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GAS SENSITIVITY OF SOME NANOPARTICLES ENSEMBLES
IN POROUS GLASS

The importance of substances’ surface development suitable for sensor technology by dispersing them to
the level of nanoparticles’ ensemble within a certain matrix has been demonstrated. It has been proven that
the best matrix for the formation of the specified ensemble of nanoparticles is porous silicate glass. Methods
of formation of ensembles of nanoparticles of some compounds in porous glass are briefly considered. The
applicability of the mentioned systems for sensors is demonstrated by the example of their luminescent
response sensitivity to the presence of ammonia or HCI vapours in the environment.

Introduction

The luminescence centers of materials
useable as active elements of luminescent gas
sensors are mostly located near the surface,
and just the near-surface substance layers are
affected by gas composition changes of the en-
vironment. Hence, the best registration of the
specified changes, is in the maximum possible
developement of the substance active surface
which is achieved by dispersing the specified
substance to nanometer sizes. As soon as it is
inconvinient to operate with individual parti-
cles of nanometer sizes, it is reasonable to
place them in a system of the appropriate
size"tubes", which can be a matrix containing
small cavities in the form of through pours. In
this case an ensemble of nanoparticles is
formed, consisting of the indicated small parti-
cles of the substance and the matrix itself, in
which they are placed. The matrix properties
must meet certain restrictions, due to which it
will not affect the gas sensitivity of the studied
substance and, moreover, will positively influ-
ence its luminescent properties. Such limita-
tions include chemical inertness, mechanical
durability, and its luminescent response may
be present only in the spectrum regions that
are not essential for the substance under inves-
tigation. Some authors use polymers [1-2] or
gelatin [1, 3] as a matrix. These compounds do
not luminesce and are quite chemically inert.
Thanks to the peculiarities of their structure,
they are able to keep the clusters of the studied
substance formed inside them. However, these
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clusters can have arbitrary sizes and shapes,
and their growth will not be restrained by
polymer or gelatin, but on the contrary, they
will uncontrollably form the backbone of the
matrix by themselves. Sparse silicate glass
with voids of nanometer size is free of this de-
fects. The sizes of interpenetrating pours can
vary from few nanometers to several hundred
nanometers. In addition, the quartz skeleton of
the compound is quite durable, so it limits the
size of the particles that are formed, because
they cannot exceed the size of the pours. The
columnar structure of the glass allows to influ-
ence both the inner surface of the pours and
the nanoparticles created inside them. In the
most cases, such nanoparticles can be conve-
niently created by saturating the matrix with
solutions of suitable substances. Thus, porous
silicate glass perfectly meets the requirements
formulated to the matrix, inspite of the fact
that it does not exist in nature. It can be ob-
tained from two-phase sodium-borosilicate
glass by a not very complicated technology

[4].

Types of porous silicate glass and the
technology of their production

Two-phase sodium borosilicate glass has
the complex chemical formula
Si0,%[Na,0%xB,0s]. The melting temperature
of such glass exceeds 750°C. In addition, the
melting point of the silicate component of the
glass 1s much higher than the melting point of
the sodium borate complex, and therefore



there is a temperature at which the sodium bo-
rate component of the glass is in a liquid state,
while its silicate component is simply very
heated. A temperature of 650°C corresponds to
this condition. If the charge for boiling two-
phase glass, which has been brought to 750°C,
is cooled adiabatically to 650°C, then the sepa-
ration of phases occurs at the indicated tem-
perature, the sodium-borate complex will still
melt, forming large bubbles that will form the
silicate skeleton. Due to the viscosity of the
melt, it is kept in such conditions for several
hundreds of hours, until both phases mutually
completely dissolve in each other, and then it
is slowly cooled to room temperature. The
two-phase glass obtained is quite large (up to
hundreds of nanometers) areas of mutually in-
tertwined silicate and sodium borate phases.
These phases, in particular, show unequal
chemical stability, thanks to which a mixture
of hydrofluoric, nitric and glacial acidic acids
can be used to completely etch the sodium bo-
rate phase, while almost not affecting the sili-
cate phase, which forms a quartz skeleton with
through-through cavities in places of the
etched sodium borate phase. These cavities
have quite large dimensions, however, due to
mutual dissolution, the rather small, powder-
like particles of SiO, also got inside the
sodium borate phase, and after its etching off
should settle inside the resulting cracks. Such
settled powdery particles are called residual
silica gel. Chemically, they are completely
identical to quartz skeleton and differ from it
only in their fineness. The glass produced in
such a way is conventionally called porous
glass of type C. Such glass is unsuitable for a
number of applications, because due to suffi-
ciently large pours, particles of the investi-
gated substance of significant size will form in
it. Therefore, the sufficient expansion of its
surface will remain impossible.

