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Abstract: Mono-, bi- and trinuclear carbinol derivatives of ferrocene CgHsFeCsH4-C(CH3),OH (1),
[CsHsFeCsH,4].C(CH3)OH (1), [CsHsFeCsH4]3C-OH (111) were synthesized. the thermal stability and
thermodynamics of the pyrolysis of these compounds have been studied. The composition and structure of the
synthesized compounds were established by elemental analysis (AAS, C, H analysis), *H NMR, IR, and
UVvisible spectroscopy. In the IR spectra of these compounds there are absorption bands with v(OH)
=2910-3040 cm™ and v(OH) = 3080-3190 cm™, and in the *H NMR spectra there are absorption bands with
chemical shift values 6(OH) = 4.29-4.18 ppm for OH groups that differ in position and are due to the
formation of intra- and intermolecular associates with the participation of OH groups. The electronic
absorption spectra indicate the presence of characteristic absorption bands in compounds |-7IT at Ayax = 270
(D), 278 (1), and 285 nm (11l). It is shown that when samples are heated from room temperature to 700 °C in
an inert gas flow, the residual mass of compounds I-Ill is 2.05, 20.24, and 66.96% of the initial mass,
respectively, and these compounds decompose to form nanosized iron particles. /iron oxide and carbon. The
values of the melting temperature and saturation magnetization of nanosized iron particles formed during
the pyrolysis of ferrocene and its derivatives I-111 are calculated.
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1. Introduction

Due to their low toxicity and high
thermal stability, ferrocene and its derivatives
have found wide application in various fields of
science and technology - the electronics
industry, medicine, biochemistry, organic
synthesis, and catalysis. Ferrocene and its
derivatives are used in the creation of heat-
resistant coatings and light-sensitive materials,
liquid crystals, heat-resistant polymers, fuel
combustion regulators, in the production of
multilayer carbon nanotubes. Ferrocene is a
promising starting material for obtaining iron
oxide nanostructures by thermal decomposition,
ferromagnetic micro/nanoparticles, thin films of

iron  oxide, carbon  nanotubes  with
ferromagnetic fillers, etc. [1-6]. The widespread
use of ferrocene and its derivatives requires,
first of all, the study of the features of reactions
with their participation, in particular, the
thermodynamics of pyrolysis and combustion
reactions. The most complete information on
thermodynamic properties and thermodynamic
functions is available only for ferrocene and
some of its derivatives [7-11]. The heat capacity
of isobutanoylferrocene, benzoylferrocene, and
benzylferrocene was measured in the
temperature range from 6 K to 372 K by low-
temperature adiabatic calorimetry in [8, 9]. In
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[10] the heat capacities, entropy, enthalpy and
free energy of formation were determined for a

number  of  ferrocene derivatives -
ferrocenylmethanol CsHsFeCsH4-CH,0H,
benzoylferrocene CsHsFeCsH4-COCgHs,
benzylferrocene CsHsFeCsH4-COCgHs,

propionylferrocene CsHsFeCsH4-COCyHs,  n-
propylferrocene CsHsFeCsH4-C3Hy,
isobutylferrocene  CsHsFeCsH4-CH,CH(CHj3),.
In [12], the thermodynamics of ferrocene
pyrolysis with the formation of iron clusters
catalyzing the formation of carbon nanotubes is

presented, and an expression is obtained for the
size distribution function of clusters depending
on the conditions of their formation.

This paper presents the results of
studying the composition, structure, thermal
stability of ferrocene and its mono-, bi- and
trinuclear derivatives - CsHsFeCsH4C(CH3),OH
( CsHsFeCsH4],.C(CH3)OH (1,
CsHsFeCsH4]3C-OH  (I11), calculation of the
temperature dependences of the thermodynamic
parameters of the pyrolysis reactions of these
compounds.

2. Obijects and methods of research

The objects of study were ferrocene and its
derivatives I-11I.

2.1. Synthesis of ferrocene derivatives

The synthesis of the above ferrocene derivatives
was carried out according to [13].

