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Abstract: The swelling of a polymer membrane Nafion™ in deionized water and isotonic NaCl and
Ringer’s solutions was studied by photoluminescent spectroscopy. According to our previous studies,
the surface of this membrane could be considered as a model for a cellular surface. Liquid samples,
in which the membrane was soaked, were subjected to preliminary electromagnetic treatment, which
consisted of irradiating these samples with electric rectangular pulses of 1 us duration using platinum
electrodes immersed in the liquid. We used a series of pulses with a repetition rate of 11-125 Hz;
the pulse amplitudes were equal to 100 and 500 mV. It turned out that at certain pulse repetition
rates and their amplitudes, the characteristic swelling time of the polymer membrane significantly
differs from the swelling time in untreated (reference) samples. At the same time, there is no effect
for certain frequencies/pulse amplitudes. The time interval between electromagnetic treatment and
measurements was about 20 min. Thus, in our experiments the effects associated with the long-term
relaxation of liquids on the electromagnetic processing are manifested. The effect of long-term
relaxation could be associated with a slight change in the geometric characteristics of bubston clusters
during electromagnetic treatment.

Keywords: swelling of polymers; photoluminescence spectroscopy; low-frequency electromagnetic
treatment; isotonic solution; long-term effects of electromagnetic treatment; cell membrane; bubstons;
bubston clusters

1. Introduction

The study of interactions of nonionizing electromagnetic waves with whole organisms,
and specifically with well-characterized cellular model systems in vitro, has received
increased recognition. A growing number of experimental findings has been reported, and
hypothetic mechanisms which might be involved in mediating these effects have emerged
(for review, see [1-8]).

At the same time, studies of the interaction of the low-frequency range with cellular
structures are of considerable interest. At the same time, impulse low-frequency action
on living organisms is of particular interest. For example, in a recent work [9], it was
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shown that a low frequency (7 Hz) pulsed electromagnetic field induces cell death in native
proliferating cells for a sufficiently wide sampling of patients. Concluding this section, we
note that low-frequency electromagnetic exposure has a therapeutic effect, see Table 2 in a
recent review [8].

As follows from the above review, the effects caused by the electromagnetic radiation
of biological systems manifest themselves at the cellular level; the majority of experiments
were carried out for cell suspensions in isotonic solutions. In this regard, it should be noted
that some polymer membranes and cell membranes exhibit similar properties. Specifically,
in our recent work [10], it was shown that when the Nafion™ polymer membrane swells
in water, polymer fibers “unwind” into the water bulk. It is important that these fibers do
not completely tear off the membrane interface, i.e., a “brush”-like structure close to the
interface is generated. Furthermore, when Nafion swells in water, a network of through
channels in the membrane volume is formed (see the review [11] for more detail). The
presence of such channels has been applied in a number of practical applications. For
example, the processes of liquid transfer through the capillary network of such channels are
widely studied with taking into account their fractal properties and the surface roughness
of the membrane, see, for example, [12,13].

An important parameter for Nafion-based fuel cells is the swelling rate of the mem-
brane in water. In this regard, it is necessary to mention the work [14], where the complex
environments experienced by water molecules in the hydrophilic channels of Nafion mem-
branes were studied by ultrafast infrared pump-probe spectroscopy. Time-dependent
anisotropy measurements showed that the orientational motions of water molecules in the
channels of Nafion membranes are significantly slower than in bulk water and that lower
hydration levels result in slower orientational relaxation. This behavior was analyzed using
a model based on restricted orientational diffusion within a hydrogen bond configuration
followed by total reorientation through jump diffusion.

Bearing in mind that the membrane is “decorated” with unwound polymer fibers, we
arrive at an analogy with the cell membrane. Indeed, the structure of the channels in the
bulk of polymer is similar (conditionally) to the lipid bilayer of the cell membrane, while
the external structure of the polymer fibers is similar to the glycocalyx (extracellular matrix,
see [15]). This analogy was developed on a qualitative level in our recent work [16]; Within
the approach based on this analogy a number of features revealing at swelling of polymer
membranes in water and aqueous salt solutions have been explained. Therefore, there is
a natural interest in investigating the specific interaction of Nafion with deionized water
and various isotonic solutions, which were subjected to the low-frequency electromagnetic
irradiation.

As shown in [16], a number of effects associated with the swelling of the Nafion
membrane in water and aqueous solutions of salts (in [16], aqueous solutions of NaCl
were studied in a wide range of concentrations) are due to the presence of a nanobubble
phase in water and aqueous solutions of electrolytes (for more details see Section 4 below).
Furthermore, it was found in [16] that the swelling kinetics of the Nafion membrane has a
long-term relaxation effect. Namely, effective shaking of a liquid sample (deionized water)
leads to a change in the kinetics of membrane swelling, and this effect has a significant
relaxation time (about a day).

The present work is devoted to the study of the effects of long-term relaxation in
water and aqueous salt solutions, resulted from the processing of liquid samples with
electromagnetic pulses at different pulse repetition rates and amplitudes.

2. Materials and Methods
2.1. Materials

Polymer membrane Nafion (C7HF;3055 x CyF,) is a sulfonated tetrafluoroethylene
based fluoropolymer-copolymer. The polymer matrix consists of a tetrafluoroethylene back-
bone, where perfluorovinyl ether groups are terminated with sulfonate groupsHSO3.We
investigated NafionN117 plates (Sigma Aldrich, St. Louis, MO, USA) with a thickness of
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Ly =175 um. The Nafion plates were soaked in Milli-Q water with a resistivity of 4 M()-cm
(measurement were made 1 h after the preparation) in isotonic NaCl (0.9%; Mosfarm,
Russia) and Ringer’s (Medpolymer, Russia) solutions. In our particular case, the Ringer’s
solution was composed of NaCl (8.6 g/L), KCI (0.3 g/L), and CaCl, x 6H,O (0.25 g/L),
dissolved in water.

