Chapter 5

Structure of cationic-surfactant —
polyelectrolyte complexes

5.1 Introduction

This chapter deals with the structures exhibited by suafaepolyelectrolyte complexes
in aqueous solutions. Earlier work on the structure and glhehaviour of similar com-
plexes is described in section 5.2. Our experimental regtdm optical microscopy and
x-ray diffraction studies on complexes of cetyltrimethylammoniumntide (CTAB) with
a variety of polyelectrolytes listed in table 5.1 are dis&gsin section 5.3. All complexes
form a hexagonal phase, though witlfdrent lattice parameters depending on the polyelec-
trolyte used. There has not been any systematic study ohfluence of the micellar shape
on the structure of these complexes. Hence as in the caseAB-ONA complexes, dis-
cussed in chapter 3, we have tuned the micellar shape udiings¢3-hydroxy-2-naphthoate
(SHN). Section 5.4 deals with the structural changes of dexas of CTAB-SHN with dif-
ferent polyelectrolytes on varying the SHN concentratiédntransition from a hexagonal
to a centered rectangular structure is observed in CTAB-$AN and CTAB-SHN-PGA
complexes on increasing (= [SHN]/[CTAB]). CTAB-SHN-PSS complexes show a tran-
sition from a hexagonal to a primitive rectangular struetasa is increased. They also
show yet another structure at higher which has not yet been identified. Complexes of
PVS with CTAB-SHN exhibit a a hexagonat centered rectangulas lamellar transforma-

tion on increasingr. We have also examined complexes of these polyelectrolyitesthe
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double-tailed cationic surfactant didodecyldimethylaomiim bromide (DDAB). The phase
behaviour of the DDAB-water system and earlier work on caxe$ formed by DDAB
with PGA are dealt with in section 5.5 . Our experimental lsson DDAB-polyelectrolyte
complexes are also discussed here. As discussed in sed@iéndur results on CTAB-SHN-
polyelectrolyte complexes suggest the importance of pmiyspecificity in determining their
structures. All DDAB-polyelectrolyte complexes exhibiteanellar phase but the lattice pa-
rameter varies depending on the polyelectrolyte used. ¥efald that the weight fraction
of the surfactant is the highest in PSS complexes and theiteB&NA complexes. A similar
trend is also seen in complexes of polyelectrolytes with BES well as CTAB-SHN. This
helps us to establish a correlation between the structutkeoEomplexes and that of the
surfactant-water system at similar surfactant contentstsidsed in section 5.6.2. Finally in
section 5.7, we state the conclusions that can be drawn fnenextperiments discussed in

this chapter.

5.2 Earlier studies

The complex formation between proteins and cationic detesgwas first reported by
Kuhn in 1940 [1, 2]. Later it was found to be a general phenameor anionic polyelec-
trolytes [3]. These complexes dissolve in the presencelbf4da These observations were
made use of in the purification of anionic polysachcharidemfbiological tissues. Some
of the earlier studies involved monitoring the binding offaatants to polyelectrolytes us-
ing surfactant-selective electrodes [5]. Later NMR spsttopy [6], small angle neutron
scattering (SANS) and fluorescence techniques [7] were tesguiobe the structures in

polyelectrolyte-surfactant systems.

One of the detailed studies on the phase behaviour of sarfapblyelectrolyte systems
has been by Thalberg et al [8] on didodecyltrimethyl ammonioromide (DTAB)-poly
(acrylic acid) (NaPA)-water and DTAB-sodium hyaluronaldafy)-water 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 surfactadfmlyelectrolyte concentration
for complexes of DTAB with NaPA as compared to NaHy. Hencersjer interactions are
indicated in NaPA complexes as compared to NaHy complexesilply due to the higher
bare charge density of NaPA. The interactions in complek#geanionic surfactant sodium
dodecylsulphate (SDS) with cationic polyelectrolyte,ygdlallyldimethylammonium chlo-
ride) (PDADMAC) were found to be stronger than in the DTABRasystem. This has
been attributed to the smaller size of the surfactant heaalgof the anionic as compared to

cationic surfactants [9, 10].

More detailed study of the phase behaviour of the CTAB-Nay#en has been carried
out by llekti et al. [11, 12]. The phase diagram of NaPA-CTAB&ter is given in fig 5.1.
Dilute micellar solutions of CTAB with NaPA separate into dute aqueous phase and a
concentrated mesophase containing the complex (creane)paiathe top (region I). Small
angle difraction studies indicate that these complexes have a heahgoucture. The lat-
tice parameter is in the range 5-6 nm, and is comparable taflithe hexagonal phase of

CTAB-water system. At high dilutions (at surfactant cortcations close to CMC), a com-
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plex with a cubic structure is obtained (region I'). A thirtgse appears between the cream
and the aqueous phase on increasing the surfactant as vpellyatectrolyte concentration
(region I1). This is found to be an isotropic concentratedetiar phase. On further addition
of NaPA the mesophase vanishes (region Ill). Finally thatdiaqueous phase vanishes at
higher NaPA concentrations (region V). At a fixed NaPA carica&tion along line B, the
two phase region disappears at a surfactant concentrdtior2@% . CTAB-water system
forms a hexagonal phase above 30% surfactant concentrBetnween 30-37% the addition
of polyelectrolyte leads to a hexagonal nematic— micellar transition on increasing the
polyelectrolyte concentration. Thus two opposite trermésexhibited in the dilute and con-
centrated CTAB solutions. The addition of NaPA to a dilute@lar solution leads to the
phase separation of a concentrated mesophase, wheredsliti@neof the polyelectrolyte to

a concentrated solution leads to the formation of an isatnolpase.

