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PHASE FORMATION PROCESSES OF ORGANIC-INORGANIC CH,NH.Pbl,

PEROVSKITES USING A DMF SOLVENT

P.V. Torchyniuk’, O.1. V’yunov", V.O. Yukhymchuk?, O.M. Hreshchuk?,
S.V. Vakarov', A.G. Belous'
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Academic Palladin Avenue, Kyiv 03142, Ukraine

V. E. Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine, Nauky Avenue, Kyiv
03028, Ukraine

*e-mail: vyunov@ionc.kiev.ua

The organic-inorganic perovskite films CH,NH,PbI, were synthesized from solutions with
different ratios (1:1, 1:2 and 1:3) of initial reagents (Pbl, and CH,NH.I) in a DMF solvent.
XRD and Raman spectroscopy shows that the perovskites are formed according to different
schemes depending on the ratio of Pbl, and CH,NH,I. At the ratio 1:1 of initial reagents,
three intermediate compounds are formed: (CH,NH,),(DMF) Pbl , (CH,NH,), (DMF), Pb.I,
(CH,NH,),(DMF)PbI.. At the ratio 1:2 of initial reagents four intermediate compounds are
formed: in addition to the above phases, the phase (CH,NH,),(DMF),Pb I is found. And at
the ratio 1:3 of initial reagents, only two intermediate phases, (CH,NH,),(DMF) Pbl, and
(CH,NH,),(DMF)PDbI,, are observed. The morphology of the perovskite films was established
to depend primarily on the ratio of the initial reagents. The temperature of heat treatment

changes only the grain size of films.

Keywords: organic-inorganic perovskite, X-ray diffraction analysis, Raman spectroscopy;,

intermediate compounds, stability.

INTRODUCTION. Nowadays, much of the
energy comes from hydrocarbons, coal and
other fossil fuels. Their usage in electricity ge-
neration leads to significant CO, emissions in
the atmosphere, increases the greenhouse ef-
fect and changes the climate across the globe in
disastrous proportions. The increase of energy
produced by photovoltaic elements contributes
to solving the problem of global warming [1].
Today, most solar panels are manufactured
based on indirect band gap silicon.The active
layers of these materials are relatively thick

(~200 um) for the complete absorption of solar
radiation in the visible and near-infrared ran-
ges. This increases their cost and holds back
the growth of solar power plants. Therefore,
the direct band gap semiconductors with a
high absorption coefficient in the visible spec-
tral range based on environmentally friendly
and economically attractive materials are of
interest. They are characterized by a high level
of properties, which allows them to be consi-
dered as promising materials for next-gene-
ration PV technologies: high electron mobility
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(800 cm?/ Vs) [2], long carrier diffusion length
(over 1 pm) [3, 4], ambipolar nature of moving
charges [5], high absorption coeflicient (great-
er than 105 cm™') [3], etc. The search for such
materials is going in several directions. In par-
ticular, the following materials are investigated
as an active layer of solar cells: multicompo-
nent metal chalcogenides Cu,ZnSnS, [6], orga-
nic semiconductors [7], semiconductor quan-
tum dots [8], and organic-inorganic halides
CH3NH3PbI37yXY with perovskite structure [9].

In recent years, the efficiency of perovskite
solar cells based on CH,NH,PbI, has dynam-
ically increased [9-11]. Indeed, they are quite
promising materials for producing solar cells.
The organic-inorganic perovskite films are re-
latively easy to synthesize, they have high light
absorption coefficients in the visible spectral
range and a large diffusion length of charge
carriers [10]. Over the last 10 years, the efhi-
ciency of solar-to-electrical conversion of
perovskite-based photoelectric elements has
grown from 3% [11] to 25.2% [12].

However, organic-inorganic perovskites
have some drawbacks. In particular, their struc-
ture degrades due to atmospheric humidity. To
overcome the above problems, the processes in
the formation of CH,NH,PbI, perovskite films
have to be clearly described.

The ratio of starting reagents and the chem-
istry of precursors are the main factors affect-
ing the structural and, as a result, physical
and chemical properties of CH,NH,PbI, per-
ovskites [13-18]. The complex chemical inter-
action of an organic cation, a coordinating sol-
vent, and an inorganic component determines
the processes of crystal nucleation and forma-
tion [19] and consequently affects the proper-
ties of crystalline films. However, practically
no data is published about the phase transfor-
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mations during the synthesis of samples in dif-
ferent synthesis conditions (ratios of initial re-
agents, solvents, heat-treatment temperatures).

The aim of this work was to study in a wide
temperature range (from 20 to 175 °C) the
processes in the synthesis of organic-inorganic
CH,NH_PbI, perovskite films using the initial
reagents CH,NH.I and Pbl, in different ratios,
which are dissolved in dimethylformamide
(DMF).

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Materials. Lead iodide (PbL,),
methylammonium chloride (CH,NH,CI) and
pre-synthesized methylammonium iodide
(CH,NH,I) were used as starting materials.
To stabilize the perovskite structure, iodine
was partially substituted with chlorine by
the addition of methylammonium chloride
(CH,NH,CI) [19]. In this paper, for simplici-
ty, the solid solution CH,NH,PbL , Cl = will
be further written as CH,NH_ Pbl.. Dried di-
methylformamide (DMF) was used as the sol-
vent.

Synthesis of methylammonium iodide and
organic-inorganic perovskites. Methylammo-
nium iodide (CH,NH,I) was synthesized by
the dropwise addition of aqueous HI (Sigma
Aldrich, 57%, 1.0eq) into methylamine (Sigma
Aldrich, aqueous, 40%, 1.05eq) under stirring
at 10 °C. The solution was stirred for two hours,
then the solvent was removed by rotary evapo-
ration. The yellow-white crystals were washed
three times with methyl tert-butyl ether, fil-
tered, and dried overnight under vacuum to
yield white crystals of CH,NH.I.

For the deposition of CH,NH,Pbl, films,
the initial reagents, Pbl, and CH,NH.,I with
molar ratios of 1:1; 1:2; 1:3 were dissolved in
DMEF and stirred at 70 °C for 1 hour. The crys-
talline CH,NH,PbI, films were formed in a dry
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box. The previously prepared clear solution
was deposited on to a purified glass substrate
by spin-coating with a speed of 2400 rpm for
30 seconds. The films were thermally treated
on a preheated hot plate at temperatures from
20 to 180 °C for 15 min.

The microstructure and the elemental com-
position of organic-inorganic perovskites were
controlled using a scanning electron micro-
scope SEC miniSEM SNE 4500MB equipped
with EDAX Element PV6500/00 F spectro-
meter.

The phase composition of films was iden-
tified by X-ray diffractometry (XRD) using a
DRON-4-07 diffractometer (CuKa-radiation,
40 kW, 20 mA) at 20 = 5-50°, a step of 0.04°
and a count time of 4 s.

Experimental Raman scattering spectra were
studied at room temperature in the back-scat-
tering geometry with an MDR-23 single-stage
spectrometer equipped with a CCD detector
(Andor) using A = 457 nm (diode-pumped

solid-state laser, CNILaser). The laser excitation
power was kept as low as possible, to avoid the
damage of molecules under investigation either
due to heating or photochemical reactions.

Figure 1 shows SEM images of the surface
of the synthesized films obtained on glass sub-
strates at different ratios of the initial PbI, and
CH,NH,[ reagents and heat treatment temper-
atures of 25 °C (a, b, ¢) and 75 °C (d, e, ). The
ratio of the starting reagents Pbl, and CH,NH,I
has a decisive influence on the morphology of
the synthesized films. The ratio of the initial
components significantly affects the formation
of CH,NH,PbI, precursors and, accordingly,
the subsequent growth of perovskite crystals
and their shape [19, 20]. The heat treatment
of films at different temperatures also affects
their morphology. As the temperature of the
heat treatment of films increases, the shape of
the characteristic structures (grains) on their
surface remains similar, although their dimen-
sions are significantly reduced.

Fig. 1. SEM image of the surface of CH,NH,PbI, perovskite films deposited on glass substrates at
different ratios of the initial reagents: Pbl, : CH,NH.I = 1:1 (a, d); 1:2 (b, e); 1:3 (c, f), and at the tempe-

ratures: 25 °C (a, b, ¢) and 75 °C (d, e, f).

https://ucj.org.ua
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Table 1 shows literature data [21-28] on pounds in the films formed in a DMF solvent
the unit cell parameters of the initial reagents, at different ratios of the initial reagents Pbl,
probable intermediate and terminal com-

and CH,NH,L

Table 1

Unit cell parameters at room temperature of the initial reagents, probable intermediate
and terminal compounds in the synthesis of organic-inorganic perovskite films.

Symmetry and

Compound Unit cell parameters References
space group
(CH,NH,),(DMF),Pb I Monoclinic P2 /c a=4.5647(9) A [21]
(Ne 14) b =25.446(5) A
c=12.119(2) A
a=7y=90°
B=96.75(3) °
Z=4
V=1397.9(5) A3
(CH,NH,),(DMF),Pb,I, Orthorhombic a=17.165(9) A [21]
Pnnm b =121.955(4) A
(Ne 58) ¢ =4.5549(9) A
a=P=y=90°
Z=2
V =1716.6(6) A3
(CH,NH,),(DMF)PbI, Triclinic a=10.1714(15) A [21]
P-1 b=11.335(3) A
(Ne 2) c=12.394(2) A
a=111.18(3)°
B=101.11(3)°
v =109.80(3) °
Z=2
V =1170.0(7) A3
(CH,NH,),(DMF) PbI, - - [22]
(CH,NH,),PbI 2H,0 Monoclinic P2 /n a=10.421(3) A [23]

(Ne 14)

b=11.334(2) A
c=10.668(2) A
o=p=90°
v =91.73(2)
Z=2
V=1259.4(5) A3
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Table 1
Symmetry and _
Compound Unit cell parameters References
space group
CH,NH,PbI,H,O Monoclinic P21/m a=10.46 A [24,25]
(Ne 11) b=463A
c=11.10 A
o=p=90°
¥ =101.50°
Z=2
V=536.05(19)
CH,NH,PbI, Tetragonal a=28.870(2) A [26]
I4/mcm c=12.669(8) A
(Ne 140) V =996.8(7) A3
Pbl, Trigonal a=4.558 A [27]
P-3ml c=6.986 A
(Ne 164) V =125.69 A3
CH,NH.I Tetragonal a=5.12729(1) A [28]

P4/nmm (Ne 129)

c=9.01794(2) A
V =237.074(1) A3

150 °C
130 °C
115°C
110 °C
65 °C
55°C
X 500C
30 °C
25°C

6 8 10 12 14 16 18 26

Fig. 2. X-ray diffraction pattern of films pre-
pared with the ratio 1:1 of the initial reagents Pbl,
and CH,NH,I with heat treatment at different
temperatures. The second phases are denoted by
“0” - (CH,NH,),(DMF) Pbl; “*” - (CH,NH,),
(DMF) Pb.l; “®” (CH,NH,) (DMF)Pbl; 0" -
PbI; and “0” - CH,NH,Pbl,.

https://ucj.org.ua

Figure 2 shows the results of an XRD analy-
sis of CH,NH,PbI, perovskite films prepared at
aratio of the initial reagents Pbl, and CH,NH,I
of 1:1 and at different temperatures of heat
treatment.

The X-ray diffraction patterns of the films
show the peaks corresponding to CH,NH_PbI,
(14.1 °) and second phases. In particular, the
peaksat 20 =6.53°,8.04°,9.5°,10.03°,6.53 °,
11.06 °, 13.08 °, 16.13 °, 17.46 °, 19.18 ° and
19.68 ° (denoted in Fig. 1 as “*”) correspond
to the phase (CH,NH,) (DMF),Pb_I_ [21]. The
X-ray peaks at 2@ = 7.71 °and 11.48 ° (denoted
in Fig. 2 as “[1”) correspond to the compound
(CH,NH,),(DMF) PbI, [22], the peaks at
20 = 9.15 °, 16.94 ° and 18.36 ° (denoted in
Fig. 2 as “@”) correspond to the compound
- (CH,NH,),(DMF)PbL, [21], and the peaks
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at 20 = 12.7° (denoted in Fig. 2 as “0”) corre-
spond to the PbL . Thus, depending on the tem-
perature of heat treatment, the CH,NH,PbI,
films prepared with the ratio 1:1 of the initial
reagents Pbl, and CH,NH.I contain three in-
termediate phases.

Figure 3 shows the results of an XRD analy-
sis of CH,NH,PbI, perovskite films obtained at
aratio of the initial reagents Pbl, and CH,NH,I
1:2 after heat treatment in the temperature
range from 20 to 170 °C.

170 °C
160 °
130°
120 °

80°
4 50 °
A 30°
25°
20°

o
o
)
00006 600

Fig. 3. X-ray diffraction pattern of films pre-
pared with the ratio 1:2 of the initial reagents Pbl,
and CH,NH,I with heat treatment at different
temperatures. The second phases are denoted by
“0” - (CH,NH,) (DMF) Pbl; “*” - (CH,NH,),
(DMF) Pb I ; “®” - (CH,NH,) (DMF)PbL; “A* -
(CH,NH,) (DMF) Pb_I; and “0” - CH,NH PbL.

The analysis of the X-ray diffraction pattern
of films shows that in addition to the peaks of
the perovskite phase (14.1°), the peaks of other
intermediate compounds are present. In par-
ticular, the peaks at 7.71 °, 11.35 °, 11.48 °,
12 °, and 15.59 ° indicate the formation of an
intermediate compound (CH,NH,),PbI, or
(CH,NH,),(DMF) Pbl,. The peaks at 20 =
9.16°,16.94 °, 17.75 °, and 18.66 ° indicate the
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formation of the compound (CH,NH,),(DMF)
Pbl; at 2@ = 6.94° and 10.1° for the formation
of (CH,NH,),(DMF),Pb I and at 2@ = 6.53°
and 8.04° for the formation of ((CH,NH,),
(DMF),Pb.I, compounds.

Figure 4 shows the results of an XRD anal-
ysis of CH,NH,PbI, perovskite films prepared
at the ratio 1:3 of the initial reagents Pbl, and
CH,NH,I at different temperatures of heat

treatment.
©

(110)

175°C
170 °C
150 °C
120 °C
90 °C
65 °C
50°C
30°C
25°C

e

N
A °
A
N

.
4
|

_

. o o o o o0

6 8 10 12 14 16 18 20

Fig. 4. X-ray diffraction pattern of films pre-
pared with the ratio 1:3 of the starting reagents Pbl,
and CH,NH_I with heat treatment at different tem-
peratures. The second phases are denoted by “[0” -
(CH,NH,) (DMF) Pbl; “®” - (CH,NH,),(DMF)
PbI; and “¢” - CH,NH Pbl..

Intense peaks of the perovskite phase (14.1°)
and peaks from other intermediate phases are
observed. In particular, the peaks at 2@ angles
of 11.35°, 11.48 °, 11.64 °, 12 °, and 15.59 °
can be attributed to the intermediate phase
(CH,NH,),(DMF) Pbl,, at 2@ angles of 9.16 °,
10.1 °, 16.94 °, 17.75 °, 18.36 °, and 18.66 ° to
(CH,NH,) (DMF)PbL.

To determine the temperature ranges of
the formation of the intermediate compounds
in the synthesized films, Raman spectroscopy
was used. It should be noted that the interac-

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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tion of laser excitation with the sample results
in several types of radiation: inelastic (Ra-
man) scattering, elastic (Rayleigh) scattering,
and photoluminescence (PL). The intensity of
Rayleigh scattering depends significantly on
the morphology of films, which, like PL, in-
terferes with the recording of Raman spectra
of perovskite films [29,30]. In the presence of
intense PL, it is not possible at all to recordr the
Raman spectrum of these films. The PL band
of perovskites is quite wide (675-850 nm), so
to excite Raman spectra, the laser radiation
in the spectral regions before and after the PL
band should be used [31,32]. However, if the
film consists of several compounds, it is dif-
ficult to consider all of these factors. That is
why a change in the film composition may not
result in the appearance/disappearance of Ra-
man bands of a particular compound. In this
case, the spectrum changes as a whole due to
the overlapping of the contribution of Raman
and Rayleigh scattering, and PL. The analysis
of such changes allows us to evaluate the phase,

a
= 175°C
=
2 150°C
= 130°C
Q 250 cm
w
g !
= — 120°C
- ! 80°C

| 100°C
: 70°C
50°C
30°C
T T T T T T T T T T T T 1 20°C
50 100 150 200 250 300 350

Raman shift, cm™

component and morphological changes that
occurred during the formation of the film at
different ratios of the initial reagents and tem-
perature of heat treatment.

Intensity, arb. un.

50 100 300

250
Raman shift, cm™

150 200 350

Fig. 5. Raman spectra of a film obtained at a
ratio of the starting reagents Pbl, and CH,NH,I of
1:1 at a temperature of 90 °C with intensive laser
treatment (laser radiation density ~1.5-10* W/cm)
and varying the irradiation time from 1 to 60 mi-
nutes.

175°C

150°C

70°C
=
=
£

= 130°C

.‘E’ 120°C

= 100°C

o 80°C
=
o

- 982 cm’
864‘““ %2 llqﬁm}:(r’('
v 20°|C

T T
800 1000
Raman shift, cm™

T T
400 600 1200

Fig. 6. Raman spectra of films prepared at the ratio 1:1 of initial reagents Pbl, and CH,NH.I and with
heat treatment at different temperatures. (a) Raman spectra in the low-frequency range, (b) Raman spec-

tra in the high-frequency range.
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Figure 5 shows that in the spectrum of the
original film (curve 1) there is a low-intensi-
ty band in the region of 58 cm™, which corre-
sponds to I-Pb-I vibrations [33]. As the irra-
diation time increases, perovskite decomposes
into CH,NH,I and Pbl,, as evidenced by an
increase in the intensity of the bands of the
latter compound over time. Subsequently, to
record the Raman spectra of perovskite films,
the intensity of laser excitation radiation was
chosen such that it did not lead to degradation
of the film under investigation, even prolonged
action.

Figure 6 shows Raman spectra of the syn-
thesized films prepared at the ratio 1:1 of the
initial reagents Pbl, and CH,NH.I after heat
treatment at different temperatures.

The Raman spectrum of a film formed at 20
to 30 °C contains intense bands of Pb-I vibra-
tions(59and 110cm™), CH,NH, vibrations (110
and 138 cm™) corresponding to CH,NH_PbI,
perovskite and intermediate compounds, and
bands of the DMF solvent (864, 982, 1103 cm’!,
etc.). Increasing the temperature of the film
heat treatment to 30 °C leads to the disappea-
rance of the bands at 59 and 110 cm™ and the
emergence of a low-frequency band with a
maximum of 51 cm™ and intense photolumi-
nescence (PL)

The emergence of intensive PL is most like-
ly associated with the compound (CH,NH,),
(DMF),Pb. L. According to X-ray diffraction
data at temperatures above 30 °C, the content of
the compound in the film increases due to the
decomposition of the compounds (CH,NH,),
(DMF)PbI. and (CH,NH,) (DMF) Pbl,.

At temperatures of 50-100 °C, in the spec-
tra there appear bands at 51, 250, 752, 838 cm™,
which can be assigned to the compound
(CH,NH,),(DMF),Pb.I.. When the tempera-

70

ture rises to 100 °C, the intensity of PL de-
creases, which is associated with a decrease
in the content of (CH,NH,) (DMF),Pb. I, in
the film of organic-inorganic perovskite. At
temperatures of 50-100 °C, the CH3NH3PbI3
perovskite content increases. During the for-
mation of films at a temperature of 100 °C,
bands with frequencies of 110 and 96 cm,
which are characteristic of Pbl, appear in the
Raman spectrum. According to X-ray diffrac-
tion at a temperature of 100 °C, in addition
to perovskite, phases of Pbl, and (CH,NH,),
(DMF),Pb.I, are present in the film. At 115 °C,
asingle-phase film of organic-inorganic CH,N-
H_PbI, perovskite is formed. At temperatures
above 120 ° C, Pbl, bands (51,59 and 110 cm™)
have appeared, and their intensity increases.
When using starting reagents with a ratio of
Pbl, and CH,NH.I of 1:1 for the synthesis of
perovskite film, the single-phase perovskite is
formed at 115 °C, which degrades at tempera-
tures above 115 °C with the formation of PbL.
Figure 7 shows Raman spectra of films pre-
pared at a ratio of 1:2 of the initial reagents
Pbl, and CH,NH.I and heat-treated at differ-
ent temperatures. As for the films obtained at
a ratio of Pbl, and CH,NH.I of 1:1, bands of
Pb-I vibrations (~65-106 cm™) correspond-
ing to perovskite, intermediate compounds,
and the DMF solvent (864, 982, 1103 cm™!) are
present in the Raman spectra of films obtained
at temperatures from 20 to 30 °C. At higher
temperatures, bands of DMF do not appear in
the spectra. Instead, in the temperature range
of 40 to 90 °C in the low-frequency region of
the Raman spectra, bands appear with maxi-
ma in the region of 80 and 106 cm™, which are
characteristic of perovskites and other phases.
At the same time, in the high-frequency part
of the spectrum for films formed in the tem-
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perature range from 50 to 120 °C, bands with perature range. Heating such films even to

a frequency of ~1207 cm™ appear, which most 175 °C does not lead to their decomposition

likely correspond to the phases (CH,NH,), into CH,NH.I and Pbl,. The presence of the

(DMF)PbI, and (CH,NH,),(DMF) PbI . (CH,NH,),(DMF) Pbl, phase in the film may
According to X-ray data, these phases are lead to greater stability of perovskite.

present in the perovskite film in this tem-
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Fig. 7. Raman spectra of films prepared at the ratio 1:2 of the initial reagents Pbl, and CH,NH,I and
heat-treated at different temperatures. (a) Raman spectra in the low-frequency range, (b) Raman spectra
in the high-frequency range.
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Fig. 8. Raman spectra of films prepared at the ratio 1:3 of the initial reagents Pbl, and CH,NH.I and
heat-treated at different temperatures. (a) Raman spectra in the low-frequency range, (b) Raman spectra

in the high-frequency range.
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Figure 8 shows Raman spectra of films
prepared at the ratio 1:3 of the initial rea-
gents Pbl, and CH,NH.I and the variation
of the heat treatment temperature from 20 to
175 °C. In the temperature range from 20 to
30 °C, bands characteristic of DMF (861, 982,
1103 cm™) appear in the spectra. At tempe-
ratures above 30 °C, DMF bands in the spec-
tra are no longer visible. For films formed at
temperatures in the range from 20 to 100 °C,
bands characteristic of perovskite and other
phases appear in the Raman spectra. Indeed,
when the film formation temperature chan-
ges, the intensity of the bands is redistribu-
ted in the range from 80 to 110 cm™, which
is characteristic of the vibrations of different
phases, both CH,NH,PbI, and (CH,NH,),
(DMF)PbI_ and (CH,NH,) (DMF) PbI,. At
temperatures above 120 °C, bands character-
istic of perovskite with a maximum of 106 cm™
appear in the spectra and, as in the case of
film synthesis using the starting components
in a ratio of 1:2, degradation of the perov-
skite phase to Pbl, and CH,NH.I is not ob-
served. The band at 980 cm ™ can be assigned
to the compounds (CH,NH,),(DMF)Pbl, and
(CH,NH,),(DMF) Pbl,. At a temperature
of 175 °C, this band is not observed, which
indicates the decomposition of compounds
and the formation of a single-phase film of
CH,NH_Pbl, perovskite.

