Chapter 5

Phase Behaviour of SDS-PTHC-Water
System: An Unusual Phase Sequence from
Hexagonal to Lamellar

5.1 Introduction

In previous chapters we have shown the influence of orgaris sa the phase behaviour of
cationic surfactants. In such systems, very rich phasealiag consisting of many liquid crys-
talline phases have been observed. The appearance of mesgsph a common feature in these
systems. These systems are found to resemble in many waysixh@es of two oppositely
charged surfactants. In contrast, only a few systematdaiestihave been reported on tHeeets of
organic salts on anionic surfactants, which suggest tlesetisystems behave very similar to the
cationic surfactant-organic salt systems in the low wab@tent regime [1, 2, 3].

This chapter deals with the influence of the organic pdtiluidine hydrochloride (PTHC) on
the phase behaviour of the anionic surfactant sodium ddsldéate (SDS). Earlier studies on this
system are described in section 5.2, which suggest thatlthigan of salt results in an increase in
the length of the SDS cylindrical micelles at low surfactemmcentrations. A short description of
chemicals and experimental techniques has been giventinrs&c3. The experimental results are
described in section 5.4. Two important features, nambgyeixistence of a novel sponge phase
and an unusual phase sequence from hexagonal to lamelear,ble@n observed. The ternary
phase diagram is found to be asymmetric about the equimohapasitions of the two species. In

section 5.5, plausible explanations of the appearanceffefreint phases and the phase sequences
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Figure 5.1: Phase diagram of SDS-water systedmM,, R,, Q., T., L, andC are the 2-D hexago-
nal, 2-D monoclinic, rhombohedral, cubic, tetragonal,ddiar and crystalline phases respectively
[4] .

are discussed. Finally, section 5.6 contains the conalgdimat can be drawn from these studies.

5.2 Earlier Studies

The phase diagram of concentrated aqueous solutions of 8B$%den determined in detail by
Kekichdt et. al (Fig. 5.1) [4]. At very low concentration it shows awti®pic phase of cylin-
drical micelles, and a two dimensional (2-D) hexagonal phasbserved over a wide range of
intermediate surfactant concentrations. Before formiveglamellar phase at very high concentra-
tions it shows a number of intermediate phases over narrogesaof surfactant concentrations.
This is an excellent example of a surfactant-water systemerevintermediate phases are seen as
morphological intermediaries between the 2-D hexagonallab lamellar phases.

Aqueous mixtures of oppositely charged surfactants ekiésy interesting properties due to
the strong electrostatic interactions between their headps. At very low concentrations, the
length of rod-like SDS micelles has been seen to grow upoaddéion of the cationic surfactant
dodecyltrimethylammonium bromide (DTAB). These rod-likecelles are found to transform into
vesicle over a narrow composition range [5]. The phase betiaat much higher concentrations

is dominated by dierent liquid crystalline phases [6]. Thdéfect of octyltrimethylammonium
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Figure 5.2: Average length of SDS rodlike micelles (L) anel #iverage equivalent sphere hydro-
dynamic diameter as a function of the molar ratio of PTHC [1].
bromide (OTAB) on SDS system has also been reported in [7].

Instead of a cationic surfactant, Hassan and co-workers hsed some organic cationic coun-
terions to tune the microstructure of the SDS cylindricatelies [1, 2]. They found the growth of
SDS micelles as a function of addeetoluidine hydrochloride (PTHC) in the very dilute regime
(< 5wt%) (Fig. 5.2). NMR studies have revealed that the coumerare adsorbed at the micelle-
water interface with its aromatic ring intercalated in th@ltophobic interior of the micelles. It
reduces theféective charge density at the micellar surface and henceg tha shift of the mi-
crostructure to those with lower mean curvature. Chanduegposition of the methyl substitute
in the benzene ring of the aromatic salt to ortho and metatipaosi the growth of the micelle
is found to be dierent. Dynamic light scattering (DLS) studies have shovat BFATHC andn
toluidine hydrochloride (MTHC) induce much longer micslignan aniline hydrochloride (AHC)

ando-toluidine hydrochloride (OTHC) at similar salt concetivas [3].

5.3 Experimental

Sodium dodecylsulfate (SDS) (99% purity) apdoluidine hydrochloride (PTHC) (98% purity)

were purchased from Aldrich and were used without furtheifigation. The chemical structures
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Figure 5.3: Chemical structure of (A) sodium dodecyl selfand (B)p-toluidine hydrochloride.

of the molecules are shown in figure 5.3. Samples were prépatbe same way as described in
the previous chapters.
Different phases were identified using polarizing optical nsicopy (POM) and X-ray dirac-

tion as described in previous chapters.

