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Researches on the bolaamphiphiles have attracted considerable attentions in the last three decades.
Among which, the mixed systems with conventional surfactants are of special interest. This review
focuses on the recent advances in the research of the bolaamphiphile/oppositely charged conventional
surfactant mixed systems. The following contents are covered: (1) surface properties, which include (i)
the general properties of the mixed systems, (ii) the effect of rigid group on the surface properties, and
(iii) the slow adsorption process of bolaamphiphiles on solid surface; (2) aggregation behaviors in the
bulk solution, including (i) the superior vesicle formation ability, (ii) superior vesicle stability, (iii)
dynamic morphology of the aggregates, and (iv) tunable morphologies; (3) perspective for the future.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction [11–14], scientists have established the basic physical chemistry
Bolaamphiphiles, abbreviated as bolas, i.e., bipolar amphiphiles
with two polar heads connected by one or two long hydrophobic
spacers, have attracted increasing attention since the early 1980s
[1–5], when scientists found them in the membrane of archaebac-
teria. Owing to the presence of membrane spanning bolaamphi-
philes, these bacteria can sustain harsh environments, such as
high salt concentrations, extreme temperatures, or very acidic
environments [6–8]. The superior stability of the membrane of
the archaebacteria was attributed to the membrane spanning bolas
that act as rivets to keep the bilayer together [9,10] (cf. Fig. 1a). The
advantages of the bipolar structure of the bolas have stimulated an
outburst of interest in this new type of amphiphiles in the recent
30 years. Since bolaamphiphiles are difficult to isolate from natural
membranes, scientists have resorted to chemical synthesis to mi-
mic natural bolaamphiphiles [1–8]. A large variety of bolaamphi-
philes of different structures have been produced so far. Fig. 1b
illustrates the structure of some typical bolas. For detailed struc-
tures of various bolas, one can refer to literatures 3 and 5.

However, no much progress was achieved in regard to fabrica-
tion of artificial membranes with superior stability under harsh
conditions so far. In contrast, investigation on the aggregation,
i.e., self-assembled behaviors of bolaamphiphiles has become pros-
perous [1–5]. Starting from the simplest bolaamphiphiles, e.g.,
those with two polar heads connected by one hydrocarbon chain
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of these compounds in aqueous solution. It was found that bolaam-
phiphiles have much weaker surface activity but stronger aggrega-
tion ability which is characterized by much higher surface tension
but lower CMC (critical micelle concentration) than their conven-
tional counterparts with the same hydrocarbon/head group ratio
[11–14]. Moreover, with the development in synthesis of more
complicated bolas [3,5], abundant self-assembled structures from
this class of amphiphiles have been observed. This is mainly attrib-
uted to their structural analogy to A-B-A type triblock copolymers,
which allows for versatile modification of the molecules. By
variation of both the structure of the head groups and that of
the spacers, one can have a judicious choice on fabrication of
bolaamphiphiles with special aggregation properties. This usually
cannot be achieved in simple conventional surfactant systems. So
far, various self-assembled structures, including nanofibers [15–
18], nanotubes [19–21], ribbons [22], cylinders [23], disks [24],
vesicles [25–27], as well as hydrogels [28–30] and liquid crystals
[31–33], have been fabricated in bola systems. In addition, bolaam-
phiphiles were also used in template synthesis [34–36]. Clearly,
the self-assembled properties of bolaamphiphiles have become
very important both in terms of formation of soft condensed mat-
ter and fabrication of advanced hard materials.

Regarding amphiphiles with aggregation behaviors, the mixed
systems of cationic/anionic (catanionic) surfactant solutions, have
more advantages than the single ones. For instance, spherical and
worm-like micelles, or vesicles can be obtained simply by tuning
the mixing ratio [37–40] and other environmental conditions
[41–45]. Especially, the report of spontaneous formation of vesicles
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Fig. 1. (a) Conformation of bolas in the membrane of Archaea; (b) illustration of structure of bolaamphiphiles. The skeleton structures represent symmetrical bolas with
flexible single, double, half-loop (left column top down), rigid (right upper), spacer chain, and asymmetrical head groups (right down).
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in the catanionic surfactant solutions of single tailed CTAT/SDBS
system [46] overturned the well-accepted opinion that only lipid
molecules with double tails can form vesicles upon sonication.
From then on, profound researches on the catanionic surfactant
systems have been carried out by many groups in the world
[47–63].

