
Chapter 4

Influence of hexanol on the structure of
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 discussedin section 4.2. In section 4.3,

we outline some theoretical calculations on the phase behaviour of lipid-DNA complexes as

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 ofCTAB-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 andflexibility. The effect of alcohols

(ethanol to hexanol) on the micellar properties have been studied using conductivity, os-

mometry and light scattering techniques [2]. These studiesindicate that long chain alcohols

significantly affect the micellar properties. It is found that the addition ofalcohols 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 decreasein 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 hexagonal phase consisting of rod-like
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Figure 4.1: Phase diagram of CTAB-hexanol-water at 25oC. L1 - isotropic, aqueous solution
,L2 - isotropic hexanol rich solution. D- lamellar phase, E- hexagonal phase [6].

micelles arranged on a 2D hexagonal lattice is obtained. Thehexagonal phase persists over

a large range of surfactant concentration. A lamellar phasefinally 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 hexagonalphase (E) is observed. The

incorporation of hexanol does not significantly alter the lattice parameter of the hexagonal

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 of hexanol 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 thermalundulations of the bilayers, as dis-

cussed in chapter 2 [7]. The regionL2 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 (κ) 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

I(0,qz) ∼ | qz - qm |−2+ηm

I(q⊥, 0, qm) ∼ (q⊥)−4+2ηm

whereq⊥ andqz are components of the wave vectorq parallel and normal to the bilayers.qm

= mqo= 2πm/d, m being an integer and d the lamellar periodicity.

ηm is the exponent which describes the algebraic decay of layercorrelations and is given by

ηm =m2q2
okBT/8π(BK)

1
2 , whereB is the compressibility modulus andK the bending rigidity

modulus of the lamellar phase. K= κ / d, whereκ 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 exponentηm, κ has been calculated [9]. The plotκ as a function of the alcohol

chain length is given in fig 4.2. For short chain alcohols (up to heptanol)κ ≈ 3 kBT, whereas

for long chain alcohols (octanol to dodecanol)κ ≈ 13 kBT.

Elasticity theory predicts thatκ ∝ δ3, whereδ 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 κ 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 Å2. 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 theories can explain the increase inκ with

the chain length of the alcohol, they cannot account for the observed discontinuity 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 phase behaviour of cationic
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 (LC
α ) consisting of DNA strands sandwiched

between bilayers, the inverted hexagonal phase of the complex consisting of DNA covered

by lipid monolayer (HC
II), free bilayers in aqueous solution (Lα), uncomplexed, free DNA

in solution (D) and inverted hexagonal phase (HII). The free energies of the various phases

have been calculated as a function of lipid composition and lipid/DNA ratio (ρ) .

The free energy per lipid molecule is of the form

fα = f es
α + f el

α + f mix
α (α =LC

α , HC
II, Lα, HII )

The three terms represent contributions from electrostatic charging, elastic curvature, 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 relevantthermody-

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 σ is the local surface charge density ,Φ the corresponding electrostatic potential, V

the volume of the electrolyte solution andn0 the concentration of salt in the aqueous solution
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andΨ the reduced electrostatic potential given byΨ = eΦ/kBT . The electrostatic free energy

of a charged surface in solution is given by

Fes = 1
2

∫
S
σΦds + kBTn0

∫
v
[ΨsinhΨ − 2coshΨ + 2]dv

where the first term involves contribution from all the charged surfaces S.Ψ is obtained by

solving the Poisson-Boltzmann equation given by

∇2Ψ = κ′2sinhΨ

where the Debye screening lengthλD = 1/κ′.

The solution to the Poisson Boltzmann equation depends on the charged surface considered

and boundary conditions specified for the system. In theLα phase, the bilayer surfaces are

treated as cationic, electrostatically decoupled surfaces for whichΨ
′
= dΨ/dz = 0 at z→ ∞

andΨ
′
= −4πφBlB/a at the charged surface.lB is the Bjerrum length andφB = N+B /N

0
B ,

whereN+B and N0
B are the number of cationic and neutral lipids in the bilayer.If A is the

cross-sectional area per lipid molecule,φB determines the surface charge densityσB of the

bilayer, given byσB = eφB/A.

In this model the ds DNA is treated as a cylindrical rod of uniform negative charge.

