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Ðàçðàáîòàí ìåòîä îïðåäåëåíèÿ äèàìåòðà íàíîðàçìåðíûõ ïîð. Îí çàêëþ÷àåòñÿ â çàïîëíåíèè âåùåñòâà 

æèäêîé âîäîé, ðåãèñòðàöèè ñïåêòðîâ ïîãëîùåíèÿ âåùåñòâà ñ âîäîé, ñîñòàâëåíèè áàçû ñïåêòðîñêîïè÷åñêèõ 
äàííûõ, õàðàêòåðèçóþùèõ âåùåñòâî ñ ðàçëè÷íûìè ðàçìåðàìè ïîð, è âîññòàíîâëåíèè äèàìåòðà ïîð âåùåñòâà 
ñ ïîìîùüþ àëãîðèòìà, â îñíîâå êîòîðîãî ëåæèò ìåòîä ðåãðåññèîííîãî àíàëèçà. Ìåòîä àïðîáèðîâàí íà îá-
ðàçöàõ êðåìíåçåìà ðàçëè÷íîé ïîðèñòîñòè. 

 

Êëþ÷åâûå ñëîâà: íàíîïîðû, âîäÿíîé ïàð, ñïåêòð ïîãëîùåíèÿ, ðåãðåññèîííûé àíàëèç; nanopores, water 
vapor, absorption spectrum, regression analysis. 

 

Ââåäåíèå 
 

Ïðàêòè÷åñêîå ïðèìåíåíèå íàíîìàòåðèàëîâ, îá-
ëàäàþùèõ ðàçëè÷íûìè ñòðóêòóðíûìè è ôèçèêî-õè-
ìè÷åñêèìè õàðàêòåðèñòèêàìè, â ñîâðåìåííûõ òåõ-
íîëîãèÿõ, ìåäèöèíå, èññëåäîâàíèÿõ àòìîñôåðíîãî 
àýðîçîëÿ òðåáóåò ïîíèìàíèÿ ïðîöåññîâ âçàèìîäåé-
ñòâèÿ ìîëåêóëû ñî ñòåíêàìè íàíîïîð è äèàãíîñòèêè 
ñòðóêòóðíûõ ñâîéñòâ ïîðèñòûõ ìàòåðèàëîâ [1, 2].  
Â íàñòîÿùåå âðåìÿ ðàçðàáîòàíû ìåòîäû äèàãíîñòè-
êè ñòðóêòóðû ïîð, íàïðèìåð ìåòîäû ýëåêòðîííîé 
ìèêðîñêîïèè, ìåòîäû äèôðàêöèè; øèðîêî èñïîëü-
çóåòñÿ ãàçîàäñîðáöèîííàÿ ïîðîìåòðèÿ [3].  

Â îñíîâíîì ïðèìåíÿåòñÿ ñïîñîá îïðåäåëåíèÿ 
àäñîðáöèîííîé ñïîñîáíîñòè òâåðäûõ òåë (íàïðè-
ìåð, [4]), çàêëþ÷àþùèéñÿ â îöåíêå óäåëüíîé ïî-
âåðõíîñòè äèñïåðñíûõ è ïîðèñòûõ ìàòåðèàëîâ  
äèíàìè÷åñêèì ìåòîäîì òåïëîâîé äåñîðáöèè ãàçîâ-
àäñîðáàòîâ (àçîòà èëè àðãîíà) èç ïîòîêà ñìåñè àä-
ñîðáàòà ñ ãåëèåì ïðè òåìïåðàòóðå 77 K. Ñîçäàþò 
ñòàöèîíàðíûé ïîòîê ñìåñè ãåëèÿ è àäñîðáàòà ñ çà-
äàííûì ïîñòîÿííûì ñîñòàâîì, «òðåíèðóþò» ïîâåðõ-
íîñòü ïóòåì íàãðåâà äî òåìïåðàòóðû 350–700 K, 
äàëåå àäñîðáèðóþò àäñîðáàò èç ïîòîêà ñìåñè ïðè 
òåìïåðàòóðå 77 K, çàòåì äåñîðáèðóþò åãî â ïîòîê 
ñìåñè ïóòåì íàãðåâà äî òåìïåðàòóðû 200–300 K  
è èçìåðÿþò êîíöåíòðàöèè àäñîðáàòà â ïîòîêå ñìå-
ñè. Ýòîò ìåòîä ïîçâîëÿåò îïðåäåëÿòü óäåëüíóþ ïî- 
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âåðõíîñòü, îñíîâûâàÿñü íà ñâîéñòâàõ ôèçè÷åñêîé 
ñîðáöèè áåç ó÷åòà âëèÿíèÿ õèìè÷åñêîé ñîðáöèè. 
Ïðè èñïîëüçîâàíèè áîëüøèõ êîíöåíòðàöèé àçîòà 
ðåçêî ïàäàåò ÷óâñòâèòåëüíîñòü äåòåêòîðà ïî òåï-
ëîïðîâîäíîñòè, ñëåäîâàòåëüíî, ñíèæàåòñÿ òî÷íîñòü 
ïîëó÷àåìûõ ðåçóëüòàòîâ. Êðîìå òîãî, ìåòîä òðåáóåò 
äîñòàòî÷íî áîëüøîãî èíòåðâàëà âðåìåíè äëÿ ïðîâå-
äåíèÿ èçìåðåíèé. 

