds to the length of t he minor axis which is 

determined by the length of the amphiphile chain the aspect ratio -can only increase if b 
decreases, that is the oblate micel le decreases in d iameter. The decrease in micelle size 

as a function of im.Teasi ng amphiphile concentration along the T LN transition line is 

consistent with previous findings9. The coincidence of the llv(1H)/(x.Jxw ) vs l/J along 

the nematic-to-lamellar curve, irrespective of the length of the amphiphile chain, 

suggests at least a "corresponding states" kind of behaviour. That is, the nematic to 

lamel lar transition occurs when the micel les attain a given afb ratio for a panicular 

volume fraction . 

Along TNJ 6 Vc2H)  is determined by changes in both (P2(cos a))sand S. With 

increasing  surfactant concentration S increases and (P2 (cos a))5 decreases5 . From l/J 
values of 0.45 to 0.20 it is the decrease in S which dominates, but at lower l/J values the 

rate of decrease in S is small and the increase in (P2 (cos a))5 with decreasing tp results 

in  the observed i ncrease in ll\t(2H)/(.x1/Xw ) .  The coincidence of the values of 
ll V(2H)/(.x1/Xw ) vs tp, irrespective of chain length, along the isotropic to nematic curve, 

suggests that this transition also occurs when the micelles attain a given afb rati(l at a 

particular fP. The conclusion is reinforced by recalling that the width of the 1/No phase 

is independent of ch.t i rl length. TIN - TNJ is related to the strength of the transition and 

hence to the value of S at T NI · Figure 5.2 sugg-ests that S has the same value at T NI for 
all the systems. 
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Fig ure 5 . 5  Plot of t h e  q ua n t i ty  !l i.'( 2H )/(xa /Xw ) measured along the isotropic-to­

nematic transi tion l ine ( lower trace) and the nematic-to-lamellar transition 
l i ne ( u p per t race )  versus vol ume fract ion of amph iph i le � for the 
CsTFH/2H 20 ( t. ) ,  CsPF0/2H 20(e),  CsHFNf2H20 (o) ,  and CsNFDf2H20 
(D) systems.  
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Similar concl usions ( to those above) have recently been reached from considering 
the 1 33Cs quadrupole splinings along the 1 -to- No and N0 - to- L0 transition lines in the 
two systems CsPFO!H20 and CsPFOf2H209. In the latter case, however, whilst the 
mk:lle axial  rat ios in the  two sy�1ems a long the N0 -to- L0 transition l i ne were 
ideinical . there was a small  isotope effect along the 1-to- N0 transition line. 

I 
i A long both the 1-to- N 0  and Ni)-to- L0 transition l ines in figure 5.5 the afb ratio 
I �or \ the micelle must be the same. This does not, of course, mean that they have the 

same aggregation number since the chains have different  l engths. The only system for : I . 
whiph micelle aggreg�tion n umbers have been detenni oo cf  is CsPFOf2H20. It i s  
possible to estimate the micelle aggregation n umbers for other systems by normalising 
to these _data. Taking a to be the length of the fl uorocarbon chain from the tenninal 
fl uorine of the CF3 group to the <.:entre of t he a-carbon of the carboxylate carbon (= 

0. 1 86+0. 1 30Nc, w here Nt· is  the nu�her of carbons i n  the fluorocarbon chain8) and 
c a l c u l a t i n g  t h e  v o l u m e  o f  t h e  a m p h i p h i l e f r o m 10 

V A = {3. 6  + ( n - X )  X 0. 3R I }  X w -21< m3 • where the volume of CsPFO is 3.6 X 1 0-28 m3 

and 0. 38 1 x w-2H m3 is the vol ume of one CF2 group8, we can calculate the micelle 
aggregation number from s = (4tcab2/3) / V A at any given ajb ratio. A t � =  0.2 for the 
C8 amphiphile . the axial ratio af h i s  �.27R and s = 200 1 1 . The corresponding J values 
for �he C7 , C9 and C l O  systems are 1 55, 250, and 3 1 0  respectively. This is funher 
ev id�nce the tra n si t ion is mainly d ri v�n hy excluded volume interactions, since if van 
der Waals attrdctive forces were also signi ficant we would expect these to increase as 

, I 

the �ize of the micelle increased. . ! \ The i
'
ncrease in  the temp�ra ture r•mge of the nematic phase with increasing chain 

len gth can also be i nterpreted in te�ms of the self-association of the fluorocarbon 
chains.  At � = 0.2 the nematic tem�rature range (T�'l -TLN) for the C8, C9 and C l O  
systems are 5 .70. 7 . 1 X and X .56 K respectively. At this concentration the afb ratio for 
the CsPF0/2H 20 sy stem at T·�N i s  0.249 . Thi s  represents a growth in J for the C8 
system from :wo at TN 1 to 265 m Tu;i. The corresponding growth for the C9 and C l O  
systems are from 250 to �40 and from 3 1 0  to 420 respectively, i . e .  the micelle 
aggregation numher need s to increase hy progressively greater amounts as the chain 
size increases in order for the desi red ' ajh ratio to be obtained. It is interesting to note 

' 

that ; ru I iJT is about 1 2  for a l l  the �y stems. Of course, for the explanation of the 
increases in the temperature range of the nematic phase to be valid, dJ I Of must be the ! I . 
same for al l four surfactant systems. This may not be the case. 

i I i · j \ The qbser 11ation of con s1�ant alh ratios along hoth the 1-to- No and Lo- to- No 
t+n �ition li,nes is <.:onsi ste nt with  a hard particle interaction being the drivinJ force for 
bOth j transi tions. In the fol lowing sections this premi�e will be exami ned fun her by . 
compari ng the actual alh ratios <tt the transitio"s w · rh those predict� by various hard 
panicle models .  
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5.4. Comparison of Phase Behaviour with Hard Particle Models 

The experimental results have shown that at a fixed volume fraction tP the aspect 

ratio alb of the micel le at the isotropic- to-nematic and nematic-to-lamellar transition i s  

independent o f  the a mphiphile c hain length. A plot o f  both theoretical a n d  experimental 
val ues for alb versvs f/J at both the isotropic-to-nematic (a) and nematic-to-lamellar (b) 

transit ion is presented in figure 5.6.  The experimental results are only represented by 

the CsPFOf2H20
. 
system as th is system has experimentally determined axial ratios5 • 9 

but  as stated above, th is  plot i s  reprl!se n tative of a l l the systems studied. The 

A PFOf2H20 system data are also i ncl uded for a comparison between systems. 

Th� agreemen t  between the TH hard panicle mode l  at higher surfactant volume 

fraction s is very good at TNt ( figure 5 .6(a ) ). The deviation at lower volume fractions 

towards smal ler than pred icted micelles suggest a great�r effective diameter increasin g  

with d i l u t ion . Correcting for t h e  Debye lengths o f  0.420 n m  at Tp(I,N,K) and 0.2 1 5  a t  

Tp( I , N,L) dcfnot accou nt for t h e  deviations, nor d oe s  the inclusion o f  a hydration ion 

she l l ,  decreasing in ex . !  :: t w i th temperature. I t  has bee n  suggested that a possib le 

explanation i s  an add i t i oral  i n teraction which i ncreases with the micel le anisotropy5 . 

The origin of the extra i�teraction is u nclear. I t  could arise  from i ncreasing anisotropic 

van der Waals forces as the atb ratio decreases but this is pure speculation at this stage. 
I ·  . 

The poor agreeme ryt bet ween the TH model and experimental results along the 

lamel lar- to- nematic transition i ndicate that the method used to model the onset of 
� . � 

translational orderi ng is . inadeqtwte . I n  the CsPFOf2H20 system the volu me fraction 

dependence of the a!h r�tios at TNL and TLN run parallel  to each other with a slight 

d i splacemen t  to h i gher rttios at T LN and in both cases alb i ncreases with increasing 
vol ume fraction. The model pred icts that along TLN alb decreases with increasing f/J. In  

additi on at TLN the predicted axial  rat ios are far too smal l .  Taylor and Herzfeld have 
l 

acknowledged that their  cell de�cri ption of the lamel lar phase is somewhat crude 1 2. The 

para l le l  beh avio u r  e xh i hi.ted along TNt and TLN in  the CsPFOf2H20 system suggests 
that  the d ri v i ng force foqhe N[J -to-Lu transition is the same as that for the N0 -to-I 

trd n sit ion.  . ! 
S i nce a hard p art iCle description applies eq ual ly wel l to all  the systems. the 

dependence m the ohse�ed phase t ransit ion temperatures must be a consequence of 

changes i n  the aggregate �If-assembly. This wi l l  now be examined in the context of the 
' 

1 .  ' . 

MBG . nodel.  
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I I : Fi '!!ure 5 .6( a )  Comparison of the ncma r ic  phase vol ume fractions a nd aggregate sizes at 

I I ' T r-; 1  i n  the CsP �O/�H :!O( • )  and A PFQf2H20( e ) w i t h  predictions of the : ! Taylor- Herzfe ld(TH ) modei 1 2 . (b) Comparison of the nematic and lamellar 
ph ase volume fractions and aggregate sizes at the TLN wi th pred ic tions of 

the TH mode l .  
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5.4. 1 .  Effect of Changing Chain Length on Micelle Size 

The predicted effect of changing the chain length on the aggregation process can 

be examined using equation l4.61  of the MBG model .  A value for y of 0.430 was chosen 

to be consistent with the region of discotic micelle stability.  The dependence of the 
chemical potential of the isol ated monomer on the chain length has been shown to be 

the order of 1 .2 kT per methylene group 1 3 • 1 4  and in the absence of information on 
corresponding CF2 grc ·i �s t h i s  fi gure wi l l  be u sed here . Calculations were first 
performed on the C8 system9 and a value for J.lb of 1 5  kT was used 1 5. Accordingly the 

val ue for the C7 , C9 and C I O  monomers have been assigned respective chemical 
potentials of 1 3 .8 ,  1 6.2  and 1 7.4 kT. The interfacial tension Yt was set at 0.025 J m-2 a 

value which is r�ughly half  that for the perfluorohexane-water interface9. The length 

and volume of the monomer chai n can be determined by taking I to be the length of the 
fluorocarbon chain from :the terminal fluorine of the CF3 group to the centre of the a-

' 

carbon to carboxylate carhon ( /  = 0. 1 86 + 0. 1 30 Ne, where Ne is the number of carbon ' s  

in the  fl uorocarbon eh;� i n  10) and calcu l a t ing t h e  volu me o f  t h e  amphiphile from 
V A = { 3. 6 + (Ne - 9 )  x 0 :.�X I }  x w-21< m\ where the vol ume of the CsPFO amphiphile8 

is 3. 6 x 1 0-2x m� and 0.3X 1 x J0 ·2X m3 is the volume of one CF2 group 1 0. The minimum J 
micelle aggregation n u mber i s  calcul ated from Smin = ( 4rrl3/3) I V A ( see table 5. 1 ) . For 

> 

the purpose of t h i s  discu�sion t h e  actual values chosen are not critical , rather i t  is the 

effe c t  that  changi n g  the l e n g t h  of the amphiphile chain has on the micelle size 

distri bution. 

Tahle 5 . 1 C�t lculated amphiphile dimensions 

Number of carbons Le noth of c hain I e Vol ume of chain Minimum micelle 
I 
j :  1 ( nm )  (nm3 ) aggregation number 
I 

7 I ;- 0.966 .322 1 2  

8 
' 

1 .096 .360 1 5  , ,  l 1 

9 ; 1 . 226 .398 1 9  . .  
1 0  l 1 . 356 .436 24 

Comparisons were �m<�de <� t a constant total surfactant mole fraction of 5 x 1 0-4 

and at a fixed tempera t u
i
re of 300 K. The micelle size distribution s as a function of 

chai n length are s hown 1i n fi gure 5 . 7 .  The figure shows that the model predicts an 

increase in the micel le�  s ize a� a function of chain leng t h ,  the n umber average 

aggregation numhers Sn ��r C7 . CX. C9 and C I O  have been calcu lated to be 32, 94, 263 

and 964 respectively.  Td mainwin a constant amphiphile mole fraction, x1 had to be 

reduced as a function o f  increasing chain length with the mole fraction of monomer in . ! :  ' : 
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I 
I 

Figure 5 .7  M ice l le s ize d istri bu t i on s  at 300 K and a fi xed total amphiphi le  mole 
I fract ion of 5.069 x 1 0·4 as c�t lcu lated us ing the MBG model of self-
: I 

! assembly .  Derai ls 10f the calc:ulations a nd the parameters used are giv{ in the 
text.  
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solu tion for C7. CH. C9 and C I O  having mole fractions of x = 4. 1 67 x 1 04, 1 .235 x 10· 

4 ,  3.544 x I 0-5  and 1 .0 1 7  x I 0-5  respecti vely, a resul t  \\ hich is  consistent with the 
decrease i n  the erne vaiue as the amphiphile chain  length is increased3· 16. 

The MBG model al lows the surfactant molecule in  a discotic micelle to reside i n  
o n e  of two sites

.
i, the rim or the cap of the disc. The chemical potential of the surfactant 

in the micel le is  the wei ghted average chemical potential of each of the two si tes. 
Predicted increases in  the micelle size d istribu tion as a fu nction of i ncreasing cha i n  
length c a n  be understood phenomenological ly by considering the surfactant chemical 
potential in each of the sites. As the chain length increases the rim sites wil l  have a 
higher chemical potential due to the increase i n  both the curvature free energy of the 
chain and the interfacial ten sion . Th is may be offset to some extent by a decrease .in the 
e lecuostat i ·: repulsion. Cha ir :.. in  the cap, however, wi l l  experience a greater attraction 
for each ·other and t hi ;,;  w i l l  lead to a decrease in the chemical potential of a cap 

' 
molecu le with i ncreasing chain length. Thus. longer chains favour larger micelles. 

An increase in t.h e  micellar si ze distribution with i ncreasing amphiphile chain 
length i s  i n  accord with the e xperimental observations. I t  is possible to account for the 
form of the phase d i ::.:..\ .:m of the analogues in terms of the micelle disoibution . As the 
chai n length is i ncreas�d at any given volume fraction there is  an increase in the size of 
t h e  micel lar d i stribu t ion . therefore the temperature must be increased to decrease the 
micellar s ize d i strihutJon x to atta i n  an appropriate eccentricity for the transition to 
occur. As the :ha i n  le,n gth i ncreases t he phase transition boundaries are displaced to 
higher temperat:.n cs ( figure 5 . 1 ) .  

' 
5.4.2 Effect of Temperature on Micelle Size 

. 1 
U si ng the M BG mode l the increase i n  size of the micelle with increasi n g  

� 
fluorocarbon chain len�th is  explai ned by an increase in the factor g(a) of equation[ 4. 1 ]  
due to a concomitant i n,cre<tse in  the splay elasticity associated with an increasing radius 
of cu rvature of t he mi��l le ri m.  However. arguments based purely on changes in the rim 
curvature would predi�t a n  increase in micel le size with increasing temperature as the 

• 

curvaiUre energy of thr rim increases. the opposite to what is  observed. In addi tion , the 
I 

s i m i l ar temperature d e pe ndence of the phase transit ion temperatures in  aJ J four 
I 

surfactant systems cqgure 5.4 ) i s  inconsistent with the notion that it is the chain 
interactions which are �esponsible for the temperature dependence of micelle size. 

' . ' 
The origin of the observed decrease in miceiJe size with increasing temperature is r. 

most l ikely the effect 'of temperature on the binding of the ions at the surface of the 
I 

micelle.  The isotope 'effet· t on the phase behaviour of the CsPFO/water system on 
su bsti tut ing w<�ter for he�tvy water has heen attributed to tighter binding of Cs• ions to 
the surface cari>oxyl�t tt groups \'ia bridging water molec ules in the case of 2H209. The 
micelle size decrease s :;as the temperature i s  rai sed is simi larly accounted for in terms vf 
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bond i n g  throug h �: bridg i ng water molecule . On raising the tempera ture , the hy�; oge n ­

bond w i l l weaken .  t h a t  i s .  t he COO·-Cs ... d istance will increase and the screening of the 

re pu l s ive force w i l l  be red uced. Th u s .  the average optimum head �roup area ao will 

increase and there wi l l  be a corre spond i :1 g decrease in mic�lle <:�ze. 

