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INTRODUCTION

Nanophase solid materials doped with transition metal compounds, semiconduc-

tor or metal nanoparticles and small clusters of the different chemical nature

have found a great scientific and practical interest [1–5]. Optical materials fabri-

cated from doped glasses and films are of significance in optics and optoelectronics

as selective filters, passive laser elements, optoelectronic switches, fibers, etc. On

the other hand, a solid glass matrix provides the stable samples for study of novel

physical phenomena associated with low-dimensional objects embedded within

them: excitation and relaxation of rare earth ions [6], linear and non-linear optics

of quantum-confined semiconductors [7], surface plasmon resonances in metal par-

ticles [8], light-induced transformations [9]. All the above opens broad perspectives

in research of glassy materials with nanometer-scale components. Glasses and films

with metal and semiconductor nanoparticles were studied by the authors during

last years, and some achievements are summarized below. We concern here the ma-

terials containing nanoparticles of copper compounds and metallic copper. Copper

chalcogenides (sulfides and selenides) will be shown to reveal non-trivial optical

features of the materials, and the special sol-gel method has been developed to pro-

duce them. Another copper compounds and metallic copper particles are intermedi-

ate steps in the preparation, and some their properties will be considered also.
In the rich history of glass chemistry the main method of doped glass fabrica-

tion consisted in melting of components (oxides, fluorides or another glass-form-
ing base) with addition of dopants which undergone some chemical transforma-
tions resulting in final products. There exist a number of preparation methods for
glassy films (deposited, usually, onto some transparent substrate) which can be
distinguished, at the first, by the phase state of initial components - direct evapo-
ration-deposition, chemical vapour deposition or reactive sputtering with partici-
pation of reactions in gas phase and deposition from liquid solutions by dipping or
spin-coating procedures. The latter method is adherent to the familiar sol-gel

technique [10–12], the main idea of which is to realize the complete sequence

«sol � gel � solid» selecting chemical composition of precursors allowing these
phase transformations. Organic ethers of silicon, titanium, germanium and other
elements favor well this idea due to easy hydrolysis and polycondensation processes
leading to hydroxide and oxide structures. A doping with additional components
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in this case can be done at different steps. The sol-gel technique is successfully ap-
plicable for fabrication of solid products in various forms: films, ceramic compo-
sitions, monolithic glasses, etc. However, detailed methods of doping and all sub-
sequent operations are slightly different for these variants of solid products. We
consider from one viewpoint them on the basis of the common principles of the
sol-gel technology.

Preparation of both thin films and monolithic glasses was developed by us recen-
tly in particular for doping with copper compounds dispersed as nanoparticles wit-
hin the stiff silica matrix. The known advantages of the sol-gel-based methods such

as the lower temperature of final heat treatment, flexibility in processing and inter-
mediate chemical treatments, makes to be possible to fabricate materials of complex

composition. Similar materials with transition metal compounds are troubled to pre-
pare with conventional molten glass technology. A liquid state of the precursor sols

provides the best condition for homogeneity, and subsequent reactions of dopants in

gas phase retain this factor at the highest value, though, some new effects appear in

some cases, like surface segregation [13] those can be also used for preparation of

special materials. Nanoparticles in this method are formed simultaneously with the

matrix annealing and stabilized in it successfully.

Glassy compositions and films on the basis of inorganic oxides, including silicon,

are very popular last years both in the studies of physical characteristics of nanost-

ructured materials and in numerous applications as protective coatings, optical fil-

ters, switches, and sensors [14–16]. In spite of many years of intensive studies in

this field, a number of problems remains not resolved even for materials based on si-

licon dioxide. Moreover, new features appear under combination of oxide base with

dopants, in particular, in the form of small particles of metals and semiconductors

(with size down to few-atomic clusters). The film base (silica, titania, zirconia, etc.)

are dielectrics or wide-gap semiconductors and provides a stable, insulating and op-

tically transparent solid matrix usable for incorporation of different species. Metal

and semiconductor nanoparticles even at relatively low concentration influence dra-

matically the electrical and optical properties of the oxide-based composites. Silica is

one of most investigated matrices in this respect that is a good advantage to modify

it by inclusion of new components. Meanwhile, among many studied semiconductors

dispersed in oxides, most attention was paid to elementary Si, Ge, II–VI, IV–VI, and

I–VII compounds [17–19] those were sufficiently investigated in classical semicon-

ductor physics. Copper oxides and chalcogenides do not belong to similar compo-

unds, and this family of semiconductors reveals unique features even in bulk state: a

complicated crystal structure, high ionic mobility, tendency to form compounds of

variable composition and non-stoichiometric behavior, redox activity of metal ions,

etc. Thus, any studies of the copper compounds in finely dispersed forms opens new

feasibilities in properties of materials controlled not only by size effects but also by

the features of copper chemistry.

1. TYPES OF MATERIALS AND THEIR FABRICATION PROCEDURES

The two main types of the sol-gel derived materials were developed and studi-

ed as the semiconductor- and metal-doped dielectric matrices: monolithic glasses

and thin films deposited on a solid substrate (glass, quartz, silicon wafers, etc)
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[20–22]. The first type has undoubted advantage for fabrication of bulk optical

elements with mechanical properties like usual quartz, but the second one (films)

admits the wider range of dopant concentration and more variable composition al-
lowing sufficient optical quality. Chemistry of the sol-gel processes in the both ca-
ses is similar for the part of matrix formation, but many differences exist in the

behavior of dopants and state of the nanoparticles formed. From the fundamental

point of view the glasses and films are of significant interest for studies of physi-
cal processes under light absorption with participation of nanoparticles. Below we

consider the preparation procedures.

The first fabrication step of the glasses [10–12, 20] (scheme in Fig. 1) is tradi-

tional for the sol-gel technique and consists in preparation of precursor sol mixing

alcohol-aqueous solution of tetraethoxysilane (TEOS) at the molar ratio

TEOS/Í2Î = 1/8. Different acid catalysts – HCl, HNO3, H2SO4 (with molar ratio

acid/TEOS = 1/50) were studied to promote hydrolysis of TEOS. Aerosil (SiO2 po-

wder with the grain size 20 nm and surface area 150–400 m2/g) was added to sol

before gelation to avoid a strong volume contraction under drying. A part of

aerosil agglomerated was separated by centrifugation. Such sols had the densi-

ty 1.05 g/cm3 and could be stored at 3–5 oÑ without spontaneous gelation for

15–20 days. The gelation occurred with pH increase up to 6–7 with addition of am-

monia solution. In the case of films the gelation was performed simulatneously

with the spin-coating the precursor sol on substrates, but in order to prepare sam-

ples of monolithic glasses of definite shape the sols were poured into polysterene

containers, and gelation proceeded for 24h. The gels were dried at 60 oÑ and hea-

ted up to 600–1000 oÑ during 2h to remove sorbed water and organic remnants

from TEOS. The temperature regime of this treatment manages properties of xe-

rogels (porosity, amount of remnant hydroxyl groups, etc) and was used as one of

experimentally controllable factors influencing final materials features. Such

product, called as xerogel resulted in the finally annealed undoped glassy mono-

liths with heat treatment up to 1200 oÑ in air. The doping was conducted through

the two routes: (i) mixing of metal salts (Cu(NO3)2) with precursor sols; (ii) imp-

regnation of xerogel (porous, before the high-temperature annealing step) in alco-

holic Cu(NO3)2 solution during 8 h.

Subsequent chemical transformations of copper compounds introduced by do-

ping was performed with different routes providing formation of nanoparticles

composed from metal, oxide, sulfide or selenide, respectively (Fig. 1): (1) heating

and annealing of the doped xerogels (about 1200 oÑ) in H2; (2) heating and annea-

ling of xerogel (about 1200 oÑ) in air; (3) heating the latter in air followed by H2S

(400 oÑ) and annealing in a closed volume (quartz ampoule) up to 1200 oÑ; (4) hea-

ting in H2 (600 oÑ) followed by annealing in Se vapor in closed volume (quartz am-

poule) up to 1200 oÑ. This final annealing step resulted in production of transpa-

rent glassy samples (monoliths) of high optical quality and good mechanical

strength.

The fabrication of doped silica films proceeded with the simpler sequence wit-

hout the above high temperature annealing. Spin-coated compositions on substra-

tes were subjected by the following procedures: (1) heating in hydrogen (600 oÑ,

1h) resulted in reduction of copper to metallic state; (2) heating in air up to 900 oÑ

(this temperature retained amorphous character of silica matrix) to produce cop-
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per oxide doped films; (3) heating in air (900 oC) with subsequent treatment in

H2S atmosphere (400 oC, 1h) to obtain copper sulfide nanoparticles embedded into

the silica matrix; (4) similarly, heating in air (900 oC) and subsequently in H2

(600 oC, 1h) followed by heating in selenium vapor (300 oC, 1h). The last step re-

sulted in formation of copper selenide nanoparticles within the matrix. The thick-

ness of films was in the range of 200–1000 nm and controlled by amount of

spin-coated sols deposited on substrates under their constant rotation speed (in

the range 2000–5000 min–1).

The above different preparation sequences resulted in formation of nanopar-

ticles composed from a series of copper compounds or metallic copper. This techni-

que was designed to produce Cu, CuxO, CuxS, and CuxSe nanoparticles, however,

more broad circle of compounds is quite possible, and the compounds of another

metals were fabricated.
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2. STRUCTURE OF UNDOPED SILICA MATERIALS

Structural studies of silica matrix used for preparation of the doped material

by the above procedures were carried out with scanning electron microcopy

(SEM), Fourier transformed infra-red (FTIR) spectroscopy, X-ray diffraction

(XRD). They have presented information on the matrix without nanoparticles, ho-
wever, due to low concentration of the latter, main characteristics remain valid

also for the materials with dopants. In particular, the same methods (SEM, FTIR,

XRD) resulted no in any noticeable variations from occurrence of dopants under

their usual concentration (those provide desired optical features).

2.1. Scanning electron microscopy

A temperature evolution of the porous silica xerogels was studied in the tem-
perature interval corresponding to preparation of monolithic glasses used (see

above) – 600–1200 oÑ and up to 1300 oÑ when a crystallization of amorphous silica

matrix begins. Fig. 3 displays the micrographs of the freshly cleaved surface of si-

lica xerogels illustrating the noticeable decrease of size of surface features with

temperature attaining the featureless relief in the case of samples annealed as

glasses (1200–1300 oÑ) [23]. In the samples heated at 600 oÑ the surface structure

is built as globules of 50–100 nm, after 800–900 oÑ heating the amount of coarse

globules becomes significantly less, and the relief does more homogeneous with

separated globules. Further heating results in the surface features of less size,

and the annealing step (1200 oÑ) corresponds to their full disappearance.

Measurements of mass density of the xerogels showed that in the interval of

heating 600–800 oÑ it varies from 0.79 through 0.84 g/cm3, and under heating

above 800 oÑ mass density grows abruptly (Fig. 4a) with no a plateau part. This

character of changes in mass density of xerogels evidences that the annealing pro-

cesses occur through the full temperature interval, however, above 800 oÑ they

are most intensive. The annealed xerogels (i.e. glassy material) is not yet a comp-

letely annealed, and, likely some remnant porosity exists in it. However, this va-

lue of porosity is not revealed in optical transmission in the visible range.

Specific surface area of a series of xerogels was measured (by the BET method)

to be in the range of 310 m2/g for the samples heated at 600 oÑ down to zero value

(within the ability of BET) for glassy samples (1200 oÑ and above). Fig. 4b shows

that surface area changes most abruptly also above 800 oÑ, however, comparison

of the data on variations of mass density and specific surface area says that in the

range close to the annealed glass state they are not synchronous. That again indi-

cates that the internal structure of glassy material can be varied still at the higher

temperatures. Our experimental findings concluded that the optimum temperatu-

re for fabrication of undoped glasses of high optical quality is 1200 oÑ, in the case

of doped ones this temperature may be increased on several tens of degrees. A hig-

her temperature annealing (>1250 oÑ) usually resulted in partial crystallization

or foaming of samples.
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2.2. X-ray diffraction

The annealing process with pure xerogels was studied also with XRD indi-
cating slight transformations in the structure of glassy matrix [24]. It should

be emphasized that dopants in the case of monolithic glasses cannot be detected

with the routine XRD method due to low concentration and large background

from amorphous matrix. However, we may assume that a behavior of silica mat-
rix of the pure xerogels is similar with that of doped ones under the low doping

level. XRD examination was carried out for a series of xerogels heated under
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different temperatures (600–1250 oC) (Fig. 5). The first set of XRD data (Fig.

5a) characterizes xerogels during the pre-annealing steps: they remain very po-
rous and no volume contraction occurred, the variations in mass density were

shown above (Section 3.1). The second set (Fig. 5b) corresponds to the annealing

observable by a naked eye: a volume contraction (up to 50 percents) with conser-
vation of initial shape (i.e. the samples were not melted) and appearance of

transparency with the optical transmission spectrum similar to fused silica

glass formed by the traditional method. These diffractograms indicate the

well-known broad peak of amorphous silica, position of which is practically

identical for both 600–1000 oC set and 1100–1250 oC one. An appearance of this

maximum at 2�=23 oC ranged from 15 through 30 degrees originates from di-
sordered -O-Si-O- network of the amorphous material and may be related to the

contribution from the first and second neighboring Si atoms. The degree of this

disorder is slightly increased in the xerogels from 600 to 1000 oC, further, it is

retained same under different steps of annealing. No traces of crystallization

were observed at this temperature. The cristobalite phase of SiO2 was formed

only after heat treatment at 1500 oC (not shown in Fig. 5). It should be kept in

mind that radial distribution function of atoms may not be evaluated from the-

se wide-range XRD, however, the data argue that local structure of silica does

not change significantly. The annealed xerogels are same amorphous silica as

the porous one. The annealing process only results in a decrease in the pore vo-

lume (see the data in Section 3.1). Some slight changes in the local structure

of -O-Si-O- network is illustrated in the next section by FTIR-study.

2.3. FTIR-spectroscopy

The data of IR-spectroscopy (Fig. 6) indicate that changes in local structure of
amorphous silica matrix during annealing from 600 through 1200oC are not es-

sential, positions of the two peaks (�1100 cm–1 and �495 cm–1) are retained un-
changeable, and only the medium peak has the little lower-frequency shift under

increase of heating temperature, �� � 15 cm–1. The first peak about 1100 cm–1 and

�495 cm–1 can be assigned to asymmetric Si-O-Si bond stretching, and rocking
[25–27], respectively. The band with the observed variability (about 800 cm–1 is
ascribed as the bending Si-O-Si vibrations. So, the key changes in the silica skele-
ton can be considered as an effect of the denser packing of SiO4 tetrahedra as the
result frequency of these vibrations decreases. The peak in the range of overtones
of the silicon-oxygen skeleton (1640 cm–1) [28] does not change noticeably and in-
terferes with vibrations of water (1635–1630 cm–1) that presents in the samples
under ambient conditions. Thus, the annealing of our silica xerogels up to the
transparent glass state is accompanied not only by large-scale densification but
also local one with no Si-O bond length shrinkage.

3. COMPOSITION OF THE DOPED SILICA FILMS

The doped silica films can be studied successfully with XRD immediately for

the samples on substrates without destroy, and the same samples can be used also
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for optical measurements. Conclusions on Cu-doped films after the heat treatment

(900oC) in air consisted of copper oxide particles (CuO, tenorite) that was unambi-

guously detected for different copper concentration (Fig. 7a), but, under the weak

heat treatment (100oC) a hydroxo-nitrate compound with the composition

Cu2NO3(OH)3 was detected. The fact of its formation can be important in the so-
lid-state synthesis with participation of more reactive nitrate in subsequent pro-
cesses.

A heat treatment in flowing hydrogen was performed for CuO-containing

films after the complete disappearance of any other residuals. The films acquired

various color (from brightly red to green depending on copper concentration), and

XRD data (Fig. 7b) evidence formation of metallic copper. Again, no monovalent

oxide was observed in the samples studied. This reduction is rather trivial obser-
vation since ease reducibility is well known for CuO, however, copper particles

formed are distributed within the dielectric matrix, and both the size and inter-
particle and particle-matrix interactions provide properties of the system. Optics

of similar Cu-SiO2 system appears to be very variable [29, 30].

The broad maximum in the range of 15–25 deg appears due to the amorphous

silica. Such pattern is commonly observable in the silica-based materials and ori-

ginated from the fact that the films have no long-range ordering to give usual

Bragg reflections, however, a short-range ordering can exist and contribute to the

patterns. The maximum statistical weight can be assigned to the interval of inte-

ratomic distances from 3.5 through 6 Å, likely, Si-Si. From the data of Fig. 7 we

see that the narrower maximum corresponds to the higher concentration of copper
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in the film. Thus, the presence of copper increases a little the local ordering of the

amorphous silica phase.

XRD data (Fig. 7c) indicate that the final product of the sulfidization is cop-
per sulfide phase CuS (covellite). As an intermediate product only Cu1.75S was de-

tected (not shown) in these materials at the time interval 300–1000 s of hydrogen

sulfide exposure. The amorphous silica phase was not changed remarkably in XRD

data during the sulfidization, in other words, copper compounds react separately

from silica.

The selenization process (Fig. 7b) as well the above sulfidization includes seve-
ral possible phases, however, the main final product can be assigned to copper se-
lenide with general composition formula Cu2-xSe, close to the stoichiometric

Cu2Se. It was formed both from CuO and reduced Cu. In the former case the pre-
cursor CuO disappears completely after 3000 s of selenium exposure, but in the

case of selenization of metal copper (pre-reduced from CuO by hydrogen) we reve-
aled appearance of CuO phase due to remnant oxygen and its ease formation from

ultrafine Cu particles under elevated temperature. The films with different con-

tent of copper (10–30 wt %) showed similar results for the formation of the above

selenide phases (Fig. 7c). A prolonged selenization results in the composition

CuSe (detected, however, together with the non-stoichiometric phase). As for po-

ssible effect of the selenization process upon the XRD pattern originated from

amorphous silica film base, it is weak as well in the case of sulfidization. The rea-

son is a considerable low temperature of this process to provide some local reorde-

ring in silica.

Thus, in the Cu-doped silica films the sequence of chemical transformati-

ons can be realized, and the stable films on a substrate are fabricated with

optical features provided by the nanoparticles of corresponding copper com-

pounds. Issuing from copper salt precursors one can produce either copper

oxide or metallic state, the next sulfidization or selenization steps result in

the chalcogenide nanoparticles. These transformations were checked also

with X-ray photoelectron spectroscopy (XPS) [31] showing a good agreement

with the above bulk data for the composition of surface layers those sensitive

for XPS.

It should be noted that the chemical form of CuO is dominanting according to

the above XRD data for the films, however, in glasses, from the recent results on

photoluminescence [32], Cu+ ions occur indicating the nanoparticles of Cu2O com-

position. A similar XRD examination for the glasses is impossible because a low

concentration of dopants. The difference in composition of films and glasses can

be conditioned by difference in concentration of dopants, it is much higher in the

films. Also, the latter are formed under the lower temperatures (final annealing

at 900 oC rather than 1200oC). The higher temperature of the final heat treat-

ment, evidently, can lead to decomposition of the higher-valence copper oxide

(CuO � Cu2O), however, the films themselves are crystallized under 1200 oC, and

the two type of materials may not be compared properly.
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4. STRUCTURE AND COMPOSITION OF GLASSES DOPED
WITH COPPER AND COPPER CHALCOGENIDES

4.1. Transmission electron microscopy

Nanoparticles produced at the above steps of chemical transformation of cop-
per and copper compounds revealed with XRD and XPS methods for the doped si-
lica films were studied with TEM. We use both direct method of sample preparati-
on (a sample was milled down to a thickness transparent for the electron beam)

and by the «replica with extraction» method when a thin carbon film (10–20 nm)

was evaporated onto a freshly etched surface of a sample followed by the carbon

film detaching in water and transfer to a TEM grid.

Typical metallic copper nanoparticles (spherical, with size 10–15 nm) formed

within the glasses are shown in Fig. 8 for different techniques of TEM and differ-
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ent resolution. High resolution micrographs (B) allows to observe crystal lattice

of copper. Size of copper nanoparticles enters the range up to several tens of

nanometers, and the samples studied do not reveal a high monodispersity.

Nanoparticles in glasses corresponding to the steps of copper oxide, sulfide

and selenide are shown in Figs. 9, 10. Their shape is near-spherical, and the incre-

ase of dopant amount influences only particle concentration rather than their

size. The nanoparticles are separated at the lower doping level, but the samples

impregnated in copper salt solution with concentration more than 0.02 mol/l show

some part of aggregated particles (with size of aggregates up to 200–300 nm). The

particle concentration thus increases from 1012
–1013 through 1014

–1015cm-3. A

rather high size dispersion and spherical shape of the particles indicate that they,

probably, were formed at the step prior to the matrix annealing in a quasi-homo-

geneous conditions within the xerogel from liquid compounds. The silica matrix is

not reactive with respect to copper chalcogenides and oxides, and the melting po-

int of the compounds is lower than the maximum annealing temperature used, in

particular, for Cu2Se it is 1113 oÑ [33].

4.2. Rutherford backscattering spectroscopy

The nanocomposite glassy material under study is rather complicated for analy-

sis of chemical composition: any demolitive methods result in strong distortion of

data since nanoparticles ought to be instable without a glass matrix or some anot-

her protective shell. Our preliminary conclusions on the composition issue, first of

all, from the analogous data (Section 4) on the CuxS- and CuxSe-silica films, obtai-

ned with XRD and XPS studies. For the latter, i.e. in the system CuxSe-SiO2, the

optical properties of the films and glasses are similar (see below), and we performed

the additive compositional studies with Rutherford backscattering spectroscopy

(RBS) [24].

A typical experimental setup was used: the 1.6 MeV 4He++ beam incident nor-

mally on the samples was detected at a scattering angle 160o. The data on the ele-
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mental composition (Table 1) argue the stoichiometry of the copper selenide for-
med close to Cu2Se, and some Cu2+�Se, and also different selenization extent can

provide a range of selenides CuxSe with controllable x value in the range 1 < x < 2.

Table 1
Data of RBS analysis of CuxSe-containing silica monoliths

within the several simulated surface layer of a freshly cleaved sample

Element O Si Cu Se

Relative

amounts,

atomic %

1st layer 67.55 32.00 0.30 0.12

2nd layer 67.51 32.00 0.24 0.22

3rd layer 67.70 32.00 0.20 0.10

4th layer 67.58 32.00 0.30 0.12

5. OPTICAL PROPERTIES

One of application of the materials fabricated is optics: both linear and non-li-

near. They acquire new absorption features those are subject to change (both tran-

sient and permanent) under action of powerful laser beam. Within the framework

of this paper we show only linear absorption spectra, non-linear response of these

glasses has been published in [34–36] and currently new research is under pro-

gress.
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Optical absorption of the glasses fabricated depends on details of composition,

preparation conditions, particle concentration, features of the matrices, etc. The ty-

pical results those retain the main common features are summarized in Figs. 11, 12.

The spectra of CuxO-doped materials (they are similar for films and monolithic

glasses) show the sloping monotonous spectrum with very weakly developed sho-

ulder in the short-wavelength range (�<350 nm). Similar spectrum is inherent to

indirect-gap semiconductors and consistent with this property for CuO or Cu2O.

Any size effect scarcely observable.

A reductive heat treatment in hydrogen is known to lead to easy transformati-

on of copper oxides to metallic copper (CuxO + H2 � Cu + H2O), however, size and

concentration of particles affecting an optical response can be different for films

and glasses due to variations in matrix properties and initial chemical compositi-

ons. Usually, absorption features of small copper particles are described well (at

least, in the first approximation) with the Mie theory treating the maxima in ab-

sorption from combination of �-dependent dielectric function 	2(�,R) � R–2 in the

total expression 	 = 	1+i	2 [37] and medium dielectric constant, 	o. The typical

spectra of copper nanoparticles appear as a principal maximum in the range of

500–600 nm (properly, the plasmon resonance from the Mie theory) and additio-

nal features those are originated from complicated 	(�) dependence due to, e.g.,

band structure features of metallic copper. The pronounced maximum for copper

nanoparicles in glasses can be as the consequence of more homogeneous size distri-

bution of particles in the glasses with much less their concentration and less part-

icle-particle interactions. It should be emphasized that we show here only some se-

lected representative spectra of the copper nanoparticles: they are variable chan-

133SILICA SOL-GEL MATERIALS WITH METAL AND SEMICONDUCTOR NANOPARTICLES:
SYNTHESIS, STRUCTURE AND OPTICAL FEATURES

A
b
so

r
b
a
n
c
e

0.0

0.5

1.0

1.5

1

2

3

2.0

2.5

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Wavelength, m

Fig. 12. Absorption spectra of the sol-gel silica glasses containing

copper selenide nanoparticles of different increasing concentration

(from 1 through 3)



ging properties of xerogels and dopant concentration retaining similar principal

appearance with the plasmon resonance maximum and of interest for design of

cutting filters.
Dramatic changes appear in the absorption spectra of CuO and metallic copper

particles under their further chemical transformations (CuO � CuxS � CuxSe).
The sulfidization of CuO particles leaves the short-wavelength part of the spectra
almost without changes (Fig. 11), but the new feature appears in the end of the
visible range. It develops step-by-step under increase of sulfidization time. Also,
under the late steps a shoulder in the range of 550–600 nm occurs, attributed,
perhaps, to contribution from a direct-gap transitions in the semiconductor
nanoparticles. Thus, Eg value of copper sulfide produced by that route is about
2.3 eV. Eg of the bulk compound was not determined exactly due to complex char-
acter of CuxS band structure, variability of x, and some deviations exist [38, 39]
in the range of 1.5–2.5 eV. We can conclude that our CuxS particles formed in the
silica films by means of the sulfidization have little quantum size effect, i.e. their
sizes can enter the range of tens of nanometers. Results of transmission electron
microscopy study evidence on this also indicating the size range 10–50 nm.

Production of copper chalcogenide (sulfides and selenides here) nanoparticles em-

bedded in the sol-gel films and glasses is the principal purpose of the preparative part

for the materials discussed. Oxides and metallic particles appear mainly as intermedi-

ate steps of the reaction sequence. Chalcogenides of different metals are the subject

for studies of size effect through non-trivial optical features [34–36]. Copper sulfide

particles were produced within the fused glasses [40, 41], and ultrathin nanostructu-

red films were fabricated by means of Langmuir-Blodgett technique [42, 43]. The pre-

sent sol-gel technology admits studies of both copper sulfide and selenide within mat-

rices of similar composition. The typical absorption spectra for the chalcogenide nano-

particles (Fig. 11, 12) reveal the two principal features: (i) the fundamental absorpti-

on band and (ii) the intense and rather broad (in particular, in the �-dependence pre-

sentation) absorption peaked in the near IR-range. They both are stoichiometry-de-

pendent, however, their positions may be associated with the corresponding ranges of

Eg (both direct and indirect): 1.0–2.0 eV [38, 39, 44] taking into account possible blue

shift, and the latter is observable only for copper compounds and was interpreted re-

cently [45,46] as midband levels due to partial change of copper valence state (accom-

panied also by partial or surface oxidation of nanoparticles). Copper selenide particles

possess the more pronounced quantum size effect than analogous copper sulfide. This

fact may be quite understandable since the different reactions are responsible for for-

mation process of CuxS and CuxSe. The absorption band in the near-IR range is a spe-

cific feature of nanosized copper compounds, and was associated by us recently with

partial oxidation of particles and complex copper valence state. This proposition is

consistent with data of XPS for similar series of the silica-based films [47] and will be

considered more in detail in future publications.

In the case of monolithic glasses the behavoir of sulfide and selenide nanopar-

ticles is different (Fig. 11, 12), and the near-IR-band is reproducible well only for

the selenide case. It can be supposed that main reasons of this difference is varia-

tion of stoichiometry of nanoparticles. The composition of CuxS nanoparticles is

close to CuS, while CuxSe is very variable retaining similar view of the absorption

spectrum. Thus, as well in the case of oxide nanoparticles, the conditions of pre-

paration of monolithic glasses favor the lowest valence state of copper, Cu(I). Cop-
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per selenides are produced under essential excess of selenium (partial Se pressure

about 1 atm provides it due to small size of samples in ampoules of typical dimen-
sions). To control composition of the selenides we used porosity of xerogels with

same overall selenium amount. In the case of sulfides there were no possibility to

keep sulfur amount because the higher volatility of sulfur; instead, copper sulfide

(CuS, dominantly) was pre-produced within porous xerogels prior to annealing

step without retaining any additional source of sulfur. Under these conditions

CuS decomposes during subsequent heat treatment up to 1200 oC. CuxSe phase

with some x are formed according to the Cu-Se diagram of state [48, 49].

CONCLUSIONS

The two types of nanostructured sol-gel derived optical materials have been de-
veloped: silica thin films on solid substrates and monolithic silica glasses containing

ultrasmall copper, copper oxide and copper chalcogenide nanoparticles. The chemical

composition of nanoparticles formed within the both types of matrices depends on

details of preparation procedure and can be controlled within the ranges known for

corresponding bulk compounds. The silica matrices produced by the sol-gel method

were examined with SEM, FTIR, XRD, and the temperature evolution with formati-

on of glassy material was investigated. Nanoparticles of metallic copper, copper oxi-

des and copper chalcogenides within the silica films and monolithic glasses were stu-

died with XRD, TEM, XPS, RBS, and optical spectroscopy. The chemical compositi-

on and structure characteristics providing the optical properties were established

for the sol-gel derived materials. Optical absorption was interpreted as features of

nanoparticles of Cu, CuxO, CuxS, and CuxSe with different stoichiometry varied du-

ring the step-by-step chemical transformations. The glasses with nanoparticles of

metallic copper and the copper compounds are promising as non-linear optical mate-

rials in the temporal range down to femtoseconds [50–55].
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POTENTIODYNAMIC ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY

INTRODUCTION

Electrochemical response of the electrochemical interface contains valuable infor-
mation on charge transfer, adsorption, desorption, surface reactions and the space

charge and diffusion layers in the electrode and solution. A great number of tech-

niques has been developed to acquire and analyse electrochemical response and its

time-frequency-potential variance [1–3]. Exploration of the time-frequency-potential

relationship of an electrochemical system with common techniques is lengthy and la-

borious, moreover the successive application of several techniques for versatile char-

acterisation of short-lived states is generally impossible. However, with the progress

of digital techniques the integration of different probing procedures in a single elec-

trochemical experiment becomes increasingly possible [4–8].

