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Abstract Keywords 
Nafion polymer membrane swelling mode in water 
poured into a cuvette, the cuvette characteristic size 
of the order of the membrane thickness, was investigat-
ed experimentally using the infrared Fourier spectrome-
try. Interest in these studies is based on the fact that, 
when a Nafion membrane is swelling in a cuvette sized 
much larger than the membrane thickness, polymer 
fibers are effectively unwinding into the water volume. 
However, this process was not studied in the case, where 
the area that could be occupied by the unwound poly-
mer is limited by the cuvette size. It was shown that 
temporal dynamics of the polymer transition from 
a hydrophobic state to the hydrophilic state had several 
specific features depending on the cuvette size, isotopic 
composition, ion content and water pretreatment. It was 
suggested that dynamics of the cavity formation and 
collapse should be influenced by the dissolved gas nano-
bubbles. Indeed, the investigated liquid samples were 
not degassed. When polymer fibers are unwound, pro-
trusions and irregularities appear on the hydrophobic 
membrane surface playing the role of nucleation centers 
for the surface nanobubbles. These nanobubbles are 
“carried away” by the growing fibers towards the cuvette 
window, and coalescence (collapse) of the nanobubbles 
could occur in the area of arising mechanical stresses, 
which should contribute to formation of a cavity. This 
is indirectly confirmed by results obtained in this work 
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Introduction. Recently, the Nafion polymer membranes (DuPont Nafion )  
are being rather intensively studied, see, for example, [1]. Interest in these studies 
is associated with the use of Nafion membrane in the low-temperature hydrogen 
cells [2, 3]. As a rule, most experimental works are studying the polymer internal 
structure. At the same time, certain works investigated properties of the water lay-
ers adjacent to the polymer membrane surface. Thus, work [4] described experi-
ments, where it was found that, when a Nafion membrane is immersed in an 
aqueous suspension of colloidal microspheres, they are repelled from the mem-
brane at a distance of several hundred microns. The area, from which colloidal 
microspheres are effectively pushed out, is called the exclusion zone. 

Experiments described below were significantly motivated by previous 
research in photoluminescence spectroscopy [5–7]. Following the experiment 
results, distribution of the Nafion NNaf(х) membrane particles’ density in the 
water volume was found. As shown in [7], when the Nafion membrane plane-
parallel plate 175 m thick was swelling in water (the cuvette volume with water, 
where the membrane swelled, was much larger than the plate volume), wide 
Gaussian distribution with the NNaf(х) particles’ density appeared in the water 
volume centered on the membrane surface. This means that membrane particles 
in the water volume were not getting off the membrane surface, i.e., stationary 
density gradient of the Nafion NNaf(х) membrane particles appeared in the 
liquid. It was formation of a stationary gradient with the NNaf(х) density that was 
called in [7] the effect of “sprouting” (“unwinding”) polymer fibers into the 
liquid volume. Dependence obtained in [7] is shown in Fig. 1. The figure 
presents the X0 half-width of the NNaf(х) Gaussian distribution depending on the 

Fig. 1. Dependence of the X0 size alteration in the area filled with unwinding  
polymer fibers on the deuterium content [7] 
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deuterium content in water, where the polymer was swelling; the deuterium 
content in the samples was changing as a result of bulk mixing of heavy water 
(deuterium content 106 ppm), deuterium depleted water (DDW, deuterium 
content 3 ppm) and ordinary natural water (deuterium content 157  1 ppm,  
see [8]). According to the dependence, the X0 value depends nonmonotonically  
on the deuterium content. The first point in this dependence corresponds to the 
deuterium depleted water; the unwinding effect is missing in DDW. 

The question arises: what would happen, if the Nafion membrane plate  
is inside the cuvette with liquid, and the L distance between the cuvette windows 
is less than X0? In accordance with data shown in Fig. 1, the effect of polymer 
fibers unwinding in the deuterium-depleted water was not found; in this case,  
Х0  0 within the experimental error, i.e., there should be no peculiarities. 
However, if L < X0, then it should be expected that the Nafion membrane 
sprouting would rest against the cuvette windows, and the membrane would 
swell under conditions different from those introduced in a cuvette with a 
volume substantially larger than the polymer membrane volume. 

