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Temperature-induced aqueous surfactant two-phase system (T-ASTP), which was found to be of generic
importance, was investigated in a series of conventional mixed cattanionic surfactant systems. On the

basis of the investigations of turbidity, dynamic light scattering, transmission electron microscopy, and
fluorescence resonance energy transfer, the formation of T-ASTP can be attributed to temperature-induced
vesicle aggregation. Aggregated vesicles existed in the upper part, while the separated vesicles existed in the
lower part. The phase separation temperature can be regulated by varying the surfactant composition or adding
additives, such as-sorbitol, urea, or NaBr. The hydrophobic interaction and cooperative effect between
cationic and anionic surfactants played a significant role in the formation of T-ASTP.

Introduction with ASTP phenomenon in surfactant solutions, the correspond-

) o o . ing mechanism and driving force of ASTP formation are
Aqueous mixtures of cationic and anionic surfactants exhibit coniroversial due to the complexity and variety of phase

interesting phase behaviors and properties, which mainly ariseyahavior
from electrostayc |r_1teract|ons b_gtween oppt_)snely c_harged head Normally, ASTP in catanionic surfactant solutions can be
groups. By adjusting composition, these interactions can be. R . S L
) ; ; .- _introduced by adjusting the mixed cationic/anionic surfactant
turned to produce various microstructures with characteristic __.. - .
) . . o ~ . ratio, total surfactant concentration, or adding electrol§tes.
geometries ranging from spherical to cylindrical to planar, which

have been studied experimentally and theoretically in a lot of Tempera_iture variation provides a quite S|mpl_e_ way to tailor
the literaturet-4 However, usually more than one kind of assemblies, and projects on temperature-sensitive systems have

: : . 5
aggregate existed in the solution, which endows the catanionicattraCted the special attention of scientts? Lower consolute

surfactant aqueous solutions with more complicated phasegﬁzg;cgg ilr.le.r’loflroﬁg ssfr?:(r:?;r?tnagg ug@&gam&:or&mgg
behaviors and makes the investigation more difficult and 3335 . : poly
confusing. solutions33-35 These micellar solutions become very turbid, and

L . . phase separation occurs at a threshold temperature, which is
The study of phase separation in colloid systems is a g as the cloud point. A similar phenomenon is rarely
_challeng_lng work in statistical me6chan|c_s a_nd has_ caused muchypserved in ionic surfactant solutions, mainly because of the
interest in the past few decades® The liquid-liquid phase- o0 sive electrostatic effect between aggregates. On the basis
separation behaV|E>r, Wh'c.h was called. aqueous two-phaseofthe previous literature, cloud point phenomenon was observed
systems” (ATPS}" 2 was first observed in polymer systems. ;, ‘several kinds of ionic surfactant systéATi63642 One
Later, in some cationieanionic m|_xed s_urf_actant Systems, a qntains large amounts of added electrolethat screen
novel phenomenon(igswhlph two dilute liquid phases coexisted repulsive electrostatic effects. In a later study, another kind of
was also observetf,” 2* which opened a new area of surfactant ionic surfactant system with a large hydrophobic headgroup

appli_cations in partitionin_g _and analysis Of. biomaterfdls. (e.g., surfactants or added salts with tributyl headgroup) was
Previous research in catanionic surfactant solutions revealed thatobserved to display the cloud point phenomefoR? In

at a certain mixed ratio and concentration, liquithuid phase addition, some ionic surfactants with an unsaturated long tail

sep?ratlon can happen spontaneously, Wh,',Ch was referred a¥xhibit the cloud point phenomenon when a lower concentration
the *aqueous surfactant two-phase systems" (ASTH)these of binding salt was adde®:*! In this paper, temperature-

ﬁﬁrgséSgﬁtgggiﬁssusﬂﬁr?gxit; ?gglg?c?r: 'gie{:laec'salljgggtgi?éysensitive ASTP (T-ASTP) was found in a series of conventional

