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A modified cyclomaltoheptaose (b-cyclodextrin) containing an anthraquinone moiety, mono[6-deoxy-N-
n-hexylamino-(N0-1-anthraquinone)]-b-cyclodextrin (1), which can self-assemble into nanorods in aque-
ous solution, was synthesized. Interestingly, upon the addition of natural cyclodextrin, the nanorods
could transform into bilayer vesicles, which were characterized by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS), and epi-fluorescence micros-
copy (EFM). A transformation mechanism is suggested based on the results of 1H NMR, 2D NMR ROESY,
FTIR, and UV–vis spectra. The response of the vesicles to changing pH and adding Cu2+ was also tested.
Our research may pave the way to the development of new intelligent materials and biomaterials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Self-assembled nanostructures, which have easily-controlled
and responsive morphologies,1–3 are of great interest for their
widespread application in molecular machines,4 biomimicry,5

and delivery of drugs or genes.6–8 Supramolecular materials can
be tailored from specifically designed molecular components
through self-assembly and self-organization that are programmed
under the control of directional noncovalent interactions. Nano-
structures based on cyclodextrin would combine the properties
of molecular devices and macrocyclic host molecules together.1–3

Cyclomaltooligosaccharides (cyclodextrins, CDs), a class of cyclic
oligosaccharides with six to eight D-glucose units linked by
a-(1?4)-glucose bonds, have been extensively investigated in
molecular recognition and construction of versatile supramolecu-
lar architectures.9 More promising applications are possible if the
cyclodextrin cavities can function as independent host sites for
molecular recognition when they are confined to the nanostruc-
ture. The recognition process is also a useful model of the ligands
and receptors on the surface of cell membranes.10

Herein, a modified cyclomaltoheptaose (b-cyclodextrin) con-
taining an anthraquinone moiety, mono[6-deoxy-N-n-hexylami-
no-(N0-1-anthraquinone)]-b-cyclodextrin (1), as a fluorescent and
functional cyclodextrin derivative, was synthesized (Scheme 1).
ll rights reserved.
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From TEM (transmission electron microscopy) observations, 1
was able to form nanorods in aqueous solution due to p-stacking
of the anthraquinone groups and hydrogen bonding between the
cyclodextrins. When natural b-cyclodextrin was introduced into
the system, the nanorods were found to transform into vesicles,
because of the formation of special amphiphiles by the inclusion
of the anthraquinone moiety in the natural b-cyclodextrin, which
disrupted the p–p stacking of the nanorods. Cyclodextrins in both
nanorods and vesicles can function as independent host sites. Fur-
thermore, the vesicles were responsive to external stimuli, such as
pH and added Cu2+.

We regard supramolecular materials as promising materials to
meet the requirement for well-defined, regular, directional, and
multi-responsive nanoarchitectures, which can be applied in areas,
such as biomaterials, drug delivery materials, molecular devices,
and intelligent materials.
2. Results and discussion

2.1. Synthesis and characterization

Mono [6-(2-aminohexylamino)-6-deoxy]-b-cyclodextrin (2) was
prepared according to the literature.11,12 Complex 1 was prepared
by the reaction of 2 and 1-nitroanthraquinone (Scheme 1).

To rule out the possibility of a competitive host–guest complex-
ation reaction typical of cyclodextrins, the host–guest complex
of mono [6-(2-aminohexylamino)-6-deoxy]-b-cyclodextrin with
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Scheme 1.

286 T. Sun et al. / Carbohydrate Research 346 (2011) 285–293
1-aminoanthraquinone (3) was also prepared. There were typical
distinguishing patterns in the TLC, MS, FTIR, and X-ray diffraction
(XRD) data between the inclusion complex and the covalently
bonded CD-anthraquinone 1 (see Supplementary data).

