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The aim of the work is to synthesize polymer and hybrid polymer-inorganic proton conductive membranes on the
base of water soluble acrylic monomers and sol-gel precursor, and characterize their properties.

Materials, used for membrane preparation - acrylonitrile (AN), acrylic acid (AA), 3-sulfopropyl acrylate
potassium salt (SPAK), tetraethoxysilane (TEOS), 3-methacryloxypropyltrimethoxysilane (MAPTMS), ethyleneglycol
dimethacrylate (EGDMA), 2,2-dimethoxy-2-phenylacetophenone (DMPA) and phosphoric acid (85 wt. %).

Methods of investigation — impedance spectroscopy, water and methanol uptake measurement, laser
interferometry, SEM.

Proton conductive polymer and organic-inorganic membranes were synthesized based on acrylic monomers and
silica inorganic component, derived as a result of sol-gel transformation of precursors — tetraethoxysilane (TEOS) and
3-methacryloxypropyl trimethoxysilane (MAPTMS). AA, AN and SPAK were cross-linked by irradiation with UV light
at the presence of photoinitiator DMPA and cross-linker EGDMA and simultaneous hydrolytic polycondensation of
sol-gel precursors. Kinetics of polymerization in situ was investigated by laser interferometry. Membranes
characterization includes morphology, methanol uptake and proton conductivity at different temperatures.
Morphology of the membranes investigated using SEM evidences that the material structure is homogeneous without
cracks and phase separation. The membranes obtained exhibit low methanol uptake and high values of proton
conductivities (3.6-1073-9.6-1073 Sm/cm) making them attractive for fuel cell application. Contact angle measurements
allow to evaluate free surface energy of the membranes.

The proposed method of UV-initiated polymerization in situ allows one to obtain cross-linked sulfo group
containing polymer and hybrid polymer-inorganic materials, which possesse a complex of necessary properties for
their use in methanol fuel cells.

Keywords: organic-inorganic membrane, sol-gel method, proton conductivity, UV-curing, acrylate, 3-metha-
cryloxypropyltrimethoxysilane

INTRODUCTION following  requirements: high  protonic
conductivity, low electronic conductivity,
impermeability to fuel gas or liquid, good
mechanical toughness in both dry and hydrated
states, and high oxidative and hydrolytic stability
in the actual fuel cell environment [2]. Currently,
the most commercially available membranes for
fuel cells are based on perfluorosulfonic acid
polymer membranes (e.g., Nafion, Flemion and
Aciplex) [2]. These membranes have many
advantages including high proton conductivity,
good mechanical and chemical stability.
However, they have several drawbacks which
have limited their wide application: high cost and
high methanol permeability. To overcome these
obstacles researchers develop novel low-cost
materials as alternative PEMs.

Nowadays there are several alternative novel
materials that show promising properties for
direct methanol fuel cell (DMFC) applications. In

In recent years the global demand for energy
increased significantly as a result of industrial
development and population growth. The
environmental demands associated with energy
production are increasing with every passing year.
So, production of efficient and clean energy
became a desired goal for modern industrial
societies. The fuel cell technology has received a
great researchers’ attention due to their
advantages over other types of energy production
[1].

The main challenge in this scientific area is
the development of a low cost membrane for fuel
cell. Proton conductive membrane is the most
important part of fuel cell as it is responsible for
proton transport from the anode to the cathode and
thus the entire fuel cell performance. Polymer
electrolyte membranes (PEM) must meet the
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the last years “heavyweight players” such as
Sony, Toshiba, Nokia, Siemens, Motorola and
Samsung, among others, are investing serious
amounts of money in the development and
commercialization of DMFC for portable
applications [3].

Different methods are being explored to
obtain the materials with desired properties:
copolymerization, grafting, polymer blending or
cross-linking. Regardless of the fabrication
method, the selection of the polymers for PEMs is
a very important consideration because
membrane properties are significantly dependent
on the polymers used.

