
Internationale Ausgabe: DOI: 10.1002/anie.201503614Supramolecular Chemistry Very Important Paper
Deutsche Ausgabe: DOI: 10.1002/ange.201503614

Photocontrolled Reversible Conversion of Nanotube and Nanoparticle
Mediated by b-Cyclodextrin Dimers**
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Abstract: A photochemically interconvertible supramolecular
nanotube–nanoparticle system was constructed through sec-
ondary assembling of self-aggregates of amphiphilic porphyrin
derivatives mediated by trans- and cis-azobenzene-bridged
bis(permethyl-b-cyclodextrin). Significantly, these nanotubes
and nanoparticles were able to interconvert upon irradiation at
different wavelengths, and this photocontrolled morphological
conversion is reversible and recyclable for tens of times, which
will provide a feasible and convenient way to construct the
ordered nanostructure with various morphologies that can be
smartly controlled by the environmentally benign external
stimulus.

Controllable supramolecular nanoassembly has attracted
increasing attention due to its wide application in the fields of
catalysis,[1] nanoscience,[2] and drug delivery.[3] Supramolec-
ular assembling is an effective approach for the construction
of controllable nanoscaled assemblies[4] that are responsive to
various external stimuli, such as temperature, pH, redox
conditions, enzymes, and light. Among these external stimuli,
light is of particular interest because of its noninvasive, clean
and remote-controlling properties.[5] In the last decade,
a number of photocontrolled supramolecular assemblies,
including photoswitchable supramolecular hydrogel,[6] photo-
responsive artificial muscle,[7] photodriven pseudorotaxane,[8]

photocontrolled supramolecular assembly,[9] have been suc-
cessfully constructed using azobenzene and cyclodextrin
(CD) components, where the reversible photoisomerization
of the former and/or the different binding behaviors of trans-
and cis-azobenzenes with CD play major roles.[10] However,
these studies have focused mainly on the photocontrolled
assembly/disassembly process, while the morphological con-
version of supramolecular assembly switched by light irradi-
ation has rarely been reported. Kim and co-workers[11]

reported a one-cycle morphological conversion of pyrene-
modified dendritic self-assembly induced by the sequential

addition of CD and poly(propylene glycol). Herein, we report
a photocontrolled reversible and repeatable nanotube–nano-
particle morphological conversion of the secondary assembly
of amphiphilic porphyrin (G) mediated by azobenzene-
bridged bis(permethyl-b-CD) (H ; Scheme 1).

The self-assembly behavior of amphiphilic guest G was
investigated by UV/Vis and fluorescence spectroscopy,
dynamic light scattering (DLS) and transmission electron
microscopy (TEM). As shown in Figure S6 (see the Support-
ing Information), UV/Vis and fluorescence spectra of G
differed significantly in aqueous buffer solution and in
methanol solution. In methanol, the UV/Vis spectrum of G
showed a sharp peak at 417 nm, which is assigned to the Soret
band of the porphyrin moiety. However, in aqueous buffer,
this peak obviously broadened with accompanying blue-shift
to give a profile very similar in shape to the one reported for
porphyrin H-aggregates.[12] In addition, guest G emitted
strong fluorescence in methanol but barely fluoresced in
aqueous buffer. Therefore, we concluded that guest G formed
H-type self-aggregates in aqueous solution, where the close

Scheme 1. Schematic presentation of H, G, and secondary assembly.
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proximity of porphyrin moieties within aggregate leads to the
self-quenching of fluorescence. Indeed, the addition of
methanol disassembled the H-type self-aggregate, leading to
the enhanced fluorescence assignable to porphyrin monomer.

The morphological information of the self-aggregates
came from DLS and TEM. The DLS data show that guest G
form large aggregates with an average hydrodynamic diam-
eter of about 180 nm, while the TEM images revealed
a number of spherical nanostructures with an average
diameter of 150 nm, which is slightly smaller than that
estimated from the DLS measurements, probably due to the
shrinking of nanoparticles in the drying stage of the TEM
sample preparation.[13] The assembly mechanism of G may be
similar to the one reported previously.[12a] Therein, the
hydrophilic porphyrin moieties are located in the outer
layer, while the hydrophobic tails gather together to form
the hydrophobic inner layer, and the p-p and hydrophobic
interactions jointly stabilize the self-aggregate. The critical
aggregation concentration (CAC) of G was determined as
about 42.5 nm by concentration-dependent fluorescence
spectroscopy (Figure S8).

