Chapter 4

Structure of Mesh Phases : Influence of the
Hydrophilic Head Group of the Surfactant
and the Nature of the Counterions

4.1 Introduction

The important role of the length of the hydrocarbon chairhefgurfactant in stabilizing fierent
liquid crystalline phases between the hexagonal and lamslivell studied. Shorter hydrocarbon
chains generally induce the bicontinuous cubic ph&sg (vhereas longer ones induce other in-
termediate phases$nt), such as ribbon and mesh phases [1]. Tihtephases are also seen with
surfactants with sfier fluorocarbon chains. The headgroup size which deterntieemterfacial
curvature is also an important factor in stabilizing ¥eor Int phases [2]. Basically a balance
between the aggregate flexibility, determined by the chamyth, and the interfacial curvature
seems to decide which of these structures is formed. Botheshtcan be tuned using either a
co-surfactant or an adsorbing counterion in the case of isunifactants [3, 4].

In chapters 2 and 3, we have described the phase behavidue GAB-SHN-water system.
It is found to show a rich phase behaviour with a random twoettisional (2-D) mesh phase and a
3-D ordered mesh phase with rhombohedral symmetry at hgyhvéactant concentrations. DTAB,
which is a shorter chain analogue of CTAB, forms only the 2aBdom mesh phase, but not the
3-D ordered one. In this chapter we investigate the role édint head groups on the structure
and stability of these phases, keeping the chain length sartteat of CTAB. The surfactant used

is cetylpyridinium bromide (CPB). In section 4.2, earliaxdies on this kind of systems have been
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Figure 4.1: The phase diagram of CPB-hexanol-brine (0.2 NBrNaystem. The mesophasic
domains are isotropic (1), lamellar liquid crystal (11) aisdtropic sponge (Ill) [7].

presented. Like CTAB, CPB shows the 2-D hexagonal phase avéde concentration range.
The experimental techniques are briefly discussed in sedti®, and our results are described in
section 4.4. For low amounts of added 3-sodium-2-hydroyphtizoate (SHN), the phase diagram
is very similar to that of the CPB-water binary system. Higtedt content induces a lamellar phase
with curvature defects. Interestingly, the mesh-like agates forming this phase have a four-fold
symmetry axis hormal to the plane, instead of the hexagomaireetry seen in the mesh phases
of the CTAB-SHN system. At still higher surfactant concatitins, an ordered mesh phase is
formed, where the square mesh-like aggregates order ia thmeensions in a body centred lattice.
The three component phase diagram is found to be symmetoiat abe equimolar CPB-SHN
composition.

To check the ffect of the surfactant counterion, the phase diagram of thdpgeidinium
chloride (CPC)-SHN-water system has been determined. Ainemjar composition this system
forms aregular lamellar phase. No mesh phases are founid isytem, indicating the importance
of specific ion ects in stabilizing these phases.

Further the fects of the strongly bound counterion was probed by addidgisosalicylate
(SS) and sodiunp-toluene sulfonate (ST) to CPB. Both these salts give a vétgrént phase
diagram from that of SHN, as described in section 4.5. Theeestlts do not alter the cylindrical
morphology of the surfactant aggregates found in the CP&m@nary system. The conclusions

that may be drawn from these studies are given in the lasbsect
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4.2 Earlier studies

Like most surfactant systems, CPB and CPC form sphericaltegjust above the CMC. Further
increase in the surfactant concentration gives rise todyical micelles. In the concentrated region
the phase diagram is dominated by the 2D hexagonal phase.

In the dilute regime, CPB micelles are found to grow in to éaftgxible cylinders with in-
creasing NaBr while CPC micelles remain small and globuliéin WaCl [5, 6]. The influence
of hexanol on the phase behaviour of CPB and CPC in brine hars ibeestigated [7]. With in-
creasing hexanol content, the following phase sequencbsiereed: isotropic micellar solution
(Ly) — lamellar liquid crystalline phase (LLG)» sponge phase (Fig. 4.1). The sponge phase is
an optically isotropic phase which scatters light and eixfistreaming birefringence . This se-
guence is same for both the surfactants and found to be gentergl [8]. In the organic solvent,
N-methylsydnone, CPB is found to form hexagonal and lamgltases [9]. All of the above
studies are confined to the dilute regime.