Water soluble polymers (WSPs) have
recently become increasingly interesting to both
industry and academia, as they can be used in
different applications such as biomaterials, drug
delivery, dispersants, flocculants, membrane
materials [4]. The advantage of WSPs is that they
confer additional water retention capability to the
membrane (particularly at high temperatures and
low RHs) [5]. The investigations of the suitability
of the application in fuel cells for WSPs, such as

chitosan, poly(ethylene glycol), poly(vinyl
alcohol), poly(vinylpyrrolidone), poly(2-
acrylamido-2,1-propane sulfonic acid),

poly(styrene sulfonic acid) are described in
numerous articles [6-8]. However, such
copolymers have an excessive water absorption
and, therefore, are fragile, what makes it
impossible to use them for producing proton
conductive membranes for fuel cells.

One of the approaches to develop PEM with
higher chemical and mechanical stability is to use
water soluble monomers and modify them with
inorganic component, for example, combining the
process of organic polymerization and sol-gel
transformation of sol-gel system. For example,
the authors [9] proposed the method of synthesis
of a cross-linked proton conductive membrane for
fuel cell based on poly(2-acrylamide-2-
methylpropane sulfonic acid) (PAMPS). The first
sol-gel precursor is prepared on the basis of
tetracthoxysilane ~ (TEOS) and  3-meth-
acryloxypropyl trimethoxysilane (MAPTMS).
Nanocomposite organic-inorganic membranes are
synthesized by free-radical copolymerization of
monomers — N-vinyl-2-pyrrolidone, acrylic acid
and 2-acrylamide-2-methylpropane sulfonic acid
— in the presence of poly(ethylene glycol
dimethacrylate) (PEGMA) and ethylene glycol
dimethacrylate (EGDMA). The resulting
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membranes were dried in a vacuum oven at 35 °C
for several days until constant weight. The
nanocomposite membranes obtained have
significant proton conductivity compared to that
of Nafion-117. In general, the incorporation of
Si0, improves the water retention of the hybrid
membranes at high temperature.

In the present work we prepared novel
polymer membranes based on water soluble
acrylic monomers and polymer hybrid organic-
inorganic membranes based on the same
monomers and sol-gel precursors MAPTMS and
TEOS. Hybrid membranes synthesized using sol-
gel method are nanocomposites, since all the
products of sol-gel technique are considered to be
nanomaterials [10]. Proton conductivity and
water uptake measurements have been used for
characterization of the obtained membranes.

EXPERIMENTAL

All reagents for membrane preparation:
acrylonitrile (AN), acrylic acid (AA), potassium
3-sulfopropyl acrylate (SPAK), tetracthoxysilane
(TEOS), 3-methacryloxypropyltrimethoxysilane
(MAPTMS),  ethyleneglycol  dimetacrylate
(EGDMA), 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA) and phosphoric acid (85 wt. %)
were purchased from Sigma-Aldrich and used as
received.

Two types of membranes were prepared:
polymer membrane based on acrylic monomers
and hybrid polymer-inorganic membrane based
on acrylic monomers and inorganic component
formed as a result of sol-gel reaction of precursors
MAPTMS and TEOS.

Synthesis of polymer membranes was carried
out by the method of photoinitiated radical
polymerization of acrylic monomers — acrylic
acid, acrylonitrile and 3-sulfopropyl acrylate
potassium salt. EGDMA was used as a cross-
linker to form the cross-linked structure of
copolymer. The following synthetic procedure
was used for membrane preparation: the
appropriate amount of SPAK was dissolved in
distilled water; after the monomer was dissolved,
an appropriate amount of AA and EGDMA was
added to the solution and the mixture was
continuously stirred at 500 rpm for 10 min.
Separately the solution of a photoinitiator in a less
hydrophilic monomer — AN was prepared by
stirring at 500 rpm for 10 min. To initiate the
process of photopolymerization, DMPA (2 wt. %)
was used as a photoinitiator. Two solutions were
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merged together and stirred at 500 rpm for 10 min.
For polymerization, a portion of the
photocomposition was cast into a glass mold
(50%20%0.15 mm) and irradiated with UV light
(365 nm) for 30 min at room temperature. To
prevent an access of oxygen (an inhibitor of
polymerization) to a photocomposition, the mold
was covered with a thin glass slide and the process
was conducted in an inert atmosphere (Ar).

