Chapter 3

Structure of Mesh Phases in Cationic
Surfactant Systems with a Strongly Bound
Counterion

3.1 Introduction

Mesh phases, made up of two dimensional (2-D) mesh-likastat aggregates, have been identi-
fied as one of the topological intermediates between the 2xadonal phase formed by cylindrical
micelles with uniform positive interfacial curvature argetlamellar phase consisting of bilayers
with zero interfacial curvature [1]. They are known to ocoua wide variety of amphiphilic sys-
tems ranging from anhydrous soap melts, ionic and noniangles-chained surfactants to block
copolymers, but they do not seem to be as prevalent as thetisiaous cubic phases, which also
usually occur in between the hexagonal and lamellar ph&3edivo types of mesh phases have
been identified; the random mesh phase, where inter-messlaiions are absent, and the inter-
mediate mesh phase, where the mesh-like aggregates lock 81D lattice.

The phase behaviour of the ternary system consisting oftgetgthylammonium bromide
(CTAB), 3-sodium-2-hydroxy naphthoate (SHN) and water hasn described in the previous
chapter and also reported in the literature [3, 4]. In thstay a transition from a random mesh
phase to the lamellar phase was found to occur through amatBate mesh phase with increasing
surfactant concentration at lower temperatures. The mibbir for the work described in this
chapter was to find the structure of the intermediate phasehwhkas tentatively identified as

a centred rectangular phad®) (earlier [4]. In the present chapter, a structure is propdse
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the intermediate mesh phase based on x-réiyadtion data and polarizing optical microscopy
observations. In the CTAB-SHN system, consisting of opjebsicharged molecules, an increase
in the surfactant concentration is accompanied by a cooretipg increase in the ionic strength
due to the released Band Nd counterions. Hence thétects of salt and surfactant concentration
on the phase behavior cannot be separated. Therefore, westwalied the phase behavior of the
surfactant CTAHN, which is formed by the complexation of @And SHN, as a function of NaBr
concentration. In order to understand the influence of thendength of the surfactant molecule on
inducing the mesh phase, we also discuss the dodecyltiyhaetinonium bromide(DTAB)- SHN
- water system whose phase behaviour has been describedpretiious chapter (Fig. 2.17).
Section 3.2 gives a short review of earlier studies on meakg# In section 3.3, a brief outline
of the experimental techniques used is given, and our seatdt described in section 3.4. X-ray
diffraction data from oriented samples of CTAB-SHN system initibiermediate phase show the
existence of a 3-D lattice with rhombohedral symmetry. Tiermediate mesh phase is also
recovered in the CTAHN-water system at high NaBr conceiotnat The intermediate mesh phase
is absent in DTAB-SHN system and only the random mesh phadeserved over a wide range of
surfactant concentratiomd). In section 3.5 a structural model for the mesh phases septed.
The random mesh phase is found to consists of a stack of 2\Borlebf rod-like aggregates,
with no long-range positional correlations along theirmal. These aggregates are regularly
stacked to from a 3-D lattice in the intermediate phase. Tameter of the rod-like segments was
estimated from the data and is found to be consistent withetigth of the surfactant molecule.
The average mesh size is found to increase witin the random mesh phase and the transition
to the intermediate mesh phase occurs when it is of the ofdeddimes the lamellar periodicity
d. In the DTAB-SHN system, on the other hand, the average meshdscreases wits; which
might me a reason for the absence of the intermediate phdbesisystem. Most of the samples
in the intermediate phase also give rather broad x-réyagdtion peaks in the small angle region,
corresponding to average periodicities of around 25nm. s@tmeaks seem to be arising from
some nodule-like structures seen in freeze-fracture relechicrographs of some samples in the

intermediate phase. Conclusions that can be drawn frone 8tedies are given in section 3.6.
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Figure 3.1: Schematic diagram of (a) centred rectanguticéanade up of ribbon-like aggregates,
(b) arandom mesh phase, (c) a square mesh layer and (d) sonexagesh layer [9].

