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Quantum-chemical simulation of the behavior of [Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6 chelate
complex, a fire retardant-hardener of epoxy resins, under the conditions of burning
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 – ÀÍÒÈÏ²ÐÅÍÓ-ÇÀÒÂÅÐÄÍÈÊÀ

ÅÏÎÊÑÈÄÍÈÕ ÑÌÎË Â ÓÌÎÂÀÕ ÃÎÐ²ÍÍß

Ëüâ³âñüêèé äåðæàâíèé óí³âåðñèòåò áåçïåêè æèòòºä³ÿëüíîñò³

¥ðóíòóþ÷èñü íà ðåçóëüòàòàõ âèâ÷åííÿ êðèñòàë³÷íî¿ ñòðóêòóðè õåëàòíîãî êîìïëåêñó
[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6 – ïðîäóêòó âçàºìîä³¿ çàòâåðäíèêà
åïîêñèäíèõ ñìîë (ïîë³åòèëåíïîë³àì³íó, H2N[–C2H4NH–]nH, äå n=1, 2) ç êóïðóì(²²)
ãåêñàôëóîðñèë³êàòîì (àíòèï³ðåíîâîþ äîáàâêîþ äî åïîêñ³àì³ííèõ êîìïîçèö³é)
çä³éñíåíî êâàíòîâî-õ³ì³÷í³ îá÷èñëåííÿ òåðìîõ³ì³÷íèõ ïàðàìåòð³â (ñóìàðíà åíåðã³ÿ
âñ³õ õ³ì³÷íèõ çâ’ÿçê³â, åíòàëüï³¿ óòâîðåííÿ, òåïëîòè çãîðÿííÿ) ïðîöåñ³â êîìïëåêñî-
óòâîðåííÿ òà ãîð³ííÿ, ùî â³äáóâàþòüñÿ ó ñèñòåìàõ H2N[–C2H4NH–]nH–CuSiF6 òà
[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6–O2, â³äïîâ³äíî. Êâàíòîâî-õ³ì³÷í³
îá÷èñëåííÿ çä³éñíþâàëè íååìï³ðè÷íèì ìåòîäîì Ãàðòð³-Ôîêà, âèêîðèñòîâóþ÷è
áàçèñíèé íàá³ð îðá³òàëåé 6-31G*. Áóëî âñòàíîâëåíî, ùî õåëàòóâàííÿ ³îíà Cu2+ áåç-
âîäíî¿ ñîë³ êóïðóì(²²) ãåêñàôëóîðñèë³êàòó îäíî÷àñíî åòèëåíä³àì³íîì (eda) ³ ä³åòè-
ëåíòðèàì³íîì (deta) (ñêëàäîâ³ ÷àñòèíè ïîë³åòèëåíïîë³àì³íó) òà âèíèêíåííÿ ï’ÿòè
ì³öíèõ äîíîðíî-àêöåïòîðíèõ çâ’ÿçê³â Cu(II)N ñïðîìîæíå äîâîë³ åôåêòèâíî çíè-
æóâàòè ãîðþ÷³ñòü íå ò³ëüêè êîîðäèíîâàíèõ ìîëåêóë çàòâåðäíèêà åïîêñèäíèõ ñìîë,
à ³ ìîäèô³êîâàíèõ åïîêñ³àì³ííèõ êîìïîçèö³é. Öå äîáðå óçãîäæóºòüñÿ ç ðåçóëüòàòà-
ìè äåðèâàòîãðàô³÷íîãî àíàë³çó òà åêñïåðèìåíòàëüíîãî âèçíà÷åííÿ òåìïåðàòóð çàé-
ìàííÿ ³ ñàìîçàéìàííÿ êðèñòàë³÷íîãî êîìïëåêñó [Cu(eda)(deta)]SiF6 òà ïîë³åòèëåí-
ïîë³àì³íó. Îòðèìàí³ ðåçóëüòàòè îá´ðóíòîâóþòü ïåðñïåêòèâó âèêîðèñòàííÿ õåëàò-
íèõ êîìïëåêñ³â ñîëåé ïåðåõ³äíèõ ìåòàë³â ç ïîë³àì³íàìè ÿê åôåêòèâíèõ àíòèï³ðåí³â-
çàòâåðäíèê³â â ðîçðîáö³ ñàìîçãàñàþ÷èõ åïîêñ³àì³ííèõ êîìïîçèö³é.

Êëþ÷îâ³ ñëîâà: êâàíòîâî-õ³ì³÷í³ îá÷èñëåííÿ, òåðìîõ³ì³ÿ, êóïðóì(²²) õåëàòí³ êîìï-
ëåêñè, àíòèï³ðåí-çàòâåðäíèê åïîêñèäíèõ ñìîë.

