rodepositon of tantalum from high-temperature mol-
ten salts is well known, The most successful attempt
of the deposition of tantalum coatings performed
by Mellors and Senderoff [4] was achieved only in
the presence of K™ cations.

Motivated by the lack of FTIR-spectroscopic
data on tantalum chlorides and oxochlorides in io-
nic liquids and by the possibility to obtain elect-
rochemically tantalum coatings on various substra-
tes in the presence of LiF, we have performed spe-
ctroscopic studies of electrochemically active spe-
cies of tantalum (V) in the novel ionic liquid 1-bu-
tyl-1-methyi-pyrrolidinium chloride—TaClg with
additives of alkali halides, which has promising
properties as electrolyte for electrochemical depo-
sition of tantalum coatings.

Synthesis. Stirring of the mixture of 1-butyl-
1-me-hyl pyrrolidinium chloride (BMPC) with TaCls
at the molar ratio 65:35 leads to the formation of
a liquid at temperatures above 80 °C. The synthesis
was performed in a Pyrex tube in inert atmosphere
of argon (99.999) placed in an oil bath. The handling
of the samples was done in a glove box MBRAUN
Star containing <1 ppm oxygen and moisture. The
ionic liquid BMPC—TaClsis stable in the temperature
range 80—180 °C. Compositions with 10 mol. % of
alkali chlorides (LiCl, NaCl, KCIl, RbCl, CsCl) were
prepared. The influence of LiCl and LiF was inves-
tigated at the concentrations 3.5 and 10 mol. %.

Chemicals. 1-Butyl-1-methyl pyrrolidinium chlo-
ride (BMPC) (Merck, moisture content <100 ppm)
is a white powder with a melting point of 203 °C,
decomposing at 210 °C. It was preliminary dried in
high vacuum (up to 0.013 mbar) at 80—100 °C with
stirring during 48 h. TaCls (Alpha Aesar 99.99 %)
was used without preliminary purification. Alkali
chlorides and LiF p.a. quality from Merck were
dried for at least 24 h at 150 °C under high vacu-
um and purified by melt recrystallization in inert
atmosphere. Only transparent pieces were used for
experiments.

Spectroscopic measurements. FTIR internal ref-
lection (Golden Gate ATR unit with KRS5 lince)
spectroscopic technique was used for the determina-
tion of the structure and composition of electroche-
mically active species of tantalum (V) in ionic liquid
BMPC—TaCls. FTIR spectra were recorded using
a Bruker FTIR spectrometer Equinox 55 with a MCT
nitrogen cooled detector in the range 4000—250 cm ™,

BMPC—TaCls. The formation of ionic liquid
BMPC—TaCls at the molar ratio 65:35 occurs accor-
ding to the reaction:

2CgH,NCl + TaCls — (CgH,pN),” + TaCl + CI.

The main species present in BMPC—TaCls are
complex anions TaClg. At a TaCls concentration of
35mol. % of one can expect the formation of a
quasi crystal lattice with [TaClg] structural unit and
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Fig. 1. FTIR spectra of 1-butyl-1-methyl-1-pyrrolidinium chloride (BMPC),
BMPC—TaCl; (molar ratio 65:35), BMPC—TaCl—ACI

(10 mol % ACL A= Li Na, Rb, Cs).
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oligomeric complexes of tantalum (V). Because of
the strong ability of refractory metals to form oxo-
chloride complexes one has to take into conside-
ration also the formation of the oxochloride comple-
xes of tantalum (V).

FTIR spectra of BMPC, BMPC—TaCls and
BMPC—TaCls with additives of alkali chlorides
(10 mol. %) are presented in fig. 1. Comparison of
the FTIR spectra of BMPC and BMPC—TaCls
shows that introduction of 35 mol. % TaCls into
BMPC does not cause significant changes

do not cause crucial changes in FTIR spectra of
BMPC—TaCls (fig. 1, a,b) exept for the slight shift
of the vibration from 778 to 775 cm™ and insigni-
ficant increase of the mten51ty of the vibrations at
778 cm™' from Na® to Cs'.

Addition of LiCl (10 mol. %) causes an incre-
ase of the mtensny of the vibration 778 cm™ and
a shift to 779 cm ", and this is the only change in
comparison with those with the addition of other
alkali chlorides.

into the vibrational features of BMPC in %%
the range 4000—1000 cm™ (fig. 1, @). There- ’T' ”’Tm
fore our attention is concentrated in the 030 |-
range of the vibrations of tantalum (V) a I &
species, 1000—250 cm™), where the main 025 }
changes are observed (fig. 1, b).
The FTIR spectrum of BMPC—TaCls » '
is characterized by a new vibrational featu- E Gl
re at 778 (vs), 855 (w) and 928 (m) cm™ L Be- .
cause of the strong ability of refractory me- % 0.15 1 ' i i
tals to form oxochloride complexes one «
can suggest that the origin of these vibrati- 040 F
onal bands is the formation of oxochloride
complexes of tantalum (V). P
Ta—O-Ta oxygen bridge bonds typi- '
cally show v1bratsonal bands in the region : : g . 4
700—850 cm ™" [5, 6]. It seems reasonable %% 1400 1200 7000 50 >
to 3551gn the vibrational bands at 778 and it e
855cm ' to the Ta-O-Ta oxygen bridge
bonds in oligomeric ions. One can suggest
that the bands at 778 and 855cm ™ could " [ A
be attributed to the tantalum (V) units 0275 b :
[TaOCls] and [TaOCl,] respectively. i !
The main changes in the spectrum of o250 |

BMPC—TaCly are observed in the region
of triplet bands of BMPC at 892, 910
and 927 cm ™. The increase of the intensity
of the band at 928 cm™ in BMPC—TaCls
overlapped by the vibrational band of BM-
PC at 927 cm™ is attributed to the stret-
ching of the terminal oxygen Ta=O0O in
TaOCl

The v1brationa] modes of Ta—Cl bonds
are observed as a very broad band in the
range 300—450 cm™, Because several struc-
tural units coexist in ionic liquid, [TaClg],

0,225

0,200

Relative intensity

0,175

0,150

0,125

0,100

[TaOCls] and [TaOCly], it is not possible Ll

to resolve Ta—Cl vibrations belonging to
the specific complexes.

700
Wave numbers, crmr!

BMPC—TaCls—ACI (A — Li, Na, K,
Rb, Cs). The additives of 10 mol. % of
the alkali chlorides NaCl, KCI, RbCl, CsCl

Fig. 2. FTIR spectra of 1-butyl-1-methyl-1-pyrrolidinium chloride
(BMPC), BMPC—TaCls (molar ratio 65:35), BMPC—TaCl,—LiCl
(10 mol. % LiCl) and BMPC—TaCl,—LiF (10 mol. % LiF).
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BMPC—TaCls—LiCl and BMPC—TaCls—LiF.
FTIR spectra of BMPC—TaCls (molar ratio 65:35)
with the additives of 10 mol. % LiCl and LiF are
presented in fig. 2, @, detailed spectra m fig. 2, b.

Three bands at 928, 910 and 892 cm™ ! of BMPC
—TaCls do not change under the influence of the
additives of LiCl or LiF. The addition of LiCl le-
ads to a very sh%ht decrease of the intensity of the
band at 855 cm and increase of the intensity of
the band at 775 cm™ . This indicates an increase of
the amount of the species with Ta—O-Ta brid idge bonds.

A new vibrational feature at 608 cm™ appears
in the spectrum of BMPC—TaCls—LiF. The addi-
tion of LiF results in insignificant decrease of the
intensity of the band at 855 cm ! but strong decre-
ase of the intensity of the band at ?’?5 cm- (contrary
to LiCl) and its shift to 777 cm™ Agulyansku [i/]
had investigated the equilibrium Tal"6 <> TaF4
in alkali metal fluoride melts using IR emlssmn
spectroscopy. The vibrations of TaF ;~ complex have
been found in the range 607—593 om’, ~!and those
of TaF-, in the range 542—516 cm™ dapendmg
on alkali cations. The new vibrational mode 608 cm
is assigned to the stretching vibration Ta-F in the
structural unit [TaClg F ] The formation of the
mixed complex TaClg F,~ seems more probable
than that of TaF ¢ because of the low concentration
of LiF (10 mol. %). On the basis of FTIR spectra
one can observe that the addition of LiF leads to
a decrease of the amount of the tantalum (V) species
with Ta—O-Ta bridge bonds and formation of mixed
chloro-fluoride complexes.

The infrared vibrational frequencies of tantalum
species are presented in the table.

FTIR spectra of ionic liquid 1-butyl-1-methyl-I-
pyrrolidinium chloride—TaClg (molar ratio 65:35)
indicate the formation of TaClg complexes and
some oxochloride complexes of tantalum with brid-
ge oxygen bridge bonds Ta-O-Ta. Additives of al-
kali chlorides do not cause changes in the vibratio-
nal features of tantalum (V). In the presence of LiF
the formation of mixed complexes TaClg_F, is ob-
served with simultaneously decreasing amount of the

ECHEM Center of Competence in Applied Electrochemistry, Austria

University of Vienna, Austria
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Vibrational frequencies of tantalum species in BMPC—TaCls
ionic liquid with the additives LiCl and LiF

BMPC— BMPC— BMPC— Vibrational
TaCly | TaCls—LiCl | TaCly,—LiF |  bonds
928 928 928 Ta=0
855 855 854 Ta-0—Ta
755 775 776 Ta-0-Ta
608 Ta-F
300450 300450 300450 Ta-Cl

tantalum (V) species with Ta~O-Ta bridge bonds.

The authors would like to express their gratitude
to the FFG (Austrian Research Promotion Agency)
and to the Government of Lower Austria for the fi-
nancial support in the framework of the K plus pro-
gramme.

PE3IOME. CuHTe3upoBaHa WOHHAS KHAKOCTL 1-Oy-
THi-l-MeTun-1-nupponuauunit xnopua—TaCly (MonsHoE
cooTHOWeHKe 65:35) ¢ LeNBI0 INEKTPOXUMHHECKOr0 0CaN-
NeHUsl TAHTAMOBBIX TNMOKPHITHA NpH TeMmepatrype OKpy-
xamowei cpeas. Meroaom UK-cnekrpockonuu ¢ @ypse-npe-
ofpazoBaHueM HCCACAOBAH MEXAHH3M OCaKIeHHA. YCTa-
HoBlIeHO oOpasosanue kommiekcoB TaClg M HeKOTOPBIX
OKCOXTOpHAHEIX KoMruiekcoB Ta (V) ¢ MOCTHKOBBIMH KHC-
noponnsiMu cazsmMu Ta-O-Ta.
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EXAMINATION OF THE CATALYTIC REDUCTION OF NO BY CHy
IN A Pt—POLYBENZIMIDAZOLE MEMBRANE—Pt SYSTEM WITH AND WITHOUT POLARIZATION

The catalytic reduction of NO by methane was studied using a Pt—polybenzimidazole membrane—Pt system with
and without polarization at 135°C. It was concluded that a hydrogen counter electrode probably will be more
useful in connection with electrochemical promotion of re-examined catalytic reactions.

Pollution from the burning of fossil fuels is a
highly discussed issue these days. Burning of fossil
fuels create numerous kinds of waste exhaust gases
for example CO and NO,. Previous studies have
been concerned with the oxidation of CO and reduc-
tion of NO,. This research has been performed by
many different scientific groups, both in industry
and at universities. Some of these investigations ha-
ve focused on the development of catalysts; other in-
vestigations have been studying the reaction me-
chanism and activity of entire assembly systems,
with different catalysts and with gas mixtures like
CH4/NO,.

Promotion of a catalytic reaction can be done
in many different ways; the most common known
promotion method is pure chemical promotion. Pure
chemical promotion is used in various industrial pro-
cesses and the area is huge.

Recently it was found that it was possible to
promote the catalytic reaction reversibly by electro-
chemical polarization of the catalyst. Discovered
by Vayenas et al. [I, 2] the electrochemical promo-
tion (EP) was performed using the solid oxide fuel
cell membrane—electrode assembly (MEA), i.e.
Ptlyttria stabilized ZrO,[Pt.

A catalyst is often a system, which consists of
an electronic (the catalyst) and an ionic conductor.
That makes it possible to use EP for many catalytic
reactions. The EP nature is based on the change of
the Fermi level of electrons in a catalyst (i.e. potential
of the catalyst) {3]. ,

This effect is similar to pure chemical promoti-
on of catalysts, where rate constant is altered by
the change of the Fermi level of the catalyst by
addition of promoters [2, 4] The NEMCA effect has
been demonstrated for more than 50 heterogeneous
[>—19] and one homogeneous [20] catalytic reacti-
on. Petrushina et al. [6] defined two types of elect-

rochemical promotion depending on the value of
the faradaic current (I) and the enhancement factor
(A). The electrochemical promotion effect is made up
of two parts:

1. The electrochemical promotion effect is the
charge-induced change of the strength of chemisorp-
tive bonds at the catalyst-support-reactant boundary
in heterogeneous catalysis or electrode-catalyst inter-
face in homogeneous catalysis (CI effect).

2. The effect induced by the electrochemical pro-
duction of catalyst promoters (EPP effect).

Most published cases of electrochemical promo-
tion [1, 4—14, 21] can be ascribed to the EPP effect
or mixed CI and EPP effects, depending on the po-
larization resistance of the EPP reaction. The promo-
tion of a homogeneous catalytic reaction [20] or al-
kenes isomerisation [17] are examples of the CI effect.

In most previous studies of electrochemical pro-
motion of catalytic NO reduction with CO or prope-
ne, Na was pumped to the surface of the catalyst
using electrochemical reduction of Na' ions from
Na pr-alumina support [12—15]. This supply of Na
greatly enhanced the reduction of NO on Pt, Pd,
Rh, and several other catalytic materials with a re-
action rate enhancement as high as 20. Simultane-
ously the selectivity of the production of N, against
N,O increased.

Lambert et al. [12—15] showed that the effect
of electrochemical promotion is equivalent to the ef-
fect seen from depositing Na chemically on the ca-
talyst surface. It means that the EP effect had a
pure EPP nature.

Although there is already an established indust-
rial process of the reduction of NO, with NHj,
the use of hydrocarbons has attracted much atten-
tion, since the cost of hydrocarbons is much lower
than that of ammonia. Particular methane as redu-
cing agent has been investigated thoroughly in con-

* V.A. Bandur (B.A. Baunyp) — kamn. xum. Hayk (1991), paboram ¢ C.B. Bonkosem ¢ 1977 mo 1999 r. LM.
Petrushina (M.M. Tlerpymmna) — kama xuM. nayk (1989), paGorana 8 MOHX HAHY c 1978 mo 1993 r., N.J. Bjerrum

— wunocrpaunsiii wiek HAH Vkpauner (1992).

© V.A. Bandur, I.M. Petrushina, R. Refshauge, N.J. Bjerrum, 2005

74

ISSN 0041-6045. YKP. XMM. XXVPH. 2005. T. 71, Ne 11-12



nection with NO, reduction. In the NO, reduction
with CH4 different catalyst efficiencies have been
investigated [22—43]. Most of the experiments ha-
ve been carried out at high temperatures in the
range of 200—750 °C. A few groups have exami-
ned the process at low temperatures [24, 28]
Burch et al. [22, 23] compared silica and alumina
supported Pt, Pd and Rh catalysts efficiency. It
was found that Pt was 10 times more active than
Pd and 50 times more active than Rh. Pt catalysts
on silica support (Si0,) were seen to be most ac-
tive catalyst at low temperatures; this was ascri-
bed to the morphology of the catalyst.

Also metal-exchanged zeolites (Metal-ZSM-5)
have been investigated as catalysts in the NO,
reduction with CHy [26, 27, 29—36]. Okumura et al
[27] and Shimokawabe et al. [26] studied the reaction
mechanism of NO, reduction with CHy4, on a Cu-
zeolite catalyst, with temperature programmed de-
sorption (TPD) and temperature programmed reac-
tion (TPR) spectroscopy. Decomposition of NO,
NOj;, NO, species adsorbed on catalysts together
with O species was found at relative low tempera-
tures (523 K), and evolution of N, N,O and NO,
was seen. NOs-adsorbed species was found to be
well reduced by CH at slightly higher temperatures
(570—600 K ), while NO,-adsorbed species was seen
to be less active also with CH,4 as reducing agent.

Gutierrez et al. [29] investigated the effect of
the selective catalytic reduction (SCR) of NO, with
CHy4 on a bimetallic-zeolite catalyst (Co/Pt) system
and found that the multifunctional catalysts were
very promising.

Later Heinisch et al. [33] worked further with
bimetallic-zeolite (Pd/In) catalysts and found that
there was a better CH4 conversion in the bimetallic
catalysts as compared with single-metallic (In) ca-
talysts. However it was also discovered that the
reduction of NO was lower in the bimetallic catalyst.

Li et al. [44] used Fourier transform infrared
spectroscopy (F TIR) and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) in situ:
to clarify the reaction mechanism of NO, reduction
with CH4 and O,, on a Co-ferrite catalyst. It was
proposed that as a first step NO, was adsorbed
on Co~" sites and then the activation of CH4 would
follow, resulting in a CHjy radical, creating a chain
reaction involving NO and forming N, H,O and
CO,. There is a general agreement in nearly all
previous studies that the rate-limiting step in the
process of NO, reduction with CH,4 and O is the
breaking of the first C-H bond. This is due to the
difficulty in the activation of the methane molecule
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since it is a very stable molecule, the most stable mo-
lecule amongst hydrocarbons [24]. However recent
investigations [24—28] suggest that there might be
more than one rate-limiting step in the reaction de-
pending on many different factors such as catalyst,
temperature, flow rate and composition.

Recently new catalysts have been investigated
in connection with the discovery of the EPP effect,
and the need for ion conducting material for electro-
lytes has arisen.

The solid electrolyte, for instance yttria-stabi-
lized zirconium (YSZ), is a commonly used oxide
conductor, recently however new conductors have
been discovered. Perfluorosulfonic-acid polymer
membrane also known as Naﬁon is a single-charged
cation (usually Na™ or H") conductive material.

Nafion has been used in the industry, in chlor-
alkali cells to separate NaCl solutions and thereby
produce Cl,, and for H50 electrolysis. The properties
of the Nafion electrolyte give however some pro-
blems [45]. The presence of water in the electrolyte
limits the operational temperature at atmospheric
pressure to below 100 °C. This operational tempe-
rature can result in a poisoning/contamination of
the electrodes by impurities such as CO in the
reaction gas, especially Pt containing electrodes have
this problem. Due to this problem only very pure
reaction gases can be used for Nafion systems.

Since catalytic activity is also very temperature
dependent and generally increases at higher tem-
peratures, it would be desirable to use a membrane
that operates at higher temperatures.

Recently polybenzimidazole (PBI) membranes
doped with phosphoric acid have been used as fuel
cell electrolyte [5, 6, 45, 46]. PBI is proton conduc-
tive and has an operational temperature up to 200
°C, which makes it better than Nafion for catalytic
use. PBI has no water management and CO con-
tamination is lower due to the higher operational
temperature.

[t was found [5] that NO, can be reduced with
H, in a [NO, H,, Pt/PBI-H;P04/Pt, H,] assembly
system with the same fuel cell set up at two different
gas flow rates.

It was also found that products were H,O and
N,. At open circuit potential (OCP) a catalytic ef-
fect was observed and by electrochemical polari-
zation the reaction proved to be of "volcano-type"
promotion behavior for the reduction of NO. At
high gas flow rate, the maximum value of the en-
hancement factor, A, was high which induced an
EPP nature, it was suggested that the electrochemi-
cally produced hydrogen species at the three-phase
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boundary promoted the catalytic reaction.

At low flow rate it was observed that faradaic
currents were absent in the potential range of pro-
motion. This would lead to a CI nature of promo-
tion, which is a charge-induced change in the strength
of chemisorptive bonds.

The maximum electrochemical promoted CHy
oxidation, and the maximum electrochemical pro-
moted NO reduction, were both found at the appro-
ximately same applied potential. It would be inte-
resting to examine the electrochemical promoted
reduction of NO with CH, in the same assembly
system.

In the current work the [CH4 NO/Pt/PBI-
H3P04/Pt, O,] assembly system will be examined
to investigate the efficiency of the Pt-H sites produ-
ced from the MEA system (MEAS). The reason O,
was used on the counter electrode was to be closer
to real conditions. By not having H, on the coun-
ter side electrode there is a risk that the PBI mem-
brane will be exhausted with protons, this however
depends on the reaction mechanism at the Pt-H
sites at the three-phase boundary.

The aim of this investigation is to examine if
the Pt/PBI/Pt assembly system with the presented
conditions for NO reduction by CH4 will work,
even without polarization and to see if the PBI
membrane needs a continuous source of protons.

Either way the results will prove important
information in future investigations with this assem-
bly system.

The set up for study of electrochemical promo-
tion of the catalytic NO reduction is shown in fig. 1.
In this investigation a carbon-sup 2pmted catalyst
with approx. Pt load of 0.5 mg/cm” was used.

0 PP % cH,

Mass Spectrometer |4
or
Gas Chromatograph
l l ) ‘a— NO
v B | 5 v
Cell
Potentiostat ==
A —ap—I Y A

Fig. 1. Setup for study of electrochemical promotion
of catalytic NO reduction.
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The electrolyte was a polybenzimidazole (PBI)
membrane doped with phosphoric acid. Li et al. [21]
have developed a technique of preparing the mem-
brane electrode assembly system (MEAS).

Graphite plates with gas channels were used as
holders and current collectors. Two aluminium end
plates with attached heaters were used to clamp the
graphite plates. The temperature was controlled with
a homemade temperature controller.

Commercial gases NO (2 99 %) from Hede Ni-
elsen, CH, (= 99.5) from Strandmollen, O, (> 99.6)
from Strandmollen and Ar (<40 ppm O, + H,0)
from Strandmollen were used. Mass flow meters
(5850 S Brooks smart) and 0154 Brooks Instrument
controllers were used to control the inlet gas compo-
sition on both the working electrode and counter
electrode side.

The flow on both the working and counter elec-
trode side was kept constant at 174 mL/min. The
mixture at working electrode was 17 mL/min CHy,
17 mL/min NO and 140 mL/min Ar while the mixtu-
re on counter side was 37 mL/min O, and 137 mL/min
Ar. The temperature was kept at 135 °C by placing
the fuel cell in an isolated box and controlling the
heated end plates with a homemade thermostat.

The outlet gas composition was measured by an
on-line quadrupole mass spectrometer system (QMG
421, Pfeiffer) with a Faraday detector with an elec-
trometer preamplifier (EP112, Pfeiffer) and a cross-
beam ion source with a wolfram filament. The io-
nization voltage was 70 V. Data from QMG was
obtained by Quadstar (QMS 421) software. The out-
let gases were admitted to the mass spectrometer
from the fuel cell through a 0.8mm stainless steel
capillary , which was cleaned on a regular basis.
A bypass pump with a precision valve (Micro Hoke
MTE) controlled the suction through the capillary,
which made sure that during the experiments there
was no suction of atmospheric air to the spectrometer.

In between experiments the primary high va-
cuum valve (Nupro, 44094, 1078 bar) shut off the
flow to the mass spectrometer, making sure that the
mass spectrometer was kept evacuated at all times.

An EG&G Instrument (Princeton Applied Re-
search) 283 potentiostat/galvanostat, controlled by
352 SoftCorr™ [II Software, was used for electrode
polarization and steady-state volumetric measure-
ments. The initial open circuit potential (OCP) cata-
lytic activity was measured after the yield of gas
products had stabilized, i.e., under steady-state con-
ditions. For each value of polarization, the measu-
rements were performed after stabilization of the
yield of gas products (1—1.5 h). A calibration curve
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was made before the experiments started.

The fuel cell was made of two current collectors,
which are also contact elements, two heating pla-
tes and the MEA. The electrode was cut into size
4x4 cm?. Two electrodes of the wanted size were
hot pressed with a PBI membrane to complete the
MEA [47]. The mass spectrometer was evacuated
for 48 h and the wolfram filament was stabilized
before experiments.

After stabilization of the QMA, a calibration
curve was made. All measurements were made after
stabilization of the system for approx 1 h.

The calibration curve was made by supplying
the same relative flow of Ar as in the experiments
to the QMS and by supplying the same relative
flow of CH4 as the experiment to the QMS. After
calibration, the fuel cell was heated and the desired
gas composition led through the cell and to the QMS.

After stabilization of the system, the OCP was
measured and the data was recorded with Quadstar
and SoftCorr software. The potentials were chosen
starting in positive polarization, and by moving
further in the positive direction, the data was recor-
ded by Quadstar and SoftCorr software after stabi-
lization at each polarization.

After positive polarization a new calibration
curve was made to ensure stability of the system
with time. Finally the same process was performed in
negative direction.

The studied assembly system was found to ha-
ve a catalytic effect on the NO reduction with CHy
even without polarization. The result of the present
investigation is given in fig. 2.

It can be seen that the maximum catalytic ef-
fect was achieved at OCP with a CH, oxidation of
9.63 %. Furthermore, it can be seen that the activity
of the catalyst decreases with polarization both in
negative and positive direction. The data was obtai-

CH, oxidation, %

Potential, mV

Fig. 2. The oxidation of CH, at different applied
potentials.
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ned by first polarizing the catalyst negatively to
—100 mV, then further negatively to —200 mV and
after the last polarization 50 mV (positive) was
applied to the catalyst. After this the catalyst was
polarized positively from 50 to 200 mV.

The OCP was found to be approximately
—0.1V vs. reversible oxygen electrode (ROE).

The products of the reaction were found to
be N, CO and H,O. Therefore the assumed cataly-
tic reaction was:

CH4 +3NO — CO + 2H,0 + 1AN,. (1)

By using the stoichiometric ratio from (1) it is
found that at OCP the CH4 oxidation equals an
NO reduction of 28.98 %. Since the maximum cata-
lytic effect was found at OCP, obviously there is no
positive electrochemical promotion of the catalyst
under this condition.

Earlier investigations of the catalytic NO reduc-
tion by CH4 have all been carried out at much hig-
her temperature, as a matter of fact it was found that
the catalytic effect increased proportionally with
increasing temperature [22—43].

Investigations with the present assembly system
have shown [6] that the assembly system works
well with H, on the counter side and that it marked-
ly improves the catalytic effect. But it was never in-
vestigated if the proton supply on the counter side
was essential for the promotion.

It was always an assumption that the PBI
membrane would be exhausted for protons during
the performance of the experiment. Due to this the
order in which the measurements were performed
was taken into account.

A graph of CHy4 reduction vs. ordering in
which the measurements were performed is shown
in fig. 3. This figure shows that the catalytic effect
decreases with time, this means that the catalyst is

ocP

-
- (=]
i i

CH, oxidation, %
o

‘ T L) T T T
0 1 2 3 4 5

Ordering of measurements

Fig. 3. The oxidation of CH, vs. the ordering of
measurements in time.
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Fig. 5. Current vs. potential during the experiment.

getting worse when polarized.

As can be seen in fig. 2, the —=50 mV measure-
ment is lower than the rest of negative measure-
ments; this can very well indicate that the membrane
in fact was getting exhausted in H", since the -50 mV
measurement was the last of the negative measure-
ments. To clarify if this proton exhaustion had occur-
red, a new —50 mV measurement was made, see fig. 4.

The new measurement was performed after po-
sitive polarization and humidification of the MEA.
It can be seen from the measurement (fig. 4) that
it shows a higher oxidation rate than the first me-
asurement at same polarization. The explanation
could be that the membrane has had time to re-es-
tablish proton concentratton from the bulk of the
membrane because of the H" concentration gradi-
ent. However this can not continue, and after a cer-
tain time the membrane will be destroyed due to
lack of phosphoric acid.

Summarizing the results from fig. 24, one can
assume that there is a constant CH4 conversion
between —50 and —150 mV. One explanation is that
at these potentials the drop in catalytic activity be-
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cause of the proton concentration decrease at the
Pt | PBI interface is compensated by the promoting
effect of negative polarization.

This explanation was confirmed by a steady-
state voltammogram obtained at Pt|PBI catalyst
(see fig. 5). It can be seen that there is a cathodic
voltammetric wave in the =50 — —150 mV potential
region. On the basis of the results obtained in ref.
[5, 6], we can assume that this is the electrochemi-
cal reduction of H" with the formation of adsorbed
hydrogen atom. Pt-H sites, produced in this way,
promote the catalytic CH,4 oxidation.

The reduction of NO with CH4 was found to ta-
ke place at the catalytic surface of the Pt supported
carbon catalyst with PBI-phosphoric acid doped
membrane. Maximum catalytic effect was found at
OCP with a CH, oxidation of 9.6 %, which corres-
ponds to 28.98 % NO reduction. However no posi-
tive electrochemical promotion effect was found;
it was found that the membrane was exhausted for
protons and the effectiveness decreased as the assem-
bly system was used. It was presumed that the fu-
el cell reaction regarding consumption of CH,4 was
rather effective especially at positive polarization,
which gave rise to a negative current. It has been
found that the PBI membrane needs a proton supply
to electrochemically promote the catalytic surface.

PE3IOME. U3yueHo kaTajlMTHYECKOE BOCCTAHOBIIE-
uue NO meranoMm B cucreMe Pt—monubeH3suMunasonn-
HoBas MemOpaHa—PLl IpH ¥ B OTCYTCTBHE NONAPHU3ALIHH.
Cneuan BBIBO O ueﬂecooﬁpasnocm HCOOAL30BAHKA
BONOPOAHOTO MEKTPOAA CPABHEHHS MPH 3IMEKTPOXMUMH-
HECKOM npouoruponauuu ang ﬂépﬁﬁpUBﬁpKH KATaJlHuTH-
YECKMX peakuHi.
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The formation of the stable at room temperature mixed-valence state in the zinc 5,10,15,20-tetra(ferrocenyl)porphy-
rin has been investigated by UV-VIS-NIR, Mossbauer, NMR, electrochemical, and theoretical (DFT) methods.
On the basis of experimental and theoretical data it has been concluded that the first oxidation process involves
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three-electron oxidation and thus, the long-range metal-metal coupling can be observed not only for the systems
with rotationally hindered ferrocene substituents, but also for the porphyrins with the free rotation of the

ferrocene moieties.

Multinuclear-containing compounds with strong
long-range metal-metal coupling represent an impor-
tant class of metallocomplexes. These molecules are
interesting both from the fundamental (multiredox
processes, magnetic coupling, and unpaired electron
density migration) and from practical (opto-electro-
nic materials for application in high-speed photonic
or redox devices) point of view [1]. Polyferrocenyl-
containing molecules are among the best candidates
for the multimetal redox active groups because of
their well-known metal-metal coupling properties
and thermal stability [2—5]. The formation of mixed-
valence complexes in bisferrocenes was discovered
a long time ago and the influence of different fac-
tors on the formation and stability of mixed-valen-
ce states has been intensively investigated [6—14].
However, in spite of the large progress in understan-
ding of different factors, which are playing dominant
role in the metal-metal coupling process, such as the
type of connection, length of connector, and orien-
tation of ferrocenyl units, useful molecular devices
have not been prepared yet. The outstanding ther-
mal and chemical stabilities as well as the possibility
to tune macrocyclic redox potentials make porphy-
rins and related compounds the best candidates for
the ligand, which can connect several redox-active
metallocenters, in particular ferrocenes [15, 16]. It is
commonly accepted that the iron centers should be
located at a distance of less than 5.4 A for the ef-
fective oxidation metal-metal coupling between the
ferrocene units in the same molecule [1—4]. Kadish
showed that the metal-metal coupling between two
ferrocenyl substituents could be achieved when these
groups are axially coordinated to germanium por-
phyrins [17, 18]. Recently, Barrell et al. have shown
a rare example of pure atropisomer formation for
the o,a-5,15-bis(ferrocenyl)-28,12,18-tetrabutyl-3,7,
13,17-tetramethylporphyrin, which demonstrated
a long-range (>10 &) metal-metal coupling between
two ferrocenyl substituents [19]. The same long-range
metal-metal coupling and macrocycle metal depen-
dence have been later observed for the ethyl analog
of Barrell’s porphyrin [20]. Both authors reasonab-
ly concluded that the possible reason of the obser-
ved long-range metal-metal interactions in the in-
vestigated porphyrins is the rotational hindrance
of ferrocenyl groups. The first meso-tetraferrocen-
ylporphyrins were described in 1977 [21]. In spite of
the low purity of the reported compounds, the forma-

tion of mixed-valence derivatives was clearly documen-
ted. The synthesis of pure meso-tetraferrocenyl por-
phyrin and its metal complexes, however, has not
been published until recently and allows us to obtain
these complexes in relatively high yield and purity
[22]. However, as has been reported by some of us
and very recently by other authors, the purity of pub-
lished in 1977 free-base 5,10,15,20-tetra(ferrocenyl)-
porphyrin and respective copper complex, based on
reported spectra, is very low. This fact stimulated us
to reinvestigate the free-base 5,10,15,20-tetra(ferro-
cenyl)porphyrin and new zinc 5,10,15,20-tetra(ferro-
cenyl)porphyrin complex in order to confirm the hy-
pothesis concerning important role of the steric fi-
xation of ferrocenyl moieties in the long-range metal—
metal coupling in these compounds, and the results
for the zinc complex are presented in this paper.

