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Ñèíòåçîâàíî ³ îõàðàêòåðèçîâàíî ðÿä ïðèùåïëåíèõ êîïîë³ìåð³â ÏÂÑ-g-ÏAA íà îñíîâ³ õ³ì³÷íî
êîìïëåìåíòàðíèõ ïîë³â³í³ëîâîãî ñïèðòó òà ïîë³àêðèëàì³äó, ùî ìàëè ð³çíó ê³ëüê³ñòü ïðèùåïëåíèõ
ëàíöþã³â. Ïîêàçàíà ¿õ âèñîêà åôåêòèâí³ñòü ÿê ìàòðèöü ó ïðîöåñàõ in situ ñèíòåçó ³ ñòàá³ë³çàö³¿
íàíî÷àñòèíîê ñð³áëà (AgÍ×) ó âîäíîìó ñåðåäîâèù³. Ïðèùåïëåí³ êîïîë³ìåðè óòâîðþâàëè ó âîäíèõ
ðîç÷èíàõ ì³öåëîïîä³áí³ ñòðóêòóðè, ÿê³ çàáåçïå÷óâàëè âèñîê³ øâèäê³ñòü óòâîðåííÿ ³ âèõ³ä AgÍ×
òà ¿õ òðèâàëó ñòàá³ë³çàö³þ ó ÷àñ³. Çá³ëüøåííÿ ê³ëüêîñò³ ùåïëåíü ó ìàêðîìîëåêóëàõ êîïîë³ìåð³â
â³ä 10 äî 40 çá³ëüøóâàëî âèõ³ä íàíî÷àñòèíîê, îñîáëèâî çà íèçüêî¿ êîíöåíòðàö³¿ ïîë³ìåðíî¿
ìàòðèö³. Ñôîðìîâàí³ AgÍ× ìàëè ñôåðè÷íó ôîðìó, ìàëèé ðîçì³ð (<10 íì) ³ íèçüêó
ïîë³äèñïåðñí³ñòü. Êîìïîçèö³¿ AgÍ×/ÏÂÑ-g-ÏAA ó áëî÷íîìó ñòàí³ äåìîíñòðóâàëè äâîð³âíåâó
ôðàêòàëüíó îðãàí³çàö³þ ñòðóêòóðè.

Êëþ÷îâ³ ñëîâà: ïðèùåïëåíèé êîïîë³ìåð, ì³öåëîïîä³áíà ñòðóêòóðà, íàíî÷àñòèíêè ñð³áëà, ïîë³ìåð/ìåòàëåâ³
êîìïîçèö³¿.

Âñòóï.
Íàíî÷àñòèíêè ìåòàë³â, äèñïåðãîâàí³ â ïîë³ìåðíèõ

ìàòðèöÿõ, âèêëèêàþòü çíà÷íèé ³íòåðåñ çàâäÿêè îñîá-
ëèâèì îïòè÷íèì, åëåêòðè÷íèì, êàòàë³òè÷íèì, ñîðá-
ö³éíèì ³ çíåçàðàæóâàëüíèì âëàñòèâîñòÿì, ùî ðîáèòü
¿õ ïåðåäîâèìè ìàòåð³àëàìè ñó÷àñíèõ íàíîòåõíîëîã³é
[1–5]. Îñòàíí³ì ÷àñîì íà îñíîâ³ íàíî÷àñòèíîê ìåòàë³â
ç øèðîêîþ àíòèáàêòåð³àëüíîþ, àíòèâ³ðóñíîþ òà àíòè-
ãðèáêîâîþ ä³ºþ, òàêèõ ÿê Ag, Cu, Au, Al òîùî, îòðèìó-
þòü á³îöèäí³ ïðåïàðàòè íîâîãî ïîêîë³ííÿ, ÿê³ íàçèâà-
þòü “íàíîá³îöèäàìè” àáî “íàíîàíòèá³îòèêàìè” [6–9].
Âîíè ìàþòü ï³äâèùåíó á³îöèäíó àêòèâí³ñòü, çóìîâëå-
íó íå ò³ëüêè ïðîëîíãîâàíèì âèä³ëåííÿì ç ïîâåðõí³ ÷à-
ñòèíîê ³îí³â ìåòàë³â, ùî ìàþòü á³îöèäí³ âëàñòèâîñò³, à
é çäàòí³ñòþ íàíî÷àñòèíîê âçàºìîä³ÿòè ç ìåìáðàíàìè
êë³òèí ì³êðîîðãàí³çì³â ³ ðóéíóâàòè ¿õ [10,11]. Âàæëèâî
òàêîæ òå, ùî ì³êðîîðãàí³çìè íå çäàòí³ âèðîáëÿòè ðåçèñ-
òåíòí³ñòü äî òàêèõ á³îöèäíèõ ïðåïàðàò³â [6, 10].

Âëàñòèâîñò³ ïîë³ìåð/ìåòàëåâèõ êîìïîçèö³éíèõ ìà-
òåð³àë³â ³ñòîòíî çàëåæàòü â³ä ðîçì³ðó ³ ìîðôîëîã³¿ ÷àñ-
òèíîê ìåòàë³â [1-5,12], òîìó ôîðìóâàííÿ íàíî÷àñòè-
íîê íåîáõ³äíî¿ âåëè÷èíè ³ ôîðìè òà ¿õ ñòàá³ë³çàö³ÿ ó
ïîë³ìåðíèõ ìàòðèöÿõ àáî ðîç÷èíàõ – íàéâàæëèâ³ø³ ïðî-
áëåìè íà øëÿõó ¿õ óñï³øíîãî ïðàêòè÷íîãî âèêîðèñòàííÿ.
Â³äîì³ ìåòîäè îòðèìàííÿ ñòàá³ëüíèõ íàíî÷àñòèíîê

øëÿõîì â³äíîâëåííÿ ³îí³â ìåòàë³â â îðãàí³÷íîìó ñåðå-
äîâèù³ ó çâîðîòíèõ ì³öåëàõ [3,13]. Îäíàê íàéá³ëüø ïåð-
ñïåêòèâíèé ³ ìåíø òîêñè÷íèé, îñîáëèâî ç òî÷êè çîðó
á³îìåäè÷íîãî çàñòîñóâàííÿ íàíî÷àñòèíîê ìåòàë³â, ¿õ
ñèíòåç ³ ñòàá³ë³çàö³ÿ ó âîä³ â ã³äðîô³ëüíèõ ïîë³ìåðíèõ
ìàòðèöÿõ. Ë³í³éí³ âîäîðîç÷èíí³ ãîìîïîë³ìåðè, òàê³ ÿê
ïîë³åòèëåíãë³êîëü, ïîë³â³í³ëï³ðîë³äîí ³ ïîë³àêðèëàì³ä
âèÿâèëèñÿ çðó÷íèìè ìîäåëÿìè äëÿ âèâ÷åííÿ òåîðåòè÷-
íèõ àñïåêò³â ñòàá³ë³çàö³¿ íàíî÷àñòèíîê [14–17], îäíàê
÷àñò³øå ç ìåòîþ óòâîðåííÿ íàíî÷àñòèíîê ìåòàë³â âè-
êîðèñòîâóþòü êîïîë³ìåðè ð³çíî¿ áóäîâè: ñòàòèñòè÷í³,
àëüòåðíàíòí³, áëî÷í³, ïðèùåïëåí³ òîùî [18–22].

Â ö³é ðîáîò³ äîñë³äæåíî ïðîöåñ ôîðìóâàííÿ íàíî-
÷àñòèíîê ñð³áëà â ðîç÷èíàõ îñîáëèâèõ ãåòåðîïîë³ìåð-
íèõ ìàòðèöü – ïðèùåïëåíèõ êîïîë³ìåð³â ïîë³àêðèë-
àì³äó äî ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ-g-ÏÀÀ) ç á³îñó-
ì³ñíèìè õ³ì³÷íî êîìïëåìåíòàðíèìè îñíîâíèì ³ ïðè-
ùåïëåíèìè ëàíöþãàìè, ÿê³ óòâîðþþòü ó ðîçáàâëåíèõ
âîäíèõ ðîç÷èíàõ ³íòðàìîëåêóëÿðí³ ïîë³êîìïëåêñè
(²íòðàÏÊ) [23]. Ðîçãëÿíóòî âïëèâ ìîëåêóëÿðíî¿ àðõ³òåê-
òóðè ÏÂÑ-g-ÏÀÀ íà ê³íåòèêó áîðîã³äðèäíîãî â³äíîâ-
ëåííÿ Ag+-³îí³â ó âîäíèõ ðîç÷èíàõ, êð³ì òîãî ìîðôî-
ëîã³þ óòâîðåíèõ Ag-íàíî÷àñòèíîê (AgÍ×) ³ áëî÷íó
ñòðóêòóðó îòðèìàíèõ êîìïîçèö³é AgÍ×/ÏÂÑ-g-ÏÀÀ.

