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Âñòóï
Åëåêòðîõ³ì³÷í³ ïðîöåñè ó âèñîêîòåìïåðà-

òóðíèõ ñîëüîâèõ ðîçòîïàõ ìàþòü âàæëèâå çíà-
÷åííÿ äëÿ ðîçâèòêó åëåêòðîìåòàëóðã³¿ òóãîïëàâ-
êèõ ìåòàë³â, ñòâîðåííÿ ôóíêö³îíàëüíèõ ìàòå-
ð³àë³â òà âäîñêîíàëåííÿ âèñîêîòåìïåðàòóðíèõ
òåõíîëîã³é [1–3]. Çíà÷íèé ³íòåðåñ âèêëèêàº
äîñë³äæåííÿ ê³íåòèêè åëåêòðîäíèõ ðåàêö³é, îñ-

ê³ëüêè øâèäê³ñòü ïåðåíîñó çàðÿäó âèçíà÷àº
åôåêòèâí³ñòü ïðîöåñ³â åëåêòðîâ³äíîâëåííÿ òà
åëåêòðîîñàäæåííÿ ìåòàë³â. Îäíèì ³ç îñíîâíèõ ïà-
ðàìåòð³â, ùî õàðàêòåðèçóº ïåðåá³ã åëåêòðîäíîãî
ïðîöåñó, º ñòàíäàðòíà êîíñòàíòà øâèäêîñò³ ïåðå-
íîñó çàðÿäó (ks). Ïðîòå äëÿ á³ëüøîñò³ ðåäîêñ-
ñèñòåì ó ñîëüîâèõ ðîçòîïàõ äàí³ ùîäî âåëè÷èí ks

òà ôàêòîð³â, ÿê³ âïëèâàþòü íà ¿õ çì³íó, çàëèøà-
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þòüñÿ îáìåæåíèìè [4].
Çã³äíî ³ç ñó÷àñíèìè óÿâëåííÿìè ïðî ìåõàí³çì

ïåðåíîñó çàðÿäó, øâèäê³ñòü åëåêòðîííîãî îáì³íó
âèçíà÷àºòüñÿ åíåðã³ºþ ðåîðãàí³çàö³¿ ñèñòåìè, ÿêà
âêëþ÷àº ïåðåáóäîâó âíóòð³øíüî¿ òà çîâí³øíüî¿
êîîðäèíàö³éíèõ ñôåð êîìïëåêñíèõ ÷àñòèíîê. Ó
çâ’ÿçêó ç öèì ñóòòºâó ðîëü ó ïåðåá³ãó åëåêòðî-
äíèõ ïðîöåñ³â ìîæóòü â³ä³ãðàâàòè çîâí³øíüîñôåðí³
êàò³îíè, ùî âïëèâàþòü íà ïîëÿðèçîâàí³ñòü,
ì³öí³ñòü òà ãåîìåòð³þ êîìïëåêñ³â ó ðîçòîï³. Çì³íà
ïðèðîäè êàò³îíà çäàòíà çì³íþâàòè äîâæèíó çâ’ÿçêó
ìåòàë–ë³ãàíä ³ ñòàá³ëüí³ñòü êîîðäèíàö³éíîãî îòî-
÷åííÿ, ùî áåçïîñåðåäíüî ïîçíà÷àºòüñÿ íà ê³íå-
òèö³ ïåðåíîñó åëåêòðîíà.

Ó ë³òåðàòóð³ íàâåäåíî ñóïåðå÷ëèâ³ äàí³ ùîäî
âïëèâó äðóãî¿ êîîðäèíàö³éíî¿ ñôåðè íà ñòàíäàðòí³
êîíñòàíòè øâèäêîñò³ ïåðåíîñó çàðÿäó. Äëÿ ðå-
äîêñ-ïàð Hf(IV)/Hf(0) òà Cr(III)/Cr(II) âñòàíîâëå-
íî çìåíøåííÿ ks ïðè ïåðåõîä³ â³ä ðîçòîï³â
NaCl–KCl äî KCl–CsCl [2]. Òàêó çàêîíîì³ðí³ñòü
ïîÿñíþþòü çá³ëüøåííÿì ì³öíîñò³ êîìïëåêñ³â ³
çðîñòàííÿì åíåðã³¿ ðåîðãàí³çàö³¿ ñèñòåìè. Âîäíî-
÷àñ äëÿ ðåäîêñ-ïàð Eu(III)/Eu(II), Sm(III)/Sm(II)
òà Yb(III)/Yb(II) ó õëîðèäíèõ ðîçòîïàõ ñïîñòåð³-
ãàëîñÿ çðîñòàííÿ ks ç³ çá³ëüøåííÿì ðàä³óñà
çîâí³øíüîñôåðíîãî êàò³îíà [4,5]. Öå ìîæå ñâ³ä÷è-
òè ïðî çì³íó ìåõàí³çìó ïåðåíîñó çàðÿäó òà
ìîæëèâó ó÷àñòü êàò³îí³â ó ñòàá³ë³çàö³¿ ïåðåõ³äíî-
ãî ñòàíó.

