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ÑÈÍÒÅÇ È ËÞÌÈÍÅÑÖÅÍÒÍÛÅ ÑÂÎÉÑÒÂÀ ÊÎÌÏËÅÊÑÎÂ Eu3+ È Tb3+ Ñ
ÏÐÎÈÇÂÎÄÍÛÌÈ ÏÈÐÀÇÎËÈÍ-5-ÎÍÀ

a Ôèçèêî-õèìè÷åñêèé èíñòèòóò èì. À.Â. Áîãàòñêîãî ÍÀÍ Óêðàèíû, ã. Îäåññà
á Ëüâîâñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Èâàíà Ôðàíêî

Â äàííîé ðàáîòå èññëåäîâàíû óñëîâèÿ îáðàçîâàíèÿ è ëþìèíåñöåíöèè êîìïëåêñîâ

Eu3+ è Tb3+ ñ ñèíòåçèðîâàííûìè ïðîèçâîäíûìè ïèðàçîëèí-5-îíà, ñîäåðæàùèìè

-äèêåòîíîâóþ ãðóïïèðîâêó. Ïî íàéäåííûì çíà÷åíèÿì ýíåðãèè òðèïëåòíûõ óðîâ-

íåé ëèãàíäîâ (ET
1
) âûÿñíåíà âîçìîæíîñòü åå ïåðåíîñà ê öåíòðàëüíîìó èîíó Eu3+ îò

âñåõ ëèãàíäîâ â âîçáóæäåííîì ñîñòîÿíèè, à ê èîíó Tb3+  òîëüêî â êîìïëåêñàõ ñ

äâóìÿ ëèãàíäàìè, ET
1
 êîòîðûõ âûøå ýíåðãèè èçëó÷àþùåãî óðîâíÿ èîíà Tb3+. Íàé-

äåíî, ÷òî èíòåíñèâíîñòü 4f-ëþìèíåñöåíöèè êîìïëåêñîâ Eu3+ è Tb3+ çàâèñèò îò

âåëè÷èíû ýíåðãåòè÷åñêîãî çàçîðà (Å) ìåæäó ET
1
 è ýíåðãèåé èçëó÷àþùåãî óðîâíÿ

èîíà ëàíòàíèäà. Êàê ïðè íèçêîì, òàê è ïðè î÷åíü âûñîêîì çíà÷åíèè Å, èíòåí-

ñèâíîñòü ëþìèíåñöåíöèè êîìïëåêñîâ Eu3+ è Tb3+ ñíèæàåòñÿ, ïî ñðàâíåíèþ ñ îï-

òèìàëüíûì ýíåðãåòè÷åñêèì çàçîðîì. Óñòàíîâëåíî óâåëè÷åíèå íà ïîðÿäîê âåëè÷è-

íû è áîëåå èíòåíñèâíîñòè ëþìèíåñöåíöèè ðàñòâîðîâ êîìïëåêñîâ Eu3+ è Tb3+ ïðè

ïðèñîåäèíåíèè ê íèì âòîðîãî ëèãàíäà  1,10-ôåíàíòðîëèíà. Äîáàâëåíèå òðèôå-

íèëôîñôèíîêñèäà è òðèîêòèëôîñôèíîêñèäà ìåíåå ýôôåêòèâíî, âîçìîæíî, çà ñ÷åò

ñîçäàâàåìûõ íèìè áóëüøèõ ñòåðè÷åñêèõ ïðåïÿòñòâèé äëÿ êîîðäèíàöèè ñ öåíò-

ðàëüíûì èîíîì. Êîîðäèíàöèÿ èîíîâ Ln3+ ñ ôóíêöèîíàëüíûìè ãðóïïàìè ëèãàíäîâ

ïîäòâåðæäåíà ÈÊ-ñïåêòðàìè êîìïëåêñîâ â òâåðäîì âèäå.

Êëþ÷åâûå ñëîâà: ïðîèçâîäíûå ïèðàçîëèí-5-îíà, åâðîïèé, òåðáèé, êîìïëåêñ, ëþ-

ìèíåñöåíöèÿ.

Ââåäåíèå
Êîìïëåêñíûå ñîåäèíåíèÿ ëàíòàíèäîâ

(Ln) – ïåðñïåêòèâíûé êëàññ íîâûõ ìàòåðèàëîâ,
êîòîðûå õàðàêòåðèçóþòñÿ óçêîïîëîñíîé ëþìè-
íåñöåíöèåé, îáåñïå÷èâàþùåé «÷èñòîòó» öâåòà,
îïðåäåëÿåìîãî õàðàêòåðîì Ln: êðàñíîãî – â ñëó-
÷àå Eu3+, çåëåíîãî – Tb3+, ãîëóáîãî – Tm3+ è ò.ä.
[1]. -Äèêåòîíû – îäèí èç ñàìûõ èçâåñòíûõ
êëàññîâ êîìïëåêñîîáðàçîâàòåëåé, ñîåäèíåíèÿ
Ln3+ ñ êîòîðûìè äëèòåëüíîå âðåìÿ èñïîëüçóþò-
ñÿ â êà÷åñòâå ñäâèãàþùèõ ðåàãåíòîâ â ßÌÐ-
ñïåêòðîñêîïèè, ïðåîáðàçîâàòåëåé ñâåòîâîé ýíåð-
ãèè, ëàçåðíûõ è äðóãèõ ìàòåðèàëîâ, â èììóíî-
ôëóîðåñöåíòíîì àíàëèçå, äëÿ âûñîêî÷óâñòâè-
òåëüíîãî ëþìèíåñöåíòíîãî îïðåäåëåíèÿ Ln3+ â
ðàçíîîáðàçíûõ îáúåêòàõ [2–7]. Â ïîñëåäíåå äå-
ñÿòèëåòèå èíòåíñèâíî ðàçâèâàåòñÿ èññëåäîâàíèå
ñâîéñòâ êîìïëåêñîâ Ln3+ ñ àöèëïèðàçîëîíà-
ìè – ãåòåðîöèêëè÷åñêèìè àíàëîãàìè -äèêåòî-
íîâ [8] – â ñâÿçè ñ âîçìîæíûì èñïîëüçîâàíèåì