In addition, the Nafion membrane has hydrophobic properties, i.e., the water 
drop contact angle on the membrane surface is close to 90 . However, as it swells 
in water, the membrane becomes hydrophilic; then the contact angle becomes 
significantly lower than 90 . Photographs illustrating transition dynamics of the 
175- m-thick Nafion membrane plate from hydrophobic state to the hydrophilic 
state are provided in Fig. 2. Hydrophobic properties of the Nafion membrane 
were monitored visually by changing the contact angle. Further, the plate was 
placed in water for 10 min, then it was removed from water, and a drop of water 
was again applied to it. The contact angle was not changed for 190 min,  

Fig. 2. Nafion membrane transition dynamics from a hydrophobic state  
to the hydrophilic state (sharp alteration in the contact angle is observed  

at the 200th minute) 
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i.e., the polymer retained its hydrophobic properties, but at the 200th minute  
the contact angle changed abruptly; the membrane became hydrophilic. 

Work objective is to experimentally study temporal dynamics of the polymer 
fibers unwinding and transition from a hydrophobic state to the hydrophilic 
state using the infrared (IR) Fourier transfer spectrometry. 

Materials and methods. Experiments were carried out on the FSM-2201 
analytical Fourier spectrometer (Infraspec LLC, Russia, St. Petersburg). Spec-
trometer characteristics, cm–1: spectral range 370–7800; spectral resolution in 
the entire range 1.0; absolute error in the entire range ± 0.05. 

In the IR Fourier transform spectrometry, the 1.8–2.2 m spectral range  
was investigated. Selection of the range is due to the following. The highest ab-
sorption in water is realized in the stretching vibration band in the 2.7–3.3 m 
range. For a Nafion membrane plate 175 m thick, transmittance in this range 
isclose to zero. At the same time, absorption near 2 m is not so high and  
is caused by a combination of asymmetric stretching and flexural vibrations of the 
water molecule [9]. The moment the liquid was poured into the cuvette corre-
sponded to the time reference. Transmittance of a cuvette with water containing 
the membrane plate was measured in the experiments. Each measurement con-
sisted of 15 successive records of the transmittance followed by averaging for 40 s 
(taking into account the background absorption subtraction due to the air humid-
ity). Time interval between separate measurements was 5 min. The experimental 
protocol is described in detail in [10, 11], where the Nafion membrane swelling  
in water with different deuterium content was studied experimentally using  
the IR Fourier transform spectrometry. 

Nafion N117 membrane plate (Sigma Aldrich, USA) with thickness of L0 =  
= 175 m and area of 1 × 1 cm2 was used in the experiments. The plate was placed 
in a cuvette with CaF2 windows. This material is transparent to infrared radiation 
in a wide spectral range (the long-wavelength transparency limit corresponds  
to the wavelength of  = 3 m). In the case under consideration, the quality  
of window polishing was very important: characteristic roughness of the window 
surface was 2.5–5.0 m. Before each experiment, the windows were rinsed with 
water cleared according to the Milli-Q technology, then they were dried while re-
moving dust (stream of chemically pure nitrogen). The L distance between the 
windows (cuvette thickness) was varying with a step of 10 m in the 180–220 m 
range. The following types of water were studied: Milli-Q with resistivity  
of 18 M  (measured after receiving the sample) and deuterium content  
of 157 ± 1 ppm; deuterium depleted water (DDW, Aldrich, USA, deuterium con-
tent 3 ppm); NaCl solutions prepared on the basis of Milli-Q water for concentra-
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tions in the range of 1–10–14 M; Milli-Q water vigorously shaken using the Multi 
Speed Vortex MSV-3500 platform at the 20 Hz frequency for 1 min. Interest  
in studying the aqueous solutions of salts is due to the fact that ionic additives lead 
to an increase in bulk density of the ion-stabilized nanobubbles [12–14]. Selection 
of the 10–14 M concentration value was motivated by results given in [15], where 
mobility of the Spirostoma ambiquum ciliate in the NaCl aqueous solutions  
at various concentrations was studied. At the specified NaCl concentration, ciliate 
mobility was minimal, i.e., it approached zero. Interest in studies of water  
and aqueous solutions subjected to intense shaking is following results published 
in [16, 17]. As shown in these works, vigorous shaking causes a significant  
increase in the gas nanobubbles bulk density. 

