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BINDING d-ELEMENT OF THE 4TH PERIOD OF V-GROUP
OF THE PERIODIC SYSTEM OF D.I. MENDELEYEV
AND ITS PARAMAGNETIC PROPERTIES

Abstract. Vanadium is a connecting element between the main subgroup VA and the subgroup VB. In the
opinion of B.V. Nekrasov, if we compare the VB group of vanadium elements with the valence states of P and As
VA main subgroup, then in the oxidation states of -3, 0, +3 arsenic is an analogue of phosphorus, and in the
oxidation state +5, it will not be an analogue of phosphorus. In contrast, in the low oxidation degrees of vanadium, it
differs from phosphorus, and in the oxidation state of +5 vanadium is not a complete analogue of phosphorus.

The similarity of the electronic configuration of atoms for vanadium and phosphorus in the +5 oxidation state
specifies the similarity of the properties of their chemical compounds.

When comparing vanadium and its compounds with elements of the VA subgroup, we conclude that vanadium
is a binding element between the VA subgroup and the VB subgroup and the compounds have similar properties.

As a result of many years of work, it was found that vanadium in the penta- and tetravalent states has
paramagnetic properties. In crude oil, it is in a tetravalent state.

In order to improve the standard photocalorimetric method for determining vanadium in oil and petroleum
ashes, a more rapid method was proposed for estimating the total concentration of vanadium based on the interaction
of V,0s with concentrated hydrochloric acid.

Studies of the EPR spectra of porphyrin complexes with transition metals such as copper were of great
importance in the identification of natural porphyrin complexes.

In the course of comparison of experimental works of paramagnetic properties of vanadium and phosphorus
with each other, it can be said that their application is of great practical importance in different fields of science.

Summing up the results of studying the reduction of triphenylphosphine with an alkali metal, we proposed a
scheme for the splitting of triphenylphosphine, including the formation of radical anions.

Keywords: binding d-element, vanadium, incomplete analogue, electronic structure, paramagnetism.

Vanadium is a connecting element between the main subgroup VA and the subgroup VB. It is the first
d-element of the VB subgroup, its analogues are niobium and tantalum. Their electronic structure and
valence states are equal. The VB element group resembles the IVB group of elements. In normal
conditions, vanadium in the cold dissolves in “aqua regia” and when heated in nitric and concentrated
sulfuric acids. Upon fusion with alkalis, anionic oxo complexes are formed. The oxidation degree of
niobium and tantalum in the form of a halide is +4 [1-3]. Vanadium in the form of vanadyl - VO*' ion
enters into many chemical reactions and is found in complex compounds [4].

In the opinion of B.V. Nekrasov [5], if we compare the VB group of vanadium elements with the
valence states of P and As VA main subgroup, then in the oxidation states of -3, 0, +3 arsenic is an
analogue of phosphorus, and in the oxidation state +5, it will not be an analogue of phosphorus. In
contrast, in the low oxidation degrees of vanadium, it differs from phosphorus, and in the oxidation state
of +5 vanadium is not a complete analogue of phosphorus (Table 1).

The 3d orbital of the phosphorus atom makes phosphorus chemistry deeply different from the
nitrogen properties. The similarity of the electronic configuration of atoms for vanadium and phosphorus
in the +5 oxidation state specifies the similarity of the properties of their chemical compounds.
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Table 1 - Comparison of the valence states of vanadium, phosphorus, and arsenic

Valence | Electron arrangement by energy levels in atoms of elements
V (VB) P (VA) As (VA)
-3 - 2,8.8 2,8,18,8
0 2,8,11,2 2,8,5 2,8,18,5
+3 2,8,10 2,8,2 2,8,18,2
+5 2,8,8 2,8 2,8,18

Vanadium (V) oxychloride - a liquid (mp. -77°C, bp. 127°C). VOCI; has the form of a distorted
tetrahedron with a vanadium atom in the center [2].
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Vanadium (V) halogenide reacts with the main halogenide to form an anionic complex:
KF + VFs = K[VFs]

Phosphorus oxotrichloride (V) - a liquid (mp 1°C, bp 107 °C) formed by heating the mixture of P,Os
and PCls :

P>Os + 3PCls = 5POCls

POCI; has the form of the distorted tetrahedron [2] (see Fig.). In non-aqueous solutions, PFs interacts
with basic fluoride:

Cl

The coordination number in the vanadium (V) and phosphorus (V) complex compounds is 6. For the
compounds under consideration, in which these elements are in the valence state 5, the chemical
properties are similar.

