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Ïðåäñòàâëåí îáçîð ðåçóëüòàòîâ íàó÷íûõ èññëå-
äîâàíèé â îáëàñòè ñèíòåçà, èçó÷åíèÿ ñâîéñòâ è
îáëàñòåé ïðèìåíåíèÿ ïîëèìåðîâ íà îñíîâå íîð-
áîðíåíà è åãî ðàçíîôóíêöèîíàëüíûõ ïðîèçâîä-
íûõ. Ïîêàçàíî, ÷òî íîðáîðíåí, áóäó÷è æåñòêî
êîíôîðìàöèîííûì áèöèêëè÷åñêèì îëåôèíîì, â
ìîëåêóëå êîòîðîãî èìååòñÿ öèêëè÷åñêîå íàïðÿæå-
íèå, ÿâëÿåòñÿ âåñüìà ðåàêöèîííîñïîñîáíûì ñî-
åäèíåíèåì è ëåãêî âñòóïàåò â ðåàêöèþ ïîëèìåðè-
çàöèè ïî òðåì îñíîâíûì íàïðàâëåíèÿì:
ìåòàòåçèñíàÿ ïîëèìåðèçàöèÿ ñ ðàñêðûòèåì öèêëà,
âèíèëîâàÿ (àääèòèâíàÿ) è êàòèîííàÿ (ðàäèêàëü-
íàÿ) ïîëèìåðèçàöèÿ. Ïðîòåêàíèå ðåàêöèè ïîëè-
ìåðèçàöèè íîðáîðíåíà è åãî çàìåùåííûõ ïðî-
èçâîäíûõ îïðåäåëÿåòñÿ óñëîâèÿìè ïðîâåäåíèÿ
ïðîöåññà, ïðèðîäîé ñóáñòðàòîâ, à òàêæå òèïîì
èñïîëüçóåìîãî êàòàëèçàòîðà.

Êëþ÷åâûå ñëîâà: àääèòèâíàÿ ïîëèìåðèçàöèÿ;
âèíèëîâàÿ ïîëèìåðèçàöèÿ; èçîìåðèçàöèîííàÿ
ïîëèìåðèçàöèÿ; êàòàëèçàòîðû Ãðàááñà; ìåòàòå-
çèñíàÿ ïîëèìåðèçàöèÿ; ìîíîìåðû íîðáîðíåíà;
ïîëèíîðáîðíåíû; ïîëèäèñïåðñíîñòü; òåðìî-
ñòîéêèå è òåðìîðåàêòèâíûå ïîëèìåðû.

An overview of the results of scientific research in
the field of synthesis, study of the properties and
fields of application of polymers based on
norbornene and its multifunctional derivatives is
presented. It has been shown that norbornene,
being a rigidly conformational bicyclic olefin
with a cyclic stress in its molecule, is a highly
reactive compound and easily enters into a
polymerization reaction capable of proceeding in
three main directions: metathesis polymerization
with ring opening, vinyl (additive) and cationic
(radical) polymerization. The course of the
polymerization of norbornene and its substituted
derivatives is determined by the process
conditions, the nature of the substrates, and the
type of catalyst used.

Key words: additive polymerization; vinyl
polymerization; isomerization polymerization;
Grubbs catalysts; metathesis polymerization;
norbornene monomers; polynorbornene;
polydispersity; heat-resistant and thermosetting
polymers.

Íîðáîðíåí (áèöèêëî2.2.1]-ãåïòåí) ïðåä-
ñòàâëÿåò ñîáîé áèöèêëè÷åñêèé îëåôèí, îáëà-
äàþùèé âûñîêèì öèêëè÷åñêèì êîíôîðìàöè-
îííûì íàïðÿæåíèåì, âñëåäñòâèå ÷åãî åãî äâîé-
íàÿ ñâÿçü ÿâëÿåòñÿ âåñüìà ðåàêöèîííîñïîñîá-
íîé. Íîðáîðíåí íàõîäèò øèðîêîå ïðèìåíåíèå
â ðàçëè÷íûõ îáëàñòÿõ, â ÷àñòíîñòè, â ñèíòåçå
ôàðìàêîôîðíûõñîåäèíåíèé, ñïåöèàëüíûõ
àðîìàòèçàòîðîâ, ïåñòèöèäîâ è äð. Íàèáîëåå
âàæíîé îáëàñòüþ åãî ïðèìåíåíèÿ ÿâëÿåòñÿ èñ-
ïîëüçîâàíèå áèöèêëî(2.2.1)-ãåïòåíà â ðåàêöè-

ÿõ ïîëèìåðèçàöèè äëÿ ñèíòåçà ðàçëè÷íûõ
ôóíêöèîíàëèçèðîâàííûõ ïîëèìåðîâ è ñîïîëè-
ìåðîâ.

Íîðáîðíåí ëåãêî âñòóïàåò â ðåàêöèþ ïî-
ëèìåðèçàöèè, êîòîðàÿ ìîæåò ïðîòåêàòü ïî
òðåì îñíîâíûì íàïðàâëåíèÿì:

1. Ìåòàòåçèñíàÿ ïîëèìåðèçàöèÿ ñ ðàñêðû-
òèåì öèêëà (ROMP).

2. Âèíèëîâàÿ (àääèòèâíàÿ) ïîëèìåðèçàöèÿ.
3. Èçîìåðèçàöèîííàÿ (êàòèîííàÿ, ðàäè-

êàëüíàÿ) ïîëèìåðèçàöèÿ.
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Ïðîòåêàíèå ïîëèìåðèçàöèè ïî îäíîìó èç
óêàçàííûõ ìàðøðóòîâ îïðåäåëÿåòñÿ óñëîâèÿ-
ìè åå ïðîâåäåíèÿ è òèïîì èñïîëüçóåìîãî êàòà-
ëèçàòîðà.

Îäíèì èç îñíîâíûõ òèïîâ ïîëèìåðèçàöèè
íîðáîðíåíà è åãî ïðîèçâîäíûõ ÿâëÿåòñÿ ìåòà-
òåçèñíàÿ ïîëèìåðèçàöèÿ ñ ðàñêðûòèåì öèêëà.
Ìåõàíèçì ýòîé ïîëèìåðèçàöèè ìîæíî ïðåä-
ñòàâèòü ñëåäóþùåé ñõåìîé:

Êàê âèäíî èç ñõåìû, ìåõàíèçì ýòîé ïîëè-
ìåðèçàöèè ñîîòâåòñòâóåò ìåõàíèçìó ðåàêöèè
ìåòàòåçèñà îëåôèíîâ è òàêæå ïðîòåêàåò â ïðè-
ñóòñòâèè àëêèëèäåíîâûõ êàòàëèçàòîðîâ. Åñòü
íåêîòîðûå îñîáåííîñòè ýòîãî òèïà ïîëèìåðèçà-
öèè íîðáîðíåíà. Âî-ïåðâûõ, îáðàçóþùèéñÿ â
õîäå ïîëèìåðèçàöèè íîâûé îëåôèí îñòàåòñÿ
ïðèñîåäèíåííûì ê êàòàëèçàòîðó êàê ÷àñòü ðà-
ñòóùåé ïîëèìåðíîé öåïè. Åùå îäíèì îòëè÷è-
åì ýòîé ðåàêöèè ÿâëÿåòñÿ òî, ÷òî â ýòîé ðåàê-
öèè äâèæóùåé ñèëîé ïðîöåññà ÿâëÿåòñÿ ñíÿòèå
íàïðÿæåííîñòè öèêëà, âñëåäñòâèå ÷åãî îí ÿâ-
ëÿåòñÿ, ïî-ñóùåñòâó íåîáðàòèìûì. Òàêèå îëå-
ôèíû, êàê öèêëîãåêñåíû èëè áåíçîë, èìåþò
íåáîëüøóþ êîëüöåâóþ äåôîðìàöèþ èëè íå
èìåþò åå è íå ìîãóò áûòü ïîëèìåðèçîâàíû,
ïîòîìó ÷òî íåò òåðìîäèíàìè÷åñêîãî ïðåäïî÷-
òåíèÿ ïîëèìåðà ïî ñðàâíåíèþ ñ ìîíîìåðîì.
Íàïðÿæåííûå öèêëè÷åñêèå îëåôèíû, òàêèå
êàê íîðáîðíåí è äð., èìåþò äîñòàòî÷íóþ êîëü-
öåâóþ äåôîðìàöèþ, ÷òîáû ñäåëàòü ýòîò ïðî-
öåññ âîçìîæíûì.

Ïîëèìåðû, ïîëó÷åííûå â ðåàêöèè ROMP,
îáû÷íî èìåþò î÷åíü óçêèé äèàïàçîí ìîëåêó-
ëÿðíûõ ìàññ, ÷åãî î÷åíü òðóäíî äîñòè÷ü ñòàí-
äàðòíûìè ìåòîäàìè ïîëèìåðèçàöèè, òàêèìè
êàê ñâîáîäíîðàäèêàëüíàÿ ïîëèìåðèçàöèÿ. Ïî-
ëèäèñïåðñíîñòü (ñðåäíåâçâåøåííàÿ ìîëåêó-
ëÿðíàÿ ìàññà, ðàçäåëåííàÿ íà ñðåäíå÷èñëîâóþ
ìîëåêóëÿðíóþ ìàññó) îáû÷íî íàõîäèòñÿ â äè-
àïàçîíå îò 1.03 äî 1.10. Ýòè ìîëåêóëÿðíî-ìàñ-
ñîâûå ðàñïðåäåëåíèÿ íàñòîëüêî óçêèå, ÷òî ïî-
ëèìåðû íàçûâàþò ìîíîäèñïåðñíûìè.

Åùå îäíîé âàæíîé îñîáåííîñòüþ ýòîãî
ìåõàíèçìà ÿâëÿåòñÿ òî, ÷òî ñèñòåìû ROMP
îáû÷íî ÿâëÿþòñÿ æèâûìè êàòàëèçàòîðàìè ïî-
ëèìåðèçàöèè. Íàïðèìåð, ìîæíî ïîëèìåðèçî-
âàòü 100 ýêâèâàëåíòîâ íîðáîðíåíà, à çàòåì äî-
áàâèòü âòîðîé ìîíîìåð ïîñëå òîãî, êàê áóäåò
èçðàñõîäîâàí ïåðâûé. Òàêèì îáðàçîì,
ROMP – ýòî ïðåâîñõîäíûé ìåòîä èçãîòîâëå-
íèÿ äèáëî÷íûõ è òðèáëî÷íûõ ñîïîëèìåðîâ,
êîòîðûé ïîçâîëÿåò èçìåíÿòü ñâîéñòâà ïîëó÷àå-
ìîãî ìàòåðèàëà.

