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The self-organization and physicochemical properties of aqueous solutions of the sodium salt of azosulfonate calix[4]
arene (1) were studied in a wide range of concentrations 1·10–10–1·10–1 M using a complex of methods. It has been found 
that the solutions of macrocycle 1 are in fact complex disperse systems, the nature of disperse phase in which changes 
with dilutions – from micelles (CMC = 2.5·10–2 М) and premicellar aggregates (1·10–2–1·10–3 М) of the size of 1 nm 
to supramolecular domains (1·10–3–1·10–6 М) with sizes of tens and hundreds of nm. Jointly using the methods of dynamic 
light scattering and UV spectroscopy it was shown for the first time that the nonlinear character of the concentration 
dependence of the optical absorbance (A360) in the concentration range 1·10–6–1.5∙10–5 М is a result of the rearrangements 
of supramolecular domains of 1, accompanied by the transition from bi- to monomodal pattern of particles’ size 
distribution, as well as by non-monotonic change in their size and ζ-potential. It was established that molecules of 1 
are not capable of photoisomerization of the azobenzene group, which may be due to steric hindrances to the process 
of isomerization of closely located azoarylsulfonate groups located on one side of the plane of macrocycle 1.
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Комплексом методов в широком интервале концентраций 1·10–10–1·10–1 М изучена самоорганизация, физико-
химические свойства водных растворов натриевой соли азосульфонатного каликс[4]арена (1). Найдено, 
что растворы макроцикла 1 представляют собой сложные дисперсные системы, дисперсной фазой в которых 
по мере разбавления являются супрамолекулярные структуры различной природы – мицеллы (ККМ = 2.5·10–2 М), 
предмицеллярные агрегаты (1·10–2–1·10–3 М) размером около 1 нм, а также супрамолекулярные домены (1·10–3–
1·10–6 М) размером в десятки и сотни нм. Совместно методами динамического светорассеяния и УФ-
спектроскопии впервые показано, что нелинейный вид концентрационной зависимости оптической плотности 
(А360) в области концентраций 1·10–6–1.5∙10–5 М является следствием перестроек супрамолекулярных доменов 
1, сопровождающихся переходом от би- к мономодальному размерному распределению частиц, немонотонному 
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изменению их размера и ζ-потенциала. Установлено, что молекулы 1 не способны к фотоизомеризации 
азобензольной группы, что может быть связано со стерическими препятствиями процессу изомеризации 
близко расположенных азоарилсульфонатных групп, находящихся по одну сторону от плоскости макроцикла 1.

Ключевые слова: Натриевая соль азосульфонатного каликс[4]арена, водные дисперсные системы, физико-
химические свойства.

Agilent, USA) using QS-SUPRASIL quartz cells 1 cm in length, 
conductometry (inoLab Cond Level 1 conductometer, WTW), 
tensiometry (high-precision Sigma 702 ET tensiometer (KSV 
Instruments)). All studies were carried out at 25 ± 0.1 ℃.

The preparation and study of systems based on 1 was carried 
out using a fresh bidistilled water, specific conductivity of which 
was no more than 1.5 μSm/cm. The systems based on 1 were pre-
pared by the method of successive decimal dilutions from an initial 
substrate’s solution of concentration of 1·10–1 M.[10] The samples 
for the determination of the size (D), viz., average hydrodynamic 
diameter at the maximum of the distribution curve, and ζ-potential 
were prepared from “dust-free” solutions (Iso-Disc N-25-4 Nylon 
disposable filters (Supelco, USA) were used). The solutions were 
stirred with an IKA lab dancer minishaker for 10 s. 

The molar absorption coefficient (ε) in absorption band max-
ima was calculated by the equation A = εCl, where A is the absor-
bance at the band maximum. The statistically estimated relative 
error of measurement of ε was 2 %.

Experimental data were processed using the standard 
programs of Excel software package, particle size measurement 
errors – ≤15 %, errors in the measurement of physicochemical 
properties – ≤3 %.

