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By using methods of quantum chemistry, in order to study a mechanism of electrode processes at the
electrode/melt interface, calculations of reorganization energy were made within a model of conductive ellip-
soids, which generalizes the Marcus model for a case when reagents are substantially non-spheric. It was
ascertained that a value of reorganization energy of a dissolvent hardly varies at all intervals of distances
between an electrode surface and a reagent and decreases substantially with an increase in a reagent charge.
The values of activation energy for charge transfer at the electrode/melt interface were calculated. A decrease
in the values of activation energy for charge transfer between a cathode surface and particles of a melt was
established. The values of molecular orbital energies were calculated for a fragment of an electrode surface
and active complexes of model melts. Based on the analysis of activation energy values and values of energy
of highest occupied and lowest unoccupied molecular orbitals of the interacting structures, a conclusion was
made about the essential role of a cationic composition of an electrolyte in the processes of electroreduction
at the cathode. The analysis of the obtained theoretical results allows us to formulate the conditions for the
occurrence of surface conductivity of the dielectric in the salt melt. A presumption was made that a selection
of an electrolyte composition allowed controlling the rate of redox reactions at the electrode/melt interface
without prior metallization of the dielectric i.e., a targeted change in the cationic composition of a melt makes
it possible to achieve concurrence of energy levels of the electrode surface and the active complex, thereby
enabling control over the synthesis of nanoparticles at the cathode. It was established that the mechanism
of electrode processes at the electrode/melt interface is based on a shift in the Fermi level of a cluster of a
solid-state body surface as well as equality of energies of marginal molecular orbitals of a pre-reaction com-
plex and a cluster, which are determining factors in heterogeneous redox reactions at the surface of a dielec-
tric immersed in a corresponding ionic melt.
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1. TOPICALITY OF THE PROBLEM

The theory of an elementary act of electron transfer
reactions originates from Marcus’s classical works, who
succeeded in obtaining an equation expressing free en-
ergy of activation. According to his classic concept [1],
the nature of the activation energy of charge transfer lies
in a necessity to spend system energy on partial reorgan-
ization of an environment and a nuclear configuration of
reagents in the process of electron transfer in polar solu-
tions. However, Marcus did not manage to calculate the
pre-exponential factor in the reaction rate constant.
Thus, it remained unclear to what extent dynamic prop-
erties of a solvent affect the speed of an elementary act
of an electron transfer reaction. The aforesaid factor was
calculated in the works of Levich, Dogonadze and Kuz-
netsov by the method of quantum mechanical perturba-
tion theory, in which the reaction rate constant is di-
rectly proportional to the square of the resonance inte-
gral, which characterizes a degree of overlap of donor
and acceptor orbitals. In accordance with this theory, dy-
namic properties of a solvent do not have a significant
effect on the reaction rate. However, when evaluating
characteristics and parameters of the charge transfer
process at the electrode/melt interface, this theory can-
not provide complete and comprehensive information on
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kinetic features of electrochemical behavior of particles
at the interface. The question of the dependence of the
work function on the change in the composition of the
melt, the energy of the Fermi level of the solid-state elec-
trode, the activation energy of charge transfer, etc., re-
mains open. At the same time, the application of meth-
ods of the quantum theory of molecules (quantum-chem-
ical methods, molecular dynamics methods, Monte Carlo
methods, etc.) is an integral part of studies of physical
and chemical characteristics of the interface.

2. PROBLEM DEFINITION. METHODS OF THE
RESEARCH

One of the most important parameters in the charge
transfer theory is the solvent reorganization energy Es.
In this work, the reorganization energy was calculated
within the model of conductive ellipsoids, which gener-
alizes the Marcus model [1, 2] for a case when reagents
are substantially non-spheric [3, 4]. According to this
model, for different orientations of ellipsoids, when one
of the semi-axes is perpendicular and another is parallel,
which corresponds to the perpendicular and parallel ori-
entations of the dipole moment of the metal complex
with respect to the surface (Fig. 1), the reorganization
energy is calculated as follows [5, 6]:
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the effective radius of the ellipsoid shape refis calculated
as follows:
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, &opt, &t are the optical and static dielectric
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constants (relative permittivity), e is the value of the
transferred charge; a, b, ¢ are the semiaxes of ellipsoids,
x is the distance from the center of the reagent to the
surface of the electrode (Fig. 1).7

Formulas (1) and (2) use the geometric parameters of
nanoparticles of tungsten-containing and niobium-con-
taining melts {Mn= [WO4]2-}en -2+ (M= [NbF7]2-}en-24),
where M =Li*, Ca2t and Mg?* (n=1-4 is the coordination
number of a cation), obtained as a result of quantum
chemical ab initio calculations with full geometry opti-
mization for all considered interactions [7, 8].

