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Ïîñòóïèëà â ðåäàêöèþ 7.11.2017 ã. 

 

Ïîëîñà ν2 èññëåäîâàíà íà îñíîâå ìåòîäà êîìáèíàöèîííûõ ðàçíîñòåé ñ èñïîëüçîâàíèåì FTIR-ñïåêòðà âû-
ñîêîãî ðàçðåøåíèÿ ìîëåêóëû SO2 â äèàïàçîíå 400–700 ñì−1. Ïðîèíòåðïðåòèðîâàíî áîëåå 4500 ëèíèé ñ ìàêñè- 
ìàëüíûìè çíà÷åíèÿìè êâàíòîâûõ ÷èñåë J è Kà, ðàâíûìè 96 è 25 ñîîòâåòñòâåííî. Íà ýòîé îñíîâå îïðåäåëåíî 
1294 ýíåðãåòè÷åñêèõ êîëåáàòåëüíî-âðàùàòåëüíûõ óðîâíåé ñîñòîÿíèÿ (010). Â ðåçóëüòàòå ðåøåíèÿ îáðàòíîé 
çàäà÷è ñ èñïîëüçîâàíèåì ýòèõ óðîâíåé ïîëó÷åíî 32 ïàðàìåòðà ýôôåêòèâíîãî ãàìèëüòîíèàíà, êîòîðûå ïîçâî-
ëÿþò âîñïðîèçâîäèòü èñõîäíûå ýêñïåðèìåíòàëüíûå äàííûå ñ òî÷íîñòüþ drms = 1,9 ⋅ 10−4 ñì−1. 

 

Êëþ÷åâûå ñëîâà: äèîêñèä ñåðû, ñïåêòð âûñîêîãî ðàçðåøåíèÿ, ôóíäàìåíòàëüíàÿ ïîëîñà; sulfur dioxide, 
high resolution spectrum, fundamental band. 

 
 

Ââåäåíèå 
 

Ìîëåêóëÿðíàÿ ñïåêòðîñêîïèÿ – óíèêàëüíûé 

èíñòðóìåíò äëÿ èçó÷åíèÿ ñòðóêòóðû è âíóòðåííèõ 
ñâîéñòâ ìîëåêóë è ðåøåíèÿ ñâÿçàííûõ ñ ýòèì ïðî-
áëåì, íàïðèìåð â ôèçè÷åñêîé õèìèè, ãàçîàíàëèçå, 
àòìîñôåðíîé îïòèêå, àñòðîôèçèêå è ìíîãèõ äðóãèõ 
ðàçäåëàõ íàóêè. Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ 
äâóîêèñü ñåðû SO2, ðîëü êîòîðîé â ôèçèêå è õèìèè 
îêðóæàþùåé ñðåäû õîðîøî èçâåñòíà. Â ÷àñòíîñòè, 
äâóîêèñü ñåðû îáðàçóåòñÿ ïðè ñæèãàíèè èñêîïàåìîãî 
òîïëèâà íà ïðåäïðèÿòèÿõ òîïëèâíî-ýíåðãåòè÷åñêîãî 
êîìïëåêñà, â äâèãàòåëÿõ âíóòðåííåãî ñãîðàíèÿ, íà 
ïðåäïðèÿòèÿõ íåôòåõèìè÷åñêîãî êîìïëåêñà è äð. 
Ñåðíèñòûé ãàç âðåäåí íå òîëüêî äëÿ îêðóæàþùåé 
ñðåäû, íî è äëÿ ÷åëîâåêà. Â àòìîñôåðå îí ðåàãèðóåò 
ñ âîäÿíûì ïàðîì ñ îáðàçîâàíèåì âòîðè÷íîãî çàãðÿç-
íèòåëÿ – ñåðíîé êèñëîòû (Í2SÎ4) [1]. Èññëåäîâà-
íèå ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ äâóîêèñè ñåðû 
òàêæå âàæíî äëÿ ïëàíåòîëîãèè è àñòðîôèçèêè. Íà-
ïðèìåð, àíàëèç ñïåêòðà àòìîñôåðû Âåíåðû âûÿâèë 
íàëè÷èå ìîëåêóë äèîêñèäà ñåðû, ïðè÷åì èõ ñîäåð-
æàíèå â àòìîñôåðå Âåíåðû â ìèëëèîí ðàç áîëüøå, 
÷åì â àòìîñôåðå Çåìëè [2]. 

