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Abstract—Hybrid organic-inorganic membranes based on tetracthoxysilane and orthophosphoric acid-
doped copolymers of 4-vinylpyridine (4-VP) and 2-hydroxyethyl methacrylate (HEMA) have been formed
by the sol-gel synthesis method. The membranes are characterized by high values of exchange capacity and
proton conductivity. An increase in the proton conductivity of hybrid organo-inorganic membranes com-
pared to the initial copolymer can be associated with the generation of crystallization water during the forma-
tion of a silicon dioxide fragment, which follows from quantum-chemical modeling of the local structure of
the membrane. The latter includes an organic part from the copolymerization product of 4-VP with HEMA
(44 atoms) and an inorganic part of 27 atoms, repeating the structure of the silicon dioxide block.
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INTRODUCTION

Ion-exchange materials and membranes are widely
used in chemical technology, biotechnological pro-
cesses, mechanical and microelectronic devices, med-
icine, ecology, etc. lon-exchange membranes of vari-
ous types, including organo-inorganic (hybrid) mem-
branes, are especially widespread in the energy sector,
as they are used as part of the membrane-electrode
unit of solid polymer fuel cells (SPFCs), which is pri-
marily due to the widest possibility of modifying their
conductive, mechanical, and chemical properties by
changing the type of components included in their
structure.

These membranes have high thermal stability and
mechanical strength [1], and provide significant pro-
ton conductivity [2]. At the same time, according to a
number of indicators, for example, mechanical
strength and the ability to control the hydrophilic
component, these membranes are superior to tradi-
tional commercial membranes such as Nafion [3, 4].
In addition, they may differ in lower cost. At present,
ion-conducting polymeric membranes are produced
on the basis of polyimides [3], polyether ether ketones
[5], polyarylene ether ketones [6], polypyrroles [7],
epoxy-containing polymers [8], triazole-containing
polymers [9], etc.
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To improve the mechanical properties, increase the
thermal stability, water resistance, and proton con-
ductivity of polymer membranes, inorganic fillers are
introduced, such as silicon and zirconium oxides [10],
cerium and titanium oxides [11], carbon materials, for
example, nanotubes, fullerenes, or graphene deriva-
tives [12], heteropolyacids (such as polyantimonic acid
[13], polytungstic acid [14]).

Among the inorganic components available for use
on an industrial scale, silicon dioxide appears to be the
most preferred due to its lower cost. Doping mem-
branes with silicon dioxide increases their thermal,
chemical, and mechanical stability, as well as ionic
conductivity [15].

It has been shown that the main part of inorganic
precursors mainly affects the structure formation of
membranes and does not contain chemically active
groups capable of generating protons or intercalating
dopant acids into the membrane [20].

Previously, we have obtained and studied a wide
range of hybrid membranes based on tetraethoxysilane
(TEOS) and binary copolymers of various nature
doped with orthophosphorus or sulfonated with sulfu-
ric acids: 4-vinylpyridine—2-hydroxyethyl methacry-
late, 2-methyl-5-vinylpyridine—vinyl chloride,
2-methyl-vinylpyridine—vinyl acetate, vinylpyrazole—
vinyl chloride, vinylpyrazole—methyl methacrylate,
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vinylpyrazole—vinyl acetate, styrene—allyl glycidyl
ether. At the same time, it was shown [16—19] that the
proton conductivity of a number of membranes
formed from a hybrid composite is more than an order
of magnitude higher than the conductivity of mem-
branes obtained on the basis of copolymers in the
absence of additional proton-conducting groups in
them. An increase in the proton conductivity of hybrid
membranes occurs due to an increase in porosity and,
consequently, an increase in the total volume of chan-
nels providing proton transfer [20].

The purpose of this work is to explain the experi-
mental values of the proton conductivity of hybrid
organic-inorganic membranes based on 4-VP-HEMA
copolymers and the hydrolytic polycondensation prod-
uct of TEOS in comparison with organic 4-VP-HEMA
copolymers using quantum chemical calculations.

COMPUTATIONAL DETAILS

Quantum-chemical evaluation of the thermodynamic
stability of the local structure of the composite. Using
the ORCA 4.2.0 software package [21] and the Becke-
PerdewBP86 density functional method, consisting of
the B88 exchange functional and the PW86 correla-
tion functional [22, 23], the thermodynamic stability
of molecular systems simulating different conforma-
tions of copolymer constituents was evaluated using
the def2-SVP basis set [24]. We used the approach
implemented [25], where for a similar atomic—molec-
ular system, the choice of the method and basis for
computer simulation was substantiated. To calculate
the one-point energy by the self-consistency proce-
dure, we used the DIIS convergence algorithm with an
energy convergence criterion of 10~® Hartree with the
integration grid parameter Grid5. The calculations
were carried out using the Split-RI-J integrals approx-
imation method. As a result of computer simulation,

the values of the internal energy U(? at 7= 0 K were
obtained for all the structures under consideration.
Next, the Hessian of the energy was calculated analyt-
ically, from which the harmonic vibration frequencies
were obtained. Based on the values of the oscillation
frequencies, we obtained the values of the Gibbs func-
tion Gat p =1 atm and 7 = 298.15 K using the algo-
rithms of the ORCA software package based on the
methods of statistical thermodynamics. The obtained

values of the thermodynamic functions Ug and Gggg
were used to assess the thermodynamic stability of the
atomic-molecular structures of the copolymer unit.
This assessment was carried out by calculating the
change in the thermodynamic function of formation
of a given structure as the difference between the cor-
responding value of the energy of the model structure
and the sum of the energies of the inorganic and
organic components.