Ñèíòåç ïîë³ìåð³â
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Åêñïåðèìåíòàëüíà ÷àñòèíà.
Ñèíòåç ÏÂÑ-g-ÏÀÀ ïðîâîäèëè çà îïèñàíèì ðàí³-

øå ìåòîäîì ðàäèêàëüíî¿ ìàòðè÷íî¿ ïðèùåïëåíî¿
(“grafting from”) ïîë³ìåðèçàö³¿ ÏÀÀ â³ä ÏÂÑ ó äå³îí³-
çîâàí³é âîä³ òà ³íåðòí³é àòìîñôåð³ çà Ò=20 °Ñ ³ ïåðå-
ì³øóâàíí³ ïðîòÿãîì 24 ãîä; ³í³ö³àòîðîì áóëà ñ³ëü ÑåIV

[23]. Ìàòðè÷íèé õàðàêòåð ïðèùåïëåíî¿ êîïîë³ìåðèçàö³¿
áóëî ðîçãëÿíóòî â ðîáîòàõ [23, 24]. Äëÿ ñèíòåçó âèêîðèñ-
òîâóâàëè ä³àìîí³éãåêñàí³òðàòîöåðàò ³ ÏÂÑ ç Mw=90 êÄà
ô³ðìè “Aldrich” (ÑØÀ), à òàêîæ àêðèëàì³ä (ÀÀ) â³ä
“Reanal” (Óãîðùèíà), ÿêèé ïåðåêðèñòàë³çîâóâàëè ç õëî-
ðîôîðìó. Êîíöåíòðàö³ÿ ÏÂÑ áóëà ïîñò³éíîþ (1,6 êã·ì-3),
à êîíöåíòðàö³þ ñîë³ ÑåIV òà ÀÀ âàð³þâàëè â ìåæàõ
0,274–0,548 ³ 71–142 êã·ì-3 â³äïîâ³äíî. Æåëåïîä³áí³ ïðî-
äóêòè ðîçáàâëÿëè äå³îí³çîâàíîþ âîäîþ, ïåðåîñàäæó-
âàëè àöåòîíîì, çíîâó ðîç÷èíÿëè ó âîä³ òà ë³îô³ëüíî
ñóøèëè. Áóëî îòðèìàíî 3 çðàçêè êîïîë³ìåðó, ÿê³ õàðàê-
òåðèçóâàëè çà ìåòîäèêîþ, îïèñàíîþ â ðîáîòàõ [23, 24].

In situ cèíòåç AgÍ× ïðîâîäèëè ïðè äîäàâàíí³
äî âîäíèõ ðîç÷èí³â êîïîë³ìåð³â (Ñm=0,5; 1,0 ³ 2,0 êã·ì-3)
ó ñóì³ø³ ç í³òðàòîì ñð³áëà (ÑAgNO3

=0,91·10-2 òà
1,82·10-2 êã·ì-3) 8-êðàòíîãî ìîëüíîãî íàäëèøêó â³äíîâ-
íèêà – NaBH4. Çã³äíî ç äàíèìè ðîá³ò [25-27], ïðîöåñ
â³äíîâëåííÿ Ag+-³îí³â áîðîã³äðèäîì íàòð³þ ìîæå áóòè
ïîäàíèé òàêèì ñòåõ³îìåòðè÷íèì ð³âíÿííÿì:

8 Ag+ + BH4
% + 8 OH% = 8 Ag + H2BO3

% + 5 H2O.
Áîðîã³äðèä-àí³îíè áåðóòü ó÷àñòü òàêîæ ó äåê³ëüêîõ

ïîá³÷íèõ ðåàêö³ÿõ, òîìó ¿õ 8-êðàòíèé íàäëèøîê íåîáõ³ä-
íèé äëÿ äîñÿãíåííÿ ïîâíîòè â³äíîâëåííÿ ó âèáðàí³é
îáëàñò³ êîíöåíòðàö³é AgNO3 [25–28].

Ðîç÷èíè êîïîë³ìåð³â çì³øóâàëè ç AgNO3, çàëèøà-
ëè íà 30 õâ ó òåìíîìó áîêñ³, à ïîò³ì äîäàâàëè â³äíîâ-
íèê. Ïðîöåñ ôîðìóâàííÿ AgÍ× êîíòðîëþâàëè çà çì³íîþ
ïîëîæåííÿ òà ³íòåãðàëüíî¿ ³íòåíñèâíîñò³ ñìóãè ïîâåðõ-
íåâîãî ïëàçìîâîãî ðåçîíàíñó (ÏÏÐ) ó âèäèì³é îáëàñò³
ñïåêòðà [13, 28]. Ñïåêòðè åêñòèíö³¿ çàïèñóâàëè ÷åðåç 3 õâ
íà ñïåêòðîìåòð³ Cary 50 Scan UV-Visible ô³ðìè “Varian”
(ÑØÀ) â îáëàñò³ 200–1000 íì.

Ñòðóêòóðó êîìïîçèö³é âèâ÷àëè ìåòîäàìè øèðîêî-
òà ìàëîêóòîâî¿ ðåíòãåíîãðàô³¿ (WAXS ³ SAXS). Ðîç÷è-
íè êîìïîçèö³é ç Ñm=2,0 ³ ÑAgNO3

=3,64 êã·ì-3 çàëèâàëè â
òåìíîìó áîêñ³ ó òåôëîíîâ³ ôîðìè ³ ñóøèëè íà ïîâ³òð³
òà ó âàêóóì-åêñèêàòîð³ âïðîäîâæ 10 ä³á. Ïðîô³ë³ WAXS
îòðèìóâàëè â ä³àïàçîí³ êóò³â ðîçñ³þâàííÿ θ=3÷30° (îá-
ëàñòü q=2,13÷21,12 íì-1, äå q=4π·sin(θ/2)/λ – õâèëüîâèé
âåêòîð, λ  – äîâæèíà õâèë³ ðåíòãåí³âñüêèõ ïðîìåí³â).
Âèì³ðþâàííÿ ïðîâîäèëè íà äèôðàêòîìåòð³ ÄÐÎÍ-2.0;
ìîíîõðîìàòè÷íå âèïðîì³íåííÿ Cu-Kα ç λ=0,154 íì

çàáåçïå÷óâàâ ãåíåðàòîð ²Ð²Ñ-Ì7 çà íàïðóãè 30 êÂ ³ ñòðó-
ìó 30 ìÀ. Äåòàëüíà ìåòîäèêà âèì³ðþâàíü ³ îáðîáêè
ðåçóëüòàò³â îïèñàíà â ðîáîòàõ [29, 30]. SAXS-ïðîô³ë³
êîìïîçèö³é îòðèìóâàëè â àâòîìàòèçîâàí³é ù³ëèííî-êî-
ë³ìàö³éí³é êàìåð³ òèïó Êðàòê³ â ðåæèì³ ïîêðîêîâîãî
ñêàíóâàííÿ ñöèíòèëÿö³éíîãî äåòåêòîðà â ä³àïàçîí³
θ=0,03–4,00° (îáëàñòü q=0,022–2,860 íì-1). Îñîáëèâîñò³
âèì³ðþâàíü ³ îáðîáêè äàíèõ îïèñàí³ ðàí³øå [29, 30].

Ìîðôîëîã³þ òà ðîçì³ðè AgÍ× äîñë³äæóâàëè ìåòî-
äîì ïðîíèêíî¿ (òðàíñì³ñ³éíî¿) åëåêòðîííî¿ ì³êðîñêîï³¿
(ÒÅÌ) íà ì³êðîñêîï³ JEM-I23O ô³ðìè “JEOL” (ßïîí³ÿ)
çà íàïðóãè 90 êÂ. Ìàë³ êðàïëèíêè (~1·10-4 cì3) êîìïî-
çèö³é AgÍ×/ÏÂÑ-g-ÏÀÀ, âèòðèìàíèõ ïðîòÿãîì 10 ä³á
ó òåìíîìó áîêñ³, íàíîñèëè íà ì³äí³ ñ³òî÷êè, âêðèò³
ïë³âêîþ ôîðìâàðó òà âóãëåöþ, ³ äàë³ ñóøèëè ïðîòÿãîì
~0,5–1,0 õâ íà ïîâ³òð³, à ïîò³ì 1 äîáó ó âàêóóì-åêñèêà-
òîð³.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Îñíîâí³ ìîëåêóëÿðí³ õàðàêòåðèñòèêè ñèíòåçîâàíèõ
êîïîë³ìåð³â íàâåäåí³ â òàáë. 1. Ãîëîâíîþ îñîáëèâ³ñòþ
òàêîãî ðÿäó ïðèùåïëåíèõ êîïîë³ìåð³â º çá³ëüøåííÿ
ê³ëüêîñò³ (ù³ëüíîñò³) ïðèùåïëåíèõ ëàíöþã³â ³, ÿê íà-
ñë³äîê, ð³çêå ï³äâèùåííÿ ìîëåêóëÿðíî¿ ìàñè (ÌÌ) ìàê-
ðîêëóáê³â ó çðàçêó ÏÂÑ-g-ÏÀÀ3 ç íàéá³ëüøèì N.