3.2 Earlier studies

The random mesh phase has been observed in some binary @auy ®urfactant-water mixtures.
It can be distinguished from the conventional lamellar pHasthe presence of structural inhomo-
geneities in the plane of the bilayer, revealed by x-ray agmatnon scattering studies [5, 6]. The
occurrence of mesh-like aggregates in this phase has atsoibdicated by nuclear magnetic res-
onance (NMR) and electrical conductivity studies [7, 8] ethshow the presence of nonuniform
interfacial curvature and significant out-of-plane mdhilf the counter ions, respectively. An
increase in surfactant concentratign)(or a decrease in temperatufié fesults, in some cases, in
the development of out-of-plane positional correlatiohthe mesh-like aggregates, leading to the
formation of intermediate mesh phases with 3-D tetragondh@mbohedral lattices [9]. Though
there are reports of intermediate phases with non-cubmnliituous structures in some systems
[5, 10], the mesh phases seem to be more commonly obsereetheficubic phases. The structure

of the mesh phases has been characterized by x-fiagiadion and the nonuniform interfacial cur-
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vature of the aggregates forming intermediate mesh phasdsden established through deuterium
NMR studies [11]. In binary mixtures of ionic surfactantslamater, the mesh phase usually oc-
curs only over a narrow region in the phase diagram, althdayggdding long-chain alcohols and
by tuning the ratio of the surfactant to alcohol its extentldde increased [6].

Mesh phases have also been seen in nonionic surfactant+fuatires. Here a first order
transition from a random mesh to the lamellar phase has bleserneed on increasing the alkyl
chain length. It was also found that the intermediate mesis@lcould be stabilized over a large
range of¢s by increasing the chain length of the surfactant [11, 12,143, Besides the length
of the alkyl chain, the counter ion of the amphiphile is alsmkn to influence the stability of
the mesh phases in some binary ionic surfactant-water neix{l5]. A transition from a random
mesh phase to the intermediate mesh phase with increasimas also been observed in an ionic
surfactant-water system [16]. Here the intermediate méstsgis found to be destabilized by
additives, such as salt and alcohol, by bulky counter iond,key amphiphiles with shorter alkyl

chains [2]. A schematic diagram of the two types of mesh phesghown in figure 3.1.

3.3 Experimental

CTAHN was prepared by mixing equimolar ratios of sodium loygmnaphthoate (SHN) dissolved
in methylisobutyl ketone (MIBK) and CTAB in water. The CTAH&bmMplex obtained was ex-
tracted by vacuum distillation and subsequently dried iotary evaporator [17]. The structures
of all the chemicals have been shown in the previous chapietails of sample preparation and
experimental techniques used to identify the phases argatine as those described in chapter 2.
The parametergs anda have been defined as in the previous chapter.

Small angle x-ray scattering experiments on unorientecssncovering a g-range from 0.05
to 1.0 nn1!, was carried out in collaboration with R. Ganapathy at thead@nent of physics,
Indian Institute of Science, Bangalore, India. Freezetfna@celectron microscopy experiments on
some of the samples were carried out by J. Bellare, at therepat of Chemical Engineering,

Indian Institute of Technology, Bombay, India.
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Figure 3.2: Optical microscopy texture of CTB-SHN-watestsyn atr = 1, ¢s = 60 and T= 60°C.
Both the oily streak and mosaic textures are seen indictmgoexistence df® and intermediate
phases.

3.4 Results

3.4.1 CTAB-SHN-water system

The phase behaviour of this system has been described ihidekee previous chapter. Some im-
portant observations related to mesh phases are, howesttad here. Upon cooling the lamellar
phase atr = 1, ¢s = 60, the mosaic texture characteristics of 2D ordered phasasserved to
coexist with oily streak texture under microscope over aféwFig. 3.2). It indicates a first order
phase transition between these two phases. It is sometinssghfe to obtain partial alignment of
the samples in the lamellar phase with the bilayers paralltie glass plates. Interestingly, these
“homeotropic” regions persist even after cooling the sasplown to the intermediate phase (Fig.
3.3). The difraction pattern of the intermediate phas@at 60 consists of about 6 peaks in the
small angle region. The firaction pattern of a partially oriented sample is shown iarég3.4 and

a typical pattern obtained from unoriented samples is shodigure 2.10. Diffraction patterns of
this phase for all compositions are qualitatively similaith only slight changes in the spacings

with changes i, ¢s andT.
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Figure 3.3: Optical microscopy texture of the intermediglb@se in CTAB-SHN-water system,
showing dark regions where the optic axis is aligned norm#i¢ substratesd = 1, ¢s = 60, T=
30°C) [3].