The organic-inorganic membranes were
prepared by the similar way, additionally
involving the adding of MAPTMS solution. The

Table 1. Feed compositions for membrane preparing

sol-gel precursor solution was prepared by mixing
of TEOS:MAPTMS (1:3 wt. p.), ethanol, water
and phosphoric acid with respective ratio
1:4:2:1.8 mol/mol and stirred for 180 min at
500 rpm in 50 °C water bath. Then, sol-gel
precursor solution in appropriate amount was
added to the monomer mixture before gelation
point and the whole formulation was stirring for
30 min. The feed monomer compositions for the
preparing of polymer and hybrid organic-inorgnic
membranes are summarized in Table 1.

Composition AN, AA, SPAK, EGDMA, SGS, MAPTMS,
wt. % wt. % wt. % wt. % wt. % wt. %
S1 45 15 25 15 - -
82 45 15 25 15 - 10
S3 45 15 25 15 10 _

The method of laser interferometry was used
to investigate the kinetics of photoinitiated
polymerization of the prepared
photocompositions. The changes in intensity of
the interference pattern during contraction of
polymerizing compositions were recorded as an
interferogram. Conversion P (the relative degree
of integrated transformation) was calculated as
the ratio of contraction at a given moment to the
maximal attainable one. The Ilatter was
determined as the number of peaks on the
interferogram. The results of the experiment were

presented as the integral kinetic curves
“conversion P — time ¢” and their differential
anamorphoses. The statistical analysis of

experimental kinetic curves was performed using
the ORIGIN program. In order to provide the
assurance of the experimental data (due to the
high fluctuation sensitivity of the polymerization
process), 5 kinetic curves were obtained for each
experimental condition, which were then
averaged.

After UV irradiation the obtained membranes
were some times washed with a large excess of
acetone and water to remove unreacted
compounds and dried in an oven at 50 °C until
constant weight.

The morphology of the membranes was
determined by scanning electron microscopy
(SEM) using a NEON 40 FIB-SEM workstation
(Carl Zeiss AG, Germany). For cross-sectional
imaging dehydrated samples were fractioned
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upon being immersed in liquid nitrogen. Before
imaging, samples were coated with 3 nm of Pt
layer.

Water uptake of the membranes was
determined by measuring of the difference of
membrane mass before and after hydration. Dried
at 50 °C until constant weight and weighed
membranes were placed in distilled water for
24 h. Then the samples were wiped with filter
paper to remove water droplets and immediately
weighed. Water uptake was calculated based on 5

independent measurements using following
equation:
Myer — M
WU = 22 5 100%
mdry

) (M
where ma, and my. are masses of dry and
hydrated membrane, respectively.

The resistance of polymeric and organic-
inorganic membranes was measured at different
temperatures by the method of impedance
spectroscopy using an AUTOLAB impedance
spectrometer (EcoChem, the Netherlands) with
FRA software equipped by a thermostat. The
films were sandwiched between Pt electrodes.
Prior to the measurement the membranes were
converted to acid form by immersing them in
0.IM HCI. Nyquist curves for all the samples
were plot over the frequency range 10-10° Hz.
Specific proton conductivity was calculated using
the following formula:
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o=URS, 2

where R is a sample resistance, Ohm; [ is a sample
thickness, cm; S is an -electrode-electrolyte
contact area, cm’.

RESULTS AND DISCUSSION

In order to prepare proton conductive
membrane  from commercially available
monomers we choose suitable acrylic monomers
— AA, AN and SPAK. Acrylic monomers are
often wused for preparation of hydrogel
copolymers which have significant swelling and
exhibit poor mechanical properties so they cannot
be used as membranes. This obstacle can be
overcome to a certain degree by introducing into
their structure polyacrylonitrile (PAN), which
creates an additional network due to the strong
dipole-dipole interaction between nitrile groups
of different polymer chains [11]. However, it has
been found that the simple addition of pre-

ew J o

OH

Fig. 1. Scheme of the synthesis of poly(AA-co-SPAK-co-AN)

As it is not easy to have a balance of proton
conductivity and mechanical stability of
membrane in hydrated state, the researchers test
different kinds of modified materials, involving
hybrid organic-inorganic systems, which can be
tailored via the proper combination of monomer
and inorganic components. In the present study
we prepare proton conductive polymer hybrid
membranes using a combination of sol-gel
technique and organic polymerization. The
monomers used were the same as for the synthesis
of polymer membrane, additionally sol-gel
TEOS-based system was used. MAPTMS was
used as a monomer and simultaneously as a sol-
gel precursor (Fig. 2).
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synthesized PAN to a hydrogel copolymer does
not lead to increased strength. To solve this
problem, acrylonitrile should be introduced into
the copolymer structure at the synthesis stage.