The intermediate phases which provide a fascinating tapodb link between hexagonal and
lamellar phases is an interesting subject in the field ofrbmt liquid crystals. There are many
systems which show the presence of such phases [10], wineedld& containing water filled holes
(mesh structure) may or may not be correlated from one layénd next [11, 12, 13]. In some
systems the development of out of plane positional coicglatof the mesh-like aggregates at high
surfactant concentrations leads to the formation of treximédiate mesh phase with 3-D tetragonal
or rhombohedral lattice [14]. A more detailed descriptibearlier work on mesh phases has been

given in the previous chapter (section 3.2).

4.3 Experimental

The surfactants CPB and CPC and organic salts SS and ST weteapad from Aldrich. SHN
was prepared as described in chapter 2. The chemical gtesabdl the molecules are given in
figure 4.2. The experimental techniques used to identifydifferent phases were same as those

described in previous chapters.
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Figure 4.2: Chemical structure of (A) cetylpyridinium brl®, (B) cetylpyridinium chloride, (C)
sodium salicylate and (D) sodium tosylate.

The phase behaviour of the systems were probed as a fundtitve onolar rationa of the
organic salt to the surfactant, and of the total concewtnatif the surfactant and saltd). The

temperature was varied from 30 to 8C.

4.4 Results

4.4.1 CPB-SHN-water system

For this systena was varied from 0.25 to 2.0 and for eaghyps was varied from 10 to 80 wt%. To

draw the three component phase diagram, around 100 congpgsitere characterized.
4.4.1.1 Phase behaviour at = 0.25

At this small amount of added salt, the phase behaviour s sietilar to that of the binary CPB-
water system. The viscoelastic isotropic phase (l) whidwshslight flow birefringence is made
up of cylindrical micelles. At highegs, this isotropic phase transforms to an aniosotropic liquid
crystalline phase through a two phase region (Fig. 4.3). typieal texture of this phase under
crossed polarizers is shown in figure 4.4. X-raffrdiction shows two peaks with the magnitude of

scattering vector q in the ratio 1v3. These reflections correspond to the (10) and (11) planes of
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Figure 4.3: Phase diagram of CPB-SHN-water system-a0.25.1, H andC denote the isotropic,
hexagonal and crystalline phases, respectively. The ghr@gdgons in all the phase diagrams cor-
respond to two-phase regions.

a 2-D hexagonal lattice. The Kraft temperature is found togase withps.
4.4.1.2 Phase behaviourat =0.5and 1.0

Over a wide range of concentratiops(< 35) a lamellar phase coexists with an isotropic phase
for « = 0.5 (Fig. 4.5). The isotropic solution is found to float on toptleé lamellar phase. The
typical oily streak texture shown by this sample is charastie of lamellar phase (Fig. 4.6). X-ray
diffraction pattern of this phase shows three peaks with theswpg in the ratio 1 : 2 : 3. These
reflections are observed aloggwherezis the direction of lamellar stacking. In the perpendicular
direction, alongq, there is a diuse peak at a lowey value (similar to Fig. 4.11A). This @use
reflection is attributed to curvature defects in the plant@ebilayer. On increasing the temperature
at these concentrations the lamellar phds® ¢isappears leaving only the single isotropic phase.
The transition temperature increases with

On further increase aps a mosaic microscopy texture is observed, which ffedent from
that of other lyotropic liquid crystalline phases (Fig. #.©n heating this texture transforms into
the characteristic texture of lamellar phase with a narremvgerature range over which both of
them coexist. It is also found that the homeotropicallyraéid regions in lamellar texture (which

appear dark under crossed polarizers) persist even omgoible sample to the phase with the
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Figure 4.4: Typical texture of hexagonal phase of CPB-SHitewsystem under crossed polarizers
ata = 0.25,¢s = 60 and T= 45 C.
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Figure 4.5: Phase diagram of CPB-SHN-water system at0.5. |,L°, T andC denote the