Figure 3.4: X-ray difraction pattern of a partially aligned sample in the intediate phase at =
1, ¢s =60 and T= 30°C.
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Figure 3.5: Phase diagram of the CTAHN-water system. Theeshaegions in all the phase
diagrams correspond to multiphase regions.

3.4.2 CTAHN-water system

Microscopy observations indicate that CTAHN forms a lamaeflhase over a large range @&f
between 25 and 80 (Fig. 3.5). Theffdaction pattern aps = 60 consists of 2 peaks in the small
angle region with their g values in the ratio 1:2 correspogdb a lamellar structure. However,
the difuse peak arising due to the in-plane structure of the bitayes found to be absent at
all surfactant concentrations up to 60. At higher temperatures the lamellar phase is retained
at all surfactant concentrations, with the lamellar padibtg decreasing slightly with increasing
temperature.

In some samples fluse peaks are observed alangin addition to the lamellar reflections at
T > 60°C (Fig. 3.6) indicating the presence of a random mesh phdsepdsition of these peaks

do not change significantly up to 8C. On cooling, they disappear below’€D

3.4.3 CTAHN-NaBr-water system

The dfect of NaBr on the phase behavior of CTAHN was studied overgeleange of surfactant
concentration. The results are summarized in figures 3.73a8d At salt concentrations <
0.75M a multiphase region is observed f¢s < 65, which was not probed in detail to identify

the coexisting phases. At higher valuesooh random mesh phase is observed for this range of
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Figure 3.6: Ditraction pattern of the random mesh phase observed in the Gifater system
at¢s = 60, T= 70°C. The shift of the diuse peaks from thg, axis indicates the presence of
transbilayer correlations of the in-plane structure.
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Figure 3.7: Phase diagram of the CTAHN-NaBr system at30°C in thep (=[NaBr]) - ¢s plane.

¢s. At ¢s = 40 andp = 1.0 M this phase has a lamellar periodicity of 6.92 nm at@GQTable
3.1). The difuse peak is found to shift to smaller values of g with incnegpi. At ¢s = 60 the
lamellar periodicity is 4.60 nm fgs = 0.75M, and a difuse peak is seen at 6.70 nm. With further
increase in the salt concentration<lp < 1.3 ), the lamellar periodicity remains the same, but
the difuse peak is no longer present even at higher temperaturésgldgr values op (> 1.3 M)
microscopy observations indicate the formation of thermetliate phase for a range@faround
60. Diffraction pattern of this phase consists of a few sharp peatkeeismall angle region as in
figure 2.10.

For ¢s > 70 a regular lamellar phase is obtained at all salt concgmrtiss and the lamellar
periodicity remains the same as that observed in the absd#rgadt. At lower values op the
random mesh phase is transformed into a lamellar phase mrasingps.

SAXS studies of the intermediate phase show the presenceéddfanal peaks in the small
angle region of the diiraction pattern, which disappear on heating the sampleetcaifidom mesh
phase (Fig. 3.9). Although many of these peaks could not Ipsistently reproduced, many
samples of the same composition revealed a reproduciblegiea25nm. To probe the structure
further at these length scales, freeze fracture electr@nosgopy observations were carried out
on these samples. These indicate a fine mesh like structubeiplane of the bilayers in the

intermediate phase (Fig. 3.10). This structure does noh$ede correlated over long distances,
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Figure 3.8: Phase diagram of the CTAHN-NaBr system in theplane aips = 60. L, denotes
multiphase region.

Table 3.1: The lamellar periodicityl and the average defect separatidg) (n the lamellar phase
of CTAHN-NaBr-water at a few values @i andp=[NaB].

¢s | p | dinm) | dy(nm)
40 0 | 79 -
6.92 | 7.04
15| 6.16 | 7.17
4 | 563 | 7.58
50| 0 | 6.24 -
1 | 576 | 6.91
60| 0 | 5.0 -
0.75| 4.60 | 6.70
1 | 4.63 -
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Figure 3.9: Small angle x-ray fiiiaction pattern of the CTAHN-NaBr-water systemg¢at= 60,
[NaBr] = 2.6 M and T= 30°C (upper curve). The éraction pattern in the higher temperature
lamellar phase is shown for comparison (lower curve).

but shows short-range periodicity of 5 - 7 nm (Fig. 3.11). didition to the mesh like structure,

nodule like structures with an average size of around 30 nme wieserved in some samples in the

intermediate phase (Fig. 3.12).

