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Â äèàïàçîíå ÷àñòîò 122 360÷  ÃÃö èçìåðåíû ÷àñòîòû 492 ëèíèé ïîãëîùåíèÿ ìîëåêóë ãàçà

ôðåîí-11, ñîäåðæàùèõ èçîòîï õëîðà 37Cl. Íàéäåíû íàáîðû âðàùàòåëüíûõ è öåíòðîáåæíûõ ïî-

ñòîÿííûõ äëÿ îïèñàíèÿ âðàùàòåëüíîãî ñïåêòðà ìîëåêóë  C35Cl2
37ClF,  C37Cl2

35ClF  è  C37Cl3F

â îñíîâíîì êîëåáàòåëüíîì ñîñòîÿíèè. Óòî÷íåíû ñòðóêòóðíûå ïàðàìåòðû ìîëåêóëû CCl3F.

Ó ä³àïàçîí³ ÷àñòîò 122 360÷  ÃÃö âèì³ðÿíî ÷àñòîòè 492 ë³í³é ïîãëèíàííÿ ìîëåêóë ãàçó ôðå-

îí-11, ùî ì³ñòÿòü ³çîòîï õëîðó 37Cl. Çíàéäåíî íàáîðè îáåðòàëüíèõ ³ â³äöåíòðîâèõ ñòàëèõ äëÿ

îïèñó îáåðòàëüíîãî ñïåêòðà ìîëåêóë  C35Cl2
37ClF,  C37Cl2

35ClF  ³  C37Cl3F â îñíîâíîìó êîëèâàëü-

íîìó ñòàí³. Óòî÷íåíî ñòðóêòóðí³ ïàðàìåòðè ìîëåêóëè CCl3F.

1. Ââåäåíèå

Îòíîñèòåëüíàÿ ðàñïðîñòðàíåííîñòü â çåì-

íûõ óñëîâèÿõ ñòàáèëüíîãî èçîòîïà õëîðà 37Cl

ñîñòàâëÿåò 24.6 %, à õëîðà 35Cl � 75.4 %.

Â ãàçå ìîëåêóë, ñîäåðæàùèõ âñåãî îäèí àòîì

õëîðà (íàïðèìåð, CÍ3Cl), ñîîòíîøåíèå äâóõ

èçîòîïè÷åñêèõ ðàçíîâèäíîñòåé ìîëåêóë õëî-

ðà òàêîå æå. Îäíàêî, â âåùåñòâå, ìîëåêóëû

êîòîðîãî ñîäåðæàò äâà è áîëåå àòîìà õëîðà,

ýòî ñîîòíîøåíèå ðàäèêàëüíî èçìåíÿåòñÿ. Òàê,

ïîëó÷åííûé îáû÷íûì ñïîñîáîì ãàç ìîëåêóë

CCl3F (ôðåîí-11) èìååò ñëåäóþùèå îòíîñè-

òåëüíûå êîíöåíòðàöèè èçîòîïíûõ ðàçíî-

âèäíîñòåé ìîëåêóë: 12C35Cl3F � 43.1 %,
12C35Cl2

37ClF � 41.3 %, 12C37Cl2
35ClF �

13.2 %, 12C37Cl3F � 1.4 %. Îêîëî 1 % â ôðåî-

íå-11 ñîñòàâëÿþò ìîëåêóëû 13CCl3F ñî ñòà-

áèëüíûì èçîòîïîì óãëåðîäà 13C, ðàñïðîñòðà-

íåííîñòü êîòîðîãî � 1.108 %.

Â ðàáîòå [1] ìû ïðåäñòàâèëè ðåçóëüòàòû

èññëåäîâàíèé âðàùàòåëüíûõ ñóáìèëëèìåòðî-

âûõ ñïåêòðîâ ñèììåòðè÷íûõ ìîëåêóë ôðåî-

íà-11, âêëþ÷àþùèõ â ñâîé ñîñòàâ òðè îäèíà-

êîâûõ àòîìà íàèáîëåå ðàñïðîñòðàíåííîãî

èçîòîïà õëîðà 35Cl, ò. å. ìîëåêóë C35Cl3F.

Â íàñòîÿùåé ðàáîòå èçëîæåíû ðåçóëüòàòû èñ-

ñëåäîâàíèé, ÿâëÿþùèõñÿ ëîãè÷åñêèì ïðîäîë-

æåíèåì ðàáîòû [1] è ïîñâÿùåííûõ èññëåäî-

âàíèþ äâóõ àñèììåòðè÷íûõ ôîðì ìîëåêóë

ôðåîíà-11 (C35Cl2
37ClF  è  C37Cl2

35ClF) è îä-

íîé ñèììåòðè÷íîé, ìàëîðàñïðîñòðàíåííîé

ôîðìû (C37Cl3F), ñîäåðæàùåé èçîòîï 37Cl.

Èç ïðèâåäåííûõ âûøå äàííûõ ñëåäóåò, ÷òî

îáùåå ÷èñëî ìîëåêóë, ñîäåðæàùèõ èçîòîï

õëîðà 37Cl, â ãàçå ôðåîí-11 ñîñòàâëÿåò 56 %

è î÷åâèäíà íåîáõîäèìîñòü ó÷åòà âêëàäà ýòèõ

ìîëåêóë â ñïåêòðû ïîãëîùåíèÿ (èçëó÷åíèÿ)

ãàçà ôðåîí-11.
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Íàïîìíèì, ÷òî ñïåêòðû àñèììåòðè÷íûõ ìî-

ëåêóë ãîðàçäî ñëîæíåå ïî ñâîåé ñòðóêòóðå. Êðî-

ìå òîãî, âñå àòîìû õëîðà èìåþò ýëåêòðè÷åñêèé

êâàäðóïîëüíûé ìîìåíò. Êàæäàÿ ïðîñòàÿ ëèíèÿ

ïîãëîùåíèÿ âðàùàòåëüíîãî ïåðåõîäà ïðè íå

î÷åíü áîëüøèõ çíà÷åíèÿõ êâàíòîâîãî ÷èñëà J

ðàññûïàåòñÿ íà ìíîæåñòâî êîìïîíåíòîâ. Òàêîå

ðàñùåïëåíèå çàòðóäíÿåò íå òîëüêî èäåíòèôè-

êàöèþ ïåðåõîäà, íî è îïðåäåëåíèå �öåíòðà òÿ-

æåñòè� âñåãî ìóëüòèïëåòà íà îñè ÷àñòîò. Ïðî-

áëåìà êâàäðóïîëüíîãî ðàñùåïëåíèÿ ëèíèé âðà-

ùàòåëüíîãî ñïåêòðà ïîãëîùåíèÿ îòñòóïàåò íà

âòîðîé ïëàí ïðè ïåðåõîäå â ñóáìèëëèìåòðî-

âûé äèàïàçîí äëèí âîëí, îäíàêî ïðè ýòîì èñ-

ñëåäîâàíèå ñïåêòðîâ çàòðóäíåíî ïî òåõíè÷åñ-

êèì ïðè÷èíàì. Ýòèì îáúÿñíÿþòñÿ íåáîëüøîå

êîëè÷åñòâî ýêñïåðèìåíòàëüíûõ äàííûõ ïî

àñèììåòðè÷íûì ìîëåêóëàì, íàêîïëåííûõ ïî-

ñðåäñòâîì ÈÊ è ìèêðîâîëíîâîé ñïåêòðîñêîïèè

ïî÷òè çà 50 ëåò. Âïåðâûå ìåòîäàìè ìèêðîâîë-

íîâîé ñïåêòðîñêîïèè â 1962 ãîäó Ëàóáñåð [2]

èçìåðèë â äèàïàçîíå 20 40÷ ÃÃö   ÷àñòîòû íå-

ñêîëüêèõ ïåðåõîäîâ, ïðèíàäëåæàùèõ ìîëåêó-

ëàì C35Cl3F (ïåðåõîäû 3 4 5 6,J = → → →
7 8→ ), C37Cl3F (ïåðåõîäû 6 7 8J = → → ) è,

èñïîëüçóÿ ýòè äàííûå, âû÷èñëèë çíà÷åíèÿ âðà-

ùàòåëüíîé ïîñòîÿííîé Â äëÿ îáåèõ ñèììåòðè÷-

íûõ ôîðì ìîëåêóë: 2465.76 0.03B = ±  ÌÃö

äëÿ C35Cl3F, 2363.4 0.3B = ±  ÌÃö äëÿ C37Cl3F.

