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Ââåäåíèå

Èññëåäîâàíèå âçàèìîñâÿçè ñòðîåíèÿ ñîåäèíåíèé ñ

èõ ñâîéñòâàìè îñòàåòñÿ àêòóàëüíîé õèìè÷åñêîé çà-

äà÷åé. Â ðàìêàõ àääèòèâíî-ãðóïïîâîãî ìåòîäà ýòó

ïðîáëåìó ìîæíî ðåøèòü è êà÷åñòâåííî, è êîëè÷åñò-

âåííî. Ðàçëè÷íûå âàðèàíòû ìåòîäà ãðóïïîâîé àääè-

òèâíîñòè èñïîëüçóþòñÿ äëÿ îïèñàíèÿ è ïðîãíîçè-

ðîâàíèÿ ïàðàìåòðîâ ïîæàðíîé îïàñíîñòè âåùåñòâ

ðàçëè÷íûõ êëàññîâ îðãàíè÷åñêèõ ñîåäèíåíèé, â òîì

÷èñëå òåìïåðàòóð âñïûøêè è ñàìîâîñïëàìåíåíèÿ

óãëåâîäîðîäîâ [1–3]. Ïîäðîáíûé îáçîð ìåòîäîâ ðàñ-

÷åòà òåìïåðàòóðû âñïûøêè æèäêîñòåé ïðèâåäåí â

ðàáîòå [4]. Ðàíåå àääèòèâíî-ãðóïïîâîé ïîäõîä â

ïðèáëèæåíèè àääèòèâíîñòè ñâÿçåé áûë èñïîëüçî-

âàí íàìè äëÿ îïèñàíèÿ è ïðîãíîçèðîâàíèÿ òåìïåðà-

òóðû âñïûøêè ñïèðòîâ, êåòîíîâ è ñëîæíûõ ýôèðîâ

[5, 6].

Ñëåäóåò îòìåòèòü, ÷òî òåìïåðàòóðà âñïûøêè è

ýíòàëüïèÿ èñïàðåíèÿ õàðàêòåðèçóþò ïðîöåññ ôîð-

ìèðîâàíèÿ ïîæàðî- è âçðûâîîïàñíûõ ïàðîâîçäóø-

íûõ ñìåñåé íàä ïîâåðõíîñòüþ æèäêîñòåé. Ñâåäåíèÿ

î òåìïåðàòóðå ñàìîâîñïëàìåíåíèÿ âàæíû äëÿ ñîçäà-

íèÿ áåçîïàñíûõ óñëîâèé õðàíåíèÿ è èñïîëüçîâàíèÿ

ïîæàðî- è âçðûâîîïàñíûõ ïàðîâîçäóøíûõ ñìåñåé,

ïîýòîìó óêàçàííûå ñâîéñòâà îòíîñÿòñÿ ê îñíîâíûì

ïîêàçàòåëÿì ïîæàðíîé îïàñíîñòè âåùåñòâ.

Öåëè è çàäà÷è ðàáîòû

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ óñòàíîâëå-

íèå âçàèìîñâÿçè òåìïåðàòóð âñïûøêè è ñàìîâîñ-
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ïëàìåíåíèÿ, ýíòàëüïèé èñïàðåíèÿ ïðåäåëüíûõ óã-

ëåâîäîðîäîâ ñ ñîñòàâîì è ñòðîåíèåì èõ ìîëåêóë ñ

ïîìîùüþ ìåòîäà àääèòèâíîñòè õèìè÷åñêèõ ñâÿçåé.

Â íàñòîÿùåé ðàáîòå èñïîëüçîâàííàÿ íàìè ðàíåå [5, 6]

àääèòèâíàÿ ñõåìà àäàïòèðîâàíà ê ïîêàçàòåëÿì ïî-

æàðíîé îïàñíîñòè ïðåäåëüíûõ óãëåâîäîðîäîâ.

Ìåòîäèêà ðàñ÷åòà

Ïðèìåðû âûäåëåíèÿ ÑÍ-ñâÿçåé ðàçíîãî âèäà â

ìîëåêóëàõ ïðåäåëüíûõ óãëåâîäîðîäîâ ïðåäñòàâëå-

íû â òàáëèöå.

Èñõîäÿ èç ïðèâåäåííîé ñõåìû âûäåëåíèÿ ñòðóê-

òóðíûõ ôðàãìåíòîâ òåìïåðàòóðà âñïûøêè èëè ñàìî-

âîñïëàìåíåíèÿ tâñï(ñâ) ìîæåò áûòü âûðàæåíà óðàâ-

íåíèåì

tâñï(ñâ) = tâñï(ñâ)(CHp) p + tâñï(ñâ)(CHs) s +

+ tâñï(ñâ)(CHt) t + tâñï(ñâ)(Ch) h.
(1)

Çäåñü tâñï(ñâ)(CHp), tâñï(ñâ)(CHs), tâñï(ñâ)(CHt), tâñï(ñâ)(Ch)

— âêëàäû ñâÿçåé ñîîòâåòñòâåííî ìåòèëüíîé, ìåòè-

ëåíîâîé è ìåòèíîâîé ãðóïï, à òàêæå ÷åòâåðòè÷íûõ

àòîìîâ óãëåðîäà â òåìïåðàòóðó âñïûøêè èëè ñàìî-

âîñïëàìåíåíèÿ; s, p, t, h — êîëè÷åñòâî óêàçàííûõ

ñòðóêòóðíûõ ôðàãìåíòîâ, îïðåäåëÿåìîå èñõîäÿ èç

ñòðîåíèÿ ìîëåêóë.