Ðåäîêñ-ïàðà Nb(V)/Nb(IV) ñòàíîâèòü
ïðàêòè÷íèé ³íòåðåñ ó çâ’ÿçêó ç ¿¿ ó÷àñòþ ó ïðîöå-
ñàõ åëåêòðîõ³ì³÷íîãî äîáóâàííÿ òà î÷èùåííÿ
í³îá³þ. Ðàçîì ç òèì ê³íåòè÷í³ ïàðàìåòðè ö³º¿
ñèñòåìè â õëîðèäíî-ôòîðèäíèõ ðîçòîïàõ âèâ÷åí³
íåäîñòàòíüî. Íàÿâí³ äàí³ ñòîñóþòüñÿ ïåðåâàæíî
ðîçòîïó NaCl–KCl–K2NbF7, òîä³ ÿê âïëèâ ïðè-
ðîäè çîâí³øíüîñôåðíèõ êàò³îí³â íà âåëè÷èíè ks

ïðàêòè÷íî íå äîñë³äæåíèé. Öå óñêëàäíþº âñòà-
íîâëåííÿ çàãàëüíèõ çàêîíîì³ðíîñòåé ïåðåá³ãó
åëåêòðîäíèõ ïðîöåñ³â ó ïîä³áíèõ ñèñòåìàõ. Òîìó
ìåòîþ ðîáîòè º âñòàíîâëåííÿ çàêîíîì³ðíîñòåé
âïëèâó êàò³îííîãî ñêëàäó äðóãî¿ êîîðäèíàö³éíî¿
ñôåðè íà ê³íåòèêó ïåðåíîñó çàðÿäó â ðåäîêñ-ïàð³
Nb(V)/Nb(IV) ó õëîðèäíî-ôòîðèäíèõ ðîçòîïàõ.
Äëÿ äîñÿãíåííÿ ïîñòàâëåíî¿ ìåòè äîñë³äæåíî
åëåêòðîõ³ì³÷íó ïîâåä³íêó ñèñòåì KCl–K2NbF7 òà
CsCl–K2NbF7, âèçíà÷åíî ñòàíäàðòí³ êîíñòàíòè
øâèäêîñò³ ïåðåíîñó çàðÿäó òà ïðîàíàë³çîâàíî ¿õ
çàëåæí³ñòü â³ä ïðèðîäè çîâí³øíüîñôåðíèõ êà-
ò³îí³â. Îñîáëèâó óâàãó ïðèä³ëåíî âñòàíîâëåííþ
âçàºìîçâ’ÿçêó ì³æ ñòðóêòóðíèìè õàðàêòåðèñòèêà-
ìè êîìïëåêñ³â í³îá³þ, åíåðã³ºþ ðåîðãàí³çàö³¿

ñèñòåìè òà ê³íåòè÷íèìè ïàðàìåòðàìè åëåêòðîäíî-
ãî ïðîöåñó. Îòðèìàí³ ðåçóëüòàòè ñïðèÿþòü âñòà-
íîâëåííþ ðîë³ äðóãî¿ êîîðäèíàö³éíî¿ ñôåðè ó ìå-
õàí³çì³ ïåðåíîñó åëåêòðîíà òà ôîðìóâàíí³ ðåàê-
ö³éíî¿ çäàòíîñò³ êîìïëåêñ³â í³îá³þ â ðîçòîïàõ.

Ìåòîäèêà åêñïåðèìåíòó
Äëÿ äîñë³äæåíü âèêîðèñòîâóâàëè õëîðèäè òà

ôòîðèäè ëóæíèõ ìåòàë³â êâàë³ô³êàö³¿ «îñ.÷.», à
òàêîæ ãåïòàôòîðîí³îáàò êàë³þ K2NbF7. Õëîðèäè
ëóæíèõ ìåòàë³â î÷èùóâàëè ïåðåêðèñòàë³çàö³ºþ ç
ïîäàëüøèì ïðîæàðþâàííÿì ³ âàêóóìíîþ òåðìî-
îáðîáêîþ ïðè çàëèøêîâîìó òèñêó áëèçüêî
0,66 Ïà â ³íòåðâàë³ òåìïåðàòóð 473–873 Ê. Ôòî-
ðèäè ëóæíèõ ìåòàë³â î÷èùóâàëè ìåòîäîì
ïîäâ³éíî¿ ïåðåêðèñòàë³çàö³¿ ç ðîçòîïó. Ï³ñëÿ ïî-
ïåðåäíüîãî ñóø³ííÿ ó âàêóóì³ ïðè 673–773 Ê
ñîë³ íàãð³âàëè äî òåìïåðàòóðè, ùî ïåðåâèùóâàëà
òåìïåðàòóðó ïëàâëåííÿ íà 50 Ê, âèòðèìóâàëè ïðî-
òÿãîì ê³ëüêîõ ãîäèí ³ ïîâ³ëüíî îõîëîäæóâàëè ç³
øâèäê³ñòþ 3–4 Ê⋅õâ–1. Ïîäàëüø³ îïåðàö³¿ âèêî-
íóâàëè â ðóêàâè÷íîìó áîêñ³ ç êîíòðîëüîâàíîþ
àòìîñôåðîþ àðãîíó (âì³ñò Î2 ³ Í2Î ìåíøå 2 ppm).

