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Abstract

Self-assembly properties of a single-tailed chiral cationic surfactant, (1R,23)-@edecylN-methylephedrinium bromide (DMEB),
have been studied in water. The molecular self-assemblies of the amphiphile have been characterized by surface tension, fluorescence probe:
light scattering, and microscopic techniques. The results have been compared with those of dodecyltrimethylammonium bromide (DTAB)
surfactant. The critical aggregation concentration of DMEB was found to be much less than that of DTAB. Surface tension and fluorescence
probe studies have suggested formation of micellar structures at low temperaf8®Q) and spontaneous formation of giant vesicles
in water above 28C. The mean size of the aggregates has been measured by a dynamic light scattering method. The micropolarity and
microviscosity of the self-assemblies were determined by fluorescence probe techniqdéi WMR and FTIR spectra were recorded
to elucidate the role of the hydrophobic head group towards the formation of bilayer structures. The phase transition temperatures of the
vesicular aggregates were determined by measurement of fluorescence anisotropy at various temperatures.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction in dilute agueous solutions have been discussed in the recent
literature [7—13]. Single-tailed cationic surfactants having

There have been many reports on vesicle formation from 820 linkages, unsaturation, or biphenyl moieties in the hy-
natural amphiphiles (mainly phospholipids) and synthetic drocarbon chain have been found to form vesi¢les-16}
surfactants in the past three decafleg]. Vesicles formed ~ On the other hand, bola amphiphiles have been also reported
by synthetic surfactants, in particular, have attracted atten-t0 form bilayer vesicleg17-20} Spontaneous vesicle for-
tion because of their potential uses as agents for encapsuMation from mixed single-chain anionic and cationic surfac-
lation and eventual release of drugs, flavors, and fragrances@nts (catanionic mixtures) has been reported in the litera-
and also as microreactors for the synthesis of monodisperse&ure [21,_24] ) .
nanometer-sized semiconductor partid@s6]. Giant vesi- In this work, we report that giant vesples can be sp(_)ntg—
cles can also serve as models for biological membranes. TheneOUSIy formed by self-assembly of a smgle-taned'cgtlonlc
hydrophobic groups of the amphiphiles that have been usedzurfa(_:(;antDM(ElBR,ZS);—bﬁ-dode]?lelmeihyleprllje&rérgum
to form vesicles include two kinds of structures: double- ror:jm €, h (s:[e Cf emet lortsfruc ure). i IS th
chained and single-chained. Synthetic amphiphiles with dif- used as a pnase-transier calalyst for asymmetric synthe-

ferent chemical structures and compositions of head groupss'sn[zrsl'I Er:?nktilgrr:ierlchsre%ar?tlc;n or: dkr]ug m|0|eEU|§]S r?ytrmtl_ d
and hydrocarbon tail(s) that can self-organize into vesicles ceflar electrokinetic chromatograpny has aiso demonstrate
the chiral recognition properties of the surfactant in solu-

tion[26]. In order to explain the chiral recognition properties
* Corresponding author. Fax: +91 3222 255303. of DMEB, it is necessary to understand the aggregation be-
E-mail addressjoydey@chem.iitkgp.ernet.ifd. Dey). havior in solution. The present study is a part of our interest
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Fig. 1 under Supplementary material). Therefore, DMEB
was used without further purification. But pyrene, AN, and
DPH were recrystallized several times from acetone—ethanol
mixture. Purity of the probes was tested by the fluorescence
emission and excitation spectra. Cetylpyridinium chloride
was from SRL. It was purified by recrystallization from
ethanol. All solutions were prepared using Milli-Q water
(18.292).

2.2. Methods

nE 2.2.1. General instrumentation

+ - The UV-visible spectra were recorded on a Shimadzu

- (Model 1601) spectrophotometer. The FTIR spectra were
measured with a Thermo Nicolet Nexus 870 spectrome-
ter. ThelH NMR spectra were measured with a Bruker
DTAB DMEB 250 MHz instrument. The density of a solution was mea-
sured by weighing method using a dilatometer. All mea-
surements were done at room temperatur8(Q°C) unless
. ) ) ) otherwise mentioned. Conductivity was measured with a
in microstructures formed by optically active surfactants. tharmo Orion (Model 1504) conductivity meter that uses

Recently, Oremusova et §£7] have measured the physico- 4 foyr-electrode cell of cell constant equal to 0.467.
chemical properties of the surfactant in water. These authors

have determined the critical aggregation concentration of 5 5 5 grface tension measurements

