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The paper presents findings on the formation of inorganic-organic hybrid material MCM-41 <PTHQ>.
The selection of a guest material proved to meet the condition of geometric complementarity of guest posi-
tions of a starting host matrix as to a guest cavitand component. The guest material appeared to be sensi-
tive so that one could obtain the functional hybridity of the clathrate structure MCM-41<PTHQ>. The syn-
thesis resulted in the formation of a structure with a large area of hetero-nano networks.

The research of permittivity was conducted through the method of impedance spectroscopy. An intro-
duction of the guest component led to the splitting of the impurity energy spectrum followed by the occur-
rence of quantum wells. This, in turn, gave rise to oscillations that manifested in a middle-energy region of
dependences ReZ(w). The superimposition of a constant magnetic field significantly affects the behavior of
ReZ(w) in the middle-frequency region — the dependency mirroring takes place. This may suggest a certain
shift in the energy spectrum in relation to the Fermi level by the constant magnetic field, as a result of
which the sign of asymmetry of the density of states changes above and below the Fermi level. An assump-
tion has been made that the asymmetry of the density of states occurs precisely due to the guest compo-
nent as clearly demonstrated by thermally stimulated discharge spectra (a miniband character of a spec-
trum with deep quantum wells). The two-curve Nyquist diagram and given equivalent circuit with an in-
ductive link visualize a barrier that is observed at the phase boundary. Such an increase coupled with a
low value of tgd makes it possible to accumulate electric charge under the action of a magnetic field at a
quantum level. Also, the paper demonstrates conditions under which synthesized nanohybrids could be at-
tractive when used as quantum storage batteries.
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1. INTRODUCTION

Advancement in stand-alone energy generation is in-
creasingly associated with the creation of nanosystems
that would not electrochemically convert and accumu-
late electrical energy. This refers to transition to a new
quantum level of energy conversion, accumulation, and
storage. One of the promising areas of research in this
regard is the synthesis of heterostructured nanocompo-
site materials that would feature a large interfacial in-
terface and ensure anisotropy of permittivity depending
on the direction. Such structures were required to
achieve high values of permittivity in combination with
an electric loss tangent of less than 1, particularly for
frequencies less than 10-2Hz. In the above circum-
stances, it has been theoretically speculated [1, 2] that
injected electrons can be accumulated at the nano-
hetero-phase interfaces and the corresponding hetero-
structures can be represented as a quantum battery.

The development of ferroelectric nanostructures
brought a fundamental question of size effects in ferroe-
lectric polarization to the foreground [4] (existence of a
critical size of ferroelectric domains, the Curie tempera-
ture change). The use of porous matrices, the typical size
of pores of which is in the nanometer range, has proved
to provide the best possible experimental evidence (see
[6-8] and references therein). An advantage of such
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structures lies in the capability to control the size and
relative position of embedded ferroelectric phases by
using a varied geometry of a porous network. The re-
search has shown that significant changes occur in pa-
rameters of phase transitions for nanostructured sub-
stances under conditions of nano-limited geometry. Ad-
ditionally, quantities and nature of these changes de-
pend on the type of porous matrix and guest component.
Thus, a temperature shift of a ferroelectric phase transi-
tion to the low-temperature region is observed by 18 K
for NaNO2z nanoparticles, unlike the bulk material, and
a sharp increase in the permittivity from 102 to 10°
whereas the permittivity of nanocomposite SBA-
15 <NaNOgz> with a pore size of 52 A was equivalent to
103. The same is true for ammonium sulfate in pores of a
molecular lattice matrix MCM-41 with a pore size of
40 A. In this case, permittivity is considerably lower (for
macrostructures, 235 versus 27). In a mixed ferroelectric
guest material NaNO:@® KNOs, however, pores of
MCM-41 exhibit a shift in the temperature of the ferroe-
lectric phase transition to a high-temperature region
with the permittivity of MCM-41 <NaNO2 KNOs> nano-
composite, simultaneously increasing up to 10% Moreo-
ver, an order parameter 7(7) for NaNOz in porous glass
with a diameter of pores of 3200 A and 200 A, respective-
ly, almost coincides with the dependence of bulk materi-
al. For NaNOz in opal, this dependence largely differs
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from both the dependence observed in bulk material and
that of NaNOz in porous glasses with diameters of 30 A
and 70 A.

