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Ðîáîòà ïðèñâÿ÷åíà êâàíòîâî-õiìi÷íîìó ìîäåëþâàííþ âïëèâó àäñîðáöiéíèõ
âëàñòèâîñòåé ïîâåðõíi åëåêòðîäó çi ñêëîâóãëåöþ íà ìåõàíiçì ôîðìóâàííÿ
åëåêòðîõiìi÷íî àêòèâíèõ íiîái¹- òà òàíòàëîâìiñíèõ êîìïëåêñiâ â ðîçáàâëå-
íèõ ðîçòîïàõ. Äëÿ äîñëiäæóâàíèõ îá'¹êòiâ áóëè ðîçðàõîâàíi ïàðàìåòðè, ÿêi
âèçíà÷àþòü ¨õ ñòàáiëüíiñòü òà ðåàêöiéíó çäàòíiñòü ó ïðîöåñàõ åëåêòðîâiä-
íîâëåííÿ � åíåðãiÿ çâ'ÿçêó êàòiîí-àíiîí, âåëè÷èíè åíåðãåòè÷íî¨ ùiëèíè ∆Å,
ÿêi îöiíþâàëèñÿ ÿê ðiçíèöÿ ìiæ åíåðãiÿìè âåðõíüî¨ çàïîâíåíî¨ é íèæíüî¨ âà-
êàíòíî¨ ìîëåêóëÿðíèõ îðáiòàëåé, òà åíåðãi¨ àêòèâàöi¨ òà àäñîðáöi¨ åëåêòðîõi-
ìi÷íî àêòèâíèõ êîìïëåêñiâ íà ïîâåðõíi åëåêòðîäà. Âèÿâëåíî, ùî â îá'¹ìíié
ôàçi íiîái¹- òà òàíòàëîâìiñíèõ ðîçòîïiâ óòâîðþþòüñÿ ñòàáiëüíi åëåêòðîõi-
ìi÷íî àêòèâíi êîìïëåêñè, â çîâíiøíié îáîëîíöi ÿêèõ êîîðäèíîâàíi êàòiîíè
3Li+, 2Ca2+, 2Mg2+, ÿêi áåðóòü ó÷àñòü â ïðîöåñàõ åëåêòðîâiäíîâëåííÿ òà àä-
ñîðáóþòüñÿ íà ïîâåðõíi åëåêòðîäó. Âñòàíîâëåíî, ùî êàòiîííi äîìiøêè çíà-
÷íî çíèæóþòü åíåðãi¨ âåðõíüî¨ çàïîâíåíî¨ é íèæíüî¨ âàêàíòíî¨ ìîëåêóëÿð-
íèõ îðáiòàëåé äëÿ Nb(Òà)F7

2-, âêàçóþ÷è íà iñòîòíó ðîëü êàòiîííîãî îòî÷åí-
íÿ â çáiëüøåííi åëåêòðîâiäíîâëþâàëüíî¨ çäàòíîñòi åëåêòðîõiìi÷íî àêòèâíèõ
êîìïëåêñiâ. Âèÿâëåíî åëåêòðîíî-àêöåïòîðíi âëàñòèâîñòi íiîáiþ i òàíòàëó â
ðåàêöiÿõ åëåêòðîâiäíîâëåííÿ. Øëÿõîì åëåêòðîõiìi÷íèõ âèìiðþâàíü âñòà-
íîâëåíî çìiíó êîíñòàíò øâèäêîñòi ïåðåíîñó çàðÿäó ïðè çìiíi êèñëîòíîñòi
ðîçòîïó. Â ðîáîòi ïðèäiëåíî óâàãó âèçíà÷åííþ çàëåæíîñòi åíåðãi¨ àäñîðáöi¨
íiîáiþ òà òàíòàëó âiä òèïó åëåêòðîõiìi÷íî àêòèâíèõ íiîái¹- òà òàíòàëîâìi-
ñíèõ êîìïëåêñiâ. Çíàéäåíî, ùî åíåðãiÿ àäñîðáöi¨ äëÿ íiîáiþ äåùî âèùà, íiæ
äëÿ òàíòàëó, à âiäñòàíü äî ïîâåðõíi åëåêòðîäó ìåíøà. Âèñóíóòî ïðèïóùå-
ííÿ, ùî ìîæëèâiñòü êåðóâàííÿ âçà¹ìîäi¹þ ìiæ åëåêòðîõiìi÷íî àêòèâíèìè
êîìïëåêñàìè òà ïîâåðõíåþ ðåãóëþ¹òüñÿ êàòiîííèì ñêëàäîì ðîçòîïó, êîíòà-
êòóþ÷îãî ç ïîâåðõíåþ åëåêòðîäó.

Êëþ÷îâi ñëîâà: Åëåêòðîõiìi÷íî àêòèâíi êîìïëåêñè íiîái¹- i òàíòàëîâìi-
ñíèõ ðîçòîïiâ, ïîâåðõíÿ ñêëîâóãëåöåâîãî åëåêòðîäà, åíåðãi¨ àêòèâàöi¨, åíåð-
ãi¨ àäñîðáöi¨, êîíñòàíòè øâèäêîñòi, êâàíòîâî-õiìi÷íèé ðîçðàõóíîê
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1. Âñòóï

