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ÓÄÊ 541.64:678.6
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Ðîçðîáëåíî ìåòîä ñèíòåçó ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç ³çîôîðîí³çîö³àíàòíîþ ãðóïîþ òà
äîñë³äæåíî ê³íåòè÷í³ çàêîíîì³ðíîñò³ éîãî óòâîðåííÿ. Ðîçðîáëåíî ìåòîäè ñèíòåçó îë³ãîìåðíèõ
ôîòî³í³ö³àòîð³â (ÎÔ²) íà îñíîâ³ ôîòî³í³ö³àòîðà ç ³çîôîðîí³çîö³àíàòíîþ ãðóïîþ òà
êðåìí³éîðãàí³÷íèõ îë³ãîìåð³â äèã³äðîêñè(ïîë³äèìåòèëñèëîêñàíó) (ÏÄÌÑ) ³ (3-àì³íîïðîï³ë)-
òðèåòîêñèñèëàíó (ÀÏÒÅÑ). Äîñë³äæåíî ê³íåòè÷í³ çàêîíîì³ðíîñò³ ñèíòåçó òà áóäîâó îòðèìàíèõ
³í³ö³àòîð³â ìåòîäîì ²×-ñïåêòðîñêîï³¿. Âèâ÷åíî òåðìîñòàá³ëüí³ñòü ñèíòåçîâàíèõ
êðåìí³éîðãàí³÷íèõ îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â ìåòîäîì òåðìîãðàâ³ìåòðè÷íîãî àíàë³çó òà ¿õ
òåïëîºìí³ñòü ìåòîäîì ÄÑÊ.

Êëþ÷îâ³ ñëîâà: áëîêêîïîë³ìåðè, îë³ãîìåðí³ ôîòî³í³ö³àòîðè, êðåìí³éîðãàí³÷í³ îë³ãîìåðè, ðàäèêàëüíà
ôîòîïîë³ìåðèçàö³ÿ.

Âñòóï.
Çàñòîñóâàííÿ ðàäèêàëüíî¿ ïîë³ìåðèçàö³¿ ó ñèíòåç³

áëîêêîïîë³ìåð³â (ÁÊÏ) çóìîâëåíî íàáàãàòî ìåíøîþ
éîãî ÷óòëèâ³ñòþ äî âïëèâ³â, ³ñòîòíèõ äëÿ ³îííî¿ ïîë³ìå-
ðèçàö³¿ (÷èñòîòà âèõ³äíî¿ ñ³ðîâèíè, îáìåæåííÿ âèáîðó
ìîíîìåð³â), ìîæëèâ³ñòþ ïðîâîäèòè ðåàêö³þ ó âîäíî-
ìó ñåðåäîâèù³ ³ ðîçøèðåííÿì ä³àïàçîíó âèêîðèñòîâó-
âàíèõ ìîíîìåð³â, ó òîìó ÷èñë³ ìîíîìåð³â ç ôóíêö³î-
íàëüíèìè ãðóïàìè ³ ìîíîìåð³â, ÿê³ ìàþòü çäàòí³ñòü äî
óòâîðåííÿ ìàêðîðàäèêàë³â ò³ëüêè ï³ä ä³ºþ â³ëüíèõ

ðàäèêàë³â (â³í³ëõëîðèä, â³í³ëàöåòàò). Àëå âñå öå ñòàº
ìîæëèâèì çàâäÿêè âèêîðèñòàííþ îë³ãîìåðíèõ ³í³ö³à-
òîð³â (Î²), ÿê³ äàþòü çìîãó îòðèìóâàòè ÁÊÏ, ùî ì³ñòÿòü
áëîêè ð³çíî¿ õ³ì³÷íî¿ ïðèðîäè, ââîäèòè ç îë³ãîìåðíè-
ìè ³í³ö³àòîðàìè ÷³òêî îõàðàêòåðèçîâàí³ çà ñòðóêòóðîþ
³ ìîëåêóëÿðíèìè ìàñàìè áëîêè òà îòðèìóâàòè ÁÊÏ ïå-
ðåäáà÷óâàíî¿ ñòðóêòóðè ç âèñîêèì ñòóïåíåì ÷èñòîòè
áëîê³â [1–4].

Âèêîðèñòàííÿ ôîòîõ³ì³÷íîãî ³í³ö³þâàííÿ

äàðîêóð 1173  

C
O CH3

OHC
CH3  

Тî÷êà ïëàâëåííÿ: 4 °Ñ 
Òêèï: 80–81 °Ñ 
Ò ñïàëàõó:> 100 °Ñ 
Щ³ëüí³ñòü: 1,08 ã/ñì3 

³çîôîðîíä³³çîö³àíàò  
CH3

CH3
CH3

NCO
OCN

CH2

 

Âì³ñò NCO-ãðóï: 37,4 – 37,6 % 
Ïîêàçíèê çàëîìëåííÿ, nd20: 1,483 
Òêèï = 153 °Ñ 
Щ³ëüí³ñòü, ã/ñì3 1,058–1,064 

äèã³äðîêñè(ïîë³äèìåòèëñèëîêñàí) 

 
 

n≈8–10 (ì.â. 570 òèòðóâàííÿ çà ÎÍ-ãðóïàìè) 
²íäåêñ çàëîìëåííÿ n20/ D: 1,405 
Â'ÿçê³ñòü ~ 25 ñÑò 
Щ³ëüí³ñòü 0,95 ã/ñì3 çà Ò = 25 °Ñ 

(3-àì³íîïðîï³ë)òðèåòîêñèñèëàí  

 

Щ³ëüí³ñòü (25 °Ñ): 0,9450–0,9550 ã/ñì3 
²íäåêñ çàëîìëåííÿ (n 25 °Ñ): 1,420 + 0,0005 
Òêèï: 220 °Ñ 
Ò ñïàëàõó: 96 °Ñ 

Òàáëèöÿ 1. Îñíîâí³ õàðàêòåðèñòèêè âèõ³äíèõ ðå÷îâèí
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ðàäèêàëüíî¿ ïîë³ìåðèçàö³¿ ó ñèíòåç³ ïîë³ìåð³â ³ îë³ãî-
ìåð³â äàº ìîæëèâ³ñòü ðåãóëþâàòè øâèäê³ñòü ³í³ö³þâàí-
íÿ çàâäÿêè ëåãøîìó êîíòðîëþ ÿê øâèäêîñò³ ³í³ö³þâàí-
íÿ (øëÿõîì çì³íè ³íòåíñèâíîñò³ ñâ³òëà, ), òàê ³ øâèä-
êîñò³ ðîñòó ³ äîâæèíè ëàíöþãà áëîêà, ùî óòâîðþºòüñÿ
(øëÿõîì çì³íè òåìïåðàòóðè) [5].

Âàæëèâ³ âëàñòèâîñò³ êðåìí³éì³ñòêèõ ÁÊÏ, ùî çàáåç-
ïå÷óþòü ìîæëèâ³ñòü ¿õ åôåêòèâíîãî çàñòîñóâàííÿ – öå
âèñîê³ ì³öí³ñòü òà åëàñòè÷í³ñòü ó íåíàïîâíåíîìó íå-
âóëêàí³çîâàíîìó ñòàí³; õîðîø³ ä³åëåêòðè÷í³ õàðàêòåðè-
ñòèêè – ïðîáèâíà íàïðóãà (25–50) êÂ/ìì, á³îëîã³÷íà
³íåðòí³ñòü, âèñîêà çàãàëüíà ³ ñåëåêòèâíà ãàçîïðî-
íèêí³ñòü. Ó ðÿä³ êðåìí³éâì³ñíèõ ÁÊÏ ö³ âëàñòèâîñò³
ïîºäíóþòüñÿ ç âèñîêîþ ðàä³àö³éíîþ ñò³éê³ñòþ, ñâ³òëî-
ïîãîäîñò³éê³ñòþ, õîðîøîþ àäãåç³ºþ äî äåÿêèõ ìàòåð³-
àë³â, çìåíøåíîþ ãîðþ÷³ñòþ, ìàñëîáåíçîñò³éê³ñòþ òà
³í. [6–8].

Ó íàøèõ ïîïåðåäí³õ ðîáîòàõ [9–14] îë³ãîìåðí³ ³í³ö³à-
òîðè ñèíòåçîâàí³ ç ìàêðîä³³çîö³àíàò³â (îë³ãîìåðó) òà
ìîíîìåðíèõ àçî³í³ö³àòîð³â ç ê³íöåâèìè ôóíêö³îíàëü-
íèìè ãðóïàìè, ÿê³ âèêîðèñòîâóâàëèñü ÿê äëÿ òåðìî-,
òàê ³ äëÿ ôîòî³í³ö³àö³¿ ïîë³ìåðèçàö³¿ â³í³ëîâèõ ìîíî-
ìåð³â.

Âèõîäÿ÷è ç öüîãî ìåòîþ íàøî¿ ðîáîòè áóëà ðîç-
ðîáêà ìåòîä³â ñèíòåçó òà äîñë³äæåííÿ âëàñòèâîñòåé
êðåìí³éâì³ñíèõ îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â, ÿê³ â ïî-
äàëüøîìó áóäóòü âèêîðèñòàí³ äëÿ ñèíòåçó áëîêêîïîë³-
ìåð³â.
Åêñïåðèìåíòàëüíà ÷àñòèíà.
Ìàòåð³àëè.

