Influence of Strongly Bound Counterions
on the Phase Behaviour of
lonic Amphiphiles

by
Sjal Kumar Ghosh

Thesis submitted to the
Jawaharlal Nehru University
for the award of the degree of

Doctor of Philosophy

July 2007

Raman Research Institute
Bangalore 560 080

India



Declaration

| hereby declare that the work reported in this thesis igelgtoriginal. This thesis is composed
independently by me at Raman Research Institute under geg\ssion of Dr. V. A. Raghunathan.
| further declare that the subject matter presented in ltigsis has not previously formed the basis
for the award of any degree, diploma, membership, assatigtefellowship or any other similar

title of any university or institution.

(Dr. V. A. Raghunathan) (Sajal Kumar Ghosh)
Soft Condensed Matter Group
Raman Research Institute

Bangalore 560 080 - INDIA



Certificate

This is to certify that the thesis entitléafluence of Strongly Bound Counterions on the Phase
Behaviour of lonic Amphiphiles submitted bySajal Kumar Ghosh for the award of the degree
of Doctor of Philosophy of Jawaharlal Nehru University is loriginal work. This has not been

published or submitted to any other University for any otbegree or Diploma.

Prof. Ravi Subrahmanyan Dr. V. A. Raghunathan
Director (Thesis Supervisor)
Raman Research Institute

Bangalore 560 080 INDIA



Acknowledgement

| am deeply indebted to my thesis supervisor Dr. V. A. Raghthara for everything | have
learnt from him. Without his inspiring guidance this thesisuld not have been possible. | would
like to thank him for all his advice, encouragement and acadsupport during the entire course
of this work. He has not only been a great supervisor but algryagood friend. It is always a

pleasant experience to talk with him about all sorts of acad@nd non-academic issues.

A part of this thesis work has been done in collaboration Witbf. A. K. Sood at the Indian
Institute of Science, Bangalore. | would like to thank hinddms group members for very useful
time | have spent with them. | express my gratitude to Profvi Babrahmanyan for all the aca-
demic interactions and also for his sensitive views on sitgléssues. | am extremely thankful to
Dr. Yashodhan Hatwalne for his constant interest in my wardt also for many helpful discus-
sions. | thank Dr. Madan Rao, Dr. Ranjini Bandyopadhyay, Amun Roy, Dr. Abhishek Dhar
and Dr. R. Pratibha for many pleasant discussions with tHeswpress my gratitude to Prof. N.
V. Madhusudana and Prof. B. K. Sadashiva for their valuafhernents and suggestions about my
work. | am also thankful to all other faculty members of thét sondensed matter group for their

encouragement and help.

A special thanks to Mr. Mani from whom | have had various tecalnsupport for my experi-
mental work. | thank Mr. Dhason, Mr. Ram and Mr. Ishagq for tieip. Also the technical support
from Ms. K. N. Vasudha is sincerely acknowledged. | am thahkf Amarnath, Shreenivasa, Uma
and Santanu for their help in preparing some of the chemiicdlge chemistry laboratory.

| would like to express my deep gratitude to the highiyoeent and extremely helpful library
stat, especially to Mr. Patil, Mr. Nagaraj, Mr. Kiran, Ms. Girjjdr. Manjunath, Mr. Ratnakar,
Ms. Vrinda, Ms. Geetha, Mr. Hanumanthappa and Mr. Chowdappa

| thank all the st in the administrative department. Special thanks to MrsKmamaraju, Mr.

Radhakrishna, Ms. Marisa and Ms. Radha for their help in npkificial matters very easy. | am



thankful to all the hostel st canteen stiand everyone at RRI for making my stay enjoyable. |
also enjoyed my stay at RRI because of its beautiful naturabendings.
| acknowledge everyone at the computer section with spéwaalks to Mr. Vivek, Mr. Sunil,

Mr. Jacob, Mr. Nandu and Mr. Sridhar.