Under this background, researches on the mixed systems of bo-
las and oppositely charged conventional surfactant systems have
attracted increasing attentions [64–73]. Many interesting novel re-
sults have been reported. However, when compared with many re-
views on either the single bolaamphiphilic systems or catanionic
surfactant mixed ones, no specific reviews on the mixed systems
of bolaamphiphile/oppositely charged surfactant have been made.
Therefore, in this article, we aim to summarize the recent advances
in the research on the bolaamphiphile/oppositely charged conven-
tional surfactant mixed systems. The following facets are included:
(1) surface properties, (2) aggregates in the bulk solution, and (3)
perspectives for the future. We hope to convey an overall view
for the progress in this filed, though we may not cover all the de-
tails of the literature results. Nevertheless, this is a specific review
on the mixed systems of bolaamphiphile/oppositely charged sur-
factant. The corresponding structures and abbreviations of the
bolaamphiphiles as well as that of the conventional surfactants
mentioned in this paper are given in Figs. 2 and 3.

2. Surface properties

2.1. General properties

Usually, the single solution of a bolaamphiphile has very poor
surface activity, i.e., its ability to decrease the surface tension of
Fig. 2. Chemical structures and the corresponding abbreviations of synthetic
symmetrical bolaamphiphiles.
water is weaker than that of conventional surfactants. This is due
to the reverse U-shaped conformation of the bolas at the air/water
interface (cf. Fig. 4a) when both the polar ends have to attach to
water and the hydrocarbon spacers protrude into the air [11–
14,74–77]. As a result, the outmost groups at the air/water inter-
face are CH2 from the spacer of the bolas instead of CH3 from the
conventional surfactants. Since the ability for CH2 groups to de-
crease the surface energy is lower than that of CH3 [78,79], the sur-
face tension of water in bola systems cannot be lowered as much as
that in conventional surfactant solutions. Actually, CH3 groups
have the lowest surface energy when compared with other hydro-
carbon structures. Furthermore, the reverse U-shaped conforma-
tion results in a smaller surface excess [80], which disfavors
lower surface tension as well. Upon mixing with oppositely
charged surfactants, synergism effect occurs owing to the strong
electrostatic attraction between the oppositely charged head
groups. As a result, the average saturated surface excess is in-
creased, and some CH3 groups from the conventional surfactant
participate in the outmost layer at the air/water interface (cf.
Fig. 4b). Therefore, the surface tension was effectively lowered in
the mixed systems. For example, the surface tension of the
C20Py2/SDS and C6PhC6/SDS mixed systems at stoichiometric mix-
ing ratio have been decreased 14 and 18 mN/m, respectively, when
compared with that of the corresponding single bolas [68,80,81].

It should be pointed out that the reverse U-shaped conforma-
tion of bolaamphiphiles is usually formed at the air/water inter-
face. In highly pressed LB films or Langmuir films, an upright
Fig. 3. Chemical structures and corresponding abbreviations of conventional
surfactants.

Fig. 4. Conformation of bolas at air/water interface under different conditions:
(a) single solution; (b) mixed with oppositely charged surfactant.



Fig. 7. Surface tension curves C6BPhC6/SDS mixed systems with and without
formamide (FA) at 30.0 �C, Xbola = 0.60. Adapted from Ref. [71].

Fig. 8. Surface tension of 1:2 C20Na2/DEAB system (pH 9.2) in ethanol/water with
various volume ratios. Adapted from Ref. [85].
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conformation may be formed [82–84]. For instance, a chiral bola-
amphiphilic N,N0-eicosanedioyl-di-L-glutamic acid (EDGA) an-
chored at the air/water interface at low pressures, while it stands
up with only one head touching water and the other extruding into
the air when the pressure exceeds the plateau [83] (Fig. 5).