Îñòàííiì ÷àñîì ñïîñòåðiãà¹òüñÿ ñòiéêå çðîñòàííÿ ñïîæèâàííÿ i ïîñòiéíå ðîçøèðå-
ííÿ îáëàñòåé çàñòîñóâàííÿ íiîáiþ i òàíòàëó [1]. Öèì ïîÿñíþ¹òüñÿ çðîñòàþ÷èé iíòåðåñ
äî âèâ÷åííÿ ¨õ ïîâåäiíêè â iîííèõ ðîçòîïàõ, äîñëiäæåííÿ ìåõàíiçìó é åëåêòðîäíèõ
ðåàêöié ó íèõ. Íàðàçi çàãîñòðåíi ïèòàííÿ, ïîâ'ÿçàíi ç äîñëiäæåííÿì ñòðóêòóðè òà
âëàñòèâîñòåé îá'¹ìíî¨ ôàçè ðîçòîïiâ òà ¨¨ âïëèâó íà îñàä íà êàòîäi [1]. Äëÿ òåõíîëî-
ãi÷íîãî ïðîöåñó îäåðæàííÿ ÿêiñíèõ ïîêðèòòiâ íà ïîâåðõíi åëåêòðîäó âiäñóòíi íàäiéíi
åêñïåðèìåíòàëüíi äàíi, îñîáëèâî ó âèñîêîòåìïåðàòóðíié îáëàñòi, òà ãëèáîêå ðîçóìi-
ííÿ ïðèðîäè é ìåõàíiçìó ñïîñòåðåæóâàíèõ ÿâèù. Âîäíî÷àñ âñòàíîâëåííÿ åìïiðè-
÷íèõ êîðåëÿöiéíèõ ñïiââiäíîøåíü äëÿ âëàñòèâîñòåé ðiäêî¨ òà òâåðäî¨ ôàç çàëèøà¹
çíà÷íîþ ìiðîþ îñòîðîíü ïèòàííÿ ïðî ïðè÷èíè òàêîãî âçà¹ìîçâ'ÿçêó òà ÿâèùà, ÿêi
ëåæàòü ó ¨õíié îñíîâi [1�3]. Ç îãëÿäó íà öå ìîæíà ââàæàòè, ùî äëÿ âèâ÷åííÿ ôóí-
äàìåíòàëüíèõ ïèòàíü, ïîâ'ÿçàíèõ ç êîìïëåêñîóòâîðåííÿì â îá'¹ìíié ôàçi ðîçòîïó
òà ïðîöåñiâ åëåêòðîâiäíîâëåííÿ íà ìiæôàçíié ìåæi, áiëüø íàäiéíèì ¹ çàñòîñóâàííÿ
êâàíòîâîõiìi÷íèõ ìåòîäiâ äîñëiäæåííÿ.

2. Ìåòîäèêà ðîçðàõóíêiâ

Ðîçðàõóíêè ïðîâîäèëèñÿ êâàíòîâîõiìi÷íèìè ìåòîäàìè HF, ÌÐ2, DFÒ çà äîïî-
ìîãîþ ïðîãðàìíîãî ïàêåòà GAMESS/FireFly òà âiçóàëiçàòîðà ChemCraft [4]. Ó äàíié
ðîáîòi âåëè÷èíà åíåðãi¨ àêòèâàöi¨ îá÷èñëþâàëàñÿ ó âiäïîâiäíîñòi ç ôîðìóëîþ Ìàð-
êóñà:

Eact = (Er +∆Gr)
2/4Er ≈ Er/4 (1)

Âåëè÷èíà åíåðãi¨ ðåîðãàíiçàöi¨ Er âèçíà÷àëàñÿ â äàíîìó âèïàäêó ÿê ðiçíèöÿ ïîâ-
íèõ åíåðãié âèõiäíîãî åëåêòðîõiìi÷íî àêòèâíîãî êîìïëåêñó (ÅÀÊ): nM+·Nb(Òà)F72�
â ðiâíîâàæíié ãåîìåòði¨ êiíöåâîãî ÅÀÊ nM+·Nb(Òà)F73� òà â éîãî âëàñíié ðiâíîâà-
æíié ãåîìåòði¨.

Åíåðãiþ àäñîðáöi¨ íiîáiþ òà òàíòàëó íà ïîâåðõíi åëåêòðîäó áóëî ðîçðàõîâàíî ÿê:
Eàäñ = E(ïîâ) + E(ÅÀÊ) �E(ïîâ�ÅÀÊ), äå Å(ïîâ) � åíåðãiÿ ïîâåðõíi åëåêòðîäà,
ùî ìîäåëþ¹òüñÿ êëàñòåðîì, à Å(ÅÀÊ) � ïîâíà åíåðãiÿ åëåêòðîõiìi÷íî àêòèâíîãî
êîìïëåêñà íiîái¹- ÷è òàíòàëîâìiñíîãî ðîçòîïó. Çìiíó åíåðãi¨ êëàñòåðà ïðè âçà¹ìîäi¨ ç
ðåàãåíòîì (ÅÀÊ) â ñèñòåìi ïîâ�ÅÀÊ áóëî îöiíåíî ÿê åíåðãiþ ñïîòâîðåííÿ êëàñòåðà
Åñï=Å(ïîâ*)-Å(ïîâ), äå Å(ïîâ*) òà Å(ïîâ) � ïîâíi åíåðãi¨ êëàñòåðà â ïðèñóòíîñòi
ÅÀÊ òà içîëüîâàíîãî êëàñòåðà, âiäïîâiäíî.

3. Ðåçóëüòàòè òà îáãîâîðåííÿ

Åëåêòðîõiìi÷íî àêòèâíi êîìïëåêñè (ÅÀÊ) ôîðìóþòüñÿ â îá'¹ìíié ôàçi ðîçòîïó
òà âiäíîâëþþòüñÿ íà ïîâåðõíi åëåêòðîäó, ïðîõîäÿ÷è ÷åðåç ïåðåõiäíèé ñòàí (ðèñ.1).