ýòèõ õåëàòîâ â êà÷åñòâå ñâåòîýìèññèîííûõ ñëî-
åâ â ýëåêòðîëþìèíåñöåíòíûõ óñòðîéñòâàõ, ïî îñ-
íîâíûì ïîêàçàòåëÿì ïðåâîñõîäÿùèõ æèäêîêðèñ-
òàëëè÷åñêèå.

Öåëü äàííîé ðàáîòû – ñèíòåç ïðîèçâîä-
íûõ ïèðàçîëèí-5-îíà, ñîäåðæàùèõ -äèêåòîíî-
âóþ ãðóïïèðîâêó, èçó÷åíèå óñëîâèé êîìïëåê-
ñîîáðàçîâàíèÿ è ñïåêòðàëüíî-ëþìèíåñöåíòíûõ
ñâîéñòâ êîìïëåêñíûõ ñîåäèíåíèé Eu3+ è Tb3+ ñ
íèìè.

Ìåòîäèêà ýêñïåðèìåíòà
Èäåíòèôèêàöèþ ñèíòåçèðîâàííûõ ñîåäè-

íåíèé ïðîâîäèëè ìåòîäàìè ÈÊ- è ßÌÐ 1H-
ñïåêòðîñêîïèè, ãàçîæèäêîñòíîé õðîìàòîãðàôèè
è ýëåìåíòíûì àíàëèçîì. Ñïåêòðû ßÌÐ 1Í ðå-
ãèñòðèðîâàëè íà ïðèáîðå Var³an Mercury 400 (ðà-
áî÷àÿ ÷àñòîòà 400 ÌÃö). Õðîìàòî-ìàññ-ñïåêòðû
çàïèñàíû ñ èñïîëüçîâàíèåì æèäêîñòíîé õðîìà-
òîìàññ-ñïåêòðîìåòðè÷åñêîé ñèñòåìû íà âûñî-
êîýôôåêòèâíîì æèäêîñòíîì õðîìàòîãðàôå
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Agilent 1100 Series, îñíàùåííîì äèîäíîé ìàòðè-
öåé ñ ìàññ-ñåëåêòèâíûì äåòåêòîðîì Agilent
LC/MSD SL. Êîíòðîëü ïðîõîæäåíèÿ ðåàêöèè
îñóùåñòâëÿëñÿ ìåòîäîì òîíêîñëîéíîé õðîìàòî-
ãðàôèè íà ïëàñòèíêàõ Silufol, UV-254.

Ñèíòåç 5-ìåòèë-1-ôåíèë-1Í-1,2,3-òðèàçîë-
4-êàðáîíèëõëîðèäà (1) ïðîâåäåí ïî ìåòîäèêå [9].
Ïèðàçîëèí-5-îíû (2a-d) ïîëó÷åíû ðåàêöèåé
ñîîòâåòñòâóþùåãî ãèäðàçèíà ñ àöåòîóêñóñíûì è
òðèôòîðàöåòîóêñóñíûì ýôèðàìè. Õàðàêòåðèñòè-
êè ñîåäèíåíèé (2) ñîîòâåòñòâóþò ëèòåðàòóðíûì
äàííûì: 2a [10], 2b [11], 2c è 2d [12].