SPAK was chosen as sulfo groupcontaining
monomer. It is known that in a hydrated state
immobile sulfonic acid groups of sulfonated
polymers dissociate and hydronium ions (H3O",
HsO,", HyO4") are formed via hydrogen bonding
around sulfonic groups [12]. Hence, a choice of
SPAK is based on its high proton conductivity for
preparing of membranes with sufficient
performance.

AA, AN and SPAK were cross-linked by
irradiation with UV light (the photoinitiator
DMPA (2 wt. %) was added to the
photocomposition) in the presence of the cross-
linker EGDMA. The scheme of the reaction of
copolymer  poly(AA-co-SPAK-co-AN) is
synthesis presented in Fig. 1.
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As a result of the reactions of hydrolytic
polycondensation of methoxy groups of
MAPTMS and binding of the silanol groups due
to hydrogen bonding, the organic-inorganic
network is formed providing the channels for
proton transport (Fig. 3).

By means of laser interferometry kinetic
dependences of free radical cross-linking
photoinitiated copolymerization of above-
mentioned polymerizing systems were revealed.
The integral and differential curves of
photoinitiated  polymerization of different
polymerizing systems are given in Fig. 4.

All integral kinetic curves have a typical
S-shape and consist of three sections: the first
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short section corresponding to the stage of

polymerization initiation, the second sharp
section corresponding to the stage of
autoacceleration and the third section

corresponding to the stage of braking of
polymerization process. Kinetic parameters,
presented in Table 2, indicate that adding of the
sol-gel system to photocomposition significantly
decreases polymerization rate, the time of the

0
i
<)
50 S —0—5—0—
0 0

reaching of the maximal rate, relatively,
significantly increases. The maximal rate of
polymerization reaction in the presence of the sol-
gel system based on TEOS+MAPTMS
(composition S2) is higher than that in the
presence of MAPTMS only (composition S3). It
can be attributed to the steric hindrances due to
the large size of MAPTMS molecules.

Fig. 2. Scheme of the synthesis of poly(AA-co-SPAK-co-AN-co-MAPTMS)
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Table 2.  Kinetic parameters of the process of photoinitiated polymerization
Composition Time of Wmax, Tmax, S Cogxtfe;:llzn P Max rate, Wmax, S
S1 4.6 0.36 0.28
S2 21.2 0.29 0.06
S3 61.9 0.63 0.03

The determination of gel-fraction of obtained
products confirms the completeness of
photoinitiated polymerization and formation of
the insoluble in organic solvents (acetone,
methanol) cross-linked structure (Table 3).

Table 3. Gel-fraction of membranes

Sample S1 S2 S3
Gel-fraction, wt. % 99.88  99.64  99.74

The  synthesized  membranes  were
homogeneous, transparent, crack-free. Their
thicknesses are included in the range between 150
and 200 mp.. Morphology of the membranes were
investigated using SEM. SEM image of the cross-
section of membrane with a smaller and greater
approximation evidences that the material
structure is homogeneous without visible phase
separation (Fig. 5).

Free surface energy of the composite
membranes was evaluated by contact angle
measurements using two liquids. Substituting the
values of the measured angles of the membrane
surface wetting by two fluids into the Owens-
Wendt equation and solving the system of two
equations, we obtain the values of the dispersive
28 and hydrogen A" components of the surface
energy and the total surface energy 4s (Table 4).

As it can be seen from Table 4, the dispersive
component of the membrane S2 is larger as
compared to that of the membrane S3
(37.6 mN/m-31.3 mN/m), while hydrogen
component of the membrane S2 is much smaller
(11.2 mN/m-19.2 mN/m). The total free surface
energy of the membrane S2 is also smaller as
compared to that of the membrane S3, it testifies
the change in hydrophilic-hydrophobic balance of
the membrane surface at introducing of the sol-gel
system.

