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MECHANISM OF INTERACTION
BETWEEN THE BOUNDARY LAYER OF A POLYMER
MEMBRANE AND A GAS ENVIRONMENT
The initial stage at the penetration of air molecules through a polymer membrane has been
studied experimentally. A transient process giving rise to an equilibrium between the gas and the
boundary layer of the membrane is revealed. This process looks like damped pressure oscillations
associated with a periodic shape changes of polymer chains in the boundary layer driven by the
“ball–globule” transition. A hypothesis is put forward that a similar phenomenon governs the
influence of atmospheric pressure variations on the human organism.
K e y w o r d s: gas permeability, “ball–globule” transition, boundary layer.

1. Introduction
When speaking about the membrane, we mean a film
that is made up of a certain substance and separates
two regions filled with other substances. Let the concentrations of molecules of a certain kind (below, they
will be conventionally referred to as foreign ones) in
those mentioned regions be equal to 𝑐1 and 𝑐2 . Due to
the concentration difference (𝑐1 ̸= 𝑐2 ), the molecules
move through the membrane. The ability of the membrane to let these molecules to pass through it is
called the permeability with respect to the indicated
kind of molecules.
The behavior of a membrane is usually described
using a model, in which the membrane is regarded
as a certain continuum confined between two infinite
planes located at 𝑥 = 0 and 𝑥 = 𝑙, where 𝑙 is the membrane thickness. The motion of molecules through the
membrane is described by the diffusion equation
𝜕𝑐
𝜕2𝑐
= 𝐷 2,
𝜕𝑡
𝜕𝑥

(1)
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where 𝑐 is the molecular concentration, 𝑡 the time,
and 𝐷 the diffusion coefficient.
If the concentrations in the regions contacting with
the membrane are maintained to equal 𝑐1 and 𝑐2 , the
diffusion in the membrane occurs under the boundary
conditions
𝑐(𝑥 = 0) = 𝑐′1 ,
𝑐(𝑥 = 𝑙) = 𝑐′2 .

(2)

It is important that the concentrations 𝑐′1 and 𝑐′2
are not equal to the concentrations 𝑐1 and 𝑐2 in the
regions contacting with the membrane. If the membrane is brought into contact with a medium, where
the concentration is equal to 𝑐1 , then the concentration value 𝑐′1 in the plane 𝑥 = 0, which is in contact
with this medium, is established only after a certain
time interval 𝜏 . The process of establishing the molecular concentration at the membrane boundary will be
referred to as a transient process, and the magnitude
of 𝜏 as a transient period.
The aim of this work is to determine the physical mechanism of the transition process in polymer
membranes.
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2. Experimental Part
Synthetic membranes, more specifically, oligourethane acrylate polymer films, are studied. Data
about their structure can be found in work [1]. The
film thickness was 0.78 mm. The gas permeability of
those membranes is analyzed.
The schematic diagram of the experimental installation is shown in Fig. 1. The installation included a
fixed base 1, working chamber 2, film specimen 3, system of connected glass tubes 4, valves 5 to 8, pump 9,
manometer 10, thermocouple 11 with a heater, thermocouple 12 with a heat controller 13, and power
source 14.
The schematic diagram of a working chamber is
shown in Fig 2. The polymer film 1 together with
sealing gaskets 2 was pressed to the working cham-

ber surface using plate 3 and screws 4. In this experiment, air was a substance that contacted with the
membrane, so that the volumes filled with air served
as reservoirs of foreign molecules.
With the help of pump 9 (Fig. 1), the pressure
𝑃0 exceeding the atmospheric pressure 𝑃𝑙 was created in the working chamber. Then valve 6 was
shut, and the variation of the excess pressure was
measured. The pressure varied owing to the diffusion of foreign molecules through the polymer membrane. The excess pressure 𝑃 = 𝑃0 −𝑃𝑙 was measured
by means of manometer 10 (Fig. 1). The corresponding measurement error was ±5 Pa. The time dependences 𝑃 = 𝑃 (𝑡) obtained at various temperatures
are shown in Fig. 3.
From this figure, it is evident that two stages can be
distinguished in the dependences 𝑃 (𝑡). At the first,
initial, stage, variations of 𝑃 are observed. At the
second stage, the values of 𝑃 remain almost constant. In our opinion, it is reasonable to connect the
first stage with a transient process, and the second
one with the process of stationary diffusion described
by Eq. (1). The constancy of the pressure 𝑃 at the
second stage can be explained by low velocities of
diffusing molecules. The period 𝜏 of the transient
process should be considered as the duration of the
first stage. Figure 4 illustrates the dependence of the
transient period 𝜏 on the temperature 𝑇 . The measurement error for 𝜏 amounted to ±1 min. One can
see that the period 𝜏 decreases, as the temperature
grows.
3. Thermodynamics of the Transient Process