The TH t heore t ica l  pha se di agram for the self-as<:.:.mbl ing disc otic sy stem 1 2 is 

compared with the ph a se d iagram of t h .!  CsPFOf2H 2 0 system � · 8· 1 7 ( see figure 5 .8) .  

Th ere are simi l ari t ies bet ween the topo iogy of t h-::se two phase d iagr am s. I n  both phase 

d i agr:.1ms t he tempe rature o f  the 1 - to- N0 trar.si t ion is  displaced to h igher values with 

i ncreasi n g vol ume frac t ion as a conseq uence of a reduc t ion in the aggregate size with 

increa s i ng temperature. A l so in both d iagrams the wid th of the isotropic/nemat ic mixed 

phase re g ion increases w i t h  i ncreasi n g  volume fraction of micelle but the wid th of �his 

region is much greater i n  the  theoret ical phase d iagram . At the triple point the i sotropic , 

n e m a t i c .  a n d  s m e c t l c  ph a se s  c oe x i st at v o i u m e  fr act i on s  v� = 0. 425. "'{:· = 0 . . n 1 and �) = 0. 448, respectively .  which d iffer from the calculated 

t ri p l e p0int a t \'� = 0. 2�.  v�· = 0. 36 and v� = 0. 55. The absence of the nematic-to-

lamel lar  tricri rica l poi n t  from the model pha se diagram i s  due to the crude cell constant · 

descri p t ion of the  smectic p �. a se .  wh ich prec ludes the possi b i l i ty of a continuous 

tra nsit ion from th� nema t ic .  The TH pha:.e d idgram doe s  however reproduce weakening 

o f  t h e  f! rl\t  orde r ne m a t i c - to - l a me l la r  tra n s i t ion w ith decreasi n g tempera ture .  The 

pred ic ted ph ase d iagram a bo has on l y  a sma ll compos it ion dependence for t he nematic­

to- lame l lar tn: n si t ion , w h i le the CsPFO/� H 20 system has been shown to have a marked 

composit ior. depende nce to t h i s  tran si t ion . In add i tion . th e wid th of the mixed phase 

re g ion asso� iated w i t h  the lame l l ar- to- nematic transi tion is  predicted to be much greater .� 
th an i s  observed for the Cs PfOf2H20 system . The columnar phase ,  which is  predicted 

to occur at  h i gh tem pera t ures a n d  vo l ume fract ions .  has not been cbserved in t he 

C� PFOJ2 H :!O syste m .  Overa l l  the mode l demonstrates many of the features of the real 

system :; pha se behav iou r e spec i a l l y  at the nemat ic-t o- i sotropic transition ,  but there are 

d i scre panc ie ' at t he nem a t i c - to- l amel ! ;tr pha se tran sition. The differences between the 

phase d i agra m s l ie s  i n  t he d i fference het ween alb v s  (/J curves and the temoerature . ' 

d� pcnde nce of 1 h e  soft i nterac tions w h ic h  are signific ant at low concentrations.  The 
predom i n a n t  effec t of te mperature is to ca use a red uc tion i n  the si ze of the micelle 

w h tch nece ss i t ates  got  n g  to h t g he r c c.:1ce n t r a t i o n s  i n  order to induce the phase 

t ra nsi t i On . 
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Figure 5 . 8  Compari son of the. �rctical  p hase diagro1�:1 for a self- assembling disc-like 

s y src>m ( a )  w i t h  the phase d iagram foi the CsPFOJ2H20 system (b) .  I n  (a) <I> 
i s  t h e  ma g n i t ude of the free energy of associat ion of each monomer­

monomer conraci w i t h i n  the aggregate which is a�s umed to i r.crea!;e i inearly 

w i t h  T 1 ,  �md <f;, i s  t he panicle vol ume fraction . 

+-
0 0 

�----L---�----� 0 

. 
0 c:r 

Vl 
3 r:. n 
n 

' . \ 
-._..,� 

T/K 

:.r. 
..... 
._, -
..., 0 

'"0 
c:;· 

0 c 

JU U W O IO.) 
-. 



5. E.f(ecr of Amphipltile Chain LenRrh 73 

5.5 Concluding comments 

\ The u n iversal phase behaviour, for surfactants of a given cou nter-ion but \Vith 
I 

d if�eren r chain lengths. exhibi ted by these systems is of practical imponance for future 
I . 

studies on the sel f- association and . self-organisation at the extreme concentration 

reg ilmes. To examine the pha Se  behaviour at high volume fractions. the C7 salt is the 
I 

obv�ous choice si nce the lamellar phase is present over a readily accessible temperature 

range . sim i l arl y . at !ow vol ume fraction of surfactant. the C9 or C lO systems are the 

obvious ones to study. 

The isotropic- to- ne�Tla tic trans i tion l ine seems to be determined by hard panicle 

i n teractions at h i gh concen trat ions whi lst longer range soft i nteractions m�y become 

i mporta � t at lowe r concen trations. The l atter could affect the strong temperature 

dependence of t he phase behaviour. though this is predominantly d ue to the effects of 

temperature on the  se lf-assembly of the mice lle. The variation of the phase behaviour 

with fluorocarbon chain length reveals the imponance of the curvature free energy of 
I 

the surfactant fi l m  i n  de tem1 ini n g the· micel le size. However, this does not accoun t  for 

the qecre:1se i n  micel le size wi th  increasi ng temperature .  This has been identified as 

a�i si hg from the e ffects of ten�pe rarure on the bi nding of caesium ions to the micelle 
I . ' 

su rface. . .  ' 
I I 
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Chapter 6 
Effect of Added Electrolyte on the Self-Assembly 

and Self-Organization in  the APF0/2H20 and 
CsPF0/2H20 Systems 

Most ionic amphiphile lyotropic liquid crystal sys:ems require the addition of an 
electrolyte and/or cosurfactant to exhibit a nematic phase. This observation implies that 
electrolytes can play an influential role in the self-assembly and self-organisation of 
micellar liquid crystals.  Considering that the aggregates of ionic amphiphiles have 
charged surfaces it is not surprising that electrolyte will have an influence. The question 
t .. :\t is posed is what role cioes the electrolyte play in modifying the nature and mechanism 
c,f the phase tra�sitions i .e .  how does electrolyte effect the intra-and inter-micellar 
interactions. 

The first se�· on of this chapter funher develops the use of deuterium quadrupole 
spl ittings of 2H20 a a pr?be to determine changes in the size of discotic aggregates of 
the binary APFOJ2H 1 system, whilst the second section applies 2H NMR to aggregate 
structure i nvestigation)'lin�the CsPFO/CsClf2H20 and APFO/N�Clf2H20 systems. For 
the CsPFO/CsClf2H:O �.f'em, in addition to aggregate structure information from the 
2H quadrupole splitting� . ·informat ion about changes in the counter-ion f3cs and eo-ion 
binding f3cJ has been obt(\ined from the ; 33Cs and 35Cl quadrupole splittings 2· 3(see 

! , ,  . 
equations[3.2 1 ]  and 1 3.23} ) .  

' i  ! 
6 . 1  The NMR : Model to Probe Aggregate Structure 

A model of the relationship between the deuterium quadrupole splittings and the 
mesophase order and aggregate structure has been developed ar,d used in both the 
APFOf2H20 and CsPFOfH20 bin2ry systems 1 •  4. In both these systems it was clearly 
demonstrated that change_s in the 2H quadrupole splittings could be identified with 
changes in the orientational order parameter S and (P2 cos a)s (equation 3 . 1 9) as 
determined from x-ray a11d conductivi ty measurements. For the binary A PFOf2H20 
system the model has only _been tested on a APFOJ2H20 (wa = 0.45) sample from TNI to 
TLN - 5 K 1 , while for th� binary CsPFOJ2H 20 system it has been tested along the 
nematic-to-isotropic. transition4• The micelles were assumed to be discotic ellipsoids and 
whilst tt is conceivable that �n the dllute lamellar phase these discotic micelles are arranged 
·on equidistant planes, at h igher concentrations. because of micelle packing constraints 
;and interlayer repul�ive for�es. more complex lamellar configurations. such as perforated 
:bilayers etc. must er.sue uptil evenrually classical bilayers prevail. The assumption of 
:discotic micelles wJuJd, th�refore. no longer be valid and the model must fail. 

I ' 
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In this section the relationship between the 2H quadru pole splittings and the 
mesophase structure aild order will  be tested at other concentrations of the binary 
APFOf2H20 system to de_tennine if the fit of the discotic aggregate model still applies 
over a range of temperatures and concentrations. Order parameter data from electrical 

I 
�onductivity measurements and axial ratio data from low angle x-ray scattering 
�xperiments were provided b:· eo-workers at Leeds University5, see figures 6. 1 and 6.2. . ' I The binary APFOf2H20 system i s  an excellent system to study as its aggregate 

I . 

$tructure can be directly analysed by low angle x-ray scattering experiments, which is 
I ! I 

difficult in the CsPFOf2H20 system as the caesium ions are strong absorbers of x-rays. 
l com�rc:hensive phase di�gram has bee � produced for the binary APFOflH20 system 
I I • 

(see figure 6.3) and there is a detailed understanding of the pha se behaviour1 • The 
APFOflH20 system is qualitatively similar and exhibits the same phase bel:dviour as the 
CsPFOPH20 system 1 . 

In  order to determine the order parameter and axial ratio from experimental data the 
geometry of the aggregate has to be defined. Both the order parameters and axial ratios 
have been calculated assuming that the aggregate consists of oblate ellipsoids. For this 
geometry ( P2 cos a) s is related to t�e axial ratio ((l!b) of the micelle bl 

(P2 (cos
,
a))s = � { 3 v-2( � � � ) - 1} [6. 1 ] 

r
re 

! 

r : 
. I 

I 
' t 

'. 1 - v2 ( 1 + v) p = ., In -1 -
.· .. V - V  [ 6.2] 

[ 6.3 ] 
I ' ' : 
Quantities other than S and ( P2 ( c:Os a)) th�t contribute to the 2H quadrupole splittings 
. � 

( i .e. xonbSoo see equation [ 3 . 1 91) were assumed to be constant over the temperature 
interval of the measurements4 . It fol lows from equation [ 3. 1 9  j that in these 
circumstances, for any given sample 1 • 

�_4 = (s(P2(cos a)}s )r 
�vf ... , (s(P2 (cos a)}s )r.., 

[ 6.4] 

Thus, a plot of the quantity on the . left hand side verses the quantity on the right hand side 
of equation (6.4)  may be used t-..! test whether the discotic micelle model invoked to 
!determine axial ratios and the order parameter is appropriate. I ' • 
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Figure 6. 1 Order parameters S for (a) the APFOJ2H20 (w3 = 0.40) sample and (b) the 

APFOPH20 ( wa = 0.50) sample. For the 0.40 sample crystall isation of the 

amphiph i le occurred in the nematic phase (see :..>ha�e d iagram figure 6.3).  

� 

I 
Data provided by J .  Clements 
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i 
I 
I Fi gure 6.2 A x ial  ra t ios alh for ( �t )  the A PFOPH20 ( w3 = 0.40) sample and (b) the 

APFOPH20 ( w 3  = 0.50) sample. Data provided by J. Clements 
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Figure 6.3 Phase d iagram for the A PFOJ2 H 20 system 1 •  N omenclat:�re :  I ,  isotropic 
micel lar  sol ut ion phase ;  Nj) .  di scotic nematic phase with  positive 
d iamag netic susceptibi l i ty ;  Lo. discotic lamel lar phase; K, crystal; Tcp, the 
lamel lar-to-nematic tricri tical point ;  Tp( I , N , K ), the i sotropic micellar 
sol u tion - nematic-crystal tri ple poi nt;  Tp( l ,N ,L) ,  the isotropic micel lar 
solution-ner;..,tic-lamellar triple point; Cep, the critical end point. 
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Equation[6.4] was tested from T Nl  down to TNl - 4 K and TNI - 23 K for the w 1  = 
0.40 and 0.50 A PFOf2H20 samples re spectively. I n  both samples there is supercooling 
below the solubility curve. The actual crystalli sation temperatures determine the range of 
the fit. The results are given i n  figures 6.4 and 6.5 respectively. Over the temperature 
range examined for each of the samples the plot of the left hand side verses the right hand 
side of equation[6.4] is clearly l inear with a slope of u nity. Thus over the temperature and 
composition range covered the structures of both the nematic and lamellar phase are 
consistenr  with the structural units bei n g  oblate ellipsoids. The agreement between both 
sides of equation[ 6.4] shows that rn;aasurements of the quadrupole splittings can be used 
t� mon i tor changes in the micelle sizes and mesophase order with temperature and/or 
composition. The changes in  the quadrupole splittings in the nematic phase is largely a 
c�nseq uence of the change in S and (P2 cos a)s 1 · 4, whilst in the lamellar phase it is 

I . . : 
predominantly changes in the latter quan tity which lead to change in L\v( 2H ) .  

I • 

The ability of NMR to monitor changes i n  micelle size and to precisely determine 
phase transition temperatures establjshes 2H NMR as a powerful tool in the investigation 

I 

�f the n ature and mechanism of ph ase transitions in these systems. I n  the following 
section we will use the 2H NMR model to probe the influence of electrolyte on the self-

P. 

assembly and self-organ i sation o� the A PFO/N H4Cif2H 20 and CsPFO/CsClf2H20 
systems. 

6.2 Ternary Systems 

6.2 . 1  A PFO/N H 4 C I / l H 1 0  Svstem 
• I 

A panial phase d iagram of th� APFO/N H4ClPH20 system at a constant mass ratio 
· of APFO to 2H20 of 9 : l l  is preseflted in figure 6.6. For the electrolyte mass fraction we 
' I . . 

; = 10 sample the 9 : 1 1  ratio c9rrespQnds to a APFO mass fraction of 0.45. This ratio was . I , . . 

· chosen so as to give a nematic pha� in  an accessible temperature .. window". The phase 
diagram in figure 6.6 shows a N i)::phase intermediate to an isotropic micellar solution 

I 

phase I and what is probably a discQtic lamellar phase Lo. The N 0  phase is stable from 
I 

We = 0 to 0.0175 ± .0005 and fro� temperatures of 295.3 to 3 1 6.6 K. All the phase 
transition temperatures are seen to increase monotonically with i ncreasing mass fraction 
of electrolyte we. but not to the same exten t The i�i tial effect of adding electrolyte is to 
increase the temperature range of 'he nematic region. but as the NH4Cl concentration 
increases the nematic range dimin i�he� until it di sappears altogether at we = 0.01 75 ± 
.0005 ,  T = 3 1 6.5 ± 0.05 K.  This poi nt is a critical end point Cep. where the line of 

,I 

second order Lo-to- N0 transitions i ntersects with the lines of first order N 0 -to-I and 
Lo-to- 1 transitions. 
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Figure 6.4 Plot of equat ion!  6 .4 1 for the APFOf2H20 (wa = 0.40) sample. The srraight 

l ine has a s lope of one and an i ntercept of zero as predicted. The best fit 

values of these two quantities are 0.98(2) and -0.01 (4), respectively . 
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Figure 6 . 5  Plot of  eq uation( 6.4 1 for the APFOf2H20 (w01 = 0.5{}) sample. The straight 

l i ne has a slope of one and an i n te rcept of zero as predicted. The best fi t 

values of these two qu�tnt i ties are 1 .04(2) and 0. 1 { 1  ), respectively. 
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Figure 6.6 Partial phase diagram of the APFO/NH4Clf2H20 system wi th a mass ratio of 

APFO to 2Hz0 of 9 :  1 1  and an elecrrolyte mass fraction of we (mole ratio of 

1 to 26. 3).See legend to figtrre 6.3 for explanation C\f the labels. 
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The deuterium quadrupole splittings at TLN· Tu, and TM are presented in figure 
6.7 .  

The quadrupole splinings albng the TLNffu boundary are seen to decrease slightly 
(after an initial increase)  as we increases. For the samples considered in the present study 
the ratio xJxw is constant and previous studies have shown that the product :x.onbSoo is 
also constant over the temperature range of the l iquid crystal phases 1• 2• 4 .  The variation 
\"f �v( 2H) is therefore� representative of changes �n S and (P2 (cos a ))5 1 with 
,temperature. Equarion[3. 1 9] can then � written 

�v( 2H) = c(P2 cos a) sS [ 6.5 ] 
where c r\!prese� �he terms that are i ndependent 

_
of temperature. A long the nematic-to­

l amellar transiti�� i s  tonstant6, so changes in �v( 2H) are as a result of c hanges in 
(P2 (cos.a})s . Thus (P2 (cos a})J must only change slightly along the Lo-to- N0 and Lo­
to- 1 transit ion lines. The implication of this is  that the micellar size and shape changes 
li ttle along this transition line .  

