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Äîñë³äæåíî îñîáëèâîñò³ ñòðóêòóðíî¿ îðãàí³çàö³¿, ìîðôîëîã³þ, òåðìîìåõàí³÷í³ òà àíòèì³êðîáí³
âëàñòèâîñò³ íàíîêîìïîçèò³â íà îñíîâ³ ïîë³åëåêòðîë³òíèõ êîìïëåêñ³â ïåêòèí–ïîë³åòèëåí³ì³í ³
íàíî÷àñòèíîê ñð³áëà, ÿê³ áóëè îòðèìàí³ õ³ì³÷íèì â³äíîâëåííÿì ³îí³â ñð³áëà â ïîë³åëåêòðîë³ò-
ìåòàë³÷íèõ êîìïëåêñàõ ïåêòèí–Ag+–ïîë³åòèëåí³ì³í. Ïîêàçàíî, ùî âèêîðèñòàííÿ ð³çíèõ çà ñèëîþ
â³äíîâíèê³â: áîðîã³äðèäó íàòð³þ, ã³äðàçèíó òà àñêîðá³íîâî¿ êèñëîòè âïëèâàëî íà ñåðåäí³é ðîçì³ð
íàíî÷àñòèíîê Ag ó ïîë³ìåðí³é ìàòðèö³, ÿêèé ñòàíîâèâ 3,8; 4,3 òà 17,3 íì â³äïîâ³äíî, òîáòî
çá³ëüøóâàâñÿ ç³ çìåíøåííÿì îêèñíî-â³äíîâíîãî ïîòåíö³àëó â³äíîâíèêà. Âñòàíîâëåíî âïëèâ ðîçì³ðó
íàíî÷àñòèíîê ñð³áëà ó ïîë³ìåðí³é ìàòðèö³ íà àíòèì³êðîáíó àêòèâí³ñòü íàíîêîìïîçèò³â.
Ä³àìåòð çîíè çàòðèìêè ðîñòó áàêòåð³é Staphylococcus aureus òà Escherichia coli áóâ íàéá³ëüøèì
(19 ³ 20 ìì) äëÿ íàíîêîìïîçèòó, îòðèìàíîãî  ç âèêîðèñòàííÿì ã³äðàçèíó.

Êëþ÷îâ³ ñëîâà: ïîë³åëåêòðîë³òí³ êîìïëåêñè, ïîë³åëåêòðîë³ò-ìåòàë³÷í³ êîìïëåêñè, ñð³áëîâì³ñíèé íàíîêîìïîçèò,
ñòðóêòóðà, ìîðôîëîã³ÿ, àíòèì³êðîáíà àêòèâí³ñòü.

Âñòóï.
Ïðîòÿãîì îñòàíí³õ äåñÿòèë³òü ³íòåðåñ äî âèâ÷åííÿ íà-

íîðîçì³ðíèõ ÷àñòèíîê ð³çíèõ ìåòàë³â ïîñò³éíî çðîñòàº
[1, 2]. Öå ïîÿñíþºòüñÿ íàñàìïåðåä ¿õí³ìè óí³êàëüíèìè
õàðàêòåðèñòèêàìè, ÿê³ ð³çêî â³äð³çíÿþòü ¿õ â³ä àíàëîã³â
– ì³êðîìàñøòàáíèõ îá’ºêò³â.

Ã³áðèäí³ ìàòåð³àëè, ùî ì³ñòÿòü íàíî÷àñòèíêè
ñð³áëà, ïåðñïåêòèâí³ äëÿ ïðîåêòóâàííÿ êàòàë³òè÷íèõ
ñèñòåì, à òàêîæ äëÿ âèêîðèñòàííÿ â îïòîåëåêòðîí³ö³ òà
íàíîôîòîí³ö³ [3, 4]. Íàíîêîìïîçèòí³ ìàòåð³àëè ç íàíî-
÷àñòèíêàìè ñð³áëà [5–7] øèðîêî çàñòîñîâóþòüñÿ ÿê
åôåêòèâí³ àíòèáàêòåð³àëüí³ òà ïðîòèâ³ðóñí³ ïðåïàðàòè.

Ðîçðîáêà òàêèõ ìàòåð³àë³â íåìîæëèâà áåç ôóíäà-
ìåíòàëüíèõ äîñë³äæåíü ¿õí³õ ñòðóêòóðè, ìîðôîëîã³¿,
ô³çèêî-ìåõàí³÷íèõ ³ àíòèì³êðîáíèõ âëàñòèâîñòåé.

