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Äëÿ ïÿòè èçîòîïîëîãîâ ìîëåêóëû SO2: 

32S16O2, 
34S16O2, 

33S16O2, 
32S18O2, 

32S16O18O, ïîëó÷åíû ïàðàìåòðû 
ýôôåêòèâíîãî êîëåáàòåëüíîãî ãàìèëüòîíèàíà èç ïîäãîíêè ê èìåþùèìñÿ ýêñïåðèìåíòàëüíûì äàííûì,  
à òàêæå ñ èñïîëüçîâàíèåì îñíîâíûõ ñîîòíîøåíèé òåîðèè èçîòîïîçàìåùåíèÿ. Ýêñïåðèìåíòàëüíûå êîëåáà-
òåëüíûå óðîâíè ýíåðãèè âîññòàíàâëèâàþòñÿ ñ ïîëó÷åííûìè ïàðàìåòðàìè ñ òî÷íîñòüþ íå õóæå 0,025 ñì−1 äëÿ 
ñèììåòðè÷íûõ èçîòîïîëîãîâ. Ïðîâåäåíî ñðàâíåíèå íàéäåííûõ êîëåáàòåëüíûõ óðîâíåé ýíåðãèè ñ äàííûìè 
âàðèàöèîííîãî ðàñ÷åòà, ïðè ýòîì èñïðàâëåíû êâàíòîâûå ÷èñëà äëÿ 93 êîëåáàòåëüíûõ ñîñòîÿíèé. Ïîëó÷åí-
íûå äàííûå ìîãóò áûòü ïîëåçíû ïðè èäåíòèôèêàöèè è ìîäåëèðîâàíèè èíôðàêðàñíûõ ñïåêòðîâ, îáðàçîâàí-
íûõ ïåðåõîäàìè íà âûñîêîâîçáóæäåííûå êîëåáàòåëüíûå ñîñòîÿíèÿ èçîòîïîëîãîâ äèîêñèäà ñåðû, à òàêæå 
ïðè àíàëèçå «ãîðÿ÷èõ» ñïåêòðîâ. 

 

Êëþ÷åâûå ñëîâà: äèîêñèä ñåðû, SO2, ýôôåêòèâíûé ãàìèëüòîíèàí, êîëåáàòåëüíàÿ ýíåðãèÿ, èçîòîïîëîã; 
sulfur dioxide, SO2, effective Hamiltonian, vibrational energy, isotopologue. 

 
 

Ââåäåíèå 
 

Ñïåêòðîñêîïè÷åñêèå ìåòîäû øèðîêî ïðèìåíÿ-
þòñÿ ïðè èçó÷åíèè ñîñòàâà àòìîñôåðû. Äëÿ èõ ðåà-
ëèçàöèè íåîáõîäèìû äàííûå î ïàðàìåòðàõ ñïåê-
òðàëüíûõ ëèíèé ìîëåêóë àòìîñôåðíûõ è çàãðÿç-
íÿþùèõ àòìîñôåðó ãàçîâ. Öåíòðû è èíòåíñèâíîñòè 
êîëåáàòåëüíî-âðàùàòåëüíûõ ïåðåõîäîâ ÿâëÿþòñÿ 
âàæíûìè õàðàêòåðèñòèêàìè, íà îñíîâå êîòîðûõ 
ïðîâîäèòñÿ èäåíòèôèêàöèÿ ìîëåêóëÿðíûõ ñïåêòðîâ 
âûñîêîãî ðàçðåøåíèÿ. Â ðàìêàõ íàñòîÿùåé ðàáîòû 

èññëåäóåòñÿ ìîëåêóëà äèîêñèäà ñåðû, êîòîðàÿ âõî-
äèò â ñîñòàâ àòìîñôåðû Çåìëè (â êà÷åñòâå àíòðîïî-
ãåííîãî è åñòåñòâåííîãî èñòî÷íèêà çàãðÿçíåíèÿ)  
è äðóãèõ ïëàíåò è èõ ñïóòíèêîâ [1–4]. Òàê, íàïðè-
ìåð, ïðè âûñîêèõ òåìïåðàòóðàõ íà Âåíåðå, áîãàòîé 

SO2, ìîãóò ïðåîáëàäàòü ãîðÿ÷èå ïîëîñû â ñïåêòðàõ, 
÷òî îáóñëîâëèâàåò íåîáõîäèìîñòü èçó÷åíèÿ ñïåê-
òðîâ äèîêñèäà ñåðû è åãî èçîòîïîëîãîâ â ðàçëè÷-
íûõ ýíåðãåòè÷åñêèõ îáëàñòÿõ. 

Âàðèàöèîííûå ðàñ÷åòû [5], òî÷íîñòü êîòîðûõ 
ìîæåò ñîñòàâëÿòü ∼ 0,2 ñì−1 äëÿ öåíòðîâ êîëåáàòåëü-
íî-âðàùàòåëüíûõ ïîëîñ, ìîãëè áû èñïîëüçîâàòüñÿ 

ïðè èäåíòèôèêàöèè êîëåáàòåëüíûõ ñïåêòðîâ ðàç-
ëè÷íûõ èçîòîïîëîãîâ äèîêñèäà ñåðû, âêëþ÷àÿ ïå- 
ðåõîäû íà åùå íå èññëåäîâàííûå óðîâíè ýíåðãèè. 
Îäíàêî îñíîâíîé íåäîñòàòîê òàêèõ ðàñ÷åòîâ – èñ-
êàæåíèÿ â ïðèñâîåíèè êîëåáàòåëüíî-âðàùàòåëüíûõ  
 

____________  
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êâàíòîâûõ ÷èñåë. Äëÿ îäíîçíà÷íîé êâàíòîâîé èäåí-
òèôèêàöèè, à òàêæå ïðîâåðêè òî÷íîñòè âàðèàöèîí-
íûõ çíà÷åíèé öåíòðîâ êîëåáàòåëüíûõ ïîëîñ áûë 

âûïîëíåí ðàñ÷åò êîëåáàòåëüíûõ óðîâíåé ýíåðãèé Ev 
ïî ìåòîäó ýôôåêòèâíîãî ãàìèëüòîíèàíà (ÝÃ) äëÿ 
ïÿòè íàèáîëåå ðàñïðîñòðàíåííûõ èçîòîïîëîãîâ äè-
îêñèäà ñåðû: 32SO2, 

34SO2, 
33SO2, 

32S18O2, 
32S16O18O 

(94,5; 4,2; 0,7; ∼
 0,1; 0,3%), ñ èñïîëüçîâàíèåì 

èìåþùèõñÿ ýêñïåðèìåíòàëüíûõ äàííûõ. 
Äëÿ îñíîâíîãî èçîòîïîëîãà 32SO2 ðàíåå â ðàáî-