Thus on addition of NaPA to CTAB-water, three types @eets have been observed.
i) The CTA* micelles retain their rod-like shape but the distances allamsed (region I).
i) The distances remain the same but the shapes changeotin) the distances and the
shapes change as seen in the cubic phase. The formation &:KRdPA complex involves
the exchange dBr~ counter ion of CTAB with acetatéd¢™) ion. Cetyltrimethylammonium
acetate (CTAAc)-water system is known to form a cubic phase a large range of surfac-
tant concentration. It has a body-centered cubic unit eeth large micelles at the apexes
and center of a cube and pairs of smaller anisotropic mgali¢he centers of the faces [13].
The formation of the cubic phase in dilute CTAB-NaPA solaotoan, therefore, be attributed
to the nearly complete exchange of e andAc™ ions. At higher surfactant contents when
the ion exchange is less, a hexagonal phase is observed.etreade in the inter-micellar
distance can be understood in terms of the formation of polgridges between the micelles.
Thus these studies show that the sequence of phases in ¢neaey tsystems is determined

by the extent of counter ion exchange and by the water cantent
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Some studies have also probed the structures of these carapiden dried. It is found
that stable membranes can be made from these dry complexe€h@in melting transition
of the bilayers in the complex was found to shift to higher pematures on drying. The
permeability of these membranes can be modulated by snealiriel fields [14]. They are
found to dissolve in organic solvents where they exhibiyptactrolyte behaviour. X-ray
investigations on the alkyltrimethylammonium bromiddyp(styrene sulfonate) (PSS) dry
complexes reveal a lamellar phase with a periodicity rag§iom 2.9 nm to 4.1 nm depend-
ing on the alkyl chain length of the surfactant. The abildyfarm liquid crystalline phases
and their high solubility in organic solvents make themafhlié materials for optoelectron-
ics, ion separation membranes and molecular compositeam&llar phase has also been
reported in dry complexes of CTAB and dodecyltrimethylamima bromide (DTAB) with

PGA [15]. On heating, the complexes are found to be stable ap@C.

There have also been a few investigations on the structdresroplexes formed by
cationic surfactants with polyelectrolyte gels [16]. Thistures of DTAB with cross-linked
NaPA gels have been probed using small angle x-ray scgtésiaXS). The surfactant ag-
gregation number and the ordering of micelles were invattg) using time resolved fluo-
rescence quenching. The surfactant concentration wasnedpbelow the critical micellar
concentration (CMC). A collapse of the gel was observed oremsing the CTAB concen-
tration. Above a critical concentrationPan3n cubic phase was observed. On increasing the
surfactant concentration above CMC, a hexagonal order ewagdfin the 2D collapsed gel.
The aggregation number was found to increase from 50 to 100cpeasing the surfactant
concentration. This indicated that the aggregates thag wdtially globular formed short

rods, at higher concentrations.

A more detailed study has been carried out on complexesiohtasurfactants with gels
of anionic polyelectrolytes such as PSS and poly(sodiunhaweylate) (PMAA) [17]. It was

found that the alkyl chain length of the surfactant influenttes formation of highly ordered
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structures such as body-centred culticcf, face-centred cubicf¢c) and hexagonal close
packed kicp), inside polyelectrolyte gel-surfactant complexes. Tifeience of bare charge
density of the polyelectrolyte as well as the alkyl chairglénof the surfactant on the struc-
ture of the complex was investigated. The longer the alkgirclof the surfactant, stronger
the hydrophobic interactions. However, the mesh size othkegel was found to hinder
the long alkyl chain (a18) surfactants from forming well-ordered structures. dvtér bare

charge densities, longer alkyl chain surfactants wereiredguo form highly ordered struc-
tures. The alkyltrimethylammonium bromide-PSS compldaesed a 2D hexagonal lattice
indicating that the aggregates in the complex were compoeglinders. It was concluded
from these studies that surfactant aggregates boundfbpastymer chains formed cylinders

whereas those bound by flexible polymer chains formed sphere

The influence of cationic polyelectrolytes offldirent charge densities on anionic sur-
factants has also been studied using SAXS [18]. Lameltaelir coexistence with two
distinct periodicities is observed when the polyelect®lyg weakly charged, over a wide
range of surfactant concentration. Similarly at high ckatgnsities a lamellar phase, where
the bilayers are closely packed, coexists with the regalaellar phase whose periodicity
varies with surfactant concentration. The coexistencdoseiat for intermediately charged
polyelectrolyte and for nonionic polymers. Two possibled®® of adsorptions of the poly-
electrolyte on the bilayers have been proposed to accoutiifobehaviour. Assuming the
charge distribution along the polymer backbone to be nafeumn, the highly charged poly-
mer segments are proposed to adsorb flat on the bilayer surfdereas the segments with

low charge density adsorb in loop-like conformation.

The complexes of cationic starch with anionic surfactargsaéso found to yield a variety
of phases like cubic, hexagonal and lamellar [19]. In thésdiss the variable parameters
were the alkyl chain length of the surfactant and the baregehdensity of the polyelec-

trolyte. The dfect of temperature on the structure of these complexes wasralestigated.
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It was found that the liquid crystalline phases are formetha same sequence and with
similar structures in the polyelectrolyte-surfactantavesystem as in the surfactant-water
system. Increase in the alkyl chain length leads to a segueinstructures ranging from a
disordered micellar» hcp — bcc — hexagonal- lamellar phase. A similar sequence of
transitions are obtained in the surfactant-water systemdrgasing the concentration of the
surfactant. Increasing the temperature and decreasinghtéimge density of the polyelec-
trolytes in the complex were found to have simil#lieets on the structure of the complex.
SANS studies indicate that the cationic starch has a hedmaflormation. When they asso-
ciate with surfactants, more compact cylindrical aggregatre formed in which a core of

surfactant is surrounded by the helical chains of catiotaicch [20].

As discussed above, there have been several studies omutieists of polyelectrolyte-
surfactant systems. However, the influence of the shapeeddidigregates on the structure
of the complex has not been probed systematically in anyexfdlsystems. Hence we have
tuned the spontaneous curvature of the micelles in theeddutfactant solution and exam-
ined the role of the aggregate morphology on the structuteetomplex. This has been
achieved using SHN which transforms CTAB aggregates frolmagrs to bilayers, as de-
scribed in chapter 2. The structure of the complex could bésgpecific to the chemical
nature of the polyion. Not many of the earlier studies exauithese systems from this
perspective. Hence using four polyelectrolytes, whidfediwidely in the chemical nature
of their charge moieties, bare charge density and persistength, in addition to the single
and double stranded DNA (discussed in chapter 3), we have madmparative study of the

structures of the complexes obtained in dilute solution ®AB-SHN.

