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íà ë³òåðàòóðà»), ñæàòûì, áåç äëèííûõ ââåäåíèé, îòñòóïëåíèé è ïîâòîðîâ, äóáëèðîâàíèÿ â òåêñòå 

äàííûõ òàáëèö, ðèñóíêîâ è ïîäïèñåé ê íèì. Àííîòàöèÿ è ðàçäåë «Âèñíîâêè» äîëæíû íå äóáëèðî-
âàòü äðóã äðóãà. ×èñëîâûå äàííûå ñëåäóåò ïðèâîäèòü â îáùåïðèíÿòûõ åäèíèöàõ.  
 3. Îáú¸ì ñòàòüè äîëæåí áûòü íå áîëåå 5000 ñëîâ (ñ ó÷¸òîì îñíîâíîãî òåêñòà, òàáëèö, ïîäïèñåé ê 

ðèñóíêàì, ñïèñêà ëèòåðàòóðû) è 10 ðèñóíêîâ. Âîïðîñû, ñâÿçàííûå ñ ïóáëèêàöèåé íàó÷íûõ îáçîðîâ 

(íå áîëåå 22000 ñëîâ è 60 ðèñóíêîâ), ðåøàþòñÿ ðåäêîëëåãèåé ÍÍÍ íà îñíîâàíèè ïðåäâàðèòåëüíî 

ïðåäîñòàâëåííîé àâòîðàìè ðàñøèðåííîé àííîòàöèè ðàáîòû.  
 4. Â ðåäàêöèþ ïðåäîñòàâëÿåòñÿ 1 ýêçåìïëÿð ðóêîïèñè ñ èëëþñòðàòèâíûì ìàòåðèàëîì, íàïå÷à-
òàííûé íà áóìàãå ôîðìàòà À4 ÷åðåç äâîéíîé èíòåðâàë â îäèí ñòîëáåö ñ îäíîé ñòîðîíû ëèñòà.  
 5. Â ðåäàêöèþ îáÿçàòåëüíî ïðåäîñòàâëÿåòñÿ (ïî e-mail èëè íà êîìïàêò-äèñêå) ôàéë ðóêîïèñè 

ñòàòüè, íàáðàííûé â òåêñòîâîì ðåäàêòîðå Microsoft Word 2003, 2007 èëè 2010 ñ íàçâàíèåì, ñîñòî-
ÿùèì èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé), íàïðèìåð, Smirnov.doc.  
 6. Ïå÷àòíûé âàðèàíò ðóêîïèñè è å¸ ýëåêòðîííàÿ âåðñèÿ äîëæíû áûòü èäåíòè÷íûìè è ñîäåðæàòü 

5–7 èíäåêñîâ PACS (â ïîñëåäíåé ðåäàêöèè ‘Physics and Astronomy Classification Scheme 2010’—
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) è àííîòàöèþ (200–250 ñëîâ) 
ñòàòüè (âìåñòå ñ 5–6 êëþ÷åâûìè ñëîâàìè). Òåêñòû óêðàèíîÿçû÷íûõ ñòàòåé äîëæíû òàêæå ñîäåð-
æàòü çàãëàâèå ñòàòüè (âìåñòå ñî ñïèñêîì àâòîðîâ è àäðåñàìè ñîîòâåòñòâóþùèõ ó÷ðåæäåíèé), ðàñ-
øèðåííóþ àííîòàöèþ (300–350 ñëîâ), êëþ÷åâûå ñëîâà, çàãîëîâêè òàáëèö è ïîäïèñè ê ðèñóíêàì íà 

àíãëèéñêîì ÿçûêå. Êðîìå òîãî, ñîäåðæàíèÿ àííîòàöèé íà óêðàèíñêîì è àíãëèéñêîì ÿçûêàõ 

äîëæíû áûòü èäåíòè÷íûìè ïî ñìûñëó.  
 7. Ðèñóíêè (òîëüêî ÷åðíî-áåëûå èëè ïîëóòîíîâûå ñ ãðàäàöèåé ñåðîãî) ïðåäîñòàâëÿþòñÿ íà îò-
äåëüíûõ ëèñòàõ ñ óêàçàíèåì íîìåðà ðèñóíêà è ôàìèëèè ïåðâîãî àâòîðà. Âñå ðèñóíêè äîëæíû áûòü 

äîïîëíèòåëüíî ïðåäñòàâëåíû â âèäå îòäåëüíûõ ôàéëîâ (ïðåäïî÷òèòåëüíî â ãðàôè÷åñêèõ ôîðìàòàõ 

TIFF, EPS èëè JPEG) ñ íàçâàíèÿìè, ñîñòîÿùèìè èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé) è íîìåðà 

ðèñóíêà, íàïðèìåð, Smirnov_fig2a.tiff. Êà÷åñòâî èëëþñòðàöèé (â òîì ÷èñëå ïîëóòîíîâûõ) äîëæíî 

îáåñïå÷èâàòü èõ âîñïðîèçâåäåíèå ñ ðàçðåøåíèåì 300–600 òî÷åê íà äþéì. Äîïîëíèòåëüíî ðèñóíêè 

ïðåäîñòàâëÿþòñÿ â ôîðìàòå ïðîãðàììû, â êîòîðîé îíè ñîçäàâàëèñü.  
 8. Íàäïèñè íà ðèñóíêàõ (îñîáåííî íà ïîëóòîíîâûõ) íàäî ïî âîçìîæíîñòè çàìåíèòü áóêâåííûìè 

îáîçíà÷åíèÿìè (íàáðàííûìè íà êîíòðàñòíîì ôîíå), à êðèâûå îáîçíà÷èòü öèôðàìè èëè ðàçëè÷íîãî 

òèïà ëèíèÿìè/ìàðêåðàìè, ðàçúÿñíÿåìûìè â ïîäïèñÿõ ê ðèñóíêàì èëè â òåêñòå. Íà ãðàôèêàõ âñå 

ëèíèè/ìàðê¸ðû äîëæíû áûòü ÷¸ðíîãî öâåòà è äîñòàòî÷íûõ òîëùèí/ðàçìåðîâ äëÿ êà÷åñòâåííîãî 

âîñïðîèçâåäåíèÿ â óìåíüøåííîì â 2–3 ðàçà âèäå (ðåêîìåíäóåìàÿ øèðèíà ðèñóíêà — 12,7 ñì). 
Ñíèìêè äîëæíû áûòü ÷¸òêèìè è êîíòðàñòíûìè, à íàäïèñè è îáîçíà÷åíèÿ äîëæíû íå çàêðûâàòü 

ñóùåñòâåííûå äåòàëè (äëÿ ÷åãî ìîæíî èñïîëüçîâàòü ñòðåëêè). Âìåñòî óêàçàíèÿ â ïîäòåêñòîâêå 

óâåëè÷åíèÿ ïðè ñú¸ìêå æåëàòåëüíî ïðîñòàâèòü ìàñøòàá (íà êîíòðàñòíîì ôîíå) íà îäíîì èç èäåí-
òè÷íûõ ñíèìêîâ. Íà ãðàôèêàõ ïîäïèñè ê îñÿì, âûïîëíåííûå íà ÿçûêå ñòàòüè, äîëæíû ñîäåðæàòü 

îáîçíà÷åíèÿ (èëè íàèìåíîâàíèÿ) îòêëàäûâàåìûõ âåëè÷èí è ÷åðåç çàïÿòóþ èõ åäèíèöû èçìåðåíèÿ.  
 9. Ôîðìóëû â òåêñò íåîáõîäèìî âñòàâëÿòü ñ ïîìîùüþ ðåäàêòîðà ôîðìóë MathType, ïîëíîñòüþ 

ñîâìåñòèìîãî ñ MS Office 2003, 2007, 2010.  
 10. Ðèñóíêè, à òàêæå òàáëèöû è ïîäñòðî÷íûå ïðèìå÷àíèÿ (ñíîñêè) äîëæíû èìåòü ñïëîøíóþ 

íóìåðàöèþ ïî âñåé ñòàòüå.  
 11. Ññûëêè íà ëèòåðàòóðíûå èñòî÷íèêè ñëåäóåò äàâàòü â âèäå ïîðÿäêîâîãî íîìåðà, íàïå÷àòàí-
íîãî â ñòðîêó â êâàäðàòíûõ ñêîáêàõ. Ñïèñîê ëèòåðàòóðû ñîñòàâëÿåòñÿ â ïîðÿäêå ïåðâîãî óïîìèíà-
íèÿ èñòî÷íèêà. Ïðèìåðû îôîðìëåíèÿ ññûëîê ïðèâåäåíû íèæå; ïðîñèì îáðàòèòü âíèìàíèå íà ïî-
ðÿäîê ñëåäîâàíèÿ èíèöèàëîâ è ôàìèëèé àâòîðîâ, áèáëèîãðàôè÷åñêèõ ñâåäåíèé è íà ðàçäåëèòåëü-
íûå çíàêè, à òàêæå íà íåîáõîäèìîñòü óêàçàíèÿ âñåõ ñîàâòîðîâ öèòèðîâàííîé ðàáîòû è (â êîíöå 

êàæäîé ññûëêè) å¸ öèôðîâîãî èäåíòèôèêàòîðà DOI, åñëè òàêîâîé èìååòñÿ ó ñîîòâåòñòâóþùåé ïóá-
ëèêàöèè (è óêàçàí íà å¸ èíòåðíåò-ñòðàíèöå èçäàòåëüñòâà):  



²ÍÔÎÐÌÀÖ²ß ÄËß ÏÅÐÅÄÏËÀÒÍÈÊ²Â ² ÀÂÒÎÐ²Â 

 ISSN 1816-5230. Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿. 2024 XII 

1. T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian); 
https://doi.org/10.15407/ufm.09.01.001  
2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012); 
https://doi.org/10.1103/PhysRevB.86.035418  
3. A. Meisel, G. Leonhardt, and R. Szargan, Röntgenspektren und Chemische Bindung [X-Ray Spectra 

and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in Ger-
man).  
4. J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moscow: Mir: 
1974) (Russian translation).  
5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Al-
loys. V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.  
6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds. 
M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington, 
D.C.: U.S. Govt. Printing Office: 1964).  
7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25–31, 
1999) (Kiev: RVV IMF: 2000), vol. 2, p. 113 (in Russian).  
8. T. M. Radchenko, Vplyv Uporiadkuvannya Defektnoyi Struktury íà Transportni Vlastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed 

Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for Metal 
Physics, N.A.S.U.: 2015) (in Ukrainian).  
9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov 

Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published 

November 21, 1979) (in Russian).  
10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metalli-
cheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, Â22 

F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).  
11. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashchenij [On the Nature 

of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. 
No. 1, 1998) (in Russian).  

Ñëåäóåò ïðèìåíÿòü îáùåïðèíÿòûå ñîêðàùåíèÿ íàçâàíèé æóðíàëîâ è ñáîðíèêîâ òðóäîâ:  
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf; 
http://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html; 
http://www.ams.org/msnhtml/serials.pdf. 

Îáÿçàòåëüíûì òðåáîâàíèåì ÿâëÿåòñÿ ïðåäîñòàâëåíèå äîïîëíèòåëüíîãî ñïèñêà öèòèðîâàííîé ëèòåðà-
òóðû (References) â ëàòèíñêîé òðàíñëèòåðàöèè (ñèñòåìà BGN/PCGN; ðåêîìåíäóåìûå òðàíñëèòåðàòî-
ðû: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). Ïîñëå òðàíñ-
ëèòåðèðîâàííûõ íàçâàíèé êíèã, äèññåðòàöèé, ïàòåíòîâ è ïð. íàäî ïðèâîäèòü â êâàäðàòíûõ ñêîáêàõ 

èõ àíãëîÿçû÷íûé ïåðåâîä. Ïðè òðàíñëèòåðàöèè ñòàòåé èç ÍÍÍ íàäî èñïîëüçîâàòü íàïèñàíèå Ô.È.Î. 
àâòîðîâ, ïðèâåä¸ííîå òîëüêî â àíãëîÿçû÷íîì îãëàâëåíèè ñîîòâåòñòâóþùåãî âûïóñêà, è îôèöèàëüíîå 

òðàíñëèòåðèðîâàííîå íàçâàíèå ñáîðíèêà (ñì. òàêæå ñàéò).  
 12. Êîððåêòóðà àâòîðàì ìîæåò áûòü âûñëàíà ýëåêòðîííîé ïî÷òîé â âèäå pdf-ôàéëà. Íà ïðîâåðêó 

êîððåêòóðû àâòîðàì îòâîäÿòñÿ 5 ðàáî÷èõ äíåé, íà÷èíàÿ ñî äíÿ, ñëåäóþùåãî çà äàòîé îòïðàâêè 

êîððåêòóðû. Ïî èñòå÷åíèè óêàçàííîãî ñðîêà ñòàòüÿ àâòîìàòè÷åñêè íàïðàâëÿåòñÿ â ïå÷àòü. Èñïðàâ-
ëåíèÿ ñëåäóåò îòìåòèòü è ïðîêîììåíòèðîâàòü â ñàìîì pdf-ôàéëå ëèáî îôîðìèòü â âèäå ïåðå÷íÿ 

èñïðàâëåíèé è ïåðåñëàòü (îò èìåíè óïîëíîìî÷åííîãî ïðåäñòàâèòåëÿ êîëëåêòèâà àâòîðîâ) ïî ýëåê-
òðîííîé ïî÷òå â àäðåñ ðåäàêöèè.  
 Ïå÷àòíûå âåðñèè ðóêîïèñè íàïðàâëÿþòñÿ íåïîñðåäñòâåííî â ðåäàêöèþ ÍÍÍ ïî ïî÷òîâîìó àäðå-
ñó: áóëüâàð Àêàä. Âåðíàäñêîãî, 36, êàá. 210; 03142 Êèåâ, Óêðàèíà ëèáî ÷ëåíó ðåäàêöèîííîé êîëëå-
ãèè (ñîñòàâ ðåäêîëëåãèè óêàçàí íà 2-é ñòðàíèöå îáëîæêè). Ýëåêòðîííûé âàðèàíò ñòàòüè íàïðàâëÿ-
åòñÿ ïî e-mail: tatar@imp.kiev.ua (ñ òåìîé, íà÷èíàþùåéñÿ ñëîâîì ‘nano’).  
 Â ñîîòâåòñòâèè ñ äîãîâîð¸ííîñòüþ ìåæäó ðåäàêöèåé ÍÍÍ è ó÷ðåäèòåëÿìè ñáîðíèêà, ðåäàêöèÿ 

ñ÷èòàåò, ÷òî àâòîðû, ïîñûëàÿ åé ðóêîïèñü ñòàòüè, ïåðåäàþò ó÷ðåäèòåëÿì è ðåäêîëëåãèè ïðàâî 

îïóáëèêîâàòü ýòó ðóêîïèñü íà àíãëèéñêîì (óêðàèíñêîì) ÿçûêå, è ïðîñèò àâòîðîâ ñðàçó ïðèêëàäû-
âàòü ê ðóêîïèñè ïîäïèñàííîå àâòîðàìè «Ñîãëàøåíèå î ïåðåäà÷å àâòîðñêîãî ïðàâà»:  

Óãîäà ïðî ïåðåäà÷ó àâòîðñüêîãî ïðàâà  
Ìè, ùî íèæ÷å ï³äïèñàëèñÿ, àâòîðè ðóêîïèñó «                 », 
ïåðåäàºìî çàñíîâíèêàì ³ ðåäêîëå´³¿ çá³ðíèêà íàóêîâèõ ïðàöü «Íàíîñèñòåìè, íàíîìàòåð³àëè, 
íàíîòåõíîëîã³¿» ïðàâî îïóáë³êóâàòè öåé ðóêîïèñ àíãë³éñüêîþ (óêðà¿íñüêîþ) ìîâîþ. Ìè ï³äòâåð-
äæóºìî, ùî öÿ ïóáë³êàö³ÿ íå ïîðóøóº àâòîðñüêîãî ïðàâà ³íøèõ îñ³á, óñòàíîâ àáî îðãàí³çàö³é. 
Ï³äïèñè àâòîð³â:   (ÏÐ²ÇÂÈÙÅ ²ì’ÿ, äàòà, àäðåñà, ¹ òåëåôîíó, e-mail)  

 Ïðè ýòîì çà àâòîðàìè ñîõðàíÿþòñÿ âñå îñòàëüíûå ïðàâà êàê ñîáñòâåííèêîâ ýòîé ðóêîïèñè. 
Àâòîðû ìîãóò ïîëó÷èòü îïóáëèêîâàííûé âûïóñê ñî ñâîåé ñòàòü¸é â ðåäàêöèè ñáîðíèêà ïî âûøå-
óêàçàííîìó àäðåñó (òåë. ¹¹: +380 44 4241221, +380 44 4249042), à òàêæå çàãðóçèòü pdf-ôàéë ñòà-
òüè ñ ñàéòà ñáîðíèêà: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.  
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Íàíîñòðóêòóðîâàí³ òîíê³ ïë³âêè ZnO, îäåðæàí³ ìåòîäîì 
ðàä³î÷àñòîòíîãî ìàãíåòðîííîãî îñàäæåííÿ 

Â. Â. Çà³êà1, Í. Ê. Øâà÷êî1, Â. Ë. Êàðá³âñüêèé1, Â. Õ. Êàñ³ÿíåíêî2, 
². Â. Ñóõåíêî1, À. Ï. Ñîðîêà1 

1²íñòèòóò ìåòàëîô³çèêè ³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè,  
 áóëüâ. Àêàäåì³êà Âåðíàäñüêîãî, 36,  
 03142 Êè¿â, Óêðà¿íà 
2Â³ííèöüêèé íàö³îíàëüíèé òåõí³÷íèé óí³âåðñèòåò,  
 Õìåëüíèöüêå øîñå, 95,  
 21021 Â³ííèöÿ, Óêðà¿íà 

Ìåòîä ðàä³î÷àñòîòíîãî ìàãíåòðîííîãî íàíåñåííÿ âèêîðèñòàíî äëÿ îäåð-
æàííÿ íàíîñòðóêòóðîâàíèõ òîíêèõ ïë³âîê ZnO. Äëÿ îö³íêè òîâùèíè 
ïë³âêè òà äîñë³äæåííÿ ìîðôîëîã³¿ ¿¿ ïîâåðõí³ áóâ âèêîðèñòàíèé ìåòîä 
ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿. Ñïîñòåð³ãàºòüñÿ îäíîð³äíà ìîðôî-
ëîã³ÿ ïîâåðõí³ áåç ÿâíèõ ñòîðîíí³õ âêëþ÷åíü; òàêîæ îö³íåíî òîâùèíó 
ïë³âêè, ÿêà ëåæèòü â ä³ÿïàçîí³ 267–272 íì. Îäåðæàí³ ïë³âêè, õàðàêòå-
ðèçóþòüñÿ ðîçâèíåíîþ íàíîïîâåðõíåþ ç óòâîðåííÿì êëàñòåð³â ìàéæå 
ñôåðè÷íî¿ ôîðìè òà ¿õí³ì ñåðåäí³ì ä³ÿìåòðîì ïðèáëèçíî â³ä 25 äî 40 
íì. Áóëî âñòàíîâëåíî, ùî ïë³âêè ç òîâùèíîþ áëèçüêî 270,0 íì ìàþòü 
ãàðíó ïðîçîð³ñòü ó âèäèìîìó ä³ÿïàçîí³ ç³ çíà÷åííÿìè â³ä 60% äî 85%. 
Ìåòîäîì Òàóêà îäåðæàíî çíà÷åííÿ øèðèíè çàáîðîíåíî¿ çîíè, ùî ñêëà-
äàº 3,31 åÂ. Ìåòîäîì ðåíò´åí³âñüêî¿ ôîòîåëåêòðîííî¿ ñïåêòðîñêîï³¿ 
(ÐÔÑ) áóëî âñòàíîâëåíî çá³ëüøåííÿ åíåðã³¿ çâ’ÿçêó Zn2p- òà Zn3d-ð³âí³â 
ó ïë³âö³ ó ïîð³âíÿíí³ ç ïîðîøêîì ZnO, ùî ñâ³ä÷èòü ïðî â³äò³ê åëåêòðîí-
íî¿ ãóñòèíè â³ä éîí³â Öèíêó. Âñòàíîâëåíî çì³íó ñï³ââ³äíîøåííÿ ê³ëüêî-
ñòè àòîì³â Îêñè´åíó äî ê³ëüêîñòè àòîì³â Öèíêó íà ïîâåðõí³ òà â îá’ºì³ 
ïë³âêè ìåòîäîì ÐÔÑ. ÐÔÑ-ñïåêòðè Îêñè´åíó áóëî ðîçêëàäåíî íà 3 êîì-
ïîíåíòè, ïåðøà ç ÿêèõ â³äïîâ³äàº éîíàì O2  ó ìàòðèö³ ZnO, äðóãà — éî-
íàì O2  â ðå´³îíàõ ç äåô³öèòîì Îêñè´åíó, ³ òðåòÿ — çà àäñîðáîâàí³ âèäè 
Îêñè´åíó òà ã³äðîêñèëüí³ ãðóïè íà ïîâåðõí³ ïë³âêè. ²ç îäåðæàíèõ ñïåêò-
ð³â âàëåíòíî¿ çîíè áóëî âñòàíîâëåíî, ùî äíî âàëåíòíî¿ çîíè ñêëàäàºòüñÿ 
ïåðåâàæíî ç 3d-ñòàí³â Öèíêó, à ñòåëÿ âàëåíòíî¿ çîíè çóìîâëþºòüñÿ ã³á-
ðèäèçîâàíèìè O2p- òà Zn4s-ñòàíàìè. 

The radiofrequency magnetron deposition method is used to fabricate 
nanostructured thin ZnO films. The scanning electron microscopy method is 
used to estimate the film thickness and to study its surface morphology. A 
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homogeneous surface morphology without obvious foreign inclusions is ob-
served, and the film thickness is estimated to be in the range of 267–272 
nm. The obtained films exhibit a developed nanosurface featuring the for-
mation of nearly spherical clusters with an average diameter ranging from 
25 to 40 nm. As found, the films with a thickness of about 270.0 nm have 
good transparency in the visible range with values ranging from 60% to 
85%, and the band gap of 3.31 eV is obtained using the Tauc method. An 
increase in the binding energy of the Zn2p and Zn3d levels in the film com-
pared to ZnO powder is found by x-ray photoelectron spectroscopy (XPS) 
that indicates an outflow of electron density from zinc ions. The change in 
the ratio of oxygen atoms to zinc atoms on the surface and in the film vol-
ume is determined by the XPS method. The analysed XPS spectra of oxygen 
are decomposed into 3 components, the first of which corresponds to O2  
ions in the ZnO matrix, the second corresponds to O2  ions in oxygen-
deficient regions, and the third corresponds to adsorbed oxygen species and 
hydroxyl groups on the film surface. From the obtained valence-band spec-
tra, it is found that the bottom of the valence band consists mainly of 3d 
zinc states, and the top of the valence band is determined by hybridised O2p 
and Zn4s states. 

Êëþ÷îâ³ ñëîâà: ìàãíåòðîííå íàïîðîøåííÿ, òîíê³ ïë³âêè ZnO, ÐÔÑ, 
ÑÅÌ, âàëåíòíà çîíà, çàáîðîíåíà çîíà. 

Key words: magnetron sputtering, ZnO thin films, XPS, SEM, valence 
band, band gap. 

(Îòðèìàíî 1 òðàâíÿ 2023 ð.; ï³ñëÿ äîîïðàöþâàííÿ — 5 òðàâíÿ 2023 ð.) 
  

1. ÂÑÒÓÏ 

Â ãàëóç³ ô³çèêè ìåòàë³â òðåòüîãî òèñÿ÷îë³òòÿ ïîÿâèëèñÿ ìàòåð³ÿ-
ëè, ùî ìàþòü ô³çè÷í³ âëàñòèâîñò³ ìåòàë³â, õî÷à çà ïðèðîäîþ íå 
ìàþòü ïðÿìîãî â³äíîøåííÿ äî ìåòàë³â, íàïðèêëàä ïðîâ³äíèé ïî-
ë³ìåð PEDOT:PSS, îêñèä ãðàôåíó òà íàíî÷àñòèíêè äâîîêèñó Òè-
òàíó. Òàêà òåíäåíö³ÿ ñóïðîâîäæóºòüñÿ òèì, ùî çàñòîñóâàííÿ ÷èñ-
òèõ ìåòàë³â íà ïðàêòèö³ ÷àñòî óñòóïàº ñâîº ì³ñöå ñïîëóêàì, ÿê³ 
ïîõ³äí³ â³ä íèõ, àëå çáåð³ãàþòü âëàñòèâîñò³ ìåòàë³â, íàïðèêëàä 
åëåêòðè÷í³. 
 Ïåðñïåêòèâíèìè ó öüîìó ïëàí³ º òîíê³ ïë³âêè îêñèä³â ìåòàë³â 
ç äîñòàòíüî âèñîêèìè ïðîâ³äíèìè âëàñòèâîñòÿìè, ùî íàéøëè 
ñâîº çàñòîñóâàííÿ, íàïðèêëàä â åíåðãåòèö³ òà ñï³íòðîí³ö³. Çîêðå-
ìà, â îêñèä³ Öèíêó ñïîñòåð³ãàºòüñÿ ôåðîìàãíåòèçì ï³ñëÿ éîãî 
äîïóâàííÿ àòîìàìè ìåòàë³â: Co, Mn, Fe, Cu. Ïåðñïåêòèâíèì íà-
ïðÿìîì ó ñó÷àñí³é ìåòàëóð´³¿ º òàêîæ êàðáîòåðì³÷íå â³äíîâëåííÿ 
îêñèä³â ìåòàë³â, ùî º âåëèêîíàä³éíèì íà øëÿõó ïåðåòâîðåííÿ 
îêñèä³â ìåòàë³â ó ìåòàëè. Äëÿ åôåêòèâíî¿ ðåàë³çàö³¿ öüîãî º îäå-
ðæàííÿ ðîçâèíåíî¿ ïîâåðõí³. Òîìó äîñë³äæåííÿ ô³çè÷íèõ âëàñ-
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òèâîñòåé îêñèä³â ìåòàë³â ç ðîçâèíåíîþ ïîâåðõíåþ º àêòóàëüíîþ 
çàäà÷åþ. 
 Ñåðåä ³íøèõ îêñèä³â ìåòàë³â îñòàíí³ì ÷àñîì òîíê³ ïë³âêè ZnO 
ïðèâåðòàþòü çíà÷íó óâàãó äîñë³äíèê³â çàâäÿêè êîìïëåêñó ñâî¿õ 
óí³êàëüíèõ âëàñòèâîñòåé: ïðÿìà çàáîðîíåíà çîíà øèðèíîþ ó 3,37 
åÂ [1], ãàðíà ïðîçîð³ñòü ó âèäèìîìó ä³ÿïàçîí³, ïèòîìà ïðîâ³ä-
í³ñòü ó 6,24 10 4 Îì/ñì [2], çíà÷íà åíåðã³ÿ çâ’ÿçêó åêñèòîí³â, ùî 
ñêëàäàº 60 ìåÂ. 
 Âðàõîâóþ÷è íèçüêó ñîá³âàðò³ñòü òà ¿õíþ åêîëîã³÷íó áåçïå÷-
í³ñòü, òîíê³ ïë³âêè ZnO º ö³êàâèì îá’ºêòîì äëÿ äîñë³äæåíü ó áà-
ãàòüîõ ñôåðàõ ïðèêëàäíî¿ ô³çèêè. Ñàìå òîìó íàìàãàþòüñÿ âèêî-
ðèñòîâóâàòè ¿õ â ÿêîñò³ õåì³÷íèõ ñåíñîð³â, â îïòîåëåêòðîííèõ 
ïðèñòðîÿõ ³ ñîíÿ÷íèõ êîì³ðêàõ â ÿêîñò³ ïðîçîðèõ ïðîâ³äíèõ åëå-
êòðîä [3]. 
 Áàãàòî ìåòîä³â ñèíòåçè âèêîðèñòîâóºòüñÿ äëÿ îäåðæàííÿ òîí-
êèõ ïë³âîê ZnO, ñåðåä ÿêèõ: çîëü–´åëü, õåì³÷íå îñàäæåííÿ ç ïà-
ðîâî¿ ôàçè, ñïðåé-ï³ðîë³çà, ìàãíåòðîííå îñàäæåííÿ [4–6]. Ñåðåä 
óñ³õ ìåòîä³â ðàä³î÷àñòîòíå ìàãíåòðîííå îñàäæåííÿ âèä³ëÿºòüñÿ 
çàâäÿêè âèñîê³é îäíîð³äíîñò³ çà íàíåñåííÿ íà ï³äêëàäèíêè, âå-
ëèê³é ïëîù³, íèçüê³é òåìïåðàòóð³ ñèíòåçè, ïðîñòîò³, à òàêîæ ìà-
ñøòàáîâàíîñò³ ïðîöåñó. Îñòàííº ñïðîùóº ïðîöåäóðó âïðîâàäæåí-
íÿ ëàáîðàòîðíèõ äîñë³äæåíü ó ïðîìèñëîâ³ ïðîöåñè. Òàêîæ íàíå-
ñåííÿ òîíêèõ ïë³âîê ìîæå áóòè ñïðîùåíå çà ðàõóíîê ïðîñò³øî¿ 
ñèíòåçè ì³øåí³. Îäíèì ç òàêèõ øëÿõ³â ìîæå áóòè ñòâîðåííÿ ì³-
øåí³ ç ïîðîøêó îêñèäó Öèíêó çà äîïîìîãîþ ïðåñóâàííÿ, ùî ðî-
áèòü ïðîöåñ ñèíòåçè á³ëüø ãíó÷êèì. 
 Âðàõîâóþ÷è âèêëàäåíå âèùå, ïîñòàº ïîòðåáà â ëàáîðàòîðíèõ 
äîñë³äæåííÿõ ô³çèêî-õåì³÷íèõ âëàñòèâîñòåé ïë³âîê ZnO äëÿ ïî-
äàëüøîãî âäîñêîíàëåííÿ ìåòîä³â îäåðæàííÿ ¿õ ç ìåòîþ âïðîâà-
äæåííÿ ïë³âîê ó âèðîáíèöòâî. 

