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ABSTRACT

Based on analysisresults of the ab initio-cal culation influence of acationic
composition tungstate containing melt on the structural features of the
electrochemically active particles, were discovered differences in the
structure of the outer coordination spheres while implementing a
sequential and simultaneous 6-electron’stransfer. The priority wasjustified
for simultaneous transfer over the sequential for all cationized tungastate
ion forms. Based on the analysis of ab initio-calculation of the effect of
cation composition tungstate-containing melt structural characteristics
electrochemically active particles detect a difference in the structure of
the outer coordination spheres in the implementation of sequential and
simultaneous 6-€l ectronstransfer, and justified the priority of simultaneous
transport of cationized consistent for all forms of tungstateion. Theresults
obtained, in our opinion, offer the prospect of purposeful creation of
necessary conditions for controlling the charge transfer upon receipt
methods HES materials with desired properties by changing the type and
form of electrochemically active particles, provided that the amount of
detected micro effects (changing the structure of the reaction products at
constant composition of source compounds) would be sufficient to provide
a qualitatively new macro characteristics (thermal and electrical
conductivity, strength, obtained coatings, etc.)
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INTRODUCTION experimenta confirmationt¥, allowed usto explainthe
characteristic features of many phenomenaassociated

Thetheory and devel opment prospect of thekinet-  with dectrontransfer in living organisms (photosynthe-

icsof electron transfer in redox reactions of various
typesarerepresenting not only theoretical, but alsoa
practical interest. Thus, the statements of Marcus’s
theory for thehomogeneousreections, which havefound

ss, cdl metabolism, tissuerespiration, etc.) andin vari-
ousareasof Applied Physics(electrica conductivity of
polymers, corrosion, chemiluminescence, gas separa:
tion membrane, etc.). The quantum-mechanical
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theory of electrodereactionsfor theionic meltswas
established by compiling and transferring theresults of
Marcus’stheory on heterogeneousreactionsby Levich,
Dogonadze and K uznetsovt¥, themethodol ogical prin-
ciplesthat alowed to accessmore adequately the out-
comesof variousexperimental methodsfor obtaining
new materia swith desired properties. These methods
include high-temperature electrochemica synthesis
(HES), carrying out of which iscomplicated by thelack
of clear understanding of the mechanism of multi-elec-
tron processes of recovery of different ionic forms of
refractory metalsand nonmetalsinionic melts, includ-
ingintungstate (molybdate) containing?

However, while sudding e ectro reduction of vari-
ousionicformsof tungsten, wasdiscovered 6-electron
reversibletransfer®4, whichwasinterpreted by authors
asflowingin one stage. Thisassertion wasbased on
thefact that the pol arization of such systems, evenwith
ascanrateof potentialsupto 20 V/sisnot allowed to
discover the stages of thetotal multi-electron process,
elther becauseof theirimplementationinavery narrow,
amostinsoluble, thepotentia rangeand theimpossibil-
ity of applying for these purposes today chrono-
voltammetery methods, or indeed such processesflow-
inginonestage. At the sametimethe possibility of 5i-
multaneous multi-e ectrontransfer hasdready beendis-
cussedinliterature, in particular, for biologica systemd™
9, despitethe popul ar ideathat the electronsaretrans-
ferred sequentialy. Therefore, the eval uation of stages
of renewa processesfor electrochemicaly active par-
ticles(EAP) isoneof themost important issuesto jus-
tify theimplementation of theHES.

Usingonlytraditiond criteriafor eva uatingthechar-
acteristicsand parameters of the el ectro reduction of
complex gructureanion’sprocessin sat melts, involves
overcoming considerabledifficulties caused by multi-
step nature of the processes, S multaneous occurrence
of individuad dementary stages, and very short lifetimes
of intermediate productsand, therefore, from our point
of view, cannot provide acomplete and comprehen-
siveinformation about thethermodynamic and kinetic
features of the electrochemical behavior of anionsin
ionic mets. Therefore, quantum chemistry becomesa
very important method, which isan effectiveway to
study none amenable experimenta detection of short-
lived particlesand activated complexes, and to inter-
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pret theidentified experimentd lawsonthee ectronic
level. That iswhy, applying only tothe submissionfor
recelved explanation on the basis of quantum chemica
cd culations, combined with the experimenta data, we
can achievethetask.

