Chapter 2

Phase behaviour of the
CTAB-SHN—-water system

2.1 Introduction

This chapter deals with theftiérent liquid crystalline phases exhibited by cetyltrinyeth
lammonium bromide (CTAB)- sodium-3-hydroxy-2-naphtleodSHN)— water system.
There have been some investigations on dilute solutionkisfslystem mainly using elec-
tron and polarising microscopy, which revealed a cylindebitayer transition of the sur-
factant aggregates at [SHINJTAB] ~ 0.6. These earlier studies are discussed in section
2.2. We have characterized the mesophases of this systeg xisay difraction and op-
tical microscopy. At low SHN concentrations a hexagonalgehia observed. However at
higher SHN concentrations, a rentrant lamelldf)(— centered rectangular (R) lamellar
(L,) transition is found on decreasing the water content. Tleeperimental observations
are discussed in section 2.3. X-rayftaction data indicate that the lamellar phase at low
surfactant concentratioL?) differs from that observed at high concentratiohs).( The
former structure(P) contains slits or pores in the plane of the bilayer. Soméefdarlier
experimental as well as theoretical studied §rto L, transformations are described in sec-
tion 2.4. In theL.? phase seen in other systems, the defects are found to disappeually
on increasing the surfactant concentration. A similar beha is seen in the present system
at high temperatures. However at low temperatures, a cergmtangular structure appears

between the two lamellar phases. This is the first report cf stphase behaviour in surfac-

26



tant systems. This novel phase behaviour and other redutese studies are discussed in

detail in section 2.5.

2.2 Earlier studies

Previous studies on the CTAB-SHN surfactant system weraencontext of the for-
mation of worm-like micelles [1]. At low surfactant conceations ( 5 - 20 wt %) CTAB
forms short rod-like micelles in aqueous solutions. Theassty of these solutions remains
low, nearly the same as that of water. Organic salts likelsndialicylate are known to in-
duce the formation of ‘worm-like’ micelles in CTAB, whichatong ¢ 100 nm), flexible
(persistence lengtk 10 nm) cylindrical micelles [2]. These micelles can becomtae-
gled to form a viscoelastic gel at low surfactant conceirgt NMR studies have shown
that in CTAB-SHN micelles, the SHN molecule is oriented sa@&eep its napthalene
moiety in the hydrophobic region of the micelle. At(=[SHN]/[CTAB]) ~ 0.67, a tur-
bid, birefringent phase appears, followed by a thick bingfent precipitate at equimolar
ratios of CTAB and SHN. The turbid phase was initially chéeazed as nematic using po-
larizing microscopy. However, subsequent studies on ehdthylammonium 3-hydroxy-
naphthalene-2-carboxylate (CTAHNC) (obtained from eaquanratios of CTAB and SHN)
revealed the presence of vesicles and the birefringenteplas shown to be lamellar [3].
The vesicles could be transformed into worm-like miceligskearing as well as by increas-
ing the temperature [4]. The rich phase behaviour of thestesys prompted Horbaschek
et al. [5] to study the dilute CTAB-SHN system in detail. Thegygence of phases seen in
a 100 mM CTAB solution, on varying the SHN concentration,usmsarized in table 2.1.
Symmetry of the phase behaviour observed about the equimmikéure is similar to that

found in some mixed-surfactant systems [6].

On increasing the temperature of equimolar CTAB-SHN mixtuvhere a precipitate is

observed at low temperatures, an isotropic to lamellarsttieam is found at 78C. Rheo-
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Table 2.1: Phase behaviour of CTAB-SHN-water system fiemint SHN concentrations
characterized through polarizing microscopy [5]. CTAB centration 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|phase3
140 lamellar phase disappears 2
150 isotropic phase 1

logical studies on the lamellar phase of the system showtlieaviscosity of this phase is
much lower than that of the viscoelastic gel phase obsemed/ar SHN concentrations. No
phase transitions are observed on shearing. Polarizinglantton microscopy on equimo-
lar mixtures indicate multilamellar vesicles that sticgéther with an interlamellar distance
less than 10 nm. Electron microscopy also reveals multillameesicles, extended lamellar

tubuli and stacks of bilayers in the lamellar phase.