Hence in theHC
II, HII and D phases, the charged surfaces are cylindrically symmetric.If b is

the separation between the charges on the DNA, then the uniform surface charge density of

DNA, σD, may be given in terms of the radius of DNARD asσD = - e / 2 π RD b. Thus

for phase D, the boundary condition is given byΨ
′
= 0 at r= ∞, andΨ

′
(RD) = 2lB/(RD)b

at the surface of the rod. For theHII phase, the boundary conditions areΨ
′
(0) = 0 and

Ψ
′
(RI) = 4πφIlB/Ahg, whereRI is the radius of curvature of the lipid head group water in-

terface in theHII phase andAhg is the head group area of the lipid molecule in the inverted

phase, andφI = N+I /N
0
I whereN+I and N0

I are the number of cationic and neutral lipids in

the inverted hexagonal phase. For theHC
II phase, the PB equation is solved for the aqueous

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 theHC
II phase.
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RH = RD + δw, whereδw is the thickness of the water layer between the DNA and the

lipid molecules. The boundary conditions areΨ
′
(RD) = 2lB/RDb at the DNA surface and

Ψ
′
(RH) = 4πφHlB/Ahg at the lipid surface, whereAhg is the head group area of the lipid

molecule in the inverted phase andφH = N+H/N
0
H, whereN+H andN0

H are the number of cationic

and neutral lipids in the inverted hexagonal lipid -DNA complex.

The PB equation for the unit cell of theLC
α 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

f el(c, φ) = A(κ/2)(c − co(φ))2 + fv.

The first term represents the elastic deformation energy permolecule in a cylindrically bent

lipid monolayer. Here,κ is the bending modulus,co the spontaneous curvature of the mono-

layer, c the actual curvature andA the area per molecule.φ 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 stretching cost per molecule given

by fv. For the phasesLα andLC
α , fv is zero.

The monolayers in the different phases are assumed to be ideal 2D mixtures. Hence their

mixing free energy is given by

f mix/kBT = φlnφ + (1− φ)ln(1− φ)

Adding the electrostatic, elastic, and mixing contributions, the total free energy of the mix-

ture is minimized with respect to the relevant variables. Itinvolves 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 sinceRH and RI

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 κ = 10kBT and co = 0. The symbols S,B, and D denote, respectively, theLC

α , Lα and
uncomplexed DNA phases [14].

independent variables. For everyρ, 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 respectto 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 ofρ, lamellar complexes coexist with uncomplexed DNA. Here the

DNA-DNA separation remains constant. Further increase ofρ leads to a one-phase region of

lamellar complex alone where the DNA-DNA separation increases linearly withρ, near the

isoelectric point. At high values ofρ the complex coexists with excess bilayers.

For soft planar membranes, a more complex phase behaviour isobtained (fig 4.5). At

small values ofρ, D coexists with eitherLC
α or HC

II depending on the value of m. At highρ, all

the DNA is complexed and coexists with excess bilayers. The lamellar phase of the complex,

persists over a large range ofρ at high m, since the structure can tolerate changes in lipid

composition by adjustingdDNA. Due to the structural constraint imposed in theHC
II phase, it

exists only along a straight line in the phase diagram. At fixed ρ, 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 calculated for membranes character-
ized byκ=0 and fv ≡ 0. The symbols S,B,H and D denote respectively, theLC

α ,Lα,HC
II and

uncomplexed DNA phases. The straight dashed line marks the single HC
II phase region [14].
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Figure 4.6: A series of SAXS scans of DOTAP-DOPC-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 decreasingρ. 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 (HC
II) 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 hexagonal lattice (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
α → HC

II transitions predicted for highly flexible bilayers with lowcharge 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 concentrationβ (=[hexanol]/[CTAB]) was

varied from 1 to 10, keeping the concentration of CTAB fixed at10 mM. 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 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.
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Figure 4.9: Diffraction patterns of the CTAB-hexanol-DNA complexes.β and ρ for the
different curves are: 3.5, 36 (a) 3.5, 1 (b); 5, 36 (c); 5 ,1 (d);ρiso=1.12. 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 thatβ andρ 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.β=8 andρ for the
different curves are: 36 (a); 7.2 (b); 1.8 (c); 1.2 (d); 1.01 (e); 0.9 (f); ρiso=1.12.