Âêëàäû tâñï(ñâ)(CHp), tâñï(ñâ)(CHs), tâñï(ñâ)(CHt) è

tâñï(ñâ)(Ch) ðàññ÷èòûâàþòñÿ ïóòåì ðåãðåññèîííîãî àíà-

ëèçà âåëè÷èí s, p, t, h è ýêñïåðèìåíòàëüíûõ äàííûõ

ïî òåìïåðàòóðå âñïûøêè èëè ñàìîâîñïëàìåíåíèÿ.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Àíàëèç äàííûõ ïî òåìïåðàòóðå âñïûøêè [7–10]

ïîêàçàë, ÷òî äëÿ ïðåäåëüíûõ óãëåâîäîðîäîâ ïîñòî-

ÿííûé âêëàä ñâÿçè ÑÍ ìåòèëåíîâîé ãðóïïû (ÑÍs)

èëè ìåòèëåíîâîé ãðóïïû â öåëîì ñîáëþäàåòñÿ äëÿ

ñîåäèíåíèé, íà÷èíàÿ ñ òðèäåêàíà. Ýòî ïîäòâåðæäà-

åò ðåãðåññèîííûé àíàëèç òåìïåðàòóð âñïûøêè íîð-

ìàëüíûõ àëêàíîâ ñ ÷èñëîì ñâÿçåé ÑÍs s � 20 (÷èñëî

àòîìîâ óãëåðîäà â ìîëåêóëå NC � 12) ñ èñïîëüçîâà-

íèåì ñîîòíîøåíèÿ

tâñï = tâñï (CHp) p + tâñï (CHs) s =

= (–8,08 � 0,30) ð + (6,30 � 0,07) s
(2)

ïðè sf = 0,3 °Ñ, R2 = 0,9999,

n = 4 (Ñ13Í28–Ñ16Í34),

ãäå sf — ñòàíäàðòíîå îòêëîíåíèå;

R2 — êîýôôèöèåíò êîððåëÿöèè;

n — ðàçìåð âûáîðêè.

Èìåþùèåñÿ äàííûå ïî òåìïåðàòóðå ñàìîâîñïëà-

ìåíåíèÿ [7–10] ñâèäåòåëüñòâóþò î òîì, ÷òî äëÿ ïðå-

äåëüíûõ óãëåâîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ, íà-

÷èíàÿ ñ í-íîíàíà, îíà íå èçìåíÿåòñÿ è ñîñòàâëÿåò

(204�2) °Ñ. Óêàçàííîå ñðåäíåå îòêëîíåíèå (�2 °Ñ)

íå ïðåâûøàåò ïîãðåøíîñòè èçìåðåíèé ñòàíäàðòíîé

òåìïåðàòóðû ñàìîâîñïëàìåíåíèÿ [7]. Òàêèì îáðà-

çîì, âêëàä ìåòèëåíîâîé ãðóïïû (èëè ñâÿçè ÑÍs)

ôîðìàëüíî ðàâåí íóëþ. Â ýòîì ñëó÷àå âêëàä ñâÿçè

ÑÍp áóäåò ðàâåí 1/6 äîëå îò òåìïåðàòóðû ñàìîâîñ-

ïëàìåíåíèÿ: (34,0�0,3) °Ñ. Ïî íàøåìó ìíåíèþ, òàêîé

ïîäõîä ê óñòàíîâëåíèþ âêëàäà ñâÿçè ÑÍp áîëåå ïðà-

âèëüíûé ïî ñðàâíåíèþ ñ åãî îïðåäåëåíèåì èñõîäÿ

èç òåìïåðàòóðû ñàìîâîñïëàìåíåíèÿ ìåòàíà (0,25tñâ)

èëè ýòàíà (1/6tñâ), ïîñêîëüêó ýòè ñîåäèíåíèÿ íå ñî-

äåðæàò íèêàêèõ äðóãèõ âèäîâ ñòðóêòóðíûõ ôðàã-

ìåíòîâ.

