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Abstract 

Temperature-induced vesicle to micelle transition (VMT), which has rarely been 

reported in cationic/cationic mixed surfactant systems, was systemically studied in a 

didodecyldimethylammonium bromide (DDAB)/dodecyltrimethylammonium chloride 

(DTAC) aqueous solution. We investigated the effect of temperature on 

DDAB/DTAC aqueous solutions by means of turbidity, conductivity, cryo-TEM, 

UV-vis spectrophotometer, and steady-state fluorescence spectrometer. It was found 

that increasing temperature could induce the transformation from vesicle to micelle in 

this cationic/cationic mixed surfactant system. The degree of the transformation can 

be easily controlled by the operation temperature. Additionally, by adjusting the 

proportion of the mixed cationic/cationic systems and employing cationic surfactants 

with different chain-lengths, we are able to conclude that the hydrophobic tail length 

of the surfactant affects the aggregation behavior in cationic/cationic mixed surfactant 

systems as a function of temperature. It is universal to induce the transformation from 

vesicle to micelle by temperature in cationic/cationic mixed surfactant systems. A 
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possible mechanism for the temperature-induced VMT was proposed based on the 

experimental results. 

 

1. Introduction 

The study of mixed surfactant systems is an important topic because the surfactants 

in the solutions often produce a synergetic effect, new functions, and new organized 

molecular assemblies.
1
 Since the example of a spontaneous formation of vesicle from 

mixed cationic and anionic single chain surfactants was reported in 1989, this filed 

has attracted considerable attention and interest in recent years.
2
 Various mixed 

surfactant systems, including cationic/cationic, nonionic/nonionic, anionic/nonionic, 

and zwitterionic/anionic surfactant systems, have been found to form vesicles in dilute 

aqueous solutions at the appropriate proportion and concentration.
3
 Micelles and 

vesicles, as two important types of organized assemblies, have essential impacts on 

the basic research and practical application by regulating their mutual transitions. The 

conversion between micelles and vesicles has attracted considerable attention because 

these equilibrium aggregates can serve as biological model membranes,
4,5 

containers 

for encapsulation and eventual release of drugs, flavors, and fragrances,
6
 and 

microreactors for the formation of a range of inorganic nanoparticles.
7
 It is important 

for us to understand micelle to vesicle transition under external conditions and the 

reverse process in their technological applications. The transformation between 

micelle and vesicle can be realized by the variation of external conditions.
8
 Among 

them, the physical-chemical factors have great impact on the molecular inter-atomic 
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forces of the surfactants, and controlling these factors can afford an easier way to 

realize the regulating process. These factors mainly include the composition, ratio, 

temperature, additives (organic, polymer, metal nanoparticles, and proteins) and force 

fields of the surfactant in aqueous solution.
9
 Temperature is the most easily controlled 

factor from the list above, which attracts a great deal of attention. Meanwhile, the 

temperature-sensitive systems are convenient for investigating the stage of individual 

surfactants in the aggregate’s transition process because the transition can be cycled or 

stopped at any required step during the measurements. Significant research about the 

transition between micelles and vesicles controlled by temperature in different mixed 

surfactant system, including anionic/cationic, bolaamphiphiles/anionic, 

zwitterionic/anionic and anionic/nonionic surfactants systems, has been fully 

developed in recent years.
10
 Compared with the others mixed surfactant system, only 

a few studies on the cationic/cationic mixed surfactant systems has been reported to 

show a spontaneous formation of vesicles in solution.
3e,3h,11

 It is generally 

acknowledged that there was a strong repulsion between the same kinds of ionic 

charge. The self-assembly transformation was due to the interaction between the 

aggregation molecules. So far no work has been presented to show that the 

aggregation behavior of cationic/cationic mixed surfactant systems can be regulated 

by extrinsic triggers such as temperature. 

In this work, we investigated the effect of temperature in 

didodecyldimethylammonium bromide (DDAB)/dodecyltrimethylammonium chloride 

(DTAC) (xDDAB=0.3, ctotal=0.030 M) aqueous solution by means of turbidity, 
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conductivity, TEM, UV-vis spectrophotometer, and steady-state fluorescence 

spectrometer. It was found that temperature could induce the transformation from 

vesicle to micelle in DDAB/DTAC aqueous solutions And that the degree of the 

transformation can be easily controlled by the operation temperature. Additionally, by 

adjusting different proportions and employing cationic surfactants with different 

chain-lengths, we are able to show that the hydrophobic tail length of the surfactant 

affects the aggregation behavior in cationic/cationic mixed surfactant systems as a 

function of temperature. It is universal to induce the transformation from vesicle to 

micelle by temperature in cationic/cationic mixed surfactant systems. A possible 

mechanism for the temperature-induced vesicle to micelle transition (VMT) in 

cationic/cationic mixed surfactant systems was proposed based on the experimental 

results. 