Â [5, 6] ïðåäëîæåí ìåòîä äèàãíîñòèêè ðàçìåðà 
ïîð, èñïîëüçóþùèé ýôôåêò óøèðåíèÿ ñïåêòðàëü-
íûõ ëèíèé ïîãëîùåíèÿ ãàçîâ â ïîðàõ. Èçìåðåíèÿ 
ñïåêòðà âûñîêîãî ðàçðåøåíèÿ âîäû â àýðîãåëå ïî-
êàçûâàþò, ÷òî êîíòóð êîëåáàòåëüíî-âðàùàòåëüíîé 
ëèíèè ìîëåêóëû âîäû â ðåçóëüòàòå ñòîëêíîâåíèÿ  
ñî ñòåíêàìè ïîð çíà÷èòåëüíî óøèðÿåòñÿ ïî ñðàâ-
íåíèþ ñ ïîëóøèðèíîé ëèíèé ïîãëîùåíèÿ ñâîáîäíûõ 
ìîëåêóë. Â [7] áûëà ïðåäëîæåíà ìåòîäèêà îïðåäå-
ëåíèÿ ïàðàìåòðîâ ïîðèñòîé ñòðóêòóðû âåùåñòâà  
ïî ñïåêòðàì ïîãëîùåíèÿ âîäû âûñîêîãî ðàçðåøå-
íèÿ, êîòîðàÿ òðåáóåò äîðîãîñòîÿùåé àïïàðàòóðû. 
Äëÿ ïîëó÷åíèÿ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìî-
ëåêóë â ãàçîâîé ôàçå íåîáõîäèìû äëèòåëüíîå âðåìÿ 
ðåãèñòðàöèè è áîëüøîé îïòè÷åñêèé ïóòü ïîãëî-
ùàþùåé ñðåäû, ïîýòîìó èñïîëüçîâàíèå òàêîãî ñïî-
ñîáà âîçìîæíî ëèøü äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ 
ñðàâíèòåëüíî ïðîòÿæåííûõ è ïðîçðà÷íûõ ñðåä òè-
ïà àýðîãåëåé. 

Ðàíåå áûëî ïîêàçàíî [8, 9], ÷òî ñòðóêòóðà 
ñïåêòðà ïîãëîùåíèÿ âîäû â çíà÷èòåëüíîé ñòåïåíè 
çàâèñèò îò îáúåìà, â êîòîðîì îíà íàõîäèòñÿ. Èñ-
ñëåäîâàíèÿ ðàìàíîâñêèõ è èíôðàêðàñíûõ ñïåêò- 
ðîâ âîäû â íàíîïîðèñòûõ îáðàçöàõ Gelsil [10], 
SiO2 [8, 12] è â öåîëèòàõ NaA [11] òàêæå ïðîäå-
ìîíñòðèðîâàëè, ÷òî âíóòðèìîëåêóëÿðíûå âàëåíòíûå 
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êîëåáàíèÿ ÎÍ ÿâëÿþòñÿ èíôîðìàöèîííûì ïðè-
çíàêîì ñâÿçûâàíèÿ ìîëåêóë âîäû ìåæäó ñîáîé ïî-
ñðåäñòâîì âîäîðîäíîé ñâÿçè â îãðàíè÷åííîé âîäå  
â íàíîñðåäàõ. Â ñâÿçè ñ ýòèì èíòåðåñíî èçó÷èòü 
âîçìîæíîñòü îïðåäåëåíèÿ ïàðàìåòðîâ ïîðèñòîé 
ñòðóêòóðû îáðàçöà èç ñïåêòðîâ ïîãëîùåíèÿ âîäû, 
àäñîðáèðîâàííîé â îáðàçöå. 

Â íàñòîÿùåé ðàáîòå èññëåäîâàíû ñïåêòðû ïî-
ãëîùåíèÿ âîäû â íàíîïîðèñòûõ ãèäðîôèëüíûõ ìà-
òåðèàëàõ ñ öåëüþ ñîçäàíèÿ ìåòîäà îïðåäåëåíèÿ 
ðàçìåðîâ ïîð ïî ñïåêòðàì ïîãëîùåíèÿ âîäû. 

 

Ýêñïåðèìåíò 
 

Ñïåêòðû ïîãëîùåíèÿ âîäû â ïîðèñòûõ ìàòå-
ðèàëàõ ðåãèñòðèðîâàëèñü íà Ôóðüå-ñïåêòðîìåòðàõ 
Bruker IFS 125Ì è Simex ÔÒ-801 ñ èñïîëüçîâàíèåì 
âàêóóìíîé êþâåòû (ðèñ. 1). Áûëî âûáðàíî ñïåêòðàëü-
íîå ðàçðåøåíèå 2 ñì−1. Òåìïåðàòóðà îáðàçöà â òå÷å-
íèå ðåãèñòðàöèè ïîääåðæèâàëàñü ïîñòîÿííîé T = 
= 296 ± 0,5 K. 