5.3 CTAB-polyelectrolyte complexes

A 10 mM CTAB solution was prepared and the polyelectrolytesiteen added to it

(table 5.1). Complexes, which precipitate out, were lefthi@ solution for two days. The
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Table 5.1: The bare charge densities and persistence onfithe polyelectrolytes used,
namely, double stranded (ds) DNA, single stranded (ss) O, (glutamic acid) (PGA),
poly (acrylic acid) (PAA), poly (vinyl sulfonate) (PVS), po(styrene sulfonate) (PSS).

Polyelectrolyte| bare charge density I, (nm)
ds DNA 1€/ 0.17 nm 50

ss DNA 1€/ 0.59 nm 1.5
PGA 1¢e/0.154 nm 2

PAA 1€/0.32 nm 1

PVS 1€/ 0.32 nm 1

PSS 1€/ 0.25 nm 10

precipitates were then transferred to a 1 mm glass capitarx-ray diffraction studies.
CTAB-polyelectrolyte complexes were found to be birefengunder a polarizing micro-
scope. The complexes were prepared by varying the polyelgtd concentrationp (=
weight of CTAB weight of polyelectrolyte), above and below the isoelecpoint pj,
where the positive charges of tliT A* ions are balanced by the negative charges on the

polyelectrolyte. The experimental observations were na@detemperature of 3C.

X-ray diffraction studies on all four CTAB-polyelectrolyte complexeveal three peaks
in the small angle region (fig. 5.2). The scattering vectoesia the ratio 1i/3:2, which
correspond to the (1 0), (1 1) and (2 0) peaks of a 2D hexagattald. The lattice param-
eters are in general found to vary depending on the polyelgt¢ used. Though PVS and
PSS complexes have similar lattice parameters, in CTAB-BM8plexes we obtain peaks
corresponding to the (1 0), (2 0) and (2 1) reflections of a 2kagenal lattice (fig 5.2¢c). The
lattice parameters and the peak positions for tiedint complexes are given in table 5.2.
The dfect of the polyelectrolyte and surfactant concentratiorihenlattice parameter was
studied for CTAB- poly (glutamic acid) (PGA) complexes. Tpeak positions were found
to be independent @f, and of CTAB concentration up to 100 mM . These observatiomga
broad agreement with the earlier experiments on CTAB-pebtelyte complexes in aque-

ous solutions [11, 17].
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Figure 5.2: Difraction patterns of the CTAB-polyelectrolyte complexes( = wit.
CTAB/wt of polyelectrolyte ) anghis, 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 conceruraith the aqueous solution was

10 mM .

Table 5.2: The d-spacings, lattice parameters and steicfu€ TAB-polyelectrolyte com-
plexes;a denotes the lattice parameter.

Intensity (arbitrary units)

JLkd
k’k—/\c
b
a
5 115 215 35 415 5

0.

q (o

polyelectrolyte| di(nm) | do(nm) | dz(hm) | da(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 angefamtrolyte concen-
trations. CTAB concentration was 10 mM. SHN concentratioE=[SHN]/[CTAB]), was
varied from 0 to 0.7. The polyelectrolyte concentrationas varied over a wide range about
the isoelectric poinp;». The complexes were found to be birefringent under a potayiz
microscope. X-ray diraction studies of the complexes were carried out to progie struc-

ture.
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Figure 5.3: Ditraction patterns of the CTAB-SHN-PAA complexes in the hexsd phase.
a andp for the diferent curves are: 0.2, 6 (a); 0.2, 4 (b); 0.4, 0.6 fx,=4.85 ata=0.2;
Pis=6.47 ate=0.4; CTAB concentration in the aqueous solution was 10 mM .

In CTAB-SHN-PAA complexes, the firaction patterns show three peaks in the small
angle region, which can be indexed on a 2D hexagonal lathiges(3a). The hexagonal
phase was found to occur updo= 0.4. The peak positions remained independent of poly-
electrolyte concentration above and belpwy (fig 5.3a, b). The lattice parameter of the
hexagonal phase however increases with SHN concentrdigos.8c). Ata = 0.5, diffrac-
tion pattern shows additional peaks in the small angle re@ig. 5.4a) which could not be
indexed on a hexagonal or a lamellar lattice. However, tloeyccbe indexed as the (2 0),

(1 1) and (0 2) peaks of a centered rectangular lattice. 8itpilate = 0.6, the x-ray difrac-

tion pattern has 5 peaks in the small angle region (fig 5.4bgyTcould also be indexed as
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Intensity(arbitrary units)

q (m D)

Figure 5.4: Ditraction patterns of the CTAB-SHN-PAA complexesandp for the diferent
curves are: 0.5, 0.6 (a); 0.6, 0.6 (b); 0.6, 0.84 (c); 0.6,d)2Q.7, 0.72 (€)pi=7.76 at
a=0.5; pixn =9.7 ata=0.6: pjx=12.93 atw=0.7.

Table 5.3: The d-spacings, structure and lattice parasefea TAB-SHN-PAA complexes
at different values ofr andp. a andb denote the lattice parameters. R denotes a phase with
a centred rectangular lattice. The concentration of CTABiesolution was 10 mM .

a | pio | P di(nm) | do(nm) | dz(nm) | da(nm) | ds(nm) | phase a(nm) | b(nm)
0O | 388 |6 4.48 2.59 2.24 hexagonal| 5.17
0.24.85 | 0.6 |4.38

02485 |6 451 2.63 2.25 hexagonal| 5.21
0.4|6.47 | 0.6 | 4.88 2.99 2.67 hexagonal| 5.64
05|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 1290 | 5.52
0.6|9.7 12 | 6.27 4.84 3.24 2.66 2.39 R 1254 | 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), (31), (02)and (2 2) reflections from a 2D cerdeectangular lattice. This
was also true at = 0.7 (fig 5.4e). The peak positions were found to be indepearafehe
polyelectrolyte concentration and weakly dependent on $bitentration (fig 5.4c, d). The

peak positions and the lattice parameters for the varioogptaxes are given in table 5.3.