Åíåðãiþ àäñîðáöi¨ íiîáiþ òà òàíòàëó íà ïîâåðõíi åëåêòðîäó áóëî ðîçðàõîâàíî ÿê
(òàáë.1):

Eàäñ = E(ïîâ+ E({Li4+[Nb(Òà)F 7]
2-}2+)− E(ïîâ− {Li4+[Nb(Òà)F 7]

2-}2+). (2)
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Òàáë. 1: Õàðàêòåðèñòèêè àäñîðáöi¨ ÅÀÊ íà ïîâåðõíi åëåêòðîäó ((à), (á) òà (ñ) � ïî÷àòêîâèé,
ïåðåõiäíèé òà êiíöåâèé ñòàí êîìïëåêñà âiäïîâiäíî äî ðèñ.1; θ � êóò íàõèëó ìiæ íîðìàëëþ
äî ïîâåðõíi åëåêòðîäà i ïðÿìîþ, ÿêà ïðîõîäèòü ÷åðåç äèïîëüíèé ìîìåíò ÅÀÊ).

Ïàðàìåòð (a) (á) (c)

R (Nb-C),�A 1,97 1,86 0,96

R(Òà-C),�A 2,02 1,98 1,05
θ 90,6 113,1 180,2

Eads(Nb), êÄæ/ìîëü 168,8
Eads(Òà), êÄæ/ìîëü 142,6

Ðèñ. 1: Åíåðãåòè÷íèé ïðîôiëü ïîâåðõíi ïîòåíöiàëüíî¨ åíåðãi¨ âçäîâæ óçàãàëüíåíî¨ êîîð-

äèíàòè ðåàêöi¨: {Ìn
m+NbF7

2-}(nm-2)+ +å-, äå (à), (á) òà (ñ) � ïî÷àòêîâèé, ïåðåõiäíèé òà
êiíöåâèé ñòàí êîìïëåêñà âiäïîâiäíî.

Ðiâíîâàæíà âiäñòàíü ìåòàë-àäñîðáàò R(Nb(Òà)-Ñ) ðîçðàõîâóâàëàñÿ ÿê âiäñòàíü
ìiæ öåíòðîì ÅÀÊ i ïëîùèíîþ, ùî ïðîõîäèòü ÷åðåç öåíòðè àòîìiâ ìåòàëó àäñîðá-
öiéíî¨ ïîâåðõíi. Çíà÷åííÿ E ads òà R äëÿ íiîáiþ i òàíòàëó äîñèòü áëèçüêi, õî÷à ó
âèïàäêó àäñîðáöi¨ íiîáiþ, åíåðãiÿ öüîãî ïðîöåñó äåùî âèùà, íiæ ó ðàçi àäñîðáöi¨
òàíòàëó, à âiäñòàíü äî ïîâåðõíi åëåêòðîäó ìåíøà.

Àäñîðáöi¨ íiîáiþ òà òàíòàëó ïåðåäó¹ ñòàäiÿ ïåðåíîñó çàðÿäó ç ïîâåðõíi åëåêòðîäó
íà âiäïîâiäíi ÅÀÊ. Òîìó áóëî çäiéñíåíî ðîçðàõóíîê âåëè÷èí åíåðãié àêòèâàöi¨ ïå-
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ðåíîñó çàðÿäó â ðåàêöiÿõ åëåêòðîâiäíîâëåííÿ. Â ðàìêàõ òåîði¨ åëåìåíòàðíîãî àêòó,
åëåêòðîäíèé ïðîöåñ ðîçãëÿäà¹òüñÿ ÿê ãåòåðîãåííà red|ox ðåàêöiÿ, ùî ïåðåáiãà¹ íà
ìiæôàçíié ìåæi åëåêòðîä-ðîçòîï, i ñóïðîâîäæó¹òüñÿ ïåðåíîñîì çàðÿäó ÷åðåç íå¨.
Çãiäíî ç [5] , çàãàëüíi ðåçóëüòàòè êâàíòîâî-ìåõàíi÷íî¨ òåîði¨ åëåìåíòàðíîãî àêòó ìî-
æóòü áóòè çàñòîñîâàíi äëÿ îïèñó ðåàêöié, ùî ïåðåáiãàþòü â ðîçïëàâëåíèõ ñîëÿõ.
Îäíàê ïðè öüîìó çíà÷íî áiëüøó ðîëü áóäóòü âiäiãðàâàòè åôåêòè, ïîâ'ÿçàíi ç ïðî-
ñòîðîâîþ ñòðóêòóðîþ (áëèæíüîþ âçà¹ìîäi¹þ).

Â ðàìêàõ êâàíòîâîìåõàíi÷íîãî ïiäõîäó ïåðåíîñ åëåêòðîíà ìîæíà ïðåäñòàâèòè ÿê
êâàíòîâèé ïåðåõiä ìiæ äâîìà ïîâåðõíÿìè ïîòåíöiàëüíî¨ åíåðãi¨ ç äåÿêèì åëåêòðîí-
íèì ñòàíîì, ïðè ÿêîìó, çãiäíî ç ïðèíöèïîì Ôðàíêà-Êîíäîíà, ïðè ôiêñîâàíié êîíôi-
ãóðàöi¨ äåôîðìàöiéíèõ (íèçüêî÷àñòîòíèõ) ñòóïåíiâ ñâîáîäè âiäáóâà¹òüñÿ ïåðåáóäîâà
âèñîêî÷àñòîòíèõ ñòóïåíiâ ñâîáîäè (êîîðäèíàò ðåàêöi¨) ÅÀÊ, à ïîòiì ðåëàêñàöiÿ äî
ðiâíîâàæíî¨ äëÿ äàíîãî åëåêòðîííîãî ñòàíó êîíôîðìàöi¨.