Ñïåêòðû SO2 â òå÷åíèå äëèòåëüíîãî âðåìåíè èñ-
ñëåäóþòñÿ â ëàáîðàòîðíûõ óñëîâèÿõ. Ìåòîäû ìîëå-
êóëÿðíîé ñïåêòðîñêîïèè ïîçâîëÿþò ïîëó÷àòü ýêñ-  
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ïåðèìåíòàëüíóþ èíôîðìàöèþ ñ âûñîêîé òî÷íîñòüþ, 
à òàêæå, íà îñíîâå òåîðåòè÷åñêèõ ìîäåëåé, ïðåäñêà-
çûâàòü õàðàêòåðèñòèêè ðàíåå íåèññëåäóåìûõ âîçáóæ- 
äåííûõ êîëåáàòåëüíûõ ñîñòîÿíèé è òàêèì îáðàçîì 
ïîïîëíÿòü áàíêè ñïåêòðîñêîïè÷åñêèõ äàííûõ. Äàííàÿ 
ñòàòüÿ ïðîäîëæàåò öèêë ðàáîò, ïðîâîäèìûõ â òå÷åíèå 

ïîñëåäíèõ ëåò â ãðóïïå ìîëåêóëÿðíîé ñïåêòðîñêîïèè 

ÒÏÓ, íàïðàâëåííûõ íà èçó÷åíèå ñïåêòðîâ âûñîêîãî 
ðàçðåøåíèÿ äèîêñèäà ñåðû (íàïðèìåð, [3–17]). Â ñòà-
òüå àíàëèçèðóåòñÿ êîëåáàòåëüíî-âðàùàòåëüíàÿ ñòðóê-
òóðà ïîëîñû ν2. Íàéäåííûå çíà÷åíèÿ ïàðàìåòðîâ ïðå-
âûøàþò ðåçóëüòàòû, ïîëó÷åííûå ðàíåå â [18, 19]. 

 

Ýêñïåðèìåíòàëüíûå óñëîâèÿ 
 

Èíôðàêðàñíûé Ôóðüå-ñïåêòð ìîëåêóëû 32S16O2 
áûë çàðåãèñòðèðîâàí â Òåõíè÷åñêîì óíèâåðñèòåòå 
Áðàóíøâåéãà (Ãåðìàíèÿ) â äèàïàçîíå 400–700 ñì−1 
ñ ïîìîùüþ Ôóðüå-ñïåêòðîìåòðà Bruker IFS120 HR, 
îñíàùåííîãî îïòè÷åñêîé êþâåòîé èç íåðæàâåþùåé 
ñòàëè ñ áàçîâîé äëèíîé 1 ì. Âûïîëíåíî ÷åòûðå ïðî-
õîäà. Èñïîëüçîâàëñÿ èñòî÷íèê ÈÊ-èçëó÷åíèÿ ãëî-
áàð. Âñåãî áûëî ñäåëàíî 395 ñêàíèðîâàíèé; äëè- 
íà îïòè÷åñêîãî ïóòè ñîñòàâèëà 4 ì. Äàâëåíèå ðàâ- 
íÿëîñü 0,1 ìáàð, èíñòðóìåíòàëüíîå ðàçðåøåíèå – 

0,00096 ñì−1. Êàëèáðîâêà ñïåêòðà îñóùåñòâëÿëàñü  
ñ ïîìîùüþ ëèíèé ìîëåêóëû ÑO2. 

Íà ðèñ. 1 ïîêàçàíà ñòðóêòóðà Q-âåòâè äëÿ êâàí-
òîâîãî ÷èñëà Ka = 13. Öåíòðû ëèíèé îïðåäåëÿëèñü 
ñ òî÷íîñòüþ 2 ⋅ 10−4 ñì−1. 
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Ðèñ. 1. Q-âåòâü â äèàïàçîíå 565,2–566,4 ñì−1 

 

Îáùàÿ èíôîðìàöèÿ î ìîëåêóëå  
è àíàëèç ñïåêòðà ïîãëîùåíèÿ 

 

