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Using a complex of physicochemical methods it has been shown for the first time that the diluted solutions
(10107 M) of dodecyl derivative of p-sulfonatocalix[6]arene are disperse systems, where the role of a disperse phase
is played by the supramolecular structures of different nature — micelles (above 6-10 M), domains (1-10"—1-107 M)
and nanoassociates (1-10°—1-10° M). The disperse phase’s parameters change nonmonotonically as systems dilution,
what results in the decrease of surface tension at concentrations lower than the critical micelle concentration and
determines the differences in systems’behaviour at various temperatures (15—60 °C) and hold up times (after 8 months).
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Bnepevie komniexcom GuuUKo-XuMUYeckux memooos Nokazamo, umo paszbasienuvie pacmeopwl (107-107° M)
000€eyUIbHO20  NPOU3BOOH020  N-CYIb@OHamoKkaiuxc/6japena npedcmasnsaiom cobol  OUCHEPCHble — CUCTEMbI,
oucnepcHoll hazoll 6 KOMOPwIX AGAIOMCSA CYRPAMONEKVIAPHbIE CMPYKIMYPbL PATUYHOU NPUPOObl — MUYELTbL
(eviue 6-10* M), oomener (1-107—1-107 M) u nanoaccoyuamer (1-10°—1-10° M). Iapamempol ducnepcroti ghazol
HEMOHOMOHHO USMEHSIIOMCSL NO Mepe pa30asiienusi CUCIeM, YMOo GbI3blAen CHUIICEHUE NOBEPXHOCIMHO20 HAMAICEHUS
npU KOHYEHMPAYUsX, HUICe KPUMUYECKOU KOHYEHMPAYUL MUYeLI000pasoeanius, d makice 00ycioeiusaen Omaudus
6 nogedenuu cucmem npu paznuunvix memnepamypax (15—60 °C) u espemenu svioepoicusanus (no ucmeuenuu 8 meciyes).

KiaioueBbie ciioBa: Cyﬂb(l)OHaTOKaIII/IKC[6]apeH, JA0ACTUJIIBHOEC MPOU3BOAHOC, BOJHBIC JUCIICPCHBIC CUCTCMBEI,
caMoopranusanus, (bHSI/IKO-XI/IMI/I'-IeCKI/Ie CBOMCTBA.
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Introduction

A new recently developed experimental approach to
studying highly diluted aqueous solutions (102°—10° M)
has allowed to explain for the first time the reasons that
account for the emergence of nonmonotonic changes of their
physicochemical and some of the biological properties.!'!
As a result of a comparative study of self-organization and
properties of a diverse series of biologically active sub-
stances’ solutions, prepared using the method of successive
decimal dilution and exposed both to natural conditions
(being kept on the laboratory bench) and to the full absence
of external low-frequency electromagnetic fields (EMF)
(being kept in a permalloy container), it has been shown that
the diluted solutions of many biologically active substances
(BAS) are in fact the disperse systems, where the role of
the disperse phase is played by supramolecular ensembles
of different nature — at first these are the small substance
aggregates and supramolecular domains, while with dilu-
tion below the threshold concentration (C,) they reorganize
into nanoassociates of hundreds of nm in size. It is shown
that it is this kind of reorganization that is responsible for the
nonmonotonic concentration dependencies of the systems’
physicochemical properties, and not the decrease in the ini-
tial substance’s concentration. In case of the systems with
the low initial substance’s concentration, the term “concen-
tration” involves that it is a calculated value, used to char-
acterize systems prepared as a result of dilution of an initial
system of a known molar concentration.

The supramolecular domains and nanoassociates are
formed with the participation of water molecules, but they
consist of them in a different ratio, e.g. the nanoassociates
they are clearly dominant, being a sensor for the low-
frequency EMFs.™ The size of hundreds of nanometers in the
case of the nanoassociates points out that millions of water
molecules take part in their formation. A specified structure
of the BAS is also required for their formation, apart from
the presence of external EMFs and the special preparation
procedure.