òå [6] 1990 ã. ìåòîäîì ÝÃ áûëî âûïîëíåíî ìîäåëè-
ðîâàíèå 484 êîëåáàòåëüíûõ óðîâíåé ýíåðãèè äî 
21600 ñì−1, îïðåäåëåííûõ íà îñíîâå ìåòîäà äèñïåðñ-
íîé ôëóîðåñöåíöèè. Îäíàêî òî÷íîñòü èñïîëüçóåìûõ 
óðîâíåé ñóùåñòâåííî õóæå ïî ñðàâíåíèþ ñ èçâåñò-
íûìè íà äàííûé ìîìåíò íîâûìè êîëåáàòåëüíûìè 
óðîâíÿìè ýíåðãèè. Â ðàáîòå [7] 2021 ã. áûëè òàêæå 
âû÷èñëåíû êîëåáàòåëüíûå óðîâíè ýíåðãèè äëÿ 32SO2 
ñ ïîìîùüþ ìåòîäà V(2) àëãåáðû Lie, íî â êà÷åñòâå 
ýêñïåðèìåíòàëüíûõ çíà÷åíèé áûëî èñïîëüçîâàíî 
âñåãî äåâÿòü óñòàðåâøèõ çíà÷åíèé êîëåáàòåëüíûõ 
ýíåðãèé. Äëÿ äðóãèõ ìåíåå ðàñïðîñòðàíåííûõ èçî-
òîïîëîãîâ SO2 â ëèòåðàòóðå ïðåäñòàâëåí òîëüêî 
âàðèàöèîííûé ðàñ÷åò êîëåáàòåëüíûõ óðîâíåé [5, 8]. 
 

 

1. Ðàñ÷åò êîëåáàòåëüíûõ ýíåðãèé 
èçîòîïîëîãîâ ìîëåêóëû äèîêñèäà ñåðû 

 

Äëÿ ðàñ÷åòà êîëåáàòåëüíûõ ýíåðãèé ìîëåêóëû 
SO2 èñïîëüçîâàëñÿ ýôôåêòèâíûé êîëåáàòåëüíûé 
ãàìèëüòîíèàí âèäà [9]: 
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Ïðè ýòîì íå ðàññìàòðèâàëèñü íåäèàãîíàëüíûå 
÷ëåíû Hij ãàìèëüòîíèàíà (1), îòâå÷àþùèå çà ðåçî-
íàíñû Äàðëèíãà–Äåííèñîíà è Ôåðìè, òàê êàê  
 

íå áûëî îòìå÷åíî õàðàêòåðíûõ äëÿ ðåçîíàíñîâ îò-
êëîíåíèé ïðè ìîäåëèðîâàíèè óðîâíåé ýíåðãèè. 

Â ìîäåëèðîâàíèè ó÷àñòâîâàëè ýêñïåðèìåíòàëü-
íûå çíà÷åíèÿ êîëåáàòåëüíîé ýíåðãèè èç ïîñëåäíèõ 
èññëåäîâàíèé ñïåêòðà ïîãëîùåíèÿ äèîêñèäà ñåðû, 
ññûëêè íà êîòîðûå óêàçàíû â òàáë. 1. Ïîñêîëüêó 
ýêñïåðèìåíòàëüíûå êîëåáàòåëüíûå óðîâíè ýíåðãèè 
v1 v2 v3 SO2 îòñóòñòâóþò äëÿ ñîñòîÿíèé ñ íå÷åòíû-
ìè v3, èõ çíà÷åíèÿ áûëè çàìåíåíû íà ðàñ÷åòíûå. 
Ýíåðãèè «òåìíûõ» ñîñòîÿíèé, ïåðåõîäû íà êîòîðûå 
íå íàáëþäàëèñü â ýêñïåðèìåíòå, áûëè ïîëó÷åíû  
â ëèòåðàòóðå èç ïîäãîíêè ê äðóãèì èçâåñòíûì èç 
ýêñïåðèìåíòà óðîâíÿì. Ýòè äàííûå íå ó÷àñòâîâàëè 
â ìîäåëèðîâàíèè, îäíàêî ïðåäñòàâëåíû â òàáë. 1 
äëÿ ñðàâíåíèÿ. 

 
Ò à á ë è ö à  1  

Ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå êîëåáàòåëüíûå óðîâíè ýíåðãèè èçîòîïîëîãîâ SO2, ñì
−1 

32SO2 
34SO2 

33SO2 
v1 v2 v3 

Eðàñ÷ Eýêñï Δ ⋅ 10−3 Eðàñ÷ Eýêñï Δ ⋅ 10−3 Eðàñ÷ Eýêñï Δ ⋅ 10−3 

0 1 0 517,8838 ,8720 [11] −12   513,5443 ,5388 [23] −6    

515,6643 ,6594 [30] −5     
0 2 0 1035,1289 ,1265 [12] −2   1026,4611 ,4553 [24] −6    

1030,6954 ,6977 [30] 2     
1 0 0 1151,7239 ,7120 [12] −12   1144,5170 ,4787 [24] −38    

1147,9611 ,9796 [31] 19     
0 0 1 1362,0625 ,0600 [12] −2   1345,0973 ,0947 [24] −3    

1353,3177 ,3361 [31] 18     
0 3 0 1551,7356 ,7291 [13] −6   1538,7496 ,7202 [25] −29    

  
1 1 0 1666,3408 ,3343 [14] −7   1654,8424 ,8290 [24] −13    

  
0 1 1 1875,7966 ,7972 [14]  1   1854,5966 ,6105 [26]  14    

  
1 2 0 2180,3188 ,3312 [14]  12      
2 0 0 2295,8203 ,8081 [15] −12   2281,5024 ,4694 [27] −33    

  
0 2 1 2388,8916 ,9153 [14]  24   2363,4683 ,5039 [26]  36    

  
1 0 1 2499,8582 ,8701 [16]  12   2475,8369 ,8283 [16] −9    

2487,5127 ,4939 [31] −19     
1 3 0 2693,6584 ,871* [17] 213       
0 0 2 2713,3948 ,3821 [17] −13   2679,8218 ,7998 [28] −22    

   
2 1 0 2807,1707 ,1881 [17]  17   2788,6084 ,6386 [28]  30       
1 1 1 3010,3250 ,3174 [16] −8   2982,1172 ,1194 [27]  2       
1 4 0 3206,3591 ,651* [17] 292       
0 1 2 3222,9788 ,9726 [17] −6       
2 2 0 3317,8821 ,170* [18] −712       
0 4 1 3413,1663 4,590* [18] 1424       
3 0 0 3432,2893 ,2877 [18] −2   3410,9561 ,9754 [29]  19       
1 2 1 3520,1531 ,1394 [19] −14       
2 0 1 3629,7439 ,7616 [20]  18   3598,7710 ,7742 [20] 3       
1 3 1 4029,3425 ,229* [21] −114       
0 0 3 4053,9973 ,0011 [21]  4       
2 1 1 4136,9434 ,9349 [20] −8       
0 1 3 4559,4316 ,4339 [21]  2       
3 0 1 4751,7197 ,7169 [22] −3       
1 0 3 5164,8496 ,8508 [22]  1       

 32S18O2 
32S16O18O    

0 1 0 496,5941 ,5999 [34] 6   507,3867 ,3654 [34] −21    

   
1 0 0 1101,1508 ,1657 [35] 15   1123,8616 ,9303 [40] 69       
0 0 1 1318,5509 ,5482 [35] −3   1342,7927 ,8121 [40] 19       
1 1 0 1594,7457 ,7616 [32] 16   1628,1150 ,1869 [36] 72       
0 1 1 1811,2592 ,2610 [32] 2    