Features of the cuvette used in the experiments. A cuvette filled with water 
is shown in Fig. 3. The diagram of formation of a cavity free from water 
particles, when the cuvette is filled with natural water, and the absence of this 
cavity, when the cuvette is filled with deuterium-depleted water (DDW),  
is provided in Fig. 3, a. The cavity free from liquid is clearly visible in the 
photograph of the cuvette after filling with ordinary water (Fig. 3, b). In the 
photograph of the cuvette after filling with deuterium-depleted water (Fig. 3, c), 
the cavity is missing. It is very important that the volume of liquid poured into 
the cell always should exceed the cell volume, i.e., if the liquid enters one of the 
inlets (arrows in Fig. 3, a, circles in Fig. 3, b and c), then the water should come 
out from another opening. With this filling, no gas bubbles are formed inside 
the liquid, and the entire cuvette volume (except for the cavity) is uniformly 
filled with water. Thus, the cavity formed when pouring ordinary water could 
appear only as a result of contact between the Nafion hydrophobic membrane 
surface and the water molecules. After filling, the cuvette inlet and outlet 
openings were closed with Teflon inserts. In this case, tightness was missing, i.e., 
air could penetrate into the cuvette during the experiment. According to the 
model below, the cavity is formed as a result of water particles contact with the 
membrane surface and of the instantaneous unwinding of hydrophobic polymer 
fibers into the liquid volume. Since the Х0 area size occupied by the unwound 
polymer fibers in the cuvette significantly exceeds the size of the Nafion 
membrane plate and is much lower than the L distance between the cuvette 
windows, the polymer fibers would forcefully abut against the cuvette windows. 
This would lead to emergence of a field of local shear stresses and “squeezing 
out” water molecules trapped between the hydrophobic fibers. At the same time, 
peripheral areas of the Nafion membrane plate (see Fig. 3, a) are always in 
contact with water, and polymer in the peripheral areas continues to swel
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Fig. 3. Cell used in experiments in IR 
Fourier transform spectrometry:  

a is layout of a cell filled with deuterium-
depleted water and ordinary water; photo-

graphs: b are cells after filling with ordinary 
water; c are cells after filling with deuteri-
um-depleted water; d is Nafion membrane 

plates (distance between the windows  
L = 200 m) 

 
 

despite the cavity presence. Thus, as a result of contact with water in the 
peripheral areas, the unwound fibers lose their hydrophobic properties, and the 
cavity collapses. The collapse rate should depend on the area of water contact with 
the plate peripheral regions, as well as on the surface roughness degree of the 
fluorite windows, since the cavity collapse kinetics is controlled by friction forces 
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between the unwound fibers and the cuvette window surface. Therefore, the plates 
in the case under consideration had the same shape and size (Fig. 3, d).  
In addition, the quality of window polishing is an uncontrollable parameter,  
so the cuvette was assembled in such a way that window surfaces in contact with 
the liquid were the same. 

Missing cavity in the case of deuterium-depleted water, in contrast to or-
dinary water, could be explained within the frames of approach proposed  
in [7] (see Fig. 1). Since the water size area occupied by the polymer fibers  
is Х0  300 m, and the Nafion membrane plate thickness is L0 = 175 m,  
for ordinary water the size of the area occupied by unwound polymer fibers  
is about 12 m on each side of the plate. In this regard, the unwound polymer 
fibers in ordinary water rest against the cuvette windows. Consequently, crea-
tion of the local shear stresses field is stated, which leads to “intensification”  
of the hydrophobic effect: due to local stresses arising from the polymer fibers 
contact with the cuvette window surface, water molecules are most effectively 
pushed out of the gaps between hydrophobic fibers causing formation of a cav-
ity. Micro-rheological properties of polymer fibers are manifested in water 
(soft matter micro-rheological properties are described in more detail in [18]). 

Experiment results. In the experiments, values were measured of the 
transmission coefficient 0,K I I  where I, I0 are the transmitted and incident 
radiation intensities, which, according to the Lambert — Bouguer — Beer  
law [19], are related by relation 0 exp( ),I I L   is the extinction coefficient,  
L is the distance between the cuvette windows. Typical example of the transmis-
sion spectrum for ordinary water (deuterium content 157 ppm) poured into  
a cuvette with L = 180 m in the range of  = 1.8–2.2 m, is shown in Fig. 4. 