Âñòóï
Cîë³ d-ìåòàë³â, çîêðåìà, ñîë³ êóïðóìó âæå

äàâíî çàñòîñîâóþòüñÿ ÿê êàòàë³çàòîðè â áàãàòü-
îõ âàæëèâèõ õ³ì³êî-òåõíîëîã³÷íèõ ïðîöåñàõ ïå-
ðåòâîðåííÿ îðãàí³÷íèõ ðå÷îâèí [1,2]. Ç îãëÿäó
íà öå âèâ÷åííÿ âçàºìîä³¿ ñîëåé êóïðóìó, à ñàìå
íåîðãàí³÷íèõ ñîëåé êóïðóìó(II) ç ïîë³àì³íàìè,
âèêëèêàº íåàáèÿêèé íàóêîâèé ³íòåðåñ, îñê³ëü-
êè âèíèêíåííÿ êîîðäèíàö³éíèõ çâ’ÿçê³â
Cu(II)N ïîðÿä ç³ çäàòí³ñòþ ìîëåêóë ïîë³àì³íó
õåëàòóâàòè àòîìè ìåòàëó ñë³ä ðîçãëÿäàòè ÿê îäèí
ç ìîæëèâèõ ìåõàí³çì³â àíòèï³ðåíîâî¿ ä³¿ ñïîëóê
êóïðóìó íà ãîð³ííÿ îðãàí³÷íèõ àì³í³â, ÿê³ âèêî-
ðèñòîâóþòü ÿê çàòâåðäíèêè åïîêñèäíèõ ñìîë
[3,4]. Ïðàêòè÷íà æ çíà÷èì³ñòü ïðîöåñ³â êîìï-
ëåêñîóòâîðåííÿ çóìîâëåíà ìîæëèâ³ñòþ âèêîðè-
ñòàííÿ ñîëåé êóïðóìó ÿê àíòèï³ðåí³â çäàòíèõ
äîâîë³ åôåêòèâíî óòðóäíþâàòè çàéìàííÿ ð³çíèõ

îðãàí³÷íèõ àì³í³â, â òîìó ÷èñë³, ïîë³ìåðíèõ ìà-
òåð³àë³â íà îñíîâ³ åïîêñèäíèõ ñìîë [5–8]. Äëÿ
ðîçóì³ííÿ ïðîöåñ³â, ùî ñóïðîâîäæóþòü çíèæåí-
íÿ ãîðþ÷îñò³ àì³í³â ï³ä âïëèâîì ñîëåé êóïðó-
ìó(²²), íàìè áóëà çä³éñíåíà ñïðîáà ìîäåëþâàííÿ
âçàºìîä³¿ ïîë³åòèëåíïîë³àì³íó (H2N[–C2H4NH–]nH,
äå n=1, 2) – çàòâåðäíèêà åïîêñèäíèõ ñìîë ç êóï-
ðóì(²²) ãåêñàôëóîðñèë³êàòîì (CuSiF6) – àíòèï³-
ðåíîâîþ äîáàâêîþ äî åïîêñ³àì³ííèõ êîìïîçèö³é
ìåòîäîì êâàíòîâî¿ õ³ì³¿ ³ íà îñíîâ³ îòðèìàíî¿ ³íôîð-
ìàö³¿ ïðîàíàë³çóâàòè çì³íè åíåðãåòè÷íîãî ñòàíó
ðåàêö³éíî¿ ñóì³ø³ H2N[–C2H4NH–]nH–CuSiF6 â
ìîìåíò êîìïëåêñîóòâîðåííÿ. Â ðîáîò³ [9] íàâå-
äåí³ ðåçóëüòàòè ñèíòåçó ³ ðåíòãåíîñòðóêòóðíîãî
àíàë³çó õåëàòíîãî êîìïëåêñó

[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6
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 – ïðîäóêòó âçàºìîä³¿ ïîë³åòèëåíïîë³àì³íó ç áåç-
âîäíèì CuSiF6; êðèñòàëîãðàô³÷í³ ïàðàìåòðè
öüîãî êîìïëåêñó áóëè âèêîðèñòàí³ äëÿ êâàíòî-
âî-õ³ì³÷íîãî ìîäåëþâàííÿ.