 

2. Experiment 

2.1 Materials 

DDAB (99%) and DTAC (99%) were purchased from Aladdin Industrial Inc. 

Trimethyltetradecylammonium chloride (TTAC, 99%) and 

hexadecyltrimethylammonium chloride (HTAC, 99%) were purchased from Xiya 

Reagent Co., Ltd. Pyrene, dimethyl yellow and Methyl orange (A.R.) were 

purchased from Sinopharm Chemical Reagent Co., Ltd. They were used without 

further purification. All solutions were prepared with deionized water.  

2.2. Phase behaviour study   

Phase behaviour of the DDAB/DTAC mixed surfactant solution was measured by 
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direct observation. DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M, xDDAB= cDDAB/ctotal) 

mixed aqueous solutions were prepared and placed in a water bath at a desired 

temperature, the phase behavior was observed and photographed at different 

temperatures. The temperature of the water bath was controlled by HAAKE D8 

temperature controller with an accuracy of ±0.1°C. 

2.3. UV-vis absorption spectrometry 

Turbidity and micropolarity of mixed solution at different temperatures were 

carried out with a UV-vis absorption spectrometer, which was produced by Beijing 

General Instrument Company (Model TU-1810) with a resolution of 0.1 nm. To 

determine the turbidity, the absorbance was monitored at the wavelength of 514.5 nm 

where no absorbance was observed in the mixed surfactant system. UV absorbance 

was recorded after DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M) aqueous solutions were 

kept in the thermostatic bath at the desired temperature for at least 30 minutes.  

The micropolarity of the solution was studied using methyl orange and dimethyl 

yellow as the probes in the study. The procedure was similar to the turbidity 

measurement process discussed above. The main difference was that two surfactant 

solutions with a probe methyl orange or dimethyl yellow were loaded into the sample 

cell. The concentrations of methyl orange and dimethyl yellow in the solution were 

2.5 and 0.2 µM respectively. The temperature was controlled by an external 

thermostatic bath in the measurement of turbidity and micropolarity, the time needed 

for the temperature changes was less than 2 minutes. 

2.4. Conductivity measurement 
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A conductivity meter with a precision of ±0.5%, which was produced by the 

Shanghai Precision Scientific Instrument Co. (Model DDS-307), was used to 

determine the conductivity. Both the working and counter electrodes were made of Pt 

foil (thick: 0.3 mm). The cell constant was calibrated with aqueous KCl solutions at 

different concentrations. In a typical experiment, a suitable amount of surfactant 

solution was placed in a constant-temperature water bath. The temperature of the 

water bath was adjusted by using a HAAKE D8 temperature controller with an 

accuracy of ±0.1°C. After thermal equilibrium had been reached, the conductivity of 

the solution was recorded. 

2.5. Cryogenic Transmission Electron Microscopy 

Samples for Cryogenic TEM were prepared in a vitrification robot system 

(Vitrobot). A drop of the solution was put on a holey carbon-coated copper grid, the 

excess of solution was spread to create a thin liquid film over the grid and was then 

immediately plunged into liquid ethane at its freezing point. Following the 

vitrification step, samples were transferred to a liquid nitrogen environment by the use 

of a cold stage unit (Gatan model 626) in the electron microscope, FEI Tecnai 12 G2 

TWIN TEM, operating at 120 kV. The working temperature was kept below -175°C, 

and the images were recorded with a Gatan 794 CCD camera and analyzed by Digital 

Micrograph 3.6 software. 

3. Results and discussion 

3.1. Phase behavior with increasing temperature 

DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M) aqueous solutions are slightly bluish at 
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25°C (Figure 1a), which is typical of the presence of vesicles. 
3e

 When the solution is 

gradually heated to 60°C, a transition from slightly bluish to transparent and colorless 

is observed, indicating that the state of aggregation has been changed into another 

state in the solution.
12
 

UV-Vis spectroscopic analysis is often used to measure the turbidity of 

solutions.
12,13

 In this study, the turbidity of the surfactant solutions with increasing 

temperature is observed with this method. As is shown in Figure 1b, the UV 

absorbance of the solution varies at different temperature. The UV absorbance of the 

solution is nearly to 0.10 at 25°C. The turbidity decreases gradually as the solution is 

heated to 60°C, and the UV absorbance is also decreased to 0.03. The variation of 

turbidity with temperature is consistent with the direct observation. 