5.4 Results

The phase behaviour of mixtures of SDS and PTHC was studiddfatent values of the molar

ratio (@ = [[PSTS'S?]) of the two components. For eaatthe total concentration of the non-aqueous
componentsds = (Ségfg;ﬁgﬂvf;w) x100% ) was varied from 10% to 80%. The microscopy texture

of each sample was monitored from 30 to°&) The structure of the phases was confirmed using
diffraction studies. To construct the three component phaggasimaround 100 samples were

studied.

5.4.1 Phase behaviour atr < 1

The phase behaviour of the SDS-water system in the presémsreatl amounts of added PTHC
salt is found not to be dierent from that of the pure system. Fer< 0.15, at lowgs (< 30)
there exists an isotropic phase which shows birefringendeushear. At highess the difraction
patterns show three peaks with the corresponding spacine iratio 1%:% confirming the 2-D
hexagonal structure, as in the system without salt.

Fora = 0.25, at low surfactant concentratiaf (<30) an isotropic phase is found which does
not show flow birefringence (Fig. 5.4). On increasihnga nematic phase appears which shows

the typical thread-like texture under the microscope. Exéure contains large pseudo-isotropic

patches where the nematic director aligns perpendiculétgsubstrate (Fig. 5.5). This phase
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Figure 5.4. Phase diagram of SDS-PTHC-water system at0.25. I,N andL, denote the
isotropic, nematic and lamellar phases, respectively.déshed line refers to the phase boundary
which is not determined precisely.

Figure 5.5: Texture of the nematic phase under crossedipadata = 0.25,¢s = 40 and T=
45°C. Dark patches correspond to regions where the optic axiseoinedium is aligned normal
to the substrate.
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Figure 5.6: Texture of the lamellar phase under crossedipeta in SDS-PTHC-water system.

goes to an isotropic phase on increasing the temperatweghra two phases region. On further
increasing ofps, a complex is formed which precipitates out leaving an gquitr solution. The
complex shows the oily streak texture which is the charatietexture of a lamellar phase (Fig.
5.6). The coexistence of the lamellar and isotropic phastsind over a wide range of surfactant
concentrations. The lamellar phase first transforms interaatic and then to an isotropic phase
on heating abs = 40 (Fig. 5.7). The diraction pattern of the nematic phase showsfiude peak,
whereas that of the lamellar phase shows sharp peaks wittotresponding spacings in the ratio
1:1:1 (Table 5.1).

At @ = 0.5, for lowgs an isotropic phase is found. The nematic phase is not olbatvhis salt
concentration. The uniform isotropic phase transformsigoaopic-lamellar coexistence region

(Fig. 5.8) at higheps. At a = 0.75, this coexistence region is found for all valuegof
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Figure 5.7: X-ray difraction patterns of (A) lamellal(), (B) nematic ) and (C) isotropic k)
phases in SDS-PTHC-water systenuat 0.25 andgps =40. The phases have been observed on
heating at 23, 45 and 6C respectively.
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Table 5.1: The d-spacings and polarizing optical microgdegtures of the dierent mesophases
in SDS-PTHC-water system at= 0.25 and T= 30°C.

Os di(nm) dz(nm) | dz(nm) POM phase
30 | very diffuse - - isotropic I
35 4.9 - - nematic texture N
40 458 - - nematic texture N
45 3.78 1.9 1.29 | oily streak texture| | + L,
50 3.7 1.86 - oily streak texture| | + L,
60 3.53 1.78 1.20 | oily streak texturel | + L,
70 3.4 - - oily streak texture| | + L,
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Figure 5.8: Phase diagram of the SDS-PTHC-water system-ad.5.

111



Table 5.2: Variation of the lamellar periodicitg)(with ¢4 in the SDS-PTHC-water systemat
1 and T=30°C.

¢s | d(nm) | phase
30| 538 | L,
40| 430 | L,
50| 406 | L,
60| 4.06 | L,
70| 384 | L,
80 |
70 i
—~ 60 -
) !
= oo ML L, | ¢
40 |
30 :

10 20 30 40 50 60 70 8
¢ (weight %)

Figure 5.9: Phase diagram of SDS-PTHC-water system-atl.25. I, L,, L3 and C denote the

isotropic, lamellar, sponge and crystalline phases resdc

5.4.2 Phase behaviour atr ~ 1

Near equimolar ratio of the two components, a complex is ydwaund to form over the whole

surfactant concentrations, which precipitates out of thaten leaving an isotropic phase at the
top. This complex shows the typical oily streak texture @ kmellar phase. In this system, the
lamellar spacings are found to be low (Table 5.2 & 5.3) whiutlicates that the bilayers do not
swell much. 1t is to be noted that there is ndtdse peak found in the direction normal to the

lamellar periodicity (Fig. 5.7A).
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Figure 5.10: Phase diagram of SDS-PTHC-water systam-at.5.