2.2. Instrumentation
2.2.1. Photoluminescence Study

In this subsection we briefly describe an experimental protocol; for more detail see [10].
The experimental technique is based on the excitation of photoluminescence from the
Nafion surface by pumping in the UV range. To excite luminescence, it is necessary to
irradiate a substance within one of the absorption bands. Some remarks, germane to the
issue, are these: It is known [17] that one of the maxima of the absorptivity of both dry and
swollen in water Nafion occurs at a wavelength of A = 270 nm. It is also known (see, for
example, Ref. [18]) that water does not absorb in this spectral range. In further support, we
note that when optical radiation interacts with matter, and a complex molecular system is
irradiated inside the absorption band, quantum transitions are stimulated in a longer-wave
range, i.e., photoluminescence should arise.

The present work is devoted to the study of the interaction between the Nafion
membrane and liquid samples, processed with electric pulses at low frequency of repetition,
by photoluminescent techniques, which are widely exploited in polymer studies, see,
for example, [19-23]. In our photoluminescence experiments we used radiation at a
wavelength of A = 369 nm corresponding to the long-wavelength region of the absorption
band. In parallel experiments (see Ref. [10]), it was found that the terminal sulfonic groups
of HSOj serve as the centers of Nafion luminescence under UV irradiation.

Figure 1 illustrates the dependence of the luminescence signal P from the Nafion
solution in isopropanol at a wavelength of A = 460 nm (the spectral maximum of the
luminescence); The zero abscissa corresponds to pure isopropanol. The concentration of the
solution in this case is not known to us; we consider (conditionally) that the concentration
is 100 a.u. immediately after removal of the Nafion plate from the solution, and then the
solution was diluted proportionally with isopropyl alcohol.
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Figure 1. Dependence of the luminescence signal P on the content of Nafion in isopropanol solution.
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The rectilinear segment in Figure 1 can be approximated by the following formula:
P = —237 + 16 nnyy 1)

where 71y, is the volume number density of the luminescence centers, i.e., terminal sul-
fonic groups. Since these groups are attached to polymeric chains, 7y, can be associated
with the volume number density of Nafion particles. The dependence obtained can be
represented as:

P=A+ kIpumpU'lumnNafV/ ()

where Ipump is the pump intensity, A = —270 relative units corresponding to the spectral
density of the mini-spectrometer noise and stray-light illumination, k is the transfer coeffi-
cient of the setup, V is the luminescence volume, and ¢7y,,,,, is the luminescence cross section
(it is obvious that the spectral maximum of o7y, corresponds to A = 460 nm). It follows
from Figure 1 that 0y,,,,, = const.

To carry out experiments on photoluminescence spectroscopy, a photoluminescence
spectroscopy setup in grazing incidence geometry was developed and assembled (for more
detail see Ref. [10]). The schematic of the experimental setup is shown in Figure 2.

PC |(7)

Spectrometer|(o)

Figure 2. Schematic of the experimental setup for laser luminescence spectroscopy. (1) 369-nm pump beam, (2) optical fiber

for pump radiation, (3) thermostat, (4) Nafion plate, (5) optical fiber for photoluminescence signal, (6) spectrometer, (7)

personal computer, (8) micrometric-feed table.

The probing radiation of continuous wave laser diode (1) (optical pumping) at a
wavelength A= 369 nm was introduced into the multimode quartz optical fiber (2) with a
diameter ® = 100 pm and a numerical aperture NA = n X sinx = 0.3, where n = 1 is the
refractive index of air, « is the angle of beam divergence at the exit end of the fiber in air.
The fiber was fixed in a hole located in the center of the bottom of a cylindrical cell (3) made
of stainless steel; the direction of pump beam set the optical axis of the experimental setup.
The cell was thermostabilized at room temperature (T = 23 °C) accurate to &£ 0.1 °C and
filled with test liquid sample. We studied the swelling of a square Nafion plate (4) with
a side i =4 mm and a thickness d = 175 um. The plate was fixed parallel to the optical
axis, i.e., the experiments were carried out at grazing incidence. The vertical edges of the
Nafion plate were rigidly fixed with two vertical parallel clamps in parallel to the optical
axis, i.e., the experiments were carried out at grazing incidence; no additional substrate for
fixation of the plate was used. The size of the clamps was much less than the width of the
Nafion plate, i.e., for the central region of the plate along the vertical direction (this region



Polymers 2021, 13, 1443

50f17

was subject to irradiation by the UV pumping), the approximation of the free boundary
was realized.

At the beginning of the experiment, a dry (water-free) Nafion plate was fixed in an
empty cell; the plate could be displaced horizontally using a stepping motor (8), thereby
changing the position of the plate in relation to the optical axis. In doing so, we achieved
the maximum of the luminescence signal; the corresponding position of the Nafion plate
relative to the optical axis is considered to be optimal. When a liquid sample was poured
into the cell, the initially hydrophobic Nafion plate was bent along the optical axis. How-
ever, such bending led only to an effective shift of the Nafion-water boundary (this shift
amounted to about 1 mm) but did not result in a change in the incident angle of the pump
radiation. To restore the optimal position of the plate relative to the optical axis, additional
adjustment was carried out using a stepping motor (8). The luminescence radiation was
reflected by the internal surface of the cell (Nafion is transparent in the visible range) and
collected along the optical axis of the cell. This resulted in a significant gain in luminescence
intensity. The luminescence signal was received by a quartz fiber (5), fixed at the center
of the cell and transferred to the minispectrometer (6) FSD-8 (Russia). The experimental
data were accumulated by a computer (7). In the experiment, the temporal dynamics of the
luminescence intensity in the spectral maximum depending on the time of soaking of the
Nafion plate in the liquid under study was investigated. The start of soaking time counting
corresponds to the moment of pouring the liquid sample into the cell.

2.2.2. Processing of Liquid Samples

To study the effects of electromagnetic treatment of the test liquids, we designed
an experimental setup which allowed us to expose liquid samples to electrical pulses
of positive/negative polarity with a repetition rate in the range of 5-125 Hz with the
possibility of varying the amplitudes and durations of the pulses. In these experiments, we
used a G5-63 pulse generator (Russia), and an oscilloscope AKIP 4115/3A (Russia).

