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Abstract: Unilamellar vesicles are observed to form in aqueous solutions of the cationic surfactant, cetyl
trimethylammonium bromide (CTAB), when 5-methyl salicylic acid (5mS) is added at slightly larger than
equimolar concentrations. When these vesicles are heated above a critical temperature, they transform
into long, flexible wormlike micelles. In this process, the solutions switch from low-viscosity, Newtonian
fluids to viscoelastic, shear-thinning fluids having much larger zero-shear viscosities (e.g., 1000-fold higher).
The onset temperature for this transition increases with the concentration of 5mS at a fixed CTAB content.
Small-angle neutron scattering (SANS) measurements show that the phase transition from vesicles to
micelles is a continuous one, with the vesicles and micelles coexisting over a narrow range of temperatures.
The tunable vesicle-to-micelle transition and the concomitant viscosity increase upon heating may have
utility in a range of areas, including microfluidics, controlled release, and tertiary oil recovery.

1. Introduction hydraulic fracturing fluids in enhanced oil recovéryThe

Vesicles and micelles represent two of the important cIassesS'mp“C'ty’. low COSt'. and ease of preparation of the .prelsent

. system might make it attractive for some of these applications.

of self-assembled structures that can be formed by amphiphiles Wi ¢ CTAB and 5mS h b ousl died
in dilute or semidilute solutioh.Vesicles are hollow spheres |xtqres 0 and >ms have been previously studie
enclosed by a bilayer of the amphiphiles and are commonly by D‘T",V'S et af The focus of thelr study was on the structural
used to encapsulate labile hydrophilic molecules within their trar:smon from spherlcal to \(/jvofrmhke m|ceIIesbas th(;SmS..CT,T\B

interior. Micelles tend to occur in a range of morphologies, go ar r_atlcl) was mcrelase from Zeaolt(i ﬁyon hequnpo a(rj.
including spherical, ellipsoidal, and cylindrical structures. >UrPr'singly, at a molar ratio around 1.1, the authors foun

Cylindrical micelles that are very long and flexible are referred instead th"_ﬂ the solution contained l_m|_lamellar veS|c_Ies. This
to as “wormlike micelles”, and their formation is linked to the result was inferred from a cryo-transmission electron microscopy

emergence of viscoelasticity in the solut®hDue to their ~ (CTYO-TEM) image, which showed vesicles around 100 nm in
viscoelastic properties, wormlike micelles have found applica- dlameter._ Det_a|led investigations of vesicle format!on were not
tions in many areas, such as in personal care products and i €POrted in this study. In a subsequent paper, Davis, Zakin, and

the oilfield industry* Frequently, they are used in moderate to co-\{vorkerg_ag_aln _UseF’ cryo-TEM to infer the presence of
high-temperature environments. vesicles, this time in mixtures of CTAB and the sodium salt of

In this paper, we report a thermoreversible transition from 3-methyl slalicylic.acioll (3m$). These vesicles were reported to
unilamellar vesicles to wormlike micellewith increasing transfqrm Into cyl|n_dr|cal_ micelles ‘?F’O” shfsar_lng. .
temperaturein a surfactant fluid. This transition results in a Vesicle-to-wormlike micelle transitions with increasing tem-
dramatic (1000-fold) increase in the fluid viscosity. The system PErature have been descrlll:;ed previously in only a couple of
described here is a simple one, involving the well-known SYStems to our knowled(‘;}éé:. In the one studied by Manohar,
cationic surfactant, cetyl trimethylammonium bromide (CTAB), andau, a_nd co-workets, the surfactz?lnt was obtained by
and a relatively common organic derivative, 5-methyl salicylic mixing equimolar amounts of CTAB with sodium 3-hydroxy-
acid (5mS). Fluids that viscosify or gel upon heating are of great "aPhthalene 2-carboxylate (SHNC), followed by removal of
interest for biomedical and drug delivery applicatiéiist flow excess counterions. This surfactant when added to water at room

control and separations using microfluidic devi€esnd as
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temperature assembled into multilamellar vesicles (MLVs) LIS BRI L LIS BB
around +10 um in diameter. Due to the formation of these 0.10
large MLVs, the solutions were highly turbid and quite viscous