XRD and Raman spectroscopy data al-
lows the reaction schemes of the formation
of CH,NH,PbI, perovskite and intermediate
compounds at different ratios of the initial rea-
gents Pbl and CH,NH.I to be recorded.

Figure 9 shows the scheme of the formation
reaction of perovskite and intermediate phases
at the ratio 1:1 of the initial reagents Pbl and
CH,NH.I and using the DMF solvent.
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CH,NH,Pbl,

T 115°C
20-110 °C
— (CH;NH,),(DMF),Pb;[,

20-115°C

>55°C

Pbl, + CH,NH;[—]
20-55°C

(CH,NH,),(DMF),Pbl,

f s0-55°C
(CH,NH,),(DMF)PbI

20-50°C

Fig. 9. The scheme of the formation of pe-
rovskite and intermediate compounds at the ratio
1:1 of the initial reagents Pbl, and CH,NH,I and
using DMFE.

In this case, the intermediate phases are
(CH,NH,) (DMF) Pb.I, (CH,NH,),(DMF) Pbl,
and (CH,NH,) (DMF)PbI..

Figure 10 shows the scheme of the forma-
tion reaction of perovskite and intermediate
phases at the ratio 1:2 of the initial reagents
Pbl, and CH,NH,I and using the DMF solvent.

20-160°C
(CH,NH,),(DMF),Pbl, <
. >160-170 °C
20-170 °C v
CHNHPO, =~ ¢ |
Pbl, + 2 CH,NH,[ —— 22
CH,NH,),(DMF),Pb,I G| =
2025ec [ CHANHLLDMD: SR ENE
~(CH;NH;),(DMF),Pb; I
20-130°C

(CH,NH),(DMPPbL, |

Fig. 10. The scheme of the formation of pe-
rovskite and intermediate compounds at the ratio
1:2 of the initial reagents Pbl, and CH,NH.I and

using DMFE.

In this case, among the intermediate phases,
besides (CH,NH,),(DMF)Pb I, (CH,NH,),
(DMF) Pbl, and (CH,NH,) (DMF)Pbl,, the
phase (CH,NH,) (DMF),Pb I, is additionally
observed.

Figure 11 shows the scheme of the forma-
tion reaction of perovskite and intermediate
phases at the ratio 1:3 of the initial reagents
Pbl, and CH,NH,I and using the DMF solvent.
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Pbl, + 3 CH,NH,]

20-150°C

Fig. 11. The scheme of the formation of pe-
rovskite and intermediate compounds at the ratio
1:3 of the initial reagents Pbl, and CH,NH.I and
using DMFE.

In this case, the intermediate phases are only
(CH,NH,) (DMF) Pbl, and (CH,NH,) ,(DMF)
Pbl..

At the first glance, the schemes presented
above are contradictory, while they show that
the same intermediate phases may exist at dif-
ferent temperatures depending on the initial
reaction conditions. However, XRD proves this
fact. Indeed, the stability of the intermediate
compounds and the sequence of their conver-
sion to perovskite depend on their properties.
The difference in temperature stability can be

shown based on the enthalpies of intermedi-
ate compounds formation (Table 2). The com-
pound (CH,NH,),(DMF) Pb.I, is the most
stable at the ratio 1:1 of the initial components
Pbl, and CH,NH_I. Increasing the ratio of the
initial reagents decreases the temperature of
interval of the existence of this compound. In
contrast to (CH,NH,),(DMF) Pb.I, the tem-
perature interval of existence of the unstable
compound (CH,NH,),(DMF)PbI, increased
with an increase in CH,NH I amount (Table 2).
XRD shows that CH,NH,PbI, films pre-
pared on glass substrates at different ratios of
the initial reagents Pbl, and CH,NH,I may
contain other intermediate compounds after
heat treatment at different temperatures. The
phase composition of the film depends on the
ratio of the initial reagents and the tempera-
ture of heat treatment. The presence of other
compounds in the film, on the one hand, re-
duces the proportion of perovskite and, on the
other hand, can contribute to its stability in the

surrounding atmosphere.
Table 2

Enthalpy of formation [14] and temperature interval of existence of intermediate
compounds at different ratios of starting reagents.

Enthalpy of Temperature interval of existence
Compound formation
(kcal/mol) 1'1 1'2 1'3
(CH,NH,),(DMF) Pb_I, -180.1 20-110°C 20-25°C -
(CH,NH,) (DMF) Pb_I_ -177.6 - 20-25°C -
(CH,NH,) (DMF)PbI, -133.8 20-50 °C 20-130 °C 20-150 °C
(CH,NH,) (DMF) PbI, - 20-55°C 20-160 °C 20-170 °C

The influence of moisture on the stability of
organic-inorganic perovskite has been studied.
The stability of organic-inorganic perovskite
films was determined by X-ray diffractometry.

https://ucj.org.ua

The stability of the films was evaluated from
the content of the Pbl, phase, which is formed
as a result of the degradation of the organic-in-
organic perovskite film. The diffractometry
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results are analyzed and presented as the de-
pendence of the PbI phase content on the time
of exposure to moisture (Fig. 12.).

W(PbL,), %

60

20

—43

L

0 20 40 60 80 ¢, days

Fig. 12. The dependence of the PbI, phase con-
tent in the decomposition of perovskite prepared
with different ratios of starting reagents: (1) 1:1;
(2) 1:2; (3) 1:3.

It was established that moisture signifi-
cantly affects the stability of organic-inorganic
perovskite films.The films obtained at a ratio
of starting reagents of 1:3 are the most stable.
The formation of these films of CH,NH PbI,
perovskite occurs through the formation of 2
intermediate compounds. The films obtained
at a ratio of starting reagents of 1:2 show the
least resistance to moisture, they are charac-
terized by the formation of 4 intermediate
compounds. The formation of CH,NH,PbI,
perovskite at a ratio of 1:1 occurs through the
formation of 3 intermediate compounds, and
these films show better stability to moisture
than the films obtained at a ratio of starting re-
agents of 1:2, but lower stability than for films
at a ratio of 1:3. Thus, the presence of a certain
number of intermediate compounds affects the
properties of organic-inorganic perovskite.

74

Raman spectroscopy confirms the forma-
tion of the intermediate compounds and de-
termines the temperature intervals of their
existence. The ratio of initial reagents and the
temperature of heat treatment should be con-
trolled at the synthesis of perovskite films since
it affects the presence of intermediate phases
and, as a result, the morphology of films and
the processes of their degradation.

CONCLUSIONS. The formation of CH,NH,
Pbl, perovskite films at different ratios (1:1,
1:2 and 1:3) of the initial reagents Pbl, and
CH,NH,I dissolved in the DMF and after heat
treatment at different temperatures from 20 to
175 °C has beeninvestigated. SEM established
that the morphology of the films mainly de-
pends on the ratio of the initial reagents. The
temperature of heat treatment changes only
the dimensions of the characteristic structures
of films. The presence of other compounds in
the film influences the morphology of the film
and, as a result, the reflection and absorption
of solar radiation.

XRD and Raman spectroscopy show that
depending on the ratio of the initial reagents
and the heat treatment temperature of films,
the formation of organic-inorganic perovskite
occurs according to different schemes: through
the formation of 3, 4 or 2 intermediate com-
pounds at the ratio of the initial reagents of 1:1,
1:2 or 1:3, respectively. The intermediate pha-
ses (CH,NH,) (DMF) Pbl,, (CH,NH,) (DMF)
PbI, (CH,NH,),(DMF) Pb I_and (CH,NH,),
(DMF),Pb. in the films were found. The pres-
ence of intermediate compounds can signi-
ficantly affect the degradation of films. It has
been established that moisture significantly
affects the stability of organic-inorganic pe-
rovskite films.The films obtained at a ratio of
starting reagents of 1:3 are the most stable.
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IIniBKM OpraHoO-HEOpraHiYHMX IEPOBCKMU-
tis CH,NH,PbI, 6yno cunresoBano 3 posuu-
HiB i3 pisHuM cniBBigHomeHHsaM (1:1, 1:2 Ta
1:3) Buxignux pearentis (Pbl, Ta CH,NH,I) y
posunHHuKy JM®A. MeTtopamu peHTreHoda-
30BOTO aHa/Ii3y Ta paMaHiBCbKOI CIIEKTPOCKO-
nii 6y/10 mOKas3aHo, IO OpraHO-HeOpraHivHi
IIEPOBCKUTI yTBOPIOIOTbCA 3a PiSHMMM CXe-
MaMM 3ajIe>KHO BiJl CITiBBiTHOIIIEHHS PbI2 Ta
CH,NH,L

https://ucj.org.ua

IIpy cniBBifHOLIEHHI BUXiIHMX peareH-
TiB 1:1, KpiM OpraHo-HeOpPraHi4YHOIO IEPOB-
ckury CH,NH,Pbl,, yrBopioioTbcs Tpu 1po-
mikni  cnomykn:  (CH,NH,),(DMF) PbI,
(CH,NH,),(DMF),Pb.I,,  (CH,NH,),(DMF)
PbIS. [Ipn cHiBBiiHOLIEHHI BUXIZHUX pea-
TeHTIiB 1:2 yTBOPIOIOTBCA YOTUPU IPOMIXKHI
CITOTTYKV: KpiM 3a3HaueHuX (a3, BUABJIAETHCA
dasa (CH,NH,),(DMF),Pb_I . ITpu 36inpiuen-
Hi CIBBiJHOLIEHHA BMXiJIHMX PEareHTiB [0
1:3 cnocrepirators /e ABi mpoMikHi dasn
(CH,NH,),(DMF) Pbl, ta (CH,NH,),(DMF)
Pbl,. Bcranosneno, mo Mopdonoris nmiisok
IIEPOBCKUTIB 3aJIEKNTh, IEPLI 3a BCe, Bif
CIIBBiHOIIEHHs BUXiIHMX peareHTiB. TeMm-
nepatypa 06po61eHHs 3MiHIOE JIMIlle pO3Mipn
3€epeH IUTIBOK.

HaapricTh TpOMIKHMX CIIONYK IIPU CUHTE-
31 OpraHO-HEOPraHiYHMUX IIEPOBCKUTIB MOXKE
CYTTEBO BIUIMBATV Ha BJIACTUBOCTI IIIIBOK.
Meromom PDA 6yno gocmimkeHO BIUIMB BO-
JIOTU Ha CTIMKICTh IIIBOK OpraHO-HEOpraHiy-
Hux neposckutiB CH,NH PbL, orpumanux
IpY CHiBBiTHOIIEHHI PbIZ:CH3NHSI - 1:1, 1:2,
1:3. CTifiKicTh IUTIBOK OIIiHIOBa/JM 32 BMICTOM
dasnu Pbl, sixa yTBOPIOETbCA B PE3y/bTaTi fie-
rpajanil IUIIBKM OPraHO-HEOPraHi4HOIo Ile-
poBckuty. IlokasaHo, IO CTIMKICTh IIIIBOK
3a/IEKUTD BiJj KiTbKOCTI IPOMDKHUX CIIONYK,
AKI YTBOPIOIOTbCA IIPU CUHTE31 IEPOBCKUTY.
[TniBKM TIEpOBCKUTY, AKi yTBOPIOIOTbCA IIPU
crmiBBigHOIIeHH] 1:3 uyepe3 dopmyBaHHS Ta
posnaz ABOX MIPOMDKHUX CIONYK, € HAMCTIil-
KimmmMu o pii Bomoru. IIniBKu mepoBckury,
OTPMMaHi IpM CHiBBigHOWIEHHI 1:2 i B AKMX
YTBOPEHHS IIEPOBCKUTY BiflbyBaeTbcs depes
YTBOPEHHA YOTUPHOX IPOMDKHUX CIIONYK, €
HalIMeHII CTiIKMMU JIO il BOMOT.

JIIna cuHTe3y IUIIBOK OpraHO-HEOpraHiy-
HUX TIEPOBCKUTIB HEOOXiTHO KOHTPOTIOBATH
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CIIBBiTHOLIEHHA BUXIJHMUX peareHTiB I TeM-
nepatypy oOpoO/neHHs IUTiIBKM, OCKi/IBKM Iie
BIUIMBA€ Ha KiJIbKICTh MPOMDKHUX a3 i, 5K
pesynbTar, MOpQoIIoTilo IIiBOK, IIpolecn ix-
HbOI ferpajaril.

Knro4oBi cmoBa: opraHo-HEOpraHiuHMIA
IIEPOBCKUT, peHTreHo(a3oBUil aHai3, pama-
HiBCbKa CIIEKTPOCKOIIisd, MIPOMIXHI CIIONYKH,
CTabi/IbHICTD.
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The article is devoted to methods of synthesis, the structure, and spectral characteristics of
zirconium and hafnium phthalocyaninates with out-of-plane coordinated ligands. The gene-
ral scheme for the synthesis of out-of-plane coordinated Zr and Hf phthalocyanines includes
obtaining initial dichloride or dihydroxo complexes, which then undergo substitution reac-
tions with B-dicarbonyl compounds, hydroxybenzoic, sulfo- and aliphatic carboxylic acids,
etc. In the case of polyphenols, which are bidentate ligands, one ligand is coordinated to the
central atom of the macrocycle. If B-dicarbonyl compounds or carboxylic acids are introduced
into the reaction, two ligands are coordinated. The reactivity of the out-of-plane coordinated
ligands of Zr and Hf phthalocyanines was also investigated. In all obtained out-of-plane co-
ordinated Zr and Hf phthalocyanines, the ligands are located in the cis position relative to the
plane of the phthalocyanine macrocycle. X-ray diftfraction, NMR, and UV-Vis spectroscopy
have proved this arrangement of ligands. According to the X-ray diffraction data of Zr and Hf
dibenzoylmethanato phthalocyanines, the metal atom is out of the plane of the phthalocya-
nine macrocycle, which itself is not planar. The central atoms are located almost in the middle
between the N4 planes of the phthalocyanine macrocycle and the O4 of the extraplanar li-
gands. The UV-Vis spectra of out-of-plane coordinated Zr and Hf phthalocyanines in organic
solvents have a typical appearance for most metal phthalocyanines, characterized by a B-band
of absorption in the region of 335-350 nm, a Q-band at 680-690 nm, and its satellite in the re-
gion of 615-620 nm. If the extraplanar ligand is a chromophore (e.g., curcumin or condensed
derivatives of dehydroacetic acid), there are additional absorption bands in UV-Vis spectra
located between the B- and Q-bands. The influence of the nature of the central metal atoms,
ligands and solvents on the fluorescent properties of the out-of-plane coordinated Zr and Hf
phthalocyanines was also discussed.

Keywords: phthalocyanines, zirconium, hafnium, synthesis, spectroscopy.
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INTRODUCTION. The phthalocyanine
macrocycle was first obtained by chance in
1907 [1] and its copper salt in 1927 [2] as a
by-product of reactions of phthalic acid deri-
vatives. The new unknown substance attracted
attention because it had deep blue color, was
thermally stable, and did not decompose in al-
kalies and acids. In 1934, Linstead showed that
phthalocyanines are formed at high tempera-
tures from various phthalic acid derivatives via
the stage of formation of 1,2-dicyanobenzene,
and that phthalocyanine itself is its tetramer
and may contain a metal ion [3]. The following
year, Robertson confirmed the structure and
aromaticity of the phthalocyanine macrocycle
by X-ray diffraction [4]. Subsequently, Lin-
stead developed general methods for the syn-
thesis of various phthalocyanine precursors,
in particular, o-dinitriles [5-8], metal phtha-
locyanines [9-13], substituted phthalocya-
nines [14, 15], and their analogues [16-23].
To date, complexes of phthalocyanines with
most metals and some nonmetals have been
described [24].

Phthalocyanines are aromatic systems whe-
rein the number of -electrons in the conjugate
system corresponds to Huckel’s rule (4n + 2)
and is 42 electrons. Their aromaticity is con-
firmed by the proximity of the bond lengths
in the molecule: the bond length (C-N) in the
macrocycle (1.35 A) is close to the bond length
in benzene nuclei (1.40 A). At the same time,
the bond length (C-C) between the macrocy-
cle and benzene rings is significantly longer; it
is 1.50 A, which is close to the length of the
o-bond (1.54 A). This indicates that the cou-
pling between the m-electron systems of the
macrocycle and benzene nuclei is weak. Thus,
there are two quasi-autonomous aromatic sys-

https://ucj.org.ua

tems of benzene nuclei and an aromatic mac-
roring system in the molecule [25]. The n-elec-
tron system of the phthalocyanine molecule is
quite large; the difference in the energy level of
HOMO and LUMO corresponds to the photon
energy of the long-wavelength part of the spec-
trum. This causes a deep blue or green color of
these compounds.

The aromaticity of phthalocyanines ex-
plains their high thermal and chemical sta-
bility and low tendency to open the conjugate
macrocycle system [24]. The phthalocyanine
macrocycle, as an aromatic system, undergoes
electrophilic substitution reactions: chlorina-
tion, bromination, sulfochlorination, sulfo-
nation, etc. However, these reactions result
in a nonstoichiometric mixture of different
isomeric compounds. Therefore, appropriate
substituted o-dinitriles are generally used to
produce peripherally substituted phthalocy-
anines. Nevertheless, individual compounds
are formed only from symmetric o-dinitriles
(for example, 4,5- or 3,6-substituted 1,2-dicy-
anobenzenes). In all other cases, mixtures of
isomeric products are formed.

Phthalocyanine ligand is a dibasic, tet-
radentate acid. The cavity diameter of the
phthalocyanine macrocycle is 3.65-4.50 A
[24], which is suitable for the coordination
of most metal ions. If the valence of the me-
tal ion in the phthalocyanine complex is more
than two, or its coordination number is more
than four, then such a central metal atom (CA)
contains (or may contain) additional axial or
out-of-plane ligands. In [24], some possible
types of out-of-plane ligands coordinating to
the phthalocyanine macrocycle are presented

(Fig. 1).
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Fig. 1. Molecular structures of different types of phthalocyanine complexes PcM_X [24].

The high coordination numbers of the CA
make it possible to form out-of-plane coordi-
nated complexes of various compositions and
structures. For example, carboxylate complex-
es are described for phthalocyanines of tin
with coordination numbers (CN) 7 or 8 [26,
27] and phthalocyanines of Zr and Hf with
CN 8, in which the carboxylate ligand can
be bridged between two macrocyclic systems
[28]. (Fig. 2). For phthalocyanines of Zr and
Hf, out-of-plane coordinated complexes with a
reasonably wide range of ligands are described.

Methods of synthesis of zirconium and haf-
nium phthalocyaninates with out-of-plane co-
ordinated ligands. Zr and Hf phthalocyanine
dichloride complexes were first obtained by

84

fusing 1,2-dicyanobenzene with the corre-
sponding metal tetrachlorides [29]. However,
it was found [30] that the reaction produces
Zr and Hf phthalocyanines with a chlorinated
macrocycle, which was assigned the formula
CIPcMCL, It was later proved [31-33] that
CIPcMCI, is not an individual compound, it
is a statistical mixture of chlorinated phtha-
locyanines with different numbers of chlorine
atoms in the molecule, which corresponds
to the general formula CIPcMCI,. This con-
clusion was confirmed by NMR spectra of
bis-(acetylacetonato)phthalocyanines of Zr
and Hf obtained from corresponding dichlo-
ride complexes described in [29, 30] and pure
PcMCL, [31-33].
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C

Fig. 2. Crystal structure of Sn didodecanoato phthalocyaninate, CN = 7 (A) [26]; Sn didecanoato
phthalocyaninate, CN = 8 (B) [27]; Hf dinonanoato phthalocyaninate, CN = 8 (C) and Zr bis(dinonano-

ato phthalocyaninate), CN = 8 (D) [28].

The out-of-plane chlorine atoms in Zr and
Hf phthalocyanines are quite “mobile”, they
undergo hydrolysis to form corresponding di-
hydroxo complexes PcM(OH), [30, 32, 34, 35].
This feature was used for the synthesis of PcML
(L = pyrocatechins) and PcML, (L = B-dicar-
bonyl compounds, hydroxybenzoic, sulfo- and
aliphatic carboxylic acids, etc) [28, 36-38].

The general scheme for the synthesis of
out-of-plane coordinated Zr and Hf phthalo-
cyanines is presented in Fig. 3. In the case of
polyphenols, which are bidentate ligands, one
ligand is coordinated to the CA of the macro-
cycle with CN = 6. If B-dicarbonyl compounds
or carboxylic acids are introduced into the re-

https://ucj.org.ua

action, two ligands are coordinated [36-38]
and the CN of the CA is 8 (Fig. 3). In this case,
the carboxylic acid is a bidentate or bridging
bidentate ligand [28].

According to the scheme shown in Fig. 3,
out-of-plane coordinated Zr and Hf phtha-
locyanines with more complex ligands were
also obtained [37, 39-44] (Fig. 4). The reac-
tivity of out-of-plane coordinated ligands of
Zr and Hf phthalocyanines was also inves-
tigated. It was found [37] that the “mobility”
of the chlorine atom in the 3-chloro-2,4-pen-
tanedionate ligand is very low (in contrast to
free 3-chloro-2,4-pentanedione), so it does
not interact with thiol-containing compounds
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Fig. 3. Scheme of synthesis of some out-of-plane coordinated Zr and Hf phthalocyanines.

