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Heating-induced micelle to vesicle transition (MVT), which has been rarely reported in surfactant systems,
was systemically studied in a number of mixed catieranionic surfactant systems. According to the turbidity
measurements, the investigated systems can be divided into two classes: Class A and B. Heating-induced
MVT was observed in Class A at certain total surfactant concentrations and mixed surfactant ratios, while no
such transition was found in Class B. Further investigations revealed that the heating-induced MVT is more
likely to take place in the cationieanionic surfactant systems with relatively stronger molecule interaction

and larger micelle aggregation number. The effects of several physicochemical factors, such as the variation
of mixed surfactant ratios and the additionreflecanol on the heating-induced MVT, were also studied.

Introduction ionic surfactant/cosurfactant systePshich was attributed to

the dehydration of the surfactant headgroup. Recently, heating-
) - X i : induced MVT was also studied in mixed lipid/ionic surfactant
organized assemblies in solutions such as spherical micelles stemdo The decreasing solubilization ability of surfactants

cylind_rical micelles, vesicles, or more complex structures, i.e., in lipid vesicles upon heating was considered to account for
bicontinuous phases and lyotropic liquid crystals, etc. These self- o “transition. In our previous study we reported a heating-

assemblies have been widely exploited in diverse areas such ag,qyced MVT in the mixed cationieanionic surfactant system
catalysis, biochemistry, and material synthesis as well as 4t godjumn-dodecyl sulfate (SDS)dodecyltriethylammonium

petroleum, chemical, and pharmaceutical industrleshe past bromide (DTEAB)! Afterward, we also observed similar
few decades research on the formations and transformations Okgsitions in some other cationi@nionic surfactant systems.

different self-assemblies has been investigated in numMerousyeyertheless. the transitions in our cases cannot be simply

works? especially on the effect of cosurfactants’ addition, pH, gy plained with the interpretations for the systems mentioned

temperature, salts, force fields, etc. above and may have a more complex origin. Hence, it is
Compared with other methods, temperature variation can necessary to perform comprehensive studies on the heating-

provide a quite simple way in tailoring assemblies, which has jnduced MVT in the cationie-anionic surfactant systems.

attracted special attention of scienti$t§he temperature- In this work heating-induced MVT was investigated exten-

sensitive systems are convenient for studying the individual stagesijvely in a number of cationieanionic surfactant systems. It

of the aggregate transition since the transition can be cycled oryas revealed this transition may be a general phenomenon in

stopped at any required step in measurements. Kinetic aspectshe cationie-anionic surfactant systems with relatively stronger

can also be examined by controlling the heating and cooling molecule interaction and larger micelle aggregation number. On

rates. this basis the transition was adjusted by several physicochemical
It is known that temperature has great effect on the nonionic factors, such as the mixed surfactant ratio and addition of

surfactant systems. Usually such systems have cloud pointn-decanol.

properties i.e., heating-induced phase separafiovisich are

attributed to the dehydration of the hydrophilic groups of Experimental Section

surfactants upon heating. In contrast, in ionic surfactant systems

the aggregate size normally decreases when the temperature_

|nctrease_3t§f.ln faflct, n mO.S'I[ V(te3|cqlarnsysterlrl1$ tprllasel transﬁt(r)]ns n-dodecyltriethylammonium bromide (DTEAB)p-dodecyl-
or transitions from vesicié 1o miceliisually take place wi tripropylammonium bromide (DTPAB), ansdecyltriethylam-
increasing temperature. However, the reverse process, such a onium bromide (DeTEAB) were prepared by reaction of
heating-induced mlcglle to vesicle transition (MVT), has been -bromododecane and the corresponding trialkylamine. Sodium
[)arle_:y: ef(?n repqrted n surfa_cta_nt syr?te;ns.t It W?ésa(r);jce _obzerve aurate (SL) was prepared by neutralizing lauric acid with NaOH
y . Holimann in Some nonionic surtactant sys mixe in ethanol. Sodiunm-decyl sulfate (SDeS), sodiumoctylsul-
= . g ould b o T mn fonate (SOS), and sodium-dodecylsulfonate (SDS were
*To whom - correspondence ~should be addressed. ON€: products of Beijing Chemical Co. Sodiumdodecy! sulfate
86;18—?_275:&55_7. F_z:x: 86-10-62751708. E-mail: JBHuang@pku.edu.cn. E’SDS) and sod{ur?n-dodecylbenzenesulfonate (SyDBS) were
eKing university.
* Chinese Academy of Science. bought from ACROS ORGANICS Co. All the surfactants were
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Amphiphilic molecules have the ability to form various