Ìîëåêóëà 
32S16O2 – ýòî ìîëåêóëà òèïà àñèììåò-

ðè÷íîãî âîë÷êà ñ ïàðàìåòðîì àñèììåòðèè ϰ = (2B – 
– A – C)/(A – C) ∼ 0,948. Ãðóïïà ñèììåòðèè ýòîé 
ìîëåêóëû èçîìîðôíà òî÷å÷íîé ãðóïïå ñèììåòðèè 
C2v. Â ìîëåêóëå âîçìîæíû òðè íîðìàëüíûõ êîëåáà-
íèÿ: q1, q2 è q3 (ñì., íàïðèìåð, [20–22]). Ïðè îïå-
ðàöèÿõ ñèììåòðèè êîëåáàíèÿ q1 (âàëåíòíîå ñèììåò-
ðè÷íîå êîëåáàíèå ñâÿçè S=O) è q2 (äåôîðìàöèîííîå 
ñèììåòðè÷íîå êîëåáàíèå ñâÿçè O=S=O) ïðåîáðàçó-
þòñÿ ïî íåïðèâîäèìîìó ïðåäñòàâëåíèþ A1. Â ñâîþ 
î÷åðåäü, êîëåáàíèå q3 (âàëåíòíîå àñèììåòðè÷íîå êî- 
ëåáàíèå ñâÿçè S=O) îáëàäàåò ñèììåòðèåé B1. Äëèíà 
ñâÿçè S=O ðàâíà 1,43 Å, à ðàâíîâåñíûé óãîë O=S=O 
ðàâåí 119°. Ê îñîáåííîñòÿì äàííîé ìîëåêóëû îòíî-
ñèòñÿ òàêæå òî, ÷òî òîëüêî âðàùàòåëüíûå óðîâíè  
ñ ÷åòíûìè çíà÷åíèÿìè Ka + Kc äîïóñêàþòñÿ äëÿ 
ñèììåòðè÷íûõ êîëåáàòåëüíûõ ñîñòîÿíèé âñëåäñòâèå 
ñïèíîâîé ñòàòèñòèêè, îáóñëîâëåííîé íàëè÷èåì äâóõ 
ýêâèâàëåíòíûõ ÿäåð ìîëåêóëû êèñëîðîäà ñ íóëå-
âûìè ñïèíàìè. 

Ïåðåõîä 
1

(v ) (v )A gr←  ñîîòâåòñòâóåò òàê íàçû-
âàåìîìó b-òèïó êîëåáàòåëüíûõ ïîëîñ; ïðàâèëà îò-
áîðà äëÿ íèõ èìåþò âèä ΔJ = 0 ±  1; ΔKa = ± 1; 
ΔKc = ± 1 . Ïîëîñà ν2, äëÿ êîòîðîé âåðõíèì ÿâëÿåò-
ñÿ ñèììåòðè÷íîå ñîñòîÿíèå (010), êàê ðàç è åñòü 
ïîëîñà b-òèïà. 

Èíòåðïðåòàöèÿ ñïåêòðà áûëà âûïîëíåíà íà îñ-
íîâå ìåòîäà êîìáèíàöèîííûõ ðàçíîñòåé (ñì., íàïðè-
ìåð, [23–26]); ïàðàìåòðû îñíîâíîãî ñîñòîÿíèÿ âçÿòû 
èç ðàáîòû [8]. Â ðåçóëüòàòå áûëî ïðîèíòåðïðåòèðî-
âàíî áîëåå 4500 ëèíèé â èññëåäóåìîì ñïåêòðå. 

Ýôôåêòèâíûé ãàìèëüòîíèàí  
è îïðåäåëåíèå åãî ïàðàìåòðîâ 

 

Ïîñêîëüêó ìîëåêóëà SO2 – ýòî ìîëåêóëà òèïà 
àññèìåòðè÷íîãî âîë÷êà, òî äëÿ îïèñàíèÿ ýíåðãåòè-
÷åñêîé ñòðóêòóðû åå ïîëîñ èñïîëüçóåòñÿ ãàìèëüòî-
íèàí Óîòñîíà [27–30]: 

 2 21 1
( ) ( )

2 2
z

H E A B C J B C J
⎡ ⎤

= + − + + + +⎢ ⎥⎣ ⎦
 

 2 4 2 21
( )

2
xy K z JK zB C J J J J+ − − Δ − Δ −  

 4 2 2 2 2, 2 ...J K z xy J xyJ J J J J
+

⎡ ⎤− Δ − δ − δ +⎣ ⎦ , (1) 

ãäå A, B, C, ,KΔ  ,JKΔ  JΔ  – âðàùàòåëüíûå ïàðàìåò-
ðû è ïàðàìåòðû öåíòðîáåæíîãî èñêàæåíèÿ; E – 
öåíòð ïîëîñû; îïåðàòîð 

2 2 2
;xy x yJ J J= −  [A, B]+ = 

= AB + BA. 
Íà îñíîâå àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ 

áûëî ïîëó÷åíî 1294 çíà÷åíèÿ êîëåáàòåëüíî-âðàùà- 
òåëüíîé ýíåðãèè ñ Jmax = 96, Ka max = 25. Â êà÷åñòâå 
èëëþñòðàöèè ÷àñòü èç íèõ ïðèâåäåíà âî âòîðîé êî-
ëîíêå òàáë. 1. 