2.2. Effect of rigid group on the surface property

The surface properties of bolaamphiphiles’ solution depend
strongly on their spacer structure. For most bolas with flexible
spacer, one can find only one break, which is CMC, in the surface
tension curve [68]. However, when considerable rigidity, usually
at least a biphenyl group, is introduced to the spacer, one may
get two breaks in the surface tension curves [69,71,85] (cf.
Fig. 6). This has been proved due to the formation of aggregates be-
fore a real CMC is arrived [69,71]. Introduction of bulky rigid
groups into the spacer chain seems to enhance the aggregation
ability of bolas. It has been reported that cylinder, disk- or rod-like
structures can be obtained in the single solution of bolaamphiphile
that contains rigid groups in the spacer chain [17,23,34,84]. This
was attributed to the p–p stacking between these rigid groups. If
such aggregation was prohibited by addition of alcohol or formam-
ide, only one break was observed in the surface tension curve [71]
(cf. Fig. 7).

In addition, the surface tension above CMC decreases upon
addition of short-chained alcohol to the mixed system [85] (cf.
Fig. 8), whereas that for the mixed systems of conventional catan-
ionic surfactants was found to increase under the same treatment.
This significantly different alcohol effect on the surface tension was
again attributed to the molecular conformation at the air/water
interface. For the conventional catanionic surfactant systems, the
hydrocarbon chains are densely packed at the air/water interface.
Addition of alcohol disfavors the densely packing of the chains
due to the voids produced by the adsorbed short alcohol molecules
in the adsorption layer, and the surface tension increases. In con-
trast, the packing of molecules in the surface layer of the bola/con-
ventional surfactant mixed solutions is much looser due to the
bulky reverse U-shaped conformation of bolaamphiphiles. When
alcohol molecules enter the adsorption layer, it may take the free
space in the loose surface layer. As a result, there are more CH3

groups in the adsorption layer, and the surface tension is
decreased.
Fig. 5. Conformation change of bolaamphiphile N,N0- eicosanedioyl-di-L-glutamic
acid (EDGA) at different pressures. Adapted from Ref. [83].

Fig. 6. Two breaks in the surface tension curve of rigid group containing bola
C6BPhC6 in the mixed systems with SDS. The occurrence of two break points is
regardless of mixing ratio. Adapted from Ref. [69].
2.3. Dynamic surface tension

Adsorption of surfactant molecules on surfaces takes time. The
time for a conventional surfactant to reach equilibrium is usually
less than 30 min. In this process one may observe a decrease of
the surface tension owing to a bigger surface excess at equilibrium
state. However, in the mixed solution of cationic bola/anionic con-
ventional surfactant, a slow time effect as long as several hours
was observed (cf. Fig. 9); when equilibrium was reached, one found
an increase of the surface tension [86]. This was only observed in
single cationic or cationic bolaamphiphile/anionic conventional
surfactant mixed systems, but not found in those in single anionic
or anionic bola/cationic conventional surfactant solutions [86]. The
reverse time effect is attributed to a slow competition process:
both the anionic counter ions or conventional surfactant and the
negatively charged vessel wall tend to bind with cationic bolaam-
phiphiles. It was the competition that makes this process extre-
mely slow. In dilute solutions, the significant adsorption of bolas
on the glass vessel decreases the bulk concentration, which lowers
the surface excess. Therefore, the surface tension increases. Obvi-
ously, the slow increase of the surface tension can be overcome
either by increasing the bulk concentration or prerinsing the glass-
ware before use, so that the adsorption on the glass wall is negligi-
ble [86].

Dynamic surface tension can also be resulted from the change
in the mixed aggregates in the bulk solution of a catanionic bola/
surfactant system. For instance, Abbott et al. reported that the sur-
face tension of the UV-illuminated BTHA/SDS solution can be up to
25 mN/m lower than that of without any illumination [87]
(Fig. 10). Since BTHA molecules contains azobenzene group, it
underwent trans–cis isomerization upon UV illumination. Light
scattering experiments revealed that aggregates before and after
UV illumination are of similar sizes, but the number density of
the aggregates was almost halved. This demonstrates that after
illumination, more surfactant molecules were released from the
aggregates, so that they migrated to the surface and lowered the



Fig. 9. (a) Variation of surface tension in the stoichiometric bola/oppositely charged surfactant mixed systems (Xbola = 0.33) with time. Symbols represents: 1, C20Py2,
2.5 � 10�5 M; 2, C20Py2/SDS, 6.25 � 10�6 M, 3, C20Py2/SDS, 2.25 � 10�5 M, 4, C20Py2/C11COONa, 4 � 10�5 M; 5, C6PhC6/SDS, 7.84 � 10�5 M; 6, C6BPhC6/SDS, 9.53 � 10�6 M; (b
and c) possible mechanism for adsorption of bolaform cationic amphiphiles in mixed systems (b) and of single flexible bolaform cationic amphiphiles systems (c) on the
surface of glass. Adapted from Ref. [86].