Along TNI· AV{ 2H) increa�es with increasing we and intersects with  the upper 
c urve at Cep . At the nematic-to-isotropic transition .6.v(2H) is a function of both 
(P2 cos a)s and S .  Thus the a+i tion of electrolyte causes an increase in both 
(P2 cos a) s and S until at Cep they. are the same. The major effect is from the increase in 
I I ) f- For the we = 0 sample • .for ex�mple. (P2 cos a).f increases by only 5% across the 
nematic phase whilst s increases by a factor of about three7 (compared with an increase 
1
1
n the quadrupole splinings, across !he nemaric phase of 2.9). 

A low angle x-ray study of. this system was conducted by eo- workers at Leeds 
U niversity8. The scattering pattern for a sample in the isotropic phase is  a single diffuse 
ring, while for a�Ugned' nematic sample there i s  an intense Bragg peak along the 
meridian arising from the "face tp face" separation dtt of the micelles parallel to the 
nematic director. A weaker diffust scattering along the equator arises from the "side to 
side" separation d� of the micelles !n the plane perpendicular to the nirector1 .  An example 
Of d-spacings data Obtained for a S�mple with We: = .0047 is Shown in figure 6.8. 

In order to determine the axial  ratio from the d-spacings oblained from the x-ray 
experiments the micelles that are assumed to be discoidal and hexagonally packed into 
planes i� the ordered phases the vc.Line V m of the micelle can then � calculated from 1 

'I \'m = 2d'!!JI� (6.6) 

where tp is  the volume fraction of amphiphile. The length of the minor axis a of the 
di scoti� micelle is fixed as 1 �he len�th of the fluorocarbon chain. w!-lich is  1 . 1  nm in the I I ' I I 'r 
APFOf2H20 syl\tem. Given 1 this. the length of the major axis b can be calculated from 1 I I · 

: p ! · · 
. 

. h = ���� . ( 6.7 ] 
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Figure 6.7 Partially averaged 2H qu.,drupole sp!i ttings �V( 2H ) at TNr .  Tu. and TLN as a 

function of the mass fraction of NH4CI (we) in the A PFO/NH4Cif2H20 
system (mass rat io of � �FO to 2H20 is 9 :1 1 ) . 
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Figure 6.8 d-spacings for we = 0.0047 from the APFO/NH4Cif2H20 system with the 
mass ra tio of A PFO to 2H 20 fixed at 9 : 1 1 . The d-spacings have been 
calcu l ated from the maxima of the intensity of the scattering curves. d11(•) is 
the face to face separation of the micelle measured along the meridian. d.L(e) 
i s  the side · i side separation rneasL•red along the equator, and do( A) is  the 
average cen tre to centre separation measured in the isotropic phase. Data 
provided by Gerson Oriques8. 
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and also the aggregation number s can be simply calculated by 
' s = vm 

a 
where V a is the volume of a single amphiphile. 

88 

[6.8 ] 

The micelle aggregation numbers calculated at TNl and Tu, from the x-ray data of a I 
range of samples, are shown i n  figure 6.9 as a function of the added e lectrolyte mass 
fraction . The figure shows the we = 0.00 point has a much lower aggregation number 
tHan the ·other points. which are essential ly constant. This initial jump in the aggregation 
ntimber �hould correspond �o a ini tial sharp increase in the 6v( 2H) at TNJ, but as the 
c�rresp0nding plot of L\v( �H) at TNJ shows (figure 6.7) there is initially only a slew 
in:crease with i ncreasing we1 and there is no discontinuity between the we = 0 and We = 
0.0047 poin t .  The average. aggregation number for the added electrolyte· samples 
corresponds to an a/b ratio of 0.32 �hilst that for the we = 0 sample corresponds to an 
alb or'0. 36. The corresponding vaU1es for (P2 cos a)s are 0.625 and 0.57 1 .  Thus if the 
apparent discrepancy between the binary and ternary micelle size� is real a discontinuity 

' . 
in 6V( 2H ) of 24 Hz would be expe�ted on additio'l of electrolyte to the binary sample. 
There does not appear to be a discontinu ity of this magnitude in fi gure 6.7 . There is 
cenainly no discontinuity in the co�esponding CsPFO/CsClf2H20 system (figure 6. 12 ) .  
In figure 6.9 the  we = 0.00 data poi:nt  was measured separately 1 from the remainder of . 
the ternary samples8 and, i n  vie� of the NMR data (figure 6 .7) ,  i t  appears to be 

I 

. an�malous. The alb ratio for the AP,.FOf2H20 sample at w3 = 0.45 (t/> = 0.325) shown in 
I ' 

figure 5 .6 also suggests ��at this me*surement may be anomalous. The x-ray experiment 
re�l ly needs to be repeated o� a new. sample set from we = 0 onwards. However, i n  view 

I . ' 

of \ the NMR measurements along T NI and the constant values of the aggregation number 
for the We � 0, samples it i s  probabl.e that the aggregation number of the We = 0 sample 
should be higher and it is reasonabl� to assume that there is r.o significant change in the 
aggregation number along the 1- to- N;) and transition line. 

Figure 6. 1 0  shows the 2H quadrupole splittings and axial ratios along the 305 K 

isotherm in the lamel lar phase. 6 V( tH ) i" seen to increase monotonical ly with we. The 
implication of this is that the micel i.es increase in size with increasing We at any given 
temperature. On the other hand. the x-my alh ratios shows an initial increase with We 

I 
which then becomes constant at We ;·= () .( )  1 5. A result which implies a limiting micelle 
size .  In  order to underst:.nd the difference between the two observations it must be 
rememkred that the axial ratios d.<.:u lated from x-ray are model dependent, i.e . the 
: aggregate is assumed 10 be an oblate ell ipsoid .  If the structure can no longer be 
i re�resented in this way then the calc� lated alh values do not have any applicability. The 
2� quadrupole splitt ings. on ;the oth�r hand, are a function of (P2(cos a)).f which i s  the 
cortnbut�on to the 2H quad�apole splittings from the motionaJ averaging arising from 
ditfusive motion of the water 1mo1ecuJe over the surface sites. The increase in Av( 2H) 
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Figure 6.9 The agg rega t ion n umber a long the isotropic-to-nematic and isotropic-to­
lamellar phase transi t ion l ine of the A PFO/NH4Clf2HzO system with a mass 

ratio of APFO to 2H20 of 9 : 1 1 . 
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Figure 6. 1 0  Electrolyte concentrat ion dependence of the panially averaged 2H quadrupo1e 
spl i r t ings 6 v( :!H) (e )and the ax ia l  rat io alb <•> of the APFO/NH4Clf2H20·  

system wi th  a m a s s  ra t io of  APFO to 2H 20 of 9 : 1 1  along the 305 K 

i sotherm. A l l  poin ts  shown are for samples in the lamellar phase. Note the 

d i scon t i nu i ty in t h� , · 1J  plot wi th i ncreasing we and the l ack of such a 

d i scontinuity in the �H quadrupole spli tt ings. 
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along the isotherm simply indicates that there i s  a loss i n  curvature i n  the system which 

cou ld  i nd icate that the lamel lar phase is tending more to a "c lassical b i l ayer" type 

structure .  Thus a long the isothem1 in the lamel lar phase i t  appears that, at h igh we. the 

discotic micel le  mode l fai l s  to represent  the aggregate structure. The evolu tion of the 

structure of the lamel lar phase is an in terest ing and complex problem that wi l l  be f unher 

addressed in section 6.2 .2 .4 .  

6 . 2 . 2  CsPFO/CsCI/2 H 2 0  System 

A study of the phase behav iour of the CsPFO/CsCl f2H20 system at a fixed mass 

ratio of CsPFO to 2H20 of 1 : 1 h as been previously presented9. Some of the resu l ts of 

that study wi l l  be reproduced here for comparison purposes only. Additional experiments 

:u two new CsPFO : 2H�O ratios have al so been undenaken. 

6.2 .2 . 1 CsPFO/CsCI f2 H 20 System a t  a fixed mass rat io of CsPFO to 

2H 2 0 o f  1 : I 
The panial phase diagram of the CsPFO/CsClf2H20 system at a fixed mass ratio of 

CsPFO to 2Hz0 of 1 : 1 is  presented in figure 6. 1 1 . At this  composi tion the mole ratio of 

CsPFO to 2H zO i s  1 to 27 . 3 .  The phase d i agram shows an nematic ( N 0 )  phase 

intermediate to an i sotropic micel lar sol ut ion ( I )  and what is  possi bly a discotic l amellar 

p hase ( Lo ) .  The n ematic phase is sta�le from we = 0 to 0 .07R ± 0.002 and from 

temperatures of 3 1 6. 3  to 343.7 K .  The overa l l  effect of increasing the salt concentration 

is to increase the temperature stabi lity of the lamellar phase. At low sal t  concent!<ltions the 

nematic phase is a l so stabi l ised, and the temperature range of th is  phase increases. A t  

higher sal t  concentrat ions the nematic phase disappears a t  the critical end ?Oint  Cep where 

the l i ne  of second order lame l lar-to-nematic transitions i n tersects with the l i ne of first 

order lame l lar-to-i sotropic tra nsit ions.  For the we = 0 sample the lamel lar-to- nematic 

transi t ion is first order, but at the lowest added sal t  sample stud ied (we = 0.00 1 5  ) it 

appeared to be second order in that no mixed phase lamellar I nematic coexistence region 

could be detected . This places Tcp between we = 0 and 0.00 1 5. The fact that the addition 

of electrolyte weakens the Ln· tc- N j) tran si tion is interesting and wi l l  be considered i n  

more detai l in  section o. 2 .2 . 3 .  The second point of interest i s  the critical end point (Cep. 

ow e  = 0.07X ±0.002 T = 344 .0 ±0.05 K) where the l i ne of second order Lo-to- N 0  

tra:'sitions in tersect with the l ines of first order N j) -to- 1 and Ln- to- 1 transitions. A t  CsCI 

conce.: trations !:,'Teater than we == 0. 1 )  the phase· behaviour becomes complex and this wi l l  

be considered in more detai l  in  the section on the triangu lar phase diagrams. 
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Figure 6. 1 1  Part ia l  ph ase d i a gram of t i re CsPFO/CsClf2H 20 system at a fixed mass ratio 

of CsPFO to 2H20 of 1 : 1 and an electrolyte m a ss fraction we. See legend to 

figure 6.3 for explanat ion  of the labels. 
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The variation i n  the 2H quadrupole spliuings at the TLN ·  TNJ,  and Tu phase 
transi tion temperatures are shown in Figure 6. 1 2  where it is apparent that, as in the 

APFO/NH.iCl�H20 system, along the lamellar-to-nematic and lamellar-to-isotropic 
I 

phase transition lines the 2H quadrupole splitting are independent of the salt concentration 
to the first appr6ximation. The value of 6 v( 2H) has a maximum at We ""' 0.035 which 

I 

corresponds with the maximum in T1N - TLN and is only about 5% greater than for the we 
= 0 sample. The similarity between figure 6.7 for the APFO/NH4Clf2H20 system and 
figure 6. 1 2  for the CsPFO/CsCIPHzO system is sniking and, in spite of the lack of x-ray 
data for the latter system. the same conc lusions may be drawn as for the 
APFO/NH4Clf2H20 system. i .e. 6\,(2H} at TNI increases mainly as a cons�quence of 
increases in S, whilst along TLN it is changes in  {P2 cos a}s which dominate. Similarly 
the �onclusion may be qrawn that there is no significant change in aggregate size along 
the 1-to- N0 and 1-to-Lo transition lines. This assenion is supponed by the result of a 
recent neutron diffraction study 1 0 on the CsPFO/CsClf2H 20 system (mass ratio of ! 
CsPFO : 2H20 of 1 :  I )  �hich showed no change in the d11 spacing along this transition. 

The dependence of the J 33Cs quadrupole splinings at the transition temperatures on 
" I 

the electrolyte concentration is shown in figure 6. 1 3. The steady decrease in the spli ttings j l . \' 

wit� increasing }.alt co�entration along the N0 - to-Lo transition l ine must be due to an 
increase in the �tio o( free Cs+ ions in solution in  comparison to those bound to the 
surface. i.e. a defrease i;r f3c!'o· This does not mean that ions are becoming unbound rather 
it is the consequence of adding addit ional free ions. It has been shown that along the 
lamellar-to-nematic transit ion l ine the bound fraction per amphiphile, and hence per 
micelle, remains con stan t9 . Th us bot h the micelle size and bound ion fraction are 
invariant along this ·rransition line. 

The dependence �f the 35Cl quadrupole splittings at the transition temperatures on 
the electrolyte concenn:;,ation is shown in figure 6. 1 4 ,  where it is seen that the splittings 
increase slightly with w.c before eventual ly reaching a plateau. The implication of eo-ion 
binding will be covered in more detail in the discussion. 

{ 
The effect of added salt on the 2H quadrupole spli ttings in the lamellar phase at a 

fixed temperature of 3 1 3 .2  K is shown in figure 6. 1 5. the figure shows a monotonic 
increase in the quadrupole splittings a� the electrolyte concentration increases. In the L0 
ph�se, there is l i ttle variation in the orientational order paramet-er1 • 1 1 and changes in . , ,  
quadrupole spli�ting ar� mainly due to changes i n  {P2 cos a),� 4 (cf equation[3 . 1 9]) ,  i .e.  

change in micell
'
e size or mesophase structure. 
! 



n. Eflecr r>( added Elecu·, ,/\'le 94 

F i g u re 6 . 1 2  Pa n i a l l y  a ve ra ged :! H  q u a d r u pole spl i t t i n g s  .1�'( 2H )  for t h e  

CsPFO/CsClf:!H :::O system at  a fi xed mass ratio o f  CsPFO to 2H20 o f  1 : I. 

and an electrol yte mass fract ion we, at the T f'jl , Tu. anrl T LN phase t ransit ion 

bou ndaries.  
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Figure 6. 1 3  Part i a l l
.
y averaged 1 3:1 Cs q uadrupole s p l i t t i n g s  6 V( 1 13Cs) for t h e  

CsPFO/CsClPH20 system at a fi xed mass ra t io o f  CsPFO t o  2H20 o f  1 : 1 ,  
and an electrol yte mass fract ion we, at the TNJ, Tu. and TLN phase transition 
boundaries. 
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3 .  - ( 35 ) F � gure 6 . 1 � Part i a l l y  av�raged - ) C l  q u adrupole spl i ui n g s  L\ \/ Cl for the 

I I I 
CsPFO/CsCir-H20 system at a fixed mass ratio of CsPFO to 2H20 of 1 : 1 ,  
and a ii  e l e�.: trol yte mass fraction w ;: .  (a) at the T N t .  Tu . and TLN phase 

trans i t ion bou ndaries. and ( b )  a lon g  the 3 1 0 K i sotherm in the l amel lar 

ph ase. 
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Fi�ure 6. 1 5  Pan ia l ly average9 �H q u:Kirupole splinings � v( 2H ) <• )  at 3 1 3.2 K for the 
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CsPFO/CsCif2H zO sysrem at a fixed m�1ss ratio of CsPFO to 2H20 of 1 : 1 ,  

and an electrol yte m�t::.:. iract ion we. All  poi nts shown represent samples in  
the i n  the lamel lar phase.  
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6.2.2.2 CsPFO/CsCI/2 H 20 Syst em at a fixed mass ratio or CsPFO to 

2 H 2 0 or l : 4  

98 

To examine the effects  of added electrolyte in a region of the phase space which i s  
water rich a CsPFO/CsCIPH20 sample with a fixed mass ratio of  CsPFO to 2H20 of  1 : 

4 was investigated. 