Izi%i“'llow EHT= 5.00kV Mag= 5.00KX
WD= 35mm  Signal A = SE2

FIB Brobe = 10KV:50 pk

Fig. 5. SEM photograph of a cross-section of the
membrane S1

Sorption capability is one of the most
important criteria that affects the proton
conductivity and mechanical properties of the
material: water medium enhances proton
transport through the material, at the same time
too high water uptake worsens dimensional
stability of membranes. The results obtained are
presented in Fig. 6.

The values of the experimentally determined
water uptake of the synthesized membranes are
relatively high, what is caused by the large amount
of sulfo groups in the material. Unfortunately, they
are also higher than the analogous value for Nafion
115 membrane. At the same time, the absorption of
methanol by the membrane S1 is substantially less
than the absorption of water (Fig. 6 b). The
absorption of methanol determines the possibility of
using membranes in DMFC. Taking into account
the fact that the proposed membranes exhibit
significantly less methanol absorption than Nafion
115, they are promising candidates for this type of
fuel cells.

Proton conductivity of synthesized polymer and
polymer hybrid organic-inorganic membranes was
estimated from Nyquist plots (Fig. 7).

Table 4.  Values of contact angles and free surface energy for hybrid membranes
Sample 0, degree 0, degree Asd, As", Ds,
P C3H30s CH:I mN/m mN/m mN/m
S2 37.6 33.2 37.6 11.2 48.7
S3 34.3 35.8 31.3 19.8 51.1
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Fig. 6. Sorption characteristics: a — water uptake (50 °C) of the membranes S1, S2, S3; » — water and methanol uptake
of the membrane S1

Fig. 7. Nyquist diagrams for the samples S1 (a), S2 (b), S3 (c¢) at room temperature

The investigated membranes exhibit high values presents a plot of conductivity values as a function
of proton conductivities: S1 — 3.6-10° Sm/cm, S2 — of temperature. As it was expected, proton
6.5-10° Sm/cm, S3 — 9.6:10° Sm/cm. Proton conductivity was strongly dependent on the
conductivity of polymer membrane S1 was temperature as proton transport through membrane
measured also at different temperatures. Fig. 8 is a thermally stimulated process [13].
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CONCLUSIONS

Polymer and polymer hybrid organic-
inorganic membranes have been synthesized by
484 UV polymerization of acrylic monomers and
simultaneous hydrolysis-polycondensation of
-5.07 alkoxyradicals of sol-gel precursors TEOS and

MAPTMS. The proposed method of UV
polymerization in sifu allows to obtain cross-
linked sulfo group containing polymer and hybrid
polymer-inorganic materials, which possess a
complex of necessary properties for their use in
methanol fuel cells. The investigated membranes
30 31 32 33 34 exhibit sufficient water uptake and high values of
1000/T, K* proton conductivities: S1 — 3.6- 10~ Sm/cm, S2 —
Fig. 8. Ln o of the membrane S1 as a function of 6.5-107 Sm/cm, S3 — 9.6-10"° Sm/cm. The water
temperature retention property provided by formed SiO;
clusters leads to higher proton conductivities for
membranes S2 and S3 as compared to that for
membrane S1 due to the connected paths for
proton transport.
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IIporoHonpoBinHi MoTiMepHi Ta OpraHo-HeopranidyHi MeMOpaHu
X.B. Pumma, M.M. Kuraiiio, O.1. Iemunna, L.1O. €Buyk

Biooinenns gizuxo-ximii coprouux konaiuu
Tuemumym ¢hizuxo-opeaniunoi ximii i gyeneximii im. JLM. Jlumsunenka Hayionanonoi akademii nayk Yxpainu
eyn. Haykosa, 3a, Jlvsis, 79060, Ykpaina, demchynaoksana@ukr.net

