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Hydrated fullerene C60 (HyFn) is a supramolecular object in which the nanosized fullerene
molecule is enclosed in a multilayer shell of water molecules. Despite the fact that fullerene
C60 is chemically rather inert, aqueous solutions of HyFn exhibit a wide spectrum of
biological activity in particular in low and ultra-low concentrations. Thus, physical and
chemical properties of aqueous solutions of HyFn in a wide range of its dilutions are of
interest. Here we compared some physical and chemical properties of aqueous systems
prepared by successive 100-fold dilutions of HyFn (10–7 M) with deionized water, with their
intensive shaking at each stage up to the calculated HyFn concentration of 10–31 M and of
the corresponding “dilutions” of deionized water prepared in the same manner (controls).
We studied the character of rO changes in dilutions when titrating them with HCl and
NaOH. It turned out that HyFn dilutions had significantly higher buffering capacity against
acidification with HCl than control water “dilutions.” At the highest acidity reached pH in all
HyFn dilutions was almost 0.3 units higher than in the respective controls. Average
buffering capacity of HyFn dilutions and water controls when titrated with NaOH did
not differ. However, differences in buffering capacity could be seen between consecutive
dilutions of HyFn at their titration either with NaOH or with HCl. Most prominent differences
were observed between consecutive HyFn dilutions in the range of calculated
concentrations 10–17–10–31 M titrated with NaOH while no significant differences in pH
between equivalent “dilutions” of control water were observed. Similar though less
prominent variations in buffering capacity between consecutive HyFn dilutions titrated
with HCl were also noticed. Thus, titration with an acid and especially with an alkali made it
possible to reveal differences between individual dilutions of HyFn, as well as differences
between HyFn dilutions and corresponding dilutions of water. These features may be due
to complexity in the structural properties of aqueous systems, which, supposedly, can
arise due to the emergence of heterogenous aqueous regions (“clouds”) in the course of
their dilutions with intensive mixing at each stage. In order to find out if such heterogeneity
is a characteristic for HyFn dilutions we used the method of drying microsphere-containing
droplets, whose aqueous base were either HyFn dilutions in the range of calculated HyFn
concentration 10–7–10–31 M or respective water controls. It was found that a significant
part of HyFn dilutions is characterized by mesoscopic heterogeneity. It showed up by the
tendency of microspheres to concentrate in a specific way resembling ornaments once the
droplets had dried. As the degree of HyFn dilution increased, the number of dried droplets
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with an ornament-like microsphere distribution increased. Same was also observed in
water control drops. However, for the dilutions of HyFn equivalent to concentrations
10–19–10–31 M the percentage of complexly structured dried up droplets reached
60–80%, while for dried out drops of respective water controls it did not exceed
15–20%. Thus, the physicochemical properties of high dilutions of hydrated fullerene
differ not only from each other dependently on the dilution level, but also from those of high
dilutions of water, which can be explained by the structuredness and heterogeneity of
these aqueous systems. Therefore, upon dilution process the properties of the solutions
change according to complex and non-linear laws so that final dilutions cannot be identical
in their properties and features to those of the initial solutions (before dilutions process) and
to the untreated water. Dilution process, in view of the aforementioned, should not be
underestimated when analyzing properties of the solutions, having shown to be able to
affect dramatically properties of the solutions.

Keywords: hydrated fullerene, water, high dilutions, pH, titration, buffering capacity, microstructure of liquids

INTRODUCTION

Fullerenes—the unique allotropic form of carbon were discovered
in 1985 [1]. These molecules represent closed 3-dimensional ball-
like structures. The most stable form of fullerenes containing 60
carbon atoms (C60), resembles a soccer ball, made of twenty
hexagons and twelve pentagons. Each carbon atom in C60 is
bonded with three other carbon atoms, and formally the fullerene
contains double bonds. All these bonds are conjugated and C60

molecule exhibits a certain degree of aromatic character. C60

fullerene molecules behave chemically and physically as electron-
deficient alkenes rather than electron rich aromatic systems [2].
Due to its unique structural properties C60 can behave both as an
electron acceptor–an antioxidant and as a prooxidant–generator
of superoxide anion radical and of singlet oxygen [3]. As an
antioxidant fullerene C60 can bind up to six electrons, for which it
was characterized as a “free radical sponge” [4]. Fullerenes absorb
light efficiently in the ultraviolet and moderately in the visible
regions of the spectrum. When C60 is exposed to light, it may
behave as a prooxidant: electrons are pushed to a higher energy
level, resulting in an excited singlet C60 state reacting with an
oxygen molecule to form singlet oxygen (1O2), a strong oxidizer.
Fullerenes are very efficacious generators of singlet oxygen with a
quantum yield of 1O2 close to one [5].

However due to very low solubility of fullerenes in inorganic
and even in most organic solvents it is difficult to employ these
properties of native fullerenes in most prospective studies for
example in biomedical research. Solubility of C60 in water was
estimated to be as low as 10–11 ng/L, equivalent to few C60

molecules per milliliter of water [6]. That means that at higher
concentrations fullerene molecules stick to each other forming
aggregates with indefinite properties. To overcome this problem
several approaches have been developed for the transfer of
fullerenes into water. They included chemical modification of
fullerenes by attachment to fullerene molecules of various
hydrophilic functional groups, such as–OH, –COOH, –NH2 or
more complex radicals, usage of detergents or incorporation of
fullerenes into caging supramolecular structures such as

cyclodextrins, long-term stirring of pristine fullerenes in water,
and solvent exchange method implying the extraction of
fullerenes dissolved in a nonpolar solvent such as toluene to
water using ultrasonic treatment of their mixture (for the recent
review of these methods and properties of dissolved fullerenes see
[7]). Fullerenes transferred to water form colloid solutions though
differing in the dimensions of colloidal particles with diameters
ranging from ∼10 to 500 nm dependent on the method of their
solubilization in water. In other words, they represent
nanoparticles dissolved in water.