DMEB by various meth(c])ds. From the meagured thermody-  the surface tension measurements were performed with
namic parametersmG-, Amf", and AmS”) they con- 4 torsjon balance (S.D. Hurdson & Co., Kolkata) using the
cluded that London dispersion interaction, not hydrophobic p, Nuoy ring detachment method. Temperature-controlled
interaction, is the major driving force for the micellization of (£0.1°C) measurements were carried out by use of a
DMEB molecules. The amphiphile has a chemical structureé Thermo-Neslab RTE 7 circulating bath. A stock solution
very similar to that of dodecyltrimethylammonium bromide, »f pMEB was made in Milli-Q water. Aliquot of this solu-
DTAB (Scheme )} DMEB is derived from DTAB by re-  jon was transferred to a beaker containing known volume of
placement of one of the methyl groups of the surfactant yater. The solution was gently stirred magnetically and al-
head by a phenylalkyl group that carries two stereogenic |oyed to stand for about 5 min at room temperature and then
centers and an —OH group. The —OH group can in princi- the syrface tension was measured. For each measurement
ple form intermolecular hydrogen bonds. Therefore, we are gt |east three readings were taken and the meamlue
interested to investigate how the structural features bear ony s recorded. Before each experiment the instrument was

the microstructures of the molecular self-assemblies of the cajiprated and checked by measuring the surface tension of
amphiphile in water. The objectives of the present study are gjstilled water.

(i) to study the aggregation properties in water, (i) to inves-

tigate the microenvironment of the self-assemblies, (iii) to 2 5 3. Steady-state fluorescence measurements

measure the mean size of the aggregates, and (iv) to exam- The steady-state fluorescence spectra were recorded with

ine the microstructure in order to determine the shape as well; gpgx Fluorolog Model FL3-11 spectrofluorometer using a

as size of the aggregates. The results will be compared withq_cpp quartz cuvette. Saturated aqueous solutions of pyrene

those of DTAB surfactant. TheH NMR and FTIR spectra  and AN were used for sample preparation. The samples con-

will be used to shed light on the role of the phenyl moiety in taining pyrene and AN were excited at 335 and 350 nm,

the formation of self-assemblies. respectively. The emission spectra were recorded between
350 and 550 nm using both excitation and emission slits
with bandpass equal to 1.0 nm. Each spectrum was blank

OH

Scheme 1. Molecular structures of DTAB and DMEB.

2. Experimental section subtracted and corrected for lamp intensity variation during
the experiment.
2.1. Materials Steady-state fluorescence anisotropyas measured on

a Perkin—Elmer LS-55 luminescence spectrometer equipped
Pyrene (99%), 1, 6-diphenylhexatriene, DPH (99%), with a thermostated cell holder and filter polarizers that used
1-anilinonaphthalene, AN (98%), and DMEB (99%) were the L-format configuration. The temperature was controlled
purchased from Aldrich. The purity of DMEB, which melted within +-0.1°C by a Thermo Neslab (Model RTE 7) water-
sharply at 82C, was confirmed byH NMR spectrum (see  circulating bath. Since DPH is insoluble in water, a 1.0 mM
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stock solution of the probe in 20% (v/v) methanol-water 2.2.6. Microscopy

mixture was prepared. The final concentration of the probe  The microscopic measurements were performed using an
was adjusted to 2.0 uM by addition of an appropriate amount 8 mM clear solution of DMEB. The specimen was made by
of the stock solution. The sample was excited at 350 nm andplacing a drop of the aqueous solution on a 200 mesh size
the emission intensity was followed at 450 nm using exci- carbon-coated copper grid, waiting for a minute, and then
tation and emission slits with bandpass of 2.5 and 5 nm, blotting off the excess liquid with filter paper. After half an
respectively. A 430-nm cutoff filter was placed in the emis- hour of air-drying the specimen was negatively stained with
sion beam to reduce effects due to scattered radiation. The2 freshly prepared 2% aqueous solution of phosphotungstic

r-value was calculated employing the equation acid, the pH of which was adjusted to solution pH by adding
KOH solution. The stained specimen was dried in a desicator

and was examined on a Phillips CM 12 electron microscope
operating at 120 kV. For optical micrographs, a drop of the
filtered solution was placed on a thoroughly cleaned glass
plate and covered with a coverslip. The light micrographs
were obtained from a Leica-DMRXP microscope. The im-
ages taken by a video camera were analyzed by Leica Qwin
software.