Mema pobomu — cunme3zyeamu NoJMEpHi MA OP2AHO-HEOPSAHIYHI NPOMOHONPOGIOHI MeMOPAHU HA OCHOSI
6000PO3YUHHUX AKPUTIOBUX MOHOMEPIE mMd 30/7b-2ellb NPeKypcopie [ oxapakmepusyeamu IXHI 61acmueocnii.
Mamepianu, euxopucmani 011 OocaiodcenHs: axpunonimpun (AN), axpunosa xucioma (AA), 3-cyavgo-
nponinakpuram  kanito  (SPAK), mempaemoxcucunan (TEOS),  3-MemaxkpuiokcunponiimpumemoxCucuilan
(MAPTMS), emunenenixonvoumemaxpuiam (EGDMA),  2,2-0oumemoxcu-2-peninayemoghenon  (DMPA) i
opmogocgopra xucioma (85 mac. %). Memoou OocnioxcenHs — IMReOAHCHA CHEKMPOCKONIs, GUMIDIOBAHHS
NOTUHAHHA 800U MA MEMAHOLY, Ja3epHa inmepgepomempis, SEM.

Tlpomononposioni nonimepHi ma 0peaHO-HeOP2aHiuHi MeMOpaHu Oyau CUHME308AHI HA OCHOGI AKPULOBUX
MOHOMEPI6 MAa HEeOP2AHIYHO20 KOMNOHEHMA KpeMHe3eMy, OMPUMAHO20 GHACTIOOK 30.1b-2elb NepemeopenHs
npekypcopie — mempaemoxcucuiany (TEOS) i 3-memaxpunoxcunponiimpumemoxcucuiany (MAPTMS). AA, AN i
SPAK 6yau 3wumi 3 donomoeoro Y@ eunpominrosanns y npucymuocmi gomoiniyiamopa DMPA i swusarouoeo
acenma EGDMA ma oonouachoi eioponimuunoi nonikoHOeHcayii 301b-2efb npekypcopis. Jocniodceno Kinemuxy
noaimepusayii in situ memooom nazepHoi inmepgpepomempii. Xapakxmepucmuxa memOpan 6KIOUAE MOPPON02iio,
NOTUHAHHA MEMAHOTIY Ma NPOMOHHY NPOGIOHICMb npU pisHux memnepamypax. Mopgonozia membpan, docniodxcena
memodom SEM, ceiduums, wo cmpykmypa mamepiany € 0O0HOPIOHOW, 6e3 mpiyuH ma uoumMo20 @azo8020
po30inenns. Ompumani memopany 0emMoOHCMpPYIOMyb HU3bKE NOAUHAHHS MEMAHOLY MA GUCOKI 3HAYEHHS NPOMOHHOT
nposionocmi (3.6-107°-9.6-1073 Cm/cm), wo pobums ix nepchexmuenumu Ol 3aCMOCYEAHHA Y NATUGHUX e1eMEHNAX.
Bumiprosanns kymie 3m0uy8anHs 003601UN0 OYIHUMU 8LIbHY NOBEPXHEBY eHep2Iil0 MeMOPAH.
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3anpononosanuii memoo Y@-iniyitiosanoi nonimepusayii in situ 00360158€ 00epicamu 3UUmi CyabhoBMICHI
noaimepui i 2iOpuoHi NoMeP-HeOPeaHiYHI Mamepianu, sKi Maroms KOMIIEKC 61aCmusocmell, wo 3abe3neyyioms
nomenyiliHe 3acMoCy8aHHs iX Y MeMAHOIbHUX NATUSHUX eNeMEeHMAX.

Knwuoei cnoea: opeaniyno-neopeaniuna — MemOpana,  301b-2elb  Memood, NPOMOHHA — NPOBIOHICMb,
Y®-3ameepooicenns, axpunam, 3-memaxpuioKCUnpORIIMpUMemoKCUCUIAH

IIporonnpoBoasinye NOJIUMEPHBbIC H OPraHO-HeOPraHu4YecKue MeMOpaHbI
X.B. Pumma, M.M. Kuraiisno, O.U. Aemuuna, U.10. EBuyk

Omoenenue PuauUKO-XuUMUU 20PIOYUX UCKONAEMBIX
Hnemumym ghusuxo-opeanuueckoti xumuu u yenexumuu um. J1. M. Jlumeunenxo Hayuonanvhoti akademuu Hayk YkpauHol
ya. Hayunas, 3a, JIvos, 79060, Ykpauna, demchynaoksana@ukr.net

Llenv pabomvl — cunmesuposans NOTUMEPHBIE U OP2AHO-HEOP2AHUYECKUE NPOMOHONPOBOOSAUEe MEMOPAHBL HA OCHOBE
6000PACMBOPUMBIX AKPUTIOBLIX MOHOMEPOB U 3071b-2€/lb NPEKYPCOPO8 U OXAPAKMEPUZ0BAMb UX CEOUICIBA.

