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Preface 

This thesis deals with the structure of complexes formed by deoxyribosenucleic acid 

(DNA) and some other anionic polyelectrolytes with cationic surfactants in dilute aque

ous solutions. X-ray diffraction studies on complexes of DNA with cationic double-tailed 

lipids have established some of the structures exhibited by these systems. The structures of 

complexes of some synthetic polyelectrolytes with many single-chained cationic surfactants 

have also been reported. Our objective was to study the structural modifications induced by 

sodium-3-hydroxy-2-naphthoate (SHN) and hexanol, on complexes of cetyltrimethylammo

nium bromide (CTAB) with various anionic polyelectrolytes. We also probed the influence 

of the chemical nature of the polyion on the structure of these complexes. In order to cor

relate the structure of the complexes, with the phase behaviour of the surfactant system, we 

have constructed a partial phase diagram of the CTAB-SHN-water system. 

The CTAB-SHN-water system is found to exhibit a novel phase behaviour. It shows a 

lamellar phase with curvature defects at low surfactant concentrations. At high tempera

tures the defects disappear gradually on decreasing the water content and a lamellar phase 

without such defects is found at high surfactant concentrations; a similar behaviour has been 

observed earlier in some surfactant systems. Surprisingly, at lower temperatures, an inter

mediate ribbon phase appears between the two lamellar phases. Further theoretical work is 

required to understand this complex phase behaviour. 

Cationic lipid-DNA complexes-are known to form lamellar and inverted· hexagonal struc

tures. We have established a new structure, consisting of DNA strands. intercalated into a 

direct hexagonal phase, in CTAB-DNA complexes. 

Structural transitions of these complexes to lamellar and inverted hexagonal phases were 

observed with the addition of the cosurfactant hexanol. The transition from the lamellar to 

inverted hexagonal phase in the presence of hexanol has been observed earlier in lipid-DNA 
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systems. However, a transition from an inverted hexagonal to a lamellar structure driven by 

DNA concentration was observed for the first time; we propose that this transition is driven 

by the larger intake of DNA into the lamellar, as compared to the inverted hexagonal struc

ture. We have constructed a partial phase diagram of the system which shows the different 

structures seen as a function of hexanol and DNA concentratons. 

· A variety of structures was observed in the complexes of various anionic polyelectrolytes 

with CTAB-SHN. Some of them have not been reported earlier in polyelectrolyte-surfactant 

systems. We could also correlate the structures observed in these complexes with those 

present in the surfactant system at similar surfactant content. Such a correlation has not been 

suggested in any of the earlier studies. The use of the surfactant system CTAB-SHN which 

has a rich phase behaviour made this possible in the present case. 

In chapter-I, we discuss the phase behaviour of surfactant systems as well as the phys

ical characteristics of polyelectrolytes that are relevant to our study. We also describe here 

briefly, the theory of x-ray diffraction. Further, we have outlined the experimental techniques 

employed to study the complexes. 

Surfactants are amphiphilic molecules made up of one or more hydrophobic chains at

tached to a head group which is hydrophilic. In aqueous solutions, they form aggregates 

above a critical concentration known as the critical micellar concentration. These aggregates 

known as micelles, may be spherical, rod-like or disk-like in dilute solutions. At high surfac

tant concentrations, they form liquid crystalline phases with long range orientational order. 

Polyelectrolytes are polymers which acquire a charge in aqueous solutions by releasing their 

counter ions. The persistence length of a polymer is a measure of its flexibility, and it is 

the length below which the polymer chain behaves like a stiff rod. The number of charged 

groups on the polymer determines its bare charge density. In dilute solutions, the effective 

charge density of a polyelectrolyte can be much lower than the bare charge density since 
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some of the counter ions condense back on to the chain. This phenomenon known as the 

Oosawa-Manning condensation is essentially due to the competition between electrostatics 

and entropy. Electrostatics requires that the oppositely charged counter ions remain near 

the polyelectrolyte, whereas the entropy would prefer them to remain dispersed in the solu

tion. Similar behaviour can also occur in the case of aggregates of ionic surfactants. When 

polyelectrolytes are added to a solution of oppositely charged surfactant, the polyion and the 

surfactant ion associate to form complexes releasing their respective counter ions into the 

solution. The resulting increase in the entropy of the counter ions is the main driving mech

anism for the complex formation. These complexes form various liquid crystalline phases 

which may be characterized using x-ray diffraction. 

In chapter-II, we describe the characterization of the liquid crystalline phases of CTAB

SHN-water system using polarizing microscopy and x-ray diffraction. 

A partial phase diagram of CTAB-SHN-water system at 30 ac constructed from these 

studies is shown in fig 1. At low SHN concentrations, a direct hexagonal phase (H1) is ob

served which consists of long cylindrical micelles arranged on a 2D hexagonal lattice. On 

increasing the SHN concentration a phase consisting of ribbon-like aggregates arranged on a 

2D oblique (0) lattice is obtained. These ribbon phases appear in general in surfactant sys

tems, in between the hexagonal and lamellar phases. At high SHN concentrations, a lamellar 

phase (L~) is observed over a wide range of surfactant concentration. It contains a large num

ber of pores or slits in the plane of the bilayer. Such lamellar phases with curvature defects 

have been seen in a few surfactant systems. These defects are found to disappear gradually 

on increasing the surfactant content. A similar behaviour is observed in the present system 

at high temperatures (fig. 2). At low temperatures an intermediate centred rectangular phase 

made of ribbon-like aggregates (fig 3) appears between the two lamellar phases. More theo

retical work is required to explain this novel phase behaviour. 
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Figure 1: A partial phase diagram indicating the various liquid crystalline phases of CTAB
SHN-water system at 30 oc. L~ denotes the lamellar phase with defects, 0 a phase with 
an oblique lattice, R a ribbon phase with a rectangular lattice, I the isotropic phase, La the 
lamellar phase without defects and H the direct hexagonal phase. 
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Figure 2: Temperature-composition phase diagram of CTAB-SHN-Water system at equi-
molar ratios of CTAB and SHN. · 
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Figure 3: Schematic of the structure of the centred rectangular phase of CTAB-SHN-water 
system consisting of ribbon-like aggregates arranged on a 2D rectangular lattice. The long 
axes of the ribbons is normal to the plane shown. 

Figure 4: The intercalated hexagonal phase (Hf), where each DNA strand (denoted by 
shaded circles) is surrounded by three cylindrical micelles. 

In chapter-III, we discuss our x-ray diffraction studies on complexes of double stranded 

(ds) and single stranded (ss) DNA with CTAB. Since the addition of SHN decreases the 

spontaneous curvature of CTAB micelles, we have probed the structural modifications in-

duced by SHN on CTAB-DNA complexes. 

The diffraction pattern of CTAB-DNA complexes indicate a 2D hexagonal lattice. How-

ever the complex can in principle form either an intercalated hexagonal phase or an inverted 

hexagonal phase. The intercalated hexagonal phase consists of DNA strands intercalated 

into the direct hexagonal phase of CTAB (fig 4) where each DNA strand is in contact with 

three micellar cylinders. Though such a structure was proposed earlier for these complexes, 

' 
it ~as not well established. An inverted hexagonal phase consisting of DNA ~trands covered 

by a surfactant monolayer and arranged on a 2D hexagonal lattice (fig 5), cannot be ruled 
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out. Such structures have been seen in cationic lipid-DNA complexes. To establish the struc

ture of these complexes, we have modelled the 2D electron density in the plane normal to 

the axis of the DNA strands for both the structures. The relative intensities calculated from 

the models were compared with the experimentally observed values. Only'the intercalated 
. . . 

structure is consistent with the observed intensities. We conclude from here that CTAB-DNA 

complexes form an intercalated hexagonal phase. 

Figure 5: Schematic diagram of the inverted hexagonal phase (H~) where the DNA strands 
are confined to the aqueous cores of the micelles. · ' 

CTAB-SHN-DNA complexes also form an intercalated hexagonal phase at low SHN con-

centrations. At a higher SHN concentration, a lamellar phase is observed in the complex. An 

intercalated lamellar structure is proposed, consisting of DNA strands sandwiched between 

the bilayers (fig. 6). Similar structures have been observed in cationic lipid-DNA complexes. 

The hexagonal to lamellar transition of the CTAB-SHN-DNA complex and the cylinder to 

bilayer transformation of the aggregates in dilute aqueous solutions of CTAB-SHN, occur at 

Figure 6: Schematic diagram of lamellar phase (L~) of DNA-surfactant complexes, where 
the DNA strands are sandwiched between surfactant bilayers. 
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similar SHN concentrations. We conclude from this thatthe structure of these complexes is 

determined by the morphology of the aggregates in the surfactant solution. The complexes 

of ss DNA with CTAB form a hexagonal phase at low SHN concentrations. Since ss DNA 

strands are highly flexible, the structure consists of cylindrical micelles bridged by the poly

mer chains. At high SHN concentrations the complex forms a lamellar phase which consists 

of bilayers bridged by the polymer chains. Thus complexes of ss and ds DNA with CTAB

SHN exhibit similar sequence of phase transitions, though their persistence lengths differ by 

almost two orders of magnitude. 

In chapter-IV, we present our studies on the structural modifications induced by hexanol 

on CTAB-DNA complexes. 

2.0 

H 

lip H~ 
1.0 ... -~····· .. ·· .. 

0.5 

:' c 
{ Hu ....... 
: : c 
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1 1 a 
' ' 
9 12 
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~ 

Figure 7: The phase diagram showing the different complexes obtained as a function of 
hexanol and DNA concentrations. {3 = [hexanol]/[CTAB], p = (wt. of CTAB)/(wt. of DNA). 
hoi denotes the hexanol rich phase coexisting with the complex. The locations of the different 
phase boundaries have not been precisely determined. 

Three different structures and novel re-entrant phase transitions are found in CTAB

hexanol-DNA complexes as shown in fig 7. At lo~,h~xanol concentrations, the complex 

forms an intercalated hexagonal phase (Hf) which transforms to a lamellar phase (L~) on 
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increasing the hexanol concentration. These transitions are consistent with the cylinder to 

bilayer transformation of CTAB micelles in the presence of hexanol in aqueous solutions. 

Hexanol is also known to reduce the bending rigidity of bilayers. This leads to the formation 

of an inverted hexagonal phase (H~), at higher hexanol concentrations. The charges on the 

DNA are more effectively neutralized due to their greater proximity to the surfactant ions in 

this structure, as compared to L~ . Hence the gain in the electrostatic contribution to the free 

energy is higher in the inverted phase. Further, the energy cost for bending the surfactant 

monolayer around the DNA is reduced due to their lower bending rigidity in the presence of 

hexanol thus accounting for the observed behaviour. Further addition of hexanolleads to a 

phase separation in the surfactant solution to a hexanol rich and surfactant rich phases. The 

inverted phase reverts back to a lamellar phase possibly due to the decrease in the hexanol 

content in the surfactant bilayers. At high hexanol content, increasing DNA concentration, 

leads to a transition from an inverted hexagonal to a lamellar phase. The transition is driven 

by the lower free energy of the DNA in the complex as compared with that of the uncom

plexed DNA in solution. It has been estimated from the geometry of both the structures .that 

nearly twice the amount of DNA can be incorporated irito the lamellar phase as ·compared to 

the inverted phase at the same surfactant composition.· The critical concentration at which 

the transition occurs can also be estimated. These estimates agree well with. the experimen

tally observed values. Such phase transitions have been predicted earlier, b.ut have not been 

observed prior to our studies. 

In chapter-V, we describe studies on complexes of anionic polyelectrolytes like poly 

(glutamic acid) (PGA), poly (aspartic acid) (PAA) and poly (vinyl sulfonate) (PVS) with the 

CTAB-SHN surfactant system. 

All complexes form a hexagonal phase at low SHN concentration. Two dimensional 

rectangular phases consisting of ribbon-like aggregates (fig 8) are formed at high SHN con

centrations. The lattice parameters for PGA and PAA complexes are similar, whereas they 
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Figure 8: Schematic of the structure of the centred rectangular phase of CTAB-SHN
PAA/PGA/PVS complexes where the ribbon-like surfactant aggregates are bridged by the 
polyelectrolyte 

differ for PVS which has a different charge moiety. The hexagonal phase of the complexes 

obtained at low SHN concentrations, is consistent with the fact that the surfactant solution 

consists of cylindrical micelles. The appearance of a rectangular phase in PAA/PGA/PVS 

complexes and a lamellar phase in DNA complexes, at similar SHN concentrations, is rather 

surprising. However on estimating the surfactant content in these complexes, we find that the 

structures seen in these complexes can be correlated with the structures seen in the surfactant 

system at similar surfactant content. 

The dependence of the surfactant content of the c?inplex on the polyelectrolyte used is 

rather intriguing. The flexibility of the polyelectrolyte cannot be a factor since single as well 

as double stranded DNA show similar structures at similar SHN concentrations. Since the 

polyelectrolytes used have comparable bare charge densities, this may also be ruled out as a 

possible cause. This indicates that the specific interactions between the polyion and the sur

factant ion is the most likely cause of the observed behaviour. This conclusion is supported 

by the results of our studies on the complexes of these polyelectrolytes with the surfactant 

didodecyldimethylammonium bromide (DDAB). 
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3. Re-entrant phase transitions in DNA-surfactant complexes, 

R. Krishnaswamy, V. A. Raghunathan, and A. K: Sood, 
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Chapter 1 

Introduction 

This chapter gives a brief introduction to surfactants and polyelectrolytes and x-ray 

diffraction techniques. The phase behaviour of surfactant systems and the physical charac-

-teristics of polyelectrolytes have been discussed in sections 1.1 and 1.2 respectively. The 

mechanism which drives complex formation between oppositely charged surfactants and 

polyelectrolytes is described in section 1.3. The theory of x-ray diffraction and the char

acterization of the different liquid crystalline phases exhibited by surfactant solutions using 

diffraction methods have been outlined in section 1.4. Finally, the experimental set up, the 

method of sample preparation, the chemicals used and other experimental details are pre

sented in section 1.5. 

1.1 Surfactants 

Amphiphilic molecules consist of long hydrocarbon chains covalently attached to 

molecular groups that tend to associate with water [1, 2]. The hydrocarbon chain is referred 

to as the tail of the amphiphile and the water-loving molecular group, as the head group. 

Synthetic amphiphiles are often referred to as surfactants, whereas those of biological origin 

are usually called lipids. Though this nomenclature is not standard, this is the sense in which 

these two terms are used here. Depending on the nature of the head group, amphiphiles can 

be classified as ionic, non-ionic and zwitter-ionic. Ionic amphiphiles dissociate in water and 

acquire an electric charge. Examples are the single-tailed surfactant cetyltnmethylammo-
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nium bromide (CTAB) (fig.1.1A), the double-tailed didodecyldimethylammonium bromide 

(DDAB) (fig. 1.1B) and the cationic lipid dioleoyltrimethylammonium propane (DOTAP) 

(fig 1.2). Non-ionic amphiphiles like dodecylhexapolyethyleneoxide (C12E6) have polar head 

groups which are not charged. In the case of zwitterionic amphiphiles like dioleoylphos

phatidyl choline (DOPC) (fig 1.3), the head group acquires a dipole moment in aqueous 

solutions. 

A 

CH3B
I r 

B 

+ 
CH -(CH )-N-CH3 

3 2 
1s I 

CH3 Br
CH - ( CH ) -- I + 

3 2 II N-CH 
-- 3 

CH
3 

CH ( . 
. 3- CH 2)11 

Figure 1.1: Structure of CTAB (A) and DDAB (B). 
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Figure 1.2: Structure of dioleoyltrimethylammonium propane (DOTAP). 

1.1.1 The Hydrophobic effect 

The interaction between water molecules involve orientation dependent hydrogen bonds with 

interaction energies in the range 3 - 5 k8 T, where k8 is the Boltzmann constant and T the 

temperature. At room temperature, each water molecule is on an average hydrogen bonded 
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Figure 1.3: Structure of dioleoylphosphatidyl choline (DOPC). 

to 3-3.5 molecules. The addition of nonpolar solute molecules like inert atoms, hydrocar-

bons and fluorocarbons in aqueous solutions disrupts the hydrogen bonds between the water 

molecules. The water molecules can however form a tetrahedral structure with each other 

and reorient themselves around these molecules to form 'cage-like' structures. Depending 

on the size of the solute molecules, they become more ordered than the molecules in the 

bulk liquid, resulting in a decrease in the entropy of the system. Hence it becomes ther

modynamically unfavourable for nonpolar molecules like hydrocarbons to dissolve in water; 

This immiscibility of inert substances in water which is of entropic origin is known as the 

hydrophobic effect [2, 3]. 

1.1.2 Self assembly of amphiphiles 

Amphiphilic molecules have low solubilities in water as a result of the hyq'rophobic effect. 

They form monolayers at air-water interface in order to minimize contact between their tails 

and water. Some amphiphiles can form aggregates called micelles in water, where the head 

groups shield the chains from coming in contact with water. This process. is called self 
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assembly [1, 2]. 

From a thermodynamic point of view, an aqueous solution of an amphiphile can be con

sidered as a multicomponent system with several phases in equilibrium. Each phase is taken 

to consist of aggregates of a given aggregration number, which is the number of molecules 

in an aggregate. For a very dilute solution, the interaction between the aggregates may be 
. . . .. . ~ 

neglected and one can apply the theory of dilute solutions to this system. 

The chemical potential of an amphiphile in an s-aggregate is given by 

fls = ii~ +(kaT/ s)ln(Xs/ s) 

ii~ is the standard part of the chemical potential containing contributions from the interac

tions of the amphiphiles within the s-aggregate. The second term comes from the entropy of 

mixing. Xs is the mole fraction of amphiphiles that form s-aggregates. The total mole fracton 

of the amphiphiles X= L::,1 Xs << 1. In chemical equilibrium, the chemical potential of the 

amphiphile fls remains the same for all s. Thus 

Jif + kaTln(XI) = J12 + (kaT /2)in(X2/2) = ...... . 

= Jlr:, +(kaT /n)ln(Xn/n) 
., 

This gives the equilibrium distribution of the s-aggregates as 

If we define a =cJ1f- Ji~)/kaT, then Xs = s(X1eay. 

Therefore, aggregation can take place only if a > 0. Hence the energy per molecule must be 

lower in aggregates of size M, for some M > 1. In practice, M ~ 50, and is determined by 

the optimal packing of the hydrocarbon chains within the micelles. 

Since Xs cannot exceed unity, the limiting value of monomer concentration, X1 ~ e-a. 

The critical micellar concentration (CMC), is the amphiphile concentration at which X1 sat

urates and further addition of amphiphiles leads to the. formation of micelles (fig 1.4). It is 

given by, CMC ~ e~a 

Hence larger the enthalpy gain in forming an aggregate, the lower the CMC. At CMC, 

many physical properties of the amphiphile solution exhibit an anomalous behaviour (fig 
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Figure 1.4: Variation of X1 and XN as a function of the amphiphile concentration X. 

0.01 0.02 

-+
Surfactant Concentration (M) 

·, _,.' 

Figure 1.5: Effect of micellization on the bulk properties of surfactant solutions. 0, T, S and 
C denotes the osmotic pressure, turbidity, surface tension and equivalent conductivity of the 
surfactant solution respectively. The dashed line indicates the critical micellar concentra
tion (CMC). The CMC value and concentration scale corresponds to an aqueous solution of 
sodium dodecylsulphate. [4] 

1.5). These trends can be used to estimate the CMC of an amphiphile in aqueous solution. 

For CTAB, CMC ~ 1 mM. 

Just above CMC, the amphiphiles generally form spherical micelles (fig 1.6). At higher 

concentrations, they usually form disk-like or rod-like micelles. The size distribution of mi-

celles depends on the aggregate geometry. Spherical micelles (fig 1.6), whose r~dius is de

termined by the alkyl chain length of the amphiphile, remain fairly monodisperse. Disk-like 

micelles whose thickness h ::::: 21 where 1 is the length of the hydrocarbon chain, form infi-

nite bilayers, even at low surfactant concentration. Rod-like micelles whose radius r::::: 1 are 

however ~ound to be highly polydisperse. In order to prevent the hydrocarbon chains from 
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Figure 1.6: Schematic diagram of the crosssection of a spher-ical micelle, formed in dilute 
surfactant solutions above CMC. 

being in contact with water, the disks have semitoroidal rims and the rods have hemispheri

cal end caps. The formation of these curved edges, however cost energy. The difference in 

the behaviour of disc-like and rod-like micelles arises from the fact that the perimeter of the 

rim of a disk increases with the disk radius, whereas the size of the end cap on a cylinder is 

independent of the length of the cylinder. 

If we neglect the inter-aggregate interactions, the average size of a rod-like micelle is 

given by 

< s >= 2(Xeo)II2 

X is the concentration of the amphiphile and 8 the energy cost for creating an end cap. 8 

can be made very large by adding certain salts and alcohols to the amphiphile solution. This 

results in the formation of very long, flexible micelles that become entangled to form a vis

coelastic gel. These are known as 'worm-like' micelles and behave in many ways similar to 

polymers [5]. 

1.1.3 Phase behaviour of surfactant solutions 

Surfactant solutions exhibit many liquid crystalline phases at high surfactant concentra

tions. All these phases are characterized by long range orientational order of the aggregates. 
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Figure 1.7: Partial temperature-composition phase diagram of CTAB-water system. I, Ha, 
Ma and Qa denote the isotropic, 2D hexagonal, monoclinic and cubic phases. L~ denotes 
the lamellar phase obtained at lower temperatures where the bilayers are separated by water 
and L~! is the lamellar phase at high temperatures where the bilayers are collapsed with very 
little water between them [6]. 

Here we shall discuss the phase behaviour of two surfactant systems, one of which forms 

rod-like and the other disc-like aggregates in dilute solutions. 

The phase diagram of CTAB-water system is given in figure 1.7 [6]. Just above CMC, 

the solution consists of spherical micelles. However they t~ansform to rod-like micelles at a 

higher surfactant concentration (¢s). The rods are randoml'y oriented and have no positional 

correlations. Hence the solution is isotropic. 

On increasing ¢s, the length of the rods increases and long range positional and orienta

tiona! order develop in the system, with cylindrical micelles arranging themselves on a 2D 

hexagonal lattice (fig 1.8). At 30°C, hexagonal phase appears over a wide range of surfactant 

concentration in the CTAB-water system. When the surfactant content is higher than 75 %, . . .,. . . . 

a monoclinic phase (Ma) appears above 50°C. This phase consists of long aggregates with 

an almost elliptical cross section, termed as 'ribbon-like', arranged on a 2D oblique lattice. 
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Figure 1.8: Schematic diagram of the hexagonal phase which consists of cylindrical micelles 
arranged on a 2D hexagonal lattice. The cylinders are oriented normal to the plane shown. 

~ ' • ••• ~·~~·~~'~'5'·····5~~·,., ' ( 2 2 2?2 <~2, 2((?, ;:, c222U .. (,~,'? ( 

~ <. (. ? ~~ ? lSS~tt~t~S~t(,(.(.(.S~SSttt ~ / 
~ ~-.~~.~ • ~j~~~~~~-~~~ • • • •• d 

Figure 1.9: Schematic diagram of the lamellar phase which consists of bilayers stacked one 
above the other. d is the lamellar periodicity. 
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Figure 1.10: Schematic diagram of nematic pha.se fom1ed by rod-like micelles. fi is the 
apolar director. 

Beyond the monoclinic phase, a cubic phase (Qa) appears. At very high ¢n a lamellar phase 

is observed in the system which consists ofbilayers separated by water (L~) (fig 1.9). At high 

temperatures, above 80 °C another lamellar phase (L~1) is observed in which the bilayers are 

collapsed, with very little water between them. The reason for the formation of L~ is not 

known at present. 

In some systems, in between the isotropic and hexagonal phases, the rod-like micelles 

acquire long range orientational order to form a nematic phase. This phase is also exhib

ited occasionally by disk-like micelles in between the isotropic and lamellar phases. Here 

the symmetry axis of the rod-like (disk-like) micelle has a preferred direction of orientation 

which is referred to as the nematic director fi (fig 1.10). 

In the cesium pentadecaftourooctanoate (CsPFO)-water system (fig 1.11), the dilute so-

lution consists of disk-like micelles [7]. At a higher surfactant concentration a nematic phase 

formed by disk-like micelles is obtained CN;). Further increase in the concentration leads to 

the appearance of a lamellar phase (Lv). Transitions between these three phases can also be 

driven by changing the temperature at intermediate values of ¢Js· 
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Figure 1.11: Partial temperature-composition phase diagram of CsPFO-water system. I, N~, 
LD denotes the isotropic, nematic and lamellar phases formed by disc-like micelles [7]. Tp 
denotes the triple points where three phases meet. Tcp is a tricritical point across which the 
nematic to lamellar transition goes from being first order to continuous. 