Åëåêòðîõ³ì³÷í³ äîñë³äæåííÿ ïðîâîäèëè ó
âèñîêîòåìïåðàòóðí³é ãåðìåòè÷í³é óñòàíîâö³ â àò-
ìîñôåð³ î÷èùåíîãî àðãîíó. Ðîçòîïè ãîòóâàëè íà
îñíîâ³ ñèñòåì KCl–K2NbF7 òà CsCl– K2NbF7.
Ôîíîâèé åëåêòðîë³ò çàâàíòàæóâàëè ó òèãåëü ç³
ñêëîâóãëåöþ òà ï³ñëÿ âàêóóìóâàííÿ ïåðåâîäèëè ó
ðîçïëàâëåíèé ñòàí. ßê ðîáî÷³ åëåêòðîäè âèêî-
ðèñòîâóâàëè ñêëîâóãëåöåâèé ³ ïëàòèíîâèé
åëåêòðîäè, äîïîì³æíèì åëåêòðîäîì ñëóãóâàâ ãðà-
ô³òîâèé àáî ïëàòèíîâèé åëåêòðîä. ßê åëåêòðîä
ïîð³âíÿííÿ âèêîðèñòîâóâàëè ïëàòèíîâèé êâà-
ç³åëåêòðîä (Pt QRE), ïîòåíö³àë ÿêîãî êîíòðîëþ-
âàëè â³äíîñíî åëåêòðîäà Ag|NaCl–KCl–AgCl
(2 ìàñ.%) íàïðèê³íö³ êîæíî¿ ñåð³¿ åêñïåðèìåíò³â.
Òåìïåðàòóðó ï³äòðèìóâàëè ç òî÷í³ñòþ ±2 Ê.

Åëåêòðîõ³ì³÷íó ïîâåä³íêó ðåäîêñ-ïàðè
Nb(V)/Nb(IV) âèâ÷àëè ìåòîäàìè öèêë³÷íî¿
âîëüòàìïåðîìåòð³¿, õðîíîàìïåðîìåòð³¿ òà õðîíî-
ïîòåíö³îìåòð³¿. Ñòàíäàðòí³ êîíñòàíòè øâèäêîñò³
ïåðåíîñó çàðÿäó âèçíà÷àëè íà îñíîâ³ àíàë³çó
åêñïåðèìåíòàëüíèõ âîëüòàìïåðíèõ ³ ÷àñîâèõ çà-
ëåæíîñòåé ³ç âèêîðèñòàííÿì â³äîìèõ ñï³ââ³äíî-
øåíü åëåêòðîõ³ì³÷íî¿ ê³íåòèêè [6] òà ìåòîäèêè,
àïðîáîâàíî¿ äëÿ ñèñòåì Nb(V)/Nb(IV) ³
Ta(V)/Ta(IV) [7]. Äëÿ ³íòåðïðåòàö³¿ âïëèâó êà-
ò³îííîãî ñêëàäó ðîçòîïó íà ê³íåòè÷í³ ïàðàìåòðè
åëåêòðîäíîãî ïðîöåñó âèêîíàíî êâàíòîâî-õ³ì³÷í³
ðîçðàõóíêè ìåòîäàìè HF, MP2 òà DFT ³ç
âèêîðèñòàííÿì ïðîãðàìíîãî êîìïëåêñó
GAMESS/FireFly1. Íà îñíîâ³ îïòèì³çîâàíèõ

1 8. Firefly and PC GAMESS / Firefly version 8.0.1 [Electronic resource]. – Access mode: http://classic.chem.msu.su/gran/games/

forum/discussion.html (accessed: 18.12.2021).
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ñòðóêòóð ïðîàíàë³çîâàíî ãåîìåòðè÷í³, åíåðãåòè÷í³
òà åëåêòðîíí³ õàðàêòåðèñòèêè äîñë³äæóâàíèõ
êîìïëåêñ³â.

Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ
Öèêë³÷íà âîëüòàìïåðíà êðèâà, çàðåºñòðîâà-

íà ó ðîçòîï³ KCl–K2NbF7 (ðèñ. 1), õàðàêòåðèçóºòüñÿ
äâîìà ï³êàìè åëåêòðîâ³äíîâëåííÿ R1 ³ R2, ùî
â³äïîâ³äàþòü ïðîöåñàì:

Nb(V)+e→Nb(IV),  (1)

Nb(IV)+4e→Nb.  (2)

Íà êðèâèõ íàÿâí³ òàêîæ äâà ï³êè åëåêòðî-
îêèñíåííÿ: Nb äî Nb(IV) ³ êîìïëåêñ³â Nb(IV) äî
Nb(V) – öå ï³êè Ox2 ³ Ox1, â³äïîâ³äíî (ðèñ. 1).
Àíàëîã³÷íèé õàðàêòåð âîëüòàìïåðíèõ çàëåæíî-ñòåé
ñïîñòåð³ãàâñÿ òàêîæ ó ðîçòîï³ CsCl–K2NbF7, ùî
ñâ³ä÷èòü ïðî çáåðåæåííÿ ïîñë³äîâíîãî ìåõàí³çìó
åëåêòðîâ³äíîâëåííÿ Nb(V)→Nb(IV)→Nb.