Usually one phase of the ASTP is rich in surfactants and the'catlomc—a_nlonlc mixed surfactant systems on heating. Different

other phase is poor. However, both of the two phases are thefrom previous research, T-ASTP was not only foun_d for the
: ' surfactants with butyl headgroups, but also for those with smaller

dilute agueous solution of surfactants, and their volume ratio is .
dependent on the total surfactant concentration and the com-hydrOIOhObIC headgroups (e.g., propyl and even ethyl). Moreover,

. the solutions not only turned cloudy but also separated to form
ponent. Although there have been many research reports deallngASTP with a clear phase boundary on heating. The solution

. was a clear homogeneous solution with dispersed vesicles before
E_m;ﬁrrféﬂzg‘::”%a‘iﬂ‘ggqurf: 86-10-62751708. Tel: 86-10-62753557. the critical phase separation temperature, while it demixed to
* Beijing Naﬂo?,,mpLat',ora{ory' for Molecular Sciences. two phases when the temperature was above the critical value.

*College of Life Science. The phase separation temperaturg) {varied with the change
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Figure 1. Appearance of mixed solutions with the oil-soluble dye Sudan Il (I) belowTthend (I1) above théls: (a) 50 mM 1:1.4 DBAB/SL,
(b) 50 mM 1.3:1 DEAB/SDSEg) and (c) 50 mM 1.3:1 DPAB/SDSO

of catanionic mixtures, mixed ratio, or total surfactant concen-  Transmission Electron Microscopy.Samples for TEM were
tration. The T-ASTP formation can be attributed to vesicle prepared by the negative-staining technique with uranyl acetate
aggregation with the increase of temperature, and a strongerwater solution and by freezdracture replication according to
hydrophobic interaction of the polar head groups in cationic standard techniques. Fracturing and replication were carried out
surfactants was proved to be beneficial to T-ASTP formation. in a high-vacuum freezeetching system (Balzers BAF-400D).
External additives could adjust the hydrophobic interaction and A JEM-100CX electron microscope was employed in the
control the phase separation temperature. A possible mechanisnmicroscopic observation.

of T-ASTP formation is also discussed. £-Potential Measurements. ¢-Potentials were measured
) ] using a temperature-controlled zetasizer 2000 (Malvern Instru-
Experimental Section ments Ltd.).
Materials. Quaternary ammonium bromides includimg Density Measurements.The densities of samples were
dodecyltributylammonium bromide (DBABJ-dodecyltripro- measured by use of a density measurement system (Anton Paar