Fora < 0.5, the CTAB-SHN-PGA complexes show three peaks in thelamgle region
with their g values in the ratio 3/3:2 (fig 5.5a,b). These peaks could be indexed as the (1 0),

(1 1) and (2 0) reflections of a 2D hexagonal lattice. Thedatparametea, of the hexag-
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Figure 5.5: Difraction patterns of the CTAB-SHN-PGA complexaesandp for the diferent
curves are: 0.2,1.5(a); 0.4,1.93 (b); 0.5, 12 (c); 0.5%2 (7, pi=3.02 ate=0.2; pjxx,=4.02
ata=0.4;pix=4.82 ate=0.5; pj5,=5.36 ate=0.55;
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Figure 5.6: Dffraction patterns of the CTAB-SHN-PGA complexesandp for the diferent
curves are: 0.6, 12 (a); 0.6, 1.8 (b); 0.6, 3.6 (c); 0.7, 6 f)=6.0 ata=0.6; p;x=8.0 at
a=0.7,
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Table 5.4: The d-spacings, structure and lattice parasefed TAB-SHN-PGA complexes
at different values ofr andp. R denotes a phase with a centred rectangular latiesadb
denote the lattice parameters.

@ Piso | P di(nm) | do(nm) | dz(hm) | dg(nm) | ds(nm) | phase a(nm) | b(nm)
0 24118 | 4.61 2.66 hexagonal| 5.33

0.2 | 3.02|15 | 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
06 | 6.0 | 1.8 | 6.45 5.13 2.64

06 | 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 |80 |6 6.33 4.98 3.30 2.75 2.49 R 12.46 5.5

onal structure gradually increases wittfrom 5.33 nm to 5.84 nm (table 5.4). Aboue=
0.5, the peaks could be indexed as the (2 0), (1 1), (3 1) (0O@)2AR) reflections of a 2D
rectangular lattice (fig 5.5 c¢,d). The peak positions in piase was found to be independent
of polyelectrolyte concentration (fig 5.6a,b). Similatige lattice parameters of this phase
was only weakly dependent on SHN concentration (fig 5.6c&lilar trends are found
in both the PAA and PGA complexes with the lattice parametamgining insensitive tp
and being weakly dependent on SHN concentration (tables543, Hence the structures of

CTAB-SHN-PGA complexes are similar to those of the PAA coemps.

A hexagonal phase is also observed in CTAB-SHN-PVS complioter < 0.4 (fig 5.7a).
The lattice parameter of the hexagonal lattice increases #.67 nm atv=0to 5.16 nm for
a = 0.2. Ata=0.4, four peaks are observed in the small angle region wtaahoe indexed
asthe (20),(11),(3 1) and (0 2) reflections of a 2D centeretdngular lattice (R) (fig 5.7b).
The peak positions remain the same dom the range 0.4 to 0.7 (fig 5.7b,c). At= 0.7
and above, two peaks appear with the scattering vector cgiretiio 1:2 (fig 5.8a,b), corre-
sponding to a lamellar structure. The position of the firsieopeak here remains the same
as that of the (1 1) reflection seemat 0.6 (fig 5.7c). The lattice parameters of th&elient

structures seen in this system are given in table 5.5.
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Figure 5.7: Difraction patterns of the CTAB-SHN-PVS complexeandp for the diferent
curves are: 0.2, 1.15 (a); 0.4, 1.15 (b); 0.6, 1.92 4e)=3.5 ata=0.2; pix=4.67 ata=0.4;
Piso="7.0 ata=0.6;

Intensity(arbitrary units)
TF

0.5 1.5 25 35 4.5
q (nm™)

Figure 5.8: Ditraction patterns of the CTAB-SHN-PVS complexesandp for the diferent
curves are: 0.7, 1.15 (a); 0.75, 1.15 (1),=9.33 ate=0.7; pix=9.99 ata=0.75;
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Table 5.5: The d-spacings, structure and lattice parasefeCTAB-SHN-PVS complexes
at different values ofr andp. R denotes a phase with a centred rectangular latiesadb
denote the lattice parameters.

@ Piso | P di(nm) | do(nm) | dz(nm) | ds(nm) | phase a(nm) | b(nm)
0 2.8 | 1.15]| 4.00 2.31 2.00 1.52 hexagonal 4.6

0.2 |35 | 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
05 |56 | 1.15|5.67 4.47

0.55|6.2 | 1.15 4.47

06 |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 theftliaction patterns indicate that the structure of the com-
plex remains hexagonal at low SHN concentration (fig 5.9a).a A4 0.4, four peaks are
obtained in the small angle region that could not be indexed 8-D centered rectangular
or a hexagonal lattice (fig 5.9b,c). The lamellar phase asbtb be ruled out from the peak
positions. Unlike in the centred rectangular phases of PR&A or PVS complexes, the
first peak was found to be more intense than the higher ordekspeThe peaks could be
indexed as the (2 0), (1 1), (2 1), (0 2), (3 1) and (4 1) reflectiof a rectangular lattice
corresponding to the plane groggg (fig 5.9¢c). The peak positions of thmgg lattice, are
sensitive to the SHN concentration. At a higher SHN conegiain wherea= 0.7, x-ray
diffraction gives three peaks in the small angle region with mei§ip relationship between
the values of g (fig 5.10). Additional peaks could not be obs@reven after very long ex-
posures, and hence we have not been able to determine tbeistraf this phase. The peak
positions in all these complexes are found to be indeperafgnt At «=0.75, we find that
the complex dissolves fgr above and below;s,. 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 polyelectrolytedilute solutions of the

115



Intensity(arbitrary units)
W

05 15 25 35 45
q om™

Figure 5.9: Difraction patterns of the CTAB-SHN-PSS complexesindp for the diferent
curves are: 0.2,2.25 (a); 0.5,3.6 (b); 0.6,4.5 (£),=2.23 ata=0.2; pix»=3.56 ata=0.5;
Pisn=4.45 ata=0.6;
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Figure 5.10: Difraction patterns of the CTAB-SHN-PSS complexeandp for the diferent
curves are: 0.7, 3.6 (a); 0.7, 12.0 (b)»=5.93 ate=0.7.