3.4.4 DTAB-SHN-water system

The detailed phase diagram of this system has been showraptest®. It forms the.? phase
over the composition range studied, with the average detgrdration decreasing with increasing
¢s. This trend is opposite to that seen in the CTAB-SHN systeigure 3.13 shows the swelling
behavior of theL? phase in the DTAB-SHN-water system. It is found to be wellodiegd by the
relation,d ~ ¢;°, with s=0.63, wherap, is the volume fraction of the non-aqueous components,

estimated fromps using the densities of these components.

3.5 Discussion

3.5.1 Structure of the mesh phases
3.5.1.1 CTAB-SHN-water

The microscopy observation that homeotropically alignegions in the lamellar phase remain

unaltered in the lower temperature intermediate phaseates that the latter is also optically
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Figure 3.10: Freeze fracture electron micrograph of thermediate phase of the CTAHN-NaBr-
water system aps = 60, [NaBr]= 2.6 M and T= 30°C. The scale bar corresponds to 2000nm.

Figure 3.11: Part of fig. 3.10 enlarged to show the fine mdghdiructure in the plane of the
bilayer.
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Figure 3.12: Freeze fracture electron micrograph of thermediate phase showing nodule-like
structures in the plane of the bilayer in the CTAHN-NaBr-evagystem aps = 60, [NaBr]= 2.6

M and T= 30°C. The scale bar corresponds to 1000nm.

uniaxial. This reduces the possible structures of this@tasither tetragonal or hexagonal, similar
to the structures of intermediate phases seen in some iadimanionic surfactant systems as
well as in some block copolymers. Thefdaction pattern of this phase contains one very strong
reflection, whose spacing is very close to that of the peakarhigher temperature random mesh
phase. It also smoothly continues into the lamellar peak®frandom mesh phase seen at lower
values ofgs. These observations suggest that the intermediate phesea@sists of mesh-like
aggregates, with the additional peaks arising from theit@ekn of the mesh into a 3-D lattice.

The reflections from the intermediate phase could be indereti2-D rectangular lattice cor-
responding to the space groopmm with lattice parametera = 12.9 nm and = 5.72 nm. Indeed
earlier in reference [4] a centred rectangular lattice vessgmed to this phase. However, in such
a structure, usually formed by ribbon-like aggregates,riblieons have to align with their long
axes normal to the plates to give rise to the dark regionsrebden the microscopy texture. This
is highly unlikely since ribbon and the closely related hggx@al phases usually align with their
constituent long aggregates parallel to the bounding sestaHence the ribbon phase can be ruled
out as a possible structure of the intermediate phase.

The reflections obtained at= 0.67 andps = 60 in the intermediate phase cannot be indexed
on to a 3-D tetragonal lattice. They, however, can be indexetb a 3-D hexagonal lattice corre-

sponding to the space gronﬁiﬁ_im. Two indexing schemes are possible with the lattice pararset
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Figure 3.13: Variation of thd-spacing of the.? phase with surfactant volume fractiap ) in the
DTAB-SHN-water system at = 1 and T= 30°C.

a=7.41 nm anc = 14.64 nm ora = 11.4 nm anct = 14.6 nm (Table 3.2). It is interesting to
note that the diraction data consisting of 9 reflections for the rhombohledesh phase studied
by Funari et al. [12], could also be indexed using these tveises. However, in the present
case we can use the additional information from the payt@ilented patterns (Fig. 3.4) to rule
out the second possibility, according to which some of tiflecgons have = 0. These reflections
should, therefore, fall on thg, axis, which is not the case. Hence we take the structure te-cor
spond to scheme 1. This has the additional feature that ke v the lattice parameteris the
continuation of the position of the filuse peak seen in the random mesh phase. The structure of
the intermediate mesh phase in the nonionic system, prdpnseference [12], also corresponds
to this scheme of indexation.