Fig. 1. Schematic diagram of the experimental installation

Fig. 2. Schematic diagram of a working chamber
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When determining the mechanism of the transient
process, the first-priority issue concerns the membrane section, where this process takes place. As was
already mentioned, to describe the penetration of foreign molecules through a membrane, a continuum
model for the latter is used as a rule. In the framework of this model, the transient process occurs at
the membrane boundary, which is considered to be a
plane. It is clear that this is an abstraction, because,
in a real physical system instead of such a “plane”,
we have the layer of a certain substance with finite
thickness, which is conventionally called the boundary layer. Hence. we arrive at a conclusion that the
transient process takes place in the boundary layer of
the membrane.
ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4
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Fig. 3. Time dependences of the excess pressure 𝑃 at various temperatures: 298 (a), 303 (b),
313 (c), and 318 K (d)

Air is known to consist of molecules of several
kinds. In this work, approximately, it will be considered as a gas with only one kind of molecules, which
we call foreign.
Let the coordinates 𝑥 = 0 and 𝑥 = 𝑙 in the continuum model correspond to the left and right surfaces
of the membrane (see Fig. 2). We are interested in the
right surface that contacts with the medium, where
the pressure 𝑃0 is higher. The transient process analyzed below is nothing else but the establishment
of the concentration 𝑐′2 of foreign molecules in the
boundary layer adjacent to 𝑥 = 𝑙.
Assuming the gas to be ideal, we write down

Fig. 4. Temperature dependence of the transition period 𝜏

The chemical potential 𝜇0 of the gas molecules is described by the formula (see, e.g., work [2])

where 𝑋(𝑇 ) is a certain function of the temperature 𝑇 .
The substance that the boundary layer is made of is
considered to be a solid solution of foreign molecules
in a polymer. For the chemical potential 𝜇 of foreign
molecules in the boundary layer, we have

𝜇0 = 𝑘B 𝑇 ℓ𝑛𝑃0 + 𝑋(𝑇 ),

𝜇 = 𝑘B 𝑇 ℓ𝑛𝑐′2 + Ψ(𝑃1 , 𝑇 ),

𝑃0 = 𝑐2 𝑘B 𝑇.
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(3)

(4)

(5)
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Fig. 5. Schematic structure of the boundary layer

where Ψ (𝑃1 , 𝑇 ) is a certain function of the pressure
𝑃1 and the temperature 𝑇 .
The transient process terminates, when an equilibrium is established between the gas and the boundary
layer, i.e. provided
𝜇0 = 𝜇.

(6)

It is clear that the incomplete equilibrium is implied,
which is established within the period 𝜏 . This equilibrium is ensured by the hierarchy of relaxation times
𝜏 ≪ 𝜏𝑙 ,

(7)

where
𝜏𝑙 ≈ ℓ2 /𝐷

(8)

is the characteristic time of the diffusion process.
4. Molecular Mechanism
of the Transient Process
It is known (see, e.g., work [3]) that the boundary layer of a polymer is substantially disordered. Its
structure is schematically exhibited in Fig. 5. The
boundary layer is denoted by two dashed lines, 𝑎𝑎
and 𝑏𝑏. It contains a significant number of cavities,
which allows the chains in the boundary layer to acquire a natural ball shape (see, e.g., work [3]).
However, unlike an isolated ball, fluctuations of the
balls in the boundary layer are restricted to some
extent by the presence of the 𝑎𝑎 surface (Fig. 5),
to which the polymer chains are attached, and by
neighbor chains. Using the approach expounded in
work [4], the indicated restriction can be taken into
consideration in the framework of the “chain-in-pore”
model. According to the latter, the pressure 𝑃𝑆 of the
chain on the pore wall is determined by the formula
𝑃𝑆 ∼ 𝑘B 𝑇 𝑁 𝑎2 𝐷−5 ,
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(9)