(viscosities ca. 100 times that of water). Upon increasing the
temperature, the samples transformed into clear solutions
containing wormlike micelles, thereby leading to an increase
in viscosity by about an order of magnitude. It is not clear if

the MLVs in these samples at low temperatures were stable or
if they aggregated and eventually phase-separated to form a 0.00
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The present StUdy with the CTAB/5mS SyStem began in an LI I I B L O
attempt to reproduce the result of Davis ef ah terms of = 102 [ Micelles o® Vesicles
forming unilamellar vesicles. Subsequently, we detected by © 101 e ©
visual observation a dramatic increase in viscosity when some = = ©
of these samples were heated. This prompted us to carry out a S 100 -
systematic investigation of CTAB/5mS mixtures over a range > 10
of compositions and temperatures. In our studies, we employ a k%) o
combination of visual observations, turbidimetry, rheological 3 10?2
techniques, and small-angle neutron scattering (SANS) measure- g 10°G-0 © ® Coco oo
ments. Our results unambiguously demonstrate the formation (E, st 20l s il v o Ml s o b e
of vesicles in these solutions at room temperature, and further-

. ; 0 5 10 15 20 25

more, we show that the vesicles undergo a continuous phase
transition to wormlike micelles with increasing temperature. [5mS] (mM)
Flnally,lwe propo§e a te.’m"’?t've meChamsm based on an Figure 1. Phase behavior at 2& of CTAB/5mS mixtures at a fixed CTAB
adsorptior-desorption equilibrium to explain these results. concentration of 12.5 mM and varying concentrations of 5mS. The top plot

shows the optical density, which quantifies the amount of light scattered
from the sample. The bottom plot shows the zero-shear viscosity obtained

CTAB/5mS Solutions: Studies at Room TemperatureWe from steady-sht_aar rhgology. Samples containing around 10 mM 5mS are
colorless and highly viscous and show a tendency to trap bubbles, as seen

begin by discussing the phase behavior of CTAB/5mS mixtures from the photograph on the left. In contrast, samples with greater than ca.
at a fixed [CTAB] of 12.5 mM. Figure 1 shows two types of 15 mM 5mS have a low viscosity akin to water and appear bluish due to
data, the zero-shear viscosity and the optical density, as a light scattering, as seen from the photograph on the right.

function of [5mS]. The optical density was recorded at a . o ) o
wavelength of 500 nm, where CTAB and 5mS absorb mini- solution, and it is generally seen for solutions containing
mally, so that any changes in this quantity are due to the vesicles'3 The onset of the bluish color is indicated by the sharp

scattering of light by nanostructures in solution. Consider first "S€ in optical density in Figure 1. At higher [SmS], the optical
the results for [5mS] below ca. 15 mM. At very low [smg] density and the viscosity both reach plateaus. Taken together,
(<5 mM), the samples are clear solutions with a low optical thg data provide prehmmayy ewdgnge fora phase transition from
density and a low viscosity close to that of water (1 n#paAs mlcellar structures to vesicles with increasing [5mS]. Note that
[5mS] is increased, the viscosity grows by 5 orders of Figurelextends only uptoca. 23 mM [SmS], which represents
magnitude. The resulting samples are clear, viscoelastic solutions? Solubility limit for 5mS in water at room temperature in the
and show an ability to trap bubbles for long periods of time Presence of 12.5 mM CTAB. Indeed, organic acids, such as