2. ÑÈÍÒÅÇÀ ÒÀ ÌÅÒÎÄÈ ÄÎÑË²ÄÆÅÍÍß 

Òîíê³ ïë³âêè ZnO áóëî îñàäæåíî ìåòîäîì ðàä³î÷àñòîòíîãî ìàãíå-
òðîííîãî íàíåñåííÿ (13,56 0,135 ÌÃö) ç âèêîðèñòàííÿì âèñîêî-
÷èñòî¿ ì³øåí³ ç ïðåñîâàíîãî ïîðîøêó ZnO (99,9%) ä³ÿìåòðîì ó 4 
ñì. Â ÿêîñò³ ï³äêëàäèíêè âèêîðèñòîâóâàëîñÿ ì³êðîñêîï³÷íå ñêëî, 
ïîïåðåäíüî î÷èùåíå àöåòîíîì òà ³çîïðîï³ëîâèì ñïèðòîì â óëüò-
ðàçâóêîâ³é âàíí³ ïðîòÿãîì 20 õâèëèí ³ ïðîìèòå äåéîí³çîâàíîþ 
âîäîþ. Ï³ñëÿ öüîãî ñêëî áóëî òðàíñïîðòîâàíî ó âàêóóìíó êàìåðó 
òà âñòàíîâëåíî íàä ì³øåííþ ZnO íà â³ääàë³ ó 4 ñì. Ôîðâàêóóì-
íèé ³ äèôóç³éíèé íàñîñ ç àçîòíîþ ïàñòêîþ áóëî çàä³ÿíî äëÿ îäå-
ðæàííÿ âèñîêîãî âàêóóìó â 5 10 5 Ïà. Äëÿ óòâîðåííÿ ïëàçìè âè-
êîðèñòîâóâàâñÿ àð´îí (99,9%). Òèñê âñåðåäèí³ êàìåðè ï³ä ÷àñ íà-
íåñåííÿ ñòàíîâèâ 1,3 Ïà. Ïë³âêè îñàäæóâàëèñÿ çà ïîòóæíîñòè 
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ìàãíåòðîíà ó 80 Âò. 
 Îïòè÷í³ êðèâ³ ïðîïóñêàííÿ áóëî îäåðæàíî íà UV-vis-NIR-
ñïåêòðîôîòîìåòð³ Spekol-1500 â ä³ÿïàçîí³ õâèëü 180–1100 íì. 
 ÐÔÑ-ñïåêòðè îñòîâíèõ ð³âí³â çðàçê³â áóëî îäåðæàíî íà ðåíò´å-
í³âñüêîìó ñïåêòðîìåòð³ JEOL Japan XPS 2400. Ðîáî÷èé âàêóóì 
ï³ä ÷àñ åêñïåðèìåíòó ñòàíîâèâ íå ìåíøå 10 7 Ïà. Âèêîðèñòîâóâà-
ëè âèïðîì³íåííÿ â³ä ìà´í³éîâî¿ àíîäè ç åíåðã³ºþ ë³í³¿ MgK  ó 
1253,6 åÂ. Åíåðãåòè÷íà ðîçä³ëü÷à çäàòí³ñòü ñòàíîâèëà 0,1 åÂ. 
Éîííå ùàâëåííÿ çðàçê³â ïðîâîäèëè â àòìîñôåð³ àð´îíó çà íàïðó-
ãè ó 3,0 êÂ ³ ñòðóìó ó 30,0 ìÀ óïðîäîâæ 30,0 õâ. Ï³ä ÷àñ îäåð-
æàííÿ ñïåêòð³â çàðÿäêà çðàçê³â íå ñïîñòåð³ãàëàñÿ. Åíåðã³ÿ 
çâ’ÿçêó C1s ñòàíîâèëà 284,2 åÂ. 
 Ìîðôîëîã³÷íó àíàë³çó ïîâåðõí³ ï³ñëÿ âèðîùóâàííÿ òîíêî¿ ïë³-
âêè ZnO ïðîâîäèëè çà äîïîìîãîþ ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³ê-
ðîñêîï³¿ (SEM, Tescan Mira 3). 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Çà äîïîìîãîþ ñêàíóâàëüíîãî åëåêòðîííîãî ì³êðîñêîïà áóëî îäå-
ðæàíî çîáðàæåííÿ ïîâåðõí³ òîíêèõ ïë³âîê ZnO. Íà ðèñóíêó 1 
çîáðàæåíî õàðàêòåðíó ìîðôîëîã³þ ïë³âêè, ÿêà ñêëàäàºòüñÿ ç 
óòâîðåíü ìàéæå ñôåðè÷íî¿ ôîðìè ³ç ñåðåäí³ì ä³ÿìåòðîì ó 25–40 

    
    à         á     â         ã 

Ðèñ. 1. ÑÅÌ-çîáðàæåííÿ òîíêî¿ ïë³âêè ZnO.1 

    
    à         á     â         ã 

Ðèñ. 2. ÑÅÌ-çîáðàæåííÿ òîíêî¿ ïë³âêè ZnO.2 
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íì. Îêð³ì òîãî, çåðíî — ù³ëüíî ïàêîâàíå é óòâîðþº çëåãêà òåêñ-
òóðîâàíó ïîâåðõíþ. Äàí³ ïë³âêè º äîâîë³ ãîìîãåííèìè áåç ÿâíèõ 
ñòîðîíí³õ âêëþ÷åíü íà äîñòàòíüî âåëèê³é äîñë³äæóâàí³é ïîâåðõ-
í³. 
 Äëÿ îö³íêè òîâùèíè ïë³âêè íàìè áóëî çðóéíîâàíî ¿¿ ïîâåðõ-
íþ. Ç ðèñóíê³â 2 âèäíî, ùî òîâùèíà ïë³âêè ëåæèòü ó ä³ÿïàçîí³ 
267–272 íì; îòæå, îäåðæàí³ ïë³âêè º äîñòàòíüî îäíîð³äíèìè çà 
òîâùèíîþ. Ïîð³âíþþ÷è äàí³ ç ë³òåðàòóðîþ [7, 8], âäàëîñÿ âñòà-
íîâèòè ð³ñò ïë³âîê óçäîâæ îñ³ c. 
 Äëÿ âñòàíîâëåííÿ õåì³÷íîãî ñêëàäó ïîâåðõí³, à òàêîæ 
ç’ÿñóâàííÿ îñîáëèâîñòåé åëåêòðîííî¿ áóäîâè áóëî îäåðæàíî ÐÔÑ-
ñïåêòðè äîñë³äæóâàíèõ ñïîëóê. Ê³ëüê³ñíà õåì³÷íà àíàë³çà (òàáë. 
1) ïîêàçàëà íàÿâí³ñòü òðüîõ õåì³÷íèõ åëåìåíò³â ó äîñë³äæóâàíèõ 
çðàçêàõ, à ñàìå, Îêñè´åíó, Öèíêó òà Êàðáîíó, ÿêèé ïðèñóòí³é ó 
âñ³õ çðàçêàõ. Ê³ëüê³ñíà õåì³÷íà àíàë³çà ïðîâîäèëàñÿ íà îñíîâ³ 
«wide»-ñïåêòðó øëÿõîì ïîð³âíÿííÿ ³íòåíñèâíîñòè ï³ê³â Zn2p3/2, 
O1s ç óðàõóâàííÿì ïåðåð³çó ôîòîéîí³çàö³¿ çà äîïîìîãîþ ïðîãðàìè 
SpecSurf. 
 Ïåðåâàæíî ï³ä ÷àñ ñèíòåçè ïë³âîê îêñèäó Öèíêó çà äîïîìîãîþ 
ðàä³î÷àñòîòíîãî ìàãíåòðîííîãî íàíåñåííÿ îäåðæóþòü íåñòåõ³îìå-
òðè÷í³ ïë³âêè ç á³ëüøèì âì³ñòîì Öèíêó [9]. Ó íàøîìó âèïàäêó 
òàêà êàðòèíà íå º õàðàêòåðíîþ äëÿ ïîðîøêó òà ïîâåðõí³ ïë³âêè, 
â òîé ÷àñ ÿê ï³ñëÿ ùàâëåííÿ ïë³âêè àð´îíîì ñïîñòåð³ãàëàñÿ çì³íà 
ñï³ââ³äíîøåííÿ õåì³÷íèõ åëåìåíò³â. Äàíà îñîáëèâ³ñòü ìîæå áóòè 
ïîâ’ÿçàíà ç àäñîðáîâàíîþ âîäîþ òà ã³äðîêñèëüíèìè ãðóïàìè íà 
ïîâåðõí³ ïë³âêè. 
 O1s-ñïåêòåð Îêñè´åíó áóâ ðîçêëàäåíèé íà 3 êîìïîíåíòè (ðèñ. 
3). Ïåðøèé ï³ê ç åíåðã³ºþ ó 529,64 åÂ â³äïîâ³äàº éîíàì O2  â ìà-
òðèö³ ZnO ç³ ñòðóêòóðîþ âþðöèòó ç ïåðåâàæíî éîííèìè õåì³÷-
íèìè çâ’ÿçêàìè Zn–O [10]. Ï³ê ç åíåðã³ºþ ó 530,8 åÂ íàëåæèòü 
éîíàì O2  ó ðå´³îíàõ ç äåô³öèòîì Îêñè´åíó â ìàòðèö³ ZnO [11] 
àáî Îêñè´åíó, ùî çíàõîäèòüñÿ â ïîâåðõíåâèõ øàðàõ. Îñòàíí³é 
ï³ê ç åíåðã³ºþ ó 531,71 åÂ ïîâ’ÿçàíèé ç àäñîðáîâàíèìè àáî õåì³-
÷íî àäñîðáîâàíèìè ôîðìàìè Îêñè´åíó, à ñàìå, O2, CO, H2O, àáî 
ïîâåðõíåâèìè ã³äðîêñèëüíèìè ãðóïàìè [12]. Îòæå, ïåðåðîçïîä³ë 
³íòåíñèâíîñòè ï³ê³â ìàº â³äîáðàæàòè çì³íè â ê³ëüêîñò³ îêñè´åíî-
âèõ âàêàíñ³é ³ àäñîðáîâàíèõ åëåìåíò³â íà ïîâåðõí³. Òàêèì ÷è-
íîì, âðàõîâóþ÷è ðîçâèíåíó íàíîïîâåðõíþ ïë³âêè, ìîæíà ñòâåð-

ÒÀÁËÈÖß 1. Ê³ëüê³ñíà õåì³÷íà àíàë³çà.3 

Çðàçîê Zn, aò.% O, aò.% 
Ïîðîøîê ZnO 48,2 51,8 
Ïë³âêà ZnO 47,5 52,5 

Ïë³âêà ZnO ï³ñëÿ ùàâëåííÿ àð´îíîì 56,9 43,0 
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äæóâàòè, ùî âîíà ìàº ë³ïøó àäñîðáö³éíó çäàòí³ñòü ó ïîð³âíÿíí³ 
ç ïîðîøêîì, ùî ìîæå áóòè êîðèñíèì äëÿ ñòâîðåííÿ õåì³÷íèõ 
ñåíñîð³â. 
 Ñïåêòðè îñòîâíèõ ð³âí³â Zn ïîêàçóþòü äâà ÷³òêèõ ï³êè Zn2p3/2 
ç åíåðã³ºþ çâ’ÿçêó ó 1021,4 åÂ ³ Zn2p1/2 ç åíåðã³ºþ ó 1044,5 åÂ 
(ðèñ. 4). Ï³ñëÿ ùàâëåííÿ ïë³âêè àð´îíîì åíåðã³ÿ çâ’ÿçêó ï³ê³â 
Zn2p çá³ëüøèëàñÿ, ùî ïîâ’ÿçàíå ç â³äòîêîì åëåêòðîííî¿ ãóñòèíè 
â³ä àòîì³â Öèíêó. Ñï³í-îðá³òàëüíå ðîçùåïëåííÿ ï³ê³â Zn2p3/2–
2p1/2 ñòàíîâèëî 23,1 åÂ; çã³äíî ç [13], äàíå ðîçùåïëåííÿ º õàðàê-
òåðíèì äëÿ ZnO. 
 Íà ðèñóíêó 5 çîáðàæåíî ôîòîåëåêòðîííèé ñïåêòåð âàëåíòíî¿ 
çîíè çðàçê³â, îäåðæàíèé ç âèêîðèñòàííÿì âèïðîì³íåííÿ MgK . 
Íåçíà÷íå çðîñòàííÿ ³íòåíñèâíîñòè â ³íòåðâàë³ åíåðã³é â³ä 2,5 åÂ 
äî 7 åÂ ïîâ’ÿçàíå ç O2p-îðá³òàëÿìè Îêñè´åíó òà ÷àñòêîâî ç³ ñòàíà-
ìè O2p, ã³áðèäèçîâàíèìè ç Zn4s [14]. Ãîëîâíèé ìàêñèìóì ³íòåí-
ñèâíîñòè ç åíåðã³ºþ ó 9,2–9,5 åÂ â îñíîâíîìó íàëåæèòü äî 3d-
îðá³òàëåé Öèíêó. Îòæå, äíî âàëåíòíî¿ çîíè ìàéæå ö³ëêîì ñêëàäà-

  
à      á 

 
â 

Ðèñ. 3. ÐÔÑ-ñïåêòðè O1s: à) ïîðîøêó ZnO; á) ïë³âêè ZnO; â) ïë³âêè ZnO 
ï³ñëÿ ùàâëåííÿ àð´îíîì.4 
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ºòüñÿ ç 3d-ñòàí³â Öèíêó, â òîé ÷àñ ÿê ñòåëÿ âàëåíòíî¿ çîíè — ç³ 
ñòàí³â O2p òà Zn4s. Òàêîæ ñïîñòåð³ãàºòüñÿ íåçíà÷íèé ï³ê ïðèáëèç-
íî íà 22 åÂ, ÿêèé ïîâ’ÿçàíèé ç O2s-ñòàíàìè Îêñè´åíó. Çíà÷íà ð³-
æíèöÿ â ³íòåíñèâíîñò³ ï³ê³â ó âàëåíòí³é çîí³ ïîÿñíþºòüñÿ ³ñòîò-
íîþ ð³æíèöåþ ó ïåðåð³ç³ ôîòîéîí³çàö³¿ äëÿ âàëåíòíèõ ð³âí³â 
(òàáë. 2). 
 Îñê³ëüêè ñïåêòðîôîòîìåòðè÷í³ ìåòîäè äîñë³äæåíü º äîâîë³ òî-
÷íèìè äëÿ âèçíà÷åííÿ øèðèíè çàáîðîíåíî¿ çîíè òîíêèõ ïë³âîê, 
ìè ïðîâåëè äåòàëüíå äîñë³äæåííÿ ¿õ. 
 Òîíê³ ïë³âêè ZnO ìàþòü ãàðíó ïðîçîð³ñòü ó âèäèìîìó ä³ÿïàçî-
í³ ñïåêòðó ç³ çíà÷åííÿì 60–85% (ðèñ. 6). Ìåòîäîì Òàóêà [16] áó-
ëî âèçíà÷åíî øèðèíó çàáîðîíåíî¿ çîíè ïë³âêè ZnO, ÿêà äîð³âíþº 

 

Ðèñ. 4. ÐÔÑ-ñïåêòðè Zn2p ïîðîøêó ZnO, ïîâåðõí³ ïë³âêè ZnO òà ïë³âêè 
ZnO ï³ñëÿ ùàâëåííÿ àð´îíîì.5 

 

Ðèñ. 5. Çàéíÿòà ÷àñòèíà âàëåíòíî¿ ñìóãè ïîðîøêó ZnO, ïîâåðõí³ ïë³âêè 
ZnO òà ïë³âêè ZnO ï³ñëÿ ùàâëåííÿ àð´îíîì.6 



236 Â. Â. ÇÀ²ÊÀ, Í. Ê. ØÂÀ×ÊÎ, Â. Ë. ÊÀÐÁ²ÂÑÜÊÈÉ òà ³í. 

3,31 åÂ. 

4. ÂÈÑÍÎÂÊÈ 

Òîíê³ íàíîñòðóêòóðîâàí³ ïë³âêè ZnO áóëî ñèíòåçîâàíî ìåòîäîì 
ìàãíåòðîííîãî íàíåñåííÿ ç ì³øåí³ ïðåñîâàíîãî ïîðîøêó. Òîâùè-
íà ïë³âîê ñêëàäàëà 270 íì. 
 Ïë³âêè ìàþòü ãàðíó ïðîçîð³ñòü ó âèäèìîìó ä³ÿïàçîí³ ñïåêòðó, 
çîêðåìà 60–85%, à òàêîæ øèðîêó çàáîðîíåíó çîíó â 3,31 åÂ. 
 Âèÿâëåíî, ùî ïë³âêè ñêëàäàþòüñÿ ç êëàñòåð³â ìàéæå ñôåðè÷-
íî¿ ôîðìè ³ç ñåðåäí³ì ðîçì³ðîì ó 25–40 íì. 
 Çà ðàõóíîê ðîçâèíåíî¿ íàíîïîâåðõí³ ïë³âêàì ïðèòàìàííà êðà-
ùà àáñîðáö³éíà çäàòí³ñòü ó ïîð³âíÿíí³ ç ïîðîøêîì ZnO. 
 Îñíîâíèé âíåñîê ó ñòðóêòóðó äíà âàëåíòíî¿ çîíè âíîñÿòü 3d-
ñòàíè Öèíêó, â òîé ÷àñ ÿê ñòåëÿ âàëåíòíî¿ ñìóãè ôîðìóºòüñÿ ã³á-
ðèäèçîâàíèìè O2p- òà Zn4s-ñòàíàìè. 

ÏÎÄßÊÀ 

Öþ ðîáîòó áóëî ï³äòðèìàíî áþäæåòíîþ ïðîãðàìîþ 6541230 
¹6.8/23-Ï â ðàìêàõ ïðîºêòó «Ñîíÿ÷í³ åëåìåíòè íà îñíîâ³ ïåðîâ-
ñüê³ò³â ³ àïàòèò³â». 

ÒÀÁËÈÖß 2. Ïåðåð³ç ôîòîéîí³çàö³¿ âàëåíòíèõ ð³âí³â ZnO [15].7 

Îðá³òàëü O2s O2p Zn3d Zn4s 
Ïåðåð³ç ôîòîéîí³çàö³¿ 0,1405 0,0193 0,81 0,0618 

  
à      á 

Ðèñ. 6. Ñïåêòåð ïðîïóñêàííÿ ïë³âêè ZnO (à). Âèçíà÷åííÿ çàáîðîíåíî¿ 
çîíè ìåòîäîì Òàóêà (á).8 
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1 Fig. 1. SEM image of the ZnO thin film. 
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2 Fig. 2. SEM image of the ZnO thin film. 
3 TABLE 1. Quantitative chemical analysis. 
4 Fig. 3. XPS spectra of O1s: a) ZnO powder; á) ZnO film; â) ZnO film after argon treatment. 
5 Fig. 4. XPS spectra of Zn2p, ZnO powder, ZnO film surface, and ZnO film after argon 
treatment. 
6 Fig. 5. Occupied part of the valence band of ZnO powder, ZnO film surface, and ZnO film 
after argon treatment. 
7 TABLE 2. Photoionization cross section of the valence levels of ZnO [15]. 
8 Fig. 6. Transmission spectrum of ZnO film (à). Determination of the band gap by the Tauc 
method (á). 
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Effect of Dopant Concentration and Crystalline Structure on 
Absorption Edge of ZnO:B Films 

B. Turko1, B. Sadovyi1,2, V. Vasil’yev1, Y. Eliyashevskyy1, Y. Kulyk1, 
A. Vas’kiv1, R. Bihun1, V. Apopii1, and V. Kapustianyk1 
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 1, Universytets’ka Str.,  
 UA-79000 Lviv, Ukraine 
2Institute of High Pressure Physics, P.A.S.,  
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 01-142 Warsaw, Poland 

The crystalline structure and absorption spectra of thin ZnO films with differ-
ent levels of B doping are studied. The films are deposited on the glass sub-
strates using the radio-frequency magnetron sputtering without targeted-
substrates’ heating. The concentration of free charge carriers is estimated. The 

observed ‘blue’ shift of the fundamental absorption edge in the ZnO:B films 

with increasing of doping level is explained by the Burstein–Moss effect. 

Âèâ÷åíî êðèñòàë³÷íó ñòðóêòóðó òà ñïåêòðè âáèðàííÿ ïë³âîê îêñèäó 
Öèíêó ð³çíèõ ð³âí³â ëå´óâàííÿ Áîðîì. Ïë³âêè íàíîñèëè íà ñêëÿí³ ï³ä-
êëàäèíêè, ÿê³ ö³ëåñïðÿìîâàíî íå íàãð³âàëè, çà äîïîìîãîþ âèñîêî÷àñ-
òîòíîãî ìàãíåòðîííîãî ðîçïîðîøåííÿ. Îö³íåíî êîíöåíòðàö³þ â³ëüíèõ 
íîñ³¿â çàðÿäó òà ïîêàçàíî, ùî «áëàêèòíå» çì³ùåííÿ êðàþ ñìóãè ôóí-
äàìåíòàëüíîãî âáèðàííÿ ó ïë³âêàõ ZnO:B, ÿêå ñïîñòåð³ãàëîñÿ ç³ çðîñ-
òàííÿì ð³âíÿ ëå´óâàííÿ, ïîÿñíþºòüñÿ åôåêòîì Áóðøòåéíà–Ìîññà. 

Key words: boron-doped zinc oxide, crystalline structure, absorption edge, 
optical bandgap, Burstein–Moss effect. 

Êëþ÷îâ³ ñëîâà: ëå´îâàíèé Áîðîì îêñèä Öèíêó, êðèñòàë³÷íà ñòðóêòóðà, 
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1. INTRODUCTION 

The semiconductor materials based on ZnO are considered as the 
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best alternative to indium tin oxide, since they are much cheaper 
and non-toxic [1–3]. For example, ZnO:Al films possess the trans-
mittance coefficient of approximately 90% in a visible region and 
are almost not inferior to ITO films by the value of resistivity 
( 10 6 m) [1]. The numerous companies around the world are in-
volved into production of the transparent electrically conductive 
ZnO-based oxides for the needs of electronics (for example, ‘TEL 
Solar’ or ‘NEXTECK’). The transparent conductive ZnO-based ox-
ides are usually obtained by doping with group-III elements such as 
In, Al, Ga and Y [1–3]. On the other hand, the number of publica-
tions devoted to study of the properties of boron-doped zinc oxide 
films is not very large [4–18]. For the optimal application of ZnO:B 
films, it is necessary to have in-depth knowledge and understanding 
of their structure, optical and electrical properties. Unfortunately, 
one can hardly find any literature data concerning the optical prop-
erties of ZnO films with different levels of boron doping obtained 
with a standard radio-frequency (RF) magnetron sputtering tech-
nique. 
 The radio-frequency magnetron sputtering method has been wide-
ly used for fabrication of oxide thin films because of its advantages 
consisting in the relatively high deposition rates, low cost, easy 
control, and high efficiency for growing of thin films of a good 
quality [19]. 
 There are a number of heat-sensitive electronic devices with the 
optically transparent electrodes. Therefore, at the stage of their 
production, the temperature should not exceed 100 C [5, 6, 20]. 
 In this paper, we report the data concerning the influence of sur-
face morphology on the optical spectra and electrical properties of 
thin zinc-oxide films: pure and doped with boron in two different 
concentrations. The films were obtained using the RF magnetron 
sputtering method. 

2. EXPERIMENT 

The films of ZnO:B (with 0, 1 and 2 wt.% of B) were deposited by 
the RF magnetron sputtering on the glass substrates in argon at-
mosphere without substrate heating. The working gas pressure was 
equal to 0.1 Pa. The other important parameters were as follows: 
the high-frequency oscillator power of 100 W, the distance between 
the target and the substrate of 60 mm, the magnetic-field induction 
of 0.1 T. The target was prepared from a compressed mixture of 
ZnO (chemically pure grade) and B2O3 (extra pure grade) powders 
used in the appropriate proportions. The sputtering time was 1 
hour. According to the ellipsometry data, the thickness of the films 
was about 0.6 μm. 
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 The surface morphology of the samples was studied using a Solv-
er P47-PRO atomic force microscope (AFM). 
 The x-ray diffraction (XRD) measurements were carried out us-
ing a STOE STADI P diffractometer with a linear position-sensitive 
detector in a transmission Bragg–Brentano geometry (CuK 1 radia-
tion at 0.15406 nm, Ge (111) monochromator, detector scanning 
step of 0.480  2 , accumulation time of 320 s, 2  angle resolution 
of 0.015 , 2  range—23–115 deg.). 
 Ex situ ellipsometry measurements were performed with a serial 
null-ellipsometer LEF-3 M in a standard PCSA arrangement (polar-
izer–compensator–sample–analyser). He–Ne laser ( 632.8 nm) 
was used as a light source. 
 The absorption spectra of the films in the ultraviolet and visible 
regions were investigated using a portable fibre optic spectrometer 
AvaSpec-ULS2048L-USB2-UA-RS (Avantes BV, Apeldoorn, Nether-
lands) with an input slit of 25 μm, diffraction grating of 300 
lines/mm and resolution of 1.2 nm. A balanced, compact deuterium-
halogen light source Avantes AvaLight-DHc (200–2500 nm) was 
used. Light detection in the spectrometer was carried out by a 2048 
pixel CCD detector. 

3. RESULT AND DISCUSSION 

X-ray diffraction pattern for thin ZnO:B films (with 0.1 and 2 
wt.% of B) are shown in Fig. 1. All peaks in XRD pattern were in-
dexed to the hexagonal structure with a space group P63mc (JCPDS 
card No 36-1451) [3]. No additional peaks due to segregated boron-
rich phases have been found in any of the films under test [4, 21]. 

 

Fig. 1. X-ray diffraction pattern of as grown ZnO:B films (0, 1 and 2 wt.% of 

B) and the standard XRD pattern of ZnO (JCPDS card No. 36-1451). 
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This indicates that B ions are uniformly distributed into either Zn 
sites or interstitial sites in the ZnO lattice [13, 16]. Zn2  and B3  
ions possess the radii equal to 0.074 nm and 0.027 nm, respectively, 
and different oxidation states [7, 8]. This causes appearance of the 
defects such as stress and dislocation in the thin films [16, 17]. The 
interplanar spacing decreases due to the smaller ionic size of boron 
[17]. A decrease in the intensity of (100), (002) and (101) reflection 
peaks with the doping concentration increasing was revealed, that 
testifies to a loss of crystallinity [15–18]. 
 The average crystallite size D of undoped and B-doped ZnO films 
was calculated using the full width at the half maximum (FWHM) 
of the (002) and (100) diffraction peaks and the angle of diffraction 
 using the Debye–Scherrer’s formula [3, 13]: 

 
0.9

cos
D , (1) 

where  is the x-ray wavelength, —the FWHM, and —the Bragg 
angle of the diffraction peak. The dislocation density  and mi-
crostrain  in the deposited films were calculated using the follow-
ing equations [3]: 

 21 / D , (2) 

 / (4tan ) . (3) 

 Table 1 presents the structural parameters of ZnO:B samples cal-
culated from the XRD data. 
 The surface morphology of undoped and B-doped ZnO films was 
monitored by AFM. The dependence of crystallinity and crystallite 
sizes on the boron concentration was revealed by their micrographs 
(Fig. 2). The root mean square (RMS) roughness and average grain 
size were measured on 2 μm 2 μm area. Table 2 presents these pa-
rameters as a function of doping level. 
 Both the AFM and x-ray diffraction data revealed the tendency 
to reducing of the average size of crystallites with increasing of bo-
ron concentration. 
 The spectral dependence of absorption coefficient α in vicinity of 
the absorption edge was calculated by Bouguer–Lambert–Beer for-
mula on the basis of the transmission spectrum. In general, the ab-
sorption coefficient is connected with the bandgap width Eg by the 
relation [2, 3]: 

 
r

gh B h E , (4) 

where r 1/2 for the direct allowed transitions, B is a constant, 
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which is practically independent on the photon energy. 
 The values of the optical bandgap width were obtained from the 
dependences of ( h )2 on h  in the high absorption region using ex-
trapolation of the linear sections of the curves to ( h )2 0 [2, 3]. 
The analysis of the fundamental absorption edge using the relation 
(4) shows that the optical bandgap width of undoped ZnO is 
Eg 3.24 eV (Fig. 3). 
 Figure 4 shows the intrinsic absorption spectra in ( h )2 f(h ) 
coordinates for ZnO:B. Using the relation (4), there were obtained 
the corresponding values of the optical bandgap width for ZnO:B (1 
and 2 wt.%) films: Eg 3.28 and 3.38 eV. 
 According to the conclusions [4, 7, 10, 12, 22], the increase in 
the optical bandgap observed for our films due to doping with boron 
can be explained by a so-called Burstein–Moss effect. 
 According to the Burstein–Moss effect, expansion of the bandgap 
in an n-type semiconductor with a parabolic dispersion law for the 
energy bands due to doping is described by the relation [3]: 

 
2/32 2 23 8gE h n m , (5) 

where m* is the effective mass of the electron in the conduction 
band, h is Planck’s constant, n is the carrier concentration. Accord-
ing to this formula, the bandgap width increases with increasing of 
the carrier concentration. 
 Based on relation (5), the concentration of the free charge carri-
ers in ZnO:B films was estimated using the two known values of the 

TABLE 1. The structural parameters of ZnO:B samples calculated on the 
basis of the XRD data. 

Dopant  
concentration, 

wt.% B 

FWHM, deg. 
Crystallite 
size, nm 

Dislocation 
density, 1016

 m
2 

Microstrain, 
10 3 

(100) (002) (100) (002) (100) (002) (100) (002) 
0 0.43 0.7 21.8 13.7 0.2 0.5 3 4.4 
1 1.23 1.42 7.6 6.8 1.7 2.2 8.6 9 
2 1.5 1.8 6.2 5.4 2.6 3.4 10.5 11.4 

TABLE 2. The RMS roughness and average grain size of ZnO:B thin films 
as a function of the boron concentration. 

Dopant concentration, wt.% B RMS roughness, nm Average grain size, nm 
0 
1 
2 

6.4 
4.1 
0.4 

18.6 
18.4 
2.2 
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effective electron mass for ZnO m* 0.24me and m* 0.35me [3]. 
The calculations are given in Table 3. 

4. CONCLUSIONS 

In summary, the films of ZnO and ZnO:B (1 and 2 wt.% of B) were 
obtained by RF magnetron sputtering on the glass substrates with-
out targeted heating. According to the ellipsometry measurements 
data, the thickness of the films was about 0.6 μm. The crystalline 
structure and the absorption spectra of these films were investigat-
ed. No diffraction peaks, which would be associated with the pres-
ence of boron or its oxides in any of the investigated film, were 
found. The average crystallite sizes, the dislocation density and the 
microstrains in the films have been calculated from the x-ray dif-

  
a      b 

 
c 

Fig. 2. AFM micrographs of the surface of ZnO films with different boron 

concentration: (à) undoped ZnO; (b) ZnO:B (1 wt.% B); (c) ZnO:B (2 wt.% B). 
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fraction data. 
 We observed a blue shift of the absorption edge in ZnO:B films in 
respect of the undoped one. Based on the optical absorption spectra 
of ZnO:B films, there were determined the approximate optical 
bandgaps: Åg 3.24 eV, 3.28 eV and 3.38 eV, respectively, for the 

 

Fig. 3. Absorption spectrum of 0.6 μm thick undoped ZnO film presented 
in the coordinates ( h )2 vs. h . 

 

Fig. 4. Absorption spectra of ZnO:B film presented in ( h )2 f(h ) coordi-
nates. 

TABLE 3. Bandgap expansion and the concentrations of free electrons in 
ZnO:B films calculated on Burstein–Moss model. 

Sample Eg, eV n, 1019
 cm

3
 (m

*
  0.24me) n, 1019

 cm
3
 (m

*
  0.35me) 

ZnO:B (1 wt.%) 0.04 0.4 0.7 
ZnO:B (2 wt.%) 0.14 2.8 4.9 
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boron concentrations of 0, 1 and 2 wt.%. The charge-carriers’ con-
centration in ZnO:B films was found to be of the order of 1019 cm 3. 
We demonstrate that the ‘blue’ shift of fundamental absorption 
edge in ZnO:B films with increasing of impurity concentration is 
explained by the Burstein–Moss effect. 
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Êåðàì³÷íèé êîìïîçèò íà îñíîâ³ êàðá³äó Áîðó, ñïðÿìîâàíî 
àðìîâàíèé íà ìåçîð³âí³ âèñîêîåíòðîï³éíèì äèáîðèäîì  
ïåðåõ³äíèõ ìåòàë³â 

Ä. Î. Ðºçí³ê1, Ä. Ë. Ïàëàãå÷à1, Ê. Â. Êðèâåíêî1, Ñ. Ã. Ïîíîìàð÷óê1, 
ß. Â. Çàóëè÷íèé1, Î. Â. Ñòåïàíîâ1, Ä. Ñ. Ëåîíîâ2, Þ. ². Áîãîìîë1 

1Íàö³îíàëüíèé òåõí³÷íèé óí³âåðñèòåò Óêðà¿íè  
 «Êè¿âñüêèé ïîë³òåõí³÷íèé ³íñòèòóò ³ìåí³ ²ãîðÿ Ñ³êîðñüêîãî»,  
 ïðîñï. Áåðåñòåéñüêèé, 37,  
 03056 Êè¿â, Óêðà¿íà 
2Òåõí³÷íèé öåíòð ÍÀÍ Óêðà¿íè,  
 âóë. Ïîêðîâñüêà, 13,  
 04070 Êè¿â, Óêðà¿íà 

Ñïðÿìîâàíî çàêðèñòàë³çîâàíèé åâòåêòè÷íèé êåðàì³÷íèé ñòîï 
B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 âèãîòîâëåíî ìåòîäîì áåçòè´ëüîâîãî çîííî-
ãî òîïëåííÿ ïîðîøêîâèõ ïðåñîâîê ç âèêîðèñòàííÿì B4C òà äèáîðèä³â 
ïåðåõ³äíèõ ìåòàë³â (VB2, TaB2, CrB2, MoB2, WB2) ó ÿêîñò³ âèõ³äíèõ ìà-
òåð³ÿë³â. Ì³êðîñòðóêòóðà îäåðæàíèõ êîìïîçèò³â ïðåäñòàâëÿº ñîáîþ ìà-
òðèöþ ç êàðá³äó Áîðó, ñïðÿìîâàíî àðìîâàíó íà ìåçîð³âí³ îäíîôàçíèì 
âèñîêîåíòðîï³éíèì äèáîðèäîì (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. Ðåíò´åíîñòðóê-
òóðíà àíàë³çà êîìïîçèò³â ï³äòâåðäèëà íàÿâí³ñòü ó ¿õíüîìó ñêëàä³ íà-
ñòóïíèõ ôàç: B4C òà (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. Äîñë³äæåíî âïëèâ øâèä-
êîñòè âèðîùóâàííÿ íà ñòðóêòóðí³ òà ì³êðîìåõàí³÷í³ õàðàêòåðèñòèêè 
êåðàì³êè B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. Âñòàíîâëåíî, ùî çá³ëüøåííÿ 
øâèäêîñòè âèðîùóâàííÿ ïðèâîäèòü äî çìåíøåííÿ ðîçì³ð³â àðìóâàëü-
íî¿ ôàçè òà ï³äâèùåííÿ òâåðäîñòè òà â’ÿçêîñòè ðóéíóâàííÿ â³ä 25,26 äî 
32,48 ÃÏà òà â³ä 3,64 äî 5,84 ÌÏà ì1/2 â³äïîâ³äíî. 

Directionally solidified B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2-alloy eutectic ceram-
ics are prepared by the floating zone method based on the crucibleless 
zone melting of compacted powders using B4C and transition metal dibo-
ride (VB2, TaB2, CrB2, MoB2, WB2) powders as initial materials. The mi-
crostructure of as-prepared composites consists of a B4C matrix uniformly 
reinforced on mesolevel by means of the single-phase high-entropy 
(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 diboride. The XRD analysis of the composites 
confirms the presence of the following phases in their compositions: B4C 
and (V0.2Ta0.2Cr0.2Mo0.2W0.2)B2. The effect of the solidification rate on the 
structural and micromechanical characteristics of the 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 249–260 
https://doi.org/10.15407/nnn.22.02.249 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 ceramics is revealed. As found, an increase 
in the solidification rate leads to a decrease in the size of the reinforcing 
phase and an increase in hardness and fracture toughness from 25.26 to 
32.48 GPa and from 3.64 to 5.84 MPa m1/2, respectively. 

Êëþ÷îâ³ ñëîâà: êàðá³ä Áîðó, âèñîêîåíòðîï³éí³ áîðèäè, ñïðÿìîâàíî çà-
êðèñòàë³çîâàí³ åâòåêòè÷í³ êîìïîçèòè, òâåðäèé ðîç÷èí, òâåðä³ñòü çà Â³-
êêåðñîì, òð³ùèíîñò³éê³ñòü. 