r=(yw — Glvn)/(Iw + 2G IyH), 1)

wherelyy andlyy are the fluorescence intensities polarized
parallel and perpendicular to the excitation light, aids
the instrumental correction factot (= Iy /Ivh)-

2.2.4. Time-resolved fluorescence measurements
The time-resolved fluorescence intensity decay was mea-
sured with a picosecond time-correlated single-photon- 3. Resultsand discussion
counting (TCSPC) spectrofluorometer. A mode-locked Ti:
Sapphire laser (Spectra Physics, Tsunami 3950M 3S) pump-3.1. Solubility studies
ed by a diode-pumped CW visible laser (Spectra Physics,
Milenia SN 1638) was used as a light source. The frequency- The DMEB is poorly soluble in water below room tem-
doubled output laseri(= 370 nm) obtained by a flexible perature. Because of poor solubility, most of the studies de-
harmonic generator (Spectra Physics, GWU 23 PS) wasscribed below, unless otherwise mentioned, were carried out
used for sample excitation. The decay kinetics was recordedat room temperature§30°C). The saturated aqueous solu-
at the emission wavelength of 450 nm. The emission was tions of DMEB at all temperatures studied were transparent.
detected by magic angle (58)%olarization using a Hama- A suspension of DMEB (10.3 gi') was initially heated
matsu MCP photomultiplier tube (2809 U). The instrument to make a clear solution. It was then allowed to equilibrate
response function of the system wagd9 ps. The decay was ~ at 10°C for 24 h. The solubility was examined by measur-
analyzed by IBH DAS-6 decay analysis software. The good- ing conductivity of the suspension at various temperatures.
ness of the data fit was judged by th&-value (in the range  1he plot inFig. 1 shows the variation of conductivity as a
1-1.2) and by the randomness of residual function. function of temperature. The plot shows that conductivity in-
creases sharply above 25. This means rise of solubility of

. . the surfactant with increase in temperature. The temperature

2.2.5. Light scattering measurements (28°C) corresponding to the inflection point of the curve is
The dynamic light scattering (DLS) measurements Were nen referred to as the Krafft temperatufig,. This, how-

performed with a Phota_l DLS-7000 (Ot_suka E|e_CtI’OI’I_ICS Co. ever, should not be confused with the Krafft poifib) that
Ltd., Osaka, Japan) optical system equipped with anién

laser (75 mW) operated at 16 mW/iai = 488 nm, a digital 700_‘

correlator, and a computer-controlled and stepping-motor- ]
driven variable angle detection system. An 8 mM solution 6004
of the amphiphile was prepared in Milli-Q water. The solu- .
tion was filtered directly into the scattering cell through a __ 500+
Millipore Millex syringe filter (Triton free, 0.22 um). Before Tg 400_'

measurement, the scattering cell was rinsed several times ]
with the filtered solution. The DLS measurements started 2 3004
5-10 min after the sample solutions were placed in the “ 1
DLS optical system to allow the sample to equilibrate at 200+

the bath temperature. The scattering intensity was normally 100_’

measured a# = 90° to the incident beam. Some measure- ——
ments however, were performed at low angles in the range of 5 10 15 20 25 30 35 40 45
20°—60°. Each experiment was repeated two or three times. Temperature (°C)

The data were analyzed using the second-order cumulant
method. Fig. 1. Plot of conductivity £) as a function of temperature.
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65 -
| Table 1
604 Critical aggregation concentration (cac), surface pressuggd)( at cac,
| 4 maximum surface excess concentratidbx), minimum surface area per
55 3 headgroup 4o), hydrodynamic radiusKp), aggregation numberMagg)
] ) micropolarity (/1/13), microviscosity §m), and phase transition tempera-
504 tures (¢, Tm) of DMEB and DTAB at 303 K
K ] ! Properties DMEB DTAB
% 45_— ’ 120 22 24 26 28 30 32 34 36 cac (mM) 40,38 14.7
= 404 Temperature (°C) mcac (MN mil) 39.0 39.0
] Tmax x 1078 (mol m—2) 1.99 1.40
35 Ag (nm?P) 0.8440.05 1.18
] Rp (nm) 165, 1100 1.39
304 Nagg 815 x 10 48.0
: . . . . . . ; . ; . I1/13 1.21 1.42
36 32 28 24 20 -16 nm (mPas) 30.75 13.23
Tc (K) 301.0 -
log C (M) T (K) 316.5 -
Fig. 2. Plot of surface tensiory{ vs logC of DMEB at 30°C. Inset: plot a Values are taken from Ref29].
of cac vs temperature. b Obtained from fluorescence measurements using pyrene as probe.
€ This work.
defines the temperature at which the solubility of the surfac-
1.4+

tant becomes equal to its critical micelle concentrafitgj.
This means that micellar aggregates do not exist bdlew
On the other hand, micelles may form bel@j. This is con- 1.2+
firmed by fluorescence probe studies described below.