1846,1611 ,1495 [36] −12    

   
2 0 0 2195,3247 ,3144 [37] −10   2240,4214 ,3512 [39] −70    

   
0 2 1   2348,9163 ,9088 [38] −7    

   
1 0 1 2407,0527 ,0716 [37] 19   2454,0022 ,0257 [39] 24       
0 0 2 2626,8809 ,8805 [37] 0   2674,7832 ,7833 [39] 0       
2 1 0 2685,9199 ,9161 [33] −4       
1 1 1 2896,7617 ,7429 [33] −19   2954,2378 ,2143 [38] −24    

   

____________ 

Ï ð è ì å ÷ à í è å. Δ = Eýêñï − Eðàñ÷; çâåçäî÷êîé îáîçíà÷åíû «òåìíûå» ñîñòîÿíèÿ, â Eýêñï óêàçàíà ÷àñòü, 
îòëè÷íàÿ îò Eðàñ÷. 
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1.1. Îñíîâíîé èçîòîïîëîã 32SO2 
 

Äëÿ îñíîâíîãî èçîòîïîëîãà â ïðîöåññå ïîäãîí-
êè ê 23 ýêñïåðèìåíòàëüíûì çíà÷åíèÿì êîëåáàòåëü-
íîé ýíåðãèè îïðåäåëåíû 11 ïàðàìåòðîâ, âêëþ÷àÿ 
ãàðìîíè÷åñêèå ÷àñòîòû ωi, àíãàðìîíè÷åñêèå êîí-
ñòàíòû xλμ, à òàêæå ïàðàìåòðû y113, y133, ñâÿçû-
âàþùèå âîçáóæäåíèå êîëåáàíèé v1 è v3 (òàáë. 2).  
 

Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå (ÑÊÎ) ñîñòàâèëî 
1,45 

⋅
 10−2 ñì−1. Â òàáë. 1 è 3 ïðèâåäåíû ñðàâíå- 

íèÿ ðàñ÷åòíûõ êîëåáàòåëüíûõ ýíåðãèé ìîëåêóëû 
32SO2 ñ ýêñïåðèìåíòàëüíûìè äàííûìè è âàðèàöè-
îííûì ðàñ÷åòîì [5] ñîîòâåòñòâåííî. Íà ðèñóíêå 
òàêæå ïîêàçàíû îòêëîíåíèÿ âàðèàöèîííûõ çíà÷å-
íèé êîëåáàòåëüíûõ ýíåðãèé îò ïîëó÷åííûõ â íà-
ñòîÿùåé ðàáîòå. 

 

Ò à á ë è ö à  2  

Ñïåêòðîñêîïè÷åñêèå ïîñòîÿííûå äëÿ èçîòîïè÷åñêèõ ìîäèôèêàöèé ìîëåêóëû SO2, ñì
−1 

Ïàðàìåòð 32SO2 
34SO2 

33SO2 
32S18O2 

32S16O18O 

ω1 1167,922(32) 1160,519(10)  1164,016(18) 1115,9298(96) 1139,032(46) 
ω2  522,231(21)    517,8040(56)  519,966(10)  500,6250(80)  511,575(27) 
ω3 1381,878(27) 1364,424(14) 1372,839(18) 1337,0830(10) 1361,974(162) 
x11     −3,7432(81) −3,6972   −3,7195  −3,4253       −3,5842   
x12     −3,2669(62) −3,2189  −3,2422  −2,9993             −3,1331   
x13  −13,951(36)   −13,796(13) −13,786      −12,674(13)    −12,676(61) 
x22     −0,3193(50) −0,3138  −0,3165  −0,2941   −0,3067   
x23     −4,1499(55) −4,0450  −4,0958  −3,8859  −4,0180  
x33     −5,4412(66) −5,2595  −5,3475  −5,1797     −5,473(52) 
y113     −0,1411(70) −0,1370  −0,1390  −0,1259 −0,1334   
y133       0,1524(64)  0,1464  0,1493   0,1388 0,1456 

ne 23 15 5 10 10 
σ, ñì−1 1,45 

⋅
 10−2 2,52 

⋅
 10−2 2,30 

⋅
 10−2 1,49 

⋅
 10−2 5,82 

⋅
 10−2 

___________  

Ï ð è ì å ÷ à í è å. 2
ýêñï ðàñ÷

1

( ) /( ),
ne

e k

i

E E n n

=

σ = − −∑  ãäå ne – êîëè÷åñòâî óðîâíåé 

ýíåðãèè; nk – êîëè÷åñòâî ïàðàìåòðîâ. Â ñêîáêàõ ïðèâåäåíû 68%-å äîâåðèòåëüíûå èí-
òåðâàëû. 

 

Ò à á ë è ö à  3  

Ðàññ÷èòàííûå ïî ìåòîäó ÝÃ è âàðèàöèîííûå [5, 8] êîëåáàòåëüíûå óðîâíè ýíåðãèè èçîòîïîëîãîâ ìîëåêóëû SO2, ñì
−1 

32SO2 
34SO2 

32SO2 
34SO2 

v1 v2 v3 
Eðàñ÷ Eâàð Δ ⋅ 10−3 Eðàñ÷ Eâàð Δ ⋅ 10−3 

v1 v2 v3 
Eðàñ÷ Eâàð Δ ⋅ 10−3 Eðàñ÷ Eâàð Δ ⋅ 10−3 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