2.1.1. Synthesis of mononuclear dimethyl
carbinol derivatives of ferrocene
C5H5FEC5H4-C(CH3)20H (l)

For the synthesis of compound (1), a mixture of
0.1 mol of metallic lithium and 5 ml of mercury
was intensively stirred at 50°C. 0.01 mol of
ferrocene dissolved in 25 ml of tetrahydrofuran
was added in portions to the amalgam thus
obtained, and continuously stirred for 30
minutes. The obtained ferrosenyllithium
intermediate CsHsFeCsH4Li is easily oxidized
and hydrolyzed. Decantation of the mixture was
carried out by adding 8 ml of acetone, followed
by stirring in a magnetic stirrer for 2-3 hours.
Next, 3% HCI was added to the solution. After
that, the color of the solution changed from light
blue to light yellow and then remained
unchanged. The reaction solution was then
evaporated with heating to separate the desired
product isopropylferrocenylcarbinol from the
reaction mixture. After repeated washing of the
residue with hot n-hexane (3-5 ml), it was
extracted with 3-20 ml of ethanol. The extracts
were mixed and the alcohol was removed. The
residue was a light yellow compound
CsHsFeCsH4-C(CH3),OH (1) with a melting
point of 69-70°C and a yield of 87%. According
to the results of elemental analysis, compound |
corresponds to the general formula Cy3HigFeO.
Calculated, %: Fe-22.96, C-63.93. H-6.55. O -
6.55. Found, %: Fe-22.48, C-63.05, H-6.37. O -

6.43. *H NMR (CDCls): 8CsHs(a,p) - 4.09 ppm;
dCsH4(a,P) - 3.95; 3.80 ppm S(OH) - 4.19 ppm
3(CHgs) - 2.25 ppm. IR spectrum: (KBr) v(OH) -
3050; 3098 cm™. v(CsH,)-C - 1105 cm™.

2.1.2. Synthesis of diferrosenylmonomethyl
carbinol [CsHsFeCsH4],C(CH3)OH (11).

To do this, a 5% solution of NaOH in
interval 0-10°C and further stirred for 0.5 hour.
Then, a 3% HCI aqueous solution was added to
the reaction mixture and extracted with n-
hexane 3 times. To purify the dark brown
residue from primary substances, it was washed
with n-pentane or a light fraction of gasoline in
a ratio of 3:10 (in ml). As a result, 3.44 g of
dark brown carbinol derivative
[CsHsFeCsH4].C(CH3)OH (1) was obtained.
The yield of the target product with melting
temperature 119-120 °C was 83%. According to
the results of elemental analysis, the compound
corresponds to the chemical formula
CaxH2,Fe 0. Calculated, %: C - 63.76, H - 5.31;
Fe - 27.05, O-3.86. Found, %: C - 63.51; H -
5.25; Fe - 26.95, O - 3.79. 'H NMR (CDCls):
dCsHs - 4.08 ppm dCsHq(a, B) -3.79; 3.91 ppm
3(OH) - 4.29 ppm J(CHs3)- 2.17 ppm. IR
spectrum (KBr): v(OH) -2995, 3032 cm™,
v(CsH4-C)- 1107 cm™.

2.1.3. Synthesis of trisferrosenyl carbinol
[CsHsFeCsH4]3C-OH (11H).

To 0.01 mol 572 g of
ferrocenylmonochloromethane
[CsHsFeCsH4]sCCl and 100 ml of n-heptane
were added 25 ml of 1.14 g of KOH diluted in
0.2 mol of water and stirred continuously for 30
min. As a result, a dark yellow (111) compound
was obtained. The yield of this compound was

tris-
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79%, melting point 142-143°C, decomposition
Taec> 296°C. According to the results of
elemental analysis, the resulting compound
corresponds to the chemical formula
CaiHasFesO. Calculated, %: Fe-28.76, C -
63.69, H - 4.79, O -2.73. Found, %: Fe-28.70, C
- 63.50. H - 4.68, O -2.63, 'H NMR (CDCly):
dCsHs - 4.07 ppm, 8CsHy(o, B) - 3.88; 3.96
ppm, 6(OH) - 4.18 ppm. IR spectrum (KBr):
v(OH) -2965, 3022 cm™, v(CsH4-C)- 1107 cm™.
2.2. Methods for studying synthesized
compounds

