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Abstract. A new synthesized semiconductor material has been used as a material sensitive to the effects of temperature
or magnetic field. The synthesis technique of heterometallic p-isopropoxy-(copper(ll), bismuth(l11)) acetylacetonate (1)
is presented in the paper. Using element analysis as well as IR-spectroscopy, magneto-chemical and thermo gravimet-
ric researches the composition of the synthesized heterometallic p-isopropoxy (copper(ll), bismuth(l11)) acetylacetonate
have been examined. It corresponds to the chemical formula: [CusBi(CsH702)s(OCoHs)s], where
CsH70, = H3C-C(O)-CH-C(O")-CHs. The practical output is 82 % of the theoretical calculated one. The synthesized
complex compound (1) is a fine crystalline powder, which has good solubility in a mixture of DMFA with chloroform
(1:1) and worse solubility in alcohols, ether, better solubility in DMFA, and can be destroyed in water. An analysis of
the experimental data from physical and chemical studies for compound (I) allowed to propose a chemical bonding
scheme. The molecule of heterometallic p-izopropoxy- (cuprum (11), bismuth (111)) acetylacetonate probably is a cube,
and at the top of which there are three copper atoms (I1) and one atom bismuth (I11) linked to the atoms of oxygen of
isopropoxy- groups, which acts as the tridentate ligand. For the isolated complex compound [CuzBi(CsH702)4(OCsH7-i)s], a
molar mass equal to 1090.5 g/mol and a calculated number of valence electrons in one molecule is 289. A cylindrical
sample of mass 0.14 g and a volume of 17.67-10° m® made of complex compound (1) by pressing was used for experi-
mental studies. Experimental studies of the conductive properties of p-isopropoxy- copper (1), bismuth(l11)) acety-
lacetonate in the temperature range 313 K+413 K, in compressed form, showed that at increased temperature its resis-
tivity sharply decreases from 7-1010 to 4.102 Ohm-cm. The operating temperature range is from +273 K to +493 K,
with the decomposition of the chemical compound from 523 K. The concentration of charge carriers increases from
1.3:10%° m? at 273 K to 3.395-10% m at 493 K, while at the quantum Hall constant with increasing temperature from
273 K to 493 K decreases from 0.566 m3-KI* to 2.167-10"®m3.KIX. The Hall voltage in the magnetic field range from 0
to 1000 mT varies from 8.32:10* to 8.32:10%2V.

Key words: magnetic field, induction, concentration, semiconductor, heterometallic complex compounds.

Anomauin. Po3riasiHyTO MOXJIMBICTh BUKOPHUCTAHHS HOBOI'O CHHTE30BAHOTO HAIMIBIPOBIIHHKOBOTO Marepiamy,
SK MaTepiajJy 4YyTJIMBOTO JO BIUIMBY TeMIeparypu a00 MarHiTHOoro mnojis. Iloka3aHo METOIUKY CHHTE3y
rerepomeTaniqHoro p-izomporokco (xkympym(1l), 6icmyt(Ill)) anermnaneronary (I). Ha ocHOBI maHNX eneMEHTHOTO aHami3y,
[Y-CrieKTpOCKOMYHMX, MAarHeTOXIMiYHMX Ta TEPMOTPaBIMETPHYHMX JOCHIKEHh BCTAaHOBJIEHO CKJaJ CHHTE30BAHOTO
rerepomeTaniqHoro [-izompornokco(xkympym(Il), 6icmyt(Ill)) amerwmnaneronaty, skuil BigmoBigae Takii XiMidHiA (hopMydi:
[CusBi(CsH702)4(OC2Hs)s], me CsH7O2 = H3C—C(O)-CH-C(O")-CHa. Ipaktuunwmii Buxin cknagae 82% BiJ TEOPETHIHO
pospaxoBaHoro. Buzinena komriekcHa crionyka (I), siBisie co6010 IpiOHOKPHUCTATIYHUN MTOPOIIOK, SIKHH PO3YMHHHUN B
cyMimi guMerniadopmaminy 3 xsopodopmom (1:1), BaXKO pO3YMHHHMH B CIIMpPTax, €Tepi, Kpalle PO3UHMHIETHCS B
JUMETHICYIb(GOKCH L, TuMeTHaGopMaMili, y BOIi pyHHYeTbCS. AHali3 OTPUMAHMX EKCIIEPUMEHTAIBHHMX JaHUX
¢bi3uKo-XiMIYHUX JOCHiIKeHb a1 crnonyku (I) 7103BOJIMB 3amporoHyBaTH CXEMY PO3MILIEHHS XIMIYHHX 3B S3KiB.
Mormnekyna rerepomeranigyaoro p-izonponokco(kynpym(Il), 6icmyt(I1l)) anerunaneronary, BiporiaHo, sBisie co0ot0 Ky0, y
BEpIIMHAX SKOro po3ramoBadi Tpu atoMu kynpymy(Il) Ta ommu atom GicmyTy(IIl), mo 3’enHaHi aTOMaMu OKCHUTEHY
130MPOIIOKCO-TPYI, KOXKHA 3 SKUX BHUKOHYE DPOJIb TPUAEHTATHOro Jiiranaa. J{is BUIIIEHOT KOMIUIEKCHOI CIIOIyKH
[CusBi(CsH702)4(OCsH7-i)s], po3paxoBaHo MOJISIpHY Macy, sika qopiBrioe 1090,5 r/MoJib Ta KiIbKICTh BaJIEHTHHX €JIEKTPOHIB
B OojHiN Monekyni — 289. Iy MpoBEOCHHS EKCTIIEPUMEHTALHHUX JIOCIIKEeHh BUKOPUCTOBYBAIHM MWIIHAPHIHUN 3pa30K
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macoro 0,14 r ta o6’emom 17,67-10° ™% sxmii BurotoBnsim 3 xomruiekcHoi crionyku (I) MeTOJOM MpecyBaHHs.

