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The transition from vesicles to tubelike structures has been studied in mixed systems of cationic bolaamphiphile
BPHTAB [biphenyl-4,4′-bis(oxyhexamethylenetrimethylammonium bromide)] and its oppositely charged conventional
surfactants with transmission electron microscopy (TEM) and dynamic light scattering (DLS). This transition can be
attributed to the fact that tubelike structures are more stable aggregates than vesicles because of the special molecular
packing in the aggregates of the mixed systems. The effects of temperature and salt addition on this transition have
also been investigated, and the rate of the transition was found to be strongly dependent on temperature. Addition
of the appropriate amount of NaBr will accelerate the transition from vesicles to tubelike structures, but the vesicles
will transform into micelles at higher salt concentration. Moreover, the micelle-vesicle transition can be realized by
addition ofn-octanol in the mixed system of BPHTAB/sodium caprate (SC) at higher salt concentrations.

1. Introduction

Bolaamphiliphiles are molecules with two hydrophilic heads
connected by one or two hydrophobic chains.1 In the past two
decades, bolaamphiphiles have drawn much attention2-8 for their
many interesting properties. Usually, bolaamphiphiles can form
monolayer membranes instead of bilayer membranes.9,10Kunitake
et al. first reported the formation of aqueous monomolecular
membranes from bola-form amphiphiles.11 Because of their
superior capability in forming monolayer membranes12and their
superior vesicle stability at high temperature (>80°C),13vesicles
facilitate the practical implementation of bolaamphiphiles as
biomembrane models, drug-delivery systems, and microreactors.
Moreover, tubelike vesicles14and fibrous15and helical16structures
have been found in some kinds of bolaamphiphile systems. In
1993, Fuhrhop et al. prepared a monolayer tubular structure with

a bola-type surfactant with a diameter and length of 50 and 1000
nm, respectively.14 Bhattacharya and Acharya17 also prepared
tubular structures in sugar-linked amphiphile systems. However,
compared to the numerous works on single systems of bola-
amphiphiles, reports on mixed systems of bola-form molecules
and oppositely charged conventional surfactants are few,8 and
so far, work on transitions between organized assemblies in these
mixed systems is rare.

Research on structural transitions between various organized
molecular assemblies is of great importance in both fundamental
investigations and applications. Most such works have involved
the addition of additives18,19or variation of environmental factors,
such as temperature,20,21 concentration,22,23 and pH.24,25 Some
transitions have also been accomplished by the action of external
forces such as shear26 and agitation.27 However, most work has
concentrated on micelle-vesicle transformations, and research
on the transition from vesicles to tubelike structures is still rare.28

Recently, the application of bolaamphiphiles in the synthesis of
mesoporous materials also attracted the attention of some
researchers,29-31 so it is necessary to systematically study the
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regulation of the morphologies of the organized assemblies formed
with bolaamphiphiles.

In this article, an interesting phenomenon, the transition from
vesicles to tubelike structures, was observed as a function of
time in several mixed systems of a bolaamphiphile with a biphenyl
group and its oppositely charged conventional surfactants. The
influences of temperature and salt were investigated for further
understanding of this transition. The effect of the unique
bolaamphiphilic molecular structure on this transition is also
discussed.

2. Experimental Section

Materials. Sodium dodecyl sulfate (SDS, 99%) was obtained
from Sigma Co. and used as received. Sodium caprate (C9H19-
COONa, abbreviated SC) was prepared by neutralizing the
corresponding carboxylic acid with NaOH in ethanol (C9H19-
COOH was distilled twice to obtain pure products), then removing
the solvents, and vacuum-drying the solid for 24 h. Bola-
amphiphile BPHTAB [biphenyl-4,4′-bis(oxyhexamethylenetri-
methylammoniumbromide)]wassynthesizedasshown inScheme
1 according to a previous report.32

Sample Preparation. The solutions of the mixed systems
were prepared by simply mixing the single-surfactant stock
solutions together. Samples were vortex mixed and equilibrated
in a thermostatic bath at the appointed temperature before
investigation. The mixing ratios are all molar ratio of the two
components, and theRbola values refer to the molar fraction of
bolaamphiphile in the mixed systems.CT is the total concentration
of surfactants in the system. The pH values were adjusted to 9.2
by addition of Na2B4O7‚10H2O in the systems containing
carboxylate surfactants.

