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Èçó÷åíû ñòðîåíèå è ñâîéñòâà ìåòàëëîñîäåðæàùèõ íàíîêîìïîçèòîâ, ïîëó÷àåìûõ â õîäå òåðìè÷åñêèõ ïðåâðà-
ùåíèé Fe(III)Co(II)-àêðèëàòíûõ êîìïëåêñîâ. Ïîêàçàíî, ÷òî òåðìè÷åñêèå ïðåâðàùåíèÿ èññëåäóåìûõ êîìïëåêñîâ
âêëþ÷àþò ñòàäèè äåãèäðàòàöèè, òâåðäîôàçíîé ïîëèìåðèçàöèè è äåêàðáîêñèëèðîâàíèÿ ôîðìèðóþùåãîñÿ ìåòàë-
ëîïîëèìåðà. Òâåðäîôàçíûì ïðîäóêòîì òåðìè÷åñêîãî ïðåâðàùåíèÿ êîìïëåêñîâ ÿâëÿþòñÿ ìåòàëëîñîäåðæàùèå
íàíî÷àñòèöû, ñòàáèëèçèðîâàííûå êàðáîíèçîâàííîé ïîëèìåðíîé ìàòðèöåé. Êðèñòàëëè÷åñêèìè íàíîñòðóêòóðè-
ðîâàííûìè ôàçàìè ÿâëÿþòñÿ Fe3O4, CoFe2O4 è CoO. Ñðåäíèé ðàçìåð êðèñòàëëèòîâ — 10 íì. Èçó÷åíû ìàãíèò-
íûå ñâîéñòâà ïîëó÷åííûõ íàíîêîìïîçèòîâ. Ãèñòåðåçèñíûå ïåòëè, èçìåðåííûå ïðè òåìïåðàòóðàõ íèæå 200 Ê, ÿâ-
ëÿþòñÿ îòêðûòûìè è ñäâèíóòû â îòðèöàòåëüíîå ïîëå. Êîýðöèòèâíàÿ ñèëà è îñòàòî÷íàÿ íàìàãíè÷åííîñòü ðàâíû
0.18 Ò è 15.5 ìÒ ñîîòâåòñòâåííî.

Êëþ÷åâûå ñëîâà: íàíîêîìïîçèòû, ìåòàëëîïîëèìåðû, ïîëèìåðèçàöèÿ, òåðìîëèç, àêðèëàòû, ñîïîëèìåðèçàöèÿ.

Ââåäåíèå

Ïåðñïåêòèâíûì ïóòåì ïîëó÷åíèÿ ôåððîìàã-
íèòíûõ ìåëêîäèñïåðñíûõ íàïîëíèòåëåé ñ çàäàí-
íûìè çíà÷åíèÿìè ìàãíèòíîé ïðîíèöàåìîñòè.
ÿâëÿåòñÿ ôîðìèðîâàíèå in situ ìàãíèòíûõ íàíî÷à-
ñòèö íà ñòàäèè êîíäåíñàöèè ïîëèìåð-íåîðãàíè-

÷åñêîé ìàòðèöû. Èñïîëüçîâàíèå ïîëèìåðîâ â êà-
÷åñòâå ïîëèìåðíîé çàùèòíîé îáîëî÷êè ìàãíåòè-
òà ïîçâîëÿåò ïîëó÷àòü öåëûé ðÿä ôóíêöèîíàëüíûõ
ãèáðèäíûõ ìàòåðèàëîâ, â òîì ÷èñëå è äëÿ ðàäèî-
ïîãëîùàþùèõ ïîêðûòèé â ñòåëñ-òåõíîëîãèÿõ [1].
Òàêèå ôåððîìàãíèòíûå ïðîâîäÿùèå ÷àñòèöû
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î÷åíü ìàëîãî ðàçìåðà â ïîëèìåðíîé ñàìîêîíäåí-
ñèðóþùåéñÿ îáîëî÷êå ïîçâîëÿþò â ðÿäå ñëó÷àåâ
ðåøèòü èìåþùèåñÿ ïðîáëåìû â ýòîé îáëàñòè, â
÷àñòíîñòè, îãðàíè÷åííîé âîçìîæíîñòè ââîäèòü
íàíî÷àñòèöû ñ äîñòàòî÷íî âûñîêîé ïëîòíîñòüþ â
æèäêóþ ïîëèìåðíóþ ìàòðèöó èç-çà âûñîêîé àä-
ñîðáöèîííîé ñïîñîáíîñòè ïðè óìåíüøåíèè ðàç-
ìåðà ÷àñòèö [2].

Ïðè ïîëó÷åíèè ìàòåðèàëîâ íà îñíîâå íàíîðàç-
ìåðíûõ ÷àñòèö âîçíèêàåò öåëûé ðÿä òåîðåòè÷åñ-
êèõ è ïðàêòè÷åñêè çíà÷èìûõ ïðîáëåì. Ê íèì îò-
íîñÿòñÿ âîïðîñû, ñâÿçàííûå ñ óïðàâëåíèåì ïîëó-
÷åíèÿ è ñòàáèëèçàöèåé ñèíòåçèðóåìûõ â òâåðäî-
ôàçíûõ ïðîöåññàõ âûñîêîðåàêöèîííûõ ýíåðãîíà-
ñûùåííûõ íàíîðàçìåðíûõ ÷àñòèö (Í×) [3—6].
Ðàçâèòàÿ ìåæôàçíàÿ ïîâåðõíîñòü, èçáûòî÷íàÿ
ýíåðãèÿ ïîâåðõíîñòíûõ àòîìîâ ñïîñîáñòâóþò
÷ðåçâû÷àéíî âûñîêîé õèìè÷åñêîé àêòèâíîñòè Í×
[7, 8]. Ýíåðãîíàñûùåííûå Í×, ïîëó÷àåìûå â
ñèëüíî íåðàâíîâåñíûõ óñëîâèÿõ, àêòèâíî âçàèìî-
äåéñòâóþò ñ êîìïîíåíòàìè ñðåäû ôîðìèðîâàíèÿ.
Äàæå â èíåðòíîé àòìîñôåðå, êàê ïðàâèëî, ïðîèñ-
õîäèò ñàìîïðîèçâîëüíîå àãðåãèðîâàíèå. Â ýòîé
ñâÿçè âåñüìà àêòóàëüíûì ÿâëÿåòñÿ ïîèñê ýôôåê-
òèâíûõ ïóòåé õèìè÷åñêîé ïàññèâàöèè Í×.