Òàáë. 2: Âåëè÷èíè àêòèâàöiéíèõ áàð'¹ðiâ (δ, êÄæ/ìîëü) i åíåðãié ÍÂÌÎ (Å', êÄæ/ìîëü)
åëåêòðîõiìi÷íî àêòèâíèõ êîìïëåêñiâ ðåàêöi¨ îäíîåëåêòðîííîãî ïåðåíîñó nM+·Nb(Òà)F72�
òà nM+·Nb(Òà)F72�.

ÅÀÊ n 0 1 2 3 4 5 6

Lin
+[NbF7]

2-}(n-2)+ δ 72,41 58,02 43,68 30,58 22,26 13,07 �5,12
Å' 914 310 34 �247 �501 �902 �1195

Lin
+[ÒàF7]

2-}(n-2)+ δ 73,28 73,28 73,28 73,28 73,28 73,28 73,28
Å' 932,28 316,2 34,68 -254 -507 -1007 -1102

Mgn
2+[NbF7]

2-}(2n-2)+ δ 72,41 51,93 31,21 6,14 �1,593 � �
Å' 914 �201 �876 �1402 �1913 � �

Mgn
2+[ÒàF7]

2-}(2n-2)+ δ 73,86 52,97 31,83 6,26 -1,62 � �
Å' 932,2 -205,02 -893,5 -1430,4 -1951,2 � �

Ïîðiâíÿëüíèé àíàëiç âåëè÷èí åíåðãié àêòèâàöi¨ (äëÿ çðó÷íîñòi � àêòèâàöié-
íèõ áàð'¹ðiâ δ), ïîêàçàâ iñòîòíèé âïëèâ êèñëîòíî-îñíîâíèõ âëàñòèâîñòåé ñåðå-
äîâèùà íà ðåàêöiéíó çäàòíiñòü ÅÀÊ, âêàçóþ÷è íà ïåðåâàãó åëåêòðîâiäíîâëåííÿ
ÅÀÊ {Mn

m+[Nb(Òà)F7]
2-}(mn-2)+, â ïîðiâíÿííi ç áåçïîñåðåäíiì âiäíîâëåííÿì íiîáié-

(òàíòàë)iîíà (òàáë. 2). Îäåðæàíå ïiäòâåðäæó¹òüñÿ äàíèìè âåëè÷èí åíåðãié (Å') íè-
æíüî¨ âàêàíòíî¨ ìîëåêóëÿðíî¨ îðáiòàëi (ÍÂÌÎ) äëÿ âñüîãî ðÿäó ÅÀÊ. Çiñòàâëåííÿ
âåëè÷èí Å' ïîêàçó¹ (òàáë. 2), ùî êàòiîííi äîìiøêè çíà÷íî çíèæóþòü åíåðãi¨ ÂÇÌÎ
é ÍÂÌÎ Nb(Òà)F7

2-, âêàçóþ÷è íà iñòîòíó ðîëü êàòiîííîãî îòî÷åííÿ â çáiëüøåí-
íi åëåêòðîâiäíîâëþâàëüíî¨ çäàòíîñòi ÅÀÊ. Ïðè öüîìó åôåêò çíèæåííÿ âåëè÷èíè
Å', àíàëîãi÷íî çìiíi δ, ïîñèëþ¹òüñÿ çi çðîñòàííÿì ïèòîìîãî çàðÿäó êàòiîíà òà çi
çáiëüøåííÿì êîîðäèíàöiéíîãî ÷èñëà äëÿ êàòiîíiâ îäíîãî ñîðòó. Äëÿ ðîçãëÿíóòèõ
êîîðäèíàöiéíèõ ñïîëóê ìàêñèìàëüíå çíèæåííÿ âåëè÷èíè Å' îáóìîâëåíå êàòiîíàìè
Mg2+.

Àíàëiç çàðÿäîâèõ õàðàêòåðèñòèê ÅÀÊ çà Ëüîâäiíèì äîçâîëÿ¹ âñòàíîâèòè ïî-
ëîæåííÿ ðåàêöiéíèõ öåíòðiâ ïðè åëåêòðîâiäíîâëåííi. Äëÿ àíiîíiâ NbF7

2- é ÒàF7
2-

òàêèìè ¹ àòîìè íiîáiþ òà òàíòàëó (çìiíà çàðÿäó ñòàíîâèòü 5,74 òà 4,81 àò.îä.ç. âiä-



30

Ë. Î. Ñîëÿíèê

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2023. Âèï. 60

ïîâiäíî), ïîêàçóþ÷è öèì, ùî ïðè åëåêòðîâiäíîâëåííi â öüîìó âèïàäêó àòîìè Nb òà
Òà � ãîëîâíi öåíòðè åëåêòðîííî¨ àòàêè (òàáë. 3).

Äëÿ ÅÀÊ ñïîñòåðiãà¹òüñÿ äâà öåíòðè åëåêòðîííî¨ àòàêè � öåíòðàëüíèé àòîì òà
êàòiîíè çîâíiøíüî¨ êîîðäèíàöiéíî¨ îáîëîíêè. Ïðè öüîìó ïåðåíîñ çàðÿäó íà ðåàêöiéíi
öåíòðè ïîñèëþ¹òüñÿ ñèìáàòíî çáiëüøåííþ êîîðäèíàöiéíîãî ÷èñëà êàòiîíiâ n òà ¨õ
ïèòîìîãî çàðÿäó, äîñÿãàþ÷è ìàêñèìóìó ïðè n = 4 äëÿ êàòiîíiâ Li+, i n = 2 äëÿ
äâîçàðÿäíèõ êàòiîíiâ íà ôîíi íåçíà÷íî¨ çìiíè çàðÿäiâ íà àòîìàõ êèñíþ (â ñåðåäíüîìó
ïîðÿäêó 5 � 15%) ïðè çìiíi n.