Synthesis and characterization of TFcPZn com-
plex. Following Lindsey procedure for synthesis of me-
so-substituted porphyrins, the room temperature re-
action between pyrrole and ferrocenecarbaldehyde
leads to formation of porphyrinogen, which is readi-
ly oxidized by chloranil with the formation of desired
TF cPH, complex with a 40 % yield. Free-base porphy-
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Fig. 1. Room-temperature (top) and low-temperature
(210K, bottom) 'H NMR spectra of TFcPZn complex.
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rin can be easily converted to the TFcPZn complex
by the reaction with zinc acetate at 80 °C in benzene
(scheme). In the 'H NMR spectra of TFcPZn com-
plex, three clear peaks corresponding to the protons
in a-Cp (5.37 ppm, Cp ring A), B-Cp (4.80 ppm, Cp
ring A), and Cp-H (4.07, Cp ring B) positions have
been observed along with B-pyrrolic protons, they
show clear narrow peak at 9.84 ppm (fig. 1). As was
shown recently [19], the rotation of ferrocenyl moie-
ties in a free-base ot,0-5,15-bis-(ferrocenyl)-2,8, 12,18-
tetrabutyl-3,7,13,17-tetramethyl-porphyrin and its ni-
ckel complex is strictly limited because of the steric
interaction between ferrocenyl moieties and alkyl cha-
ins attached to B-pyrrolic carbon atoms of porphyrin
core. On the other hand, the variable-temperature 'H
NMR spectra of TFcPZn complex clearly indicate a
free rotation of ferrocenyl moieties at room tempera-
ture. Thus, as can be expected, the initial sharp room-
temperature signal of B-pyrrolic protons, located at
9.84 ppm for TF cPZn complex, splits into two broad
singlets at 210 K with integral ratio of 1:1 (fig. 1). It
is possible to estimate the rotational barriers for
the ferrocenyl moieties in the TFcPZn complex from
these spectral data using coalescent point tempera-
ture standard procedures. The activation energy (AG™)
for the observed dynamic process was estimated to
be 11.7 kcal/mo] for the rotation of the ferrocenyl
moieties in TFcPZn complex.

The UV-VIS spectrum of TFcPZn complex con-
sists of a Soret band at 435 nm with a small shoulder
at ca 490 nm and Q-band at 679 nm with a shoulder
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<S> at 618 nm (fig. 2). In general, the Soret and
Fe  Q-bands in TFcPZn complex are significan-
tly red-shifted as compared to zinc meso-te-
traphenylporphyrin (TPPZn), revealing strong
electronic coupling between the porphyrin
n-system and the ferrocenyl moieties [16]. The
Mssbauer spectrum of neutral TFcPZn com-
plex is shown in fig. 3 with the parameters
presented in tablehclearly supporting the pre-
sence of only Fe”" centers in the molecule
[3, 4, 23]. The isomer shifts and quadrupole
splitting in TFcPZn complex are close to tho-
se of ferrocene itself (isomer shift is 0.7,
and quadrupole splitting is 2.37 mm/s) [23].
These data show that the porphyrin core
does not affect significantly the electronic
structure of the iron ions in TFcPZn complex.
Formation of the mixed-valence state

in the TFcPZn complex by chemical oxida-
tion. The electrochemical behavior of the
TFcPZn complex was investigated by CV
and DPV methods and will be published else-
where. Briefly, the voltammogram of the TFcPZn
complex in o-dichlorobenzene (DCB) shows a first
quasi-reversible oxidation at 450 mV along with se-
cond irreversible oxidation wave at higher potential.
The nature of the first prominent oxidation couple, na-
mely, Ox;, observed at 450 mV (average values) for
the TFcPZn complex was probed by chemical oxi-
dation with tetracyanoethylene (TCE) at room tem-
perature in order to determine the number of the oxi-
dized ferrocenyl substituents. As has been pointed out
recently [24], the Ox; process for TFcPH, complex
can be defined as four-electron oxidation involving
four ferrocenyl moieties. This assignment, however,
was based only on electrochemical data and thus can-
not be inadequately supportive. Therefore, we in-

-
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Fig. 2. Changes in the UV-VIS-NIT spectra of
TFcPZn complex as a function of oxidation.
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5TFe Mossbauer room-temperature spectral parameters
of TFePZn complex

intensity decreases, and three new bands lo-
cated at 633, 677, and 862 nm appear (fig.

2 % 2). The band located at 633 nm can be attribu-

Compo- Q Relative ted to the ferricinium charge-transfer band,

Compound | und: gl area while the band at 862 nm to the intravalence

i charge-transfer transitions [I—4]. The position

TFePZa ST R SRR sho s o i i Byl
TFcPZn:TCE  1:0.5 0.71; 0.40 2.35;: 0.60 0.86; 0.14 e ;

- electron oxidized free-base a,a-5,15-bis(ferro-
TFCPZn:TCE L1 071 041 234 0.61 072 028 op’s 0% e vorabuel 37 13,17 tetramet.
TFcPZn : TCE 1:2 0.71: 0.40 2.32; 0.60 0.65: 0.35 g %

0.70: 0390 228 0.56 0.51: 0.49 hylporphyrin recently reported by Burrell et

TFcPZn : TCE 1:3

* Relative to sodium nitroprusside.

al. [19]. Moreover, such an intensive near-IR
band is a spectroscopic signature of most of
the known mixed-valence (trapped valence

vestigated UV-VIS-NIR, NMR, and Mossbauer spec-
tra of TFcPZn complexes oxidized by TCE, which
is mimicking electrochemical oxidation at Ox]
conditions. In fact, as was indicated by the UV-VIS-
NIR and MCD spectroscopies, the spectral changes
for the Ox) process in TFcPZn complex are exactly
the same for electrochemical and chemical oxidati-
ons. It is not surprising, since the oxidative on po-
tential of TCE is close to the electrochemically ob-
served Ox1 potential of the TFcPZn complex.
The UV-VIS-NIR spectrum of oxidized TF cPZn
complex consists of two Soret bands of reduced in-
tensity with the one component having a small blue
shift and the other component having a small red
shift as compared to neutral molecule. The Q-band
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state) poly(ferrocenyl)-containing systems
[I—4]. The blue shift and decreased intensity of
Soret band in oxidized TFcPZn complex is in good
agreement with the formation of porphyrin cation-
radical, which was observed for the other d-metal
porphyrins [16].

Being intrigued by the presence of both IVCT
band and porphyrin cation-radical, we recorded Moss-
bauer and NMR spectra of TFcPZn complex with
different TCE to TFcPZn ratio. The Mossbauer
spectroscopic changes are shown in fig. 3 and table.
The Mossbauer spectra clearly indicate that only two
ferrocenyl moieties in TFcPZn complex are oxidized
in Ox] process at room temperature even if a large
excess (up to 1:100) of TCE has been applied. Thus,
when TCE was added, a new doublet with parame-
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ters close to the ferricinium salts appears, and the
final spectrum consists of two doublets with equi-
valent areas (table). The observed final spectrum is
clearly indicated by so-called trapped valence situa-
tion in the oxidized TFcPZn complex. It has been
shown that Mdssbauer spectroscopy can be used to
monitor the intramolecular electron-transfer rate in
mixed-valence systems [26]. Indeed, when the elec-
tron-transfer rate is slower than ca 10"s™ , then the
Maossbauer spectrum consists of a superposition of
two quadrupole-sl:lltted doublets with characteris-
tics typical of Fe" and Fe'l', metallocenes [4, 26],
as observed in the case of TFcPZn complex.
The results obtained from the NMR experi-
ments support Mossbauer spectroscopy observati-
ons. For instance, the signals of starting o- and B-pro-
tons assigned to A-Cp ring directly attached to
the porphyrin core become split when the starting
TFcPZn complex is titrated by TCE. Again, the fi-
nal product contains two singlets for ferrocene pro-
tons from A-rings and two singlets from ferricinium
A-rings with the ratio 1:1 in excellent agreement with
the Mossbauer data (fig. 1). The possnbll:ty of
TEo(Fe?")P(2-)Zn / [TFc(Fe’ )P(2— )Zn]" mixture
formation in TCE titration experiments can be almost
excluded on the basis of Mossbauer spectra. In fact,
as was discussed earlier for a large number of bis-
(ferrocenyl)-containing compounds, having metal—
metal coupling, the quadrupole splittings in the ferro-
cene site of the one-electron oxidized species are lo-
wer as compared to starting materials because of
electron donation from the non-oxidized ferrocene
site to the oxidized ferricinium moiety [4, 23]. The
Madssbauer spectra of TFcPZn complex in TCE tit-
ration experiments are in excellent agreement with
the above observation. Thus, the quadrupole split-
ting for the ferrocenyl-containing sites in complex
oxidized by TCE TFc¢PZn reduced significantly from
2.37 to 2.28 mm/s. Again, the clearly resolved doub-
let for the ferricinium-containing sites is in much bet-
ter agreement with the proposed 2Fe */2F e’+-con-
taining structure than with p0551ble 'l'Fa:(Fea2 )-
P(2-)Zn / [TFe(Fe*")P(2 zn]" mixture formation,
for which doublet for ferrocene-containing sites
with quadrupole splitting 2.37—2.36 mm/s and poor-
ly resolved doublet for ferricinium sites can be £X-
pected [4, 23] Flnally, if we suppose a TFc(F e’ -
P(2)Zn / [TFe(Fe>)P(2-)Zn]"" mixture formation
in oxidative titration experiments, it is impossible to
explain why all ferrocene moieties do not oxidize
even if a large excess of TCE to porphyrin has been
applied (up to 100:1). Thus, on the basis of Moss-
bauer and NMR spectra of oxidized TFc¢PZn com-
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plex it can be clearly concluded that only two fer-
rocene units are oxidized with Ox; process. Taking
this fact into consideration, it becomes understan-
dable that the near-IR band centered at 868 nm can
be assigned to intravalence charge-transfer band, as
in the case of monooxidized .o-5,15-bis(ferroce-
nyl)-2,8,12,18-tetrabutyl-3,7,13,17-tetramethylporphy-
rin [19]. However, as was pointed out above, in
the case of TFcPZn complex, the ferrocene units
show free rotation, at least at room temperature, as
was clearly indicated by NMR spectroscopy. On the
other hand, one of the reasonable postulates for
strong long-range metal-metal coupling (steric fixa-
tion of the ferrocene units) now becomes to be an
unnecessary condition. This is a very promising and
important result, which opens a lot of interesting pos-
sibilities for the synthesis of other porphyrin-like sys-
tems having long-range metal-metal coupling. For
instance, the main difference between 5,15-bis(ferro-
cenyl)-10,20-bis(tolyl)porphyrin [19] and TFcPZn
complex (for which free rotation of ferrocenyl moie-
ties is postulated) is the presence of cis-ferrocenyl
moieties in the latter case. Thus, it can be expected
that 5,10- bis(ferrocenyl)porphyrin will have a strong
long-range metal-metal coupling (some of such com-
pounds are now under investigation). Now we still
have to discuss the following question: how many
electrons withdraw in Ox; process from the starting
TFcPZn complex? As was mentioned above, from
the electrochemical data, the Ox; process can be as-
signed as a nearly three-electron process. From the
Mossbauer and NMR data it can be clearly conclu-
ded that only two ferrocenyl moieties are oxidized
under Ox; process conditions. Thus, if the Ox; pro-
cess is three-electron, then the third electron should
be withdrawn from the porphyrin core with the for-
mation of respective porphyrin cation-radical species.

In order to confirm our experimental assign-
ments, the electronic structure of neutral and oxidi-
zed TFcPZn complex as calculated at density func-
tional theory level. Since the X-ray determined geo-
metry of neutral and oxidized TFcPZn complex is
unavailable, the starting geometry has been obtained
by full geometry optimization at B3LYP//6-31G(d)
level with the borders of S, and C, point groups for
the neutral and oxidized compounds, respectively.
The calculated spin densities of the oxidized TFcPZn
complex indicate electrons withdrawal from two
ferrocene substituents and porphyrin core with a
good agreement with the experimental observations.
In addition, Mulliken population analysis assigns
iron center as Fe ', while the other two as Felll Fi
nally, the DF T calculations on the oxidized TFcPZn
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complex predict a large (Iuadrupole splitting in M 6ss-
bauer spectrum for Fe'' centers and small quadru-
pole splitting for the Fe'! one. As expected, the
calculated quadrupole splittings for the Fel centers
are close for the neutral and oxidized compounds.
The most intriguing result of the DFT calculation
on oxidized TFcPZn complex is that the Fe'l! centers
are predicted to be at 5 and 10 positions. In other
words, ferrocene to ferricinium oxidation takes place
in the cis, not trans positions of meso-tetraferroce-
nyl porphyrin.

We have characterized the neutral and oxidized
forms of zinc 5,10,15,20-tetra(ferrocenyl)porphyrin
using UV-VIS-NIR, NMR, and Mossbauer spect-
roscopic methods as well as DFT calculations. The
first oxidation process includes both oxidation of
porphyrin core as well as two ferrocenyl moieties.
For the chemically oxidized species a characteristic
intravalence charge-transfer band was observed in
UV-VIS spectra in the near-IR region. Finally, we
have shown that steric fixation of the ferrocene
units is not the necessary condition for the long-range
metal-metal coupling in the polyferrocene-containing
systems.

Details on the synthesis of zinc 5,10,15,20-tet-
ra(ferrocenyl)porphyrin will be published elsewhe-
re. Characterization data: Yield 0.028 g (83 %). UV-
VIS (mzynm, CHiCl, ex107h: 436 (148), 489 sh,
618 sh, 679 (28.3). 'H NMR (CDCls, tms, 8): 9.84
(s, 8H, B-pyrr), 5.37 (m, 8H, a-Cp), 4.80 (m, 8H,
B-Cp), 4.07 (s, 20H, CpH). MS (FAB, m-NBA,
m/z): 1108 M]". Found, %: C 64.29: H 431: N 5.13:
Zn 5.42; Anal Caled for CggHyyN4FeyZn-H50, %:
C 63.89; H 4.08; N 4.97; Zn 5.77.

All calculations were conducted using Gaussian
03 software [ 27] running under Windows and UNIX
OS. The geometry optimizations were done using
B3LYP exchange-correlation functional [28] and
6-31G(d) basis set in the borders of S, and C,
point groups for the neutral and oxidized complexes,
respectively. Single point calculations were conduc-
ted using the same exchange-correlation functional,
Wachter’s full electron basis set for iron and zinc
atoms, 6-311G(d) basis set for nitrogen and carbon
atoms, and 6-31G(d) basis set for hydrogen atoms.

PE3IOME. Hayueso obpazoBaHde CMeIaHOBAIEHT-
HBIX coctoauuit 5,10,15,20-rerpa(deppoucunn)nopdupn-
Ha UMHKA, YCTOHYHMBBRIX NPH KOMHATHOH TemmepaTtype.
Ha ocnosanun ganumix DCII, Meccbaysposckoit, AMP-
CNEKTPOCKOITHH, 8 TAKIKE INEKTPOXHMHYECKUX H TEOPETH-
YECKMX METOI0B MCCIENOBAHMH clenaH BRIBOJI, HTO TIep-
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BeIif mpoIecc OKHCIEHHA BKIIOYaeT TPEX3JEKTPOHHBIH
nepexoa ¥, TakuM obpa3zom, nanbHelLice B3aUMOJEHCT-
BME METalI—MEeTall MOoXeT HabJioAaThCs HE TOJNBKO LA
CHCTEM C 3aTPYAHEHHBIM BpameHHeM (PeppOLIEHOBBIX 3a-
mecruTteneif, Ho U ang nopdupuHOB co cBOOOAHBIM Bpa-
HieHHeM (eppOoLEHOBBIX TPYNIL.
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H.H. Tperbsixora, B.fl. Uepnuii, JLA. Tomauunckas, C.B. Boakos *
NMPUKJAAHBIE ACIHHEKTBI XUMHH ®TAJTOLHHUAHHUHOBBIX KOMIIJIEKCOB METAJLJIOB

Paccmorpenm BO3MOXKHOCTH NMPHMEHCHHA (iJTaﬂOLlHBHHHDBLIX CHCTEM B KaYeCTBE HOBBIX beHKuHOHaHLHHX Mmare-
pHaloB — 3JEKTPOXPOMHBIX, HENHHEHHO-0NTHYECKHX, CCHCOPHBIX, KHAKOKPHCTAMIHYECKHX, & TAKXKE HCOO/Ib-

30BaHHE X B OHONOTHH M MEIHIIHHE,

B 1928 rogy XMMMKH IIOTIAHICKOH (HPMBI
Scottish Dyes Ltd B npouecce npou3BojcTea $pranu-
MuAa M3 GTaneroro aHruapuoa U aMMuaka Hallin
Ha CTEHKax peakTopa TeMHO-CHHee, Ype3BeI4aifHO yc-
TOWYHBOE MO OTHOMISHHIO K KMC/I0TaM M OCHOBAHM-
aM, conepkamiee B ceGe xene3o BemecTso. Jerans-
HOE W3y4eHHe ero CBOWCTB M CTPOEHHs MPHUBENO K OT-
KPBITHIO HOBOTO Kllacca MaKpOUMKIHYECKHX TeTpa-
MUPPONBHEIX coenuHeHuit — Qranonuannuos (Pc)
[1]. McuepnbiBatomnii cuaTe3 (ranonuaniHa sxene-
3a (PcFe) Obln BrepBhIe OIMCAH B KJIACCHYECKHX
pa6orax P.JIuncrena c¢ corpynHukamu [1—3].

dranouuaHNHEl 0Ka3alliCh HE TOJNBKO HOBEIM,
HO Y Ype3BkIMaifHO MepCreKTHBHEIM MPaKTUHecKu Kiac-
COM MaKpOUMK/IHYECKHX COelMHeHu) Gnaronaps ux
YHUKaNBHBIM cBOlicTBaM. TpaanIlHOHHO UX HMCMOJb-
3yIOT B KaueCTBe CBETONPOHYHBIX MUIMEHTOB W Kpa-
cuTenel. B HacToAlIee BpeMa B Mupe QranolnuaHu-
HOBbIE COEIMHEHMs BbIMyCKalTca B Gonbmmnx o6be-
Max A8 YAOBIEeTBOpeHHA noTpeOHOCTel B CUHUX H
3eNeHBIX MATMEHTaxX U KPACHTeNAX Ul nonurpadun,
JIErKO# TPOMBIIIIEHHOCTH, NPOMBIIITeHHOCTH (OTO-
rpaHueckuX MaTepHasoB, MOKPLITHA aBTOMOOH-
neli, macrmace. Hanmpumep, dranouuaHuHa Menu
npoussonutcs okono 50000t B rom [4]

Hapsany ¢ BEICOKOH TEPMHUYECKO# M XHMHYECKO
cTaGHUABHOCTBIO, CMOCOBHOCTHIO K CyOnumanu, gra-
JOLMAHUHBl 00/1alaloT 3aMevaTelbHBIMH ONTHYEC-
KHMH, (HoTOGU3MYECKUMH, INEKTPOXUMHUYECKUMH U

OuonornyeckuMH cBoiicTBaMu, uTO oDecrmeynBaer ux
UCIIOJIb30BAHUE HE TOJBKO B HAYYHEIX LENAX, HO
M B BBICOKOTEXHONOTIMYECKHX OTpacnsiX NMPOU3BOJI-
crBa [5—7]. TTo3aromy uens Hacrosuero o63opa —
npuUBJeYs BHUMaHHE HcclenopaTenelt U3 pasmud-
HEIX OOnacreif HAYKH W TEXHUKN K MMEHHO 3THM, WH-
TEpeCHbIM B MPAKTHYECKOM CMbICIE COEAMHEHHAM.

DTO He 03HAYaeT, YTO B JUTEPATYpPE OTCYTCTBY-
10T 0630pBI MO XMMUH (TATOLHAHHHOBBIX COEMHE-
Hui; nepBulif 0630p Obin caenan Moser F.H.,
Thomas A.L. yxe 4epe3 HECKONbKO JIeT ocle OTKPhI-
T QranounaHHHOBEIX KoMMIekcoB [8), 4Tro cBu-
JIeTeNbCTBYeT 00 MHTepece K HMM C TIEPBBIX JHEH HX
cyuiecTBoraHuA. JanpHelne nocTHxeHns B obnac-
TH XMMHU (TaloOlHaHAHOBBIX Kpacurtenei Oblim
06006wwens! Booth G. [9] u Leznoff C.C., Lever A.B.P.
[10). B 1989 r. mox penakuwueit E.A. JIykpaHIa 6bL1
W3aH aTyiac CneKTpoB (TajloLUHaHWHOBBIX, Ha(Ta-
JIOLHAHWHOBBIX H APYTHX POACTBEHHBIX COSAHHEHHI
[11]. B 2002—2004 rr. BhILIEN B CBET CHPABOYHHK IO
XUMUHU MOPPUPHHOB M POACTBEHHBIX COEAMHEHHH,
B KOTOPOM HECKOJIBKO TOMOB MOCBSALIEHO ¢Tano-
LHaHHHOBBIM coenuHeHusaM [12].

MeToabl cHHTe3a (PTAJOUHAHHHOBBIX KOMILIEK-
coB. OcHOBHBIE MeTOMIBI cuHTe3a Pe-cucreM GpinM pas-
pab6oranel P. JIuncrenom. O mokasan, 4ro ¢rano-
UHAHWHBl MOMKHO MOJYMHUTH UCXOAS W3 pa3mH4HBIX
NPON3BOAHBIX (hTaneBoit KUCIOTH, HO KIIOUeBOit Bee-
raa ssigerca craaus o6pa3oBaHus (PTaNOAUHHTPH-

* U.H. Tpersakosa — mil. Hayd, corpynsnk, B.SI. Yepnuit — xann. xum. nayk (1998), J1.A. Tomaunnckas —
kaHn. xuM. Hayk (2002), paGoraiwor ¢ C.B. Bomkoseim ¢ 1996 1.
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na, KOTOPbIN TeTpaMepu3yercs B MaKpPOLMKI HA HO-
He Merajia:

Cxema 1.

CuHTe3MpOBaHHAA MoJieKyna (TalouHaHuHa
¢ MeramioM — PcM (cxema 2) — uMeeT yYHH-
KaJIbHBIE BO3MOKHOCTH U3MEHEHHA CTPOEHHA, UTO
co3naer OnaronpuATHBIE YCIOBUA Ui LEJIeHar-
PaBNEHHOrO TMOMCKA M MCCIEN0BAHMA HOBBLIX COE-
OUWHEHHH >TOTO psAjaa.

— /
N
TNk S
< M
e
PcM Cxema 2,

B nocnexytonmue roast Pc-cucreMsl cTaHOBH-
nuck Bce Oofiee CIOKHBIMH, CTAphlil CHHTETHYEC-
Kdil annapaTt He Mo3BOJIAJ MOJIyYaTh KOMIJIEKCHI
¢ TepMOJIaOMABHBIMU HIM HEYCTONYMBBIMH 3aMec-
TuTenamu. by pazpaboTaHbl HOBBIE CXEMbI CHH-
Te3a (GranoUMAaHWHOB, U OJHUMHM M3 [EPBBIX I
5TOoro ObLIM HMCHOJB30BAaHBl MPOM3BOJAHBIE aMM-
HOMMHMHOM30MHA0IeHHHA [13], 4TO no3BoNMI0 3HA-
YUTENbHO TOHU3HTh TEMIEPATYpPy NPOBENEHHA pe-
akKuA. MBI NPeIIOKUIM aHANOTHYHbIA crnocod
nojydeHus Pc-MeraiiokoMIeKcoB B cpesie abco-
TIOTHOTO TeTparuapodypaHa B IPUCYTCTBUHN CHJIb-
HBIX OCHOBaHUM [14] MMM c HCNOJNBE30BAHUEM JIEr-
KO apOMaTH3YHKIIMXCA BOCCTAHABIMBAKIINX pe-
arenToB [15]. Hamu Gbln Hailinen uHTEpecHsIi noj-
XoA K cuHTe3y Pc-koMmmiekcoB U3 (PTajonHHUTPH-
na u kucnot JIbronca: Bo uzbexaHue rajJoManupo-
BaHHA MaKpOLUKIA B Mpoilecce CUHTE3a B peak-
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[IHOHHYIO CMeCh [100aBasiiyN 3KBUBANEHTHOE KOJIH-
YECTBO JIETKO raJIOHAMPYIOLIErocs COCAUHEHMUS, Ha-
npuMep, MeTunHapTanuHa [16].

Ceifuac MOKHO BRIIEIUTE YETBIPE MYTH NoJTyye-
HHS MPOU3BOIHBIX M 3aMeIEeHHBIX GTaTOHAHHHOB:
CHHTE3 MAaKpOLMK/IA U3 COJEpkKaLUEro HEKOTOPEIE 3a-
MecTUTeNu npekypcopa (A); BBEIEHHE 3aMeCTHTENs
B FOTOBBIH MaKpOLMKI MOCPEACTBOM 3/1eKTPODHIIbL-
Ho#i peakuuu (B); npucoenuHeHHe aKCHANBHBIX JTH-
raHI0B K KOOPAMHAITMOHHO HEHACHIIIEHHOMY LIEHT-
panbHOMY aToMy Merayula Makpouukna (B) u mo
peakuuu o6MeHa NTUraHOOB Yy LIEHTPAlLHOIO aroMa
meramna makpouukna (I7):

R
(A}
R2
4
R3
——
A2 R4,
R

/M
51 '
- N
N
Cxema 3,
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O6aactn npavenenus ¢ranounanuyos. @oroau-
HAMHYECKAsi AKTHBHOCTD H GHoMenuuuHa. Vicnons3o-
paHue (TANOLMAHWHOB B MEMLIMHE OCHOBAHO Ha (o-
TOXMHAMUYECKOM [IeHCTBHH, KOTOpPOE 3aKJI0Yaercs
B TOM, UTO MpH 0BIydeHHH CBETOM KIIETOK, COJIepiKa-
mux GOTOCEHCUOUIN3ATOP, TEHEPHUPYETCS CHHIJIET-
HbI} KMCIIOPOA, KOTOPHIH BbI3bIBAET UX rubens. Brep-
Bbie 3Ta Hed Oblla peaju3oBaHa Ha BOJIOPACTBOPH-
MBIX TIOP(QUPHHOBBIX KoMIUIeKcaX. DEeKTHBHOCTD
BBENEHHOTO ()OTOCEHCHMOHUNIU3ATOPA 3aBHCHT OT €ro
cnocoOHOCTH H3GHpaTENnbHO HAKATUIMBATALCA B OIYXO-
JIeBBIX TKaHAX, 006/1acTH noroiieHus ceera (06B9HO
HCITOJIb3YIOT CBET, MCNycKaeMblii na3epaMH W Ha-
MpaBJfeMBbIii 0 ONTHYECKUM BOJIOKHAM) U OT KBaH-
TOBBIX BBIXOJOB CHHIJIETHOIO KHCIOpOJA.

[TepBbiM OHOMEAMUMHCKMM MpUMEHEHHEM (Ta-
N0LHAHHHA MOKHO CUMTATh COOOMIEHHE O TOM, UTO
dranounaHMHOBEIE KOMILIEKCHl ypaHa U MeIH Hakarl-
nupatoTcs B onyxonsx [17],. B Hacrosiee Bpems
knuHuyeckas ¢oroanHammueckas tepanua (PIT)
nonyuuna 6ypHoe pa3putHe. O TasoUHAHHHOBEIE CO-
eIMHEHUA OTHOCAT KO BTOPOMY MOKOJeHHIO (oTo-
ceHcuOuamnsaropos. [IpermyinecrsaMu (pranonuanm-
HOBBIX COEIMHEHHUIT, [0 CPABHEHHIO C MOP(PUPHUHOBEI-
MH, ABJSIIOTCS oOnacte mornoueHus 640—690 1w,
B KOTOpO#i 310pOBble TKAHW OpraHM3Ma He MOrio-
AT CBeTa, H Oojee BBICOKUH MOTEHUMAN OKHUCIeE-
HUs, 4yTO cHMkaeT noGounsie 3¢dektsr npu OIT.
B kAMHMYECKOH TPAKTHKE YkKe MCIONb3yloTes (ra-
MONMAHMHOBEIE KOMIIJIEKCHl AllOMHUHMSA, LIHHKA,
kpemuus [18—22].

HekoTopsie Pc-KOMNUIEKCEI, HANPUMED AKCHAIIb-
HO 3aMelleHHBIe (TaNonHaHWHBl LUPKOHHA U rad-
HUsA, 00J1aa0T APKO BEIPAKEHHBIMU LIMTOTOKCHYE-
CKHMH cBOHcTBamHu [23, 24], uTo Aenaer UX MepCrnex-
THUBHBIMH [UIS TIpUMEHEeHHA B KOMOMHHPOBAHHOM Te-
panuu omyxonessix 3a6onesannit. Kpome toro, Pc-
CHCTEMBI MOTYT MCIHOIb30BaThCA kak (hoToceHCHOM-
au3aTopsl A8 hoToauHaMuueckoi o6paboTkH Kpo-
BH C LIENBIO y/IalleHUs BUPYCOB [25] ¥ KaK aHTHMHK-
poOHbIi arenT [26].

CnexkTpockonusi B GHOJIOrHYECKHX CHCTeMaX.
K upas matepus ob6nanaer coOCTBEHHBIMH MOTIOLIE-
HHeM U (ryopecleHlHel, KOTOPbIE WCMOJb3YIOTCA
B CIEKTPOCKOMHYECKMX METOAaX HCCIEHOBAHHA B
MeIMUMHE H aHaJIUTHYeCKOH Xumuu. J[na ceHcop-
HOTO MPHMEHEHUS B OMONOrHYECKHUX CHCTEMaX X0po-
110 MOJXOAAT KPACHTENH, MOrI0IaloNie B KPACHOM
n ommxueit MK-obnactu crnekTpa, Tak Kak cober-
BeHHas (uyopecueHLus OHOJOrH4YecKod MaTepHu
YMEHbIIAeTCA C YBEJHYEHHEM JUTMHBI BOJHB! H CTAHO-
BUTCA HEe3HAUMTEeIbHOW NMpU ITMHE BONHBI O0Jbine
600 M. @O TanoUUaHHHBl COUETAIOT CBOICTBA MIMH-
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HOBOJIHOBOrO TOIJIOUIEHHA M 3MHMCCHH € BBICOKMMH
KBAHTOBBIMH BBIXOAaMH, 4TO OOYCIOBHIO HX HC-
M0JIb30BAHKE B Ka4ecTBe (IYOPECLEHTHBIX METOK
s OUOJNIOrHYEeCKHX CHCTeM. AKCHAalbHO 3aMeIleH-
Heili PcSi mcmone3yerca mia obnapysienus JHK
W auruten [27]. PaspabGoTansl (iyopecLieHTHBIE Me-
Toasl oOHapyxeHHAs MHKoOaktepui [28]

CnocobHocts Pc KOMMONEKCOB K TreHepaluu
CHHITIETHOTO KHCJIOpOJa MO3BOJIAET MCMOJB30BATH
ux B Kauecrse GOTOAMHAMHYECKHX [€300PAHTOB H
dorToae3uHPHUMPYIOLUX KOMIIO3HIMIA A8 OUMCT-
KU 3arps3HEHHOro BO3[yXa, HalpuMep, aMMHUAKOM
[29]. ITpoussonusie PcSi mpuMeHAOTCE B COCTaBe
(OTOAKTUBHBEIX YUCTAWMX ¥ (HOTOAEIMHPUIHUPYIO-
wux kommosuuuii [30, 31]. OTxomsl, comepixallue
MepKanTaHbl U CEPOBOAOPO, OUMIIAIOT, UCIOMB3YS
B KadyecTBe KaTalu3aTOPOB pPacTBOPhI cyiabpodra-
JNOUMAHMHOB KoOameTa M keme3a [32]. Paspabora-
Ha ¥ anpoOMpoBaHa B MWJIOTHOM Maclitabe Ha BO-
NOMPOBOJHOM CTAHLMM TEXHOJNOTUA (OTOAUHAMHU-
yeckoro ofe3zapakuBaHMs PEYHOU BOIBI C MCMOJb-
30BaHHeM (TanoLHaHMHOB B KauecTBe (POTOCEHCH-
6umisatopos [33].

DJIeKTPONPOBOAHOCTE H (POTONPOBOAUMOCTE. B
1948 r. seimna paGora [34], B kotopoit PcCu 6bin
UCMONB30BAH IS JIEMOHCTPALUH [OJIYIPOBOJHH-
KOBBIX CBOMCTB OpraHuyeckux Beuiecte. beino ycra-
HOBJIEHO, YTO Ha 3JeKTPONpPOBOAHOCTE Pc BaMAOT
pasnuuHble pakTopbl — crnocob MpUroToBIeHHs 00-
pasuos (MJICHKH, HanblJIEHHbIE B BAKYyME WM BbiCa-
JKeHHbIe U3 PacTBOpA; CIpeccoBaHHbIE 00pasiibl; MO-
HOKpHcTaibl) [35], kpucramnuueckas moaupuka-
uua [36] u maxke yclOBHS HCCIENOBAaHHA.

B paGote [35] npuBOAATCA 3HAYEHHS JHEPTHH
aKTHBALMK TEMHOBOH nposomumoctd (E,. ), momy-
yeHHble pasHbIMH aBTOpamu s PcH,. Hanbonee
nocroaepﬂbxe PKCTIEPUMEHTEI LAIoT Benuqm{]y EMT

= (2.7-3) 107! 11):( u conpotusnedue p = 10
OM-M IIpH MOJNIOKHUTENBHOM 3HaKe HOCHTEeH 3aps-
na. ComocraBiesne 3HadeHdit E, . A1i MOHOKpHC-
Tannuyeckux obpasuos ¢ranounanuHoB Zn, Ni, Cu,
Mn, Fe, Co [37] noka3siBaeT, 4TO BEIHYHHBI TEMHO-
BOM 3HEPrHM aKTHBALWM MajiO H3MEHSIOTCA OT KOM-
neKca K KOMILIEKCY, ocraBasch B npenenax (1.6—
3.2)-107"7 JIx; ¢ Apyroii CTOpoHbl, YAEIBHOE COTPOTH-
BJIGHHE CHI)KAETCAd HAa HECKOJBKO MOPALKOB.