Key words: boron carbide, high-entropy borides, directionally solidified 
eutectic composites, Vickers hardness, fracture toughness. 

(Îòðèìàíî 29 êâ³òíÿ 2023 ð.) 
  

1. ÂÑÒÓÏ 

Ñåðåä êåðàì³÷íèõ ìàòåð³ÿë³â êàðá³ä Áîðó (B4C) âèÿâëÿº îñîáëè-
âèé ³íòåðåñ çàâäÿêè ñâî¿ì âèíÿòêîâèì ô³çè÷íèì ³ ìåõàí³÷íèì 
âëàñòèâîñòÿì, òàêèì ÿê âèñîêà òåìïåðàòóðà òîïëåííÿ òà òâåð-
ä³ñòü, íèçüêà ãóñòèíà, âèñîêà çäàòí³ñòü äî ïîãëèíàííÿ íåéòðîí³â 
³ ñò³éê³ñòü äî çíîøóâàííÿ òà â³äì³íí³ òåðìîåëåêòðè÷í³ âëàñòèâî-
ñò³ [1]. Öå ðîáèòü éîãî ïåðñïåêòèâíèì êàíäèäàòîì äëÿ çàñòîñó-
âàííÿ â ÿêîñò³ áðîíå- òà ³íñòðóìåíòàëüíèõ ìàòåð³ÿë³â, à òàêîæ â 
àåðîêîñì³÷íèõ òåõíîëîã³ÿõ. Çàâäÿêè ñâî¿ì âëàñòèâîñòÿì íàï³âï-
ðîâ³äíèêà n-òèïó êàðá³ä Áîðó ìîæå áóòè çàñòîñîâàíèé ³ â åëåêò-
ðîííèõ ïðèñòðîÿõ, ÿê³ ïðàöþþòü çà âèñîêèõ òåìïåðàòóð [2]. 
Ïðîòå, íåçâàæàþ÷è íà âèíÿòêîâ³ âëàñòèâîñò³ B4C, éîãî çàñòîñó-
âàííÿ â ïîâíîìó îáñÿç³ îáìåæóºòüñÿ ÷åðåç ïîãàíó óù³ëüíþâà-
í³ñòü, âèñîêó êðèõê³ñòü ³ íèçüêó ñò³éê³ñòü äî îêèñíåííÿ [3–4]. 
 Ñïðÿìîâàíî çàêðèñòàë³çîâàí³ êåðàì³÷í³ åâòåêòè÷í³ ñòîïè º ïå-
ðñïåêòèâíèìè êàíäèäàòàìè íà ðîëü âèñîêîòåìïåðàòóðíèõ êîíñ-
òðóêö³éíèõ ìàòåð³ÿë³â íàñòóïíîãî ïîêîë³ííÿ ÷åðåç ¿õíþ âèñîêó 
òåìïåðàòóðó òîïëåííÿ, âèñîê³ ìåõàí³÷í³ õàðàêòåðèñòèêè, îñîáëè-
âî çà âèñîêèõ òåìïåðàòóð, ³ íèçüêó ãóñòèíó [3–4]. Âîíè âèÿâëÿ-
þòü â³äì³ííó òåðìîñò³éê³ñòü ³ òåðìîì³öí³ñòü, ¿õíÿ ì³öí³ñòü íà 
âèãèí çàëèøàºòüñÿ ñòàëîþ àáî íàâ³òü çðîñòàº çà òåìïåðàòóð, áëè-
çüêèõ äî òåìïåðàòóðè òîïëåííÿ, ùî º áåççàïåðå÷íîþ ïåðåâàãîþ 
ïåðåä òðàäèö³éíèìè êåðàì³÷íèìè ìàòåð³ÿëàìè [5]. 
 Äåÿê³ îñòàíí³ äîñë³äæåííÿ [6, 7] ïîêàçàëè, ùî ñïðÿìîâàíî çà-
êðèñòàë³çîâàí³ êåðàì³÷í³ åâòåêòè÷í³ ñòîïè íà îñíîâ³ êàðá³äó Áîðó 
ìîæóòü ìàòè ïîë³ïøåíó ìåõàí³÷íó, òåïëîâó òà õåì³÷íó ñò³éê³ñòü 
ïîð³âíÿíî ç ìîíîë³òíèìè àáî òðàäèö³éíèìè êîìïîçèö³éíèìè 
àíàëîãàìè. Íàéá³ëüøå äîñë³äæåíü â ö³é îáëàñò³ ïðîâîäèòüñÿ íà 
êîìïîçèòàõ ñèñòåìè B4C/MeB2 (Me: Ti, Zr, Hf, Nb, Ta, Mo), ÿê³ 
äåìîíñòðóþòü äîñòàòíþ òåðì³÷íó ñò³éê³ñòü ³ ì³öí³ñòü íà âèãèí ÿê 
çà ê³ìíàòíî¿, òàê ³ çà âèñîêî¿ òåìïåðàòóðè (äî 1600 C). Ïðîòå äëÿ 
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ïîë³ïøåííÿ âèñîêîòåìïåðàòóðíèõ âëàñòèâîñòåé ïîòð³áí³ íîâ³ ï³-
äõîäè. 
 Â îñòàíí³ ðîêè óâàãó äîñë³äíèê³â ïðèâåðíóëè âèñîêîåíòðîï³éí³ 
äèáîðèäè (ÂÅÁ) ïåðåõ³äíèõ ìåòàë³â ÷åðåç ïîòåíö³éíå âèêîðèñ-
òàííÿ ¿õ â ÿêîñò³ êîíñòðóêö³éíèõ ìàòåð³ÿë³â â åêñòðåìàëüíèõ 
óìîâàõ. Öå — íîâèé òèï ìàòåð³ÿë³â, ùî â³äíîñèòüñÿ äî êëàñó 
íàäâèñîêîòåìïåðàòóðíî¿ êåðàì³êè. Äëÿ ôîðìóâàííÿ âèñîêîåíò-
ðîï³éíèõ áîðèä³â ï’ÿòü àáî á³ëüøå ð³çíèõ äèáîðèä³â ìîæóòü áóòè 
çì³øàí³ â åêâ³ìîëÿðíîìó ñï³ââ³äíîøåíí³, ùîá îäåðæàòè òâåðä³ 
ðîç÷èíè ç ìàêñèìàëüíîþ êîíô³´óðàö³éíîþ åíòðîï³ºþ [8–14]. 
 Çà äîñë³äæåííÿìè ¥³ëäà òà ³í. [8] áóëî ïðîâåäåíî äîñë³äæåííÿ 
ç âèãîòîâëåííÿ òà õàðàêòåðèçàö³¿ öèõ ñèñòåì. Ïîêàçàíî, ùî òâå-
ðä³ñòü ³ ñò³éê³ñòü äî îêèñíåííÿ ÂÅÁ ((Hf0,2Zr0,2Ta0,2Nb0,2Ti0,2)B2, 
(Hf0,2Zr0,2Ta0,2Mo0,2Ti0,2)B2, (Hf0,2Zr0,2Mo0,2Nb0,2Ti0,2)B2, (Hf0,2Mo0,2Ta0,2Nb0,2Ti0,2)B2, 
(Mo0,2Zr0,2Ta0,2Nb0,2Ti0,2)B2, (Hf0,2Zr0,2Ta0,2Cr0,2Ti0,2)B2), â ö³ëîìó, 
âèù³ àáî êðàù³, í³æ ñåðåäí³ ïîêàçíèêè îêðåìèõ äèáîðèä³â ìåòà-
ë³â [8]. 
 Ó á³ëüøîñò³ âèïàäê³â ó öèõ äîñë³äæåííÿõ äëÿ îäåðæàííÿ ÂÅÁ 
âèêîðèñòîâóâàëè ìåõàí³÷íå ëå´óâàííÿ òà íàñòóïíå ³ñêðîïëàçìîâå 
ñï³êàííÿ (²ÏÑ). Îäíàê º äåÿê³ òðóäíîù³ ï³ä ÷àñ âèãîòîâëåííÿ âè-
ñîêîåíòðîï³éíèõ ñòîï³â çàãàëîì, â ïåðøó ÷åðãó, òàê³, ÿê îäåð-
æàííÿ âèñîêîù³ëüíèõ îäíîôàçíèõ ìàòåð³ÿë³â [14]. 
 Îäèí ³ç ñïîñîá³â îäåðæàííÿ êåðàì³÷íèõ âèñîêîåíòðîï³éíèõ 
ñòîï³â — öå ñèíòåçà ¿õ ç ðîçòîï³â, îñîáëèâî øëÿõîì ñïðÿìîâàíî¿ 
êðèñòàë³çàö³¿ [5, 15, 16]. Âèùåçàçíà÷åí³ äîñë³äæåííÿ âêàçóþòü 
íà òå, ùî çàñòîñóâàííÿ âèñîêîåíòðîï³éíî¿ êåðàì³êè â ïîºäíàíí³ 
ç³ ñïðÿìîâàíî àðìîâàíîþ íà ìåçîð³âí³ ñòðóêòóðîþ ñïðÿìîâàíî 
çàêðèñòàë³çîâàíèõ êåðàì³÷íèõ åâòåêòè÷íèõ ñòîï³â ìîæå çíà÷íî 
ïîë³ïøèòè ìåõàí³÷í³ âëàñòèâîñò³ êåðàì³êè íà îñíîâ³ B4C ÿê çà 
ê³ìíàòíèõ, òàê ³ çà âèñîêèõ òåìïåðàòóð. Âàð³þâàííÿ ñêëàäîì âè-
ñîêîåíòðîï³éíèõ áîðèä³â òàêîæ ìîæå ñëóãóâàòè äîäàòêîâèì ³í-
ñòðóìåíòîì äëÿ îäåðæàííÿ êîìïîçèö³éíèõ ìàòåð³ÿë³â ç ï³äâèùå-
íèìè ô³çèêî-ìåõàí³÷íèìè âëàñòèâîñòÿìè. Òàê, çàñòîñóâàííÿ äè-
áîðèä³â Âàíàä³þ, Õðîìó, Òàíòàëó, Ìîë³áäåíó òà Âîëüôðàìó 
óìîæëèâëþº ï³äâèùèòè òâåðä³ñòü ³ îêèñíó ñò³éê³ñòü îäåðæàíèõ 
âèñîêîåíòðîï³éíèõ ñòîï³â [8, 17, 18]. 
 Òàêèì ÷èíîì, ìåòîþ äàíî¿ ðîáîòè áóëî îäåðæàòè ìåòîäîì 
ñïðÿìîâàíî¿ êðèñòàë³çàö³¿ åâòåêòè÷íèé êîìïîçèò íà îñíîâ³ êàðá³-
äó Áîðó, ñïðÿìîâàíî àðìîâàíèé íà ìåçîð³âí³ âèñîêîåíòðîï³éíèì 
äèáîðèäîì (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, òà äîñë³äèòè éîãî ì³êðîñòðó-
êòóðó, õåì³÷íèé ³ ôàçîâèé ñêëàäè òà ì³êðîìåõàí³÷í³ âëàñòèâîñò³. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ÌÅÒÎÄÈÊÀ 

Åâòåêòè÷íèé êîìïîçèò B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, ñïðÿìîâà-
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íî çàêðèñòàë³çîâàíèé, áóâ îäåðæàíèé îðè´³íàëüíèì ìåòîäîì áåç-
òè´ëüîâîãî çîííîãî òîïëåííÿ íåñïå÷åíèõ ïîðîøêîâèõ ïðåñîâîê 
[15]. Â ÿêîñò³ âèõ³äíèõ ìàòåð³ÿë³â âèêîðèñòîâóâàëèñÿ ïîðîøêè 
VB2, TaB2, CrB2, MoB2, WB2 òà B4C (ñåðåäí³é ðîçì³ð ÷àñòèíîê — 1 
ìêì, ÷èñòîòà — 98%) âèðîáíèöòâà Äîíåöüêîãî çàâîäó õåì³÷íèõ 
ðåàêòèâ³â. Âì³ñò êîæíîãî êîìïîíåíòà ðîçðàõîâóâàâñÿ, âèõîäÿ÷è 
ç òîãî, ùî åâòåêòè÷íèé êîìïîçèò ì³ñòèòü 23 îá’ºìíèõ â³äñîòêè 
ôàçè (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 â³äïîâ³äíî äî [13, 15, 16]. Ìîëü-
íèé â³äñîòîê âì³ñòó VB2, TaB2, CrB2, MoB2 òà WB2 â 
(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 áóâ îäíàêîâèì (20 ìîëü.%). Çì³øóâàí-
íÿ ïðîâîäèëîñÿ øëÿõîì 10-ðàçîâîãî ïðîòèðàííÿ ñóì³ø³ ïîðîøê³â 
÷åðåç ñèòî ç ðîçì³ðîì êîì³ðîê ó 50 ìêì. Ïåðåä ôîðìóâàííÿì äî 
åâòåêòè÷íî¿ ñóì³ø³ ïîðîøê³â äîäàâàâñÿ 2,5%-âîäíèé ðîç÷èí ïî-
ë³â³í³ëîâîãî ñïèðòó â ÿêîñò³ ïëàñòèô³êàòîðà. Ñòðèæí³ ä³ÿìåòðîì 
ó 10 ìì ³ äîâæèíîþ ó 145 ìì áóëî îäåðæàíî øëÿõîì ïðåñóâàííÿ 
çà òèñêó ó 50 ÌÏà. Ï³ñëÿ ïðåñóâàííÿ çðàçêè ï³ääàâàëèñÿ ñóø³í-
íþ ó âàêóóìí³é ñóøèëüí³é øàô³ ïðîòÿãîì 12 ãîäèí çà 100 C ç 
ìåòîþ âèäàëåííÿ âîëîãè òà ïîë³ìåðèçàö³¿ ïëàñòèô³êàòîðà. 
 Âèðîùóâàííÿ êðèñòàë³â ñïðÿìîâàíî çàêðèñòàë³çîâàíîãî åâòåê-
òè÷íîãî êîìïîçèòà B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 ïðîâîäèëîñü ó 
âèñîêî÷àñòîòí³é ³íäóêö³éí³é óñòàíîâö³ äëÿ âèðîùóâàííÿ êðèñòà-
ë³â «Êðèñòàë 206», îñíàùåí³é êàìåðîþ âèñîêîãî òèñêó. Â ÿêîñò³ 
çàðîäêà âèêîðèñòîâóâàëè ïîïåðåäíüî âèðîùåíèé ñïðÿìîâàíî çà-
êðèñòàë³çîâàíèé åâòåêòè÷íèé êîìïîçèò B4C/TiB2 ³ç çàçäàëåã³äü 
âèçíà÷åíîþ êðèñòàëîãðàô³÷íîþ îð³ºíòàö³ºþ (104)B4C||(100)TiB2). 
Çîííå òîïëåííÿ ïðîâîäèëîñÿ â ñåðåäîâèù³ ãåë³þ çà íàäëèøêîâîãî 
òèñêó ó 1 àòì. Øâèäêîñò³ âèðîùóâàííÿ ñêëàäàëè: 1, 2 ³ 3 ìì/õâ. 
 Ì³êðîñòðóêòóðó îäåðæàíèõ êîìïîçèò³â âèâ÷àëè çà äîïîìîãîþ 
ñêàíóâàëüíîãî åëåêòðîííîãî ì³êðîñêîïà Axia ChemiSEM HiVac 
(Í³äåðëàíäè), îáëàäíàíîãî åíåðãîäèñïåðñ³éíèì ñïåêòðîìåòðîì 
(EDX), ùî âèêîðèñòîâóâàâñÿ äëÿ îö³íêè õåì³÷íîãî ñêëàäó îäåð-
æàíèõ çðàçê³â, à òàêîæ ðîçïîä³ëó åëåìåíò³â ïî ôàçîâèõ êîìïî-
íåíòàõ åâòåêòè÷íîãî êîìïîçèòà. Ôàçîâèé ñêëàä äîñë³äæóâàëè 
ìåòîäîì ðåíò´åíîñòðóêòóðíî¿ àíàë³çè çà äîïîìîãîþ ðåíò´åí³âñü-
êîãî äèôðàêòîìåòðà Rigaku Ultima IV ç âèïðîì³íåííÿì CuK . 
 ²íòå´ðàëüíó ì³êðîòâåðä³ñòü îäåðæàíèõ çðàçê³â ì³ðÿëè íà ïîç-
äîâæí³õ ³ ïîïåðå÷íèõ ïåðåð³çàõ çà äîïîìîãîþ ñòàíäàðòíî¿ ìåòî-
äèêè ³íäåíòóâàííÿ. Âèïðîáóâàííÿ íà òâåðä³ñòü âèêîíóâàëè çà 
íàâàíòàæåííÿ ó 9,8 Í çà äîïîìîãîþ öèôðîâîãî ì³êðîòâåðäîì³ðà 
MHV-1000 (Êèòàé). ×àñ âèòðèìêè ï³ä íàâàíòàæåííÿì ñòàíîâèâ 
15 ñ. Òð³ùèíîñò³éê³ñòü (K1C) ðîçðàõîâóâàëè íà îñíîâ³ ìåòîäèêè 
³íäåíòóâàííÿ, çàïðîïîíîâàíî¿ Í³¿õàðîþ [40] äëÿ òð³ùèí Ïàëìê-
â³ñòà ó êðèõêèõ ìàòåð³ÿëàõ: 

K1C 9,052 10 3H3/5E2/5lC0
1/2, 
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äå H — òâåðä³ñòü, E — ìîäóëü Þí´à, ðîçðàõîâàíèé äëÿ êîìïîçè-
òà B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 çà ïðàâèëîì ñóì³ø³ (

4B CE 460 
ÃÏà [1], 

0,2 0,2 0,2 0,2 0,2 2(V Ta Cr Mo W )BE 500 ÃÏà [20]), l — ñåðåäíÿ äîâæèíà 
ä³ÿãîíàë³ ³íäåíòóâàííÿ, C0 — ñåðåäíÿ äîâæèíà òð³ùèí. Äëÿ êî-
æíîãî çðàçêà áóëî çðîáëåíî ïî òðèäöÿòü ì³ðÿíü äëÿ îäåðæàííÿ 
ñåðåäíüî¿ òâåðäîñòè òà äîâæèíè òð³ùèí. 

3. ÐÅÇÓËÜÒÀÒÈ ÒÀ ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

3.1. Ôàçîâèé ñêëàä 

Íà ðèñóíêó 1 ïðåäñòàâëåíî äèôðàêòîãðàìè çðàçê³â ñïðÿìîâàíî 
çàêðèñòàë³çîâàíîãî åâòåêòè÷íîãî B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2-
ñòîïó, ÿê³ áóëè âèãîòîâëåí³ çà ð³çíèõ øâèäêîñòåé âèðîùóâàííÿ. 
Äîñë³äæåííÿ ïîêàçàëè íàÿâí³ñòü ï³ê³â, ùî â³äïîâ³äàþòü ãåêñàãî-
íàëüí³é êðèñòàë³÷í³é ñòðóêòóð³ MeB2 òèïó AlB2, à òàêîæ ñëàáêèõ 
ï³ê³â B4C (104) ³ (003). Íåçâàæàþ÷è íà òå, ùî îá’ºìíèé âì³ñò B4C 
ñòàíîâèòü 77% ó ñèíòåçîâàíèõ êîìïîçèòàõ, äèôðàêö³éí³ ï³êè 
B4C ìàþòü íèçüêó ³íòåíñèâí³ñòü ÷åðåç íèçüêèé ðåíò´åí³âñüêèé 
ðîçñ³þâàëüíèé ôàêòîð àòîì³â Áîðó òà Êàðáîíó â ïîð³âíÿíí³ ç äè-
áîðèäàìè ïåðåõ³äíèõ ìåòàë³â, ùî êîðåëþº ³ç äàíèìè ðîáîòè [21]. 
 Âñòàíîâëåíî, ùî íà îäåðæàíèõ äèôðàêòîãðàìàõ íàéá³ëüøà ³í-
òåíñèâí³ñòü ïåðåâàæíî ñïîñòåð³ãàºòüñÿ äëÿ ï³ê³â ç êðèñòàëîãðà-
ô³÷íîþ îð³ºíòàö³ºþ (100) äëÿ âèñîêîåíòðîï³éíîãî äèáîðèäó 
(Ti0,2Zr0,2Hf0,2Nb0,2Ta0,2)B2 òà (104) äëÿ êàðá³äó Áîðó. 

 

Ðèñ. 1. Ðåíò´åí³âñüê³ äèôðàêòîãðàìè çðàçê³â ñïðÿìîâàíî çàêðèñòàë³çî-
âàíîãî åâòåêòè÷íîãî ñòîïó B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, îäåðæàíèõ çà 
ð³çíèõ øâèäêîñòåé âèðîùóâàííÿ.1 



254 Ä. Î. ÐªÇÍ²Ê, Ä. Ë. ÏÀËÀÃÅ×À, Ê. Â. ÊÐÈÂÅÍÊÎ òà ³í. 

 Öå âêàçóº íà ïåðåâàæíó êðèñòàëîãðàô³÷íó îð³ºíòàö³þ öèõ ôàç 
â îäåðæàíèõ êîìïîçèòàõ B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 (ðèñ. 2). 
Òàêà ïîâåä³íêà òàêîæ ìîæå áóòè ï³äòâåðäæåíà âèêîðèñòàííÿì 
ñïðÿìîâàíî çàêðèñòàë³çîâàíîãî çàðîäêó ç åâòåêòèêè B4C/TiB2 ç 

   
           à                       á                       â 

   
            ã                       ä                      å 

Ðèñ. 2. Ì³êðîñòðóêòóðà ó ïîïåðå÷íîìó (à, â, ä) òà ïîçäîâæíüîìó (á, ã, å) 
ïåðåð³çàõ äî íàïðÿìêó âèðîùóâàííÿ çðàçê³â ñïðÿìîâàíî çàêðèñòàë³çî-
âàíîãî åâòåêòè÷íîãî ñòîïó B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, îäåðæàíèõ çà 
ð³çíèõ øâèäêîñòåé âèðîùóâàííÿ: à, á — 1 ìì/õâ.; â, ã — 2 ìì/õâ.; ä, å 
— 3 ìì/õâ.2 

 

Ðèñ. 3. Çàëåæí³ñòü ïîïåðå÷íîãî ðîçì³ðó ñòðèæí³â âèñîêîåíòðîï³éíîãî 
áîðèäó (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 äëÿ çðàçê³â ñïðÿìîâàíî çàêðèñòàë³çîâà-
íîãî åâòåêòè÷íîãî ñòîïó B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 â³ä øâèäêîñòè 
âèðîùóâàííÿ.3 
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âèçíà÷åíîþ êðèñòàëîãðàô³÷íîþ îð³ºíòàö³ºþ (104)B4C||(100)TiB2. 

3.2. Ì³êðîñòðóêòóðà 

Íà ðèñóíêó 2 ïîêàçàíî ì³êðîñòðóêòóðó îäåðæàíèõ ñïðÿìîâàíî 
àðìîâàíèõ êîìïîçèò³â B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, âèðîùåíèõ 
çà ð³çíèõ øâèäêîñòåé âèðîùóâàííÿ. Âîíà ïðåäñòàâëÿº ñîáîþ ìà-
òðèöþ ç êàðá³äó Áîðó (òåìíà ôàçà), ñïðÿìîâàíî àðìîâàíó ñòðèæ-
íåâèìè âêëþ÷åííÿìè âèñîêîåíòðîï³éíîãî äèáîðèäó 
(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 (ñâ³òëà ôàçà). 
 Âñòàíîâëåíî, ùî ç³ çá³ëüøåííÿì øâèäêîñòè âèðîùóâàííÿ êîì-
ïîçèòà â³ä 1 äî 3 ìì/õâ ïîïåðå÷íèé ðîçì³ð àðìóâàëüíî¿ ôàçè 
çìåíøóºòüñÿ (ðèñ. 2 ³ 3). Â³äîìî, ùî çà äîïîìîãîþ ñïðÿìîâàíî¿ 
êðèñòàë³çàö³¿ ìîæíà êîíòðîëþâàòè ðîçì³ð ôàçîâèõ ñêëàäîâèõ åâ-
òåêòè÷íèõ ñòîï³â, ðå´óëþþ÷è øâèäê³ñòü âèðîùóâàííÿ [3]. Ç³ çá³-
ëüøåííÿì øâèäêîñòè êðèñòàë³çàö³¿ ÷àñ äëÿ äèôóç³¿ á³ëÿ ðîçä³ëü-
÷î¿ ìåæ³ òâåðäî¿ òà ð³äêî¿ ôàç çìåíøóºòüñÿ. Öå, â ñâîþ ÷åðãó, 
ïðèâîäèòü äî çìåíøåííÿ ñåðåäíüîãî ïîïåðå÷íîãî ðîçì³ðó àðìóâà-
ëüíî¿ ôàçè â åâòåêòè÷íèõ ñòîïàõ (ðèñ. 3). 

3.3. Õåì³÷íèé ñêëàä 

Äîñë³äæåííÿ õåì³÷íîãî ñêëàäó ìåòîäîì ì³êðîðåíò´åíîñïåêòðàëü-
íî¿ àíàë³çè ïîêàçàëè, ùî õåì³÷í³ åëåìåíòè, ÿê³ âõîäÿòü äî ñêëà-
äó îäåðæàíîãî êîìïîçèòà, äîñòàòíüî ð³âíîì³ðíî ðîçïîä³ëåí³ ïî 
ïëîùèí³ çðàçêà (ðèñ. 4). Íà ðèñóíêó ïîêàçàíî êàðòè ðîçïîä³ëó 
åëåìåíò³â: Áîðó (B), Êàðáîíó (C), Âàíàä³þ (V), Òàíòàëó (Ta), 
Õðîìó (Cr), Ìîë³áäåíó (Mo) ³ Âîëüôðàìó (W) â êîìïîçèò³ 
B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. Âñòàíîâëåíî, ùî Áîð ³ Êàðáîí â îñ-
íîâíîìó êîíöåíòðóþòüñÿ â ìàòðèö³ B4C, à ïåðåõ³äí³ ìåòàëè (V, 
Ta, Cr, Mo ³ W) â îñíîâíîìó ðîçòàøîâàí³ â îáëàñò³ àðìóâàëüíî¿ 
ôàçè (V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, ùî, â ñâîþ ÷åðãó, ï³äòâåðäæóº 
óòâîðåííÿ ñàìå âèñîêîåíòðîï³éíîãî äèáîðèäó. 

3.4. Ì³êðîìåõàí³÷í³ âëàñòèâîñò³ 

Äîñë³äæåííÿ ì³êðîìåõàí³÷íèõ âëàñòèâîñòåé îäåðæàíèõ êîìïîçè-
ò³â B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 ïîêàçàëè, ùî ³íòå´ðàëüíà ì³êðî-
òâåðä³ñòü çà Â³êêåðñîì (Íμ) ³ òð³ùèíîñò³éê³ñòü (K1C) (ðèñ. 5) çá³-
ëüøóþòüñÿ ç ï³äâèùåííÿì øâèäêîñòè âèðîùóâàííÿ â³ä 25,26 äî 
32,48 0,5 ÃÏà ³ â³ä 3,64 äî 5,84 0,8 ÌÏà ì1/2 â³äïîâ³äíî çà íà-
âàíòàæåííÿ íà ³íäåíòîð ó 9,8 Í êã, ùî ïåðåâèùóº çíà÷åííÿ, îäå-
ðæàí³ äëÿ åâòåêòè÷íèõ ñòîï³â, àðìîâàíèõ ³íäèâ³äóàëüíèìè äèáî-
ðèäàìè [16]. Òàêó ïîâåä³íêó ìîæíà ïîÿñíèòè çìåíøåííÿì ðîçì³-
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ð³â ñòðóêòóðíèõ ñêëàäîâèõ ç ï³äâèùåííÿì øâèäêîñòè âèðîùó-
âàííÿ (ðèñ. 3). 
 Çàëåæí³ñòü âåëè÷èíè ³íòå´ðàëüíî¿ ì³êðîòâåðäîñòè çà Â³êêåð-
ñîì ìîæíà ïîÿñíèòè åôåêòîì Ãîëëà–Ïåò÷à, îñê³ëüêè çìåíøåííÿ 

 

 

  

Ðèñ. 4. Ðîçïîä³ë õåì³÷íèõ åëåìåíò³â ó ì³êðîñòðóêòóð³ ñïðÿìîâàíî çà-
êðèñòàë³çîâàíîãî åâòåêòè÷íîãî ñòîïó B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2.
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à     á 

Ðèñ. 5. Çàëåæí³ñòü ³íòå´ðàëüíî¿ ì³êðîòâåðäîñò³ (à) ³ òð³ùèíîñò³éêîñò³ (á) 
ñïðÿìîâàíî çàêðèñòàë³çîâàíîãî åâòåêòè÷íîãî ñòîïó B4C/(Ti0,2Zr0,2  
Hf0,2Nb0,2Ta0,2)B2 â³ä øâèäêîñò³ âèðîùóâàííÿ.5 
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ðîçì³ð³â ñòðóêòóðíèõ ñêëàäîâèõ ïðèâîäèòü äî çá³ëüøåííÿ ¿õíüî¿ 
ê³ëüêîñòè çà îäíàêîâîãî âì³ñòó àðìóâàëüíî¿ ôàçè, ùî, ÿê íàñë³-
äîê, âåäå äî çá³ëüøåííÿ ê³ëüêîñòè ì³æôàçíèõ ìåæ, ÿê³ âèñòóïà-
þòü â ðîë³ áàð’ºð³â äëÿ ïðîõîäæåííÿ ïëàñòè÷íî¿ äåôîðìàö³¿ òà 
ðóéíóâàííÿ. Ç ³íøîãî áîêó, ìåíøèé ïîïåðå÷íèé ðîçì³ð ñòðóêòó-
ðíèõ ñêëàäîâèõ ñïðèÿº çìåíøåííþ âåëè÷èíè êðèòè÷íèõ ðîçì³ð³â 
äåôåêò³â, ÿê³ â íèõ âèíèêàþòü, ùî â³äïîâ³äíî äî êðèòåð³þ ðóé-
íóâàííÿ çà ¥ð³ôô³òîì, ï³äâèùóº çíà÷åííÿ ðóéíóâàëüíîãî íàïðó-
æåííÿ â ìàòåð³ÿë³, òîáòî ñïðèÿº ï³äâèùåííþ éîãî ì³öíîñòè òà 
òð³ùèíîñò³éêîñòè. Òàêèì ÷èíîì, ³íòå´ðàëüíà ì³êðîòâåðä³ñòü çà 
Â³êêåðñîì ³ òð³ùèíîñò³éê³ñòü (K1C) çðîñòàþòü ç³ çìåíøåííÿì ðî-
çì³ð³â ñòðóêòóðíèõ ñêëàäîâèõ ó ñïðÿìîâàíî çàêðèñòàë³çîâàíîìó 
åâòåêòè÷íîìó ñòîï³ B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 (ðèñ. 3, 5). 
 Íà ðèñóíêó 6 ïîêàçàíî òèïîâèé â³äáèòîê ³íäåíòîðà Â³êêåðñà 
ï³ñëÿ ³íäåíòóâàííÿ íà ïîçäîâæíüîìó ïåðåð³ç³ îäåðæàíîãî êîìïî-
çèòà B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, âèðîùåíîãî ç³ øâèäê³ñòþ ó 2 
ìì/õâ. 
 Âñòàíîâëåíî, ùî òð³ùèíè, ÿê³ ïàðàëåëüí³ äî ôàçè 
(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2, ÿê ïðàâèëî, ñõèëüí³ â³äõèëÿòèñÿ â³ä 
ïðÿìîãî ïîøèðåííÿ ç íàñòóïíèì çàòóõàííÿì. Òð³ùèíè â ïåðïåí-
äèêóëÿðíîìó íàïðÿìêó äîáðå âèçíà÷åí³ òà â îñíîâíîìó ïîøèðþ-
þòüñÿ ÷åðåç ìàòðè÷íó ôàçó B4C ç äåÿêèìè â³äõèëåííÿìè ³ ïåðåê-
ðèòòÿì («ìîñòèêóâàííÿì») ôàçîþ B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. 
Â³äîìî, ùî â³äõèëåííÿ òà «ìîñòèêóâàííÿ» òð³ùèí — öå íàé-
á³ëüø ïîøèðåí³ ìåõàí³çìè çì³öíåííÿ ó ñïðÿìîâàíî çàêðèñòàë³-
çîâàíèõ êåðàì³÷íèõ åâòåêòèêàõ [4, 7, 15, 22, 23]. Òàê³ ìåõàí³çìè 
ðåàë³çóþòüñÿ çàâäÿêè íàÿâíîñò³ çàëèøêîâèõ òåðì³÷íèõ íàïðó-
æåíü ó ôàçîâèõ ñêëàäîâèõ êîìïîçèò³â, ÿê³ âèíèêàþòü â ðåçóëü-
òàò³ ð³æíèö³ êîåô³ö³ºíò³â òåðì³÷íîãî ðîçøèðåííÿ ôàç. ßê íàñë³-

 

Ðèñ. 6. Â³äáèòîê ³íäåíòîðà Â³êêåðñà ï³ñëÿ ³íäåíòóâàííÿ íà ïîçäîâæíüî-
ìó ïåðåð³ç³ îäåðæàíîãî êîìïîçèòà B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2.
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äîê, òð³ùèíîñò³éê³ñòü îäåðæàíîãî B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 
êîìïîçèòà â äàíîìó äîñë³äæåíí³ áóëà ï³äâèùåíà çà ðàõóíîê çà-
ëèøêîâèõ íàïðóæåíü, ÿê³ âèíèêëè ÷åðåç ð³æíèöþ êîåô³ö³ºíò³â 
òåðì³÷íîãî ðîçøèðåííÿ ó B4C (6 10 6 Ê 1) [22] ³ 
(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 (8,55 10 6 Ê 1) [24]. ×åðåç ìåíøèé êîåô³-
ö³ºíò òåðì³÷íîãî ðîçøèðåííÿ ìàòðèöÿ B4C ïåðåáóâàº â ñòèñíåíî-
ìó ñòàí³, ùî ñïðèÿº ðåàë³çàö³¿ ìåõàí³çì³â â³äõèëåííÿ òà «ìîñòè-
êóâàííÿ» òð³ùèí [25]. 