Îí æå èçìåðèë ÷àñòîòû ðÿäà ïåðåõîäîâ òèïà

( ) ' '
-1 1 -1 1

1k k k k
J J

+ +
→ +  (k, k′  �  êâàíòîâûå ÷èñëà

âðàùàòåëüíîãî ñîñòîÿíèÿ) äëÿ 4,5,6,7J =
àñèììåòðè÷íîé ìîëåêóëû C35Cl2

37ClF è âû-

÷èñëèë ïî ýòèì äàííûì çíà÷åíèÿ âðàùàòåëü-

íûõ ïîñòîÿííûõ 2463.7 0.4A = ±  ÌÃö,

2399.3 0.4B = ±  ÌÃö, 1697 2C = ±  ÌÃö. Ýòè

ðåçóëüòàòû ïîçâîëèëè åìó óòî÷íèòü ñòðóêòóðó

ìîëåêóëû. Ðàáîòó [2] ìîæíî ñ÷èòàòü ïèîíåðñ-

êîé â èçó÷åíèè CCl3F. Ñâåðõòîíêàÿ ñòðóêòóðà äëÿ

ìîëåêóë CCl3F äëÿ ìèêðîâîëíîâûõ ñïåêòðîâ ðàñ-

ñìàòðèâàëàñü â [3]. Îïèðàÿñü íà äàííûå ðàáîò

[2, 3], Êàðïåíòåð [4] ñóùåñòâåííî ïðîäâèíóëñÿ

â èçó÷åíèè ñèììåòðè÷íîé ôîðìû C35Cl3F è ïî-

ëó÷èë öåíòðîáåæíûå ïîñòîÿííûå äëÿ ýòîé ìî-

ëåêóëû. ÈÊ ñïåêòðû âñåõ ôîðì CCl3F èçó÷åíû

àâòîðàìè ðàáîòû [5]. Èìè áûëè íàéäåíû ïðè-

áëèæåííûå çíà÷åíèÿ âðàùàòåëüíûõ ïîñòîÿííûõ

À, Â è Ñ äëÿ àñèììåòðè÷íîé ðàçíîâèä-

íîñòè C35Cl2
37ClF: À = 0.082180(14) ì�1,

0.080032(13)B =  ñì�1, Ñ = 0.056606(67) ñì�1.

Îïèðàÿñü íà äàííûå ðàáîò [2-5], ìû íà÷àëè

äåòàëüíûå èññëåäîâàíèÿ ñïåêòðà ìîëåêóë ôðå-

îíà-11, ñîäåðæàùèõ èçîòîï õëîðà 37Cl â ñóá-

ìèëëèìåòðîâîì äèàïàçîíå äëèí âîëí.

2. Äåòàëè ýêñïåðèìåíòà

Çàïèñü ñïåêòðîâ ïîãëîùåíèÿ ôðåîíà-11 áûëà

ïðîâåäåíà â äèàïàçîíå ÷àñòîò 122 360÷  ÃÃö

ñ ïîìîùüþ ËÎÂ-ðàäèîñïåêòðîìåòðà ñóáìèëëè-

ìåòðîâîãî äèàïàçîíà ñ ñèíòåçàòîðîì ÷àñòîòû.

Ïðèìåíÿëàñü ÷àñòîòíàÿ ìîäóëÿöèÿ îïîðíîãî

ñèãíàëà (30 ÌÃö) â ïîñëåäíåì êîëüöå ñèñòåìû

ôàçîâîé àâòîïîäñòðîéêè ÷àñòîòû (ÔÀÏ×). Äå-

òåêòèðîâàíèå ñèãíàëà îñóùåñòâëÿëîñü êðèñòàë-

ëè÷åñêèì äåòåêòîðîì ñ òî÷å÷íûì êîíòàêòîì.

×óâñòâèòåëüíîñòü ñïåêòðîìåòðà ñ òàêèì äåòåê-

òîðîì ïðè ñêîðîñòè çàïèñè ñïåêòðà 0.5 ÌÃö/ñ

íå ïðåâûøàëà 10�6 ñì�1. Ýòîãî íåäîñòàòî÷íî äëÿ

çàïèñè ñëàáûõ ëèíèé ïîãëîùåíèÿ, ïðèíàäëåæà-

ùèõ ïåðåõîäàì òàêèõ ìîëåêóë, êàê C35Cl2
37ClF

èëè C37Cl3F. Ïîýòîìó áûëè ïðèíÿòû ìåðû, âå-

äóùèå ê óâåëè÷åíèþ ñîîòíîøåíèÿ ñèãíàë/øóì

â çàïèñÿõ ñïåêòðîâ, à èìåííî: îõëàæäåíèå ïî-

ãëîùàþùåé ÿ÷åéêè äî òåìïåðàòóðû ~ 200T °  Ê

è íàêîïëåíèå ñèãíàëà ïóòåì ìíîãîêðàòíûõ ïðî-

õîäîâ âûäåëåííûõ ó÷àñòêîâ ñïåêòðà ñ ïîñëåäó-

þùèì èõ ñóììèðîâàíèåì â êàæäîé ÷àñòîòíîé

òî÷êå. Òàêîé ðåæèì ñòàë âîçìîæíûì áëàãîäàðÿ

÷åòêî ðàáîòàþùåé ñèñòåìå ÔÀÏ× ñïåêòðîìåò-

ðà ñ êîìïüþòåðíûì óïðàâëåíèåì ïî çàäàííîé

ïðîãðàììå. Çàïèñü ñåðèè ñàìûõ ñëàáûõ ëèíèé,

ïðèíàäëåæàùèõ ïåðåõîäó 60 61K K→  ìîëåêóë

C37Cl3F ïîêàçàíà íà ðèñóíêå.

Ðèñ. Ôðàãìåíò çàïèñè ñïåêòðà ïîãëîùåíèÿ äëÿ

ïåðåõîäà 60
K
 → 61

K
 ìîëåêóë C37Cl

3
F
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3. Ðåçóëüòàòû è îáñóæäåíèå

Àíàëèç âðàùàòåëüíîãî ñïåêòðà àñèììåò-

ðè÷íûõ âîë÷êîâ C35Cl2
37ClF è C37Cl2

35ClF ïðî-

èçâîäèëñÿ ñ èñïîëüçîâàíèåì ãàìèëüòîíèàíà

Óîòñîíà â S-ðåäóêöèè Ir-ïðåäñòàâëåíèÿ:

2 2 2 4 2 2
r z x y j JK zH AJ BJ CJ D J D J J= + + − − −

( ) ( )4 2 2 2 4 4
1 2K zD J d J J J d J J+ − + −− − + + + +

6 4 2 2 4 6
J JK z KJ z K zH J H J J H J J H J+ + + + +

( ) ( )4 2 2 2 4 4
1 2h J J J h J J J+ − + −+ + + + +

( )6 6
3 ... .h J J+ −+ + + (1)

Çäåñü À, Â, Ñ � âðàùàòåëüíûå ïîñòîÿííûå;

,JD  ,JKD  ,KD  1,d  2d  � öåíòðîáåæíûå êîí-

ñòàíòû ÷åòâåðòîãî ïîðÿäêà; HJ, HJK,  HKJ, HK,

1,h  2,h  3h  � öåíòðîáåæíûå êîíñòàíòû øåñòîãî

ïîðÿäêà; J, ,xJ  yJ  è zJ  � ïîëíûé óãëîâîé

ìîìåíò è åãî ïðîåêöèè íà ñîîòâåòñòâóþùèå

îñè; x yJ J iJ± = ±  � îïåðàòîðû ñäâèãà.

Â àíàëèçå ó÷èòûâàëèñü òîëüêî ëèíèè ñ íå-

ðàçðåøåííîé ñâåðõòîíêîé ñòðóêòóðîé. ×àñòè÷-

íîå ïðîÿâëåíèå ñâåðõòîíêîé ñòðóêòóðû äëÿ

ëèíèé ñ K+1 áëèçêèõ ïî âåëè÷èíå ê J íàáëþäà-

ëîñü â îáëàñòè ~ 40 74.J ÷  Òàêèå ìóëüòèïëå-

òû íå èñïîëüçîâàëèñü â ðàñ÷åòàõ.

Îáèëèå çàïèñàííûõ â õîäå ýêñïåðèìåíòà

ëèíèé ïîçâîëèëî èñêëþ÷èòü èç îáðàáîòêè

(ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâàäðàòîâ)

ëèíèè èññëåäóåìûõ ìîëåêóë, ÷àñòè÷íî ïåðå-

êðûâàþùèåñÿ ñ ëèíèÿìè äðóãèõ ìîëåêóë, òàê

êàê äëÿ ýòèõ ëèíèé ÷àñòîòû èçìåðÿëèñü ñî çíà-

÷èòåëüíûìè îøèáêàìè.