BnuAHHE CTPOSHHMA MaKpOLMKIA Ha 3JIEKTPO-
npoBOAHOCTE 0OHapyxkeHo B pabote [38], rie Gbinu
comocrapiens! coiictea PcCu ¢ TeTpanpuauHnop-
(bupa3MHOM M TeTpanupasHHNOPGUPA3HHOM MENH.
VYnencHeie conpomnneﬂm 3THX COEJIMHEHHH cocTa-
g 110 3.10'% u 3.10° Omm, sneprum aktu-
BaLKH — 2.I 107, 1,9.107! ¥y 13307 Jx coot-
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percrBeHHO. CyllecTBeHHOE BO3MeHCTBHE HA 3IIEKT-
PONPOBOAHOCTD, MO JaHHBIM paboTs! [39], 0Ka3siBaeT
KoopanHHpoBanne ¢ranouwanuHoM (PcOs) aker-
panurannos PcOsL,. B psaay 8042“>F‘>Br' =L
BenyunuHa E, . CHUKAETCH; 32 HCK/IIOYEHUEM HOHA
SO¢2', 3TOT PSAN COBMAaJaeT C POCTOM 3JEKTPOOT-
pPHLATENIbHOCTH 3KCTPaJIMraHNoB,

B kadecTBe TaKHX JTHTaHIOB MOJXKET BBRICTYNATh
pan razoo6pa3sHbIX, KaKk MPaBHIO, 31EKTPOXUMH-
YyecKH akTHBHBIX BemectB — 0O, Hjy NHj, NO,
NO; u ap. Yxa3aussle 3p(eKTsl onucaHbl B JIATE-
patype [40], oHH HCHOMB3YIOTCA NPH CO3NaHMM Ta-
30BBIX CEHCOPOB.

YBenudeHue 3nekTponposoaHocTH Pe npu ocse-
mernn ceeToM (poTonpoBoaUMOCTS) GbITa OTKPBITA
B 1948 r. [41] Bemnunna Ey (3Heprus akTuBauuy
(hOTOMPOBOAMMOCTH) COCTABIAET (0.16——{').4»8)-10_l
k. ®oTOTOK OOBIYHO MPEBBIIIAET TEMHOBOH TOK Ha
2-3 nopanka. [42]. Borpoc 0 MexaHH3Me reHepalun
HocHTene#t TOKa BO (pramouMaHHHaX TPH OCBEIle-
HUM paccmaTpuBaercs B pabore [43]. Pc-cucremsl
C BBICOKOH (OTONPOBOAMMOCTBIO TNEPCNEKTHBHBI
KaK aKTHBHBIE KOMIOHEHTH! B npubopax, npeobpa-
3YIOLIMX CBETOBYIO JHEPTHIO.

Cencopel. [1py u3yueHnn NonynpoBOAHHUKOBEIX
cBO¥icTB QramouHaHuHOB Obla 0OHapy)XKeHa HX 3a-
BUCUMOCTH OT abcopbuuu u aecopbuuy razos, 4TO
IPUBENO K CO3NAaHHI0 XMMHYECKUX CEHCOPOB Ha MX
ocHOBe [44, 45]. B aroii cBs3u PcM paznuuHoro
CTPOEHHSA HCCJIEN0BaHbl B KayecTBE MaTEpHAIOB
YYBCTBHTENbHBIX 3J€MEHTOB NaTYMKOB TOKCHH-
HBIX Ta30B [46]. YcraHOBiieHO, 4TO B MPHUCYTCTBHH
H38, NO,, Cl, nexotopsle PcM H3MEHSAIOT CBOIO M€K~
TponpoBoAHOCTE Ha 1-2 nopsanka. Mcnons3oBaHue
PcSiCl,, Pe(4-C1)4AICI ob6ecrieurBaeT BLICOKYIO HYB-
CTBHTENLHOCTh, CENEKTHBHOCTE M ObICTpOeHcTBHE
3/2KTPUYECKOT0 CHrHaja K Bo3zeiicTBuio rasa. Ilpe-
nensl obHapyxerus H,S, NO,, Cly ¢ npumenennem
4yBCTBHUTENbHBIX 3/IEMEHTOB JaTYHKOB Ha OCHOBE
nepe4rcIeHHBIX coenuHeHuit cocrapnstor 0.5, 0.2,
0.1 Mr/M” cOOTBETCTBEHHO, BpeMeHa OTKJIMKAa Haxo-
nsatcs B mpenenax 60—80 ¢ [10].

ITorynpoBOJHHKOBLIE MATEPHAJIbI AJISI BAPHCTO-
poB i TepmucTOpoB. HekoTopele 3amemeynsie PcCu
HCCIIEIOBAHEl B Ka4yecTBE OPTraHUYECKHX MOJy-
NPOBOAHHUKOB /1 HM3rOTOBJEHHA BapHCTOPOB.
OnucaHo TakXe M3rOTOBJIEHHE MOJENbHBIX 06pas3-
110B TOHKOTUIEHOYHBIX TEPMOPE3UCTOPOB HAa OCHO-
Beé HEKOTOphIX kommnekcos PcMCI [47].

I1peobpazoBaTenn cBeToBOI 3Heprun. M 3BecTHO,
9TO B COJTHEYHBIX 3JIeMEHTaX HCIONb3YITCS OpraHiu-
YECKHe MOJYNPOBOAHHKH, B TOM HHCJIE H MeTal-
notpranounanunsl. Co3nanel ¢oronpeobGpasoBare-
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JIH CBETOBOIf SHEPrHH B 3MEKTPHYECKYIO MOBEPXHO-
crHo-6apseproro tuna SnO,/OTIIT/Al, rme OIITI
— ¢orouyscTBUTENnbHEIH Pc uau ero ananor [48].
Bei- cokyio 3¢ dekTHBHOCTE HMeOT (oTOmpeod-
pa3oBa- Temu Ha ocHoBe PcInCl [49].

C uenpr0 paciIMpeHna CIeKTPanbHOTO Hanas3o-
Ha NeHCTBHA M MOBBILIEHUS cTabUIbHOCTH paboThl
Ha BO3YXE M3rOTOBIEHH! oTonpeobpa3oBaTe/H Ha
OCHOBE TreTepolepexoioB HeopraHuYeckui/opra-
Huyeckui nomynpoBonHuk THHa Sn0,/CdS ¢Seq 4/
CIAIPcCl/Cul [50].

[Tpeo6pa3opanue CBETOBON 3HEPTrUH B NEKTPH-
YecKyl0 BO3MOXKHO He TOJBKO B TBEPAOTENBHEIX (o-
Tonpeo6Gpa3oBaTensx, HO U B HOTO3NEKTPOXAMHUYEC-
KHX CHCTeMax, fBIAIOLIMXCA aHAI0raMH MepexoioB
MeTalI—II0MyNPOBOIHHK, B KOTOPBEIX BMECTO MeTal-
naa Mcrmone3yerca 3/eKkTpoaut [51].

Tennonoriomarouine MatepHaasl. Kpacutenu ¢
MaKCHMyMOM noriomeHus B 6muxueit MK-obnacru
3(ppexTHBHO MOTIOUIAIOT TEMJIOBOE H3NTyHeHHE H
MO3TOMY MOTYT MCMONB30BATLCA B TAKUX MaTepHa-
nax. Ha mpakTHKe Takie MaTepHansl COCTOST W3 Mo-
JIMMEPHOM MaTpPHUBl W KPAacHTeNs H TPUMEHAIOTCA
KaK MaTepHuansl i OKOH, Kphlll, KYMNOJIOB, Tene-
¢doHHBIX KaOWH U T.0. XOTA CyIIECTBYET MHOTO XpoO-
Modopos, nornomarmux B 6mmxkHeit MK-o6nacru,
(TanounaHUHBEl U MX AHAJOTH ABJAIOTCA JyYIIUMHU
KpacUTeNAMH LIS CO3IaHMusA TaKUX MaTepHalnos Gia-
rogapa cBoelt ycroifuuBoctH [52]

D/1eKTPOXPOMHBIE MATEpPHAJbL JDJIEKTPOXpPO-
MH3M — yCTO#YHBOE, 00paTHMOE U3MEHEHHE 1IBETA
B XOJ€ 3/MeKTPOXHMMHUYECKH MHIYLMPOBAHHBIX OKUC-
JNUTENBHO-BOCCTAHOBHTENEHBIX pEaKLIHii — Brepsbie
6511 o6HapyXKeH s TOHKHX TIEHOK AudTanouna-
uuHOB P33 B 1970 . [53] C Tex nop Gonbiioe KO-
4ecTBO MeTanno(TanouaHnHOB OBLIO HCCIenoBa-
HO Ha HalM4He TEeKTPOXPOMHBIX CBOHCTB. B TBep-
JIOM COCTOSHWH 3MEeKTPOXPOMM3M Habmomanca ans
(TasoUMaHMHOBBIX COEIMHEHHI ¢ Dosee yem 30 meran-
JaMH, MPEHMYIIECTBEHHO cpea Iu(TalouHaHWHOB
CEeHIBHYEBOTO THIA C JAHTAHOHAAMYU M aKTHHOMIA-
MH, a TaKkxke ¢ UTTpHem u ckaHaueMm. Kpome Toro,
ANIEKTPOXPOMHU3M OGHapykeH y Ou)TanoudaHUHOB
merannos [V rpynns [Tepuonnyeckoit cucteMs! ane-
MEHTOB, TaKHX, KaK ON0BO, LUPKOHKH u raduuit [54]

Cpenn KOMIUIEKCOB TaHTaHOUA0B Haubomee mon-
HO u3ydeH audramounanuH moteuus Pc,Lu, Tak
KaKk OH obnajaer MOJHBIM MEPEeXOJOM LBETOB OT
OpPaHXEeBOTO MJIH KpPaCHO-OPaHXeBoro 10 ¢uonero-
BOFO M €ro MJIEHKH JIErKO MOJyHaroTCd BaKyyMHOMH
cybnumanue#t. Ha ocHoBe nudranouuaHuHa JiOTe-
uug GbIIM CO3JaHbl 3IEKTPOXPOMHBIE JHCIUIEH I
BU3Ya/lu3alun HHPOPMALHKA B KOMITBIOTEPHBIX TEX-
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HOJIOTHAX, KOTOpble 00/1aJal0T MHOTOLBETHOCTHIO,
BLICOKOW KOHTPACTHOCTBIO, OMTHYECKOM MaMsIThIO H
HE3aBHCHMOCTHIO OT yria 3peHus [55]. Inenku Huc-
dTanonHaHnHA Npa3eoanMa, MoJIy4eHHbIe 10 MEeTo-
nuke JleHrMopa—biomKer, HCoIb30BaHbl B JIEKT-
POXPOMHBIX TOHKOIUIGHOUHBIX Aucesx [54]. Diek-
TPOXPOMH3M MOXHO HabmoaaTh He TONBKO HA TBEp-
IbIX MAeHKaX, HO W B pacTBOpax [56].

OnTHueckne HocuTeslH HHpoOpManuy. Pa3suThe
HH(POPMALIHOHHBIX TEXHONIOTHH ¥ YBENTHYEHHUE KOJH-
yecTBa NoJb30BaTeNell KOMIbIOTepoB Tpebyer co3ia-
HHS HOBBIX 3aMMHMCHLIBAIONINX CPE/l BEICOKOH IIOTHOC-
TH, HanboJiee 5KOHOMUYHOM B IIPOCTOH B UCITOTB30~
BAHUM CHCTEMOMN [IMTETHHOTO XPAHEHUS NaHHBIX AB-
JIAI0TCA ONTHYECKHe HocHTeNnu nHpopmauuy, TexHo-
norus 3anucn Ha CDR ayckax ocHOBaHa Ha U3Me-
HEHHH OTpPaXKaroUIMX CBOWCTB CIOS OPraHUYecKoro
kpacurend. Haubonee yacro UCONb3YHOTCS LHAHH-
HOBBIE KPACUTEJNIH, a30KpacUTeNd U (PTasounaHnHO-
Bl COENMHEHUA. B KayecTBe MOCIEAHHX OMHCAHO
ucnons3opanne PcM (M = Al,Ga,In,Si,Ge.Sn), ume-
FOLIMX Pas3jIHvHBIE 3aMECTHTENH B MAaKpPOKOIbLE
W/UMM B AKCHANBHOM MojoxkeHuu [57—60].

Kpacurean aas kceporpadui M /1a3epHbIX NpHH-
TepoB. Opranuueckue GOTONPOBOAHUKH HIMPOKO HC-
MOJb3YIOTCA Kak KIIO4eBble MaTepualbl I KCepo-
rpaduu ¥ Ja3epHEIX NPUHTEPOB. LIBeTHbIE TOHEPEI,
KOTOPBIE COJIepKaT TPH OCHOBHBIX L[BETA — XKENThIH,
KpacHsllf ¥ rosy6oi, Moryr GbITH HCIOJIB30BAHBI
JUTs TIONHOM 1BerTHO# mevaty. OOBIYHO B [IBETHBIX TO-
Hepax MCMOAb3yIT OeH3MAMHOBBIH KpacuTenb s
JKENTOro 1Bera, XAHaKPHAMHOBBIA unu HadToIa30-
KPaCHTENM — JUTS KPacHOro M (hranoluaHAHOBbIH
WM Tpu(pEeHUIMeTaHOBBI KpacHTenn — IUId romiy-
Goro uera [61].

JaexrpodoTorpadusa B MocjaeaHHe ABA AECATH-
NeTHs Nojlydnia WHPOKOe pacnpocTpaHenue 6iaro-
[apsi UCTIOJNB30BAHMIO B O(MMCHBIX KOMUPOBATbHBIX
anmaparax M Ja3epHbIX npuHTepax. HanGonee mu-
POKOE IpUMeHeHNe B KadecTse (JOTOPELENTOPOB AMA
TOHEPOB HMEKT (TANOLMAHHHOBEIE CHCTEMBI, TaK
kak 061anaT CMeKTPOYYBCTBUTEIBHOCThIO B 4Yac-
ToTHOi o6nactu okono 800 HM, HAa KOTOpO# H3ny-
qafoT JUOLHbIE JIa3ephl.

PasnuuHsle KpUcTamnuyeckue Gopmsl hranouu-
aHMHOB, Hanpumep, x-popma GesmeransHoro Pc u
PcCu, e-popma PcCu u t-popma GesmeransHoro Pc
[62, 63], xapakTepHu3ylOTCd BBICOKHM MaKCHMYMOM
nornomenus B 6mxHelt MK-o6nactu n xopome# ¢o-
TONPOBOANMOCTBIO, OTHOCAIUIEHCA K 3TOMY [OTJIO-
wmeHuto. Bropoit Tun ¢ranouMaHUHOB, HCMONb3Ye-
MBIX B ycrpoiicTBax, paboTalomuX Ha IMOAHBIX Ja-
3epax, BKJIIOYAeT KOMIUIEKChl TPeX- HIIH YeThipexBa-
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nenTHbIX MeramioB — Al Ga, In [64], V, Ti [65], Sn
[66). TuranundTanouMaHUH BXOAUT B cocTas GoTo-
PELIENTOPOB /UIA PAfa Na3epHBIX NPUHTEPOB [66].

Jlazepusle punbTpLL LIupokoe Ucrmosib308anne
na3epoB B HayKe U TeXHUke 00yCIOBHIO HEOOXOIH-
MOCTh CO3NAaHMA ONTHYECKHX (PUABTPOB s obec-
nevenus OesonacHolt paGoTel ¢ MONIHBIMM HMCTOY-
Hukamu cBeta. O6GBIMHO nornomaroumue GUIsTpsl 13-
rOTaBIMBAIOT M3 CTEKJA, JKENaTHHA WIIM MIacTHKa,
B KOTOPOM DPAcTBOPEH HJIM CYCNEHAHPOBAH KpacH-
Tenb. OcHOBHBIE TpeGOBaHHA K KPAaCUTENSM — BEICO-
Kas YCTOWYMBOCTL K CBETY U TEMIIEpaType, BICOKas
PacTBOPUMOCTb, HH3kasd TOKCHYHOCTh. PTanouua-
HHHOBBIE ¥ HaTanouMaHMHOBBIE KpacuTenn obna-
JIa0T BCEMH M3 BBILIENEPEYUCTEHHBIX CBOHCTB M Mo-
3TOMY aKTHBHO M3y4yalOTCA B Ka4ecTBE ONTUYECKHX
¢dunsTpoB anms masepos [67]

Marepuaisl 11 HeJinHeiHo# onTHkH. HenasHo
¢dbranonnaHUHOBEIE KOMIIIEKCHl CTaIH MCCIIEN0BATh
C TOYKH 3peHHs UX IPUMEHEHMs B KauecTBE MaTepi-
aJIoB JU1A HeJIMHEHHOM ONTHKHA B ONITHYECKUX KOMMY-
HUKAUMAX. YCTAHOBNEHO, 4TO OTaNTOUHAHHHEBI 006/1a-
[AI0T 0YeHb MHTEPECHBIMH HENMHEHHO-ONTNYECKUMH
CBOMCTBAMH BTOPOTr0 M TpeThero mopsakos [68, 69],
a Takke MOTYT BBICTYNATh B POJIHM ONTHYECKHX OT-
paHuuuteneit [70].

JKunkoxprcraamdeckue auciien. CoenuHenns,
KOTOpbIE MOTJIOMAIOT CBET CTPOro Ha AJIHHE BOJIHBI
Jiasepa, UCMOMB3YIOT Kak A00aBKH, pacCTBOPEHHBIE B
KUIKOKPHCTANIMYECKOM MaTepHuae, B CHCTeMax, pa-
GOTaUMX ¢ UCMONE30BAHNEM J1a3epHOro yda. Ta-
Kye mpubopsl YTHIU3UPYIOT MOTIONIEHHYIO KpacH-
TesleM HePruio na3epa [jis HarpeBa, KOTOPbIH H3Me-
HfeT OnTHYecKWe CBOMCTBA TPO3PavHBIX IKHIKO-
KPHCTAJUIHYeCKUX MaTepuasos. B 4acrHOCTH, B Mpo-
eKIHOHHBIX JUCILIEAX CBET HAaMpaBIIsAeTcs Yepes sueii-
KY, COIEp)KalIyi0 XMAKOKPUCTAIIHYECKHI MaTepH-
aj | 3aTeM mpoeuupyercs Ha 3kpaH. OTanouraHu-
HOBBIE COEAMHEHHS HMEIOT CHJILHOE MOTJIOLIEHUE B
obnactu 665—750 M, TO ecTh B TO# obnacT, B KO-
topoil paboraror GaAlAs nasepst [71]

B kauecTse cBeTO(MHIBTPOR B KHIAKOKPHCTAJITH-
YeCKMX [HUCIESX HCMONb3YIOT OKpAallEHHBIE Mpo-
3payHble TUIEHKM Ha CTeKIAHHON moanoxke. Takue
TJIEHKH TOJYYaloT M3 CMECH IMUIMEHTOB, B TOM YH-
cne ¢ramounaHnHOBEIX, Hanpumep, PcCuHal [72]

AHHOH-CEJIEKTHBHbIE 3JiekTpoanl. Cdepoli npu-
MEHEHHMSI KOMIJIEKCHBIX COEIMHEeHUH B XUMHYECKOM
aHa/lH3e BIAETCH, B YACTHOCTH, HOHOMETPHSA C MC-
10JIb30BaHHEM KHIKOCTHBIX HOHOCEIEKTHBHBIX 3JIeK-
tponos. K Hacrosmemy BpeMeHH OMHCAH PAN aHH-
OH-CEeNEeKTUBHBIX NEKTPOIOE C CeIEKTHBHOCTBIO, OC-
HOBAaHHOM Ha CMOCOOHOCTH BhICOKONPOYHBIX KOMI-
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JIEKCOB METAJUIOB C JIMNO(HIEHBIMA OpraHMYecKH-
MM nurasgamMu (KoppuHamu, nopdupuHamn, ¢ra-
JIOUMAHWHAMHE M JIp.) K 3KCTPAKOOPAMHHPOBaHUIO
annoroB [73] Onucansl HOHO(MOPHEI HA OCHOBE MOP-
(HPHUHOBBIX H Ta/IOUMAHUHOBBIX KOMIUIEKCOB ABYX-
sapmmhlx Ru 3+Co Ni +) [74], Tpemapanﬂi,lx
(Co ) [’75] yeThipex3apaanbix (Sn” )
[76] K&THOHOB METaJIoB.

Karanus. Merainoxkomiiekcel Pc ¢ nepexoaHsi-
MU METaJIaMK ABJIAI0TCH 3 PEeKTHBHBIMH KaTaln3a-
topamu [37].

OKHUCIHTENBHYIO AeMepKanTaHu3aluuo HedTH U
HedTAHBIX YTIeBOAOPOAOB B "MEpOKc" npoliecce ocy-
wectBasA0T ¢ npuMenedneM PcCo u PcFe B kauectse
katanusatopos [77].

Beicokad  KarajqMTHdeckas  aKTHBHOCTB
Pc(COOH),M (M = Cu, Zn, Co, Ni; n=4 unu 8) nc-
ToJIb3yeTcsd IS OHHCTKH ra3oB OT OKCHAOB a30Ta
[78]. CreneHr OYMCTKH ra3oBOH CMECH OT OKCHIOB a30-
T& B 3aBHCHMOCTH OT CTPYKTYPbhl KOMIUIEKCOB H3Me-
Haercs B npexgenax 87—99 %. B npoMbluIneHHOCTH
KaTaaM3aTopsi Ha OCHOBE HCYJIb(0o- 1 TeTpacyibgo-
¢rasounaHuHOB koOanbTa MPUMEHAKT A8 OYHCT-
KM ra3oB KokcoBpIx medeii or H,S u HCN npu xun-
kotazHom oxucnenuu [79]. Katanusatopsi, comep-
wamue PcM (M=Cu,Fe,Co), Hcnonb3yioT st OKCH-
rajloreHHpPOBaHUA apoMaTH4ecKuX coenuneHuit [80];
PcAl, koBalneHTHO CBA3aHHEIN C KpeMHeBOI mosep-
XHOCTBIO MOJIEKY/IAPHBIX CHT, KaTalH3HPYET peak-
uuu uuknonpucoenrHenus CO; x anokcuaam s
nonmydeHns UMKIndeckux kapOonartoB [81].

B TONNMBHBIX 37€MEHTaX O0BIYHO B Ka4ecTBe
KaTanu3aTopoB HCHONb3YIOT HAHOYAaCTHUBI MMJATH-
Hbl MM €€ KOJUIOMIHBIE pacTBOpbl. B cBA3M € TeMm,
YTO MJATHHA — JOPOroCTOAIIMI MerTal, npeanpu-
HUMAIOTCA TOMBITKH 3aMEHUTL ee 6oJiee JOCTYMHbI-
MH BellecTBaMd. MakpoUMKIbl ¢ KOOPJAMHALMOH-
HbIM y310M Ny-Merans (TerpaasaaHHyJeHbl, TeTpa-
denunnopupuHsl, GTanoUUaHHHE] Xkene3a U Kobda-
nbTa), aacopOMpOBaHHBIE HA Yriie W TMHPOJIH30BaH-
Hble B WHEPTHOH aTMocdepe, mOAXoaaT Aid 3TOMH
uenu [82, 83].

Kak BUAUM, MpHKIaAHblIE BO3MOKHOCTH (Tano-
LMaHUHOBBIX CHCTEM MOCTENEHHO PacCIIUpAITCS —
OT NMPHMEHEHAA B Ka4eCTBE OOBIYHBIX KpacHTenei
J0 TAKHX COBPEMEHHBIX (PYHKIHOHAIBHBIX MaTepH-
ajoB, KaK 3MeKTPOXPOMHBIE, KUIAKOKPHCTAITHYEC-
KHE, HeTHHEHHO-0NTHYECKHE, ONMTHKO-HH(POPMALIHOH-
HbIE, CEHCOpHBIE H T.A. W T.M. A y4UTHIBaA TO 00-
CTOATENBCTBO, 4TO (hTANOLUMAHHHOBEIE KOMILTEKCHI,
UX NMPOW3BOJHBIE U 3aMellleHHble COeUHEHH SBIIs-
I0TCH OCHOBOM CynpamoJIeKyIspHBIX CHCTEM, TO O4e-
BHMJIHBl MX TOPH30HTHI B KA4ECTBE BEPOATHBIX MOJIe-
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KYJISAPHBIX OpraHH4eckux (OTOHMKOB W 3MEKTPOH-
HHUKOB, €C/H YK Heé MOHHHKOB.

PE3IOME. Po3riasHyTO MOXIHBOCTI 3aCTOCYBaHHS
(hranouiaHiHOBHX CHCTEM B SKOCTI HOBHX (YHKUIOHANBHMX
MaTepiagiB — eNeKTPOXPOMHHX, HeNiHiliHO-ONTHYHUX,
CEHCOPHHMX. PIOKOKPHCTANIMHHMX, & TAKOX BHKOPMCTAHHA
ix B Giosorii Ta MemHLHHI

SUMMARY. The possibilities of applications of
phthalocyanine systems as new electrochromic, nonlinear
optic, liquid crystal materials; sensors, semiconductor;
in biology and medicine are reported.
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[Mocrynuna 12.04.2005

FO.C. Kpacnos, I'.fl. Konbacos, B.H. 3aiiuenko, C.B. Boakos *
ONTHAYECKHE CBOHUCTBA U HAHOCTPYKTYPA IIJIEHOK AMOP®HOTO WO,

TToka3aHo, Y4TO B COCTABE KATOMHO OCAMXIEHHBIX EKTPOXPOMHEIX IUIEHOK aMop(HOro oxkcuaa Boibhpama IOMH-
HUPYIOT HAHOKIACTEPEl, BOCCTAHOBIEHHE KOTOPBIX CONPOBOMKAAETCA MOABACHHEM MMOJ0C MOTNOIUICHHSA, XAPAKTEPHEIX
11 MonHBONb{pamMaTos co cTykTypoit Kerruua n ux accouuatos. MakcHMYMbl 3THX MO0C NPUXOAATCH HA BHAHMYIO
o6nacTe crekTpa, 4TO crnocoGeTByeT MOBBIMEHHIO 3pdexTHBHOCTH 0GPATHMOrD OKpalIMBaHWA TAKHX IUIEHOK M
M03BOJIAET YBEIHYHTh YYBCTBHTENBHOCTh M3TOTOBICHHBIX Ha X OCHOBE ONTHYECKMX CEHCOPOB BOAOPOAA.

[Inenkn amopdHOro oxcuaa Bonbdpama (a-
WO3) HaxoasaT NPHUMEHEHHE B EKTPOXPOMHEBIX ITpH-~
6opax [1—3]. [Tpouecc ux okpammpanus (u obec-
useunBaHus) B 6nmxkHel nHppakpacHOll U BUAMMOIL
o6macTaX ONTUYECKOTO CHEeKTpa OCYILIECTBIAeTCs Mo-
CPE/ICTBOM JIBOMHONW HOH-2JIEKTPOHHOH HHKEKIHH
u sxcrpakuuu [1, 4] Okpammsanue a-WO5-37meKT-
poza mo Mepe NpoTeKaHHA KaTOAHOTO TOKa BBI3BAHO
3aXBaTOM MHXKEKTHPOBAHHBIX B MJIEHKY 3JIEKTPOHOB
Ha cBoboausie d-opburanu W(VI)-ueHTpoB ¢ BoC-
craHoBneHueM ux 10 W(V)-LeHTpoB, KOTOpLIE U AB-
NAOTCA LUEeHTPaMy okpacky a-WO. 3apsa 3THX 3/1ek-
TPOHOB B 00beMe MUIEHKH CKOMITEHCUPOBaH MOABHK-
HBIMH OZHO3aPAAHBIMU KaTHOHAMH, TAKHMH, kak H ™,
Li" unu Na*, KoTopble BXOAAT B MIEHKY M3 31€KT-
pOHTa U pacnojaraiTcs BOIH3H aTOMOB KMCIOPO-
Iia, 0Opa3yroIMX MOCTHKOBBIE H KOHLEBBIE CBA3H TH-
na W-O-W u W=0 [5, 6]. AHaIOTHYHBIN{ MeXaHN3M
okpawuBanus a-WO; peannsyercs B ONTHYECKAX CEH-
copax BOJOpO/a 3a CYET MHIKEKIHH B TUIEHKY OKCH-
Jla 3NeKTPOHOB W MPOTOHOB M3 KOHTAKTHPYHOILErO
C HEI0 KaTaJIMTHYECKH aKTHBHOTO ClIOs MIATHHBI W/IH
najlajiug, Ha TMOBEPXHOCTH KOTOPOTO MPOHCXOAHMT
OKHUCIEHHE MOJIEKYIAPHOI0 BOAOPOJa MO peaKLUu:
H,—2H" + 2 [7, 8]

[IpocTeIM H 3KOHOMHMYHBIM METOZOM II0JTyHe-
HUS MIeHoK a-WO3 Ha mpo3pavyHbIX TOKONpPOBOMSA-
LIMX MOJUIONKKAX, C XOpOoIuel BOCIPOH3BOAMMOCTEIO
HX JJIEKTPOXPOMHBIX XapaKTEPHCTHK, ABIAETCA Ka-
TOJHOE 3NEeKTPOOCaKICHHE H3 BOJHOTO IEKTPOIH-
Ta, COACpIKALIEro pacTBOPMUMEIE TOJIHOKCOMeTalna-
TBI U nepokcomeramnatsl [9—14). ITonyqaensie ocan-
Ku 00b14HO penTrenoamopdusl [9, 11, 14]; MexaHu3m
KaToaHOro ocaxaeHus a-WO;pacemoTpen B pabore
[9]. Tpu McnoNB30BaHHMHU ralbBAHOCTATHYECKOTO pe-
kuMa cobmonaercs nuHeitHas 3aBUCUMOCTb TOJIIHU-
Hbl TUIGHKH OT BPEMEHH OCaXKIEHWH, HO TanKas of-
HOpOZHAA MOBEPXHOCTh COXPaHAETCA Y Hee JIMIIb 10
TOMLKHEL He Gonee onHOrO MUKpoHa [9, 14], M3-3a
BBICOKO# MOPUCTOCTH M CONEPXKAHHA MOJIEKYJT BOMIEI
yAenbHas MIOTHOCTh OCajJKa Ha KaTo/Je Ha MOJOBA-
Hy MeHbIIE MIOTHOCTH KpHcramnuyeckoro WO;.
[ToaToMy B 06ecuBEe4EHHOM COCTOSHHUM 3TH MIEHKH
XapakTepu3yloTcs OdYeHb HM3KMM 3HA4YeHHEM OMNTH-
YECKOTO MoKazaTens npenomiuenus n= 1.6+1.7 (npu
n=2.5 ana xpucrammueckoro WO3) [14—16].

ITo mMepe 3an0THEHHA HHKEKTHPOBAHHBIMH 11K~
TpoHnamMu cBobGoxusix d-opb6utaneit W(VI)-uen-
TPOB B KaTOAHO OCAXASHHBIX MJIEHKAX MPOUCXOIUT
KaTOJHOE CMelleHHe moTeHuHnana a-WO0;3-31ekTpo-

* 10.C. KpacHoB — xaHn. Qu3s.-mar. Hayk (1972), '.J. KonBacos — nokt. xuMm. Hayk (1991), B.H. 3aiiuen-

KO — KkaHI. xuMm. Hayk (1984).
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na, a yBeHYeHHe NPH 5TOM IHepriu PepmMu conpo-
BOXJaercs oOpaTUMBIM CMelleHHeM kpas (yHna-
MeHTaBHOTO MOrJIOIEeH!s OKeuaa K 60JbIIUM IHEp-
rusM keaHToB (OT 3.10 mo 3.52 3B [13, 14]). Okpa-
LIHBAHHE MJIEHOK HAaYMHAETCA C MOABIEHHA B HX OI-
THYECKOM CIEeKTPe HHTEHCHBHOM M0JIOCHl IOronie-
HUA C MakCUMyMOM mpd ho < | 3B, mocne yero MH-
JKEKTHPOBAHHBIE 3NEKTPOHBI HAYWMHAIOT 3aNOJHATH
rakxe 6omee BHICOKO3HEpreTUuHBIe d-opOuTanu
W(VI)-ueHTpoB, MMEIOUIMX [IBOHWHBIE CBA3M, THIA
W=0. DT0 NpUBOIMT K HOABIEHUIO NOMOJHUTENb-
HBIX MOJIOC MOTJOLIEHHA, MaKCHMYMBI KOTOPBIX
NPUXOAATCH HAa BUANMYIO 061acTh cnekTpa npu hw
=~ 1.6 u 23B [15, 16]. B nanHoii paboTe MpHUBEIEHE
pe3ynbTaThl HCCAENOBAHMHA W3MEHEHUH CIEKTpab-
HOTO pachpeneiseHnus ONTUYECKOro MOTIOUIEHUA
KAaTOJHO OCAaXAEHHBIX MMIEHOK, KOTophkle Habro-
AAI0TCS HA PAa3NMYHBIX CTAMHAX OKpamuBaHus. [1o-
Jy4eHHbIE JaHHbIE CBHIETENBCTBYIOT O TOM, YTO /€K~
TpoocaxneHHsle MieHkH a-WO; uMeT HaHO-
KIACTEPHYIO CTPYKTYPY.

[Tnenxu a-WO; 06111 MOTy9eHB! KATOXHBIM 37K~
TpOOCAKIECHHEM U3 Bonuom 3NMEeKTPOJINTA HA OCHOBE
Na,WO, (0.2 monb-i He noﬁanneHHeM 30 %-# me-
pexucu Bogopoxa (0.13 mons- ) 1 H,80, (no pH
1). OcaxaeHue NMPOBOAKUIH B MPO3PAYHON 3IJEKT-
poXMMHUecKkoi Auelike ¢ MIATHHOBBIM TPOTHBO-
37IEKTPOIIOM TIPH MOCTOSHHON MIOTHOCTHM TOKa Ha
xatome ~1MA/cM® ® Temmepatype 23—25 °C.
ITnenku a-WO50caxaany Ha NPO3pAYHYI0 TOKOTIPO-
Boasyo TneHky SnO, TonmuHo# 230 HM Ha cTek-
MAHHON NMOTOXKKE, 2 TAKXKe Ha MOTHPOBAHHYIO M10-
BEPXHOCTH JIUCTOBOTO BoNb(pama. KOHCTPyKIuUs 3MeK-
TPOXUMHYECKOH A4eHiK¥ MO3BOJIANA MPOBOANTE HH-
TepdepomeTpuyeckuif KOHTPOJb 3a XOAOM Ocaxue-
HUSl, PETUCTPHPYA MHTEp(depOorpaMMesl OJHOBpPEMEH-
HO JUIA IBYX mydeil renuii-HeoOHOBOTO Ja3epa C pas-
AMYHBIMHM YIIaMH TMajeHus Ha MOBEPXHOCTb 3JIeK-
tpona. KommeioTepHbili aHanu3 3TuX uHTEpdepo-
rpaMM 1o MeToauKe, onucanHol B pabore [14], oGec-
reYMBall BO3MOKHOCTE Pa3leNbHOr0 ONpeneleHns Te-
KYIIHX 3HAYeHHH TONIMHEI ¥ ONTHYECKOro Mokasa-
Tens mpenomieHus pactymero ciaos a-WoOs.