Åñëè ïðèíÿòü âêëàäû ÑÍ-ñâÿçåé â ìåòèëüíûõ ðà-

äèêàëàõ ïîñòîÿííûìè äëÿ âñåõ óãëåâîäîðîäîâ, òîðàñ-

ñ÷èòàòü âêëàä ôðàãìåíòà ÑÍs â òåìïåðàòóðû âñïûø-

êè è ñàìîâîñïëàìåíåíèÿ äàííîãî í-àëêàíà ìîæíî

ïî ôîðìóëå

tâñï(ñâ)(ÑÍs) = [tâñï(ñâ) – 6 tâñï(ñâ)(ÑÍp)]�s. (3)

Çàâèñèìîñòü ïàðàìåòðîâ tñâ(CHs) è tâñï(CHs) îò

÷èñëà àòîìîâ óãëåðîäà â ìîëåêóëå í-àëêàíà ïðåä-

ñòàâëåíà íà ðèñóíêå. Ïðèâåäåííûå äàííûå ïîêàçû-
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ÑÍ-ñâÿçü

Êîëè÷åñòâî ÑÍ-ñâÿçåé â óãëåâîäîðîäå

í-ãåêñàíå 2,2,3-òðèìåòèëãåïòàíå

CHp 6 15

CHs 8 6

CHt 0 1

Ch 0 1

Ï ð è ì å ÷ à í è å. CHp — ñâÿçè ÑÍ ìåòèëüíûõ ðàäèêàëîâ, CHs — ìåòèëåíîâûõ ãðóïï, CHt — ìåòèíîâûõ ãðóïï (òðåòè÷íîãî

àòîìà óãëåðîäà), Ch — ÷åòâåðòè÷íûå àòîìû óãëåðîäà.

Âèä è êîëè÷åñòâî ÑÍ-ñâÿçåé â ìîëåêóëàõ í-ãåêñàíà è 2,2,3-òðèìåòèëãåïòàíà



âàþò, ÷òî ñóùåñòâóåò àñèìïòîòè÷åñêàÿ çàâèñèìîñòü

tâñï(ÑÍs) è tñâ(ÑÍs) îò ðàçìåðà ìîëåêóë ïðåäåëüíûõ

óãëåâîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ.

Àñèìïòîòè÷åñêóþ çàâèñèìîñòü tâñï(ñâ) = f (s) õî-

ðîøî îïèñûâàþò ýêñïîíåíöèàëüíûå ìîäåëè ñ òðåìÿ

ïîäãîíî÷íûìè êîýôôèöèåíòàìè. Â íàñòîÿùåé ðà-

áîòå äëÿ îïèñàíèÿ tâñï(ÑÍs) áûëî èñïîëüçîâàíî âû-

ðàæåíèå, â êîòîðîì êîýôôèöèåíò À ðàâåí ïðåäåëü-

íîìó çíà÷åíèþ âêëàäà ñâÿçè ÑÍs â òåìïåðàòóðó

âñïûøêè óãëåâîäîðîäîâ (6,30 °Ñ ïî óðàâíåíèþ (2)):

tâñï = A + Â exp (Ñs), (4)

ãäå À, Â, Ñ — ïîäãîíî÷íûå êîýôôèöèåíòû.

Â ðåçóëüòàòå áûëî ïîëó÷åíî óðàâíåíèå äëÿ îïè-

ñàíèÿ âêëàäà ãðóïïû ÑÍs â òåìïåðàòóðó âñïûøêè

ïðåäåëüíûõ óãëåâîäîðîäîâ:

tâñï (ÑÍs) = 6,3 – (29,51 � 0,89) �
� exp[(0,279 � 0,004) s]

(5)
ïðè sf = 0,06 °Ñ, R2 = 0,9992,

n = 12 (Ñ5Í12–Ñ16Í34).

Êîìáèíàöèÿ óðàâíåíèé (2) è (5) äàåò âûðàæåíèå

äëÿ îïèñàíèÿ òåìïåðàòóðû âñïûøêè ïðåäåëüíûõ

óãëåâîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ:

tâñï = tâñï (ÑÍp) p + tâñï (ÑÍs) s =

= –8,08ð + [6,3 – 29,51 exp (0,279 s)] s.
(6)

Äëÿ îïèñàíèÿ tñâ(ÑÍs) áûëî èñïîëüçîâàíî âû-

ðàæåíèå (4), â êîòîðîì êîýôôèöèåíò À ðàâåí íóëþ

(ïðåäåëüíîìó çíà÷åíèþ âêëàäà ñâÿçè ÑÍs â òåìïå-

ðàòóðó ñàìîâîñïëàìåíåíèÿ óãëåâîäîðîäîâ). Â ðå-

çóëüòàòå áûëî ïîëó÷åíî óðàâíåíèå äëÿ îïèñàíèÿ

âêëàäà ãðóïïû ÑÍs â òåìïåðàòóðó ñàìîâîñïëàìåíå-

íèÿ ïðåäåëüíûõ óãëåâîäîðîäîâ:

tñâ (ÑÍs) = (377,8 � 11,2) exp[(–0,520 � 0,012) s]

ïðè sf = 2 °Ñ, R2 = 0,9985, (7)

n = 14 (Ñ3Í8–Ñ16Í34).

Êîìáèíàöèÿ óðàâíåíèé (2) è (7) äàåò âûðàæåíèå

äëÿ îïèñàíèÿ òåìïåðàòóðû ñàìîâîñïëàìåíåíèÿ

ïðåäåëüíûõ óãëåâîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ:

tâñï = tâñï (ÑÍp) p + tâñï (ÑÍs) s =

= 34,0ð + [377,8 exp(–0,520 s)] s.
(8)

Ïî íàøåìó ìíåíèþ, îäèíàêîâûé âèä çàâèñèìî-

ñòåé îáúÿñíÿåòñÿ ðàçëè÷íûìè ïðè÷èíàìè.