The intermediate phase transforms into the random mesle@tagb°C on heating, with the
lamellar periodicity comparable to the spacing of the (0@3lection of the intermediate phase.
As mentioned earlier, this observation suggests that tieemediate phase has a layered structure
and is closely related to the random mesh phase. Such lagatertures with a rhombohedral
symmetry have been observed in many surfactant systems 8lg). These consist of a 2-D

network of rod-like aggregates interconnected to form aberal mesh. Each unit cell of the 3-D
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Figure 3.14: Model for the intermediate phase showing theaafi of the hexagonal mesh struc-
ture.

hexagonal lattice has a three-layer stacking (ABC) of thmeshes. Increasing the temperature
would result in the loss of out-of-plane correlations, iegdo a random mesh phase.

Diffraction patterns of the intermediate phase, through outdngposition range where it is
stable, could be indexed on the same lattice, with the &aiarameters varying witl, ¢s and the
temperature (Table 3.3). Table 3.3 also gives the variatidhe ratioy of the in-plane periodicity
to the stacking periodicity witlps and « in the intermediate phase; corresponding data for the
random mesh phase are given in table 3.5qfet 1. (In the intermediate phase= 3a/c, and in
the random mesh phase= dy/d.) As can be seen from these tablgsncreases gradually with
increasingps in the random mesh phase and the transition to the interteadiash phase occurs at
v ~ 1.4, consistent with observations on other surfactanesys{15, 16, 18]. The modulated part

of the interaction potential between the planar surfacesitg due to the structural inhomogeneity
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Table 3.2: X-ray diraction data from the intermediate phase of the CTAB-SHNewsystem at
a = 0.67 andgps = 60, indexed on a rhombohedral3R) lattice. The calculated spacingsa(g
are obtained from the relation, /d)? = (4/3)(h? + hk + k?)/a? + 1?/c? with the condition -h-k+
= 3n, where n is an integer. Two schemes of indexing are pregertrresponding to unit cell
parametera = 7.4 nm,c = 14.6 nm, anch = 11.4 nm,c = 14.6 nm (l,,s are taken from ref.[3]).

Scheme 1 Scheme 2

dops(NM) | degc(nm) | h k1 | dege(nm) | hkl | Intensity
6.61 6.61 (101) 6.61 (110) S
4.88 4.88 (003) 4.88 (003) VS
3.31 3.28 (104) 3.31 (220) w
2.73 2.72 (015) 2.73 (223) w
2.44 2.44 (006) 2.44 (006) w

Table 3.3: Lattice parameters of the intermediate rhomé@ienesh phase of the CTAB-SHN-
water system at a few filerent values ofr and¢s at T = 30 °C [4]. ¥ = 3a/c is the ratio of the
in-plane and out-of-plane periodicitiesy andr® are the values of the micellar radius estimated
from models A and B, respectivelg.andc are the lattice parameters of the 3-D hexagonal lattice.

@ | ¢s| ¢ |amm)|cim)| 1 | |y
04 [ 60| 58.2| 808 | 14.25|2.09| 166| 1.7
0.67| 55| 524| 7.82 | 15.87| 2.06| 1.65| 1.47
60| 57.3| 7.41 | 1464| 2.03| 1.62| 1.52
70| 65.0| 6.71 | 14.37| 2.07| 1.67| 1.44
1 55|51.7| 757 | 16.53| 2.07| 1.65| 1.37
60| 56.5| 7.26 | 15.21| 2.03| 1.63| 1.43
70| 65.6| 6.32 | 12.36| 1.86| 1.50| 1.53
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in the plane) decays exponentially with a decay length obtier of the in-plane periodicity [19].
Only when the separation between the layers of random méshtms compared to the in-plane
periodicity, the interaction potential is strong enoughdck the meshes to give rise to the 3-D

ordered phase.
3.5.1.2 CTAHN-water

The lamellar phase found in this system at lower temperaggems to consist of regular bilayers,
as indicated by the absence offdse peaks in the direction normal to the lamellar peaks. The
bilayer thickness estimated from thefdaction datad ~ 3.0 nm ) is also consistent with such

a structure. The decrease in the lamellar periodicity dtdngemperatures ( ¥ 60°C) and the
observation of a diuse peak in some samples at these temperatures suggestntiaida of a

random mesh phase on heating.
3.5.1.3 CTAHN-NaBr-water

The intermediate phase here is very similar to that in the B"BAIN-water system, and can again
be indexed on to a 3-D hexagonal lattice corresponding tshee grouﬁ2§m (Table 3.4). Though

a transition from the random mesh to the intermediate phasers on addition of NaBr to the
CTAHN-water system ats = 60, further addition of salt does not lead to a regular laanglhase.
Salt is known to destabilize the intermediate mesh phasé(@]n the present system we observe
a transition from a random mesh to the intermediate phaskeirptesence of NaBr. However
such a transition could not be obtained by replacing NaBn Wa&Cl indicating the importance of

counterion specific interactions.