A benefit of grafting anthraquinone onto cyclodextrin is that the
nanorod building block 1 is moderately water soluble. In this work,
the water solubility of 1 was measured to be as much as 16 mg/mL
(25 �C). It should be emphasized that 1 has similar water solubility
to that of b-CD, which is potentially advantageous for its
application in biological systems. The surface tension value
(60.67 mN m�1, 10�4 mol/L, 25 �C) is lower than that of pure water
(72 mN m�1, 25 �C), which shows that 1, as a conjugate of a hydro-
philic b-CD with a hydrophobic anthraquinone, is surface active.

2.2. Morphologies

TEM and SEM, which are reliable methods for studying micro-
aggregates13,27,28, were employed to investigate the nanostruc-
tures of the nanorods and vesicles formed by 1 in aqueous
solution. The aggregation behavior of 1 with a concentration of
10�4 mol/L in aqueous solution and the morphology of the ob-
tained supramolecular assembly are reflected in both the TEM
and SEM images (Fig. 1a and b). The images show a well-ordered
1D nano-rod structure about 500 nm in width and 5 lm in length.
The nanorods are stable for up to two weeks at 300 K in water. The
well-defined nanorods may be useful in building smart materials
and in solid-state fluorescence sensing.10

Upon the introduction of an equimolar amount of natural cyclo-
dextrin, the nanorods can transform into bilayer vesicles, which
were characterized by TEM, SEM, DLS, and EFM. Fig. 1c shows clear
and monodisperse spherical micro-aggregates with vesicular
shells. The particles show a strong contrast between the center
and the periphery, which is a characteristic typical of vesicular
structures.27,28 It also can be observed that the vesicles are formed
of multi-layers (see Supplementary data). The diameters ranged
approximately from 200 to 300 nm. The DLS results (Fig. 2) show
that the particles are spherical, with diameters ranging from
50 nm to 300 nm, which is slightly smaller than that found by
TEM.28 The discrepancy seems reasonable because TEM and DLS
show solid and swollen vesicles, respectively. SEM and EFM
(Fig. 1d and e) were also performed for further confirmation of
the vesicles’ structures. Because they were sputter-coated with
gold to enhance the electrical conductivity, the SEM images show
round outlines of collapsed vesicles, and the swollen structures
can be clearly observed. From the color contrast of the SEM images,
hollow cavities with diameters ranging approximately from 100 to
300 nm were observed, which is consistent with the results of TEM
and DLS. In general, TEM, SEM, and DLS are in good agreement in
the size-measure. Microspheres with strong fluorescence were ob-
served by EFM. Several drops of a solution of 1 on a glass slide were
observed under the fluorescence microscope and microspheres
with strong fluorescence were clearly observed and found to un-
dergo a typical Brownian movement. A study on the Brownian
movement of nanoparticles could prove useful in the analysis of
the gel–vesicle transformation process.14 It is clear that spherical
structures were formed and dispersed homogeneously in the solu-
tion. Because of the limited amplification of EFM (100�), the
bilayer could not be clearly distinguished.15,16 Notably, when the



Figure 1. (a) TEM images of the nanorods formed by 1, with phosphotungstic acid as the negative staining agent; (b) SEM images of the nanorods formed by 1; (c) TEM
images of vesicles formed by 1 and b-CD, with phosphotungstic acid as the negative staining agent; (d) SEM images of vesicles formed by 1 and b-CD; (e) EFM images of
vesicles formed by 1 and b-CD, �100.
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image was amplified 100 times, cross features in the vesicle solu-
tion were detected for the first time (Fig. 1e). This unusual result
may arise from an interference pattern because of the different
fluorescence intensities between the inner and outer surfaces of
the vesicles.

2.3. The possible mechanism

Similarly to other reported p systems with solubilizing substit-
uents17,10, 1 is capable of p–p aggregation in aqueous solution.
Since 1 is moderately soluble in water, the p–p stacking behavior
of 1 could be investigated in aqueous solution. The most direct
and dependable evidence for the transformation behavior from
nanorods to vesicles was obtained using 1H NMR, 2D NMR ROESY,
FTIR, and UV–vis spectroscopy.