 

 
Ðèñ. 1. Ñõåìà âàêóóìíîé êþâåòû äëÿ ðåãèñòðàöèè ñïåê-
òðîâ ïîãëîùåíèÿ âîäû â êðåìíåçåìàõ: 1 – âíåøíèé âàêó-
óìíûé êîæóõ; 2 – êðûøêà; 3 – ëàòóííûé äåðæàòåëü  
ñ òðóáêàìè äëÿ ïîäà÷è è öèðêóëÿöèè õëàäàãåíòà; 4 – 
îáðàçåö; 5 – îêíà âàêóóìíîãî êîæóõà; 6 – äàò÷èê òåì- 
  ïåðàòóðû; 7 – òåðìîñòîéêèå ïðîêëàäêè 

 

Êþâåòà ïðåäñòàâëÿåò ñîáîé âàêóóìíûé îáúåì  
ñ âîçìîæíîñòüþ òåðìîñòàáèëèçàöèè ïóòåì ïðîêà÷êè 
ïî êîæóõó æèäêîñòè. Êîíñòðóêöèÿ êþâåòû âêëþ-
÷àåò âíåøíèé âàêóóìíûé êîæóõ 1, èçãîòîâëåííûé 
èç àëþìèíèÿ. Â êîðïóñ âàêóóìíîãî êîæóõà âñòàâ-
ëåí ëàòóííûé äåðæàòåëü 3 ñ èçîëèðîâàííûì èññëå-
äóåìûì îáðàçöîì 4, îõëàæäàþùàÿ æèäêîñòü ïðîòå-
êàåò ñêâîçü äåðæàòåëü. Òåìïåðàòóðà îáðàçöà èç-
ìåðÿåòñÿ òåðìîïàðíûì äàò÷èêîì 6 ñ öåíîé äåëåíèÿ 
0,1° Ñ, çàêðåïëåííûì íà äåðæàòåëå íà êðûøêå 2. 
Êþâåòà îñíàùåíà êâàðöåâûìè îêíàìè 5, óêðåï-
ëåííûìè òåðìîñòîéêèìè ïðîêëàäêàìè 7. Êþâåòà 
ïðåäâàðèòåëüíî âàêóóìèðîâàëàñü. 

Ýêñïåðèìåíò ïðîâîäèëñÿ ñ òðåìÿ îáðàçöàìè  
íà îñíîâå î÷èùåííûõ êðåìíèñòûõ ñòâîðîê äèàòîìî-
âîé âîäîðîñëè Synedra acus: èñõîäíûå ñòâîðêè 
(S. acus) è ñòâîðêè ïîñëå òðàâëåíèÿ ùåëî÷íûìè 
ðàñòâîðàìè (S.A.C30M è Ssp2t8). Òàêæå èñïîëü-

çîâàëè îáðàçåö êîììåð÷åñêîãî ñèëèêàãåëÿ Panreac  

(ëîò 174275.1211, ðàçìåð ÷àñòèö 63–200 ìêì). Ðàç-
ìåðû ïîð îáðàçöîâ, îïðåäåëåííûå ìåòîäîì íèçêî-
òåìïåðàòóðíîé àäñîðáöèè àçîòà (ïðèáîð ÑÎÐÁÒÎ-
ÌÅÒÐ-Ì, ÇÀÎ «Êàòàêîí»), ïðåäñòàâëåíû â òàáë. 1. 
 

Ò à á ë è ö à  1  

Ñòðóêòóðíî-òåêñòóðíûå ïàðàìåòðû èñïîëüçîâàííûõ  
ìàòåðèàëîâ 

Îáðàçåö 
Óäåëüíàÿ  

ïîâåðõíîñòü 
ïîð, ì2/ã 

Óäåëüíûé 
îáúåì ïîð, 

ì3/ã 

Äèàìåòð 
ïîð, íì 

S. acus 10 0,015 9 
S.A.C30M 14,6 0,015 6,15 
Panreac 536,8 1,24 13,8 
Ssp2t8 34,5 0,058 10,05 

 
Ïåðåä íà÷àëîì ýêñïåðèìåíòà ïîðîøîê èññëå-

äóåìûõ îáðàçöîâ ñïðåññîâûâàëñÿ â òàáëåòêè äèà-
ìåòðîì 7 ìì è òîëùèíîé 2–4 ìì. Èç êàæäîãî ìà-
òåðèàëà áûëî îáæàòî ïî íåñêîëüêî òàáëåòîê äëÿ 
äàëüíåéøåãî èññëåäîâàíèÿ. Äàâëåíèå ðó÷íîãî ïðåñ-
ñà âàðüèðîâàëîñü îò 400 äî 500 êã/ñì2, ÷òî íå íà-
ðóøàëî ïîðèñòóþ ñòðóêòóðó ïîðîøêà. Êàæäûé 
îáðàçåö âàêóóìèðîâàëè â òå÷åíèå ÷àñà, ïîñëå ÷åãî 
èññëåäóåìîå âåùåñòâî çàïîëíÿëîñü âîäîé. Äëÿ 
çàïîëíåíèÿ ïîð âîäîé òàáëåòêà âûäåðæèâàëàñü  
íà âëàæíîé òêàíè â òå÷åíèå 12 ÷àñîâ ïðè òåìïåðà-
òóðå ïîðÿäêà 40° Ñ. 