OnpeneneHne ONTHYECKHX M 3JEKTPOXUMHYEC-
KMX XapaKTEPUCTHK 3]€KTPOJO0B MPOBOAHIN B MPO-
3payHoM MEKTPOXHMMHYECKOH s4eliKe, 3an0MHEHHOH
| H. H,SOy4, ¢ MIaTHHOBBIM MPOTHBOJIEKTPOAOM H
xnopcepeOpsaHbIM 3nekTponom cpasHenus (XCI), oT-
HOCHTEIBHO KOTOPOTO JaHbl BCE TIPUBEJEHHBIE 3HA~
qeHus noteHunana (£). U3mepeHns ONTHYECKUX Xa-
PaKTEpPUCTHK MPOBOMMIM TaKke Ha NabopaTOpHBIX
ofpa3uax ONTHYECKHX CEHCOPOB BOIOpOAA C pas-
JIMYHBIM €ro COIepKaHWEM B COCTaBe BOAOPOA-BO3-
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oyWHOH cmecH. B 3THX ceHcopax cinoi KaTaliusa-
TOpa Ha BHeWIHel MoBepXHOCTH ruieHkd a-WO3 6sin
HaHeceH 3NeKTpoocaXkaeHueM Pt n3 3jekTponuTa Ha
OCHOBE IJIaTHHOXJIOPHCTOBOAOPOAHOMN KuenoTs!. [Ipu
TAKOM OCa)KIE€HHH Ha MOBEPXHOCTH OKCHAa obpa3y-
eTCA MOPHUCTHIN 0CANOK KaTaTHTHYECKH 2KTUBHOM Iia-
THHBI C CHJIbHO Pa3BUTOH MOBEPXHOCTHIO U 0OJB-
UM TOKOM OOMeHa peaKkuUuH OKMCIEHHA-BOCCTAHOB-
JIeHHs BOAOPOJA, YTO CrnocoOcTBoBano GbiCTpoMy yc-
TAHOBJIEHWIO MOTEHLMana NpH U3MEHEHHH KOHIIEH-
TpauMM BoXOpojJa B rasoBoi dase.

CrneKTpbl MEKTPONOTIOIEHUS KATOJHO OCaXK-
JeHHBIX MIeHOK a-WO; CHUMAK Ha YCTaHOBKE, aHa-
NOTHYHORK YCTAHOBKAM /11 M3MEpeHUH CHEKTPOB
3JEKTPOOTPaKeHHA MONnynpoBoaHukos [17] Yrobsl
TIOBBICHTH OBICTPOEHCTBHE OKpaLIMBAHUA H oOeciBe-
YHBAHMS TEKTPOXPOMHOTO CIIOA 3a CUET CHUKEHNA
MOC/IeIOBATENBHOTO CONPOTHBIEHHA B LIEMU NPOTe-
KaHHA TOKa, TAKHE U3MEPeHHA IPOBOAMIM Ha dJIeK-
Tpoiax ¢ mienko# a-WO;, ocaxaeHHOH Ha BOJIb-
dpame. [Ipu 3TOM Ha 37MeKTpOJIE 3aaBajcs MOTEH-
UMaj C HAaNlOXKEHHWEM Ha ero MOCTOSHHYIO COCTaBJfA-
oy (Eg) nepeMeHHOro CHrHaja aMIUIMTYROH
0.1 B na gacrore 20 I'u. ITepeMenHy10 cOCTaBIsf0-
IIYIO CHTHAla 0T (OTOYMHOMKHUTENs, MPONOPLUHOHA-
JIBHYIO M3MEHEHHI0 WHTEHCHBHOCTH MOHOXPOMAaTH-
4eCKOTo cBeTa, OTpakeHHOro a-WO;-3/1eKTpoaoMm,
PErHCTPUPOBAIH C UCNIONIb30BaHHeM (a30BOro JeTeK-
TOpa. BennulHy MOCTOSHHOM cOCTaBiAIONIER 3TOro
CHTHalla MojIepXuBali HA OJAHOM YPOBHE C MOMO-
1(bIO cheasuledf 3NeKTPOHHON cxeMbl, ynpasisiouei
HampakeHueM muTaHua (oroymHOxuTens. Mame-
HeHHe HHTEHCHBHOCTH OTPAKEHHOrO MOHOXPOMATH-
YecKoro ceTa u3-3a 06paTHMOro OKpalmHBaHus ClI0s
a-WO; Gbuno npu 3TOM Ha 2-3 mopsjka Gounblle,
yeM BhI3BAHHOE M3MeHeHueM xo3dduiinenra oTpa-
KeHHA Ha rpaHuuax pasgena WO3/a0eKTpoNHT u
WO5/W. [Toaromy 3KCriepUMEHTabHbIE 3aBHCHMOC-
TH BEJIHYMHBI MepeMeHHOH COCTaBfAIOLIed CUTrHana
(poTOyMHOKHTENA OT A MOKHO paccMaTpuBaTh Kak
CMEeKTpHl 3nekTponoriomenus a-Wo,.

Ha puc.] moka3aHbl 3KCIIepUMEHTaJIbHBIE 3aBU-
CHUMOCTH TUIOTHOCTH ToKa i(E) M M3MeHEeHH HOPMH-
pPOBaHHOTrO KO3(QduIHEeHTa ONTHYECKOTO Mpomyc-
kanua T(E) npy pasnuyHbIX 3HAYEHUAX A OT BENHYH-
HBI TIOTEHLHANA KATOIHO OCaXAeHHOM merki a-WO;.
OTH 3aBHCHMOCTH, MOJYYEHHble B LUKIE OKpALIH-
BaHMe-00eCIBEYHBAHUE H3MEHEHHEM BEJIMYMHBI 3a-
natomero noredumana (E) mexay 0.5 u —0.5 B, ne-
MOHCTPUpPYIOT 00paTUMOCTh Npolecca OKpalluBa-
HHUS TIeHKH B ObkHed MHppakpacHO#l M BHAMMO#M
obnacrax cnekTpa, mpu4eM B 00iacTu coOCTBEHHO-
ro nornomenus a-WO; (Ha ammHe BomHbL A=330 HM)
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Puc. 1. 3asucumocts i(E) ¥ ontuueckoro mponyckanus I'(E) Ha
anuue Boausl 500 (1); 600 (2); 800 (3); 1000 (4); 1200 (5) u 330 um
(6) ans nnenxn a-WO, tonmuuo# 0.28 MkM B LMKIE OKpawIHBa-
HuA—0GecLBEYHBAHHA 0 MEPE CMEUIEHHUS 3aJal0MIEro MOTEHIHAIA
(E) mexay 0.5 u —0.5B co ckopoctsio passeptkn 10 mB/e.

ee OKpalMBaHHE COMPOBOKIAETCS [MOCTENEHHBIM
yBenuyeHHeM I' Ha BETMYMHY, COMOCTABUMYIO C W3-
meHnenrem I B oOnactu ~1 MkM (puc. 1). YMeHb-
IIeHue MOrJOUIeHUs MJIeHKH B 3T0H 00/MacTu CHeKT-
pa npy OKpallWBaHWH BBI3BAHO 0OPAaTHMBIM CMeEIiie-
HUeM Kkpas coOcTBeHHOro rnornomenus a-WO; k 6o-
apium sHeprusm [14, 15].

W3 npuBeneHHBIX 3aBHcHMOcTed i(E)
u T(E) (puc. 1) onpenensanack 3aBUCHMOCTh
OT MOTEHIHaNa BeIHYHH HHIKeKTHPOBaH-
HOTO B [UIEHKY 3JIeKTpoHHOTrOo 3apsaga O(F),
ONTHYECKOH TUIOTHOCTH miieHkn D(E)=
log(1/T), a Taxxke 3¢ dheKTUBHOCTH NpoLec-
ca ee OKpallMBaHWfi ¥ oOeclBeYMBAHHUA
Kak oTHoumeHus dD/dQ. 3aBHCHMOCTH
dD/dQ ot E, nonydeHHble 11 psana QHK-
CHPOBAHHbBIX 3HAUEHUT A B 00/1aCTH CIIEeKT-
pa mexmy 500 m 1200 HM, npuBeneHsl Ha
puc. 2. OHH MOKa3bIBAIOT, Kakoi BKIal
B ONTHYECKOE TNOTJOUIeHHE IIIEHKH MpPH
3THX 3HadeHnsx A BHocAT W(V)-LeHTphI,

e
o

dD/dQ, cm*MKn

0.1

TOMHOTO CMENIEHUS 3ajalollero MoTeHIHana
CONPOBOXK JaeTcs MOCTENeHHBIM Nepepacrpe-
nenenueM 3(QeKTHBHOCTH ee OKpaUIMBaHUA B
noab3y Goliee KOPOTKHX IJIHH BOJH (pHc. 2)
6narogaps obGpazopanuro W(V)-ueHTpoB ¢
MaKCHMYMOM MOTJOIIEHUs B BUIMMOH oGnac-
TH ONTHYECKOrO CHEKTpa.

W3meHeHue HampaBlieHUs pa3BEpPTKH M0-
TeHLHa a MPUBOAMT K 00ECLUBEYHBAHHIO TJIEH-
KH 33 CUeT M3MEHEHMS 3apANOBOr0 COCTOSHUS
W(V)-uenrpos 1o W(VI) n no mepe cMeleHus
noreHidana ot —0.5 B k ero Ha4anbHOMY 3Ha-
yenuto 0.5 B a¢pdexTuBHOCTH 0OECLREUHMBAHHNA
nneHkn dD/dQ ysenuuusaercs. [1pu stom ans
KaXI0T0 3HaueHus A cobmionaercs 61u30CTh
Tex 3HaueHHuH E, KOTOPBIM COOTBETCTBYIOT MaK-
cuMyMsI 3 HeKTHBHOCTH OKpalMBaHua U obec-
useynsanud (puc. 2). Orciona cieayer, 4To ne-
TeHLHakl, IPH KOTOPHIX BoNb(pamMoBEIe LeH-
TPBI H3MEHSIOT 3aPAJ0BOe COCTOAHUE, OIH3KH.

[TockonbKy KaTOAHO OcaaeHHbI# a-W O3
MMeeT HaHOKJIacTepHyto cTpyKTypy [10], caBur
nornomenns W(V)-1ienTpoB B o6nacte Gosee
KOPOTKHMX [AJIMH BOTH MOXeT ObITh CBf3aH C
yMEHBLIEHHEM pa3Mepa KIacTepoB, B KOTOPBIX
MPONCXOAHUT 3aXBAT WHKEKTHPOBAHHBIX dIEKTPOHOB
[18, 19]. Ecnu mpuHATE BO BHHMAHME, 4TO, KAK U B
paborte [19], MakcumMym nornomenus npu ho=l1.1 3B
cootBercTByer W(V)-ueHTpaM OKpacku B KiacTe-
pax pa3MepoMm ~7 HM, TO noriomuieHue B 6oiee Ko-
POTKOBOJIHOBOI 0GJaCTH MOXHO OTHECTH 3a cyer 06-
pa30BaHUA TAKUX LEHTPOB B K/IACTEPaX MEHbLIEro
pa3Mepa. M3-3a yBenu4eHHsa NpH 3TOM B Kiacrepe

o6paszoBanusie u3 W(VI)-uentpos mnpu
pa3nHYHBIX 3HAYEHUAX moTeHunana. Hau-
OonblIMii BKNAA B OKpamuBaHue (Benndu-
Ha dD/dQ nocruraer ~270 em¥/K 1) BHo-
car W(V)-LeHTpbl ¢ MAKCHMYMOM [OTJI0~
menus B o6nactu 1100—1200 am. Hane-
Helflllee OKpalINBAHUE TIIEHKH [0 Mepe Ka-
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Puc. 2. Usmenenne spdextusHoctn dD/dQ ot norenuunana (E) mexay
0.5 u —0.5 B B unkie okpawmsannus (I) u obecuseunsanus (I1) nienku
a-WO; na aanne soausi 500 (7); 600 (2); 700 (3); 800 (4); 900 (3);
1000 (6); 1100 (7) u 1200 um (8).
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COOTHOIIEHHS MEXIY KOJIHYECTBOM KOHLEBBIX H
mMocTukoBeix cBaseil (W=0/W-0-W) [18] cnenyer
0KHMJIATh, 4TO B KIACTEpax caMoro Majioro pa3me-
pa Bce HOHBI BONb({pama UMeloT cBaA3u Tnna W=0
C KOHLEBEIMH aTOMaM#i KHCI0poAa. XapaKTepHoe
AT KaTOAHO ocaxaeHHoro a-WO; nocnenosarens-
HOE TICSBJIEHWE BYX HOBBIX II0JIOC MOTJIOIIEHHS C
mMakcumymamu npu 1.6 u 2 3B [15, 16] nabmonaercs
¥ TIpH BOCCTAHOBJIEHWH IMOIHBONL(PPAMATOB CO
crpykTypoii Kerruna [20—22], uto nossosser npea-
TOJIOKHUTh MX MPHCYTCTBHE B TAKHUX IIIEHKaX, HAMPH-
mep, B Buae aHHOHOB [(Ho)W ;04" . D10 corna-
Cyercsl C BBIBOJOM, CIAENaHHBIM HaMmH B pabote [14]
0 TOM, YTO TOABJEHHE MOJOCHl C MAKCHMYMCM TpH
hw=2 3B coorBercTByer BoccTaHoBieHu0 W(VI)-
LIEHTPOB C ABOMHBIMHU cBA3AMH Tuna W=0, OCKONb-
Ky Bce 12 aToMOB Bonk(paMa B nonuBoib(pamaTax
KEITTHHOBCKOH CTPYKTYpbl HMEIOT 110 OIHOM Takoii cBi-
34 C KOHLIEBBIM aTOMOM KuciaopoJa. bonee merans-
HO€ COOTBETCTBHE CHEKTPaM BOIHBIX PacCTBOPOB Ta-
KHX TOJIHBOJb()PAMATOB NP UX BOCCTAHOBJIEHUM Ha
KaToZe UMEIOT CIEKTPhI 3TEKTPONOTIOMEHH KaTo -
HO ocaxzeHHoro a-WoO;.

Ha puc. 3 npuBeneHbl COEKTPbI 3JEKTPOINOrI0-
nieHus mieHkn a-WO;3 tonmuHo# 0.26 MKM npH 3Ha-
YEHUAX MNOCTOAHHON COCTABAANOIIEH 3alaroLiero
notennuana Eg 0.3 u 0 B. B aTux cnektpax MoxkHO
BBIZENIUThL MONOCHl C ABHBIMH MaKCHMyMaMH B 00-
nacta 1.2—1.3, 1.6 u 29B, a taxxe 0GHapyXHTh
JnyGIeTHYo CTPYKTYpy mojiockl B obnactu 1.2—1.3
3B M NOTONHHUTENLHYIO NOJIOCY C MAKCHMYMOM TIPH
2.4 3B. Uamenenue Eg ot 0.3 no 0 B conposoxaa-
ercs pOoCTOM HHTEHCHBHOCTH 3J€KTPOTIOrIOLIeHHs
3a CYET YBEJIHYEHHsA KONHYECTBA 3JEKTPOHOB W Npo-
TOHOB, MEPHOIMYECKH BXOJAUIMX B MJIEHKY M BBIXO-
JAmuX 13 Hee. Ho 3TOT pocT Ha pasiHyHLIX y4yacT-
Kax crekrpa (puc. 3) HEOOUHAKOB W MPHUXOOUTCH B

L% ]

-

o

25 3 \hw,3B

1.5 2

-

SneKTponornoweHune, oTH.el,.
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-

Puc. 3. Cnexrpsl 3/eKkTponornomenus nieHkn a-Wo,
TonmuaoH 0.26 MKM NpH 3HAYEHHH MOCTOAHHOMH cocTas-
nsomeit notenuuana E¢=0.3 (/) u 0B (2).
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OCHOBHOM Ha o6macts ho 2 1.53B. Tlpu Ao > 3.1
3B cnekTp 3/7eKTPONOrIOIIeHHs Ha PHC. 3 MeHAeT
CBOM 3HAK H CTAHOBHUTCA (PaKTHHECKH CIIEKTPOM JJIeKT-
PONPOCBETNEHUA, UTO BHI3BAHO NMEPUOIAMYECKHM, C
yactotoit 20 ', o6paTUMBIM yMeHbIIEHHEM T10TJI0-
IIEHHA NJIEHKH B 3TOH 00NACTH CHeKTpa M3-3a KO-
POTKOBOJIHOBOTO CMEIIEHNA Kpas cOOCTBEHHOTO 110-
raoueHus a-WOs.

C ymenbuIeHreM TONMHEI cnos a-WO3 cTpykTy-
pa CIEeKTPOB 3IEKTPONOIIIOEHHA NposBnaercs 6o-
nee yetko. Ha puc. 4 mpuBesieHb! CIEKTPERI 3J1EKXTPO-
TMOTJIOIIEHHUS, NOTYUEHHbIE 115 TOHKOTO (TONMUHO#M
~0.08 MKM) KaTOHO OCaKIEHHOrO CI0A OKCHAA MpPH
3Hadenusx £ 0.3, 0 u —0.3 B. CnextpanbHoe 1noso-
JKEHHE MAKCHMYMOB B 3THX CHEKTpax — Npu ho
1.2—1.3, 1.6, 2 u 2.4 5B — npakTH4ecKH HE 3aBHCHT
or noteHuuana a-WOs-anekTpona. Katoanoe cme-
meHHe £y NPUBOIUT K TaKOMY e Mepepacripee-
JIEHUIO MHTEHCHBHOCTH MOIJIOIIEHHS TMONOC, KaK U B
ciy4ae TosicTo# nuenHku (puc. 3). B cnektpax, npen-
CTaBJIEHHBIX HAa pHC.4, 3TO MOKA3aHO MyTeM MOpu-
BEJIEHHA K OJIHOMY YPOBHIO BENHYMHBI 3]IEKTPOMO-
rI0lEeHUs B Makcumyme npu ho=1.2—1.3 3B, Tosn-
KMUMHU JIHHWAMH Ha PHUC. 4 BBIJENEHBl OTIENbHBIE
rayccoBbl TOJIOCHI MOTJIOIIEHHS,

AHaJlOrH4HbIE CIEKTPh! MOTJIOIEHHS XapaKTep-
Hbl IUIsl BOCCTAHOBNEHHBIX ()OPM HM30- U rerepomno-
JIMaHUOHOB BOJb(pama, UMErOMHUX cTpyKTypy Ker-
riHa B BHAE KOMILIEKCA M3 YEThIpeX OIHHAKOBHIX
W30, p-rpynn [20—22]. [TpakTHYecKH Te ke MoIochl,
YTO MOKa3aHbl Ha puC. 4, 3aQUKCHPOBAHBI, HATIPH-
Mep, B CHEKTPaX ONTHHECKOTO MOIJIQUIEHHs BOCCTa-
HOBJIEHHBIX (OPM aHHOHOB PW120403‘ H SiW]20404’.
TakuM mojiMaHMOHAM CBOHCTBEHHO o6paTumoe ro-
BE/IEHHE Ha 3NEKTPOJe H OJM30CTh BENUUHH E |y Ad
KaTOIHBIX BOJH BOCCTAHOBJIEHHS M aHOMHBIX BOJH
OKHUCIIeHUs BOCCTAHOBIEHHBIX (hopm [23], a ux coum,
nanpumep H3PW,0,4029H,0 [24], oBnanaioT smex-
TpoXpoMu3MoM. I1pu 0IHO3/IEKTPOHHOM BOCCTaHO-
BICHUU B CIIEKTPE IOTJIOIIEHHS MOABIALTCS MHTEH-
CHBHas foJjioca ¢ MakcuMymom B obmacru 1.6—1.7
3B M 1Be MeHee HMHTEHCHBHbIE MOJIOCHI C MaKCHMY-
mamu 1.0—1.1 u 2.4—2.5 3B [20—22]. C BReneHNEM
BTOPOTO 3/eKTPOHA BMECTO MOJIOCH C MAKCHMYMOM
1.6—1.7 3B B crnexTpe norjaoLleHus noapusercd 60-
1lee MHTEHCHBHAA M0JI0ca ¢ MAaKCHMyMOM mpH 1.9—
2.05B, Torma xak nonoxeHue Makcumyma Gonee
IUIMHHOBOJTHOBOH U MEHEe MHTEHCHBHOI M0JI0CkI Npo-
spnserca B obnactu 1.2—1.3 3B. Kak u B cnekTpax
okpameHHoro a-WOj3, 3TH N0J0CEl COOTBETCTBYIOT
criekTpy mepeHoca 3apsna tuna W(V) — W(VI) [20,
22,23, 25]. B cocraBe KpHCTAJIM30BAHHBIX coJiei
MeXIy OTAeNbHBIMU TAKMMHM aHMOHaMM cepuuec-
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Puc. 4. CriekTphl anekTponoraomnenus Toukoif (~0.08 mrm)
nunenky a-WO, npu E¢=0.3 (a), 0 (6) 1 -0.3 B (6). TorkuMu
THHUAMM [OKA3aHBl [aYCCOBHI TOJOCH TIOTOUIEHHUS.

KoM GOpMbI 0OBIYHO UMEIOTCS MYCTOThI ¢ 60IBIUM
KOJIMYECTBOM CBODOMHBIX Monekyn Boasl [20, 25].

W IeHTHYHOCTE TOJIOC MOTIOMEenHHs Ha puc. 4 no-
nocaM TOTJIOMIEHNS] BOCCTAHOBAGHHBIX MOJIMAHUO-
HOB €O CTpyKTypoii Kerrnna B pacTsopax 1o roo-
EHHWIO OTENBHBIX MAKCHMYMOB B CIIEKTPE U Xapak-
Tepy U3MeHeHHH MX HHTEHCHMBHOCTH C MOTEHLIHAIOM
M03BOJISET MPEANON0KUTE HATHYHE ITUX MTOJIHAHNO-
HOB B HCC/Te/IOBAaHHBIX HaMK mieHkax a-WO;5. Haps-
1y ¢ KJiacrepamMy TaKMX aHHOHOB pa3MepoM ~ 1 HM
[20] B kaTonHo ocaxaeHHOM a-W O3 UMEIOTCA TAKKe
knacreps! 6oneiero pasmepa. OkpaiuMBaHHe TIIEHOK,
COTPOBOXK/IaEMOE MOABICHHEM MOTNOIIEHUsS C MaK-
cumymom B obmactu 1100—1200 aM, HauMHaercs ¢
OJIHOJIEKTPOHHOTO BOCCTAHOBJIEHUS OTHENbHBIX
W(VI)-ueHTpoB B cocTaBe GOMBIIHX HAHOKIACTEPOB.
[To Mepe KaTOAHOTO CMELIEHHs 3aJalouIero INoTeH-
[uana pasMep KJIaCTepOB, B KOTOPBIX MPOMCXOMMT
BOCCT2HOBJIEHHE ATOMOB BOJMb(pamMa, MOCTENEHHO
yMEHbIIAETCH, 2 MAKCUMYM MOrJomeHns obpa3syro-
muxcs W(V)-ueHTpoB cMemaercs B o6nacts Gonee
KOPOTKHX MHH BOJNH. ONHO3EKTPOHHOE BOCCTaHOB-
JIeHHe HaUMEHBIIMX KJIACTEPOB B BUJE MNOJHAHHOHOB
co crpykrypoit KerruHa compoBoxkiaercs rossie-
HUEM B ONTHYECKOM CHEKTPe MOJIOCH! MOTIOIIEHHs C
MakcHMyMOM ~ 1.6 3B, a UX BOCCTaHOBJIEHHE BTOPHIM
3/IeKTPOHOM MPHBOANT K MOABIEHUIO MONOCH! C MAK-
cuMyMOM ~2 3B ¥ H3MEHEHHIO MOJIOKEHUSA NNHHHO-
BoJIHOBOro Makcumyma ot 1.0—1.1 mo ~1.353B.
Takue NoNHAHWOHEI IOMUHUPYIOT B HAHOCTPYKTYpE
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KaToaHo ocaxaeHHoro a-WOj, Tak KaK OCHOBHas
YacTh 3/IEKTPOHOB, HHIKEKTHPOBAHHEIX B ILUIEHKY, pac-
Xojyercs B Hell Ha oOpazoBaHHe LEHTPOB OKPACKH
¢ MaKCMMYMOM TOTrJionenus npu ho=2 3B [14—16].

B ONTHYECKHX CEHCOpaX BONOPOJA, MOMELIEH-
HBIX B BOJOPOA-BO3AYLIHYIO Cpely, CTalMOHAPHBIH
noTeHnuan mueHku a-WO3 COOTBETCTBYET KOMIIPO-
MMCCHOMY MOTEHUHMaNy MuaTHHe! [26]:

E = E' + [RT/(1 - a)F}n[O,] ~
— [RT/(1 - a)F}In[H,]

rae o, — koappuuuent nepenoca. I1pu koMHATHOI
TeMrepaType 1 OTHOCHTENbHO HeGoMbInX, He Goee
HECKOJIbKHX MPOLEHTOB 10 06beMy, KOHIEHTpaLHIX
BOAOpPOAA B BO3AYyXe, 3TO ypaBHEHHE BhIPaXKaeTcs
nunelino# 3aBucumocthio E ot Ig[H;] ¢ HaknoHoM
0.059/(1 — a,), Tae, KaK U A8 HOHM3ALMHK KHCIOPO-
na Ha nnatuee B pactBopax H,SO0y, 0,=0.5. Stomy
3HAYEHHIO CTALIMOHAPHOTO MOTeHIIHaa, KOTOpbIif yc-
TaHaBIMBaercd B cioe a-WO3, COOTBETCTBYET OIpe-
JieleHHas CTeTeHs OKpaluBauus atoro cnos, Ha puc.
5 mpuBenieHa 3aBHCUMOCTh ONTHYECKOTO MpPOMycKa-
Hug ceHcopa co cnoeM WOj tonmmuHo# 2.4 MKM B
uHTepsane AaHH BoaH 400—1000 HM oT 06BeMHOroO
co/lep)KaHUs BOJOPOZA B CMecCH ¢ BO3ayXxoM. Takoii
CEHCOP MO3BOJIAET BU3YalbHO OLUEHUTH OOBEMHOE CO-
Jep)kaHKMe BOZOpOAA B BO3MYyXe, HAUMHAS MPUMEPHO
C OIHOTO TPOLEHTa, MpHYeM s 6oee TOUHBIX MpH-
GopHbIx H3MeperuH B obmacté M3meHenus [H,| mo
~1 % MOXHO peKOMEHI0BaTh HCIONb3OBAHHE CBE-
Ta B 6mmxHedl MK-o6Gnacry, rne u3MeHeHde CBETO-
nponyckanus Oonpme. [1pu yBenuueHUH colepxka-
HHUSI BOZOPOZA B CMECH C BO3/yXOM Bbime 3 % morio-
wenne MK-ceera cnoem katonHo ocaxaeHHoro WO;

T,% 1

60

40

300 500 700 A, 1w

Puc. 5. CnexTpaisHOe pacrnpeiefcHHe HOPMHPOBAHHOTO
koa(puumeHTa TPOMyCKAHUA ONITHIECKOTO CeHcopa (Co cloem
a-WO, tonmusHoit 2.4 MKM) MOCTE €10 OKPAIIHBAHUA B 3aBH-
CMMOCTH OT 0GBEMHOTO COJIEpkaHHs BOAOPOJA B BOAOPOA-
posmymHol cmecn: 1 — 0; 2 — 1.2, 3 — 3; 4 — 30%.
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of6HapyXHBaeT TEHIEHIHMK K HACHIIIEHHIO, HO 3a
CYyeT BOCCTAHOBJIEHHS aTOMOB BOJb()paMa B HAHOK-
nacrepax, MMerIIUX cTpykTypy Kerruxa, morio-
UeHHe B BHAMMOI 067aCTH ONTHYECKOro CIeKTpa
npoaomkaer pactu (puc. 5).

Taxum 06pa3oM, pesyabTaThl HCCIEN0BaHus crie-
KTPOB 3JEKTPOMOTrJIOMEHHS KaTOMHO OCAXIAEHHBIX
nneHox amopdrHoro WO3 yKIaabIBalOTCA B KOHLEN-
M0 HX HAHOKJIACTEPHOMN CTPYKTYPBI € npeob/ajaHu-
eM B Hell moauBONLE(PAMATOB, UMEIOIIUX CTPYKTYPY
Kerruna. YMmeHslieHue pasMepa HaHOK/IacTepa co-
TIPOBOXKIAeTCA KOPOTKOBOJIHOBBIM CMEIIEHUEM MaK-
cumyma morjouenns ero W(V)-LeHTpoB 1o mexa-
HU3MY ONTHYECKOro Bo30yxIeHHs nepeHoca 3apsaa
tuna W(V) = W(VI). [Ipu oxkpauuBaHuK KaTOAHO
OCQKIEHHBIX [IEHOK B MX ONTHYECKOM CIEKTpe Ha-
psny ¢ norjomesreM B 6anxkHel uHbpakpacHo# 00-
JaCTH MOABIAIOTCA TAaK¥Ke MONOCH! MOIMIOIEHHS OT
BOCCTAHOBJIEHHBIX MOIUBOIB(PAMATOB CO CTPYKTY-
poit Kerruna. [TonoxeHHe OCHOBHBIX MaKCHMYMOB
3THX MOJIOC MPUXOANHTCA HAa BUAMMYIO 06/1acTh Criek-
Tpa, 4To cnocoberByer pocty 3 HEeKTHBHOCTH OKpa-
muBanus mueHok a-WOj; ¥ IMO3BOJISET MOBBICUTH
YyBCTBHTE/IBHOCTb ONTHUYECKHX ra30BbIX CEHCOPOB, IpH-
MEHAEMBIX I KOHTPOJA COIepKaHHA BOAOPOJA.

PE3IOME. IToka3aHo, mo B Ckiali KATOAHO OCake-
HUX eIEKTPOXPOMHHUX M1iBOK amMop(HOTO0 0kcHy Boabhpamy
JNOMIHYIOTb HaHOKIACTEpH, BLIHOBJICHHA SAKHMX CYNpPOBOIXKY-
€ThCH MOABOK CMYT MOTJIMHAHHA, XapakTepHHX I IMOJi-
Bofb(pamaris 3i crykrypoo Kerrina Ta ix acouiaris. Makcu-
MYMM LMX CMYI IPHUXOIATHCA HA BHAMMY 0071acTh CHexkTpa,
o CHpHAE MIIBHIIEHHIO e)eKTHBHOCTI 060poTHOro 3abaps-
NeHHS TAKMX MUIBOK i N03BONAE 30MBIIMTH HYTIHBICTh BHIO-
TOBMEHNX HA iXHilf OCHOBI ONTHYHHX CEHCOPIB BOMIHIO.

SUMMARY. It is shown, that in composition of ca-
thodically deposited electrochromic films of amorphous tungs-
ten oxide is dominated nanoclusters which reduction is accom-
panied by occurrence of absorption bands characteristic for
polytungsiates with Keggin structure and their associates. Ma-
ximums of these absorption bands fall to visible range of a
spectrum that promotes to increase of efficiency of reversible
colouring of such films and allows to increase of sensitivity of
the hydrogen optical sensors manufactured on their basis.
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JTUATPAMMBI PABHOBECUH KOMIIJIEKCOOBPA30OBAHUS
B CUCTEMAX HUKEJb—OKCHUATUJIUAEHIAUD®OCOPOHOBASI KUCJIOTA

MeTosoM 3MeKTPOHHON CHEKTPOCKONHH U pH-NoTeHUHOMETPHH H3y4YeHO kommiuexcoobpazosanne O3 @ c noHaMu

HUKENA B BOAHBIX pacTBopax mpu coorTHomenun Ni:O3Jd = 1:1, 10:2, 2:1. PaccuuTaHbl KOHCTAHTEHI oGpasonausu
1 KOHCTAHTHI YCTOWYHBOCTH KOMIIEKCoB pasauynoro cocrasa NiH,L", NiHL™, NiL*", Ni,L", Ni,LH ", Ni(H,L);

2

Ni(HL), . Ha ocHOBaHMH MOCTPOCHHEIX IHATrpaMM pacrpeleeHHs PaBHOBECHBIX KOHUESHTPALNI KOMITEKCOB HHUKe-
as ¢ ODAD onpenenens obaactu pH oOpazopaHus KOMMIEKCOB PasjiMvMHOIO COCTaBd.

Kommnekcoo6pa3zoBanue uukens (1I) ¢ oxcus-
tunuaeraudochorosoit kucnoroit (O2/P) B BOA-
HBIX PAacTBOpaxX UCCIEN0BANOCh Pa3NHYHbIMK (U3H-
KO-XHMWYECKUMH MeronamMu — pH-moTeHunomer-
puueckum [1—4), cnekrpodoromerpuyeckium [4, 5]
u AMP-penakcaunn [6]. YcraHosneso o6pasoBaHue
foasioro yucna komnuekco Hukens (11) ¢ O3 /1D
cocrasa ot 1:1 g0 1:4, a TaKKe MOMUAINEPHBIX KOMII-
nekcoB coctasa oT 2:1 po 4:4, nns GonbLIMHCTBA W3
KOTOPBIX pacCYUTAHbl KOHCTAHTBHI YCTOHYHUBOCTH.
OnHAaKo cOCTaB KOMILIEKCOB, ONMpele/enHbli B pas-
nU4YHBIX paboTax, B psAle Cly4yaeB He coBOAjaer,
HaOIIONAKTCH TAKKE CYIIECTBEHHbIE pa3uuus B Be-
JIMYMHAX KOHCTAHT YCTOHYMBOCTM 171 OJMHAKOBBIX
o cocraBy KOMILIEKCOB.