Îòæå, ìåòîþ ðîáîòè º âèâ÷åííÿ îñîáëèâîñòåé ñòðóê-
òóðíî¿ îðãàí³çàö³¿, ìîðôîëîã³¿, òåðìîìåõàí³÷íèõ òà àíòè-
ì³êðîáíèõ âëàñòèâîñòåé íàíîêîìïîçèò³â íà îñíîâ³ ïîë³-
åëåêòðîë³òíèõ êîìïëåêñ³â, ùî âêëþ÷àþòü ïðèðîäíó òà
ñèíòåòè÷íó ñêëàäîâ³ (ïåêòèí–ïîë³åòèëåí³ì³í), ³ íàíî÷àñ-
òèíîê ñð³áëà, îòðèìàíèõ õ³ì³÷íèì â³äíîâëåííÿì ³îí³â
ñð³áëà.

Åêñïåðèìåíòàëüíà ÷àñòèíà.
Äëÿ äîñë³äæåíü âèêîðèñòîâóâàëè ñëàáê³ ïîë³åëåêò-

ðîë³òè: àí³îííèé ïîë³åëåêòðîë³ò – ïåêòèí öèòðóñîâèé
âèðîáíèöòâà “Cargill Deutschland GmbH” (Í³ìå÷÷èíà),
Ì = 3·104; êàò³îííèé ïîë³åëåêòðîë³ò – ïîë³åòèëåí³ì³í (ÏÅ²)
ðîçãàëóæåíî¿ áóäîâè (áåçâîäíèé) âèðîáíèöòâà ô³ðìè
“Aldrich”, Ìn = 1·104, Ìw = 2,5·104. Áîðîã³äðèä íàòð³þ
(NaBH4) (“Aldrich”), ã³äðàçèí (N2H4·H2O) (“Merck”), àñ-
êîðá³íîâà êèñëîòà (C6H8O6) (“Aldrich”).

Ïîë³åëåêòðîë³òí³ êîìïëåêñè ôîðìóâàëè øëÿõîì
çì³øóâàííÿ 5 %-âèõ âîäíèõ ðîç÷èí³â ïåêòèíó é ÏÅ²,
âçÿòèõ çà ìîëüíîãî ñï³ââ³äíîøåííÿ, ð³âíîãî 1:1, çà
Ò = 20±2 °Ñ. Îòðèìàí³ òàêèì ÷èíîì ÏÅÊ âèëèâàëè íà
ïîë³òåòðàôòîðåòèëåíîâ³  ïëàñòèíè é ñóøèëè çà ò³º¿ æ
òåìïåðàòóðè äî ñòàëî¿ ìàñè. Ñóõ³ ïë³âêè ÏÅÊ ïðîìèâà-
ëè â äèñòèëüîâàí³é âîä³ äî äîñÿãíåííÿ íåéòðàëüíîãî
pH ³ çíîâó ñóøèëè çà òàêî¿ æ òåìïåðàòóðè äî ñòàëî¿ ìàñè.
Òîâùèíà ïë³âîê ÏÅÊ ñòàíîâèëà 100 ìêì.

Çðàçêè ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â
(ÏÌÊ) îòðèìóâàëè, çàíóðþþ÷è ïë³âêè ÏÅÊ ó âîäíèé
ðîç÷èí ñîë³ AgNO3 çà êîíöåíòðàö³¿ 0,1 ìîëü/ë. Ïðè
öüîìó ïðîçîð³ áåçáàðâí³ ïë³âêè ÏÅÊ íàáóâàëè
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òåìíî-÷åðâîíîãî êîëüîðó. 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 ñð³áëà.
Ñîðáö³éíà ºìí³ñòü äîñë³äæóâàíèõ ïë³âîê ñòàíîâèëà
5 ììîëü/ã.

Õ³ì³÷íå â³äíîâëåííÿ ³îí³â Ag+ â îá’ºì³ ÏÌÊ âèêî-
íóâàëè çà äîïîìîãîþ òàêèõ â³äíîâíèê³â ÿê áîðîã³äðèä
íàòð³þ (NaBH4), ã³äðàçèí (N2H4) òà àñêîðá³íîâà êèñëîòà
(C6H8O6).

Â³äíîâëåííÿ ³îí³â Ag+ çà äîïîìîãîþ NaBH4 (ÌÑ
[BH4

–] : [Ag+] =3,0) ïðîâîäèëè ó ëóæíîìó ñåðåäîâèù³
çà pH 10,8, ÿêå äîñÿãàëîñÿ â ïðîöåñ³ ðåàêö³¿ ó âîäíîìó
ðîç÷èí³ ïðîòÿãîì 3 ãîä çà Ò = 20±2 °Ñ (äî ïðèïèíåííÿ
âèä³ëåííÿ áóëüáàøîê ãàçó).