The elemental composition of the
synthesized compounds was determined using
an AAS IiCE 3000 Thermo Fisher Scientific
atomic absorption spectrometer and a LECO
CHNOS analyzer, TruSpec Micro, USA. The
structure of the synthesized compounds was
established by IR and NMR spectroscopy. IR
spectra were recorded on an Alfa Bruker IR
Fourier spectrophotometer in KBr tablets;
electronic absorption spectra of solutions of

these compounds in organic solvents (n-hexane,
heptane, acetone, ethyl alcohol) were recorded
on a Specord 50 plus spectrophotometer, Jena
Analytical, Germany. NMR spectra were
recorded in deuterated acetone and chloroform
at room temperature using an AM-300
spectrometer, Bruker with an operating
frequency of 300 MHz. X-ray diffraction
patterns were recorded using an XRD D2
PHASER diffractometer at room temperature.
Thermal analysis experiments (TG/DTA) were
carried out using a NETZSCH, F3 Jupiter,
Germany thermal analyzer in dynamic mode in
a nitrogen flow. A programmable temperature
regime was used with a heating rate of 10°C per
minute. In all TG/DTA experiments, about 10
mg of powders of ferrocene and its derivatives
of the above composition were taken in a
corundum crucible and subjected to thermal
analysis in the temperature range from 20 to
700°C. Thermodynamic parameters were
calculated using the Origin 2019 program.

3. Results and discussion

The
ferrocene,

mononuclear derivative of
ferrocenyl-dimethylcarbinol

0

The binuclear derivative of ferrocene,

CsHsFeCsH,C(CH3),OH, was  synthesized
according to the following scheme [10]:

' 0)

diferrocenylchloromethylmethane (l1a) with 5%

bis-ferrocenylmonomethylcarbinol NaOH in an aqueous isopropyl alcohole
[CsHsFeCsH4.C(CH3)OH  (I1), was obtained medium:
with 83% yield by treating
1.1-PrOH/MHL0 (10:1)
2.0+10°C o o
[C{H FeCH,],C(CH,)Cl + NaOH ————m=  [CsHsFeCsH,|,C(CH;)O0H
-NaCl
I1a I (”)
Using the chlorine derivative KOH at a temperature of 0-10°C, compound III

[CsHsFeCsH4]sCCl (111a) in the presence of  was obtained with 79% vyield.

2KOH/H,0-n-heptane

[C5H5FEC5H4]3CC|

> [C5H5FEC5H4]3C—OH

=2KClI
Illa

(D)
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The IR spectra of carbinols indicate the
dependence of the intensity of OH groups on the
structure of the carbinol. The bands with v(OH)
2668-2725 cm™ are attributed to the OH group
with an intramolecular bond with Fe. The bands
located in the v(OH) range of 2910-3040 cm™
are characteristic of associations of OH groups.

In the electronic absorption spectra, all three
carbinols have shoulder-type absorption bands
at: Amax=270 nm: (I), Amax=278 nm (lI) and
Amax 285 nm (I11).

In table. 1 the '"H NMR data for ferrocene and
its derivatives were shown.

Table 1. Values of chemical shifts in the 'H NMR spectra of ferrocene and ferrocenyl -carbinol

compounds.
Compound Chem.shift | Chem.shift in substituted CsHs -, | OH, ppm

in CsHs- ppm

fing. ppm. Ha.p CH, CH3
(CsHs)Fe 4.12
CsHsFeCsH4-C(CH3),OH 4.09 3.95; 3.80 2,25 4.19 tripl.
CsHsFeCsH,4 -CH,-OH 3.95 3.80; 3.85 2.75 4.03 tripl.
[CsHsFeCsH4].C(CH3)OH 4.08 3.79;3.91 2,17 4.11 dubl,
[CsHsFeCsH4]3COH 4.07 3.88; 3.96 4.18 tripl.

'H NMR spectra indicate the presence of ~ferrocenylcarbinol complexes. For the OH

OH groups differing in position in these
compounds. As can be seen from the table, the
presence of different protons (H, and Hpg) in the
cyclopentadiene radicals is due to the
introduction of an OH group into the

group in these compounds, two extreme
positions can be realized. The bond of the
central Fe atom with the hydrogen of the OH
group can be broken by the action of solvating
solvents (Scheme 1).

