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Abstract

Among all the weak interactions, which are opemifiv the domain of chemistry, hydrophobic effecbiee that
leads to new structural motifs like molecular sedsemblies viz., micelles, vesicles etc. Worm-likieelles are
polymer like aggregates which have been formedjireaus surfactant solutions in the presence otiadsli These
are relatively new materials with exciting matenbperties. These stimuli-responsive viscoelasiiterials are
interesting from both fundamental understandingwai as application points of view. The physico-ctieal

properties of worm-like micelles are studied and thorphological transitions to vesicle as functiofissarious
parameters have been investigated.
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1. Introduction

From the days of alchemists, the primary goal ofnaistry has been to understand the behavior of
molecules and their construction from constituenires. In recent years chemists have extended their
goal beyond the atomic and molecular chemistry tiéorealm of supramolecular chemistry controllgd b
weak interactions. In chemistry, weak interactians the intermolecular forces mainly governed By (i
vander Waals interaction (0.5-2 kcal/mol) (ii) Hgghobic interactions (1-2 kcal/mole) (ii—n
interaction (2-3 kcal/mole) and (iv) Hydrogen bamgli (12-16 kcal/mole). Among all the weak
interactions, which are operative in the domaircteémistry, hydrophobic effect is one that leadada
structural motifs like molecular self-assemblies vimicelles, vesicles etc. in aqueous media.

The unfavorable contact between water and the epmwdat of surfactant molecules lead to their
congregation into well organized entities, viz.ceties, vesicles, fibers, discs and tubes [1ABhough
micelles are usually spherical in shape, underagertonditions, e.g., concentration, salinity ortlire
presence of hydrophobic counter ions, etc., they umaergo uniaxial growth. This subsequently result
in the formation of significantly long Q@ — 500 um) yet highly flexible aggregatesmeféto as
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“worm-like micelles (WLM)" [4-6]. The research of MV has drawn considerable interest as its
rheology is very challenging due to the presencmuwltiple pertinent length scales and stress réilanxa
mechanisms. This relatively new material has maplieations including that of fractured fluids il o
fields, efficient drag reducing agent in hydrodymarangineering and home care, personal care and
cosmetic product§-8]. Viscoelastic WLMs are formed in various s@agfant systems in the presence of
different additives [9-12]. Most extensively stutdlisystem is the cetyltrimethylammonium bromide
(CTAB) micelles in presence of hydrotrope, sodiuaticylate (SS). Unlike simple halides, salicylate
promotes sphere to wormlike micellar transitiorvety low concentrations, viz., near the normalicait
micelle concentration (cmc, ~1 mM) of CTAB. Thexilde and elongated wormlike micelles under
dilute conditions show complex and unusual rhe@agbhenomena, which include strong viscoelasticity
and shear-induced structure (SIS) formation. Ipasticularly interesting that, while a wide variety
wormlike ionic micellar solutions display identicddeological responses, a common element in most of
these systems was the presence of salt anionsasuss.

In view of the importance of an efficient WLM proteo, which might be effective for various
applications at low surfactant concentrations amdhie presence of metal ion impurities, orgaumic
conjugated molecules with H-bonding functionalityz., naphthols are highly promising [13-16].
Microstructural transitions of micellar aggregatespecially the nature of transition from ordinary
micelles to long worm-like giant micelles and thesicles, mediated by orgameelectron systems are of
fundamental scientific interest and have been tedan several papers only recently [17-18]. Morxov
synthetic vesicular systems are interesting fromuanber of standpoints, not the least being their
structural similarity with the constituent of thimembrane, viz., phospholipid. They offer a congah
way to probe interactions involving membrane systeXesicle aggregation or adhesion is the primary
step for the fusion of the vesicles in membraner&fore, the elucidation of the molecular mechara$ém
vesicular aggregation would greatly contribute tetter understanding of these biological phenomena

Further, it may be anticipated that a simple aridative route to design a pH responsive microstmgct
could well be based on the neutral naphthol dopaviiech form salts only at high pH (pKa ~ 9.2). &s
function of pH, ionization of the OH group of napbt molecules may switch the onset of charge
screening, paving the way to effect further morphadal transitions (viz., vesicle formation). Orfetloe
objectives of the present work is, therefore, teigie a simple effective route of pH-responsive
morphological transition for the aqueous molecuaggregates of single chain cationic surfactant, viz
CTAB from micelles to long wormlike micelle to uaihelar vesicles.