Â òî æå âðåìÿ ðåøåíèå ýòîé ïðîáëåìû âî
ìíîãîì îáëåã÷àåòñÿ âûñîêîé àäñîðáöèîííîé ñïî-
ñîáíîñòüþ òàêèõ ÷àñòèö ïî îòíîøåíèþ ê âûñîêî-
ìîëåêóëÿðíûì ñîåäèíåíèÿì: èõ àäñîðáöèîííî-
ñîëüâàòíûå ñëîè ïðåäñòàâëÿþò ñîáîé ñòðóêòóðíî-
ìåõàíè÷åñêèé áàðüåð äëÿ êîàãóëÿöèè. Ñóùåñòâó-
þò äâà ïðèíöèïèàëüíî ðàçíûõ ñïîñîáà ìàòðè÷íîé
èçîëÿöèè Í×. Ïåðâûé èç íèõ, íàèáîëåå ðàñïðî-
ñòðàíåííûé, çàêëþ÷àåòñÿ â ïðîñòîì äîáàâëåíèè
ïîðîøêà, ñóñïåíçèè èëè ðàñòâîðà ïîëèìåðíîãî
ñòàáèëèçàòîðà ê ãîòîâîé äèñïåðñèè ÷àñòèö. Âòî-
ðîé ïîäõîä ñîñòîèò â ïðèãîòîâëåíèè Í× â ïðèñóò-
ñòâèè ñòàáèëèçàòîðà èëè â ïîëó÷åíèè ñòàáèëèçà-
òîðà èç åãî ïðåäøåñòâåííèêà â ïðèñóòñòâèè ãîòî-
âîé äèñïåðñèè Í×. Ðàçðàáîòàí îðèãèíàëüíûé
ïîäõîä, çàêëþ÷àþùèéñÿ â ñîâìåùåíèè ñèíòåçà
íàíîðàçìåðíûõ ÷àñòèö ìåòàëëà è ñòàáèëèçèðóþ-
ùåé èõ ïîëèìåðíîé îáîëî÷êè in situ è îñíîâàííûé
íà ðåàêöèÿõ ãîìî- è ñîïîëèìåðèçàöèè ìåòàëëî-
ñîäåðæàùèõ ìîíîìåðîâ â òâåðäîé ôàçå è ïîñëå-
äóþùåì êîíòðîëèðóåìîì òåðìîëèçå ôîðìèðóþ-
ùèõñÿ ìåòàëëîïîëèìåðîâ [9—12].

Çíà÷èòåëüíûé èíòåðåñ ê íàíî÷àñòèöàì d-ýëå-
ìåíòîâ îáóñëîâëåí îñîáåííîñòÿìè èõ ìàãíèòíûõ
ñâîéñòâ [13], à òàêæå âîçìîæíîñòüþ ñîçäàíèÿ íà
èõ îñíîâå ìàãíèòíûõ íîñèòåëåé ñ âûñîêîé ïëîò-
íîñòüþ çàïèñè èíôîðìàöèè [14]. Ìàãíèòíûå ÷à-
ñòèöû øèðîêî èñïîëüçóþòñÿ â áèîìåäèöèíå

[15, 16], îñîáåííî ñóùåñòâåííà ðîëü îêñèäîâ æå-
ëåçà (ìàãíåòèòà è ìàããåìèòà), îáëàäàþùèõ âûñî-
êîé áèîñîâìåñòèìîñòüþ. Æåëåçî- è êîáàëüò-ñî-
äåðæàùèå ÷àñòèöû õàðàêòåðèçóþòñÿ âûñîêèìè
çíà÷åíèÿìè êîýðöèòèâíîé ñèëû è ìàãíèòíîé âîñ-
ïðèèì÷èâîñòè, íàïðèìåð äëÿ ìàãíåòèòà Fe3O4 íà-
ìàãíè÷åííîñòü íàñûùåíèÿ ( σ s, Ms) ñîñòàâëÿåò
92 ýìå·ã-1, à äëÿ γ -Fe2O3 — 74 ýìå·ã-1 [17], âåëè-

÷èíà êîýðöèòèâíîé ñèëû äëÿ àíèçîòðîïíûõ íàíî-
÷àñòèö ïîñëåäíåãî ñîñòàâëÿåò îò 200 äî 400 Ý [18].