Personal computers have been long used in electrochemical laboratories, but

ordinary computerisation just automated the common electrochemical equipment.

With increasing power of computers and programming facilities a new generation

of the electrochemical digital techniques evolve. The new digital instrumentation

explores the transfer functions evolution in both potential and time with extensi-

ve usage of virtual instruments that impart more power and flexibility to the pro-

bing procedures and analysis of the response. Transfer function analysis has pro-

ved to be efficient in many fields of science and engineering [9], however the usa-

ge of digital signal processing in electrochemistry is not thus straightforward as

in electronic or optical applications. The problems originate from nonlinearity

and non-stationarity of most electrochemical systems. The electrochemical res-

ponses may often be assumed to be linear functions of driving force in ac experi-

ments involving single frequencies and small amplitudes, e.g. in conventional

electrochemical impedance spectroscopy that takes the transfer function snaps-

hots at certain well-defined states of the system (usually stationary, constant po-

tential states). The situation becomes more complex with the superposition of

many frequencies in non-stationary systems.

One method that has been widely advocated is the Fourier analysis of time-va-

rying systems [4, 5, 10, 11]. However, despite its ability to probe ac and dc pro-

perties rapidly and near-simultaneously, this approach has not replaced much slo-

wer and independent ac and dc voltammetry. In our opinion the main reason for

this is the lack of additivity of multi-frequency electrochemical signals used in

Fourier transform techniques. There are several reasons for signal degradation in
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the multi-frequency probing. First, the responses in different frequencies may

differ in orders of magnitude, so the conditions for the detection and analysis are

also different for various signal components. Small non-linear perturbations of

powerful components, unimportant in the single-frequency probing, may jam

low-level components in the multi-frequency signal. Second, the possible electroc-
hemical system non-stationarity and multi-stability in the potential scan, that

will be discussed later, introduces the possibility of inter-frequency interactions.

The investigation of the electrode surface by the electrochemical probing in its

complexity resembles the observation of the Earth surface from satellite through

dusty atmosphere. In both cases the counters of the object under investigation are

not observable directly and strenuous effort is required to recognise them in the

response.

The development of digital electrochemical techniques in Belarusian State

University was reviewed by 2001 in [6]. In this review we shall consider the latest

developments in the potentiodynamic electrochemical impedance spectroscopy

(PDEIS) – the new digital technique that provides simultaneous ac and dc probing

of electrochemical systems and the analysis of the responses just in the potential

scan.

PDEIS uses wavelets in the time domain, rather than multi-frequency analysis

in the frequency domain, to explore the time-frequency-potential relationship of

an electrochemical system [6–8, 12]. This helps to minimise inter-process pertur-

bations in systems exhibiting non-stationarity and insures low-level detection in

presence of noise. Moreover, the response analysis is implemented in PDEIS along

the trajectory of the potential scan, so in a simple experiment the investigator

gets the potentiodynamic voltammogram, plus the Nyquist and Bode plots exten-

ded to 3D as a function of potential. Individual Nyquist and Bode plots may there-

fore readily be extracted from the 3D plots as orthogonal sections and decomposed

by a built-in equivalent circuit analyser into the constituent responses of the cir-

cuit elements, analogous to conventional ac impedance measurements [7]. This is

especially useful in the investigation of short-lived states.

The basics of PDEIS have been described in [7]. We shall not replicate here the

information from [7], as its electronic version is posted on Chemweb.

First some data on PDEIS application to stationary reversible systems will be

considered on the example of [Fe(CN)6]
3–/[Fe(CN)6]

4– redox system analysis. Then

we will proceed with non-stationary systems, using underpotential metal mono-

layers deposition for the illustration and, finally, show how PDEIS can be applied

in the investigation of more complex nanophases on the example of a hydrated

nickel oxide ultra-thin film on nickel.

1. PDEIS OF STATIONARY SYSTEMS

Though the main destination of PDEIS is rapid exploration of non-stationary

electrochemical systems, its application in stationary system analysis is also ad-

vantageous.

The usual sequence of operations in PDEIS investigation of an electrochemical

system comprises automated probing of ac and dc responses in the potential scan

in the experiment similar to the acquisition of a potentiodynamic voltammogram,
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the fitting of the PDEIS spectrum to equivalent electric circuits (EEC) with the

analyser built into the program of the virtual spectrometer and, finally, the ana-

lysis of the EEC parameters on the potential scale.

We’ll begin the demonstration of PDEIS operation from the simplest object - a

dummy cell composed of several active and reactive elements. This is just to show

the adequacy of the physical quantities obtained at the output.

Fig. 1 shows the PDEIS spectrum of a sample circuit. The parameters obtained

(R – resistance, C – capacitance) conform to the actual circuit used in this test.

Running a spectrometer program on template circuits is a simple and fast operati-

on test for the probing and analysis routines.
Unlike the capacitors and resistors that do not vary with the potential, the

electrochemical system parameters are the functions of the potential. For the sta-
tionary systems the theory is well developed [13], so the analysis of the PDEIS
spectra of stationary systems on the potential scale provides easy determination
of physical quantities involved in the equations of the electrochemical kinetics,

e.g. diffusion coefficient D can be calculated from Warburg constant dependence

on potential E:

�( ) cosh ( )/E
RT

n F A Dc

nF

RT
E E

i

4

2 22 2

2

1 2 (1)

where A – surface area, ci – bulk concentration of the electroactive component i in

the solution, the other symbols have their usual meaning.

Similarly, using the same equation, an electrode surface A can be accurately

determined from the spectrum of a known system.
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Fig. 2 shows a view of the PDEIS spectrometer screen in the first stage of

[Fe(CN)6]
3–/[Fe(CN)6]

4– system analysis. Though a tremendous number of measu-

rements and computation is involved in this simple experiment, all the work is

done in the background by a computer. For the investigator a PDEIS spectrum ac-

quisition is no more complex than recording a cyclic voltammogram.

Three graphs on the right in Fig. 2 are the constant potential sections of the

PDEIS spectrum, shown in the form of Nyquist and Bode plots. The information in

these graphs is dynamically renewed during the potential scan. The 3D spectrum on

the left accumulates the information on impedance spectra dependence on the poten-

tial. The 3D spectrum can be viewed from different perspectives in three coordinate

systems corresponding to the Nyquist and Bode plots coordinates with the additional

variable E – electrode potential (in all examples in this paper E was measured vs

Ag|AgCl|KClsat). PDEIS spectrum is a portrait of the electrochemical system ac and

dc response. It represents the transfer function in a limited range of frequencies.

The frequency range used in the impedance analysis needs some clarification.

Conventional impedance spectroscopy of stationary states works over a wide rage

of frequencies from a millihertz to a megahertz. Impedance analysis in the wide

frequency range is intended to insure that none of the EEC elements is lost. Howe-

ver, the potentiostatic impedance spectra are often ambiguous even in the wide

range of frequencies. To minimise the ambiguity Kramers-Kronig analysis is usu-

ally applied to check the consistency of impedance data [14–19].
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PDEIS treats this problem from a different perspective. The goal of the EEC ana-

lysis in PDEIS is the decomposition of the response into the constituents related

with different processes represented by different elements in EEC. To achieve this

goal, even a fraction of the impedance spectrum is sufficient, provided it contains

the responses of the elements in question. The ambiguities of conventional equiva-

lent circuits, deduced at single potentials, are substantially removed by PDEIS, as

the potential dependence of the circuit parameters gives additional physical insight

that in turn restricts the choice of equivalent circuits over several hundred mV. The

additional variable provides a more efficient removal of EEC ambiguity than a simp-

le extension of the frequency range. The analysis from fifteen to thirty frequencies,

depending on the complexity of the EEC, usually appears to be sufficient to decom-

pose the response into constituents related to different EEC elements.

Fig.3a shows the EEC deduced from the data represented by Fig. 2. This cir-

cuit is a variant of Randles EEC with the double layer capacitance represented by

a constant phase element (CPE). The impedance of CPE Zcpe is very similar to the

impedance of the capacitor in complex impedance notation:

Zcpe=Q–1(j�)–n (2)

The exponent n in (2) is fractional and for the circuit shown in Fig. 3a is usual-

ly close to 1, so the parameter Q is treated as a pseudocapacitance that behaves si-

milar to the capacitance but gives a phase shift slightly less than �/2 radians.

The branch of the EEC connected in parallel with CPE is the Faraday impedan-

ce. In this example it consists of a charge transfer resistance Rct and Warburg im-

pedance Zw (impedance of the diffusion), the latter has the following frequency

dependence in complex impedance notation:

Zw= �/(j�)0.5 (3)

where � is the Warburg constant that has been already represented by its depen-

dence on the potential in the equation (1).
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Fig. 3b shows the plots of experimental �(E) data in cyclic scans at different

scan rates for glassy carbon electrode in 5.2 mM K3[Fe(CN)6] + 1M ÊÑl and the

corresponding calculated curve. The independence of the data on the scan rate and

their fit to the theory both in the catodic and anodic scan result from the reversi-
bility of K3[Fe(CN)6]/K4[Fe(CN)6] system.

3. UPD INVESTIGATION WITH PDEIS

A quite different case is represented by the electrochemical formation of sur-
face adsorption structures and monolayers deposited by cathodic reduction of me-
tal ions above Nernst potential (the letter process is called underpotential deposi-
tion, or UPD [20, 21]). The importance of PDEIS for this kind of objects can be il-
lustrated by the analogy on the comparison of potentiodynamic and potentiostatic

voltammetry. Suppose, one investigates UPD with cyclic voltammetry and gradu-
ally decreases the scan rate approximating the stationary case. (S)he would get in-
formative cathodic and anodic peaks at moderate scan rates but at very low scan

rates the voltammogram degenerates into a trivial zero line that gives no informa-

tion on the UPD. The same is with the potentiodynamic and potentiostatic impe-

dance measurements. The potentiostatic impedance measurement can detect the

monolayer, formed as the result of UPD, but cannot characterise the UPD itself

with its intrinsic complexity.

We shall present several examples to illustrate this new physical insight on the

surface reactions provided by PDEIS. Let us first consider copper monolayer forma-

tion on polycrystalline gold, omitting the experimental details described in [8].

Fig. 4 shows PDEIS spectra of Cu UPD on Au (Figs 4a and 4b), along with cyc-

lic voltammograms (Fig. 4c), and Fig. 5 – the EEC deduced from the spectra

shown in Fig. 4 and similar spectra with sulphate substituted by nitrate in the so-

lution (Fig. 5a), with the dependences of the EEC parameters on the potential in

the cyclic potential scan (Figs 5b–5f).
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Unlike the PDEIS spectra, discussed in the previous section, the PDEIS spect-
ra in the latter case disclose the differences in the electrode state in the cathodic
and anodic scans, showing intrinsic irreversibility and non-stationarity of the un-
derlying processes and also the differences in the behaviour of different anions in
the UPD. Anion effects in Cu UPD on Au have been observed in earlier investiga-
tions [20], but stationary techniques fail to characterise the dynamics of anion
co-adsorption in UPD and, also, the potentiodynamic voltammetry gives only a
small part of the electrochemical response and misses completely the differences
in Cu UPD with different anions (Fig. 4c).

The branch of the circuit with the elements labelled with subscript c may be

ascribed to Cu UPD, as the capacitance Cc is the highest of the three capacitances
in Fig. 5a and shows the closest correlation with the voltammogram. By contrast,

the capacitance Ca shows just a small peak at the current maximum on the reverse

scan in sulphate, and the main Ca peaks are shifted to more positive potentials.

The Cc peak is lower on the cathodic scan than on the anodic scan, while the Ca

peak, by contrast, is lower on the anodic scan. The inverse of Ra correlates well

with Ca, and both show a positive shift in nitrate. The double layer capacitance re-
veals the effect of the anions and shows how this can vary with potential.

The equivalent circuit branch having elements marked with the subscript a be-

longs to the anion adsorption that is known to accompany Cu upd on Au [20]. Fig.

5 tells us much about the anion effect. First, comparison of the data from Figs 5d

and 5e with the voltammograms in Fig. 4c makes clear that the coordination of

the anions by the adatoms starts in the cathodic scan at approx. 450 mV, long be-

fore the rise in the cathodic current. Second, the effect of nitrate fades out before

the UPD current maximum, while the sulphate effect persists much longer.

Third, the reverse scan in the sulphate solution shows two anion desorption pro-
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cesses. The first one is near the current maximum and the second one is in the fi-
nal stage of the monolayer anodic oxidation process.

The significant increase in the Cc capacitance and its complex dependence on

the potential on the reverse (anodic) scan uncover the intrinsic irreversibility of

the process. Surprisingly, the discharge of the capacitance Cc on the anodic scan

requires more charge than that injected on the cathodic scan (Fig. 5b). A clue to

this puzzle lies in the charging and discharging of the anion adsorption pseudoca-

pacitance Ca (Fig. 5d). Evidently the forward and backward charge transfer pro-
cesses take place on different structures formed by Cu atoms with the surroun-
dings. Unfortunately, the nature of these structures is unclear [20] and further

work is required to elucidate them.

As an illustration of the possibilities for the quantitative analysis of the cons-
tituent responses provided by PDEIS, Fig. 6 shows the cathodic curves from Fig.

5d together with the simulated curves obtained assuming a Langmuir adsorption

isotherm for anions. The model also assumes one-electron transfer with a transfer

coefficient of 0.5. With these assumptions, the dependences of the adsorption pse-
udocapacitance and pseudoresistance on the potential can be represented as [22]:

Ca = Fqa/4RTcosh2(0.5F�/RT) (4)

Ra

1 = F2k0/2RTcosh(0.5F�/RT) (5)

where qa is the charge of the maximum surface coverage by the adsorbate, � is the

overpotential, and k0 is the standard rate constant. The other symbols have their

usual meaning. According to the equations (4-5) Ca and Ra
-1 are both the functions

of overpotential with maxima at � = 0. In the early stages of nitrate and sulphate

adsorption the Ca(E) plots fit this model quite well (Fig. 6), thus revealing that

adsorption is initially reversible. However, below 0.3 V the experimental values

diverge considerably from the model thus disclosing a more complex character of

anion adsorption in the next stage of the monolayer growth.
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Fig. 7 shows one more example of UPD on Au [23]. In this case (Te UPD on
Au) the irreversibility of the underlying processes is obvious even from the vol-
tammogram that gives more than 250 mV difference for the cathodic and anodic
peaks. The potentiodynamic impedance analysis discloses a considerable hystere-
sis in the cyclic variation of the double layer pseudocapacitance (Fig. 7e). The mo-
nolayer deposition decreases the initially high double layer capacitance of Au sur-
face, while the subsequent stripping of the monolayer in the anodic scan increases
the capacitance. Again, interesting features unobservable with cyclic voltammet-
ry emerge from the impedance analysis on the potential scale. In the anodic scan
in the potential range below the monolayer oxidation potential the double layer
capacitance increases gradually, due to reorganisation in the double electric layer
formed on Te monolayer but in the very beginning of the monolayer anodic oxida-
tion the adsorption structures that prevented the monolayer from destruction col-
lapse resulting in a decrease in the capacitance just before its rise in the anodic re-
action.

Fig. 8 shows a somewhat different behaviour of the double layer capacitance

in Bi UPD on Pt [23]. Bismuth ions adsorb strongly on platinum, so the whole

Q(E) curve is lifted considerably compared to Q(E) for the bare platinum surface

in nitric acid. A series of transformations in the double layer in the UPD range is
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disclosed by the potentiodynamic impedance analysis and, again, the cyclic vol-

tammetry overlooks these changes.

Fig. 9a illustrates the other kind of cyclic changes in the double layer capaci-

tance by Pb UPD on tellurium. The latter system has been investigated in collabo-

ration with E.A.Streltsov and N.P.Osipovich [24,25].

The original double layer capacitance on tellurium surface is much lower than

the capacitance of a new double electric layer emerging during Pb monolayer de-

position. So various effects in the UPD could be easily observed through the chan-

ges of the double layer capacitance. Fig.9a shows the effect of halides (chloride,
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bromide and iodide) and Fig. 9b gives for the reference Te double layer capacitan-
ce dependence on the potential in absence of lead with the same halides. A strong

effect of iodide was observed both for the double layer on Te surface and on Pb

monolayer with a lot of additional fine effects that were beyond the scope of the

potentiodynamic voltammetry and impedance spectroscopy of stationary states.

We would like to note that in the case of Pb UPD on Te potentiostatic impedance

measurements were unavailing because of Pb monolayer interaction with Te subs-
trate in the time scale of common impedance spectroscopy. PDEIS resolved this

problem by the potential cyclic scanning fast enough to prevent the monolayer

from the subsequent spontaneous reaction.

3. NANOPHASES INVESTIGATION WITH PDEIS

Simultaneous monitoring and analysis of dc and ac responses with PDEIS are

also helpful in the investigation of deeper chemical transformations on the inter-
face following the adsorption effects and the monolayer formation. By conside-

ring the out-of-phase response component PDEIS gives a three-dimensional view

to a common potentiodynamic voltammetry that detects just the in-phase response

of the electrochemical system. Some examples are: a new phase growth monito-

ring by the increase in the double layer capacitance that results from the increase

in electrode surface area, detection of the unusual catalytic activity of nanopar-

ticles [7], monitoring of nanoparticles oxidation by the decrease in both the real

and imaginary impedance components [7, 25].

The following example illustrates the PDEIS application for the monitoring of

electrochemically stimulated changes in ultrathin oxide films.

Fig. 10a shows the best fit EEC for Ni electrode pretreated with concentrated

HCl and cycled afterwards in 1.0 M NaOH between –200 mV and –900 mV, and

Fig. 10b – the corresponding variation of the double layer pseudocapacitance Qdl

with the potential. Qdl exhibits an increase on the reverse (anodic) scan for the

electrode scanned below –700 mV. The effect of the cathodic treatment is presen-

ted in more detail in Fig. 11 that shows the variation with the potential of EEC
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elements in the anodic scan at different holding time at -900 mV. With the increa-

se in the time of a hydrated oxide film reduction the extrema in Qdl and Rc develop

at approx. –750 mV, while Ra attains the minimum at approx. –650 mV. The mini-

ma in Rc and Ra have been assigned to the formation of, correspondigly, �–Ni(OH)2
and its subsequent dehydration to 	–Ni(OH)2 at a higher potential. The assign-

ment of the effects to the transformations involving �–Ni(OH)2 and 	–Ni(OH)2
conforms with the earlier [26, 27] reported effect of the potential on the stability

of different hydroxide forms on nickel. In this example Rc behaves as charge tran-

sfer resistance and Ra – as the active component of the sequentially connected ad-

sorption psedoresistance.

CONCLUSION

PDEIS appears to be a powerful, fast and easy to use tool for the investigation

of a wide range of phenomena on the electrochemical interfaces, from adsorption

and electrochemical reactions to the transformations in nanophases.
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D. Kotsikau, D. Orlik

GAS-SENSITIVE PROPERTIES OF OXIDE SYSTEMS BASED
ON In2O3 AND SnO2 OBTAINED BY SOL-GEL TECHNOLOGY

INTRODUCTION

T he results of investigations of gas-sensitive behavior and structural peculiari-

ties of ultra-dispersed semiconducting metal oxides, performed by the group

of Thin Film Laboratory in the latest years have been summarized in the paper.

The distinctive feature of this kind of investigations as compared to other institu-

tions is that gas-sensitive oxide layers in form of ceramics, thin- and thick films

were prepared by using colloid solutions of metal hydroxides stabilized by differ-

ent additives like organic and inorganic acids, binding and surface active agents.

Paper overview devoted to the methods of oxide system synthesis and the regular-

ities of their formation is given in [1].

1. EXPERIMENTAL

Oxides and oxide nanocomposites have been obtained by co-precipitation of

metal hydroxides followed by their conversion into colloid solutions and thermal

treatment at different temperatures. Thin film and ceramic sensors were fabri-

cated by using colloid solutions. Powders were used for performing certain struc-

tural studies and for the fabrication of thick film sensors.

Structural features of powder and film samples were studied by XRD, ESR,

Mossbauer spectroscopy, TEM, SEM, XPS, IR and Optical spectroscopies.

Gas-sensitive properties of ceramic and thin film sensors were investigated.

Construction of the indicated sensors is presented in the Fig. 1. Forming proce-

dures of ceramic and thin film sensors have been described elsewhere [2–4]. Re-

sponse (�U) of ceramic sensors was determined as �U = Uair – Ugas, where Uair, Ugas

represent sensor voltages at constant current in air and gas ambient, correspond-

ingly. Sensitivity (S) of thin film sensors at the detection of reducing and oxidiz-

ing gases was determined as S = Rair/Rgas and S = Rgas/Rair, correspondingly,

where Rair, Rgas are sensitive layer resistances in air and gas ambient.

CHEMICAL PROBLEMS OF THE DEVELOPMENT OF NEW MATERIALS AND TECHNOLOGIES
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2. STRUCTURAL PECULIARITIES OF OXIDE SYSTEMS OBTAINED
BY SOL-GEL TECHNOLOGY

Oxide systems prepared by sol-gel technology demonstrate certain struc-
tural peculiarities. They are characterized by high dispersity and defective-
ness, formation of metastable phases, stabilization of ions in unusual oxida-
tion state.

Particle average size for simple oxides does not exceed 10 nm after annea-

ling at 300 �C. In the case of thin films, high dispersity preserves up to 800 �C
(Table 1).

Fig. 1. Construction of thin film- and ceramic sensors

Stabilization of various metastable defects is also typical of oxide systems pre-

pared by sol-gel method. The most characteristic structural defects for oxides ob-

tained by thermal treatment of xerogels are shown in the Table 2.
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Table 1
Average grain size of simple oxides annealed at different temperatures

Sample Characteristics
Grain Size, nm

100 �C 300 �C 400 �C 500 �C 600 �C 800 �C 1100 �C

In2O3 (film, HNO3) 4 6 12 25

SnO2 (film, oleic acid) 2 2 5 10 35

SnO2 (powder, oleic acid,) 2 4 10 30 150 150

SnO2 (powder, w/o stabilizer) 2 3 4 10 50 120

SnO2 (powder, HNO3) 2 6 7 40

TiO2 (powder, CH3COOH) 4 6 30 35 200

TiO2 (film, w/o stabilizer) 7 7 10 12 75

�-Fe2O3 (powder, HNO3) 2 2 5 15 75

�-Fe2O3 (powder, HNO3) 6 (�)
10 (�)

35 (�)
45 (�)

Table 2
The most characteristic defects of oxide structures obtained

by thermal treatment of xerogels

Oxide Structural Defects Methods of Investigation

SnO2-x VO
–, Sn(4-�)+–VO

�–, Sn2+, Sn3+, F-centers ESR; Mössbauer spectroscopy

In2O3-x In2+, F-centers ESR, XPS

TiO2-x Ti3+ (regular and interstitial), Ti2
7+, F-centers ESR, XPS

MoO3 5- and 6-fold coordinated Mo5+, O–, F-centers ESR, XPS, Optical spectroscopy

Thus, the formation of significant amounts of single charged oxygen vacan-

cies in slightly different coordination neighborhood is found in sol-gel obtained

SnO2 by ESR [5]. According to the results of Mössbauer spectroscopy, partial re-

duction of Sn4+ ions, liading to the formation of Sn3+ and Sn2+ intermediate oxi-

dation states, takes place in SnO2 and SnO2–Pd films [6]. Probably, this process is

caused by charge transfer from oxygen vacancies to tin ions. For 119Sn nuclei cor-

relation between chemical shift value and tin oxidation state occurs. Under the

growth of s-electron density at tin nucleus chemical shift is positive, as we ob-

served for sol-gel synthesized and annealed SnO2. F-centers and In2+ ions in two

types of coordination neighborhood are found in In2O3 after annealing in air [7,

8]. Interstitial and regular Ti3+ ions and Ti2
7+ dimers, which are characteristic of

partially reduced TinO2n-1 oxide phases, are formed [9]. Mo5+ centers in different

coordination are stabilized in MoO3 under annealing in air [10].

As it follows from ESR study, capturing of unpaired electrons by several nu-

clei simultaneously that results in the formation of complex defect is characteris-

tic of most of non-stoichiometric oxides. Local charge compensation as well as

bulk one accompanying by the formation of paramagnetic defects is possible. The

data available indicate that there are common regularities in distribution of elec-

tronic density within crystal lattice, that depends on cation nature. For most of

cations the possibility of electron capture (a) can be expressed as a = z/r2, where

z – actual cation charge, r – cation radius. Ionic cation radiuses and ionization po-
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tentials of the studied metals are listed in the Tables 3, 4. From the data reported

it follows that the efficiency of electron capture by cation rises within the row:

In3+<Zr4+<Sn4+<Fe3+<Ti4+<Mo6+.

Table 3
Ionic radiuses of some metal cations

Cation In3+ Zr4+ Sn4+ Fe3+ Ti4+ Mo6+

r, Å (cn 4) 0.76 0.73 0.69 0.63 0.56 0.55

r, Å (cn 6) 0.94 0.86 0.83 0.79 0.75 0.75

Table 4
Ionization potential of some metal cations

Transition Ionization Potential, eV

In2+ � In3+ 28.035

Al2+ � Al3+ 28.447

Fe2+ � Fe3+ 30.650

Zr3+ � Zr4+ 34.336

Ni2+ � Ni3+ 35.165

Sn3+ � Sn4+ 40.734

Ti3+ � Ti4+ 43.265

Mo5+ � Mo6+ 68.402

The formation of metastable at r.t. oxide phases (H-In2O3, M-In2O3, H-MoO3,

SnO, �-Fe2O3, �-Fe2O3) and the decrease of phase transformation temperatures are

the consequences of oxide crystal growth peculiarities in the presence of stabilizers

and the products of their thermolysis [7, 11, 12]. Usually, the formation of such

phases takes place under thermoreduction of the corresponding oxides. For instance,

the formation of low-temperature rutile phase is found in TiO2 obtained by annea-

ling of titanium hydroxide sols stabilized with acetic acid at 600 �C in air [13].

Moreover, an increased component mutual solubility and the formation of

highly dispersive crystal structures with a dopant content exceeding its equilib-

rium concentration is inherent of complex oxide systems.

The structural features pointed above may be also caused by the presence of

additives at different stages of oxide synthesis. Modifying the crystal growth is

possible during crystallization of oxide structures from the stabilized sols. The

role of the modifiers may be played by the stabilizing additives. They are incorpo-

rated into the sol micelle structure, and further into the structure of crystalline

phases. In the case of In2O3, modified growth takes place both during ageing of in-

dium hydroxide sol and under annealing of xerogels. Self-organization of

nanoparticles with the formation of definite-shaped blocks takes place in colloidal

solution of indium hydroxide stabilized with nitric acid. The particle dispersity

may be preserved in the block structures; however, recrystallization is also possi-

ble. In the case of SnO2, anisotropic crystal growth with the formation of nee-

dle-like and plate crystals under elevated temperatures is observed.
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Thus, the addition of active components results in the alteration of i) compos-
ites dispersion, ii) system Fermi level, iii) bonding energy of metal-oxygen on the

oxide surface, iv) nature and amount of adsorption centers.

It is important to note that the conditions of synthesis and, consequently,

states of ions undoubtedly influence the gas-sensitive properties of simple oxides

and doped oxide systems. The specific elements of structure (e.g. ions in unusual

oxidation state, associates, clusters) may work as activation centers for adsorbed

oxygen molecules and molecules of detected gases.

It has been shown, that red/ox-transformations of the ions in unusual oxida-
tion state proceeding under annealing in reducing and oxidizing ambient are com-
pletely reversible [14, 15]:

M(n-1)+
– Vo 	 Mn+

– Vo
–.

It results in saving the initial high gas-sensitive activity of an oxide for long

period of time. Thus, the mentioned centers may either directly participate in the

detection of gases or alter the activity of oxide matrix.

Advantages of sol-gel synthesis of gas-sensitive layers are most prominent not

for single oxides, but for binary oxide systems or systems «oxide-metal» (noble

metals, d-metals, etc.). Their structural features provide the variety of properties

of such materials.

3. GAS-SENSITIVE PROPERTIES OF OXIDES AND OXIDE COMPOSITES

3.1. Ceramic and thick film sensors

Most of metal oxide based sensors (In2O3, SnO2) are characterized by low selec-

tivity to different gases in gas mixtures; the sensitivity of these sensors is also

unsuitable.

As it was established in the literature, most efficient ways to improve both se-

lectivity and sensitivity of such sensors are: i) variation of chemical and phase

composition and fine adjusting sensing layer structure, ii) control of sensor oper-

ating temperature.

Undoped In2O3 possesses satisfactory sensitivity to the majority of reducing

gases – hydrocarbons, CO, H2, alcohol vapors, etc. (Fig. 2). The lack of selectivity

to separate gases in gas mixtures and unsatisfactory stability at long-term opera-

tion may be pointed as deficiencies of In2O3-sensors. To remove these disadvan-

tages active dopants are added into In2O3. The addition of Ni2+ ions (1–5 wt %

NiO) decreases In2O3 sensitivity to reducing gases (CH4, H2, C2H5OH, CO), but in

different degree (Fig. 3) [16]. In2O3–NiO sensors remain satisfactory sensitive to

CO at comparatively low working temperatures (200–300 �C), but become insensi-

tive to other gases, first of all, to CH4.