Ïîâåä³íêó ÏÂÑ-g-ÏAA ç ð³çíîþ ê³ëüê³ñòþ
(ù³ëüí³ñòþ) òà äîâæèíîþ ùåïëåíü ó âîäíèõ ðîç÷èíàõ
áóëî äåòàëüíî äîñë³äæåíî ðàí³øå [23]. Áóëî ïîêàçàíî,
ùî ìàêðîìîëåêóëè ÏÂÑ-g-ÏÀÀ ç ìàëîþ ãóñòèíîþ ³
äîâæèíîþ ùåïëåíü óòâîðþþòü ó âîä³ ì³öåëîïîä³áí³
ñòðóêòóðè, ã³äðîôîáíå “ÿäðî” ÿêèõ ì³ñòèòü ñåãðåãîâàí³
Í-çâ’ÿçàí³ ñåãìåíòè îñíîâíîãî ³ ïðèùåïëåíèõ ëàíöþã³â,
à íà ïåðèôåð³¿ ó ñâîºð³äí³é “êîðîí³” ðîçòàøîâàí³
“ïåòë³” òà “õâîñòè” íàäëèøêîâèõ (íåçâ’ÿçàíèõ) ñåãìåíò³â
ùåïëåíü (ðèñ. 1).

Âðàõîâóþ÷è òå, ùî Ag+-³îíè çäàòí³ óòâîðþâàòè êîì-
ïëåêñè ç àêòèâíèìè ãðóïàìè îñíîâíîãî ³ ïðèùåïëåíèõ
ëàíöþã³â, à ñèëà ¿õ çâ’ÿçóâàííÿ ç àì³äíèìè ãðóïàìè
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Ñàìîçá³ðêà 

Ðèñ. 1. Ñõåìàòè÷íå çîáðàæåííÿ ì³öåëîïîä³áíèõ
ñòðóêòóð ÏÂÑ-g-ÏÀÀ ó âîä³

Êîïîë³ìåð ÌwÏÂÑ 
1), êÄà N 2) MvÏÀÀ

1), êÄà ÌÏÂÑ-g-ÏÀÀ 
3), êÄà wÏÂÑ 

4), % 
ÏÂÑ-g-ÏÀÀ1  

90 
 

10 147 1560 5,8 
ÏÂÑ-g-ÏÀÀ2 22 65 1520 5,9 
ÏÂÑ-g-ÏÀÀ3 40 185 7490 1,2 

Òàáëèöÿ 1. Ìîëåêóëÿðí³ ïàðàìåòðè ïðèùåïëåíèõ êîïîë³ìåð³â

1) Ìîëåêóëÿðí³ ìàñè îñíîâíîãî ³ ïðèùåïëåíèõ ëàíöþã³â. 2) Ê³ëüê³ñòü ÏÀÀ ùåïëåíü â îäí³é ìàêðîìîëåêóë³.
3) ÌÏÂÑ-g-ÏÀÀ=ÌwÏÂÑ + N·MvÏÀÀ. 4) Âàãîâà ÷àñòêà ÏÂÑ.
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çíà÷íî âèùà, í³æ ç ã³äðîêñèëüíèìè ãðóïàìè [31], ìîæíà
ïåðåäáà÷àòè, ùî ââåäåííÿ AgNO3 â ðîç÷èíè ÏÂÑ-g-ÏÀÀ
íà ïî÷àòêó â³äíîâëåííÿ áóäå âèêëèêàòè êîíöåíòðóâàí-
íÿ Ag+-³îí³â ïåðåâàæíî â “êîðîí³” ì³öåëîïîä³áíèõ
ñòðóêòóð. Òîìó íà ïðîöåñ óòâîðåííÿ ³ ñòàá³ë³çàö³þ
AgÍ× ï³ñëÿ ââåäåííÿ â³äíîâíèêà áóäå âïëèâàòè, ïåðø
çà âñå, áóäîâà “êîðîíè” ì³öåëîïîä³áíèõ ñòðóêòóð, ÿêà
çàëåæèòü â³ä ê³ëüêîñò³ (ãóñòèíè) ùåïëåíü.

Ïðè äîäàâàíí³ â³äíîâíèêà äî ñóì³øåé ÏÂÑ-g-ÏÀÀ
ç AgNO3 âæå ÷åðåç 3–5 õâ ç’ÿâëÿëîñü æîâòå çàáàðâëåí-
íÿ, ùî â³äïîâ³äàëî ïîÿâ³ AgÍ× [13, 28]. Çà
ÑAgNO3

=1,82·10-2 êã·ì-3 ³íòåíñèâí³ñòü çàáàðâëåííÿ çðîñ-
òàëà ïðîòÿãîì 1–3 ãîä, à çà ìàëèõ êîíöåíòðàö³é ñîë³
(ÑAgNO3

=0,91·10-2 êã·ì-3) ³ ìàòðèöü (Ñm=0,5 ³ 1,0 êã·ì-3)
æîâòå çàáàðâëåííÿ øâèäêî çíèêàëî ³ ôîðìóâàâñÿ ÷îð-
íèé îñàä. Ïîä³áíó êàðòèíó ñïîñòåð³ãàëè é ó âèïàäêó
ïðîâåäåííÿ â³äíîâëåííÿ çà íèçüêî¿ êîíöåíòðàö³¿ AgNO3
çà â³äñóòíîñò³ ïîë³ìåðó. Òàêèì ÷èíîì áóëî âèçíà÷åíî
îáëàñò³ êîíöåíòðàö³é êîïîë³ìåð³â òà AgNO3, â ÿêèõ ïîë³-
ìåðí³ ìàòðèö³ êîíòðîëþâàëè ð³ñò AgÍ× ³ çä³éñíþâàëè
¿õ ñòàá³ë³çàö³þ ó ðîç÷èíàõ. Ïîäàëüø³ ê³íåòè÷í³

äîñë³äæåííÿ ïðîâîäèëè ñàìå çà òàêèõ êîíöåíòðàö³é êî-
ïîë³ìåð³â ³ AgNO3. Íà ðèñ. 2 ïîêàçàíà åâîëþö³ÿ ó ÷àñ³
ñïåêòð³â åêñòèíö³¿ ðåàêö³éíèõ ñóì³øåé çà ó÷àñòþ
ÏÂÑ-g-ÏÀÀ (à–â) ³ áåç êîïîë³ìåð³â (ã) ï³ñëÿ ââåäåííÿ
â³äíîâíèêà. Äëÿ ³íòåðïðåòàö³¿ öèõ äàíèõ ìè âèêîðèñòàëè
â³äîì³ îïòè÷í³ âëàñòèâîñò³ Ag-íàíîêëàñòåð³â ³ AgÍ× [32–
39] òà òåîðåòè÷í³ ï³äõîäè, ùî áàçóþòüñÿ íà òåîð³¿ Ì³
[33]. Âîíè äàþòü çìîãó çâ’ÿçàòè ïîëîæåííÿ, ³íòåí-
ñèâí³ñòü ³ ôîðìó ñìóãè ÏÏÐ ç ðîçì³ðîì, ôîðìîþ, ïîë³-
äèñïåðñí³ñòþ òà àãðåãàö³ºþ AgÍ× ó ðîç÷èí³. Çîêðåìà
ó â³äïîâ³äíîñò³ ç òåîð³ºþ Ì³ [33], çàãàëüíèé êîåô³ö³ºíò
åêñòèíö³¿ ñìóãè ÏÏÐ âèçíà÷àºòüñÿ äâîìà âíåñêàìè,
òàêèìè ÿê ðåçîíàíñíå ïîãëèíàííÿ òà ðîçñ³þâàííÿ. Àëå
ÿêùî ðîçì³ð ñôåðè÷íèõ AgÍ× ìåíøèé 30 íì, ðåçî-
íàíñíå ïîãëèíàííÿ ðîáèòü âèçíà÷àëüíèé âíåñîê â åê-
ñòèíö³þ [35]. Äëÿ òàêèõ AgÍ×, ðîçì³ð ÿêèõ íàáàãàòî
ìåíøèé çà äîâæèíó õâèë³ ïàäàþ÷îãî ñâ³òëà, âåëè÷èíà
ïîãëèíàííÿ (À) êîëî¿äíîãî ðîç÷èíó, ÿêèé ì³ñòèòü N ÷à-
ñòèíîê â îïòè÷í³é êîì³ðö³ äîâæèíîþ (L), äîð³âíþº:
À=(κ·L)/ln10. Çà öüîãî ñï³ââ³äíîøåííÿ êîåô³ö³ºíò åê-
ñòèíö³¿ κ äëÿ N ÷àñòèíîê îá’ºìó (V) âèðàæàºòüñÿ òàêèì
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Ðèñ. 2. Çì³íà ó ÷àñ³ îïòè÷íî¿ ãóñòèíè (åêñòèíö³¿) â ðîç÷èíàõ: ÏÂÑ-g-ÏÀÀ1 (à); ÏÂÑ-g-ÏÀÀ2 (á); ÏÂÑ-g-ÏÀÀ3
(â) òà  ó âîä³ (ã) ç äîáàâêîþ AgNO3 ÷åðåç: 3 (1); 15 (2); 21 (3); 36 (4); 60 (5) ³ 90 õâ (6) ï³ñëÿ ââåäåííÿ NaBH4.
Ñm = 2,0 êã·ì-3, ÑAgNO3 = 1,82·10-2 êã·ì-3
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ð³âíÿííÿì (äèïîëüíèé ÷ëåí ó ôîðìóë³ Ì³) [34]:
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Â öüîìó âèðàç³ λ – äîâæèíà õâèë³ ñâ³òëà, ùî ïîãëè-
íàºòüñÿ; εm – ä³åëåêòðè÷íà êîíñòàíòà îòî÷óþ÷îãî ñå-
ðåäîâèùà (ââàæàºòüñÿ ÷àñòîòíî-íåçàëåæíîþ); ε1 òà ε2 –
ðåàëüíà òà óÿâíà ÷àñòèíè ä³åëåêòðè÷íî¿ ôóíêö³¿: ε(ω) =
ε1(ω) + i·ε2(ω), äå ω – êóòîâà ÷àñòîòà ñâ³òëà. Øèðèíà ñìó-
ãè ÏÏÐ çàëåæèòü ãîëîâíèì ÷èíîì â³ä óÿâíî¿ ÷àñòèíè
ä³åëåêòðè÷íî¿ ôóíêö³¿, ÿêà ÷óòëèâà äî äèñèïàö³¿ åíåðã³¿
åëåêòðè÷íîãî ïîëÿ. Îäíàê äëÿ ñð³áëà, íà â³äì³íó â³ä
³íøèõ ìåòàë³â, çíà÷åííÿ ε2(ω) ìàëå ³ ñëàáêî çàëåæèòü
â³ä ÷àñòîòè [36]. Îòæå, çà âêàçàíèõ ðîçì³ð³â AgÍ× ³íòåí-
ñèâí³ñòü ñìóãè ÏÏÐ çàëåæèòü ãîëîâíèì ÷èíîì â³ä êîí-
öåíòðàö³¿ íàíî÷àñòèíîê, à íå â³ä ¿õ ðîçì³ðó [32–34, 36].
Òàê³ âëàñòèâîñò³ ÏÏÐ âèêîðèñòîâóþòü (ó òîìó ÷èñë³, ³ â