(see photograph of a typical sample in Figure 1). These Samp|es'3ms, are sparingly soluble in water at neutral pH In the absence
also exhibit flow-birefringence, that is, they show streaks of of surfactant, we measured the aqueous solubility of 5mS at 25
light under crossed polarizers upon shaking. Both the viscoelas- © © P& 7.4 mM.
ticity and the flow-birefringence are characteristics of wormlike ~ To further elucidate the microstructures in these samples, we
micelles? The results imply that 5mS induces the growth of resorted to SANS. CTAB/SmS samples were prepared2@ D
mice"esl which is precise|y as expected for these Sa]icy]ic acid to achieve the needed contrast between scatterers and solvent.
derivatives®12 With further increase in [5mS], the viscosity in ~ Samples in BO were found to be visually and rheologically
Figure 1 reaches a peak and thereafter drops precipitously.identical to those prepared with,8. Figure 2 shows SANS
Similar viscosity peaks are ubiquitous in the wormlike micelle spectralvsa) for 12.5 mM CTAB samples containing different
literature and are believed to signify a transition from linear to amounts of 5mS. The data for low [5mS] (5 and 10 mM)
branched wormlike micelles, although this is still a matter of asymptote to a plateau at logvand essentially correspond to
debate® micelles. In contrast, there is no plateau at the higher [5mS],
The unusual results in our study are obtained for [5SmS] above With the 15 and 20 mM samples showingy@? decay of the
15 mM. At these concentrations, the samples show a bluish hue,intensity at lowq. Such a decay is a signature of scattering
and their viscosity drops to that of water (see photograph of a from vesicle bilayers? Importantly, theq~2 decay occurs only
typical sample in Figure 1; note that it is a clear and for samples within the vesicle region in Figure 1 (i.e., the region
homogeneous solution). The bluish color is a manifestation of
the Tyndall effect due to the presence of large scatterers in(13) Sgé%gvi;sw—n{g%? K.; Rodriguez, B. E.; Zasadzinski, J. ASdience

(14) Hubbard, F. P.; Santonicola, G.; Kaler, E. W.; Abbott, N.Lengmuir
(12) Shikata, T.; Hirata, H.; Kotaka, Tangmuir1989 5, 398-405. 2005 21, 6131-6136.

2. Results
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Figure 2. SANS scattering at 25C from CTAB/5mS mixtures at a fixed = 102
CTAB concentration of 12.5 mM and varying concentrations of 5mS. = E E
Beyond ca. 15 mM 5mS, the data follow a slope-&2 on the log-log 8 - =
plot, which is indicative of scattering from vesicles. O 2L O ) ]
2 103 - 3
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of bluish, nonviscous samples). Thus, the SANS data support con b o b i s
our hypothesis of a phase transition from micelles to vesicles 20 30 40 50 60 70 80
with increasing [5mS]. Further analysis of the SANS data,
including quantification of vesicle sizes, is described in the Temperature (°C)
Discussion section. Figure 3. Phase behavior versus temperature of a sample containing 12.5

CTAB/5mS Solutions: Studies as a Function of Temper- ~ MM CTAB and 20 mM 5mS. The optical density (top) and the zero-shear
ature. We have indicated that certain CTAB/SMS mixures SCosty (botlon) are shown, The shap ncrease i viscosty and the
contain vesicles at room temperature. Next, we describe thetansition with increasing temperature.
unusual behavior exhibited by these solutions upon heating. The
solutions are visually observed to transform from bluish and 100
nonviscous at low temperatures to colorless, perceptibly viscous 55°Ceoee e (a)
and flow-birefringent at high temperatures. Systematic studies g
as a function of temperature for a sample containing 12.5 mM
CTAB and 20 mM 5mS are reported in Figure 3. Here, again,
both the optical density at 500 nm and the zero-shear viscosity
no are shown, this time as a function of temperature. Note from
Figure 1 that this sample falls in the vesicle region of the phase
diagram at 25C, and at low temperatures (between 25 and ca. 25°C L -
48 °C), the sample remains bluish and scatters light strongly. 108 Lol e S LLLL
Around 48°C, the bluish hue slowly begins to fade, and the 0.1 1 10
sample transforms to a clear, colorless solution. In turn, the Shear rate (s'1)
optical density drops sharply and falls to nearly zero by about 100
54 °C. Corresponding changes also occur in the rheotagy
the sample clears, it also becomes more viscous, and the zero-
shear viscosityjo increases by a factor of about 500. At higher
temperatures, the sample continues to remain clear and viscous,
while the viscosity drops with temperature. The data presented
here suggest a transition from vesicles to wormlike micelles
upon heating, and we will presently use rheology and SANS to PY (b)
study and confirm such a transition. T T e