Fig. 10. Surface tensions of aqueous solutions of mixtures of BTHA and SDD
(1.6 Mm) measured as a function of BTHA concentration before (filled circles) and
after (open circles) illumination with UV light. Experiments were carried out with
du Nouy ring method. Adapted from Ref. [87].
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surface tension. In addition, the lowest surface tension occurred at
BTHA/SDS molar ratio of 1:2, which is the charge-neutral mixing
between the cationic and anionic heads of BTHA and SDS. In con-
trast, no significant surface tension change was observed in the
BTHA single solution upon UV illumination, as is a strong support
for the conclusion that the surface tension change in the BTHA/SDS
mixed solution was induced by the change of aggregates.

3. Self-assembled structures in solution

3.1. Superior ability in vesicle formation

The reminiscent feature of the mixed systems of a bolaamphi-
phile and an oppositely charged conventional surfactant is their
superior ability in vesicle formation. Since the first report of vesi-
Fig. 11. Phase diagram for: (a) conventional catanionic surfactant mixed system CTAT/SD
the equimolar line. The dash area indicates precipitation region. Adapted from Ref. [46]
vesicles were presence at XBTHA = 0.15–1. Adapted from Ref. [66].
cles in the oppositely charged surfactant mixed systems by Kaler
et al. [46], formation of vesicles was observed in a lot of surfactant
mixed systems. However, the common problem is that the suitable
mixing ratio range for vesicles formation is very narrow. Actually,
micelles and precipitates govern most of the territory in the phase
diagram, and the vesicle region is only a small corner in the dia-
gram (cf. Fig. 11a) [46]. This shortcoming can be easily overcome
in the bolaamphiphile/oppositely charged surfactant systems.
One can get a broad mixing ratio range of vesicle formation, includ-
ing the exact equimolar ratio and those with large excess of one
component. For example, we have observed the presence of vesi-
cles in the broad range of Xbola = 0.05–0.90 in the mixed system
of C10PhC10/C9COONa [72] (Table 1 and Fig. 12). Precipitates at
equimolar ratio are effectively avoided by the presence of counter
ions and the extra addition of NaBr to the system.

A broad mixing ratio range for vesicle formation was also ob-
served by Abbott et al. [66,67]. In their SDS/BTHA mixed systems,
vesicles were found in about 90% of the composition diagram in
the fresh solutions (cf. Fig. 11b). Six months later, some precipi-
tates were observed coexisting with vesicles in some area. This
could probably be avoided by addition of inorganic salt. Neverthe-
less, it is obvious that the mixed systems have very good vesicle
formation ability.

The vesicles formed in the above systems are of several tens
nanometers in diameter. Our XRD results revealed that the mem-
brane thickness is almost equal to the length of the bola molecules
CnPhCn [72]. This indicates that these bola molecules containing ri-
gid groups span the vesicle membrane so as to rivet the surfactant
bilayer together (cf. Fig. 13a) [72]. Recently, the spanning confor-
mation of bolas in the vesicle membrane was confirmed by small
BS, in which vesicles were formed in dilute solutions at mixing ratios deviate from
. (b) Bolaamphiphile BTHA and oppositely charged SDS mixed system, in which the



Table 1
Vesicles formed in cationic bola/conventional surfactant systems. Adapted from Ref. [72].

System CT (M) Xbola TEM observation Vesicle diameter (nm)

Ia/SDS 1.0 � 10�3 0.05–0.82 + 10–30
Ia/C9COONa 1.0 � 10�2 0.05–0.82 + 20–40
Ia/C11COONA 1.0 � 10�2 0.05–0.82 + 20–40
Ib/SDS 1.0 � 10�4 0.05–0.91 + 10–50
Ib/C9COONA 1.0 � 10�3 0.05–0.90 + 20–50
Ib/C11COONA 1.0 � 10�3 0.05–0.90 + 20–50
Ic/SDS 1.0 � 10�3 0.33–0.82 + 20–100
Ic/C9COONA 1.0 � 10�2 0.33–0.82 + 10–80
Ic/C11COONA 1.0 � 10�2 0.33–0.82 + 10–80

Ia, C6PhC6; Ib, C10PhC10; Ic, C6BPhC6; +, vesicles observed.