Â ðåçóëüòàòå ðåøåíèÿ îáðàòíîé ñïåêòðîñêîïè-
÷åñêîé çàäà÷è íàéäåíî 32 ïàðàìåòðà, îïèñûâàþùèõ 
âðàùàòåëüíóþ ñòðóêòóðó êîëåáàòåëüíîãî ñîñòîÿíèÿ 
(010). Â òàáë. 2 ïðåäñòàâëåíû ïîëó÷åííûå ñïåêòðî-
ñêîïè÷åñêèå ïàðàìåòðû ñîñòîÿíèÿ v2 (÷èñëà â ñêîá-
êàõ – 68,3% äîâåðèòåëüíûå èíòåðâàëû äëÿ ïîëó- 
÷åííûõ çíà÷åíèé ïàðàìåòðîâ). Ýòè ïàðàìåòðû âîñ-
ïðîèçâîäÿò èñõîäíûå ýêñïåðèìåíòàëüíûå äàííûå  

ñ òî÷íîñòüþ, ñîïîñòàâèìîé ñ ýêñïåðèìåíòàëüíîé 

(ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå 0,00019 ñì−1). 
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Ò à á ë è ö à  1  

Ôðàãìåíò ñïèñêà çíà÷åíèé êîëåáàòåëüíî-âðàùàòåëüíûõ ýíåðãèé ñîñòîÿíèÿ (010) 

J  Ka  Kc E, ñì−1 
δ* ⋅ 10−4, 

ñì−1 
Ýêñ. – òåîð.
× 10−4, ñì−1 

J Ka Kc E, ñì−1 
δ ⋅ 10−4, 

ñì−1 
Ýêñ. – òåîð. 
× 10−4, ñì−1 

4  0  4 524,2280 2    −8   9 1 9 547,0627 1   −9    
4  1  3 526,2460 −3    −6   9 2 8 553,4876 −3   −6    
4  2  2 531,2515 5    −6   9 3 7 562,3219 4   −8    
4  3  1 539,9726 4    −5   9 4 6 574,5271 4   −8    
4  4  0 552,1900 1    −8   9 5 5 590,2162 8   −7    
5  1  5 528,7870 4    −6   9 6 4 609,3775 0   −4    
5  2  4 534,4184 9    −7   9 7 3 631,9962 1   −5    
5  3  3 543,1627 8    −4   9 8 2 658,0567 8   −1    
5  4  2 555,3793 −7    −8   9 9 1 687,5425 1   −6    
5  5  1 571,0746 −2    −9   10 0 10 552,3960 3   −6    
6  0  6 531,1762 0    −7   10 1 9 555,9303 0   −10    
6  1  5 533,5228    3    −6   10 2 8 560,3532 −3   −8    
6  2  4 538,3149 6    −6   10 3 7 568,7399 5   −8    
6  3  3 546,9934 4    −9   10 4 6 580,9148 5   −10    
6  4  2 559,2072 −3    −8   10 5 5 596,5996 9   −8    
6  5  1 574,9019 −5    −8   10 6 4 615,7593 0   −5    
6  6  0 594,0649 4    −1   10 7 3 638,3775 4   −6    
7  1  7 536,7155 1    −6   10 8 2 664,4384 8   −6    
7  2  6 542,6888 4    8   10 9 1 693,9248 7   −6    
7  3  5 551,4615 −9    −11   10 10 0 726,8179 −9   −7    
7  4  4 563,6742 −8    −7   11 1 11 559,8153 −5   −7    
7  5  3 579,3678 7    −7   11 2 10 566,8019 7   −9    
7  6  2 598,5306 −2    −5   11 3 9 575,7471 −2   −7    
7  7  1 621,1493 0    −5   11 4 8 587,9428 0   −6    
8  0  8 540,5826 3    −10   11 5 7 603,6229 7   −4    
8  1  7 543,4248 6    −9   11 6 6 622,7802 6   −5    
8  2  6 548,0025 4    −6   11 7 5 645,3977 9   −8    
8  3  5 556,5784 −1    −7   11 8 4 671,4587 −1   −7    
8  4  4 568,7807 5    −10   11 9 3 700,9457 5   −5    
8  5  3 584,4724 −8    −7   11 10 2 733,8398 6   −7    
8  6  2 603,6347 7    −7   11 11 1 770,1203 −3   −5    
8  7  1 626,2535 −2    −7   12 0 12 566,5719 8   −12    
8  8  0 652,3138 0    −6   12 1 11 571,0085 7   −9    