Fullerenes transferred to water in various ways exhibit a wide
range of biological activity. For example, polyhydroxylated
derivatives of fullerenes, fullerenols, are able to scavenge free
radicals similar to pristine fullerenes [8]. They are very promising
for use as pharmacological agents in chemotherapy, treatment of
neurodegenerative diseases, and radiobiology [9]. Currently,
there is an extensive literature on the biological activity of
various water-soluble fullerene derivatives (for the reviews see
[10, 11]). However, fullerene derivatives including fullerenols
have some disadvantages–their structure may be not precisely
defined, and undefined variations in their structure may
unpredictably influence their activity [12]. In addition, any
changes in the outer carbon shell of a fullerene molecule leads
to a violation of the electronic structure and symmetry of this
most symmetrical molecule of all known ones, which in turn
changes the specificity of its interaction with the medium.
Therefore, the biological effect of artificially transformed
fullerene molecules largely depends on the nature of the
grafted chemical residues.

Taking this into account, it seems more attractive to use
pristine fullerenes introduced into the water in one way or
another because the most striking originality of fullerene
molecules is shown in the unmodified and non-aggregated
state, for example, in the form of their molecular solutions in
water. One of the procedures of obtaining aqueous solutions of
nonmodified fullerenes is exchange of the solvent in which
fullerene is soluble (tetrahydrofuran, toluene, benzene) for
water. Among these methods one of the mostly widely used is
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the one suggested by G. Andrievsky et al. in 1995 [13]. According
to this method fullerene C60 is dissolved in toluene, this solution
is mixed with water and the suspension is treated with ultrasound
until the organic solvent is fully evaporated and C60 molecules
become hydrated. This procedure allowed to obtain fullerene
aqueous solutions in which concentration of dissolved hydrated
fullerene C60 (HyFn) could reach millimolar range, and such
solutions did not lose their stability for several years. Physical
chemical properties of such preparations were studied in
sufficient details [13–16]. Solutions of HyFn represent
molecular-colloid system, containing both single hydrated
fullerene C60 molecules and their fractal clusters in a
hydrated state.

According to data obtained using dynamic light scattering,
small-angle neutron scattering, low temperature differential
scanning calorimetry, electron microscopic and other
analytical methods Andrievsky and collaborators suggested
that a hydrated C60 molecule represents a supramolecular
complex in which C60 molecule is covered by a hydration
shell. The primary shell closest to C60 molecule consists of
20–24 water molecules that are interconnected to each other
and are held on C60 surface by weak electron donor-acceptor
interactions between unpaired electrons of oxygen atoms of H2O
(the donor) and fullerene molecule (the acceptor). The primary
shell is hydrated by additional water layers whose number may be
large enough. Water is hold by fullerene so tightly that it is not
lost from HyFn even in vacuum of 10–5 Torr [16]. HyFn is
negatively charged [17] and the negative charge of the aqueous
envelope of these molecules brings out the fact that HyFn cannot
be extracted by toluene from their solutions [14]. At high HyFn
concentrations they associate into spherical clusters containing
up to 13 hydrated C60 fullerenes. In such a cluster HyFn do not
attach each other directly because they are covered with water
shells. Upon dilution the clusters dissociate up to formation of
solutions consisting from single HyFn nanoassociates that base
on dynamic light scattering data become covered with a
multilayered ordered water shell. The diameter of this complex
reaches 80 or more nm [18].

A great deal of information is accumulated concerning
biological effects of pristine fullerenes transferred to water, in
particular of HyFn which unlike some other fullerene
preparations solubilized using for example tetrahydrofuran
[19] have not revealed any toxic effects. On the contrary HyFn
showed only positive biological effects in various in vitro (on
cellular models) and in vivo experiments [18, 20, 21]. Such
beneficial activity of HyFn can be related to the lack of the
pro-oxidant activity of these particles because HyFn–C60

molecules surrounded with water shells cannot directly bind
and activate oxygen converting it into singlet oxygen or
reducing it into superoxide radical, but they show strong
antioxidant activity exceeding such activity of many low
molecule weight antioxidants. In particular some fullerene C60

derivatives possessed superoxide dismutase mimetic properties
[22, 23], that is unlike “common” chemical antioxidants they
eliminate superoxide radicals catalytically.

Especially intriguing results were obtained in the studies of the
effects of HyFn on removal of hydroxyl radicals (OH•) from

water irradiated with X-rays [24]. Paradoxically, the lower HyFn
concentration in the range of 10–6–10–11 M the higher its OH•-
removing efficacy. Indeed, if at HyFn concentration 10–6 M a pair
of OH• radicals was eliminated per each fullerene molecule, at
HyFn concentration 10–11 M more than 104 radicals could be
neutralized by each HyFn particle. Notably, HyFn had a tendency
to eliminate hydroxyl radicals even in dilutions equivalent to its
concentrations 10–13 M. It was hypothesized that the antiradical
action of HyFn in water generally is due to a “nonstoichiometric”
mechanism, supposedly to a hydrated free radical recombination
(self-neutralization), which is catalyzed by specific water
structures ordered by HyFn.

This study is not the isolated example of the pronounced and
sometimes paradoxical effects of water-soluble fullerenes on
biological and physicochemical test-systems. When the effect
of HyFn on blood plasma clot lysis under the action of tissue
plasminogen activator (t-PA) was studied it was shown that
preincubation of t-PA in the presence of ultra-low
concentration of HyFn (down to 10–14 M) resulted in 2.7-fold
increase of the lysis rate of a blood plasma clot and in 1.6-fold
decrease of half-lysis time [25]. Here the t-PA concentration
(about10–10 M) exceeded content of HyFn by 2–4 orders of
magnitude. Therefore, it is not possible to explain the
acceleration of blood plasma clot cleavage by formation of
binary HyFn–t-PA complexes. It is also unlikely that the
formation of the complex of a single HyFn particle with t-PA
molecule could increase its catalytic activity by 2–4 orders of
magnitude.

We demonstrated that HyFn in concentrations below 10–9 M
down to 10–23 M stabilized peroxidase, alkaline phosphatase and
bacterial luciferase against inactivation due to long-term
incubation of the enzymes at room temperature and also
against heat inactivation. Besides HyFn in low and ultra-low
concentrations revives heat inactivated enzymes [26]. Here again
it was noted that the efficacy of HyFn increases with increasing
degree of dilution. These effects cannot be explained by the direct
action of the fullerene molecules upon the enzymes. Fullerenes
solubilized in water by other methods and also fullerenols
demonstrated significant antioxidant effects in low and ultra-
low concentrations in other biological and chemical test systems.
For example, in the study of antioxidant effects of two types of
fullerenols in bacteria-based and enzyme-based assays it was
shown that they are active in a range of concentrations–from
10–8 M to 10–20 M, and no monotonic dependences of their
effects on fullerenol concentrations was observed [27, 28].
Biological efficiency of ultra-low concentrations (down to
10–18 M) of solubilized fullerenes was demonstrated on a
bacterial bioluminescent biosensor [29]. HyFn attenuated
intensity of luminol-dependent chemiluminescence of whole
human blood in which respiratory burst was induced in ultra-
low concentration equivalent to 10–19 M [30]. In the same ultra-
low concentration (10–19 M) HyFn inhibited cell proliferation
and accelerated the process of “stationary phase aging” of
transformed B11-dii FAF28 Chinese hamster cells in the cell
culture. Moreover, secondary addition of HyFn aqueous solution
at this calculated concentration to the cells that had already
reached the stationary phase of growth caused a rapid (within
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no more than 24 h) death of a significant part of the cell
population [31].