The purpose of this paper is to develop a theoretical
basis for the formation of intercalated hetero-phase
structures with various nano-limited geometry, compo-
sition, and level of hierarchical architecture to convert
and accumulate electrical energy at the quantum level
and maximize the capabilities of electromagnetic field
sensors. Physical properties of the resulting nanohy-
brid and its behavior in a constant magnetic field will
be also examined.

2. EXPERIMENTAL AND METHODS

Si02 — MCM-41 [9] of Sigma Aldrich trademark was
selected as a host matrix to construct an inorganic-
organic hybrid material. This silica matrix has a hex-
agonal structure likened to a honeycomb with a wall
thickness of 0.6-0.8 nm and a calibrated pore size that
can be altered within the 3-10 nm range. As shown by
electron microscopy data, pores are ~ 37 A in diameter.
Accordingly, the specific surface of channels is 984%/g.
Pore walls of MCM-41 are amorphous but, on a large
scale, molecular lattices exhibit a long-range order.

The selection of the guest material was done on the
basis of the geometric complementarity of guest posi-
tions of the starting host matrix in the guest cavitand
content and the ability of formation of hetero-nano
boundaries of high area. Moreover, the guest material
is required to be sensitive to external physical fields.
Polythiocyanatohydroquinone (PTHQ) fully fits these
requirements [10]. This organic compound is a polymer
that can be represented in the form of an amorphous
mixture of linear polymer chains of various lengths.
The real structure can be interpreted as a dendrimer-
like branched composite. The experimental absorption
spectrum consists of a single absorption band with a
maximum at 315 nm and a wide structureless absorp-
tion band in the right-side region.

A guest component was formed through encapsula-
tion as reported in [11] and in situ radical oxidation
polymerization. As a result, a powdery material was
obtained and pressed into a tablet, and then contacts
were applied. Hence, a tablet-shaped encapsulant with
a diameter of 5 mm, thickness of 0.85 mm, and applied
contacts was obtained.

Impedance measurements were made using AU-
TOLAB measuring system (ECO CHEMIE, Nether-
lands) equipped with FRA-2 and GPES software in the
frequency range of 10-3-10% Hz under normal conditions
and constant magnetic field intensity of 2.75 kOe. Un-
certain points were filtered out with the Dirichlet-
enhanced filter [12, 13]. Frequency dependences of com-
plex-valued impedance Z were analyzed through the
graph-analytical method using ZView 2.3 software
(Scribner Associates). The approximation errors did not
exceed 4 %. The adequacy of constructed impedance
models of an experimental data set was confirmed by
the completely random nature of frequency dependences
of first-order residual differences [12, 13]. The thermally
stimulated discharge spectra were recorded in the mode
of short-circuited contacts when linearly heated at a
rate of 5 °C/min.
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3. RESULTS AND DISCUSSION

A nanostructured hybrid structure MCM-41 <PTHQ>
is obtained as a result of accomplished operations. The
next step presupposed examination of electrical con-
ductivity through impedance spectroscopy. Fig. 1 shows
the frequency dependences of the real component of the
specific impedance of ceramic samples from the de-
sorbed matrix MCM-41 under investigation intercalat-
ed with PTHQ polymer. The studied starting matrix
appears to be a good dielectric (Fig. 1, curve 1). In the
frequency range of 10-4-0.3 Hz, mostly free intrinsic or
injected carriers contribute to conductivity. The super-
imposition of a constant magnetic field during meas-
urements did not lead to changes in ReZ(w) of the
starting molecular lattice structure MCM-41.

The introduction of PTHQ leads to a minor change in
terms of magnitude, but important from the perspective
of behavior of ReZ(w), which is manifested as the defor-
mation of the low-frequency spectrum (10-3-1 Hz), ex-
hibiting a non-monotonic character (Fig. 1, curve 2). A
middle-frequency region that becomes oscillatory in na-
ture undergoes significant changes. The main cause for
such an effect is the splitting of an energy spectrum and
occurrence of quantum wells that are formed upon the
introduction of an organic polymer; and able to capture
and hold current carriers over the time associated with
the half-period of a sinusoidal signal when measuring
the frequency spectra [14-16]. One can see that super-
imposing a constant magnetic field when making meas-
urements does not alter the magnitude and behavior of
ReZ(w) in the low-frequency region, however, affects to a
great extent the behavior in the middle-frequency range.
If under normal conditions a maximum of MCM-41
<PTHQ> is observed at a frequency of 12 Hz and a min-
imum — at 60 Hz, then both minimum and maximum
appear when measurements are made at a constant
magnetic field. This could be indicative of a certain shift
in the energy spectrum as to the Fermi level caused by a
constant magnetic field that resulted in doing the
change sign of asymmetry of the density of states above
and below the Fermi level. If the starting matrix is in-
sensitive to the magnetic field, then it can be assumed
that the asymmetry of the density of states occurs pre-
cisely due to the guest component.
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Fig. 1 - Frequency dependences of the real component of specific