| was fortunate to get Rema and Sanat as my lab seniors fronmwHearnt a lot. | am
thankful to them not only for valuable scientific discussidout also for their friendship in all
other respects. | am also thankful to all of my other lab-saBebhu, RK, Arif, Tripta, Debashis,
Balakrishnaprabhu and Lakshmanan. My heartfelt thanksiparjan and Brindaban for their
friendship since my university days. | would also like tortk&utirtha, Chandreyee, Abhijit, Debs,
Archana, Saleh, Amit, Alpana and Antara for the wonderfuletil spent with them. Although
Javed is no more with us, he will be remembered always as drieatl. | thank Subhankar,
Subhashis, Raktim, Priyabrata, Somenath and Falgun far ttusted friendship. | also thank
Surajit, Rajkumar, Ganesh and Manijula for their help ata#ioccasions. | sincerely thank to all
my other friends with whom | enjoyed many evenings on the RRtlall ground and badminton
court.

| thank Usha, Divya and Maya for the time | enjoyed with them.

My sincere regards to my parents and grandmother for eviagythey have done for me. Their
constant support and sacrifices have made my way very smogtufusely thank my brother
Kamal for his encouragement and support throughout my aw@deareer. It is impossible to
express my deep sense of thanks to Sona who has constamttyrge all kind of support during
my good and tough times. Her keen desire inspires me to galarehto do better. It is also my

pleasure to thank every member of my family for their helpanious ways.



Contents

1 Introduction 1
1.1 Amphiphiles . . . . . ... 1
1.1.1 Self assembly of amphiphilic molecules. . . . . . ... ... ... ... 3
1.1.2 Shapeofaggregates . . . . . . . . . . . . . 5
1.1.3 Phase behaviour of amphiphilic molecules. . . . . . .. .. ... ... 7

1.1.4 Influence of additives on the phase behaviour of amphiphilavater sys-

temMS. . . . e 11
1.2 X-raydiffraction . . . .. . . . ... 13
1.2.1 Theory of x-ray diffraction . . . . . ... ... ... .. .. ....... 13
1.2.2 Intensity corrections . . . . . . . . . . . . ... 16
1.2.3 Experimentalsetup. . . . . . . . . . . .. 16
1.3 Polarizing optical microscopy . . . . . . . .. 18
1.4 Characterization of lyotropic liquid crystallinephases . . . . . . . ... .. .. 21
1.4.1 Nematicphase. . . . . . . . . . . . . . . 21
1.4.2 Hexagonalphase . . .. .. ... ... .. .. ... .. .. ... 22
143 Lamellarphase . . .. .. ... . .. .. ... 23
1.4.4 Intermediate phases. . . . . . . . . . ... ... 25
2 Effect of SHN on the Phase Behaviour of Some Cationic Surfactasit 31
2.1 Introduction . . . . . . ... e 31
2.2 Earlierstudies . . . . . . .. 32
2.3 Experimental . . . . . . ... 34



2.4 Results . . . . . . e 35

2.4.1 CTAB-SHN-watersystem. . . . . . . . . . . . . . v .. 35

2.4.2 CTAC-SHN-watersystem. . . . . . . . . . . . i i it 44

2.4.3 DTAB-SHN-watersystem. . . . . . . . . . .. ... ... . ... ... 44
2.5 DISCUSSION . . . . . 45
2.6 Conclusion . . . . .. 51

Structure of Mesh Phases in Cationic Surfactant Systems i a Strongly Bound

Counterion 54
3.1 Introduction . . . . . . . . . 54
3.2 Earlierstudies . . . . . . .. 56
3.3 Experimental . . . . . . ... 57
3.4 Results . . . . . 58
3.4.1 CTAB-SHN-watersystem. . . . . . . . . . . . . . .. 58
3.4.2 CTAHN-watersystem. . . . . . . . . . . . . i 60
3.4.3 CTAHN-NaBr-watersystem . . . . . .. . . . ... ... ... ..... 60
3.4.4 DTAB-SHN-watersystem. . . . . . . . . . . . . .. 64
3.5 DISCUSSION . . . . . . 64
3.5.1 Structure ofthe meshphases . . . ... ... ... ... ... ..... 64
3.5.1.1 CTAB-SHN-water . .. ... ... ... ... ... ...... 64
3.51.2 CTAHN-water . .. .. ... .. . . . ... 70
3.5.1.3 CTAHN-NaBr-water . . . ... ................. 70
3.5.2 Modeling the meshphases. . . . . ... ... ... ... ........ 70
3.5.2.1 Intermediate meshphase . . . ... ... ... ........ 72
3.5.2.2 Randommeshphase. . . . ... ... ... .......... 73
3.5.3 Influence of alkyl chainlength . . . . . . ... ... ... ........ 74
3.5.4 Large scale structures in the intermediate mesh phase. . . . . . . .. 75
3.6 Conclusion . . . . . .. 76