Ìåòà ðîáîòè: ´ðóíòóþ÷èñü íà â³äîìîñòÿõ
ïðî ñòåõ³î- òà ñòåðåîõ³ì³÷í³ ïàðàìåòðè çâ’ÿçà-
íèõ â êîìïëåêñ [Cu(eda)(deta)]SiF6 òà â³ëüíèõ
ìîëåêóë åòèëåíä³àì³íó (eda – H2NC2H4NH2) òà
ä³åòèëåíòðèàì³íó (deta – H2NC2H4NHC2H4NH2)
çä³éñíèòè êâàíòîâî-õ³ì³÷í³ îá÷èñëåííÿ åíåðã³¿
õ³ì³÷íèõ çâ’ÿçê³â òà òåðìîõ³ì³÷íèé àíàë³ç ðåàêö³é
ãîð³ííÿ eda òà deta ó â³ëüíîìó òà çâ’ÿçàíîìó ñòà-
íàõ; ç³ñòàâèòè ðåçóëüòàòè îá÷èñëåíü ç ðåçóëüòà-
òàìè åêñïåðèìåíòàëüíîãî âèçíà÷åííÿ òåìïåðà-
òóð çàéìàííÿ (tç.) òà ñàìîçàéìàííÿ (tñç.), à òàêîæ
äåðèâàòîãðàô³÷íîãî àíàë³çó, âèêîíàíèõ äëÿ êðè-
ñòàë³÷íîãî êîìïëåêñó òà ïîë³åòèëåíïîë³àì³íó [10]
³ îáãîâîðèòè íàéá³ëüø â³ðîã³äíèé ìåõàí³çì âïëè-
âó ïðîöåñ³â êîìïëåêñîóòâîðåííÿ íà çíèæåííÿ
ãîðþ÷îñò³ ïîë³àì³í³â.

Êâàíòîâî-õ³ì³÷í³ îá÷èñëåííÿ
×èñëîâå ìîäåëþâàííÿ åëåêòðîííî-ìîëåêó-

ëÿðíî¿ ñòðóêòóðè êîìïëåêñó [Cu(eda)(deta)]SiF6

âèêîíóâàëè ìåòîäîì êâàíòîâî¿ õ³ì³¿ çà ïðîãðà-
ìîþ ÍyperChem professional version 8.0.6 [11], âè-
êîðèñòîâóþ÷è íååìï³ðè÷íèé ìåòîä Ãàðòð³–Ôîêà
ç áàçèñíèì íàáîðîì îðá³òàëåé 6-31G*. Äëÿ öüî-
ãî çà ïðîãðàìîþ DIAMOND [12] ãåíåðóâàëè
êëàñòåðíèé ôðàãìåíò

[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6

(ðèñóíîê), âèêîðèñòîâóþ÷è â³äîìîñò³ ïðî êðè-
ñòàë³÷íó ñòðóêòóðó õåëàòíîãî êîìïëåêñó
[Cu(eda)(deta)]SiF6 [9]. Åôåêòèâí³ çàðÿäè íà àòîìàõ
â êîîðäèíàö³éíîìó ïîë³åäð³ [Cu(N1N2N3)(N4N5)]
êëàñòåðó îá÷èñëþâàëè áåç ãåîìåòðè÷íî¿ îïòèì³-
çàö³¿ ôðàãìåíòó, òîä³ ÿê äëÿ â³ëüíèõ ìîëåêóë eda
³ deta ãåîìåòð³ÿ ìîëåêóë áóëà îïòèì³çîâàíà
(òàáë. 1). Âèçíà÷åí³ åíåðã³¿ õ³ì³÷íèõ çâ’ÿçê³â äëÿ

Êëàñòåðíèé ôðàãìåíò êðèñòàë³÷íî¿ ñòðóêòóðè õåëàòíîãî

êîìïëåêñà [Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6

ç ïðîíóìåðîâàíèìè àòîìàìè (P21/n; a=8,9945(4),

b=9,6067(3), c=15,7357(8) A
o
, =91,460(4)0)

Òàáëèöÿ 1
Ðîçïîä³ë åôåêòèâíèõ çàðÿä³â íà àòîìàõ (ó å–) â õåëàòíîìó êîìïëåêñ³

[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6 òà ìîëåêóëàõ åòèëåíä³àì³íó òà ä³åòèëåíòðèàì³íó

Kомплексний катіон [Cu(eda)(deta)]2+ 

Cu1 N1 N2 N3 N4 N5 

–0,026 –0,148 –0,114 –0,094 –0,087 

H11 H21 H22 H31 H32 H41 H42 H51 H55 

–0,672 

+0,189 +0,189 +0,197 +0,245 +0,193 +0,232 +0,167 +0,184 +0,180 

C1 C2 C3 C4 C5 C6 

–0,029 –0,044 –0,041 –0,050 –0,033 –0,033 

H1A H1B H2A H2B H3A H3B H4A H4B H5A H5B H6A H6B 

+0,063 +0,060 +0,059 +0,088 +0,077 +0,052 +0,073 +0,064 +0,108 +0,045 +0,054 +0,071 

Комплексний аніон [SiF6]
2– 

Si1 F1 F2 F3 F4 F5 F6 

+1,177 –0,344 –0,437 –0,416 –0,437 –0,312 –0,450 

Молекула етилендіаміну (після оптимізації) 