ö³é ðîáîò³) äëÿ äîñë³äæåíü ê³íåòè÷íèõ çàêîíîì³ðíîñ-
òåé ïðîöåñó óòâîðåííÿ AgÍ× çà ð³çíèõ óìîâ ³ ÷àñîâèõ
³íòåðâàë³â, îñîáëèâî ó ïåðø³ õâèëèíè ï³ñëÿ ïî÷àòêó
ðåàêö³¿ â³äíîâëåííÿ.

Óòâîðåííÿ ñôåðè÷íèõ AgÍ× ç ðîçì³ðàìè, ³ñòîòíî
ìåíøèìè çà äîâæèíó õâèë³ ñâ³òëà (d<30 íì), ïðèçâî-
äèòü äî ïîÿâè ó ñïåêòð³ åêñòèíö³¿ ºäèíî¿ âóçüêî¿ ñìóãè
ÏÏÐ ç λmax=380–425 íì [28, 32, 35, 36, 38]. Ñàìå òàê³ AgÍ×
óòâîðþâàëèñü ó äîñë³äæåíèõ ðåàêö³éíèõ ñóì³øàõ, íà
ùî âêàçóâàëà âóçüêà ìîíîìîäàëüíà ñìóãà ÏÏÐ ç
λmax=379–400 íì ó âñ³õ ñïåêòðàõ (ðèñ. 2à–â). Â³äíîâëåí-
íÿ Ag+-³îí³â çà âêàçàíî¿ CAgNO3

 â³äáóâàëîñü òàêîæ ³ çà
â³äñóòíîñò³ êîïîë³ìåð³â (ðèñ. 1ã), îäíàê âèõ³ä AgÍ×,
ÿêèé ìîæíà îö³íèòè çà ³íòåãðàëüíîþ ³íòåíñèâí³ñòþ
ñìóãè ÏÏÐ, áóâ ìåíøèì, í³æ ó ðîç÷èíàõ êîïîë³ìåð³â.
Êð³ì òîãî, çà â³äñóòíîñò³ êîïîë³ìåð³â ñïîñòåð³ãàëè äîñ-
òàòíüî øâèäêå (÷åðåç 60 õâ) óøèðåííÿ òà áàòîõðîìíèé
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Ðèñ. 3. Çì³íà ó ÷àñ³ λmax (à, â, ä, º)
òà S (á, ã, å, æ) äëÿ ñìóãè ÏÏÐ AgÍ×,
ñèíòåçîâàíèõ ó ðîç÷èíàõ:
ÏÂÑ-g-ÏÀÀ1 (à, á); ÏÂÑ-g-ÏÀÀ2 (â,
ã); ÏÂÑ-g-ÏÀÀ3 (ä, å) òà ó âîä³ (º,
æ). Ñm=0,5 (1); 1,0 (2) òà 2,0 êã·ì-3 (3) ³
ÑAgNO3

=1,82·10-2 êã·ì-3
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çñóâ ñìóãè ÏÏÐ, ùî ìîæíà ïîÿñíèòè, ÿê ³ â ðîáîò³ [40],
ìàëîþ ñòàá³ë³çóþ÷îþ ä³ºþ Ag+-³îí³â, àäñîðáîâàíèõ íà
ïîâåðõí³ çðîñòàþ÷èõ AgÍ×.

Ñïåêòðè âñ³õ ðåàêö³éíèõ ñóì³øåé äåìîíñòðóâàëè
òàêîæ ñëàáêó ñìóãó â îáëàñò³ λ~270–290 íì (ðèñ. 2), ùî
õàðàêòåðèçóº íàÿâí³ñòü çàðÿäæåíèõ îë³ãîìåðíèõ íàíî-
êëàñòåð³â Ag4

2+, ÿê³ º ïðîäóêòàìè íåïîâíîãî â³äíîâëåí-
íÿ [32].

Äëÿ äåòàëüíîãî àíàë³çó ðåçóëüòàò³â çà äàíèìè ðèñ. 2
áóäóâàëè ÷àñîâ³ çàëåæíîñò³ ïîëîæåíü (λmax) òà ³íòåãðàëü-
íèõ ³íòåíñèâíîñòåé (S) ñìóã ÏÏÐ, ÿê³ õàðàêòåðèçóþòü çì³íó
ó ÷àñ³ ñåðåäíüîãî ðîçì³ðó òà âèõîäó íàíî÷àñòèíîê
(ðèñ. 3). Ç êðèâèõ S=f(t) (ðèñ. 3á, ã, å, æ) ðîçðàõîâóâàëè
òàêîæ âåëè÷èíó ³íäóêö³éíîãî ïåð³îäó (τ 0), øâèäê³ñòü íàé-
øâèäøî¿ ñòàä³¿ ïðîöåñó (ôàêòè÷íî, øâèäê³ñòü íàêîïè÷åí-
íÿ AgÍ×, vmax) òà ³íòåãðàëüíó ³íòåíñèâí³ñòü ñìóãè ÏÏÐ
÷åðåç 60 õâ â³äíîâëåííÿ (S60). Ðîçðàõîâàí³ ïàðàìåòðè íà-
âåäåí³ â òàáë. 2. Íà âñ³õ ê³íåòè÷íèõ êðèâèõ çì³íè λmax ñïî-
ñòåð³ãàëè ö³êàâèé åôåêò ñòðèáêîïîä³áíîãî çíèæåííÿ ö³º¿
âåëè÷èíè íà 16–19 íì ó âóçüêîìó ³íòåðâàë³ (~3 õâ) ÷àñó
(ðèñ. 3à, â, ä, º). Ìîæíà ïåðåäáà÷àòè, ùî ïðè öüîìó â³äáó-
âàëîñü óïîðÿäêóâàííÿ (êðèñòàë³çàö³ÿ) ïåðâèííèõ AgÍ×,
ùî ñóïðîâîäæóâàëîñü ¿õ óù³ëüíåííÿì ³ çìåíøåííÿì
ðîçì³ðó. Ïðîöåñ óïîðÿäêóâàííÿ ðîçâèâàâñÿ ò³ëüêè òîä³,
êîëè â ðîç÷èíàõ íàêîïè÷óâàëàñü âåëèêà ê³ëüê³ñòü ïåð-
âèííèõ AgÍ×, òîáòî âåëè÷èíà S áóëà äîñòàòíüî âèñîêîþ
(ðèñ. 3á, ã, å, æ). Íåçì³íí³ñòü âåëè÷èíè lmax ïðîòÿãîì ïåâ-
íîãî ÷àñó ï³ñëÿ ¿¿ ñïàäó âêàçóâàëà íà ñòàá³ëüí³ñòü ïàðà-
ìåòð³â AgÍ×.

Çíà÷íèé âïëèâ êîïîë³ìåð³â íà ïðîöåñ ôîðìóâàííÿ
AgÍ× ïðîÿâëÿâñÿ ó ð³çêîìó çðîñòàíí³ ¿õ âèõîäó çà ïåâ-
íèé ÷àñ (âåëè÷èíè S60 ó òàáë. 2) ³ â çñóâ³ ñòàä³¿ óïîðÿäêó-
âàííÿ AgÍ× ïî îñ³ ÷àñó â òîé ÷è ³íøèé á³ê çàëåæíî â³ä
áóäîâè ³ êîíöåíòðàö³¿ ìàòðèö³. Îñòàííº ï³äòâåðäèâ
ðèñ. 3ä, å, äå ïðîÿâèëîñü âñå á³ëüøå çàï³çíåííÿ ó ÷àñ³
ñòàä³¿ óïîðÿäêóâàííÿ AgÍ× ç ðîñòîì êîíöåíòðàö³¿
ÏÂÑ-g-ÏÀÀ2, ùî áóëî ïîâ’ÿçàíî ç³ çìåíøåííÿì øâèä-
êîñò³ óòâîðåííÿ ³ âèõîäó AgÍ×. Äëÿ ïîð³âíÿííÿ ä³¿ âèáðà-
íèõ ïîë³ìåðíèõ ìàòðèöü ³ âñòàíîâëåííÿ âïëèâó ¿õí³õ ìî-
ëåêóëÿðíèõ ïàðàìåòð³â íà ïðîöåñ â³äíîâëåííÿ Ag+-³îí³â
ðîç-ãëÿíåìî ê³íåòè÷í³ ïàðàìåòðè êðèâèõ S=f(t), ÿê³ íàâå-
äåí³ â òàáë. 2.

