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Ñòðóêòóðà òà àíòèì³êðîáí³ âëàñòèâîñò³ ì³äüâì³ñíèõ
ïîë³ìåðíèõ íàíîêîìïîçèò³â
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²íñòèòóò õ³ì³¿ âèñîêîìîëåêóëÿðíèõ ñïîëóê ÍÀÍ Óêðà¿íè
48, Õàðê³âñüêå øîñå, Êè¿â, 02160, Óêðà¿íà

Äîñë³äæåíî îñîáëèâîñò³ ñòðóêòóðíî¿ îðãàí³çàö³¿ òà àíòèì³êðîáí³ âëàñòèâîñò³ ì³äüâì³ñíèõ
ïîë³ìåðíèõ íàíîêîìïîçèò³â, ñôîðìîâàíèõ ìåòîäàìè õ³ì³÷íîãî òà òåðìîõ³ì³÷íîãî â³äíîâëåííÿ
³îí³â ìåòàë³â ó ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñàõ ïåêòèí–Cu2+–ïîë³åòèëåí³ì³í. Ïîêàçàíî,
ùî ïðè õ³ì³÷íîìó â³äíîâëåíí³ ³îí³â Cu2+ ôîðìóþòüñÿ íàíîêîìïîçèòè òèïó ÿäðî-îáîëîíêà
Cu/Cu2O, ïðè öüîìó ñòðóêòóðíèé ïðîÿâ ìåòàë³÷íî¿ ôàçè Cu ðåàë³çóºòüñÿ ïîâíîþ ì³ðîþ çà
ìîëüíîãî ñï³ââ³äíîøåííÿ BH4

–:Cu2+=6 ³ òðèâàëîñò³ â³äíîâëåííÿ 2 ãîä. Âèÿâëåíî, ùî ïðè
òåðìîõ³ì³÷íîìó â³äíîâëåíí³ ³îí³â Cu2+ îïòèìàëüíèìè ïàðàìåòðàìè º òåìïåðàòóðà 170 °Ñ ³ ÷àñ
30 õâ. Äîñë³äæåííÿ îòðèìàíèõ íàíîêîìïîçèò³â ïîêàçàëî âèñîêó àíòèì³êðîáíó àêòèâí³ñòü ùîäî
øòàì³â S. aureus ³ E. coli.

Êëþ÷îâ³ ñëîâà: ïîë³åëåêòðîë³òí³ êîìïëåêñè, ïîë³åëåêòðîë³ò-ìåòàë³÷í³ êîìïëåêñè, ì³äüâì³ñíèé íàíîêîìïîçèò,
ñòðóêòóðà, àíòèì³êðîáíà àêòèâí³ñòü.

Âñòóï.
Îñòàíí³ì ÷àñîì çíà÷íîãî ðîçâèòêó â ãàëóçÿõ íà-

íîõ³ì³¿ òà íàíîòåõíîëîã³¿ íàáóâ íàïðÿì ôîðìóâàííÿ
ïîë³ìåðíèõ íàíîêîìïîçèò³â. Ñåðåä òàêèõ ìàòåð³àë³â
îñîáëèâå ì³ñöå ïîñ³äàþòü ìåòàëîíàïîâíåí³ ïîë³ìåðí³
íàíîêîìïîçèòè, ùî ïîÿñíþºòüñÿ ¿õí³ìè óí³êàëüíèìè
âëàñòèâîñòÿìè ³ øèðîêîþ ñôåðîþ çàñòîñóâàííÿ (äëÿ
ïðîåêòóâàííÿ êàòàë³òè÷íèõ ñèñòåì, à òàêîæ â îïòîåëåê-
òðîí³ö³ é íàíîôîòîí³ö³) [1, 2]. Ïðè íàïîâíåíí³ ïîë³ìåð-
íèõ ìàòðèöü íàíî÷àñòèíêàìè ñð³áëà é ì³ä³ âîíè íàáó-
âàþòü íîâèõ íàäçâè÷àéíî ö³ííèõ âëàñòèâîñòåé ³ ìîæóòü
âèêîðèñòîâóâàòèñÿ ÿê åôåêòèâí³ àíòèáàêòåð³àëüí³ òà
ïðîòèâ³ðóñí³ ïðåïàðàòè ó ìåäèöèí³, ôàðìàêîëîã³¿ òà
á³îõ³ì³¿ [3, 4], à òîìó ïîòðåáóþòü ôóíäàìåíòàëüíîãî
äîñë³äæåííÿ é âèâ÷åííÿ ¿õí³õ ñòðóêòóðè, ìîðôîëîã³¿ ³
àíòèì³êðîáíèõ âëàñòèâîñòåé.