0 1 0    517,884 7,872 −12  513,544 3,533 −11 2 3 1 5149,428 9,380 −47 5106,072 6,057 −14 
0 2 0 1035,129 5,112 −17 1026,461 6,435 −25 1 0 3 5164,850 4,837 −13 5108,238 8,255 18 
1 0 0 1151,724 1,711 −12 1144,517 4,488 −29 0 5 2 5254,928 5,478 551 5200,815 1,272 457 
0 0 1 1362,062 2,058 −4 1345,097 5,082 −15 3 1 1 5255,652 5,541 −111 5213,742 3,725 −17 
0 3 0 1551,736 1,744 9 1538,750 8,727 −22 2 6 0 5354,340 4,891 551 5314,724 5,113 389 
1 1 0 1666,341 6,322 −18 1654,842 4,817 −25 1 3 2 5354,602 4,420 −181 5301,899 1,805 −94 
0 1 1 1875,797 5,791 −5 1854,597 4,590 −6 0 0 4 5383,869 4,004 135 5318,153 8,219 66 
0 4 0 2067,703 7,781 78 2050,411 0,420 10 2 1 2 5456,597 6,416 −180 5405,269 5,177 −91 
1 2 0 2180,319 0,307 −11 2164,540 4,517 −23 3 4 0 5460,789 1,016 228 5422,739 3,040 301 
2 0 0 2295,820 5,814 −6 2281,502 1,507 5 1 6 1 5553,079 3,564 486 5504,103 4,449 347 
0 2 1 2388,892 8,922 31 2363,468 3,492 24 0 3 3 5568,384 8,483 100 5506,519 6,614 96 
1 0 1 2499,858 9,890 32 2475,837 5,850 13 4 2 0 5570,124 0,200 77 5533,588 3,887 300 
0 5 0 2583,032 3,227 195 2561,444 1,521 78 2 4 1 5654,711 4,730 20 5607,250 7,286 36 
1 3 0 2693,658 3,685 27 2673,610 3,607 −2 1 1 3 5667,017 6,790 −226 5606,428 6,267 −161 
0 0 2 2713,395 3,386 −9 2679,822 9,792 −30 5 0 0 5682,345 2,267 −78 5647,269 7,529 260 
2 1 0 2807,171 7,171 1 2788,608 8,636 28 3 2 1 5758,946 8,781 −165 5712,957 2,897 −59 
0 3 1 2901,348 1,465 117 2871,712 1,803 92 0 6 2 5761,318 2,211 894 5703,131 3,824 694 
1 1 1 3010,325 0,314 −10 2982,117 2,105 −11 1 4 2 5859,002 8,939 −62 5802,251 2,216 −34 
0 6 0 3097,723 8,078 356 3071,849 2,028 180 4 0 1 5865,786 5,583 −203 5821,222 1,176 −45 
1 4 0 3206,359 6,470 112 3182,052 2,101 49 0 1 4 5885,154 5,177 23 5815,517 5,508 −8 
0 1 2 3222,979 2,951 −28 3185,276 5,244 −31 2 2 2 5959,008 8,702 −305 5903,658 3,459 −199 
2 2 0 3317,882 7,902 20 3295,087 5,135 48 3 5 0 5966,316 6,697 381 5924,116 4,529 414 
0 4 1 3413,166 3,426 260 3379,328 9,530 203 3 0 2 6061,334 1,222 −112 6007,348 7,373 25 
3 0 0 3432,289 2,283 −5 3410,956 1,030 75 0 4 3 6071,901 2,184 283 6006,044 6,255 211 
1 2 1 3520,153 0,138 −14 3487,771 7,756 −14 4 3 0 6073,662 3,820 158 6033,001 3,376 376 
2 0 1 3629,744 9,787 44 3598,771 8,822 52 2 5 1 6159,356 9,490 134 6107,800 7,914 114 
1 5 0 3718,421 8,666 245 3689,866 9,982 117 1 2 3 6168,545 8,188 −356 6103,991 3,724 −266 
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Ï ð î ä î ë æ å í è å  ò à á ë .  3  
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

0 2 2 3731,924 1,938 14 3690,103 0,135 33 5 1 0 6183,894 3,889 −4 6144,719 5,077 359 
2 3 0 3827,954 8,025 72 3797,077 7,098 22 3 3 1 6261,602 1,427 −174 6211,544 1,472 −71 
1 0 2 3837,567 7,589 22 3800,938 1,024 87 2 0 3 6267,229 7,131 −98 6203,947 3,983 37 
0 5 1 3924,345 4,803 459 3886,315 6,671 356 1 5 2 6362,765 2,839 75 6301,976 2,043 68 
3 1 0 3940,372 0,392 20 3914,844 4,963 120 4 1 1 6366,452 6,142 −310 6317,846 7,722 −124 
1 3 1 4029,343 9,374 32 3992,795 2,815 21 0 2 4 6385,799 5,805 7 6312,253 2,245 −8 
0 0 3 4053,997 4,024 27 4004,174 4,162 −12 2 3 2 6460,780 0,413 −367 6401,418 1,161 −257 
2 1 1 4136,943 6,915 −28 4101,832 1,835 4 3 6 0 6471,206 1,782 577 6424,864 5,418 554 
1 6 0 4229,845 0,270 426 4194,302 4,407 106 1 0 4 6481,709 1,641 −67 6409,318 9,321 3 
0 3 2 4240,230 0,355 125 4197,053 7,313 261 3 1 2 6561,116 0,758 −358 6503,146 2,959 −186 
2 4 0 4337,388 7,554 167 4299,312 9,248 −64 0 5 3 6574,780 5,318 538 6504,943 5,388 446 
1 1 2 4343,884 3,792 −92 4306,162 6,315 154 4 4 0 6576,562 6,838 276 6531,786 2,259 474 
0 6 1 4434,886 5,588 703 4392,677 3,219 543 2 6 1 6663,364 3,646 283 6607,723 7,944 222 
3 2 0 4447,816 7,872 56 4418,104 8,265 162 1 3 3 6669,436 9,035 −400 6600,925 0,614 −311 
1 4 1 4537,894 8,026 133 4497,191 7,286 95 5 2 0 6684,803 4,876 74 6641,541 1,989 448 
0 1 3 4559,432 9,402 −29 4505,583 5,541 −42 0 0 5 6703,013 3,357 344 6621,759 1,990 231 
4 0 0 4561,131 1,104 −27 4532,878 3,041 163 3 4 1 6763,618 3,477 −140 6709,502 9,453 −49 
2 2 1 4643,505 3,443 −61 4604,266 4,244 −22 2 1 3 6766,129 5,701 −427 6698,918 8,666 −252 
0 4 2 4747,898 8,203 −72 4697,872 8,129 258 6 0 0 6795,930 5,769 −160 6754,129 4,485 357 
3 0 1 4751,720 1,699 112 4713,899 3,947 48 1 6 2 6865,889 6,143 255 6801,072 1,272 200 
2 5 0 4846,183 6,490 308 4810,756 1,012 256 4 2 1 6866,478 6,099 −378 6813,841 3,661 −180 
1 2 2 4849,562 9,420 −142 4800,920 0,815 −105 0 3 4 6885,806 5,885 80 6808,362 8,430 68 
2 0 2 4953,546 3,554 9 4906,253 6,314 62 2 4 2 6961,914 1,546 −367 6898,552 8,279 −272 
3 3 0 4954,622 4,743 122 4920,735 0,953 218 5 0 1 6971,941 1,392 −549 6920,739 0,460 −278 
1 5 1 5045,806 6,092 287 5000,961 1,168 207 1 1 4 6979,726 9,321 −405 6903,464 3,188 −275 
0 2 3 5064,227 4,221 −5 5006,365 6,356 −8 3 2 2    6998,315 7,966 −349 
4 1 0 5065,947 5,968 21 5033,547 3,781 234        