Íåìàëóþ òðóäíîñòü ïðåäñòàâëÿëà çàäà÷à

ïðàâèëüíîé èäåíòèôèêàöèè ïåðåõîäîâ. Äåëî

â òîì, ÷òî âçÿòûå èç [5] çíà÷åíèÿ À, Â è Ñ ïðè

ðåøåíèè ïðÿìîé çàäà÷è, ïîçâîëÿëè íàéòè íà

îñè ÷àñòîò òîëüêî îáëàñòè ñîñðåäîòî÷åíèÿ

ãëàâíûõ ìàññèâîâ ëèíèé, ïðèíàäëåæàùèõ íå-

êîòîðîìó ïåðåõîäó 1.J J→ +
Ïîñòîÿííûå ÷åòâåðòîãî ïîðÿäêà â ïåðâîì

ïðèáëèæåíèè âçÿòû ïî ïîðÿäêó âåëè÷èíû

òàêèìè æå, êàê äëÿ ñèììåòðè÷íîé ìîëåêó-

ëû. Ýòî ïîçâîëèëî ïîëó÷èòü êàðòèíó ñïåêò-

ðà, êà÷åñòâåííî áëèçêóþ ê ðàñ÷åòíîé. Äàëü-

íåéøèå ïîïûòêè ïðèáëèçèòü ðàñ÷åòíûé

ñïåêòð ê çàïèñàííîìó ñâîäèëèñü ê âàðèàöè-

ÿì çíà÷åíèé K�1 è K+1 öåíòðîáåæíûõ êîí-

ñòàíò ,JD  ,JKD  ,KJD  1.d
Ïðè ïðàâèëüíîé èäåíòèôèêàöèè õîòÿ áû

íåáîëüøîé ãðóïïû ïåðåõîäîâ ñ ðàçëè÷íûìè

ïðàâèëàìè îòáîðà óäàåòñÿ ðåøèòü îáðàòíóþ

çàäà÷ó ñïåêòðîñêîïèè. Åå ðåøåíèå îáåñïå÷è-

âàåò âû÷èñëåíèå íàáîðà êîíñòàíò âûñøèõ

ïîðÿäêîâ ìàëîñòè ãàìèëüòîíèàíà (1) (äî øåñ-

òîãî ïîðÿäêà âêëþ÷èòåëüíî), íàèëó÷øèì îá-

ðàçîì îïèñûâàþùåãî íàáëþäàåìûé ñïåêòð.

Â ýòîé çàäà÷å ìû èñïîëüçîâàëè ïðîãðàììó

Çáèãíåâà Êèøåëÿ (Zbigniew Kisiel*). Ïðîãðàì-

ìà î÷åíü ýôôåêòèâíà, ïðîñòà â ïðèìåíåíèè,

îáåñïå÷èâàåò áûñòðóþ ñõîäèìîñòü èòåðàöèîí-

íîãî ïðîöåññà, ïîçâîëÿåò íàõîäèòü òàêèå âàæ-

íûå äàííûå, êàê âåëè÷èíû ýëåìåíòîâ ìàòðèöû

êîððåëÿöèè è äð.

Ðåçóëüòàòû èçìåðåíèé è ðàñ÷åòîâ ïðåäñòàâ-

ëåíû â òàáë. 1 è 2, à íàáîðû ìîëåêóëÿðíûõ

êîíñòàíò ãàìèëüòîíèàíà (1) äëÿ àñèììåòðè÷-

íûõ âîë÷êîâ C35Cl2
37Cl F è C37Cl2

35ClF ïðèâå-

äåíû â òàáë. 3. Èç 8-é è 16-é êîëîíîê òàáë. 1

è 2 âèäíî, ÷òî äëÿ îáåèõ ðàçíîâèäíîñòåé ìî-

ëåêóëû ïîëó÷åíî õîðîøåå ñîãëàñèå íàáëþäà-

åìûõ è ðàñ÷åòíûõ çíà÷åíèé ÷àñòîò ëèíèé ïî-

ãëîùåíèÿ äëÿ ïåðåõîäîâ ñ íåðàçðåøåííîé

ñâåðõòîíêîé ñòðóêòóðîé.

Âïåðâûå áûëè íàéäåíû íàáîðû öåíòðîáåæ-

íûõ êîíñòàíò ïåðâîãî è âòîðîãî ïîðÿäêîâ,

à òàêæå ñóùåñòâåííî óòî÷íåíû çíà÷åíèÿ âðà-

ùàòåëüíûõ ïîñòîÿííûõ À, Â è Ñ. Èç òàáë. 3

âèäíî, ÷òî äëÿ ìîëåêóëû C37Cl2
35ClF ïîëó÷åíî

ìåíüøå öåíòðîáåæíûõ ïîñòîÿííûõ è çíà÷åíèå

ñòàíäàðòíîãî ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ

íåñêîëüêî áîëüøå, ÷åì äëÿ ìîëåêóëû

C35Cl2
37ClF. Îáóñëîâëåíî ýòî òåì, ÷òî èíòåí-

ñèâíîñòü ëèíèé ïîãëîùåíèÿ ìîëåêóëû

C37Cl2
35ClF ïðèìåðíî â òðè ðàçà ìåíüøå, ÷åì

äëÿ ìîëåêóëû C35Cl2
37ClF. Êðîìå òîãî, íàì íå

óäàëîñü çàïèñàòü ñïåêòð ìîëåêóëû C37Cl2
35ClF

äëÿ çíà÷åíèé J > 73. Ôîðìàëüíî, ïðè ðåøå-

íèè îáðàòíîé çàäà÷è, ââåäÿ òîò æå íàáîð êîí-

ñòàíò ãàìèëüòîíèàíà, ÷òî è äëÿ ìîëåêóëû

C35Cl2
37ClF, ìîæíî áûëî áû ïîëó÷èòü òàêîå

*http://info.ifpan.edu.pl/~kisiel/prospe.htm
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Òàáëèöà 1. Èçìåðåííûå (Obs) è âû÷èñëåííûå (Cal) ÷àñòîòû â ÌÃö âðàùàòåëüíûõ ïåðåõîäîâ ìîëåêóë