N4 N5 C5 C6 

–0,366 –0,360 –0,026 –0,021 

H41 H42 H51 H52 H5A H5B H6A H6B 

+0,150 +0,166 +0,180 +0,136 +0,044 +0,028 +0,055 +0,015 

Молекула діетилентриаміну (після оптимізації) 

N1 N2 N3 C1 C2 C3 C4 

–0,266 –0,381 –0,393 –0,020 –0,035 –0,028 –0,045 

H11 H21 H22 H31 H32 H1A H1B H2A H2B H3A H3B H4A H4B 

+0,175 +0,161 +0,178 +0,163 +0,183 +0,025 +0,045 +0,041 +0,034 +0,052 +0,022 +0,055 +0,036 
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êëàñòåðó, à òàêîæ äëÿ îïòèì³çîâàíèõ ìîëåêóë
eda ³ deta, íàâåäåí³ â òàáë. 2. Âñ³ îá÷èñëåííÿ
âèêîíóâàëè âèõîäÿ÷è ç ïðèïóùåííÿ, ùî êëà-
ñòåðíèé ôðàãìåíò õåëàòíîãî êîìïëåêñó (ÿê ³ ìî-
ëåêóëè eda ³ deta) ïåðåáóâàþòü â ãàçîïîä³áíîìó
ñòàí³.

Îá÷èñëåí³ çíà÷åííÿ åíåðã³¿ õ³ì³÷íèõ
çâ’ÿçê³â äëÿ eda ³ deta òà äîñë³äæóâàíîãî ñòðóê-
òóðíîãî ôðàãìåíòó êîìïëåêñó [Cu(eda)(deta)]SiF6

äàþòü çìîãó âñòàíîâèòè òàê³ ô³çèêî-õ³ì³÷í³ õà-
ðàêòåðèñòèêè ÿê ñòàíäàðòíà åíòàëüï³ÿ óòâîðåí-
íÿ ðå÷îâèí â ãàçîïîä³áíîìó ñòàí³ ³ ñòàíäàðòíà
åíòàëüï³ÿ çãîðÿííÿ (àáî òåïëîòâîðíà ñïðî-
ìîæí³ñòü) [13], à òàêîæ ðîáèòè ïåâí³ âèñíîâêè
ñòîñîâíî ðîë³ ñîëåé êóïðóìó ÿê åôåêòèâíèõ àí-
òèï³ðåí³â ó ðàç³ ñòâîðåííÿ ïîë³ìåðíèõ êîìïî-
çèö³é.

Òåðìîõ³ì³÷íèé àíàë³ç
Çà çàêîíîì Ãåññà ïðîöåñ óòâîðåííÿ ãàçî-

ïîä³áíèõ åòèëåíä³àì³íó (C2N2H8) ³ ä³åòèëåíòð³-
àì³íó (C4N3H13) â ñòàíäàðòíèõ óìîâàõ ³ç ãðàô³-
òó, ìîëåêóëÿðíèõ âîäíþ ³ àçîòó ìîæíà ðîçãëÿ-
äàòè ÿê òàêèé, ùî â³äáóâàºòüñÿ ó äâ³ ñòàä³¿:

6Ñ(ãðàô³ò)=6Ñ(ã), 
1ΔH ;               (1)

1ΔH =6Åàò.(ãðàô³òó) (êÄæ)

6Ñ(ã)+10,5Í2(ã)+2,5N2(ã)=
=C2N2H8(ã)+C4N3H13(ã), 2ΔH ;          (2)

2ΔH =
1ΔH +10,5ÅÍ–Í+2,5ÅNN–

–SÅçâ.(C2N2H8+C4N3H13) (êÄæ).

Çâàæàþ÷è íà â³äîì³ çíà÷åííÿ Åàò.(ãðàô³òó),
ÅÍ–Í, ÅNN òà îá÷èñëåí³ çíà÷åííÿ Åçâ.(C2N2H8+
+C4N3H13) (òàáë. 2), ÿê³ â³äïîâ³äíî äîð³âíþþòü
(ó êÄæ/ìîëü) 715.1, 432.0, 941.7 òà 11226.5, ìà-
òèìåìî:

утв.ΔH

(C2N2H8+C4N3H13)(ã)= 2ΔH .