Ñïåêòð ïîãëîùåíèÿ æèäêîé âîäû èìååò øèðî-
êèå ïîëîñû â îáëàñòÿõ 5400 è 7000 ñì−1. Äëÿ ðåãèñò-
ðàöèè ñïåêòðîâ äîñòàòî÷íî òîëùèíû ïîãëîùàþùåãî 
ñëîÿ 2–4 ìì, ïðè êîòîðîé íå äîñòèãàåòñÿ ïîðîã 
íàñûùåíèÿ ïî ïîãëîùåíèþ. Èçìåðåíèÿ ñïåêòðîâ, 
ïðîâåäåííûå ñ ðàçíûìè òàáëåòêàìè èç îäíîãî  
ìàòåðèàëà, ñîãëàñóþòñÿ ìåæäó ñîáîé â ïðåäåëàõ 
2–5%. 

 

Ñïåêòðû ïîãëîùåíèÿ âîäû  
â íàíîïîðàõ 

 

Ðàíåå, â [8, 13], íàìè áûëî ïîêàçàíî, ÷òî îá-
ëàñòü âòîðîé òðèàäû (ν + δ) áîëåå èíôîðìàòèâíà 
äëÿ èññëåäîâàíèÿ ñïåêòðîâ âîäû â íàíîïîðèñòûõ 
ìàòåðèàëàõ, ÷åì îáëàñòü ÷èñòî âàëåíòíûõ êîëåáà-
íèé 3000 ñì−1. Ýòî îáóñëîâëåíî òåì, ÷òî îòëè÷èå 
öåíòðîâ ïîëîñ ïîãëîùåíèÿ âîäû ïðè âàðèàöèè äèà-
ìåòðà ïîð â ýòîì ñïåêòðàëüíîì äèàïàçîíå äîñòèãàåò 
100 ñì−1. Â íàñòîÿùåé ðàáîòå ñïåêòð ïîãëîùåíèÿ 
âîäû â íàíîïîðàõ êðåìíèåâûõ íàíîïîðèñòûõ ìàòå-
ðèàëîâ ðåãèñòðèðîâàëñÿ â äèàïàçîíå 4000–9000 ñì−1 
ñî ñïåêòðàëüíûì ðàçðåøåíèåì 2 ñì−1. Â ýòîé îáëàñ-
òè ðàñïîëîæåíû âòîðàÿ òðèàäà (ν + δ) è ïåðâàÿ ãåê-
ñàäà (2ν) êîëåáàòåëüíûõ ïåðåõîäîâ ìîëåêóëû âîäû. 

Íà ðèñ. 2 ïðåäñòàâëåí ïðèìåð ñïåêòðà îáðàçöà 
S.A.C30M (1). Â ñïåêòðå ïðèñóòñòâóþò ïîëîñà ïî-
ãëîùåíèÿ ìàòåðèàëà òàáëåòêè (4500 ñì−1) è ïîëîñû 
ïîãëîùåíèÿ æèäêîé âîäû (5200 è 6900 ñì−1). Òàêæå 
â ñïåêòðå ïðèñóòñòâóåò ëèíåé÷àòàÿ ñòðóêòóðà, îáó-
ñëîâëåííàÿ ïîãëîùåíèåì àòìîñôåðíîãî âîäÿíîãî 
ïàðà âíóòðè êîðïóñà Ôóðüå-ñïåêòðîìåòðà. Ñòàáè- 
 



 

 Îïðåäåëåíèå ðàçìåðà ïîð êðåìíèåâûõ ìàòåðèàëîâ ïî ÈÊ-ñïåêòðàì àäñîðáèðîâàííîé âîäû 485 
 

 
Ðèñ. 2. Îáçîðíûé ñïåêòð îáðàçöà S.A.C30M äî (1) è ïî- 
  ñëå (2) âàêóóìèðîâàíèÿ 

 
ëèçàöèÿ òåìïåðàòóðû è âëàæíîñòè â êîìíàòå îáåñ-
ïå÷èâàëàñü êîíäèöèîíåðîì Midea MSE-24HR. Áëà-
ãîäàðÿ ýòîìó ïðè èñïîëüçîâàíèè â êà÷åñòâå áàçîâîé 
ëèíèè ñïåêòðà (2) ïîëíîñòüþ âàêóóìèðîâàííîãî îá-
ðàçöà ëèíåé÷àòàÿ ñòðóêòóðà áûëà êîìïåíñèðîâàíà. 
 Íîðìèðîâàííûå ñïåêòðû ïîãëîùåíèÿ æèäêîé 
âîäû è âîäû â ïîðàõ â èíòåðâàëå 4200–7500 ñì−1 
ïðèâåäåíû íà ðèñ. 3. Ïîãëîùåíèå âîäû â îáëàñòè 
 

 
Ðèñ. 3. Ñïåêòðû ïîãëîùåíèÿ æèäêîé âîäû â íàíîïîðàõ 
ðàçíîãî äèàìåòðà: à – ïîëîñà ïîãëîùåíèÿ ν + δ; á – ïî-
ëîñà ïîãëîùåíèÿ 2ν: 1 – æèäêàÿ âîäà; 2 – S. acus; 3 – 
  Panreac; 4 – S.A.C30M; 5 – Ssp2t8 