4. ÂÈÑÍÎÂÊÈ 

Òàêèì ÷èíîì, â ðåçóëüòàò³ âèêîíàííÿ ðîáîòè ìåòîäîì áåçòè´ëüî-
âîãî çîííîãî òîïëåííÿ áóâ óñï³øíî ñèíòåçîâàíèé ñïðÿìîâàíî çà-
êðèñòàë³çîâàíèé åâòåêòè÷íèé B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2 êîì-
ïîçèò. Ì³êðîñòðóêòóðà îäåðæàíèõ êîìïîçèò³â ïðåäñòàâëÿº ñîáîþ 
ìàòðèöþ ç êàðá³äó Áîðó, ñïðÿìîâàíî àðìîâàíó âèñîêîåíòðîï³é-
íèì äèáîðèäîì B4C/(V0,2Ta0,2Cr0,2Mo0,2W0,2)B2. Ç³ çá³ëüøåííÿì 
øâèäêîñòè âèðîùóâàííÿ â³ä 1 äî 3 ìì/õâ ó êîìïîçèò³ ïîïåðå÷-
íèé ðîçì³ð àðìóâàëüíî¿ ôàçè çìåíøóºòüñÿ. Ôàçîâà ³ õåì³÷íà 
àíàë³çè ïîâí³ñòþ ï³äòâåðäæóþòü ðåçóëüòàòè ì³êðîñòðóêòóðíèõ 
äîñë³äæåíü. 
 Òð³ùèíîñò³éê³ñòü ³ ³íòå´ðàëüíà ì³êðîòâåðä³ñòü îäåðæàíîãî 
êîìïîçèòà äîñÿãàþòü 5,84 0,8 ÌÏà ì0,5 ³ 32,48 0,5 ÃÏà â³äïî-
â³äíî, ùî ïåðåâèùóþòü çíà÷åííÿ, îäåðæàí³ äëÿ åâòåêòè÷íèõ ñòî-
ï³â, àðìîâàíèõ ³íäèâ³äóàëüíèìè äèáîðèäàìè. 
 Îäåðæàí³ ðåçóëüòàòè âêàçóþòü íà âèñîêó ïåðñïåêòèâí³ñòü ïî-
äàëüøî¿ ðîçðîáêè ñòîï³â çà ó÷àñòþ âèñîêîåíòðîï³éíî¿ êåðàì³êè 
äëÿ çàñòîñóâàííÿ â åêñòðåìàëüíèõ óìîâàõ. 
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1Fig. 1. X-ray diffractograms of the directionally solidified eutectic B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 
alloy obtained at different growth rates. 
2 Fig. 2. Microstructure in the transversal (à, â, ä) and longitudinal (á, ã, å) cross-sections to 
the growth direction of the directionally solidified eutectic B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 
alloy obtained at different growth rates: à, á—1 mm/min.; â, ã—2 mm/min.; ä, å—3 
mm/min. 
3 Fig. 3. Dependence of the transversal size of rods of high-entropy (V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 
boride of the directionally solidified eutectic B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 alloy on the growth 
rate. 
4 Fig. 4. Distribution of chemical elements in the microstructure of the directionally solidi-
fied eutectic B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 alloy. 
5 Fig. 5. Dependence of integral microhardness (à) and fracture toughness (á) of the direc-
tionally solidified eutectic B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 alloy on growth rate. 
6  Fig. 6. The Vickers indentation trace on longitudinal cross section of the obtained 
B4C/(V0.2Ta0.2Cr0.2Mo0.2W0.2)B2 composite. 
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The paper proposes an explanation of the physicochemical processes occur-
ring during the electric-arc plasma-chemical synthesis of carbon nano-
materials. A diagram of the action of forces on charged particles and a 
diagram of forces acting on the motion of ions in an arc in the presence of 
a magnetic field for the plasma-chemical synthesis of carbon nanomateri-
als are presented and considered. The levels of organization of matter in 
an arc discharge during the formation of carbon vapour with an increase 
in temperature are considered. A comparative characterization and a con-
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ditional scheme for the formation of various carbon nanostructures dur-
ing plasma-chemical synthesis are proposed. The sequence of carbon trans-
formations during the formation of carbon nanomaterials and the condi-
tional levels of organization of matter with the types of processes occur-
ring on each of them during structure formation, as the classification of 
carbon structures by size levels under conditions of temperature decrease 
from plasma temperature to room one are established. Carbon nanomateri-
als are synthesized by the plasma-chemical method, and the analysis of 
the obtained and processed carbon nanostructures is carried out by the 
following methods: scanning electron microscopy, transmission electron 
microscopy, Raman spectral analysis, UV–VIS spectroscopy, spectropho-
tometric analysis. The presence of fullerenes in the products of plasma-
chemical synthesis is established, and fullerenes are extracted from the 
synthesized wall soot. 

Â äàí³é ðîáîò³ çàïðîïîíîâàíî ïîÿñíåííÿ ô³çèêî-õåì³÷íèõ ïðîöåñ³â, ùî 
â³äáóâàþòüñÿ ï³ä ÷àñ åëåêòðîäóãîâî¿ ïëàçìîõåì³÷íî¿ ñèíòåçè âóãëåöå-
âèõ íàíîìàòåð³ÿë³â. Íàâåäåíî òà ðîçãëÿíóòî ñõåìó ä³¿ ñèë íà çàðÿäæåí³ 
÷àñòèíêè òà ñõåìó ä³¿ ñèë íà ðóõ éîí³â ó äóç³ çà íàÿâíîñòè ìàãíåòíîãî 
ïîëÿ ïëàçìîõåì³÷íî¿ ñèíòåçè âóãëåöåâèõ íàíîìàòåð³ÿë³â. Ðîçãëÿíóòî 
ð³âí³ îðãàí³çàö³¿ ìàòåð³¿ ó äóãîâîìó ðîçðÿä³ ï³ä ÷àñ óòâîðåííÿ Êàðáîíî-
âî¿ ïàðè ç ï³äâèùåííÿì òåìïåðàòóðè. Íàâåäåíî ñõåìó ðîçòàøóâàííÿ 
çîí ðîáî÷îãî ïðîñòîðó ðåàêòîðà â³ä îñ³ äóãè (çà òèñêó 20 ÃÏà é òåìïå-
ðàòóðè 12 000 C) äî ñò³íêè ðåàêòîðà (çà òåìïåðàòóðè 600 Ñ). Çàïðî-
ïîíîâàíî ïîð³âíÿëüíó õàðàêòåðèçàö³þ é óìîâíó ñõåìó óòâîðåííÿ ð³ç-
íèõ âóãëåöåâèõ íàíîñòðóêòóð ï³ä ÷àñ ïëàçìîõåì³÷íî¿ ñèíòåçè. Âñòàíî-
âëåíî ïîñë³äîâí³ñòü ïåðåòâîðåíü âóãëåöþ ï³ä ÷àñ ôîðìóâàííÿ âóãëåöå-
âèõ íàíîìàòåð³ÿë³â òà óìîâí³ ð³âí³ îðãàí³çàö³¿ ìàòåð³¿ çà òèïàìè ïðî-
öåñ³â, ÿê³ â³äáóâàþòüñÿ íà êîæíîìó ç íèõ ï³ä ÷àñ ñòðóêòóðîóòâîðåííÿ, 
êëàñèô³êàö³þ âóãëåöåâèõ ñòðóêòóð çà ðîçì³ðíèìè ð³âíÿìè â óìîâàõ 
ïîíèæåííÿ òåìïåðàòóðè â³ä ïëàçìîâî¿ äî ê³ìíàòíî¿. Òàêîæ ñèíòåçîâàíî 
âóãëåöåâ³ íàíîìàòåð³ÿëè ïëàçìîõåì³÷íèì ìåòîäîì ³ ïðîâåäåíî àíàë³çó 
îäåðæàíèõ é îáðîáëåíèõ âóãëåöåâèõ íàíîñòðóêòóð ìåòîäàìè: ñêàíóâà-
ëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿, ïðîñâ³òëþâàëüíî¿ åëåêòðîííî¿ ì³êðîñêî-
ï³¿, ñïåêòðàëüíî¿ àíàë³çè êîìá³íàö³éíîãî ðîçñ³ÿííÿ ñâ³òëà, ñïåêòðîñêî-
ï³¿ â îïòè÷íîìó (âèäèìîìó) ä³ÿïàçîí³ äîâæèí õâèëü ³ç ïðèëåãëèì äî 
íüîãî óëüòðàô³îëåòîâèì ä³ÿïàçîíîì, ñïåêòðîôîòîìåòðè÷íî¿ àíàë³çè. 
Áóëî âñòàíîâëåíî ïðèñóòí³ñòü ôóëëåðåí³â ó ïðîäóêòàõ ïëàçìîõåì³÷íî¿ 
ñèíòåçè, à òàêîæ ïðîâåäåíî åêñòðàêö³þ ôóëëåðåí³â ³ç ñèíòåçîâàíî¿ 
ïðèñò³ííî¿ ñàæ³. 

Key words: carbon nanomaterials, fullerenes, fullerites, endofullerenes, 
carbon nanotubes, synthesis, self-organization, plasma, electric arc. 
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1. INTRODUCTION 

To date, it is very important to understand the physicochemical 
processes of the synthesis of carbon nanomaterials (CNM), in order 
to be able to predict the formation of their modifications and create 
new structures and nanomaterials. 
 At this level of development of science, a wide range of methods 
for the synthesis of carbon nanostructures (CNS) is known (laser, 
detonation, pyrolysis, plasma-chemical in a gaseous medium, and 
plasma-chemical in a liquid medium) [1–10]. Equipment for the syn-
thesis of CNS can have its own modifications that allow synthesis 
with the maximum yield of the product of any particular CNS, or 
allows you to create their modifications. CNM are divided into solu-
ble and insoluble CNS in hydrocarbon solvents. Soluble CNS include 
fullerenes [11–15], endofullerenes [16–18], exofullerenes, and full-
erites [19, 20]. Insoluble CNS include nanotubes, nanofibers, gra-
phenes, and graphene packets [21–25]. 
 Due to such a large number of methods for the synthesis of CNM 
and a wide range of types of CNS, it has been possible to use them 
as fillers and reinforcing materials in the automotive and aircraft 
industries, as well as in 3D-printing technologies to increase the 
tribological characteristics of materials [26–29]. Particular atten-
tion is paid to CNM in hydrogen energy, where the developed sur-
face of CNS is used to create new fuel cells on their basis, and solu-
ble CNM are considered as future hydrogen adsorbers [30–36], 
which can compete with already known sorbents [37–62]. 
 That is why it is important to understand the processes of CNM 
synthesis in order to increase the range of use of CNS and for the 
more intensive development of nanotechnology today. 

2. PLASMA CHEMICAL SYNTHESIS EQUIPMENT FOR CARBON 
NANOMATERIALS 

The plasma chemical discharge is based on the action of an electric 
arc that occurs between graphite electrodes in an inert atmosphere 
(helium or argon). The installation was developed by Krätschmer et 
al. [63] specifically for the synthesis of fullerenes. After moderniza-
tion (increasing the working temperature of the plasma formed be-
tween two graphite rods), the method allows not only for the pro-
duction of fullerenes, but also other carbon nanomaterials (CNM). 
This was first seriously considered when obtaining and investigat-
ing fullerene-like materials. 
 In our work, plasma chemical vacuum equipment (Fig. 1) was 
used for the synthesis CNM. 
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Fig. 1. Plasma-chemical vacuum equipment for the synthesis of carbon 
nanostructures. 

 

Fig. 2. The reactor of the equipment for the synthesis of nanostructured 
carbon samples. 1—cathode; 2—cathode coolers; 3—a movable current-
carrying non-consumable graphite rod; 4—plasma zone; 5—helium atmos-
phere; 6—working graphite rod; 7—thermostatic device; 8—anode cooling; 
9—reactor cooler; 10—device for effective pumping of the reactor to a 
deep vacuum; 11—reactor sealing flanges; 12—anode; 13—replaceable cat-
alytic sleeves. 
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 Experiments to obtain working samples of CNS were conducted in 
a reactor (Fig. 2) with an internal diameter of 150 mm, which has a 
water-cooled jacket and flanges with circular rubber seals. The 
jacket temperature is 25–30 C, and the inner wall of the reactor has 
a temperature of 500–600 C. 
 Teflon insulators for current leads are attached to the flanges 
(cathode 1 and anode 6, respectively). A graphite rod is fixed on the 
cathode using a copper clamp, which does not wear out, while a 
high-quality graphite rod (FPG-7 grade) measuring 800 mm is fixed 
on the anode, which wears out during the experiment. The cathode 
is connected (through a ceramic insulator) to a movable polished 
stainless-steel stem that slides in Wilson seals and transmits trans-
lational motion from a non-consumable cathode to a stepper motor. 
A scale is applied to the stem to measure electrode consumption 
rates and prevent the melting of stems and clamps. Graphite wash-
ers are placed between copper holders and graphite rods. 
 The reactor has a device for pumping the reactor to medium vac-
uum (MV) from 102 to 10 1 Pa and filling the internal space with 
inert gases, as well as pressure control, which fully ensures the 
maintenance of a stable vacuum in the reactor. 
 Graphite was evaporated in a vacuum under a helium pressure of 
0.02–0.09 MPa and a voltage on the electrodes of 22–30 V and a 
current of 250–300 A. 

3. PHYSICOCHEMICAL PROCESSES OF PLASMA CHEMICAL 
SYNTHESIS OF CARBON NANOMATERIALS 

The thermodynamic stability region of gaseous carbon lies in the 
plasma temperature zone ( 8 000 K), so, the transition of carbon 
atoms to an excited state is only possible at temperatures signifi-
cantly higher than this value. In the interelectrode gap (Fig. 3), 
conditions arise that allow carbon atoms to be transferred from 
graphite electrodes to both a free (atomic) and plasma state. 
 As seen in Fig. 3, the area with the highest temperature in the 
arc discharge is the cathode ( 12 000 K). The surface of the anode 
is heated less ( 10 000 K), but the temperature on its surface 
reaches values when carbon atomization is already possible. Thus, 
‘carbon vapour’ is generated near the surface of both electrodes. 
 To understand the mechanisms of obtaining carbon nanomaterials 
in the interelectrode space, it is necessary to consider the processes 
that occur there. They inevitably affect the process of formation 
and chemical composition of the products that are formed during 
the destruction of the anodic carbon precursor. 
 The distribution of charged particles in different sections of the 
electric arc is non-uniform: the particles concentration will be high-



266 Ol. D. ZOLOTARENKO, An. D. ZOLOTARENKO, N. Y. AKHANOVA et al. 

est along its axis. At the same time, some electrons and positive 
ions will move from the arc centre to the periphery along the radi-
us, i.e., perpendicular to the magnetic field (the simultaneous action 
of magnetic and electric fields). The force F acting on an electric 
charge in a magnetic field is perpendicular to the velocity and tra-
jectory of motion and will have the greatest impact. Its value de-
pends on the charge (e), average particle velocity (v), magnetic in-
duction (B), and angle between the directions of the magnetic in-
duction and particle velocity, i.e., F  evBsin . This force (Fig. 4) 
will be maximal at an angle of 90  (then, F evB), and smallest 
at 0 (in this case, particles move only under the influence of the 
electric field). The direction of the force depends on the magnetic 
field formed by the electrodes. 
 Hence, particles in the arc column under the influence of a mag-
netic field will rotate around the axis of the arc. 
 The rotations of ions and electrons occur (in accordance with 
their opposite charges) in opposite directions; they can also capture 
neutral particles that are in the arc column. 
 As the distance from the axis of the electric arc increases, the 
temperature and concentration of ions, as well as the speed of gas 
particle rotation, decrease. The rotational movement of gas particles 
in the arc column, caused by the magnetic field action, further re-
duces the diffusion rate and ‘pulls’ the ionized hot gas towards the 
axis of the plasma column. Because of the mutual influence of these 
factors, charged particles will move in spirals that narrow (Fig. 5). 
 The centripetal force that arises when particles rotate in a circle 

 

Fig. 3. Distribution of temperature (in [K]) zones along the axis of the 
electric arc between graphite electrodes at a current of 200 A [64]. 



   PHYSICOCHEMICAL PROCESSES OF ELECTROARC SYNTHESIS OF CARBON 267 

also contributes to the increase in gas concentration gradient near 
the axis of the electric arc. 
 The influence of electric and magnetic fields on the resulting 
carbon particles is crucial in the formation of carbon nanostruc-
tures. The interelectrode arc can be considered as a conductor of 
electric current with its own magnetic field, and the force lines of 
the arc cord form closed circles. 
 It is known that the passage of electric current in metals is due 
to the movement of electrons, which react to the influence of posi-
tively charged ions fixed in the crystal lattice. Unlike the metal ma-
trix, cations in the arc column, like electrons, move, forming their 
own magnetic field. 
 In the plasma that arises between graphite electrodes, there are 
two opposing streams of charged particles (electrons and ions with a 
positive charge); the latter consist of carbon cations, carbon clus-
ters, and graphene fragments. 
 The speed of movement of positively charged particles depends on 
the action of the electromagnetic field created between the elec-
trodes. 
 The opposing movement of oppositely charged particles promotes 
their collision, and the energy of interaction depends on their mo-
mentum. This can lead to the destruction of existing structures, as 
well as ionization of atoms. 
 The considered processes are consistent with the provisions of the 
kinetic theory of electromagnetic processes by Yu. L. Klimontovich 
[65] and the results of other studies [66–85]. 

 

Fig. 4. Scheme of the forces’ action 
on charged particles in a magnetic 
field. 

Fig. 5. Scheme of the forces’ action 
on the ions’ movement within the 
arc in the presence of a longitudinal 
magnetic field. 
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3.1. Physicochemical Processes at the Anode 

During the transition of carbon from a solid state to a gaseous 
state, its volume increases significantly. It should be taken into ac-
count that when such a volume is heated from 300 K to 12 000 K, 
the pressure increases 40 times. Thus, it can be concluded that 
during the arc evaporation of graphite, local pressures in the mi-
crovolumes of the arc discharge can exceed 20 GPa, i.e., the for-
mation of nuclei of carbon structures during an arc discharge oc-
curs under conditions of high pressure. 

3.2. Organization of Matter in Plasma Chemical Synthesis with the 
Formation of Carbon Vapour 

According to our research [1–25] and the works of other scientists 
[63, 64, 66–69, 73, 80, 85], we propose an illustrative scheme of 
one of the variants of the carbon vapour formation process (Fig. 6) 
with an increase in temperature (from room one to 12 000 K). 
 The entire process can be divided into five main energy stages. In 
the first stage (stage I), compact graphite is under normal condi-
tions, where graphene sheets are bound together by Van der Waals 
forces. Upon heating the graphite above 4 500 K (stage II), one-, 
two-, and three-layered fragments of graphene sheets begin to sepa-
rate from its surface under the influence of the arc discharge. 
 At the next stage (III), the increase in temperature and collision 
of graphene sheets with the electron stream leads to their destruc-
tion into cyclic and chain fragments, where atoms are bounded by 
covalent bonds. Further temperature increase (stage IV) and colli-
sion of cyclic and chain formations with the electron stream leads 
to the formation of multiatomic particles. In the final stage (V), 

 

Fig. 6. Levels of organization of matter in an arc discharge during the 
formation of carbon vapour with an increase in temperature. 
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there is plasma interaction between cations, electrons, and other 
charged particles. These transformations occur sequentially between 
graphite electrodes in the plasma of an arc discharge. 

3.3. Processes Occurring in the Gas Phase and on the Reactor 
Walls during Plasma Chemical Synthesis 

Next, we focus on the processes, which occur in the internal elec-
trode space, as well as on the reactor wall. 

3.3.1. Schematic Model of Reactor Space Zones 

As the distance from the axis of the arc discharge increases (Fig. 
7), working parameters (temperature, pressure) of the environment 
and reactant composition [66–69, 80, 85] change radially. Addition-
ally, substance concentration in different cross-sections of the elec-
tric arc will be uneven. Electrons are displaced towards the axis of 
the arc, and a greater number of positively charged particles are 
trapped in the magnetic field. 
 The temperature of the central part of the arc significantly de-
creases (by radius) towards the periphery. Neutral particles move 

 

Fig. 7. Diagram of the location of the zones of the working space of the 
reactor. Zone ‘1’—arc axis (P 20 GPa, T 12 000 C); zone ‘2’ (P 0.5–
0.6 MPa, T 4 000–13 000 C); zone ‘3’ (P 0.1–0.2 MPa, T 200–300 Ñ); 
zone ‘4’ (P 0.09 MPa, T 600 Ñ); zone ‘5’—reactor wall (T 600 Ñ). 
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away from the axis of the arc due to temperature and pressure gra-
dients, entering the reactor ash filled with helium and forming 
ring-shaped clusters, which can be considered as coaxially arranged 
reaction zones [86]. 
 In zone 1, due to high temperature, the precursor graphite un-
dergoes destruction. The transition of carbon from a solid state to a 
gaseous state and high temperature contribute to the emergence of 
a sufficiently high pressure in the mixture, which leads to the for-
mation of compounds that participate in the formation of various 
nanostructures. Zone 2 has lower pressure due to the condensation 
of gaseous carbon (carbon atoms, chain formations, cyclic mole-
cules, as well as fullerene and graphene as microstructure nuclei). 
Zone 3 is the coldest. The temperature of zone 4 rises again to 

600 C due to radiative heating and bombardment of the reactor 
wall by electrons. Thus, zone 4 has conditions favourable for pyro-
lytic processes and plays a significant role as a catalyst in this zone 
(see Fig. 2). 
 The formed particles that reach the reactor wall are made up of 
carbon atoms generated in zone 1. Then, under the influence of 
temperature gradients (up to 12 000 K) and pressure ( 20 GPa), 
they enter to zone 4, where conditions sufficient for pyrolysis pro-
cesses are achieved, and the presence of a metal phase in the reactor 
wall (zone 5) or a variable sleeve (Fig. 2) can catalyse structural 
transformation processes. The distance from the centre to the wall 
of the reactor shell (zone 5) plays a special role in the synthesis of 
carbon nanoparticles. 

3.3.2. Formation of Carbon Nanomaterials during Plasma Chemical 
Synthesis 

As mentioned above, charged carbon particles are held by an elec-
tromagnetic field [65, 67–69] and cannot practically escape into the 
interelectrode space in large quantities. Therefore, in transfor-
mations, which occur in the gas phase (outside the arc zone and on 
the walls of the reactor), their insignificant leakage can be disre-
garded, focusing only on the behaviour of neutral particles. 
 The ratio of the number of neutral and charged particles generat-
ed during graphite evaporation depends on the conditions of the 
process. Based on the results of studies of the composition and 
morphology of products formed on the reactor walls, a conditional 
scheme can be compiled (Fig. 8) [4]. 
 Some amount of carbon vapour, consisting of neutral particles of 
the plasma flow, under experimental conditions, moves under the 
influence of the T and P gradients and leaves the interelectrode 
space at a speed of over 20–25 m/s, reaching the reactor wall in 
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0.003 seconds and cooling almost to room temperature. During 
this time, a series of processes occur, the duration of which varies 
within nanoseconds, and the resulting product (wall soot) is located 
on the reactor walls. 
 As the distance from the axis of the electric arc increases, the 
temperature and concentration of particles, carbon atoms, and radi-
cals decrease, while their geometric dimensions increase. The diffu-
sion rate and number of collisions with other particles per unit time 
also decrease. As a result, different structures can form in the gas 
phase. If fullerenes are formed, they can transform into onions, and 
in the presence of a catalyst, into nanotubes or other structures. 
 Experimental studies [1–25, 4, 70–72, 74-75, 77, 79, 81, 84, 87, 
88, 89, 90] have shown that metals catalyse both the processes of 
fullerene destruction and synthesis of other graphite-like struc-
tures. 
 During the operation of the electric arc, a lot of energy is re-
leased in the form of radiation. This raises the temperature of the 
inner surface of the reactor to over 600 C. Electromagnetic radia-
tion and electron beams generated by carbon plasma promote the 
transition of metal atoms from the surface layers of the metal car-
tridge case to the gas phase, which affects the formation of new 
carbon nanomaterials. 

 

Fig. 8. Conventional scheme of the formation of various carbon nanostruc-
tures (CNS) during the arc process: SWNT—single-walled carbon nano-
tubes (SWCNT); ec—the flow of electrons moving from the cathode to the 
anode; ereflected—reflected electrons; carbon nanostructures with a positive 
charge [CNS] ; carbon nanotubes (CNT). 
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4. FEATURES OF THE FORMATION OF CARBON 
NANOMATERIALS 

Previous studies [1–25] and our experiments [4, 87, 70–72, 77, 79, 
81, 84] indicate that the duration of the carbon nanoparticle syn-
thesis process (especially the time that the reactants spend in the 
reaction zone) varies, although the morphology of the nuclei formed 
at early stages may be identical. For example, the residence time of 
reactants in the reaction zone during pyrolysis is of 1 104 s, while, 
during arc synthesis in the gas phase, it is of 3 10 3 s. Moreover, 
our studies of arc synthesis in liquid environment show that the 
residence time of reactants in the reaction zone is 1 10 9 s. [1, 24, 
25, 88, 90–93] (Fig. 9). Thus, the difference in the duration of the 
process between these synthesis methods is 13 orders of magni-
tude. Therefore, the transition from one method to another and the 
reduction of interaction time do not significantly affect the mor-
phology of the formed nuclei but mainly affect the yield of products 
and depend primarily on changes in the geometry of the formed 
products. 
 Thus, during the synthesis of carbon nanomaterials by any meth-
od, nanoscale objects are first formed, which become nuclei of new 
structural units. Therefore, special attention should be paid to na-
nosecond-duration processes that determine the morphology and 
properties of the final products. 

4.1. Transformation of Carbon during the Formation of Carbon 
Nanomaterials 

Based on the results of our studies on the formation processes of 

 

Fig. 9. Comparative characteristics of the processes used in the synthesis 
of carbon structures. 



   PHYSICOCHEMICAL PROCESSES OF ELECTROARC SYNTHESIS OF CARBON 273 

carbon nanomaterials [1–25, 87, 91, 92, 93], we have determined 
the technological chain of transformations that the starting carbon-
containing reagents undergo (Fig. 10). Thus, for the synthesis of 
new structures, carbon or carbon-containing precursors are chosen, 
from which nuclei of a certain structure are formed. Depending on 
the synthesis conditions, these can be carbon, graphite, diamond, 
fullerenes, nanotubes, and other allotropic (or polymorphic) modifi-
cations of carbon. 
 The method of synthesis of carbon nanomaterials determines the 
energetic state of the starting reagents [67, 68, 80, 85], and there-
fore, the features of the formation and structure of the synthesized 
materials. 

4.2. Classification of Carbon Nanomaterials by Levels of Matter 
Organization 

The duration of the synthesis of carbon nanomaterials determines 
the change in their geometric dimensions. The physicochemical na-
ture of CNM is determined by the thermodynamics of the nucleation 
process. Interaction at the atomic level occurs relatively quickly 
(fraction of nanosecond). To obtain a product with a certain disper-
sion, namely, a material consisting of particles of certain geometric 
dimensions and structure, as well as having defined properties, it is 
necessary to control the interaction time at each level of organiza-
tion of structure formation. 
 The nucleus can consist of chains of different lengths and 
branching, cycles and polyhedra. Its skeleton can be frame-like or a 

 

Fig. 10. The sequence of carbon transformations during the formation of 
carbon nanomaterials. 



274 Ol. D. ZOLOTARENKO, An. D. ZOLOTARENKO, N. Y. AKHANOVA et al. 

combination of these structural elements. As the number of atoms 
in the cluster skeleton increases, the diversity of ways they can be 
connected grows. At nuclearity above 20, a spherical spatial struc-
ture becomes thermodynamically and geometrically most favourable, 
that is characteristic for fullerene carbon clusters. 
 Based on an analysis of available information, the conditions and 
mechanisms of processes, which occur during the synthesis of car-
bon nanomaterials, have been considered [67, 68, 85]. A classifica-
tion of carbon structures by dimensional levels has also been carried 
out, and the types of processes occurring at each level have been 
considered. The main results of the studies are presented in Fig. 11 
(bottom part), from which it follows that the processes that occur 
during the formation of carbon nanoscale materials have a nanosec-
ond duration, occur at the atomic-molecular level, and can be tech-
nologically controlled. Figure 11 (bottom part) shows the classifica-
tion of carbon structures and the processes of their formation using 
the ‘primary table’ of S. P. Gubin. 

5. PROCESSES OF FORMATION OF CARBON MOLECULES 

As mentioned above, the processes that lead to the formation of 
carbon vapour and the formation of nanomaterials have nanosecond 
duration and occur under highly non-equilibrium conditions. The 
explanation of the facts of nanomaterials synthesis, which lead to 
the self-organization of the discussed systems into new spatial-
temporal structures, is usually considered within the framework of 
the thermodynamics of non-equilibrium processes [94, 95]. Howev-
er, creating a sequence of transformation processes that occur dur-
ing the transformation of matter at all levels of organization of 
CNS from carbon vapour causes some difficulties. 
 The synthesis of particles and their transformation into sub-
stances at a reduced temperature of the system is fundamentally 
possible due to changes in their thermodynamic characteristics. 
Figure 11 (top part) shows the proposed mechanism for the synthe-
sis process of fullerite from carbon vapour at a temperature de-
crease from plasma to room temperature. 
 During the cooling of carbon vapour, covalent structures arise. 
At the first stage, structures are formed, which use p-electrons of a 
carbon atom to form a chemical bond. The bond energy in this chain 
is the highest (720 kJ/mol). 
 At the second stage, s-covalent structures arise, which have a 
lower bond energy between molecules, which form high-molecular 
compounds (711 kJ/mol—energy of graphene molecule destruction, 
714 kJ/mol—energy of C60 molecule destruction). The bond between 
molecules is formed by s-electrons in an excited state (675 kJ/mol—
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energy of carbon atom transition to an excited state 2s 2p) ( -
bond). 
 Figure 11 (top part) shows the levels of material organization 
from carbon vapour to the formation of a spherical carbon molecule 
up to the fullerite lattice with a temperature change from 12 000 K 
to room temperature. 
 During clustering and ordering of carbon vapour, Van der Waals 
structures are formed, which are crystalline substances. The bond 
in them is formed using s-electrons ( -bond). Taking into account 
the above, the bond energy varies from 17 kJ/mol (bond energy be-
tween graphite layers) to 180 kJ/mol (energy of destruction of the 
fullerite structure). 
 The process of forming CNS can be conditionally divided into six 
main stages: I—plasma interaction of atoms; II—formation of 2- 

 

Fig. 11. Conventional levels of the matter organization, the types of pro-
cesses, which occur in each of them at structure formation, and the classi-
fication of carbon structures by dimensional levels under the conditions of 
a decrease in temperature from plasma to normal. 
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and 3-atomic particles due to chemical bonding; III—formation of 
chain and cyclic molecules and their clustering; IV—ordering of 
five-atom molecules to form a spherical C60 structure using covalent 
bonds; V—clustering of spherical carbon molecule C60. Stage VI is 
carried out after the extraction of C60 molecules from soot and their 
crystallization from solutions—molecular crystals of fullerite with 
f.c.c. lattices are formed. 
 Figure 11 provides information on the structural transformations 
of carbon at different levels of matter organization, the types of 
processes that occur at each of them during structure formation, 
and the classification of carbon structures at different dimensional 
levels. The proposed scheme makes it possible to trace the trans-
formations that the system of carbon atoms undergoes due to ener-
getically stimulated structural transformations at different levels 
of matter organization. 

6. EXPERIMENTAL DATA OF PRODUCTS OF 
PLASMOCHEMICAL SYNTHESIS OF CARBON 
NANOMATERIALS 

There are many methods of analysing synthesized soluble [11–20] 
and insoluble carbon nanomaterials [21–25, 96]. 
 In a vertical reactor, the anode (consumable electrode) remains 
stationary, and the cathode (non-consumable electrode) moves along 
the axis of the reactor. Thus, the conditions of uniform distribution 
of sediment over the entire inner surface of the reactor walls are 
met and relatively the same thermodynamic conditions for conden-
sation of synthesis products are achieved (Fig. 2). 
 Working graphite electrodes doped with catalytic additives evap-
orate in a helium environment at a pressure of 0.02–0.09 MPa. 
 On the walls of the reactor, a soot-like sediment is formed [90], 
which contains soluble (fullerenes and fullerene-like structures) and 
insoluble nanomaterials (nanocomposites, carbon nanotubes, gra-
phene). The removal of wall soot is carried out by opening the upper 
and lower reactor flanges (Fig. 2), followed by the displacement of 
the sediment with a rubber piston from top to bottom. The wall soot 
is collected in a storage container. 
 The structures of carbon products were studied using scanning 
(JSM-T20) and transmission (JEM 100 CX²²) electron microscopes 
(SEM and TEM). The results of electron microscopy indicate that 
the nanoscale components have different geometric shapes and 
structures (Figs. 12–16). 
 The soluble components of wall soot are fullerenes and fullerene-
like structures obtained by extraction (Fig. 14). 
 The results of the analysis of wall soot by Raman spectroscopy 
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are shown in Fig. 15, where the two-peak structure of the G-
maximum indicates the presence of two types of nanotubes in the 
samples; the maximum near the frequency of 1570 cm 1 is associat-
ed with ‘armchair’ type nanotubes (conductor), and the maximum 
near the frequency of 1590 cm 1 is associated with ‘zigzag’ nano-
tubes (semiconductor). 
 Quantitative and qualitative analysis of fullerene solutions was 
carried out by UV–VIS-spectroscopy (Fig. 16), where fullerenes C60 
and C70 were detected in extraction solutions of wall soot, where the 
peak maxima max 335.6 and 407 are characteristic for C60 fuller-
enes and max 334.6 and 472.8 are characteristic for C70 fullerenes. 