Materials. Quaternary ammonium bromides including
dodecylmethyldiethylammonium  bromide (DNMAB),
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Figure 1. Turbidity heating curves for some Class A (a) and Class B (b) systems.

recrystallized five times from mixed solvents of etharatetone
or ether-acetone. The purity of the surfactant was examined,
and no surface tension minimum was found in the surface

whereC is the total surfactant concentration, cmc is the critical
micelle concentration, an@] is the concentration of quencher.
Critical Micelle Concentration Measurements The critical

tension curve. The water used was redistilled from potassium micelle concentrations of surfactants in aqueous solutions were
permanganate. The other reagents were products of A. R. Gradeobtained from the surface tension vs concentration curves by

Turbidity Measurements. Turbidity measurements were
carried out with a Shimadzu UV-250 spectrophotometer at
514.5 nm.

DLS Measurements Dynamic light scattering measurements
were performed with a spectrometer (ALV-5000/E/WIN Mul-
tiple Tau Digital Correlator) and a Spectra-Physics 2017
200 mW Ar laser (514.5 nm wavelength). The scattering angle
was 90. The intensity autocorrelation functions were analyzed

using the Contin method, and the apparent hydrodynamic radius

<Ry,> was deduced from the diffusion coefficiebt by the
Stokes-Einstein formulaR, = kgT/(67D).
Transmission Electron Microscopy Samples for TEM were

prepared by negative-staining technique with uranyl acetate

water solution. A JEM-100CX electron microscope was em-
ployed in the microscopic observation.
Rheology Measurements The rheological properties of

the drop volume method. The ionic strength of the system was
adjusted to 0.1 mol kg'with NaBr all through the measure-
ments.

p Parameter. On the basis of the regular solution theory,
interaction parameters between surfactant molecules in micelles
of mixed systems (named gk,) are obtained from critical
micelle concentration data using eqs 4 adé 5

(XlM)2 |n(a1C12M/ XlwI ClM)

(1 - XlM)zln[(l - 0’~1)C12M/(1 - XlM)CzM] -1 (4)
In(a,C,,"xX,Mc M
R ®

samples were measured with a ThermoHaake RS300 rheometetwhere X;M is the mole fraction of surfactant 1 of the total
A double-gap cylinder sensor system was used with an outsidesurfactants in the mixed micell€M, CM, andCi, are the

gap of 0.30 mm and an inside gap of 0.25 mm.

DSC Measurements Differential canning calorimetry mea-
surements were carried out {€/min) using a Micro DCS Il
(Setaram-France) instrument.

Time-Resolved Fluorescence Quenching (TRFQ)This
method was applied to determine the micelle aggregation
number ) of the micellar system using pyrene as a fluores-

cence probe and dodecylpyridinium chloride as a quencher of

monitored by a Horiba NAES-1100 single-photon counting

spectrophotometer (excitation at 337 nm and emission at

394 nm).
Calculation of Micelle Aggregation Number. The fluores-

cence decay egs 1 and 2 in the absence and presence q

guencher, respectively, are fitted using a weighted least-sdtiares
procedure by a DECAN 1.0 software

I(t) = 1(0)exp(t/t)
I(t) = 1(O)exp[ —At — Aj[1 — exp—AD]}

1)
)

wherel(t) andl(0) are the fluorescence intensities at titrend
time zero, respectivelys is the pyrene fluorescence lifetime
andA,, A, andA, are the time-independent fitting parameters.
The micelle aggregation numbbkis obtained by eq 3

N=Aj[(C—cmc)/[Q][1 + (A,— 1/r)/A3A4]2 3

critical micelle concentrations for surfactant 1, surfactant 2, and
their mixture, respectively, at the mole fraction. The ionic
strength of the system was kept constant to avoid the electrical
effect.

