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Abstract: A linear supramolecular architecture was success-
fully constructed by the inclusion complexation of a-cyclo-
dextrin with azobenzene and the host-stabilized charge-
transfer interaction of naphthalene and a bispyridinium
guest with cucurbit[8]uril in water, which was comprehen-
sively characterized by 1H NMR spectroscopy, UV/Vis absorp-
tion, fluorescence, circular dichroism spectroscopy, dynamic
laser scattering, and microscopic observations. Significantly,

because it benefits from the photoinduced isomerization of
the azophenyl group and the chemical reduction of bispyri-
dinium moiety with noncovalent connections, the assembly/
disassembly process of this supramolecular nanostructure
can be efficiently modulated by external stimuli, including
temperature, UV and visible-light irradiation, and chemical
redox.

Introduction

Reversibly switchable supramolecular architectures with well-
defined nanostructures are of great importance owing to their
unique properties and immense potential applications in vari-
ous fields.[1] The dynamic reversibility of noncovalent interac-
tions and the incorporation of stimuli-switchable components
into building blocks can endow these nanostructures with re-
sponsive capability to various external triggers, such as pH,[2]

temperature,[3] photoirradiation,[4] and (electro)chemical
redox.[5] Among these nanosupramolecular assemblies, a supra-
molecular polymer, a one-dimensional nanoarray constructed
by incorporating multiple small-molecular-weight monomers
into the linear polymeric framework, has attracted special at-
tention, as they can combine the advantages of polymer and
supramolecular chemistry and confer practical superiority on
controlled drug-delivery systems, molecular machines, and op-
toelectronic materials.[6]

In this context, it is noteworthy that the efficient integration
of two or several different types of macrocycles into a single
supramolecular assembled entity has been proven to be an al-
ternative and an even more powerful strategy to fabricate ad-
vanced multistimuli-responsive nanomaterials, because the dif-
ferent macrocyclic receptors might possess mutual comple-

mentarity in molecular-binding selectivity.[7] Taking two repre-
sentative macrocycles, cyclodextrin (CD) and cucurbituril (CB),
as an example, the former can be functionalized to encapsu-
late various neutral and negatively charged substrates in their
hydrophobic microenvironments, mainly through the hydro-
phobic interaction, whereas the latter is prone to entrap the
positively charged aromatic conjugates and cationic complexes
mainly through ion–dipole interactions. Consequently, consid-
erable effort has been devoted to exploring the macrocycle-
based supramolecular polymers and hetero-polyrotaxanes with
fascinating multistimuli-responsive characteristics. For instance,
Zhang and co-workers have fabricated a supramolecular poly-
mer based on the self-sorting of CB[7]- and CB[8]-containing
complexes, in which the molecular weight could be conven-
iently controlled by tuning the content of CB[7] .[8] Moreover, Li
and Tian et al. have reported a linear supramolecular assembly
with helical chirality from the molecular recognition of a-CD
and calix[4]arene, and the morphology of such a supramolec-
ular polymer could be tailored by the incorporation of a photo-
responsive azobenzene molecule.[7c]

Inspired by these promising results and as a part of our on-
going program on the construction of multicomponent supra-
molecular assemblies, herein we report the fabrication of a mul-
tistimuli-responsive supramolecular assembly based on naph-
thalene-modified a-CD, CB[8] , and azobenzene-containing bis-
pyridinium salt. By benefiting from the specific molecular bind-
ing of trans-azobenzene with a-CD and a host-enhanced
charge-transfer complex between naphthalene and a bispyridi-
nium salt, it was found that a-CD and CB[8] can be aligned in
a linear arrangement and is mediated by the equidistant and
regular host–guest complexation in aqueous media. More im-
portantly, as investigated by the spectroscopic experiments,
the noncovalent interactions in this linear assembly are inher-
ently susceptible to the external signals, that is, the photoin-
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duced isomerization of the azobenzene unit, the chemical re-
duction of the bispyridinium moiety, and the temperature-sen-
sitive assembly and disassembly process upon heating and
cooling treatment. Therefore, the present system could be con-
sidered a promising strategy for attaining a multistimuli-re-
sponsive supramolecular assembly at a molecular level.[9]

