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Ñèíòåçîâàíî ÏÎÑÑ-âì³ñí³ íàíîêîìïîçèòè íà îñíîâ³ áàãàòîêîìïîíåíòíî¿ ïîë³ìåðíî¿ ìàòðèö³,
ùî ñêëàäàëàñÿ ç ïîë³óðåòàíó, ïîë³ã³äðîêñèïðîï³ëìåòàêðèëàòó òà 1,2-ïðîïàíä³îë³çîáóòèëîâîãî
ïîë³åäðàëüíîãî îë³ãîìåðíîãî ñèëñåñêâ³îêñàíó (1,2-ïðîïàíä³îë³çîáóòèë-ÏÎÑÑ), ÿêèé
âèêîðèñòîâóâàëè ÿê ôóíêö³îíàë³çîâàíèé íàíîíàïîâíþâà÷. Äîñë³äæåíî ïîðèñò³ñòü ñòâîðåíèõ
íàíîêîìïîçèò³â ìåòîäîì àäñîðáö³¿ ïàð³â ³íåðòíîãî ðîç÷èííèêà òà ìîðôîëîã³þ ìåòîäîì
ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿. Ïîêàçàíî, ùî íàíîíàïîâíþâà÷, ââåäåíèé ó íàï³â-ÂÏÑ íà
ñòàä³¿ ñèíòåçó ïîë³óðåòàíó, â³ä³ãðàº ðîëü íàíîñòðóêòóðóþ÷îãî àãåíòà â ñèñòåì³. ßê ðåçóëüòàò,
ôîðìóþòüñÿ íàíîêîìïîçèòè ç á³ëüø âïîðÿäêîâàíîþ ñòðóêòóðîþ, ùî äàº çìîãó îòðèìàòè
ìàòåð³àëè ç ïîêðàùåíèìè ïîêàçíèêàìè ô³çèêî-ìåõàí³÷íèõ âëàñòèâîñòåé. Äîñë³äæåííÿ
ïîðèñòîñò³ ïîêàçàëî, ùî ÏÎÑÑ-âì³ñí³ íàíîêîìïîçèòè íà îñíîâ³ ïîë³óðåòàí-
ïîë³ã³äðîêñèïðîï³ëìåòàêðèëàòíèõ íàï³â-ÂÏÑ íàëåæàòü äî ìàòåð³àë³â ç³ ù³ëüíîþ ñòðóêòóðîþ
òà ïåðåõ³äíèìè ïîðàìè ðîçì³ðîì 50–60 À, ùî ñïðèÿº âèêîðèñòàííþ íàíîêîìïîçèò³â ÿê
ãàçîáàð’ºðíèõ ìåìáðàí.

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèòè, ïîë³óðåòàí, 1,2-ïðîïàíä³îë³çîáóòèë-ÏÎÑÑ, íàï³â-ÂÏÑ, ïîðèñò³ñòü, ìîðôîëîã³ÿ.

Âñòóï.
Íàíîêîìïîçèòè – öå óí³êàëüíèé êëàñ ìàòåð³àë³â, â

ÿêèõ íåâåëèêà ê³ëüê³ñòü íàíîíàïîâíþâà÷³â ìîæå çíà÷-
íî ïîë³ïøèòè ¿õí³ âëàñòèâîñò³ [1–5]. Ïîë³óðåòàíè (ÏÓ)
÷àñòî âèêîðèñòîâóþòüñÿ ÿê ïîë³ìåðí³ ìàòðèö³ äëÿ îòðè-
ìàííÿ íàíîêîìïîçèò³â çàâäÿêè øèðîêîìó ðîçìà¿òòþ
¿õí³õ ô³çè÷íèõ ³ õ³ì³÷íèõ âëàñòèâîñòåé [6–9]. Ïîïåðåä-
í³ìè äîñë³äæåííÿìè âñòàíîâëåíî, ùî ââåäåííÿ ïîë³-
åäðàëüíèõ îë³ãîìåðíèõ ñèëñåñêâ³îêñàí³â (ÏÎÑÑ) ó ïîë³-
óðåòàíîâó ìàòðèöþ ñïðèÿº çðîñòàííþ ïîêàçíèê³â ãà-
çîáàð’ºðíèõ âëàñòèâîñòåé [10], ïðîâ³äíîñò³ òà ä³åëåêò-
ðè÷íî¿ ïðîíèêíîñò³ [11]. Äîäàâàííÿ ÏÎÑÑ ó ÏÓ ï³äâèùóº
¿õíþ òåðì³÷íó ñò³éê³ñòü [12, 13], à òàêîæ ïîêðàùóº ìå-
õàí³÷í³ âëàñòèâîñò³ [14, 15] çàâäÿêè ï³äñèëþþ÷îìó âïëè-
âó íàíî÷àñòèíîê. Òàêîæ âèÿâëåíî çá³ëüøåííÿ ñò³éêîñò³
äî îêèñíåííÿ íàíîêîìïîçèò³â [14, 16] çà ðàõóíîê âêëþ-
÷åííÿ ÏÎÑÑ ó ñèñòåìè. Ö³ ïîçèòèâí³ åôåêòè ãîëîâíèì
÷èíîì ñïîñòåð³ãàëèñÿ ó âèïàäêàõ, êîëè ôóíêö³îíàë³çî-
âàí³ íàíî÷àñòèíêè ÏÎÑÑ ³íòåãðóâàëèñÿ â ëàíöþãè ïîë³-
ìåðó çà äîïîìîãîþ õ³ì³÷íî¿ ðåàêö³¿.