Though dilute solutions of CTAB-SHN have been investigatedome detail, as dis-
cussed above, the phase behaviour of this system at higtiactsunt concentrations has not
been probed. Hence we have characterized the concentaditidiss using x-ray diraction

and polarizing microscopy.

2.3 Liquid crystalline phases of CTAB-SHN-water system

The phase behaviour was studied in detail at fotfiedent SHN concentrations correspond-

ingtoa =0.25,0.43,0.67 and 1.0 . The total surfactant concentratas varied in the range
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Figure 2.1: Flow birefringence of the isotropic phase of BTBHN-water systemu= 0.25)
observed between crossed polarizers on shearing & .30he birefringence observed here
(indicated by the bright regions) occurs due to the flow ofgample trapped between air
bubbles.

10% to 80% by weight. At low SHN concentrations£ 0.25), an isotropic viscoelastic gel
which is flow birefringent (fig 2.1) is observed at low surgwtconcentrations. Microscopic
observations show a texture characteristic of a hexagdreseat)s [= wt of surfactanfwt

of water-surfactant)}~ 0.4, at 30C (fig 2.5). X-ray difraction shows two peaks in the small
angle region with the magnitude of scattering vectors q énrttio 13/3 (fig 2.2a). These
reflections correspond to the (1 0) and (1 1) planes of a 2Ddual lattice. These studies
also indicate that the lattice parameter decreasesg m&reases (table 2.3). On heating, no
phase transitions occur in the system up tBO0At very low water content, corresponding
to¢s ~ 0.7, a crystalline phase appears at low temperatures, whibleating transforms to a
hexagonal texture at 8C. The x-ray ditfraction 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 experimeataup did not reveal any
additional peaks. The presence of only two independenttifies makes it impossible to
unambiguously determine the structure of this phase. Nesfess, it is likely to be a rect-
angular phase. The phase diagram deduced from the datarsigifig 2.3. The d-spacings

and the lattice parameters of the hexagonal phase are givahble 2.2.

On increasing the SHN concentrationdo- 0.43, an isotropic phase is observed at low

surfactant concentrations (up#g ~ 0.3). Microscopic observations reveal that on increas-
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Figure 2.2: Difraction data of CTAB-SHN-water systemat= 0.25, andps = 0.5 (a);¢s =
0.7 (b).

Table 2.2: The d-spacings, lattice parametajsa(d the mesophases in CTAB-SHN-water
ata= 0.25 at 30C. ¢ is the total surfactant concentration (wt %).

¢s | di(nm) | dx(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 system-a0.25. |, H, R and C denote the
isotropic, hexagonal, rectangular and crystalline phasgsectively. The boundary between
the H and R regions has not been precisely determined.

30



3.0
— | B
— 2 1 A T'
7 e 1.5 —
€ 1 A c
C N
N 0 _
0 i N
N
o O
-1 4 -1.5 ] ~—
-2 A i
-3.0
Lot 15 0 15
-1 —4. .
g, (nm-1)

-1
q, (nm-;

Figure 2.4: Typical diraction patterns of a lamellar phase with defects (A) andreelkar
phase without defects (B). Theffitaction pattern given here correspondsitel andgs =
0.5 (A); 0.8 (B), though similar behaviour is seenvat 0.43 and 0.67 .

ing the surfactant concentration, a lamellar texture (f§) 2oexists with the isotropic phase
up togs ~ 0.5 at 30C. Thus a large coexistence region with the isotropic phawsbserved
here. On increasing the temperature, lamellar texturgodesars leading to the formation
of an isotropic phase. These solutions, unlike those at neonperature, were found to be
highly viscous. The lamellar to isotropic transition temgiare increases with the surfactant
concentration. The lamellar texture is observed over aomarange of surfactant concen-
tration. Further increase of surfactant concentrationste 0.6 leads to the appearance of
two coexisting phases. The texture of one of them is lamellae other is similar to that
seen in a hexagonal phase (fig 2.5). We refer to this henbdafothis chapter as the hexag-
onal texture though it may not be unique to the hexagonalghas heating they undergo a
phase transition to a lamellar texture. With increasgsjrihe transition temperature initially
increases and later decreases.gAt 0.7, only a hexagonal texture is observed aG0
On heating, transition to a lamellar texture occurs throagbexistence region. On cooling
back to 30°C, a typical texture appears which was not present beforengedig 2.7). At
high surfactant concentration, at around~ 0.8, a lamellar texture reappears at®80(fig

2.8).
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Figure 2.5: Typical texture of the hexagonal phase of CTABNSwvater system when ob-
served between crossed polarizers at@G0

Figure 2.6: Typical texture of the lamellar phase with def¢c”) when observed between
crossed polarizers at 3C.