Ìåòîþ ö³º¿ ðîáîòè áóëî âèâ÷åííÿ îñîáëèâîñòåé
ñòðóêòóðíî¿ îðãàí³çàö³¿ òà àíòèì³êðîáíî¿ àêòèâíîñò³
(ùîäî øòàì³â S. aureus òà E. coli) ïîë³ìåðíèõ ïë³âîê íà
îñíîâ³ ïîë³åëåêòðîë³òíèõ êîìïëåêñ³â ³ íàíî÷àñòèíîê
ì³ä³, îòðèìàíèõ ìåòîäàìè õ³ì³÷íîãî òà òåðìîõ³ì³÷íî-
ãî â³äíîâëåííÿ ³îí³â ì³ä³ ó ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ
êîìïëåêñàõ.
Åêñïåðèìåíòàëüíà ÷àñòèíà.

Äëÿ îòðèìàííÿ ïîë³åëåêòðîë³òíèõ êîìïëåêñ³â (ÏÅÊ)
âèêîðèñòîâóâàëè ñëàáê³ ïîë³åëåêòðîë³òè: àí³îííèé ïîë³-
åëåêòðîë³ò – ïåêòèí öèòðóñîâèé âèðîáíèöòâà “Cargill
Deutschland GmbH” (Í³ìå÷÷èíà), Ì = 3·104; êàò³îííèé
ïîë³åëåêòðîë³ò – ïîë³åòèëåí³ì³í (ÏÅ²) ðîçãàëóæåíî¿ áóäî-
âè (áåçâîäíèé) âèðîáíèöòâà ô³ðìè “Aldrich”, Ìn = 1·104,
Ìw = 2,5·104.

Ïë³âêè ÏÅÊ ôîðìóâàëè øëÿõîì çì³øóâàííÿ 5 %-
âèõ âîäíèõ ðîç÷èí³â ïåêòèíó ³ ÏÅ², âçÿòèõ çà ìîëüíîãî
ñï³ââ³äíîøåííÿ 1:1, çà Ò = 20±2 °Ñ. Îòðèìàí³ òàêèì ÷è-
íîì ÏÅÊ âèëèâàëè íà ïîë³òåòðàôòîðåòèëåíîâ³ ïëàñòè-
íè é ñóøèëè çà ò³º¿ æ òåìïåðàòóðè äî ñòàëî¿ ìàñè. Ñóõ³
ïë³âêè ÏÅÊ ïðîìèâàëè â äèñòèëüîâàí³é âîä³ äî äîñÿã-
íåííÿ íåéòðàëüíîãî pH ³ çíîâó ñóøèëè çà òàêî¿ æ òåì-
ïåðàòóðè äî ñòàëî¿ ìàñè. Òîâùèíà ïë³âîê ÏÅÊ ñòàíî-
âèëà 100 ìêì.

Çðàçêè ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â
(ÏÌÊ) îòðèìóâàëè, çàíóðþþ÷è ïë³âêè ÏÅÊ ó âîäíèé
ðîç÷èí ñîë³ CuSÎ4 çà êîíöåíòðàö³¿ 0,1 ìîëü/ë. Ïðè öüî-
ìó ïðîçîð³ áåçáàðâí³ ïë³âêè ÏÅÊ íàáóâàëè òåìíî-ñè-
íüîãî êîëüîðó.

Õ³ì³÷íå â³äíîâëåííÿ ³îí³â Cu2+ â îá’ºì³ ÏÌÊ âèêî-
íóâàëè çà äîïîìîãîþ áîðîã³äðèäó íàòð³þ. Ó ðåçóëü-
òàò³ â³äíîâëåííÿ ïë³âêè ÏÅÊ, ÿê³ ì³ñòèëè ÑuSO4, çì³íþ-
âàëè êîë³ð ³ç ñèíüîãî íà òåìíî-êîðè÷íåâèé.

Òåðìîõ³ì³÷íå â³äíîâëåííÿ ³îí³â Cu2+ â îá’ºì³ ÏÌÊ
çä³éñíþâàëè øëÿõîì íàãð³âàííÿ ïë³âîê ó ä³àïàçîí³ òåì-
ïåðàòóð 120–190 °Ñ ïðîòÿãîì 30 õâ. Çðàçêè íàãð³âàëè â
ï³÷ö³ çà äîïîìîãîþ òåðìîðåãóëÿòîðà VRT-3. Òî÷í³ñòü
âèì³ðþâàííÿ òåìïåðàòóðè ñòàíîâèëà ±0,5 °Ñ.

Ñîðáö³éíó ºìí³ñòü (À, ììîëü/ã) ïë³âîê îá÷èñëþâàëè
çà ôîðìóëîþ:

 A = (CÏ – CÐ)V/m,
äå: m – íàâàæêà ñîðáåíòó; V – îá’ºì ðîç÷èíó; CÏ ³ CÐ –
ïî÷àòêîâà é ð³âíîâàæíà êîíöåíòðàö³ÿ ³îí³â ì³ä³.