Fig. 12. Freeze-fracture replica of the vesicles formed in cationic bola/oppositely charged conventional surfactant mixed systems. (a) Ia/SDS, Xbola = 0.33; (b) Ia/SDS,
Xbola = 0.82; (c) Ia/C9COONa, Xbola = 0.83; (d) Ib/SDS, Xbola = 0.91; (e) Ib/SDS, Xbola = 0.60; (f) Ic/SDS, Xbola = 0.60; (g) Ic/C9COONa, Xbola = 0.83; (h) Ic/C11COONa, Xbola = 0.83.
Adapted from Ref. [72].

Fig. 13. (a) Proposed molecular conformation in the vesicle membrane of bola/oppositely charged surfactant mixed systems. Adapted from Ref. [72]. (b) Comparison of the
measured vesicle bilayer thickness to the molecular length of surfactant for vesicles formed from mixtures of BTxA and SDS or STS. Adapted from Ref. [89].
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angle neutron (SANS) measurements as well [88,89]. Abbott et al.
inferred from the form factor fits that the bolaform molecules BTxA
(x = B, H, O) span the bilayer of SDS or STS, and constrain the bi-
layer thicknesses to the end-to-end lengths of the bolaform surfac-
tants (cf. Fig. 13b) [89].

The superior ability in vesicle formation was also found for
insoluble bolas with a long alkyl spacer chain. For example, the car-
bonate bola C20Na2 itself is almost insoluble in water, but its solu-
bility can be increased about 20 times in the cationic DEAB
solution. Meanwhile, spherical vesicles with a diameter of about
60 nm were formed (cf. Fig. 14a).

Besides vesicles, other types of structure can be formed as well
by addition of the water-insoluble bola into an oppositely charged
conventional surfactant solutions. Typical examples are those
aggregates observed in the mixed systems of the anionic bolaam-
phiphile C11PhC11Na2 and the conventional cationic DE/P/BAB.
The C11PhC11Na2 powder, which is hardly soluble in pure water,
disappeared quickly in the DEAB solution. Meanwhile, ribbon-like
structures were observed after C11PhC11Na2 is completely dis-
solved (cf. Fig. 14b). Upon increasing the size of the headgroup of
DEAB to DPAB and DBAB, vesicles were obtained (cf. Fig. 14c and
d). This result demonstrates that the ‘insoluble’ bolas induce the
formation of proper self-assembled structures, which in turn pro-
mote the solubility of the bolas.

If counter ions are removed from the system, one obtains ion
pairs of bola–surfactants. In this case, the mixing ratio between
the bola ions and the surfactant ions is fixed at stoichiometric ratio,
and the formation of vesicles is supposed to be facilitated since ion



Fig. 14. Increase of solubility of insoluble bolas by formation of aggregates with
oppositely charged conventional surfactants. (a) C20Na2/DEAB, 1:2. Adapted from
Ref. [68]; (b) C11PhC11Na2/DEAB, 1:4. (c) C11PhC11Na2/DPAB, 1:4; (d) C11PhC11Na2/
DEAB, 1:4. (b–d) Adapted from Ref. [72].
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pairing brings about ca. 5 kcal mol�1 stabilization energy [90].
Bhattacharya et al. found that the vesicles in the dialkylcarbonate
benzene/CTA ion pair bola/surfactant systems are multilamellae
(cf. Fig. 15) [90]. Depending on the relative position of the two alkyl
carbonate chains on the benzene ring, vesicles with diameters of
about 51, 98, 125 nm were formed. Upon comparison of the molec-
ular length and the membrane thickness, tilted bilayer arrange-
ment was suggested.

Salt free ion pairs bola/conventional surfactants can also be syn-
thesized by simply mixing dicarboxylates and amine surfactants
[91]. Proton transfer between the carboxylic acid and the amine
produces a catanionic pair. Vesicles can be formed when the alkyl
chain between the two carboxylate groups reaches 6 CH2. Molecu-
lar models demonstrate that for shorter alkyl chain of 3 and 5, the
catanionic pairs take a ball-like conformation which disfavors for
vesicle formation (Fig. 16).