A t  low amphiphile volume fractions the binary CsPFOf2H20 system has been 

shown to exhibi t  pretransitional phenomena associated with the onset of order in the 
isotropic m:cellar solut ion phase immediately prior to t he isotropic-to-nematic phase 

transition 12 .  Pretransitional ordering is ind icated by a spl i tting of the isotropic signal into 

a doublet a t  temperatures close to TIN· The splitting increases rapid ly with increasing 

temperature and diver� as a hypothetical second-order transition to the ne.matic phase is 

approached at a temperature 1 • . Figure 6. 1 6. shows the fie ld induced quadrupole 
. ! 

splitt ing as a function of temperature for samples with We = 0.000 and 0. 1 04. A striking 

feature of lnese plots is that the divergence of the quadrupole spli tting is quenched at TtN· 
A detailed description of the origin of the quadrupole splitt ing and i nterpretation of the 

effect of electrolyte on the s tructure of the aggregate at TIN will be presented in the 

discussion. 

The panial phase diagram of the CsPFO/CsClf2H20 system with a fixed mass ratio 

of CsPFO to 2H20 of 1 : 4 is presen ted in figure 6. 1 7 . There is a decrease in the width of 

the nematic phase ::.:-:_? a stabi l ization of the lamell..:r phase with increasing electrolyte 

concentration. The o�set of complex phase behaviour associated with a biphasic region 

below the 1-to-Lo transition occurs at we = 0.027 cf a corresponding we = 0. 1 3  in the ., 
1 : 1 mass ratio system .(section 6.2 .2 . 1 )  This complex phase behaviour will be considered 

I 

in  the section on triangular phase diagrams. As the primary objective of this study i s  to , .  
present the disorder/order transit ions between pure phase regions, only phase transitions 

of samples with w.: S 0.027 will be considered here. 
I 

Figure 6. 1 X she � s the 2H qu:idrupole splittings at the TLN and TNJ phase transition 

temperatur�s. There appears to b� a sligh_t decrease in �V( 2H ) along the lamellar-to-
. 1 

nematic transi tion l ine as the concentmtion of we increases. However the general fonn of 

thi;fl'-gure is i� line with figure 6.7 and 6. 1 2  and suggest again that there is no significant ' 1 
change in the aggregate size at T NI · 
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Figure 6. 1 6  T�e panial l y  averaged :!H quad rupole splinings induced by the magnetic field 

dose to Tt N for the we = o.ooc • )  and 0.0 1 0-t ( e )  sample� of the 

CsPFO/CsCir-H �O system at a fixed mass rat io of CsPFO to 2H20 of 1 : 4. 
The temperatures have been nNmalised to TIN· 
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Figure fi. l 7  Parti al phase d iagram of the CsPFO/CsCJf2H20 system at a fixed mass ratio 

of CsPFO to 2H20 of 1 : 4,  and an electrolyte mass fraction We. See legend 

to figure fi.3 for explanat ion of the labels. 

3 1 5  

3 1 0  

305 I 

300 
� 
--
E- 295 Biphasic 

290 
Region 

285 LD 

280 

27 5 
0 ' 0.01 0.02 0.03 0.04 0.05 0.06 

'V 
e 



6. Effect nf added Electrol\"te 1 0 1  

F i g u re o·. i 8 Part ia l ly averaged :! H qu <tdrupole spl i t t ings 6v(2H) for the 

CsPFO/CsClPH:!O system �tt a fixed mass ratio of CsPFO to 2H20 of 1 : 4, 
and an e lectrolyte mass fra<:t ion we, at the TNJ and TLN phase transition 

boundaries. 
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6 .2.2.3. Effect of Elect rolyte on the Fi rst O rder N ematic-to-Lamel lar  

Transit ion 

An interesting feature of the phase diagram of the CsPFO/CsCl f2H20 system at a 
fixed mass ratio of CsPFO to 2H20 of 1 : I (figure 6. 1 1 )  is the occurrence of a tricritical 
point  Tcp along the lamel lar-to-nematic phase transition boundary. A tricritical poin t  
occurs o n  the binary phase diagram of the CsPFOf2H20 at a composition of Wa = 0.43 

and a temperatur� ·._.f 304 .80 K2. The wa = 0.5 binary sample is well above this 
concentration and the transition is first order. On the addition of electrolyte, even at the 
lowest electrolyte concentration. no mixed N0/Lo phase region could be detected and the 
transition is apparently second order. Thus the presence of electrolyte results in a 
weakening of the strength of the nematic-to-lamellar trJnsition. 

The CsPFO/CsCI f2H20 sample at a fixed mass ratio of CsPFO to 2H20 of 1 : 1 

and a we of O has a mixed ph�tse L 0 / N 0  region of only : QO mK and a small amount of 
� 

CsCl ( we = O.oo : ·� )  c a u se s  the tra n sit ion to become second �rder. The 
CsPFO/CsClf2H20 system at a fixed mass ratio of CsPFO to :'!j !='O of 5" : 47 and a we of 

( 
0 has an N0/Lo coexi.stence region with a width of 400 mK4, : md · ;o this is  a suitable 
sample to use to e xamine the effect of added electrolyte on this transition. The "est 
method to detexkine thb presence of N0 •. . ,c\Lo signals in a mixed phase region is 133Cs 

I : .  • V NMR2. The phase tran'si tion temperatures shown in figure 6. 1 9  were deterr.1ined in this 
, I  •• • 

way. 
' ,, 

) 
The panial phase diagram of the CsPFO/CsCI f2H20 system at a fixed mass ratio of 

CsPFO to 2H20 of s3 :'. 47 i s  presented in figure 6. 19. The nematic/lamellar coexisten �e 
! 

region is seen to decrease in width with increasing salt concentration, until at We = 0.004 

no N 0/Lo coexistence �egion is present. 
I 

The location of �cp is more accurately determined from a plot of the quadrupole 
spliuings at T NL and T lN (figure 6.20).  Along T LN 6 V( 2H) remains relatively constant, 

• .  

while along TNL 6\i(�H) i ncreases until  i t  coincides with 6v( 2H) at Tcp. The 
'· 

convergence is  simpl v refl ect ing a convergence in S as we increases, i.e. S at TN L 
. ! 

i n creases until  it reaches the v a l ue of S at TLN· The intersection of the two lines, . •I 
therefore. is an excel lent indication of the location of Tcp. 

' c 

6.2 .2.4 C s
.
PFO/CsCI/l H 20 Triangular Phase Diagra ms 

' I  t • t 

As indicat� ' !n th� above panial phase diagrams of the t�mary CsPFO/CsCif2H20 
t .  .t 

and APFO/NH4Cif2H20 systems thes� three component systems exhibit complex phase 
I, 

behaviour at high salt concentrdtions. Although this thesis is primarily concerned with the 
series of order/d i soi lier phase tran sit ions of discotic micel les a more extensi ve 
u nderstanding of the ternary system is needed to understand the phase behaviour over a 

I I 
range of system compos1itions. More imponantly the ternary phase diagrdm enables the 
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Figure 6. 1 9  Part ial p;.! .• c d iagram of the CsPFO/CsCI PH20 system at a fixed mass ratio 

of CsPFO to :!H 20 of 53 : 47,  and an e lectrol yte mass fraction we. See 

legend to figure 6.3 for explanat ion of the labels. 
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F i g u re 6 . 20 P�t rt i a l l y  av e raged � H  q u ad r u pole  s p l i t t i n gs �v(2H) for the  

CsPFO/CsCJ/::!H ::!O system at a fixed mass ratio of  CsPFO to 2H20 of 53 : 
47, and an electrolyte mass fraction we. m the TNL and TLN phase transition 

boundaries. 
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overal l  effect of electrolyte on the CsPFO/CsCif2H20 system to be determined. Hence 

ternary phase diagrams of the CsPFO/CsCif2H20 system have been establ ished and are 
presented here together wit� a description of the different phase regions . 

( 
Panial ternary phase diagrams of the CsPFO/CsCif2H20 system at 303 and 323 K 

are presented i n  figure 6.2 1 (a) and (b) respectively. All of the phase transitions were 

detennined by optical birefringence (see chapter 2) and as in  all the other systems 
presented here the pressure was assumed to be constant. The lower axis of these 

triangular phase diagrams corresponds to the bi nary CsPFOf2H20 system with the 

amphiphile concentrat ion increases from left to right .  Tie lines from the CsPFOf2H20 
' ' 

axis to the CsCI apex corresponds to an incre�tse in CsCI concentration at a constant mass 

ratio of CsPFO t:: ?�-hO. The ternary phase diagrams were assembled from data collected 

from samples of fixed mass frac t ions of CsPFO to 1H 20 from w1 = 0.05 to 0.70 in 

increments of 0.05 to which CsCl was added to consti tute samples with electrolyte 

composi tions from �c = 0 to 0.20 in increMents of 0.0 1 .  Each sample was observed at 

temperatures from 283 K to 353 K in I 0 K increments. The phase behaviour of this  

ternary system has a:;sim i lar form as the APFOf2H20/NH4Cl system although the phase 

transition temperatur�s are displaced8. 

The differera i . i. c; ions label led on the phase diagram are; molecular solution (W); 

isotropic micellar sol ution ( 1 ); and the liquid crystal region (LC}, characterised by optical 
I 

birefringe nce. There are three biphasic regions on the phase diagrams. An isotropic 

solution of monomers and salt in equilibrium with either an isotropic solution of micelles 
I 

(W+I}, a l iquid crysuil l ine phase (W+LC), or crystal l ine amph!t>hile (W+K). 

The upber bo�ndary of the W+l region was identified by the onset of phase , I 
separation i n  the sa.mple to produce two immiscible phases neither of which was ' i 
birefringent.  The up�r boundary to the W+LC phase was indicated by the appearance of 

• I 
birefringence in the r:tlore dense isotropic ph�tse . The boundary to the W+K region was . 
determined by first cc;><>ling the sample until solid crystals appear-ed and then heating i t  to 

determine the temperature at which the crystals red issolved. Supercooling always 
, 

occurred and the cooling crystal l isation temperatures were always lower than the 
( 

dissolution temperat�res . Optical birefringence measurements alone cannot distinguish 
between the nematic phase and other liquid crystal phases. The nematic region (No) has 
been identified from �he N MR experiments and is included for completeness. Obviously 

there are mixed phase regions between two adjacent phase regions but the resolution of 
I' 

this ex.perime�t was 190 coarse to allow the detem1ination of these mix-ed phase regions. 
I ' 

A temperature sequence of ternary phase diagrams enables us  to observe the j I· � 
temperature d�pende�ce of the phase regions. For instance as the temperature increases 
from 303 to 323K the I phase region becomes more stable while the W+K biphasic 

i � 
region is dispiaced to -higher salt concentrations (figure 6.2 1 ) . By analysing the stack of 

I I ; 
triangular phaSe diagrams over the temperature range (283 to 353 K) it is possible to I ' ' 
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Figure 6. 2 1  Triangu lar phase diagrams of the ternary CsPFO/CsCl f2H20 system at fixed 
temperature of (a) 303 K and (b)  323 K. The different region s labelled on the 

phase diagram are as fol lows: the isotropic micellar solution region, I; the 

nematic phase ,  N n ;  the l iqu id  crystal region , LC; isotropic solution of 

monomers i n  equ i l i bri um with an i sotropic solution of micelles, W+l; 
isotropir; �olution of monomers in equil ibrium with a liquid crystalline phase, 

W+LC; and the i sotropic solution of monomers i n  equi l ibrium with 

crystalline amphiphile, W+K .  
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obtain temperature composition sl ices as i n  figure 6.22 to 6.24. These figures represent 

the effects of adaea e lectrolyte on the phase behaviour at amphiphile to 2H20 ratios of 
1 :20; 1 : 4; and 1 : 1 respectively. From this sequence of diagrams it i s  clear that the 
biphasic regions are pushed to higher temperatures and salt concentrations as the mass 
ratio of CsPFO to 2H20 increases. The partial phase diagrams shown in figures 6. 1 1  and 
6. 1 7  for the 1 : 1 and 1 : 4 samples can now be seen in context of the wider phase 
behaviour shown i n  figures 6.22.  6.23 and 6.24.  At  the lowest amph iphi le 
concentrations no nematic phase exists. For the 1 : 4 sample there i s  a small nematic 
phase which i s  stat..L over a narrow temperature We range. At We �  0.03 only mixed 
phase liquid crystal regions prevail. The nematic range for the 1 : 1 sample i s  much larger 

and i t  needs a salt concentration of we = 0. 1 3 before the two phase liquid crystal region 
is seen. 

The W+LC region exhibited shear birefringence. On agitation of the sample an 
apparent single p hase region was produced which exhibited a weak birefringence. On 
leaving the sample for several minutes the birefringence disappeared. On then twisting the 
sample birefrin genc� was again observed. The behaviour is consi stent with a liquid 
crystal pha�.: stntca�re resembl ing a c lassical bilayer. On agitation of the sample the 
bilayers form ves icl�s which assume a spherical symmetry when the sample is left 
undisturbed. A twisti�g of the tube with the consequent shear force results in a distortion 

:· 

of the vesicles from.· spherical symmerry and birefringence is observed. The vesicle 

solu tion is kinetical i y  stable in that once th is phase has been produced i t  persi sts 
t indefinitely. 
' 

The dilute lam�l lar phase/vesicle behaviour is reminiscent of dilute phospholipid 
I I , . 

sol utions. By the add� tion of electrolyte. therefore, it is possible to progressively change 
the phase behaviour from that of a system of discotic micelles into that associated with 

) 

�xten sive bilayer st�ctures. The electrolyte must. therefore, progressively change the 
lamellar ph as� structure from discotic micel les into some sort of classical lamellar phase. 

' . 
This evolu tion i s  pr;obably progressive s ince no evidence for a phase transition is  
observed in the lameilar phase as the electrolyte concentration is  increased (see figure 

J 
6. 1 5  for example ). � 
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Figure 6.22 A cross-sec tions of the ternary CsPFO/�H20/CsCJ system where the mass 

ratio of CsPFO to 2H20 i� fixed at 1 :  20. and an electrolyte mass fraction we:, 
see legend to figure 6. 2 1  for expla nat ion 0f t he labels. 
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Figure 6.23 A cros:.-�ections of  the ternary CsPFOPH20/CsCl system where the mass 

ratio of CsPFO to 2H20 is fixed at 1 :  4, and an electrolyte mass fraction we. 
see legend to figure 6. 2 1  for explanation of the labels. 
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Figure 6.24 A cross-sections of the ternary CsPFOJ2H20/CsCI system where the mass 

ratio of C::��O to 2H::!O is fixed m 1 :  1 and an electrolyte mass fraction we. 
see legend to figure 6.2 i for explanation :Jf the labels .  
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6.3 D i sc u ssi9n 

6.3. 1 E ffec t  of E l ectrolyte o n  Sel f-A sse m bl i ng Systems 

Influence of Electrolyr£� on the Phase Beluzviour 

1 1 1  

Th e p art i al p n .� se d i a g rams of t h e  ternary CsPFO/CsCI/2 H 2 0 . a n d  
A PFO/NH4Clf2H20 sys tems are similar in form. As the e lectrolyte concentration 

increases there is a monoton ic increase in each of the phase transition temperatures. The 

nemat ic phase i n tennediare to the isotrop ic m icel l ar sol ut ion and lame l lar phases is 

in i tial ly stabi l ized at low ekcrrolyte concen trat ions but u l t imately destabi l ized at hi gher 

e lectroly te concen trat ion s and eventua l ly d isap pears at a critical end po in t Cep . A t 

electrolyte concentrations h igher than Cep the isotropic miceilar solution phase on cool ing 
u :1dergoe� a phase trans i t ion d irec tly to a lamel l ar phase. The magnitude of TIN - T NI  
reflect s  the  i ncreasi n g  d i scont inu i ty in S and (P2 cos a)5 across the transit ion as the 

strength of the transi t ion i ncreases. An example of the W e  dependence of the temperature 

w id th of the 1/ No coe x i stence reg ion is given i n  fi gures 6.25(a) and (b)  for the 

CsP FO/CsCJJ2H 20 system w i th a mass rat io of CsPFO to 2 H 20 of 1 : 1 and the 

A P FO/N H 4Clf1 H �O sy stem at a fi xed mass rario of APFO to 2H20 of 9 : 1 1 . I n  the 

bin ary CsPFO/.!H 20 system the width of the i sorrop ic/nematic coexis te n ce reg ion 

increases w ith increas i n �; .,,ass fraction of amph iph i le4 and the plot  is not u nl i ke figures 
6.25(a) and (b) 

Depending on the i ni t ial rat io of amphiph i le to 2 H 20 the increasing elect roly te 

concen trat ion results i n  singk l iqu id crystal phase regions becoming unstable. The higher 

the rat io of  amphiphi le to :! H 20 th� greater the concen tration of electrolyte required to 

destab i l ize the sing le l iquid crysta l phase reg ions . 