EXPERIMENTAL

Inwork™ within the Self-Consistent Field Mo-
lecular Orbital Linear Combination of Atomic Orbita’s
(SCFMO LCAO) method by analyzing theactivation
barriersrecovery of tungstate-containing meltsof the
EAP, the priority of smultaneous 6-electronstransfer
for cationic particlesof { M ™[WO,]*} ™2 kind, was
judtified. Calculations of the spatial structureand en-
ergy characteristicsof EAP, and their stepwiseand Si-
multaneoudy reduced formswerecarried out withinthe
software package GAMESS in the basis set SBK-
31GH,

Sincethesmultaneoustransfer of € ectronsoccurs
inavery short timeinterva, whenthekernd isactudly
fixed, whilethe sequentia - aproduct that isformed
after thetransfer of one electron has enough timeto
dissociate beforethe second € ectron to bemoved, find-
ing thedifferencesof energy, chargeableand geometric
characteristics of the particles should beessentia for
physica and chemicd propertiesof theproductsof eec-
trochemical reactions.

RESULTSAND DISCUSSION

Accordingtotheresultsby Levdin’scal culationsof
atomic charges, when transferring 6-electronsin the
electrodereactionsto the“isolated” wolframate-anion
the only centreof electron attack istheatom W (tab.
1).

When electro reduction of the cationized EAPtype
{M ™[WQ,]*}™2" in contrast, electronic chargeis
transferred ascations (mainly) and onthetungsten atom
(TABLE 1), indicating thereby the presence of two cen-
tersof electronic attack. The effect increaseswith the
increase of the specific cation chargeand a sowithin-
creasing coordi nation number of thecation, whilepassing
throughamaximumat n=4for M™*=Li*and2 - Ca?*
and Mg? (TABLE 1) both at the same time and se-
quentia transfer charge. For example, whiletransfer-
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ring 6-electronsin the el ectrode reactionsfor the par-
ticle{Li, TWQ,]%}* the chargeonatom W reduced by
0.200 au, and each cation Li*- to 0.144 au, with se-
guentia transfer - charge on the W reduced by 0.203
au, andeach cation Li* - t0 0.136 au For particle{ Mg,*
[WOQ,]*}*" while acceding - electrons - to 0.344 au
and 2.710 au - Ontheatomsof W and Mg*" -, respec-
tively, inthecase of sequentia eectrontransfer, charge
ontheW reduced by 0.358 au, and the M g?* - at 2.709
au(TABLE1).

ment to the particles{ Mg,*[WO,]*}*, cationsmove
from bidentateto monodentate positionrelativeto the
anion (aloca minimum on the SPE™). Thechangein
the coordination spheresof several stages(Figure 1):
that isOdong theaxisof ageneralized reaction coordi-
nate correspondsto the geometry of the particlesbe-
foretheaddition of an electron, which correspondsto
thebidentatearrangementsof thecationsM¢?*, thesame
arrangement of cationsisobservedinVolume 1, corre-
sponding thisparticleisassociated withan electron, ie

TABLE 1: The sampling data of the charge values on the atoms of the EAP (a) and their reconstructed formsat the

simultaneous(b) and the sequential (c) char getransfer

EAP n W Ow Ow M
WO o 9 0,378 -0,595 -0,595 -
b) -5,410 -0,630 -0,690 -
a) 0,600 -0,623 -0,484 0,613
1 b 0,222 -0,551 -0,592 -4,935
0 0,250 -0,610 -0,600 -4,839
a) 0,724 -0,525 -0,525 0,690
2 b 0,529 -0,946 -0,546 -2,172
{Li [WO,)2} 2 0 0,656 -0,523 -0,629 -2,177
a) 0,928 -0,619 -0,38 0,768
3 b 0,785 -0,454 -0,600 -1,181
0 0,155 -0,900 -0,640 -0,766
a) 1,036 -0,560 -0,560 0,800
4 b 0,839 -0,554 -0,554 -0,656
0 0,833 -0,552 -0,551 -0,664
a) 0,706 -0,723 -0,366 1,472
1 b -0,435 -0,619 -0,554 -3,216
(Mg 2 [WO?) ™" 0 -0,281 -0,581 -0,688 -3,273
a) 0,875 -0,536 -0,536 1,633
2 b 0,531 -0,669 -0,517 -1,077
0 0,517 -0,674 -0,508 -1,076

Despitethedight differenceinthevauesof atomic
chargesEAP, their complete disregard for thesmulta
neousand sequentia transfer of chargewouldbeamis-
take, becauseeveninthemost general considerations,
theeffectsof changesin chargesshouldleadto achange
ingeometric structure. Thus, further andysisof thegeo-
metrica characteristicsof theintermediates obtained
during successive chargetransfer showed, that already
intheaccess on stage 2 e ectrons, achangein their geo-
metrica sructure, leadingto achangeof cation’sdentaty
(Figurel). For example, if asequential electron attach-
Research & Reotews On