(Fig. 5, reaction A). As a result of complex-
ing, the phthalocyanine macroring stabilizes
the formed cyclic system of the p-diketonate
ligand, and the mobility of the chlorine atom
sharply decreases [28, 37]. During the reaction
of the ester group, the formation of amides
(Fig. 5, reaction B) was proved [28]. However,
when a reaction with ammonia or hydrazine
takes place, a mixture of indeterminate pro-
ducts is formed, or destruction of the macro-
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cyclic system is observed. The synthesis reac-
tion of Zr and Hf dibromide bis-(N-(5-pen-
tanoato)-4-methyl-pyridiniumcarboxylato)
phthalocyaninates proved to be quite indi-
cative. When dichloride complexes of Zr and
Hf phthalocyaninates react with N-(5-pen-
tanoato)-4-methyl-pyridiniumcarboxylic acid
bromide, a corresponding cationic complex is
formed, but the anion is a mixture of chlorides
and bromides (Fig. 5, reaction B).
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Cl Cl

Fig. 4. Out-of-plane coordinated derivatives of Zr and Hf phthalocyanines with: 4-benzoyl-3-methyl-
1-phenyl-2-pyrazolin-5-onate (A) [39]; 2-(2,4-dioxopentan-3-ylthio)-N-(4-methoxyphenyl)acetamide
(B) [40]; 2Z)-4-[(4-methylphenyl)-amino]-2-ovate (C) [37]; (4-[4-({2-[(2-methylphenyl)amino]-2-oxo-
ethyl}thio)-3-dimethyl-1pyrazol-1-yl]benzoic (D) [37]; oxyquinolinate (E) [ 41], curcuminate (F) [42],
dehydroacetate and its condensed derivatives (G) [43, 44] as ligands, and clathrochelate (H) [45].

If the bis-m-bromopentanoates of Zr and
Hf phthalocyanines react with 4-methylpyri-
dine individual cationic complexes are formed
(Fig. 5, reaction D) [28, 37]. In [35], it was reco-
mmended to carry out similar reactions based
on Zr and Hf dihydroxo phthalocyanines.

Structure of out-of-plane coordinated zir-
conium and hafnium phthalocyanines. In all
out-of-plane coordinated Zr and Hf phthalo-
cyanines, the ligands are located in the cis posi-
tion relative to the plane of the phthalocyanine

https://ucj.org.ua

macrocycle. This arrangement of ligands has
been proven by X-ray diffraction, NMR, and
UV-Vis spectroscopy [36-38, 46].

According to the X-ray diffraction data of
Zr and Hf dibenzoylmethanato phthalocya-
nines, the CA of the metal is out of the plane of
the phthalocyanine macrocycle, which itself is
not planar [46]. The central atoms are located
almost in the middle between the N4 planes of
the phthalocyanine macrocycle and the O4 of
the extraplanar ligands (Table 1).
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Fig. 5. Reactivity of extraplanar ligands in Zr and Hf phthalocyanines.

The similarity of the structural parameters [47]. This leads to the similarity of both struc-
of Zr and Hf bis-(dibenzoylmethanato)phtha- tural parameters and other spectral characte-
locyanines is observed (see Table 1). This simi- ristics, such as the position of signals in NMR
larity exists for the very close atomic radii of spectra and absorption maxima in UV-Vis
Zr and Hf ions due to lanthanide compression spectra [46].

Table 1
Selected parameters of bond lengths and distances to the planes N4 and O4
of Zr and Hf bis-(dibenzoylmethanato)phthalocyanines.

Bond Length, A Angle w, degree Distance to the plane, A
Zr-0 2.1610(16) - 2.1807(16) O-Zr-0O 71.41 - 74.52 1.184
Hf-O  2.1577(14)-2.1719(14) O-Hf-O  70.99 - 74.91 1.181
Zr-N 2.282(2) - 2.303(2) N-Zr-N  73.35-74.26 1211
Hf-N  2.2641(17) - 2.2919(16) N-Hf-N  73.58 - 74.58 1.194
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Most of the described out-of-plane coordi-
nated Zr and Hf phthalocyanines were investi-
gated by NMR spectroscopy. As concerns the
complexes with pyrocatechinate and sulfosali-
cylate ligands, their solubility is too low for ac-
curate NMR studies [36]. However, complexes
of Zr and Hf phthalocyanines with 3-diketones,
B-ketoethers, and carboxylic acids as extrapla-
nar ligands have been studied extensively [39,
48-50]. In the case of B-dicarbonyl complexes,
the coordination of two ligands to the CA of
the macrocycle was established. Proton signals
in the NMR spectra can be divided into two
groups [48]. The first group is the signals of
phenyl protons of the phthalocyanine macro-
cycle located in the region of 9.5-8.0 ppm.
Their position and morphology of multiplets
are similar to the data given in the literature
for B-dicarbonyl phthalocyanine complexes of
thorium and uranium [51]. The second group
is proton signals of extraplanar ligands. They
are always upfield shifted compared to unco-
ordinated ligands. Analysis of NMR spectre
data for pairs of complexes (Zr-Hf) with the
identical ligands shows that the CA has almost
no effect on the position of the signals in the
spectra because they have very similar values
[36, 37, 46]. In the case of complexes with
asymmetric f-dicarbonyl ligands, the forma-
tion of a mixture of cis- and trans-isomers has
been proved [36, 48] (Fig. 6).

Tt !
X Om =5 a0 X Y Oh-"“"_‘o/ X

Cis-

trans-

Fig. 6. Coordination of asymmetric B-diketones
to the CA of the phthalocyanine macrocycle with
the formation of a mixture of isomers.

Spectral characteristics. The UV-Vis spec-
tra of out-of-plane coordinated Zr and Hf
phthalocyanines in organic solvents have a
typical appearance for most metal phthalocy-
anines, characterized by a B-band of absorp-
tion in the region of 335-350 nm, a Q-band of
680-690 nm, and its satellite in the region of
615-620 nm (Table 2) [36-38]. If the extrapla-
nar ligand is a chromophore (e.g., curcumin or
condensed derivatives of dehydroacetic acid),
there are additional absorption bands in the
UV-Vis spectra located between the B- and
Q-bands [38, 42, 44].

Table 2
UV-Vis data of out-of-plane coordinated Zr and Hf phthalocyanines in toluene.
M Ligand A, nm (log €)
B-band Q-satellite Q-band
7 o i 342 (4.72) 618 (4.44) 686 (5.18)
OH
Hf [ :[OH 349 (4.70) 618 (4.38) 688 (5.19)

https://ucj.org.ua

89

UCJ Nz 8 / Vol. 87




OUT-OF-PLANE COORDINATED ZIRCONIUM(IV) AND HAFNIUM(IV) PHTHALOCYANINATES
Table 2
M Ligand A, nm (log €)
B-band Q-satellite Q-band
Zr “035803'* 343 (4.88) 617 (4.54) 688 (5.28)
Hf ol 349 (4.89) 620 (4.56) 690 (5.28)
Zr HiC~ CHy 344.6 (4.78) 617.2 (4.58) 684.9 (5.29), 688.1 (5.29) d
Hf © 0 340.9 (4.82) 616.7 (4.61) 684.2 (5.37), 686.8 (5.38) d
Zr Ph Ph 340.0 (5.05) 617.0 (4.56) 656.0 (4.48), 683.0 (5.31) w
Hf m 340.0 (5.05) 617.0 (4.54) 655.0 (4.48), 683.0 (5.30) w
Zr FiC CF, 336.1 (4.63) 618.8(4.29) 685.2 (5.00), 689.4(5.00) d
Hf o 0 345.0 (4.74) 619.4 (4.40) 682.1 (5.08), 693.3 (5.09) d
Zr e A 342.8 (4.58) 618.2 (4.30) 686.4 (5.13) w
Hf 0 O 342.8 (4.53) 616.9 (4.27) 684.9 (5.17) w
Zr e I 341.7 (4.80) 617.1 (4.52) 654.7 (5.28), 685.0 (5.31) w
Hf oo OCHs 337.1 (4.87) 616.3 (4.61) 683.7 (5.57), 685.6 (5.57) w
Zr HschYCHa 341.7 (4.85) 618.1 (4.52) 686.9 (5.27) W
Hf 0 o0 ¢ 339.5 (4.78) 616.2 (4.42) 684.1 (5.22) w
Zr 341 620 sh 684
Hf GO 340 616 sh 684

In the case of water-soluble Zr and Hf
phthalocyanines, such as sulfosalicylate, gal-
late, chromotropic and amino acids, absorp-
tion bands characteristic of phthalocyanine

aggregates are observed in water [52].

The authors showed [46, 48, 49] that in some
cases broadening or splitting of the Q-band in
the UV-Vis spectra of f-diketonate and [3-ke-
toester complexes is observed. Such spectral
characteristics are untypical of phthalocyanine
complexes and associated with a significant
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decrease in molecule symmetry, proving the
cis-coordination of the ligands relative to the
plane of the phthalocyanine macrocycle.

In [50], the luminescent properties of Zr and
Hf phthalocyanines with extraplanar ligands in
various solvents were investigated. Analyzing
the experimental data, the authors concluded
that the heavy central metal atom reduces the
fluorescence intensity of the complexes. For
example, in the series Zn, Zr, Hf, the highest
fluorescence is shown by zinc phthalocyanine
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(0.200 in DMSO), the quantum yield of fluo-
rescence of Zr phthalocyanine is about an or-
der of magnitude lower (Table 3), and Hf com-
plexes do not fluoresce, or their fluorescence
is very low. The highest Stokes shift is 20 nm
which is typical of phthalocyanine complexes.

The influence of the nature of the ligands
and solvents on the quantum yield of fluores-
cence and the lifetime of excited states in out-
of-plane coordinated Zr phthalocyanines was
also established. The lowest fluorescence quan-
tum yield was observed for Zr phthalocyanine
dichloride (in DMSO it is 0.006), and for the

complex of Zr phthalocyanine with 4-benzoyl-
3-methyl-1-phenyl-1H-pyrazole-5(4H)-one
it is 0.073 (Table 3). Slightly lower quantum
yields were also observed for carboxylate com-
plexes of Zr phthalocyanine in comparison
with B-diketonate [39, 46, 49, 50]. Regarding
the nature of the solvent, in toluene, the largest
values of the molar extinction coefficient and
the smallest values of the lifetime of the excit-
ed state were observed. At the same time, the
highest values of the quantum yield of fluores-
cence and the lifetime of the excited state were
obtained in DMSO (Table 3).

Table 3
Fluorescence data of out-of-plane coordinated PcZrL,
L Solvent » M D, AN T, NS
H,C CH,4 toluene 708 0.054 20 1.66
0 O DMSO 702 0.073 18 6.33
F;C WCF3 toluene 702 0.063 16 2.58
O O DMSO 700 0.075 18 8.87
H;C \H/\”/Ph toluene 701 0.042 13 1.66
O O DMSO 703 0.072 17 5.42
GHs toluene 695 0.004 13 1.27
(H3C)3CWCH3
5 48 OCH; DMSO 697 0.069 12 5.72
Ph wph toluene 693 0.010 10
o) o) DMSO 695 0.020 8
’NN toluene 708 0.073 17 1.99
@ DMSO 709 0.063 15 5.79
toluene 697 0.009 13 9.08
CH, COH
DMSO 703 0.013 15 8.46
https://ucj.org.ua 91
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Prospects for application. Phthalocyanine
complexes are widely used in many fields of
science and technology [53]. The areas of their
application can be divided into two groups.
The first group is based on the use in a ho-
mogeneous phase, such as in photodynamic
therapy, catalysis, etc. The second one is based
on transformations at the phase boundary,
as in sensors, photovoltaic cells, and others.
Depending on the chemical nature of the ex-
traplanar ligand, the prospects of its applica-
tion are studied in different fields. Zr and Hf
bis-(B-diketonato)phthalocyanines due to high
electrochemical stability, fluorescence proper-
ties [46, 49, 50], and prominent electrochro-
mism are promising for use as sensors and the
creation of photovoltaic [40, 54, 55] and OLED
elements [56-58]. Watersoluble complexes
with citrate, lysinate, sulfosalicylate and other
ligands show high cytostatic and cytotoxic
activity and can be proposed as agents for the
photodynamic and dark therapy of malignant
neoplasms [59, 60]. The complexes containing
a free amino or carboxy group in extraplanar
ligands show high antimicrobial activity in the
composite cement with graphite oxide used in
dentistry [61, 62]. Zr and Hf phthalocyanines
with extraplanar ligands can inhibit or redirect
the fibril formation of proteins associated with
neurodegenerative diseases [63-67].

CONCLUSIONS. Thus, it is shown that the
coordination of out-of-plane ligands to the
central metal atom in Zr and Hf phthalocya-
nines makes it possible to change their physi-
cochemical properties in a targeted manner.
This approach is much simpler than the in-
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troduction of substituents on the periphery of
the phthalocyanine macrocycle. It opens up
prospects for using out-of-plane coordinated
Zr and Hf phthalocyanines as photosensitive,
electrochromic, photoelectrocatalytic materi-
als. Hydrophilic groups in the out-of-plane li-
gands provide their biological activity and the
possibility of use as antitumor, antimicrobial
agents.
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MO3AM/IOLWWHHO KOOPANHOBAHI ®TAJNO-
LIHAHIHATI LUIUPKOHIHO(IV) | TA®HIHO(IV)

B. A Yepniii*, I. M. Tpemsaxosea’,
/1. A Tomauuncoxa', 10. C. Iepacumuyx?,
C. B. Yepwniii', B. 1. Ilextivo'

"THcmumym 3azanvHoi ma HeopeaniuHol Ximil

im. B. 1. Bepraocvkoeo HAH Ykpainu, npocn.
Akaoemika Ilannadina, 32/34, Kuise 03142,
Yxpaina

’[HCmumym HU3bKUX memnepamyp ma cmpyx-
mypHux docnioncero Ilonvcokoi Akademii HayK,
eyn. Oxonna 2, 50-422, Bpounas, Ilonvuia
*e-mail: v.chernii@gmail.com

CraTTio TIpUCBAYEHO MeETOJaM CHUHTE3Y,
OyZOBiI Ta CIEKTpaJbHMM XapaKTePUCTUKAM
¢dranoniaHiHaTiB UpPKOHiIO Ta radHio 3 Imo-
3aIIOLVHHO KOOPAMHOBAHVMU JIiraHAAMMU.
HapeznieHo 3arajbHy cXemMy CMHTE3Y II03aIl/IO-
IIMHHO KOOPAMHOBaHMX TajoliaHiHiB Zr
ta Hf. Merogamu PCA, IMP ta ECII noxa-
3aHO, 110 B YCiX OTpPMMaHMX ITO3aIIOLVHHO
KoOpAMHOBaHuX ¢ranonianinax Zr i Hf ni-
TaHAY PO3TAllOBaHi B LIVC-IIONOXKEHHI 100
IVIOWIVIHM MaKpOLMKIy. ATOM MeTaly BUXO-
IUTH i3 IUIOIIVIHU MaKpOLUKITY dranouiani-
HYy 1 pO3TallloBaHMiI MalbKe IOCepefHi MK
wromyHaMn N4 Makponukiay QranoliaHiny
ta O4 mosamromuuuux nirangis. ECII mo-
3aIUIOLUIHHO KOPAMHOBaHUX (TajoliaHiHiB
Zr ta Hf B opraHiyHMX pO3YMHHUKAX MAIOTh
TUNOBUIT BUIAL Iy (TanoliaHiHIB MeTa-
MiB, IO XapaKTepu3yeTbcA B-cmyroro mormm-
HaHHA B obmacti 335-350 HM, Q-cmyrowo -
680-690 HM, Ta KOMMBAJIbHUM CYIyTHUKOM
npn 615-620 HM. SIKI10 MO3anIOWMHHNIA JTi-
raHfi € XxpoModopoM (HaIpuKIaf, KypKyMiH

https://ucj.org.ua

ab0 KOHJEHCOBaHi MOXifHI JerigpareToBoi
kucnorn), y ECII cnocrepiratorbest ogaTko-
Bl CMyIu IOITIMHAHHA, 110 3HAXOAATHCA MK
B- ta Q-cmyramn. Takoxx 06roBopeHO BI/IUB
LIEHTPA/IbHOTO aTOMa MeTay, iraHjiB Ta po3-
YHHMKIB Ha QJTyOpeclieHTHi B/IaCTUBOCTI I10-
3aIUIOLIVTHHO KOOPAVHOBAaHMX (TajoliaHiHiB
Zr ta Hf.

KniouoBi cmoBa: dpranorianinm, IMpKOHIi,
ra¢Hili, CMHTe3, CIeKTPOCKOIIif.
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I3 AIGATUYHUMUN B-KETOECTEPAMU

A. M. Miwenxo, O. K. Tpynosa*, T. O. Maxompux

Incmumym 3azanvHoi ma Heopeariunoi ximii im. B. I. Bepnadcvkoeo HAH Yxpainu, Kuis 03142,
npocn. Axad. Ilannadina, 32/34,
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Merogom TGA-MS B inTepBani temmeparyp 25-900°C B atmocdepi remiro gocmimke-
HO TepMoziecTpyKIlito kommekcis La(Ill) s amidarmanumnu B-keroecrepamu: LalL OH-H,O
(L=meacac, etacac, alacac), La(meacac),NO,-2CH,OH i La(meacac),(CH,COO)-CH,OH.
I[TokasaHo, 1110 3a/IeXKHO Bif TiraHay gerigpararis rigpokcokomiviekciB La(IlT) BinOyBaeTbcs
B TeMIlepaTypHOMY pianasoHi 120-180 (meacac), 120-190 (etacac) Ta 110-160 °C (alacac).
Poskap pisHOMiraHgHMX KOMIUIEKCIB ITIOYMHAETHCA B iHTepBasi TeMnepaTryp 60-100 °C i3
BinmenienHsa Metanony. Y unanky La(meacac),NO,-2CH,OH npouec gectpyxkiii cynposo-
JPKYETHCS YaCTKOBMM OKVCHEHHAM METaHOJTy JIO BYIJIEKVICIOTO Ta3y 3a paXyHOK BifIHOBJIEH-
HA HiTpaT-aHioHa 10 okcupy as3oty(IV). [lomanpuie spoctanus Temmeparypu o 300-400 °C
NPU3BOIAUTD [0 BECTPYKILil OPTaHiYHMX YaCTUH KOMIUIEKCIB i3 BUIiIIEHHAM HU3bKOMOJIEKY-
NAPHUX KMCHEBMICHUX OPTaHiuYHMX CHOMYK (anmbyierifiis, keToHis, cnuptis), CO, ta Boan. 3a
temneparyp ~500 °C Bci JOCTiIKeHi KOMIIJIEKCH MTOBHICTIO PO3K/IAJJAl0ThCA 3 YTBOPEHHAM
okcokapbonary La,0,CO,, a npu nozpanpimomy HarpisanHi spaskis 10 850 °C Bigbysaerbcs
nocrynosuii poskian La O,CO, no La O, 3 suninenusm CO,.

Kni0o4oBi crroBa: KOMIUIEKCH TaHTaHY, [B-KeToecTepy, TePMiYHMIT aHATTI3.