Ïèðàçîëèí-5-îíû (3a-d) áûëè ñèíòåçèðî-
âàíû àöèëèðîâàíèåì 1H-ïèðàçîë-5(4H)-îíîâ (2)
5-ìåòèë-1-ôåíèë-1Í-1,2,3-òðèàçîë-4-êàðáîíèë-
õëîðèäîì (1) â ïðèñóòñòâèè ãèäðîêñèäà êàëü-
öèÿ ñîãëàñíî îïòèìèçèðîâàííîé ìåòîäèêå [13]:
ê ñóñïåíçèè ïèðàçîëèí-5-îíà (2) (20,0 ììîëü) â
äèîêñàíå (25 ìë) äîáàâëÿþò Ca(OH)2 (2,21 ã,
29,8 ììîëü) è 5-ìåòèë-1-ôåíèë-1Í-1,2,3-òðèà-
çîë-4-êàðáîíèëõëîðèäà (1) (4,86 ã, 22 ììîëü).
Ñìåñü ïðè èíòåíñèâíîì ïåðåìåøèâàíèè íàãðå-
âàþò ïðè 1000Ñ â òå÷åíèå 1 ÷, ïîñëå ÷åãî ðåàê-
öèîííóþ ñìåñü îõëàæäàþò äî êîìíàòíîé òåì-
ïåðàòóðû è âûëèâàþò â 2 Ì ðàñòâîð ñîëÿíîé
êèñëîòû. Ýêñòðàãèðóþò öåëåâîé ïèðàçîëèí-5-
îí (3) ýòèëàöåòàòîì è îðãàíè÷åñêèé ñëîé îòäå-
ëÿþò. Ïðîìûâàþò ýêñòðàêò êîíöåíòðèðîâàííûì
ðàñòâîðîì NaCl è âûñóøèâàþò íàä áåçâîäíûì
ñóëüôàòîì íàòðèÿ. Îñóøèòåëü îòôèëüòðîâûâà-
þò, à ôèëüòðàò êîíöåíòðèðóþò ïîä âàêóóìîì.
Íåî÷èùåííûé ïèðàçîëèí-5-îí (3) êðèñòàëëè-
çóþò èç ñìåñè ýòèëàöåòàò/ãåêñàí, à çàòåì ôèëü-
òðóþò, ïîëó÷àÿ áåëûå êðèñòàëëû (3). Ïðè íåîá-
õîäèìîñòè ñîåäèíåíèÿ (3a-d) î÷èùàþò õðîìà-
òîãðàôè÷åñêè íà ñèëèêàãåëå (ýòèëàöåòàò/ãåêñàí
– 1/9) (ñõåìà).

1,3-Äèìåòèë-4-(5-ìåòèë-1-ôåíèë-1H-1,2,3-
òðèàçîë-4-êàðáîíèë)-1H-ïèðàçîë-5(4H)-îí
(ÔÒÏäÌ, 3a)

Âûõîä 82%. Òïë=159–1600Ñ.
Íàéäåíî, %: C, 60,70; H, 5,21; N, 23,49.
Äëÿ C15H15N5O2

Âû÷èñëåíî, %: C, 60,60; H, 5,09; N, 23,56.

ÈÊ-ñïåêòð (KBr; , ñì–1): 2928 w (O–Hõåëàò),
1618 (C=O), 1580 (C=O), 1502 (C=N), 897
(CPh–H), 784 (CPh–H).

Ñïåêòð 1H ßÌÐ (ÄÌÑÎ-d6; , ì. ÷.): 7,78–
7,58 (ì, 5H, ÍPh), 3,57 (c, 3H, CH3N), 2,66 (c,
3H, CH3), 2,34 (c, 3H, CH3).

Ìàññ-ñïåêòð (CI): m/z (%)=298 (100%)
[M+H+].

1-Ìåòèë-4-(5-ìåòèë-1-ôåíèë-1H-1,2,3-òðè-
àçîë-4-êàðáîíèë)-3-(òðèôòîðìåòèë)-1H-ïèðàçîë-
5(4H)-îí (ÔÒÏÌòÔ, 3b)

Âûõîä 84%. Òïë=148–1490Ñ.
Íàéäåíî, %: C, 51,22; H, 3,51; N, 19,90.
Äëÿ C15H12F3N5O2

Âû÷èñëåíî, %: C, 51,29; H, 3,44; N, 19,94.
ÈÊ-ñïåêòð (KBr; , ñì–1): 2636 w (O–H),

1714 (C=O), 1578 (C=O), 1499 (C=N), 1283
(C–F), 1234 (C–F), 1129 (C–F), 985 (C=CPh),
759 (CPh–H).

Ñïåêòð 1H ßÌÐ (ÄÌÑÎ-d6; , ì. ÷.): 7,68–
7,50 (ì, 5H, ÍPh), 3,60 (ñ, 3H, CH3N), 2,55 (ñ,
3H, CH3).

Ìàññ-ñïåêòð (CI): m/z (%)=352 (100%)
[M+H+].

3-Ìåòèë-4-(5-ìåòèë-1-ôåíèë-1H-1,2,3-òðè-
àçîë-4-êàðáîíèë)-1-ôåíèë-1H-ïèðàçîë-5(4H)-îí
(ÔÒÏÌÔ, 3ñ)

Âûõîä 80%. Òïë=182–1830Ñ.
Íàéäåíî, %: C, 66,91; H, 4,85; N, 19,41.
Äëÿ C20H17N5O2.
Âû÷èñëåíî, %: C, 66,84; H, 4,77; N, 19,49.
ÈÊ-ñïåêòð (KBr; , ñì–1): 3062 w (O–

Hõåëàò), 2382 (O–Hõåëàò), 1621 (C=O), 1578
(C=O), 1498 (C=N), 897 (CPh–H), 757 (CPh–
H), 693 (CPh–H).

Ñïåêòð 1H ßÌÐ (ÄÌÑÎ-d6; , ì. ÷.): 7,84
(ä, J=7,6 Ãö, 2H, ÍPh-2,6), 7,70–7,52 (ì, 5H, ÍPh),
7,45 (ò, J=7,6 Ãö, 2H, ÍPh-3,5), 7,28 (ò, J=7,6 Ãö,
1H, ÍPh-4), 2,70 (ñ, 3H, CH3), 2,47 (ñ, 3H, CH3).

Ìàññ-ñïåêòð (CI): m/z (%)=360 (100%)
[M+H+].