Òàêèå ìåòîäû âîçìîæíû òîëüêî â òîì ñëó-
÷àå, åñëè ñîîòíîøåíèå èíèöèàöèè è ðàçâèòèÿ
öåïè èäåàëüíî ñáàëàíñèðîâàíî. Ïîýòîìó, â ÷à-
ñòíîñòè, äëÿ ôóíêöèîíàëèçèðîâàííûõ ìîíî-
ìåðîâ íåîáõîäèìî èñïûòûâàòü íåñêîëüêî ðàç-
ëè÷íûõ êàòàëèçàòîðîâ, ðàñòâîðèòåëåé, êîí-
öåíòðàöèé, òåìïåðàòóð è äð. äëÿ äîñòèæåíèÿ
íàèëó÷øèõ ðåçóëüòàòîâ.

Ïðîöåññ ROMP òàêæå öåíåí òåì, ÷òî îá-
ðàçóåòñÿ îáû÷íûé ïîëèìåð ñ ðåãóëÿðíûì êî-
ëè÷åñòâîì äâîéíûõ ñâÿçåé. Ïîëó÷åííûé ïðî-
äóêò ìîæåò áûòü ïîäâåðãíóò ÷àñòè÷íîìó èëè
ïîëíîìó ãèäðèðîâàíèþ èëè ìîæåò áûòü ôóíê-
öèîíàëèçèðîâàí â áîëåå ñëîæíûå ñîåäèíåíèÿ.
Íàèáîëåå ðàñïðîñòðàíåííûé ãîìîãåííûé êàòà-
ëèçàòîð ROMP òàêæå èçó÷åí ëó÷øå âñåãî. Â
÷àñòíîñòè, êàòàëèçàòîð Ãðàááñà òðåòüåãî ïîêî-
ëåíèÿ (èçâåñòíûé êàê G3) èìååò îòëè÷íóþ óñ-
òîé÷èâîñòü ê ôóíêöèîíàëüíûì ãðóïïàì , ñòà-
áèëüíîñòü íà âîçäóõå è âûñîêóþ ñêîðîñòü èíè-
öèèðîâàíèÿ è ðàñïðîñòðàíåíèÿ. Âûñîêàÿ ñêî-
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ðîñòü èíèöèèðîâàíèÿ G3 ïðèâîäèò ê æèâîé
ïîëèìåðèçàöèè ñ óçêèìè äèñïåðñèÿìè ïîëèìå-
ðà ïî ìîëåêóëÿðíîé ìàññå.  Îáû÷íî ðåàêöèè
ROMP ãàñÿò ýòèëâèíèëîâûì ýôèðîì äëÿ îáðà-
çîâàíèÿ ñâîáîäíîé ïîëèìåðíîé öåïè è íåàê-
òèâíîãî êàðáåíîâîãî êîìïëåêñà êàòàëèçàòîðà.

Â ïðåäñòàâëåííîì îáçîðå îáîáùåíû ðå-
çóëüòàòû èññëåäîâàíèé â îáëàñòè ïîëó÷åíèÿ
íîðáîðíåíñîäåðæàùèõ ïîëèìåðîâ è ñîïîëèìå-
ðîâ, èçó÷åíèÿ èõ ñâîéñòâ è îáëàñòåé ïðèìåíå-
íèÿ, îñóùåñòâëåííûõ â ïîñëåäíèå ãîäû.

1. Ìåòàòåçèñíàÿ ïîëèìåðèçàöèÿ ñ ðàñ-
êðûòèåì öèêëà

Â ðàáîòå 1 îïèñàí ñèíòåç è èññëåäîâàíû
ãðåáíåîáðàçíûå ïîëèíîðáîðíåíû, ñîäåðæàùèå
áîêîâûå ñòåðæíåâûå àðàìèäíûå ãðóïïû, ïðåä-
ñòàâëÿþùèå ñîáîé äëèííîöåïî÷å÷íûé ñèíòåòè-
÷åñêèé ïîëèàìèä, â îêòîðîì áîëåå 85% àìèä-
íûõ ñâÿçåé íåïîñðåäñòâåííî ïðèêðåïëåíû ê
äâóì àðîìàòè÷åñêèì êîëüöàì. Ìîíîìåðû  ñî-
ïîëèìåðèçîâàëè  â ðàçëè÷íûõ ñîîòíîøåíèÿõ,
è âëèÿíèå ñîñòàâà íà ñâîéñòâà ìàòåðèàëà èñ-
ñëåäîâàëè ñ ïîìîùüþ ñîâðåìåííûõ ìåòîäîâ
àíàëèçà. Àâòîðû ïîêàçûâàþò, ÷òî òåìïåðàòóðà
ñòåêëîâàíèÿ ïîëèìåðà óâåëè÷èâàåòñÿ ïðîïîð-
öèîíàëüíî êîíöåíòðàöèè âîäîðîäíî-ñâÿçûâà-
þùåãî ìîíîìåðà.

Ìåòàòåçèñíàÿ ïîëèìåðèçàöèÿ ñ ðàñêðûòè-
åì öèêëà (ROMP) áûëà èñïîëüçîâàíà äëÿ ñèí-
òåçà ñåðèè ïîëèíîðáîðíåíäèêàðáîêñèìèäîâ ñ
äîíîðíî-àêöåïòîðíûìè ãðóïïàìè 2, èññëåäîâà-
íû èõ ôîòîôèçè÷åñêèå è òåðìè÷åñêèå ñâîé-
ñòâà. Àâòîðû îòìå÷àþò, ÷òî âñå ïîëó÷åííûå
ïîëèìåðû îáëàäàþò âûñîêîé òåðìè÷åñêîé ñòà-
áèëüíîñòüþ (òåìïåðàòóðà ðàçëîæåíèÿ áîëåå
400 îÑ) è  ïðîÿâëÿþò ðàçëè÷íûé öâåò ïðè ôëó-
îðåñöåíöèè (ïóðïóðíî-ñèíèé (418 íì), çåëåíî-
âàòî-ñèíèé (489 íì), çåëåíûé (515 íì), è îðàí-
æåâî-æåëòûé (594 íì)).

Â ðàáîòå 3 ñîîáùàåòñÿ î ROMP íîâûõ
ñòðóêòóðíûõ èçîìåðîâ íà îñíîâå íîðáîðíåí-
äèêàðáîêñèìèäîâ, íåñóùèõ òðèôòîðìåòèëü-
íûå ôðàãìåíòû. Îáíàðóæåíî, ÷òî  ôðàãìåíò
CF3, ïðèñîåäèíåííûé ê îðòî-ïîëîæåíèþ àðî-
ìàòè÷åñêîãî êîëüöà, óâåëè÷èâàåò òåðìè÷åñêèå
è ìåõàíè÷åñêèå ñâîéñòâà ïîëèìåðà, òîãäà êàê
ìåòà- çàìåùåíèå èìååò ïðîòèâîïîëîæíûé ýô-
ôåêò. Ïîêàçàíî, ÷òî ïîëèìåðû îðòî-çàìåùåí-
íûìè çàìåñòèòåëÿìè óâåëè÷èâàþò ïðîíèöàå-
ìîñòü ïîëèìåðíûõ ìåìáðàí, èñïîëüçóåìûõ
äëÿ ðàçäåëåíèÿ ñìåñè âîäîðîä/ïðîïèëåí.

Â ðàáîòàõ 4,5  ÒÅÌÏO-ñîäåðæàùèå ìîíî-
ìåðû (TEMPO = 2,2,6,6-òåòðàìåòèëïèïåðè-
äèí-1-îêñè) áûëè ñèíòåçèðîâàíû è ïîëèìåðè-
çîâàíû ñ ïîìîùüþ ROMP ñ  èñïîëüçîâàíèåì
ðóòåíèé-êàðáåíîâîãî êàòàëèçàòîðà è îáðàçîâà-

íèåì  ñîîòâåòñòâóþùèõ ïîëèìåðîâ ñ ðàçëè÷-
íûìè âûõîäàìè. Îòìå÷åíî, ÷òî ïîëó÷åííûå
ïîëèìåðû áûëè òåðìè÷åñêè ñòàáèëüíûìè äî
240 îC íà âîçäóõå. Èññëåäîâàíà çàðÿäíî-ðàç-
ðÿäíàÿ åìêîñòü ÿ÷ååê èç ñèíòåçèðîâàííûõ ïî-
ëèíîðáîðíåíîâ è ïîêàçàíà âîçìîæíîñòü èõ
î÷åíü áûñòðîé çàðÿäêè (â òå÷åíèå 1 ìèí). Ýëå-
ìåíòû, èñïîëüçóþùèå íàñòîÿùèå ïîëèìåðû â
êà÷åñòâå êàòîäíî-àêòèâíûõ ìàòåðèàëîâ, ïðîäå-
ìîíñòðèðîâàëè ïðåâîñõîäíûé ñðîê ñëóæáû;
íàïðèìåð, èõ ðàçðÿäíûå åìêîñòè ïîêàçàëè
ñíèæåíèå íå áîëåå ÷åì íà 10% äàæå ïîñëå 400
öèêëîâ.

Â àíàëîãè÷íîé ðàáîòå 6 cåðèÿ (TEMPO)-
ñîäåðæàùèõ äèêàðáîêñèìèäíûõ íîðáîðíåíî-
âûõ ìîíîìåðîâ áûëà ñèíòåçèðîâàíà è ïîëèìå-
ðèçîâàíà ñ ROMP  ñ èñïîëüçîâàíèåì êàòàëèçà-
òîðà Ãðàááñà 3-ãî  ïîêîëåíèÿ  Àâòîðû ñîîáùà-
þò, ÷òî ïîëó÷åííûå TEMPO-ñîäåðæàùèå
ïîëèíîðáîðíåíû ïîêàçàëè ñâîþ ýôôåêòèâ-
íîñòü â êà÷åñòâå ñòàáèëèçèðóþùèõ àãåíòîâ â
ïîëèïðîïèëåíå ïðè èçìåðåíèè òåìïåðàòóðû
íà÷àëà îêèñëåíèÿ.