v1 v2 v3 
33SO2 

32S18O2 v1 v2 v3 
32S16O18O  

0 1 0 515,664 5,655 −8 496,594 6,605 12 0 1 0 507,387 7,368 −19    
0 2 0 1030,695 0,680 −14 992,600 2,658 58 0 2 0 1014,160 4,146 −14    
1 0 0 1147,961 7,98 22 1101,151 1,137 −13 1 0 0 1123,862 3,912 51    
0 0 1 1353,318 3,327 9 1318,551 8,519 −31 0 0 1 1342,793 2,794 1    
0 3 0 1545,094 5,095 2 1488,018 8,176 159 0 3 0 1520,320 0,353 34    
1 1 0 1660,383 0,407 25 1594,746 4,746 0 1 1 0 1628,115 8,172 58    
0 1 1 1864,886 4,901 16 1811,259 1,236 −22 0 1 1 1846,161 6,132 −29    
0 4 0 2058,859 8,913 55 1982,847 3,172 326 0 4 0 2025,866 6,003 137    
1 2 0 2172,172 2,203 32 2087,752 7,804* 53 1 2 0 2131,755 1,845 90    
2 0 0 2288,344 8,430 87 2195,325 5,261 −64 2 0 0 2240,421 0,325 −95    
0 2 1 2375,821 5,872 52 2303,379 3,427 48 0 2 1 2348,916 8,907 −9    
1 0 1 2487,513 7,512 0 2407,053 7,043 −9 1 0 1 2454,002 4,018 16    
0 5 0 2571,991 2,140 149 2477,088 7,651 564 0 5 0 2530,798 1,099 301    
1 3 0 2683,328 3,392* 64 2580,170 0,331* 162 1 3 0 2634,781 4,949* 169    
0 0 2 2696,089 6,110 22 2626,881 6,856 −25 0 0 2 2674,783 4,779* −4    
2 1 0 2797,524 7,628 104 2685,920 5,876* −43 2 1 0 2741,542 1,480* −61    
0 3 1 2886,124 6,254 130 2794,911 5,103 192 0 3 1 2851,058 1,131 73    
1 1 1 2995,839 5,808 -30 2896,762 6,720 −41 1 1 1 2954,238 4,201 −36    
0 6 0 3084,490 4,772 282 2970,740 1,611 872 0 6 0 3035,117 5,639 522    
1 4 0 3193,851 3,985* 134 3072,000 2,339* 340 1 4 0 3137,194 7,498* 305    
0 1 2 3203,562 3,576 15 3115,703 5,666 −36 0 1 2 3174,134 4,068* −66    
2 2 0 3306,070 6,198* 128 3175,927 5,942* 15 2 2 0 3242,048 2,048* 0    
0 4 1 3395,793 6,052 259 3285,854 6,270 417 0 4 1 3352,586 2,810 225    
3 0 0 3421,149 1,315 167 3282,522 2,345 −176 3 0 0 3349,679 9,173 −506    
1 2 1 3503,532 3,501 −30 3385,882 5,872* −9 1 2 1 3453,860 3,822* −37    
2 0 1 3613,852 3,835 −17 3488,326 8,278 −48 2 0 1 3557,643 7,563 −80    
1 5 0 3703,741 3,987* 246 3563,242 3,833 591 1 5 0 3638,994 9,497* 504    
0 2 2 3710,401 0,462 62 3603,937 3,973 37 0 2 2 3672,871 2,817* −53    
2 3 0 3813,984 4,158* 175 3665,346 5,475* 130 2 3 0 3741,942 2,047* 106    
1 0 2 3816,817 6,754 −63 3703,012 2,967 −45 1 0 2 3773,632 3,411* −220    
0 5 1 3904,829 5,265 437 3776,209 6,929 720 0 5 1 3853,500 3,944 445    
3 1 0 3927,086 7,291* 206 3770,118 9,972* −145 3 1 0 3847,666 7,227* −439    
1 3 1 4010,593 0,604* 11 3874,415 4,510* 96 1 3 1 3952,868 2,892* 25    
0 0 3 4028,315 8,383 68 3924,991 4,990 −1 0 0 3 3995,973 5,982* 10    
2 1 1 4118,936 8,863 −73 3975,035 4,931* −104 2 1 1 4054,745 4,605* −139    
1 6 0 4212,998 3,395* 398 4053,896 4,813 917 1 6 0 4140,180 0,944* 764    
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 

0 3 2 4216,608 6,776 169 4091,583 1,783 200 0 3 2 4170,994 1,033* 39    
1 1 2 4321,047 0,883 −163 4188,834 8,686 −147 1 1 2 4269,850 9,491* −359    
2 4 0 4321,266 1,527* 262 4154,177 4,489* 313 2 4 0 4241,222 1,490 269    
3 2 0 4432,391 2,638* 247 4257,126 7,047* −78 3 2 0 4345,040 4,692* −348    
1 4 1 4517,020 7,121* 101 4362,359 2,639* 280 1 4 1 4451,263 0,389* −874    
0 6 1 4413,232 3,967 735 4265,976 7,071 1095 0 6 1 4353,801 4,525 724    
0 1 3 4531,692 1,719 28 4409,927 9,877 −49 0 1 3 4491,305 1,206* −99    
4 0 0 4546,376 6,622 247 4362,743 2,374 −368 4 0 0 4451,634 1,417* −217    
2 2 1 4623,387 3,287* −99 4461,156 1,057* −99 2 2 1 4551,234 1,084* −150    
0 4 2 4722,181 2,556 375 4578,640 9,096 456 0 4 2 4668,504 8,716* 212    
3 0 1 4732,334 2,243 −90 4562,371 2,184 −187 3 0 1 4653,715 3,376 −338    
1 2 2 4824,645 4,440 −205 4674,069 3,904* −165 1 2 2 4765,453 5,031* −421    
2 5 0 4827,913 8,297* 384 4642,419 2,990 571 2 5 0 4739,888 0,383 495    
2 0 2 4929,411 9,236 −175 4771,662 1,530 −132 2 0 2 4864,645 4,160* −485    
3 3 0 4937,063 7,373* 310 4743,546 3,588* 42 3 3 0 4841,799 1,586 −212    
1 5 1 5022,813 3,050* 238 4849,715 0,258 543 1 5 1 4949,044 9,395* 351    
0 2 3 5034,435 4,494 59 4894,275 4,279 5 0 2 3 4986,024 5,909* −115    
4 1 0 5049,071 9,380* 310 4847,339 7,018* −320 4 1 0 4946,488 5,345 −1142    
2 3 1 5127,204 7,119* −84 4946,689 6,667* −22 2 3 1 5047,109 7,009* −99    
1 0 3 5135,875 5,725 −150 4989,028 8,872 −156 1 0 3 5082,751 2,131* −619    
0 5 2 5227,122 7,668 547 5065,109 5,907 798 0 5 2 5165,400 5,860 460    
3 1 1 5234,176 4,011* −164 5046,081 5,823* −258 3 1 1 5147,684 7,288* −396    
1 3 2 5327,609 7,419* −190 5158,715 8,623* −91 1 3 2 5260,444 0,038* −406    
2 6 0 5333,927 4,475* 549 5130,073 0,977 904 2 6 0 5237,940 8,723 783    
0 0 4 5349,996 0,177 182 5212,880 2,918 39 0 0 4 5306,360 6,444* 84    
2 1 2 5430,399 0,057 −342 5254,485 4,192* −292 2 1 2 5357,729 7,058* −670    
3 4 0 5441,101 1,508* 407 5229,377 9,607 230 3 4 0 5337,946 7,921 −24    
0 3 3 5536,546 6,709 164 5378,035 8,197 163 0 3 3 5480,129 0,091* −38    
4 2 0 5551,134 1,506* 372 5331,349 1,106* −243 4 2 0 5440,729 9,710 −1018    
2 4 1 5630,390 0,361* −29 5431,635 1,765* 130 2 4 1 5542,371 2,386 15    
1 1 3 5636,009 5,671 −337 5470,965 0,606 −359 1 1 3 5574,951 4,081* −870    
5 0 0 5664,024 4,342 318 5435,987 5,340 −647 5 0 0 5546,288 3,902 −2385    
0 6 2 5731,429 2,244 815 5550,990 2,207 1217 0 6 2 5661,684 2,455 771    
3 2 1 5735,384 5,175* −209 5529,204 8,932* −271 3 2 1 5641,040 0,633* −407    
1 4 2 5829,940 9,821* −118 5642,774 2,845 71 1 4 2 5754,820 4,509 −310    
4 0 1 5842,961 2,693 −267 5629,186 8,726 −459 4 0 1 5742,217 1,413 −804    
0 1 4 5849,277 9,370 93 5693,930 3,867 −63 0 1 4 5797,675 7,588* −87    
2 2 2 5930,753 0,298* −454 5736,721 6,351* −369 2 2 2 5850,199 9,417 −781    
3 5 0 5944,507 5,035* 528 5714,620 5,110* 490 3 5 0 5833,479 3,703* 224    
3 0 2    5832,831 2,494 −337 3 0 2       
0 4 3    5861,207 1,629 422 0 4 3       
2 5 1    5915,991 6,351* 360 2 5 1       
1 2 3    5952,314 1,858* −455 1 2 3       