Utilizing the above-described original approach for
studying the disperse systems allowed for an experimentally
proved differentiation of the disperse phase’s nature, which
often has a similar size of hundreds of nanometers, and it
also can be useful for studying the supramolecular systems
containing BAS of complex structure, e.g. the systems based
on an intensively studied in the last decades calixarenes,7
for which a complicated nonmonotonic change of the physi-
cochemical properties is often observed with the decrease
in concentration. Studies®™ 'Y managed to explain the causes
of nonmonotonic changes in the concentration dependencies
of the specific electrical conductivity, surface tension, and
bioeffects in water-organic systems based on amphiphilic
calix[4]resorcinols (10“—107 M) and amphiphilic acetylhy-
drazide derivative of 4-tert-butyltetrathiacalix[4]arene in the
cone and 1,3-alternate conformations (10~10-* M) from the
perspective of formation and rearrangement of supramolecu-
lar domains and nanoassociates.

Calixarenes are synthetically available complexly
organized tridimensional macrocyclic phenols that model
the receptor, transport and catalytic functions of complex
biomolecules.['"1? Calixarenes containing hydrophilic and
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hydrophobic groups are the amphiphilic molecules, capable
of self-organizing and forming supramolecular ensembles
of different kinds.>!"!? In the last decades much attention
is given to exploring synthesis methods, the properties
and possible use cases of p-sulfonatocalix[n]arenes (SCA)
and their derivatives.>!"311 One of the most promising
usage scenarios lies in the biomedical sphere.?*?! This is
aided by the SCA’s high solubility in water, low toxicity”
and availability for functionalization, which allows for
controlling the physicochemical properties by changing the
nature of the substituting groups and the number of aromatic
rings. For example, appending the alkyl radicals to the SCA
molecule results in the change of its hydrophilic-lipophilic
balance and the emergence of the surfactant properties.['*!5]
The increased number of aromatic rings translates into the
conformational flexibility of the macrocycle,”>!"! leading to
the emergence of an adaptive capability of substrate fixation
(flexible “adjustment”). However, despite the large number
of publications dedicated to p-sulfonatocalix[n]arenes, the
processes of self-organization and the physicochemical
properties of the alkylated SCA’s solutions in a wide range
of concentrations (including the low ones), have not been yet
systematically studied.

The aim of this work was to study the self-organization
and properties of a water-soluble dodecyl derivative of
the p-sulfonatocalix[6]arene (1) that has a vast scope
of applications®” using a complex of physicochemical
methods (dynamic light scattering — DLS, nanoparticle
tracking analysis — NTA, tensiometry, differential scanning
calorimetry — DSC), which can help to find the concentration
ranges of different disperse phases’ formation, define their
behavior patterns and explain the properties of 1 solutions
in a wide range of concentrations (1-101-1-10° M),
temperatures (10-90 °C) and storage times.

Experimental

The synthesis of the calixarene 1 was carried out following
a known procedure.) The data of IR and '"H NMR spectra of 1
corresponded to the previously published ones./! 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 uSm/cm. The systems based on 1 were prepared by the method
of successive decimal dilutions from an initial substrate’s solution
of concentration of 1-102M analogous to.l"! The particles’ size (the
effective hydrodynamic diameter of kinetically labile particles
at the maximum of the distribution curve, D) was determined
by the method of dynamic light scattering (DLS) on a high-
sensitive analyzer Zetasizer Nano ZS (“Malvern Instruments”,
Great Britain). With the purpose of particles’ visualization
as well as determining their size and quantity in 1 mL of the
solution, the systems based on 1 have been elucidated using the
nanoparticles tracking analysis method (NTA) on the NanoSight
LM 10 analyzer (“NanoSight Instruments”, Great Britain) in the
HS-BF configuration analogous to.”?! The surface tension (o)
in the water-air system was studied using the Du Nouy anchor-
ring method. The measurement of ¢ by the Du Nouy method
was carried out on a high-precision Sigma 702 ET tensiometer
(KSV Instruments), equipped with a thermostatically-controlled
jacket, whose resolving power corresponds to 0.001 mN/m, using
a platinum-iridium ring with a radius of 9.545 mm and a wire
radius of 0.185 mm.
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1: n=6, R=Dod

OR

The study of the EMF influence on the self-organization and
properties of aqueous solutions was carried out in the following
way — the 1-based system of each examined concentration in the
course of 24 hours was simultaneously exposed to: 1) natural
conditions on the laboratory bench, 2) screening conditions of
a three-layer permalloy container which protects its contents against
the influence of external EMFs.