Ó íàøîìó ïîïåðåäíüîìó äîñë³äæåíí³ [17] áóëè
ñòâîðåí³ òà äîñë³äæåí³ íàíîêîìïîçèòè íà îñíîâ³ ïîë³-

óðåòàíîâî¿ ìàòðèö³ òà 1,2-ïðîïàíä³îë³çîáóòèë-ÏÎÑÑ
(íàäàë³ ÏÎÑÑ), ùî âèêîðèñòîâóâàëè ÿê ôóíêö³îíàë³çî-
âàíèé íàíîíàïîâíþâà÷. Íàÿâí³ñòü äâîõ ðåàêö³éíîçäàò-
íèõ ã³äðîêñèëüíèõ ãðóï ó ïåðèôåðè÷íèõ çàì³ñíèêàõ
öüîãî ÏÎÑÑ äàº çìîãó ¿ì âñòóïàòè â ðåàêö³þ ç ä³³çîö³à-
íàòàìè, ùî ñïðèÿº âáóäîâóâàííþ íàíî÷àñòèíîê ÏÎÑÑ
â îñíîâíèé ïîë³ìåðíèé ëàíöþã íàíîêîìïîçèò³â [18–
20]. Ïîêàçàíî, ùî âêëþ÷åííÿ íàíî÷àñòîê ÏÎÑÑ ó ìàò-
ðèöþ ÏÓ âåäå äî óòâîðåííÿ á³ëüø âïîðÿäêîâàíî¿ ñòðóê-
òóðè, à òàêîæ ³ñòîòíî âïëèâàº íà òåðì³÷íó ñòàá³ëüí³ñòü
íàíîêîìïîçèò³â [17].

Âîäíî÷àñ äëÿ ñòâîðåííÿ íàíîêîìïîçèò³â äîñèòü
ïåðñïåêòèâí³ áàãàòîêîìïîíåíòí³ ïîë³ìåðí³ ìàòðèö³,
îòðèìàí³ ìåòîäîì ÂÏÑ [21, 22]. ²ñíóâàííÿ äåê³ëüêîõ
ð³âí³â õ³ì³÷íî¿ òà ñòðóêòóðíî¿ ãåòåðîãåííîñò³ ó òàêèõ
ìàòðèöÿõ ìîæå çàáåçïå÷èòè äîäàòêîâ³ ìîæëèâîñò³ äëÿ
ðåãóëþâàííÿ âëàñòèâîñòåé íàíîêîìïîçèò³â. Ââåäåííÿ
íàíîíàïîâíþâà÷³â ó òàê³ ñèñòåìè ìîæå ñïðèÿòè ï³äâè-
ùåííþ ñóì³ñíîñò³ ïîë³ìåðíèõ êîìïîíåíò³â [23, 24].
²ñíóº ê³ëüêà óñï³øíèõ ñïðîá ââåäåííÿ íàíîíàïîâíþ-
âà÷³â ó ÂÏÑ [24–26].
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Ìåòîþ öüîãî äîñë³äæåííÿ áóëî ñòâîðåííÿ íàíî-
êîìïîçèò³â íà îñíîâ³ áàãàòîêîìïîíåíòíî¿ ïîë³ìåðíî¿
ìàòðèö³, ùî ñêëàäàºòüñÿ ç ïîë³óðåòàíó, ïîë³ã³äðîêñè-
ïðîï³ëìåòàêðèëàòó òà 1,2-ïðîïàíä³îë³çîáóòèë-ÏÎÑÑ,
ÿêèé âèêîðèñòîâóâàëè ÿê ôóíêö³îíàë³çîâàíèé íàíîíà-
ïîâíþâà÷, òà äîñë³äæåííÿ âïëèâó âì³ñòó ÏÎÑÑ íà ïî-
ðèñò³ñòü ³ ìîðôîëîã³þ íàíîêîìïîçèò³â.
Åêñïåðèìåíòàëüíà ÷àñòèíà.