3. RESULTS AND THEIR DISCUSSION

Let us consider the interaction of nanoparticles of a
tungsten-containing melt with the electrode surface.
Since the values of the dielectric constants (relative per-
mittivity) s and &y differ significantly for highly polar
solvents and there are no reliable experimental data on
the numerical values of & for the considered melts and
temperatures, the value of 1/&: in the calculations was
equal to zero. This contributes to the expected additive
increase of Es with the variables specified in (1) and (2)
by approximately 5 %.

Fig. 1 presents the calculated data on the dependence
of the outer sphere reorganization energy on the dis-
tance of a nanoparticle to the electrode surface, when the
coordination number of cations in the solvate shell of the
anion changes and when mass-to-charge ratio in a row
Lit+, Ca2t, Mg?* varies as well. The analysis of the afore-
mentioned trends shows that the amount of solvent re-
organization energy increases insignificantly with the
growth of x, reaching a saturation state at the maximum
distance from the electrode surface, regardless of paral-
lel or perpendicular orientation of particles, indicating
the invariance of the obtained results with respect to the
mutual orientation of particles and the electrode sur-
face, and increases with distance from the surface. When
the coordination number n grows, a sharp (two-fold or

T Here, all values are given in The Atomic Units System, when
using the SI system, a coefficient N./8meo is introduced.
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three-fold) decrease in the reorganization energy is ob-
served for all considered interactions, which indicates
the possibility of anion dissociation under the influence
of cations, through a stage of formation of nanosized
electrochemically active particles (EAP).
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Fig. 1 — Dependence of the outer sphere reorganization energy
on the distance x (EAP/ electrode surface), on the example of a
nanoparticle {Mgn2 *[WO4]2-}@n -2+

An increase in the cation mass-to-charge ratio also
leads to a decrease in the reorganization energy of the
solvent, although less significant than in case if n alters.
Thus, the calculated values of the outer-sphere reorgan-
ization energies showed the effect of cationic melt impu-
rities on charge transfer in the near-electrode layer.

In accordance with the Marcus model [1], the activa-
tion energy can be represented as follows:

(AH; +E,)*
E 4E ’ )
where AHir = E. — Eo is the thermal effect, which can be
obtained by the quantum-chemical method as the differ-
ence between the total energies of EAP in the transition
and equilibrium states during the transfer of a one-elec-
tron charge from the electrode surface.

When simulating electrochemical reactions for nio-
bium-containing systems, the values of the reorganiza-
tion energy E; of the solvate shell of EAP were calculated
in the same way as for tungstate-containing systems.
Analysis of the values of activation energies (for the sake
of convenience/activation barriers ) for [Nb(V)F7]2- + &
= [Nb(IV)F7]2 (in accordance with the experiment [9, 10])
shows a significant influence of the acid-base properties
of an environment on the reactivity of EAP, indicating
the advantage of electroreduction of {Mnm + [NbF7]2-
pmn -2+ particles, compared to the direct reduction of the
heptafluoroniobate-ion.

The obtained decrease in the values of the activation
barriers is confirmed by the data on the values of the
energies (E') of the lowest unoccupied molecular orbital
(LUMO) for the entire row of EAP. When comparing the
E' values, it is clearly seen that cationic additives signif-
icantly reduce the LUMO energy of NbF72-, indicating
an important role of cationic environment in increasing
the electroreduction ability of EAP. At the same time,
the effect of lowering the value of E', as well as changes
in §, strengthens as the cation charge goes up and the
coordination number for cations of the same type rises.
For the considered coordination compounds, the maxi-
mum decrease in E' is caused by Mg2* cations.
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4. CONCLUSIONS

Thus, the obtained calculations of the reorganization
and activation energies of charge transfer for tungstate-
and niobium-containing melts indicate the catalytic na-
ture of cation influence on the charge transfer process
from the electrode surface onto EAP at the electrode/
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Bruine HAHOPO3MipHUX AKTHBHHUX YaCTUHOK PO3ILJIABY Ta IMIOBEPXHI eJieKTpOoIa
HA IIPOIIECH IIEPEHECEeHH 3apAay HAa MeKi po3aisy erekTpoa/po3iias

JI.0. Consanruk

Incmumym konoiorol ximii ma ximii eoou imeni A.B. Jlymancoroeo HAHY,
6ynwsap Axkademira Bepradcviozo, 42, 03142 Kuis, Ykpaina