              

Ï ð è ì å ÷ à í è å. Δ = Eâàð − Eðàñ÷, â Eâàð óêàçàíà ÷àñòü, îòëè÷íàÿ îò Eðàñ÷. Çâåçäî÷êîé îòìå÷åíû óðîâíè ñ íåâåðíîé 
èäåíòèôèêàöèåé â âàðèàöèîííîì ðàñ÷åòå.  

 

 
Îòêëîíåíèÿ âàðèàöèîííûõ êîëåáàòåëüíûõ óðîâíåé ýíåð-
ãèè [5] îò ðàññ÷èòàííûõ ïî ìåòîäó ÝÃ äëÿ 32SO2 (êðóæêè)  
  è 34SO2 (òðåóãîëüíèêè) 

Êàê îòìå÷àëîñü è ðàíåå, ïðè ìîäåëèðîâàíèè 
êîëåáàòåëüíûõ ýíåðãèé ñ èñïîëüçîâàíèåì âûðàæå-
íèÿ (1) íàèáîëüøàÿ îøèáêà ïðåäñêàçàíèÿ íàáëþäà-
åòñÿ äëÿ ñîñòîÿíèé ñ âûñîêèì âîçáóæäåíèåì èçãèá-
íîãî êîëåáàíèÿ. ÑÊÎ ìåæäó íàñòîÿùèì ðàñ÷åòîì 
è âàðèàöèîííûìè äàííûìè ñîñòàâèëî 0,193 ñì−1 
äëÿ 99 óðîâíåé ñ ýíåðãèåé íå âûøå 7000 ñì−1 ïðè 
ìàêñèìàëüíîì îòêëîíåíèè 0,486 ñì−1. Îòìåòèì, ÷òî 
ñåìü óðîâíåé ñ íàèáîëüøèìè îòêëîíåíèÿìè 0,5 ñì−1 
è âûøå îò âàðèàöèîííîãî ðàñ÷åòà (â îñíîâíîì ýòî 
óðîâíè ñ âûñîêèì âîçáóæäåíèåì èçãèáíîãî êîëåáà-
íèÿ) áûëè èñêëþ÷åíû èç ðàññìîòðåíèÿ. Ñðàâíåíèå 
ïðåäñêàçàííûõ çíà÷åíèé êîëåáàòåëüíûõ ýíåðãèé  
â îáîèõ ðàñ÷åòàõ ñâèäåòåëüñòâóåò îá èõ ñîãëàñîâàí-
íîñòè è âûñîêîé òî÷íîñòè, òîãäà êàê äàííûå ðà- 
áîò [6, 7] îòëè÷àþòñÿ îò íàñòîÿùåãî ðàñ÷åòà íà âå-
ëè÷èíû äî äåñÿòêîâ ñì−1. 
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1.2. Ðåäêèå èçîòîïîëîãè: 34S16O2, 
33S16O2, 

32S18O2, 
32S16O18O 

 

Â ñëó÷àå ðåäêèõ èçîòîïîëîãîâ äèîêñèäà ñåðû 
ýêñïåðèìåíòàëüíûõ äàííûõ íåäîñòàòî÷íî äëÿ îïðå-
äåëåíèÿ àíãàðìîíè÷åñêèõ ïàðàìåòðîâ xλμ, yλμν, çíà-
÷èìûõ äëÿ àäåêâàòíîãî ðàñ÷åòà êîëåáàòåëüíûõ 
ýíåðãèé. Ïîýòîìó äëÿ ðàñ÷åòà êîëåáàòåëüíûõ ýíåð-
ãèé èçîòîïîëîãîâ áûëè èñïîëüçîâàíû èçîòîïè÷å-
ñêèå ñîîòíîøåíèÿ äëÿ àíãàðìîíè÷åñêèõ êîíñòàíò 
ìîëåêóëû òèïà XY2 (C2v) èç [10]: 

 
1/2 1/2

,x A A x xλμ λλ μμ λμ λμ′ = + Δ
 (3) 

 
1/2 1/2 1/2

,y A A A y yλμν λλ μμ νν λμν λμν′ = + Δ
 (4) 

ãäå âåëè÷èíû ñî øòðèõîì îòíîñÿòñÿ ê èçîòîïîçà-
ìåùåííîé ìîëåêóëå, áåç øòðèõà – ê îñíîâíîìó èçî-
òîïîëîãó. Âèä ýëåìåíòîâ Aλμ, âêëþ÷àþùèõ â ñåáÿ 
õàðàêòåðèñòèêè ìîëåêóëû, ïðåäñòàâëåí â [10]. Ïî-
ïðàâêè Δxλμ, Δyλμν ñòàíîâÿòñÿ íåñóùåñòâåííûìè  

â ñëó÷àå ñèììåòðè÷íîãî èçîòîïîçàìåùåíèÿ, ïîýòîìó 
íå ó÷èòûâàþòñÿ ïðè ðàñ÷åòå. 