3.2. Vesicles with superior thermo-stability

The initial pulse on the research of bolaamphiphiles is to fabri-
cate artificial vesicle membranes that can sustain harsh environ-
ments, such as high temperature. But efforts in this respect do
not end with considerable success in single bola systems. However,
in the catanionic systems of a bolaamphiphile and a conventional
surfactant, superior thermo-stability of vesicles in aqueous solu-
tion was easily obtained. We found that the vesicles formed by
C20Na2/DEAB are still stable at temperature around 90 �C (cf.
Fig. 17a and b) [70]. No endothermic peak was observed and no
Fig. 15. Ionpairs of bola/surfactants. Adapted from Ref. [90].
conformation change of the alkyl chains occurred in the tempera-
ture range of 10–90 �C (cf. Fig. 17c). The predominant all trans con-
formation of the CH2 groups in the membrane kept perfectly,
which is characterized by the stable position of the asymmetric
and symmetric vibration peak at 2918 and 2847 cm�1, respectively
(cf. Fig. 17d). This indicates that the lyophilic (hydrophobic) inter-
action between the long alkyl chains plays a very crucial role in
resisting high temperature.

Thermo-stable vesicles were also obtained in the system of
other bolaamphiphile/SDS mixed systems [72]. But we found that
in case of using cationic bolaamphiphiles containing benzyl ring
in the spacer, the mixed systems with carbonate alkyl anionic sur-
factant do not produce such thermo-stability. This is probably due
to the following two reasons: one is the much weaker interaction
of the quteramonium group with the carbonate group than that
with sulfate group [72]; the second is the presence of benzene ring
in the spacer chain that might be not suitable for a densely packing
of the hydrocarbon chains in the membrane. It seems that both the
electrostatic and the hydrophobic interaction in the oppositely
charged bola/surfactant mixed systems play key roles in fabrica-
tion of thermo-stable membrane. Therefore, we expect that by
careful design and choice of oppositely charged bola/surfactant
mixed systems, artificial membranes that can sustain harsh envi-
ronments can be produced.

3.3. Morphology of dynamic aggregates

The morphology of the self-assembled structures in some oppo-
sitely charged bola/conventional surfactant mixed systems is time-
dependent. For example, spherical vesicles were found in the
mixed system of C20Na2/DEAB aged less than 6 months (cf.
Fig. 14a); whereas tube-like structures were observed one year la-
ter (cf. Fig. 18a). This is probably due to the slow dynamics of bola-
amphiphiles in the membrane. It could be that at the beginning
some U-shaped bolas together with predominant stretched ones
coexist in the membrane (cf. Fig. 18b). Then the U-shaped ones
gradually change their conformation with time. Because consider-
able energetic barrier should be surpassed when the hydrophilic
head groups of bola traverse the hydrophobic membrane, this con-
formation change process is very slow.

We also observed time-dependent morphologies in the
C6BPhC6/SDS mixed system (cf. Fig. 19) [73]. Vesicles are the ini-
tially formed aggregates (cf. Fig. 19a), whereas 3–5 days later, the
vesicle membrane starts fusion (cf. Fig. 19b). Within 10 days, most
of the spherical vesicles have transformed into tube-like structures
(cf. Fig. 19c and d). Heating can accelerate this vesicle-tube trans-
formation process. In addition, Hubbard et al. observed precipitates
in the 6 months aged vesicle solutions [66]. This also revealed the
dynamic feature of the self-assembled structures in the oppositely
charged bola/conventional surfactant mixed systems. Such a fea-
ture is probably related to the bipolar structure of bolas and the
change of their conformation in the mixed monolayer membrane.

3.4. Tunable morphologies of the self-assembled structures

Although vesicles are the very common structures introduced
so far, transition from vesicles to other structures can be realized
by tuning the environmental or the structural factors of the con-
stituent surfactants. Many strategies in conventional surfactant
systems are applicable for the oppositely charged bola/conven-
tional surfactant mixed systems. For instance, once azobenzene
group is introduced to a bola molecule, one can get light tunable
self-assemblies in the bola/conventional surfactant mixed system.
An excellent example is given by Abbott et al. [66,67]. They first
obtained vesicles by mixing SDS with trans BTHA, which is a bola
type molecule containing azobenzene group. Upon UV irradiation



Fig. 16. Preparation of salt free catanionic pair of bola/surfactant and the vesicles formed by the catanionic pair of m = 6. No vesicles were formed at m = 3 and 5. Adapted
from Ref. [91].