The UV–vis spectra of 1 in different solutions further demon-
strates the p–p stacking phenomenon. In aqueous solution, 1
shows a small but significant broadening of the peak from 450 to
600 nm in the absorption spectra compared with the spectra in or-
ganic solvents (Fig. 3). The p–p stacking behavior can be indicated
based on the vibrational shoulder in the absorption spectra in
water. Enhancement with respect to the 0–0 transition for the
transition from the ground state to the higher electronic states
(0–1, 0–2, and 0–3) is shown by the broadening of a vibrational
shoulder.10,22 The differences among the absorption intensities
may be due to the variable solubility of the p–p stacked aggregates
in different solutions.

The anthraquinone moiety is a well-known component of dye-
stuffs because of their delocalized conjugated p system. Anthraqui-
none compounds very easily form the self-assembly by p–p
stacking. It is established that there is a competition between
inclusion and p–p stacking. However, it seems that under such a
low concentration, 1 is inclined to exist in p–p stacking instead
of an inclusion complex because p–p stacking interplay is perhaps



Figure 2. DLS of the vesicles assembled from 1/b-CD in aqueous solution
(1.0 � 10�4 mol/L) at room temperature.

Figure 3. UV–vis spectra of 1 (1.0 � 10�4 mol/L) in different solvents at 25 �C.

Figure 4. UV spectra of 1 (1.0 � 10�5 mol/L, blue line), 1/b-CD (1.0 � 10�5 mol/L,
red line), 1 (1.0 � 10�4 mol/L, black line) and 1/b-CD (1.0 � 10�4 mol/L, green line).
T = 300 K. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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stronger than the hydrophobic–hydrophobic interactions. Mean-
while, hydrogen bonding between face-to-face cyclodextrin moie-
ties also plays a very important role in the self-assembly process. If
there is no hydrogen bonding between the cyclodextrin moieties,
and the inclusion phenomenon is based only on the p–p stacking,
the cyclodextrin moieties would be free like ‘waving flags’. As a re-
sult of the dual binding of the building blocks, the nanorods can be
so regular and well-defined.

The UV–vis spectra of 1 of different concentrations changed
when an equimolar amount of b-CD was added into the aqueous
solution (Fig. 4). It was found that upon the introduction of natural
b-CD, the UV–vis absorbance peak (about 515 nm) of 1 is stronger.
According to the literature reports25,26, these small but significant
changes in the absorption spectra suggest that there is an interac-
tion between the anthraquinone moiety of 1 and the added b-CD.
The change of the UV–vis spectra was attributed to the induction
of high electron density in the added b-CD cavity, which suggested
that the anthraquinone moiety of 1 would enter the cavity of the
added b-CD to form a supramolecular inclusion complex.23–26

The spatial conformations and interaction between the mole-
cules can be characterized by 2D ROESY NMR spectroscopy, which
has a maximal observation limit within a spatial proximity of
5 Å.18–21 The ROESY spectra were taken in the absence and the
presence of b-CD. A selected region of the ROESY (600 MHz) spec-
trum of 1 with a concentration of 10�4 mol/L in D2O is shown in
Fig. 5. The peaks at 8.01, 7.80, 7.55, and 7.23 ppm belong to H-70,
H-80, H-30, and H-20 on the substituted anthraquinone rings,
respectively. Correlations between the hydrogen atoms of H-20/
H-30, H-70/H-20, and H-70/H-80 can be clearly observed, which dem-
onstrates the interactions between anthraquinone moieties
belonging to different molecules as well as p–p stacking behavior.
The correlation between H-20 and H-30 is very strong, which dem-
onstrates that the p–p stacking of the anthraquinone moieties is
face-to-face in the same direction, which may be due to the hydro-
gen bond involving the imino group. Strong correlations between
the face-to-face cyclodextrin moieties are also found, which means
the presence of hydrogen bonding. No hydrogen correlations be-
tween anthraquinone and cyclodextrin moieties were found (The
full 2D NMR ROESY spectra can be seen in the Supplementary
data). The ROESY results mentioned above indicate that the p–p
stacking and the hydrogen bonding between face-to-face cyclodex-
trin moieties are the main driving force in the formation of the
nanorods. The nanorods are regular and well-defined, which are
similar to the previously reported ‘two head’ perylene bisimide
with two b-CD grafts.10