MEMBRANES AND MEMBRANE TECHNOLOGIES

Vol. 5

Table 1. Proton conductivity (6) of membranes based on
4-VP-HEMA copolymers and their composites with SiO,

Membrane base T, K o, S/cm
Copolymer4-VP-HEMA 298 6.4 x 1074
SiO, : copolymer4-VP-HEMA 298 8.7 x 10~3
SiO, : copolymer4-VP-HEMA 303 9.1x 1073
Si0O, : copolymer4-VP-HEMA 313 1.2 x 102
SiO, : copolymer4-VP-HEMA 333 1.6 x 102

RESULTS AND DISCUSSION
Copolymers of 4-vinylpyridine (4-VP) with

2-hydroxyethyl methacrylate (HEMA) were obtained
under conditions of free radical initiation by the action

of azobisisobutyric acid dinitrile at a temperature of
60°C in a DMF solution [17].

Hybrid membranes were synthesized according to
the methods developed earlier [26, 27]. Sol—gel syn-
thesis with the participation of tetraethoxysilane
(TEOS) [28, 29] was used to obtain hybrid membranes
consisting of a polymer matrix in which particles of
hydrated silicon dioxide are uniformly distributed
(Scheme 1). To impart ion-conducting properties, the
membranes were doped with a solution of 9 M H;PO,.

. H,O,H* .
SIOGH)s ¢ o> 1/7[810; -k (OH)al 4, where k =01
[SiOo-k(OH) ] » + " q
_~~_ CHj
| COOCH,CH,0H
NS
N
— [Si0,], - " Sl
—-0.5nH,0
’ 7 | 3COOCH,CH,0H
N
N
Scheme 1.

Hybrid 4-VP-HEMA-SiO, membranes have been
studied by physicochemical methods (elemental analy-
sis, IR spectroscopy, TGA and DSC, ion-exchange
capacity, proton conductivity, and mechanical proper-
ties) [17]. The synthesized hybrid membranes have the
following characteristics: ion-exchange capacity,
2.1 meq/g; proton conductivity, (0.9—1.9) x 1072 S/cm
(Table 1); activation energy, 12 = 2 kJ/mol in the range
298—363 K; heat resistance, up to 412°C; tensile
strength, 55.5 MPa [17].

Table 1 data analysis shows that the proton con-
ductivity of hybrid membranes is more than an order
of magnitude higher than the proton conductivity of
polymer membranes. To explain this fact, a quantum-
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Fig. 1. Model structures of a 4-VP-HEMA copolymer unit.

chemical assessment of the thermodynamic stability of
the model structure of the composite was carried out.

Thermodynamic Characteristics
of Model Structures

The structure of the siloxane fragment used in this
simulation was shown [25]. Figure 1 shows various model
structures simulating one unit of a 4-VP-HEMA copo-
lymer with a phosphoric acid molecule attached to the
pyridine ring.

The geometry was optimized for two molecular
structures (Model 1 and Model 2) and two covalent
structures (Model 3 and Model 4) that differ in the rel-
ative position of the siloxane fragment. In Model 1
and Model 2, the bond between the siloxane and
organic parts of the composite is due to intermolecular
hydrogen bonds. Models 3 and 4 take into account the
possibility of the formation of a Si—O—C covalent
bond during the interaction between the hydroxyl
groups of the siloxane and the organic component of
the copolymer.

In Model 1, the water molecule released due to the
closing of the siloxane ring and having three hydrogen
bonds with it forms an additional intermolecular bond
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with the hydroxyl group of the copolymer. Thus, it has
a coordination number of 4. The phosphoric acid mol-
ecule associated with the pyridine ring forms a hydro-
gen bond with the hydroxyl of the inorganic fragment
of the siloxane on the opposite side of the first inter-
molecular bond. In Model 2, the siloxane fragment is
turned with respect to the organic block of the com-
posite by the opposite side of the ring. Water arising
from the inorganic part of the composite and phos-
phoric acid do not form intermolecular links between
the organic and inorganic parts of the composite.
Here, two hydroxyls of the siloxane form hydrogen
bonds with the hydroxyl group of the copolymer. The
third hydroxyl group of the siloxane fragment interacts
with the oxygen atom of the carbonyl group of the
copolymer.

