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ABSTRACT: Nature sets a great example of how to precisely control
self-assembly to obtain distinct structures upon external stimuli and
perform specific functions to sustain important biological tasks. In the
present study, we report the design and control of self-assembly of an
amphiphilic conjugated alkene in water. The morphologies of the self-
assembled structures are highly dependent on the anions. The
hydrophilic tosylate group can trigger the formation of nanotubes,
while the less-hydrophilic inorganic bromide generates vesicles. The interchange of the two different structures can be controlled by
employing different anions combined with a couple of reactions that act as signals. The result shown here provides an important tool
for manipulating self-assembled behaviors in water and paves the way toward more complex systems.

1. INTRODUCTION

Self-assembly is crucial for life as many biological processes in
nature rely on the correct supramolecular assemblies of small
molecules into large and dynamic structures. Besides the
complex but well-defined supramolecular structures, it is of
great importance that the system is able to perform specific
function in a fully controlled manner.1−3 The formed
supramolecular aggregates can adapt their morphologies in
response to a series of feedback signals such as chemical
reactions. Inspired by the fascinating examples in nature, the
development of supramolecular systems created by assemblies
of functional molecules via noncovalent interactions to achieve
distinct functions upon the input of external stimuli has
become a longstanding goal for many research fields.4−7 These
artificial responsive systems not only help us better understand
and mimic highly sophisticated natural systems but also serve
as a basic toward novel smart materials.
Addressing supramolecular assemblies in a controlled

manner is not a trivial task due to the highly dynamic nature
of supramolecular interactions involved in the system. In
addition, it is more challenging when the whole process is
responsive to external stimuli and fully operates in water as
what the natural systems have achieved. Successful attempts
include the use of photoresponsive building blocks.8−13 The
change of the structural conformation of the light-responsive
molecules triggers morphological changes of the self-assembled
structures. By applying irradiation with different wavelengths
or heat values, the process is fully reversible. Another
important approach is to use the ion effect, which are widely
found in biological systems.14 Different cations or anions are
reported to be able to mediate the formation process of
micelles,15 nanotubes,16 nanoribbons,17 nanosheets,18 and co-
polymers.19

Here, we show that the morphologies of self-assembled
amphiphilic highly conjugated alkenes in water can be
controlled with different anions. More importantly, the
addition of anions can be achieved by specific reactions that
release the corresponding anions and therefore allow dynamic
tuning of the supramolecular structures via a series of chemical
reactions. As shown in Figure 1, the design system consists of a
rigid overcrowded alkene moiety as a core structure. Two
dodecyl aliphatic chains are installed in the lower half of the
amphiphile as the hydrophobic parts. The parallel two dodecyl
chains are known to interdigitate with one another to form a
bilayer as the driving force of the self-assembly. The upper half
of the amphiphile contains a hydrophilic oligoethylene glycol
unit, which is terminated with a trimethyl ammonium
positively charged head group to facilitate its solubility in
water. The conjugated aromatic core provides additional
stacking interactions for self-assembly.20,21 The counterion of
the head group can be varied, and in the present study, the
hydrotropic anion tosylate and inorganic counterion bromide
are employed to investigate the counterion effect on self-
assembly.

2. RESULTS AND DISCUSSION

Amphiphilic overcrowded alkene 1-OTs and 1-Br were
prepared according to the literature procedure, and synthetic
details are reported in the Supporting Information. Self-
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assembly of 1-OTs in water has been reported in the
literature,21 and identical conditions were employed in the
present study. By addition of 1,2dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) which is often used to help amphiphiles
to form well-defined aggregated structures,21,22 tubular
structures were observed by cryo-transmission electron
microscopy (cryo-TEM) when 2:1 ratio of 1-OTs and
DOPC was used (Figure 2a). The obtained nanotubes are
several micrometers long with diameters of ∼20 nm. The wall
of the nanotube is approximately 4 nm in thickness, which
suggests a bilayer formation by interdigitation of the aliphatic
chains of 1-OTs.21,22 In addition, the bilayer walls are uneven
and toroidal. However, when 1-Br was coassembled with
DOPC (ratio 2:1) under the same conditions, only vesicles
with diameters of 120 nm to micrometers were detected