The selected region of the ROESY (600 MHz) spectrum of 1/b-CD
sample in D2O with a concentration of 10�4 mol/L is shown in
Figure 6. The chemical shifts ranging from 3.7 to 3.9 ppm corre-
spond to H-3 to H-6, belonging to natural b-CD or 1. Upon adding
equivalents of b-CD to an aqueous solution of 1, correlations be-
tween H-20/H-30and the hydrogens of cyclodextrins can be clearly
observed. These correlations could not be detected in a solution
of 1 alone. Though the chemical shifts (from 3.7 to 3.9 ppm) of
cyclodextrin and 1 cannot be distinguished, the comparison of
the correlations between 1 and 1/b-CD can demonstrate that the
anthraquinone moieties on 1 are recognized by the cavity of the
added b-CD to form the inclusion complex. The ROESY spectrum
revealed an unsymmetrical conformation of the guest molecule in-
side the cavity, which may be due to the strong hydrogen bonds
between anthraquinone moiety and b-CD upon complexation.
The inclusion result is also in accordance with that reported in
the literature.37

1H NMR spectroscopy is one of the most powerful tools for ana-
lyzing supramolecular assemblies in solution. Clear chemical shifts
of the 1H NMR peaks of 1 were observed corresponding to protons
on the anthraquinone moieties in the absence and the presence of
b-CD. According to the data, we could judge that b-CD and 1



Figure 5. Selected regions of 2D NMR ROESY (600 MHz) spectrum of 1 (1.0 � 10�4 mol/L) in D2O at ambient temperature, (a) correlation between the anthraquinone
moieties; (b) correlations between the cyclodextrin moieties.

Figure 6. Selected regions of 2D NMR ROESY (600 MHz) spectrum of 1/b-CD (1.0 � 10�4 mol/L) in D2O at ambient temperature.
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combined. In the presence of natural b-CD, almost all the hydrogen
resonances of the anthraquinone moieties of 1 showed chemical
shifts (Table 1). Large downfield shifts were observed for H-20

(7.238?7.201), H-30 (7.550?7.525), H-70 (7.795?7.798), and
H-80 (7.779?7.781). From the comparison, it is clear that the
substituted ring of anthraquinone entered the b-CD cavity from
the secondary side.

The spatial conformation of the inclusion complex can be fur-
ther confirmed by FTIR spectroscopy, which is a useful method
Table 1
The chemical shifts of 1H NMR from H-1 to H-6

Entry H-20 H-30 H-70 H-80

d (1)a 7.238 7.550 7.795 7.779
d (1/b-CD)b 7.201 7.525 7.798 7.781
Ddc 0.037 0.025 �0.003 �0.002

a All the samples were measured in a solution of D2O, T = 300 K.
b The complex of 1/b-CD was measured with a concenteation of 10�4 mol/L in

order to coincide with the concentration of vesicle-formation.
c Dd = d (1) � d (1/b-CD).
for studying supramolecular inclusion complexes.27,28 A compari-
son of the FTIR spectra of the solid inclusion of 1/b-CD and the
physical mixture of 1/b-CD was also undertaken (Fig. 7). In the
physical mixture, the stretching vibration of the hydroxyl group
appears in the region of 3391.6 cm�1, while in the solid inclusion
complex the peak shifts to 3406.6 cm�1 and becomes much wider,
which indicates formation of hydrogen bonds between 1 and b-CD.
The characteristic absorption band of C@O in the physical mixture,
which appeared in the region of 1635.3 cm�1, changed greatly both
in peak form and intensity. The differences between the physical
mixture and the inclusion complex indicate that the anthraqui-
none moiety of 1 was included into the cavity of added natural
b-CD to form the inclusion complex.27,28