Íà îñíîâå ROMP ñèíòåçèðîâàí  íîâûé
íîðáîðíåíäèêàðáîêñèìèä, ïðåäñòàâëÿþùèé
áîêîâîé êàðáàçîëüíûé ôðàãìåíò, ñâÿçàííûé
ï-ìåòèëåíáåíçèëüíûì ñïåéñåðîì ñ èñïîëüçîâà-
íèåì êàòàëèçàòîðà Ãðàááñà 3-ãî ïîêîëåíèÿ 7.
Ïîëó÷åííûå ïîëèìåðû îêàçàëèñü ñòåðåîðåãó-
ëÿðíûìè è àìîðôíûìè. Àâòîðû îòìå÷àþò, ÷òî
îáðàçöû êàê ðàñòâîðîâ, òàê è ïëåíîê ïîëó÷åí-
íûõ ïîëèìåðîâ äåìîíñòðèðóþò òîëüêî ôëóî-
ðåñöåíöèþ êàðáàçîëà ñ «íîðìàëüíîé ñòðóêòó-
ðîé», â òî âðåìÿ êàê îáðàçîâàíèå ýêñèìåðîâ â
ðåçóëüòàòå ïåðåêðûòèÿ êàðáàçîëüíûõ ãðóïï íå
îáíàðóæèâàåòñÿ.

Â ðàáîòå 8  ìåòîäîì ROMP îñóùåñòâëåí
ñèíòåç ìîíîìåðîâ N-4-ôòîðôåíèë-ýíäî-íîð-
áîðíåí-5,6-äèêàðáîêñèìèäà è N-2,2,6,6-òåòðà-
ìåòèëïèïåðèäèë-ýíäî-íîðáîðíåí-5,6-äèêàð-
áîêñèìèäà ñ èñïîëüçîâàíèåì ðóòåíèåâîãî àë-
êèëèäåíîâîãî êàòàëèçàòîðà âòîðîãî ïîêîëå-
íèÿ. Ïîêàçàíî, ÷òî  ïîëó÷åííûé ïîëèìåð,
íåñóùèé ïèïåðèäèëüíûé ôðàãìåíò, ïîêàçàë
ñàìûå âûñîêèå Tg è Td ïî ñðàâíåíèþ ñ ïîëèìå-
ðàìè, ñîäåðæàùèìè ôòîðàðèëüíûå ôðàãìåí-
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òû. Êðîìå òîãî, òåðìîñòîéêîñòü ïîëèìåðà ñ
ôòîðôåíèëüíûì ôðàãìåíòîì  óñèëèâàåòñÿ
ïîñëå ãèäðèðîâàíèÿ â ïðèñóòñòâèè êàòàëèçàòî-
ðà Óèëêèíñîíà – [RhCl(PPh3)3]òðèñ-(òðèôå-
íèëôîñôèí)ðîäèéõëîðèäà.

Ðàññìîòðåíû íåäàâíèå äîñòèæåíèÿ â èñ-
ïîëüçîâàíèè æåñòêîãî ïîëèíîðáîðíåíà â êà÷å-
ñòâå ìàòðèöû äëÿ ñèíòåçà ðàçëè÷íûõ ïîëèìå-
ðîâ ñ ÷åòêî îïðåäåëåííîé ñòåïåíüþ ïîëèìåðè-
çàöèè è óçêîé ïîëèäèñïåðñíîñòüþ 9. Ïîêàçàíî,
÷òî ïîëèíîðáîðíåíîâûå ìàòðèöû, ñîäåðæàùèå
êîíäåíñèðîâàííûå N-àðèëïèððîëèäåíîâûå
ïîäâåñêè, ñèíòåçèðóþòñÿ êàòàëèçèðóåìîé ðó-
òåíèåì èëè ìîëèáäåíîì ROMP ñîîòâåòñòâóþ-
ùèõ ìîíîìåðîâ.

Îòìå÷åíî 10, ÷òî ïîëèíîðáîðíåíû, ïîëó-
÷åííûå ìåòîäîì «æèâîé» è «êîíòðîëèðóåìîé»
ROMP, âîçíèêëè êàê íîâûé êëàññ ïîëèìåð-
íûõ íîñèòåëåé, ÷óâñòâèòåëüíûé ê ñòèìóëàì.
Àâòîðû ñîîáùàþò î íîâîì àìôèôèëüíîì äèá-
ëî÷íîì ïîëèíîðáîðíåíå, ñîäåðæàùåì àêòèâ-
íûå áåíçàëüäåãèäíûå çâåíüÿ, êîòîðûé ïðîäå-
ìîíñòðèðîâàë õîðîøóþ ñïîñîáíîñòü êîíúþãè-
ðîâàòü ñ àìèíîñîäåðæàùèìè ìîëåêóëàìè, â
÷àñòíîñòè ñ äîêñîðóáèöèíîì  Ïðåâîñõîäíàÿ
áèîëîãè÷åñêàÿ áåçîïàñíîñòü ïîëó÷åííîãî ïî-
ëèìåðà  áûëà äîïîëíèòåëüíî ïðîäåìîíñòðèðî-
âàíà ðåçóëüòàòàìè êàê îöåíêè òîêñè÷íîñòè in
vitro äëÿ êëåòîê ôèáðîáëàñòîâ ìûøè (êëåòêè
L-929), òàê è îöåíêè in vivo îñòðîé òîêñè÷íî-
ñòè äëÿ ðàçâèòèÿ è ãèáåëè êëåòîê ó ýìáðèîíîâ
ðûáîê äàíèî. Àâòîðû çàêëþ÷àþò, ÷òî ñèíòåçè-
ðîâàííûé ïðîäóêò íà îñíîâå ïîëèíîðáîðíåíà
îáëàäàåò áîëüøèì ïîòåíöèàëîì ïðèìåíåíèÿ â
êà÷åñòâå áèîñîâìåñòèìîãî ïîëèìåðíîãî íîñè-
òåëÿ è ìîæåò áûòü èñïîëüçîâàí äëÿ èçãîòîâëå-
íèÿ ðàçëè÷íûõ pH-÷óâñòâèòåëüíûõ êîíúþãà-
òîâ 10.

Ïîêàçàíî, ÷òî òåêóùèé èíòåðåñ ê ñòðàòå-
ãèÿì äèñïåðãèðîâàíèÿ íàïîëíèòåëåé èç íàíî-
÷àñòèö ñòèìóëèðóåò èññëåäîâàíèÿ êîâàëåíòíî

ïðèêðåïëåííûõ ïîëèìåðíûõ ùåòîê 11. Îñíîâ-
íàÿ ïîòðåáíîñòü â ýòèõ «âîëîñàòûõ íàíî÷àñòè-
öàõ» – ýòî òåñòèðîâàíèå è ðàçðàáîòêà íîâûõ
òåõíîëîãèé íà îñíîâå íîðáîðíåíñîäåðæàùèõ
ïîëèìåðíûõ íàíîêîìïîçèòîâ. Ñ ýòîé öåëüþ
àâòîðû ïðèãîòîâèëè ïîëèíîðáîðíåíñîäåðæà-
ùèå íàíîêîìïîçèòû ñ êîâàëåíòíî ñâÿçàííûìè
öåïÿìè íà ïðèðîäíîì øàáëîíå èç ìîíòìîðèë-
ëîíèòîâîé ãëèíû ñ ïîìîùüþ ìåòîäà ROMP.
Íàíîêîìïîçèòû áûëè îõàðàêòåðèçîâàíû ñ òî÷-
êè çðåíèÿ ñîñòàâà ïîëèìåð:ãëèíà è ðàçëè÷íûõ
ïàðàìåòðîâ àðõèòåêòóðû öåïåé, òàêèõ êàê ìî-
ëåêóëÿðíàÿ ìàññà, èíäåêñ ïîëèäèñïåðñíîñòè è
ïëîòíîñòü ïðèâèâêè.

Ïðåäëîæåíû âàðèàíòû îñóùåñòâëåíèÿ
ñøèòîãî ãîìîïîëèìåðà àëêîêñèñèëèëïîëèíîð-
áîðíåíà è ñïîñîáû åãî ïîëó÷åíèÿ, âêëþ÷àþùå-
ãî ïîëèìåðèçàöèþ ROMP íîðáîðíåíîâîãî ìî-
íîìåðà, èíèöèèðîâàííîãî çîëü-ãåëüíûì ñøè-
âàíèåì â óñëîâèÿõ îêðóæàþùåé ñðåäû èëè â
óñëîâèÿõ êèñëîòíîãî êàòàëèçà 12.

Ñëîæíûå äèýôèðû íîðáîðíåí-2,3-äèêàð-
áîíîâîé êèñëîòû áûëè ñèíòåçèðîâàíû ìåòî-
äîì îäíîðåàêòîðíîãî ñèíòåçà íà îñíîâå 5-íîð-
áîðíåí-2,3-äèêàðáîíîâîé êèñëîòîé è ìåòàíîëà
è ýòàíîëà ñ ïîëó÷åíèå íîâûõ ìîíîìåðîâ  ñîîò-
âåòñòâåííî, äèìåòèëîâîãî è äèýòèëîâîãî ýôè-
ðîâ ýíäèêîâîé êèñëîòû. Íîðáîðíåí ñîïîëèìå-
ðèçîâàëè ñ ýòèìè ìîíîìåðàìè â ðàçëè÷íûõ
ïðîïîðöèÿõ ïîñðåäñòâîì ROMP â ïðèñóò-
ñòâèè êàòàëèçàòîðà Ãðàááñà 1-ãî ïîêîëåíèÿ.
Ðåçóëüòàòû ïîêàçûâàþò, ÷òî óäëèíåíèå àë-
êèëüíîé ãðóïïû âëèÿåò íà ïðîöåññ ñîïîëèìå-
ðèçàöèè. Ïðè òîé æå ïðîïîðöèè ñîìîíîìåðà
âûõîä óìåíüøàåòñÿ, êàê ôóíêöèÿ óäëèíåíèÿ
àëêèëüíîé ãðóïïû 13.