Â äàííîé ðàáîòå èçó÷åíî òåðìè÷åñêîå ðàçëî-
æåíèå ñîêðèñòàëëèçàòíîãî êîìïëåêñà

[Fe3O(CH2CHCOO)6OH][Co(CH2CHCOO)2]1.5·3H2O

ñ àòîìíûì ñîîòíîøåíèåì Fe:Co=2:1. Ñîñòàâ,
ñòðóêòóðà è ìàãíèòíûå ñâîéñòâà ïðîàíàëèçèðîâà-
íû äëÿ ïðîäóêòîâ, ïîëó÷åííûõ ïðè ðàçíûõ òåì-
ïåðàòóðàõ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àêðèëàòíûé êîìïëåêñ Fe(III)Co(II) ñ ñîñòàâîì:
[Fe3O(CH2CHCOO)6OH][Co(CH2CHCOO)2]1.5·
·3H2O (Fe2CoAcr) áûë ïîëó÷åí ñîêðèñòàëëèçàöè-
åé èç [Fe3O(CH2CHCOO)6OH]·3H2O (FeAcr3) è
Co(CH2CHCOO)2]·H2O (CoAcr2) êàðáîêñèëàòîâ èç
ñïèðòîâîãî ðàñòâîðà ïðè àòîìíîì ñîîòíîøåíèè
Fe/Co=2. Àêðèëàòû ìåòàëëîâ FeAcr3, CoAcr2 è
Fe2CoAcr ïîëó÷åíû ñîãëàñíî ðàíåå îïèñàííîìó
ñïîñîáó [19].

Òåðìîëèç ïðîâîäèëè â ñòàòè÷åñêèõ èçîòåðìè-
÷åñêèõ óñëîâèÿõ ïðè òåìïåðàòóðàõ Ò-åõp â ñàìî-
ãåíåðèðóåìîé àòìîñôåðå (ïðåäâàðèòåëüíîå âàêó-
óìèðîâàíèå èçó÷àåìûõ îáðàçöîâ îñóùåñòâëÿëè
ïðè êîìíàòíîé òåìïåðàòóðå â òå÷åíèå 30 ìèí), â
óñëîâèÿõ äèíàìè÷åñêîãî âàêóóìà è â ñðåäå àðãî-
íà. Ïðîäóêòû òåðìè÷åñêîãî ïðåâðàùåíèÿ èçó÷à-
ëè ìåòîäîì ÈÊ-ñïåêòðîñêîïèè â îáëàñòè 400-
4000 ñì-1 (ñïåêòðîôîòîìåòð «Specord 75 IR»), à
òàêæå àíàëèçèðîâàëè ìàññ-ñïåêòðîìåòðè÷åñêè ñ
èñïîëüçîâàíèåì êâàäðóïîëüíîãî ìàññ-ñïåêòðî-
ìåòðà MS-3701.

Ðåíòãåíîâñêóþ äèôðàêöèþ ïîðîøêîâ èçó÷àëè
íà äèôðàêòîìåòðå «Philips PW 1050» ñ èñïîëüçî-

âàíèåì Cu-K α -èçëó÷åíèÿ ( λ = 1,5418 Å). Ìàãíèò-
íûå èññëåäîâàíèÿ ìåòàëëîïîëèìåðíûõ íàíîêîì-
ïîçèòîâ âûïîëíåíû ñ ïîìîùüþ âèáðàöèîííîãî
ìàãíèòîìåòðà «Oxford Instruments Vibrating Sample
Magnetometer» (VSM). Ïåòëè ãèñòåðåçèñà ðåãèñ-
òðèðîâàëè â èíòåðâàëå òåìïåðàòóð 5—300 Ê. Òåì-
ïåðàòóðíûå çàâèñèìîñòè íàìàãíè÷åííîñòè èçìå-
ðÿëè â ýòîì æå èíòåðâàëå òåìïåðàòóð ïðè íèçêèõ
ïîëÿõ (2·10-3 Òë) â ðåæèìàõ «field cooling» (FC)- è
«zero-field cooling» (ZFC)-èçìåðåíèé, à òàêæå ïðè
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0.6 Òë è 5—300 Ê. Ýëåêòðîííî-ìèêðîñêîïè÷åñêèå
èññëåäîâàíèÿ ìåòàëëîñîäåðæàùèõ íàíîêîìïîçè-
òîâ âûïîëíåíû ñ èñïîëüçîâàíèåì ïðîñâå÷èâàþ-
ùåãî ýëåêòðîííîãî ìèêðîñêîïà «JEOL» ñ óñêîðÿ-
þùèì íàïðÿæåíèåì 100 êÂ è ýëåêòðîííîãî ìèê-
ðîñêîïà âûñîêîãî ðàçðåøåíèÿ «JEM 3010»
(300 êÂ).

Ñîñòàâ ïðîäóêòîâ òåðìîëèçà

Îñíîâíûì ãàçîîáðàçíûì ïðîäóêòîì ïðåâðà-
ùåíèÿ èññëåäîâàííûõ ñîêðèñòàëëèçàòîâ ÿâëÿåò-
ñÿ CÎ2. Ýòî ïîäòâåðæäàåòñÿ ìåòîäàìè ÈÊ-ñïåê-
òðîñêîïèè è ìàññ-ñïåêòðîìåòðèè. Â çíà÷èòåëüíî
ìåíüøåì êîëè÷åñòâå âûäåëÿþòñÿ ÑÎ, Í2, à òàê-
æå êîíäåíñèðóþùèåñÿ ïðè êîìíàòíîé òåìïåðàòó-
ðå ïàðû Í2Î è H2C=CHCOOÍ. Â ÈÊ-ñïåêòðàõ

îáðàçöà Fe2CoAcr èìåþòñÿ øèðîêèå ïîëîñû ïî-
ãëîùåíèÿ, ñîîòâåòñòâóþùèå âàëåíòíûì êîëåáàíè-
ÿì H—O ñâÿçè êîîðäèíàöèîííîé âîäû (3000–
3600 ñì-1) è âàëåíòíûå êîëåáàíèÿ H—C àíèîíà
CH2CHCOO (2900–3050 ñì-1) (ñì. òàáëèöó). Ñè-
ñòåìà ïîëîñ â îáëàñòè 1360–1540 ñì-1 ñîîòâåòñòâó-
åò âàëåíòíûì êîëåáàíèÿì ÑÎÎ-ãðóïï [20].