7. CONCLUSIONS 

Based on literature data and our own experimental studies of 

 

Fig. 12. SEM-image of insoluble nanostructures of wall soot treated with 
ultrasound in an alcohol environment. 

 

Fig. 13. TEM-image of the morphology of nanosized particles that are a 
component of wall soot. 
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graphite arc vaporization, a model of the processes of carbon prod-
uct synthesis formation has been proposed. The model is based on 
the peculiarities of particle behaviour in an electromagnetic field at 
extremely high pressure and temperature gradients. 
 One of the main conclusions can be considered the fact that mi-
cro- and macroquantities of carbon nanomaterials are formed at the 

   
   a      b 

Fig. 14. Soluble component of wall soot. (à) Fullerenes, wall carbon black, 
graphite and electrodes are an allotropic form of carbon; (b) fullerenes ob-
tained after extraction of wall soot. 

 

Fig. 15. Raman spectrum of wall soot. 
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stage of nuclei formation, i.e., the nanostructural product consists 
of nuclei of different structures. 
 The sequence of transformations, which the initial carbon-
containing reagents undergo during the formation of carbon 
nanostructural modifications, has been justified. A classification of 
carbon structures and the processes of their formation have been 
developed. A sequence of levels of material organization has been 
proposed, which reflects the mechanism of formation of spherical 
carbon molecules C60 from carbon vapour, when the temperature 
changes from 12 000 K to room temperature. Carbon nanomaterials, 
including fullerene-like materials, are formed in the vapour phase 
because of interaction between carbon atoms. 
 The proposed scheme of carbon structural transformations at dif-
ferent levels of matter organization, types of processes occurring at 
different dimensional levels allows us to trace the transformations 
that a system of carbon atoms undergoes due to energetically stimu-
lated structural transformations at different levels of matter organ-
ization. 
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Synthesis and Structure of Thin GaN Films by Radio-
Frequency Sputtering 
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The structure and features of thin GaN films deposited by means of the 
radio-frequency (RF) ion-plasma sputtering are investigated. As shown, 
thin GaN films are formed from nanocrystallites with average dimensions 
of 14.3 nm and rather low crystal-lattice stresses. The influence of both 
the working-gas N2 pressure and the substrate temperature on the film 
deposition rate is investigated. 

Äîñë³äæåíî ñòðóêòóðó é îñîáëèâîñò³ íàíåñåííÿ òîíêèõ ïë³âîê GaN ñïî-
ñîáîì âèñîêî÷àñòîòíîãî (Â×) éîííî-ïëàçìîâîãî ðîçïîðîøåííÿ. Ïîêàçà-
íî, ùî òîíê³ ïë³âêè GaN ôîðìóþòüñÿ ç íàíîêðèñòàë³ò³â, ñåðåäí³ ðîçì³-
ðè ÿêèõ ñòàíîâëÿòü 14,3 íì ³ç äîñòàòíüî íèçüêèìè çíà÷åííÿìè íàïðó-
æåíü êðèñòàë³÷íî¿ ´ðàòíèö³. Äîñë³äæåíî âïëèâ òèñêó ðîáî÷îãî ãàçó N2 
òà òåìïåðàòóðè ï³äêëàäèíêè íà øâèäê³ñòü íàíåñåííÿ ïë³âîê. 

Key words: gallium nitride, thin films, RF sputtering, structure. 

Êëþ÷îâ³ ñëîâà: í³òðèä ¥àë³þ, òîíê³ ïë³âêè, âèñîêî÷àñòîòíå íàïîðî-
øåííÿ, ñòðóêòóðà. 

(Received 23 March, 2024) 
  

1. INTRODUCTION 

Thin films of gallium nitrides and oxides are the objects of inten-
sive research due to the prospects of their use in the creation of ef-
fective sources of visible and near ultraviolet (UV) radiation, elec-
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Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 287–293 
https://doi.org/10.15407/nnn.22.02.287 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



288 O. M. BORDUN, I. Yo. KUKHARSKYY, M. V. PROTSAK et al. 

troluminescent displays, and receivers of ionizing and UV radia-
tions [1–6]. In addition, possessing unique parameters such as a 
large band gap, high charge-carrier drift velocity, high breakdown 
voltage, and high chemical and thermal stability, GaN is one of the 
most promising materials for creating new generation microelec-
tronic and nanoelectronic devices [7–9]. 
 In general, the question of the physical properties of thin films is 
complicated by the fact that films do not always have a perfect 
structure and can be polycrystalline, amorphous, or contain inclu-
sions of other phases. Obtaining stable, reproducible properties of 
polycrystalline films is further complicated by the presence of in-
tergranular boundaries (IGB). The physical properties of polycrys-
talline thin films are largely determined not only by the material 
properties but also by the energy levels arising from the presence of 
the IGB. Such levels are also determined by the size of the crystal-
lites that form the thin films. Therefore, the problem of analysing 
the size of crystallites and the influence of IGB is an important 
task, when investigating the possibility of using thin films in optoe-
lectronic devices, in particular, light-emitting structures, or study-
ing electrical conductivity processes. This has led to the structural 
studies of thin GaN films reported in this paper. The films were ob-
tained by the method of RF ion-plasma sputtering, which is optimal 
for obtaining homogeneous semiconductor and dielectric films [10]. 

2. EXPERIMENTAL TECHNIQUE 

Thin GaN films with a thickness of 0.3–1 μm were obtained by RF 
ion-plasma sputtering on sapphire substrates (Al2O3). The RF sput-
tering was carried out in a nitrogen atmosphere at pressures from 
5 10–3 to 5 10–2 Torr. The target for sputtering was metallic Ga. The 
temperature of the substrates during sputtering varied from 400 to 
650 C, and the RF discharge power was from 100 to 150 W. 
 The structure and phase composition of the obtained films were 
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray 
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (002) plane. The struc-
ture of the films is close to the ideal wurtzite structure. The thick-
nesses of the films were determined based on the interference pat-
tern in the transmission spectra according to the method [11, 12]. 

3. RESULTS AND DISCUSSION 

One of the most reliable methods for determining the composition 
and structure of the substance under study is x-ray phase analysis. 
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The characteristic x-ray diffractograms of thin GaN films obtained 
by RF ion-plasma sputtering in a nitrogen atmosphere are shown in 
Fig. 1. The analysis of the diffractogram shows that it contains a 
dominant, relatively wide reflection band in the region 2 33.5–
35.5 , which is caused by the reflection reflex from the (002) plane 
in GaN with a hexagonal wurtzite structure. It should be noted that 
this situation is in a good agreement with the results of some stud-
ies of GaN films obtained by RF sputtering [13, 14]. A similar situ-
ation is observed in the RF sputtering of oxide compounds [15]. 
 For the ordered wurtzite structure, the maximum for the reflec-
tion from the (002) plane has a value of 2 34.4 . A precise com-
parison of the diffraction band due to reflection from the (002) 
plane in the obtained GaN films and the ideal wurtzite structure 
revealed some shifts of the 2  maximum that exceed the hardware 
error of the experiment ( 2 0.07 ). The half-width of this band 
also slightly increases. The shift of the maximum of this reflection 
band toward lower values of 2  may be due to the partial increase 
in interplanar distances in GaN films relative to single-crystal sam-
ples. This situation is in good agreement with the characteristic 
lower packing density of thin films relative to single crystal sam-
ples [16]. In addition, during RF sputtering, the structure of the 
resulting films depends on such factors as RF-radiation power, sub-
strate temperature, pressure in the working chamber, energy, and 
composition of the bombarding ions. Considering that the sputter-
ing atmosphere consists of nitrogen, the formation of defects con-
taining excess nitrogen due to the reactivity of the sputtering and 
the interaction of nitrogen contained in the plasma with the formed 
GaN film is crucial for the formation of films. 

 

Fig. 1. X-ray diffractograms of thin GaN films obtained by RF sputtering in-
side the N2 atmosphere (1) and ordered wurtzite structure (2) (reflex (002)). 
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 It is known that the width of the diffraction bands depends on 
the size of the coherent scattering regions (the size of the nanocrys-
tallites) and the presence of defects and mechanical stresses in the 
sample. Thus, the data on the widths of diffraction bands on x-ray 
diffraction patterns can be used to determine the size of the parti-
cles, which form the sample and to analyse the mechanical stresses 
in the samples [17]. 
 According to Debye and Scherrer, the relationship between the 
diffraction bandwidth and the crystallite size d is given by equation 

 
0.94

cos
d

b
, (1) 

where  is the diffracting wavelength, which in our case is of 
0.15418 nm (CuK -radiation),  is the half-width of the band (width 
at half height), and  is the diffraction angle. 
 The second reason for the broadening of the bands in the diffrac-
tograms may be imperfections in the crystallite structure and de-
fects that cause stresses in the crystals [18]. The band broadening 
associated with stresses is described by equation 

 
4tg

, (2) 

where  is the average stress value of the crystal lattice. 
 The calculations for the main characteristic diffraction band of 
reflection from the (002) plane in thin GaN films show that the av-
erage size of nanocrystallites forming a thin film is d 14.3 nm and 
the average stress is 0.0045. The obtained values of  indicate 
that GaN films obtained by RF sputtering in a nitrogen atmosphere 
are characterized by rather low average lattice stresses. For compar-
ison, for example, when RF sputtering thin films based on Y2O3, 
depending on the sputtering atmosphere, the average stresses are 

0.0125–0.0148 [19]. 
 Our studies show a significant effect on the rate of deposition of 
thin GaN films of the N2 pressure in the sputtering chamber and 
the temperature of the substrate, on which the films are deposited. 
 The dependence of the thin GaN film deposition rate on the pres-
sure of the working gas N2 at different RF radiation powers is 
shown in Fig. 2. As can be seen from the results, the sputtering 
rate is decreased with increasing the N2 pressure. At the same time, 
for the same pressure values, an increase in power leads to an in-
crease in the speed of film deposition. For example, as can be seen 
in Fig. 2, a, b, at an N2 pressure of 0.01 Torr at a power of 100 W, 
the film deposition rate averages to 9.2 nm/min, and at a power of 
140 W, this value reaches 13 nm/min. In addition, it was found 
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that with a decrease in the power of RF radiation, the rate of depo-
sition of GaN films with increasing working gas pressure begins to 
decrease more and more slowly. 
 The decrease in the sputtering coefficient, which is estimated by 
the rate of deposition of GaN onto the sapphire substrate with the 
increasing pressure of the working gas N2, can be explained based 
on the phenomena of backward diffusion and backscattering. 
 During backward diffusion, the diffuse return of sputtered atoms 
with an average kinetic energy Ea approximately equal to the aver-
age kinetic energy of the working-gas atoms EN (Ea EN) falling on 
the target is observed. In backscattering, the atoms, which have 
been atomized, return to the target due to their scattering on the 
working gas atoms. The observed phenomenon of a decrease in the 
rate of deposition of thin GaN films depending on the substrate 
temperature can also be explained based on the backward diffusion 
phenomenon (Fig. 3). 
 As can be seen from the above results, with an increase in the 
substrate temperature from 400 to 600 C, a rather noticeable de-
crease in the rate of deposition of thin GaN films is observed. 
Within the temperature region around 600 C and higher, this de-
pendence reaches saturation. This may indicate that starting from a 
substrate temperature of about 600 C and above, there is certain 
equilibrium between the number of deposited atoms and the number 
of diffusely returned atoms. 

4. CONCLUSIONS 

Our studies show that the RF ion-plasma sputtering in a nitrogen 

 
a      b 

Fig. 2. Dependence of the deposition rate of thin GaN films during RF 
sputtering on the pressure of the working gas (N2) at a power of 100 W (a) 
and 140 W (b). The substrate temperature is 600 C. 
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atmosphere produces thin GaN films with average crystallite sizes 
of 14.3 nm and rather low lattice stresses. The decrease in the film 
deposition rate with increasing working gas pressure and increasing 
substrate temperature, which are associated with the processes of 
backward diffusion and backscattering, was found. 
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Ó ïðîïîíîâàí³é ðîáîò³ íàâåäåíî òåðìîäèíàì³÷íó òåîð³þ äëÿ íàíîäèñïå-
ðñíèõ ïîðîøê³â ôåðîåëåêòðèê³â ð³çíî¿ ñòðóêòóðè, ó òîìó ÷èñë³ é KDP-
êðèñòàë³â ÿê ïîòåíö³éíèõ ñîðáåíò³â Ã³äðî´åíó. Ó ðîáîò³ ïðåäñòàâëåíî 
ñòàòèñòè÷íó òåîð³þ KDP-êðèñòàë³â, ðîçðîáëåíó íà îñíîâ³ ìîëåêóëÿðíî-
ê³íåòè÷íèõ óÿâëåíü, ÿêà óìîæëèâëþº âèçíà÷èòè, ïîÿñíèòè é îá´ðóí-
òóâàòè ¿õí³ ô³çè÷í³ âëàñòèâîñò³. Âèçíà÷åíî òåìïåðàòóðíó çàëåæí³ñòü 
ïàðàìåòðà ïîðÿäêó, ïðîïîðö³éíîãî ñòóïåíþ ñïîíòàííî¿ ïîëÿðèçàö³¿ òà 
äåôîðìàö³¿, à òàêîæ ç’ÿñîâàíî óìîâè, çà ÿêèõ ôàçîâèé ïåðåõ³ä ó KDP-
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êðèñòàëàõ âèÿâëÿºòüñÿ ïåðåòâîðåííÿì äðóãîãî ðîäó, áëèçüêèì äî ïåð-
øîãî. Ïðîâåäåíî îö³íêó òåìïåðàòóðè Êþð³ ôàçîâîãî ïåðåõîäó, à òàêîæ 
âñòàíîâëåíî çàëåæí³ñòü ïàðàìåòðà ïîðÿäêó â³ä íàïðóæåíîñòè çîâí³ø-
íüîãî åëåêòðè÷íîãî ïîëÿ àáî çîâí³øíüî¿ îð³ºíòîâàíîãî ìåõàí³÷íîãî íà-
ïðóæåííÿ. Ïðîâåäåíî îö³íêó êîíô³´óðàö³éíî¿ òåïëîì³ñòêîñòè, ¿¿ òåìïå-
ðàòóðíî¿ çàëåæíîñòè òà ïåðåïàä³â ó òî÷ö³ ôàçîâîãî ïåðåõîäó. Âèçíà÷åíî 
òåìïåðàòóðí³ çàëåæíîñò³ ïðÿìî¿ òà îáåðíåíî¿ ä³åëåêòðè÷íèõ ïðîíèêíî-
ñòåé (÷è òî ñïðèéíÿòëèâîñòè). Ïðîâåäåíî ïåðåâ³ðêó ñëóøíîñòè çàêîíó 
Êþð³–Âåéññà äëÿ KDP-êðèñòàë³â. 

In the given article, a thermodynamic theory for nanodispersed powders 
of ferroelectrics of various structures, including KDP crystals as potential 
hydrogen sorbents, is presented. The article presents the statistical theory 
of KDP crystals developed on the basis of molecular-kinetic concepts, 
which allows determining, explaining and substantiating their physical 
properties. The temperature dependence of the order parameter, which is 
proportional to the degree of spontaneous polarization and deformation, is 
determined, and the conditions, under which a phase transition in KDP 
crystals turns out to be a second-order phase transformation close to a 
first-order one, are elucidated. The Curie temperature of the phase transi-
tion is estimated, and the dependences of the order parameter on the in-
tensity of an external electric field or external oriented mechanical stress 
are established. The configurational heat capacity, its temperature de-
pendence and jumps at the phase-transition point are estimated. The tem-
perature dependences of the direct and inverse permittivities (or suscepti-
bility) are determined. The validity of the Curie–Weiss law for KDP crys-
tals is verified. 

Êëþ÷îâ³ ñëîâà: íàíîäèñïåðñí³ ïîðîøêè, KDP-êðèñòàëè, âïîðÿäêóâàí-
íÿ, òåìïåðàòóðà Êþð³, ôàçîâèé ïåðåõ³ä, ìîëåêóëÿðíî-ê³íåòè÷í³ óÿâ-
ëåííÿ, ñå´íåòîåëåêòðèêè, ñå´íåòîåëàñòèêè, ïàðàôàçà, ôåðîôàçà. 

Key words: nanodispersed powders, KDP crystals, ordering, Curie temper-
ature, phase transition, molecular-kinetic concepts, ferroelectrics, ferroe-
lastics, paraphase, ferrophase. 

(Îòðèìàíî 14 ëèïíÿ 2023 ð.) 
  

1. ÂÑÒÓÏ 

KDP-ñå´íåòîåëåêòðèêè (ôåðîåëåêòðèêè) — öå ³çîìîðôí³ êðèñòàëè 
ôîñôàò³â ³ àðñåíàò³â Êàë³þ, Ðóá³ä³þ, Öåç³þ (KH2PO4, RbH2PO4, 
CsH2PO4, KH2AsO4, RbH2AsO4, CsH2AsO4) òà ¿õí³ äåéòåðîâàí³ (÷àñ-
òêîâî àáî ïîâí³ñòþ) àíàëîãè. Âîäíîðàç çàì³íà ïðîò³þ íà äåéòåð³é 
íå çì³íþº ¿õí³ ô³çè÷í³ âëàñòèâîñò³. 
 Íà ïðàêòèö³ KDP-êðèñòàëè øèðîêî âèêîðèñòîâóþòüñÿ äëÿ 
ñòâîðåííÿ ð³çíîìàí³òíèõ åëåêòðîîïòè÷íèõ ïðèñòðî¿â, îñîáëèâî â 
ëàçåðí³é òåõí³ö³. Âîíè ïðåäñòàâëÿþòü ñîáîþ çì³øàí³ îäíîâ³ñí³ 
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êðèñòàëè (ñå´íåòîåëåêòðèêè, ñå´íåòîåëàñòèêè é îäíî÷àñíî ï³ðîå-
ëåêòðèêè òà ï³ðîåëàñòèêè). Ô³çè÷í³ âëàñòèâîñò³ KDP-êðèñòàë³â 
á³ëüø ïðîñò³ ïîð³âíÿíî ç ³íøèìè ôåðîåëåêòðèêàìè. Âîíè çàçíà-
þòü ëèøå îäíîãî ôàçîâîãî ïåðåõîäó ç ïàðà- ó ôåðîôàçó, ìàþòü 
ëèøå îäíó â³ñü ñïîíòàííî¿ ïîëÿðèçàö³¿ òà äåôîðìàö³¿. Òåìïåðà-
òóðè ôàçîâèõ ïåðåõîä³â ó ïîëÿðèçîâàíó òà ñïîíòàííî äåôîðìîâà-
íó ôàçó çá³ãàþòüñÿ. Âîäíî÷àñ ôàçîâèé ïåðåõ³ä â³äáóâàºòüñÿ çà 
îäí³º¿ ³ ò³º¿ æ ñàìî¿ òåìïåðàòóðè çà ¿¿ ï³äâèùåííÿ àáî ïîíèæåí-
íÿ, òîáòî òåìïåðàòóðíà ã³ñòåðåçà â³äñóòíÿ. 
 Íàíîêðèñòàëè KDP, ÿê ³ ð³çíîìàí³òí³ âóãëåöåâ³ íàíîñòðóêòóðè 
[1–15], îäåðæàí³ ð³çíèìè ìåòîäàìè [16–25], ìîæóòü âèêîðèñòî-
âóâàòèñÿ â ÿêîñò³ íàïîâíþâà÷³â äëÿ ñòâîðåííÿ íîâèõ êîìïîçèò³â 
[26–29]. Îêð³ì åëåêòðîîïòè÷íîãî íàïðÿìó, çàñòîñóâàííÿ KDP-
ñòðóêòóð ðîçãëÿäàºòüñÿ ó àíòèáàêòåð³ÿëüí³é á³îìåäè÷í³é ãàëóç³ 
çà óìîâè ¿õíüîãî íàíîêðèñòàë³÷íîãî ñòàíó [30]. Îêð³ì òîãî, ïîä³-
áí³ ñòðóêòóðè ìîæóòü â³ä³ãðàâàòè ðîëü ñîðáåíòó Ã³äðî´åíó, ÿê ³ 
âóãëåöåâ³ íàíîñòðóêòóðè [31–37] òà áàãàòî ³íøèõ ïåðñïåêòèâíèõ 
ìåòàë³â [38–54] òà ¿õí³õ ñòîï³â [55–63]. 
 Îòæå, äîñë³äæåííÿ KDP-êðèñòàë³â ïðåäñòàâëÿº íàóêîâèé ³ 
ïðàêòè÷íèé ³íòåðåñ. 
 Ô³çè÷í³ âëàñòèâîñò³ KDP-êðèñòàë³â çàçíàþòü îñîáëèâèõ çì³í 
[64–85] ïîáëèçó òåìïåðàòóðè ôàçîâîãî ïåðåõîäó (ðèñ. 1). Òàê³ 
çì³íè ïðîÿâëÿþòüñÿ ó âèãëÿä³ ïîÿâè ð³çêèõ ï³ê³â, çëàì³â, çãèí³â, 
ñòðèáê³â íà ãðàô³êàõ çàëåæíîñòåé â³äïîâ³äíèõ õàðàêòåðèñòèê. 
 KPD-êðèñòàëè õàðàêòåðèçóþòüñÿ íàñòóïíèìè âëàñòèâîñòÿìè. 
 I. Ñòóï³íü ¿õíüî¿ ñïîíòàííî¿ ïîëÿðèçàö³¿ Ð ïî îñ³ ñ êðèñòàëó 
çìåíøóºòüñÿ ç³ çá³ëüøåííÿì òåìïåðàòóðè: ñïî÷àòêó ïîñòóïîâî, à 
ó áåçïîñåðåäí³é áëèçüêîñò³ äî òåìïåðàòóðè Êþð³ Ò0 — ð³çêî, àëå 
íåïåðåðâíî [68, 74], òîáòî ôàçîâèé ïåðåõ³ä º ïåðåõîäîì äðóãîãî 
ðîäó, áëèçüêèì äî ïåðøîãî (ðèñ. 1, à). 
 II. Íàÿâí³ñòü çîâí³øíüîãî åëåêòðè÷íîãî ïîëÿ àáî îð³ºíòîâàíîãî 
çîâí³øíüîãî ìåõàí³÷íîãî íàïðóæåííÿ çá³ëüøóº ñïîíòàííó ïîëÿ-
ðèçàö³þ àáî äåôîðìàö³þ (ðèñ. 1, á) [74]; âîäíîðàç õàðàêòåð çðîñ-
òàííÿ çàëåæèòü â³ä òåìïåðàòóðè êðèñòàëó. 
 III. Ïèòîìà òåïëîì³ñòê³ñòü Ñ â òî÷ö³ Êþð³ çàçíàº òèïîâîãî çì³-
íåííÿ — ð³çêîãî ï³êîïîä³áíîãî ðîñòó (ðèñ. 1, â, ã) [67, 69, 70, 78]. 
 IV. Ä³åëåêòðè÷íà ïðîíèêí³ñòü ó íàïðÿìêó îñ³ ñ ñ ð³çêî çðîñòàº 
ó òî÷ö³ ôàçîâîãî ïåðåõîäó (ðèñ. 1, ä) [64, 65]. Ç ïîíèæåííÿì òå-
ìïåðàòóðè äëÿ Ò Ò0 çðîñòàííÿ âåëè÷èíè ñ â³äáóâàºòüñÿ çà ã³-
ïåðáîë³÷íèì çàêîíîì äî çíà÷åííÿ ó 105; âîäíîðàç ñïðàâåäëèâèì º 
çàêîí Êþð³–Âåéññà 01 ( )ñ Ò Ò , ³ îáåðíåíà ä³åëåêòðè÷íà ïðî-
íèêí³ñòü ïîáëèçó êðèòè÷íî¿ òî÷êè âèùå òî÷êè Êþð³ ë³í³éíî çðî-
ñòàº ç òåìïåðàòóðîþ [75]. Ä³åëåêòðè÷íà ïðîíèêí³ñòü à â íàïðÿì-
êó, ïåðïåíäèêóëÿðíîìó äî îñ³ ñ, òàêîæ º âèñîêîþ. Âèùå Ò0 âå-
ëè÷èíà à ñëàáêî çðîñòàº ç ï³äâèùåííÿì òåìïåðàòóðè, à íèæ÷å 
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òåìïåðàòóðè Ò0 âîíà ïîíèæóºòüñÿ. 
 V. Êîåô³ö³ºíò òåïëîïðîâ³äíîñòè  çàçíàº çëàìó ó òî÷ö³ ôàçîâî-
ãî ïåðåõîäó (ðèñ. 1, å) [76, 77]. Îäíàê ñë³ä çàçíà÷èòè, ùî õàðàê-
òåð òåìïåðàòóðíî¿ çàëåæíîñòè êîåô³ö³ºíò³â òåïëîïðîâ³äíîñòè 
KDP-êðèñòàë³â ùå äî ê³íöÿ íå âèâ÷åíî. 
 VI. Ë³í³éíà ñïîíòàííà äåôîðìàö³ÿ X ïðåäñòàâëÿº ñîáîþ çñóâ ó 
ïëîùèí³, ïåðïåíäèêóëÿðí³é îñ³ ñ (ðèñ. 1, æ) [66]. Âåðõíÿ ÷àñòè-
íà êðèâî¿ íà ðèñ. 1, æ â³äïîâ³äàº åëåêòðè÷íîìó ïîëþ íàïðóæåí³-
ñòþ Å, ïàðàëåëüíîìó íàïðÿìêó ïîëÿðèçàö³¿, à íèæíÿ — ïîëþ, 
ÿêå ñòðîãî ïðîòèëåæíå íàïðÿìêó ñïîíòàííî¿ ïîëÿðèçàö³¿. Çà òå-
ìïåðàòóðè Ò0 âåðõíÿ òà íèæíÿ ÷àñòèíè êðèâèõ ñõîäÿòüñÿ, óòâî-
ðþþ÷è îäíó êðèâó. 

  
     à         á 

 
â      ã 

Ðèñ. 1. Åêñïåðèìåíòàëüí³ ãðàô³êè òåìïåðàòóðíèõ çàëåæíîñòåé: ñïîí-
òàííî¿ ïîëÿðèçàö³¿ Ð(Ò) (à); òåïëîì³ñòêîñòè Ñ(Ò) (â, ã); ïðÿìî¿ òà îáåð-
íåíî¿ ä³åëåêòðè÷íèõ ïðîíèêíîñòåé ñ(Ò) (ä); êîåô³ö³ºíòà òåïëîïðîâ³äíî-
ñòè (Ò) (å); ñïîíòàííî¿ äåôîðìàö³¿ Õ(Ò) (æ); ìîäóë³â ïðóæíîñòè Cjj(Ò) 
(ç); ìîäóëÿ çñóâó G(T) (³). Çàëåæíîñò³ ñïîíòàííî¿ ïîëÿðèçàö³¿ â³ä íà-
ïðóæåíîñòè åëåêòðè÷íîãî ïîëÿ Ð(Å) (á) KDP-êðèñòàë³â ïîáëèçó òåìïå-
ðàòóðè ôàçîâîãî ïåðåõîäó (ïîçíà÷åíî¿ òðèêóòíè÷êàìè  íà îñ³ àáñöèñ 
êðèâèõ (à)) ïàðàåëåêòðèê–ôåðîåëåêòðèê.1 
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 VII. Ìîäóëü ïðóæíîñòè C11 ó òî÷ö³ Êþð³ Ò0 çàçíàº ïîð³âíÿíî 
ñëàáêîãî çì³íåííÿ: ìàº ì³ñöå íåâåëèêå ñòðèáêîïîä³áíå çá³ëüøåí-
íÿ òà çìåíøåííÿ äëÿ çîâí³øí³õ åëåêòðè÷íèõ ïîë³â, ñïðÿìîâàíèõ 
â³äïîâ³äíî çà òà ïðîòè îñ³ ñ (ðèñ. 1, ç) [72]. Ìîäóëü ïðóæíîñòè C66 
ç³ çìåíøåííÿì òåìïåðàòóðè ïîáëèçó òî÷êè Êþð³ ïàäàº äî íóëÿ 
[71]. 
 VIII. Ìîäóëü çñóâó G â òî÷ö³ ôàçîâîãî ïåðåõîäó ìàº àíîìàë³þ ó 
âèãëÿä³ V-ïîä³áíîãî ì³í³ìóìó (ðèñ. 1, ³) [81]. 
 Ô³çè÷í³ âëàñòèâîñò³ KDP-êðèñòàë³â áóëî îïèñàíî â áàãàòüîõ 
äîñë³äæåííÿõ [82–85]. Ó öèõ æå äîñë³äæåííÿõ ïðåäñòàâëåíî 

  
ä      å 

 
            æ                                ç                                     ³ 

Ïðîäîâæåííÿ Ðèñ. 1. 
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òåðìîäèíàì³÷íó òåîð³þ ôåðîåëåêòðèê³â ð³çíèõ ñòðóêòóð, çîêðåìà 
KDP-êðèñòàë³â. 
 Íèæ÷å áóäå íàâåäåíî ñòàòèñòè÷íó òåîð³þ KDP-êðèñòàë³â, ðîç-
ðîáëåíó íà îñíîâ³ ìîëåêóëÿðíî-ê³íåòè÷íèõ óÿâëåíü, ÿêà óìîæ-
ëèâëþº âèçíà÷èòè, ïîÿñíèòè é îá´ðóíòóâàòè ¿õí³ ô³çè÷í³ âëàñòè-
âîñò³. 
 Âæå äàâíî áóëî âñòàíîâëåíî, ùî ôàçîâ³ ïåðåõîäè ç ïàðà- ó ôå-
ðîôàçó ñå´íåòîåëåêòðèê³â ³ ñå´íåòîåëàñòèê³â º ïåðåõîäàìè òèïó 
âïîðÿäêóâàííÿ [66, 81–85]. Âèêëèêàº ïåâíèé ³íòåðåñ âèçíà÷åííÿ 
òåìïåðàòóðíî¿ çàëåæíîñòè ïàðàìåòðà ïîðÿäêó (Ò), ïðîïîðö³éíî-
ãî ñòóïåíþ ñïîíòàííî¿ ïîëÿðèçàö³¿ òà äåôîðìàö³¿, à òàêîæ âèÿñ-
íåííÿ óìîâ, çà ÿêèõ ôàçîâèé ïåðåõ³ä KDP-êðèñòàë³â âèÿâèòüñÿ 
ïåðåòâîðåííÿì äðóãîãî ðîäó, áëèçüêèì äî ïåðøîãî, îö³íêà òåì-
ïåðàòóðè Êþð³ (Ò0) ôàçîâîãî ïåðåõîäó, âñòàíîâëåííÿ çàëåæíîñòåé 
ïàðàìåòðà ïîðÿäêó â³ä íàïðóæåíîñòè çîâí³øíüîãî åëåêòðè÷íîãî 
ïîëÿ (Å) àáî çîâí³øíüîãî îð³ºíòîâàíîãî ìåõàí³÷íîãî íàïðóæåí-
íÿ òà ìîæëèâîñòåé ïðîÿâó îñîáëèâîñòåé íà îñòàíí³õ çàëåæíîñ-
òÿõ, îö³íêà êîíô³´óðàö³éíî¿ òåïëîì³ñòêîñòè, ¿¿ òåìïåðàòóðíî¿ çà-
ëåæíîñòè Ñ(Ò) òà ñòðèáêà â òî÷ö³ ôàçîâîãî ïåðåõîäó, âèçíà÷åííÿ 
òåìïåðàòóðíèõ çàëåæíîñòåé ïðÿìî¿ òà îáåðíåíî¿ ä³åëåêòðè÷íèõ 
ïðîíèêíîñòåé  àáî ÷óòëèâîñòè  ( 1 ), ïåðåâ³ðêà ïðàâèëüíî-
ñòè çàêîíó Êþð³–Âåéññà äëÿ âåëè÷èíè 1/  [86–88]. Â³äïîâ³ä³ íà 
ö³ ïèòàííÿ ðîçêðèâàþòüñÿ íèæ÷å â òåêñò³ ñòàòò³. 