Ãèäðèðîâàííûé ïîëèíîðáîðíåí (h-PN),
ñèíòåçèðîâàííûé ïîëèìåðèçàöèåé ROMP äå-
ìîíñòðèðóåò òåðìîîáðàòèìîå èçìåíåíèå êðèñ-
òàëëè÷åñêîãî ïîëèìîðôà ïðè òåìïåðàòóðå ñòåê-
ëîâàíèÿ íèæå åãî òåìïåðàòóðû ïëàâëåíèÿ 14.
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Àâòîðû îòìå÷àþò, ÷òî ðàçëè÷íûå ïóòè ãèäðè-
ðîâàíèÿ ïðèâîäÿò ê îáðàçîâàíèþ hPN ñ ðàç-
ëè÷íîé ñòåïåíüþ ýïèìåðèçàöèè öèêëîïåíòèëå-
íîâîãî êîëüöà (îò öèñ- äî òðàíñ-); ýòè ýïèìå-
ðèçîâàííûå åäèíèöû âêëþ÷åíû â êðèñòàëëû
hPN. Îòìå÷åíî, ÷òî óñòîé÷èâîñòü âðàùàòåëü-
íîãî óïîðÿäî÷åííîãî ïîëèìîðôà hPN óìåíü-
øàåòñÿ ñ óâåëè÷åíèåì ýïèìåðèçàöèè, ÷òî îòðà-
æàåòñÿ â ñíèæåíèè òåìïåðàòóðû ñòåêëîâàíèÿ
ñî 134 äî 92 îC ïðè 22% ýïèìåðèçàöèè.

Ïåðåêðåñòíûé ìåòàòåçèñ ïîëèíîðáîðíåíà
è ïîëèîêòåíàìåðà â d-õëîðîôîðìå, îïîñðåäî-
âàííûé êàòàëèçàòîðîì Ãðàááñà 1-ãî ïîêîëåíèÿ
Cl2(PCy3)2Ru=CHPh, îñóùåñòâëåí ïóòåì ìî-
íèòîðèíãà êèíåòèêè ïðåâðàùåíèÿ êàðáåíà è
ýâîëþöèè äèàäíîãî ñîñòàâà ïîëèìåðíûõ öåïåé
in situ ìåòîäîì 1H è 13Ñ ñïåêòðîñêîïèè ßÌÐ.
Â öåëîì èññëåäóåìûé ïðîöåññ ìîæíî ðàññìàò-
ðèâàòü êàê íîâûé ïóòü ê íåíàñûùåííûì ìíî-
ãîáëî÷íûì ñòàòèñòè÷åñêèì ñîïîëèìåðàì. Èõ
ñòðóêòóðó ìîæíî ðåãóëèðîâàòü êîëè÷åñòâîì
êàòàëèçàòîðà, ñîñòàâîì ñìåñè è âðåìåíåì ðåàê-
öèè 15.

Â ðàáîòå 16 ñîïîëèìåðèçàöèþ ïðîïåíà ñ
íîðáîðíåíîì ïðîâîäèëè ñ èñïîëüçîâàíèåì
ñèíäèîòàêòè÷åñêîãî ìåòàëëîöåíîâîãî êàòàëè-
çàòîðà ïðè íèçêèõ íà÷àëüíûõ êîíöåíòðàöèÿõ
ñîìîíîìåðà äëÿ ðàçíîãî âðåìåíè ïîëèìåðèçà-
öèè. Ïîêàçàíî, ÷òî ïðè áîëåå äëèòåëüíîì  âðå-
ìåíè  ðåàêöèè ìîëåêóëÿðíàÿ ìàññà óâåëè÷èâà-
ëàñü ñî âðåìåíåì, îäíàêî æèâàÿ ïîëèìåðèçà-
öèÿ èñêëþ÷àëàñü, ïîñêîëüêó  ïîëèäèñïåðñ-
íîñòü ñîñòàâëÿëà îêîëî 10%.  Àâòîðû òàêæå
îòìå÷àþò, ÷òî ïîëó÷åííûå ñîïîëèìåðû èìåëè
íèçêóþ êðèñòàëëè÷íîñòü èëè áûëè ïîëíîñòüþ
àìîðôíûìè.

Îïèñàíû ñèíòåç, ðåíòãåíîâñêàÿ ñòðóêòó-
ðà, ýëåêòðîõèìè÷åñêèå è ôîòîôèçè÷åñêèå õà-
ðàêòåðèñòèêè äèèìèíîâîãî êîìïëåêñà ðóòåíèÿ
è ïîêàçàíà âîçìîæíîñòü åãî èñïîëüçîâàíèÿ â
ðåàêöèÿõ ROMP ñ ó÷àñòèåì íîðáîðíåíñîäåð-
æàùèõ ïîëèìåðîâ 17.

Â ðàáîòå 18 ïîëèìåðèçàöèþ íîðáîðíåíà
ïðîâîäèëè ñ òðèáåíçèëîêñèäîì ìîíîöèêëîïåí-
òàäèåíèëòèòàíà, àêòèâèðîâàííûì ìåòèëàëþ-
ìîêñàíîì (ÌÀÎ). Ïîêàçàíî, ÷òî äàííûé êàòà-
ëèçàòîð äàåò ÷èñòûé ïîëèìåð âèíèëîâîãî òèïà
ïðè òåìïåðàòóðå íèæå 80 îC è ñîîòâåòñòâóþ-
ùèõ êîíöåíòðàöèÿõ ÌÀÎ. Îäíàêî ïðè áîëåå
âûñîêèõ òåìïåðàòóðàõ èëè âûñîêèõ êîíöåíò-
ðàöèÿõ ÌÀÎ ÷àñòü ÷àñòèö òèòàíà ïîäâåðãàëàñü
ïèðîëèçó ñ îáðàçîâàíèåì àëêèëèäåíîâîãî ñî-
åäèíåíèÿ, êîòîðîå êàòàëèçèðóåò ïîëèìåðèçà-
öèþ ROMP. Â ðåçóëüòàòå â óñëîâèÿõ ðåàêöèè
ïîëó÷àëè ïîëèìåðû âèíèëîâîãî òèïà è ïîëè-
ìåðû ñ ðàñêðûòèåì êîëüöà.

Ðÿä ðàçëè÷íûõ ñòåðè÷åñêè çàòðóäíåííûõ
êîìïëåêñîâ íèêåëÿ (II), ñîäåðæàùèõ 2,6-áèñ-
(èìèíî)ïèðèäèíîâûå ëèãàíäû, áûëè ñèíòåçè-
ðîâàíû è îõàðàêòåðèçîâàíû â ðàáîòå 19.  Ïîêà-
çàíî, ÷òî âñå êîìïëåêñû íèêåëÿ ïðîÿâëÿþò
âûñîêóþ êàòàëèòè÷åñêóþ àêòèâíîñòü â îòíî-
øåíèè ïîëèìåðèçàöèè íîðáîðíåíà â ïðèñóò-
ñòâèè ñîêàòàëèçàòîðà ÌÀÎ, õîòÿ è íèçêóþ
àêòèâíîñòü â îòíîøåíèè îëèãîìåðèçàöèè è ïî-
ëèìåðèçàöèè ýòèëåíà. Èññëåäîâàíî âëèÿíèå
ñîîòíîøåíèÿ Al/Ni, ãàëîãåíà, êîíöåíòðàöèè
ìîíîìåðà, òåìïåðàòóðû è âðåìåíè ðåàêöèè íà
àêòèâíîñòü êàòàëèçàòîðà ïîëèìåðèçàöèè íîð-
áîðíåíà è ìèêðîñòðóêòóðó ïîëèìåðà.

Â ðàáîòå 20 íîðáîðíåí  áûë ïîëèìåðèçî-
âàí â ïðèñóòñòâèè êàòàëèçàòîðà TiCl4/AlR2Cl
(R = Et, Me, i-Bu) ïðè ðàçëè÷íûõ ìîëüíûõ ñî-
îòíîøåíèÿõ ìîíîìåð/TiCl4. Ïîêàçàíî, ÷òî
ïðîäóêòû, ïîëó÷åííûå ïðè íèçêîì ñîîòíîøå-
íèè (ïðèìåðíî îò 5 äî 12), ïðåäñòàâëÿþò ñî-
áîé ñìåñü îëèãîìåðîâ, èç êîòîðîé ìîæíî âûäå-
ëèòü êðèñòàëëè÷åñêèé ãåïòàìåð, èìåþùèé
2,3-ýêçî-äèñèíäèîòàêòè÷åñêóþ ñòðóêòóðó.
Ïðîäóêòû, ïîëó÷åííûå ïðè áîëåå âûñîêîì ñî-
îòíîøåíèè ìîíîìåð/TiCl4, èìåþò áîëåå âûñî-
êóþ ìîëåêóëÿðíóþ ìàññó (ïðèìåðíî äî 5000
äëÿ ðàñòâîðèìûõ ïðîäóêòîâ) è ñîñòîÿò èç
àìîðôíûõ è êðèñòàëëè÷åñêèõ ïîëèìåðîâ.

2. Âèíèëîâàÿ (àääèòèâíàÿ) ïîëèìåðèçà-
öèÿ

Â ðàáîòå 21 ñîîáùàåòñÿ î âèíèëüíîé ïîëè-
ìåðèçàöèè íîðáîðíåíîâ ïðè êàòàëèçå êîìï-
ëåêñàìè Pd2+ ñ íîðáîðíèëíèòðèëîì â êà÷åñòâå
ëèãàíäîâ è ïîêàçàíî, ÷òî ïîëèíîðáîðíåíû
(Mw =106) äåìîíñòðèðóþò íàáîð óíèêàëüíûõ
ñâîéñòâ, âêëþ÷àÿ ïëîòíóþ óïàêîâêó â àìîðô-
íîì ñîñòîÿíèè, âûñîêèå òåìïåðàòóðû ñòåêëî-
âàíèÿ, áîëüøîé ïîêàçàòåëü ïðåëîìëåíèÿ, íèç-
êîå äâóëó÷åïðåëîìëåíèå è çíà÷èòåëüíóþ
õðóïêîñòü.

Âèíèë-àääèòèâíàÿ ñîïîëèìåðèçàöèÿ íîð-
áîðíåíà ñ ïðîèçâîäíûìè íîðáîðíåíà, íåñóùè-
ìè ñèëîêñàíîâûé çàìåñòèòåëü, îñóùåñòâëÿëàñü
â ïðèñóòñòâèè áèíàðíîé ñèñòåìû Ni(acac)2/
B(C6F5)3. Ïîëó÷åííûå ñîïîëèìåðû ïðîÿâëÿþò
õîðîøóþ ðàñòâîðèìîñòü â îáû÷íûõ îðãàíè÷åñ-
êèõ ðàñòâîðèòåëÿõ è îáëàäàþò î÷åíü âûñîêîé
òåìïåðàòóðîé ôàçîâîãî ïåðåõîäà â èíòåðâàëå
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265 è 360 îC, â çàâèñèìîñòè îò ñîäåðæàíèÿ è
ñòðóêòóðû ñèëîêñàíîâûõ ãðóïï. Ñîîáùàåòñÿ,
÷òî âêëþ÷åíèå ñèëîêñàíîâûõ ãðóïï, ñâÿçàí-
íûõ ñ ïîëèìåðíîé öåïüþ ïðèâîäèò ê çíà÷è-
òåëüíîìó óâåëè÷åíèþ ìåõàíè÷åñêîé ãèáêîñòè
ñîîòâåòñòâóþùèõ ïëåíîê 22.