? (0724

isotropic, lamellar with curvature defects, tetragonal arystalline phases, respectively.
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Figure 4.6: Typical texture of lamellar phad€’j of CPB-SHN-water system under crossed polar-
izers ate = 0.5,¢s = 20 and T= 30° C.
mosaic texture. The transition temperature increasesindtieasingps. X-ray diffraction pattern
of this phase show six peaks suggesting a more orderedwgiubian the lamellar phase. Careful
observations reveal that thefllise peak in thé.? phase becomes more intense and it splits into
four spots ags is increased (Fig. 4.8). These reflections could be indexreid @ body centred
tetragonal lattice (Table 4.1). On heating thérdiction pattern of this phase (T) changes and
shows two peaks corresponding to a lamellar periodicitp@glwith the four difuse spots (similar
to Fig. 4.11B). On further heating the four spots merge intafaise ring (similar to Fig. 4.11A).
The T phase is found upto the highest composition invesithgt, ~ 80), and a regular lamellar
phase is never observed.

The sequence of phases appearing in the phase diagram &t0 is the same as that at=
0.5 (Fig. 4.9). The Kraft temperature seems to come downtivéhhigher amount of added SHN.
Another remarkable feature is the shift of thg - T phase boundary towards higher valueggf

giving rise to the presence of th&€ phase over a wider range of surfactant concentrations.

4.4.2 Phase behaviour atr = 1.35

For this composition, the isotropic phase exists over a midage of surfactant concentration

(Fig. 4.10). A lamellar phase coexists with the isotropiagd over a narrow range of. At
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Figure 4.7: Typical texture of tetragonal (T) phase of CRENSwvater system under crossed po-
larizers ate = 0.5,¢5 = 70 and T= 50 C.

Figure 4.8: Difraction pattern of a partially aligned sample in the tetred@hase atr = 0.5, ¢
=80 and T= 45 C.

86



Table 4.1: X-ray difraction data from the tetragonal phase of the CPB-SHN-vgistiem atr =
0.5 andgs = 80, indexed on a 3-D body centred tetragonal lattice. Theutated spacings (4.)
are obtained from the relation, (d)? = (h? + k?)/a? + 1?/c? with the conditiorh+k+1 = 2n, where
n is an integer. The unit cell parameters are 6.70 nm andt = 8.43 nm.

dexp(NM) | deaic(nm) | plane | intensity
5.25 5.25 (101) S
4.22 4.22 (002) WS
2.81 2.82 (211) w
2.37 2.37 (220) w
2.13 211 (04) s
1.43 141 (006) w

Figure 4.9: Phase diagram of CPB-SHN-water system at1.0. The symbols are same as in
figure 4.5.
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Figure 4.10: Phase diagram of CPB-SHN-water system-atl.35. The symbols are same as in
figure 4.5.

Table 4.2: Variation of lamellar periodicitylf and average defect separatial)(in CPB-SHN-
water system at =1.35 and T= 30°C.

¢s | d(nm) | dy(nm)
40 | 6.62 -

50| 5.81 | 6.42
60| 512 | 6.12
70| 453 | 545

higherg¢s, a single lamellar phase is observed, whosgalition pattern shows aftlise peak in
the g, direction, along with the lamellar peaks along §Vith further increase ofs, the difuse
peak again splits into four intense spots (Fig. 4.11A & B)efat higheps thisLP phase does not
transform into an ordered T phase. The lamellar periodanity the corresponding defect position

for differentgps are shown in table 4.2. Both these parameters are found teaterwith increasing

Ps-

4.4.2.1 Phase behaviourat =2.0

The phase behaviour at these high values &f very similar to that at very low (~ 0.25) (Fig.
4.12). At lowergg there is an isotropic viscoelastic gel which transforms 2ahexagonal phase

on increasings. At much highews the added SHN does not mix with the sample and crystallizes
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Figure 4.11: Dffraction pattern oL? phase in CPB-SHN-water systenuat 1.35, T= 30° C and
¢s =60 (A) and 70 (B), respectively.
out.

The overall ternary phase diagram is shown in figure 4.13s tb ibe noted that the diagram
is quite symmetric about the equimolar axis of CPB and SHNhSubehaviour is quite common
in oppositely charged mixed surfactant systems [3]. AlgtoGHN is not a surfactant, théfect

seems to be analogous to that of a surfactant.

4.4.3 CPC-SHN-water system

For this system the fferent phases were characterized at equimolar ratio of CEGHIN (@ =
1). s was varied from 10 to 80 wt%.