In2O3–Au sensors are characterized by high sensitivity to CO and independ-

ence of sensitivity on humidity. They are selective to CO in the presence of hydro-

carbons at definite operating conditions.

Doping of In2O3 with Pt increases In2O3 sensitivity to low concentrations of

NH3. In2O3–Pt sensors allow to detect NH3 at 1/2 threshold level (Fig. 4) [17].
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Fig. 2. Responses (�U) of ceramic In2O3

sensors vs. operating current (I)

Fig. 3. Responses (�U) of In2O3–NiO ceramic sensors

to CH4 and CO vs. operating current (I)
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Fig. 4. Responses (�U) of ceramic In2O3

and In2O3–Pt sensors vs. NH3 concentration (C)

Fig. 5. Responses (�U) of SnO2 and SnO2–MoO3 ceramic sensors

to CH4 and CO vs. operating current (I)
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Undoped SnO2 is characterized by unsatisfactory sensitivity to reducing

gases. Therefore, gas-sensitive layers usually consist of doped tin oxide. It was

found that SnO2–Sb2O3–Pd sensors [18] are the most suitable for practical use.

Such sensors possess gas-sensitive characteristics comparable with ones of

In2O3-sensors. SnO2–Sb2O3–Pd sensors are the most useful for detection of high

concentrations of CH4. In addition, these sensors are sensitive to formaldehyde.

158 M. Ivanovskaya,
D. Kotsikau, D. Orlik

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

0

10

20

30

40

50

60

70

NH3

�
U

,
m

V

lgC, ppm

ZnO

In2O3

Fig. 6. Comparison of In2O3 and ZnO ceramic sensor

behavior in NH3 ambient

Fig. 7. Temperature dependent responses (S)

to C2H5OH (0.025 ‰) of thick film sensors:

a – �-Fe2O3–SnO2 (Fe:Sn = 9:1),

b – �-Fe2O3–SnO2 (Fe:Sn = 1:1), c – SnO2, d – �-Fe2O3,

e – Fe2O3–SnO2 (Fe:Sn = 1:9)



The most favorable properties – threshold sensitivity levels, response values,

response times – are inherent to SnO2–In2O3 sensors (SnO2:In2O3 = 65:35) [19].

Ceramic SnO2–MoO3 sensors possess the properties, which are very similar to

the properties of In2O3–NiO sensors. At low temperatures, SnO2–MoO3 sensors are

sensitive to CO and insensitive to hydrocarbons (Fig. 5) [20].

ZnO ceramic sensors appear to be selective when analysis of NH3 is mentioned.

They are insensitive to CH4, CO and C2H5OH at temperatures optimal for NH3 de-
tection (Fig. 6) [21].

Fe2O3–SnO2 thick film sensors demonstrate considerable activity with regards to

alcohols. Thus, the highest response to ethanol shows �-Fe2O3–SnO2 (9:1) nanocom-

posite (Fig. 7). Sensitivity of simple oxides are rather low. And the �-Fe2O3–SnO2

(1:9) sample we failed to measure because of its extremely high resistance.

3.2. Thin film sensors

Thin film sensors based on simple oxides are characterized by rather low sensi-

tivity to CO, CH4. However, they are sensitive to O3, NO2 and C2H5OH [22-25].

With regard to the maximum response towards NO2, the oxide films can be

placed in the following consequence:

Fe2O3 > In2O3 > SnO2 > MoO3.

The film sensitivity depends essentially on the oxide synthesis condition and

the presence of various additives (In2O3–MoO3, In2O3–NiO, SnO2–Fe2O3). Addition

of a second component to the base oxide influences essentially its electrical param-

eters and gas sensitivity. The response of sensors of various chemical composi-

tions to NO2 has compared in the Table 5.

In2O3 thin films are almost insensitive to reducing gases [22]; meanwhile, they are

highly sensitive to oxidizing gases, such as O3 and NO2. Addition of metal of variable

valency (Ni, Mo, Fe) to In2O3 leads to the considerable increase of its sensitivity to

NO2 (Fig. 8). Maximum response values to NO2 show Fe2O3-containing composites.

Depending on structural features of Fe2O3–In2O3 composite, the latter demonstra-

tes prevalent sensitivity either to O3 or NO2. Thus, �-Fe2O3–In2O3(9:1)/In2O3 sensor

shows high response in the O3 ambient at 135 �C, while its sensitivity to NO2 at the

same temperature is negligible (Figs. 9 a, b). In contrast, �-Fe2O3–In2O3(9:1)/In2O3

sample shows good response to NO2 in the temperature range 50–100 �C together with

rather low one to O3. These distinctions, observed in the behavior of both composites,

can be used for selective analysis of O3 and NO2 in gas mixture.

Generally, the sensitivity of In2O3 and SnO2 films to O3 is lower in comparison

with their sensitivity to NO2 [4, 21] In contrast, Fe2O3–In2O3 layers are characteri-

zed by higher sensitivity to O3 than to NO2. Moreover, the indicated compositions

show better NO2 detection performance than the previously investigated thin film

sensors based on In2O3–NiO [23] and In2O3–MoO3 [22]. Thus, �-Fe2O3–In2O3 (9:1) and

�-Fe2O3–In2O3 (9:1) composites prepared via Fe2+ precursor and supplied with preli-

minary deposited In2O3 sub-layer are characterized by high sensitivity to O3 and NO2

over a low temperature range (70–135 �C) [26], as it is reported in the Figs. 9 a, b.
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Table 5
Overview of gas-sensitive (NO2, 1 ppm)

and structural characteristics of the different oxides

Sensor S, r.u. T, °C Phase Composition

In2O3 30 150 C-In2O3

In2O3–NiO (99:1) 40 150 C-In2O3, H-In2O3

In2O3–NiO (95:5) 0,5 200 C-In2O3, H-In2O3

In2O3–MoO3 (9:1) 35 250 C-In2O3

Fe2O3 350 100 �-Fe2O3

In2O3–Fe2O3 (1:1) 1150 70 C-In2O3, �-Fe2O3

SnO2 15 100 T-SnO2

MoO3 5 200 R-MoO3

SnO2–MoO3 (99:1) 5 150 T-SnO2

SnO2–MoO3 (3:1) 1 250 T-SnO2

SnO2–Fe2O3 (1:1)
–2 100 T-SnO2

Investigating the gas-sensitive behavior of SnO2 and SnO2–Mo thin films one

can observe the opposite influence of Mo additive on the sensitivity of the sensors

to the different gases (Table 6). By controlling MoO3 concentration in SnO2–MoO3

thin films, we achieved a selective detection of both NO2 and O3. Thus, SnO2-MoO3

(Sn:Mo = 3:1) thin films are insensitive towards gaseous species like CO, CH4,

NO2, O3; however, they are extremely sensitive to ethanol. SnO2–MoO3 (Sn:Mo =

= 99:1) composite is selective to ozone at 400 �C.

Fig. 8. Comparison of sensitivity of In2O3 based sensors

doped with oxides of different metals to 1 ppm NO2
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Fig. 9. Temperature-dependent responses (S) of In2O3-based sensors to oxidizing gases:

a – 200 ppb O3, b – 5 ppm NO2

In contrast, the sensitivity to NO2 and CO is suppressed in the presence of mo-
lybdenum. As is in the case of ethyl alcohol, the effect correlates with the content
of molybdenum in the sample – the higher the content of Mo, the lower the sensor
responses to CO and NO2. Note, that in the case of CO, slight shift of the maximum
sensitivity to lower temperatures was also observed.

Table 6

Gas-sensitive properties of SnO2 and SnO2–MoO3 thin film sensors to different gases

Detected gas
S, r.u.

O3, 175 ppb C2H5OH, 500 ppm NO2, 1 ppm

Toper., �C 400 300 100

SnO2 1 10 20

SnO2–MoO3 (99:1) 40 50 4

SnO2–MoO3 (3:1) 1 85 1

SnO2–Pd thin film sensors [3] allow selective detection of single components
(CO, NO, CH4) in complex gas mixtures at different operating temperatures: NO

at 185 �C, CO at 260–330 �C, CH4 at 480–560 �C (Figs 10, 11). Note, that selective
properties are exclusively characteristic of sol-gel obtained SnO2–Pd sensors.

Fig. 12 clearly demonstrates the fact that the sensors based on single Fe2O3

and In2O3 layers have practically the same response values to ethanol, but they
slightly differ regarding the optimal operating temperature. The sensors based on

�-Fe2O3/In2O3 heterostructure (bi-layer sensors) are characterized by significantly

higher sensitivity to ethanol, than the single-layer (�-Fe2O3, In2O3) ones. In this

case, In2O3 sub-layer not only provides the sufficient �-Fe2O3/In2O3 film conduc-
tivity, but it has a clear influence on the sensor sensitivity.
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Fig. 10. SnO2–Pd sensor responses (S) to CO (10 ppm),

CH4 (10000 ppm), NO (6 ppm), CO + CH4

and CO + NO mixtures vs. operating temperature (T)

Fig. 11. SnO2 sensor responses (S) to CO (10 ppm),

NO (6 ppm) and CO + NO mixture vs. operating temperature (T)
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Fig. 12. Temperature-dependent responses (S) of In2O3

and Fe2O3 thin film sensors to C2H5OH (100 ppm)

The addition of In2O3 (10 % mol.) to �-Fe2O3 layer leads to decrease of the

�-Fe2O3/In2O3 sensor response to ethanol (Fig. 13). According to the XRD data,

�-Fe2O3–In2O3 (9:1) composite has the structure of In3+ in �-Fe2O3 lattice solid so-

lution; certain amount of C-In2O3 phase also presents. On the contrary, further in-

creasing In2O3 content within �-Fe2O3 layer of �-Fe2O3/In2O3 structure up to 50 %

mol. causes abrupt rising of its sensitivity, which even overwhelms the sensitivity

of �-Fe2O3/In2O3 sample.
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In comparison with �-Fe2O3–In2O3 (9:1) sample, �-Fe2O3–In2O3 (1:1) one proba-
bly consists of two highly dispersive phases with great phase interface. From the
XRD data of the sample it is difficult to determine exactly phase composition of

the sample because of the similarity of �-Fe2O3 and C-In2O3 crystal lattices. The

growth of �-Fe2O3–In2O3 (1:1) dense layer is due to the formation of numerous
bonds between the oxide particles within this composite.

Moreover, Fe2O3–In2O3/In2O3 sensor sensitivity strongly depends on the crystal
structure of the active layers, in particular, Fe2O3 phase. There are two possible

Fe2O3 phases suitable under operating temperatures used – �-Fe2O3 and �-Fe2O3.

In the case of the pure �-Fe2O3, the response achieves its maximum value at lower

temperatures (250 �C), than in the case of �-Fe2O3 (300 �C). When methanol detec-
tion is considered, one can observe the same regularities inherited to ethanol, ex-

cepting the lower response. �-Fe2O3/In2O3 and Fe2O3–In2O3(1:1)/In2O3 thin film
sensors are essentially more sensitive than SnO2–MoO3 ones which are known to be
extremely selective regarding ethanol (Table 7).

Table 7
Maximum response values of thin film sensors

of various composition to ethanol (500 ppm)

Sensor Smax, r.u. T, �C

In2O3 15 350

�-Fe2O3/In2O3 165 300

SnO2 30 400

SnO2-MoO3 80 300

It is important to note that all double-layer sensors are much more sensitive
towards alcohol (C2H5OH, CH3OH) vapors than single-layer In2O3 and Fe2O3 sam-

ples; the maximum response is showed by �-Fe2O3/In2O3 composite. Fe2O3-contain-
ing films are insensitive to O3 and NO2 over the temperature range of the most ef-

ficient ethanol detection (250–400 �C). At the same time, their sensitivity regard-

ing ethanol is negligible at 50–150 �C when O3 and NO2 interaction with oxide sur-
face has the maximum value. An increase of the In2O3 content within Fe2O3–In2O3

composite up to 50 % (mol.) leads to the growth of the sensor responses both to
NO2 and ethanol.

According to the responses to various gases, the sensing layers can be placed
as follows:

O3: �-Fe2O3–In2O3/In2O3 > �-Fe2O3/In2O3 > �-Fe2O3–In2O3/In2O3 > In2O3

NO2: �-Fe2O3–In2O3/In2O3 > �-Fe2O3/In2O3 > In2O3 > �-Fe2O3–In2O3/In2O3

CO: �-Fe2O3/In2O3 > �-Fe2O3–In2O3/In2O3 
 �-Fe2O3–In2O3/In2O3 > In2O3

Alcohol: �-Fe2O3/In2O3 > �-Fe2O3–In2O3/In2O3 > �-Fe2O3–In2O3/In2O3 > In2O3

Referring to the results of functional and structural investigations, one can
recommend a series of Fe2O3–In2O3 samples with different structure and phase
composition to be used as advanced materials for O3, NO2 and C2H5OH detection.
The particular compositions, dispersion and structural and phase features are
listed in the Table 8.
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Table 8
The most promising gas-sensitive materials recommended

for fabrication of highly selective sensors and their structural peculiarities.

Temperature of annealing 300 oC

Sensor T, oC
Detected

Gas

Gas conc.,

ppm

Phase

Composition

Grain Size,

nm

�-Fe2O3–In2O3(9:1)/In2O3

via Fe(OH)2, mixing

135 O3 0.06 �-Fe2O3

C-In2O3

25

25

�-Fe2O3–In2O3(9:1)/In2O3

via Fe(II), co-precipitation

70–100 NO2 0.5 �-Fe2O3 (anisotropic) 8 � 15

�-Fe2O3/In2O3 via Fe(OH)2 250 C2H5OH 50 �-Fe2O3 25–30

�-Fe2O3–In2O3(1:1)/In2O3

via Fe3O4, mixing

70–100 NO2 0.5 C-In2O3 7–8

300 C2H5OH 50 �-Fe2O3 5

�-Fe2O3–In2O3(1:1)/In2O3

via Fe(OH)3, mixing

300 C2H5OH 50 Amorphous

C-In2O3

–

8

�-Fe2O3–In2O3(9:1)/In2O3

via Fe(OH)3, mixing

300 C2H5OH 50 Amorphous
–

4. REGULARITIES OF NO2, O3 AND C2H5OH DETECTION

On the basis of the obtained results we made an attempt to find the correla-

tions between structural features of different oxide systems and their gas-sensi-

tive behavior.

4.1. Nitrogen dioxide

Two models of conductivity changes should be considered at the interaction of

metal oxides with oxidizing gas molecules. The first model deals with adsorption

in molecular form and corresponding surface band bending, whereas the second

model takes into account chemical interactions leading to changes of oxide

stoichiometry and charge carrier concentration. In the case of sol-gel obtained

highly defective metal oxide systems, the second model looks preferable.

The model of NO2 detection by thin film In2O3-sensors has been described elsew-

here [27]. The model explains change of In2O3 films conductivity in terms of surface

band bending due to molecular adsorption of O2 and NO2. It is supposed that In2O3

film conductivity is determined by the presence of adsorbed oxygen, which plays the

role of electron acceptor and is in equilibrium with In2O3 surface defects. Molecular

adsorption of NO2 upsets this equilibrium and creates additional acceptor levels. The

centers of O2 and NO2 adsorption on indium oxide are electron defects of structure,

namely In2+ and F-centers. The increase of In2O3 sensitivity to NO2 at doping with

Ni2+ can be explained by an increase of In2+ and oxygen vacancy concentration in

In2-xNixO3 solid solution structure. The generation of In2+ ions is due to the follo-

wing process:

In3+ + Ni2+ > In2+ + Ni3+.
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It is known that band mechanism of charge transfer occurs in In2O3 at compara-

tively low temperatures (T<550 �C) [8]. At low temperature electrons caused by the

presence of In2+ and In+ ions in indium oxide are delocalized and transfer to conduc-
tivity band formed by overlapping of In 5s-orbitals. Broadening of In2+ ESR signals

and absence of hyper-fine structure lines in ESR spectra of nonstoichiomertic In2O3

indicate the delocalization of electrons [7]. High mobility of electrons in In2O3 at

low temperature is provided by easy electron exchange process between In2+ and In+

ions: 2In2+ 	 In3+ +In+. Lower conductivity of In2-xNixO3 solid solution as compared

to undoped In2O3 may be caused by decreasing of free carrier mobility and change of

conductivity mechanism.

The deviation from the band charge transfer mechanism is very possible for

In2O3-based solid solutions [8, 16, 23]. The charge transfer in In2O3–Ni2+ system is

probably occurs not only through In–O–In but also through In–O–Ni–O–In chains.

The participation of Ni2+/Ni3+ ions in charge transfer decreases the rate of electron

exchange in In2O3–Ni2+ as compared to In2O3. It is known that d-orbitals of nickel

are localized at separate ions and overlap insignificantly.

When NO2 is detected by In2O3-sensors, not only NO2 adsorption and related

In2O3 conductivity changes, but also the possibility of chemical interaction be-

tween indium oxide and NO2 and stipulated change of defect concentration should

be taken into account [22, 27]. NO2 is the strong oxidizing agent. It is known that

NO2 dissotiatively chemisorbed at semiconductor oxide surface oxidizes structure

defects – partially reduced ions (i.e. In2+) and oxygen vacancies, and causes the

formation of atomic oxygen at In2O3 surface. The appearance of additional oxygen

at In2O3 films after treatment with NO2 + O2 mixture has been found by means of

XPS [22]. At comparatively low temperatures NO2 chemisorption occurs mainly

at partially reduced centers (In2+) with the formation of surface complexes:

In2+
–O–N=O. The oxidation process In2+ � In3+ is accompanied by tearing oxygen

atom off from chemisorbed NO2 molecule in surface complex. Under these condi-

tions N–O bond breaking energy must be compensated by In–O bonding energy.

Such process is energetically profitable in the case of either In2+ or Ni2+ [27].

Note, that O–O bonding energy (480 kJ mol–1, O2) is higher than N–O one

(292 kJ mol–1, NO2). Thus, the oxidation of In2O3 and In2O3–Ni2+ surface in O2

ambient requires higher temperature than in NO2 + O2 ambient. It may provide

the detection of low NO2 concentration in O2 presence at low operating tempera-

tures. The possibility of chemical reaction between indium oxide and NO2 is indi-

cated by slow recovery of In2O3-based thin film sensors at detection of NO2.

The proceeding of oxidation process when interacting of TiO2-x with NO2 has

been proved by Iuengar et al. [28] They found the sample weight changes, disap-

pearance of Ti3+ ESR signal and appearance of NO and N2O3 species in gas phase

after NO2 adsorption-desorption cycle at TiO2-x sample. Capehart and Chang [29]

proved that SnO2-x conductance changes under NO treatment is not due to surface

band bending but due to SnO2-x oxidation accompanying by decrease of oxygen va-

cancy bulk concentration.

In the case of Mo-containing oxide systems, Mo(5+�)+
–On

�– complexes appear

to be active centers of gas adsorption. The formation of the mentioned comple-

xes is confirmed by XPS study of In2O3–MoO3 composites exposit to NO2 vapors

(Fig. 14).
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Composites prepared by using sol-gel technology are characterized by increa-
sed solubility of the additives and the formation of crystal structures with dopant
content exceeding its equilibrium concentration. The presence of the second oxide
component retards the crystallization and the particle growth of base oxide
(In2O3–NiO, ZnO–MoO3), and it favors the stabilization of amorphous (SnO2–MoO3,
SnO2–Fe2O3) and metastable phases. In2O3 sample doped with Ni2+ and MoVI ions
results in an increase of In2O3 nonstoichiometry degree and stabilization of In2+

and F-centers, which are activation points of NO2 gaseous species.
The indicated structural peculiarities of oxide systems explain clearly the ob-

served difference in NO2 detection of oxide nanocomposites like In2O3–NiO,
In2O3–MoO3, SnO2–MoO3.

As it was noted above, Fe2O3–In2O3 (1:1) sample demonstrates the highest sensi-
tivity to NO2 as compared to other systems (see Fig. 8, Table 5). The special composi-
te structure, whose important parameters are represented by phase composition, dis-
persion, morphology of particles and manner of their coalescence with the formation
of numerous bonds provides the optimum set of adsorption and catalytic properties.
According to the XRD data, Fe2O3–In2O3 (1:1) composite is a heterogeneous system;

it consists of Fe3+ in In2O3 lattice solid solution and �-Fe2O3 phases. It is important to
take into consideration that In2O3 and Fe2O3 oxides have a similar crystal structure.
The solubility of Fe2O3 in In2O3 lattice essentially exceeds the equilibrium value; it
provides a very close contact between the particles of two phases and thereby facili-
tates the charge transfer. Sufficient film electroconductivity is also due to the lacy
framework of the phase based on In2O3.

In order to elucidate the origin of very high sensitivity of Fe2O3–In2O3 nanocom-
posites prepared by both co-precipitation and mixing of Fe(II) and In(III) hydroxides
the careful structural examination of the studied samples was carried out.

As it was found from the XRD studies, all the samples appear to be nanosized.

The composites annealed at 300 �C differ by phase composition that depends on synt-
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Fig. 14. Mo 3d X-ray core level in XPS

spectra of In2O3–MoO3 films annealed:

a – in air (400 �C, 1 h), b – in NO2 (200 �Ñ;

0.5 h), c – in vacuo (200 �Ñ; 0.5 h),

d – in air (700 �C, 1 h)



hesis conditions. Thus, Fe2O3–In2O3 species obtained by Fe(II) and In(III) hydroxide

mixing contain �-Fe2O3, which is metastable at room temperature. Structural peculi-

arities of the mentioned modification of Fe2O3 such as readiness of Fe3+ 	 Fe2+ char-
ge transfer and high conductivity as well as differentiation between the functions of
receptor and transducer between different phases (Fe2O3 and In2O3) provides high
performance of Fe2O3–In2O3 sensors. Co-precipitation of Fe(II) and In(III) hydroxi-

des leads to the crystallization of highly dispersive �-Fe2O3 which is the most ther-
modynamically stable Fe2O3 phase. ESR data give evidence that the mentioned com-
posites contain Fe–O–Fe associates, (FeO)x clusters or micro-inclusions of Fe2O3

amorphous phase. Fe(III) ions are characterized by cubic symmetry of coordination
environment. The very areas of poorly crystallized (or amorphous) phase are active
in gas adsorption that follows from the increasing of the corresponding ESR signal
intensity under exposure of the Fe2O3–In2O3 layers in NO2 ambient (Fig. 15). Isola-
ted Fe(III) ions are not participating in this process.

In the case when the species is only consisted of amorphous phase, suitable
value of sensing layer conductivity is not reaching. The presence of amorphous
phase is essential in quantity, sufficient to provide a chemisorption of detected
gas, but not making difficult the charge transfer. The later should be provided by
other highly conductive phases (C-In2O3).

Mossbauer spectroscopy analysis of the Fe2O3–In2O3 composite of different

structure and simple Fe2O3 oxides allowed to conclude that local crystal environment

of Fe(III) ions within the co-precipitated sample prepared via Fe(II) precursor and

having the structure of �-Fe2O3 is closer to the environment, which is typical of cubic

�-Fe2O3 rather than to trigonal �-Fe2O3 (Fig. 16, Table 9). The indicated phase con-

sisting of three types of Fe2O3-centers is extremely active in gas adsorption.
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Table 9
Parameters of Mossbauer spectra recorded

from Fe-containing samples at 298 K

Sample �, mm s–1 �, mm s–1 B, T

�-Fe2O3–In2O3 (9:1) (300 oC), via Fe(II) 0.38
0.53
0.22

78 %
15 %
7 %

0.08
0

0.69

50.7
0
0

�-Fe2O3–In2O3 (9:1) (300 oC), via Fe(III) 0.30 0.777 0

�-Fe2O3–In2O3 (9:1) (300 oC) 0.33 0.02 48.6

�-Fe2O3 (300 oC) 0.34 –0.03 49.1

�-FeOOH (300 oC) 0.33 0.78 0

�-Fe2O3 (amorphous) (300 oC) 0.39 0.09 50.7

�-Fe2O3 (standard sample) 0.34�0.39 –0.05�-0.1 49.8�50.6

�-Fe2O3 (standard sample) 0.47
0.38

0.24
0.12

51.8
51.5
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Fig. 16. Mossbauer spectra recorded from Fe-containing species at 298 K:

a – �-Fe2O3 standard, b – �-Fe2O3–In2O3 (9:1), via Fe(II),

c – �-Fe2O3–In2O3 (9:1), d – �-Fe2O3–In2O3 (9:1), via Fe(III)



4.2. Ozone

O3 and NO2 are interfering gases as they both demonstrate similar chemical

properties. To separate sensor signals attributed to NO2 and O3 transformation

the following aspects should be mentioned: i) oxide materials possess unequal cat-
alytic activity in O3 and NO2 decomposition process, ii) inherent distinctions in

NO2 and O3 molecule adsorption and desorption of their decomposition products.

Thus, the sensors based on oxides which are active catalysts of O3 decomposition

(like Fe2O3) demonstrate maximum response at low temperature (70–100 �C). In the

case of catalysts of low activity (like MoO3, SnO2), optimal temperature value shifts

sidewise high temperatures (150–300 �C). Adsorption of O3 is going at external side

of oxide surface; meanwhile NO2 adsorbs at pores (at internal oxide surface).

Mechanisms of O3 detection at different temperatures can be presented by the

following scheme:

At low temperature (70–100 �C) At high temperature (150–300 �C)

Adsorption of O3

M + O3 � O2 + M–O (at oxide surface) O3 � O2 +O (in vapor phase)

2M–O + O3 � M + O2 O + M � M–O

2M–O � 2M + O2

Desorption of chemisorbed O2

O3 + MO � M + 2O2 2MO � 2M + O2

The desorption of chemisorbed O2 is principally different for O3 and NO2. It

can be realized for O3 at low temperature only through the attack of MO-interme-

diate by O3 molecule. The desorption of oxygen in the case of NO2 goes only by the

second route at high temperature. The distinctions in NO2 and O3 optimal detect-

ing temperature allow selective analysis of single gases in gas mixture.

4.3. Ethanol

Two ways of alcohol (for example, ethanol) molecule conversion are possible at

the oxide surface – dehydrogenation and dehydration:

CH3CH2OH � CH3CHO + H2 (dehydrogenation) (1)

CH3CH2OH � C2H4 + H2O (dehydration) (2)

According to the literature data, dehydrogenation (1) mainly occurs at the oxide

surfaces with basic properties, and requires higher reaction temperatures in compari-

son with dehydration. Dehydration (2) is a typical example of acid basic reactions, and

dominates at decreased temperatures and at acid surfaces. According to the results of

Kohl [30] and Yamazoe et al. [31], the detection of ethanol at SnO2 proceeds through

dehydrogenation route. Ethanol is adsorbed at surface tin atoms, and the process goes

with the elimination of H from OH-groups forming acetaldehyde CH3CHO. MoO3 is an

example of typical acid catalyst [32]. However, the acidic properties of MoO3 become

apparent only if the bulk molybdenum oxide phase forms. The process of the alcohol
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dehydration on MoO3 proceeds by the classical acid-basic mechanism through the for-
mation of carbonium ions. It is caused by the stabilization of hydrogen atoms and hyd-
roxyl groups in the molybdenum oxide structures at the stage of their formation. The-
se stabilized spices play the role of catalytic centers [33].

In the case of multi-component oxide systems, the complex dependencies in the
alcohol conversion can be observed. The appropriateness of the change of catalytic
properties in the acid-basic reactions is often opposite those in the red/ox reac-
tions. In the certain cases, the addition of basic oxides (e.g. La2O3) to SnO2 in-
creases, and the addition of acid oxides (MnO2) decreases the sensitivity to etha-
nol. However, as we observe in the case of SnO2–Mo, the acid MoO3 increases the
sensitivity to ethanol and decreases the detection temperature. The addition of
acid catalyst (e.g. Al2O3) gives a similar effect [34]. High sensitivity of
SnO2–Al2O3 to ethanol is due to bifunctional catalytic properties. Al2O3 catalyses
dehydration of ethanol with the formation of ethylene C2H4 adsorbed at the SnO2

surface. When added to TiO2, WO3, also known as acid catalyst, enforces
dehydrogenation and suppresses dehydration of ethanol [35].

As it was found out by our group, the detection of alcohols using semi-con-

ducting oxides goes by oxidizing dehydrogenation pathway:

C2H5OH + 1/2 O2 � CH3CHO + H2O (oxidizing dehydrogenation) (3)

The oxidizing dehydrogenation of alcohol (3) is heterolytic catalytic reaction.

The process involves both reductive-oxidative and acid-base steps. In particular,

alcohol molecule adsorption at metal cation, which plays a role of Lewis centre, is

related to acid-base reaction.

The relative measure of oxide activity in the oxidation reactions can be oxy-

gen-oxide surface bonding energy. In fact, the less the energy of oxygen atom isola-

tion from an oxide surface, the higher the oxide oxidizing ability. The reactivity of

oxides in acid-base reactions depends on the electronegativity of cations Mn+:

 = o(2n+1), where o – Pauling’s electronegativity, n – ion charge. The electronega-

tivity can be used as the measure of Lewis acid site activity. The adsorption of alco-

hol molecules at Lewis sites is going with great output. Complete oxidation of inter-

mediate products is possible at the surface of the oxide, which is characterized by

small values of M–O binding energy and electronegativity. According to the electro-

negativity () increasing, the studied oxides can be placed as follows (Table 10):

In2O3 < Fe2O3 < SnO2 < MoO3.

But in the general case, reductive-oxidative and acid-base properties of oxide
surface may not correlate.

Thus, detection of ethanol using oxide materials, where metal is greatly
electronegative (MoO3) is not accompanying by complete oxidation of intermedi-
ates, but is characterized by striking selectivity.

In the range of considerable M–O bonding energy values, donor-acceptor inter-
action between alcohol molecules and Mm+O2- species become clearly apparent. Ox-
ides containing Mo (VI) cations, which are strong Lewis acids, are very active. In
fact, low bonding energy and strong basic properties of an oxide promote further
oxidation of intermediates of alcohol molecule transformation (Fig. 17), thereby
increasing the corresponding sensor response values.

