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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.
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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 con-
centrations of molecules of a certain kind (below, they
will be conventionally referred to as foreign ones) in
those mentioned regions be equal to ¢; and cs. Due to
the concentration difference (¢; # ¢2), the molecules
move through the membrane. The ability of the mem-
brane 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 = [, where [ is the mem-
brane thickness. The motion of molecules through the
membrane is described by the diffusion equation
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© L.A. BULAVIN, L.YU. VERGUN, YU.F. ZABASHTA,
0O.S. SVECHNIKOVA, 2018

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4

where ¢ is the molecular concentration, ¢ the time,
and D the diffusion coefficient.

If the concentrations in the regions contacting with
the membrane are maintained to equal ¢; and ¢s, the
diffusion in the membrane occurs under the boundary
conditions

c(lx =0) =d, @)

clx =1) = d.

It is important that the concentrations ¢} and ¢}
are not equal to the concentrations ¢; and ¢ in the
regions contacting with the membrane. If the mem-
brane is brought into contact with a medium, where
the concentration is equal to c1, then the concentra-
tion value ¢} in the plane = 0, which is in contact
with this medium, is established only after a certain
time interval 7. The process of establishing the molec-
ular concentration at the membrane boundary will be
referred to as a transient process, and the magnitude
of 7 as a transient period.

The aim of this work is to determine the physi-
cal mechanism of the transition process in polymer
membranes.
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2. Experimental Part

Synthetic membranes, more specifically, oligo-
urethane 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 instal-
lation is shown in Fig. 1. The installation included a
fixed base 1, working chamber 2, film specimen 3, sys-
tem of connected glass tubes 4, valves 5 to 8, pump 9,
manometer 10, thermocouple 11 with a heater, ther-
mocouple 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 7 together with
sealing gaskets 2 was pressed to the working cham-
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Fig. 1. Schematic diagram of the experimental installation

2

Fig. 2. Schematic diagram of a working chamber
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ber surface using plate & and screws 4. In this exper-
iment, 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
Py exceeding the atmospheric pressure P, was cre-
ated in the working chamber. Then valve 6 was
shut, and the variation of the excess pressure was
measured. The pressure varied owing to the diffu-
sion of foreign molecules through the polymer mem-
brane. The excess pressure P = Py— P, was measured
by means of manometer 10 (Fig. 1). The correspond-
ing measurement error was +5 Pa. The time depen-
dences 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 con-
stant. 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 7 of the transient
process should be considered as the duration of the
first stage. Figure 4 illustrates the dependence of the
transient period 7 on the temperature 7. The mea-
surement error for 7 amounted to £1 min. One can
see that the period 7 decreases, as the temperature
grows.

3. Thermodynamics of the Transient Process

When determining the mechanism of the transient
process, the first-priority issue concerns the mem-
brane section, where this process takes place. As was
already mentioned, to describe the penetration of for-
eign molecules through a membrane, a continuum
model for the latter is used as a rule. In the frame-
work 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 bound-
ary layer. Hence. we arrive at a conclusion that the
transient process takes place in the boundary layer of
the membrane.
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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 consid-
ered as a gas with only one kind of molecules, which
we call foreign.

Let the coordinates x = 0 and x = [ in the contin-
uum 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 Py is higher. The transient process an-
alyzed below is nothing else but the establishment
of the concentration ¢ of foreign molecules in the
boundary layer adjacent to x = 1.

Assuming the gas to be ideal, we write down

Py = cokpT. (3)

The chemical potential py of the gas molecules is de-
scribed by the formula (see, e.g., work [2])

Lo = kgTtnPy + X(T), (4)
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Fig. 4. Temperature dependence of the transition period 7

where X (T) is a certain function of the tempera-
ture 7.

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 y of foreign
molecules in the boundary layer, we have

w = kgTlnch, + U (P, T), (5)
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Fig. 5. Schematic structure of the boundary layer

where W (P;,T) is a certain function of the pressure
P, and the temperature T

The transient process terminates, when an equilib-
rium is established between the gas and the boundary
layer, i.e. provided

Ho = [ (6)

It is clear that the incomplete equilibrium is implied,
which is established within the period 7. This equilib-
rium is ensured by the hierarchy of relaxation times

T L T, (7)
where
TR KQ/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 bound-
ary 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 ac-
quire 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

Py ~ kgTNa*D 75, (9)
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where N is the number of links in the chain, a the
link size, and D the pore size.