Óòâîðåííÿ æ õåëàòíîãî êîìïëåêñó
[Cu(C2N2H8)(C4N3H13)]SiF6(ã) çä³éñíþºòüñÿ ó ÷î-
òèðè ñòàä³¿, âèõîäÿ÷è ç ãðàô³òó, ì³ä³, êðåìí³þ,
ìîëåêóëÿðíèõ âîäíþ, ôòîðó ³ àçîòó (ðåàêö³¿ 3–
6):

Òàáëèöÿ 2
Åíåðã³¿ õ³ì³÷íèõ çâ’ÿçê³â â êëàñòåðíîìó ôðàãìåíò³ [Cu(eda)(deta)]SiF6 òà ìîëåêóëàõ åòèëåíä³àì³íó

³ ä³åòèëåíòðèàì³íó

Хімічна одиниця  Структурний фрагмент 
Сумарна енергія всіх хімічних 

зв’язків, кДж/моль 

 

 

 

 

 

 

[Cu(eda)(deta)]SiF6 

 

 

 

 

 

 12491,3 

 

 

eda (після оптимізації) 

 

 

 4117,6 

 

 

 

deta (після оптимізації) 

 

 

 

 

 7108,9 
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6Ñ(ãðàô³ò)=6Ñ(ã), 
3ΔH ;               (3)

3ΔH =6Åàò.(ãðàô³òó) (êÄæ)

Ñu(ê)=Ñu(ã), 
4ΔH ;               (4)

4ΔH =Åàò.(Cu) (êÄæ)

Si(ê)=Si(ã), 
5ΔH ;               (5)

5ΔH =Åàò.(Si) (êÄæ)

6Ñ(ã)+Ñu(ã)+Si(ã)+3F2(ã)+10,5Í2(ã)+
+2,5N2(ã)=[Cu(C2N2H8)(C4N3H13)]SiF6 (ã),

6ΔH ;  (6)

6ΔH =
3ΔH +

4ΔH +
5ΔH +3ÅF–F+10,5ÅÍ–Í+

+2,5ÅNN–SÅçâ.([Cu(C2N2H8)(C4N3H13)]SiF6) (êÄæ).

Îñê³ëüêè Åàò.(ãðàô³òó), Åàò.(Cu), Åàò.(Si),
ÅF–F, ÅÍ–Í, ÅNN òà îá÷èñëåíå çíà÷åííÿ
Åçâ.([Cu(C2N2H8)(C4N3H13)]SiF6) (òàáë. 2) â³äïî-
â³äíî ñòàíîâëÿòü (ó êÄæ/ìîëü) 715,1, 337,6, 452,1,
154,8, 432,0, 941,7 òà 12491,3, òîä³

утв.ΔH

([Cu(C2N2H8)(C4N3H13)]SiF6)(ã)=

утв.ΔH

([Cu(C2N2H8)(C4N3H13)]SiF6)(ã)= 6ΔH

Òåïåð âèêîíàºìî òåðìîõ³ì³÷í³ îá÷èñëåííÿ
ïðîöåñ³â ïîâíîãî çãîðÿííÿ åòèëåíä³àì³íó ³ ä³-
åòèëåíòðèàì³íó ó â³ëüíîìó òà ó çâ’ÿçàíîìó ó êîì-
ïëåêñ ñòàíàõ. Íàéá³ëüø â³ðîã³äíèé ïåðåá³ã öèõ
ïðîöåñ³â â³äáóâàòèìåòüñÿ çà ð³âíÿííÿìè ðåàêö³é
(7) òà (8):

C2N2H8(ã)+C4N3H13(ã)+11,25Î2(ã)=
6CO2(ã)+10,5H2O(ã)+2,5N2(ã), 7ΔH ;      (7)

7ΔH =6 утв.ΔH

CO2(ã)+10,5 утв.ΔH

H2O(ã)–
–( утв.ΔH

C2N2H8(ã)+ утв.ΔH

C4N3H13(ã))

[Cu(C2N2H8)(C4N3H13)]SiF6(ã)+11,25Î2(ã)=
=CuO(ã)+SiO2(ã)+6CO2(ã)+7,5H2O(ã)+
6HF(ã)+2,5N2(ã), 8ΔH ;                    (8)

8ΔH = утв.ΔH

CuO(ã)+ утв.ΔH

SiO2(ã)+
+6 утв.ΔH

CO2(ã)+7,5 утв.ΔH

H2O(ã)+
         +6 утв.ΔH

HF(ã)–
    – утв.ΔH

[Cu(C2N2H8)(C4N3H13)]SiF6(ã)

Ìàþ÷è äîâ³äíèêîâ³ çíà÷åííÿ ñòàíäàðòíèõ
åíòàëüï³é óòâîðåííÿ ãàçîïîä³áíèõ CO2, H2O, HF,
CuO, SiO2 òà îòðèìàí³ çíà÷åííÿ

утв.ΔH

(C2N2H8+C4N3H13)(ã),

утв.ΔH

[Cu(C2N2H8)(C4N3H13)]SiF6(ã),

ÿê³ â³äïîâ³äíî äîð³âíþþòü (ó êÄæ/ìîëü) –393,5,
–241,8, –270,7, +320,0, –326,3 òà –45,65, –56,45,
íåâàæêî áóäå îá÷èñëèòè çíà÷åííÿ ñòàíäàðòíî¿

