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Íà Ôóðüå-ñïåêòðîìåòðå Bruker IFS 125HR â äèàïàçîíå 2250–2400 ñì−1 âïåðâûå çàðåãèñòðèðîâàí ñïåêòð 
ïîãëîùåíèÿ óãëåêèñëîãî ãàçà, íàõîäÿùåãîñÿ â íàíîïîðàõ àýðîãåëÿ. Èññëåäîâàíà çàâèñèìîñòü ïîëóøèðèí 
CO2 îò âðàùàòåëüíûõ êâàíòîâûõ ÷èñåë è ïðîâåäåíî ñðàâíåíèå ñ äàííûìè, ïðåäñòàâëåííûìè â ëèòåðàòóðå. 
 

Êëþ÷åâûå ñëîâà: CO2, àýðîãåëü, Ôóðüå-ñïåêòðîñêîïèÿ; CO2, aerogel, FTIR spectroscopy. 
 

Ââåäåíèå 
 
Â ïîñëåäíèå ãîäû ïîëó÷èëè ðàñïðîñòðàíåíèå 

èññëåäîâàíèÿ ñïåêòðîâ ïîãëîùåíèÿ ãàçîâîé ôàçû ìî- 
ëåêóë, íàõîäÿùèõñÿ â îáúåìå íàíîïîðèñòûõ ìàòå-
ðèàëîâ [1–12]. Çà ñ÷åò îãðàíè÷åíèÿ äëèíû ñâîáîä-
íîãî ïðîáåãà â íàíîïîðàõ ìîëåêóëû ïðåèìóùåñòâåí-
íî ñòàëêèâàþòñÿ ñ èõ ñòåíêàìè, à íå ìåæäó ñîáîé, 
êàê â ñâîáîäíîì ãàçå. Ðàçëè÷èå óñëîâèé ñòîëêíîâå-
íèÿ ïðîÿâëÿåòñÿ â óøèðåíèè, ñäâèãå è ôîðìå ñïåê-
òðàëüíûõ ëèíèé ìîëåêóë. 

Â ðàáîòàõ [3–9] áûëî ïîêàçàíî, ÷òî ïîëóøèðè-
íû ñïåêòðàëüíûõ ëèíèé ìîëåêóë ãàçîâ, íàõîäÿùèõ-
ñÿ â ñâîáîäíîì ñîñòîÿíèè è â íàíîïîðàõ, èìåþò ðàç-
íûå çàâèñèìîñòè îò âðàùàòåëüíûõ êâàíòîâûõ ÷èñåë 
(âðàùàòåëüíûå çàâèñèìîñòè). Íàèáîëüøåå âíèìàíèå 
áûëî óäåëåíî èññëåäîâàíèþ âðàùàòåëüíûõ çàâèñè-
ìîñòåé ïîëóøèðèí ëèíèé ìîëåêóëû îêñèäà óãëåðîäà 
(CO), íàõîäÿùåãîñÿ â îáúåìå ïîð àýðîãåëåé è êñåðî-
ãåëåé. Ýòî ñâÿçàíî ñ òåì, ÷òî CO èìååò èíòåíñèâíûå 
èçîëèðîâàííûå ñïåêòðàëüíûå ëèíèè, êîíòóðû êî-
òîðûõ íå ïåðåêðûâàþòñÿ äàæå ïðè ñèëüíîì óøèðå-
íèè â ïîðàõ äèàìåòðîì ìåíåå 10 íì [10]. Ïî ñðàâ-
íåíèþ ñ ìîëåêóëîé CO ñïåêòð CO2 áîëåå ïëîòíûé, 
÷òî óñëîæíÿåò îáðàáîòêó ñïåêòðàëüíûõ ëèíèé. Â [6] 
ïàðàìåòðû ñïåêòðàëüíûõ ëèíèé â öåíòðå ïîëîñû  
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2 0 0 12 – 0 0 0 01 CO2, íàõîäÿùåãîñÿ â àýðîãåëå  
ñ ïîðàìè ðàçìåðîì 47 íì, íå áûëè îïðåäåëåíû èç-çà 
èõ ïåðåêðûòèÿ ñ ëèíèÿìè ïîëîñû 2 1 1 12 – 0 1 1 01. 
Â [4, 7] áûëè ïîëó÷åíû âðàùàòåëüíûå çàâèñèìîñòè 
ïîëóøèðèí ëèíèé ôóíäàìåíòàëüíîé ïîëîñû CO2, 
íàõîäÿùåãîñÿ â êñåðîãåëÿõ ñ ðàçìåðàìè ïîð 42  
è 80 íì. 

Â ýòîé ðàáîòå ìû âïåðâûå èññëåäóåì âðàùàòåëü-
íóþ çàâèñèìîñòü ïîëóøèðèí ëèíèé ôóíäàìåíòàëü-
íîé ïîëîñû ïîãëîùåíèÿ CO2, íàõîäÿùåãîñÿ â îáú-
åìå àýðîãåëÿ SiO2 ïëîòíîñòüþ 0,09 ã/ñì3. 