Ñîðáö³éíà ºìí³ñòü äîñë³äæóâàíèõ ïë³âîê ñòàíîâè-
ëà 2,9 ììîëü/ã.
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Îñîáëèâîñò³ ñòðóêòóðíî¿ îðãàí³çàö³¿ ì³äüâì³ñíèõ
íàíîêîìïîçèò³â âèâ÷àëè ìåòîäîì øèðîêîêóòîâî¿ ðåí-
òãåí³âñüêî¿ äèôðàêö³¿ íà äèôðàêòîìåòð³ ÄÐÎÍ-4-07,
ðåíòãåíîîïòè÷íà ñõåìà ÿêîãî âèêîíàíà “íà ïðîõîäæåí-
íÿ” ïåðâèííîãî ïó÷êà âèïðîì³íþâàííÿ êð³çü äîñë³ä-
æóâàíèé çðàçîê. Ðåíòãåíîñòðóêòóðí³ äîñë³äæåííÿ ïðî-
âîäèëè â CuÊá-âèïðîì³íþâàíí³, ìîíîõðîìàòèçîâàíî-
ìó Ni-ô³ëüòðîì, çà Ò = 20±2 °Ñ.

Àíòèì³êðîáíó àêòèâí³ñòü ì³äüâì³ñíèõ íàíîêîìïî-
çèò³â, îòðèìàíèõ ìåòîäîì õ³ì³÷íîãî òà òåðìîõ³ì³÷íî-
ãî â³äíîâëåííÿ ³îí³â ìåòàë³â ó ÏÌÊ, âèâ÷àëè ùîäî ðå-
ôåðåíòíèõ øòàì³â óìîâíî-ïàòîãåííèõ ì³êðîîðãàí³çì³â
Staphylococcus aureus ATCC 6538 òà Escherichia coli
ATCC 35218 ÿê ìîäåëüíèõ ãðàìïîçèòèâíèõ ³ ãðàìíåãà-
òèâíèõ áàêòåð³é. Äîñë³äæåííÿ âèêîíóâàëè ìåòîäîì
äèôóç³¿ â àãàð íà òâåðäîìó ïîæèâíîìó ñåðåäîâèù³ LB
(Luria-Bertani). ×àøêè Ïåòð³ ç ïîæèâíèì ñåðåäîâèùåì
LB çàñ³âàëè 10µL ³íîêóëÿòó òåñò-ì³êðîîðãàí³çì³â S.
aureus òà E. coli ç ðîçðàõóíêó 2·105 ÊÓÎ/ìë. Ïë³âêè íà-
íîêîìïîçèò³â ðîçì³ðîì 10×10 ìì ïîì³ùàëè íà ïîâåðõ-
íþ ïîæèâíîãî ñåðåäîâèùà, çàñ³ÿíîãî òåñò-ì³êðîîðãà-
í³çìàìè. ×àøêè ³íêóáóâàëè 24 ãîä çà òåìïåðàòóðè
37 °Ñ. Ïîêàçíèêîì àíòèì³êðîáíî¿ àêòèâíîñò³ áóëà íà-
ÿâí³ñòü ÷³òêî¿ çîíè, â³ëüíî¿ â³ä ì³êðîîðãàí³çì³â, íàâêî-
ëî ïë³âêè ì³äüâì³ñíîãî íàíîêîìïîçèòó. Êîíòðîëåì ñëó-
ãóâàëà ïë³âêà ÏÅÊ.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Ðàí³øå â ðîáîò³ [5] ìåòîäîì ðåíòãåíîñòðóêòóðíî-
ãî àíàë³çó íàìè áóëî âñòàíîâëåíî, ùî â ðåçóëüòàò³
õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â Cu2+ â ïîë³åëåêòðîë³ò-ìå-
òàë³÷íèõ êîìïëåêñàõ çà äîïîìîãîþ NaBH4 ôîðìóþòü-
ñÿ íàíîêîìïîçèòè íà îñíîâ³ ïîë³åëåêòðîë³òíîãî êîìï-
ëåêñó ïåêòèí-ÏÅ² ³ íàíî÷àñòèíîê òèïó ÿäðî-îáîëîíêà
Cu/Cu2O. Àíàë³ç ðåíòãåí³âñüêèõ äèôðàêòîãðàì ïîêàçàâ

çàëåæí³ñòü ñòðóêòóðè íàíî÷àñòèíîê â³ä ñï³ââ³äíîøåí-
íÿ BH4

–/Cu2+ ó ñèñòåì³. Âèÿâëåíî, ùî ñòðóêòóðíèé ïðî-
ÿâ ìåòàë³÷íî¿ ôàçè Ñu ïîâíîþ ì³ðîþ ðåàë³çóºòüñÿ çà
ìîëüíîãî ñï³ââ³äíîøåííÿ BH4