BCTYII. Kooppuuauiiini cnomykm nan- pmy Ln(etacac),. Ii cnomyku posumuHi AK y

taHifiB (Ln) i3 f-keroectepamy Ha CbOTrOAHI
BYBYEHO MEHII I'PYHTOBHO, HDXK BifNIOBifHI
KOMITZIEKCH 3 B-iMKeTOHaMI. 30KpeMa HasBHi
B JIiTepaTypi faHi mono cknaxy B-keroectepa-
TiB JIaHTaHIZIB y 3MilllaHUX BOJHO-OpraHiy-
HIUX PO3YMHHMKAX € HEYVCEJIbHUMM Ta CyIle-
pewmBuMu. Tak, 3rigso 3 [1], y BogHO-f1ioKCa-
HoBOoMY cepeposui xnopuay La(IIl) i Er(I1I)
B3aEMOJIIOTH 3 eTuIaleToameTaToM (etacac) 3
YTBOPEHHAM MOHOMEPHMX KOMIUIEKCIB CKJIa-

HOJISIPHUX, TaK 1 Y HEIO/IAPHNUX PO3UMHHIIKAX,
OJHAK IIPY KOHTAKTi 3 BO/IOTOI0 BOHU 3 YaCOM
IIepeTBOPIOIOTbCA  HAa  Ti[pOKCOKOMIITIEKCH,
AKI HEpO3YMHHI B OPraHiYHUX PO3YMHHUKAX.
Meromom cnekTpodoTOMETpil BCTaHOBIIE-
HO YTBOPEHHS Mpuc-KOMIUIEKCIB y cucTeMax
Ln(II)-etacac (Ln(III) = Nd, Ho, Er) y Bog-
HO-eTaHO/IbHOMY po3unuHi (80 % 06. eTraHo-
ny) [2]. AHanoriuHmit pesynbTaT OTPUMAHO
takox Jyist kKomiutekcis Ln(I1I) 3 peninoBumn
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ecrepamu OeH3o0in- i OGpoMOeH30i10ITOBO]
kucnot [3]. Y pobori [4] 3 BogHO-eTaHOMD-
HOTO PpO3YMHY OTPMMAHO MPUC-KOMIIIEKC
Eu(Ill) 3 erun-(2-¢propobensoin)amerarom,
TOMI AK y BOJHO-alleTOHOBOMY CepemOBUII
(75 % 06. aueTony) 3adikcoBaHO iCHYBaHHS
MuIe KaTioHHMX 6ic-komrekcis Ln(etacac),*
[5]. ABTOpamu [6] 3 eTaHONTBHUX PO3YUHIB y
TBEPAOMY CTaHi BUJIiJIEHO HEWNTpa/ibHi Tif-
poxcokomiiexkcu ckaagy Ln(etacac), OH-H, O,
a 3 BOMHO-COMPTOBUX PO3YNHIB OIEP>KAHO
rizpokcokommtekcu Y (III), Er(IIT) i Yb(III)
3 amimaneroaneraroM (alacac) [7, 8], xoua B
[9, 10] aBTOpaMu MoKa3aHO YTBOpPeHHs epoOi-
eBux Kommtekcis ckmany Er(alacac),. Teepni
rizpokcokomiutekcu Eu(IIl) 3 eruntpudropo-
aneroanerarom [11] ta Eu(III) i GA(III) 3 Tpu-
xnopodeHinaneroaneraroMm [12] cuHTe30Ba-
HO y cepeoBuILi TeTparinpodypany. Jocutsb
IpyHTOBHO KoMItekcu iouHiB Ln(IIT) 3 metumn-
(meacac), eTmn- i aminameroaneraroM fAK Y
pO3uYMHaX, TaK i B TBEPAOMY CTaHi JOCTiKe-
HO y po6orax [13-17]. Tak, y BogHO-OpraHiu-
HUX PO3YMHHMKAX (€TaHOT — BOJIA, JIOKCaH —
BOJa — eTUIaleTaT) 3alexxHo Bifg pH cepeno-
BUINA JIOBEIEHO YTBOPEHHs [-KeToecTepariB
JIAHTAHI/IIB Pi3HOTO JiraHHOro CcKaamy LnL
(n =1, 2, 3), i AKUX BU3HAYEHO norapud-
MM CTYMiHYACTUX KOHCTAHT yTBOpeHHs Igk
(n = 1+3) ta obnacri icuyBanus [15-17]. ITo-
Ka3aHo, 10 He3a/IeXKHO Bifl JIiraHAy CTifKiCTh
BigmoBigHux kommnekcHux ¢opm LnL_ 3spo-
cTae 3i 30iIbIIEHHsAM IOPSAKOBOTO HOMEpa
MeTaJly, III0 3yMOBJICHO 3MEHIIEHHAM 10HHUX
paziyciB JIaHTaHiAiB BHAC/TIIOK JIAHTAHIHOTO
CTUCHEHHA. BcTaHOBIEHO, WO mMpUCc-KOMII-
JEKCU 3 METWM/I- 1 eTW/IAlleTOal[€TaToOM, He-
3BaKAIOU)M HAa CXWIBHICTD [-KeToecTepariB
JaHTaHiAiB 1o rigpomnisdy, € crabimpHUMM Yy
3MiIlIaHOMY BOJ{HO- €TaHOTIbBHOMY PO3YMHHH-

100

ky (C,H,OH 90 % mac.) i fominyI0Th y pos-
anHi npu pH>7. Ilpn npomy Igk nanTanignmx
KOMIIIEKCiB OJJHAKOBOTO CKIafy 3 MeTMI- i
eTHIalleToALeTaTOM O/IM3bKi, 1[0 3YMOBJIEHO
He3HaYHNMM BIUIMBOM BYITIEBOJHEBOTO JIaH-
I[IOra aJIKOKCU/IbHOTO 3aMiCHMKa JIiraHfy Ha
PO3IOMi/ eeKTPOHHOI TYCTVHM Y X€TaTHOMY
¢parmenti [OCCCO]. s crnonyk 3 amina-
1[eTOALleTATOM BCTAHOBJICHO iCHYBaHHS JIMIIIe
KaTiOHHVX MOHO- i 0ic-KOMIUIEKCIiB He3aJlex-
HO Biff mpupopu naHTaHiny [14]. YTBopeHHs
mpuc-kommekcis Ln(alacac), He Bin6yBaers-
Cs BHACTITOK CTePUYHMX YCKIaJHEHb, 3yMOB-
JIEHUX HaABHICTIO B MOJIEKY/i Jira”jgy moB-
roro aminpHoro maHiora. 3a manmmu ECII,
[Y-cnexTpockomnii, PCA BcTaHOBIEHO 6YOBY
B-ketoectepariB nmaHTaHifgiB. Hanpukman, y
mpuc-kommtekcax NdA(III), Ho(III) i Er(III)
3 MeTHU/IalleTOAleTaTOM BHYTPIllIHA KOOPAU-
HaniiHa cdepa Ln chopmoBana 8 aromamu
KICHIO: 6 BiJf TpbOX aHIOHIB meacac i 2 Bif
MosteKys Bogu [15, 16]. Y Bunaaxy 6e3BogHuX
B-ketoecteparis Ln(III) yuacTs y koopayHaii
MOXXYTb OpaTu 06MIBa aTOMM KICHIO ecTep-
Hoi C(O)O-rpynu miraupis, Ak Lie Mae Micle
B IMMepHuX mpuc-komiviekcax Dy(III) 3 ecre-
pamu ManoHoBoi Kucnotu [18]. B monexymax
VX CIIO/TYK, He3aJIe)KHO Bij OyIoBY paguKamy
QJIKOKCWIBHMX TPYI, KOOpAuHaliliHa cdepa
KOXKHOTO 3 i0HIiB AMCIIPO3il0 JIOTIOBHIOETHCS
no KY=8 (BukpuB/ieHa ABOIIANIKOBA TPUTO-
HaJIbHa [IP)3Ma) 32 PaXyHOK JJBOX aTOMiB KVIC-
HIO €CTEPHOI TPy OJJHOTO 3 JIiraH/iB iHIIOTro
¢parmenty [DyL,]. B po6ori [7] omeprkano ko-
oppuHaniizi cioykn Y (I1I), Er(I11) i Yb(III) 3
eTUJI- i ajTimaneToaleTaToM 3arajibHoOl (bopMy-
mu [Na(C,H,OH),][Ln,O,(OH),L, |, npuaomy
711 KOMIUIEKCY iTpilo 3 eTu/lIaleTo-aleTaToM
BU3HAUEHO MOJIEKYIApHY CcTpyKTypy. Cmo-
nmyka  [Na(C,H,OH),][Y,O,(OH),(etacac) ]
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MICTUTD BUCOKOCUMETPUYHMIT IeB SATUALEP-
HUJ KOMIIJIEKCHUII aHiOH, IO CKJ/IaJIa€ThCH
3 [IBOX KBaJpaTHO-IipaMiJjaJIbHUX KJacTe-
pis [Y,], comy4yeHnx CHibHOI0 BEPIIMHOI.
ATOMM MeTay, 0 3HAXOAATHCA Yy BEPIIMHAX
TPUKYTHUX TpaHeil IipaMif, CIIONy4YeHi MiX
coboro p,-OH rpymamm, a B LeHTpi OCHOBU
KOXXKHOI 3 IipaMij MIiCTUTbCA IIO OJHOMY 3
1,-O aTomiB KuCHIO 1BOX OKCO-TpyIL [TonoBu-
Ha i3 16 P-KeToecTepaTHMX JiraHAiB KOOPHM-
HOBaHa X€JIaTHO, a pelITa — Xe/IaTHO-MiCTKOBO.
Kooppunaniitauit nomienp anikajbHOro aTOMa
iTpito mpepcTaBisie cob60K0 KBagpaTHy aHTU-
IIpU3MY, a IOJTie[py BOCbMI €KBaTOPia/IbHUX
ioni Y(III) maroTh reomMeTpit0 BUKpPUBIECHNX
nopekaenpis. HeratuBHMiT 3aps KOMIUIEKCHO-
IO aHiOHa KOMIIEHCOBAHO i10HOM HaTPilo, COJb-
BAaTOBAaHOTO IIiCTbMa MOJIEKY/IaMIU €TaHOIY.
3arazoM, TBepfii [-keToecTepaTy JTaHTaHifIB
IIPEJCTAB/IEHO JIMIIE ITOOAVHOKMMM IIPUK/Ia-
mamu [7, 11, 19]. Illo cTocyeTbcs TepMivHMX
BJIACTMBOCTEN BUIE3a3HAYEHNX CIIONYK, TO
BOHM MaiDKe He JOCTiJKeHi, X04a IPOAYKTH
IXHPOTO TEPMIYHOTO PO3K/IA[ly MOXYTb SABJIA-
TV COOO0I0 NMPAKTUYHUI iHTepec I CTBOPEH-
HA e(eKTVBHMX KaTali3aTopiB, HaIiBIIPOBiz-
HUKOBMX 200 JIIOMiHeCIIeHTHMX MaTepiarliB.

ToMy MeTOI0 3a3HaYEHOTO MOCTIIHKEHHA €
BUBYEHHs TePMIiuHOI CTifKOCTI amidarnanmx
B-keToecTepaTiB JaHTaHi#iB (Ha NpUKIai
JIaHTaHY), BUSHAUEHH: TeMIIepaTypPHUX iHTep-
BaJIiB IXHBOTO PO3K/IaJly Ta CK/Ia/ly Ta30IOi0-
HUX IIPOJYKTIB TEPMOJIi3y.

EKCIIEPMMEHT 1 OBI'OBOPEHHA
PE3YJIBTATIB. [-KetoectepaTu aHTaHy
omepxxyBamu B3aemopiero HiTpary La(III)
La(NO,),-6H,0 s sigmosinnum [-keToecTe-
poM y BoHUX (meacac, etacac) abo BOgHO-[i-
okcaHoByx (alacac) posumnax. MeTtunanero-
aerar CH,C(O)CH,C(O)OCH, (meacac) i

https://ucj.org.ua

etunaneroarerar  CH,C(O)CH,C(O)OC H,
(etacac) oumuryBamym BaKyyMHOK JUCTWJIA-
uieto, aminaneroanerar CH,C(O)CH,C(O)
OC,H, (alacac) xBamidikanii «4. f1. a.» BUKo-
pucToBYBanu 6e3 [JOZATKOBOIO OYMINEHHS.
CuHTe3 MpoBOAM/IN 3a HEBEIMKOTO HafIMII-
Ky f-KeToecTepy i MOTbBHOMY CIIiBBifHOIIEHH]
MeTasliranm:ocHoBa = 1:3:3, ske 3a3Buyail
BUKOPUCTOBYIOTb /1A Oflep>KaHHA mpuc-B-am-
KeTOHATiB MaHTaHifiB [20]. Ik ocHOBY BuUKO-
PUCTOBYBAIM BOAHMI PO3YNMH aMiaKy 3 Maco-
BOI0 4acTKO 10 %. OTpuMaHi KOMIIEKCH SAB-
JISI0Th c06010 aMOpdHi mopouIKy, 3abapBiieHi
y 6immit xorip.

OxpiMm rigpokcokommiekciB  Oymo Ta-
KOXX Oflep>KaHO [iBi pi3HOJIraHAHI BHYTpilI-
HboKoMIUlekcHi  conmykn  (PJIK)  ckmamy
La(meacac),L (L=NO,", CH,COO"), B Axux 11o-
SUTUBHUI 3apAN bic-komrmekcy La(meacac),*
KOMIIEHCOBAHO HiTpaT- abo aljeTar-aHiOHOM.
CuHTe3 pi3HOMIraHJHUX KOMIIJIEKCIB IPOBO-
IV B €TAaHOJIbHMX PO3YMHAX B3AEMOJI€I0
La(NO,),-6H,0 3 meacac Ta CH,COOH, sk
OCHOBY BMKOPUCTOBYBa/lIM CIMPTOBUII PO3-
yyH NaOH. OTpumani KoMIekcu ouniysa-
M TIepEeKPUCTAJIi3alli€l0 3 METaHOMY, 3 AKO-
ro BOHU BMUII/LUMCA Y POpMi MeTaHONbHUX
COJIbBATIB, 10 BCTAHOBJIEHO 3a Pe3y/IbTaTaMM
TepMorpaBimeTpil.

Ckmag xommtekciB  La(III) BusHauamm
HaIliBKi/IbKiCHUM €Hepro-ANCIePCITHUM
pentreniBcokum (EDX) anamisom (puc.1)
1 KUIbBKICHUM €JIeMEHTHUM MiKpOaHa/lIi3oM
(ta6n. 1). EneMeHTHUMII aHa/mi3 Ha BMICT BYT-
JIeL}0, BOIHIO Ta a30Ty BuKoHyBaayu Ha CHN-
anamizaropi «Vario MICRO» (Elementar
Analysensysteme). MacoBy 4YacTKy MeTany
B KOMIUIEKCAX BM3HA4YaaM TPUIOHOMETpPUY-
HUM TUTPYBaHHAM 3 iHIMKATOPOM apceHaso |
[21]. EHepro-mycnepciitHnii peHTTeHiBChKII
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(EDX) ananiis mpoBopuin Ha eIeKTPOHHOMY
mikpockori «JEOL JSM-7500F» (manpyra npu-
CKOpeHHA 16 kB), axuii 6y710 OCHaIIleHO JIBO-
Ma EDX-perexkropamu «Oxford Instruments»,

C(K) 3

IHTEHCUBHICTb

7 T : .
0.0 0.5 1.0 4.5 5.0 55 E, keB

PO3MILEHVMH 3 IPOTU/IEXKHMUX CTOPIH IIif| KY-
TOoM 28° 10 MOBepXHi 3pa3Kka. Pesynbrarn aHa-
i3y OmIpalnbOBYBa/l Y MPOrPaMHOMY IIaKeTi
Aztec 3.3.

O(K) 6

IHTEHCUBHICTb

C(K)

i

0.0 0.5

Puc. 1 - EDX-cnextpnu La(meacac), OH-H,O (a), La(meacac),NO,-2CH,OH (6)

Ax Bupgno 3 puc. 1, B EDX-cniekTpax ycix
DOCIIIPKEHUX KOMIIZIEKCIB CIIOCTEPIraeEMO CUT-
Hamu K -niniit C (0,28 xeB) Ta O (0,52 xeB)
i rpyma L -niniit La B piamasoni 4,5-6 xeB.
Y cnektpi La(meacac),NO,.2CH,OH npu
0,39 keB rakox mpucytHiin K -curxan azory
(puc. 1, 6), mo migTBepKye HAasBHICTH Hi-
TparT-iOHa y CK/Iaji KOMIIIeKCy. Pesynbratin

€IEeMEHTHOTO aHa/i3y CBiflYaTh IpPO Te, ILIO
CMHTe30BaHi -KeToecTepaTyl JTaHTaHY € Tifi-
paTOBaHNMI TiIPOKCOKOMIUIEKCAMIU CK/IAfy
LaLL OH-H,O, mo ysromkyerbcs 3 nmiteparyp-
HuMy manumu [6, 8], a ckmap PJIK Bimmosi-
nae ¢popmynam La(meacac) NO,-2CH,OH i
La(meacac),(ac)-CH,OH.

Tabmuis 1
PesynbraTn enemenTHOro aHamisy kommnekcis La(III) 3 f-keToecTepamu
Enemenr, 3HaiifieHo (po3paxoBaHo), Mac. %
Kommekc

La C H N
La(meacac),OH-H,O 34,2 (34,4) 28,8 (29,7) 4,6 (4,3) -
La(etacac),OH-H,0 32,9 (32,1) 32,9 (33,2) 5,1(5,3) -
La(alacac),OH-H,0 31,0 (30,5) 30,1 (30,6) 4,8 (5,0) -
La(meacac) NO,-2CH,OH 27,8 (28,1) 29,0 (29,1) 4,9 (4,5) 3,0 (2,8)
La(meacac),(ac)-CH,OH 29,7 (30,1) 33,0 (33,9) 4,2 (4,6) -
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Ha ocHOBi aHami3y XapaKTepMCTUYHUX
cMyT nornuHaHHA IY-crekTpiB pisHOMirang-
HUX KOMIUIEKCIB (Ta01. 2). ofiep>KaHo JaHi po
crioci6 xoopamHanii La(I1l) 3 pyHkuionanpam-
My rpynamu nmiranpis. B [Y-cnexrpax xomm-
nekcHux crnonyk La(meacac) NO,-2CH,OH

Ta La(meacac) (ac)-CH,OH Bingcytna cmyra
nedopmaririHoro konuBanHsa La-O-H, ska B
cnekTpi La(meacac) OH-H,O crnocrepiraers-
csa mpu 966 cm! [22], a HaTOMiCTh NpUCYTHI
CMYTY XapaKTepPUCTUIHNX KOIMBAHb KOOPAM-
HoBaHux avionis NO,” i CH,COO".

Tabnmuia 2
OcHoBHi KommBanbHi YacToT B I'Y9-criekTpax pisHOHOMIraHZHNX
kommrekciB La(IIl) ta ixue BigHecenHs (cm™!)
La(meacac) NO,-2CH,OH La(meacac),(ac)-CH,OH BigHecennsa
1632 1633, 1618 v,(CO)
- 1555 v (COO")
1530, 1518, 1508 1545, 1530, 1518 Vas(CC)
_ 1464 v (COO")
1408 1412 v_(CO)
1384 - v(NO)
1196 - v_(NO)
1066 1065 V(O—CH3) + v(CC)
1035 - v(NO,)
913 910 v(C-O-CH,) + v(C-CH,)
813 - 8(NO,)
787 794, 784 n(OCO) + n(CH)
752 - n(NO,)
740 738 8(0CO)+6,,  +v(C-CH,)
- 672 S(CO0O")
620 626, 608 8 s + V(LD-O)
- 472 n(COO")
423 424 5§  +v(Ln-0)

Kinbist

https://ucj.org.ua
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Y cnexrpi La(meacac), NO,-2CH,OH y ni-
amaszoni 750-1400 cm™' 3acdikcoBaHO CcMyTH
KOJ/IMBAHHS, 3yMOBJIeHi 3 BanmeHTHuUMH (1384,
1196 i 1035 cm') ta 2 pedopmaniitHuMu
(813 i 752 cm™') KONMMBaHHAMU HiTpaT-aHiOHA
(tabm. 2). Taka KinbKicTb CMYT CBifunMTh IIPO
BHIDKEHHsA JIOKa/IbHOI cuMetpii iona NO,
D3h o sz BHAC/IiJIOK 10TO KOOPAMHALIII O Ka-
tiona La(III) [23, 24]. Pisuumsa gyactor Kommu-
Banb V(NO) - v _(NO,) = 188 cm™' BKasye Ha
Xe/laTHy ab0 Xe/laTHO-MiCTKOBY popMy Koop-
muHaii [25].

BIY-cnexrpiLa(meacac),(ac)-CH,OH B 06-
nacti1450-1560 cm™' ciocTepiraemo cMyTH, AKi
BIJIITOBiJJalOTh CUMETPUYHOMY Ta aCUMETPUY-
HOMY BaJICHTHOMY KOJIIBAaHHIO KapOOKCUIb-
HOI TPyl ameTar-aHioHa. PisHmua B momo-
xenHi cmyr v_(COO") - v(COO7) =91 cm™!
CBIYUTD IIPO XeIaTHO-MIiCTKOBMII CIIOCI6 KO-
opaunarii iona CH,COO" [26].

Taxum ynHOM, pesynbraTy [49-cnekTpocko-
il ZO3BO/AIOTH 3pOOUTY BMCHOBOK IIPO Te,
o posrnAnyTi PJIK manTany mamoTh gumep-
Hy (abo omiromepHy) OyHOBY i CKIafaroTh-
csA 3 KaTioHHux ¢parmenrip [La(meacac),],
crionyyeHux Mictkopumy anionamu NO,™ abo
CH,COO" [27, 28]:

100 -
90 La(meacac),OH-H,0
La(etacac),OH-H,0

80+ La(alacac),0H-H,0
X 70+
5 o0/

50 1

40

30 T T T T

200 400 600 800 ¢, °C
a

//O ~—~ =meacac’ /CH3
/o /o
g \// = / / \// =N /
\\ // / /\\ //\
YAV A
A /
0 H,C

[La(meacac),(p,p,-NO,),] [La(meacac) (.1, -ac),]

BcranoBneHHA cOMbBaTHOTO CKIAY 1 JOCII-
IDKEHHS IIPOLIECIB TEPMOJECTPYKIII KOMILIEK-
CiB B-KeTOecTepiB BUKOHYBAIM 3a JOIIOMOTOI0
TEPMOTPaBiMETPUYHOIO aHAJi3y 3 Mac-CIIeK-
TPOCKOIIIYHUM [IETEKTYBaHHAM IIPOAYKTIiB
(TGA-MS) Ha Tepmonarax «TG 209 F1 Libra»
(«Netzsch»), crmomydHux 3 Mac-CIieKTpoMe-
tpoMm «GSD 301 T32 («Pfeiffer Vacuumy»), B in-
TepBati Temneparyp 25-900 °C 3i mBUAKicTO
HarpiBy 2,5 °C/xB. loHi3anito 3ilicHI0Banu 3a
METOJIOM €TIeKTPOHHOTO yaapy (eHepris ioHi-
3yI04MX eleKTpoHiB 75 eB). Ionu posainsmm y
KBaJpynonbHOMy Mac-inbrpi. JocmimkeHHa
POBOAVMIN B IOTOL Te/lilo 3 06’€MHOI0 BU-
TpaTtoo 10 mMi/xB. Pesynbratu aHanisy ompa-
IbOBYBa/JyM y NIPOrpaMHMX IakeTax Proteus
6.0.0 Ta Quadstar 7.03.

0.0

— La(meacac),0H-H,0

-0.6- — La(etacac),0H-H,0
La(alacac)ZOH-HZO
-0.8 T T T T
200 400 600 800 ¢, °C

Puc. 2. Kpusi TG (a) Ta DTG (6) xommnnexcis LalL,OH-H,O
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Ha puc. 2 HaBefieHO TepMOTrpaMu IiIpOKCo-
KOMIIIEKCIiB JITAaHTaHY 3 B-KeToeCcTepaMil.

Herigparanis xommnnekcy La(meacac),OH-
-H,O Bin0yBaerbca B iHTepBasi TemmepaTyp
120-180 °C i cympOBOMXYETbCA BUJA/IEH-
HAM OfiHi€l KOOPAMHOBAHOI MOJIEKYIN BOJMU
(Am=3,7%, Ammpv:4,5%). [Ipn nbomy B
Mac-CIIeKTpax ras3onofiOHuX MPOAYKTIB po3-
knagy (puc. 3, a) OMIHYIOTb CUTHaIN iOHIB

2.4x10° - 4 6.5x10™
—— m/z=18 (H,0")
—— m/z=17 (OH")

16.0x10™

5.5x10™"

2
a
£ 2.0x107
@ -10
= 5.0x10
& 1.8x10°1
I 4.5x10™"
N
1.6x10 4.0x107°
1-4}(10,3 T T T T T T T
100 200 300 400 500 600 700 800 t,°C a
2.0x10"" 18x10™
1 6x10™ ——m/z=30 (CH,0")
) ——m/z=29 (CHO") |4 457
a
5 .
2 1.2x10™""4
oM
=
z 11 H4x10™
o 8.0x10" A
=
4.0x10™" 4
{2x10™
0.0 , . y
100 200 300 400 t°C 8

3 m/z = 18 (H,0*) i 17 (OH"). ¥ piamasomni
temneparyp 200-300 °C BigOyBaeTbcs pe-
CTPYKIifA OpraHivYHOI YaCTUHU KOMIIJIEKCY
(Am=28,7 %). OCHOBHMMM IIPOAYKTaMU Iipo-
nisy € dbopmarnbaeriz, areTaabieris, aleToH,
CO, i H O, na 1m0 BKasyTh CUTHA/IM iOHIB 3
m/z =29 (CHO"), 30 (CH,0""), 43 (CH,CO"),
58 (CH,C(O)CH,™), a Takox m/z = 44 (CO,™),
12 (C*), 181 17 (puc. 3, 6-2).