A primary criterion for the inclusion of a guest molecule with-
in the host’s cavity is obviously its size, and then other factors,
such as a strict fit, Van der Waals’ interactions, hydrogen bonding,
and so on are also important. Anthraquinone has been reported to
bind in the b-CD cavity. One possible inclusion structure of the
anthraquinone moiety in the b-CD with a cavity opening size of
6.5 Å is an unsymmetrical conformation, due to the size of the



Figure 7. FTIR spectra of the 1/b-CD inclusion complex (orange line) and 1/b-CD physical mixture (red line). The peaks from CO2 (2336 cm�1 and 2362 cm�1) are indicated in
the figure as the interior label. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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guest molecules in this direction. However, the inclusion is sup-
posed to be only partial. In this case, the central ring bearing
two C@O groups, as well as the alkyl-substituted aminobenzene
ring, will be inside the cavity of the b-CD, participating in
H-bonding with the secondary hydroxyl groups of b-CD, while
the unsubstituted benzene ring will be outside the cavity of the
b-CD (Scheme 2).

Sole 1 exists in aqueous solution as nanorods (Fig. 8a). Upon the
addition of 0.2 M amount of b-CD, the surface and shape of the
nanorods begin to change, while some nanospheres with a diame-
ter about 50 nm begin to appear (Fig. 8b). When the molar ratio is
1:0.8, only tiny nanorods are left. Many nanospheres are present,
and vesicular structures ranging from 150 nm to 250 nm begin to
form. It is easy to observe that the vesicles are formed by the
assembly of the nanospheres (Fig. 8c). When the molar ratio is
1:1, typical vesicular structures with multi-layers are formed as re-
ferred to in our manuscript (Fig. 8d). If we continue to increase the
amount of b-CD to 1:1.2, no obvious changes are found except a
tiny decrease of the radius of the vesicles (Fig. 8e).

Upon the introduction of natural b-CD and prolonged ultrasonic
treatment, the dissociative 1 can bind with the added b-CD to form
a more stable non-covalent amphiphile, then self-assemble into
vesicular structures. As a shift occurs in the equilibrium, the nano-
rods gradually transform into vesicles (Eq. 1).

ð1Þ

It should be noted that no vesicles were detected by TEM in
aqueous solutions of 1 or b-CD alone. Thus, the combination of 1
and b-CD is crucial for the transformation from nanorods to vesi-
cles. To some extent, the mechanism of vesicle formation herein
is similar to the mechanism for the aggregation of non-covalent
bola-amphiphiles described in our previous work.29,30
2.4. The vesicles’ response to pH and Cu2+

TEM experiments showed that the vesicles would disappear
upon the addition of equimolar CuCl2 or acetic acid. The shift of
the UV peaks of 1 in the presence of Cu2+ indicates that 1 can com-
plex with this ion (Fig. 9). It is known that Cu2+ easily coordinates
with N atoms.31,32 The vesicles are also responsive to H+. The UV
spectrum, similar to the results after addition of CuCl2, also has a
significant variation upon the addition of acetic acid, perhaps be-
cause of the change form a secondary amine to a quaternary
ammonium species.

Both Cu2+ and H+ hinder the formation of self-assembly aggre-
gates. The reason may be the increase of the electrostatic repulsive
force between the ‘building blocks’, which makes the aggregates
difficult to form (Scheme 3). The results described may provide
new opportunities in mimicking some biological process. Since it
is known that the cancer cells can cause an acidic environ-
ment33–36, H+-responsive vesicles have potential for building new
pH-controlled cancer drug-release systems and pH-responsive
materials.
3. Conclusions

In summary, we constructed a supramolecular nanorod aggre-
gate in aqueous solution from the special amphiphile composed
of a conjunction of cyclodextrin and anthraquinone 1. The nano-
rods transform into vesicles upon the introduction of cyclodextrin,
which acts as a dissociation agent for the p–p stacking. The possi-
ble mechanisms of the formation of the nanorods and vesicles are
suggested based on the results of TEM, SEM, DLS, EFM, UV–vis, and
2D NMR ROESY. The vesicles are responsive to Cu2+/H+. Under-
standing the cyclodextrin-linked-anthraquinone system may
hopefully provide a sophisticated pathway for the design of intel-
ligent materials with high sensitivity and selectivity. We believe
the supramolecular system will also be useful in the fields of bio-
materials and cell mimicry.