 

Ýêñïåðèìåíò 
 

Ñïåêòðû ïîãëîùåíèÿ CO2 â íàíîïîðàõ àýðîãåëÿ 
èçìåðÿëèñü íà Ôóðüå-ñïåêòðîìåòðå Bruker IFS 125HR 
(öåíòð êîëëåêòèâíîãî ïîëüçîâàíèÿ ÈÎÀ ÑÎ ÐÀÍ) 
â äèàïàçîíå 2250–2400 ñì−1 ñî ñïåêòðàëüíûì ðàçðå-
øåíèåì 0,007 ñì−1

 ïðè êîìíàòíîé òåìïåðàòóðå. Ñïåê-
òðîìåòð áûë óêîìïëåêòîâàí ãëîáàðîì â êà÷åñòâå èñ-
òî÷íèêà èçëó÷åíèÿ, ñâåòîäåëèòåëåì èç CaF2 è ïðèåì- 
íèêîì íà îñíîâå InSb, îõëàæäàåìûì æèäêèì àçîòîì. 
Ïåðåä íà÷àëîì èçìåðåíèé îáðàçåö äëèíîé 6 ìì ïî-
ìåùàëñÿ â êþâåòó äëèíîé 9 ìì, êîòîðàÿ îòêà÷è- 
âàëàñü ôîðâàêóóìíûì íàñîñîì â òå÷åíèå ÷åòûðåõ 

÷àñîâ. Ïîñëå ýòîãî ÷åðåç âàêóóìíûé ïîñò â êþâåòó 
íàïóñêàëñÿ CO2 äî äàâëåíèÿ 0,96 ìáàð è âûäåðæè-
âàëñÿ â òå÷åíèå ÷àñà. Äàâëåíèå îïðåäåëÿëîñü ñ ïî-
ìîùüþ äàò÷èêà MKS Baratron, à äëÿ åãî ñòàáèëèçà-
öèè âî âðåìÿ èçìåðåíèé âàêóóìíàÿ êþâåòà áûëà 
ñîåäèíåíà ñ áàëëàñòíîé åìêîñòüþ îáúåìîì 3000 ñì3. 
Äëÿ óëó÷øåíèÿ îòíîøåíèÿ ñèãíàëà ê øóìó áûëî 
ïðîâåäåíî óñðåäíåíèå ïî 2000 ñêàíîâ. 



 

 Âðàùàòåëüíàÿ çàâèñèìîñòü ïîëóøèðèí ëèíèé ôóíäàìåíòàëüíîé ïîëîñû 0 0 0 11 – 0 0 0 01… 517 
 

Îáðàáîòêà ñïåêòðàëüíûõ ëèíèé áûëà âûïîë-
íåíà ïî ìåòîäèêå, îïèñàííîé â ðàáîòå [3]. Â íàíî-
ïîðàõ ïîëóøèðèíû ëèíèé (Γ) ôîðìèðóþòñÿ çà ñ÷åò 
ñòîëêíîâåíèé ìîëåêóë ñî ñòåíêàìè (Γwall) è ìåæäó 
ñîáîé (Γmol), ýòè âåëè÷èíû àääèòèâíû: 

 wall mol.Γ = Γ + Γ  

Äëÿ ó÷åòà ìåæìîëåêóëÿðíûõ ñòîëêíîâåíèé  

ñ öåëüþ îïðåäåëåíèÿ âåëè÷èí Γwall êîýôôèöèåíòû ñà- 
ìîóøèðåíèé ëèíèé CO áûëè âçÿòû èç HITRAN [13]. 

 

Ðåçóëüòàòû è îáñóæäåíèå 
 

Ïîëó÷åííûå çíà÷åíèÿ ïîëóøèðèí ëèíèé CO2 
(Γwall), íàõîäÿùåãîñÿ â íàíîïîðàõ àýðîãåëÿ, â çàâè-
ñèìîñòè îò âðàùàòåëüíîãî êâàíòîâîãî ÷èñëà m ïðåä-
ñòàâëåíû íà ðèñóíêå (m = −J äëÿ P-âåòâè è m = 
= J + 1 äëÿ R-âåòâè). Äèàìåòð ïîð áûë ðàññ÷èòàí  
ñ ïîìîùüþ ôîðìóëû 

 B
wall

mol

1
,

2 2

A k T

cV m
Γ =

π π
 

ãäå c – ñêîðîñòü ñâåòà; A è V – ïëîùàäü è îáúåì íà-
íîïîðû ñîîòâåòñòâåííî; kB – ïîñòîÿííàÿ Áîëüöìàíà; 
T – òåìïåðàòóðà ãàçà; mmol – ìàññà ìîëåêóëû [11]. 
Äèàìåòð ïîð àýðîãåëÿ ñîñòàâèë 43 íì. 