[TpuyuHaMH pa3au4uil B BeIMYHHAX KOHCTAHT,
XapaKTepU3yIIHX YCTOHYMBOCTh KOMIIIEKCOB, MO-
ryt 6biTh: 00pazoBaHue aMOUIEHTHBIX CTPYKTYP, 00y-
CIIOBJICHHO€ TEM, YTO peanu3yrllaica B MOHOALEP-
HBIX KOMIIJIeKcaX NeHTATHOCTh (ABa—TpH) MeHblIe
MOTEeHIHANEHOM MakcHManbHOU gedtarHocT OD][D
(cemb)[1]; HETOUHOCTE OMNpeneNeHHss KOHCTAHT AUC-
counaunn ODJ]P B kucnoii obnacru (pH<2), npuns-
THE pasNMuHBIX AonyuieHud o6 ocHosHocTh ODJ[D
(4 unu 5) 1 pacuere KOHCTAHT auccounaunn O3] D
B meno4Hoit obnactu [7]; o6pasopaHne KOMIIEK-
CHBIX COe,H.HHeH'Hﬁ CO MIEJOYHBIMH META/INaMH, KO-
TOpbie UCMONB3YIOTC B pH-THTpOBAaHUH U [nd CO3-
naHus TMOCTOAHHOM HoHHOH cunel [1]; ycraHOB-
JieHue paBHOBecHs BO BpeMmeHu [8].

Llene HacTosinieil pa6oTBl — MOCTPOEHUE AHA-
rpaMM paBHOBecHs koMniaekcooGpa3zoBaHHA B
BOJIHBIX pACTBOPAX MPH Pa3jIM4YHBIX COOTHOLIEHH-
X MeTajya M Jurasja B 3aBucuMocTd oT pH pac-
TBOpa; comocraBieHue obGnacreit obGpaszoBaHus
KOMIIIEKCOB CO CINEeKTPaJbHbIMH AaHHBIMH M CO-
CTABOM KOMIITEKCOB B TETEPOreHHBIX CHCTEMAax
pacTBop—ocanok [8].

J1s nocTpoeHus AuarpaMM pacrpeneneHns
HaMM OBl MPOBE/IEH pacueT KOHCTaHT obpazoBaHus
xommnuekcos Ni (II) ¢ O3]]® no narueM pH-noTex-
L{HOMETPHUYECKOTO0 TUTPOBAHHUA CHCTEM C COOTHOMIE-
HueM Ni:OD®, papurim [:1, 2:1 u 1:2.

B pa6ore ucnonssosanu OIJ® (u.) n NiCly
6H,0 (u.n.a.). KOHUEHTpaUKIO HUKENs B MCXOIHbBIX
pacTBOpax ONpenensiy TPUJIOHOMETPHYECKHM THT-
POBaHHEM C MYPEKCHIOM, KOHUeHTpaluwo O30 —
THTPOBAaHHEM LIEIOYbIO.

[ToTenunomerpuyeckoe THTPOBAHUE TIPOBOIHIHA
0.2 M pacreopom KOH, cBo6onHEIM OT KapGoHATOB,
npu 20 °C. KoHIEHTpalLys HUKeNs B HCXOTHOM PacT-
Bope cocrasnana 0.01 Mosbs/n, HaYanbHBIA 06BEM THT-
pyemsbIx pactsopoB — 10 mu. pH usMepsinu Ha BTO-
poit Aens nocne n1o6aBaeHHs LIEN0YH H YCTAHOBIIE-
HHA pPaBHOBECHA B pacTBope. DTH ke pacTBOpHI HC-
[0JIb30BAJIH JUIA 3aIMCH JJIEKTPOHHBIX CHEKTPOB [0-
rromenus. J{ns onpenenenus pH pacreopon ucnosns-
3opanu Seven Easy pH-merp Mettler Toledo. ®oHo-
BBIIT 3JIEKTPOJIUT He BBOAMIW. DIEKTPOHHbIE CIEKT-
phI 3anuckiBany Ha criektpodoTomerpe Specord M-40.

Kouncrautel nporonuposanus O3D (H,L) u
KOHCTaHTBl 00pa3oBaHus komiuiekcoB ODJ[D ¢ Hu-
KeleM paccuuThiBaiu no nporpamMme PSEQUAD [9]
MO JaHHBIM JBYX mapaulenbHbiX THTpoBaHuii. Coc-
TaB KOMIJIEKCOB OMUCHIBANU CTEXHOMETPHUYECKOH
opmynoif obumero suna M L H._, rne L*¥ — ocra-
Tok ODJI® ¢ ueTHIpbMA AENPOTOHMUPOBAHHBIMH
aToMaMmu Kucroponaa GpochOHOBBIX IPYMI NUTaHAA.
M3BecTHO, 4TO JNUraHA MOJKET BXOIHTb B COCTaB
KOMIIJIEKCa TakKkKe B BHJe YacCTHIIE LHf} [11, 12].
ITocnensee obo3HayeHWe NUraHaa MPHHATO IS
KOMIIJIEKCOB € ACMPOTOHUPOBAHHOHW CIHPTOBOI
rpymnnoi. Takas gopma nMranga B OTCYTCTBHE Me-
Tamnna He obpasyerca |7)].

KOHC’THHTBI 06pa305aﬂus KOMIIIEKCOB HHKENA C

* AH. Ko3zaukosa — kaua. xum. Hayk (1993), H.B.Ilapuk — acnupanrka, H.A. Kocrpomuna — noKT. Xxum. Hayk
(1970), B H.MTexuso — unen-kopp. HAH Vxpaunsr (2003), sokr. xum. Hayk (1997), paGoraer ¢ C.B. Boakossim ¢ 1999 1.

© A.H. Kosaukosa, H.B.Ilapnk, H.A. Kocrpomnna,

98

B.H.I[lexuso , 2005

ISSN 0041-6045. YKP. XHM. XXYPH. 2005. T. 71, M 11-12



Tab6numua I
Kouctantel npoTtoHuposanus 03]1d®

COB ¥ KOHcraHT mnporoHuporanus OD](D.
OnpeneneHHble HAMH KOHCTAHTHI YCTOHYHBO-

CTH KOMIUIEKOB Hanbonee GIM3KK K NpUBENeH-

®opma lgp H.L HbIM B paGote [4].
nuras- Hamu Ha puc. | mpuBeneHsl aMarpaMmbl paB-
Aa (2] Bl (6] [12] (13] JlAHHbIE HOBECHs pnpu oogmomeum Nii:JOSIBDE 1:1,
HL> 103 1098 1132 1087 1093 10.92+0.02 e g R i a,

4 : : i ) ] ' : pasHoit 1107 mons/m.

Hol» 1758 1787 1849 1764 1792 17.71£004 ToMyueHHbE NAHHBIE O PACTPEeTeHHH
Hs]_.o 20.5 20.4 21.33  20.09 20.23 20.42+0.02 DABHOBECHBIX KOHIEHTPALMH KOMMIEKCOB
Hi® 2222 — 2299 ~210 — 2224003 yykens (I) ¢ OBJ/IP 6bLIM COMOCTABICHBI C

H3MEHCHUAMH B BJIEKTPOHHBIX CHEKTpax Io-

Tabnuna 2

Koucrantsl o0pajoBaHusi M KOHCTAHTBI YCTOHYHBOCTH
KomnexkcoB Hureas ¢ 03/1d@

gk

Komnneke 1gp

HallKM NaHHbIE [4]
NiH,L’ 21.19 £ 0.06 3.48 2.71
NiHL™ 16.17 + 0.04 5.25 4.74
NiL® 9.21 + 0.06 9.21 9.85
NiL? 13.56 £ 0.03 13.56 13.82
NiLHT 6.81 + 0.09 —* 18.53
Ni(HaL)>™ 4077+ 0.07 5.35 4.03
NiHLY" 3026+ 0.15 8.42 6.38

* Jlns pacuera KOHCTAHTHl YCTONYHBOCTH 3TOT0 KOMIIIe-
Kca HeoOXOAMMO 3HATh KOHCTAHTY AMCCOUMALHH COIHp-
ToBoit rpynnet ODJ1d.

ODJ1® paccuuThiBan¥ M0 YPaBHEHHAM:

_ MLH]

[3 =
M_L H z
#ofs MFPLPMH]
B pactiere HCIOJB30BaJH KOHCTAHTHI MPOTO-
nupoBatnsg OD]]®, paccuuTaHHbIe M0 AaHHBIM pH-

THTPOBAHUA: [HZL]

[LIHF

B T1abn. 1 nmpuBenensl norapumMbel KOHCTAHT
nporonuposanus OB, paccyuTaHHbIE HAMU H
NpUBENEHHbIS B JuTepaType. PaccuuraHHbie HaAMH
KOHCTAHThI B Tpeaenax oWMOKH COBMANAIOT C daH-
ueiMu pabor [3, 12, 13].

B Tab. 2 npuBeJeHsl KOHCTaHTBl 00pa3oBaHuA
kommiekcoB Hukenst ¢ O] () ¥ KOHCTAHTHI YCTOii-

yusocTH (K): M H.L]
XE 3

" MFH.LP

paccuMTaHHbIe H3 KOHCTAHT oﬁpasoaaﬂm KOMIJIEK-

Bl-l:L

ISSN 0041-6045. YKP. XMM. JXYPH. 2005. T. 71, Ne 11-12

JIOLIEHUSA PacTBOPOB Mpu yBenudeHun pH

(puc. 2, 3).
C, mons/n
a
0,01 f
0,005
0
1,25 3 4,75 6,5 8,25 10
0,01 F
6
1
0,005 z
2 6 /_'—
3
ﬂ L * 1 L
1,25 3 475 6,5 8,25 10
0,01 - "
3 4
0,005 A
0 pH
1,25 3 4,75 6,5 8,25 10

Puc. 1. JluarpaMmil paBioBecHs KOMmmiaekcooGpazoBanus
nipu cootHowennsx Ni: ODI® = 1:1 (a); 2:1 (6); 1:2 (&)
Crpenkamu 0603Ha4eHsl 00JaCTH BBIJENEHHE OCAIKOB ua
pacTBOPOB: J—Nlaq 2—NiH,L; 3 —NiHL™; 4—NLL &
5 —Ni(H,L),": 6— Ni,L; 7 2 NiLH % S—NJ(HL}Z .
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— 10

0,08

0,04

0

nornouwenus k 24300 cm"], 4TO COOTBETCTBYET

obpazoBaHHI KoMIUlekca coctaBa NiHL™

B menouno#t obnacru pH 7.38—11.8 npo-
MCXOJUT POCT MHTEHCHBHOCTH IOJOCH! MOTJIOLIE-
HUA ¢ Makcumymom 24300 cm_l, y1o obycnosne-
HO obpazoBanueM Kommuekca NiL (puc. 1). Mt
npennojiaraeM, 4To o6pa3oBaHHE ITOTO KOMILIEK-
ca MPOMCXOANT Oez M3MEeHeHHs COCTaBa BHYTPEH-
Heil cdeprl TpH NENpPOTOHUMPOBAHUM HEKOOPIH-
HUPOBAaHHOTO aTtoMa kucnopona (ochoHoBOK
rpynmnsl. B Hebonsmux xonuuecTBax o6pasyroT-
ca xomnaexcel NipL, NipLH_}" u Ni(HL)24'.

[TocnenorarensHoe kKomiiiekcoobpazosa-
HHME B CHCTeMe, colepiKallel 3KBHMOISPHOE COo-
orHowenue Ni (1) u O3 1®, moxkHO onucaTh
clelyloU MK ypaBHEHHAMH, KOTOPEIE COracy-

30000 26000 22000 18000 14000

v, cMm-1

Puc. 2. DnexTpoHHBIE CHeKTpsl mormouenus cucremsl NiCly :
H,L = 1:1 npu paanuuneix pH: / — 2.17; 2 — 2.38; 3 — 2.70;
4 —389,5—484,6—573; 7 — 738, 8 — 945, 9 — 1.31;

10 — 11.79.

v, ca-1

1oTcs ¢ pH-moTeHIMOMeTpHER U CrIeKTpalbHbI-
MH JTaHHBIMH:

Ni (1) + H,L*" = NiH,L, Igk,=348; (1)
NiH,L = NiHL™ + H, IgK, = -5.02; (2)
NiHL = NiL* + H*, lgk, = —6.96. (3)

B cucreme ¢ cootHomenuem Ni (II) : O 1D
= 2:1 u3MeHeHHe BOJTHOBOTO YHC/IAa H ONTHYE-
CKOJi NMIOTHOCTH HOCHT TaKOii e Xapakrep, Kak
n B cucreMe 1:1, uto cornacyercs ¢ o6pazoBaHueM
kommiekca NiH,L B obnactu pH or 2 g0 5 u
kommiaekcoB Ni,L u Ni,LH_, nmpu pH>5 (puc.
1, 6). O6pazopanue GuanepHBIX KOMIIekcoB Ni
(II) ¢ O3A® MoOxHO OMUCATH YpaBHEHHAMH:

NiHL™ + Ni? lgK,=-261 (4)

"= Ni,L + H,
Ni,L = Ni,LH_,; + H, IgK, = —6.75. (5)

M&1 npeamonaraeM, 4To nNpu o6pa3oBaHUM
kommiekca Ni)LH_; npoucxoaut 3aMeleHne
NpOTOHA CIMPTOBOH# rpynnel Ha uon K™, [pu
aToMm Gnmkaiimee okpyxenue nonos Ni(Il) B
kommnuexce Ni,LHZ, ocraerca TakuM Xe, Kak

Puc. 3. 3aBucuMOCTh BOJHOBOrO uMcia B Makcamyme ot pH
ana cucreM ¢ cootHomenueM Ni:H,L = L1 (/) 2:1 (2); 1:2 (3).

IIpu sxBumMonapHoM cooTtHowennu Ni(Il) u
O31® B obnactn pH 2.16—3.80 Haﬁmozxaerca cMe-
[I€HHUE [10JIOCHl TMOTrJ0LIeHMUs npn 25300 cMm™ [SL
COOTBETCTBYIOIIEH [N1(H]20)5 ] B JJIHHHOBOJIHO-
Byto o6macts k 25100 e (puc. 2). B 3rtoii obnmacru
pH obpasyerca kommiexc cocraga NiHL (puc. 1, a).
I1pu noseimenuu pH pacreopos ot 3.8 10 7.38 Habmio-
Jaercsa NaibHeiflliee CMElEHHE MaKCHMyMa MOJIOCHI

100

u B kommnekce Ni,L. Kocsenno sto npeamoro-
)KEHHE ITOATBEPKIAETCA TeM, 4TO B ANEKTPOHHBIX
cnektpax nornouenus cucremsl Ni (I11) : O 1@
= 2:1 npu pH Beime 8 He Habmopaercs cmelne-
HUS [OJIOCHI TMOTJIONEHUS ¢ MAKCUMYMOM TpH
24300 cm ™!
B cucreme ¢ cootHowenuem Ni (11) : O3 1D, pas-
HeIM 1:2, Ha OCHOBe pacdera amarpamm rno pH-mo-
TEHUMMETPHYECKHM JaHHBIM YCTaHOBJIEHO oﬁpaao-
BaHHE KOMIJIEKCOB C onmm (NiH,L, NiHL", NiL 7
H JABYMS (NI(HZL)Z NI(HL)24_) JHrasgaMH,
3HaueHUs KOHCTAHT paBHOBECHS peakuui npu-
coej[MHeHHs BTOPOit MOeKYIbl IMraHAa K KOMITIeK-
cy NiH,L (pasHosecue (6)) H HenpoTOHHPOBAHHSA

ISSN 0041-6045. YKP, XHM. XVYPH. 2005. T. 71, Ne 11-12



KOMILJIEKCA cOCTaBa Ni(HzL)ZZ' (paBHoBecue (7)) MeHb-
we, 4eM s pasHosecus (1) u (2), onuceiBarOmIMX
npUcoeMHeHHe OJHOM MOMEKYIbl TUraHaa K aksa-
uoHy Ni (1) u nenpororuposanms kommiekca NiH,L.

NiH,L + H,L* = Ni(H,L),", IgK,=1.87; (6)
Ni(H,L),” = Ni(HL)," + 2H", Igk,=-105. (7)

W3 nnarpammel pacnpenenedius paBHOBECHbIX KOH-
ueHTpauuit kommiekcos B cucreme Ni(II): ODID =
= 1:2 (puc. 1, 8) cienyer, 4TO KOHUEHTpauusa c6pasy-
foruxea komniexcoB NiH,L 1 NiHL ™ Gonswe, yem
KOHIIeHTpauus kommniexkcoB Ni(H ;_L)zz" 1 Ni(HL),
MOHOTOHHOE U3MEHEHHE ONTUYECKOU TIIOTHOCTH B
obnactu pH 1-6 obycioBieHO HaaH4YHEM CMECH ue-
THIpEX KOMILIEKCOB M M3MEHEHUEM MX KOHUEHTpaluii,
CornacHo auarpamMmam (puc. 1, ), cocTaB KOMILIEK-
ca, obpasyronierocs B meno4Hoit obnactu, takoit
ke, kak B cucreme 1:1, 4TO MOATBEpKAAETCHA COBIIA-
JleHHeM crnekTpoB B cucremax l:1 u 1:2 (puc. 3).

ConocrasieHue IHArpaMM paBHOBECHS KOMII-
nekcooGpa3oBaHUA C COCTABOM KOMIIIEKCOB, BhIjle-
NAOLUIUXCS U3 pacTBOPOB B ocaaok [8], mokassipaert,
410 001acTH 00pa30BaHUA 3TeKTPOHEHTPANILHBIX KOM-
TIEKCOB, OTpe/ieNeHHbIe MPU HCCNe0BaHHH PacTBO-
pPOB M 0CaJAKOB, coBmanamT (puc. 1).

Taknm oGpa3omM, B pesynbTaTe NpoBeneHHOMR pa-
O0ThI MOJY4EHO XOPOIlee COOTBETCTBHE PACCUHTAH-
HBEIX HaM# IHArpaMM PaBHOBECHS AUl KOMIUIEKCOB
uukens (1) c O3/I® pa3zUuHOro cocTaBa, AaHHBIX,
MOJIy4e€HHBIX METOAOM OCTATOYHBIX KOHLEHTpAaLMii,
W M3MEHEHMH B 3JIeKTPOHHBIX CHEKTPaxX H3YHEHHBIX
cucTeM. OTH pe3ynbTaThl MOTYT OBITh MCIOJ/IB30BAHbI
JUls HanpaBjIEeHHOTO CO3JaHus KOMIIJIEKCOB OIIpe-
NeJEHHOro cocTaBa B pacTBOpaXx.

PE3IOME. Meronamu enekTpoHHoOl crekTpockonii i
pH-noTenuiomerpii BuB4eHo komnnexkcoytsopenus OE®
3 fOHAMH HIKeNO Y BOAHHX PO3YHHAX MPH CIIBBIAHOIIEHHI
Ni:OEJ® = 1:1, 1:2, 2:1. Po3paxoBaHO KOHCTAHTH yTBO-
peHHA ans KomrutekciB cknamy NiH La NiHL™. NiL%*,

Hucrutyt obweii u Heopranuveckod xumuu um. B.M. Bepnangckoro
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Ni,L’, Ni,LH_;~, Ni(H,L),", Ni(HL),*". Ha ocuosi no6y-
N0BaHMX HiarpaM posnoaifny piBHOBaXHMX KOHLEHTpauii
komrekci nikeno 3 OE/J® susnaveno obnacri pH yrso-
PEHHS KOMNIEKCIB pi3HOro ckmany.

SUMMARY. By means spectrophotometric and pH-
potentiometric methods the complex formation of nickel
(II) ion with OEDP in aqueous solutions at the ratios
Ni:OEDP=1:1, 2:1, 1:2 has been stud:cd Formanon
stability constants for com;:lcxcs NiH L NiHL™, NiL*
leLo Ni,LH_,", Ni(H,L), N:(HL)2 and conccntranon
distribution of the complexes as function of pH have
been computed.
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C.M. Opsicbik, JLH. Prifauyk, B.A. Mexuso, C.B. Boaxos *

CHUHTE3, CIEKTPOCKOIIUA U AHAJTMMTHYECKOE HCHOJb30BAHUE
KOOPJIUHAIIMOHHBIX COEAMHEHHUN Ru (1) C CATANUJIAIAERTHAPA30OHOM

AJVIMJITUOCEMHUKAPBA30HA

CHHTe3MPOBAHbBl U HCCIEA0BAHbLI METOLAaMH 3MEMEHTHOrO XHMHYECKOTO aHalH3a, 2CII, HK-, AMP IH-CI‘ICKTPOCKO-
N ¥ 3nekTpoopesa HOBbIe KOMIIekcHbie coeanHenua Ru (III) ¢ canuuMmMaeHrHapasoHOM AMIHATHOCEMHUKAD-
Gazona (Shatsk). [TokasaHo BiMsHHe ycloBHH cHHTe3a Ha (GopMy KOOPAMHHPOBAHHOTO NHTaHIA W MPHPOIY oGpa;
3YIOMIMXCH KOMIIEKCHBIX COCAMHEHNH, a TAKKE BO3MOKHOCTE IPHMEHEHHS aHHOHHOTO KOMILIeKca pyTenus [Rul,

Kak aHANHTHYECKOH GOPMBI IKCTPAKUMOHHO-POTOMETPHYECKOr0 ONPEXENEHHsS MUKPOKOIHYecTs MeTanna. Onpene-
NeHBl ONTHMANBHEIE YCI0BHA NIPOTEKaHus peakuuii komniekcoobpasosanua, sxcrpakuun kommaexca Ru (I1I) c Shatsk
H OCHOBHEIM IITHAHHWHOBBIM KPaCHTEIEM — acrpadmolccuuom. YcTaHOoBIIEH COCTAB MOHHBIX aCCOLIHATOB, X OCHOBHEIE

XHMHUKO-aHAMUTHYECKHE XAPAKTEPUCTHKH.

OnHo M3 HanpasieHHH COBpeMEHHOH KOOpIu-
HAllHOHHOM XHMMHMH — CHHTE3 KOMIUIEKCHBIX CO€-
JNUHEHUH METaIIOB CO CIOKHBIMH MHorotbyHKuHo-
HANBbHEIMH OPraHWYeCKHMH MONIEKYIaMH, Colepxka-
(MMM HECKOJIEKO JOHOPHBIX PEaKUMOHHBIX LEHT-
pos. IIpyu 3TOM, B 3aBHCHMOCTH OT CTEPHYECKHX (hak-
TOpOB, (pOpManbHOM CTeneHd OKUCNeHHS H GOpMBbI
HAXOXIEeHHUA B peakLHOHHOW cpele MeTala-KoM-
nnexcoo6pasoBaTensi, KOOPIAHHAIMA JIMTAHAA MOKET
OCYIIECTBIATHCA MOHO-, OM- WM MOJUIEHTATHO C
o6pa3oBaHueM XenaTHbIX cTpyktyp [I—3]. Ha npo-
[ecc KoMIuiekcooOpa3oBaHus M, Kak CIeICTBHE, Ha
crpoeHue oOpasyroluxcs coeuHeHHH, 6e3ycioBHO,
BJHMAIOT M OCOOEHHOCTHM NHMraHia — BEPOATHOCTH
CYILECTBOBAHUA €0 B PAa3/HYHbIX TAYTOMEPHBIX QOp-
Max, BO3MOJKHOCTb BHYTPHXE/NAaTHO# H30MepH3aLniu
u 1p. [1, 4). Vaursisas npuBeaeHHbIe HaKTOPbI, MOXK-

HO 3apaHee ()OpPMHPOBATL YCIOBHUA [UIS LieJeHanpa-
BIICHHOTQ CHHTE3a TeX WJIM MHBIX KOMIUIEKCOB, C Lie-
NbI0 pelieHus He TOJbKO TEOPETHYECKHX BOMPOCOB
KOOPAHHALMOHHOMN XUMUK, HO H MPAKTHYECKOTO MpH-
MEHEHHs CHHTE3HPOBAHHBIX COeIMHEHHI.

K nmepcneKTHBHBIM B 3TOM OTHOUIGHHH JIMTaH-
JIaM OTHOCATCH MPOU3BOAHBIE TMIPA30HOB, COAep-
kaiue N-, O-, S-I0HOpHBIE aTOMBbI, H, B Y4CTHOCTH,
CaJIMIMIUACHI HAPA30H auIuaTHOceMHkapbazoHa
(Shatsk). Kpome BO3MOKHOCTH, B 3aBUCHMOCTH OT
yCnoBHil CHHTE3a, KOOpAWHALIMY TUraHda MOHO-, Ou-
WM TPUIEHTATHBIM crocoGoM, B 3TOM cly4ae Ha
dopmy ob6pasyeMbiX KOOPAMHALMOHHBIX COEIWHE-
HUH ¢ MepeXonHBIMH METalNaMi MOXeT HaKIaJblBa-
ThCS M BO3MOXKHOCTb KOOpAWHALMH B pasNUuHBIX
TayTOMEpHbLIX (opMax:

+Ru’**
NH M:L=1:2 Ru ’\0\
i er; " nac 5ot b iy X Lol o
- S Y i
TH g H
: 3 K|Ru(HL);]- H,0 (1)
A
(1M C;H50K) e N F*T’ CHD
+Ru’* S~ gu—0
; M:L=1:2 o~ 1"‘\i
CH__-N Nli =15 mun, pH 1.3
cH”“"cH; "tg’ N=CH SR O/\ N_ G .CH; CH,
cH N7 Sl
HO

[Ru(H;L);|CI- H,0 (I)

* C.M. Opsicslk — KkaHa. xum. Hayk (2002), paGorana ¢ C.B. Bonkossim ¢ 1999 no 2002 r., JLH. Pubauyk —
uwkenep-rexnonor, pa6orana ¢ C.B. Boakosem ¢ 2001 no 2002r., B.H. Tlexuso — wunen-kopp. HAH Vkpaunsl
(2003). mokt. xuM. Hayk, paBoraer ¢ C.B. Boakoseim ¢ 1976T,
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Panee [3] ycranosneno, 4to Shatsk, B oTauune
or GeH30MAruApa3zoHoB [5, 7], He3aBHCUMO OT yCIIo-
BHil CHHTE32 ¥ COOTHOLIGHUS MCXOIHBIX KOMIIOHEH-
TOB KOOPAMHHUPYETCS K LEHTPAaNbHOMY HOHY MeTal-
Na TONBKO TPHASHTATHOLMKIMYECKH, BBICTYMas B
pOnM Kak OIHO-, TAK ¥ JBYXOCHOBHOH KHCIOTBI C 00-
pa3’oBaHMEM KOMIUIEKCOB MOJIEKYISPHOro MIH HOH-
HOro XapakTepa.

B panHo# pabore npuBeieHbl pe3yNbTaThl CHH-
Te3a M CHeKTPalbHble XapaKTepUCTHUKU KOMILIEKC-
Heix coenuneruit Ru (II1) ¢ canuumnupenruapaso-
HOM ammunTHoceMukapGazouna. IlpomeMoHCTpHpO-
BAaHA BO3MOXHOCTE CTAOMIM3ALMKE NPH KOMILIEKCO-
00pa30BaHHU THOH-THOJBHBIX TAYTOMEPHBIX (OpPM
nurasna. [TogoGpaHel ONTHMAaNbHBIE YCIOBKS CHH-
Te3a kommiekca Ru (III) ¢ THonbHO# dopmoit rua-
pa30Ha, KOMTUYECTBEHHO IKCTPArUPYIOIIErocs U3 BOJI-
HO-OpPraHMYeCKHX Cpell B BHJIE OKPAIIEHHOr0 HOH-
HOTO accouuara ¢ acTpa(uoKCMHOM — aHalIuTH-
yeckoit popmoii, ymo6Hoit ans pa3paboTKu CrIEeKTpo-
()OTOMETPHYECKOI0 METO/a ONpPENeNeHHs PYTEHHH.,

CanuuunuiIeHruapasoH anaujiTuoceMukapba-
soHa (Shatsk, H;L) — pearenT, copepxkamuii rpyn-
mupoBky -NH-N= ¢ conpsxeHHOIi ¢ Hell THOHHOM
rpynmoit, o6:1anaer BbICOKOH KoMIIeKcooOpasyrolueif
CrocoOHOCTBIO C MOHAMM METaJuloB, o0pasys HHTEH-
CHBHO OKpalleHHBIE KOMIUIEKCHBIE COCIMHEHNS. DTO
omnpezenser BbIOOp €ro B Ka4WeCTBe peareHTa He TO-
JIBKO JUTS CHHTE3a HOBBIX KOMIIJIEKCHBIX COEMHEHHIA,
B nanHoM cnyvyae — Ru (III), Ho u nns Bo3MOKHOI
pa3paloTKH 3KCTPAKLHOHHO-POTOMETPHYECKOTO Me-
TOJA OrnpefeneHus MHKPOKOIHYECTB PYTEHUS B NPH-
CYTCTBHH APYTHX MIATHHOBLIX M LIBETHLIX METAJIIOB.
Hamu u3ytieHbl OCHOBHBIE 3aKOHOMEPHOCTH KOMII-
nexcoobpazosauus Ru (IIT) ¢ Shatsk, paspaborans
ONTHMAaJbHBIE YCIOBUS 3KCTPAKLMH AHUOHHBIX KOM-
MJeKCOB M3 PacTBOPOB.

Bsanmoneiicteue Tpuxnopunaa pyrenns (I11) c
H;L npuBoauTt k 00pa3oBaHHIO KOOPAMHAUMOHHBIX
COEIMHEHHMI, COCTAB W CTPOEHHE KOTOPLIX 3aBHCAT OT
pH-cpensl W ApYrHX ycnoBHMii cuHTe3a (cxema).

B 371eKTPOHHBIX CHEKTpax MOrJIoMieHus ruapa-
30Ha MPUCYTCTBYIOT TpU MakcuMyma B o6uacru 34000,
32500 u 30000 cm ™ (puc. 1, a, xpusaa 2), koTopele
COOTBETCTBYIOT T-T* TepexojaM B apOMaTHYECKOM
komblie W BHyTpuiaurauauselix C=N, C=S rpynmax.
ITpu pH>10 B crieKTpe NOABJIAIOTCA JBa MAKCHMYyMa
npu 33500 u 27000 oM (kpuBas /), 4TO B COOTBETCT-
BHH ¢ paGotamu [3, 8] cBuneTensCTBYET O MEPEXOE JIH-
ramjia ¥3 THOHHO B THONBHYIO TAYTOMEpPHYIO (hopmy.

B cnabokucnsix cpenax npu pH< 6 nomuHupyer
B OCHOBHOM MoJeKynspHas (THOHHaf) dopma rui-
pasona (puc. 1, a, kpusas 2), a npu pH 2 6.5 npo-
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1

! \ B 2 @16 v1000. cx'
0.1 L_A

44 40 36 32 28 24 20 V-1000,cw’

Puc. 1. DnexrponHbie cnekTpul noriaomenns Shatsk (npu
pasHrix 3nadvenusx pH) m xommnuexcHerx coenuneHuit (a)
H HOHHEIX accouwatoB Ru (I11) (6). a: 1 — pH 10.66,
C1=0.510"M; 2 — pH 4.9, C1=1.010"M; 3 — pH 82,
C1=3.010"*M, Cry""=1.510°M; 4 — pH 13, C1=
=3.0-107* M, Cru>"=0.75-10"° M; 4’ — d-d-nepexozs Ru>";
6: 1 — Cry"'=3.0107, CL=6.0-107", CA0=3.0107%; 2 —
Cru’"=1.5107, C1=3.010", Cae=1.5-10"; skcrparent
— Oyrunauerat, pH 8.2. 1=25mun, /=0.1 cm.

MCXOJIUT [1ePEXOJI ero B THONEHYIO TAyTOMEPHYIO (hop-
My (kpuBas /) U pacTBOpPEI conegv}xaT B OCHOBHOM
anuoHHble Gopmer HoL™, HL?", L7 pearenra, 0 ueMm
CBUJETENCTBYIOT [JaHHbIE 3/IeKTPOHHBIX CMEKTPOB
nornouenus u SAMP H,

O1H hakTOphl CIOCOOCTBOBAIN TOMY, YTO B KHC-
noit cpene npu pH 1.3 ¥ COOTHOILIEHHH HCXOIHBIX
KOMMOHeHTOB M : L = 1:2 mony4eHO KOMIIEKCHOE co-
ennHenue | ¢ KoopAHHALMeH TUranaa Yepe3 aToMbl
KMCITOpPOZa, Cepbl U a30Ta COOTBETCTBEHHO (eHOIb-
Hoif, C=8 u C=N rpynn TpUIEHTATHOLUMKIHUYECKH
B THOHHOW MOHOAENPOTOHHPOBAHHOH (opMme.
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B BCII koMnuekca 3aMKCHPOBaHBI JOMOJHHU-
TeNbHEIE HONOCH! MOITOUIEHNS B BUIE nieda Mnpu
38000 1 26500 e (puc. 1, » @, KpHBAA 424‘), €oO0T-
BETCTBYIOIINE 3MEKTPOHHBIM Ty — “4(°I) u d-d-
nepexonam B kxommnnekce Ru (IIT). Cosokymnocrts
3THX TMOJ0C MOrJOUIEHHs yKa3blBaeT Ha [CeBI0OK-
Tasapudeckoe okpyxkenue nona Ru (III) rerepoato-
mamu O, S, N nurasna.