Results and Discussion

Synthesis and conformational analysis

The naphthalene-modified a-CD (1) was synthesized through
the ‘click’ reaction of 6-deoxy-6-azido-a-CD with 2-hydroxyl-6-
propargyloxy naphthalene.[10] The azobenzene–bispyridinium
conjugate (2) was obtained from the brominated azobenzene
and 1-methyl-4-(4-pyridyl)pyridinium iodide in a moderate
yield (Scheme S1 and Figures S1–S8 in the Supporting Informa-
tion). All the characteristic 1H resonances in compounds 1 and
2 were clearly assigned by the use of 2D NMR correlation spec-
troscopy (COSY) in D2O (Figures S9–S13 in the Supporting In-
formation). As shown in the 1H NMR spectra of 1 in [D6]DMSO,
the peak pattern in the region of d= 7.03–9.48 ppm, which
corresponds to the aromatic protons of triazole and naphthyl
groups, was quite similar to the one recorded in D2O, thereby
suggesting that the naphthyl moiety was not self-included in
the CD cavity (Figure S14 in the Supporting Information). Then,
the precise structural information of 1 was directly obtained by
rotating-frame Overhauser effect spectroscopy (ROESY) experi-
ments in aqueous solution, in which no clear Overhauser en-
hancement (NOE) correlation was found between the protons
of the naphthyl substituent and the interior protons of the CD
(Figure S15 in the Supporting Information). This phenomenon
further confirms that the CD cavity was unoccupied in com-
pound 1, and more importantly, this molecular conformation
would facilitate the complexation of the azophenyl unit in 2
with the a-CD cavity, as described below. The molecular struc-
tures and proton designation of compounds 1, 2, CB[8] , and
reference 3 are shown in Scheme 1.

1H NMR spectroscopic titration

The formation of supramolecular complex 1·2 was preliminarily
investigated by means of 1H NMR spectroscopy. For compara-
tive purposes, the chemical-shift changes (Dd) for all of the ex-
amined complexes are listed in Table S1 in the Supporting In-
formation. As shown in Figure 1, the protons of the naphthyl
group in 1 underwent a pronounced upfield shift upon
addition of 2 (Ddb,1·2 =�0.22 ppm, Ddg,1·2 =�0.37 ppm, and
Dde,1·2 =�0.58 ppm), whereas those of the azophenyl group
(He, g, h) in 2 gave a complex-induced downfield shift (Dde,1·2 =

0.18 ppm, Ddg,1·2 = 0.36 ppm, and Ddh,1·2 = 0.06 ppm). Further-
more, the cross-peaks between the azophenyl moiety and CD
cavity were clearly observed in the ROESY spectrum of the 1·2
complex (Figure S16 in the Supporting Information). These ob-
servations indicate that the trans-azobenzene group of 2 can
be encapsulated in the cavity of 1, which arises from the high
affinity with a-CD, thus leaving the bispyridinium moiety out-

side the CD cavity. Comparatively, when CB[8] was added into
the solution of the 1·2 complex, it was found that the NMR
spectroscopic signals of naphthyl in 1 and the bispyridinium
group in 2 (Ha–d) were shifted upfield, whereas those of the
azobenzene group in 2 (He, f) showed a downfield shift.

Furthermore, it can be seen that both the bispyridinium
(Hb, c) and azophenyl (He, f) proton signals were shifted upfield
(Ddb,2·CB[8] =�1.54 ppm, Ddc,2·CB[8] =�1.48 ppm, Dde,2·CB[8] =

�1.19 ppm, and Ddf,2·CB[8] =�0.70 ppm), whereas there was
also a moderate downfield shift for Hg, h (Ddg,2·CB[8] = 0.08 ppm
and Ddh,2·CB[8] = 0.09 ppm) upon addition of CB[8] to the solu-
tion of 2 (Figure 1d and e). These different variations in
the Dd values of aromatic protons demonstrate that CB[8]
moves rapidly between the bispyridinium and azobenzene ter-
minals. In addition, the peak at m/z 862 was assigned to
[2+CB[8]�I�Br]2 + (Figure S20 in the Supporting Information).
In addition, after adding 1 to the 2·CB[8] complex at an equiv-
alent molar ratio, the 1H NMR spectrum of the 2·CB[8]·1 com-
plex was obtained, which resembled that of the 1·2·CB[8] com-
plex, thus suggesting that the addition sequence cannot affect
the spontaneous formation of the ternary complex (Figure 1c).