1.2 Polymers 

Polymers are obtained by the covalent bonding of a large number of repeat units called 

monomers [8, 9]. A simple example is polyethylene, whose structure can be represented as 

( -CH2 - CH2- )N. The number of repeat units N is called the degree of polymerization. In a 
I 

homopolymer, like polyethylene, the repeat units are identical. Polymers in which the repeat 

units vary are known as copolymers or heteropolymers. For example, single stranded DNA 

is a heteropolymer with 4 different types of repeat units. 

The persistence length lp, of a polymer is a measure of its flexibility. It can be defined in 
. . 

terms of the orientational correlation length of the tangent vector f(s) of the polymer back-

bone;< f(s). f(s+ r) >- e-r/Lp • Here< ... >denotes the thermal average, and r is the countour 

length between the two points. A section of chain shorter than the persistence length behaves 

like a stiff rod and sections of the chain separated by a distance much larger than the per

sistence length ZP bend independently of each other. The persistence length of polyethylene 

is about 1.5 nm and consists of 4 to 5 C-C bonds whereas the persistence length of double 
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stranded DNA is about 50 nm and consists of roughly 150 bp. 

Due to the flexibility of the polymer, any polymer chain which is sufficiently long, forms 

a random coil in a good solvent. To estimate the size of an ideal polymer chain, it can be 

treated as a random walk where each step is independent of the previous one. If b is the step 

size, then the k th step is given by ak = bak. As R = L~=I ab the mean square end to end 

distance is given by, <R2 > = 2:~= 1 2:~ 1 <ak.a1 >. Since each step is independent andean be 

oriented in any direction, <ak.a1 > = 0, fork -:F l. Hence 

<R2 > = N. b2 

Thus the root mean square· end to end distance of a long ideal chain, is proportional to 

N~. However in the above estimation, we have not taken into account the fact that different 

segments of the chain cannot intersect each other. Thus effectively there is a short range 

repulsive interaction between the chain segments. By taking into account these excluded 

volume effects, it has been shown that R ~ N~. 

1.2.1 Polyelectrolytes 

Polymers in which, the monomers dissociate in aqueous solutions to become charged by 

releasing their counter ions are known as polyelectrolytes [9]. Examples of polyelectrolyes 

are DNA and poly (acrylic acid) (PAA). Since the number of charged monomers),s equal 

to the number of counter ions, the polymer solution as a whole is electrically neutral. If e 

is the charge of a monomer and E, the dielectric constant of the solution, th~n the Coulomb 

interaction between two charged monomers separatedby a distance r, is given by 

V(r) = (e2/ E r) e<-r!Aol, where Ao is the Debye screening length. J 0 = [:;:;; ]1 wh~re e is 

the elementary charge and n is the concentration of counter ions or the ionic strength of the 

solution. In a dilute polyelectrolyte solution, the concentration of counter ions is very low 

and Ao is very large. Hence due to the long range Coulomb repulsion between the monomers, 

the chain remains fully extended and the end to end distance R ~ N. 
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Figure 1.12: A polyelectrolyte chain which bends at length scales much larger than rv. 

In a polyelectrolyte solution of finite concentration,_ the presence of counter ions in the 

solution can screen the Coulomb interactions. Hence the polyelectrolyte no longer remains 

extended, but takes a coil-like configuration. However at shorter length scales, the poly

electrolyte remains stiff due to the electrostatic interactions. The persistence length of a 

polyelectrolyte (lp) has contributions from the rigidity of the polymer backbone, known as 

the intrinsic persistence length (10 ), as well as from electrostatic interactions between the 

monomers Ue). Electrostatic contributions can arise in two ways; At short length scales 

comparable to the separation between the charged monomers on the backbone a<< ...lv, the 

Coulomb repulsion between the charges on the polymer backbone (A and B in fig 1.12), 

leads to the stiffening of the chain. At large length scales, when the chain bends, a Coulomb 

repulsion arises when the charges come closer (A and C in fig 1.12) than Av; which may also 

be classified under excluded volume interactions. Taking into account these interactions, the 

electrostatic contribution to the persistence length le is given by, le = u .11/4a, where u = 
18/a. 18 = e2 I Ek8 T is the Bjerrum length, k8 the Boltzmann constant and T the temperature. 

The Bjerrum length is the separation between two elementary charges at which the Coulomb 

interaction energy is k8 T. Typically, u- 1, ...lv >>a, when the salt concentration is not high. 

Therefore le > > Av. Hence the stiffening of the polymer chain due to electrostatic interaction 

occurs on length scales much larger than the Debye length. 
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1.2.2 Counter ion condensation 

Besides screening the Coulomb interactions in. the.s,olution. the counter iops can also 

condense near the polymer chain in the case of highly charged polyelectrolytes, reducing the 

effective charge density. This is known as the Oosawa-Manning condensation [10]. The lin

ear charge density Po = efa, where a is the separation between the charged units. In a s~lt free 

solution, some of the counter ions stay near the polymer and hence remain 'bound', ~hereas 

the remaining can be anywhere in the solution and are 'free'. In a simple treatment of the 

problem, these two regions may be considered as two phases coexisting in equilibrium and 

the condition under which the counter ions remain bound or condensed can be determined. 

If c1 and c2 are the concentrations of bound and free counter ions in regions 1 and 2 

respectively, and lj!1 and !fr2 the electrostatic potentials in these regions, c1 = c2e-eoiftfknT, 

61/1 = !fr1 - lj!2 • If f3 is the volume fraction of counter ions in region 2, and ¢, the Volume 

fraction of region 1 in the solution, then c1 and c2 can be expressed in terms of f3 and¢. Then 

the above relation becomes, 

In [(1-f3)/f3] -In [¢/(1-¢)] = -e61j!/k8 T 

The polyelectrolyte can be represented as a cylinder at length scales - A-0 . Then the poten

tial difference between regions 1 and 2 can be written as 61/J = (-p/E)ln(l/¢). Since (1-/3) is 

the fraction of counter ions condensed, the effective charge density p = e f3! a. In a dilute 

solution,¢ << 1. Hence 

ln[(l-f3)/f3] -In[¢]= (-e2f3/Eak8 T)ln[¢], or ' : 

ln[(l-f3)/f3] = (1-u,B) In[¢], where u = (e2 /Eak8 T) 

Depending on the value of u, two different regimes of behaviour are found. If u <1, then 

as ¢ ---+ 0, f3 ---+ 1, hence most of the counter ions remain in the solution. If u > 1, then as ¢ ---+ 

0, f3 ---+ 1/u, and the fraction (1-/3) of the counter ions remain near the polyelectrolyte. This 

corresponds to counter ion condensation. For u <1, the effective charge density remains the 

same as the bare charge density. For u > 1, the effective charge density is always less than 
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Figure 1.13: Dependence of the effective charge density (p) of the polyelectrolyte on the 
bare charge density (p0 ). Counter ion condensation occurs for Po > ck8 Tje,. denoted by 
dashed line. 

the bare charge density (fig 1.13). Since u = 18 /a, this means that the effective separation 

· between the charges on the polyelectrolyte cannot be less than the Bjerrum length 18 . 

Thus the phenomenon of counter ion condensation may be understood as follows: The 

electrostatic interaction of the counter ions with the polyele~;;trolyte - 2p0 e lnr/E, would re

strict the counter ions to the vicinity of the polyelectrolyte segments. However this involves 

a loss in entropy of the counter ions - k8 Tln?. Since both the contributions are proportional 

to lnr, depending on the coefficient of lnr, the electrostatics or the entropy determines the 

counter ion distribution in the solution. 

1.3 Formation of surfactant-polyelectrolyte complexes 

Similar to the polyelectrolytes, the micelles of ionic surfactants also acquire a charge 

in aqueous solutions. Therefore, the counter ion condensation phenomenon discussed in the 

case of polyelectrolytes is also applicable here. However the extent of this condensation 

depends on the geometry of the aggregates. Poisson-Boltzmann theory shows that in pia-
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nar bilayers, the counter ions remain always condensed independent of the surface charge 

density [11]. For a spherical micelle, however, the counter ions remain in solution. The 

behaviour in the case of long rod-like micelles is similar to that in polyelectrolytes. 

In a dilute solution containing oppositely charged surfactants and polyions, the surfactant 

ion can associate with the polyion to release their corresponding condensed counter ions into 

the solution. The resultant increase in the entropy of the counter ions is the driving mech-

anism for complex formation between surfactants and polyelectrolytes. The complex phase 

separates out of the. aqueous solution as a precipitate. Most of the counter ions remain in 

the aqueous solution which is known as the supernatant. This complex is birefringent and 

forms various liquid crystalline phases which are described in the subsequent chapters of this 

thesis. 

Counter ion release has been experimentally verified in complexes of the cationic lipid 

dioleoyltrimethylammonium propane (DOTAP) with ds DNA [12]. The increase in electrical 

conductivity of the solution due to the counter ion release has been determined from conduc-

tivity measurements. It is found that the increase is maximum at the DNA concentration 

corresponding to the isoelectric point, where all the charges on the DNA can be neutralized 

by the cationic lipid. 

1.4 Theory of x-ray diffraction 

X-rays are transverse electromagnetic radiations of short wavelength. The diffraction of x-
. I 

rays occur due to the scattering by the electrons in the material. The interference of these 

scattered waves gives rise to the observed diffraction pattern [13, 14]. Hence we consider 

only coherent, elastic scattering events. 

Consider a plane wave of amplitude <Po and wave vector ko. incident on two electrons, 

15 



Figure 1.14: Scattering from discrete points; ko and k1 denotes the incident and scattered 
wave vectors. 0 is the origin. A is a point at a distance r from the origin. 

one of which is at the origin and the other at r 

A.. _ A. eik,.r 
'f'mc - 'f/o 

The amplitude of the spherical wave scattered by the two electrons at a distance R (I R I 

>> I r I) is given by 

iflsc = (ifloa/R) e(ikR)(l + eiq.r) 

where a is the scattering length that determines the strength of scattering and q = k1 - k0 is 

called the scattering vector. q = I q I = 4 nsinB/ A. is the scattering wave vector where A. is 

the wavelength of the incident wave and 2 (}the scattering angle. k1 is the wave vector in 

the direction of R. Since we consider only elastic scattering, I ko 1=1 k1 I = k. If we have an 

assembly of N electrons at positions ri, i = 1, 2, 3 ... ,then 

"' = ("' a/R) "'~- ei(kR-q.r;) '{/ sc '{/ 0 ""'1-1 ' 

For a continuum distribution of electrons given by density p(r) = 2:~ 1 8(r - ti), 

Thus the scattered amplitude is proportional to the Fourier transform of the electron density 

of the scattering medium. Here we assume that the scattering is sufficiently weak so that 

there is no reduction in the intensity as the incident wave propagates through the medium. 

Hence multiple scattering events are not considered. 
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The intensity of the scattered radiation l(q) = l¢>scl2~2 /l¢>incf = AIF(q)l2
, where 

F(q) = J p(r)e-iq.rdr 

A is a constant independent of q. 

A periodic structure like a crystal consists of an arrangement of a repetitive ·unit called 

the basis on a lattice. Hence p(r) of such a system can be described as the convolution of a 

function representing the lattice PL(r) with another 'function representing the basis Pb(r) [14]. 

p(r) = PL(r) ® Pb(r). 

The structure of the lattice may be described in terms of a set of delta functions, given by 

PL(r) · = L: L: L: o(r- ma- nb- pc) 
m n p 

where a,·b, care the basis vectors of the lattice. m, n, pare integers. 

Taking the Fourier transform, we get 

F L(q) = L:h L:k ,L:18(q- ha* - kb* -lc*)] where a*, b*, c* are the basis vectors of the recip-

rocallattice. h, k, I are integers. 

F(q) is often called the form factor of the basis and defined by 

Fb(q) = J e-iq.rPb(r)dr 

Fb(q) gives the amplitude of the diffraction pattern sampled at the reciprocal lattice points 

determined by FL(q). 

1.4.1 Polarization and geometric corrections 

The scattered intensity from a sample is affected by· certain factors that depend on the scat

tering angle. Therefore, the observed intensities have to be corrected for these effects be-
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fore they can be put on a relative scale. The corrected scattered intensity is given by, 

I(q) = A p g / 0 (q), where /0 (q) is the observed intensity and A, a constant independent 

of q. p and g depend on q and are called the polarization and geometric factors respectively. 

The polarization factor, p = (1 + cos22Bt1, and arises from the fact that the the incident 

x-ray beam is unpolarized. In the case of small angle diffraction, cas( B) - 1 and hence this 

correction can be ignored. 

The geometric corrrection, g, depends both on the type of sample and detector used in the 

experiment. In the case of unaligned samples, each diffraction peak is spread over a spherical 

shell of radius q. If a one dimensional detector is used to collect the data, then the observed 

intensity has to be multiplied by the area of this shell to get the total intensity of the peak; 

in this case g = q2• On the other hand, if a two-dimensional detector like an image plate is 

used, rings obtained correspond to the intersection of these shells by a plane. If the observed 

intensities are integrated over these rings, then they have to be further multiplied by q to get 

the true intensities; in this case g = q. 

1.4.2 Characterisation of liquid crystalline phases 

The liquid crystalline phases are birefringent and exhibit characteristic textures when ob

served under a polarizing microscope. The typical textures of hexagonal and lamellar phases 

are shown in fig. 1.15 and fig 1.16 respectively. Since these mesophases have either long 

range or quasi long range positional order, x-ray diffraction gives sharp peaks in the small 

angle region. 

The diffraction pattern of the lamellar phase is the easiest to identify. It consists of a set 

of peaks in the small arigle region, the magnitude of their scattering vectors, q, being in the 

ratio 1:2:3 etc. These correspond to different orders pf reflection from a lamellar periodicity 

d. 
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Figure 1.15: Typical texture of the hexagonal phase when observed between crossed polar
izers. 

The hexagonal phase gives rise to a set of peaks, whose q are in the ratio 1: ...j3: 2: ...j7: 

3 etc. These correspond to the (1 0), (11), (2 0), (2 1) and (3 0) planes of a two dimensional 

hexagonal lattice. The lattice parameter is given by a= 2 d10j...j3. 

The lamellar an~ hexagonal phases can in general be identified unambiguously on the 

basjs of their textures and diffraction patterns. However, this is not the case with the ribbon-

phases. The textures exhibited by them are very similar to that of the hexagonal p~·ase, as 

they are all characterized by a two-dimensional-lattice .. -The diffraction patterns of these 

phases consist of a few peaks in the small angle region, with no specific relation between the 

corresponding values of q. In most of the cases these can be indexed on a centred rectangular 

lattice, such that reflections with h + k =odd integer, are absent. From the symmetry of the 

ribbons, these structures can be assigned to the plane group cmm (fig 1.17). Less frequently, 

the reflections can only be indexed on a rectangular pgg .lattice, where (h 0) and (0 k) re-

flections with h and k odd are absent. In some rare cases the reflections cannot be indexed 

on a rectangular lattice, and an oblique lattice has to be invoked. Since the latter is the least 

symmetric one in two dimensions, all systems characterized by positional order in two di-

mensioris can be indexed on such a lattice. In practice, we first try to fit a centred rectangular 

lattice, then rectangular, and finally an oblique lattice. 
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Figure 1.16: Typical texture of the lamellar phase when observed between crossed polarizers. 

Figure 1.17: Schematic diagram of ribbon phase which consists of ribbon~like aggregates 
arranged on a 2D centred rectangular lattice. The long axis of the ribbons are normal to the 
plane shown. 
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1.5 Experimental Procedure 

1.5.1 Experimental set up 

X-rays were produced from a rotating anode x-ray generator (Rigaku, UltraX 18) oper

ating at 50 kV and 80 rnA. Cu Ka radiation of wavelength 0.154 nm was selected using 
I'• • 

a flat graphite monochromator (Huber). The sample taken in a glass capillary (Hampton 

Research, outer diameter- 0.5 to 1 mm, wall thickness - 0.01 mm ) was placed in a lo

cally built temperature controlled heater with a stability of± 0.1 K. Most of the experiments 

were carried out at room temperature (30°C). In a few cases, we have also carried out mea-

surements at higher temperatures (up to 90 °C). The data were collected using an image 

plate (Marresearch, diameter 80 mm). The sample to film distance varied from 200 mrrt to 

300 mm. Typical exposure times were one to 2 hours. The experimental set up is shown 

schematically in fig (1.18). 

I 

·. ~.. . ' . '-~ . 

Figure 1.18: Schematic of the experimental set up. T, M, C, H, B, TU, I, CU, denotes the 
x-ray generator, monochromator, collimator, the heater, beamstop, temperature control unit, 
image plate and the scanning unit respectively. The dashed line represents the incident and 
scattered rays. 

1.5.2 Sample preparation 

Cetyltrimethylammonium bromide (CTAB)(fig 1 A), 3-hydroxy-2-naphthoic acid (HNA), 

didodecyldimethylammonium bromide (DDAB) (fig 1 B) and hexanol, were obtained from 

Aldrich. Sodium salts of calf thymus ds DNA (30 to 50 kbp) and poly (glutamic acid) (PGA) 

(fig 1.20) (MW=13650) were purchased from Sigma. M13 mp18 ss DNA (7250 bp) 'was ob-
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tained from Bangalore Genei. 

Poly (acrylic acid) (PAA) (fig 1.20) (MW=2000) and sodium salts of poly (vinyl sul

fonate) (PVS) (fig 1.20) and poly (styrene sulfonate) (PSS) (MW=70000) (fig 1.20) were 

obtained from Aldrich. Sodium salt of PAA was prepared by adding equivalent amount of 

NaOH to water. 3-sodium-2-hydroxy naphthoate(SHN) (fig 1.19), was prepared by adding 

equivalent amounts of sodium hydroxide (NaOH) to the HNA solution. The bare charge 

densities and persistence lengths of the polyelectrolytes used are given in table 1.1. 

cooNa· :·~·;- .. 

OH 

Figure 1.19: Structure of 3-sodium-2-hydroxy naphthoate (SHN). 
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Figure 1.20: The structures of the polyelectrolytes used, namely, poly (glutamic acid) (PGA), 
poly (acrylic acid) (PAA), poly (vinyl sulfonate) (PVS), poly (styrene sulfonate) (PSS). 

To prepare the Complexes, surfactant solutions of appropriate concentrations were pre-

pared using de-ionized water (Millipore). The polyelectrolytes were added to the solution. 

The complex which phase separates out was left in the solution for 3 or 4 days. It was then 
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Table 1.1: The bare charge densities and persistence lengths of the polyelectrolytes used 
namely double stranded (ds) DNA, single stranded (ss) DNA, poly (glutamic acid) (PGA), 
poly (acrylic acid) (PAA), poly (vinyl sulfonate) (PVS), poly (styrene sulfonate) (PSS). 

Polyelectro~yte bare charge density lp_ (nm) 
dsDNA 1 e/0.17 nm 50 
ssDNA 1 e/0.59 nm 1.5 
PGA 1 e/0.154 nm 2 
PAA 1 e/0.32 nm 1 
PVS 1 e/0.32 nm 1 
PSS 1 e/0.25 nm 10 

transferred to a capillary along with some supernatant. The capillary was sealed using candle 

flame. 

To prepare CTAB-SHN-water mixtures, appropriate amounts of CTAB and SHN were 

weighed out. The required concentration was obtained by adding the appropriate amount of 

water. The tubes containing the mixture were sealed and left in an oven at 40°C, to equilib-: .:! ·:'. . 

riate for about two weeks. For x-ray studies, the viscous samples were sucked into a glass 

capillary, flame sealed initially and later sealed with glue. 
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Chapter 2 

Phase behaviour of the 
CTAB-SHN-water system 

2.1 Introduction 

This chapter deals with the different liquid crystalline phases exhibited by cetyltrimethy

lammonium bromide (CTAB)- sodium-3-hydroxy-2-naphthoate (SHN)- water system. 

There have been some investigations on dilute solutions of this system mainly using elec

tron and polarising microscopy, which revealed a cylinder to bilayer transition of the sur

factant aggregates at [SHN]/[CTAB] - 0.6. These earlier studies are discussed in section 

2.2. We have characterized the mesophases of this system using x-ray diffraction and op

tical microscopy. At low SHN concentrations a hexagonal phase is observed. However at 

higher SHN concentrations, a rentrant lamellar (L~) ~ centered rectangular (R) ~ lamellar 

(La) transition is found on decreasing the water content. These experimental observations 

are discussed in section 2.3. X-ray diffraction data indicate that the lamellar phase at low 

surfactant concentration (L~) differs from that observed at high concentrations (La). The 

former structure (L~) contains slits or pores in the plane of the bilayer. Some of the earlier 

experimental as well as theoretical studies on L~ to La transformations are described in sec

tion 2.4. In the L~ phase seen in other systems, the defects are found to disappear gradually 

on increasing the surfactant concentration. A similar behaviour is seen in the present system 

at high temperatures. However at low temperatures, a centred rectangular structure appears 

between the two lamellar phases. This is the first report ,of such a phase behaviour in surfac-
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. tant systems. This novel phase behaviour and other results of these studies are discussed in 

detail in section 2.5. 

2.2 Earlier studies 

Previous studies on the CTAB-SHN surfactant system were in the context oL~he for

mation of worm-like micelles [1]. At low surfactant concentrations ( 5- 20 wt %) CTAB 

forms short rod-like micelles in aqueous solutions. The;.vjs~osity of these solutions remains 

low, nearly the same as that of water. Organic salts like sodium salicylate are known to in

duce the formation of 'worm-like' micelles in CTAB, which are long (- 100 nm), flexible 

(persistence length - 10 nm) cylindrical micelles [2]. These micelles can become entan

gled to form a viscoelastic gel at low surfactant concentrations. NMR studies have shown 

that in CTAB-SHN micelles, the SHN molecule is oriented so as to keep its napthalene 

moiety in the hydrophobic region of the micelle. At a (=[SHN]/[CTAB]) - 0.67, a tur

bid, birefringent phase appears, followed by a thick birefringent precipitate at equimolar 

ratios of CTAB and SHN. The turbid phase was initially characterized as nematic using po

larizing microscopy. However, subsequent studies on cetyltrimethylammonium 3-hydroxy

naphthalene-2-carboxylate (CTAHNC) (obtained from equimolar ratios of CTAB and SHN) 

revealed the presence of vesicles and the birefringent phase was shown to be lamellar [3]. 

The vesicles could be transformed into worm-like micelles by shearing as well as by increas

ing the temperature [4]. The rich phase behaviour of the.~y systems prompted Horbaschek 

et al. [5] to study the dilute CTAB-SHN system in detail. The sequence of phases seen in 

a 100 mM CTAB solution, on varying the SHN concentration, is summarized in table 2.1. 

Symmetry of the phase behaviour observed about the equimolar mixture is similar to that 

found in some mixed-surfactant systems [6]. 

On increasing the temperature of equimolar CTAB-SHN mixture, where a precipitate is 

observed at low temperatures, an isotropic to lamellar .. transition is found at 70°C .. Rheo-
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Table 2.1: Phase behaviour of CTAB-SHN-water system at different SHN concentrations 
characterized through polarizing microscopy [5]. CTAB concentration in the dilute solution 
is 100 mM. 

[SHN]{mM) Phase behaviour no of Phases 
50 isotropic viscoelastic gel 1 
60 isotropic coacervate phase appears in the gel phase 2 

> 60 lamellar phase appears in the coacervate phase 3 
64 lamellar phase coexists with an isotropic phase 2 
70 lamellar 1 

> 90 appears turbid 1 
100 a thick precipitate is formed 1 
105 a turbid white suspension 1 
119 turbidity decreases· 1 
120 isotropic and lamellar 2 
122 an isotropic coacervate phase appears as the densest phase 3 
140 lamellar phase disappears 2 
150 isotropic phase 1 

logical studies on the lamellar phase of the system show that the viscosity of this phase is 

much lower than that of the viscoelastic gel ph~se observed at lower SHN concentrations. No 

phase transitions are observed on shearing. Polarizing and electron microscopy on equimo

lar mixtures indicate multilamellar vesicles that stick together with an interlamellar distance 

less than 10 nm. Electron microscopy also reveals multilamellar vesicles, extended lamellar 

tubuli and stacks of bilayers in the lamellar phase. 

Though dilute solutions of CTAB-SHN have been investigated in some detail; as dis

cussed above, the phase behaviour of this system at higher surfactant concentration~ has not 

been probed. Hence we have characterized the conc.entrated solutions using x-ray diffraction 

and polarizing microscopy. 