However, there are practically no studies of the physical and
chemical properties of solutions containing HyFn in low and
ultra-low concentrations in the literature. Given that C60 is not
very active chemically and that in HyFn this molecule is
surrounded by a water shell, it could be suggested that the
entire pattern of HyFn activity is due to unique properties of
the water shell formed around C60 and that the observed features
of HyFn at ultra-low concentration may be determined by some
special changes in aqueous systems that originate in the course of
dilution of aqueous fullerene solutions in which fullerene
molecules modify water that surrounds them. To expand
understanding of mechanisms of HyFn action here we
compared some physical and chemical properties of aqueous
systems prepared by successive dilutions of HyFn (10–7 M) with
deionized water up to the calculated HyFn concentration of
10–31 M and of the corresponding “dilutions” of deionized
water prepared in the same manner (controls). We studied the
character of rO changes in dilutions when titrating them with
HCl and NaOH and also the degree of heterogeneity of aqueous
systems obtained by serial dilutions of HyFn solutions that may
reflect their specific structuring using drop evaporation method.
Curious differences between individual dilutions of HyFn, as well
as differences between HyFn dilutions and corresponding
dilutions of water even in the highest dilutions were revealed
using both approaches.

MATERIALS AND METHODS

Method of Serial HyFn Dilution in Water
Deionized water (Millipore Milli-Q Academic) with electrical
conductivity of 0.45 μS/cm was used for 2 days after its
production. The initial concentration of HyFn (IPACOM,
Kharkiv, Ukraine) was 2 × 10–4 M. The concentration was
confirmed spectrophotometrically at the maximum of the
absorption band at 343 nm with the molar extinction
coefficient of 68,000 L × M−1 × sm−1 [14]. The volume of
100 μL of the concentrated solution was added using an
automatic pipette with a plastic tip into a 2 ml Eppendorf
plastic tube to 1.9 ml of purified water to obtain a HyFn
concentration of 1 × 10–5 M. The resulting preparation was
slightly shaken in hands and left at room temperature in a
dark room for 40 min. Then, 1 ml of 1 × 10–5 M HyFn was
introduced into two dark glass flasks containing 9 ml of purified
water. Thus, 2 samples of 1 × 10–6 M HyFn were obtained. These
flasks were tightly covered with Parafilm, slightly shaken in hands
and left in the dark for 40 min. All further dilutions were stored in
15 ml dark glass flasks. For the preparation of 1 × 10–7 M HyFn,
1 ml from each of the previous samples was added to two flasks
with 9 ml of purified water, then it was slightly shaken in hands
and left in the dark for 40 min. For the preparation of 1 × 10–9 M
HyFn, 100 μL of 1 × 10–7 M HyFn was added to 9.9 ml of purified
water. Hereinafter, only glassware was used for the preparation of
HyFn dilutions according to [32] with modifications. Before use,
glass flasks were rinsed with potassium dichromate solution and

thoroughly rinsed in water for removal of all organic and
inorganic contaminants. Starting from samples with HyFn
concentration of 10–9 M, the resulting solutions were shaken
on a vortex mixer at a speed of 3,000 rpm for 40 s in glass
flasks and sealed with a film. Then the flasks were left in a
dark room for 60 min. All further dilutions of HyFn up to 1 ×
10–31 M were obtained using a similar procedure for preparing
centesimal dilutions. Since the preparation of all series of samples
would take about 13 h, the procedure was carried out in two days,
when freshly prepared HyFn 1 × 10–15 M was left for 16 h before
using it to obtain 1 × 10–17 M HyFn the next day.

In parallel with the preparation of HyFn dilutions, similar
actions were carried out with water samples as controls, when
there was a successive dilution of portions of water and
subsequent stirring. The initial milliQ-water sample was
parallel to and was mirroring the initial 2 × 10–4 M HyFn
solution. Therefore, at the end of sample preparation there
were test samples that were the result of series dilution of 2 ×
10–4 M HyFn and control samples that were the result of series
dilution of a pure milliQ-water sample that mirrored the actions
taken when preparing test samples. The purity of the initial
control water sample that was used in a series dilution was
proved spectrophotometrically.

pH Measurements of HyFn and Control Water
Dilutions
A series of HyFn dilutions were obtained in accordance with the
technique described above with the only difference that the initial
HyFn solution was a sample with a concentration of 2 × 10–5 M,
and 1 × 10–6 M HyFn was obtained by preparing a 20-fold
dilution of 2 × 10–5 M HyFn. pH was measured in 10 ml
samples of HyFn dilutions or “diluted” water as control.

In the course of the work, pH values were measured once a day
at the same time using a pH meter pH-150M, “Measuring
Technique IT,” Russia with a resolution of ±0.05 pH units
with a combined EKS-10603 electrode. The first pH value was
obtained by pH measuring 60 min after the preparation of each
dilution. For each sample, a separate measurement graph was
drawn up depending on the preparation time. The samples were
stored in a refrigerator at 7 °C, and 1 h before measurement they
were placed at room temperature.

pHMeasurements After Addition of Portions of Acid or
Alkali
In another experiment, portions of a) 1 mM HCl, and b) 1 mM
NaOH, 10 μL each, were successively added to samples of
different dilutions of HyFn. At the time of addition of acid or
alkali, the HyFn samples were placed on a magnetic stirrer with a
submerged magnet. After adding a portion of acid or alkali, the
magnet stirred the solution for 30 s, then the stirrer was turned
off, and pH value was fixed at the moment of equilibrium. Then
the next portion of acid or alkali was added. In total, 16
measurements were carried out for each sample of each of the
14 HyFn dilutions after addition of acid, and 16 graph points were
obtained, including the zero point of the pH value before acid
addition. The experiment was designed in such a way that
successive addition of portions of HCl was repeated 6 times
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with parallel samples of all dilutions of HyFn. Moreover, there
were 6 series of control water samples corresponding to all the 14
dilutions of HyFn. In the course of titration with alkali, 5 series of
titrations of all HyFn dilutions and three series of titrations of
control water “dilutions” were obtained.

