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Abstract. The effect of metal silicides, TiSi2, VSiz, MoSis,
HfSiy, TaSiy, and WSiy, on the initial stages of the liquid-
phase oxidation processes of 1,7-octadiene by molecular
oxygen was investigated. It was established that the
presence of a homogeneous initiator of radical processes,
tert-butyl hydroperoxide, was necessary for the oxidation
reaction to proceed. VSiy is the best catalyst for the
oxidation of 1,7-octadiene by O,. VSi, and MoSi; exhibited
excellent reusability over five cycles of use without
significant loss in their catalytic activity. VSi, and MoSi;
before and after the oxidation reaction were characterized
by XRD and FTIR.
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1. Introduction

The oxidation of hydrocarbons is a key

transformation in organic chemistry, leading to the
formation of valuable oxygen-containing products such as
epoxides, alcohols, ketones, carboxylic acids, and so on.!®
These compounds are essential intermediates in the
production of pharmaceuticals, agrochemicals, and
polymers.”1! Molecular oxygen is particularly attractive as
an oxidant for such reactions due to its natural abundance,
low cost, and environmentally friendly nature, as it
generates minimal waste and aligns with green chemistry
principles. Recent advancements have demonstrated the
efficacy of Oz in various oxidation reactions, highlighting
its potential to replace traditional, more hazardous oxidants
in both laboratory and industrial settings.'2-16

However, direct oxidation of hydrocarbons by
molecular oxygen often suffers from low selectivity due to
the inert nature of O: and its tendency to generate over-

oxidized products. Activating molecular oxygen under
mild conditions remains a significant challenge, typically
addressed by employing metal-based catalysts.1”-?* These
catalysts play a key role in oxidation reactions by
facilitating either radical or non-radical pathways, thereby
improving their progress. Furthermore, combining
heterogeneous catalysts with radical initiators offers an
additional strategy to promote oxygen activation and
improve overall reaction performance under mild
conditions.

Among metal-based compounds,??3 transition
metal silicides®>®® have drawn particular attention due to
their distinctive characteristics. These intermetallic
materials possess unique crystal and electronic structures
that set them apart from their constituent metals. They are
known for a combination of advantageous physical and
chemical properties, including high thermal stability, low
electrical resistivity, low work function, and reduced
density. These attributes make them highly promising for a
variety of technological applications, ranging from
nanoelectronics and thermoelectrics to spintronics and field
emission devices.

Recently, metal silicides have emerged as a new
class of catalytic materials with growing interest in their use
for both conventional and advanced chemical
transformations.322¢  Their  well-defined  structures
contribute to catalytic behaviors that differ substantially
from those of traditional metal catalysts. A significant
increase in research activity highlights their potential in
heterogeneous catalysis, including both classical processes
such as oxidation, hydrogenation, dehydrogenation, and
methanation, and emerging areas like photocatalysis and
electrocatalysis.

In this study, the catalytic ability of metal silicides,
TiSiz, VSiz, MoSi,, HfSi,, TaSiz, and WSiy, in the liquid-
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phase oxidation processes of 1,7-octadiene by molecular
oxygen at the initial stages of the process was investigated.

2. Experimental

2.1. Materials

1,7-Octadiene and chlorbenzene were obtained from
Aldrich. The metal silicides (TiSiy, VSiy, MoSiy, HfSiy,
TaSi;, and WSiy) were commercial chemicals of
chemically pure grade. Molecular oxygen was purified
before use. Azodiisobutyronitrile (AIBN) was purified by
recrystallization from ethanol. tert-Butyl hydroperoxide
(TBHP) was synthesized by the procedure given in 3°.

2.2. Methods

The oxidation reaction was carried out in a
thermostated glass reactor equipped with a temperature-
controlled jacket at a temperature of 80 °C, using a
volumetric device described in . The reactor had a
diameter of 25 mm and a height of 35 mm. The entire study
was performed at the oxygen pressure of 90 kPa under
magnetic stirring at 1000 rpm, which ensured a kinetically
controlled regime of the process.

The reaction mixture with a volume of 2 mL
consisted of diene, chlorbenzene (solvent), and initiators
(TBHP or AIBN) in concentrations of [diene]o = 5.7mol/L,
[TBHP]o = 0.05 mol/L, [AIBN]o = 0.05 mol/L. For each
experiment, 0.01 g of the metal silicides was loaded into
this reaction mixture. The liquid-phase oxidation of 1,7-
octadiene was studied at the initial stages of the process,
when the influence of the reaction products on the reaction
progress could be neglected and avoided.