Table 5.6: The d-spacings, structure and lattice parasefe€TAB-SHN-PSS complexes
at different values o& andp. a andb denote the lattice parameters.

a | pio | P di(nm) | do(nm) | d3(nm) | da(nm) | phase a(nm) | b(nm)

0 |1.78|18 | 4.02 2.32 2.01 hexagonal| 4.6

0.2 2.23| 2.25| 4.37 2.53 2.18 hexagonal| 5.04
042973 5.15

05| 356| 3.6 |4.67 3.46 2.68 pgg 9.34 5.36
06| 44545 | 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
0.7 593| 12 | 5.58 4.02 3.59
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double-tailed cationic surfactant didodecyldimethylaomm bromide (DDAB), which

forms bilayers at all concentrations. Their structurestseussed below.

5.5 DDAB-polyelectrolyte complexes

5.5.1 Phase diagram of DDAB-water
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Figure 5.11: Phase diagram of DDAB-water systémrefers to the swollen lamellar phase.
L. is the collapsed lamellar phadg, denotes the gel phase, and | the isotropic phase [21]

The phase diagram of the DDAB-water system has been stugiedsévely in the
context of an anomalous attractive interaction betweemgeugbilayers [21]. At low surfac-
tant concentration the isotropic solution consists ofamgllar vesiclesl(z). The DDAB-
water system is found to exhibit two coexisting lamellar gg®at high surfactant concen-
tration (fig 5.11). The lamellar phask,) found at lower surfactant concentration shows the

usual swelling behaviour given by

d= 5m/(1 - ¢w) (5-1)

Here d is the lamellar periodicity, the thickness of bilayer angl, the weight fraction of
water.

On increasing the surfactant concentration, x-rdfraltion studies reveal in addition to the
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lamellar peaks correspondingltg, 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 laipletiae
(L,) where the bilayers are collapsed with very little watemman them. At 38C, there is

a large region of coexistence bf andL,. On increasing the temperature the coexistence
range decreases, leading to a critical point &C73n charged bilayer systems, the interac-
tions between the bilayers is repulsive, owing to which tgesation between the bilayers in
the lamellar phase is determined by the water content. Tpeaapnce of a condensed phase
(L) at intermediate surfactant concentrations indicatesttieainteractions become attrac-
tive at these inter-bilayer separations. Such a behaviasinbt been seen in other cationic
surfactant systems like didodecyldimethylammonium abde(DDACI)- water. Though the
origin of the attractive interaction responsible for thehhviour is not known at present,
they are suspected to arise from the condensatiddr otounterions 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-glyaghosphocholine (DLPC)
form lamellar complexes with PGA [22]. By keepiagc ( = weight of neutral lipid total
weight of the lipid ) fixed and varying the PGA concentratitime lamellar periodicity re-
mains constant at 5 nm. However at very low PGA concentratjor piy), faint additional
peaks appear at small angles with @ nm. On varyingppc from 0 to 0.9, keeping fixed
at pis, the d-spacing increases from 3.9 nm to 6 nm (fig 5.12). Thisbwieur was found to
be independent of the molecular weight of the PGA used. &umgily no additional peaks

corresponding to PGA-PGA correlation have been observed.

The thickness of DDAB-DLPC bilayers abc = 0.5 is nearly 3.14 nm. PGA molecules
form aa-helix when complexed with cationic surfactants [23] witldiameter of 1.3 nm.

Hence the lamellar periodicity of 5 nm is consistent with kyer thickness ot 3.2 nm
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Figure 5.12: Plot of d spacing obtained as a function/&f (= total weight of cationic and
neutral lipid weight of PGA) [22].

Figure 5.13: Schematic of the local lipid-PGA complex stawe showing the ‘pinching
mechanism’. At larger length scales, the PGA macromolacare positionally and orienta-
tionally disordered [22].
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Figure 5.14: Small angle neutron scattering studies (SANE) from DDAB-DLPC-PGA
complexes at various solvent scattering densities [22].

and a PGA strand with two hydration shellsL.8 nm. The swelling behaviour observed on
increasingppc atpis has been seen also in DDAB-DLPC-DNA system [24]. The ina@as
d-spacing on diluting the charge density of the bilayers,lbd to the proposal of a pinched
lamellar structure in these systems. This consists of ippahched regions of DDAB and
PGA with the d-spacing away from these regions determinddB®C (fig 5.13). However
the pinching mechanism proposed here has not been welllisbth PGA being flexi-
ble, with a persistence length ~ 2 nm, a lamellar phase consisting of bilayers bridged by

polyions cannot be ruled out.

Even if positional correlations exist between the PGA chairthe plane of the bilayer,
the PGA-PGA peaks would be absent if there is nfiicient contrast between the PGA
molecules and solvent. This can arise since the electrositgerf PGA molecules is nearly
the same as that of water. However the contrast may be iredtdgsusing small angle neu-
tron scattering techniques (SANS). Here the scatteringthecan be varied by changing the
ratio of H,O to D,O. At high H,O content, the scattering length of lipid and solvent are

closely matched. Hence the scattering should be mainly @A molecules. However no
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peaks are observed under these conditions (fig 5.14). Oeasitry the amount @,0, the
contrast between the lipid and solvent increases, and agmagars at 5 nm indicating the

scattering from the lamellar complex.

Thus the structure in the lamellar phase of lipid-PGA systane found to be ffierent
from those observed in lipid-DNA complexes. PGA strands$ikerthe ds DNA, do not ex-
hibit any order in the plane of the bilayer. Though PGA hasra bharge density comparable
to that of ds DNA, its persistence length is an order of maglgtiower. Hence the absence

of PGA-PGA correlations can be attributed to the low peesise length of PGA.

5.5.3 Structure of DDAB-polyelectrolyte complexes

All complexes appear as white precipitates phase sepgm@iitrof the aqueous solution.
They are found to be birefringent under a polarizing micopec The complexes in general
form a lamellar structure. In DDAB-ds DNA complexes the peakitions do not shift sig-
nificantly on increasing the DNA concentration (fig 5.15bignce the lattice parameter of
the DDAB-ds DNA complexes remain at 4.51 nm, nearly indepahdf DNA concentration
on varyingp acrosgis. However at high DNA concentration, a shoulder appears efirtst
order peak at 3.69 nm (fig 5.15c). A broad peak appears at 2rbfionp below p;ig, (fig
5.15b). We have also studied the complexes formed by ss DNIATAB. The lamellar

periodicity of these complexes is 4.15 nm (fig 5.15a).