pylammonium bromide (DPAB), and-dodecyltriethylammo- DMAG602 density measuring cell and DMAG0 density meter).
nium bromide (DEAB) were prepared by reaction of 1-bromo- Fluorescence Probe ExperimentThe fluorescence reso-
dodecane and the corresponding trialkylamine. Sodium lauratenance energy transfer (FRET) from NBD-PE to Rh-PE was
(SL) was prepared by neutralizing lauric acid with NaOH in  measured using a Hitachi F4500 spectrofluorometer. The probe/
ethanol. Sodiunm-dodecyl sulfate (SDS) and sodiuwdodecyl surfactant molar ratio was 0.1%. The emission spectrum was
sulfonate (SDSE) were bought from Acros Organics Co. and recorded at a range of 47500 nm with the excitation
Beijing Chemical Co., respectively. All the surfactants were wavelength of 465 nm.
recrystallized five times from mixed solvents of etharatetone
or ether-acetone. The purity of the surfactant was examined pogits and Discussion
and no surface tension minimum was found in the surface
tension curvesN-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-di- 1. Phase Behaviorl.1. Temperature-Sensiéi ASTP Forma-
hexadecanoys$nglycero-3-phosphoethanolamine, triethylam- tion in the Solution of DBAB/SLAt room temperature, the
monium salt (NBD-PE), and Lissamine rhodamine B 1,2- solution of 1:1.4 (mixed molar ratio) DBAB/SL with the total
dihexadecanoys$n-glycero-3-phosphoethanolamine triethylam-  concentration of 50 mM was a clear, transparent, homogeneous
monium salt (Rh-PE) were purchased form Invitrogen Molecular solution. The solution will be a homogeneous phase with a clear
Probe Co. The water used was redistilled from potassium or bluish appearance upon heating. However, when the tem-
permanganate. The other reagents were the products of A. Rperature was increased to 39, the solution turned cloudy and
Grade. The cmc values of surfactants in aqueous solutions aren a few minutes separated into a two-phase system with a clear
shown in Table 1 of the Supporting Information. phase boundary by eye observation. The upper phase showed
Sample Preparation. Samples were prepared by mixing no birefringent phenomenon through a polarization microscope
cationic and anionic surfactants at a desired concentration andand no viscoelastic property from rheological measurement. This
mixing ratio. Samples were vortically mixed after sealing. If T-ASTP solution also remixed to a homogeneous phase when
there is no special instruction, the pH of SL and cationic the temperature was lower than 3. This temperature of phase
surfactant mixed system was fixed to 9.2 (0.01 M,Bl@+ transition is named the phase separation temperafigfeThe
10H,0) to control the hydrolysis of SL. oil-soluble red dye Sudan Ill was added to make the separation
Turbidity Measurements. Turbidity measurements were process more visible, as Sudan llI prefers to solubilize in the
carried out with a Shanghai 752C spectrophotometer at 514.5hydrophobic region of aggregates. Below the phase separation
nm. The temperature of turbidity measurement was controlled temperature (39C), the dye dispersed in the solution and the
by an external thermostat. color of solution was pink (Figure 1.al). After the formation of
DLS Measurements Dynamic light scattering measurements T-ASTP formed above 39C, the dye was concentrated in the
were performed with a spectrometer (ALV-5000/E/WIN mul- upper phase and the color of the upper phase become dark red
tiple tau digital correlator) and a Spectra-Physics 2017 200 mW (Figure 1all). When temperature fell below 39, the solution
Ar laser (514.5 nm wavelength). The scattering angle wés 90 appearance returned to the original state similar to that of Figure
The intensity autocorrelation functions were analyzed by using 1al. Some relevant physical chemistry data were also measured
the Contin method, and the apparent hydrodynamic raiis to increase our understanding of ASTP. It can be found that
was deduced from the diffusion coefficieDtby the Stokes the density of the upper phase (0.99303 g/mL) is lower than
Einstein formulaR, = kgT/(67tD), wherekg is the Boltzmann that of the lower phase (0.99616 g/mL), which is in coincidence
constant and; is the solvent viscosity at (K). with the solubilization result that the surfactants are rich in the
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TABLE 1: Values of {-Potential, Separation Time, andTs
upper phase. Compared with the lower phase, the volume offor Different Cationic —Anionic Mixed Surfactant Systems
the upper phase was only one-fifth of that of the lower one. With the Mixed Ratio of 1:1.4 at 50 mM

Other total surfactant concentrations and mixed ratios in the g-potential, mV
DBAB/SL system were also investigated, and temperature- separation
induced ASTP was generally found in some region. Parts of systems 20C  25°C time Ts, °C
the results are shown in Figure 2. It was interesting to find that "5gAg/SDS —96.1 _ ~1 month 23
some ASTP solutions formed at room temperature were also pgAB/SDSO —54.9 —51.8 about 10 days 37
temperature-sensitive, because tfigivalues were low enough. DBAB/SL (pH9.2) —34.4 —34.2 within2h 39
For instance, th&s of 50 mM 1:1 DBAB/SL solution was only DBAB/SL (pH12.5) —16.6 —16.3 within2h 48