4-(5-Ìåòèë-1-ôåíèë-1H-1,2,3-òðèàçîë-4-
êàðáîíèë)-1-ôåíèë-3-(òðèôòîðìåòèë)-1H-ïèðà-
çîë-5(4H)-îí (ÔÒÏòÔÌÔ, 3d)

2,3: R1=Me, R2=Me (a); R1=Me, R2=CF3 (b); R1=Ph, R2=Me (c); R1=Ph, R2=CF3 (d)
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Âûõîä 80%. Òïë=165–1660Ñ.
Íàéäåíî, %: C, 58,09; H, 3,50; N, 16,87.
Äëÿ C20H14F3N5O2

Âû÷èñëåíî, %: C, 58,11; H, 3,41; N, 16,94.
ÈÊ-ñïåêòð (KBr; , ñì–1): 2520 w (O–

Hõåëàò), 1600 (C=O), 1569 (C=O), 1506 (C=N),
1262 (C–F), 1236 (C–F), 1153 (C–F), 1124
(C–F), 986 (C=CPh), 760 (CPh–H), 692 (CPh–H).

Ñïåêòð 1H ßÌÐ (ÄÌÑÎ-d6; , ì. ÷.): 7,79
(ä, J=7,6 Ãö, 2H, ÍPh-2,6), 7,66–7,53 (ì, 5H, ÍPh),
7,43 (ò, J=7,6 Ãö, 2H, ÍPh-3,5), 7,28 (ò, J=7.6 Ãö,
1H, ÍPh-4), 2,55 (ñ, 3H, CH3).

Ìàññ-ñïåêòð (CI): m/z (%)=414 (100%)
[M+H+].

Ðàñòâîðû 110–2 M ñèíòåçèðîâàííûõ ïðî-
èçâîäíûõ ïèðàçîëèí-5-îíà ãîòîâèëè ðàñòâîðå-
íèåì òî÷íûõ íàâåñîê èõ â òåòðàãèäðîôóðàíå
(Chromasolv).

Ðàñòâîðû EuCl3 è TbCl3 ñ êîíöåíòðàöèåé
110–1 M ïîëó÷àëè ðàñòâîðåíèåì òî÷íûõ íàâå-
ñîê èõ âûñîêî÷èñòûõ îêñèäîâ (99,99%) â HCl
(«õ.÷.») ñ äàëüíåéøèì óäàëåíèåì åå èçáûòêà è
ðàñòâîðåíèåì îñòàòêà â áèäèñòèëëÿòå. Âñå ðà-
áî÷èå ðàñòâîðû ãîòîâèëè ðàçáàâëåíèåì èñõîä-
íûõ â ñîîòâåòñòâóþùåì ðàñòâîðèòåëå.

Àöåòàòíî-àììèà÷íûå áóôåðíûå ðàñòâîðû
ãîòîâèëè èç 110–1 M ðàñòâîðîâ óêñóñíîé êèñ-
ëîòû è àììèàêà. Êîíòðîëü pH ðàñòâîðîâ îñó-
ùåñòâëÿëè ñ èñïîëüçîâàíèåì pH-ìåòðà-ìèëëè-
âîëüòìåòðà pH-150MA.

Âûäåëåíèå êîìïëåêñîâ â òâåðäîì âèäå ïðî-
âîäèëè ñëåäóþùèì îáðàçîì: ê ðàñòâîðó ðåàãåí-
òà (110–1 M) â òåòðàãèäðîôóðàíå ïðè ïîñòîÿí-
íîì ïåðåìåøèâàíèè íà ìàãíèòíîé ìåøàëêå è
ñëàáîì ïîäîãðåâå ïî êàïëÿì ïðèáàâëÿëè ýêâè-
ìîëÿðíîå êîëè÷åñòâî âîäíîãî ðàñòâîðà õëîðèäà
ëàíòàíèäà (110–1 M). Çàòåì ê ïîëó÷åííîìó ðà-
ñòâîðó ïî êàïëÿì äîáàâëÿëè âîäíûé ðàñòâîð
ãèäðîêñèäà íàòðèÿ (110–1 M) äî pH 8.0. Ðàñòâîð
ñ îáðàçîâàâøèìñÿ îñàäêîì êîìïëåêñà ïåðåìå-
øèâàëè 1 ÷, ïîñëå ÷åãî åãî îñòàâëÿëè íà 24 ÷ è
îòôèëüòðîâûâàëè îñàäîê, èñïîëüçóÿ áóìàæíûé
ôèëüòð (áåëàÿ ëåíòà). Îñàäîê ïðîñóøèâàëè ñíà-
÷àëà íà âîçäóõå, à çàòåì â ñóøèëüíîì øêàôó
ïðè 40–500C. Ïîñëå ýòîãî åãî îõëàæäàëè è õðà-
íèëè â ýêñèêàòîðå ñ CaCl2.