Ïðè äîäàâàíí³ â ðîçòîïè, ùî ì³ñòÿòü êîìï-
ëåêñè Nb(V), ìåòàëåâîãî í³îá³þ, ñïîñòåð³ãàºòüñÿ
ïðîõîäæåííÿ ðåàêö³¿ ìåòàë–ñ³ëü:

4Nb(V)+Nb→5Nb(IV).  (3)

Ð³âíîâàãà ðåàêö³¿ (3) ñóòòºâî çñóíóòà ïðàâî-
ðó÷, ùî ï³äòâåðäæóºòüñÿ çá³ëüøåííÿì êîíöåíò-
ðàö³¿ í³îá³þ â ðîçòîïàõ â 1,25 ðàçè ³ òðàíñôîðìà-
ö³ºþ âîëüòàìïåðíèõ êðèâèõ. Îòðèìàí³ öèêë³÷í³
âîëüòàìïåðîãðàìè ñâ³ä÷àòü ïðî ïîñë³äîâíèé õà-
ðàêòåð â³äíîâëåííÿ Nb(V) äî Nb(IV) òà ïîäàëü-
øîãî â³äíîâëåííÿ äî ìåòàë³÷íîãî í³îá³þ. Ðîçä³-
ëåííÿ ï³ê³â R1 ³ R2 âêàçóº íà íàÿâí³ñòü ïðîì³æíîãî
ñòàá³ëüíîãî ñòàíó Nb(IV), ùî áåðå ó÷àñòü ó ïî-
äàëüøèõ åëåêòðîõ³ì³÷íèõ ïðîöåñàõ.

Êîåô³ö³ºíòè äèôóç³¿ êîìïëåêñ³â Nb(V) òà
Nb(IV) âèçíà÷àëè â ³íòåðâàë³ òåìïåðàòóð
973–1173 Ê çà ðåçóëüòàòàìè ë³í³éíî¿ âîëüòàìïå-
ðîìåòð³¿, õðîíîïîòåíö³îìåòð³¿ òà õðîíîàìïåðî-
ìåòð³¿ ç âèêîðèñòàííÿì ð³âíÿíü Ðåíäëñà-Øåâ÷è-
êà, Êîòðåëëà òà Ñàíäà, â³äïîâ³äíî. ßê âèäíî ç
ðèñ. 2, çíà÷åííÿ êîåô³ö³ºíò³â äèôóç³¿, îäåðæàí³
ð³çíèìè ìåòîäàìè, äîáðå óçãîäæóþòüñÿ ì³æ
ñîáîþ â óñüîìó äîñë³äæåíîìó òåìïåðàòóðíîìó
³íòåðâàë³. Äëÿ êîìïëåêñ³â Nb(IV) êîåô³ö³ºíòè
äèôóç³¿ º âèùèìè, í³æ äëÿ êîìïëåêñ³â Nb(V),
à ï³äâèùåííÿ òåìïåðàòóðè â³ä 1073 äî 1173 Ê
ïðèâîäèòü äî çðîñòàííÿ çíà÷åíü D â³ä
(1,37–1,46)⋅10–5 äî (2,30–2,42)⋅10–5 ñì2

⋅ñ–1

Ðèñ. 1. Öèêë³÷íà âîëüòàìïåðîãðàìà ðîçòîïó KCl–K2NbF7 íà ïîâåðõí³ ñêëîâóãëåöåâîãî åëåêòðîäà (0,385 ñì2);

øâèäê³ñòü ðîçãîðòêè ïîòåíö³àëà 0,1 Â⋅ñ–1; T=1073 K; Ñ(K2NbF7)=1,11⋅10–1 ìîëü⋅äì–3 [8,9]
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äëÿ Nb(V) òà â³ä (1,80–1,88) ⋅10–5 äî
(2,93–2,95)⋅10–5 ñì2⋅ñ–1 äëÿ Nb(IV).

Îòðèìàí³ çíà÷åííÿ êîåô³ö³ºíò³â äèôóç³¿ áóëè
âèêîðèñòàí³ äëÿ ïîáóäîâè òåìïåðàòóðíèõ çà-
ëåæíîñòåé D=f(T). Äëÿ âèçíà÷åííÿ åíåðã³é àêòè-
âàö³¿ äèôóç³¿ åêñïåðèìåíòàëüí³ äàí³ àïðîêñèìó-
âàëè ð³âíÿííÿì Àððåí³óñà:

lgD=A–B/T±∆,  (4)

äå A ³ B – åìï³ðè÷í³ êîåô³ö³ºíòè, ∆ – ñåðåäíüî-
êâàäðàòè÷íå â³äõèëåííÿ.