The 2H quadru pok spl i t t i n gs �t long the phase transit ion l ines for both the 

CsPFO/CsCl!2H2
'
o a nd A PFO/N H4Cl/2H 20 systems (figures 6 .7,  6. 1 2 ,  6. 1 8) ,  and the 

results of x-ra/� and netlt�on diffraction experiments1 0, show that along the isotropic-to­

nematic transition the m ic�l le size is independent of electrolyte concentration. 
2H q u adrupole s p l� t t ings a long isotherms in both the CsPFO/CsClf2H 20 and 

APFO/N H4Clf1H 20 systems fi gures 6. 1 5  and 6. 1 0  show a monoton ic increase. Th i s  
impl ies either, a n  increa�e in  the aspect ratio of the disc shaped aggregates as the salt  
concen tration increases. <;>r an e ffect ive nett  decrease in the curvature of the mesoph ase 
aggregates. Thus 

.
the pi�· t �tre that emerges is that addi t ion of salt induces a growth of the 

micelle but there is no �h.lng� in the mi<.:elle size m the transition. As the micelle size has 
been shown to decr�ase �ith in<.:reasing temperature 1 3 the phase transition temperatures 

' . 

are displaced to h igher ten1peratures with increasing salt conc·enrration. 
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Figure 6.25 The temperature widrh of the isotropic/nematic coexistence region for the (a) 

CsPFO/CsCJ/2H20 system m a fi xed mass ratio of CsPFO to 2H20 of 1 : 1 
as a function of CsCI , and (b)  A PFO/I\ H4Cif2H20 system at a fixed mass 
ratio of APFO to 2H20 of 9 :  1 1  as a function of N H4CI . 
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6.3 D i s c u ss i�n 

6.3. 1 E ffec t  of E l ect roly t e  o n  Sel f-A ssem bl i n g  S ystems 

Influence of Elecrrolyrt' on rhe Phase Behaviour 

1 1 1  

T h e  p ar t i a l  p n .t s e  d i a g ra ms of t h e  tern ary C s P FO/Cs CI/2 H 2 0 and 
A PFO/NH4Clf2H 20 systems are s imi lar i n  form. A s  the  e lectrolyte concen tration 
i ncreases there i s  a monotonic increase in each of the phase transition temperatures. The 
nematic phase i n termediate to the i sotrop ic micel lar sol u tion and lamel lar p hases is 
i n i tially stab i l i zed at low ekctrolyte concentrations but u l t imately destabil ized at h igher 
electrolyte concentra t ion s a nd eve ntual ly disappears a t  a c ri t ical  end poi n t  Cep. A t  
electrolyte concentrations h igher than Cep the isotropic m iceilar solution phase o n  c'ooi ing 
u:1dergoes a p hase trans i t ion directly to a lamel lar phase. The magnitude of T1N - T NI  . -

reflects the i ncreasing discont inu i ty i n  S and (P2 cos a.) s across the transi t ion as  the 
strength of the  transition i ncreases. An example of the we dependence of the temperature 
width of t h e  li No col! x i st e n ce region is  given i n  figures 6 . 25 (a) and (b)  for t h e  
C s P FO/Cs C l/2H 20 system wi th  a m ass rat io o f  CsPFO to 2 H 20 of 1 : 1 a nd the  

A P FO/N H4ClP H ::!O system a t  a fi xed mass ra r io o f  APFO to 2 H 20 of 9 : 1 1 . I n  the 

b i n ary CsPF0/2H 20 syste m the width of the i sorrop ic/nemat ic coe x i stence regi o n  
increases w i t h  i m:reas i r. n; '11ass fraction of amph i phile4 a n d  the plot i s  n o t  unli ke figures 
6.25(a) and ( b) 

Depending on the in i t ial  ratio of amphiphile to 2 H 20 the increasing electrol y te 
concentration results in singk liquid crystal phase regions becoming unstable. The higher 
the rat io of amphiphile to 2 H 20 the greater the concentration of electrolyte required to 
destabilize the s ingle l iquid crystal phase regions. 

The 2H qu�tdrupole sp l i t t i ngs a long the phase t ransi t ion l i ne s  for both the  
CsPFO/CsClf2H20 and A PFO/N H4Cif2H20 systems ( fig ures 6.7 ,  6. 1 2 , 6. 1 8) ,  and the 
results of x-ray8 and nein�on diffraction e x periments 1 0, show that along the isotropic-to­
nematic transition the micelle size is independent of electrolyte concentration. 

2H q u ad rupole spl� t t i ngs along i sotherms in both the CsPFO/CsClJ2H 20 and 
A PFO/N H4Clf2H20 systems fi gures 6. 1 5  and 6. 1 0  show a monoton ic i ncrease .  Th i s  
implies either, an increa�e i n  t h e  aspect ratio of the disc shaped aggregates as the salt  
concentration increases. or an  effect ive nett  decrease in the curvature of the mesoph ase 
aggregates. Th u s  ,the picture that em�rge s is that add it ion of salt induces a growth of the 
micelle but there is no ch�:ng� in the micelle size at the transition. As the micelle size has 
been shown to decr�ase wi th increasi ng temperature 1 3  the phase transition temperatures 
are displaced to higher ten1peratures with i ncreasing salt  concentration. 
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Figure 6.25 The temperature wid rh of the isotropic/nematic -coexistence region for the (a) 

CsPFO/CsClJ2H20 system at a fi xed mass ratio of CsPFO to 2H20 of 1 : 1 

as a function of CsCI, and (b) A PFO/f\H4Cif2H20 system at a fixed mass 

ratio of APFO to 2H20 of 9 :  1 1  as a function of NH4CI . 
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2H quadrupole sp l i tt i ngs hav� shown that along the LD-to- Nj) and Lo-to- I 

transit ion l ines at a g iven volu me fra,:t ion of amph iph i le the aggregat� aspect ratio i s  
invariant to electrolyte COIK"entra t ion. Leaver and Holmes have performed a smal l  angle 

neurron scatt�ring study of the CsPFO/CsCI/2H20 system at  an amphiph i le to 2H20 ratio 

of 1 : 1 1 0. The ir results confirm the structure of the aggregate at the Lo-to- N [)  and Lo­

to-1 transition is invariant w ith e lectrolyte concen tration . 

A comparison of the A PF0/� 1 l 20 and CsPFO/:!H 20 b inary systems shows the 

ph ase d i agnms are 1 very s imi lar  when p lotted i n  temperat ure versus vol ume fract ion 

coordi n a tes, excep r : that the corresponding transi t ions are some 23 K h i gher for the 

CsPFOf2Hi0 syste�1 1 4 .  
I n  add i t ion i t  � as bee n shown that u t  correspondi ng l/J v�t lucs the alh ra t ios at the 

phase trans i t ion tempera t ur�s are the same 1 4 .  The volume fractions of the amphiphi le  i n  
t h e  C s P FQf 2 H � 0  { w ;1 = 0 . 5 1 sampk ( O  = 0.3 2 2 )  i s  very c lose to  t h a t  i n  the 

A PFQf 2 H 20( w a = ·0.45 ) ont: (l/J = 0. 3 2 X )  a nd i ts a!h rat io i s  0. 3 2 1 5 . I t  i s  interest i ng 

therefore to exam ine the r� : .t ; 1ve e ffect of the add i t ion of e lec tro ly te in  the two systems. ' 
This is shown in figitre 6.2A ;wh�r� t h� q uant i ty  � �·( 2H ) t x,Jxa )  ( v ... ·h il.· h  i s  propon ional  to 

S (P2 cos a.)s , see equat ion l .p.5 1 )  is plotted aga i n st Xc/Xa w here X..: and Xa are the mole 

fract ion of electrolyte and arilphiphile respectively. Along the phase transi tion boundaries 

the A PFO/ N H�Clf2 H .,Q �v s tem t·ons ist�nt lv  has a lar1!er v a l u e  for the quan t i tv - f - � • 

!::. i·( 2H ) Cxv.lx:.. ) than the CsPFO/CsC I/�H�O system at a correspond i ng xJxa. In chap ter 7 

th is wi l l  be shown to b� at t r i hu ted to a h igh�r v�tlue for nhSon ( eq uation j 3 . 1 9 1 )  i n  the 
.• 

A PFO/N H4Clf2H20 .system. The plot shows that m a gi ven volume fraction of surfactant . ! � 
t�e A PFO/N H 4C l!j,H 20 s�·stem req u i res kss ekc troly te p�r amphiphi le than the 
CsPFO/CsCif2H20 svstem to destabi l i ze the nema t ic phase. , T 1  . 

In both the CsfFO/C�pP H 20 a nd APFO/N H.sClf1H20 systems the isotropic-to-

nematic transition �curs when the mic� lle attains an appropriate alh rat io at a panicular 

volume frac tion , a resuh l l'a <� t is consistent with a hard particle interaction. In  a magne t ic 
birefringence study or th� C

:
sPFO/CsCif1H20 system at a CsPFOf-H20 rat io of 2 : 3, the 

m icel le aggregat ion n umber as measured by a q uant i ty derived from the Cotton Mouton 

coefficient apparent ly decre:is�d at T :'\ I  as w� increased 1 6. Th i s  was in terpreted in terms 
of a decrease in the .. effectiye·· s i Zt'  of the micel le as the Debye length decr-eased with 

I 
i ncreas ing e lectrol yte t·on�entrat ion.  Rnsenbla t t  u s-ed the arg ume n t that from the 

standpoin t of the entropic fre� en�rgy 1 7, the effect ive micelle di ameter increases by a term .. 
propon ional to and of the sqc of the De bye length . The presen t result  shows that there is  
no s ign ificant ch�mge in the \llit·dle size at  the tr�msi t ion . i.e. the decreasing Debye length I I � 
has no effec t on the �:.trd p:trt1de interarr ion . The Dt:bye length ( K"· 1 ) i s  ca lculated from IX . I . - · • . '  
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Figure 6.26 Comparison of the re lat i ve ::!J-1 quadru pole spl i tt ings 6v( 2H)/xJxw at the 

, TNI · Tu . and TLN phase tra ns it ion boundaries between APFO/NH4Cl f2H20 
samp l e s  w i t h i.l fixed mass rat io of A PFO to 2H 20 of 9 : 1 1  and 
CsPFO/CsCif2H20 samp les with a fixed mass ratio of CsPFO to 2H20 of 1 : 
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where p_ is the numbe � 1 -� ., s i ty of the i ' th  ion ic species of charge Zi and E and Eo are the 

relative permittivity and the pem1ittivity of free space respect ively. 
For the we = 0 samp les K- 1 i s  0.40 n m  and 0.42 n m  for the CsPFO and APFO 

systems respectively. For the CsPFO/CsClf2H20 system at Cep, K- 1 has only decreased 

s l igh tly tu a value of 0.34 nm. These d istances should be compared with the micelle 

d i mensions of  1 . 1  nm (a) by 3.4 nm (b). The size of K- 1 is smal l  compared with the 

particular s i ze and gets sma l ler as the e lec trolyte concentration increases. Thus,  i n  

contrast to · the conc lu s ion s o f  Rose nb la t t  t h i s  study ;nd icates that the i n ter-micel lar 

in teractions do not seen1 to be affected by addition of e lectrolyte and for an \!xplanation of 
the observed effects it is ;lect!ssary to e xam i ne the infl ue nce of electrol y te on the intra­

micellar interact ions. i .e .  the micel lar sel f-assembly. 

Influence of Elccrrolyrt: on Tilt: St:(rAssemhly 

l t  h a s  been sho�vn  here tha t  t h e  d i sorder/order p h a s e  behaviour  of 

C sPFO/CsClf2 H 20 a r:l: i .PFO/;-..;H_1C l/2H20 systems can be understood in tem1s of 

changes in the aggregate s i ze on the add it ion of e lectrolyte .  In  the prev ious chapter the 

effect of temperature on the m ice l lar self-�1ssembly has been considered . This discussion 

wi ll consider the effect of electrolyte on the micel lar sel f-assembly in the context of the 

models introduced iri chapter 4 .  
At constant temperature the e ffeL" t  of the  e lectrolyte i s  to increase the aggregation 

' 

numher of the di�cotic mic�' :e .  The way the micelle grows i s  to increase the length of the 

major axis, i .e. the m ice_l le becomes more an isometric and the in termice l lar anisotropic 

interaction is i ncreased. But it must be remembered that the a:dal ratio of micel les cannot 

continue to decrease cont i riuoll sly in the lamel lar phase as a funt·tion of increasing we, the 

l imit being when it col lides wi th its r acarest neighbour at which point discrete micelles are 

no longer poss ib le .  Leaver et a/ 1 0have nssurned the s tructure that evolves within the 

lamellar phase consisb of continuous amphiphile layers pierc�d by irregular water fil led 

holes. Wath th i�  assumption their Sl'aPeri ng experiments have shown that the addition of 

CsCl anneals out the w:r r�r fi l led hoks . So even when d i screte m icel les are not the . ! 
structural un i t  in  the mesophase. the add i tion of e lectrol yte resul ts i n  a nett reduction i n  . 
the curvature of the aggre gatt:. A t  first it wou ld appear that the physics of the phase . ' 

transitions is  overlayed on the demist!)' of the sel f  assembly. But this is not strictly valid . I 
as increasing we ey·�ntual l� resu l ts in the nematic phase disapp!!nring at Cep. If  i t  was 

simply a case of ex,c l udcd volu me driven tmnsitions then o.l nematic phase would a lways 
, I 
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be accessible. The aggregate structure probably evolves u n ti l  the discotic micelles are no 
longer present at high we and thus wi l l  a<:count for the disappearance of the N 0  phase. 
However, i t  i s  most l i kely the infl uence of the e lectrol y te on the self- assembly that is 
mainly responsible for this rather th:�n a change in the intermicel lar interactions. 

The EL model considers the effect of e lectrolyte for discotic micel lar systems and 
they pre d ict  the mice l les s ize d istr ibut ion i ncrease s w i th i ncre asi n g  electrol yte 
concen tration as shown i n  figure 4.2. The EL model has also predicts th:l t  in addition to 
i ncrease s  i n  aggreg; , . �  :- i ze d i str ibut ions as a fu nct i o n  of increa s i n g  e l ectrolyte 
concen tration, there is ulso an evolut ion of the aggregate structure. At low amphiphile 
c o n c e n t ra t i o n s  t h e re i s  a() e v o l u t i o n  of the a g g re g ate s t r uc t ure from 
sphere s - Hod s -.-+ di scs-.-+vesides as show n in figure 4 .3 .  The ternary p hase d iagrams 
ind icate th:lt there is t·ompkx aggregate behaviour ut low amph iphile h igh electrolyte 
concen trations also � i'(2H ) results i ndi�.· :ne an evolution of the lamellar phase structure 
from d iscrete d iscs to maybe perforated bilayers or even eventual ly  classical bi layer type 
struc tures. The evolut ion of the aggregate structure is a n  interesting problem :hat i s  the 
subject of on going rese:irch but \vil l  not be considered here. 

In  terms of the M BG nxxiel  the scre� ning of the carboxylic headgroups reduces the 
contribution of hj(a) to ·the chemical pote nt i al for the amph iphile in  the cyl inder of the 
d iscotic mice lle (eq uation I � . 1 1 ) .  So there i s  a decrease in  the chemical poten!ial in the 
cyl inder part of the d i sc wi.t h respect to the rim of the disc .  Th is decrease in  the difference 
i n  chemical potent ials  there for� accounts for an i ncrease i n  the si ze d i stri bution of the 
d iscs equation l4. 2 1 .  O"f ohserv:ttions are qual i tatively consistent with the pred ictions of ' 
both of these models. 