2 corresponds to the geometric structure of the par-
ticles, where one cation Mg isin bi-, and second -
passed in monodentate position dueto successvetrans
fer of 2 electrons. Thisgeometry of the particleispre-
served andis3-5 (Figure 1), corresponding to sequen-
tial addition of, respectively, 3,4 and 5 for EAP of the
electron, andinv. 6 thegeometry of the particleischar-
acterized by amonodentate arrangement hasboth cat-
ionsdueto successivetransfer of 6-electrons. At the
same time 6-€lectron transfer cations do not change
their bidentatel ocation (the absol ute minimum on the
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Figure 1: Energy profileof the SPE along thereaction coor dinateand gener alized) smultaneously and b) the sequential

addition of 6-electronsEAP {M™[WO J*}**

PES2).

Infavor of theforegoing anaysis showsthe popu-
lationsof atomic orbitals(AO), whichindicatesthedif-
ferencein thedistribution of eectron density on atoms
EAP at the sametime and coherent transport 6-€lec-
trons. Accordingto Levdin’sanalysis of the popul a-
tions of AO, the highest acceptor propertiesin both
casesexhibit s-orbital of thecation (TABLE 2). Onthe
atom W, whilethe chargetransfer acceptor properties
are manifested in the active participation of the of

d 2y andd . - orbitals, whilesubject to theimple-

mentation of coherent chargetransport - with the par-
ticipationof d, , d , andd , orbitalsof slomW (TABLE

2). Inthe upper occupied molecular orbital (HOMO)
EAP, according to caculations, thelargest contribution
comesfrom d-orbitalsof atom W and s-orbitalsof the
cation, which indi cates the existence of two centers of
electronic attack inthe process of recovery EAP- tung-
sten atom and themetal cation. It should be noted that
this effect takes place for the entire spectrum of the
coordination numbersof thecation.

Conducting energy assessment of preferenceredl-
ization of six-electron chargetransfer with no assess-
ment of thelifetime asawholeand theintermediatesat
each stage of on, the e ectron cannot giveover-
al completenessof thejustification and understanding
of thisissue.

TABLE 2: Thesampledataof thepopulationsof AO EAP (a), and alsotheir restored formsat 6-€lectr onssimultaneousand

sequential (b) and (c) accor dingly chargetransfer

{LisTWO,*}*

{Mg" WO, }**

Atom AO 2 b) 9 2 b) 9

5d x2—y? 0,062 0,044 0,004 0,071 0,066 0,036

W 5d 52 0,448 0,455 0,385 0,431 0,507 0,401
50y 0,528 0,233 0,529 0,476 0,431 0,492

5d,, 0,526 0,230 0,540 0,465 0,445 0,492

50y, 0,391 0,236 0,530 0,404 0,391 0,584

2S 1,115 1,116 1,115 1,109 1,149 1,121

o 2px 1,124 1,119 1,121 1,102 1,079 1,117
@ 2p, 1,120 1,119 1,117 1,163 1,115 1,111
2p, 1,125 1,123 1,121 1,149 1,101 1,146

M sl 0,067 0,210 0,205 0,107 0,744 0,743

! Orbitals of outer shell for cations Li* (L-shell) & Mg* (I-shell)
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According to™, an estimate of thelifetimeof the
activated complex for joining both s multaneously and
sequentially x el ectronsin accordance withthe expres-
gons
At = e

AE

@)

(where AE - activation energy of chargetransfer, de-
fined asthe difference between the ca culated total en-
ergiesat themoment of accession EAP x electron at
the saddle point the potential energy surface(4,) and
total energiesof EAD intheinitial state(4): AA=|A -
A l)and
1 1

A= ael” 2nlav] @
where |Av|- modulus of thedifferencefrequency oscil-
lationsinthetransition and find sates, determined us-
ing theharmonicirrationa analysisin each stationary

point within the capabilities of the program(*!, for par-
ticlesafter joining x eectrons. With the ssimultaneous
transfer of charge ca culation values of thelifetimes of
particlesinthetransition sate by (1), (2) doesnot need
further clarification.