-10 _ ~ 11
7x10 miz=44 (CO.) 5x10

—— m/z=12 (C")
—— m/z=22 (CO,”)

6x10"° .
14x10°

5%107° -

4x10™ 3x10™

-10
3x10 2510

IHTEHCHBHICTL

2x107°

=11
1x10°° 4 1x10

100 200 300 400 500 600 700 800 t°C 6

6x10™"" 1 2.4x10™
N —— m/z=58 ({CH,),CO") 0
5x107™" 4 . H2.0x10°
—— m/z=42 (CH,CO")
2 ax10™ —— m/z=43 (CH,CO") {1.6x10™
8
I
g ax10™'; 41.2x10™
&
=4 11 11
I 2x10° A —18.0x10
1x10™"" ~4.0x10™"
0 T T T
100 200 300 400 t,°C 2

Puc. 3. Kpusi TGA-MS La(meacac),OH-H,0O nns ionis 3 m/z = 17, 18 (a); 12, 22, 44 (6); 29, 30 (s);

42,43, 58 (2)

OxpiM 1IbOTO, y Mac-CIIeKTpax ra3onopio-
HUX NPOAYKTIB 3adiKCOBAHO CUTHAMM MOJIe-
Kynapaux ionis C 4HSO‘+ (MeTHIe TUIKETOH,
m/z = 72) ta CH, O+ (6yranon abo fieTu-
nosuit edip, m/z = 74). Crip BigdHauMTH, 110
IIpolLeC PO3K/IAZly KOMIIIEKCY IIPOTIKae y JBi
CTaJIil, IPO L0 CBiAYNTDH HAABHICTb HAa KPUBUX
DTG (puc. 3, 6) i TGA-MS (puc. 3, 2) BBOX eKkc-

https://ucj.org.ua

TpemyMiB 3a 200 i 250°C. HarpiBanns spaska
1o 500°C npu3BoauUTh 1O IOBHOTO PyJiHyBaH-
HsA OpPraHiYHOI YaCTVHU MOJIEKY/IA KOMIIJIEKCY.

Herinpatanis kommekcy La(etacac),OH-
-H,0O 3 Buptanennam opniei BHyTpimubocdep-
Hoi Montekyy Bopu (Am=4,7 %, Ammpv:4,2 %)
BiIOYyBa€Tbcs B  IHTepBal  TeMIeparyp
120-190 °C, a posk/maj, OpraHi4YHOI 4aCTUHU
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IPOXOAUTh Y TeMIIEpaTypHOMY JiaIllasoHi
150-350 °C (Am = 31,7 %). Cepep, opraHivHIx
¢dbparmMeHTiB y Mac-creKTpax HamOinpmr iH-
TEHCUBHMMM € CUTHaM ByrnesopHesux CH,*
(m/z=15), CH"* (m/z=26), CH" (m/z=27),
CH." (m/z=29) Ta KHUCHEBMiCHUX iOHiB

C2HsOH™

CH3;-CO—C2Hs™"

Takox npu TepPMOZIeCTPYKIil
La(etacac),OH-H,O Buginaiorsca CO, i H,O,
npo 1o cBig4arth curnamm ionis CO,™, C*,
H,O* i OH* na kpusux TGA-MS (rabmn. 2).
IToganpie HarpiBanHA 3paska go 500°C npu-
3BOJVTD /10 IOBHOTO PO3K/Ia/ly OPTaHiYHOI ya-
CTVHY KOMII/IEKCY.

Heripparanis  kommekcy La(alacac) OH-
‘H,O Binbysaerbcss B iHTepBanmi Temmeparyp
110-160 °C i cynmpOoBOIKY€ETbCSA BUIATIEHHAM
opHiel monekym Bomgm (Am=4,1 %, Am__ =

Teop.

3,9 %). [lopanblie 3pocTaHHA TEMIIEPATYPH JIO

100

La(meacac),NO,-2CH,OH
—— La(meacac),(ac)-CH,OH

200 400 600 800 t,°C

a

CH,OH* (m/z=31), CH,CO* (m/z=43),
CH,OH" (m/z=45), CH,OH" (m/z=46),
C,H,CO* (m/z=57). 1le BKasye Ha Te, 110 OC-
HOBHVMM OPTaHiYHMMM IPOJLYKTAMMU ITipOJIi3y
€ eTaHOJI Ta METUJIETU/IKETOH, sIKi (pparmeH-
TYIOTbCA 32 BijoMnmu cxemamn [29]:

— 5 CH=OH'
! » CH3—-CH=0H"
— » CH»C=0"

! » C;Hs—C=0"

—» CHs5"
— » CH3"

—— CoHs"

400 °C npusBOgUTH [0 NEeCTPYKILi OpraHiyHOI
qacTUHY KoMIiekcy (Am = 37,1 %). Ilpu upo-
my Ha kpuBux DTG (puc. 2, 6) cnocrepirarors-
ca gBa MiHiMyMmn 3a 200 i 300°C, AKi BKa3yoTb
Ha Te, 110 ITPOL[eC TePMOPO3KIAy IPOXOAUTD ¥
#Bi cragii. OCHOBHMMM OpraHiYHMMM NPOAYK-
TaMI IipO7Ii3y € aljeTajb/Ierif] Ta alleToH, PO
o cBifuarh curnamm ionis CHO*, CH,CO* i
CH,C(O)CH,"" B Mac-ciiexktpax (ta6m.2).

Tepmorpammy  pisHONIraHAHMX  KOOPHU-
Halifiumx crnomyk La(meacac),L (L=NO,,
CH,COO") HaBeneHo Ha puc. 4.

0.0+

-0.14
5
& -0.2
©

-0.3 S La(meacac),NO,-2CH,OH

10 La(meacac),(ac)-CH,OH

200 400 600 800 t,°C
6

Puc. 4. Kpusi TG (a) Ta DTG (6) xomnnekcis La(meacac),NO,-2CH,OH Ta La(meacac),(ac)-CH,OH
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Poskmam KOMIIIEKCIB IOYMHAETHCA Y Ji-
anmasoHi Temmeparyp 60-100°C i3 Bipme-
IIJIEHHs METAHO/Y: ONHIEl MOJIEKYIU y BHU-
nagxy La(meacac) (ac)-CH,OH (Am=5,1 %,
Am =70 %) i p;BOX - y BUIAUKY
La(meacac),NO,-2CH,OH (Am=14,3 %, Ammp
=12,9 %). IIpn 1jbOMy B Mac-CHEKTpax CIIO-
CTepiraeMo CUTHaIM HPOAYKTIB ¢parmeHTa-
uii CH,OH: CH ,OH', CH,O**, CHO" i CH,"
(puc. 5). Y Bumajxy HiTpaT-BMiCHOTO KOMII-
JIEKCY TIpoLeC AEeCTPYKIil CYyIPOBOJKYETHCA
YaCTKOBMM OKMCHEHHAM METAaHONy IO BYT-
JIEKMCIIOTO Ta3y 3a PaxyHOK BiJHOBJIEHHH
HiTpaT-aHioHa 0 okcupy asory(IV), Ha mjo
BKa3ye HAasABHICTb OKpeMUX IIiKiB Ha KpUBUX
TGA-MS pns ionis CO,™ i NO,* mpu ~100 °C.

[Toganpiie 3poCTaHHA TeMIIEpaTypu [o
400 °C npusBOgUTH OO IIOBHOIO pYJHY-
BaHHA PJI KOMIIIEKCIB He3a/leXXHO Bifl THMILy
npotuiona. fk i ama La(meacac),OH-H,O,
OCHOBHUMM TnpopyKrammu miponisy PJIK e
CH,0O, CH,COH, (CH,),CO, CO, i H,0. Hi-
Tpar-aHioH B La(meacac),NO, posknamaerbcs
3 supinenuam NO,. Crip BingHaunTH, mo s
HiTpaTHOro KoMIiekcy Ha KpuBux DTG cno-
CTepIra€TbCcs OfVH YiTKO BUPa>KEHUIT eKCTpe-
MyM 3a ~210 °C, syMOB/IeHUII PyIHYBaHHAM
OpPTaHivYHOI YaCTVHY KOMIUIEKCY, TOAI AK [/
La(meacac),(ac) B obmacti 150-400 °C crmo-
crepiraemo Tpu MiHiMymu 3a 170, 2201 320 °C,
110 CBIAYMUTD IIPO MPOTIKAaHHA TEPMOLECTPYK-
il 3a KizibKa CTamiii.

-10
4x10"" 1 ) X —— m/z=58 ((CH,),CO")
——mz=9(CHO) | ax10"' —— miz=42 CH,CO") |1:6%10"
——m/z=30 (CH,0" | - g
310" mz=31 (OH O . —— m/z=43 (CH,CO")
3
5 T 2x10™" {1.0x10™
3] i -10 o .
E o 4x10 3
2x10™ 4 2
S g
u:|:J Es
I 1o 107" {5.0x10™
Z 10" 12x10
0 . . . 0.0
0 s P T 0 100 200 300 t,°C o
' a
La(meacac):NO3-:2CH30H
1.5x10™ 1.5x10™° 14x10™
/=26 (CHO") | 2.5x107™ ——m/z=15 (CH,")
——mz=30 (CH,0") 1, g 400 me=42(CH,CO) ] 4qo
2 1.0x10™1 —— m/z=31 (CH,0") £1.0x10™ ——m/z=43 (CH,CO’)
2 15610 F
g 3 2x10™
I
Y 1ox10"° R
x> Z50x10™" -
-11
’) 5.0¢10™" T
0.0 . T r y 0.0
100 200 300 400 t°C 6 0.0 0

100 200 300 400 500 t°C 2

La(meacac)z(ac):CH3;OH

Puc. 5. Kpusi TGA-MS npogykris Tepmivnoro poskrany PJIK La(IIl) ana ionis 3 m/z = 29,

30, 31 (a, 8); 42, 43, 58 (6, 2)
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I3 niTeparypu Biomo, 1m0 6e3BOgHMI alje-
TaT MaHTany La(ac), criiikuit o TemmepaTypu
~300 °C [30, 31], TOMy OCTaHHIO CTAJIil0 MOX-
Ha BifIHECTM [IO pO3K/Ia/ly alleTaT-ioHa.

YsarasbHeHi pesynbTaTy aHajIi3y IPOLECiB
TepMopecTpykuii B-keroectepartiB La(Ill) y
miamasoni Temneparyp < 400 °C HaBefieHO Y
tabs. 3. I/ BCiX BOCTiKeHNX KOMIUIEKCIB y

Mac-CIIeKTpax Ta3omnofiOHNX MPOAYKTIB po3-
K/Iafly, OKpiM BMILEONVCAaHUX CUTHAIB, Ta-
KOXX CIIOCTepiraeTbcs CUrHajl ioHa 3 m/z = 42
(puc. 3, & puc. 5, 6, 2), siKuit BijHECEeHO [0 pa-
pukan-kationa CH,CO™* [29]. IlosBa nporo
CUTHAJTy MO>Ke OyTU 3yMOBJIEHA BUIiIIEHHAM
KeTeHy IpyM Iiposisi a/jKizaneroaleTaTHUX
JIiraHiB.

Tabnuua 3

ConbBaTHMII CKIAJK TAa TePMivHA CTilIKicTh f-KeToecTepatiB La(IIl)

IleconpBaTairis
Kommekc Am, %
At, °C ConbBaTHUII CKIa]
Excrm. Teop.
La(meacac),OH-H,O 120-180 3,7 4,5 1 monms H,O
La(etacac)ZOHHzO 120-190 4,7 42 1 monp H,0O
La(alacac)ZOH'HZO 110-160 4,1 3,9 1 monms H,O
La(meacac)zNO3-2CH3OH 60-100 13,3 12,9 2 mon» CH,OH
La(meacac),(ac)-CH,OH 60-100 6,1 7,0 1 mons CH,OH
HecTpyKisa opraHi4HOl YaCTVHI
Kommtekc
At, °C OCHOBHI IPOAYKTU PO3K/IARY
La(meacac),OH-H,O 200-300  CH,0, CH,COH, (CH,),CO, CO,, H,0
La(etacac), OH-H,O 150-350  C,H,OH, CH,C(O)CH,, CO,, H,O
La(alacac),OH-H,0 150-400  CH,COH, (CH,),CO, CO,, H,0
La(meacac),NO,-2CH,OH 150-300  CH,O, CH,COH, (CH,),CO, CO,,NO,, H,0
La(meacac),(ac)-CH,OH 150-400  CH,0O, CH,COH, (CH,),CO, CO,, H,0
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3a Temmeparyp ~500 °C Bci pgocmipke- TBepAUX 3aJMIIKIB Mmipomisy (puc. 6, Tabmn. 4),
Hi B-xetoecteparu La(Ill) moBHicTIo po3- ki mopibHi [0 omMcaHuX y miTeparypi CrieKT-
K/IaJJal0oTbCsl 3 YTBOPEHHSIM OKCOKapOOHAaTy piB OKCOKapOOHATIB pifikicHO3eMenbHUX erle-
La,0,CO,, mo BcTaHoB/eHO 3a [U-criekTpamm  MeHTiB [32].

[MponyckaHHA

§(0CO)

§_+v(La-0)

Kin

v(La-O)

v(CO)

1800 1600 1400 1200 1000 800 600 v,.cm'

Puc. 6. T9-cnexrpu nmpoxykriB miponisy La(meacac),OH-H,O (a), La(meacac) NO,-2CH,OH (6),
La(meacac), (ac)-CH,OH () i La(etacac),OH-H,O (2) 3a 500 °C

Tabmuis 4

OcHoOBHIi KonmnBanbHi 4acTOTH B I'Y-cieKTpax NpoayKTiB TEPMidYHOTO PO3KIagy
kommnekciB La(ITI) 3a 500 °C Ta ixHe BigHecenns (cm™!)

Buxigamit KoMImekc v(C-0) 6(0CO) 8Kinm+ v(LaO) v(LaO)
La(meacac)zOH-HZO 1616, 1512, 1368 872, 848 620 400
La(meacac)zNO3-2CH3OH 1616, 1508, 1368 872, 852 624 400
La(meacac),(ac)-CH,OH 1616, 1500, 1368 875, 848 624 392
Ln(etacac),OH-H,O 1620, 1520, 1360 875, 844 624 416
https://ucj.org.ua 109
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3a Moja/nbLIOrO0 HArpiBaHHA 3pasKiB [o
850 °C BigOyBaeTbcsi NMOCTYHOBMIT PO3KIIAL
La O,CO, mo La O, 3 Buninenuam CO,, mo
Y3TOIPKYETBCA 3 TiTepaTypHUMM JaHuMu [31].

BVCHOBKM. CuHTe30BaHO KOMIIIEK-
cu La(IIl) 3 amidarmunammu P-keToecTepamu
(MeTum-, eTUiI-, aminamneToaneTaToM) 3arajab-
noi popmynu Lal OH-H,O/Lal, X-nCH,OH
(L=meacac, etacac, alacac; X = NO,, CH,COO;
n =1, 2). MetogaMn el1eMeHTHOTO aHAMi3y Ta
EDX, IY4-cnexrpockonii, TGA-MS BcTaHOBIe-
HO ixHilt cks1af, 6ygoBy i TepMivHi XapakTepu-
CTMKM Ta JJOBEMIEHO, 1IJ0: B KOMIIIEKCax [3-mm-
KapOOHI/IbHI /liraHANM KOOPAMHOBaHI /[0 ioHa
La(III) 6imeHTAaTHO-IMK/IIYHO, a 3MillIaHOJIi-
ranjiHi kommaekcu La(meacac),NO,-2CH,OH
i La(meacac),(ac)-CH,OH maioTb oniromepny
OymOBY i CKIafaloThCs 3 KaTiOHHMX (pparMeH-
TiB [La(meacac),]’, cnomy4ennx micTKoBUMM
HiTpaT- ab0 areTaT-aHiOHaMV; OCHOBHVIMM I'a-
30MOIOHMMY TPOXYKTAMU TEPMOJIi3y f-KeTo-
€CcTepariB € HU3bKOMOJIEKY/IAPHI KMCHEBMIiCHI
opraHiuHi cmonykn (dopmanbperin, ane-
Ta/IbJETifI, aIleTOH, €TAHOI), BYITIEKIC/INII ra3
Ta BOJI, a KiHIIeBMMM TBEPAMMU IPOAYKTaMU
PO3K/Iafly 3a/IeKHO Bifl TEMIIEpPAaTypu € OKCO-
kap6onat La,0,CO, (t = 500 °C) abo oxcup,

La O, (t ~ 850 °C).
Sj/r tpuMkn HAH VYkpainn B Mexax fepx-
GromkeTHOl TemMu «CTBOPEHHST HOBUX
reTePONOJiALEPHUX Ta PISHOMITAaHAHNX KOMII-
nekciB 3d- Ta 4f-meranis i3 pocdop- Ta Tio-
BMICHUMM KOMIIIEKCOHAMU, [-AVKeTOHAMU
JUIsL OTPUMAHHA KOMIIO3UTHUX Ta TiOpMmHMX
MarepiasiB i3 6ioxiMiuHMMU, €TeKTPONPOBif-
HVMM, JTIOMIHECHEHTHUMM BJIAaCTUBOCTAMM».
Jep>xaBHMIT peecTpaniitHnit HoMep poboTu —
0115U002223.

Po6oTy BrkoHaHO 3a ¢iHaHCOBOI mif-
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THERMODESTRUCTION OF La(lll) COORDINA-
TION COMPOUNDS WITH ALIPHATIC B-KETO-

ESTERS

A.M. Mishchenko, E.K. Trunova*,
T.A. Makotryk

Vernadskii Institute of General and Inorganic
Chemistry of the NAS of Ukraine,

Akad. Palladin Avenue, 32-34, Kyiv 03680,
Ukraine

*e-mail: trelkon@gmail.com

Mono- and mixed-ligand complexes of
La (IIT) with aliphatic B-ketoesters were syn-
thesized in the solid state. The complexes have
the general formulas Lal, OH-H,O (L=meacac,
etacac, alacac) and La(meacac) X-nCH,OH
(X =NO,, CH,COO; n = 1, 2). Their compo-
sition, structure, and thermal properties were
established by chemical and thermal analysis,
IR spectroscopy. It is shown that p-ketoesters
are coordinated to the La (III) ion biden-
tate-cyclically into monoligand hydroxocomp-
lexes. Ligand complexes with methylacetoace-
tate have an oligomeric structure. They consist
of cationic fragments [La(meacac)2]+ with
bridged connection of the nitrate or acetate
anions.

The thermal destructions of LaL,OH-H,O
(L = meacac, etacac, alacac), La(meacac),NO,-
-2CH,OHandLa(meacac),(CH,COO)-CH,OH
were studied for the first time in the helium dy-
namic atmosphere by TGA-MS in the temper-
ature range of 25-900 °C. Depending on the li-
gand, dehydratation of the hydroxo-complexes
takes place in the 120-180 (meacac), 120-190
(etacac) or 110-160 °C (alacac) temperature
range, and the mass loss corresponds with the
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detachment of one water molecule. Decompo-
sition of mixed-ligand complexes starts with
the detachment of methanol in the 60-100 °C
range. For La(meacac),NO,-2CH,OH the de-
composition process is attended with oxida-
tion of methanol to carbon dioxide due to re-
duction of the nitrate-ion to nitrogen dioxide.
Further heating to 300-400 °Cleads to destruc-
tion of organic parts of the complexes attended
with the release of low-molecular oxygen-con-
taining organic compounds (aldehydes, ke-
tones, alcohols), carbon dioxide and water. At
~500 °C all the La(III) complexes under study
totally decompose, yielding the oxycarbonate
La,0,CO,, which was fixed by IR spectroscopy.
Under further heating to 850 °C oxycarbonate
gradually decomposes to La, O, liberating CO..

Keywords: lanthanum complexes, p-keto-
esters, thermal analysis.
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[TpencTaBieHO pe3ynbTaTi JOCTiI)KeHb IOBE[iHKM HI0OI€BOTO €IeKTPOAY Y BOTHUX PO3-
yyHax 0,25 H. PTOPUCTOBOJHEBOI KUCIOTH. BU3HaYeHO KiHeTWYHi IapaMeTpu INpPOLECiB,
AKi BigbyBarOTbCcA Ha MexXi pospiny ¢as. BuasneHo, mo aHORHA Mo/sApu3alia HiobieBoro
€/IeKTPO/ia CYIIPOBOPKYETHCA YTBOPEHHAM IACUBYIOYOTO APy, PYHYBAaHHIO IKOTO CIIPUAE
IiBUIEHHA TOTEHIIiaTy HonApu3anii Ta aHioHu GTOpY, 3a IPUCYTHOCTI AKNX YTBOPIOIOTD-
csi KomIyieKcHi propuio6athi anionn [NbF ]* i [NbOF,]*. Katogna nonspusanis niobiro
CYIIPOBOJKYETHCsI YTBOPEHHSM Tif[pMAiB Ha 10TO IIOBEPXHI, 10 3yMOBJIIOE 30i/IbIIeHHS TIe-

peHanpyru BUJiZIeHHA BOJHIO.

Knro4oBi cmoBa: Hi06iit, eleKTpogHi porjecy, Tiipuay, KiHeTUYHi mapaMeTpu.

BCTYII. 3aBpaxu yHikanbHUM (¢isnKo-Xi-
MIYHMMM BJIACTUBOCTSM HiOOill Ta 110ro cmo-
AYKM IIMPOKO BUKOPUCTOBYIOTH Yy Pi3HMX
rajayssAx Hayku i texHiku. OCHOBHMMU rainy-
3AMI 3aCTOCYBaHHA Hi06il0 € BMPOOHUIITBO
HAJIIPOBIJJHNKIB, aTOMHAa €HepreTMKa, XiMid-
He MaIlMHOOYAyBaHHs, MeTaTypris, BUTOTOB-
JIEHHA ONTUYHO aKTUBHUX MaTepiajiB, TOHKO-
I/IIBKOBUX JITiEBUX aKyMY/IATOPIB, HaJTUBHUX
enieMeHTiB [1-4].