(Figure 2b). Aggregation of pure 1-Br or DOPC in water
resulted in either hardly any well-defined structures or vesicles
with much smaller diameters (Figure S5). The above-
mentioned controlled experiments indicate that the observed
vesicles are formed by co-assembly of 1-Br and DOPC. The
difference of the aggregated morphologies between 1-OTs and
1-Br is due to the different interactions of the anion with the
polar positively charged head group in molecule 1.15 The
hydrophobic moiety of 1 is closely packed, while the
hydrophilic part is left “standing” outside of the aggregates.
The free space occupied by each charged head group plays an
important role in the determination of the morphologies of the
assembled structures. When adjacent head groups are held
tight, the amphiphilic molecules tend to pack closely, and it
usually results in tubular or sheet-like planar structures.23,24

Alternatively, when a relatively large average interfacial area is
occupied by each headgroup, amphiphilic molecules are prone
to form aggregates like vesicles. In the present study, the
tosylate anion of 1-OTs prefers to bind strongly with the
organic positively charged trimethyl amine head group, and
therefore, the adjacent hydrophilic parts are held in a close
manner, which results in the formation of nanotubes (Figure
2c). In contrast, when the Br anion is used, it prefers to
dissolve in aqueous solution, and as a result, the electronic
repulsion between the adjacent head groups becomes more
intense than that in the case of 1-OTs. Therefore, the
interfacial area occupied by each head group is larger and bent
interfaces are formed, affording the formation of vesicle
structures (Figure 2d).
As the anion is crucial for the formation of specific structures

of the aggregates, we envisioned that by exchange of anions it
may be possible to dynamically control the morphologies of
the assembled structures. Solutions containing the nanotubes
formed by co-assembly of 1-OTs and DOPC were dialyzed
against sodium bromide solution (2 equiv of 1-OTs). The
percentage of 1-OTs in the mixture and morphologies of the
aggregates were monitored by 1H NMR and cryo-TEM,

Figure 1. Schematic representation of interconverted self-assembled
structures in water between nanotubes (1-OTs) and vesicles (1-Br)
induced by chemical reactions.

Figure 2. Self-assembly of amphiphilic overcrowded alkene in water. (a) Cryo-TEM microscopy images of co-assemblies of 1-OTs and DOPC
(total concentration of 3 mg/mL, ratio 2:1). (b) Cryo-TEM microscopy images of co-assemblies of 1-Br and DOPC (total concentration of 3 mg/
mL, ratio 2:1). (c,d) Proposed explanation for the anion effect on self-assembled structures. Scale bar, 50 nm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07026
ACS Omega 2022, 7, 4677−4682

4678

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c07026/suppl_file/ao1c07026_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07026?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


respectively. As shown in Figure S6, the singlet at 2.30 ppm
and doublets at 7.05 and 7.35 ppm are characteristic peaks of
the tosylate group. The singlet at 2.18 ppm corresponds to the
absorption of the trimethyl ammonium head group. The ratio
between the singlet at 2.30 ppm and e singlet at 2.18 ppm can
be considered as the percentage of the tosylate anion in the
mixture, and it started to decrease upon dialysis against sodium
bromide solution. The completion of exchange of anions was
within 4 h (Figure 3a), as evidenced by the disappearance of
signals at 2.30, 7.05, and 7.35 ppm. In addition, cryo-TEM
analysis revealed the morphological changes of the aggregates
during the exchange of anions. When 80% of 1-OTs was
present, tubular structures began to disassemble into shorter
nanotubes (Figure 3b), while in the case of 50%, intermediates
with no well-defined structures were observed (Figure 3c). As
1-Br became the majority of the mixture, vesicles were found
(Figure 3d). The anion-exchange process can be reversed as
well. Starting from a solution containing the vesicles formed by
1-Br and DOPC, dialysis against sodium p-toluenesulfonate (2
equiv of 1-Br) gave rise to tubular structures after 4 h.
Furthermore, we examined the possibility of performing the
anion exchange for cycles. To our delight, the system was able
to conduct three cycles of dialysis with NaBr and NaOTs