Ñïåêòðû âîçáóæäåíèÿ ëþìèíåñöåíöèè è
ëþìèíåñöåíöèè ðåàãåíòîâ è êîìïëåêñîâ Eu3+ è
Tb3+ ñ íèìè ðåãèñòðèðîâàëè ñ ïîìîùüþ ñïåêò-
ðîôëóîðèìåòðà Fluorolog FL3-22 «Horiba Jobin
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Ðèñ. 1. Ñïåêòðû âîçáóæäåíèÿ (ëþì.=613 íì) – (à) è ëþìèíåñöåíöèè – (á) ðàñòâîðîâ êîìïëåêñîâ Eu3+ ñ ëèãàíäàìè: ¹ 1

(âîçá.=270 íì) – 1; ¹ 2 (âîçá.=270 íì) – 2; ¹ 3 (âîçá.=367 íì) – 3 è ¹ 4 (âîçá.=270 íì) – 4. (Ââåðõó – â óâåëè÷åííîì

ìàñøòàáå ñïåêòðû êîìïëåêñîâ Eu3+ ñ Lig ¹ 1, 2, 4). (cEu=110–4 M; cLig=110–4 M; pH 8.0; ÒÃÔ=5%)
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Yvon» (Ôðàíöèÿ) ñ êñåíîíîâîé ëàìïîé 450 W, à
òàêæå ñïåêòðîìåòðà ÑÄË-1 (ËÎÌÎ, Ðîññèÿ) ñ
ðòóòíî-êâàðöåâîé ëàìïîé ÄÐØ-250. Âñå èçìå-
ðåíèÿ ïðîâîäèëè ïðè êîìíàòíîé òåìïåðàòóðå
(21–230Ñ). Ñïåêòðû ëþìèíåñöåíöèè êîìïëåê-
ñîâ Eu3+ ðåãèñòðèðîâàëè â îáëàñòè 570–630 íì
ñ ìàêñ=613 íì, (ïåðåõîä 5D0

7F2), à Tb3+ – â îá-
ëàñòè 470–640 íì ñ ìàêñ=547 íì, (ïåðåõîä
5D4

7F5) [1].
Çíà÷åíèÿ ýíåðãèè òðèïëåòíûõ óðîâíåé ñèí-

òåçèðîâàííûõ ðåàãåíòîâ (ET1
) ðàññ÷èòûâàëè èç

ñïåêòðîâ ôîñôîðåñöåíöèè èõ êîìïëåêñîâ ñ Gd3+

ïðè 77 Ê [14].
Ðåçóëüòàòû è èõ îáñóæäåíèå
Ïîñêîëüêó ëþìèíåñöåíöèÿ Ln3+ â êîìïëåê-

ñå îáóñëîâëåíà ïåðåíîñîì ýíåðãèè ê íåìó îò
ëèãàíäà â âîçáóæäåííîì ñîñòîÿíèè, âàæíî, ÷òî-
áû ýíåðãèÿ ET1

 åãî áûëà âûøå ýíåðãèè èçëó÷à-
þùåãî óðîâíÿ Eu3+ (5D0, E=17360 ñì–1) è Tb3+

(5D4, E=20500 ñì–1). Íàéäåííûå çíà÷åíèÿ ET1

ñèíòåçèðîâàííûõ ñîåäèíåíèé ïðèâåäåíû â òàáë. 1.
Èç ñîïîñòàâëåíèÿ çíà÷åíèé ET1

 ëèãàíäîâ ñ ýíåð-
ãèÿìè èçëó÷àþùèõ óðîâíåé Eu3+ è Tb3+ ñëåäóåò,
÷òî â êîìïëåêñàõ Eu3+ âîçìîæåí ïåðåíîñ ýíåð-
ãèè âîçáóæäåíèÿ ê íåìó îò âñåõ ëèãàíäîâ, à â

ñëó÷àå Tb3+ – òîëüêî îò Lig ¹ 2 è ¹ 4. Ïðè
ýòîì åñëè â êîìïëåêñå ñ Lig ¹ 4 (ÔÒÏòÔÌÔ)
ýíåðãåòè÷åñêèé çàçîð Å ìåæäó ET1

 (Lig) è èç-
ëó÷àþùèì óðîâíåì Tb3+ (5D4) íåáîëüøîé – îêî-
ëî 2000 ñì–1, òî â êîìïëåêñå ñ Lig ¹ 2
(ÔÒÏÌòÔ) îí ñîñòàâëÿåò 7000 ñì–1, ÷òî îáóñ-
ëîâëèâàåò çíà÷èòåëüíûå ïîòåðè ýíåðãèè âîçáóæ-
äåíèÿ ïðè ïåðåíîñå îò Lig ê èîíó Ln3+ â êîìï-
ëåêñå [1]. Ýòî ïîäòâåðæäàþò ïðèâåäåííûå â òàáë. 2
çíà÷åíèÿ èíòåíñèâíîñòè ëþìèíåñöåíöèè (Iëþì.)
äâîéíûõ è ðàçíîëèãàíäíûõ êîìïëåêñîâ Eu3+ è
Tb3+. Òàê, ëþìèíåñöåíöèÿ äâîéíîãî êîìïëåêñà
Tb3+ ñ Lig ¹ 4 â 5 ðàç âûøå, ÷åì åãî êîìïëåêñà
ñ Lig ¹ 2. Òî æå íàáëþäàåòñÿ â ñëó÷àå êîìïëåê-
ñîâ Eu3+: ÷åì ìåíüøå ýíåðãåòè÷åñêèé çàçîð ìåæ-
äó ET1

 (Lig) è ýíåðãèåé èçëó÷àþùåãî óðîâíÿ (5D0),
òåì âûøå Iëþì. êîìïëåêñà ñ Lig ¹ 3.