2. Historical Overview

Since the pioneering work of Prof. H. Hoffmann §id his group of Bayreut University, Germany on the
unusual rheological property of WLM in the year 89&juite a large number of physical chemists,
physicists and chemical engineers became interdstetthis fascinating area and have contributed
immensely to the advancement of WLM research. Anathgrs this list includes Prof. S. Candau and M.
Cates [19-20] of Louis Pasteur University, FranBepf. H.T. Davis [21], University of Minnesota,
U.S.A.; Prof. D.J. Pine [22] and Prof. S.L. Kel[@8], both from the University of California, UA;
Prof. E.W. Kaler [24], University of Delware, U.S.And Prof. T. Imae [25,26] of Nagoya University of
Japan. The coevolution of strong theoretical fraorvalongside application of a range of sophistidat
experimental tools engendered rapid advancemetiteinstudy of WLM. Presently the main focus of
research in this field has been shifted to the ld@weent of new surfactant systems and new protogol
which WLM formation could be triggered. Prof. S.Raghavan [27] and his group of University of
Maryland have developed a series of new shear,damhpe and light responsive WLM systems, which
are of high technological interests. A mixture ofAB and trans orthomethoxy cinnamic acid (OMCA)
(photo-rheological fluid) form long wormlike ndles leading to strong viscoelasticity unier
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influence of UV light. This trans OMCA is converted cis isomer of OMCA, which interacts only
weakly with CTAB and eventually viscoelasticity aljgears. Prof. Raghavan’s group has also studied
WLM to vesicle transition as influenced by heatofPA. Bose [28] of University of Rhode Island and
Prof. V.T. John [28] of Tulane University, USA has/estigated surfactant solubilization and direct
encapsulation of interfacially active phenols insmgorous silicas. Template synthesis of mesoscopic
tube silicates using aqueous mixtures of naphtleatkol and ammonium surfactant has been carried out
by Prof. M. Isayama [29] of Kyushu University, Jap®r. R. G. Shrestha [30] and her groups, alsmfro
Japan, are involved in extensive research on WLM thie aid of SAXS, rheometer, cryo-TEM etc. on
some novel and interesting systems including palyyéthylene) cholesteryl ether. In China, the
researchers in the field of WLM include Dr. G-Z. [|31] of Shardong University, Dr. S. Liu [32] of
Science and Technology University and Prof. J. igu&3] of Peking University. Dr. L. Zheng [34] of
Key Laboratory of Colloid and Interface Chemistgstbeen engaged in WLM research involving surface
active ionic liquids (SAIL). In view of the fascitiag rheology and technological applications of WL
tunable and efficient method of preparation of Widvtequired. In spite of remarkable interests among
the scientists on this exciting area of researctret is a major gap in the method of preparatiath an
triggering of the WLM formation from a wide rangé surfactants by metal ion inert neutral promoters
(hydroxyl aromatic compounds). Unless this limitatis addressed properly a complete understanding o
the phenomenon, its application and control mayeto be far from complete success.

3. Results and Discussion

Despite high promise shown by neutral hydrotrojies haphthols in triggering the formation of WLM
from cationic surfactants, surprisingly these hygt@romatic compounds have been used only scarcely
Aqueous CTAB (2-10 mM) and 1- or 2-naphthol (2-1Mrm 2-5% methanol, nhaphthols being sparingly
soluble in water) solutions show viscosities simitathose of water. But as soon as these solutoas
mixed together at room temperature, a thick gegtijpid with high viscoelasticity is developed.

From the initial visual observation it was foundthhe viscosity of the gel was very much dependeant
the concentration of CTAB and the additives. Thamef we first determined the CTAB: dopant mole
ratio at which the gel shows maximum viscosity [1#juch like the CTAB-NaSal system, it was found
that CTAB-naphthols also display maximum viscoétéist at a 1:1 molar ratio of surfactant and the
promoter (Fig. 1)On the other hand the effect of ttidydroxynaphthalenes (2,3-DHN and 2,7-DHN) on
micelles of CTAB are completely different. Equimolaixtures of only CTAB and 2,3-DHN gives a
highly viscous gel in aqueous solutions but 2,7-DEINAB does not. Therefore, further attempts were
not made to study the viscosity of 2,7-DHN/CTAB teys [15]. The argument that an excess or
deficiency of charge on the micelles due to adsmmpof hydrotrope anions (e.g., NaSal) would shorte
the micellar life time and size is not apparentlyetfor the present system because under the presen
experimental condition of solution pH (~6.5), thaphthols and the dihydroxynaphthalenes are mostly
protonated, i.e., unchargedKg@s > 9.0) [16]. Therefore, it seems apparent it symmetrical
distribution of surfactant and the promoter molesuleading to highly compact spherical micelles
facilitates an optimum surface curvature to atiairpresence of H bonding (discussed later), ansl thi
results in the sphere to rod transition easily.fadher experiments, dopant to surfactant ratis alaosen

to produce strongest viscoelasticity, i.e., 1:1amatio.