The difraction pattern of DDAB-PGA complexes give two peaks in timals angle re-
gion with their g values in the ratio 1:2, indicating a laraelstructure for the complex (fig
5.16a). These complexes have a periodicity of 3.82 nmp fep;s. On increasing the PGA
concentration, the lattice parameter decreases to 3.48nmxfp;s. The dttraction pattern
of DDAB-PAA complexes also consists of two peaks (fig 5.16@loli¢cating a lamellar struc-

ture with a spacing of 3.46 nm far> p;s, and a spacing of 3.22 nm fpr< pis,. The x-ray
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Figure 5.15: Difraction patterns of the DDAB-DNA complexes. DDAB-ss DNA qalex
atp = 9.2 (a). DDAB-ds DNA complex witly = 9.2 (b);0=0.92 (¢);pixx = 0.71; The arrow
in curve (b) indicates the peak due to the scattering fromh#ieal structure of the DNA
strand; The arrow in curve (c) indicates the DNA-DNA peak; ABDconcentration in the
aqueous solutionis 10 mM .
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Figure 5.16: Difraction patterns of : (a) DDAB-PGA complex at= 9.2; pis, = 3.07 , (b)
DDAB-PAA complex atp = 0.92;pi5, = 4.59 , (c) DDAB-PVS complex gt = 0.92;pis, =
3.57.
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Figure 5.17: Dffraction patterns of DDAB-PSS complexes dfelient values op. p = 4.6
@);p=2.2(b);p=1.25(c).pixs = 2.25. DDAB concentration in the aqueous solution is 10
mM .
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Figure 5.18: Difraction pattern of a partially oriented DDAB-PSS complex; 1.65;pis =
2.25.

diffraction pattern of complexes of PVS with DDAB also give twakein the small angle
region (fig 5.16c¢) showing a lamellar structure with the péicity decreasing from 3.18 nm

to 3.09 nm on increasing the PVS concentration.

The complexes of PSS with DDAB however show a verffallent behaviour. Ap >
Piso, tWO peaks appear in the small angle region with no definisiomship between their
g values (fig 5.17 a,b). The intensity of the peak at 5.95 nnousid to be lower than the
peak at 3.03 nm. The peak at 5.95 nm remains nearly indepentléme polyelectrolyte

concentration. However at high PSS concentration, muabvmbelsy,, the peak at 5.95 nm
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Table 5.7: Relative intensities of the first pedk) (w.r.t the second peal) at different
values ofp in DDAB-PSS complexesis = 2.25.

P 11/12
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 DDABgbectrolyte complexes at
various polyelectrolyte concentrations. d denotes thiéparameter.

polyelectrolyte| pix | o di(nm) | do(nm) | d (nm)
ds DNA 0.71] 9.2 4.51 2.25 451
ds DNA 0.71| 0.92 | 4.50 2.25 4.50
| ssDNA [0.71]9.2 [415 | 415 |

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| 556 | 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

124



disappears (fig 5.17c). In an oriented sample of DDAB-PSSptexn(fig 5.18), the peaks
occur atg, = 1.04nm ™t and at 2.12m™. No peaks appear along direction. On increasing

the temperature up to AT the peak positions remain at around 6 nm and 3.03 nm respec-
tively. But on increasing the temperature to % the peak at 6 nm disappears. Also no
peaks could be observed due to the scattering from the satpetnindicating that the peaks

at 6.03+ 0.1 nm and at 3.03 nm occur due to the scattering from the ecampl

The relative intensities of the peaks were calculated &féemetric corrections. The
ratio of the intensity of the first peak with respect to theoset; does not show any system-
atic variation withp (table 5.7). The inner peak seen in DDAB-PSS was not obsarnved
any of the other DDAB-polyelectrolyte complexes studieplt@ 8 nm which is the largest
d-spacing that can be measured in our experimental set upd-Bpacings of the lamellar

phase of all the DDAB- polyelectrolyte complexes are sunimedrin table 5.8.

5.6 Discussion
5.6.1 CTAB-SHN-polyelectrolyte complexes

All CTAB-polyelectrolyte complexes show a hexagonal phastowever the lattice
parameters of the 2D hexagonal lattice vary, depending erptiyelectrolyte used. The
diffraction pattern of CTAB-PVS and CTAB-PSS complexes indi¢hat though the lattice
parameters remain almost the same for both the complexeslabtron density distribution

is different.

Since PGA, PAA, PVS and PSS have very short persistencéle(igtl0 nm), the hexag-
onal phase of CTAB-SHN with the polyelectrolytes can be eigxdto consist of cylindrical
micelles bridged by the polyelectrolyte chains (fig. 5.1®similar structure has been pro-
posed for the hexagonal phase of CTAB-PAA complexes edlligr Since SHN is known

to decrease the spontaneous curvature of cylindrical ggtgs, the increase in the lattice
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Figure 5.19: Schematic of the structure of the hexagonaseluwh CTAB-polyelectrolyte
complexes where the cylindrical micelles are bridged byptblgmer chains.

parameters of hexagonal phase with SHN concentration cault feom an increase in the
size of the micellar cylinders. The lattice parameters efttbxagonal phase of the complex

is similar to that observed in the hexagonal phase of CTABdSHth 50-60% water content
(chapter 2, table 2.2).
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Figure 5.20: Schematic of the structure of ttmam phase of CTAB-SHN-PAARPGA/PVS

complexes where the ribbon-like surfactant aggregatebrdged by the polyelectrolyte
chains.

The 2D centered rectangular lattice observed in CTAB-SHMRomplexes can arise
if positional correlation develops between the PGA chairthé plane of the bilayers. How-
ever, as discussed in section 5.5.2, the neutron scattexpgyiments on DDAB-PGA com-
plexes have shown that no positional correlations existéent the PGA strands in the plane

of the bilayers [22]. The absence of such a correlation has lagtributed to the low per-
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sistence length of PGA. Hence positional correlation of R&A strands can be ruled out
in CTAB-SHN-PGA bilayers. Moreover, if such correlationgst, leading to the formation
of a 2D lattice, the lattice parameters would depend on tha B&@centration. The lattice
parameters in these complexes however remain indepentiB@A concentration and are

only weakly dependent on SHN concentration.