C35Cl
2

37ClF  â îñíîâíîì êîëåáàòåëüíîì ñîñòîÿíèè

25 23 2 24 22 2 122015.409 0.078

26 21 5 25 20 5 125587.394 0.023

26 19 7 25 18 7 126095.564 �0.006

26 18 8 25 17 8 126185.128 �0.071

26 18 9 25 17 9 126232.820 0.012

26 16 10 25 15 10 126264.317 0.028

26 15 11 25 14 11 126287.222 �0.074

26 13 13 25 12 13 126318.349 0.011

26 10 16 25 9 16 126345.660 �0.012

26 24 2 25 23 2 126944.390 �0.019

62 39 23 61 38 23 300741.500 0.051

62 38 24 61 37 24 300771.120 0.081

62 37 25 61 36 25 300797.445 0.024

62 36 26 61 35 26 300821.100 �0.037

62 35 27 61 34 27 300842.620 �0.002

62 34 28 61 33 28 300862.250 0.027

62 33 29 61 32 29 300880.250 0.026

62 32 30 61 31 30 300896.900 0.039

62 31 31 61 30 31 300912.350 0.022

62 30 32 61 29 32 300926.805 0.015

62 29 33 61 28 33 300940.400 0.017

62 28 34 61 27 34 300953.250 0.025

62 27 35 61 26 35 300965.450 0.034

62 26 36 61 25 36 300977.050 0.009

62 25 37 61 24 37 300988.175 0.001

62 24 38 61 23 38 300998.880 �0.000

62 23 39 61 22 39 301009.200 �0.015

62 22 40 61 21 40 301019.175 �0.052

62 21 41 61 20 41 301028.975 0.015

62 20 42 61 19 42 301038.477 0.027

62 19 43 61 18 43 301047.750 0.018

62 18 44 61 17 44 301056.850 0.015

62 17 45 61 16 45 301065.810 0.026

62 16 46 61 15 46 301074.580 �0.024

62 15 47 61 14 47 301083.360 0.044

62 14 48 61 13 48 301091.850 �0.087

62 54 8 61 53 8 301158.296 0.005

62 54 9 61 53 9 301172.339 0.017

62 57 5 61 56 5 302596.030 �0.018

63 42 22 62 41 22 305531.823 �0.001

63 41 23 62 40 23 305566.971 �0.015

63 54 10 62 53 10 305585.431 0.061

63 40 24 62 39 24 305598.025 0.003

63 39 25 62 38 25 305625.665 0.000

63 38 26 62 37 26 305650.483 �0.009

63 37 27 62 36 27 305672.938 �0.025

63 36 28 62 35 28 305693.447 0.000

63 35 29 62 34 29 305712.202 �0.039

63 34 30 62 33 30 305729.552 �0.045

63 33 31 62 32 31 305745.684 �0.035

63 32 32 62 31 32 305760.832 0.052

63 31 33 62 30 33 305774.932 0.008

63 30 34 62 29 34 305788.248 �0.025

63 29 35 62 28 35 305800.888 �0.047

63 28 36 62 27 36 305812.976 �0.022

63 27 37 62 26 37 305824.572 0.029

63 26 38 62 25 38 305835.616 �0.017

63 25 39 62 24 39 305846.292 �0.037

63 24 40 62 23 40 305856.652 �0.031

63 23 41 62 22 41 305866.724 �0.016

63 22 42 62 21 42 305876.476 �0.062

63 21 43 62 20 43 305886.116 0.002

63 20 44 62 19 44 305895.408 �0.089

63 19 45 62 18 45 305904.724 0.008

63 17 47 62 16 47 305922.816 0.060

63 15 49 62 14 49 305940.400 �0.001

63 13 51 62 12 51 305957.748 �0.039

63 11 53 62 10 53 305975.028 0.003

63 58 5 62 57 5 307503.013 �0.013

63 59 4 62 58 4 307956.187 0.005

63 60 3 62 59 3 308404.800 0.003

63 61 2 62 60 2 308850.584 �0.007

64 53 11 63 52 11 308860.461 �0.080

67 38 29 66 37 29 325030.150 0.089

67 36 31 66 35 31 325069.530 0.048

67 35 32 66 34 32 325087.160 0.034

67 34 33 66 33 33 325103.670 0.029

67 33 34 66 32 34 325119.170 �0.006

67 32 35 66 31 35 325133.890 0.028

67 31 36 66 30 36 325147.770 �0.037

67 30 37 66 29 37 325161.080 �0.026

67 29 38 66 28 38 325173.855 0.014

67 28 39 66 27 39 325186.105 0.022

67 27 40 66 26 40 325197.910 0.016

67 26 41 66 25 41 325209.325 �0.003

67 25 42 66 24 42 325220.450 0.014

67 24 43 66 23 43 325231.290 0.033

67 23 44 66 22 44 325241.870 0.041

70 62 9 69 61 9 340438.682 �0.080

70 64 6 69 63 6 341375.557 0.008

71 58 13 70 57 13 342145.561 �0.024

70 66 5 69 65 5 342280.910 �0.008

70 67 4 69 66 4 342727.834 �0.001

71 59 12 70 58 12 342740.764 0.020

71 56 15 70 55 15 343085.554 0.006

70 68 3 69 67 3 343172.647 0.007

71 58 14 70 57 14 343277.862 �0.000

71 57 15 70 56 15 343328.876 0.024

71 55 16 70 54 16 343436.831 �0.002

71 59 13 70 58 13 343451.680 �0.037

71 56 16 70 55 16 343480.887 0.001

70 69 2 69 68 2 343616.167 0.002

71 54 17 70 53 17 343627.853 �0.008

71 55 17 70 54 17 343633.883 �0.007

70 70 1 69 69 1 344059.029 0.011

71 70 1 70 69 1 348516.246 �0.010

72 54 18 71 53 18 348553.305 �0.027

72 55 18 71 54 18 348554.362 �0.034

'
J 1K−′ 1K+′ ''

J 1K−′′ 1K+′′ Obs Obs � Cal '
J 1K−′ 1K+′ ''

J 1K−′′ 1K+′′ Obs Obs � Cal
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'J 1K−′ 1K+′
''J 1K−′′ 1K+′′ Obs Obs � Cal 'J 1K−′ 1K+′

''J 1K−′′ 1K+′′ Obs Obs � Cal

72 53 19 71 52 19 348661.545 0.054

72 53 20 71 52 20 348749.090 �0.093

72 52 21 71 51 21 348822.285 �0.007

72 51 22 71 50 22 348884.375 �0.057

72 50 23 71 49 23 348938.005 �0.026

72 49 24 71 48 24 348984.840 0.009

72 48 25 71 47 25 349026.130 0.005

72 45 28 71 44 28 349125.710 �0.071

72 44 29 71 43 29 349152.960 �0.027

72 43 30 71 42 30 349177.915 �0.012

72 42 31 71 41 31 349200.895 �0.033

72 41 32 71 40 32 349222.225 �0.035

72 40 33 71 39 33 349242.213 0.062

72 62 11 71 61 11 349254.930 0.092

72 39 34 71 38 34 349260.773 �0.016

72 38 35 71 37 35 349278.305 �0.035

72 37 36 71 36 36 349294.986 0.044

72 36 37 71 35 37 349310.741 0.028

72 35 38 71 34 38 349325.747 �0.009

72 34 39 71 33 39 349340.230 0.066

72 33 40 71 32 40 349353.995 �0.016

72 32 41 71 31 41 349367.379 0.011

72 31 42 71 30 42 349380.298 0.004

72 30 43 71 29 43 349392.824 �0.016

72 29 44 71 28 44 349405.044 �0.013

Òàáëèöà 1. (Ïðîäîëæåíèå)

72 28 45 71 27 45 349417.040 0.055

72 27 46 71 26 46 349428.646 �0.013

72 26 47 71 25 47 349440.099 �0.015

72 25 48 71 24 48 349451.399 0.018

72 24 49 71 23 49 349462.496 0.013

72 23 50 71 22 50 349473.429 �0.017

72 21 51 71 20 51 349484.380 0.087

73 64 9 72 63 9 354661.893 0.043

73 64 10 72 63 10 354663.838 0.059

73 65 9 72 64 9 355147.700 �0.025

73 66 7 72 65 7 355617.355 0.043

73 67 6 72 66 6 356077.280 �0.024

73 68 5 72 67 5 356530.866 0.008

74 61 13 73 60 13 356774.354 �0.004

73 69 4 72 68 4 356980.099 0.019

74 59 15 73 58 15 357165.398 0.010

73 70 3 72 69 3 357426.395 �0.006

73 71 3 72 70 3 357870.818 �0.014

74 62 13 73 61 13 358079.145 �0.064

74 56 18 73 55 18 358133.366 0.031

74 57 18 73 56 18 358135.930 0.022

73 72 1 72 71 1 358314.106 0.003

74 63 11 73 62 11 358470.140 0.004

74 63 12 73 62 12 358552.780 �0.055

Ïðèìå÷àíèå. Obs�Cal   � ðàçíèöà ìåæäó ýêñïåðèìåíòàëüíî èçìåðåííûì çíà÷åíèåì ÷àñòîòû ïåðåõîäà (Obs) è ðàñ÷åò-

íûì (Cal). 1, 1 1, 1, , ,J K K J K K− + − +′ ′ ′ ′′ ′′ ′′    � êâàíòîâûå ÷èñëà âðàùàòåëüíîãî ïåðåõîäà.

Òàáëèöà 2. Èçìåðåííûå (Obs) è âû÷èñëåííûå (Cal) ÷àñòîòû â ÌÃö âðàùàòåëüíûõ ïåðåõîäîâ ìîëåêóë

C37Cl
2

35Cl F â îñíîâíîì êîëåáàòåëüíîì cîñòîÿíèè

'J 1K−′ 1K+′
''J 1K−′′ 1K+′′ Obs Obs � Cal 'J 1K−′ 1K+′

''J 1K−′′ 1K+′′ Obs Obs � Cal

47 44 3 46 43 3 226609.953 �0.019

47 45 2 46 44 2 227056.980 �0.014

47 46 1 46 45 1 227500.237 0.037

47 47 0 46 46 0 227941.597 0.073

48 40 8 47 39 8 228629.193 0.015

48 39 10 47 38 10 229163.030 0.010

48 38 11 47 37 11 229221.266 �0.016

48 40 9 47 39 9 229278.011 �0.019

48 36 12 47 35 12 229317.696 0.031

48 37 12 47 36 12 229331.054 �0.076

48 35 13 47 34 13 229426.666 0.011

48 36 13 47 35 13 229428.094 0.054

48 34 14 47 33 14 229503.215 0.063

48 33 15 47 32 15 229561.881 �0.030

48 32 16 47 31 16 229608.842 0.004

48 31 17 47 30 17 229647.225 �0.021

48 30 18 47 29 18 229679.274 �0.016

48 29 19 47 28 19 229706.435 �0.015

48 28 20 47 27 20 229729.773 �0.013

48 27 21 47 26 21 229750.072 �0.009

48 26 22 47 25 22 229767.896 �0.028

48 25 23 47 24 23 229783.800 0.029

48 24 24 47 23 24 229797.959 �0.014

48 23 25 47 22 25 229810.810 �0.004

48 22 26 47 21 26 229822.507 �0.010

48 21 27 47 20 27 229833.264 �0.003

48 20 28 47 19 28 229843.231 0.018

48 19 29 47 18 29 229852.436 �0.039

48 18 30 47 17 30 229861.172 0.012

48 17 31 47 16 31 229869.350 �0.001

48 16 32 47 15 32 229877.142 0.019

48 15 33 47 14 33 229884.516 �0.017
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48 14 34 47 13 34 229891.633 �0.006