ﬁ\)l OIH
Fle Rz e Rl

v(OH) 2900-3100 cm™

|
v(OH) 3100-3200 cm™

Scheme 1. Intramolecular coordination bond of the OH group proton with the Fe atom in carbinol
derivatives of ferrocene and its elimination by the action of solvating solvents.

Below is a diagram of inter- and intramolecular rearrangements in ferrocenylcarbinols

(Scheme 2).

O
O q_RHO L= @ o> *?-Q*O o H'/'?—Q
QO

@@

D)

Scheme 2. Inter- and intramolecular rearrangements in ferrocenylcarbinols
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As can be seen from the scheme,
intermolecular interaction between (A) and (B)
is resulted with the formation of the structure
(C), which is in dynamic equilibrium with the D
structure: C—D. This equilibrium is realized
between the structures of the intramolecular
grouping.

Ferrocene is stable in air and does not
decompose when heated to 743 K. Starting from
770 K, ferrocene decomposes intensively in air
as a result of combustion. The reaction proceeds

with the formation of iron(ll1l) oxide and the
release of carbon dioxide and water into the gas
phase. The synthesized derivatives of
ferrocenylcarbinol I-111 melt and decompose at
lower temperatures than ferrocene. The final
pyrolysis products of ferrocenylcarbinols are
mainly  the  carbonized  formation  of
cyclopentadienyl and iron(ll) oxide. Figure 1, a-
¢ shows thermograms of ferrocenylcarbinol
compounds I-111.

TG% dDTA/wV/Img/min  TG/% dDTA/uVIimg/min 1G/% dDTA/«Vimg/min
tekzo 3 1ekzo 1ekz0 4o
1001 7 162 100 /N, . 110/ & 2
80 / % / s 15 1 g 12
60 ’ . - 1211 80 / N 100! /o \ 5.
& » o 10
5 A A 0 g0 : \V,fh \ 0 90 / \ M a1
-1 ’ | , [ e
20 R T 4 40 s ;\/ 5 80 #/ ' 4 |0
0 v 2 O : ¢ 4 '-" 0 -2 20 ' 20.24 697 24 i 0 -1 70 resxdual """.‘“”" €€ 6 % (697 4 0
100 200 300400 500 600 100 200300 400 500 600 100 200300 400500 600

Temperature/'C

a) C5H5F€C5H4C(CH3)20H

Temperature/'C

b) [C5H5F805H4]2C(CH3)OH

Temperature/"C

C) [C5H5F€C5H4 ]3C-OH

Fig. 1. Thermograms of ferrocenylcarbinol compounds: a) I, b) Il and c) I11.

Thermograms of fig.1, a-c show that,
unlike  ferrocene, the  above-mentioned
derivatives decompose not in one stage, but at
least in three stages. And the temperature
intervals of thermal decomposition of
compounds I-111 are determined by the features
of their composition and structure. The
formation of iron(Il) oxide as the final product
during the thermal decomposition of ferrocene
derivatives with oxygen-containing ligands is
due to the oxidation of iron by these ligands
formed during their thermal decomposition.

Above 770 K in an inert medium,
ferrocene and its derivatives with hydrocarbon
ligands decompose, forming particles of iron
and carbon. The resulting carbon formation is
almost 50% by weight and most likely
represents a multiwalled nanocarbon tube [9,
10]. As can be seen from the thermograms
shown in Fig. 1, when the samples are heated

from room temperature to 700 °C in an inert gas
flow, the residual mass for compounds I-111 is,
respectively, 2.05, 20.24, and 66.96% of the
initial mass. And if we assume that the residue
of thermal decomposition of compounds I-I1l
consists of a mixture of iron, iron oxides and
carbon, then, in accordance with equations (3) -
(5), the mass of the solid residue should be,
respectively, 78.69, 88.89 and 89.04% of the
initial mass. This circumstance is mainly due to
the difference in the volatility of compounds I-
I1l. Under the conditions of the experiment,
when heated from room temperature to 700 °C
in an inert gas flow, at least 76, 68 and 22% of
the initial mass of compounds I-111 flies,
respectively. The pyrolysis of ferrocene and its
derivatives under the above conditions can most
likely be represented in the form of the
following equations:

(CsHs)zFe(g)—Fe(s) + 3.7Hz(g) + 0.5CH4(g) + 0.1CsHg(9)+9[C](s) 1)
CsHsFeCsH4-CH,CH(CH3),—Fe(s)+7.1H2(g)+0.5CHy4(g)+0.3CsHg(g)+12[C](s) (2)
CsHsFeCsH4-C(CH3),0H — FeO (s)+2.7H,(g) + 2.5CH4(g)+ 0.1CsHg(g)+10[C](s) 3

[CsHsFeCsH4].CCH3OH (g) —Fe(s) + FeO(s) +7.4H,(g)+ CHa(g)+ 0.2CsHs(9)+20[C](s) (4)
[CsHsFeCsH,]sCOH(g)—2Fe(s)+FeO(s) +10.1H,(g) + 1.5 CH4(g)+ 0.3CsHes(9)+28[C](s)  (5)

CHEMICAL PROBLEMS 2023 no. 3 (21)
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To determine  the  temperature despite its simple form, has a fairly high
dependences of the free energy of these reliability [14, 15]:
reactions, the Ulich equation was used, which,

AGY = AHY — TASSy — ACS 55T [In (=) + 22 — 1 (6)

In equations (6): AGT; AH{; ASyg” - difference between the molar isobaric heat

free energies, enthalpies and entropies of capacities of the products and initial substances

reactions; which are determined on the basis of  of the reactions. The thermodynamic parameters

the thermodynamic functions of the substances of ferrocene and derivatives are borrowed from
involved in the reactions. ACp,gggO is the [9,10]; (Table 2).

Table 2. Thermodynamic parameters of ferrocene and its derivatives [8, 9].

Compound AS2e5(9), | AH2og(g, | AGReg(9), | Cp2og(9)
J/(K mol) kJ/ mol kJ/mol JI(K
mol)

Ferrocene (CsHs),Fe -3718 £26 230 +6 3387 £ 10 | *255.9+6
Ferrocenylmethanol CsHsFeCsHy-
CH,0OH -5147+26 | 52+10 205 £10 199 +5
Isobutylferrocene CsHsFeCsH, - -7654+20 | 133+10 | 361 10 25545
CH,CH(CHj3),

Monoferrocenyl dimethyl carbynol
C5H5F€C5H4-C(CH3)20H
Diferrocenylmonomethyl carbynol (**) | -1037+.30 | 65520 | 964+ 25 578+ 10
[C5H5FEC5H4]2C(CH3)OH
Triferrocenylcarbinol (**)
[C5H5F9C5H4]3COH

*This value is estimated according to the Neumann-Kop rule [16,17]; **Thermodynamic parameters of the noted
compounds were estimated based on the thermodynamic parameters of ferrocene and ligands, taking into account their
conversion to the corresponding radicals.

-6396+26 |98+ 10 267+10 232+5

-1445+ 30 982+20 | 1446+30 763+ 10

The thermodynamic parameters of other parameters for carbon nanotubes are taken from
substances involved in reactions (1-5) are [7]. The following quantities were used in the
borrowed  from  [15].  Thermodynamic calculations:

AH2¢ [(CsHs)zFe (g)] = 23046 kd/mol; AHJog [(CsHs) (9)]= 105.9+1 kd/mol

AH25 [(CH4(g)] = —74.85 kd/mol;  AH25 [C](S)= —2.03 kd/mol

AHZ)00 [CI(s) =—1.98 kd/mol; AH29g [(H2(9)]=0; AH2og [ a-Fe]=0

AS29g [(CsHs)2Fe (g)] = -371.8+2.6 J/(mol.K); S99 [(CsHs),Fe (g)]= 361.1+2.1 J/(mol.K)
AS25g [(CsHe) (9)] = -237.8  J/(mol.K); S99 [(CsHe) (9)]= 182.7 J/(mol.K)

AS25e [(CH4(g)] = -80.0 J/(mol.K); S39¢ [(CH4(g)]= 186.19+85 J/(mol.K)