The structure of the centered rectangular phase obsertgghatr SHN concentrations in
CTAB-SHN-PGA complexes is ffierent from a similar phase observed in lipid-DNA com-
plexes [25]. In cationic lipid-DNA complexes, a centeredtamgular lattice arises from
the transbilayer positional correlation of the DNA strantere, the lattice parameter cor-
responding to the separation between the DNA strands sahddibetween the bilayers,
changes with the DNA concentration. Therefore, we proposteugture for the complexes
of PGA with CTAB-SHN, consisting of ribbon-like aggregatsanged on a 2-D rectangu-
lar lattice (fig 5.20), corresponding to the plane greom. Such a phase has been observed
earlier in some surfactant systems in between the hexagmollamellar phases and also
in the CTAB-SHN-water system as described in Chapter 2 [26wever it has not been

observed in any of the earlier studies on polyelectrolytdagtant systems.

The lattice parameters of CTAB-SHN-PAA complexes do noy weith PAA concentra-
tion, but depend weakly on SHN concentration. They are aimtd those of CTAB-SHN-
PGA complexes, indicating that PAA and PGA complexes formilar structures. Hence
we propose that CTAB-SHN-PAA complexes also form a rectirgohase consisting of
ribbon-like aggregates bridged by the polymer chains (f&pb. The lattice parameters of
these complexes are comparable to those observed in tlomnihlases of CTAB-SHN-water

system (Chapter 2).

The lattice parameters of CTAB-SHN-PVS complexes also dovary with PVS con-

centration and depend weakly on SHN concentration. Thiedaftarameters are féierent
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Figure 5.21: Schematic of the structure of thgg phase of CTAB-SHN-PSS complexes
where the ribbon-like surfactant aggregates are bridgetidpolyelectrolyte chains.

from those observed in PAA and PGA complexes. The flexibditi?VS is however similar
to that of PAA. Hence a PVS-PVS correlation cannot occur éytlane of the bilayers. Thus
a ribbon phase similar to that seen in PAA and PGA complexedegproposed for CTAB-

SHN-PVS complexes characterized by a centred rectanguiterd.

The lattice parameters of CTAB-SHN-PSS complexes are wesgkisitive to SHN con-
centration and are independent of PSS concentration. Ulleis out a PSS-PSS correlation in
the plane of CTAB-SHN bilayers. Hence tipgg structure of CTAB-SHN-PSS complexes
at high SHN concentrations, most probably consists of mblie aggregates bridged by
polyelectrolyte chains (fig 5.21). Such structures have bBkEen seen in some surfactant
systems [27]. But we have not observed this in the CTAB-SHitewsystem. Perhaps the
complex is driven to form such structures because of tharvater content. The phase
observed in CTAB-SHN-PSS complexesat 0.7, might also consist of ribbons arranged

on an oblique lattice, a structure seen in sodium dodeqtsiie-water system [27].

The persistence length of a polyelectrolyte is very sarestth counter-ion and salt con-
centrations [28]. Since most of the polyelectrolyte chargee neutralized in the complexes,
the relevant quantity here is the intrinsic persistencgtledue to the sfiness of the polymer

backbone. The persistence lengths of PGA, PAA, PSS and RV/&baut 2, 1, 10 and 2 nm.
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Table 5.9: Sequence of phase transitions in CTAB-SHN-Petyelyte complexes on vary-
ing a.

| polyelectrolyte| o | structure]
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 pag
PSS 0.7 oblique?

They carry a bare charge o&0.154 nm, £0.32 nm, £/0.25 nm and &0.154 nm respec-
tively. In an earlier chapter of this thesis, we have seenttimcomplexes of CTAB-SHN
with ds DNA and ss DNA, which have the same charge moiety betrsigtence length that
differ by almost to orders of magnitude, give similar struct@tesimilara. The complexes
of CTAB-SHN with the polyelectrolytes, PAA and PVS whicHtér only by the chemical
nature of the charge moiety exhibit afferent sequence of transitions with(table 5.9).
However, PAA and PGA which have the same charge moiety lfigrdnt bare charge den-
sities and persistence lengths exhibit identical behawwowaryinga. Hence the structures
seen in these complexes may not be primarily determined dydsistence length of the
polyelectrolyte or its bare charge density. Similarly P®8 BVS exhibits dferent struc-
tures on varyingr. Thus we find that the structures observed in these compéerespecific
to each polyion. The theories of polyelectrolyte-surfatt@omplexation do not at present
take into account the specificity of the polyion. Our resuldicate that this needs to be

incorporated to predict the variety of structures seenas¢lcomplexes.
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Figure 5.22: Lamellar phase of the complexes of flexible glelgtrolytes 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 agueous solution [2hE tamellar phase of
DDAB-DNA complexes is expected to consist of DNA sandwichetiveen bilayers; a struc-
ture similar to that seen in cationic lipid -DNA complex&§). The lamellar periodicity of
4.51 nm for the DDAB-DNA complex is consistent with a DNA stdeof diameter 2.5 nm,
sandwiched between a bilayer of thickness 2 nm. The peakwdasat 3.96 nm corresponds
to the DNA-DNA peak (fig.5.15c). The hump at 2.51 nm appeaestdiscattering from the
helical structure of the ds DNA strand (fig.5.15b).