Ñ èñïîëüçîâàíèåì ïðîìûøëåííîãî ïðîèç-
âîäíîãî íîðáîðíåíà – 5-ýòèëèäåí-2-íîðáîðíå-
íà – ñèíòåçèðîâàí ðÿä èç òðåõ èçîìåðíûõ ãî-
ìîïîëèìåðîâ ñ ðàçíîé ñòðóêòóðîé îñíîâíîé
öåïè è èçó÷åíî âëèÿíèå ñòðóêòóðû öåïè íà ãàçî-
òðàíñïîðòíîå ïîâåäåíèå ïîëèíîðáîðíåíîâ 23.
Ïðèâåäåíû ãàçîòðàíñïîðòíûå õàðàêòåðèñòèêè
ïîëèìåðîâ, à òàêæå äàííûå î êîíôîðìàöèîí-
íûõ ñâîéñòâàõ ìîëåêóë ïîëèíîðáîðíåíîâ, ïîëó-
÷åííûõ íà îñíîâå àääèòèâíîé ïîëèìåðèçàöèè.

Ïîëèíîðáîðíåíû ïðåäñòàâëÿþò ñîáîé
âàæíûé êëàññ ïîëèìåðîâ äëÿ èçó÷åíèÿ èõ
ñòðóêòóðû è ñâîéñòâ. Îáíàðóæåíî, ÷òî ïîëè-
íîðáîðíåíû ñ âèíèëüíûìè ôðàãìåíòàìè, íåñó-
ùèå áîêîâûå ãðóïïû ðàçíîé ïðèðîäû, äåìîí-
ñòðèðóþò ïðåâîñõîäíóþ ãàçîïðîíèöàåìîñòü
íàðÿäó ñ ïðèâëåêàòåëüíîé ñåëåêòèâíîñòüþ
ðàçäåëåíèÿ C4H10/CH4 è CO2/N2. Îäíàêî äî
íàñòîÿùåãî âðåìåíè î ãàçîòðàíñïîðòíûõ ñâîé-
ñòâàõ ïîëèíîðáîðíåíîâ ñ ôòîðèðîâàííûìè
ôðàãìåíòàìè íå ñîîáùàëîñü. Â ðàáîòå 24 àâòî-
ðû ñèíòåçèðîâàëè àääèòèâíûé ïîëèíîðáîðíåí
ñ ôòîðîðãàíè÷åñêèìè çàìåñòèòåëÿìè è âïåð-
âûå ïðîâåëè èññëåäîâàíèå ãàçîòðàíñïîðòíûõ
ñâîéñòâ ïîëèìåðà. Ìîíîìåð íîðáîðíåíîâîãî
òèïà ñ ãðóïïîé C6F5, 3-ïåíòàôòîðôåíèë-ýêçî-
òðèöèêëîíîíåí-7 óñïåøíî ó÷àñòâîâàë â àääè-
òèâíîé ïîëèìåðèçàöèè, â ðåçóëüòàòå ÷åãî ïî-
ëó÷àëèñü ðàñòâîðèìûå âûñîêîìîëåêóëÿðíûå
ïðîäóêòû ñ õîðîøèìè èëè âûñîêèìè âûõîäà-
ìè. Ïîëó÷åííûå ðåçóëüòàòû îòêðûâàþò äâåðü
ê ôòîðèðîâàííûì ïîëèíîðáîðíåíàì êàê íî-
âûì ïîòåíöèàëüíûì ïîëèìåðíûì ìàòåðèàëàì
äëÿ ìåìáðàííîãî ðàçäåëåíèÿ ãàçîâ.

Ïîëè(íîðáîðíåíäèìåòèëäèêàðáîêñèëàò
(ýêçî-èçîìåð) ïîëó÷àëè àääèòèâíîé ïîëèìåðè-
çàöèåé â ïðèñóòñòâèè ïàëëàäèåâûõ (II) êàòà-
ëèçàòîðîâ, èõ ñòðóêòóðà è åãî ñâîéñòâà ñðàâíè-
âàëèñü ñ òàêîâûìè äèàëêèëîâîãî ýôèðà ïîëè-
(íîðáîðíåíäèêàðáîíîâîé êèñëîòû. Îáå ñåðèè
ïîëèìåðîâ ïîêàçàëè õîðîøóþ ðàñòâîðèìîñòü â
îáû÷íûõ îðãàíè÷åñêèõ  ðàñòâîðèòåëÿõ è îò-
ëè÷íóþ òåðìîñòîéêîñòü äî 330 oC. Óñòàíîâëå-
íî, ÷òî òåìïåðàòóðû ñòåêëîâàíèÿ è äèýëåêòðè-
÷åñêàÿ ïðîíèöàåìîñòü òâåðäûõ ïîëèìåðîâ
óìåíüøàþòñÿ ïî ìåðå óâåëè÷åíèÿ äëèíû àë-
êèëüíîé áîêîâîé öåïè äëÿ îáîèõ ïîëèìåðíûõ
ñåðèé. Îäíàêî ó ïåðâîãî ïîëèìåðà òåìïåðàòó-
ðà ñòåêëîâàíèÿ áûëà íèæå,à òàêæå áîëåå âûñî-
êèå çíà÷åíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè
ïî ñðàâíåíèþ ñî âòîðûì ïîëèìåðîì 25.

Â ñòàòüå 26 îïèñàí ñèíòåç íà îñíîâå êàòà-
ëèçàòîðà ïàëëàäèÿ (II) è äàíà ïîäðîáíàÿ õà-
ðàêòåðèñòèêà ïîëèíîðáîðíåíîâ âèíèëîâîãî
òèïà (ÏÍÁ) ñ îáúåìíûìè ôåíèëüíûìè, àäà-
ìàíòàíîâûìè èëè íîðáîðíàíîâûìè çàìåñòèòå-
ëÿìè, ñâÿçàííûìè ñëîæíîýôèðíûìè, ïðîñòû-
ìè ýôèðíûìè èëè àëêèëüíûìè ìîñòèêàìè.
Âçàèìîñâÿçü ñòðóêòóðà-ñâîéñòâî çàìåùåííûõ
ÏÍÁ áûëà èññëåäîâàíà â îòíîøåíèè òåðìè÷åñ-
êîé ñòàáèëüíîñòè, òåìïåðàòóðû ñòåêëîâàíèÿ,
ñòðóêòóðû øèðîêîóãîëüíîãî ðåíòãåíîâñêîãî
ðàññåÿíèÿ (WAXS), ìåõàíè÷åñêèõ ñâîéñòâ è
äèýëåêòðè÷åñêèõ õàðàêòåðèñòèê. Îòìå÷åíî,
÷òî ÏÍÁ ñ ôåíèëçàìåùåííûìè áîêîâûìè
ãðóïïàìè óëó÷øàþò ðàñòâîðèìîñòü è ïëåíêî-
îáðàçóþùèå ñâîéñòâà çà ñ÷åò àðåí-àðåíîâûõ
âçàèìîäåéñòâèé. Çàìåùåííûå ÏÍÁ ïîêàçàëè
õîðîøèå òåðìè÷åñêèå è òåðìîìåõàíè÷åñêèå
ñâîéñòâà ñ òåìïåðàòóðîé òåðìè÷åñêîãî ðàçëî-
æåíèÿ Td  âûøå 300 îC è òåìïåðàòóðîé ñòåêëî-
âàíèÿ â äèàïàçîíå 134–325 îC, à òàêæå  ïðå-
âîñõîäíûå äèýëåêòðè÷åñêèå ñâîéñòâà ñ äèýëåê-
òðè÷åñêîé ïîñòîÿííîé 2.5, ÷òî äåëàåò åãî î÷åíü
ïðèâëåêàòåëüíûì äëÿ ïðèìåíåíèÿ.

Ïîëèíîðáîðíåíû ðàçíîé ìîëåêóëÿðíîé
ìàññû áûëè ñèíòåçèðîâàíû àääèòèâíîé ïîëè-
ìåðèçàöèåé ñ èñïîëüçîâàíèåì êàòàëèçàòîðà íà
îñíîâå íèêåëÿ. Ïîêàçàíî, ÷òî ýòîò ïóòü ïîëè-
ìåðèçàöèè ïðèâîäèò ê àìîðôíûì ïîëèìåðàì,
êîòîðûå äåìîíñòðèðóþò óíèêàëüíûå ñâîéñòâà:
âûñîêàÿ òåìïåðàòóðà ñòåêëîâàíèÿ, æåñòêèå
ñëó÷àéíûå êîíôîðìàöèè  êëóáêà è ïëîòíàÿ
óïàêîâêà â àìîðôíîì ñîñòîÿíèè. Íà îñíîâå
ýòèõ ïîëèìåðîâ ïîëó÷àëè ãàçîïðîíèöàåìûå
ìåìáðàíû 27.

Îòìå÷àåòñÿ, ÷òî àíèîíîîáìåííûå ìåìáðà-
íû (AEM) èñïîëüçóþòñÿ â óñòðîéñòâàõ äëÿ
õðàíåíèÿ è ïðåîáðàçîâàíèÿ ýëåêòðîõèìè÷åñ-
êîé ýíåðãèè, òàêèõ êàê áàòàðåè, òîïëèâíûå
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ýëåìåíòû è ýëåêòðîëèçåðû 28. Â íàñòîÿùåå
âðåìÿ ïðåäñòàâëÿåò èíòåðåñ ðàçðàáîòêà AEM ñ
äëèòåëüíîé ùåëî÷íîé ñòàáèëüíîñòüþ è âûñî-
êîé àíèîííîé ïðîâîäèìîñòüþ  Äëÿ èñïîëüçî-
âàíèÿ â òîïëèâíûõ ýëåìåíòàõ AEM áûë ñèíòå-
çèðîâàí ðÿä ãîìîïîëèìåðîâ è áëîê-ñîïîëèìå-
ðîâ, ñîäåðæàùèõ íåãèäðîëèçóåìóþ îñíîâíóþ
öåïü è äëèííîöåïî÷å÷íûå ñâÿçêè ãîëîâíûõ
ãðóïï íà îñíîâå àèíèëîâîé è ìåòàòåçèñíîé ïî-
ëèìåðèçàöèè íîðáîðíåíîâ.  Ïîëó÷åííûå ïîëè-
ìåðû áûëè èñïîëüçîâàíû äëÿ óëó÷øåíèÿ ìå-
õàíè÷åñêèõ ñâîéñòâ. .