Îá’ºêòàìè äîñë³äæåííÿ áóëè íàï³â-ÂÏÑ, ùî ñêëà-
äàëèñü ç ÏÓ ñ³òêè òà ë³í³éíîãî êîìïîíåíòà ïîë³ã³äðîê-
ñèïðîï³ëìåòàêðèëàòó (ÏÃÏÌÀ), à òàêîæ íàíîêîìïî-
çèòè íà ¿õ îñíîâ³ ç âèêîðèñòàííÿì ôóíêö³îíàë³çîâàíî-
ãî íàíîíàïîâíþâà÷à 1,2-ïðîïàíä³îë³çîáóòèë-ÏÎÑÑ
(åìï³ðè÷íî¿ ôîðìóëè C34H76O15Si8, Hybrid Plastics, íà-
äàë³ ÏÎÑÑ). ÏÓ ñ³òêó â óñ³õ êîìïîçèòàõ ôîðìóâàëè äâî-
ñòàä³éíèì ìåòîäîì. ßê ³çîö³àíàòíó ñêëàäîâó âèêîðèñ-
òîâóâàëè àäóêò òðèìåòèëîëïðîïàíó ç òîëó¿ëåíä³³çîö³à-
íàòîì (àäóêò ÒÌÏ-ÒÄ²), ÿêèé ñèíòåçóâàëè íà ïåðøî-
ìó åòàï³ çà ìåòîäèêîþ [27]. Ã³äðîêñèëâì³ñíèì
êîìïîíåíòîì äëÿ ôîðìóâàííÿ ÏÓ ñ³òêè îáðàëè îë³ãî-
åòåðãë³êîëü ç ìîë. ìàñîþ 5000 ³ ã³äðîêñèëüíèì ÷èñëîì
3. Íàíîíàïîâíþâà÷ äèã³äðîêñè-ÏÎÑÑ ââîäèëè ó ñêëàä
êîìïîçèò³â ó ê³ëüêîñò³ 1, 3, 5 ³ 10 % ìàñ. ó ïðîöåñ³ ñèí-
òåçó ÏÓ ñ³òêè. Íàï³â-ÂÏÑ ôîðìóâàëè êîíòðîëüîâàíèì
íàáðÿêàííÿì ó ã³äðîêñèïðîï³ëìåòàêðèëàò³ ÏÎÑÑ-
âì³ñíèõ ÏÓ ïë³âîê ç íàñòóïíèì ÓÔ-îïðîì³íåííÿì. Äëÿ
ðàäèêàëüíî¿ ïîë³ìåðèçàö³¿ ìåòàêðèëàòíî¿ ñ³òêè âèêî-
ðèñòîâóâàëè ³í³ö³àòîð 2,2-äèìåòîêñè-2-ôåí³ëàöåòîôå-
íîí (Irgacure 651, λ=340 íì-1). Ó òàáë. 1 íàâåäåí³ ñòðóê-
òóðí³ ôîðìóëè ñêëàäîâèõ êîìïîíåíò³â íàï³â-ÂÏÑ,
ñï³ââ³äíîøåííÿ ÏÓ/ÏÃÏÌÀ â ÿêèõ ñòàíîâèëî 85/15 ³
70/30 (íàäàë³ íàï³â-ÂÏÑ-15 ³ íàï³â-ÂÏÑ-30 â³äïîâ³äíî)
[28, 29].

Îö³íêó ïîðèñòîñò³ ñèíòåçîâàíèõ íàíîêîìïîçèò³â
ïðîâîäèëè êëàñè÷íèì ñîðáö³éíèì ìåòîäîì [30]. Â³í
ïîëÿãàº ó âèçíà÷åíí³ ê³ëüêîñò³ ïàð³â íèçüêîìîëåêóëÿð-
íî¿ ð³äèíè, ñîðáîâàíî¿ çðàçêîì çà ð³çíèõ òèñê³â ïàðè,
ïîáóäîâ³ ³çîòåðì ñîðáö³¿–äåñîðáö³¿ òà íàñòóïíèì ðîç-
ðàõóíêîì íà ¿õ îñíîâ³ ïèòîìî¿ ïîâåðõí³, ñóìàðíîãî
îá’ºìó ïîð ³ ñåðåäíüîãî ðîçì³ðó ïîð. Àäñîðáö³þ ïàð³â

ìåòàíîëó çðàçêàìè íàï³â-ÂÏÑ ³ ÏÎÑÑ-âì³ñíèõ íàíî-
êîìïîçèò³â íà ¿õ îñíîâ³ äîñë³äæóâàëè çà òåìïåðàòóðè
20 °C ³ç çàñòîñóâàííÿì âàêóóìíî¿ óñòàíîâêè ç òåðåçà-
ìè Ìàê-Áåíà ç âèêîðèñòàííÿì ìîë³áäåíîâèõ ñï³ðàëåé
ç ÷óòëèâ³ñòþ 3–4 ìã/ìì [31].

Ïèòîìó ïîâåðõíþ çðàçê³â ðîçðàõîâóâàëè çà ìåòî-
äîì ÁÅÒ [30, 32]. Ð³âíÿííÿ ÁÅÒ âèêîðèñòîâóâàëè ó âè-
ãëÿä³ :

0

0 0

1 1
1 ì ì

P / P C P
a ( P / P ) C a C a P

−= + ⋅
⋅ − ⋅ ⋅

,

äå: Ð/P0 – â³äíîñíèé òèñê ïàð³â ñîðáàòó; à – ê³ëüê³ñòü
ñîðáîâàíî¿ ðå÷îâèíè, ììîëü/ã; àì – ê³ëüê³ñòü ñîðáîâà-
íî¿ ðå÷îâèíè ó ìîíîìîëåêóëÿðíîìó øàð³, ììîëü/ã;
Ñ – êîíñòàíòà.

Åêñïåðèìåíòàëüí³ äàí³ áóëè ïðåäñòàâëåí³ ÿê çà-
ëåæí³ñòü:

0

0 01
P / P Pf

a ( P / P ) P
=

⋅ −
.

Êóò íàõèëó ïðÿìî¿ òà â³äð³çîê íà îñ³ îðäèíàò äàëè
çìîãó ðîçðàõóâàòè Ñ òà à ì.

Ïèòîìó ïîâåðõíþ çðàçê³â ðîçðàõîâóâàëè çà ð³âíÿí-
íÿì:

Sïèò = àì·ω·Na ·10-7 ,
äå: Na – ÷èñëî Àâîãàäðî; ω – ïëîùà, ÿêó çàéìàº îäíà
ìîëåêóëà ñîðáàòó.