Over a wide range aps the lamellar phase is found to coexist with an isotropic sotu(Fig.
4.14). The microscopy texture of this phase is similar ta tifathe lamellar phases in other
systems. But the x-ray firaction pattern of this phase isfidirent in one respect (Fig. 4.15). It

contains only a set of lamellar peaks with their scatteriagtors in the ratio 1: 2: 3 along;
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Figure 4.12: Phase diagram of CPB-SHN-water system-at2.0. The symbols are same as in
figure 4.3.
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0 ~\ 100
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Figure 4.13: Partial ternary phase diagram of CPB-SHN-g&stem at 30C. The concentra-
tions are in wt%.l, H, LP, T andC are the isotropic, hexagonal, lamellar with curvature desfe
tetragonal and crystalline phases, respectively. TheethBhe indicates the line of equimolar
composition of CPB and SHN.
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Figure 4.14: Phase diagram of CPC-SHN-water systew=at.0.

Table 4.3: Phases and variation of lamellar periodicityhwi in CPC-SHN-water system at<¥

30 C.

¢s | phase| d(nm)
10| I +L, | 4.65
20| 1+L, | 4.79
30| 1 +L, | 4.95
40| 1+L, | 5.38
50| L, 5.30
60| L, 5.52
70 Lo 4,94
80| L, 4.30

there are no diuse peaks in the normal direction. Fyr< 60, the bilayer separation is observed

to increase with the addition of more surfactants by arouddvéhereas forps > 65 it starts to

decrease (Table 4.3). With temperature this phase alsdssvyeh few A forgs < 50.

4.4.4 CPB-SET-water system

For the CPB-SS system the phase diagram atl.0 is shown in figure 4.16. At lows, there is

an isotropic gel. The phase diagram is dominated by the pcesaf the 2-D hexagonal phase. For

this phase the x-ray firaction pattern shows three reflections with their q in thiora : V3 : 2
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Figure 4.15: Ditraction pattern ot, phase in CPC-SHN-water systemoat 1.0,¢s = 60 and T
=30 C.
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Figure 4.16: Phase diagram of CPB-SS-water systam-at.0.

(Fig. 4.17). No other liquid crystalline phases is obsenve@GPB-SS system. The phase diagram
is quite similar to that of CPB-water binary system.

The phase diagram of CPB-ST is very similar to that of the G®system, and the lattice
parameter of the hexagonal phase is also found to be simdatd 4.4). With the addition of more

and more surfactant the cylindrical micelles come closdrthg lattice parameter reduces.

4.5 Discussion

4.5.1 Hexagonal and regular lamellar phases

Low amounts of SHN in CPB induce an isotropic viscoelastic @bservation of flow birefrin-
gence suggests the formation of worm-like micelles. Sudrabeur is quite common in ionic
surfactants when simple inorganic as well as organic sadta@dded to increase the length of cylin-
drical micelles [15, 16, 17, 18]. Further increaseginbrings the cylindrical micelles closer to
arrange on a two dimensional hexagonal lattice. The hexagirase in the CPC-water system
becomes unstable with the addition of SHN and transfornsantegular lamellar phase. Simi-
lar observations have been made in many other surfactai@nsy44, 19]. The instability of the
hexagonal phase is due to the screening of electrostagi@ctions of the head groups, leading to
a decrease in the curvature of the surfactant-water irterféhe absence of any curvature defects

in the plane of the bilayer in CPC-SHN system can be attribtiethe high &inity of Cl- ions
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Figure 4.17: Typical diraction pattern of hexagonal phase of CPB-SS-water systems 4.0, ¢
=60 and T= 30C° C.

to dissociate into water. It, therefore, becomefdiilt to maintain the two dierent types of lo-
cal environments necessary to form curvature defects. ®otter handBr~ ions only partially
dissociate from the surfactant aggregates, and hence slistams are better thought of as made
up of two species. Hence it becomes possible to maintairvtbedifferent micro-environments
necessary to stabilize curvature defects in CPB-SHN sys$eich ion specific behaviour has been
discussed in more detail in previous chapters and in [20]e iflcrease of lamellar periodicity
with increasingps within the isotropic-lamellar coexistence region of theGE8HN system may
be due to a decrease in the osmotic pressure applied by tinepgophase. A similar observa-
tion has been discussed in chapter 2. The reappearance luéxhgonal phase at much higher

in the CPB-SHN system produces a symmetric three comporasiepdiagram. The analogous
phase behaviour at low and higican be explained by the presence of highly charged aggsegate

although of opposite signs.