When comparing vanadium and its compounds with elements of the VA subgroup, we conclude that
vanadium is a binding element between the VA subgroup and the VB subgroup and the compounds have
similar properties.

It is known that vanadium (V) oxide in an acidic environment exhibits oxidizing properties:

V>,0s5 + 6HCI =2VOCI, + Cl; + 3H,0

At present, in many research laboratories, the methods of neutron activation analysis (NAA) and
X-ray fluorescence analysis (XRF) are used to determine vanadium and other trace elements in oils and
petroleum products. The use of neutron activation analysis for these purposes is associated with several
known technological difficulties. The main drawback of X-ray fluorescence analysis is the
superimposition of the titanium spectral line on the vanadium spectral line in the X-ray fluorescence
spectra.
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Due to the existing shortcomings of these methods in the geological calculation of vanadium reserves
and mass laboratory analyzes, GOST 10364-63 is used to determine the content of vanadium in oils and
petroleum products, the essence of which is the photometry of the phosphoric-tungsten-vanadium complex
formed after cineration of the test sample of the oil and petroleum product as well as after the processing
of the ash by hydrochloric and phosphoric acids and sodium tungstate. However, the photocolorimetric
method does not always have the necessary sensitivity and selectivity. Also, one analysis takes a lot of
time, and analytically requires many operations.

To improve the common photocolorimetric method for determining vanadium in petroleum ashes, a
more rapid method is proposed for estimating the total amount of vanadium in petroleum ashes based on
the interaction of V,0s with concentrated hydrochloric acid. The vanadium concentration in the studied
petroleum ashes of the Caspian Sea region was determined by the anisotropic electron paramagnetic
resonance (EPR) spectrum of the resulting vanadyl chloride [6]. The advantages of the EPR method for
determining total vanadium in petroleum ash are its performance, selectivity, high accuracy, and reliability
compared to traditionally used photocolorimetric methods.

In this work, we propose the EPR method for estimating the total vanadium concentration in
petroleum ashes based on the ability of vanadium d-elements to form stable paramagnetic complexes with
sterically hindered quinones [7]. This was facilitated by the forming complexes of o-semiquinones with
metal chlorides of group III [8].

In this regard, we attempted to study the interaction of vanadyl chloride with 3,5-di-tert-
butylorthobenzoquinone and 3,6-di-tert-butyl-orthobenzoquinone in toluene. This type of redox process
reduces to the oxidation of V*' to V°* with the formation of a vanadium-containing complex with a
paramagnetic o-benzosemiquinone ligand [7]:
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where —+ = C(CH3)3

The analysis of the vanadium content in oil and petroleum products plays a significant role in oil
refining and identifying promising deposits for the extraction of valuable metal.

In the natural porphyrin complexes identification, studies of the EPR spectra of porphyrin complexes
with transition metals such as copper were of great importance [9]. If we compare the EPR spectrum of
the VO — EP complex (figure 1a) and the Cu*— EP obtained from it, we receive very interesting data.
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Figure 1 - EPR spectrum of the VO - EP (a) complex from the Karazhanbas oil and obtained Cu?* - EP (b)
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Cu*— EP has a square - planar structure in which a copper ion lies in the plane of four equivalent
nitrogen atoms of the porphyrin ligand (Fig. 1b). The isotropic spectrum of this complex, recorded in
solution, consists of four hyperfine structure (HFS) lines due to the interaction of an unpaired copper
electron with a ®%Cu nucleus; HFS constant is ac,=102.5 Gs with gy;=2.101.

An additional hyperfine structure is observed near the band in a strong field due to the interaction of
an unpaired electron with ligand nitrogen nuclei. The line intensity of the additional HFS is expressed by
the ratio 1:4:10:16:19:16:10:4:1. Nine lines of the hyperfine structure with splitting between the lines ay =
12.5 Gs are due to the interaction of the unpaired electron with the magnetic moments of four united
nitrogen atoms (In=1) of the porphyrin macrocycle. Thus, the homologues of all VOP VO** extracted from
oils coordinate with the four nitrogen atoms of the pyrrole nuclei.