The heat capacities of the diluted aqueous systems based on 1
with concentrations of 1-103, 1-10%, 1-10, 1-10°, 1-107, 1-10®
and 1-10° M were elucidated on an adiabatic differential scanning
microcalorimeter Skall in the temperature range of 10-90 °C,
the scanning speed being equal to 1 K/min and the step of 0.5 °C
in three repeated measurements. Additionally, after eight months
from the preparation of 1 solutions the measurements of their heat
capacities were repeated under the same conditions. 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 study of the systems based on 1 using the DLS
method has shown that at the concentration of 1-10° M
the particle size distribution is bimodal, the sizes being
approximately 35 and 270 nm. As stated before,’® the
former are micelles, and the critical micelle concentration
(CMC) is 6:10* M. In the concentration range from 1-107°
to 1-10* M the distribution has a monomodal character,
there are particles of a nonmonotonically changing size from
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Figure 1. Dependence of the size of particles (D) (1) formed

in aqueous solutions of 1, and the surface tension (o) (2)

of systems exposed to natural conditions, on the concentration,

25 °C. The inset shows the dependence of the particle size (1)

and the surface tension (2) of systems held in hypoelectromagnetic
conditions on the concentration of 1, 25 °C. C, is the threshold
concentration.
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140 to 380 nm forming in the system (Figure 1, curve 1).
The limit of particle detection in the 1-based systems by the
DLS method is reached at 1-10° M. The maximum particle
size value is at concentrations of 1-10* and 1-10® M, the
minimum — at 1-10¢ M.

The studies of systems based on 1, exposed both to
natural and hypoelectromagnetic conditions, have shown
that the threshold concentration is 1-107 M (Figure 1, inset,
curve 1). This means that particles of a size of hundreds of
nm, formed in the interval 1-107—1-10- M, are domains, and
in the interval 1-10°-1-10®* M — nanoassociates. Thus, the 1
solutions are disperse systems, the role of the disperse phase
in which is played by supramolecular structures of different
nature — micelles (above CMC 6-10* M), domains (above
1-107 M), and nanoassociates (1-10°—1-10% M).

The formation of particles with a size of hundreds of
nm in the disperse systems based on diluted solutions of 1
was confirmed by the NTA method, which makes it possible
to determine the size and number of particles in 1 ml of the
solution, and also to visualize them.?>?*! The NTA method
can be used for particles in the range from 10 nm to 1 um,
with the number of particles from 107 to 10° in a milliliter
of solution. For the study of systems based on 1 using
the NTA method, concentrations of 1-103, 1-10°, 1-10°%,
1-10° M were chosen. It was found that particles in the range
of tens and hundreds of nm are visualized in all the solutions
studied (Figure 2). The number of particles in a milliliter
of solution at 1-10° M (Figure 2a) exceeds 10'°, what makes
it impossible to accurately determine their size by the NTA
method. At 1-10¢, 1-10%, 1-10° M, the number of particles
in 1 ml of the solution in order of decreasing concentration
of 1is 4-108, 8-108, 2-108, their average diameter being 80,
170 and 150 nm (Figure 2b-d). The number of particles in
bidistilled water is less than 1-10¢ in 1 ml, which lies outside
the sensitivity range of the device. Thus, it was discovered
that nanoassociates of the largest size and in the largest
amount are formed in dilute solutions of 1 at a concentration
of about 1-10% M.

An important fact is that when the calculated
concentration of 1 decreases by an order of magnitude from
1-10°to 1-10° M, within which domains exist, the number of
particles in ml decreases by almost two orders of magnitude.
A further decrease in the concentration of 1 by two orders
of magnitude from 1-10° to 1-10®* M and again by an order
of magnitude to 1-10° M, within which the nanoassociates
are formed, is accompanied by a nonmonotonic change in
the number of particles by a factor of 2—4. On the one hand,
the obtained result confirms that the self-organization of
highly dilute solutions is a complex nonlinear process that is
not directly related to the concentration of the solute, and on
the other hand it indicates that the formation of an unusual
dispersed phase — nanoassociates of tens and hundreds of nm
size — is primarily due to molecules of water with minimal
participation of molecules of the substance.

A study of surface tension in the concentration range
1-10*-1-10" M showed (Figure 1, curve 2) that the surface
tension isotherm has a stepped nature, containing two
plateaus in the CMC region (6:10* M) and in the region
of domains' formation (1-10“—4-10“ M) (Figure 1, curve 2).
In addition, in the interval 5-10*-3-10° M with an extremum
at 6-10° M, i.e. approximately in the region of formation
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Figure 2. Images of aqueous solutions of 1 obtained by the NTA method at concentrations of 1 equal to 1-10° M (a), 1:10° M (b),

1-10% M (c), 1-10° M (d), 25 ° C.

of nanoassociates with the maximum size and number,
a sharp decrease in the o of the solution to 57 mN/m is also
observed.

