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dual-responsiveness and application in
controllable self-assembly†
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A dual-responsive supra-amphiphile was successfully constructed

between a water-soluble pillar[7]arene and a pyrene-containing guest.

The morphologies of the self-assembled materials formed from this

supra-amphiphile could be adjusted by changing solution pH or UV

irradiation.
Supra-amphiphiles, constructed by non-covalent interactions or
dynamic covalent bonds, can self-assemble into well-dened
nanostructured so materials.1 These self-assembled mate-
rials formed from supra-amphiphiles possess various inter-
esting stimuli-responsiveness because of the reversible and
dynamic nature of non-covalent interactions. Various stimuli
have been employed as triggers to tune the amphiphilicity of the
supra-amphiphiles, such as pH, redox, enzymes, light and so
on.2 Each of these stimuli has its unique advantages. For
example, light has many distinctive merits including easy
operation, wide availability and few by-products, while enzymes
possess excellent biocompatibility and specicity. However, in
spite of many reported single-responsive supramolecular
systems, it is still a big challenge to fabricate dual- or multi-
responsive systems.3

Host–guest systems based on macrocylic compounds have
attracted considerable attention in supramolecular chemistry
due to their reversible non-convalent interactions between
macrocyclic hosts and suitable guests.4 The introduction of
host–guest interactions has become an important strategy to
construct supra-amphiphiles.5 Pillar[n]arenes, a new kind of
macrocyclic hosts next to crown ethers, cyclodextrins, calix[n]
arenes and cucurbit[n]urils, have been widely used in host–
guest systems because of their facile and high-yield synthesis,
symmetrical pillar architecture, and accessible derivatizations.6

Stimuli-responsive supra-amphiphiles based on pillar[5]arenes
and pillar[6]arenes have been widely explored.7 However, only
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a few investigations about pillar[7]arenes-based supra-
amphiphiles have been reported although they have larger
cavity size and higher binding ability toward some specic
guests.8 Previously, Huang and co-workers reported a dual-
responsive supra-amphiphilic polypseudorotaxane constructed
from a water-soluble pillar[7]arene and an azobenzene-
containing random copolymer, realizing the control release by
adjusting pH or temperature.8d We reported a supra-amphiphile
based on a water-soluble pillar[7]arene and a NDI-containing
guest, whose self-assembled morphology can be regulated by
changing pH or adding a-cyclodextrin.8c

Huang et al. reported a host–guest recognition motif based
on a water-soluble pillar[6]arene and a photodegradable guest.
The pillar[6]arene was utilized to enhance the drug solubility,
while the light-responsive guest was applied for drug release
upon irradiation with UV light.9 Inspired by this, we designed
a novel supra-amphiphile based on a water-soluble pillar[7]
arene (WP7) and a pyrene-containing guest (G). It should be
noted that the guest G was responsive to UV irradiation because
it contained a photodegradable ester group, which could be
used to regulate the self-assembly morphology. MeanwhileWP7
was pH-responsive because its carboxylate groups could be
protonated or deprotonated by adding acid or base. Therefore,
this supra-amphiphile exhibited pH and light dual-
responsiveness. For free guest G, it self-assembled into nano-
sheets in aqueous solution. Upon the formation of host–guest
complex, the self-assembled nanosheets transformed to vesi-
cles. In addition, the vesicular structure of WP7 I G could be
destroyed by adding acid or by UV light irradiation.

In order to study the host–guest interactions between WP7
and G, a model compoundM (Scheme 1) was employed because
of the poor water-solubility of G. The host–guest complexation
between WP7 and M was rstly studied by 1H NMR spectros-
copy. As shown in Fig. 1b, aer the addition of equimolar WP7
to a solution ofM, chemical shi changes of the signals of some
protons on WP7 and M appeared. Among them, the chemical
shi changes related to the protons onM were calculated: Dd ¼
�0.37, �0.30, �0.32, �0.14 and �0.07 ppm for He, Hf, Hd, Hb
RSC Adv., 2016, 6, 60029–60033 | 60029
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Scheme 1 Chemical structures of the building blocks and schematic
representation of the dual-responsive self-assembly in water.