Èññëåäîâàíèå âëèÿíèÿ âòîðûõ ëèãàíäîâ
ïîêàçàëî, ÷òî â ðàñòâîðàõ íà ïîðÿäîê è áîëåå
ìîæåò áûòü óâåëè÷åíà Iëþì. êîìïëåêñîâ Eu3+ è
Tb3+ ñ èññëåäóåìûìè ëèãàíäàìè ïðè ïðèñîåäè-
íåíèè ê íèì 1,10-ôåíàíòðîëèíà (Ôåí). Òðèôå-
íèëôîñôèíîêñèä (ÒÔÔÎ) è òðèîêòèëôîñôè-
íîêñèä (ÒÎÔÎ) ìåíåå ýôôåêòèâíû, âîçìîæíî,
çà ñ÷åò ñîçäàâàåìûõ íèìè áóëüøèõ ñòåðè÷åñêèõ

Ðèñ. 2. Ñïåêòðû âîçáóæäåíèÿ (ëþì.=545 íì) – (à) è ëþìèíåñöåíöèè – (á) ðàñòâîðîâ êîìïëåêñîâ Tb3+ ñ ëèãàíäàìè: ¹ 2

(âîçá.=270 íì) – 1 è ¹ 4 (âîçá.=278 íì) – 2. (Ââåðõó – â óâåëè÷åííîì ìàñøòàáå ñïåêòð êîìïëåêñà Tb3+ ñ Lig ¹ 1).

(cTb=110–4 M; cLig=110–4 M; pH 8.0; ÒÃÔ=5%)
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Ðèñ. 3. Ñïåêòðû âîçáóæäåíèÿ (ëþì.=613 íì) – (à) è ëþìèíåñöåíöèè – (á) êîìïëåêñîâ Eu3+ â òâåðäîì âèäå ñ ëèãàíäàìè:

¹ 1 (âîçá.=270 íì) – 1; ¹ 2 (âîçá.=270 íì) – 2; ¹ 3 (âîçá.=367 íì) – 3 è ¹ 4 (âîçá.=270 íì) – 4. (Ââåðõó – â óâåëè÷åí-

íîì ìàñøòàáå ñïåêòðû êîìïëåêñîâ Eu3+ ñ Lig ¹ 2, 4)

ïðåïÿòñòâèé äëÿ êîîðäèíàöèè ñ öåíòðàëüíûì
èîíîì.

Âëèÿíèå âåëè÷èíû ýíåðãåòè÷åñêîãî çàçîðà
ìåæäó ET1

 ëèãàíäà è ýíåðãèåé èçëó÷àþùåãî óðîâ-
íÿ Ln3+ íàãëÿäíî äåìîíñòðèðóþò òàêæå ñïåê-
òðû âîçáóæäåíèÿ è ëþìèíåñöåíöèè ðàñòâîðîâ
êîìïëåêñîâ Eu3+ ñ ëèãàíäàìè ¹ 1–4 (ðèñ. 1) è

êîìïëåêñîâ Tb3+ ñ ëèãàíäàìè ¹ 2 è ¹ 4 (ðèñ. 2).
Èç ñðàâíåíèÿ èõ ñëåäóåò, ÷òî êàê íèçêèå, òàê è
î÷åíü âûñîêèå çíà÷åíèÿ ET1

 ëèãàíäîâ îòíîñè-
òåëüíî ýíåðãèè èçëó÷àþùèõ óðîâíåé Ln3+, íå
îáåñïå÷èâàþò ýôôåêòèâíîãî ïåðåíîñà ýíåðãèè
âîçáóæäåíèÿ Lig*Ln3+ è íàáëþäåíèÿ èíòåíñèâ-
íîé åãî ëþìèíåñöåíöèè.

Òàáëèöà 2

Èíòåíñèâíîñòü ëþìèíåñöåíöèè êîìïëåêñîâ Eu3+ è Tb3+ ñ ïðîèçâîäíûìè ïèðàçîëèí-5-îíà â îòñóòñòâèå (I0) è â
ïðèñóòñòâèè (I1) âòîðûõ ëèãàíäîâ (Lig II): ñLn=110–4 Ì; ñLig=110–4 Ì; ñLig II=110–4 Ì; ÒÃÔ=5%; EtOH=1%;

pH 8,0

Ïðèìå÷àíèå: I1/I0 (ðàç) – îòíîñèòåëüíîå óâåëè÷åíèå Iëþì. êîìïëåêñà Ln3+ â ïðèñóòñòâèè âòîðîãî ëèãàíäà.