Hiob6iit HameXXUTb [0 I'PyHy BEHTUIbHMX
MeTaJliB, KOpO3iilHa CTiMIKiCTh AKUX BU3HaYa-
€ThCA 3[IATHICTIO YTBOPIOBATY 3a B3a€EMOJII 3
KVICHEM ITOBITps1, BOZOI0, 200 KCEHbBMICHUMMU
CIONTyKaMM TOHKY, LIiIbHY, ITAaCUBYIOYY IIJIiB-
KY, AKa MIIIHO i Hafli/iHO 3aXMIljae MeTasl Bif
KOHTAaKTY i3 30BHIIIHIM cepemoBuieM [5, 6].
Hio6ii1 mobpe oxmopye BOmeHb, KUCEHb Ta
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a30T. IXHE NOIMMHAHHA CYNPOBOMKYETHCA
CTPYKTYpHMMU Ta (pa3oBMMU 3MiHAMI B Me-
tasi. Oco61mBo aKTUBHO Hi06ii1 aficopOye Bo-
JIeHb 3 YTBOPEHHAM rifipuAis ckmapy NbH, 7]
3riguo [8], npu aTMocdepHOMY THUCKY Ta 3a
KiMHaTHOI Temneparypu 1,0 r Hiobito nmormm-
Hae 104 My BomHIO. 3aJIeXKHO BiJ KiTbKOCTI
HOITIMHYTOTO BOZIHIO Hi06iil MOXXe YTBOPIOBa-
i pisHi dasu, y Tomy umcni it NbH,. ITpormec
pPO3YMHEHHsI BOJHIO B Hi0O6il HMOYMHAETHCA
JIMILIe TiC/IA aKTMBallii, 00 5K B yMOBaX KaToj-
HOI TONApU3aliil, 3a eIeKTPOXiMiYHOTO HaCK-
YEeHHA.

Meroro 11i€i po60TH € FOCTiI>KEHHS TPOIie-
CiB, AKi IPOTiKaOTh Ha HiOOiEBOMY eeKTpozi
Yy BOJHUX pO34MHAX (HTOPUCTOBOIXHEBOI KIIC-
JIOTY, @ TAKOXX BCTAHOBJIEHHSA CK/IAJly CIOTYK
Hi06i0, 1[0 IIPY IIbOMY YTBOPIOIOTHCS.
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EKCIIEPMMEHT I OBI'OBOPEHHA PE-
3YJIPTATIB. EneKTpoxiMiyHy IOBeJiHKY Hi-
006i10 Ta i10ro MPORYKTiB OKMCIEHHS BUBYAIN
METO/IOM LIMKJIIYHOI BOJIbTaMIIEpOMETpPil Yy
BOJHNUX PpO3YMHAX (TOPMCTOBOLHEBOI KIC-
notu. JocnimKeHHA NPOBOAWIN B €IE€KTPO-
XiMiYHIT KOMipLi 3 PO3JIIEHUMMIU KaTOLHUM
Ta aHOGHMM IIpocTopamu. [ 3amobiraHHA
IIPOHMKHEHHIO KVCHIO B KOMipKY BUKOPUCTO-
BYBa/IJ PiIKNIA Taji-iHgi€eBUI 3aTBOP i3 TEM-
neparyporo miasneHHs:A 16 °C. Karogunii npo-
CTip 1 eIeKTPOIIT OYMIA/IN Bifl pO3YMHEHOTO
KJCHIO IIPOJYBAHHAM BUCOKOYMCTOTO aproHy
npotaroM 30 xB. TemnepaTypy B komipui mif-
TPUMYBa/IN TOCTITHOK 3a JOIIOMOTOI0 Tep-
mocTtary U-3 c tounictio 0,5 °C. Enexkrponit
nepeMillyBaay, BUKOPMUCTOBYIOYM MarHiTHY
mimranky. Ilorenuian HiobieBoro enmekTpopa
(1 cM?) BuMipoBamM BiHOCHO XJIOp-Cpi6-
HOro efnekTpopa nopiBHAHHA EBJI-IM 3.1
y HacudeHomy posumHi KCl. Bonprammnepni
TOCITiI>KeHHST KaTOTHOIO BWIiIEHHsS BOIHIO
BUKOHYBamy Ha noteHuiocrari «IPC-PRO».
[IBMAKIiCTD PO3TOPTKM IOTEHIIialy CTaHO-
Buna 20 mB/c. Ilepen moyarkom ekcnepu-
MEHTY pobounit eeKTpop uuriysamy, mpo-
MUB/IN €TWIOBMM CHUPTOM i OigyMcTunsaTom
BOJM. B pori JONOMDKXHOIO €1eKTpojja BUKO-
PUCTOBYBa/IM IUIATMHOBY MIKPOCITKY MapKu
I 99,8 0,10x0,040x5000 (rmaruua ITn 99,8;
posmip rparku, mMm 0,10; miameTp ppory,
MM 0,040; kinbkicte komipok Ha 1 cm? 5000)
wromero 10 cm?. Bonprammeporpamm 3amnucy-
Ba/M BiJi CTalliOHApHOIO IOTEHIiamy Hi00i-
€BOT0 €/IeKTPOoja [0 IOTEHLjiany BUJiIEHHA
KJCHIO.

YTBOpeHH: CIIONTYK Hi06it0 Ha MeXi po3piny
¢da3 Nb°-HF pocrmimxyBamt MeTOfOM e/eKT-
pOHHOI criekTpockomii Ha mpuani «Specord
UV-Vis» y repMeTn4Hiil KBapLOBiil KIOBeTi

https://ucj.org.ua

TOBIIMHOI 1 cM. KiHeTuky yTBOpeHHs ioHiB
- [NDF. ]* BMBYanM 3a MOINMHAHHAM CBiTIa
PO3YMHOM 3aJJaHOTO CK/IaJly IpM KOHTAKTi
110r0 3 Hi06IEBOI IIACTMHOIO IUIOLIEI0 2 CM2.
IIpominb CBiT/Ia IPOIYCKany MapajneabHo [0
IIOBEPXHi IUIACTUHKMA.

IIpy BUKOHAHHI BOJIBTaMIIEPOMETPUYHUX
HOCTi/pkeHb Ha HiobieBMX enexkTpopax y ¢ro-
PUCTOBOHEBUX €JIEKTPOJIITAX PEECTPYBAIN
OpAMUIL 1 3BOPOTHUI XiJi TOIAPU3ALITHUX
KpuBuX. TUIOBI BobTaMIeporpamMu, OTpuma-
Hi Ha Hi06ii B 0,25 H. po34nHy PTOPUCTOBOL-
HEeBOI KUCIIOTY, HaBe#eHo Ha puc.l. Bimomo,
1110 32 aHOZIHOI O/ISIPU3allii TOBEPXHs Hi0OiI0
IIOKPUBAETbCA mWapoM okcupy. Lleit cTirikmii
map ToBIIMHOK 0 0,05 MKM i Bu3Havae Bia-
cruBocTi moBepxHi enekrposa Nb-Nb O .

i, Alem?

0,02

5

0,01+

)

.y
s

0 0,722 1,22 E,B
Puc.1. IlukiniyHi aHOAHI BONbTaMIIEpOTrpaMu
(V=20 mB/c) niobiesoro enmextpona B 0,251 HF
3a Temmeparyp: 1 - 25; 2 - 45; 3 - 70; 4 - 90 °C
(3BOpOTHUII Xiff TO3HAYEHO ITYHKTIPOM)

Amnanis oTpumaHux pesynbrariB (puc.l)
II0Ka3aB, IJ0 Ha AHOJHMX BOJIbTaMIIEpPOrpa-
Max PeEeCTPYITb XBUIK, MAKCUMYM SIKOI B
MMpoKoOMYy iHTepBasi Temmeparyp (25+90 °C)
Bignosigae norenniany -0,27£0,03 B i 3po-
cTa€e 3i 30i/bIIEHHAM TeMIlepaTypu. 3a Io-
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TEHIlia/liB, 10 IEePEBUINYIOTH 1le 3HAYEeHHH,
IyCTUHA CTPYMY Ha €/IeKTPOJi 3MEHIIYEThCH,
110 CBiAYMUTH PO MMACUBALlil0 IOTO MOBEPXHI.
B o6macrti norennianis 0,97+0,03 B Ha BO/b-
TaMIIEPOrPaMax PEECTPYIOTh 3pOCTaHHA TycC-
TUHYU CTPyMY, IO MOXXe OyTU CBiTueHHIM
pYyJHYBaHHA nacuByiouoi mwiiBku. Bigomo [5],
110 PYVIHYBAHHIO OKCU/IHOI I/TiBKY Ha IIOBEPX-
Hi Hi00i10 3HAYHOI MipPOI0 CIIPUSIOTH AHIOHU
¢ropy. Ockinbkm mnonsgpusanio HiobieBo-
ro e/IeKTpofia 3iMICHIOBAMN Y po34MHi (To-
PUCTOBOHEBOI KMCIOTH, TO Ha J10T0 IIOBEPXHi
MOXXYTb BifOyBaTMCs TaKi IepeTBOPEHHS:

Nb,O, + 10HF - 2NbF, + 5H O, (1)
abo
Nb O, + 6HF — 2NbOF, + 3H,0. (2)

YTBOpeHHI0 okcodTopuay Hiobito cripusie
TaKOX B3aEMOIisA:

NbF, + H/O - NbOF, + 2HE. (3)

Bin xoHneHTpanii ¢pTOpoBOLHEBOI KIC/IO-
TV 3QJISKUTH CKJIaJl KOMIUIEKCHNX CIONYK Hi-
o6ito. Bimomo [8], mo 3a nHagymmky HF yTBO-
proeTbes proponiobiesas kucmora H,[NDE |:

Nb,O, + 14HF — 2H [NbF ] + 5HO. (4)

3a HecTayi aHiOHIB (TOPY KOMIUIEKCHUI
ion [NbF ]* tpanchopmyerbcsa B ion [NbF ],
AKMI1 y BOGHMX PO34YMHAX Tifiposli3ye 3 yTBO-
pennam [NbOF,]* [8].

YTBOpeHHA B po3uMHax (PTOPUCTOBOIHE-
BOi Kucnmotu iowis Hiobito ckmamy [NbF.]*,
[NDBF,],, [NDOF,]* Ta ixHe HaKoM4eHHsA IPU
€/IeKTPOXiMiYHOMY PO3YMHEHHI MeTany IHif-
TBEpPIPKEHO pe3y/lbTaTaMi CHeKTpodoToMe-
TPUYHUX IOCITiZPKEHbD.

Ha puc. 2 moxkasano 3miHy iHTEHCMBHOCTI
CMYT IIOI/IMHAHHA €/IEKTPOHHUX CIIEKTPIB 10HIB
[NDBF, ]** cucremn Nb°-Nb,O, y propucrosop-
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HEBUX €/IeKTposiTax y 4aci. Ilepmmii criekrp
(xp. 1) sanmcyBamu 4yepe3 1 XB Mmic/IsA KOHTaK-
Ty Hi06i€BOI ITACTMHKM 3 PO3YMHOM (TO-
PUCTOBOAHEBOI KMCIOTY, HACTYNHI (Kp. 2-6)
3 iHTepBa/IOM 2 XB. 3 OTPUMMAaHNUX PE3y/IbTaTiB
BIJJHO, L]0 B IPUIIOBEPXHEBOMY ILIApi CCTEMU
Nb°-Nb,O,-HF  peectpyioth  iHTeHCUBHY
CMYTY IIOIIHAHHA 3 MaKCMMYMOM B O0/acTi
500 HM. Brcoka mBHUKICTb IPOTIKaHHA peak-
1ii (4) 3cyBae piBHOBary BIIpaBo.

D

3.0
23
2.0
1.5

1.0

L

0.5

300 500 400

Puc. 2. 3miHa iHTEHCMBHOCTI CMYT IOITIVHAH-
HA €IeKTPOHHUX CIEKTPiB pPeaKLiliHOl cyMimi
Nb°-Nb,O,-HF-[NbF ]* B waci: I - 60; 2 - 120;
3 -240; 4 - 360; 5 — 480; 6 — 600, cex

A,nm

3anexHictp onTmyHoi ryctmHM (D) Bif
KoHUeHTpaiii ioniB [NbF._]* y dpropucroson-
HEeBJX e/IeKTPOJIiTaX 3a/J0Bi/IbHO OIMCAHO 3a-
koHOM byrepa - Jlamb6epTa — bepa (puc. 3, a),
a TAKOXX € JIHINHOIO Bifi TPUBA/IOCTI KOHTAKTY
HioOi€BOI TIacTvHM 3 po3unHOM (puc. 3, 6).
Ile mae sMory OLiHMTM KiHETMYHi IapamMeTpu
B3aeMofii 3a peaxii€ro (4).

Ao onTuYHy IyCTUHY peakLiifiHOL CyMi-
mWi ZO MOYaTKy B3aeMOfii (4) HO3HAYUTH K

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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D, a B MoMeHT 4acy 7 siK — D , 3a HeCKiHYeH-
HO BEJIVIKUI 9ac, JOCTATHIN I/IA IIOBHOTO Ile-
peTBOpeHHs ofHiel popmu cnonyk Hiobiro B
inmry, Ak (D_), To pisHUIIA ONTUYHOI IyCTUHU
(D_-D,) 6yne mpoHOpIiitHO0 KOHIIEHTpaIlii
anionis [NbF ]* B Momenrt wacy 7, a (D_-D))
Ha [IOYAaTOK peecTpalii CIeKTpiB.

D
3,0

2,5

2,0

1,5

Lo 2 3 4 5
[NbF.]-10” r-uon/n
lg(Doo-D1)
Lop
0,8
0,6
0,4
0,2f

0,0f Q

0% 2 4 6
t-102,C
Puc. 3. 3anexHicTh ONTMYHOI TYCTMHM peak-
uifiHoi cymimi Nb°-Nb,O,-HF-[NbF ]*: a - Bin
KoHIleHTpanii aniona [NbF.]*; 6 — Bin Tpusanocri
KOHTAaKTy Hi00i€BOI I/TACTVHY 3 PO3YNTHOM

KoHcranTy mBuaKocTi B3aeMopii (4) Mox-
Ha OLIiIHMUTHU 3a CHiBBiTHOIIEHHIM:

https://ucj.org.ua

k=2,303/ tlog (D_-D)/(D_-D).  (5)

3aleXHICTb PIBHOBAXXHOI KOHILIEHTpalii
anionis [NbF._]* B peaxuiitniit cymimii Bigg yacy
T MOXXHA IPEJCTaBUTH CIiBBi[HOILIEHHAM Yy
crcreMi morapudMivHIX KOOP/MHAT:

log (D_-D) =log (D_-D,)) - k1/2,303, (6)

me k i T — KOHCTaHTa Ta Yac yTBOPEHHA Bif-
HOBi[HNX CIIOTYK. Y j1orapupMivHIX KOOPAN-
Harax log (D_-D) 14 3a/1eXHiCTb Ma€ BUITIATL
psMOI 3 KyTOBUM KoedillieHTOM, IO KOpiB-
HI0€ k/2,303.

AHaji3 OTpMMaHUX [aHMX II0Ka3aB, IO
3MiHy ONTUYHOI I'YCTMHM PeaKIiiHOI CyMili
y BUIIAJIKy YTBOpeHHs aHioHiB [NbF. ]* moxHna
omnucary piBHAHHAM (6) (puc. 3, 6). Koncranra
mBUAKOCTI yrBopeHHs [NbF_]*, obuncrnena sa
KyTOM HaXumy ninifinoisanexnocrilog(D_-D)
Bifl 7, OLiHIOETbCA BenmmumHow 3,78-107 ¢l
Bsaemopisn okcupy Hiobito (V) i3 ¢TopHio-
6araum aHionoM [NbF ]* Ha nosepxni Hio6iro
IPU3BOJUTD IO YTBOPEHHs OKCUPTOPUIHUX
KOMIIJIEKCIB 32 peaKIli€ro:

3[NBE ]*+Nb,0_~4[NbOF,]+[NbOF_]*". (7)

KoncranTa HIBUIKOCTI YTBOPEHHA
[NDOF,]*, BusHaueHa 3a KyTOM Haxuiay 3a-
nexnocri log[(D_-D))/(D_-D))] Bin 7 (puc. 4),
cKknagae 5,18-10° ¢l

HarBaxmBilumMy e1eKTpOXiMiYHMMM Xa-
PaKTepUCTUKaMI Tepebiry eneKTpoXiMidHmx
IIPOLIECIB OCaJPKEHHA Ta 10HI3allil MeTasliB €
BE/IMYMHY CTAaHAAPTHOTO IIOTEHIIia/Ty Ta Iepe-
HAIIPyTy BOAHIO [9]. 3HIDKEHHA MepeHaIpyTrn
BUJIIJIEHHA BOJOHIO B TOMY Y IHIIOMY €/I€KT-
POJIiTi IPU3BOAUTD SO 3MEHILIEHHA KaTOTHOTO
BUXOY 3a CTPYMOM, IIIO CYIPOBOJKYETbCA
NOOIYHNMY peaKiisiMy BU/Ii/IEHHS BOJHIO.
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(Deo-Do)

le (Do —Dr)

1,0

i 2 3 4 110 C

Puc. 4. 3anexHicTb ONTUYHOI I'yCTMHU peak-
niitnoi cymimi Nb°-Nb,O,-HF-[NbF, |** Big Tpu-
BaJIOCTi KOHTAKTY 3 HiobieM

-i, MA/cM?

300
250
200
150 -
100 r

50

0
0,62

1,02 1,44 -E, B

0,92

Puc. 5. BonprammnepHi sanesxxnocri (V = 20 mB/c)
BupinenHs BogHwo Ha Nb enexrpopi B 0,251 HF 3a
temnepatypu: 1 — 25; 2 — 40; 3 - 55; 4 - 70°C

[Ipn BOMbPTAMIIEPMETPUYHMX [JOCHTIKEH-
HSX KaTOJHMX peakiliil Ha HioOieBOMY e/leKT-
pomi y QTOpPUCTOBOJHEBOMY eNEeKTPOITi
peecTpyBany NpAMMIL i 3BBOPOTHIN Xif TO/A-
pusaniitHnx KpuBux (puc 5). Busasneno, mo
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npsamuii i 3BopotHmit Xix IIK He 36iraorbes
MDK c00010, a 3i 3pOCTaHHAM TeMIlepaTypu
40 o 70 °C yTBOPIOIOTb 3HAYHMIA TiCTEpe3NC.
Taxuii Xifj KpMBUX 3yMOB/I€HUII BIUIMBOM BOJI-
HI0O Ha KaropgHmii mpouec. Cepep ycix MOX-
MBMX (GOPM BOJHIO HAVOiNbLIY IIPOHMKAIO-
4y 3paTHICTb Mae ioH H* [10]. Y pobori [11]
3a3HaYeHO MOXKJIMBICTh 0e3I0cepeHbOro
IIPOHMKHEHHSA NPOTOHIB y KaTOf NIPU €JIEKT-
poniTmyHOMY BUAiNeHH] BogHIo. Lei mponec
AK JIOIaTKOBA MOXK/IMBICTb IE€PEXOAY BOJHIO
3 €IeKTPOJITYy B razoBy ¢asy € IpUINHOI
3MEHIIEHH: [IepEeHANPYTY BOGHIO Ha MeTaax,
3MaTHMUX IOIMIMHATU BofmeHb: Pt, Pd, Ru, Ir, Re
nopisasaHo 3 Hg, Pb, T, Cd, In, B sskux BogeHb
He PO3YMHAETbCA. Bimomo, 110 HioO6iit akTuB-
HO IIOI/IMHAE BOJEHb i3 ra3oBoi ¢asu B ymo-
Bax KaTofiHOI mojsipu3aiiii, i aktusye popmy-
BaHHA Tifipu/iB Ha Mexi pospiny ¢das [12, 13].
3a pmaHuMM peHTreHo(]asoBOro aHamizy Ha
IIOBEPXHi €/IEKTPOAY YTBOPIOIOTHCSA [iBi CaMo-
criiini rigpuani dpasu NbH , i NbH, [7].

KineTuka i MexaHi3Mm peaxuii BupineHHA
BOJHIO Ha IOBepXHi Hi0Oi€BOTrO eneKTpofa
CYTTEBO 3aJIeXKUTH Bifi YTBOPEHHA TiIpUIHOL
¢dasn B moBepxHeBOMY Lrapi. MexaHi3M efe-
MEHTAPHOIO AaKTYy YCK/IQJHIOETbCA 3MiHOIO
€/IEKTPOHHOI CTPYKTYpM IIOBEPXHi, Ha AKiil
3HAaXOIUTbCsL aficopboBaHmii BomeHb. [lepe-
HaIlpyra BUJi/IEHHA BOJHIO Ha TipOBAaHOMY
€IEKTPOi ICTOTHO 3a/IeXKUTh Bifl CTyIEH:A
HAaCMYEHHA IIOBEPXHEBOIO 1IAPy METAy BOJ-
HeM 1 BiJj iHTEHCMBHOCTI KaTOJJHOTO IIPOLeCy
[12-14].