Åíåðã³¿ àêòèâàö³¿ ïðîöåñó äèôóç³¿ âèçíà÷àëè
çà íàõèëîì ë³í³éíèõ çàëåæíîñòåé lgD=f(1/T) çã³äíî
ç ð³âíÿííÿì:

∆U/2,303 ⋅R=∂lgD/∂(1/T).  (5)

Íà îñíîâ³ îäåðæàíèõ çíà÷åíü êîåô³ö³ºíò³â
äèôóç³¿ äëÿ ð³çíèõ ñêëàä³â ðîçòîïó áóëè âèçíà-
÷åí³ åíåðã³¿ àêòèâàö³¿ ïðîöåñó äèôóç³¿ òà ïðîàíà-
ë³çîâàíî âïëèâ êàò³îí³â äðóãî¿ êîîðäèíàö³éíî¿ ñôå-
ðè íà òðàíñïîðòí³ õàðàêòåðèñòèêè åëåêòðîõ³ì³÷íî
àêòèâíèõ êîìïëåêñ³â. Çíà÷åííÿ êîåô³ö³ºíò³â äè-
ôóç³¿ ïðè 1100 Ê òà åíåðã³é àêòèâàö³¿ äèôóç³¿
íàâåäåí³ íà ðèñ. 3. Âñòàíîâëåíî, ùî êîåô³ö³ºíòè
äèôóç³¿ çìåíøóþòüñÿ ç³ çì³íîþ ñêëàäó äðóãî¿ êî-
îðäèíàö³éíî¿ ñôåðè òà ç³ çá³ëüøåííÿì ñòóïåíÿ
îêèñíåííÿ öåíòðàëüíîãî àòîìà. Âîäíî÷àñ åíåðã³¿

àêòèâàö³¿ ïðîöåñó äèôóç³¿ çðîñòàþòü. Ë³í³éíà çà-
ëåæí³ñòü ëîãàðèôì³â êîåô³ö³ºíò³â äèôóç³¿ â³ä
îáåðíåíî¿ âåëè÷èíè ðàä³óñà êàò³îíà ñâ³ä÷èòü ïðî
âèçíà÷àëüíó ðîëü êàò³îí-àí³îííî¿ åëåêòðîñòàòè-
÷íî¿ âçàºìîä³¿ ó ôîðìóâàíí³ òðàíñïîðòíèõ
âëàñòèâîñòåé ðîçòîïó. Ïîñèëåííÿ âçàºìîä³¿ ì³æ
êàò³îíîì òà êîìïëåêñîì í³îá³þ çíèæóº ðóõëèâ³ñòü
åëåêòðîõ³ì³÷íî àêòèâíèõ ÷àñòèíîê, ùî ïðîÿâëÿºòü-
ñÿ ó çìåíøåíí³ êîåô³ö³ºíò³â äèôóç³¿ òà çá³ëüøåíí³
åíåðã³¿ àêòèâàö³¿ ïðîöåñó (ðèñ. 3). Öå óçãîäæóºòüñÿ
ç óñêëàäíåííÿì ðóõó á³ëüø çàðÿäæåíèõ êîìïëåêñ³â
ó ðîçòîï³.

Òàêèì ÷èíîì, ðåçóëüòàòè ë³í³éíî¿ âîëüòàì-
ïåðîìåòð³¿, õðîíîàìïåðîìåòð³¿ òà õðîíîïîòåíö³-
îìåòð³¿ ñâ³ä÷àòü ïðî çìåíøåííÿ êîåô³ö³ºíò³â äè-
ôóç³¿ òà çðîñòàííÿ åíåðã³é àêòèâàö³¿ äèôóç³¿ ïðè
ïîñèëåíí³ êàò³îí-àí³îííî¿ âçàºìîä³¿ â ðîçòîï³.
Âñòàíîâëåí³ çàêîíîì³ðíîñò³ ñòàëè îñíîâîþ äëÿ
ïîäàëüøî¿ ³íòåðïðåòàö³¿ îòðèìàíèõ êâàíòîâî-
õ³ì³÷íèõ ðåçóëüòàò³â.

Äëÿ ç’ÿñóâàííÿ ìåõàí³çì³â êàò³îí–àí³îííî¿
âçàºìîä³¿ çàñòîñîâàíî ìåòîäè êâàíòîâî¿ õ³ì³¿.
Åíåðãåòè÷í³ ïðîô³ë³ äíà äîëèíè ïîòåíö³àëüíî¿ ïî-
âåðõí³ åíåðã³¿ âçàºìîä³¿ Mm+...NbF7

2–, ïîáóäîâàí³
ïðè âàð³þâàíí³ ì³æ÷àñòèíêîâî¿ â³äñòàí³ R(F–M),
òîðñ³éíîãî êóòà α òà âàëåíòíîãî êóòà Ω, íàâåäåíî
íà ðèñ. 4. Â³äïîâ³äí³ åíåðãåòè÷í³ òà ãåîìåòðè÷í³
õàðàêòåðèñòèêè êîìïëåêñ³â äëÿ ìîíîäåíòàòíîãî
(m), á³äåíòàòíîãî (b) ³ òðèäåíòàòíîãî (t) âàð³àíò³â

Ðèñ. 2. Çíà÷åííÿ êîåô³ö³ºíò³â äèôóç³¿, îäåðæàí³ ïðè ð³çíèõ òåìïåðàòóðàõ ìåòîäàìè ë³í³éíî¿ âîëüòàìïåðîìåòð³¿ (ËÂÀ)

òà õðîíîïîòåíö³îìåòð³¿ (ÕÏ)