Mertomamu kBaHTOBOI XiMil 3 METOI0 JOC/IUKEHHS MeXaHI3My €JIEKTPOJHUX IIPOIIECIB Ha MeXKl PO3ILIy
€JIEKTPOJI/PO3ILIIAaB IIPOBEIEHO PO3PAXYHKH €HePTil peopraHisarii B paMKax MoJ1eJIl IPOBITHUX eJIITICOI/IIB, SKa
y3arasbpHIoe Mojesb Mapkyca Ha BUIIQIOK, KOJIM PEareHTH €, [0 CyTi, HechepuIHUME. BeramosieHo, 1o Be-
JIMYUHA eHeprii peopraHisaifii po3YMHHIKA IIPAKTUYHO HE 3MIHIOETHCS HA BCIX 1HTepBaJiaX BIICTaHEH MIK
TIOBEPXHEI0 eJIEKTPOJA 1 peareHToM 1 CyTTEBO 3MEHITYEThCsT 31 30LIbIIeHHAM 3apsiay peareHry. PospaxoBaHo
3HAYEHHs eHepril aKTUBAIII] TepeHeCeHH s 3apsIy Ha MesKl PO3MIiIy eJeKTpos/po3rias. BeraHoBieHo 3veH-
IIeHHs 3HAYEHb eHepril aKTUBAIII] IepeHeCeHH s 3apsiy MisK [TOBEPXHEI0 KaTo/1a Ta YACTMHKAMU PO3ILIABY.
PozspaxoBano 3HaueHHS MOJIEKYJISIPHUX OPOITAIBHIX €HEPriil A (pparMeHTa MOBEPXHI eJIEKTPO/Ia Ta aKTH-
BHHMX KOMILIEKCIB MOIeIbHUX po3Iuiasis. Ha ocHOBI aHami3y 3HAYeHDb eHepril akTUBALIll Ta 3HAYEeHb €Heprii
HAWBUIIUX 3aUHATUX 1 HAWHUKYINX HE3ATIOBHEHUX MOJIEKYJISIPHUX OpOiTaIeil B3aeMOIII0YNX CTPYKTYD 3P00-
JIEHO BHCHOBOK IIPO ICTOTHY POJIb KATIOHHOI'O CKJIAJIYy €JIEKTPOJIITY B IIPOIecax eJIEKTPOBIIHOBJIEHHS HA Ka-
To/Ii. AHAJII3 OTPUMAHUX TEOPETUYHUX PE3YJIBTATIB J03BOJIsIE COPMYJIIIOBATH YMOBH BUHUKHEHHS [IOBEPXHE-
BOI IIPOBITHOCTI JTieJIEKTPUKA B COJTLOBOMY PO3ILIABL. ByJio 3pobJieHo mpHITyIeHHs, 10 MiI01p CKIIay eJIeKT-
POJTITY J03BOJIsSIE KOHTPOJIIOBATH IIBHUIKICTh OKMCIIOBAJILHO-BIJHOBHIX PEAKINN Ha MiMK(A3HIN MKl eJIeKT-
poj/po3tiaB Ge3 IomepeTHbol MeTasi3ari JieJIeKTPUKA: TOOTO IITeCIIPSIMOBAHA 3MIHA KATIOHHOTO CKJIAIY
PO3ILIABY JIa€ 3MOTY JIOCSITTH 30Ty eHepreTHYHNX PIBHIB MOBEPXHI €JIEKTPOJA Ta AKTHBHOTO KOMILIEKCY, 10
JTIO3BOJIsIE KOHTPOJIIOBATH CUHTE3 HAHOYACTHHOK HA KATOl. Y CTAHOBJIEHO, IO B OCHOBI MEXaHI3My eJIeKTPO/I-
HUX IIPOIIECIB Ha MIK(Aa3HIN MesKl eJIEKTPO1/PO3ILIaB JISKUTD 3cyB piBHsa Depmi Kiacrepa MOBEPXHI TBEPIOr0
TiJIa, PIBHICTH €HEPrii TPAaHUYHUX MOJICKYJIIPHIX OpOiTasell mepeIpeakIifHor0 KOMILJIEKCY 1 KjracTep, sIKi €
BHU3HAYAJIBHUME (PAKTOPAMH IeTePOreHHUX OKHCHO-BIJHOBHUX peaK-Iii HA IIOBEPXHI JleJIeKTPUKA, 3aHype-
HOTO Y BIAIIOBIIHMHA I0HHAM PO3ILIAB.

Kmiouosi ciiosa: Miskdasua meska eexrpon/posmias, Exepria peopranmisanii, Exepria akrusariii, ['erepo-
TeHHI peakiiii, Ab initio po3paxyHKH.
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