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Construction of pillar[6]arene-based CO2 and UV
dual-responsive supra-amphiphile and application
in controlled self-assembly†

Jie Yang,* Li Shao and Guocan Yu*

A gas and photo dual-responsive host–guest recognition motif was

established based on a water-soluble pillar[6]arene and an azobenzene

derivative in an aqueous medium. This smart inclusion complex was

further applied for the construction of a supra-amphiphile, which

could reversibly self-assemble into vesicles upon UV/vis irradiation

or bubbling with N2/CO2.

Stimuli-responsive vesicles have recently attracted significant
attention not only because they are ubiquitous building blocks
in living systems but also because of their promising applications
in the fields of chemistry, biology and materials science, such
as biomimetic systems, controllable drug transport, gene delivery,
micro-reactors and light-harvesting systems.1 As a typical type of
intelligent assembly, the fabrication of smart vesicles which can
undergo reversible chemical/physical changes and modulate
their self-assembled nanostructures in response to external-
stimuli, such as pH, light, temperature, redox and enzyme, is
becoming an extraordinarily fascinating topic.2 Up to now, a
wide variety of molecular building blocks have been exploited
for the construction of vesicles. Besides the irreversible covalent
route, the supramolecular approach paves an alternative way to
build ‘‘supramolecular amphiphiles’’ which are more promising
in developing stimuli-responsive nano-carriers due to the existing
inter- and intramolecular noncovalent interactions including
multiple hydrogen bondings, hydrophobic interactions, charge-
transfers, p–p interactions, metal–ligand coordination, etc.3

However, these frequently employed noncovalent interactions are
not always effective in fabricating assemblies in aqueous media
with good biocompatibility, which is essential for biotechnological
applications. Compared with other noncovalent interactions, host–
guest interactions possess more stimuli-responsive properties and
higher thermostability which endowed them with multitudinous

applications in various fields. Therefore, the construction of supra-
amphiphiles through macrocycle-based host–guest recognition is
of particular interest and significant importance.4

Pillararenes,5,6 a novel class of emerging macrocyclic hosts,
which are next to crown ethers, cyclodextrins, calixarenes and
cucurbiturils,7,8 have been attracting widespread attention
since their discovery in 2008. The unique rigid pillar structures
and accessible functionalizations of pillararenes endowed
them with prominent superiority in host–guest recognition.
Recently, a series of external-stimuli have been applied in the
construction of sophisticated pillararene-based supramolecular
systems exhibiting desirable assembly and disassembly processes by
controllable association and dissociation, which could be employed
in various fields, including liquid crystals, chemo-sensors,
supramolecular polymers, and drug delivery systems.9 Among
them, gas and photo-responsive systems are of special interest.
Caron dioxide (CO2), as one of the most important metabolic
substances of body, is an environmentally friendly trigger for
stimuli-responsive systems due to its excellent biocompatibility
and membrane permeability.10 Additionally, photo-responsive self-
assemblies have a profound influence on the biological field due to
their easy operation, high sensitivity and excellent controllability.11

Owing to chasing complex controllability and convenient appli-
cations under various conditions, multiple stimuli-responsive
systems are now undergoing extensive investigation.

It is affirmed that tertiary amine-containing units can react
with CO2 in water to form charged ammonium bicarbonate,
which can be recovered upon CO2 removal (bubbling with
N2).12 Herein, pillar[6]arene DEAP6 with six tertiary amine
groups on both rims was designed and prepared as shown in
Fig. 1. Upon bubbling with CO2, DEAP6 was protonated into
cationically charged pillararene (CP6) and became soluble in
water, making it a desired host for an anionic guest. According to
a previous report,13 the cavity size of pillar[6]arene is suitable for
trans-azobenzene, while it is too small for cis-azobenzene, so a
photo-controllable threading–dethreading switch based on a
pillar[6]arene/azobenzene recognition motif can be achieved
due to the photoisomerization of the azobenzene unit. As shown
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in Fig. 1, trans-tropaeolin Y (trans-TY) is selected as the azobenzene-
containing guest, and its host–guest properties with CP6 were
fully investigated. In order to apply this smart recognition motif
in stimuli-responsive self-assembly, an amphiphilic azobenzene
derivative trans-AZO was designed. Interestingly, supramolecular
vesicles were obtained from this supra-amphiphile (CP6*trans-AZO)
in water and could be destroyed upon UV irradiation or bubbling
with N2 (Fig. 2). Oppositely, upon irradiation with 435 nm light or
bubbling with CO2, the vesicles could form again. To the best of our
knowledge, this is the first report on CO2 and photo dual-responsive
supramolecular vesicles, and it is expected that they will have wide
range of applications in the future.