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:
√

3:2. 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 toβ=3.5. The lattice parameter of the hexagonal phase decreasesfrom 5.64 nm atβ = 0 to

5.50 nm atβ = 3.5 forρ = 36. At a higher DNA concentration, (ρ= 1), the lattice parameter

decreases to 5.23 nm from 5.5 nm atβ =3.5 .

At β ∼ 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] where an intercalated 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 averagedistancedDNA between adja-

cent DNA strands. Atρ > ρiso, dDNA increases from 3.32 nm atβ = 5 to 3.65 nm atβ =8 (fig

4.10). The structure of the complex remains lamellar up toβ ∼ 8.5 (table 4.1).
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Figure 4.11: Diffraction patterns of the CTAB-hexanol-DNA complexes.β = 9 andρ for
the different curves are: 36 (a); 1 (b) 0.9 (c);ρiso=1.12. The peaks at q=3.85 and 4.4nm−1

correspond to the (2,1) and (3,0) reflections from the 2-D hexagonal lattice.

At β = 8.5, another phase is observed atρ = 36. The morphology of the complex changes

at this hexanol concentration and it precipitates out of theaqueous solution. One strong peak

and two weak reflections are observed in the diffraction pattern atβ ∼ 9 (fig 4.11a ). The

scattering vectors, q are in the ratio 1:
√

7:3. These reflections can be indexed as the (1,0),

(2,1) and (3,0) reflections from a 2D hexagonal lattice. On decreasingρ, a transition to a

lamellar phase is observed close toρiso and the peak positions indicated by an arrow (fig

4.11b,c) shift from 3.6 nm to∼ 2.7 nm.

At β = 10, the surfactant solution phase separates to form surfactant rich and hexanol

rich phases. On adding DNA to the CTAB-hexanol solution atβ = 10, the complex obtained

coexists with a hexanol rich phase. X-ray diffraction indicates a lamellar structure for the

complex atρ = 36 (fig 4.12a). A DNA-DNA peak is observed at 3.7 nm which is similar

to that observed at lower values ofβ. However, further decrease inρ leads to the gradual

disappearance of the hexanol rich phase (hol) and atρ = 1, a hexagonal phase is observed

(fig 4.12b). On increasing DNA concentration much beyond theisoelectric point a lamellar

structure reappears (fig 4.12c) with adDNA of 2.96 nm. This transition occurs in a narrow

range of 1> ρ > 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.β andρ for the
different curves are: 10, 36 (a); 10, 1 (b); 10, 0.5 (c);ρiso=1.12.
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Figure 4.13: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes.α = 0.7; β
andρ for the different curves are: 3, 36 (a); 4, 36 (b) 5, 36 (c);ρiso=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 revealthree peaks in the small

angle region with the scattering vectors in the ratio, 1:2:3(fig 4.13). Hence up toβ ∼ 5,
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Table 4.1: The d-spacings, structure and lattice parameters of CTAB-hexanol-DNA com-
plexes at different values ofα andρ. a andd denote the lattice parameters of the hexagonal
and lamellar phases respectively.ρiso = 1.12.