Results and Discussion

Classification of the Cationic—Anionic Surfactant Systems
According to the Turbidity Measurements. Eleven kinds of
Rationic-anionic surfactant systems were selected for our studies
(see the Experimental Section for the full names of the individual
surfactants), considering the variation of cationic surfactant
headgroups (SDS/DM#AB, SDS/DTEAB, SDS/DTPAB),
nionic surfactant headgroups (SL/DTEAB at pH 9.2
nd 13, respectively, SDSOMTEAB, SDBS/DTEAB), as
well as the changes of the hydrocarbon chain lengths
(SDS/DeTEAB, SDeS/DTEAB, SDeS/DeTEAB, SOS/DTEAB).
Turbidity measurements were carried out to monitor the
variations upon increasing temperature in all selected systems.
According to the turbidity curves, these systems can be divided
into two classes which are named as Class A and B. The
SDS/DMEAB, SDS/DTEAB, SDS/DTPAB, SDeS/DTEAB,
SDS/DeTEAB, and SDeS/DeTEAB systems belong to
Class A, while the SL/DTEAB (pH= 9.2), SL/DTEAB
(pH = 13), SDSQ/DTEAB, SDBS/DTEAB, and SOS/DTEAB
systems belong to Class B. For Class A there was an obvious
increase of the turbidity upon increasing temperature
(Figure 1a). During this process the original transparent ap-
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Figure 2. Hydrodynamic radiusR) distributions of SDS/DMEAB (2.7:1, Ciot = 10 mM) at 25 (a), 27 (b), 35 (c), and 4& (d) calculated by
the Contin method.

pearance of the solution turned slightly bluish. In contrast, no SDS/DME,AB (2.7:1, C,,=10mM)

significant increase of the turbidity upon heating was observed 49+ 25°C -+ 27°C

for Class B no matter how the total concentrati@ig) or |0 . 45c

mixed surfactant molar ratio was varied (Figure 1b). The

increase of the turbidity with increasing temperature in Class R .

A indicates the size growth or even structural transition of N "

surfactant aggregates, showing a quite different behavior from N

Class B. Further investigations were performed in the 57 v e, ',

SDS/DMEAB system selected from Class A to confirm our ol

speculation. In addition, the mixed systems SEBPEAB and .....---"'. "--::;:.

SL/DTEAB (pH = 13), in which the individual surfactants have 27 )

almost the same hydrocarbon chain length, were also selected 0 : . :

from Class B for comparison. 10 100 1000
Shear Rate /s

Microstructure Transition upon Temperature Increasing . o .
. . . Figure 3. Steady flow curves (apparent relative viscosity vs shear
in Class A. From Figure 1a it was found that the temperature rate) of the system SDS:DMEB (2.7:1, G = 10 mM) at different
interval Of ObViOUS turb|d|ty inCI’ease f0r the SDS/DMB temperatures%yr = 7]/;70' Wheren and 7o are the viscosities of the
system (molar ratio 2.7:Cioras = 10 mM) was from ca. 27 to solution and water, respectively).
45 °C. The average hydrodynamic radig®R,> was 18 nm at
25 °C measured by DLS (Figure 2a), which is a typical value 200
for a micellar system. The steady rheology measurements clearly wm |
revealed the non-Newtonian nature of the solution. As shown :
in Figure 3, shear-thickening and shear-thinning behaviors took
place successively with the increase of shear rate, suggesti
the existence of asymmetrical aggregates. Similar rheological
behaviors were also reported in some dilute surfactant solution
containing cylindrical micelle&! In addition, the average micelle
aggregation number{) is about 1100, calculated from the
TRFQ data (see the Experimental Section), showing a typical
value of cylindrical micelle$® Moreover, TEM results showed o o ’ :
that very few small spherical vesicles exist in this system. Hence, Fiéufe 4. Micrographs of the system SDS/DMEB (2.7:1,

it may be concluded that cylindrical micelles are the dominating ¢, = 10 mM) at 27 (a) and 45C (b) by negative-staining technique.
surfactant aggregates at 26.

However, the situation was different as the temperature (R, ~ 100 nm). Correspondingly, the formation of spherical
increased to 27C. DLS plot (Figure 2b) showed that at 2€ vesicles with a diameter of ca. 16@00 nm was observed by
the peak corresponding to the cylindrical micelles shrank TEM (Figure 4a), which coincided with the new peak in the
compared with that of 28C whereas another peak appeared DLS plot. Moreover, there was an obvious decrease of the

a) b)
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Figure 5. DSC curves of the systems: SDS/DM{B system (2.7:1Ciots = 10 mM) (a) and SDS/DTPAB (2:1Ciotas = 10 mM) (b).
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Figure 6. Turbidity heating curves of SDS/DMEB (Ciotat = 10 mM) (@), SDS/DTEAB Ciotai = 10 mM) (b), and SDS/DTPABGtai = 10 mM)

(c) with different mixed surfactant molar ratios.