Â õîäå òåðìè÷åñêîãî ïðåâðàùåíèÿ èññëåäîâàí-
íûõ ñîêðèñòàëëèçàòîâ ñ êîíâåðñèåé íàáëþäàþò-
ñÿ èçìåíåíèÿ â ÈÊ-ñïåêòðàõ ïîãëîùåíèÿ òâåðäûõ
ïðîäóêòîâ òåðìîëèçà. Îíè çàêëþ÷àþòñÿ â ýâîëþ-
öèè îòíîñèòåëüíîé èíòåíñèâíîñòè ïîëîñ ïîãëî-
ùåíèÿ Iîòí è ñìåùåíèè ÷àñòîò ïîãëîùåíèÿ. Èñ÷å-
çàþò ïîëîñû ïîãëîùåíèÿ, ñâÿçàííûå ñ âàëåíòíû-
ìè è äåôîðìàöèîííûìè êîëåáàíèÿìè ÎÍ-ãðóï-

ïû H2O è êîëåáàíèÿ ñâÿçè M¨OH2. Ïîëîñà ïî-

Çíà÷åíèÿ ÷àñòîò êîëåáàíèé â ÈÊ-ñïåêòðàõ Fe2CoAcr è ïðîäóêòîâ ðàñïàäà

Ñîêðèñòàëëèçàò Fe2CoAcr Ïðîäóêòû ðàñïàäà  Fe2CoAcr 

  

Îòíåñåíèå 

Δm = 25,1 % 

Δm = 27.8 % 
Δm = 37,3 % Δm = 42,0 %  

ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel Îòíåñåíèå 

3000-  ν(OH) (H2O)        

3600 br          

3045  νas (CH)        

2960  νs (CH) 2930      ν(CH) 

1630 0.74 ν (C=C), 1640 0.35 1680 0.46 1685 0.38 ν(C=C) 

  δ(OH)(H20)        

1575 1.00 νas (COO) 1555 1.00 1555 1.00 1565 1.00 νas (COO) 

  (Fe cluster)       (Fe cluster) 

1540 0.80 νas (COO) (Co) 1540 0.99 1540 0.99 1550 1.07 νas (COO) (Co) 

1525 0.77 νas (COO) 1520 0.92 1520 0.98 1520 0.99 νas (COO) 

  (Fe cluster)       (Fe cluster) 

1505 0.485 νas (COO) (Co) 1505 sh 0.715 1498 0.89   νas (COO) (Co) 

1490 sh 0.39 δ(CH) 1490 0.6     δ(CH) 

1435 0.92 νs(COO) 1435 0.85 1440 1.02 1420 1.23 νs(COO) 

  (Fe cluster)       (Fe cluster) 

         ν(OH2) 
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Ïðîäîëæåíèå òàáë.

Ñîêðèñòàëëèçàò Fe2CoAcr Ïðîäóêòû ðàñïàäà  Fe2CoAcr 

  

Îòíåñåíèå 

Δm = 25,1 % 

Δm = 27.8 % 
Δm = 37,3 % Δm = 42,0 %  

ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel Îòíåñåíèå 

         (-CH2-CHR-) 

1420 0.92 νs(COO) (Co) 1415 0.85 1408 1.07   νs(COO) (Co) 

         δ(OH2) 

         (H2C—CR-) 

1360 0.82 νs(COO) 1400 0.97 1395 1.10 1400 1.20 νs(COO) 

  (Fe cluster)       (Fe cluster) 

         δ(OH2) 

         (CH2=CR-) 

1350 0.71  1315 0.57     νs(COO) (Co) 

         δ(OH) 

         (-CH2-CHR-) 

1270 0.44 ρt(CH2) 1280 sh 0.51 1270 sh 0.665 1265 1.08 ρt(CH2) 

         (CH2-CH=CH-)trans 

   1185 0.35 1160  1150 1.37 ν(C-C) 

         (=CH-CHR-) 

1120br 0.10         

1068 0.32 ν(C-C)        

990 0.38 π(CH)        

  (-CH=CH2)        

965 0.31 π(CH)        

  (-CH=CH2)        

910 0.07 ρ(OH) (H20) 855 0.08 860 0.15 875 0.33 δ(CH) (-CH=CHR) 

  ν(M-OH2)        

830 0.61 ρw(CH2) 835 0.09 830 0.10 830 0.20 ρw(CH) 

         (-CH2-CHR-) 
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ãëîùåíèÿ ïðè ~1630 ñì-1 ñìåùàåòñÿ â âûñîêî÷à-
ñòîòíóþ îáëàñòü, ÷òî ìîæåò áûòü îáóñëîâëåíî âà-
ëåíòíûìè êîëåáàíèÿìè ñîïðÿæåííûõ Ñ=Ñ ãðóïï.
Ñ óâåëè÷åíèåì êîíâåðñèè ïîëîñû, ñîîòâåòñòâóþ-
ùèå âàëåíòíûì êîëåáàíèÿì ÑÎÎ è Ñ=Ñ ãðóïï,
èñ÷åçàþò. Òàêèì îáðàçîì, àíàëèç ÈÊ-ñïåêòðîâ
òâåðäîôàçíûõ ïðîäóêòîâ òåðìîëèçà ñâèäåòåëü-
ñòâóåò î òîì, ÷òî â õîäå òåðìè÷åñêèõ ïðåâðàùåíèé
Fe- è Co-ñîäåðæàùèå ôðàãìåíòû ïîäâåðãàþòñÿ
äåãèäðàòàöèè è ðàçëîæåíèþ.