The test liquid samples were poured into a 5-mL cell. Next, platinum electrodes
connected to a pulse generator were immersed into the cell; the distance between the
electrodes was 5 mm, and the area of the electrodes in the liquid was 10 mm?. We used
pulses with durations of us and amplitudes of 100 mV and 500 mV (the voltage data was
taken after immersing the electrodes in a liquid sample). Liquid samples were exposed
to electrical impulses for 20 min (the time of processing). Typical pulses used in our
experiment are shown in Figure 3a—100 mV and Figure 3b—500 mV; the pulse repetition
rate is indicated in the lower right corner. The electrochemical potential of platinum in
accordance with the reaction Pt?* + 2¢~ = Pt (s) is g = +1.2 V, see Ref. [24]; it is obvious
that the voltage of pulses supplied to the electrodes should not exceed the value of ¢ just
to avoid electrochemical reactions on the electrodes. To make sure that we did not have to
deal with electrochemical reactions, we controlled the pH of the test liquids before and after
electromagnetic processing. For that purpose, we used pH-meter HANNA HI 98108 PHep+
(USA), which was calibrated with standard acid and alkaline titers, having pH = 4.06 and
9.18 accordingly. It turned out that the electromagnetic processing did not result in the
change of pH: before and after processing for deionized water the pH = 5.7 &+ 0.1, for NaCl
solution pH = 6.2 & 0.1, for Ringer’s solution pH = 5.5 £ 0.1.
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Figure 3. Oscillograms of pulses used in the experiment; the repetition frequency f is indicated in the lower right corner (in
this particular case f = 100 Hz). (a)—100 mV and (b)—500 mV.

3. Experimental Results

The dependences of the luminescence intensity at the spectral maximum vs. the
swelling time of the polymer membrane, presented below, correspond to averaging over
five successive measurements. Confidence intervals are indicated on all graphs, see below.

First, we measured the luminescence intensity at the spectral maximum (460 nm) as a
function of the soaking time for unprocessed (reference) samples of deionized water after
settling for an hour in a flask open to the atmosphere, as well as unprocessed (reference)
samples of isotonic NaCl solution and Ringer’s solution. Figure 4a shows the time depen-
dence of the photoluminescence intensity at the spectral maximum (460 nm) for deionized
water and NaCl solution. Figure 4b exhibits the time dependence of the photoluminescence
intensity for Ringer’s solution. We can see that for all the liquids, the experimental points
belong to approximately the same exponential curves. The corresponding formulas are
given in the insets and highlighted with different colors: blue color for water and red
color for NaCl solution. As follows from Figure 4a, the decay times of the exponential
function for deionized water and NaCl solution are the same and equal to 1y = 14.3 min,
and for Ringer’s solution (Figure 4b we have 1y = 12.3 min. The pre-exponential factors
and free constants for the given exponentials also insignificantly differ. Thus, for untreated
deionized water and isotonic salt solutions the time dependences of the luminescence
intensity are well approximated by very close decaying exponential functions, i.e., the ionic
additives would hardly influence on the dynamic of swelling Nafion.

The time interval between the finish of electromagnetic processing of the liquid sam-
ples and the start of measuring the photoluminescence intensity amounted to 10 min. This
interval included the initial alignment of the setup for the photoluminescence spectroscopy
followed by pouring the processed liquid into the cell shown in Figure 2.

In order not to clutter up the article, we present only the most characteristic depen-
dences of the luminescence intensity on the time of soaking of the polymer membrane.
In Figure 5 we exhibit the dependence for Ringer’s solution treated with pulses with an
amplitude of 100 mV and a repetition rate of 20 Hz. In the same figure we show the
dependence for the reference sample. It can be seen that both dependences are well approx-
imated by decaying exponential functions, but for the processed sample the decay time
is approximately two times less. The same graph shows the calculations of the Pearson’s
rank correlation coefficient for the obtained dependences. The value of rank correlation
coefficient (0.9) shows that in both cases we are apparently dealing with a process that
has the same physical nature, but the kinetic characteristics of this process differ after
processing with electric pulses. Note that the resulting graphs were averaged over five suc-
cessive dependencies: the graphs indicate the confidence interval for the points obtained
by averaging.
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Figure 4. Intensity of luminescence in the spectral maximum vs. the time of soaking of the polymer
membrane for untreated solutions (reference samples); (a)—deionized water; —NaCl solution; (b)—
Ringer’s solution.
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Figure 5. The results of processing with pulses of amplitude 100 mV at a repetition rate of 20 Hz: for
Ringer’s solution.

In Figure 6 we display the dependence for Ringer’s solution treated with pulses
with an amplitude of 100 mV and a repetition rate of 125 Hz; here we also show the
dependence for the reference sample. It can be seen that both dependences are also well
approximated by decaying exponential functions, but for the processed sample the decay
time is approximately twice as long.
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Figure 6. The results of processing with pulses of amplitude 125 mV at a repetition rate of 500 Hz:
for Ringer’s solution.
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In Figure 7 we display the dependence for Ringer’s solution treated with pulses with
an amplitude of 100 mV and a repetition rate of 100 Hz. The same graph shows the depen-
dence for the reference sample. It is seen that both dependences are well approximated by
decaying exponential functions and approximately coincide.

— Ringer 100Hz_100mV_21 03 2]
Reference Ringer 17 03 21
= ==Y =17955.6 + 44539.2 x exp(—0.08 x 1)

70,0000
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Figure 7. The results of processing with pulses of amplitude 100 mV at a repetition rate of 100 Hz for
Ringer’s solution.

As follows from these graphs, after processing with electric pulses, the decay time of
the exponential functions, used for approximating the experimental dependences, may
increase/decrease in comparison with the reference dependences, or may not change at all.
The results of the experiments performed are summarized in Figure 8, where we exhibit
the dependences of t/7p, where 71 is the decay time of the reference dependence, T is
the decay time of the corresponding dependence after processing, on the pulse repetition
rate for deionized water (Figure 8a), isotonic NaCl solution (Figure 8b), and Ringer’s
solution (Figure 8c); black curves correspond to the pulse amplitude of 100 mV, and red
curves correspond to 500 mV pulse amplitude. It is seen that the obtained dependences are
qualitatively correlated to one another for all investigated liquids.
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Figure 8. Dependence of T/71j on the pulse repetition rate for pulse amplitudes of 100 mV (black
curve) and 500 mV (red curve); (a)—deionized water; (b)—NaCl solution; (¢)—Ringer” solution.