5.4.3 Phase behaviour ar > 1

At low ¢, a precipitate is found which coexists with an isotropicgghaTlhe precipitate is found
to show typical lamellar texture under polarizing micrgseoOn addition of more surfactants, the
sample is found to show the coexistence of two isotropic @hésig. 5.9 & 5.10).

The two isotropic phases are found to phase separate withyaclear meniscus at lows
whereas at higher values the meniscus is not sharp (Fig.).5dd4der polarizing microscope,
the appearance of the second isotropic phaggefom La was clearly observed with increasing
temperature. The X-ray firaction studies show a very sharp peak fromlthgphase, whereas in
theL; phase it becomes veryftlise (Fig. 5.12). The interbilayer separation in the lamgllase
and the average separation in thgphase are found to be similar. At highiy, PTHC is found to
crystallizes out from the sample.

With increasing salt concentration, thg phase is found over a narrower range of surfactant
concentration and temperature. At much higheralues, this phase disappears, and the coexis-
tence ofL; and | phases is found over a wide range of surfactant corateri(Fig. 5.13). Further,

the phase boundary between theand C phases is found to shift to lower valuegof

113



Figure 5.11: The dierent phases in SDS-PTHC-water systenaat 1.5 and T= 30°C; (A)
whitish precipitate ot., phase at the bottom along with an isotropic phase (1) floattirthe top at
¢s = 20, (B) isotropic-isotropic coexistencegt = 30, wherel ; is at the bottom and | at the top,
(C) Ls floats on the top of | aps = 40, (D) no sharp meniscus betwelenand | atgs = 50.

Intensity (arb. unit)

0.5 | 1.0 1.5 2.0 25 3.0
-1
q(nm )

Figure 5.12: X-ray diraction patterns of SDS-PTHC-water systenwat 1.25 andgs = 30 (a)
andg¢s = 50 (b) corresponding tha andLs phases respectively.
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Figure 5.13: Phase diagram of SDS-PTHC-water systam=a2.5. At this high amount of added
salt thelL; phase is stabilized over ther phase.

Table 5.3: The lamellar periodicitgl] and the average spacind3)(for L, andL; phases respec-
tively in SDS-PTHC-water system at30°C.

a | ¢s | phase | d/D(hm)
1.25|30| L, 3.95
1.25|40| L, 3.95
1.25|50| Ls 3.78

15 | 20 Ly 4.35
15 40| Ls 3.89
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Figure 5.14: Partial ternary phase diagram of SDS-PTH@mststem at 30C. The concentra-
tions are in wt%.l, N, L,,, H, L3 andC denote the isotropic, nematic, lamellar, hexagonal, spong
and crystalline phases respectively. The dashed arrowateti the equimolar compositions of
SDS and PTHC.

5.4.4 Ternary phase diagram

The three component phase diagram at@@s shown in figure 5.14. It is dominated by a lamellar-
isotropic coexistence region. Interestingly, the phasgmim is not symmetric about the line of
equimolar composition of SDS and PTHC, unlike that of the BT®HN-water system discussed
in chapter 2. Atx <1, there are a number of mesophases present. On the otherfband>1,
only the lamellar-isotropic ants -isotropic regions are seen; the nematic and hexagonaéphas

are absent in this part of the phase diagram.

5.5 Discussion
5.5.1 Nematic and lamellar phases

An isotropic phase made up of long rod-like micelles shows firefringence because of the flow
induced orientational ordering. At very low surfactant @adt concentrations, the isotropic phase
found in the present system shows such flow birefringencicating the presence of long cylin-

drical micelles. But forr > 0.2, the isotropic phase does not show such a behaviour, for30.
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Further the nematic phase formed at higher values shows some pseudo-isotropic patches un-
der cross polarizers, where the optic axis is normal to tasgplates. These observations suggest
that the isotropic and the nematic phases at these compus#re made up of disc-like aggregates.
It is very natural for disc-like micelles to align parallelthe substrates, so that the optic axis of the
nematic medium is normal to the boundaries. On the other,htanduld require rod-like micelles

to align with their long axes normal to the substrates, wisatxtremely unlikely. The transition
from lamellar to nematic, and then to isotropic on heatinghker supports the possible presence
of disc-like aggregates. This kind of phase transition oating has been observed in caesium
pentadecafluoro-octanoate (CsPFO) - water system wherethatic phase is well established to
be made up of disc-like micelles [8, 9, 10].