5200 ñì−1 â äâà ðàçà ïðåâûøàåò ïîãëîùåíèå âîäû  
â îáëàñòè 7000 ñì−1. Êîíòóð ïîëîñ ïîãëîùåíèÿ 
æèäêîé âîäû (1) çíà÷èòåëüíî îòëè÷àåòñÿ êàê  
ïî ôîðìå, òàê è ïî ïîëîæåíèþ öåíòðà è ïî ïîëó-
øèðèíå îò êîíòóðîâ ïîëîñ ïîãëîùåíèÿ âîäû â ïî-
ðàõ (2, 3, 4, 5). Øèðèíà ïîëîñ âîäû â îáúåìå ïîðû 
äëÿ ðàçëè÷íûõ îáðàçöîâ äîñòèãàåò ∼ 600 ñì−1 â îá-
ëàñòè 5200 ñì−1, à â îáëàñòè 7000 ñì−1

 – äî ∼ 1000 ñì−1. 
Ñäâèã ìàêñèìóìîâ ïîëîñ ïîãëîùåíèÿ âîäû â ðàç-
íûõ îáðàçöàõ äîñòèãàåò 50 ñì−1 â îáëàñòè 5200 ñì−1, 
à â îáëàñòè 7000 ñì−1 – äî 150 ñì−1.Òàêèì îáðàçîì, 
âàðèàòèâíîñòü êîíòóðà â çàâèñèìîñòè îò äèàìåòðà 
ïîð íàèáîëåå çíà÷èòåëüíî ïðîÿâëÿåòñÿ â äèàïàçîíå 
âòîðîé òðèàäû. Ýòî ãîâîðèò î òîì, ÷òî äåôîðìàöè-
îííîå êîëåáàíèå ìîëåêóëû âîäû âíîñèò áîëüøèé 
âêëàä, ÷åì âàëåíòíîå. 

Äëÿ èíòåðïðåòàöèè èçìåíåíèé êîíòóðà èñïîëü-
çóþò ðàçëè÷íûå ìîäåëè ðàçáèåíèÿ ïîñëåäíåãî íà ñî-
ñòàâëÿþùèå, ôèçè÷åñêóþ ñóùíîñòü êîòîðûõ îòíîñÿò 
ê ðàçíûì êîíôèãóðàöèÿì ìîëåêóë, âîçíèêàþùèì 
áëàãîäàðÿ êàê ïðèñòåíî÷íîìó âçàèìîäåéñòâèþ, òàê 
è ðàçëè÷íîé ñòåïåíè ìîëåêóëÿðíîé êëàñòåðèçàöèè 
âîäû â îáúåìå íàíîïîð [14, 15]. 

Îñíîâíàÿ èäåÿ íàñòîÿùåé ðàáîòû – ðàññìîò-
ðåíèå çàðåãèñòðèðîâàííûõ ñïåêòðîâ ñ òî÷êè çðåíèÿ 
ðåãðåññèîííîãî àíàëèçà âñåãî êîíòóðà â öåëîì. Çà-
âèñèìûì ïàðàìåòðîì â àíàëèçå âûáðàí äèàìåòð ïîð 
êîíêðåòíîãî ìàòåðèàëà, à íåçàâèñèìûì – ìàññèâ 
ýêâèäèñòàíòíûõ òî÷åê ïîëîñû ïîãëîùåíèÿ âîäû  
â ïîðàõ ýòîãî ìàòåðèàëà. 

 

Ðåãðåññèîííûé àíàëèç ñïåêòðà 
 

Ïóñòü ìû èìååì M ñïåêòðîâ â íåêîòîðîì ôèê-
ñèðîâàííîì äèàïàçîíå ÷àñòîò â âèäå çíà÷åíèé êî-
ýôôèöèåíòà ïîãëîùåíèÿ â N òî÷êàõ, ðàâíîìåðíî 
ðàñïðåäåëåííûõ â ýòîì äèàïàçîíå: 
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Â íàøåì ñëó÷àå ýòî ðàçìåðû ïîð (L = 1). 
Çàäà÷à ñîñòîèò â ïîëó÷åíèè ñïåêòðà-ïðîãíîçà 

âîäû â âåùåñòâå ñ çàäàííûìè ðàçìåðàìè ïîð. Äëÿ 
ýòîãî íàì íåîáõîäèìî ñîçäàòü ìîäåëü äëÿ êàæäîé 
èç òî÷åê èñêîìîãî ñïåêòðà íà îñíîâå äàííûõ (1) 



 

486 Ñèíèöà Ë.Í., Åìåëüÿíîâ Í.Ì., Ëóãîâñêîé À.À. è äð. 
 