Äëÿ âñåõ ðàññìîòðåííûõ ðåäêèõ èçîòîïîëîãîâ 
ãàðìîíè÷åñêèå ÷àñòîòû ωi îïðåäåëÿëèñü èç ïîäãîí-
êè ê ýêñïåðèìåíòàëüíûì äàííûì, òîãäà êàê àíãàð-
ìîíè÷åñêèå ïàðàìåòðû xλμ, yλμν, êðîìå ñàìîãî áîëü-
øîãî x13, áûëè ôèêñèðîâàíû èõ íà÷àëüíûìè çíà-
÷åíèÿìè, ïîëó÷åííûìè ïî ôîðìóëàì (3) è (4). 
Ðåçóëüòèðóþùèå çíà÷åíèÿ ïàðàìåòðîâ èçîòîïîëîãîâ 
ïðèâåäåíû â òàáë. 2. Íà ðèñóíêå ïîêàçàíû îòêëî-
íåíèÿ âàðèàöèîííûõ çíà÷åíèé êîëåáàòåëüíûõ ýíåð-
ãèé îò íàñòîÿùåãî ðàñ÷åòà äëÿ èçîòîïîëîãà 34S16O2. 
Èñïîëüçîâàíèå èçîòîïè÷åñêèõ ñîîòíîøåíèé ïîçâî-
ëèëî ñóùåñòâåííî óìåíüøèòü ÷èñëî âàðüèðóåìûõ 
ïàðàìåòðîâ, ïðè ýòîì òî÷íîñòü ðàñ÷åòà êîëåáàòåëü-
íûõ ýíåðãèé ñèììåòðè÷íûõ èçîòîïîëîãîâ îêàçàëàñü  
íå õóæå 2,52 

⋅
 10−2 ñì−1 (ñì. òàáë. 2), ÷òî ñðàâíèìî 

ñ òî÷íîñòüþ ðàñ÷åòà êîëåáàòåëüíûõ ýíåðãèé îñíîâ-
íîãî èçîòîïîëîãà – 1,45 

⋅
 10−2 ñì−1. 

Äëÿ ðàñ÷åòà êîëåáàòåëüíûõ ýíåðãèé èçîòîïîëî-
ãà 32S16O18O òàê æå, êàê è â ñëó÷àå ñèììåòðè÷íûõ 
èçîòîïîëîãîâ, èñïîëüçîâàëñÿ íàáîð ïàðàìåòðîâ xλμ, 
yλμν, ïåðåñ÷èòàííûé èç ïàðàìåòðîâ 32SO2 ïî ôîðìó-
ëàì (3), (4). Âèäèìî, ïî ýòîé ïðè÷èíå ïðè ìîäåëè-
ðîâàíèè 10 ýêñïåðèìåíòàëüíûõ óðîâíåé èçîòîïîëî-
ãà 32S16O18O ïîëó÷åíî ñóùåñòâåííî áîëüøåå ÑÊÎ 
5,82 

⋅
 10−2 ñì−1. 
Ðàñ÷åòíûå êîëåáàòåëüíûå ýíåðãèè ðåäêèõ èçî-

òîïîëîãîâ SO2 ïðèâåäåíû â òàáë. 3 â ñðàâíåíèè  
ñ ñîîòâåòñòâóþùèìè âàðèàöèîííûìè îöåíêàìè [8]. 

 

2. Ïðèïèñûâàíèå êîëåáàòåëüíûõ 
êâàíòîâûõ ÷èñåë ðàñ÷åòíûì çíà÷åíèÿì 

êîëåáàòåëüíûõ ýíåðãèé 
 

Äëÿ ìíîãèõ ïðèëîæåíèé, òàêèõ êàê ìîäåëèðî-
âàíèå è èäåíòèôèêàöèÿ ìîëåêóëÿðíûõ ñïåêòðîâ 
âûñîêîãî ðàçðåøåíèÿ, ðàñ÷åòû ïîëóøèðèí ñïåê-
òðàëüíûõ ëèíèé, ñóùåñòâåííûì ÿâëÿåòñÿ àäåêâàò-
íîå ïðèñâîåíèå êîëåáàòåëüíûõ êâàíòîâûõ ÷èñåë 

ðàñ÷åòíûì èëè ýêñïåðèìåíòàëüíûì êîëåáàòåëüíûì 
ýíåðãèÿì. Âìåñòå ñ òåì êîëåáàòåëüíûå êâàíòîâûå 
÷èñëà v1, v2, v3, â îòëè÷èå îò âðàùàòåëüíîãî êâàí-
òîâîãî ÷èñëà J, íå ÿâëÿþòñÿ «õîðîøèìè», ò.å. ñó-
ùåñòâóåò îïðåäåëåííûé ïðîèçâîë ïðè èõ îïðåäåëå-
íèè. Îäíàêî èìåþòñÿ ìåòîäû, êîòîðûå ïîçâîëÿþò 
îïðåäåëÿòü îáúåêòèâíûå êîëåáàòåëüíûå êâàíòîâûå 
÷èñëà äëÿ ðÿäà ñîñòîÿíèé. Â ÷àñòíîñòè, â ðàìêàõ 
ìåòîäà ÝÃ ðåøåíèå êîëåáàòåëüíîé çàäà÷è äàåò îä-
íîçíà÷íóþ êîëåáàòåëüíóþ èäåíòèôèêàöèþ â ñëó÷àå 
ñëàáûõ àíãàðìîíè÷åñêèõ ðåçîíàíñíûõ âçàèìîäåéñò-
âèé ëèáî èõ îòñóòñòâèÿ, ÷òî ðåàëèçóåòñÿ äëÿ ìîëå-
êóëû 32SO2 ïî êðàéíåé ìåðå äëÿ ðàññìîòðåííîãî 
èíòåðâàëà ýíåðãèé 0–7000 ñì−1. 

Ïîëó÷åííûé â ðàáîòå ñïèñîê ðàñ÷åòíûõ êîëå-
áàòåëüíûõ ýíåðãèé ñðàâíèâàëñÿ ñ äàííûìè èç âà-
ðèàöèîííûõ ðàñ÷åòîâ [8] ñ öåëüþ ïðîâåðèòü è èñ-
ïðàâèòü êîëåáàòåëüíîå îòíåñåíèå. Ïîñêîëüêó îáà 
ðàñ÷åòà õîðîøî ñîãëàñóþòñÿ äðóã ñ äðóãîì (ñì. 
òàáë. 3), äëÿ óâåðåííîãî ñîïîñòàâëåíèÿ óðîâíåé 
äîñòàòî÷íî áûëî ó÷åñòü ñèììåòðèþ è áëèçîñòü êî-
ëåáàòåëüíûõ ýíåðãèé. Âñåãî êîëåáàòåëüíûå êâàíòî-
âûå ÷èñëà áûëè èñïðàâëåíû äëÿ 93 ñîñòîÿíèé èçî-
òîïîëîãîâ 33SO2, 

32S18O2 è 32S16O18O. Â òàáë. 4 äëÿ 
ïðèìåðà ïðèâåäåíû îðèãèíàëüíûå è èñïðàâëåííûå 
êîëåáàòåëüíûå êâàíòîâûå ÷èñëà äëÿ ðÿäà ñîñòîÿíèé 
ðåäêèõ èçîòîïîëîãîâ. 

 

Ò à á ë è ö à  4  

Êîëåáàòåëüíûå óðîâíè ýíåðãèè èç âàðèàöèîííîãî  
ðàñ÷åòà ñ íåâåðíîé èäåíòèôèêàöèåé äëÿ 32S16O18O, 

32S18O2, 
33SO2, ñì

−1 (ïðèìåð) 

32S16O18O 32S18O2 
33SO2 

v1 v2 v3 
Eðàñ÷ 

v1 v2 v3 
(âàð.) 

Eðàñ÷ 
v1 v2 v3 
(âàð.) 

Eðàñ÷ 
v1 v2 v3 
(âàð.) 