ExcniepuMeHTanbHI  JOCII/DKEHHS  €JIEKTPOINPOBIIHUX BJAacTHBOCTEH p-i3omporokco (kympym (1), Giemyr  (III))
areruaneronaty B iHtepsaimi temmneparyp 313 K — 413 K, B cmpecoBaHoMy BHIJISIIl, HOKa3auo, IO NpH 30UIbIICHI
TeMIepaTypy HOro MUTOMMI omip pizko 3meHinyeThest Bix 7-10%° 1o 4:1020Om-cM. InTepBan poGounx TeMmepaTyp CKiajiae
Bi +273 no +493 K, npuyoMy po3kiiafaHHs XiMIYHOT CIOTYKH BiOyBaeThes 3 523 K, KOHIEHTpalist HOCITB 3apsity 3pocTae
Bix 1,3:10®° M3 mpu 273 K 1o 3,395:10% m3 mpu 493 K., npu 1poMy KBaHTOBa KOHCTaHTa XoJUla NpH 30iIbIIEHHI
temneparypu Bix 273 K o 493 K smenmyerscsa Big 0,566 M>Kilno 2,167-10%8 m* K, manpyra Xomna B mianasosi
MarsiTHOTO ot Bix 0 mo 1000 MT 3MinHroeTses Bin 8,32°10 o 8,32°1012B.

Knrwuosi cnosa: macnimue none, iHOYKYis, KOHYeHMpayis, HANIBNPOGIOHUK, 2eMepoMemdaniyti KOMNLeKCHI
CNOJYKU.

INTRODUCTION

The use of semiconductor sensors in production, engineering, and agriculture is an integral
component of the present. Consequently, measuring the parameters of electrical and non-electrical
quantities is a rather relevant scientific and technical problem [1]. Sensors are categorized into two
groups: primary ones, which are affected by the measured value, i.e. the physical parameters of the
sensitive material, and secondary ones, which can measure the change in these physical parameters
and amplify it, if necessary. The converted signal is applied to the microcontroller and displayed.
The materials used for production of primary sensors are rather important in obtaining greater sensi-
tivity of the device. In most cases, these elements are based on a semiconductor material. Nowa-
days, the synthesis of new semiconductor complex compounds with the physical parameters that
can change under the influence of temperature and magnetic field, is quite an urgent task [2-3]. The
developed primary sensors based on such materials make it possible to develop new, more sensitive
thermo- and magneto sensitive secondary sensors [4-5].

The aim of the work is to study the dependence of the physical parameters of the synthesized
semiconductor material on the influence of temperature and magnetic field.

The objective of scientific research is to develop methods for the synthesis of a new
heterometallic complex compound, which has semiconductor properties and to study the effect of
magnetic field and temperature on its physical properties.

THEORETICAL AND EXPERIMENTAL RESEARCHES

From the papers [6-9] it is known that heterometallic complex compounds have various phys-
ical and chemical properties and are used in divers branches of technology. In compressed form,
such compounds have a wide range of electrically conductive properties, which depend on the kind
of metals and ligands and vary from dielectric to low resistance semiconductor. The kind of the cen-
tral metal atom, heteroatom, and chelating and bridge ligands effect on the semiconductor proper-
ties and the operating temperature range of heterometallic complex compounds. In practice, these
compounds can be used as a semiconductor material for the producing of thermistors.