6.3.2 I n fl uence of Elect rolyte on Tcp 
I t  has  bee n  shown. here tha t  the add it ion of  electrolyte \veakens the  already weakl y  

first order Ln-to- N j) transi tion t o  such an extent  that it appears t o  become second order 
(figure 6. 1 1  ) . Tricr i t ical poi nts  along t he LD· to- N j) tra n si tion l i ne have also bee n 
observed in  the binary �sPFO/wat-:r and APFO/water systems 1 •3 . In  these systems the 
tra n s i t ion c h a nges 1 tom fi rst order to second order  with decreas ing amphiph i le  
concen tration . I n  the  ca�e of  the  CsPFO/CsClf2H20 system wi th  a fi xed amphiph ile to  
2H20 mass ratio of  53 : �n the  inverse of th is  behaviour occurs i n  that the  transition from 
fi rst order to second order occurs on increasing the electrolyte concentration . The reason 
fer the occurre nce of Tcp. is at this  stage not well understood and there is no obvious 
c.;xplanation for the mcc1hanisrn of this tran sit ion. I t  is dear. however, from figure 6.27 

that TNL - TLN appea rs to hecome asymptotic to the We :tx i s  as we increases, which is . 
analogous to th i s  q u a n , !,y  becomi ng asymptotic to the wa-axis as wa decreasesfi��;r;--� 
been predicted that the n�rnatic-to- lamell ar transit ion of pure thefT110tropic liquid crystal s 
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Figure 6.27 A plot of the temperatur'! �vidth  of the N j)ILD coexistence region verses We 

for the CsPFO/CsCI f2H20 system :tt a fixed mass ratio of CsPFO to 2H20 
' 

of 53 : 47 . 
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and their mixture s  should a l w ays be at least weakly first order as a consequence of 

coup l i ng bet\'l.'een d i r�l.'tor t1 ul.' t uat ions and the smel.'tic order parameter
1 9

. This coup l ing 

gi ves rise to a cu b it: term i n  the hu)dau free energy ex pre ssion for the transi tion that 
'\..roll :l• l.ko"' 

resu l ts i n  a fi rst orde� An isi mov et a/ have shown there is a crossover from 

classical  Landau theo ry behav iour  at a sol ute conce ntration roughly identified as the 

Landau tricritical po in1t20 . A bove this  concentrat ion the entropy change for the transit ion 

is stron g l y  depende nt 'on sol ute concentration while below the poin t  the c oncentration 

depe ndence is weak , but  more importantly, the entropy change is always posi tive , i.e. the 

trans i tion is first order along the  whole of the nematic-to- lamellar trans i t ion l i n e .  

Assumi n g  that 1 TN L - TLN i s proport i onal t o  t h e  strength of the transi t ion3 , the gen�ral 

appearance of :fig ure ?.27 suggests that  this may a l so be the case for the N i) -to-Lo 

transi t ion i n  the CsPFO/CsCl/!H )0 svstem. . - . 
It is i nteresti n g  to note that S h i n et a/ perfonned speci fic heat measurements at the 

I ·, 
nemat ic- to-lamel la::- .,.:d ne1 11at ic-to- isotropic phase trans it ions i n  the binary CsPFO/H20 

1 

system2 1 . They have atrributed t he ex is tell(:;: of Tcp along the Lo- to- N j) trans i t ion l ine to 
l 

ionic contaminants i n  t�e CsPFO. They expla in  the increase i n  the temperature width of 
i 

the n e mat i c - to-lame l l �i r  m i xed phase r�g ion in  tenn s of i nc reas ing i mpuri t ies v.: i th  

i ncreasing wtal am ph i 1ih i le con<.:en tra tion.  In  the present study t he add i t ion of an ion ic 

substanl.'e to the CsPFcJ/:!l� .:.'J system has been shov.- •·. to !1ave the  opposite effect, i .e .  i t  
' 

causes a weake ni ng ot; the � ra n si t ion w h ich eventu a l l y  becomes st!cond order a t  an 

apparen t  Tcp a l<?ng th� ;�.mellar-to-nemat ic transit ion l ine.  

I 
6.3.3 The I n fl u e nce ·of Co-ions o n  t h e  Ph ase Beha v iou r. 

, ,  l 
The obser�at ion ff J='CI  q uadru pole splitt ings i n  CsPFO/CsClf2H 20 sam ples 

indicates that some c h lorick inrh must reside in the vi<:i n itv of the micel lar surface. where ' : I  I { • 

the h vdra t i on sheath i s  . d i s torted from spherical svmmetr)' u nder t he i n fl ue nce o f  the • I f • 

electric fie ld gra9ie n t  at :d1e mi�.:e l lar su ri'aL·e. According to the Gouy-Chapman model of 
I 

the d i ffuse double l aver there is  a .. st irri n !!  .. effect as a resul t  of them1al motion which 
� . � .... 

al low s a d i s persal o f  th� ri gid wal l  of counter- ions which defi ne the outer Helmholtz 
'• 

plane. Thu s ,  while the Cs+ iC'I'lS duster close to the micelle surface, a small fraction of er I 
ions present ion s are able to pen�trate close enou eh to under!!o d istortion of their outer 

l � � 

h ydration sheaths. 
i 

The we depe nck nc� of the ��Ci q uadrupole sp l itti ngs at the transition temperatures 

and a long the 3 10 K i sot !l t: rm i n  the lamellar phase is shown in  figure 6. 1 4 . In the latter 
case. tht! i n<.:rease in the v:d ues v.· i t h  i nL Tcasi n!! w .. refleL· ts i ncreases i n S. {P-. cos cc) and I �· � .. . .f 

f3cl- The ra t io of fract ion o f  bound counter-ions to <:o- ions can be cal c u lated by 

compa ri n g  the . ch l ori rie a n ci  �: aes i u m  quadrupole spl i t t i n g s . I t  is <.: lear  fro m 
C4Uations ( 3 . 2 1 )  \ and I �.2 3 1  t h a t  i n  ordered l i q uid cry stal  ph ases a t  identical  

concentrations nnd temperatures ' . 1 . :. 
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f3c.. = 1Xct6Vc, l 6.9] f3c:t Xc .• 6 Yo 
where f3cs i s  g iven by nocJt na+ n..:) and f3c1 by nbCt.'n..: .  Here na  and ne are the n umber of 

moles of amphiphi le and electrolyte in the sample re spect ivel y .  Equation[6.9] can  be 

rearranged to g ive an expression for the n umber of bound Cs i ons ( nbCs) per bou nd Cl 

ion ( nbCt). 

nbc.. = 1Xet6vc, x (� .. + n, )  [6. 1 0] 
nbct Xc,6 Yet n, 

and ass u m i n g  an identical electric field gradient,  the rat io of the quadrupole cou pl ing 

constan ts c a n  be! re placed by the ratio of the nuclear ekctric quadrupole moments.  The 

bou nd ion rat ids calcu lated using eq uation f 6 . 10 1 are in figu res 6.28 (a)  ( at TLN ) and (h) 
(a long the! 3 1 0 K isothenn ) .  

As a tl:!st of the assumpt ions i nadl:! to obtain th is  figure the rat io of the bound ion 

fract ions at the micelle �urface was cak:ulatl:!d from the Boltzman n distribution of ions at a 

d istance x from a p l a n e  surface 1 H . For x = 0, and us ing the Debye H uckel model ,  the 

rat io of surface concemrations, i .t�. nbCJn t-,cJ is 
[ c.'i· l, - [ C.'i• L e-�fjl" 

I H  

[er ].. - [crLe••fjla ' t' 1 6. 1 1  I 

wt.ere V'o is the ekctro,t;uic poten t i al at the surf�tce, and the subscri pts 0 and oo represen t 

the concentraiion of the ions at the surf;H.:e and in  the bu l k respl:!ctively.  The value of lj/o 
was adj usted to give agreemc: nt  v.:i th  the lowest We rat io. The acwal values are -0.065 V 

for the rat ios along t : � - ! ·:m si t i on l i ne and -0 .064 V for the correspond i ng ones along the 
3 1 0  K isothem1 wh ich is  i n  good agreeme nt with the calculated e lectrostatic potenti al of a 

1 : 1 e l ectrol yte ut a c�nc�n tra t ion of 1 M 1 R .  The agreeme nt  betwee n the N M R  and 

theoretical rati�s is ex�e l len t .  and perhaps surprisi ng s ince the ionic concentrJtions are 
I 

high and the Debye H uckel mcxkl appl ies on ly to dilute solu tions. Th is c learly shows the 

expected r.!la t ive inrre �1se in t he <.·hloride ion bound fra<.· t ion w i t h  increase in electrolyte 
concentrat ion . An even better fit can be achieved if 'ljlo is a l lowed to decrease slightly with 

increasing e lectroly te c�mcen trat ion as it i s  pred icted . However. even at the h ighest we 
v a l ue the ratio of Cl to �s ions is sti l l  on ly 1 : 100 and there would not be expected to be 

any sign i ficant contribution from the eo-ion i n  detenn i ning the phase behav iour. 

Th is m i nor role p layl:!d by the eo-ion in the se l f-assemb ly of the fl uorocarbon 
.,.,.. 

chains  i �  d emonstr:tted� by <.·o- ion subs t i t u t ion experiments where CsF, CsBr and Csl 

were subst i tu ted for the �sC i used in  the bu l k  of th is study. The comparison was made at 

roughly eq ual  salt mc,J frac t ions of == 6.0 x 1 ()-3 a t wh i<.·h  concen t ration additirn of CsCI 
I 

would have resul ted i n  a n  i ncrease of ph�tse transi t ion temperatures of abou t 9.9 K over . 4 
those for the binary syst�m . The t�ctual phase tmnsition tempermures are cvmpared with 
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Figure 6.28 Th �  ratio · of bound Cs+ ions (nhC5) per bound Cl· ions (nbCt) (a) along the 
nematic-to- la me l lar tran s i t ion  line and (b) along the 3 1 0  K i sotherm. The 
sq uares( • )  havl:! b��n calcu lated from the quadrupole splinings (equation 

[6. 1 0] ,  wh i le the c i rcles ( 0 )  are calculated from the Debye H uckel model 
(equat ion [ 6. 1 1  J ) .  

8000 

(a) 

6000 . 

4000 � 

2000 
• 

tti 
-w 

0 
• • .::: 

:::: 
0 .00 0.02 0.04 0.06 0.08 0. 1 0  0. 1 2  0. 1 4  --

11) 
2000 u .::: 

(b) --

1 500 

1 000 

\ 
I e 
soo· e 

e 
• 

0 O.QO 0.02 0.04 0.06 0.08 0. 1 0  
'V 

e 



6. Effect of added Elecrmlyre 1 2 1  

those of the CsCl system in  figure 6.29. I t  i s  clear that the eo-ion plays, at most, only a 

minor role i n  aggregate sel f-as�;embly. 

6.3.4 Field Ind uced O rder 

The transition from an :sotropic phase to a nematic l iquid crystal is  first order, but 

weak in the sense that the molar entropy of the transition is typically only about 0.2 R for 

thermotropics and even less for lyotropics22. A consequence of this is that the isotropic 

liquid begins to assume characteristics of the nematic ph ase well before the transition 

occurs. I n  liquid crystalline systems the observation of this pretransitional phenomena 
I 

associated with the onse t of order in the isotropic phase immediately prior to the isotropic 

to nematic phase transit ion temper<t ture yields valuable information concerning the 

mechanism of �he phase transition. As the isotropic-to-nematic transition is approached 

the isotropic phase develops more nematic phase characteristics, i.e. an increase in the 
I p 

extem of microscopic ordering. In lyotropic liquid crystal systems the nematic-like 

propenies derive from smal l groups of m icel les which have local ordering i.e. a degree of 
I 

orientational correiat ion l;>etween their symmetry axis. These small  groups of micelles are 
. 

anisotropic domains !-" ' · �·;ended in  an isotropic continuum. 
In the isotropic pha�e the CsPFO m icel les are discotic and therefore they exhibit an 

anisotropy in the ir magnet ic: sus<:epti bil ity. Pretransitional behaviour in the isotropic 
' 

phase of CsPFOJ2 H 20 has been studied through the orientational order induced by a 

magnetic field and detect�d by optical birefringence23 and NMR measurements 1 2. NMR 
' 

h as an advantage over optical birefringence measurements in that separate N M R  signals 

from the isotropic and nematic phases in the biphasic region can be distinguished, thus 
j 

permitting measureme r. •  ! :o be made across the biphasic region which gives access to 

information not available from birefri ngence measurements. B oth experiments give 
. J 

values for T1N· T* . where T* is the temperature of the theoretical second order transition 

from the isotropic to nemmic phase . 
I j 

The origin of the 21:1 q uadrupole splinings in the i sotropic phase arises from the 
I I 

orientational ordering of the micelles induced by the magnetic field. Thi s  orientational 
I 

ordering arises from the n�agnet ic torque on the micelle which is enhanced by the build-

up in angular correlations of the m ice l les as the transition is approached. This unquenches 

the quadrupole interactio�s of the 2H spins of the 2H 20 molecu les. The quadrupole 

splitting of the deuterium �ignal can be shown to h<tve the following dependence 1 2  
l 1:- I ll  s? llif !H ) = Y:hz ·' X -

1 6. 1 2] 
l Ok(T - T• ) 

where llX is the anisotropy!in the m<�gnetic susceptibility of the micelle and the remaining 

terms are as defined previoltsly. Taking the inverse of equation[ 6. 1 2 ) 
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Figure 6.29 Comparison  of the  rela t ive effects of d ifferen t  eo-ions on the phase 

behaviour or the CsPFO/e lectrolytef2H20 system with a fixed mass ratio of 
CsPFO to 2H20 of 1 : 1 .  Solid l ine are the phase transition boundaries of the 
CsPFO/CsCl f2H20 system wi th a fi xed mass ratio of CsPFO to 2H20 of 1 : 
1 .  The eo-ions su�sti tuted for CsCI are CsF(+),  CsBr(O), and Csi(D). 
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(�i'(2H)r 1 = (  l�� )(T - T• )  �XB IQzz ls 1 6. 1 3 )  

indicates that a plot of ( .!1 i·( 2H)) · l versus  temperature wil l give a straigh t l ine with an 

intercept of zero at T -== T* i .e . the spl i tting diverges towards T* . Figure 6.30 shows that 
this is the case and i l lustrates the quenching of the d ivergence in  the quadrupole splitti ngs 
at TIN ·  Prec ise values of both TIN and T* and, in  particu lar, TIN - T* can be obtained 
from the plois i n  figure 6.30. 

Over the sma l l tfmperature range for which the pretransitional quadrupole splittings 
are measured the micel lar aggregation n u mber ( {P2 cos a) s )  is prac tically constant and 
since the aggregation n umber i nfluences other factor such as ltizz ls' 6X and T* , to a first 
approximation these also rema in constant for any given sample . The magnitude of the 

I . 
quadrupole spl:itting is a function of the square of the mag netic field strength and (T - T* )·  
1 •  In N M R  the : field strength is dependent on the spectrometer and is therefore a constant 

I f 

for any given experin1ent .  . 