è (2). Ýòà ìîäåëü ìîæåò èìåòü âèä ëèíåéíîé ôóíê-
öèè îò çàäàííûõ ïàðàìåòðîâ *

:jS  
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LA A A A  äëÿ êàæäîé 
òî÷êè ñïåêòðà îïðåäåëÿþòñÿ èç ïîäãîíêè ïî ìåòîäó 
íàèìåíüøèõ êâàäðàòîâ: 
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= 1,i N  – íîìåð òî÷êè ñïåêòðà. 
Ïîñëå ýòîãî ïðîãíîçèðîâàòü ñïåêòð â íóæíîé 

òî÷êå è ñ íóæíûìè ïàðàìåòðàìè ïîð ìîæíî ñ ïî-
ìîùüþ âûðàæåíèÿ (3). 

Îáðàòíàÿ çàäà÷à çàêëþ÷àåòñÿ â òîì, ÷òî èçâåñ-
òåí ñïåêòð *

iK , =1, ,i N  ñìåñè è íåîáõîäèìî íàéòè 
ïàðàìåòðû *

jS  (â íàøåì ñëó÷àå ýòî äèàìåòð íàíî-
ïîð). Òîãäà ðåøàåòñÿ çàäà÷à ìèíèìèçàöèè ñðåä-
íåêâàäðàòè÷íîãî îòêëîíåíèÿ ìîäåëè îò èçâåñòíîãî 
ñïåêòðà îòíîñèòåëüíî ïàðàìåòðîâ *

jS  îäíîâðåìåííî 
ïî âñåì åãî òî÷êàì: 
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Íàìè ñîçäàíà ïðîãðàììà, â êîòîðîé ïðîâåäåí 
àíàëèç âõîäíûõ äàííûõ è ñôîðìèðîâàíà áàçà ñïåê-
òðîâ ñ îäèíàêîâûìè äèàïàçîíîì è êîëè÷åñòâîì òî-
÷åê. Îäèíàêîâîå êîëè÷åñòâî ÷àñòîòíûõ òî÷åê âñåõ 
ñïåêòðîâ îáåñïå÷èâàåòñÿ ïðîöåäóðîé èíòåðïîëÿöèè. 
Çàòåì ïîñòðîåíà ìîäåëü äëÿ êàæäîé èç òî÷åê èñêî-
ìîãî ñïåêòðà íà îñíîâå äàííûõ (1) è (2). 

 

Îïðåäåëåíèå ðàçìåðà ïîð 
 

Ñ èñïîëüçîâàíèåì ðåãðåññèîííîãî àíàëèçà îï-
ðåäåëåí ðàçìåð ïîð âåùåñòâà ïî ñïåêòðó âîäû, ñî-
äåðæàùåéñÿ â íåì. Â êà÷åñòâå èçâåñòíûõ ïàðàìåò-
ðîâ ââîäèëèñü äèàìåòðû ïîð òðåõ èç ÷åòûðåõ (ýòà-
ëîííûõ) îáðàçöîâ. Ïî ñïåêòðàì ïîãëîùåíèÿ âîäû  
â ýòàëîííûõ îáðàçöàõ ñòðîèëàñü ëèíåéíàÿ ðåãðåñ-
ñèîííàÿ ìîäåëü (5), ñâÿçûâàþùàÿ äèàìåòðû ïîð  
ñ êîýôôèöèåíòàìè ïîãëîùåíèÿ â òî÷êàõ ñïåêòðà. 
Äèàìåòðû ïîð ÷åòâåðòîãî (óñëîâíî íåèçâåñòíîãî) 
îáðàçöà îïðåäåëÿëèñü èç çàðåãèñòðèðîâàííîãî ñïåê-
òðà ñ ïîìîùüþ ìèíèìèçàöèè âûðàæåíèÿ (5).  

Â òàáë. 2 ïðèâåäåíû çíà÷åíèÿ äèàìåòðà ïîð 
D, ïîëó÷åííûå èç ïðîöåíòíîãî ñîäåðæàíèÿ âîäû  
â öåíòðå ïîð, äëÿ ðàçëè÷íîãî ïàñïîðòíîãî äèàìåò- 
ðà ïîð D0. Â êà÷åñòâå íåèçâåñòíîãî îáðàçöà èñïîëü-
çîâàëèñü âñå ÷åòûðå îáðàçöà ïî î÷åðåäè. Ïîãðåø-
íîñòü ñîîòâåòñòâóåò ðàçáðîñó çíà÷åíèé, ïîëó÷åííûõ 
ïðè àíàëèçå íåñêîëüêèõ ñïåêòðîâ îäíîãî îáðàçöà. 
 

 

Ò à á ë è ö à  2  

Çíà÷åíèÿ äèàìåòðà èññëåäóåìûõ ïîð 

Îáðàçåö D0, íì D, íì 
Ssp2t8 10 9,8(± 0,5) 
S. acus 9 8,9(± 0,7) 
Panreac 13,8 14,0(± 0,5) 
S.A.C30M 6,15 6,8(± 0,8) 
 