14°C. From Figure 2, it also can be found that Thgn different
solutions varies with the surfactant component and decreasegor ASTP formation in various systems was greatly different.
with the mixed ratio approaching 1:1. Thus, it is convenient to The different separation times are shown in Table 1. It can be
adjust theTs to the required temperature, which is very important noticed that the DBAB/SL system was more temperature-
to applications in biological extraction. sensitive than any other systems. Possible reasons will be
1.2. Temperature-Sensié ASTP in Other Mixed Cationic discussed in section 3.
Anionic Surfactant System&emperature-sensitive ASTP was 2. Microstructures. 2.1. TEM and DLSMacroscopic phase
also generally found in other different mixed catanionic sur- behaviors are closely related to the microstructures in the
factant systems, including a series of mixed systems with agueous solution. Therefore, microstructures of these catanionic
variation of cationic surfactant head groups or anionic surfactant mixtures were studied systemically. Unfortunately, the volume
head groups, such as DBAB/SL, DPAB/SL, DBAB/SD§$O  ratio of the upper phase to the lower one was very low in some
DPAB/SDSQ, DEAB/SDSQ, DBAB/SL (pH = 12.5), and solutions, which brought many difficulties to our investigation.
DBAB/SDS. It was a very novel phenomenon that temperature- TEM and DLS techniques were also performed in several
induce ASTP formed in DEAB or DPAB systems. The catanionic surfactant systems to investigate the microstructure
appearance of some solutions in various systems with Sudanvariation in this process. In the system of 50 mM 1:1.4 DBAB/
[l is shown in Figure 1. After T-ASTP formation, the dye is SL, TEM (Figure 4a) showed spherical vesicles in the homo-
rich in the upper phase in all solutions, demonstrating that the geneous solution beloWs. Additionally, the DLS results of 50
upper phase of solution is rich in surfactants. mM 1:1.4 DBAB/SL at 25°C (Figure 5a) revealed that there
Figure 3 presents the turbidity value upon heating in some were two kinds of aggregates in this solution with an average
mixed catanionic surfactant solutions. The arrows indicate the hydrodynamic radiusR;) of 6.9 and 50 nm, respectively, in
phase separation temperature of different aqueous systems. Théhis solution, which can be assigned to be micelle and vesicle,
tendency of turbidity variation upon heating is almost the same respectively, according to their sizes. The solution showed no
in all solutions. Below the phase separation temperaftge (  viscoelastic property from rheological measurement and a low
turbidity values were almost constant as the temperature roseviscosity value similar to water. Therefore, it can be concluded
Subsequently, as the temperature approadhgd increased that spherical vesicles and asymmetric short micelles coexisted
slightly in some systems. However, when the temperature in the solutions. During the process in which turbidity increased
reached or exceedéld, the turbidity in all solutions began to  slightly with the temperature approaching @9, both DLS and
increase obviously with time and ASTP was observed. After TEM results do not show obvious differences from those below
phase separation, turbidity of the upper phase was much higher29 °C. After phase separation, the averdgeof the large
than that of the lower phase. (For example, in the system of 50 aggregate in the upper part was 90 nm as determined by DLS,
mM 1:1.4 DBAB/SL, the turbidity value of the upper phase which was much larger than that of the lower part (25 nm)
was 0.060 cm! and that of the lower one was 0.005 ch) (Figure 5b). Vesicle aggregation and fusion in the upper part
This suggests that aggregates are bigger or more concentratewvere confirmed by negative-staining TEM and FF-TEM (Figure
in the upper phase, which was essentially consistent with the 4b), indicating that the increase of turbidity was attributed to
dye solubilization results. On the other hand, the time neededvesicle aggregation. On the contrary, only separated vesicles
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Figure 4. Micrographs for the 50 mM 1:1.4 DBAB/SL system before and after T-ASTP formation: (a) homogeneous soluticiCatb2%ore
T-ASTP formation), (b) the upper part of T-ASTP at 40, and (c) the lower part of T-ASTP at 4C. Top: by FF-TEM technique; bottom, by
negative-staining TEM technique.

were observed in the lower part (Figure 4c). TEM results of a) T, °
other solutions before and after T-ASTP formation are shown ) ﬂl
in Figure 6, which are similar to the case of 50 mM 1:1.4 .
DBAB/SL. ol
2.2 Fluorescence Assayesicle aggregation and fusion can ]
also be studied by fluorescence technique. The strong depen-
dence of fluorescence resonance energy transfer (FRET) rate
on intermolecular distance enables it to be one of the most 04
effective methods of monitoring vesicle aggregatism’ N-(7- -,
Nitro-2,1,3-benzoxadiazol-4-yl) (NBD, energy donor) and 024 = -
rhodamine (Rh, energy acceptor) labeled phospholipids, are most .
commonly used for this purpodé&*’ From the existing 00 i -Rm—
literature, there is a significant overlap between the emission
band of NBD-PE and the excitation band of Rh-PE. If the two
probes exist in close physical proximity, the energy from a