åíòàëüï³¿ çãîðÿííÿ (
зг.ΔH ) òà òåïëîòâîðíî¿ ñïðî-

ìîæíîñò³ ( зг.Q ) äëÿ ðåàêö³é (7) òà (8). Òîä³ ìàº-
ìî:

зг.ΔH (C2N2H8+C4N3H13)(ã)= 7ΔH ,

зг.ΔH [Cu(C2N2H8)(C4N3H13)]SiF6(ã)= 8ΔH .

Ðåçóëüòàòè òåðìîõ³ì³÷íèõ îá÷èñëåíü çâåäå-
íî â òàáë. 3.

Îáãîâîðåííÿ ðåçóëüòàò³â

ßê ïîêàçàëè ðåçóëüòàòè êâàíòîâî-õ³ì³÷íèõ
îá÷èñëåíü, åëåêòðîííà ãóñòèíà ó â³ëüíèõ ìîëå-
êóëàõ åòèëåíä³àì³íó òà ä³åòèëåíòðèàì³íó, ÿêà
çäåá³ëüøîãî êîíöåíòðóâàëàñü íà åëåêòðîíåãàòèâ-
íèõ àòîìàõ í³òðîãåíó, ï³ñëÿ õåëàòóâàííÿ àòîì³â
ìåòàëó åôåêòèâíî ïåðåíîñèòüñÿ íà ³îí Cu2+ êîì-
ïëåêñíîãî êàò³îíó çàâäÿêè óòâîðåííþ äîíîðíî-
àêöåïòîðíèõ çâ’ÿçê³â Cu(II)N. Òàê, ÿêùî ó
â³ëüíèõ ìîëåêóëàõ åòèëåíä³àì³íó òà ä³åòèëåíò-
ðèàì³íó åôåêòèâíèé çàðÿä (d) íà àòîìàõ í³òðî-
ãåíó ñòàíîâèâ –0,266–0,393 e–, òî ï³ñëÿ õåëàòó-
âàííÿ ó ôðàãìåíò³ [Cu(eda)(deta)]2+ åôåêòèâíèé
çàðÿä íà êîîðäèíîâàíèõ àòîìàõ N çì³íþºòüñÿ
äî –0,026–0,148 e– (òàáë. 1). Öåé ôàêò çàéâèé
ðàç ï³äòâåðäæóº, ùî ïðîöåñ êîìïëåêñîóòâîðåí-
íÿ ñóïðîâîäæóºòüñÿ âèâ³ëüíåííÿì çíà÷íî¿ åíåðã³¿

Òàáëèöÿ 3
Ðåçóëüòàòè òåðìîõ³ì³÷íèõ îá÷èñëåíü, âèêîíàíèõ äëÿ åòèëåíä³àì³íó, ä³åòèëåíòðèàì³íó òà õåëàòíîãî êîìïëåêñó

[Cu(C2N2H8)(C4N3H13)]SiF6

Речовина утв.ΔH

, кДж/моль 
зг.

ΔH

, кДж/моль зг.Q , кДж/кг 

C2N2H8(г)+C4N3H13(г) –45,65 –4854,25 29780,0 

[Cu(C2N2H8)(C4N3H13)]SiF6(г) –56,35 –5748,6 15600,0 
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(îá÷èñëåíà êâàíòîâî-õ³ì³÷íî åíåðã³ÿ õåëàòóâàí-
íÿ àòîìà êóïðóìó ìîëåêóëàìè eda ³ deta ñòàíî-
âèòü 337,5 êÄæ).