A plot o�· T1 ;..: -T* versus w.: i n  CsPFO/CsClPH20 sampks (mass ra t io CsPFO : ' i 
2H20 of 1 : 4) is gi ·. u1 in fi gure 6.3 l .The addit ion of electrolyte increases the strength of 
the isotropic-to-nemar'lc tran si t ion ( increases T lN -T* ) . Figure 6.3 1 also shows 1 /  � \•( 2H )  

at T1N i ncreases with fncreasing w.:, i .e.  the i ncrease i n  1 /6 if H )  i s  proportional to T1N 

-T* (equation [6. 1 3J ). 1Ihe quan t i ty (TJN -T*) 6 i,( 2H) is plotted agai nst we i n  figure 6.32 .  
Wi thin experimenral e�or th is  quantity and hence 6).'B:!jli.rzl_. is  l·onstan t . B is si mply the 

strength of th� sp�clnrl1�tt!r magnet ic tield, and 6X and ki�= ls both d�pend on tht! micel le 
s i ze thro u g h  t h e  q ulu1 l i ty (P2 cos a)_� ( �X = s6).'aS.J (P2 cos a)s . \\-·here s i s  the 

aggregation n u m ber, �/.a the an isotropy in the magnetic susceptibi l i ty of the amphiphile 
I 

molecule, and Sa the order parameter for the molecuk) .  The only possible tem1 i n  this  
expression th�t,t _ could� lead to changes i n  both liizz l.{ ( see equat ion ( 3 .20 J )  and 6X i s  
therefore {P2 chs a ) . and the product of liizz l and 6X is depends on (P2 cos a) 2. The 1 ·' � s s 

implica tion of 'his is t�at  the m icel le is the same si ze along the 1- to- N i)  phase transition 
1 .  . . I . I me Irrespccuve of we. " · 1 . \ 
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Figure 6.30 Plot of the inverse of the field induced quadrupole sp l i tt ings 1 /( 6 v( 2H) )  for 

the we = 0.00 and 0.0 104 samnles from the CsPFO/CsCl f2H20 system wit h  

a fixed mass ratio of CsPFO to 2H20 of 1 : 4 ,  a s  a function of T - TIN· ThP: 

terpperature of the theore t ica l second order transi tion T* for each sample i s  
the point .�. which the extrapolated l i ne intercepts the x-axis. 
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Figure 6 . 3 1  The We dependence of both 6 ''( 2Hhl .. c• ) and Tt N - T*< • ) for the 

CsPFO/CsCI f2H20 system with a fixed mass ratio of CsPFO to 2H20 of 1 : 
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Figure 6 .32 .1 q 2H)T m u l t i pl ied by TrN - T* for the CsPFO/CsCI f2H20 system with a 
fixed mass ratio of CsPFO to 2 H 20 of 1 : 4 as a function of we. The resul t 

shows an invariance to the electrolyte concentrat ion. 
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Chapter 7 
Effect of Counter-Ion Identity on the Self­

Organisation and Self-Assembly 

1 29 

Comparison of the binary APFOJ2H20 and CsPFOf2H20 systems has shown that 

at corresponding volume fractions of amphiphile the order/disorder phase transitions 

occurs at the same axial ratio in each system (figure 5.6(a) and (b)). The phase diagrams 

of the binary APFOJ2H20 and CsPFOJ2H20 systems, figures 6.3 and 1 .3 respectively, 

indicate the phase transition temperatures for the APFOJ2H20 system are lower (by -=23 

K) than the CsPFOJ2H20 system at a corresponding volume fraction of amphiphile. The 
implication is 

_
that at the r�nsitions the counter-ion appears to have a significant effect on 

the self-assembly, but l i ttle effect on the self-organisation of these micellar liquid crystal 

systems. In this chapter the influence of the counter-ion on the self-assembly and self­
organisation is probed by altering the ratio of NH4 ions to Cs+ ions at a fixed mole 

fraction of surfactant. 

7. 1 Phase Behavi ou r  of the A PFO/CsPFO/lH 20 system 
� 

The phase diagra� of the APFO/CsPFOJ2H20 system with the mole fraction of 

amph iphi le Xa fixed at e.029 1 is presented in figure 7 . 1 .  At this Xa the sample 
:• . 

corresponds to a binar}' CsPFOJ2H20 system composition of w. = 0.45. APFO is 

substituted for the CsPFO on a molecule for molecule basis.XAPFO is the mole fraction of 
l 

APFO of the total mole rraction of amphiphile. The ratio of the densities of the CsPFO 
I 

and APFO is 1 .26 compared with a molar m;,tss ratio of 1 .27 and so the volume fraction 
J 

of amphiphile is also essential ly constant irrespective of the actual composition of the 
mixed amphiphile � The �ctual change is ' = 0.2RO at XA?FO = 0 to ' = 0.283 at XAPFO = 

I 
1 .  The phase diagram (figure 7 . 1 )  �hows that an increase in the proponion of NH4 ion;; 

· . · I 
causes a monotonic decrease in the phase transition temperatures but there is  a 

, I, • 

pronounced curvature in the phase transition boundaries .  If there is no preferential I .  ' 
e;ounter-ion binding, there should be a linear relationship between the phase transition I l 
temperature and X ArFo: The curvature indicates that there is a positive deviation from 

, , ., I •  
ideal behaviour which i�icates preferential binding of Cs• ions to the micelle surface. 
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Figure 7 . I .  Partial ph  as� di agram of the APFO/CsPFOf2H20 system with a constant 
mole fraction of amph i phile of Xa = 0.029 1 .  XAPFO is the mole fraction of 
A PFO in the · total surf;1�tant,  i.e. nAPFo/(nArFo +ncsPFo). S hown are the 
isotropic n . i ... el lar sol ution phase I ,  the nematic phase N[,, and the discotic 
lamellar phase Lo 
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I 

Figure 7.2 .  �art ia l ly averaged 2H  q u adrupole  spl i tt i n g s  6v( 2H ) for the 
I 

AP�O/CsP.fOf-H20 system with a constant  mole fraction of amphiphile of x, 

= 0.029 1 a�:,the TNI and TLN phase transition boundaries. 
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Figure 7.3. Concentration dependence of the partially averaged 2H quadrupole splittings I 
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7.2 Micelle S i ze at the Ts 1 and T L� Transit i ons 

A plot of the tJ. v( 2H)  along the T N1 and T LN phase transition boundaries shows a 
general increase in the quantity with increasing XAPFO (figure 7 .2) . The origin of this 
increase can be understood by considering 6.v( 2H ) along the phase transition boundaries 
of the CsPFOf2H20 and APFOf2H:?O binary systems. As x3/Xw differs between each 
system at an equivalent volume fraction of amphiphile its contribution to the 2H 
quadrupole splittings must be removed to allow a comparison of the relative magnitudes 
of the 2H quadrupole splittings between the CsPFOl2H20 and APFOf2H20 systems. 
Figu�e 7.3 shows that at a given volume fraction 6.v( 2H)/(xalxw) for the APFOf2H20 
system is greater than the corresponding value in the CsPFOJ2H20 system, although at 

\ 
TNI there appears to be a convergence of the two at high volume fractions (temperatures). ' 
The axial ratio along : the phase transitions at any given t/J i s  the same for both the 
APFOJ2H20 and CsPFOf2H20 binary systems2 as is the value of S 3. The difference in 
6. V( 2H )I< Xa/Xw) along the transit ion must, therefore, lie in the nbS oo term of the ' � 
expression for the 2H quadrupole spli ttings (compare with equation[3 . 1 9]) ,  i.e. nbSoo 

I 
must be greater in  the APFOJ2H20 system than the CsPFOJ2H20 �ystem. This  would 
account for the drift to. higher quadrupole spli ttings as shown in figure 7.2 and in this 
case the higher v�lues [or 6. V( 2H )  at both T NI and T LN· in the case of the APFOJ2H20 
sysi:em, are not a resu1 l of larger aggregates in this  system. 

r 
• . ' 

7.4 Counter-Ion :Bi n d i ng 
I 

1 33Cs quadrupole. spl ittings will reflect changes in  the counter-ion binding as the 
proportion of the Cs+ to NH4 changes. Figure 7.4 shows 6.v( 1 33Cs) along the TLN and . 1 
T NI phase transition bo�ndaries as a function of XAPFO. Obviously the XAPFO = 1 sample 
cannot be included due� to the absence of caesium ions. The figure shows an increase in 
6 V( 133Cs) along the ph� se transition lines. The only variable contributions to 6 V( l3Jcs) 

\ 

along the phase :transiti?n lines are (P2 c.�osa).f and f3cs (equation[3.2 1 ] ) ,  and since the 
micelle size are ,the san� in the two systems at the phase transition temperature then an, 
increasing 6v( 1 �3Cs) i'1dicates that the bound fraction of caesium ions is increasing with 
increasing XAPFO· Rec�lling that f3c" is the moles of bound Cs+ ions nb divided by the 
total moles of Cs+ ions in solution n1, the increase in f3cs suggests that the decrease in nb 

: i 
on the addition of A?-!'='p is smaller than it would be in the absence of any preferential 
binding of Cs+ ions. Normalising to this value and assuming that change in 6. V( l 33('s) 
occur solely as a result <?f changes in f3c!'o enables figure 7.5 to be constructed. 
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Fig u re 7 . 4 .  Parti a l l y  averaged 1 D Cs q u ad ru pole s p l i t t i n g s  6v( 1 33Cs) for t h e  

A PFO/CsPFOPH20 system with a constant mole fraction of amphiphi le  of Xa 
= 0.029 1 at T NI and T LN· 
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7.5 C on c l u s i o n  

X-ray measurements have shown that at  corresponding 4> values the alb ratios of the 

micel les are the same in both the CsPFOPH20 and APFOf2H20 systems. In spife of the 
observed i ncrease in the 2H q uadrupole spl i tt ings at TNI and TLN on substituting APFO 
for CsPFO this appears to be the case in the mixed APFO/CsPFOflH20 system also. i.e. 
the increase in � v( 2H ) is probab ly  due to a corresponding i ncrease i n  nbSoo in the 

APFOPH20 system. 
The resu l t  i s  consisten t  with the findings of Rosen blatt who examined the effect of 

cou n ter- ion  i d e n t i ty on a micel l a r  l i q u i d  c ry stal  by s u bs t i t u t i n g  ru bidium 
pentadecafluorooctanoate (RbPFO)  amphiphi le  w i th CsPFO amphiphi le a t  a constan t 
mass fraction ·of amphiph i le in wa ter of wa = 0.399 (C/>  = 0.22)4. The observation of an 

i ncrease in t he bou nd frac tion of Cs• ions as X A PFO i ncreases i ndicates t hat there is a 
preferen ce for Cs• ions to bi nd to the mice l lar surface. Th is i s  con sistent with the 
observation of a posi tive depanure from ideal mixing in the phase transition temperatures 
as XArFo increases. 



7. Counter-ion ldentitv 

I I 

I 
References · 

1 
1 .  M. H. Smit� , Ph.D., Massey University ( 1990). 

1 35 

2 .  N .  Boden, �· J .  B .  Edwards, K .  W .  Jol ley, in Structure and Dynamics of 

Strongly lnteractin� Co!loids and Supramolecular Aggregates in Solution S .­
H.  Chen,  J .. S .  H uang, P. Tartaglia, Eds. (K l uwer academic Publishers, 

' 

Dordrecht, 1 992), vol . 369, pp. 433-46 1 . 

3 .  N .  Boden, i .  Clements, K .  W .  Jolley, D .  Parker, M. H .  Smith , J. Chem. 
Phvs. 93, 9096-9 1 05 ( 1 990). ' I � 

4 .  C .  Rosenbh\tt . ./. Colloid. lnrerjace. Sci. 1 3 1 ,  236-24 1 ( 1 989). 
' 



1 36 

Appendix A 
Phase Transition Tern pe�atu res 

Table A l .  Phase tra�si tion temperatures for the CsNFDflH20 system. tP is the volume 
fraction of surfactant. 

tP T tN TNl TL.Nffu 
0.056 ' 324. 1 2 1  3 1 5.000 
0. 1 1 9 343.328 343.2 1 6  335.450 

0. 1 70 354. 1 1 0  353.970 345.944 

0.20 1 359.495 359.350 351 .780 

Table A2. Phase tran�ition temperatures for the CsHFNJ2H20 system. tP is the volume 
fraction of surfactant. 

! tP ' T IN TNl TI...Nffu 
I ' 0. 1 22 t 3 1 7.5 1 0  3 1 7 .400 3 1 0. 1 00  
0.206 ' 334.605 334.5 327.43 : l 0.302 35 1 . 1 50 350.950 344.960 

Table A3. Phase tran�i tion temperatures for the CsTFHf2H20 system. tP is the volume 
fraction of surfactant. 

tP , T IN TNt TIN TNL 
0.396 �94. 1 03 293. 1 20 288 .05 1 288.897 
0.427 302 .620 30 1 .200 298.2 1 0  296.260 
0.45 1 �rl9.540 302.700 298.2 1 
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Table A4. Phas� transit;on temperatures for the CsPFO/CsC1f2H20 system. The CsPFO 
to 2�20 weight ratio is fixed at 1 : 1 and we is the weight fraction of CsCl. 

I 

We I T ,N TNJ TtNffu 
' 

0.000 322.346 32 1 .920 3 1 6.252 

0.002 322.700 322.300 3 1 6.600 

0.003 322.963 322.7 80 3 1 6.880 

0.0 1 3  327.428 327 .035 3 1 9 .720 

0.0 1 9  329.850 329.400 32 1 .700 ; 
0.02 1 330. 300 329.800 322. 100 

0.027 332.695 332. 1 30 324.330 

0.029 333.575 332.920 325 . 1 00  

0.035 
r 335.058 3 34. 340 327 . 1 20 

0.04 3  1 337.706 336.720 329.750 '· 

0.054 � 340.8 36 339.380 333.950 
: 

' 0.062 ' r 342.600 340.570 336.850 

0.067 
1 

344.662 34 1 .970 339.230 
' 

0.077 � 347.400 343.950 343.220 

0.078 r 347 .400 343 .950 343.220 : 
0.08 1 � 348. 1 00 344.240 I ,. 
0.084 

I 
348.984 345.460 

0.094 I 35 1 .725 349. 1 00 

0. 1 02 L 353.420 35 1 .5 1 0  
0. 1 1 2 

! 
r 357.080 355 .020 

0. 1 20 359Jno 358 .680 
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Table A5. Phase transition temperatures for the CsPFO/CsClf2H20 system. The CsPFO 
to 2H20 weight ratio is fixed at 1 : 4 and we is the weight fraction of CsCl. 

We T IN TNJ TLNffu 
0.000 283.394 283.3 1 8  27 8.950 

0.002 286.4 1 3  286.332 28 1 .288 

0.006 290.209 290. 1 08 285.850 

0.0 1 0  292.9 1 4  292 .749 289.587 

0.0 1 5  296. 3 30 296. 1 20 293.600 

0.020 29R.760 298.460 296.8 1 5  
t 

0.023 30 1 .974 30 1 .690 300.740 

0.029 ! 302.832 302.600 30 1 .742 

0.040 
. 

308 . 1 1 4 308 .020 307.7 1 5  

0.052 .. 3 1 1 .490 3 1 1 .349 3 1 1 .295 . .  " t 
0.055 3 1 3.5 22 3 1 3 .420 

' 
i •  • 

Table A6. Phase transitiJn temperatures for the CsPFO/CsClf2H20 system. The CsPFO 
• 

to 2H20 weight ratio is fixed at 53 : 47 .and we is  the weight fraction of CsCl. 
. 

We T1TN TNI TNL TLNffU 

0.00000 
I 

326;906 326 .540 32 1 .760 3 2 1 . 370 . 

0.00 1 48 327 �574 327 . 1 48 322.060 3 2 1 . 850 

0.00278 328.
:
347 327 .953 322.565 3 2 2.447 

0.00390 328 .p3 1 328 .260 322 .620 322. 570 

0 .00543 329 .533 329. 1 25 3 2 3 . 300 
' 

0.00650 329 79H 
c 

329.350 323.440 
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Table A 7. Phase transitiorl temperatures for the CsPFO/coe �ium saltf2H20 system. The 
I 

weight ratio of CsPFO to 2H20 is fixed at 1 : 1 and Xe is the mole fraction of 
' 

the corresponding ceasium salt. 

ceasium salt X c. T m  TNl TLN 
CsF 0.\J\-,62 4  33 3.400 3 32 . 870 324.825 

CsBr 0 . 00629 332 . 330 33 1 . 875 324 .400 

Csl o.oo6oo 3 3 l . R 30 3 3 1 . 360 323 .620 

Table A8. Phase transition
_
temperatures for the APFO/NH4Clf2H20 system. The A PFO 

to 2�20 weigh� ratio is fixed. at 2 : 3 and we is the weight fraction of N�Cl. 

We I T IN 
0.000 I 293 .028 

! 
0.003 I � 298.487 \ I  I 
0.005 I � 30 1 . 1 20 

I t 
0.0 1 3  I : 30R .97 2 ; I  
0.022 : I 3 20.30 1 

0.03 3 ! f 332 .930 

I ' 

TNl TL.Nfl"u 
292.770 286.840 

298. 1 60 29 1 . 1 00 

300.420 293 .830 

306. 870 304.540 

3 1 8.220 

3 3 1 .970 

.Table A9. Phase transition temperatures for the APFO/NH4CIJ2H20 system. The APFO 

I 

I I 

to 2H 20 weig� t rmio is fixed at 9 : 1 1  and we is the weight fraction of 

N H4Cl . i 
l 

We ' T IN ' 

0.00000 �30 1 . 308 
y 

0.00470 1.>08.378 

0.00937 
l 
· 3 1 3 .657 
'· 

0.0 1 000 3 1 5 . 1 87 

0.0 1 48 5  
i 

:3 1 9 .540 

I • 
0.0202 1 ' '3 25 .2HO 

' 

0.02457 I 
�3 30. 1 75 
'· 

0.03080 ' ,3 3(l. 790 

TNJ TLNITU 
300 .820 295.730 

307.660 299 .890 

3 1 2. 1 00 305 .900 

3 1 3 .420 307.730 

3 1 5.900 3 1 3.640 

32 1 .080 

326.930 

3 34.420 
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Table A I O. Phase transition temperatures for the APFO/CsPFOf2H20 system. The mole 
fraction o(surfactant is  fixed at 0.029 1 where XAPFO is  the mole fraction of 
APFO of the total surfactant. 