alternatively accompanied by the interconversion of tubular
and vesicle structures.
As the morphologies of the aggregates can be tuned

dynamically with different anions, we envisioned that the
exchange of anions can be coupled with reactions that generate
bromide or tosylate anions as well. Tertiary bromide was
employed as it can hydrolyze in water, allowing the slow
release of bromide (Figure 4a). A solution of nanotubes of 1-
OTs (Figure 4b) was dialyzed against tertiary bromide solution
(4 equiv of 1-OTs)25 in phosphate-buffered saline (PBS).
After 12 h, the cryo-TEM measurement revealed the
disappearance of tubular structures and vesicles were observed
instead (Figure 4c). A control experiment was performed by
use of tertiary alcohol, which does not hydrolyze to generate
bromide anions. Under identical conditions, nanotubes remain
intact after 12 h of dialysis (Figure 4d), which suggests that the
release of bromide from tertiary bromide induced the
morphological changes of the self-assembled structures.
Besides, 2-bromo-4′-hydroxyacetophenone has been re-

ported to undergo photodegradation via UV irradiation, giving
rise to 4-hydroxybenzoic acid and bromide.26−28 Therefore, we
next examined the possibility to tune the morphology of the
aggregates photochemically. A solution of 1-OTs was then
dialyzed against 2-bromo-4′-hydroxyacetophenone in PBS (2

Figure 3. Conversion of nanotubes to vesicle self-assembled structures. (a) Proportion of 1-OTs upon dialysis against NaBr solution. Cryo-TEM
images of (b) 80, (c) 50, and (d) 20%. Scale bar, 50 nm.

Figure 4. Controlling the self-assembled structures by a chemical reaction. (a) Scheme of hydrolysis of tert-butyl bromide. (b−d) Cryo-TEM image
of co-assemblies 1-OTs and DOPC (total concentration of 3 mg/mL, ratio 2:1): (b) as-prepared; (c) after dialysis in the reaction solution of tert-
butyl bromide (4 equiv of 1-OTs) in PBS buffer; and (d) after dialysis in solution of tert-butanol (4 equiv of 1-OTs) in PBS. Scale bar, 100 nm.
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equiv of 1-OTs). After irradiation for 10 min, the mixture was
placed in the dark for another 4 h. Cryo-TEM showed the
complete conversion from nanotubes to vesicles (Figure S7b).
The controlled experiment was performed by leaving the same
mixture in the dark for 4 h without prior irradiation. Figure S7c
shows that the assembled structures remain nanotubes.
Furthermore, irradiation of 1-OTs for 10 min resulted in no
changes in the aggregates (Figure S7d), which is in line with a
previous finding that nanotubes formed by 1-OTs are
photochemically stable.21 The abovementioned experiments
indicate that bromide released from the photodegradation of 2-
bromo-4′-hydroxyacetophenone was able to convert tubular
structures to vesicles in situ.
As we have shown that the morphology of the aggregated