For the formation of smaller pours in the
glass, the technological modes of two-phase
glass production should be slightly changed.
The charge for its melting must be cooled adi-
abatically to a lower temperature, which is
close to the melting point of the sodium borate
phase, but lower than it (about 490 °C). If the
charge is kept at such a temperature for hun-
dreds of hours, it will lead to the formation of
rather small bubbles in the sodium borate
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phase and, after cooling to room temperature,
phase separation will occur, as a result of
which the two-phase glass will be small (about
tens of nanometers) areas of interwoven sili-
cate and sodium borate phases. After the etch-
ing of the unstable sodium borate phase in the
above-described manner, a rather fine-cracked
silicate glass will be formed, which will also
contain residual silica gel in the pours. Glass
created in such a way is conventionally called
porous glass of type A.

The presence of silica gel inside the pours,
depending on the conditions of a specific sci-
entific problem, can be both desirable and
harmful. Thus, the presence of silica gel makes
the glass more finely porous, but at the same
time reduces the free space for the formation
of nanoparticles of the studied substance. On
the other hand, the presence of silica gel im-
proves the adsorption properties of glass, but
worsens its mechanical properties (deforma-
tion of the sample may occur due to the
swelling of the gel in a humid environment [5-
7]). It is true that special treatment can im-
prove the mechanical properties of glass, but
this will not always have a positive effect on
its other properties [8]. Within the scope of the
surface development problem for a substance
suitable as an active element of a certain sen-
sor, the separating ability of silica gel is defi-
nitely useful, which prevents the process of ag-
gregation of particles ensemble formed in the
gaps [1, 9]. Nevertheless, for cases where the
presence of silica gel in cracks is harmful, the
method of leaching silica gel developed in [10]
is quite applicable, which impoverishes the
glass from this formation, or completely elimi-
nates it. According to this technique, the fin-
ished glass is etched in an alkaline etchant
based on KOH. This etchant interacts with the
finely dispersed silica gel rather quickly and
acts much more slowly on the continuous (at
least spongy) walls of the matrix. Due to this,
the majority of the silica gel is removed, while
the walls of the matrix backbone are only
slightly etched [4, 11]. Type A glass treated in
this way is conventionally called type B glass,
and type C glass is called type D glass.

The results of studying the structure of all 4
above-mentioned types of glasses using an
electron microscope are shown in Fig. 1. It is
clearly visible that the glasses of types A and



B are finely porous, while the pours in glasses
of types C and D are much larger. Particles of
residual silica gel appear as white spots in the
images corresponding to glasses A and C. In
type C glass they are larger, in type B glasses

they are almost invisible (this confirms that the
leaching technique leads only to impoverish-
ment of the glass with silica gel [4, 11]), and in
type D glasses they are absent at all.

Fig. 1. Electron microscopic images of four poures types glass structures

Figure 2 shows the size distribution of
pours for all specified types of glass. One can
make sure, that in each of the glass types there
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Fig. 2. Typical pours sizes distribution for four types of slotted glass

Formation of nanoparticles ensembles.

The formation methods of nanoparticles’ en-
sembles in the porous glass matrix depend on
a number of factors. The first of them, is the
chemical composition of the particles’ sub-
stance, the ensemble is to be formed. It should
be taken into account that porous glass is al-
most pure quartz SiO,, therefore the formation
of silicon nanoparticles’ ensemble, which are

the component of the matrix, is possible
through their chemical treatment [12-13]. For
this, it should be based on the fact that silicon
is the main chemical component of both the
framework of the porous glass and the residual
silica gel in the pours. Both formations are
chemically identical and differ only in disper-
sion. And since carbon in its chemical proper-
ties is similar to silicon, but more active, it is
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able to squeeze it out of the oxide at the appro-
priate temperatures. Thus, if the pours are sat-
urated with carbon, under the right conditions
it will push silicon out of the oxide, primarily
from silica gel, as a more dispersed formation.
Silicon will be in an energetically disadvanta-
geous atomic state, and since carbon will turn
into carbon dioxide, which 1s heavier than air
and will prevent the re-oxidation of atomic sil-
icon, the latter will have time to turn into sili-
con clusters, which will settle on the walls of
the silicate skeleton, during the time required
to remove CO2 from the pours like grape for-
mations. In the future, the surface of these
clusters will oxidize and a porous glass will
be formed, enriched with silicon along the
walls of the pours. This process is called car-
bon processing.