2.3 . Liquid crystalline phases of CTAB-SHN-water system 

The phase behaviour was studied in detail at four different SHN concentrations correspond

ing to a= 0.25, 0.43, 0.67 and 1.0. The total Surfactant concentration was varied in the range 
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Figure 2.1: Flow birefringence of the isotropic phase of CTAB-SHN-water system (a = 0.25) 
observed between crossed polarizers on shearing at 30 °C. The birefringence observed here 
(indicated by the bright regions) occurs due to the flow of the sample trapped between air 
bubbles. · -. , · -

10% to 80% by weight. At low SHN concentrations (a = 0.25), anisotropic viscoelastic gel 

which is flow birefringent (fig 2.1) is observed at low surfactant concentrations. Microscopic 

observations show a texture characteristic of a hexagonal phase at f/Js [ = wt of surfactantf(wt 

of water+surfactant)] - 0.4, at 30°C (fig 2.5). X-ray diffraction shows two peaks in the small 

angle region with the magnitude of scattering vectors q in the ratio 1:y3 (fig 2.2a). These 

reflections correspond to the (1 0) and (1 1) planes of-a.2D hexagonal lattice. These studies 
. 

also indicate that the lattice parameter decreases as f/Js increases (table 2.3). On heating, no 
·" ' ,;. ~ 

phase transitions occur in the system up to 90°C. At very low water content, corresponding 

to f/Js - 0.7, a crystalline phase appears at low temperatures, which on heating transforms to a 

hexagonal texture at 50°C. The x-ray diffraction data consist of three peaks at 5.41 nm, 4.56 

nm and at 2.28 nm (fig 2.2b ). A long exposure in our experimental set up did not reveal any 

additional peaks. The presence of only two independent reflections makes it impossible to 

unambiguously determine the structure of this phase. Nevertheless, it is likely to be a rect

angular phase. The phase diagram deduced from the data is given in fig 2.3. The d-spacings 

and the lattice parameters of the hexagonal phase are given in table 2.2. 

On increasing the SHN concentration to a - 0.43, an isotropic phase is observed at low 

surfactant concentrations (up to f/Js - 0.3). Microscopic observations reveal that on increas-
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Figure 2.2: Diffraction data of CTAB-SHN-water system at a= 0.25, and <Ps = 0.5 (a); <Ps = 
0.7 (b). 

Table 2.2: The d-spacings, lattice parameters (a) and the mesophases in CTAB-SHN-water 
at a= 0.25 at 30°C. <Psis the total surfactant concentration (wt %). 

</Js d1(nm) d2(nm) a (nm) phase 
40 6.13(s) 7.08 hexagonal 
50 5.59(s) 3.22(w) 6.45 hexagonal 
60 5.12(s) 2.96(w) 5.92 hexagonal 
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Figure 2.3: Phase diagram of CTAB-SHN-water systerrt at a= 0.25. I, H, Rand C denote the 
isotropic, hexagonal, rectangular and crystalline phases respectively.The boundary between 
the H and R regions has not been precisely determined. 
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Figure 2.4: Typical diffraction patterns of a lamellar phase with defects (A) and a lamellar 
phase without defects (B). The diffraction pattern given here corresponds to a=l.and <Ps = 
0.5 (A); 0.8 (B), though similar behaviour is seen at a= 0.43 and 0.67 . 

ing the surfactant concentration, a lamellar texture (fig 2.6) coexists with the isotropic phase 

up to <Ps - 0.5 at 30°C. Thus a large coexistence region with the isotropic phase is observed 

here. On increasing the temperature, lamellar texture disappears leading to the formation 

of an isotropic phase. These solutions, unlike those at room temperature, were found to be 

highly viscous. The lamellar to isotropic transition temperature increases with the surfactant 

concentration. The lamellar texture is observed over a narrow range of surfactant concen-
, 

tration. Further increase of surfactant concentration to <Ps - 0.6 leads to the appearance of 

two coexisting phases. The texture of one of therp is lamellar. The other is similar to that 

seen in a hexagonal phase (fig 2.5). We refer to this henceforth in this chapter as the hexag

onal texture though it may not be unique to the hexagonal phase. On heating they undergo a 

phase transition to a lamellar texture. With increase in <Ps. the transition temperature initially 

increases and later decreases. At <Ps - 0.7, only a hexagonal texture is observed at 30 °C. 

On heating, transition to a lamellar texture occurs through a coexistence region. On cooling 

back to 30 °C, a typical texture appears which was ;not present before heating (fig 2. 7). At 

high surfactant concentration, at around <Ps - 0.8, a lamellar texture reappears at 30 oc (fig 

2.8). 
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Figure 2.5: Typical texture of the hexagonal phase o(CTAB-SHN-water system when ob-
served between crossed polarizers at 30 °C. ·· " · 

Figure 2.6: Typical texture of the lamellar phase with defects (L~) when observed between 
crossed polarizers at 30 °C. 

Figure 2.7: Typical texture of the ribbon phase (R) observed between crossed polarizers, on 
cooling from the La phase. 
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Figure 2.8: Typical texture of the lamellar phase without defects (La) when observed between 
crossed polarizers, at 30 °C. 

The x-ray diffraction pattern of an oriented sample at ¢>s = 0.5, shows two peaks with 

their q values in the ratio 1:2 (fig. 2.4A). These correspond to reflections from a lamellar 

structure. In addition, a diffused peak is observed at small angles, oriented perpendicular to 

the lamellar peaks. This peak corresponds to scattering from the plane of the bilayers. At 
... ·~ 
. '· 

¢.1 - 0.6, 6 peaks appear in the diffraction pattern. Qne.'of them, which is very weak, occurs 

at the same value as the first order lamellar peak at a = 0.5. The remaining 5 peaks can be 

indexed as the reflections from the (1 0), (0 1), (1 1), (1 2) and (0 2) planes of a 2D oblique 

lattice. At ¢>s - 0.7, only two peaks occur. It is likely that these peaks also correspond to 

a 2D oblique lattice. At ¢>s - 0.8, one peak is observed in the small angle region. Since 

the microscopic studies indicate a lamellar texture, we conclude that this corresponds to a 

lamellar reflection. In the oriented sample of the lamellar phase, the diffuse peak oriented 

perpendicular to the lamellar peak is absent (fig. 2.4B). The phase diagram obtained from 

these studies is given in fig 2.9. The lattice parameters of the various structures are given in 

table 2.3. 
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. Table 2.3: The lattice parameters and the mesophases in CTAB-SHN-water at a= 0.43 at 
30°C. vs, s, w and vw indicates the strength of the various reflections with vs being the 
strongest reflection and vw the weakest reflection. a b denote the lattice parameters. 

l/Js dl d2 dJ d4 ds <16 a b 
(wt%) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) y phase 

'::!.72 
40 (s) 5.72 LD+I a 

'::J.j'::J LM 
45 (s) (w) 5.35 LD 

a 
5.24 2.59 

50 (s) (w) 5.24 LD 
a 

7.03 5.24 4.75 3.29 2.71 2;J9 
O+L~. 60 (s) (vw) (vs) (vw) (vw) (vw) 7.94 5.36 117.7° 

b.~l '::!.:24 4./ J.:l5 :2.04 :l.j~ 

65 (s) (vw) (vs) (vw), (vw) (vw) 7.61 5.36 116.5° O+LD a 
6.08 4.51 

70 (s) (vs) 0 
J.94 

80 (s) 3.94 La 

With further increase in SHN concentration to a- 0.67, microscopic observations indi

cate an isotropic phase up to <Ps - 0.2 at 30°C. On increasing the surfactant concentration, 

we see the coexistence of a lamellar texture with the isotropic phase. The isotropic phase 

disappears at around <Ps - 0.4. The lamellar texture persists up to <Ps - 0.55 beyond which 

a hexagonal texture appears along with domains of lamellar texture. At <Ps = 0.6 however 

only a hexagonal texture is observed. This remains so up to <Ps =0.7. Beyond this, a lamellar 

texture reappears. The phase behaviour observed on heating were found to be similar to that 

at a = 0.43, described above (fig 2.10). At <Ps = 0.5, the diffraction patterns of the oriented 
: ' : 

sample consists of three peaks in the small angle region. A diffused peak at around 7.8 nm is 

oriented perpendicular to two sharp peaks at 5.82 nm and 2.91 nm, which indicate a lamellar 

structure. But the peak positions do not shift on heating up to 60 °C. In our experimental 

set up the largest distances that can be measured is about 8 nm. Hence it is possible that the 

diffused peaks are present in the lamellar phase at lower surfactant concentrations, but have 

not been observed. At <Ps = 0.55, the diffused peak is replaced by a sharp peak at 7.02 nm 

and a very strong peak at 5.29 nm. Three very weak reflections are also observed at 3.61 

nm, 2.97 nm and 2.06 nm respectively. They could be indexed as the (2 0), (11), (3 1), (0 
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Figure 2.9: Phase diagram of CTAB-SHN-water sy~tem at a- 0.43. L~ , 0, Laand I denotes 
the lamellar phase with defects , a ribbon phase with a 2D oblique lattice, a lamellar phase 
without defects and the isotropic phase respectively. 

Table 2.4: The d-spacings, lattice parameters and the mesophases in CTAB-SHN-water at 
a= 0.67 at 30°C. a and b denote the lattice parameters. 

</>s d1(nm) dz(nm) d3(nm) d4(nm) ds(nm) a (nm) b (nm) phase 
42.5 6.89 LD . a 
45 6.35 6.35 LD a 

47.5 5.97 Lu a 
50 7.8 5.82(s) 2.91(w) 5.82 LD a 

52.5 7.66 5.49 LD a 
55 7.02(s) 5.29(vs) 3.61(vw) 2.97(vw) 2;66(vw) 14.04 5.84 R 
60 6.61(s) 4.88(vs) 3.31(vw) 2.73(vw) 2.44(vw). 13.0. 5.42 R 
70 6.08(s) 4.79(vs) 3.14(vw) 2.61(vw) 2.36(vw) 11.96 5.22 R 
80 3.91(s) 3.91 La 

2) and (2 2) reflections from a 2D centered rectangular lattice. However at <l>s - 0.8, only 

one peak was observed at 3.91 nm (fig. 2.4B). Since the microscopic observations indicate a 
' 

lamellar texture we can conclude that this peak arises from a lamellar structure. The lattice 

parameters of these phases at different surfactant concentrations are given in the table 2.4. 

At low surfactant concentrations (</>s = 0.1), a precipitate which phas~ separates at the 

top ofthe solution is seen in the CTAB-SHN mixture at a - 1.0. Maltese crosses indicating 

the presence of multi-lamellar vesicles are observed under a polarizing microscope at 30°C 

(fig 2.11). On heating, an isotropic phase is observed. When the surfactant concentration is 
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Figure 2.10: Phase diagram of CTAB-SHN-water system at a - 0.67. L~, R, La and I 
denotes the lamellar phase with defects, the centred rectangular phase, the lamellar phase 
without defects and the isotropic phase. 

Figure 2.11: Typical texture of the multilamellar vesicles of the equimolar mixture of CTAB
SHN-water system ( ¢s = 0.1) when observed between crossed polarizers at 30°C. 

increased, the precipitate dissolves and the solution appears turbid. This behaviour persists 

up to ¢~· - 0.3. At ¢s = 0.3, a lamellar texture is observed, which on heating transforms to 

an isotropic phase through a coexistence region. A similar phase behaviour is observed up 

to ¢s = 0.525 beyond which a hexagonal texture appears. On heating, the hexagonal texture 

transforms into lamellar. At high surfactant concentrations a lamellar texture is observed 

(¢.1· = 0.7). Thus we find that though there is a s~~ft in the phase boundaries as the SHN 

concentration is increased, the phase behaviour remains nearly the same in the range 0.43 

<a< 1. 
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Figure 2.12: Diffraction data ofCTAB-SHN-water system at a= 1, C/Js = 0.6. 

X-ray diffraction studies at 30°C of the CTAB-SHN mixture at C/Js = 0.1 show two peaks 

at 4.81 nm and 2.4 nm indicating a lamellar phase (fig 2.4A). No diffraction peaks were ob

served up to 8 nm in the small angle region up to C/Js = 0.3. At C/Js = 0.4, two peaks observed in 

the small angle region consists of a strong reflection at 7.3 nm and a weak reflection at 3.65 

nm, indicating a lamellar structure. On increasing the surfactant concentration, the diffrac-

tion pattern of the oriented sample shows two lamellar peaks and a diffuse peak oriented 

perpendicular to it. We also find that at sjmilar surfactant concentrations, the diffuse peak 

occurs at larger angles for higher values of a. For example, at C/Js = 0.5, the diffuse peak 

shifts from 7.8 nm at a= 0.67 to 7.45 nm at a= 1.0. At C/Js ~ 0.525, five peaks are observed 

in the small angle region which can be indexed on a 2D centred rectangular lattice (fig 2.12). 

At ¢.1· ~ 0.7, a strong reflection at 5.63 nm, a very strong reflection at 4.12 nm and a weak 

reflection at 2.06 nm are observed. Long exposure in our set up did not reveal additional 

peaks. Since microscopic studies indicate domains of lamellar and hexagonal textures, it is 

likely that the first peak corresponds to the (1 1) reflection of a centered rectangular phase. 

The second and third peaks would then correspond to a lamellar phase. The structures and 

their lattice parameters are tabulated below (table 2.5). The phase diagram is given in fig 

2.13 

Partial phase diagram of the tertiary CTAB-SHN-water system is shown in figure 2.14. 
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Table 2.5: The d-spacings, lattice parameters and the mesophases in CTAB-SHN-water at 
a= 1.0 at 30°C. a and b denote the lattice parameters. 

¢.\· d1(nm) d2(nm) d3(nm) d4(nm) ds(nm) a (nm) b (nm) phase 
10 4.81(s) 2.4(w) 4.81 LD+I a 
40 7.3(s) 3.65(w) 7.3 LD a 
50 7.45 5.85(s) 2.93(w) 5.85 LD a 
55 6.89(s) 5.51(vs) 3.68(vw) 2.75(vw) 13.78 6.0 R 
60 6.55(s) 5.07(vs) 3.46(vw) 2.86(vw) 2.57(vw) 12.9 5.72 R 
70 5.63(s) 4.12(vs) 2.06(w) R+La 
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Figure 2.13: Phase diagram of CTAB-SHN-water system at equimolar ratios of CTAB and 
'SHN. L~, R, La denotes the lamellar phase with defects, centred rectangular phase and lamel
lar phase without defects respectively. 
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Figure 2.14: Partial phase diagram indicating the various liquid crystalline phases of CTAB
SHN-water system at 30 °C. L~ denotes the lamellar phase with defects, 0 denotes the 2D 
oblique phase, R the centred rectangular phase, I the isotropic phase, La the lamellar phase 
without defects and H, the hexagonal phase 

Five single phase regions are found corresponding to the isotropic (1), hexagonal (H), rect

angular (R), oblique (0), lamellar phases with and without defects (L~, La). The presence 

of the 2D oblique phase in between H and La is similar to the phase behaviour seen in some 

surfactant systems [7]. However, as discussed below the formation of a 2D centred rectan-. 

gular phase in between two lamellar phases has not been seen earlier. 
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2.4 Curvature defects in lamellar phases 

Bilayers with pores or slits have been observed in some sutfactant systems like cesium 

pentadecafluorooctanoate (CsPFO) -water [8]. CsPFO forms disk-like micelles in dilute so

lutions, which become orientationally ordered to give a nematic phase on increasing the 

surfactant concentration. A lamellar phase is observed at higher surfactant concentrations. 

X-ray diffraction studies on these systems reveal a diffused peak at small angles in addition 

to the set of peaks which arises due to the lamellar periodicity. Since the ionic conductivity 

measurements do not show a discontinuity across the nematic to lamellar transition,. it was 

proposed that the lamellar phase was made up of disk-like micelles arranged in layers [9]. 

However the scattering from such an array of disk-like micelles separated by a continuous 

medium cannot be distinguished from the scattering from water filled pores in a continu

ous bilayer. Further experimental studies were carried out on these systems using small 

angle neutron scattering techniques as well as water diffusion experiments on oriented bilay

ers [10]. They showed that the bilayers consist of pores filled with water. The pores heal on 

adding C sCl2 or on increasing the surfactant concentration, to form a lamellar phase without 

defects. 

Such curvature defects are also found in mixed-surfactant systems [11]. Neutron scat

tering studies on SDS-alcohol-water system find that the number of defects per unit area in

creases as the SDS/alcohol ratio increases. However the pores disappear gradually when.the 

water content is decreased .. Similar defects occur. in .mixtures of dimyristoylphosphatidyl 

choline (DMPC) with a shorter chain lipid dihexanoylphosphatidyl choline (DHPC) [12]. 

These mixtures form disk-like aggregates called bicelles at low surfactant concentrations. 

Small angle neutron scattering studies show that at higher temperatures, they form a lamellar 

phase consisting of bilayers with pores. These pores are expected to arise when DHPC phase 

separates to the edges of the bilayer or to the rim of the pores. 
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There have also been some theoretical studies on curvature defects in bilayers, which 

predict a transformation from stripes to random lines to pores on increasing the surfactant 

concentration [13]. The stripe phase consists of slits in the plane of the bilayer, parallel to 

each other. The random lines are obtained as the slits· meet leading to random cuts in the 

plane of the bilayer. The pores 'form as the slits within each bilayer close upon themselves. 

The origin of these defects may be qualitatively understood as follows. Each defect or pore 

is made of a semi toroidal rim or edge. If the amphiphile locally prefers a curved surface as 

compared to a flat region, the overall free energy of the system can be lowered by the creation 

of these edges or pores in the bilayer. The surfactants that would have occupied the pores 

can be accommodated in two ways: i) by decreasing the area per surfactant molecule in the 

bilayer; this leads to a stretching of the tails of the amphiphiles and hence to an increase in 

the thickness of the bilayers, ii) by creating more bilayers; this however decreases the inter

lamellar separation. Thus creation of pores decreases the packing entropy. If the surfactants 

are charged, as in the CsPFO-water system, the electrostatic repulsion between the edges in 

adjacent bilayers also cost energy, as the surfactant concentration increases: Hence at lower 

water content, when the interlamellar interactions become significant, the pores disappear. 

The increase in the density of defects, as the SDS/alcohol ratio increases indicate.that SDS 

prefers curved regions locally. This may also lead to a phase separation of the SDS and 

alcohol molecules with further loss of entropy. 

2.5 Discussion 

The isotropic phase at a - 0.25 consists of worm-like micelles. This is indicated by the 

high viscosity as well as by the flow birefringence observed on shearing these samples. The 

growth of these long flexible micelles is the consequence of the decrease in the spontaneous 

curvature of the CTAB cylinders in the presence of SHN. CTAB forms a hexagonal phase 

over a wide range of surfactant concentration. Therefore, the observation of a hexagonal 

phase at low SHN concentrations (a - 0.25) is not surprising. However at very low water 
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content a crystalline phase is obtained at 30°C, since the Kraft temperature o( CTAB in

creases with surfactant concentration [14]. The rectangular phase at 50°C obtained at <Ps -

0.7, is usually observed in surfactant systems in between the hexagonal and lamellar phases 

as the water content is lowered. This is formed by long aggregates with an almost elliptical 

cross-section, known as ribbons. These ribbons are arranged on a 2D rectangular lattice. At 

higher surfactant concentrations the ribbons merge to form bilayers, thus leading to a lamel

lar structure. 

The isotropic phase at a - 0.43 could be made up of long rod-like micelles, since the vis

cosity of these mixtures is found to be higher than that o'fthe lamellar phase. The formation 

of an isotropic, viscoelastic gel on heating from the La phase at higher surfactant concen

tration, indicates that vesicular aggregates undergo a change in shape to form long flexible 

rod-like micelles that get entangled. 

The observation of the lamellar phase at higher surfactant concentrations, is in confirma

tion with earlier studies on dilute mixtures of CTAB-SHN; However we find that the lamellar 

phase occurs earlier, that is, at a lower <Ps on increasing a. In the diffraction pattern of the 

oriented sample, the orientation of the diffused peak perpendicular to the lamellar peaks in

dicate that they arise from some structure in the plane of the bilayer. The diffused peaks 

observed here have been reported earlier in a few surfactant systems where they are believed 

to arise from pores in the plane of the bilayer, as discussed in section 2.4. Hence we surmise 

that in the CTAB-SHN system also curvature defects are present in the plane of the bilayer. 

Since no x-ray diffraction studies have been carried ouftill now, this is the first report of 

these defects in the present system. The isotropic solution at a - 0.67 is most probably made 

up of vesicles since the viscosity of the solution is found to be low. 

The lamellar phase exists over a wide range of surfactant concentration at a - 0~67, indi

eating the existence of long range repulsion between the bilayers which allows them to swell. 
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One possible origin of such a repulsion is electrostatic interaction between the charged bi-

layers. The interaction energy per unit area between two planar surfaces of charge density 

cr, separated by a distance z is given by [15] 

V (z) = 2cr2A.oe-zfA.o 
e/ Uo 

where cr is the surface charge density, .10 the Debye length, E and E0 , the dielectric constant 

of the medium and the dilelectric permittivity of free space respectively. If x is the ionic 

strength of the solution, then .10 = [~~;!I"]!. k8 is the Boltzmann constant and T: th~ ~emper

ature. 

In the lamellar phase of CTAB-SHN-water system, due to the release of the Br-and Na+ 

counter ions into the solution, the effective salt concentration is high and the Debye length 

is < 1 nm. On the other hand, the thickness of the water layer separating the bilayers is > 

2 nm. Therefore, electrostatic repulsion between adjacent bilayers in the lamellar phase can 

be expected to be negligible and cannot account for the observed swelling behaviour. 

The other possible origin of the interbilayer repulsion is the steric interaction between 

the bilayers due to thermal undulations of the bilayers [16]. The steric interaction energy 

per unit area between two bilayers separated by a distance z is 

where K is the rigidity modulus of the bilayer, k8 the Boltzmann constant and T .the tern-
•; 

perature. This repulsive interaction can be increased either by increasing the temperature or 

by increasing the flexibility of the bilayers. The addition of alcohol is known to lower the 

bending rigidity of bilayers by an order of magnitude [1:7]. This in turn is found to increase 

the bilayer separation by two orders of magnitude. Since the electrostatic interactions can 

be ruled out in the CTAB-SHN-water system, we surmise that a steric repulsion, stabilizes 

the lamellar phase over a large range of surfactant concentration. It would indicate that the 

CTAB-SHN bilayers are highly flexible, but we have not measured K independently. 
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The absence of any shift in the peak positions in the diffraction pattern on increasing 

the temperature indicates that the separation between the bilayers as well as theseparation 
e··:· 

between the defects in the plane of the bilayer do not change up to 60° C. This leads us 

to conclude that the defect density does not alter with temperature. No clear picture exists 

at present regarding the structure of these defects. Since the defects are not oriented in the 

plane of the bilayer, it is difficult to extract any information regarding the form factor of these 

defects from the x-ray diffraction data. Hence it is not known whether these defects are pores 

or long slits in the plane of the bilayer. The size distribution of the defects, that is whether 

the pores or slits are polydisperse or monodisperse is also not known. But the presence of the 

ribbon phase at higher surfactant concentration indicates that these are most probably slits . 

•• . '1-. • 

The appearance of multilamellar vesicles at low surfactant concentration in equimolar 

mixtures has not been understood at present. Also, the interlamellarseparation increases 

as the surfactant concentration increases. Since one molecule of NaBr is released for every 

CTAB and SHN that associate to form a complex, the increase in surfactant concentration 

leads to the increase in the salt concentration in the surfactant solution. Swelling of the hi

layers on increasing surfactant concentrationis possibly due to the presence of salt. More 

work has to be done to understand this behaviour._ . ,._ 

The formation of a centered rectangular structure in between the two lamellar phases 

is unusual. As far as we know, the CTAB-SHN-water system is the first to show such a 

behaviour. Normally the centered rectangular phase (R) appears in between the hexagonal 

and lamellar phases, similar to the behaviour observedin our system at a = 0.25 described 

above. A 2D centered rectangular lattice can result if trans-bilayer correlations arise between 
·,: .. ,. , > I·. 

the defects. 3D lattices of such defects have been observed in some lipid-polypeptide sys-

tems [ 18]. If the defects formed a centred rectangular structure; one of the lattice parameters 

would correspond to twice the lamellar periodicity. If we consider the lattice parameters of 

our system in the centred rectangular phase, say at a =0.67, ¢s = 0.55, the lattice parameters 
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Figure 2.15: Schematic of the structure of the centred rectangular phase of CTAB-SHN
water system consisting of ribbon-like micelles arranged·on a 2D rectangular lattice; 

are found to be 14.04 nm and 5.84 nm. The periodicity of the lamellar phase at a=0.67, tPs = 

0.525 is 5.49 nm. Thus twice the lamellar periodicity of the lamellar phase cl~se to the L~ ~ 

R transition is not comparable to the lattice parameters observed in the centred rectangular 
• •I 

structure. Moreover, in such a structure, the strongest reflection in the x-ray diffraction data 

would be from the (2 0) planes, which corresponds to the scattering from the bilayers and 

not from the ( 1 1) planes as observed here. Hence we can rule out a lattice arising from the 

2D ordering of defects. This indicates that the centred rectangular structure seen here most 

probably consists of ribbon-like aggregates arranged on a 2D centred rectangular lattice (fig 

2.15). Such structures hav~ been seen before in some surfactant systems in between the 

hexagonal and lamellar phases [7]. 