48 13 35 47 12 35 229898.473 �0.009

48 9 39 47 8 39 229923.950 0.010

48 8 40 47 7 40 229929.953 �0.008

48 4 44 47 3 44 229953.222 �0.059

48 42 7 47 41 7 230064.899 �0.091

48 45 3 47 44 3 231456.924 �0.023

56 41 15 55 40 15 267572.403 0.073

56 40 16 55 39 16 267653.042 0.039

56 39 17 55 38 17 267717.220 0.035

56 38 18 55 37 18 267769.825 0.074

56 37 19 55 36 19 267813.710 0.022

56 36 20 55 35 20 267850.991 �0.018

56 35 21 55 34 21 267883.145 �0.001

56 34 22 55 33 22 267911.132 �0.015

56 33 23 55 32 23 267935.806 0.004

56 32 24 55 31 24 267957.744 0.028

56 31 25 55 30 25 267977.360 �0.004

56 30 26 55 29 26 267995.131 0.006

56 29 27 55 28 27 268011.310 0.010

56 28 28 55 27 28 268026.115 �0.020

56 27 29 55 26 29 268039.827 �0.006

56 26 30 55 25 30 268052.503 �0.058

56 25 31 55 24 31 268064.422 �0.038

56 24 32 55 23 32 268075.646 0.000

56 23 33 55 22 33 268086.185 �0.033

56 22 34 55 21 34 268096.215 �0.046

56 21 35 55 20 35 268105.819 �0.029

56 20 36 55 19 36 268114.971 �0.069

56 19 37 55 18 37 268123.921 0.028

56 18 38 55 17 38 268132.409 �0.041

56 17 39 55 16 39 268140.770 0.015

56 16 40 55 15 40 268148.843 0.001

56 15 41 55 14 41 268156.757 0.015

56 14 42 55 13 42 268164.490 0.007

56 13 43 55 12 43 268172.043 �0.046

57 23 34 56 22 34 272868.419 0.021

57 22 35 56 21 35 272878.392 0.014

57 21 36 56 20 36 272887.912 �0.026

57 20 37 56 19 37 272897.151 0.015

57 19 38 56 18 38 272906.036 0.017

57 18 39 56 17 39 272914.658 0.027

57 16 41 56 15 41 272931.168 �0.017

57 15 42 56 14 42 272939.246 0.054

57 14 43 56 13 43 272947.098 0.046

57 13 44 56 12 44 272954.741 �0.046

57 12 45 56 11 45 272962.475 0.054

58 47 11 57 46 11 275774.830 �0.021

63 52 12 62 51 12 300533.784 0.054

64 63 1 63 62 1 309810.198 0.013

65 45 20 64 44 20 310640.038 0.045

65 44 21 64 43 21 310691.566 0.077

65 43 22 64 42 22 310735.865 0.047

65 42 23 64 41 23 310774.524 0.080

65 41 24 64 40 24 310808.491 0.036

65 40 25 64 39 25 310838.728 0.042

65 39 26 64 38 26 310865.830 0.047

65 38 27 64 37 27 310890.250 �0.011

65 37 28 64 36 28 310912.545 0.012

65 36 29 64 35 29 310932.918 �0.013

65 35 30 64 34 30 310951.744 0.010

65 34 31 64 33 31 310969.127 �0.039

65 33 32 64 32 32 310985.336 �0.085

65 32 33 64 31 33 311000.651 �0.007

65 31 34 64 30 34 311014.999 �0.014

65 30 35 64 29 35 311028.541 �0.061

65 29 36 64 28 36 311041.465 �0.060

65 28 37 64 27 37 311053.840 �0.026

65 27 38 64 26 38 311065.717 0.015

65 26 39 64 25 39 311077.090 �0.004

65 25 40 64 24 40 311088.067 �0.034

65 24 41 64 23 41 311098.752 �0.020

65 23 42 64 22 42 311109.122 �0.029

65 22 43 64 21 43 311119.210 �0.064

65 21 44 64 20 44 311129.125 �0.053

65 20 45 64 19 45 311138.905 0.013

65 19 46 64 18 46 311148.442 0.000

65 18 47 64 17 47 311157.898 0.045

65 17 48 64 16 48 311167.117 �0.029

65 16 49 64 15 49 311176.378 0.036

65 15 50 64 14 50 311185.475 0.018

65 14 51 64 13 51 311194.555 0.049

65 13 52 64 12 52 311203.448 �0.056

65 12 53 64 11 53 311212.565 0.099

65 5 61 64 4 61 311284.059 0.067

65 57 8 64 56 8 311463.243 �0.002

65 57 9 64 56 9 311467.684 0.016

68 43 25 67 42 25 325105.609 0.059

68 41 27 67 40 27 325164.327 �0.018

68 40 28 67 39 28 325189.629 �0.006

68 39 29 67 38 29 325212.789 0.047

68 38 30 67 37 30 325234.026 0.038

68 37 31 67 36 31 325253.654 0.015

68 35 33 67 34 33 325288.985 �0.025

68 34 34 67 33 34 325305.071 �0.003

68 32 36 67 31 36 325334.582 �0.052

68 31 37 67 30 37 325348.379 0.034

68 30 38 67 29 38 325361.420 �0.040

68 29 39 67 28 39 325374.057 0.000

68 28 40 67 27 40 325386.190 �0.006

68 27 41 67 26 41 325397.903 �0.035

68 26 42 67 25 42 325409.260 �0.072

68 25 43 67 24 43 325420.356 �0.066

68 23 45 67 22 45 325441.806 �0.035

68 22 46 67 21 46 325452.184 �0.052

68 21 47 67 20 47 325462.448 �0.012

68 20 48 67 19 48 325472.543 0.005

68 59 10 67 58 10 325494.638 0.046

Òàáëèöà 2. (Ïðîäîëæåíèå)

'J 1K−′ 1K+′
''J 1K−′′ 1K+′′ Obs Obs � Cal 'J 1K−′ 1K+′

''J 1K−′′ 1K+′′ Obs Obs � Cal
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68 17 51 67 16 51 325502.146 0.048

68 16 52 67 15 52 325511.868 0.080

68 15 53 67 14 53 325521.392 �0.030

68 13 55 67 12 55 325540.514 �0.063

69 38 31 68 37 31 330013.070 �0.024

69 36 33 68 35 33 330049.871 0.035

69 35 34 68 34 34 330066.486 �0.016

69 32 37 68 31 37 330111.289 �0.038

69 31 38 68 30 38 330124.863 �0.030

69 28 41 68 27 41 330162.512 �0.052

69 27 42 68 26 42 330174.265 �0.048

69 24 45 68 23 45 330207.726 �0.061

69 23 46 68 22 46 330218.475 �0.001

69 22 47 68 21 47 330229.021 0.038

Òàáëèöà 2. (Ïðîäîëæåíèå)

'J 1K−′ 1K+′
''J 1K−′′ 1K+′′ Obs Obs � Cal 'J 1K−′ 1K+′

''J 1K−′′ 1K+′′ Obs Obs � Cal

Ïðèìå÷àíèå. Obs � Cal   � ðàçíèöà ìåæäó ýêñïåðèìåíòàëüíî èçìåðåííûì çíà÷åíèåì ÷àñòîòû ïåðåõîäà (Obs) è

ðàñ÷åòíûì (Cal). 1, 1 1, 1, , ,J K K J K K− + − +′ ′ ′ ′′ ′′ ′′  � êâàíòîâûå ÷èñëà âðàùàòåëüíîãî ïåðåõîäà.