At first, 2 series of HyFn dilutions and control water dilutions
were prepared. Acid titration of these samples was carried out
during the next 2 days. The unequal storage time of the different
dilutions was neglected. Before titration, the samples were stored
at room temperature in a dark room. The second pair of series of
HyFn dilutions and control water dilutions were prepared a week
after the first pair, and acid titration was performed on the next
2 days. The last pair of series of samples for titration with acid was
prepared a week later.

Titrations with alkali were carried out afterward with the
similar periodicity.

The statistical significance of differences in the experiments
was calculated using the Mann-Whitney test.

Preparation of HyFn Dilutions for Dry
Droplets Microscopy
For this part of the study 13 HyFn dilutions ranging from 1 ×
10–7 M to 1 × 10–31 M were prepared by the method of successive
diluting from the concentrated 2 × 10–5 M HyFn solution in 6 ml
dark borosilicate vials. The final volume of each dilution was 5 ml.
For 1 × 10–7 M HyFn preparation 1 × 10–5 M HyFn solution was
diluted 100-fold when its 50 μL were added to 4.950 μL of water.
The sample was vortexed for 30 s and left in a dark place for
40 min. In parallel, the similar routine was carried out with a
control water sample, and it was “diluted” in a similar way.
Afterward, 100-fold dilutions of HyFn and water were carried out
to obtain all successive dilutions of HyFn and water as controls.

Dry Droplets Microscopy
The initial suspension of 1 μm latex microspheres (Interfacial
Dynamics, Inc., Portland, OR) is white non-transparent dense
liquid. This suspension was shaken to make particle distribution
homogenous and 200 μL were taken with a pipette and diluted 2-
fold with pure water. The resulting suspension was used for the
addition to HyFn and control water samples. A precise quantity
of microspheres is not important as an equal volume of the
suspension was added to each HyFn and control water sample.

The day after all HyFn and control water dilutions were
prepared, portions of microsphere suspension were added to
them, and the solutions in samples went cloudy. Addition of
microspheres to test and control dilutions took approximately
30 min. After 4 h, HyFn diluted solution or control water
“dilutions” were taken from each vial using a glass syringe and
applied to new glasses for microscopy (Thermo Scientific,
Hungary) in the form of drops, 6 droplets per one glass. A
total of 6 glasses were obtained for each dilution of HyFn
and water.

After drying, the droplets were examined using a Jenaval
microscope with ×40 magnification and Carl Zeiss optics.
Using the built-in MDC200 camera, the image was transferred
to a computer screen, where photographs of examples of dried

droplets were taken for each dilution using the ScopeTech®
software.

RESULTS

Titration of HyFn Dilutions and Water
“Dilutions” With Hydrochloric Acid
In total, 6 series of experiments on titration of HyFn dilutions and
6 series of experiments on titration of “dilutions” of water with
HCl were carried out. Figure 1 shows examples of HCl titration
curves of all dilutions of HyFn in series 1 and all “dilutions” of
water of the same series, which were prepared on the same day
and titrated two days afterward.

As shown in Figure 1, at least 2 differences are observed
between the sets of titration curves of HyFn dilutions and
“dilutions” of water: first, with the same amount of HCl added
to the titrated liquids, pH in the “dilutions” of water decreases to
lower values than in HyFn dilutions; secondly, the “brush” of
titration curves of HyFn dilutions looks “broader” than the
“brush” of titration curves of water dilutions” (Figures 1A,B).
The same differences are revealed when comparing other pairs of
HyFn dilution series and water dilutions.” As it can be seen from
Figure 1C, the difference between the averaged titration curves
for the HyFn dilutions and water “dilutions” increase in the
course of the titration and by the end of titration it reaches 0.3 pH
units. This magnitude of the difference between HyFn and water
dilutions tend to level off when pH values in HyFn dilutions and
water “dilutions” drop to 3.5 and 3.2 respectively. It should be
stressed that almost all dilutions of HyFn, ranging from 10–7 M to
10–31 M, have a higher buffering capacity against their
acidification with HCl.

Standard deviations frommean pH values after acidification of
the HyFn dilutions are significantly higher than those after
acidification of water, although they are the same for initial
HyFn solutions and the initial water “dilutions” (Figure 1D).
This indicates that pH values in different HyFn dilutions differ
from each other more than in titrated water “dilutions” after the
addition of the same quantity of portions of HCl.

Changes in variability of pH in the sequences of HyFn
dilutions and control water “dilutions” in the course of their
acidification can be seen in Figure 2. It is evident that after adding
the same portions of HCl to different HyFn dilutions or water
“dilutions,” the pH values in them do not become the same,
indicating that different dilutions differ in their buffering
capacity. These differences display curious orderliness. For
example, pH in 10–19 M HyFn and the corresponding potency
of water decreases more slowly during the entire titration than in
dilutions corresponding to 10–17 M indicating that buffering
capacity in the former is higher than in the latter for both
HyFn and water dilutions. One can notice that the difference
in pH between these particular dilutions (10–17 M and 10–19 M)
both of HyFn and water exists already in the initial samples to
which no HCl was added (upper curves in Figures 2A,B), and it
persists in the course of titrations. The differences in pH between
other consecutive dilutions emerges in the course of titration with
HCl and they are especially noticeable at high dilutions and at

Frontiers in Physics | www.frontiersin.org March 2021 | Volume 9 | Article 6272655

Yablonskaya et al. Hydrated Fullerene Solutions

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


most acidic pH values. In this region, pH values in HyFn dilutions
fluctuate more pronouncedly than in corresponding water
“dilutions,” which makes the main contribution to the
differences in standard deviations from the mean pH of HyFn
dilutions (Figure 1D).