The rheological response of the above CTAB/5mS sample 0.1 1 10
at various temperatures is shown in Figure 4. At low temper- )
atures, the sample exhibits Newtonian behavior; that is, its Frequency, o (rad/s)
viscosity is independent of shear rate, and the value of this Figure 4. Rheology of a 12.5 mM CTAB- 20 mM 5mS sample at various
viscosity is close to that of water (Figure 4a). This response is temperatures. The steady-shear rheological response at three different
consistent with the presence of discrete unilamellar vesicles,Eecmigesrggxﬁsirzs(;)hown in (a), and the dynamic rheological response at 55
and the same response persists from 25 to c&C5@\t ca. 55 '
°C, however, the sample switches to a shear-thinning response,
with a plateau in the viscosity at low shear rates, followed by These rheological changes are consistent with a transition from
a drop in viscosity at higher shear rates. Note also that the zero-vesicles to wormlike micelles. The corresponding dynamic
shear viscosity is orders of magnitude higher at this temperature.rheological response at 5& is presented in Figure 4b as plots
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Figure 5. Vesicle-micelle phase transition temperature as a function of Temperature (°C)

[5mS] for a fixed concentration of CTAB (12.5 mM).
Figure 6. Zero-shear viscosityo as a function of temperature for three

CTAB/5mS solutions containing 12.5 mM CTAB and differing concentra-

of the elasticG' and viscousG" moduli versus frequency. tions of 5mS (indicated along each curve).
The sample again shows a viscoelastic response typical of

wormlike micelles-that is, at high frequencies (or short time T 45°C o

scales), it behaves elastical@'(> G"), while at low frequen- B

cies (or long time scales), it switches to a viscous beha@0r ( —~ 10!
> @', with both moduli varying strongly with frequenc§)he
longest relaxation time of the sample (inverse of the frequency
at whichG' andG" cross) is about 1.4 s at 5%. Figure 4a
also shows that heating the micellar solution from 55 t660
lowers the zero-shear viscosity by a factor of 2 (the relaxation
time in dynamic rheology is lowered by a similar amount; data
not shown). Such decreases in viscosity and relaxation time with 101
temperature are expected for wormlike micetiéisey arise due
to an exponential reduction in the micellar contour length with
increasing temperature. 102

Similar temperature-induced changes in both the phase < 1
behavior and rheology were observed for all the vesicle samples Wave vector, q (A™)
investigated. The onset of the vesicle to micelle transition, and Figure 7. SANS scattering at various temperatures from a CTAB/5mS
thereby the onset of the viscosity increase, could be tuned bysolution containing 12.5 mM CTAB and 20 mM 5mS. The data indicate

. . o . - the presence of vesicles at temperatures up t6@%slope of—2) and

varying the solution composition. Figure 5 plots the transition | .. -cjies at higher temperatures.
temperature as a function of [5mS] for a fixed [CTAB] of 12.5
mM. These transition temperatures were determined by visual CTAB and 20 mM 5mS. This BD sample behaves almost
inspection, and they correlate well with the complete disap- identically as its counterpart inJ® (Figure 3). SANS spectra
pearance of turbidity in the sample (i.e., with optical denstty  for this sample overlap perfectly from 25 to 46, indicating
0 in plots such as Figure 3). We note from Figure 5 that the negligible changes in microstructure over this range of temper-
phase transition systematically shifts to higher temperatures withatures. The data at 45C are plotted in Figure 7, and the
increasing [5SmS]. It is worth emphasizing also that the transition characteristicq 2 decay of vesicles is seen. Beyond 45,
is thermoreversible, so that vesicles that are disrupted into however, significant changes occur in the spectra. The intensity
micelles upon heating can be re-formed upon cooling. drops at lowq, and theq 2 decay is no longer observed,