The decrease in the separation between defects. in the plane of the bilayer on increasing 
'"·"' .. ·• .. ·, .• :.i·': .··" 

the SHN concentration indicates an increase in defect density. The fact that we find the cen-

tred rectangular phase at a lower surfactant concentration on increasing SHN concentration 

may be related to this. An increase in the defect density above a critical value, may lead to 

the formation of ribbon-like aggregates that form a 2D lattice. Further theoretical work is 

needed to understand this behaviour. 

The absence of a diffuse peak in the lamellar phase at high surfactant concentrations 
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(La), indicates that the defects are absent in the plane of the bilayer. The transformation 

from a lamellar phase with defects (L~) to one without defects (La) at high temperatures 

(fig 2.9,2.10,2.13) is similar to the behaviour seen in some surfactant systems, discussed in 

section 2.4. However the appearance of a centred rectangular phase (R) in between the two 

lamellar phases at lower temperatures cannot be understood in the framework of present the

ories. 

2.6 Conclusions 

Partial phase diagram of the tertiary system CTAB-SHN-water has been constructed. 

In addition, temperature-composition phase diagrams of the system at a few values of 

[SHN]/[CTAB] have also been determined. We find that the phase behaviour of this system 

is rather rich consisting of hexagonal, lamellar, oblique and centred rectangular structures. 

The L~ ---tLa transformation that we observe here at high temperatures has been seen earlier 

in some surfactant systems. However the L~ ---t R ---t. La transition at lower temperatures has 

not been reported in any other surfactant system. · .· ., · · · 
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Chapter 3 

Structures of cationic surfactant-DNA 
complexes 

3.1 ·Introduction 

This chapter deals with the structures exhibited by complexes of DNA with 

cetyltrimethylammonium bromide (CTAB) and with mixtures of CTAB and· sodium-3-

hydroxy-2-naphthoate (SHN). Detailed x-ray diffraction experiments have been carried out 

on complexes of DNA with mixtures of double-tailed cationic lipids like dioleoyltrimethy

lammonium propane (DOTAP) and neutral lipids like dioleoylphosphatidyl choline (DOPC) 

or dioleoylphosphatidyl ethanolamine (DOPE) in recent years, motivated by their poten

tial biomedical applications. These are summarized in section 3.2. Complexation of DNA 

with the single-tailed cationic surfactant CTAB has been widely made use of in the extrac

tion of DNA from plants. Nevertheless, no detailed studies have been reported on this sys

tem. CTAB forms cylindrical micelles in aqueous solution, unlike the double-tailed DOTAP, 

which forms bilayers. Hence CTAB-DNA complexes can be expected to form structures 

different from those exhibited by DOTAP-DOPC~DNA complexes. We have c~med· out x

ray and optical microscopy studies of CTAB-DNA complexes. These experiments described 

in section 3.3, reveal that the complexes have a two-dimensional (2D) hexagonal structure. 

However, there are two molecular packings that can result in such a lattice. In order to dis

tinguish between these two possibilities, we have modelled the electron densities in these 

two structures and calculated the intensities of the diffraction peaks. This analysis, pre-
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sented in section 3.4, clearly shows that the structure consists of DNA strands intercalated 

between cylindrical CTAB micelles. In section 3.5, we describe the structural modifications 

of CTAB-DNA complexes induced by the addition of SHN. We find that the structure of the 

complex changes from hexagonal to lamellar at a critical SHN concentration, very close to 
- . . - . 

that at which a cylinder to bilayer transformation is found in the CTAB-SHN-water system. 

This observation further confirms the structure of the hexagonal complexes obtained from a 

modelling procedure. These experimental results are discussed in section 3.6. Finally, the 

conclusions drawn from the experiments described in this chapter are given in section 3.7. 

3.2 Earlier studies on surfactant-DNA. complexes 

Many of the earlier studies have been on DNA-cationic lipid systems. The earliest 

structure proposed in these systems, consists of liposomes attached to the DNA strands and 

known as the bead-on-string structure [1, 2]. Electron Microscopy studies have reported a 

variety of structures including oligolamellar structures [3] and tube like images indicating 

lipid bilayer covered DNA [4]. 

10" 
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Figure 3.1: A series of SAXS scans of cationic lipid-DNA complexes in excess water as a 
function of different lipid to DNA weight ratio (L/D) [5] 

Detailed x-ray diffraction studies [5, 6] have been carried out on complexes of DNA with 
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mixtures of cationic lipids like DOTAP or dimyristoyltrimethylammonium propane (DM

TAP) and neutral lipids like DOPC or DOPE. In the absence of DNA, x-ray studies on the 

dilute, equimolar lipid mixtures did not reveal any peaks in the small angle region indicating 

that the bilayer separations are larger than 10 nm. flow~ver in the presence of DNA, birefrin-
, ... 

gent condensates coexist with a dilute aqueous solution,. These complexes were studied for 

different values of p (=weight of cationic lipid/ weight of DNA). X-ray diffraction studies 

on these condensates (fig 3.1) reveal a set of peaks that correspond to a lamellar periodicity 

of 6.51 nm and an additional diffuse peak. As the DNA concentration is increased, ie for 

p < p;_10 ( the concentration at the isoelectric point, where the negative charges on the DNA 

are neutralized by the positive charges of the cationic lipid), the position of the diffuse peak 

shifts from 4.4 nm to 3.7 nm. Based on these observations, a structure has been proposed, 

where the DNA is sandwiched between the cationic lipid bilayers (fig. 3.2) kno\;Vn as the 

intercalated lamellar phase (L;) [5]. The bilayer thickness is around 3.9 nm and the diame

ter of DNA with a hydration shell is around 2.5 nm. Hence the DNA sandwiched between 

two bilayers would correspond to a periodicity of about 6.4 nm, which is·.consistent with 

the periodicities observed in these complexes. The diffused peak indicates positional cor-

relations of the DNA strands in the plane of the bilayers; The shift in the DNA-DNA peak . ' . 
with DNA concentration arises due to an abrupt. ch~))ge,in the separation between the DNA 

strands (doNA) across the isoelectric point. There are no transbilayer positional correlations 

of the DNA strands when the bilayers are in the fluid La phase. The DNA chains confined 

between the bilayers form a 2D smectic [7]. At lower temperatures, when the bilayers are in 

the L/3' phase and hence more rigid, positional correlations arise across the bilayers and a 2D 

rectangular lattice (fig 3.3) of the DNA has been reported [8]. 

doNA can be calculated from the lamellar structure proposed for the cQmplexes, if it is 

assumed that all the DNA strands are adsorbed between the bilayers at Piso [5]. If Po and PL 

are the densities of DNA and lipid respectively, Om the membrane thickness, A0 the area of 

cross-section of a DNA double helix, L and D the weights of lipid and DNA respectively, 

51 



then the separation between the DNA strands, ..... ' 

doNA = (Aopo/6mpL)(L/ D) (3.1) 

If the amounts of cationic lipid and DNA are fixed at Piso and (L/D) is varied by changing the 

amount of the neutral lipid, then according to eqn 3.1, plot of doNA vs (L/D) must be linear. 

This was found to agree remarkably well with the variation of doNA observed on diluting the 

charge of the lipid membrane by the addition of a neutral lipid [5]. 

Figure 3.2: Proposed structures of the intercalated lamellar phase (a) and the inverted hexag
onal phase (b) in lipid-DNA complexes [12]. 

Theoretical studies indicate that a variety of structures is possible in lamellar DNA-lipid 

complexes, like the isotropic lamellar, nematic lamellar, columnar, and sliding columnar 
. > ... 

phases, depending on the degree of ordering of the DNA strands [9]. In the isotropic lamel-

lar phase, there is no long range or quasi long range positional or orientational order of the 

DNA strands. If long range orientational order arises between the DNA strands with no po-

sitional order, a nematic lamellar phase is obtained. In addition to the orientational order, 

when there are long range positional correlations between the DNA strands across the bilay

ers, we have a columnar phase with the DNA arranged on a 2D rectangular or a 2D centered 

rectangular lattice. The former structure results when ,the effective interactions between the 

DNA strands sandwiched between the bilayers is attractive. A centered rectangular phase 
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··-
Figure 3.3: Local structure of the centered rectangular columnar DNA lattice embedded in a 
cationic lipid lamellar phase observed when the bilayers are in the L'p phase [8]. 

would be observed when there is a repulsion between the DNA strands. Such a phase has 

been observed in some lipid-DNA systems as discussed above [8]. In addition to these, a 

sliding columnar phase has also been proposed with properties intermediate between the 

columnar and nematic lamellar phases. Here, in-plane smectic correlations decay as exp(

ln2r) as a function of the DNA-DNA separation r. The positional correlation between these 

smectic lattices, die off exponentially with layer-number difference. Though it is very likely 

that the intercalated lamellar phase (L~) is a sliding columnar phase, further confirmation 

would require monodomain samples. However to our knowledge such a phase has not yet 

been experimentally observed. 

In lipid-DNA complexes, one would a priori expect that the separation b~tween the DNA 

strands (doNA) would be determined by the isoelectric point, where the charges of the cationic 

lipid are neutralized by the charges on the DNA. Hence doNA should remain fixed at dg~A 

determined by the sample geometry [10]. 

(3.2) 

where </Jpc (=weight of DOPC/total weight of the lipid). 
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Figure 3.4: Variation of DNA packing with p in complexes with fixed ¢Pc and no 
salt [lO].Vertical dashed line indicates isoelectric point. The solid line through the data 
at ¢Pc = 0.7 is the result of nonlinear Poisson-Boltzmann theory for complexes with low 
membrane charge density [ 11] 

To verify this, doNA was measured for DOTAP-DOPC-DNA complexes at different values 

of ¢Pc and p [10]. Microscopic observations confirm that the complex remains monophasic 

with no excess DNA or liposomes. The plot of doNA vs p at different values of ¢Pc ( fig 

3.4) indicates an overall increase of doNA on increasing ¢Pc due to the decrease in the bilayer 

charge density. The plot of doNA vs p follows the predicted behaviour only for p =Pi so ( = 2.2) 

(fig. 3.5). It is found that for p * Piso doNA deviates from dg~A· The complex structure has 

smaller doNA for p < 2.2 and a larger value of doNA for p > 2.2 (fig.3.4). However the struc

ture remains constant away from the isoelectric point with fixed d and doNA· Electrophoresis 

experiments also show that complex is negatively charged for p < 2.2 and positively charged 

for p > 2.2. 

The charge reversal of the complex at the isoelectric point implies that it absorbs excess 

cationic lipid when p > Piso and excess DNA when p < Piso· A unit cell of the' complex 

consists of a DNA strand of unit length and a bilayer of area doNA· The free energy per unit 

cell of a complex that acquires a positive charge by incorporating excess cationic lipid is 
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Figure 3.5: Variation of doNA with changing ¢>Pc in complexes with different fixed p. Solid 
line is the prediction from the geometry for isoelectric complexes [10]. 

given by [10] 

F~ = doNA[(l/e)(4k8 Tcr+)(ln(2l0 /lc)- 1) + nk8 T /la8w] (3.3) 

where O"+ = O"c(l- dg~A/doNA) is the excess cationic charge density of the complex, ere the 

charge density of the free bilayer, e the elementary charge, k8 the Boltzmann constant and 

T the temperature. The first term corresponds to the free energy of the bilayer surface in 

the complex consisting of excess cationic lipids. The Chapman length lc (= e/2 1r cr+ 18 ), 

corresponds to the thickness of condensed counterion layer near the membrane surface and 

the Debye screening length 10 >> lc. The Bjerrum length 18 = e2/Ek8T. The second term 

corresponds to the repulsion between the bilayers., Ow_}s the thickness of the water layer in 

the complex. 

The free energy of excess cationic membrane of length doNA in the aqueous solution is given 

by, 

F B = doNA[(l/e)(4kaTcrc)(ln(2lo/lc)- 1)] (3.4) 

Since cr+ < ere, the free energy of bilayer is higher in the aqueous solution than in the 

complex. The complex thus absorbs excess bilayer into it and lowers the free energy of the 

system by releasing the counterions into the complex.' However the intake of cationic lipid 

is limited by the repulsion between the bilayers given by the second term in eqn (3.3). Also, 
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higher the charge density CT0 of the bilayer, greater the amount of charged lipid which enters 

the complex. This was found to agree with the experimental observations. 

For p < Piso• the electrostatic energy per unit cell of the negatively charged complex is 

given by 

(3.5) 

where cr- = croNA(l - doNA!dg~A) is the excess anionic charge density in the complex and 

croNA• the charge density of free DNA. 

The free energy per unit length of free DNA is higher in solution than in the complex. 

The entropy of the counterions is lower for the free DNA since they are confined near the 

cylindrical surface. Since cr- is lower than <ToNA• the overall free energy of the system may 

be lowered by incorporating the free DNA into the complex. The intake of DNA is however 

limited by the repulsion between the DNA strands given by the second term in equation 3.5. 

In fig 3.5 the data points above Piso line corresponds-tO c'b'mplexes which have taken in excess 

DNA and those below p;_10 line correspond to complexes with excess lipid. Thus the shift in 

the doNA curves from the predicted values at p;50 , confirms the overcharging phenomenon 

discussed above. 

The structural changes of lipid-DNA complexes, on replacing the neutral lipid DOPC 

by DOPE, has been studied using x-ray diffraction [12]:' At low values of cf>ooPE (=weight 

of DOPE/total weight of the lipid), diffraction peaks indicate a lamellar structure for the 

complex similar to that observed in DOTAP-DOPC-DNA complexes. At cf>ooPE = 0.75, four 

peaks are obtained (fig 3.6) which can be indexed as the (1 0), (11), (2 0) and (2 1) peaks of 

a 2D hexagonal lattice. The lattice parameter was found to be 6.74 nm. The DOPE-DOTAP 

bilayer thickness is around 4 nm. Also, pure DOPE forms an inverted hexagonal phase (Hu) 

in excess water [13, 14]. The observed lattice parameter of 6.8 nm is consistent with· an 

inverted hexagonal structure (H~) shown in fig 3.2 with a1ipid monolayer thickness of 2 nm, 
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Figure 3.6: SAXS scans of cationic lipid-DNA complexes as a function of increasing 
<PooP£ [12]. 

and an aqueous core of 2.8 nm diameter. Such a core can accommodate a DNA strand with 

two hydration shells. 

The structure of the complex is determined by the elastic properties of the lipid mem

brane and the electrostatic interactions between the lipid and the DNA [15, 16]. In the 

inverted hexagonal phase, the neutralization of the negative charges on the DNA by the 

cationic lipids is more efficient as compared to L~, since the lipids are brought closer to the 
. .. ·~ --·· .•. 

DNA strands in the former structure. But the bending of the lipid monolayer around the 

DNA in Hft phase, costs energy. The presence of DOPE in the complex however leads to 

a negative spontaneous curvature of the lipid-water interface and reduces this energy cost. 

Hence the addition of DOPE to DOTAP-DNA complexes induces a structural transformation 

from L~ to Hft. 

Systematic studies similar to those discussed above on cationic lipid- DNA systems haye 

not been carried out on complexes of single-chained cationic surfactants with DNA. This 

is despite the fact that the complexation with such a cationic surfactant CTAB, is often 
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used for RNA and DNA extraction from plants [17]. It is also being used for quick ex

traction of high quality DNA from lambda phages [18]. Various techniques have been used 

to study cationic surfactant-DNA complexes. But not many structural investigations have 

been carried out. Complex formation between short DNA fragments (200 bp) and dode

cyltrimethylammonium bromide (DTAB) has been studied using dynamic light scattering 
,,1,.., <:. l • • •.' • 

(DLS), static light scattering (SLS), high performance capillary electrophoresis (HPCE) and 
' ' 

DTAB-specific electrode [19]. Light scattering studies indicate that the diffusion coefficient 

of the complexes decrease in a non-linear manner as t~e degree of binding of ~urfactant ions 

(determined using a surfactant selective electrode) increases, and attains saturati~~ at 0.8 

molecules of surfactants per DNA phosphate group. Using HPCE, electrophoretic mobility 

of DNA has been measured as a function of free surfactant concentration. Comparison of 

the diffusion coefficient of complexes with their electrophoretic mobility suggests that the 

decrease in mobility is caused by an increase in the hydrodynamic friction, as more surfac

tant molecules are bound without changing the effective charge of DNA. Further increase · 

in surfactant concentration leads to a significant decrease in mobility. This is due to the ef-

fective neutralization of the DNA. Hence the complex formation occurs in two stages. In 

the first stage, surfactant cations exchange with the counterions condensed on the surface 

of the DNA, without changing the effective charge on the DNA. More surfactant molecules 
,', 

bind in the second stage, causing a charge neutralization of the DNA and phase separation 
• 

of the complex [19]. The effects of binding at surfactant concentrations below. the critical 

micellar concentration has also been examined [20] using techniques like spectroscopy, flu

orescence, isothermal titration calorimetry, high-resolution ultrasonic velocity and density 

measurements. It was found that the binding of surfactants results in a significant change in 

the DNA secondary structure. Fluorescence studies. have also reported a discrete transition 

from an elongated coil to a collapsed globule of a single DNA (166 kbp) molecule in the 

presence of a cationic surfactant [21]. 

There have been some x-ray .studies to probe the structure of single-tailed cationic 
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Figure 3.7: Schematic of the structure of the intercalated hexagonal phase, where each DNA 
strand is surrounded by three cylindrical micelles. The lattice parameter, a =.Y3 (Rm + RvNA), 
where Rm is the radius of the cylindrical micelle (- 2.0 nm) and RvNA that of the hydrated 
DNA strand (- 1.25 nm) 

surfactant-DNA complexes [22]. The surfactants used were DTAB, tetradecyltrimethy

lammonium bromide (TTAB), CTAB and octadecyltrimethylammonium b(Omide (OTAB). 

OTAB did not form complexes with DNA. The x-ray diffraction studies of DNA complexed 

with DTAB, show one peak at 3.6 nm. The TTAB-:QNAc:omplexes show peaks at 4.nm and 
., ·,•. . .. 

2.25 nm, which may be indexed as the (1 0) and (11) r~ftections of a 2D hexagonal lattice. 

Two peaks were also obtained for CTAB-DNA complexes at 4.4 nm and 2.54 nm which may 

again be indexed on a 2D hexagonal lattice. However)n these studies, the peaks at 2.25 nm 

for the TTAB-DNA and 2.54 nm for CTAB-DNA complexes were wrongly attribut~d to the 

DNA-DNA separation within the complexes. Based on these observations, a structure was 

proposed for the complex, where the DNA strands are in~ercalated between the micellar ag

gregates, forming a 2D hexagonal lattice (fig.3.7):The model was proposed on the basis that 

the surfactants as well as DNA form a hexagonal phase at higher concentrations and not from 

any detailed analysis of the diffraction data. An inverted hexagonal phase as seen in DNA-

lipid complexes cannot be be ruled out from these studies. Hence we found it necessary to 

carry out further studies on these complexes to determine their structure unambiguously. 
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3.3 Structure of CTAB-DNA complex 

CTAB solutions of appropriate concentrations were prepared in deionized water (Milli

pore). On adding DNA to the surfactant solution·, the complex precipitates out. It was left to 

equilibriate in solution for about 4 days. The c~mplex was then examined under a polarizing 

microscope and found to be birefringent. On heating, it was found to be stable up to 90oC. 

The precipitate along with some supernatant was transferred into a 1 mm diameter glass cap

illary for x-ray studies. The x-ray diffraction of the CTAB-DNA complex gives 3 peaks in 

the small angle region of the diffraction pattern (fig 3.8) with the magnitude of the scattering 

vectors q in the ratio 1 : y3 : 2. We index them as the (1 0), (11) and (2 0) reflections from 

a 2D hexagonal lattice. The relative integrated intensities of the 3 reflections after geometric 

corrections, are in the ratio 1 : 0.07 ± 0.02: 0.013 ± 0.003. Relative intensities and the peak 

positions were found to be independent of the DNA concentration and of CTAB ~oncen

tration up to 300 mM . Though x-ray diffraction determines the lattice of the complex, two 

possible structures can be proposed. One of them is an inverted hexagonal phase, where the 

DNA strands coated by a surfactant monolayer are arranged on a 2D hexagonal lattice (fig 

3.2). A similar structure has been observed in .lipid-DNA complexes [12]. The other is the 
. . . . 

intercalated phase (fig 3.7) consisting of DNA strands intercalated into the direct hexagonal 

phase of CTAB, where each DNA strand is surrounded by three cylindrical micelles [22]. 

The lattice parameter for the CTAB-DNA complex is 5.64±0.09 nm. Taking the thick

ness of CTAB bilayer 0.1 to be 3 nm and the radius of the hydrated DNA strand, RoNA to be 

1.25 nm, inverted phase would give a lattice parameter a ( =Os + 2.RoNA) - 5.5 nm. If the 

radius of the cylindrical micelle Rm is 1.98 nm, the. intercalated phase would have a lattice 

parameter a, given by y3(Rm +RoNA) - 5.6 nm. Hence neither of the structures can be ruled 

out on the basis of the lattice parameter obtained for the complex. Intercalated phase would 

ensure that the complex is hydrophilic, whereas inverted phase would make it hydrophobic. 

Complexes of CTAB with short DNA are found to form stable dispersions which might lead 
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Figure 3.8: Diffraction patterns of the CTAB-DNA complex. p (=weight of CTAB/weight 
of polyelectrolyte) for the different curves are: 1.0 (a); 7.2 (b); CTAB concentration in the 
aqueous solution was 10 mM. 

us to suspect that it forms an intercalated phase [23]. But this may not be conclusive of 

the structure. Only three reflections are obtained in the diffraction pattern of these systems 

with our experimental conditions, and hence the structure cannot be determined by calculat

ing electron density maps. We have, therefore, used a modelling approach to determine the 

structure. 

3.4 Modelling the structure of CTAB-DNA complex 

To distinguish between the two distinct structures possible in CTAB-DNA complexes, 

as discussed above, we constructed models for the electron densities of each of these struc-

tures. The relative intensities calculated from the two models were then compared with the 

experimentally observed values. 

The two dimensional electron density p(r) of these two structures can be written as a 

convolution of a lattice function PL(r), which represents a 2D array of delta functions corre

sponding to the hexagonal lattice, with the electron density Pb(r) as the repeating basis. [24]. 
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Table 3.1: The parameters for the models obtained from the literature [25]. 

parameters values 

rc 1.58 nm 

Pc 0.28 

Pw 0.332' 

rh 0.4nm 

Ph 0.352 
' > 

p(r) = PL(r) ® Pb(r) (3.6) 
• • •: J ' '. 

where r is a 2D vector. 

The observed diffraction intensity I(q), where q is the scattering vector, is given by 

(3.7) 

where F(q), F L(q) and Fb(q) are the fourier transforms of p(r), PL(r) and Ph(r), respectively, 

and A is a constant independent of q. In these models (fig 3.9), the DNA strand is repre-

sented as a circular disc of uniform electron densityp.6. PD has contributions from the water 

molecules and from the counterions present in the cqmplex. The radius rv of the disc is taken 
~ .. ~ . . ' 

to be that of a DNA molecule with a hydration shell around it ( = 1.25 nm). Each cylindri-

cal micelle is represented as a cylindrical disc of.tiniform electron density Pc and radius rc 

corresponding to the chain region, surrounded by an annular ring of electron density Ph and 

width rh representing the head group of the micelle. The inverted micelle is modelled as an 

annular ring of electron density Ph and width rh, s'urtounding the circular disc representing 

the DNA molecule. The values of electron density of water Pw• Pc• Ph• rh and rc taken from 

the literature [25] are given in table 3.1. 

Pb(r) for the intercalated phase is given as 

Pb(r, (}) = PDNA(r) ® [8((})8(r- b)+ 8((}- ;rr)8(r- b)]+ Pm(r) (3.8) 

where b is the separation between the DNA and the micellar cylinder and (} is the angle 
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Figure 3.9: The repeating basis in the intercalated (a) and inverted (b) hexagonal phases. 

made by b with the x-axis (fig 3.9). Pm(r) and PDNA(r) are the electron densities of the 

cylindrical micelle and DNA strand respectively. 

PDNA(r) =Po- Pw• 0 < r < ro 

=0, r > r0 

Pm(r) = Pc - Pw· 0 < r < rc 

= 0, r > rc + rh 

Fourier transforming Pb(r, (}), we get 

(3.9) 

where¢ is the angle made by q with the x-axis and J1 (qr0 ) is the Bessel function of order 1. 

Fm(q), the form factor of the micelle is given by 

(3.10) 

Pb(r) of the inverted phase is, 

(3.11) 
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Figure 3.10: Variation of the relative intensities of the· second and third Bragg peaks with 
PoNA• obtained from the model for the intercalated (dashed lines) and inverted hexagonal 
phases (solid lines) of CTAB-DNA complex. The dotted lines indicate the experimental 
values of the relative intensities. · 

Fourier transforming Pb(r), we get 

(3.12) 

The relative intensities of the (1 0), (11) and (2 0) reflections of the hexagonal phase can 

be calculated using equation 3.7. 