β ρ d1(nm) d2(nm) d3(nm) dDNA(nm) phase a, d(nm)
0 36 4.88 2.82 2.44 - HC

I 5.64
0 1 4.88 2.82 2.44 - HC

I 5.64
3.5 36 4.76 2.79 2.38 - HC

I 5.50
3.5 1 4.53 2.64 2.27 - HC

I 5.23
5 36 4.87 2.43 - 3.32 LC

α 4.87
5 1 4.65 - - 3.23 LC

α 4.65
6 36 4.76 - - - LC

α 4.76
8 36 4.7 - - 3.65 LC

α 4.70
8 7.2 4.70 - - 3.52 LC

α 4.70
8 3.6 4.76 - - 3.61 LC

α 4.76
8 1.8 4.70 - - 3.61 LC

α 4.70
8 1.2 4.7 - - 3.61 LC

α 4.70
8 1.03 4.7 - - 3.52 LC

α 4.70
8 0.9 4.59 - - 2.93 LC

α 4.59
8.5 36 4.35 1.64 HC

Ii 5.01
8.5 0.85 4.61 3.01 LC

α 4.61
9 36 4.34 1.62 - - HC

Ii 5.01
9 7.2 4.36 1.64 - - HC

Ii 5.03
9 1 4.49 - - -
9 0.9 4.59 - - 2.96 LC

α 4.59
10 36 4.60 2.30 - 3.7 LC

α 4.60
10 1 4.17 1.58 - - HC

Ii 4.82
10 0.47 4.5 2.97 LC

α 4.5
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Figure 4.14: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes.α = 0.7; β
andρ for the different curves are: 6, 36 (a); 7, 36 (b); 8, 36 (c); 9, 36 (d);ρiso = 3.74.
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Figure 4.15: Diffraction patterns of the CTAB-SHN-hexanol-DNA complexes.α= 0.7;β and
ρ for the different curves are: 10, 36 (a); 10, 1 (b) 12, 0.5 (c);ρiso=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 atβ ∼ 6 with the appearance of a hexanol rich phase. Atβ = 6, the complex

coexists with a hexanol-rich phase. However the complex remains lamellar up toβ = 9 (fig

4.14). Atβ = 10, the complex shows a lamellar phase at low DNA concentrations (fig 4.15

a, b).

At β ∼ 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 atβ ∼ 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:
√

7. 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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Table 4.2: The d-spacings,structure and lattice parameters of CTAB-SHN-Hexanol-DNA
complexes at different values ofβ andρ.

β ρ d1(nm) d2(nm) d3(nm) dDNA(nm) phase a, d(nm)
0 14.4 5.54 2.77 1.85 - LC

α 5.54
0 3 5.54 2.77 1.85 - LC

α 5.54
1 36 5.32 - - - LC

α 5.23
3 36 5.19 - - - LC

α 5.19
4 36 5.06 - - - LC

α 5.06
5 36 4.93 2.47 - 3.55 LC

α 4.93
6 36 4.99 2.50 1.66 3.71 LC

α 4.99
7 36 5.06 2.53 1.69 3.93 LC

α 5.06
8 36 4.70 2.35 - - LC

α 4.70
9 36 4.87 2.43 - - LC

α 4.87
10 36 4.93 2.47 1.64 3.32 LC

α 4.93
10 1 4.6 - -
12 0.5 4.50 1.68 - - HC

II 5.20

4.6 Discussion

In the absence of hexanol, CTAB-DNA complexes form an intercalated hexagonal phase (fig

4.16) as discussed in chapter 3. Hence the hexagonal structure at low hexanol concentrations

can be expected to be the same. The decrease in the lattice parameters of the hexagonal phase

on increasingβ is a consequence of the thinning of micellar cylinders in thepresence of hex-

anol. One can estimate the DNA/surfactant ratio in theHC
I phase from the geometry. Each

unit cell of the 2D hexagonal lattice, contains one micellarcylinder and two DNA strands.

The ratio of weight of CTAB to the weight of DNAρc, is given by

ρc = Am ρs f /(2ρDAD)

whereAm is the area of the micellar cylinder,ρs the density of the surfactant,f the weight

fraction of CTAB in the micelle,AD the average area occupied by the DNA andρD the den-

sity of DNA.

From the lattice parametera of the hexagonal phase and the radius of the hydrated DNA

strandRD ∼ 1.25 nm, we can estimate the area of the micellar cylinder given by

Am = π(a −
√

3RD)2/3

If φ1 andφ2 are the volume fractions of CTAB and hexanol molecules respectively in the
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Figure 4.16: The intercalated hexagonal phase (HC
I ), where each DNA strand is surrounded

by three cylindrical micelles.

surfactant solution,ρ1 andρ2 the density of CTAB and hexanol, thenρs = φ1ρ1 + φ2ρ2

The average area of DNA,AD [= molar volume/(NA. contour length)]∼ 1.86 nm2 . The

density of DNAρD is 1.7 g/cc and the weight fraction of CTAB in the micellef is 0.51 atβ

= 3.5 . This givesρs = 0.9 .

In the absence of hexanolρc = 3.98. Sinceρiso=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.

ρc = 1.67 atβ = 3.5, which is still larger thanρiso. Interestingly, in this case the lattice

parameter is found to decrease with DNA concentration forρ < 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 (LC
α ) of DNA-surfactant complexes,where

the DNA strands (denoted by shaded circles) are sandwiched between surfactant bilayers.