Figure 2.7: Typical texture of the ribbon phase (R) obseh&tsveen crossed polarizers, on
cooling from theL, phase.
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Figure 2.8: Typical texture of the lamellar phase withoudedss (,) when observed between
crossed polarizers, at 3C.

The x-ray dffraction pattern of an oriented samplegat= 0.5, shows two peaks with
their g values in the ratio 1:2 (fig. 2.4A). These correspandeflections from a lamellar
structure. In addition, a ffused peak is observed at small angles, oriented perpeadticul
the lamellar peaks. This peak corresponds to scatterimg fh@ plane of the bilayers. At
¢s ~ 0.6, 6 peaks appear in theftaction pattern. One of them, which is very weak, occurs
at the same value as the first order lamellar peak-at0.5. The remaining 5 peaks can be
indexed as the reflections from the (1 0), (0 1), (1 1)§X]and (0 2) planes of a 2D oblique
lattice. Atgs ~ 0.7, only two peaks occur. It is likely that these peaks atswespond to
a 2D oblique lattice. Aps ~ 0.8, one peak is observed in the small angle region. Since
the microscopic studies indicate a lamellar texture, weckate that this corresponds to a
lamellar reflection. In the oriented sample of the lamellaage, the diuse peak oriented
perpendicular to the lamellar peak is absent (fig. 2.4B). fitn@se diagram obtained from
these studies is given in fig 2.9. The lattice parameterseo¥/#inious structures are given in

table 2.3.
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Table 2.3: The lattice parameters and the mesophases in SHBwater ate= 0.43 at
30°C. vs, s, w and vw indicates the strength of the various refiestwith vs being the
strongest reflection and vw the weakest reflecter denote the lattice parameters.

bs dp dy ds ds ds ds a b

(Wt%) | (nm) | (nm) | (nm) | (hnm) | (nm) | (nm) | (nm) | (nm) y phase
5.72
40 (s) 5.72 LD+
5.35| 2.68
45 (s) | (w) 5.35 LD
5.241 2.59
50 (s) | (w) 5.24 LD

703 524 475|329 271 2.39
60 (s) | (vw) | (vs) | (ww) | (vw) | (vw) | 7.94 | 5.36 | 117.7 | O+LP
6.81 5.24 | 47 | 3.25| 2.64| 2.38
65 (s) | (vw) | (vs) | (vw) | (vw) | (vw) | 7.61| 5.36 | 116.% | O+LP

6.08 | 451

70 (s) | (vs) @)
3.94

80 (s) 3.94 L,

With further increase in SHN concentrationdo~ 0.67, microscopic observations indi-
cate an isotropic phase up ¢Q ~ 0.2 at 30C. On increasing the surfactant concentration,
we see the coexistence of a lamellar texture with the isatrppase. The isotropic phase
disappears at aroungl ~ 0.4. The lamellar texture persists upgo~ 0.55 beyond which
a hexagonal texture appears along with domains of lamadute. At¢s = 0.6 however
only a hexagonal texture is observed. This remains so gp#®.7. Beyond this, a lamellar
texture reappears. The phase behaviour observed on heaiagound to be similar to that
ata = 0.43, described above (fig 2.10). &4 = 0.5, the difraction patterns of the oriented
sample consists of three peaks in the small angle regionffdsdid peak at around 7.8 nm is
oriented perpendicular to two sharp peaks at 5.82 nm and2:QWhich indicate a lamellar
structure. But the peak positions do not shift on heatingoupQa°C. In our experimental
set up the largest distances that can be measured is aboutl8emte it is possible that the
diffused peaks are present in the lamellar phase at lower saanfaincentrations, but have
not been observed. Afs = 0.55, the difused peak is replaced by a sharp peak at 7.02 nm
and a very strong peak at 5.29 nm. Three very weak reflectignalao observed at 3.61

nm, 2.97 nm and 2.06 nm respectively. They could be indexedeag 0), (1 1), (3 1), (O
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Figure 2.9: Phase diagram of CTAB-SHN-water systemat0.43.L° , O, L,and | denotes
the lamellar phase with defects , a ribbon phase with a 2yobllattice, a lamellar phase
without defects and the isotropic phase respectively.