Spectral minimum is realized at  =  
= 1.93 m. It is noted that at the t swelling 
time and the L distance small values for all 
spectrograms transmittance 1.8 mK  

0.7,  decreases slightly with the t and L 
increasing values, while at  = 2.2 m, the 
value decreases more. Decrease in K at the 
edges of the band under study is associated 
with additive contribution of the more in-
tense absorption band centered near  

 = 3.0 m. This band is caused by 
stretching vibrations of water molecules 
[9]. Since primarily the minln K  is of in-

Fig. 4. Water transmission spectrum 
in the  = 1.8–2.2 m range  

(distance between the windows  
L = 180 m) 
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terest at the wavelength of  = 1.93 m, it is advisable to count the minK  from 
the value common to all spectrograms. Indeed, the logarithm at min 1K  rapid-
ly decreases, and inaccuracies in determining the minK  could lead to significant 
errors in determining the minln .K  Therefore, for all spectrograms presented 
below, 1.8 m 0.7.K  

minln K  value measurement results 
for water in a cuvette depending on the 
distance between the fluorite windows (L =  
= 180, 190, 200, 210, and 220 m) are 
shown in Fig. 5. Dependencies are the re-
sult of averaging over five successive meas-
urements. Selection of the minimum value 
L = 180 m is due to the fact that thickness 
of the Nafion N117 membrane plate is L0 = 
= 175 m  180 m; selection of the  
L = 220 m maximum value — that the  
I intensity of transmitted radiation actually 
reaches the zero level, i.e., measurement results are incorrect. The minln ( )K L  
dependence obtained for water (see Fig. 5) is approximated by function 

 0.027  0.019 ,Y X  i.e., for   0.019 m–1. The minln K  value was meas-
ured for a dry (anhydrous) Nafion membrane. In this case, absorption at the  =  
= 1.93 m wavelength is due to water encapsulated inside the nanometer-sized 
closed cavities of a dry membrane [1]: min 00ln ,wK C L  where 0wC   
is water concentration inside the dry Nafion membrane. The following estimate  
is received: 0wC  = 0.174. 

Transmission spectra of the Nafion membrane, which was soaked in vari-
ous liquids, were recorded with an interval of 5 min. Typical transmission 
spectra taken with an interval of 5 min at a time interval t = 70–100 min in or-
dinary water in a cuvette with a distance of L = 200 m are shown in Fig. 6. 
The transmittance gradually decreases as it swells. 

Transmittance dependences for deuterium-depleted water (deuterium 
content 3 ppm) in a cuvette with a distance of L = 200 m in the interval  
t = 0–25 min are presented in Fig. 7. Here t = 0 corresponds to the time  
of pouring the liquid sample into a cuvette and taking the first measurement, 
which takes about 15 s, i.e., the first point on this graph corresponds to the  
t  30 s time. The spectra are practically identical for all the t values. 
Transmission spectrum is provided here for ordinary water taken at the t  30 s 

Fig. 5.  dependencies 
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time, which differs significantly from the corresponding spectra for the 
deuterium-depleted water. Let us note that [11] presents results of studying the 
water transmission spectra in the range of 1.8–2.2 m depending on the C 
deuterium content: the K transmittance is the same in the range of C =  
= 1–104 ppm, i.e., the identified effect could not be associated with different 
absorption characteristics of ordinary and deuterium-depleted water. It could be 
possible that difference in spectra (see Fig. 7) is associated with the absence  
of polymer fibers unwinding in deuterium-depleted water and, accordingly, with 
the missing cavity in it. 

Fig. 6. Spectra of the K transmittance in the  = 1.8–2.2 m range,  
when soaking the Nafion membrane in ordinary water  

(deuterium content 157 ppm) for 70, 75, 80, 85, 90, 95 and 100 min  

Fig. 7. Transmittance spectra in the range of  = 1.8–2.2 m, when placing  
the Nafion membrane plate  in a cuvette with deuterium-depleted water 
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Based on the obtained spectra, it is possible to estimate the wC  water 
concentration averaged over the L cuvette length. By rewriting the Bouguer’s 
law in the form: 

 0 0
0

exp ( , ) exp ,
L

w wI t I C t x dx I C t L  

the following is obtained:  

 
min( )( ) ln .w

tKC
L

t
 

The formula takes into account dependence wC  on the t soaking time  
as a parameter. Dependence ( )wC t  for cuvettes with a distances of L =  
= 180, 190, 200, 210, and 220 m is shown in Fig. 8. The dashed line corresponds 
to water concentration of water in the dry Nafion membrane (baseline). 