4.5.2 Structure of the mesh phases

The dffraction pattern of the lamellar phase found at lowgcontains a dtuse peak along,,

which cannot be produced by a regular bilayer. It impliesgresence of structural defects in the
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Table 4.4: Diferent mesophases in CPB-ST-water system-atl.0.

Os di do d3 | phase| lattice paramete
36 | very diffuse| - - I -
49 5.19 3.01| - H 5.99
60 4.63 271|235 H 5.34
80 4.29 248 | - H 4,95
c
>
X
Qs
Py
‘n
c
9
<
1.0 1.5 2.0 25 3.0
-1
q(nm )

Figure 4.18: X-ray diraction pattern of the lamellar phase with curvature dsfecthe CPB-SHN
system atr = 1.35,¢s = 60 and T= 30° C.
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Figure 4.19: X-ray diraction pattern from the tetragonal phase in CPB-SHN-watstem atr =
0.5,¢s=70and T=40C C.

plane of the bilayer. On decreasing the water conteffiiadtion patterns from aligned samples
show the difuse peak becoming more sharp and then splitting into foutsspbig. 4.11). It
indicates the development of positional correlations efdlefects across the bilayers (along g
As the bilayers are brought still closer, by decreasing théewcontent further, the defects get
locked in to a 3-dimensional lattice, which is manifestedh®y/presence of many reflections in the
diffraction pattern. Figure 4.18 shows the peak coming fromttietsiral defect in the plane of the
bilayer, which is found to be much broader than the corredpgnpeak arising from the ordered
structure at higheps (Fig. 4.19). The long-range positional correlations ofdieéects are also lost
on increasing the temperature. Microscopy observationw ghat the pseudoisotropic regions
in the lamellar phase (where the optic axis is normal to thessate) are retained in the lower
temperature ordered phase. This observation indicatebatiathese phases are optically uniaxial
[21]. The x-ray data from the defect-ordered phase can kexgalon a 3-D tetragonal lattice with
a body centred unit celh(+ k + | is an even integer) (Table 4.1). This lattice is also opitcal
uniaxial. The gradual development of defect correlati@mg] optical uniaxiality suggest a clear
structural relation between the lamellar and tetragonasph. The repeat period) (of bilayers in

the £ phase almost matches the thickness of the primitive uni{c2) of the tetragonal phase
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Figure 4.20: Model for the ordered mesh phase indicatingettnagonal unit cell.

(M.

Ordered mesh phase having tetragonal symmetry has beewethge other systems also [22,
23] (Fig. 4.20). The structure is made up of a square latticeds. In each unit, four cylindrical
micelles meet at a node at right angles to each other to fors® arf@sh. The meshes are stacked
with a two layer repeat with the centres of the squares in ayeriplaced on top of the nodes in
the next. On dilution, the 2-D meshes swell apart to form aeléam structure where positional
correlations across the bilayers are lost. Heating cankase a similar ffect. Hence, the basic
structural unit of the random mesh phakg)(and the ordered mesh phadg ére the same.

To verify the above structure the dimensions of the surfd@ggregates can be calculated from
the known volume fraction, as was done in chapter 3. Assugimeglar cylinders meeting four by
four at each junction (Fig. 4.21), the total volume of thegadeach unit cell can be equated to the

surfactant volume fraction in the sample. The length of fiimdrical segment can be expressed
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in terms of the lattice parametarand the micellar radius,, as,

| = (a-2ry). (4.1)

In each unit cell of 2-D mesh, there are two rods and one janciihe volume of this unit is given

by,

v =2nri(a—2ry) + 83, (4.2)

The volume of surfactant found from the experimental laaredpacing (d) and the volume fraction

of surfactant taken for the samplg,) can be equated to the above expression.