Due to the different contributions to p0 mentioned earlier, it could not be estimated. 

Therefore the relative intensities of the (1 1) and (2 0) reflections with respect to that of the 

(1 0) reflection denoted as i2 and i3 respectively were calculated from the two models for 

a reasonable range of values of p0 (fig 3.10). As seen from the figure, only in the case of 

the intercalated hexagonal phase the calculated an:d observed intensities match for a partic

ular value of p0 , thus confirming the structure. Hence_;we conclude from these·stuqies that 

CTAB-DNA complexes form an intercalated phase. The formation of an intercalated phase 

suggests that the structure in the complex is determined by the morphology of the aggregates 

in the surfactant solution. To ascertain this we have tuned the spontaneous curvature of the 

surfactant aggregates in the complex using SHN. 
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3.5 Tuning the structure of CTAB-DNA complex with SHN 

As discussed in section 3.3, SHN modifies the spontaneous curvature of CTAB micelles. 

For a(= [SHN]/[CTAB]) < 0.64, the aggregates fomi worm-like micelles in dilute solution. 

At a ~ 0.64, the aggregates transform from cylinders to bilayers [26, 27]. We have investi

gated the influence of SHN on the structure of the··complex by varying a.· At a = 0.2, three 

peaks are observed in the small angle region which can be indexed on a hexagonal lattice 

(fig 3.lla). 

b 

a 
0.5 3.5 4.5 

q (nm-1
) 

Figure 3.11: Diffraction patterns of the CTAB-SHN-DNA complexes. . a = 
([SHN]/[CTAB])= 0.2 and p (=weight of CTAB/~eight of polyelectrolyte) for the different 
curves are:7.2 (a); 1.2 (b); Piso=l.4 at a=0.2. CTAB concentration in the aqueous solution 
was lOmM. · .. ·· ,;_,. ·. · 

The peak positions remain independent of DNA concentration (fig 3.llb). Up to a = 

0.55, we find a similar behaviour in CTAB-SHN-DNA complexes, at different DNA con

centrations (fig. 3.12). However, the lattice parameter a increases gradually with a from 

a = 5.64 ± 0.09 nm at a = 0 to a = 6.06 ± 0.09 nm at a = 0.55 in the hexagonal phase of the 

complex (fig. 3.13). 

At a = 0.6, x-ray diffraction gives two sharp peaks in the small angle region with their 

scattering vector q in the ratio 1: 2 (fig 3.14). In addition to this, a broad peak is observed at 

small angles (indicated by an arrow in the fig 3.14) whose position shifts to larger q values 
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Figure 3.12: Diffraction patterns of the CTAB-SHN-DNA complexes.a= 0.55. p for the 
different curves are: 14.4 (a); 1.2 (b); Piso=l.72 at a=0.55. 
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Figure 3.13: Variation of the lattice parameter with a. '*' denotes the hexagonal phase of 
the complex and 'o' denote the lamellar phase. 

on increasing DNA concentration. The former set of pe'aks that remain independent of DNA 

content, correspond to a lamellar structure. The diffused peak is the DNA-DNA peak that has 

been observed earlier in lipid-DNA systems. Hence a hexagonal to lamellar transition of the 

complex occurs at around a = 0.6 . The lamellar periodicity at a = 0.6 is 5.45 ± 0.09 nm. A 

sharp decrease in doNA is observed for p < Piso (fig 3.15). A similar structure is also observed 

at a =0.7 (fig 3.16). Here the lamellar periodicity increases by 0.1 nm. The dependence of d 

on a is given in fig 3.13. The various phases observed in the CTAB-SHN-DNA.complexes 

and their corresponding lattice parameters at different SHN concentrations are given in table 
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Figure 3.14: Diffraction patterns of the CTA.B-·siiN:..i:>NA complexes. a= 0.6 . p for the 
different curves are: (a) 2.25; (b) 2.0; (c) 1.64; (d) 1.33; (e) 1.0; The arrow on the curves 
indicate in-plane DNA-DNA correlation peak. Pisa=2.8 at a=0.6. 
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Figure 3.15: Variation of the DNA-DNA peak with pat a ~0.6. Piso= 2.8 

3.2. No structural transformations are observ~d ~n heating up to 90 °C, although t~e lattice 

parameters are found to decrease with increasing temperature . 
.. ' ....... 

We have also studied the influence of NaCl on the structure of the complex. In the lamel

lar phase of the complex, corresponding to a = 0.6 and p = 1.3, the separation between the 

bilayers increases from 5.45 nm to 5.85 nm in the presence of 0.5 M NaCl. Also a shift in 

the DNA-DNA peak from 3.19 nm to 3.56 nm is observed. This is similar to the behaviour 

seen in lipid-DNA complexes [10]. 
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0.5 

Figure 3.16: Diffraction patterns of the CTAB-SHN:DNA complexes. a== 0.7. p for the 
different curves are: 14.4 (a); 3 (b).The arrow 011' cuhre{l5 indicates in-plane DNA-DNA cor
relation peak, Piso=3.74 at a=0.7 .CTAB concentration in the aqueous solution was lOmM. 

a 

0.5 1.5 2.5 3.5 
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Figure 3.17: Diffraction patterns of the CTAB-ss DNA complexes. a and p for the different 
curves are: 0, 14.4 (a); 0.6, 14.4 (b);Piso=l.12 ata=O andpiso=2.8 ata=0.6. 

To study the influence of flexibility of the polyelect.rqlyte on the structure of CTAB-DNA 

complexes, the double stranded (ds) DNA was:'rephiced by single stranded (ss) DNA. The 

persistence length of ss DNA ( ~ 1.5 nm) is an order of magnitude lower than that of ds DNA. 

CTAB-ss DNA complexes are found to form a hexagonal phase with a lattice parameter of 

5.47 nm (fig 3.17a). At high SHN concentrations, (a= 0.6), the complex exhibits a lamellar 

phase with a periodicity of 5.15 nm (fig 3.17b). 
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Table 3.2: The d-spacings and structures observed in CTAB-SHN-DNA complexes at differ
ent values of a. Tis the temperature. 

a d1(nm) d2(nm) d3(nm) structure T(OC) 

0 4.88 2.82 2.44 Hy· 30 
0 4.7 - - Hi_ 90 
0.1 4.99 2.88 2.50 H~. 30 
0.2 5.06 2.92 2.53 H~ 30 
0.3 5.15 - 2.575 H7 30 
0.4 5.2 - 2.6 H7 30 
0.5 5.2 - 2.6 Hf' 30 
0.55 5.25 3.03 2.63 Hf 30 
0.6 5.42 2.71 - v- 30 a 

0.6 5.09 - - L~ 75 
0.7 5.54 2.77 1.85 Lc 

a 30 

3.6 Discussion 

The hexagonal structure observed at low SHN concentrations, should be similar to that 

seen in CTAB-DNA complexes. However, by adding SHN to the CTAB solution, we de-

crease the spontaneous curvature of the cylinders. Hence the increase in the lattice parame

ters of the hexagonal phase on increasing a.could be the consequence of an increase in the 

radius of the micellar cylinders. 

The lamellar periodicity of 5.45 nm at a =0.6 is consistent with the model of DNA strands 

sandwiched between the bilayers, with d =8m + 2RoNA• where8m (- 3 nm) is the thickness of 

CTAB-SHN bilayer and RoNA is the radius of a hydrated DNA strand ( = 1.25 nm). Hence the 

lamellar phase obtained for the CTAB-SHN-DNA complex (fig. 3.18) is similar to the inter-

calated lamellar phase observed in lipid-DNA systems. In the lamellar phase of the complex, 

the separation between the DNA strands (doNA) depends on p, which is also consistent with 

the observations on lipid-DNA complexes [10]. The' absence of DNA-DNA peaks in the 

lamellar complexes for p > 2.25 is probably because they fall within the first order lamellar 

69 



peak. This peak, however, appears as it shifts to higher q values for p < 2.25. 

As discussed in section 3.2 in the context of DOTAP-DOPE-DNA complexes, electro

statics prefers H~ over L~ structure. The geometry of the H~ structure brings the surfactant 

ions closer to the negative charges on the DNA. Hence there is a gain in free energy due 

to the efficient neutralization that occurs in the H~ phase. But the free energy gain should 

compensate for the energy cost required to bend the surfactant monolayer around the DNA 

strand. If CTAB-DNA complexes formed an Hh ·~t~~·t~re, addition of SHN would reduce 

the energy cost required to have a negative spontaneous curvature at the micelle-water inter-

face. Thus the presence of SHN should stabilize the inverted phase. We assume here that 

SHN does not substantially increase the rigidity of the bilayers. However, as discussed in 

section 3.4, a hexagonal to lamellar transition of the complex is observed close to where the 

cylinders transform to bilayers in the dilute surfactant solutions (ie at a = 0.6). Hence these 

observations indicate that the structure of the complex is determined by the morphology of 

the aggregates in the surfactant solution. We also conclude from here that the CTAB-DNA 

complexes form an intercalated hexagonal phase consisting of DNA strands surrounded by 

cylindrical micelles (fig 3.7). The preference for this phase also indicates that the energy 

cost to disrupt the cylindrical micelles is much higher than the energy gain due to the greater 

proximity of surfactants to the DNA strand in the H~ structure. These results are consistent 

with the structure proposed from the analysis of diffraction data in section 3.3. 
~ . . :- ~ .. 

The complexes of CTAB with ss DNA also form·a.hexagonal phase similar to that of ds 

DNA. Since the persistence length of ss DNA differs from ds DNA, by an order of magnitude 

(refer table 1.1 ), the structure is expected to consist of cylindrical micelles bridged by the 
.1; 

flexible DNA strands. In addition to the flexibility, the bare charge density of ss DNA is also 

different from that of ds DNA. Yet the structures.obtained for the complexes are similar for 
_., 

the same SHN concentrations. The difference in· t~e lat~ice parameters may arise due to the 

steric size of ds DNA that keeps the bilayers or cylinders from coming closer as compared 
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Figure 3.18: Schematic of the structure of the lamellar phase of DNA-surfactant complexes. 
The shaded circles represent the cross-section of the DNA strands. 

to the ss DNA. 

3. 7 Conclusions 

The complexes formed by ds and ss DNA with CTAB have a hexagonal structure. Anal

ysis of the diffraction data indicates that the CTAB-ds DNA complex forms an intercalated 

hexagonal phase consisting of DNA strands surrounded by cylindrical micelles. We have 

further substantiated the structure by tuning the shape of the micellar aggregates using SHN. 
• . ' r- ' ·' ~ ' 

We find a continuous increase in the lattice parameter in the hexagonal phase of the' complex 

and a hexagonal to lamellar transition at a - 0.6, close to the cylinder to bilayer transition of 

the surfactant aggregates in dilute solutions. Both ds and ss DNA are found to exhibit a sim

ilar behaviour. We may conclude from here that the structure of the CTAB-DNA complexes 

is not significantly influenced by the flexibility or bare charge density of the polyelectrolyte, 

but is primarily determined by the morphology of the surfactant aggregates. 
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Chapter 4 

Influence of hexanol ori 'the structure ()f 
CTAB-DNA and CTAB-SHN-DNA 
complexes 

4.1 Introduction 

This chapter deals with the structural transformations of CTAB-DNA complexes in

duced by the cosurfactant hexanol. Earlier work on lipid-DNA systems [1] has shown that 

hexanol can transform these complexes from a lamellar to a hexagonal structure, which has 

been attributed to the increased flexibility of the membranes in the presence of the cosur

factant. These experimental studies are described in section 4.2. The phase behaviour of a 

surfactant-water system is significantly altered by the addition of a cosurfactant and the phase 

diagram of the CTAB-hexanol-water system is also discussed in section 4.4. In sec\ion 4.3, 
.. 

we outline some theoretical calculations on the phase b~haviour of lipid-DNA complexes as 
• .. • ~~.l· • 

• >l • .t .• 

a function of the membrane flexibility, charge density and spontaneous curvature~ In section 

4.4, we present our results on CTAB-hexanol-DNA complexes. Novel structural transfor

mations of these complexes are found driven by hexanol and DNA concentrations, We have 

also studied the influence of hexanol on the lamellar phase of CTAB-SHN-DNA complexes. 

Here again we find a transition from a lamellar to a hexagonal phase on increasing the hex

anol concentration .. These observations are dealt with in ·section 4.5. In section 4.6, we 

present some plausible explanations for the observed behaviour, based on the theories of 

phase behaviour of lipid-DNA complexes. Finally, section 4.7 deals with the conclusions 
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that may be drawn from the experiments discussed in this chapter. 

4.2 Influence of a cosurfactant on the phase behaviour of 
surfactant-water systems 

A cosurfactant is an amphiphile which does not form aggregates by itself in aqueous 

solutions. However when added to a surfactant solution, it modifies the properties of the sur

factant aggregates such as their spontaneous curvature and flexibility. The effect of alcohols 

(ethanol to hexanol) on the micellar properties have been studied using conductivity, os

mometry and light scattering techniques [2]. These studies indicate that long chain alcohols 

significantly affect the micellar properties. It is found that the addition of alcohols ranging 

from butanol to hexanol to a micellar solution results in a decrease of the critical micellar 

concentration (CMC) and of the molecular weight of the micelle, as well as an increase in 

the degree of ionization of the micelle. These are attributed to changes in surface charge 

density as well as in the dielectric constant near the head-group region. 

The effect of long chain alcohols on surfactant systems has been studied in detail [3]. 

The morphology of the micelle is found to vary on adding hexanol and has been monitored 

through viscosity and light scattering measurements. Hexanol induces a sphere to rod tran-

sition of the micelles. This is a consequence of the decrease in spontaneous curvature of 

the headgroup-water interface in the presence of hexanol which leads to the elongation of 

micelles. These studies have also shown that the solution consists of long, flexible rod-like 

micelles that get entangled leading to a viscoelastic behaviour [4]. These are referred to as 

worm-like micelles in the literature. 

The cetyltrimethylammonium bromide (CTAB)-water system exhibits an isotropic phase 

formed by spherical or rod-like micelles at low surfactant concentration (up to 25% by 

weight) [5]. On increasing the surfactant content, :a:h~xagonal phase consisting of rod-like 
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Figure 4.1: Phase diagram of CTAB-hexanol-water at 25°C. L1 - isotropic, aqueous solution 
,L;. - isotropic hexanol rich solution. D- lamellar phase, E- hexagonal phase [6]. 

micelles arranged on a 2D hexagonal lattice is obtained. The hexagonal phase persists over 
( 

a large range of surfactant concentration. A lamellar phase finally appears at very high sur-

factant content ( 84-92% by weight). The addition of hexanol, however, alters the phase 

behaviour of CTAB-water system significantly. 

The phase behaviour of CTAB-hexanol-water system (fig 4.1) has been probed in some 

detail using x-ray diffraction and polarizing microscopy [6]. An isotropic micellar solution is 

present at low surfactant and hexanol concentration (L1 ). At higher surfactant concentrations 

(30- 70%) and low hexanol concentration (0 - 5% ); a hexagonal phase (E) is observed. The 

incorporation of hexanol does not significantly alter th'y lattice parameter of the h'exagonal 

phase, the diameter of the micellar cylinders and the thickness of the water layer up to 6% 

hexanol. At higher hexanol concentrations, a lamellar phase (D) is observed. The bilayer 

thickness is found to decrease from 3 nm to 2.5 nm on varying the ratio ofhe~anol 'to'CTAB 

from 0.5 to 3.0. The lamellar phase exists up to 99% water dilution. This swelling behaviour 

is attributed to a steric repulsion arising from the thein1al undulations of the bilayers, as dis

cussed in chapter 2 [7]. The region L;. observed at high hexanol concentrations, consists of a 

homogenous, isotropic phase rich in hexanol. 
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Figure 4.2: Bending rigidity of the bilayers in sodium dodecylsulphate-alcohol-water system 
as a function of alcohol chain length. Black circles are experimental data [8] and the solid 
line is calculated from theory [13]. ,, .. 

. _ .. ·.· 

The influence of alcohols on the bilayer bending rigidity (K) has been studied using x-ray 

scattering techniques on sodium dodecylsulphate (SDS)-alcohol-water systems [8]. Due to 

the thermal undulations of the bilayers in the lamellar phase , the profile of the diffraction 

peak follows a power law behaviour given by 

/(O,qz) ~ I qz - qm l-2+'7m 

/(q.L, 0, qm) ~ (q.Lt4+2'7m 

where q .L and qz are components of the wave vecto.r ·q_ p·arallel and normal to thebihtyers. qm . 

= mq0 = 2rrm/d, m being an integer and d the lamellar periodicity. 

TJm is the exponent which describes the algebraic decay of layer correlations and is given by 

TJm = m2q~k8T/8rr(BK)~. where B is the compresslbiihy modulus and K the bending rigidity 

modulus of the lamellar phase. K = K I d, where K is the bending rigidity of a single bilayer. 

B can be estimated from osmotic pressure measurements on the lamellar phase. Thus from 

the power law exponent TJn, K has been calculated. [9]. The plot K as a function of the alcohol 

chain length is given in fig 4.2. For short chain alcohols (up to heptanol) K ~ 3 k8 T, whereas 

for long chain alcohols (octanol to dodecanol) K ~ 13 k8T. 

Elasticity theory predicts that K oc tP, where 8 is the thickness of the membrane [10]. In 

some of the earlier microscopic theories of the bilayer bending rigidity [11, 12], the dramatic 

lowering of K observed on addition of short hydrocarbon chains to a bilayer composed of 
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Figure 4.3: Bending elastic constants of a mixed bilayer consisting of long (C16) and short 
(C8) chains as a function of the short chain mole-fraction (circles, lower abcissa). Also shown 
(squares, upper abcissa) are the bending constants of a single component bilayer as a function 
of chain length. All data, for both the mixed and the pure bilayers are for chains packed with 
an average area per head-group of A = 31.6 A 2 • In these calculations the bending takes place 
at constant A [11]. 

long chains (fig 4.3) is qualitatively explained as follows: Closer to the hydrocarbon-water 

interface, the short and long chains have similar area per molecule. But beyond the region 

where the short chains terminate, the area per long chain increases and the bending in this 

region has negligible energy cost. Thus the short cosurfactant chains can be regarded as 

spacers between the long chains. Though these th~ori~s. can explain the increa~e ~!1 K with 

the chain length of the alcohol, they cannot account for the observed discontin.uity in the 

bending rigidity with chain length. A more recent theory proposed by Foret and Wurger [13] 

is however able to quantitatively account for the measured rigidity as well as the discontinu-

ous behaviour of bending modulus (fig 4.2). 
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4.3 Theoretical studies on the p;l.t~se behaviour of_ ~a(jonic 
lipid-DNA complexes 

The phase behaviour of solutions containing DNA, cationic and neutral lipids has been 

theoretically studied [14]. The different phases considered in this theory are intercalated 

lamellar structure of the lipid-DNA complex (L~) consisting of DNA strands simawiched 

between bilayers, the inverted hexagonal phase of the complex consisting of DNA covered 
. ' 

by lipid monolayer (Hft), free bilayers in aqueous' soluii'on (Lo:), uncomplexed, free DNA 

in solution (D) and inverted hexagonal phase (Hi1). 'The free energies of the various phases 

have been calculated as .a function of lipid composition and lipid/DNA ratio (p) . 

The free energy per lipid molecule is of the form 

fo: = J~·v + J~' + J;'ix (a =L~' Hft, Lo:, Hu ) 

The three terms represent contributions from ele~t;o~tatiC charging, elastic cufVature, and 

2D mixing entropy of the lipid layers respectively. The total free energy, which is a weighted 

sum involving the different phases, is then minimized with respect to the relevant thermody

namic variables to obtain the phase diagram. 

The major contribution in the electrostatic free energy is the entropy gain from the release 

of counter ions originally bound to the polyion and the·bilayers, into the solution on com

plex formation. This depends on the surface charge densities of the individual macroions, 

structure and composition of the condensed phases and salt concentration in solution. The 

electrostatic free energies of the various structures are calculated based on the nonlinear 

Poisson-Boltzmann (PB) equation. 

If a- is the local surface charge density , <l> the corresponding electrostatic potential, V . . 
the volume of the electrolyte solution and no the co~centration of salt in the aqueous: solution 
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and'¥ the reduced electrostatic potential given by'¥= e(J)Ik8T. The electrostatic free energy 

of a charged surface in solution is given by 

pes = t fs cr<Pds + kB Tno j)'¥ sinh'¥- 2cosh'¥ + 2]dv 

where the first term involves contribution from all the charged surfaces S. '¥ is obtained by 

solving the Poisson-Boltzmann equation given by 

V2'P = K'2 sinh'¥ 

where the De bye screening length AD = 1 I K'. 

' . 
The solution to the Poisson Boltzmann equation depends on the charged surface considered 

. ~ ~ . 
and boundary conditions specified for the system. In the La phase, the bilayer surfaces are 

treated as cationic, electrostatically decoupled surfaces for which'¥' = d'¥ I dz = 0 at z---+ oo 

and '¥' = -4n¢8 18 la at the charged surface. 18 is the Bjerrum length and ¢8 = N;IN~ , 

where N; and N~ are the number of cationic and neutral lipids in the bilayer. If A is the 

cross-sectional area per lipid molecule, ¢8 determines the surface charge density cr8 of the 

bilayer, given by cr8 = e ¢8IA. 

In this model the ds DNA is treated as a cylindrical rod of uniform negative charge. 

Hence in the H~, H 11 and D phases, the charged surfaces are cylindrically symmetric.lf b is 

the separation between the charges on the DNA, then the uniform surface charge density of 

DNA, crD, may be given in terms of the radius of DNA RD as crD = - e I 2 7r RD b. Thus 

for phaseD, the boundary condition is given by'¥' = 0 at r = oo, and'¥' (RD) = 218 I(RD)b 

at the surface of the rod. For the H 11 phase, the ~oundary conditions are '¥' (0) = 0 and 

'¥' (R1) = 4n¢118 IA11g, where R1 is the radius of c~rvature of the lipid heaqgro~p~~ter in

terface in the H 11 phase and A11g is the head group.area·of the lipid molecule in the·inverted 

phase, and ¢1 = N7 IN? where N7 and N7 are the number of cationic and neutral lipids in 

the inverted hexagonal phase. For the H~ phase, the PB equation is sol'ved for the aqueous 
I 

region between two concentric, oppositely charged surfaces with RD ~ r ~ RH. RH is the 

radius of curvature of the strongly curved lipid head group surface in the H~ phase. 
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RH = RD + Ow, where Ow is the thickness of the water layer between the DNA and the 

lipid molecules. The boundary conditions are 'P'(RD) = 218 /RDb at the DNA surface and 

'P' (RH) = 4n¢Hl8 /A 11g at the lipid surface, where A11g is the head group area of the lipid 

molecule in the inverted phase and ¢H = NMNJt, where~~ and NJt are the number of cationic 

and neutral lipids in the inverted .hexagonal lipid -DNA complex. 

The PB equation for the unit cell of the L~ phase is two dimensional and the boundary 

conditions here are more complex [15]. 

The elastic energy density of the lipid monolayers constituting the different lipid contain

ing phases is given by 

r1(c, ¢) = A(K/2)(c- co(¢))2 + fv· 

The first term represents the elastic deformation energy per molecule in a cylindrically bent 

lipid monolayer. Here, K is the bending modulus, c0 the spontaneous curvature of the mono

layer, c the actual curvature and A the area per molecule. ¢denotes the lipid composition. In 

the inverted phase, some of the hydrophobic tails are more stretched in order to fill the inter

stitial regions between the cylinders. Since these molecules experience a different geometry 

from the rest, they are frustrated and experience average stretc.hing cost per molecule given 

by fv· For the phases La and L~, fv is zero. 

The monolayers in the different phases are assumed to be ideal 2D mixt~res. Hence their 

mixing free energy is given by 

Jmix fk8 T = ¢ln¢ + (1- ¢)ln(l- ¢) 

Adding the electrostatic, elastic, and mixing contributions, the total free energy of the mix

ture is minimized with respect to the relevant variables. It involves eleven concentration 

variables, of which three are eliminated due to the conservation condition that the total num

ber of cationic lipid, neutral lipid and DNA molecules are fixed. Also since RH and R1 

are fixed in the inverted phases, it imposes a structural constraint that fixes the number of 

molecules that can be incorporated into the inverted phase. Thus f is a function of seven 
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Figure 4.4: The phase diagram of a lipid-DNA mixture, for lipids that self-assemble into 
rigid planar membranes. The phase diagram was calculated for a membrane characterized 
by K = 1 Ok8 T and C0 = 0. The symbols S,B, and D denote, respectively, the L~, La and 
uncomplexed DNA phases [14]. 

independent variables. For every p, which is the ratio between the total number of cationic 

and DNA charges in the system, and m, the mole fraction of the cationic lipid in the original 

lipid mixture, the minimization of free energy with respect to these variables gives the num

ber and identity of the coexisting phases and their composition. 