 

        

25°C    30°C   35°C    40°C   45°C   50°C    55°C   60°C 

(a) 
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Figure 1. (a) Photographs and (b) UV absorbance of the variation in DDAB/DTAC 

(xDDAB=0.3, ctotal=0.030 M) aqueous solutions at different temperatures. 

3.2. Cryogenic TEM characterization 

To further investigate the aggregation and transformation in the solution, 

cryo-TEM was employed to confirm the self-assembled structures in the study. At 

ambient temperature (25°C), Figure 2 (a) suggests that aggregations in the solution 

are almost vesicles. The diameter of most of them is more than 100nm. When the 

temperature is increased to 40°C, the size of the vesicle decreased to less than 100nm, 

the overall number of vesicles decreases whilst the presence of micelles is observed 

(Figure 2b). When heated to 55°C, almost all the vesicles transform to micelles 

(Figure 2c), and the diameter of the micelles is about 10 nm.  
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Figure 2. Cryo-TEM images of DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M) aqueous 

solutions at (a) 25°C, (b) 40°C, and (c) 55°C. 

3.3. Conductivity study 

    Conductivity determination is one of the most useful techniques to study 

aggregation in surfactant solutions,
13,14

 and the results can provide information on the 

transition from micelles to vesicles.
13,15

 The conductivity is controlled by the free ion 

concentration in the solution.
12,13a

 and increases with the contribution of the free ion 

in solution. Figure 3 shows the change of conductivity in DDAB/DTAC aqueous 

solutions at different temperatures. The conductivity increases quickly with the 

increase of temperature, which means the concentration of free ions increases in the 

solution. At lower temperature ranges, DDAB/DTAC aqueous solution mainly 

aggregates as vesicles, and the free ions are mostly concentrated in the bilayer of the 

vesicles, resulting in a lower conductivity value. As the temperature is increased, most 

vesicles transformed to micelles, and a part of vesicle bilayer in the solution 

disappears. This releases free ions into the bilayer, leading to an increase of the 

conductivity. The turning point appears at 45°C may be regarded as transition from 

multilayer to monolayer vesicles in the solution.
15a

 This result is in accordance with 

the VMT process of the former research.
12,13a
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Figure 3. Variation of conductivity with temperature in DDAB/DTAC (xDDAB=0.3, 

ctotal=0.030 M) aqueous solutions.  

3.4. Fluorescence-probe study 

To further investigate the transformation from vesicles to micelles with temperature, 

pyrene has been encapsulated in the vesicles as fluorescence probe. The intensity ratio 

of the first and the third vibronic peak in the fluorescence spectra of pyrene (I1/I3) is 

very sensitive to solvent polarity and therefore this property has been widely used to 

measure the micropolarity of bilayer.
16
 Pyrene, which is soluble in the interiors of the 

micelles, was used as the indicator for the micropolarity change when vesicles 

endured a structural transition. Figure 4 shows the change of I1/I3 in the solution at 

varying temperature and the higher value of I1/I3 indicates a more polar environment. 

A decrease of the I1/I3 ratio is observed when the solution is heated to a higher 

temperature. The results imply that pyrene initially solubilized in vesicles layers is 

released and then enters the more ordered layers of the mixed micelles. On the other 

hand, large vesicles turning into small micelles providea less polar membrane area. 
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Both results contribute to the decrease of I1/I3.
17 
In Figure 4, the ratio decreased from 

1.27 to 1.18 with the increasing temperature. Therefore, the decrease in the I1/I3 ratio 

supported the argument that the vesicles transformed into micelles gradually in 

solution with the increasing temperature. The result is also in accordance with the 

VMT process of the former research.
12,17
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Figure 4. Dependence of I1/I3 band ratio in the fluorescence spectra of pyrene on 

temperature in DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M) aqueous solutions.  