Â³äíîâëåííÿ ³îí³â Ag+ çà äîïîìîãîþ N2H4 (ÌÑ
[N2H4] : [Ag+] = 3,0) ïðîâîäèëè ó ëóæíîìó ñåðåäîâèù³
çà pH 13 (ÌÑ [NaOH] : [N2H4] = 1,0) ó âîäíîìó ðîç÷èí³
ïðîòÿãîì 3 ãîä çà Ò = 60±2 °Ñ.

Â³äíîâëåííÿ ³îí³â Ag+ çà äîïîìîãîþ àñêîðá³íîâî¿
êèñëîòè (ÌÑ [C6H8O6] : [Ag+] = 3,0) ïðîâîäèëè ó âîäíî-
ìó ñåðåäîâèù³ çà pH 2,7 ïðîòÿãîì 3 ãîä çà Ò = 60±2 °Ñ.

Êîíöåíòðàö³ÿ â³äíîâíèê³â ó âîäíèõ ðîç÷èíàõ ñòà-
íîâèëà 0,1 ìîëü/ë. Ó ðåçóëüòàò³ â³äíîâëåííÿ ïë³âêè ÏÅÊ,
ÿê³ ì³ñòèëè AgNO3, çì³íþâàëè êîë³ð ç ÷åðâîíîãî íà
ñð³áëÿñòèé. Âñ³ çðàçêè ï³ñëÿ â³äíîâëåííÿ ïðîìèâàëè
ñïèðòîì ³ ñóøèëè çà ê³ìíàòíî¿ òåìïåðàòóðè äî ñòàëî¿
ìàñè.

Äîñë³äæåííÿ ñòðóêòóðè ÏÅÊ (ïåêòèí–ÏÅ²), ÏÌÊ
(ïåêòèí–Ag+–ïîë³åòèëåí³ì³í) ³ íàíîêîìïîçèò³â ÏÅÊ–Ag
ïðîâîäèëè ìåòîäîì øèðîêîêóòîâî¿ äèôðàêö³¿ ðåíòãå-
í³âñüêèõ ïðîìåí³â çà äîïîìîãîþ äèôðàêòîìåòðà
ÄÐÎÍ-4-07, ðåíòãåíîîïòè÷íó ñõåìó ÿêîãî âèêîíàíî çà
ìåòîäîì Äåáàÿ-Øåðåðà íà “ïðîõîäæåííÿ” ïåðâèííî-
ãî ïó÷êà ðåíòãåí³âñüêèõ ïðîìåí³â ÷åðåç çðàçîê. Äîñë³ä-
æåííÿ ïðîâîäèëè â CuKα-âèïðîì³íþâàíí³ (äîâæèíà
õâèë³ λ=1,54 À), ìîíîõðîìàòèçîâàíîìó Ni-ô³ëüòðîì,
çà Ò = 22±2 °Ñ.

Ðîçì³ð íàíî÷àñòèíîê Ag òà ¿õ ðîçïîä³ë ó ïîë³ìåðí³é
ìàòðèö³ äîñë³äæóâàëè çà äîïîìîãîþ òðàíñì³ñ³éíîãî
åëåêòðîííîãî ì³êðîñêîïà JEM-1230 (“JEOL”, ßïîí³ÿ).

Òåðìîìåõàí³÷í³ äîñë³äæåííÿ ïîë³ìåðíèõ ñèñòåì
âèêîíóâàëè ìåòîäîì ïåíåòðàö³¿ â ðåæèì³ îäíîâ³ñíîãî
ïîñò³éíîãî íàâàíòàæåííÿ (σ = 0,5 ÌÏà) íà óñòàíîâö³
ÓÈÏ-70Ì. Ë³í³éíå íàãð³âàííÿ çðàçê³â çä³éñíþâàëè ç³
øâèäê³ñòþ 2,5 °Ñ/õâ ó òåìïåðàòóðíîìó ³íòåðâàë³ â³ä
-100 äî +350 °Ñ.