Âåëè÷èíó ω ðîçðàõîâóâàëè çà ôîðìóëîþ:

 
2
34 0 866 4 2 a. ( M / d N )ω = ⋅ ⋅ ⋅ ⋅ ⋅ ,

äå: Ì – ìîëåêóëÿðíà ìàñà ñîðáàòó; d – ãóñòèíà ñîðáà-
òó.

Ñóìàðíèé îá’ºì ïîð ó çðàçêàõ (W0) îö³íþâàëè çà
ìàêñèìàëüíî àäñîðáîâàíîþ ê³ëüê³ñòþ ìåòàíîëó çðàç-
êàìè çà ôîðìóëîþ [33]:

 W0 = àV,
äå: à – ê³ëüê³ñòü ñîðáàòó, ìàêñèìàëüíî ïîãëèíóòîãî 1 ã
ñîðáåíòó, ìîëü/ã; V – îá’ºì îäíîãî ìîëÿ ñîðáàòó.

Ñåðåäí³é ðàä³óñ ïîð çðàçê³â ðîçðàõîâóâàëè çà ð³âíÿí-
íÿì [33]:

 rñð = (2W0/Sïèò)·104 (À).
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Ñòðóêòóðó ÏÎÑÑ-âì³ñíèõ íàíîêîìïîçèò³â äîñë³ä-
æóâàëè ìåòîäîì ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿
(ÑÅÌ) çà äîïîìîãîþ ì³êðîñêîïà JEOL JSM 6060 LA
(Japan) ç ïðèñêîðþâàëüíîþ íàïðóãîþ 30 êÂ ³ äåòåêòî-
ðîì âòîðèííèõ åëåêòðîí³â. Àáè çàïîá³ãòè àêóìóëÿö³¿
ñòàòè÷íîãî çàðÿäó òà ï³äâèùèòè ðîçä³ëüíó çäàòí³ñòü íà
ïîâåðõíþ çëàì³â çðàçê³â ó âàêóóì³ íàíîñèëè òîíêèé
îäíîð³äíèé øàð çîëîòà. Ì³êðîôîòîãðàô³¿ ðîáèëè ç
ìàêñèìàëüíèì çá³ëüøåííÿì ó 15 000 ðàç³â.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.
Ïîðèñò³ñòü íàíîêîìïîçèò³â.

Íà ðèñ. 1 íàâåäåí³ ³çîòåðìè àäñîðáö³¿ ïàð³â ìåòàíî-
ëó çðàçêàìè íàï³â-ÂÏÑ ð³çíîãî ñêëàäó òà ÏÎÑÑ-âì³ñíèõ
íàíîêîìïîçèò³â íà ¿õ îñíîâ³.

Âèäíî, ùî ³çîòåðìè àäñîðáö³¿ âñ³õ çðàçê³â ìàþòü
âèãëÿä êðèâèõ, ââ³ãíóòèõ äî îñ³ àáñöèñ. Ìàêñèìàëüíà
âåëè÷èíà àäñîðáö³¿ ìåòàíîëó äëÿ íàï³â-ÂÏÑ-15 ³ íàíî-

êîìïîçèò³â íà ¿õ îñíîâ³ ëåæèòü ó ä³àïàçîí³ 0,75–
0,90 ììîëü/ã, à äëÿ ñåð³¿ íàï³â-ÂÏÑ-30 ³ íàíîêîìïîçè-
èò³â òðîõè âèùà – 0,80–0,95 ììîëü/ã. Çà êëàñèô³êàö³ºþ
Áðóíàóåðà, Åììåòà ³ Òåëëåðà (ÁÅÒ) [32] òàê³ ³çîòåðìè
àäñîðáö³¿ â³äíîñÿòü äî òðåòüîãî òèïó. Öå îçíà÷àº, ùî
ð³âíÿííÿ ÁÅÒ ìîæå áóòè çàñòîñîâàíå äî îòðèìàíèõ ³çî-
òåðì â îáëàñò³ ìàëèõ òèñê³â ïàðè [33]. Òîìó ³çîòåðìè
áóëè ïåðåáóäîâàí³ â³äïîâ³äíî äî ð³âíÿííÿ ÁÅÒ . Íà ðèñ. 2
íàâåäåí³ òàê³ åêñïåðèìåíòàëüí³ äàí³ äëÿ ìàòðèöü íàï³â-
ÂÏÑ-15 ³ íàï³â-ÂÏÑ-30 òà ÏÎÑÑ-âì³ñíèõ íàíîêîìïî-
çèò³â íà ¿õ îñíîâ³.