< 1.0
3.2. Critical aggregation concentration (cac) E
<° 0.8
3.2.1. Surface tension method .
The surface tension/() measurements were used to deter- 0.64
mine the cac of DMEB. Among the various methods avail- ]
able for the determination of the cac the surface tension (ST) 0.4 -
is known to be the most accurate method. The typical plot of 15 20 25 30 35 40
y versus log” at 30°C is shown inFig. 2 They value de- Temperature (°C)

creases linearly with lo§ and show a characteristic break

and remain constant thereafter. The break point corresponds Fig. 3. Variation of surface area/headgrougp] with temperature.

to the cac value. No minimum around the cac can be ob-

served in the plots. This confirms the purity of the surfactant. were also determined by the ST method. The plot of the vari-
The surface properties of DMEB are listedTable 1 For ation of cac with temperature is shown as an insegigf 2
comparison purposes, we have also includediahle 1the Itis interesting to note that the plot exhibits a breakpoint cor-
corresponding data for DTAB that are already reported in the responding to a temperature of 28, which is equal to the
literature[29]. The cac value (4.0 mM) of DMEB is close Tk value. This suggests that there must be some connection
to the value (4.08, 4.12 mM) reported by oth§g]. The between the variations of conductivity (i.e., solubility) and
surface pressurercac (Tcac = Ywater — Vsolution) vValues cor- cac with temperature. The plot also suggests that DMEB do
responding to cac suggest that both DMEB and DTAB are form aggregates belo@i. The minimum surface area per
equally good surface-active agents. Although the hydrocar- surfactant headgroup,o, at the air/water interface was esti-
bon chain lengths of DMEB and DTAB are equal, the cac mated from the slope of the linear part of the ST plot using
value of the former is much less than that of DTAB. Thisim- the Gibbs adsorption equati¢80,31] The room tempera-
plies that the formation of micelles is more favorable in the ture value ofAg for DMEB (Table ) is less than 1.0 nfand
case of DMEB than in DTAB surfactant. This is perhaps due is also less than that of the DTAB surfactant. Normadly,is

to the r—r and intermolecular hydrogen-bonding interac- expected to increase upon increase of temperature as aggre-
tions between phenylalkyl moieties of two neighboring sur- gates start to break down. In contrast, thevalue decreased
factant molecules. The low cac value is also indicative of the continuously with the increase in temperatufég( 3) in
formation of larger aggregates compared to that of DTAB, the range (20—-3%C) studied. This suggests stronger inter-
which is known to form small micelles with a mean aggre- actions between surfactant molecules. Be< 1.0 nn? is
gation number equal to 429]. The cac values of DMEB indicative of the formation of bilayer aggrega{82]. Since

at different temperatures above and below room temperaturethe Ag value for DMEB is greater than 1.0 rfrbelow 28°C,
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it can be assumed that DMEB forms small micellar ag- taken as the cac. This value is very close to the one obtained
gregates at temperatures bel@w. Above Tk the micelles from surface tension studies. The low value of fhgl/3 ra-
transform into bilayer structures. Therefofg,can be taken  tio compared to that in water (1.81) above the cac indicates
as the micelle-to-bilayer phase transition temperature. Thethat the probe molecules are solubilized in a nonpolar en-
same is also true with the breakpoint in the cac versus tem-vironment of spherical aggregati38]. The data inTable 1
perature plot inFig. 2 Thus the cac values abov& can suggest that the microenvironment of the probe in DMEB
be referred to as critical vesicle concentrations (cvc). Fur- is more nonpolar than that in DTAB micelld29]. This

ther evidence in favor of the formation of vesicle structures suggests enhanced ordering (compared to that in DTAB mi-

is discussed below. celles) at the aggregate—water interface of DMEB aggregates
that reduces the degree of water penetration in the hydro-
3.2.2. Fluorescence probe method carbon layer, in accordance with the reduction observed in

In order to demonstrate the formation of aggregates by micropolarity sensed by the probe molecules. The enhanced
DMEB molecules belowk we have measured fluorescence ordering at the interface may result from the insertion of
spectra of AN probe at 1UC in the presence and absence the phenyl moiety between two hydrocarbon chains, which
of the surfactant. The fluorescence spectrum of AN (inset of reduces ionic repulsion between the headgroups of DMEB
Fig. 4) in 3.5 mM DMEB solution is blue-shifted compared molecules, which means a tighter packing of the hydrocar-
to that in water, accompanied by a large increase in intensity. Pon chains in the self-assembly.