171GAS-SENSITIVE PROPERTIES OF OXIDE SYSTEMS BASED
ON IN2O3 AND SNO2 OBTAINED BY SOL-GEL TECHNOLOGY



Table 10
The metal-oxygen binding energy for some oxides

Metal Oxide EM–O, kcal/g per atom Electronegativity, r.u.

MoO3 91 30.55

SnO2 70 17.64

Fe2O3 56 13.72

In2O3 – 12.46

The oxides, which are characterized by the possibility of metal ion reduction

without oxide phase state modification, have the greatest ability to promote

oxidizing dehydrogenation processes. For instance, such oxides as MoO3, In2O3

and Fe2O3 are inclined to facile the changing of metal ion oxidation state:

Mo(VI) 	 Mo(V), In(III) 	 In (II), Fe(III) 	 Fe(II), while oxide phase remains

original.

The sensors based on heterojunction oxide structure show considerable response

to alcohol (ethanol, methanol) vapors. The heterojunction between an oxide and solid

solution phases appears to be very active in both adsorption and oxidation of alcohol.

The presence of two types of centers possessing different reductive-oxidative and

acid-base properties, and participating in the processes of the alcohol molecule tran-

sformation is essential requirement to achieve high sensor response when alcohol de-

tection is considered. The centers of one type can suitably participate in adsorpti-

on-desorption processes of alcohol molecules, whereas complete oxidation of inter-

mediates effectively proceeds at the centers of another type.
As it was appeared, the experimental data regarding both catalytic and

gas-sensitive properties of most of semi-conducting oxides are not in accordance
with prevailing conception, asserting that the alcohol detection is predominately
realized as dehydration process (2), when oxide with acidic properties are used,
and as dehydrogenation (1) at base oxide surface. Thus, MoO3 possesses strong
acidic behavior. At the same time, it is one of the most efficient catalysts of meth-
anol conversion into formaldehyde (reaction of dehydrogenation). By reason of
MoO3 high catalytic activity, it being added to SnO2 species evokes the increasing
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the corresponding sensor sensitivity towards alcohols. However, in this case, af-
ter-oxidation of formaldehyde, generated during dehydrogenation step, to form
CO2 and H2O is impossible because of great Mo–O bond strength within MoO3.
Using this fact one can explain lesser response of SnO2–MoO3 sensors to ethanol in
comparison with Fe2O3–In2O3 ones.

From the evidence reported one can conclude that the main process determin-
ing the efficiency of alcohol detection using semi-conducting oxides is oxidizing
dehydrogenation process including both oxidation-redaction and acid-base steps.
Hence, sensors based on heterojunction oxide systems and containing two types of
centers show better performance.

5. CONCLUSION

As it follows from the reported data, by means of In2O3 and SnO2 oxide doping
and varying of their synthesis and annealing conditions it is possible to control
gas-sensitive properties of the corresponding sensors. Gas-sensitivity can be var-
ied within wide range by changing the structure of sensitive layers. Advanced ma-
terials suitable for selective detection of important gaseous species have been pro-
posed. The material compositions, threshold gas concentration and operating tem-
perature are listed in the Table 11.

Table 11
Sensor types, compositions and optimal conditions

for selective detection of commonly determined gases

Detected Gas
Threshold

concentration, ppm
Toper., �C Gas-Sensitive Layer

NO2 0.5 70–100 �-Fe2O3–In2O3, thin film

0.2 250 MoO3–In2O3 (1:9), thin film

O3 0.06 400 MoO3–SnO2 (1:99), thin film

0.045 100 �-Fe2O3–In2O3 (9:1), thin film

0.045 100 MoO3–In2O3 (1:9), thin film

CO 200
200–250

NiO–In2O3 (1:9), ceramic

200 MoO3–SnO2 (1:3), ceramic

CH4 1000
500–550

SnO2–Pd, thin film / ceramic

20 SnO2–Sb–Pd, ceramic

C2H5OH 50 300 �-Fe2O3–In2O3(1:1)/In2O3, thin film

C2H5OH 50 300 �-Fe2O3/In2O3, thin film

NH3 15 300 ZnO, ceramic
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INVESTIGATION OF THERMODYNAMIC PROPERTIES
OF ORGANIC SUBSTANCES

T he main problem of chemistry is to determine how deeply the matter can be

transformed. Such ability is characterized by the limiting (equilibrium) degree

of conversion under given conditions and the time it takes to get the necessary

yield [1]. The quantitative characteristics of the reactivity of substances can be

obtained unambiguously if the parameters of the potential energy surface G (ri )

for the given set of molecules (particles) are known. The surface geometry de-

pends on the properties of the interacting particles, external conditions, presence

of solvent, catalysts etc. The minima on the surface correspond to the stable states

(molecules). The concentration of the reagents can be determined from the ratio of

the minima:

�rG
o = –RT lnKr,

where �rG
o = G GA B( ) ( )

o o is the standard Gibbs energy change in the chemical

transformation; Kr = aA/aB is the equilibrium constant, which defines the equilib-

rium ratio of the reagents (aÀ, aÂ are the activities or fugacities of the compo-

nents A and B in the equilibrium mixture À � Â). The maxima on the reacting

paths define the time the transformation takes. One of the main and very difficult

problems of physical chemistry is the determination of the overall surface geome-

try. The minima are found from thermodynamic experiments: measurement of

enthalpies of combustion, or other devaluation reactions, and calculation of

enthalpies of formation and reactions; measurement of heat capacity from (5 to

700) K, enthalpies of phase transitions, saturated vapor pressures followed by the

calculation of the entropy So(T) and the Gibbs energy �Go = Ío
– Ò�So. These val-

ues are of great importance for theory, technology, and engineering.

For example, in USA it is recognized as necessary to perform thermodynamic

analysis for all important processes and reactions related with the human activity

on the Earth. These data are necessary to make sure of that the activity is put into

practice at the conditions providing maximal thermodynamic efficiency [2].

Investigation of thermodynamic properties of substances is extremely

time-consuming and expensive. The comprehensive thermodynamic studies have

been carried out only for one thousand compounds among about 10 million of the

synthesized ones. So, first, the comprehensive thermodynamic investigations for

the series of key compounds are one of the main tasks of chemical thermodynam-
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ics. They allow us to find out the correlations between structure and properties of

molecules and to develop the methods for the serial calculations of thermody-
namic properties. Second, thermodynamic properties of substances are basic char-
acteristics, which depend on their structure and energy levels. This circumstance

is used sometimes to get the information on the molecular structure. Third, sub-
stantiation of the most thermodynamically reasonable conditions is especially im-
portant for industrial chemistry, because millions tons of chemicals are processed

at many chemical plants. Knowledge of optimal conditions leads to the least ex-
penses and ecological danger of chemical plants.

The investigations in these three directions are carried out at the Laboratory

of Thermodynamics of Organic Compounds (LTOC) of the Institute for Physical

Chemical Problems of Belarusian State University. The subjects to study are cho-
sen in agreement with either theoretical aims, or the needs of technology.

EXPERIMENTAL INVESTIGATION OF THERMODYNAMIC
PROPERTIES OF SUBSTANCES

The substances were additionally purified by fractional distillation and subli-

mation under ambient and reduced pressure, fractional crystallization, and pre-

parative chromatography with the PAKhV-08 chromatograph.

The purity of the samples was controlled chromatographically with the

TSVET-800 chromatograph equipped with a flame-ionization detector and a

katharometer.

Heat capacity in the range (5 to 320) K and enthalpies of phase transitions in

the condensed state are measured with an automated adiabatic calorimeter

TAU-1 made by VNIIFTRI (Moscow, Russia) [3–5]. It was modified at the Labora-

tory using modern measuring instruments and computers. The scheme of the calo-

rimeter and the measuring cell are given in Fig. 1. The calorimeter was equipped

with the nitrogen and helium immersion thermostats. The ordinary for adiabatic

calorimetry intermittent heat input was used. The temperature of the adiabatic

shield was kept close to that of the calorimeter. The calorimeter containers had

small volume (1 to 2) cm3. That is why the Fe-Rh resistance thermometers

TSZhRN-3 (R0 = 45.32 and R0 = 101.83 �) were placed into copper tubes located

on the inner surface of the adiabatic shield. The thermometers were produced and

calibrated by VNIIFTRI. The temperature difference between the calorimeter and

the adiabatic shield was determined with the four-junction differential thermo-

couple (Ñu + 0.1%Fe) / Chromel. The computer-controlled potentiometric scheme

was used for measurement of the input power and the information processing. The

calorimeter was verified in the ÑS measurements with benzoic acid of K-1 grade

(99.995 mol % purity). It was shown that the uncertainty of the measurements

was < 2.0 % at (5 to 10) K, (1.0 to 1.5) % from (10 to 20) K, (0.6 to 0.5) % from

(20 to 40) K and 0,4 % above 40 K. With this calorimeter the heat capacities have

been measured for more than 100 substances [6–10]. For some substances the re-

sults agree well with those obtained in the leading foreign laboratories of Japan

and USA [11, 12].
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The scanning calorimeter of the heat bridge type was used at the Laboratory

for the measurements of heat capacities and enthalpies of phase transitions in the

temperature range (250 to 650) K. The method is based on the condition of corre-

spondence of heat flows to the cells with the tested sample and the reference sub-

stance [13]. It was noted [14] that it was reasonable to use the configuration of

the calorimeter with only two cells (Fig. 2). The calorimeter cells (V � 1 cm3) were

made of copper and were placed on the constantan rods of 3 mm diameter and 15 mm

height. The rods were stayed on a heater block of high mass. The copper cells, the

rods and the copper heater block formed two differential thermocouples, electro-
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Fig. 1. Adiabatic calorimeter TAU.

1, calorimeter; 2, adiabatic screen; 3, vacuum cup;

4, textolite tube; 5, copper flange; 6, radiation

screen; 7, wires; 8, stainless steel tube;

9, contact collar; 10, resign compaction;

11, hermetic socket; 12, vacuum gate;

13, coal adsorber; 14, stainless steel tube;

15, screw-nut; 16, spring



motive forces (e.m.f.) of which were proportional to the heat flows and, therefore,

the heat capacities of the substances loaded into the cells. The described cell was

covered with a steel dome. The dome was filled with argon. Its pressure was kept

about 2 kPa in the experiment. The heat capacity of the tested sample ÑX was cal-

culated from the equation

C A T
U

U
B TX

X

S

( ) ( ),

where UX and US are e.m.f. of the differential thermocouples with sample cell and

reference cell, respectively; A(T) and B(T) are the factors determined by the cali-
bration against the reference substances. The temperatures of the cells were mea-
sured with the copper-constantan thermocouples calibrated against the platinum
resistance thermometer.

The UX and US values were measured with a digital nanovoltmeter. The heat-

ing rate was (0.8 to 0.9) K min-1 and reproducibly depended on temperature. The

heat capacity measurements for copper (99.995 mas %), aluminium, benzoic acid

(K-1 grade) showed that the error of ÑS measurements was within (1 to 2) %. The

error depends significantly on the purity of the external surface of the cells and

the emitting parts of the calorimeter, because the heat exchange due to radiation

became dominant at Ò > 450 Ê. That is why before every series of measurements

the surfaces were preliminary reduced with hydrogen at 700 K and then evacu-

ated. The reliability of the measurements was also supported by the agreement of

Cs values with those obtained with the adiabatic calorimeter [15, 16]. The good

agreement of the values of enthalpies of phase transitions from DSC and adiabatic

calorimetery should also be noted [17].
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Fig. 2. Differential scanning calorimeter of triple heat bridge type.

1 is reference cell; 2 is sample cell; 3 are Constantan rods; 4 is heater; 5 is cover;

6 stainless steel shield; 7 are thermocouples; 8 is copper heater block
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Fig. 3. The scheme of the calorimetric cell

for the differential microcalorimeter.

1, the lower lid; 2, evaporation chamber; 3, effusion cell with a sample;

4, metal rod; 5, spring; 6, directing channel;7, subsidiary rod; 8, bellows;

9, fixing screw; 10, limiting strap; 11, metal shields; 12, Teflon tube;

13, segmental shields; 14, thermoisolating coats; 15, 16, metal contacts

for thermostating, 17, glass cell; 18, metal rod with a seal band;

19, metal rod with a spire; I, evaporation chamber with crushed ampoule;

II, evaporation chamber with effusion cell closed by metal rod; III, evaporation

chamber with effusion cell obtained by piercing the membrane.



The heat flow differential microcalorimeter of the Calvet type for determina-
tion of enthalpies of evaporation was designed at LTOC based on the commercial
MID-200 calorimeter («Etalon» plant, Alma-Ata, Kazakhstan). We designed the
special calorimetric cell [18] (Fig. 3), according to the following requirements: a)
maximal thermal contact in the measuring zone; b) prevention of heat loss from
the measuring zone; c) keeping of thermophysical properties of the MID-200
thermostating shields. The evaporation occured either from the broken glass am-
poules, or from the special metal ampoules through the orifice in the thin nickel
membrane. The glassy ampoule was crashed with a metal rod. The latter was fixed
on a spring, which was moved with an auxiliary Teflon rod. After the ampoule be-
ing broken the main and the auxiliary rods did not contact directly to prevent heat
loss related with heat-conductivity of the rod. Earlier, if the metal ampoules were
used, the orifice was made before the experiment start and was covered with a sili-
con cap placed on the butt-end of the metal rod. The hole was opened when the
measurements had started. Now the membrane is pierced with a needle placed on
the rod during the experiment.

Four segmental metal shields were established into the evaporating chamber

(fig. 3). It was done to prevent the carryover of the condensed substance and to in-

crease the path of the vapor in the evaporating chamber. The latter excludes the

carryover of the supercooled gas from the chamber. The power of the heat flow W

is evaluated from the relation

W
E

K

�
,

where �E (mV) is the e.m.f., which corresponds to the temperature difference be-

tween the core of the calorimeter and the evaporating camera; Ê (mV · W–1) is the

thermal constant of the cell.

The constants for two cells ÊÀ and ÊÂ were determined from the results of

measurements of enthalpies of vaporization for the reference substances (bidis-

tilled water, decane, naphthalene, and benzoic acid):

K
H

Ed
vap sub

1

�
�

( )

,�

�

0

fin

where �vap(sub)H is the enthalpy of vaporization (sublimation) for the reference

substances:

�vapH (Í2Î, 298.15 Ê) = (44.016 ± 0.042) kJ mol–1,

�vapH (Ñ10Í22, 298.15 Ê) = (51.33 ± 0.13) kJ mol–1,

�subH (Ñ10Í8, 298.15 Ê) = (72.6 ± 0.3) kJ mol–1,

�subH (Ñ7Í6Î2, 298.15 Ê) = (90,4 ± 0.5) kJ mol–1;

� is the time of the experiment (of thermal equilibration).

The time for complete evaporation of the samples of the reference substances

differed significantly. In spite of that the thermal constants of the cells ÊÀ =

= (185.6 ± 0.4) and ÊÂ = (200.0 ± 0.6) remain about unchanged and agreed with
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the results of calibration with electric current [18]. The signal �E was registered

with the V2-38 nanovoltmeter with the uncertainty of ± (10–3 to 10–4) mV depend-
ing on the value of the signal. The intervals between the readings was (0,7 to 1.5) s.

The large drift in the ÊÀ and ÊÂ values occurred if the device was not used for long

periods. That is why the calibration procedure was repeated before every series of

experiments. The error of the enthalpies of evaporation was better than ± 0.5 %.

The calorimeters for combustion of organic substances (Figs. 4, 5) were de-
signed based on the commercial V-08-MA calorimeters («Etalon» plant, Alma-
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Fig. 4. Calorimeter V-08-M.

1, folding handle; 2, pipe; 3, cover of calorimeter; 4, shell mixer; 5, cover;

6, cover of the calorimetric vessel; 7, calorimetric vessel; 8, higher textolite plate;

9, socket of calorimetric vessel; 10, calorimetric bomb; 11, metal support;

12, pedestal; 13, legs; 14, pallet; 15, textolite plate; 16, coat; 17, shell



Ata). The thermostating bath, the ignition scheme were improved. The calorimet-

ric vessel and the device for the gas rinsing of the bomb for the analysis of the

gaseous combustion products were sealed [19]. The steel crucible was changed to

the platinum one.
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Fig. 5. Calorimetric vessel.

1, bearing; 2, axis of the mixer; 3, impeller; 4, heater; 5, bush; 6, lug;

7, bayonet clamp; 8, sockets for the platinum resistant thermometers



The temperature in the calorimetric shield was kept constant to within ± 0.01 K.

The electric energy spent to ignite the substance is measured by the discharge of the

9.0 mF capacitor bank. The platinum wire of 0.05 mm is used for the ignition. The

temperature of the calorimetric vessel is measured with the 100 W platinum resis-
tance thermometer using the bridge scheme. The unbalance is registered with the di-
gital Sch-1516 voltmeter with uncertainty of ± 0.0002 V.

The original electronic device for the automation of the measuring process was
designed. The primary information is sent to the computer, and all the necessary
calculations are made: corrections for heat exchange, Washburn corrections, en-
ergy of combustion of the substance. The oxygen used to fill the bomb is purified
in the apparatus with heated ÑuO, a pipe cooler and tubes with ascarite. The sam-
ples of the substances in the form of pellets or polyethylene ampoules were
weighed with accuracy of ± 2·10–5 g. Then the mass was reduced to vacuum. The
content of the dissolved nitrogen oxides in the bidistilled water (1 cm3) put in the
bomb was determined by titration.

The gaseous products of the calorimetric experiment were analyzed gravi-
metrically. The system of the absorbing traps filled with activated ÌnO2 and
ascarite. The thermal value of the calorimeters (Table 1) was determined in the ex-
periments with benzoic acid (K-1 grade). Its heat of combustion is

�CU
o (298.15 K)= (26460.6 ± 4.6) J·g–1

for weighing in air.

The absence of systematic errors and the reliability of the calorimeter were

verified in experiments on combustion of crystalline carbamide (Table 2).

The combustion energies for hundreds of C, H, O, N-containing substances

and materials have been determined in the described calorimeters.

Table 1
Technical characteristics of the combustion calorimeters

Calorimeter

Mass of the calo-

rimetric vessel

with the bomb, kg

Volume of the

bomb, dm3
Temperature of

the shield, K

Voltmeter

readings at

298.15 K, V

Heat value,

J·V–1

1 7.9837 0.3205 300.65 0.7940 14889.9 ± 6.4

2 8.0000 0.3210 300.41 0.7518 14936 ± 4.6

Table 2
Standard enthalpy of combustion for carbamide (CH4ON2)

Authors (year) Purity, mas %
–�ÑU

o (298.15 K), kJ · mol–1

Huffman [20] (1940) – 638.99 ± 0.18

Mannson, Sunner [21] (1963) – 632.57 ± 0.10

Jonson [22] (1975) 99.70 633.02 ± 0.17

Aleksandrov, et al [23] (1979) 99.83 632.82 ± 0.54

Minas de Piedade, et al [24] (1992) 99.90 632.57 ± 0.48

Our data [25] (1990) 99.92 633.30 ± 0.65

184 G. J. Kabo, A. V. Blokhin,
A. G. Kabo



The effusion Knudsen method for determination of vapor pressure of organic

substances. Vapor pressure Ðsat is one of the most important physical chemical
properties of the substance. It is the key value in the calculation of the ideal-gas

entropy. The Psat values are necessary for many kinds of technical calculations.
The method of vapor pressure measurements is chosen based on its value, thermal
stability of the substance, how accurate should the data be and some other factors.

The vapor pressure of most of the substances we have studied is below 200 Pa

in the range where they are thermally stable (200 to 450 K). The Knudsen method

fits for measurements in this range. It is based on the measurements of the effu-
sion rate from the cell filled with saturated vapor through the orifice of known di-
ameter. Knudsen analyzed the effusion process under such conditions and re-
ceived the following equation

P
m

KS

RT

Msat �

2
,

where m is the mass loss in the experiment; S is the orifice square; � is the exposi-

tion time; Ê is the Clausing coefficient; Ò is the temperature; Ì is the molar mass

of the substance. This relation holds if the mean free path of the molecules of the

gas is larger than the size of the effusion cell. The Clausing coefficient considers

the non-zero thickness of the orifice. In many cases it can be evaluated from the

equation

K
l

r

1

1
2

,

where r is the radius of the orifice; l is the membrane thickness.

The integral version of the Knudsen method is used in LTOC. The experiments

take more time, provides better thermostatting of the sample than in the differen-

tial method, where the cell is suspended in vacuum.

A scheme of the apparatus for Psat measurements by the integral effusion
Knudsen method is shown in Fig. 6 [26, 27]. The cylindrical effusion cell of 1 cm
diameter and 1 cm height was made of stainless steel 1Kh18N9T. The thicknes of
the walls is 1 mm. The membrane is made of 0.05 mm nickel foil and is fixed with
a gasket. The cell was sealed with a Teflon ring, as a washer. The copper washer
was put on the membrane to lower the temperature gradients. The effusion ori-
fices were made by drilling of the foil fixed between two steel plates. Then the ori-
fice was additionally treated with a steel needle and Capron thread. The orifice di-
ameter was determined with the modified horizontal compare circuit by rotation
of the membrane with step of 15o. The magnification was 3000x. The average di-
ameters were (0.2483 ± 0.0006); (0.8254 ± 0.0004) mm etc.

The studied substance of (0.3 to 0.5) g mass was charged into the cell with a

steel punch. The system (Fig. 6) was evacuated, filled with helium to 101 kPa

pressure, and thermostated within ± 0.01 Ê for 30 minutes. The temperature of

the thermostat was measured with the platimun resistance thermometer using the

opposition method.

185INVESTIGATION OF THERMODYNAMIC PROPERTIES
OF ORGANIC SUBSTANCES



In the special experiments it was demonstrated that the temperature differ-

ence between the sample and the thermostat was about 0.03 Ê. It will not intro-

duce the error in the Psat values larger than 0.5 %. The system was evacuated

with an oil diffusion pump and a roughing-down pump. The residual pressure was

less than 10–3 Ðà.

After the exposition the system was filled with helium to 101 êÐà, thermostat

was removed, and the cell was cooled down under helium pressure. After keeping

in air to constant mass the cell was weighed with uncertainty ± 2·10–5 g.

The mass loss during the thermostatting procedure was determined in the spe-

cial experiments. This correction depended on the nature of the substance,

thermostatting time, and Psat values.

The exposition time depended on the evacuating mode. When turning the oil

diffusion pump after the roughing-down pump had worked for 10 s the uncer-

tainty in the mass loss due to the non-stationary conditions was compared with

the uncertainty of weighing.

To determine how the results depend on the orifice square and to extrapolate

them to the «zero» orifice the special experiments were carried out. It was found
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Fig. 6. The scheme of the apparatus for vapor pressure measurement by Knudsen method:

1, measuring block (effusion cell with a sample, vacuum connection, cold finger);

2, diffusion oil pump; 3, vacuum measuring gauge; 4, liquid thermostat;

5, roughing-down pump; 6, helium cylinder; 7, bellows gates



that the relation Ðsat = k(d) · Ðef , where Pef is the effective vapor pressure for

the membrane of d = 0.258 or 0.832 mm diameter, can be used for evaluation of

Psat. For the membranes k(d) = 1.01 and 1.10 respectively. It did not depend on

the Pef values and the nature of the substance.
The apparatus was verified with the K-1 grade benzoic acid. The probable er-

ror in Psat was estimated to be ± 5,0 %. However, the values of enthalpies of va-

porization (sublimation) calculated from the Ðsat= f (Ò) dependence were system-
atically (3 to 5) kJ·mol–1 higher than those obtained from calorimetric measure-

ments. We found out that the calorimetric �vap(sub)H values did not depend on the
way the evaporation was initiated, from the broken ampoule, or through the
pierced orifice in the membrane. The described contradictions were resolved using
the Wahlbeck theory [28] for taking into account the anisotropy failure in the vi-
cinity of the effusion orifice.

The orifice transmission probability ÊW = f (l, d, �) is a function of the orifice

dimensions (length l and diameter d) and the mean free path of molecules �. At the

Knudsen numbers Kn = (�/ d) > 10 the ÊW values are close to those calculated ac-

cording to Clausing. However, at high temperatures �(Ð, Ò) decreases, and
Kn < 10. As a result, the ÊW values can differ significantly from the Clausing co-
efficient. The Psat values are (20 to 30 ) % underestimated. We demonstrated that

the calculation of �vap(sub)H from the Ðsat values evaluated with respect to the ani-
sotropy failure in the Knudsen cell removed the contradiction with the results of
the calorimetric measurements [29].

Thus, all the experimental apparatuses of LTOC allow us to measure thermo-

dynamic properties of substances and calculate the values of ÑÐ (T), �f H, S°(T) for
crystals, glasses, liquids, and gases.

RESULTS OF INVESTIGATION OF THERMODYNAMIC PROPERTIES
OF SUBSTANCES AT LTOC

Below the main results in the thermodynamics of organic substances obtained
at LTOC are reviewed shortly.

Equilibria of reactions. The chemical equlibria and thermodynamic properties
for some classes of organic substances were studied. They are haloalkanes [30-32],
alkenes [33], alkyl and phenyl carbamides [35], nitrogen containing hetrocycles,
substituted cycloalkanes [8, 10, 35] etc. Many qualitative rules for the organic re-
actions, for example, Zaitsev, Markovnikov, Flavitsky rules were explained and
quantitatively described based on the thermodynamic calculations for the corre-
sponding conversions.

Additivity of thermodynamic properties. The methods for calculation of ther-
modynamic properties were created. The physical chemical properties is consid-
ered as a sum of the increments of properties of effective atoms, bonds, or interac-
tions in molecules:

P n Pi i
i

,
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where Ði is the part of the property (increment) for i effective atoms, i bonds, or i

groups, and ni is their number in the molecule.
From the experimental data the values of increments were found. The incre-

ments allowed for calculation of the thermodynamic properties of the substances,
the number of which is thousands times more than the number of the substances
studied in experiments. The computational techniques based on the substitutive
procedure were proposed. «Cyclicity» is proved to be an important feature for
classification by effective atoms. It characterizes the size of cycles and the type of
contacts between them [36, 37]. This characteristic is very important as it can be
applied to describe chain and cyclic compounds in the unified manner.

It was first proved that the additive methods based on the classical theory of
molecular structure can be used for prediction of the thermodynamic properties
for both gases and crystals [34]. The numerical values of the increments for crys-
talline alkanes, alkenes, ketones, alcohols, alkyl carbamides were found. The limi-
tations for such calculations were also determined.

Thermodynamics of isomerization. One of the most important phenomena in
chemistry, isomerism, was thermodynamically described on the basis of the exper-
imental investigations performed [38]. Different types of isomeric transforma-

tions were systematically analyzed [39–41], and some thermodynamic parameters
of the isomerization reactions were generalized. The new understanding of the
term «pure substance» developing the van-der-Waals idea was given.

Plastic crystals. The thermodynamic properties of plastic crystals were inves-
tigated. In these compounds the restricted overall rotation of molecules in the lat-
tice sites occurs. The transition to this state is characterized by spontaneous
change in physical properties of the substance: density, dielectric permittivity,
optical properties etc. So, this phenomenon can be applied in engineering. We
proved that the ability to form plastic crystals cannot be predicted from simple
analogies in the molecular structures [42, 43]. It was found that the transition

«plastic crystal � rigid crystal» is accompanied by the spontaneous simplification
of the confomational composition of the substance. It was shown that the sum of
entropies of solid-to-solid transitions and fusion in the series of such compounds
is approximately constant. This rule can be used for prediction of thermal behav-
ior of crystalline substances, which are not examined completely.

Thermodynamic properties of ionic liquids. The investigation of thermody-
namic properties of the room-temperature ionic liquid (IL) [C4mim][PF6]
(1-butyl-3-methylimidazolium hexafluorophosphate) is inspired by the possible
use of ILs as ecologically friendly reagents, reaction media, catalysts [44]. We val-
idated the technique for the additional purification of the [Ñ4mim]PF6 sample

manufactured by Covalent Associates, Inc. The Cs and �trsH values in the temper-
ature range (5 to 550) K, density in the range (298 to 353) K were measured. The
thermodynamic properties for the separate ions and the ionic pair in the ideal gas
state were calculated by the statistical thermodynamic method. The vapor pres-
sure was estimated

It is demonstrated that:

1. The fractional melting technique in an adiabatic calorimeter is the efficient

way to determine the purity of ILs.

2. The ratio Tg/Tfus = 0.67, �fusS
o = 69.13 and So(gl, T � 0 K) = 14.6 J · K–1 mol–1

are usual for the low-molecular organic substances.
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3. Below 40 Ê the crystalline and glassy [Ñ4mim]PF6 have anomalously high

specific heat capacity compared with Cs for molecular and some inorganic ionic

crystals. This phenomenon can be caused by the mechanical properties of the crys-

talline and glassy [Ñ4mim]PF6 and hence, low values of 	D = 62.7 K and 49.5 K is

due to the low packing density of the ions of different size in the lattice. It is also

possible that below 40 K the electron contribution to Cs of [Ñ4mim]PF6 is compara-
tively large. This contribution is changed with temperature more slowly than the

vibrational contribution.

From the statistical calculations and calorimetric measurements �vapS
o(298.15 K) =

= 175.3 J · K–1 · mol–1 was evaluated. �vapÍ
o(298.15 K) = 161 kJ · mol–1 was found

from the molecular dynamics simulation. According to these data, the vapor pressu-

re for [Ñ4mim]PF6 was estimated to be Ðsat(298.15 K) 
 10–14 Pa.