Ðàññìîòðèì òåìïåðàòóðó âñïûøêè óãëåâîäîðî-

äîâ. Ñîãëàñíî îïðåäåëåíèþ òåìïåðàòóðå âñïûøêè

ñîîòâåòñòâóåò íåêîòîðîå äàâëåíèå ïàðà æèäêîñòè

íàä åå ïîâåðõíîñòüþ. Òàêèì îáðàçîì, ïàðàìåòð tâñï

õàðàêòåðèçóåò, íà ïåðâûé âçãëÿä, ïðîöåññ èñïàðå-

íèÿ æèäêîñòè ïðè äàííîé òåìïåðàòóðå. Àâòîðû ðà-

áîòû [11] îòìå÷àþò, ÷òî íåêîòîðûå äðóãèå ñâîéñòâà

æèäêèõ óãëåâîäîðîäîâ (ïëîòíîñòü, òåðìè÷åñêèé êî-

ýôôèöèåíò îáúåìíîãî ðàñøèðåíèÿ) òàêæå èìåþò

àñèìïòîòè÷åñêóþ çàâèñèìîñòü îò ðàçìåðà ìîëåêóë.

Êàê ñïðàâåäëèâî îòìå÷åíî àâòîðàìè [12], ñâîéñòâà

íèçøèõ ÷ëåíîâ ãîìîëîãè÷åñêîãî ðÿäà í-àëêàíîâ îáó-

ñëîâëåíû ìåæìîëåêóëÿðíûìè ñâÿçÿìè. Ïðè äîñòà-

òî÷íî áîëüøîé äëèíå óãëåðîäíîé öåïè í-àëêàíû ïî

ñâîåé ïðèðîäå ïðèáëèæàþòñÿ ê ïîëèìåðàì, ñâîéñò-

âà êîòîðûõ â áîëüøåé ñòåïåíè îïðåäåëÿþòñÿ âíóò-

ðèìîëåêóëÿðíûìè âçàèìîäåéñòâèÿìè. Òàêîé êà÷åñò-

âåííûé ïåðåõîä ñ ðîñòîì äëèíû óãëåðîäíîé öåïè

íåèçáåæíî äîëæåí ñîïðîâîæäàòüñÿ àñèìïòîòè÷å-

ñêèì ñòðåìëåíèåì ïîëíîé ýíåðãèè ïàðàôèíà ê ýíåð-

ãèè ïîëèìåðà. Ýòè îñîáåííîñòè ìåæ÷àñòè÷íûõ âçàè-

ìîäåéñòâèé â óãëåâîäîðîäàõ îñëîæíÿþò ïðèìåíå-

íèå àääèòèâíî-ãðóïïîâîãî ïîäõîäà äëÿ îïèñàíèÿ èõ

ñâîéñòâ.

Äðóãîé âàæíîé õàðàêòåðèñòèêîé ïðîöåññà èñïà-

ðåíèÿ ÿâëÿåòñÿ åãî ýíòàëüïèÿ. Ðàññìîòðèì ýòî ñâîé-

ñòâî ñ ïîçèöèé àääèòèâíî-ãðóïïîâîãî ïîäõîäà.

Àíàëèç äàííûõ ïî ýíòàëüïèè èñïàðåíèÿ �èñï Í0

í-àëêàíîâ ïðè 25 °Ñ, çàèìñòâîâàííûõ èç ñïðàâî÷-

íèêà [13], ïîêàçàë, ÷òî íàáëþäàåòñÿ õîðîøàÿ ëèíåé-

íàÿ çàâèñèìîñòü îò ðàçìåðà èõ ìîëåêóë, ò. å. âêëàä

ìåòèëåíîâîé ãðóïïû è, ñîîòâåòñòâåííî, ñòðóêòóð-

íîãî ôðàãìåíòà ÑÍs ÿâëÿåòñÿ ïîñòîÿííûì íåçàâè-

ñèìî îò ðàçìåðà ìîëåêóëû í-àëêàíà. Ýòî ïîäòâåðæ-

äàåòñÿ î÷åíü õîðîøåé êîððåëÿöèåé:

�èñï Í0 = �èñï Í0(ÑÍp) p + �èñï Í0(ÑÍs) s =

= (1,953 � 0,013) ð + (2,480 � 0,001) s
(9)

ïðè sf = 0,1 êÄæ/ìîëü, R2 = 0,9999,

n = 13 (Ñ5Í12–Ñ17Í36).

Âîçíèêàåò âîïðîñ: ïî÷åìó äâà ñâîéñòâà âåùåñò-

âà, õàðàêòåðèçóþùèå ïðîöåññ åãî èñïàðåíèÿ, èìåþò

ðàçíûå çàâèñèìîñòè îò ñîñòàâà ìîëåêóë? Ïî-âèäè-

ìîìó, òåìïåðàòóðà âñïûøêè îòðàæàåò ðàçðûâ ìàëîé

äîëè ìåæìîëåêóëÿðíûõ âçàèìîäåéñòâèé â æèäêîñòè.