Data presented in Figure 3 where pH variability in the rows
of HyFn and water dilutions after addition to each dilution ten
portions of HCl illustrates these peculiarities more clearly. It
can be seen from this Figure that after acidification of water
“dilutions” by eight 10 μL injections of HCl pH value in for
example 10–25 M “dilution” of water differs little from the pH
values in neighboring “dilutions” (10–23 M and 10–27 M). On
the contrary pH in 10–25 M HyFn dilution corresponding to
this water “dilution” is noticeably higher than in HyFn
dilutions corresponding to 10–23 and 10–27 M. When
comparing pH values in dilutions prepared with intensive
shaking (below 10–7 M), one can see both coincidences in
the tendencies of pH changes at successive dilutions of
HyFn and water (for example, the range from 10–13 to

10–23 M), as well as noticeable differences between them
(range from 10–23 to 10–31 M), with the most striking
difference between HyFn and control water at dilutions
corresponding to 10–25 M. In higher dilutions
(10–27–10–31 M), pH in HyFn dilutions differ from each
other much more than in the corresponding “dilutions” of
water acidified with the same amount of HCl.

Titration of HyFn Dilutions and Water
“Dilutions” With Sodium Hydroxide
In total, 5 series of titration experiments of HyFn dilutions and
three series of titration experiments of “dilutions” of water with
NaOH were carried out. The tendencies of pH changes in
experimental and control groups differed in some respects,
while in others they were similar to those that appeared when
titrating the dilutions with HCl.

When comparing the set of titration curves of HyFn
dilutions (Figure 4A) and the same set of titration curves of

FIGURE 1 | Typical examples of titration curves of series No 1 (out of 6) dilutions of HyFn (A) and “dilutions” of water (B) (from 10–7 to 10–31 M) with HCl. The
abscissa axis represents numbers of the portions of HCl injections (10 μL each) added to the titrated samples, the ordinate is the pH value. Each line on (A, B) represents
a particular dilution of HyFn or water dilution corresponding to calculated HyFn molar concentrations indicated in the plots as lg [HyFn] (C) Averaged titration curves of all
HyFn dilutions (blue line) and water “dilutions” (red line) for all the series of experiments; green line: difference in pH values between HyFn dilutions and water
“dilutions.” (D) Standard deviations from the mean pH values averaged over all series of experiments, varying during the titration of HyFn dilutions and water “dilutions”
(from 10–7 to 10–31 M) with HCl.
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“dilutions” of water (Figure 4B) it can be seen that the “brush”
of titration curves of HyFn dilution is much less compressed
than the “brush” of titration curves of different dilutions of

water. That means that the titration curves for different HyFn
dilutions differ significantly more from each other than the
titration curves for different “dilutions” of water. Indeed, the
plot of standard deviations from the mean pH values for HyFn,
averaged over all experimental series and dilutions
(Figure 4D), lies significantly above the same plot for
water. Moreover, the standard deviations for HyFn increase
markedly with alkalization of the solutions, while for water,
with the exception of a burst at the beginning of the titration,
standard deviations from the mean pH values change much
less during the alkalization. A significant difference in
standard deviations from the average pH values in HyFn
dilutions in comparison with water “dilutions” indicates of
a strong non-uniformity of pH changes in different HyFn
dilutions during their titration with the alkali. In this respect,
the behavior of HyFn dilutions titrated with NaOH is similar
to their behavior when titrated with HCl although standard
deviations from the mean pH values for HyFn dilutions
titrated with NaOH are markedly larger than for HyFn
dilutions titrated with HCl and noticeably increase with the
progressive alkalization of the HyFn dilutions (compare
Figures 1D, 4D).

On the other hand, NaOH titration curves of HyFn dilutions
and water “dilutions,” averaged over all HyFn dilutions and over
all water “dilutions,” exactly coincided (Figure 4C). This means
that average buffering capacity of experimental and control
dilutions are the same, whereas during the titration with HCl

FIGURE 2 | Variability of pH values in (A) “dilutions” of water and (B)HyFn dilutions during sequential titration of the samples. Average values for 6 series of samples
are presented. Each horizontal line represents pH values in the dilutions after HCl injections were made. Successive injections are accompanied by increased
acidification, and each next line is lower than the previous one. Abscissa depicts sequential dilutions of HyFn or of water “dilutions” corresponding to calculated lg
[HyFn], M.

FIGURE 3 | pH values in the series of HyFn dilutions andwater “dilutions”
after addition of eight 10 μL portions of HCl to each HyFn dilution and
respective water “dilutions.” Each curve is an average over all 6 series of
measurements. *p < 0.01 for the difference between HyFn dilutions and
respective water “dilutions” according to Mann-Whitney U test. Abscissa
depicts sequential dilutions corresponding to calculated lg [HyFn], M.
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significant difference between the buffering capacity of HyFn
dilutions and water dilutions were revealed (see the previous
section).

Changes in variability of pH in the sequences of HyFn
dilutions and control water “dilutions” in the course of their
alkalization can be seen in Figure 5. With the successive addition
of NaOH to HyFn dilutions and water “dilutions,” pH values in
both groups of samples shift to an increasingly alkaline region
(the curves shift from bottom to top of the plots). Mean pH values
for all HyFn dilutions and respective water “dilutions” are
practically the same, but with an increase of alkalization,
especially when the pH approaches 9 and exceeds it, the
curves characterizing the dependence of pH on dilution for
HyFn dilutions become more and more “serrated,” while the
corresponding curves for the potency of water becomes even
smoother than the curves characteristic of the initial stages of
titration. This indicates that different HyFn dilution especially in
the range of ultra-high dilutions differ significantly in their
buffering capacity against alkalization while the respective

control “dilutions” of water do not differ in their buffering
capacity.

In Figure 6, for clarity, the curves corresponding to pH values
in the HyFn dilutions and in water “dilutions” after the 15th
NaOH injection are presented in one graph. At this final stage of
titration, mean pH values for all dilutions of both HyFn and water
was 9.40 (averaging was also carried out over all 5 series of HyFn
dilutions and three series of water “dilutions”). There are
significant differences between pH in neighboring dilutions of
HyFn, but not in the “dilutions” of water. For example, buffering
capacity against alkalization in 10–19 M, 10–25 M and 10–29 M
HyFn dilutions is much lower than in the 10–17 M, 10–21 M,
10–23 M, 10–27 M and 10–31 M dilutions and these differences are
highly statistically significant. At the same time such differences
between different “dilutions” of water, especially in the region
below 10–17 M are not observed.