AS2sg [C](s) = 0.44 JI(mol.K); ASy00 [C1(s)= 0.55 J/(mol.K); S29¢ [(C(s)]= 6.25 J/(mol.K)
AS29g [(H2(9)]1 = 0; S29g [(H2(0)]1= 130.6 ; AS79g [ a-Fe]= 0 ;S3og [ a-Fe]=27.5 J/(mol.K)
CP 505 [(CsHs)zFe (g)] =255.9 J/(mol.K) — calculation

The equations for the temperature (reactions 1-5) are given in Table 3, Fig.2 and
dependence of the Gibbs energy of the pyrolysis  visualized in Fig. 3.
reaction of ferrocene and its derivatives
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Table 3. Equations for the temperature dependence of the Gibbs energy of the reaction of pyrolysis
of ferrocene and its derivatives (reactions 1-5), obtained by equation (6). The equations are
presented in computerized form.

3153

Ll d )

Reaction | Compound Equation AG2(kJ/mol)=f(x); x=T
1 (CsHs)Fe ~274.655-0.313 «x-0.0982<x-(In(x/298)+298/x-1)
2 | CsHsFeCsHq -CH,CH(CHa); | ~162-0,660+X-0,255.:x+(IN(x/298)+298/x-1)
3 | CsHsFeCsHa-C(CHa),OH | - 364.8-0,2582*x-0,0756*x*(In(x/298)+298/x-1)
4 | [CsHsFeCsHa,C(CH3)OH | - 1014+0,425%x+0,0549%x*(In(x/298)+298/x-1)
5 | [CsHsFeCsHa]sCOH 11383+0,242*x+0,036*x*(In(x/298)+298/x-1)
0~
il kJ/'mol
200 4
300 - 4
400 - TS -.1840
=500 4 ] -y 2298
- 6004 37 ~ :‘j._'_?,-_ :,:_:-_‘_'_ 2666
Z;‘ 700 - >< ’— kA:":-b:,\_ 3813
< 900+ S~ B |- 2270
900 - 2 . Asie awe
-1000 s L
1100 - 5 J— ;lxz_—__:‘ — a243
«1200 e 6500
1300
1400 -
-1500 T T T T T T T T ]
600 700 800 900 1000 1100 1200 1300 1400 1500 1600
TK
Fig. 2. Fig.3.

Fig. 2. Temperature dependences of the Gibbs energy of pyrolysis reactions (1-5) of ferrocene and
its derivatives.
Fig.3. 3D visualization of the dependence of the free energy of the pyrolysis reactions of ferrocene
and its derivatives (1-5) on temperature and the number of ferrocene cores based on the equations
given in table 3 and equation (7).

AGYg (K] /mol) = 588.5-1068.75+y + 139.75:y"2 + (2.639-2,6965+y + 0.1695:y"2).x +

+ (-1,639+1.475+y-0.277+y"2)«x=(In(x/298)+298/x-1)

From Fig. 2 it follows that the pyrolysis
reactions of ferrocene and its derivatives (1-5)
with the production of carbon structures in the
range of 700-1500K are characterized by
negative values of free energy. The reactions are
endothermic.  Reactions (1,2) with the
production of iron (1) and iron oxide (2)
proceed with an increase in entropy.
Consequently, with increasing temperature,
their negative values of free energy increase.
Reactions with the simultaneous production of
iron and iron oxide proceed with a decrease in
entropy, therefore, with increasing temperature,

()

the negative values of their free energy greatly
decrease.

Figure 3 visualizes the dependence of
the free energy of pyrolysis on temperature in
the range of 700-1600 K and on the number of
ferrocene cores, respectively, for one-, two- and
three-nuclear ferrocene compounds
C5H5F€C5H4-CH20H, [C5H5F805H4]2CCH3OH,
[CsHsFeCsH4]3COH. Depending on the number
of nuclei, the negative values of the pyrolysis
free energy increase from -300 kJ/mol to -3000
kJ/mol.

CHEMICAL PROBLEMS 2023 no. 3 (21)
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As noted above, the pyrolysis of
ferrocene results in the formation of iron
nanoclusters with a diameter of less than 10 nm
[12]. Below are the results of estimating the

T (r) = T" [(1- 2051)/(AH™ psr)]

where T" and T™ (r) are the melting points,
respectively, of a bulk sample and a
nanoparticle with radius r; o.)-surface tension

Ms=Mg(1-268/D)>

where Msb is the saturation magnetization of
the bulk material, D is the diameter of the
magnetic particle, § is the thickness of the skin
layer.