The initial rate of the oxidation reaction was equal
to the initial rate of oxygen consumption, which was
determined from the tangent of the slope of the kinetic
curve plotted in coordinates of absorbed oxygen volume
versus reaction time (volume O, — time), using the
following equation:

tga - Pp, " Ty
% Py Vo-V-T
where tga — tangent of the slope of the oxygen absorption
Kinetic curve in the coordinates volume O; — time; Py, —
pressure of oxygen in the syste (mm Hg); To — standard
temperature (273 K); Po — standard pressure (760 mm Hg);
Vo — 22,4 L/mol; V — volume of the oxidation reaction
mixture (in our case, it was equal to 2 mL); T — The
temperature of the thermostat of the pressure regulator and
the gas burette (305 K).

The XRD patterns of VSi, and MoSi, before and
after application in the reaction were recorded on HZG-4
Carl Zeiss diffractometer with a CuKo radiation
(A=0.15406 nm) using a tube voltage of 40 kV and current
of 100 mA.

The Fourier transform infrared (FTIR) spectra of
VSi, and MoSi; before and after application in the reaction
were recorded on an FTIR 1725x(Perkin-Elmer)
spectrophotometer in the range of 500-4000 cm™ using
KBr pellets. The pellet of samples with KBr was formed by
compression of the fine powdered mixture under pressure.

3. Results and Discussion

The liquid-phase oxidation of 1,7-octadiene was
studied at the initial stages of the process, when the
influence of reaction products on the reaction progress
could be neglected and avoided. It was found that 1,7-
octadiene was not oxidized by molecular oxygen under an
oxygen pressure of 90 kPa at a temperature of 80 °C over a
reaction time of 2 hours. Moreover, the addition of
transition metal silicides to the reaction system did not
improve the situation, and no oxidation of 1,7-octadiene
occurred under the same conditions within 2 hours. This
demonstrated that the liquid-phase oxidation of 1,7-
octadiene at the initial stage does not occur in the absence
of radical initiators, either with or without metal silicides.
Therefore, tert-butyl hydroperoxide was used as a
homogeneous radical initiator, and the liquid-phase
oxidation reaction was carried out under similar conditions.

Kinetic profiles of oxygen consumption in the
oxidation of 1,7-octadiene with molecular oxygen in the
presence and absence of metal silicide as catalysts, initiated
by TBHP as a homogeneous source of radicals, are
presented in Figs. 1a,b. It is seen that the introduction of a
homogeneous initiator of radical processes, TBHP, in the
reaction system favored the reaction proceeding. Oxygen
uptaking took place in the oxidation process of 1,7-
octadiene with molecular oxygen, applying TBHP both in
the presence and in the absence of metal silicides.
Moreover, all the investigated transition metal silicides
enhance the rate of oxygen consumption compared to the
non-catalytic reaction. This indicates the activating effect
of metal silicides on the liquid-phase oxidation of 1,7-
octadiene with molecular oxygen in the presence of tert-
butyl hydroperoxide at the initial stages of the process. Fig.
1a shows that the most intense oxygen uptake during the
oxidation of 1-octene with molecular oxygen in the
presence of TBHP is observed over VSi.. While in the case
of other transition metal silicides, the kinetic curves of
molecular oxygen consumption in the oxidation reaction
are similar and close to each other (Fig. 1a,b).
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Fig. 1. Kinetic plots of oxygen consumption during the liquid-phase oxidation reaction of 1,7-octadiene by molecular oxygen at the
initial stages of the process in the presence of metal silicides: TiSi,, VSi», MoSi; (a), and HfSi,, TaSi,, WSi» (b), and without them (a,
b) using ferz-butyl hydroperoxide as a homogeneous initiator of radical processes