Figure 5 also shows that there is a correlation in the variations
in pH values between HyFn dilutions and the corresponding
water “dilutions.” So, in the range of “dilutions” of water

FIGURE 4 | Typical examples of titration curves of (A) series No 2 (out of 5) of HyFn dilutions and (B) of series No 2 (out of 3) of “dilutions” of water (from 10–6 to
10–31 M) with NaOH. The abscissa represents numbers of the portions of NaOH (10 μL) added to the titrated samples, the ordinate is pH value. Each line on (A, B)
represents a particular dilution of HyFn or water “dilution” corresponding to calculated HyFn molar concentrations indicated in the plots as lg [HyFn], M. (C) Averaged
titration curves of all HyFn dilutions and water “dilutions” for all series of experiments. (D) Standard deviations from the mean pH values averaged over all series of
experiments, varying during the titration of HyFn dilutions and water “dilutions” (from 10–7 to 10–31 M) with NaOH.
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10–7–10–17 M and equivalent dilutions of HyFn, pH values vary
more or less synchronously. Mean correlation coefficient (±SD)
between 2 rows of data in this range of dilutions is 0.7 ± 0.15. In
the range of higher HyFn dilutions and “dilutions” of water,
synchronicity is no longer detected, in particular, due to the fact
that pH values in water samples with high “dilutions” differ little
from each other. Mean correlation coefficient (±SD) between 2 rows
of data in the range of dilutions from 10–19 to 10–31 is 0.18 ± 0.31.

Dry Droplets Microscopy
The above described properties of HyFn dilutions and of the
respective water controls may reflect the complexity in the
structural properties of aqueous systems, which, supposedly, can
arise due to the emergence of heterogenous aqueous regions in the
course of their dilutions with intensive agitation at each stage. In
order to find out if such heterogeneity or structuredness is
characteristic for the studied preparations, we used the method of
drying microsphere-containing droplets, whose aqueous bases were
either HyFn dilutions in the range of calculated HyFn concentration
10–7–10–31M or respective water controls. This method allows,
although not too quantitatively, to assess the degree of aqueous
systems heterogeneity (structuredness).

FIGURE 5 | Variability of pH values in (A) “dilutions” of water and (B)HyFn dilutions during sequential titration of samples with NaOH. Average values for all the series
of samples are presented. Each horizontal line represents pH values in the dilutions after 10 μL NaOH injections were made. Successive injections are accompanied by
increased alkalization, and each next line is higher than the previous one. The lowest lines in (A, B) are pH values in dilutions before the addition of NaOH. Abscissa
depicts sequential water “dilutions” corresponding to calculated lg [HyFn], M, or of HyFn dilutions.

FIGURE 6 | Averaged over all experimental series pH values in HyFn
dilutions (blue curve) and “dilutions” of water (red curve) after the 15th NaOH
injection into HyFn dilutions samples and corresponding water “dilutions”
samples. Red line indicates control water “dilutions,” and blue
line–dilutions of HyFn. Abscissa depicts sequential dilutions corresponding to
calculated lg [HyFn], M. Blue bars above the blue curve designate statistically
significant differences of pH values in neighboring HyFn dilutions according to
Mann-Whitney U test: **p < 0,01; *p < 0,05.
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Immediately after the droplets are applied to the slides, the
microspheres are distributed randomly. However, after water
evaporation, areas with non-uniformly distributed
microspheres could be found in many samples. The dried
droplets can be divided into those where the microspheres are
located fairly evenly and those where areas of their accumulation
are found, or there is a certain order in their arrangement that is
different from uniformity.

Microscopic pictures of the examples of images of
microspheres distribution that appear on glass after drying of
droplets prepared from HyFn dilutions, “dilutions” of water and
of control unstirred water are presented in Figures 7–12. In
Figure 7 there are 2 examples of dried unstirred water droplets
with microspheres. It is seen that after drying microspheres
gather near the boundary of a droplet leaving its center clear.
These pictures differ significantly from the following that are
characteristic for the droplets obtained from HyFn dilutions and
control water “dilutions.”A common feature of drops fromHyFn
dilutions is that microspheres in them are more often distributed
unevenly and tend to concentrate in one place, surrounded with
wave-like patterns composed of microspheres in circular or semi-
circular arrays (Figure 8-left, upper rows in Figures 9–12). In
dried out droplets of respective control water “dilutions”
microspheres are more often distributed more evenly
(Figure 8-right, lower rows in Figures 9–12) and less often
there is an area of their increased accumulation (Figure 10,
lower row, right picture). The contrast in microspheres
arrangement is well seen in comparison of dried out HyFn

dilutions and water “dilutions” in the presented here images in
Figure 10: upper row vs. lower row (10–19 M) and Figure 12:
upper row vs. lower row (10–31 M). In a number of cases, certain
structuring in the distribution of microspheres was also found in
some drops from the control water “dilutions” but the appearance
of structures was different from those typical for the respective
HyFn dilutions.

All the results on the representation of structured and
unstructured droplets in all the dilutions of HyFn and water
are summarized in Schemes 1, 2. Here 6 glasses (big
rectangulars) are conventionally shown for each particular
dilution on each of which 6 drops (small rectangulars) were
applied. Scheme 1 (gray color) represents the results obtained
for HyFn dilutions, and Scheme 2 (blue color) the same for
water “dilutions.” A pale color of the small rectangular means
that no signs of structuredness and non-uniform distribution
of microspheres were found in this drop, that is, they were
located rather chaotically. A darker color means that obvious
heterogeneity (structuredness) in this drop is observed. It can
be seen that both pale and dark colors are present in dilutions
of both HyFn and water though in general dark colored boxes
obviously dominate in Scheme 1 illustrating HyFn dilutions
and pale colors dominate in Scheme 2 illustrating water.

Comparison of the number of drops with special structures
(significantly uneven distribution of microspheres) in HyFn and
respective water dilutions is presented in Figure 13. It can be
seen, that the number of structured drops originating from HyFn
dilutions markedly exceed the number of structured drops

FIGURE 7 | Two examples of microscopic pictures of the accumulation of microspheres in dried droplets of unstirred water.

FIGURE 8 | Examples of photos of the accumulation of microspheres in dried droplets in 1 × 10–7 M HyFn (left, (A) and water potency 1 × 10–7 M (right, (B).
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originating from water “dilutions.” This difference is especially
prominent for ultra-high dilutions. In the range of dilutions
equivalent to HyFn concentrations 10–19–10–31 M the
proportion of structured drops to unstructured ones reaches

60–80%, while in drops from respective water “dilutions” it
does not exceed 15–20%.