Scheme 2. Illustration of the formation mechanism of the nanorods and vesicles.

Figure 8. TEM images of the nanostructure formed by 1/b-CD with different molar ratios, with phosphotungstic acid as the negative staining agent; (a) 1/b-CD = 1:0; (b) 1/b-
CD = 1:0.2; (c) 1/b-CD = 1:0.8; (d) 1/b-CD = 1:1; (e) 1/b-CD = 1:1.2; the concentration of 1 was all set as 10�4 mol/L.

T. Sun et al. / Carbohydrate Research 346 (2011) 285–293 291



Figure 9. (a) UV spectra of 1 (black line), 1/b-CD (blue line), the mixture of 1 and
acetic acid (green line), the mixture of 1/b-CD and acetic acid (red line). [1] = [1/b-
CD] = [acetic acid] = 10�4mol/L. T = 300 K. (b) UV spectra of 1 (blue line), 1/b-CD
(black line), the mixture of 1/b-CD and CuCl2 (red line, solution of
[CuCl2] = 10�4 mol/L was as the baseline), [1] = [1/b-CD] = [CuCl2] = 10�4 mol/L.
T = 300 K. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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4. Experimental

4.1. Materials

1-Nitroanthraquinone was a gift from Shandong Aokete Chem-
ical Reagent Co. Ltd, China. b-CD, recrystallized twice from distilled
water and dried in vacuum for 12 h, was purchased from Guang-
dong Yunan Chemical Reagent Co. Ltd, China. N,N-Dimethylform-
amide (DMF) was firstly dried over MgSO4 for one day and then
was distilled in vacuum. Other reagents were all commercially
available from Country Medicine Reagent Co. Ltd, Shanghai, China.
All other organic reagents were of analytical purity and used as re-
ceived without further purification. Thin-layer chromatography
(TLC) analysis was performed on glass plates precoated with Silica
Gel F254 obtained from Qingdao Haiyang Chem., China. The devel-
oper was a mixture of 2-propanol, water, and aqueous ammonia
(30%) (5:2:1, by volume).

4.2. Analytical measurements and methods

1H NMR and 13C NMR spectra were carried out on an API Bruker
Avance 400 M NMR at room temperature (rt) with D2O as the solu-
tion and TMS as the reference. 2D 1H–1H ROESY experiments were
recorded using an INOVA-600 (600 MHz) spectrometer at ambient
temperature. A mixing time of 0.200 s, a relaxation delay time of
1.000 s, and an acquisition time of 0.228 s were used. All pulse se-
quences were set according to the manufacturer’s standards. FTIR
spectra were obtained as solutions on an Avatar 370 FTIR spec-
trometer. All samples for TEM were prepared by the phosphotung-
stic acid staining technique. The JEM-100CX electron microscope
was employed. SEM images were obtained with a Hitachi S-4800
scanning electron microscope by coating the vesicular solution to
the base plate, drying, and then sputter-coating with gold. DLS
measurements were carried out with a Wyatt Qels Technology
Dawn Heleos instrument set at constant room temperature
(25 �C) by using a 12-angle replaced detector in a scintillation vial
and a 50 mW solid-state laser (k = 658.0 nm). All solutions for DLS
were filtered through a 0.45-lm filter before detection. UV–vis
spectra were recorded at room temperature with a TU-1800pc
UV–vis spectrophotometer. EFM imaging was performed with an
Olympus IX81 fluorescence microscope (Tokyo, Japan) equipped
with high-numerical-aperture 60 � (1.45 NA) and 100 � (1.40
NA) oil-immersion objective lens, a mercury lamp source, a mirror
unit consisting of a 330–385 nm excitation filter (BP330-385), a
455 nm dichromatic mirror (DM 455), emission filter (IF510-
550), and a 16-bit thermoelectrically cooled EMCCD (Cascade
512B, Tucson, AZ, USA). Imaging acquisition and data analysis were
performed using MetaMorph software (Universal Imaging, Down-
ingtown, PA, USA). The XRD experiments were performed on a Ger-
man Bruker/D8 ADVANCE diffractometer with Cu Ka radiation
(k = 0.15406 nm, 40 kV, 40 mA). The sonication was performed
with a KQ116 ultrasonic cleaner, Kunshan ultrasonic apparatus
Co. Ltd, China.