Further, theheological responses for a viscoelastic system,(&h aqueous CTAB-1-naphthol system as
a function of concentration (1:1 mol ratio) a®@5pH ~5.0)) shows a shear thinning propertytaia
shear rate of 257sand then the shear thickenipyienomenon starts to occur at low concentrations
(~2 mM), but above a shear rate of @fe fluid shows a Newtonian type behavior [IHhwever, an
overall non-Newtonian nature is apparent ascthrecentration of the CTAB and naphthol (1:1) system
raisedabove 2.0 mM. At still higher concentrations (~B1M), thenature of the rheological response
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changes dramatically and thgstem starts displaying an unusual rheology ametibn ofshear rate. Up
to a shear rate of 60'sthe fluidshear thins. An onset of viscosity rise is obsemethe shearate of 60
s', and the system again shear thins, passing thraugéximum at 70’s

32

O —0— 2,3-DHN
—O— 1-Naphthol
—4— 2-Naphthol

N N N
o EN ©
1 1 1
> 0]
O

[m]

Viscosity (cP)

O
P
o

] A
124 /O O\im\
6 D/A RN
g TR

- — T -
00 02 04 06 08 10 12 14 16 18 20 22
CTAB:Dopant

Figure 1: Variation of viscosity as a function mole ratio@TAB and the dopants (2-Naphthol, 1-naphthol and
2,3-dihydroxynaphthelene) thahfwiscoelastic gels.

At further higher concentrations (8.5 mM), the wsity-shear rate profile again changes feature; the
initial shear thinning characteristics disappedre Gverall behavior is consistent with buildingafdong
worm-like micellar bundles at relatively high contations.

Spectral Modification of MicelleEmbedded Dopants. In view of the differences in the
viscoelastic responses and the morphological tiansiof CTAB micelles induced by neutral naphthols
and the methoxynaphthalenes, UV absorption speftthese dopants may be interesting to study in
micellar media. To understand the kind of intex@ui which are operative in the micelle-dopant syste
the key element of the present study is to compaespectral characteristics of naphthols (HNs fwhic
contain OH) with those of methoxy naphthalenes (MMW&ich do not contain OH) under various
conditions in order to visualize a consistent molac picture eliminating the untenable suggestions.
Aromatic compounds, e.g., naphthalene, in genbeale two strongly overlapped bands in the near UV
region, viz., the longitudinally polarizeiil, < *A band and the transversely polarizg «— A band.
While the vibrational structure of these bands appdifferently in different substituted compounds,
effects of extending conjugation in 1 and 2 posiioby OH or CHO groups in naphthol and
methoxynaphthalene molecules, respectively, arerdsting. Both in 1-naphthol and 1-methoxy,
naphthalene conjugation is extended in the trassvdirection and, therefore, it affects the trarswe
polarized'L, band. In 2-naphthol and 2-methoxy naphthaleneherother hand, conjugation is primarily
extended in the longitudinal direction, affectingtiothe intensity and the frequency of the longitady
polarized'L, band compared to the unsubstituted naphthalene.

It is well-known that the near UV spectra of aroimabmpounds are affected by specific interactidaes
hydrogen bonding. Noncovalent interactions liker and cationz also cause shifts in the electron
distributions of the molecule. The near UV absamptdf 1-naphthol which arises from two strongly
overlappedz-7* transitions remains unaffected in the presencsutimicellar agueous CTAB solution,
indicating the absence of any appreciable intevaciihe effect of CTAB micelles on the UV spectfa o
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2-naphthol is also similar (Fig. 2). However, imtstingly, significant red-shift starts to occur4(@&m at
Amax ~293 nm) in the presence of CTAB just above itg €96 mM) with a well-defined isobastic point
at 296 nm. Such shifting df,.x continues until most of the naphthol molecules aditioned in the
micellar phase at high surfactant/ naphthol re8X).
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Figure 2: Absorption spectra of 2-Naphthol (0.25 mM) in wadevarying concentrations of CTAB at 25 °C.
[CTAB]: (1) 0.0, (2) 0.65, (3) ®@,7(4) 0.94, (5) 1.13, (6) 1.36, (7) 1.63, (8) 1.89 2.35, (10) 2.82,
(11) 3.39, (1298, (13) 7.63, (14) 11.44, (15) 17.16, (16) 20.6@ m