Results and Discussion 

The presence of pre-organized hydrophobic aromatic 
fragments and hydrophilic SO3

– groups in molecules of 1 
makes them potential analogues of anionic surfactant that 
can reduce surface tension at the “water-air” interface. 
The study of surface tension in the concentration range 
of 1·10–10–1·10–1 М confirmed this assumption (Figure 1). 
In the range of 1·10–10–1·10–3 М, the values of surface ten-
sion (σ) do not change, amounting to 70.5±1 mN/m. The 
increase in concentration is accompanied by a decrease 
in the surface tension, reaching 57.0 mN/m at 1·10–1 М. 
The critical micelle concentration (CMC) of macrocycle 1, 
which corresponds to the inflection point in the σ = f(lgC) 
dependence, is 2.5∙10–2 М (σ = 59.0 mN/m), which is compa-
rable to the CMC of sodium dodecyl sulfate (SDS), a typi-
cal anionic surfactant, which is equal to 8.3∙10–3 М.[11] For 
comparison, the CMC of alkylated p-sulfonatocalix[4]
arenes,[12] the molecules of which also contain pre-organized 
hydrophilic and hydrophobic fragments, are in the range 
of (6–9)∙10–4 М with close σ values equal to 53.0–57.0 mN/m 
at the CMC point. Consequently, the CMC of macrocycle 1 
is approximately 30–40 times higher than that of the alkyl 
p-sulfonatocalix[4]arenes, which may be due to the lack 
of a hydrophobic region formed by O-alkyl substituents. 
Thus, macrocycle 1 is an anionic surfactant with less 
pronounced surface-active properties than the alkylated 
p-sulfonatocalix[4]arenes and SDS. 

The study of the electrical conductivity (χ) of aque-
ous solutions of macrocycle 1 showed that upon dilution 
of the solution from 1∙10–1 to 1∙10–10, the specific conductivity  

Introduction 

Calixarenes are synthetically accessible macrocyclic 
phenols that model receptor, transport, and catalytic func-
tions of a number of complex biomolecules.[1,2] Calixarenes, 
even without distinct hydrophilic and hydrophobic regions, 
are capable of self-organization and the formation of supra-
molecular assemblies of various types.[1–5] In the last decade, 
much attention has been paid to the study of the synthesis 
methods, properties and applications of azosulfonate calix[4]
arenes (ASC) and their derivatives.[6,7] Water-soluble ASC 
are promising compounds that may have photo-switching 
properties,[8,9] which allows managing the self-organization 
and physicochemical properties of the substance in solution. 
However, the processes of self-organization and physico-
chemical properties of ASC solutions have not been system-
atically studied in a wide range of concentrations.

The aim of this work is to study self-organization 
and physicochemical properties of aqueous solutions 
of the sodium salt of azosulfonate calix[4]arene (1) 
in the concentration range 1·10–10–1·10–1 M using a complex 
of physicochemical methods (dynamic (DLS) and electro-
phoretic light scattering (ELS), tensiometry, conductometry, 
UV spectroscopy).

Experimental 

Synthesis of sodium salt of para-(sulfophenylazo)calix[4]
arene (1) was carried out based on published method[7] with 
modification of yielding. The data of IR and 1H NMR spectra of 1 
corresponded to the previously published ones.[7]

The self-organization and physicochemical properties 
of solutions of 1 in the range of dilutions corresponding to the cal-
culated concentrations ranging from 1·10–10 to 1·10–1 M were stud-
ied by dynamic (DLS) and electrophoretic (ELS) light scattering 
on a Zetasizer Nano ZSP analyzer (Malvern Instruments, Great 
Britain), UV spectroscopy (UV/Vis Cary 100 spectrophotometer, 
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varies non-monotonously from 6585 to 5.0 µS/cm. Three 
inflection points are observed on the nonmonotonic concen-
tration dependence plot of χ for aqueous solutions of 1: at 
2.5∙10–2 М (Figure 2, inset), which coincides with the system’s 
CMC found by tensiometry, at 1·10–3 М and 1·10–5 M (Fig-
ure 2). Starting from a concentration of 1∙10–7 М and below, 
the values of conductivity practically do not change, 
amounting to χ = 5.0±0.5 µS/cm, which is close to the χ value 
for distilled water. 

As shown in,[12–17] in addition to micelles, aqueous 
dispersed systems of amphiphilic calixarenes can form 
a dispersed phase of a different nature – molecular-water 
domains of hundreds of nanometers in size, consisting 
of molecules or ions of a solute and water structures, which 
usually form at concentrations of 1∙10–7–1∙10–4 M. Domain 
restructuring is accompanied by non-monotonic changes 
in the physicochemical properties of the systems. In this 
case, the non-monotonic pattern of χ = f(lgC) dependence 
suggests the formation of domains in solutions of macro-
cycle 1 at concentrations below CMC. 