Summing up the study of the recovery of triphenylphosphine with an alkali metal, Brit and Kaiser
[10] proposed a triphenylphosphine splitting scheme that does not include the formation of an anion
radical (AR).

When reducing triphenylphosphine with alkali metals (K and Na) in 1,2-dimethoxyethane (DME) and
tetrahydrofuran (THF) at -70 °C with EPR method, we found almost the same EPR spectrum [11] as
Ilyasov [12] during electrochemical recovery. In DME, the spectrum is described by the following
hyperfine structure constants:

a - a,P"=2.5rc, a,"™=1.25 Gs

The analysis of the spectrum hyperfine structure shows that an unpaired electron is regularly
delocalized throughout the molecule. Figure 2 shows the quantum numbers under the spectrum
corresponding to the projections of the resultant spin of 3 pairs of protons (In=1/2) and one phosphorus
nucleus (Ip=1/2). As follows from the experimental data, the triphenylphosphine reaction network in the
interaction with alkali metals should include the stage of single electron transfer from the metal and the
formation of the primary triphenylphosphine anion radical

Ph;Pp —™ » Ph;P"M*
triphenylphosphine
anion radical

+2 +1 0 -1 -2

Figure 2 - EPR spectrum of triphenylphosphine-potassium anion radical in DME at -60°C

Therefore, during the organic elements chemistry course [13—15] for students of chemical specialties
in universities, it should be noted that upon the preparation of organic alkali metal derivatives from
triphenylphosphine, the very first-stage triphenylphosphine anion radical is formed.

In recent years, the intensive development of the homolytic chemistry of phosphorus has aroused
interest in the phosphorus centric and, in particular, phosphonyl radicals [16,17].
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Figure 3 - EPR spectrum of phosphonyl radicals

Phosphonyl radicals (figure 3) are easily formed during the photolysis of the corresponding
hydrophosphoryl compounds into di-tert-butyl peroxides.

(Csz)zPOH ++OCMe; —» (Csz)z P=0 +Me;COH

In this case, the unpaired electron is delocalized mainly in the phosphorus atom. The same spin as the
proton, i.e., %, is possessed by *'P nuclei that are part of various phosphonyl compounds. The hyperfine
interaction of the unpaired electron with this magnetic core in radicals leads to doublet splitting in the EPR
spectrum as in the case with a proton.

Experimental part. The triphenylphosphine anion radical was received in DME by the common
method on metal mirrors of K and Na at -70°C in a vacuum. The EPR spectrum was recorded with a
Varian E-12 spectrometer.

Using the methods of demetallization and chromatographic separation, etioporphyrin was obtained
from vanadyl porphyrin concentrates of the Karazhanbass oil. Bivalent copper complexes were prepared
by reacting of the anhydrous salt CuCl, with etioporphyrin in dry chloroform at room temperature.

P.H. Hacupos!, B.K. Kycnanoga?, A.C. Kanayosa?, K.I'. Catenos!

X . locMyXaMeIoB aTBIHIAF! ATBIpay MEMJIEKETTIK YHHBEPCHTETI;
2C. OrebaeB aTBIHIAFE] MyHAl )KOHE Ta3 YHUBEPCHUTETI

_AN. MEHJAEJIEEBTIH HEPUOATBIK JKYUECIHIH 4-IIEPUO/IbI V TOEBIHBIH,
BAWJIAHBICTBIPYHIBI D-3JIEMEHTI ’)KOHE OHBIH TAPAMATHUTTIK KACUETTEPI

AnnHoranus. Banaguit VA Heri3ri To0b1 MeH VB Kiliri TOObI apachlHIarbl OaiIaHBICTHIPYIIBI 3JICMEHT PETIHIC
OpEKeT eTe/Ii.