If it is necessary to form the nanoparti-
cles’ ensemble of a substance whose compo-
nents are not included in the chemical compo-
sition of the matrix, but the specified substance
is well soluble in water, alcohol or a special
solvent that does not destroy the matrix, then
the ensemble of nanoparticles can be formed
by immersing the matrix into the appropriate
solution. This will lead to the matrix impreg-
nation with the subsequent formation of
nanoparticles inside the pours. A classic exam-
ple of such a substance is a group of dyes
based on tetravalent stannum [4, 14]. These
rather complex organic compounds are actu-
ally an aggregation of interwined benzene
rings with nitrogen bridges and they are per-
fectly soluble in the organic solvent dimethyl-
formamide (CH3)2NCO (abbreviated DMFA).
By varying the concentration of the solution,
the duration of the immersion and the tempera-
ture of the process, it is possible to obtain a
whole nanoparticles’ ensemble series of the
specified molecular crystals with quite diverse
properties, which can be particularly used in
Sensors.

In some cases, the substance itself is poorly
soluble or insoluble in matrix-safe solvents.
However, it can be synthesized as a result of
the reaction of soluble substances. In this case,
the specified synthesis should be performed di-
rectly inside the pours of the matrix. At the
same time, after saturation of the matrix with a
soluble component of the reaction, it is not
necessary to interact with another substance,
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and sometimes it is enough to perform a ther-
mosynthesis (as in the case of SnO, [15]) or
coprecipitation (as in the case of RuO, [16]). It
is worth to note that the above-mentioned car-
bon treatment , consisting of two stages, at the
primary stage also represents the thermosyn-
thesis of glucose, which is renewed to carbon
in the form of graphite.

And finally, in some cases, after saturating
the matrix with a soluble component of the re-
action, it is necessary to place the saturated
matrix in the solution of the second component
of the reaction. This occurs when an ensemble
of CdS [17] or AgBr [18] nanoparticles is
formed. In these cases, after the completion of
the reaction, the surface should be thoroughly
cleaned so that the ensemble of nanoparticles
does not shunt through it.

The nanoparticles’ ensembles application
in sensor technology

Highly dispersed ensembles of nanoparti-
cles with a well-developed surface should be
useful, first of all, as active elements for gas
sensors. Nanoparticles’ ensembles of dyes
based on tetravalent stannum are especially
applicable in this sense [19-20]. The molecules
of these substances consist of two parts: a co-
ordination node, which is a complex set of
benzene rings, and a hydrazone fragment,
which consists of one benzene ring located
outside the coordination node and connected to
it by an ordinary C-C bond. One of the hydro-
gen atoms of the hydrazone fragment is re-
placed by a certain group of atoms (e.g., the
amine group NH3), which is analogous to a
substitution impurity in semiconductors. At the
same time, a ligand consisting of stannum and
chlorine is contained inside the coordination
unit, and is analogous to an impurity penetra-
tion in semiconductors. Both of these forma-
tions can be centers of light emission

Our studies demonstrate that the intensity of
the dye with an amine ligand luminescence
depends on the concentration of the solution
impregnating during the formation of nanopar-
ticles’ ensemble. This dependence is non-lin-
ear and has a maximum at a certain concentra-
tion, exceeding of which leads to a sharp de-
crease in luminescence [21]. Basing on this
property, it is possible to register the presence



of ammonia in the environment. In fact, if an
ensemble of nanoparticles is created at a con-
centration that provides maximum lumines-
cence, then in the presence of ammonia in the
environment, the system will begin to behave
as if it was formed at an overestimated concen-
tration of the impregnating solution and its lu-
minosity will drop sharply. This is the opera-
tion principle basis of the proposed ammonia
transducer [22].

The coordination unit ligand itself is not
enough active, for it is protected from all sides
by a set of benzene rings. There are two types
of ligands, SnCly; and SnCls. Both of them
form a certain distribution of negative charge
inside the dye molecule. In this case, the
SnCl13 ligand corresponds to a more intense
glow. The presence of HCI vapours in the en-
vironment enriches the coordination node with
negative Cl- ions. This changes the charge dis-
tribution in the molecule to that typical for a
dye with the SnCl, ligand, and the lumines-
cence intensity of the system decreases sharply
again. This property is the basis of the estab-
lished action principle for the suggested hydro-
gen chloride vapor sensor [23].

After the actuation of both of these sensors,
they should be subjected to low-temperature
short-term annealing. to restore their perfor-
mance This is the main drawback of these de-
vices. This drawback does not occur in the
case of using an ensemble of SnO, nanoparti-
cles. This system is not sensitive to HCI va-
pors, but in the presence of ammonia in the en-
vironment it also sharply reduces the intensity
of its emmitance. However, after being trans-
ferred to a clean atmosphere, within a short
time it completely restores itself its perfor-
mance . [24].

Conclusions

Porous silicate glass is the best matrix for
creating ensembles of nanoparticles of all
kinds of substances due to its durability, chem-
ical inertness and separation properties of
powder-like formations inside slots.