Òàáë. 3: Çàðÿäè íà àòîìàõ äëÿ ÅÀÊ {Mn
m+[NbF7]

2-}(mn-2)+.

Ì m+ n Mn
m+[NbF7]

2-(mn-2)+ Mn
m+[NbF7]

2-(mn-2)++å
Nb F(1) F(7) M m+ Nb F(1) F(7) M m+

0 0,245 �0,568 �0,568 � �5,552 �0,594 �0,681 �
1 0,431 �0,591 �0,420 0,591 0,121 �0,500 �0,550 �5,019
2 0,527 �0,471 �0,471 0,679 0,303 �0,604 �0,472 �2,182

Li+ 3 0,693 �0,562 �0,299 0,765 0,581 �0,382 �0,546 �1,852
4 0,815 �0,503 �0,503 0,803 0,641 �0,495 �0,492 �0,664
5 0,795 �0,554 �0,420 0,776 0,611 �0,530 �0,454 �0,373
6 0,779 �0,585 �0,587 0,864 0,555 �0,567 0,567 �0,108
1 0,468 �0,752 �0,336 1,712 �0,182 �0,700 �0,427 �3,562

Ñà2+ 2 0,629 �0,561 �0,561 1,780 0,310 �0,567 �0,302 �1,036
3 0,726 �0,718 �0,187 1,865 0,432 �0,304 �0,679 �0,032
4 0,806 �0,594 �0,594 1,894 0,504 �0,598 �0,595 0,469
1 0,528 �0,700 �0,282 1,437 �1,075 �0,693 �0,385 �2,766

Mg2+ 2 0,772 �0,490 �0,490 1,571 0,441 �0,668 �0,411 �0,418
3 0,872 �0,658 �0,085 1,724 0,406 �0,264 0,631 �0,086
4 0,963 �0,538 �0,538 1,797 0,525 �0,556 �0,552 0,418

Òàêèì ÷èíîì, âïëèâ êàòiîííîãî ñêëàäó ðîçòîïó, âñòàíîâëåíèé íà ïiäñòàâi àíàëiçó
ðåçóëüòàòiâ êâàíòîâîõiìi÷íîãî ìîäåëþâàííÿ (åíåðãåòè÷íèõ, çàðÿäîâèõ õàðàêòåðè-
ñòèê ÅÀÊ), ïîêàçó¹, ùî âèÿâëåíå çáiëüøåííÿ äîíîðíèõ âëàñòèâîñòåé öåíòðàëüíîãî
àòîìà ÅÀÊ êîðåëþ¹ çi çáiëüøåííÿì éîãî àêöåïòîðíèõ âëàñòèâîñòåé â ðåàêöiÿõ åëå-
êòðîâiäíîâëåííÿ. Öåé åôåêò çíà÷íî ïîñèëþ¹òüñÿ ÿê ïðè çáiëüøåííi ïèòîìîãî çàðÿäó
êàòiîíà, òàê i ïðè íàðîùóâàííi ÷èñëà çîâíiøíüîñôåðíèõ êàòiîíiâ â êîîðäèíàöiéíié
ñôåði ÅÀÊ, ïðîõîäÿ÷è ÷åðåç ìàêñèìóì ïðè n = 4 äëÿ êàòiîíiâ Li+, i n = 2 � Ca2+,
Mg2+.

Îäåðæàíi ðåçóëüòàòè êîðåëþþòü iç çàëåæíiñòþ ñòàíäàðòíèõ êîíñòàíò øâèäêîñòi
ïåðåíîñó çàðÿäó âiä òåìïåðàòóðè íà ñêëîâóãëåöåâîìó êàòîäi ó õëîðèäíèõ ðîçòî-
ïàõ [6] , âêàçóþ÷è íà òå, ùî êîíñòàíòà øâèäêîñòi çðîñòà¹ íå ëèøå çi çáiëüøåííÿì
òåìïåðàòóðè, à é çi çðîñòàííÿì ïèòîìîãî çàðÿäó êàòiîíà (êàòiîííèé êàòàëiç).

Îñêiëüêè ðåàêöiéíó çäàòíiñòü ìîëåêóë â ðàìêàõ ìåòîäó ÑÑÏ ÌÎ ËÊÀÎ âiä-
ïîâiäíî äî òåîði¨ Ôóêó¨ ïîâ'ÿçóþòü çi çíà÷åííÿìè ÂÇÌÎ i ÍÂÌÎ âçà¹ìîäiþ-
÷èõ ìîëåêóë, äîïîâíþþ÷è àíàëiç âåëè÷èíàìè åíåðãåòè÷íîãî çàçîðó ∆Å=Å(ÂÇÌÎ)-
Å(ÍÂÌÎ), áóëà ïðîâåäåíà êâàíòîâîõiìi÷íà îöiíêà öèõ ïàðàìåòðiâ, äëÿ ïîäàëüøîãî
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¨õ àíàëiçó, ÿê âåëè÷èí, ïðîïîðöiéíèõ åíåðãi¨ Ôåðìi, äëÿ âçà¹ìîäié êëàñòåðà ïîâåðõíi
ç ÅÀÊ ðîçòîïó (ðèñ. 2).