Èç òàáë. 2 ñëåäóåò, ÷òî ïðåäëîæåííûé ìåòîä 

îïðåäåëåíèÿ ïàðàìåòðîâ ïîð äàåò íåïëîõèå ðåçóëü-
òàòû. Íàéäåííûå äèàìåòðû ïîð â ïðåäåëàõ ïî-
ãðåøíîñòè èçìåðåíèé ñîâïàäàþò ñ äàííûìè, ïî-
ëó÷åííûìè ãàçîàäñîðáöèîííûì ìåòîäîì. Ìåòîä 
íå òðåáóåò ïðèìåíåíèÿ æèäêîãî àçîòà è äîñòàòî÷íî 
îïåðàòèâåí, èçìåðåíèÿ çàíèìàþò âñåãî íåñêîëüêî 
ìèíóò. Ñëåäóåò ó÷åñòü, ÷òî äëÿ ëþáîãî, äàæå êàëè-
áðîâàííîãî, íàíîïîðèñòîãî ìàòåðèàëà ñóùåñòâóåò 
ïîíÿòèå ñòàòèñòè÷åñêîãî ðàñïðåäåëåíèÿ ïîð ïî ðàç-
ìåðó. Ïðåäëàãàåìûé ìåòîä ïîçâîëÿåò âû÷èñëèòü 
ñðåäíèé ðàçìåð ïîð â îáðàçöå. 

 
Çàêëþ÷åíèå 

 

Íà îñíîâå ðåãðåññèîííîãî àíàëèçà ñïåêòðà ïî-
ãëîùåíèÿ âîäû â íàíîïîðàõ êðåìíåçåìîâ Ssp2t8, 
S. acus, Panreac è S.A.C30M áûë ðàçðàáîòàí ìå-
òîä îïðåäåëåíèÿ äèàìåòðà ïîð. Ïðîöåäóðà ïîðî-
ìåòðèè çàêëþ÷àåòñÿ â çàïîëíåíèè âåùåñòâà æèäêîé 
âîäîé, ðåãèñòðàöèè ñïåêòðîâ ïîãëîùåíèÿ âåùåñòâà 
ñ âîäîé, ñîñòàâëåíèè áàçû ñïåêòðîñêîïè÷åñêèõ 
äàííûõ, õàðàêòåðèçóþùèõ âåùåñòâî ñ ðàçëè÷íûìè 
ðàçìåðàìè ïîð, è âîññòàíîâëåíèè äèàìåòðà ïîð 
ïðîèçâîëüíîãî âåùåñòâà ìåòîäîì ðåãðåññèîííîãî 
àíàëèçà. Ïîãðåøíîñòü ìåòîäà ñîñòàâëÿåò ìåíåå 1 íì, 
à âðåìÿ àíàëèçà – ìåíåå 10 ìèí. Ðàçðàáîòàíî ïðî-
ãðàììíîå îáåñïå÷åíèå äëÿ àâòîìàòèçàöèè ïðîöåäó-
ðû ïîðîìåòðèè. 

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî 
çàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ, â ÷àñòè ïîëó÷åíèÿ îáðàçöîâ 
êðåìíåçåìà – â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ 
ËÈÍ ÑÎ ÐÀÍ, òåìà ¹ ÀÀÀÀ-À19-119100490016-4. 

 

1.�Serdyukov V.I., Sinitsa L.N., Lugovskoi A.A. Influ-
ence of gas humidity on the reflection coefficient of  
multilayer dielectric mirrors // Appl. Opt. 2016. V. 55, 
iss. 17. P. 4763–4768. 

2.�Ïàí÷åíêî Ì.Â., Êàáàíîâ Ì.Â., Ïõàëàãîâ Þ.À., Áå-
ëàí Á.Ä., Êîçëîâ Â.Ñ., Ñàêåðèí Ñ.Ì., Êàáàíîâ Ä.Ì., 
Óæåãîâ Â.Í., Ùåëêàíîâ Í.Í., Ïîëüêèí Â.Â., Òåð-
ïóãîâà Ñ.À., Òîëìà÷åâ Ã.Í., ßóøåâà Å.Ï., Àð-
øèíîâ Ì.Þ., Ñèìîíåíêîâ Ä.Â., Øìàðãóíîâ Â.Ï., 
×åðíîâ Ä.Ã., Òóð÷èíîâè÷ Þ.Ñ., Ïîëüêèí Âàñ.Â., 
Æóðàâëåâà Ò.Á., Íàñðòäèíîâ È.Ì., Çåíêîâà Ï.Í. 
Êîìïëåêñíûå èññëåäîâàíèÿ òðîïîñôåðíîãî àýðîçîëÿ  
â ÈÎÀ ÑÎ ÐÀÍ (ýòàïû ðàçâèòèÿ) // Îïòèêà àòìîñô. 
è îêåàíà. 2019. Ò. 32, ¹ 9. Ñ. 703–716; Panchen-
ko M.V., Kabanov M.V., Pkhalagov Yu.A., Belan B.D., 
Kozlov V.S., Sakerin S.M., Kabanov D.M., Uzhe-
gov V.N., Shchelkanov N.N., Polkin V.V., Terpugo-
va S.A., Tolmachev G.N., Yausheva E.P., Arshi-
nov M.Yu., Simonenkov D.V., Shmargunov V.P., 
Chernov D.G., Turchinovich Yu.S., Pol’kin Vas.V., 
Zhuravleva T.B., Nasrtdinov I.M., Zenkova P.N. 
Integrated studies of tropospheric aerosol at the Insti-



 

 Îïðåäåëåíèå ðàçìåðà ïîð êðåìíèåâûõ ìàòåðèàëîâ ïî ÈÊ-ñïåêòðàì àäñîðáèðîâàííîé âîäû 487 
 

tute of Atmospheric Optics (development stages) // 
Atmos. Ocean. Opt. 2020. V. 33, N 1. P. 27–41. 