3.5. Micropolarity characterization 

The variation of micropolarity has been used to study the mechanism of 

vesicle-to-micelle transitions at the molecular level. Hydrophilic methyl orange (MO) 

and hydrophobic dimethyl yellow are used as probes. The maximum absorption 

wavelength (λmax) of MO is sensitive to the polarity of the environment, and shifts to 

longer wavelengths as the polarity increases.
13c,18

 Figure 5 shows the UV spectra of 

MO in DDAB/DTAC aqueous solutions at different temperatures. Evidently, the UV 

absorbance decreases monotonically with the increase of temperature, corresponding 
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to the absorption of the solution turbidity. Meanwhile, the λmax increases from 412nm 

to 416nm with the increasing temperature. We know that the MO probes solubilize in 

the aqueous solutions when surfactant molecules exist in the forms of micelle, λmax 

shifts to longer wavelengths with the increasing polarity of the medium. And in the 

vesicle, the MO probes reside in the interfacial region of the vesicle, λmax is also 

red-shifted with the increasing polarity.
13c,18

 At the low temperature, the surfactants 

exist mainly in the forms of vesicles. The MO probes are located in the bilayer/water 

interface region. While at the high temperature, some surfactant molecules are 

transformed from vesicle to micelle. More and more MO probes solubilize in the 

water, where the environment of the dye becomes more polar. Therefore, λmax 

increased and some MO molecules enter in the aqueous phase, which is consistent 

with the previous research.
12,13c 
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Figure 5. Dependence of UV-vis spectra for MO with temperature in DDAB/DTAC 

(xDDAB=0.3, ctotal=0.030 M) aqueous solutions.  

Dimethyl yellow, the hydrophobic probe, can also demonstrate the transition in the 
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solution, since it has less effect on the electrostatic interaction in the mixed surfactant 

systems.
19
 Figure 6a illustrates the UV spectra of dimethyl yellow in DDAB/DTAC 

aqueous solutions at different temperatures. As with MO, the UV absorbance of 

dimethyl yellow decreases monotonically with the increasing temperature. The λmax of 

dimethyl yellow shifts from 415.0nm to 416.5nm when the temperature rises from 

30°C to 60°C (Figure 6b). The red shift of λmax indicates that the environment of the 

dye becomes more polar with increasing temperature. A reasonable explanation is that 

more surfactants exist in the form of vesicles at ambient temperature, and the probe 

exists in the bilayer of the vesicles. When the temperature is increased, there are more 

micelles in the solution. Therefore, the hydrophobic probe becomes distributed in the 

hydrophobic layer of micelles where the environment of the dye becomes more polar 

than before. The result is also in line with that of the former study.
12,13c
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Figure 6. Dependence of (a) UV-vis spectra and (b) λmax of dimethyl yellow on 

temperature in DDAB/DTAC (xDDAB=0.3, ctotal=0.030 M) aqueous solutions.  

3.6. The effective region of VMT in DDAB/DTAC system and other 

DDAB/cationic surfactant systems 

To further investigate the applicability of VMT induced by temperature in 

cationic/cationic mixed surfactant systems, different concentrations of xDDAB in 

DDAB/DTAC system and other DDAB/cationic surfactant systems have been stuided. 

Figure 7(a) shows the phase diagram of DDAB/DTAC system at ctotal=0.030 M with 

the variation of xDDAB. The effective region of VMT which can be induced by 

temperature is near the micelle region (0.2<xDDAB<0.4) in DDAB/DTAC system. 

Further work demonstrates that the temperature-induced VMT can also be found in 

other DDAB/cationic surfactant systems, such as DDAB/TTAC and DDAB/HTAC 

(the UV absorbance variation with temperature are shown in Figure S1 and Figure S2). 

Figure 7(b) and (c) show the phase diagram of DDAB/TTAC and DDAB/HTAC 
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system at ctotal=0.030 M with the variation of xDDAB. From Figure 7(b), we can see that 

the vesicle formation in DDAB/TTAC starts when xDDAB=0.3, and the effective region 

of VMT induced by temperature is between 0.3 to 0.5 of xDDAB. Similarly, the 

effective region of the DDAB/HTAC system is 0.45<xDDAB<0.55, which is near the 

micelle region in Figure 7(c). It is implied that the VMT induced by temperature can 

be easily realized at the region near the micelle in the DDAB/cationic surfactant 

system. Because the double-chained molecules (DDAB) prefer to aggregate in the 

form of vesicles, the DDAB/cationic mixtures can form vesicles at low xDDAB but 

require enough ctotal.
11a
 With the increase of the chain length of the single-chain 

cationic surfactant, the vesicle formation in the DDAB/cationic mixtures becomes 

difficult at the same ctotal. Meanwhile, the effective regions of VMT induced by 

temperature become rightward and narrow in the phase diagrams.  

 

(a) 

 

(b) 
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(c) 

Figure 7. Phase diagrams for (a) DDAB/DTAC, (b) DDAB/TTAC and (c) 

DDAB/HTAC aqueous solutions with ctotal=0.030 M. The shadowed area is the 

effective region of VMT induced by temperature. M = micelles, V = vesicles.  