The molecular structure peculiarities of
dyes based on tetravalent stannum make it
possible to use them as active elements for
some gas Sensors.

In the dye molecule of the specified struc-
ture, there are two types of luminescence cen-
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ters: a substituent in the hydrazide fragment,
which is analogous to a substitution impurity
in a semiconductor, and a ligand in the coordi-
nation node, which plays the role of a penetra-
tion impurity. The substituent is responsible
for sensitivity to ammonia, and the ligand is
responsible for sensitivity to HCI vapors.

The sensitivity principle of dye nanoparticle
ensembles to the presence of these gases in the
environment is manifested in their lumines-
cence intensity decrease.
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Summary The importance of substances’ surface development suitable for sensor technology
by dispersing them to the level of nanoparticles’ ensemble within a certain matrix has been
demonstrated. It has been proven that the best matrix for the formation of the specified ensemble
of nanoparticles is porous silicate glass. Methods of formation of ensembles of nanoparticles of
some compounds in porous glass are briefly considered. The applicability of the mentioned sys-
tems for sensors is demonstrated by the example of their luminescent response sensitivity to the
presence of ammonia or HCI vapours in the environment.

Key words: gas sensitivity, photoluminescence, porous glass, ensembles of nanoparticles.

UDC 621.315.592
ortiuo LK., @ineecora JI.M., I pinesuu B.C.

I'A309YTJIMBICTD JEAKUX AHCAMBJIIB HAHOYACTHUHOK Y HIITAPUCTOMY
CKJII

Pedepat [IporeMoHCTpOBaHO Ba)JIMBICTh PO3TOPTAHHS MOBEPXHI PEYOBHH, MPUIATHUX IS
BUKOPUCTAHHS y CEHCOPHLI, IIUISIXOM JUCIIEPryBaHHS IX 10 PiBHA aHCAMOJII0O HAHOYACTUHOK BCe-
penuHi neBHOi Marpuul. JloBeneHo, 1110 HalKpalow MaTpULEo A1 (GOpMyBaHHs 3a3HAUEHOIO
aHcaMOJII0 HAHOYACTHHOK € IIMapucTe CHIiKaTHe ckio. KopoTko po3risiHyTo ciocoou Gopmy-
BaHHs aHCAMOJIIB HAHOYACTHHOK JIESKUX CHOJYK Yy IIHNapUCTIM CKJIi. 3aCTOCOBHICTh 3a3HAYCHHUX
CHCTEM y CEHCOpPHLI MPOJEMOHCTPOBAHO HA MPHKJIAAl YYTJIMBOCTI IXHBOTO JIFOMIHECLIEHTHOTO
BIJIKJIMKY /10 HasiBHOCTI amiaky a6o mapiB HCl y goBkisui.

Kiro4oBi cjioBa: ra3ouyTinuBicTh, GOTONMIOMIHECICHIIIS, IIMTAPUCTE CKIIO, aHCAaMOJII HaHOYA-
CTHUHOK.
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I'A304YBCTBUTEJBbHOCTH HEKOTOPBIX AHCAMBJIEIL HAHOYACTHII B I10-
PUCTOM CTEKRJIE

Pedepar IIpogemoHcTprpOBaHa Ba)KHOCTh Pa3BEPTHIBAHUSA IOBEPXHOCTH BELIECTB, IIPUTOL-
HBIX JIJIS1 UCTIOJIB30BaHMsI B CEHCOPUKE, ITyTEM JHCIIEPTUPOBAHMS UX J0 YPOBHS aHCAMOJIsl HAHO-
YacTULl BHYTPU OINpeAeseHHOW MaTpulbl. JlokazaHo, yTo Haubosee MpeArnouYTUTENbHON MaTpu-
e g GpopMHpOBaHUS yKa3aHHOTO aHCaMOJsl HAHOYACTHIL SIBJISIETCS MOPUCTOE CHIIMKATHOE
crekyo. KpaTtko paccMoTpensl cioco0s! (hopMupoBaHUs aHCcaMOell HAHOYACTUL] HEKOTOPBIX CO-
€AVMHEHUH B CKBAXUCTOM CTeKe. [[puMeHseMOCTh YKa3aHHBIX CUCTEM B CEHCOPHKE ITOKa3aHa Ha
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MpUMepe YyBCTBUTEIBLHOCTH WX JIIOMHHECIIEHTHOTO OTKJIMKA K HAJIMYUIO aMMHaKa WU MapoB
HCI B okpyxkarorieii cpene.

KiroueBble ¢JIOBa: ra309yBCTBUTEILHOCTb, (DOTOTIOMUHECIICHIIHSI, IIOPUCTOE CTEKIIO, aHCAM-
0JIM HAHOYACTHII.
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