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A photo-responsive host–guest molecular recognition between a cucurbit[7]uril host and an azobenzene-
containing guest was investigated. Based on this recognition motif, a photo-responsive supra-amphiphile
was constructed. This supra-amphiphile can self-assemble into vesicles in water, which can be destroyed
by UV irradiation. Depending on this photo-responsive assembly, its application in controlled release was
further performed.

� 2017 Elsevier Ltd. All rights reserved.
Stimuli-responsive host–guest systems, exhibiting controlled
host–guest association/dissociation properties triggered by exter-
nal stimuli, are one of the major research focuses of supramolecu-
lar chemistry.1 Well-established stimuli-responsive host–guest
recognition motifs can be utilized to fabricate supramolecular sys-
tems with applications in various fields, such as molecular elec-
tronics, compound separation, molecular muscles, biosensors and
smart surfaces.2 External stimuli include, but is not limited to,
light, pH-change, temperature-change, enzyme, redox, and a com-
bination of these.3 Among these stimuli, light is one of the most
appealing stimuli-responsive species due to its easy operation,
low cost, few by-products and high sensitivity.4 Azobenzene is a
widely used chromophore for the preparation of light-responsive
host–guest systems on account of its excellent photoisomerization
features including fast response, widely applicable performance
and photochemical stability.5

Cucurbit[n]urils (CB[n]s) are an interesting class of macrocyclic
receptor molecules consisting of a hydrophobic cavity and two
identical carbonyl laced portals.6 The CB rings have been employed
to fabricate robust light-responsive host–guest systems because of
their ability to bind a wide array of light-responsive guests with
high affinity in water, such as azobenzene and stilbene deriva-
tives.7 The most relevant to the work described herein is that of
Scherman and coworkers who have exploited the ability of CB[8]
to promote the formation of heteroternary complexes to construct
a supramolecular container system exhibiting light-controlled
encapsulation properties in water.8 Zhang and the coworkers also
utilized CB[8]-mediated heteroternary complexes to construct
light responsive supramolecular systems for controlled drug
release.9 To date, a variety of examples have demonstrated CB
[8]-mediated heteroternary complexes with a light-driven associa-
tion/dissociation process. However, the related light-controlled
system based on CB[7] has been rarely reported.10 Maybe because
the cavity size of CB[7] is relatively small, it’s hard to find suitable
guests to construct a photo-responsive recognition motif. It is
extremely valuable to explore the potential of CB[7] in the fabrica-
tion of photo-controlled reversible self-assembly systems.

Herein, we investigate the complexation of an azobenzene-con-
taining guest M (Scheme 1) with CB[6] and CB[7]. Because of the
different cavity sizes of CB[6] and CB[7], trans-M cannot complex
with CB[6], while it can locate in the cavity of the CB[7]. The
photo-responsive threading�dethreading switch between CB[7]
and M can be reversibly achieved upon UV and visible light irradi-
ation due to the trans–cis photo-isomerization of M. Moreover,
based on this novel host–guest recognition motif, a photo-respon-
sive supra-amphiphile was constructed. The disassembly and
assembly of the corresponding aggregates could be regulated by
UV and visible light irradiation (Scheme 1).

The host–guest complexation between CB[6], CB[7] and M was
firstly investigated by 1H NMR spectroscopy. As shown in Fig. 1b,
after the addition of 1 equiv. of CB[6] into a solution of M, the sig-
nals from protons on M and CB[6] did not show obvious chemical
shift changes, indicating that M could not complex strongly with
CB[6], becauseMwas too large to be wrapped by CB[6] completely.
In contrast, after the addition of 1 equiv. of CB[7] into the solution
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Scheme 1. Chemical structures of CB[n]s, G and M, and cartoon representation of the photo-responsive self-assembly between them in water.
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ofM, the chemical shift changes of signals related to the protons on
M and CB[7] appeared (Fig. 1d). The signals related to protons Ha–g

of M shifted upfield slightly (Dd = �0.054, �0.124, �0.097, �0.015,
�0.036, �0.049 and �0.049 ppm, respectively) and all the peaks
corresponding to the protons on CB[7] shifted downfield slightly,
which was ascribed to the ion-dipole interactions between M
and CB[7].7c Moreover, the peaks corresponding to the protons
on M and CB[7] all exhibited broadening effect, owing to the
interactions between M and CB[7]. A 2D NOESY NMR experiment
was conducted to investigate the relative positions of the
components in the host–guest inclusion complex (Fig. 2a). NOE
correlation signals were observed between protons H1,2 on CB[7]
and Hc,d,e,f,g on M, which indicated that the azobenzene part of M
located in the cavity of CB[7] upon forming a [2]pseudorotaxane.