Äëÿ ñèíòåçó îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â (ÎÔ²) áóëî
âèêîðèñòàíî 2-ã³äðîêñè-2-ìåòèë-ôåí³ë-ïðîïàí-1-îí
(äàðîêóð 1173, ÄÐ-1173) âèðîáíèöòâà Ciba AG, àë³ôà-
òè÷íèé ³çîôîðîíä³³çîö³àíàò (²ÔÄ²) âèðîáíèöòâà Merck
(CAS-4098-71-9), äèã³äðîêñè(ïîë³äèìåòèëñèëîêñàí)
(ÏÄÌÑ, ÍÄ-8) âèðîáíèöòâà Merck (CAS-70131-67-8) òà
(3-àì³íîïðîï³ë)òðèåòîêñèñèëàí (ÀÏÒÅÑ, ÀÃÌ-9) âè-
ðîáíèöòâà Merck (CAS-919-30-2) (òàáë. 1).
Ñèíòåç ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç
³çîö³àíàòíèìè ãðóïàìè.

Ôîòî³í³ö³àòîð ç ³çîö³àíàòíîþ ãðóïîþ (ÄÐ²Ô) îòðè-
ìóâàëè ïðè âçàºìîä³¿ ÄÐ-1173 ç àë³ôàòè÷íèì ³çîôî-
ðîíä³³çîö³àíàòîì çà ìîëüíîãî ñï³ââ³äíîøåííÿ, ð³âíî-
ãî 1:1. Ðåàêö³ÿ â³äáóâàëàñü ïðè ïåðåì³øóâàíí³ çà òåì-
ïåðàòóðè 60 °Ñ ïðîòÿãîì 24 ãîä. (áåç êàòàë³çàòîðà) àáî
çà ê³ìíàòíî¿ òåìïåðàòóðè ïðîòÿãîì 5 ãîä. ïðè ïåðå-
ì³øóâàíí³ çà íàÿâíîñò³ êàòàë³çàòîðà äèáóòèëäèëàóðà-
òó îëîâà. Çàê³í÷åííÿ ðåàêö³¿ êîíòðîëþâàëè òèòðîìåò-
ðè÷íèì ìåòîäîì (âì³ñò  NCO-ãðóï 12,5 %; òåîðåòè÷-
íèé âì³ñò NCO-ãðóï 11,73 %). Âèõ³ä ê³ëüê³ñíèé.
Ñèíòåç îë³ãîìåðíèõ êðåìí³éâì³ñíèõ
ôîòî³í³ö³àòîð³â.

Äëÿ ñèíòåçó îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â íà îñíîâ³
äèã³äðîêñè(ïîë³äèìåòèëñèëîêñàíó) çà ìîëüíîãî
ñï³ââ³äíîøåííÿ êîìïîíåíò³â ÏÄÌÑ:ÄÐ²Ô, ð³âíîãî 1:1,
äî 1 ìîëÿ ÏÄÌÑ äîäàâàëè ðîç÷èí ó áåíçîë³ 1 ìîëÿ

ÄÐ²Ô, à çà ìîëüíîãî ñï³ââ³äíîøåííÿ ÏÄÌÑ:ÄÐ²Ô,
ð³âíîãî 1:2, äî 1 ìîëÿ ÏÄÌÑ äîäàâàëè ðîç÷èí ó áåí-
çîë³ 2 ìîë³â ÄÐ²Ô. Ðåàêö³þ ïðîâîäèëè çà íàÿâíîñò³ êà-
òàë³çàòîðà äèáóòèëäèëàóðàòó îëîâà çà ê³ìíàòíî¿ òåìïå-
ðàòóðè ïðè ïîñò³éíîìó ïåðåì³øóâàíí³ ïðîòÿãîì 5 ãîä.
Êîíòðîëü çà ïåðåá³ãîì ðåàêö³¿ çä³éñíþâàëè çà äîïîìî-
ãîþ ²×-ñïåêòðîñêîï³¿ ñïîñòåð³ãàþ÷è çà çíèêíåííÿì
ñìóãè ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü –NCO-ãðóï.
Âèõ³ä îë³ãîìåðíèõ ôîòî³öí³ö³àòîð³â ê³ëüê³ñíèé.

Äëÿ ñèíòåçó îë³ãîìåðíîãî ôîòî³í³ö³àòîðà ÀÏÒÅÑ-
ÄÐ²Ô=1:1 íà îñíîâ³ äè(3-àì³íîïðîï³ëäèåòîêñèñèëàíó)
òà ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîö³àíàò-
íîþ ãðóïîþ ÄÐ²Ô çà ìîëüíîãî ñï³ââ³äíîøåííÿ êîìïî-
íåíò³â ÀÏÒÅÑ:ÄÐ²Ô, ð³âíîãî 1:1, äî ÀÏÒÅÑ (1 ìîëü)
äîäàâàëè ðîç÷èí ó áåíçîë³ ÄÐ²Ô (1 ìîëü). Ðåàêö³ÿ íà
ïî÷àòêó åêçîòåðì³÷íà. Ï³ñëÿ òîãî ÿê òåìïåðàòóðà ðåàê-
ö³éíî¿ ìàñè çíèçèëàñÿ äî ê³ìíàòíî¿ ¿¿ ïîñòàâèëè ó ñó-
øèëüíó øàôó çà òåìïåðàòóðè 45 °Ñ, îñê³ëüêè ³íòåí-
ñèâí³ñòü ñìóãè ïîãëèíàííÿ –NCO-ãðóï çíèçèëàñÿ ò³ëüêè
íà 50 %. ×åðåç ãîäèíó òåìïåðàòóðó ï³äâèùèëè äî 70 °Ñ.
Ðåàêö³ÿ â³äáóâàëàñÿ ïðîòÿãîì 7 ãîä. Âèõ³ä îë³ãîìåðíî-
ãî ôîòî³í³ö³àòîðà ê³ëüê³ñíèé.

Ìåòîäè äîñë³äæåííÿ.
Õ³ì³÷íó áóäîâó ñèíòåçîâàíèõ ÎÔ² äîñë³äæóâàëè

ìåòîäàìè ²×-ñïåêòðîñêîï³¿. ²×-ñïåêòðè áóëè çíÿò³ íà
²×-Ôóð’º ñïåêòðîìåòð³ Tensor 37 (Bruker) ìåòîäîì ðîç-
äàâëåíî¿ êðàïë³ ì³æ â³êíàìè KBr.

Òåìïåðàòóðó ïëàâëåííÿ âèì³ðþâàëè íà ì³êðîíàã-
ð³âàëüíîìó ñòîëèêó Êîôëåðà ç ì³êðîñêîïîì ô³ðìè
Reichert AUSTRIA.

Òåðìîñòàá³ëüí³ñòü ñèíòåçîâàíèõ ÎÔ² äîñë³äæóâàëè
ìåòîäîì òåðìîãðàâ³ìåòðè÷íîãî àíàë³çó (ÒÃÀ) íà òåð-
ìîãðàâ³ìåòðè÷íîìó àíàë³çàòîð³ TGA Q50 („TA
Instruments”, ÑØÀ) â òåìïåðàòóðíîìó ³íòåðâàë³
0 – 700 °Ñ çà øâèäêîñò³ íàãð³âàííÿ 20 °Ñ/õâ.

Òåïëîºìí³ñòü çðàçê³â âèì³ðþâàëè ìåòîäîì äèôå-
ðåíö³àëüíî¿ ñêàíóâàëüíî¿ êàëîðèìåòð³¿ (ÄÑÊ) íà êàëî-
ðèìåòð³ Q2000 („TA Instruments”, ÑØÀ) ó òåìïåðàòóð-
íîìó ³íòåðâàë³ -90 – +200 °Ñ, â àòìîñôåð³ ïîâ³òðÿ, ìàñà
çðàçê³â ñòàíîâèëà áëèçüêî 7–9 ìã, øâèäê³ñòü íàãð³âàííÿ
10 °Ñ/õâ. Òåìïåðàòóðó ñêëóâàííÿ (Tñ) çðàçê³â âèçíà÷àëè
íà íàï³ââèñîò³ â³äïîâ³äíèõ ñòðèáê³â òåïëîºìíîñò³ àáî â
ìàêñèìóì³ åíäîòåðì³÷íèõ ï³ê³â. Çðàçêè äîñë³äæóâàëè
òàêîæ ï³ñëÿ ðîçïëàâëåííÿ, çì³íþþ÷è òåðì³÷íó ïåðåä-
³ñòîð³þ.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Ðîçðîáëåíî ìåòîäè ñèíòåçó îë³ãîìåðíèõ ôîòî³í³ö³à-
òîð³â íà îñíîâ³ ôîòî³í³ö³àòîðà 2-ã³äðîêñè-2-ìåòèë-
ôåí³ë-ïðîïàí-1-îíó ç ³çîôîðîí³çîö³àíàòíîþ ãðóïîþ òà
êðåìí³éîðãàí³÷íèõ îë³ãîìåð³â äèã³äðîêñè(ïîë³äèìåòèë-
ñèëîêñàíó) ³ (3-àì³íîïðîï³ëòðèåòîêñèñèëàíó).