Bupinenus BogHIo Ha Hio6ieBOMYy enlekTpopi
IIpY KaTORHIN MO/IApu3aliii MOXKe IapasebHoO
MIPOTIKaTY AK 32 XiMiYHUM MexaHisMoM Dosib-
Mepa — Tadens, Tak i 3a eeKTPOXiMiYHUM
MexaHisMoM Ponbpmepa — leiipoBcpkoro [15,
16]. Ilopsig 3 enekTpoxiMiuHOW AecopOIiiero
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BOJHIO 32 MexaHisMoM Qonbmepa — leitpos-
CbKOT'O B pe3y/IbTaTi peakliil B3aeMOfii 3 io-
HaMU TiIpPOKCOHIIO 1 eIEKTPOHOM Ha IOBEPXHi
Hi00i€BOTO KaTOAY € MO>K/IMBUM IIPOXOMIXKEeH-
HS peaklill 3 yTBOPEHHAM XeMOCOpOOBaHOTrO
NbH i gurigpumy NbH :

Nb°+ H* +e— NbHW, (8)

2 NbHaHC — NbH, + Nb°. 9)

ATOMapHMI1 BOJIEHD, 110 YTBOPUBCA 32 Me-
xanisMmoM ®onbmepa - Taderns, 3 BUCOKOO
PEaKLiTHOK 3[4AaTHICTIO 32 KOPOTKUIL 4ac IIe-
PETBOPIOETHCS HA NOBEPXHI €/IeKTPOfia B Xe-
MOCOp6OBaHMUIT BOJEHD Nb(H) . Haseneni
CTAaHJAPTHI €JIeKTPOAHI ITOTEHLia/IM HalliBpe-
aKIiil CBilYaTh MPO MOTEHIIiIHY IMOBIpHICTb
NIPOXOJPKEHHA XIMIYHMX 1 €IeKTpOXiMiYHUX
peaxiiiit 3 Hiob6ieBUM KaTogOM:

Ht+e—-H ,E°*
azc

H /Hapc

=-2,10B, (10)

%BHO+e>H, ,E =-2,93B.(11)

H20/Hapc

ITosiBa peakiifTHOr0 aTOMapHOTrO BOJHIO Ha
IIOBEPXHi KaToa 3yMOBJIIO€ BUCOKY BipOTifi-
HICTb YTBOpEHHS TifpuAiB Hi06i10, OCKiNIbKK
CTalliOHAapHMI IOTEHLia/J HalliBpeaklil Mae
HACTYITHE 3HAYEHHA:

%H +e=H,E,  =-210B.

H2/H-

(12)

Bigomo, mo ionn H*, KkoMIUIeKcHi rigpu-
IV € CUIbHUMY BifTHOBHMKaMM, a TOMY IIpK
€/IEKTPO/Ii3l BOOHUX PO3YMHIB BOJEHb IIPO-
HIKa€ B Hi06iil mepeBa>kHO Y BUITIAAI IIPOTO-
HiB 1 3 YaCOM II€PETBOPIOETHCA Y TifipU-ioH.
[Tpu xaronHiit monsgpusanii Hiobito B gocCrIi-
JUKyBaHiil cucteMi BimOyBaroTbcs omuca-
Hi BHUIlle HaIiBpeaklil, AKi IpU3BOJATH 1O
yrBopenns NbH :

https://ucj.org.ua

Nb°+ H O +e— NbHaJch + OH; (13)
NbHauc +H,O+e—>Nb +H, +OH; (14)
NbHam + NbHaHC - 2Nb +H,. (15)

-i,, MA/eMm?

150
100

50

0 L s L
0,62 0,82 1,02 1,22
-E, B
n, B
0,8}
6
0,6
1
04r 2
3
4
0,2 : : -
2,0 1,6 12 0,8
-lgi,, Alem?

Puc. 6. I[lonsapusaniiini KpuBi BuUpineHHS BOJ-
HO 3 0,258 posumHy HF nHa Nb enextponi 3sa
Temneparyp: 1 - 25; 2 - 40;3-55;4-70,5-85°C
(a) 1 B xooppuHarax piBHsHHA Taderns (6)

Ha puc. 6a naBefeHo IpAMMIA Xifi OIAPK-
3aliIHNX KPUBUX BUJI/IEHHA BOJHIO 3 BOIHUX
posumuiB 0,25 H. (PTOpPOBOLHEBOI KUCIOTH
3a pisHux Temmeparyp (25-85 °C). ITokasa-
HO, 1O cTallioHapHi noteniamn (E_) Hio6i-
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€BUX €NIEKTPOMIB II0-Pi3HOMY 3ajieXXaTb Bif
Temrieparypu. 3HadeHHs E_ 3MiHIO€TbCA Bif
-0,921 B 3a 25°C o -0,724 B 3a 85 °C. 3mitjeH-
HA E_ y CTOpOHY Oi/IbIll TO3UTUBHUX 3HAY€HDb
3a MiIBUIIEHHA TEMIEPAaTypy CBiIYUTDH PO
BUICOKY CIIOpifiHeHicTh Hiobi0 1o BopHto. Hi-
00ii1 yTBOpIO€E 3 BOZHEM Tifpuan pisHOrO CTe-
xiomerpurynoro ckiazy Nb H, NbH,. Enep-
risf 3B’A3Ky E =150 k/[>x-MOb ™!, MiI[HICTD
noBepxHeBoro 3B’s13ky Nb-H oxormoe nnire
OJJHOATOMHUII IIap Ha IIOBEPXHi MeTany i cTa-
HOBUTD 6/13bK0 130 K/I>x-Momb™! [17].
Bumipsani piBHOBaXHI moTeH{iamn E | Hi-

0b6ieBoro enexTposa 6yn10 BUKOPUCTAHO IA
PO3PaxyHKY Il€peHaNlpyIry BUMi/IEHHA BOJHIO:

h H2 o EpaBH - Ei’ (16)

1jias1 HioOi€EBOTO eeKTpofa MOJAPU30BAHOTO
cTpyMoM i. OTpuMaHi pe3y/IbTaTy 3a/1eXKHOCTI
TlepeHarnpyry BOJIHIO B KOOP/IMHATAX #7,,, — g i,
Bifl TeMmIlepaTypu HaBefeHO Ha puc. 66. Jli-
HiifHa 3a/IEKHICTD MK KaTOZHOK I'yCTUHOIO
cTpymy i (A/cm?) i mepeHanpyrowo 1 s pe-
aKuil BU/I/IEHHA BOJHIO MOXXHA OIMCATU PiB-
HsAHHAM Taderns:

Nyp=0o +b lgi. (17)

AHani3 OTpMMaHMX JaHMX II0Ka3as, IO
. 5 . .. .
npu i, = 1,0 A/cm® kyToBi koedinientn 17, - 1g i
He BifNIOBIJAIOTb TEOPETUYHMM 3HAYEHHAM
kaeOp 17151 Hi0OiEBOTO eNeKTpoa.
ExcnepumeHTanbHi KyTOBi KoedillieHTH bk
HOJISPU3ALITHAX KPUBYX HaBeJeHO B TaO/IMII
3a Temneparyp 298, 313, 328, 343K, Bignosiz-

ne EpaBH — piBHOBa)KHI/If/I HOTeHIia; Ei_ nored- HO, I[OpiBHIOIOTb 0,210; 0,215; 0,250; 0,260 B.
Tabmnns 1
KineTnyHi mapaMeTpu KaTOqHOTO BUi/IEHHS BOTHIO HAa Hi00i€eBOMY eneKTpopi
3a npaAMoi po3ropTku norenniary B 0,25 H. HF i 3a remneparypu 298-343 K

T, K [04 meop b oK aK =1 H2 iu’ Ea’ KHX(/
B Alcem? MOJIb
298 0,282 0,118 0,210 0,754 0,253-10° 4,605
313 0,289 0,124 0,215 0,473 0,632-1072 4,684
328 0,260 0,143 0,250 0,711 0,114-10 4,725
343 0,262 0,136 0,260 0,757 0,112-102 4,796

PospaxoBani Teoperuuni sHavyeHHsA b,

Teop
3a JJOCH/PKYBaHNUX TeMIIEPaTyp CK/IAal0Th
0,118; 0,124; 0,130; 0,136 B me « = 0,5. Bimxm-
NeHHs KyToBux Koedimientis b, Bin Teope-
TUYHYX 3HAYeHb b, . 3yMOBIEHO THM, 1O B
KaTOHOMY IIPOLIECI IOPAT, i3 BUIIIEHHAM H2
BiZOyBa€ThCA ITepeHOC He JIuIIe aicopOOBaHO-
TO, ajie /1 XeMOCOPOOBaHOTO BOJHIO 3 YTBOPEH-
Ham rigpuais NbH u NbH.. Bucoki sHayen-
HA KyToBUX Koediiientis b _>> 2,303RT/aF

122

3yMOBJIEHI BMCOKOIO0 CIIOpifHeHicTIo Hiobiro
[0 BOJHIO, 1110 IIPUM3BOANUTD SO YTBOPEHHA Ha
KaTofi Tigpuay Hi06i0 i €KpaHyBaHHSA 4acTy-
HJ TIOBEPXHI e/IeKTPOofia.

TakuM 4MHOM, B NpUEIEKTPOAHOMY ILIapi
Bi,[[6YBaIOTbCH CKJIaJIHi IIepeTBOPEHHA 3 Tifi-
pupgaMn Hiobio:

2 Nsz — 2 NbH + Hz)
2Nb + H, =2 NbH.

(18)
(19)

ISSN 2708-129X. Vkp. Xim. XypH., 2021



B. X. Ko3iH, A. B. bnu3tiok

YXX Ne 8 / TOM 87

YTBOpeHHA TifpupiB Hiobio Ha IOBepx-
Hi 1 HACMYEHHA IOBEPXHi €IeKTPOJYy BOJHEM
IpU3BOAUTD N[O 30iIbIIEHHA IepeHaIlpyTI,
30i/bIIeHHS MILIHOCTiI Mi>)KaTOMHOTO 3B 3Ky
Nb-H i, K Hac/mimoOK, O 3MEHIIEHHA BUKO-
cTi o6MiHHMX nponeciB. ITpn 11poMy 3pocTae
TaKOXX 3HA4eHHA KyToBOro Koedimienrta. fAk
BUJIHO 3 TaO/uIli, Bennunua koedinienta b,
IPAaKTMYHO He 3aJIeXUTh Bif TeMmneparypu (B
Mexxax 298-343 K) i jtoro cepepgHe 3HauYeHHS
CTaHOBUTD bkmn: 0,234 B.

BuxopucroByrwo4n ekcriepMMeHTa/IbHi 3Ha-
YeHHA b_ .~ MOXXHa PO3paxyBaTu 3HAYEHHA
KoeillieHTiB TepeHOCY eIeKTPOHIB B peak-
1Iil BUTiIeHH s H2 3a piBHAHHAM:

2,303-RT
a— -

b OKenF

(20)

3a temneparyp 298-343 K. PospaxoBaHi 3Ha-
YeHHs o HaBeEeHO B TaOMNIi Ta MAIOTh TaKi Be-
mauHN: o = 0,282 mipu (298 K); 0,289 (313 K);
0,261 (328 K) i 0,262 (343 K). Orpumani 3Ha-
JeHHsI [T0Ka3ajIl, 110 (& 3aJIeKUTD Bij TeMIe-
parypu i € 6m3pkuM o 0,3.

[lna aHami3y eKCIepMMeHTAIbHMX JaHNUX
3a MeTozioM (17) BUKOPMCTOBYBaIN ITapaMeTp
a , AKWit 3a TycTUHM CTpymy i = 1,0 A/cM® 06-
YJCTIOITH 32 GOPMYIIOLO:

2.303RT

a Tlg Ly =M,

BenumumHmM nepeHanpyru BOJHIO 3a TeM-
neparyp (298-343 K) (a_=n,,) HaBemeHO B
Tabnuui. I3 HaBeneHNX maHUX CHIifye, 110 IIe-
peHanpyra BUJi/IeHHs BOJIHIO Ha Hi0b6ii 3a 1mo-

https://ucj.org.ua

napusanii i = 1,0 A/cm® i Temnepatypu 298
i 343 K cknamae 0,754 i 0,757 B BigmosigHoO.
B rabnuiii Takox mpecTaBIeHo OCHOBHI KiHe-
TUYHI XapaKTepUCTUKM, 110 ONUCYIOTb €/1eKT-
POXiMiYHY I€peHANpyry BUMIi/IEHHS BOMHIO:
crpymu o6MiHy i i koedillieHT mepeHocy a.
Crpymu 0OMiHY KaTO[JHOI peak1iil BUiITeHHS
BOJHIO Ha HI0OOi€EBOMY €/IeKTpOJi Ta Ha 6maro-
POAHMX MeTajlaX MaloTh BiTHOCHO Be/MKi 3Ha-
yeHHA (1,44:10'-2,53-10?), mo cBigunTh PO
BMCOKI IIBUIKOCTi BiJHOB/IEHHA i BUgaIeHHSA
BOJHIO, aficopboBanoro rifpuaamu Nb Ha 1mo-
BEPXHI KaTofa.

BMCHOBKJ. AnopHa nonspusanis Hio6i-
€BOTO €/IeKTPOJia B PO34YMHI PTOPUCTOBOJHE-
BOI KMCTIOTU 3YMOBJ/IIOE YTBOPEHHA Ha JIOTO
IIOBEPXHI IMACUBYIOYOTO 1IAPY, AKNUN 3 MiBK-
IIEeHHAM IOTEHLia/Ty PyJHY€ETbCA.

B cucremi Nb°-NbO,-0,25 u HF yTBOpIO-
10Tbcs anionu [NbF, ]*, mpo mo cBiguathb cmy-
i B 06/1acTi 500 HM Ha CIIeKTpax e/leKTPOHHO-
ro NorMHaHHA. KOHCTaHTY IBUAKOCTI YTBO-
penns [NbF_ ] i [NbOF.,]* ouintoroTh Benu-
yyHamu 3,78-107 ¢'ta 5,18-107 ¢! BigmosigHo.

BigHOB/IeHHS BOZHIO Ha Hi0OiEBOMY KaTofi
3 pO34MHY PTOPUTOBOLHOBOI KMCIOTH CYIIPO-
BOIDKYETbCA YTBOPEHHAM TigpuUAiB, 110 3y-
MOBJTIO€ 30i/IbIIIeHHS IepeHANPYTY BUAITIEHHSA
BOJHIO Ta BJCOKi 3HaYeHHA KyTOBUX Koediri-
€HTIB TadeeBChKOI 3a7IeXKHOCTI.

% Po6oTy BUKOHAaHO B paMKax IPOEKTy
=) No 015U002222 HamionampHoi AKa-
memii Hayk Ykpainm.
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1
NIOBIUM’S BEHAVIOR IN AQUEOUS HYDRO-

FLUORIC ACID SOLUTION

V. Kozin, A. Blyzniuk

V. I. Vernadsky Institute of General and Inorga-
nic Chemistry of National Academy of Sciences
of Ukraine, 32/34 Academic Palladin Avenue,
Kyiv 03142, Ukraine

email: bliznyuk@ionc.kiev.ua

Thanks to the unique combination of
physicochemical properties, niobium and its
compounds are widely used in various fields
of science and technology. The main areas of
niobium’s applications are the production of
superconductors, nuclear energy, chemical
engineering, metallurgy, manufacture of opti-
cally active materials, thin-film lithium batte-
ries, fuel cells. The aim of this work is to study
the processes that take place on the niobium
electrode in aqueous solutions of hydrofluoric
acid, as well as to establish the composition of
niobium compounds that are formed. The pa-
per presents the results of studies the behavior
of the niobium electrode in aqueous solutions
0.25 N. hydrofluoric acid. The kinetic para-
meters of the processes occurring at the phase
boundary are determined. It was found that the
anodic polarization of the niobium electrode
is accompanied by the formation of a passive
layer, the destruction of which is facilitated by
increasing the polarization potential and fluo-
rine anions, in the presence of which complex
fluoroiobate anions [NbF.]* and [NbOF,]*
are formed. Cathodic polarization of niobium
is accompanied by the formation of hydrides
on its surface, which causes an increase in the
overvoltage of hydrogen evolution.

124

The anodic polarization of the niobium elec-
trode in a solution of hydrofluoric acid causes
the formation on its surface of a passive layer,
which is destroyed with increasing potential.

In the Nb°-NbO,-0.25 -0.25 n HF sys-
tem, [NbEF_]*anions are formed, as evidenced
by bands in the region of 500 nm on the elec-
tron absorption spectra. The rate constants of
[NDBF. ]*and [NbOF,]* formation are estimated
at 3.78 « 107 s and 5.18 « 107 57!, respectively.

The reduction of hydrogen at the niobium
cathode from a solution of hydrofluoric acid
is accompanied by the formation of hydrides,
which causes an increase in the overvoltage of
hydrogen evolution and high values of the an-
gular coefficients of the Tafel dependence.

Keywords: niobium, electrode processes,
hydrides, kinetic parameters.
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3a JOIIOMOTOI0 CIIEKTPOCKOIIIT e/1eKTPOXiMiYHOTO iMIIefaHCY OYII0 JOCTIIKEHO eJIeKTPIY-
Hi mapameTpu cucteM rpadir — rpageH i3 pi3HOI MacOBOIO YacTKOIO rpadeHy, 110 CUHTe-
30BaHMII 3 cepeflOBMILA BOAM Ta 3 pigKoro a3ory. OTpuMaHO cepefHi 3Haue€HHA aKTMBHOTO
OIIOPY Ta €IeKTPOCTAaTUYHOI EMHOCTI IIMX CUCTeM. BCTaHOB/IEHO ONTMMAasbHI CIiBBiHO-
LIEHHA KOMIIOHEHTIB i3 BUCOKMMU ITIOKa3HMKAaMM €MHOCTI Ta IPOBIAHOCTI, AKi ckaann 1:1.
[TokazaHO BIUIMB TepMiuyHOro 0OpO6IEeHH:, afcopboBaHOl Ha MOBEepXHi rpadeHa BoxM Ta
MacoBOi YacTKM TpadiTy Ha 3MiHY e/IeKTPUYHNX apaMeTPiB CUCTEMIL.

KniouoBi croBa: rpadeH, eMHICTD, TPOBiIHICTD, CMHTE3, BOJA, PIAKNIL A30T.

BCTYII. IpadeH HaneXNUTh O ABOBUMIp-
Hux (2D) marepianis [1]. Bin Bonmoxie Buco-
KOIO YKOPCTKICTIO [2] Ta pEeKOpPAHO BENINKOI0
TeIIonpoBifHicTo [3]. Yepes BUCOKY pyxim-
BICTb €JIEKTPOHIB y IIapax CTPYKTYypyu rpade-
HY, Ka € MaKCUMAaJIbHOIO Cepe] YCiX BifOMUX
MaTepiamiB, BiH MO)ke B MaliOyTHbOMY 3aMi-
HUTY KPEMHIil B HaIiBIPOBIJHUKOBIN IIPO-
MICTIOBOCTI [4] ab0 BUCTYnUTI Y pOJIi CeHCo-
piB m1a BUMipIoBaHHA rasy [5].

OCHOBHUM OOMEXEHHSM, sIKe BIUIMBAE Ha
PYX/IMBICTh €/IEKTPOHIB Ta IO3UTUMBHUX Ba-
KaHCill B rpadeHi, € BrummB nifknageHku. Tomy
Oy/I0 3aIIpOIIOHOBAHO BUTOTOBJIEHHS BiIBHUX
IIBOK rpadeHy, IO 3a JaHUMM PO3PaXyHKiB
Mano 6 30UIBIINTM PYX/IMBICTH JO 3HaYeHb
2:10°cm?-B ¢’ s1ki € pexoppuumu [6]. B po6ori
[7] 6yna mocArHyTa BUCOKA PYX/IMBICTD €I€KT-

POHIB; Y 3pasKy, 110 MaB Bi[[CTaHb BiJ ieeK-
TpuKa 150 HM 3aBIAKM YaCTKOBOMY XiMiYHOMY
BiIJi/IEHHIO [ieIeKTPUYHOI YaCTUHY, 3HAYEH-
Hs uiel pyximBocti ckinano 2-10° cm*Blcl.
JInsA MOKpallleHHA PYXIMBOCTI HOCIIB 3apsapmy
€ MOXX/IMBJM BMKOPMUCTAHHS OYMIIEHHSA IIO-
BEPXHI MiJK/IaflcHKM Bifi JOMIIIOK 3a MOIIO-
MOTOI0 IIPOITYCKaHHs €IEKTPUYHOTO CTPYMY Y
BIICOKOMY BaKyyMi, AKUJI HarpiBaB 3pasokK [0
900 K [8].

BBaxkanocs, 110 e1eKTpOINpOBifHICTD I'pa-
(deHy 3 ifearbHOI CTPYKTYpPOIO IIE€PEBUIIYE
BiIMOBiTHNII TOKa3HUK JIJIs1 peanbHUX rpade-
HiB, IO BO/MOJIIOTh CTPYKTYPHUMU JledpeKTa-
mu. OffHaK 1110 [yMKY CIIPOCTOBAHO pe3y/bTa-
TaMM eKCIIEPYMEHTA/IbHMX 1 TEOPETUYHUX J10-
CIIiJKeHb, BUKOHAHMX BEIMKOIO TPYIIOI0 BYe-
HuX i3 pisHux kpain (IIsewuis, Yexis, CIIIA),
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AKMM BJANoCsA BUABUTK e(eKT 3pOCTaHHA
e/IeKTPONIPOBigHOCTI rpadeHiB y pesynbraTi
YTBOpEHHS CTPYKTYpHuX fedektiB [9]. Ine-
albHUI TrpadeH CKIAJAa€TbCS BUHATKOBO 3
IIEeCTUKYTHUX Kimenp. IIpucyTHicTh maru- i
CEeMUKYTHMX Kinenp Oyfe NpPU3BOAUTU [0
pisHoro pony pedexri. HasBHicTp msaTnm-
KYTHUX IPU3BOJAUTDH [0 3TOPTaHHA aTOMHOI
IVIOUIVHY B KOHYC. A NIPUCYTHICTb CEMUKYT-
HUX — [0 YTBOPEHHS CiZyIOTIOiOHUX BUKPU-
B/IeHb aTOMHOI mnomuHu. KomoOiHamis mux
,ue(beKTiB i HOpPMaJIbHUX IIECTUYIEHHUX Ki-
JIellb MO>Ke IMIPU3BOJUTH O YTBOPEHHA PisHUX
¢dbopM noBepxHi 3a/1eKHO Bifl METOIY CHHTE3Y,
3a JJOIIOMOTOI0 SIKOTO OTPUMYIOTh rpadeH [9].
A Takux MeTOfliB OTPMMaHH:A Ha CbOTOfIHI €
Oesiv, Taki fAK: XiMiuHi, eekTpoximivHi, }i-
3nyHi (MexanivHi). SIkmjo HemopaBHO Oyna
TeHJEHI[i1 OTPMMAHHA YUCTOrO rpadeHy 3
iIeanbHOI0 CTPYKTYPOIO, TO CYYaCHUI Halps-
MOK JIOCTIi/I>)KeHb — Iie CUHTe3 rpadeHiB i3 me-
dexTamu. Aje [ KepyBaHHSA IPOBITHUMMU
BIIACTUBOCTAMMU IUX MarepianiB MOTpPiOHO
3HAITU METOJ, AKUI1 JOIIOMOXXE KOHTPOJII0Ba-
T Ta LjiecpsiMoBaHoO GopMyBaTy JieeKTu
B CTpyKTypi rpadeny. Haiibinpm mpusabmm-
BUM Yy IIbOMY CeHci € (isuko-xiMiuHMIT MeTOx
IIa3MO-/IyTOBOTO PO3PANY 3 PiIKOro cepefno-
suma [10]. Harruacrime B pomi pimkoro ce-
penoBuIla BUKOPUCTOBYIOTh PiIKUil a30T Ta
Boxy [11]. I3 BuKOpMCTAaHHAM BOAM SIK cepe-
JOBMILA BCTAHOBJIEHO II BIUIMB Ha PYX/INBIiCTh
HociiB 3apsany B rpadeni [1, 4]. Jocmimxken-
HamMu [12, 13] 6y/no BCTaHOBJIEHO, IO BOAA
B rpadeHax 3HAXONUTBHCS B JBOX OCHOBHMX
CTaHaxX: BOJA, sIKa aJiIcOpOYeThCs Ha MOBEPXHIi
IIepLIOTo LIapy rpadeHy, a TaKoX BOJA, fAKa
IHTEPKAIIOETHCA B MDKILIAPOBUI IPOCTIp JIpY-
roro Ta HacTynHux mapis. [Ipu pomy Ha 110-
BEPXHi a/icopO1iifd BOAY BMHMKAE 32 PaXyHOK
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BaH-/lep-BaalbCOBMUX a00 €IeKTPOCTATUIHNX
CUI NPUTATAaHHA. A IHTepKaiAlisa BOAM Bifi-
OyBa€eTbCA 32 PaXyHOK XeMOCOPOLIHNX CuIL,
110 B ITOJj/IbIIOMY IIPU3BOJATD ;O YTBOPEHHA
3B’AI3Ky 3pasy 3 TpbOMa HANOMDKYMMM aTo-
MaMiu Byrieno. Yepes e TeMmieparypa BU-
IlaJIeHHA BOAY 3 TpadeHy € pi3HO: /1A Mmapy
IIOBepXHeBOI Boay BoHa ckiaagae 50-80 °C, a
OCb Ji/14 IHTepKa/IbOBaHOI BOAY B MDKIIIaPOBO-
My IIPOCTOPI Iie 3Ha4Y€HHA 3HAXOAUThCA B Me-
>kax 250-800 °C. Ane nuTaHHA, 1[0 [IOB A3aHi
3 ME€XaHi3MOM BIUIMBY BOAM Ha €NeKTPUYHI
napameTpu rpadeHis, JoTenep 3aMNIIAl0ThCA
aKTya/JbHUMI.