–/Cu2+=6 (ðèñ. 1).
Ó çâ’ÿçêó ç öèì áóëè ïðîâåäåí³ äîñë³äæåííÿ ç îòðè-

ìàííÿ ì³äüâì³ñíèõ íàíîêîìïîçèò³â çà îïòèìàëüíîãî
ìîëüíîãî ñï³ââ³äíîøåííÿ BH4

–:Cu2+=6 çàëåæíî â³ä òðè-
âàëîñò³ â³äíîâëåííÿ. Ç àíàë³çó øèðîêîêóòîâèõ ðåíòãå-
í³âñüêèõ äèôðàêòîãðàì (ðèñ. 2) âèäíî, ùî íàâ³òü çà
ì³í³ìàëüíî¿ òðèâàëîñò³ â³äíîâëåííÿ (40 õâ) â³äáóâàºòü-
ñÿ ïîâíå â³äíîâëåííÿ ³îí³â Cu â ïîë³åëåêòðîë³ò-ìåòà-
ë³÷íèõ êîìïëåêñàõ ³ ôîðìóâàííÿ íàíîêîìïîçèòó òèïó
ÿäðî-îáîëîíêà Cu/Cu2O. Íà öå âêàçóº â³äñóòí³ñòü äè-
ôðàêö³éíîãî ìàêñèìóìó ïðè 2θm ~ 11,2°, ÿêèé õàðàêòå-
ðèçóº ñòðóêòóðó ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â
³ íàÿâí³ñòü äèôðàêö³éíèõ ìàêñèìóì³â çà 2θm ~ 36, 41,
43, 50,1°, ÿê³ õàðàêòåðèçóþòü ñòðóêòóðó Cu òà Cu2O â³äïî-
â³äíî (êðèâà 3). Ïîêàçàíî, ùî ïðîÿâ ìåòàë³÷íî¿ ôàçè
Cu ïîâíîþ ì³ðîþ ðåàë³çóºòüñÿ çà òðèâàëîñò³ â³äíîâ-
ëåííÿ 2 ãîä. Ïîäàëüøå çá³ëüøåííÿ ÷àñó â³äíîâëåííÿ äî
2 ãîä 30 õâ ³ 3 ãîä íå ïðèâîäèòü äî çì³íè ñòðóêòóðè
íàíîêîìïîçèòó. Îòæå, çà äàíèìè ìåòîäó øèðîêîêóòî-
âîãî ðîçñ³þâàííÿ ðåíòãåí³âñüêèõ ïðîìåí³â âñòàíîâëå-
íî, ùî ïðè ôîðìóâàíí³ íàíîêîìïîçèò³â ÏÅÊ–Cu/Cu2O
îïòèìàëüíèé ÷àñ â³äíîâëåííÿ ³îí³â ì³ä³ ó ÏÌÊ ñòàíî-
âèòü 2 ãîä.

Äëÿ îòðèìàííÿ ì³äüâì³ñíèõ íàíîêîìïîçèò³â òàêîæ
âèêîðèñòîâóâàëè ìåòîä òåðìîõ³ì³÷íîãî â³äíîâëåííÿ
³îí³â Cu2+ â ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñàõ. Íà
ðåíòãåí³âñüêèõ äèôðàêòîãðàìàõ ïîë³åëåêòðîë³ò-ìåòà-
ë³÷íèõ êîìïëåêñ³â, ï³ääàíèõ òåìïåðàòóð³ 120–160 °Ñ
ïðîòÿãîì 30 õâ (ðèñ. 3, êðèâ³ 3–6), ñïîñòåð³ãàºòüñÿ çíà÷íå
ïîñëàáëåííÿ ³íòåíñèâíîñò³ äèôðàêö³éíîãî ìàêñèìóìó,
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Ðèñ. 1. Øèðîêîêóòîâ³ ðåíòãåí³âñüê³ äèôðàêòîãðàìè

ÏÅÊ (1), ÏÌÊ (2) ³ ì³äüâì³ñíèõ íàíîêîìïîçèò³â,
îòðèìàíèõ ìåòîäîì õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â ì³ä³ çà
ìîëüíîãî ñï³ââ³äíîøåííÿ BH4

–/Cu2+: 0,5 (3); 1 (4); 2 (5);
3 (6); 4 (7); 5 (8); 6 (9) ³ 10 (10)