3.5.2 Modeling the mesh phases

Two possible types of aggregates have been proposed foedagbnal intermediate mesh phases
in the literature, which can be described as networks oflik@dsegments [11, 12, 13, 18]. In the
first one (model A) three rods meet at each node, giving rise2eD hexagonal lattice of pores
(Fig. 3.15). In the other structure (model B) six rods meetzeth node, and the nodes themselves

are arranged on a 2-D hexagonal lattice (Fig. 3.16). In otalelifferentiate between these two
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Table 3.4: X-ray diraction peaks of CTAHN-NaBr-water systemat= 2.6 M and ¢s = 60,
indexed on an rhombohedral ) lattice.

dexp(NM) | deaic(nm) | plane| intensity
5.95 5.95 | (101) VS
4.75 4.74 (012) -
4.55 4.55 (003) WS
3.02 3.03 (104) w
2.51 252 | (015)| ww
2.25 2.27 (006) w

possibilities we have estimated the radiysof the rod-like segments from the experimental data.
Sincer,, can be expected to be comparable to the molecular lengthyatllnes obtained from
the models can be used to choose between the two possibdtusttai This analysis will also
show how well the aggregates in the system can be describ@eésis like, instead of as bilayers
containing a regular arrangement of monodisperse porese $n the latter case the estimated
values ofr, will be much larger than the radius of the cylindrical miesll We use the rod and
box models of these structures discussed in referenced8l1As mentioned there, the values
of the model parameters do not change significantly on usioge reophisticated models for the
mesh-like aggregates. We have also extended this anabysie random mesh phase, assuming
that the average structure of the mesh in this phase is sitoitaat in the intermediate phase.

We find that the values of, obtained from model A are comparable to the values of theltarce
radius of similar systems reported in the literature [2Q; @hereas values obtained from model B
are much smaller. Thus it is clear that the aggregate in ysites1 can be satisfactorily described
as a mesh, with three rod-like segments meeting at each aodenot as a bilayer containing
pores. In the case of single component systems it is alsagp@$s estimate the interface area per
molecule from both these models, which in turn can be usedstathe models. Such an analysis
cannot be used in the present mixed surfactant system, ia@ncentration of the two species
need not be uniform in the mesh. We have also not considehed bicontinuous structures of the

intermediate phase discussed in reference [13], whichgivid smaller, and, therefore, even more
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unrealistic values aof;,.
3.5.2.1 Intermediate mesh phase

In model A the structure of the intermediate mesh phase sporeds to a 3-layer stacking of the
mesh-like aggregates as shown in figure 3.14. The lengthaf egdindrical segmenit can be

expressed in terms of the lattice parametand the micellar radius, as [11]

=
V3

The volume occupied by the surfactant, expressed in tertheahicellar radius, the only unknown

(@-2rpy). (3.1)

parameter in the model, is equated to the volume estimatedtfie surfactant weight fraction and

unit cell volume. This yields the cubic equation,

42 - m)r + 2rar? — a*dg, = 0, (3.2)

whered = ¢/3 and¢, is the volume fraction of the surfactant. Out of the 3 roottaoted for
the cubic equation, only one turns out to be reasonable Witlother two being either negative or
unrealistically large. Values of the micellar radius in theermediate phase obtained affelient
surfactant concentrations of CTAB-SHN are listed in tab& 3

The corresponding expressions for model B are:

| =a-2V3r, (3.3)

and

12(2— )3 + 2V3nar? — a?dg, = 0 (3.4)

The values of ,, obtained from this model are also given in table 3.3.
As can be seen from table 3.3 valuesrgfobtained from model A are much higher than
those from model B. The former values are also comparableasetquoted in the literature for

cylindrical CTAB micelles which varies between 1.9 to 2.2 {#f]. On the other hand, values
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Figure 3.15: Schematic of the 3 coordinated mesh in the lemagntermediate phase.