In order to search for new heterometallic complex compounds having semiconductor properties, a
method was developed for the synthesis of heterometallic p-isopropoxy -(copper (I1), bismuth (I11))
acetylacetonate (1), with the following stages: [CusBi(CsH702)4(OCsH7-i)s ], where
CsH702 = H3C-C(O)-CH-C(O)-CHa.

The heterometallic complex compound (I) was synthesized in a conical flask with a reversible
water refrigerator according to the following procedure: batch of the 1.62 g (12 mmol) of anhydrous
copper(lI1) chloride salts and 1.27 g (4 mmol) of bismuth (I11) chloride were dissolved in 120 ml of
isopropyl alcohol on the electric magnetic stirrer with continuous stirring and heating (~ 50 ° C. Af-
ter complete dissolution of the salts, 1.70 ml (16 mmol) of acetylacetone were added to the resulting
solution. Further, piperidine was added to the reaction mixture in small portions to pH = 8 and con-
tinued to stir and heat (~ 50 ° C) for 1.5 hours. This formed a homogeneous fine crystalline precipi-
tate of blue color, the amount of which increased with cooling of the reaction mass. After cooling,
the precipitate was filtered on a glass filter, washed with a small amount of anhydrous ethyl alcohol,
diethyl ether and dried in a vacuum desiccator above silica gel. The practical yield is 3.58 g, which
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is 82% of the theoretical calculated. Isolated complex compound (1), is a fine crystalline powder,
which is soluble in a mixture of dimethylformamide with chloroform (1:1), hardly soluble in alco-
hols, ether, better soluble in dimethyl sulfoxide, dimethylformamide, in water is destroyed.

An elemental analysis was committed for the synthesized heterometallic p-isopropy-
(copper(1l), bismuth (I11)), acetylacetonate, as well as magneto chemical, IR spectroscopic and
thermo gravimetric studies were performed on the basis of which determined the composition of
compound (1) corresponding to the following chemical formula: [CusBi(CsH702)a(OCsH7-i)s ], where
CsH702 = H3C-C(O)-CH-C(O)-CHa.

A detailed analysis of the obtained experimental physical and chemical data for the detection
of compounds (I) allowed to suggest a scheme of placing of the chemicals links. The molecule of
heterometallic p-isopropoxy- (cuprum (1), bismuth (111)) acetylacetonate probably is a cube, and at
the top of which there are three copper atoms (1) and one atom bismuth (111) linked to the atoms of
oxygen of isopropoxy- groups, which acts as the tridentate ligand (Fig. 1) [10].

The molar mass for [CusBi(CsH702)4(OC3Hz-i)s] was calculated. It equals to 1090.5 g / mol,
and the number of valence electrons in one molecule - 289 for the selected complex compounds.

A cylindrical sample with a mass of 0.14 g and a volume of 17.67 - 10 m® made of complex
compound (1) by pressing was used for performing experimental studies. Based on these data, ac-
cording to the formula (1), the density of the substance was calculated:

p=m/v=7,923-10°kg/m?, (1)

where p — the density of the substance; m — the mass of the experimental sample, V — the volume of the
experimental sample.
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Figure 1 — The layout of chemical bonds in u-isopropoxo-(copper (1), bismuth (2))
acetylacetonate

To find the mass of one molecule of the compound (1) in question, formula (2) was used:
m, =M/N, =181.086-10 kg, (2)

where m, — the mass of an one molecule of the compound (I); N,— the Avogadro constant;
M — the molar mass of the compound (1).

Using the formula (3), we were able to calculate the total number of molecules in the volume
of the studied cylindrical sample filled with compound (1).

N, =mM/m, =7.73-10" molecules, (3)

mol
where N, — the total number of molecules ; m, —the mass of one molecule of the compound (I); m —
the mass of the experimental sample.

An amount of valence electrons was found by using formula (4):
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N =259-N,, =2233.72-10". (4)
The concentration of charge carriers was calculated at the temperature of 313 K:
n=N/V =126.427-10% m™, (5)

The studies of the electrically conductive properties of u-isopropoxy-(copper (1), bismuth
(1)) acetylacetonate in compressed form within the temperature range 313-413 K showed that its
resistivity sharply decreases from 7-10'° Ohm-cm to 4-10> Ohm-cm, while temperature is increas-
ing, which is typical for semiconductor materials.