Àíàëiç ïðîâåäåíîãî ìîäåëþâàííÿ ãåòåðîãåííèõ ðåàêöié äëÿ çàçíà÷åíèõ âçà¹ìîäié
ïîêàçàâ, ùî íà ìiæôàçíié ìåæi åëåêòðîä-ðîçòîï âiäáóâà¹òüñÿ ïîñòóïîâå çíèæåííÿ
âåëè÷èí ∆Å ðîçãëÿíóòèõ ñèñòåì â ðÿäó: Li+, Ca2+, Mg2+ (ðèñ. 2), ÿêå ïîñèëþ¹òüñÿ
çi çáiëüøåííÿì ÷èñëà ÇÑ-êàòiîíiâ (n).

Ðèñ. 2: Çàëåæíiñòü ðiçíèöi åíåðãié ÂÇÌÎ i ÍÂÌÎ âiä êîîðäèíàöiéíîãî ÷èñëà n çà çîâíi-

øíüîñôåðíèì êàòiîíîì íà ïðèêëàäi ìåòàëîêîìïëåêñó {Mgn
2+[NbF7]

2-}(2n-2)+.

Íåîáõiäíî âiäçíà÷èòè, ùî åíåðãi¨ ÍÂÌÎ äëÿ ðîçãëÿíóòèõ ñèñòåì ïðè çáiëüøåííi
÷èñëà çîâíiøíüîñôåðíèõ êàòiîíiâ â ñîëüâàòíié îáîëîíöi íiîáié-iîíà ïðè n = 3 � 4 òà
n = 2 � 3 äëÿ îäíî- i äâîõçàðÿäíèõ ÇÑ-êàòiîíiâ, âiäïîâiäíî, ìàêñèìàëüíî íàáëèæà-
þòüñÿ äî âåëè÷èíè ÂÇÌÎ êëàñòåðà ïîâåðõíi åëåêòðîäà, (ðèñ. 3). Î÷åâèäíî, ùî öå
ñâiä÷èòü ïðî åëåêòðîâiäíîâëåííÿ ÅÀÊ. Åêñïåðèìåíòàëüíèì ïiäòâåðäæåííÿì ñêàçà-
íîãî ìîæå ñëóæèòè òîé ôàêò, ùî åëåêòðîäíèé ïðîöåñ ëiìiòó¹òüñÿ òiëüêè äèôóçi¹þ
ÅÀÊ äî ïîâåðõíi åëåêòðîäà i øâèäêiñòü óòâîðåííÿ ÅÀÊ íå íàêëàäàþòü îáìåæåíü
íà åëåêòðîäíèé ïðîöåñ [6�8] .

Ïðè÷èíîþ åôåêòó çðiâíÿííÿ åíåðãié åëåêòðîíiâ, ùî çíàõîäÿòüñÿ ïîáëèçó ðiâíÿ
Ôåðìi ìàòåðiàëó êàòîäà i òèõ, ùî çíàõîäÿòüñÿ íà âàêàíòíèõ îðáiòàëÿõ ÅÀÊ ¹ ïå-
ðåðîçïîäië åëåêòðîííî¨ ãóñòèíè ìiæ àäñîðáåíòîì i àäñîðáàòîì, ùî ïðèâîäèòü äî
çìiíè âåëè÷èí åíåðãié ãðàíè÷íèõ ÌÎ ÅÀÊ, ïðè ïiäáîði ÅÀÊ ðiçíîãî òèïó i ôîðìè
â óìîâàõ êàòiîííîãî êàòàëiçó.

Ìåòîäîì öèêëi÷íî¨ âîëüòàìïåðîìåòði¨ âèçíà÷åíî ñòàíäàðòíi êîíñòàíòè øâèäêî-
ñòi ïåðåíîñó çàðÿäó â òàêèõ ðîçòîïàõ ïðè ðiçíèõ øâèäêîñòÿõ ïîëÿðèçàöi¨ íà ñêëî-
âóãëåöåâîìó åëåêòðîäi (ðèñ. 4).

Ç îòðèìàíèõ çàëåæíîñòåé âèäíî, ùî ñòàíäàðòíi êîíñòàíòè øâèäêîñòi ïåðåíîñó
çàðÿäó çáiëüøóþòüñÿ ç ïiäâèùåííÿì òåìïåðàòóðè. Ïðÿìîïðîïîðöiéíà çàëåæíiñòü
çíà÷åíü ks âiä òåìïåðàòóðè ïîâ'ÿçàíà çi çíèæåííÿì âèñîòè ïîòåíöiàëüíîãî áàð'¹ðó
ïðîöåñó ïåðåíîñó åëåêòðîíà. Ðåçóëüòàòè åëåêòðîõiìi÷íèõ âèìiðþâàíü âêàçóþòü òà-
êîæ íà çàëåæíiñòü êîíñòàíò øâèäêîñòi ïåðåíîñó çàðÿäó âiä êàòiîííîãî ñêëàäó ðîç-
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Ðèñ. 3: Çàëåæíiñòü âåëè÷èí åíåðãié ÂÇÌÎ äëÿ ìåòàëîêîìïëåêñiâ {Mn
m+[NbF7]

2-}(mn-2)+

òà ÍÂÌÎ ôðàãìåíòà ïîâåðõíi åëåêòðîäó Ñ24Í12 âiä êîîðäèíàöiéíîãî ÷èñëà n.