After validating the formation of self-aggregates, we
investigated the secondary assembly of G mediated by
bis(permethyl-b-CD) H. There are two inherent advantages
of choosing H for mediating the secondary assembly of G.
1) Permethyl-b-CD can very strongly bind water-soluble
porphyrin in aqueous solution.[14] In control experiments
(Figures S10 and S11), the complexation stoichiometry
between monomeric permethyl-b-CD and guest G was deter-
mined as 2:1 by Job analysis and the binding constants as K1 =

3.4 × 108m¢1 and K2 = 1.2 × 107m¢1 by UV/Vis titration. This
strong binding will enable the spontaneous secondary assem-
bling upon mixing G and H in aqueous solution. (2) The
photoisomerization of azobenzene bridge induces the shape-
change of H and thus leads to the topological transformation
of secondary assembly. As shown in Figure 1b, upon addition
of H, the broadened Soret band of G assignable to the H-type
self-aggregate became sharper with accompanying red-shift
from 404 to 417 nm, and the fluorescence intensity of G was
enhanced by a factor of about 30 (Figure S12a). The resulting
UV/Vis and fluorescence spectra of H/G system are very
similar to those of free G in methanol. Moreover, the H/G
system exhibited a stronger Cotton effect in circular dichro-
ism spectrum than free G (Figure 1a). These phenomena
jointly indicate that the association of H with G disrupts the
self-aggregate of G and produces the supramolecular H/G
assembly. The Job analysis of the UV/Vis spectral data
(Figure S13 and S15) gave the stoichiometric 1:1 binding
radio between H and G, and the apparent binding constant
was calculated as 2.37 × 106m¢1 and 8.45 × 106m¢1 for the
association of G with trans- and cis-isomer of H, respectively,
from the UV/Vis spectral titration data (Figures S14 and S16).

Interestingly, the H/G supramolecular conjugate exhib-
ited different assembling behavior from free G. Generally, the
azobenzene bridge exists in its trans-form. DLS data (Fig-
ure 2a) showed that the assembly of G with the trans-isomer
of H (H-trans) possesses an average hydrodynamic diameter
of up to thousands of nanometers, which is dramatically larger
than that observed for G aggregate (ca. 180 nm). Direct

morphological information of the H-trans/G nanoarchitec-
ture was provided by SEM and TEM observations. As shown
in Figure 2b and S16a, SEM images of an air-dried equimolar
solution of H-trans and G exclusively displayed a number of
open-ended, curved tubular structures with large aspect
ratios, and the length reaches tens of micrometer. Moreover,
TEM images clearly showed the hollow tubular structure of
a uniform hollow size (Figure 2c and d). On the basis of the
TEM analysis, the average inner and outer diameters of the
H-trans/G nanotubes are about 45 and 61 nm, respectively,

Figure 1. a) Circular dichroism spectra, b) UV/Vis spectra of G, H, H-
trans/G, and H-cis/G in phosphate buffer (pH 7.2, 0.1m) at 25 88C.
([G] = [H] =5 mm).

Figure 2. a) DLS, b) SEM (scale bar =5 mm), c) TEM (scale
bar = 200 nm), and d) enlarged TEM (scale bar = 20 nm) images of
nanotubes formed from H-trans and G ([H] = [G] = 5 mm ; pH 7.2).
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with a wall thickness of about 8 nm. Based on a computer
simulation study, the calculated wall thickness of nanotubes
was 7.9 nm, which nicely agrees with the value (ca. 8 nm)
determined from the TEM image (Figure 3). Interestingly, the
concentration-dependent TEM images revealed that, at
a relatively low concentration, a number of rod-like structures
were observed. Each rod-like structure was composed of
a number of spherical nanoparticles, the size of which was
very similar to that of the self-aggregate of G (Figure S17). At
higher concentrations of H-trans/G, these rod-like structures
turned to nanotubes. Combining these observations, we can
reasonably deduce that the H-trans-mediated secondary
assembly of G is responsible for the formation of nanotubes,
and that the interior and exterior surfaces of nanotubes are
composed of the highly stable H-trans/porphyrin-associated
units, whereas the hydrophobic alkyl chains of G interlace
with each other in the middle of the tubular walls, as
illustrated in Figure 3.

Significantly, after irradiation of the solution of H-trans/G
at 365 nm for 20 minutes, the original diameter of H-trans/G
(thousands of nanometers, measured by DLS) was greatly
reduced to 180 nm (measured by DLS), as shown in Fig-
ure 4a. In addition, visible information of the photoinduced
morphological conversion was obtained from the SEM and
TEM images (Figure 4 b and c). Therein, the long H-trans/G
nanotubes turned to a number of solid nanoparticles with an
average diameter of 180–200 nm. These nanoparticles were
appreciably larger and denser than those formed by the self-
aggregation of G. Job analysis gave the complexation
stoichiometry between the cis-isomer of H (H-cis) and G as
1:1. Moreover, the binding constant of H-cis with G (8.45 ×
106m¢1) was appreciably higher than that of H-trans probably
because of the cooperative binding of two b-CD cavities in H-
cis with a G molecule. Based on this information, we deduce
that the morphological conversion is driven by the photo-
induced geometrical change of H from the trans-isomer (H-
trans) to cis-isomer (H-cis). That is, under the light irradi-
ation, the H-trans units in H-trans/G secondary assembly
convert to H-cis, and these H-cis units subsequently interact
with G through sandwich complexation. The resulting H-cis/
G sandwich complexes, possessing a larger hydrophilic head
than free G, first self-assemble to small micelles (computa-
tional structure in Figure 4d). Then, these micelles further
aggregate to form larger nanoparticles (Figure 4d), most