69 17 52 68 16 52 330279.596 0.013

69 12 57 68 11 57 330328.622 0.060

69 60 10 68 59 10 330334.690 �0.020

69 9 60 68 8 60 330357.851 0.030

73 27 46 72 26 46 349274.553 �0.091

73 24 49 72 23 49 349309.144 �0.002

73 22 51 72 21 51 349331.275 �0.072

73 21 52 72 20 52 349342.256 �0.019

73 19 54 72 18 54 349363.842 �0.037

73 16 57 72 15 57 349395.961 0.081

73 15 58 72 14 58 349406.567 0.076

73 11 62 72 10 62 349448.982 0.053

73 64 9 72 63 9 349683.856 �0.000

Òàáëèöà 3. Ñïåêòðîñêîïè÷åñêèå êîíñòàíòû äëÿ

îñíîâíîãî êîëåáàòåëüíîãî ñîñòîÿíèÿ ìîëåêóë

C35Cl
2

37ClF  è  C37Cl
2

35Cl F

________________________________________

Ïàðàìåòðû C35Cl2
37ClF C37Cl2

35ClF

_______________________________________

A, ÌÃö 2463.63246(86) 2429.2729(10)

B, ÌÃö 2399.36384(70) 2365.23871(53)

C, ÌÃö 1695.289(11) 1664.187(13)

DJ, êÃö 0.20752(27) 0.213358(74)

DJK, êÃö 0.2773(11) 0.21208(35)

DK, êÃö �0.02609(97) 0.03283(35)

d1, êÃö �0.115925(71) �0.111215(28)

HJ, Ãö �0.00499(17) �

HJK, Ãö 0.00050(12) �

HKJ, Ãö 0.00462(25) 0.000406(36)

h1, Ãö 0.00609(22) �

h2, Ãö �0.00439(16) �

h3, Ãö 0.000892(32) �

σ, ÌÃö 0. 037641 0.040833
_______________________________________________________

æå ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå. Îäíàêî

äîñòîâåðíîñòü çíà÷åíèé êîíñòàíò HJ, HJK, 1,h

2,h  3h  â ýòîì ñëó÷àå áûëà áû íåóäîâëåòâîðè-

òåëüíîé, î ÷åì ñâèäåòåëüñòâîâàëà òàáëèöà âû-

÷èñëåííûõ íàìè êîýôôèöèåíòîâ êîððåëÿöèè

ìåæäó HKJ è âñåìè îñòàëüíûìè ïàðàìåòðàìè

(çíà÷åíèÿ êîýôôèöèåíòîâ êîððåëÿöèè áîëåå

±0.99). Ïîýòîìó ïðàêòè÷åñêè áåç óùåðáà äëÿ òî÷-

íîñòè ðàñ÷åòà ñïåêòðà, ïàðàìåòðû HJ , HJK , 1,h

2,h  3h  áûëè îòáðîøåíû è îñòàâëåíû òîëüêî

äîñòîâåðíî îïðåäåëåííûå çíà÷åíèÿ ïîñòîÿííûõ.

Àíàëèç âðàùàòåëüíîãî ñïåêòðà ñèììåòðè÷-

íîé ìîëåêóëû C37Cl3F â äèàïàçîíå ñóáìèëëè-

ìåòðîâûõ äëèí âîëí áûë çàòðóäíåí, êàê óæå

óïîìèíàëîñü, â ïåðâóþ î÷åðåäü èç-çà ìàëîé

èíòåíñèâíîñòè ñïåêòðà ýòîé ìîëåêóëû â åñòå-

ñòâåííîé ñìåñè ãàçà. Âûäåëèòü ýòîò ñïåêòð èç

øóìîâ óäàëîñü òîëüêî â óñëîâèÿõ ãëóáîêîãî

îõëàæäåíèÿ ÿ÷åéêè è äëèòåëüíîãî ìàøèííî-

ãî íàêîïëåíèÿ ñèãíàëà ïîãëîùåíèÿ. Ìîëåêó-

ëà C37Cl3F � ñèììåòðè÷íûé âîë÷îê è èäåíòè-

ôèêàöèÿ ïî çíà÷åíèÿì Ê íå äîëæíà âûçûâàòü

çàòðóäíåíèé â ñåðèÿõ ëèíèé, îïðåäåëÿþùèõ

ïåðåõîä ( )1 ,K K
J J→ +  åñëè èçâåñòíî J. Îä-

íàêî ââèäó ìàëîñòè çíà÷åíèÿ êîíñòàíòû JKD
äëÿ ìàëûõ çíà÷åíèé êâàíòîâîãî ÷èñëà Ê â çà-

ïèñÿõ íàáëþäàëîñü ïî÷òè ïîëíîå ñëèÿíèå

ëèíèé, òàê ÷òî îòñ÷åò çíà÷åíèé Ê îò íóëÿ áûë

çàòðóäíåí. Îòñ÷åò ñî ñòîðîíû íàèáîëüøåãî

çíà÷åíèÿ K = J òàêæå áûë íåâîçìîæåí. Ýòà

ëèíèÿ è áëèæàéøèå åå ñîñåäè ñ K < J ïðîÿâ-

ëÿëè ñâåðõòîíêîå ðàñùåïëåíèå è òîíóëè â
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øóìàõ. Ãðóïïà ëèíèé ñî çíà÷åíèÿìè Ê, ïðè

êîòîðûõ ëèíèè õîðîøî ðàçðåøåíû, ìîãëà áûòü

óäîâëåòâîðèòåëüíî ðàññ÷èòàíà ñ îøèáêîé

2.K∆ = ±  Ïðàâèëüíóþ èäåíòèôèêàöèþ óäà-

ëîñü ïîëó÷èòü, òîëüêî óâåëè÷èâ ñîîòíîøåíèå

ñèãíàë/øóì íàñòîëüêî, ÷òî ïðîÿâèëîñü îòëè-

÷èå â èíòåíñèâíîñòÿõ ëèíèé, îáóñëîâëåííîå

ñòàòèñòèêîé ÿäåðíîãî ñïèíà àòîìîâ õëîðà. Òàê,

ëèíèè ïîãëîùåíèÿ ñî çíà÷åíèÿìè Ê, êðàòíû-

ìè 3 è 2 èìåëè çàìåòíî áîëüøóþ èíòåíñèâ-

íîñòü, è ýòî îáñòîÿòåëüñòâî ïîçâîëèëî òî÷íî

èäåíòèôèöèðîâàòü ïåðåõîäû.

×àñòîòû ëèíèé ïîãëîùåíèÿ ñèììåòðè÷íî-

ãî âîë÷êà â îñíîâíîì ñîñòîÿíèè âû÷èñëÿëèñü

ñ ïðèìåíåíèåì èçâåñòíîãî ñîîòíîøåíèÿ:

( ) ( ) ( )3 22 1 4 1 2 1J JKB J D J D J Kν = + − + − + +

( ) ( )( ) ( )3 2 3 22 1 3 1 1 4 1J JKH J J H J K+ + + + + + +

( ) 42 1 ... ,KJ hfsH J K+ + + + ∆ν (2)

ãäå B � âðàùàòåëüíàÿ ïîñòîÿííàÿ; ,JD  ,JKD

,JH  ,JKH  KJH  � öåíòðîáåæíûå ïîñòîÿííûå;

hfs∆ν  � ñäâèã ëèíèé, îáóñëîâëåííûé êâàäðó-

ïîëüíûì ðàñùåïëåíèåì. Â íàøåì àíàëèçå

âåëè÷èíà hfs∆ν  íå ó÷èòûâàëàñü.

Ðåçóëüòàòû èññëåäîâàíèÿ ñïåêòðà ñèììåò-

ðè÷íîé ìîëåêóëû C37Cl3F ïðèâåäåíû â òàáë.  4,

à íàáîð âðàùàòåëüíûõ è öåíòðîáåæíûõ êîí-

ñòàíò, îïèñûâàþùèõ åå ñïåêòð, � â òàáë. 5.

Â òàáë. 5 äëÿ ñðàâíåíèÿ äàíû çíà÷åíèÿ ñî-

îòâåòñòâóþùèõ êîíñòàíò äëÿ ñèììåòðè÷íîé

ìîëåêóëû C35Cl3F [1].

Íàéäåííûé íàáîð âðàùàòåëüíûõ ïîñòîÿí-

íûõ äëÿ ðàçëè÷íûõ èçîòîïíûõ ðàçíîâèäíîñ-

òåé ìîëåêóë CCl3F ïîçâîëèë íàì ñóùåñòâåí-

íî óòî÷íèòü äàííûå î ñòðóêòóðå ýòîé ìîëå-

êóëû. Ìîëåêóëû C35Cl3F è C37Cl3F � ñïëþ-

ùåííûå ñèììåòðè÷íûå âîë÷êè, äëÿ êîòîðûõ

ãëàâíûå ìîìåíòû òåíçîðà èíåðöèè â ìîëåêó-

ëÿðíîé ñèñòåìå êîîðäèíàò (a, b, c) óäîâëåò-

âîðÿþò ñîîòíîøåíèþ: .c b aI I I> =  Òàêèå ìî-

ëåêóëû ïðåäñòàâëÿþò ñîáîé ïðàâèëüíóþ

òðåõãðàííóþ ïèðàìèäó (îñíîâàíèå ñîñòàâëÿ-

þò àòîìû õëîðà, â âåðøèíå ðàñïîëàãàåòñÿ

àòîì óãëåðîäà) ñ àòîìîì ôòîðà, íàõîäÿùèìñÿ íà

îñè ñèììåòðèè c. Ðàçìåð òàêîé ïèðàìèäû îäíî-

çíà÷íî îïðåäåëÿåòñÿ òðåìÿ ïàðàìåòðàìè: óñðåä-

íåííûìè çíà÷åíèÿìè äëèí ñâÿçåé lC-F, lC-Cl

è óãëîì ∠Cl-C-Cl.