In order to study self-organization and establish 
the size and ζ-potential of micelles and domains, solutions 
of macrocycle 1 were studied using the DLS and ELS meth-

ods in the concentration range 1∙10–10–1∙10–1 M. It was found 
that in the micellar concentration range 2.5∙10–2–1∙10–1  М, 
i.e. at the CMC point and above, it is not possible to analyze 
solutions of 1 by the DLS and ELS methods due to the high 
polydispersity of the system.

In the premicellar region of 1∙10–3–1∙10–2 М, a bimodal 
size distribution of scattering particles by intensity 
is observed[18,19] (Figure 3a) with the particles of a size (d, 
nm) of about 1 nm and hundreds of nm forming in the sys-
tem. In contrast to the scattering distribution by intensity, 
the distribution by volume indicates the formation of only 
particles of about 1 nm in size in the system (Figure 3b). 
The obtained result indicates that small scattering particles 
significantly dominate in this concentration range.[20] In 
the range of 1∙10–5–1∙10–4 M, a bimodal size distribution 
is shown (Figure 3c,d). Particles of tens and hundreds of nm 
in size are formed in the system. Upon dilution of macrocycle 
1 solutions in the range from 7∙10–6 M to 1∙10–6 M, the mono-
modal size distribution of particles with a size of hundreds 
of nanometers is established (Figure 3e,f). Starting from 
a concentration of 1∙10–7 M and below, scattering particles 
cannot be correctly determined by the DLS method.[20]

The ELS data suggests that as the concentration of mac-
rocycle 1 decreases in the series 5∙10–3, 1∙10–3, 1∙10–4, 1∙10–5 M, 
the negative ζ-potential of the particles non-linearly decreases 
accordingly, –75 ± 3, –62 ± 2, –31 ± 2, –13 ± 1 mV. At lower 
concentrations, the ζ-potential cannot be reliably determined. 
The small size and high negative ζ-potential of the particles 
in the premicellar region 5∙10–3, 1∙10–3 M (see Figure 1) suggests 
that they are premicellar aggregates, formed by the anions 
of the macrocycle 1. Much smaller values of the ζ-potential 
of particles of tens and hundreds of nanometers in the range 
of 1∙10–4–1∙10–5 М indicate that they are formed by the anions 
of macrocycle 1 and water structures, i.e. are molecular-water 
domains. With a decrease in concentration of 1 in the range 
of 1∙10–5–1∙10–6 M, domains of only hundreds of nanometers 
in size are formed, containing, probably, mainly structured 
water, for which the ζ-potential is not determined. Consid-
ering the data on the size and ζ-potential of particles, as 
well as the concentration dependences of surface tension 
and conductivity, it can be considered that aqueous solutions 
of macrocycle 1 in the concentration range 1∙10–6–1∙10–1 M are 
complex disperse systems in which a disperse phase of dif-
ferent nature – anion micelles, small premicellar aggregates 
of about 1 nm in size, as well as supramolecular domains 
of tens and hundreds of nanometers in size, consisting 
of anions of macrocycle 1 and water structure – is formed 
under dilution. 

Previously, when studying self-organization and UV 
spectra of aqueous systems of melaphen in the concentra-
tion range 1∙10–6–1∙10–4 M, a nonlinear change in the molar 
absorption coefficient (ε) with a decrease in substance con-
centration due to the formation of molecular-water domains 
of hundreds of nm in size was shown for the first time.
[21] In order to further study this interesting phenomenon, 
and to establish the relationship between the rearrangement 
of molecular-water domains and changes in the spectral 
properties of the dispersed system, solutions of 1 were 
jointly studied by the methods of DLS and UV spectroscopy 
in the range of 1∙10–6–1.5∙10–5 M, which is characterized 
by the transition from bi- to monomodal size distribution 
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Figure 1. The surface tension isotherm of aqueous solutions 
of the macrocycle 1, 25 °C.
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Figure 2. Electrical conductivity of aqueous solutions 
of the macrocycle 1 as a function of concentration, 25 °C.
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of domains, nonmonotonic change in their size (Figure 4, 
curve 1) and the absence of the ζ-potential. 