06 =

f(Ry)

12

photon absorbed by NBD-PE, the energy donor, can be b) ®  40°C upper phase
transferred to Rh-PE, the energy acceptor, which will show 104 ® 40°Clower phase - -
directly excited fluorescence. Intensities for both NBD-PE and IO
Rh-PE emissions (530 and 595 nm, respectively) were measured 08 . . .
and reported as the ratigys/Is30to estimate the FRET efficiency. ~ . v

After vesicles incorporated with NBD-PE and Rh-PE respec- & 054 * e =
tively were mixed in a 1:1 ratio, the fluorescence energy of - ¢ "o
NBD-PE transfer was observed, which may be due to the fast 044 S S
molecular exchange between vesicles in catanionic surfactant . ]
systems (inset in Figure 7). Unfortunately, this method cannot 024 « . %
distinguish between vesicle aggregation and fusion correctly in __..._._-_' . .":...
our systems. Figure 7 shows thgglszo value for the 50 mM B A
1:1.4 DBAB/SL system. Thised/Is30 value is almost invariable Ry/nm

or decreases slightly when the solution was heated balow Figure 5. Hydrodynamic radiusR,) distributions of 50 mM 1:1.4

After phase separation, thigesls3o value of the upper part  ppag/s) system: (a) before phase separation at@%nd (b) after
increases remarkably (from 0.4 to about 0.6), while this value phase separation at 4C.

in the lower part decreases. Enhancement of the FRET efficiency
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a) b)
Figure 6. Micrographs by FF-TEM technique for different systems before and after T-ASTP formation: (a) 50 mM 1.3:1 DBAB/SI3%°C)
and (b) 50 mM 1:1 DBAB/SL Ts is 14 °C). Top, homogeneous solution; middle, upper part; bottom, lower part.
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Figure 7. Isedls30 value with temperature for the 50 mM 1:1.4 DBAB/SL system: homogeneous solution before phase separation (black square),
the upper part (red circle), and the lower part (blue triangle) Fluorescence spectra@imset in the figure.
demonstrates that the two fluorophores are becoming closer andrherefore, it can be speculated that the process of vesicle
closer in spatial distance, which indicates that vesicles get aggregation is a key step for T-ASTP formation. However,
together and aggregate. The larggg/Isso value revealed more  T-ASTP could not form in all systems where vesicle aggregation
aggregated vesicles, and aggregates became bigger in size. Theccurred on heating. Possible reasons will be discussed in the
fluorescence assay further supports the fact that vesiclesfollowing section.
aggregate in the upper part, which is also previously justified 3. Mechanism of Temperature-Sensitive ASTP Formation.
by TEM and other results. Further research was performed to obtain more information
Combining with the above results, it can be concluded that about the mechanism of T-ASTP formation. It was found that
the T-ASTP formation is caused by temperature-induced vesicle the hydrophobic chain length in the polar head groups of cationic
aggregation. Usually, ASTP solution is not easily formed in surfactants may play an important role in the process of T-ASTP
ionic surfactant systems on heating because of the decrease oformation. The mixed systems of SL with different cationic
vanishing of aggregates. In ionic surfactant systems, the surfactants will be discussed in detail.
aggregate size normally decreases when the temperature in- Similar to that observed in the system DBAB/SL, tempera-
creases, such as the transitions from vesicle to miéelf€ The ture-induced ASTP formation also occurred in DPAB/SL
reverse process, which is the increase of aggregate size orsystems only with the comparatively high&g at the same
heating, was rarely observed. However, temperature-inducedcomposition, showing a narrower T-ASTP region in this mixed
vesicle aggregation, with the phenomenon of clouding on system (see the black section in Scheme 1). Investigation on
heating, was proved in the SDS/DBAB system befSre. microstructure variation also demonstrated that vesicle aggrega-
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SCHEME 1: Mixed Molar Ratio Range of
Temperature-Induced ASTP Formation in the Three
Mixed Surfactant Systems of 50 mM

