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The intermolecular interaction of azobenzenesulfonate calix[4]arene with cationic surfactant CTAB was studied 
by a complex of physicochemical methods. The influence of calix[4]arene:CTAB ratio on the form of the aggregates 
in their mixed composition in the aqueous medium was determined. Single-layer vesicles are formed in the equimolar 
azobenzenesulfonate calix[4]arene-CTAB mixture. A threefold increase in the proportion of CTAB leads to the enlarge-
ment of vesicles, namely, an increase in numbers of bilayers. Spectrophotometry was used to select the conditions for 
binding of the hydrophobic spectral probe Sudan I by this mixed composition. The fluorescence spectroscopy estab-
lishes dependence between the amount of encapsulated Rhodamine B and the size of the vesicle. Thus, the azobenzene-
sulfonate calix[4]arene–CTAB system is capable for binding of both hydrophobic and hydrophilic substrates depending 
on the components ratio.
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Р. Р. Кашапов,a@ А. М. Бекмухаметова,a Л. Я. Захарова,a З. В. Ахметзянова,b  
Е. В. Попова,a С. Е. Соловьева,a,b И. С. Антипин,a,b А. И. Коноваловa

aИнститут органической и физической химии им. А.Е. Арбузова Казанского научного центра РАН, 420088 Казань, Россия
bКазанский федеральный университет, 420008 Казань, Россия
@E-mail: kashapov@iopc.ru

Комплексом физико-химических методов изучено межмолекулярное взаимодействие азобензосульфонатного 
каликс[4]арена с катионным ПАВ ЦТАБ. Установлено влияние соотношения каликс[4]арен:ПАВ на форму 
агрегатов смешанной композиции в водной среде. В эквимолярной смеси азобензосульфонатный каликс[4]арен-
ЦТАБ формируются однослойные везикулы. Увеличение доли ЦТАБ до трехкратного избытка приводит к укруп-
нению везикул, а именно к увеличению количества бислоев. Спектрофотометрическим методом осуществлен 
подбор условий для связывания гидрофобного спектрального зонда Судан I в данной смешанной композиции. 
Методом флуоресценции установлена зависимость между количеством закапсулированного Родамина В и раз-
мером везикулы. Таким образом, система азобензосульфонатный каликс[4]арен–ЦТАБ способна к связыванию 
как гидрофобных, так и гидрофильных субстратов в зависимости от соотношения компонентов.
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Introduction

Supramolecular systems based on amphiphilic 
compounds refer to the most effective drug delivery 
systems.[1] Their main advantages are associated with 
nanoscale dimensions, low aggregation threshold, simple 
synthesis and ability to control the process of self-
organization and the binding/release of guests. The literature 
describes an approach based on the combination of several 
components of a diverse structure due to various non-
covalent interactions, e.g. hydrogen bonds,[2] metal-ligand 
coordination,[3] electrostatic, [4-6] pi-stacking,[7] and “host-
guest” interactions[8] with the formation of superamphiphiles, 
which allowed creating a large number of systems possessing 
the properties of nanocontainers[9] and molecular devices.[10]

Due to the dynamic nature of the non-covalent 
interactions of the superamphiphiles, it becomes possible 
to easily control their self-assembly and the properties 
of the emerging structures under the influence of various 
external factors. A large number of examples of using 
the superamphiphiles has been demonstrated in the field 
of vesicles with controlled properties,[11] in particular, vesicles, 
the stability of which is controlled by the pH.[12] Moreover, 
the creation of superamphiphiles allows solving important 
practical problems related to a reduction of critical aggregation 
concentrations and toxicity, as well as an increase of affinity 
for guest molecules.

The use of calixarenes and surfactants[13,14,16-22] 
in the creation of superamphiphiles is of particular inter-
est. It is known that macrocycles, thanks to the presence 
of a molecular cavity and the preorganization of functional 
groups, are able to participate in guest-host interactions.[16,17] 
Surfactants, in turn, have ability to form micellar aggregates 
with a hydrocarbon core, which can solubilize different 
hydrophobic substrates. On the other hand, interest in mac-
rocycles is due to the specific geometry of their molecules, 
which is important in the design of drug delivery systems 
and the development of antiviral drugs.[18-20] In  the process 
of formation of mixed surfactant–calixarene compositions 
one can observe: (1) the increase in the solubility of macro-
cyclic compounds;[23] (2) the activation of binding processes 

of hydrophobic and hydrophilic substrates by monitoring 
the morphology of mixed aggregates;[13-15] (3) the decrease 
in the critical aggregation concentration.[13] The non-toxicity 
of calixarenes and surfactants makes them attractive for con-
structing receptors and carriers in solving biotechnological 
problems.