2nr2(a— 2ry) + 8r3 = a’dg, (4.3)

¢y was estimated froms and the densities of the constituent chemicals. In the abrpeession
a = dq for LP phase andl = c/2 in theT phase. The values of the radius of the cylindrical
micelle calculated using this expression are given in tddie The calculated value-(2.0nm)
is comparable to the molecular length of the surfactantrtegan literature [24]. The parameter
v which is the ratio of the in-plane periodicity to the staakiperiodicity is defined ady/d for
random mesh phase and/2 for T phase. There is a nice trend pfincreasing withys in the
random mesh phase and the transition to the ordered mesé pbasrs at aroung ~ 1.3. This
observation is consistent with some reports in literat@@ R5]. In our previous chapter such
an increase oy with ¢s was shown to give rise to an ordered 3-D intermediate phakereas
the opposite trend did not result in the ordered phase. Ihsde be quite clear that to induce
an ordered mesh phasehas to increase withs and reach a critical value. The dependence of
appearance of random and ordered mesh phases gtvéthages has been explained in chapter 3. It
is related to the strength of the modulated interactionmqi@kedue to the presence of the structural
inhomogeneity in the surface plane.

The length of the alkyl chain of the surfactant, which detees the flexibility of the aggre-

gates, is well known to strongly influence the phases formethé surfactant. CPB has similar
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Figure 4.21: Schematic of the square mesh in the random aedenr mesh phases.

Table 4.5: Variation ofy with @ and ¢s in CPB-SHN-water systemr, is the micellar radius
estimated from the model (Expression (4:8)}.dy/d for L2 phase and&/c for T phase.

a | ¢s | rm(hm) | vy | phase
05 (40| 191 |1.16| LP

60| 1.94 |1.32| LP
700 190 |130| T
1.0 | 60| 2.04 |1.23| LP
70| 195 |1.25| LP
80| 191 |130| T
135/ 50| 1.91 |1.10| LP
60| 1.93 |1.20| LD
70| 2.02 |1.20| LP
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chain length as CTAB, but their head group region$edi In place of the trimethyl ammonium
group in CTAB, CPB contains a pyridinium group. The mesh phasthe CTAB-SHN system
contains a hexagonal mesh of three coordinated rods whigre&PB-SHN has a square mesh of
four coordinated rods. This suggests the critical role efftbad group region of the surfactant in
determining the structure of the mesh phase. How tiismdince produces such a dramatic change
is still not clearly understood. It might be related to thedbcurvature of the surfactant layer

which can be tuned by the size and shape of the head group.

4.5.3 Influence of strongly bound counterions

The dfect of any added salt to a dilute surfactant system is wellistband is found to induce the
formation of long worm-like micelles. Compared to inorgasalts, organic salts are much more
efficient to form such aggregates [26]. NMR studies show thericgaart of the strongly bound
counterions to penetrate into the micellar aggregateggtiag only their ionic part into water. In
the present studies the salts SS and ST, which contain arneenng, could not induce a lamellar
phase in the mixtures. Basically they do not change the @ytial structure of CPB micelles,
other than making them longer. SHN containing a naphthadgoep is found to transform the
cylindrical micelles into mesh-like aggregates. It is netc if this diference between SHN on the
one hand, and SS and ST on the other, is just relatedfereinces in their size, or if other factors,

such as their hydrophobicity, are also involved.

4.6 Conclusion

Using microscopy observations and x-raffidiction studies, the fierent liquid crystalline phases
in the CPB-SHN system have been characterized. A random ptese is observed where four
rods meet at a junction to give rise to a square array of curgatefects in the plane of the bi-
layer. When the meshes are brought closer, by decreasinggtiee content, they lock in to a 3-D
tetragonal lattice. This 3-D ordered phase is found to b&algsd on heating. The radius of the
cylinders is calculated from the surfactant volume frattmd is found to be comparable to the

molecular length. It is observed that to induce the orderedmphase the ratio of the mesh size
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to the bilayer separation needs to follow a certain trende tEmnary phase diagram is found to
be symmetric about the equimolar composition of CPB and SbiNike the CPB-SHN system,

the CPC-SHN system shows only the presence of regular lanmibse. It is also observed that
not all organic salt can indue the mesh phases in these systeanther experiments are neces-
sary to understand the structural features of the strongiy@ counterion that are important in

determining the phases in such mixed systems.
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