In systems maintained under hypoelectromagnetic
conditions, the region of local reduction of ¢ ata concentration
of 6:10° M and a plateau in the region of 1-10*4-10* M
disappears on the surface tension isotherm (Figure 1, inset,
curve 2), i.e. the surface tension isotherm acquires a classical
form with one inflection in the CMC region, which is inherent
in the solution of surfactants in which micelles are formed.¥

The results obtained jointly by the methods of DLS,
NTA and tensiometry about the size, number of domains
and nanoassociates and surface tension in the interval
1-10°-1-10° M make it possible to make an assumption
about the causes of the appearance of an unusual type
of surface tension isotherm in the low concentration
region. Reduction of o in the intervals of domains
and nanoassociates formation, ie. at 1-10%4-10* M
and 6-10° M, is associated with a significant rearrangement
that the disperse system undergoes with dilution. In the
region of these concentrations, the domain size increases
sharply, and in the case of nanoassociates not only the size,
but also the number, which probably leads to the expulsion
of amphiphilic molecules of 1 from the dispersion medium
to the water-air interface and to a decrease in the surface
tension of the system (Figure 1, curves 1 and 2). Thus, as the
dilution proceeds, a structural rearrangement of the dispersed
system as a whole takes place, i.e. both of the dispersed
phase and the dispersion medium, which is most pronounced
in the concentration ranges of about 1:10“*-1-10°M
and 1-107-1-10° M.

In order to obtain additional information on the
structural rearrangement of the system 1 and the properties
of the dispersed phase in various ranges of concentrations
and temperatures, the heat capacity of aqueous systems
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based on 1 in the concentration range 1-10°~1-10° M in the
range of 10-90 °C was studied by differential scanning
microcalorimetry, as well as of 1 systems, subjected to
long-term storage (for 8 months). From the experimentally
observed specific heat capacity of the solution (c,), Ethe
excess partial specific heat of 1 in an aqueous solution (¢p )
was found and analyzed, calculated analogous to 52!, which
is the differential characteristic of the dissolved substance
that most clearly reflects the structural rearrangements in the
solution with respect to the dissolved substance, associated
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Figure 3. Dependences of the excess partial specific heat ng
of aqueous solutions of 1 on temperature at concentrations equal
to 1-10* M (1), 1-10° M (2), 107 M (3), 10 M (4). For solutions
w}isth a concentration of 1-10* M and 1-10° M, the dimension of
Cpy isinlJ/gK.
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with the formation and destruction of the associates of
"dissolved substance — solute" and "dissolved substance —
solvent" kinds.

The dependence of 0}52 on the temperature at various
concentrations of 1 is shown in Figure 3 As can be seen from
the data in this figure, the value of sz varies differently
with different concentrations with the temperature growth,
being both positive (curve 1, 2) and negative (curve 3, 4),
which may be due to the structural rearrangements in the
system in different concentration intervals.

The curve of the temperature dependence of Cp 2
(Figure 3) reflects structural transitions in the system,
excluding information on the temperature dependences
of the heat capacity of the initial and final (after structural
changes) states. The temperature dependence of the heat
capacity before and after the peak is practically linear, and
the change in the heat capacity between the initial and final
transition states is close to zero. As can be seen from the
data in Figure 3, with a decrease in the concentration of 1
from 10“ M to 10®* M, a change in sz as a function of
temperature is observed in different sign and magnitude,
probably related to the different nature of the domains and
nanoassociates formed in the region of these concentratrons

At concentrations of 1-10* M and 1-10° M, the sz
value is negative in the range from 15 °C to 80 °C, with an
absolute value of Cp , at a lower solutlon concentration of
1-10° M bemg substantially higher (Cp 2 <-151 J/g-K) than
at 1-10* M (Cp2<—44 J/g-K) (Figure 3, curves 1, 2). The
observed decrease in the heat capacity of 1 with increasing
temperature, most pronounced for 1-10° M, can be due to the
thermally induced domain rearrangement, which leads to the
formation of more ordered structures.