Àíòèì³êðîáíó àêòèâí³ñòü íàíîêîìïîçèò³â ÏÅÊ–Ag,
îòðèìàíèõ ìåòîäîì õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â Ag+

 ó ÏÌÊ, âèâ÷àëè ùîäî ðåôåðåíòíèõ øòàì³â óìîâíî-
ïàòîãåííèõ ì³êðîîðãàí³çì³â Staphylococcus aureus
ATCC 6538 òà Escherichia coli ATCC 35218 ÿê ìîäåëü-
íèõ ãðàìïîçèòèâíèõ ³ ãðàìíåãàòèâíèõ áàêòåð³é. Äîñë³ä-
æåííÿ âèêîíóâàëè ìåòîäîì äèôóç³¿ â àãàð íà òâåðäîìó
æèâèëüíîìó ñåðåäîâèù³ LB (Luria-Bertani). ×àøêè Ïåòð³

ç æèâèëüíèì ñåðåäîâèùåì LB çàñ³âàëè 10µL ³íîêóëÿòó
òåñò-ì³êðîîðãàí³çì³â S. aureus òà E. coli ç ðîçðàõóíêó
2·105 ÊÓÎ/ìë. Ïë³âêè íàíîêîìïîçèò³â ðîçì³ðîì 10×10 ìì
ïîì³ùàëè íà ïîâåðõíþ æèâèëüíîãî cåðåäîâèùà, çàñ³ÿ-
íîãî òåñò-ì³êðîîðãàí³çìàìè. ×àøêè ³íêóáóâàëè 24 ãîä
çà òåìïåðàòóðè 37 °Ñ. Ïîêàçíèêîì àíòèì³êðîáíî¿ àê-
òèâíîñò³ áóëà íàÿâí³ñòü ÷³òêî¿ çîíè, â³ëüíî¿ â³ä ì³êðîîð-
ãàí³çì³â, íàâêîëî ïë³âêè ñð³áëîâì³ñíîãî íàíîêîìïîçè-
òó. Êîíòðîëåì ñëóãóâàëà ïë³âêà ÏÅÊ.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàë³çó âñòàíîâëå-
íî, ùî ñòåõ³îìåòðè÷íèé ÏÅÊ, óòâîðåíèé åêâ³ìîëüíè-
ìè ê³ëüêîñòÿìè àí³îííîãî òà êàò³îííîãî ïîë³åëåêòðîë³ò³â
ïåêòèíó òà ïîë³åòèëåí³ì³íó, õàðàêòåðèçóºòüñÿ áëèçüêèì
óïîðÿäêóâàííÿì ïðè òðàíñëÿö³¿ ó ïðîñòîð³ ôðàãìåíò³â
ïðîòèëåæíî çàðÿäæåíèõ ìàêðîìîëåêóëÿðíèõ ëàíöþã³â
ïîë³åëåêòðîë³ò³â (ÏÅ), ùî âõîäÿòü äî éîãî ñêëàäó. Íà öå
âêàçóº ïðîÿâ íà ðåíòãåí³âñüê³é äèôðàêòîãðàì³ çðàçêà
ÏÅÊ îäíîãî äèôðàêö³éíîãî ìàêñèìóìó äèôóçíîãî òèïó
çà 2θm≈ 20,8° (ðèñ. 1, êðèâà 1).

Ñåðåäíÿ âåëè÷èíà ïåð³îäó áëèçüêîãî óïîðÿäêóâàííÿ
ôðàãìåíò³â êîìïëåìåíòàðíèõ ìàêðîìîëåêóëÿðíèõ ëàí-
öþã³â ïðîòèëåæíî çàðÿäæåíèõ ÏÅ â îá’ºì³ ÏÅÊ (áðåãã³â-
ñüêà â³äñòàíü ì³æ øàðàìè ìàêðîìîëåêóë àí³îííîãî é
êàò³îííîãî ÏÅ â îá’ºì³ ÏÅÊ), çã³äíî ç  ð³âíÿííÿì Áðåã-
ãà:

d = λ(2sinθm)–1,
äå: λ – äîâæèíà õâèë³ õàðàêòåðèñòè÷íîãî ðåíòãåí³âñü-
êîãî âèïðîì³íþâàííÿ (λ = 1,54 À äëÿ ÑuKα-âèïðîì³íþ-
âàííÿ), ñòàíîâèòü 4,3 À.