4. Discussion

As follows from the graph in Figure 1 for the luminescence intensity at the spectral
maximum (see also Equation (1)), the dynamics of the luminescence intensity I is completely
controlled by the volume number density of the luminescence centers 1y, (sulfonic groups
in our case, see [10]), the luminescence cross section ¢y,,,, and the luminescence volume V.
The volume number density of luminescence centers in volume V can be represented as
nngs = C/V, where C is the total amount of the polymer particles in the volume V. Obviously,
this volume is determined by the cross section of the laser beam in the near-surface layer
of the Nafion plate (recall that we irradiate the plate in grazing incidence geometry), and
the plate height, i.e., the volume V is fixed. Since water molecules penetrate the surface
layer of the membrane during swelling, the ny,s value inside this layer should decrease.
Then, under the assumption that oy, is constant (note that there is no reason to assume
that oy,,,, changes at swelling), the only time-dependent parameter is the bulk density of
luminescence centers 71y, Introducing the characteristic decay time T, which is about the
swelling time, we obtain the differential equation:

anaf _ NNaf
it~ T @)
ie.,
t
NNaf = (nNuf)Oexp(_T) 4

where (11n4f)o is the volume number density of luminescence centers at t = 0 (i.e., in dry
Nafion). As follows from the above experimental plots, processing with electrical pulses
leads to a change in the swelling time .

As was indicated above, the Pearson’s rank correlation coefficient between the refer-
ence and processed liquid samples is close to unity. In our opinion, this indirectly suggests
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that the luminescence cross section o7, does not change as a result of processing, that is,
the dynamics of membrane swelling for treated and untreated samples is described by
exponential Equation (4). It is very important that for the reference samples the exponential
functions describing the swelling dynamics are practically the same, see Figure 4. At the
same time, as is seen from the graphs in Figure 8, the characteristic swelling time T changes
after the treatment with electric pulses.

As is seen from the graphs, the ratio t/7¢ for different samples depends significantly
on the repetition rate and amplitude of the pulses. For example, for isotonic NaCl solution
(panel (b)), treatment at frequencies of 11 and 20 Hz for the pulse amplitude of 100 mV
leads to a significant increase in the swelling rate of the polymer membrane, while for
the pulse amplitude of 500 mV, the swelling rate very slightly changes compared to the
reference sample. Note also that the most significant increase in the swelling rate is
also observed for an isotonic NaCl solution at a repetition rate of 125 Hz for both pulse
amplitudes. Interestingly, the pulse treatment of deionized water for both pulse amplitudes
leads primarily to a slowdown, rather than an increase in the swelling rate (t/7ty < 1); the
exception is processing by pulses at frequency of 125 Hz with amplitude 500 mV. Note also
that the frequency of 100 Hz looks special, since for this frequency the values of T/, for
100 and 500 mV are very close for all investigated samples. In addition, for all investigated
liquids, an increase in /7y is observed in the range 100-125 Hz for both pulse amplitudes.

These results show that the treatment of liquid samples according to the specified
protocol leads to significant changes in the swelling rate of the membrane, and the effect
of such treatment has a sufficiently long relaxation time (on the order of several tens of
minutes). The following mechanisms for realization of this effect can be suggested. First,
we cannot completely exclude the possibility of appearing ionic impurities from platinum
electrodes during processing. It is clear, however, that in this case the change in the swelling
rate should monotonically depend on the amount of energy input during electrolysis, i.e.,
dependences T/71j on the pulse repetition rate (these dependences are shown in Figure 8
must behave monotonously. In addition, it is very important for us that for untreated
samples of deionized water and isotonic NaCl and Ringer solutions, the decay times T
coincide to one another with a good accuracy. Finally, for all studied samples, the pH
value does not change before and after treatment. Thus, in our opinion, the contamination
mechanism can be excluded.

As is known [25], the characteristic times of relaxation processes in water amount to
10~11-10712 s. This is, firstly, the lifetime of the hydrogen bond between water molecules;
the breaking of the hydrogen bond occurs due to the rotational Brownian diffusion of
molecules. Second, this is the decay time of local pressure/density fluctuation. Assuming
that the characteristic size of this fluctuation is 5—10-100 nm, we obtain for the decay time
of such fluctuation the estimate T ~ §/c, where c is the speed of sound in water, i.e., T ~
101121019 g. Thus, it would seem that the processes with relaxation times of the order of
several tens of minutes cannot arise in water and aqueous solutions of electrolytes.

At the same time, as has been shown in a number of works (see, for example, the
review [26] and references therein), there exist long-lived gas nanobubbles with a diameter
of 200-300 nm in the bulk of water and aqueous salt solutions under normal conditions. The
specified size is usually observed in experiments based on the technique of dynamic light
scattering, see Ref. [27] for more detail. In our previous works [28-30] it was shown that if
a liquid is saturated with a dissolved gas (for example, atmospheric air) and has an ionic
component, then ion-stabilized gas nanobubbles spontaneously arise in it. Stabilization
is due to the adsorption of anions on the inner (from the side of gas phase) surface of
the nanobubbles. Such nanobubbles were called bubstons (abbreviation from bubble,
stabilized by ions), see [28]. In this case, the surface tension of the bubstons is completely
balanced by the negative electrostatic pressure of the adsorbed ions, and the gas pressure
inside the bubstons appears to be equal to the atmospheric pressure. Note that the model
of stabilization of nanobubbles in a liquid bulk due to the adsorption of ions onto the
nanobubble surface has been recently confirmed, see, for example, [31-33].
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As follows from the studies [28-30], the bubstons are stable both mechanically and
diffusionally due to the presence of an ionic impurity. It is clear that the ionic component
exists in isotonic NaCl and Ringer solutions. As to deionized water, bubstons are stabilized
due to the adsorption of HCO3™ and CO32~ anions on the bubston surface, see our recent
work [34]. These anions arise owing to the dissociation of carbonic acid, which, in turn, is
the result of a hydrolysis of CO; in water. The nucleation of bubstons occurs due to the
Coulomb instability of the so-called “droplets of an ionic condensate”. The nuclei for such
droplets are the dimers “ion-gas molecule”, see our recent work [35]. In the same work, in
particular, we estimated the bubston nucleation time, which is about 2.4 x 10 8s.