Äëÿ ñèíòåçó ôîòî³í³ö³àòîðà ç ³çîö³àíàòíîþ ãðóïîþ
áóâ âèêîðèñòàíèé ³çîôîðîíä³³çîö³àíàò (²ÔÄ²) – àñèìåò-
ðè÷íèé öèêëîàë³ôàòè÷íèé ä³³çîö³àíàò ç äâîìà ð³çíèìè
³çîö³àíàòíèìè ãðóïàìè: âòîðèííîþ NCO, ÿêà áåç-
ïîñåðåäíüî çâ’ÿçàíà ç öèêëîì, ³ ïåðâèííîþ NCO, ÿêà
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çâ’ÿçàíà ç ìåòèëåíîâîþ ãðóïîþ [15]. ²ÔÄ² º ñóì³øøþ
öèñ- ³ òðàíñ- ³çîìåð³â, çàëåæíî â³ä ïîëîæåííÿ ïåðâèí-
íî¿ òà âòîðèííî¿ NCO-ãðóï ùîäî öèêëîãåêñàíîâîãî
ê³ëüöÿ. ßÌÐ ³ ÃÏÕ àíàë³çè ïîêàçàëè, ùî ñï³ââ³äíîøåí-
íÿ öèñ / òðàíñ-³çîìåð³â ñòàíîâèòü 72/28. Õ³ì³÷íó ñòðóê-
òóðó öüîãî ³çîö³àíàòó íàâåäåíî íà ñõåì³:

 

CH3

CH2

NCO

NCOCH3

CH3 CH3 CH2

NCO

NCO

CH3 CH3

òðàíñ - ²ÔÄ² (% 72)öèñ - ²ÔÄ² (% 28)

Â³äì³íí³ñòü ðåàêö³éíî¿ çäàòíîñò³ ïåðâèííèõ ³ âòî-
ðèííèõ ãðóï NCO â ²ÔÄ² ö³êàâèëà áàãàòüîõ äîñë³äíèê³â.
Ç ë³òåðàòóðè [16, 17] â³äîìî, ùî ¿õíÿ ðåàêö³éíà çäàòí³ñòü
çàëåæèòü â³ä êàòàë³çàòîðà, ïåðâèíí³ NCO-ãðóïè á³ëüø
ðåàêö³éíîçäàòí³, êîëè êàòàë³çàòîðîì º òðåòèííèé àì³í,
à âòîðèíí³ NCO-ãðóïè á³ëüø àêòèâí³ ïðè âèêîðèñòàíí³
êàòàë³çàòîðà äèáóòèëäèëàóðàòó îëîâà (ÄÁÄËÎ) àáî áåç
íüîãî.

Îñê³ëüêè ìè íå âèêîðèñòîâóâàëè êàòàë³çàòîð, ðåàê-
ö³ÿ óòâîðåííÿ ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîôîðîí³çî-
ö³àíàòíîþ ãðóïîþ (ÄÐ²Ô) ç âèêîðèñòàííÿì àë³ôàòè÷-
íîãî ³çîö³àíàòó ²ÔÄ² â³äáóâàëàñü çà òàêîþ ñõåìîþ:
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Ê³íåòè÷í³ äîñë³äæåííÿ óòâîðåííÿ ôîòî³í³ö³àòîðà
ÄÐ²Ô ìåòîäîì ²×-ñïåêòðîñêîï³¿ âèçíà÷àëè çà çá³ëüøåí-
íÿì ³íòåíñèâíîñò³ ñìóãè ïîãëèíàííÿ óðåòàíîâèõ NÍ-
ãðóï, ÿê³ óòâîðþþòüñÿ â ðåçóëüòàò³ âçàºìîä³¿ ã³äðîêñèëü-
íèõ ãðóï äàðîêóðó òà ³çîö³àíàòíèõ ãðóï ²ÔÄ² (ðèñ. 1).

Ê³íåòè÷íà êðèâà óòâîðåííÿ óðåòàíîâèõ ãðóï ³í³ö³à-
òîðà ÄÐ²Ô ìàº ñêëàäíèé õàðàêòåð. Ñïî÷àòêó øâèäê³ñòü
ðåàêö³¿ ë³í³éíî ïðèñêîðþºòüñÿ (≈  50 ãîä.), ïîò³ì ñïî-
â³ëüíþºòüñÿ (≈  50–190 ãîä) çà ðàõóíîê ï³äâèùåííÿ â’ÿç-
êîñò³ òà çìåíøåííÿ êîíöåíòðàö³¿ àêòèâíèõ NCO-ãðóï.
Íà òðåòüîìó åòàï³ ñïîñòåð³ãàºòüñÿ ïîñòóïîâå ïðèñêî-
ðåííÿ ðåàêö³¿ çà S-ïîä³áíèì òèïîì, â³ðîã³äíî, â ðåçóëü-
òàò³ êàòàë³òè÷íîãî âïëèâó ïîëÿðíèõ óðåòàíîâèõ ãðóï,
ùî óòâîðþþòüñÿ â ïðîöåñ³ ðåàêö³¿. Öå ïðèçâîäèòü äî
ïðèñêîðåííÿ øâèäêîñò³ ðåàêö³¿ óðåòàíîóòâîðåííÿ íà
òðåòüîìó åòàï³. Ö³ ðåçóëüòàòè óçãîäæóþòüñÿ ç³ ñòðóê-
òóðíèìè çì³íàìè, ÿê³ â³äáóâàþòüñÿ â ïðîöåñ³ ðåàêö³¿ ³
âñòàíîâëåí³ ²×-ñïåêòðîñêîï³÷íèìè äîñë³äæåííÿìè.

Ïðîâåäåíî äîñë³äæåííÿ áóäîâè ²ÔÄ², äàðîêóð 1173
òà ñèíòåçîâàíèõ àçî³í³ö³àòîð³â ç ê³íöåâèìè ³çîö³àíàò-
íèìè ãðóïàìè (ðèñ. 2) ìåòîäîì ²×-ñïåêòðîñêîï³¿ [18,
19].

Â ²×-ñïåêòð³ ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîö³àíàò-
íîþ ãðóïîþ ÄÐ²Ô (ðèñ. 2, êðèâà 3) íàÿâí³ ñìóãè ïîãëè-
íàííÿ âàëåíòíèõ êîëèâàíü çâ’ÿçê³â NÍ óðåòàíîâèõ ãðóï,
ùî óòâîðèëèñÿ, â îáëàñò³ 3612–3205 ñì-1 ç ìàêñèìó-
ìîì 3369 ñì-1, ñìóãà ïîãëèíàííÿ äåôîðìàö³éíèõ êîëè-
âàíü –NH-çâ’ÿçê³â óðåòàíîâèõ ãðóï 1523ñì-1 òà ñìóãà

ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü –Ñ–Î-çâ’ÿçê³â óðåòà-
íîâî¿ ãðóïè ç ìàêñèìóìîì 1252 ñì-1 ³ –Î–Ñ-çâ’ÿçê³â
óðåòàíîâî¿ ãðóïè ç ìàêñèìóìîì 1172 ñì-1. Ñïîñòåð³-
ãàºòüñÿ ñìóãà ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü NCO-
ãðóï 2262 ñì-1, ñìóãà ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü
Ñ=Î-ãðóïè ç äâîìà ìàêñèìóìàìè: 1720 ñì-1, ÿêà
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Ðèñ. 1. Ê³íåòè÷íà çàëåæí³ñòü óòâîðåííÿ
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Ðèñ. 2. ²×-ñïåêòðè: 1 – ²ÔÄ²; 2 – ÄÐ-1173; 3 –
ôîòî³í³ö³àòîð ç ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô
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Ðèñ. 3. Ôðàãìåíò ²×-ñïåêòð³â óòâîðåííÿ
ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô:
îáëàñòü ïîãëèíàííÿ NH-ãðóï 3000–3600 ñì-1: 1 – 0 õâ.;
2 – 10 õâ.; 3 – 40 õâ.; 4 – 2 ãîä.; 5 – 4 ãîä.; 6 – 5 ãîä.;
7 – 7 ãîä.; 8 – 24 ãîä.
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íàëåæèòü äî ñìóãè ïîãëèíàííÿ êîëèâàíü çâ’ÿçêó Ñ=Î
óðåòàíîâî¿ ãðóïè, ùî óòâîðèëàñü âíàñë³äîê ðåàêö³¿ ì³æ
ã³äðîêñèëüíèìè ÄÐ-1173 òà ³çîö³àíàòíèìè ãðóïàìè
²ÔÄ², à òàêîæ 1683 ñì-1, ùî íàëåæèòü äî ñìóãè ïîãëè-
íàííÿ êîëèâàíü çâ’ÿçêó Ñ=Î ÄÐ-1173.

Ïðîâåäåíî ²×-ñïåêòðîñêîï³÷í³ äîñë³äæåííÿ çì³í, ùî
â³äáóâàþòüñÿ â ïðîöåñ³ ðåàêö³¿ óòâîðåííÿ ôîòî³í³ö³àòîðó
ç ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô (ðèñ. 3–5).