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

¢s | di(nm) | dy(nm) | dz(nm) ds(nm) ds(nm) [ a(nm) | b(nm) | phase
42.5| 6.89 LD
45 | 6.35 6.35 LD
475| 5.97 LD
50 7.8 5.82(s) | 2.91(w) 5.82 LD
52.5| 7.66 5.49 LD
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 L,

2) and (2 2) reflections from a 2D centered rectangular &ttldowever atps ~ 0.8, only
one peak was observed at 3.91 nm (fig. 2.4B). Since the mmpasobservations indicate a
lamellar texture we can conclude that this peak arises frémmallar structure. The lattice

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

At low surfactant concentrationgd = 0.1), a precipitate which phase separates at the
top of the solution is seen in the CTAB-SHN mixturenat 1.0. Maltese crosses indicating
the presence of multi-lamellar vesicles are observed uageiarizing microscope at 30

(fig 2.11). On heating, an isotropic phase is observed. Wiesarfactant concentration is
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Figure 2.10: Phase diagram of CTAB-SHN-water system at 0.67. L, R, L, and |
denotes the lamellar phase with defects, the centred gpd@nphase, the lamellar phase
without defects and the isotropic phase.

Figure 2.11: Typical texture of the multilamellar vesiotéshe equimolar mixture of CTAB-
SHN-water system¢s = 0.1) when observed between crossed polarizers®.30
increased, the precipitate dissolves and the solutionaapperbid. This behaviour persists
up togs ~ 0.3. Atgs = 0.3, a lamellar texture is observed, which on heating tanss to
an isotropic phase through a coexistence region. A simhase behaviour is observed up
to ¢s = 0.525 beyond which a hexagonal texture appears. On he#tmfexagonal texture
transforms into lamellar. At high surfactant concentnagi@ lamellar texture is observed
(¢s = 0.7). Thus we find that though there is a shift in the phase thaues as the SHN
concentration is increased, the phase behaviour remaary/riee same in the range 0.43

<a < 1.
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Figure 2.12: Difraction data of CTAB-SHN-water systemat 1, ¢s= 0.6 .

X-ray diffraction studies at 3C of the CTAB-SHN mixture aps = 0.1 show two peaks
at 4.81 nm and 2.4 nm indicating a lamellar phase (fig 2.4A)dNpaction peaks were ob-
served up to 8 nm in the small angle region upde- 0.3. At¢s = 0.4, two peaks observed in
the small angle region consists of a strong reflection at h&nd a weak reflection at 3.65
nm, indicating a lamellar structure. On increasing theastant concentration, thefttiac-
tion pattern of the oriented sample shows two lamellar peaksa difuse peak oriented
perpendicular to it. We also find that at similar surfactasmeentrations, the ffuse peak
occurs at larger angles for higher valuesaof For example, aps = 0.5, the difuse peak
shifts from 7.8 nm atr = 0.67 to 7.45 nm ak = 1.0. At¢s ~ 0.525, five peaks are observed
in the small angle region which can be indexed on a 2D ceng&@dmngular lattice (fig 2.12).
At ¢ ~ 0.7, a strong reflection at 5.63 nm, a very strong reflectich® nm and a weak
reflection at 2.06 nm are observed. Long exposure in our selidupot reveal additional
peaks. Since microscopic studies indicate domains of lamahd hexagonal textures, it is
likely that the first peak corresponds to the (1 1) reflectiba oentered rectangular phase.
The second and third peaks would then correspond to a lanpélésse. The structures and
their lattice parameters are tabulated below (table 2.5 ghase diagram is given in fig
2.13

Partial phase diagram of the tertiary CTAB-SHN-water sysie shown in figure 2.14.
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Table 2.5: The d-spacings, lattice parameters and the rhasep in CTAB-SHN-water at

a= 1.0 at 30C. a andb denote the lattice parameters.