In the UV spectrum of an aqueous solution of 1, there 
are two most intense absorption bands with maxima at 265 
and 360 nm, which correspond to the electronic transitions 
of the aromatic and azobenzene groups (Figure 5). An analy-
sis of the UV absorption spectra of solutions 1 in the concen-
tration range under study revealed the presence of a nonlinear 
dependence A = f(C) at the maxima of these bands (Figure 5, 
inset) and, as a consequence, a change in the molar absorption 
coefficient (ε). On the A = f(C) dependences, two inflection 
points were found at 2∙10–6, 1∙10–5 M, in the vicinity of which 
ε changes dramatically (Figure 4, curve 2). 

A comparison of the nonmonotonic concentration 
dependences of d and ε at the maximum of the absorption 
band at 360 nm indicates their interconnection (Figure 4). 
In  the range of 1.5∙10–5–1∙10–5 M and below, the transition 
from the bimodal size distribution of particles to monomodal 
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Figure 3. The size distribution of scattering particles in the scale of intensity (a, c, e) and volume (b, d, f) in the system based on 
the macrocycle 1 at concentrations of 1∙10–2 (а, b), 1∙10–4 (c, d), 1∙10–6 (e, f) M at 25 °C, obtained by the DLS method. 
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one occurs with the formation of domains, consisting mainly 
of water structures, which in the range of 3∙10–6–1∙10–6 M 
undergo restructuring, leading to their consolidation. It 
is in these concentration intervals that ε first increases from 
27900 to 48700 (1.5∙10–5 and 1∙10–5 M, respectively), main-
taining constancy to 5∙10–6 M, and then non-monotonously 
falling to 39230 at 1∙10–6 M. Thus, the nonlinear change 
in optical absorbance in the dispersed system of macro-
cycle 1 in the region of 1∙10–6–1.5∙10–5 M is a consequence 
of the process of rearrangement of the dispersed phase  – 
molecular-water domains. 
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Figure 5. Absorption spectra of aqueous systems based on 
macrocycle 1 (1) 1∙10–6, (2) 2∙10–6, (3) 3∙10–6, (4) 5∙10–6, (5) 7∙10–6, 
(6) 1∙10–5 М. Insert: Absorbance at 360 nm (A360) of aqueous 
systems based on 1 as a function of concentration, 25 °C.

It was previously shown[6] that under UV irradiation 
with a wavelength of 254 nm (8 mV) of solutions of thia-
calix[4]arenes in the stereoisomeric form of 1,3-alternate, 
containing an azoaryl group, photoisomerization around 
N=N bond occurs in a 30 minutes period. To study the pho-
toisomerization of the azo-group in macrocycle 1, which 
is in the cone conformation, the solutions of this compound 
were irradiated under similar conditions[5] in the concentra-
tion range 1∙10–3–1∙10–5 M. Comparison of the UV spectra 
of the solutions and the size distributions by intensity 
before and after irradiation throughout the studied range 
of concentrations and irradiation time did not reveal 
significant differences. Thus, macrocycle 1 is not capable 
of photoisomerization of the azo-group, which may be 
due to steric hindrances to the isomerization process due 
to the azoarylsulfonate groups closely spaced on one side 
of the macrocycle plane.

Сonclusions 

Self-organization and physicochemical properties 
of aqueous solutions of the sodium salt of azosulfonate 
calix[4]arene (1) were studied by a complex of methods 
in a wide range of concentrations 1∙10–10–1·10–1 M. It 
was found that solutions of macrocycle 1 are complex 

dispersed systems, the dispersed phase in which are 
supramolecular structures of various nature, changing 
with dilution – micelles (CMC  = 2.5·10–2 М), premicellar 
aggregates (1∙10–2–1∙10–3 М) about 1 nm in size, and supra-
molecular domains (1∙10–3–1∙10–6 М) of tens and hundreds 
of nm in size. It was shown for the first time by the jointly 
using methods of dynamic light scattering and UV spec-
troscopy that the nonlinear form of the concentration 
dependence of the optical absorbance (A360) in the region 
of 1∙10–6–1.5∙10–5 M is a consequence of rearrangements 
of supramolecular domains of 1, accompanied by a transi-
tion from bi- to monomodal size particle distribution, 
non-monotonic change in their size and ζ-potential. It has 
been established that molecules of 1 are not capable of pho-
toisomerization of the azobenzene group, which may be due 
to steric hindrances to the isomerization process caused 
by closely located azoarylsulfonate groups located on one 
side of the plane of macrocycle 1.
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