Ðèñ. 2. Øèðîêîêóòîâ³ ðåíòãåí³âñüê³ äèôðàêòîãðàìè
ÏÅÊ (1), ÏÌÊ (2) ³ ì³äüâì³ñíèõ íàíîêîìïîçèò³â,
îòðèìàíèõ ìåòîäîì õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â ì³ä³ çà
òðèâàëîñò³ â³äíîâëåííÿ: 40 õâ (3); 1 ãîä (4); 1 ãîä 30 õâ (5);
2 ãîä (6); 2 ãîä 30 õâ (7) ³ 3 ãîä (8)
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ÿêèé õàðàêòåðèçóº ³ñíóâàííÿ ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ
êîìïëåêñ³â, ç³ çì³ùåííÿì éîãî â îáëàñòü á³ëüøèõ êóò³â
ðîçñ³þâàííÿ ðåíòãåí³âñüêèõ ïðîìåí³â (2θ) ç 11,2 äî 13,0°
³, â³äïîâ³äíî, ç³ çìåíøåííÿì ñåðåäíüî¿ âåëè÷èíè áðåã-
ã³âñüêî¿ â³äñòàí³ ì³æ ëàíöþãàìè ìàêðîìîëåêóë, êîîð-
äèíîâàíèõ ³îíàìè Ñu2+, ç 7,9 äî 6,8 À. Êð³ì òîãî, â îá-
ëàñòü á³ëüøèõ êóò³â ðîçñ³þâàííÿ çì³ùóºòüñÿ àìîðôíå
ãàëî, ÿêå õàðàêòåðèçóº áëèçüêèé ïîðÿäîê ôðàãìåíò³â
ìàêðîìîëåêóëÿðíèõ ëàíöþã³â àí³îííîãî é êàò³îííîãî
ïîë³åëåêòðîë³ò³â ïðè ðîçì³ùåíí³ ¿õ â îá’ºì³ ÏÅÊ ç 2θm ~
20,5 äî 21,6°. Öå âêàçóº íà òåíäåíö³þ çìåíøåííÿ áðåã-
ã³âñüêî¿ â³äñòàí³ ì³æ ëàíöþãàìè öèõ ìàêðîìîëåêóë ç
4,3 äî 4,1 À. Íà ðåíòãåí³âñüê³é äèôðàêòîãðàì³ íàíî-
êîìïîçèòó ÏÅÊ–Cu, îòðèìàíîãî çà T = 170 °Ñ, â³äñóòí³é
äèôðàêö³éíèé ìàêñèìóì çà 2θm ~ 11,2°, õàðàêòåðíèé
äëÿ âêàçàíèõ ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â, ³
íàÿâí³ äâà äèôðàêö³éí³ ìàêñèìóìè çà 2θm = 43,0 ³ 50,0°,
ùî â³äïîâ³äàþòü êðèñòàëîãðàô³÷íèì ïëîùèíàì ãðàíå-
öåíòðîâàíî¿ êóá³÷íî¿ ́ ðàòêè ì³ä³, ÿê³ õàðàêòåðèçóþòü-
ñÿ ³íäåêñàìè 111 ³ 200 â³äïîâ³äíî ³ ï³äòâåðäæóþòü íà-
ÿâí³ñòü ìåòàë³÷íî¿ ì³ä³ â ïîë³ìåðí³é ñèñòåì³. Äëÿ íàíî-
êîìïîçèòó ÏÅÊ–Cu, îòðèìàíîãî çà T = 190 °Ñ, ñïîñòå-
ð³ãàºòüñÿ äåùî ³íøà äèôðàêö³éíà êàðòèíà: â³äáóâàºòüñÿ
óøèðåííÿ äèôðàêö³éíîãî ìàêñèìóìó, ùî õàðàêòåðè-
çóº áëèçüêå óïîðÿäêóâàííÿ ôðàãìåíò³â ìàêðîìîëåêó-
ëÿðíèõ ëàíöþã³â àí³îííîãî é êàò³îííîãî ïîë³åëåêò-
ðîë³ò³â ó ñêëàä³ ÏÅÊ ³ çì³ùåííÿ éîãî â îáëàñòü ìåíøèõ
êóò³â ðîçñ³þâàííÿ ðåíòãåí³âñüêèõ ïðîìåí³â (2θ) ç 21,6
äî 19,8°, à, â³äïîâ³äíî, ³ çá³ëüøåííÿ ñåðåäíüî¿ âåëè÷è-
íè áðåãã³âñüêî¿ â³äñòàí³ ì³æ ìàêðîìîëåêóëÿðíèìè ëàí-
öþãàìè ç 4,1 äî 4,5 À (êðèâ³ 7, 8). Öå ìîæå ñâ³ä÷èòè ïðî
ðóéíóâàííÿ ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ ñèñòåì. Òàêîæ
íà äèôðàêòîãðàì³ öüîãî íàíîêîìïîçèòó íàÿâí³

äèôðàêö³éí³ ìàêñèìóìè, ùî õàðàêòåðèçóþòü ñòðóêòó-
ðó ìåòàë³÷íî¿ ì³ä³, àëå çì³ùåí³ íà 0,6° â á³ê á³ëüøèõ
êóò³â, ùî, éìîâ³ðíî, ñâ³ä÷èòü ïðî àãðåãàö³þ íàíî÷àñ-
òèíîê ì³ä³.
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Ðèñ. 3. Øèðîêîêóòîâ³ ðåíòãåí³âñüê³ äèôðàêòîãðàìè

ÏÅÊ (1), ÏÌÊ (2) òà ì³äüâì³ñíèõ íàíîêîìïîçèò³â,
îòðèìàíèõ ìåòîäîì òåðìîõ³ì³÷íîãî â³äíîâëåííÿ ³îí³â ì³ä³
ïðîòÿãîì 30 õâ çà òåìïåðàòóðè: 120 (3); 140 (4); 150 (5);
160 (6); 170 (7) ³ 190 °Ñ (8)