To quantitatively evaluate the catalytic activity of
metal silicides, the initial reaction rate of oxidation of 1,7-
octadiene by molecular oxygen (Woy) in the presence of
tert-butyl hydroperoxide at the initial stages of the process
was calculated and presented in Fig. 2a. It is seen that the
values of oxidation rate of 1,7-octadiene over all metal
silicides were higher in 1.6 times for MoSiy, HfSiy, TaSiz,
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in 1.7 times for WSiy, in 1.9 times for TiSiy, and finally in
5.7 times for VSi, than that in their absence. This further
confirms that metal silicides can exhibit catalytic activity in
this reaction in the presence of TBHP. Meanwhile,
vanadium silicide demonstrates the best catalytic
performance among them, while the activities of MoSiy,
HfSiy, and TaSi; are the lowest.
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Fig. 2. The initial oxidation rate of 1,7-octadiene by molecular oxygen in the presence and absence of metal silicides using
homogeneous initiators of radical processes: ferz-butyl hydroperoxide (a) or azodiizobutyronitrile (b)

If the investigated transition metal compounds are
involved in the chain propagation reaction, such an effect
of these compounds on the oxidation reaction should also
be observed in the presence of another homogeneous
radical initiator, namely, azodiisobutyronitrile (AIBN), as
well as in the absence of any initiator, although, as
mentioned above, this was not experimentally observed.
The rate of the 1,7-octadiene oxidation reaction by

molecular oxygen over metal silicides and without them
using AIBN is shown in Fig. 2b. Fig. 2b demonstrates that
the oxidation rate for metal silicides remains nearly the
same as in their absence in the presence of AIBN in the
reaction system. This indicates that metal silicides do not
influence the oxidation of 1,7-octadiene in the presence of
AIBN, and are not involved in the chain propagation
reaction at all.



Oxidation of 1,7-octadiene by molecular oxygen in liquid-phase in the presence of metal silicides ... 75

To summarize, it can be said that the studied metal
silicides affect the liquid-phase oxidation of 1,7-
octadiene by molecular oxygen at the initial stages

through the catalysis of the chain initiation reaction,
which occurs as a result of the radical decomposition of
TBHP:

metal silicides

Among the studied metal silicides, the most and
least active ones, namely VSi, and MoSiy, respectively,
were selected for further investigation of their stability in
the liquid-phase oxidation of 1,7-octadiene by molecular
oxygen at the initial stages. The reusability of VSi> and
MoSi. was evaluated over five cycles. This aspect holds
particular significance for heterogeneous catalysts due to
the feasibility of their recovery and recycling. After
completion of each cycle, the catalyst was separated,
allowed to dry, and then reintroduced into the following
run. The obtained results for VSi> and MoSi. are shown in
Figs. 3a and 3b, respectively. Fig. 3a demonstrates that
VSiz exhibited excellent stability up to the third cycle and
remained moderately stable through the fifth cycle. Its
catalytic activity decreased to 99% and 90% of the initial
value after the third and fifth reuse, respectively,
confirming its potential for practical applications. The
catalytic performance of MoSi: decreased to 95% and 86%
after the third and fifth cycles, respectively (Fig. 3b). These
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results indicate good cycling stability of both VSi. and
MoSi: over five cycles.

Moreover, the stability of VSi. and MoSi. before
and after the initial stages of liquid-phase oxidation of 1,7-
octadiene by molecular oxygen was also investigated using
XRD analysis. Fig. 4 shows the XRD spectra of he initial
fresh catalyst, VSi. and MoSiz, and the catalyst after 1 hour.
The diffraction peaks of fresh catalysts corresponding to
VSi> (JCPDS#65-2645) and MoSi> (JCPDS#65-2645) in
XRD patterns. No diffraction peaks of SiO can be found
in the catalyst samples after application in the oxidation
reaction. Furthermore, there is no appearance of oxide
products of MoOs or V205 observed in the pattern of
already used samples. Thus, according to the XRD pattern,
the structure of the catalysts did not change obviously, and
only VSi. and MoSi. were found in the XRD pattern,
respectively. The above analysis indicated that VSi> and
MoSi: catalysts were structurally robust after 1 hour of
reaction proceeding.
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Fig. 3. Reusability of VSi; (a) and MoSi, (b) during the liquid-phase oxidation reaction of 1,7-octadiene by molecular oxygen at the
initial stages of the process

The infrared spectra of VSi> and MoSi: before and
after their application in the liquid-phase oxidation of 1,7-
octadiene by molecular oxygen at the initial stages of the
process in the range of 5004000 cm™ are shown in Fig. 5.
For better visualization, the narrower range of 850-1500
cm™! is shown in Fig. 6.