Fig. 1 Partial 1H NMR spectra (400 MHz, D2O, room temperature): (a)
WP7 (2.00 mM); (b)WP7 (2.00 mM) andM (2.00 mM); (c)M (2.00 mM).
(d) Partial NOESY NMR spectrum (500 MHz, D2O, room temperature)
of WP7 (5.00 mM) and M (10.0 mM).
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and Hc, respectively, while negligible shi changes were moni-
tored for the signal of proton Ha. Moreover, the peaks corre-
sponding to the protons on WP7 also exhibited slight chemical
shi changes owing to the interactions between WP7 and M
(Fig. 1b). The peaks related to H1 and H2 shied downeld (Dd
¼ 0.28 and 0.17 ppm, respectively), and the peaks of H3 shied
upeld slightly (Dd¼�0.02 ppm). These phenomena suggested
that linear guestM threaded into the cavity of cyclic hostWP7 to
form a [2]pseudorotaxane with its positive trimethyl ammo-
nium head close to the carboxylate groups of WP7, the middle
four methylene groups located in the cavity, and the rest of the
tail out of the cavity.10 2D NOESY NMR experiment was con-
ducted to study the relative positions of the components in the
host–guest inclusion complex (Fig. 1d). NOE correlation signals
were observed between protons H1–3 on WP7 and Ha–f on M,
which indicated that M threaded deeply into the cavity of WP7,
resulting in the formation of a [2]pseudorotaxane-type inclusion
complex.

To estimate the association constant (Ka) for the complex
between WP7 and M, isothermal titration calorimetry (ITC)
experiment was conducted. ITC is a useful tool to explore the
inclusion complexation, which not only provides the associa-
tion constant (Ka) but also yields its thermodynamic parameters
60030 | RSC Adv., 2016, 6, 60029–60033
(enthalpy DH� and entropy changes DS�).11 From Fig. S4,† the Ka

value ofWP7IMwas determined to be (6.58� 0.58)� 105 M�1

in 1 : 1 complexation, which was higher than those ofWP6IM
(Fig. S10, ESI†) andWP5IM.12 Furthermore, the enthalpy and
entropy changes were obtained (DH� < 0; TDS� > 0), indicating
that this complexation was driven by both enthalpy change and
entropy change.

The pH responsive host–guest complexation was further
demonstrated by 1H NMR spectra. As shown in Fig. 2, aer the
addition of an aqueous DCl solution into the WP7 I M solu-
tion, the signals of the protons on WP7 disappeared, and the
resonance peaks related to the protons on M returned to their
original positions just as free guest M (Fig. 2a). The reason was
that the anionic carboxylate groups on WP7 were protonated
into neutral carboxylic acid groups and precipitated from the
solution, resulting in the disassociation of the inclusion com-
plex.2c On the other hand, it was obvious that the insoluble
carboxylic acid groups would be deprotonated when the solu-
tion was changed to basic and the macrocyclic host would
become soluble in water again aer the addition of NaOD.
Meanwhile the peaks corresponding to protons Hb–e on M
shied upeld and became broad as shown in the 1H NMR
spectrum (Fig. 2d), indicating the reformation of the threading
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 1H NMR spectra (400 MHz, D2O, room temperature): (a) M
(2.00 mM); (b) WP7 (2.00 mM) and M (2.00 mM); (c) after addition of 2
mL aqueous DCl solution (20%) to (b) (signals on the host disappeared
due to the formation of precipitation after the addition of DCl); (d)
after addition of 1.5 mL aqueous NaOD solution (30%) to (c); (e) WP7
(2.00 mM).
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structure betweenWP7 andM. These studies conrmed that the
complex WP7 I M exhibited pH responsiveness controlled by
adding acid or base.

As mentioned before, guest G possessed unqiue photo-
degradation property. It can be photo-cleaved into PyOH and G2
upon irradiation with UV light (Scheme 1).2f,9 1H NMR spectra
were conducted to monitor the gradual degradation process of
G. As shown in Fig. 3, the peaks related to pyrene protons Hh*

and the methylene protons Hg* next to pyrene diminished
gradually upon UV irradiation. Moreover, the peaks (Ha*–e*)
related to the alkyl chain part of G disappeared and the new
Fig. 3 1H NMR spectra (400 MHz, D2O/DMSO ¼ 5 : 1, room
temperature): (a)G after UV irradiation at 365 nm for 30min; (b)G after
UV irradiation at 365 nm for 10 min; (c)G after UV irradiation at 365 nm
for 1 min; (d) G after UV irradiation at 365 nm for 30 s; (e) G.