Vi



4  Structure of Mesh Phases : Influence of the Hydrophilic Headsroup of the Surfac-

tant and the Nature of the Counterions 79
4.1 IntroduCtion . . . . . . . . .. 79
4.2 Earlierstudies . . . . . . . . 81
4.3 Experimental . . . . . . ... e e e 81
4.4 Results . . . . . . 82
4.4.1 CPB-SHN-watersystem . . . .. . .. ... .. ... ... ... ..., 82
4411 Phasebehaviourar=025. ... ............... 82
4412 Phasebehaviourak=05and1.0. . ... ... ....... 83
442 Phasebehaviourabk=135. ... ... ... ... . ... ..... 85
4421 Phasebehaviouraw=20 ................... 88
4.4.3 CPC-SHN-watersystem . . . . . . .. . .. ... ... 89
444 CPB-S3ST-watersystem. . . . . . . . . . . . 91
4.5 DISCUSSION . . . . . . . 93
4.5.1 Hexagonal and regular lamellarphases. . . . . .. .. ... ... ... 93
4.5.2 Structure ofthemeshphases . . . . ... ... ... ... ....... 94
4.5.3 Influence of strongly bound counterions. . . . . . ... ... ...... 100
4.6 Conclusion . . . . . . . 100

5 Phase Behaviour of SDS-PTHC-Water System: An Unusual PhasSequence from

Hexagonal to Lamellar 104
5.1 Introduction . . . . . . . . . .. 104
5.2 EarlierStudies . . . . . . .. 105
5.3 Experimental . . . . . . . .. e 106
54 Results . . . . . . 107
5.4.1 Phasebehaviouraiw<1 ... ... ... ... ... ... . 107
5.4.2 Phasebehaviouratw~1 . .. ... ... ... ... ... ... .. ... 112
5.4.3 Phasebehaviouraiw>1 .. ... ... .. ... ... L. 113

Vii



544 Ternary phasediagram . . . . . . . . . . ... ... 116

5.5 DISCUSSION . . . . . . 116
5.5.1 Nematic and lamellarphases. . . . . . ... ... ... ... ...... 116
55.2 Thelgphase. . . . . . . . . . . . e 119
5.5.3 Phase transition from hexagonal tolamellar . . . . . .. .. ... ... 120
5.5.4 Asymmetric ternary phasediagram . . . . . . ... ... ... ... 123

5.6 Conclusion . . . . . .. 124

Effect of Salts on the Lamellar-Lamellar Coexistence in the DDB-Water System 128
6.1 Introduction . . . . . . . . . e 128
6.2 Earlierstudies . . . . . . . . .. 129

6.3 Theoretical studies on lamellar-lamellar coexistence in@phiphilic systems. . 131

6.4 Experimental . . . . . . . .. 136
6.5 Results . . . . . . . 138
6.5.1 EffectofNaBr . . . ... ... .. ... .. 138
6.5.2 EffectofNaCl . . .. . ... ... ... .. .. . 139
6.5.3 Effectof SHN . .. .. . .. ... ... . 141
6.5.4 EffectofSS. . . . . . ... 144
6.6 DISCUSSION . . . . . . . . 144
6.7 Conclusion . . . . . .. 148
Novel Structures of CTAT-DNA Complexes 152
7.1 Introduction . . . . . . . .. 152
7.2 Earlierstudies . . . . . ... 153
7.3 Theoretical phasediagram . . . . . . . . .. .. . .. ... .. 155
7.4 Experimental . . . . . .. 157
7.5 Results . . . . . 159
7.5.1 Formationofcomplex. . . . . .. .. .. . .. ... .. .. . 159
7.5.2 Structure ofcomplex . . . . . ... 160