This suggests that the probe molecules are solubilized within o .

a hydrophobic environment, which means aggregate forma-3.3. Microviscosity

tion by DMEB molecules at 18C. This also indicates that

the Krafft point of the DMEB surfactant is less than1m) The tighter packing of the hydrocarbon chains, as dis-

The polarity of the hydrophobic domains of the aggre- cusse_d in _the preceding section, should be manifested by
gates can be estimated by a fluorescence probe techniquéh® microviscosity value of the self-assembly. The fluores-
Pyrene is a well-known fluorescence probe for the microp- C€Nce anisotropyr§ measurement provides useful insights
olarity studies of its solubilization site in micellar interi- INto the physical properties of lipid bilayers. DPH is a well-
ors [33-37] The intensity ratiol;/I3 of the third and the !<nown memt_)ran_eflwdlty probe and has been used for study-
first vibronic peaks of the pyrene fluorescence spectrum is"9 many lipid bilayer membrane89-41} Therefore the
very sensitive to solvent polarif8] and therefore has been steady-state fluorescence anisotropy of DPH was measured

widely used as a measure of the polarity of the microenviron- N 8 MM DMEB solution at room temperature. Thevalue
ment of the probd33-37] Normally, low values off; /15 was found to be 0.115, which is greater than that of DTAB

indicate a nonpolar environment whereas high values indi- Micelles (0.045). The relatively higher value ofat room
cates polar environment. The apparent micropolarity of the temperature suggests a more ordered environment around
aggregates was therefore estimated by measurings g the DPH probe in the self-assembly of DMEB. The&alue

ratio at various surfactant concentrations. The data are plot-'S 2/S0 higher than lecithin liposomes { 0.098) but less
ted inFig. 4, which shows a sigmoid decrease of thgls than that of sphingomyelin liposomes+ 0.247)[41]. This

ratio with the increase of DMEB concentration. The concen- MaY suggest that the self-assemblies of DMEB formed at or

tration (3.9 mM) corresponding to the inflection point can be above room temperature have bilayer vesicle structures sim-
ilar to those of liposomes. On the other hand, below room

temperature DMEB, like DTAB, forms micellar aggregates.

7 . o In order to compare the microstructure of the self-
| assemblies of DMEB with those of DTAB micelles, the
161 250 b microviscosity value was determined for both amphiphiles.
200 The relationship between fluorescence anisotrepyand
1.5 20 microviscosity,ym, is given by the Perrin—-Stokes—Einstein—
) g1 s Debye equatiof42],
< 14 = %0
= 0 m = kBTTf/[Um(VO/V - 1)]7 (2
1.3 00 W;iZ?engtS?Sm) °%0 wherekg is the Boltzmann constant, is the absolute tem-
perature is the fluorescence lifetime of DPH in micellar
124 environment,vy, is the effective molecular volume of the
DPH probe, andg (=0.362) [43,44] is the limiting value

0 1 2 3 4 5 6 7 8 9 10 of fluorescence anisotropy in a medium of infinite viscosity.
The vy value (313 &B) of DPH was estimated by Edward’s
[DMEB] (mM) L . .
atomic increment methof#l5] using experimental molec-
Fig. 4. Plot of1; /I3 versus DMEB concentration. Inset: fluorescence spec- ular volume oftransstiloene (257 &) [45]. The fluores-
tra of AN in (a) water, (b) 3.5 mM DMEB at 12C. cence lifetime of DPH in the presence of 8 mM DMEB was
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found to be 4.94 ns. The fluorescence lifetime (6.97 ns) of 3.75x10%1

DPH in DTAB micelles was taken from the literatus]. 1 R=0.993 {
The anisotropy value of DTAB micelles was measured to 3.00x10*

be 0.045 at 30C. The values ofy, calculated by the use 1 .

of Eqg. (2) are listed inTable 1 The ny value of DTAB 2 25%10°1 .