2. ÑÒÐÓÊÒÓÐÀ KDP-ÊÐÈÑÒÀË²Â. ÏÀÐÀÌÅÒÐÈ ÏÎÐßÄÊÓ 

Ñòðóêòóðó Í22 êðèñòàëó äèã³äðîôîñôàòó Êàë³þ KH2PO4 (KDP) áó-
ëî âïåðøå äîñë³äæåíî Âåñòîì [89] ³ â ïîäàëüøîìó óòî÷íåíî â ðî-
áîòàõ [90, 91]. Åëåìåíòàðíà êîì³ðêà êðèñòàëó â ïàðàôàç³ çà Âåñ-
òîì [89] º òåòðàãîíàëüíîþ ç ïàðàìåòðàìè ´ðàòíèö³ à 7,434 Å, 
ñ 6,945 Å (ðèñ. 2, à). 
 Ôðàçåð óâ³â äî ðîçãëÿäó îðòîðîìá³÷íó åëåìåíòàðíó êîì³ðêó, â 
ÿê³é âåêòîðè à1, à2 º ä³ÿãîíàëÿìè Âåñòîâî¿ êîì³ðêè (ðèñ. 2, á). 
Ïàðàìåòðè ´ðàòíèö³ çà Ôðàçåðîì à1, à2 ó ïàðàôàç³ º îäíàêîâèìè 
(à1 à2); ó ôåðîôàç³ çà òåìïåðàòóðè ó 116 Ê âîíè ñòàíîâëÿòü: 
à1 10,53 Å, à2 10,44 Å, ñ 6,90 Å. 
 Òåðìîîáðîáëåííÿ â åëåêòðè÷íîìó ïîë³ äàº çìîãó îäåðæàòè îä-
íîäîìåííèé êðèñòàë [92]. 
 ßê âèäíî ç ðèñóíêó 2, ó âóçëàõ êðèñòàë³÷íî¿ ´ðàòíèö³ ðîçòà-
øîâóþòüñÿ àòîìè Êàë³þ (K) òà Ôîñôîðó (P). Êîæåí ç àòîì³â Ôî-
ñôîðó îòî÷åíèé ÷îòèðìà àòîìàìè Îêñè´åíó (O); ãðóïè ÐO4 óòâî-
ðþþòü ìàéæå ïðàâèëüí³ òåòðàåäðè, öåíòðàìè ÿêèõ º àòîìè Ôîñ-
ôîðó (P). 
 Êîæíà ãðóïà PO4 ïîâ’ÿçàíà ç ÷îòèðìà ñóñ³äí³ìè ãðóïàìè ã³äðî-
´åíîâèìè çâ’ÿçêàìè äîâæèíîþ áëèçüêî 2,4 Å. Ã³äðî´åíîâèé 
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çâ’ÿçîê íàïðàâëåíèé ïåðïåíäèêóëÿðíî äî îñ³ ñ ³ çàâæäè ïîâ’ÿçóº 
«âåðõí³é» Îêñè´åí îäí³º¿ ãðóïè PO4 ç «íèæí³ì» Îêñè´åíîì ñóñ³-
äíüî¿ ãðóïè, ÿê ïîêàçàíî íà ðèñ. 2, à. 
 Íà êîæíîìó òàêîìó çâ’ÿçêó º äâà ïîëîæåííÿ ð³âíîâàãè àòîì³â 
Ã³äðî´åíó íà â³ääàë³ áëèçüêî 0,5 Å îäèí â³ä îäíîãî, ÿê³ â ïàðàôà-
ç³ ðîçïîä³ëÿþòüñÿ ñòàòèñòè÷íî íåâïîðÿäêîâàíî; âîäíî÷àñ ñïîí-
òàííà ïîëÿðèçàö³ÿ òà äåôîðìàö³ÿ ðå÷îâèíè â³äñóòí³. Ç ïîíèæåí-
íÿì òåìïåðàòóðè ïðè Ò 150 Ñ 123 Ê â³äáóâàºòüñÿ âïîðÿäêó-
âàííÿ àòîì³â Ã³äðî´åíó, ÿê³ ïåðåâàæíî ïî÷èíàþòü ðîçì³ùóâàòèñÿ 
â îäíîìó ç âèùåçãàäàíèõ ð³âíîâàæíèõ ïîëîæåíü [93–96], íàïðè-
êëàä ïîáëèçó «âåðõí³õ» àáî «íèæí³õ» àòîì³â Îêñè´åíó, ³ çä³éñ-
íþºòüñÿ ôàçîâèé ïåðåõ³ä ó ôåðîôàçó. Ó òàêîìó ñòàí³ á³ëÿ êîæíî¿ 
ãðóïè PO4 çàâæäè çíàõîäÿòüñÿ ëèøå äâà àòîìè Ã³äðî´åíó. Àòîìè 
Êàë³þ K îòî÷åíî â³ñüìîìà àòîìàìè Îêñè´åíó ð³çíèõ òåòðàåäðè÷-
íèõ ãðóï PO4, ç ÿêèõ ÷îòèðè (ó ïëîùèí³, ïåðïåíäèêóëÿðí³é îñ³ ñ) 
çíàõîäÿòüñÿ áëèæ÷å, à ÷îòèðè (äâà âèùå ³ äâà íèæ÷å) — äàë³ 
ùîäî àòîì³â Êàë³þ. 
 Óïîðÿäêóâàííÿ àòîì³â Ã³äðî´åíó çì³íþº ñòðóêòóðó êðèñòàëó: 
´ðàòíèöÿ ñòàº ðîìá³÷íîþ; âîäíîðàç êâàäðàòíà îñíîâà ´ðàòíèö³ çà 
Âåñòîì âèòÿãóºòüñÿ âçäîâæ îäí³º¿ ç ä³ÿãîíàëåé ³ ñêîðî÷óºòüñÿ 

  
                        à                                                 á 

Ðèñ. 2. Åëåìåíòàðíà êîì³ðêà äèã³äðîôîñôàòó Êàë³þ KH2PO4. (à) Òåòðà-
ãîíàëüíà ñòðóêòóðà ïàðàåëåêòðè÷íî¿ ìîäèô³êàö³¿ çà Âåñòîì [89]. (á) Îð-
òîðîìá³÷íà ñòðóêòóðà ôåðîåëåêòðè÷íî¿ ìîäèô³êàö³¿ çà Ôðàçåðîì (àòîìè 
Îêñè´åíó òà Ã³äðî´åíó íå ïîêàçàíî). Ñòð³ëêè âêàçóþòü íàïðÿìè çì³-
ùåíü àòîì³â Êàë³þ (K) ³ Ôîñôîðó (Ð). Ïóíêòèðíèìè ïðÿìèìè çàçíà÷åíî 
ì³æâóçëîâ³ â³ääàë³, âçàºìîä³ÿ ì³æ àòîìàìè K ³ P íà ÿêèõ áåðåòüñÿ äî 
óâàãè â ðîçðàõóíêàõ.  — àòîìè Êàë³þ (K);  — àòîìè Ôîñôîðó (P), 
 — àòîìè Îêñè´åíó (O);  — àòîìè Ã³äðî´åíó (H).2 
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âçäîâæ ³íøî¿. Óïîðÿäêóâàííÿ àòîì³â Ã³äðî´åíó âèêëèêàº çíà÷íå 
çì³ùåííÿ àòîì³â Êàë³þ (K) òà Ôîñôîðó (P) ó ïðîòèëåæíèõ íà-
ïðÿìêàõ ïî îñ³ ñ (ðèñ. 2, á) â³äíîñíî Îêñè´åíîâîãî êàðêàñó, ÿêèé 
ïðàêòè÷íî íå çì³ùóºòüñÿ. Çì³ùåííÿ àòîì³â Êàë³þ òà Ôîñôîðó 
çóìîâëþº ñïîíòàííó ïîëÿðèçàö³þ òà äåôîðìàö³þ êðèñòàëó, ÿê³ 
íàïðàâëåí³ ïî îñ³ c. Âîäíî÷àñ çì³ùåííÿ àòîì³â Ã³äðî´åíó º ïåð-
ïåíäèêóëÿðíèìè äî îñ³ c ³ íå äàþòü âíåñêó ó ñïîíòàííó ïîëÿðè-
çàö³þ. Ç³ çì³íîþ çíàêó ñïîíòàííî¿ ïîëÿðèçàö³¿ àòîìè Ã³äðî´åíó 
çì³ùóþòüñÿ ç îäíîãî ïîëîæåííÿ ð³âíîâàãè â ³íøå [95]. 
 Ï³ä ÷àñ ðîçðîáêè ñòàòèñòè÷íî¿ òåîð³¿ ñïîíòàííî¿ ïîëÿðèçàö³¿ 
KDP-êðèñòàë³â áóäåìî ðîçãëÿäàòè ´ðàòíèöþ çà Ôðàçåðîì ³ âðàõî-
âóâàòè âçàºìîä³¿ ïàð àòîì³â K–K, P–P, K–P (ï³ä P ìàºìî íà óâàç³ 
àòîì Ôîñôîðó ç éîãî íàéáëèæ÷èìè ÷îòèðìà àòîìàìè Ã³äðî´åíó) 
íà â³ääàëÿõ 

 
1 1 1 2 2

2 2 2 2 2 2 2
3 1 2 4 1 4 2

/ 2, / 2, / 2,

1 1 1
, , ,

4 2 2

r a  r a  r c

r a a c  r a c  r a c
 (1) 

ÿêèõ çàçíà÷åíî ïóíêòèðíèìè ïðÿìèìè ç³ ñòð³ëêàìè íà ðèñ. 2, á. 
Âçàºìîä³¿ ³íøèõ àòîì³â íå äàþòü âíåñêè ó ñïîíòàííó ïîëÿðèçà-
ö³þ òà äåôîðìàö³þ; òîìó ¿õ ìîæíà íå âðàõîâóâàòè. 
 Ó ïàðàôàç³ à1 à2 à, ³ â³ääàë³ (1), â³äïîâ³äíî, äîð³âíþþòü 

 

0 0
1 1 1 2

0 2 2 0 2 2
3 4 4 4

/ 2 ,  / 2,

1 1
2 ,  .

4 2

r r r a r c

r a c r r r a c
 (2) 

Äëÿ ã³äðîôîñôàòó Êàë³þ ¿õí³ ÷èñåëüí³ çíà÷åííÿ (â [Å]) íàñòóïí³: 

 1 1 2 3 4 45,22, 5,265, 3,45, 4,1, 6,26, 6,29r r r r r r . (3) 

Îñê³ëüêè â³ääàë³ 1 1,  r r  ³ 4 4,  r r  â³äð³çíÿþòüñÿ îäíà â³ä îäíî¿ ëèøå 
äðóãèì çíàêîì ï³ñëÿ êîìè, ó ðîçðàõóíêàõ áóäåìî ïðèïóñêàòè, 
ùî 1 1r r  ³ 4 4r r . 
 ×åðåç óïîðÿäêóâàííÿ òà çì³ùåííÿ àòîì³â Êàë³þ òà Ôîñôîðó 
â³ääàë³ (1) çì³íþþòüñÿ (çìåíøóþòüñÿ àáî çá³ëüøóþòüñÿ) ó ïîð³â-
íÿíí³ ç ¿õí³ìè çíà÷åííÿìè (2) çà íåâïîðÿäêîâàíîãî ðîçòàøóâàí-
íÿ. Íàáëèæåíî ìîæíà ïîêëàñòè: 

0 0 0 0
1 1 1 1 1 2 2 2 3 3 3 4 4 4 4 4,  ,  ,  r r r r r r r r r r r r , (4) 

äå âåëè÷èíè i (i 1, 2, 3, 4) áåðóòüñÿ ç³ çíàêîì « » ÷è « » çàëå-
æíî â³ä çá³ëüøåííÿ ÷è çìåíøåííÿ ì³æàòîìîâî¿ â³ääàë³. 
 ²ç çì³ùåííÿì àòîì³â Êàë³þ òà Ôîñôîðó äåÿê³ ì³æàòîìîâ³ â³ä-
äàë³ (ó ïëîùèíàõ, ïåðïåíäèêóëÿðíèõ äî îñ³ ñ) çàëèøàþòüñÿ íå-
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çì³ííèìè. 
 Êðèñòàë³÷íó ´ðàòíèöþ KPD-êðèñòàëó çðó÷íî ðîçáèòè íà äâ³ 
ï³ä´ðàòíèö³ äëÿ àòîì³â êàë³þ K ³ ôîñôîðó P â³äïîâ³äíî, ÿê³ ó ôå-
ðîôàç³ çì³ùóþòüñÿ ó ïðîòèëåæíèõ íàïðÿìêàõ. Çà âïîðÿäêóâàííÿ 
àòîìè Êàë³þ çì³ùóþòüñÿ óãîðó (ðèñ. 2, á; íàçâåìî ö³ çñóâè ïðà-
âèìè (r)), à àòîìè Ôîñôîðó — óíèç (¿õ íàçèâàòèìåìî ë³âèìè (l)). 
Ó íåâïîðÿäêîâàíîìó ñòàí³ òà íà ïåðøèõ ñòàä³ÿõ óïîðÿäêóâàííÿ 
çì³ùåííÿ àòîì³â K òà P ìîæóòü áóòè ïðàâèìè òà ë³âèìè. Çñó-
íåííÿ àòîì³â Êàë³þ òà Ôîñôîðó ââàæàòèìåìî êîë³íåàðíèìè. 
Éìîâ³ðíîñò³ ïðàâèõ ³ ë³âèõ çì³ùåíü àòîì³â K òà P ó ï³ä´ðàòíè-
öÿõ ïîçíà÷àòèìåìî òàê: 

 
(1) (2)(1) (2)

(1) (1) (2) (2)

1 1 2 2

,  , ,  l lr r
r l r l

N NN N
P P P P

N N N N
, (5) 

äå N N1 N2 — ÷èñëà âóçë³â (àòîì³â K òà Ð ñóìàðíî) ó ï³ä´ðàò-
íèöÿõ; âîäíîðàç ÷èñëî âñ³õ âóçë³â ´ðàòíèö³ äîð³âíþº 2N; 

(1) (1) (2) (2),  ,  ,  r l r lN N N N  — ÷èñëà àòîì³â K ³ Ð â³äïîâ³äíî ó ï³ä´ðàò-
íèöÿõ (ïåðø³é ³ äðóã³é) ç ïðàâèì (r) ³ ë³âèì (l) çì³ùåííÿìè. 
 Éìîâ³ðíîñò³ (5) ïîâ’ÿçàí³ ñï³ââ³äíîøåííÿìè: 

 (1) (1) (2) (2)1,  1r l r lP P P P . (6) 

 Ââîäèìî äî ðîçãëÿäó ïàðàìåòðè ïîðÿäêó äëÿ êîæíî¿ ç ï³ä´ðàò-
íèöü: 

 (1) (1) (2) (2)
1 2,  r l r lP P P P . (7) 

 Çà ïîâíîãî ðîçóïîðÿäêóâàííÿ, êîëè éìîâ³ðíîñò³ ïðàâèõ ³ ë³âèõ 
çì³ùåíü âñ³õ àòîì³â K òà P îäíàêîâ³, ïàðàìåòðè ïîðÿäêó äîð³â-
íþþòü íóëþ 1 2 0. Çà ïîâíîãî ïîðÿäêó âñ³ àòîìè Êàë³þ ìà-
þòü ïðàâ³ çì³ùåííÿ (1) (1)1,  0r lP P , à âñ³ àòîìè Ôîñôîðó — ë³â³ 
çì³ùåííÿ (2) (2)0,  1r lP P ; ó öüîìó âèïàäêó ïàðàìåòðè ïîðÿäêó 
ìàêñèìàëüí³, çà àáñîëþòíèì çíà÷åííÿì äîð³âíþþòü îäèíèö³ 

1 2 1  òà ïðîòèëåæí³ çà çíàêîì 1 2 . Çì³íà çíàê³â ïà-
ðàìåòð³â ïîðÿäêó íà ïðîòèëåæí³ îçíà÷àº, ùî ïåðøà òà äðóãà ï³ä-
´ðàòíèö³ ïîì³íÿëèñÿ ðîëÿìè. Îòæå, ìàºìî ìîæëèâ³ çì³íè ïàðà-
ìåòð³â ïîðÿäêó â ìåæàõ 

 11 1  ³, â³äïîâ³äíî, 21 1. (8) 

 Ð³âíÿííÿ (5), (6) óìîæëèâëþþòü âèðàçèòè (1) (1) (2) (2),  ,  ,  r l r lP P P P  
÷åðåç ïàðàìåòðè ïîðÿäêó: 

 (1) (1) (2) (2)1 1 2 21 1 1 1
,  ,  ,  

2 2 2 2r l r lP P P P . (9) 



304 Àí. Ä. ÇÎËÎÒÀÐÅÍÊÎ, Îë. Ä. ÇÎËÎÒÀÐÅÍÊÎ, Ç. À. ÌÀÒÈÑ²ÍÀ òà ³í. 

3. Â²ËÜÍÀ ÒÀ ÂÍÓÒÐ²ØÍß ÊÎÍÔ²¥ÓÐÀÖ²ÉÍ² ÅÍÅÐÃ²¯. 
Ð²ÂÍßÍÍß ÒÅÐÌÎÄÈÍÀÌ²×ÍÎ¯ Ð²ÂÍÎÂÀÃÈ 
Ç ÓÐÀÕÓÂÀÍÍßÌ ÒÅÌÏÅÐÀÒÓÐÈ ÊÞÐ² 

Äëÿ âèð³øåííÿ ïîñòàâëåíèõ çàâäàíü ñë³ä ðîçðàõóâàòè òà äîñë³äè-
òè â³ëüíó åíåðã³þ òà òåðìîäèíàì³÷íèé ïîòåíö³ÿë êðèñòàëó [97]. 
 Â³ëüíó åíåðã³þ ñèñòåìè âèçíà÷àºìî çà ôîðìóëîþ 

 lnF U kT G , (10) 

äå U — âíóòð³øíÿ êîíô³´óðàö³éíà åíåðã³ÿ, G — òåðìîäèíàì³÷íà 
éìîâ³ðí³ñòü, k — Áîëüöìàííîâà ñòàëà, Ò — àáñîëþòíà òåìïåðà-
òóðà. 
 Âíóòð³øíÿ êîíô³´óðàö³éíà åíåðã³ÿ âèçíà÷àºòüñÿ ñóìîþ åíåðã³é 
ïàðíèõ âçàºìîä³é àòîì³â K–P, K–K, P–P íà â³ääàëÿõ (1). Ç óðà-
õóâàííÿì âçàºìîä³é âñ³õ ïàð àòîì³â Êàë³þ òà Ôîñôîðó íà â³ääà-
ëÿõ, ïðèéíÿòèõ ó (2) òà (4), âíóòð³øíþ åíåðã³þ ìîæíà çàïèñàòè 
ó âèãëÿä³ 

(12) (12) (12)
KP 1 KP 1 KP 1 1 KP 1 1 KP 2 KP 2

(12) (12)
KP 2 2 KP 2 2 KP 2 2 KP 2 2

(11) (11)
KK 3 KK 3 KK 3 3 KK 3 3

(11) (22)
KK 3 3 KK 3 3 PP 3 PP 3

(22) (22
PP 3 3 PP 3 3 PP

U N r r N r r N r r

N r r N r r

N r r N r r

N r r N r r

N r r N )
3 3 PP 3 3

(12) (12)
KP 3 KP 3 KP 3 3 KP 3 3

(12) (11)
KP 3 3 KP 3 3 KK 4 KK 4

(11) (11)
KK 4 4 KK 4 4 KK 4 4 KK 4 4

(22) (22)
PP 4 PP 4 PP 4 4 PP 4 4

(22)
PP 4 4 PP 4 4 ,

r r

N r r N r r

N r r N r r

N r r N r r

N r r N r r

N r r

(11) 

äå ( ) ( ),  ij ij
n n nN r N r  — ÷èñëà ïàð àòîì³â ñîðòó , K, Ð, 

ÿê³ çíàõîäÿòüñÿ ó âóçëàõ òèïó i, j 1, 2 íà â³ääàëÿõ rn àáî n nr
(n 1, 2, 3, 4), âêàçàíèõ ó äóæêàõ, à âåëè÷èíè ,  n n nr r  
º åíåðã³ÿìè âçàºìîä³¿ ïàð àòîì³â , K, Ð, âçÿòèìè ç îáåðíåíèì 
çíàêîì, íà â³ääàëÿõ rn ³ n nr  â³äïîâ³äíî. Â ôîðìóë³ (11) âåðõí³ 
³íäåêñè «0» ó âåëè÷èí rn âèïóùåíî. 
 Íèæ÷å åíåðã³¿ ì³æàòîìîâî¿ âçàºìîä³¿ çàïèñóâàòèìåìî òàê: 

(1) (1) (1)
KP 1 KP KP 1 1 KP KP

(2) (2) (2)
KP 2 KP KP 2 2 KP KP

( ) ,  ( ) ,

( ) ,  ( ) ,

r r

r r
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(3) (3) (3)
KK 3 KK KK 3 3 KK KK

(3) (3) (3)
PP 3 PP PP 3 3 PP PP

(3) (3) (3)
KP 3 KP KP 3 3 KP KP

(4) (4) (4)
KK 4 KK KK 4 4 KK KK

(4) (4)
PP 4 PP PP 4 4 PP P

( ) ,  ( ) ,

( ) ,  ( ) ,

( ) ,  ( ) ,

( ) ,  ( ) ,

( ) ,  ( )

r r

r r

r r

r r

r r (4)
P.

 

(12)

 

 Ðîçðàõóíîê ÷èñåë ïàð ( ) ( ),  ij ij
n n nN r N r  äëÿ äîñë³äæóâàíî¿ 

ñòðóêòóðè (ðèñ. 2, á) äàº íàñòóïí³ âèðàçè: 

 

2 2

2 2

2 2

(12) (1) (2) (1) (2)
KÐ 1

(12) (1) (2) (1) (2)
KÐ 2

(11) (1) (1)
KK 3

(22) (2) (2)
PP 3

(12) (1) (2) (1) (2)
KÐ 3

(11) (1) (1)
KK 4

(2
PP

4 0,

2 0,

2 2 ,

2 2 ,

4 0,

4 4 ,

r r l l

r r l l

r l

r l

r r l l

r l

N r N P P P P

N r N P P P P

N r N P P N

N r N P P N

N r N P P P P

N r N P P N

N
2 22) (2) (2)

4

(12) (1) (2) (2) (1)
KÐ 1 1

(12) (1) (2) (2) (1)
KÐ 2 2

(11) (1) (1) (22) (2) (2)
KK 3 3 PP 3 3

(12) (1) (2) (2) (1)
KÐ 3 3

4 4 ,

4 4 ,

,

2 0,  2 0,

2 2 ,

r l

r l r l

r l r l

r l r l

r l r l

r N P P N

N r N P P P P N

N r N P P P P N

N r NP P N r NP P

N r N P P P P N

N(11) (1) (1) (22) (2) (2)
KK 4 4 PP 4 44 0,  4 0.r l r lr NP P N r NP P

(13)

 

Ïðàâîðó÷ ó ôîðìóëàõ (13) âèïèñàíî çíà÷åííÿ ÷èñåë ïàð, ùî ðîç-
ãëÿäàþòüñÿ, çà ïîâíîãî âïîðÿäêóâàííÿ, êîëè (1) 1,rP  (1) 0,lP  

(2) 1,rP  (2) 1lP . 
 Ï³äñòàâëÿþ÷è ÷èñëà àòîìîâèõ ïàð (13) ó ôîðìóëó (11) äëÿ åíå-
ðã³¿ U, ç óðàõóâàííÿì ñï³ââ³äíîøåíü (6) çíàõîäèìî âíóòð³øíþ 
åíåðã³þ êðèñòàëó, âèðàæåíó ÷åðåç éìîâ³ðíîñò³ (5), ó âèãëÿä³ 

 

(1) (2) (3) (3) (3)
KP KP KK PP KP

(4) (4) (1) (2) (2) (1)
KK PP l l

2 2 2

2 2 ,r r

U N

P P P P
 (14) 

äå (1)
KP . 
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 Ï³äñòàâëÿþ÷è â îäåðæàíó ôîðìóëó (14) éìîâ³ðíîñò³ (9), çíàõî-
äèìî êîíô³´óðàö³éíó åíåðã³þ 

 1 22U N  (15) 

ÿê ôóíêö³þ ïàðàìåòð³â ïîðÿäêó 1 2,   é åíåðãåòè÷íèõ êîíñòàíò  
³ . Ó (15) ââåäåíî íàñòóïíå ïîçíà÷åííÿ: 

 (1) (2) (3) (3) (3) (4) (4)
KP KP KK PP KP KK PP2 2 2 .  (16) 

 Òåðìîäèíàì³÷íà éìîâ³ðí³ñòü G âèçíà÷àºòüñÿ ïðàâèëàìè êîìá³-
íàòîðèêè: 

 (1) (1) (2) (2)
1 2! ! ! ! ! !r l r lG N N N N N N . (17) 

 Áåðó÷è äî óâàãè Ñòèðë³í´îâó ôîðìóëó lnX! X(lnX 1), ñëóø-
íó äëÿ âåëèêèõ ÷èñåë Õ, ç óðàõóâàííÿì ôîðìóë (5) äëÿ éìîâ³ð-
íîñòåé (1) (1) (2) (2),  ,  ,  r l r lP P P P  çíàõîäèìî íàòóðàëüíèé ëîãàðèòì òåð-
ìîäèíàì³÷íî¿ éìîâ³ðíîñòè G ó âèãëÿä³ 

 (1) (1) (1) (1) (2) (2) (2) (2)ln ln ln ln lnr r l l r r l lG N P P P P P P P P , (18) 

ÿêèé, ç óðàõóâàííÿì ôîðìóë (9), íàáóâàº âèãëÿäó 

 

1 1
1 1

2 2
2 2

1 1 1
ln 1 ln 1 ln

2 2 2

1 1
1 ln 1 ln .

2 2

G N

 (19) 

 Ï³äñòàâëÿþ÷è ó ôîðìóëó (10) äëÿ â³ëüíî¿ åíåðã³¿ F ñï³ââ³äíî-
øåííÿ (14), (18) àáî (15), (19) äëÿ âåëè÷èí U ³ lnG, çíàõîäèìî 
â³ëüíó åíåðã³þ êðèñòàëó, âèðàæåíó ÷åðåç éìîâ³ðíîñò³ 

(1) (1) (2) (2),  ,  ,  r l r lP P P P  àáî ÷åðåç ïàðàìåòðè ïîðÿäêó 1 2,   â³äïîâ³äíî, 
ó âèãëÿä³ 

 

(1) (2) (2) (1)

(1) (1) (1) (1) (2) (2) (2) (2)

2 2

ln ln ln ln ,

r l r l

r r l l r r l l

F N P P P P

kTN P P P P P P P P
 (20) 

àáî 

 

1
1 2 1

1 2 2
1 2 2

1 1
2 1 ln

2 2

1 1 1
1 ln 1 ln 1 ln .

2 2 2

F N kTN

 (21) 



 ÔÀÇÎÂ² ÏÅÐÅÒÂÎÐÅÍÍß ÏÀÐÀÅËÅÊÒÐÈÊ–ÔÅÐÎÅËÅÊÒÐÈÊ 307 

Îñòàííÿ ôîðìóëà âèçíà÷àº çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ êðèñòàëó 
â³ä òåìïåðàòóðè Ò, ïàðàìåòð³â ïîðÿäêó 1 2,   é åíåðãåòè÷íèõ 
êîíñòàíò , . 
 Çì³íà â³ëüíî¿ åíåðã³¿ ñèñòåìè ç³ çì³íîþ ïàðàìåòð³â ïîðÿäêó â³ä 
çíà÷åíü 1 2,   äî íóëÿ â ðîçðàõóíêó íà îäèí âóçîë êðèñòàë³÷íî¿ 
´ðàòíèö³ äîð³âíþº 

 

1 2 1
1 2 1

1 2 2
1 2 2

, (0,0) 1
1 ln

2 4 2

1 1 1
1 ln 1 ln 1 ln 2ln2 .

2 2 2

F F kT
f

N
(22) 

 Óìîâè òåðìîäèíàì³÷íî¿ ð³âíîâàãè ñèñòåìè âèçíà÷àþòüñÿ ð³âíî-
ñòÿìè: 

 1 2/ 0, / 0f f , (23) 

ÿê³ ç óðàõóâàííÿì ôîðìóëè (22) äàþòü ñï³ââ³äíîøåííÿ: 

 1 2
2 1

1 2

1 1
ln 4 ,  ln 4

1 1
kT kT . (24) 

Îäåðæàí³ ð³âíÿííÿ (24) äîïóñêàþòü ðîçâ’ÿçêè 2 1  ³ 2 1 . 
Çà òàêèõ çàì³í ïåðøå ð³âíÿííÿ (24) ïåðåõîäèòü ó äðóãå ³ íàâïà-
êè. Íàñ ö³êàâèòü ïåðøèé ðîçâ’ÿçîê 

 1 2 , (25) 

ÿêå â³äïîâ³äàº çì³ùåííÿì àòîì³â Êàë³þ òà Ôîñôîðó â ïðîòèëåæ-
íèõ íàïðÿìêàõ. Â öüîìó âèïàäêó îáèäâà ð³âíÿííÿ òåðìîäèíàì³-
÷íî¿ ð³âíîâàãè (24) ñèñòåìè ïåðåòâîðþþòüñÿ íà îäíå. 
 Â³ëüíà åíåðã³ÿ (22) òà ð³âíÿííÿ ð³âíîâàæíîãî ñòàíó (24) íàáó-
âàþòü âèãëÿäó: 

 2 1 1
1 ln 1 ln 2ln2

2 2 2

kT
f , (26) 

 
1

ln 4
1

kT . (27) 

 Ââàæàþ÷è â ð³âíÿíí³ (27), ùî 0, çíàõîäèìî òåìïåðàòóðó 
ôàçîâîãî ïåðåõîäó (òî÷êó Êþð³) T0: 

 0 02kT ; (28) 

âåëè÷èíà 0 º åíåðã³ºþ âïîðÿäêóâàííÿ ñèñòåìè. 
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 Ó ïðîöåñ³ âïîðÿäêóâàííÿ âåëè÷èíà åíåðã³¿ âïîðÿäêóâàííÿ  
ìîæå çàëåæàòè â³ä ì³æàòîìîâèõ â³ääàëåé, à ç óðàõóâàííÿì 
îñòàíí³õ — â³ä ïàðàìåòðà ïîðÿäêó . Ðîçðàõóíêè ïîêàçóþòü [97], 
ùî åíåðã³ÿ âïîðÿäêóâàííÿ â çàãàëüíîìó âèïàäêó º äðîáîâî-
ðàö³îíàëüíîþ ôóíêö³ºþ ç ïîë³íîìàìè â ÷èñåëüíèêó òà çíàìåí-
íèêó ÷åòâåðòîãî ñòåïåíÿ çà ïàðàìåòðîì ïîðÿäêó . Ó îêðåìèõ 
âèïàäêàõ öÿ çàëåæí³ñòü ñïðîùóºòüñÿ, ³ âåëè÷èíà  ìîæå áóòè 
êâàäðàòè÷íîþ ôóíêö³ºþ ïàðàìåòðà . Ðîçãëÿíåìî îñòàíí³é âèïà-
äîê, êîëè 

 2
0 . (29) 

Ó òàêîìó âàð³ÿíò³ òåìïåðàòóðíà çàëåæí³ñòü ïàðàìåòðà ïîðÿäêó 
( )T  âèçíà÷àºòüñÿ ôîðìóëîþ 

 2
0

1
ln 2

1
kT  (30) 

ç òåìïåðàòóðîþ óïîðÿäêóâàííÿ (28). 
 Íà ðèñóíêó 3 íàâåäåíî ãðàô³êè òåìïåðàòóðíî¿ çàëåæíîñòè ïà-
ðàìåòðà ïîðÿäêó, ïîáóäîâàí³ çà ôîðìóëîþ (30) äëÿ ð³çíèõ çíà-
÷åíü áåçðîçì³ðíîãî åíåðãåòè÷íîãî ïàðàìåòðà / 0. Åêñïåðèìåíòà-
ëüíî òàêà çàëåæí³ñòü õàðàêòåðèçóºòüñÿ ãðàô³êàìè òåìïåðàòóðíî¿ 
çàëåæíîñòè ñòóïåíÿ ñïîíòàííî¿ ïîëÿðèçàö³¿ Ð(Ò) íà ðèñ. 1, à. 
 ßê âèäíî ç ðèñóíêó 3, õàðàêòåð çàëåæíîñòè (Ò) ïîáëèçó òî÷êè 
Êþð³ ñèëüíî çàëåæèòü â³ä çíà÷åííÿ åíåðãåòè÷íîãî ïàðàìåòðà 
/ 0. Çà â³ä’ºìíèõ çíà÷åíü âåëè÷èíè  ãðàô³êè (Ò) íàâêîëî Ò0 

 

Ðèñ. 3. Ðîçðàõóíêîâ³ ãðàô³êè òåìïåðàòóðíî¿ çàëåæíîñòè ïàðàìåòðà ïî-
ðÿäêó ñïîíòàííî¿ ïîëÿðèçàö³¿, ïîáóäîâàí³ çà ôîðìóëîþ (30) äëÿ çíà÷åíü 
åíåðãåòè÷íîãî ïàðàìåòðà / 0 0 (ïóíêòèðíà êðèâà), 0,2, 0,4, 0,6 
(êðèâ³ 1, 2, 3 äëÿ çíàêó « » ³ 1 , 2 , 3  äëÿ çíàêó « »).3 
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âèÿâëÿþòüñÿ ïîëîãèìè. ßêùî æ 0, ãðàô³êè â ðîçãëÿíóòîìó 
òåìïåðàòóðíîìó ³íòåðâàë³ (ïîáëèçó Ò0) ñòàþòü êðóòèìè, ³ ç³ çá³-
ëüøåííÿì ÷èñëîâîãî çíà÷åííÿ âåëè÷èíè  ôàçîâèé ïåðåõ³ä íà-
â³òü ìîæå âèÿâèòèñÿ ïåðåòâîðåííÿì ïåðøîãî ðîäó. 
 Ç ïîð³âíÿííÿ ðîçðàõóíêîâèõ ãðàô³ê³â íà ðèñ. 3 ç åêñïåðèìåí-
òàëüíèìè íà ðèñ. 2, à ìîæíà çðîáèòè âèñíîâîê ïðî òå, ùî â KDP-
êðèñòàëàõ, â ÿêèõ ïåðåòâîðåííÿ ïàðàôàçè ó ôåðîôàçó â³äáóâàºòü-
ñÿ çà òèïîì ïåðåõîäó äðóãîãî ðîäó, áëèçüêèì äî ïåðøîãî ðîäó, 
çàëåæí³ñòü (Ò) ìàº îïèñóâàòèñÿ ôóíêö³ºþ (30) ç äîäàòí³ì 
çíà÷åííÿì åíåðãåòè÷íîãî ïàðàìåòðà , íàïðèêëàä / 0 0,2. Ó 
öüîìó âèïàäêó ïàðàìåòåð ïîðÿäêó, òàê ñàìî ÿê ³ ñïîíòàííà ïî-
ëÿðèçàö³ÿ, ïîáëèçó òåìïåðàòóðè Êþð³ çì³íþºòüñÿ íåïåðåðâíî, 
àëå ð³çêî. 