Let us consider (for definiteness) dependence ( )wC t  for L = 180 m. 
Water concentration undergoes a sharp increase after about 10 min of swelling, 
which is accompanied by the cavity collapse (see Fig. 3, a). Let us call this 
dramatic alteration as the first jump. Then, another jump occurs at about 90 min  
of swelling, which is not associated with the cavity collapse (highlighted in blue), 
i.e., the second jump. Note that second jumps, only with a smaller amplitude, are 
also observed at the distances of L = 190, 210, and 220 m (highlighted  
by corresponding colors). 

Measurements demonstrated that the first jump was associated with  
the cavity collapse. In this case, the polymer surface is covered with liquid, which 
corresponds to the normal swelling mode. Thus, the second jump could  
be associated only with a rather sharp increase in water concentration in the 
membrane volume. To test this hypothesis, water concentration time course was 
investigated in the membrane volume during its drying: 

 

min
0

0

ln ( )( ) .w
K tC t

L  
Here L0 = 175 m is the plate thickness. The membrane in this experiment was 
soaked in a cuvette with a distance between the windows L = 180 m for t1 = 80 
and t2 = 110 min, i.e., before and after the second jump onset. Then the 
membrane was removed from the cuvette and dried in air at the room 
temperature (Fig. 9). Water concentration dependences 0( )wC t  on the drying 
time for the t1 and t2 swelling times are different. This indirectly confirms the 
hypothesis that the jump in dependence ( )wC t  in Fig. 8 in the t1 < t < t2 
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interval is associated with structural alterations in the membrane volume, which 
are accompanied by a sharp increase in the water content. Note that the 
structural phase transitions that occur inside the polymer matrix upon swelling 
in water and are accompanied by a sharp increase in water content in the 
membrane volume are described, for example, in [20]. 

Fig. 8. Dependence of average water concentration ( )wC t  at 180  L  220 m  
for ordinary water (deuterium content 157 ppm) and deuterium-depleted water 

(deuterium content 1 ppm), dashed line corresponds to water concentration  
of 0 0.174wC  for a dry Nafion membrane 

Fig. 9. Dependence of the average water concentration 0( )wC t on the t drying time 
of the Nafion membrane after soaking in a cuvette with a distance between  
the windows of L = 180 m for 80 and 110 min, dashed line corresponds  

to the 0 0.174wC  water concentration for a dry Nafion membrane  
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Let us get back to Fig. 2, which shows the Nafion membrane transition from 
the hydrophobic state to the hydrophilic state, when the Nafion N117 
membrane plate (plate thickness 175 m) is soaked in ordinary natural water 
(deuterium content 157 ppm) in a cuvette with unlimited volume (Petri dish).  
In this case, transition to the hydrophilic state occurs much earlier than when  
a membrane swells in the Petri dish. This hypothesis is also supported  
by dependences ( )wC t  for cuvettes with the L = 190, 210, and 220 m 
thicknesses. The second jump in such cuvettes also occurs much earlier than 
transition to the hydrophilic state, when polymer membrane swells in the Petri 
dish (see Fig. 2). Thus, the effect of polymer fiber sprouting affects the 
membrane swelling kinetics: the weaker this effect is expressed, the faster 
transition to the hydrophilic state occurs. Research in this direction continues, 
and this conclusion would be further refined. 

Kinetics of transition to the hydrophilic state is also affected by isotopic 
composition of water, where the membrane swells (see Fig. 8). As follows from 
dependence ( ) ,wC t  no features for deuterium-depleted water (distance 
between the cuvette windows is L = 200 m) in the form of the first and second 
jumps are present. A cavity (see Fig. 3, a) for deuterium-depleted water is not 
being formed; there is also no jump associated, according to the hypothesis, with 
structural alterations in the membrane volume. A separate work would be 
devoted to a more detailed study of the water swelling dynamics with different 
isotopic compositions (in particular, studying the second jump appearance). 

Let us pay attention to another interesting feature that is manifested during 
swelling of the Nafion N117 membrane plate with thickness of L0 = 175 m  
in ordinary water (deuterium content 157  1 ppm) in a cuvette with a distance 
between the windows of L = 200 m (see Fig. 8). In this case, a cavity free  
of water particles appears and does not disappear up to t ~ 200 min. The question 
arises, why does the cavity collapse in the cell with the distance between  
the windows of L = 200 m occur so slowly? Membrane fibers unwound in the 
water volume could occupy an area of (200 – 175)/2  12 m on both sides  
of the plate. In this case, the cavity collapses abnormally slowly. However, it was 
not established, why this size affects the membrane polymer fibers in such a way. 