Ñîðáö³ÿ AgNO3 çðàçêîì ÏÅÊ ³ ôîðìóâàííÿ ïîë³-
åëåêòðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â ïåêòèí–Ag+–ÏEI
ñóïðîâîäæóºòüñÿ çì³íîþ äèôðàêö³éíî¿ êàðòèíè. Íà
äèôðàêòîãðàìàõ ç’ÿâëÿºòüñÿ ³íòåíñèâíèé äèôóçíèé
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äèôðàêö³éíèé ìàêñèìóì çà 2θm ~ 11,2°, ÿêèé õàðàêòå-
ðèçóº ñòðóêòóðó ïîë³åëåêòðîë³ò-ìåòàë³÷íîãî êîìïëåê-
ñó ïåêòèí–Ag+–ÏEI (êðèâà 2) [8]. Âîäíî÷àñ çíèêàº àìîð-
ôíå ãàëî çà 2θm ~ 20,8°, ùî õàðàêòåðèçóº ñòðóêòóðó
ÏÅÊ ïåêòèí–ÏEI. Öå âêàçóº íà ïîâíå ïåðåòâîðåííÿ

ïîë³åëåêòðîë³òíèõ êîìïëåêñ³â íà ïîë³åëåêòðîë³ò-ìå-
òàë³÷í³ êîìïëåêñè â ïðîöåñ³ ñîðáö³¿ ³îí³â ñð³áëà.

Ï³ñëÿ õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â Ag+ ó ïîë³åëåêò-
ðîë³ò-ìåòàë³÷íèõ êîìïëåêñàõ ç âèêîðèñòàííÿì áîðîã³ä-
ðèäó íàòð³þ çà ìîëüíîãî ñï³ââ³äíîøåííÿ [BH4
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Ðîçì³ð ÷àñòèíîê, íì

Ñåðåäí³é ðîçì³ð = 3,8 íì

Ñåðåäí³é ðîçì³ð = 4,3 íì

Ñåðåäí³é ðîçì³ð = 17,5 íì

Ðèñ. 2. Ì³êðîôîòîãðàô³¿ ÒÅÌ òà ã³ñòîãðàìè ðîçïîä³ëó íà Ag çà ðîçì³ðàìè ñð³áëîâì³ñíèõ íàíîêîìïîçèò³â,
îòðèìàíèõ â³äíîâëåííÿì ³îí³â ñð³áëà çà äîïîìîãîþ: áîðîã³äðèäó íàòð³þ (à); ã³äðàçèíó (á); àñêîðá³íîâî¿ êèñëîòè
(â)

â

á

à
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Ðèñ. 3. Òåðìîìåõàí³÷í³ êðèâ³ (à) ÏÅÊ (1), ïåêòèíó (2) òà ñð³áëîâì³ñíèõ íàíîêîìïîçèò³â (á), îòðèìàíèõ õ³ì³÷íèì
â³äíîâëåííÿì ³îí³â ñð³áëà çà äîïîìîãîþ áîðîã³äðèäó íàòð³þ (1),  ã³äðàçèíó (2), àñêîðá³íîâî¿ êèñëîòè (3)

3,0, ÿêå º îïòèìàëüíèì [8], ç óòâîðåííÿì íàíîêîìïîçè-
òó íà îñíîâ³ ÏÅÊ ³ íàíî÷àñòèíîê Ag íà äèôðàêòîãðàì³
(ðèñ. 1, êðèâà 3) â³äñóòí³é äèôðàêö³éíèé ìàêñèìóì çà
2θm ~ 11,2°, ÿêèé õàðàêòåðèçóº ñòðóêòóðó ïîë³åëåêò-
ðîë³ò-ìåòàë³÷íèõ êîìïëåêñ³â, ³ ç’ÿâëÿþòüñÿ äâà ³íòåí-
ñèâí³ ìàêñèìóìè çà 2θm = 38,2 òà 43,8°, ùî â³äïîâ³äàþòü
êðèñòàëîãðàô³÷íèì ïëîùèíàì ãðàíåöåíòðîâàíî¿ êóá³÷-
íî¿ ́ ðàòêè ñð³áëà, ÿê³ õàðàêòåðèçóþòüñÿ ³íäåêñàìè (111)
³ (200) â³äïîâ³äíî ³ ï³äòâåðäæóþòü íàÿâí³ñòü ìåòàë³÷íî-
ãî ñð³áëà â ñèñòåì³.