B HUK-cnekrpax xomniexca I oTcyTcTByeT no-
noca nornoueHus GeHoNbHOTo dparMeHTa JiMraHaa
v (OH) u ememarotes nonocsl v (C=N), v(NH) u
v (C=S) rpynn OTHOCHTEIBHO MX PacHOJ0XeHHUA B
cnexrpe Shatsk (Tabnuua), 4To MOATBEpKAACTCA JAH-
HeiMu OCIT u cBUIeTenbCTBYeT O KOOpAMHALMHU
ruapa3oHa B KOMIUIeKce B THOHHOH (opme mocpen-
CTBOM JJOHOPHBIX aTOMOB KHMCJIOPOAa, Cephl H a30Ta.
ITpu 3TOM JIMTaHX BEICTYNAET B POJTH OJHOOCHOBHOMH
kucnotel, obpasysa ¢ Ru (III) kaTuonHsli THD coe-
nuHenus. Pons BHemHec(epHOro aHMOHA BBINON-
HAET XJ0p, YTO JOKa3aHO Ka4yeCTBEHHOH peakuuei
c HUTpaToM cepelpa.

DTH BBIBOJB COTNACYIOTCA ¢ AaHHbIMH SIMP 'H
CIIEKTPOB TMJIPa30Ha U ero KOMIUIEKCOB C XJTOPHAOM
pyrenus (I11T) (puc. 2). M3 cpaBHeHUs CIIGKTPOB KOM-
riekca [ u ruzpasona HiL cinenyer, 4to nmpu Komr-
nekcoobpa3oBaHUH, KpPOME HCUE3HOBEHMS MpPOTOH-
Horo currana OH rpynmsl, HaGnrogaeTcs U XUMH-
yeckuii caBur B ciaboe none curnanos NH rpynimbl
MpH aTOMax cepbl, YTO yKa3plBaeT Ha oOpaszoBaHHe
KOOpAMHALMOHHOH cBA3M Ru-S.

[Tpn B3auMoJeHCTBHM KaJMeBO#l COMM NUraH-
Jla ¢ TPUXJIOPHOOM pYTEHHUs B KUCIOH cpene momy-
yeH AHUOHHBIH THUN KOMILIEKCHOTO coenuHenus 11
C KOOpAMHAUMeHl nuraHja B THONbHOI Guienpo-
TOHUpPOBaHHOH (opme (cM. cxemy).

B OCII atoro xoMIuiekca, o CpaBHEHHIO C KOM-
nnekcoM I, Habaronaerca cMeleHne Moaock! Morio-
LIEHUS 2T2—> A (") nepexona B BHICOKO4YAcCTOT-
Hywo, a I3 C= N rpynn — B HU3KOYaCTOTHYIO
obmacte Ha 200—500 ¢cM ', uTO CBA3AaHO, OUEBHIHO,
C YMEHbllIeHHeM AJHHBI CBA3M MEXIy aToMaMmH o00-

pasoBaBmuxca aAByx C=N rpymnn npu mnepexone
JIMraHjga M3 THOHHON B THONBHYIO TayTOMEPHYIO
¢dopmy (pmc. 1, a, kpuBas 3) U yANWUHEHUEM THI-
pazoHoBod rpynnuposku (-CH=N-N=CH-) B
LenoM.

DNeKTpOHHBIH CHEeKTpP TMOrNOIeH!s HOHHOTO ac-
couuata Ru (III) (puc. 1, 6, xpussie I, 2), o6pa3zo-
BaBUIErocs B ONTHMAlbHEIX YCIOBHUAX 3KCTPAKILHH,
cootBercTByeT DCII KOMIUIEKCHOTO COeHHEHNd Ru
(III) (puc. 1, a, kpupas 3), 32 HCK/IIOYEHHEM HAJIH-
4uA M0JI0C nornoienus kpacurensa npu 18000 cm™

B o6nacrtu BaneHTHBIX KonebaHwmit cBazeif N-H,
C=S u C=N HK-cnextp xommnnekca Il nperepme-
BaeT 3HaYUTeIbHbIe H3MeHeHHUs 1o cpaBHeHuio ¢ UK-
CHEKTPOM ruapa3oHa (tabiuua), HO, HCXO[A TOJILKO
U3 3THX JaHHBIX, CIOXKHO CYAWTh 0 crnocobe Koop-
JMHALMK TUrafaa, Tak Kak IPOUCXOANT HallOkKeHHe
T0JIOC MOTJIOLIEH!S BAIeHTHBIX H Ie()OpMaLHOHHBIX
konebauuit eme w NH-rpynnsl TvoamunHoro ¢par-
MeHTa, OnHako B CBA3H C OTCYTCTBHEM B CIIEKTPaX
SIMP 'H curnanos nporoHoB OH u NH a3omeruno-
BOM rpYNITEl MOJKHO YTBEPKIAATh, YTO THAPA3OH KO-
opaunuporad k uony Ru (III) B tnonsHoO#t dopme
TPHIEHTATHOLMKIHYECKU yepe3 atoMsl O-, S-nenpo-
toHupoeaHHelX OH, SH rpynn u a3oMeTHHOBBIH
aToM a3oTa.

B HuzkowacrotHoit o6nactu UK-cnekrpos kom-
nnexcoB I u Il mpu 600 u 480 cM * mpuCyTCTBYIOT
110J10CH! TIOTJIOMIEHHS ONHHAKOBOYl MHTEHCHBHOCTH,
COOTBETCTBYIOLIHE BajeHTHbIM KOeGaHHEM CBsizei
Ru-O u Ru-N [2,3]. ITonoca morioiiesus CBA3H
Ru-S mnpossnsercs B BUAEe OYeHb ClabOWHTEHCUB-
HOTO Iie4a npH 298cm™! ans kommmekca I1, B cay-
yae koMriaekca I — He duxcupyerca. O6 ywactu
H atoMa cepsl B KOMIUIEKCOOOpa30BaHHH MOXKHO
CYIMTh MO CHIBHOMY [UIMHHOBOJHOBOMY CMelle-
HHUIO Koneﬁaﬂas ~-NH-C=S-NH- rpynns! Ha 35—
45 em™ [2 3].

Ha snexktpodoperpammax komnmuekcos ] u Il
Habnrogaercsd CHIBHOE CMEIeHHe OKpAalleHHOTo
MATHA X pacTBOPOB, COOTBETCTBEHHO, K KaTOAY M aHO-

Janusie MK-cnexkrpos Shatsk u kommaexcusix coeamnenuii Ru (ITI) ¢ Shatsk

Coeautie- | (0-Hy, | v(N-H) v (C=H) v(C=S) | v(C=N) [v(Ru-N)|v(Ru-0) | v(Ru-S)
Shatsk 3390 3160 3000 11625, 1605 21550, 1530  — = &
I = 3130 (2990, 2960), 2890 1615 11570, 1540 480 600 s
1 = 3135 x(2990, 2970), 2900  —  x1570, 1530 480 600 1298

* He OnNpeaeneHo H3-3a NCPCKPBIBAHHA OOJOC NOTTOLICHHA, I — R}"ﬁ."’lﬂT; Il — mnojoca NoraouIcHHA B BHIC naeva.
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Puc. 2. Cnextpsl SIMP 'H Shatsk u KOMMAEKCHBIX coeaMHenuit Ru (III) ¢ Shatsk.

Zy, 4TO MOATBEPKAAeT MMEHHO HOHHLIH XapakTep
3THX COeJMHEHUH.

[TpakTHueckuit HHTEpEC NPeACTaBiseT aHHOH-
Heiit kommieke Ru (I11) ¢ Shatsk, o6asyromuiica B
KHCJIBIX CPEAax, MOCKOJIbKY JaeT BO3MOMWKHOCTb pa3pa-
60TaTh IKCTPaKIHOHHO-(POTOMETpUYECKHH METO. OT-
penenenns mMukpokonuuects Ru (III) B mpomsri-
NeHHBIX 00beKTax, ColepKalluX Lenbif psa LBer-
HBIX METaJIOB, THOO He 06pa3yIOLINX MEIAoIIHX KOM-
TIEKCHBIX COENMHEHMit, MO0 JIerko OTAeNArOIIMXCS.

H3BecTHB! MHOIHE CEpycOoAepKalUe JIMTaHIbl C
xpomopopHsiMU rpynmHpoBkamMd =C=CH—, -N=N-,
NpeUTOJKEHHBIE B KAa4eCTBE aHAIMTHYECKMX peareH-
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TOB A1 (POTOMETPHYECKOTO omnpeneneHus Giaropos-
HBIX MeTamioB. OQHAKO OHM Malo pPacTBOPHMEI, He-
u36MpaTenbHbl U HEYCTOWYUBEI B CHITLHOKHCIEIX cpe-
nax [9]. CanuuunuaeHruapas’ol aaauiITHOCEMHKAp-
0a30Ha ycTOHUMB B KHC/IBIX CpeaIax, MUIA Hero xapak-
TepHa Xopoluas U30MpaTensHOCTE K MIATHHOBBIM Me-
Talnam, gocTHraemas 61aroaaps pasiauuHio cKopoc-
Tell B3aMMOIEHCTBHA HCXONHBIX COIMHEHNH MeTa-
nla ¢ IMraHnoM u nonbopy ontumaneHoit pH cpensi
obpazoBaHNs aHMOHHBIX KOMILTeKcoB. J{ns peanu-
3alMH IKCTPAKLHN MOBBILIEHHUS YYBCTBHTEIBHOCTH
peakuuyu B CHCTEMY BBOAMIM OCHOBHBIH LIMAHHHO-
BBl Kpacutenb — aTtpaguokcud (AD), koTopslH ¢
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aHUOHHBEIM KoMmruiekcoM I oGpasyer 3k aparupyew.m
I-‘IDHI-I‘bIPl accounat (MA) no cxeme: Ba* * 2H 3Lt
+ A!D + nSy — [Ru(H L)z]'Ad) nSU+ 4I-IB . r,:[e
Sop — oprauuqecxuﬁ skcTpareHT (6enson, TOMyoJ,
Kcuion, OyTHmanerar).

Jlns onpeneneHus ONTHMANbHBIX ycaoBuil o6pa-
3oBaHMA M 3kcrpakuun MA wuccnenosaHo BiAHsHME
pH cpexsl Ha npouece kommiekcoobpaszosanus. Omn-
TUManbHbIe 3Ha4eHus pH ang u3BiedeHHs UOHHOTO
accoudara [Ru([{L)ﬂ—AfD+-nSG cocraemwin 6.5—9.5
(puc. 3, xpuas 2).

A-
0.8 1
0.4
] «'-'---..-_._,,__‘_\:;.r
. ekt TR R E

Puc. 3. 3aBHcHMMOCTb ONTHYECKON MIOTHOCTH PAacTBOPOB
kommiekcos oT pH cpemsl: /| — KOHTpPONbHAS KpUBas
Shatsk—A®; 2 — cucrema Ru—Shatsk—ACD 3—cncmma
Rh 3+Shatsk—_5A¢. Coparsk—4-0" 1074, Cpp=6.0 107
Cr, =2.0-107 M, =0.3 cm, A=540 um.

Y4uTEIBasA, YTO A4 CXOAHOTO KOMILIEKCA po-
aus (1) pHyye 4.8—7.5, 370 naer BO3MOKHOCTH
NPOBECTH 3KCTPaKUMOHHOE pasneneaue Ru u Rh npu
COBMECTHOM MX NPHCYTCTBHH.

Drtomy cnocoGCTBYET U TO 0OCTOATENBCTBO, 4TO
npu obpasosanun MA Ru (II) pasrHOBECHE nOCTH-
raercs 3a 30—40 mun, torma kak ams Rh (TII1) u
Ir (II1) — 3a 20—30 n 60 MHH COOTBETCTBEHHO, YTO
TakKke MOXerT OBITh HMCIOJIB30BAHO NpH pa3paboTke
MeTO/la OTpedeNeHus U SKCTPAKLUHMOHHOTO pasiene-
HHS pYTeHMs, poaus W upuaus (puc. 4, a).

M 3BecTHO, YTO KOHTPACTHOCTL PEaKLHU MOXKET
YBEIMYUTHCA MPH BBEEHHM B CHCTEMY PacTBOpHTE-
7141, KOTOPBIii CITOCOOCTBYET OTLIENIEHMIO MPOTOHA OK-
corpynnsl Monekynbl pearenta [10]. B kayecrse Ta-
koro pacrsopurens npumener JIM®A. Oka3anocs,
4TO ¢ pocrom KoHueHTpauun MDA B BomHO#N ¢a-
3e 10 3 % 00. IKCTpaKuMs CBOOOJHOTO MApa30HA C
KpacHTelIeM yMEHbINAeTCs, a KOMILIeKCa yBeaH4n-
paerca. OHaKO NpH AajibHellneM yBelH4YeHHH KOH-
uentpauun IM®PA (22.5 % 06.) (puc. 4, 6) noaHo-
Ta u3sjgevenus kommnexca Ru (III) monwmxkaercs.
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Puc. 4. 3aBHCHMOCTE ONTHYECKOH IMJIOTHOCTH 3KCTPAKTOB
Ru (III), Rh (ITI) or BpeMeHH HarpeBaHus cHcTeM (a) W
OT KOHUEHTpauuH IIM(DA (6). a: 1 — cucrema Ru—
Shatsk—A®, Cgy 1o =40107, C, =6.0-107, Cp,=2.010° M

2 — cucrema Rh—Shatsk—*AtD 3 — cucrema Ir—Shatsk—
A®; |' — xouTponsHas kpusas Shatsk—A®; 6: | —
cuctema Ru—Shatsk—/IM®A—AD; 2 — cucreMa Rh——
Shatsk—/IMPA—AD, /=0.3 cm, A=540 HM; DKCTpAreHT
ana Ru (111) — 6yrunanerar, ans Rh (IT1), Ir (I1I) —
TOIYOIL.

ITosToMy npu paspaboTke ONTHMAJIBLHBIX YCIOBHH
u3pnedenus MA Ru (III) B cocras cpensl BBOAHIH
1% 06. IM®DA.

Jlns onpeneneHus ONTHMANbHBIX KOHLIEHTpaUni
nuradaa 1 AQ, HeoOX0AMMBIX s TTOJHOTO CBA3bI-
panus Ru (III) B koMmnexc, MocTpoeHsl KpHBBIE 3a-
BHCHMOCTH ONTHYECKOH IUIOTHOCTH 3KCTPAKTOB OT
KOHLEHTPAHH T'MApa3oHa M Kpacurens (puc. 5, a)
Pe3ynbTaThl HCCIENOBAHHA MOKA3a/lH, 4TO C POCTOM
KoHueHTpaunu pearenrta skcrpakuug Ru (I1I) yBe-
NMYMBAETCA X0 HACTYIUIEHHA COCTOAHHA HACHIIEHUS
CHCTEMBI, YTO ABNACTCA BaXKHBIM (PAaKTOpOM Ana Om-
peneneHus KONMYECTBA MeTaja.

CocraB HOHHOTO accolUMaTa ONpeensiin MeTo-
JIOM CABHMra paBHOBeCHH U H30MOJAPHBIX CEpUit.
Ha puc. 5, 6,6, nokasaHel KpUBbIE H30MOJISIPHEIX Ce-
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puit cucrem Ru—Shatsk, Ru—A®, 13 KoTOpEIX BUA-
HO, 4TO KpHuBasg ] uMeer pe3kwii meperu® npu IBy-
KpaTHOM W30BITKe AMraHma, a Kpueag 2 — B TOU-
Ke cooTHomeHuit M:AP= 1 1, 4TO OTBEYAET COCTABY
HOHHOTO accouuata A® [Ru(H L) 7.

ITpu onTHMaNBHBIX YCIOBUAX KOMIUTeKcooOpa-
30BaHUA M IKCTPAKLHUU ONpEIeNeHbl OCHOBHbIE XH-
MHKO-aHAIHTHYECKHE XapaKTePHCTHKH HCCIIENyeMOo-
ro MA Ru (II1): mox 5pHmi& ko3hduunent norao-
menus £=(0.4—8.5)-10°. 3akoH Byrepa—ﬂamﬁep"ra—
Bepa coﬁnmnae’rcs B unTepsaie 0.005—9.9 mr/em’,
K;=0.029:10, Ayaxc xon=560 HM (17857 cm™Y).

Peaxunn KomnnekcooﬁpaBUBaHun He MelaloT
KAaTHOHb! HIETOUHBIX M LIENOYHO- 3emensumx ane-
mentos, Cu’~!, Ni¥¥, sn®*, AP, Pb*, ca®, R1*",
Ir’*, a Takoke auaoau SO42 ,CI CHj; COO HZPO 3

NO3 CO3 Mematot onpeneneHnio HoHel Fe
Fe**, Co*, Ru*
3

B KayecTBe IKCTPAreHTOB HCMO/NL30BaNH OeH-
3011, TOJNYOJ], 3THIauerar, OyTHialeraTt, Xuopo-
tdopm. Haubonee 3(pheKTHBHBIM 3KCTPAreHTOM OKa-
sancs Oyrunaunerat (R=93.75 %, D=15.00).

Takum o6pa3oM, HAMHU CHHTE3NPOBAHbBI U CIIEK-
TPadbHO OXapaKTEPH30BaHbl HOBbIE KOMIUIEKCHbIE
coenunenus Ru (I11) ¢ cepyconepxkaium Shatsk, ko-
OpAMHHUPOBAHHBIM K MeTajly Kak B THOHHOM, Tak
¥ B THOIBHOH TayTomepHOH (opme. YCTaHOBIEHO,
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Puc. 5. 3aBHCHMOCTE ONTHYECKOM NIOTHOCTH OT KOHIIEH-
Tpauuit Shatsk u xpacuTens (a) ¥ OT COOTHOIICHHS MCXOJ(-
HBIX KOMIIOHEHTOB _gxpume Hscmonxpumx cepuit) (8, 6):
I — Cgparee =1.0:107; 2 — C 71.0- 10° M, 3KCTpareHT —
Oyrunauerar (a); MTOroBas KOHLEHTpauus Ru+Ad=

=1.0107 MOHH.ZIM (6); wrorosas KOHHEHTpauus Ru+
Shatsk=1.0-10" mons/am° (6). pH 8.2, I=0.3 cM, 2=540 um.

yro B cnabokucnoil cpene npu pH=6.5 rumpasou
MEepexouT B THOMLHYIO TayTOMEpHYIO (opmy, B3a-
umoneiicteyer ¢ Ru (III) kak aByxocHOBHas KHCIO-
Ta ¢ 00pa30BaHNEM aHHOHHOTO THIA KOMILIEKCHOTO
COE/IMHEHHA, KOTOpOE BCTYMAeT B peakuuio o6MeHa
C OCHOBHBIM KpacuTeneM, o6pa3ys HOHHBIH accouuar
— AHAJMTHYECKYIO (OPMY IKCTPAKLHOHHO-(POTOMET-
PHHECKOTO OMpENeIeHUs PYTeHHs.

B kayecTBe HCXOAHBIX COEMNHEHHH HCIOIB30BaA-
JTH KOMMEpUYECKUH TPHUXIOPHA PYTEHHA C COolepiKa-
HueM pyteHus 43.73 %, canMuMIMAEHTHApa30H al-
nunTHoceMuKap6a3oHa CHHTE3HpOBAH MO METOIMKE
[10] m mpenBapuTenbHO OHMILEH TIEPEKPHCTAIH3A-
uMel 3TaHoJIoM.

DJIeMEHTHBIH XHMHUYECKHH COCTAB KOMIJIEKCOB
YCTAHOBJIEH METOJIOM PEHTIeHOBCKOr0 MMKPO30HIa
ofpa3uos B Tabnerxkax KBr (cnekrpomerp VR A-30,
45 kB, W-anon, nuamerp auadparmsl 7 MM, 3KCITO-
3uumns 30 ¢). OTHOCHTENbHAS HHTEHCUBHOCTD RUK -
muHun — 0.0676 + 0.0004, Bo3mokHas Heompese-
neHHocte 1o GoHy — + 00020, OTHOCHTENLHAS WH-
TeHcuBHOCTh BrK -muuuu — 1.647 £ 0.005, neon-
penenentnocts mo Gory — £ 0.0015. Ilna onpene-
JIeHHs KOHLEHTPAUHWH 3JEMEHTOB MpHMEHEHa Mpo-
rpaMMa pacyera MHTEHCHBHOCTE aHaJIMTHYECKHX
PEHTreHOBCKMX JIMHUHA 110 METONY YpaBHEeHUH cBs3ei
¢ (yHIaMEHTaIbHBIMH TlapaMeTpaMH.

3CII pacTBOpPOB KOMIIJIEKCOB 3aMHCaHBl HA cneK~
TpodoTomerpe Specord UV-VIS (15000—45000 v
[=0.1 cm), nndpakpacusie HK-cnextpsl nornou.leﬂns
obpasznoB — B Tabnerkax KBr Ha cneKTpoclJOTo-
merpe Specord MBS0, cmextpst SIMP 'H — na
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crnekrpodoromerpe Varian-VXR-300 (300 mI'u) B
DMSO-dg ¢ BHYTPEHHAM CTaHAapTOM TETpaMerui-
CHTAHOM.

DnekTpodoperpaMMbl pacTBOPOB KOMILIEKCOB
MmoJTydeHbl Ha TIOJOCKAX Xpomartorpaduueckoit Oy-
Maru npu HanpsxeHun 280—300 B B Teuenue 25—
30 MuH. B kauecTBe (JOHOBOTO MEKTPOJIATA UCTIONb-
soBanu xuopua jutug (C=0.8 H. B 3TaHone).

JIns aHaTUTHYECKHX HCCIenoBaHUA NpHMeHs-
nu 0.01—0.001 M pacrBopst Shatsk 8 JIM®A. B ka-
4YecTBe OCHOBHOIO KpACHTENs MCMONb30BalU KOM-
Mepyeckuii mpenapat acTpadiOKCHH A¢)+BF3_.

OnTHYeCKy0 MIOTHOCTb SKCTPAKTOB M3MEPAIH
Ha (orokonopumerpe KOK-2-VXII 4.2 (/=0.3).
KucrioTHoCTh Cpenbl, KOTOpYIo co3nasanu 1 M aue-
TatHol OydepHoi cmeckio (CH3;COOH + CH;COONa
+ NaOH), koHTpoaupoBany ¢ noMomsio pH-Merp-
munnuBosnsT™MeTpa HI 8314 ¢ penoxcumerpuueckum
anektpozoM HI 3131B.

[Ru(Cy1H3N380),|CI-H,0O (I). K 25 M rops-
yero pacrsopa, cozepxaiero 0.058r RuCl; (B
MHHHManbHOM KoauuectBe 6 H. HCI) mpu pH 1.2
npubaBuaK 25 MJI rOpAYero pacTBopa, colepikaiie-
ro 0.117 r ruapa3ona B sranone (M:L=1:2). Cmech
Harpesaiy Ha BoasHoi 6aue (95 °C) upyu mocross-
HOM CMENIMBAHHUK 15 MUH B KPYIJIOJOHHOM ABYrop-
noii konbe ¢ 0OpaTHBIM XONOAMIBHUKOM. Yepes He-
KOTOpO€ BpeMA BBIAGNANCA OCANOK KOPHUYHEBOrO
LBETd, KOTOPBIH OT(HUILTPOBBIBANH, MPOMBIBAIN BO-
no#, apupom u cymunu B skcukarope nag CaCl,.
Brixon xommiekca — 43.0 %.

Haftneno, %: Ru 15.32; N 13,66; C 42.58; H
4.28; C16.12; S 11.02. [Ru(CH 5N 380),]CI-H,0.
Beruucneno, %: Ru 16.22; N 13.49; C 4241; H
4.18; Cl 5.70; S 10.28.

K[Ru(C{1{H3N3SO),H,0 (1I). K 25 ma rops-
yero pactsopa, conepxaiuero 0.058 r RuCl; (B MuHu-
MasnpHOM kosuuyectse 6 H. HCI) nmpu pH 1.3 npu6a-
BHIIH 25 MJ1 ropsAvero pacrsopa, cojepxkautero 0.117 r
rugpasona (B C,HsOH + 3-5 kanens 3TaHONBHOTO
pacrBopa | M KOH) (M:L=1:2). Cmecs Harpesanu
Ha BoAsHOH Gane (95 °C) npu MOCTOAHHOM mHepeme-
IIMBaHUU |5 MHH B KPYIJIONOHHOW IBYropJyiol KoJ-
0e ¢ o6paTHBIM XONOAMIEHHKOM. Yepes HekoTOpoe
BpeMs BBIIEJAJCS 0CaZloK KOPHYHEBOro LBeTa, KOTo-
philf OTOUABTPOBBIBANM, MPOMBIBAH BOIOH, 3(u-
poM u cymmnd B sxkcukatope Hag CaCl,. Brixox
Kommexca — 46.9 %.

Haiineno, %: Ru 15.28; N 13.22; C 42.08; H

4.03; S 10.13; K 6.11. K[Ru(Cy;H,N380),1H,0.

Hucruryr obmeit ¥ Heopranudeckoii xumun um. B.HA. Bepuaackoro

HAH VYxkpauus:, Kues
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Beruncneno, %: Ru 16.13; N 13.42; C 42.17; H
4.15; S 10.22; K 6.23.

PE3IOME. CuHre3oBaHO Ta A0CIIKEHO METOIAMU ene-
MeHTHOTO Ximiuxoro auanmisy, ECII, I4-, AMP "H-cnektpo-
cKOmiAMHM Ta enekTpodopesy HOBI koMmekcHi cnonyku Ru (I1T)
3 caniuunifesrizpasosHom aninriocemikapGasony (Shatsk).
ITokasaso BNMB yMOB CHHTe3y Ha GOpMy KOOPAHHOBaHOTO
niranay Ta OyZOBY KOMIUIGKCHHX CIIOIYK, & TAKOXK MOMIH-
BiCTB BHKOPHCTAHHS aHIOHHOTO KOMIIEKCY PYTeHis [RuLz]'K*'
AK aHaMiTH4HOT (hopMM ekcTpaxUifiHO-(OTOMETPHIHOTO BH-
3Ha4YeHHs Mikpokinekocreil merany. BusHaueHo OnTHMAalbHi
YMOBH NPOXOIDKEHHS peakuilf KOMIIIEKCOYTBOPEHHS, €KCT-
paxuii kommaekcy Ru (II1) 3 Shatsk Ta ocHoBHMM LiaHIHOBHM
GaprrukoM — acrpaduokcHHoM. BetaHosneno ckaan fou-
HHUX acowiatis, iX OCHOBHI XIMIKO-aHANITHYHI XapAKTEPUCTHKH,

SUMMARY. New complex compounds of Ru (III)
with allylthiosemicarbazone salicylidenchydrazone (Shatsk)
have been synthesized and investigated by elemental shemi-
cal analysis, electronic absorption spectroscopy, IR, 'H
NMR spectroscopy, and electrophoresis. The effect of
synthesis conditions on the form of coordinated ligand
and the nature of complex compounds formed and the
possibility of using the anionic ruthenium complex [RuL,J
K" as an analytical form of extraction spectrophotometric
determination of trace amounts of metal are shown. The
optimal conditions of the occurrence of complexation re-
actions and extraction of complex of Ru (IIT) with Shatsk
and basic cyanine dye, astraphloxine, have been determi-
ned. The composition of ionic associates and their main
chemical-analytical characteristics have been determined.
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M3YYEHHUE TEPMOCTOMKOCTH MPUBUTOIO CJIOS METHJUPOBAHHBIX
KPEMHE3EMOB C PEIYJJMPYEMOU IT'MJAPO®OBHOCTBIO

Meroaamu HK-cnexTpockonuu u TepMHYECKOTO aHANM3A M3YYEHA TEPMUYECKas CTOHKOCTH KpeMHHAOpranudeckux
HAHOK/ACTEPOB HA MOBEPXHOCTH BBICOKOIMCIEPCHOIO KPEMHE3eMa pasHO! CTeneHM AMMETHA- WIH TPHMETH/ICHIH-
nuposanus. [Ipennoxken cnocol, Mo3BoMAOMWHAHA PEry HpOBaTh CTeneHs ruApo(oGHOCTH MOBEPXHOCTH BapeHpOBa-
HUEM TEMTIEPATYPhl H/MIM BpeMeHH TepmMoo6paboTKKM MaKCHMaNbHO rHAPO(OOH30BAHHOrO KpeMHeseMa.

Kak ussecTHo, ruapodo6usauns noBepxXHOCTH
BBICOKOIMCIIEPCHOrO KpeMHe3eMa MO3BOJIAET CyIIECT-
BEHHO PaCIIMPUTh CHepy ero NpakTHYeCKOro HCMOJIb-
3oBanus [1]. [Tonasasiomnee GONBIIMHCTEO HAYYHBIX
pabot B 3T0# obnacTH mocesmeHo paspaboTke my-
Teif MaKCHMaJIbHOI'O 3aMELIEHUs CHIIAHOMBHBIX MY
anKUICHIMABHBIMH. OHAKO He Bcerja MoJHoe 3ame-
WIEHHE UAPOKCHIIBHBIX TPYII ABISETCS LEnecood-
pasHbIM. B YactHocTH, MOAMDHUMPOBaHHBIE KpeM-
HE3eMbl MEPCIEKTHBHBI MPHU pa3paboTKe NeKkapcr-
BEHHBIX [IPENapaToB HAa OCHOBE IMYJIBLCHH U CyCreH-
3uit [2], npuYem B KaXIAOM ClTy4ae CyLEeCTBYET ONTH-
MajibHas CTereHs rufpooOH3alMy YacTHL, TPH KO-
TOpOH cTabHIH3UpYyIOLIas CIOCOOHOCTE KpeMHE3eMa
MakcumaibHa [3].

Crenexs MOAUPHUIMPOBARUSA TOBEPXHOCTH KPeM-
HE3eMa MOJXKHO PeryjiupoBaTh KOJMHYeCTBOM A00as-
ngeMoro Moau(ukaTopa MM BpeMeHeM KOHTaKTa ¢
MOCHEAHMM MpH ero u3deiTke. OOHAKO BO3MOYKEH
TaKxke crocolb nomyyenus KpeMHe3eMoB ¢ rHApo(hHIb-
HO-THApO(OOHOI MOBEPXHOCTLIO TepMooOpadoTKOl
MaKCHMalbHO ruApo(hOOH30BAHHOTO KpemMHesema,
BBITTYCKAEMOr0 MPOMBLIIINIEHHOCTEI0. B 3TOM ciiyuae
JUIA MOJyYeHHs KPEMHE3EMOB C 3aflaHHBIM COOTHO-
WIEHAEM THAPOQUIBHBIX U rHAPO(GOGHBIX LUEHTPOB
Ha MOBEPXHOCTH HEOOXOAMMO 3HATh TeMmepaTypy M
NPOAOJIKUTENBHOCTE TePMHYECKOH 00paboTku.

Mccenenosanue cBo#cTB ruapodobu3oBaHHbIX
KPEMHE3EMOB B Pa3JIMYHBIX Cpenax MpeicraBiiser cy-
ecTBeHHbIN HHTepec [4], ogHako riybokoe MOoHM-
MaHHe MpPOLECCOB, MPOUCXOAAIINX HA FPAKHLE Pas-
nena a3, HEBO3MOXKHO Oe3 BEIABIEHHUS B3aUMOCBA3H
3THX CBOMCTB €O CTPYKTYpoOit mpuBuToro cios. Kpo-
M€ TOro, B HEKOTOPEIX 00MacTaX NpHMEHEHHS, B
YaCTHOCTH, BBICTYNAd HANOJHUTENAMH, MOIUpULIK-
pOBaHHBIE KPEMHE3EMEl IIOIBEpraloTcs BO3melicT-
BHIO BBICOKHX Temrepatyp. [Toaromy TepmoobpadoT-
Ka OpraHOKpeMHe3eMOB MMeeT Gonbploe 3HauYeHHe

KaK IS ONYYeHUs] MaTepUaJioB CO CTPYKTYpOit mo-
BEPXHOCTH, OTJIMYaoUIeiica OT MoayYeHHO# ¢ ucno-
JIb30BaHHEM TPAaJMIHOHHBIX CIIOCOG0B XHMHHYECKO-
ro MOAM(pUUMPOBAHHSA, TAK H [UTS OTIPEACNEHHS Tep-
MUYECKON CTaGMILHOCTH NPHBHTOTO CIOS.

Llens Hacrosmeli paboTel — H3y4eHHE BOZMOK-
HOCTH MONy4eHNs HOBOTO K/Jacca HaHOMAaTepHasoB
C peryMpyemMbiM COOTHOUIEHHEM THAPODHIBHLIX U
ruapo(oGHBIX LEHTPOB MOBEDPXHOCTH Ha MpUMepe
HCCIIe0BAHUSA TEPMOCTaOUIBHOCTH PHBHUTHIX Opra-
HHYECKHX TPYIN B 3aBUCHMOCTH OT CTEIEHH MOIH-
(GuUIMpOBAHMA MOBEPXHOCTH KpEMHE3eMa IUMETHI-
AUXTOP- HITH TPUMETUIIXIIOPCHIAHOM H BIHSHHS Tep-
MHYecKoi 06paboTKM MpH pa3sHEIX TeMIepaTypax
Ha CKOPOCTh TeCTPYKUMH AUMETHICHINIHPOBaHHO-
ro TMOKPBITHA MaKCHMMalbHO T'MAPO(HOOH30BAHHOTO
KpeMmHe3ema.

s uccnenoBaHuit MCIONb30BAIM IHPOTEHHBIH
BeICOKOucnepcHbd kpemHedem (BJK) ¢ yaensHoi
noeepxxoctsio 200 Mr (nanee — A-200) u mumermn-
cunuiauposanueiit BJIK mapxku AMJI-1, nonyuyen-
Hble Ha KamymckoMm ONBITHO-3KCIEPHMEHTANLHOM
3aBosie Mucruryra xumun nosepxHocrd HAH Vk-
PauHbl, a TAKXE KPeMHe3eMbl Pa3NTU4YHON CTEneHH
METH/ICHIMINPOBAHHA, CHHTE3NPOBAHHBIE MYTEM Ma-
poa3HOro XMMUYECKOTO MOAN(PULMPOBAHHS OBEPX-
HOCTH A-200 AMMETHUIAUXIOP- MAM TPUMETHIXIOP-
cunanoM (IMJIXC 1 TMXC CcOOTBETCTBEHHO) B aB-
Toknase. MoaupukaTopsl Mapku X.4. Mepen Mcmo-
7Ib30BaHHWEM OYHLIAIN [EPeroHKOM M0 CTaHaapTHOI
meroauke [5]. MoauduuupoBaHue OCYUIECTBIANN C
YYeTOM YCJIOBHH NpOTeKaHUs MOBEPXHOCTHBIX XH-
MHYECKHX peakuUuii DMMETHI- U TPUMETHICHIHIH-
poBanus, o6o0mennslx B paborte [1], mpm Temme-
parype 300 °C B Teuenne yaca. [1oAroTOBKY noBepx-
Hocti A-200 mposoauan npu 200 °C, a nocne mo-
IH(pUUMPOBaHNs 06pa3ubl MPOrpeBajuch B MOTOKE
cyxoro Bosayxa npu 200 °C ¢ uensio ynamseHus c

* ILLA. Kysema — kaux. xum. Hayk (2004), H.B. Jlaryra — kann. xum. Hayk (2000), B.M. Orenko — uaeH-kopp.
HAH VYxkpaunst (1997), pa6oraer ¢ C.B. Bonkossim ¢ 2002,

© II.A. Kysema, M B. Jlaryra, B.M. Oreuko , 2005
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MIOBEPXHOCTH OCTATKOB HENpPOpearHpoBaBIIMX MO-
AUGUKATOPOB M MPONYKTOB XHMHYECKMX peakumii.
[TpOAOIKUTENBHOCTh KakAOH H3 yKa3aHHbIX Ofe-
pauuii cocrasnana 2 4.