Â ðÿäó êîïîë³ìåð³â íàéìåíø³ øâèäê³ñòü â³äíîâëåííÿ ³
âèõ³ä AgÍ× áóëè õàðàêòåðí³ äëÿ ðîç÷èí³â ÏÂÑ-g-ÏÀÀ1 ç
íèçüêîþ ê³ëüê³ñòþ ùåïëåíü N. Ïðè çá³ëüøåíí³ ê³ëüêîñò³
(ãóñòèíè) ùåïëåíü âèõ³ä AgÍ× çðîñòàâ (îñîáëèâî çà ìà-
ëèõ êîíöåíòðàö³é êîïîë³ìåð³â), îäíàê øâèäê³ñòü ¿õ óòâî-
ðåííÿ äîñÿãàëà ìàêñèìóìó äëÿ 2-ãî çðàçêà, à ïîò³ì (äëÿ
3-ãî çðàçêà) äåùî çíèæóâàëàñü, ïðè÷îìó íàéá³ëüøå çà
ìàêñèìàëüíî¿ êîíöåíòðàö³¿ êîïîë³ìåðó. Ùå îäíèì âàæ-
ëèâèì åôåêòîì ñòàëî çìåíøåííÿ øâèäêîñò³ ôîðìóâàííÿ
³ âèõîäó AgÍ× ïðè çá³ëüøåíí³ êîíöåíòðàö³¿ ìàòðèöü,
ÿêå áóëî îñîáëèâî ïîì³òíå â ðîç÷èíàõ ÏÂÑ-g-ÏÀÀ3
(òàáë. 2).

Îïèñàí³ çì³íè ñêëàäíèì ÷èíîì çàëåæàëè íå ò³ëüêè â³ä
ãóñòèíè ùåïëåíü, à é â³ä ¿õí³õ äîâæèíè òà çàãàëüíî¿ ÌÌ
ìàêðîêëóáê³â. Ä³éñíî, ïðè çðîñòàíí³ ãóñòèíè ùåïëåíü ¿õ
âçàºìîä³ÿ ç îñíîâíèì ëàíöþãîì ïîñëàáëþâàëàñü [23],
ðîçì³ð “ïåòåëü” ³ “õâîñò³â” ç â³ëüíèõ ñåãìåíò³â ÏÀÀ â “êî-
ðîí³” ì³öåëîïîä³áíèõ ñòðóêòóð çá³ëüøóâàâñÿ, â³äïîâ³äíî
ìàëà á çðîñòàòè ê³ëüê³ñòü çâ’ÿçàíèõ Ag+-³îí³â íà ïåðø³é
ñòàä³¿ â³äíîâëåííÿ, à çâ³äñè ï³äâèùóâàâñÿ ³ âèõ³ä AgÍ×.
Ðàçîì ç òèì, íàäì³ðíî âèñîêà ãóñòèíà ùåïëåíü òà îäíî-
÷àñíå ¿õ ïîäîâæåííÿ, ùî âèêëèêàëî ³ñòîòíå çá³ëüøåííÿ
ÌÌ ìàêðîêëóáê³â, ÿê ó âèïàäêó ÏÂÑ-g-ÏÀÀ3, ñïðè÷è-
íÿëî ïåâíå çíèæåííÿ øâèäêîñò³ â³äíîâëåííÿ ïîð³âíÿíî ç
ÏÂÑ-g-ÏÀÀ2 çà âèñîêî¿ êîíöåíòðàö³¿ êîïîë³ìåðó
(òàáë. 2). Ä³écíî, â ðÿäó êîïîë³ìåð³â ÌÌ ïåðøèõ äâîõ
çðàçê³â áóëà áëèçüêîþ, à äëÿ 3-ãî çðàçêà âîíà ð³çêî çðîñòà-
ëà (òàáë. 1). Öå âïëèâàëî íà ñòàí ðîç÷èí³â êîïîë³ìåð³â
(ðîçáàâëåí³ ÷è íàï³âðîçáàâëåí³) çà âèáðàíèõ êîíöåíòðàö³é.
Çîêðåìà, ìàëà çàëåæí³ñòü vmax ³ ïðàêòè÷íà íåçàëåæí³ñòü
S60 â³ä Ñm äëÿ 1-ãî òà 2-ãî çðàçê³â ÏÂÑ-g-ÏÀÀ êîðåëþâàëà
ç íèçüêîþ MÌ ìàêðîêëóáê³â ³ âêàçóâàëà íà ðîçáàâëåíèé
õàðàêòåð ¿õ ðîç÷èí³â. Ðàçîì ç òèì, ñèëüíà çàëåæí³ñòü vmax
³ S60 â³ä êîíöåíòðàö³¿ ÏÂÑ-g-ÏÀÀ3 ç íàéá³ëüøîþ ÌÌ
ñâ³ä÷èëà ïðî ïåðåõ³ä ñòàíó éîãî ðîç÷èíó â³ä ðîçáàâëåíî-
ãî äî íàï³âðîçáàâëåíîãî ïðè çì³í³ Ñm â³ä 0,5 äî 2,0 êã·ì-3.
Ó íàï³âðîçáàâëåíèõ ðîç÷èíàõ êîïîë³ìåð³â â³äáóâàëîñü
î÷åâèäíî ïåðåêðèòòÿ ì³öåëîïîä³áíèõ ñòðóêòóð, ³ âîíè
óòâîðþâàëè ñóö³ëüíó ñ³òêó, ñòàá³ë³çîâàíó âîäíåâèìè çâ’ÿç-
êàìè ì³æ â³ëüíèìè ñåãìåíòàìè ÏÀÀ â “êîðîí³” öèõ ñòðóê-
òóð. Öå ï³äâèùóâàëî â’ÿçê³ñòü ðîç÷èí³â, çìåíøóâàëî
øâèäê³ñòü äèôóç³¿ ìîëåêóë NaBH4 ³ òîìó óïîâ³ëüíþâàëî

Ïîë³ìåðíà ìàòðèöÿ Ñm, êã·ì-3 ÑAgNO3
·102, êã·ì-3 τ0 

1), õâ  vmax·102 2) , ñ-1  S60 
3), íì 

- - 1,82 11,8 7,4 43,7 

ÏÂÑ-g-ÏÀÀ1 
0,5 

1,82 
5,9 10,3 70,5 

1,0 4,3 5,2 57,5 
2,0 3,0 5,2 57,0 

ÏÂÑ-g-ÏÀÀ2 
0,5 

1,82 
0 12,6 79,4 

1,0 0 9,4 80,6 
2,0 0 9,5 78,8 

ÏÂÑ-g-ÏÀÀ3 
0,5 

1,82 
0 10,8 96,7 

1,0 3,2 9,0 88,3 
2,0 13,2 3,6 60,6 

Òàáëèöÿ 2. Ê³íåòè÷í³ ïàðàìåòðè óòâîðåííÿ AgÍ× â ì³öåëîïîä³áíèõ ñòðóêòóðàõ ïðèùåïëåíèõ êîïîë³ìåð³â

1) ²íäóêö³éíèé ïåð³îä. 2) Øâèäê³ñòü íàéá³ëüø øâèäêî¿ ñòàä³¿ ïðîöåñó. 3) Âèõ³ä AgÍ× ÷åðåç 60 õâ. ï³ñëÿ ïî÷àòêó
â³äíîâëåííÿ.
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ïðîöåñ â³äíîâëåííÿ òà çíèæóâàëî âèõ³ä AgÍ× (òàáë. 2).
Îêðåìî äîñë³äæóâàëè ðåàêö³þ â³äíîâëåííÿ Ag+-

³îí³â ïðîòÿãîì òðèâàë³øîãî ÷àñó (10 äí³â). Ó öèõ åêñïå-
ðèìåíòàõ âèêîðèñòîâóâàëè âîäí³ ðîç÷èíè ÏÂÑ-g-ÏÀÀ1

200 400 600 5000 10000 15000

340

360

380

400

420

440 a

1

2,3

2

3

λ m
ax

, í
ì

t, õâ.
200 400 600 5000 10000 15000

20

40

60

80

б

1

2

3

t, õâ.