Ýòè ïàðàìåòðû ìîãóò áûòü îïðåäåëåíû,

åñëè â îñíîâíîì êîëåáàòåëüíîì ñîñòîÿíèè

èçâåñòíû âðàùàòåëüíûå ïîñòîÿííûå ìîëåêóë:

À, Â è Ñ � âåëè÷èíû, îáðàòíî ïðîïîðöèîíàëü-

íûå ñîîòâåòñòâóþùèì ìîìåíòàì èíåðöèè.

Îäíàêî ïî ÷èñòî âðàùàòåëüíûì ñïåêòðàì äëÿ

ñèììåòðè÷íûõ âîë÷êîâ âåëè÷èíà Ñ íå îïðå-

äåëÿåòñÿ è, ñëåäîâàòåëüíî, ñòðóêòóðà íå ìî-

æåò áûòü óñòàíîâëåíà.

Çàìåíà îäíîãî èëè äâóõ àòîìîâ õëîðà åãî

èçîòîïîì (çàìåíû òèïà 35Cl → 37Cl èëè íàîáî-

ðîò) ïðèâîäÿò ê íàðóøåíèþ ñèììåòðèè ìîëå-

êóëû, ïðè ýòîì âñå òðè ãëàâíûõ ìîìåíòà òåí-

çîðà èíåðöèè ñòàíîâÿòñÿ ðàçëè÷íûìè. Ñëåäî-

âàòåëüíî, âðàùàòåëüíûå ïåðåõîäû äëÿ àñèì-

ìåòðè÷íûõ ôîðì ìîëåêóëû CCl3F ïîçâîëÿþò

íàéòè äâà íåçàâèñèìûõ íàáîðà âðàùàòåëüíûõ

ïîñòîÿííûõ À, Â, Ñ è ñîîòâåòñòâåííî, îïèðà-

ÿñü íà ïîñòóëàòû òåîðèè èçîòîïîçàìåùåíèÿ,

íàéòè ñòðóêòóðó ìîëåêóëû CCl3F.

Çàìåòèì, ÷òî âïåðâûå, äîâîëüíî ãðóáî,

ñòðóêòóðà ìîëåêóë CCl3F áûëà óñòàíîâëåíà

àâòîðàìè ðàáîòû [6] ìåòîäîì äèôðàêöèè

ýëåêòðîíîâ. Ýòè äàííûå îòðàæåíû âî âòîðîé

êîëîíêå òàáë. 6. Ñëåäóþùèé øàã ïî óòî÷íå-

íèþ ñòðóêòóðû CCl3F ñäåëàë Ëàóáñåð [2],

êîòîðîìó óäàëîñü îïðåäåëèòü çíà÷åíèå âå-

ëè÷èíû Ñ äëÿ àñèììåòðè÷íûõ ôîðì ìîëå-

êóëû CCl3F. Íàéäåííûå â [2] ïàðàìåòðû

ñòðóêòóðû CCl3F ïðåäñòàâëåíû â òðåòüåé êî-

ëîíêå òàáë. 6. Âèäíî, ÷òî ïîâûøåíà òî÷íîñòü

îïðåäåëåíèÿ çíà÷åíèé äëèí ñâÿçåé lC-F, lC-Cl,

íî óãîë ∠Cl-C-Cl áûë íàéäåí ñ áîëüøîé ïî-

ãðåøíîñòüþ. Íàøè ðåçóëüòàòû, áàçèðóþùè-

åñÿ íà âñåõ çíà÷åíèÿõ À, Â è Ñ äëÿ ÷åòûðåõ

èçîòîïè÷åñêèõ ðàçíîâèäíîñòåé ìîëåêóë

CCl3F, ïîçâîëèëè íàéòè ñòðóêòóðó ñ ãîðàçäî

áîëüøåé òî÷íîñòüþ (ñì. ÷åòâåðòóþ êîëîíêó

òàáë. 6).

Èñïîëüçóÿ óòî÷íåííóþ ñòðóêòóðó ìîëå-

êóë CCl3F, ìîæíî íàéòè ïðèáëèæåííûå çíà-

÷åíèÿ Ñ äëÿ äâóõ ñèììåòðè÷íûõ ôîðì:

C = 1727.17 ÌÃö äëÿ C35Cl3F è C =  1633.86 ÌÃö

äëÿ C37Cl3F.
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Òàáëèöà 4. Èçìåðåííûå (Obs) è âû÷èñëåííûå (Cal) ÷àñòîòû â ÌÃö âðàùàòåëüíûõ ïåðåõîäîâ ìîëåêóë

C37Cl
3
F â îñíîâíîì êîëåáàòåëüíîì ñîñòîÿíèè

59 4 283199.114 �0.008

59 5 283199.623 0.008

59 6 283200.237 0.020

59 7 283200.949 0.020

59 8 283201.746 �0.004

59 9 283202.702 0.021

59 10 283203.751 0.029

59 11 283204.873 0.001

59 12 283206.095 �0.036

59 13 283207.510 0.009

59 14 283208.987 0.007

59 15 283210.578 0.010

59 16 283212.280 0.013

59 17 283214.055 �0.020

59 18 283216.011 0.019

59 19 283218.015 �0.004

59 20 283220.176 0.020

59 21 283222.389 �0.014

59 23 283227.240 0.014

59 24 283229.819 0.017

59 25 283232.470 �0.018

59 26 283235.257 �0.027

59 27 283238.197 0.007

59 28 283241.151 �0.055

59 29 283244.378 0.045

59 30 283247.606 0.038

59 31 283250.862 �0.053

59 32 283254.363 �0.007

59 33 283258.002 0.065

59 34 283261.652 0.039

60 6 287907.446 �0.050

60 7 287908.188 �0.031

60 8 287909.061 0.007

60 9 287910.006 0.006

60 10 287911.076 0.018

60 11 287912.216 �0.011

60 12 287913.503 �0.004

60 14 287916.438 0.036

60 15 287917.975 �0.041

60 16 287919.761 0.019

60 17 287921.602 0.022

60 18 287923.573 0.044

60 19 287925.589 0.000

60 20 287927.755 �0.006

60 21 287930.052 0.007

60 22 287932.439 0.000

60 23 287935.005 0.059

60 24 287937.576 0.011

60 25 287940.273 �0.022

60 26 287943.081 �0.055

60 27 287946.101 0.011

60 28 287949.121 �0.035

60 29 287952.334 0.002

_________________________________________________________________________________________________________

J K Obs Obs � Cal J K Obs Obs � Cal

_______________________________________________________________________________________________________

60 30 287955.607 �0.014

60 31 287959.025 0.003

60 32 287962.494 �0.042

60 33 287966.178 0.017

60 34 287969.939 0.041

60 35 287973.764 0.018

60 36 287977.631 �0.076

60 37 287981.792 0.011

60 42 288003.843 0.013

60 43 288008.563 �0.015

60 44 288013.416 �0.021

61 5 292613.448 �0.074

61 6 292614.155 0.011

61 7 292614.888 0.010

61 8 292615.731 0.004

61 9 292616.702 0.014

61 10 292617.761 �0.002

61 11 292619.009 0.059

61 12 292620.247 �0.004

61 13 292621.661 �0.004

61 14 292623.226 0.033

61 15 292624.813 �0.020

61 16 292626.578 �0.009

61 17 292628.437 �0.017

61 18 292630.428 �0.007

61 19 292632.513 �0.015

61 20 292634.726 �0.009

61 21 292637.049 �0.006

61 22 292639.482 �0.007

61 23 292642.041 0.005

61 24 292644.682 �0.014

61 25 292647.446 �0.025

61 26 292650.358 0.000

61 27 292653.337 �0.022

61 28 292656.453 �0.021

61 29 292659.717 0.015

61 30 292663.085 0.042

61 31 292666.450 �0.050

61 32 292670.096 0.028

62 4 297318.981 �0.020

62 5 297319.496 �0.022

62 6 297320.155 0.005

62 7 297320.905 0.008

62 8 297321.747 �0.011

62 9 297322.727 �0.008

62 10 297323.824 �0.002

62 11 297325.026 �0.007

62 12 297326.340 �0.014

62 13 297327.794 0.003

62 14 297329.331 �0.011

62 15 297330.995 �0.014

62 16 297332.759 �0.031

62 18 297336.700 0.002
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62 19 297338.836 0.011