After irradiation with UV light at 365 nm (8 W medium-pres-
sure Hg lamp using a UV filter) for 30 min, the new peaks of the
protons on cis-M appeared (Fig. 1f). As shown in Fig. 1g, the signals
related to the protons on cis-M did not exhibit obvious upfield
chemical shift changes, neither did the protons on CB[7]. These
phenomena indicated that the photo-induced E/Z isomerization
of azobenzene group of M occurred upon UV irradiation, resulting
in the azobenzene part threading out of the cavity of CB[7], as
shown in the cartoon representation of Fig. 1g. Upon further irradi-
ation with visible light at 435 nm for 30 min, cis-M transformed
into the trans form. The proton signals related to the mixed solu-
tion of CB[7] and trans-M went back to the original state (Fig. 1h),
indicating the azobenzene unit threading into the cavity of CB[7]
again. The 2D NOESY NMR experiment was conducted again to
demonstrate the complex model after the UV irradiation. As shown
in Fig. 2b, no NOE correlation signals was observed between the
protons on CB[7] and the benzene part of cis-M, confirming that
the azobenzene part of cis-M was out of the cavity of CB[7].

Moreover, isothermal titration calorimetry (ITC) experiments
were conducted to measure the association constant between CB
[7] and M. As shown in Fig. S1, the association constant between
CB[7] and trans-M was measured to be (1.87 ± 0.14) � 106 M�1,
while the association constant between CB[7] and trans-M after
UV irradiation at 365 nm for 30 min decreased to (1.21 ± 0.07) �
105 M�1 (Fig. S2). It is notable that even though the azobenzene
group threaded out of the cavity of CB[7], the association constant
was still very high. The reason was that the main driving force of
this host–guest complexation was ion-dipole interactions. After
UV irradiation, the ion-dipole interactions were still very strong,
thus the trimethylammonium group on the cis-M was bound by
a rim of CB[7].

After the establishment of this photo-responsive host–guest
complex model, we further applied it to construct a photo-respon-
sive supra-amphiphile between CB[7] and G. From the work



Fig. 2. Partial NOESY NMR spectra (500 MHz, D2O, room temperature): (a) CB[7]
(5.00 mM) and trans-M (5.00 mM); (b) CB[7] (5.00 mM) and trans-M (5.00 mM)
after irradiation at 365 nm for 30 min.

Fig. 1. Partial 1H NMR spectra (400 MHz, D2O, room temperature): (a) CB[6]
(2.00 mM); (b) CB[6] (2.00 mM) and trans-M (2.00 mM); (c) trans-M (2.00 mM); (d)
CB[7] (2.00 mM) and trans-M (2.00 mM); (e) CB[7] (2.00 mM); (f) trans-M
(2.00 mM) after irradiation at 365 nm for 30 min; (g) CB[7] (2.00 mM) and trans-
M (2.00 mM) after irradiation at 365 nm for 30 min; (h) (g) after irradiation at
435 nm for 30 min.
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reported before, the critical aggregation concentration (CAC) value
of trans-G was measured to be 2.19 � 10�5 M.4e After the addition
of CB[7], the CAC value of trans-G decreased to be 2.21 � 10�6 M
(Fig. S3), which was ascribed to the host–guest complexation
between CB[7] and G.11 Transmission electron microscopy (TEM)
experiments were conducted above the CAC value to investigate
the microscopic morphologies of G and CB[7]�G. As shown in
Fig. 3a, trans-G self-assembled into nanoparticles with an average
diameter about 20 nm. Interestingly, after the addition of 1 equiv.
of CB[7], the nanoparticles transformed to vesicle-like aggregates,
with an average diameter about 150 nm (Fig. 3b). The wall thick-
ness of the vesicles was measured to be 5 nm, in line with the
length of two CB[7]�trans-G complexes with antiparallel packing,
where the alkyl chains were overlapped (Fig. 3c). The vesicles can
be destroyed by UV light irradiation. As shown in Fig. 3d, after irra-
diation at 365 nm for 30 min, the self-assembled vesicles trans-
formed to nanoparticles with an average diameter about 50 nm.
Moreover, upon further irradiation with visible light at 425 nm
for 30 min, the nanoparticles transformed to vesicles again
(Fig. 3e), indicating the reversibility of this photo-responsive self-
assembly. Dynamic light scattering (DLS) experiments were uti-
lized to measure the size of the self-assemblies. As shown in
Figs. 3c and S4, the average sizes of the vesicles and the nanoparti-
cles self-assembled from trans-G and CB[7] before and after UV
irradiation were measured to be 142 and 51 nm, respectively, in
good accordance with the TEM images.