S,
 í

ì

Ðèñ. 4. Çì³íà ó ÷àñ³ λmax (à) òà S (á) äëÿ ñìóãè ÏÏÐ AgÍ×, óòâîðåíèõ ó ðîç÷èíàõ ÏÂÑ-g-ÏÀÀ1 çà Ñm=0,5 (1); 1,0 (2)
òà 2,0 êã·ì-3 (3) ³ ÑAgNO3

=1,82·10-2 êã·ì-3

10 20 30 40

0,4

0,8

1,2

a

Ag (111)

10 20 30 40

0,5

1,0

1,5

2,0

2,5
Ag (111)

б

10 20 30 40

0,5

1,0

1,5

2,0

2,5
Ag (111)в

0,1 0,2

10

20

30 г

²·1
0-3

, ³
ìï

.
²·1

0-3
, ³

ìï
.

²·1
0-3

, ³
ìï

.
²·1

0-3
, ³

ìï
.

θ, ãðàä q, A-1

θ, ãðàä θ, ãðàä

Ðèñ. 5. Ïðîô³ë³ WAXS (à, á, â) ³ SAXS (ã) äëÿ êîìïîçèö³é: AgÍ×/ÏÂÑ-g-ÏÀÀ1 (a, ã); AgÍ×/ÏÂÑ-g-ÏÀÀ2 (á) ³
AgÍ×/ÏÂÑ-g-ÏÀÀ3 (â). T=20 °C. Åêñïåðèìåíòàëüíà (òî÷êè) òà ðîçðàõîâàíà çà Áüþêåéäæåì (ë³í³ÿ) êðèâ³
ðîçñ³þâàííÿ ó ïîäâ³éíèõ ëîãàðèôì³÷íèõ êîîðäèíàòàõ ïîêàçàí³ íà ðèñóíêó (ã) ó ìåíøîìó ìàñøòàá³

10-1

101

103

105

10-3 10-2 10-1 100

1-é

2-é

q*

q, A-1

², 
ñì

-1



250

Ïðèùåïëåí³ êîïîë³ìåðè ÏÂÑ-g-ÏÀÀ ÿê åôåêòèâí³ ìàòðèö³ äëÿ ôîðìóâàííÿ ³ ñòàá³ë³çàö³¿ íàíî÷àñòèíîê ñð³áëà

çà âèáðàíèõ òðüîõ êîíöåíòðàö³é, íàéá³ëüøó êîíöåíò-
ðàö³þ AgNO3 (1,82·10-2 êã·ì-3) òà 8-êðàòíèé íàäëèøîê
NàÂÍ4 â³äíîñíî ñîë³ ñð³áëà. Âñ³ ñïåêòðè åêñòèíö³¿ ó âè-
äèì³é îáëàñò³ äåìîíñòðóâàëè ìîíîìîäàëüíó ñìóãó ÏÏÐ,
òîìó äëÿ ïîäàëüøîãî àíàë³çó ðîçðàõîâóâàëè çàëåæíîñò³ ¿¿
ïîëîæåííÿ òà ³íòåãðàëüíî¿ ³íòåíñèâíîñò³ â³ä ÷àñó (ðèñ. 4).
Âèäíî, ùî ï³ñëÿ 2-îõ ãîä ðåàêö³¿, ïðîòÿãîì ÿêèõ â³äáó-
âàëîñü íàêîïè÷åííÿ AgÍ× ç ïðàêòè÷íî íåçì³ííèì ðîç-
ì³ðîì (öå ï³äòâåðäæóâàëà ïðàêòè÷íà íåçì³íí³ñòü λmax â
îáëàñò³ 20 õâ ≤ t ≤ 120 õâ íà ðèñ. 3à ³ 4à), ¿õí³é ðîçì³ð
³ñòîòíî çá³ëüøóâàâñÿ ïðîòÿãîì äîñòàòíüî âóçüêîãî
³íòåðâàëó ÷àñó (~ 1 ãîä), ïðî ùî ñâ³ä÷èëà çì³íà ïàðà-
ìåòð³â ñìóãè ÏÏÐ, à ñàìå: çá³ëüøåííÿ íà 30–33 íì âå-
ëè÷èíè λmax ³ çìåíøåííÿ âåëè÷èíè S (ðèñ. 4à, á). Îñ-
òàíí³é ôàêò ìîæíà ïîÿñíèòè çì³íîþ êîåô³ö³ºíòà åê-
ñòèíö³¿ ñìóãè ÏÏÐ ç³ çðîñòàííÿì ðîçì³ðó AgÍ×
[32–38]. Äåÿêå ï³äâèøåííÿ λmax ³ çìåíøåííÿ S ïðîäîâ-
æóâàëîñü äî ~24 ãîä, à ïîò³ì îáèäâà ïàðàìåòðè çàëè-
øàëèñü ïðàêòè÷íî íåçì³ííèìè âïðîäîâæ 10 äí³â. Öå
îçíà÷àëî çàâåðøåííÿ ïðîöåñó ôîðìóâàííÿ ³ ñòàá³ë³çà-
ö³þ AgÍ× ó ðîç÷èíàõ ÏÂÑ-g-ÏÀÀ1. ×èì íèæ÷à áóëà
êîíöåíòðàö³ÿ ìàòðèö³, òèì á³ëüøèé áóâ âèõ³ä ñòàá³ë³çî-
âàíèõ AgÍ× (âèùå S íà ðèñ. 4á).

Äîñë³äæåííÿ áëî÷íî¿ ñòðóêòóðè êîìïîçèö³é AgÍ×/
ÏÂÑ-g-ÏÀÀ ìåòîäîì WAXS, ÿêèé õàðàêòåðèçóº áëèæ-
íþ âïîðÿäêîâàí³ñòü ñòðóêòóðè, â³äîáðàæåí³ íà ðèñ. 5à–â.
Äèôðàêòîãðàìè WAXS äåìîíñòðóâàëè íàÿâí³ñòü
àìîðôíî¿ ôàçè êîïîë³ìåðó ç ïåâíîþ ïàðàêðèñòàë³÷-
íîþ ðåø³òêîþ (íà öå âêàçóâàëè äâà äèôóçíèõ ìàêñè-
ìóìè, ùî ïåðåêðèâàëèñÿ íà ðèñ. 5 à–â) ³ êðèñòàë³÷íèõ
AgÍ×, ùî ï³äòâåðäæóâàâ êðèñòàë³÷íèé ï³ê (111) ïîáëè-
çó θ~38°. Ïîÿâà öüîãî ï³êà âêàçóâàëà íà ôîðìóâàííÿ
êðèñòàë³÷íèõ AgÍ× ç òåòðàãîíàëüíîþ ãðàíåöåíòðîâà-
íîþ êóá³÷íîþ ðåø³òêîþ [3]. Àìîðôíèé õàðàêòåð ïîë³-
ìåðíî¿ ñêëàäîâî¿ óçãîäæóºòüñÿ ç äàíèìè ðîáîòè [23],
äå ìåòîäîì ÄÑÊ äîâåäåíî âòðàòó êðèñòàë³÷íèõ âëàñòè-
âîñòåé ÏÂÑ ó ñêëàä³ ÏÂÑ-g-ÏÀÀ çàâäÿêè óòâîðåííþ
Í-çâ’ÿçê³â ì³æ îñíîâíèì ³ ïðèùåïëåíèìè ëàíöþãàìè.
Ç óðàõóâàííÿì ìàëî¿ ìàñîâî¿ ÷àñòêè ÏÂÑ ó ñêëàä³ ïðè-
ùåïëåíîãî êîïîë³ìåðó (òàáë. 1), à òàêîæ äàíèõ WAXS,
îòðèìàíèõ ðàí³øå äëÿ ÷èñòîãî ÏÀÀ òà òðèáëîê-êîïîë³-
ìåð³â ÏÀÀ-b-ÏÅÎ-b-ÏÀÀ [30], áóëî çðîáëåíî âèñíî-
âîê, ùî ïåðøèé äèôóçíèé ìàêñèìóì ìåíøî¿ ³íòåí-
ñèâíîñò³ ïîáëèçó θ~14–16° â³äîáðàæàâ á³÷íó ïåð³î-
äè÷í³ñòü ó ðîçòàøóâàíí³ ëàíöþã³â ÏÀÀ. Äðóãèé ìàê-
ñèìóì á³ëüøî¿ ³íòåíñèâíîñò³ (θ~21°) áóâ çóìîâëåíèé,
ó â³äïîâ³äíîñò³ ç äàíèìè FTIR ñïåêòðîñêîï³¿ äëÿ
ÏÂÑ-g-ÏÀÀ [23], ïåð³îäè÷íèì ðîçòàøóâàííÿì ïëîñ-
êèõ Í-çâ’ÿçàíèõ öèñ-äèìåð³â àì³äíèõ ãðóï ó ñòðóêòóðàõ
öèñ-òðàíñ-ìóëüòèìåð³â.