obtained from model B are too low to be realistic. Thus we ade out model B as a possible
structure of the intermediate mesh phase in the presermsyst

As discussed earlier, the formation of mesh phases invehesreation of branch points or
nodes where the three rod-like micelles meet. In the stradtat has been proposed the rods
meeting at a branch point are confined to a plane. It can bectegbhat such cylindrical rod-like
aggregates would form bicontinuous structures or a 3-D matsier than a 2-D mesh. Though
non-cubic bicontinuous structures have been proposedne systems, intermediate mesh phases
were found to be more consistent with the experimental @asens [18]. The formation of a 2-D
mesh also suggests that the cross section of the rods idypydisdter described as elliptical rather
than circular, favoring them to lie in a plane. In the preseatel, the elliptical cross section of the
rod has not been taken into account since it would increasauimber of unknown parameters.
However the reasonable values obtained for the micellaunsaiggests that the eccentricity of the

ellipse is negligible.
3.5.2.2 Random mesh phase

If the random mesh phase consists of similar aggregategastdrmediate phase, albeit without
long range correlation, then the above analysis should gddi in this phase also. With this in
mind we have estimated the micellar radiwgsising the above expressions, with the lattice param-

eterareplaced by the average separation of the defctas in the case of the intermediate phase
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Figure 3.16: Schematic of the 6 coordinated mesh in the leagntermediate phase.

Table 3.5: Variation of the lamellar periodicitgd)(and the average in-plane periodicity) with
¢s in the CTAB-SHN-water system at = 1 and T= 30 °C. r, is the micellar radius estimated
from model A, discussed in the text.= dy/d.

¢s | d(nm) | dg(nm) | rm Y

30| 9.6 5.93 | 1.88]| 0.69
40| 7.17 6.93 | 2.0 | 0.97
50| 5.85 745 | 2.08| 1.27

only model A gives reasonable valuesrgf(Table 3.5). It is interesting that these values are very
close to those obtained for the intermediate phase, comiythie similarity of the aggregates in
the two phases. On increasing the surfactant comgeimicreases slightly as seen in the hexagonal

phase of many systems [22].

3.5.3 Influence of alkyl chain length

In the DTAB-SHN system the average separation between tleetdadecreases on increasifg
The random mesh phase of DTAB-SHN was also modeled basedeostriiicture proposed for
that of CTAB-SHN. The radius of the cylinders estimated frima model is found to decrease
slightly on increasings (Table 3.6). The estimated radius of DTAB micelles is alsmparable

to the values quoted in the literature for the length of thdastant molecule. The absence of
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Table 3.6: Variation of the lamellar periodicitd)(and the average in-plane periodicityy) in
the DTAB-SHN-water system at = 1 and T= 30 °C. r, is the micellar radius of DTAB-SHN
estimated from model Ay = dy/d.

¢s | d(nm) | dg(nm) | rm Y

60| 4.38 587 | 1.77]| 1.34
70| 3.81 | 5.23 |1.70| 1.37
80| 354 | 4.42 | 165|125

the intermediate phase in the DTAB-SHN-water system is isters with observations in some
nonionic surfactant systems, where decreasing the all@ghdangth destabilizes the ordered mesh
phase. In the present system this might be related to theaseiny with increasing surfactant
content. The modulated part of the interaction potentialasstrong enough to lock the meshes
due to the comparable values of the in-plane and stackingdieities.

The swelling behavior of theP phase in this system, with an exponent 0.63 (Fig. 3.13)
is also consistent with the presence of mesh-like aggregathis phase [1, 11]. In the, phase
s~ 1.0 and in the hexagonal phase iti9.5. The intermediate value sffound here reflects a

micellar morphology in between a cylinder and a bilayer.