Scheme 1. Molecular structures and proton designation of compounds 1, 2,
CB[8] , and reference 3.
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Moreover, as seen from Figure S17 in the Supporting Infor-
mation, the NOE correlation between the naphthalene and bis-
pyridinium moiety could be found, thus suggesting that CB[8]
as a molecular connector can concurrently entrap the electron-
deficient bispyridinium salt and electron-rich naphthalene to
form 1·2·CB[8] complex (peak A in Figure S17). The NOE cross-
peaks between the protons of CB[8] and a-CD (H2 and H3)
were also observed, thus suggesting that these two macrocy-
cles were located closely to each other (peak B in Figure S17).
Meanwhile, the NOE correlation peaks between the azoben-
zene and a-CD indicate that the introduction of CB[8] cannot
make any negative impact on the inclusion complexation of
azobenzene with a-CD (peaks C in Figure S17 in the Support-
ing Information).[11] In addition, this selective binding process
was further evidenced by mass spectrometry, in which the
peaks at m/z 795 and 1460 could be clearly assigned to the
complexes of [1+2�I�Br]2 + and [1+2+CB[8]�I�Br]2 + , respec-
tively (Figures S18 and S19 of the Supporting Information).

UV/Vis and circular dichroism spectroscopy

To further investigate the molecular binding mode in the for-
mation of the supramolecular assembly, UV/Vis and fluores-
cence spectroscopic experiments were carried out in water. As
discerned from Figure 2b, at lower concentration, two charac-
teristic absorption bands at 340 and 430 nm that originated
from p–p* and n–p* transitions of the azophenyl unit in 2
were dramatically enhanced upon complexation with a-CD,[12]

accompanied by the bathochromic shifts of 6 and 11 nm, re-
spectively. It is well known that the molecular binding of CB[8]
with the donor and acceptor chromophores can induce a re-
markable change in the long-wavelength region.[11, 13] In our
case, there was no absorption beyond 550 nm for the individu-

al compound of 1 or 2, or the equimolar mixture of
1·2 or 2·CB[8] at higher concentration, whereas
a new broad absorption that ranged from 520 to
700 nm was observed in the 1·2·CB[8] complex, thus
substantiating the CB[8]-enhanced charge-transfer
(CT) interaction between the electron-donating naph-
thyl moiety and the electron-accepting bispyridinium
unit (Figure 3). In addition, the emission intensity of
naphthalene in the 1·2·CB[8] complex was quenched
by 57 % relative to the 1·2 complex, mainly on ac-
count of the noncovalent binding with CB[8] that can
draw the naphthyl and bispyridinium groups much
closer in its cavity (Figure S21 in the Supporting In-
formation). Moreover, as seen in Figure S22 in the
Supporting Information, a similar CT band in the
range of 520 to 700 nm was observed by simply
mixing the 2·CB[8] complex with 6-methoxy-2-naph-
thol as reference, thus demonstrating that the CT in-
teraction originated from the complexation of CB[8]
with the naphthyl group in 1 and the bispyridinium
group in 2.

Moreover, as depicted in Figure 2a, the equimolar
mixture of 1 and 2 exhibited positively and negative-

ly induced circular dichroism (ICD) signals in the p–p* and n–
p* absorption regions of azobenzene, respectively. According
to the ICD empirical rules on the CD-based complexes,[14] and
by combining the aforementioned 2D NMR spectroscopic re-
sults, we can reasonably infer that the azophenyl moiety in 2
was incorporated along the axial direction of the CD cavity in
1. When CB[8] was added, a new CD Cotton effect peak was
observed in the range from 228 to 278 nm for the ternary
complex of 1·2·CB[8] , which might reflect the coupled interac-
tion between the naphthyl and bispyridinium groups in the
CB[8] cavity.[15] In addition, the enhanced positive band for the
azobenzene p–p* transition in the presence of 1 here again re-

Figure 1. 1H NMR spectra of a) 1, b) 1·2 complex, c) 1·2·CB[8] complex, d) 2·CB[8] com-
plex, and e) 2 in D2O at 25 8C, respectively (400 MHz, [1] = [2] = [CB[8]] = 2.0 mm).

Figure 2. a) Circular dichroism and b) UV/Vis absorption spectra of 1, 2, 1·2
complex, 2·CB[8] complex, and 1·2·CB[8] complex, respectively, in water at
25 8C ([1] = [2] = [CB[8]] = 0.1 mm).
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veals the encapsulation of the azophenyl unit inside
the CD cavity.[14] It is noteworthy that the host–guest
interaction in these supramolecular complexes could
be readily distinguished not only by the spectroscop-
ic titration but also the color change of the resultant
solution; that is, compound 1 or 2 alone was color-
less or light yellow but turned orange and brown in
the presence of 1 and CB[8] (inset photos in
Figure 3). Overall, these spectral changes jointly dem-
onstrate the formation of a ternary 1·2·CB[8] com-
plex, which was constructed by the noncovalent
complexation with a-CD and CB[8] pairs in aqueous
solution.