Transmission Electron Microscopy (TEM). TEM micro-
graphs were obtained with a JEM-100CX II transmission electron
microscope (working voltage of 80-100 kV) by the negative-
staining method: Before being stained, the sample solution was
adsorbed onto a copper grid by laying a carbon Formvar-coated
copper grid (230-mesh) on one drop of the sample solution; the
excess liquid was wiped away with filter paper. Then, one drop
of the uranyl acetate solution (1%) as the staining agent was
placed onto the copper grid. The excess liquid was also wiped
away with filter paper. The process of adsorption was equilibrated
in a thermostatic bath at the needed temperature.

Dynamic Light Scattering (DLS). Dynamic light scattering
measurements were carried out using a spectrometer of standard
design (ALV-5000/E/WIN Multiple Tau Digital Correlator) with
a Spectra-Physics 2017 200 mW Ar laser (514.5-nm wavelength).
The scattering angle was 90°, and the intensity autocorrelation
functions were analyzed using the methods of Cumulant and
Contin. The apparent hydrodynamic radius〈Rh〉 was deduced
from the diffusion coefficientD by the Stokes-Einstein formula
Rh ) kBT/(6πηD). All measurements were made at 30.0°C.

Zeta Potential. Zeta potentials were measured using a
temperature-controlled ZetaPlus (Brook Heaven Co.) zeta
potential analyzer.

3. Results and Discussion

Vesicle Formation and Transition. The mixed system of
BPHTAB/SDS (Rbola ) 0.60,CT ) 1 × 10-4 mol/L) formed a
clear and homogeneous solution at room temperature (∼22°C).
TEM results revealed the formation of dispersed spherical vesicles
with diameters of 200-800 nm in the system within 3 days
(Figure 1a). Similarly to the other bolaamphiphiles, the BPHTAB
molecules usually would take either of two types of conformations
in aggregates, i.e., a line conformation or a U-shaped conforma-
tion. Considering the rigid biphenyl group in the BPHTAB
molecule, the BPHTAB in the vesicles is more favored to take
a line conformation than a U-shaped conformation.32

It is interesting to find that the morphology of the molecular
assemblies in the system gradually changed with time, and a
transition from vesicles to tubelike structures was observed by
TEM (Figure 1). With increasing time, the vesicles aggregated
together, and fusion between vesicles was also observed (Figure
1b). After the sample had been aged for 3 weeks, more vesicles
were found to connect with each other, forming long tubelike
structures with sectional widths of∼50-80 nm and lengths of
∼1000-2000 nm (Figure 1c and d). Some of these elongated
aggregates were branched and flexural. However, no obvious
change in the appearance of the solution was observed in the
transition process.

Similar results (Figure 2) were also found in the mixed system
of BPHTAB/SC (Rbola ) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2)
at 22°C. Considering the fact that the critical micelle concentration
for the mixed system of BPHTAB/SC is much greater (cmc)
5 × 10-3 mol/L) than that of the BPHTAB/SDS mixed system
(cmc ) 5 × 10-5 mol/L)32 and that TEM observation of the
mixed system of BPHTAB/SC is very difficult for dilute solutions,
a total concentration of twice the cmc of the respective system
was selected for investigation of the transformation of the
organized assemblies. The dispersed spherical vesicles with
diameters of 80-150 nm in the mixed system of BPHTAB/SC
were found to aggregate and fuse with time, finally becoming
transformed to tubelike structures with a diameter and length of
about 100 and 1000 nm, respectively. Compared to those in the
mixed system of BPHTAB/SDS (Rbola ) 0.60,CT ) 1 × 10-4
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Scheme 1. Synthetic Routes for the Preparation of
Bolaamphiphile (BPHTAB)

Figure 1. TEM micrographs for the mixed system of BPHTAB/
SDS (Rbola ) 0.60,CT ) 1 × 10-4 mol/L) at 22°C: (a) within 3
days, (b) 3-7 days, (c,d) within the third week.
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mol/L), the tubelike structures in the mixed system of BPHTAB/
SC (Rbola ) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2) had a larger
ratio of diameter to length and were more like rigid rods.