When considering the stabilization of bubstons due to ionic adsorption, it is necessary
to take into account that negatively charged (due to the adsorption of anions) gas cores of
bubstons are always surrounded by a spherically symmetric diffusion cloud of counterions
(Debye screening). When bubstons move in a viscous liquid, the peripheral layers of
this cloud are effectively “washed away”, which leads to the formation of &-potential. In
this case, bubstons appear to be negatively charged. Indeed, it is known (for example,
see [36-38]) that during electrophoresis the bubbles move to the anode.

Let us now estimate the value of the bubston displacement inside a planar capacitor,
to which a series of electrical pulses of voltage U = 500 mV and duration v/ = 1 ps with a
pulse repetition rate of 10 Hz are applied. Assuming that £-potential ¢ of nanobubbles
with a radius R is expressed as:

Q

- 47meegR

¢ ©)

where & = 80 is dielectric permittivity of water, and substituting ¢ = —10 mV (see, for
example, [33]), and R = 100 nm, we obtain Q ~ 10-17 C, i.e., about 100 elementary charges.
Assuming further the distance d between the capacitor plates to be equal to 1 cm, we obtain
for the electric field strength inside the capacitor E = U/(ed) ~ 0.6 V/m. In case of a uniform
moving of a bubston, having velocity v, we arrive at:

QE = 6myRo (6)

where 77 = 1073 Pa-s is dynamic viscosity of water at room temperature. Thus, we ob-
tain that force F = 0.6 x 1077 N is applied to the bubston, and the bubston velocity is
v=0.3 x 1078 m/s, i.e., fora time T =1 ps, the bubston travels a distance Al' ~3 x 101> m.
Let us further estimate a random displacement of the bubston Al” as a result of Brownian
diffusion within the intervals t'; we obtain:

Al" =Dt = T 14-10°m )
67TRy

where D is the Brownian diffusion coefficient, T = 300 K. We can see that Al” >> Al', i.e.,
within a pulse of 1 ps-width the average position of an individual bubston practically does
not change. We cannot imagine a physical mechanism for the processes with relaxation
times about tens of minutes as based on the model of individual bubstons.

It is worth to note that in aqueous salt solutions with a sufficiently high concentration
of ions, individual bubstons are capable of coagulating to one another with the formation
of bubston clusters, ranging in size from 700 nm-2 pm. Experimental studies of bubston
clusters in aqueous solutions of NaCl, carried out with dynamic light scattering, are
described in [39-41]. As was shown in these works, the cluster phase is manifested at ion
concentrations > 0.1 M; it is obvious that isotonic NaCl and Ringer solutions meet this
condition, while in deionized water the concentration of ions is less. Indeed, in this water
the value of pH = 5.7 4- 0.1 before and after processing, i.e., the ion content is 1076 M.

As was found in the experimental work [39], the volume number density of bubston
clusters in 0.1 M NaCl solution is about 2 x 10° cm 3. The dependence of the volume
number density of individual bubstons vs. the ionic concentration in NaCl solution was
studied in [29]. It was found in this work that at ion concentration of 107® M the volume
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number density of bubstons is 10° cm 3, while at a concentration of 10~! M (physiological
solutions) we have 3 x 10”7 em 3. Thus, the volume number densities of bubstons/bubston
clusters differ significantly in deionized water and isotonic solutions. Furthermore, the
clusters are not revealed in experiments with dynamic light scattering in deionized water.
In addition, the clusters are fractal objects; their fractal dimensions and gyration radii in
aqueous NaCl solutions were measured in [29,39-41]. Finally, the characteristic lifetime of
the clusters was measured in [29]. In this experiment, we first measured the distribution
of scatterers over size in 1 M NaCl solution, and then the liquid sample was settled
for 6 months under stationary conditions in hermetically sealed (without an access of
atmospheric air) cell of 2-cm height. It turned out that the micron-sized scatterers (bubston
clusters) disappear after settling, while submicron-sized scatterers (individual bubstons)
remain in the liquid (“survive”). The disappearance of the coarse scatterers is obviously
associated with a cluster floating up following by its destruction at the liquid interface,
whereas individual bubstons have a neutral buoyancy;, i.e., do not float up. Thus, we can
argue that bubstons are an equilibrium phase of an aqueous electrolyte solution under
normal conditions, while bubston clusters are a long-lived phase.

Coagulation of bubstons and the cluster formation were theoretically considered
in [42]. In this work, the distribution Q(r) of the entire charge Qp of the gas core of radius Ry
and the cloud of counterions surrounding the gas core (the thickness of this cloud is equal
to (r—Rp), where the radius vector r is originated at the bubston center) in salt solutions
with a low ionic concentration is a monotonic function: Q(r) — 0 for r — oo for all values
of r. At the same time, at high ionic concentrations, the function Q(r) is not monotonic
anymore: at a certain value r = rp, we have Q(rp) = 0 (isoelectric point), but the condition
Q(r) — 0 at ¥ — oo is still met. Thus, we can talk about the inversion of the sign for the
function Q(r) in concentrated ionic solutions. This effect is described, for example, in
Refs [43-45]; the physical nature of this effect is related to the gas-core charge Qp: at low
ion concentrations, we have the condition:

Q3

47‘[80R0 < kT’ (8)

where k is the Boltzmann constant. At the same time, at high ionic concentrations, condi-
tion (8) is violated:
QZ
=0 >

T
4megRy — KT, (9)

which leads to the inversion effect, see [43—45]. As was shown in [42], at high ionic
concentrations we always deal with two types of compound particles, having electrical
charges of the opposite sign. These compound particles are composed of the gas core
(the value of its charge is fixed) and a cloud of counterions, remaining after washing off
the peripheral ionic layers due to moving in a viscous liquid. This results in Coulomb
attraction of oppositely charged compound particles with the formation of clusters.
Based on the results of [42], we modified the hierarchical model of clustering of
spherical particles [46]; the hierarchical model was described in detail in the review [47].
In [46] we numerically simulated the growth of clusters composed of spherical monomers.
Series of clusters were generated iteratively, starting with N individual spherical particles.
At each step of the iterative procedure, two clusters were randomly selected, and then
these clusters were linked to one another with a random mutual orientation, thus forming
a new cluster. We found a solution to the inverse scattering problem in the form of a
stochastic ensemble of 2 x 10? hierarchical-type clusters obeying exponential distribution
p(N)-exp(—aN) over the number N of bubstons in a cluster (N > 1, « > 0). Here, a is a
model parameter that takes into account the attraction of particles during the aggregation
of a ballistic type. In such a hierarchical model of cluster-cluster aggregation, the average
fractal dimension D of the ensembles of clusters monotonically depends on the parameter
«. The parameter a can be considered as an additional “degree of freedom”, which allows
one to describe the experimentally found angular dependence of the scattering indicatrix