Îö³íêà åôåêòèâíîãî ðîçì³ðó êðèñòàë³ò³â íàíî÷àñ-
òèíîê Ag â îá’ºì³ ÏÅÊ, ïðîâåäåíà çà ìåòîäîì Øåððå-
ðà [9]:

L=Kλ(βcosθm)–1,
äå: Ê – ñòàëà, ïîâ’ÿçàíà ç ôîðìîþ êðèñòàë³ò³â (ïðè íå-
â³äîì³é ¿õ ôîðì³ Ê = 0,9); à β – êóòîâà íàï³âøèðèíà
(øèðèíà íà ïîëîâèí³ âèñîòè) ñèíãëåòíîãî äèôðàêö³é-
íîãî ìàêñèìóìó äèñêðåòíîãî òèïó, ïîêàçàëà, ùî äëÿ
ñð³áëîâì³ñíèõ íàíîêîìïîçèò³â, îòðèìàíèõ â³äíîâëåí-
íÿì ³îí³â ñð³áëà áîðîã³äðèäîì íàòð³þ, L ≈  2,3 íì
(ðèñ. 1, êðèâà 3).

Ñð³áëîâì³ñí³ íàíîêîìïîçèòè ïåêòèí–Ag–ÏÅ², îò-
ðèìàí³ øëÿõîì õ³ì³÷íîãî â³äíîâëåííÿ ³îí³â ñð³áëà çà
äîïîìîãîþ ã³äðàçèíó é àñêîðá³íîâî¿ êèñëîòè, ìàþòü
äåùî ³íøó ñòðóêòóðó. Çîêðåìà ñåðåäí³é ðîçì³ð êðèñ-
òàë³ò³â íàíî÷àñòèíîê ñð³áëà â òàêèõ íàíîêîìïîçèòàõ
ñòàíîâèòü 3,5 ³ 3,4 íì â³äïîâ³äíî.

Àíàë³ç ì³êðîôîòîãðàô³é ñð³áëîâì³ñíèõ íàíîêîìïî-
çèò³â, îòðèìàíèõ õ³ì³÷íèì â³äíîâëåííÿì ³îí³â ñð³áëà çà
äîïîìîãîþ ð³çíèõ â³äíîâíèê³â, ïîêàçàâ, ùî íàéìåí-
øîãî ðîçì³ðó íàíî÷àñòèíêè óòâîðþþòüñÿ ïðè â³äíîâ-
ëåíí³ ³îí³â ñð³áëà áîðîã³äðèäîì íàòð³þ (3,8 íì), à íàé-
á³ëüøîãî – ïðè â³äíîâëåíí³ àñêîðá³íîâîþ êèñëîòîþ
(17,5 íì) (ðèñ. 2). Âîäíî÷àñ íàéâóæ÷èé ðîçïîä³ë íàíî-
÷àñòèíîê ñð³áëà çà ðîçì³ðàìè â ïîë³ìåðí³é ìàòðèö³
õàðàêòåðíèé ïðè â³äíîâëåíí³ ³îí³â ñð³áëà çà äîïîìî-
ãîþ ã³äðàçèíó. Ó çâ’ÿçêó ç âèÿâëåíèìè ñòðóêòóðíèìè é

ìîðôîëîã³÷íèìè îñîáëèâîñòÿìè âàæëèâî òàêîæ áóëî
äîñë³äèòè òåðìîìåõàí³÷íó ïîâåä³íêó ñð³áëîâì³ñíèõ
íàíîêîìïîçèò³â. Àíàë³ç òåðìîìåõàí³÷íî¿ êðèâî¿ ïë³âêè
ÏÅÊ  (ðèñ. 3à, êðèâà 1) ïîêàçàâ, ùî òåìïåðàòóðí³ ïåðå-
õîäè, ïîâ’ÿçàí³ ç  òåìïåðàòóðîþ ñêëóâàííÿ ³ â’ÿçêî¿ òå÷³¿,
ëåæàòü ó ä³àïàçîíàõ 25–145 ³ 265–335 °Ñ â³äïîâ³äíî. Êð³ì
òîãî, â ³íòåðâàë³ òåìïåðàòóð 150–245 °Ñ ñïîñòåð³ãàºòü-
ñÿ òåìïåðàòóðíèé ïåðåõ³ä, çóìîâëåíèé ïëàâëåííÿì
êðèñòàë³ò³â ïåêòèíó â ÏÅÊ (êðèâ³ 1, 2) [2].