For bulk iron Tm=1812 K (1539 °C), o
y =1.8510" J/em®, AH™=13.8 kJ/mol=246 J/g,
ps=7.87g/cm’. For a nanoparticle with a
diameter of 10 nm, according to equation (8),
we obtain the value of the melting point equal to
1228 K (953°C). This is much less than the
melting point of massive iron, 1812 K (1539°C).
For iron particles with a diameter of 20, 10 and
5 nm, the saturation magnetization will change

melting temperature and saturation
magnetization for spherical particles 10 nm in
diameter using the melting temperature
dependence equations [18], respectively,

(8),

at the solid-liquid interface, AH™ - melting
enthalpy, and saturation magnetization [19],

9)
as follows: 1.627-10° A/m (20 nm), 1.513.10°
A/m (10 nm), 1.301.10° A/m (5 nm),

respectively, in the case of the assumption of a
spherical shape of iron particles and the
following values Mg, = 1.747+10° A/m, and & =
0.234.10°m. As can be seen from the above
calculations, the values of both the melting
temperature and the saturation magnetization
change with the change in the size of the iron
particles. It should be noted that with a change
in the size of iron particles, its catalytic activity
in the reaction of formation of carbon structures
will change.

Conclusion

One-, two- and three-nuclear carbinol
derivatives of ferrocene CsHsFeCsHs-
C(CH3)20H (1), [CsHsFeCsH4].C(CH3)OH (1),
[CsHsFeCsH4]3C-OH (1 have been
synthesized. It has been established that these
compounds have lower melting points than
ferrocene and are readily soluble in many
organic solvents. It is shown that when the
samples are heated from room temperature to
700 °C in an inert gas flow, the residual mass of
compounds I-I11 is 2.05, 20.24 and 66.96% of

the initial mass, respectively, and these
compounds decompose with the formation of
nanosized iron particles. /iron oxide and carbon.
The values of the melting temperature and
saturation magnetization of nanosized iron
particles formed during the pyrolysis of
ferrocene and its derivatives I-111 are calculated.
These compounds are supposed to be used as
precursors for the production of iron-containing
catalysts on carbon and oxide supports with
nanosized active components.
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TEPMHUYECKAS YCTOMYUBOCTDH U TEPMOJIUHAMUKA ITUPOJIN3A MOHO-, BH-
N TPEXAAEPHBIX KAPBUMHOJIBHBIX ITPOU3BO/JHBIX ®PEPPOILIEHA
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AHHOTanuA: CHHTE3MPOBAaHbI MOHO-, OM- U TPeXbsSACPHbIC KapOWUHOJbHBIC MPOHM3BOJHBIC (eppoleHa
C5H5F€C5H4'C(CH3)20H (l), [C5H5F€C5H4]2C(CH3)OH (“), [C5H5F€C5H4]3C'OH (“l) H3YYCHBI
TepMUYECKasi CTaOWIBHOCTh W TEPMOAWHAMHKA THPONM3a O3TUX coeanHeHuil. CocTtaB W CTpoeHHE
CHUHTE3MPOBAHHBIX COEAMHEHUI yCTaHOBIIEHBI MeToAaMu 3ieMeHTHoro aHanuza (AAC, C, H-ananus), SIMP
'H, UK- u Y®/suaumoii crektpockormnn. B MK-CIeKTpax 5THX COGIMHEHHH NPHCYTCTBYIOT MOJOCKHI
nornomenust ¢ v(OH) = 2910-3040 cm™ u v(OH) = 3080-3190 cm™, a B cmektpax 'H SIMP — momoch!
MOTJIOMIEHHUS CO 3HAUeHUsIMU XuMudeckoro casura 6(OH) = 4,29-4.18 m.a. s OH-rpyrmm, pa3nnyaronxcs
IO ITOJIOKEHUIO U O0YCIIOBIICHHBIX 00Pa30BaHUEM BHYTPH- M MEXMOJIEKYJSIPHBIX acCOLMATOB C y4acTHEM
OH-rpynn. DOneKTpOHHBIE CIEKTPHl MOTJIOLICHUS] CBUICTEIbCTBYIOT O Hamuuuu B coeauHeHusax |-llI
XapaKTePHbIX MOJIOC MOTJIOMICHHS TPU Amax = 270 (1), 278 (I1) u 285 um (l11). TToka3zano, 4To mpu mporpese
00pas3ioB 0T KOMHaTHOH TeMmepatypsl 10 700°C B TOKe HHEPTHOTO ra3a OCTATOYHAsI Macca ISl COSTHHCHUIA
I-111  cocraBusieT, coorBeTcTBeHHO, 2.05, 20.24 M 66.96% OT UCXOOHOW MAacChl U 3TH COCHUHCHUS
pasznararorcsi ¢ 00pa3oBaHHEM HaHOpa3MEpHBIX YACTHII KeJe3a/OKCHa JKee3a W yriepoja. Beruucie Hbl
3HA4YeHMs] TEeMIIEpaTyphbl IUIABICHHUS W HaMarHWYEHHOCTH HACBHIIICHWS HAHOPAa3MEpHBIX YaCTHIl JKele3a,
oOpa3yromuxcs mpu nuposmse ¢hepporeHa u ero mpou3Boasbix I-111.