Polymers 2021, 13, 1443

15 of 17

elements, see our study [39]. In this work we calculated a set of the scattering matrices
as the averages over random cluster ensembles with the statistical parameters, taken
on a uniform discrete grid. The solution to the inverse scattering problem was found
by minimizing the divergence between the measured angular profiles of the scattering
matrix and the same profiles. In Figure 9 we exhibit an example of such realizations for a
physiological NaCl solution; & = —1.4, fractal dimension of the cluster D = 2.45, number of
bubstons in the cluster N = 420, bubston radius R = 100 nm; this figure was taken from [39].

Figure 9. Mutually perpendicular projections of a stochastic realization of hierarchic bubston cluster
with the parameters: the number of bubstons N = 400, the bubston radius R = 100 nm, fractal
dimension D = 2.45, see [39].

In [46], the electrostatic field strength, at which the effects of coagulation appear, is
assumed to be spherically symmetric. The electrostatic force leading to the cluster growth
is given by the formula:

2t Qq

- 91 10
4rreger? (10)

where 7 is the distance between the center of the bubston with charge Q ~ 10~ C and the
attractive center on the cluster surface. Let this center have charge g; the exact value of this
charge is unknown to us. However, without loss of generality, we can put g ~ —Q, assuming
we deal with an attractive interaction. Thus for # ~ 1 um (the characteristic radius of the
cluster), we obtain F' ~ 1074 N >> F, where F is the force applied to an individual bubston
in the field of a flat capacitor, see the comments to Equation (6). It is clear, however, that
the estimate for the force F’ is very approximate, since we do not know the effective charge
g. Apparently, a more accurate theoretical analysis and new experiments are required.
These experiments should involve the study of the angular dependences of the scattering
matrix elements for processed /non-processed liquid samples. It is clear, however, that in
the absence of an applied pulsed field, the aggregation of bubstons and the formation of
clusters develop in a centrally symmetric field, while upon processing with electric pulses,
aggregation of bubstons occurs in a combination of centrally symmetric field and a uniform
field of a flat capacitor. Thus it can be argued that the modes of aggregation of bubstons and
the fractal properties of bubston clusters will be slightly different for the processed /non-
processed samples. In addition, since the volume number density of bubston clusters in
deionized water and aqueous salt solutions are different, the effects of treatment with
electric pulses for these liquids should also differ from one another. Of course, we still
cannot comment on why a change in the geometrical properties of bubston clusters, whose
volume number density in 0.1 M NaCl solution is not very high (~2 x 10° cm~3), leads to
a change in the swelling rate of the polymer membrane. However, we believe that this
model could shed light to the mechanisms of a long-term relaxation in water and aqueous
salt solutions.
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5. Conclusions

To summarize, during low-frequency treatment with electric pulses of deionized water
and isotonic NaCl and Ringer solutions, the internal parameters of the liquid matrix, which
are responsible for the swelling rate of the Nafion polymer membrane, should change. The
effect could be associated with a change in the geometric characteristics of bubston clusters
during processing. Since bubston clusters are a long-lived phase of water and aqueous
salt solutions, within the framework of the proposed model, the long-term relaxation of
liquid samples after treatment with electric pulses finds its natural explanation. Since,
according to our assumption, Nafion’s membrane is similar to a cell membrane, see [16],
the electromagnetic treatment can be used in biomedical practice to prepare drugs with a
variable rate of drug penetration into the cell/living tissue.

Author Contributions: Conceptualization, LET. and N.EB.; investigation, PN.B., VAK, M.A.O,,
S.V.G. and O.PS.; writing—original draft preparation, N.F.B. and V.G.G.; supervision, N.EB.; fund-
ing acquisition, O.V.O. and E.V.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Ministry of Science and Higher Education of the Rus-
sian Federation, a grant of for large scientific projects in priority areas of scientific and technological
development (grant number 075-15-2020-774).

Institutional Review Board Statement: This study did not require ethical approval.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Adey, W.R. Tissue interactions with nonionizing electromagnetic fields. Physiol. Rev. 1981, 61, 435-514. [CrossRef] [PubMed]

2. Adey, W.R.; Lawrence, A.F. (Eds.) Nonlinear Electrodynamics in Biological Systems; Plenum: New York, NY, USA, 1984.

3. Chiabrera, A.; Nicolini, C.; Schwan, H.P. (Eds.) Interactions Between Electromagnetic Fields and Cells; Plenum: New York, NY,
USA, 1985.

4. Polk, C.; Postow, E. (Eds.) CRC Handbook of Biological Effects of Electromagnetic Fields; CRC: Boca Raton, FL, USA, 1986.

5. Blank, M.; Findl, E. (Eds.) Mechanistic Approaches to Interactions of Electromagnetic Fields with Living Systems; Plenum: New York,
NY, USA, 1987.

6.  Frohlich, H. (Ed.) Biological Coherence and Response to External Stimuli; Springer: Heidelberg, Germany, 1988.

7. Wilson, BW,; Stevens, R.G.; Anderson, L.E. (Eds.) Extremely Low Frequency Electromagnetic Fields: The Question of Cancer; Batelle:
Columbus, OH, USA, 1991.