Ðåçóëüòàòè SAXS äîñë³äæåíü äëÿ êîìïîçèö³¿ AgÍ×/
ÏÂÑ-g-ÏÀÀ1 ïîêàçàíî íà âñòàâö³ ðèñ. 5ã. Ñïîñòåð³ãà-
ëè ð³çêèé ìîíîòîííèé ñïàä ³íòåíñèâíîñò³ ðîçñ³þâàííÿ
ç³ çðîñòàííÿì õâèëüîâîãî âåêòîðà (q), ùî ñâ³ä÷èëî ïðî
â³äñóòí³ñòü ïåð³îäè÷íîñò³ â ðîçòàøóâàíí³ åëåìåíò³â
ñòðóêòóðè êîìïîçèö³¿ íà íàäìîëåêóëÿðíîìó ð³âí³. Òîé
ñàìèé ïðîô³ëü, àëå â ïîäâ³éíèõ ëîãàðèôì³÷íèõ êîîð-
äèíàòàõ, çîáðàæåíèé íà âñòàâö³ ðèñ. 5ã ó ìåíøîìó
ìàñøòàá³. Íà íüîìó ïîì³òíî äâ³ ë³í³éí³ ä³ëÿíêè ç ìåí-
øèì ³ á³ëüøèì â³ä’ºìíèì òàíãåíñîì êóòà íàõèëó, ÿê³
â³äïîâ³äàþòü äâîì ñòåïåíåâèì ðåæèìàì ðîçñ³þâàííÿ
Ïîðîäà, I≈ q–Df, äå ïàðàìåòð Df (ôðàêòàëüíèé ðîçì³ð) º
àáñîëþòíèì çíà÷åííÿì òàíãåíñà êóòà íàõèëó â³äïîâ³ä-
íî¿ ïðÿìî¿ [41, 42]. Îáèäâ³ ïðÿì³ áóëè ïîºäíàí³ íå-
ë³í³éíîþ ä³ëÿíêîþ, ÿêà â³äïîâ³äàëà åêñïîíåíö³àëüíî-
ìó ðåæèìó ðîçñ³þâàííÿ Ã³íüº [41]. Òàêèé âèãëÿä êðè-
âèõ SAXS ñâ³ä÷èâ ïðî äâîð³âíåâó ôðàêòàëüíó îðãàí³-
çàö³þ ñòðóêòóðè êîìïîçèö³¿. Õàðàêòåð îêðåìèõ
åëåìåíò³â êîæíîãî ð³âíÿ (ìàñîâî-ôðàêòàëüí³ ÷è ïîâåðõ-
íåâî-ôðàêòàëüí³ êëàñòåðè àáî òâåðä³ ÷àñòèíêè ç ãëàä-
êîþ ïîâåðõíåþ) âèçíà÷àëè çà âåëè÷èíîþ Df, à ¿õí³é ìàê-
ñèìàëüíèé ðîçì³ð îö³íþâàëè ÿê dmax~2π/q* ó òîìó âè-
ïàäêó, êîëè ïðÿìà, ùî â³äïîâ³äàëà ðåæèìó ðîçñ³þâàí-
íÿ Ïîðîäà, çàê³í÷óâàëàñü â îáëàñò³ ìàëèõ q (áóëà
“îáð³çàíà çâåðõó”) êðèâîþ ðîçñ³þâàííÿ Ã³íüº [30, 41,
42]. “Ìåæåþ îáð³çàííÿ” áóëî çíà÷åííÿ q*, ÿêå çíàõî-
äèëè â îáëàñò³ ðîçñ³þâàííÿ Ã³íüº (âñòàâêà íà ðèñ. 3ã)
[41]. Óñ³ òðè ïàðàìåòðè (Df, q* ³ dmax) âäàëîñÿ âèçíà÷èòè
ò³ëüêè äëÿ 1-ãî, íèæ÷îãî ð³âíÿ ñòðóêòóðíî¿ îðãàí³çàö³¿
êîìïîçèö³¿ (çà âèñîêèõ q). Äëÿ 2-îãî, âèùîãî ñòðóêòóð-
íîãî ð³âíÿ (çà ìåíøèõ q) áóëî âñòàíîâëåíî ò³ëüêè çíà-
÷åííÿ Df (òàáë. 3), îñê³ëüêè â³äïîâ³äíà ïðÿìà ðîçñ³þ-
âàííÿ Ïîðîäà íå áóëà îáìåæåíà çâåðõó êðèâîþ ðîçñ³-
þâàííÿ Ã³íüº (âñòàâêà íà ðèñ. 3ã).

Â³äîìî, ùî çíà÷åííÿ Df=4 õàðàêòåðèçóº ñòåïåíåâèé
ðåæèì ðîçñ³þâàííÿ Ïîðîäà íà ù³ëüíèõ òâåðäèõ ÷àñ-
òèíêàõ ç ãëàäêîþ ïîâåðõíþ [41, 42]. Ñàìå òàêå çíà÷åííÿ
áóëî âñòàíîâëåíî íà ë³í³éí³é ä³ëÿíö³ SAXS ïðîô³ëþ
êîìïîçèö³¿ AgÍ×/ÏÂÑ-g-ÏAA1, ÿêà â³äïîâ³äàëà 1-ìó
ñòðóêòóðíîìó ð³âíþ (òàáë. 3), ³ çàñâ³ä÷èëî íàÿâí³ñòü
ù³ëüíèõ AgÍ× ç ãëàäêîþ ïîâåðõíåþ â ìàòðèö³ êîïîë³-
ìåðó. Ìàêñèìàëüíèé ðàä³óñ îáåðòàííÿ öèõ ÷àñòèíîê
áóâ ðîçðàõîâàíèé çà âåëè÷èíîþ dmax ³ ñï³ââ³äíîøåííÿ:
Rg=d/2(5/3)1/2 [41]. Îòæå, êðèñòàë³÷í³ AgÍ× ç ãëàäêîþ
ïîâåðõíåþ óòâîðþâàëè 1-èé ð³âåíü ôðàêòàëüíî-îðãà-
í³çîâàíî¿ ñòðóêòóðè ö³º¿ êîìïîçèö³¿.

Ïàðàìåòð Df äëÿ 2-ãî ñòðóêòóðíîãî ð³âíÿ âèÿâèâñÿ
ìåíøèì, í³æ 3 (òàáë. 3), ùî âêàçóâàëî íà ïîðèñòèé õà-
ðàêòåð àìîðôíî¿ ôàçè êîìïîçèö³¿ ³ íàÿâí³ñòü ó í³é ìà-
ñîâî-ôðàêòàëüíèõ êëàñòåð³â [41, 42].

Êîìïîçèö³ÿ 
Âèçíà÷åí³ ïàðàìåòðè  

1-é ð³âåíü 2-é ð³âåíü 
Df q*·102, A-1 dmax , íì Rg(max) , íì Rg (ðîçðàõ) , íì Df 

AgÍ×/ÏÂÑ-g-ÏAA1 4,0 6,1 10,3 4,0 3,5 2,6 

Òàáëèöÿ 3. Ïàðàìåòðè îêðåìèõ åëåìåíò³â 1-ãî òà 2-ãî ð³âí³â ôðàêòàëüíî¿ ñòðóêòóðè ïîë³ìåð/ñð³áíî¿ êîìïîçèö³¿
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Äëÿ öüîãî êîìïîçèö³éíîãî ìàòåð³àëó áóëî çàñòîñî-
âàíî êîìï’þòåðíå ìîäåëþâàííÿ ïðîô³ëþ SAXS ç âè-
êîðèñòàííÿì ìåòîäó ãëîáàëüíèõ óí³ô³êîâàíèõ åêñïî-
íåíö³àëüíî-ñòåïåíåâèõ ôóíêö³é Áüþêåéäæà, äåòàëüíî
îïèñàíîãî â ðîáîòàõ [41–43] ³ âèêîðèñòàíîãî íàìè ðà-
í³øå äëÿ õàðàêòåðèñòèêè ôðàêòàëüíî¿ ñòðóêòóðè òðèá-
ëîê-êîïîë³ìåð³â ÏÀÀ-b-ÏÅÎ-b-ÏÀÀ [30]. Ïðè öüîìó
âðàõîâóâàëè äâà ð³âí³ ôðàêòàëüíî¿ îðãàí³çàö³¿ ñòðóêòó-
ðè êîìïîçèö³¿ AgÍ×/ÏÂÑ-g-ÏAA1. Ðîçðàõîâàíèé
ïðîô³ëü SAXS ïîêàçàíèé ÿê ñóö³ëüíà êðèâà íà âñòàâö³
ðèñ. 5ã. Ó ðåçóëüòàò³ êîìï’þòåðíîãî ìîäåëþâàííÿ áóëî
îòðèìàíî çíà÷åííÿ Rg(ðîçðàõ) äëÿ AgÍ× ó ñòðóêòóð³ êîì-
ïîçèö³¿ (òàáë. 3), ÿêå óçãîäæóâàëîñü ç³ çíàéäåíèì çà
îïèñàíîþ âèùå ìåòîäèêîþ ç åêñïåðèìåíòàëüíîãî
ïðîô³ëþ SAXS.