3. ÊÎÍÔ²¥ÓÐÀÖ²ÉÍÀ ÒÅÏËÎÌ²ÑÒÊ²ÑÒÜ 

Çíàþ÷è âíóòð³øíþ åíåðã³þ ñèñòåìè, ÿêà ç ðîçðàõóíêó íà îäèí 
âóçîë êðèñòàë³÷íî¿ ´ðàòíèö³ äëÿ 1 2  ç óðàõóâàííÿì ôîð-
ìóë (15) ³ (29) äîð³âíþº 

 2 2
0

1

2 2

U
u

N
, (31) 

ìîæíà îö³íèòè òåìïåðàòóðíó çàëåæí³ñòü òåïëîì³ñòêîñòè çà ôîð-
ìóëîþ 

 2
0 2

u u d d
C

T dT dT
. (32) 

 Äëÿ öüîãî òåìïåðàòóðí³ çàëåæíîñò³ âåëè÷èí  òà d dT  ìàþòü 
áóòè âèçíà÷åí³ ç ôîðìóëè (30). Äèôåðåíö³þþ÷è ð³âí³ñòü (30) çà 
òåìïåðàòóðîþ, çíàõîäèìî ïîõ³äíó d dT : 

 2
0 2

1
ln 6

2 1 1

d k kT
dT

, (33) 

à äàë³ òåïëîì³ñòê³ñòü Ñ â îäèíèöÿõ Áîëüöìàííîâî¿ ñòàëî¿ ÿê 

 

2

20
2

0

1
1 2 ln

1

/
2 1 6

1

oÑ

k kT
. (34) 

 Íà ðèñóíêó 4 íàâåäåíî ãðàô³êè ôóíêö³¿ Ñ(Ò) â îáëàñò³ ôàçîâîãî 
ïåðåõîäó, ïîáóäîâàí³ çà ôîðìóëîþ (34) äëÿ ð³çíèõ çíà÷åíü áåçðî-
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çì³ðíîãî åíåðãåòè÷íîãî ïàðàìåòðà / 0; âîäíîðàç äëÿ êîæíîãî 
çíà÷åííÿ âåëè÷èíè / 0 ³ ïåâíî¿ òåìïåðàòóðè çà ôîðìóëîþ (30) 
âèçíà÷àëîñÿ çíà÷åííÿ ïàðàìåòðà ïîðÿäêó , ÿêå ïîò³ì ï³äñòàâëÿ-
ëîñÿ ó ôîðìóëó (34). 
 ßê âèäíî ç ðèñóíêó 4, â òî÷ö³ ôàçîâîãî ïåðåõîäó êîíô³´óðà-
ö³éíà òåïëîì³ñòê³ñòü çðîñòàº òà ìàº ï³ê, ÿêèé º òèì ãîñòð³øèì ³ 
âèùèì, ÷èì á³ëüøå çíà÷åííÿ âåëè÷èíè / 0. Öå îçíà÷àº, ùî â 
KDP-êðèñòàëàõ ôàçîâèé ïåðåõ³ä ïàðàåëåêòðèê–ôåðîåëåêòðèê 
çä³éñíþºòüñÿ çà ïîçèòèâíèõ çíà÷åíü âåëè÷èíè / 0 ³ ìàº áóòè 
áëèçüêèì äî ïåðåõîäó ïåðøîãî ðîäó; âîäíî÷àñ ç³ çá³ëüøåííÿì êî-
åô³ö³ºíòà / 0 çðîñòàº ñòðèáîê òåïëîì³ñòêîñòè â òî÷ö³ Êþð³ T0. 
 Ïîð³âíÿííÿ ðîçðàõóíêîâîãî ãðàô³êà (ðèñ. 4) ç åêñïåðèìåíòàëü-
íèìè ãðàô³êàìè (ðèñ. 1, â, ã) âêàçóº íà ÿê³ñíó â³äïîâ³äí³ñòü òåî-
ð³¿ åêñïåðèìåíòó. 

5. ÒÅÐÌÎÄÈÍÀÌ²×ÍÈÉ ÏÎÒÅÍÖ²ßË. ÇÀËÅÆÍ²ÑÒÜ 
ÏÀÐÀÌÅÒÐÀ ÏÎÐßÄÊÓ Â²Ä ÍÀÏÐÓÆÅÍÎÑÒÈ 
ÅËÅÊÒÐÈ×ÍÎÃÎ ÏÎËß 

ßêùî äîñë³äæóâàíèé êðèñòàë ïåðåáóâàº ó çîâí³øíüîìó åëåêòðè-
÷íîìó ïîë³ ç íàïðóæåí³ñòþ E  òà ï³ä ä³ºþ çîâí³øíüîãî ìåõàí³÷-
íîãî îð³ºíòîâàíîãî íàïðóæåííÿ , òî éîãî ñòàí áóäå âèçíà÷àòèñÿ 

 

Ðèñ. 4. Ðîçðàõóíêîâ³ ãðàô³êè òåìïåðàòóðíî¿ çàëåæíîñòè êîíô³´óðàö³é-
íî¿ òåïëîì³ñòêîñòè êðèñòàëó â îáëàñò³ ôàçîâîãî ïåðåõîäó, ïîáóäîâàí³ çà 
ôîðìóëîþ (34) ç óðàõóâàííÿì çàëåæíîñòè (Ò) (30) äëÿ çíà÷åíü åíåðãå-
òè÷íîãî ïàðàìåòðà / 0 0, 0,05, 0,1 (êðèâ³ 1, 2, 3).4 
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òåðìîäèíàì³÷íèì ïîòåíö³ÿëîì. Âîäíîðàç ñòóï³íü ñïîíòàííî¿ ïî-
ëÿðèçàö³¿ P òà äåôîðìàö³¿ X áóäóòü ïðîïîðö³éí³ ïàðàìåòðó ïî-
ðÿäêó : 

 ,  P k X k . (35) 

Òîìó òåðìîäèíàì³÷íèé ïîòåíö³ÿë ìîæå áóòè âèçíà÷åíèé çà ôîð-
ìóëîþ 

 2 2F F NkE NkEP X , (36) 

äå çíàêè « » ³ «–» â³äïîâ³äàþòü ðîáîò³ çîâí³øí³õ ñèë àáî ðîáîò³, 
ÿêà âèêîíóºòüñÿ ñèñòåìîþ. 
 Ç óðàõóâàííÿì ôîðìóë (26), (35) ³ (36) çì³íåííÿ òåðìîäèíàì³÷-
íîãî ïîòåíö³ÿëó ó ðîçðàõóíêó íà îäèí âóçîë êðèñòàë³÷íî¿ ´ðàò-
íèö³ áóäå äîð³âíþâàòè 

 

2 2
0

( ) (0) 1

2 2
1 1 1

1 ln 1 ln 2ln2 .
2 2 2

N

kT k E k
(37) 

 Ð³âíÿííÿ ð³âíîâàæíîãî ñòàíó íàáóâàº âèãëÿäó: 

 2
0

1 1
2 ln 0

2 1
kT k E k . (38) 

 Çà â³äñóòíîñòè çîâí³øí³õ ñèë (Å 0), ââàæàþ÷è ó (38) 0 
³ âðàõîâóþ÷è, ùî 0 kT0, çíàõîäèìî òåìïåðàòóðíó çàëåæí³ñòü 
ïàðàìåòðà ïîðÿäêó ïîáëèçó òî÷êè Êþð³ ó âèãëÿä³ 

 0

2

k T T

2

k T
. (39) 

Ç öüîãî ñï³ââ³äíîøåííÿ âèïëèâàº, ùî áåç ïîðÿäêó çà òåìïåðàòó-
ðè T T0 ìàºìî 0. ßêùî æ T T0, òî äëÿ ôàçîâîãî ïåðåõîäó 
äðóãîãî ðîäó ìàº áóòè 0. Îäíàê çà ôàçîâèõ ïåðåõîä³â, áëèçü-
êèõ äî ïåðøîãî ðîäó, òåìïåðàòóðà ôàçîâîãî ïåðåòâîðåííÿ ìîæå 
äåùî ïåðåâèùóâàòè òåìïåðàòóðó Êþð³, ³, ÿê áóëî ç’ÿñîâàíî âèùå, 
ìîæëèâèì º âèïàäîê, ùî óïîðÿäêîâàíèé ñòàí³ ïîáëèçó òî÷êè 
Êþð³ ìàòèìåìî äëÿ T T0 òà 0. 
 Ââàæàþ÷è â ð³âíÿíí³ (38) 0, çíàõîäèìî ñï³ââ³äíîøåííÿ 

 2
0

1 1
2 ln

2 1
k E kT , (40) 

ÿêå âèçíà÷àº çàëåæí³ñòü ïàðàìåòðà ïîðÿäêó â³ä íàïðóæåíîñòè 
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çîâí³øíüîãî ïîëÿ (Å). Çàäàþ÷è â ð³âíÿíí³ (40) ð³çí³ ÷èñëîâ³ 
çíà÷åííÿ ïàðàìåòðà ïîðÿäêó (0 1), ìîæíà âèçíà÷èòè âåëè-
÷èíó k'E äëÿ ïåâíèõ òåìïåðàòóð ³ ïîáóäóâàòè äëÿ çàäàíèõ òåìïå-
ðàòóð ãðàô³êè (Å). 
 Çðó÷íî ââåñòè ó ðîçãëÿä áåçðîçì³ðíó âåëè÷èíó 

 0 0/x T T T  (41) 

³ âñòàíîâèòè çàëåæí³ñòü (Å) äëÿ ð³çíèõ çíà÷åíü õ. Ó öüîìó âè-
ïàäêó ôîðìóëà (40) íàáóâàº âèãëÿäó 

 2

0 0

1 1
2 1 1 ln

2 1

k
E x . (42) 

 Ïîáëèçó òî÷êè Êþð³, äå 0,ç óðàõóâàííÿì, ùî 
1

ln 2
1

, 

çàì³ñòü ôîðìóëè (42) ìîæíà îäåðæàòè íàáëèæåíó ôîðìóëó 

 3

0 0

2
k

E x . (43) 

 Ç ôîðìóë (42), (43) âèïëèâàº, ùî çàëåæí³ñòü (Å) ìàº áóòè íå-
ë³í³éíîþ. 
 Íà ðèñóíêó 5 çîáðàæåíî ãðàô³êè çàëåæíîñòè (Å), ïîáóäî-
âàí³ çà íàáëèæåíîþ ôîðìóëîþ (43) (íåïåðåðâí³ êðèâ³) òà á³ëüø 
òî÷íîþ ôîðìóëîþ (42) (ïóíêòèðí³ êðèâ³) äëÿ ð³çíèõ çíà÷åíü âå-

 

Ðèñ. 5. Ðîçðàõóíêîâ³ ãðàô³êè ïàðàìåòðà ïîðÿäêó, ùî õàðàêòåðèçóº ñòó-
ï³íü ñïîíòàííî¿ ïîëÿðèçàö³¿, äëÿ ð³çíèõ òåìïåðàòóð (õ (Ò Ò0)/Ò0), 
çàëåæíî â³ä íàïðóæåíîñòè çîâí³øíüîãî åëåêòðè÷íîãî ïîëÿ, ïîáóäîâàí³ 
çà ôîðìóëàìè (43) (íåïåðåðâí³ êðèâ³ 1, 2, 3, 4) òà (42) (ïóíêòèðí³ êðèâ³ 
2 , 4 ) äëÿ / 0 0,5 ³ ÷èñëîâèõ çíà÷åíü âåëè÷èíè õ 0, 0,5, 1, 2 (êðèâ³ 
1, 2, 3, 4).5 
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ëè÷èíè x ³ åíåðãåòè÷íîãî ïàðàìåòðà / 0 0,5. ßê âèäíî ç ðèñ. 5, 
çàëåæí³ñòü (Å) º íåë³í³éíîþ, àëå ç³ çá³ëüøåííÿì çíà÷åííÿ x íà-
áëèæàºòüñÿ äî ë³í³éíî¿. Ãðàô³êè, ùî â³äïîâ³äàþòü çíà÷åííþ õ 1 
³ ïîáóäîâàí³ çà ôîðìóëàìè (42), (43), çá³ãàþòüñÿ. Äëÿ õ 1 ïóíê-
òèðí³ êðèâ³, ùî â³äïîâ³äàþòü á³ëüø òî÷í³é ôîðìóë³ (42), ïðîõî-
äÿòü âèùå, à äëÿ õ 1 — íèæ÷å íåïåðåðâíèõ êðèâèõ, ïîáóäîâà-
íèõ ç âèêîðèñòàííÿì íàáëèæåíî¿ ôîðìóëè (43). Êð³ì òîãî, ïóíê-
òèðíà êðèâà 2' ìàº îñîáëèâ³ñòü ó âèãëÿä³ íàÿâíîñòè åêñòðåìóìó 
âåëè÷èíè Å. Öå ìîæíà ïîÿñíèòè òèì, ùî äîäàòí³ çíà÷åííÿ ïàðà-
ìåòðà 0 â³äïîâ³äàþòü ôàçîâîìó ïåðåõîäó ïåðøîãî ðîäó. Ä³ëÿ-
íêà ÀÂ êðèâî¿ 2' (ðèñ. 5) â³äïîâ³äàº íåñòàá³ëüíîìó ñòàíó òà íå ðå-
àë³çóºòüñÿ. Äëÿ çíà÷åííÿ ïàðàìåòðà ïîðÿäêó, ùî â³äïîâ³äàº òî÷ö³ 
À ( 0,9), ìàº â³äáóâàòèñÿ ð³çêå çà ôàçîâèõ ïåðåõîä³â ïåðøîãî 
ðîäó ñòðèáêîïîä³áíå çìåíøåííÿ ñòóïåíÿ ïîëÿðèçàö³¿ êðèñòàëó äî 
íóëüîâîãî çíà÷åííÿ. Òîìó îñîáëèâ³ñòü, âèÿâëåíà â ðîçðàõóíêàõ, 
íå ìàº ïðîÿâèòèñÿ åêñïåðèìåíòàëüíî. 
 Ïîð³âíÿííÿ ðîçðàõóíêîâèõ ãðàô³ê³â (ðèñ. 5) äëÿ 0 ç åêñïå-
ðèìåíòàëüíèìè êðèâèìè (ðèñ. 1, á) âêàçóº íà ¿õíþ ÿê³ñíó â³äïî-
â³äí³ñòü. 

6. Ä²ÅËÅÊÒÐÈ×ÍÀ ÑÏÐÈÉÍßÒËÈÂ²ÑÒÜ 

Ôîðìóëè (42) àáî (43) óìîæëèâëþþòü îö³íèòè ä³åëåêòðè÷íó ñïðèé-
íÿòëèâ³ñòü  àáî ä³åëåêòðè÷íó ïðîíèêí³ñòü 1  êðèñòàëó. 
 Ä³åëåêòðè÷íà ñïðèéíÿòëèâ³ñòü âèçíà÷àºòüñÿ ôîðìóëîþ 

 0 / /P E k E , (44) 

äå 0 — åëåêòðè÷íà ïîñò³éíà, ÿêó âêëþ÷àºìî ó êîåô³ö³ºíò k'. 
 Äëÿ äèã³äðîôîñôàòó Êàë³þ ä³åëåêòðè÷íà ïðîíèêí³ñòü º òåíçî-
ðîì ç êîìïîíåíòàìè 11, 22, 33. Ðîçãëÿíåìî êîìïîíåíòó âçäîâæ 
ïîëÿðíî¿ îñ³ ñ ñ 33 òà â³äïîâ³äíó ¿é ä³åëåêòðè÷íó ñïðèéíÿòëè-
â³ñòü . 
 Âèêîðèñòîâóþ÷è íàáëèæåíó ôîðìóëó (43), ÿêà º ñëóøíîþ ïîá-
ëèçó òî÷êè Êþð³, çíàõîäèìî ñï³ââ³äíîøåííÿ 

 2 21
6k x , (45) 

ùî ç óðàõóâàííÿì ôîðìóë (39) ³ (41) äàº 

 
02

0

2  äëÿ 0,1

 äëÿ 0.

k T T
k

k T T
 (46) 

 ßê áà÷èìî ç îäåðæàíèõ âèðàç³â (46), ó öüîìó âèïàäêó âèêîíó-
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ºòüñÿ ïðàâèëî íå´àòèâíî¿ äâ³éêè: 

 
0 0

2
E E
P P

. (47) 

 Âèêîðèñòîâóþ÷è á³ëüø òî÷íó ôîðìóëó (42), îäåðæóºìî îáåðíå-
íó ä³åëåêòðè÷íó ñïðèéíÿòëèâ³ñòü ó âèãëÿä³ 

 

1

2

0
0

1 2
2 1 , ÿêùî 0,1

2

, ÿêùî 0.

x
x xk

x

 (48) 

 ßê áà÷èìî ³ç öèõ ñï³ââ³äíîøåíü, çàëåæí³ñòü îáåðíåíî¿ ä³åëåêò-
ðè÷íî¿ ñïðèéíÿòëèâîñòè â³ä òåìïåðàòóðè 1 ( )x  çà â³äñóòíîñòè 
äèïîëüíîãî âïîðÿäêóâàííÿ ( 0) º ë³í³éíîþ. Îäíàê çà 0 öÿ 
çàëåæí³ñòü âæå º íåë³í³éíîþ. Òà ïîáëèçó òî÷êè Êþð³ (õ 0) çà-
ëåæí³ñòü 1 ( )x  áëèçüêà äî ë³í³éíî¿; òîìó ñëóøíèì º é ïðàâèëî 
íå´àòèâíî¿ äâ³éêè. Ä³åëåêòðè÷íà æ ñïðèéíÿòëèâ³ñòü äëÿ õ 0 
(Ò Ò0) çá³ëüøóºòüñÿ äî íåñê³í÷åííîñòè ( 0). 
 Ïîð³âíÿííÿ îäåðæàíèõ ðîçðàõóíêîâèõ ãðàô³ê³â ç åêñïåðèìåí-
òàëüíèìè íà ðèñ. 1, ä äëÿ ä³åëåêòðè÷íî¿ ïðîíèêíîñòè çíîâó âêà-

 

Ðèñ. 6. Ðîçðàõóíêîâ³ ãðàô³êè òåìïåðàòóðíî¿ çàëåæíîñòè (õ (Ò Ò0)/Ò0) 
îáåðíåíî¿ (1/  — ñóö³ëüí³ êðèâ³) òà ïðÿìî¿ (  — ïóíêòèðí³ êðèâ³) ä³å-
ëåêòðè÷íèõ ñïðèéíÿòëèâîñòåé, ïîáóäîâàí³ çà ôîðìóëîþ (48) äëÿ ÷èñå-
ëüíîãî çíà÷åííÿ åíåðãåòè÷íîãî ïàðàìåòðà 2 / 0 –0,15.6 
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çóº íà ¿õíþ ÿê³ñíó â³äïîâ³äí³ñòü. Ö³ çàêîíîì³ðíîñò³ ³ëþñòðóþòüñÿ 
ãðàô³êàìè íà ðèñ. 6, ïîáóäîâàíèìè äëÿ åíåðãåòè÷íîãî ïàðàìåòðà 
2 / 0,15. Çàëåæí³ñòü 1/ ñ(T) äëÿ êðèñòàëó KH2PO4 çà 
T Ò0 123 Ê º ë³í³éíîþ. Äëÿ T Ò0 åêñïåðèìåíòàëüíèé ãðàô³ê 

ñ(T) ìàº ãîñòðèé ï³ê. 
 Òàêîæ âàðòî çàçíà÷èòè, ùî, îñê³ëüêè äëÿ äîñë³äæóâàíèõ êðè-
ñòàë³â ïàðàìåòðè ïîðÿäêó ñïîíòàííî¿ ïîëÿðèçàö³¿ òà äåôîðìàö³¿ 
çá³ãàþòüñÿ, òî òåìïåðàòóðí³ çàëåæíîñò³ äëÿ ïðÿìî¿ é îáåðíåíî¿ 
ïðóæí³õ ïîäàòëèâîñòåé ìîæíà îäåðæàòè àíàëîã³÷íèìè äî îäåð-
æàíèõ äëÿ ïðÿìî¿ é îáåðíåíî¿ ä³åëåêòðè÷íèõ ïðîíèêíîñòåé. Äëÿ 
öüîãî â ð³âíÿíí³ (38) ñë³ä ïîêëàñòè Å 0; â ðåçóëüòàò³ îäåðæóºìî 
çàëåæí³ñòü ( ), àíàëîã³÷íó ò³é, ùî âèïëèâàº ç ð³âíÿííÿ (40) äëÿ 
(Å). 

 Òàê³ äîñë³äæåííÿ óìîæëèâëþþòü ïîÿñíèòè é îá´ðóíòóâàòè 
çá³ëüøåííÿ ñïîíòàííî¿ äåôîðìàö³¿ X ç ïîíèæåííÿì òåìïåðàòóðè 
T Ò0 (ðèñ. 1, æ), ð³çêå çìåíøåííÿ ìîäóëÿ ïðóæíîñòè C66 (ðèñ. 
1, ç) òà ìîäóëÿ çñóâó G (ðèñ. 1, ³) â òî÷ö³ Êþð³. Âîäíî÷àñ, â³äïî-
â³äíî äî òåîðåòè÷íèõ ðîçðàõóíê³â, çàëåæí³ñòü G(T) äëÿ êðèñòàëó 
KH2PO4 ïîáëèçó òåìïåðàòóðè Êþð³ ìàº áóòè ë³í³éíîþ, ùî ïðîÿâ-
ëÿºòüñÿ é åêñïåðèìåíòàëüíî, à íàõèëè êðèâî¿ G(T) äëÿ T T0 ³ 
T T0 º òàêèìè, ùî òàí´åíñ êóòà íàõèëó ïåðøîãî çà àáñîëþòíîþ 
âåëè÷èíîþ ïåðåâèùóº òàêèé äëÿ T T0. 

7. ÂÈÑÍÎÂÊÈ 

Òàêèì ÷èíîì, ðîçðîáëåíà ñòàòèñòè÷íà òåîð³ÿ ñïîíòàííî¿ ïîëÿðè-
çàö³¿ òà äåôîðìàö³¿ ó íàíîäèñïåðñíèõ ïîðîøê³â KDP-êðèñòàë³â ç 
óðàõóâàííÿì ³íòåðïðåòàö³¿ ôàçîâîãî ïåðåõîäó ïàðàåëåêòðèê–
ôåðîåëåêòðèê ÿê òèïó âïîðÿäêóâàííÿ äàëà çìîãó âñòàíîâèòè òà 
ïîÿñíèòè òåìïåðàòóðíó çàëåæí³ñòü ïàðàìåòðà ïîðÿäêó, õàðàêòåð 
ö³º¿ çàëåæíîñòè, áëèçüêèé äî ïåðåõîäó ïåðøîãî ðîäó, çàëåæí³ñòü 
ïàðàìåòðà ïîðÿäêó â³ä íàïðóæåíîñòè çîâí³øíüîãî åëåêòðè÷íîãî 
ïîëÿ, îá´ðóíòóâàòè ïðîÿâ ¿¿ íåë³í³éíîñòè. 
 Ç’ÿñîâàíî îñîáëèâ³ñòü òåìïåðàòóðíî¿ çàëåæíîñòè êîíô³´óðà-
ö³éíî¿ òåïëîì³ñòêîñòè òà ïîêàçàíî, ùî âîíà áëèçüêà äî åêñïåðè-
ìåíòàëüíî¿ ñàìå äëÿ âèïàäêó ôàçîâîãî ïåðåõîäó, áëèçüêîãî çà 
ðîäîì äî ïåðøîãî. 
 Òàêîæ ïîêàçàíî, ùî òåìïåðàòóðí³ çàëåæíîñò³ ïðÿìî¿ é îáåðíå-
íî¿ ñïðèéíÿòëèâîñòåé º òàêèìè, ùî ñïðàâåäëèâèì º çàêîí Êþð³–
Âåéññà (íåë³í³éíà çàëåæí³ñòü âåëè÷èíè 1/  â³ä òåìïåðàòóðè), à 
ïîáëèçó òî÷êè Êþð³ âèêîíóºòüñÿ ïðàâèëî â³ä’ºìíî¿ äâ³éêè. 
 Óñ³ âèÿâëåí³ çàêîíîì³ðíîñò³ áóëî ïîð³âíÿíî ç åêñïåðèìåíòàëü-
íèìè äàíèìè é îäåðæàíî ÿê³ñíó â³äïîâ³äí³ñòü ðåçóëüòàò³â ðîçðà-
õóíêîâî¿ àíàë³çè é åêñïåðèìåíòó, ùî ñâ³ä÷èòü ïðî êîðåêòí³ñòü 
(àäåêâàòí³ñòü) ðîçðîáëåíî¿ ñòàòèñòè÷íî¿ òåîð³¿. 
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1 Fig. 1. Experimental graphs of temperature dependence of spontaneous polarization Ð(Ò) 
(à), heat capacity Ñ(Ò) (â, ã), direct and inverse dielectric constant ñ(Ò) (ä), coefficient of 
thermal conductivity (Ò) (å), spontaneous deformation Õ(Ò) (æ), elastic constant Cii(Ò) (ç), 
shear modulus G(T) (³), as well as the dependence of spontaneous polarization on the electric 
field intensity Ð(Å) (á) of KDP crystals near the temperature of the paraelectric–ferroelectric 
phase transition (marked by circles on the abscissa axis of the curves (a)). 
2 Fig. 2. Unit cell of potassium dihydrogen phosphate KH2PO4. (à) Tetragonal structure of 
paraelectric modification according to West [89]. (á) Orthorhombic structure of the Fraser 
ferroelectric modification (oxygen and hydrogen atoms not shown). Arrows indicate the direc-
tions of displacements of potassium (K) and phosphorus (P) atoms. Dotted lines indicate the 
internodal distances; the interaction between the K and P atoms is taken into account in the 
calculations. —potassium atoms (K), —phosphorus atoms (Ð), —Oxygen atoms (Î), 
—hydrogen atoms (Í). 
3 Fig. 3. Calculated graphs of the temperature dependence of the spontaneous-polarization 
order parameter constructed according to formula (30) for the values of the energy parameter 
/ 0 0 (dashed curve), 0.2, 0.4, 0.6 (curves 1, 2, 3 for the ‘ ’ sign and 1 , 2 , 3  for the 

‘ ’ sign). 
4 Fig. 4. Calculated graphs of the temperature dependence of the configurational heat capaci-
ty of the crystal in the phase-transition region constructed according to formula (34) taking 
into account the dependence (Ò) (30) for the values of the energy parameter / 0 0, 0.05, 
0.1 (curves 1, 2, 3). 
5 Fig. 5. Calculated graphs of the order parameter characterizing the degree of spontaneous 
polarization for different temperatures (õ (Ò Ò0)/Ò0) depending on the intensity of the 
external electric field constructed according to formulas (43) (continuous curves 1, 2, 3, 4) 
and (42) (dashed curves 2 , 4 ) for / 0 0.5 and numerical values of the quantity x 0, 0.5, 
1,; 2 (curves 1, 2, 3, 4). 
6 Fig. 6. Calculation graphs of temperature dependence (õ (Ò Ò0)/Ò0) of inverse 1/  (solid 
curves) and direct  (dashed curves) of dielectric susceptibility constructed according to for-
mula (48) for the numerical value of the energy parameter 2 / 0 –0.15. 
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In this paper, MFe2O4 nanoparticles (M Ca, Mg) are synthesized by sol–
gel method using different stabilizer (acetic acid, pectin and -
carrageenan). The stability of the formed gel is studied extensively by de-
termining the affective conditions (type of stabilizer, molar ratio of stabi-
liser:M(OH)2:Fe(OH)3, time, and temperature) on the preparation process. 
The most stabilized gel obtained using -carrageenan for both Ca, Mg with 
(1.2 10 2:1:2), (1.37 10 2:1:2) molar ratios, respectively, during 72 h at 
25 C. The obtained gel is calcinated and analysed using DTA, XRD and IR 
spectroscopy. The results show that the calcium ferrite is formed at 
493.2 C by orthorhombic lattice cell with particle size of 13.01 nm and 
the magnesium ferrite is formed at 621.4 C by cubic crystal phase with 
particle size of 15.93 nm. 

Ó ö³é ðîáîò³ íàíî÷àñòèíêè MFe2O4 (M Ca, Mg) ñèíòåçîâàíî çîëü–´åëü-
ìåòîäîì ç âèêîðèñòàííÿì ð³çíèõ ñòàá³ë³çàòîð³â (îöòîâà êèñëîòà, ïåêòèí 
³ -êàððà´³íàí). Ñòàá³ëüí³ñòü óòâîðåíîãî ´åëþ øèðîêî âèâ÷àºòüñÿ øëÿ-
õîì âèçíà÷åííÿ óìîâ, ùî âïëèâàþòü íà ïðîöåñ ïðèãîòóâàííÿ (òèï ñòà-
á³ë³çàòîðà, ìîëÿðíå ñï³ââ³äíîøåííÿ ñòàá³ë³çàòîð:M(OH)2:Fe(OH)3, ÷àñ ³ 
òåìïåðàòóðà). Íàéá³ëüø ñòàá³ë³çîâàíèé ´åëü îäåðæàíî ç âèêîðèñòàííÿì 
-êàððà´³íàíó äëÿ îáîõ Ca, Mg ç ìîëÿðíèìè ñï³ââ³äíîøåííÿìè 

(1,2 10 2:1:2), (1,37 10 2:1:2) â³äïîâ³äíî ïðîòÿãîì 72 ãîäèí çà òåìïåðà-
òóðè ó 25 C. Îäåðæàíèé ´åëü ïðîæàðþþòü ³ àíàë³çóþòü çà äîïîìîãîþ 
ÄÒÀ, ðåíò´åí³âñüêî¿ äèôðàêö³¿ é ²×-ñïåêòðîñêîï³¿. Ðåçóëüòàòè ïîêàçó-
þòü, ùî ôåðèò Êàëüö³þ óòâîðþºòüñÿ çà 493,2 C ³ç îðòîðîìá³÷íîþ êîì³-
ðêîþ ´ðàòíèö³ ç ðîçì³ðîì ÷àñòèíîê ó 13,01 íì, à ôåðèò Ìà´í³þ óòâî-
ðþºòüñÿ çà 621,4 C ³ç êóá³÷íîþ êðèñòàë³÷íîþ ôàçîþ ç ðîçì³ðîì ÷àñòè-
íîê ó 15,93 íì. 

Key words: sol–gel method, -carrageenan, calcium ferrite, magnesium ferrite. 
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1. INTRODUCTION 

Magnetic nanoparticles have been primarily used in a range of pur-
poses such as in magnetic fluids [1], catalysis [2], and medical ap-
plications [3]. The magnetic characteristics of metal nanoparticles 
(NPs) is based on their frame and dimension [4]. At present, mag-
netic oxide nanoparticles are charming and are of considerable in-
terest due to their wide range of applications, ranging from prima-
ry research to industrial purpose [5]. 
 One of the many types of nanoparticles that are presently earning 
much attention are the CaFe2O4, MgFe2O4 NPs due to their magical 
catalytic, optical, and magnetic particulars [6, 7]. Chemical stability 
and biocompatibility are other characteristics that make these parti-
cles potentially useful for a broad range of applications [8]. 
CaFe2O4, MgFe2O4 compounds have been recognized for potential us-
age in optical and magnetic memory instruments, photovoltaic cells 
and gas sensors, while other applications that have been studied 
earlier include: the production of steel [9–12], high temperature 
sensors; gas absorbers; oxidation catalysts; and various other appli-
cations [13, 14]. The structure of calcium ferrite is stable in a wide 
temperature range [15–17]. Several methods can be used to synthe-
size spinal magnetic nanoparticles, such as the hydrothermal [18], 
ball-milling [19] coprecipitation [20], aerosolization methods [21], 
auto-combustion [22] and sol–gel processing. 
 The sol–gel method has much considerable advantages for prepara-
tion of fine particle with micro- and nanosize distribution, such as 

good stoichiometric leading and short processing time with lower tem-
perature [23–26]. This work aims to preparation of the CaFe2O4, 
MgFe2O4 nanoparticles using sol–gel method and studying the impact 

of preparation parameters on gel stabilizing, and studying of the pre-
pared compounds as catalysis for methylene blue (MB) oxidation. 