micelles is slightly less than that reported for CTAB mi-  —

celles[47]. This is consistent with the shorter chain length of  —° \ ] S

DTAB compared to CTAB surfactant. However, even though < 1-50x10°+

DMEB has same chain length as that of DTAB, thg

value of the former is almost three times higher than that 7.50x10°

of the latter micelles. This suggests that the hydrocarbon ]

chains in the bilayer self-assemblies of DMEB surfactant are o0l
more tightly packed (i.e., less fluid) than those in DTAB mi- 0 1 2 3 4 5 6

celles. The magnitude of the microviscosity sensed by the
DPH probe solubilized in the self-assemblies of DMEB is
comparable to many liposome systef38,40] Therefore, Fig. 5. Plot of In(Zo/I) versus CPC concentration.
it may be concluded that the amphiphile forms liposome-
like bilayer membrane structures in agueous solutions. How-  Wettig et al.[50] developed a calibration curve for the de-
ever, it should be noted that the fluorescence lifetime of termination of molecular weighty) of micelles from the
DPH in DMEB vesicles is less than that in DTAB micelles. experimentally determinesl, values and molecular weights
This indicates that the probe molecule is solubilized at the calculated from aggregation numbers eflkyltrimethyl-
membrane—-water interface of DMEB. On the other hand, ammonium bromide surfactants determined using the fluo-
it is solubilized in the core of DTAB micelle. This is per- rescence quenching method. The equation can be written as
haps due to the steric hindrance caused by the phenyl ring at 5
the membrane interface. In other words, the phenyl moiety Mw = —9.855Rn)“ +50.79(Rn) — 30.04, (4)
is oriented toward the hydrophobic region of the vesicle bi- where the molecular weight is in kilodaltons (kDa) aRgl
layer. The estimategn value of DMEB, therefore, reflects s in nanometers (nm). Since the molecular weight of the
the fluidity of the interfacial region of the hydrophobic mem- DMEB molecule andVaggare respectively 428.51 and 85.0,
brane even though it is higher than that of DTAB micelles.  the molecular weight of the DMEB micelles is 36.42 kDa.
Thus, theRp value of the DMEB micelle obtained from
3.4. Aggregation number Eq. (4) is 2.57 nm. This is approximately twice the size of
DTAB micelles (1.39 nm)39] and is consistent with it&agq
Micellar aggregates have usually very small aggregation value. However, the size is too small to fit to a vesicle struc-
numbers compared to that of bilayer vesicles. In order to ture. Thus it can be concluded that DMEB forms micellar
confirm that DMEB forms micellar structures below room aggregates at temperatures beld The Ao (0.98 nn?)
temperature, we have determined the mean micellar aggre-Calculated from theR, and Nagg values by the use of the
gation number Kag9 of DMEB at 25°C. Many authors  equation51]
have successively used the quenching of pyrene fluorescenc% — 47 RN, (5)
by a suitable quencher, Q, such as cetylpyridinium chlo- “°~ h/-7agg
ride (CPC) to determin&/agq 0f micelles using the equation is in good agreement with the value (1.03) obtained by ST
[48,49] measurement. This confirms the accuracy ofhgyvalue.

[CPC] x 10%(M)

In(Io/1) = Nagd Ql/([surfl — cag, (3) 3.5. Dynamic light scattering

where Ip and I are the fluorescence intensities in the ab-
sence and presence of quencher. In the present study,
8 mM DMEB solution was used for the measurement. In
Fig. 5, In(lp/1) is plotted against CPC concentration. The
Nagg value of DMEB (85+ 5) thus obtained from the slope
and cac values is almost twice as large as that of DTAB (48)
micelles[29]. This is consistent with the low cac anth
values of DMEB compared to that of DTAB surfactant. Al-
though the average allggrega.tlon number- of DME,B is higher suming spherical particles, th&, value was calculated from
than that of DTAB r_mcelles, it doe; not fit to vesicle struc- o stokes—Einstein equation,

tures because the size of the latter is much larger than normal

spherical micelles. Rnhn=kgT /(671 D), (6)