Ñîïîëèìåðû ïîëèýòèëåí-áëîê-ïîëèíîð-
áîðíåí (PE-b-PNB) áûëè ñèíòåçèðîâàíû ñ èñ-
ïîëüçîâàíèåì àìèíî-èìèí-íèêåëåâîãî êàòàëè-
çàòîðà ïóòåì ïîñëåäîâàòåëüíîãî äîáàâëåíèÿ
ìîíîìåðà â æèâóþ ïîëèìåðèçàöèþ 29. Àâòîðû
ïîêàçàëè îñíîâíûå îáëàñòè ïðèìåíåíèÿ ïîëó-
÷åííûõ áëîê-ñîïîëèìåðîâ.

Áûë ñèíòåçèðîâàí ðÿä íåéòðàëüíûõ êîìï-
ëåêñîâ ïàëëàäèÿ (II), ñîäåðæàùèõ íåñèììåò-
ðè÷íûå áèäåíòàòíûå ïèððîëèìèíàòíûå èëè
ñàëèöèëàëüäèìèíàòî-õåëàòíûå ëèãàíäû, è
ñòðóêòóðà òèïè÷íûõ êîìïëåêñîâ ïîäòâåðæäå-
íà ðåíòãåíîñòðóêòóðíûì àíàëèçîì. Ýòè êîìï-
ëåêñû ïàëëàäèÿ áûëè èññëåäîâàíû â êà÷åñòâå
êàòàëèçàòîðîâ ïîëèìåðèçàöèè íîðáîðíåíà.
Îíè ïîêàçàëè âûñîêóþ àêòèâíîñòü ïðè îáðà-
çîâàíèè ïîëèíîðáîðåíîâ ñ âèíèëîâûì ïðèñîå-
äèíåíèåì.  Ïîêàçàíî. ÷òî ïîëó÷åííûå ïîëèìå-
ðû íå áûëè êðèñòàëëè÷íûìè 30.

3.Êàòèîííàÿ è ðàäèêàëüíàÿ ïîëèìåðèçà-
öèÿ íîðáîðíåíà

Â ðàáîòå 31 cèñòåìàòè÷åñêè èçó÷åíà êàòè-
îííàÿ ïîëèìåðèçàöèÿ 5-ìåòèëåí-2-íîðáîðíå-
íà, 5-ýòèëèäåí-2-íîðáîðíåíà, 5-âèíèë-2-íîð-
áîðíåíà, äèöèêëîïåíòàäèåíà è íîðáîðíàäèå-
íà-2,5 â ïðèñóòñòâèè áîðàíà. Àâòîðû îòìå÷à-
þò, ÷òî B(C6F5)3 â ñî÷åòàíèè ñ êàïðèëîâîé
êèñëîòîé, 1-ôåíèëýòàíîëîì èëè âîäîé ÿâëÿåò-
ñÿ âûñîêîàêòèâíûì êàòàëèçàòîðîì ïîëèìåðè-
çàöèè 5-àëêèëèäåí-2-íîðáîðíåíîâ. Ñîîòâåò-
ñòâóþùèå êàòèîííûå ïîëèìåðû áûëè ïîëó÷å-
íû ñ âûõîäîì äî 95% è ñ âûñîêîé ìîëåêóëÿð-
íîé ìàññîé (Mw ≤ 430 000). Ïîêàçàíî, ÷òî
àêòèâíîñòü 5-àëêèëèäåí-2-íîðáîðíåíîâ ïðè
ïîëèìåðèçàöèè ñ èñïîëüçîâàíèåì ñèñòåì, ñî-
äåðæàùèõ B(C6F5)3, áûëà ñàìîé âûñîêîé ñðå-
äè äðóãèõ ìîíîìåðîâ.

Cèíòåçèðîâàí ðÿä âûñîêîàêòèâíûõ êàòà-
ëèçàòîðîâ âèíèë-àääèòèâíîé ïîëèìåðèçàöèè
ìîíîìåðîâ íîðáîðíåíîâîãî òèïà íà îñíîâå êà-
òèîííûõ η3-àëëèëïàëëàäèåâûå êîìïëåêñû, êî-
îðäèíèðîâàííûõ ôîñôèíîâûìè ëèãàíäàìè 32.
Îáíàðóæåíî, ÷òî êîìïëåêñ ïàëëàäèÿ [(η3-
àëëèë)Pd (òðèöèêëîãåêñèëôîñôèí)(ýôèð)]
[B(3,5-(CF3)2C6H3)4] ñîïîëèìåðèçóåò 5-áóòèë-
íîðáîðíåí è òðèýòîêñèñèëèëíîðáîðíåí (ìî-
ëÿðíîå ñîîòíîøåíèå 95:5) ñ âûñîêîé àêòèâíîñ-
òüþ. Ïîêàçàíî, ÷òî äëÿ âûñîêîàêòèâíîé ïîëè-
ìåðèçàöèîííîé ñèñòåìû òðåáóåòñÿ êàòèîí ïàë-
ëàäèÿ, ñîäåðæàùèé àëëèëüíûé ëèãàíä,
íåéòðàëüíûé äâóõýëåêòðîííûé äîíîðíûé ôîñ-
ôèíîâûé ëèãàíä è ñëàáî êîîðäèíèðóþùèé
ïðîòèâîèîí.

Â ðàáîòå 33 îëèãîìåðíûé âèíèëïîëèíîð-
áîðíåí (îò 2 äî ∼∼∼∼∼12 ìîíîìåðíûõ çâåíüåâ) áûë
ïîëó÷åí ïóòåì ãèäðîîëèãîìåðèçàöèè íîðáîð-
íåíà ñ èñïîëüçîâàíèåì êàòèîííûõ êîìïëåêñîâ
ïàëëàäèÿ [Pd(PPh3)n(NCCH3)4–n] (BF4)2 ïðè
ðàçíûõ äàâëåíèÿõ âîäîðîäà. Îòìå÷àåòñÿ, ÷òî
êîíâåðñèÿ íîðáîðíåíà èëè âèíèëíîðáîðíåíà
óâåëè÷èâàåòñÿ ñ òåìïåðàòóðîé è áîëåå íèçêèì
ñîîòíîøåíèåì ìîíîìåðà ê êàòàëèçàòîðó, ñîîò-
âåòñòâåííî.

Ïîêàçàíî, ÷òî êîìïëåêñ Pd(äèáåíçèëè-äå-
íàöåòîí)2 ïðè àêòèâàöèè in situ 1 ýêâèâàëåí-
òîì (ÑÐh3)[B(C6F5)4] â ïðèñóòñòâèè 1 ýêâèâà-
ëåíòà P(C6H11)3 ýôôåêòèâíî êàòàëèçèðóåò àä-
äèòèâíóþ ïîëèìåðèçàöèþ è ñîïîëèìåðèçàöèþ
íîðáîðíåíà è åãî ïðîèçâîäíûõ 34. Ãîìîïîëè-
ìåðèçàöèÿ 5-âèíèë-2-íîðáîðíåíà ïðîõîäèò ðå-
ãèîñåëåêòèâíî ñ ýíäî-öèêëè÷åñêîé äâîéíîé
ñâÿçüþ ñ ïîëó÷åíèåì ïîëèìåðîâ ñ âûñîêîé ìî-
ëåêóëÿðíîé ìàññîé, â òî âðåìÿ êàê ýêçî-öèêëè-
÷åñêàÿ äâîéíàÿ ñâÿçü îñòàâàëàñü íåçàòðîíóòîé.

Â ðÿäå ñëó÷àåâ íàáëþäàåòñÿ ðàäèêàëüíàÿ
ïîëèìåðèçàöèÿ íîðáîðíåíîâûõ ïðîèçâîäíûõ
Òàê, â ðàáîòå 35 íîâûå ìîíîìåðû òèïà 2,5-íîð-
áîðíàäèåíà, ñîäåðæàùèå 1-àäàìàíòèëüíûå è
öèêëîãåêñèëîâûå ñëîæíîýôèðíûå ãðóïïû â èõ
2-ïîëîæåíèè, ïîëèìåðèçîâàíû ñ àçîáèñèçîáó-
òèðîíèòðèëîì ñ îáðàçîâàíèåì ïîëèìåðîâ, ñî-
ñòîÿùèõ èç äâóõ òèïîâ ïîëèìåðíûõ ñòðóêòóð-
íûõ åäèíèö. Ïîêàçàíî, ÷òî îñíîâíàÿ ÷àñòü ñî-
äåðæàëà íàñûùåííûé íîðòðèöèêëåíîâûé êàð-
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êàñ, êîòîðûé áûë îáðàçîâàí 2,6-ïðèñîåäèíå-
íèåì âìåñòå ñ âíóòðèìîëåêóëÿðíîé öèêëèçà-
öèåé íîðáîðíàäèåíîâîãî ôðàãìåíòà. Íåçíà÷è-
òåëüíàÿ ÷àñòü ñîñòîÿëà èç çâåíüåâ òèïà 2-íîð-
áîðíåíà, îáðàçîâàííûõ 2,3-ïðèñîåäèíåíèåì

Ïðîâåäåíî ôóíäàìåíòàëüíîå èññëåäîâà-
íèå ñîïîëèìåðèçàöèè N-ôåíèëìàëåèìèäà è
íîðáîðíåíà ñ ïîìîùüþ òðàäèöèîííûõ ìåòîäîâ
ðàäèêàëüíîé ïîëèìåðèçàöèè.  Êèíåòèêó ñîïî-
ëèìåðèçàöèè êîíòðîëèðîâàëè, èñïîëüçóÿ in
situ ÿäåðíûé ìàãíèòíûé ðåçîíàíñ ñ ïåðåìåí-
íîé òåìïåðàòóðîé, è íàáëþäàëè ïîâåäåíèå

ïåðâîãî ïîðÿäêà â îòíîøåíèè êàæäîãî ìîíî-
ìåðà. Ïîêàçàíî, ÷òî  ñîïîëèìåðèçàöèÿ íîðáîð-
íåíà è N-ôåíèëìàëåèìèäà îòêëîíÿåòñÿ îò
ñòðîãî ÷åðåäóþùåãîñÿ ïîâåäåíèÿ ñîïîëèìåðè-
çàöèè, îáðàçóÿ çíà÷èòåëüíûå êîëè÷åñòâà ïîñ-
ëåäîâàòåëüíî ñâÿçàííûõ çâåíüåâ N-ôåíèëìà-
ëåèìèäà â îñíîâíîé öåïè ïîëèìåðà 36.