For rigid planar membranes, no hexagonal phases appear in the calculated phase diagram 

(fig 4.4). At low values of p, lamellar complexes coexist with uncomplexed DNA. Here the 

DNA-DNA separation remains constant. Further increase of pleads to a one-phase region of 

lamellar complex alone where the DNA-DNA separation increases linearly with p, near the 

isoelectric point. At high values of p the complex c~~~ists with excess bilayers. 

For soft planar membranes, a more complex phase behaviour is obtained (fig 4.5). At 

small values of p, D coexists with either L~ or H~ depending on the value of m. At high p, all 

the DNA is complexed and coexists with excess bilayers. The lamellar phase of the complex, 

persists over a large range of p at high m, since the structure can tolerate changes in lipid 

composition by adjusting dDNA· Due to the structural constraint imposed in the H~ phase, it 

exists only along a straight line in the phase diagram. At fixed p, the complex can undergo 

a transition from a lamellar to a hexagonal complex on decreasing the charge density which 
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Figure 4.5: The Phase diagram of a lipid-DNA mixture, for lipids that self-assemble into 
very soft planar membranes. The phase diagram was caJculated for membrane,s character
ized by K=O and fv = 0. The symbols S,B,H and D denote respectively, the L~ ,La,H~ and 
uncomplexed DNA phases. The straight dashed line marks the single H~ phase region [14]. 
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Figure 4.6: A series of SAXS scans of DOTAP-POPC-hexanol-DNA complexes in excess 
water at different [hexanol]/[lipid] ratio [1]. ' · : · · ·, · · · 

has been observed experimentally [1]. A hexagonal to lamellar transition of the complex is 

also predicted for intermediate charge densities on decreasing p .. Such transitions have not 

been reported in any of the earlier studies on lipid/surfactant-DNA complexes. 

In the absence of DOPC, DNA-DOTAP-hexanol .complexes exhibit a lamellar phase [1]. 
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Figure 4.7: Schematic diagram of the inverted hexagonal phase (H~) where the DNA are 
confined to the aqueous cores of the micelles. 

The DNA-DNA separation was found to increase with :hexanol concentration. Further, when 

[DOPC]/[DOTAP] ~ 1, the diffraction pattern indicates a 2D hexagonallattice(fig 4.6) with 

the addition of hexanol. The lattice parameter of the hexagonal phase was found to be 6.25 

nm. An inverted hexagonal structure consisting of DNA covered by a lipid monolayer, ar-

ranged on a 2D hexagonal lattice has been proposed in these systems (fig 4.7). As discussed 

above the addition of hexanol increases the flexibility of the bilayers. In addition, they also 

reduce the charge density. Therefore, these experimental observations are consistent with the 

Lc; -~ H~ transitions predicted for highly flexible bilayers with low charge density. 

4.4 CTAB-DNA-hexanol Complexes 

We have studied the influence of hexanol on the structure of CTAB.:.DNA -complexes 

using small angle x-ray diffraction. The hexanol concentration ,B ( =[hexanol]/[CTAB]) was 
. ;, .. 1·· ,. . . 

varied from 1 to 10, keeping the concentrationofCTAB fixed at 10 rnM. All the complexes 

were 'found to be birefringent under a polarizing microscope, irrespective of the hexanol and 

DNA concentrations. The experimental results on CTAB-DNA-hexanol complexes may be 

summarized in the phase diagram (fig 4.8). This gives the structure of the complexes at 
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Figure 4. 8: Partial phase diagram of the system showing the different structures obtained as a 
function ofhexanol and DNA concentrations. f3 = [hexanol]/[CTAB],p = (wt. ofCTAB)/(wt. 
of DNA). hol denotes the hexanol rich phase coexisting with the complex. The locations of 
the different phase boundaries have not been precisely determined. 
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Figure 4.9: Diffraction patterns of the CTAB-hexanol-DNA complexes. f3 and p for the 
different curves are: 3.5, 36 (a) 3.5, 1 (b); 5, 36 (c); 5 ,1 (d); Piso=l.12. CTAB concentration 
in the aqueous solution was 10 mM. The arrows on curves (c) and (d) indicate in-plane 
DNA-DNA correlation peak. 

different hexanol and DNA concentrations. Note thatf3 andp correspond to the total concen

trations of hexanol and DNA in the solution and not in the complex alone. The boundaries 

between the different structures have not been determined very accurately. 
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Figure 4.10: Diffraction patterns of the CTAB-hexanol .. DNA complexes. f3=8 artd p'for the 
different curves are: 36 (a); 7.2 (b); 1.8 (c); 1.2 (d); 1.01 (e); 0.9 (f); Piso=l.12. 

The x-ray diffraction data at low hexanol concentration (fig 4.9a,b) reveal' three peaks in 

the small angle region, whose q values are in the ratio 1:y3:2. Hence they could be indexed 

as the (1,0),(1,1) and (2,0) reflections of a 2-D hexagonal lattice. This phase was observed 

up to f3=3.5. The lattice parameter of the hexagonal phase decreases from 5.64 nm atf3 = 0 to 

5.50 nm at f3 = 3.5 for p = 36. At a higher DNA concentration, (p= 1), the lattice parameter 

decreases to 5.23 nm from 5.5 nm at f3 =3.5 . 

At f3 ~ 5, diffraction pattern consists of two peaks in the small angle region corresponding 

to a lamellar structure (fig 4.9c,d). A diffuse peak whose position depends significantly on 

the DNA concentration near the isoelectric point is also observed indicated by an arrow in the 

diffraction patterns. Similar observations have been .made in CTAB-SHN-DNA ·complexes 

(chapter 3) and cationic lipid-DNA complexes [16]·whete an jntercalated lamellar structure 

has been proposed consisting of DNA strands sandwiched between the bilayers. The peak 

whose position depends on DNA concentration arises due to the correlation between the 

DNA strands in the plane of the bilayers and gives the average distance dvNA between adja

cent DNA strands. At p > p;50 , dvNA increases from ~.32 nm at f3 = 5 to 3.65 nm at f3 =8 (fig 

4.1 0). The structure of the complex remains lamellar up. to f3 ~ 8.5 (table 4.1 ). 
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Figure 4.11: Diffraction patterns of the CTAB-hexanol-DNA complexes. · f3 = 9 and p for 
the different curves are: 36 (a); 1 (b) 0.9 (c); Piso;=l.12. The peaks at q=3.85 and 4.4 nm-1 

correspond to the (2,1) and (3,0) reflections from the 2-D hexagonal lattice. 

At f3 = 8.5, another phase is observed at p = 36. The morphology of the ~omplex changes 

at this hexanol concentration and it precipitates out of the aqueous solution. One strong peak 

and two weak reflections are observed in the diffraction pattern at f3 ~ 9 (fig 4.11a ). The 

scattering vectors, q are in the ratio 1:y7:3. These reflections can be indexed as the (1,0), 

(2,1) and (3,0) reflections from a 2D hexagonal lattice. On decreasing p, a transition to a 

lamellar phase is observed close to Piso and the peak positions indicated by an arrow (fig 

4.11b,c) shift from 3.6 nm to~ 2.7 nm. 

At f3 = 10, the surfactant solution phase separates to form surfactant rich and hexanol 

rich phases. On adding DNA to the CTAB-hexanol solution at f3 = 10, the complex, obtained 

coexists with a hexanol rich phase. X-ray diffraction indicates a lamellar structure for the 

complex at p = 36 (fig 4.12a). A DNA-DNA peak r~robserved at 3.7 nm which is similar 
•' .. '!' 

to that observed at lower values of {3. However, further decrease in p leads to the gradual 

disappearance of the hexanol rich phase (hol) and at p = 1, a hexagonal phase is observed 

(fig 4.12b). On increasing DNA concentration much beyond the isoelectric point a lamellar 

structure reappears (fig 4.12c) with a dvNA of 2.96 nm. This transition occurs in a narrow 

range of 1 > p > 0.5. Such transformations of the structure, driven by DNA concentration 
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Figure 4.12: Diffraction patterns of the CTAB-hexanol-DNA complexes. f3 and p for the 
different curves are: 10, 36 (a); 10, 1 (b); 10, 0.5 (c); Piso=l.12. 
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Figure 4.13: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes. a = 0.7; f3 
andp for the different curves are: 3, 36 (a); 4, 36 (b) 5, 36 (c); Piso=3.74. 

have not been reported in the literature. 

4.5 CTAB-SHN-hexanol-DNA Complexes 

As discussed in chapter 3, CTAB-SHN-DNA complexes have a lamellar phase at 

[SHN]/[CTAB] - 0.6 . We have studied the influence of hexanol on these complexes. The 

diffraction pattern of CTAB-SHN-hexanol-DNA complexes reveal three peaks in the small 

angle region with the scattering vectors in the ratio, 1:2:3 (fig 4.13). Hence up to f3 - 5, 
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Table 4.1: The d-spacings, structure and lattice parameters of CTAB-hexanol-DNA com
plexes at different values of a and p. a and d denote the lattice parameters of the hexagonal 
and lamellar phases respectively. Piso = 1.12. 

f3 p d1(nm) d2(nm) d3(nm) doNA(nm) phase a, d(nm) 

0 36 4.88 2.82 2.44 - Hi 5.64 
0 1 4.88 2.82 2.44 - HJ 5.64 
3.5 36 4.76 2.79 2.38 - Hf' 5.50 
3.5 1 4.53 2.64 2.27 - Hi 5.23 
5 36 4.87 2.43 - 3.32 v-- 4.87 a 

5 1 4.65 - - 3.23 L~ 4.65 
6 36 4.76 - - - Lc 4.76 a 

8 36 4.7 - - 3.65 Lc 4.70 a 
8 7.2 4.70 - - 3.52 Lc 4.70 a 

8 3.6 4.76 - - 3.61 Lc 4.76 a 

8 1.8 4.70 - - 3.61 L~ 4.70 
8 1.2 4.7 - - 3.61 L~ 4.70 
8 1.03 4.7 - - 3.52 Lc 4.70 a 
8 0.9 4.59 - - 2.93 L~ 4.59 
8.5 36 4.35 1.64 H;;· 5.01 
8.5 0.85 4.61 3.01 Lc 

a 4.61 
9 36 4.34 1.62 - - H~ 5;01 
9 7.2 4.36 1.64 - - H~ 5.03 
9 1 4.49 - - -
9 0.9 4.59 - - 2.96 Lc 4.59 a 
10 36 4.60 2.30 - 3.7 Lc 4.60 a 
10 1 4.17 1.58 - - H~ 4.82 
10 0.47 4.5 2.97 L~· 4.5 
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Figure 4.14: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes. a= 0.7; f3 
and p for the different curves are: 6, 36 (a); 7, 36 (b); 8, 36 (c); 9, 36 (d); Piso = 3.74. 
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Figure 4.15: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes.a = 0.7;{3 and 
p for the different curves are: 10, 36 (a); 10, 1 (b) 12, 0.5 (c); Piso=3.74. 

the structure of the complex remains lamellar. Also, the lattice parameter decreases with 

increase in hexanol concentration (table 4.2). Phase separation occurs in the CTAB-SHN

hexanol solution at f3 - 6 with the appearance of a hexanol rich phase. At f3 = 6, the complex 

coexists with a hexanol-rich phase. However the complex remains lamellar up to f3 = 9 (fig 

4.14). Atf3 = 10, the complex shows a lamellar phase at low DNA concentrations (fig 4.15 

a, b). 

At f3 - 10, the morphology of the complex changes at high DNA concentration. It no 

longer remains dispersed in the aqueous solution but precipitates out of it. Further the hex

anol rich phase disappears. Similar behaviour was also observed at f3 - 12. One strong 

reflection and a weak reflection were observed in the diffraction pattern of this complex (fig 

4.15c), with the scattering vectors in the ratio, 1:...j7. These could be indexed as the (1,0) and 

(2,1) peaks of a 2D hexagonal lattice. The d-spacings, lattice parameters and structures of 

the complexes at various SHN, hexanol and DNA concentrations are given below (table 4.2). 
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Figure 4.16: The intercalated hexagonal phase (Hf), where each DNA strand is surrounded 
by three cylindrical micelles. 

surfactant solution, p 1 and P2 the density of CTAB and hexanol, then Ps = ¢IPI + </>2P2 

The average area of DNA, A0 [= molar volume/(NA. contour length)] - 1.86 nm2 • The 

density of DNA p0 is 1.7 g/cc and the weight fraction of CTAB in the micelle f is 0.51 at f3 

= 3.5 . This gives Ps = 0.9 . 

In the absence of hexanol Pc = 3.98. Since Piso= 1.1, this implies that these complexes are 

overcharged with excess CTAB. This is a consequence of the much smaller area of the CTAB 

head group compared to the effective area per charge of the DNA. The system would, there-

fore, tend to incorporate more DNA in the complex in order to achieve better neutralization. 

However, this can only be done by making the CTAB micelles thinner. The observation that 

the lattice parameter of these complexes do not change with DNA concentration indicates 

that such deformations are prevented by the rigidity of these micelles. 

Pc = 1.67 at f3 = 3.5, which is still larger than Piso- Interestingly, in this case the lattice 

parameter is found to decrease with DNA concentration for p < 1.67, indicating uptake of 

more DNA by thinning the cylindrical micelles. The incorporation of hexanol in the micelles 

seems to make them more flexible and susceptible to such deformations. 
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Figure 4.17: Schematic diagram of lamellar phase (L<;;) of DNA-surfactant complexes, where 
the DNA strands (denoted by shaded circles) are sandwiched between surfactant bilayers. 

The diffraction pattern ~f the lamellar phase observed at f3 = 5, indicates that the structure 

is similar to the intercalated lamellar phase (L<;;), discussed in chapter 3 (fig 4.17) [16]. The 

lattice parameter of 4.9 nm observed at p = 36, is consistent with a CTAB-hexanol bilayer 

of thickness 2.4 nm and a hydrated DNA of diameter 2.5 nm. The decrease in the lamellar 

periodicity to ~ 4.7 nm, at f3 = 8, indicates that the addition of hexanol leads to the thin

ning of bilayers. The increase in DNA-DNA separation by nearly 3 nm on varying f3 from 

5 to 8 at low DNA concentrations (p = 36), is probably a consequence of a decrease in the 

charge density of the bilayers when it incorporates more hexanol. As discussed in section 

3.2, addition of hexanol to CTAB-water system leads to a transition from a hexagonal to a 

lamellar phase. The transition from Hf to L<;; on increasing the hexanol concentration is thus 

consistent with the phase behaviour of the surfactant-water system. The sharp decrease in 

doNA, near Piso observed at f3 ~ 8 is similar to the behaviour observed in lipid-DNA com

plexes. Here below Piso• the complex get overcharged with excess DNA due to the higher 

free energy of the uncomplexed DNA in solution [17]. 

The diffraction pattern (fig 4.11 a) and the morphology of the complex indicates that the 
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hexagonal phase observed at f3 = 8.5, is different from that observed at lower values of f3. 

An inverted hexagonal phase can be proposed for the complex. The lattice parameter of 5.05 

nm is consistent with a CTAB-hexanol bilayer of thickness - 2.5 nm and the diameter of a 

hydrated DNA - 2.5 nm. A similar structure has been observed in lipid-DNA complexes in 

the presence of hexanol [ 1 ], where DNA strands are confined to the aqueous cores of inverted 

cylindrical micelles (fig 4.7). This (H~) structure is consistent with the hydrophobic nature 

of the complex and is further supported by a simple analysis of the diffraction data. The ab

.sence of the (1 1) and (2 0) reflections in the diffraction patterns of the complex indicates that 

the form factor of the electron rich cylindrical core has a zero in between the corresponding 

values of q. Taking the electron density of the core to be uniform, this condition gives the 

radius of the core to be about 1.3 nm, which is very close to that of a hydrated DNA (- 1.25 

nm). 

The occurrance of the L~ ~ H~ transition on increasing the hexanol concentration may 

be qualitatively understood as follows. In the inverted phase, the neutralization of the base 

pairs by the surfactant counter ions is more efficient due to their enhanced proximity in this 

geometry. Hence formation of an inverted phase results in a gain in the electrostatic contri

bution to the free energy. However the accompanying energy cost for bending the bilayer 

around the DNA is given by ~K (C- C0 )
2

• Cis the curvature of the DNA cylinder and Co the 

spontaneous curvature of the surfactant-water interface. The presence of hexanol is known 

to lower K and hence decreases the energy cost for bending the bilayers [8]. It has been 

shown from theoretical computations that H~ phase is preferred over the L~ phase in lipids 

with very flexible bilayers at low charge density [14]. The presence of hexanol decreases the 

charge density of the bilayers as well as increases their flexibility and hence satisfies both 

these conditions. Further, as hexanol is not confined to the lipid-water interface, it can oc

cupy the interstitial regions in the H~ structure where the three inverted cylindrical micelles 

meet. This reduces the frustration of the chains of the amphiphile that would have had to 

stretch in order to occupy these regions. Thus the presence of hexanol further stabilizes the 
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H~ phase. 

The diffraction pattern as well as the morphology of the complexes obtained at higher 

DNA concentration when f3 = 9 indicates that they form an intercalated lamellar structure. 

The reason for the transition from H~ to L~ structure on increasing DNA concentration ob

served here, is most likely the denser packing of DNA in the lamellar phase. The distance 

between two adjacent DNA is fixed at the lattice parameter a, in the inverted phase. On the 

other hand, no such restriction exists in the L~ structure, and doNA can change significantly 

across the isoelectric point. The amount of DNA which can be incorporated into lamellar 

phase as compared to the inverted hexagonal phase, can be estimated from the geometry of 

the two structures. For the inverted hexagonal phase, it is given by 

H- I AI JIJ A Pc - Ps s Po 0· 

where the superscript 1 denotes the H~ structure. 

Similarly for the lamellar complex it is given by 

P~ = p; A; / 2
/ Po Ao. 

where the superscript 2 denotes the L~ structure. 

If we consider the two structures at similar surfactant composition, 

P! jl =p; /2, 

p~ /pz = A!JA; 

Since A! = ( ...j3a2 - 2rrR1)/2 and A;, estimated from the bilayer thickness 8 and the separation 

between the DNA strands doNA• is given by A;= doNA 8. 

The ratio, p~ fp~ = ( -../3a2 
- 2rrR1)/(28doNA). Putting a= 5.0 nm, R0 = 1.25 nm, and 8= 

2.2 nm, this ratio turns out to be 7.5/doNA· Hence the lamellar complex can accommodate 

more DNA than the H~ structure as long as doNA < 7.5 nm. In the lamellar complexes ob

tained for low hexanol concentrations, doNA is 3.5 nm even at low hexanol concentrations. 
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Thus it is clear that mor~ DNA can be accommodated in the L<; phase as compared to Hfr 

Though at low DNA concentrations, the H£ phase is stabilized by the efficient neu

tralization of DNA, it becomes unstable in the presence of excess uncomplexed DNA and 

transforms to L<;. The fact that the H£ --+ L<; transition is observed at a value of p slightly 

greater than Piso supports the proposed mechanism. Such transformations of the structure of 

the complexes, driven by DNA concentrations have not been reported in the literature. 

The DNA concentration at the Hh to L~ transition should correspond to the maxi

mum amount of DNA that can be incorporated in the former structure. As discussed ear

lier, it can be estimated from the geometry of the system and is given by Pc = ( -../3a2 -

2rrR2)p.vf /(2A0 p0 ). At f3 = 9, Pc is found to be 1.3. This is close to the experimental value 

of"' 1.0, thus once again confirming the above mechanism. 

The formation of a lamellar complex at [3 = 10 for high p with doNA comparable to the 

values at lower [3 and high p, indicates that the hexanol concentration in the surfactant-rich 

phase is less than that in the solution just before phase separation. The gradual disappear

ance of the hexanol rich phase on increasing the DNA concentration indicates that hexanol 

content in the complex increases. This leads to an increase in the flexibility and a decrease 

in charge density of the bilayer and the structure transforms to H£. The H£--+ L<; transition 

at higher DNA concentration as before is driven by the denser packing of DNA in the latter 

phase. The observed doNA of 2.9 nm is consistent with this. The narrow range of 0.5 < p <1 

over which the transition occurs agrees with the estimated Pc "' 1.0. 

Similar phase transitions have been theoretically predicted for soft bilayers (K = 0) at 

intermediate charge densities [14]. Here the charge density of the bilayers are varied using a 

mixture of the cationic and neutral lipids. Since both the lipids remain near the lipid-water 

interface, from the lipid composition and the head group area of the lipids, the charge density 
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of the bilayers at each composition can be estimated. Such an estimation cannot be made 

in our system since the hexanol does not remain confined at the surfactant-water interface. 

Hence the phase diagram obtained for the CTAB-hexanol-DNA complexes cannot be quan

titatively compared with the calculated phase diagrams of lipid-DNA complexes. However 

our experimental observations qualitatively agree with the theoretical prediction of H~ ~ L~ 

transition in flexible bilayers at low charge densities on increasing the DNA concentration. 

In the CTAB-SHN-hexanol-DNA complexes, the structure remains lamellar for all hex

anol concentrations, at high values of p. The decrease in the lattice parameters on increasing 

{3, observed before the phase separation occurs in the surfactant solution, is consistent with 

the thinning of bilayers in the presence of hexanol. Similar to the lipid-DNA complexes, a 

transition from L~ ~ H~ is also observed in these complexes at highp. The absence of (1,1) 

and (2,0) reflections and the presence of a weak (2,1) reflection confirms the inverted phase. 

Though a detailed study of the system has not been carried out, the phase behaviour of this 

system can be expected to be similar to that of CTAB-hexanol-DNA complexes, except for 

the occurrance of the intercalated hexagonal structure at low hexanol concentrations in the 

latter system. 

4. 7 Conclusion 

We have studied the influence of hexanol on the structure of complexes of CTAB formed 

with ds DNA. At low DNA concentrations, the complexes exhibit a Hf ~ L~ ~ H~ tran

sition on varying the hexanol concentration. These transitions are in accordance with the 

known influence of hexanol on the structure and properties of CTAB aggregates. A novel 

H~ ~ L~ transformation is observed as a function of DNA concentration at high hexanol 

content, which may be understood in terms of the more efficient packing of DNA in the L~ 
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structure. A partial phase diagram of this system has been constructed, which shows the 

different structures exhibited by these complexes. We have also studied the influence of hex

anal on the structure of CTAB-SHN-DNA complexes. The phase behaviour of the system is 

found to be similar to the CTAB-DNA complexes, but for the occurrance of the intercalated 

hexagonal phase at low hexanol concentration in the former system. 
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Chapter 5 

Structure of cationic-surfactant -
polyelectrolyte complexes 

5.1 Introduction 

This chapter deals with the structures exhibited by surfactant-polyelectrolyte complexes 

in aqueous solutions. Earlier work on the structure and phase behaviour of similar com

plexes is described in section 5.2. Our experimental results from optical microscopy and 

x-ray diffraction studies on complexes of cetyltrimethylammonium bromide (CTAB) with 

a variety of polyelectrolytes listed in table 5.1 are discussed in section 5.3. All complexes 

form a hexagonal phase, though with different lattice parameters depending on the polyelec

trolyte used. There has not been any systematic study of the influence of the micellar shape 

on the structure of these complexes. Hence as in the case of CTAB-DNA complexes, dis

cussed in chapter 3, we have tuned the micellar shape using sodium-3-hydroxy-2-naphthoate 

(SHN). Section 5.4 deals with the structural changes of complexes of CTAB-SHN with dif

ferent polyelectrolytes on varying the SHN concentration. A transition from a hexagonal 

to a centered rectangular structure is observed in CTAB-SHN-PAA and CTAB-SHN-PGA 

complexes on increasing a (= [SHN]/[CTAB]). CTAB-SHN-PSS complexes show a tran

sition from a hexagonal to a primitive rectangular structure as a is increased. They also 

show yet another structure at higher a, which has not yet been identified. Complexes of 

PVS with CTAB-SHN exhibit a a hexagonal ~ centered rectangular~ lamellar transforma

tion on increasing a. We have also examined complexes of these polyelectrolytes with the 
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double-tailed cationic surfactant didodecyldimethylammonium bromide (DDAB). The phase 

behaviour of the DDAB-water system and earlier work on complexes formed by DDAB 

with PGA are dealt with in section 5.5 . Our experimental results on DDAB-polyelectrolyte 

complexes are also discussed here. As discussed in section 5.6.1, our results on CTAB-SHN

polyelectrolyte complexes suggest the importance of poly-ion specificity in determining their 

structures. All DDAB-polyelectrolyte complexes exhibit a lamellar phase but the lattice pa

rameter varies depending on the polyelectrolyte used. We also find that the weight fraction 

of the surfactant is the highest in PSS complexes and the least in DNA complexes. A similar 

trend is also seen in complexes of polyelectrolytes with CTAB as well as CTAB-SHN. This 

helps us to establish a correlation between the structure of the complexes and that of the 

surfactant-water system at similar surfactant content as discussed in section 5.6.2. Finally in 

section 5.7, we state the conclusions that can be drawn from the experiments discussed in 

this chapter. 