B.B. HekpacoBTHIH YCBIHBICBIHA COMKeC, erep BaHaauil 3neMeHTi VB ToObIH Herisri TonThiH P skoHe As VA
BAJIEHTTI KYHIMEH CalbICTBIpCaK, OHJAA TOTHIFY adpexecinge -3, 0, +3 kymana ¢ocopIblH aHAIOTHl OOJIBII
caHalazbl, al TOTBIFY Jopexkeci +5 Ooisica, kymana Qocdopapi aHanmorsl Oonmaiinel. Kepicinme, BaHaguit
TOTHIFYBIHBIH TOMEHTI NopexeciHne ¢GochopaaH epeKImeNleHeni, al TOTBIFy Adpekeci + 5 BaHammit docdopasiH
TOJIBIK €EMEC aHAJIOTHI OOJIBIN €CENTEIE/].

Banagmii MeH ¢ochop aTOMAAPHIHBIH SICKTPOHIBIK KOH(OUTYPAIMACHIHBIH TOTBIFY Adpexkeci +5 Oomys
OJIapIbIH XUMUSIIBIK KOCBUIBICTAPhI YKCACTHIK KACHETTEPIH TYABIPAIBL.

Bananuit MeH OHBIH KOCBUIBICTAPbIH VA HETI3rl TOI 3JIEMEHTTEPIMEH CallBICTBIPY OapbIChiHa 013 BaHaaud —
VA ki Tonmackl MeH VB Herisri Tomiacel apachlHarbl 0aiJIaHBICTBIPYILBI 3JIEMEHT, aJl KOCBUIBICTApBl YKCac
KacHeTTepre ue JereH KOPBIThIH/bIFA KEIJIIK.

KemKbuIIbIK )KYMBICTBIH HOTHXKECIHZIE BaHaIMi Oec oHEe TOPT BAJIEHTTI KYHiHJE MapaMarHeTH3M KacHUeTiHiH
Oap exenuiri anpikranpl. Luki MyHaiina on TepT BaneHTTI Kyiine Ooiapl.
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MyHaii ’oHe MyHail eHIMEpI KYJAEpiHAeri BaHa Ul aHBIKTAYyIbIH CTAaHIAPTThI (POTOKAJIOPUMETPIIK dicCiH
KETUIIIPY MaKcaThIH/IA KYMBICTa BaHAIMM/IIH Kbl MOJIIEPiH Oaranay YIIiH BaHAaJIMNAIH Oec BaJCHTTI OKCHAIH
(V20s5) KOHIEHTPIIi TY3 KBIIIKBUIBIMEH ©3apa dPEKEeTTECTIPYre HETi3eIreH HEFYPIIbIM KbUIaM aHBIKTay dJicTeMeci
YCBHIHBUIFaH.

Taburu TekTi NOP(UPUH KeIIeHAEpiH COHKECTEHIIPYAe MBIC CHSKTBI OTIENi MeTajjiapMeH nopdupuH
kemreHepinig JI1P cnexTpiiepid 3epTTey YIKeH MaHbI3Fa 1e OOJIIbL.

Bananuiit MeH ¢ocdopaslH napaMarHuTTi KacueTTepiH Oip-OipiMeH casbICThIpa OTBIPHIN, OJapAbl FHUIBIMHBIH
TYpJIi cajanapbiHaa KOJIIaHy 30p MPAKTHKAIBIK MaHbI3Fa He e auTyra Oonabl.

TpudenmnpochuHHIH CINTLII METaIMEH TOTHIKCBHI3JAHYBIH 3€pTTCy HOTWKECIHAEC aHWOH paIWKalaap TY3€TiH
TpudeHmIpoCHUHHIH BIABIPAY CXEMACHIH YCHIHIBIK.

Tyiiin ce3agep: OailmaHBICTBIPYHIBI d-3JIEMEHT, BaHAAWi, TOJBIK €MEC AHAJIOTBI, JJIEKTPOHIBIK KYpPBUIBICHI,
HapaMarHeTH3M.

P.H. Hacupos!, B.K. Kycnanosa?, A.C. Kanayosa?, K.I'. Catenon!

! ATBIpayCKHil TOCYIapCTBEHHBIN yHUBEPCHTET M. X.J[0CMyXamenoBa;
2Ateipayckuii ynusepcuteT HeTh 1 rasa um. C. VrebaeBa

CBA3VIOIINM d-3JIEMEHT 4-ro IEPHOJIA V- I'PYIIIbI
NEPUOJUYECKOHU CUCTEMBI J.U.MEHJIEJIEEBA
M ET'O TAPAMATHUTHBIE CBOMCTBA

AnHoTauus. Banaauii BeIcTymaeT Kak OBl CBA3YIOIIMM JIEMEHTOM MEXAy IJIaBHOW moArpymmod VA u mon-
rpynnoi VB.