 

 
Âðàùàòåëüíàÿ çàâèñèìîñòü ïîëóøèðèí ëèíèé CO2, íàõî-
äÿùåãîñÿ â íàíîïîðàõ àýðîãåëÿ (1), êñåðîãåëÿ (2) [4]  
  è â ñâîáîäíîì ñîñòîÿíèè (3) [13] 

 
Äëÿ ñðàâíåíèÿ íà ðèñóíêå ïîêàçàíû âðàùàòåëü-

íûå çàâèñèìîñòè ïîëóøèðèí ëèíèé ïîãëîùåíèÿ 

CO2, íàõîäÿùåãîñÿ â ïîðàõ êñåðîãåëÿ [4] è â ñâî-
áîäíîì ñîñòîÿíèè (äëÿ ðàñ÷åòîâ èñïîëüçîâàëèñü 

äàííûå [13]). Çíà÷åíèÿ ïîëóøèðèí ëèíèé CO2, íà- 
õîäÿùåãîñÿ â íàíîïîðàõ àýðîãåëÿ, îòëè÷àþòñÿ íà 9% 
ïðè ìèíèìàëüíûõ è ìàêñèìàëüíûõ çíà÷åíèÿõ m; 
ïðè íàõîæäåíèè ãàçà â êñåðîãåëå èçìåíåíèÿ çíà÷å-
íèé ïîëóøèðèí íàõîäÿòñÿ â ïðåäåëàõ ïîãðåøíîñòè. 
Äëÿ CO2 â ñâîáîäíîì ñîñòîÿíèè îíè ìåíÿþòñÿ áîëåå 
÷åì íà 60%. Ïðèíöèïèàëüíûå îòëè÷èÿ ïîòåíöèàëîâ 

âçàèìîäåéñòâèÿ ìîëåêóë ãàçîâîé ôàçû ñî ñòåíêàìè 
íàíîïîð è ìåæäó ñîáîé, îïðåäåëÿþùèõ çíà÷åíèÿ 
ïîëóøèðèí, îáñóæäàëèñü â [9]. 

Ðàçëè÷èÿ âðàùàòåëüíûõ çàâèñèìîñòåé ïîëóøè-
ðèí ëèíèé ïîãëîùåíèÿ CO2, íàõîäÿùåãîñÿ â íàíî-
ïîðàõ àýðîãåëÿ è êñåðîãåëÿ, âåðîÿòíî, ñâÿçàíû ñ ðàç- 
ëè÷èåì ñòðóêòóð äàííûõ ìàòåðèàëîâ [14]. Ðàçíèöà 
â ðàçìåðå ïîð ðîëè íå èãðàåò, òàê êàê îíà îêàçûâà-
åò âëèÿíèå òîëüêî íà çíà÷åíèÿ ïîëóøèðèí, à íå íà 
âðàùàòåëüíóþ çàâèñèìîñòü [5, 10]. Îòìåòèì òàêæå, 
÷òî çíà÷åíèÿ ïîëóøèðèí ëèíèé CO2 â íàíîïîðàõ 
àýðîãåëÿ â çàâèñèìîñòè îò m ìåíÿþòñÿ ïëàâíî, áåç 
ðåçêèõ ñêà÷êîâ ïðè ìàëûõ êâàíòîâûõ ÷èñëàõ 
(m < 4), êàê â ïîëîñå ïîãëîùåíèÿ 2–0 CO, íàõî-
äÿùåãîñÿ â îáúåìå àíàëîãè÷íûõ àýðîãåëåé [5]. 

 

Çàêëþ÷åíèå 
 

Âïåðâûå èññëåäîâàíà âðàùàòåëüíàÿ çàâèñè-
ìîñòü ïîëóøèðèí ëèíèé ôóíäàìåíòàëüíîé ïîëîñû 
ïîãëîùåíèÿ CO2, íàõîäÿùåãîñÿ â íàíîïîðàõ àýðî-
ãåëÿ. Ïîëó÷åííàÿ çàâèñèìîñòü îòëè÷àåòñÿ îò çàâè-
ñèìîñòè äëÿ CO2 â íàíîïîðàõ êñåðîãåëÿ, ÷òî, âåðî-
ÿòíî, îáóñëîâëåíî ðàçëè÷èåì ñòðóêòóð äàííûõ ìà-
òåðèàëîâ. 

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå 
ÐÍÔ (ãðàíò ¹ 18-72-00145). 
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À.À. Solodov, Ò.Ì. Påtrova, Yu.N. Pînîmàrev, À.Ì. Solodov, À.S. Shàlygin. Rotational dependence 

of line half-windth for fundamental band of CO2 confined in nanoporous aerogel. 
The absorption spectrum of carbon dioxide confined in aerogel have been measured in the 2250–2400 cm−1 

region for the first time using a Bruker IFS 125HR FTIR spectrometer. Dependence of CO2 half-widths on ro-
tational quantum numbers was studied and compared with the data available in literature. 
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