5.2 Earlier studies 

The complex formation between proteins and cationic detergents was first reported by 

Kuhn in 1940 [1, 2]. Later it was found to be a general phenomenon for anionic polyelec

trolytes [3]. These complexes dissolve in the presence of salt [4]. These observations were 

made use of in the purification of anionic polysachcharides from biological tissues. Some 

of the earlier studies involved monitoring the binding of surfactants to polyelectrolytes us

ing surfactant-selective electrodes [5]. Later NMR spectroscopy [6], small angle neutron 

scattering (SANS) and fluorescence techniques [7] were used to probe the structures in 

polyelectrolyte-surfactant systems. 

One of the detailed studies on the phase behaviour of surfactant-polyelectrolyte systems 

has been by Thalberg et al [8] on didodecyltrimethyl ammonium bromide (DTAB)-poly 

(acrylic acid) (NaPA)-water and DTAB-sodium hyaluronate (NaHy)-wa~er systems. The 
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Figure 5.1: Phase diagram of CTAB-NaPA-water system [11]. 

complex formation occurs over a larger range of surfactant and polyelectrolyte concentration 

for complexes of DTAB with NaPA as compared to NaHy. Hence stronger interactions are 

indicated in NaPA complexes as compared to NaHy complexes, possibly due to the higher 

bare charge density of NaPA. The interactions in complexes of the anionic surfactant sodium 

dodecylsulphate (SDS) with cationic polyelectrolyte, poly(diallyldimethylammonium chlo

ride) (PDADMAC) were found to be stronger than in the DTAB-NaPA system. This has 

been attributed to the smaller size of the surfactant head group of the anionic as compared to 

cationic surfactants [9, 10]. 

More detailed study of the phase behaviour of the CTAB-NaPA system has been carried 

out by Ilekti et al. [11, 12]. The phase diagram of NaPA-CTAB-water is given in fig 5.1. 

Dilute micellar solutions of CTAB with NaPA separate into a dilute aqueous phase and a 

concentrated mesophase containing the complex (cream phase) at the top (region 1). Small 

angle diffraction studies indicate that these complexes have a hexagonal structure. The lat

tice parameter is in the range 5-6 nm, and is comparable to that of the hexagonal phase of 

CTAB-water system. At high dilutions (at surfactant concentrations close to CMC), a com-
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plex with a cubic structure is obtained (region 1'). A third phase appears between the cream 

and the aqueous phase on increasing the surfactant as well as polyelectrolyte concentration 

(region II). This is found to be an isotropic concentrated micellar phase. On further addition 

of NaPA the mesophase vanishes (region III). Finally the dilute aqueous phase vanishes at 

higher NaPA concentrations (region IV). At a fixed NaPA concentration along line B, the 

two phase region disappears at a surfactant concentration of - 27% . CTAB-water system 

forms a hexagonal phase above 30% surfactant concentration. Between 30-37% the addition 

of polyelectrolyte leads to a hexagonal ~ nematic ~ micellar transition on increasing the 

polyelectrolyte concentration. Thus two opposite trends are exhibited in the dilute and con

centrated CTAB solutions. The addition of NaPA to a dilute micellar solution leads to the 

phase separation of a concentrated mesophase, whereas the addition of the polyelectrolyte to 

a concentrated solution leads to the formation of an isotropic phase. 

Thus on addition of NaPA to CTAB-water, three types of effects have been observed. 

i) The CT A+ micelles retain their rod-like shape but the distances are collapsed (region 1). 

ii) The distances remain the same but the shapes change. iii) Both the distances and the 

shapes change as seen in the cubic phase. The formation of a CTAB-NaPA complex involves 

the exchange of Br- counter ion of CTAB with acetate (Ac-) ion. Cetyltrimethylammonium 

acetate (CTAAc)-water system is known to form a cubic phase over a large range of surfac

tant concentration. It has a body-centered cubic unit cell, with large micelles at the apexes 

and center of a cube and pairs of smaller anisotropic micelles at the centers of the faces [13]. 

The formation of the cubic phase in dilute CTAB-NaPA solution can, therefore, be attributed 

to the nearly complete exchange of the Br- and Ac- ions. At higher surfactant contents when 

the ion exchange is less, a hexagonal phase is observed. The decrease in the inter-micellar 

distance can be understood in terms of the formation of polyion bridges between the micelles. 

Thus these studies show that the sequence of phases in these ternary systems is determined 

by the extent of counter ion exchange and by the water content. 
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Some studies have also probed the structures of these complexes when dried. It is found 

that stable membranes can be made from these dry complexes. The chain melting transition 

of the bilayers in the complex was found to shift to higher temperatures on drying. The 

permeability of these membranes can be modulated by small electric fields [14]. They are 

found to dissolve in organic solvents where they exhibit polyelectrolyte behaviour. X-ray 

investigations on the alkyltrimethylammonium bromide-poly (styrene sulfonate) (PSS) dry 

complexes reveal a lamellar phase with a periodicity ranging from 2.9 nm to 4.1 nm depend

ing on the alkyl chain length of the surfactant. The ability to form liquid crystalline phases 

and their high solubility in organic solvents make them suitable materials for optoelectron

ics, ion separation membranes and molecular composites. A lamellar phase has also been 

reported in dry complexes of CTAB and dodecyltrimethylammonium bromide (DTAB) with 

PGA [15]. On heating, the complexes are found to be stable up to 150°C. 

There have also been a few investigations on the structures of complexes formed by 

cationic surfactants with polyelectrolyte gels [16]. The structures ofDTAB with cross-linked 

NaPA gels have been probed using small angle x-ray scattering (SAXS). The surfactant ag

gregation number and the ordering of micelles were investigated using time resolved fluo

rescence quenching. The surfactant concentration was kept well below the critical micellar 

concentration (CMC). A collapse of the gel was observed on increasing the CTAB concen

tration. Above a critical concentration, a Pm3n cubic phase was observed. On increasing the 

surfactant concentration abov.e CMC, a hexagonal order was found in the 2D collapsed gel. 

The aggregation number was found to increase from 50 to 100 on increasing the surfactant 

concentration. This indicated that the aggregates that were initially globular formed short 

rods, at higher concentrations. 

A more detailed study has been carried out on complexes of cationic surfactants with gels 

of anionic polyelectrolytes such as PSS and poly(sodium methacrylate) (PMAA) [17]. It was 

found that the alkyl chain length of the surfactant influences the formation of highly ordered 
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It was found that the liquid crystalline phases are formed in the same sequence and with 

similar structures in the polyelectrolyte-surfactant-water system as in the surfactant-water 

system. Increase in the alkyl chain length leads to a sequence of structures ranging from a 

disordered micellar --+ hep --+ bee --+ hexagonal --+ lamellar phase. A similar sequence of 

transitions are obtained in the surfactant-water system by increasing the concentration of the 

surfactant. Increasing the temperature and decreasing the charge density of the polyelec

trolytes in the complex were found to have similar effects on the structure of the complex. 

SANS studies indicate that the cationic starch has a helical conformation. When they asso

ciate with surfactants, more compact cylindrical aggregates are formed in which a core of 

surfactant is surrounded by the helical chains of cationic starch [20]. 

As discussed above, there have been several studies on the structures of polyelectrolyte

surfactant systems. However, the influence of the shape of the aggregates on the structure 

of the complex has not been probed systematically in any of these systems. Hence we have 

tuned the spontaneous curvature of the micelles in the dilute surfactant solution and exam

ined the role of the aggregate morphology on the structure of the complex. This has been 

achieved using SHN which transforms CTAB aggregates from cylinders to bilayers, as de

scribed in chapter 2. The structure of the complex could also be specific to the chemical 

nature of the polyion. Not many of the earlier studies examined these systems from this 

perspective. Hence using four polyelectrolytes, which differ widely in the chemical nature 

of their charge moieties, bare charge density and persistence length, in addition to the single 

and double stranded DNA (discussed in chapter 3), we have made a comparative study of the 

structures of the complexes obtained in dilute solution of CTAB-SHN. 

5.3 CTAB-polyelectrolyte complexes 

A 10 mM CTAB solution was prepared and the polyelectrolyte was then added to it 

(table 5.1). Complexes, which precipitate out, were left in the solution for two days. The 
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Table 5.1: The bare charge densities and persistence lengths of the polyelectrolytes used, 
namely, double stranded (ds) DNA, single stranded (ss) DNA, poly (glutamic acid) (PGA), 
poly (acrylic acid) (PAA), poly (vinyl sulf~nate) (PVS), poly (styrene sulfonate) (PSS). 

Polyelectrolyte bare charge density lp (nm) 
dsDNA 1e/0.17nm 50 
ssDNA 1 e/0.59 nm 1.5 
PGA 1 e/0.154 nm 2 
PAA 1 e/0.32 nm 1 
PVS 1 e/0.32 nm 1 
PSS 1 e/0.25 nm 10 

precipitates were then transferred to a 1 mm glass capillary for x-ray diffraction studies. 

CTAB-polyelectrolyte complexes were found to be birefringent under a polarizing micro

scope. The complexes were prepared by varying the polyelectrolyte concentration p ( = 

weightof CTAB/ weight of polyelectrolyte), above and below the isoelectric point Piso• 

where the positive charges of the CT A+ ions are balanced by the negative charges on the 

polyelectrolyte. The experimental observations were made at a temperature of 30°C. 

X-ray diffraction studies on all four CTAB-polyelectrolyte complexes reveal three peaks 

in the small angle region (fig. 5.2). The scattering vectors are in the ratio 1:y3:2, which 

correspond to the (1 0), (11) and (2 0) peaks of a 2D hexagonal lattice. The lattice param-

eters are in general found to vary depending on the polyelectrolyte used. Though PVS and 

PSS complexes have similar lattice parameters, in CTAB-PVS complexes we obtain peaks 

corresponding to the (1 0), (2 0) and (2 1) reflections of a 2D hexagonal lattice (fig 5.2c). The 

lattice parameters and the peak positions for the different complexes are given in table 5.2. 

The effect of the polyelectrolyte and surfactant concentration on the lattice parameter was 

studied for CTAB- poly (glutamic acid) (PGA) complexes. The peak positions were found 

to be independent of p, and of CTAB concentration up to 100 mM. These observations are in 

broad agreement with the earlier experiments on CTAB-polyelectrolyte complexes in aque

ous solutions [11, 17]. 
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Figure_ 5.2: Diffraction patterns of the CTAB-polyelectrolyte complexes. p( = wt. of 
CTAB/wt of polyelectrolyte ) and Piso are 6.0, 3.88 for PAA (a); 1.8, 2.41 for PGA (b); 
1.8, 1.78 for PSS (c); 1.15, 2.8 for PSS (d); CTAB concentration in the aqueous solution was 
lOmM. 

Table 5.2: The d-spacings, lattice parameters and structure ofCTAB-polyelectrolyte com
plexes; a denotes the lattice parameter. 

polyelectrolyte d1(nm) d2(nm) d3(nm) d4(nm) a(nm) structure 
PAA 4.48 2.59 2.24 5.17 2-D hexagonal 
PGA 4.61 2.67 5.33 2-D hexagonal 
PSS 4.02 2.32 2.01 4.64 2-D hexagonal 
PVS 4.0 2.31 2.0 1.52 4.64 2-D hexagonal 
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5.4 CTAB-SHN-polyelectrolyte complexes 

Complexes were prepared using appropriate CTAB, SHN and polyelectrolyte concen

trations. CTAB concentration was 10 mM. SHN concentration a (=[SHN]/[CTAB]), was 

varied from 0 to 0. 7. The polyelectrolyte concentration p was varied over a wide range about 

the isoelectric point Piso· The complexes were found to be birefringent under a polarizing 

microscope. X-ray diffraction studies of the complexes were carried out to probe their struc-

ture. 

c 

b 

a 

0.5 1.5 2.5 3.5 4.5 
q (nm-1

) 

Figure 5.3: Diffraction patterns of the CTAB-SHN-PAA complexes in the hexagonal phase. 
a and p for the different curves are: 0.2, 6 (a); 0.2, 4 (b); 0.4, 0.6 (c), Piso=4.85 at a=0.2; 
p;50=6.47 at a=0.4; CTAB concentration in the aqueous solution was 10 mM. 

In CTAB-SHN-PAA complexes, the diffraction patterns show three peaks in the small 

angle region, which can be indexed on a 2D hexagonal lattice (fig 5.3a). The hexagonal 

phase was found to occur up to a = 0.4. The peak positions remained independent of poly

electrolyte concentration above and below Piso (fig 5.3a, b). The lattice parameter of the 

hexagonal phase however increases with SHN concentration (fig 5.3c). At a = 0.5, diffrac

tion pattern shows additional peaks in the small angle region (fig. 5.4a) which could not be 

indexed on a hexagonal or a lamellar lattice. However, they could be indexed as the (2 0), 

(11) and (0 2) peaks of a centered rectangular lattice. Similarly, at a= 0.6, the x-ray diffrac

tion pattern has 5 peaks in the small angle region (fig 5.4c). They could also be indexed as 
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Figure 5.4: Diffraction patterns of the CTAB-SHN-PAA complexes. a andp for the different 
curves are: 0.5, 0.6 (a); 0.6, 0.6 (b); 0.6, 0.84 (c); 0.6, 12 (d); 0.7, 0.72 (e); p;50=7.76 at 
a=0.5; Pi.w =9.7 at a=0.6: Piso=12.93 at a=0.7. 

Table 5.3: The d-spacings, structure and lattice parameters of CTAB-SHN-PAA complexes 
at different values of a and p. a and b denote the lattice parameters. R denotes a phase with 
a centred rectangular lattice. The concentration of CTAB in the solution was 10 mM . 

a Pi so p d,(nm) d2(nm) d3(nm) d4(nm) ds(nm) phase a(nm) b(nm) 
0 3.88 6 4.48 2.59 2.24 hexagonal 5.17 
0.2 4.85 0.6 4.38 
0.2 4.85 6 4.51 2.63 2.25 hexagonal 5.21 
0.4 6.47 0.6 4.88 2.99 2.67 hexagonal 5.64 
0.5 7.76 0.6 6.13 4.75 2.64 2.6 R 12.26 5.28 
0.6 9.7 0.6 6.25 5.03 2.57 
0.6 9.7 0.84 6.45 5.03 3.34 2.76 2.50 R 12.90 5.52 
0.6 9.7 12 6.27 4.84 3.24 2.66 2.39 R 12.54 5.32 
0.7 12.93 0.72 6.23 4.86 3.27 2.70 2.43 R 12.66 5.40 

the (2 0), (1 1), (3 1), (0 2) and (2 2) reflections from a 2D centered rectangular lattice. This 

was also true at a = 0.7 (fig 5.4e). The peak positions were found to be independent of the 

polyelectrolyte concentration and weakly dependent on SHN concentration (fig 5.4c, d). The 

peak positions and the lattice parameters for the various complexes are given in table 5.3. 

For a < 0.5, the CTAB-SHN-PGA complexes show three peaks in the small angle region 

with theirq values in the ratio l:.Y3:2 (fig 5.5a,b). These peaks could be indexed as the (1 0), 

(1 1) and (2 0) reflections of a 2D hexagonal lattice. The lattice parameter a, of the hexag-
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Figure 5.5: Diffraction patterns of the CTAB-SHN-PGA complexes. a andp for the different 
curves are: 0.2, 1.5 (a); 0.4, 1.93 (b); 0.5, 12 (c); 0.55, 0.72 (d); Piso=3.02 at a=0.2; Piso=4.02 
at a=0.4; p;s0 =4.82 at a=0.5; p;,\'0=5.36 at a=0.55; 
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Figure 5.6: Diffraction patterns of the CTAB-SHN-PGA complexes . . a and p for the different 
curves are: 0.6, 12 (a); 0.6, 1.8 (b); 0.6, 3.6 (c); 0.7, 6 (d); p;50=6.0 at a=0.6; p;50=8.0 at 
a=0.7; 
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Table 5.4: The d-spacings, structure and lattice parameters of CTAB-SHN-PGA complexes 
at different values of a and p. R denotes a phase with a centred rectangular lattice. a and b 
denote the lattice parameters. 

a Piso p d1(nm) d2(nm) d3(nm) d4(nm) ds(nm) phase a(nm) b(nm) 
0 2.41 1.8 4.61 2.66 hexagonal 5.33 
0.2 3.02 1.5 4.64 2.67 2.32 hexagonal 5.36 
0.4 4.02 1.93 5.06 2.92 hexagonal 5.84 
0.5 4.82 12.0 6.16 5.03 3.23 2.74 R 12.12 5.48 
0.55 5.36 0.72 6.13 4.98 3.21 2.72 R 12.26 5.46 
0.6 6.0 1.8 6.45 5.13 2.64 
0.6 6.0 3.6 6.43 4.96 3.32 2.75 2.48 R 12.86 5.48 
0.6 6.0 12.0 6.45 4.90 3.32 2.75 2.48 R 12.9 5.48 
0.7 8.0 6 6.33 4.98 3.30 2.75 2.49 R 12.46 5.5 

onal structure gradually increases with a from 5.33 nm to 5.84 nm (table 504). Above a= 

0.5, the peaks could be indexed as the (2 0), (1 1), (3 1) (0 2) and (2 2) reflections of a 2D 

rectangular lattice (fig 5.5 c,d). The peak positions in this phase was found to be independent 

of polyelectrolyte concentration (fig 5.6a,b). Similarly, the lattice parameters of this phase 

was only weakly dependent on SHN concentration (fig 5.6c,d). Similar trends are found 

in both the PAA and PGA complexes with the lattice parameters remaining insensitive top 

and being weakly dependent on SHN concentration (table 5.3, 5.4). Hence the structures of 

CTAB-SHN-PGA complexes are similar to those of the PAA complexes. 

A hexagonal phase is also observed in CTAB-SHN-PVS complexes for a< 0.4 (fig 5.7a). 

The lattice parameter of the hexagonal lattice increases from 4.67 nm at a=O to 5.16 nm for 

a = 0.2. At a=0.4, four peaks are observed in the small angle region which can be indexed 

as the (2 0),(11),(3 1) and (0 2) reflections of a 2D centered rectangular lattice (R) (fig 5.7b). 

The peak positions remain the same for a in the range 0.4 to 0.7 (fig 5.7b,c). At a = 0.7 

and above, two peaks appear with the scattering vector q in the ratio 1:2 (fig 5.8a,b), corre

sponding to ~ lamellar structure. The position of the first order peak here remains the same 

as that of the (11) reflection seen at a= 0.6 (fig 5.7c). The lattice parameters of the different 

structures seen in this system are given in table 5.5. 
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Figure 5.7: Diffraction patterns of the CTAB-SHN-PVS complexes.a and p for the different 
curves are: 0.2, 1.15 (a); 0.4, 1.15 (b); 0.6, 1.92 (c); Piso=3.5 at a=0.2; Piso=4.67 at a=0.4; 
Piso=1.0 at a=0.6; 
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Figure 5.8: Diffraction patterns of the CTAB-SHN-PVS complexes. a and p for the different 
curves are: 0.7, 1.15 (a); 0.75, 1.15 (b); Piso=9.33 at a=0.7; Piso=9.99 at a=0.75; 
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Table 5.5: The d-spacings, structure and lattice parameters of CTAB-SHN-PVS complexes 
at different values of a and p. R denotes a phase with a centred rectangular lattice. a and b 
denote the lattice parameters. 

a Pi so p d 1(nm) d2(nm) d3(nm) d4(nm) phase a(nm) b(nm) 
0 2.8 1.15 4.00 2.31 2.00 1.52 hexagonal 4.6 
0.2 3.5 1.15 4.47 2.23 
0.4 4.67 1.15 5.67 4.37 2.93 2.37 R 11.34 4.74 

0.5 5.6 1.15 5.67 4.47 
0.55 6.2 1.15 4.47 
0.6 7.0 1.92 5.85 4.34 2.17 
0.7 9.33 1.15 4.34 2.17 lamellar 4.34 
0.75 9.99 1.15 4.34 2.17 lamellar 4.34 

In CTAB-PSS complexes the diffraction patterns indicate that the structure of the com

plex remains hexagonal at low SHN concentration (fig 5.9a). At a = 0.4, four peaks are 

obtained in the small angle region that could not be indexed on a 2-D centered rectangular 

or a hexagonal lattice (fig 5.9b,c). The lamellar phase also had to be ruled out from the peak 

positions. Unlike in the centred rectangular phases of PAA , PGA or PVS complexes, the 

first peak was found to be more intense than the higher order peaks. The peaks could be 

indexed as the (2 0), (1 1), (2 1), (0 2), (3 1) and (4 1) reflections of a rectangular lattice 

corresponding to the plane group pgg (fig 5.9c). The peak positions of the pgg lattice, are 

sensitive to the SHN concentration. At a higher SHN concentration where a= 0.7, x-ray 

diffraction gives three peaks in the small angle region with no specific relationship between 

the values of q (fig 5.10). Additional peaks could not be observed even after very long ex-

posures, and hence we have not been able to determine the structure of this phase. The peak 

positions in all these complexes are found to be independent of p. At a=0.75, we find that 

the complex dissolves for p above and below Piso· The structures and the lattice parameters 

of CTAB-SHN-PSS complexes are given in table 5.6. 

We have also studied the influence of these polyelectrolytes on dilute solutions of the 
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Figure 5.9: Diffraction patterns of the CTAB-SHN-PSS complexes. a and p for the different 
curves are: 0.2,2.25 (a); 0.5,3.6 (b); 0.6,4.5 (c); Piso=2.23 at a=0.2; p;50=3.56 at a=0.5; 
Piso=4.45 at a=0.6; 
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Figure 5.10: Diffraction patterns of the CTAB-SHN-PSS complexes. a andp forthe different 
curves are: 0.7, 3.6 (a); 0.7, 12.0 (b); Piso=5.93 at a=0.7. 

Table 5.6: The d-spacings, structure and lattice parameters of CTAB-SHN-PSS complexes 
at different values of a and p. a and b denote the lattice parameters. 

a Pi so p d1(nm) d2(nm) d3(nm) d4(nm) phase a(nm) b(nm) 
0 1.78 1.8 4.02 2.32 2.01 hexagonal 4.6 
0.2 2.23 2.25 4.37 2.53 2.18 hexagonal 5.04 
0.4 2.97 3 5.15 
0.5 3.56 3.6 4.67 3.46 2.68 pgg 9.34 5.36 
0.6 4.45 4.5 4.84 3.56 2.77 2.14 pgg 9.68 5.54 
0.7 5.93 3.6 5.58 4.02 3.59 
0.7 5.93 12 5.58 4.02 3.59 

116 



double-tailed cationic surfactant didodecyldimethylammonium bromide (DDAB), which 

forms bilayers at all concentrations. Their structures are discussed below. 

5.5 DDAB-polyelectrolyte complexes 

5.5.1 Phase diagram of DDAB-water 

140....-.------------~ 

120 

40 

0~~----~------~----~ 

0.001 0.01 O.t 1 

Figure 5.11: Phase diagram of DDAB-water system. La refers to the swollen lamellar phase. 
L~ is the collapsed lamellar phase, L13 denotes the gel phase, and I the isotropic phase [21] 

The phase diagram of the DDAB-water system has been studied extensively in the 

context of an anomalous attractive interaction between charged bilayers [21]. At low surfac-

tant concentration the isotropic solution consists of unilamellar vesicles (L3). The DDAB

water system is found to exhibit two coexisting lamellar phases at high surfactant concen

tration (fig 5.11). The lamellar phase (La) found at lower surfactant concentration shows the 

usual swelling behaviour given by 

(5.1) 

Here d is the lamellar periodicity, 8m the thickness of bilayer and ¢w the weight fraction of 

water. 

On increasing the surfactant concentration, x-ray diffraction studies reveal in addition to the 
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lamellar peaks corresponding to La, peaks coming from a periodicity of 3.12 nm. The bilayer 

thickness of DDAB - 2.4 nm. Hence the second set of peaks correspond to a lamellar phase 

(L~) where the bilayers are collapsed with very little water between them. At 30°C, there is 

a large region of coexistence of La and L~. On increasing the temperature the coexistence 

range decreases, leading to a critical point at 73°C. In charged bilayer systems, the interac

tions between the bilayers is repulsive, owing to which the separation between the bilayers in 

the lamellar phase is determined by the water content. The appearance of a condensed phase 

(L~) at intermediate surfactant concentrations indicates that the interactions become attrac

tive at these inter-bilayer separations. Such a behaviour has not been seen in other cationic 

surfactant systems like didodecyldimethylammonium chloride (DDACI)- water. Though the 

origin of the attractive interaction responsible for this behaviour is not known at present, 

they are suspected to arise from the condensation of Br- counterions near the bilayer-water 

interface at these surfactant concentrations. 