122

L.O. Solianyk

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2026, No. 4, pp. 118-125

êîîðäèíàö³¿ êàò³îíà â³äíîñíî àí³îíà NbF7
2– íàâå-

äåíî â òàáë. 1. ²ìîâ³ðí³ñòü ñïîíòàííîãî ïåðåõîäó
ñèñòåìè ç ïîòåíö³àëüíî¿ ÿìè îäíîãî ì³í³ìóìó äî
³íøî¿ äëÿ íèæ÷èõ êîëèâàëüíèõ ñòàí³â º íåçíà-
÷íîþ, îñê³ëüêè ì³í³ìóìè íà ïîòåíö³àëüí³é ïî-
âåðõí³ åíåðã³¿ ðîçä³ëåí³ âèñîêèìè ïîòåíö³àëüíè-
ìè áàð’ºðàìè (ïîíàä 200 êÄæ/ìîëü; òàáë. 1). Öå
ñâ³ä÷èòü ïðî äîñòàòíüî âèñîêó æîðñòê³ñòü êàò³îí-
àí³îííèõ âçàºìîä³é ó äîñë³äæóâàíèõ êîìïëåêñàõ
³ çóìîâëþº ìîæëèâ³ñòü ³ñíóâàííÿ ¿õ ñòðóêòóðíèõ
³çîìåð³â.

Ïîð³âíÿëüíèé àíàë³ç ðîçïîä³ëó çàðÿäó íà
àòîìàõ çà Ëüîâä³íèì (òàáë. 2) ïîêàçóº, ùî ïðè
íàáëèæåíí³ êàò³îíà Ìm+ äî àí³îíà NbF7

2– ñóïðî-
âîäæóºòüñÿ íå ò³ëüêè ïåðåíîñîì çàðÿäó ç àòîì³â
ôòîðó àí³îíà íà êàò³îí, àëå ³ ç öåíòðàëüíîãî àòî-
ìà àí³îíà (àòîìà í³îá³þ), à ñòóï³íü ïåðåðîçïîä³ëó
ïîñèëþºòüñÿ ç³ çá³ëüøåííÿì çàðÿäó êàò³îíà, ïðè-
÷îìó öÿ òåíäåíö³ÿ äëÿ êàò³îí³â ôîíîâîãî åëåê-
òðîë³òó (K+ ³ Na+) âèðàæåíà íå òàê ïîì³òíî.

Îñîáëèâî ñë³ä ï³äêðåñëèòè, ùî êàò³îíè á³ëüø
ñèëüíî¿ ïîëÿðèçó÷î¿ ä³¿ (Ñà2+, Mg2+) ó ïîð³âíÿíí³
ç êàò³îíàìè K+ òà Na+, ïðè âçàºìîä³¿ ç àí³îíîì
ïðîÿâëÿþòü äîíîðí³ âëàñòèâîñò³ öåíòðàëüíîãî àòî-
ìà Nb â àí³îí³ NbF7

2–, òèì ñàìèì ïåðåòâîðþþ÷è
éîãî íà â³ðîã³äíèé öåíòð åëåêòðîííî¿ àòàêè, ïî-
ðÿä ³ç êàò³îíàìè, ó ïîäàëüøèõ ðåàêö³ÿõ åëåêòðî-
â³äíîâëåííÿ åëåêòðîõ³ì³÷íî àêòèâíèõ êîìïëåêñ³â
(ÅÀÊ).

Äåòàë³çàö³ÿ îñîáëèâîñòåé âïëèâó êàò³îíà íà
ãåîìåòðè÷íó é åëåêòðîííó áóäîâó àí³îíà NbF7

2–,
îòðèìàíà íà îñíîâ³ êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â
çàðÿäîâèõ ³ ãåîìåòðè÷íèõ ïàðàìåòð³â äîñë³äæóâà-
íèõ âçàºìîä³é, äàº ìîæëèâ³ñòü âñòàíîâèòè ñïå-
öèô³÷í³ñòü äåôîðìàö³éíî¿ ïîëÿðèçàö³¿ àí³îíà
NbF7

2– ï³ä âïëèâîì êàò³îí³â.

Îòðèìàí³ êâàíòîâî-õ³ì³÷í³ ðåçóëüòàòè óç-
ãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè äàíèìè ùîäî
çì³íè êîåô³ö³ºíò³â äèôóç³¿ òà åíåðã³é àêòèâàö³¿
äèôóç³¿. Çîêðåìà, ïîñèëåííÿ êàò³îí-àí³îííî¿
âçàºìîä³¿, âñòàíîâëåíå çà ðåçóëüòàòàìè êâàíòîâî-
õ³ì³÷íèõ ðîçðàõóíê³â, ñóïðîâîäæóºòüñÿ çìåíøåí-
íÿì ðóõëèâîñò³ êîìïëåêñ³â ó ðîçòîï³ òà çðîñòàí-
íÿì åíåðã³¿ àêòèâàö³¿ ¿õ äèôóç³¿, ùî ï³äòâåðäæóº
ôîðìóâàííÿ åëåêòðîõ³ì³÷íî àêòèâíèõ êàò³îí-àí³-
îííèõ àñîö³àò³â.