where 𝑁 is the number of links in the chain, 𝑎 the
link size, and 𝐷 the pore size.
According to this formula, for 𝑇 ≈ 300 K, 𝑁 ≈ 100,
𝑎 ≈ 10−10 cm, and 𝐷 ≈ 10−9 m, the pressure is evaluated as 𝑃𝑆 ≈ 106 Pa. This value obtained for the
pressure in the polymer pore is much larger than the
change of the external pressure on the polymer membrane. Therefore, under the indicated conditions, the
structure of the membrane boundary layer can vary
only if the thermodynamic state of the system is
in a vicinity of the “ball–globule” phase transition
point. In this case, the chain state may become unstable with respect to the action of external forces. Then
the application of even a small external pressure, like
𝑃 , may play the role of a trigger to start the mentioned phase transition.
As one can see from Fig. 3, in the experiment, after
the pressure 𝑃 had been applied, changes of its values
were observed. This fact means that the phase transition obtains a periodic character. As is known from
the theory of nonlinear oscillations (see, e.g., work
[5]), if the equilibrium state of the system becomes
unstable, there may arise oscillations in the latter. In
our opinion, the observed changes of the 𝑃 -values are
manifestations of such oscillations.
The emergence of oscillations under the conditions
of the “ball–globule” phase transition means that the
chain periodically changes its shape, namely, the ball
transforms into a globule and vice versa. Accordingly,
the chemical potential 𝜇 also changes, and, when it
becomes larger than 𝜇0 , there arises a flux of foreign
molecules from the boundary layer, which increases
the observed value of 𝑃 . Then the inequality 𝜇0 > 𝜇
induces a reverse flux, which decreases the value of 𝑃 .
Generally speaking, the foreign molecules were in
the boundary layer even before the excess pressure
was applied. In the course of the mentioned phase
transition, there can emerge such thermodynamic
conditions that those molecules will make the pressure in a working chamber higher than the initial excess pressure, as is illustrated in Fig. 3, 𝑎. According
to this figure, the corresponding excess amounts to
25 Pa. At first glance, it is impossible to obtain the indicated value with the help of foreign molecules from
the boundary layer. Really, if we use the gas state
equation (3) to calculate the number of molecules required to create a pressure of 25 Pa, we will find that
the boundary layer must almost entirely consist of
foreign molecules.
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However, this result does not contradict the pro2
posed mechanism of the transient process, where
5
the latter is associated with the “ball-globul” transitions. Every ball is known to be a fractal structure
[4]. The polymer links constitute less than three per1
cent of its volume. All other space can be occupied
by foreign molecules. On the other hand, in a glob3
4
ule, the links are closely packed to one another. For
this reason, the globule is called the non-periodic Fig. 6. Schematic structure of plasmalemma