Ìèêðîñòðóêòóðà íàíîêîìïîçèòîâ

Ïî äàííûì îïòè÷åñêîé ìèêðîñêîïèè, èñõîä-
íûå îáðàçöû Fe2CoAcr ñîêðèñòàëëèçàòíîãî êîì-
ïëåêñà è ïðîäóêòû èõ òåðìè÷åñêèõ òðàíñôîðìà-
öèé õàðàêòåðèçóþòñÿ ñõîäíîé ìîðôîëîãèåé. Èñ-
õîäíûå îáðàçöû — ïðîçðà÷íûå ñâåòëî-êîðè÷íå-
âûå êðèñòàëëû íåðåãóëÿðíîé ôîðìû ñî ñðåäíèì
ðàçìåðîì 10–15 μ m. Èìåþòñÿ òàêæå èõ àãëîìå-

ðàòû ñ ðàçìåðàìè 100–150 μ m. Â õîäå òåðìè÷åñ-

êèõ ïðåâðàùåíèé îáðàçóþòñÿ áîëåå êðóïíûå àã-
ëîìåðàòû. Óäåëüíàÿ ïîâåðõíîñòü óâåëè÷èâàåòñÿ îò
8.1 äî 11.3 ì2/ã. Ýòî õðóïêèå, ïîðèñòûå ÷àñòèöû,
ñîñòîÿùèå èç ñòåêëîïîäîáíûõ ïëàñòèí (~100 μ m).

Öâåò èçìåíÿåòñÿ îò ñâåòëî-êîðè÷íåâîãî äî òåìíî-
êîðè÷íåâîãî. Ýòî óêàçûâàåò íà òî, ÷òî òðàíñôîð-
ìàöèÿ Fe2CoAcr ïðîèñõîäèò ãîìîãåííî âî âñåì
îáúåìå îáðàçöà. Â êîíöå òåðìè÷åñêîãî ðàçëîæå-
íèÿ ðàçìåðû àãëîìåðàòîâ óìåíüøàþòñÿ, êîíå÷íûå
ïðîäóêòû ñîñòîÿò èç íåðåãóëÿðíûõ ïëàñòèí ÷åð-
íîãî öâåòà.

Ôàçîâûé ñîñòàâ ïîëó÷åííûõ ïðîäóêòîâ àíàëè-
çèðîâàëè ñ ïîìîùüþ äàííûõ ðåíòãåíîôàçîâîãî
àíàëèçà. Äëÿ íàíîêîìïîçèòà Fe2CoAcr, ïîëó÷åí-
íîãî ïðè 493 Ê ïðè êîíâåðñèè Δ m = 25.1%, ðåí-
òãåíîãðàììà ñâèäåòåëüñòâóåò îá îòñóòñòâèè êðè-
ñòàëëè÷åñêîé ôàçû; èìåþòñÿ ëèøü îòäåëüíûå íå-
èäåíòèôèöèðóåìûå ðåôëåêñû. Ïðîäóêò òåðìîëèçà
ïðè 643 K, Δ m = 37.3% ñîäåðæèò êðèñòàëëè÷åñ-
êóþ ôàçó Fe3O4. Ïðè ýòîé æå òåìïåðàòóðå ñèíòå-

çà, íî ïðè áîëüøåé êîíâåðñèè ( Δ m = 42%) â ñî-
ñòàâå ïðîäóêòà îáíàðóæåíû êðèñòàëëè÷åñêèå
ôàçû CoO, Fe3O4 è CoFe2O4 (ðèñ. 1). Ýëåêòðîííî-
ìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ óêàçûâàþò íà
ôîðìèðîâàíèå ìåòàëëè÷åñêèõ íàíî÷àñòèö, êîòî-
ðûå ðàâíîìåðíî ðàñïðåäåëåíû â ïîëèìåðíîé ìàò-
ðèöå (ðèñ. 2).

Ñðåäíèé ðàçìåð ÷àñòèö 30 íì. Ñîãëàñíî äàí-
íûì ýëåêòðîííîé ìèêðîñêîïèè âûñîêîãî ðàçðå-

Îêîí÷àíèå òàáë.

Ïðèìå÷àíèå: max
îòí /I D Dν ν=  — îòíîñèòåëüíàÿ èíòåíñèâíîñòü; Dν  — ïîãëîùåíèå íà ÷àñòîòå ν .

Êîëåáàíèÿ: ν  — âàëåíòíîå; δ  — äåôîðìàöèîííîå; tρ  — êðóòèëüíîå; wρ  — âååðíîå; rρ  — ìàÿòíèêîâîå; π  — âíåïëîñ-

êîñòíîå.

Ñîêðèñòàëëèçàò Fe2CoAcr Ïðîäóêòû ðàñïàäà  Fe2CoAcr 

  

Îòíåñåíèå 

Δm = 25,1 % 

Δm = 27.8 % 
Δm = 37,3 % Δm = 42,0 %  

ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel ν/ñì−1 Irel Îòíåñåíèå 

728 0.12  775 0.07 755 0.11 750 1.11  

673 0.50 ρr(CH2) 645 br 0.03     ρt(CH) 

  δ(M-OH2)       (-CH2-CR=CH-)cis 

598 0.11 δ(CH2), 592 0.02     δ(CH2) 

  δ(M-OH2)       ρw(CH) 

         (—CH=CHR) 

545 0.07 δ(CH2),        

  δ(M-OH2)        
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øåíèÿ, ýòè íàíî÷àñòèöû ïðåäñòàâëÿþò ñîáîé àã-
ëîìåðàòû íàíîêðèñòàëëèòîâ ñ ðàçìåðàìè ~10 íì.