Figure 6 shows the changes in zero-shear viscosity as aindicating a transformation of the vesicular structures. The onset
function of temperature for three different CTAB/SmS samples, of changes in SANS coincides with the onset of transitions in
each with 12.5 mM [CTAB] and differing [5SmS]. The data again turbidity and rheology (Figure 3). Thus SANS again supports
demonstrate that the onset of the transition and, correspondingly the occurrence of a vesicle-to-micelle transition with increasing
the location of the viscosity peak shift to higher temperatures temperature in CTAB/5mS samples. Further analysis of the
as [5mS] is increased. In addition, timagnitudeof the viscosity SANS data is described below.
rise is also seen to be a function of [5mS]. Thus, the peak
viscosity is highest for the 18 mM sample, and the viscosity
rise in this case amounts to a factor of about 1500. The viscosity SANS Modeling and Analysis.Further information from the
rise is less appreciable for the 20 mM sample, and an evenSANS data can be obtained by modeling it by the IFT method,
smaller viscosity increase occurs for the 23 mM one. Similar described in the experimental section of the Supporting Infor-
trends can also be obtained by varying the CTAB concentration mation. Using this method, the SANS data can be analyzed
in the sample. In sum, both the onset and magnitude of the without assuming priori if micelles or vesicles are present in
viscosity increase are tunable via the sample composition.  the sample. First, we apply the IFT analysis to the SANS data

Changes in solution structure with temperature were also at room temperature (25C), presented in Figure 2. The pair
investigated by SANS. Figure 7 shows SANS spectra over a distance distribution functiom(r), from IFT is shown for 5mS
range of temperatures for a sample igcontaining 12.5 mM concentrations of 10 and 20 mM in Figure 8. For the 10 mM

100

Intensity, / (cm™

3. Discussion
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Figure 8. Pair distance distribution functionp(r), corresponding to the
SANS data at room temperature for CTAB/5mS samples with 12.5 mM
CTAB and two different 5mS concentrations (original data in Figure 2).
The inset is a magnification of the 10 mM data showing the inflection point,
followed by linear decrease, io(r).

sample,p(r) is asymmetrical, with an inflection point around
52 A (see inset) followed by an approximately linear decrease
to zero around 200 A. Thig(r) function is characteristic of
cylindrical micellest**>The inflection point gives the cylinder
diameter, while the point wherp(r) meets thex-axis is an
estimate for the average length of the cylinders. Thus, IFT
confirms the presence of short, cylindrical (rodlike) micelles in
the 10 mM sample.

In contrast, IFT yields a very differeri(r) for samples at
higher [5mS] that fall in the vesicle region of the phase diagram
in Figure 1. This is illustrated in Figure 8 for the 20 mM sample,
where we see a broad symmetrical pealk(r). This shape of
the p(r) function suggests large symmetrical structures, that is,
unilamellar vesicle$? The point wherep(r) meets thex-axis
gives the vesicle diameter, which is 1270 A in this case. For
comparison, measurements by dynamic light scattering (DLS)
yield a diameter of 1340 A for the vesicles in this sample. This

is a reasonable agreement, and the data from both technique

point to the existence of vesicular structures in the 20 mM
sample with sizes on the order of 130 nm. The vesicle bilayer

thickness can be determined independently from the SANS data,

using a cross-sectional Guinier plot or a cross-sectional IFT
analysis (not shown) and is found to be 24.9 A. This value is

comparable to the bilayer thicknesses reported for other sur-

factant vesicle$®

Similar IFT analysis was also done on the SANS data
presented in Figure 7 for the 12.5/20 CTAB/5mS sample over
a range of temperatures. Corresponding plotp(@j at the