4.3. Synthetic route of the cyclodextrin–anthraquinone
coupling system 1

Mono[6-(2-aminohexylamino)-6-deoxy]-b-cyclodextrin (2) was
prepared according to the literature.11,12 To a solution of DMF
(10 mL) containing 2.72 g (2 mmol) of mono[6-(2-aminohexylami-
no)-6-deoxy]-b-cyclodextrin, 0.61 g (2.4 mmol) of 1-nitroanthra-
quinone was added. The reaction mixture was stirred for 5 h at
85 �C and monitored by TLC, then cooled and poured into 25 mL
of acetone. The mixture was filtered and the cake was washed with
acetone three times. The crude product was further purified by sil-
ica gel column chromatography with an mixed eluent of 10:2:1 2-
propanol–water–30% aq ammonia to give the product 1 (513 mg),
in a yield of 18%: rose red powder, Rf 0.6 (with a mixed developer
of 5:2:1 2-propanol–water–30% aq ammonia), 1H NMR (600 MHz,
D2O, 300 K, TMS): d 7.955 (s, 2H, H-60H-70), 7.743 (s, 2H, H-50H-
80), 7.759 (d, 1H, H-40), 7.745 (d, 2H, H-20H-30), 4.935 (d, 7.1H, H-
1), 3.845–3.504 (m, 43.5H, H-2 to H-6), 1.253–1.157 (m, 12.6H,
(CH2)6). FTIR (KBr plate, m cm�1): 3404.02 (vs, br, mOH), 2924.52 (s,
mCH2), 1662.91(m, dNH), 1031.58 (s, dCH). ESIMS: calcd for
C62H90N2O36H+ m/z 1439.54; found m/z 1440.20; calcd for
C62H90N2O36Na+ m/z 1461.52; found m/z 1461.97. Anal. Calcd for
C62H90N2O36: C, 51.74; H, 6.30; N, 1.95. Found: C, 51.81; H, 6.41;
N, 1.87.

4.4. Preparation of the nanorods and vesicles

Molar quantified mother solutions of 1, 1 � 10�3 mol/L, were
prepared by adding 0.146 g of 1 into 100 mL of triply distilled
water at 300 K. All sample solutions for the nanorod investigation
were freshly prepared by diluting the stock solution, followed by
sonication for 20 min at 300 K. The sample vesicular solutions were
prepared by mixing the same volume of 1 (2 � 10�4 mol/L) and of
b-CD (2 � 10�4 mol/L) solutions, with sonication for 20 min at
300 K before detection. The effect of an external stimulus was



Scheme 3. Illustration of the disappearance of the vesicles upon addition of Cu2+ ions and acetic acid.
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investigated by adding external substances (acetic acid and Cu2+)
to the sample solutions.

4.5. Preparation of the solid inclusion complex and physical
mixture of 1 and b-CD

b-CD (1 mmol) was dissolved in water of 60 �C (15 mL) and a
clear solution formed. Compound 1 (1 mmol, 0.5 mL) was added
slowly and stirred for half an hour then cooled down. The aqueous
solution of 1/b-CD was distilled under reduced pressure at room
temperature to remove the water and obtain the solid inclusion
complex. In order to make the FTIR comparison, a physical mixture
of 1 and b-CD was needed. To make the physical mixture, 1
(1 mmol) and b-CD (1 mmol) were ground with KBr separately,
well mixed, and then pelleted in order to avoid the inclusion of
guest and host molecule during the grinding procedure.9
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