According to this formula, for 7' =~ 300 K, N = 100,
a~ 10719 ¢cm, and D ~ 1072 m, the pressure is eval-
uated as Pg ~ 10% Pa. This value obtained for the
pressure in the polymer pore is much larger than the
change of the external pressure on the polymer mem-
brane. 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 unsta-
ble 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 men-
tioned 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 tran-
sition 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 ;1 also changes, and, when it
becomes larger than pg, there arises a flux of foreign
molecules from the boundary layer, which increases
the observed value of P. Then the inequality pg >
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 pres-
sure in a working chamber higher than the initial ex-
cess 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 in-
dicated 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 re-
quired 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 pro-
posed mechanism of the transient process, where
the latter is associated with the “ball-globul” tran-
sitions. Every ball is known to be a fractal structure
[4]. The polymer links constitute less than three per-
cent of its volume. All other space can be occupied
by foreign molecules. On the other hand, in a glob-
ule, the links are closely packed to one another. For
this reason, the globule is called the non-periodic
crystal. Therefore, in the course of the “ball-globule”
transition, all foreign molecules located in the ball
are thrown away into a working chamber, which was
observed in the experiment.

The interaction between the polymer chain and
the environment results in the attenuation of oscil-
lations concerned. The period 7 is the experimen-
tally observed time interval, during which the oscilla-
tions died at various temperatures. The temperature
growth increases the oscillation energy absorption by
the environment. Therefore, it is natural that the pe-
riod 7 decreases, as the temperature grows, as was
found in the described experiment (Fig. 4).

5. Transient Process
in the Boundary Layer of a Biological
Membrane. Plasmalemma

The word plasmalemma is used (see, e.g., work
[6]) to denote the external cell membrane that en-
closes the cell and provides its exchange with the
environment. The plasmalemma is composed (see
Fig. 6) of a lipoprotein complex I and a glycoca-
lyx 2. The lipoprotein complex is formed by a dou-
ble layer of lipid molecules & penetrated by protein
molecules 4. The glycocalyx has branched polysac-
charide chains 4 attached to the protein and lipid
molecules of the membrane.

As one can see from Fig. 6, the glycocalyx is noth-
ing else but the boundary layer of the membrane in-
troduced by us. Its structure is similar to that of the
boundary layer in the synthetic membrane. As in the
case of synthetic membrane, the boundary layer of
a biological membrane is formed by polymer chains,
which, due to a disorder in this layer, have enough free
space to form balls. The latter, under certain condi-
tions, can transform into globules.

The marked similarity between the structures of
boundary layers in the synthetic and biological mem-
branes makes it possible to assume that the mech-
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Fig. 6. Schematic structure of plasmalemma

anisms of transient processes in the membranes of
both types are also similar. In particular, the biolog-
ical membrane, like the synthetic one, should “feel”
small variations of the external pressure, because they
affect the transient process in the boundary layer.
Perhaps, in this case, we deal with one of the mech-
anisms that govern the influence of changes in the
atmospheric pressure on the human organism.

6. Conclusions

The penetration of foreign molecules through a poly-
mer membrane starts from a transient process, which
establishes an equilibrium between the boundary
layer of the membrane and the environment. This
process looks like damped oscillations induced by
the instability of ball-shaped chains in the bound-
ary layer. Namely, if the external pressure changes,
the chain shape begins to transform periodically: the
ball-like chains periodically transform into the globu-
lar ones and vice versa. As a result, the concentration
of foreign molecules and their pressure in the bound-
ary layer change periodically.

The transient process period is determined by the
damping time of self-oscillations. The latter decreases
with the increasing temperature due to the absorption
of the energy of oscillations in the environment. The
transient processes in the synthetic and biological
membranes have the same origin. Since this process
is invoked by the shape instability of the chains, it
may be started by small variations of the external
pressure. Therefore, it can be considered as one of
the possible processes that determine the action of
changes in the atmospheric pressure on the human
organism.

The transient process is the initial stage of the pen-
etration of foreign molecules into the membrane. The
next stage is the diffusion of foreign molecules
through the membrane region located behind the
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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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MEXAHI3M B3AEMO/IIT IPUMEZKOBOTO IIIAPY
IIOJIIMEPHIUX MEMBPAH I3 TASOBUM OTOYEHHAM

Peszmowme

ExcrnepuMeHTaIbHO JIOCIII2KEHO ITOYATKOBUM €Tall IPOHUKJIIN-
BOCTI MOJIEKYJI TIOBITpsi depe3 moJsiiMepHy MeMmbpaHy. Busisie-
HO, III0 Ha [IbOMY eTalll Bil0yBa€eThCs NePexiHUIT IPOIeC, SKUM
€ IPOIECOM BCTAHOBJIEHHsI PiBHOBArm Mi»K ra3oM i IIPUMEXKO-
BuM mapom meMOpanu. lleit mponec HOCUTH XapakTep 3aTyXa-
JOYUX KOJIMBaHb, CIIPUYMHEHMX IEPIOAUYHOIO 3MiHOIO dopmu
MOJIIMEPHUX JIAHIJIOTIB y IPHUMEXKOBOMY IIapi, IIOB’sI3aHOIO i3
rnepexonaMu “Kjaybok—r1y100ysia”’. BucsosiieHo riroresy mpo Te,
III0 aHAJIOTiYHE SIBUIIE € OJ[HI€I0 3 IPUYHH, IO 3yMOBJIIOE BIJIUB
3MiH aTMOC(EPHOTO THCKY Ha OPTaHi3M JIIOIMHU.
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