òîïó, òîáòî ó çàçíà÷åíîìó iíòåðâàëi òåìïåðàòóð ïðè çìiíi ñêëàäó äðóãî¨ êîîðäèíà-
öiéíî¨ ñôåðè äëÿ âåëè÷èí ks ñïîñòåðiãà¹òüñÿ íàñòóïíà çàêîíîìiðíiñòü: ks (ÊÑ1) <
ks (CsCl) < ks (NaCl-KC1), äîâîäÿ÷è êàòàëiòè÷íèé âïëèâ êàòiîííîãî ñêëàäó åëå-
êòðîëiòó íà ïðîöåñè åëåêòðîâiäíîâëåííÿ.

Âèñíîâêè

Øëÿõîì êâàíòîâî-õiìi÷íîãî ìîäåëþâàííÿ çäiéñíåíî ðîçðàõóíîê åíåðãié àêòèâà-
öi¨ ðåàêöi¨ ïåðåíîñó çàðÿäó ïðè âiäíîâëåííi ÅÀÊ íiîái¹- òà òàíòàëî-âìiñíèõ ðîçòîïiâ.
Çíàéäåíî âåëè÷èíè åíåðãié àäñîðáöi¨ íiîáiþ òà òàíòàëó íà ñêëîâóãëåöåâîìó åëåêòðî-
äi. Îòðèìàíi ðåçóëüòàòè äîçâîëèëè âñòàíîâèòè iñòîòíèé âïëèâ êàòiîííîãî ñêëàäó
ðîçòîïó íà ïðîöåñè âiäíîâëåííÿ ÅÀÊ. Øëÿõîì åëåêòðîõiìi÷íèõ âèìiðþâàíü âñòà-
íîâëåíî çìiíó êîíñòàíò øâèäêîñòi ïåðåíîñó çàðÿäó ïðè çìiíi êèñëîòíîñòi ðîçòîïó.

Òàêèì ÷èíîì, íà îñíîâi îòðèìàíèõ ðåçóëüòàòiâ ìîæíà çðîáèòè âèñíîâîê, ùî öi-
ëåñïðÿìîâàíà çìiíà íà ìàêðîðiâíi êàòiîííîãî ñêëàäó åëåêòðîëiòó äîçâîëÿ¹ íà ìi-
êðîðiâíi (êàòiîííèé êàòàëiç) çáëèæóâàòè åíåðãåòè÷íi ñïåêòðè ïîâåðõíi åëåêòðîíiâ
ïîâåðõíi åëåêòðîäà i åëåêòðîõiìi÷íî àêòèâíèõ êîìïëåêñiâ, ñòâîðþþ÷è òèì ñàìèì
ìîæëèâiñòü êåðóâàííÿ âçà¹ìîäi¹þ ìiæ ÅÀÊ òà ïîâåðõíåþ i, òèì ñàìèì, ìàêðîõàðà-
êòåðèñòèêàìè ñèíòåçîâàíèõ ÷àñòèíîê.
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Ðèñ. 4: Çàëåæíiñòü ñòàíäàðòíèõ êîíñòàíò øâèäêîñòi ïåðåíîñó çàðÿäó ïðè ðiçíèõ øâèä-
êîñòÿõ ïîëÿðèçàöi¨ íà ñêëîâóãëåöåâîìó åëåêòðîäi ó ðîçòîïi NaCl-KCl-K2NbF7

2- (à); ëî-
ãàðèôìó ñòàíäàðòíèõ êîíñòàíò øâèäêîñòi ïåðåíîñó çàðÿäó âiä îáåðíåíî¨ òåìïåðàòóðè â
íiîáiéâìiñíîìó ðîçòîïi ç ðiçíèì ñêëàäîì êàòiîííèõ äîìiøîê (á).

1. Øïèëüîâèé Ë. Â. Çáàãà÷åííÿ íiîái¹âèõ ðóä (ìîíîãðàôiÿ) /Ë. Â. Øïèëüîâèé,
Â. Ñ. Áiëåöüêèé, Ê. Ë. Øïèëüîâèé // Çà ðåä. Â.Ñ. Áiëåöüêîãî. � Ê.: Âèäàâíèöâî
ÔÎÏ Õàëiêîâ Ð.Õ., 2021. � 160 ñ.

2. Zhang Y. Microstructures and ðroperties of high-entropy alloys / Y. Zhang, T. T.
Zuo, Z. Tang, M. C. Gao, K. A. Dahmen, P. K. Liaw, Z. P. Lu // Progress in Mater.
Sci. � 2014. � Vol. 61. �. 1�93. doi:10.1016/j.pmatsci.2013.10.001.

3. Lu Z. P. An assessment on the future development of high-entropy alloys:
Summary from a recent workshop // Z. P. Lu, H. Wang, M. W. Chen, I.
Baker, J. W. Yeh, T. G. Nieh // Intermetallics. � 2015. � Vol. 66. � P. 57�76.
doi:10.1016/j.intermet.2015.06.021.

4. Granovsky A. A. Fire�y and PC GAMESS / A. A. Granovsky. � Fire�y version 8.0.1.
Access mode. [Electronic resource].

5. Krishtalik L. I. Charge Transfer Reactions in Electrochemical and Chemical Processes
/ L. I. Krishtalik. � NY.: Springer New York, 1986. � 326 p. doi:10.1007/978-1-4684-
8718-3.

6. Kremenetsky V. Ab Initio Estimation of NbF−
6 , NbClF2−

6 , and NbF2−
7

Complexes Stability in Alkali Chloride Melts / V. Kremenetsky, S. Kuznetsov, O.
Kremenetskaya, V. Soloviev, L. Chernenko, and A. Fofanov // Z. Naturforsch. �
2010. � Vol. 65a. � P. 1020-1026. doi:10.1515/zna-2010-1112.