It is well-known that vesicles are easily formed in catanionic
surfactant systems.33 Recently, our results also demonstrated
that mixed systems of bolaamphiphiles and oppositely charged
conventional surfactants also have strong vesicle-forming
capabilities.8 However, the length of a BPHTAB molecule is
nearly twice the molecular length of SDS or SC (according to
the results of Chem3D calculations, the molecular lengths of
BPHTAB, SDS, and SC are 3.1, 1.7, and 1.3 nm, respectively).
Combined with the characteristics of the BPHTAB molecule,
which contains a rigid biphenyl group, we can assume that the
molecules preferred to take a nearly parallel conformation in the
membrane. Thus, from the view of energy, the molecules tended
to arrange more closely in the assemblies, resulting in an increase
of the critical packing parameterp, which is beneficial to the
formation of larger assemblies such as tubelike structures (p is
defined asV/a0lc, whereV is the surfactant tail volume,lc is the
tail length, anda0 is the equilibrium area per molecule at the
aggregate surface; 0e p e 1/3 for spherical micelles,1/3 e p e
1/2 for cylindrical micelles, and1/2 e p e 1 for bilayer
structures.34). On the other hand, closer molecular packing in the
assemblies results in a decrease of the assembly curvature, which
is also advantageous to the formation of bigger assembly. Thus,
the vesicles have a tendency to lengthen in certain dimensions
to decrease the curvature, which is more beneficial for forming
tubelike structures than vesicles in these mixed systems
considering molecular packing and the requirements of the
curvature. Moreover, several factors affect the aggregation and
fusion of vesicles such as the van der Waals force, hydration
force, Coulombic force, and the fluidity of the membrane. The
zeta potential values of the BPHTAB/SDS and BPHTAB/SC
systems are+5 and+28 mV, respectively, at room temperature,
which indicates that the electrostatic repulsion between aggregates
is relatively weak.35 Hence, from the viewpoint of kinetics, the

dispersed vesicles are easy to aggregate, following the occurrence
of fusion between the organized assemblies. In fact, we assuredly
observed the aggregation and fusion of the vesicles during the
transition. Moreover, considering the facts that the molecular
length of the SC molecule is slightly less than one-half that of
BPHTAB molecule, it is reasonable that short rods instead of
long tubes formed in the BPHTAB/SC system (Rbola ) 0.60,CT

) 1 × 10-2 mol/L, pH 9.2) because of the limitation of the
membrane curvature.

Temperature Effect. The effect of temperature on the rate
of transition from vesicles to tubelike structures in the BPHTAB/
SC (Rbola ) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2) system was
also investigated. It was found that temperature had a great
influence on the rate of the transition from vesicles to tubelike
structures. For example, the rate of the transition at 30°C was
obviously higher than that at 22°C. Vesicle fusion and bunching
and a transition to tubelike structures could be observed by TEM
after 1, 3, and 6 days, respectively, at 30°C (Figure 3a-d). This
positive effect of temperature on the transition rate was sufficiently
illustrated at 40°C, where the rate of the transition was much
higher and tubelike structures were found after 1 day (Figure
3e). In contrast, the transition rate was low at low temperature.
Vesicles were still dispersed in the system after the sample had
been aged for 50 days at 8°C (Figure 3f). The corresponding
results are summarized in Table 1, which clearly indicates that
an increase in temperature can greatly accelerate the fusion of
the vesicles, thus accelerating the whole process of the transition
from vesicles to tubelike structures.

It is well-known that the Brownian motion of aggregates in
solution is greatly influenced by the temperature. The diffusion
rate of the molecules becomes higher with increasing temperature,
which is helpful for the approach of the vesicles. Thus, the rate
of transition from vesicles to tubelike structures would be
accelerated at higher temperature. Further investigation showed
that variation of the temperature can influence only the rate of
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Figure 2. TEM micrographs for the mixed system of BPHTAB/SC
(Rbola ) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2) at 22°C: (a) 3, (b)
6, (c) 10, and (d) 12 days.

Figure 3. TEM micrographs for the mixed system of BPHTAB/SC
(Rbola) 0.60,CT ) 1× 10-2 mol/L, pH 9.2) at different temperatures
and times: (a) 1, (b) 3, (c) 6, and (d) 8 days at 30°C; (e) 1 day at
40 °C; (f) 50 days at 8°C.
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transformation from vesicles to tubelike structures but cannot
transform the tubelike structures into vesicle as the temperature
is decreased. For example, vesicles were still dispersed in the
system of BPHTAB/SC (Rbola ) 0.60,CT ) 1 × 10-2 mol/L,
pH 9.2) when the sample had been aged for 50 days at 8°C, but
when the sample was aged at 40°C, tubelike structures were
found after only 1 day. Cooling the solution from 40 to 8°C did
not cause the tubelike structures to transform into vesicles.
However, heating the solution from 8 to 40°C again resulted in
tubelike structures instead of vesicles being observed.

All of these results demonstrate that tubelike structures are
morestable thanvesicles in the rangeofexperimental temperatures
investigated. Variation of the temperature can influence only the
rate of the transition from vesicles to tubelike structures.