Figure 2.13: Phase diagram of CTAB-SHN-water system atregjair ratios of CTAB and
SHN.LP, R,L, denotes the lamellar phase with defects, centred rectangiidse and lamel-

——

CTAB +SHN (weight %)

lar phase without defects respectively.
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¢s | di(nm) | do(nm) | dz(nm) ds(nm) ds(nm) | a(nm) | b(nm) | phase
10 | 4.81(s)| 2.4(w) 4.81 Lo+
40| 7.3(s) | 3.65(w) 7.3 LD
50| 7.45 | 5.85(s) | 2.93(w) 5.85 LD
551 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)| 129 | 5.72 R
70| 5.63(s)| 4.12(vs)| 2.06(w) R+L,
85
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Figure 2.14: Partial phase diagram indicating the variausd crystalline phases of CTAB-
SHN-water system at 3TC. L2 denotes the lamellar phase with defects, O denotes the 2D
oblique phase, R the centred rectangular phase, | the Botpbasel, the lamellar phase
without defects and H, the hexagonal phase

Five single phase regions are found corresponding to theoo (1), hexagonal (H), rect-
angular (R), oblique (O), lamellar phases with and withcefedts (°, L,). The presence
of the 2D oblique phase in between H dndis similar to the phase behaviour seen in some
surfactant systems [7]. However, as discussed below timesfiton of a 2D centred rectan-

gular phase in between two lamellar phases has not been adien e
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2.4  Curvature defects in lamellar phases

Bilayers with pores or slits have been observed in some &ariasystems like cesium
pentadecafluorooctanoate (CsPFO) -water [8]. CsPFO foiskdikle micelles in dilute so-
lutions, which become orientationally ordered to give a agmphase on increasing the
surfactant concentration. A lamellar phase is observedgaieh surfactant concentrations.
X-ray diffraction studies on these systems revealfusied peak at small angles in addition
to the set of peaks which arises due to the lamellar perigdiSince the ionic conductivity
measurements do not show a discontinuity across the netodémellar transition, it was
proposed that the lamellar phase was made up of disk-likellegcarranged in layers [9].
However the scattering from such an array of disk-like niéseseparated by a continuous
medium cannot be distinguished from the scattering fronewilfled pores in a continu-
ous bilayer. Further experimental studies were carriedoouthese systems using small
angle neutron scattering techniques as well as wafrsitbn experiments on oriented bilay-
ers [10]. They showed that the bilayers consist of poregifilgh water. The pores heal on
addingCsCl, or on increasing the surfactant concentration, to form alEmphase without

defects.

Such curvature defects are also found in mixed-surfacigstess [11]. Neutron scat-
tering studies on SDS-alcohol-water system find that thebmurof defects per unit area in-
creases as the Slcohol ratio increases. However the pores disappear gligduhen the
water content is decreased. . Similar defects occur in mestof dimyristoylphosphatidyl
choline (DMPC) with a shorter chain lipid dihexanoylphoaptlyl choline (DHPC) [12].
These mixtures form disk-like aggregates called biceltdswa surfactant concentrations.
Small angle neutron scattering studies show that at higingpératures, they form a lamellar
phase consisting of bilayers with pores. These pores aexeeghto 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 curvagfeetsl in bilayers, which
predict a transformation from stripes to random lines tcepan increasing the surfactant
concentration [13]. The stripe phase consists of slits englane of the bilayer, parallel to
each other. The random lines are obtained as the slits nmadihteto random cuts in the
plane of the bilayer. The pores form as the slits within edatdybér close upon themselves.
The origin of these defects may be qualitatively undersemtbllows. Each defect or pore
is made of a semitoroidal rim or edge. If the amphiphile lycptefers a curved surface as
compared to a flat region, the overall free energy of the systin be lowered by the creation
of these edges or pores in the bilayer. The surfactants thakdwhave occupied the pores
can be accommodated in two ways: i) by decreasing the aresugactant molecule in the
bilayer; this leads to a stretching of the tails of the amphgs and hence to an increase in
the thickness of the bilayers, ii) by creating more bilayéns however decreases the inter-
lamellar separation. Thus creation of pores decreasesattkeng entropy. If the surfactants
are charged, as in the CsPFO-water system, the electoosptilsion between the edges in
adjacent bilayers also cost energy, as the surfactant ntratien increases. Hence at lower
water content, when the interlamellar interactions becsigsificant, the pores disappear.
The increase in the density of defects, as the &R8hol ratio increases indicate that SDS
prefers curved regions locally. This may also lead to a plsaparation of the SDS and

alcohol molecules with further loss of entropy.