In the present paper superamphiphilic systems based 
on azobenzenesulfonate calix[4]arene (ABSC) and cationic 
surfactant CTAB were designed. This work will focus 
on the following aspects: (1) the study of the influence 
of surfactants on the form of supramolecular aggregates 
of ABSC-CTAB; (2) study of the properties of the mixed 
ABSC-CTAB system as a nanocontainer for hydrophobic 
(Sudan I) and hydrophilic (Rhodamine B) substrates 
(Scheme 1).

Experimental

Materials
Synthesis of para-(sulfophenylazo)calix[4]arene was carried 

out based by a published method[24] with modification of yielding. 
Briefly, the reaction mixture was evacuated, then 30 mL of water 
was added, and the mixture was dialyzed (1L×3). The dialyzed 
aqueous solution of the reaction product was treated with 50  % 
NaOH solution to pH 9-10 and stirred for an hour. The resulting 
reaction mixture was again dialyzed (1L×3) to pH 7. The residue 
was evaporated in vacuum. Yield: 1.52 g (92.7 %). MALDI-TOF 
m/z: 1183.2 [M–H++Na+]. 1H NMR (600 MHz, 298 K, CD3OD) δH 
ppm: 4.85 (s, 8H), 7.80 (s, 8H), 7.83 (d, 8H, J=8.7 Hz), 7.91 (d, 8H, 
J=8.7 Hz).

CTAB (Sigma-Aldrich, 98 %), rhodamine В (Acros Organics, 
≥98%), 1-phenylazo-2-naphthol (Sudan I, Acros Organics) were 
used as received. Purified water (18.2 MΩ∙cm resistivity) from 
Direct-Q 5 UV equipment was used for all solution preparations.

Methods
The absorption spectra were recorded on a Specord 250 Plus 

spectrophotometer (Analytic Jena, Germany) using 1 mm path-
length quartz cell. To investigate the solubilization of hydrophobic 
Sudan I, its solid sample was added into all solutions studied.

Scheme 1. Molecular structures of ABSC, Sudan I and Rhodamine B.
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NMR spectroscopy experiments were performed on 
an Avance-600 (Bruker, Germany) spectrometer equipped with 
a pulsed gradient unit capable of producing magnetic field pulse 
gradients in the z direction of about 56 G∙cm-1.

The diameters of the aggregates were determined by dynamic 
light scattering on a Zetasizer Nano instrument (Malvern 
Instruments, UK). The source of the laser radiation was a He-Ne 
gas laser with a power of 4 mW and a wavelength of 633 nm. For 
zeta potential measurement Zeta potential Nano-ZS (Malvern) 
with laser Doppler velocimetry and phase analysis light scattering 
was used. The temperature of the scattering cell was controlled 
at 25 °C. All light scattering data were processed using Malvern 
Zetasizer Software.

The fluorescence spectra were recorded on a Varian Cary 
Eclipse fluorescence spectrophotometer (USA) with the excited 
wavelength for Rhodamine B at 555  nm using 1 cm path length 
quartz cuvette. The emission spectra were recorded in the range 
of 560–750 nm. The Rhodamine B sample was added to ABSC-
CTAB solutions with different concentrations of CTAB, so 
the final concentration of Rhodamine B in the solution was 25 mM. 
To  separate the unloaded Rhodamine B from the one loaded 
in ABSC-CTAB vesicles Zeba Spin Desalting Column was used.

Results and Discussion

The effective design of superamphiphilic systems 
is impossible without a detailed study of their structure. 
Therefore, on the first stage the mixed system based on 
ABSC and CTAB and the influence of the system com-
ponents ratio on its morphology and properties were stud-
ied using spectrophotometry. The UV spectrum of ABSC 
in the aqueous medium is characterized by the pres-
ence of two absorption bands with maxima at 260  nm 
and 360  nm due to electronic transitions in the benzene 
and azobenzene rings, respectively (Figure 1). The addi-
tion of a threefold excess of CTAB relatively the macro-
cycle leads to a decrease in the intensity of the absorption 
band of ABSC at 360  nm and the appearance of a small 
arm at 460 nm, which is probably due to small conforma-
tional changes in the azobenzene ABSC groups in the pres-
ence of a surfactant molecule. A decrease in the intensity 
of ABSC absorption in the presence of CTAB can also be 
caused by formation of their mixed aggregates. It is inter-
esting that a further increase of the surfactant concentra-
tion in comparison with macrocycle concentration causes 
a reverse increase in the intensity of the absorption band 
at 360 nm and its bathochromic shift by 8 nm (Figure 2). 