Ç ðèñ. 2 âèäíî, ùî â îáëàñò³ íèçüêèõ â³äíîñíèõ òèñê³â
ïàð³â ìåòàíîëó êðèâ³ ìàþòü ë³í³éí³ ä³ëÿíêè. Òàíãåíñè
êóò³â öèõ ë³í³éíèõ ä³ëÿíîê òà â³äñ³÷åííÿ íà îñ³ îðäèíàò
äàëè ìîæëèâ³ñòü îòðèìàòè ê³ëüê³ñòü ñîðáîâàíî¿ ðå÷î-
âèíè ó ìîíîìîëåêóëÿðíîìó øàð³ (àì). Âèêîðèñòîâóþ-
÷è ôîðìóëè (3–6), íàâåäåí³ âèùå, áóëè ðîçðàõîâàí³
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Ðèñ. 2. Åêñïåðèìåíòàëüí³ äàí³ ç ³çîòåðì³÷íî¿ àäñîðáö³¿ ïàð³â ìåòàíîëó çðàçêàìè íàï³â-ÂÏÑ-15 ³ íàíîêîìïîçèò³â
íà ¿õ îñíîâ³ (à) òà íàï³â-ÂÏÑ-30 ³ íàíîêîìïîçèò³â íà ¿õ îñíîâ³ (á) ³ç âì³ñòîì ÏÎÑÑ: 0 (1); 1 (2); 5 (3) ³ 10 % ìàñ. (4),
íàâåäåí³ â ðàìêàõ ð³âíÿííÿ ÁÅÒ
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ïèòîìà ïîâåðõíÿ, ñóìàðíèé îá’ºì ïîð ³ ñåðåäí³é ðàä³-
óñ ïîð ñèíòåçîâàíèõ ìàòåð³àë³â. Ðåçóëüòàòè ðîçðà-
õóíê³â íàâåäåí³ â òàáë. 2, ç ÿêèõ âèäíî, ùî ïèòîìà ïî-
âåðõíÿ çðàçê³â ÏÎÑÑ-âì³ñíèõ íàíîêîìïîçèò³â (Sïèò)
çì³íþºòüñÿ â³ä 10,6 äî 13,2 ì2/ã. Ïèòîìà ïîâåðõíÿ çðàçê³â
íàï³â-ÂÏÑ çá³ëüøóºòüñÿ ç ðîñòîì âì³ñòó ë³í³éíîãî êîì-
ïîíåíòà íàï³â-ÂÏÑ ÏÃÏÌÀ ç 11,3 äî 12,2 ì2/ã. Ïðè ââå-
äåíí³ 1 % ìàñ. íàíî÷àñòîê ÏÎÑÑ ïèòîìà ïîâåðõíÿ íà-
íîêîìïîçèò³â çðîñòàº íåçàëåæíî â³ä òèïó íàï³â-ÂÏÑ.
Îäíàê ïðè ïîäàëüøîìó çá³ëüøåíí³ ê³ëüêîñò³ ÏÎÑÑ ó
ñêëàä³ íàíîêîìïîçèò³â äî 5–10 % ìàñ. ¿õíÿ ïèòîìà ïî-
âåðõíÿ çàêîíîì³ðíî çìåíøóºòüñÿ.

Çà äàíèìè òàáë. 2 çíà÷åííÿ ñóìàðíîãî îá’ºìó ïîð
(W0) äëÿ ìàòðèö³ íàï³â-ÂÏÑ-15 ìåíøå, í³æ äëÿ íàï³â-
ÂÏÑ-30. Îäíàê óæå ïðè äîäàâàíí³ 1 % ìàñ. íàíî÷àñòîê
ÏÎÑÑ ñóìàðíèé îá’ºì ïîð ó íàíîêîìïîçèò³ íà îñíîâ³
íàï³â-ÂÏÑ-15 çá³ëüøóºòüñÿ, à ó íàíîêîìïîçèò³ íà îñ-
íîâ³ íàï³â-ÂÏÑ-30 çàëèøàºòüñÿ ìàéæå íà òîìó æ ð³âí³,
ùî é ó ìàòðèö³. Ïðè ïîäàëüøîìó çá³ëüøåíí³ ê³ëüêîñò³
íàíî÷àñòîê ÏÎÑÑ äî 5–10 % ìàñ. ñïîñòåð³ãàëè ñòàëå
çìåíøåííÿ çíà÷åíü ñóìàðíîãî îá’ºìó ïîð ó íàíîêîì-
ïîçèòàõ íà îñíîâ³ îáîõ ìàòðèöü.

Çà ³çîòåðìàìè àäñîðáö³¿ ïàð³â ìåòàíîëó áóâ ðîçðà-
õîâàíèé òàêîæ ñåðåäí³é ðîçì³ð ïîð (rñð) îòðèìàíèõ
çðàçê³â. Ç ðåçóëüòàò³â ðîçðàõóíê³â, íàâåäåíèõ ó òàáë. 2,
âèäíî, ùî ñåðåäí³é ðîçì³ð ïîð ó äîñë³äæåíèõ çðàçêàõ

ÏÎÑÑ-âì³ñíèõ íàíîêîìïîçèò³â âàð³þâàâ ó ìåæàõ â³ä
50 äî 60 À. Çà êëàñèô³êàö³ºþ Äóá³í³íà [34], ìàòåð³àëè,
ùî ìàþòü ïîðè äî 20 À â³äíîñÿòü äî ì³êðîïîðèñòèõ, à
ò³, ùî ìàþòü ïîðè ðîçì³ðîì á³ëüøå 200 À – äî ìàêðî-
ïîðèñòèõ. Çã³äíî ç ö³ºþ êëàñèô³êàö³ºþ, äîñë³äæåí³ çðàç-
êè ç íàÿâíèìè ïîðàìè ðîçì³ðîì â³ä 20 äî 200 À â³äíî-
ñÿòü äî ìàòåð³àë³â ç ïåðåõ³äíèìè ïîðàìè.