The dynamic light scattering (DLS) technique is normally
alsed for direct measurement of the hydrodynamic radius,
Ry, of colloidal particles. To obtain the mean size of the ag-
gregates we have performed DLS studies to measurgihe
of the aggregates in 8 mM DMEB solution at room tem-
perature £30°C). The apparent diffusion coefficient thus
obtained,D, is ~10~12 m?s~1, which is much less than that
of normal spherical micelles{ ~ 1019 m?s1) [52]. As-
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Fig. 6. Negatively stained transmission electron micrographs (A, B), and optical micrograph (C) of 8 mM DMEB in wate€at 30

wherekg is the Boltzmann constant,is the viscosity of the in picture B, the giant vesicles are formed through the fu-
solvent, andD is the apparent translational diffusion coeffi- sion of small vesicles. Since the size of the vesicles is large,
cient of the aggregates. Thus tRgvalue at this temperature  we also measured the optical micrograph of the aqueous
was found to be 165 nm, which is too large to fit a micellar solution of DMEB. The micrograph is shown Ig. 6C.
aggregate. The only possible spherical aggregates of DMEBThe microstructures clearly indicate the presence of spher-
that can have sizes as large as 165 nm are large unilamellaoidal vesicles having sizes in the range of 4-20 pum. Similar
or multilamellar vesicles. However, the size of the aggre- structures were also observed under the microscope after 15
gates increased upon aging. After 5 h Rgwas found to days, thus confirming the stability of the vesicles. The aggre-
be 1.1 um. We were unable to measure the hydrodynamicgate sizes revealed by optical microscopy are slightly larger
radius directly at 28C with our instrument. This might be  than those obtained from TEM measurement. This might
due to the presence of smalRy{ < 3 nm) micellar aggre-  be due to the artifacts of the sample preparation method
gates at low temperatures, as discussed earlier. Indeed, ai the latter technique, which involves drying of the sam-
discussed above, théyggvalue at 25C has suggested small  ple. The sizes of the vesicles as seen in the micrographs
micelles of Ry equal to 2.57 nm. From the measugland are larger than that obtained by DLS measurement. This

Ap values we have calculated thégg value (Table 1) of may be due to the fact that the latter method used filtered
the vesicles (assuming unilamellar) employing the relation- samples and it gives an averafg value of broad size dis-
ship[53] tribution.

_ 2
Nagg= 87 Rjy/ Ao. (") 3.7 1HNMR and FTIR spectra

As expected, théVagg value of the vesicles at room tem-
perature is much larger than that of the micellar aggregates The size of a molecular self-assembly is normally de-
formed by the surfactant at 2&. Also, the Nagg value is termined by the ionic repulsions among the surfactant head

much larger than that of DTAB micelles (48.0). groups. The reduction of ionic repulsion causes enlargement
of the size as well as packing of the hydrocarbon chains
3.6. Microscopic studies in the aggregates. When the experimental results of DMEB

are compared with those of DTAB surfactant it becomes

In order to visualize the shape and nature of the self- clear that formation of large vesicles by DMEB molecules
assemblies of DMEB, we have investigated the microstruc- is due to the aromatic moiety at the surfactant headgroup,
tures by transmission electron microscopy (TEM). The spec- which reduces the ionic repulsion to expand the structure.
imens were prepared using 8 mM aqueous solution &€30  In fact, the growth of cetyltrimethylammonium bromide sur-
The TEM pictures irFigs. 6A and 6Eclearly display closed  factantto produce rodlike micelles upon addition of aromatic
spherical as well as elliptical vesicles with a broad size counter ions such as tosylate, benzene sulfonate, and salicy-
(outer diameter) distribution, but most of them are in the late has been reported in the literat§s®-57] Hassan et
range of 0.2—6 pum. This is consistent with the value ob- al. [58] reported vesicle formation from cetyltrymethylam-
tained from DLS measurements. A close examination of the monium hydroxynaphthalene carboxylate in aqueous solu-
contour curves of the spheres gives a thickness of the vesi-tion. On the other hand, Engbert and co-work@&g] have
cle shell of 30—70 nm. This is thicker than that of natural shown vesicle formation from decyltrimethylammonium—
liposomes (3—4 nm]54]. The large wall thickness sug- MO and dodecyltrimethylammonium-MO (M& methyl
gests that the small as well as the large spheroidal self-orange) surfactants in water. It has been argued that the
assemblies are a multilamellar vesicle. As can be observedbulky aromatic counterions increase the hydrophobic vol-
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Fig. 7. FTIR spectra of solid DMEB. Inset: 8 mM solution of DMEB in Fig. 8. Plot of fluorescence anisotropy) 6f DPH versus temperature.
D,0.