Ìàãíèòíûå ñâîéñòâà

Ïðè êîìíàòíîé òåìïåðàòóðå ïðîäóêòû òåðìî-
ëèçà Fe2CoAcr îáíàðóæèâàþò óìåðåííûå ñâîéñòâà
òâåðäûõ ìàãíèòíûõ ìàòåðèàëîâ ñ êîýðöèòèâíîé
ñèëîé 0.18 Ò è îñòàòî÷íîé íàìàãíè÷åííîñòüþ
15.5 Mt [22—24]. Íàìàãíè÷åííîñòü ïîñëåäîâàòåëü-
íî óâåëè÷èâàåòñÿ ñ ðîñòîì íàïðÿæåííîñòè ìàã-
íèòíîãî ïîëÿ, íî ïðè ýòîì ìàòåðèàë íå äîñòèãà-
åò íàñûùåíèÿ íàìàãíè÷åííîñòè äî âûñîêèõ ïî-
ëåé (9 Ò). Ïåòëè ãèñòåðåçèñà áûëè èçìåðåíû â èí-
òåðâàëå òåìïåðàòóð 5—300 Ê [26, 27]. Íèæå òåì-
ïåðàòóðû 200 Ê ïåòëè ãèñòåðåçèñà ÿâëÿþòñÿ îò-
êðûòûìè è ñäâèãàþòñÿ â ñòîðîíó îòðèöàòåëüíî-
ãî ìàãíèòíîãî ïîëÿ (ðèñ. 3) [25]. Ñäâèã ñòàíîâèòñÿ
çàìåòíåå ñ óìåíüøåíèåì òåìïåðàòóðû [28—30].
Õàðàêòåð òàêîãî ïîâåäåíèÿ âûòåêàåò èç ñëîæíîé
ìàãíèòíîé ñòðóêòóðû ìàòåðèàëà, âêëàä â êîòîðóþ
âíîñÿò êàê ôåððî-, òàê è àíòèôåððîìàãíèòíûå
âçàèìîäåéñòâèÿ è íåêîëëèíåàðíàÿ ñïèíîâàÿ
ñòðóêòóðà; íåëüçÿ òàêæå èñêëþ÷àòü ýôôåêòû, ñâÿ-
çàííûå ñ «çàìîðàæèâàíèåì» ðàçóïîðÿäî÷åííûõ
ïîâåðõíîñòíûõ ñïèíîâ, êàê ýòî íàáëþäàëè â ñëó-
÷àå ôåððèìàãíèòíûõ íèêåëüôåððèòíûõ íàíî÷àñ-
òèö [31]. Íà ðèñ. 4 ïðåäñòàâëåíû òåìïåðàòóðíûå
çàâèñèìîñòè êîýðöèòèâíîé ñèëû è îñòàòî÷íîé íà-
ìàãíè÷åííîñòè. Â îáëàñòè òåìïåðàòóð ñâûøå
200 Ê ìàòåðèàë äåìîíñòðèðóåò õàðàêòåðíûå çàâè-
ñèìîñòè ôåððîìàãíèòíîãî ïîâåäåíèÿ.

Ðèñ. 1. Ðåíòãåíîâñêàÿ äèôðàêòîãðàììà àêðèëàòíîãî ñî-
êðèñòàëëèçàòà Fe2CoAcr è ïðîäóêòîâ òåðìîëèçà

Ðèñ. 2. Ìèêðîñòðóêòóðà ïðîäóêòà òåðìîëèçà Fe2CoAcr

(643 K, Δ m = 42%) ïî äàííûì ÏÝÌ (à) è ÏÝÌ âûñî-
êîãî ðàçðåøåíèÿ (á)

à)

á)

Ðèñ. 3. Ïåòëè ãèñòåðåçèñà äëÿ íàíîêîìïîçèòà Fe2CoAcr

(643 K, Δ m = 42%), èçìåðåííûå ïðè 5, 75 è 300 Ê â ìàã-
íèòíîì ïîëå 1.1 Ò
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Âûâîäû

Ìåòîäîì ïîëèìåð-îïîñðåäîâàííîãî ñèíòåçà
ïîëó÷åíû ìàòðè÷íî-ñòàáèëèçèðîâàííûå íàíî÷à-
ñòèöû îêñèäîâ ìåòàëëîâ. Â íàíîêîìïîçèòå, ïîëó-
÷åííîì ïðè 643 Ê è êîíâåðñèè Δ m = 42%, êðèñ-
òàëëè÷åñêàÿ ôàçà ñîäåðæèò íàíî÷àñòèöû ôåððî-
ìàãíèòíûõ îêñèäîâ Fe3O4 è CoFe2O4 è àíòèôåð-
ðîìàãíèòíûå íàíî÷àñòèöû CoO. Ìèêðîñòðóêòó-
ðà íàíîêîìïîçèòà âêëþ÷àåò ïîëèêðèñòàëëè÷åñêèå
àãëîìåðàòû ñ ðàçìåðàìè 30 íì, ñîñòîÿùèå èç
èíäèâèäóàëüíûõ íàíîêðèñòàëëèòîâ ñî ñðåäíèì
ðàçìåðîì 10 íì. Ìàãíèòíûå ñâîéñòâà ïîëó÷åííûõ
ïðîäóêòîâ çàâèñÿò îò ïðèðîäû ñîñòàâëÿþùèõ êîì-
ïîíåíòîâ, òåìïåðàòóðû è âåëè÷èíû ïðèëîæåííîãî
ìàãíèòíîãî ïîëÿ. Êîýðöèòèâíàÿ ñèëà è îñòàòî÷-
íàÿ íàìàãíè÷åííîñòü ïðè êîìíàòíîé òåìïåðàòó-
ðå ðàâíû 0.18 T è 15.5 mT ñîîòâåòñòâåííî. Ñèëü-
íàÿ çàâèñèìîñòü ìàãíèòíûõ õàðàêòåðèñòèê îò
ôàçîâîãî ñîñòàâà, òåìïåðàòóðû è ìàãíèòíîãî ïîëÿ
ñâèäåòåëüñòâóåò î òîì, ÷òî íàíîêîìïîçèòû òàêî-
ãî òèïà ïðåäñòàâëÿþò èíòåðåñ äëÿ ïîëó÷åíèÿ ñåí-
ñîðíûõ ìàòåðèàëîâ äàò÷èêîâ àâèàêîñìè÷åñêîãî è
ìåäèêî-áèîëîãè÷åñêîãî íàçíà÷åíèÿ.
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Àbstract