Iлюм. в присутствии Lig II (I1), отн.ед./I1/I0 

Eu3+ Tb3+ № 

п/п 
Реагент 

– 

(I0) 
Фен ТОФО ТФФО 

– 

(I0) 
Фен ТОФО ТФФО 

1 ФТПдМ 4,5/1,0 27,0/6,0 24,0/5,5 4,0/0,9 8,0/1,0 19,0/2,4 5,0/0,6 6,0/0,8 

2 ФТПМтФ 13,0/1,0 143,5/11,0 15,5/1,2 13,5/1,0 23,0/1,0 248,0/10,8 23,0/1,0 26,0/1,1 

3 ФТПМФ 12 744,0/1,0 3 924,0/0,3 3 132,0/0,2 13 608,0/1,1 33,5/1,0 71,0/2,1 25,5/0,8 50,5/1,5 

4 ФТПтФМФ 8,5/1,0 69,5/8,2 23,5/2,8 9,5/1,1 117,0/1,0 344,0/2,9 96,0/0,8 106,0/0,9 
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Íà ðèñ. 3 è 4 ïðèâåäåíû ñïåêòðû âîçáóæ-
äåíèÿ è ëþìèíåñöåíöèè êîìïëåêñîâ Eu3+ è Tb3+,
âûäåëåííûõ â òâåðäîì âèäå. Ïðè ñîïîñòàâëå-
íèè èõ ñî ñïåêòðàìè ðàñòâîðîâ êîìïëåêñîâ (ðèñ. 1
è 2) âèäíî, ÷òî ñòðóêòóðà ñïåêòðîâ âîçáóæäåíèÿ
íå èçìåíÿåòñÿ. Ñîõðàíÿåòñÿ îíà è â ñëó÷àå ñïåê-
òðîâ ëþìèíåñöåíöèè êîìïëåêñîâ Tb3+ (ñðàâíèòü
ðèñ. 2 è 4). Ñóùåñòâåííîå ðàñùåïëåíèå ïîëîñ
ëþìèíåñöåíöèè íàáëþäàåòñÿ â ñëó÷àå òâåðäûõ
êîìïëåêñîâ Eu3+ (ñðàâíèòü ðèñ. 1 è 3): ñëàáîå,
ñîîòâåòñòâóþùåå ïåðåõîäàì 5D0

7F1 (ìàêñ=590 íì)
è 5D0

7F4 (ìàêñ=695 íì), è ñèëüíîå, ñîîòâåò-
ñòâóþùåå ñâåðõ÷óâñòâèòåëüíîìó ïåðåõîäó
5D0

7F2 (ìàêñ=613 íì), ÷òî ìîæåò áûòü îáóñ-
ëîâëåíî ñíèæåíèåì ñèììåòðèè êîîðäèíàöèîí-
íîãî ïîëèýäðà.

Ïðè ýòîì èíòåíñèâíîñòü ëþìèíåñöåíöèè
òâåðäûõ êîìïëåêñîâ êàê Eu3+, òàê è Tb3+ íà ïî-
ðÿäîê ïðåâûøàåò âåëè÷èíó åå äëÿ êîìïëåêñîâ â
ðàñòâîðàõ çà ñ÷åò èñêëþ÷åíèÿ áåçûçëó÷àòåëüíûõ
ïîòåðü ýíåðãèè âîçáóæäåíèÿ, îáóñëîâëåííûõ
äèôôóçèåé [8].

ÈÊ-ñïåêòðû ëèãàíäîâ ¹ 1–4 è êîìïëåê-
ñîâ â òâåðäîì âèäå Eu3+ è Tb3+ ñ íèìè ïîäòâåð-
æäàþò íàëè÷èå êîîðäèíàöèè èîíîâ Ln3+ ñ àòî-
ìàìè êèñëîðîäà >C=O-ãðóïï ëèãàíäîâ – ñìå-
ùåíèå (C–O)Lig=1580–1570 ñì–1 â ñòîðîíó
âûñîêî÷àñòîòíûõ êîëåáàíèé (1627–1600 ñì–1),
à òàêæå ïîÿâëåíèå â ñïåêòðàõ êîìïëåêñîâ Eu3+

è Tb3+ ïîëîñ ïîãëîùåíèÿ Ln–O â îáëàñòè 514–
510 ñì–1 [15].

Âûâîäû
Ïðîâåäåííîå èññëåäîâàíèå êîìïëåêñîîá-

ðàçîâàíèÿ èîíîâ Eu3+ è Tb3+ ñ ïðîèçâîäíûìè
ïèðàçîëèí-5-îíà ïîêàçàëî âîçìîæíîñòü íàáëþ-
äåíèÿ èíòåíñèâíîé ëþìèíåñöåíöèè îáðàçó-
þùèõñÿ ñîåäèíåíèé ïðè íàëè÷èè íåáîëüøîãî
ýíåðãåòè÷åñêîãî çàçîðà ìåæäó ET1

 (Lig) è ýíåð-
ãèåé èçëó÷àþùåãî óðîâíÿ Ln3+. Ïðè ýòîì íà
ïîðÿäîê âåëè÷èíû âîçðàñòàåò ëþìèíåñöåíöèÿ
ðàñòâîðîâ ðàçíîëèãàíäíûõ êîìïëåêñîâ, âêëþ-
÷àþùèõ 1,10-ôåíàíòðîëèí, à òàêæå äâîéíûõ,
âûäåëåííûõ â òâåðäîì âèäå.
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ÑÈÍÒÅÇ ² ËÞÌ²ÍÅÑÖÅÍÒÍ² ÂËÀÑÒÈÂÎÑÒ²
ÊÎÌÏËÅÊÑ²Â Eu3+ ² Tb3+ Ç ÏÎÕ²ÄÍÈÌÈ Ï²ÐÀÇÎË²Í-
5-ÎÍÀ