Thesequentia 6-electron reductionresulting vaue
of thelifetimeof theparticlesinthetransition state de-
termined by theal gebraic sum of thelifetimes At cal-
culated for al individual elementary stagesof the se-
quentia addition of particlesof each of thex eectrons:

AT quential = 2 At 3
i1

Comparativeanaysisof theva uesof thelifetimes
of the particlesduring therdaxationfrom thetransition
gatetoequilibriuma constant number of eectronshave
asapriority of smultaneouschargetransfer to serid to
caionizedformsEap (TABLE 3) and dsowasdlowed

TABLE 3: Thelifetime (“t > 10%) EAPwhen: a) sepwiseand b) asimultaneoustransfer process6-electrons(sampledata)

EAP n At = . At = -
AE 2nA vV
a) b) a) b)
0 0,128 2,278 0,010 0,540
1 109,392 2,192 0,523 0,040
(LI TWO 2} 2 2 32,933 0,317 0,497 0,007
3 52,062 8,039 0,314 0,011
4 4,875 4,824 0,311 0,005
5 3,801 1,049 0,342 0,019
1 29,032 0,965 0,565 0,098
{Mg,ZTWO,]*} +2* 2 27,864 0,254 0,238 0,209
3 6,847 1,855 0,184 0,276

to reaffirm established in*4, the optima composition
and shapeof EAP : {Li, WO, ]*}*,{Mg*[WO,]*
}#and {Ca,>[WO,]*}

CONCLUSIONS

Overall resultsthat are obtained inthe calcul ation
of geometric, energy, charge characteristics EAPtung-
gtate-containing meltsand thelifetimesof intermediates
(excludingtheeffect of the adsorption propertiesof the
surface of the el ectrode and the overvoltage) makeit
possi bleto extend existing ideas about the mechanism
of electrode processes, allowing to concludethat the
Research & Reotews On
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simultaneoustransfer of e ectronscan beanormal step
inelectrodereactions, and dwaysbeconsidered asan
dternativeto anayzethe mechanismsof such processes.

Thus, based ontheandysisof abinitio-caculation
of the effect of cation composition tungstate-containing
melt structural characteristicsEAP detect adifference
inthestructure of the outer coordination spheresinthe
implementation of sequential and S multaneous 6-€lec-
tronstrandfer, andjustified thepriority of smultaneous
trangport of cationized consistent for all formsof tung-
stateion. Theresultsobtained, inour opinion, offer the
prospect of purposeful creation of necessary conditions
for controlling the chargetransfer upon recel pt meth-
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odsHES materia swith desired propertiesby changing
thetype andform of EAR, provided that the amount of
detected micro effects (changing the structure of the
reaction products at constant composition of source
compounds) would be sufficient to provideaqualita-
tively new macro characteristics (therma and dectrica
conductivity, strength, obtained coatings, etc.).

Additional analysisof the Upper Occupied Mo-
lecular Orbita (UOMO) EAP confirmed theabove con-
clusonsabout the existence of two centersof dectronic
attack in the process of recovery EAP- tungsten atom
andthemetd cationwith thelargest contribution comes
from atomW’sd-orbital and s-orbitd’scation, and dso
showed that the sequentid chargetransfer tungstenaom
do not contributesgnificantly totheUOMOin the back-
ground of cations, whilethe same chargetransfer, in
contrast, thetungsten atom makesamajor contribution
tothe UOMO

Overall, theresults obtained in the cal cul ation of
geometric, energy and charge characteristics EAP
wolframate-anion melts(excluding the effect of thead-
sorption propertiesof the surface of theelectrodeand
theovervoltage) makeit possibletoextend existingidess
about the mechanism of e ectrode processes, allowing
to concludethat the s multaneoustransfer of el ectrons
can beanormal stagein electrodereactions, and a-
ways be considered as an alternative to analyze the
mechanismsof such processes.

Thus, based on the analysis of ab initio-calcula-
tions of the effect of cation composition wolframate-
anionmelt structura characteristicSEA P discovered that
the priority center of electronic attack, whileeectron
transfer isan atom W, and sequential transfer of elec-
trons- EAP cations. Priority smultaneoustransfer over
sevid justified for al formsof cationized tungstateion
and duepriority contribution of d-orbita sof thecentrd
atom EAP - W atom in the UOMO. The results ob-
tained, inour opinion, offer the prospect of purposeful
creation of necessary conditionsfor controlling the
chargetransfer upon recel pt methodsHES materials
with desired propertiesby changing thetypeand form
of UACH, provided that the amount of detected micro
effects (changing the structure of thereaction products
at constant composition of source compounds) would
be sufficient to provideaquditatively new macro char-
acterigtics(thermd and dectrica conductivity, strength,

> Review
obtained coatings, €tc.).
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