CTeneHs 3aMelleHuss CUIAaHOJIBHBIX TPy MO-
BepxHOCTH A-200 METHICHIMIBHBIMHE TPyNTaMH pe-
ryJIHpOBaIM KOMHYECTBOM BBENEHHOro Moauduka-
TOopa W KOHTponuposanu Mmeroaom MK-cmekrpoc-
kormuu, MK-crieKTpbl perucTpHpoBaiu ¢ NOMOIIBLIO
crexrpomerpa UR-20.

Tepmudeckyto CTaGUIBHOCTh MPUBUTHIX AHME-
THICHIHABHEIX rpynn AMJI-1 usydanu MeTOOOM
W K-cnekTpOCKOMHH, a AUMETHII- H TPUMETHIICHIH-
nupoBaHHoro A-200 — MeTomOM TepMHYECKOTO
aHaIu3a ¢ MOMOILbIO AepuBaTorpada mapku Q-1500

o o

&
’
]
B

|
JIE
5

g

laod
80
ol 171

780

BO—

100~

bupmbr MOM (Benrpus).

B HK-cnekrpax (puc. 1, @) mommpunuposaH-
HBIX 00pa3uoB Habloaand yMEHbIIEHHEe HHTEHCHB-
HOCTH MOJI0CH! MOT/OMEHHs ¢ MAKCUMYMOM B obnac-
TH 3750 oM™ (BasieHTHBIE KONEGAHUS M30IMPOBAH-
HBIX CHII@HOJBHBIX TPYIIN) ¥ MOABIEHHE M0JIOC T10-
rI0OEeHHs ¢ MakcumymaMu B obnactu 2980 om ™!
(BaneHTHBIE KONeOAHM METHIBHEBIX PPYIIN), YTO NOJ-
TBEPKIAET NPOTEKaHHe MOBEPXHOCTHBIX XMMHYEC-
KMX peakuuii ¢ yuacTHeM CBOOOJHBIX MHAPOKCHIIOB.

M3 nurepaTypHbIX #aHHEIX [l, 6] cienyer, yro npo-
1ecC MEeTUIICHIMINPOBAHUSA TIPOTEKAeT MO MEXaHH3-
My 3MeKTPO(HUILHOTO 3aMelIeHUs MPOTOHA B M30-
TUPOBAHHON CHJIAHONBHON TpyIne MNOBEPXHOCTH
BJIK. B wamem ciydae npeacrapnsercd Haubornee

100~

0 200 400 600 800 T,°C

0,5-
1,04
3
1,54 ¢
oo
204+——— : —
0 200 400 600 oo T,°C

Puc. 1. UK-ciekrps Hemomuduuuposansoro u Moauduuuposannoro TMXC u IMAXC A-200 (a) n pesynstathl
Tepmuyeckoro awammza: 6 — JITA, ¢ — JITT, 2 — TI'. Cxopocrs Harpesauus 10 °/MMH, Vv — BOTHOBOE HHCIO, Am —
noteps Maccel, T — temneparypa. Lludpst y kpuseix: /| — A-200; 2, 3 — TpHMETHICHIHIHPOBAHHDIH A-200 (crenens
3amelienns rHIpokcuios 0.4 1 max (=1) COOTBETCTBEHHO); 4, I — AMMETHACHAHIKPOBAHHEIA A-200 (CTENeHb 3aMeNCHUA

rugpokcuaos 0.3 u max (=1) COOTBETCTBEHHO).
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BEPOATHON crneayloomas cXemMa B3auMOIelcTBHA
JIMIXC nu TMXC ¢ nosepxHoctero A-200:

C]\ ./X

e
o N — N
X=Cl (AMIOXC) unu CH3 (TMXC).

ITockonsky Mommpuuupoanue A-200 nposo-
JHIIH HE B BAKYYMHBIX YCIOBHAX, HAJTHYHE JOMOIHH-
TENbHOTO KOJIMYECTBA BOJbI MOTJO BBI3BATH MpoTe-
KaHHe peaKLUui THAPOIN3a ATOMOB XJI0pa AMMETHII-
XJIOPCUIWIBHBIX TPYII U MOAU(HUKATOPA, & TAKKE
BO3HHKHOBEHHE APYTHX XHMHYECKHX MPOLECCoB (Ha-
npuMep, MeXMOJIeKYISPHOM KOHAeHcAaLUH MoaH(DH-
KaTopa), B pe3ylbTaTe KOTOPhIX HA MOBEPXHOCTH MO-
YT MPHCYTCTBOBATE OJIMIONUMETHIICHIOKCAHOBBIE HITN
apOYHbIe CTPYKTYPBI. [ MIPOIN3 IHMETHIXIIOP CHIUIT-
HBIX TPYIIIT BO3MOKEH TAKXKE NPH KOHTAKTe IUMETHII-
CHJIMTHPOBAHHOTO KPEMHE3EMa C BIIaXKHBIM BO3IYXOM.

OcoGeHHOCTH BBICOKOTEMIEPATYPHBIX TpeBpa-
LIeHWH Ha MNOBEPXHOCTH METIICHIHIMPOBAHHBIX KPeM-
HE3eMOB C Pa3HOH CTENeHbIO 3aMeLleHs THAPOKCH-
JIbHBIX TPYNIT B BAKYYMHBIX YCTOBHAX ObUTH HAMM H3Y-
YeHbl METOIOM TeMIepaTypHO-NporpaMMHpOBaHHOM!
necopbunonHo#t Macc-cnektpomerpuu [7]. Hauano
HHTEHCHBHO# AECTPYKLUHUU METHJICHIMIBHBIX Ipymn
COOTBETCTBYET TemmnepaType okoio 630 °C u conpo-
BOJKIAETCA BhIJCJIEHHEM B OCHOBHOM MeTaHa. Benu-
YMHA 3HEPruM aKTHBALUMM peakunu obOpasoBaHHA
MEeTaHa MpH Mepexoie OT MOJHOCTBIO K MOAM(HULIH-
poBaHHEIM Ha 50 % BJIK cocrasaser 305—295 u 314
—304 x/I/MOJIb COOTBETCTBEHHO 1A TPH- U AUME-
THJICHIMNUPOBAHHBIX KPEMHE3EMOB.

IToBEpXHOCTHBIE METHICHIUILHEIE, B HACTHOCTH
TPHMETWICHIH/IbHBIE, TPYNIIBl B BO3IYIIHOH cpene He
paspymaiorcs npu Harpesauuu 10 400 °C, a Bakyy-
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muposarueM npu 500 °C sTh rpynmel yaansiorcs,
1 B MK-criekTpax BoccTaHaBIMBAaeTCs MOJOCA TOr-
NIOIIEHHA ¢ MAaKCHMyMOM B obmacru 3750 em ! [8].

Peaxuuio TepMHYECKOTO OKHCIIEHUS METHIIBHBIX
Cpyni NpH HanWYMK KUCIOpoja Bo3dyxa B ofuiem
BHIIE MOKHO NPEeACTaBUThH creayiouied cxemoit [9]:

=Si-CH; + 20, — =Si-OH + CO, + H,0. (1)

[Tpoiecc conpoBok1aeTcs He3HaYHTENBHBIM yBe-
JIMYEHHEM Maccel 00pa3ua BCNEACTBME 3aMelleHHs
CHa-rpynner Gonee Tsxenoit rpynmnoit OH. B oc-
HOBHOM IOTEPS Macchl KpeMHe3eMa C YBelIMUYeHHeM
Temmneparypsl 06paboTKH NPOUCXOANT 3a CYeT BEIje-
Nlenus BOIbI — Kak (uanudecku agcopOHpOBaAHHOIM,
Tak M obOpasyiomeiicas B pe3ynbTaTe KOHOEHCALHH
HCXOIHBIX MJIM HOBOOOpPA30BaHHEIX (COMMacHO cxe-
me (1)) ruapoxcunshbix rpynm. O6mas cxema npo-
ecca KOHAGHCAMH WUMEeT CIeAYIOUUNA BHI;

2=8i-OH — =Si-0-Si= + H,0 unn
=S8i(OH), - =8i=0 + H,0. (2)

He uckni04ero, 4To moTeps Macchl MOXKeT OBITh
CBA3aHA TAKXKeE C yJaleHWeM BOJbl, KOOPAHHALUOH-
HO CBA3aHHOW C aTOMOM KpeMHHS CHJIAHONBHOM
TpYMIBl, KOTOPYIO, COTJIACHO Npednonoxenuam [10,
11}, comepHUT MOBEPXHOCTh HE MOJHOCTBIO JErHj-
PaTHPOBAHHOIO KpeMHe3ema.

Ha puc. 1, 6-2 npuBenensl pesyabTaThl TEpMH-
YECKOT0 aHaJIn3a MCccledyeMbIX KpeMHe3eMoB. Tolb-
ko kpuBble JITA I u 2, cOOTBETCTBYIOLIHE HCXOHO-
My ¥ Ha 40 % TPUMETHIICHIHIMPOBAHHOMY KpeMHe-
3emMaM, MMEKT MUK, OTBEHAKIMH 3HA0TEpMHYec-
KoMy 3¢dekry, ¢ munumymom B obractu 100 °C,
KOTOPLIM XapakTepeH and gecopOumu (H3uYecku
copbupoBanHoit Boasl. Mcxons U3 aHanus3a KpUBBIX
TT u ATT, TakoBas MpHUCYTCTBYeT HA MOBEPXHOCTH
BCEX MCCIeAyeMBIX KPeMHEe3eMOB, MpuyeM B Clydae
TMOJIHOCTBIO MOAH(DHUIMPOBAHABIX KPEMHE3EMOB — B
3HAYUTEILHO MEHbIEM KojinuecTBe. OTCYTCTBHE IH-
Jotepmuueckoro nuka Ha kpusoit JITA 4 moxer
ObITE 00YCJIOBIEHO TEM, YTO Ha MOBEPXHOCTH Hac-
THYHO AMMETHJ/ICHIMIMPOBAHHOTO KPEMHE3eMa NPH-
CYTCTBYIOT apOYHbIE CTPYKTYpPbl, H IHEPreTHHECKoe
COCTOsIHHE MOJIEKY]T BOJIBI B €r0 MMOBEPXHOCTHOM ClIO€
GMU3KO K X COCTOSHUIO Ha MOBEPXHOCTH THAPOGdO-
ouoro BJIK.

Ha xpusoii JITA I (puc. 1, 6) Haubosee 9erko
Habmoznasores A8a nuka (7', 370 u 430 °C), coot-
BETCTBYIOLIHE MPOTEKAHHIO IKIOTEPMHUUYECKHX NpO-
L[ECCOB M OTHOCAIINECH K BBIIEIEHHIO BOIBI MO CXe-
me (2). Hanuaue nepsoro nuka Habiaronaercs u Ha
OCTaJIbHBIX KPHUBBIX, HO C YBEJIUYEHHEM CTETeHN MOIH-
(uUMPOBaHUSA OH CTAHOBUTCS MEHEe BBIPaKeHHBIM.
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BEPOATHON cleAylolmas cxeMma B3aUMOJeicTBUS
IMIXC u TMXC c¢ nosepxHoctsio A-200:

e Si/x
| CHs T=300°C
121, by -HCl
ey S O\Si
o ~

X=Cl (AMAXC) unu CH3 (TMXC).

Mockoneky moauduunposanue A-200 nposo-
JIHJTH HE B BAKYYMHBIX YCIOBHAX, HATHYHE TOMOIHH-
TEABHOTO KOJIMYECTBA BOJBI MOTJIO BBI3BATh IPOTE-
KaHHE peaKkuuii rHApoIM3a aTOMOB XJIOpa AUMETHII-
XJIOPCUNUIIBHEIX TPYNN ¥ MOAM(UKATOpa, a TakKe
BO3HMKHOBEHHME APYTUX XHMHYECKHX IPOLIECCOB (Ha-
MpUMep, MeXMOIEKYISAPHOM KoHAeHcanun Moauhy-
KaTopa), B pe3yibTare KOTOPHIX Ha MOBEPXHOCTH MO-
rYT TPHCYTCTBOBATH OJMIOAMMETHIICUIIOKCAHOBBIE HITH
apoyHbie CTPYKTYPbl. ['MAPOIH3 IMMETHIXIIOPCHIHITE-
HBIX TPYIIN BO3MOXKEH TAKXKe MPH KOHTAKTe AHMETHII-
CHIMITHPOBaHHOTO KPEMHE3eMa C BIIa)KHBIM BO3IYXOM.

Oco6eHHOCTH BBICOKOTEMNEPATYPHBIX TpeBpa-
LeHHi Ha TOBEPXHOCTH METHIICHIIHITUPOBAHHBIX KPEM-
HE3EeMOB C Pa3HOi CTEMeHbI0 3aMeLleHNs THAPOKCH-
JNIBHBIX [PYIIT B BAKYYMHBIX YCIOBHSIX ObITA HAMM H3y-
YeHbl METOJOM TEeMIMepaTypHO-TPOrpaMMUPOBaHHOI
necopbuuoHHON Macc-cnekTpoMerpun [7]. Hauano
MHTEHCHBHOH JECTPYKIHH METHICHINIbHLIX TPy
COOTBETCTBYeT Temnepatype okono 630 °C u conpo-
BOJKIAETCS BbIJICIEHMEM B OCHOBHOM MeTaHa. Benu-
YHHA JHEPrUM axKTHBALMM peakuud obpa3oBaHus
MeTaHa MpH Mepexode OT MONHOCTBI0 K MOAN(UIIH-
posanHeM Ha 50 % BJIK cocraBnser 305—295 n 314
—304 xJI&/MONE COOTBETCTBEHHO Mt TPH- K JHUME-
THJICHJIHIMPOBAHHBIX KPEMHE3EMOB.

IToBepXHOCTHBIE METHICHITUIIBHEIE, B YACTHOCTH
TPUMETHIICHIN/ILHBIE, TPYNIIBI B BO3IYIIHON cpene He
paspymaiorcs npu Harpesauud 1o 400 °C, a Bakyy-
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mupoBanieM npu 500 °C st rpynnel ypamsiorcs,
u B MK-cnekTpax BoccTaHaBIMBAETCS T0JIOCA TIOT-
NOLIEHUA ¢ MAKCAMYMOM B o6nactu 3750 cv (8]

Peakuuio TepMUYECKOr0 OKHCIIEHHS METHITbHBIX
FPYMNM NPH HaIWYHKM KUCIOPOJa BO3AyXa B 06IIeM
BHIE MOXHO NpEeICTaBUTh CHemyrouieif cxemoit [9]:

=Si-CH; + 20, — =8i-OH + CO, + H,0. (1)
[Ipouece conpoBoxknaercs He3HAYUTEILHEIM YBe-
nMUYEeHHeM Macchl oOpaslia BCHeACTBME 3aMElleHHs
CHs-rpynnst Gonee Taxenoii rpynmoi OH. B oc-
HOBHOM MOTEPsi Macchl KpeMHe3eMa C yBelTHueHHeM
TeMMepaTypsl 00pabOTKH MPOUCXOMUT 3@ CYET BhIfe-
JeHUA BOJBI — Kak (u3uveckd aacopGHpPOBaHHOM,
Tak ¥ obpas3syrolleiics B pe3ynsTaTte KOHIEHCALMH
HCXOJIHBIX HIIM HOBOOOpA30BaHHEIX (COTMACHO CXe-
me (1)) ruapokcunbrEIX rpynm. O6mas cxema npo-
ecca KOHJCHCALMM MMEET CNeNyIOUIMH BHI:

2=S8i-OH — =Si-O-Si= + H,0 umn
=Si(OH), = =8i=0 + H,0. (2)

He uckn04eR0, 4TO moTeps Maccsl MOKeT OBITh
CBA3aHA TAKXe C yJlaJeHUeM BOJIbl, KOOPAHHALMOH-
HO CBA32HHOHM C aTOMOM KpeMHHA CHIaHONBHOM
TPYNIbl, KOTOPYIO, COMJIACHO NpeanonoxenuaM [10,
11], cozepxuT MOBEPXHOCTH HE MONHOCTBIO AErHi-
paTHpPOBaHHOr0 KpeMHe3eMa.

Ha puc. 1, 6~2 npuBeneHs! pesynbTaTel TepMH-
YECKOIo aHalnu3a uccrneayeMeixX KpeMHe3eMoB. Toms-
ko kpusbie JITA [ u 2, COOTBETCTBYIOLIHE HCXOHO-
My i Ha 40 % TpUMETHUICHINIHPOBAHHOMY KpEMHE-
3eMaM, MMEIOT MHK, OTBEYAIUH 3HAOTEpMHYEC-
KoMy addekry, ¢ MaHuMymom B obmactu 100 °C,
KOTOpPBLIH XapakTepeH Ins xecopOumm ¢usnbecku
copbuposanHoii Boasl. Mcxons U3 aHamM3a KPUBBIX
TT" u ATT, TakoBas NpHCYTCTBYeT Ha MOBEPXHOCTH
BCEX HCCIEyeMBIX KPEMHE3eMOB, MPHUYEM B Clydae
TIOJIHOCTBI0 MOAM(DUUHPOBAHHBIX KPEMHE3EMOB — B
3HAYMTENILHO MEHbIIEM KosuvecTBe. OTCyTCTBHE 3H-
AoTepMudeckoro nmuka Ha kpuBoit TA 4 moxer
OBITE 0OYCNOBICHO TeM, YTO HA MOBEPXHOCTH Hac-
THYHO AMMETHJICMIHIMPOBAHHOTO KpeMHe3eMa MpH-
CYTCTBYIOT apOYHBIE CTPYKTYPhI, U 3HEpPreTHYecKoe
COCTOSAHHE MOJIEKYJT BOJBI B €r0 MTOBEPXHOCTHOM CITOE
6JM3KO K HX COCTOSHMIO HA MOBEPXHOCTH THAPO(O-
6uoro BJIK.

Ha kpusoii JITA I (puc. 1, 6) Haubonee 4eTko
HaGmognarorcs ABa nuka (T, 370 1 430 °C), coot-
BETCTBYIOIINE MPOTEKAHMIO 3K30TePMUUECKHUX MpO-
LIECCOB M OTHOCALIMECS K BbIJEIEHUIO BOMIBI M0 CXe-
me (2). Hannaue mepBoro nuka HaGuiogaercs ¥ Ha
OCTalIbHBIX KPHBBIX, HO C YBENTUYEHHEM CTENeHH MOIH-
(HIHMPOBaHHs OH CTAHOBUTCS MEHEe BhIPaKEHHBIM.,
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KUK 1 HCCNIENOBaHMA pa3iIMYHBIX 6]‘1006'58[{'1'03, da Tak-
e A CHHTE3a HOBBIX HAHOMATEPHUAIOB.

PE3IOME. Meronamu I'H-cnekrpockonii i Tepmid-
HOTI'0 aHaji3y BHBYCHO TepMidHY CTiiiKicTh kpemuiitopra-
HIYHMX HAHOKJACTepiB HA MOBEPXHI BUCOKOAHCIIEPCHOTO
KpeMHe3eMy pi3HOro CTymeHs AuMeTwia- abo TpuMerHi-
CHILTIOBAHHA. 3alIPONOHOBAHO cnocid, AKUI 103BOJE pe-
ryJII0BAaTH CTYNiHE TiapogobHocTi moBepxHi wngxom Ba-
pitoBaHHsA Temnepatypu i/abo #acy tepmoofpobku Mak-
cumanbHo riapodobizoBaHoro kKpemHesemy.

SUMMARY. Thermal stability of organosilicon nano-
clusters on high-disperse silica surface of varied degree of di-
methyl- or trimethylsilylation was studied by means of IR
spectroscopy and thermal analysis methods. The technique
allowing to regulate the degree of surface hydrophobicity
via variation of temperature and/or time of thermal treatment
of maximum hydrophobized silica is suggested.
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K.b. Sluumupcknii,) A.H. Ko3zauxoBa *

KOMIIJIEKCOOBPA30OBAHHUE TETPAXJIOPOAYPATA (I1I) KAJIUA
C NOJIUMEPHOCBS3AHHBIMHA KPAYH-20UPAMU

Hccenenosana xemocopbuua sonora (111) u3s Boaueix pactBopoB kpays-apupom B 18K6, uMMoGHAH30BAHHEIM
Ha [OBEPXHOCTH MOJNMMEPHOH MaTpuubl. M3yueHo BIMSHHE KUCIOTHOCTU PACTBOPA M MPHPOJAL doGasiseMoi
kucnotel (HCL, HNO3 u HCIO4) ua tepmonnsamuueckue napamerpsl xemocopdumu sonora (I11). IToxazano,
4TO KOHCTaHTa Xemocopbuuu 3onota (II1) nomumepHocsasanumy JB18K6 ymenpmaercs B paay Cl'>NO§'>
ClO, . }-ga OCHOBAHWH CpPaBHEHMA pe3yabTaToB XemocopOumu [AuCly | # u303nekTpoHHEIX amuoHoB [PACl " ]
u [PtCl;" ] noaumepHoceasannpiM kpayH-ahupom JIB18K6 ycranoBneno, uTO cTeneHb CBA3LIBAHWA MeTalia

yBenuuupaercs B pagy Pd (IT)<Pt (II)<Au (III).

Jannas pabota npencrasnger coboit mpoaomke-
HHe HCCIeaoBaHuA XeMocopOuuu conelft 6naropoi-
HBIX METAJJIOB MOJHMEPHOCBA3aHHBIMI KpayH-3¢u-
pamu. Panee Hamu 6b170 MOKa3aHO, YTO HMMOOHIIH-
30BaHHBIH HA MOBEPXHOCTH MOJAMEPHON MaTpPHILIEI
kpayH-3¢up J1518K6 cnocoben copbuporars koMmi-

nekcHelie ranorenuanl namnanus (II) u nnatuss: (I1)

U3 BOAHBIX pactBopoB [l—3] VYcranosneHo, yTo B

npouecce B3auMOeHCTBUS 06pa3yIOTCS HOHHBIE ac-

+

COLIMATHI Hmoﬁannsz?aaﬂﬂom KaTHOHA [KOB18K6"]
¢ annoHamu [PdCls] u [PtCl~ ]

Lleny 1aHHOTO HMCCeNOBAHMS — H3YYHTh B3au-

* |}(.B. ﬁummpcmﬂ]— akagemuk HAH Vkpaunwst (1964), A.H. KosaukoBa — kaua, xum. Hayk (1993).
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Moneiicreue Terpaxiopoaypara (111) kanus ¢ nosu-
MepHOCBA3aHHBIM KpayH-3¢upom JIB18K6, onpene-
JUTH cOCTaB 00pa3yloUIUXcs Ha MOBEPXHOCTH MOJIH-
MepHO# MaTPHLbl KOMIUTEKCHBIX COEIMHEHMH, moTy-
YUTh TEPMOIHHAMHYECKHE XaPaKTEPHUCTHKU XeMO-
copOuuu IMMOGH/IN30BAHHBIM Ha MOJIMMEPHO MaT-
pune kpayH-apupom JIB18K6 30m0TOCOAEpKAMNX
AHHOHOB.

[NonumepHOCBA3aHHbIH KpayH-3dup I1/]IB18K6
cunresupoeany 8 HITO Buonap (Onaitue, Jlarsus) [4):

rae (n) — comojaMMep CTUPONA U AUBHHUIIGEH30-
na. Conmep:kaHue KpayH-2>(UPHBIX €IHHHIL B MMOJIH-
MEpHOM MaTepHaje COCTaBIAeT 0.79-10 Mob/r.

B3aumopneiictBue KAuCly ¢ ITJB 18K6 usyqanu
Tak xe, kak ¥ B cnyyae K,PdCly u K,PtCly [1], B
CTALlHOHADHOM PEXHME MPH BCTPAXKBAHMH COOT-
BETCTBYIOLIEH HABECKU MOJMMEPHOro MaTepHana c
4 M1 BogHOro pacreopa conu sonota (I11) paznuy-
Hoit koHuentpauuu npu 20 °C. CMmech BCTpAXHBATH
npu nomolnn raboparopHoro meiikepa 358S. Kon-
ueHTpauuio 3osota (I11) B BOAHBIX pacTBOpax onpe-
Hensnu CrnekTpodoToMerpuyeckd GPOMHIHBIM Me-
TOAOM [5] (Apax [AuBry ] paBua 380 um). [lns usme-
PeHUs ONTHYECKOH MIOTHOCTH PACTBOPOB HMCIOJIb-
joBanu cnekrpodoromerp Specol 11. Konuuectso casi-
3aHHoro mnoaumepoM 3osota (II1) ompenensim mno
Pa3HOCTH MEXKIy HCXOAHOIH M OCTaTOYHON KOHLEH-
TpaUMsMH 3TOTO MeTajila B BOJHOM PpacTBOPE.

W 3BecTHO, YTO B KHCIBIX BOJHBIX PacTBOpax 30-
joto (I1I) HaxoguTcd B BHJAE KOMIUIEKCHBIX aHHO-
HOB, mpocTeHmuM U3 koTopsix sBasercs [AuCly ]
[1pu U3y4eHHH B3aUMONEHCTBHUA MOJHMEPHOCBA3AH~
Horo kpayH-a¢upa ¢ KAuCly B BogHOoM pacrBOpe He-
00X0OMMO YYMThIBATh NPOLECC MMAPOJM3a aHHOHA
[AuCl, ] [6], xoTOpBI# OMHUCHIBAETCS YPaBHEHHEM:

AuCl,” + H,0 = AuClOH™ + H™ + CI” (1)
(PK,=5.81).

Cunponus uona [AuCl, ] oTamgaercs oT B3aUMO-
NeHCTBUs C BONOH M303JIEKTPOHHBIX HOHOB [PdCIf‘]
u [PtC!f']. 3amelnas XJI0pua-HOH BO BHYTpeHHeH ko-
opauHannoHHO# cepe xommiekca 3onota (I11), mo-
JIeKyna BOJBI JIEFKO OTIIEN/seT npoToH. I1pu 3ToM
o6pasyerca kommekc cocrasa [AuCLOH™ ], rorna kax
MpH B3aUMOJielCTBUH C BOHOMH [PdCI42_] u [PtCI42_]
o6pa3yloTcs YCTOMUMBBIE KOMIIEKChl COCTaBa
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[PdCl3H,0™ 1 [PtCI3H,0 ] cooTserctaerHo. C uembio
npeoTBpallenus AanbHeimero ruaponusa [AuCly ]
BO BCEX MCCIIENyeMBIX CHCTeMax MOJNepKHBANach
kucnoTHocTs 0.1 u 1.0 Mons/n npu no0aBjeHHH CO-
JNsAHOM, a30THON M XJOpHOH KHCIOT.

Bpewms koHTakTa (a3, HeodOXooumoe AN ycra-
HOBJIGHHS PaBHOBECUS B IeTepOTeHHON CHCTeME, Ofl-
penmensnyd Ha OCHOBAHMM 3aBHCHMOCTH YBEIHYEHHA
crenenu cBazeiBaHus (o) 3onota (IIT) u3 pacrBopa
3a cuer Xemocop6unu. M3 maHHeIX puc. 1 BHAHO, 4TO 3a
454 npu HAayambHOM COOTHOLIEHUM METalll : JH-
raug = 1:1 crenens ca3siBanug 3omnota (111) cocrae-
nser 78.5 % nns pactBopos ¢ Cye = 0.1 Mons/n u
75.3 % ans pactBopoB ¢ Cy = 1 Monb/n. B Teuenue
NOCNeAYIOIIMX [0JYTOpa 4YacoB BENHYMHA CTereHH
cBsi3bIBaHMA 307m0Ta (ILI) nmpakTHYeCKH ocTaercs Mno-
crosiHHoit. C y4eToM 3Ha4eHHMs KOHCTAHTHI TMAPO-
mu3a [AuCly”] coorHomerue [AuCl;OH™ J[AuCl, ]
COCTaBNAET MPHMEPHO 1.55.10™ nns pPacTBOPOB C
Chci= 0.1 mons/nu 1.55- 107 an pactBopoB ¢ Cyey
= 1.0 mone/n. Takum oOpasom, B cucTeMax, COmepia-
wux 0.1 u 1 mone/n HCI, 3omo0to (111) HaxoxuTes
NpakTHYeCKH MoNHoCcThi0 B BHAe [AuCl, ], uTo u
00bAcCHAET GNMM3KKUE 3HAUEHHUA 3aBUCHMOCTeEH, MpHBe-
JIGHHBIX Ha pHc. 1.

aAum % ;
80 2
1
60 i
40
J
20 |
0 100 200 300 400
t, MuH
Puc. 1. 3aBHCHMMOCTE CTENEHHM CBA3LIBAHMA (Q) 30J0Ta
(II1) u3 pacrsopos ¢ 0.1 (/) u 1 mons/n HCI (2) T11B18K6
OT BpeMeHH KoHTakTa a3, C'M(m)=4-l(}'3 MOnB/1,

Mo gs1scs = 0-0203 T.

Xemocopbuuto annoHa [AuCly ] moxkHO npea-
CTAaBHTE B BHIE!

K¥aq + AUCly,q + JB18K6;y, =
= [(KIB18K6) AuCly J, .

W3 npuBeIeHHOH CXEMBbI CleAyeT, 4TO I CBA-
3pIBaHUA 0HO3apaaHoro annoHa [AuCl™ | u obpaso-
BAHMS 3NEKTPOHEHTPaNbHOro CcOeIMHEHH Heobxo-
OUM OJHH MMMOOHIH30BAHHEIH Ha IOBEPXHOCTH
katmoH cocrasa [KJIB18K6'), Torma kak aByxsapsn-
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Hble AHHOHbI [PdCif'] ] [PIC]42_]K00pﬂHHpr10TCH
K IBYM OAHO3apAAHBIM HMMOOHIM30BAHHBIM Ha
[IOBEpXHOCTH KaTHOHaM C 06pa3oaaunem coenu-
HEHMsi COCTaBa [(KIIBlSI{6 )2MC!4 Jo. roe M=
Pd (I1), Pt (11).

Jlns BeIsICHEHMA cOCTaBa 00Opa3yrolMXca MpH Xe-
mocop6uun 3omoTa (I11) ummoGummusosanubiM J1B18K6
KOMIUIEKCOB, BITUAHHS KUCTOTHOCTH U MPUPObI aHHU-
OHa Ha nporecc copbinn Obina H3ydeHa 3aBUCHMOCTh
nornouienusa 3onora (I11) U3 BoaHBIX pac*rnopoa 0"r
ucxonHoi konuentpauun KAuCly (1.2- 10°—4.107°
MOJIB/TT) TIPH MOCTOSHHOM KOHH‘-IECTBE KpayH-3(dup-
HplX eanHUL (Nygoy= 4107 MDHI:) IUTA CHCTEM, CO-
nepxamux 0.1 1 | MOJIB/1 pacTBOPH! COJIAHOI, a30T-
HOM u xJopHO# kucaor. Kak BuaHO u3 Tabnuisl, cre-
neHb cBA3biBaHuA 300T1a (I111) B cucremax ¢ pasnuu-
HO# KucIoTHOCTBIO cocrasiser o 70.5 1o 79.0 % nipu
HauanbHeIX cooTHomeHusx 3ojoto (1) : JB18K6
= 1:1 1 HaMHOTO TMpEeBEIIIAET CTENEHL CBA3BIBAHUA
namnaaus (I1) u nnatune! (1), koTopas Npu 3KBHU-
MOJIAPHBIX HAYaJbHBIX KOHLEHTPaLUAX HMMOOHIH-
30BaHHBIX KpayH-3(GupHBIX eqnnul u conn K,MCly
(rme M = Pd (II), Pt (I)) cocraBnser 32.5% nns
nannanus (I1) u 48.0 % mna mnatuss (I1) [3]

Jinst BcexX M3yHYEHHBLIX CHCTEM OTHOLIEHHE MO-
nei xemocopbuposauuoro 3onota (I11) k konuyect-
BY MoJieif kpayH-2QHpa HE MPEBBILANO0 3HAYEHHS
0.79. D10 maer OCHOBaHME YTBEPKIATh, YTO MPH XEMO-
cop6uuu 30n0ta (I11) o6pasyercss kommnekc, conepika-
wuit 3omoro (I11) u kpayn-3dup B cooTHomenun 1:1.

[Tonyyennsie nanuple o caspiBanun KAuCly
MOXHO OTnucaTs ypapHeHuem JIaHrMiopa:

8/(1-8) = KCpyqmy» (2)

rae O=ala,, a u a,, — Tekylllee W MpeiebHOE KO-
nuvecrBo xemocopGuposannoro Au (III); Cayq

im?