7.6

7.7

7.5.3 Stability of complex: Effectofsalt . . . . ... .. ... ... ...... 163

DISCUSSION . . . . . . . 167
7.6.1 Formationofthecomplex . . ... ... ... ... ... ........ 167
7.6.2 Modelling of structures . . . . . . . ... ... ..o 168
7.6.3 Phasetransitions . . . . . . . . ... ... 173
Conclusion . . . . . . . 174



Preface

This thesis deals with the influence of strongly bound caumrte on the self-assembled struc-
tures formed by some ionic amphiphiles. The physical priggeof aqueous solutions of these
ionic amphiphiles are very sensitive to the nature of thentenions. In particular, counterions
that have a tendency to adsorb on the surfactant micelleraverkto dramatically modify the
viscoelastic properties of their dilute aqueous solutibmsugh the formation of long worm-like
micelles. Our motivation was to get some insight into thfea of such counterions, introduced by
added salts, in the concentrated regime. It is found thatdhére of such counterions significantly
affect the structure of liquid crystalline phases found in ssydtems.

The cationic surfactants used in these studies form cytiablmicelles over a wide range of
water content, and the addition of certain counterions ismébto transform these micelles into
mesh-like aggregates. At high water content these aggrefmim a random mesh phase, which is
a lamellar phase with no long-range trans-membrane ctioe$aof the in-plane structure. At low
water content they, however, lock into a three dimensiotratture. The structure and stability
of these mesh phases are found to depend crucially on fagtiots as the length of the hydro-
carbon chain of the surfactant, its hydrophilic part, anel tlature of the surfactant counterion.
The phase diagrams of these systems have been determingdootarizing optical microscopy
and x-ray ditfraction. The mesh phases are always found to intervene bettie hexagonal and
lamellar phases. Interestingly, in the case of an anioniastant the mesh phases are not formed
in the presence of strongly bound counterions, but a nevgitran sequence is found between the
hexagonal and lamellar phases, which seems to involve aigrabange in the micellar morphol-
ogy from cylindrical to planar.

We have studied the influence of salts on the coexistencemfamellar phases in a cationic
surfactant-water system. All the salts studied are fourt@ve in a quantitatively similar fashion
irrespective of the nature of the counterion, in strikingadjreement with some recent theoretical

predictions.



The influence of a strongly bound counterion on the struattioationic surfactant-DNA com-
plexes was investigated using x-rayfthction. The competition between the counterion and DNA
to bind to the micelle is found to lead to the formation of sareel structures of these complexes.
A partial phase diagram of these structures has been dedrfriom x-ray data.

In chapter 1, we introduce amphiphilic molecules and their self-asdethbtructures. The
general phase behaviour of amphiphile-water system andflbence of additives on it have been
discussed. A short description of x-rayffdaction and polarizing optical microscopy techniques
used to identify the ordered phases of these systems hagjiveen

Amphiphilic molecules have one or more hydrophobic chatteched to a hydrophilic head
group. They self-assemble in aqueous solutions to formeagges above a critical micellar con-
centration (CMC). Various types of aggregates are formeeaéing upon the geometrical shape
of the molecules (Fig. 1). At higher concentrations, thayfdiquid crystalline phases with long
range orientational order and some degree of positionarokdlost commonly observed structures
are the hexagonal phase consists of long cylindrical néseltranged on a two-dimensional hexag-
onal lattice, and the lamellar phase made up of a one-dimealsstack of bilayers. Frequently
a bicontinuous cubic phase, which is optically isotropi&s been observed in between these two
classical phases. In some systems a number of birefrindexsteg are seen instead at these in-
termediate compositions, which are known as ‘intermedi@ses’. Simple inorganic to very
complex organic salts and co-surfactants are reportedvi® $teong influence on the interactions
between the amphiphilic molecules on their self-assemdtiecttures. This chapter also contains
a brief description of x-ray diraction and optical polarizing microscopy techniques eygdl to
determine the liquid crystalline structures.