TABLE 1: List of Tyt for Several Class A Systems

systems Twvr (°C)
SDS/DMEAB (2.7:1 Ciota = 10 mM) 27
SDS/DTPAB (2:1Ciota = 10 mM) 30
SDeS/DeTEAB (2.1:1C o = 15 mM) 37
SDeS/DTEAB (3.2:1Ciota = 20 mM) 43
SDS/DeTEAB (1.6:1Ciot = 5 mM) 20

TABLE 2: B Parameters in Micelle @) of Several Class A
and Class B Systems

systems Pm
Class A
SDS/DMEAB (molar ratio 2.7:1) —15.0
SDS/DTEAB (molar ratio 2:1) —-13.3
SDS/DTPAB (molar ratio 2:1) —15.0
Class B
SDSQP/DTEAB (molar ratio 1:1) -9.6
SDBS/DEAB (molar ratio 1:1) —-8.9
SL/DTEAB (molar ratio 1:1, pH= 13) —8.9
SL/DTEAB (molar ratio 1:1, pH=9.2) —6.2

aT = 25 °C, | (ionic strength)= 0.1 mol.kg? for all systems if
without further notation® cmc of SDSQ at 40°C was used due to the
limit of the Krafft point.

apparent relative viscositys, of the solution at low shear rate

TABLE 3: Average Aggregation Numbers INCof Class A
and Class B Systems at 28C

systems NCI
Class A
SDS/DMEBAB (2.7:1 Ciota = 10 mM) 1100
SDS/DTEAB (2:1,Ciota = 10 mM) 850
SDS/DTPAB (2:1 Ciota = 10 mM) 430
Class B
SDSQ/DTEAB (2:1, Ciotas = 10 mM) 188
SL/DTEAB (2:1,Ciota = 10 mM, pH= 13) 187
SL/DTEAB (2:1,Ciota = 10 mM, pH=9.2) 134

with the TEM observation (Figure 4b) it may be concluded that
spherical vesicles became the dominating aggregates ‘&.45
Thus, the micelle to vesicle transition upon temperature increas-
ing from 27 to 48C was demonstrated in the SDS/DWB
system (2.7:1Ciotas = 10 mM), which is coincident with the
turbidity measurement result (Figure 1a).

Similar rheology, DLS, and TEM results were also obtained
in the SDS/DTPAB system (see Figures 1 and 2 in the
Supporting Information) and other Class A systems. Referring
to our previous work in the SDS/DTEAB systéit can be
concluded that the increase of the turbidity upon heating for
Class A (Figure 1a) is attributed to the temperature-induced

(Figure 3), indicating that the shape of aggregates turned from MVT in this kind of systems.

asymmetric to symmetric. All these results suggest the transition

from cylindrical micelles to spherical vesicles in the system.
Hence, the first turning point of the turbidity heating curve may
be considered as the beginning of obvious MVT, and the
corresponding temperature will be call&gyr. The Tyyrs of
several Class A systems are listed in Table 1.

The transition from micelle to vesicle continued as the
temperature continued increasing. At45the system became

DSC measurements were employed to study the heat effect
of the temperature-induced MVT in the Class A systems (Figure
5). Endothermic peaks can be obviously observed in the DSC
heating curves. The temperatures for the corresponding peaks
coincided with the temperature intervals of MVT obtained from
the turbidity measurements. Considering the spontaneity of the
transition in these systems, it is demonstrated that the temper-
ature-induced MVT in Class A is accompanied by an increase

a complete Newtonian fluid (Figure 3) and the peak assigned Of entropy.

to cylindrical micelles almost disappeared in the DLS plot,

Turbidity variations of Class A systems during a heating

leaving the peak assigned to vesicles (Figure 2d). Combinedcooling circulation were also studied (see Figure 3 in the
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Figure 8. R, distributions of SDS@DTEAB (2:1, Ciotas = 10 mM) upon addition of 1.4 mM-decanol at 25 (a), 30 (b), 35 (c), and %0 (d).

Supporting Information). The shapes of the cooling curves are an easy and effective way to find temperature-induced MVT in
similar to the heating curves, although they do not overlap the cationie-anionic surfactant systems.

completely. In addition, all systems can recover their original
states after the heatirgooling circulation, suggesting the
temperature-induced MVT in these systems may be considered

as a reversible process.

Effect of Temperature on Class B.As mentioned above,
no increase of turbidity upon heating was observed for Class
B. From the results of DLS, the size of micelles of Class B

Differences of Molecule Interaction and Micelle Aggrega-
tion Number between Class A and BThe nature of formation
or transformation of self-assemblies in solutions is to satisfy
the corresponding requirements of energy and geometry.
Therefore, the interaction between the surfactant molecules in
the organized assemblies should play an important role for the

always decreased with increasing temperature (see Figure 4 imeatlng-lnduced MVT in our systems. On the basis of regular

the Supporting Information), which is similar to the behavior

solution theory, thes parameter is utilized to estimate the

of a single ionic surfactant system. The results of DLS and TEM Molecule interaction in mixed systertisThe § parameters in
also showed no vesicle formation upon heating in these systemsMmicelles fim) of several Class A and B systems have been

Additionally, no obvious heat effect was detected by DSC

measurements.