probably by the small micelle aggregation mechanism or the
multicompartment micelle formation mechanism.[13] In a con-
trol experiment, an equimolar mixture of H-cis and G gave
the DLS and TEM results similar to those shown in Figure 4.
Upon irradiation at 365 nm, the H-trans/G assembly exhib-
ited moderate fluorescence assignable to the emission of
porphyrin. This means that, in addition to the isomerization to
the cis-isomer, the excited trans-azobenzene transfers the
excitation energy at least in part to a nearby porphyrin,
leading to the porphyrin fluorescence.

It is also important to investigate the repetitiveness of the
photodriven morphology conversion. As shown in Figure 5,
the absorbance of H-trans at 357 nm, assigned to the
characteristic absorption of the p-p* transition of trans-
azobenzene, dramatically decreased under the light irradia-
tion at 365 nm, indicating photoisomerization of the azoben-
zene moiety from trans to cis.[10a, 15] However, the decreased
intensity at 357 nm was recovered to its original level upon
subsequent irradiation at 450 nm because of the reverse
photoisomerization from cis to trans. In addition, the fluo-
rescence excitation spectrum of H-cis/G at 450 nm was very
weak, and H-cis/G barely fluoresced upon excitation at
450 nm. This indicates that the irradiation at 450 nm predom-
inantly excites the cis-azobenzene chromophore, although the
direct excitation of porphyrin cannot be rigorously ruled out.
Significantly, this cycle can be repeated tens of times. In
addition, TEM and DLS experiments confirmed that the
assembly morphology can be switched between nanotube and
nanoparticle by irradiating at different wavelengths (Figur-
es S18 and S19). These phenomena jointly indicate the good
reversibility and repetitiveness of the photocontrolled nano-
tube–nanoparticle morphological conversion.

In summary, taking advantage of the strong binding
affinity between permethyl-b-CD and water-soluble tetraar-
ylporphyrins as well as the photoisomerization property of
azobenzene derivatives, an azobenzene-bridged bis(per-
methyl-b-CD) was successfully applied to the construction
of the secondary assembly of amphiphilic porphyrin deriva-

Figure 3. Schematic presentation of the secondary assembly of G
mediated by H-trans.

Figure 4. a) DLS, b) SEM (scale bar = 1 mm), and c) TEM images of H/
G assembly after light (365 nm) irradiation for 20 minutes (scale
bar = 200 nm; inset: scale bar =100 nm). ([H] = [G] =5 mm, pH 7.2).
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tive. Crucially, the morphology of the secondary assembly can
be reversibly switched between nanotube and nanoparticle
under light irradiation. The photoswitchable morphological
conversion property, along with the facile preparation, will
make this supramolecular assembly approach well-suitable
for a variety of important biomedical and material applica-
tions.

Experimental Section
Synthesis of azobenzene-bridged bis(permethyl-b-CD): 4,4’-Dipro-
pargyloxyazobenzene[16] (0.2 mmol, 58 mg) was added to a stirred
solution of 6-deoxy-6-azide-permethyl-b-CD[17] (720 mg, 0.5 mmol) in
DMF (dimethylformamide; 50 mL), to which CuI (0.5 mmol, 95 mg)
was added under argon at room temperature. The mixture was stirred
overnight at 75 88C. After cooling to room temperature, the mixture
was filtered to remove any insoluble copper salt, and the filtrate was
evaporated under reduced pressure to remove excess DMF. The
residue was purified by silica gel column chromatography using
chloroform–methanol solution (v/v = 50:1) as elutent to give azoben-
zene-bridged bis(permethyl-b-CD) (71%) as orange foam (yield
71%). 1H NMR (400 MHz, CDCl3): d = 7.87 (d, J = 8.9 Hz, 4H), 7.78
(s, 2H), 7.08 (d, J = 9.0 Hz, 4H), 5.27 (s, 4H), 5.14 (m, 12H), 5.02 (d,
J = 12.7 Hz, 2H), 4.73 (m, 2H), 4.18–3.01 ppm (m, 202H). 13C NMR

(100 MHz, CDCl3): d = 160.2, 147.3, 143.0, 125.1, 124.4, 114.8, 99.2,
98.8, 98.3, 83.0, 82.0, 81.9, 81.8, 81.1, 80.3, 80.2, 79.9, 79.3, 71.28, 71.0,
70.8, 70.7, 70.3, 62.2, 61.8, 61.4, 61.3, 59.2, 59.1, 59.0, 58.9, 58.7, 58.6,
58.5, 58.4, 51.5 ppm. MALDI-TOF-HRMS: 3192.4603 [M++Na]+,
3208.4280 [M++K]+.

Keywords: conversion · photochemistry · photocontrol ·
self-assembly · supramolecular chemistry
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