Ðèñ. 4. Ì³êðîôîòîãðàô³¿ ÒÅÌ ì³äüâì³ñíèõ
íàíîêîìïîçèò³â, îòðèìàíèõ ïðè õ³ì³÷íîìó â³äíîâëåíí³
(à, á) òà òåðìîõ³ì³÷íîìó â³äíîâëåíí³ (â, ã) ³îí³â ì³ä³ â
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Îòæå, çà äàíèìè øèðîêîêóòîâî¿ ðåíòãåíîãðàô³¿
ìîæíà çðîáèòè âèñíîâîê, ùî îïòèìàëüíà òåìïåðàòó-
ðà äëÿ â³äíîâëåííÿ ³îí³â Ñu2+ ó ÏÌÊ ç ïîäàëüøèì ôîð-
ìóâàííÿì íàíîêîìïîçèòó ñòàíîâèòü 170 °Ñ.

Ìåõàí³çì òåðìîõ³ì³÷íîãî â³äíîâëåííÿ ïîëÿãàº ó
ïåðåäà÷³ åëåêòðîí³â â³ä àòîì³â àçîòó àì³íîãðóï ïîë³-
åòèëåí³ì³íó äî ³îí³â Cu2+ ïðè ðóéíóâàíí³ ïîë³åëåêò-
ðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â çà òåìïåðàòóðè 170 °C ³ âèùå.

Ïåðåòâîðåííÿ ÏÌÊ íà ì³äüâì³ñí³ íàíîêîìïîçèòè
ï³äòâåðäæóþòü ì³êðîôîòîãðàô³¿ (ðèñ. 4).

Äëÿ åôåêòèâíîãî çàñòîñóâàííÿ îòðèìàíèõ
ì³äüâì³ñíèõ ïîë³ìåðíèõ íàíîêîìïîçèò³â ó ãàëóçÿõ ìå-
äèöèíè, ôàðìàêîëîã³¿ é á³îõ³ì³¿ ñë³ä áóëî îö³íèòè ¿õíþ
á³îëîã³÷íó àêòèâí³ñòü. Âñòàíîâëåíî, ùî àíòèì³êðîáí³
âëàñòèâîñò³ ùîäî äîñë³äæóâàíèõ òåñò-ì³êðîîðãàí³çì³â
çàãàëîì âèù³ â íàíîêîìïîçèò³â, îòðèìàíèõ ñïîñîáîì
òåðìîõ³ì³÷íîãî â³äíîâëåííÿ.

Âèñîêó àíòèì³êðîáíó àêòèâí³ñòü ùîäî ðåôåðåíò-
íèõ øòàì³â äîñë³äæóâàíèõ ì³êðîîðãàí³çì³â S. aureus
òà E. coli. ïîêàçàëè íàíîêîìïîçèòè ÏÅÊ–Cu/Cu2Î, îò-
ðèìàí³ ìåòîäîì õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â Cu2+ ó
ÏÌÊ, ³ ÏÅÊ–Cu, îòðèìàí³ òåðìîõ³ì³÷íèì â³äíîâëåí-
íÿì çà T = 170 °Ñ ïðîòÿãîì 30 õâ (ðèñ. 5).

Ï³ñëÿ 24 ãîä ³íêóáóâàííÿ çà Ò = 37 °Ñ ñïîñòåð³ãàëè
íàÿâí³ñòü ÷³òêî¿ ÷èñòî¿ çîíè íàâêîëî êîíòóð³â ïë³âîê,
ùî âêàçóº íà ³íã³áóâàííÿ ðîñòó ì³êðîîðãàí³çì³â.

Ä³àìåòð çîí çàòðèìêè ðîñòó S. aureus ñòàíîâèâ 22 ìì
äëÿ çðàçê³â, îòðèìàíèõ õ³ì³÷íèì â³äíîâëåííÿì, ³ 23 ñì
– òåðìîõ³ì³÷íèì â³äíîâëåííÿì. Äëÿ E. coli ä³àìåòð çîí
çàòðèìêè ðîñòó ì³êðîîðãàí³çì³â ñòàíîâèâ 18 ³ 22 ñì
â³äïîâ³äíî (òàáëèöÿ).

Ó êîíòðîëüíèõ çðàçêàõ (ïîë³ìåðíà ïë³âêà áåç íàíî-
÷àñòèíîê) ñïîñòåð³ãàëè àêòèâíèé ð³ñò òåñò-ì³êðîîð-
ãàí³çì³â ³ â³äñóòí³ñòü çîí çàòðèìêè ðîñòó.
Âèñíîâêè.