Still one should admit that in some water “dilutions” signs of
orderliness can also be observed. For example, in the few drops

FIGURE 9 | Examples of photos of the distribution of microspheres in dried droplets in 1 × 10–9 M HyFn dilution (upper row, (A)) and of microsphere distribution in
dried water “dilutions” drops, corresponding to a dilution of 1 × 10–9 M (lower row, (B)). Only 2 of 36 drops obtained from this water “dilution” contain structures similar to
those shown in (A).

FIGURE 10 | Examples of photos of the distribution of microspheres in dried droplets in 1 × 10–19 MHyFn dilution (upper row, (A)) and of microsphere distribution in
dried water “dilutions” drops, corresponding to a dilution of 1 × 10–19 M (lower row, (B)). Here accumulation of microspheres is also observed, but it differs from dense
accumulations in droplets with 1 × 10–19 M HyFn (A). Only 5 drops out of 36 have structures similar to those shown in (A).
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prepared from the “dilutions” of water corresponding to 1 ×
10–23 M and 1 × 10–27 M a wave-like distribution of microspheres
without their clustering in clumps were observed, which indicates
that water also undergoes changes during the preparation of
dilutions. Therefore, it seems difficult to completely objectively
determine a single parameter according to which test and control

drops can be divided. However, it is obvious that in most dilutions
the test and control drops are not the same, and also the drops in
different dilutions are not the same among themselves. In general,
drops obtained from dilutions of HyFn are characterized by the
concentration of microspheres in a certain area, as if, evaporating
faster from the edges of the drop, water pushed the microspheres

FIGURE 11 | Examples of photos of microsphere distribution in dried drops in 1 × 10–27 M HyFn (upper row, (A)). ((B)–lower row)–examples of photos of
microsphere distribution in dried water droplets, corresponding to a HyFn dilution of 1 × 10–27 M. Here a wavy distribution of microspheres is observed, but it differs from
dense accumulations in drops with 1 × 10–27 M HyFn.

FIGURE 12 | Examples of photos of microsphere distribution in dried drops in 1 × 10–31 M HyFn (upper row, (A)) and of photos of microsphere distribution in dried
water droplets, corresponding to a HyFn dilution of 1 × 10–31 M (lower row, (B)).
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to the center. It can be assumed that the evaporation rate in
structured HyFn water is different from that from the
control drops.

DISCUSSION

In the present study some physical-chemical properties of
aqueous systems representing centesimal dilutions of HyFn
and of the respective “dilutions” of deionized water used for
the preparation of HyFn dilutions were compared. The range of
dilutions prepared via vigorous shaking at each step extended
from HyFn concentration 10–9 M to estimated HyFn

“concentration” 10–31 M. As far as we are concerned
comparisons of serial dilutions of different substances in the
range of high and ultra-high dilutions with the respective
“dilutions” of deionized water prepared according to the same
protocol are not performed on a regular basis. Here such
comparisons allowed to reveal not only reliable differences
between HyFn dilutions and respective controls but also some
peculiar features of the “dilutions” of deionized water.

Several interesting features differentiating HyFn dilutions
from the “dilutions” of deionized water were displayed in
titrations of the dilutions with HCl and NaOH. When the
dilutions were titrated with HCl stronger buffering properties
of HyFn dilutions in comparison with the respective water

SCHEME 1 |Chart of glass slides with six dried drops on each of them. Dilutions of HyFn are indicated on the left. Six slides are shown for each dilution. Pale boxes
symbolize homogenous distribution of microspheres in a drop, dark boxes symbolize heterogenous distribution of microspheres.
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controls were observed. This fact implies that HyFn dilutions
contain something that neutralizes added H+ ions. For the HyFn
dilutions which contain reasonable, though low concentrations of
HyFn (10–7–10–11 M) such an excess in buffering capacity could
be tentatively explained by the neutralization of H+ by the
negatively charged aqueous shells that enclosure HyFn
molecules present in these dilutions [17]. However, in higher
HyFn dilutions especially those that exceed 10–15 M some other
entities should be responsible for the excessive binding of H+ ions.

Over the past two decades a lot of experimental evidence
accumulated in the literature on the existence in particular
aqueous systems of stable water clusters containing millions to
billions of water molecules. Especially interesting is that these

supramolecular water complexes (clusters, associates) are present
in high and ultra-high dilutions of different substances obtained
by repeated dilutions of polar solutes. They may be visualized
using such physical methods as atomic force microscopy,
transmission electron microscopy, electric force microscopy,
nanoparticle tracking analysis, dynamic light scattering (for
the reviews see [33–37]). Many authors who observed the
appearance of supramolecule water complexes in aqueous
systems suppose that they represent the so-called coherent
domains (CDs) of water predicted by Emilio Del Giudice and
colleagues [38]. According to them coherent domains of water
having the dimensions of about 100 nm are forming
spontaneously as the result of interaction between the ambient

SCHEME 2 | Chart of glass slides with six dried drops. Water dilutions are indicated on the left. Six slides are shown for each dilution. Pale boxes symbolize
homogenous distribution of microspheres in a drop, dark boxes symbolize heterogenous distribution of microspheres.
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electromagnetic field and water in accordance with quantum field
theory as applied to condensed matter. Other scientists suggest
that in the course of dilution with vigorous shaking of solutions of
different substances natural mesoscopic heterogeneity in water
may originate in the form of gas nanobubbles and other
impurities such as salt microcrystals that can carry original
solutes from one dilution to another [39, 40]. However,
different mechanisms of origination of supramolecular
structures in high and ultra-high dilutions do not rule out
each other and may work in concert providing heterogenous
composition of these dilutions and their special properties.

One of the features common to different supramolecular
complexes originating in the course of dilutions is that they
carry negative charge [35, 41]. In principle, such negatively
charged supramolecular associates may form complexes with
the added H+ ions and restrain the decrease of pH upon
addition of HCl to them. Our observation that HyFn
preparations in the whole range of dilutions even in ultra-high
ones that are equivalent to calculated HyFn concentrations
10–31 M have higher buffering capacity than respective water
“dilutions” corresponds with previously reported results from the
laboratory of V. Elia. They demonstrated that extremely diluted
solutions of several drugs such as Arnica Montana, Arsenicum
Album, Magnesium Muriaticum have higher capability to buffer
pH decrease when they are titrated with HCl than water used for
the preparation of these solutions [32]. The authors suggested
that excessive buffering capacity was provided by supramolecular
organization occurring in the extremely diluted solutions, namely
by the appearance in them of dissipative water structures in the
course of serial dilutions with intensive shaking.