Pillararene DEAP6 was prepared referring to a previously
reported paper and characterized by 1H NMR, 13C NMR,
LRESIMS and HR-LRESIMS (Fig. S1–S3, ESI†).12 In order to
protonate DEAP6, CO2 (0.4 MPa, 1 min) was bubbled into the
solution with well-dispersed DEAP6 treated by ultrasound. The
host–guest interaction between CP6 and trans-TY in water was
firstly studied by 1H NMR spectroscopy. Compared with the
spectrum of free trans-TY (Fig. 3a), the resonance peaks related
to the protons Ha, Hb, Hc and Hd of trans-TY displayed
substantial upfield shifts in the presence of an equivalent
amount of CP6 (Fig. 3b). The reason was that these protons
were shielded by the electron-rich cavity upon forming a

threaded structure between CP6 and trans-TY.6b Moreover, extensive
broadening effects were observed for the peaks corresponding to the
protons on trans-TY due to complexation dynamics. On the other
hand, the protons on CP6 also exhibited slight chemical shift
changes due to the interactions between CP6 and trans-TY.

2D NOESY NMR spectroscopy is a useful tool to study the
relative positions of the components in host–guest inclusion
complexes. Nuclear overhauser effect (NOE) correlations were
observed between the signals related to the protons Ha–d on
the azobenzene unit of trans-TY and the protons H1,2 on CP6
(Fig. S9, ESI†), suggesting that protons Ha–d were located in the
cavity of CP6. Isothermal titration calorimetry (ITC) experi-
ments were performed to provide thermodynamic insight into
the inclusion complexation between CP6 and trans-TY. From
Fig. S10 (ESI†), the Ka value of CP6*trans-TY was determined to
be (3.73 � 0.23) � 105 M�1 in a 1 : 1 complexation stoichiometry.
The driving forces for this host–guest system can be attributed
to the cooperation of multiple electrostatic interactions between
the cationic groups on the rigid pillar[6]arene receptor platform
and the anionic sulfonate part of the guest and hydrophobic
interactions between the azobenzene and the host. Furthermore,
the enthalpy and entropy changes were obtained (DH1 o 0;
TDS1 4 0; |DH1| 4 |TDS1|), indicating that this complexation
was primarily driven by the enthalpy change with entropy
assistance (Fig. S10, ESI†).

As mentioned above, tertiary amine-containing units can
react with CO2 in water to form a charged ammonium bicarbonate,
which can be recovered upon CO2 removal (bubbling with N2). On
the other hand, the photoisomerization of the azobenzene unit can
induce the threading–dethreading behaviors between pillar[6]arene
and azobenzene derived guest, thereby endowing the CP6*trans-TY
complex with photo and CO2 dual-responsiveness. 1H NMR
provided direct evidence for the UV and gas-controlled complexation
between CP6 and trans-TY. Compared with the spectrum of trans-TY
and CP6 in water, the signals on CP6 disappeared after bubbling
with N2, and the corresponding signals on trans-TY returned to their

Fig. 1 Chemical structures of the compounds used here and the cartoon
representation of the stimuli-responsive host–guest recognition.

Fig. 2 Cartoon representation of the stimuli-responsive self-assembly.

Fig. 3 Partial 1H NMR spectra (400 MHz, D2O, 295 K): (a) trans-TY (2.00 mM);
(b) CP6 (2.00 mM) and trans-TY (2.00 mM); (c) after bubbling b with N2; (d) after
bubbling c with CO2; (e) CP6 (2.00 mM).
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uncomplexed state, indicating that the trans-TY dethreaded
from the cavity of CP6 (Fig. 3c). As expected, the resonance
peaks related to the protons Ha, Hb, Hc and Hd of trans-TY
displayed substantial upfield shifts again upon bubbling with
CO2 (Fig. 3d). Parallelly, the photo-responsive host–guest com-
plexation was also studied. Due to the low efficiency of photo-
isomerization of trans-TY in aqueous solution upon UV irradiation,
another azobenzene derivative trans-TY-1 was prepared (Fig. S7,
ESI†). When the trans-TY-1 solution was irradiated with UV light
for 30 min, the proton signals of cis-TY-1 appeared and the ratio of
the trans to cis forms changed to about 20 : 80 (Fig. S7, ESI†). Upon
irradiation with 435 nm light for sufficient time, cis-TY-1 converted
back to trans-TY-1, and the proton signals of the spectrum shown
in Fig. S7c (ESI†) were the same as those of the spectrum shown
in Fig. S7a (ESI†). According to a previous report, the cis form of
azobenzene is too large to be complexed by pillar[6]arene, so
UV-responsive host–guest complexation could also be obtained
in this case.