Statistical thermodynamics. It is extremely fruitful to use the statistical

thermodynamics for calculation of thermodynamic properties of substances in the

ideal-gas state. Such calculations require some molecular data: structural parame-
ters, frequencies of normal modes, potential barriers to internal rotation and mo-

lecular inversion etc. From these data one can get the values of thermodynamic

properties for organic substances under conditions not available for experimental

measurements. Some computational procedures were improved: the limits for ap-

plicability of the classical approximation in calculation of contribution of molecu-

lar inversion and internal rotation were substantiated [45], the approach to calcu-

late thermodynamic properties for the mixtures of tautomers was proposed [46].

These computational methods were used for the detailed investigation of

conformational and equilibrium changes of substances, which can exist in the

form of mixtures of many compounds with different molecular structure: barbitu-

ric, parabanic, cyanuric acids, biurete, tetrazole, semicarbazide etc. Using the

molecular and spectral data the statistical calculations of thermodynamic proper-

ties were carried out for tens substances.

The fundamental monograph [47] was published together with Prof.

G.N. Roganov, and the TRC officers K. Marsh, M.L. Frenkel, and R. Wilhoit. It

reviews the results of calculations of thermodynamic properties of substances by

the statistical thermodynamic method for the last 30 years, and includes the data

for 1168 compounds. The book was highly estimated by the known specialists in

chemical thermodynamics: E. Westrum [48], E. Domalsky [49], A. Greenberg [50]

etc. They noted its value for solution of fundamental problems in physical chemis-

try and chemical technology.

LTOC ACTIVITY FOR THE TECHNOLOGY OF ORGANIC SYNTHESIS
OF THE REPUBLIC OF BELARUS

At LTOC the comprehensive thermodynamic investigations were carried out

and the results of the measurements were analyzed for the reagents, main prod-

ucts, and some by-products of production of caprolactam (Grodno), carbamide

(Grodno), dimethyl terephthalate (Mogilev), nitryl acrylic acid (Novopolotsk). The

database on chemical exergies for the substances of organic synthesis in the

Repulic of Belarus was created. In the database the values of chemical exergy
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E = H – T0S, (Ò0 is the temperature of environment) are considered as the objec-
tive measure of thermodynamic value of the substance with respect to the envi-
ronment [51]. The results obtained allowed us to substantiate the reasonable

schemes of power consumption in the caprolactam and carbamide production, con-
ditions for separate saponification of esters and hydrolysis of dianones in the

caprolactam production, dessication of cyclohexanone oxime, countercurrent

scheme of the heat exchanger for the reactor of cyclohexanone dehydration [52,

53] etc. Some of these recommendations were realized at the Grodno «Azot»

plant.

At LTOC the technical regulation for production of the XT polymer from the

wastes of cyclohexane oxidation during the caprolactam production was worked

out. These resources at the Grodno «Azot» plant make it possible to produce up to

5 thousand tons of the XT polymer per year. The compoundings using the polymer

were proposed. The pilot batches of lacquers, enamels, wood-protectors etc.

At LTOC the dataware for the thermodynamic substantiantion of energy and

resourse saving technologies of organic synthesis in the Republic of Belarus is be-
ing developed. Technical and economical substantiation was made and the labora-

tory regulation for production of Diesel biofuel from rapeseed oil. This technology

is going to be applied for production of biofuel at the modular plant with output

of 2000 tons per year.

The main principles of thermodynamic analysis of multicomponent and

multiphase systems have been developed to improve the efficiency of the plants

for purification of industrial gases, design of the controlled gas media and the gas

generators [54].

The authors are grateful to Y. U. Paulechka and Dz. Zaitsau for the help in

preparation of this article.
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TETRAZOLES: SYNTHESIS, STRUCTURES,
PHYSICO-CHEMICAL PROPERTIES AND APPLICATION

INTRODUCTION

The paper represents a brief review of works published by the authors over a pe-
riod of 1980-2003 years in the field of synthesis and investigations of proper-

ties of tetrazole derivatives. The main attention is given to problems of

regioselective functionalization of the tetrazole ring and the development of sim-

ple and convenient methods for the synthesis of N- and C-substituted tetrazoles,

to peculiarities of structure of crystalline tetrazoles including quaternary salts

and complexes with transition metal salts as well as to the data on electronic, spa-

tial structure and energetic characteristics of tetrazoles obtained using both

quantum-chemical methods and IR-, 1H , 13C and 15N NMR spectroscopy. The fea-

tures of thermal decomposition and combustion of various tetrazoles and

polyvinyltetrazoles determining the prospects of their use as effective compo-

nents of different kind combustible and thermally decomposing systems, includ-

ing those capable of liquid-flame combustion, which has been revealed for the

first time, are considered.

1. SYNTHESIS OF TETRAZOLES

The development of novel procedures for the synthesis of tetrazoles as well as

for the improvement of known methods of their preparation have been carried out

in our laboratory mainly within the framework of two following approaches: the

heterocyclization of readily available nitrogen-containing substrates and the

functionalization of heterocycles and substituents of the simplest tetrazoles.

1.1. Synthesis of 1-mono- and 1,5-disubstituted tetrazoles based
on reactions of heterocyclization

The interaction of a wide variety of primary amines of different natures with

ethylorthoformate and sodium azide resulting in formation of 1-monosubstituted

tetrazoles has been studied [1–9]:

CHEMICAL PROBLEMS OF THE DEVELOPMENT OF NEW MATERIALS AND TECHNOLOGIES
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(1)

R = Me; Et; Bu; t-Bu; Allyl; CH2CF3; (CH2)2X, where Õ = Ph, OH, COOH, NMe2,

N3; CH2COOH; C(CH2Cl)3; CH(COOH)CH2Ph; cyclo-Pr; cyclo-C6H11; CH2Ph; Ph;

p-XC6H4, where Õ = Me, MeO, MeCO, p-NO2C6H4, Cl, Br, OH, COOH, NO2;

m-XC6H4, where Õ = MeO, MeCO, CH=CH(COOH), Cl, Br, OH, NO2; o-XC6H4,

where Õ = OH, COOH, NO2; 2-OH-5-NO2C6H3; 2-OH-4-NO2C6H3; 2-Me-4-JC6H3;

3-Cl-4-FC6H3; 2,4,6-Me3C6H2; 2-OH-3,5-(NO2)2C6H2; p-C6H4SO2NHX,

naphthyl; NH2 (from Ph-CH=N-NH2); 2-thiazolyl; 1-adamanthyl (Ad); AdCHMe.

The brief patent data on synthesis of several tetrazole derivatives which have

been known by the onset of our investigations (USA Patent 3767667, 1980) did

not allow to form a notion about peculiarities and preparative potentialities of

this reaction. The detailed study of influence of ratio of reagents, procedure of

their introducing into the reaction mixture as well as of reaction time and the con-

ditions on the yield of desired product along with the simultaneous precise control

over the amount of eliminated hydrogen azide allowed us to determine the opti-

mum and safe conditions of reaction [6, 7]. Based on the data of identification of

intermediate products (amidines, iminoethers), two the most probable mecha-

nisms of reaction depending on the nature of amine have been proposed:

(2)
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Bifunctional amines react easily involving both amino groups resulting in for-

mation of the corresponding bistetrazolyl derivatives [5–7, 10]:

o-Ditetrazolylbenzene as well as tetrazole-containing o-, p- and m-aminobenzenes

can be obtained starting with the corresponding nitrotetrazoles according to

scheme 3:

(3)

This method which includes the previous nitration of aryltetrazoles is also ap-

propriate for the synthesis of polynuclear tetrazoles [11], for example:

(4)

T = 1-tetrazolyl

The data obtained in studies of reactions 1-4 allowed us to elaborate the simple

and convenient procedures for the synthesis of a wide variety of 1-substituted tetra-

zoles, which are generally characterized by high yield ( 80%). It seems likely that

the considered reaction provides a basis for the multy-purpose method, which is also

convenient for the synthesis of unsubstituted tetrazole starting with ammonium

chloride [12, 13]. However, it has some restrictions conditioned by the nature and

the basicity of used amines. We have studied in this reaction more than 70 aliphatic,

aromatic and heterocyclic amines including those containing various functional gro-

ups (halogens, N3, NO2, OH, COOH, SO2NH and others). The corresponding tetrazo-

les have not been obtained in the cases of phenylhydrazine, melamine, guanidine,

thiosemicarbazide, o-phenylenediamine, some arylamines with low basicity (2,4-di-

nitroaniline, 3-nitro-4-fluoroaniline, 2,6-dibromo-4-nitroaniline) and polynitrogen

azoles (1-methyl-5-aminotetrazole, 5-aminotetrazole, 4-amino-1,2,4-triazole). The

data on heterocyclization of the two last aminoazoles are probably incorrect [5] and

not confirmed in the subsequent studies [9]. It is apparent that when using amines

which are unexplored in the considered reaction, especially functionally substituted

ones, the possibility of proceeding of competitive reactions which is characteristic of

orthoethers has to be taken into account.
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The fact of the formation of intermediate disubstituted amidines under the hete-
rocyclization (scheme 2) allowed us to propose these compounds as the initial subs-
tances for the synthesis of 1-mono- and 1,5-disubstituted tetrazoles and to develop a

new method of their synthesis which is of interest in the cases, when amidines are

more readily available, than the corresponding amines and orthoethers [14]:

(5)

The study of reactions of thiosemicarbazide heterocyclization in the presence

of PbO resulted in the developing of two procedures for the synthesis of

1,5-diaminotetrazole [7, 15, 16]:

(6)

The used trimethylsilylazide can be easily obtained by interaction of sodium

azide with trimethylsilylchloride [17].

Finally, heterocyclization of arylcyanamides produced from 1-aryltetrazoles was

found to be a convenient method for the synthesis of 1-aryl-5-aminotetrazoles [9, 18]:

(7)
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1.2. Alkylation of tetrazoles

1.2.1. 2-Mono- and 2,5-disubstituted tetrazoles starting

with N-unsubstituted tetrazoles and alcohols (olefines) in acidic media

The reactions of tetrazoles alkylation in strong acidic media have been studied

for the first time. It has been shown that the interaction of tetrazoles with alco-
hols and olefines having the structures which are favourable for the stabilization

of the formed carbocations including tert-butyl-, iso-propyl- and cyclohexyl alco-
hols, propylene, iso-butylene and cyclohexene proceeds readily without heating in

sulphuric acid media. In all cases, independently on the nature and the size of the

substituents at position «5» of the tetrazole cycle, the formation of solely 2-sub-
stituted tetrazoles with high yields (up to 100%) is observed [7, 19-21]:

(8)

R=i-Pr, R1=H, (CH2)2NMe2, Ph, p-MeC6H4, p-ClC6H4, m-BrC6H4, m-NO2C6H4,

p-NO2C6H4; R= t-Bu , R1=H, Me, t-Bu, (CH2)2NMe2, CF3, Ph, NH2; R=cyclo-C6H11,

R1=H, Ph

The study of kinetics and mechanism of the alkylation process by the example

of isopropyl alcohol and substituted 5-phenyltetrazoles with invoking of quan-

tum-chemical calculations has demonstrated that the fully protonated symmetri-

cal 1-H,4-H,5-R1-tetrazolium cation act as a substrate of protonation, only one of

the two equal atoms at the positions «2» and «3» of the ring characterized by the

negative p-charges being accessible for the attack of electrophile [22, 23]:

(9)

The main factor determining the possibility of reaction proceeding and its rate is

the valid concentration of the carbocation, which depends on its stability, all other

factors being equal. Therefore, the alkylation of tetrazoles with tert-butyl alcohol

proceeds with higher rate than with isopropyl and cyclohexyl alcohols in media of

the same acidity. When using alcohols which are unexplored in the considered reac-

tion, it is necessary to take into account the conditions of generation of the corres-

ponding carbocations. For example, in the case of halogen-containing alcohols, high

yields of resulting products were obtained only under their long-term interaction

with tetrazoles [24] (scheme 10). Diacetone alcohol which form easily the correspon-

ding carbocation, reacts with tetrazoles as rapidly as tert-butyl alcohol [25]:
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(10)

It is notable that the yield of 2-tert-butyl-5-R-tetrazoles in the 1-H-5-R-tetrazo-
le-t-BuOH-H2SO4 reaction system decreases with time because of splitting out of he-

terocycle – substituents bond followed by transformation into the corresponding

1-isomer. The experiments performed using individual isomers have confirmed this

phenomenon and have shown that the reversible process is also possible, when 1-iso-
mer converts into 2-isomer [26]. Because of the larger stability in acidic media,

1-isomer predominates in the equilibrium mixture. The introduction of substituents

into position «5» of the ring hinders (R1=Me) or exclude (R1=Ph) the possibility of

isomerization of 2-tert-butyltetrazoles. Isomerization transformations may be res-

ponsible for the deterioration of selectivity of the process and the formation of

1-tert-butyltetrazoles along with the corresponding 2-isomers under the alkylation

of tetrazole and 5-methyltetrazole by iso-butylalcohol in acidic medium [27].

In the case of synthesis of bi- and polynuclear tetrazoles, when the usual meth-

ods lead to formation of multycomponent mixtures of various isomers, separation

of which is not always possible or is labour consuming and is accompanied by a

significance losses of resulting products, the developed methods of regioselective

alkylation of the tetrazole cycle are of special importance. The selectivity of the

considered reactions is shown to retain when N-unsubstituted ditetrazole – alco-

hol and mononuclear tetrazole – tert-diol systems used [25, 28–30]:

(11)

(12)
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Thus, the alkylation of 5R-tetrazoles with alcohols and olefines in acidic

media under definite conditions is a simple, convenient and exceptionally regio-
selective method for the synthesis of 2-mono- and 2,5-disubstituted tetrazoles

with secondary and tertiary substituents. It should be noted, that alkylation

process occurs also, when the catalytic quantities of sulphuric acid is used in

the media of organic solvents under aseothropic removal of water [31]. In so do-
ing, in the case of 5-methyltetrazole a mixture of 1- and 2-isomers is formed,

whereas for 5-phenyl- and 5-trifluoromethyltetrazoles, the formation of solely

2-isomers is observed. Triphenylcarbinol reacts in similar cases according to

the scheme [32]:

(13)

1.2.2. 1-Substituted tetrazoles starting with 2-tert-butyltetrazoles

A convenient selective method for the preparation of 1-alkyltetrazoles start-

ing with 2-tert-butyltetrazoles which came readily available (see sect. 1.2.1) has

been elaborated [33]:

(14)

R1 = H, R = Me, Et, Bu; R = Me, R1 = Me, Ph, CF3, CH2=CH

2-Tert-butyltetrazoles are subjected to exhaustive alkylation which proceeds

exclusively on the position «4» of the cycle. Then the tert-butyl group can be re-

moved from the ring in a relatively mild conditions. Even in the case of elec-

tron-accepting (CF3), phenyl and vinyl substituents at the position «5» of the

ring, the reaction provides the selectivity and high yields of resulting products

(78–96 %). The applicability of the considered approach has been also demon-

strated for bistetrazoles [28–30]:
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(15)

1.2.3. 1- and 2-Alkyltetrazoles starting with tetrazole

and 1- halogenoalkanes in the presence of bases

The described above procedures are not suitable for synthesis of 2-alkyl-
tetrazoles with substituents of normal structure. Inspite of voluminous literature

on alkylation of tetrazoles, there were no methods providing a synthesis of a wide

variety of N-alkyltetrazoles including those with higher n-alkyl substituents. The

influence of the nature of solvents (alcohols, ketones, dimethyl formamide) and

condensed agents (MOH, M2CO3; M=Na, K) as well as of reaction conditions on the

yield of products has been studied by the example of tetrazole and allylbromide.

The reaction was found to proceed easily giving a quantitative yield of a mixture

of N-allyltetrazoles [3, 34]:

(16)

R = Alkyl C1-C6,Ñ8 X = Br, I; R = Allyl, X = Br

In the case of other n-alkyliodides and n-alkylbromides, the reaction also pro-

ceeds readily, however the ratio of formed isomers is substantially changed (from

�2:1 for CH3I to �1:2 in the case of C8H17I) [7]. Simultaneously, the yield of prod-

ucts is lowered.

1.2.4. Synthesis of 1,3(1,4)-disubstituted

and 1,3,5(1,4,5)-trisubstituted tetrazolium salts

One can supposed that the regioselective character of monoalkylation of

5-R1-tetrazoles in acidic media (sect. 1.2.1) can be extended into the reactions of

quaternization of N-substituted tetrazoles. This approach could provide the devel-

opment of effective methods for the synthesis of tetrazolium salts and for prepa-

ration of a wide variety of novel substances at the sacrifice of using of new
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alkylating agents leading to the formation of salts with ramified substituents at

the «pyridine-like» nitrogen atom of the cycle. For this purpose, a behavior of a

number of alcohols has been studied in reactions with tetrazoles in different min-
eral acids including sulphuric, perchloric and tetrafluorobic ones. The conditions

for the selective synthesis of the following 1,3- and 1,4-di- as well as 1,3,5-tri-
substituted tetrazolium salts have been determined:

The results of these investigations are presented in papers [8, 28, 35-40], gen-
eralized in thesis [41] and in review [42]. It is remarkable that synthesis of these

salts can be carried out using not only N-substituted tetrazoles, but also tetrazole

and its 5-substituted derivatives resulting in a considerable extension of prepara-

tive potentialities of the considered method and allowing the use of more readily

available tetrazoles. This approach has been extended to include reactions in neu-

tral media. 5-R-Tetrazoles were found to react readily under heating with

dimethyl sulphate resulting in the formation of a mixture of 1,3,5- and 1,4,5-tri-

substituted tetrazolium salts, the ratio of which determined by the steric factors

changed significantly from 4:1 to 1:9 when going from R=CH3 to R=t-Bu. The in-

dividual isomers can be isolated easily in the form of salts with perchloric and pic-

ric anions [43].

1.2.5. Synthesis of polyvinyl- and vinyltetrazoles by alkylation reactions

Polymers based on vinyltetrazoles characterized by unique combination of

physico-chemical and operating properties are considered as prospective materials

for many purposes. However, until recently, the initial monomers for synthesis of

polyvinyltetrazoles have not been easily accessible. Taking this into account, we

have studied in detail some polymeranalogous transformations leading to forma-

tion of polyvinyltetrazoles, namely, polyacrylonitrile (PAN) tetrazolation and

alkylation of the formed poly-5-vinyltetrazole (PVT) [44, 45]:

(17)
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A simple and convenient method of PVT synthesis using inexpensive and

available PAN was developed. The method allows to obtain polymeric products

with a wide range of PVT fragments content including PVT with structure and

properties which are practically identical to that of 5-vinyltetrazole homo-
polymer. The use of the method permits to obtain PVT with a required molecular

weight distribution by means of selection of the initial PAN with appropriate mo-
lecular weight characteristics [44].

Alkylation of PVT in the presence of bases proceeds at two N-positions of the

tetrazole ring and results in formation of copolymers of 1-alkyl-5-vinyl- and

2-alkyl-5-vinyltetrazoles [45]. The specific character of solutions of polymeric

substrates caused by their high aggregating state leads to an increasing of a con-
tent of 1-isomer in the product with growing of a proton component of H2O-DMF

solvent. In general, the variation of the reaction conditions as well as the nature

of the alkylating agent and counter-ion allows to obtain copolymers with a suffi-
ciently wide range of the isomeric compositions variations and, correspondingly,

with different physical and chemical properties. On the contrary, upon alkylation

of PVT by tert-butyl alcohol, the reaction proceeds solely at position «2» of the

heterocycle and leads to the formation of poly-2-tert-butyl-5-vinyltetrazole which

is characterized by sufficiently high thermal stability and solubility in different

organic solvents [46].

The developed method of selective alkylation (sect. 1.2.1) provides the possi-

bility of synthesis of a variety of previously not available tetrazole-containing

monomers containing not only primary, but also secondary and tertiary alkyl

groups at the tetrazole cycle [47] as well as of �-substituted 2-vinyltetrazoles [24]:

(18)

(19)

The use of this method allow one to avoid the formation of a considerable

amounts of by-product isomers which is characteristic of other methods of synthe-

sis of N-vinyltetrazoles and, consequently, to increase essentially the yield of the

resulting substances.

A direct N-vinylation of 5-R-tetrazoles based on the reaction of catalytic ex-

change with vinyl acetate is also of preparative interest [7, 48, 49]:
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(20)

The direction of the reaction proceeding and the yield of products depend sub-
stantially on various factors including the natures of substituents R1 and catalyst

as well as on its amount and the procedure of its introduction into the reaction

mixture. In the case of R1=H, Me, the reaction occurs with formation of mainly

1-isomers, and yield of products amounts up to 90%. When R1=Ph, on the con-
trary, 2-isomer predominates among products of the reaction.

It should be noted, that a wide variety of novel tetrazole-containing monomers

can be prepared by exhaustive alkylation of C- and N-vinyltetrazoles in neutral

and acidic media [42, 50]. In this case, the account must be taken of the necessity

of use of the polymerization inhibitors [50].

1.3. Synthesis of 1,5-disubstituted tetrazoles
by substitution at the cycle carbon atom

Bacause of the ease of synthesis of 1R-tetrazoles (sect. 1.1), they attract an at-

tention as initial substances for the synthesis of different functionally substi-

tuted tetrazoles by reactions at the carbon atom of the tetrazole cycle. Earlier,

such reactions have been poorly known because the electrophilic substitution of

hydrogen atom at the carbon atom was considered to be hinder as a consequence of

deactivation of this position by annular nitrogen atoms. At the same time, the

data on rates of H/D exchange [51] as well as evaluation of C-H-acidity using

spectroscopic and quantum-chemical methods [7] gave grounds to expect that

such reactions are practicable for 1-substituted tetrazoles.

1-R-tetrazoles are found to enter readily into aminomethylation reaction as

C-H-acidic component [52–54]:

R1 = Me, R=Me, Et, Allyl, CH2ÑF3, (CH2)2OH, (CH2)2N3, Vinyl, Ph, p-MeOC6Í4,

p-BrC6H4, p-NO2C6H4, m-ClC6H4; R = R1 = Et; R = Me, R2
1 = (-CH2-)5; R1 =Me,

R=H

The yield of aminomethylation products (60–95%) depends substantially on

the nature of R and the reaction conditions (acidity of reaction medium,

aseothropic removal of water, etc.). Three variations of this method have been

elaborated. The interaction of binuclear tetrazoles proceeds with involving of both

tetrazole cycles resulting in formation of bis-Mannich-bases [10, 54]:
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R = (CH2)2, p-C6Í4, m-C6H4

Judging from some experimental data, the aminomethylation process pro-
ceeds by an ilide mechanism, the proton splitting out from the tetrazolium cation

being the rate-determining factor:

(22)

Similar to other C-H-acids with pKa=23�25, 1-R-tetrazoles are mercurated at

the carbon atom of the cycle easily by mercury(II) salts in the presence of bases

leading to formation of symmetric C-mercurated tetrazoles with 80–95% yield.

Several variations of this method have been developed. One of them corresponds

to the following scheme [55–57]:

(23)

The reaction proceeds without heating, its rate being determining by the base

force. The formation of symmetrical mercurated tetrazoles can be explained by both

high reactivity of carbaniones and initial coordination of Hg(II) with two molecules

of 1-substituted tetrazoles. In neutral and acidic media, mercuration leads to forma-

tion of R2Hg and RHgX compounds depending on the ratio of reagents.

The third reaction proceeding at the carbon atom of the tetrazole cycle which

has been revealed in our investigations, is the direct oxidizing iodation of

1-R-tetrazoles [58] (scheme 24). The reaction occurs only in the case of 1-n-alkyl-

tetrazoles including 1,2-bis-(1-tetrazolyl)ethane leading to the corresponding

diiodo-containing derivative and, probably, proceeds by the ilide mechanism. One

of the methods for introducing of halogens into the organic molecules is

mercuration followed by the mercury replacement for halogen. We proposed this

way to prepare 5-iodo-(bromo-)tetrazoles [57] including those which can not be ob-

tained by the direct iodation:
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(24)

It should be noted that aminomethylation and mercuration reactions do not

proceed in the case of 2-monosubstituted tetrazoles which represent more weak

bases [59] and C-H acids [51] compared to the corresponding 1-isomers.

1.4. Other reactions of tetrazoles with retention of the tetrazole ring

In this section, the data on some transformations of available N-substituted

tetrazoles demonstrating their potentialities for the synthesis of other tetrazole

derivatives are presented [7, 16], for example:

(25)

1-(2-Hydroxyethyl)tetrazole is oxidized readily by KMnO4 forming a tetrazolyla-

cetic acid, however, this reaction is accompanied by the competitive processes [7]. It

has been shown, that the electrochemical oxidation using Ni/NiO/OH-electrode

which acts as a redox-catalyzer, is a promising way for synthesis of tetrazolylacetic

acid. In an optimal condititions, the oxidation process proceeds selectively with the

rate of 1,5–1,7 % in hour, the yield of the resulting product by the current being

amount up to 98 %. The obtained tetrazolylacetic acid is characterized by the high

degree of purity and appropriate for preparation of antibiotics of broad range of ap-

plication of «Cephazolin» type.

To obtain the data necessary for the single-minded synthesis of polymeric pro-

ducts with the determined composition and structure, the reactivity of a variety of

C- and N-vinyltetrazoles in radical (co)polymerization has been studied [47, 60–66].
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It has been confirmed experimentally that the obtained by quantum-chemical and

spectroscopic investigations quantitative data on electronic and spatial structures of

vinyltetrazoles allow one to predict correctly their reactivity in polymerization pro-
cesses. The radical polymerization of 1-vinyltetrazole, 1-methyl-5-vinyltetrazole,

2-R-5-vinyltetrazoles (R=Me, Et, i-Pr, t-Bu) and 2-isopropenyl-5-methyltetrazole

with standard monomers including styrene, methyl methacrylate and acrylonitrile

as well as copolymerization of 1- and 5-vinyltetrazoles, 1- and 2-methyl-5-vinyltetra-
zoles have been studied. The fundamental characteristics of their reactivity, namely,

copolymerization reactivity ratios and Alfrey-Price Q, e values have been determi-
ned. An analysis of the obtained data shown that the type of alkyl substituents in the

position «2» of the ring does not essentially influence the electronic structure of the

vinyl group of 2-alkyl-5-vinyltetrazoles and, consequently, their reactivity id radical

copolymerization with vinyl monomers. Moreover, it seems that the size of the alkyl

group is not important in copolymerization of 2-alkyl-5-vinyltetrazoles, too. These

data permit to evaluate the composition of copolymers based on novel 2-alkyl-5-vi-
nyltetrazoles using the copolymerization reactivity ratios for the investigated mono-
mers of this series. The peculiarities of polymerization of 1-vinyl-5R-tetrazoles

(R = CH, CH3) determined by their ability to association and specific solvation have

been revealed. The polymerization of vinyltetrazoles in water and aqueous solutions

of NaSCN is found to proceed more quickly than in organic solvents leading to for-

mation of high-molecular products with high yield [67].

The reactions of complex formation of a wide variety of N-substituted

tetrazoles with salts of transition metals have been studied [10, 11, 29, 30, 49,

68–90].

(26)

M = Cu, Ni, Co; X = Cl, CNS, NO3, BF4, ClO4

The procedures for the synthesis of more than 80 complexes of tetrazoles with

transition metal salts have been elaborated, the composition and the structure of

which depend on the nature and the position of the substituents in the cycle.

The isomeric 1- and 2-substituted tetrazoles is shown to vary in their ability to

complexes formation. This provides the basis for developing an original method

for the separation of mixtures of isomeric N-substituted tetrazoles [91, 92]:

(27)

T = N-Substituted tetrazole

This approach based on precipitation of tetrazoles in the form of complexes

followed by their hydrolysis and elimination of the ligand, is especially effective

in the case of hardly volatile, easily polymerized and sensitive to heating 1- and

1,5-substituted tetrazoles [7, 49, 93]. It should be noted that vinyltetrazoles in
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the form of complexes loss the ability to polymerization. Therefore, their

complexation can be used as a method for the storage of monomers.

5-R-Tetrazolate anions (RTA) are known to react readily with transition met-
als salts (Ni2+, Co2+, Fe2+) with formation of salt-similar complexes of M(RTA)2
composition. We have found that the formed complexes then gradually dissolved

in water under the action of an excess of RTA. The dissolution is accompanied by

a sharp increasing of the solution viscosity and formation of water-soluble poly-
mers in which metal ion is six-coordinated and RTA serves as a bridging ligand,

the coordination being occur via nitrogen atoms at «2» and «3» positions of the

tetrazole cycle [13]:

(28)

The time of dissolution depends on the nature of ligands and the temperature

and increases in the following order:

Me<Et<Bu<H<Ph<vinyl<p-MeC6H4<NH2

The formation of polymeric products are not observed in the case of anions of

strong acids (R=NO2, CF3). It is interesting that for RTA=vinyltetrazolate, the

frontal polymerization may proceed in the formed viscous solutions or gels under

the action of initiators. Taking into account that such polymeric complexes are

characterized by a rigid «rod-like» type structure, one can assume that the poly-

merization of vinyl groups should result in formation of polymeric products with

a rigorously ordered structure.

It should be noted that the formation of similar complexes is also characteris-

tic of 1,2,4-triazolate anions whereas anions of pyrazoles and imidazoles do not

interact with salt-similar complexes formed at the first stage. In general, it is felt

that water-soluble polymeric complexes can be obtained in the cases only when

pKa and pKBH
+ values of azoles lie inside the range of 3,5�12 and –4-+5 corre-

spondingly.