As follows from the data in Figure 1, at 25 °C with
a decrease in the concentration of 1 by an order of magnitude
from 1-10* M to 1-10° M, a sharp decrease in the domain
size from 380 to 140 nm occurs as well as the change in the
properties of the system, whose surface tension at 1-10° M
increases to a value of 72 mN/m, which corresponds to the
o of water. The different state of the dispersed system at
1-10* M to 1-10° M probably causes a different kind of
curves Cp »=A(T) at these concentrations of 1. The domains
formed at 1-10° M are more sensitive to an increase in tem-
perature, under the influence of which considerable changes
are undergone, which may be due to a decrease in the num-
ber of molecules of 1 and an increase in the fraction of water
structures in the domain, i.e. changing its packing density
and size.??!In this case, a temperature of ~50 °C, correspond-
ing to the minimum value of cp » leads to the greatest struc-
tural organization of domains in solution.

A further decrease in the concentration of 1 leads, as
the temperature increases, to an increase in the positive
value of sz (Figure 3, curves 3 4), reaching the
maximum at 1-10® M (at 1-10° M Cp2~0) As can be seen
from the data in Figure 1, at 25 °C the system undergoes
significant rearrangements with extrema in the size of
nanoassociates and surface tension also at the concentration
of 1-10® M. Thus, the observed increase in ng with
increasing temperature, most pronounced for 1-10® M, can
be due to the rearrangement of nanoassociates, accompanied
by opposing effects, compared with the domain formation
interval.
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The change in the sign of the 05,2 curve with increasing
temperature upon transition from the systems in which the
domains are formed to the systems in which nanoassociates
are formed is probably associated not only with the different
nature of nanoassociates and domains, but also with various
processes taking place in the system as a whole, which can
exert significant influence on the behavior of systems when
interacting with biomembranes. For example, the study of
dilute solutions of potassium phenozane antioxidant (PP)
by the DSC method showed that the PP solutions used in
the range of formation of domains and nanoassociates??
change the thermostability of the protein fraction of plasma
membranes in the opposite direction — in the domain
formation range, it increases, and in the nanoassociation
formation region it is reduced.?”
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Figure 4. Dependence of C}€,2 of aqueous solutions on
temperature eight months later after preparation of solutions at
concentrations equal to 1-10* M (1), 1-10° M (2), 1-10° M (3),
1-107 M (4), 1-10®* M (5).

Both domains and nanoassociates, starting at t>55 °C,
are destroyed, the maximum deviations from additivity are
observed in both cases in the 50—60 °C interval. Therefore,
the peak on the ng =f(T) curve for aqueous systems based
on 1 in the range from 1-10° M to 1-10% M at 50-55 °C
is a criterion for the presence of domains and nanoassociates
in the solution formed by the dissolved substance and water
structures, as well as the criterion of their temperature
stability. All changes in sz appear up to 60 °C, and at
a higher temperature they start to level or disappear, what
indicates the destruction of nanoassociates and domains
with 1ncreas1ng temperature. Probably, nanoassomates are
stronger (cp »~120 kJ/g-K) than domains (Cp 2 ~150 J/g-K).

At the end of eight months after their preparation,
the systems based on 1 retained a positive deviation of the
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excess partial specific heat of the solute with increasing
temperature in the concentration range 1:-10°-1-10° M
(Figure 4, curves 3-5). In contrast to the freshly prepared
systems (Figure 3), positive deviations in the concentration
range 1-10—1-10-° M were also observed with a temperature
increase of C}gz <0.75 J/g'K for 1-10* and ng <3.8 J/g'K
for 1-10° M. The increase in the positive value of 05,2 in the
concentration range 1-10°-1-10® M indicates the stability
of nanoassociates in time, and the absence of Cg_z <0 in the
concentration range from 1-10* M to 1-10° M — on lower
temporal stability of the formed domains.

Conclusions

Thus, as a result of a research which studied the self-
organization and properties of a dodecyl derivative of
p-sulfonatocalix[6]arene (1) in a wide range of calculated
concentrations 1-101-1-10° M utilizing a complex of
physicochemical methods it has been shown for the first
time that such solutions are disperse systems, where the role
of'a disperse phase is played by the supramolecular structures
of different nature — micelles (above 6:10* M), domains
(1-10*-1-107 M) and nanoassociates (1-10°—1-10% M). The
parameters of the dispersed phase vary nonmonotonically
with dilution, what causes differences in the behavior of the
systems at different temperatures (15-60 °C) and aging time
(after 8 months).
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