Òàê³ çì³íè â åíåðãåòè÷íîìó ñòàí³ åòèëåíä³-
àì³íó òà ä³åòèëåíòðèàì³íó â ìîìåíò óòâîðåííÿ
êîìïëåêñó ³ âïëèâ öüîãî åôåêòó íà çíèæåííÿ ¿õ
ãîðþ÷îñò³ äîáðå óçãîäæóºòüñÿ ç ðåçóëüòàòàìè
åêñïåðèìåíòó. Çîêðåìà, òåðìîõ³ì³÷í³ ðîçðàõóí-
êè ïîêàçàëè, ùî òåïëîòâîðíà ñïðîìîæí³ñòü õå-
ëàòíîãî êîìïëåêñó [Cu(eda)(deta)]SiF6(ã), ñòîñîâ-
íî ìîëåêóë eda ³ deta â ãàçîïîä³áíîìó ñòàí³ çíè-
æóºòüñÿ ìàéæå âäâ³÷³. Åêñïåðèìåíòàëüíå æ âè-
çíà÷åííÿ òåìïåðàòóð çàéìàííÿ é ñàìîçàéìàí-
íÿ, ÿêå áóëî âèêîíàíå äëÿ êðèñòàë³â õåëàòíîãî
êîìïëåêñó [Cu(eda)(deta)]SiF6 [9], âêàçóº íà òå,
ùî åòèëåíä³àì³í ³ ä³åòèëåíòðèàì³í ó çâ’ÿçàíîìó
â êîìïëåêñ ñòàí³ âçàãàë³ ïåðåòâîðþþòüñÿ ó íå-
ãîðþ÷³ ðå÷îâèíè. Òàê, çàéìàííÿ ³ ñàìîçàéìàí-
íÿ ïîë³åòèëåíïîë³àì³íó, äî ñêëàäó ÿêîãî âëàñíå
âõîäèòü åòèëåíä³àì³í ³ ä³åòèëåíòðèàì³í, ï³ñëÿ
çâ’ÿçóâàííÿ â êîìïëåêñ âçàãàë³ íå ñïîñòåð³ãàºòü-
ñÿ, õî÷à tç. i tñç. äëÿ â³ëüíîãî ïîë³åòèëåíïîë³àì³íó
ñòàíîâèòü 1360Ñ ³ 3930Ñ, â³äïîâ³äíî.

Ïîçà âñÿêèì ñóìí³âîì, ïðè÷èíîþ öüîãî º
äîäàòêîâ³ õ³ì³÷í³ çâ’ÿçêè, ÿê³ âèíèêàþòü ì³æ
ãîðþ÷èìè ìîëåêóëàìè åòèëåíä³àì³íó ³ ä³åòèëåí-
òðèàì³íó ³ íåãîðþ÷îþ íåîðãàí³÷íîþ ñ³ëëþ
CuSiF6. Íà ðóéíóâàííÿ ñàìå öèõ çâ’ÿçê³â
(Cu(II)N) ³ âèòðà÷àºòüñÿ ëåâîâà ÷àñòêà òåïëî-
âî¿ åíåðã³¿, ÿêà íàäõîäèòü â³ä äæåðåëà çàïàëþ-
âàííÿ. Ñêàæåìî á³ëüøå, àáè ç’ÿâèëîñü ïîëóì’ÿ,
òðåáà, ùîá åòèëåíä³àì³í ³ ä³åòèëåíòðèàì³í, ùî
ïðè íàãð³âàíí³ âèâ³ëüíÿþòüñÿ ³ç çâ’ÿçàíîãî ñòà-
íó, óòâîðþâàëè ïàðîïîâ³òðÿíó ñóì³ø, â ÿê³é áè
êîíöåíòðàö³ÿ íàñè÷åíî¿ ïàðè åòèëåíä³àì³íó ³
ä³åòèëåíòðèàì³íó ïåðåâèùóâàëà íèæíþ êîíöåí-
òðàö³éíó ìåæó ïîøèðåííÿ ïîëóì’ÿ. Âò³ì, íàâ³òü
çà òåìïåðàòóðè, ùî ïåðåâèùóº 4500Ñ, çàéìàííÿ
åòèëåíä³àì³íó ³ ä³åòèëåíòðèàì³íó íàä ðîçïëàâ-
ëåíîþ êîìïëåêñíîþ ñïîëóêîþ íå íàñòàâàëî, ùî
ñâ³ä÷èòü ïðî íåäîñòàòíþ äëÿ ïîëóì’ÿíîãî ãîð³í-
íÿ êîíöåíòðàö³þ ïàðè åòèëåíä³àì³íó ³ ä³åòèëåí-
òðèàì³íó â ðåàêö³éí³é ñóì³ø³. ßê ïîêàçàëè ðå-
çóëüòàòè äåðèâàòîãðàô³÷íèõ äîñë³äæåíü [10],
íà â³äì³íó â³ä ïîë³åòèëåíïîë³àì³íó, ïîâíà âòðà-
òà ìàñè ÿêîãî ñïîñòåð³ãàºòüñÿ â òåìïåðàòóðíîìó
³íòåðâàë³ 20–1700Ñ, ðîçêëàäàííÿ õåëàòíîãî êîì-
ïëåêñó [Cu(eda)(deta)]SiF6 ïðîò³êàº â ÷îòèðè
ñòàä³¿ ³ çàâåðøóºòüñÿ çà òåìïåðàòóðè 5440Ñ. Îòæå
â àíòèï³ðåí³-çàòâåðäíèêó ìîëåêóëè eda ³ deta
ì³öíî óòðèìóþòüñÿ â êîìïëåêñ³, òîìó ìèòòºâå
¿õ âèïàðîâóâàííÿ, à â³äòàê, ³ çàéìàííÿ ñòàº óò-
ðóäíåíèì. Â öüîìó, î÷åâèäíî, é ïîëÿãàº îñíîâ-
íà ïðè÷èíà åôåêòèâíîãî àíòèï³ðåíîâîãî âïëè-

âó ñîëåé d-ìåòàë³â íà ãîð³ííÿ í³òðîãåíîâì³ñíèõ
âóãëåâîäí³â.