Determination of binding constants

First, the Job plots of 1·2, 2·CB[8], and 1·2·CB[8] com-
plexes were carried out to investigate the inclusion
behaviors; they gave a 1:1 complex stoichiometry in
all cases (Figures S23–S25 in the Supporting Informa-
tion). Then, to quantitatively investigate the molecu-
lar binding behaviors and thermodynamic control
factors in these obtained complexes, isothermal titra-
tion calorimetry (ITC) experiments were performed in phos-
phate buffer (pH 7.2). In our case, the azophenyl derivative (3)
that bore a pyridinium substituent was selected as the model
molecule. As seen from Figures S26 and S27 in the Supporting
Information, the microcalorimetric titration experiments gave
a typical curve for 1:1 complexation between the CD cavity of
1 and the trans-azobenzene group of 3 with a binding con-
stant of 1.02 � 104

m
�1 (Table S2 in the Supporting Information).

This complexation process was driven by a favorable enthalpy
change (DH8=�39.37 kJ mol�1), accompanied by a negative
entropy change (TDS8=�16.48 kJ mol�1). Similarly, the binding
ability of the charge-transfer complex of the 1·2 complex with

CB[8] can be simplified by using methyl viologen (MV2 +) as
model molecule. The naphthyl group of 1 can efficiently bind
MV2 + ·CB[8] complex, which was governed in a thermodynami-
cally favorable way with a stability constant of 6.52 � 105

m
�1

(Figures S28 and S29 in the Supporting Information).

Characterization of the supramolecular assembly

Dynamic light scattering (DLS), diffusion-ordered spectroscopy
(DOSY), and viscosity measurements were performed to pro-
vide evidence for the formation of the supramolecular assem-
bly in solution. As shown in Figure 4a, two hydrodynamic di-
ameter distributions of 1·2·CB[8] were detected, in which one
centered at 14 nm could be ascribed to the low-molecular-
weight assembly and the other one centered at 97 nm was as-
signed to the large-sized supramolecular aggregation. In DOSY
experiments, relative to the diffusion coefficient of the 2·CB[8]
complex (2.07 � 10�10 m2 s�1), the corresponding value of the
1·2·CB[8] assembly was relatively lower (1.46 � 10�10 m2 s�1)

under the same experimental conditions, thereby substantiat-
ing that the resultant assembly can diffuse as one entity with
a higher molecular weight (Figures S31 and S32 in the Sup-
porting Information). Moreover, in the logarithmic plot of the
specific viscosity versus the concentration of 1·2·CB[8] , a gradu-
al increase for the predominance of the resulting assembly
was observed with a clear inflection point at 0.6 mm as the
critical aggregation concentration, above which the monomers
could be exclusively transferred to a highly ordered supra-
molecular assembly (Figure S33 in the Supporting Information).
These obtained results jointly support the formation of a supra-
molecular assembly 1·2·CB[8] in water.

Figure 3. UV/Vis absorption spectra of a) 1, b) 1·2 complex, c) 1·2·CB[8] com-
plex, d) 2·CB[8] complex, and e) 2 in water at 25 8C in the range from 400 to
800 nm to comparatively show the CT band at higher concentration
([1] = [2] = [CB[8]] = 1.0 mm). Inset: Visible color changes of 1, 1·2 complex,
1·2·CB[8] complex, 2·CB[8] complex, and 2, respectively (from left to right).

Figure 4. a) Diameter distributions of 1·2·CB[8] assembly (0.1 mm) in water at 25 8C;
b) TEM and c) AFM images, and d) schematic representation of the 1·2·CB[8] assembly.
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Furthermore, the morphological information on the size and
shape of assembly 1·2·CB[8] was characterized by transmission
electron microscopy (TEM) and atomic force microscopy (AFM).
Along with the formation of the 1·2·CB[8] supramolecular as-
sembly in solution, Figure 4b shows that a 1D linear morpholo-
gy was observed in the TEM image with the length and width
of approximately 100 and 1.7 nm, respectively. As shown in
Figure 4c, similar linear objects were also found in the AFM
images and the height of these 1D nanostructures was 1.6 nm,
which was consistent with the average size of the diameter of
a-CD and CB[8] . In addition, it can be seen that these linear as-
semblies were cross-linked with each other mainly through the
intermolecular hydrogen-bonding interconnection of the hy-
droxyl groups in the a-CD skeleton.[16]