Firstly, the initial sample of VSiz, as well as the
sample after application in the oxidation reaction, contains
an intense, wide absorption band centered at 3439 cm?,
which corresponds to the O—H stretching modes of surface-
adsorbed molecular water.“>-*? The band at 1635 cm™ for
initial VSi> and at 1636 cm™ for VSi. after reaction is
attributed to the bending mode vibrations of O—H bonds of

adsorbed water.*>#2 The IR band at 806 cm is due to Si—
O bending vibrations and is observed in spectra of VSiz
before and after the reaction.*%4? The spectrum of the initial
VSi. also displays a strong and broad IR band at 1059 cmr
1 which can be attributed to the V=0 stretching vibrations,
which might be covered by the Si-O- asymmetric
stretching vibrations.#4344 A red shift of this signal from
1059 cm™ to 1042 cm™, along with a decrease in its
intensity, is observed in the spectrum of VSi» after the
oxidation reaction. Another broad band at 1106 cm* with a
shoulder near 1188 cm is also observed in the spectrum of
the initial VSiz, which is usually assigned to the transverse
optical (TO) and longitudinal optical (LO) modes of the Si—
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O-Si asymmetric stretching vibrations.*® While in the
spectrum of the used catalyst, an intense absorption band at
1190 cm™ is observed, which could be assigned to an
enhanced shoulder signal of the transverse optical and
longitudinal optical modes of the Si-O-Si asymmetric
stretching vibrations, presented in the initial catalyst.
Additionally, this signal may include contributions from
the C-O group,* which newly appear after the reaction and
overlap with the blue-shifted signals of the transverse
optical and longitudinal optical modes of the Si—O-Si

Lotensiry {a..)

VSi, before reaction

asymmetric stretching vibrations. Most likely, these bands
overlap, or the signal of the C—O group enhances the signal
of the Si—-O-Si. The formation of this C—O group is most
likely due to the adsorption of radical initiator, tert-butyl
hydroperoxide, on the catalyst surface, which results in the
initiation of a radical process. It can also be assumed that
the reduced intensity of the band at 1059 cm™ in the initial
sample, along with its shift to 1042 cm™ in the used sample,
may also be attributed to the adsorption of TBHP on the
vanadium catalyst.
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Fig. 4. XRD patterns of VSi, and MoSi, catalysts before and after the application in the liquid-phase oxidation reaction of 1,7-
octadiene by molecular oxygen
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Fig. 5. FTIR spectra of VSi, catalyst before and after the application in the liquid-phase oxidation reaction of 1,7-octadiene by
molecular oxygen
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Fig. 6. FTIR spectra of MoSi; catalyst before and after the application in the liquid-phase oxidation reaction of 1,7-octadiene by
molecular oxygen

The FTIR spectra of MoSi: before and after the
oxidation reaction remain nearly unchanged. Both initial
and used MoSi. display bands at 3443 cm* and 1628 cm™*
corresponded to the O-H stretching modes of surface-
adsorbed molecular water and the bending mode vibrations
of O—H bonds of adsorbed water, respectively.*®*> A weak
band at 808 cm™, attributed to Si—O— bending vibrations, is
present in both MoSiz spectra, as also observed for VSiz. -
42 The strong broad bands resulting from overlapping peaks
at 1184 cm™ and 1102 cm™ are attributed to Si—O-Si and
Si-O- asymmetric stretching vibrations, respectively.*0-42
The signal attributed to the Mo=0 stretching vibration,
which is expected to appear near 970 cm™,* is most likely
overlapped by the Si—-O— asymmetric stretching vibrations.

Unfortunately, the FTIR spectra of both the initial
and used VSiz and MoSi: samples are dominated by Si—-O—
Si and Si-O- frameworks vibrations. Additionally, signals
corresponding to V=0 and Mo=0 stretching vibrations are
also present in the spectra of VSi> and MoSi: before and
after the reaction. If these signals were observed only in the
spectra of the samples after the oxidation reaction, one
might assume that the surface of VSi> and MoSi- oxidation
could occur during the oxidation reaction. However, since
these signals are found in both the initial and used samples,
it can also be assumed that impurities of oxides of these
elements are present in the studied samples. However,

since these bands are also present in the spectra of the initial
samples and no oxides of these elements were detected by
XRD analysis, it is most likely that the surface of the metal
silicides can adsorb atmospheric oxygen without actual
oxidation. It is in good agreement with results in*0-42,