Òàêèì  îáðàçîì,ïîëó÷åíèå íîâûõ ôóíêöè-
îíàëèçèðîâàííûõ ïîëèìåðîâ íà îñíîâå íîð-
áîðíåíà, à òàêæå ïîèñê íîâûõ îáëàñòåé èõ ïðè-
ìåíåíèÿ ïðîäîëæàåò îñòàâàòüñÿ îäíîé èç âàæ-
íûõ çàäà÷ ñîâðåìåííîãî õèìè÷åñêîãî ñèíòåçà.

Литература

1. Kong P., Drechsler S., Balog S., Schrettl S.
Synthesis and properties of poly(norbornene)s
with lateral aramid groups // Polymer
Chemistry.– 2019.– ¹16.– Pp.432-441.

2. Wu J., Yanbin F., Wenmei L., Xiaojuan L. Synthesis
and properties of tricarbazole-functionalized
poly(norbornene-dicarboximide // European
Polymer Journal.– 2016.– V.76.- Pp.110-121.

3. Cruz-Morales J., Vargas J., Arlette A., Santiago
A. Synthesis and gas transport properties of new
polynorbornene dicarboximides bearing trifluo-
romethyl isomer moieties // High Perfomance
Polymers.– V.28, ¹10.– Pp.331-337.

4. Toru K., Jinqing Q. Masashi S., Masaharu S.
Synthesis, Characterization, and Charge/
Discharge Properties of Polynorbornenes
Carrying 2,2,6,6-Tetramethylpiperidine-1-oxy
Radicals at High Density // Macromolecules.–
2008.- V.41, ¹4.– Pp.1175-1183.

5. Jinqing Q. Toru K., Masaharu S., Jun W. Poly(7-
oxanorbornenes) carrying 2,2,6,6-
tetramethylpiperidine-1-oxy (TEMPO) radicals:
Synthesis and charge/discharge properties //
Polymer.– 2009.– V.50, ¹2.– Pp.391-396.

6. Clemence N., Fontaine L., Montembault V.
Nitroxide radical-containing polynorbornenes by
ring-opening metathesis polymerization as
stabilizing agents for polyolefins // Polymer
Chemistry.– 2019.– V.10, ¹40.– Pp.5487-5497.

7. Pragliola S., Botta A., Troiano R., Paradiso V.
Synthesis and Ring-Opening Metathesis
Polymerization of a New Norbornene
Dicarboximide with a Pendant Carbazole Moiety
// International Journal of Polymer Science.-
2019.– ¹5.– Pp.143-149.

8. Vargas, J. Santiago A., Gavino R., Cerda A-M.
Synthesis and ring-opening metathesis polymeri-
zation (ROMP) of new N-fluoro-phenylnor-
bornene dicarboximides by 2nd generation
ruthenium alkylidene catalysts // Polymer
Letters.– 2007.– V.1, ¹5.– Pð.274-282.

9. Guoqiao L., Tien-Yau L. Polynorbornene-based
Template for Polymer Synthesis // Bulletin of
Chemical Society of Japan.– 2018.– V.91, ¹2.–
Pp.262-273.

10. Hengxi H., Bin S., Guirong Q., Weixiang W.
Synthesis, conjugating capacity and
biocompatibility evaluation of a novel
amphiphilic polynorbornene // Designed

References

1. Kong P., Drechsler S., Balog S., Schrettl S.
[Synthesis and properties of poly(norbornene)s
with lateral aramid groups]. Polymer Chemistry,
2019, no.16, pp.432-441.

2. Wu J., Yanbin F., Wenmei L., Xiaojuan L. [Synthesis
and properties of tricarbazole-functionalized
poly(norbornene-dicarboximide]. European
Polymer Journal, 2016, vol.76, pp.110-121.

3. Cruz-Morales J., Vargas J., Arlette A., Santiago
A. [Synthesis and gas transport properties of new
polynorbornene dicarboximides bearig trifluo-
romethyl isomer moieties]. High Perfomance
Polymers, vol.28, no.10, pp.331-337.

4. Toru K., Jinqing Q. Masashi S., Masaharu S.
[Synthesis, Characterization, and Charge/
Discharge Properties of Polynorbornenes
Carrying 2,2,6,6-Tetramethylpiperidine-1-oxy
Radicals at High Density]. Macromolecules,
2008, vol.41, no.4, pp.1175-1183.

5. Jinqing Q. Toru K., Masaharu S., Jun W.
[Poly(7-oxanorbornenes) carrying 2,2,6,6-
tetramethylpiperidine-1-oxy (TEMPO) radicals:
Synthesis and charge/discharge properties].
Polymer, 2009, vol.50, no.2, pp.391-396.

6. Clemence N., Fontaine L., Montembault V.
[Nitroxide radical-containing polynorbornenes by
ring-opening metathesis polymerization as
stabilizing agents for polyolefins]. Polymer
Chemistry, 2019, vol.10, no.40, pp.5487-5497.

7. Pragliola S., Botta A., Troiano R., Paradiso V.
[Synthesis and Ring-Opening Metathesis
Polymerization of a New Norbornene
Dicarboximide with a Pendant Carbazole
Moiety]. International Journal of Polymer
Science, 2019, no.5, pp.143-149.

8. Vargas, J. Santiago A., Gavino R., Cerda A-M.
[Synthesis and ring-opening metathesis
polymerization (ROMP) of new N-
fluorophenylnorbornene dicarboximides by 2nd
generation ruthenium alkylidene catalysts].
Polymer Letters, 2007, vol.1, no.5, pð.274-282.

9. Guoqiao L., Tien-Yau L. [Polynorbornene-based
Template for Polymer Synthesis]. Bulletin of
Chemical Society of Japan, 2018, vol.91, no.2,
pp.262-273.

10. Hengxi H., Bin S., Guirong Q., Weixiang W.
[Synthesis, conjugating capacity and
biocompatibility evaluation of a novel
amphiphilic polynorbornene]. Designed



Башкирский химический журнал. 2021. Том 28. № 3 15

Monomers and Polymers.– 2020.– V.23, ¹1.–
Pp.141-154.

11. Penaloza D., Seery T. Utilizing exfoliated clay-
poly(norbornene) nanocomposite prepared by
metal-mediated surface-initiated polymerization
as model end-tethered polymers on an organoclay
substrate // Journal of Applied Physics.–
2020.– V.127.– Pp.164702-164713

12. Pat. WO 2017151350A1. Highly selective
polynorbornene homopolymer membranes for
natural gas upgrading / Sundell B.J., Lawrence
J.A. // 2017.

13. Braga S., Vieira V., Silva-Neta C., Nouga C.
Chain Elongation Influence in Copolymerization
with Different Diesters of Norbornene 2,3-
Dicarboxylic Acid Monomers via ROMP under
Air Atmosphere // J. Braz. Chem. Soc.– 2018.–
V.29, ¹6.– Pp.211-217.

14. Klein J., Register R. Tuning the Phase Behavior
of Semicrystalline Hydrogenated Polynorbornene
via Epimerization // Journal of Polymer Science,
Part B – Polymer Physics.– 2018.– ¹3.–
Pp.352-357.

15. Denisova Y.I., Gringolts M.L., Peregudov A.S.,
Krentsel L.B. Cross-metathesis of polynorbornene
with polyoctenamer: a kinetic study // Beilstein
J. Org. Chem.– 2015.– V.11.– Pp.1796-1808.

16. Vanegas M., Quijada R., Galland G. Syndiotactic
poly(propene-co-norbornene): Synthesis and
properties at low norbornene incorporation //
Polymer.– 2010.– V.51, ¹20.– Pp.4627-4631.

17. Rezvani A., Hassan S., Bazzi S., Bingzhi C.
Ruthenium (II) Dipyridoquinoxaline-Norbor-
nene: Synthesis, Properties, Crystal Structure,
and Use as a ROMP Monomer // Inorg. Chem.–
2004.– V.43, ¹16.– Pp.5112-5119.

18. Qing Wu, Yingying Lu Synthesis of a soluble vinyl-
type polynorbornene with a half-titanocene/
methylaluminoxane catalyst // Polymer
Chemistry.– 2002.– V.40, ¹10.– Pp.1421-1425.

19. Yuanbiao H., Jianxin C., Lisheng C., Chunxia
W. Vinyl polymerization of norbornene with
bis(imino)pyridyl nickel(II) complexes //
Journal of Applied Polymer Science.– 2009.–
V.112, ¹3.– Pp.1486-1495.

20. Giovanni R., Giuseppe L., Arnaldo R., Paolo B.
Syndiospecific oligomerization and polymeri-
zation of norbornene with titanium catalysts //
Polymer.– 2011.– V.52, ¹25.– P.5708.

21. Haselwander T., Heitz W., Krugel S., Wendorff
J. Polynorbornene: synthesis, properties and
simulations // Macromolecular Chemistry and
Physics.– 1996.– V.197, ¹10.– Pp.3435-3453.

22. Hiroaki T., Kenichi I., Mamoru H. Synthesis and
Properties of Addition-Type Poly(norbornene)s
with Siloxane Substituents // Polymer
Journal.– 2009.– V.41, ¹8.– Pp.643-649.

23. Bermesheva E.V., Wozniak A.I., Borisov I.L.,
Yevlampiyeva N.P. Synthesis, Molecular, and
Gas-Transport Properties of Homopolymers Based
on 5-Ethylidene-2-norbornene and 5-Vinyl-2-
norbornene // Polymer Science, Series C.–
2019.– V.61.– Pp.86-101.

24. Karpov G.O., Borisov I.L., Volkov A.V.,
Finkelshtein E.S. Synthesis and Gas Transport
Properties of Addition Polynorbornene with

Monomers and Polymers, 2020, vol.23, no.1,
Pp.141-154.