5.5.2 Earlier studies on DDAB-polyelectrolyte complexes 

Mixtures of DDAB and the neutral lipid dilauroyl-sn-glycerophosphocholine (DLPC) 

form lamellar complexes with PGA [22]. By keeping l/Jpc ( = weight of neutral lipid/ total 

weight of the lipid ) fixed and varying the PGA concentration, the lamellar periodicity re

mains constant at 5 nm. However at very low PGA concentrations (p > p;50 ), faint additional 

peaks appear at small angles with d - 7 nm. On varying ¢JPc from 0 to 0.9, keeping p fixed 

at Pisoo the d-spacing increases from 3.9 nm to 6 nm (fig 5.12). This behaviour was found to 

be independent of the molecular weight of the PGA used. Surprisingly no additional peaks 

corresponding to PGA-PGA correlation have been observed. 

The thickness ofDDAB-DLPC bilayers at ¢JPc = 0.5 is nearly 3.14 nm. PGA molecules 

form a a-helix when complexed with cationic surfactants [23] with a diameter of 1.3 nm. 

Hence the lamellar periodicity of 5 nm is consistent with a bilayer thickness of - 3.2 nm 
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Figure 5.12: Plot of d spacing obtained as a function of L/P ( = total weight of cationic and 
neutral lipid/ weight of PGA) [22]. 

Figure 5.13: Schematic of the local lipid-PGA complex structure showing the 'pinching 
mechanism'. At larger length scales, the PGA macromolecules are positionally and orienta
tionally disordered [22]. 
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Figure 5.14: Small angle neutron scattering studies (SANS) data from DDAB-DLPC-PGA 
complexes at various solvent scattering densities [22]. 

and a PGA strand with two hydration shells - 1.8 nm. The swelling behaviour observed on 

increasing cfJpc at Piso has been seen also in DDAB-DLPC-DNA system [24]. The increase in 

d-spacing on diluting the charge density of the bilayers, has led to the proposal of a pinched 

lamellar structure in these systems. This consists of locally pinched regions of DDAB and 

PGA with the d-spacing away from these regions determined by DLPC (fig 5.13). However 

the pinching mechanism proposed here has not been well established. PGA being flexi

ble, with a persistence length lp - 2 nm, a lamellar phase consisting of bilayers bridged by 

polyions cannot be ruled out. 

Even if positional correlations exist between the PGA chains in the plane of the bilayer, 

the PGA-PGA peaks would be absent if there is no sufficient contrast between the PGA 

molecules and solvent. This can arise since the electron density of PGA molecules is nearly 

the same as that of water. However the contrast may be increased by using small angle neu

tron scattering techniques (SANS). Here the scattering length can be varied by changing the 

ratio of H20 to D20. At high H20 content, the scattering length of lipid and solvent are 

closely matched. Hence the scattering should be mainly from PGA molecules. However no 
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peaks are observed under these conditions (fig 5.14). On increasing the amount of D20, the 

contrast between the lipid and solvent increases, and a peak appears at 5 nm indicating the 

scattering from the lamellar complex. 

Thus the structure in the lamellar phase of lipid-PGA systems are found to be different 

from those observed in lipid-DNA complexes. PGA strands, unlike the ds DNA, do not ex

hibit any order in the plane of the bilayer. Though PGA has a bare charge density comparable 

to that of ds DNA, its persistence length is an order of magnitude lower. Hence the absence 

of PGA-PGA correlations can be attributed to the low persistence length of PGA. 

5.5.3 Structure of DDAB-polyelectrolyte complexes 

All complexes appear as white precipitates phase separating out of the aqueous solution. 

They are found to be birefringent under a polarizing microscope. The complexes in general 

form a lamellar structure. In DDAB-ds DNA complexes the peak positions do not shift sig

nificantly on increasing the DNA concentration (fig 5.15b,c). Hence the lattice parameter of 

the DDAB-ds DNA complexes remain at 4.51 nm, nearly independent of DNA concentration 

on varying p across Piso· However at high DNA concentration, a shoulder appears on the first 

order peak at 3.69 nm (fig 5.15c). A broad peak appears at 2.51 nm for p below Piso (fig 

5.15b). We have also studied the complexes formed by ss DNA with DTAB. The lamellar 

periodicity of these complexes is 4.15 nm (fig 5.15a). 

The diffraction pattern of DDAB-PGA complexes give two peaks in the small angle re

gion with their q values in the ratio 1:2, indicating a lamellar structure for the complex (fig 

5.16a). These complexes have a periodicity of 3.82 nm for p > Piso- On increasing the PGA 

concentration, the lattice parameter decreases to 3.43 nm for p < Piso· The diffraction pattern 

of DDAB-PAA complexes also consists of two peaks (fig 5.16b) indicating a lamellar struc

ture with a spacing of 3.46 nm for p > Piso and a spacing of 3.22 nm for p < Piso- The x-ray 
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Figure 5.15: Diffraction patterns of the DDAB-DNA complexes. DDAB-ss DNA complex 
at p = 9.2 (a). DDAB-ds DNA complex with p = 9.2 (b); p=0.92 (c); Piso = 0.71; The arrow 
in curve (b) indicates the peak due to the scattering from the helical structure of the DNA 
strand; The arrow in curve (c) indicates the DNA-DNA peak; DDAB concentration in the 
aqueous solution is 10 mM . 
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Figure 5.16: Diffraction patterns of: (a) DDAB-PGA complex at p = 9.2; Piso = 3.07, (b) 
DDAB-PAA complex at p = 0.92; Piso = 4.59 , (c) DDAB-PVS complex at p = 0.92; Piso = 
3.57. 
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Figure 5.17: Diffraction patterns of DDAB-PSS complexes at different values of p. p = 4.6 
(a); p = 2.2 (b); p = 1.25 (c). Piso = 2.25. DDAB concentration in the aqueous solution is 10 
mM. 
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Figure 5.18: Diffraction pattern of a partially oriented DDAB-PSS complex;p = 1.65; Piso = 
2.25. 

diffraction pattern of complexes of PVS with DDAB also give two peaks in the small angle 

region (fig 5.16c) showing a lamellar structure with the periodicity decreasing from 3.18 nm 

to 3.09 nm on increasing the PVS concentration. 

The complexes of PSS with DDAB however show a very different behaviour. At p > 

Piso• two peaks appear in the small angle region with no definite relationship between their 

q values (fig 5.17 a,b). The intensity of the peak at 5.95 nm is found to be lower than the 

peak at 3.03 nm. The peak at 5.95 nm remains nearly independent of the polyelectrolyte 

concentration. However at high PSS concentration, much below p;50 , the peak at 5.95 nm 
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Table 5.7: Relative intensities of the first peak (h) w.r.t the second peak (h) at different 
values of pin DDAB-PSS complexes. Piso = 2.25. 

p II I ]z 
9.01 0.01 
4.6 0.048 
3.1 0.027 
2.2 0.063 
1.65 0.029 

Table 5.8: The d-spacings and lattice parameters of DDAB-polyelectrolyte complexes at 
various polyelectrolyte concentrations. d denotes the lattice parameter. 

polyelectrolyte Pi so p d1(nm) dz(nm) d (nm) 
dsDNA 0.71 9.2 4.51 2.25 4.51 
dsDNA 0.71 0.92 4.50 2.25 4.50 

I ssDNA 1 o.n 1 9.2 1 4.15 1 4.15 

PGA 3.07 9.2 3.82 1.91 3.82 
PGA 3.07 0.92 3.53 1.75 3.53 

PAA 4.59 11.56 3.48 3.48 

PAA 4.59 8.66 3.46 1.73 3.46 
PAA 4.59 5.56 3.45 1.73 3.45 
PAA 4.59 0.92 3.22 3.22 

PVS 3.57 10.02 3.18 3.18 
PVS 3.57 7.66 3.18 3.18 
PVS 3.57 4.7 3.11 3.11 

PVS 3.57 0.92 3.09 3.09 

PSS 2.25 9.2 6.08 3.03 
PSS 2.25 4.6 5.96 3.03 
PSS 2.25 3.10 5.95 3.03 
PSS 2.25 2.20 6.22 3.04 
PSS 2.25 1.65 5.84 2.92 
PSS 2.25 1.25 2.99 1.50 2.99 
PSS 2.25 0.9 2.96 1.48 2.96 
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disappears (fig 5.17c). In an oriented sample of DDAB-PSS complex (fig 5.18), the peaks 

occur at qz = 1.04 nm-1 and at 2.12 nm-1
• No peaks appear along qJ. direction. On increasing 

the temperature up to 70 oc the peak positions remain at around 6 nm and 3.03 nm respec

tively. But on increasing the temperature to 75 °C, the peak at 6 nm disappears. Also no 

peaks could be observed due to the scattering from the supernatant, indicating that the peaks 

at 6.03 ± 0.1 nm and at 3.03 nm occur due to the scattering from the complex. 

The relative intensities of the peaks were calculated after geometric corrections. The 

ratio of the intensity of the first peak with respect to the second, does not show any system

atic variation with p (table 5.7). The inner peak seen in DDAB-PSS was not observed in 

any of the other DDAB-polyelectrolyte complexes studied, up to 8 nm which is the largest 
j 

d-spaci.ng that can be measured in our experimental set up. The d-spacings of the lamellar 

phase of all the DDAB- polyelectrolyte complexes are summarized in table 5.8. 

5.6 Discussion 

5.6.1 CTAB-SHN-polyelectrolyte complexes 

All CTAB-polyelectrolyte complexes show a hexagonal phase. However the lattice 

parameters of the 2D hexagonal lattice vary, depending on the polyelectrolyte used. The 

diffraction pattern of CTAB-PVS and CTAB-PSS complexes indicate that though the lattice 

parameters remain almost the same for both the complexes, the electron density distribution 

is different. 

Since PGA, PAA, PVS and PSS have very short persistence lengths (1-10 nm), the hexag

onal phase of CTAB-SHN with the polyelectrolytes can be expected to consist of cylindrical 

micelles bridged by the polyelectrolyte chains (fig. 5.19). A similar structure has been pro

posed for the hexagonal phase of CTAB-PAA complexes earlier [11]. Since SHN is known 

to decrease the spontaneous curvature of cylindrical aggregates, the increase in the lattice 
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Figure 5.19: Schematic of the structure of the hexagonal phase of CTAB-polyelectrolyte 
complexes where the cylindrical micelles are bridged by the polymer chains. 

parameters of hexagonal phase with SHN concentration can result from an increase in the 

size of the micellar cylinders. The lattice parameters of the hexagonal phase of the complex 

is similar to that observed in the hexagonal phase of CTAB-SHN with 50-60% water content 

(chapter 2, table 2.2). 

Figure 5.20: Schematic of the structure of the cmm phase of CTAB-SHN-PAA/PGA/PVS 
complexes where the ribbon-like surfactant aggregates are bridged by the polyelectrolyte 
chains. 

The 2D centered rectangular lattice observed in CTAB-SHN-PGA complexes can arise 

if positional correlation develops between the PGA chains in the plane of the bilayers. How

ever, as discussed in section 5.5.2, the neutron scattering experiments on DDAB-PGA com

plexes have shown that no positional correlations exist between the PGA strands in the plane 

of the bilayers [22]. The absence of such a correlation has been attributed to the low per-
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sistence length of PGA. Hence positional correlation of the PGA strands can be ruled out 

in CTAB-SHN-PGA bilayers. Moreover, if such correlations exist, leading to the formation 

of a 2D lattice, the lattice parameters would depend on the PGA concentration. The lattice 

parameters in these complexes however remain independent of PGA concentration and are 

only weakly dependent on SHN concentration. 

The structure of the centered rectangular phase observed at higher SHN concentrations in 

CTAB-SHN-PGA complexes is different from a similar phase observed in lipid-DNA com

plexes [25]. In cationic lipid-DNA complexes, a centered rectangular lattice arises from 

the transbilayer positional correlation of the DNA strands. Here, the lattice parameter cor

responding to the separation between the DNA strands sandwiched between the bilayers, 

changes with the DNA concentration. Therefore, we propose a structure for the complexes 

of PGA with CTAB-SHN, consisting of ribbon-like aggregates arranged on a 2-D rectangu

lar lattice (fig 5.20), corresponding to the plane group cmm. Such a phase has been observed 

earlier in some surfactant systems in between the hexagonal and lamellar phases and also 

in the CTAB-SHN-water system as described in Chapter 2 [26]. However it has not been 

observed in any of the earlier studies on polyelectrolyte-surfactant systems. 

The lattice parameters of CTAB-SHN-PAA complexes do not vary with PAA concentra

tion, but depend weakly on SHN concentration. They are similar to those of CTAB-SHN

PGA complexes, indicating that PAA and PGA complexes form similar structures. Hence 

we propose that CTAB-SHN-PAA complexes also form a rectangular phase consisting of 

ribbon-like aggregates bridged by the polymer chains (fig 5.20). The lattice parameters of 

these complexes are comparable to those .observed in the ribbon phases of CTAB-SHN-water 

system (Chapter 2). 

The lattice parameters of CTAB-SHN-PVS complexes also do not vary with PVS con

centration and depend weakly on SHN concentration. The lattice parameters are different 
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Figure 5.21: Schematic of the structure of the pgg phase of CTAB-SHN-PSS complexes 
where the ribbon-like surfactant aggregates are bridged by the polyelectrolyte chains. 

from those observed in PAA and PGA complexes. The flexibility of PVS is however similar 

to that of PAA. Hence a PVS-PVS correlation cannot occur in the plane of the bilayers. Thus 

a ribbon phase similar to that seen in PAA and PGA complexes can be proposed for CTAB

SHN-PVS complexes characterized by a centred rectangular lattice. 

The lattice parameters of CTAB-SHN-PSS complexes are weakly sensitive to SHN con-

centration and are independent ofPSS concentration. This rules out a PSS-PSS correlation in 

the plane of CTAB-SHN bilayers. Hence the pgg structure of CTAB-SHN-PSS complexes 

at high SHN concentrations, most probably consists of ribbon-like aggregates bridged by 

polyelectrolyte chains (fig 5.21). Such structures have also been seen in some surfactant 

systems [27]. But we have not observed this in the CTAB-SHN-water system. Perhaps the 

complex is driven to form such structures because of their low water content. The phase 

observed in CTAB-SHN-PSS complexes at a= 0.7, might also consist of ribbons arranged 

on an oblique lattice, a structure seen in sodium dodecylsulphate-water system [27]. 

The persistence length of a polyelectrolyte is very sensitive to counter-ion and salt con

centrations [28]. Since most of the polyelectrolyte charges are neutralized in the complexes, 

the relevant quantity here is the intrinsic persistence length due to the stiffness of the polymer 

backbone. The persistence lengths ofPGA, PAA, PSS and PVS are about 2, 1, 10 and 2 nm. 
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Table 5.9: Sequence of phase transitions in CTAB-SHN-Polyelectrolyte complexes on vary
ing a. 

I polyelectrolyte I a structure I 
PAA 0 2-D hexagonal 
PAA 0.5 cmm 
PAA 0.7 cmm 

PGA 0 2-D hexagonal 
PGA 0.5 cmm 
PGA 0.7 cmm 

PVS 0 2-D hexagonal 
PVS 0.4 cmm 
PVS 0.7 lamellar 

PSS 0 2-D hexagonal 
PSS 0.4 pgg 
PSS 0.7 oblique? 

They carry a bare charge of 1e/0.154 nm, 1ej0.32 nm, 1e/0.25 nm and 1e/0.154 nm respec-

tively. In an earlier chapter of this thesis, we have seen that the complexes of CTAB-SHN 

with ds DNA and ss DNA, which have the same charge moiety but a persistence length that 

differ by almost to orders of magnitude, give similar structures at similar a. The complexes 

of CTAB-SHN with the polyelectrolytes, PAA and PVS which differ only by the chemical 

nature of the charge moiety exhibit a different sequence of transitions with a (table 5.9). 

However, PAA and PGA which have the same charge moiety but different bare charge den

sities and persistence lengths exhibit identical behaviour on varying a. Hence the structures 

seen in these complexes may not be primarily determined by the persistence length of the 

polyelectrolyte or its bare charge density. Similarly PSS and PVS exhibits different struc-

tures on varying a. Thus we find that the structures observed in these complexes are specific 

to each polyion. The theories of polyelectrolyte-surfactant complexation do not at present 

take into account the specificity of the polyion. Our results indicate that this needs to be 

incorporated to predict the variety of structures seen in these complexes. 
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Figure 5.22: Lamellar phase of the complexes of flexible polyelectrolytes with DDAB. The 
bilayers are bridged by the flexible polymer chains 

5.6.2 Structures in DDAB-polyelectrolyte complexes 

Since DDAB always forms bilayers in aqueous solution [21], the lamellar phase of 

DDAB-DNA complexes is expected to consist of DNA sandwiched between bilayers; a struc

ture similar to that seen in cationic lipid -DNA complexes (L~). The lamellar periodicity of 

4.51 nm for the DDAB-DNA complex is consistent with a DNA strand of diameter 2.5 nm, 

sandwiched between a bilayer of thickness 2 nm. The peak observed at 3.96 nm corresponds 

to the DNA-DNA peak (fig.5.15c). The hump at 2.51 nm appears due to scattering from the 

helical structure of the ds DNA strand (fig.5.15b ). 

The complexes of flexible polyelectrolytes with DDAB consists of bilayers bridged by 

the polyelectrolyte to form a lamellar structure (fig 5.22). The decrease in the lamellar peri-

odicity when the polyelectrolyte concentration is below p;50 , could be the result of enhanced 

neutralization of the surfactant charges. The effective attraction between bilayers can also 

increase if more and more polyions bridge the bilayers when the polyelectrolyte concentra

tion is increased. The bilayer periodicity of the various complexes (table 5.8) except for the 

single and double stranded DNA and PGA, is - 3.2 nm, the periodicity observed in the con

densed lamellar phase (L~) of the DDAB-water system. The absence of peaks corresponding 

to a correlation between the PAA, PGA or PVS strands is consistent with their persistence 
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length being - 1 nm; they remain disordered in the plane of the bilayers. Positional correla'" 

tions between the polymer strands in the plane of the bilayers have been observed only for 

ds DNA strands whose persistence length is 50 nm [22]. 

The peak observed at 3.03 nm in DDAB-PSS complexes can arise due to scattering from 

the bilayers, if the complex forms a lamellar structure. This would lead us to surmise that 

the peak at smaller angles, corresponding to 6.03 ± 0.1 nm arises due to scattering from 

the PSS-PSS strands. We would then expect this peak position to shift with PSS concentra

tion. However since the peak always appears at 6.03 nm, irrespective of the polyelectrolyte 

concentration, this possibility may be ruled out. In addition to this, we also find that when 

the sample is oriented, all the peaks appear along the qz direction (fig 5.18). A PSS-PSS 

correlation peak, which arises from ordering in the plane of the bilayers would be oriented 

perpendicular to the lamellar peaks. 

Due to the unique phase behaviour seen in DDAB-water system as discussed in section 

5.5.1, it is possible that the complex forms two lamellar phases with distinct periodicities. 

But, to be consistent with the observations in the surfactant system, we would expect the 

peak position of the two coexisting lamellar phases in the complex, to shift with temperature 

(fig 5.11). However, the peak position is found to remain independent of temperature up to 

73 °C, and then disappears. Moreover, if we assume that DDAB-PSS complex consists of 

two distinct lamellar phases, one would expect the scattering intensities corresponding to the 

two structures to vary with polyelectrolyte concentration. However the relative intensity of 

the inner peak with respect to the first order lamellar peak exhibits no particular dependence 

on p (table 5.7). The peak observed here at small angles has not been observed in any of the 

other polyelectrolyte complexes up to 8 nm. 

The disappearance of the peak at high polyelectrolyte concentrations much below Piso• 

is equally surprising. The dissolution of the complex at low salt concentrations ( - 50 mM 
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NaBr) indicates that the structure of the complex is highly sensitive to the presence of salt. 

Hence the structure of DDAB-PSS complex remains unexplained at present. More work is 

required to understand the structure exhibited by this complex. 

5.6.3 Surfactant content of the various polyelectrolyte complexes 

From the lattice parameters of the DDAB-polyelectrolyte complexes, we can estimate 

the surfactant content in the complexes. If 05 is the bilayer thickness, d the lattice parameter, 

and if we assume that density of surfactant P?DAB ~ Pw• the density of water, then the weight 

fraction of DDAB in the complex is <P?DAB = ~. The bilayer thickness of DDAB in the com

plex , 85 - 2 nm. <P?DAB calculated for the various complexes is given in table 5.10. 

Similarly, we may also estimate the surfactant content of the hexagonal phase of CTAB

polyelectrolyte complexes. The radius of the CTAB cylinder, Rm is- 1.98 nm [11]. A unit 

cell of a hexagonal lattice consists of one cylindrical micelle of CTAB. The ratio of the area 

occupied by the cylinder to the area of a unit cell obtained from the lattice parameter of 

the hexagonal lattice, gives the surfactant weight fraction. We assume here that density of 

CTAB, pfjTAB ~ Pw and that the radius of the micellar cylinders in the complex do not change 

with surfactant concentration. Hence the surfactant content of the CTAB-polyelectrolyte 

complexes are given by, ¢fjTAB = ( 2tr R;,) I -.J3a2. These values are also given in table 5.10. 

At similar SHN concentrations (a= 0.7) the lattice parameters of CTAB-SHN-PAA/PGA 

complexes were nearly the same as the lattice parameters observed at <Ps = 0.6 in the CTAB

SHN-water system. The lattice parameters of the centred rectangular phase at these SHN 

concentrations are a = 13 nm, b = 5.4 nm. Assuming that the size of the surfactant ag

gregates in the complex remain the same as those in the surfactant system at similar lattice 

parameters, we could estimate the surfactant content of CTAB-SHN-polyelectrolyte com

plex at a= 0.7. Since PVS complexes form a lamellar phase at these SHN concentrations, 
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Table 5.10: Estimated surfactant content in complexes of polyelectrolytes with DDAB 
(¢f0A8), CTAB (¢CjTAB) and CTAB-SHN (¢Cjs). rpCjS corresponds to a=- 0.7. 

polyelectrolyte ¢'/UAtl ¢;rAB f/J~S 

ssDNA 0.48 0.48 0.58 
PGA 0.52 0.5 0.6 
PAA 0.58 0.53 0.61 
PVS 0.63 0.66 0.69 
PSS 0.66 0.66 

assuming a bilayer thickness of 3 nm for CTAB-SHN, we have estimated the surfactant con-

tent (see table 5.10). 

Table 5.10 indicates that both CTAB and DDAB complexes exhibit similar behaviour. 

The surfactant content in the complex varies as ss DNA < PGA < PAA < PVS < PSS. 

Though the estimated surfactant content varies depending on the polyelectrolyte used, the 

structure remains the same for all the polyelectrolytes with the complex forming a hexago

nal phase when the aggregates in the surfactant solution consists of cylinders (in the case of 

CTAB) and a lamellar phase when the surfactant solution consists of bilayers (in the case of 

DDAB). We need to note here that CTAB-water system consists of a hexagonal phase over a 

large range of surfactant concentration and DDAB forms only bilayers in aqueous solutions. 

The behaviour observed above can be contrasted with the trends in CTAB-SHN-

polyelectrolyte complexes. A variety of structures are observed in this system depend

ing on the polyelectrolyte used. But if we estimate the water content in the CTAB-SHN-

polyelectrolytes, for example at a ( = [SHN]/[CTAB])- 0.7, they exhibit a trend (table 5.10) 

similar to the CTAB and DDAB complexes. The structures observed in the former vary de

pending on the polyelectrolytes used since the CTAB-SHN-water system at a - 0.7, exhibits 

these structures at similar surfactant content ( table 4, chapter 2). We have assumed here that 

for similar lattice parameters, the size of the surfactant aggregates remain the same in the 

complex as well as in the surfactant-water system. 
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Thus we find a correlation between the structure of the complex and the structure exhib

ited by the surfactant system at similar surfactant content. Such a correlation has not been 

suggested in any of the earlier studies; the use of a surfactant system with a very rich phase 

behaviour makes it possible in the present case. 

5. 7 Conclusions 

We have studied in detail the influence of aggregate morphology on the structure of 

surfactant-polyelectrolyte complexes. This has been achieved by using SHN which tunes the 

spontaneous curvature of CTAB cylinders. For any given polyelectrolyte, the complex shows 

a variety of structures on varying a. We have obtained novel structures for the complexes, 

like cmm and pgg, which have not been reported in earlier studies. These studies show that 

the chemical nature of the polyion plays an important role in determining the structure of 

the complexes, by determining the surfactant content of the complex. We also found that 

the structure exhibited by the complex is almost identical to that seen in the corresponding 

surfactant system at similar surfactant concentration. 
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