²ñòîòí³ çì³íè â³äáóâàþòüñÿ â îáëàñò³ ïîãëèíàííÿ
âàëåíòíèõ êîëèâàíü NÍ- çâ’ÿçê³â ïðè óòâîðåíí³ óðåòà-
íîâèõ ãðóï 3000–3600 ñì-1 (ðèñ. 3). Â ïðîöåñ³ ðåàêö³¿
ñìóãà ïîãëèíàíü ã³äðîêñèëüíèõ ãðóï 3465 ñì-1 çìåí-
øóºòüñÿ, óòâîðþºòüñÿ øèðîêà ñìóãà âàëåíòíèõ êîëè-
âàíü NÍ-çâ’ÿçê³â óðåòàíîâèõ ãðóï ç ìàêñèìóìîì
3409 ñì-1. Ç ÷àñîì ñïîñòåð³ãàºòüñÿ óòâîðåííÿ ùå îäí³º¿
ñìóãè âàëåíòíèõ êîëèâàíü NÍ-çâ’ÿçê³â óðåòàíîâèõ ãðóï
ç ìàêñèìóìîì 3368 ñì-1. Ïðè öüîìó ó õîä³ ðåàêö³¿ â³äáó-
âàºòüñÿ ïåðåðîçïîä³ë ³íòåíñèâíîñòåé öèõ äâîõ ñìóã:
ñìóãà 3409 ñì-1 ñòàº ìåíøîþ í³æ ñìóãà 3368 ñì-1. Ö³
çì³íè ìîæóòü áóòè ïîâ’ÿçàí³ ç òèì, ùî ó ²ÔÄ² äâ³ ð³çí³
³çîö³àíàòí³ ãðóïè. Âòîðèíí³ NCO-ãðóïè, ÿê³ á³ëüø ðå-
àêö³éíîçäàòí³ çà â³äñóòíîñò³ êàòàë³çàòîðà, òà ïåðâèíí³
NCO-ãðóïè. Ñïî÷àòêó â ðåàêö³þ âñòóïàþòü âòîðèíí³
NCO-ãðóïè, ùî ïðèçâîäèòü äî ïîÿâè òà çá³ëüøåííÿ
ñìóãè âàëåíòíèõ êîëèâàíü NÍ-çâ’ÿçê³â óðåòàíîâèõ ãðóï
ç ìàêñèìóìîì 3409 ñì-1. Ïîò³ì âñòóïàþòü â ðåàêö³þ
ìåíø àêòèâí³ ïåðâèíí³ NCO-ãðóïè ³ çðîñòàº ³íòåí-
ñèâí³ñòü ñìóãè 3368 ñì-1.

Â îáëàñò³ ïîãëèíàííÿ NCO-ãðóï 2000–2500 ñì-1

(ðèñ. 4) ñïîñòåð³ãàºòüñÿ øèðîêà ñìóãà ç ìàêñèìóìîì
2262 ñì-1. Âîíà çíà÷íî øèðøà â îáëàñò³ ÿê âèñîêèõ, òàê
³ íèçüêèõ ÷àñòîò (ïëå÷å ≈  2200 ñì-1), í³æ äëÿ ðå÷îâèí,
ÿê³ ìàþòü îäèí òèï ³çîö³àíàòíèõ ãðóï. Ó ïðîöåñ³ ðå-
àêö³¿ ñìóãà ñòàº çíà÷íî âóæ÷îþ. Ïðàêòè÷íî çíèêàº
ïëå÷å çà 2200 ñì-1 ÷àñòèíè ñïåêòðà. ßê â³äîìî ç ë³òåðà-
òóðè [20, 21], ñìóãà êîëèâàíü ïåðâèííèõ ³çîö³àíàòíèõ
NCO-ãðóï ïðîïèñóºòüñÿ çà á³ëüø âèñîêèõ õâèëüîâèõ
÷èñåë, í³æ âòîðèííèõ. Òîáòî ñïî÷àòêó ðåàãóþòü

âòîðèíí³ NCO-ãðóïè òà çíèêàº ïëå÷å çà 2200 ñì-1, à
ñìóãà 2262 ñì-1 ïðàêòè÷íî íå çìåíøóºòüñÿ. Ó çâ’ÿçêó ç
öèì ìè íå ìîæåìî ðîçðàõîâóâàòè, ÿê çàçâè÷àé, ê³íå-
òè÷í³ ïàðàìåòðè ïåðåá³ãó ðåàêö³¿ çà çì³íîþ ñìóãè
2262 ñì-1 àëå ô³êñóºìî, ùî ðåàêö³ÿ â³äáóâàºòüñÿ ³ ñìó-
ãà ïîãëèíàííÿ NCO-ãðóï çì³íþºòüñÿ.

²ñòîòí³ çì³íè ñïîñòåð³ãàþòüñÿ â îáëàñò³
1000–1800 ñì-1 (ðèñ. 5). Óòâîðþºòüñÿ òà çá³ëüøóºòüñÿ
ñìóãà ïîãëèíàííÿ –Ñ=Î-çâ’ÿçê³â óðåòàíîâèõ ãðóï ç ìàê-
ñèìóìîì 1720 ñì-1, çá³ëüøóºòüñÿ ñìóãà ïîãëèíàíü çâ’ÿç-
êó –Ñ–Î– ³ Ñ=Î óðåòàíîâî¿ ãðóïè ç ìàêñèìóìîì
1252 ñì-1 òà ñìóãà ïîãëèíàíü çâ’ÿçêó –Î–Ñ– óðåòàíîâî¿
ãðóïè ç ìàêñèìóìîì 1152 ñì-1.

Óòâîðþºòüñÿ òà çá³ëüøóºòüñÿ ñìóãà ïîãëèíàíü
çâ’ÿçê³â –NH óðåòàíîâèõ ãðóï ç ìàêñèìóìîì 1524 ñì-1.
Òîáòî â ðåçóëüòàò³ ²×-ñïåêòðîñêîï³÷íèõ äîñë³äæåíü âñòà-
íîâëåíî, ùî ðåàêö³ÿ óòâîðåííÿ ôîòî³í³ö³àòîðà ç ³çîö³à-
íàòíîþ ãðóïîþ â³äáóëàñÿ, ïðè öüîìó ñïî÷àòêó ðåàãóº
âòîðèííà ³çîö³àíàòíà ãðóïà ²ÔÄ², à ïîò³ì ïî÷èíàº ðåà-
ãóâàòè ïåðâèííà NCO-ãðóïà.

Ðîçðîáëåíî ìåòîäè ñèíòåçó îë³ãîìåðíèõ ôîòî³í³ö³à-
òîð³â íà îñíîâ³ ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç ê³íöå-
âîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô ³ äèã³äðîêñè(ïîë³äè-
ìåòèëñèëîêñàíó) (ÏÄÌÑ, ÍÄ-8) çà äâîõ ìîëüíèõ
ñï³ââ³äíîøåíü. Çà ìîëüíîãî ñï³ââ³äíîøåííÿ
ÏÄÌÑ:ÄÐ²Ô, ð³âíîãî 1:1, îòðèìàíî îë³ãîìåðíèé ³í³ö³à-
òîð ÏÄÌÑ-ÄÐ²Ô 1/1 çà òàêîþ ñõåìîþ:
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Ðèñ. 4. Ôðàãìåíò ²×-ñïåêòð³â óòâîðåííÿ
ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô
ó ÷àñ³ (0 – 250 ãîä): îáëàñòü ïîãëèíàííÿ NCO-ãðóï 2000–
2500 ñì-1: 1 – 0 õâ.; 2–6 – 2, 4, 5, 7 ³ 24 ãîä. â³äïîâ³äíî
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Ðèñ. 5. Ôðàãìåíò ²×-ñïåêòð³â óòâîðåííÿ
ôîòî³í³ö³àòîðà ç ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô
ó ÷àñ³ (0 – 250 ãîä): îáëàñòü ïîãëèíàííÿ óðåòàíîâèõ ãðóï
1000–1800 ñì-1: 1 – 0 õâ.; 2 – 40 õâ.; 3–7 – 2, 4, 5, 7 ³ 24 ãîä.
â³äïîâ³äíî
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Ñèíòåç òà âëàñòèâîñò³ êðåìí³éîðãàí³÷íèõ îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â

Çà ìîëüíîãî ñï³ââ³äíîøåííÿ ÏÄÌÑ:ÄÐ²Ô, ð³âíîãî
1:2, îòðèìàíî îë³ãîìåðíèé ³í³ö³àòîð ÏÄÌÑ-ÄÐ²Ô 1/2
çà òàêîþ ñõåìîþ:
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Ìåòîäîì ²×-ñïåêòðîñêîï³¿ äîñë³äæåíî ïðîöåñ ðå-
àêö³¿ óòâîðåííÿ îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â ÏÄÌÑ -
ÄÐ²Ô 1/1 ³ ÏÄÌÑ-ÄÐ²Ô 1/2 òà ¿õ áóäîâó (ðèñ. 6–8).