Ɋɢɫɋɯɟɦɚɫɬɪɭɤɬɭɪɢɩɥɚɡɦɨɥɟɦɢ
crystal. Therefore, in the course of the “ball–globule”
transition, all foreign molecules located in the ball
anisms of transient processes in the membranes of
are thrown away into a working chamber, which was
both types are also similar. In particular, the biologobserved in the experiment.
Ƚɥɿɤɨɤɚɥɿɤɫ
ɦɿɫɬɢɬɶ
ɪɨɡɝɚɥɭɠɟɧɿ
ɥɚɧɰɸɝɢ
ɩɨɥɿɫɚɯɚɪɢɞɿɜ
ical membrane,
like the
synthetic one,
should 
“feel”
The interaction between the polymer chain
and small variations of the external pressure, because they
ɩɪɢɽɞɧɚɧɿɞɨɛɿɥɤɨɜɢɯɬɚɥɿɩɿɞɧɢɯɦɨɥɟɤɭɥɦɟɦɛɪɚɧɢ
the environment results in the attenuation of oscil- affect the transient process in the boundary layer.
əɤ ɰɟ ɜɢɞɧɨ ɡ ɪɢɫ ɝɥɿɤɨɤɚɥɿɤɫ ɽ ɧɟ ɱɢɦ ɿɧɲɢɦ ɹɤ ɜɜɟɞɟɧɢɦ ɧɚ
lations concerned. The period 𝜏 is the experimen- Perhaps, in this case, we deal with one of the mechɩɪɢɦɟɠɨɜɢɦ
ɲɚɪɨɦ ɦɟɦɛɪɚɧɢ  ɫɬɪɭɤɬɭɪɚ ɹɤɨɝɨ ɫɯɨɠɚ ɿɡ ɫɬɪɭɤɬɭɪ
tally observed time interval, during which the oscilla- anisms
thatɫɢɧɬɟɬɢɱɧɨʀ
govern the influence
of changes
the
ɩɪɢɦɟɠɨɜɨɝɨ ɲɚɪɭ
ɦɟɦɛɪɚɧɢ
əɤ ɿ ɭinɜɢɩɚɞɤɭ
ɫɢɧɬɟɬɢɱ
tions died at various temperatures. The temperature
atmospheric pressure on the human organism.
ɦɟɦɛɪɚɧɢ
ɩɪɢɦɟɠɨɜɢɣ ɲɚɪ ɛɿɨɥɨɝɿɱɧɨʀ ɦɟɦɛɪɚɧɢ ɭɬɜɨɪɟɧɢɣ ɩɨɥɿɦɟɪɧɢ
growth increases the oscillation energy absorption
by
the environment. Therefore, it is natural that ɥɚɧɰɸɝɚɦɢ
the peɹɤɿ ɜɧɚɫɥɿɞɨɤ ɧɟɜɩɨɪɹɞɤɨɜɚɧɨɫɬɿ ɰɶɨɝɨ ɲɚɪɭ ɦɚɸɬɶ ɞɨɫɬɚɬɧ
6. Conclusions
riod 𝜏 decreases, as the temperature grows, ɜɿɥɶɧɨɝɨ
as was ɩɪɨɫɬɨɪɭ ɳɨɛ ɭɬɜɨɪɸɜɚɬɢ ɤɥɭɛɤɢ ɳɨ ɡɚ ɩɟɜɧɢɯ ɭɦɨɜɚɯ ɦɨɠ
The penetration of foreign molecules through a polyfound in the described experiment (Fig. 4).
ɩɟɪɟɬɜɨɪɢɬɢɫɹɭɝɥɨɛɭɥɢ
mer membrane starts from a transient process, which
ȼɿɞɦɿɱɟɧɚ
ɫɯɨɠɿɫɬɶ
ɜ ɛɭɞɨɜɿ
ɩɪɢɦɟɠɨɜɨɝɨ
ɲɚɪɭ ɫɢɧɬɟɬɢɱɧɨʀ
establishes
an equilibrium
between
the boundary
5. Transient Process
ɛɿɨɥɨɝɿɱɧɨʀ
ɦɟɦɛɪɚɧɢ
ɞɨɡɜɨɥɹɽ ɩɪɢɩɭɫɬɢɬɢ
ɳɨ ɫɯɨɠɢɦ
layer
of the membrane
and the environment.
This ɛɭɞɟ ɿ ɦɟɯɚɧ
in the Boundary Layer of a Biological
process
looksɜlike
damped
oscillations
induced
by ɳɨ ɛɿɨɥɨɝɿɱ
ɩɟɪɟɯɿɞɧɨɝɨ
ɩɪɨɰɟɫɭ
ɨɛɨɯ
ɬɢɩɚɯ
ɦɟɦɛɪɚɧ
ɐɟ
ɨɡɧɚɱɚɽ
Membrane. Plasmalemma
the
instability
of
ball-shaped
chains
in
the
boundɦɟɦɛɪɚɧɚ ɹɤ ɿ ɫɢɧɬɟɬɢɱɧɚ ɦɭɫɢɬɶ ©ɜɿɞɱɭɜɚɬɢª ɧɟɜɟɥɢɤɿ ɡɦɿɧɢ ɡɨɜɧɿɲɧɶ
The word plasmalemma is used (see, e.g., work ary layer. Namely, if the external pressure changes,
ɬɢɫɤɭ ɡɚɜɞɹɤɢ ɜɩɥɢɜɭ ɰɢɯ ɡɦɿɧ ɧɚ ɩɟɪɟɯɿɞɧɢɣ ɩɪɨɰɟɫ ɜ ɩɪɢɦɟɠɨɜɨɦɭ ɲɚ
[6]) to denote the external cell membrane that en- the chain shape begins to transform periodically: the
Ɇɨɠɥɢɜɨ
ɜ ɞɚɧɨɦɭ
ɜɢɩɚɞɤɭ
ɦɢ ɦɚɽɦɨ
ɫɩɪɚɜɭ
ɡ ɨɞɧɢɦ
ɿɡ ɦɟɯɚɧɿɡɦɿɜ ɹɤ
closes the cell and provides its exchange with
the ball-like
chains
periodically
transform
into
the globuɜɢɡɧɚɱɚɽɜɩɥɢɜɡɦɿɧɚɬɦɨɫɮɟɪɧɨɝɨɬɢɫɤɭɧɚɨɪɝɚɧɿɡɦɥɸɞɢɧɢ
environment. The plasmalemma is composed (see lar ones and vice versa. As a result, the concentration
Fig. 6) of a lipoprotein complex 1 and a glycoca- of foreign molecules and their
pressure in the boundȼɢɫɧɨɜɤɢ
lyx 2. The lipoprotein complex is formed by a dou- ɉɪɨɧɢɤɧɟɧɧɹ
ary layer change
periodically.
ɫɬɨɪɨɧɧɿɯ
