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Synopsis

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 bythese 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 andinverted 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. Thetransition from the lamellar to

inverted hexagonal phase in the presence of hexanol has beenobserved 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 proposethat 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 inpolyelectrolyte-surfactant

systems. We could also correlate the structures observed inthese 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 morehydrophobic 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. Indilute 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 themto 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 theirrespective 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 30oC constructed from these

studies is shown in fig 1. At low SHN concentrations, a direct hexagonal phase (HI) 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 (O) 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 (LD
α ) 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 arefound 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-
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an oblique lattice, R a ribbon phase with a rectangular lattice, I the isotropic phase,Lα the
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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 (HC
I ), 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 was not well established. An inverted hexagonal phase consisting of DNA strands 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.
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Figure 5: Schematic diagram of the inverted hexagonal phase(HC
II) 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 observedin 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 aqueoussolutions of CTAB-SHN, occur at

DNAd

����
����
����
����
����
����
����

����
����
����
����
����
����
����

����
����
����
����
����
����
����

����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

�����
�����
�����
�����
�����
�����
�����

�����
�����
�����
�����
�����
�����
�����

����
����
����
����
����
����
����

����
����
����
����
����
����
����

�����
�����
�����
�����
�����
�����
�����

�����
�����
�����
�����
�����
�����
�����

����
����
����
����
����
����
����

����
����
����
����
����
����
����

d

Figure 6: Schematic diagram of lamellar phase (LC
α ) of DNA-surfactant complexes, where

the DNA strands are sandwiched between surfactant bilayers.
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similar SHN concentrations. We conclude from this that the 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 ofss 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.

Figure 7: The phase diagram showing the different complexes obtained as a function of
hexanol and DNA concentrations.β = [hexanol]/[CTAB], ρ = (wt. of CTAB)/(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.

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

hexanol-DNA complexes as shown in fig 7. At low hexanol concentrations, the complex

forms an intercalated hexagonal phase (HC
I ) which transforms to a lamellar phase (LC

α ) 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 (HC
II), 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 toLC
α . 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 hexanol leads 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 dueto 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 into 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, but 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 aggregatesare 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 complex 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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