Additionally, noticeable shifts of absorption bands
as well as the appearance of the C-O band, most likely as
the result of adsorption of radical initiator, are observed
only in the case of the most catalytically active VSiz,
indicating the involvement of the heterogeneous catalyst
surface in the process of radical initiation in the oxidation
reaction. In contrast, for MoSi>, which did not exhibit
significant catalytic activity, the FTIR spectra before and
after reaction remain nearly the same. It allows us to
assume that no significant surface changes of MoSiz
occurred, and its surface is not involved in the initiation of
the process.

4. Conclusions

The catalytic activity of metal silicides, TiSiz, VSiz,
MoSiz, HfSi;, TaSi;, and WSiy, in the liquid-phase
oxidation processes of 1,7-octadiene by molecular oxygen
in the presence of homogeneous initiators of radical
processes, namely, tert-butyl hydroperoxide and
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azodiizobutyronitrile, was studied for the first time. It was
established that metal silicides catalyze the oxidation
reaction only in the presence of tert-butyl hydroperoxide
through the catalytic initiation of the chain reaction via the
radical decomposition of TBHP, thereby increasing the
value of oxidation rate in 1.6 times for MoSi., HfSi>, and
TaSiz; 1.7 times for WSiz; 1.9 times for TiSi2; and up to 5.7
times for VSi> compared to that in their absence. VSi, was
found to be the most active catalyst among metal silicides,
providing an oxidation rate value of nearly 18-108,
mol-L s,

VSiz and MoSi: demonstrated good reusability for at
least five cycles in the liquid-phase oxidation of 1,7-
octadiene by molecular oxygen in the presence of tert-butyl
hydroperoxide, retaining 99% and 95% of their initial
catalytic activity after three cycles, and 90% and 86% after
five cycles, respectively. These results confirm the
excellent cycling stability and practical potential of both
catalysts.

It was shown by XRD results that VSi and MoSiz
catalysts exhibited excellent structural stability and
remained structurally robust after 1 hour of the oxidation
reaction. FTIR analysis indicates that the catalytic activity
of VSi: may be due to the adsorption of tert-butyl
hydroperoxide on the catalyst surface, followed by radical
initiation of the oxidation process.

The application of the most active catalyst, VSiz, in
the study of the kinetic regularities of the liquid-phase
oxidation of 1,7-octadiene by molecular oxygen in the
presence of tert-butyl hydroperoxide is currently underway
and will be reported in a forthcoming publication.
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OKMCHEHHA 1,7-OKTAAIEHY
MOJIEKYJISIPHUM KUCHEM
Y PUIMHHIN ®A31 Y IPUCYTHOCTI CUJIILIUAIIB
METAJIIB HA TTIOYATKOBUX CTAIIX

Anomayin. [ocnioxceno ennug cuniyuoie memanie, TiSiz, VSis,
MoSi., HfSiz, TaSi: ma WS,
piounnopaznoco  oxkuchenus 1,7-okmaodicHy MONEKYIAPHUM — KUCHEM.

Ha nouamkogi cmadii npoyecy

Bcmanosneno, wo HaasHicmb 20MO2eHHO20 IHIYIamMopa paoUKAIbHUX
npoyecie — mpem-0ymunzioponepokcudy — € HeoOXiOHOI YMOB0I Ol
nepebicy peaxyii okucHenHs. VSi: € Haukpawum Kamanizamopom Ois
1,7-okmaoieny. VSi> i MoSi: BIOMIHHY
cmabineHicme npu  6a2amopazoeoMy GUKOPUCMAHHI NPOMALOM N M
yuxnie Oes icmomrnoi eémpamu kamanizamopuoi akmusnocmi. VSiz i MoSiz

OKUCHEHHA nposensaions

00 ma nicisi peaxyii OKUCHEHHA OYIU OXApaKmMepu308aHi Memooamu
penmeeHiscokoi ougpparyii ti inghpauepeoroi cnekmpockonii.

Kniwouosi  cnoea: oxuchenns, OieH, MONEKYIAPHUIL KUCEHD,
2i0ponepoKcud, Kamanizamopu, CUNiYuUOU Memalis.
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