Êð³ì òîãî, ç òàáë. 2 âèäíî, ùî ïðè ââåäåíí³ ÏÎÑÑ ó
íàï³â-ÂÏÑ ìàòðèö³ ñåðåäí³é ðîçì³ð ïîð äåùî çíèæóºòü-
ñÿ. Íàéá³ëüøå çíèæåííÿ çíà÷åíü ñïîñòåð³ãàëè ïðè ââå-
äåíí³ ì³í³ìàëüíî¿ ê³ëüêîñò³ (â³ä 59 äî 54 À) íàíîíàïîâ-
íþâà÷à â íàï³â-ÂÏÑ-30. Î÷åâèäíî, õ³ì³÷íå âáóäîâóâàí-
íÿ ÏÎÑÑ íàíî÷àñòîê ó ÏÓ ëàíöþã [2] ïðèçâîäèòü äî
óù³ëüíåííÿ ñòðóêòóðè íàï³â-ÂÏÑ, ùî ïîçíà÷àºòüñÿ íà
çìåíøåíí³ ïîð çà ðîçì³ðîì. Ïðè öüîìó ³ ñóìàðíèé
îá’ºì ïîð òàêîæ çíèæóºòüñÿ ïðè ââåäåíí³ 5–10 % ìàñ.
íàíî÷àñòîê ã³äðîêñè-ÏÎÑÑ ó ìàòðèö³ íàï³â-ÂÏÑ-15 ³
íàï³â-ÂÏÑ-30.
Ìîðôîëîã³ÿ âèõ³äíèõ ìàòðèöü ³ íàíîêîìïîçèò³â.

Íà ðèñ. 3 íàâåäåí³ ì³êðîôîòîãðàô³¿ ïîâåðõîíü
ñâ³æèõ çëàì³â çðàçê³â íàï³â-ÂÏÑ íà îñíîâ³ ÏÓ òà
ÏÃÏÌÀ ç âì³ñòîì ÏÃÏÌÀ 15 (a) òà 30 % ìàñ. (á).

ßê âèäíî ç ðèñ. 3, ìàòðèöÿ íàï³â-ÂÏÑ-15 ìàº
â³äíîñíî ãîìîãåííó ñòðóêòóðó. Ñòðóêòóðà ìàòðèö³
íàï³â-ÂÏÑ-30 ìåíø ãîìîãåííà, ïðè çðîñòàíí³ ê³ëüêîñò³
ÏÃÏÌÀ ó íàï³â-ÂÏÑ äî 30 % ìàñ. ç’ÿâëÿþòüñÿ

Çðàçîê àì, 
ììîëü/ã 

Sïèò, 
ì2/ã 

àìàêñ, 
ìîëü/ã 

W0, 
cì3/ã 

rñåð, 
À 

íàï³â-ÂÏÑ-15 0,10408 11,3 8,34·10-4 3,38·10-2 59,8 
íàï³â-ÂÏÑ-15-1 0,11726 12,7 8,99·10-4 3,64·10-2 57,3 
íàï³â-ÂÏÑ-15-5 0,10753 11,7 8,33·10-4 3,38·10-2 57,8 
íàï³â-ÂÏÑ-15-10 0,09824 10,6 7,62·10-4 3,09·10-2 58,3 
íàï³â-ÂÏÑ-30 0,11261 12,2 8,89·10-4 3,60·10-2 59,0 
íàï³â-ÂÏÑ-30-1 0,12225 13,2 8,76·10-4 3,55·10-2 53,8 
íàï³â-ÂÏÑ-30-5 0,11204 12,1 8,40·10-4 3,40·10-2 56,2 
íàï³â-ÂÏÑ-30-10 0,10683 11,6 7,79·10-4 3,16·10-2 54,5 

 

Ðèñ. 3. Ì³êðîôîòîãðàô³¿ âèõ³äíèõ íàï³â-ÂÏÑ-15 (à) òà íàï³â-ÂÏÑ-30 (á), îòðèìàí³ ìåòîäîì ÑÅÌ (ïðè çá³ëüøåíí³
â 15000 ðàç³â)
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íåîäíîð³äíîñò³ ðîçì³ðí³ñòþ ïðèáëèçíî 50 íì. Ðåçóëü-
òàòè ÑÅÌ äîáðå óçãîäæóþòüñÿ ç äàíèìè, îòðèìàíèìè
ðàí³øå ìåòîäîì äèíàì³÷íîãî ìåõàí³÷íîãî àíàë³çó [29]:
ç³ çá³ëüøåííÿì ê³ëüêîñò³ ÏÃÏÌÀ â ñèñòåì³ ôàçîâèé
ðîçïîä³ë ó íàï³â-ÂÏÑ ñòàº á³ëüø î÷åâèäíèì. Êð³ì òîãî,
ö³ äàí³ êîðåëþþòü ç ðîçðàõîâàíèìè ïîêàçíèêàìè ñòó-
ïåíÿ ñåãðåãàö³¿ ïîë³ìåðíèõ êîìïîíåíò³â [29], ùî âêàçó-
þòü íà ïðèçóïèíåííÿ ôàçîâîãî ïîä³ëó â íàï³â-ÂÏÑ-15
íà ðàíí³é ñòàä³¿, òîä³ ÿê ó íàï³â-ÂÏÑ-30 ôàçîâèé ðîç-
ïîä³ë ì³æ ïîë³ìåðíèìè ñêëàäîâèìè ïðîëîíãîâàíèé,
òîáòî çàô³êñîâàíèé íà á³ëüø ï³çí³é ñòàä³¿.