In chapter 2, we present theftects of the organic salt 3-sodium-2-hydroxy naphthoateNBH
on the phase behaviour of three cationic surfactants, nametyltrimethylammonium bromide
(CTAB), cetyltrimethylammonium chloride (CTAC) and dog&omethylammonium bromide
(DTAB). At low amounts of SHN, the phase behavior of CTAB-Shildter system is similar to
that of the CTAB-water binary system, which exhibits a hexted (H) phase over a wide range

of water content. With increasing SHN concentration a ldangihase with curvature defects is
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Figure 1: Various self assembled structures of amphiphitiéecules : (A) spherical micelle, (B)
cylindrical micelle, (C) vesicle, (d) bilayer and (E) inted micelle. In all these structures, the
molecules expose their hydrophilic head group to water dmelds their hydrophobic tail from
water.

found instead of the Hphase. These defects are revealed by the presence itisedpeak in
the small angle region in the perpendicular direction topgbaks corresponding to the lamellar
stacking. At lower temperatures{60 °C) this phase transforms into a regular lamellar phase via
an intermediate phase on decreasing the water content.nférenediate phase shows a number
of x-ray diffraction peaks indicating an ordered 3-D phase. Althougtofitecal textures were
identical, the regular lamellar phase was distinguishechfthe one with curvature defects by the
absence of any ffuse peak in the small angle region. The formation of theseature defects

in a mixed surfactant system has been explained in termsdetidency of one of the surfactant
species to aggregate into spherical or cylindrical misgl®th of which have high positive values
of mean curvature. The micro environment in the edge of tbefects is very similar to that in the
micelles, and hence their formation helps to reduce theatiaarergy of the system. At still higher
SHN concentration a nematic phase is found. The high vigcasd flow alignment indicate this
phase to be made up of long worm like micelles. A partial terqdnase diagram has been con-
structed, which exhibits a high degree of symmetry abouethemolar CTABSHN composition,
reminiscent of the phase behavior of mixtures of anionic@attbnic surfactants (Fig. 2).

On replacing the bromideBf~) counterion of the surfactant by chlorid€l(), the CTAC-

Xii
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Figure 2: Phase diagram of CTAB-SHN-water systemat3D°C. The concentrations are in wt%.
l,LP,L,,H, Int,N andC denote the isotropic, lamellar with curvature defectsulaglamellar

s q»

phase, hexagonal phase, intermediate phase, nematicgithsgy/stalline phase respectively. The
dashed line indicates samples with equimolar C7JABN composition.

SHN-water system shows only a regular lamellar phase arthenelquimolar composition. In this
case, most of the chloride ions are supposed to be releasedater giving rise to an uniform
microenvironment of the bilayer. On decreasing the chamngtle, it is found that although the
DTAB-SHN system forms curvature defects, the average tietgmaration decreases with surfac-
tant concentration, which is opposite to the trend seenarCFAB-SHN system. The absence of
a 3-D intermediate phase in DTAB-SHN -water system mightab&ted to this dtference.

Chapter 3 describes the modelling of the structure of the intermedftase observed in
CTAB-SHN system. In the CTAB-SHN system, consisting of agfely charged molecules, an
increase in the surfactant concentration is accompanieal dyrresponding increase in the ionic
strength due to the released Band Nd counterions. Hence thefects of salt and surfactant
concentration on the phase behavior cannot be separatetefdte, we have studied the phase
behavior of the surfactant CTAHN, which is formed by the céemption of CTAB and SHN, as
a function of NaBr concentration. In order to understanditifisence of the chain length of the