7. Soloviev V. Quantum-chemical modelling of Mn+·NbF72�(n�2)+ e� reactions. / V.
Soloviev , L. Chernenko, V. Kremenetsky , S. Kuznetsov // 8th Conference on Solid
State Chemistry: book of Abstracts. Institute of Chemistry SAS, Bratislava, Slovak
Republic, Jully 6-11, 2008. � 2008. � P.195.

8. Popova A. V. In�uence of Second Coordination Sphere on the Standard Rate



34

Ë. Î. Ñîëÿíèê

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2023. Âèï. 60

Constants of Charge Transfer for the Nb(V)/Nb(IV) Redox Couple in Chlori-
de�Fluoride /A. V. Popova, V. G. Kremenetsky, V. V. Soloviev, L. O. Chernenko,
S. A. Kuznetsov // Melts. EUCHEM 2008. Conference on Molten Salts and Ionic
Liquids: book of Abstracts. ISC, Denmark: Copenhagen, 24-29 August 2008. � 2008.
� P. 211.

References

1. Ë. Â. Øïèëüîâèé, Â. Ñ. Áiëåöüêèé, Ê. Ë. Øïèëüîâèé, Ê.: Âèäàâíèöâî ÔÎÏ
Õàëiêîâ Ð.Õ., 2021, 160 ñ.

2. Y. Zhang, T. T. Zuo, Z. Tang, M. C. Gao, K. A. Dahmen, P. K. Liaw, Z. P. Lu,
Progress in Mater. Sci. 61, 1�93 (2014). doi:10.1016/j.pmatsci.2013.10.001.

3. Z. P. Lu, H. Wang, M. W. Chen, I. Baker, J. W. Yeh, T. G. Nieh, Intermetallics 66,
57�76 (2015). doi:10.1016/j.intermet.2015.06.021.

4. A. A. Granovsky Fire�y and PC GAMESS / Fire�y version 8.0.1. Access mode.
[Electronic resource].

5. L.I. Krishtalik, NY.: Springer New York, 1986, 326 p. doi:10.1007/978-1-4684-8718-3.

6. V. Kremenetsky, S. Kuznetsov, O. Kremenetskaya, V. Soloviev, L. Chernenko, and
A. Fofanov, Z. Naturforsch. 65a, 1020-1026 (2010). doi:10.1515/zna-2010-1112.

7. V. Soloviev , L. Chernenko, V. Kremenetsky , S. Kuznetsov, 8th Conference on Solid
State Chemistry: book of Abstracts. Institute of Chemistry SAS, Bratislava, Slovak
Republic, Jully 6-11, 2008, 195.

8. A. V. Popova, V. G. Kremenetsky , V. V. Soloviev, L. O. Chernenko, S. A. Kuznetsov,
Melts. EUCHEM 2008. Conference on Molten Salts and Ionic Liquids: book of
Abstracts. ISC, Denmark: Copenhagen, 24-29 August 2008, 211.

Ñòàòòþ îòðèìàíî: 05.05.2023
Ïðèéíÿòî äî äðóêó: 31.05.2023



Êâàíòîâî-õiìi÷íå ìîäåëþâàííÿ àêòèâàöi¨...

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2023. Âèï. 60 35

Quantum-Chemical Simulation of the Activation

and Conversion of EAC of Niobie- and

Tantalum-Containing Molts on the Surface of the

Carbon Electrode

L. O. Solianyk

The National Academy of Science, A. V. Dumansky Institute of

Colloid and Water Chemistry

Akademika Vernadskoho Blvd. 42, 03142 Kyiv, Ukraine

e-mail: solianyk2017@gmail.com

The work is devoted to quantum-chemical modeling of the in�uence of the
adsorption properties of the glassy carbon electrode surface on the formati-
on mechanism of electrochemically active niobium- and tantalum-containing
complexes in dilute melts. The parameters that determine their stability and
reactivity in electroreduction processes were calculated for the studied objects
- the energy of the cation-anion bond, the value of the energy gap ∆E, whi-
ch was estimated as the di�erence between the energies of the upper �lled
and lower vacant molecular orbitals, and the activation energy and adsorpti-
on of electrochemically active complexes on the electrode surface. It was found
that in the bulk phase of niobium- and tantalum-containing melts, stable
electrochemically active complexes are formed, in the outer shell of which are
coordinated cations 3Li+, 2Ca2+, 2Mg2+, which participate in electroreducti-
on processes and are adsorbed on the electrode surface. It was established
that cationic impurities signi�cantly lower the energies of the upper �lled
and lower vacant molecular orbitals for Nb(Ta)F7

2-, indicating the signi�-
cant role of the cationic environment in increasing the electroreducing abili-
ty of electrochemically active complexes. Electron-accepting properties of ni-
obium and tantalum in electroreduction reactions were revealed. By means of
electrochemical measurements, a change in the charge transfer rate constants
with a change in the acidity of the melt was determined. The work focuses on
determining the dependence of the adsorption energy of niobium and tantalum
on the type of electrochemically active niobium- and tantalum-containing
complexes. It was found that the adsorption energy for niobium is slightly hi-
gher than for tantalum, and the distance to the electrode surface is shorter. It is
suggested that the ability to control the interaction between electrochemically
active complexes and the surface is regulated by the cationic composition of the
melt contacting the electrode surface.

Key words: Electrochemically active complexes of niobium- and tantalum-
containing melts, electrode surface, activation energy, adsorption energy, rate
constants, quantum chemical calculation