Ì³äüâì³ñí³ ïîë³ìåðí³ íàíîêîìïîçèòè ç àíòèáàêòå-
ð³àëüíèìè âëàñòèâîñòÿìè îòðèìàíî ñïîñîáàìè
õ³ì³÷íîãî é òåðìîõ³ì³÷íîãî â³äíîâëåííÿ, âèâ÷åíî ¿õ
ñòðóêòóðó é àíòèì³êðîáíó àêòèâí³ñòü. Ìåòîäîì øèðî-
êîêóòîâî¿ ðåíòãåíîãðàô³¿ ïîêàçàíî, ùî ïðè õ³ì³÷íîìó
â³äíîâëåíí³ çà äîïîìîãîþ áîðîã³äðèäó íàòð³þ (ìîëü-
íå ñï³ââ³äíîøåííÿ BH4

–/Cu2+=6) âæå ïðîòÿãîì 40 õâ
â³äáóâàºòüñÿ ïîâíå â³äíîâëåííÿ ³îí³â ì³ä³ â ïîë³åëåêò-
ðîë³ò-ìåòàë³÷íèõ êîìïëåêñàõ ³ ôîðìóâàííÿ íàíîêîì-
ïîçèòó òèïó ÿäðî-îáîëîíêà Cu/Cu2O. Ïðè çá³ëüøåíí³
òðèâàëîñò³ ïðîöåñó â³äáóâàºòüñÿ äàëüøå â³äíîâëåííÿ
ôàçè Cu2Î, ³ çà 2 ãîä ïðîÿâ ìåòàë³÷íî¿ ôàçè Cu ðåàë³-
çóºòüñÿ ïîâíîþ ì³ðîþ. Ïðè òåðìîõ³ì³÷íîìó â³äíîâ-
ëåíí³ çà Ò = 120–160 °Ñ â³äáóâàºòüñÿ ïîñòóïîâå ðóéíó-
âàííÿ ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â, à çà îïòè-
ìàëüíî¿ òåìïåðàòóðè 170 °Ñ íà ðåíòãåí³âñüêèõ äèôðàê-
òîãðàìàõ çàô³êñîâàíî ïðîÿâ ìåòàë³÷íî¿ ì³ä³. Äàëüøå
íàãð³âàííÿ íàíîêîìïîçèò³â ïðèçâîäèòü äî òåðì³÷íîãî
ðóéíóâàííÿ ïîë³ìåðíî¿ ìàòðèö³.

Âñòàíîâëåíî âèñîêó àíòèì³êðîáíó àêòèâí³ñòü îò-
ðèìàíèõ ìàòåð³àë³â ùîäî ðåôåðåíòíèõ øòàì³â ì³êðî-
îðãàí³çì³â S. aureus òà E. coli. Ïîêàçàíî, ùî àíòè-
ì³êðîáí³ âëàñòèâîñò³ ùîäî äîñë³äæóâàíèõ òåñò-ì³êðî-
îðãàí³çì³â çàãàëîì êðàù³ â íàíîêîìïîçèò³â, îòðèìà-
íèõ ñïîñîáîì òåðìîõ³ì³÷íîãî â³äíîâëåííÿ.

Àâòîðè âèñëîâëþþòü ïîäÿêó ê.á.í., íàóêîâîìó
ñï³âðîá³òíèêó â³ää³ëó àíòèá³îòèê³â ²íñòèòóòó ì³êðî-
á³îëîã³¿ ³ â³ðóñîëîã³¿ ³ì. Ä.Ê. Çàáîëîòíîãî ÍÀÍ Óê-
ðà¿íè Ðèáàëü÷åíêî Í.Ï. çà ïðîâåäåííÿ äîñë³äæåíü
àíòèì³êðîáíèõ âëàñòèâîñòåé ì³äüâì³ñíèõ ïîë³ìåð-
íèõ íàíîêîìïîçèò³â.

IPEC-CU/Cu2O
(chem. red.)

S. aureus

IPEC-CU
(thermo red.)

IPECà á

E. coli
IPEC-CU/Cu2O

(them. red.)
IPEC-CU

(thermo red.)

IPEC

Ðèñ. 5. Çîáðàæåííÿ ðåçóëüòàò³â âèïðîáóâàííÿ àíòèì³êðîáíî¿ àêòèâíîñò³ äëÿ ì³äüâì³ñíèõ íàíîêîìïîçèò³â,
îòðèìàíèõ øëÿõîì õ³ì³÷íîãî òà òåðìîõ³ì³÷íîãî â³äíîâëåííÿ ³îí³â ì³ä³, ïðîòè øòàì³â E. coli (à) òà S. Aureus (á)

Ìåòîä îòðèìàííÿ 
íàíîêîìïîçèò³â 

Ä³àìåòð çîí çàòðèìêè ðîñòó 
(ìì) 