various temperatures are shown in Figure 9. In this case, the

p(r) is simple to interpret in the limit of low and high
temperatures (Figure 9a,c) but is more complicated at the
intermediate temperatures (Figure 9b). At low temperatures
(25—45°C), thep(r) is symmetrical and indicative of vesicles.
On the other hand, at high temperatures—85 °C), thep(r)

is asymmetrical and corresponds to cylindrical micelles. Note
here that the micelle length (intersections withxrexis, marked

by arrows) decreases with temperature, while the micelle
diameter (inflection point) remains constant. Finally, turning
to the data between 50 and 6C, the p(r) plots do not
correspond to either vesicles or micelles alone. All three plots
show a primary peak and a shoulder, implying a likely

(15) Glatter, OJ. Appl. Crystallogr.1979 12, 166-175.
(16) Jung, H. T.; Coldren, B.; Zasadzinski, J. A.; lampietro, D. J.; Kaler, E. W.
Proc. Natl. Acad. Sci. U.S.£001, 98, 1353-1357.

coexistence of two distinct structures. Thus, the IFT analysis
suggests that over a span of temperatures near the onset of the
transition, vesicles coexist with micelles. It is only at higher
temperatures that the vesicles are completely transformed into
cylindrical micelles.

The above analysis has important implications for the nature
of the vesicle-to-micelle phase transition. On the basis of the
IFT plots, this transition seems to be a continuous (second-
order) phase transition. Thus, at the onset of the transition, some
of the vesicles are transformed into micelles. As temperature is
increased, a larger fraction of vesicles undergo this transforma-
tion, and this continues until all the vesicles are eventually
transformed. The above findings are in broad agreement with
earlier studies on vesicle-to-micelle transitions induced by
compositional or temperature changés® These studies have
found that vesicles and micelles can coexist under certain
conditions. Note that there may also be other intermediate
morphologies in such cases, such as disklike micelles or bilayers
with holes!®20 Direct evidence for the coexistence of disklike
micelles with vesicles has been provided by cryo-TEM stutfies.

Mechanism for Vesicle-Micelle Transition. We now pro-
ceed to consider the questions of (a) why vesicles form in
CTAB/5mS mixtures; (b) why the vesicles become micelles
upon heating; and (c) what controls the onset of the transition.
A possible mechanism is offered here on the basis of the
schematics shown in Figure 10. As indicated, the 5mS molecule
will have a strong tendency to bind to the amphiphilic
aggregaté.This binding will be stronger than that of the parent
salicylic acid because of the presence of the methyl group and
its location at the 5-position. Being at the 5-position, the methyl
group can become embedded in the hydrophobic part of the
aggregate even as the hydrophilic (OH and COOH) groups at
the opposite end of the counterion remain in contact with water.
The resultant binding of 5mS to CTAB will cause a shielding

¥f the headgroup charge and thereby a reduction in effective

headgroup area, while the volume of the hydrophobic tail portion
will increase. Adding low amounts of 5mS will thus promote
the growth of spherical CTAB micelles into wormlike micelfes.
However, when the 5mS:CTAB ratio is increased beyond
equimolar, the headgroup area could be further reduced and the
tail volume increased such that the molecular geometry favors
the formation of low-curvature aggregates (i.e., vesicles). Note
that, in our experiments, vesicle formation is initiated for 12.5
mM CTAB only when [5mS] is increased above 15 mM (i.e.,
slightly above equimolar). A similar progression from spherical
to rodlike micelles and then to vesicles occurs for mixed
cationic/anionic surfactant mixtures as well with increasing
molar ratio?

To explain the effect of temperature, we postulate that the
binding (adsorption) of 5mS is a reversible proc¥s4 At low
temperatures, the 5mS molecules will mostly remain bound to
the vesicles. However, upon heating, a fraction of bound 5mS
may tend to desorb from the vesicles, possibly due to changes
in the solubility of 5mS in the bulk water. As mentioned, 5mS
has a limited solubility in water, but this value increases with

(17) Soderman, O.; Herrington, K. L.; Kaler, E. W.; Miller, D. Dangmuir
1997 13, 5531-5538.