to confirm the foregoing conclusion. If the additive can enhance
the hydrophobic interaction, the aggregation process is facilitated
and the ASTP formation temperatur€s) will decrease. As

expectedp-sorbitol can promote the ASTP formation, but urea
M is not beneficial to it. For example, 10 miMsorbitol can reduce
DBAB/SL 24 1.9 the Ts of 50 mM 1:1.4 DBAB/SL from 39 to 28C, while 2 M
urea can increase tfig of the corresponding system to 48.
DPAB/SL M Similar variat_ion of the microstructure was also observed when
o temperature increasedTg. When 10 mMb-sorbitol was added
DEABISL % into the mixed system of 50 mM 1:1.4 DBAB/SL, aggregated
aaEENe and dispersed vesicles were also observed by TEM in the upper

2 Solid black: the area where temperature-induced ASTP formed &1d lower parts respectively at 30, while the solution without
without additives. Hatched pattern: the area where temperature-inducec®dditive at this temperature remained a single phase and only

ASTP formed with additives that can enhance the hydrophobic
interaction, likep-sorbitol.

tion occurred abovds. For example, dispersed vesicles were
observed in the homogeneous solution of 50 mM 1:1 DPAB/
SL at 25°C. As the temperature rose to above 49 (Ts for

this mixed system), this solution demixed into two phases;

aggregated vesicles in the upper part and dispersed vesicles i

the lower part were observed respectively (Figure 8).
However, T-ASTP could not be observed in the DEAB/SL
system, where the total surfactant concentration was less tha
100 mM in any mixed ratio. It was noticed that the DPAB/SL

system has much high@g than that of DBAB/SL in the same
concentration and mixed ratio. Considering that the size
sequence of the cationic surfactant polar head group is DBAB
> DPAB > DEAB, it is possible to assume that tfig for the
DEAB/SL system is higher than that of the DPAB/SL system
and beyond the range of measurable temperature.
Compared with the results in the systems DBAB/SL, DPAB/
SL, and DEAB/SL, it can be found that T-ASTP will be easily
formed in the mixed systems with bigger polar head groups or
with longer hydrocarbon chains in the head group of cationic

separated vesicles were found. The solution with 2 M urea was
still homogeneous and only dispersed vesicles could be observed
by TEM at 40°C. Similar effects of these two additives on
phase behavior and microstructure were also observed in the
mixed system of DPAB/SL.

More interestingly, T-ASTP could also be observed by adding
D-sorbitol to the DEAB/SL system, where no ASTP was found

'beforep-sorbitol addition. For instance, 10 misorbitol can

decrease thds to 29 °C in 50 mM 1:1 DEAB/SL and the
corresponding microstructures are shown in Figure 9. Similarly,

"b-sorbitol can also enlarge the range of temperature-induced

ASTP in the systems DBAB/SL and DPAB/SL (Scheme 1).

The factor discussed above affects the possibility of vesicles
to aggregate, as well as their ability to aggregate. However,
not all vesicle aggregation will necessarily induce T-ASTP
formation, and the time of complete ASTP formation in various
systems is in great difference as well. It was noticed that in the
same concentration of 50 mM and mixed ratio of 1:1.4, the
ASTP of DBAB/SL (pH= 9.2 and 12.5) systems can separate
completely within 2 h, but in the mixed systems of DBAB/
SDSQ and DBAB/SDS, it will take about 10 days and more

surfactants. The black section in Scheme 1 shows the mixedthan 1 month to form ASTP, respectively. Thepotential of

ratio range of T-ASTP formation in these three mixed systems,
with the total surfactant concentration of 50 mM. The DBAB/
SL system has the strongest ability to form ASTP on heating,
followed by DPAB/SL, with the DEAB/SL system being
weakest. This may be attributed to variation of the hydrophobic

different systems in the same concentration and mixed ratio was
also measured (Table 1). Theotential of 50 mM 1:1.4 DBAB/
SDS system at 2%C was not measured, becauseTigsvas 23