Salt Effect. The effect of salt addition on the formation of
aggregates and the rate of transition from vesicles to tubelike
structures in the two mixed systems was also investigated. It was
found that vesicles still existed in the mixed system of BPHTAB/
SDS (Rbola ) 0.60, CT ) 1 × 10-4 mol/L) when the NaBr
concentration reached 0.10 mol/L. However, the addition of NaBr
greatly increased the rate of the transition from vesicles to tubelike
structures. One day after the mixed system of BPHTAB/SDS
with 0.10 mol/L NaBr addition had been prepared, fusion of the
vesicles was clearly observed by TEM (Figure 4a). Tubelike
structures formed after the solution had been equilibrated at 22
°C for 10 days (Figure 4b). A similar salt effect was also found
in the mixed system of BPHTAB/SC (Rbola ) 0.60,CT ) 1 ×
10-2 mol/L, pH 9.2). When 0.05 mol/L NaBr was added, tubelike
structures were observed by TEM in the fresh solution in the
BPHTAB/SC system (Figure 5d). DLS results also showed two
peaks with〈Rh〉 values of 2 and 190 nm, which are assigned to
micelles and tubelike structures, respectively (Figure 5b). These
results indicate that the addition of an appropriate amount of
NaBr can accelerate the transition from vesicles to tubelike
structures. This can be attributed to the fact that added salt will
screen the repulsion between the aggregates of the mixed systems.
Thus, the zeta potential is decreased, and the transition from
vesicles to tubelike structures is also accelerated.

It was found that the variation of the mole fraction of BPHTAB
(Rbola) greatly influenced the rate of the transition from vesicles
to tubelike structures. In the mixed system of BPHTAB/SC (CT
) 1 × 10-2 mol/L, pH 9.2), the rate of the transition increased

with increasingRbola. For example, forRbola ) 0.8, tubelike
structures were observed within 2 h after the solution had been
prepared at 22°C. On the other hand, whenRbola was decreased
from 0.60 to 0.46, the transition from vesicles to tubelike structures
required more time. For example, at 40°C, tubelike structures
were observed after 48 h for the system withRbola ) 0.46,
compared to 24 h for the system withRbola ) 0.60. However,
when Rbola was decreased to 0.05-0.14, only micelles were
formed in the mixed systems because, in this case, the electrostatic
interaction between the cationic and anionic surfactants was too
weak. The above results further confirm our conclusion that the
structure and mole fraction of the bolaamphile play an important
role in the formation and transition of the organized assemblies
in this kind of mixed system.

Transition between Vesicles and Micelles upon Addition
of NaBr and n-Octanol. When 0.10 mol/L NaBr was added to
the mixed system of BPHTAB/SC (Rbola) 0.60,CT ) 1 × 10-2

mol/L, pH 9.2), the TEM results showed that no vesicles or
tubelike structures existed in the system. DLS results also showed
that the peak assigned to vesicles or tubelike structures with an
average hydrodynamic radius,〈Rh〉, of 110 nm completely
disappeared, leaving solely the “micelle peak” with〈Rh〉 ) 2 nm
(Figure 5a and c). Combined with the TEM results, it can be
concluded that vesicles were destroyed and completely trans-
formed into micelles in the mixed system of BPHTAB/SC (Rbola

) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2) with 0.10 mol/L NaBr
addition.

It is interesting to find thatn-octanol addition can transform
micelles to vesicles in the system of BPHTAB/SC (Rbola) 0.60,
CT ) 1 × 10-2 mol/L, pH 9.2) with 0.10 mol/L NaBr. DLS
results showed that the addition of 0.8 mMn-octanol made the
original micelle peak with〈Rh〉 ) 2 nm shrink while another
peak with〈Rh〉 ) 120 nm (Figures 5c and 6a) appeared. By TEM,
spherical vesicles with a diameter of about 200 nm were observed
(Figure 7a), which were approximately consistent with the newly
appeared peak in the DLS plot. This transition continued upon
further addition ofn-octanol, and when 1.8 mMn-octanol had
been added, the micelle peak almost disappeared, leaving only
the vesicle peak with〈Rh〉 ) 170 nm (Figure 6b). Combined with
the TEM results (Figure 7b), it can be concluded that the micelles
were almost transformed into spherical vesicles. Thus, in the
mixed system of BPHTAB/SC (Rbola ) 0.60,CT ) 1 × 10-2

Table 1. Effect of Temperature on the Transition Rate in the
System of BPHTAB/SCa as Determined by TEMb

temp (°C) 1 day 3 days 6 days 10 days 50 days

8 a a a a a
22 a a c d
30 b c d
40 d

a Rbola) 0.60,CT ) 1× 10-2 mol/L, pH) 9.2. b a, dispersed vesicles;
b, fused vesicles; c, bunched vesicles; d, tubelike structures.