Let us consider a case, where L = 200 m, in more detail. Dependences  
of water ( )wC t  in a cuvette, which windows are oriented so that surfaces  
of the liquid sample and CaF2 are fixed, are shown in Fig. 10. Dependences are 
consistent with samples from different Milli-Q units on different days. Within 
100 min, it makes no sense to calculate the experimental errors, as during this 
time period, points on the curves actually coincide, and only at t > 100 min  
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the spread between the extreme points exceeds 1 % in concentration ( ) .wC t   
In this regard, Fig. 9 shows the errors for times t > 100 min; these errors are 
calculated from the results of five consecutive measurements. 

Fig. 10. Dependence of average water concentration ( )wC t  at L = 200 m  
for ordinary water obtained on various Milli-Q units (dashed line corresponds  

to water concentration of 0 0.174wC  for a dry Nafion membrane) 

Membrane fibers abut against the window surface; therefore, collapse 
dynamics of the cavity shown in Fig. 3, a could be controlled by interaction 
between the unwound fibers and the window surface. Apparently, it is possible 
to assert in this case a specific frictional force. Typical examples of dependencies 

( )wC t  for two different cuvettes are presented in Fig. 11: the straight-line 
relationship remains within 100 minutes of swelling, but for one straight line the 
slope coefficient is k = 0.00126, and for the other k = 0.00111. Since the cuvette 
windows were purchased from one and the same manufacturer and were not 
subjected to special treatment, the only explanation for different dependences 
slope shown in Fig. 11, is the different degree of roughness of the window 
surface. It is possible that for more rough surfaces the cavity collapse rate would 
be lower, i.e., k = 0.00111. Relationship between the collapse rate and the 
roughness degree is apparently caused by the fact that nanometer gas bubbles 
filled with dissolved air are formed on tips and rough regions of a solid substrate 
(see [12] and the cited references), which should contribute to formation of a 
cavity created by hydrophobic fibers. For more detailed analysis, it is necessary 
to carry out experiments, where the fluorite surface would be modified  
by adding hydrophobic or hydrophilic properties. In this work, all results are 
presented for a cuvette with k = 0.00111. 
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Fig. 11. Dependence of average water concentration ( )wC t   
for ordinary water obtained in two different cuvettes with a distance between  
the windows of L = 200 m (dashed line corresponds to water concentration 

0 0.174wC  for a dry Nafion membrane) 
 
It turned out that collapse dynamics of a cavity formed by hydrophobic 

polymer fibers depends not only on the surface quality of cuvette windows, but 
also on the ionic composition and pretreatment of the liquid samples. Thus,  
Fig. 12 presents a family of dependences ( )wC t  for the NaCl aqueous solution, 
which concentration varied in the range of 10–14–1.0 M. As was noted before, 
the aqueous ion solutions study was motivated by works [12–14], where it was 
demonstrated that the nanobubbles volumetric density increased with ion 
additions. For NaCl salt, the 10–14 M concentration is isolated. At this 
concentration, mobility of a certain class of ciliates has a deep minimum 
approaching almost zero [15]. In order not to clutter up Fig. 11, data is provided 
for concentrations of 1, 10–4, 10–6 and 10–14 M, as well as dependence for water, 
estimates of the Х0 area size occupied by polymer fibers during their unwinding 
into a cuvette, which volume significantly exceeds the Nafion membrane plate 
volume. For this purpose, photoluminescence spectroscopy experiments were 
carried out described in [7]. According to the given dependences, the Х0 size  
is growing with an increase in the ion concentration, but at a concentration  
of less than 10–4 M, the Х0 value gets to the water level within the experimental 
error. At the same time, dependence ( )wC t  differs from the straight-line  
to the 10–14 M concentration. The dependence is straightforward only for this 
concentration in the entire 0 < t < 100 min area and practically coincides with 
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Fig. 12. Dependences ( )wC t  for the NaCl aqueous solution with concentration  
of 1, 10–4, 10–6 and 10–14 M at L = 200 m, Х0 estimate (dashed line corresponds  

to the 0 0.174wC  water concentration for a dry Nafion membrane) 
 

dependence for water. Thus, deviations from the straight-line dependence could 
be associated with introduction of external ionic impurities into the water. 