2.5 Discussion

The isotropic phase at ~ 0.25 consists of worm-like micelles. This is indicated bg th
high viscosity as well as by the flow birefringence observedloearing these samples. The
growth of these long flexible micelles is the consequencaefiecrease in the spontaneous
curvature of the CTAB cylinders in the presence of SHN. CTABfs a hexagonal phase
over a wide range of surfactant concentration. Therefdre,observation of a hexagonal

phase at low SHN concentrations £ 0.25) is not surprising. However at very low water
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content a crystalline phase is obtained atG30since the Kraft temperature of CTAB in-
creases with surfactant concentration [14]. The rectamgaliase at ST obtained aps ~
0.7, is usually observed in surfactant systems in betweshéikagonal and lamellar phases
as the water content is lowered. This is formed by long aggesgwith an almost elliptical
cross-section, known as ribbons. These ribbons are awnlanga 2D rectangular lattice. At
higher surfactant concentrations the ribbons merge to fokayers, thus leading to a lamel-

lar structure.

The isotropic phase at~ 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 ofdheellar phase. The formation
of an isotropic, viscoelastic gel on heating from thegphase at higher surfactant concen-
tration, indicates that vesicular aggregates undergo agehen shape to form long flexible

rod-like micelles that get entangled.

The observation of the lamellar phase at higher surfactamtentrations, is in confirma-
tion with earlier studies on dilute mixtures of CTAB-SHN. Wever we find that the lamellar
phase occurs earlier, that is, at a lowgron increasingr. In the difraction pattern of the
oriented sample, the orientation of théfdsed peak perpendicular to the lamellar peaks in-
dicate that they arise from some structure in the plane obtlager. The difused peaks
observed here have been reported earlier in a few surfatat@ms where they are believed
to arise from pores in the plane of the bilayer, as discussedation 2.4. Hence we surmise
that in the CTAB-SHN system also curvature defects are ptesehe plane of the bilayer.
Since no x-ray dtraction studies have been carried out till now, this is th&t fieport of
these defects in the present system. The isotropic solatier 0.67 is most probably made

up of vesicles since the viscosity of the solution is fountdedow.

The lamellar phase exists over a wide range of surfactartecdration atr ~ 0.67, indi-

cating the existence of long range repulsion between thgdxis which allows them to swell.
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One possible origin of such a repulsion is electrostatieraxttion between the charged bi-
layers. The interaction energy per unit area between twaaplaurfaces of charge density
o, separated by a distance z is given by [15]

Va(2) = %e_z/ o

whereo is the surface charge densifyy the Debye lengths ande,, the dielectric constant
of the medium and the dilelectric permittivity of free spaespectively. Ify is the ionic
strength of the solution, thetp = [%]%. kg is the Boltzmann constant and T the temper-

ature.

In the lamellar phase of CTAB-SHN-water system, due to thesase of théBr~ andNa*
counter ions into the solution, théective salt concentration is high and the Debye length
is < 1 nm. On the other hand, the thickness of the water layer agpgrthe bilayers is-

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

be expected to be negligible and cannot account for the wbdaswelling behaviour.

The other possible origin of the interbilayer repulsionhie steric interaction between
the bilayers due to thermal undulations of the bilayers .[I®je steric interaction energy
per unit area between two bilayers separated by a distarsce z i
Vy(2) = 372 (keT)?/128 22
wherex is the rigidity modulus of the bilayekg the Boltzmann constant and T the tem-
perature. This repulsive interaction can be increasee it increasing the temperature or
by increasing the flexibility of the bilayers. The additiohadcohol is known to lower the
bending rigidity of bilayers by an order of magnitude [17hiF in turn is found to increase
the bilayer separation by two orders of magnitude. Sinceeteéetrostatic interactions can
be ruled out in the CTAB-SHN-water system, we surmise thaeacsrepulsion, stabilizes
the lamellar phase over a large range of surfactant coratemtr It would indicate that the