A possible mechanism was proposed to explain the change in
the morphology of the photo-responsive assemblies. Trans-G self-
assembled into nanoparticles because of its amphiphilic property.
After the addition of CB[7], the azobenzene part threaded into
the cavity of CB[7] to form an inclusion complex-type supra-
amphiphile, resulting in the formation of the vesicles with lower
curvature because of the steric hindrance and the electrostatic
repulsion. After UV irradiation, the azobenzene part of cis-G
threaded out of CB[7], causing the destruction of the bilayer, and
the re-formation of nanoparticles. Notably, the re-formed nanopar-
ticles were larger than those from trans-G. The reason was that
after UV irradiation, cis-G still complexed with CB[7], thus CB[7]
could adhere to the nanoparticles self-assembled by cis-G, result-
ing in the increase of the size. Further irradiation with visible light,
cis-G turn back to trans-G and its azobenzene part rethread into the
cavity of CB[7], leading to the formation of vesicles again.

Depending on the photo-responsive assembly, controlled
release experiments were then performed. A hydrophilic fluores-
cent indicator, calcein, was suitable to be encapsulated into the
interior of the vesicles drugs. Calcein-loaded vesicles were pre-
pared by mixing calcein, trans-G, and CB[7] together, and free cal-
cein molecules were removed by dialyzing. As shown in Fig. 4,
upon irradiation with UV light at 365 nm, the release percentage
of calcein molecules from the vesicles was obtained by checking
the fluorescence change in the solution. The release amount
reached 100% at about 30 min, indicating the total collapse of the
vesicles then.

In conclusion, a photo-responsive host–guest recognition motif
based on CB[7] and an azobenzene-containing guest (M) was con-
structed successfully. Due to the size-selective effect, the guest can
thread into the cavity of CB[7] rather than CB[6]. After UV irradia-
tion, the azobenzene part of the guest would thread out of the cav-
ity of CB[7] owing to the increased steric hindrance. Further
irradiation with visible light, the guest can thread into the cavity



Fig. 3. TEM images: (a) the aggregates of G (1.00 � 10�4 M); (b) the aggregates of CB[7] (1 � 10�4 M) and trans-G (1.00 � 10�4 M); (c) enlarged TEM image of (b); (d) (b) after
irradiation with UV light at 365 nm for 30 min; (e) (d) after irradiation with visible light at 435 nm for 30 min, (f) DLS result of (b).

Fig. 4. Controlled release of calcein from the supramolecular vesicles upon UV
stimulus and the free release of calcein from the vesicles without stimuli.

1866 L. Shao et al. / Tetrahedron Letters 58 (2017) 1863–1867
of CB[7] again. Based on this recognition motif, a photo-responsive
supra-amphiphile was constructed by using an azobenzene-con-
taining amphiphile (G) as the guest and CB[7] as the host. The
nanoparticles formed by trans-G and the vesicles self-assembled
from CB[7]�trans-G could be reversibly adjusted by UV and visible
light irradiation on account of the photo-controlled association and
disassociation between CB[7] and G, which resulted from the trans-
and cis-photo-isomerization process of G. Furthermore, the present
smart supramolecular vesicles based on this novel host–guest
recognition motif can be applied in controlled release, which
exemplify potential applications in drug delivery, sensors and
some other smart nanomaterials.
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