In Model 3, the second water molecule formed by
the interaction of two hydroxyl groups enters into a
Coulomb interaction with the hydroxyl group of the
siloxane fragment and the carbonyl oxygen of the
copolymer. Water, previously included in the inor-
ganic part of the composite, and phosphoric acid do
not form intramolecular links between the fragments
of the composite. The conformation of Model 3 is
similar to that of Model 2. In Model 4, the phosphoric
Vol. 5
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Table 2. Comparison of energy parameters of metastable states of the organic-inorganic composite 4-VP-HEMA—
SiO¢ _ 1(OH),; in various conjugation models with respect to Model 4

Model number Total energy of the structure, | Gibbs function Gggg of the Number of hydrogen bonds
eV/(kJ/mol) structure, V/(kJ/mol) (n)
1 0.286/(27.56) 0.182/(17.57) 8
2 0.138/(13.25) 0.106/(10.19) 8
3 0.366/(35.27) 0.259/(24.96) 7
4 0 0 9

acid molecule associated with the pyridine ring
formed an additional three hydrogen bonds with the
hydroxyls of the inorganic fragment. The water mole-
cule released during the formation of a covalent bond
between the organic and inorganic components of the
composite formed one intermolecular bond with the
oxygen of the Si—O—C group. The orientation
between organic and inorganic blocks in the compos-
ite of the fourth model is similar to the orientation in
Model 2 and Model 3, when the first water molecule
is stabilized by an inorganic fragment and does not
take part in the formation of intermolecular bonds.

Table 2 compares the energies of the metastable states
of the organo-inorganic composite 4-VP-HEMA—
SiO(;, _ )(OH),, in various conjugation models.

It can be seen from the calculations (Table 2) that

the difference between the energies of all four struc-
tures is small. The structures of models 2 and 4 are the

most stable. From the standpoint of statistical thermo-
dynamics, it can be assumed that in the real structure
ofthe copolymer, all types of conformations of units of
the corresponding models can be present, which is
confirmed by the low intensity of vibrations of the Si—
O—C group in the IR spectrum. However, Model 3
has the highest energy in comparison with Model 4.
Therefore, according to the relative energy, the follow-
ing series can be distinguished in terms of the fre-
quency of unit conformations in the copolymer: 3 <
1<2<4.

All models can be grouped according to conforma-
tional features. Scheme 2 shows the principle of calcu-
lating the total energy (£) and the change in the Gibbs
function (AG) of the formation reaction of composite
structures according to the equation £, (composite) =
E (composite) — E (org.) — E (inorg.).

0
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Fig. 2. Changes in the thermodynamic functions of the
formation of model structures, referred to the level of the
Model 4.

Figure 2 shows the changes in thermodynamic
functions (internal energy AE at 7= 0 K and Gibbs
function AG at T = 298.15 K) calculated using the
Hess law and Scheme 2. All values are relative to those
for Model 4.

From Fig. 2 it is clear that the difference between
the energies of the structures is small. Two minima
correspond to the most stable structural Models 2 and
4. At the same time, Model 4 is characterized by the
maximum number of hydrogen bonds (9), the siloxane
fragment is held by the Si—O—C covalent bond, and
three hydrogen bonds formed with the participation of
a phosphoric acid molecule.

Models 1 and 2 have the same number of hydrogen
bonds (8), while the first is higher in energy than the
second. This can be explained by the increase in inte-
relectronic repulsion due to the tight conformation,
and also by the fact that the inorganic part is retained
only by one hydrogen bond formed between the water
molecule and the OH group of the copolymer, as well
as by one hydrogen bond from phosphoric acid.
Model 2 is lower in energy. The inorganic part is held
by two hydrogen bonds from Si—OH to HO—C and
one from Si—OH to O=C.

The calculation of the change in the Gibbs func-
tions for the formation of model structures makes it
possible to refine the series according to the Boltz-
mann probability of meeting certain structures of
copolymer units: 3 < 1 < 2 < 4. It repeats the series
obtained from the analysis of the total single-point
energy of structures at 7= 0 K, but shows a more dif-
ferentiated distribution, demonstrating a relatively low
probability of meeting supramolecular structure 1 and
covalent structure 3.

Additionally, the strength of the intermolecular
interaction of the phosphoric acid molecule with the
nitrogen atom of the pyridine group was estimated by
subtracting the sum of free acid molecules and the
organic component from the total energy of the struc-
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ture of the organic component associated with phos-
phoric acid. A value of 70 kJ/mol was obtained, which
indicates the presence of a strong hydrogen bond
between phosphoric acid and the pyridine group.

CONCLUSIONS

Thus, it was established that during the formation
of the 4-VP-HEMA-SiO, composite, the phosphoric
acid molecule is bound to the nitrogen atom by a fairly
strong hydrogen bond (70 kJ/mol). In the most stable
Model 4, the H;PO, molecule has one interaction-
free hydrogen atom. It can easily split off due to the
electron density shift and participate in the proton
transfer by the Grotthus mechanism. An increase in
the proton conductivity of hybrid membranes in com-
parison with membranes formed only from an organic
copolymer can be associated with the participation in
the transport of hydrogen ions not only of phosphoric
acid molecules but also of water molecules released
during the formation of the dendritic structure of the
siloxane fragment in the composite structure.

The structural features of hybrid membranes con-
taining silicon dioxide found by a numerical method
explain the increase in their electrical conductivity
compared to membranes based on 4-VP-HEMA
copolymers.
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