Âèñíîâêè

Ìåòîäàìè êâàíòîâî¿ õ³ì³¿ òà åëåêòðîõ³ì³÷íè-
ìè ìåòîäàìè äîñë³äæåíî ïðîöåñè êîìïëåêñîóòâî-
ðåííÿ â îá’ºìí³é ôàç³ ðîçâåäåíèõ õëîðèäíèõ òà
õëîðèäíî-ôòîðèäíèõ ðîçòîï³â, ùî ì³ñòÿòü ñïîëó-
êè í³îá³þ.

Âñòàíîâëåíî, ùî â äîñë³äæåíèõ ðîçòîïàõ
ôîðìóþòüñÿ åëåêòðîõ³ì³÷íî àêòèâí³ êîìïëåêñè
í³îá³þ, ñêëàä ³ âëàñòèâîñò³ ÿêèõ âèçíà÷àþòüñÿ
ïðèðîäîþ êàò³îí³â ëóæíèõ ³ ëóæíîçåìåëüíèõ ìå-
òàë³â. Äëÿ êîìïëåêñ³â òà êàò³îí-àí³îííèõ àñî-
ö³àò³â ðîçðàõîâàíî ãåîìåòðè÷í³, åíåðãåòè÷í³ òà
åëåêòðîíí³ õàðàêòåðèñòèêè, à òàêîæ âñòàíîâëåíî
îñîáëèâîñò³ ïåðåðîçïîä³ëó åëåêòðîííî¿ ãóñòèíè ï³ä
÷àñ ¿õ óòâîðåííÿ.

Åëåêòðîõ³ì³÷íèìè ìåòîäàìè ïîêàçàíî, ùî
ïåðåíåñåííÿ çàðÿäó ì³æ êîìïëåêñàìè Nb(V) òà
Nb(IV) ó äîñë³äæåíèõ ðîçòîïàõ ïåðåá³ãàº êâà-
ç³îáîðîòíî çà ïåðåâàæíîãî äèôóç³éíîãî êîíòðî-
ëþ. Âèçíà÷åíî êîåô³ö³ºíòè äèôóç³¿ òà åíåðã³¿ àê-
òèâàö³¿ äèôóç³¿ êîìïëåêñ³â í³îá³þ. Âñòàíîâëåíî,
ùî ïðè ïåðåõîä³ äî ðîçòîï³â, ÿê³ ì³ñòÿòü êàò³îíè
ìåíøîãî ðàä³óñà òà á³ëüøî¿ ïîëÿðèçóþ÷î¿
çäàòíîñò³ (Li+, Ca2+, Mg2+), êîåô³ö³ºíòè äèôóç³¿
çìåíøóþòüñÿ, òîä³ ÿê åíåðã³¿ àêòèâàö³¿ äèôóç³¿
çðîñòàþòü.
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Ðèñ. 4. Åíåðãåòè÷í³ ïðîô³ë³ äíà äîëèíè ïîòåíö³àëüíî¿ ïîâåðõí³ åíåðã³¿ âçàºìîä³¿ Mm+...NbF7
2–:

à – çàëåæí³ñòü åíåðã³¿ â³ä ì³æ÷àñòèíêîâî¿ â³äñòàí³ R(F–M); á – çàëåæí³ñòü åíåðã³¿ â³ä òîðñ³éíîãî êóòà α;

â – çàëåæí³ñòü åíåðã³¿ â³ä âàëåíòíîãî êóòà Ω

Íà îñíîâ³ êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â
âñòàíîâëåíî, ùî ïîñèëåííÿ êàò³îí-àí³îííî¿
âçàºìîä³¿ ñóïðîâîäæóºòüñÿ ïåðåðîçïîä³ëîì çàðÿ-
äó â àí³îí³ [NbF7]

2–, çðîñòàííÿì ïîçèòèâíîãî çà-
ðÿäó íà àòîì³ í³îá³þ òà ïîñëàáëåííÿì îêðåìèõ
çâ’ÿçê³â Nb–F. Âèÿâëåíî íàïðÿìêè íàéá³ëüø
åíåðãåòè÷íî âèã³äíî¿ êîîðäèíàö³¿ êàò³îí³â â³äíîñíî
àí³îíà [NbF7]

2– òà îö³íåíî åíåðãåòè÷í³ õàðàêòåðè-
ñòèêè â³äïîâ³äíèõ âçàºìîä³é.

Ñóêóïí³ñòü åëåêòðîõ³ì³÷íèõ äàíèõ ³ ðåçóëü-
òàò³â êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â ñâ³ä÷èòü ïðî
óòâîðåííÿ â í³îá³éâì³ñíèõ õëîðèäíî-ôòîðèäíèõ
ðîçòîïàõ åëåêòðîõ³ì³÷íî àêòèâíèõ êàò³îí-àí³îí-
íèõ àñîö³àò³â òèïó {Mn+[NbF7]

2–}, äå M=K, Na,
Li, Ca, Mg. Ôîðìóâàííÿ òàêèõ àñîö³àò³â âèçíà÷àº
òðàíñïîðòí³ õàðàêòåðèñòèêè ðîçòîï³â òà âïëèâàº
íà ìåõàí³çì åëåêòðîäíèõ ïðîöåñ³â çà ó÷àñòþ
êîìïëåêñ³â í³îá³þ.
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Òàáëèöÿ 1