This phenomenon is probably associated with morphologi-
cal rearrangement of mixed aggregates.

Figure 2. Absorption spectra of ABSC in aqueous solution at vary-
ing CTAB concentration from 0.75 to 10 mM (1 mm, 25 °С).

On the spectra shown in Figures 1 and 2, there is another 
trend of ABSC absorption intensity depending on the sur-
factant concentration. Regarding to that, the dependence 
of the peak intensity ratio at 360 and 480 nm for the ABSC-
CTAB system on the concentration of CTAB was constructed 
(Figure 3). The graph shows that in the range of CTAB con-
centrations up to 0.75 mM, the ratio of the ABSC absorption 
intensity decreases, and after this concentration the depend-
ence goes to the plateau. It follows that the addition of CTAB 
molecules to the aqueous solution of ABSC results in the for-
mation of mixed aggregates, the shape of which depends on 
the surfactant concentration. To verify this, at the next stage 
of the work the method of dynamic and electrophoretic light 
scattering was involved. 

Figure 3. Dependence of the ratio of absorbance intensities 
of the peaks at 360 and 480 nm in aqueous solutions of ABSC-
CTAB on the CTAB concentration.

Measuring the hydrodynamic diameters of joint 
aggregates in aqueous solutions of ABSC-CTAB, it was found 
that the initial increase in the proportion of surfactants 
leads to a significant increase in size of aggregates (Figure 
4). For an equimolar solution of ABSC and CTAB, 
the formation of spherical particles about 10  nm in size 
was observed. Taking into account the size of the structural 
fragments of ABSC and CTAB, it can be assumed that 

Figure 1. Absorption spectra of ABSC in aqueous solution at 
varying CTAB concentration from 0 to 0.75 mM (1 mm, 25 °С).
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in the equimolar mixture these two components interact 
with each other to form single-layer vesicles. A threefold 
increase in the concentration of CTAB induces an increase 
in the hydrodynamic diameter to 56 nm, which also probably 
corresponds to aggregates of the vesicular structure, but with 
a large number of bilayers. When one molecule of ABSC 
interacts with three molecules of CTAB, a superamphiphilic 
complex with a large hydrophobic part is formed, which 
initiates the formation of aggregates with less surface 
curvature. A further increase of the surfactant concentration 
is accompanied by a decrease in the size of the vesicles, 
and at the CTAB concentration of 7.5 mM the diameter 
of the aggregates is 3.5 nm, which is characteristic of micelle-
like structures. It is interesting to note that for the solution 
with a threefold excess of CTAB a negative value of the zeta 
potential (-49.0 mV) is observed, and the presence of 2 mM 
CTAB results in the recharging of the mixed ABSC-CTAB 
aggregates: the zeta potential of the aqueous solution of 0.25 
mM ABSC-2 mM CTAB system equals to +53.2 mV. Thus, 
generalizing the results obtained by spectrophotometry, 
dynamic and electrophoretic light spectroscopy, it can 
be concluded that in the aqueous medium the molecules 
of ABSC and CTAB form spherical aggregates whose 
morphology depends on the surfactant concentration. The 
addition of threefold excess of CTAB causes the formation 
of vesicular-type aggregates, and the further addition 
of surfactant initiates the formation of micelle-like 
structures.

Figure 4. Dependence of the hydrodynamic diameter 
of ABSC-CTAB aggregates in aqueous solutions on the CTAB 
concentration, 25 °C.

Since ABSC and CTAB form supramolecular aggre-
gates, it became important to know the nature of the interac-
tion between these compounds by means of 1H NMR spec-
troscopy. Figure 5 shows 1H NMR spectra of ABSC alone 
and mixed with 10 and 30 mM CTAB, respectively. We 
see that the interaction of CTAB with a macrocycle results 
in a significant downfield shift of the ABSC aromatic proton 
signals, indicating the inclusion of surfactant in the aro-
matic cavity of the macrocycle. The formation of such kind 
of inclusion complexes is usually associated with the inter-
action of the calix[4]arene aromatic cavity and the charged 
head group of the surfactant cation. The increase of CTAB 
amount in comparison with the macrocycle is accompanied 
by a further descreening of the ABSC aromatic protons (by 

0.01 ppm), indicating that three CTAB ions can bind with 
the ABSC cavity.