Âèñíîâêè

Ïðîâåäåí³ êâàíòîâî-õ³ì³÷í³ òà òåðìîõ³ì³÷í³
îá÷èñëåííÿ ïðîöåñó êîìïëåêñîóòâîðåííÿ çàñâ-
³ä÷èëè, ùî ôîðìóâàííÿ â ñèñòåì³
H2N[–C2H4NH–]nH–CuSiF6 õåëàòíîãî êîìïëåê-
ñó [Cu(eda)(deta)]SiF6 ñóïðîâîäæóºòüñÿ çì³íîþ
åíåðãåòè÷íîãî ñòàíó äëÿ õ³ì³÷íî çâ’ÿçàíîãî åòè-
ëåíä³àì³íó ³ ä³åòèëåíòðèàì³íó ñòîñîâíî ¿õ â³ëüíèõ
ìîëåêóë. Îêð³ì òîãî, ïðîöåñ ñïîëó÷åííÿ íåãî-
ðþ÷î¿ íåîðãàí³÷íî¿ ñîë³ ç ãîðþ÷îþ îðãàí³÷íîþ
ðå÷îâèíîþ â ì³öíèé êîìïëåêñ çàáåçïå÷óº ïî-
íèæåííÿ ãîðþ÷îñò³ í³òðîãåíîâì³ñíîãî âóãëåâîä-
íþ, ùî º âàæëèâîþ ëàíêîþ íà øëÿõó äî ðåàë³-
çàö³¿ ñêëàäíîãî ìåõàí³çìó àíòèï³ðåíîâîãî âïëè-
âó ñîëåé d-ìåòàë³â íà ãîð³ííÿ îðãàí³÷íèõ àì³í³â.
Òîìó ñïîëóêè êóïðóìó, ³ çîêðåìà CuSiF6, ç óñï³-
õîì ìîæíà âèêîðèñòîâóâàòè ÿê àíòèï³ðåíîâó
äîáàâêó, ñïðîìîæíó åôåêòèâíî çíèæóâàòè ãî-
ðþ÷³ñòü ñèíòåòè÷íèõ ïîë³ìåð³â íà îñíîâ³ åïîê-
ñ³àì³ííèõ êîìïîçèö³é.
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 CHELATE

COMPLEX, A FIRE RETARDANT-HARDENER OF EPOXY
RESINS, UNDER THE CONDITIONS OF BURNING
H.I. Lavrenyuk, B.M. Mykhalichko, V.-P.O. Parhomenko

Lviv State University of Life Safety, Lviv, Ukraine

Based on the results of the crystal structure study of
[Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6 chelate complex
which is the product of the interaction between a hardener of epoxy
resins (polyethylenepolyamine, H2N[–C2H4NH–]nH, where n=1 or
2) and copper(II) hexafluosilicate (a fire-retardant added to epoxy-
amine composites), we carried out the quantum-chemical calculations
of the thermochemical parameters (total energy of all chemical bonds,
formation enthalpy and combustion heat) of the processes of
complexing and burning that occur in H2N[–C2H4NH–]nH–CuSiF6

and [Cu(H2NC2H4NH2)(H2NC2H4NHC2H4NH2)]SiF6–O2 systems,
respectively. The ab initio quantum-chemical calculations have been
performed using the restricted Hartree-Fock method with a 6-31G*
basis set. It was ascertained that concurrent chelating Cu2+ ion of
anhydrous copper(II) hexafluosilicate salt by both ethylenediamine
(eda) and diethylenetriamine (deta) (the component parts of
polyethylenepolyamine) and appearing five strong donor-acceptor
bonds Cu(II)N allows very efficiently diminishing the combustibility
not only of the coordinated molecules of the hardener of epoxy resins,
but also of the modified epoxy-amine composites. This is in good
agreement with the results of a derivatographic analysis and
experimental determination of ignition point and self-ignition point
of the [Cu(eda)(deta)]SiF6 crystal complex and polyethylene-
polyamine. The obtained results justify the use of chelate complexes
of transition metals salts with polyamines as efficient fire retardant-
hardeners for the development of the self-extinguishing epoxy-amine
composites.

Keywords: quantum-chemical calculation; thermochem-
istry; copper (II) chelate complexes; fire retardant-hardener; ep-
oxy resins.
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