Áóëî ö³êàâî äîñë³äèòè ìîðôîëîã³þ ³ ðîçì³ðè ñèíòå-
çîâàíèõ AgÍ× òàêîæ ìåòîäîì ÒÅÌ. Ì³êðîôîòîãðàô³¿
AgÍ×, îòðèìàíèõ ó ðîç÷èíàõ ÏÂÑ-g-ÏAA1 (ðèñ. 6à,
á), äåìîíñòðóâàëè ïåðåâàæíèé âì³ñò ó ïîë³ìåðí³é ìàò-
ðèö³ äóæå ìàëèõ ñôåðè÷íèõ AgÍ× ç âóçüêèì ðîçïîä³-
ëîì çà ðîçì³ðàìè (d=2÷8 íì) ³ ò³ëüêè ïîîäèíîê³ àãðåãà-
òè AgÍ×, ÿê³ ìîãëè óòâîðèòèñü ó ïðîöåñ³ âèñóøóâàííÿ
ìàëèõ êðàïåëü íà ì³äíèõ ñ³òî÷êàõ. Ö³ ì³êðîôîòîãðàô³¿
ïîêàçàëè òàêîæ ÷èñëåíí³ íàíîïîðè (á³ë³ ïëÿìè) ó ïîë³-
ìåðí³é ìàòðèö³, ùî ÿñêðàâî ï³äòâåðäèëî äàí³ SAXS

Ðèñ. 6. Åëåêòðîíí³ ì³êðîôîòîãðàô³¿ AgÍ×, îòðèìàíèõ ó ðîç÷èíàõ ÏÂÑ-g-ÏAA1 (à) òà ó âîä³ (â). Ïîêàçàíî òàêîæ
ôðàãìåíò ì³êðîôîòîãðàô³¿ (à) ó á³ëüøîìó ìàñøòàá³ (á)

à á â

ñòîñîâíî ôðàêòàëüíî¿ îðãàí³çàö³¿ ñòðóêòóðè ö³º¿ êîì-
ïîçèö³¿ òà ³ñíóâàííÿ â ¿¿ àìîðôí³é ôàç³ ìàñîâî-ôðàê-
òàëüíèõ êëàñòåð³â. Íà â³äì³íó â³ä öüîãî, ì³êðîôîòî-
ãðàô³¿ AgÍ×, óòâîðåíèõ ó âîä³ (ðèñ. 6â), ñâ³ä÷èëè íå
ò³ëüêè ïðî á³ëüøèé ñåðåäí³é ðîçì³ð AgÍ×, à é ïðî çíà÷-
íî øèðøèé ðîçïîä³ë çà ðîçì³ðàìè (d=1,5÷46,0 íì).
Âèñíîâêè.

Îòæå, ïðèùåïëåí³ êîïîë³ìåðè ÏÂÑ-g-ÏAA, ùî óòâî-
ðþþòü ²íòðàÏÊ ³ ì³öåëîïîä³áí³ ñòðóêòóðè ó âîäíèõ ðîç-
÷èíàõ, âèÿâèëèñü åôåêòèâíèìè íàíîðåàêòîðàìè äëÿ in
situ ñèíòåçó AgÍ×. Âîíè çàáåçïå÷óâàëè âèñîêó
øâèäê³ñòü ïðîöåñó, âèñîêèé âèõ³ä êðèñòàë³÷íèõ AgÍ×
òà ¿õ òðèâàëó ñòàá³ë³çàö³þ ó âîäíîìó ñåðåäîâèù³.
Çá³ëüøåííÿ ê³ëüêîñò³ ùåïëåíü â³ä 10 äî 40 ïîçèòèâíî
âïëèâàëî íà âèõ³ä AgÍ×, îñîáëèâî çà íèçüêî¿ êîíöåíò-
ðàö³¿ ïîë³ìåðíî¿ ìàòðèö³. AgÍ×, ñôîðìîâàí³ â ðîç÷è-
íàõ êîïîë³ìåð³â, çîêðåìà ÏÂÑ-g-ÏAA1, ìàëè ñôåðè÷-
íó ôîðìó, ìàëèé ðîçì³ð (Rg(max)=3,5 íì çà äàíèìè SAXS)
³ âóçüêèé ðîçïîä³ë çà ðîçì³ðàìè (2–8 íì çà äàíèìè
ÒÅÌ). Êîìïîçèö³¿ ÏÂÑ-g-ÏAA ç AgÍ× ìàëè äâîð³âíå-
âó ôðàêòàëüíó îðãàí³çàö³þ áëî÷íî¿ ñòðóêòóðè. Îêðå-
ìèìè åëåìåíòàìè 1-ãî (íèæ÷îãî) ð³âíÿ ñòðóêòóðè âèñ-
òóïàëè êðèñòàë³÷í³ AgÍ× ñ ãëàäêîþ ïîâåðõíåþ, â òîé
÷àñ ÿê ìàñîâî-ôðàêòàëüí³ êëàñòåðè êîïîë³ìåð³â áóëè
ñêëàäîâèìè 2-ãî (âèùîãî) ñòðóêòóðíîãî ð³âíÿ.
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Ñèíòåçèðîâàí è îõàðàêòåðèçîâàí ðÿä ïðèâèòûõ ñîïîëèìåðîâ ÏÂÑ-g-ÏAA íà îñíîâå õèìè÷åñêè
êîìïëåìåíòàðíûõ ïîëèâèíèëîâîãî ñïèðòà è ïîëèàêðèëàìèäà, êîòîðûå èìåëè ðàçëè÷íîå ÷èñëî
ïðèâèòûõ öåïåé. Ïîêàçàíà èõ âûñîêàÿ ýôôåêòèâíîñòü êàê ìàòðèö â ïðîöåññàõ in situ ñèíòåçà è
ñòàáèëèçàöèè íàíî÷àñòèö ñåðåáðà (AgÍ×) â âîäíîé ñðåäå. Ïðèâèòûå ñîïîëèìåðû îáðàçîâûâàëè
â âîäíûõ ðàñòâîðàõ ìèöåëëîîáðàçíûå ñòðóêòóðû, êîòîðûå îáåñïå÷èâàëè âûñîêèå ñêîðîñòü
îáðàçîâàíèÿ è âûõîä AgÍ×, à òàêæå èõ äëèòåëüíóþ ñòàáèëèçàöèþ âî âðåìåíè. Ðîñò êîëè÷åñòâà
ïðèâèâîê â ìàêðîìîëåêóëàõ ñîïîëèìåðîâ îò 10 äî 40 ïðèâîäèë ê óâåëè÷åíèþ âûõîäà íàíî÷àñòèö,
îñîáåííî ïðè íèçêîé êîíöåíòðàöèè ïîëèìåðíîé ìàòðèöû. Ñôîðìèðîâàííûå AgÍ× èìåëè
ñôåðè÷åñêóþ ôîðìó, ìàëûé ðàçìåð (<10 íì) è íèçêóþ ïîëèäèñïåðñíîñòü. Êîìïîçèöèè
AgÍ×/ÏÂÑ-g-ÏAA â áëî÷íîì ñîñòîÿíèè äåìîíñòðèðîâàëè äâóõóðîâíåâóþ ôðàêòàëüíóþ
îðãàíèçàöèþ ñòðóêòóðû.
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Graft copolymers PVA-g-PAA as effective matrix for formation and stabilization
silver nanoparticles

Ò.B. Zheltonozhskaya1, S.V. Fedorchuk1, D.O. Klymchuk,2, Yu.P. Gomza3, S.D. Nesin3

1Kiev Taras Shevchenko National University
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2Institute of Botany NAS of Ukraine
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3Institute of Macromolecular Chemistry NAS of Ukraine
48, Kharkivske shose, Kyiv, 02160, Ukraine

A series of PVA-g-PAAm graft copolymers based on chemically complementary poly(vinyl alcohol) and
polyacrylamide, which ones contained different quantity and length of grafted chains, have been
synthesized in aqueous medium using the radical template “grafting from” polymerization technique.
The constant concentration of the matrix (PVA macromolecules with Mw=90 kDa) and variable
concentrations of the redox initiator and monomer, which determined the quantity and length of the
grafts, were applied. The main molecular parameters of the graft copolymers were characterized and
the changes in the grafted chain quantity N from 10 to 40 per one copolymer macromolecule were
found. A high activity of PVA-g-PAA as templates in the processes of in situ synthesis and stabilization
of silver nanoparticles (AgNPs) in water was revealed. The kinetic regularities of AgNP formation
and the nanoparticle yield were established basing on the analysis of the position and integrated
intensities of the nanoparticle surface plasmon resonance band (SPRB) in UV-Vis spectra. It was
shown that the graft copolymers, which form in aqueous solutions the micelle-like structures, ensured
both the high rate of formation and large yield of AgNPs as well as their long-term stabilization in
time. An interesting effect of a sharp reduction in the maximum position of SPRB in 16-19 nm within
narrow time interval (~ 3 min) that took place at the accumulation of a large enough quantity of
AgNPs in the reaction mixture has been established too. By this phenomenon, the process of
regularization (crystallization) of primary AgNPs could be fixed in time. The growth of the graft
number in the copolymer macromolecules from 10 to 40 resulted in the increase in nanoparticle yield,
especially at a low concentration of polymeric template. The obtained AgNPs/PVA-g-PAAm
compositions were studied in solutions by transmission electron microscopy and in a bulk state by
wide-angle and small-angle X-ray scattering. It was shown that AgNPs synthesized had a crystalline
structure, spherical shape, small size (< 10 nm), and low polydispersity. The compositions AgNPs/
PVA-g-PAAm in a bulk state demonstrated the two-level fractal organization of their structure. Silver
nanoparticles with a small size and smooth surface constituted the 1-st lower level of the composition
fractal structure but the mass-fractal clusters of the graft copolymer matrix formed the 2-nd higher
level of that structure.

Keywords: graft copolymer, micelle-like structure, silver nanoparticles, polymer/metal compositions.