) 3.8. Phase-transition temperature
ume (V) and reduce the mean cross-sectional surface area

(Ap) of surfactant headgroup, thereby increasing the pack-

ing parameterp (P = V/Aolc, wherelc is the length of  q5rescence anisotropy)(of DPH can reveal phase transi-
the hydrocarbon chair50], which usually determines the  {jons of membranes. To determine the phase transition tem-
type of aggregate formed by a surfactant molecule. Ac- perature we have studied the temperature effeetaaiue of
cordingly, the phenyl moiety of the headgroup of DMEB  ppy in 8 mM surfactant solution in the temperature range
surfactant must insert itself between two neighboring mole- >9_grc. Because of the poor aqueous solubility of DMEB
cules. The presence of stereogenic centers force the phe”yanisotropy value below 28 was measured using 5 mM so-
lalkyl group of the amphiphile fold back into the aggre- |ytion. The plot of the variation of as a function of tempera-
gate interface. This is indicated by the low micropolarity e is depicted ifFig. 8 The anisotropy value firstincreases
and high microviscosity valuesgble ] discussed above. \jth the rise in temperature and then falls down passing
In order to shed light on the role of the phenyl moiety at through a maximum at36.0°C. The smooth rise of the

the surfactant head group, we have recorded"HelMR value in the temperature range 20=85could be fit to a sig-
and FTIR spectra of DMEB. Th&H NMR spectrum mea-  moid curve corresponding to a two-state process and there-
sured in DO above cac shows broadening of the peaks of fore, as already mentioned earlier, can be attributed to the
aromatic protons compared to that in gD solvent (see  transformation of micelles to vesicles in which the hydrocar-
Figs. 1 and 2n the Supplementary material). This indicates pon tails of the surfactant molecules are tightly packed. This
that the aromatic moiety finds itself located in an environ- s consistent with the decrease 4 value upon increase of
ment within the aggregate where its motion is partially re- temperature. The temperature (8 corresponding to the
stricted. This results in a broadening of the NMR signals inflection point may thus be taken as the micelle-to-vesicle
of the aromatic protons. The —OH groups of the pheny- phase transition temperaturg,. Interestingly, this is same
lalkyl moieties of two neighboring surfactant molecules are as the breakpoint temperatures observed in plofigs. 1

also expected to form intermolecular hydrogen bond be- and 2 This suggests that the micelle and vesicle structures
tween two adjacent surfactant molecules. The FTIR spec-are in equilibrium. The vesicle and micelle formation are re-
trum (Fig. 7) of DMEB showed a broad band &8400 cnt* spectively favored above and beldly. Since ther-value

in the solid state, which suggests hydrogen-bonding interac-approaches the value corresponding to bulk water, the fall
tion between two neighboring molecules. A similar broad of anisotropy at higher temperatures can be associated with
band in the FTIR spectrum (inset &ig. 7) of the mole- the denaturation of vesicles. The inflection point gives the
cule measured in £D containing 8 mM DMEB. Therefore,  melting temperaturely, (43.5°C). The relatively highTy,

it can be concluded that the —OH group of the phenyl moi- value suggests that the vesicles are quite stable. Similar
ety is involved in hydrogen-bonding interaction with the values of melting temperature have been also reported for
adjacent neighbor in the aggregate. The bilayer structurevarious cationic lipidg61]. The higher melting tempera-
formation is perhaps associated with the intermolecular hy- ture may be associated with the intermolecular hydrogen-
drogen bond formation, which is facilitated at temperatures bonding interactions among the surfactant molecules in the
aboveTk . This is supported by the variation of fluorescence self-assembly that stabilizes the bilayer membrane structure.
anisotropy as a function of temperature as discussed be-The rise of temperature (in the range 20289 enhances the
low. rate of molecular collision and thereby facilitates formation

It is well known that the temperature dependence of the
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of intermolecular hydrogen bond between two neighbor-
ing surfactant molecules. However, at higher temperatures
(>36°C), the hydrogen bonding, as well as- interac-
tions, loosens, thus making the vesicle unstable.

4. Conclusion

In summary, we have introduced a new single-tailed chi-
ral cationic surfactant, (1R,2S)-(#-dodecylV-methyl-
ephedrinium bromide, DMEB, which in spite of having a
relatively short hydrocarbon chain self-assembles in water
to form giant multilamellar vesicles above a critical tem-
perature,T; (28°C). To our knowledge, in the family of
dodecyltrialkyl-ammonium bromide surfactants, this is the
first example that spontaneously forms giant vesicles. How-
ever, below 28C, the surfactant forms small micellar aggre-
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