Mamepuanei, ucnoivzosannvle 018 NpUOMOGIeHUs memopan: axpunonumpun (AN), axpunoeas xucroma (AA),
3-cymvgponponunaxpunam xanus (SPAK), mempasmokucucunan (TEOS), 3-mema-KpuiokcunponuimpumemoxkCucuian
(MAPTMS),  smunenenuxonvoumemarpuiam  (EGDMA),  2,2-oumemoxcu-2-ghenunayemoghenon ~ (DMPA)  u
opmogocgopras kucroma (85 macc. %).

Memoodwl uccredosanus - UMNEOAHCHAsE CNEKMPOCKONUSA, UBMepeHUe NOIOWeHUs 600bl U MEMAHOAd, NA3ePHA
uumepghepomempusi, SEM.

Tlpomononpogoosiyue nomumepHvie U OPeAHO-HEOPSAHUYECKUEe MEeMOPAHbL ObLIU  CUHIME3UPOBAHbl HA OCHO8E
AKpUNOBbIX MOHOMEPOS U HEOP2AHUYECKO20 KOMNOHEHMA KpeMHe3eMd, HOIYHEeHHO20 6 pe3yibmame 30/1b-2€b
npeobpazosanus  npekypcopos - mempasmokcucuiana (TEOS) u  3-MemakpunokcunponuimpumemokCucuiana
(MAPTMS). AA, AN u SPAK nonyuenst cuuganuem ¢ nomougpto Y@ uznyuenus 6 npucymemeuu pomounuyuamopa DMPA
u cuusarowezo azenma EGDMA u 00Ho8pemeHHOU 2UOpOIUmuyeckol NOAUKOHOCHCAYUU 3071b-2€b NPEKYPCOPO8.
Hccnedosana kunemuxa nonumepusayuu in situ mMemooom 1aseproti unmepghepomempuu. Xapakmepucmuxka Memopan
8KII0UAEH MOPGHON02UI0, B0OONOTOUeHUE U NPOMOHHYIO NPOBOOUMOCTL NPU PA3IUYHbIX memnepamypax. Mopgonocua
Membpan, yemaroenennas memooom SEM, noomeepoicoaem popmuposanie 0OHOPOOHOU CIpYKmypbl Mamepuand, oe3
mpewun u 8uUoUMoz20 Qazoeoeo pasoerenus. Tlonyuennvle Memopansvl OeMOHCHPUPYIOM HUKOe NOI0ujeHUe MeMAHONA U
evicokue 3navenuss npomonnoi nposooumocmu (3.6:10°-9.6-10° Cw/cm), umo Oenaem ux nepcnexmugHviMu Ons
npUMeHeHUs 8 MONIUGHbIX dNleMeHmax. Vamepenue y2no8 cMayueanus NO380IUN0 OYEHUMb CB0O0OHYIO NOBEPXHOCHIHYIO
SHepeuo MemMOpar.

Tpeonoowcenmviii memoo Y D-unuyuuposanHoll nomuMepu3ayuyl in Situ no360asem noy4ams Clumple cooepicauue
cynvghoepynnsl noUMEpHble U SUOPUOHBIE NOTUMED-HEOP2AHUYECKUEe MamepUuaibl, 0baaoarouue KOMNIeKCoM CGOLCHS,
o0becneuusarowux NOMEHYUAILHOE UX NPUMEHEHUE 8 MEMAHOILHBIX MONIAUGHBIX JJIEMEHMAX.

Knrwouesvle cnosa: opzano-Heopeanuueckass MemOpama, 301b-2elb  Memoo, NPOMOHHAA NPOBOOUMOCb,
Y@-3ameepoesarnue, axpunam, 3-memakpuioKCunpoOnuImpuUMemoKCUCUiIaH
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