KuoueBble ci1oBa: kapOMHOI MPOU3BOHEIE PeppolieHa, TepMUUYECKAs] YCTOMYMBOCTh, MMHUPOJIA3

FERROSENIN MONO-, Bi- VO UCNUVOLI KARBINOL TOROMOLORININ TERMIKI
STABILLIYI VO PIROLIZININ TERMODINAMIKASI

A.l. Riistomova ', Z.H. Qurbanov 2, Z.M. Memmadova !, S.N. Osmanova !, A.X. Quluzada *,
A.N. Mammadov * 3, E.H. Ismayilov

! Akad. M.Nagwev adina Kataliz v Qeyri-iizvi Kimya Institutu,
H.Cavid pr., 113, AZ1143, Baki, Azarbaycan;
2SOCAR Downstream Management, Baki, Azorbaycan;
$Azorbaycan Texniki Universiteti,
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Xiilasa: Ferrosenin  mono-, bi- vo {gniivali karbinol téromalori CsHsFeCsH4-C(CH5),0H (1),
[CsHsFeCsH,4]2C(CH3)OH (1), [CsHsFeCsH,4)3C-OH (III) sintez edilmis, onlarin termiki davamliligi vo
pirolizinin termodinamikasi todqiq edilmisdir. Sintez edilmis birlogmolorin torkibi vo qurulusu element
analizi (AAS, C,H analizi), 'H NMR, iQ veo UB/goriinon saha spektroskopiyasi metodlari ilo miisyyon
edilmisdir. Bu birlosmolorin 1Q spektrlarinds miisahide olunan v(OH) = 2910-3040 sm™ vo v(OH) = 3080-
3190 sm™ udma zolaglarna aid va 'H NMR spektrlorinde kimyavi siiriismoe giymotlori 5( OH) = 4.29-4.18
ppm intervalinda dayigon OH qruplarinin istiraki ilo molekuldaxili vo intermolekulyar assosiasiyalarin
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movcudlugu ehtimal edilir. I-111 birlosmolori ti¢iin xarakterik elektron udma spektrlorinin Ana.x =270 (1), 278
(I vo 285 nm (III) oldugu gostorilmisdir. Gostorilmisdir ki, niimunolor inert gaz axminda otaq
temperaturundan 700 °C-o godor qizdirildigda, I-11l birlogmoalori {iglin qaliq kiitla ilkin kiitlonin miivafiq
olaraq 2.05, 20.24 vo 66.96%-ni toskil edir vo bu birlogsmolor domir/domir oksidi vo karbonun nanodlgiilii
hissaciklarinin omola galmasi ilo pargalanir. Ferrosen vo onun I-IIT téramalorinin pirolizi zamani amals galon
nanodl¢iili domir hissaciklarinin arimo temperaturu vo magnitlonms doyumunun giymatlori hesablanmigdir.
Acar sozlar: ferrosen, karbinol toramoalori, termiki stabillik, piroliz.
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