After the establishment of the stimuli-responsive recognition
motif between CP6 and trans-TY, we further utilized it to construct
a supra-amphiphile and investigated its responsive self-assembly
in water. An amphiphilic azobenzene derivative trans-AZO was
designed and its critical aggregation concentration (CAC) was
determined to be 3.00 � 10�5 M (Fig. S11, ESI†) by using the
concentration-dependent conductivity measurements. As revealed
by TEM, trans-AZO itself self-assembled into nanoparticles with
an average diameter of B40 nm (Fig. 4a). In the presence of CP6,
the supra-amphiphile was formed with the pillar[6]arene head as
the hydrophilic portion and the alkyl chain on trans-AZO as the
hydrophobic part. The critical aggregation concentration of
CP6*trans-AZO increased to be 4.36 � 10�5 M (Fig. S12, ESI†),
and the enhancement of the CAC value was attributed to the
stable host–guest complexation between CP6 and trans-AZO. The
self-assembly morphologies of CP6*trans-AZO in water were
investigated via TEM and DLS. DLS results showed that the

aggregates of CP6*trans-AZO have an average diameter of
250 nm with a narrow size distribution (Fig. 4c), and this result
was confirmed by TEM. Hollow spherical assemblies with a thin
shell were observed from the TEM images (Fig. 4b), indicating
that CP6*trans-AZO self-assembled into vesicles in water. Notably,
the wall thickness of the vesicles was measured to be about 16 nm
based on an enlarged TEM image (Fig. 4d).

Just as expected, when the solution was irradiated with UV
light for 30 min, the vesicles collapsed into nanoparticles due
to the dethreading of cis-AZO from the cavity of CP6, causing a
change in the packing arrangement of the amphiphilic building
blocks and resulting in the change of the self-assembly morphology
(Fig. 5a). Moreover, upon irradiation with 435 nm visible light, the
nanoparticles turned back to vesicles again (Fig. 5b). Coincidentally,
the vesicles collapsed into irregular assemblies upon bubbling
with N2 due to the precipitation of DEAP6 resulted from the
deprotonation process of CP6 (Fig. 5c). Reversely, upon bubbling
with CO2 for 5 minutes, the irregular assemblies disappeared
and vesicular aggregates emerged again (Fig. 5d).

In conclusion, a gas and photo dual-responsive host–guest
recognition motif was established based on a water-soluble
pillar[6]arene and an azobenzene derivative in an aqueous
medium. This smart inclusion complex was further applied
for the construction of a supra-amphiphile that could
reversibly self-assemble into vesicles as a smart carrier for
stimuli-responsive controlled release upon UV/vis irradiation
or bubbling with N2/CO2. It is anticipated that utilizing green
stimuli methods to realize a unique self-assembly behavior in
aqueous solution may offer new possibilities in ‘‘on demand’’
release or absorption of chemicals such as drugs. As both CO2

and light are crucial for living organisms, the system also
provides inspiration for biomimicry by using synthetic supra-
molecular systems.

This work was supported by the Fundamental Research
Funds for the Central Universities.

Fig. 4 (a) TEM image of (a) trans-AZO; (b) TEM image of CP6*trans-
AZO; (c) DLS result of CP6*trans-AZO; and (d) enlarged TEM image of
CP6*trans-AZO.

Fig. 5 (a) TEM image of (a) CP6*trans-AZO after irradiation with UV light
at 365 nm; (b) after further irradiation with visible light at 435 nm of (a);
(c) TEM image of CP6*trans-AZO after bubbling with N2; (d) TEM image
of c after bubbling with CO2.
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