The complexes of flexible polyelectrolytes with DDAB cortsisf bilayers bridged by
the polyelectrolyte to form a lamellar structure (fig 5.22he decrease in the lamellar peri-
odicity when the polyelectrolyte concentration is bejaw, could be the result of enhanced
neutralization of the surfactant charges. Tlffe&ive attraction between bilayers can also
increase if more and more polyions bridge the bilayers wherpblyelectrolyte concentra-
tion is increased. The bilayer periodicity of the varioushpdexes (table 5.8) except for the
single and double stranded DNA and PGA5i8.2 nm, the periodicity observed in the con-
densed lamellar phask/() of the DDAB-water system. The absence of peaks correspgndi

to a correlation between the PAA, PGA or PVS strands is cterdisvith their persistence
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length being~ 1 nm; they remain disordered in the plane of the bilayersitieoal correla-
tions between the polymer strands in the plane of the bitalgave 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 arestodcattering from
the bilayers, if the complex forms a lamellar structure. sThbuld lead us to surmise that
the peak at smaller angles, corresponding to &0B1 nm arises due to scattering from
the PSS-PSS strands. We would then expect this peak powitginft with PSS concentra-
tion. However since the peak always appears at 6.03 nmpectise of the polyelectrolyte
concentration, this possibility may be ruled out. In aduhtto this, we also find that when
the sample is oriented, all the peaks appear alongytltrection (fig 5.18). A PSS-PSS
correlation peak, which arises from ordering in the plan¢hefbilayers would be oriented

perpendicular to the lamellar peaks.

Due to the unique phase behaviour seen in DDAB-water syssetisaussed in section
5.5.1, it is possible that the complex forms two lamellarg@asawith distinct periodicities.
But, to be consistent with the observations in the surfacgstem, we would expect the
peak position of the two coexisting lamellar phases in thregex, to shift with temperature
(fig 5.11). However, the peak position is found to remain petelent of temperature up to
73°C, and then disappears. Moreover, if we assume that DDABd®&Hlex consists of
two distinct lamellar phases, one would expect the scatientensities corresponding to the
two structures to vary with polyelectrolyte concentratibfowever the relative intensity of
the inner peak with respect to the first order lamellar peditdts no particular dependence
onp (table 5.7). The peak observed here at small angles has eotdiiserved in any of the

other polyelectrolyte complexes up to 8 nm.

The disappearance of the peak at high polyelectrolyte ctarat@ons much beloww;y,

is equally surprising. The dissolution of the complex at kait concentrations{ 50 mM
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NaBr) indicates that the structure of the complex is higlegsstive to the presence of salt.
Hence the structure of DDAB-PSS complex remains unexplbatgoresent. More work is

required to understand the structure exhibited by this dexap

5.6.3 Surfactant content of the various polyelectrolyte cmplexes

From the lattice parameters of the DDAB-polyelectrolytenptexes, we can estimate
the surfactant content in the complexesidlfs the bilayer thickness, d the lattice parameter,
and if we assume that density of surfactab®”® ~ p,,, the density of water, then the weight
fraction of DDAB in the complex ig2P*E = %. The bilayer thickness of DDAB in the com-

plex ,ds ~ 2 nm. ¢2PB calculated for the various complexes is given in table 5.10.

Similarly, we may also estimate the surfactant content ehiéxagonal phase of CTAB-
polyelectrolyte complexes. The radius of the CTAB cylind®fis ~ 1.98 nm [11]. A unit
cell of a hexagonal lattice consists of one cylindrical ieef CTAB. The ratio of the area
occupied by the cylinder to the area of a unit cell obtainednfthe lattice parameter of
the hexagonal lattice, gives the surfactant weight fractdd/e assume here that density of
CTAB, oS48 ~ p,, and that the radius of the micellar cylinders in the complexdt change

with surfactant concentration. Hence the surfactant candé the CTAB-polyelectrolyte

complexes are given byS™8 = (2 7 R2)) / /3a%. These values are also given in table 5.10.

At similar SHN concentrationsy= 0.7) the lattice parameters of CTAB-SHN-PAZGA
complexes were nearly the same as the lattice parameters/etdsaips = 0.6 in the CTAB-
SHN-water system. The lattice parameters of the centradngualar phase at these SHN
concentrations ara = 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 sunfaystem at similar lattice
parameters, we could estimate the surfactant content oB=3HAN-polyelectrolyte com-

plex ate = 0.7. Since PVS complexes form a lamellar phase at these SHb&ntrations,
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Table 5.10: Estimated surfactant content in complexes dfepectrolytes with DDAB
(¢PPAB), CTAB (¢S™"B) and CTAB-SHN §$5°). ¢S° corresponds ta = ~ 0.7.

polyelectrolyte| gDPAB | ¢STAB [ ¢CS
ss DNA 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 havereged the surfactant con-

tent (see table 5.10).

Table 5.10 indicates that both CTAB and DDAB complexes exlsiinilar behaviour.
The surfactant content in the complex varies as ss DNRGA < PAA < PVS < PSS.
Though the estimated surfactant content varies dependinbeopolyelectrolyte used, the
structure remains the same for all the polyelectrolytek #ie complex forming a hexago-
nal phase when the aggregates in the surfactant solutiaisteof cylinders ( in the case of
CTAB) and a lamellar phase when the surfactant solutionistssf bilayers ( in the case of
DDAB). We need to note here that CTAB-water system consisishexagonal phase over a

large range of surfactant concentration and DDAB forms biibyers in agueous solutions.

The behaviour observed above can be contrasted with thelstran CTAB-SHN-
polyelectrolyte complexes. A variety of structures areembsd in this system depend-
ing on the polyelectrolyte used. But if we estimate the watartent in the CTAB-SHN-
polyelectrolytes, for example at( = [SHN]/[CTAB]) ~ 0.7, they exhibit a trend (table 5.10)
similar to the CTAB and DDAB complexes. The structures obséiin the former vary de-
pending on the polyelectrolytes used since the CTAB-SHensystem a ~ 0.7, exhibits
these structures at similar surfactant content ( tableaptem 2). We have assumed here that
for similar lattice parameters, the size of the surfact@ggragates 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 coxrgote the structure exhib-
ited by the surfactant system at similar surfactant cont8ath a correlation has not been
suggested in any of the earlier studies; the use of a suntegyatem 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 morgiyotm the structure of
surfactant-polyelectrolyte complexes. This has beereaekiby using SHN which tunes the
spontaneous curvature of CTAB cylinders. For any givenglelgtrolyte, the complex shows
a variety of structures on varying We have obtained novel structures for the complexes,
like cmm and pgg, which have not been reported in earlier studies. Theseestgtiow that
the chemical nature of the polyion plays an important roleetermining the structure of
the complexes, by determining the surfactant content ottdmplex. We also found that
the structure exhibited by the complex is almost identiocahtat seen in the corresponding

surfactant system at similar surfactant concentration.
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