Îñê³ëüêè ìè íå âèêîðèñòîâóâàëè êàòàë³çàòîð, íà
ïåðøîìó åòàï³ ïðè óòâîðåíí³ ³í³ö³àòîðà ÄÐ²Ô â îñíîâ-
íîìó ðåàãóþòü âòîðèíí³ NCO-ãðóïè, à íà åòàï³ óòâî-
ðåííÿ ÎÀ² ðåàãóþòü ïåðâèíí³ NCO-ãðóïè, ùî çàëèøè-
ëèñÿ. Äëÿ ïðèñêîðåííÿ âçàºìîä³¿ ³çîö³àíàòíèõ ãðóï ²ÔÄ²
òà ã³äðîêñèëüíèõ ãðóï ÏÄÌÑ äîäàâàëè êàòàë³çàòîð
ÄÁÄËÎ. Ðåàêö³ÿ â³äáóâàëàñÿ ïðîòÿãîì 47 ãîä.

Ïåðåá³ã ðåàêö³¿ ì³æ ã³äðîêñèëüíèìè ãðóïàìè ÏÄÌÑ
òà ³çîö³àíàòíèìè ãðóïàìè ÄÐ²Ô ïðè óòâîðåíí³ îë³ãî-
ìåðíèõ ³í³ö³àòîð³â ÏÄÌÑ-ÄÐ²Ô 1/1 ³ ÏÄÌÑ-ÄÐ²Ô 1/2
(ðèñ. 7, êðèâ³ 3, 4) ï³äòâåðäæóºòüñÿ çíèêíåííÿì ñìóãè
ïîãëèíàííÿ ³çîö³àíàòíèõ ãðóï çà 2262 ñì-1 òà ïåðåðîç-
ïîä³ëîì â îáëàñò³ 3000–3500 ñì-1 â ðåçóëüòàò³ çíèêíåí-
íÿ âàëåíòíèõ êîëèâàíü ã³äðîêñèëüíèõ ãðóï ÏÄÌÑ ç
ìàêñèìóìîì 3305 ñì-1 òà óòâîðåííÿ ñìóãè âàëåíòíèõ
êîëèâàíü NH-çâ’ÿçê³â óðåòàíîâîãî óãðóïóâàííÿ ç ìàê-
ñèìóìîì 3359 ñì-1. Ñë³ä â³äì³òèòè, ùî îñê³ëüêè â
ÏÄÌÑ-ÄÐ²Ô 1/1 çàëèøàþòüñÿ ÎÍ-ãðóïè, ¿õíÿ ñìóãà
ïîâí³ñòþ íå çíèêàº ³ â ñïåêòð³ (ðèñ. 7, êðèâà 3) ïðîïè-
ñóºòüñÿ ïëå÷åì äî ñìóãè NH-çâ’ÿçê³â. Ó ðåçóëüòàò³
óòâîðåííÿ óðåòàíîâîãî óãðóïóâàííÿ ñïîñòåð³ãàþòüñÿ
çì³íè â îáëàñò³ 1600–1800 ñì-1 ïîãëèíàííÿ Ñ=Î-çâ’ÿçê³â.
Çàëèøàþòüñÿ íåçì³ííèìè ³íòåíñèâíîñò³ ñìóãè
ïîãëèíàííÿ Ñ=Î-çâ’ÿçê³â óðåòàíîâîãî óãðóïóâàííÿ ç
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Ðèñ. 6. Ê³íåòè÷íà çàëåæí³ñòü óòâîðåííÿ

ôîòî³í³ö³àòîð³â ÏÄÌÑ-ÄÐ²Ô: 1 – ÏÄÌÑ-ÄÐ²Ô 1/1;
2 – ÏÄÌÑ-ÄÐ²Ô 1/2

ìàêñèìóìîì 1720 ñì-1 òà ñìóãè ïîãëèíàííÿ
Ñ=Î-çâ’ÿçê³â ç ìàêñèìóìîì 1682 ñì-1, ÿê³ íàÿâí³ ó ÄÐ²Ô
(ðèñ. 8). Ó ðåçóëüòàò³ óòâîðåííÿ íîâèõ óðåòàíîâèõ ãðóï
³ñòîòíî çá³ëüøóºòüñÿ ³íòåíñèâí³ñòü ñìóãè ïîãëèíàííÿ
çâ’ÿçê³â Ñ=Î [–NH–C(=O)–] ç ìàêñèìóìîì 1700 ñì-1 òà
óòâîðþºòüñÿ íîâà ñìóãà ïîãëèíàíü çâ’ÿçê³â Ñ=Î
[–C(=O)–N(R’)–] ç ìàêñèìóìîì 1640 ñì-1. Â îáëàñò³ äå-
ôîðìàö³éíèõ êîëèâàíü NH-ãðóï 1530–1600 ñì-1 ñìóãà ç
ìàêñèìóìîì 1523 ñì-1, ÿêà áóëà ó ÄÐ²Ô, íå çì³íþºòüñÿ
òà ïðîïèñóºòüñÿ ïëå÷åì äî íîâî¿ ñìóãè, ùî óòâîðèëà-
ñÿ, ç ìàêñèìóìîì 1560 ñì-1. ²íòåíñèâí³ñòü ñìóã –Ñ=Î-
òà –NH-ãðóï ó ñïåêòð³ ÏÄÌÑ-ÄÐ²Ô 1/2 (ðèñ. 7, 8, êðèâ³ 4)
á³ëüø³ í³æ ó ñïåêòð³ ÏÄÌÑ-ÄÐ²Ô 1/1 (ðèñ. 7, 8, êðèâ³ 3).
Íåçì³ííèìè çàëèøàþòüñÿ ñìóãè ïîãëèíàííÿ äåôîðìà-
ö³éíèõ êîëèâàíü ÑÍ-çâ’ÿçê³â êðåìí³éîðãàí³÷íîãî áëî-
êà ç ìàêñèìóìàìè 1260 ³ 802 ñì-1 òà ñìóãè ïîãëèíàííÿ
âàëåíòíèõ êîëèâàíü Si–O–Si-çâ’ÿçê³â ç ìàêñèìóìàìè
1094 òà 1024 ñì-1.

Ðîçðîáëåíî ìåòîäè ñèíòåçó îë³ãîìåðíîãî ôîòî-
³í³ö³àòîðà íà îñíîâ³ ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç
ê³íöåâîþ ³çîö³àíàòíîþ ãðóïîþ ÄÐ²Ô ³ (3-àì³íîïðîï³ë)
òðèåòîêñèñèëàíó (ÀÏÒÅÑ, ÀÃÌ-9) çà ìîëüíîãî
ñï³ââ³äíîøåííÿ ÀÏÒÅÑ/ÄÐ²Ô, ð³âíîãî 1/1, çà ñõåìîþ:
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Ìåòîäîì ²×-ñïåêòðîñêîï³¿ äîñë³äæåíî ïðîöåñ ðå-
àêö³¿ óòâîðåííÿ îë³ãîìåðíîãî ôîòî³í³ö³àòîðà ÀÏÒÅÑ -
ÄÐ²Ô òà éîãî áóäîâó (ðèñ. 9).

Ïåðåá³ã ðåàêö³¿ ì³æ àì³ííèìè ãðóïàìè ÀÏÒÅÑ òà
³çîö³àíàòíèìè ãðóïàìè ÄÐ²Ô ïðè óòâîðåíí³ îë³ãîìåð-
íîãî ³í³ö³àòîðà ÀÏÒÅÑ-ÄÐ²Ô 1/1 (ðèñ. 9, 10, êðèâ³ 3)
ï³äòâåðäæóºòüñÿ çíèêíåííÿì ñìóãè ïîãëèíàííÿ ³çîö³à-
íàòíèõ ãðóï çà 2262 ñì-1 òà ïåðåðîçïîä³ëîì â îáëàñò³
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Ðèñ. 7. ²×-ñïåêòðè: 1 – ìîíîìåðíèé ôîòî³í³ö³àòîð
ÄÐ²Ô; 2 – ÏÄÌÑ (ÍÄ-8); 3 – îë³ãîìåðíèé ôîòî³í³ö³àòîð
ÏÄÌÑ-ÄÐ²Ô 1/1; 4 – ÎÔ² ÏÄÌÑ-ÄÐ²Ô 1/2
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3000–3500 ñì-1. Ñìóãà âàëåíòíèõ êîëèâàíü NH-çâ’ÿçê³â
óðåòàíîâèõ ãðóï ÄÐ²Ô ç ìàêñèìóìîì 3369 ñì-1 çì³ñòè-
ëàñÿ äî 3359 ñì-1, çá³ëüøèëàñÿ òà ñòàëà àñèìåòðè÷íîþ
çà ðàõóíîê óòâîðåííÿ ñìóãè ïîãëèíàííÿ âàëåíòíèõ êî-
ëèâàíü NH-çâ’ÿçê³â ñå÷îâèííîãî óãðóïóâàííÿ, ùî óò-
âîðèëàñÿ, ÿêà ïðîïèñóºòüñÿ ïëå÷åì 3330 ñì-1 äî ö³º¿
ñìóãè. Â ðåçóëüòàò³ óòâîðåííÿ ñå÷îâèííîãî óãðóïóâàí-
íÿ ñïîñòåð³ãàþòüñÿ çì³íè â îáëàñò³ 1600–1800 ñì-1 ïî-
ãëèíàííÿ Ñ=Î-çâ’ÿçê³â (ðèñ. 10). Çàëèøàþòüñÿ íåçì³ííè-
ìè ³íòåíñèâíîñò³ ñìóãè ïîãëèíàííÿ Ñ=Î-çâ’ÿçê³â óðå-
òàíîâîãî óãðóïóâàííÿ ç ìàêñèìóìîì 1718 ñì-1 òà ñìó-
ãè ïîãëèíàííÿ Ñ=Î-çâ’ÿçê³â ç ìàêñèìóìîì 1682 ñì-1,
ÿê³ íàÿâí³ ó ÄÐ²Ô. Ó ðåçóëüòàò³ óòâîðåííÿ ñå÷îâèí-
íèõ ãðóï ³ñòîòíî çá³ëüøóºòüñÿ ³íòåíñèâí³ñòü ñìóãè