To gain more insight into the molecular binding mode of
1 and 2 with CB[8] , some control experiments were performed.
Apart from the naphthyl groups, it has been reported that the
azobenzene derivatives also have a tendency to form a CB[8]-
assisted multicomponent complex,[17] and theoretically, an n :n
type of linear supramolecular polymer can be expected in the
equimolar mixture of azobenzene–bispyridinium conjugate 2
and CB[8] (Scheme S2 in the Supporting Information). Howev-
er, no large aggregation was observed in DLS and viscosity
measurements (Figures S30 and S33 in the Supporting Infor-
mation). Furthermore, by comparing the diffusion coefficients
of 2·CB[8] with MV2 + ·CB[8] complexes, it can be deduced that
the average size of the 2·CB[8] complex was only 3.3 times
larger than the one of the MV2+ ·CB[8] complex (see the Sup-
porting Information). Therefore, the one-dimensional wirelike
aggregation based on the binary 2·CB[8] complex can be rea-
sonably excluded in our case. This phenomenon is mainly at-
tributed to the naphthyl group in 1, which, relative to azoben-
zene, is a better candidate to form a stable charge-transfer
complex with the electron-deficient salt inside the CB[8] cavity.
In addition to the strong binding affinity of naphthalene and
bispyridinium with CB[8] , the high orientation selectivity that
originates from the multiple hydrophobic and charge-transfer
interactions is considered to be another basic and crucial
factor to facilitate the formation of the supramolecular poly-
mer 1·2·CB[8] .[18]

Multistimuli-response of the supramolecular assembly

Since the stimuli-responsive groups of azobenzene and bispyri-
dinium moieties were incorporated as the building blocks, the
obtained supramolecular assembly 1·2·CB[8] has the ability to
respond to external triggers (i.e. , temperature, photoirradia-
tion, and redox). As shown in Figure 5, the absorbance at
351 nm of the supramolecular assembly decreased gradually
with temperature ascending from 10 to 60 8C, thus corroborat-
ing that the azobenzene was expelled from the a-CD cavity. In
contrast, the absorbance at 351 nm was slightly changed for
the individual compounds 1 and 2 under the same experimen-
tal conditions (Figures S34 and S35 in the Supporting Informa-
tion). On the contrary, when the same sample was cooled from
60 to 10 8C, the stronger absorption strength for a 1·2·CB[8] as-
sembly was reproduced, which is indicative of the recombina-

tion of 1, 2, and CB[8] to form the linear assembly. The reversi-
ble spectral change was also observed from the circular dichro-
ism spectra, in which the strength of a positive ICD peak at
351 nm was very sensitive to the temperature change over
a wide range from 10 to 80 8C (Figures S36–S38 in the Support-
ing Information).

Apart from the a-CD/azobenzene complex, it is known that
the stability of the CB-stabilized multicomponent complex can
be decreased upon heating in solution, ultimately resulting in
the disassociation of these supramolecular complexes.[19] In our
case, the naphthyl group was excluded from the cavity of
CB[8] , as identified by the UV/Vis and circular dichroism spec-
troscopic investigation. The amplitude of the CD curves at
250 nm and the absorbance at 270 nm gave the reversible
changes in the heating/cooling cycles (Figure 5 and Figure S38
in the Supporting Information). It is noted that this assembly/
disassembly conversion can be repeatedly modulated several
times (Figure 6). To summarize the above results, the two non-
covalent interactions, host–guest interaction, and host-stabi-
lized charge-transfer interaction are all susceptible to the ther-
mal stimulus, which can be used in tuning the formation of
the resultant assembly.

Owing to their superior photochemical properties, the pho-
tochromic azobenzene derivatives can exhibit the reversible
photoisomerization between trans and cis isomers by UV- and
visible-light irradiation. In the case of compound 2, the p–p*
transition absorption at 340 nm was dramatically decreased
and the n–p* transition absorption at 430 nm was accordingly
increased upon irradiation at 365 nm, thus indicating the trans-
formation from the trans- to the cis-azobenzene in 2 (Figure 7a
and Figure S39 in the Supporting Information). Consequently,
the 1·2·CB[8] assembly can be disrupted upon UV irradiation,
because the binding affinity between cis-azobenzene and a-
CD is rather lower than the trans isomer.[12] Under further irradi-
ation at 450 nm, the dissembled components could be rear-
ranged and switched to a large aggregation with good reversi-
bility as soon as the trans-azobenzene was accommodated in