(18) Xia, Y.; Goldmints, I.; Johnson, P. W.; Hatton, T. A.; Bose,Langmuir
2002 18, 3822-3828.

(19) Leng, J.; Egelhaaf, S. U.; Cates, M.Bophys. J2003 85, 1624-1646.

(20) Edwards, K.; Gustafsson, J.; Almgren, M.; Karlsson) &olloid Interface
Sci. 1993 161, 299-309.
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Figure 9. Pair distance distribution functionp(r), corresponding to the SANS data at various temperatures for a 12.5 mM GTABmM 5mS sample
(original data in Figure 7). As discussed in the text, if® plots indicate the presence of vesicles at low temperatures (a); vesicieselles at intermediate
temperatures (b); and cylindrical micelles at high temperatures (c).

excess 5mS molecules
are weakly adsorbed
and tend to desorb

upon heating CH, CH; / "CcH,
increase T
or decrease [5mS]
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i 5mS]
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Unilamellar Vesicles Wormlike Micelles

Figure 10. Mechanism of the vesicle-to-wormlike micelle transition in CTAB/5mS mixtures. Vesicles are formed when there is an excess of 5mS molecules
bound to the aggregate. Some of these molecules are weakly adsorbed at the aggregate interface and tend to desorb upon heating. The dedorption-induce
change in the molecular geometry of the aggregates induces them to transform into wormlike micelles. (Note: For claiy tred —COOH groups

on the 5mS molecules are not shown.)

temperature. Our measurements (see Supporting Information)temperature. The above argument suggests that the [5mS]:
show that the solubility of 5mS in deionized water increases [CTAB] ratio is the important variable. Indeed, preliminary
from 7.4 mM at 25°C to 18.9 mM at 85°C. This shows that experiments with different CTAB concentrations (data not
5mS does have an increased affinity for water at higher shown) confirm that the [5SmS]:[CTAB] ratio largely controls
temperatures, which could help explain its desorption from the the onset of the vesicle-to-micelle transition.

vesicles. Such desorption, if it occurs, would increase the

effective headgroup area and reduce the tail volume, therepy’ COnclusions

driving the vesicles to aggregates of higher curvature This study has demonstrated that the aromatic derivative,
specifically to cylindrical micelles. Such a mechanism could 5-methyl salicylic acid (5mS), can induce the cationic surfactant,
explain the observed results. CTAB, to form either wormlike micelles or unilamellar vesicles

The above mechanism allows concentration and temperaturedepending on the solution composition. Additionally, CTAB/
effects to be treated in an analogous manner, as shown by Figur&éms vesicles can be transformed into long, flexible “wormlike”
10. Thus, vesicles can be viewed to form when the effective micelles by heating the solution beyond a critical temperature.
5mS concentration at the aggregate interface becomes high. Thi§ he vesicle-to-micelle transition causes the solutions to switch
could be reached either by adding more 5mS to the solution or from low-viscosity, Newtonian fluids to viscoelastic, shear-
by lowering the temperature. Conversely, increasing the tem- thinning fluids. The zero-shear viscosities of these fluids increase
perature would reduce the effective 5mS concentration at the dramatically as a resuttby more than a factor of 1000 in some
aggregate interface and thereby induce micelles. Along the samecases. SANS data confirm the thermoreversible phase transition
lines, one can also explain the increase in vesiolcelle from vesicles to micelles, and analysis of the data by the IFT
transition temperature with increasing [5mS] for a constant method shows that vesicles coexist with micelles over a range
[CTAB] (Figure 5). This trend could be because, in vesicles of temperatures close to the transition. A qualitative mechanism
with a higher concentration of bound 5mS, more of these bound to account for the vesicle-to-micelle transition involves the
molecules have to desorb before the transition point can bedesorption of bound 5mS molecules from the vesicles as
reached, which requires the sample to be heated to a highetemperature is increased.
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EXPERIMENTAL SECTION