Fig. 17. Freeze-fracture replica of vesicles in C20Na2/DEAB system at 50 (a) and 80 �C (b), respectively; (c): ART-FT-IR spectra of CH2 mas and ms for the vesicle suspensions at
different temperatures: curves 1–6 corresponds to 20, 30, 40, 50, 80, and 90 �C; (d) DSC curves of the vesicle suspensions (C = 0.02 M), curves 1–3 corresponds to systems of
with mixing ratios of Xbola = 0.33, 0.25, 0.125. Curve (d) is a contrast DSC curve for C11COONa/DEAB vesicles system (C = 0.02 M). Adapted from Ref. [70].

Fig. 18. (a) Tube-like structures formed in the one year aged C20Na2/DEAB mixed system. (b) Illustration of the possible mechanism of vesicle-tube transition. Adapted from
Ref. [68].
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of the vesicle solution to allow the formation of cis azobenzene iso-
mers of BTHA, a transition from vesicles to rod-like micelles was
observed (cf. Fig. 20). This morphology transition can be explained
by using critical molecular packing parameter P, which is defined
as P = v/a0l [92,93]. Here, v is the volume of the hydrophobic sec-
tion of an amphiphilic molecule, a0 the effective area of head
groups in the aggregates, and l the length of the hydrophobic chain.
Since the cis isomers of BTHA take a U-shaped conformation in the
molecular aggregates, both of the two heads of BTHA locate in one
side of the membrane. This means that the area of the head groups
is doubled while keeping the same volume and length of the
hydrophobic chain. As a result, the critical molecular packing
parameter has been halved according to the relation of P = v/a0l.
This results in the formation of self-assembled structures with high



Fig. 19. TEM micrographs for the mixed system of C6BPhC6/SDS (Xbola = 0.60,
C = 1 � 10�4 M) at 22 �C: (a) within 3 days; (b) 3–7 days; (c and d) within the third
week. Adapted from Ref. [73].

Fig. 21. Illustration of the conformation change induced transition between
vesicles and oblate micelles upon alternatively irradiation with UV and visible
light on BTHA/SDS vesicles at mixing ratio of 1/4.8. Adapted from Ref. [88].
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curvatures, which are the rod-like micelles in their case. It is inter-
esting to find that upon irradiation the rod-like micelles with vis-
ible light, vesicles reoccurred owing to the transformation of cis
into trans isomers of the BTHA. But this reversible vesicle to rod-
like micelle transition induced by UV/visible light can be achieved
only for systems rich in SDS. For systems rich in BTHA, precipitates
occurred irreversibly. Surprisingly, in the same system, but at a dif-
ferent molar ratio of SDS/BTHA = 4.8, Baglioni et al. reported the
transition between vesicles and oblate micelles (cf. Fig. 21) [88].
This is probably that the aspect ratio of the micelles is very sensi-
tive to the mixing ratio.

Adjustment of the packing parameter by modifying environ-
mental conditions can also be used to tune the morphology of
the aggregates in the oppositely charged bola/surfactant mixed
systems [21]. For instance, addition of alkyl chain alcohols to the
micelle forming bola/surfactant mixed systems can lead to transi-
tion from micelles to vesicles and tubes; shielding the excess
charge in the mixed micelles or vesicles by additional inorganic
salt drives a transformation of the structures with smaller P to
those with larger P; increasing the headgroup size of the oppositely
charged conventional surfactants results in self-assemblies with
larger curvature (cf. Fig. 14b–d) [70]. Obviously, most the struc-
tural and the environmental factors that affect the molecular pack-
ing parameter can be used in the oppositely charged bola/
conventional surfactant systems. One exception is the pH factor,
Fig. 20. Illustration of the transformation between vesicles and rods upon alternatively
Adapted from Ref. [67].
which loses its ability in tuning the morphology of the self-assem-
bled structures in these systems, since the electrostatic interaction
is much stronger than any interaction change brought up by pH.
This is, on the other side, good for fabrication of vesicles that can
endure very acidic or alkaline conditions. Recently, b-CD is re-
ported to form complexes with some bolaamphiphiles [94,95]; it
is therefore might be potentially used to tailor the morphology of
the aggregates in the catanionic bola/surfactant mixed systems,
as they have successfully done in conventional catanionic surfac-
tant mixed systems [96].