The result suggests that the protruded OH groupsioélle-embedded naphthols form a H-bond with
interfacially located @ ~45) water molecules and act as a H-donor. It alsy be argued that at a mole
ratio of 1:1 of naphthol and the CTAB, at which nmaxm viscoelastic response is observed under shear
due to the presence of entangled worm-like micetes all of the naphthol molecules are embedded in
the micelles, but some are located in the palisagler. These naphthols may, however, be involvad-in
bond network formation with embedded moleculesiviarfacial water. The relatively less polar anskle
mobile water molecules compared to bulk water farstrong H-bond with the OH group of embedded
naphthols, which act as H-donors and result in@immum orientation of aromatie-electron systems in
the micelles to shield the surfactant headgroupgasaefficiently; may be via cationinteraction; i.e.,

the cation charge of surfactant head groups intenaith the quadrupole moment of the aromatic
system of naphthols. On the other hand, as theokh atf OH is replaced by a GHyroup (viz., the
methoxynaphthalene molecule), the ability of intelegular H-bond formation disappears. Instead, the
H-accepting tendency from a potential donor is eckd. The nature of changes encountered in the UV
spectra of methoxynaphthalenes on the additionT# B above its cmc indicates the permeation of the
dopant molecules in the micelles. The small reft-glimpared to that in naphthols indicates a weaker
noncovalent interaction takes place. The large d@rdptensity on first addition of 0.33 mM CTAB tke
signature of breaking of a H-bond with bulk wateoletules. Due to their directionality and spatial
arrangement, complementary multiple H-bonding axtgons at the micellar interface lead to engimegri
well-defined supramolecular structure via miceti@adgroup charge shielding byelectron systems of
naphthols.

Shear-Induced Viscosity and pH: The role of neutral hydroxyaromatic dopants, viz,and 2-
naphthol, stimulates the idea of designing a rdatepH-responsive vesicle formation. This idea stem
from the fact that the dopants, which under neutaiditions activate the formation of worm-like
micelles at pH ~5.0, may on partial ionization lné 1OH group increase the packing parameter furtiaer
charge screening. While the viscosity of both, 2wall as 1-HN-CTAB systems, is quite high due to
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formation of long worm-like micelles at low pH, thdscosity of the former system falls initially,
indicating formation of shorter micelles with pHtilpH ~5.0 is reached. On the other hand, for 1-HN
CTAB, the onset of viscosity rise as a functiorpbf is found to occur from very low pH (pH ~2.0).rFo
2-naphthol-CTAB, the onset of viscosity rise is@b®d at higher pH (~5.0) and the viscosity-pH eof
passes through a maximum at pH ~8.5. Further iseréa pH results in the ionization of OH group
further, and the packing parameter probably excehdscritical value of 1/2 via enhanced charge
screening, leading to vesicle formation (for naplthgKa ~9, which means 50% ionization of the OH
group at pH ~9.0). This results in the fall of wsity of the system. Since 1-naphthol could modutae
micellar surface curvature more efficiently, aldittlissociation of the OH group (at low pH rangsds

to an appreciable decrease of surface curvaturehéigge screening and promotes long worm-like racel
formation. In fact, for the 1-HN-CTAB system, vdsi start to form even at slightly higher than [0~

A simple and effective route to design pH respomsiiscoelastic worm-like micelles and less viscous
globular vesicles based on naphthol dopants mawred by controlling the degree of charge screening
of CTAB micelles via controlled ionization of napbtic OH groups. The result of pH-responsive
morphology modification is further investigated fmgans of cryo-TEM.

Cryogenic Transmission Electron Microscopic Study: Cryo-TEM images of the CTAB-2-
naphthol system at high pH’s is shown in Fig. 3.hidgh pH (pH~9.4), the system contains very long
wormlike micelles, which coexist with large unilaltae vesicles. This is undoubtedly due to enhanced
charge screening of micelles by naphtholate anibhs.field is seen to populate mainly by large clesi

of diameter ~30 nm along with thinly populated deravesicles. It is also seen that the long worke-li
micelles are highly entangled. Sometimes they ated to elongate linearly under shear flow. The
solutions are completely transparent. The direcagimg by cryo-TEM supports the rheological
observation as a function of pH. At low pH, the melike micelles are formed via headgroup charge
shielding by aromatier electrons, whereas, at high pH, ionization of Oldugs takes place and the
packing parameter exceeds the critical value ofvi#enhanced charge screening by naphtholate ion.
This leads to unilamellar vesicle formation alonighviong worme-like micelles.

100 nm

Figure 3: Cryo-TEM image of CTAB-2-naphthol at a pH of ~ 445]
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