surfactant molecule on inducing the mesh phase, we alsostishe DTAB-SHN-water system.
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X-ray diffraction data from oriented samples of CTAB-SHN system ininiermediate phase
show the existence of a 3D lattice with rhombohedral symynétne intermediate phase which is
modelled as an 'ordered mesh phase’ is also recovered inTAelS-water system at high NaBr
concentrations whereas it shows only a regular lamellas@hathout any added salt. The ordered
mesh phase is absent in the DTAB-SHN system and only the lanpélase with curvature defects
is observed over a wide range of surfactant concentratign The lamellar phase with curvature
defects is modelled as 'random mesh phase’ and is found teistarf a stack of 2-D network of
rod-like aggregates, with no long-range positional catiehs of the in-plane structure along their
normal. In the model, three rods meet at each node to givéa@@-D hexagonal lattice of pores.
These aggregates are regularly stacked to from a 3D lattiteiintermediate phase (Fig. 3). The
diameter of the rod-like segments was estimated from thee @lad is found to be consistent with
the length of the surfactant molecule 20 A). Also the swelling behaviour of the random mesh
phase is consistent with mesh-like aggregates with a raiceibrphology in between a cylinder
and a bilayer. The average mesh size is found to increase¢with the random mesh phase
and the transition to the intermediate mesh phase occura wiseof the order of 1.4 times the
lamellar periodicity. In the DTAB-SHN system, on the othanH, the average mesh size decreases
with ¢s; which might me a reason for the absence of the intermedlasein this system. The
modulated part of the interaction potential between thegrlaurfaces (arising due to the structural
inhomogeneity in the plane) decays exponentially with aagléength of the order of the in-plane
periodicity. Only when the separation between the layerapnfiom meshes is low compared to
the pore separation, the interaction potential is stroraugh to lock the meshes to give rise to
a 3-D ordered phase. Most of the samples in the intermediatsepalso give rather broad x-ray
diffraction peaks in the small angle region, correspondingeceme periodicities of around 25 nm.
These peaks seem to be arising from some nodule-like stescteen in freeze-fracture electron
micrographs of some samples in the intermediate phase.

In chapter 4, we describe the influence of the hydrophilic head group efdtrfactant and
the nature of the counetrions in determining the structfiraesh phases. The surfactant used is

cetylpyridinium bromide (CPB). It has the same chain leragtthat of CTAB but with a pyridinium
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Figure 3: Model for the intermediate phase showing the wiitaf the hexagonal mesh structure.

instead of ammonium moiety in its head group. For low amoofésided SHN, the phase diagram
is very similar to that of the CPB-water binary system. Higamount of salt induces a lamellar
phase with curvature defects. Interestingly, the meshdiggregates forming this phase have a
four-fold symmetry axis normal to the plane, instead of tagdgonal symmetry seen in the mesh
phases of the CTAB-SHN system. At still higher surfactamaamtrations, an ordered mesh phase
is formed, where the square mesh-like aggregates orderee timensions in a body centred
tetragonal lattice (Fig. 4). The radius of the cylindersascalated from the surfactant volume
fraction and is found to be comparable to the molecular lefgtl9 A). The parameter which is

the ratio of the mesh size to the lamellar periodicity ineesawith surfactant concentration in the
random mesh phase and the transition to the ordered mesa pbasrs at aroungl ~ 1.3. This
observation is consistent with the similar trend found im @TAB-SHN system indicating it to be

a crucial feature necessary to induce the ordered mesh.phas¢hree component phase diagram

is found to be symmetric about the equimolar CPB-SHN contjposi
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Figure 4: Model for the ordered mesh phase indicating thragenal unit cell.

To check the ffect of the surfactant counterion, the phase diagram of thdpgeidinium
chloride (CPC)-SHN-water system has been determined. Ainemjar composition this system
forms a regular lamellar phase. Further tlikeets of the strongly bound counterion was probed
by adding sodium salicylate (SS) and sodiproluene sulfonate (ST) to CPB. Both these salts
give a very diferent phase diagram from that of SHN. These two salts do teatthke cylindrical
morphology of the surfactant aggregates. At equimolar mned, only the hexagonal phase is
observed as in the CPB-water binary system.

Chapter 5 deals with the influence of the organic sadtoluidine hydrochloride (PTHC) on the
phase behaviour of concentrated aqueous solutions of ibeiasurfactant sodium dodecylsulfate
(SDS). Very few systematic studies have been reported ogffibets of organic salts on anionic
surfactants in dilute aqueous solutions and there are roteein the concentrated regime.

At low amount of added salt thefliaction patterns show three peaks with the corresponding
spacings in the ratio %% confirming the 2-D hexagonal structure, as in the systemowitbalt.