In addition, the morphology of the self-assembled structures in
some bola systems depends also on concentrations. As mentioned
in Section 2.1, two breaks occur in the surface tension curves of the
C6BPhC6/SDS mixed systems. The first break at much lower con-
centrations is caused by the formation of tube-like structures (cf.
Fig. 22a and b), while the second break at higher concentrations
is resulted from vesicles (cf. Fig. 12f) [69,71]. The concentration-
dependent aggregation behavior was also found in the C20Na2/
DEAB mixed systems [68,72]. At very low concentrations, one ob-
served vesicles (cf. Figs. 14 and 17a), whereas at much higher con-
centrations, network structures were observed (cf. Fig. 22c) [68].

4. Perspective and conclusions

The oppositely charged bola/surfactant mixed systems are very
promising in fabrication of molecular devices and advanced func-
tional materials. The examples given in this review covers only a
small fraction of bolaamphiphiles that have been synthesized.
irradiation with UV and visible light on BTHA/SDS vesicles at mixing ratio of 15/85.



Fig. 22. Freeze replica TEM micrographs for aqueous C6BPhC6/SDS mixed solutions. (a) C6BPhC6: SDS = 1:2, Ctotal = 5.0 � 10�5 M. Adapted from Ref. [69]. (b) C6BPhC6:
SDS = 3:2, Ctotal = 6.0 � 10�5 M. Adapted from Ref. [69]. (c) C20Na2: DEAB = 1:2, Ctotal = 0.01 M. Adapted from Ref. [68].
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Much more systems with oppositely charged conventional surfac-
tant have not been explored yet. We expect that more bolaamphi-
philes with special functional groups will bring up unexpected
surprises to the bola/oppositely charged conventional surfactant
mixed systems. For instance, modifying the head group structure
of bolas may produce significant difference in the morphology of
the aggregates in the bola/oppositely charged surfactant mixed
systems, as has been observed by us in the gemini/oppositely
charged surfactant mixed systems [97]. Using bolas containing
special functional groups may endow the oppositely charged
bola/surfactant mixed systems interesting optical, electronic or
magnetic responsive properties. If redox active group, such as ferr-
ocenyl head or disulfide bond, is introduced to a bola [98,75,99],
the mixed systems may display redox switchable self-assembled
structures. It will be also very interesting to exploit the host–guest
chemistry to form catanionic system of bola/surfactant mixed sys-
tems. A good system may be bola molecules with crown ether
heads, which can host ionic surfactants such as SDS [100]. The so-
dium ions released from the SDS will be entrapped into the cavity
of the crown ether, which charge up the bola form surfactant so as
to form ion pairs with the anionic SDS molecules. Such a catanionic
bola/surfactant system is expected to be responsive with addi-
tional salt or special metal ions.

In addition, multilayers of oppositely charged bola/surfactants
can be produced via layer-by-layer method. Usually, layer-by-
layer method is applicable only for oppositely charged polyelec-
trolyte systems. By dipping a substrate alternatively into a posi-
tively and a negatively charged polyelectrolyte solution,
respectively, multilayers can be produced. The bipolar nature of
the bolaamphiphiles can also be used in this process. Multilayers
containing bolaamphiphiles have been obtained by alternatively
dipping a mica or silica wafer into the solution of a bola and an
oppositely charged polyelectrolyte [101–104]. When photo-sensi-
tive bola molecules are used, the optical properties of the film can
be tuned reversibly [104]. It is can be expected that when the
polyelectrolyte is substituted by conventional surfactants, layer-
by-layer films might be produced as well. In this case, hydropho-
bic domain as well as functional groups can be introduced to the
multilayers. This might open a new vista in the world of ad-
vanced functional materials. Anyway, compared with the tremen-
dous amount of bolas that have been synthesized and the single
systems of bolas that have been investigated, the oppositely
charged mixed systems of bola/conventional surfactant are still
a virgin to be explored. We expect to see more interesting work
appears in this field in the near future.
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