Experimental measurements made it possible to calculate the specific conductivity of the material
for these temperatures. The conductivity o, =1,43-10° (Ohm-cm)? at the temperature 7, =313 K, and

at the temperature T, =413K the conductivity o, =25-102 (Ohm-cm)™. These experimental studies al-
lowed us to determine the band gap:

kin 2t
(o)
AE=———"2 _-338574.10"°J=2.116 eV, (6)
(1/T2 _]/Tz)

where T — absolute temperature; o — the material conductivity; k — Boltzmann constant.

Based on the calculations, we received confirmation that this material is a semiconductor with
current carriers of both signs.

The band gap and the formula for the temperature dependence of the concentration of charge car-
riers of a semiconductor make it possible to obtain a graph of the dependence of the concentration of
charge carriers on temperature, which is presented in the logarithmic form in Figure 2.
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Figure 2 — The logarithmic dependence of charge carrier concentration on temperature

As can be seen from Fig. 2, the concentration of charge carriers in the temperature range from
273 °C to 493 °C increases from 1.3-10%° m?® to 3.4-10% m=,
The Hall constant, calculated for the temperature 313 K, is
R, =1/nq=4.943-10° m*.C™, (7
where q — the electron charge; n — the charge carriers concentration.
Formula (8) makes it possible to calculate the quantum Hall constant:
Ry =—3mn/8nq=-5.8179-10° m*-C™. (8)
Having combined the equations of the dependence of the concentration of charge carriers on
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temperature and formula (8), we obtained the formula for the dependence of the Hall constant on
temperature (9):

3t _AE

R, =-— e—. 9

" 8gn, kT ®)

On the basis of formula (9), a logarithmic dependence of the quantum Hall constant on tem-
perature was calculated (Fig. 3).
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Figure 3 — Logarithmic dependence of the quantum Hall constant on the temperature

As can be seen from the graph (Fig. 3), the value of the quantum Hall constant for such a complex
compound decreases from 0.566 m*.C™ to 2.16710*m*.C™* with increasing temperature from 273 to
493 K.

From the experimental data of the resistivity, at 313 K, p=7108 Ohm-:m, to find the carriers
mobility, the specific conductivity o =14310"° mS/cm was calculated.

W =R, -o. (10)
In the quantum case, we can determine the charge carriers mobility
W, =R, , -0 =8323-10" M*x(Bxc) . (11)

Substituting in (11) the dependence of the specific conductivity on temperature and the Hall
constant on temperature, the charge carriers mobility is found not to depend on temperature and to

be equal to p=8,323x10"° m*/(Vs).

The calculation of the dependences of the Hall electric field inside a semiconductor with
dimensions of 0.5x0.5x0.15mm arising under the influence of a magnetic field inside the
semiconductor is shown in Figure 4.
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Figure 4 — Logarithmic dependence of the electric field strength inside a semiconductor
on the magnetic induction

The graph in the Figure 4 shows that within the range from 10 to 100 mT, the tension increases
from 16610 VV/m to 16610™° VV/m , and within the range from 100 to 1000 mT, the graph acquires a

linear character and the tension changes from 1.6610° V/m to 16610° V/m .

A corresponding dependence is observed for the Hall voltage as well. The logarithmic
dependence of the Hall voltage on the induction of the magnetic field is shown in Figure 5.

CRTSTIRY
Figure 5 — The logarithmic dependence of the Hall voltage on the magnetic field induction

The graph shows that in the range from 10 to 100 mT, the Hall voltage increases from
8.310™ V to 8310 V, and from 100 to 1000 mT the Hall voltage increases from 18.3107° V

t08.310° V.
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CONCLUSIONS

The properties of a new synthesized semiconductor material are considered, and a method for
synthesizing such a material is presented. The effect of temperature and magnetic field on its physi-
cal properties is studied.

Experimental studies of the electrically conductive properties of u-isopropoxy- copper (1),
bismuth (111)) acetylacetonate in the temperature range 313 K — 413 K, in compressed form, showed
that, with increasing temperature, its resistivity sharply decreases from 710°Ohm-cm to
410°0hm-cm, that is typical for semiconductor materials.

The range of operating temperatures is +273 + +493 K, and the decomposition of the chemical

compound takes place at 523 K. The charge carriers concentration increases from 1310 m™ at 273
K to 3.39510° m2at 493 K, while the Hall constant decreases from 0.566 m®-C™" to
2.167107"® m®.C™ as the temperature increases from 273 K to 493 K. The Hall voltage in the mag-
netic field range from 0 to 1000 mT varies from 8.3210™ V up t08.3210 ™ V.
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