Âèÿâëåíî ð³çíó òåðìîìåõàí³÷íó ïîâåä³íêó ñð³áëî-
âì³ñíèõ íàíîêîìïîçèò³â çàëåæíî â³ä òèïó â³äíîâíèêà.
Íà âñ³õ òåðìîìåõàí³÷íèõ êðèâèõ ñïîñòåð³ãàºòüñÿ òåì-
ïåðàòóðíèé ïåðåõ³ä ó ä³àïàçîí³ òåìïåðàòóð 195–220 °Ñ,
ïîâ’ÿçàíèé ³ç ïëàâëåííÿì ïåêòèíîâî¿ ñêëàäîâî¿ íàíî-
êîìïîçèò³â. Òîáòî â ïðîöåñ³ íàãð³âàííÿ çðàçê³â â³äáó-
âàºòüñÿ êðèñòàë³çàö³ÿ àí³îííîãî ïîë³åëåêòðîë³òó ç ïî-
äàëüøèì éîãî ïëàâëåííÿì [2]. Íà òåðìîìåõàí³÷í³é
êðèâ³é íàíîêîìïîçèòó, îòðèìàíîãî ïðè â³äíîâëåíí³
³îí³â ñð³áëà çà äîïîìîãîþ àñêîðá³íîâî¿ êèñëîòè, ñïîñòå-
ð³ãàºòüñÿ òåìïåðàòóðíèé ïåðåõ³ä ó ä³àïàçîí³ òåìïåðà-
òóð 120–170 °Ñ, ïîâ’ÿçàíèé, ³ìîâ³ðíî, ç êðèñòàë³çàö³ºþ
òà ïëàâëåííÿì êðèñòàë³÷íî¿ ôàçè, ùî óòâîðþºòüñÿ
âíàñë³äîê ïðèºäíàííÿ íàäëèøêó àñêîðá³íîâî¿ êèñëîòè
äî ÏÅ². Ïðè â³äíîâëåíí³ ³îí³â ñð³áëà çà äîïîìîãîþ
ã³äðàçèíó ôîðìóºòüñÿ íàíîêîìïîçèò ç òåìïåðàòóðîþ
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Ïîë³ìåðí³ ñèñòåìè, 
îòðèìàí³ ïðè 

âèêîðèñòàíí³ ð³çíèõ 
â³äíîâíèê³â 

Òg,  
°Ñ 

Òf,  
°Ñ 

Ïåêòèí 60 – 
ÏÅÊ 53 319 

ÏÅÊ–Ag (NaBH4) 50 324 
ÏÅÊ– Ag (N2H4) 83 339 

ÏÅÊ–Cu (C6H8O6) 69 232 

Òàáëèöÿ 1. Òåìïåðàòóðí³ ïåðåõîäè ñð³áëîâì³ñíèõ
íàíîêîìïîçèò³â
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ñêëóâàííÿ Òg = 83 °Ñ, òîä³ ÿê äëÿ íàíîêîìïîçèò³â, ñôîð-
ìîâàíèõ ³ç çàñòîñóâàííÿ áîðîã³äðèäó íàòð³þ ÷è àñêîð-
á³íîâî¿ êèñëîòè, Òg = 50 ³ 69 °Ñ â³äïîâ³äíî. Òàêèé åôåêò,
³ìîâ³ðíî, ïîâ’ÿçàíèé ³ç âóæ÷èì ðîçïîä³ëîì çà ðîçì³-
ðàìè íàíî÷àñòèíîê ñð³áëà â ïîë³ìåðí³é ìàòðèö³ ïðè
âèêîðèñòàíí³ ã³äðàçèíó ÿê â³äíîâíèêà. Çíà÷åííÿ òåìïå-
ðàòóðíèõ ïåðåõîä³â äîñë³äæóâàíèõ ïîë³ìåðíèõ ñèñòåì íà-
âåäåíî â òàáë. 1.
Âèñíîâêè.

Äîñë³äæåííÿ àíòèì³êðîáíèõ âëàñòèâîñòåé íàíîêîì-
ïîçèò³â ÏÅÊ–Ag, ñôîðìîâàíèõ øëÿõîì õ³ì³÷íîãî
â³äíîâëåííÿ ³îí³â Ag+ ó ïîë³åëåêòðîë³ò-ìåòàë³÷íèõ êîìï-
ëåêñàõ ç âèêîðèñòàííÿì ð³çíèõ õ³ì³÷íèõ â³äíîâíèê³â,

ïîêàçàëè ¿õíþ âèñîêó àíòèì³êðîáíó àêòèâí³ñòü ùîäî
øòàì³â S. aureus òà E. coli (òàáë. 2). Ï³ñëÿ ³íêóáàö³¿ ïðî-
òÿãîì 24 ãîä çà Ò = 37 °Ñ çàô³êñîâàíî ÷³òêó çîíó íàâêîëî
êîíòóð³â ïë³âîê, â³ëüíó â³ä ì³êðîîðãàí³çì³â, ùî ñâ³ä÷èòü
ïðî ïðèãí³÷åííÿ ðîñòó áàêòåð³é. Ó êîíòðîëüíèõ çðàçêàõ
(ïîë³ìåðíà ïë³âêà áåç íàíî÷àñòèíîê) ñïîñòåð³ãàâñÿ àê-
òèâíèé ð³ñò äîñë³äæóâàíèõ áàêòåð³é.