Ç ðèñ. 4 âèäíî, ùî ââåäåííÿ 1–3 % ìàñ. íàíîíàïîâ-
íþâà÷à ÏÎÑÑ ó ìàòðèöþ íàï³â-ÂÏÑ-15 ñïðè÷èíÿº ïî-
ÿâó íåîäíîð³äíîñòåé â ñòðóêòóð³ ðîçì³ðîì ïðèáëèçíî
50 íì. Ïîäàëüøå çá³ëüøåííÿ âì³ñòó ÏÎÑÑ íàíî÷àñòîê
ó ìàòðèö³ äî 5–10 % ìàñ. âåäå äî àãðåãàö³¿ îñòàíí³õ ó
ôîðì³ ïðÿìîêóòíèõ íàíî- (ðèñ. 4â) ³ ì³êðîäîìåí³â
(ðèñ. 4ã). Òîáòî, ç³ çá³ëüøåííÿì âì³ñòó íàíîíàïîâíþ-
âà÷à çðîñòàº ³ ðîçì³ð äîìåí³â ó íàíîêîìïîçèòàõ öüîãî
òèïó.

Ââåäåííÿ ÏÎÑÑ ó ìàòðèöþ íàï³â-ÂÏÑ-30 òàêîæ
çá³ëüøóº ãåòåðîãåíí³ñòü ñòðóêòóðè íàíîêîìïîçèò³â
(ðèñ. 5à–ã). Íåâåëèê³ ê³ëüêîñò³ íàíîíàïîâíþâà÷à ÏÎÑÑ
(1–3 % ìàñ.) ó íàï³â-ÂÏÑ-30 âåäóòü äî ôîðìóâàííÿ
íàíîäîìåí³â ðîçì³ðàìè 50–100 íì. Ïðè çá³ëüøåíí³
ê³ëüêîñò³ ã³äðîêñè-ÏÎÑÑ ó íàï³â-ÂÏÑ-30 äî 5–10 % ìàñ.

à á â ã
Ðèñ. 5. Ì³êðîôîòîãðàô³¿ íàíîêîìïîçèò³â íà îñíîâ³ ìàòðèö³ íàï³â-ÂÏÑ-30 ³ç âì³ñòîì ÏÎÑÑ: 1 (à); 3 (á); 5 (â) ³

10 % ìàñ. (ã) (ïðè çá³ëüøåíí³ â 15000 ðàç³â)

ôîðìóþòüñÿ ì³êðîäîìåíè ðîçì³ðîì áëèçüêî 1 ìêì
(ðèñ. 5ã) ³ ðîçì³ðàìè 2–3 ìêì (ðèñ. 5â).

Î÷åâèäíî, ùî íàíîíàïîâíþâà÷ ÏÎÑÑ, ââåäåíèé ó
íàï³â-ÂÏÑ íà ñòàä³¿ ñèíòåçó ÏÓ ñ³òêè, ñëóãóº íàíî-
ñòðóêòóðóþ÷èì àãåíòîì ó ñèñòåì³. Â ðåçóëüòàò³ ôîð-
ìóþòüñÿ íàíîêîìïîçèòè ç á³ëüø âïîðÿäêîâàíîþ ñòðóê-
òóðîþ, ùî äàº ìîæëèâ³ñòü îòðèìóâàòè ìàòåð³àëè ç ïî-
êðàùåíèìè ïîêàçíèêàìè ìîäóë³â ïðóæíîñò³ [29].
Âèñíîâêè.

Îòæå, â ðåçóëüòàò³ ïðîâåäåíèõ ìîðôîëîã³÷íèõ äî-
ñë³äæåíü âñòàíîâëåíî, ùî ã³äðîêñèëâì³ñíèé íàíîíà-
ïîâíþâà÷ ÏÎÑÑ, ââåäåíèé ó ïîë³óðåòàí-ïîë³ã³äðîêñèï-
ðîï³ëìåòàêðèëàòí³ íàï³â-ÂÏÑ íà ñòàä³¿ ñèíòåçó ïîë³ó-
ðåòàíîâî¿ ñ³òêè, ñëóãóº íàíîñòðóêòóðóþ÷èì àãåíòîì
ó ñèñòåì³. ßê ðåçóëüòàò, ôîðìóþòüñÿ íàíîêîìïîçèòè ç
á³ëüø âïîðÿäêîâàíîþ ñòðóêòóðîþ, ùî äàº çìîãó îòðè-
ìóâàòè ìàòåð³àëè ç ïîêðàùåíèìè ïîêàçíèêàìè ô³çè-
êî-ìåõàí³÷íèõ âëàñòèâîñòåé.

Äîñë³äæåííÿ ïîðèñòîñò³ îòðèìàíèõ íàíîêîìïîçèò³â
ïîêàçàëî, ùî âêëþ÷åííÿ òàêîãî òèïó ÏÎÑÑ ó ñêëàä êîì-
ïîçèò³â íà îñíîâ³ ïîë³óðåòàí- ïîë³ã³äðîêñèïðîï³ëìå-
òàêðèëàòíèõ íàï³â-ÂÏÑ âåäå äî óòâîðåííÿ ìàòåð³àë³â ç
ïåðåõ³äíèìè ïîðàìè ðîçì³ðí³ñòþ 50–60 À òà óù³ëü-
íåííÿ ¿õíüî¿ ñòðóêòóðè, ùî ïåðñïåêòèâíî äëÿ âèêîðèñ-
òàííÿ îòðèìàíèõ íàíîêîìïîçèò³â ÿê ãàçîáàð’ºðíèõ
ìåìáðàí.
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Ñòðóêòóðíûå îñîáåííîñòè è ïîðèñòîñòü ÏÎÑÑ-ñîäåðæàùèõ
íàíîêîìïîçèòîâ íà îñíîâå ïîëèóðåòàí-
ïîëèãèäðîêñèïðîïèëìåòàêðèëàòíîé ìàòðèöû, êîòîðàÿ ñèíòåçèðîâàíà
ïî ïðèíöèïó ïîñëåäîâàòåëüíûõ ÂÏÑ