2. PHYSICO-CHEMICAL PROPERTIES AND STRUCTURES OF TETRAZOLES

By the time of statement of our investigations, the available literature data on

the physico-chemical properties of tetrazoles were of fragmentary character since

they were obtained mainly for the individual representatives of various tetrazoles

using non-comparative conditions and procedures. Besides, the systematical in-

vestigations were hindered by the restricted accessibility of tetrazoles as well as

by a specificity of their properties including high energetics, sensitivity and poor

solubility in common solvents, requiring the overcoming of a considerable experi-

mental difficulties.
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In the present section, the obtained in our laboratory data of the experimental

(IR, 1H, 13C, 15N NMR, X-ray, methods of thermal analysis and investigation of

burning processes) and the theoretical (quantum-chemical calculations using mod-

ern semiempirical and ab initio methods with different basis sets and DFT model)

investigations of electron and geometrical structure, dipole moments, energetic

characteristics, molecular and crystal structure of a wide variety of tetrazoles,

the data on evaluation of some characteristics of tetrazolyl groups including their

Hammett and Taft constants and the data of systematical study of the regularities

of thermal decomposition and combustion of tetrazoles are presented.

2.1. Quantum-chemical calculations

The main part of the published previously papers concerning the theoretical stu-
dy of tetrazoles deal with either the parent compounds of tetrazoles, namely, 1-H-

and 2-H-tetrazoles or wide series of azoles or azines in which tetrazole compounds

are considered only as particular objects. In this connection, it seemed expedient to

carry out a systematic quantum-chemical investigation of a wide range of tetrazole

derivatives with substituents of different natures by a set of semiempirical and ab

initio methods and to reveal the applicability of the used methods for the correct pre-

diction of various characteristics and properties of tetrazoles.
Using the set of various methods, we have carried out quantum-chemical cal-

culations of enthalpies of formation, energies of protonation and deprotonation,
charge distributions, dipole moments, spatial structures and a number of other
characteristics of more than 50 tetrazoles including 1-, 2-, 5-, 1,5- and 2,5- substi-
tuted derivatives with alkyl-, alkenyl-, amino-, phenyl-, substituted phenyl-, halo-
gen-, trifluoromethyl- and nitro-groups in the cycle [7, 94]. A semiempirical cal-
culations by the CNDO/2, MINDO/3, MNDO, AM1 and PM3 approaches have
shown that the two last methods are the most suitable for evaluating the energetic
characteristics of tetrazoles. We have established a reliable correlations between

the computed and the available experimental data on �H0
f(gas) of tetrazole deriva-

tives including those obtained in Laboratory of Thermodynamics of Organic Sub-
stances [95, 96]. The fairly high correlation coefficients (r=0,994 for MNDO cal-
culations and r= 0,983 for PM3 method) and the fact, that the tetrazole deriva-
tives with substituents of different natures obey these dependencies, allow us to
assume that they can be used for estimating the heats of formation of tetrazoles
using quantum-chemical calculations.

Based on the MNDO, AM1 and a wide set of ab initio methods, we have studied

a relative stability of isomeric 1- and 2-substituted tetrazoles in gaseous state and

in solutions in comparison with the appropriate experimental data [97]. The ob-

tained results have shown that non-empirical calculations only provide the correct

evaluation of the relative stability of N-substituted tetrazoles, the MP2/6-31G*,

MP2/6-31G*//HF/6-31G* and MP2/6-31G** theory levels predicting some larger

stability of the corresponding 2-isomers (by 19,5–22,5 kJ/mol) in the gas phase

and in non-polar media, being the most suitable for this purpose. The neglect of

the electron correlation leads to significant deterioration of the correspondence

between the calculated and the experimental data. The solvent nature influences

essentially on the equilibrium content of N-substituted tetrazoles. The calculated
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by the Polarizable Continuum Model izomerization energies of 1,5-dimethyl-

tetrazole into the 2,5-isomer vary within the range from –19,5 kJ/mol–1 in the

abcense of solvent to –1,6 kJ/mol–1 in water showing a considerable stabilization

of 1-isomer in the polar media [97].
The values of protonation energies of different electron-donor centers of mole-

cules of tetrazole derivatives can be used as a criterion in solving question about
protonation site and are of great importance for elucidating the mechanism of
some reactions involving tetrazole cycle, in particular, reactions of 5-R-tetrazoles
alkylation in acidic media (sect. 1.2.1) as well as exhaustive alkylation and com-
plex formation. We have carried out calculations of proton affinity (PA) of each
nitrogen atom of the tetrazole cycle of a wide range of tetrazoles [7, 94]. The ob-
tained data indicate that irrespective of the calculation methods including the
MNDO, AM1, PM3, 6-31G and 6-31G*, the N(4) atom is characterized by the
greatest values of PA. Our recent X-ray study of crystal and molecular structure
of 1,5-diamino-1H-1,2,3,4-tetrazolium picrate (DATP) show [98] that even in the
case of tetrazole derivative with the two amino groups, protonation under forma-

tion of salt proceeds on N(4) nitrogen atom. The results of ab initio calculations of
electronic structure and relative stability of various tautomeric forms of
protonated 1,5-diaminotetrazole using MP2/6-31G* and B3LYP/6-31G* levels of
theory are in a good agreement with the X-ray data and show that there are sub-
stantial differences in s-electron overlap populations for the C-N bonds in the cat-
ion in DATP, while p-electrons are delocalized [98]. At the same time, the per-
formed calculations show that 1-substituted tetrazoles are characterized by a rela-
tively small difference between the values of protonation energies for the N(4)

and the N(3) atoms. For the MNDO calculations, �PA is 8,3 and 9,5 kcal/mol, re-
spectively, for 1-methyltetrazole and 1,5-dimethyltetrazole, whereas for 2- and

2,5-isomers this difference is more significant (�PA amounts to 22,8 and
20,9 kcal/mol, respectively, for 2-methyltetrazole and 2,5-dimethyltetrazole)
[94]. These data are in a good agreement with results of investigation of tetrazole
derivatives quaternization processes and can explain the formation of a mixture
of 1,3,5- and 1,4,5-tetrazolium salts with predomination of 1,4,5-isomer upon ex-
haustive alkylation of 1- and 1,5-substituted tetrazoles and the high selectivity of
the quaternization processes of 2- and 2,5-substituted tetrazoles when alkylation
occurs exclusively at the N(4) atom of the ring [42, 50]. It should be noted, that

our last data on calculations of PA of tetrazoles by the ab initio methods show that
the expansion of the basis set along with electron correlation leads ta a decreasing

of �PA, whereas the use of B3LYP/6-31G* level of theory provide practically the
same PA values for the N(4) and the N(3) atoms of the cycle of 1- and 1,5-substi-
tuted tetrazoles.

All the considered semiempirical methods except for the PM3 one, show the

non-uniform distribution of electron density in the cycle of tetrazole derivatives,

the maximum values being characteristic of the «pyrrol-like» nitrogen atoms [7].

It should be mentioned that a considerable difference in density distribution in

the cycle of 1- and 2- substituted tetrazoles is observed. All the studied 1-mono-

and 1,5-disubstituted tetrazoles are characterized by the essential localization of

charges on the N(1) and the N(4) atoms of the ring, whereas the electron density

in the cycle of 2- (2,5-)-substituted tetrazoles is more delocalized and distributed

between the N(1), N(2) and N(4) atoms. This agrees with the experimental data

209TETRAZOLES: SYNTHESIS, STRUCTURES,
PHYSICO-CHEMICAL PROPERTIES AND APPLICATION



and testify to a larger polarity of 1-substituted tetrazoles and more uniform dis-
tribution of bond lengths in the cycle of 2-substituted tetrazoles. Moreover, a sig-
nificant localization of charges on the N(1) and the N(4) atoms of the ring of 1-

and 1,5-substituted tetrazoles accounts, to a certain degree, for their high reac-
tivity in exhaustive alkylation [7, 42] and complex formation [10, 11, 29, 30]

rections. We have established a reliable correlation between the MNDO-calculated

�-charges of nitrogen atoms and the chemical shifts of these atoms in 15N NMR

spectra. For the series of 1-alkyl(alkenyl)-tetrazoles, this dependence is described

by the equation:

�(15N) = (-317,3 ± 14,1)pz + (349,3 ± 17,9)

r = 0,979, S = 12,7, n = 24

An inclusion of 2-isomers and disubstituted derivatives of tetrazole in this se-
ries leads to a considerable decrease of the correlation coefficient:

�(15N) = (-230,9 ± 17,4)pz + (237,2 ± 22,4)

r = 0,861, S = 27,1, n = 64

The deterioration of correlation is probably because, in this case, the charge

characteristics of isolated molecules are compared with chemical shifts of nitro-

gen atoms in solutions where the phenomena of association and specific solvation

of molecules that show up differently for tetrazoles with substituents in different

positions of the cycle takes place [7, 99, 100].

We have established also a good correspondence between changes of the net ef-

fective charges on vinyl carbon atoms of vinyltetrazoles and their chemical shifts

in 13C NMR spectra [47, 50, 64, 99]. In general, the presence of the above correla-

tions show that among the semiempirical methods, the MNDO one makes it possi-

ble to describe the electronic structure of tetrazole derivatives with sufficient ac-

curacy. At the same time, a systematical study of electronic and spatial structure

of a series of 1-, 2-, 5-vinyltetrazoles and 2-(1-methylvinyl)tetrazoles using a set

of semiempirical and ab initio methods [101–105] show that non of the semiem-

pirical approaches are suitable for the correct description of the dependencies of

energetic and geometric characteristics of the considered alkenyltetrazoles on the

dihedral angle between the vinyl group and the plane of the tetrazole cycle. The

MP2/6-31G** and MP2/6-31G**//HF/6-31G* levels of theory provide the correct

prediction of alkenyltetrazoles spatial structure, the equilibrium content of S-cis-

and S-trans-conformers for 2-alkyl-5-vinyltetrazoles [101] and 2-vinyl-5-R-tetra-

zoles [102] being not essentially depend on the nature and the size of the

substituent in the cycle, whereas in the case of 1-vinyl-5-R-tetrazoles, the equilib-

rium content of S-trans(R)-conformer increase with the size of the substituent

and the relative conjugation energies in molecules decrease as the electron-accept-

ing properties of the substituent increase [103].

A variety of properties of tetrazole derivatives are conditioned by their high

polarity determined by dipole moments which differ significantly for 1- and

2-substituted tetrazoles. One can expect that the semiempirical methods predict-

ing adequately the electron density distribution should provide the correct evalu-
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ation of dipole moments of tetrazole derivatives. The obtained using the MNDO

and MNDO/M methods data show [7, 94] the tendency for a decreasing of dipole

moments values when introducing the electron-accepting substituents into 1- and

5-positions of 1-substituted tetrazoles. This is agree with the direction of the di-
pole moment vector from the N(1) to the N(3) atom, whereas this one for the cor-
responding 2-isomers is directed from the N(2) to N(4) atom. Hence it follows that

the introduction of electron-accepting substituents into the «5» position of the

ring of 2-substituted tetrazoles should increase their dipole moments and the

cases possible where, contrary to popular opinion, the dipole moments of 2-substi-
tuted tetrazoles can exceed those of the corresponding 1-isomers. We have carried

out calculations of dipole moments of a wide variety of tetrazoles and have re-
vealed that 2,5-disubstituted tetrazoles containing the CF3 group at the position

«5» of the ring are characterized by the larger values of dipole moments than the

corresponding 1-isomers [7].

We have calculated the energies of heterolytic breakdown of C-H bond

(deprotonation energies) for a series of N-substituted tetrazoles as well as the geo-
metrical and electronic parameters of structural realignment of molecules caused

by the deprotonation [7]. The obtained data suggest a larger stability of carbanions

of 1-substituted tetrazoles comparative to those of 2-isomers by 61–77 kJ/mol

which is in agreement with larger deprotonation energies of 2-substituted

tetrazoles (by 52–65 kJ/mol). The values of the net effective charges on C(5) at-

oms of the ring of N-substituted tetrazoles and their changing upon the

deprotonation depending on the nature of the substituent correlate with changing

in their kinetic C-H acidity. Moreover, for a series of 1-monosubstituted

tetrazoles, a reliable linear correlation have been established between the calcu-

lated using some semiempirical methods values of deprotonation energies and the

exponent of the rate of H/D exchange.

In recent years, ab initio methods were used for the calculation of electronic

and magnetic characteristics of complexes of of copper(II) chloride with some

1-substituted tetrazoles including the evaluation of energies of ferro- and anti-

ferromagnetic ordering [106] and for the estimation of electronic structure of a

series of 5-R-tetrazolate anions as well as of spatial structure of polymeric chain

formed by Co2+ ions and 5-methyltetrazolate anions [13].

The obtained data show that some of the semiempirical methods provide a cor-

rect evaluation of various characteristics of tetrazole derivatives including

enthalpies of formation, dipole moments, geometrical parameters of the tetrazole

cycle and spatial structure of molecules. However, non of them provide a good

agreement between the calculated and the experimental data for all the considered

characteristics simultaneously. MNDO is the most all-purpose method, whereas

AM1 is the best suited for calculations of geometrical parameters and spatial

structure of molecules. PM3 method gives the best agreement for heats of forma-

tion but nusjuges the charge distribution in molecules of tetrazoles as well as

their dipole moments. An analysis of applicability of ab initio calculations for

studying the energetic characteristics of tetrazoles show that the correct data can

be obtained when using 6-31G* or 6-31G** theory levels with MP2 electron corre-

lation.

211TETRAZOLES: SYNTHESIS, STRUCTURES,
PHYSICO-CHEMICAL PROPERTIES AND APPLICATION



2.2. X-ray analysis of tetrazoles

The single crystal X-ray analysis of more than 30 tetrazole derivatives includ-
ing 1-, 2- and 5-substituted tetrazoles, tetrazolium salts and complexes has been

carried out [28–30, 36, 38, 39, 81–89, 98, 107–113]. A number of peculiarities of

cristal and molecular sructure of complexes of these types has been revealed. In

contrast to 2-monosubstituted tetrazoles, the corresponding 1-isomers are charac-
terized by the presence of well defined intermolecular C(5)-H…N(4) hydrogen bond-
ing which determine the peculiarities of structure of formed polymeric chains.

The exhaustive alkylation of tetrazoles is accompanied by the redistribution of

bond lengths in the ring and by equalizing of N(1)-C(5)=N(4) and N(1)-N(2)=N(3) bond

orders in 1,4- and 1,3-substituted salts accordingly. These results along with the

NMR and quantum-chemical calculations data indicate the presence of apprecia-
ble conjugation within the mentioned fragments. 2-Substituted tetrazoles and

1,3-disubstituted tetrazolium salts are characterized by a larger range of angles

variation in the cycle amounting to 102�1150 (100–1160 for compounds with elec-
tron-accepting substituents in the ring), whereas the corresponding values for

1-substituted tetrazoles and 1,4-disubstituted salts account for 105–1110.

In all the considered substances the tetrazole ring is essentially of planar with

mean deviation from the least-square plane of atoms is not exceed 0,004 A. Sub-

stituents also lie in the ring plane and the corresponding atoms are characterized

by the planar triangle bonds configuration, where the sum of angles at these at-

oms amounts to 3600.

The importance of investigations of structure of complexes of N-substituted

tetrazoles with salts of transition metals is conditioned primarily by the searching

of correlations between peculiarities of structure and magnetic properties in the

novel group of low-temperature ferromagnets of general formula Cu(1-R-tetra-

zole)2Cl2 [74, 75, 77, 78]. It has been shown that the copper(II) ion in such com-

plexes possesses an octahedral coordination environment and the ligands mole-

cules are linked via N(4) atom of the tetrazole cycle. The ligands with voluminous

substituents (R=t-Bu, mesytyl) are characterized by cis-coordination [85, 86]

whereas those with R = Et, allyl, azidoethyl possess trans-coordination [77, 78,

82]. Complexes with ligands coordinated in cis-position form chain polymeric

structures in which chains are linked together by Van der Waals interactions

only. Both chain-polymeric and polymeric layered structures are formed

by -Cl-Cu-Cl- bonding.

The study of structure of complexes of copper(II) chloride with 2-ethyltetra-

zole has demonstrated for the first time that this compound acts as bidentate

bridging ligands coordinating by the N(4) and N(1) atoms which leads to formati-

on of layered polymeric structures at the expence of bridging tetrazole hetero-

cycles [89].

A number of complex of non-usial composition has been synthesized and studied

including Cu3(2-allyltetrazole)4Cl6 [88], [Cu(1-phenyltetrazole)5BF4]BF4 [81], and

CuLCl2, where L = 2-tert-bytyltetrazole [87], 1-methyl-5-dimethlaminomethyltetra-

zole [84].]

Binuclear tetrazoles act primarily as chelating and bridging ligands. The

structure of a variety of such type substances has been studied [29, 30, 83].
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2.3. Spectroscopic study of tetrazoles

The obtained data on the electron density distribution in the ring of 1- (1,5-)-

and 2- (2,5)- substituted tetrazoles suggest a sufficient difference in some spec-
tral parameters of the mentioned tetrazole derivatives. This can be used for both

the evaluation of their reactivity and identification. Therefore, it seemed expedi-
ent to carry out a systematical study of vibrational and NMR spectra of a wide

range of tetrazoles.
For the correct assignment of the absorption bands of the ring in IR spectra of

tetrazole derivatives, we carried out a comparative study of the theoretical and
the experimental spectra of tetrazole and deuteriotetrazole [114], tetrazolate-an-
ion (the experimental spectra of tetrazolates of ammonium, alkali and earth-alkali
metals have been analyzed) [115], as well as of a series of N-substituted [116] and
5-substituted [117] tetrazoles. The theoretical study included calculations of dis-
tribution of potential energy of vibrations which is necessary for the quantitative
evaluation of the contribution of one or another type of vibrations into the spec-
troscopic pattern. Besides, a systematical analyses of the experimental IR spectra

of 1- and 2-alkyltetrazoles with R=CH3�n-C8H17 and their complexes with some
Cu(II) salts [72], vinyltetrazoles [47] and some other tetrazole derivatives [11, 29,
76, 79, 80, 90] have been studied.

The obtained data allowed us to reveal several features, peculiar to the IR
spectra of tetrazoles. Firstly, a mixing of different types of vibrations is observed
for all the absorption bands attributed to the tetrazole cycle. Only in specific
cases, one can identify the frequences characterized by the predomination of con-
tribution of definite type of vibrations into the distribution of their potential en-
ergy. Within the tetrazole-N-substituted tetrazoles series, among them are the
stretching vibrations of C-H bonds which appear at 3100-3145 cm–1 and

1225–1289 cm–1, respectively. Within tetrazole–5substituted tetrazoles series,

deformation vibrations �N-H are the most characteristic by the frequency. Sec-
ondly, in spite of sufficient differences in the force field of molecules of 1- (1,5-)-
and 2- (2,5)- substituted tetrazoles determined by features of electron density dis-
tribution in the cycle, the IR spectra of both 1- and 2-substituted tetrazoles con-
tain, as a rule, a closely related set of absorption bands attributed to the tetrazole
cycle which differ mainly by the intensity distribution. Nevertheless, the detailed
analysis of IR spectra of individual and coordinated N-monosubstituted tetrazoles

allow us to establish that absorption bands at 1204-1309 cm–1 and 1273–1289 cm–1

in spectra of 1- and 2-monosubstituted tetrazoles, respectively, determined
mainly by the stretching vibrations of the cycle N-N bonds. In spectra of individ-

ual 1-monosubstituted tetrazoles, 	N-N appear as a set (2�4) of bands of low inten-

sity, whereas in spectra of individual and coordinated 2-isomers, 	N-N is recorded
as a singlet. These features permit one to identify the position of the substituent
in the tetrazole cycle of isomers.

The IR spectra of 1-methyl-5-vinyltetrazole (1-MVT) and 2-methyl-5-vinyl-

tetrazole (2-MVT) were found to contain absorption bands at 1098 cm–1 and

735 cm–1, correspondingly, which are characteristic of only each isomer. This al-

lowed us to elaborate the method for the determination of the content of 1-MVT

and 2-MVT chains in their copolymers which are of great practical importance, be-

cause the commonly used elemental analysis is unsuitable in this case [118].
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The performed analysis allowed to refine and to identify a number of absorp-
tion bands in the IR spectra of tetrazole and some its derivatives. In particular, it

has been shown that the band at 1570 cm–1 in the IR spectra of tetrazole is caused

solely by the 	C=N and 	N=N vibrations rather then by �N-H ones as expected previ-
ously. The assignment has been carried out also for absorption bands at

1688–1690 cm–1 and 1792–1794 cm–1 in IR spectra of tetrazolates of ammonium

and alkali metals [115], which are considered earlier for sodium tetrazolate as

combined bands. A special experiments on the temperature dependence of the

maxima and the shape of absorption bands in IR spectra of ammonium tetrazolate

in the crystal state and in the melt when using different samples (pellets with

KBr, emulsions with Vaseline oil) allow one to conclude that the considered bands

are determined by the influence of salts crystal lattice [115].
The data of 1H and 13C NMR spectra allow one to clearly recognize the iso-

meric N-monosubstituted tetrazoles. The chemical shifts (CSs) of the cycle carbon
atoms in the 13C NMR spectra were found to be acutely sensitive to the isomer
type. The CSs of 2-monosubstituted tetrazoles are displaced to a weak field by
10,4±1,8 ppm comparative to those of the corresponding 1-isomers, the nature of
the N-substituent being exert insignificant influence on CS values. For a rich se-
ries of 1-monosubstituted tetrazoles, CS values of the cycle carbon atom appear

within 140–145 ppm, whereas in the case of 2-monosubstituted tetrazoles these
values amount to 152-154 ppm [99, 119]. In the case of 1,5- and 2,5-substituted
tetrazoles, CS of the cycle carbon atom depends substantially on the nature of the

substituent at the C(5) atom [7, 99, 101–104].
The CSs of hydrogen atom at the carbon atom of the tetrazole cycle in 1H NMR

spectra are displaced to a weak field comparative to those of the corresponding
2-isomers [99]. However, CSs of these atoms in the case of 1-isomers, in contrary
to 2-isomers, depend significantly on the nature of solvent and, in some cases, on
the solution concentration. This is conditioned by the ability of molecules of
1-substituted tetrazoles to association and specific solvation [99, 100].

The obtained data on 13C NMR spectra of tetrazolium salts [42, 50] show the
significant difference between CSs of the cycle carbon atom of 1,4- (1,4,5)- and
1,3- (1,3,5)-substituted tetrazolium salts identical to that for N-substituted
tetrazoles.

An analysis of 1H and 13C NMR spectra of a wide series of p- and m-substituted

1-phenyltetrazoles and the establishment of linear correlations (r
0,992) between

the CSs of C(5)-H proton and CSs of protons of phenyl groups allowed us to evaluate

precisely the Hammett constants �m=0,53±0,04; �p=0,50±0,04; �I=0,56±0,03 and

the Taft constants �R=–0,04±0,04; �R
0=–0,04±0,01 of 1-tetrazolyl group [119].

The data of 13C NMR spectra of a series of 1- and 2-alkyl(allyl)-tetrazoles and
the comparison of CSs of carbon atoms of alkyl substituents with CSs of the corre-
sponding atoms of unsubstituted alkanes allowed one to estimate the values of in-

crements of N-tetrazolyl groups which amount to �=+36,3±2,0; �=+9,1±1,5;

=-3,3±1,1 for the 1-tetrazolyl group and �=+40,8±1,3; �=+8,1±1,2; =-3,4±1,1
for the 2-tetrazolyl group. The obtained values are close to those of NHR and NR2

groups, respectively [99].

The results of quantum chemical calculations of electronic and spatial struc-

ture of 1-, 2- and 5-vinyltetrazoles are in a good agreement with the data on CSs

and coupling constants in 1H and 13C NMR spectra [101–103]. The possibility of
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predicting of reactivity of vinyltetrazoles in radical polymerization based on the

data of their 1H and 13C NMR spectra have been shown [47, 60, 64].
15N NMR spectroscopy was used in our investigations to obtain the direct evi-

dences of the position of reaction proceeding upon protonation, quaternization and

formation of complexes [7, 120]. The most displacement of CS of N(4) of the tetrazo-
le cycle comparative to those of other nitrogen atoms under the addition of phenole,

acetic and sulphuric acids as weel as AlEt3 show that the protonation and the forma-
tion of donor-acceptor bond occur on the position «4» of the ring. The displacement

of N(4) CS to a strong field is in agreement with the data of quantum-chemical calcu-
lations predicting an increasing of p-electron density on the N(4) atom under proto-

nation. Acetic acid and phenole displace the N(4) CS of 1-butyltetrazole by 5–10

ppm. This indicates that acidic-basic interaction comes to rest at the stage of forma-
tion of complexe at the expence of hydrogen bond. In the case of sulphuric acid, the

displacement by 96 ppm corresponds to full protonation of the N(4) atom. The same

displacement is observed for quaternized nitrogen atom [42]. The formation of com-

plexe with AlEt3 leads to displacement of CS by 18–22 ppm which corresponds to the

formation of sufficiently strong donor-acceptor bond.

Based on the analysis of 15N NMR spectra of a wide range of N-substituted

tetrazoles we got the conclusion about the misinterpretation of the data of 15N

NMR spectra of 2,5-disubstituted tetrazoles and carried out the correct assign-

ment of CSs of these substances [120].

2.4. Thermal decomposition of tetrazoles

Tetrazole and its derivatives possess a unique combination of properties. In

spite of large positive enthalpies of formation [95, 96], they exhibit surprisingly

high thermal stability and have the highest content of nitrogen among all organic

substances (for example, 82,3 wt.% for 5-aminotetrazole and 84,0 wt.% for

1,5-diaminotetrazole. Therefore, tetrazoles are prospective materials for genera-

tion of nitrogen, as blowing agents, solid propellants and other combustible and

thermally decomposing systems. However, until to the beginning of our investiga-

tions in this field, the information concerning the thermal changes of tetrazoles

was restricted mainly by the data on decomposition of separate representatives of

5-, 1,5- and 2,5-substituted tetrazoles [121]. Besides, a comprehensive study of

the thermal decomposition of tetrazole derivatives was also of great interest in

connection with their ability to formation of different isomeric forms determined

by the prototropic, ring-chain and amino-imino isomerism and the possibility of

the elucidating the role of structural specificities on thermal changes.

The ability of tetrazoles to isomerism as well as their volatility and explosive-

ness make difficult the experimental study of thermal transformations of these

compounds [121]. Because of this, a wide variety of methods was used allowing to

study the thermal decomposition of tetrazoles both in condensed and in gaseous

states and to determine the composition of solid and volatile products of thermal

degradation. The peculiarities of the experimental procedures and calculations of

kinetic parameters of thermolysis of tetrazole and its derivatives are presented in

Refs. [122–125].
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2.4.1. Thermolysis of tetrazole

It should be stated [122, 123, 126], that unsubstituted tetrazole thermolysis,
both in a melt and in the gaseous state, proceeds mainly through elimination of a
nitrogen molecule, but in the melt the nitrogen is eliminated predominately from
the 1-H-form via the intermediate azide (scheme 29) whereas in the gaseous state
it eliminates from the cyclic 2-H-form (scheme 30):

(29)

(30)

The stabilization of the intermediate products leads in both cases to formation

of cyanamide followed by its thermal transformations resulting in linear

polycyanamide, melamine and products of its condensation (melem, melam and

melon). An insignificant part of the intermediates breaks down into hydrogen cy-

anide, hydrogen and nitrogen (schemes 29, 30).

Additionally, about 5 % of substrate decomposes in the melt by another mech-

anism with formation of hydrogen azide and hydrogen cyanide:

(31)

The evolved gaseous HN3 and HCN interact with ammonia which is formed un-
der condensation of melamine giving the corresponding salts revealed among the
volatile products of thermolysis [126]. It should be noted that the composition of
the tetrazole thermal decomposition products depends substantially on the experi-
mental conditions, and can be adjusted by changing the proportion of substrate
subjected to thermolysis either in the melt or in the gaseous state [126].

The obtained data are in a good agreement with results of quantum-chemical
calculations of thermodynamical evaluation of the possibility of proceeding of dif-
ferent reactions under fragmentation of 1-H- and 2-H-tetrazoles and the most
possible ways of stabilization of the formed intermediate products [127].
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2.4.2. Thermal decomposition of aminotetrazoles

The thermal decomposition of 5-aminotetrazole (AT), 1-methyl-5-aminotetra-
zole (MAT), 1,5-diaminotetrazole (DAT) and sodium salt of 5-aminotetrazole

(SAT) have been studied [124, 128–130]. As in the case of unsubstituted tetrazole,

structural factors exert an essential influence on the mechanism of thermolysis of

aminotetrazoles which can exit in various isomeric form according to scheme 32:

(32)

Table 1
Gaseous and volatile condensed products

of thermal decomposition of aminotetrazoles

Compound Gaseous products Volatile condensed products

5-AT N2, HN3, NH3 NH4N3, melamine

MAT N2, HN3, NH3, HCN, CH3NH2 NH4N3, CH3NH2. HN3, trimethylmelamine

DAT N2, HN3, NH3, HCN NH4N3, 1,2,4-triazole

SAT N2, HN3, NH3 NH4N3, melamine
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Based on the content of gaseous and volatile products as well as on the compositi-
on of condensed products of thermolysis of aminotetrazoles which are presented in

Tab. 1, the kinetic consideration, the results of the study of amino-imino tautome-
rism and the data of MP2/6-31G* calculations of the relative stability of all possible

isomeric forms and MNDO calculations of bond energies in aminotetrazoles, the

mechanism of their thermal decomposition has been derived [130].