Staphylococcus 
aureus 

Escherichia 
coli 

Òåðìîõ³ì³÷íå 
â³äíîâëåííÿ, 
ÏÅÊ–Cu 

23,4±1,1 22,5±0,9 

Õì³÷íå â³äíîâëåííÿ, 
ÏÅÊ–Cu/Cu2Î 22,4±0,9 18,1±0,6 

Êîíòðîëüíèé çðàçîê, 
ÏÅÊ – – 

Òàáëèöÿ. Àíòèì³êðîáí³ âëàñòèâîñò³ ì³äüâì³ñíèõ
íàíîêîìïîçèò³â
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Èññëåäîâàíû îñîáåííîñòè ñòðóêòóðíîé îðãàíèçàöèè è àíòèìèêðîáíûå ñâîéñòâà
ìåäüñîäåðæàùèõ ïîëèìåðíûõ íàíîêîìïîçèòîâ, ñôîðìèðîâàííûõ ìåòîäàìè õèìè÷åñêîãî è
òåðìîõèìè÷åñêîãî âîññòàíîâëåíèÿ èîíîâ ìåòàëëîâ â ïîëèýëåêòðîëèò-ìåòàëëè÷åñêèõ êîìïëåêñàõ
ïåêòèí–Cu2+–ïîëèýòèëåíèìèí. Ïîêàçàíî, ÷òî â õîäå õèìè÷åñêîãî âîññòàíîâëåíèÿ èîíîâ Cu2+

ôîðìèðóþòñÿ íàíîêîìïîçèòû òèïà ÿäðî-îáîëî÷êà Cu/Cu2O, ïðè ýòîì ñòðóêòóðíîå ïðîÿâëåíèå
ìåòàëëè÷åñêîé ôàçû Cu ðåàëèçóåòñÿ â ïîëíîé ìåðå ïðè ìîëüíîì ñîîòíîøåíèè BH4

–:Cu2+=6 è
ïðîäîëæèòåëüíîñòè âîññòàíîâëåíèÿ 2 ÷. Îáíàðóæåíî, ÷òî ïðè òåðìîõèìè÷åñêîì
âîññòàíîâëåíèè èîíîâ Cu2+ îïòèìàëüíûìè ïàðàìåòðàìè ÿâëÿþòñÿ òåìïåðàòóðà 170 °Ñ è âðåìÿ
30 ìèí. Èññëåäîâàíèå àíòèìèêðîáíûõ ñâîéñòâ ïîëó÷åííûõ íàíîêîìïîçèòîâ ïîêàçàëî, ÷òî îíè
îáëàäàþò âûñîêîé àíòèìèêðîáíîé àêòèâíîñòüþ ïðîòèâ øòàììîâ S. aureus è E. coli.

Êëþ÷åâûå ñëîâà: ïîëèýëåêòðîëèòíûå êîìïëåêñû, ïîëèýëåêòðîëèò-ìåòàëëè÷åñêèå êîìïëåêñû, ìåäüñîäåðæàùèé
íàíîêîìïîçèò, ñòðóêòóðà, àíòèìèêðîáíàÿ àêòèâíîñòü.
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Peculiarities of structural organization and antimicrobial activity of copper-
containing nanocomposites

V.L. Demchenko, V.I. Shtompel, L.A. Goncharenko, S.M. Kobylinsky, S.V. Riabov

Institute of Macromolecular Chemistry NAS of Ukraine
48, Kharkivske shose, Kyiv, 02160, Ukraine

Metal-polymer nanocomposites possess unique characteristics and a wide range of applications (for
the design of catalytic systems as well as in optoelectronics and nanophotonics). When the polymer
matrices are filled with silver and copper nanoparticles, they acquire new valuable properties and
can be used as effective antibacterial and antiviral drugs in medicine, pharmacology, and biochemistry.
Such materials require a fundamental study of the structure, morphology and antimicrobial properties.
The aim of this work is to study the features of the structural organization and antimicrobial activity
(in relation to S. aureus and E. coli strains) of polymer films based on polyelectrolyte complexes and
copper nanoparticles obtained by chemical and thermochemical reduction of copper ions in
polyelectrolyte-metal complexes. The features of structural organization of copper-containing
nanocomposites were studied by wide-angle X-ray diffraction on a DRON-4-07 diffractometer, the X-
ray optical scheme of which was performed to “pass” primary beam radiation through samples. X-ray
studies were carried out at T = 20 ± 2 °C in CuKá-radiation, monochromated with a Ni-filter. The
antimicrobial activity was studied using reference strains of opportunistic bacteria Staphylococcus
aureus ATCC 6538 and Escherichia coli ATCC 35218 as model of Gram-positive and Gram-negative
bacteria by agar diffusion method on a solid Luria-Bertani nutrient medium. According to the results
of the research, it was found out that the optimal conditions for the reductions of copper ions, namely,
the duration of the chemical reduction process and its temperature are 2 hours and 170 °C, respectively
as well as it was revealed that the obtained materials have high antimicrobial activity on the
microorganisms tested (S. aureus and E. coli). In general, it is shown that antimicrobial activity
against the test microorganisms are better for the nanocomposites obtained by the thermochemical
reduction rather than chemical one.

Key words: polyelectrolyte complexes, polyelectrolyte–metal complexes, copper-containing nanocomposite, structure,
antimicrobial activity.