Ë.Â. Êàðàáàíîâà1, Ë.À. Ãîí÷àðîâà1, Â.È. Ñàïñàé2, Ä.À. Êëèì÷óê2

1Èíñòèòóò õèìèè âûñîêîìîëåêóëÿðíûõ ñîåäèíåíèé ÍÀÍ Óêðàèíû
48, Õàðüêîâñêîå øîññå, Êèåâ, 02160, Óêðàèíà
2Èíñòèòóò áîòàíèêè èìåíè Í.Ã. Õîëîäíîãî ÍÀÍ Óêðàèíû
2, óë. Òåðåùåíêîâñêàÿ, Êèåâ, 01004, Óêðàèíà

Ñèíòåçèðîâàíû ÏÎÑÑ-ñîäåðæàùèå íàíîêîìïîçèòû íà îñíîâå ìíîãîêîìïîíåíòíîé ïîëèìåðíîé
ìàòðèöû, ñîñòîÿùåé èç ïîëèóðåòàíà, ïîëèãèäðîêñèïðîïèëìåòàêðèëàòà è 1,2-
ïðîïàíäèîëèçîáóòèëîâîãî ïîëèýäðàëüíîãî îëèãîìåðíîãî ñèëñåñêâèîêñàíà (1,2-
ïðîïàíäèîëèçîáóòèë-ÏÎÑÑ), êîòîðûé èñïîëüçîâàëè â êà÷åñòâå ôóíêöèîíàëèçèðîâàííîãî
íàíîíàïîëíèòåëÿ. Èññëåäîâàíû ïîðèñòîñòü ïîëó÷åííûõ íàíîêîìïîçèòîâ ìåòîäîì àäñîðáöèè
ïàðîâ èíåðòíîãî ðàñòâîðèòåëÿ è ìîðôîëîãèÿ ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè.
Ïîêàçàíî, ÷òî íàïîëíèòåëü, ââåäåííûé â ïîëó-ÂÏÑ íà ñòàäèè ñèíòåçà ïîëèóðåòàíà, èãðàåò
ðîëü íàíîñòðóêòóðèðóþùåãî àãåíòà â ñèñòåìå. Êàê ðåçóëüòàò, ôîðìèðóþòñÿ íàíîêîìïîçèòû
ñ áîëåå óïîðÿäî÷åííîé ñòðóêòóðîé, ÷òî ïðèâîäèò ê ïîëó÷åíèþ ìàòåðèàëîâ ñ óëó÷øåííûìè
ïîêàçàòåëÿìè ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ. Ïðè èññëåäîâàíèè ïîðèñòîñòè óñòàíîâëåíî, ÷òî
ÏÎÑÑ-ñîäåðæàùèå íàíîêîìïîçèòû íà îñíîâå ïîëèóðåòàí-ïîëèãèäðîêñèïðîïèëìåòàêðèëàòíûõ
ïîëó-ÂÏÑ ÿâëÿþòñÿ ìàòåðèàëàìè ñ ïëîòíîé ñòðóêòóðîé è ïåðåõîäíûìè ïîðàìè ðàçìåðíîñòüþ
50–60 À, ÷òî äåëàåò èõ ïåðñïåêòèâíûìè äëÿ èñïîëüçîâàíèÿ â êà÷åñòâå ãàçîáàðüåðíûõ ìåìáðàí.

Êëþ÷åâûå ñëîâà: íàíîêîìïîçèòû, ïîëèóðåòàí, 1,2-ïðîïàíäèîëèçîáóòèë-ÏÎÑÑ, ïîëó-ÂÏÑ, ïîðèñòîñòü,
ìîðôîëîãèÿ.
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Structural features and porosity of the POSS-containing nanocomposites based
on polyurethane-poly(hydroxypropyl methacrylate) matrix, which is formed by
the principle of sequential IPNs

L.V. Karabanova1, L.A. Honcharova1, V.I. Sapsay2, D.O. Klymchuk2

1Institute of Macromolecular Chemistry NAS of Ukraine
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POSS-containing nanocomposites based on a multicomponent polymer matrix consisting of
polyurethane (PU) and poly(hydroxypropyl methacrylate) (PHPMA), and 1,2-propanediolisobutyl
polyhedral oligomeric silsesquioxanes (POSS), used as functionalized nanofiller, were synthesized.
The porosity of created nanocomposites by adsorption of inert solvent vapor and morphology by
scanning electron microscopy were studied. It was  shown that nanofiller, introduced into the semi-
IPN at the stage of polyurethane synthesis, plays the role of a nanostructuring agent in the system. As
a result, the nanocomposites with more ordered structure are formed, which leads to obtaining of
materials with improved physical and mechanical properties. By study the porosity was shown  that
POSS-containing nanocomposites based on polyurethane-poly(hydroxypropyl methacrylate) semi-
IPNs are the materials with dense structure and transitional pores with size of 50 to 60 A and could be
used as gas barrier membranes.

Keywords: nanocomposites, polyurethane, 1,2-propanediol isobutyl-POSS, semi-IPN, porosity, morphology.
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