Â ýòîì ñëó÷àå âíóòðèìîëåêóëÿðíûå âçàèìîäåéñòâèÿ

â óãëåâîäîðîäàõ ñîñòàâëÿþò çàìåòíóþ êîíêóðåí-
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Çàâèñèìîñòü âêëàäà ñâÿçè ÑÍ ìåòèëåíîâîé ãðóïïû â òåì-

ïåðàòóðû âñïûøêè â çàêðûòîì òèãëå (�) è ñàìîâîñïëàìåíå-

íèÿ (�) í-àëêàíîâ îò ÷èñëà àòîìîâ óãëåðîäà â ìîëåêóëå



öèþ âçàèìîäåéñòâèÿì ìåæäó ìîëåêóëàìè â æèäêîé

ôàçå. Íà ôîíå ýíòàëüïèè èñïàðåíèÿ, õàðàêòåðèçó-

þùåé ðàçðóøåíèå âñåõ âèäîâ ìåæìîëåêóëÿðíûõ

âçàèìîäåéñòâèé, îñîáåííîñòè âíóòðèìîëåêóëÿðíûõ

âçàèìîäåéñòâèé íå ïðîÿâëÿþòñÿ.

Äëÿ çàâåðøåíèÿ îïèñàíèÿ òåìïåðàòóðû âñïûø-

êè ïðåäåëüíûõ óãëåâîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ

è èõ èçîìåðîâ áûëè îïðåäåëåíû âêëàäû ñâÿçè ÑÍ

òðåòè÷íîãî àòîìà óãëåðîäà (CHt) è ÷åòâåðòè÷íîãî

àòîìà óãëåðîäà (Ch) ïóòåì ðåãðåññèîííîãî àíàëèçà

òåìïåðàòóð âñïûøêè ñòðóêòóðíûõ èçîìåðîâ í-àë-

êàíîâ. Ñëåäóåò îòìåòèòü, ÷òî â óêàçàííûõ ñïðàâî÷-

íûõ èçäàíèÿõ [7–10] ïðèâåäåíû çíà÷åíèÿ òåìïåðà-

òóðû âñïûøêè òîëüêî äëÿ óãëåâîäîðîäîâ ïðè s < 20,

ïðè÷åì ìíîãèå èç íèõ ðàññ÷èòàíû ïî òåìïåðàòóðå

êèïåíèÿ. Äëÿ ðàñ÷åòà áûëè èñïîëüçîâàíû òåìïåðà-

òóðû âñïûøêè ñëåäóþùèõ óãëåâîäîðîäîâ: 2,4-äè-

ìåòèëïåíòàíà, 2,5-äèìåòèëãåïòàíà, 4,4-äèìåòèë-

ãåïòàíà, 2,2,5-òðèìåòèëãåêñàíà, 2,3,4-òðèìåòèëãåê-

ñàíà, 2,2,3,3-òåòðàìåòèëïåíòàíà, 2-ìåòèëïåíòàíà

(ðàñ÷.), 3-ìåòèëïåíòàíà (ðàñ÷.), 2-ìåòèëãåêñàíà

(ðàñ÷.), 3-ìåòèëãåêñàíà (ðàñ÷.), 2,2-äèìåòèëïåí-

òàíà (ðàñ÷.), 2,3-äèìåòèëïåíòàíà (ðàñ÷.), 2-ìåòèë-

ãåïòàíà (ðàñ÷.), 3-ìåòèëãåïòàíà (ðàñ÷.), 2,3-äèìå-

òèëãåêñàíà (ðàñ÷.), 2,4-äèìåòèëãåêñàíà (ðàñ÷.),

2,2,3-òðèìåòèëïåíòàíà (ðàñ÷.), 2-ìåòèëîêòàíà (ðàñ÷.),

3-ìåòèëîêòàíà (ðàñ÷.), 4-ìåòèëîêòàíà (ðàñ÷.), 3,3-äè-

ìåòèëãåïòàíà (ðàñ÷.), 3,3-äèýòèëïåíòàíà (ðàñ÷.),

2,4-äèìåòèë-3-ýòèëïåíòàíà (ðàñ÷.), 2-ìåòèëíîíàíà

(ðàñ÷.), 2,3-äèìåòèëîêòàíà (ðàñ÷.), 4,5-äèìåòèëîê-

òàíà (ðàñ÷.), 2,5,5-òðèìåòèëãåïòàíà (ðàñ÷.), 2-ýòèë-

îêòàíà (ðàñ÷.), 3-ýòèëîêòàíà (ðàñ÷.), 4-ýòèëîêòàíà

(ðàñ÷.), 2-ìåòèëäåêàíà (ðàñ÷.), 2,2,3,3-òåòðàìåòèë-

ãåïòàíà (ðàñ÷.).