Considerable interest in d-elements nanoparticles
is stipulated by their magnetic properties specifics, as
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well as the possibility of creating magnetic carrier with
high information recording density on their basis.
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Magnetic particles are widely used in biomedicine,
and ferrous oxides (magnetite and maghemite),
possessing high biocompatibility, play exceptionally
significant role. Iron- and cobalt-containing particles
are characterized by high values of coercive force and
magnetic susceptibility.  For example, for magnetite
Fe3O4, the saturation magnetization ( σ s, Ms) is
92 eme·g-1, and for γ -Fe2O3 - 74 eme·g-1, the coercive

force magnitude for anisotropic nanoparticles of the
latter ranges from 200 to 400 Oe.

The structure and properties of metal-containing
nanocomposites obtained while thermal
transformations of Fe (III) Co (II)-acrylate complexes
were studied in this article.

It was shown that thermal transformations of the
complexes under study included the stages of
dehydration, solid phase polymerization and
decarboxylation of the forming metal polymer. The
solid phase product of the complexes thermal
transformation are metal-containing nanoparticles,
stabilized by carbonized polymer matrix. The
crystalline nanostructured phases are Fe3O4, CoFe2O4
and CoO. The average crystallite size is 10 nm.
Magnetic properties of the obtained nanocomposites
also were studied. Hysteresis loops measured at
temperatures below 200 K are open and displaced to
a negative field. The coercive force and residual
magnetization are 0.18 T and 15.5 mT, respectively.

An original approach consisting in combining
nano-size metal particles synthesis with its stabilizing
polymeric shell in situ was developed. The approach
is based on metal containing monomers homo- and
copolymerization in the solid phase with subsequent
controlled thermolysis of the formed metall-polymers.

Accordingly, matrix-stabilized metal oxide
nanoparticles were obtained by the method of
polymer-mediated synthesis. In the nanocomposite
obtained at 643 K and conversion of Δ m = 42%, the
crystalline phase contains nanoparticles of
ferromagnetic oxides Fe3O4 and CoFe2O4, and CoO
antiferromagnetic nanoparticles. The nanocomposite
microstructure includes polycrystalline agglomerates
with sizes of 30 nm, consisting of individual
nanocrystallites with an average size of 10 nm. The
magnetic properties of the obtained products depend
on the nature of the components, the temperature and
the magnitude of the applied magnetic field. The
coercive force and residual magnetization at room
temperature are 0.18 T and 15.5 mT, respectively. The
strong dependence of the magnetic characteristics on
the phase composition, temperature, and magnetic
field suggests that nanocomposites of this type are of
interest for the sensor materials production for
aerospace and biomedical applications.

Keywords: nanocomposites, metal polymers,
polymerization, thermolysis, acrylates,
interpolymerization.

References

1. Lagar’kov A.N., Pogosyan M.A. Vestnik Rossiiskoi
Akademii nauk, 2003, vol. 73, no. 9, pp. 779-787.

2. Pomogailo A.D., Rozenberg A.S., Uflyand I.E.
Nanochastitsy metallov v polimerakh (Metals in polymers
nanoparticles), Moscow, Khimiya, 2000, 672 p.

3. Pomogailo A.D., Kestelman V.N. Metallopolymer
Nanocomposites. Berlin, Springer Heidelberg, 2005,
563 p.

4. Bychkov A.N., Fetisov G.P., Kydralieva K.A., Soko-
lov E.A., Dzhardimalieva G.I. Nanocomposite
materials based on metallic nanoparticles and
thermoplastic polymer matrices: production and
properties. Aerospace MAI Journal, 2017, vol. 24, no. 2,
pp. 209-222.

5. Pomogailo D.A., Spirin M.G., Skobeeva V.M.,
Dzhardimalieva G.I., Smyntyna V.A. Spectral-
luminescent properties of CdS nanocomposites in a
polymer shell. Aerospace MAI Journal, 2015, vol. 22,
no. 2, pp. 170-177.

6. Morokhov I.D., Trusov L.I., Lapovik V.I. Fizicheskie
yavleniya v ul’tradispersnykh metallicheskikh sredakh
(Physical phenomena in ultrafine metallic media),
Moscow, Ehnergoatomizdat, 1984, 224 p.

7. Petrov Yu.I. Klastery i malye chastitsy (Clusters and
small particles), Moscow, Nauka, 1986, 368 p.

8. Rozenberg A.S., Dzhardimalieva G.I., Pomogailo A.D.
Doklady Akademii Nauk, 1997, vol. 356, no. 1, pp. 66-69.

9. Rozenberg A.S., Dzhardimalieva G.I., Pomogailo A.D.
Polymer Composites of Nano-sized Particles Isolated
in Matrix. Polymers for Advanced Technologies, 1998,
no. 9, pp. 527-535. DOI: 10.1002/(SICI)1099-
1581(199808)9:8<527::AID-PAT802>3.0.CO;2-Z

10. Semenov S.A., Drobot D.V., Musatova V.Yu., Pronin A.S.,
Pomogailo A.D., Dzhardimalieva G.I., Popenko V.I.
Synthesis and thermal conversions of unsaturated
cobalt(II) dicarboxylates as precursors of
metallopolymer nanocomposites. Russian Journal of
Inorganic Chemistry, 2015, vol. 60, no.8, pp. 897-905.