Figure 5. UV/Vis absorption spectra of the 1·2·CB[8] assembly observed at
different temperatures. Inset: Dependence of the absorbance of 2 and
1·2·CB[8] assembly at 350 nm on temperature.
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the a-CD cavity (Figure 7b and Figure S40 in the Supporting
Information). Moreover, as shown in Figure S41b of the Sup-
porting Information, some new peaks could be observed in
the NMR spectrum of the 1·2·CB[8] complex after UV irradia-
tion, which originated from the photoisomerization of the azo-
phenyl group. Meanwhile, when the 1·2·CB[8] assembly was
exposed to UV irradiation, a hydrodynamic diameter centered
at 155 nm was observed, and some spherical objects could be
detected in the TEM and AFM experiments. It can be speculat-
ed that the photoisomerization of azobenzene was able to
induce the dissociation of the 1·2·CB[8] assembly to the 1·cis-
2·CB[8] complex. The latter complex was composed of a cis-
azobenzene as the hydrophobic group and a cyclodextrin as
the hydrophilic group, which had a tendency to form an am-
phipathic assembly (Figures S42–S44 in the Supporting Infor-
mation).

It is well documented that a bispyridinium salt can be readi-
ly transformed to the corresponding radical-cation and neutral
states by either chemical or electrochemical reduction meth-
ods. As expected, after treatment of 2 with sodium dithionite
(Na2S2O4) as a reducing agent, the remarkable changes in the
UV/Vis spectra and the color of the solution were observed. As
shown in Figure 8, the appearance of new absorption bands

from 450 to 1100 nm were caused by the transformation from
dications to the radical cations of the bispyridinium moiety in
2. Moreover, a similar UV/Vis spectral change was observed in
the case of the 1·2 complex, thus indicating that the complex-
ation of azobenzene with a-CD cannot influence the radical-
cation formation of 2. In contrast, the reduction of the
1·2·CB[8] assembly gave rise to a strikingly different spectrum
with the absorption maxima at 551 and 981 nm, which resem-
bled that of the 2·CB[8] complex in the long-wavelength
region. These phenomena imply the formation of the (2+ C)2·
CB[8] complex, in which the radical-cation dimers of 2 were si-
multaneously located in the CB[8] cavity.[11a, 20] Since CB[8] can

Figure 6. UV/Vis absorption spectra of the 1·2·CB[8] assembly observed
upon several cycles of thermal equilibration at 10 and 60 8C. Inset : Absorb-
ance changes at 350 nm.

Figure 7. a) Photoisomerization process of 2 and the 1·2·CB[8] assembly
before and after UV irradiation. b) UV/Vis absorption spectra of the 1·2·CB[8]
assembly upon alternating UV- and visible-light irradiation in water. Inset :
Absorbance changes at 350 nm ([1] = [2] = [CB[8]] = 0.1 mm).

Figure 8. UV/Vis absorption spectra of 2, 1·2, 2·CB[8] , and 1·2·CB[8] before
and after reduction by an excess amount of Na2S2O4. Inset : Visible color
changes of 1·2·CB[8] assembly after reduction by Na2S2O4 and then oxidiza-
tion by O2 (from left to right).
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efficiently stabilize the radical cations of bispyridinium, the
(2+ C)2·CB[8] complex could remain stable in aqueous solution
for several hours without any color change (Figure 8, inset).
Moreover, owing to the oxygen-sensitive property of bispyridi-
nium radical cations, the introduction of O2 into the reduced
solution would regenerate the bispyridinium dication and then
lead to the formation of a supramolecular assembly. Along
with the UV/Vis spectroscopic results, the NMR spectrum of
the 1·2·CB[8] complex showed that the peaks assigned to com-
ponent 2 completely disappeared after reduction with an
excess amount of Na2S2O4, mainly on account of the paramag-
netism of bispyridinium radical cations (Figure S41c in the Sup-
porting Information). The DLS data of the 1·2·CB[8] assembly
also showed a main hydrodynamic diameter centered at
321 nm after reduction, which might be attributed to the un-
desirable cross-linking between the carbonyl-group portals of
CB[8] and the excess amount of Na+ in water. Accordingly,
only amorphous morphological structures could be observed
in the TEM and AFM images, convincingly proving the dissocia-
tion of the 1·2·CB[8] linear assembly under the chemical reduc-
tion conditions (Figure S45 and S46 in the Supporting Informa-
tion).