This journal is © The Royal Society of Chemistry 2016
peaks (Ha1–e1) corresponding to the alkyl chain part of G2
became more and more explicit with the irradiation of UV light.
The reason was that with the photodegradation process of G
into PyOH and G2, PyOH precipitated from the solution, while
G2 dissolved in the aqueous solution. Moreover, the color of the
solution containing G changed gradually upon UV irradiation
(Fig. S5, ESI†), conrming the occurrence of the photo-
degradation behavior. The 1H NMR spectra indicated that Gwas
cleaved into PyOH and G2 completely aer irradiation with UV
light (8 W medium-pressure Hg lamp using a UV lter) for 10
min.

With the molecular recognitionmotif betweenWP7 andM in
hand, the dual-responsive self-assembly behaviour of the supra-
amphiphile WP7 I G was investigated. By using the
concentration-dependent conductivity, the critical aggregation
concentration (CAC) of G was determined to be 1.48 � 10�6 M
(Fig. S6, ESI†). The morphology of the self-assembly structure of
G could be visualized by transmission electron microscopy
(TEM). As shown in Fig. 4a, the amphiphilic guest G self-
assembled into nanosheets. Aer the addition of WP7, the
CAC value increased to be 4.65 � 10�6 M (Fig. S7, ESI†), which
was ascribed to the host–guest complexation.13 Moreover, the
self-assembly morphology transformed from nanosheets to
vesicles with an average diameter about 200 nm (Fig. 4b).
Dynamic light scattering (DLS) was further employed to conrm
the size of the aggregates formed by WP7 I G. As shown in
Fig. S8,† the main diameter distribution of the aggregates was
around 172 nm, which was in accordance with the corre-
sponding TEM images. Aer the addition of HCl solution, WP7
was protonated and precipitated from the solution. As a conse-
quence, G dethreaded from the cavity of WP7 and formed
nanosheets again (Fig. 4c). Then aer the addition of NaOH
solutions, the vesicles reappeared again, exhibiting reversibility
of the pH responsiveness (Fig. 4d). On the other hand, aer UV
irradiation of WP7 and G, the photodegradation process of G
occurred, accompanied with the transformation of the self-
assembly morphology from vesicles to nanoparticles (Fig. 4e).
Fig. 4 TEM images: (a) nanosheets self-assembled fromG; (b) vesicles
self-assembled from WP7 I G; (c) WP7 I G treated with HCl; (d) (c)
treated with NaOH; (e) WP7 I G after UV irradiation at 365 nm for 10
min; (f) G after UV irradiation at 365 nm for 10 min.

RSC Adv., 2016, 6, 60029–60033 | 60031
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For comparison, the TEM image of G aer the UV irradiation for
10 min was obtained (Fig. 4f), which was in accordance with the
microstructure formed by WP7 I G aer UV irradiation.

A probable mechanism was proposed to explain the
morphology changes of this dual-responsive supra-amphiphile.
The micro-assembled structure of the aggregates formed by
amphiphiles is determined by the curvature of the membrane.14

G self-assembled into nanosheets because of the hydrophobic
effect and the strong p–p stacking interactions between the
pyrene aromatic rings. Aer the addition of WP7, the trime-
thylamine group threaded into the cavity of WP7 upon forming
a [2]pseudorotaxane. The p–p stacking interactions decreased,
while the steric hindrance and the electrostatic repulsion
increased, resulting in the formation of vesicles with higher
curvature. The morphology could be adjusted aer the addition
of HCl or NaOH solution because of the decomplexation or
complexation process between WP7 and G. Moreover, upon
irradiating the WP7 I G solution with UV light for about 10
min, the self-assembly morphology changed to nanoparticles.
The TEM image of PyOH (Fig. S9, ESI†) was similar to that of
WP7 I G aer UV irradiation, which was conrmed that WP7
IGwas cleaved into PyOH andWP7IG2 upon UV irradiation.

In conclusion, a dual-responsive supra-amphiphile based on
a water-soluble pillar[7]arene host and a pyrene derivative guest
was constructed successfully and its stimuli-responsive self-
assembly in water was studied. The free guest self-assembled
in water to form nanosheets. Aer the addition of WP7, the
nanosheets transformed to vesicles arising from the formation
of supra-amphiphile. Furthermore, this supra-amphiphile
exhibited pH- and light-responsiveness: upon addition of HCl/
NaOH, the reversible transformation from nanosheets to vesi-
cles could be observed; the vesicles can be also destroyed aer
the irradiation of the supra-amphiphile with UV light for about
10 min. In the future, we will focus on the development of smart
nanomaterials based on this novel host–guest recognition motif
for the applications in controlled release.
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