°C. From Table 1, the value of thépotential was almost
independent of temperatdfeout is closely related to the rate

chains in the polar head group of cationic surfactant. The longer Of temperature-sensitive ASTP formation. Itis well-known that

the hydrophobic chains are, the stronger the hydrophobic the {-potential of solution refl_ects the density of sur_face charge
interaction becomes. Considering the steric restriction, at least®f aggregates and that a high surface charge will hold back
one of the three hydrophobic chains in the cationic polar head further vesicle aggregation. Considering that vesicle aggregation
groups must be exposed to the water outside the vesicle (Schemés the main reason for temperature-sensitive ASTP formation,
2). From the viewpoint of energy, it is unfavorable for the It iS understandgble that the system wlth a §mal|er_abso|ute
hydrocarbon chains to directly contact water, due to the potential value W!|| form ASTP faster. Simple inorganic salt§,
hydrophobic effect. Therefore, the hydrophobic chains in such as NaBr, will usually screen the electrostatic interaction
different vesicles have the tendency to close up to each other,Petween surfactants; thus, they can reduce the surface charge
which induces vesicle aggregation and ASTP formation. Refer- Of aggregates and make further vesicle aggregation easier. For
ring to our previous work and other literatu&e16.37-4%hydro- example, when 3.5 mM NaBr was added to the system 50 mM
phobic interaction played a key role in vesicle or micelle 1:1.4 DBAB/SDSQ, the {-potential decreased from51.8 to
aggregation. Because of its longest hydrophobic chains in the ~19.0 mV, and as expected, the time for complete ASTP
cationic polar group, the DBAB/SL system has the strongest formation was greatly reduced from about 10 days to less than
hydrophobic interaction and the greatest vesicle aggregation.2 h.

However, the weaker hydrophobic interaction can be com-  According to previous reports, there was no clouding point
pensated by adding additives, which can then promote the phenomenon in conventional ionic surfactants with smaller
hydrophobic interactiorp-Sorbitol and urea are known to exert headgroups, like DPAB and DEAB, probably because the
strong influence on hydrophobic interaction in solution. Nor- hydrophobic chains in the headgroups were not long enough,
mally, urea is considered as a “water-structure breaker” and canand the hydrophobic interaction was weak. However, in our
weaken hydrophobic interactiof%,5° while p-sorbitol is con- work, T-ASTP formation was observed in both DPAB and
sidered as a “water-structure maker”, strengthening hydrophobicDEAB catanionic mixed systems. In addition, in contrast to the
interaction$1752 so they were used as additives to adjust the DBAB/water binary mixture (temperature of all concentration
hydrophobic interaction in the mixed surfactant solution in order is above 55°C, and the lowest concentration is above 10 wt



Temperature-Sensitive ASTP Formation

J. Phys. Chem. B, Vol. 111, No. 45, 2003003

b)

<)

Figure 8. Micrographs for the system 50 mM 1:1 DPAB/SL before and after T-ASTP formation: (a) homogeneous solutiofCaft#5ore
T-ASTP formation), (b) the upper part of T-ASTP at 80, and (c) the lower part of T-ASTP at 83C. Top, by FF-TEM technique; bottom, by

negative-staining TEM technique.

SCHEME 2: Schematic lllustration of DBAB/SL Vesicle
Membrane in Aqueous Solution
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9%),1* solutions with butyl headgroups, DBAB/SL (pH 9.2
and 12.5), DBAB/SDSg and DBAB/SDS, present a much

molecules. The closer the mixed ratio of surfactants approaches
equimolar, the more obvious the nonionic character of ag-

gregates will appear. In fact, the addition of inorganic salts can

also decreasfs, which screened the net surface charge of

aggregates and made the vesicles nonionic. Such “pseudo-
nonionic” phenomenon has been found in some catanionic
micelle system2:13.16.53.54