Materials and Sample Preparation. CTAB was purchased from Sigma-Aldrich (St.
Louis, MO), while the 5-methyl salicylic acid (2-hydroxy 5-methyl benzoic acid) was
obtained from TCI America (Portland, OR). These chemicals were greater than 98% in
purity and were used as received. Solutions were prepared by adding ultra-pure deionized
water from a Millipore water-purification system into weighed quantities of the relevant
compounds. The samples were heated to ~ 65°C under continuous stirring for about an
hour till the solutions became homogeneous. The solutions were then left to cool
overnight while being constantly stirred before any further experimentation. For SANS
studies, samples were prepared using the same methods, but with the solvent being D,0O
(99.95% D, purchased from Cambridge Isotope Laboratories, Andover, MA).

Phase Behavior. Phase behavior as a function of temperature was determined by visual
observation of sealed samples placed in a water bath, where the temperature was
controlled by a Julabo™ heater. The transition temperature was recorded as the point at

which the sample became completely transparent.



Turbidimetry. Turbidimetric measurements of the solutions were carried out using a
Varian Cary 50 spectrophotometer equipped with a Peltier-controlled thermostated cell
holder. Samples were studied in 1 cm cuvettes and the optical density was measured at a

wavelength where neither the CTAB nor the 5mS had any measurable absorption.

Solubility Studies. The solubility of 5mS in water at different temperatures was
determined as follows. An excess of 5mS was added to water in a 1 cm cuvette and the
sample was centrifuged for 15 minutes to compact the 5mS to the bottom of the cuvette.
The cuvette was then placed in the thermostated holder of the UV-Vis instrument. The
sample was monitored till the absorbance reached a plateau, and this absorbance was
converted to a concentration value using the absorbtivity determined from a calibration

curve. The same procedure was repeated at different temperatures.

Rheological Studies. Steady and dynamic rheological experiments were performed on an
AR2000 stress controlled rheometer (TA Instruments, Newark, DE). Samples were run
on a cone-and-plate geometry (40-mm diameter, 2° cone angle) or a couette geometry
(rotor of radius 14 mm and height 42 mm, and cup of radius 15 mm). Dynamic frequency
spectra were obtained in the linear viscoelastic regime of each sample as determined by

dynamic stress-sweep experiments.

Dynamic Light Scattering (DLS). DLS was used to characterize the sizes of vesicles in
solution. A Photocor-FC light scattering instrument with a 5 mW laser source at 633 nm
was used, with the scattering angle being 90°. A logarithmic correlator was used to
measure the autocorrelation function, from which the diffusion coefficient was estimated.
The apparent hydrodynamic size of the vesicles was obtained from the diffusion

coefficient through the Stokes-Einstein relationship.*

SANS. SANS measurements were made on the NG-1 (8 m) beamline at NIST in
Gaithersburg, Maryland. Samples were studied at various temperatures in 2-mm quartz
cells. Scattering spectra were corrected and placed on an absolute scale using calibration
standards provided by NIST. The data is presented as plots of the radially-averaged



absolute intensity | versus the wave vector q = (444)sin(62), where 4 is the wavelength

of the incident neutrons and @is the scattering angle.

SANS Analysis by IFT. SANS data were analyzed by the Indirect Fourier Transform
(IFT) method, which requires no a priori assumptions on the nature of the scatterers.? In
this method, a Fourier transformation of the scattering intensity 1(q) (with incoherent
background subtracted) is performed to obtain the pair distance distribution function p(r)

in real space. For non-interacting scatterers, the two are related by:?
oo sin(qr)
1(q) = 4| p(r)=—_"dr (2)
qr

p(r) provides structural information about the scatterers, such as their maximum

dimension. IFT analysis was implemented using the commercial PCG software package.
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