Âåëè÷èíè åíòàëüï³é óòâîðåííÿ ìåòàëîêîìïëåêñ³â {Ìm+[NbF7]
2–}(m–2)+ (∆∆∆∆∆Í) òà ð³âíîâàæíèõ ì³æàòîìíèõ

â³äñòàíåé (R) ïðè ìîíîäåíòàòí³é (m), á³äåíòàòí³é (b) ³ òðèäåíòàòí³é (t) êîîðäèíàö³¿ êàò³îíà â³äíîñíî àí³îíà
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Òàáëèöÿ 2

Çàðÿäè (Q, à.î.ç.)* íà àòîìàõ ìåòàëîêîìïëåêñ³â {Ìm+[ NbF7]
2–}(m–2)+, (äå Ì=Ê, Na, Li, Ñà, Mg )

ïðè t-êîîðäèíàö³¿ êàò³îíà äî àí³îíà äëÿ ð³âíîâàæíèõ ñòàí³â

Ïðèì³òêà: * – à.î.ç. – àòîìíà îäèíèöÿ çàðÿäó.

Метало-комплекс Nb F(4)–(6) F(1)–(3), (7) M 

NbF7
2- 1,072 –0,433 –0,433 – 

{K+[NbF7]
2-}- 1,072 –0,490 –0,380 0,894 

{Na+[NbF7]
2-}- 1,100 –0,480 –0,360 0,797 

{Li+[NbF7]
2-}- 1,153 –0,460 –0,343 0,637 

{Ca2+[NbF7]
2-} 1,192 –0,561 –0,298 1,718 

{Mg2+[NbF7]
2-} 1,183 –0,528 –0,279 1,508 

 

R, Å 
Металокомплекс Мm+ ∆Н, кДж/моль 

Nb–F(1) Nb–F(6) F(6)–М 
NbF7

2– – 65,030 1,97 2,00 – 
m 71,223 1,96 2,06 2,17 
b 73,770 1,96 2,06 2,32 K+ 
t 75,490 1,96 2,05 2,43 

m 71,800 1,96 2,09 1,99 
b 74,558 1,96 2,09 2,06 

{Мm+[NbF7]2–}(m–2)+ 

Na+ 
t 76,739 1,95 2,07 2,15 

m 73,013 1,95 2,12 1,68 
b 76,237 1,95 2,10 1,71 Li+ 
t 78,899 1,95 2,08 1,86 

m 73,020 1,90 2,08 1,71 

b 76,232 1,89 2,13 1,85 Са2+ 

t 78,382 1,90 2,16 1,96 

m 74,967 1,89 2,17 1,73 

b 77,072 1,89 2,19 1,76 

 

Mg2+ 

t 79,426 1,89 2,21 1,89 

5. Amorello D., Romano V., Zingales R. The formal redox

potential of the Yb(III, II) couple at 0 °C in 3.22 molal NaCl

medium // Ann. Chim. – 2004. – Vol.94. – P.113-121.

6. Molina A., Gonzalez J. Pulse voltammetry in physical

electrochemistry and electroanalysis. – New York: Springer Cham,

2016. – 678 p.

7. Solianyk L. The charge transfer for Nb(V)/Nb(IV) and

Ta(V)/Ta(IV) redox couple in electrode surface: experimental

and calculation methods // J. Nano-Electron. Phys. – 2023. –

Vol.15. – No. 2. – Art. No. 02024.

8. Nanostructured rhodium: electrochemical behaviour and

electrodeposition from low-temperature carbamide- and

acetamide-containing melts / Kochetova S., Savchuk A.,

Malyshev V., Gon-Eskar M., Solianyk L. // Mat.-Wiss.

Werkstofftech. – 2015. – Vol.46. – No. 10. – P.1046-1049.
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KINETIC PATTERNS OF CHARGE TRANSFER OF
Nb(V)/Nb(IV) REDOX COUPLES IN HIGH-
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Kyiv, Ukraine
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This work investigated the processes of complexation and
electroreduction of niobium compounds in chloride and chloride-
fluoride melts. Based on electrochemical measurements, it was
established that the charge transfer between Nb(V) and Nb(IV)
complexes is quasi-reversible and occurs mainly in the diffusion
mode. The diffusion coefficients of niobium complexes and the
activation energy of their diffusion in a wide temperature range
were determined. It was shown that with an increase in the
polarizing ability of cations and a decrease in their radius, the
diffusion coefficients decrease, while the activation energy of the
process increases. The results of quantum chemical calculations
made it possible to establish the structure, energy characteristics,
and features of the charge distribution in niobium complexes. It
was found that the interaction of alkali and alkaline earth metal
cations with the NbF7

2– anion is accompanied by a redistribution
of the electron density and a weakening of the Nb–F bonds. The
strengthening of the cation–anion interaction leads to a decrease
in the mobility of the complexes in the melt and an increase in
the activation energy of their diffusion. The combination of
experimental data and calculation results indicates the formation
of electrochemically active complexes of the type {Mn+[NbF7]

2–}
in the melts, which significantly affect the course of electrode
processes and the transport properties of the system.

Keywords: Nb(V)/Nb(IV); kinetics; diffusion; melts;
electrochemistry; coordination; complexes; cations; transfer;
electrons.
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