8.  Saliev, T.; Begimbetova, D.; Masoud, A.R.; Matkarimov, B. Biological effects of non-ionizing electromagnetic fields: Two sides of a
coin. Prog. Biophys. Mol. Biol. 2019, 141, 25-36. [CrossRef] [PubMed]

9.  Kaszuba-Zwoinska, ].; Cwikliriska, M.; Balwierz, W.; Chorobik, P; Nowak, B.; Wojcik-Piotrowicz, K.; Ziomber, A.; Malina-Novak,
K.; Zaraska, W.; Thor, PJ. Changes in cell death of peripheral blood lymphocytes isolated from children with acute lymphoblastic
leukemia upon stimulation with 7 Hz, 30 mT pulsed electromagnetic field. Cell. Mol. Biol. Lett. 2015, 20, 130-142. [CrossRef]
[PubMed]

10.  Bunkin, N.E; Shkirin, A.V,; Kozlov, V.A.; Ninham, B.W.; Uspenskaya, E.V.; Gudkov, S.V. Near-surface structure of Nafion in
deuterated water. J. Chern. Phys. 2018, 149, 164901. [CrossRef]

11. Mauritz, K.A.; Moore, R.B. State of understanding of Nafion. Chem. Rev. 2004, 104, 4535-4585. [CrossRef]

12. Xiao, B.; Zhang, Y.; Wang, Y,; Jiang, G.; Liang, M.; Chen, X.; Long, G. A fractal model for Kozeny—Carman constant and
dimensionless permeability of fibrous porous media with roughened surfaces. Fractals 2019, 27, 1950116. [CrossRef]

13. Ali, A.; Shah, K,; Alrabaiah, H.; Shah, Z.; Rahman, G.U.; Islam, S. Computational modeling and theoretical analysis of nonlinear
fractional order prey—predator system. Fractals 2021, 29, 2150017. [CrossRef]

14. Moilanen, D.E,; Piletic, I.R.; Fayer, M.D. Water Dynamics in Nafion Fuel Cell Membranes: The Effects of Confinement and
Structural Changes on the Hydrogen Bond Network. J. Phys. Chem. C 2007, 111, 8884-8891. [CrossRef]

15.  Goodsell, D.S. The Machinery of Life; Springer Science + Business Media: Berlin, Germany, 2009.

16. Ninham, B.W.; Bolotskova, PN.; Gudkov, S.V,; Juraev, Y.; Kiryanova, M.S.; Kozlov, V.A,; Safronenkov, R.S.; Shkirin, A.V,;

Uspenskaya, E.V.; Bunkin, N.F. Formation of water-free cavity in the process of Nafion swelling in a cell of limited volume; effect
of polymer fibers unwinding. Polymers 2020, 12, 2888. [CrossRef]


http://doi.org/10.1152/physrev.1981.61.2.435
http://www.ncbi.nlm.nih.gov/pubmed/7012860
http://doi.org/10.1016/j.pbiomolbio.2018.07.009
http://www.ncbi.nlm.nih.gov/pubmed/30030071
http://doi.org/10.1515/cmble-2015-0006
http://www.ncbi.nlm.nih.gov/pubmed/26204398
http://doi.org/10.1063/1.5042065
http://doi.org/10.1021/cr0207123
http://doi.org/10.1142/S0218348X19501160
http://doi.org/10.1142/S0218348X21500018
http://doi.org/10.1021/jp067460k
http://doi.org/10.3390/polym12122888

Polymers 2021, 13, 1443 17 of 17

17.
18.
19.
20.
21.

22.

23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

De Almeida, S.H.; Kawano, Y. Ultraviolet-visible spectra of Nafion membrane. Eur. Polym. J. 1997, 33, 1307-1311. [CrossRef]
Quickenden, T.I; Irvin, J.A. The ultraviolet absorption spectrum of liquid water. |. Chem. Phys. 1980, 72, 4416-4428. [CrossRef]
Yip, J.; Duhamel, J.; Qiu, X.P.; Winnik, EM. Fluorescence studies of a series of monodisperse telechelice,w-dipyrenyl poly(N-
isopropylacrylamide)s in ethanol and in water. Can. J. Chem. 2011, 89, 163. [CrossRef]

Holappa, S.; Kantonen, L.; Anderson, T.; Winnik, EM.; Tenhu, H. Overcharging of Polyelectrolyte Complexes by the Guest
Polyelectrolyte Studied by Fluorescence Spectroscopy. Langmuir 2005, 21, 11431. [CrossRef]

Holappa, S.; Kantonen, L.; Winnik, EM.; Tenhu, H. Self-Complexation of Poly(ethylene oxide)-block-poly(methacrylic acid)
Studied by Fluorescence Spectroscopy. Macromolecules 2004, 37, 7008. [CrossRef]

Miyazawa, K.; Winnik, EM. Isothermal titration Calorimetry and Fluorescence Spectroscopy Studies of the Interactions between Surfactants
and a Phosphorylcholine-Based Polybetaine, in Aqueous Polymer—Cosolute Systems, Progress in Colloid and Polymer Science; Springer:
Berlin/Heidelberg, Germany, 2003; Volume 122, pp. 149-156.

Mizusaki, M.; Morishima, Y.; Winnik, EM. An assessment by fluorescence spectroscopy of the stability of polyanions/positively
charged liposome systems in the presence of polycations. Polymer 2001, 42, 5615. [CrossRef]

Available online: https:/ /opentextbc.ca/introductorychemistry /back-matter /appendix-standard-reduction-potentials-by-value-
2/ (accessed on 27 April 2021).

Eizenberg, D.; Kauzmann, W. The Structure and Properties of Water; Oxford University: Oxford, UK, 1969.

Alheshibri, M.; Qian, J.; Jehannin, M.; Craig, V.S.J. A history of nanobubbles. Langmuir 2016, 32, 11086-11100. [CrossRef]

Berne, B.J.; Pecora, R. Dynamic Light Scattering; Krieger: Malabar, FL, USA, 1990.