The diffraction pattern of the lamellar phase observed atβ = 5, indicates that the structure

is similar to the intercalated lamellar phase (LC
α ), discussed in chapter 3 (fig 4.17) [16]. The

lattice parameter of 4.9 nm observed atρ = 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, atβ = 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 varyingβ from

5 to 8 at low DNA concentrations (ρ = 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 fromHC
I to LC

α on increasing the hexanol concentration is thus

consistent with the phase behaviour of the surfactant-water system. The sharp decrease in

dDNA, nearρiso observed atβ ∼ 8 is similar to the behaviour observed in lipid-DNA com-

plexes. Here belowρiso, the complex get overcharged with excess DNA due to the higher

free energy of the uncomplexed DNA in solution [17].

The diffraction pattern (fig 4.11a) and the morphology of the complexindicates that the
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hexagonal phase observed atβ = 8.5, is different from that observed at lower values ofβ.

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 tothe aqueous cores of inverted

cylindrical micelles (fig 4.7). This (HC
II) 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 theLC
α → HC

II 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 by12κ (C −Co)2. C is the curvature of the DNA cylinder andCo the

spontaneous curvature of the surfactant-water interface.The presence of hexanol is known

to lower κ and hence decreases the energy cost for bending the bilayers[8]. It has been

shown from theoretical computations thatHC
II phase is preferred over theLC

α 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 theHC
II 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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HC
II phase.

The diffraction pattern as well as the morphology of the complexes obtained at higher

DNA concentration whenβ = 9 indicates that they form an intercalated lamellar structure.

The reason for the transition fromHC
II to LC

α 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 parametera, in the inverted phase. On the

other hand, no such restriction exists in theLC
α structure, anddDNA 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

ρH
c = ρ

1
s A1

s f 1/ ρD AD.

where the superscript 1 denotes theHC
II structure.

Similarly for the lamellar complex it is given by

ρL
c = ρ

2
s A2

s f 2/ ρD AD.

where the superscript 2 denotes theLC
α structure.

If we consider the two structures at similar surfactant composition,

ρ1
s f 1 = ρ2

s f 2,

ρH
c /ρ

L
c = A1

s /A
2
s

SinceA1
s = (
√

3a2−2πR2
D)/2 andA2

s , estimated from the bilayer thicknessδ and the separation

between the DNA strandsdDNA, is given byA2
s = dDNA δ.

The ratio,ρH
c /ρ

L
c = (
√

3a2 − 2πR2
D)/(2δdDNA). Putting a= 5.0 nm,RD = 1.25 nm, andδ=

2.2 nm, this ratio turns out to be 7.5/dDNA. Hence the lamellar complex can accommodate

more DNA than theHC
II structure as long asdDNA < 7.5 nm. In the lamellar complexes ob-

tained for low hexanol concentrations,dDNA is 3.5 nm even at low hexanol concentrations.
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Thus it is clear that more DNA can be accommodated in theLC
α phase as compared toHC

II.

Though at low DNA concentrations, theHC
II phase is stabilized by the efficient neu-

tralization of DNA, it becomes unstable in the presence of excess uncomplexed DNA and

transforms toLC
α . The fact that theHC

II → LC
α transition is observed at a value ofρ slightly

greater thanρiso 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 theHC
II to LC

α 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 byρc = (
√

3a2 −

2πR2)ρs f /(2ADρD). At β = 9, ρc 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 atβ = 10 for highρ with dDNA comparable to the

values at lowerβ and highρ, 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 toHC
II. TheHC

II → LC
α transition

at higher DNA concentration as before is driven by the denserpacking of DNA in the latter

phase. The observeddDNA of 2.9 nm is consistent with this. The narrow range of 0.5< ρ <1

over which the transition occurs agrees with the estimatedρc ∼ 1.0.

Similar phase transitions have been theoretically predicted for soft bilayers (κ = 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 anestimation cannot be made

in our system since the hexanol does not remain confined at thesurfactant-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 ofHC
II → LC

α

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 ofρ. The decrease in the lattice parameters on increasing

β, observed before the phase separation occurs in the surfactant solution, is consistent with

the thinning of bilayers in the presence of hexanol. Similarto the lipid-DNA complexes, a

transition fromLC
α → HC

II is also observed in these complexes at highρ. 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 HC
I → LC

α → HC
II tran-

sition on varying the hexanol concentration. These transitions are in accordance with the

known influence of hexanol on the structure and properties ofCTAB aggregates. A novel

HC
II → LC

α 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 theLC
α
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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 alsostudied the influence of hex-

anol 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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