Two mechanisms of splitting of the tetrazole ring are effective in aminotetrazo-
les: evolution of hydrogen azide from the tautomeric forms with hydrogen atom by

nitrogens in the ring and evolution of nitrogen molecule from the amino-tautomeric

form. The general pattern of thermal decomposition of 1-R-5-aminotetrazoles is pre-
sented on schemes 33 (R=H) and 34 (R=CH3, NH2):

imino form 1 amino form 3,7 amino form 2(3)

HN3 + condensed HN3 + condensed azide form 4(6)
products products

(33)

H2 + condensed
products

imino form 1 amino form 2 amino form 3 amino form 3

HN3 + condensed azide form 6 azide form 6 HN3 + condensed
products products

(34)

H2 + condensed H2 + condensed
products products

In the case of AT, MAT and DAT, the thermal decomposition of the imino

form starts just after the melting and results in evolution of hydrogen azide. An

increase of the temperature leads to another pathway of thermal decomposition

involving corresponding amino forms, which decompose with elimination of ni-

trogen. Similar general pattern of thermolysis is observed for SAT, however, the

last starts to decompose prior melting. All aminotetrazoles produce ammonium

azide, simm-triazines and the products of their condensation. It is interesting to

note, that sodium azide is an intermediate product of the SAT thermal decompo-

sition [129].
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The apparent activation energies of thermal decomposition of imino forms are

in the range of 180–200 kJ mol–1. Two mechanisms of splitting of the tetrazole

ring are in agreement with the data of kinetics of thermal decomposition of

5-aminotetrazoles [130]. SAT has significantly higher activation energy (about

190 kJ mol–1). and is more thermally stable than AT, MAT and DAT because the

tetrazole ring in SAT is more aromatic then rings of other considered amino-
tetrazoles.

The general regularities revealed under investigation of thermal decomposi-
tion of tetrazole and aminotetrazoles have then been used when studying the

thermolysis of tetrazole-containing polymers.

2.4.3. Thermal decomposition of polyvinyltetrazoles

We have studied for the first time the kinetics and the mechanism of thermal

decomposition of a wide variety of tetrazole-containing polymers including

poly-1-vinyl-5R-tetrazoles (I), poly-5-vinyltetrazole and poly-2-alkyl-5-vinyltetra-

zoles (II), copolymers of 1- and 2-methyl-5-vinyltetrazole (II) including those ob-

tained by polymer-analogous conversions [44, 45] and some salts of poly-5-vinyl-

tetrazole (IV):

The data on synthesis, characterization of polymers and the peculiarities of the

experimental study of their thermal decomposition are given in Refs. [131–135].

Table 2 summarizes some thermoanalytical and kinetic parameters of thermal

decomposition of polyvinyltetrazoles. The obtained data point clearly to the presence

of dependence of their thermal stability on the position and the nature of the substi-

tuents in the heterocycle. The introduction of substituents at the position «5» of the
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ring leads to a considerable increasing of the thermal stability of poly-1-vi-
nyl-5R-tetrazoles comparative to unsubstituted poly-1-vinyltetrazole. In contrast to

other poly-1-vinyl-5R-tetrazoles, the mechanism of thermal degradation of po-
ly-1-vinyltetrazole is not depend on the thermolysis conditions and the single gaseo-
us products of decomposition is nitrogen [131]. In the case of R=Me, Ph, NH2, the

composition of the thermolysis products is determined by the conditions of thermal

decomposition. This is caused by two reasons. The first one is conditioned by the po-
ssibility of proceeding of two parallel processes: (1) fragmentation of the pendant

tetrazole rings and (2) their splitting out from the macrochain resulting in formati-
on of the corresponding 5-substituted tetrazoles followed by their thermal transfor-
mations. The last pathway is observed in the case of thermal decomposition of po-
ly-1-vinyl-5-methyltetrazole and poly-1-vinyl-5-phenyltetrazole [134] and occurs

mainly either in isothermal regimes within the temperature range corresponding to

initial stage of thermolysis or under relatively low heating rates. The second process

proceeds primarily at high heating rates and is accompanied by formation of unsatu-
rated fragments in the macrochain and its partial destruction resulting in formation

of aromatic structures [134].

Table 2
Temperature of decomposition (measured in TG experiments, heating rate 10 K min–1)

and kinetic parameters for the first stage of thermal decomposition

of polyvinyltetrazoles and some tetrazole derivatives

Compound Tdec. (K)

Kinetic parameters obtained

from isothermal experiments
Ea obtained from

nonisothermal expe-

riments (kJ/mol)Ea (kJ/mol) lg A (c–1)

Poly-1-vinyltetrazole 453 148±9 13.7±1.0 140

Tetrazole 447 152.4±9.7 14.4±2.5

Poly-1-vinyl-5-methyltetrazole 523

5-Methyltetrazole 465

Poly-1-vinyl-5-aminotetrazole 475

5-Aminotetrazole 480

Poly-1-vinyl-5-phenyltetrazole 470

5-Phenyltetrazole 488

Poly-5-vinyltetrazole (PVT) 460 164±7 13.8±0.8 140-165

Poly-1-methyl-5-vinyltetrazole 540 99.0

Poly-2-methyl-5-vinyltetrazole 493 196±6 16.8±0.6 175

Poly-2-ethyl-5-vinyltetrazole 495 180

Poly-2-n-propyl-5-vinyltetrazole 495

Poly-2-isopropyl-5-vinyltetrazole 485 175

Poly-2-n-butyl-5-vinyltetrazole 490 189±7 16.0±0.8

Poly-2-t-butyl-5-vinyltetrazole 470 165±12 14.1±1.1 150-165

Sodium salt of PVT 613

Nickel salt of PVT 473

Cobalt salt of PVT 475
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The second reason of the substantial dependence of the mechanism of thermal

decomposition on its condition is connected by the influence of isomerisation pro-
cesses proceeding in pendant group under heating. This is observed in the case of

poly-1-vinyl-5-aminotetrazole in which the pendant group may occur both in the

amino- and imino-forms [135].

The mentioned factors as well as the specificity of the influence of polymeric

matrix caused by the presence of intra- and intermolecular hydrogen bonding are

responsible for the discrepancy between the thermal stability of poly-1-vi-
nyl-5-l-R-tetrazoles which diminishes in the order H<Ph NH2<Me and thermal

stability of the individual 5R-tetrazoles (H<Me<NH2 Ph) in comparative condi-
tions (Tab. 2).

The thermal behaviour of poly-5-vinyltetrazoles also depends substantially on

the presence and the position of alkyl substituents in the cycle. For poly-2-alkyl-5-vi-
nyltetrazoles with ramified substituents, thermal stability and kinetic parameters of

thermolysis are practically not depend on the substituents size (Tab. 2). These data

are in agreement with results of quantum-chemical and spectroscopic investigations

(see sect. 2.1, 2.3) showing a weak influence of alkyl substituents at the position «2»

of the ring on the electronic and spatial structure of 2-alkyl-5-vinyltetrazoles. At the

same time, poly-2-t-Bu-5-vinyltetrazole, in addition to usual for poly-2-n-alkyl-5-vi-

nyltetrazoles mechanism of thermal degradation involving the splitting out of the

ring with elimination of nitrogen, is capable of thermolysis at the expence of homo-

lytical break-down of exocyclic N-C bond leading to formation of poly-5-vinyltetra-

zole followed by its thermal transformations:

(35)

The second process is realized mainly under high heating rates [132].

The introduction of alkyl substituents into position «1» of the ring leads to a

considerable increasing of thermal stability of polymers relative to both PVT and

poly-2-alkyl-5-vinyltetrazoles (Tab. 2). Special attention should be given to enor-

mous thermal stability of PVT sodium salt (PVTS) (Tab. 2). This may be caused by

the fact that the tetrazole cycle in PVTS exists in anionic form. It should be noted

that, similar to poly-1-vinyltetrazole, PVTS decompose both in isothermal and

nonisothermal conditions with elimination of nitrogen and formation of poly-

acrylonitrile.

The specific peculiarity of thermal behaviour of all the considered polymers exc-

luding poly-n-butyl-5-vinyltetrazole is the fact that the transition from usual ther-

mal behaviour to explosion regime is observed under relatively high heating rates

(10 K min–1) within a sufficiently narrow temperature range (530–545 K). Previous-

ly, we have found [135] that some tetrazole derivatives including PVT, some salts of

PVT and poly-2-methyl-5-vinyltetrazole are capable of self-propagating high-tempe-

rature decomposition. An analysis of the obtained data allow one to assume that the
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main factor determining the possibility of self-propagating high-temperature ther-
molysis of tetrazole-containing polymers are the following: (1) considerable high po-
sitive enthalpies of formation; (2) high nitrogen content in the volatile products of

decomposition; (3) formation of cross-linked condensed polymer residue which acts

as a heat-insulated layer and (4) «micro-mesh» ñharacter of thermolysis of polyvi-
nyltetrazoles, when the exothermal fragmentation of one tetrazole ring is capable of

inducing the splitting out of a neighbour cycle.

2.5. Combustion of tetrazole and some mixtures
of high nitrogen-containing energetic substances

The combustion of individual tetrazole has been studied in detail in paper

[137]. The compressed pellets of tetrazole are ignited easily and burn both in air

and in inert atmosphere with formation of slightly glowing flame of vapours de-
struction. The linear burning rate at atmospheric pressure is about 0,45 mm/s.

The performed analysis of composition of formed products allow one to conclude

that the main chemical process occurring under combustion of tetrazole can be

presented by the following scheme:

2H2CN4 � 3N2 + 2HCN + H2 (36)

When investigating the burning of pressed mixtures of tetrazole and sodium

tetrazolate, we revealed a previously unknown type of self-organization in com-

bustion accompanied by formation of a peculiar dynamic dissipative structure

[138, 139]. The flame formed during combustion of the above structure has the

appearance of a luminous mobile fluid sphere, which leads the process accompa-

nied by considerable gas evolution and intensive dispersion of condensed prod-

ucts. The revealed phenomenon received the name liquid-flame combustion (LFC)

while the flame formed during LFC was named liquid-flame structure (LFS) [140].

To gain insight into the nature of this phenomenon, we carried out a comprehen-

sive study of liquid flame combustion including the following:

(1) investigation of the process by high-speed photography and macro-

photography of high spatial revolution [140]

(2) measurements of the temperature distribution on the surface of LFS and

the temperature profile in a combustion wave using optical pyrometry, as well as

thermocouples and electrochemical methods [140, 141]

(3) measurements of the conductivity in a combustion wave [141]

(4) investigation of the morphology of condensed products formed under liq-

uid-flame combustion

(5) investigation of peculiarities of thermal decomposition of mixtures capable

of LFC and their individual components [122, 123, 142]

(6) determining of the composition of volatile and condensed products of LFC

and chemical processes occurring under LFC [142, 143]

(7) revealing of the necessary conditions for the nucleation and the develop-

ment of the LFS on combustion and choosing the systems capable of LFC [141,

144]
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The visual examination and the detailed photographic recording of the process

revealed allow us to conclude that the LFS arises only after formation of a crater

on the pellet surface as a result of the development of a bubble structure from the

decomposing melt foamed by gaseous products. The formed LFS represents a

spheroidal envelope of melt with a multitude of gas bubbles sprinkled into the

thickness of its walls. The envelope increases up to maximum size comprises

13–17 mm in diameter, until one of the bubbles forming it bursts. As a result, the

pressure in the LFS falls, the envelope diminishes and regains the spheroidal

form. Then the spot at which the break occurred heals under the action of the sur-
face forces and the LFS begin increases again-repeating the evolution of the pre-
ceding one. The entry of the substance maintaining the combustion process into

LFS takes place at the moment of its contact with crater surface [140].

The temperature profile measurements have shown that the temperatures in-
side the LFS and on its surface are approximately the same; these range, depend-
ing on the LFS’s size, between 1050 an 1250 K, the temperature of small LFS’s be-
ing higher than that of the large ones. The examination of the temperature distri-
bution on the LFS surface leads to the following conclusions: (1) The LFS repre-

sents the formation of a spheroid, characterized by high uniformity of heat radia-

tion; the difference between the maximum and the minimum temperatures on a

visible surface of the LFS does not exceed 60 K (6 %); (2) One can distinguish be-

tween two types of temperature distribution on the LFS’S surface. In the first

case, which is typical of small LFS’s (5–6 mm in diameter), the temperature de-

creases smoothly with distance from its center. The second type is characterized

by the presence of a distinctive plateau in the central area of the image and by the

presence of a distinctive plateau in the central area of the image and by a sharp

decrease in the temperature in a narrow peripheral zone. The latter is typical of

LFS’s of large diameter. These data suggest that small LFS’s are capable of volu-

minous radiation whereas larger LFS’s radiate as hollow envelopes with a wall

thickness of �1–2 mm; (3) occasionally observed on the LFS’s surface are small re-

gions with somewhat higher luminosity than neighbouring areas (the temperature

difference may reach up to 300). The appearance of such zones of local preheating

is probably caused by burning down of the initial sodium tetrazolate, which gets

on the interval surface of the LFS by dispersion from the melt under the LFS

[141].

The dynamics of variation of signal from the electrochemical sensor under its

passing through the LFS has supported the assumption that the formed LFS can

be considered as an envelope containing foam-like structure [141]. The data on the

morphology of internal surface of a quenched LFS obtained using optical and

scanning microscopy allows that the LFS might containing gas bubbles. A charac-

teristic size of a foam cell inside the LFS evaluated from the frequency spectrum

of electrochemical sensor amounts to 2–2,5 mm while the average density of LFS

estimated by a comparison of its size and the weight of product obtained by a

quenching of LFS in liquid nitrogen accounts for �0,1 g/cm3. Since the maximum

size of the LFS itself does not exceed 16–17 mm, the data obtained lead to the con-

clusion that the average concentration of the foam inside the LFS is relatively

small, and the LFS may be considered, to a considerable extent, as a hollow enve-

lope.
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To gain insight into the nature of processes occurring under LFC, we have studi-
ed the thermal decomposition of mixture and its individual components as well as

the composition of the condensed and the volatile products of thermolysis and liqu-
id-flame combustion. The main condensed product formed in the combustion wave is

sodium acid cyanamide produced under thermal decomposition of sodium tetrazola-
te. The LFS envelope was found to consist mainly (up to 90%) of the melt of sodium

acid cyanamide. Besides, the substance of the envelop contains about 5 % sodium cy-
anide formed under the partial decomposition of sodium acid cyanamide.

The obtained data indicate that this type of combustion is connected to the oc-
currence of specific chemical reactions, accompanied by the evolution of much

heat and gas, with the basic gaseous product being nitrogen, and leading to the

formation of of stable salts of alkali metals. The indications are that the necessary

conditions for the nucleation and development of LFS on combustion are high ni-
trogen content in the initial substances, which have considerable thermal stabil-
ity, along with large positive enthalpies of formation. Finally, the presence of def-
inite chemical fragments and ions of alkali metals in molecules of at least one the

components seems necessary. Taking into account that the cyanamide group dis-

plays a carbodiimide structure, we supposed that the following chemical frag-

ments, which have a structure similar to that of carbodiimide group and are po-

tentially capable of forming cyanamide ions during combustion, may be taken into

consideration, namely,

H2N — C = N; — N = CH — N =; — N = CH — NH—;

�

H2N — N = CH —; HN = C — NH —

�

and, probably, some others. Such group are contained in some types of organic

compounds including 1,2,3- and 1,2,4-triazoles, guanidine and their amino-deriv-

atives, as well as in cyanamide and products of its polymerization (dicyandiamide,

melamine). We have studied the features of combustion of pressed solid mixtures

of these compounds with tetrazole salts and azides of some alkali metals. As a re-

sult, more than 10 compositions have been revealed capable of LFC [141, 144]. It

should be mentioned that, independently of the nature of the initial components,

LFC occurs in cases when the average content of nitrogen in mixtures exceeds

63 wt.% and changes within a fairly narrow range of 63–71 wt.%. In all cases, de-

velopment of the LFS is connected to the formation of acid cyanamides of an alkali

metals in the combustion wave.

The results indicate that liquid-flame combustion is a relatively widespread

phenomenon, which is typical of not only tetrazole derivatives, but a wide range

of energetic systems of various chemical types containing large amounts of nitro-

gen. The stability of the LFS is probably provided by the relatively high chemical

stability of the melt in combustion conditions and by a sufficiently high surface

tension of the melt [141]. The LFS’s envelope plays the part of heat-insulating cu-

pola, under which and inside which the chemical processes considered above main-

tain the burning. The stationary nature of LFC is probably maintained by the dis-

persion of the condensed products from the melt under the LFS.
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3. APPLICATION OF TETRAZOLES

At the present time, tetrazoles are profitably employed in medicine, biochemist-
ry, agriculture, as prospective components of various combustible and thermally de-
composing systems including solid propellants, blowing agents and initiating explo-
sives. Some of tetrazole derivatives can be used for the selective recovering of palla-
dium from the industrial wastes containing simultaneously Pd2+, Cu2+, Ni2+, Fe2+,

Fe3+, Cd2+, Sn2+ and Al3+. Among them, the effective precipitating agent, namely,

1,2-bis(1-tetrazolyl)ethane, providing the quantitative selective precipitation of pal-
ladium from solutions and the sorbent, poly-N,N’-dimethyl-5-vinyltetrazolium perc-
hlorate, allowing the achievement of high recovering degree (up to 95-97%) of palla-
dium in the form of PdCl4

- have been revealed [7, 41].

The features of thermal decomposition and combustion of tetrazole deriva-
tives, their capability of self-propagating high-temperature decomposition and

liquid-flame combustion allow one to carry out a single-minded choosing of

tetrazoles, which can be used as efficient components of different energetic com-
positions. In particular, poly-1-vinyltetrazole and sodium salt of poly-5-vinyl-

tetrazole, which decompose at the temperatures about 155 oC and 335 oC, respec-

tively, are suitable as highly efficient binders in formulations for the low- and

high-temperature generation of pure nitrogen [132, 133]. We have elaborated sev-

eral compositions for the generation of gases based on tetrazole derivatives in-

cluding formulation for gas-generating devices of repeated energizing [145, 146].

Taking into account the fact that poly-N-methyl-5-vinyltetrazole (PMVT) ob-

tained by polymer-analogous conversions of poly-5-vinyltetrazole has the compo-

sition and the properties similar to those of 2-methyl-5-vinyltetrazole homo-

polymer, one can conclude that the inexpensive and readily available PMVT can be

used as the analogue of homopolymer in different compositions for special pur-

poses. The introduction of about 5% of PMVT and some other polyvinyltetrazoles

into the cellulose acetate based formulations for the preparation of ultra-filtra-

tion membranes followed by their decomposition provide the production of poly-

meric films characterized by the high uniformity of distribution of pores sizes

and high retarding efficiency to the substances of molecular weight within

4000–6000 D [147].

The difficulties in the processing of polyvinyltetrazoles are connected mainly

to their poor solubility in the common solvents. We developed methods for the

synthesis of tetrazole-containing polymers which are readily dissolved in easily

volatile organic solvents [46] and water [7] and proposed to use the aqueous solu-

tions of some inorganic salts as solvents which are suitable both for synthesis of

polymers by the polymerization and their subsequent processing [67, 148]. It has

been shown also, that modified films of poly-2-tert-butyl-5-vinyltetrazole can be

used as replicas for the creation of nanostructures [149].

The further investigations of tetrazole derivatives as ligands for the synthesis

of complex compounds possessing the ferromagnetic properties are of great

practical interest, because these complexes can be characterized by the unusual

dynamic properties. Low specific weight, relatively high electric resistance and

some other properties determine the significance of such materials for the cre-

ation of novel basis for the molecular electronics.
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More than 60% of patents on the synthesis and application of tetrazole derivati-
ves concern with their use in medicine. The tetrazole cycle is a constituent of a wide

variety of both applied in practice and prospective drugs. Nowadays, the novel direc-
tion in the cardio-vascular therapy is the development of a new type of antihyperten-
sives including «Lozartan» and «Valsartan» which provide the blockade of angioten-
sine II receptors. These medicines, containing (1-H-tetrazol-5-yl)diphenyl fragments

are the most efficient among the pharmaceuticals used for the treatment of hyper-
tension. N-Substituted tetrazoles, used in the tecnological schemes of synthesis of

these medicinals including 2-tert-butyl-5-phenyltetrazole and 2-trityl-5-phenyltetra-
zole, are the most available by the developed in our works procedures.

It should be noted also a wide synthetical potentialities of simplest tetrazoles for

the synthesis of different functionally substituted tetrazoles which are of great

practical importance, as well as for preparation of a variety of other types of compo-
unds including 2-aminobenzoxazoles, 2,4-quinazolinediones, arylcyanamides [8, 41,

150] and 3-methyl-5-R-pyrazoles [151].

In conclusion, it may be noted that some results of the performed investiga-
tions were published previously in reviews concerning the synthesis and proper-

ties of N-substituted tetrazoles [152], the thermal decomposition and combustion

of tetrazoles [121, 153], quantum-chemical and spectroscopic study of tetrazoles

[154] and synthesis, structure and properties of tetrazolium salts [42]. A signifi-

cant part of our papers are embodied in reviews on the chemistry of tetrazoles

[155, 156] and its separate problems (power-consuming tetrazoles [157], vinyltet-

razoles [158], electrophilic reactions on the endocyclic nitrogen atoms [159]) pub-

lished in the last decade.
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PREPARATION AND INVESTIGATION
OF THE HETEROGENEOUS SYSTEMS, CONTAINING HIGHLY

DISPERSED COMPONENTS

The investigations of the structural and sorption properties of inorganic sub-
stances were began under the direction of N.F.Ermolenko at the chair of the in-

organic chemistry of the Belarusian State University and then were successfully

developed under the supervision of V.V.Sviridov at the chair of the inorganic

chemistry of the Belarusian State University and in the Research Institute for

Physical & Chemical Problem of the Belarusian State University. These investiga-

tions were transformed into the fundamental and applied works, corresponding of

the present-day requirements later on. The preparation of the highly dispersed in-

organic substances and composite materials, containing ones, was the reference

direction of these investigations.

The retrospective analysis of the results obtained under investigation of the

heterogeneous systems, containing highly dispersed components, testifies that

there were three main lines of investigations, which were developed in the labora-

tory of the highly temperature reactions of the Research Institute for Physical &

Chemical Problems. They are the preparation and investigation of the highly dis-

persed governors of the rocket propellant burning rate, the development of the

novel civil materials based on highly dispersed components and interphase synthe-

sis of the metals, hydroxides and salts nanoparticles.

1. HIGHLY DISPERSED GOVERNORS OF THE ROCKET
PROPELLANT BURNING RATE

The preparation and investigation of the highly effective governors of the

composite rocket propellant’s burning rate was the priority direction of the explo-

rations which were performed in the laboratory of the highly temperature reacti-

ons beginning in 1972. These investigations were carried out over thirty years

and several effective catalysts and inhibitors were developed. It should be noted

that there is at least two chemical techniques to prepare highly effective gover-

nors of the composite rocket propellants burning rate. They are the synthesis of

the new chemical compounds and the modification of the known governors. The

correlation between the parameters of the burning rate law U = �pv were establis-

hed by analyzing of the published data [1]. Using this correlation, the limits of the
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burning rate regulation at given limits of the pressure index � were determi-
ned [2]. Taking into account these results it has been concluded that the first of

the above-mentioned techniques and search for «supergovernors» have no reliable

basis for solution. The second approach is more justified. It was proposed to obta-
in highest possible effect of the known governors at the smallest contents of ones.

To investigate the capabilities of the known governor’s modification the investi-
gation of the influence of the physical state of governors on their activity were

started in 1974. In this case, by physical state of governors were meant the aggre-
gative state of the governors, their shape and size, the form of their localization

in propellant and in combustion zone.

The film, colloidal and fiber catalysts and inhibitors were prepared to study

the effect of the physical state of activators on the combustion of composite roc-

ket propellants [3–5].

The film catalysts were prepared by pyrolysis of the metal’s acetylacetonates

over an ammonium perchlorate. As a result, both individual and mixed ferrous,

copper, chromium and cobalt oxides were deposited on the surface of the ammoni-
um perchlorate particles. It was found that the catalytic activity of the film cata-

lysts is distinct from that of the powder catalysts. At the same time, the activity

of the film catalysts is determined by their chemical composition, concentration

and structure. Detailed investigation of the film catalysts and combustion of the

rocket propellant containing them shows that the square of the triple contact of

the oxidizer, catalyst and binder is a condition of the high catalytic efficiency.

Using iron- and chromium-containing catalysts, it was shown that, in some cases,

changes in the degree of dispersion of the catalytic additives and the character of

their localization in propellants influence their effectiveness at small concentrati-

ons (up to 0.5 %) of the additive in the propellant. Some aspects of the mechanism

of the catalytic combustion of the ammonium perchlorate rocket propellants were

studied using film and colloidal catalysts. It was found that the condensed phase

is the site of the action of chromium-containing catalysts. In contrast, the gas

phase is the site of the action of ferrous-containing catalysts.

The effect of inhibitors added as powders and as colloidal solutions to propel-

lants on the combustion of ammonium perchlorate composite rocket propellants

was also investigated. The study performed shows that conversion of inhibitors of

composite rocket propellant combustion into an ultradisperse state increases the

effectiveness of the governors and decreases their concentration in the propellant,

provided that particle aggregation is prevented in the synthesis of the governors

and during preparation of the propellant. Practical implementation of the method

involves preparation of colloidal dispersions in the binder plasticizers. Some vari-

ants of ultradisperse governors are also possible. In particular, we established

that the removal of the dispersion medium without destruction of the surfactant

layer on the surface of colloidal particles produces ultradisperse powders that are

not worse in activity than colloidal solutions. This is due to the fact that, since

such powders are lyophilic to binder components, dispersion of them in à propel-

lant leads tî almost the same particle distribution in the propellant as with additi-

on of colloidal solutions. One factor responsible for the high activity of the additi-

ves studied, namely their disaggregated state in propellants, is rather obvious and

is confirmed by the experimental data. However, this factor, related to an increa-

se in the particle surface, which has à significant effect on combustion processes,
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is not the sole one. Actually, there is à stronger exponential dependence, which

can be regarded as evidence for the «pure» dimensional effect related to the chan-
ge in the reactivity of the additive in the ultradisperse state. As is known, for so-
lids in this state, many properties including lattice parameters, position of the

Fermi level, presence of defects, specific excess internal energy, melting point,

thermodynamic potential change significantly.

Thus, it is concluded that some deterioration of the physico-mechanical pro-
perties of propellants upon addition of heterogeneous governors of the burning

rate is compensated bó the decrease in their concentration in the propellant due to

the high effectiveness of colloidal governors of the burning rate.

To introduce the highly dispersed catalysts in the gas phase of the burning

rocket propellant and to activate the gas phase reactions, the carbon and graphite

fibers prepared in collaboration with the scientists of the Institute of Inorganic

Chemistry of National Academy of Science of Belarus were used. The carbon and

graphite fibers as known don’t burn in the fire of the ammonium perchlorate pro-
pellants. As a result, the propellants having extremal high burning rates were

produced. It was shown that this result is a combined effect of the catalysis of the

gas phase reactions, thermal conductivity and gas-permeability of the propel-

lant’s charge.

The results obtained under investigation the composite propellants are cove-

red more than 20 patents.

2. NOVEL CIVIL MATERIALS BASED
ON HIGHLY DISPERSED COMPONENTS

The knowledge and experience acquired under development and investigation

of the highly dispersed catalysts and inhibitors of the composite rocket propel-

lants were successfully used to develop the novel civil materials.

X-ray contrast neutron capturing ferromagnetic liquid was developed in colla-

boration with Research Institute for Medical Radiology (Obninsk, Russia) [6, 7].

This liquid can be transfer and confine under the magnetic field. As a result, it

can be admitted in the easily accessible detail’s cavity for flaw detection of their

walls and in internal human organs for medical treatment of the malignant for-

mations. Õ-Ray contrast neutron capturing ferromagnetic liquids can be used for

neutron capturing therapy under Õ-ray control. In this case, the common irradia-

tion of human is decreased as à result of the source localization in the area of tu-

mor. The degree of the Õ-ray contrast neutron capturing ferromagnetic liquids is

95 % as related to barium sulphate and miodil that are traditionally used as X-ray

contrast reagents.

The magnetic abrasive materials were developed in collaboration with Physical

& Technical Institute of National Academy of Science of Belarus. These materials

were prepared by surface modification of the known abrasive components. The ti-

tanium or silicon carbides were used as abrasive components. To give the magne-

tic properties, the abrasive components were modified with ferromagnetic fluids.

It was found that obtained material has highly magnetic, cutting and abrasive

properties [8].

236 A. I. Lesnikovich,
S. A. Vorobyova



Using the ferromagnetic liquids, the non-ignitable nylon-6 was obtained [9,

10]. Combustion studies showed that ferric/ferrous oxides are synergistic with

red phosphorus. Nylon 6 formulations containing red phosphorus coated by colloi-
dal Fe3O4 release phosphine 4.5 times more slowly than formulations containing

plain red phosphorus.

The magnetic sorbents for the purification of the waste water of the industrial

enterprises were developed and investigated. It was shown that magnetic sorbents

make it possible to clean the water from the different pollutant. In addition the

time of the purification is reduced and the bulk of the deposit is decreased as com-
pared to the conventional precipitation technique.

The antifriction and antiwear additives to the mineral oils were elaborated

with participation of the Ministry of Transport and Communications of Belarus.

As known [11], using the powder metals and some their compounds as the additive

to the mineral oils and lubricants the friction and wear of the rubbing elements

can be decreased. To prepare these additives, the physical methods are traditional-
ly used. In contrast to the physical methods of the additives preparation, we have

used the chemical deposition to prepare ones. At the first stage the metal or oxide

particles are precipitated. Then obtained particles are stabilized by surfactant. As

is obvious, the chemical technique has the advantage over the physical methods.

Firstly, using chemical deposition the smaller particles can be prepared. Secondly,

the primary particles obtained by chemical deposition are stabilized in situ. The

motor oil and oleic acid were used as disperse medium and surfactant respectively.