impedance of MCM-41 (1) and MCM-41 <PTHQ> as measured
in the dark (2) and at the action of a magnetic field (3)
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This statement is explicitly confirmed by thermally
stimulated discharge spectra shown in Fig. 2. Thermally
stimulated discharge currents were not found for the
starting molecular lattice structure MCM-41. Instead,
with the introduction of PTHQ, a miniband character
becomes typical of the spectrum with deep quantum wells.

In addition, this is confirmed by displaying Nyquist
diagrams (Fig. 3) whose branches enter the fourth in-
ductive quadrant of the plane of complex-valued im-
pedance. This indicates the phenomenon of ‘negative
capacitance’ [17, 18], the mechanism of which has been
described above.

For a silica matrix, there is the situation: Nyquist di-
agrams are expected to be of two-arc form on the basis of
the texture of a ceramic sample and can be represented
in practice by an equivalent electric circuit (insert 1,
Fig. 3) containing two links R| | C connected in series. In
case of PTHQ intercalation, this circuit is supplemented
by a third inductive link (insert 2, Fig. 3), visualizing a
barrier that occurs at the phase boundary.

The above-mentioned features of mechanisms of cur-
rent passage in external physical fields might emerge in
a certain way in polarization properties at least due to
the Maxwell-Wagner and additional polarization. The
latter occurs when charge carriers jump over localized
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Fig. 2 — Thermally stimulated discharge currents of MCM-41
<PTHQ>
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Fig. 3 — Nyquist diagrams of MCM-41 (1) and MCM-41 <PTHQ>

as measured in the dark (2) and at the action of a magnetic
field (3)
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states near the Fermi level. To substantiate this, an
analysis of polarization characteristics was carried out,
considering the values of electric loss tangent (tgd) since
from a practical point of view, it is necessary for the
tangent to be less than 1. Fig. 4 shows the values of
electric loss tangent versus frequency.

One can see that the introduction of PTHQ leads to
a rapid increase in tgd in the low- and middle-
frequency regions of the spectrum represented by two
peaks. In the low-frequency region, the values of tgd for
MSM-41 <PTHQ> are less than 1 in a narrow neigh-
borhood of 10-3 and 10-2 Hz. The action of the mag-
netic field is observed in the low-, middle-, and high-
frequency regions. At low frequency values, the mag-
netic field reduces the value of tgd, combining the said
points into a continuous interval where tgd< 1. In the
high-frequency region, the value of tgd decreases signif-
icantly under the magnetic field action.

For practical application, it is required that the val-
ues of permittivity be as high as possible in the speci-
fied intervals. For this reason, Fig.5 shows that
low/middle-frequency spectra will be of particular in-
terest where the permittivity has high values.
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Fig. 4 - Frequency dependences of dielectric loss tangent of

MCM-41 (1) and MCM-41 <PTHQ> as measured in the dark
(2) and at the action of a magnetic field (3)
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Fig. 5 — Frequency dependences of permittivity of MCM-41 (1)
and MCM-41 <PTHQ> as measured in the dark (2) and at the
action of magnetic field (3)
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A positive result can be obviously reported for the
encapsulant MCM-41 <PTHQ> in the frequency range
1-102 Hz. Here, ¢ is equal to 3.5-103, which, in contrast
to the starting silica matrix, represents a considerable
increase and is observed in a much wider frequency
range. The action of the magnetic field is of particular
interest as it leads to an increase in the permittivity in
the low-frequency region with the maximum value of
4.6:104, which coupled with a low value (<1) of tgs,
makes it possible to accumulate electric charge under
the action of the magnetic field at the quantum level.

4. CONCLUSIONS

A nanostructured hybrid structure MCM-41 <PTHQ>
is fabricated. The new guest component was formed
through encapsulation and in situ radical oxidation
polymerization.