XAPFO '· T rN TN1 TLN 
0.00 ' 3 1 2.635 3 1 2.50 307.02 

0.42 306.607 306.40 30 1 . 10 

0.74 298.960 298 .70 292.79 
1 .00 289.890 289.68 283.63 
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Appendix B . 
Quadrupole Splitt ings at the Phase Transitions 

I 
I 

Table B 1 .  2H quadrupole spl inings along the nematic-to-isotropic and nematic-to-lamellar 
phase transit ions for the CsNFDf2H20 system. 4> is the volume fract ion of 

surfactant. 
' 

tP 
0 .056 
0. 1 1 9  

i 0. I 70 
I 

I 0.20 1 

' 
I 

6 v( 2H)TNI /Hz 6v( 2H)Tl.N 1Hz 
92 

36 1 65 
62 227 
80 263 

Table B2. 2H q�ad.rupole splitrings along the nematic-to-isorropic and nematic-to-lamellar 
I ' 

phase tran�i tions for the CsHFNf2H20 system. tP is the volume fract ion of 
I , 

surfactant. \ 

� - I tP 6 V( 2H)TNI /H z  6 v( 2H )T l.N /H z  
� 0. 1 22 30 1 92 • 

·� 0. I 7 1  52 305 
' 0. 302 1 25 455 

: T 

Table B3. 2H quadrupole splittings along the nematic-to-isotropic and nematic-to-lamellar 
phase tran �i tions for the CsTFHf2H20 system. 4> is the volume fraction of 

I l 
surfactant.  l 

� . 
tP ,. 

0.396 i ; 

. \ :  
I 

0.427 I 
I 

) 
0.45 1 ' � 

6v( 2H)TN1 /Hz 6 v( 2H)TLN IHZ 6v( 2H)TNL./Hz 

442 938 ' 883 
575 1 065 873 
700 1 240 
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ApPendix 8 Quadrupole Splittings ________________ l_4_2 
' \ 

Table B4. 2H Quadrupole splinings along the nematic-to-isotropic and nematic-to-
! ! . 

lamellar phase transitions for the CsPFO/CsCif2H20 system. The CsPFO to 
2H20 weight ratip is fixed at 1 : 1 and we is the weight fraction of CsCl. 

We .1 v( 2H)TNI IHZ �v( 2H)TLN 1Hz 
0 .000 1 92 589 
0 .002 i9 1  595 
0.003 1 93 592 
0.0 1 3  201 6 1 7  

0 .0 19 209 630 
0.('1 1 2 1 2  6 1 5  
0.0�7 222 623 
0.0:!9 232 625 

, ,  0.0�5 243 625 ! I 0.()43 275 635 I 

· I · o.o$4 ! 3 1 9 6 1 5  
: 0.062 370 600 

0.0�7 4 1 8  593 
0.017 5 19 582 

i 0.07,8 5 1 2  566 
0.0� 1 560 
0 .0�4 590 
0.0�4 590 
0.0�4 596 
0. 1 d2 58 1 ., 

0. 1 qz 587 
o. t :w  577 
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Table B5. 1 33Cs Quadrupole splittings a long the nematic-to-isotropic and nematic-to-
1amellar phase transitions for the CsPFO/CsC1f2H20 system. The CsPFO to 
2H20 weight ratio is fixed at 1 : 1 and We is the weight fraction of CsCl. 

We � v( 1 33Cs)TNI / Hz �V( 133Cs )TLN I Hz 
0.000 1 570 5442 

0.002 1 570 5400 

0.003 1 558 5405 

0.0 1 3  1 540 5275 

0.0 1 9  1 543 5 1 45 

0.02 1 ! 1 550 5075 

0.027 1 570 49 1 0  

0.029 
I 1 6 1 0  4840 
\ 

<,>.()35 ; 1 650 4660 

0.043 ) 

i 1 7RO 4525 

0.054 � '  1 990 4 1 60  I ' 

0.062 
. 

2285 3875 
I . 

0.067 i 2485 37 ! 5  
' 

0.077 
,. 

3040 3440 l I 
0.07 8 " 

3040 3420 

0.08 1 
I 

3400 ' 
' 

O.OR4 
' 

3395 I 
l 

0.094 I 3270 ' 
0. 1 02 I 3 1 05 

0. 1 1 2  I 
3005 

• '  ! 
0. 1 20 I 2826 
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Table 86. 35CJ quadrupole spl ittings along the nematic-to-isotropic and nematic-to­
lamel lar pt:a�e transitions for the CsPFO/CsCif2H20 system. The CsPFO to 
2H20 weight ratio is fixed at 1 : 1 and we ts the weight fraction of CsCI. 

We ' 

0.003 

0.() 1 3 : 

0.0 1 9 . 

0.02 1 ; 

0.029 ! 

0.035 : 
:
0 

I 
.043  ; 

i '  
1
o.054 I 
0.062 .. 

i 0.077 ·, 

, I  '· 
0.078 ) 

I 

0.08 1 i , 
O.OR4 I 

0.094 
• ' 

0. 1 02 . 

0. 1 1 2 r t 

0. 1 20 I 

6 v( 35CJ ) T NI 6 V( 35Cl )T LN 

2627 8 100 

2900 8400 

8980 

9 1 50 

3500 9300 

3800 9 1 00  

4400 9409 

5200 9900 

6075 9460 

9250 9250 

S490 9 1 50 

9450 

9770 

1 0090 

9900 

1 0 1 30 

1 0075 
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Table B7. 2H quad m pole spliuings along, the nematic:-to-isotropi� and nematic-to-lameHar 
phase trans i tions for the CsPFO/CsCif2H20 system. The CsPFO to 2H20 
weight ratio is fixed ar 1 : 4 and we is the ·.veight fraction of CsCl. 

We .1v( 2H)TNI /Hz .1V( 2H)TLN.Tu/Hz 

0.000 38 1 76 

0.002 40 1 88 

0.006 47 1 82 

0.0 1 0  52 1 7 1  

0 .0 1 5  66 1 74 

0.020 7 1  1 63 

0.023 80 1 56 

0.029 X4 1 57 

0 .040 95 1 4 5  

0.052 1 2 1  1 38 

0.055 1 32 

Table B8 .  I 33Cs quadrupole spl i t t ings along the nematic-to- i sotropic and nematic-to­

lamel lar phase tntnsitions for the CsPFO/CsClf2H20 system. The CsPFO to 
2H:'O weight ratio is fixed at 1 : 4 and we is the weight fraction of CsCI . 

We .1 ii 1 33Cs )T N1 I Hz .1 V{ 1 33Cs)T LN.Tu/Hz 

0.000 2250 9600 

\ J .  002 2750 9600 

0 . 00t) 2 1 90 8400 

0.0 1 0  2250 7 300 

( ) . () } 5  2290 655 3  

0 . 020 2448 5680 

0 . 02 3  2500 4750 

0.029 25oo 4725 

( ) . ( }4() 2450 37()(j 

( 1 . 0 5 �  2 5 XO ) 1 50 

0. 055 2�00 
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Table 89.  35CJ quadru pole splitt ings along the nematic-to-i sotropic and nematic-to­

lame l lar phase transi t ions for the CsPFOICsClf2H10 system. The Cs°FO to 
2H20 weight ratio is fixed at 1 : 4 and We is the weight fr�ction of CsCI. 

We !:l v( 35Cl ) T NtiHz � V( 35Cl ) T LN.T u/liz 

0.006 220 790 

0.0 1 0  300 848 

0.020 600 ! 090 

0.023 630 1 1 40 

0 . 029 R42 1 1 75 

0.052 1 0 1 6  1 270 

0 . 055 1 206 

Table B IO. 2H qu adrupole spl i t t i ngs along the nematic- to- isotropic and nematic-to­
lamel l ar phase tra nsitions for the CsPFO/CsClf2H20 system. The CsPFO to 
2H20 weight rat io is fixed at 53 : 47 and w� is the weight fracnon of CsCI . 

We 6v( 2H )TNI /Hz � ��( 2H )T Nt./HZ 6 v( 2H )TLN I Hz 

o.ocooo 228 632 662 

0.00 1 48 228 638 659 

0.00278 23 1 650 660 

0.00390 229 656 660 

0.00543 
' 

230 660 

0.00650 2 34 657 

Table B 1 1  1 33Cs q u adru pole spl i t t ings a lon g the nematic -to- i sotropic a nd nematic-to­
lame l lar phase transi t ions for the C sPFOICsClf2H20 system. The CsPFO to 
2H20 weight rat io is  fi xed at 53 : 47 and w� is the ...v'!ight fraction of CsCI . 

W e  6 v( 1 33Cs )T NI I H z  � v( 1 33t:s )T 1\'L I Hz !:l v( 1 33Cs )T LN I Hz 

0.00000 1 620 4902 5 1 5 1  

0 .00 1 4& 1 MO 4lJ)h 5 1 1 0  

0.0027X 1 6  ) ( ) 4990 5068 

0.00390 1 6 1 1 5060 5080 

0 .005 4 3  1 600 4995 

0.00650 J )l)() 4920 
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Table B 1 2  J 33Cs quacrm:ole sp l i tti ngs a long the nematic-to-isotropic and nematic-to­
lamel lar  pha�� t ran sit ions for the CsPFO/coa.o;ium sal tf2H z0 system . The 
weight rat io of CsPFO : �H20 is fixed at 1 to 1 and x_c is the mole fraction of 
the corresponding caesium salt.  

ceasi urn salt Xe 6 v( 2H )TNI lHz 6 v( 2H)TLNIHz 

CsF 0.00624 224 630 

CsBr 0.00629 2 1 6  620 

Csl 0. 00600 2 1 3 6 1 2  

Table B 1 3 . 1 33Cs quadrupole spl i tt ings along the nematic -to-isotropi c  and nematic-to­
lamel lar phase tran sit ions for the CsPFO/caasium sal tf2H 20 s ystem. The 
weight ratio of CsPFO to 2H20 i s  fixed at 1 : 1 and Xc is  the mole fract ion of 
the corresponding toc..i um sa: : 

ceasi urn salt Xc 6 \'( 133Cs )T  NI I Hz 6 V( 1 33Cs ) T LN I Hz 

CsF 0.()()624 1 040 5 1 25 

CsBr 0.0062l) 1 565 5020 

Csi 0.(X)600 1 565 502 5 

Table B 1 4 . 2H qu adrupole s p l i r r i ngs a long the nematic- to-isotropic a n d  nematic-to­
lamel lar phase tran si tions for the APFO/N�Clf2H20 system. The APFO to 
2H20 weight ratio i s  fixed at 2 : 3 and We is the weight fraction of N�Cl. 

W e:  6 \'( 2H )T Nl lHz 6 \'( 2H )T LN.T u!Hz 
() .000 1 7X 588 

( )  .00 )  2 1 0  608 

( ) . ( )05 � 39 608 
0 .0 1 3 4 1 0  590 
o.on 562 

o.o:n 543 
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Table B 1 5 .  lH quadrupole !ipl i tt ings along the nematic- to- isorropic and nematic-to­

lamel lar phase transi t ions for theAPFO/l' 'H4Clf2H20 system. The APFO to 
2H20 weight rdtio is fixed at 9 : 1 1  and we is the weight fraction of NJ-L,Cl. 

We tl V( 2H )TNI /Hz tl v( 2H )TLN.Tu!Hz 

0.00000 239 695 

0.00470 274 7 30 

0.00937 363 730 

0.0 1 000 395 733 

0.0 1 48 5  554 7 1 6  

0.0202 1 698 

0.02�57 680 

0.030XO 665 

Table B 1 6. 2H quadrupole sp l ittings along the nematic-to-isorropic and nematic-to­

lamellar phase transit ions for theAPFOICsPFOf2H20 system. The mole 
fraction of surfactant is fixed at 0.02 9 1  where XAPFO is the mole fraction of 
APFO of the total surfactan l .  

XAPFO tl V( 2H )TNI lHz 

0.00 1 30 

0.42 1 66 

0.74 1 63 

1 . 00 1 72 

tl v( 2H )T LNIHz 
495 

5 1 0  

55 1 

585 

Table 8 1 7 .  1 33Cs Quadr•Jpole spl i t t i ngs a long the nematic -to- isotropic and nematic-to­
Jame l lar ph ase tr:• ns i t ions for theAPFOICsPFOf2H20 system. The mole 

fraction of surfat't<tnt is fi xed at 0.02 9 1  where XArFo is the mole fraction of 

APFO of the total surfactant. 

XAPFO !!. v( 1 J3Cs )T Ni l Hz 6v( 1 33Cs)TLN I Hz -
() .()() 1 440 6 1 00 

0 . 4 2  1 929 6550 

0 . 7 4  2002 7 350 
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Appendix C 
Density Measurements 

Comparison between different systems is  usually required to be perfonned in 

volume fraction space. I� order to do this  the densi�y in solution of each of the 

perfluorinated carboxylic acid salts is required. These densities were determined using an 

Anton Paar vibrating-tube digital-density meter as outlined in chapter 2. 

The apparent molar J .Jlumes (V�) of the .caesium salts were calculated from the 
relationship 

V = 1 000 (d - d) +  M 
, I • mddo o d 

�here m is the mola�ity of the solution, M is the relative molar mass of the surfactant, d is 
the density of the solu tiof\ and do is the density of the solvent. The concentration 

dependence of V • for aque�us sol utions of CsPFO at 25 ·c is shown in figure C l .  The 

change in the molar volume on micellization is about 1 2.2 cm3 mol- I which is 

significantly greater than th�t found in corresponding hydrocarbon systems 1 • The panial 
molar volumes of the micelles v; given in Table C 1 were obtained by extrapolating the 

' 

measurements made above the erne to infinite dilution. The differences in the V • values 
between the CsTFH and C��FO (22 cm3 mol- I )  and the CsPFO and CsHFN salts (25 

cm3 mol- l ) are close to the •calculated value of 23 cm3 mol- l for the volume of a CF2 I 

group2. : 
i 

The CsNFD solutions Y.,ere too viscous to be easily loaded into the densitometer so 
! 

its molar volume was detef111ined at 25 ·c by measuring the density of a solution with 
mass fraction w1 of 0. 1 usin� a pycnometer. Assuming ideal mixing and a 2H20 density 

�f 1 . 1 05 g cm-3 at 25 ·c3 pave a CsNFD in sol ution density of 2.32 g cm-3 .  Thi s  

density corresponds �o a molar volume of 278 cm3 moJ- 1  which is only 1 8  cm3 moJ- 1  
I 1 1  t 

l�rger than the Cs�fN va�ue.  The most probable explanation for this is that the 
extrapolation techniq u

_ 
e has 'resulted in a CsNFO density which is slightly too big. In 

1 
• • I '  . r view of this we have 'used a ·  \1 tb value for CsNFD of 283 ·cm3 mol- 1 (ie 260.3 + 23) in ' . . I 

v?lume fraction calcu�atior.�· .  ; 
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i 
Table C l  Panial Molal Volume and the Density of Perfluorinated Surfactants used in this 

s d tu IY 
Perfluorinated Surfactant v; Density of Surfactant (p) 

CsTFH 2 10 . 2  2.36 

CsPFO 234.4 2 .32  

CsHFN 26 1 . 4 2.28 

CsNFD ' 278.2 2.32 

APFO 234. 1 1 .84 

RbPFO ' 225.5 2.2 1 
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3 .  G .  S .  Kel l ,  J . �Chem. Eng. Dara 12 .  66-69 ( 1 967 ). 
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Figure C l  Apparent mol a r  vol ume \'4' �1 s �� fu nction of concentrat ion for c aesi u m  

penradecafluor;ooctanoate in  2H20at 25 °C 
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