Previously we have shown [12–17], that the stabilization of the obtained additives

is a result of the surfactant’s chemisorption by the metals or oxides surfaces. The

additives with highly dispersed nickel, copper, cobalt and copper oxide were pre-

pared and closely investigated. The laboratory stands and operating tests were

carried out. According to the obtained results the additive containing the highly

disperse nickel particles has the best operating characteristics. This additive was

called as «NIKMA». «NIKMA» is desirable for diesel and carburetor internal

combustion engines, compressors, pumps, reducers and bearings. It’s best for de-

preciating units and aggregates. «NIKMA» elevates the compression of the inter-

nal combustion engines by 2.1–8.4 %, power – by 2.7–6.7 %, motoresource by

15000–35000 km, reduces expenditure of fuel by 1–2 H2O mm, decreases the oil

consumption to refuel by 15–22 %, decreases the pressure of the gases by 1–2 Í20

mm, restores compressors, pumps, reducers, bearings, improves antifriction pro-

perties of the oils by 12 %, antiwear by 25 %, increases the alkaline number by

3.6%, decrease the content of the wear products à 20–80 times, decreases the con-

tent of CO in the reaction gases of the motor cars by 5–42 %.

Highly dispersed oxides prepared by novel technique are the basic components of

the black and white developers for latent fingerprint visualization on wet, greasy

and adhesive surfaces. These developers were elaborated with participation of the

State Expert & Forensic Science Center Ministry of Internal Affairs of Republic Be-

larus and were named as «DAKTI» and «DAKTI-2». DAKTI developers are used for

latent fingerprint visualization on black and light-colored wet, greasy and adhesive

ceramic, metal, glass and polymeric surfaces. The distinctive characteristic of

DAKTI developers is that no surface pretreatment or drying is necessary.

Different gas-generating systems for sickness diagnostics were developed to-

gether with the Research Institute of Epidemiology and Microbiology [18, 19].
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The gas-generating systems «Anaeropak H2+CO2» and «Kapnopakaqua» were de-
signed for creation and control of the atmosphere in 2.5l jar produced by BioMe-
rieux, Becton Dickinson, Oxoid. The gas-generating system «Anaeropak H2+CO2»

is used for anaerobic bacteria cultivation and investigation in the bacteriological

laboratories and scientific institutes. Gas-generating system contains 10 gas-gene-
rating bags, 2 highly dispersed catalysts and 10 indicated test-straps. Using the

gas-generating system «Anaeropak H2+ CO2» full oxygen binding and evolution of

7–8 vol.% carbon dioxide are observed. The gas-generating system «Kapnopakaqua»

is designed for creation of excess CO2 concentration for optimal cultivation of the

capnophilic microorganisms. About 7-8 vol.% of carbon dioxide is eliminated as a

result of the utilization of the gas-generating system «Kapnopakaqua». At the pre-
sent time, the hospitals of Belarus use the above-mentioned gas-generating sys-
tems.

The techniques of the preparation of Ag and Ag/Pd alloy powders for microe-
lectronics with predetermined morphology characteristics were developed. These

powders can be used to prepare conducting pastes [20].

3. INTERPHASE SYNTHESIS OF THE METALS,
HYDROXIDES AND SALTS NANOPARTICLES

In 1996 the copper oxide nanoparticles were prepared for the first time by the

interphase interaction of the copper oleate and sodium hydroxide which were dis-

solved in the different immixible phases of the two-phase reaction system [21–23].

This novel technique was called as interphase synthesis. Fig. 1 shows the overall

scheme of the interphase synthesis.

The solution of one of the reagents in non-polar solvents is added to aqueous

solution of another reagent and resulting two-phase system is stirred without dis-

turbing of the interface. In contrast to traditional one-phase synthesis, at the in-

terphase synthesis the interaction may occur at different phases: water, organic,

at the interphase both on the source of water or organic phase depending on condi-

tions of the reactions. The interaction conditions at the each of the above mentio-

ned phases are differentiated. These differences are manifested themselves in va-
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rious reagent concentrations, different diffusion conditions, mutual molecular

position, solvation. The different conditions of the crystal’s formation and

growth at the each of the above mentioned phases are the prerequisite for formati-
on the metals and their inorganic compounds with properties differentiated from

one’s deposited from homogeneous solutions. As in the case of microemulsion and

above-mentioned two-phase synthesis, the interaction of reagents dissolved in the

different phases of the two-phase systems, is the principle of the interphase synt-
hesis. In contrast to microemulsion synthesis, during interphase synthesis both

phases should not intermixed. Another distinction of the proposed technique is

that the stable metal, oxide and sulphide colloidal dispersions are obtained witho-
ut additional surfactants. In solution the particles, which are formed during che-
mical deposition, are mobile and will coalesce due to van der Waals forces unless

they are protected. Consequently, the synthesis of nanoparticles involves rapid

nucleation, homogeneous growth and a final encapsulation stage with polymers,

ions, complexing ligands or surfactants to prevent the growth of larger crystals.

In the case of the interphase synthesis the nanosized metals and their compounds,

synthesis of which in homogeneous solutions are impossible or difficult, may be

synthesized without any addition of surfactants by the interaction of the reagents

dissolved at different phases of two-phase systems. In so doing the stabilizing

agents and surfactants should be formed as a result of the interphase interaction

and stabilize the colloidal dispersion «in situ». The essence of the interphase synt-

hesis is the interaction of the reagents dissolved in different immiscible phases of

the two-phase system.

At the present time the colloidal dispersions of the gold [24–26], silver [27–29],

palladium and silver/palladium [30] were prepared by interphase interaction wit-

hout using of tiols and amines, which are traditionally used to stabilize the orga-

nosols of the noble metals. The stable colloidal dispersions of precious metals in

non-polar solvents were obtained by the interphase reduction of the noble metal’s

complexes with quaternary ammonium salt by sodium borohydride dissolved in

organic and water phases, respectively. The N,N,N-tridecil(3-aza-3-decyltride-

can)ammonium iodide was used as the quaternary ammonium salt to transfer nob-

le metals into organic phase. The N,N,N-tridecil(3-aza-3-decyltridecan)ammoni-

um iodide was synthesised by the specialists of the chair of analytical chemistry of

the Byelorussian State University for the first time. The sodium borohydride was

used as reducing agents. The non-polar solvents were used as organic phase.

The overall reactions of the interphase preparation of the noble metal’s disper-

sions and some their properties are summarised in Table 1. The obtained results

show that under interphase reduction of the noble metal’s complex with quaterna-

ry ammonium salt, the colloidal dispersions of noble metals are formed in the or-

ganic non-polar phase and at the interface. In contrast to the colloidal solution of

silver and palladium, a gold film was deposited at the walls of the reaction vessel

in aqueous phase simultaneously with the formation of gold hexane colloidal dis-

persion. The lifetime of the obtained non-polar dispersions ranges from 3 h (Pd) to

8 month (Au). In agreement with the X-ray diffraction and X-ray photoelectron

spectroscopy, the prepared colloidal dispersions contain crystalline metals. The

diffraction peaks are broaden. The observed peaks broadening are due to the high

dispersity of the obtained particles. Transmission electron microscopy shows that

the shape of the prepared metal’s particles is spherical. In most cases, the primary
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particles are aggregated. In accordance with the transmission electron microscopy

(TEM) data, the mean diameters of Au, Pd and Ag/Pd primary particles are distri-
buted from 1.4 to 2.6 nm. The particle size distributions of the palladium and sil-
ver/palladium are narrow and standard deviations have small numerical value.

These results testify that Pd and Ag/Pd particles are uniform. The particle size

distribution of the gold colloids is broader, the standard deviation is equal to

0.47. The silver particle’s mean diameter and standard deviation as a whole de-
pend on the reaction time.

The UV-vis adsorption spectrum of the freshly prepared silver dispersion
shows the broad absorption peak with the maximum at 460-480 nm. During stor-
age the adsorption maxima are shifted to short-wave spectral region. Along with
the displacement of the absorption maxima, the variation of their intensity and
shape are observed. Simultaneously with the decreasing of the intensity of the ab-
sorption peaks, their narrowing are observed. The displacement and narrowing of
the absorption maximum can be assigned to the sedimentation of some large Ag
particles. As the result, the fraction of smaller particles increases and the absorp-
tion maxima are shifted to the shorter wavelength and became a narrower. The
concentrations of the colloidal solutions are decreases and the intensities of the
maxima are decreases too.

The position of the gold dispersions absorption peak is practically invariable at

514 nm on the different stages of preparation and storage of the gold dispersion.
The UV-vis spectra of the black palladium colloidal dispersion in organic phase

are characterized by unstructured adsorption.
The UV-vis spectra of the colloidal silver/palladium dispersion after 30 min

have a shoulder at 400–450 nm corresponding to the metallic silver. The UV-vis
spectra of the Ag/Pd dispersions obtained at the later stages of the reaction are
identical to the spectra of the individual palladium dispersions. The adsorption
corresponding to the metallic silver is absent. Evidently, it is due to the formation
the palladium cores on the silver particle’s surface. As a result, the silver spec-
trum is concealed by spectrum of the palladium colloid. The UV-vis spectrum of
the film formed at the interface is identical to ones of the colloidal dispersion.

The colloidal dispersions of the noble metals destroy slowly under storage. Ac-
cording to the transmission electron microscopy data, the sediment deposited dur-
ing gold hexane dispersion storage consists of non-aggregated spherical particles.
The mean diameter of the particle size distribution is 2.5 nm and similar to one of
the colloidal dispersion. The standard deviation is 0.61. The primary gold parti-
cles are assembled. The palladium and silver/palladium sediments consist of the
spherical particles. Their sizes are distributed from 1.5 to 3.5 nm.

In contrast to the colloidal solution of silver, a gold film was deposited at the
walls of the reaction vessel in aqueous phase simultaneously with the formation of
gold hexane colloidal dispersion. The film deposited at the walls of the reaction
vessel contacting with aqueous phase consists of spherical gold particles. The
mean diameter of the particle size distribution and standard deviation are 8.2 nm
and 0.57, respectively. The primary particles are integrated into aggregates.

In order to create inhomogeneities of electric field in the thin film organic vol-
ume, silver nanoparticles prepared by interphase interaction were used. Thin
films were prepared by spin coating method. It was found that silver nano-
particles mixed with MEH-PPV result in the increase of electroluminescence
brightness and efficiency [29].
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As differentiated from the precious metals, the copper dispersions and po-
wders were prepared by the interphase reduction of the copper oleate which were

dissolved in hexane [31, 32].

Cu(C17H33COO)2 (hexane)+ 4NaBH4 (aq or ethanol) + 7H2O � Cu (aq, ethanol or

hexane) + Na2B4O7 (aq) + 2C17H33COONa (aq, ethanol, hexane) +15H2

X-Ray evident that the mixture of the metallic copper and copper (I) oxide are

formed as a result of this reaction. The phase of the localization of the reaction

products and there state depend on the reaction conditions (concentration and ra-
tio of the reagents, pH, water phase volume). Varying the composition of the

two-phase system and the reagent’s concentration, the state of the reaction pro-
ducts (sediment or colloidal dispersion) and phase of the localization (hexane, wa-
ter or ethanol) are also varied. When employing hexane/water two phase system

and otherwise identical conditions, the colloidal dispersion in water or sediment

in hexane are formed. Using the hexane/ethanol two-phase system the reaction

products are formed in the polar organic solvent (ethanol). During storage of the

weak copper aqueous colloidal dispersion, the colorless of one is observed. This

process is accompanied by the precipitation of the blue sediment. According to the

results of the liquid chromatography and 1H NMR spectroscopy, the blue sedi-

ment is the copper stearate. Evidently, the low-temperature hydrogenation of the

double bond of the oleate-ion occurs. The metallic copper precipitated by the cop-

per oleate interphase reduction catalyses the hydrogenation.

Ñ17Í33COONa
H 2 � Ñ17Í35COONa

Then the sodium stearate reacts with the metallic copper and copper stearate

is formed.

2Cu + O2 + 4Ñ17Í35COONa + 2H2O � 2Cu(Ñ17Í35COO)2 + 4NaOH

The copper stearate is reduced and colloid dispersion of the metallic copper is

formed under addition fresh sodium borohydride solution to the reaction system.

Cu(Ñ17Í35COO)2 + 4NaBH4 + 7H2O � Cu + Na2B4O7 + 2Ñ17Í35COONa + 15H2

Thus, the low-temperature hydrogenation of oleate-ion occurs in copper colloi-

dal solution prepared by interphase reduction of copper oleate. This effect is very

interesting because the low-temperature hydrogenation is known to occur at room

temperature only over supported catalyst based on noble metals, in particular, on

platinum. The transition metals, for example, Renee nickel, catalyse the olephin

hydrogenation only at high temperature.

A number of oxides, hydroxides and salts were also prepared by interphase in-

teraction.

The zinc and copper oxides were prepared by the interphase interaction of zinc

or copper oleate and sodium hydroxide, which were dissolved in decane and water

or ethanol, accordingly.
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Me (C17H33COO)2(decane) + 2 NaOH (water or ethanol) �
MeO + H2O + 2 C17H33COONa

Me � Zn, Cu

The different ZnO samples were obtained by the variation of the experimental

conditions (temperature, ratio of the reactants) and two-phase system compositi-
on (decane-water, decane-ethyl alcohol) [33, 34].

Varying the reaction conditions the copper oxide colloidal solution or sedi-
ments, having different shape and composition, were obtained by the interphase

interaction of copper oleate and sodium hydroxide [21–23, 35]. The blue sediment

of the Cu(OH)2 is precipitated in water phase of the decane/water two-phase sys-
tem by the interphase interaction of the copper oleate and sodium hydroxide. It

consists of the needle shape particles. At the same time, the spherical Cu(OH)2
particles are precipitated in homogeneous water solutions. With ethanol is placed

of water in octane/water two-phase system the copper (II) oxide is formed in etha-
nol after 2 h aging at room temperature. The aging conditions in the two-phase

system as shown is softer then ones in homogeneous solutions. Under rise in tem-

perature on 95 îC the colloidal dispersion of CuO is formed in hexane. In agree-

ment with the results of the X-ray disperse phase of colloidal solution contains

crystals of CuO. The average size of the coherent scattering regions of the copper

(II) oxide were evaluated. It is about 3.2 nm. The characteristic bands of the car-

boxylate ion (1560, 1410, 1313, 1274 cm–1) in the FT-IR spectra indicate that the

dispersed phase of the colloidal solution contains also copper (II) oleate. The re-

sults of the chemical analysis and estimations from IR-spectroscopy revealed that

the mole ratio of CuO:Cu(C17H33COO)2 is 5.4:1.0. It is likely that copper (II) oleate

is a stabilizer for the obtained colloidal solutions similar to iron (II,III) oleates

which are formed at the chemical sorption of oleic acid by iron oxides (II,III) [15].

However, in contrast to the iron oleates, copper(II) oleate is not the product of

chemical sorption. It is an active reagent, which simultaneously maintains stabili-

ty of the colloidal solution. To ensure the stability, an excess of copper (II) oleate

respective to the exchange reaction with sodium hydroxide should be used. Thus,

if one of the reagents is a derivative of the surfactant that was used in excess, the

chemical deposition in two-phase systems might be considered as a method for

synthesis of colloids in one of these phases. The TEM investigation shows that the

disperse phase of the colloidal solution consists of crystal spherical particles of

copper oxide (II) of average diameter ca. 6 nm (�= 1.65).

Copper, zinc and cadmium sulphide were also prepared [36-38]. The copper

sulphide was synthesised by the interphase interaction of the copper oleate and so-

dium sulphide (hydrogen sulphide), which were dissolved in organic and water

phases of the hexane-water two-phase system accordingly.

Me (C17H33COO)2(decane) + Na2S (water or ethanol) � MeS + 2 C17H33COONa

Me (C17H33COO)2(decane) + H2S (water or ethanol) � MeS + 2 C17H33COOH

Me � Cu, Cd, Zn

The effect of the precipitant nature and initial molar Cd2+/S2- ratio on the CdS

nanoparticles and obtained dispersions optical properties were investigated. As evi-
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dent from the obtained results, the nature of the precipitant influence the reaction

product’s phase of localization and their form. Therefore, using the hydrogen sulp-
hide aqueous solution as precipitant, the product of the interphase interaction is

CdS colloidal dispersion in hexane. However, if the sodium sulphide aqueous soluti-
on is used as precipitant, the CdS colloidal dispersions are formed in water and hexa-
ne phases simultaneously. Furthermore, the cadmium sulphide sediment is precipi-
tated on the hexane/water interphase. Probably, these distinctions are due to the

differences between surface-active properties of the oleic acid and sodium oleate ge-
nerating during the interphase interaction. The Cd2+/S2– ratio hasn’t influence the

interphase reaction product’s phase localization. The blue shift is common to optical

spectra of the obtained CdS dispersions. As known, it may be a reflection of the very

small CdS particles. So, the CdS particle size determined from the onset of light ab-
sorption based on the previously published calibration curve is equal to 2 nm. This

result is remarkably close to those obtained from X-Ray analysis. The sharpness of

the UV peak shows that the CdS nanoparticles have a narrow size distribution. The

sole exception is the colloidal dispersion obtained by precipitation with sodium sulp-
hide and molar ratio 0.3:1. The luminescence peak position shift to short wavelength

from � 534 to � 311 nm are characterized to hexane colloidal dispersions prepared by

interphase precipitation with sodium and hydrogen sulphide as precipitants and mo-

lar ratio 0.3:1. To analyze the purpose of these results the more sophisticated inves-

tigation must be developed.

To prepare CdS thin films in polystyrene the obtained CdS colloidal dispersi-

ons in toluene solution of the polystyrene were poured out on substrate and dried

on air at room temperature. The data obtained demonstrate the possibility of the

developed technique to prepare CdS colloidal dispersions and thin films in polys-

tyrene. As in the case of the hexane colloidal dispersion the CdS nanoparticles in

polystyrene films are equal to � 2 nm.

CONCLUSION

Based on the obtained data the common recommendations of the nonaggregated

nanoparticle’s preparation can be formulated. They are the preventation the coales-

cence on the primary particles in the act of forming or disintegration of the globu-

le’s aggregates. These recommendations are utilized in practice by chemists. The

surfactants are traditionally used for that. The preparation of the particles having

predetermined shape and orientation in the dispersion medium is also very impor-

tant for the preparation of the composite materials. This problem has no common re-

solution. In the case of ferrofluids the covering of magnetic field during synthesis is

the effective method of the governing of shape and orientation of magnetite partic-

les [39]. The interaction of the magnetic dipoles promote oriented intergrowth of the

primary particles without using of the magnetic field [13, 15, 40].

The purposeful synthesis of the unisometrical particles of the diamagnetic subs-

tances is the more complicated problem. To accomplish this task the pseudomorpho-

se of the primary substance can be prepared. These pseudomorphoses transform to

resulting products and hold the shape of precursors. So, crystalline copper (II) hyd-

roxide and copper (II) oxide obtained from the last, are needles in shape. The prepa-

ration of these particles has no particular hardship. At the same time, the preparati-
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on of the isometrical copper (II) oxide particles is the more difficult problem. To re-

solve the problem CuO were prepared by interphase synthesis [21–23, 35].

Furthermore, the reaction at the interface is interesting for the preparation of

films, colloidal oleosols or aquasols without introducing of additional surfactants,

powders with predetermined sizes. For example, the colloidal gold prepared by in-
terphase synthesis, is formed in organic phase as colloidal dispersion and is simul-
taneously deposited on walls of reactor in aqueous phase. The reasons of the selec-
tive deposition in one of the phases are not always clear. Evidently, besides from

the differences in Au particle’s sizes, the solvofilic of ones determine the phase of

the reaction product’s localization.

The distinction of the developed method is that the stable metal, oxide and sulp-
hide colloidal dispersions are obtained without any additional surfactants. However,

the surfactants can be produced as a result of the interphase interaction. Depending

on the quantity of surfactants, the micelles of hydrophilic or hydrophobic sols can be

arisen. The nature of the micelles determines the phase of the localisation of the re-
action products. Evidently, changing the quality of the N,N,N-tridecil(3-aza-3-de-
cyltridecan)ammonium iodide or oleate-ion, the desired distribution between the

phases of the two-phase system can be achieved. Under stochiometric proportion of

the reagents, the surfactant formed is not enough to transfer all particles to non-po-

lar phase. As a result, part of them, stabilized by double electric layer remain in

aqueous phase and form colloidal dispersion, film or deposit. Due to the deficiency

of the surfactant, the colloidal dispersions prepared by interphase synthesis has no

reasonable sedimentation stability. This deficiency can be eliminate by addition of

the surfactant. The thin fractionation of the dispersed phase can be carrying out by

surfactant addition or by deposit peptization after fixed time intervals. Due to this

technique, the stable colloidal dispersions having small standard deviation and high

structure uniformity can be prepared.

The formation of thin films of noble metals at the interface is of fundamental

importance. This fact is indicative of surfactant forms at the interface both conti-

nuous and discrete layer of polar molecules. Under small quantity of surfactant in

the phase of the non-polar solvent, oleophilic micelles are transformed to liophi-

lic-liophobic structures which can be named as semimicelles. Under sufficient qu-

antity of them the continuous layer is formed. This layer facilitate to the film for-

mation. Under small quantity of the semimicelles, the microheterogeneities of the

interface give rise to the surface tension modification and to the geometrical mic-

roirregularity of the interface. The size of these microirregularities cause the size

of the primary particles formed. The particles formed give rise to force balance at

the interface. As a result the particles pass into organic or aqueous phase depen-

ding on the proportion of the interaction energy of the particles formed with the

double electric layer (in water phase) and adsorption layer (in organic phase). The

proposed scheme can be used to explain the experimental data obtained.

ACKNOWLEDGMENT

The authors thank Dr. A.V. Kukhta, Dr. G.F.Levchik, Dr. T.M. Shunkevich,

E.N. Gartsueva, V.V.Mushinskii, N.S. Sobal and specialists of the Institute of Elect-

ronics for their collaboration in the experimental investigations.

245PREPARATION AND INVESTIGATION
OF THE HETEROGENEOUS SYSTEMS, CONTAINING HIGHLY DISPERSED COMPONENTS



REFERENCES

1. Lesnikovich A. I. // Fiz. Gorenia Vzryva, 1979, 15, Vol. 15, ¹ 1. P. 37–42.

2. Lesnikovich A. I., Vorobyova S. A. // Fiz. Gorenia Vzryva, 1981, 17, ¹ 2, P. 48–55.

3. Vorobyova S. A., Lesnikovich A. I., Manelis G. B., Sviridov V. V., Strunin V. A. // Fiz. Go-

renia Vzryva, 1995, 31, ¹ 6, P. 82–88.

4. Lesnikovich A. I., Levchik G. F., Vorobyova S. A. // Combustion, Explosion, and Shock

Waves, 1998, Vol. 34, ¹ 2. P. 177–182.

5. Lesnikovich A. I., Levchik G. F., Vorobyova S. A. // Fiz. Gorenia Vzryva, 1998, ¹ 2,

P. 67–72.

6. Amosov I. S., Baikov M. V., Gut’ko V. I. // Patent USSR, ¹ 1143010, 1984.

7. Sergeev P. V., Sviridov V. V., Baikov M. V. // Patent USSR, ¹ 1390838, 1986.

8. Skvorchevskii N. Ia., Sergeev L. E., Vorobyova S. A. Lesnikovich A. I. // Proc. of the Aca-

demy of Sciences of Belarus, Seria techn. nauk., 1995. ¹ 4. P. 5–8.

9. Levchik G. F., Vorobyova S. A., Gorbarenko V. V., Levchik S. V., Weil E. D. // 7th European

Conference on Fire retardant Conference, Greenvich, 1999. P. 38.

10. Levchik G. F., Vorobyova S. A., Gorbarenko V. V., Levchik S. V., Weil E. D. // J. Fire Sci-
ences, 2000, 18, ¹ 3. P. 172-182.

11. Vorobyova S. A., Lavrinovich E. A., Mushinskii V. V., Lesnikovich A. I. // Friction and

Wear, 1996, ¹ 6, P. 827–831.

12. Lesnikovich A. I., Vislovich A. N., Vorobyova S. A., Shunkevich T. M. // 6th Int. Conf. on

Magnetic Fluids. Paris, 1992. P. 508.

13. Vislovich A. N., Lesnikovich A. I., Vorobyova S. A., Shunkevich T. M. // Magnitnaya Hyd-

rodinamika, 1993, ¹ 2, P. 35–42.

14. Lesnikovich A. I., Shunkevich T. M., Naumenko V. N., Vorobyova S. A., Baykov // 5th Int.

Conf. în Magnetic Fluids, Riga, 1989. P. 25.

15. Lesnikovich A. I., Shunkevich T. M., Naumenko V. N., Vorobyova S. A., Baykov M. V. //

J. Magn. Magn. Mater. 1990. Vol. 85. P. 14–16.

16. Lesnikovich A. I., Shunkevich T. M., Naumenko V. N., Vorobyova S. A. // Vestnik Belo-

ruskogo Universiteta. Seria 2, 1993, ¹ 1. P. 7–9.

17. Vorobyova S. A., Lesnikovich A. I., Levchik G. F., Levchik S. V. // 14th Int. Conf. on Mag-

netogidrodinamics, Jurmala (Latvia), 1995. P. 206.

18. Titov L. P., Lesnikovich A. I., Vorobyova S. A., Lebedkova N. V., Mushinskii V. V., Garba-

renko V. V., Sobal N. S., Mozar B. A. // Modern Problems of the Infectious Pathology,

1998, P. 470–474.

19. Titov L. P., Lebedkova N. V., Morozova O. M., Lesnikovich A. I., Vorobyova S. A., Levchuk

S. M., Doronin V. S., Bordovich E. V., Tihomirova N. A. // Modern Problems of the Infec-

tious Pathology, 2001, P. 236–252

20. Vorobyova S. A., Sobal N. S., Lesnikovich A. I. // 3rd International Conference «Noble

and Less-Common Metals», Donezk, 2000. P. 379.

21. Vorobyova S. A., Lesnikovich A. I., Mushinskii V. V. // Colloids and Surfaces, A: Physi-

cochem. and Eng.Asp., Vol. 150, ¹ 1–3, 1999, P. 297–300.

22. Vorobyova S. A., Lesnikovich A. I., Mushinskii V. V. // 1st Conference on Highly-Organi-

zed Compounds, S.-Petersburg, 1996, P. 403.

23. Vorobyova S. A., Mushinskii V. V., Lesnikovich A. I. // Dokl. of the Academy of Sciences

of Belarus, 1997, Vol. 41, ¹ 4, P. 62–65.

24. Vorobyova S. A., Sobal N. S., Lesnikovich A. I. // Colloids and Surfaces, A: Physicochem.

and Eng. Asp., 2001, Vol. 176. P. 273-277.

25. Vorobyova S. A., Lesnikovich A. I., Sobal N. S. // Physics, Chemistry and Application of

Nanostructures. Revieves and Short Notes to Nanomeeting’99, Minsk, Belarus, 17–21

May 1999. P. 314–317.

246 A. I. Lesnikovich,
S. A. Vorobyova



26. Vorobyova S. A., Sobal N. S., Lesnikovich A. I., Tiavlovskaya E. A. // Dokl. of the Acade-
my of Sciences of Belarus, 2000, ¹ 1. P. 57-60.

27. Vorobyova S. A., Lesnikovich A. I., Sobal N. S. // Colloids and Surfaces, A: Physicochem.

and Eng. Asp., Vol. 152, ¹ 3, 1999, P. 375–379.

28. Vorobyova S. A., Sobal N. S., Lesnikovich A. I. // Dokl. of the Academy of Sciences of Be-

larus, 1998, ¹ 4. P. 74–78.

29. Kukhta A. V., Kolesnik E. E., Taobi M. I., Vorobyova S. A., Gartsueva E. M., Lesnikovich A. I.

// 11th International Workshop on Inorganic and Organic Electroluminescence, Ghent,

2002, P. 457–460.

30. Vorobyova S. A., Sobal N. S., Lesnikovich A. I. // 1st All-Russian Conference «Chemistry

of Surface and Nanotechnology», S.-Petersburg - Hilovo, 1999. P. 59.

31. Vorobyova S. A., Sobal N. S., Lesnikovich A. I. // 1st All-Russian Conference «Chemistry

of Surface and Nanotechnology», S.-Petersburg - Hilovo, 1999. P. 23.

32. Vorobyova S. A., Lesnikovich A. I., Mushinskii // 3rd International Conference «Chemis-
try of Highly-Organized Substances and Scientific Foundation of Nanotechnology»,

S.-Petersburg, 2001. P. 190.

33. Vorobyova S. A., Lesnikovich A. I., Mushinskii V. V. // Third International Conference on

Inorganic Materials, Germany, 2002. P. 156

34. Vorobyova S. A., Lesnikovich A. I., Mushinskii V. V. // 2nd International Conference

«Chemistry of Highly-Organized Substances and Scientific Foundation of Nanotechno-

logy», S.-Petersburg, 1998. P. 161.

35. Vorobyova S. A., Lesnikovich A. I., Gartsueva E. N. // 3rd International Conference «Che-

mistry of Highly-Organized Substances and Scientific Foundation of Nanotechnology»,

S.-Petersburg, 2001. P. 191–192

36. Vorobyova S. A., Lesnikovich A. I, Gartsueva E. M., Kukhta A. V., Kolesnik E. E. // 4th

International Conference on Materials for Microelectronics and Nanoengineering,

10–12 June, 2002. Finland. P. 235–238

37. Vorobyova S. A., Lesnikovich A. I., Gartsueva E. M. // E-MRS Spring Meeting 2002,

Strasburg, June 18–21, 2002. P. C-13

38. Vorobyova S. A., Lesnikovich A. I., Sobal N. S. // 2nd All-Russian Conference (with inter-

national participation) «Chemistry of Surface and Nanotechnology», S.-Petersburg -

Hilovo. 2002. P. 104.

39. Sviridov V. V., Shevchenko G. P., Susha A. S., Diab N. A. // J. Phys. Chem., 1996, Vol. 100,

¹ 50. P. 19632–19635.

40. Shunkevich T. M., Lesnikovich A. I., Baikov M. V., Vorobyova S. A. // Colloid. Zurn.,

1983, ¹ 5, pp. 1030–1032.

247PREPARATION AND INVESTIGATION
OF THE HETEROGENEOUS SYSTEMS, CONTAINING HIGHLY DISPERSED COMPONENTS