Conclusion

In conclusion, we have reported the construction of a linear as-
sembly based on two kinds of macrocyclic receptors (a-CD
and CB[8]) as hosts and the azobenzene–bispyridinium conju-
gate as guest in aqueous media. The formation of this multi-
component assembly was driven by the combination of the
host–guest inclusion complex of a-CD with trans-azobenzene
and the CB[8]-assisted charge-transfer complex between naph-
thalene and a bispyridinium salt. More interestingly, as demon-
strated by the spectroscopic and microscopic investigations,
this supramolecular nanoarchitecture could be efficiently
modulated in a controlled manner by multiple external stimuli,
including temperature, light irradiation, and redox. We also en-
vision that by elaborately incorporating the multistimuli-re-
sponsive functional units into the supramolecular assembled
entities, one can fabricate more sophisticated and advanced
molecular materials with new functionality, good reproducibili-
ty, and easier operability.

Experimental Section

Materials

All the reagents and solvents were commercially available and
used as received unless otherwise specified. 1-Methyl-4-(4-pyridyl)-
pyridinium iodide, 2-hydroxyl-6-propargyloxy naphthalene, and 6-
deoxy-6-azido-a-CD were synthesized according to the previous lit-
erature reports.[10] Column chromatography was performed on
silica gel (200–300 mesh) and reverse-phase ODS-SM-50B (MPLC).

Measurements

NMR spectroscopic data were recorded using a 300 or 400 MHz
spectrometer in D2O or [D6]DMSO. Mass spectra were performed

using an ESI-mode MS. UV/Vis absorption spectra were recorded
using a UV/Vis spectrometer (light path 10 mm). Steady-state fluo-
rescence spectra were recorded in a conventional quartz cell (light
path 10 mm) using a fluorescence spectrometer. CD spectra were
collected using a spectropolarimeter in a 10 mm light-path quartz
cell. The temperature was controlled using a TCU accessory with
a temperature probe, which was plunged into the cuvette to mea-
sure the sample temperature. In DLS measurements, the sample
solution was filtered through a 0.45 mm filter into a clean scintilla-
tion vial and then was examined using a laser-light scattering spec-
trometer equipped with a digital correlator at 636 nm at a scatter-
ing angle of 908. In TEM measurements, a portion (5 mL) of the
dilute aqueous solution was dropped onto a copper grid and then
the grid was air-dried. The TEM samples were examined using an
accelerating voltage of 200 kV. The sample for AFM measurements
was prepared by dropping a portion (25 mL) of the dilute sample
solution onto a newly clipped mica, and then the excess amount
of aqueous solution was blotted away with a piece of filter paper
2 min later. The mica was washed with distilled water (1 mL) and
then air-dried. The samples were examined in tapping mode in air
at room temperature. All the microcalorimetric titration experi-
ments were performed using a Microcal VP-ITC titration microca-
lorimeter, which permitted us to simultaneously determine the en-
thalpy change (DH) and the equilibrium constant (KS) from a single
titration curve. The sample cell volume was 1.4227 mL. Each titra-
tion experiment included 25 successive injections. All solutions
were degassed and thermally equilibrated using a thermostat
(ThermoVac accessory) before the titration experiments were per-
formed. ORIGIN software (Microcal) was used for the calculation of
binding constant (KS) and standard molar reaction enthalpy (DH8)
from each titration curve with a standard derivation on the basis
of the scattering of data points in a single titration experiment.
The binding stoichiometry (n) was also given as a fitting parameter.
From the binding constant (KS) and molar reaction enthalpy (DH)
obtained, one can calculate the standard Gibbs free energy of
binding (DG) and the entropy change (DS).

Synthesis of 2-hydroxyl-6-triazole naphthalene-modified
a-CD (1)