CornacHo npeacrasnenusiM b.B.Hexpacosa, eciu conoctaButh VB rpyImmy 21eMeHTOB BaHa U C BaJIEHTHBIMU
coctosiHusiMUA P 1 As VA riaBHOW MOATPYIIBL, TO B CTENEHSIX OKHUCIEHUS -3, 0, +3 MBIIIBSIK SBISETCS AHALO2OM
dochopa, a B cTeneHH OKHCICHUS +5 MBIINbIK HEe OynmeT aHamoroMm Qocdopa. HampoTu, B HHU3KHX CTCICHIX
OKUCIICHHSI BaHAIUH OTIHYaeTcs OoT Gocdopa, a B CTEIICHH OKHUCICHUS +5 BaHAIUHA SBISICTCS He HOIHbIM AHANO2OM
docdopa.

AHAJIOTUYHOCTh 3JICKTPOHHOM KOH(UTypaluu aToMOB Ui BaHamus u ¢ochopa B CTEIICHH OKHUCICHHS +5
00yCIIOBITMBAET CXOJICTBA CBOMCTB MX XUMUIECKAX COCTUHCHUH.

B xozxe cpaBHeHHs BaHAOWSA W €O COSAWHEHHWU C 3IIEMEHTaMH VA TMOATPYIIEI MBI MPHUIUIA K BBEIBOLY, YTO
BaHAJWH- CBS3YIOUIMH OJIIEMEHT MeXOy monarpymmod VA wu moxarpymmoir VB, a coemwHenms o0magaroT
aHAJIOTMYHBIMH CBOWCTBaMHU.

B pesynbrare MHOTOJIETHEW pabOThI OBLIO YCTAHOBJICHO, YTO BaHAJAMHN B MSATH U Y€THIPEXBAJIEHTHOM COCTOSHUU
o0JsIamaeT mapamMarueTH3MoM. B ceipoii HepTH OH HAXOJUTCS B YETHIPEXBAIICHTHOM COCTOSIHHU.

C 1enpl0 YCOBEPIICHCTBOBAHUS CTAHAAPTHOTO (HOTOKAIOPUMETPHUECKOTO METO/a ONpEACICHUS BaHAIHsS B
30j7ax Hedrell W HedrenpomykTax B paboTe MHpeAsioKeHa 0ojee SKCIpPeccCHas METOIUKa JJIsS OLCHKH OOIero
KOJIMY€ECTBA BaHAMsI, OCHOBaHHAs Ha B3auMoaecTBun V,0Os ¢ KOHIIEHTPUPOBAHHOM COJISTHON KUCIOTOM.

B wunentudukamuy mop@UpPHHOBBIX KOMIUIEKCOB IPUPOIHOTO MPOUCXOXKACHUS OOJBIIOE 3HAYCHUE HMEIH
uccienoBanus cuekTpos DIIP komIuiekcoB MOpGHUPHUHOB ¢ TAKMMHU NEPEXOIHBIMU METAIAMH, KaK MEJIb.

B xoz1e cpaBHEHHS SKCIEPUMEHTAIBHBIX pab0T MapaMarHUTHBIX CBOMCTB BaHamus u ¢ochopa IpyT ¢ Opyrom,
MOJKHO CKa3aTh, YTO MX MPUMEHEHIE UMeeT OONbII0e IMPAKTHYECKOe 3HAUCHUE B Pa3HBIX 00IaCTIX HAYKH.

[MonBoxas urorn M3ydeHUs: BOCCTaHOBJICHUS TpueHmI(ocprHA METOTHBIM METAIIIOM, MBI TIPEAJIOKIITH CXEMY
pacieruieHus TprudeHunpocdrHa, BKIFOYAMIYI0 00pa30BaHnue aHHOH PAIMKAaJIOB.

KioueBble cjoBa: cBs3yrommid d-3eMeHT, BaHAAWA, HEMOJHBIA aHAJOT, JJIEKTPOHHAs CTPYKTYpa,
napamMarHeTU3M.
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