In contrast to the titration of HyFn dilutions with HCl no
difference in the average buffering capacity of HyFn dilutions and
respective water controls was revealed when these dilutions were
titrated with NaOH (Figure 4C). However, another peculiar

feature of titration was observed when preparations were
titrated either with acid or alkali. This feature is the nonlinear,
nonmonotonic polymodal dependence of pH upon the degree of
HyFn dilutions and respective water “dilutions” that were
revealed in the course of the titration of the dilutions. This
nonlinearity for titration with HCl is clearly seen in Figure 3
(pH values in different dilutions to which eight 10 mkL portions
of HCl have been added) and in Figure 4 for the titration with
NaOH (pH values in different dilutions to which fifteen 10 mkL
portions of NaOH have been added). From Figure 3 one can see
that not only the average buffering capacity of HyFn dilutions
against acidification is higher than in the respective water
controls, but also that the buffering capacity of different
dilutions of both HyFn and respective water dilutions may
differ. For example, dilutions equivalent to HyFn
concentration 10–19 M (as well as the respective water control)
have higher buffering capacity than the lower (10–17 M) and
higher (10–21 M) dilutions. In this picture one can also see that
buffering capacity of HyFn and respective water dilutions
fluctuate rather synchronously in the range of dilutions from
10–7 M to 10–23 M). However, in the range of ultra-high dilutions
they continue to fluctuate for HyFn dilutions up to 10–31 M and
remain stable in the respective water “dilutions.”

Nonlinearity of pH dependence upon the degree of HyFn
dilutions is much more pronounced when HyFn dilutions are
titrated with NaOH. As it is seen in Figure 5B, amplitudes of pH
fluctuations in the whole range of HyFn dilutions significantly
increase with the increase in alkalinity of HyFn dilutions. At the
same time on increasing alkalinity pH fluctuations in HyFn
dilutions become especially prominent in the range of ultra-
high dilutions. Opposite is true for pH fluctuations in series of
successive water “dilutions.” They are much less pronounced than
in series of successive HyFn dilutions and practically disappear in
the range of high water “dilutions.”

These results suggest that the buffering properties of
consecutive HyFn ultra-high dilutions change significantly and
highly nonlinearly with respect to addition of NaOH, while the
behavior of control water dilutions in the course of NaOH
titration is much more trivial.

Nonlinear concentration dependence of biological activity of
high- and ultra-high dilutions of biologically active substances
was demonstrated long ago (for a review see [42]). However, only
recently A. Konovalov and associates demonstrated nonlinear
concentration dependence of different physiochemical properties
of high and ultra-high dilutions of multiple biologically active
substances (for the review see [35]). In particular they found that
nonlinear concentration relations are typical of pH variations in
highly dilute aqueous solutions [43, 44]. Basing on their discovery
of the presence in highly diluted solutions of particles with sizes of
tens to hundreds of nanometers (called “nanoassociates” by
them), they suggested that nonlinear concentration
dependence of physicochemical properties and the biological
effects of dilute solutions of biologically active compounds are
related to the formation and rearrangement of nanoassociates in
the course of dilutions with intensive shaking. The exact nature of
these nanoassociates is not known but in any case, they should
predominantly consist of water. Basing on this plausible

FIGURE 13 |Comparison of the number of drops with special structures
(substantially uneven distribution of microspheres) in HyFn dilutions and water
“dilutions” out of 36 drops for each HyFn or respective water dilution.
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hypothesis one may expect that high- and ultra-high HyFn
dilutions should also represent heterogenous and probably
structured aqueous systems containing supramolecular
particles. Such structuredness may define their peculiar
physicochemical properties.

In order to assess the degree of heterogeneity of HyFn
dilutions and compare them with the respective control
dilutions we used the method of drying of droplets (for the
recent review see [45]) containing microspheres. The water basis
of one kind of droplets was HyFn dilutions and of another kind of
droplets–respective control water “dilutions.” It was found that a
significant part of the dilutions is characterized by mesoscopic
heterogeneity, which is expressed in the fact that after drying of
water from droplets, the microspheres are distributed unevenly
on the surface, and tend to concentrate in the droplet body or
form ornament-like structures. Common feature of droplets with
HyFn dilutions is that microspheres tend to concentrate much
more often in them, while in droplets of the corresponding water
“dilutions,” microspheres are distributed more evenly, and areas
of their increased accumulation are much less common. With an
increase in the degree of dilution, especially for ultra-high
dilutions, the proportion of “structured” dried drops increased
both in the samples with HyFn dilutions and in control water
samples. However, as it can be seen in Figure 13 illustrating the
pooled data the number of drops with special structures obtained
from evaporation of HyFn dilutions was higher than that of
control drops. This difference was especially pronounced for the
range of ultra-high dilutions. Here the percentage of structured
drops obtained from evaporation of HyFn dilutions reached
60–80%, while in drops from respective water “dilutions” it
did not exceed 15–20%.

Thus, though the method of drying of droplets is not a
quantitative one, it allowed to qualitatively evaluate difference
in the structuredness of HyFn dilutions and the respective water
“dilutions.” It demonstrated that HyFn dilutions are much more
organized than the respective water “dilutions” and what is
especially remarkable the structuredness of HyFn dilutions
markedly increases with the degree of the dilution especially in
the range of ultra-high dilutions. Drops prepared from
extensively excited and serially diluted water also demonstrate
some structuredness that may depend upon the presence of
nanobubbles and certain impurities that inevitably appear in
aqueous preparations exposed to succussion and dilution [45, 46].

Examination of the structuredness of aqueous systems studied
here using the method of drying of droplets shows that the origin

of the dilutions: whether they were obtained from the solution of
HyFn or from pure water determines the degree of the
heterogeneity (structuredness) of even ultra-high dilutions.
HyFn dilutions in the range equivalent to HyFn
concentrations below 10–19 M appear to be much more
structured than the respective water “dilutions” though both
series were treated in a similar manner. Notably this difference
in structuredness of ultra-high HyFn dilutions and respective
water controls correlates with the difference between these
preparations revealed in the course of their titration both with
HCl and NaOH. This suggests that physicochemical properties
expressed in the buffering capacity of ultra-high aqueous
dilutions may be related to their structural heterogeneity.
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