62 20 297341.006 �0.061

62 21 297343.462 0.038

62 22 297345.880 �0.015

62 23 297348.484 0.001

62 24 297351.175 �0.011

62 25 297353.962 �0.042

62 26 297356.907 �0.030

62 27 297359.989 0.003

62 28 297363.121 �0.028

62 29 297366.420 �0.008

62 30 297369.830 0.006

62 31 297373.333 �0.001

62 32 297376.977 0.018

62 33 297380.671 �0.030

62 34 297384.488 �0.070

62 35 297388.537 0.007

62 36 297392.625 0.006

62 37 297396.818 �0.005

62 38 297401.065 �0.078

62 42 297419.621 0.038

63 4 302024.308 �0.029

63 5 302024.822 �0.040

63 6 302025.498 �0.006

63 7 302026.273 0.010

63 8 302027.117 �0.021

63 9 302028.126 �0.003

63 10 302029.301 0.063

63 11 302030.443 �0.021

63 12 302031.819 0.013

63 13 302033.280 0.016

Òàáëèöà 4. (Ïðîäîëæåíèå)
_________________________________________________________________________________________________________

J K Obs Obs � Cal J K Obs Obs � Cal

_______________________________________________________________________________________________________

63 14 302034.887 0.048

63 15 302036.544 0.012

63 16 302038.301 �0.041

63 17 302040.254 �0.014

63 18 302042.308 �0.002

63 19 302044.474 0.004

63 20 302046.784 0.038

63 21 302049.189 0.049

63 22 302051.640 �0.011

63 23 302054.324 0.046

63 24 302056.959 �0.064

63 25 302059.917 0.033

63 26 302062.850 �0.014

63 27 302065.938 �0.021

63 28 302069.224 0.051

63 29 302072.531 0.028

65 7 311434.969 �0.030

65 8 311435.915 0.015

65 9 311436.954 0.031

65 11 311439.349 0.022

65 13 311442.213 �0.001

65 14 311443.883 0.045

65 15 311445.581 �0.001

65 16 311447.375 �0.072

65 17 311449.414 �0.018

65 18 311451.576 0.039

65 19 311453.689 �0.074

65 20 311456.114 0.005

65 22 311461.184 0.020

65 26 311472.753 0.034

65 27 311475.836 �0.074

Ïðèìå÷àíèå. Obs � Cal   � ðàçíèöà ìåæäó ýêñïåðèìåíòàëüíî èçìåðåííûì çíà÷åíèåì ÷àñòîòû ïåðåõîäà (Obs) è ðàñ-

÷åòíûì (Cal). J, K � êâàíòîâûå ÷èñëà âðàùàòåëüíîãî ïåðåõîäà.

_________________________________________

Ïàðàìåòðû C35Cl3F C37Cl3F
________________________________________

B, ÌÃö 2465.81987(19) 2363.08849(46)

DJ, êÃö 0.462761(49) 0.430986(58)

DJK, êÃö �0.471272(93) �0.46031(97)

HJ, ìÃö 0.634(42)       �

HJK, ìÃö �0.585(11) �0.559(122)

HKJ, ìÃö 0.738(11) 0.452(74)

σ, ÌÃö 0.0271 0.0296

_____________________________________________________

Òàáëèöà 5. Ñïåêòðîñêîïè÷åñêèå êîíñòàíòû äëÿ

îñíîâíîãî êîëåáàòåëüíîãî ñîñòîÿíèÿ ìîëåêóë

C35Cl
3
F  è  C37Cl

3
F

Òàáëèöà 6. Ñòðóêòóðíûå ïàðàìåòðû ìîëåêóëû

CCl3F.
______________________________________________________

Ïàðàìåòðû Èç [6] Èç [2] Íàøè

_______________________________________________________

l
C-F 

, Å 1.40(4) 1.362(3) 1.3027(1)

l
C-Cl 

, Å 1.76(2) 1.754(1) 1.7714(1)

ÐCl-C-Cl, ° 111.5(10) 111.0(3) 109.47 (1)

_______________________________________________________

4. Çàêëþ÷åíèå

Èòîãîì íàñòîÿùåé ðàáîòû ñòàëî îïðåäåëå-

íèå ïàðàìåòðîâ âðàùàòåëüíîãî ãàìèëüòîíèà-

íà, äàþùåãî âîçìîæíîñòü îïèñàòü íàáëþäàå-
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ìûé â ñóáìèëëèìåòðîâîì äèàïàçîíå ñïåêòð

ïîãëîùåíèÿ àñèììåòðè÷íûõ ôîðì ìîëåêóë

CCl3F (C35Cl2
37ClF è C37Cl2

35ClF), à òàêæå ìî-

ëåêóëÿðíûõ ïîñòîÿííûõ, íåîáõîäèìûõ äëÿ

àäåêâàòíîãî îïèñàíèÿ ñïåêòðà ñèììåòðè÷íîé

ìîëåêóëû C37Cl3F ñ òî÷íîñòüþ äî 30 50÷   êÃö.

Àíàëîãè÷íûå äàííûå ïî äðóãîé ñèììåòðè÷-

íîé ôîðìå C35Cl3F áûëè ïðåäñòàâëåíû íàìè

ðàíåå [1]. Òàêèì îáðàçîì, íà óðîâíå ñîâðåìåí-

íûõ òðåáîâàíèé çàâåðøåíî èññëåäîâàíèå âðà-

ùàòåëüíîãî ñïåêòðà îñíîâíîãî ñîñòîÿíèÿ âñåõ

èçîòîïè÷åñêèõ (ïî õëîðó) ðàçíîâèäíîñòåé

ìîëåêóëû CCl3F.

Íàéäåííûå, à òàêæå ñóùåñòâåííî óòî÷íåí-

íûå âðàùàòåëüíûå ïîñòîÿííûå âñåõ ÷åòûðåõ

ðàçíîâèäíîñòåé ìîëåêóëû CCl3F ïîçâîëèëè

óòî÷íèòü ïàðàìåòðû  åå ñòðóêòóðû.

Ïîëó÷åííûå äàííûå áóäóò ïîëåçíû äëÿ

ó÷åòà âêëàäà ìîëåêóë ôðåîíà-11 â ïðîöåññû,

âåäóùèå ê ðàçðóøåíèþ îçîíîâîãî ñëîÿ Çåì-

ëè, à òàêæå ïðè ðàñ÷åòå ñöåíàðèåâ ãëîáàëüíî-

ãî ïîòåïëåíèÿ. Îíè ïîòðåáóþòñÿ ïðè àíàëèçå

ÈÊ âðàùàòåëüíî-êîëåáàòåëüíûõ ñïåêòðîâ âû-

ñîêîãî ðàçðåøåíèÿ è äëÿ ðàñ÷åòîâ ñèëîâîãî

ïîëÿ ìîëåêóë CCl3F.

Àâòîðû áëàãîäàðíû Ç. Êèøåëþ çà ïðåäîñ-

òàâëåííóþ âîçìîæíîñòü âîñïîëüçîâàòüñÿ åãî

ïðîãðàììàìè äëÿ àíàëèçà ñïåêòðîâ àñèììåò-

ðè÷íûõ âîë÷êîâ è ðàñ÷åòà ñòðóêòóðû ìîëåêóë.

Ýòî èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé

ïîääåðæêå INTAS-UA-95-187.

Ëèòåðàòóðà

1. Â. Ã. Ãåðàñèìîâ, Ñ. Ô. Äþáêî, Â. À. Åôðåìîâ,

Ì. Í. Åôèìåíêî, À. À. Êàòðè÷. Ðàäèîôèçèêà è ðà-

äèîàñòðîíîìèÿ. 1999, 4, ¹2, ñ. 178-183.

2. J. H. N. Loubser. J. Chem. Phys. 1962, 36, pp. 2808-

2809.

3. A. A. Wolf, Q. Williams, T. L. Weatherly. J. Chem.

Phys. 1967, 47, pp. 5101-5109.

4. J. H. Carpenter, P. J. Seo, D. H. Whiffen. J. Molec.

Spectrosc. 1987, 123, pp. 187-196.

5. M. Snels, A. Beil, H. Hollenstein, M. Quack,

U. Schmitt, F. D�Amato. J. Chem. Phys. 1995, 103,

pp. 8846-8853.

6. L. O. Brockway. J. Phys. Chem. 1937, 41, pp. 747.

Spectroscopy of Freons: Submillimeter

Wave Rotational Spectra

of the 37Cl Isotopomers

of the CCl3F (CFC-11) Molecule

V. G. Gerasimov, S. F. Dyubko,

V. A. Efremov, M. N. Efimenko,

A. A. Katrich

The frequencies of the 492 absorption lines

of the 37Cl isotopomers of the CFC-11 were

measured in the frequency range from 122 to

360 GHz. The sets of the rotational and centri-

fugal distortion constants were obtained for the

rotat ional  spectra of  the C 35Cl 2
37ClF,

C37Cl2
35ClF, C37Cl3F molecules in the ground

vibrational states. The structural parameters of

the CCl3F molecule were refined.