3.5.4 Large scale structures in the intermediate mesh phase

The fine mesh-like pattern observed in the freeze fractwdies with a short-range periodicity
of 5 to 7 nm is consistent with the structure proposed for tliermediate phase in the present
system. Similar fine structures have been revealed in TEMiedwof the intermediate phases in
some block copolymers [23]. The nodule-like structureseolbed in some samples with average
separation~ 30 nm might be due to the presence of pores in the bilayer. Thaid also arise
from a dispersion of vesicles coexisting with the internageliphase. It is very likely that these
structures are responsible for the scattering in the smagllearegion observed from this phase.
Since these structures are not seen in all the samples thdikaly to be metastable. Further

studies are required to probe these structures in mord.detai
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3.6 Conclusion

In conclusion, we have determined the structure of the nmeeliate phase observed between a
random mesh and lamellar phases in a mixed ionic surfacyatéra formed by CTAB and SHN.
It is found to consist of a three-layer stacking of 2-D netivof rod-like micelles, corresponding
to the space groupi?n. The aggregate morphology is identical in the random rpisise, which
occurs at lower surfactant concentrations, although thg-fange positional order present in the
intermediate phase is absent in this case. On examiningfinemce of salt on the phase behavior
of the mixed surfactant system, we find that similar phasesbeaobtained in the CTAB-SHN-
water and the CTAHN-NaBr-water systems. The intermediagse is lost on decreasing the alky!l
chain length of the surfactant, consistent with earliereoations. Somewhat surprisingly, the
dependence of the mesh size in the random mesh phase on thetamir concentration shows
opposite trends in the CTAB and DTAB mixtures. At present wendt understand the reasons
for this difference, but it is likely that the appearance of intermeduai@se in CTAB-SHN and
its absence in DTAB-SHN is related to this. These obsemmatghow the rich phase behavior of
concentrated solutions of mixed ionic surfactant systevhg;h hitherto have mainly been studied

in the dilute limit.

76



Bibliography

[1] S. T. HydeCollog. de Phys. C7, 209 (1990).

[2] M. C. Holmes and M. S. Leaver iBicontinuous Liquid Crystal, Intermediate Phases ; Lynch,
M. L.; Spicer, P. T. Eds.; Taylor & Francis: NW, 2005; pp 15-39

[3] R. Krishnaswamy, S. K. Ghosh, S. Lakshmanan, V. A. Ragkthiem and A. K. Soodangmuir
21, 10439 (2005).

[4] R. Krishnaswamy, Ph. D ThesiStructure of Surfactant-Polyel cetrolyte Complexes, Jawahar-
lal Nehru University, New Delhi (2003).

[5] P. Kekichdf and B. Cabanéicta Cryst. 44, 395 (1988).

[6] Y. Hendrikx, J. Charvolin, P. Kekichitand M. Roth Liq. Cryst. 2, 677 (1987).
[7] P. O. Quist, B. Halle and I. Furd Chem. Phys. 96, 3875 (1992)

[8] M. C. Holmes, N. Boden,and K. Radl&ol. Cryst. Lig. Cryst. 100 93 (1983).
[9] M. C. HolmesCurr. Opin. Colloid Interface Sci. 3, 485 (1998).

[10] M. Imai, A. Saeki, T. Teramoto, A. Kawaguchi, K. NakayfaKato and K. 1taJ. Chem. Phys,
115 10525 (2001)

[11] C. E. Fairhurst, M. C. Holmes and M. S. Leuaangmuir 13, 4964 (1997).
[12] S. S. Funari and G. Raggroc. Natl. Acad. Sci. USA, 96, 7756 (1999).

[13] J. Burgoyne, M. C. Holmes and G. J. T. TiddlyPhys. Chem. 99, 6054 (1995).

77



[14] S. S. Funari, M. C. Holmes and G. J. T. Tid@yPhys. Chem, 96, 11029 (1992).
[15] P. Kekichef and G. J. T. Tiddyl. Phys. Chem., 93, 2520 (1989).
[16] S. Puntambekar, M. C. Holmes and M. S. Lekar. Cryst. 27, 743 (2002).

[17] R. Oda, J. Narayanan, P. A. Hassan, C. Manohar, R. A §dk&ern and S. J. Candau
Langmuir 14, 4364 (1998).

[18] M. S. Leaver, A. Fogden, M. C. Holmes and C. E. Fairhuestgmuir 17, 35 (2001).

[19] J. Israelachvililntermolecular and Surface Forces, 2nd edition, Academic Press, London

(1991).
[20] K. M. McGrathLangmuir 11, 1835 (1995).
[21] F. Reiss-Husson and V. LuzzdtiPhys. Chem. 68, 3504 (1964) .
[22] F. Husson, H. Mustacchi and V. Luzzaicta Cryst., 13, 668 (1960).

[23] T. Hashimoto, S. Koizumi and H. Hasegawgcromolecules, 25, 1433 (1992) .

78