structures can be dynamically tuned by (photo)chemical
reactions, we further test the possibility to control the process
in a sequential manner (Figure 5a). A mixture of 1-OTs and
DOPC-containing nanotubes was prepared (Figure 5b) and
dialyzed against PBS containing 2-bromo-4′-hydroxyacetophe-
none (2 equiv. of 1-OTs). The buffer solution was then
irradiated with UV light for 10 min and kept in the dark for 4 h
(step 1). As shown in the abovementioned study, the bromide
generated by the photochemical reaction induced the
formation of vesicles in this step (Figure 5c). Subsequently,
silver p-toluenesulfonate (2 equiv of 1-OTs) was added to the
reaction mixture, and precipitation of silver bromide occurred,
leaving tosylate anions in solution (step 2). The mixture was
kept for another 4 h. To our delight, the cryo-TEM image
showed that the majority of the self-assembled structures were
converted to nanotubes (Figure 5d), which suggests that
bromide anions were indeed removed by precipitation and
tosylate anions in solution induced the change of morpholo-

gies. In the last step, tert-butyl bromide (4 equiv of 1-OTs) was
added to the mixture (step 3). After 4 h of standing, co-
existences of vesicles and nanotubes were observed (Figure 5e)
with vesicles as the major morphology of the aggregates. The
incomplete conversion of nanotubes to vesicles is due to the
presence of the remaining tosylate anions.

3. CONCLUSIONS

In summary, we have demonstrated that amphiphilic over-
crowded alkenes containing the trimethyl ammonium head
group are able to form distinct self-assembled structures when
different anions are employed. The tosylate anion is likely to
prefer to bind closely the adjacent positively charged head
groups, while the bromide stays in solution, resulting in an
increased electronic repulsion of the adjacent head groups. The
difference of the interfacial areas occupied by the head groups
leads to different preferred aggregated structures, that is,
nanotubes for 1-OTs and vesicles for 1-Br. The obtained self-
assembled structure can be dynamically tuned by exchange of
anions via dialysis, and the process is fully reversible and could
be performed for cycles. In addition, the anion-exchange
process is coupled with chemical and photochemical reactions
that the corresponding anions are generated, accompanied
with morphological changes of the aggregates. Furthermore, it
is shown that sequential tuning of the self-assembled structures
can be achieved by applying different reactions in a controlled
manner. The use of chemical reactions to dynamically control
the supramolecular assembly provides new insights into
complex responsive systems and paves the way toward
development of novel smart materials.

Figure 5. Controlling morphologies of self-assembled structures by coupling of chemical reactions. (a) Steps: cryo-TEM images of (b) 1-OTs; (c)
after addition of PBS; (d) after addition of AgOTs; and (e) after addition of tert-butyl bromide. Scale bars, 100 nm.
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4. MATERIALS AND METHODS

Chemicals and reagents were used as obtained from Sigma-
Aldrich or Acros without further purification. 1H NMR spectra
were recorded on a Varian MR400 (at 400 MHz) at ambient
temperature. The splitting patterns are designated as follows: s
(singlet); d (doublet); dd (double doublet); t (triplet); q
(quartet); m (multiplet), and br (broad). 13C NMR spectra
were recorded on a Varian MR400 (100.6 MHz) at ambient
temperature. Chemical shifts are denoted in δ (ppm),
referenced to the residual protic solvent peak. Coupling
constants J are denoted in Hz. Masses were recorded with a
Thermo scientific LTQ Orbitrap XL mass spectrometer.
Silicycle Siliaflash P60, 40−63 m, (230−400 mesh) was used
for column chromatography. Irradiations were performed with
Spectroline ENB-280C/FE UV lamps (8 W). For analysis by
cryo-transmission electron microscopy (cryo-TEM), the turbid
solution (2.5 μL) was placed on a glow-discharge holy carbon-
coated grid (Quantifoil 3.5/1, QUANTIFOIL Micro Tools
GmbH, Großlöbichau, Germany). After blotting, the grid was
rapidly frozen in liquid ethane (Vitrobot, FEI, Eindhoven, The
Netherlands) and stored in liquid nitrogen until measure-
ments. Grids were observed in a Gatan model 626 cryo-stage
in a Philips CM120 or Tecnai T20 cryo-electron microscope
operating at 120 or 200 KeV. Images were recorded under low-
dose conditions on a slow-scan CCD camera.
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