Ïðè ðàñ÷åòå ïîñòóëèðîâàëîñü, ÷òî âêëàäû ñâÿçåé

ÑÍp è CHs ÿâëÿþòñÿ îäèíàêîâûìè êàê â í-àëêàíàõ,

òàê è â èõ èçîìåðàõ, ïîýòîìó ðåãðåññèîííîìó àíà-

ëèçó áûëà ïîäâåðãíóòà ðàçíîñòü (tâñï i) ìåæäó òåìïå-

ðàòóðîé âñïûøêè èçîìåðà è âêëàäîì â òåìïåðàòóðó

âñïûøêè, îáóñëîâëåííûì íàëè÷èåì â ìîëåêóëå îá-

ùåãî ÷èñëà ñâÿçåé ÑÍp è CHs. Òàêèì îáðàçîì, áûëî

ïîëó÷åíî ñîîòíîøåíèå äëÿ âêëàäîâ ñòðóêòóðíûõ

ôðàãìåíòîâ CHt è Ch:

tâñï i = (55,92 � 0,45) t + (95,28 � 0,93) h

ïðè sf = 3,5 °Ñ, R2 = 0,9990, n = 32.
(10)

Êîìáèíèðîâàíèå óðàâíåíèé (6) è (10) äàåò âû-

ðàæåíèå äëÿ îïèñàíèÿ è ïðîãíîçèðîâàíèÿ òåìïåðà-

òóðû âñïûøêè â çàêðûòîì òèãëå ïðåäåëüíûõ óãëå-

âîäîðîäîâ íîðìàëüíîãî ñòðîåíèÿ è èõ ñòðóêòóðíûõ

èçîìåðîâ:

tâñï = –8,08ð + [6,30 – 29,51 �

� exp(0,279 s)] s + 55,92 t + 95,28 h.
(11)

Ñðåäíÿÿ ïîãðåøíîñòü ðàñ÷åòà tâñï ïî óðàâíåíèþ

(11) äëÿ 12 í-àëêàíîâ Ñ5–Ñ16 è óêàçàííûõ âûøå èçî-

ìåðîâ ñîñòàâëÿåò 2 °Ñ.

Îïèñàíèå ýíòàëüïèè èñïàðåíèÿ ïðåäåëüíûõ óã-

ëåâîäîðîäîâ â ðàçëè÷íûõ âàðèàíòàõ àääèòèâíî-ãðóï-

ïîâîãî ïîäõîäà âûïîëíÿëîñü íåîäíîêðàòíî [13–15],

ïîýòîìó â íàñòîÿùåé ðàáîòå ýòà çàäà÷à íå ñòàâèëàñü.

Íàïðèìåð, â ðàáîòå [15] äëÿ 56 àëêàíîâ ðàçëè÷íîãî

ñòðîåíèÿ áûëè îïðåäåëåíû âêëàäû â ýíòàëüïèþ èñ-

ïàðåíèÿ ðàäèêàëîâ ÑÍ3, ÑÍ2, ÑÍ è Ñ, êîòîðûå ðàâíû

ñîîòâåòñòâåííî (5,74�0,30), (4,96�0,06), (2,63�0,50)

è (0,41�0,50) êÄæ/ìîëü. Ïî ìíåíèþ àâòîðîâ ðàáî-

òû [15], ðàçâåòâëåííîñòü ìîëåêóë ïîâûøàåò âåðîÿò-

íîñòü âíóòðèìîëåêóëÿðíûõ êîíòàêòîâ. Ïîñêîëüêó

ïðè ôèêñèðîâàííîì ðàçìåðå ìîëåêóëû (ðàâåíñòâå

âàí-äåð-âààëüñîâûõ ìîëÿðíûõ îáúåìîâ ñîåäèíåíèé

ñ ðàçâåòâëåííîé è íåðàçâåòâëåííîé öåïüþ) ñóììàð-

íîå ÷èñëî ìåæìîëåêóëÿðíûõ è âíóòðèìîëåêóëÿð-

íûõ êîíòàêòîâ îñòàåòñÿ ïîñòîÿííûì, óâåëè÷åíèå

âíóòðèìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ ïðè ðàçâåòâ-

ëåíèè ìîëåêóë îñëàáëÿåò ìåæìîëåêóëÿðíîå âçàèìî-

äåéñòâèå. Ýòî â ñâîþ î÷åðåäü ïðèâîäèò ê óìåíüøå-

íèþ ýíòàëüïèè èñïàðåíèÿ.

Â çàêëþ÷åíèå ðàññìîòðèì ïðèìåíåíèå èñïîëü-

çîâàííîãî ìåòîäà àääèòèâíîñòè ÑÍ-ñâÿçåé äëÿ îïè-

ñàíèÿ òåìïåðàòóðû ñàìîâîñïëàìåíåíèÿ ïðåäåëü-

íûõ óãëåâîäîðîäîâ. Êàê è â ñëó÷àå ñ òåìïåðàòóðîé

âñïûøêè, ðåãðåññèîííîìó àíàëèçó áûëà ïîäâåðãíó-

òà ðàçíîñòü (tñâ i) ìåæäó òåìïåðàòóðîé ñàìîâîñïëà-

ìåíåíèÿ èçîìåðà è âêëàäîì â òåìïåðàòóðó ñàìîâîñ-

ïëàìåíåíèÿ, îáóñëîâëåííûì íàëè÷èåì â ìîëåêóëå

îáùåãî ÷èñëà ñâÿçåé ÑÍp è CHs. Äëÿ 37 ñîåäèíåíèé:

2-ìåòèëíîíàíà, 2-ìåòèëîêòàíà, 3-ìåòèëîêòàíà, 4-ìå-

òèëîêòàíà, 2-ìåòèëäåêàíà, 2-ýòèëîêòàíà, 3-ýòèëîê-

òàíà, 4-ýòèëîêòàíà, 2-ìåòèëãåïòàíà, 3-ìåòèëãåêñàíà,

4,4-äèìåòèëãåïòàíà, 2-ìåòèëãåêñàíà, 4,5-äèìåòèë-

îêòàíà, 3-ìåòèëïåíòàíà, 2-ìåòèëïåíòàíà, 2,4-äèìå-

òèëãåêñàíà, 3,3-äèìåòèëãåïòàíà, 2,3-äèìåòèëïåí-

òàíà, 2,4-äèìåòèëïåíòàíà, 2,3-äèìåòèëãåêñàíà,

2,2,3,3-òåòðàìåòèëãåïòàíà, 2,3,4-òðèìåòèëãåêñàíà,

2,3,3-òðèìåòèëãåêñàíà, 3,3,4-òðèìåòèëãåêñàíà,

2,4-äèìåòèëà, 3-ýòèëïåíòàíà, 2,2,4-òðèìåòèëïåí-

òàíà, 2,2-äèìåòèëáóòàíà, 2,2,3,3-òåòðàìåòèëïåíòà-

íà, 2,2,3-òðèìåòèëïåíòàíà, 2,2,3-òðèìåòèëáóòàíà,

2,3-äèìåòèëîêòàíà, 2,5-äèìåòèëãåïòàíà, 2,5,5-òðè-

ìåòèëãåïòàíà, 3,3-äèýòèëïåíòàíà, 2-ìåòèëáóòàíà,

2,2,5-òðèìåòèëãåêñàíà, 2,2-äèìåòèëïåíòàíà —

áûëî ïîëó÷åíî ñîîòíîøåíèå äëÿ âêëàäîâ ñòðóêòóð-

íûõ ôðàãìåíòîâ CHt è Ch:

tñâ i = (–130� 5) t + (–199� 10) h

ïðè sf = 43 °Ñ, R2 = 0,9716, n = 37.
(12)

Îãðîìíàÿ ïîãðåøíîñòü îïèñàíèÿ ïîêàçûâàåò,

÷òî èñïîëüçîâàííàÿ àääèòèâíàÿ ñõåìà ñîâåðøåííî
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íå ðàáîòàåò äëÿ îïèñàíèÿ òåìïåðàòóðû ñàìîâîñ-

ïëàìåíåíèÿ óãëåâîäîðîäîâ.

Ïîëó÷åííûé îòðèöàòåëüíûé ðåçóëüòàò íå ÿâëÿ-

åòñÿ íåîæèäàííûì. Èçâåñòíî, ÷òî àääèòèâíûå ìå-

òîäû çà÷àñòóþ ïëîõî ïðèìåíèìû äëÿ îïèñàíèÿ õè-

ìè÷åñêèõ âçàèìîäåéñòâèé. Íàïðèìåð, ýíåðãèè âîäî-

ðîäíûõ ñâÿçåé, îáðàçóåìûõ ìîëåêóëàìè àëêàíîëîâ,

äèîëîâ è òðèîëîâ â âîäíûõ ðàñòâîðàõ, íå ïîä÷èíÿ-

þòñÿ ïðàâèëàì àääèòèâíîñòè [16]. Â íàøåì ñëó÷àå

òåìïåðàòóðà ñàìîâîñïëàìåíåíèÿ õàðàêòåðèçóåò ðå-

àêöèþ îêèñëåíèÿ ãîðþ÷åãî âåùåñòâà êèñëîðîäîì.

Ïðè ýòîì ðàçìåð ìîëåêóë âëèÿåò, î÷åâèäíî, íà ìåõà-

íèçì ðåàêöèè. Ýòî îòìå÷àëîñü óæå â ðàáîòå [17], àâòî-

ðàìè êîòîðîé óñòàíîâëåíî ñóùåñòâîâàíèå äâóõ ðÿäîâ

ïàðàôèíîâûõ óãëåâîäîðîäîâ, õàðàêòåðèçóþùèõñÿ

òåìïåðàòóðàìè ñàìîâîñïëàìåíåíèÿ tcâ > 400 °Ñ è

tcâ < 300 °Ñ. Äëÿ àíàëèçà è îïèñàíèÿ òåìïåðàòóðû

ñàìîâîñïëàìåíåíèÿ â óêàçàííîé ðàáîòå [17] áûëî

ââåäåíî ïîíÿòèå ñðåäíåé äëèíû óãëåðîäíîé öåïè,

êîòîðîå èñïîëüçóåòñÿ äëÿ ðàñ÷åòà òåìïåðàòóðû ñà-

ìîâîñïëàìåíåíèÿ íå òîëüêî ïàðàôèíîâ, íî è àðîìà-

òè÷åñêèõ óãëåâîäîðîäîâ, ñïèðòîâ è âåùåñòâ äðóãèõ

êëàññîâ îðãàíè÷åñêèõ ñîåäèíåíèé [18]. Â ðàáîòå [17]

íå îòìå÷åíû ïàðàôèíû, òåìïåðàòóðà ñàìîâîñïëàìå-

íåíèÿ êîòîðûõ íàõîäèòñÿ â èíòåðâàëå 300–400 °Ñ.