3.�Òóòîâ Å.À., Àíäðþêîâ À.Þ., Áîðìîíòîâ Å.Í. Àä-
ñîðáöèîííî-åìêîñòíàÿ ïîðîìåòðèÿ // Ôèçèêà è òåõ-
íèêà ïîëóïðîâîäíèêîâ. 2001. Ò. 35, ¹ 9. Ñ. 850–853. 

4.�Ïàòåíò ÐÔ ¹ 2150101 Ñ1, G01N 15/08 (2000.05). 
5.�Vander Auwera J., Ngo N.H., El Hamzaoui H., Ca-

poen B., Bouazaoui M., Ausset P., Boulet C., Hart-
mann J.-M. Infrared absorption by molecular gases as  
a probe of nanoporous silica xerogel and molecule-sur-
face collisions: Low-pressure results // Phys. Rev. A. 
2013. V. 88. P. 042506. 

6.�Ïåòðîâà Ò.Ì., Ïîíîìàðåâ Þ.Í., Ñîëîäîâ À.À., Ñî-
ëîäîâ À.Ì., Äàíèëþê À.Ô. Ñïåêòðîñêîïè÷åñêàÿ íà-
íîïîðîìåòðèÿ àýðîãåëÿ // Ïèñüìà â ÆÝÒÔ. 2015. 
Ò. 101. Ñ. 68–70. 

7.�Svensson T., Adolfsson E., Burresi M., Savo R., Xu C., 
Wiersma D.S., Svanberg S. Pore size assessment based 
on wall collision broadening of spectral lines of confined 
gas: Experiments on strongly scattering nanoporous ce-
ramics with fine-tuned pore sizes // Appl. Phys. B. 
2013. V. 110. P. 147–154. 

8.�Sinitsa L.N., Lugovskoy A.A. Dynamic registration of 
the absorption spectrum of water in the SiO2 nanopores 
in high frequency range // J. Chem. Phys. 2010. V. 133, 
N 20. P. 204506 (1–5). 

9.�Sinitsa L.N., Serdyukov V.I., Danilyuk A.F., Lugov-
skoy A.A. Observation of water dimers in nanopores of 
silicon aerogel // J. Exp. Theor. Phys. Lett. 2015. 
V. 102, N 1. P. 32–35. 

10.�Crupi V., Longo F., Majolino D., Venuti V. Raman 
spectroscopy: Probing dynamics of water molecules con-
fined in nanoporous silica glasses // Eur. Phys. J. Spe-
cial Top. 2007. V. 141. P. 61–64. 

11.�Crupi J., Majolino D., Venutti V. Diffusional and vi-
brational dynamics of water in NaA zeolites by neutron 
and Fourier transform infrared spectroscopy // J. Phys.: 
Condens. Matter. 2004. V. 16. P. 5297. 

12.�Emel’yanov N.M., Sinitsa L.N., Serdyukov V.I., Lu-
govskoi A.A, Annenkov V.V. Study of nanoporous sil-
ica structure by spectral analysis // Proc. SPIE. 2020. 
DOI: 10.1117/12.2576125. 

13.�Ëóãîâñêîé À.À., Ïîïëàâñêèé Þ.À., Ñåðäþêîâ Â.È., 
Ñèíèöà Ë.Í. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà äëÿ ñïåê-
òðîôîòîìåòðè÷åñêîãî èññëåäîâàíèÿ êëàñòåðîâ âîäû  
â íàíîïîðàõ // Îïòèêà àòìîñô. è îêåàíà. 2011. Ò. 24, 
¹ 5. Ñ. 418–424; Lugovskoy A.A., Poplavskii Yu.A., 
Serdyukov V.I., Sinitsa L.N. Experimental setup for 
spectrophotometric study of water clusters in nanopor-
ous material // Atmos. Ocean. Opt. 2011. V. 24, N 5. 
P. 502–507. 

14.�Brubach J.-B., Mermet A., Filabozzi A., Gerschel A., 
Roy P. Signatures of the hydrogen bonding in the in-
frared bands of water // J. Chem. Phys. 2005. V. 122. 
P. 184509-1–7. 

15.�Erko M., Findenegg G.H., Cade N., Michette A.G., 
Paris O. Confinement-induced structural changes of wa-
ter studied by Raman scattering // Phys. Rev. B. 2011. 
V. 84, N 10. P. 104205. 

 
L.N. Sinitsa, N.M. Emel’yanov, A.P. Shcherbakov, A.A. Lugovskoi, V.V. Annenkov. Determination of 

silica material pore sizes from IR spectra of adsorbed water. 
A technique for determining the diameter of nanosized pores has been developed. It consists in filling  

a substance with liquid water, recording the absorption spectra of the substance with water, compiling a data-
base of spectroscopic data characterizing the substance with different pore sizes, and retriving the pore diameter 
of an arbitrary substance using an algorithm based on the regression analysis. The technique has been tested on 
silica samples of different porosity. 
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