CTAB-SHN bilayers are highly flexible, but we have not measurindependently.
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The absence of any shift in the peak positions in tif&alition pattern on increasing
the temperature indicates that the separation betweenlyets as well as the separation
between the defects in the plane of the bilayer do not chapg®e &0 C. This leads us
to conclude that the defect density does not alter with teaipee. No clear picture exists
at present regarding the structure of these defects. Suecddfects are not oriented in the
plane of the bilayer, it is dlicult to extract any information regarding the form factotludse
defects from the x-ray éliraction data. Hence it is not known whether these defectsaes
or long slits in the plane of the bilayer. The size distribatof the defects, that is whether
the pores or slits are polydisperse or monodisperse is aldawwn. But the presence of the

ribbon phase at higher surfactant concentration indidasgghese are most probably slits.

The appearance of multilamellar vesicles at low surfactancentration in equimolar
mixtures has not been understood at present. Also, thdantellar separation increases
as the surfactant concentration increases. Since one n@letcNaBr is released for every
CTAB and SHN that associate to form a complex, the increaseiifactant concentration
leads to the increase in the salt concentration in the darfasolution. Swelling of the bi-
layers on increasing surfactant concentration is possibé/to the presence of salt. More

work has to be done to understand this behaviour.

The formation of a centered rectangular structure in batwthe two lamellar phases
is unusual. As far as we know, the CTAB-SHN-water system ésfitst to show such a
behaviour. Normally the centered rectangular phase (R¢agpn between the hexagonal
and lamellar phases, similar to the behaviour observedirsysiem atr = 0.25 described
above. A 2D centered rectangular lattice can result if tizites/er correlations arise between
the defects. 3D lattices of such defects have been obsamnsahie lipid-polypeptide sys-
tems [18]. If the defects formed a centred rectangular giracone of the lattice parameters
would correspond to twice the lamellar periodicity. If wenealer the lattice parameters of

our system in the centred rectangular phase, say-@t67,¢s = 0.55, the lattice parameters
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Figure 2.15: Schematic of the structure of the centred ngetar phase of CTAB-SHN-
water system consisting of ribbon-like micelles arrange@ @D rectangular lattice.

are found to be 14.04 nm and 5.84 nm. The periodicity of theellamphase a#=0.67,¢s =
0.525is 5.49 nm. Thus twice the lamellar periodicity of theatllar phase close to the —

R transition is not comparable to the lattice parametergmiesl in the centred rectangular
structure. Moreover, in such a structure, the strongestatssh in the x-ray diraction data
would be from the (2 0) planes, which corresponds to the es@agf from the bilayers and
not from the (1 1) planes as observed here. Hence we can rukelattice arising from the
2D ordering of defects. This indicates that the centrecarepilar structure seen here most
probably consists of ribbon-like aggregates arranged db eehtred rectangular lattice (fig
2.15). Such structures have been seen before in some sutfagistems in between the

hexagonal and lamellar phases [7].

The decrease in the separation between defects in the didime loilayer on increasing
the SHN concentration indicates an increase in defect gefsie fact that we find the cen-
tred rectangular phase at a lower surfactant concentratiancreasing SHN concentration
may be related to this. An increase in the defect density eboaritical value, may lead to
the formation of ribbon-like aggregates that form a 2D ¢atti Further theoretical work is

needed to understand this behaviour.

The absence of a fiuse peak in the lamellar phase at high surfactant concemtsat
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(L,), indicates that the defects are absent in the plane of thgdn The transformation
from a lamellar phase with defectk) to one without defectsly(,) at high temperatures
(fig 2.9,2.10,2.13) is similar to the behaviour seen in soor&astant systems, discussed in
section 2.4. However the appearance of a centred rectarghdae (R) in between the two
lamellar phases at lower temperatures cannot be underisttioelframework of present the-

ories.

2.6 Conclusions

Partial phase diagram of the tertiary system CTAB-SHN-whtes been constructed.
In addition, temperature-composition phase diagrams efsystem at a few values of
[SHN]/[CTAB] have also been determined. We find that the phase hairaof this system
is rather rich consisting of hexagonal, lamellar, obliqud aentred rectangular structures.
ThelP —L, transformation that we observe here at high temperatuebden seen earlier
in some surfactant systems. However tfe— R — L, transition at lower temperatures has

not been reported in any other surfactant system.
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