ïîãëèíàííÿ Ñ=Î [–NH–C(=O)–]-çâ’ÿçê³â ç ìàêñèìóìîì
1703 ñì-1 òà óòâîðþºòüñÿ íîâà ñìóãà ïîãëèíàíü Ñ=Î
[–C(=O)–N(R’)–]-çâ’ÿçê³â ñå÷îâèííèõ ãðóï ç îñîáëèâîþ
ñòðóêòóðîþ, ÿêà õàðàêòåðèçóºòüñÿ ñìóãîþ ïîãëèíàí-
íÿ ç ìàêñèìóìîì 1639 ñì-1. Â îáëàñò³ äåôîðìàö³éíèõ
êîëèâàíü NH-ãðóï 1530–1600 ñì-1 çàì³ñòü ñìóãè äåôîð-
ìàö³éíèõ êîëèâàíü NH2-çâ’ÿçê³â, ÿê³ áóëè ó ÀÏÒÅÑ, ç’ÿ-
âèëàñÿ íîâà ñìóãà äåôîðìàö³éíèõ êîëèâàíü NH-çâ’ÿçê³â
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Ðèñ. 8. Ôðàãìåíò ²×-ñïåêòð³â â îáëàñò³ ïîãëèíàííÿ
NH- ³ C=O-ãðóï: 1 – ìîíîìåðíèé ôîòî³í³ö³àòîð ÄÐ²Ô;
2 – ÏÄÌÑ (ÍÄ-8); 3 – ÎÔ² ÏÄÌÑ-ÄÐ²Ô 1/1; 4 – ÎÔ²
ÏÄÌÑ-ÄÐ²Ô 1/2
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Ðèñ. 9. ²×-ñïåêòðè: 1 – ìîíîìåðíèé ôîòî³í³ö³àòîð
ÄÐ²Ô; 2 – ÀÏÒÅÑ (ÀÃÌ-9); 3 – ÎÔ² ÀÏÒÅÑ-ÄÐ²Ô 1/1
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Ðèñ. 10. Ôðàãìåíò ²×-ñïåêòð³â â îáëàñò³ ïîãëèíàííÿ
NH- òà C=O-ãðóï: 1 – ìîíîìåðíèé ôîòî³í³ö³àòîð ÄÐ²Ô;
2 – ÀÏÒÅÑ (ÀÃÌ-9); 3 – ÎÔ² ÀÏÒÅÑ-ÄÐ²Ô 1/1
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Ðèñ. 11. Òåìïåðàòóðí³ çàëåæíîñò³ çì³íè âàãè ÎÔ² òà
â³äïîâ³äí³ ¿ì ïîõ³äí³ êðèâ³: 1 – ÎÔ² ÏÄÌÑ-ÄÐ²Ô; 2 –
ÎÔ² ÀÏÒÅÑ-ÄÐ²Ô. Êðèâà 2 çì³íè âàãè çì³ùåíà
â³äíîñíî îñ³ îðäèíàò íà 20, à ïîõ³äíà êðèâà – íà 0,1

ÎÔ² 

Òmax1 
øâèäêîñò³ 

âòðàòè âàãè, 
°Ñ 

Âòðàòà 
âàãè çà 

Òmax1,  % 

Òmax2 
øâèäêîñò³ 

âòðàòè âàãè, 
°Ñ 

Âòðàòà 
âàãè çà 

Òmax2,  % 

Òmax3 
øâèäêîñò³ 

âòðàòè 
âàãè, °Ñ 

Âòðàòà 
âàãè çà 

Òmax3,  % 

Âòðàòà âàãè 
çà 690 °Ñ,  

% 

ÏÄÌÑ-ÄÐ²Ô 235 
(164–296) 18,65 331 

(294–370) 57,17 401 
(372–582) 65,61 86,61 

ÀÏÒÅÑ-ÄÐ²Ô 247 
(175–285) 6,45 328 

(290–398) 62,41 587 
(511–682) 87,69 91,66 

Ïðèì³òêà:  â äóæêàõ âêàçàí³ òåìïåðàòóðí³ ³íòåðâàëè çì³í âàãè. 

Òàáëèöÿ 2. Åêñïåðèìåíòàëüí³ ïàðàìåòðè êðèâèõ ÒÃÀ ñèíòåçîâàíèõ  ÎÔ² ÀÏÒÅÑ-ÄÐ²Ô ³ ÏÄÌÑ-ÄÐ²Ô
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Ñèíòåç òà âëàñòèâîñò³ êðåìí³éîðãàí³÷íèõ îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â

ñå÷îâèííèõ ãðóï ç ìàêñèìóìîì 1563 ñì-1, äî ÿêî¿ ïëå-
÷åì çà 1523 ñì-1 çàëèøèëàñÿ ñìóãà äåôîðìàö³éíèõ êî-
ëèâàíü NH-çâ’ÿçê³â óðåòàíîâèõ ãðóï ÄÐ²Ô. Íåçì³ííè-
ìè çàëèøàþòüñÿ ñìóãè ïîãëèíàííÿ äåôîðìàö³éíèõ
êîëèâàíü ÑÍ-çâ’ÿçê³â êðåìí³éîðãàí³÷íîãî áëîêà ç ìàê-
ñèìóìàìè 1260 ³ 802 ñì-1 òà ñìóãè ïîãëèíàííÿ âàëåíò-
íèõ êîëèâàíü Si–O–Si-çâ’ÿçê³â ç ìàêñèìóìàìè 1094 òà
1024 ñì-1.

Ìåòîäîì òåðìîãðàâ³ìåòð³÷íîãî àíàë³çó (ÒÃÀ) äî-
ñë³äæåíî òåðìîñòàá³ëüí³ñòü ñèíòåçîâàíèõ ÎÔ² ÀÏÒÅÑ-
ÄÐ²Ô òà ÎÔ² ÏÄÌÑ-ÄÐ²Ô, òîáòî âñòàíîâëåíî çà-
ëåæí³ñòü çì³íè âàãè çðàçê³â â³ä òåìïåðàòóðè (òàáë. 2,
ðèñ. 11). Îë³ãîìåðí³ ôîòî³í³ö³àòðè ÀÏÒÅÑ-ÄÐ²Ô ³
ÏÄÌÑ-ÄÐ²Ô õàðàêòåðèçóþòüñÿ òðüîìà ñòàä³ÿìè âòðà-
òè âàãè. Îáèäâà ÎÔ² ïî÷èíàþòü ïîñòóïîâî âòðà÷àòè
âàãó, àëå îñíîâíà âòðàòà âàãè (ðîçêëàä ìîëåêóë) ïî÷è-
íàºòüñÿ çà òåìïåðàòóðè âèùå 230 °Ñ, ùî âàæëèâî äëÿ
ïîäàëüøîãî âèêîðèñòàííÿ öèõ îë³ãîìåðíèõ ôîòî³í³ö³à-
òîð³â.

Ïðîâåäåíî äîñë³äæåííÿ òåïëîô³çè÷íèõ õàðàêòåðèñ-
òèê ñèíòåçîâàíèõ ÎÔ² ÄÀÏÄÅÑ-ÄÐ²Ô òà ÎÔ² ÏÄÌÑ-
ÄÐ²Ô ìåòîäîì äèôåðåíö³àëüíî¿ ñêàíóâàëüíî¿ êàëîðè-
ìåòð³¿ (ÄÑÊ) (òàáë. 3, ðèñ 12).