On increasing the concentration of the salt the hexagoredebf SDS is found to show the fol-
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Figure 5: Schematic drawing of the sequence of aggregatphulmgies seen in the SDS-PTHC-
water system with increasing salt concentration.

lowing sequence of transformations: hexagorahematic— isotropic —» nematic— lamellar
(Fig. 5). The nematic near the hexagonal phase is most psobadde up of rod-like aggre-
gates, whereas the one near the lamellar phase is likelynsistaf disc-like micelles. This has
been proved by the presence of homeotropically aligne@naginder the crossed polarizers in the
samples of the latter nematic phase. This sequence of pbaggssts a gradual prolate to oblate
change in the aggregate morphology with increasing coiomeoncentration. Such a morpho-
logical change seems to prevent the formation of othernméeiate phases usually seen between
the hexagonal and lamellar phases. Usually the additiongafioc salts to a dispersion of rod-like
aggregates is found to increase the length of the rods signtfy, resulting in long worm-like
micelles. But in the present system it seems that the addifisalt decreases the length of the rod
like aggregate which is manifested by the monotonic deereathe apparent viscosity within the
hexagonal phase with increasing PTHC concentration. ltdsgntly not clear if this behaviour is
specific to PTHC or if it is more general. Further experimemtsneeded to clarify the situation.
At much higher amount of PTHC, an isotropic-isotropic cgeamce is observed. One of these
is tentatively identified as a sponge phase, which seems difieeent from the classical sponge
phase of surfactants in some respects. Generally theadhsponge phase appears from a lamellar
phase on dilution through a two-phase region which is notése in the present system. Normally
the x-ray difraction pattern of the sponge phase shows a broad peak atdagg@, where ¢ is

the position of the sharp peak from the neighboutipgphase. However, in the present system the
positions of the two peaks are almost identical. Furtheearpents are necessary to figure out the
microstructure of this phase.

The ternary phase diagram is found to be asymmetric aboutdbhenolar compositions of
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Figure 6: Partial ternary phase diagram of SDS-PTHC-watgtes at 30°C. The concentrations
are inwt %.1, N, L,, H, L andC denote the isotropic, nematic, lamellar, hexagonal, sp@mgl
crystalline phases respectively. The dashed arrow irecidite equimolar compositions of SDS
and PTHC.
the two species, unlike the systems described before. Om ®de of the equimolar line, the
aggregates are either charged positively or negativelg. mibrphology of the aggregates usually
depends only on the charge density but not on the type of tigehwith bilayers preferred close
to the equimolar composition and cylindrical micelles avirayn it. Hence, the phase behaviour is
usually symmetric about the equimolar axis. Strongly bocmghterions, which are very weakly
soluble in water, seem to behave similar to ionic surfastakiowever, this is not the case in the
present system. A possible reason might be that PTHC ismahgosoluble in water, unlike the
other strongly bound counterions which were added to thermatsystems. This can destroy the
symmetry of the aggregate charge density about the equiromtaposition, thus giving rise to an
asymmetric ternary phase diagram. Further experimentses@ed to confirm this conjecture.

In chapter 6, we study the ffect of diferent monovalent counterions on the lamellar-lamellar
coexistence seen in the ionic surfactant, didodecyldigi@thmonium bromide (DDAB). Inor-

ganic salts, sodium bromide (NaBr) and sodium chloride (INa@d organic salts, 3-sodium-2-

hydroxy naphthoate (SHN) and sodium salicylate (SS) weed tsintroduce the élierent counte-
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Figure 7: Phase diagram of DDAB-NaBr systempat 20. L, and L', denote the swollen and
collapsed lamellar phases respectivdlys the isotropic phase. The shaded region in the phase
diagram denotes the coexistence of two phases.

rions. This double tailed surfactant has been known to édilamellar-lamellar coexistence over
a range of concentration. Interestingly, the analogoutastant withCl~ counterion instead of
Br~ does not show such a two phase region. Out results show tiia¢ slalts shift the coexistence
region to much lower concentrations of the surfactant. legushows the collapsed lamellar phase
at 20 wt% of DDAB with NaBr whereas it shows a swollen lamefihase without any added salt
at the same concentration. Interestingly all the saltsared to be equallyfécient in inducing the
coexistence, in contrast to some recent theoretical gied& The theory suggest that Brvould

be more éicient in inducing the coexistence tharm CIn the case of the organic salts, there is a
striking different €fect on the phase behaviour of DDAB compared to inorganis.séit higher
salt concentration, the collapsed lamellar phase is toamsfd into a viscous isotropic phase. Sam-
ples at these compositions show the coexistence of twaoictphases (Fig. 8). X-ray studies
show a number of sharp reflections from the viscous isotrppéase, indicating a high degree of
positional ordering. These peaks are inthe raf®: V3 : V4 : V6 : V8 : V9 : V10 : Vi2.
The absence of tha/7 reflection indicates the lattice to be a primitive cubititat corresponding
to the space groupn3m.