The lamellar phase found at all the compositions in thisesystoexists with an isotropic
phase. The bilayer does not swell much on dilution (Tablg, SvBich can be understood in terms
of the screening of the electrostatic interaction betwaerbilayers. At any value af, increasing
¢s Increases the concentration of dissociated Biad CI ions in the solution. The electrostatic

potential of the bilayer is given by [11],

W = o€ (5.1)

whereyy is the potential at the bilayer surface aég'd; the Debye length. This is the characteristic
decay length of the potential. At 2& the Debye length of aqueous solutions can be written as,
1 0.304
— = — 5.2
=T (5.2)
for 1:1 electrolytes. C is the molar concentration of salt.
The presence of large amounts of dissociated salt in thepregstem makes the Debye length

extremely short (Table 5.4). This can qualitatively expltie low values of the lamellar spacing

observed in this system.
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Table 5.4: Variation of Debye Iengtiﬁ)(in the presence of the dissociated NaCl salt in the SDS-
PTHC-water system at = 1 and T= 25°C. C[M] is the molar concentration of the salt.

¢s | CIM] | £(nm)
30| 099 | 03
40| 1.54 | 0.245
50 | 2.315| 0.199
60 | 3.47 | 0.163
70| 54 | 0.131

Figure 5.15: Schematic picture of the classical spongeethas[18].
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Figure 5.16: Phase diagram of SDS-PTHC-water system°dC 3Uhere is no two-phase region at
theL, to L; phase transition.

5.5.2 Thel; phase

The classical sponge phade;) was first discovered by Lang and Morgan in GgE,-water
system in 1980 [12]. Since then it has been observed in mamypnia, ionic and block copolymer
systems [13, 14]. This phase can be considered as a moltetidarth,,) phase existing at high
dilution. It is a bicontinuous phase where the network ohyelrs separate the aqueous region
into two disconnected parts (Fig. 5.15) [15]. The structoiréhis phase has been deduced by
different experimental techniques, such as, small angle xa@yeutron scattering [16, 17], light
scattering [18], and ionic conductivity measurements .[FHEeze-fracture transmission electron
microscopy (FF-TEM) studies have given direct visual emkeof its multiply connected bilayer
structure [20, 21].

Figure 5.16 shows the phase behaviour of the system°at 30 thea - ¢ plane. Generally
the classical; phase appears from the phase via a narrow two phase region ( Fig. 5.17). In
the present system dr - L3 two-phase region is not found either on changi@r temperature.
Normally the x-ray difraction pattern of thé; phase shows a broad peak at aroug8,qvhere g
is the position of the sharp peak from the neighboutipghase [22, 23]. However, in the present

system the positions of the two peaks are almost identiégl 8-12). Similar behaviour has been
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Figure 5.17: Phase diagram ADT — NaCl — D,0 system. There is a two phase region between
thel, andL; phases [18].

recently reported for thé&s; phase in the calcium tetradecylmethylestersulfonate Ca(Cq4 —
aMES),) - water and the 2-ethylhexyl-monoglycerinether (EHG) tevaystems [23, 24]. lonic
conductivity measurements and FF-TEM micrographs showgdal features of thés; phase in
these systems but with two importanfidrences from classicak phases, namely, a continuous
L, — Lz transition and similar g-values of theflitaction peaks from these two phases (Fig. 5.18).
Due to these dierences, in references [23, 24] this phase has been reteri@sia “novellLs”
phase. A similar phase behaviour has been reported by the gaap in calcium dodecylsulfate
in the presence of the cosurfactant 1-phenylpropyll-arfiBg Since the sponge phase in the
present system also exhibits the above mentioned titeerdnces from classical sponge phases, it
might be another example of the “no\ef’ phase. Further experiments are necessary to figure out

how the microstructure of this phase istdrent from that of the classical sponge phase.

5.5.3 Phase transition from hexagonal to lamellar

The phase transition from 2-D hexagonal to 1-D lamellar oatpanied by changes in the ag-
gregate morphology from cylindrical micelles with unifopuositive interfacial mean curvature to
bilayers with zero curvature. In some systems intermegib&eses or bicontinuous cubic phases
are found between these two phases as discussed in theysehapters.