Figure 4. TEM micrographs for the mixed system of BPHTAB/
SDS (Rbola ) 0.60,CT ) 1 × 10-4 mol/L, [NaBr] ) 0.10 mol/L)
at 22°C: (a) 1 and (b) 10 days.

Figure 5. (a-c) Hydrodynamic radius (Rh) distributions and (d)
TEM micrograph of aggregates in the BPHTAB/SC (Rbola ) 0.60,
CT ) 1 × 10-2 mol/L, pH 9.2) mixed system: (a) without NaBr,
(b) with [NaBr] ) 0.05 mol/L, (c) with [NaBr]) 0.10 mol/L, and
(d) freshly prepared with [NaBr]) 0.05 mol/L.
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mol/L, pH 9.2), the cycle of vesicles-micelles-vesicles could
be realized by appropriate addition of NaBr andn-octanol.
Furthermore, these vesicles existed for 5 months, and no
transformation from vesicles to tubelike structures occurred during
this period (Figure 7c), even when the solution was heated to 40
°C for 1 day. At increasedn-octanol concentration, the vesicles
still existed, and no tubelike structures were observed in the
mixed system (Figure 7d).

As is known, the addition of long-chain alcohols will decrease
the curvature of surfactant aggregates; for example, the transition
from wormlike micelles to vesicles has been observed under
such conditions.36-38 The addition ofn-octanol can increase
the effective hydrophobic chain volume (V) of the surfactant
molecules in the aggregates, thereby increasing the critical packing

parameterp to satisfy the requirement for the formation of vesicles
or even larger aggregates. On the other hand, the addition of
n-octanol not only promotes the transition from micelles to
vesicles, but also makes the vesicles show good stability with
time, which is different from the vesicles in the previously studied
systems. This can be attributed to the change in conformation
of the molecular arrangement in the surfactant aggregates after
n-octanol addition. Because of the relatively short length of the
n-octanol molecule (0.9 nm according to results of a Chem3D
calculation), the molecules in the membrane are no longer
arranged in a parallel conformation but tend to bend and satisfy
the curvature requirements of vesicles (Chart 1). Thus, it is
reasonable that the vesicles exhibit good stability with aging
time and do not transform into tubelike structures in this case.

4. Conclusion
The transition from vesicles to tubelike structures was observed

as a function of time in mixed systems of BPHTAB/SDS (Rbola

) 0.60,CT ) 1 × 10-4 mol/L) and BPHTAB/SC (Rbola ) 0.60,
CT ) 1 × 10-2 mol/L, pH 9.2) without any addition of additives
or agitation. That tubelike structures rather than vesicles are the
more stable aggregate in these systems can be attributed to the
structural characteristics of the surfactant molecules in the systems
such as the bolaamphiphile’s rigid biphenyl group and the suitable
molecular length of the catanionic surfactants. Increasing the
molar fraction of the bolaamphiphile was found to be beneficial
for the transition from vesicles to tubelike structures. The rate
of this transition can be controlled through the variation of the
environmental temperature and the addition of NaBr. However,
the addition of 0.10 mol/L NaBr to the BPHTAB/SC mixed
system (Rbola ) 0.60,CT ) 1 × 10-2 mol/L, pH 9.2) transforms
the vesicles into micelles, and subsequentn-octanol addition can
realize the transition from micelles back into vesicles in this
system. Vesicle composed of BPHTAB/SC/n-octanol are very
stable, and no transformation from vesicles to tubelike structures
occurred with the aging time. We anticipate that this work will
make some advances in the field of self-assembly formation and
transitions in mixed bolaamphiphile systems and might promote
our understanding of adjusting surfactant self-assemblies and
realize applications in related fields.
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Figure 6. Hydrodynamic radius (Rh) distributions of aggregates in
the mixed system of BPHTAB/SC (Rbola ) 0.60,CT ) 1 × 10-2

mol/L, [NaBr] ) 0.10 mol/L, pH 9.2) upon addition ofn-octanol
at 30.0°C: [n-octanol]) (a) 0.8 and (b) 1.8 mM.

Figure 7. TEM micrographs for the mixed system of BPHTAB/SC
(Rbola ) 0.60,CT ) 1 × 10-2 mol/L, [NaBr] ) 0.10 mol/L, pH 9.2)
upon addition ofn-octanol: (a) [n-octanol]) 0.8 mM; (b) [n-octanol]
) 1.8 mM; (c) [n-octanol]) 1.8 mM, room temperature for 5 months
and 40°C for 1 day; (d) [n-octanol]) 4.5 mM.

Chart 1. Conformations of Molecules in the Vesicle
Membrane
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