ɦɨɥɟɤɭɥ ɱɟɪɟɡ ɩɨɥɿɦɟɪɧɭ ɦɟɦɛɪɚ
ble layer of lipid molecules 3 penetrated by protein
The transient process period is determined by the
ɩɨɱɢɧɚɽɬɶɫɹɿɡɩɟɪɟɯɿɞɧɨɝɨɩɪɨɰɟɫɭɹɤɢɣɽɩɪɨɰɟɫɨɦɜɫɬɚɧɨɜɥɟɧɧɹɪɿɜɧɨɜ
molecules 4. The glycocalyx has branched polysac- damping time of self-oscillations. The latter decreases
ɦɿɠɨɬɨɱɟɧɧɹɦɿɩɪɢɦɟɠɨɜɢɦɲɚɪɨɦɦɟɦɛɪɚɧɢɐɟɣɩɪɨɰɟɫ
charide chains 5 attached to the protein and
lipid with the increasing temperature due to the absorption ɧɨɫɢɬɶɯɚɪɚɤ
ɡɚɬɭɯɚɸɱɢɯ
ɤɨɥɢɜɚɧɶ
ɩɪɢɱɢɧɨɸ
ɹɤɢɯ
ɽ ɧɟɫɬɿɣɤɿɫɬɶ
ɤɥɭɛɤɨɩɨɞɿɛɧɨʀ
ɮɨɪ
molecules of the membrane.
of the
energy of
oscillations
in the
environment.
The
ɥɚɧɰɸɝɿɜɳɨɡɧɚɯɨɞɹɬɶɫɹɜɩɪɢɦɟɠɨɜɨɦɭɲɚɪɿ
As one can see from Fig. 6, the glycocalyx is noth- transient processes in the synthetic and biological
ing else but the boundary layer of the membrane in- Ɂɚɜɞɹɤɢ
ɰɿɣ ɧɟɫɬɿɣɤɨɫɬɿ
ɩɪɢ ɡɦɿɧɿ
ɬɢɫɤɭ ɮɨɪɦɚ ɥɚɧɰɸ
membranes
have the same
origin.ɡɨɜɧɿɲɧɶɨɝɨ
Since this process
troduced by us. Its structure is similar to thatɩɨɱɢɧɚɽ
of the isɩɟɪɿɨɞɢɱɧɨ
invoked by the
shape instability
of the chains,ɮɨɪɦɚ
it
ɡɦɿɧɸɜɚɬɢɫɶ
ɤɥɭɛɤɨɩɨɞɿɛɧɚ
ɩɟɪɿɨɞɢɱ
boundary layer in the synthetic membrane. As in the may be started by small variations of the external
case of synthetic membrane, the boundary layer of pressure. Therefore, it can be considered as one of
a biological membrane is formed by polymer chains, the possible processes that determine the action of
which, due to a disorder in this layer, have enough free changes in the atmospheric pressure on the human
space to form balls. The latter, under certain condi- organism.
tions, can transform into globules.
The transient process is the initial stage of the penThe marked similarity between the structures of etration of foreign molecules into the membrane. The
boundary layers in the synthetic and biological mem- next stage is the diffusion of foreign molecules
branes makes it possible to assume that the mech- through the membrane region located behind the
ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4
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boundary layer. The duration of the transient process
is much shorter than the characteristic diffusion time,
which makes valid the thermodynamic description of
the transient process.
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Translated from Ukrainian by O.I. Voitenko
Л.А. Булавiн, Л.Ю. Вергун,
Ю.Ф. Забашта, О.С. Свечнiкова
МЕХАНIЗМ ВЗАЄМОДIЇ ПРИМЕЖОВОГО ШАРУ
ПОЛIМЕРНИХ МЕМБРАН IЗ ГАЗОВИМ ОТОЧЕННЯМ
Резюме
Експериментально дослiджено початковий етап проникливостi молекул повiтря через полiмерну мембрану. Виявлено, що на цьому етапi вiдбувається перехiдний процес, який
є процесом встановлення рiвноваги мiж газом i примежовим шаром мембрани. Цей процес носить характер затухаючих коливань, спричинених перiодичною змiною форми
полiмерних ланцюгiв у примежовому шарi, пов’язаною iз
переходами “клубок–глобула”. Висловлено гiпотезу про те,
що аналогiчне явище є однiєю з причин, що зумовлює вплив
змiн атмосферного тиску на органiзм людини.
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