1 2 0   2087,752 0 3 0   

1 3 0 2634,781 0 4 0 2580,170 0 4 0 2683,328 0 4 0 

0 0 2 2674,783 0 0 3     

2 1 0 2741,542 1 2 0 2685,920 1 2 0   

1 4 0 3137,194 0 5 0 3072,000 0 5 0 3193,851 0 5 0 

0 1 2 3174,134 0 1 3     

2 2 0 3242,048 1 3 0 3175,927 1 3 0 3306,070 1 3 0 

1 2 1 3453,860 0 3 1 3385,882 0 3 1   

1 5 0 3638,994 0 6 0   3703,741 0 6 0 

0 2 2 3672,871 0 2 3     

2 3 0 3741,942 1 4 0 3665,346 1 4 0 3813,984 1 4 0 

1 0 2 3773,632 1 0 3     

3 1 0 3847,666 2 2 0 3770,118 2 2 0 3927,086 2 2 0 

1 3 1 3952,868 0 4 1 3874,415 0 4 1 4010,593 0 4 1 

0 0 3 3995,973 0 0 2     

2 1 1 4054,745 1 2 1 3975,035 1 2 1   

1 6 0 4140,180 0 7 0   4212,998 0 7 0 

0 3 2 4170,994 0 3 3     

2 4 0 4241,222 1 5 0 4154,177 1 5 0 4321,266 1 5 0 

1 1 2 4269,850 1 1 3     

3 2 0 4345,040 2 3 0 4257,126 2 3 0 4432,391 2 3 0 

1 4 1 4451,263 4 0 0 4362,359 0 5 1 4517,020 0 5 1 

4 0 0 4451,634 0 5 1     

0 1 3 4491,305 0 1 2     

2 2 1 4551,234 1 3 1 4461,156 1 3 1 4623,387 1 3 1 



 

560 Øàðûáêèíà Ê.Ê., Íàóìåíêî Î.Â. 
 

 

Çàêëþ÷åíèå 
 

Ìåòîäîì ýôôåêòèâíîãî ãàìèëüòîíèàíà âûïîë-
íåí ðàñ÷åò êîëåáàòåëüíûõ ýíåðãèé ïÿòè íàèáîëåå 
ðàñïðîñòðàíåííûõ èçîòîïîëîãîâ ìîëåêóëû ñåðíè-
ñòîãî ãàçà: äî ýíåðãèé 7000 ñì−1 äëÿ 32S16O2  
è 34S16O2 è äî ýíåðãèé 6000 ñì−1 äëÿ áîëåå ðåäêèõ 
èçîòîïîëîãîâ 33S16O2, 

32S18O2 è 32S16O18O. Ïðè ìî-
äåëèðîâàíèè êîëåáàòåëüíûõ ýíåðãèé ðåäêèõ èçîòî-
ïîëîãîâ àíãàðìîíè÷åñêèå ïîñòîÿííûå áûëè ïî áîëü-
øåé ÷àñòè ôèêñèðîâàíû ê èõ çíà÷åíèÿì äëÿ îñíîâ-
íîé èçîòîïíîé ìîäèôèêàöèè, ñêîððåêòèðîâàííûì  
â ñîîòâåòñòâèè ñ òåîðèåé èçîòîïîçàìåùåíèÿ. Ýòî 
ïîçâîëèëî ñóùåñòâåííî óìåíüøèòü ÷èñëî âàðüèðóå-
ìûõ ïàðàìåòðîâ ôàêòè÷åñêè áåç ïîòåðè òî÷íîñòè 
ðàñ÷åòà. Ïîëó÷åííûå ïàðàìåòðû êîëåáàòåëüíîãî 
ãàìèëüòîíèàíà âîñïðîèçâîäÿò ýêñïåðèìåíòàëüíûå 
óðîâíè ýíåðãèè ñ òî÷íîñòüþ íå õóæå 2,52 

⋅
 10−2 ñì−1 

äëÿ ñèììåòðè÷íûõ èçîòîïîëîãîâ. 
Ñðàâíåíèå ïîëó÷åííûõ çíà÷åíèé êîëåáàòåëüíûõ 

ýíåðãèé èçîòîïîëîãîâ SO2 ñ âàðèàöèîííûìè äàí-
íûìè ïîêàçàëî õîðîøåå ñîãëàñèå îáîèõ ðàñ÷åòîâ: 
ÑÊÎ ñîñòàâèëî îò 0,18 äî 0,24 ñì−1 äëÿ ñèììåòðè÷-
íûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé è 0,35 ñì−1 äëÿ 
èçîòîïîëîãà 32S16O18O ïðè óñëîâèè èñêëþ÷åíèÿ 3–
10% óðîâíåé ñ íàèáîëüøèìè îòêëîíåíèÿìè. Îøèá-
êà ïðåäñêàçàíèÿ êîëåáàòåëüíûõ óðîâíåé ýíåðãèè 
äëÿ 32S16O2 â äèàïàçîíå 5000–7000 ñì−1, ðàññ÷èòàí-
íàÿ ïî ôîðìóëàì ìåòîäà íàèìåíüøèõ êâàäðàòîâ, 
ñîñòàâèëà 0,014–0,180 ñì−1, ÷òî ñîïîñòàâèìî ñ îò-
êëîíåíèÿìè íàøåãî ðàñ÷åòà îò âàðèàöèîííûõ  
äàííûõ. 

Â ïðîöåññå ñðàâíåíèÿ ñ âàðèàöèîííûì ðàñ÷å-
òîì [8] áûëè òàêæå èñïðàâëåíû êîëåáàòåëüíûå êâàí-
òîâûå ÷èñëà äëÿ 93 óðîâíåé ýíåðãèè èçîòîïîëîãîâ 
33S16O2, 

32S18O2 è 32S16O18O èç 229 ðàññìîòðåííûõ. 
Îòìåòèì òàêæå, ÷òî äâà èçâåñòíûõ èç ëèòåðàòóðû 
ðàñ÷åòà êîëåáàòåëüíûõ ýíåðãèé 32S16O2 [6, 7] ÿâëÿ-
þòñÿ ñóùåñòâåííî ìåíåå òî÷íûìè ïî ñðàâíåíèþ  
ñ âûïîëíåííûì â íàñòîÿùåé ðàáîòå è âàðèàöèîí-
íûìè îöåíêàìè [5]. Ìàêñèìàëüíûå îòêëîíåíèÿ 
äàííûõ [6, 7] îò íàøåãî ðàñ÷åòà äîñòèãàþò 75 ñì−1. 

 

Ôèíàíñèðîâàíèå. Èññëåäîâàíèå âûïîëíåíî  
â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ. 
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K.K. Sharybkina, O.V. Naumenko. Vibrational energy levels for sulfur dioxide isotopologues. 
For five isotopologues of the SO2 molecule: 32S16O2, 

34S16O2, 
33S16O2, 

32S18O2, 
32S16O18O, parameters of the 

effective vibrational Hamiltonian are derived from fitting to the available experimental data and with the use 
of the basic relations of the isotope substitution theory. Vibrational constants obtained from the fit reproduce 
the experimental vibrational energy levels within 0.025 cm−1 for symmetric isotopologues. The found vibrational 
energy levels are compared with the variational calculation data, and the quantum numbers for 93 vibrational 
states are corrected. 

 
 