The introduction of the organic compound PTHQ leads
to considerable changes in the middle-frequency area of
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B po6oTi mpezcTaBieHo pesyabTaTé AOCTIKEHD (GOPMYBAaHHS HEOPraHivyHo-oprasiuroro riopuay MCM-41
<PTHQ>. Bubip maTepiay-«rocTs» 3aI0BOJBbHAB yMOBI MeOMETPHYHIN KOMILJIEMEHTAPHOCTI FOCTHOBHUX IIO-
3UIIM BUXITHOI MATPHIL-<IOCIIOAAPS» II0 BITHOIIEHHIO [0 T'OCTHOBOIO KABITAHAHOIO KOMIIOHEHTY. 3 METOIO
oTpuMaHHs QYHKIIOHAIHHOI TibpuaHocTi KiaarpaTHol crpykrypu MCM-41 <PTHQ> marepian-«ricte» mif-
OupaBca YyTIMBUM [0 30BHIIIHIX (pisuuHMX moJIiB. B peayabraTi cuHTe3y 0yJI0 CTBOPEHO CTPYKTYPY 13 BEeJIH-

KOO IIJIOIIIEI0 HAHOTeTEePOMEeIK.

JlocmaimxeHHS eJIeKTPOIIPOBIAHOCTI IPOBEIEHO METOI0M IMIIEJAHCHOI CIleKTpocKomii. Brposamxenns ro-
CTBOBOTO KOMITOHEHTY IPHUBOJUTH [0 POSIIEIJIEHHAM IOMIIIKOBOTO €HEPreTHYHOTO CIEKTPY, 10 CYIIPOBO-
JI3KyeThCs BUHUKHEHHAM KBaHTOBUX sM. Lle B cBOW yepry mpuBOAMTE JI0 TOSABU OCITUJIAIII B CEPEIHBOYACTO-
THOMY miama3oHi 3ajieskHocTi ReZ(w). HakmamaHus mOCTIHHOIO MATHITHOTO MOJIS 3HAYHUM YWHOM BILIUBAE
Ha moBediHKY ReZ(w) B cepeIHBLOYACTOTHOMY miana3oHi (BimOyBaeThea O3epKaIbHe BiLoOpaskeHHS 3aJIEKHO-
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cti). Ile Moske CBIQUUTH IIPO MIEBHUUN 3CYyB €HEPreTUYHOrO CIIEKTPa BiAHOCHO piBHA PepMi IMOCTIHHUM MarHi-
THHM II0JIEM B PE3yJIbTATI IKOr0 MIHSAETHCA 3HAK aCHMeTpil IrycThHU craHiB Haf 1 mig pisaeMm Depmi. 3po6-
JIEHO TIPUITYIIEeHHs, 110 aCUMeTpis I'YCTUHH CTAHIB BiIOYBAETHCS caMe 3a PAXyHOK I'OCTHOBOIO KOMIIOHEHTY, 1
11e MATBEP/PKY€E BUTIISAL CIIEKTPIB TE€PMOCTHMYJIFOBAHOTO PO3Psiay (MIHI30HHUI XapakTep 3 TIINO0KUMU KBa-
HTOBUMHU siMaMmu). J[BoxayroBuit Burssag miarpam Haiiksicra Ta mpejcraBieHa eKBIBAJEHTHA cxeMa 3 1HIY K-
THBHOI JIAHKOIO BiZI0OpaskaioTh 6ap’ep, IKUN BUHUKAE HA Meskl posaity daa. Jlis MarHiTHOro moJjist IpU3Bo-
JIUTH JI0 3POCTAHHS JTIeJIEKTPUYHOI IMPOHUKHOCTI B HU3BKOYACTOTHOMY [IaIla30Hi, 110 B MOETHAHHI 3 HU3b-
KUM 3HAYEHHSIM tgJ T03BOJIsIE HAKOIIMYYBATH €JIEKTPUIHUL 3aps/l Ii/T €0 MATHITHOTO II0JIsI Ha KBAHTOBO-
My piBHI. 3HAUJEHO YMOBH, IPU SKUX CUHTE30BAHI HAHOTIOPUIM MOMKYTH BUSIBUTHUCS I[IKABUMH B SIKOCTI
KBAHTOBUX aKyMYJIITOPIB €JIEKTPUYHOI eHeprii.

Knrouogsi cnora: Si02-MCM-41, PTHQ, Iarepransiisa, Kasitanna, Imuemancua criekrpockorisi, KeanTosuit
AKYMYJIATOP.
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