Present study suggests an alternative mechanism for theafion of the collapsed phase,
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Figure 8: Phase diagrams of DDAB-SS systemgo# 30. Q is the cubic phase corresponding to
space groun3m.

which cannot be understood on the basis of present thedridese systems. As it is evident
from previous chapters, some salts can bridge the cyliadncelles to form a 2D network and
give rise to mesh phases in systems which form rod-like n@selOne might expect a similar
behaviour in a bilayer forming system. In that case it wowlchf connections across bilayers and
form a network. There are reports in the literature of 'stedkmation in lipid bilayers, which are
such interconnections. A gradual increase in the numbaratf siterconnections might ultimately
results in the lamellar to cubic transition.

In chapter 7, we address the role of a strongly bound counterion on thredtion of cationic
surfactant-DNA complexes and their structures. The catisarfactant used is cetyltrimethylam-
monium tosylate (CTAT). The counterion in this case is tlsykate ion, which is relatively strongly
bound to the surfactant micelles due to its aromatic nataepared to the much more common
Cl~ and Br counterions.

A partial phase diagram of the various structures formedhieycomplexes as a function of
CTAT and DNA concentrations has been determined from x-rfiyadtion data (Fig. 9). Four dif-
ferent structures have been observed, of which only thecal@ed hexagonal has been seen earlier
(Fig. 10A). At low DNA content we find a structure charactedzby a two-dimensional square

lattice over the whole range of CTAT concentration investiggl. The lattice parameter of this
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Figure 9: Partial phase diagram of DNA-CTAT complexes simgwhexagonal (9, square (9

and rectangular (] phases. N indicates the nematic phase which appears afiggrgurfactant
concentrations in the presence of high amount of DNA.

square phase fpbis consistent with a closed-packed structure, where eacélimis surrounded
by four DNA strands (Fig. 10B). We have carried out detailedlgsis of the x-ray diraction
data to check the proposed structure. We model the two diomllectron density of the square
structure and compare the calculated relative intensititsthose observed. The values of model
parameters obtained from the best fit are found to be comigai@those reported in the literature
and thus the intercalated structure of the square phasenssstent with the diraction data. At
high DNA content we find the intercalated hexagonal striecaidow CTAT concentrations and a
nematic phase with no long-range positional correlatiariobly long range orientational order-
ing at high CTAT content. Another structure is seen in betwibese two structures which shows
a simple rectangular lattice. The packing of DNA strands @mAT micelles in this lattice is yet
to be determined.

The influence of the salts, NaCl and sodium tosylate (ST)herstructure of these complexes
was also studied. The lattice parameter of the hexagonakghdound to increase with increasing
NaCl concentration. However, the addition of NaCl is noteatd change the structure of the
complex. At very high salt concentration, the complex mglte an isotropic dispersion. The
behaviour is completely ffierent when the organic salt is added to the complex. The loeehg

phase in this case is found to initially swell and then transfto the rectangular and then to the
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Figure 10: The schematic diagrams of (A) hexagonal and (Basgphases of CTAT-DNA com-
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square phases with progressive addition of ST. At high sadtentration an isotropic dispersion
is again formed.

In the present system there is a competition between thiatesyounterions and the phosphate
ions on the DNA to bind to the micelle. At low DNA concentratj@ll the DNA molecules bind to
the micelles with a minimal release of tosylate countermgive rise the square phase. At higher
DNA concentration, more DNA bind to the micelles at the exgeenf tosylate to give rise the
hexagonal phase. From square to hexagonal phase, the nahtlil¢A molecules to each micelle
in the unit cell increases from one to two. This explanat®nansistent with the observation on
adding ST to the hexagonal phase. The rectangular phasd fouretween the hexagonal and
square should have an intermediate structure. The apmeapfnematic phase is the consequence
of melting of ordered structure due to the dissociated s#itnilar melting of ordered structures
on lowering the water content has been seen in other chaaigelgctrolyte systems, again due to

the released counterions.
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