11. Penaloza D., Seery T. [Utilizing exfoliated clay-
poly(norbornene) nanocomposite prepared by
metal-mediated surface-initiated polymerization
as model end-tethered polymers on an organoclay
substrate]. Journal of Applied Physics, 2020,
vol.127, pp.164702-164713

12. Sundell B.J., Lawrence J.A. [Highly selective
polynorbornene homopolymer membranes for
natural gas upgrading]. Pat. WO 2017151350A1,
2017.

13. Braga S., Vieira V., Silva-Neta C., Nouga C.
[Chain Elongation Influence in Copolymerization
with Different Diesters of Norbornene 2,3-
Dicarboxylic Acid Monomers via ROMP under
Air Atmosphere]. J. Braz. Chem. Soc., 2018,
vol.29, no.6, pp.211-217.

14. Klein J., Register R. [Tuning the Phase Behavior of
Semicrystalline Hydrogenated Polynorbornene via
Epimerization]. Journal of Polymer Science, Part
B – Polymer Physics, 2018, no.3, pp.352-357.

15. Denisova Y.I., Gringolts M.L., Peregudov A.S.,
Krentsel L.B. [Cross-metathesis of polynorbornene
with polyoctenamer: a kinetic study]. Beilstein J.
Org. Chem., 2015, vol.11, pp.1796-1808.

16. Vanegas M., Quijada R., Galland G.
[Syndiotactic poly(propene-co-norbornene):
Synthesis and properties at low norbornene
incorporation]. Polymer, 2010, vol.51, no.20,
pp.4627-4631.

17. Rezvani A., Hassan S., Bazzi S., Bingzhi C.
[Ruthenium (II) Dipyridoquinoxaline-
Norbornene: Synthesis, Properties, Crystal
Structure, and Use as a ROMP Monomer]. Inorg.
Chem., 2004, vol.43, no.16, pp.5112-5119.

18. Qing Wu, Yingying Lu [Synthesis of a soluble
vinyl-type polynorbornene with a half-titanocene/
methylaluminoxane catalyst]. Polymer Chemistry,
2002, vol.40, no.10, pp.1421-1425.

19. Yuanbiao H., Jianxin C., Lisheng C., Chunxia
W. [Vinyl polymerization of norbornene with
bis(imino)pyridyl nickel(II) complexes]. Journal
of Applied Polymer Science, 2009, vol.112, no.3,
pp.1486-1495.

20. Giovanni R., Giuseppe L., Arnaldo R., Paolo B.
[Syndiospecific oligomerization and
polymerization of norbornene with titanium
catalysts]. Polymer, 2011, vol.52, no.25, p.5708.

21. Haselwander T., Heitz W., Krugel S., Wendorff
J. [Polynorbornene: synthesis, properties and
simulations]. Macromolecular Chemistry and
Physics, 1996, vol.197, no.10, pp.3435-3453.

22. Hiroaki T., Kenichi I., Mamoru H. [Synthesis
and Properties of Addition-Type
Poly(norbornene)s with Siloxane Substituents].
Polymer Journal, 2009, vol.41, no.8, pp.643-649.

23. Bermesheva E.V., Wozniak A.I., Borisov I.L.,
Yevlampiyeva N.P. [Synthesis, Molecular, and
Gas-Transport Properties of Homopolymers Based
on 5-Ethylidene-2-norbornene and 5-Vinyl-2-
norbornene]. Polymer Science, Series C, 2019,
vol.61, pp.86-101.

24. Karpov G.O., Borisov I.L., Volkov A.V.,
Finkelshtein E.S. [Synthesis and Gas Transport
Properties of Addition Polynorbornene with



16 Башкирский химический журнал. 2021. Том 28. № 3

Perfluorophenyl Side Groups // Polymers.–
2020.– V.12, ¹6.– Pp.1282-1289.

25. Boo-Gyo S., Tai-Yon C., Do Y. Structure and
Properties of Polynorbornene Derivatives:
Poly(norbornene dicarboxylic acid dialkyl ester)s
and Poly(norbornene dimethyl dicarboxylate)s
// Macromolecular Research.– 2007.– V.15,
¹2.– Pp.185-190.

26. Syamkumar V., Jinbok S., Boo-Gyo S., Greiner
A. Synthesis and characterization of substituted
polynorbornene derivatives // Polymer.– 2015.–
V.52, ¹19.– Pp.4377-4386.

27. Chun Z., Ribeiro M., de Pinho M.,
Subrahmanyam V. Structural characteristics and
gas permeation properties of polynorbornenes
with retained bicyclic structure // Polymer.–
2001.– V.42.– Pp.2455-2462.

28. Mrinmay M., Garrett H., Kohl P. Synthesis of
Poly(norbornene) Anion Conducting Membranes
for Alkaline Electrochemical Devices: Structure-
Property Relationships //Electrochemical
Society ECS Meeting Abstracts.– 2019.– V.41,
¹2.– Pp.142-144.

29. Gao H., Liu Y. Li G., Xiao Z. Catalytic synthesis
of polyethylene-block-polynorbornene copolymers
using a living polymerization nickel catalyst //
Polymer Chemistry.– 2014.– V.5, ¹20.–
Pp.6012-6018.

30. Hua L., Jingyu L. Xiaofang L., Yuesheng L.
Synthesis, structure and norbornene polymeriza-
tion behavior of neutral palladium complexes //
Polyhedron.– 2004.– V.23, ¹9.– Pp.1619-1627.

31. Bermeshev M.V., Bulqakov B.A., Kostuna Y.V.,
Bondarenko G.N. Cationic Polymerization of
Norbornene Derivatives in the Presence of
Boranes // Macromolecules.– 2014.– V.47,
¹16.– Pp.5470-5483.

32. Lipian J., Mimna R., Fondran J., Yandulov D.
Addition Polymerization of Norbornene-Type
Monomers. High Activity Cationic Allyl
Palladium Catalysts // Macromolecules.–
2002.– V.36, ¹24.– Pp.8969-8977.

33. Blank F., Scherer H., Janiak C. Oligomers and
soluble polymers from the vinyl polymerization of
norbornene and 5-vinyl-2-norbornene with
cationic palladium catalysts // Journal of
Molecular Catalysis A – Chemical.– 2010.–
V.330, ¹1-2.– Pp 1-9.

34. Tatsuya S., Wakatsuki R. Addition polymeri-
zation of norbornene, 5-vinyl-2-norbornene and
2-methoxycarbonyl-5-norbornene with a catalyst
based on a palladium (0) precursor complex //
Polymer.– 2012.– ¹3.– Pp.236-245.

35. Shiotsuki M., Hironobu K., Takeshi E. Radical
polymerization of 2,5-norbornadienes containing
ester groups by AIBN and oxygen gas // Journal
of Polymer Science. Part A. Plolymer
Chemistry.– 2014.– V.52, ¹17.– Pp.2528-2556.

36. Gmernicki K., Cameron M., Long B.
Fundamental investigations into the free-radical
copolymerization of N-phenylmaleimide and
norbornene // Journal of Polymer Science. Part
A. Plolymer Chemistry.– 2016.– V.54, ¹7.–
Pp.985-991.

Perfluorophenyl Side Groups]. Polymers, 2020.–
vol.12, no.6, pp.1282-1289.

25. Boo-Gyo S., Tai-Yon C., Do Y. [Structure and
Properties of Polynorbornene Derivatives:
Poly(norbornene dicarboxylic acid dialkyl ester)s
and Poly(norbornene dimethyl dicarboxylate)s].
Macromolecular Research., 2007, vol.15, no.2,
pp.185-190.

26. Syamkumar V., Jinbok S., Boo-Gyo S., Greiner
A. [Synthesis and characterization of substituted
polynorbornene derivatives]. Polymer, 2015,
vol.52, no.19, pp.4377-4386.

27. Chun Z., Ribeiro M., de Pinho M.,
Subrahmanyam V. [Structural characteristics and
gas permeation properties of polynorbornenes
with retained bicyclic structure]. Polymer, 2001,
vol.42, pp.2455-2462.

28. Mrinmay M., Garrett H., Kohl P. [Synthesis of
Poly(norbornene) Anion Conducting Membranes
for Alkaline Electrochemical Devices: Structure-
Property Relationships]. Electrochemical Society
ECS Meeting Abstracts, 2019, vol.41, no.2,
pp.142-144.

29. Gao H., Liu Y. Li G., Xiao Z. [Catalytic
synthesis of polyethylene-block-polynorbornene
copolymers using a living polymerization nickel
catalyst]. Polymer Chemistry, 2014, vol.5,
no.20, pp.6012-6018.

30. Hua L., Jingyu L. Xiaofang L., Yuesheng L.
[Synthesis, structure and norbornene
polymerization behavior of neutral palladium
complexes]. Polyhedron, 2004, vol.23, no.9,
pp.1619-1627.

31. Bermeshev M.V., Bulqakov B.A., Kostuna Y.V.,
Bondarenko G.N. [Cationic Polymerization of
Norbornene Derivatives in the Presence of
Boranes]. Macromolecules, 2014, vol.47, no.16,
pp.5470-5483.

32. Lipian J., Mimna R., Fondran J., Yandulov D.
[Addition Polymerization of Norbornene-Type
Monomers. High Activity Cationic Allyl
Palladium Catalysts]. Macromolecules, 2002,
vol.36, no.24, pp.8969-8977.

33. Blank F., Scherer H., Janiak C. [Oligomers and
soluble polymers from the vinyl polymerization of
norbornene and 5-vinyl-2-norbornene with
cationic palladium catalysts]. Journal of
Molecular Catalysis A – Chemical, 2010,
vol.330, no.1-2, pp 1-9.

34. Tatsuya S., Wakatsuki R. [Addition
polymerization of norbornene, 5-vinyl-2-
norbornene and
2-methoxycarbonyl-5-norbornene with a catalyst
based on a palladium (0) precursor complex].
Polymer, 2012, no.3, pp.236-245.

35. Shiotsuki M., Hironobu K., Takeshi E. [Radical
polymerization of 2,5-norbornadienes containing
ester groups by AIBN and oxygen gas]. Journal of
Polymer Science. Part A. Plolymer Chemistry,
2014, vol.52, no.17, pp.2528-2556.

36. Gmernicki K., Cameron M., Long B.
[Fundamental investigations into the free-radical
copolymerization of N-phenylmaleimide and
norbornene]. Journal of Polymer Science. Part
A. Plolymer Chemistry, 2016, vol.54, no.7,
pp.985-991.