Âèâ÷åííÿ ðåëàêñàö³éíèõ ïåðåõîä³â â îë³ãîìåðíèõ

êðåìí³éîðãàí³÷íèõ ³í³ö³àòîðàõ ìåòîäîì ÄÑÊ (òàáë. 2,
ðèñ. 12) ïîêàçàëî, ùî ÎÔ² ÏÄÌÑ-ÄÐ²Ô ïðè ïåðøîìó
ïðîãð³âàíí³ ìàº äâà åíäîòåðì³÷í³ ï³êè ïëàâëåííÿ, òîá-
òî äâ³ êðèñòàë³÷í³ ì³êðîôàçè. Çà òåìïåðàòóðè ñêëóâàí-
íÿ ç ìàêñèìóìîì -46 °Ñ ñïîñòåð³ãàºòüñÿ ðåëàêñàö³é-
íèé ïåðåõ³ä ïëàâëåííÿ ÏÄÌÑ. Çíà÷åííÿ òåìïåðàòóðè
ïëàâëåííÿ âèùå í³æ äëÿ ãîìîïîë³ìåðó (Òïë = -90 ÷ -100 °Ñ
äëÿ ÏÄÌÑ Mn>5500 [22], Òïë = -80 °Ñ äëÿ ÏÄÌÑ
Mn≈ 600–700 [23]). Â³äîìî, ùî ç³ çìåíøåííÿì ìîëåêó-
ëÿðíî¿ âàãè ÏÄÌÑ çðîñòàº Tïë [24]. Êð³ì öüîãî âåëèê³
ê³íöåâ³ ãðóïè ÄÐ²Ô óñêëàäíþþòü ðóõëèâ³ñòü ëàíöþãà
ÏÄÌÑ, ùî òåæ ìîæå ïðèçâîäèòè äî ï³äâèùåííÿ òåì-
ïåðàòóðè ïëàâëåííÿ. Äðóãèé åíäîòåðì³÷íèé ï³ê ìîæ-
ëèâî íàëåæèòü äî ì³êðîôàçè, ÿêó óòâîðþþòü ãðîì³çäê³
ê³íöåâ³ ãðóïè. Âîíè ìàþòü âåëèêó ê³ëüê³ñòü óðåòàíîâèõ
óãðóïóâàíü, çäàòíèõ äî óòâîðåííÿ ì³öíèõ âîäíåâèõ
çâ’ÿçê³â, òà ¿õíÿ âàãà ïåðåâèùóº âàãó êðåìí³éîðãàí³÷-
íîãî ëàíöþãà, ùî ìîæå ñïðèÿòè ¿õ â³äîêðåìëåííþ â
îêðåìó ì³êðîôàçó, ÿêà ïîâîäèòü ñåáå ïîä³áíî êðèñ-
òàë³÷í³é. À îñê³ëüêè ïðîöåíòíå ñï³ââ³äíîøåííÿ ö³º¿ ì³êðî-
ôàçè á³ëüøå, í³æ ì³êðîôàçè ÏÄÌÑ, òî ïëîùà ï³êà ïëàâ-
ëåííÿ âèùà. Äðóãå ñêàíóâàííÿ ï³ñëÿ ïðîãð³âàííÿ ÎÔ²
ÏÄÌÑ-ÄÐ²Ô äî òåìïåðàòóðè 175 °Ñ âêàçóº íà çì³íè ðå-
ëàêñàö³éíèõ ïåðåõîä³â – çíèêíåííÿ åíäîòåðì³÷íîãî ï³êà

×.÷ ÎÔ² Tñ1, °Ñ ∆Ñð, 
Äæ/(ã·°Ñ) Tñ2, °Ñ ∆Ñð, 

Äæ/(ã·°Ñ) Tïë.1, °Ñ 
Ïëîùà 

ï³êó 
Äæ/ã 

Tïë.2, °Ñ 
Ïëîùà 

ï³êó 
Äæ/ã 

1 ÏÄÌÑ-ÄÐ²Ô 
1 ïð-â. – – – – -46 

(-70÷-24) 6,8345 82 
(23÷117) 29,0663 

1à ÏÄÌÑ-ÄÐ²Ô 
2 ïð-â 

85,9 
(67÷102) 0,158 – – -48 

(-65÷-36) 6,7461 – – 

2 ÀÏÒÅÑ-ÄÐ²Ô 
1 ïð-â 

-5,57 
(-30÷+13,66) 0,311 55 

(41 ÷ 66) 0,167 – – – – 

2à ÀÏÒÅÑ-ÄÐ²Ô 
2 ïð-â 

13 
(-18÷+50) 0,265 – – – – – – 

Òàáëèöÿ 3. Õàðàêòåðèñòèêè ïåðåõîä³â ó ÁÊÏ ÏÄÌÑ òà ÁÊÏ ÀÏÒÅÑ çà äàíèìè ÄÑÊ
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òà óòâîðåííÿ øèðîêîãî ðåëàêñàö³éíîãî ïåðåõîäó ñêëó-
âàííÿ â îáëàñò³ 67÷102 °Ñ ì³êðîôàçè ôóíêö³éíèõ ãðóï.
Ìîæëèâî â³äáóâàºòüñÿ ðóéíóâàííÿ âîäíåâèõ çâ’ÿçê³â,
ùî â ñâîþ ÷åðãó ïðèçâîäèòü äî ïîðóøåííÿ ðåãóëÿðíî¿
ñòðóêòóðè, ÿêà óòâîðèëàñÿ ó ÷àñ³ ì³æ óðåòàíîâèìè ãðó-
ïàìè. Õî÷à ïðè öüîìó çáåðåãëîñÿ â³äîêðåìëåííÿ ê³íöå-
âèõ óðåòàíâì³ñíèõ ãðóï â îêðåìó ì³êðîôàçó ïðèáëèç-
íî ç ò³ºþ æ òåìïåðàòóðîþ ñêëóâàííÿ, ùî ³ ìàêñèìóì
êðèñòàë³÷íî¿ ôàçè. Òåìïåðàòóðà ïåðøîãî åíäîòåðì³÷-
íîãî ï³êà ïëàâëåííÿ, ÿêà íàëåæèòü äî ì³êðîôàçè ëàí-
öþãà ÏÄÌÑ, çàëèøàºòüñÿ íåçì³ííîþ ïðè íåâåëèêîìó
çá³ëüøåíí³ øèðèíè ïåðåõîäó ïëàâëåííÿ.

Ó îë³ãîìåðíîãî ôîòî³í³ö³àòîðà ÀÏÄÅÑ-ÄÐ²Ô ïðè
ïåðøîìó ïðîãð³âàíí³ ñïîñòåð³ãàþòüñÿ äâà ïåðåõîäè
ñêëóâàííÿ çà òåìïåðàòóðè -5,57 ³ 55 °Ñ. Ïåðøèé íàëå-
æèòü äî ðåëàêñàö³éíîãî ïåðåõîäó áëîêà (3-àì³íîïðî-
ï³ë)òðèåòîêñèñèëàíó, à äðóãèé, ìîæëèâî, äî ê³íöåâèõ
ãðóï ÄÐ²Ô. Ïðè äðóãîìó ñêàíóâàíí³ ï³ñëÿ çì³íè òåðì³÷-
íî¿ ïåðåä³ñòîð³¿ çíèêàº ôàçîâå ðîçøàðóâàííÿ òà ñïî-
ñòåð³ãàºòüñÿ îäèí ðåëàêñàö³éíèé ïåðåõ³ä, ÿêèé ðîçòà-
øîâàíèé ì³æ ïîïåðåäí³ìè òåìïåðàòóðàìè ñêëóâàííÿ
çà 13 °Ñ. Öå ìîæå ñâ³ä÷èòè ïðî óòâîðåííÿ îäí³º¿ ì³êðî-
ôàçè, ÿêà ñêëàäàºòüñÿ ç âçàºìîïðîíèêíèõ ñåãìåíò³â
ÀÏÒÅÑ ³ ÄÐ²Ô.
Âèñíîâêè.

Îòæå, â ðåçóëüòàò³ ïðîâåäåíî¿ ðîáîòè ðîçðîáëåíî
ìåòîäè ñèíòåçó ìîíîìåðíîãî ôîòî³í³ö³àòîðà ç ³çîôî-
ðîí³çîö³àíàòíîþ ãðóïîþ (ÄÐ²Ô) ³ äîñë³äæåíî ê³íåòè÷í³
çàêîíîì³ðíîñò³ éîãî óòâîðåííÿ. Ïîêàçàíî, ùî ê³íåòè÷-
íà êðèâà óòâîðåííÿ óðåòàíîâèõ ãðóï ³í³ö³àòîðà ÄÐ²Ô
ìàº ñêëàäíèé õàðàêòåð. Ñïî÷àòêó øâèäê³ñòü ðåàêö³¿
ë³í³éíî çðîñòàº, ïîò³ì ñïîâ³ëüíþºòüñÿ çà ðàõóíîê ï³äâè-
ùåííÿ â’ÿçêîñò³ òà çìåíøåííÿ êîíöåíòðàö³¿ àêòèâíèõ
NCO-ãðóï. Íà òðåòüîìó åòàï³ ñïîñòåð³ãàºòüñÿ ïîñòóïîâå