3.7. Mechanism for VMT in cationic/cationic surfactant systems induced by 

temperature 

According to the molecular characteristics (shape, size and nature), surfactant 

molecules are expected to form optimum aggregates with a minimum free Gibbs 

energy.
20

 The formation of spherical or rodlike micelles, vesicles, or plane bilayers 

and so on is governed by the packing parameter p, proposed by Israelachvili.
20
 p < 1/2 

for micelles and 1/2 < p < 1 for vesicles or lamellar structures where p is defined as 

v

al
, v is the surfactant tail volume, l is the tail length, and a is the average headgroup 

area. In general, the transformation of self-assembled aggregates depends on the 

variation of weak interactions.
21,22

 In particular, for surfactant systems, the average 

surfactant headgroup area a is usually thought to be sensitive to the variation of weak 

interactions when the molecular structure of the surfactant does not change.
20
 

According to the above results, we attempt to understand and reveal the mechanism 

on how temperature drives the morphological transitions of the aggregates in 

cationic/cationic mixed surfactant systems, which is schematically presented in 
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Scheme 1. In the process of vesicle formation, hydrophobic interactions are essential 

(i.e., the hydrocarbon moiety of double-chained surfactant prefers the hydrophobic 

environment of single-chained surfactant in aggregates). For vesicles formed by the 

mixed DDAB and DTAC surfactant, it has been shown that the DTAC molecules are 

incorporated into outer monolayers to some extent but excluded from inner 

monolayers and their vicinities in the inner water pools.
3h
 An increase in temperature 

corresponds to faster motion of the molecules. With the increase of temperature, the 

surface charge density decreases, this means the dissociation degree also decreases, 

due to a greater electrostatic repulsion between the similar cationic polar heads. The 

electrostatic attraction between molecules gradually decreases with the increasing 

temperature, which increases the distance of catanionic surfactant head groups. Thus, 

the average head group area is increased, which means a is enlarged. As a result, p 

reduces below 0.5, promoting the formation of micelle, and the transformation from 

vesicles to micelles. 

The mixture of a single-chained surfactant, which tends to aggregate in micelles, 

and a double-chained surfactant, for which the vesicle aggregation is favored, is well 

known to form spontaneous and thermodynamically stable mixed vesicles
23
 and/or 

mixed micelles depending on the surfactant concentration range and/or surfactant 

relative ratio. It is very difficult for two kinds of single-chained surfactant mixtures to 

form the vesicles. For a given double-chained surfactant (DDAB), the increase on the 

length of the single-chained surfactant slightly increases the diameter of vesicle 

formed by the mixtures, which can be seen from Figure S1 and S2. As the 
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single-chained surfactant formed the outer monolayer of the bilayer, the width of the 

bilayer will be enlarged with the increasing chain length of the single-chained 

surfactant. The UV absorbance of the solution, which implied the diameter of vesicle 

in the solution, is 0.10 for the DDAB/DTAC system at 25°C (Figure 1), 0.30 for the 

DDAB/TTAC system at 25°C (Figure S1) and 0.46 for the DDAB/HTAC system at 

25°C (Figure S2).  The experimental evidence is consistent with the above 

explanation. 

It is anticipated that utilizing this simple stimuli method to realize unique 

self-assembly behavior in dilute aqueous solution may offer new possibilities in 

cancer diagnosis and therapy. As temperature is crucial for living organisms, the 

system also provides inspiration for biomimicry by using mixed surfactant system. 

 

Scheme1. Temperature-responsive aggregation behavior of DDAB/DTAC 

(xDDAB=0.3, ctotal=0.030M) aqueous solutions from 25°C to 60 °C. 

Conclusion: 

In the present study, temperature responsiveness is systematically studied in 

anionic/anionic (DDAB/DTAC) mixed surfactant systems. It is demonstrated that the 

self-assembly transition controlled with temperature undergoes changes from the 
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vesicle to micelle, which is observed by the cryo-TEM. The geometry rule can be 

used to explain the transformations of organized assemblies with temperature for the 

changes of average head group area. It is anticipated that utilizing this simple stimuli 

method to realize unique self-assembly behavior in dilute aqueous solutions may offer 

new possibilities in cancer diagnosis and therapy. As temperature is crucial for living 

organisms, the system also provides inspiration for biomimicry by using mixed 

surfactant system. 
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Realization of the vesicle to micelle transitions in cationic/cationic mixed surfactant 

systems by temperature stimuli. 
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