In conclusion, heating-induced MVT was demonstrated in
Class A while no such transition was found in Class B.
Considering the complexity of rheology, DLS, as well as TEM

calculated (see Experimental Section) and listed in Table 2.
From Table 2 it is found that,, parameters of all the studied
systems are negative, indicating the existence of an attractive
interaction between the surfactant molecules. Among these
systems the absolute value of tifis, parameter of Class

and the coincidence of these results with the turbidity measure-A is above 13 while that of Class B is below 10. It is worth
ments, the increase of turbidity upon heating may be used asnoting that 5, parameters of Class A are generally more
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negative than those of Class B, indicating stronger interaction of medium chained alcohols may facilitate heating-induced

between the surfactant molecules in Clas8A. MVT and reduce theTyyt of Class A systems. In fact, the
The average micelle aggregation numbe]g[x of several addition of a tiny amount ofi-decanol effectively lowered the

Class A and B systems have been also measured and listed ifvvr of the SDS/DTEAB system (Figure 7a).

Table 3. It is C|ear|y shown that Class A has a |ar@mhan Furthermore, it is interesting to find that asdecanol was

Class B. Combined with the results of DLS, it may be concluded added into some Class B systems such as SJISIEAB

that surfactant molecules pack more closely and aggregate intol2:1, Co = 10 mM), the micelles of the system were
larger micelles in Class A. transformed into vesicles upon increasing temperature, which

was demonstrated by the turbidity (Figure 7b) and DLS (Figure
8) measurements. TRFQ data also revealed fNatof the
system SDSEDTEAB (2:1, Ciotas = 10 mM) increased from
188 to 432 at 25C (close to the case of Class A) after addition
of 1.4 mM n-decanol, indicating a notable increase of fhe
value of the system. Hence, additionreflecanol may promote
the occurrence of heating-induced MVT in this case.

The critical packing parametgr proposed by Israelachvili
et all® has been widely used to explain the formation and
transformation of self-assemblies in dilute surfactant solutions:
170 < p < 1/3 for sphere micelle, 1/3 p < 1/2 for cylinder
micelle, and 1/2< p < 1 for bilayer structurefis defined as
vlagle, wherew is the surfactant tail volumé, is the tail length,
and &g is the equilibrium area per molecule at the aggregate
surface). Considering the fact that the individual surfactant
molecules of the Class A and B systems in Table 3 have the
same length of hydrocarbon chail is almost the same and Heating-induced MVT was systemically investigated in a
the variation ofag will significantly influence thep values of number of cationie-anionic surfactant systems. Turbidity
these systems. The results/f and INOsuggest that Class A measurements can be used as an easy and effective way to
systems have relatively largervalues than Class B systems, determine the occurrence of MVT in the cation&nionic
which may be closer to the case of vesicle formation. Thus, the surfactant systems. It is predicted that heating-induced MVT
micelles of Class A are more easily transformed into vesicles will take place more easily in the catiori@nionic surfactant
than those of Class B. Furthermore, the strong attraction betweensystems with relatively stronger molecule interactions and larger
oppositely charged surfactant headgroups of Class A systemsanmicelle aggregation numbers. On this baSigyr can be
may also impart some nonionic character to the mixed mi- efficiently adjusted by variation of the mixed surfactant ratios
celles!® which will causea, to be effectively decreased upon or addition ofn-decanol. It is also noteworthy that the addition
heating due to dehydration of headgroups. Hence, the transfor-of n-decanol can promote the occurrence of heating-induced
mation from micelles to vesicles may occur as the temperature MVT in some cationie-anionic systems in which no such
increases beyond a certain valie(r). As for Class B, the transition is observed before addition @fdecanol. We hope
size of micelles will generally decrease upon heating no matter this work may advance the understanding of the temperature-
how the total concentration or mixed surfactant ratio is varied, induced self-assembly transitions and promote its applications
showing similar behavior in ionic surfactant systems. Thus, it in related fields.
can be concluded that heating-induced MVT is more likely to
take place in the cationieanionic surfactant systems with a Acknowledgment. This work was supported by National
relatively stronger molecule interaction and larger micelle Natural Science Foundation of China (20233010, 20373003,
aggregation number. On this basis the effects of several 20425310).
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has a strong dependence on the mixed surfactant molar ratio"€0logy variations for the SDS/DTEAB and SDS/DTPAB
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