ïðèñêîðåííÿ ðåàêö³¿ çà S-ïîä³áíèì òèïîì, ìîæëèâî, â
ðåçóëüòàò³ êàòàë³òè÷íîãî âïëèâó ïîëÿðíèõ óðåòàíîâèõ
ãðóï, ùî óòâîðþþòüñÿ â ïðîöåñ³ ðåàêö³¿. Ðîçðîáëåíî
ìåòîäè ñèíòåçó îë³ãîìåðíèõ ôîòî³í³ö³àòîð³â íà îñíîâ³
ôîòî³í³ö³àòîðà ç ³çîôîðîí³çîö³àíàòíîþ ãðóïîþ òà êðåì-
í³éîðãàí³÷íèõ îë³ãîìåð³â äèã³äðîêñè(ïîë³äèìåòèëñè-
ëîêñàíó) ³ (3-àì³íîïðîï³ë)òðèåòîêñèñèëàíó. Ìåòîäîì
²×-ñïåêòðîñêîï³¿ äîñë³äæåíî ïðîöåñ óòâîðåííÿ îë³ãî-
ìåðíèõ ôîòî³í³ö³àòîð³â òà ¿õíþ áóäîâó. Äîñë³äæåííÿ
òåðìîñòàá³ëüíîñò³ ñèíòåçîâàíèõ ÎÔ² ÀÏÒÅÑ-ÄÐ²Ô òà
ÎÔ² ÏÄÌÑ-ÄÐ²Ô ìåòîäîì òåðìîãðàâ³ìåòð³è÷íîãî
àíàë³çó ïîêàçàëî, ùî îáèäâà îë³ãîìåðí³ ôîòî³í³ö³àòî-
ðè õàðàêòåðèçóþòüñÿ òðüîìà ñòàä³ÿìè âòðàòè âàãè. Îñ-
íîâíà âòðàòà âàãè ïî÷èíàºòüñÿ çà òåìïåðàòóðè âèùå
230 °Ñ. Âèâ÷åííÿ ðåëàêñàö³éíèõ ïåðåõîä³â â îë³ãîìåð-
íèõ êðåìí³éîðãàí³÷íèõ ³í³ö³àòîðàõ ìåòîäîì ÄÑÊ ïîêà-
çàëî, ùî çà ïåðøîãî ïðîãð³âàííÿ ÎÔ² ÏÄÌÑ-ÄÐ²Ô ìàº
äâ³ êðèñòàë³÷í³ ì³êðîôàçè – ÏÄÌÑ ³ ê³íöåâèõ ãðóï
ÄÐ²Ô. Ï³ñëÿ çì³íè òåðì³÷íî¿ ïåðåä³ñòîð³¿ ì³êðîôàçà
ÏÄÌÑ çàëèøàºòüñÿ êðèñòàë³÷íîþ ç íåçì³ííîþ òåìïå-
ðàòóðîþ ïëàâëåííÿ, à ê³íöåâ³ ãðóïè ÄÐ²Ô, ÿê ³ ðàí³øå,
â³äîêðåìëþþòüñÿ â îêðåìó ì³êðîôàçó, àëå âòðà÷àþòü
ñâîþ óïîðÿäêîâàí³ñòü ³ ïåðåõîäÿòü â àìîðôíèé ñòàí. Ó
îë³ãîìåðíîãî ôîòî³í³ö³àòîðà ÀÏÒÅÑ-ÄÐ²Ô ïðè ïåðøî-
ìó ïðîãð³âàíí³ ñïîñòåð³ãàºòüñÿ äâà ïåðåõîäè ñêëóâàí-
íÿ ì³êðîôàç ÀÏÒÅÑ ³ ÄÐ²Ô. Ïðè äðóãîìó ñêàíóâàíí³
ñïîñòåð³ãàºòüñÿ îäèí ðåëàêñàö³éíèé ïåðåõ³ä ñêëóâàí-
íÿ àìîðôíî¿ ì³êðîôàçè, ÿêà, ìîæëèâî, ñêëàäàºòüñÿ ç
âçàºìîïðîíèêíèõ ñåãìåíò³â ÀÏÒÅÑ ³ ÄÐ²Ô. Òîáòî, ÎÔ²
ÏÄÌÑ-ÄÐ²Ô º äâîôàçíîþ ñèñòåìîþ, à ÎÔ² ÀÏÒÅÑ-
ÄÐ²Ô – îäíîôàçíîþ.

Îòðèìàí³ ÎÔ² â ïîäàëüøîìó âèêîðèñòàí³ â ñèíòåç³
áëîêêîïîë³ìåð³â ôîòî³í³ö³éîâàíîþ ðàäèêàëüíîþ
ïîë³ìåðèçàö³ºþ.
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Ðàçðàáîòàí ìåòîä ñèíòåçà ìîíîìåðíîãî ôîòîèíèöèàòîðà ñ èçîôîðîíèçîöèàíàòíîé ãðóïïîé
(ÄÐÈÔ) è èññëåäîâàíû êèíåòè÷åñêèå çàêîíîìåðíîñòè åãî îáðàçîâàíèÿ. Ïîêàçàíî, ÷òî
êèíåòè÷åñêàÿ êðèâàÿ îáðàçîâàíèÿ óðåòàíîâûõ ãðóïï èíèöèàòîðà ÈÔÄÐ èìååò ñëîæíûé
õàðàêòåð. Ðàçðàáîòàíû ìåòîäû ñèíòåçà îëèãîìåðíûõ ôîòîèíèöèàòîðîâ (ÎÔÈ) íà îñíîâå ÄÐÈÔ
è êðåìíèéîðãàíè÷åñêèõ îëèãîìåðîâ äèãèäðîêñè(ïîëèäèìåòèëñèëîêñàíà) (ÏÄÌÑ) è (3-
àìèíîïðîïèë)òðèýòîêñèñèëàíà (ÀÏÒÝÑ). Èññëåäîâàíû êèíåòè÷åñêèå çàêîíîìåðíîñòè ñèíòåçà
è ñòðîåíèå ïîëó÷åííûõ èíèöèàòîðîâ ìåòîäîì ÈÊ-ñïåêòðîñêîïèè. Èçó÷åíèå òåðìîñòàáèëüíîñòè
ñèíòåçèðîâàííûõ ÎÔÈ ìåòîäîì òåðìîãðàâèìåòðè÷åñêîãî àíàëèçà ïîêàçàëî, ÷òî îáà
îëèãîìåðíûå ôîòîèíèöèàòîðà õàðàêòåðèçóþòñÿ òðåìÿ ñòàäèÿìè ïîòåðè âåñà. Â ðåçóëüòàòå
èññëåäîâàíèÿ òåìëîåìêîñòè ÎÔÈ ìåòîäîì äèôôåðåíöèàëüíîé ñêàíèðóþùåé êàëîðèìåòðèè
óñòàíîâëåíî, ÷òî ÎÔÈ ÏÄÌÑ-ÄÐÈÔ ÿâëÿåòñÿ äâóõôàçíîé ñèñòåìîé, à ÎÔÈ ÀÏÒÝÑ-ÈÔÄÈ –
îäíîôàçíîé.

Êëþ÷åâûå ñëîâà: áëîêñîïîëèìåðû, îëèãîìåðíûå ôîòîèíèöèàòîðû, êðåìíèéîðãàíè÷åñêèå îëèãîìåðû,
ðàäèêàëüíàÿ ôîòîïîëèìåðèçàöèÿ.
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Synthesis and properties of silicone oligomeric photoinitiators

N.A. Busko, V.K. Grishchenko, A.V. Barantsova, N.V. Gudzenko, Ya. V. Kochetova

Institute of Macromolecular Chemistry NAS of Ukraine
48, Kharkiv highway, Kyiv, 02160, Ukraine, oligomer8@bigmir.net

The aim of the work was to develop methods for the synthesis and study of the properties of silicon-
containing oligomeric photoinitiators, which will further be used for the synthesis of block copolymers.
A method for the synthesis of monomeric photoinitiator with isophoronisocyanate group (DRIF) have
been developed and the kinetic laws of its formation have been investigated. It has been shown that
the kinetic curve of the formation of the urethane groups of the initiator of the IFDR is complex. First,
the reaction rate increases linearly, then slows down due to the increase in viscosity and decrease in
the concentration of active NCO groups. At the third stage, a gradual acceleration of the reaction in
an S-shaped type is observed. Methods for the synthesis of oligomeric photoinitiators (OFI) based on
the DRIF and organosilicons oligomers of dihydroxy(polydimethylsiloxane) (PDMS) and (3-
aminopropyl)triethoxysilane (APTES) have been developed. The kinetic laws of synthesis and the
structure of the initiators obtained by the method of IR-spectroscopy were investigated. The study of
the thermostability of synthesized OFI by the method of thermogravimetric analysis showed that both
oligomeric photoinitiators are characterized by three stages of weight loss. The main weight loss
starts at temperatures above 230 °C. The study of relaxation transitions in oligomeric organosiliconå
initiators by the DSC method showed that during the first heating of the OFI, PDMS-DRIF has two
crystalline microphases, PDMS and final DRIF groups. After changing the thermal history, the
microphase PDMS remains crystalline with a constant melting point, and the DRIF end groups, as
before, are separated into a separate microphase, but lose their orderliness and become amorphous.
In the oligomeric photoinitiator APTES-DRIF, during the first heating, there are two transitions in the
glass transition of APTES and DRIF microphases. In the second scan, one relaxation transition is
observed in the glass transition of an amorphous microphase, which may consist of interpenetrating
APTES and DRIF segments. That is, OFI PDMS-DRIF is a two-phase system, and OFI APTES-DRIF is
a single-phase system.

Key words: block copolymers, oligomeric photoinitiators, silicon organic oligomers, radical photopolymerization.