6-Deoxy-6-azido-a-CD (473 mg, 0.46 mmol) in H2O (10 mL) was
added under stirring to a solution of 2-hydroxyl-6-propargyloxy
naphthalene (90 mg, 0.45 mmol) in THF (30 mL). Then CuSO4·5 H2O
(237 mg, 0.95 mmol) and sodium ascorbate (658 mg, 2.85 mmol)
dissolved in water (20 mL) were added under an Ar atmosphere.
The resulting solution was heated at 60 8C for 48 h. The mixture
was dried under vacuum and then dissolved in H2O (30 mL). After
the brown precipitate was removed, the filtrate was poured into
acetone (500 mL). The crude product was filtered and then purified
by MPLC (ethanol/water as eluent) to give the product as a color-
less powder in 40 % yield. 1H NMR (400 MHz, D2O): d= 8.02 (s, 1 H),
7.68 (d, J = 9.5 Hz, 1 H), 7.62 (d, J = 8.9 Hz, 1 H), 7.34 (s, 1 H), 7.09 (m,
3 H), 5.27 (s, 2 H), 5.02–4.80 (m, 6 H), 4.60 (m, 3 H), 4.07–3.11 (m,
31 H), 2.94 (d, J = 10.1 Hz, 1 H), 2.60 ppm (d, J = 11.2 Hz, 1 H);
1H NMR (400 MHz, [D6]DMSO): d= 9.48 (s, 1 H), 8.18 (s, 1 H), 7.66 (d,
J = 8.6 Hz, 1 H), 7.60 (d, J = 9.1 Hz, 1 H), 7.38 (d, J = 2.2 Hz, 1 H),
7.13–7.01 (m, 3 H), 5.65–5.42 (m, 12 H), 5.18 (s, 2 H), 4.85–4.77 (m,
6 H), 4.61–4.44 (m, 5 H), 4.08–3.47 (m, 24 H), 3.31–3.14 ppm (m,
overlaps with HOD); 13C NMR (101 MHz, [D6]DMSO): d= 153.8,
153.6, 151.4, 142.5, 129.9, 128.4, 128.1, 127.9, 127.5, 126.1, 122.3,
118.9, 118.8, 109.7, 108.8, 108.6, 107.4, 106.9, 101.9, 101.7, 99.5,
82.0, 77.4, 73.2, 72.4, 72.1, 71.9, 61.1, 60.8, 59.9, 49.9 ppm; ESI-MS:
m/z : 1196.3982 [M+H]+ , 1218.3793 [M+Na]+ .
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Synthesis of the azobenzene–bispyridinium conjugate (2)

4-(Phenyldiazenyl)phenol (990 mg, 5 mmol), potassium carbonate
(4.14 g, 30 mmol), and 1,2-dibromoethane (3.74 g, 20 mmol) were
dissolved in acetone (80 mL), and the mixture was heated at 60 8C
for 6 h. After the precipitate was removed, the filtrate was evapo-
rated under vacuum and then purified by silica gel column chro-
matography (CH2Cl2 as eluent) to give the product as an orange
powder (4) in 90 % yield. 1H NMR (400 MHz, CDCl3): d= 7.93 (d, J =
8.8 Hz, 2 H), 7.88 (d, J = 7.6 Hz, 2 H), 7.51 (t, J = 7.5 Hz, 2 H), 7.46 (d,
J = 7.1 Hz, 1 H), 7.03 (d, J = 8.8 Hz, 2 H), 4.38 (t, J = 6.2 Hz, 2 H),
3.69 ppm (t, J = 6.2 Hz, 2 H).

Next, 1-methyl-4-(4-pyridyl)pyridinium iodide (749 mg, 2.5 mmol)
and compound 4 (763 mg, 0.2 5 mmol) were dissolved in DMF
(20 mL). Then the mixture was heated to reflux for 12 h. The pre-
cipitate product was filtered and washed with CH3CN to give the
target product as a yellow powder (2) in 20 % yield. 1H NMR
(400 MHz, D2O): d= 9.26 (d, J = 6.9 Hz, 2 H), 9.01 (d, J = 6.5 Hz, 2 H),
8.54 (d, J = 6.7 Hz, 2 H), 8.48 (d, J = 6.1 Hz, 2 H), 7.83 (d, J = 9.0 Hz,
2 H), 7.79 (d, J = 7.8 Hz, 2 H), 7.60 (td, J = 5.9, 1.6 Hz, 3 H), 7.15 (d,
J = 9.0 Hz, 2 H), 5.21 (t, J = 5.3 Hz, 2 H), 4.75 (t, J = 4.7 Hz, 2 H overlap
with DOH), 4.44 ppm (s, 3 H); 13C NMR (101 MHz, D2O): d= 160.1,
151.9, 150.5, 149.4, 146.8, 146.3, 146.2, 131.4, 129.6, 129.2, 126.8,
126.6, 124.5, 123.7, 122.1, 120.0, 115.4, 114.6, 66.2, 61.1, 48.3 ppm;
ESI-MS: m/z : 198.0993 [M�I�Br]2 + .
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