Beanauubi Xemocopbunn 3oa0ta (I111) u3 Boanbix pacTBopoB
11/I618K6

a103, | a, 107,
Cpena Mosb Au [ monb Au |Kigye A/MOIB
(I1T)* (I11)
0.1 mons/n HCI 1.26 1.40 9987 + 1930
1.0 mone/n HCI 1.20 1.32 10310 £ 2873
0.1 mons/n HNO3 1.21 1.48 3907 £ 334
1.0M HNO3 1.14 1.28 4878 = 1001
0.1 moas/n HCIO4 1.13 1.34 3482 + 423

* Au (III) xemocopGupoBaHo npn coorHomenun Au (II1):
TIB18K6 =1:1; €'y gy =410 Moms/a, mpy g6 =0.0203 1.
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— pasHoBecHas kouuentpauus KAuCly, mons/n,
K — KOHCTaHTa XemocopOumum.

[ToncraBuB B ypasHeHHe (2) 3Hauenue 0, nocne
HEKOTOpPbLIX mpeobpa3oBaHmii mojyyaem:

1/la = a1+ 1/KCxyqpry -

Ha puc. 2 B kadecTBe mMpuUMepa MPUBENEHB! 3aBH-
cumocTd BenuyuH 1/a ot 1/KCpyy), NONyYeHHBIE
Ha OCHOBAHMM ITMHEAPH3AlLMM H30TEpM XeMocopo-

1la, momb™'
250000
2
200000
1
150000 -
®
100000
|
50000 |
0 5000 10000 15000 20000
1 fc,qum' nmone

Puc. 2. 3apucumocts Benuuubi 1/a o1 VKC,, gy ALA
cucrem KAuCl—| jIL]:";!8K6 B 0.1 (/) u IDMOHM‘JI HCI
(2. Caupamy=!- 2 107°—4-107 mons/n, Nyo = 4 107 moss.

uun Au (11T) u3 pacrBopos conaHoii kucnotrst. Koag-
(puuMeHT KOppensuuyu AN BCeX M3YYEHHBIX CHCTEM
cocrasnan 0.982—0.991. [Mony4yeHHble NpU IKCTpa-
MONSLMH NPAMBIX HA OCh l/a mpenenbHbIE KOMHYe-
crBa xemocopGuposannoro Au (II1) u paccuntaHusie
KOHCTaHTHl XeMocopOuuK MpUBENeHb B TabiHlle.

Kak BuIHO 3 Tabnuiibl, KOHCTAHTA XeMocopO-
uuu 3on0ta (111) monumeprocea3anHeiM 1B 18K 6 u3
BOJHBIX PacCTBOPOB, COAEPMKALIMX COJIAHYIO, a30THYIO
WIM XJIOPHYIO KUCTOTHI, yMeHblaercs B pany CI>
NO5;>ClO, . Haubonbuiue 3Ha4eHNs KOHCTAHTBI Xe-
MOCOPOINH TOMyUeHb! I8 CHCTEM, COJepiKalInX COo-
JISHYIO KHCTOTY ¢ KoHueHnTpanue# 0.1 u 1 Moms/i.
DTO MOKHO 00BACHATE H3MEHEHHEM COOTHOIIEHHS
koHuenTpauuii yactuu [AuCLOH™ ] u [AuCl, ] B pac-
TBOpaxX B 3aBHCHMOCTH OT KOHUEHTPALMH XJIOPHI-
HoHOB. [1pu yBenu4eHHH KOHUEHTPALHH XJI0PHI-HO~
HOB B COOTBETCTBHH c paBHoBecueM (1) Bo3pacraer
koHuenTpauus anuona [AuCly ] Moxuo npeano-
JIOKUTh, YTO @HHOH [AuCL,—] MpOYHee CBSA3bIBACTCH C
karionoM [KJIB18K6'] ro cpasHenmio ¢ [AuCLOH |
KOoCBEHHO 3TO MpPEAnoiokKeHne MOATBEPKIAETC TeM
(GakTOM, 4TO yBeTHYEHHE KOHCTAHThI cOpOLMH Ha-
Garonaercsd W MpH MOBHIIIEHUN KOHLEHTPALUH Mpo-
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TOHOB, YTO, B CBOK OHepellb, TAKKE NPUBOAUT K YBe-
JIMYEHHIO KOHIeHTpauuy asdona [AuCl, ].

Crieflyer OTMETHTb, YTO C yBeIUYeHHEM KOHILIEH-
TpauUHH KHCIOTHl HAOMI0ONaeTcs He3HaYMTelbHOE
yMeHblIeHHe KOJIH4ecTBa copOMPOBaHHOrO 30/10Ta
(ITI). TTo Bceif BMAMMOCTH, MPH BBICOKHX KOHLEHT-
pauMaX KHCIOThI CTAHOBHTCA BO3MOJKHBIM KOHKY-
peHTHOe CBA3bIBaAHWE HMMOOHMIM3OBAHHBIM KaTH-
onoM [KJIB18K6'] xnopua-, HUTpaT- H MEPXIO-
par-aHHOHOB.

CpaBHeHHe KOHCTaHT xemocopGuuu 3ono1a (11T)
u3 BonaHsix pacrtsopoB [1JIB18K6 (em. Tabnuuy) c
KOoHcTaHTaMu xeMocop6uuu nannanus (11) u nmnaTtu-
Hel (I1), paBabivu 121 £ 21 u 476 + 92 Mmonb 1 co-
OTBETCTBEHHO [2], cBMmerenscTByer 0 0oJjee mpou-
HOM CBS3bIBAHUH nMMOSHmsoBaHHmM Ha MOBepx-
Hocru karmonom [KJ[B18K6' | 3omoroconepsammmx
AQHMOHOB 10 CPABHEHWIO C Majnaiui- U niaTHHYCO-
JepKaliMH aHHOHAMH.

Takum obpasom, xemocopOuus UMMOOHIH3OBAH-
HBIM Ha MOoBepxHoCTH KpayH-3¢upom b 18K6 anu-
oHos [PdCI;], [PtCL;z*] n [AuCly ] mosxer GviTh Npen-
cTaBneHa Kak MHorocraiuifHoe cyGcrpaT-peuentop-
HOe B3auMozelicTBHe. B naHHOM ciydae o1HOM U3 Bak-
Helturux sBiseTcs cTamus o6pa3oBaHHA peleENTopa,
Koropas BKJIOYaeT B ceGs BHEIpeHHEe MOHA Kajus
B TOJIOCTh KpayH-3¢upa. B pesyneraTe mocnenyio-
LIero HOHHOTO B3aUMOJeHcTBHA Mexy 06pasoBas-
LIMMCS PEeLenTopoM — Kamouom [K,LIB!SKG T cy-
GcrpatoM — aHMOHAMHA [PdCl4 1 [PtCl4 ] u [AuCly ]
obpa3yercsi CNOKHOE COEIMHEHHE COCTARA MOIMMEp
— KpayH-3()Mp—HOH KaHs—KOMIUIEKCHbIH nasianmuii
(IT), nnatuny (I1) n 3onoto (111) conepxamuii aHKOH.

Hucturyt ¢usuueckodt xumun um. JI.B. ITucapikesckoro
HAH VYxpauns, Knes

VIK 544.651.11; 544.653.22

V.V. Pototskaya, S.V. Volkov, A.A. Omel’chuk *

PE3IOME. Busueno copbuito 3onora (III) 3 Boguux
posuunis kpayH-epipom JIB18K6, imMmoOinizoBanuM Ha
nosepxHi momimMepHol matpuui, JlocnimkeHo BIUIMB KHC-
TOTHOCTi PO3YMHIB Ta NPHPOAH KHUCIOTH, WO J0JAETHCHA
(HCI, HNO; ta HCIO,), Ha TepMoauHamiuni napamerpu
copbuii 3010ta (II1). Tokaszaro, mo koHcraHTa copbuil 30-
nota (I1I) nonimepuo3s’azanum JB18K6 3mensmyerscs B
pany CI> NO;>ClO,". Ha nincrasi nopisHsHHS pe3yis-
taris copbuii [AuCly"] ta izoenextponnux [PdCl, ] Ta
[PtCl," ] monimepHO3B’a3aHuM kpayH-edipom JIB18K6
BCTAHOBIEHO, HIO CTYNiHB 3B’A3yBaHHA MeTany 306iis-
wyersess B8 pany Pd (IN<Pt (I1)<Au (III).

SUMMARY. Gold (11I) chemisorption into polymer-
supported crown-ester DBI8C6 from aqueous solution has
been investigated. Influence of solution acidity as well as
nature of added acid (HCl, HNO; or HCIO,) upon ther-
modynamic parameters of gold (III) chemisorption have
been studied. It has been shown that the constant of
gold (IIT) chemisorption with polymer-supported DB18C6
decreases in the row CI_>NO33C]04_ On the grounds
of comparison of chemlsorptmn results of [AuCl,"] and
isoelectronic [PdCl, "] and [PtCl, 2 by polymer-supported
DBI18C6 it may be concluded, that metal sorption level
increases in the row Pd (11)<Pt (II)<Au (11I).
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IMocrynuna 17.06.2005

NATURE OF BISTABLE STATES IN THE CASE OF ANODIC DISSOLUTION
OF METALS IN MULTICOMPONENT ELECTROLYTES

A theoretical model is proposed, which describes the mechanism of the anodic dissolution of metals in multicomponent
electrolytes. The relation between chemical reaction and transport processes may give rise to two stable states in the
electrochemical system. It has been shown that in the case of controlling the rate of the mass transfer process

* V.V. Pototskaya (B.B. [Tortoukas) — kana. xum. Hayk (1978); A.A. Omel’chuk (A.A. OMens4yk) — HOKT. XHM.
Hayk (1991), paboraer ¢ C.B. Bonkoseiv ¢ 1978 r.
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in electrochemical systems with a number ot components of >3, the outer Helmholtz plane potential may take
on two values at the same electrode potential value. The question of the appearance of anodic dissolution limi-
ting currents has been studied for electrolytes containing four sorts of ions with arbitrary charges and diffusion co-
efficients. The existence and magnitude of limiting current are also dependent on the charge of the complex formed.

The composition and concentration of electro-
lyte constituents, electrode potential, and the structu-
re of double electrical layer affect [1] the rate of ano-
dic dissolution of metals. Anodic dissolution and
corrosion of metals give rise to concentration chan-
ges in the near-electrode layer [2], which may result
in electrochemical-wave propagation [3—6]. The con-
centration changes may play [4] a determining role
in the appearance of spatially distributed potential
patterns at the interface. During the anodic disso-
lution of a metal, solution anions may form [1] with
it intermediate complexes, which withdraw from
the anode surface to the bulk electrolyte through
a diffusion boundary layer. The diffusion control of
electrodissolution is either by delivery of anions to
the electrode or by the withdrawal of the complex
formed from the electrode [7, 8].

Moreover it is known [9] that in the case of com-
plex formation in the near-electrode layer of a multi-
component electrolyte, two different values of ligand
concentration may correspond to the same electrode
potential value at the same electrolysis conditions.
It may be assumed that this effect is due to the fact
that outer Helmholtz plane potential takes on two
different values at the same electrode potential. In
its turn, outer Helmholtz plane potential is deter-
mined by diffusion-migration processes in the near-
electrode layer. Mass-transfer-controlled anodic dis-
solution of metals is important in some types of
local corrosion, in electropolishing, and in electro-
chemical treatment [9]. Theoretical aspects of the
diffusion kinetics of anodic metal dissolution invol-
ving complex formation are discussed in Ref [2]
for solutions containing three sorts of ions.

In this paper, we present a mathematical model
of stationary diffusion-migration transport in anodic
metal dissolution involving formation of a complex
with anion of solution containing four sorts of ions
with arbitrary charges and diffusion coefficients and
examine the reasons of the appearance of bistability.

Consider a stationary process of anodic dissolu-
tion of metal M in an electrolyte solution consisting
of cations K ?l, K 32 and anions 4%, which involves
formation of ionic complex B** as a result of the
following electrode reaction:

M + ad® — bB* + pe, (1

where n= bz, —az;.
In terms of the Nernst diffusion model, the set
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of equations of ionic mass transfer in anodic disso-
lution is of the form:

. dey F dE

k= Dig ~ Dyt @
4
szck = 0, (3)
k=1

here j; is diffusion flows of ions K 7', K32, 4™,
B* and ¢;, D; are the local concentrations and
diffusion coefficients of these ions, and E is the
electric potential which is reckoned from bulk so-
lution. F, R, and T have their usual meaning.
If we denote anode current density by i and as-
sume that cations K ' and K % are not involved
in the electrode reaction, then tﬁe following expres-
sions will be valid for flows j:
f1=0;fz=0if3=—%;f4=%' (4)
We shall assume that the current density i is
related to the electrode potential E by the Folmer

uation:
54 o nF

i=Kncf s-exp[ e (B hEs)], (5)
here K and o are constants, and the subscript s
implies that the corresponding quantity must be
taken at x=0.
The boundary conditions for the set of equati-
ons (3), (4) are of the form:

Ci=Cs Ca=Chy C3=0Cys ¢=0; E=0, (6)

at x=3. Here & is the Nernst diffusion layer thickness.
Let us introduce dimensionless variables:

5 4
y=35 Ci Jk

With dimensionless variables, the set of equa-
tions (2)—(3) and the boundary conditions (7) are
written as:
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By multiplying all terms of eq (8) by z; and
summing with respect to k& we obtain:

b x k=1
. abD,
%= E (12)

The characteristic parameter y of the set of equ-
ations depends on the ratio of the diffusion coef-
ficients of the complex formed and electrolyte anion
and stoichiometric coefficients of eq (1).

Following [2], we use the dimensionless poten-
tial as a new independent variable. From eqs (8)—
(11) we obtain the set of equattons

dc
—£ 4 2, Cy=0. (35
d¥ o az—xz3)fz ) (13)
With the boundary condmons at ¥=0
Z,+z C
el = ;Lﬂ ch=- ‘371_ c°—1 ci=0.(14)
30 2

The solution of the set of equations (13) with
the boundary conditions (14) is of the form:

Cy = Clexp(-z¥);

(15)
(16)

]

Cy = Chexp(-z,¥);
= a3]exp(—zl‘P) + a3zexp(—zz‘~l’) +

[t =1)z,2
+ az3exp s AF

C4 = a’“exp(—zl‘}’) i a4zexp( ..le) +
[ - 1) 2,2 1
+ ayzexp ‘_‘__—3_4‘\1" 3
| 247 %%

0
w
I

(7

(18)

where:

CG_L_X_ =C

as) = » asp
..31 %z z*

3= l—ag —ayp; a4 =

0_1____1_~_. -
=F% Z, 1 =g 2% 243

—

an=
Ly o 31 4, a = e W DT
il %y %=y
Substituting the concentration distribution
(15—(18) into eq (11), we find the potential distri-
bution in the diffusion layer:

M‘x—‘ﬂ 24(1 —gz%) = c"(z, I

~Zo .
+ Cg(zz—z4)(l —e 2 )+ {ZZCO (zaz**x -

-
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1 —yz*
_24)1—7(:** -Xzsz']*z -2,2,C cPHi1-
) z.z
—exp[—-'—“'a’i_ ]} (19)
2, =% 2

Knowing the ion concentration distribution and
potential distribution we can determine the current-
voltage characteristic of the anodic dissolution pro-
cess. The kinetic equation (5) may be rewritten with
the dimensionless variables (7):

I = ICiexplan(¥y— ¥, (20)
where 5= 1
Kdct ™
]0 gL T
FD,4

Substituting expression (17) for Cj, into eq.
(20) yields:
1)z,z

I= Iy e*™o{(1 — a3 — azpexp B-Drdy
24~ 2y

o n on
_—-‘;—jl‘Ps} + a31exp[ —(zl +~;—)‘~I-'s:| o+

+ a32exp[ L ey A } i @1)

The outer Helmholtz plane potential can be fo-
und by making use of eq (19) for potential distri-
bution setting y=0:

1 -2,¥

=———X [ _;y%q-
o z*){("l 2)C =%y
(-2 CU—L* SRR (22)
1 0F s o AL
iy ZJ(X =1j {IZCZ |:(x ’3' '4) -x z#m

o et

From egs(21), (22) we derwe ﬁmcnonal de-
pendence of outer Helmholze plane potential on
Z £
! +a3ze

electrode potential:
)“"]{ d31€
1)z,z va
lyj]} -

—X z3 }—z —zlz4C°

%3

4

Loexp[(Fp -
(-1 zyz,
+ (1 —lgt = 032)3}(13[

Z,~ %%,
R LT R 0 -z ¥
- —2JC0 (1 =™
=g (% *){(z] z)Ci (1 ~e ‘)+(23)
+(z2—44)c°~1—1——(1—e T

_.___1_____.__ 0 S 1__X...z_*__
et G D
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(x - 1)zz 1
5.z C? L-{i—exp[—“‘———M‘P }L'-.
! g%z A

Equations (22), (23) describes in parametric form
the current-voltage characteristic of anodic metal dis-
solution involving complex formation. Relations (22),
(23) obtained make it possible to investigate limiting
current magnitudes in the case of anodic metal dis-
solution involving complex formation.

A condition for the appearance of limiting cur-
rent is decrease to zero of the near-electrode concen-
tration of anions directly involved in the metal dis-
solution reaction. Consider several cases.

1. Formation of an anionic complex (z4<0,
z;=z;=z). This case is realized when the anion con-
centration at the anode surface is zero. The entire
process is controlled by diffusion, i.e. by delivery
of anions to the anode surface. From eq (17) we
derive an expression for the potential at which li-
miting current appears:

(z,—%z3)Inyz*
24(z - 33)(1 —-%xz¥)
In this case, limiting current is:

(TL -z9", (24

where 1 is defined by the expression:
. z';(x =1) .
(z-z)1-x2%

For y—1 and z<0, limiting current is:

s =3 ety :“(" “_3) ]. e
2(24—23) ;3(z )
Consider the case where yz*=1. Limiting cur-
rent will be:

- x~(x.~7"‘)“[-’—-’3]_
fim = -
x-1 G

[t should be noted that this limiting current
is observed always when z4<0 for any values of
the y parameter.

If the diffusion coefficient of the complex is
much higher than that of anion (y—<), the limi-
ting current magnitude is determined by the charges
of cations and anion:

T =

im az

lim —

Ilim

(26)

(27)

2. Formation of a cationic complex (z,>0,
x>1). In this case, the limiting current magnitude
depends on the parameter y and the charge values
of cations and anion:
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(28)
x=1 @

Liim

As is evident from the above expressions in
terms of the present mathematical model, addition
of one more cation in the case of z;=z,=z does
not change the dependence of limiting current on
the characteristic parameters of an electrochemical
system in comparison with three-component solu-
tion [2].

3. Formation of a neutral complex (z,=0).

Lim =Ezl_3{c? ;-2 +Cg @, —22)].

The outer Helmholz plane potential is the main
variable for the description of dynamic instability
and self-organization phenomena in an electroche-
mical system with nonlinear current-potential char-
acteristics. Fig. 1 shows the theoretical dependence,
calculated from eqgs (21), (22), of outer Helmholtz
plane potential on electrode potential for the case
of anionic complex formation at the parameter
values: z1=z5=1; z3= -1; 24~ -2; = 1/2; n= -1; x=1/2.

As is seen from fig. 1, a region exists in which
the relation between electrode potential and outer
Helmholtz plane potential is ambiguous. In this elec-
trode potential range, a bistability may arise in an
electrochemical system. Bistability is of frequent oc-
currence and corresponds to the situation in which
a system can exist in two stable steady states at the
same conditions. The presence of several stationary
states in the case of anodic dissolution is associated
with a complexation reaction at the interface and
with mass transfer processes, which determine the
potential value on the outer Helmholtz plane, The

Y g

12

3

: .3 10 15
2L h

Fig. 1. The theoretical dimensionless dependence of outer
Helmholtz plane potential ¥  on electrode potential ¥,
for the case of anionic compiex formation.
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trolyte is decisive for the ki-
netics of any electrochemi-
cal reaction. Pattern forma-
b tion in electrochemical sys-
tems occurs at the electrode
/ electrolyte interface and re-
sults from the interplay bet-
ween interfacial kinetics and
transport processes near the
electrode surface.

\Ps B
12 %I
L a 201
0.8r £
10+
0.4+
6.0 20 20 6.0 100 ¥ 0 10 20

Fig. 2. The theoretical dimensionless dependence of outer Helmholtz plane po-
tential ¥, on electrode potential ¥ for the case of neutral (a) and cationic
(b) complexes formation at the parameter values: a — z;=z,=1; z;= -1; z,=0;
a=12; =12, b — z=z;=1; z;=-1; z,=1; o=V/2; =1/2.

variation of outer Helmholtz plane potential
through migration may affect greatly the con-
centration profile in the diffusion layer, which
in turn may lead to variation of outer Helmholtz
plane potential.

It should be noted that in the case of anionic
complex formation, bistability is observed not al-
ways but only at certain values of the parameters
that characterize the electrochemical system.

In the case of formation of a positive and a neu-
tral complex, the relation between electrode poten-
tial and outer Helmholtz plane potential is unam-
biguous.

Fig. 2, a and b shows plots of outer Helmholtz
plane potential against electrode potential for the
case of formation of a neutral and a positive comp-
lex respectively.

It would be very interesting to find out when
exactly the system jumps from one branch to
another (fig 1). To answer this question, the stabi-
lity of the system against fluctuations must be
studied.

The behavior of the electrochemical system
in the case of anodic dissolution depends very
strongly on the ratio of diffusion coefficient and
charge values of the ions present in the electrolyte
and electrochemical reaction constants.

The interface between the electrode and elec-

V.1. Vernadsky Institute of General and Inorganic Chemistry,

Ukrainian National Academy of Sciences, Kyiv

120

PE3IOME. IIpeanoxena ma-
TeMaTH4Yeckas MOJeNb, OMHChIBa-
101048 MEXaHH3M AHOIHOIO pac-
TBOPEHHA META/LIOB B MHOTOKOMIIOHEH-
THBIX 31eKTponnTax. CBA3b MEKIY XH-
MHYecKoH peakiueil kommiekcoobpaso-
BaHHsA PACTBOPSIOUIMXCA HOHOB MeTaula
C aHHOHOM pacTBOpa H TPAHCIOPTHRI-
MH npoueccaMf MOMET oﬁycnonmmau [IOABJIIEHHE IIBYX CcTa-
OMNBHEIX COCTOAHHE B 3nekTpoxHMu4eckod cucreme. [Toka-
3aHO, 4TO B ClIyYae, KOrda CKOPOCTh MpOLEcca KOHTPOIHpY-
€TCH MACCOMEPEHOCOM, B JNEKTPOXHMMHECKOH CHCTEMe ¢ 4H-
C/IOM KOMMOHEHTOB =3 [10TEHUMAN BHEWHeH [10CKOCTH
leneMroneia MOXeT NPUHUMATL 1B2 3HAYEHHA NPH OJHOM
M TOM JKe 3HAYEHMM NOoTeHUMana anexktpoja. MccnenobaHsl
YCNOBHA NOABIECHHA NPCACILHONO TOKAa B 3aBMCHMOCTH OT BE-
AMYMHBL 3apAfa oOpasyrollerocs KOMILIEKCa B pacTBope, co-
ZlepKalieM HeThipe CopTa HOHOB.
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UHOOPMAIIMA. XPOHUKA

IV VYkpaiucbKui

26—30 sepecus 2005 poky B Anymti Binbysca IV Ykpaiu-
cpkmil 3731 3 enekTpoxiMmii, npucAdennit 75-if piunmmi 3 aHz
HAPOAKEHHS BHAATHOrO BueHOro, akanemika HAH Vkpainn
0.B. l'opoaucskoro, Akuii BIPoA0BXk GaraTthoX poKiB 040110BAB
HaykoBy pamy 3 mpolGnemn "Enextpoximis” HAH Vxpainn.

Opranizatopamu 3731y BHCTYNHIM [HCTHTYT 3aransHoOi
ta HeopraHiumoi ximii im. B.I. Bepraacekoro HAH Vkpainn,
naykosa paaa 3 npoGnemu "Enextpoximis" HAH Vkpaiuu,
Hauionaneuuit Texuiuunii ynisepeuter "Xapkiscekuil mosmi-
texHiunmil iHcTuTyT", Xapkischkuil HauioHansuuii yHiBepcH-
rer im. B.H. Kapasina, Taspiliceknii Hanionansuuit ymisepcu-
ter imM. B.I. Beprancekoro.

V poGoti 3'i31y B3SAH y¥acTs BiIOMi BueHi Ta Monomi Ha-
ykoBui Ykpainn, a takox syedi 3 Pocii, Monmosu, IMonsmi, I3-
painio — sesoro Gnu3bko 160 wonosik. Ha 3731 npaosanu
vaki cexuii: QysgamenTansui npobGneMu enekTpoXiMmii; Tex-
HiUHA e1eKTPOXiMid; elekTpoxiMiuHa EHEPreTHKa; eNeKTpo-
XiMis OpraHivHHX CIIONYK; eNeKTPOXiMiuHi acmekTH exonorii
AHOJHI MpouecH i KOpo3is Meranis.

3aranom Gyno npencrasnedo 190 momosizedt, 3okpema Ha
NAeHApHUX Ta CEeRUIfHUX 3acinannax Gyno 3acnyxaro Ta 006-
rosopeno 46 gorosinel mpoBigHEX ydenux YkpaiHu Ta 3a-
pyGixmux koner. Cepen nonoeimauis i cripaptopis — 1 axa-
nemik, 4 unenn-kopecnonaents HAH Vkpaiun, 55 nokropie
Hayk, 70 KaHAHA4TIB Hayk.

Ipencrasnexi NONOBiAI OXOTUNIOBAIM MHPOKMIl CIEKTP Cy-
qacHUX 1poGieM eneKTPoXiMil: CTBOPEHHS HAYKOBHX OCHOB
@TeKTPOXIMIYHMX TeXHONOTill OJepKaHHA MeTaniB, cniaBis,
KOMIIEKCHHX CTOJIYK, OPraHiYHuX MpPOJYKTIB, NOCTINKEHHA B
ramgy3i eleKTPOXIMIMHOT EHEPreTHKH, MOHITOPHHTY A0BKLLIA Ta
IHEMIKOKCHHS WKIATMBHX BHKHIIB, €l1eKTPOXIMIMHOTO CHH-
Te3y HAHOCTPYKTYP Ta IX JOCTiMKeHHS.

3anoyartkoByBana 3’134 muexdapHa gonosias E.B. [Tanosa
"Anexcanap Bragumuposuy [opoasicknit (k 75-neTino co aHA
poxeHus)" npo HayKoBO-OpraHizauiifHy AiaabHiCTs Ta Hairo-
JOBHIMI HAYKOBI Pe3ynbTaTH BHIAATHOTO BYEHOrO-1E€KTPO-
xiMiKa, Mpali AKOTO MAalOTh BEAHKHH BILIMB Ha PO3BHTOK CYy-
qacHOT enexkTpoximii.

B orasgosiil nonosiai akaxemika HAH Vxpaimm C.B. Bon-
kopa, a.71.H. JL.X. Kosina, axn. A.O. Omensuyka "Hekoroprie npo-
Grembl coBpeMeHHOM anekTpoxuMuH. TexHuyeckas H npHKIaj-
Has YIEKTPOXHMHA" POITIAHYTI NOCATHEHHA | TeRACHUII pO3BHT-
Ky cydacHoi Ta MpHKNamHOl enekTpoximii, a Takox HaiiBax-
nuiwi npo6aemu, 3a4adi, pilleHHA AKHX BH3HAYATUME PO3BHTOK
enextpoximii 8 XXI cronirri.

Benuke 3auikaBneHHs BHKINKANa A0TMOBIIb 4IeHA-KOPEC-
nounenta HAH Vipaiun B.I'. Komeuka mpo enekTpoxiMiyny
kousepciro "manux" momexyn (COz CO, SOz, NO Ta iHmnx)
B UiHHI OpraHi4Hi MPOJYKTH.

Y monosini @.H. Jlanunosa npo 3akoOHOMIpHOCTI KiHe-
THKH IHTIGipyBaHUX peakuiil MoKa3aHo, WO OCHOBHOK NpHYH-
HOI0 3HMXeHHS iHrifipyiouol #ii npu nepexoai Bix amanbram-
HHX 0 MOJIKPHCTANIMHUX eNeKTPONiB € 3MiHa opienTauii Mo-
nexyn ancopfata i nos’s3anoi 3 Helo HOH-INTIONBHOT B3aeMo il
AKTHBOBAHOTO KOMIIEKCY 3 OPTaHIYHHMH MOJIEKYIaMH B IM0-
BEPXHEBOMY Iapi.

M.O. Mueanos-Ilerpocan gonosis npo pissi cnocoBu owin-
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3’134 3 eJeKTpoximil

KH TI0BEPXHEBOTO ENEKTPHYHOrO MOTEHUIATY HAHOYACTOK ¥ JIio-
(ipHEX IHCMEPCHUX CHCTEMaxX, OCHOBAHI TOJOBHMM YHHOM Ha
BHKOPHCTAHHI KMCNOTHO-OCHOBHMX iHJMKaTOPiB.

ITpo TeoperudHe oGrpyHTYBaHHA | eKCHEPHMEHTANbLHE
NOBeJeHHA HafbUIbI MEepCrneKTHBHUX ENeKTPOXIMIYHHX Me-
TOAIB CHHTE3Y BYI/IEUEBHX Ta OKCHIHMX HAHOYACTOK — 4epes
iHTepKanauilini cnoayku rpadiry, npsMHM BilHOBIEHHAM Kap-
GoHaT-floHa, ENeKTPOXIMIYHMM XjiopyBaHHaM kapGigis Iy-
KHO-3eMETBHUX MeTanis — ifmnocs B gonosigax E.B. [lanosa,
C.B. Boakoea, M.B. Orenka, I'.5l. KonGacosa Tta inmux.

OcofauBocTaM elexTpoXiMiMHOT MoBEAiHKH ChuiaBiB Ha
OCHOBI Hikemo i MoniGaeHy B po3rIaBneHill EBTEKTHII HATPIIO
Ta UHPKOHi0 Gyna npucasdeHa gonosims A.0. Omenbuyka.

B.Il. Usipyk g0moBiE Mpo JOCATHEHHA Y PO3BHTKY Teo-
pernuHoi Gasu Ta y cTBOpeHHi TexHiuHHX 3acobi enexktpo-
XIMIYHHX METONIB MOHITOPHHTY A4 BUpiMIEHHA B3aemMooby-
MoBiIeHHX npo6neM 3 mMiIBHILEHHS PiBHA eKonorivHOl Ge3nexu
TEXHOTeHHHX CepeZoBHII.

[Ipo ocHOBHI HANPAMKH PO3BHTKY BHPODHHNTBA CBHHILIE-
BHX akyMynaTopis B Yxpaini posnosie b.l. bafipaunwmii, awuit
Bi3HAYMB, 1[0 BHKOPHCTAHHA ABTOMATHHYHOTO YCTATKYBaHHA
HA CY4aCHMX 3aBOJIAX CYTTEBO NOKPALIATO YMOBH Hpaii Ta eKo-
jgoriudy Gesnexy BupoOHHUTBA akyMynasTopHHX Garapeil, enek-
TPHYHI Ta eKcrUTyatauiiiHi mapaMerpn AKHX He MOCTYNaIOTheA
aHajoraM 3aKopZOHHMX (ipM.

Hwusky aktyansHux npoGneM cywacHoOT enekTpoximii, mo
JOCHUDKYIOThCA Ta pospobnaioreca B Ykpaini, 6yno sHCBiT-
neHo B 3MicToBunx nonosiaax f.IO. Tesryna, B.M. [Inaxor-
uuka, €.I1. Koesanbuyka, M.J. Caxuenka, B.®. Bapramoka,
M. . Komens.

3acyroByioTh Ha yBary Aomnosigi kauwauparis Hayk @.J1.
Manineenua, 0 .K. [Tipcskoro, [.A. Hosocsonosoi, O.M. Ka-
ayrina, B.€. Titosa, O.A. Ilyaa Ta psay Monoamx cretiaicTis
i acmipaHTiB AK MEPCHEKTHBHI MIOJ0 3aXHCTY AOKTOPCHKMX i
KaHIHIATChKHX JAHMCepTaILiil,

Cnia BIA3HAYMTH HOMOBIAI 3aKOPAOHHHX H0TIOBifadis.
Benuke 3anixasjieHHs BHKIHKam® jonosiai npodecopa B.B.
Suinkina (Imcturyr opraniusoi ta dismunol ximii im. O.€
ApGysosa Kaszaucekoro naykosoro uentpy PAH), T, Zakro-
czymski i J. Flis (Institute of Physical Chemistry, Polish Aca-
demy of Sciences), O.I. Tuxycapa (lucrutyr npuxnanuoi disu-
ki AH Monnosu, Knmnnes).

Marepianu 331y 3aBISKH ONEPATHBHOCTI Ta edeKTHBHIlH
penakuifiHo-BUIaBHHYIA AiSABHOCTI, TOJOBHHM YHHOM Xap-
KiBchKOT rpyny opranizauilinoro xomitery, Oymm BunaHi y Bu-
raazai wyaoso noairpadiuno odopmaennx 36ipHUKIB HAYKOBHX
npaus — ue Bichuk XapkiBChbKOTo HAMiOHANBHOTO YHIBEPCH-
Tety, Ne 648, 2005 ta Becrrux HaumoHanLHOro TEXHHYECKOTQ
yausepeurera "XTIH", Ne 15-16, 2005,

Comia sigsnauuTn TBOpHMY armochepy 3’3y H vajany Ha
HBOMY MOXAHBiCTh HeopMaibHOro 06roBOpeHHN HaHGiTLIL
uikagux npoGnem cydacHoi enextpoxiii Ta W BHKnaganus y
BulIMX Y400BHX 3aknazax YxpaiHu.

Yeprosuit V Vipaincekuli 3734 3 enekTpoxiMii BHpinieHo
nposectst Ha Ga3i YepHiBelbKOro HAaUIOHANKHOTO YHIBEpCHTETY
iM, IOpis ®enpxosuua B 2008 poui.

T. I'mywak, KGHO. XiM. HayK
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