At the next stage, the ABSC-CTAB system was tested 
as a nanocontainer for the model hydrophobic substrate 
Sudan I. This dye has a characteristic absorption band at 
495 nm. The dependence shown in Figure 6 demonstrates that 
with increasing concentration of CTAB a gradual increase 
in the absorption intensity occurs, indicating the formation 
of aggregates with a hydrophobic core, which is capable 
of dissolving the hydrophobic probe. For the mixed ABSC-
CTAB system, the absorption intensity of Sudan I also 
increases with the increase of surfactant concentration, 
but the solubilization capacity of the mixed ABSC-CTAB 
aggregates is lower than of the individual surfactant micelles. 

Figure 6. Intensity dependence of absorbance of Sudan I dye at 486 
nm in aqueous solutions of CTAB in the absence and presence of 0.25 
mM ABSC on the CTAB concentration (optical path 1 cm, 25 °C).

Figure 5. 1H NMR spectra of individual ABSC (a) and mixed 
ABSC-CTAB (b,c) solutions.
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ABSC can act as a head group and promotes the formation 
of mixed micelles with a smaller hydrophobic core.

By a wide range of physicochemical methods we have 
demonstrated that the interaction of an equimolar amount 
of ABSC and CTAB results in the formation of single-bilayer 
vesicles. In addition, a threefold excess of CTAB towards 
ABSC leads to the formation of larger multilayer vesicles. It 
is known that vesicles serve as nanocapsules for the transport 
of hydrophilic drugs, therefore, at the next stage of the work, 
an evaluation of the loading of a hydrophilic component into 
the ABSC-CTAB vesicles became an interesting task. As 
a model hydrophilic substrate Rhodamine B, a fluorescent 
dye with a maximum absorption wave at 555 nm, was chosen. 
The evaluation of the Rhodamine B loaded into the vesicles 
core was carried out by fluorescence spectroscopy. From 
the fluorescence spectra, one can qualitatively judge about 
the amount of Rhodamine B, which is capable of penetrating 
through single-layer vesicles and through vesicles with a few 
numbers of layers (Figure 7). A decrease in the fluorescence 
intensity of Rhodamine B in the ABSC-CTAB system with 
increasing concentration of CTAB indicates that the amount 
of the fluorescent dye loaded into single-layer vesicles (0.25 
mM ABSC: 0.25 mM CTAB) (Figure 8a) is greater than 
into multilayer vesicles (0.25 mM ABSC: 0.75 mM CTAB), 
which is due to the difficulty of Rhodamine B penetration 
through the several layers of vesicles (Figure 8b). Therefore, 
the composition of ABSC with CTAB could be used not 
only as the nanocontainer for hydrophobic drugs, but also 
as supramolecular nanocapsule for different hydrophilic 
therapeutic agents.

Conclusions

By using a complex of physicochemical methods 
the intermolecular interaction of azobenzenesulfonate 
calix[4]arene with cationic surfactant CTAB was studied. 
The addition of CTAB molecules to the aqueous solution with 
ABSC molecules results in the formation of mixed aggregates, 
the shape of which depends on the surfactant concentration. 
With a ratio of ABSC:CTAB of 1:1, single-layer vesicles are 
formed, while a threefold increase in the proportion of CTAB 
towards ABSC causes the enlargement of the vesicles, 
namely, an increase in the number of bilayers. A further 

increase in the CTAB concentration initiates the formation 
of mixed micelles, where ABSC acts as a head group. The 
ABSC-CTAB system was tested as a nanocontainer for 
the model hydrophobic substrate Sudan I. It was shown 
that the presence of ABSC in an aqueous solution of CTAB 
can promote the formation of mixed micelles with smaller 
hydrophobic core than that of individual CTAB micelles. 
In addition, the ABSC-CTAB system was studied as 
a nanocontainer for the model hydrophilic substrate 
Rhodamine B. The fluorescence method demonstrated 
the dependence between the amount of Rhodamine B loaded 
in the ABSC-CTAB vesicle and the size of this vesicle. 
Thus, the more layers in the vesicle, the lower the loading 
of the hydrophilic fluorescent dye. These experiments 
confirmed that the ABSC-CTAB system is capable 
of binding hydrophobic and hydrophilic substrates; this 
opens the perspective for the use of such superamphiphilic 
compositions as a nanocontainer for drug delivery.
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