Samples of water were studied subjected to intense shaking on the Vortex 
MSV-3500 vibration platform at the frequency of 20 Hz for 1 min. These studies 
were motivated by results presented in [16, 17], where it was shown that shaking 
led to an increase in the bulk density of nanobubbles by about 10 times. 
However, after shaking and settling for a certain time, the original properties 
should restore. Time dependence ( )wC t  for the initial water before and after 
shaking, as well as for water settled for 1 day after shaking is shown in Fig. 13. 
Immediately after shaking and within 15 min, a slowdown in ( )wC t  growth 
was observed in comparison with the initial water, and the Х0 size also increased. 
Liquid settled for 1 day returned to its original state. Thus, presence  
of nanobubbles, isotopic composition and dissolved ions affect hydrophobic 
properties of the polymer fibers that form the cavity (see Fig. 2). 

Conclusion. Features of the cavity temporal dynamics shown in Fig. 2 are as-
sociated with the effect of polymer fibers growing into the water volume. This 
conclusion is based on the absence of this cavity in deuterium-depleted water, for 
which the sprouting effect is missing. If the L distance between the cuvette win-
dows is less than the Х0 area, inside which the polymer fibers are growing in case 
of the cuvette “unlimited” size [11], then the polymer fibers sprouting into the wa-
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Fig. 13. Dependences ( )wC t  for initial water (Х0 = 289 m), water (Х0 = 967 m) 
shaken on the vibration platform, and water (Х0 = 285 m) settled for 1 day after 

shaking at L = 200 m (dashed line corresponds to the 0 0.174wC   
water concentration for a dry Nafion membrane) 

ter volume inevitably rest against the cuvette windows. This should lead to the ap-
pearing field of mechanical stresses and related deformations, i.e., microrheologi-
cal properties of the swelling membrane are being manifested in the case under 
consideration [18]. It is important that these stresses arise in a system of “twisted” 
polymer fibers, which initially have hydrophobic properties, i.e., position of a wa-
ter molecule in the intervals between such fibers would be unstable. 

It should be expected that dynamics of the cavity formation and collapse 
should be influenced by dissolved gas nanobubbles. Indeed, the investigated liquid 
samples were not degassed. When polymer fibers were unwound, protrusions and 
irregularities appeared on the hydrophobic membrane surface playing the role  
of nucleation centers for the surface nanobubbles [12]. These nanobubbles were 
“carried away” by the germinating fibers towards the cuvette window, and coales-
cence (collapse) of nanobubbles could occur in the field of arising mechanical 
stresses, which should contribute to the cavity formation. This is indirectly con-
firmed by results obtained with the NaCl aqueous solutions, as well as with  
samples subjected to shaking. Indeed, as shown in [12–14], ion-stabilized gas 
nanobubbles with a radius of about 200 nm appear in aqueous solutions  
of salts in the liquid volume. Volumetric density of ion-stabilized gas nanobubbles 
in the deionized water (in this case, presence of the ionic component is due  
to intrinsic dissociation of the water molecules) was n ~ 106 cm–3, i.e., there were  
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~ 103 nanobubbles between the membrane surface of ~ 1 cm2 and the cell win-
dow. In this case, the n value depends on concentration of the C electrolyte as С1/4 
reaching a plateau n ~ 108 cm–3 at С = 0.1 M. It could be assumed that insignifi-
cant retardation of the cavity collapse is associated primarily with the increasing 
nanobubbles volumetric density (see Figs. 12 and 13). Apparently, the mechanism 
associated with nanobubbles should also be manifested for cuvettes, which  
windows have different roughness (see Fig. 12). Upon contact of a hydrophobic 
polymer fiber and a solid-state substrate, nanobubbles should be generated more 
efficiently on a rougher surface. Obviously, it is necessary to carry out experiments 
with degassed water for a more detailed analysis. However, the mechanism associ-
ated with the presence of nanobubbles could not be a key for forming a cavity, 
since there are only few nanobubbles. Thus, the main mechanism of cavity for-
mation is precisely the hydrophobic properties of polymer fibers. Since the Nafion 
membrane plate in the peripheral areas contacts water (see Fig. 2), the unwound 
polymer fibers acquire hydrophilic properties over time, and as a result the cavity 
collapses. 
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