On the basis of the differences in the structure of aggregates,
the ASTP in catanionic surfactant systems can be usually divided
into several classes. The entanglement of rodlike micéll&s,
the birefringent I, phase’ or densely packed vesicRsould
induce ASTP formation. Different aggregates in the two parts
are the real reason for ASTP formation in nature. Combining
the facts and analysis above, T-ASTP in our investigations could
have a possible formation mechanism as follows. In the vesicle
region of catanionic mixed surfactant systems, at a certain
concentration and mixed ratio, vesicles can aggregate on heating
when hydrophobic interactions and cat-anionic interactions come
up to a certain degree. At the critical temperature, if the surface
charge of vesicles is low enough, more and more vesicles
aggregate with time. Then many aggregated vesicles form a type
of three-dimensional network structure containing much water
and the network structure separates from the original ptfase.
Compared with the other dispersed vesicles, the surface charge
of aggregated vesicles was much closer to 1:1 and they

lower phase separation temperature. The interaction parameter§0mbined much fewer counterions, which led to lower density.

pm are shown in Table 1 in the Supporting Information.

Therefore, the network structure composed of aggregated

Obviously, the strong interaction between cationic and anionic vesicles formed the upper part of ASTP. Scheme 3 demonstrates

surfactants was an important factor in T-ASTP formafiofihe

the process mentioned above, which is in accord with views on

catanionic surfactants behave as a pair of “pseudo-nonionic” conventional ASTP formation.
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b) c)

Figure 9. Micrographs for the 50 mM 1:1 DEAB/SL system with 10 mdsorbitol before and after T-ASTP formation: (a) homogeneous
solution at 25°C (before T-ASTP formation), (b) the upper part of T-ASTP a@0and (c) the lower part of T-ASTP at 3C. Top, by FF-TEM
technique; bottom, by negative-staining TEM technique.

SCHEME 3: Representation of Temperature-sensitive ASTP Formation

Conclusion Acknowledgment. This work was supported by NSFC and

Temperature-sensitive ASTP, which can be attributed to the doctoral program of MOE in China.

temperature-induced vesicle aggregation, was generally found
in a series of conventional catiort@nionic mixed surfactants
systems. The process of T-ASTP formation can be divided into
two steps. The first step was the transformation from vesicle to
vesicle aggregation when the temperature reached the critica
valueTs. By adjusting the surfactant species, total concentration
cationic/anionic mixed ratio, and the additives, the ability of
vesicle aggregation can be changed andighean be controlled. . e(rllgeng,zfégélMurthy, A. K.; Rodriguez, B. E.; Zasadzinski, J. A.
The second step was the process fror_n vesicle aggregation to> 2) Marques. E.: Khan, A da Graca Miguel, M.: Lindman JBPhys.
ASTP formation. The phase separation rate can be easilychem.1993 97, 4729.

controlled by addition of inorganic salts (like NaBr). Our study (3) Horbaschek, K.; Hoffmann, H.; Hao, J. €.Phys. Chem. R00Q

on temperature-sensitive ASTP offers a simple and reversible 104 2781. . .

way to control ASTP formation, which may advance its 20064)10}2032?%3' D.; Raghavan, S. R.; Kaler, E. W.Phys. Chem. B
applications in biological extraction and other fields. Further- (5) M’enger, F. M.; Peresypkin, A. V.; Caran, K. L.; Apkarian, R. P.
more, the investigation of T-ASTP caused by vesicle aggregation Langmuir200Q 16, 9113.

might give us a greater understanding of the active control of ~ (6) Schmitz, K. S.; Bhuiyan, L. BL.angmuir2002 18, 1457.
self-assembly transformations and the relationship between gg :‘r:r?lfgf" 'Z'.’; "Dﬁanst"“;' }\{P g@h}?‘;g“{_:g?fggg’ ;152,018_;(.362.
macroscopic phase behavior and microscopic organized struc- () Steiner, U.; Meller, A.; Stavans, Bhys. Re. Lett. 1995 74, 4750.
tures. (10) Roux, D.; Knobler, C. MPhys. Re. Lett. 1988 60, 373.

Supporting Information Available: Cmc values and in-
teraction parameters of surfactants in aqueous solutions. This
material is available free of charge via the Internet at http://
Ipubs.acs.org.
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