Îäíàêî òàêèõ óãëåâîäîðîäîâ äîñòàòî÷íî ìíîãî:

2,4-äèìåòèëãåêñàí (320 °Ñ), 2,4-äèìåòèëïåíòàí

(337 °Ñ), 2,2,3,3-òåòðàìåòèëãåïòàí (358 °Ñ) è ò. ä.,

è äëÿ íèõ õàðàêòåðíà íàèáîëüøàÿ çàâèñèìîñòü òåì-

ïåðàòóðû ñàìîâîñïëàìåíåíèÿ îò ñðåäíåé äëèíû óã-

ëåðîäíîé öåïè. Ìîæíî ïîëàãàòü, ÷òî ýòè ñîåäèíåíèÿ

ñîñòàâëÿþò òðåòüþ (ïåðåõîäíóþ) ãðóïïó ïàðàôèíîâ

íàðÿäó ñ âûäåëåííûìè â ðàáîòå [17].

Äëÿ îïèñàíèÿ è ïðîãíîçèðîâàíèÿ òåìïåðàòóð ñà-

ìîâîñïëàìåíåíèÿ íàèáîëåå ðàöèîíàëüíûì ÿâëÿåò-

ñÿ èñïîëüçîâàíèå ïîäõîäîâ, îñíîâàííûõ íà îïðåäå-

ëåíèè ñðåäíåé äëèíû óãëåðîäíîé öåïè [18] è óñëîâ-

íîé óãëåðîäíîé öåïè [19, 20].

Âûâîäû

Ïîêàçàíî, ÷òî â öåëîì äëÿ ïàðàôèíîâ íîðìàëü-

íîãî ñòðîåíèÿ íàáëþäàåòñÿ àñèìïòîòè÷åñêàÿ çàâè-

ñèìîñòü âêëàäà ñâÿçè ÑÍ ìåòèëåíîâîé ãðóïïû â

òåìïåðàòóðû âñïûøêè è ñàìîâîñïàìåíåíèÿ îò ðàç-

ìåðà ìîëåêóë. Ïîëó÷åíî êîððåëÿöèîííîå óðàâíå-

íèå äëÿ îïèñàíèÿ è ïðîãíîçèðîâàíèÿ òåìïåðàòóðû

âñïûøêè ïðåäåëüíûõ óãëåâîäîðîäîâ è èõ èçîìåðîâ.

Â òî æå âðåìÿ äëÿ òåìïåðàòóðû ñàìîâîñïëàìåíåíèÿ

â ðàìêàõ èñïîëüçîâàííîãî ïîäõîäà ýòîãî ñäåëàòü

íå óäàëîñü.
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ABSTRACT

The aim of this study was to determine the relationship between flash point, spontaneous ignition

temperature and vaporation enthalpy of saturated hydrocarbons with the composition and structure of

their molecules in the framework of additivity of chemical bonds.

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ



27ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2017 ÒÎÌ 26 ¹ 5

Analysis of data on flash point has shown that for saturated hydrocarbons the contribution of

a methylene group CH-bond is observed as a constant for compounds, starting from dodecane.

The spontaneous ignition temperature of paraffin hydrocarbons of normal structure, starting from

n-nonane does not change and equal to (204�2) °C. In this case the contribution of the methylene

group CH-bond is formally equal to zero. Generally for normal paraffins asymptotic dependence of

the contribution of the methylene group CH-bond in the flash point and spontaneous ignition

temperature from the size of the molecules has been observed. It is found that some other properties of

liquids (density, thermal coefficient of volume expansion) also reveal the asymptotic dependence

from the molecular size. In the present study, we exploit the exponential model with three fitting

coefficients to describe the asymptotic dependence of the flash point and spontaneous ignition

temperature of saturated hydrocarbons. The corresponding correlation equations have been obtained.

It has been suggested that the same type of dependencies caused by various reasons. The asymp-

totic dependence of the flash point temperature, associated mainly with the process of partial

evaporation of the liquid, due to competition of intermolecular and intramolecular interactions in

the liquid phase. The asymptotic dependence of the spontaneous ignition temperature of hydro-

carbons related to the substance oxidation process, caused by the change of the mechanism of

chemical interaction.

The analysis of literature data has shown that there is a good linear dependence of the vaporization

enthalpies of n-alkanes at 25 °C from the size of their molecules. Therefore, the contribution of

methylene groups and the structural fragment CHs in the vaporization enthalpy is constant, regardless

of the size of the molecule of the n-alkanes.

The regression equation for describing and predicting the flash point of paraffin hydrocarbons and

their isomers has been obtained. For the spontaneous ignition temperature in the framework of

the used approach it has not been made.

Keywords: fire hazard indicators; flash point; spontaneous ignition temperature; vaporization enthalpy;

additive-group method; structural fragments; asymptotic dependence; paraffin hydrocarbons; inter-

molecular interactions; intramolecular interactions.
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