OKpiM pyX/MBOCTI 3apAJiB € iHIINIT €/1eKT-
PUYHMIT MTOKA3HMK, IO TIOB’SI3aHUI 3 IUTO-
MOI0 IUIOIIEI0 ITOBepXHi rpadeny, sAxa Bigno-
Biflac 3a HAKONMYEHHS eeKTPOCTAaTUYHOTO
3apAAY Ta YTBOPEHHSA €1€KTPOCTATUYHOL €M-
HocTi. ToMy OTpMMaHHA BMCOKOIOPUCTUX
¢dopm rpadeHiB U1 KOMIIO3UTIB Ha IXHIiNT OC-
HOBI € TeXX aKTYaJIbH/M 3aBIAaHHAM, 0COOMN-
BO JI/If1 CTBOPEHHA CYIIEPKOH/I€HCATOPiB HOBOI
reHepauii [4]. Ik efleMeHTM TaKMX KOMITO3M-
1iV1 11 361/IbILIEHHS MMTOMOI IIOIIi ITOBEpPX-
Hi HaJlyacTille BUKOPUCTOBYIOTb aKTHBOBAHE
Byri/uisa un rpaditu [15].

Tomy MeTOl0 Hamoro AOCIiIKeHHS Oy10
BCTAHOBJICHHSA BIUIMBY IpadiTy, BOgy Ta Tep-
Mi4HOTrO 06po6/IeHH: rpadeHy Ha e/IeKTPUYHi
napaMeTpu (IIPOBiZHICTD Ta eIEKTPOCTATUYHA
€MHICTB) TpadiT-rpadeHoBoi cymimr, y sKiit
rpadeHu OTPUMAHO PiSHUMMU METOJjaMU CUH-
Te3y (3 BOGHOTO Ta HEBOJHOTO CEPENOBUIIA).

EKCIIEPMIMEHT TA OBI'OBOPEHHA
PE3YJIPTATIB $lx BuXigHi KOMIIOHEHTU BU-
KOPUCTOBYBa/IM  €IeKTPOIITUYHUI rpadirt
mapku ['7I-1 Ta rpadenn, mo Oynm cuHTe30Ba-
Hi B IJIa3MO-/IyTOBOMY PO3Ps/ii B CEpENOBUIILL
PifIKOro a30Ty Ta B CepeflOBUILi BOAN. 3PasKu
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rpadeny, 1o Oynu CUHTe30BaHi 3 Boxy, (pinb-
TpyBanu 4epes pinbrpyrody BopoHKy BD 1-40
i3 HaCTYynHMM BNCYIIYBaHHAM 3a TeMIIepa-
typu 50 °C mporarom 10 xB. Ina orpuman-
HA 3pa3KiB 3a/JIMIIKM a30TYy BUIIAPOBYBA/IM 3a
kiMHaTtHOI Temneparypu 20 °C. OTpumanmit
rpadeH MeXaHiYHO IepeHOCUIN B 3aKPUTY
€MHICTb.

Hamni rpaden ta rpagit aminrysanm y maco-
BOMY CIIiBBiIHOLIEHHI 3TiZHO Tabmuui 1. Ik
wracTudikaTop aKTMBHOI Macu BUKOPUCTO-
ByBa/IM aKpuIoBuii ket (5 % Big Macnm) 3 fo-
MilkamMy guMeTvIhopMaMiny Jist 3HUKEHHS
B’s13K0CTi TacTudikaropa (10% Big macwu).

Ockinbky muTOMa MOBepXHA rpadeHy Ba-
piroeTbes Bip 250-500 M*/r, moTpibHO 6yI0
BUKOPVCTOBYBaTH IUTacTudikatop i3 1es-
HOIO B’S3KICTIO /11 30epeXeHHA MOKa3HUKIB
noBepxHi rpadeny. lle 3symoBreHO THM, IO
yycTuil miactudikarop afcopbyeTbes Ha Io-
BepxHi Ta 6710kye ii. [lani 3pasku mpecyBamm
Ha mpeci «Dezimalpresse DP 36» i3 makcu-
MasnbHUM THCcKoM Y 50 H y kpyrmiit mpec-¢dop-
Mi 3 jiaMeTpOM 2 CM.

Tepmiune 06po6neHHs 3pa3KiB IPOBOANIN
y cymmnbHil madi «SNOL 67/350» ynpomossk
1 rop i3 MOCTYIIOBUM IiIBUIEHHAM TeMIIepa-
Typu go 250 °C.

Tabmm 1
Cki1aj, MeTof CMHTe3y Ta YMOBU 00po6neHHs rpadit-rpadeHoBuX cyminrei
Macosi
Ne Hassa spasky CIiBBiTHOLIEHHSA NIpUMiTKa
rpacdena/ rpacdira

1. CunTe3oBaHMit rpadeH y a30THOMY CepefoBMIII 1/5,26
2. CuHTe3oBaHMIT rpadeH Y a30THOMY CepelOBIIII 1/3
3. CuHTe30BaHMI rpadeH Y a30THOMY CepefoBMIII 1/1

. . O6pobnenHs
4. CuHTe30BaHMII rpadeH Y a30THOMY CepefjOBUIL 1/1 32 250 °C
5. CuHTe30BaHMII rpadeH Y BOJHOMY CepeToBIIIi 1/1
6. CunTe3oBaHMit rpadeH Y BOJHOMY CepeToBUII 1/3

. . 1/3 O6pobneHHs
7. CuHre3oBaHMiI rpadeH Y BOGTHOMY CepeIoBMIILi 32 250 °C

Bumiprosanna CEI npoBoanin Ha efieKTpo-
ximiuHOMY Mogyni «Autolab 30 PGSTAT301IN
Metrohm Autolab» y nBoenextpopHii Komip-
ui (muckoBi komipli) B [iamasoHi 4acToOT
102-10° I'r. O6po6neHHs pe3ynbTaTiB IPOBO-

https://ucj.org.ua

AWM 3 BUKOPUCTaHHAM IIPOTPaMHOro 3abes-
nedeHHA ZView2.

JIna pospaxyHKiB €MHOCTI Ta OTPMMaHHA
MaIl pO3IOAiNTy 3apsAny Oy/Io 3acTOCOBAaHO Ha-
CTYIIHi PIBHAHHA:
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Y (1)
wC

Z =R+ (X, —Xc)?, (2)

7/ =R (3)

fe X — omip eMHOCTi; X — Omip iHAYKTUB-
HOCTI.
[Ipu X, =0

Z = JR? — X2
1
JRE=XF =L .

1
C =—
’ 2
w |R?2=X¢

Ho6y;[013a Mall pO3IOAiNY 3apAfiB 3[iiic-
HIOBa/IM IpadivHMM iHTerpyBaHHAM pe3yib-
TaTiB BUMipiB aKTMBHOTO OIIOPY Ta EMHOCTI B
JacTOTHOMY AianasoHi 102+10°I1 i3 Bukopuc-
TaHHSAM IIPOIPaMHOrO 3abe3medeHHs Sigma-
Plot.

Pospaxynkamu cepelHbOTO OIIOPY B CUCTE-
Max i3 rpad)eHOM, AKMIT CUHTE30BaHO Y Cepef-
OBUIIIi a30TY, IIOKa3aHO 3aJIEKHICTb 3HVDKEH-
Hs OIIOPY Ta 30i/IbIIEHHs EMHOCTI BiJl BMICTY
rpadeny (puc. 1, 2). 36inblIeHHs BMICTY Trpa-
¢eny 30i/bIIye EMHICTD Ta 3HIKYE IIOKA3HN-
KJ aKTMBHOTO OIIOPY CUCTEMM, IO CBiYNTb
PO IMiJBUIIEHHA PYXJIMBOCTI €/JIEKTPOHIB
(3paskm 1-3) [16-17]. Bucoki 3HaueHHA €M-
HOCTI Ta IIPOBiHOCTi OTPMMAHO B CUCTEMAX 3i
criBBigHOmeHHAM 1:1 (3pasok 3). OpHak Mak-
CHMaJIbHi CepefiHi 3HaueHHs EMHOCTI (Maibxe
B 2 pa3M BUII) CIIOCTEpIraeMo B CHUCTeMi 3
OJIHAKOBUM BMiCTOM rpadeHy Ta rpadiry, mo
CUHTE30BaHMI B CEPENOBUILI a30TY 3 TepMid-
HUM 006po6neHHAM 3paska 3a 250 °C (puc. 1).
Takosx 111 cucTeMy Majiy HaiMeHIIle 3HaYeHH
aKTMBHOTO OIIOPY, TOOTO Majy HayBMIIi 3HA-
4yeHHs1 mpoBifHOCTI (puc. 3, 4). ITopanpumii
IOPiBHANbHMUII aHaJi3 3Ha4eHb aAKTUBHOIO

(4)
(5)

(6)
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OIIOPY Ta EMHOCTI B CUCTeMaXx i3 rpadeHoM, 1110
OyB CMHTe30BaHMII 3 BOJZHOTO CEpEmOBUINA,
TAaKO>X BCTAaHOBMB HASABHICTb MaKCUMaJIbHUX
3Ha4Ye€Hb €MHOCTI Ta MiHIMaJIbHUX 3HAYEHb
OIIOpY IIpY CIIiBBiIHOLIEHHI KOMIIOHEHTIB 1:1
(3pasok 5), cepenHi 3HaYeHHsS €EMHOCTI Oymu
NMILIE [El0 MEHIIVMM 33 3HAY€HHA €MHOCTI
3paska 4. Ajie 306i/bIIeHHS KOHI[eHTpaIlil rpa-
¢dena y cyMinri He IpU3BOAUTD [0 30iMbIIEHHSA
€MHOCTI Ta IPOBIJHOCTI, a HAaBIIAKM — Pi3KO
3HIDKYE 1ii IOKa3HMKY (3pa3ok 6). 306impIieH-
HA 4acTKu rpadeHy 30i/blIye KOHIIEHTpa-
1jito Bon y cucreMi. ToOTO HasABHICTb BOIU Y
3pas3Ky 6/10Kye nmoBepxHio rpadeny, sKka bepe
y4acTb y €eKTPOCTaTUYHOMY HAaKOIMYEHHI
3apAfy. TakMM 4YMHOM MOXKHA IPUIYCTUTH,
mo ajcopboBaHa BOfa [ie3aKTVBYE IOBEpPX-
Hio rpadeny. lle mpumyiieHHs y3romKyeTbcs
3 eKCIIEPVIMEHTOM i3 TepMiuHOTO 00pO6IeHH
rpadeHy, micisa sKoro mpy 30epeXkeHHi Ma-
COBOTO CITiBBi/[HOILIEHHSI KOMIIOHEHTIB (3pa-
30K 7) TOKa3HMKM €MHOCTi Ta IPOBITHOCTI
36inpumca y 3 pasu (puc. 1, 2) ta BUIIIN
Ha IIPOMDKHUI piBeHb MiXK 3paskamu 2 Ta 3.
To6To MOXXHA IPUIYCTUTH, IO TP TepMid-
HOMYy 00pob6ienHi 3a 250 °C 3a 1 roguny 3i
3paska Bifjiins€Tbcs afcopboBaHa Ha OBEPX-
Hi rpadeny Boga [12-15].

AHaji3 MaIl po3IOAiNy 3apsAfiB y 3paskax
1-7 BCcTaHOBMB, 1J0 B 3paskax 3 Ta 4 y ¢op-
MYBaHHI €MHOCTi 6i/b1y y4yacTbh Gepe cKia-
JIoBa HETaTVBHOTO 3apsfy, TOOTO y 3pa3Kax
rpadeHy, 0 CMHTe30BaHUI 3 PifKOTO a30Ty
y cuiBBigHOmeHHi 1:1 6e3 Ta micna Tepmiu-
HOTO O0OpOOJIeHH, CIifi O4iKyBaTy HaKOIN-
YeHHA eJIEKTPOHHOI TYCTUHM Ha IIOBEPXHi
(puc. 3 B, 1), a mpu 30iNbIIEHH] KOHIJEHTpa-
ii rpadiTy Ta 3a NPUCYTHOCTI BOAM YacTKa
IIO3UTUBHOTO 3apAMAYy IlepeBaXkae, 10 MOXe
OyTu 1moB’si3aHO 3 POPMYyBaHHAM IO3UTUB-
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HO 3apsKeHux paedekTiB y NIpUCYTHOCTI
rpadiry (puc. 3 a, 6, B). 36i/pIIeHHS YaCTKU
rpadity y 3paskax i3 rpadenHom, sxumit 6yno
OTPUMAHO 3 BOJHOIO CEPEelOBMINA, IPU3BO-
IUThb 0O 3MiHM XapaKTepy pOS3IOAiny 3aps-
IiB, KNI 3HAYHO Bifipi3HAIOTBHCA Bif iHIIUX
3pasKiB. ¥ 3pa3Ky 6 cIocTepiraeMo 10KaabHi
30HU 3 NiABUILEHHAM IO3UTUBHOTO 3apANY
BcepenuHi (puc. 4 6), 1[0 CBiYUTH IPO TEB-

C,odr

0,12 F
01
0,08 |
0,06 |
0,04 |

0,02 r

1 2 3

HYy 3apAg0By HeofHOpifHicTh cuctemu. Ilic-
I TepMiYHOTO 0OpOO/IeHH IIi 30HM 3HUKa-
10Tb (puc. 4 B). Takum unmHOM, ajcopboBana
Ha TOBepxHi rpadeHy BoAa 3a IMPUCYTHOCTI
3HAYHOI KiNbKOCTi rpadiTy Moxe 6yTy 4mH-
HMKOM BMHMKHEHHSA IIE€PEUIKOJ y PO3IOAiTi
HOCIIB 3apAy Ta 3HaYHO 3HIVDKYBATU IIPOBIifI-
HICThb Ta NMOKA3HUKM €IEKTPOCTATUYHOI €M-
HOCTi CUCTEMIL.

4 5 6 7

Puc. 1 TlopiBHAHHS cepeqHbOI EMHOCTI MK 3paskamu 3rigHo Tabmuii 1

R, Om

10 r

2I I I
0
1 2 3

4 5

Puc. 2 ITopiBHAHHA CepegHbOTO OLOPY MiX 3pasKaMu 3rigHo Tabmumi 1
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Puc. 3. CriexTpy iMnefaHCy Ta Many po3IOAITY 3apsAAiB y 3paskax i3 rpadeHOM, CMHTe30BaHUM i3
cepeloBIIIA PIIKOTO a30Ty
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Puc. 4. CnexTpu imMIegaHCy Ta May pO3IOAUTY 3apsARiB y 3pasKax i3 rpad)eHOM, CHUHTe30BaHNM i3

cepefoBuUIIa BOAN

BV CHOBOK. 3a gormoMorow iMImemaHCHOI
CIIeKTpocKomii O6y/I0 TOCTiPKeHO eleKTpUYHi
napameTpu cucteM rpagit — rpadeH i3 pisHoo
MacOBOI0 KOHI[eHTpali€o rpadeHy, o C1H-
Te30BaHUI 3 CepefloBUIIIA BOAM Ta 3 PiIKOro
asory. CriBcTaB/IeHHAM 3HAa4€Hb €MHOCTI Ta
aKTMBHOTO OIIOPY 3pa3KiB BCTaHOBJIEHO, IO
HasBHICTb BOAM B rpadeHi 3HIDKYe cepen-

https://ucj.org.ua

Hi 3HaUeHHs €MHOCTI BiffHOCHO rpadeHy 6e3
Bogu y 10 pasiB Ta cimbaTHO 36imbINyE ak-
TUBHMUI OIip IIPY MAaCOBOMY CITiBBiJJHOIIIEHHI
rpadeny o rpadiry 1:3, a mpu criBBigHOIIEH-
Hi 1:1 sHadenHA € cniBposmipHumu. Ilopis-
HAHHA IOKAa3HMKIB OIOPY, EMHOCTI Ta po3pa-
XYHKIB pO3IOfiNy 3apafiB y cymimi rpagit —
rpacdeH y yacToTHOMY jianasoni 1072+10° Iiy
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BCTAaHOBWIN BIUIB TEPMiYHOTO 0OPOOIEHH:
Ha 30i/1bLIIEHHA 3HAa4eHb €MHOCTi Ta aKTUB-
Horo omnopy. TepmiuHe 06po6eHHs 3a 250 °C
rpadeHiB, 1110 CMHTE30BaHi 3 BOHOTO cepefio-
BUILA, IIPU3BOAUTD 1O 301/IbIIIEHHSA 3HA4YeHb
€MHOCTI Ta NPOBIAHOCTI, fKa BifmOyBa€eTbcsA
3a paxyHOK IHIIOIO PpO3IOAINY 3apAfiB Ha
MIOBEPXHi. AHaJIi30M Mall pO3IOAITY 3apAny
BCTAHOBJIEHO, 1[0 aficOpPOOBaHa Ha MOBEPXHI
rpadeHy Bofa 3a IPUCYTHOCTI 3HAYHOI Ki/lb-
KOCTi rpagiTy Moxe OyTM YMHHMKOM BUHUK-
HEHHA TIePeLIKO, y PO3IOAiIi HOCIIB 3apAnxy
Ta 3HAYHO 3HVDKYBATHU IIPOBIJHICTD Ta ITOKa3-
HIUKI €JIEKTPOCTATUYHOI EMHOCTI CCTEMM.

> HammcaHHA CTATTi CTaI0 MOXK/IMBUM
@ y pamkax HIP 314E «®isuko-Heopra-
HiyHa XiMig QyHKIiOHaTbHO-Opi€eHTO-
BAaHUX HAHOCHCTEM, TeTePOCTPYKTYpP
Ta KOMIIO3UTIiB».

IMPACT OF THE GRAPHENE SYNTHESIS AND CON-

CENTRATION CONDITIONS ON ELECTRICAL PA-
RAMETERS OF GRAPHENE — GRAPHITE SYSTEM

R.A. Panteleimonov*, O.V. Boichuk,
K.D. Pershina, V.M. Ogenko

V.I. Vernadsky Institute of General and Inorga-
nic Chemistry of the NAS of Ukraine, Akad.
Palladina Ave.,32/34, Kyiv 03142, Ukraine
*email: radik20031@gmail.com

Electrochemical impedance spectroscopy
was used to study the electrical parameters of
graphite-graphene systems with different mass
concentrations of graphene. Graphene was
synthesized using two methods of plasma arc
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discharge from aqueous and non-aqueous me-
dium (water and liquid nitrogen) to determine
the impact of graphite concentration, water,
and heat treatment of graphene on electrical
parameters (conductivity and electrostatic ca-
pacity) of the graphite-graphene mixture. The
average values of active resistance and electro-
static capacity of these systems are obtained.
The optimal ratio of components with high
capacitance and conductivity, which was 1:1.
The influence of heat treatment adsorbed on
the graphene surface of the water and mass
fraction of graphite on the change of electrical
parameters of the system is shown. Compari-
son of the values of capacity and active resis-
tance of the samples showed that the presence
of water in graphene reduces the average va-
lues of capacity relative to graphene without
water by 10 times and symbatically increases
the active resistance at a mass ratio of graphene
to graphite 1:3, and at a ratio of 1:1 values are
proportional. Comparison of resistance, ca-
pacitance, and charge distribution calcula-
tions in a graphite-graphene mixture in the
frequency range 10 + 10° Hz established the
effect of heat treatment on increasing the va-
lues of capacitance and active resistance. Heat
treatment at 250 °C of graphene, synthesized
from an aqueous medium, leads to an increase
in the values of capacitance and conductivity,
which occurs due to a different distribution of
charges on the surface. Analysis of charge dis-
tribution maps shows that water adsorbed on
the surface of graphene in the presence of a sig-
nificant amount of graphite can be a factor in
interfering with the distribution of charge car-
riers and significantly reduce the conductivity
and electrostatic capacity of the system.

Keywords: graphene, capacity, conductivi-
ty, synthesis, water, liquid nitrogen.
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