Ñð³áëîâì³ñí³ íàíîêîìïîçèòè, îòðèìàí³ õ³ì³÷íèì
â³äíîâëåííÿì ³îí³â ñð³áëà çà äîïîìîãîþ ã³äðàçèíó,
ìàþòü âèùó àíòèì³êðîáíó àêòèâí³ñòü ïîð³âíÿíî ç äâî-
ìà ³íøèìè äîñë³äæóâàíèìè ñèñòåìàìè, ùî ïîÿñíþºòü-
ñÿ âóçüêèì ðîçïîä³ëîì íàíî÷àñòèíîê ñð³áëà çà ðîçì³-
ðàìè â ïîë³ìåðí³é ìàòðèö³.

Õ³ì³÷íèé â³äíîâíèê Ä³àìåòð ³íã³áóþ÷î¿ çîíè, ìì 
Staphylococcus aureus Escherichia coli 

NaBH4 
ÏÅÊ–Ag 
18,2±0,8 

ÏÅÊ–Ag 
17,6±0,6 

N2H4 
ÏÅÊ–Ag 
19,0±0,6 

ÏÅÊ–Ag 
20,0±0,6 

C6H8O6 
ÏÅÊ–Ag 
18,1±0,6 

ÏÅÊ–Ag 
18,0±0,6 

Êîíòðîëüíèé çðàçîê ÏÅÊ 
0 

ÏÅÊ 
0 

Òàáëèöÿ 2. Àíòèì³êðîáíà àêòèâí³ñòü íàíîêîìïîçèò³â ÏÅÊ–Ag, îòðèìàíèõ õ³ì³÷íèì â³äíîâëåííÿì ³îí³â ñð³áëà
ç âèêîðèñòàííÿì ð³çíèõ â³äíîâíèê³â
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àñêîðáèíîâîé êèñëîòû âëèÿåò íà ñðåäíèé ðàçìåð íàíî÷àñòèö Ag â ïîëèìåðíîé ìàòðèöå,
ñîñòàâëÿâøèé 3,8, 4,3 è 17,3 íì ñîîòâåòñòâåííî, ò.å. âîçðàñòàâøèé ñ óìåíüøåíèåì îêèñëèòåëüíî-
âîññòàíîâèòåëüíîãî ïîòåíöèàëà âîññòàíîâèòåëÿ. Óñòàíîâëåíî âëèÿíèå ðàçìåðà íàíî÷àñòèö
ñåðåáðà â ïîëèìåðíîé ìàòðèöå íà àíòèìèêðîáíóþ àêòèâíîñòü íàíîêîìïîçèòîâ. Äèàìåòð çîíû
çàäåðæêè ðîñòà áàêòåðèé Staphylococcus aureus òà Escherichia coli áûë íàèáîëüøèì (19 è
20 ìì) äëÿ íàíîêîìïîçèòà, ïîëó÷åííîãî  ñ èñïîëüçîâàíèåì  ãèäðàçèíà.
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Influence of the type of reducing agent on the structure, morphology
thermomechanical and antimicrobial properties of silver-containing
nanocomposites
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The objective of this work is to study the peculiarities of structural organization, morphology,
thermomechanical and antimicrobial properties of nanocomposites based on pectin-polyethyleneimine
polyelectrolyte complexes and silver nanoparticles in dependence of the type of reducing agent,
which was applied for chemical reduction of silver ions. It was shown that the average size of Ag
nanoparticles was increased with decreasing the power of reducing agent and equals 3,8; 4,3 and
17,3 nm when using sodium borohydride, hydrazine and ascorbic acid respectively. It was found that
the crystallite size of Ag also was the smallest for NaBH4 as reducing agent, although the narrowest
size distribution of silver nanoparticles in the polymer matrix is observed when reducing silver ions by
hydrazine. The influence of the size of silver nanoparticles in the polymer matrix on the antimicrobial
activity of nanocomposites has been established. The inhibition zone diameter of Staphylococcus
aureus and Escherichia coli were the highest (19 and 20 mm, respectively) for the nanocomposite
obtained using hydrazine.

Keywords: polyelectrolyte complexes, polyelectrolyte-metal complexes, silver containing nanocomposite, structure,
morphology, antimicrobial activity.