_____________  

* δ – ýêñïåðèìåíòàëüíàÿ ïîãðåøíîñòü çíà÷åíèÿ ýíåðãèè, ðàâíàÿ ñòàíäàðòíîé îøèáêå. 

 

Ò à á ë è ö à  2  

Ñïåêòðîñêîïè÷åñêèå ïàðàìåòðû ñîñòîÿíèÿ ν2 = 1 

Ïàðàìåòð Îñíîâíîå ñîñòîÿíèå* ν2, ñì
−1 Ïàðàìåòð Îñíîâíîå ñîñòîÿíèå* ν2, ñì

−1 

E – 517,8725680000(81) LK ⋅ 1011 −0,2608919 0,37214000(91)

A 2,027354204070 2,0665901690(16) LKKJ ⋅ 10
12 0,1807804 0,2487(11) 

B 0,344173882136 0,3442513817(24) LJK ⋅ 1013 −0,1097261 −0,1774(22) 
C 0,293526503766 0,2929979019(26) LJJK ⋅ 1016 −0,0995080 0,1880(42) 

ΔK ⋅ 104 0,864015421000 0,9581020000(23) LJ ⋅ 10
17 −0,1103600 −0,1411(40) 

ΔJK ⋅ 105 −0,390123832000 −0,4071319000(20) lK ⋅ 1012 −0,3191920 −0,5219(58) 
ΔJ ⋅ 10

6 0,220539487000 0,2210274000(16) lKJ ⋅ 10
14 0,2544160 0,5860(22) 

δK ⋅ 105 0,084629150900 0,1035275000(29) lJK ⋅ 1016 – −0,3310(32) 
δJ ⋅ 10

7 0,567423257000 0,5707332000(32) lJ ⋅ 10
18 −0,6075680 −0,4980(13) 

HK ⋅ 107 0,123604280000 0,1532990000(19) PK ⋅ 1014 0,0584163 0,1075(22) 

HKJ ⋅ 10
9 −0,649606850000 −0,7571300000(21) PKKJ ⋅ 10

16 −0,4087130 −0,9460(38) 
HJK ⋅ 1011 0,116031100000 0,4402000000(14) PKJ ⋅ 10

17 −0,0623763 0,8300(12) 

HJ ⋅ 10
12 0,374617000000 0,3770400000(42) PJK ⋅ 1018 0,6493690 0,1100(36) 

hK ⋅ 109 0,567987200000 0,7532100000(60) pK ⋅ 1015 – 0,1870(24) 

hJK ⋅ 1012 −0,243030000000 −0,7020000000(17) SK ⋅ 1018 −0,0885870 −0,2590(20) 
hJ ⋅ 10

12 0,183006740000 0,1824800000(11) SKKJ ⋅ 10
19 0,0815360 −0,2480(25) 

______________ 

* Ïàðàìåòðû ôèêñèðîâàíû ê çíà÷åíèÿì ñîîòâåòñòâóþùèõ ïàðàìåòðîâ îñíîâíîãî ñîñòîÿíèÿ èç [8]. 
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À.G. Ziatkova, V.À. Zamotaevà, I.À. Kînîv. High resolution study of the ν2 band of sulfur dioxide. 
The ν2 band is analyzed on the basis of the combination difference method. The high resolution FTIR spec-

trum of the SO2 molecule in the region 400–700 cm−1 is used for the analysis. More than 4500 lines with the 
maximum values of the quantum numbers J and Ka equal to 96 and 25, respectively, are interpreted.  
On this basis, 1294 vibrational-rotational energy levels of the state (010) are determined. As a result of solution 
of the inverse spectroscopic problem with these levels, 32 effective Hamiltonian parameters are obtained, which 
allow us to reproduce the initial experimental data with the accuracy drms = 1.9 ⋅ 10−4 ñm−1. 
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