Ñ.Á. Ìåøêîâà, Í.Ò. Ïîõîäèëî, Ï.Ã. Äîãà, Î.ß. Øèéêà

Ó äàí³é ðîáîò³ äîñë³äæåí³ óìîâè óòâîðåííÿ ³ ëþì³íåñ-
öåíö³¿ êîìïëåêñ³â Eu3+ ³ Tb3+ ç ñèíòåçîâàíèìè ïîõ³äíèìè ï³ðà-
çîë³í-5-îíà, ùî ì³ñòÿòü -äèêåòîíîâå óãðóïóâàííÿ. Çã³äíî ç³
çíàéäåíèì çíà÷åííÿì åíåðã³¿ òðèïëåòíèõ ð³âí³â ë³ãàíä³â (ET1 

)
ç’ÿñîâàíà ìîæëèâ³ñòü ¿¿ ïåðåíåñåííÿ äî öåíòðàëüíîãî ³îíà Eu3+

â³ä âñ³õ ë³ãàíä³â ó çáóäæåíîìó ñòàí³, à äî ³îíà Tb3+ – ò³ëüêè ó
êîìïëåêñàõ ç äâîìà ë³ãàíäàìè, ET

1
 ÿêèõ âèùå åíåðã³¿ âèïðîì³-

íþþ÷îãî ð³âíÿ ³îíà Tb3+. Çíàéäåíî, ùî ³íòåíñèâí³ñòü 4f-ëþì³-
íåñöåíö³¿ êîìïëåêñ³â Eu3+ ³ Tb3+ çàëåæèòü â³ä âåëè÷èíè åíåðãå-
òè÷íîãî çàçîðà (E) ì³æ ET

1
 ³ åíåðã³ºþ âèïðîì³íþþ÷îãî ð³âíÿ

³îíà ëàíòàí³äó. ßê ïðè íèçüêîìó, òàê ³ ïðè äóæå âèñîêîìó
çíà÷åíí³ E, ³íòåíñèâí³ñòü ëþì³íåñöåíö³¿ êîìïëåêñ³â Eu3+ ³ Tb3+

çíèæóºòüñÿ â ïîð³âíÿíí³ ç îïòèìàëüíèì åíåðãåòè÷íèì çàçî-
ðîì. Âñòàíîâëåíî çá³ëüøåííÿ íà ïîðÿäîê âåëè÷èíè ³ á³ëüøå ³íòåí-
ñèâíîñò³ ëþì³íåñöåíö³¿ ðîç÷èí³â êîìïëåêñ³â Eu3+ ³ Tb3+ ïðè ïðè-
ºäíàíí³ äî íèõ äðóãîãî ë³ãàíäó – 1,10-ôåíàíòðîë³íó. Äîäàâàííÿ
òðèôåí³ëôîñô³íîêñèäó ³ òðèîêòèëôîñô³íîêñèäó ìåíø åôåêòèâ-
íî, ìîæëèâî, çà ðàõóíîê ñòâîðþâàíèõ íèìè á³ëüøèõ ñòåðè÷íèõ
ïåðåøêîä äëÿ êîîðäèíàö³¿ ç öåíòðàëüíèì ³îíîì. Êîîðäèíàö³ÿ
³îí³â Ln3+ ç ôóíêö³îíàëüíèìè ãðóïàìè ë³ãàíä³â ï³äòâåðäæåíà
²×-ñïåêòðàìè êîìïëåêñ³â ó òâåðäîìó ñòàí³.

Êëþ÷îâ³ ñëîâà: ïîõ³äí³ ï³ðàçîë³í-5-îíà, ºâðîï³é, òåðá³é,
êîìïëåêñ, ëþì³íåñöåíö³ÿ.

SYNTHESIS AND LUMINESCENCE PROPERTIES OF
Eu3+ AND Tb3+ COMPLEXES WITH PYRAZOLIN-5-ONE
DERIVATIVES

S.B. Meshkova a, N.T. Pokhodylo b, P.G. Doga a, O.Y. Shyyka b

a A.V. Bogatsky Physico-Chemical Institute of the National
Academy of Sciences of Ukraine, Odessa, Ukraine

b Ivan Franko National University of Lviv, Lviv, Ukraine

In this paper, the conditions for the formation and luminescence
of Eu3+ and Tb3+ complexes with synthesized pyrazolin-5-one
derivatives containing -diketone groups was investigated. The
evaluated values of the triplet level energy of ligands (ET1 

) revealed
the possibility of its transfer to the central Eu3+ ion from all ligands
in the excited state, while this transfer to the Tb3+ ion is possible
only in complexes with two ligands in which ET

1
 values are higher

than the emitting level of Tb3+ ion. It was determined that the 4f
luminescence intensity of Eu3+ and Tb3+ complexes depends on the
energy gap (E) between ET

1
 and the energy of the emitting level of

the lanthanide ion. The luminescence intensity of Eu3+ and Tb3+

complexes decreases as compared with the optimal energy gap both
at low values of E and at very high values of E. An increase in the
luminescence of the solutions of Eu3+ and Tb3+ complexes by an
order of magnitude and more was established when the second ligand,
1,10-phenanthroline, has been added to them. The addition of
triphenylphosphine oxide and trioctylphosphine oxide is less effective
possibly due to the higher steric hindrances that they create for
coordination with the central ion. The coordination of Ln3+ ions
with the functional groups of the ligands was confirmed by IR spectra
of complexes in a solid state.

Keywords: pyrazolin-5-one derivatives; europium; terbi-
um; complexes; luminescence.
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