11. Pomogailo A.D., Dzhardimalieva G.I., Pomogailo S.I.,
Golubeva N.D., Shilov G.V., Dzhavadyan E.A., Bur-
lov A.S., Mashchenko S.A., Garnovskii D.A. Synthesis
and reactivity of metal-containing monomers 76.
Nanostructured materials obtained by controlled
thermolysis of Ni, Co, and Cu chelate complexes with
azomethine ligands. Russian Chemical Bulletin, 2016,
vol. 65, no. 1, pp. 139-150.

12. Gubin S.P., Koksharov Yu.A., Khomutov G.B.,
Yurkov G.Yu. Magnetic nanoparticles: preparation,
structure and properties. Russian Chemical Reviews,
2005, vol. 74, no. 6, pp. 489–520. DOI:  10.1070/
RC2005v074n06 ABEH000897

13. Sellmyer D.J., Yu M., Kirby R.D. Nanostructured
magnetic films for extremely high density recording.



228 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹2

Ìàòåðèàëîâåäåíèå Material science

Nanostructured Materials, 1999, vol. 12, no. 5-8,
pp. 1021-1026. DOI: 10.1016/S0965-9773(99)00291-3

14. Mornet S., Vasseur S., Grasset F., Duguet E. Magnetic
nanoparticle design for medical diagnosis and therapy.
Journal of Materials Chemistry, 2004, no. 14, pp. 2161-
2175. DOI: 10.1039/B402025A

15. Pankhurst Q.A., Connolly J., Jones S.K., Dobson J.
Applications of magnetic nanoparticles in biomedicine.
Journal of Physics D: Applied Physics, 2003, vol. 36,
no. 13, pp. 167–181.

16. Craik D.J. Magnetism: Principles and Applications, N.Y.,
John Wiley & Sons, 1995, 497 p.

17. Jakubovics J.P. Magnetism and Magnetic Materials. 2nd
ed. Leeds, United Kingdom, Maney Publishing, 1994,
144 p.

18. Dzhardimalieva G.I., Pomogailo A.D., Ponomarev
V.I., Atovmyan L.O., Shul’ga Yu.M., Starikov A.G.
Izvestiya Akademii Nauk SSSR. Seriya khimicheskaya,
1988, no. 7, pp. 1525-1530.

19. Nakamoto K. Infrared and Raman Spectra of Inorganic
and Coordination Compounds, N.Y., Wiley & Sons,
1986, 484 p.  DOI: 10.1002/bbpc.198800131

20. Kodama R.H.,  Berkowitz A.E., McNiff E.J., Foner S.
Surface spin disorder in NiFe2O4 nanoparticles. Physical
Review Letters, 1996, vol. 77, no. 2, pp. 394–397. DOI:
10.1103/PhysRevLett.77.394

21. Stukach A.V. Tekhniko-tekhnologicheskie problemy
servisa, 2010, no. 3(13), pp. 10-19.

22. Yakh’yaeva Kh.Sh., Magomedov G.M., Zadorina E.N.
Izvestiya Dagestanskogo gosudarstvennogo
pedagogicheskogo universiteta. Estestvennye i tochnye
nauki, 2008, no. 1(2), pp. 7-10.

23. Zimbitskii A.V., Stasyuk Yu.V. Nauchnyi vestnik MGTU
GA, 2014, no. 208, pp. 99-103.

24. Kumzerov Y., Vakhrushev S.I. Nanostructures Within
Porous Materials. In: Encyclopedia of Nanoscience and
Nanotechnology. American Scientific Publishers, 2003,
vol. 7, pp. 811-849.  URL: http://www.fulviofrisone.

com/attachments/article/409/ENN-Vol%207%20
nanomech-nanotub.pdf

25. Samoilovich M.I. Nanomaterialy. T. 3 “Fotonnye
kristally i nanokompozity na osnove opalovykh matrits”
(Nanomaterials Vol. 3 “Photonic crystals and
nanocomposites based on opal matrices”), Moscow,
Tekhnomash, 2007, 303 p.

26. Suzdalev I.P., Maksimov Yu.V., Imshennik V.K.
Rossiiskie nanotekhnologii, 2006, vol. 1, no. 1–2,
pp. 134–141.

27. Ghandoor H.E., Zidan H.M., Khalil M.M.H., Ismail
M.I.M. Synthesis and Some Physical Properties of
Magnetite (Fe3O4) Nanoparticles. International Journal of
Electrochemical Science, 2012, vol. 7, no. 6, pp. 5734–5745.

28. Lin Y., Yang H., Zhu J., Wang F. Magnetic and
Dielectric Properties of YIG/HDPE Composites for
High-Frequency Applications. International Journal of
Polymers Materials and Polymeric Biomaterials, 2010,
vol. 59, no. 8, pp. 570–576. DOI: 10.1080/
00914031003760675

29. Rao P.B.C., Setty S.P. Electrical properties of Ni-Zn
nanoferrite particles. International Journal of Engineering
Science and Technology, 2010, vol. 2, no. 8, pp. 3351–3354.

30. Babayan V., Kazantseva N.E., čMou ka R., Sapurina I.,
Spivak Yu.M., Moshnikov V.A. Combined effect of
demagnetizing field and induced magnetic anisotropy
on the magnetic properties of manganese–zinc ferrite
composites. Journal of Magnetism and Magnetic
materials, 2012, vol. 324, no. 2, pp. 161–172. DOI:
10.1016/j.jmmm.2011.08.002

31. Ohnuma S., Fujimori H., Masumoto T., Xiong X.Y.,
Ping D.H., Hono K. FeCo–Zr–O nanogranular soft-
magnetic thin films with a high magnetic flux density.
Applied Physics Letters, 2003, vol. 82, no. 6, pp. 946-948.
DOI: 10.1063/1.1537456