Bunkin, N.F; Bunkin, F.V. Bubston structure of water and electrolyte aqueous solutions. Phys. Uspekhi 2016, 59, 846-865.
[CrossRef]

Bunkin, N.E; Shkirin, A.V.; Suyazov, N.V,; Babenko, V.A.; Sychev, A.A.; Penkov, N.V.; Belosludtsev, K.N.; Gudkov, S.V. Formation
and dynamics of ion-stabilized gas nanobubbles in the bulk of aqueous NaCl solutions. J. Phys. Chem. B 2016, 120, 1291-1303.
[CrossRef]

Yurchenko, S.O.; Shkirin, A.V.; Ninham, B.W.; Sychev, A.A.; Babenko, V.A.; Penkov, N.V.; Kryuchkov, N.P.; Bunkin, N.F. Ion-
specific and thermal effects in the stabilization of the gas nanobubble phase in bulk aqueous electrolyte solutions. Langmuir 2016,
32,11245-11255. [CrossRef]

Uchida, T.; Liu, S.; Enari, M.; Oshita, S.; Yamazaki, K.; Gohara, K. Effect of NaCl on the Lifetime of Micro- and Nanobubbles.
Nanomaterials 2016, 6, 31. [CrossRef]

Zhang, H.; Guo, Z.; Zhang, X. Surface enrichment of ions leads to the stability of bulk nanobubbles. Soft Matter 2020, 16, 5470-5477.
[CrossRef] [PubMed]

Hewage, S.A.; Kewalramani, J.; Meegoda, ].N. Stability of Nanobubbles in Different Salts Solutions. Colloids Surf. A 2021, 609,
125669. [CrossRef]

Babenko, V.A.; Bunkin, N.F; Sychev, A.A. Role of gas nanobubbles in nonlinear hyper-Raman scattering of light in water. JOSA B
2020, 37, 2805-2814. [CrossRef]

Bunkin, N.E; Shkirin, A.V.; Penkov, N.V,; Goltayev, M.V,; Ignatiev, P.S.; Gudkov, S.V.; Izmailov, A.Y. Effect of Gas Type and Its
Pressure on Nanobubble Generation. Front. Chem. 2021, 9, 630074. [CrossRef]

Kelsall, G.H.; Tang, S.Y.; Yurdakul, S.; Smith, A.L. Electrophoretic behaviour of bubbles in aqueous electrolytes. J. Chem. Soc.
Faraday Trans. 1996, 92, 3887-3893. [CrossRef]

Takahashi, M. Zeta potential of microbubbles in aqueous solutions: Electrical properties of the gas-water interface. J. Phys.
Chem. B 2005, 109, 21858-21864. [CrossRef]

Ushikubo, EY.; Enari, M.; Furukawa, T.; Nakagawa, R.; Makino, Y.; Kawagoe, Y.; Oshita, S. Zeta-potential of Micro- and/or
Nano-bubbles in Water Produced by Some Kinds of Gases. IFAC Proc. Vol. 2010, 43, 283-288. [CrossRef]

Bunkin, N.E,; Suyazov, N.V,; Shkirin, A.V,; Ignatiev, P.S.; Indukaev, K.V. Nanoscale structure of dissolved air bubbles in water as
studied by measuring the elements of the scattering matrix. J. Chem. Phys. 2009, 130, 134308. [CrossRef]

Bunkin, N.F; Shkirin, A.V.; Kozlov, V.A. Cluster Structure of Dissolved Gas Nanobubbles in Ionic Aqueous Solutions. J. Chem.
Eng. Data 2012, 57, 2823-2831. [CrossRef]

Bunkin, N.E; Shkirin, A.V,; Ignatiev, P.S.; Chaikov, L.L.; Burkhanov, LS.; Starosvetskiy, A.V. Nanobubble clusters of dissolved gas
in aqueous solutions of electrolyte. I. Experimental proof. J. Chem. Phys. 2012, 137, 054706.

Bunkin, N.F,; Shkirin, A.V. Nanobubble clusters of dissolved gas in aqueous solutions of electrolyte. II. Theoretical interpretation.
J. Chem. Phys. 2012, 137, 054707.

Terao, T.; Nakayama, T. Charge inversion of colloidal particles in an aqueous solution: Screening by multivalent ions. Phys. Rev. E
2001, 63, 41401. [CrossRef]

Wang, Z.Y.; Ma, Y.Q. Monte Carlo determination of mixed electrolytes next to a planar dielectric interface with different surface
charge distributions. J. Chem. Phys. 2009, 131, 244715. [CrossRef]

Wang, Z.Y.; Ma, Y.Q. Insights from Monte Carlo simulations on charge inversion of planar electric double layers in mixtures of
asymmetric electrolytes. J. Chem. Phys. 2010, 133, 64704. [CrossRef]

Bunkin, N.F; Shkirin, A.V.; Suyazov, N.V,; Starosvetskiy, A.V. Calculations of Light Scattering Matrices for Stochastic Ensembles
of Nanosphere Clusters. J. Quant. Spectr. Rad. Trans. 2013, 123, 23-29. [CrossRef]

Jullien, R. Aggregation phenomena and fractal aggregates. Cont. Phys. 1987, 28, 477-493. [CrossRef]


http://doi.org/10.1016/S0014-3057(96)00217-0
http://doi.org/10.1063/1.439733
http://doi.org/10.1139/V10-117
http://doi.org/10.1021/la051866r
http://doi.org/10.1021/ma049153n
http://doi.org/10.1016/S0032-3861(01)00049-0
https://opentextbc.ca/introductorychemistry/back-matter/appendix-standard-reduction-potentials-by-value-2/
https://opentextbc.ca/introductorychemistry/back-matter/appendix-standard-reduction-potentials-by-value-2/
http://doi.org/10.1021/acs.langmuir.6b02489
http://doi.org/10.3367/UFNe.2016.05.037796
http://doi.org/10.1021/acs.jpcb.5b11103
http://doi.org/10.1021/acs.langmuir.6b01644
http://doi.org/10.3390/nano6020031
http://doi.org/10.1039/D0SM00116C
http://www.ncbi.nlm.nih.gov/pubmed/32484196
http://doi.org/10.1016/j.colsurfa.2020.125669
http://doi.org/10.1364/JOSAB.398496
http://doi.org/10.3389/fchem.2021.630074
http://doi.org/10.1039/ft9969203887
http://doi.org/10.1021/jp0445270
http://doi.org/10.3182/20101206-3-JP-3009.00050
http://doi.org/10.1063/1.3095476
http://doi.org/10.1021/je300724c
http://doi.org/10.1103/PhysRevE.63.041401
http://doi.org/10.1063/1.3276279
http://doi.org/10.1063/1.3469795
http://doi.org/10.1016/j.jqsrt.2012.12.026
http://doi.org/10.1080/00107518708213736

	Introduction 
	Materials and Methods 
	Materials 
	Instrumentation 
	Photoluminescence Study 
	Processing of Liquid Samples 


	Experimental Results 
	Discussion 
	Conclusions 
	References