Present investigations have revealed an unusual tramsdidge from hexagonal to lamellar in
the SDS-PTHC-water system:

2-D hexagonal —Nematic—Isotropic—Nematic—1-D Lamellar.
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Figure 5.18: Variation of the ionic conductivity of a 50mMuspus solution o€a(C.4— aMES),
with the addition of the cosurfactant EHG at'25 Note the absence of a two phase region between
thel, andLs phases [21].
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Figure 5.19: The T phase diagram of SDS-PTHC-water systermat30.
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Figure 5.20: The T phase diagram of SDS-PTHC-water systemat40.

The two nematic phases are made up of rod-like and disc-igecgates, respectively. Figures
5.19 and 5.20 show the phase behaviour at fixeds a function of temperature and PTHC con-
centration. At lowews where the system is initially in an isotropic phase of cytiodl micelles,
the isotropic phase goes to a nematic and then to a lameblieepdn increasing PTHC concentra-
tion. It is seen that the scattering intensity profile of thetiopic phase near the nematic and far
away from it are diterent (Fig. 5.21), which suggests that the microstructoféise aggregates at
these two compositions might be venyffdrent. At higheks, where the system is initially in the
2-D hexagonal phase made up of cylindrical micelles, amapat phase is induced between two
nematic phases on the addition of salt. The nematic nearekagonal phase is most probably
made up of rod-like aggregates, whereas the one near thdldamplease is likely to consist of
disc-like micelles. The observed phase sequence suggestthé isotropic phase is made up of
almost spherical aggregates. The phase sequence is eohgigh a gradual transformation of the
aggregate shape from cylindrical to disc-like with increg$? THC concentration (Fig. 5.22). The
apparent viscosity of the samples shows a monotonic dexkeisin the hexagonal phase with
increasing PTHC concentration, again indicating a gradeatease in the length of the cylindrical
micelles making up this phase.

Usually the addition of organic salts to a dispersion of ligd-aggregates is found to increase

the length of the rods significantly, resulting in long wolike micelles. But in the present system
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Figure 5.21: The intensity profile from the isotropic phasg@a= 30 and (ayy = 0.126 and (b}x
= 0.254 at 30C.

A RE-E

Figure 5.22: Schematic drawing of the proposed change<iSDS aggregate morphology with
increasing PTHC concentration.

it seems that the addition of salt decreases the length abthéke aggregate. It is presently not
clear if this behaviour is specific to PTHC or if it is more gealeFurther experiments are needed

to clarify the situation.

5.5.4 Asymmetric ternary phase diagram

In mixtures of oppositely charged surfactants, it is vergnomon to get a ternary phase diagram,
which is symmetric about the line of the equimolar compositf the charged species (Fig. 5.23)
[5, 25]. On each side of the equimolar line, the aggregate®itiher charged positively or nega-
tively. The morphology of the aggregates usually dependis @mthe charge density but not on

the type of the charge; with bilayers preferred close to theraolar composition and cylindrical
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Figure 5.23: Ternary phase diagranGifAT —SDBS-D,0 system at 28C [25]. M andRare the
SDBS and CTAT rich micelles whereasandL, are the vesicle and lamellar phase, respectively.
The CTAT and SDBS rich phases are indicatetdnd ‘-’

micelles away from it. Hence, the phase behaviour is ussgghymetric about the equimolar axis.
Strongly bound counterions, which are very weakly solublevater, seem to behave similar to
ionic surfactants. In chapters 2 and 4, it has been repoht&dthe addition of strongly bound
anionic counterions to some cationic surfactants showsgasitmehaviour [26]. However, this is
not the case in the present system. A possible reason mighab®THC is reasonably soluble
in water, unlike SHN which was added to the cationic systeis €an destroy the symmetry of
the aggregate charge density about the equimolar composikius giving rise to an asymmetric

ternary phase diagram. Further experiments are neededfionsahis conjecture.

5.6 Conclusion

The influence of the strongly bound cationic counterion P the phase behaviour of con-
centrated aqueous solutions of the anionic surfactant S&Sstudied using x-ray fiifaction and
polarizing optical microscopy. On increasing the conaitn of the counterion the hexagonal
phase of SDS is found to show the following sequence of toansdtions: hexagonab nematic

— isotropic— nematic— lamellar. This sequence of phases suggests a gradualeptolablate
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change in the aggregate morphology with increasing coiameoncentration. Such a morpho-
logical change seems to prevent the formation of othernméeiate phases usually seen between
the hexagonal and lamellar. At much high amount of PTHC, atrapic-isotropic coexistence
is observed. One of these is tentatively identified as a spphgse, which seems to béfdrent
from the classical sponge phase in some respects. Fulibdernary phase diagram is asymmet-
ric about the equimolar line of the charged componentskerhose of the systems described in

chapters 2 and 4 and in the case of mixtures of anionic andreasurfactants.
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