2. MATERIALS AND METHODS 

2.1. Materials 

(Ca(NO3)2 99%), (Mg(NO3)2.6H2O 99.5%), (Fe(NO3)3.9H2O 99.5%) 
(NH4OH 25%), (CH3COOH 99%) were supplied from Riedel deHaen. 
( -carrageenan 99.5%), (pectin 99.5%) from ChemLab. These chem-
icals were utilized in the synthesis of the samples using distilled 
water. 
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2.2. Sample Preparation 

Calcium hydroxide and ferric hydroxide were prepared separately 
using NH4OH, after that we mixed Ca(OH)2 with Fe(OH)3 by 1:2 mo-
lar ratio and homogenized in distilled water by stirring continuous-
ly with a magnetic stirrer for 24 h at 25 C. 
 To study the effect of stabilizer on the gel formation, we add dif-
ferent stabilizers (acetic acid, pectin and -carrageenan) at specific 
conditions (molar ratio, time and temperature). After that, the 
formed gel was calcinated after filtration and washing with distilled 
water. 
 The previous procedure repeated for magnesium hydroxide. 

2.3. Characterization of CaFe2O4, MgFe2O4 NPs 

The thermal activity of fresh formed gel determined using DTA 
(Shimadzu), the crystallite structure and size of the synthesized na-
noparticle samples were calculated using an X-Ray Powder Diffrac-
tometer (XRD) (Philips-PW-1840) with a CuK  radiation (1.5418 Å) 
in a 2  range of 20–80 , while the analysis of the chemical composi-
tion was carried out using Fourier-transformation infrared (FTIR 
model: Jasco Spectrum 4100 FT-IR) spectroscopy. 

2.4. Catalytic Degradation Experiments 

The degradation experiments were performed in the glass bottle 
(250 mL) containing 100 mL of MB solution. In details, a certain 
amount of catalyst (0.1 g) was added to the MB solution (64 mg/L) 
under stirring for 1 h in the dark. 10 mL of H2O2 solution (30% 
v/v) was added. 
 The ultraviolet–visible (UV–Vis) absorbance of supernatant was 
determined at wavelength of 665 nm (for MB). The catalytic activi-
ty (Ca, %) of MB was calculated by Eq. (1): 

 0

0

100%eA A
Ca

A
, (1) 

where A0 and Ae are the initial and equilibrium absorptions of MB, 
respectively. 

3. RESULTS AND DISCUSSION 

3.1. Effect of Stabilizers on the Gel-Solution Stability 

This experiment aims to detecting the best stabilizer for gel for-
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mation by comparing the stabile volume of formed gel using three 
different stabilizers (acetic acid, pectin and -carrageenan), which 
were added with same molar ratio to the homogenized hydroxide 
mixture, mixed very well until full homogenous, and transferred to 
volumetric cylinder with notice to fixing the volume of mixture at 
100 mL for all. We measured the stabile volume of gel after three 
days (final stabilization). Figure 1 viewing the obtained results. 
 As can be seen, the best stabilizer was -carrageenan that belongs 
to the chemical formula. There are several hydroxyl groups, which 
are able to form hydrogen bonds with metal hydroxides and, thus, 
link these hydroxides with each other; this one prevents the precipi-
tation of hydroxides, and thus, gives high stability to the mixture. 

3.2. Effect of Stabilizer Amount on the Gel-Solution Stability 

To determine the best quantity of stabilizer ( -carrageenan) on the 
stability of gel, different amount of ( -carrageenan) were added to 
the metals hydroxide mixture ranged 0.344 10 2–1.72 10 2 mole. The 
obtained results are represented graphically in Fig. 2. 
 From the results, it can be noticed that, with increasing the 
amount of stabilizer, the stability of the gel increases (direct pro-
portion) until reaching to the equilibrium state, which takes 
1.2 10 2 mole of stabilizer for calcium and 1.37 10 2 mole for mag-
nesium. 

3.3. Effect of Temperature on the Gel-Solution Stability 

Depending on the previous optimal conditions, the effect of temper-

 

Fig. 1. The effect of the stabilizer type on the stability of the M(OH)2–
Fe(OH)3 (M Ca, Mg) system. 
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ature on the stability of the gel formed was studied by placing the 
mixture in a water bath at temperatures ranging between 25–90 C. 
 Figure 3 shows the effect of temperature on the stability of the 
gel. 
 It is noted from the previous curve that the increase in tempera-
ture leads to a decrease in the stability of the gel and its agglomer-
ation and its transformation into a dense precipitate. The reason for 
this is the increase in the thermal movement of the particles with 
an increase in temperature, which leads to an increase in the possi-
bility of collisions between them and their adhesion with each other; 
so, they turn into large particles and precipitate in the solution. 

 

Fig. 2. The effect of the stabilizer amount on the stability of the M(OH)2–
Fe(OH)3 (M Ca, Mg) system. 

 

Fig. 3. The effect of the temperature on the stability of the M(OH)2–
Fe(OH)3 (M Ca, Mg) system. 
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3.4. Effect of Aging Time on the Gel Stability 

The stability of the formed gel was studied over time. Figure 4 
shows the obtained results. We notice a decrease in the stability of 
the system over time until the stability state. The reason for the 
decrease in the stability of the system is due to the increase in time 
because of the effect of gravity that leads to the compression of the 
formed gel and its gathering at the bottom. After 72 h, we note the 
stability of the gel volume and the stability of the system. 

3.5. DTA Analysis 

Figure 5 shows the thermal behaviour of the M(OH)2–Fe(OH)3 

 

Fig. 4. The effect of the ageing time on the stability of the M(OH)2–
Fe(OH)3 (M Ca, Mg) system. 

 

Fig. 5. DTA behaviour of the M(OH)2–Fe(OH)3 (M Ca, Mg) system. 
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(M Ca, Mg) system compounds, as it was scanned within a range 
of temperatures 0–1000 C. The thermal analysis chart (DTA) of the 
prepared sample shows endothermic effects and a heat dissipative 
effect. The first thermal effect takes place at the temperature 
108.5 C (109.8 C) and refers to the physical dehydration by the 
samples. The second effect is also endothermic and indicates the de-
composition of the used stabilizer at a temperature of 188.1 C 
(191.3 C), while the third effect is exothermic and takes place at 
493.2 C (621.4 C) and indicates the beginning of the formation of 
the spinal calcium ferrite CaFe2O4 (magnesium ferrite MgFe2O4). 

3.6. XRD Analysis 

The XRD patterns for the prepared CaFe2O4, MgFe2O4 nanoparticles 
via sol–gel method are shown in Fig. 6. The phase of the samples 
was that of an orthorhombic structure for CaFe2O4, and cubic for 
MgFe2O4. 
 The calculated unit cell parameters, a 8.3824 Å, b 8.3619 Å, 
c 9.5567 Å for CaFe2O4 and a 8.36 Å for MgFe2O4, in tow pat-
terns are in a good agreement with the values reported in the 
JCPDS file #96-901-3282 for CaFe2O4, JCPDS file #96-101-1242 
for MgFe2O4. Figure 7 shows the lattice cells of prepared metal fer-

 

Fig. 6. XRD patterns of CaFe2O4, MgFe2O4 NPs. 
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rite. 
 The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [27, 28]: 

 

Fig. 7. Lattice cells of CaFe2O4, MgFe2O4 NPs. 

 

Fig. 8. FTIR spectra of synthesized CaF2O4, MgFe2O4 NPs. 

TABLE 1. The absorption-bands’ wave number of the FTIR spectra of 
CaF2O4, MgFe2O4 NPs. 

Ca Mg 
Wave 

number, cm 1 
Bond type 

Wave 
number cm 1 

Bond type 

3442 O–H (stretching) 3423 O–H (stretching) 
652 Ca–O (as stretching) 613 Mg–O (as stretching) 

502 Ca–O–Fe 
(as stretching) 

551 Mg–O–Fe 
(as stretching) 

434 Fe–O (as stretching) 474 Fe–O (as stretching) 
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cos

K
D , (2) 

where K is Scherrer’s constant (K 0.89 assuming spherical parti-
cles),  is the x-ray wavelength,  is the peak width at half-
maximum FWHM, and  is the Bragg’s diffraction angle. The aver-
age crystal size was of 13.01 nm for CaFe2O4 and of 15.93 nm for 
MgFe2O4. 

3.7. FTIR Analysis 

The FTIR spectra of CaF2O4, MgFe2O4 nanoparticles are presented in 
Fig. 8. All the FTIR spectra results, which were observed in the 
range of 4000–000 cm 1 at room temperature, are arranged in Table 
1. The most important absorption bands in the spectra are at 502 
cm 1, 551 cm 1, which belong to Ca–O–Fe, Mg–O–Fe, respectively, 
that confirms the formation of CaF2O4, MgFe2O4. 

3.8. The Catalytic Activity 

The catalytic activity of CaF2O4, MgFe2O4 NPs prepared by the sol–
gel method was studied through the methylene blue oxidation reac-
tion using hydrogen peroxide. Figure 9 shows the absorption spec-
tra of methylene blue in the presence of different catalysis after 1 h 
of reaction time. The catalytic activity was calculated through Eq. 
(1). The obtained results are arranged in Table 2. 
 As can be seen from the previous results, the largest reached cat-
alytic activity was in the presence of CaFe2O4, which has a particles’ 
size smaller than the MgFe2O4-particles’ size. 

4. CONCLUSION 

CaFe2O4, MgFe2O4 NPs were successfully synthesized using sol–gel 
method. The effect of several factors on the stability of the formed 
gel (type of stabilizer, quantity and temperature) was also studied. 
The resulting compounds were characterized using XRD techniques, 
which confirmed the size of nanoparticles, and IR spectroscopy. The 
catalytic activity was studied, and it was found that the most effec-
tive compound is CaFe2O4. 

5. HIGHLIGHTS: 

Synthesis of calcium and magnesium ferrite nanoparticles; charac-
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terization of the prepared compounds; studying the catalytic activi-
ty of the prepared compounds by the oxidation of methylene blue. 

REFERENCES 

1. R. Taylor, S. Coulombe, T. Otanicar, P. Phelan, A. Gunawan, W. Lv, 
G. Rosengarten, R. Prasher, and H. Tyagi, Journal of Applied Physics, 113, 
Iss. 1: 011301 (2013); https://doi.org/10.1063/1.4754271 

2. S. F. Wang, X. T. Zu, G. Z. Sun, D. M. Li, C. D. He, X. Xiang, W. Liu, 
S. B. Han, and S. Li, Ceramics International, 42, Iss. 16: 19133 (2016); 
https://doi.org/10.1016/j.ceramint.2016.09.075 

3. T. Zargar and A. Kermanpur, Ceramics International, 43, Iss. 7: 5794 
(2017); https://doi.org/10.1016/j.ceramint.2017.01.127 

4. A. Abedini, A. Rajabi, F. Larki, M. Saraji, and M. S. Islam, Journal of Al-
loys and Compounds, 711: 190 (2017); 
https://doi.org/10.1016/j.jallcom.2017.03.356 

5. M. Goodarz Naseri, E. B. Saion, and A. Kamali, International Scholarly Re-
search Notices, 2012: 1 (2012); https://doi.org/10.5402/2012/604241 

6. Sh. Ida, K. Yamada, T. Matsunaga, H. Hagiwara, Ya. Matsumoto, and 
T. Ishihara, Journal of the American Chemical Society, 132, Iss. 49: 17343 
(2010); https://doi.org/10.1021/ja106930f 

7. S. K. Pardeshi and R. Y. Pawar, Materials Research Bulletin, 45, Iss. 5: 609 

 

Fig. 9. UV–Vis spectra of MB in the presence of different catalysis. 

TABLE 2. Catalytic activity for MB oxidation reaction in the presence of 
different catalysts. 

Catalyst CaO MgO Fe2O3 CaFe2O4 MgFe2O4 
Ca (%) 13.043 9.901 28.571 60 50.001 



PREPARATION OF MFe2O4 (M Ca, Mg) NANOPARTICLES BY SOL–GEL METHOD 333 

(2010); https://doi.org/10.1016/j.materresbull.2010.01.011 
8. R. A. Candeia, M. I. B. Bernardi, E. Longo, I. M. G. Santos, and 

A. G. Souza, Materials Letters, 58, Iss. 5: 569 (2004); 
https://doi.org/10.1016/S0167-577X(03)00563-9 

9. M. Dadwal, D. Solan, and H. Pradesh, Journal of Advanced Pharmacy Edu-
cation & Research, 4, Iss. 1: 20 (2014). 

10. R. J. Willey, P. Noirclerc, and G. Busca, Chemical Engineering Communica-
tions, 123, Iss. 1: 1 (1993); https://doi.org/10.1080/00986449308936161 

11. L. G. J. de Haart and G. Blasse, Journal of the Electrochemical Society, 
132, Iss. 12: 2933 (1985); https://doi.org/10.1149/1.2113696 

12. Y. Huang, Y. Tang, J. Wang, and Q. Chen, Materials Chemistry and Phys-
ics, 97, Iss. 2–3: 394 (2006); 
https://doi.org/10.1016/j.matchemphys.2005.08.035 

13. D. Hirabayashi, T. Yoshikawa, K. Mochizuki, K. Suzuki, and Y. Sakai, Ca-
talysis Letters, 110: 155 (2006); https://doi.org/10.1007/s10562-006-0104-0 

14. N.O. Ikenaga, Y. Ohgaito, and T. Suzuki, Energy & Fuels, 19, Iss. 1: 170 
(2005); https://doi.org/10.1021/ef049907z 

15. V. V. Kharton, E. V. Tsipis, V. A. Kolotygin, M. Avdeev, A. P. Viskup, 
J. C. Waerenborgh, and J. R. Frade, Journal of the Electrochemical Society, 
155, Iss. 3: 13 (2008); https://doi.org/10.1149/1.2823458. 

16. C. Ling and F. Mizuno, Chemistry of Materials, 25, Iss. 15: 3062 (2013); 
https://doi.org/10.1021/cm401250c 

17. B. Phillips and A. Muan, Journal of the American Ceramic Society, 41, 
Iss. 11: 445 (1958); https://doi.org/10.1111/j.1151-2916.1958.tb12893.x 

18. J. Wan, X. Chen, Z. Wang, X. Yang, and Y. Qian, Journal of Crystal 
Growth, 276, Iss. 3–4: 571 (2005); 
https://doi.org/10.1016/j.jcrysgro.2004.11.423 

19. S. K. Pradhan, S. Bid, M. Gateshki, and V. Petkov, Materials Chemistry 
and Physics, 93, Iss. 1: 224 (2005); 
https://doi.org/10.1016/j.matchemphys.2005.03.017 

20. Z. Yuanbi, Q. Zumin, and J. Huang, Chinese Journal of Chemical Engineer-
ing, 16, Iss. 3: 451 (2008); https://doi.org/10.1016/S1004-9541(08)60104-4 

21. E. Ruiz-Hernández, A. López-Noriega, D. Arcos, I. Izquierdo-Barba, 
O. Terasaki, and M. Vallet-Regí, Chemistry of Materials, 19, Iss. 14: 3455 
(2007); https://doi.org/10.1021/cm0705789 

22. M. Faraji, Y. Yamini, and M. Rezaee, Journal of the Iranian Chemical Soci-
ety, 7: 1 (2010); https://doi.org/10.1007/BF03245856 

23. A. Pradeep and G. Chandrasekaran, Materials Letters, 60, Iss. 3: 371 
(2006); https://doi.org/10.1016/j.matlet.2005.08.053 

24. Z. Yue, J. Zhou, L. Li, H. Zhang, and Z. Gui, Journal of Magnetism and 
Magnetic Materials, 208, Iss. 1–2: 55 (2000); 
https://doi.org/10.1016/S0304-8853(99)00566-1 

25. Z. Yue, W. Guo, J. Zhou, Z. Gui, and L. Li, Journal of Magnetism and 
Magnetic Materials, 270, Iss. 1–2: 216 (2004); 
https://doi.org/10.1016/j.jmmm.2003.08.025 

26. H. Spiers, I. P. Parkin, Q. A. Pankhurst, L. Affleck, M. Green, 
D. J. Caruana, M. V. Kuznetsov, J. Yao, G. Vaughan, A. Terry, and 
A. Kvick, Journal of Materials Chemistry, 14, Iss. 7: 1104 (2004); 
https://doi.org/10.1039/B314159B 



334 Mahmoud ALSALEH and Ibraheem Asaad ISMAEEL 

27. J. Cao, W. Chen, L. Chen, X. Sun, and H. Guo, Ceramics International, 42, 
Iss. 15: 17834 (2016); https://doi.org/10.1016/j.ceramint.2016.08.114 

28. N. Zanganeh, S. Zanganeh, A. Rajabi, M. Allahkarami, 
R. Rahbari Ghahnavyeh, A. Moghaddas, M. Aieneravaie, N. Asadizanjani, 
and S. K. Sadrnezhaad, Journal of Coordination Chemistry, 67, Iss. 3: 555 
(2014); https://doi.org/10.1080/00958972.2014.892590 



335 

 

PACS numbers: 07.07.Df, 65.80.-g, 68.37.Ps, 81.07.Gf, 81.16.Be, 84.32.Ff, 85.35.Be 
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Resistive and diode temperature sensors based on silicon nanowires 
(SiNWs) are fabricated. Silicon nanowires are obtained by two-stage met-
al-assisted chemical etching (MACE) technique. The influence of SiNWs 
synthesis parameters on device characteristics is investigated. In particu-
lar, the influence of the duration of the first and second stages of MACE, 
the content of solutions based on AgNO3 and H2O2, the presence of tex-
tured surface of silicon wafer before the MACE process, additional pro-
cessing in an isotropic/anisotropic etchant after the MACE process on the 
characteristics of temperature sensors is determined. The electrical and 
thermosensitive parameters for obtained sensors are calculated, namely, 
resistance, rectifying coefficient, and coefficient of thermosensitivity. A 
significant influence of the MACE-process parameters on the lateral 
roughness and volume porosity of the thermosensitive surface is deter-
mined. As established, the following technological operations lead to an 
increase in resistance: a raise in the deposition time of silver nanoparti-
cles and the use of additional post-chemical treatment, as well as a de-
crease in the etching time and a decrease in the amount of H2O2. The re-
sistance of the array of silicon nanowires is in the range of 27.6–199.6 . 
As established, the following process parameters improve the rectifying 
characteristics: increasing the content of hydrogen peroxide, the presence 
of preliminary texturing of silicon surface, as well as the use of additional 
post-chemical treatment in an acid etchant. The maximum rectifying coef-
ficient of diode temperature sensors is of 2503. Significant impact of pro-
cess parameters on the lateral roughness and bulk porosity of the thermo-
sensitive surface is revealed. As found, the thermal sensitivities of both 
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diode sensors and resistive ones are improved with the increase of MACE 
first-stage parameters and the decrease of MAÑÅ second-stage parameters, 
as well as in the presence of acid etching treatment. The maximum ther-
mal sensitivity coefficient of thermistors based on silicon nanowires is of 
2336 ppm/K, while, for thermodiodes, this coefficient is of 2.5 mV/K. 

Ñèíòåçîâàíî ðåçèñòèâí³ òà ä³îäí³ ñåíñîðè òåìïåðàòóðè íà îñíîâ³ êðåì-
í³éîâèõ íàíîíèòîê (ÊÍÍ). Êðåìí³éîâ³ íàíîíèòêè áóëî îäåðæàíî ìåòî-
äîì äâîñòàä³éíîãî ìåòàëîñòèìóëüîâàíîãî õåì³÷íîãî ùàâëåííÿ (ÌÑÕÙ). 
Äîñë³äæåíî âïëèâ ïàðàìåòð³â ñèíòåçè ÊÍÍ íà õàðàêòåðèñòèêè ïðèëà-
ä³â. Çîêðåìà, áóëî âñòàíîâëåíî âïëèâ òðèâàëîñòè ïåðøîãî òà äðóãîãî 
åòàï³â ÌÑÕÙ, âì³ñòó ðîç÷èí³â íà îñíîâ³ AgNO3 é H2O2, íàÿâíîñòè òåê-
ñòóðè íà ïîâåðõí³ êðåìí³éîâî¿ ïëàñòèíè äî ïðîöåñó ÌÑÕÙ, äîäàòêîâî-
ãî îáðîáëåííÿ â ³çîòðîïíîìó/àí³çîòðîïíîìó ùàâíèêó ï³ñëÿ ïðîöåñó 
ÌÑÕÙ íà õàðàêòåðèñòèêè ñåíñîð³â òåìïåðàòóðè. Áóëî ðîçðàõîâàíî 
åëåêòðè÷í³ òà òåðìî÷óòëèâ³ ïàðàìåòðè äëÿ îäåðæàíèõ ñåíñîð³â, çîêðå-
ìà îïîðó: êîåô³ö³ºíò âèïðÿìëåííÿ òà êîåô³ö³ºíò òåðìî÷óòëèâîñòè. Âè-
çíà÷åíî çíà÷íèé âïëèâ òåõíîëîã³÷íèõ ïàðàìåòð³â ñèíòåçè ìàñèâó ÊÍÍ 
íà ëàòåðàëüíó øåðñòê³ñòü òà îá’ºìíó ïîðèñò³ñòü òåðìî÷óòëèâî¿ ïîâåðõ-
í³ ñåíñîð³â òåìïåðàòóðè. Âñòàíîâëåíî, ùî äî çá³ëüøåííÿ îïîðó ïðèâî-
äÿòü íàñòóïí³ òåõíîëîã³÷í³ îïåðàö³¿: çðîñòàííÿ ÷àñó îñàäæåííÿ íàíî÷à-
ñòèíîê ñð³áëà òà âèêîðèñòàííÿ äîäàòêîâîãî ïîñò-õåì³÷íîãî îáðîáëåííÿ, 
à òàêîæ çìåíøåííÿ ÷àñó ùàâëåííÿ òà çìåíøåííÿ ê³ëüêîñòè H2O2. Ðîç-
ðàõîâàíèé îï³ð ìàñèâó êðåìí³éîâèõ íàíîíèòîê çíàõîäèâñÿ â ìåæàõ 
27,6–199,6 . Âñòàíîâëåíî, ùî íàñòóïí³ òåõíîëîã³÷í³ ïàðàìåòðè ïî-
ë³ïøóþòü âèïðîñòóâàëüí³ õàðàêòåðèñòèêè: çá³ëüøåííÿ âì³ñòó ïåðåêèñó 
Ã³äðî´åíó, íàÿâí³ñòü ïîïåðåäíüîãî òåêñòóðóâàííÿ ïîâåðõí³ êðåìí³éîâî¿ 
ïëàñòèíè, à òàêîæ âèêîðèñòàííÿ äîäàòêîâîãî ïîñò-õåì³÷íîãî îáðîáëåí-
íÿ ó êèñëîòíîìó ùàâíèêó. Ìàêñèìàëüíèé êîåô³ö³ºíò âèïðîñòóâàííÿ 
ä³îäíèõ ñåíñîð³â òåìïåðàòóðè ñêëàâ 2503. Âñòàíîâëåíî, ùî òåðìî÷óò-
ëèâ³ñòü ÿê ä³îäíèõ, òàê ³ ðåçèñòèâíèõ ñåíñîð³â ïîë³ïøóºòüñÿ ç³ çá³ëü-
øåííÿì ïàðàìåòð³â ïåðøîãî åòàïó ÌÑÕÙ òà çìåíøåííÿì ïàðàìåòð³â 
äðóãîãî åòàïó ÌÑÕÙ, à òàêîæ çà íàÿâíîñòè äîäàòêîâîãî õåì³÷íîãî îá-
ðîáëåííÿ êèñëîòíèì ùàâíèêîì. Ìàêñèìàëüíèé êîåô³ö³ºíò òåðìî÷óò-
ëèâîñòè òåðì³ñòîð³â íà îñíîâ³ êðåìí³éîâèõ íàíîíèòîê ñòàíîâèâ 2336 
ppm/K, òîä³ ÿê äëÿ òåðìîä³îä öåé êîåô³ö³ºíò ñòàíîâèâ 2,5 ìÂ/K. 

Key words: metal-assisted chemical etching, silicon nanowires, thermodi-
ode, thermistor. 
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1. INTRODUCTION 

Temperature is one of the most measured physical parameters, as 

many industrial areas require temperature control in manufacturing 
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processes, as well as during operation, for storage and transportation 

of devices, equipment, raw materials, food or pharmaceutical prod-
ucts, etc. Additionally, temperature measurement is an essential com-
ponent of electronic device protection systems, such as computers, 
mobile phones, and others, where high temperatures can lead to a 

breakdown. Specifically, embedded thermistors on a motherboard pre-
vent overheating when the workload increases or a fan fails. 
 Furthermore, temperature sensors allow monitoring temperature 
of the entire computer or individual components and smoothly ad-
justing fan speed, reducing noise levels during downtime. Current-
ly, temperature sensors such as thermistors and thermodiode are 
used. The principle of operation of a monocrystalline thermistor is 
that its resistance decreases with increasing temperature. This is 
because the number of free charge carriers in the semiconductor in-
creases with temperature, reducing its resistance. The most com-
monly used materials for thermistors are Ge [1], Si [2], and gra-
phene [3]. 
 These devices have such advantages as sensitivity to small tem-
perature changes, excellent repeatability and significantly low hys-
teresis [4]. The disadvantages of thermistors include non-linearity 
of their thermosensitive characteristics, aging, and some instability 
in their characteristics. In certain cases, they are not compatible 
with CMOS technology. The principle of operation of a thermodiode 
is based on the decrease in voltage across the p-n junction with in-
creasing temperature at a fixed level of current according to an al-
most linear law. The most commonly used materials for thermodi-
odes are Si [5] and Ge [6]. Thermodiodes have such advantages as 
low cost and almost linear voltage–temperature dependence over a 
wide range (from 4.2 K to 888 K). Despite being widely used sen-
sors, thermodiodes also have their drawbacks, including low sensi-
tivity and self-heating. 
 The use of various types of nanostructures in sensors is highly 
relevant today. These nanostructures include nanofilms [7, 8], na-
noparticles [9, 10], nanofibers [11, 12], nanocrystals [13, 14], nan-
owires [15, 16], nanorods [17, 18], and so on. One-dimensional (1D) 
structures, such as nanowires, with widths up to 100 nm and 
lengths exceeding their width, possess a high aspect ratio (ranging 
from 10 to 100), making those highly promising materials in sens-
ing. The larger area of lateral surface of these nanostructures al-
lows for an increased number of molecules to be absorbed on the 
sensor surface, enhancing its response. Another important ad-
vantage of silicon nanowires is the ability to create complex sensor 
systems with high-density arrangements, which is crucial in many 
branches of industry. 
 Currently, silicon nanowires (SiNWs) can be synthesized within 
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one of two approaches: ‘top–down’ and ‘bottom–up’ [19]. In the 
top–down approach, clusters of monocrystalline silicon are removed, 
resulting in the formation of one-dimensional structures (nanowires 
or pores). Within this approach, such methods of SiNWs obtaining 
can be distinguished: metal-assisted chemical etching (MACE) [20, 
21], reactive ion etching (RIE) [22], and plasma chemical etching 
[23]. In the bottom–up approach, silicon nanowires are grown by 
assembling individual silicon atoms using the following techniques: 
chemical vapour deposition (CVD) [19, 24], vapour–liquid–solid 
(VLS) growth [19, 25], solution–liquid–solid (SLS) growth [19], la-
ser ablation (LA) [26], and thermal evaporation of powder [26]. A 
comparison of the two most common methods within the two ap-
proaches, VLS and MACE, has shown that nanowires obtained 
through the vapour–liquid–solid growth exhibit a high degree of 
ordering in their arrangement, but they have a relatively low sur-
face density. The advantages of the metal-assisted chemical etching 
include its simplicity of implementation, low cost, and the ability to 
synthesize a dense array of nanostructures with a high aspect ratio. 
 The aim of this research is to investigate the application of sili-
con nanowires in resistive and diode-type temperature sensors. For 
this purpose, metal-assisted chemical etching was used, and the in-
fluence of process parameters on the characteristics of temperature 
sensors based on silicon nanowires was studied. 

2. EXPERIMENTAL PART 

Device Fabrication. Resistive and diode temperature sensors were 
fabricated in this research. The resistive sensors consist of a SiNWs 
and two front contacts (labelled as 1 and 2 in Fig. 1). The diode 
sensors consist of a p–n junction, one front contact (either 1 or 2 in 
Fig. 1) and one back contact (labelled as 3 in Fig. 1). The initial Si 
wafers were of p-type conductivity with resistivity of 1 and 10 

cm, both textured and non-textured. To synthesize the experi-
mental samples, the silicon substrates were cleaned using a three-
stage cleaning process [27]. The texturing process was performed to 
obtain a more developed surface by making of pyramids. For this, a 
solution of 970 ml H2O/30 g KOH/70 ml IPA was used at a temper-
ature of 75 C for 15 min. The synthesis of silicon 1D structures 
was performed using metal-assisted chemical etching (MACE), de-
scribed in our previous work [29]. In this study, additional etchants 
were applied after the MACE process in order to remove the dam-
aged layer on the SiNWs. The acid etchant HF/HNO3/CH3COOH 
(1:4:4) at room temperature for 10 min provided isotropic etching 
of the surface, while the alkaline etchant NaOH/IPA/H2O (2:10:88) 
at a temperature of 90 Ñ for 10 min ensured anisotropic etching. 
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Then, a p–n junction was obtained in the p-type SiNWs. Phosphorus 
was introduced into the SiNWs in a two-step process using a diffu-
sion furnace: phosphorus predeposition (constant source diffusion) 
step at 750 C for 5 min and phosphorus drive-in at 830 C for 20 
min. As a result, an n-type silicon layer with a sheet resistance of 
50 /□ was obtained. A continuous backside aluminium contact was 
deposited on the substrate using the DC magnetron sputtering. The 
operating parameters of the vacuum deposition system were as fol-
lows: voltage—400 V, current—4 A, argon pressure—3 10 4 mm 
Hg, deposition time—40 min. Subsequently, the aluminium film 
was annealed in a diffusion furnace at a temperature of 650 C in a 
nitrogen atmosphere. Thus, a backside contact with a thickness of 
1.5 μm was obtained. For the formation of point front contacts 
(Ti/Ni), electron-beam deposition was used. The deposition parame-
ters in the vacuum system were the following: chamber pressure—
10 5 mmHg, voltage—13 kV, current—120 mA. The deposition time 
for titanium and nickel layers was 3 and 20 min, respectively. As a 
result, a front contact with thickness of approximately 0.5 μm was 
formed. 
Characterization Techniques. To investigate the surface morpholo-
gy of silicon substrates after MACE, an atomic force microscope 
(AFM) SolverPro was used in semi-contact mode. AFM images pro-
cessing was performed using the Nova software with scanning areas 
of 50 50 μm, 20 20 μm, and 10 10 μm. The I–V characteristics of 
the obtained diode and resistive-type sensors were measured using 
the Power Supply HM8143 and the digital voltmeter MS8040. The 

 

Fig. 1. Structure of a temperature sensor based on silicon nanowires: 1, 
2—front contacts Ti–Ni; 3—back contact Al; 4—SiNWs; 5—n-type Si; 6—
p-type Si. 
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quantitative evaluation of porosity of the silicon material was per-
formed using the weight by means of OHAUS Pioneer PX163 ana-
lytical balances. The temperature characteristics of the experi-
mental samples were measured in the range of 293 K to 353 K. 
Temperature stabilization in the thermal chamber was achieved us-
ing the digital temperature controller PULSE PT20-N2 with an ac-
curacy of 1 C. The thermal sensitivity of the devices was evaluated 
in constant current mode for the diode and constant voltage mode 
for the resistor. 

3. RESULTS AND DISCUSSION 

Surface Morphology of Silicon Nanowires. Figure 2 shows the 2D 
and 3D views of the surface morphology of SiNWs array. In Figure 
2, it can be observed that the array of SiNWs exhibits a high densi-
ty. The structural parameters are presented in Table 1. The average 
height of silicon nanowires ranged from 1638 to 2328 nm, with a 
maximum height diapason from 3030 to 5440 nm. The porosity co-
efficient ranged from 56% to 96%. 
 It should be noted that the surface of the silicon wafer after 
MACE looks blurry and diffuse (Fig. 3, a). This can be attributed to 
the presence of a damaged surface layer and natural oxide. To re-
move these layers, both alkaline (anisotropic) and acidic (isotropic) 
etching were performed (Fig. 3, c, d). As shown in Figure 2, b, ad-
ditional pre-texturing of the initial wafer leads to the formation of 

  
a      b 

Fig. 2. AFM images of SiNWs synthesized using the MACE technique: 2D 
view (a) and 3D view (b). 
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pyramid-like structures that randomly cover its surface and in-
crease the surface roughness from 599 to 897 nm. However, a de-
gree of porosity has decreased from 82.5% to 56%. This may be 
attributed to the fact that silver nanoparticles (Ag NPs) are depos-
ited less effectively on the side surface of the pyramids. After un-
dergoing treatment in an alkaline etchant, the width of the trenches 
between the SiNWs increases, and the surface becomes rougher. 
This is evidenced by the increase in surface roughness from 897 to 
1006 nm. It can be due to the different etching rates, depending on 
the crystallographic orientations. As a result, predominantly lateral 
chemical etching of the trench-like pores is observed. 
 With the addition of an acidic etchant, isotropic etching takes 
place, which removes the rough surface layer of the material. This 
is indicated by the decrease in surface roughness from 897 to 771 
nm. Additionally, a well-developed network of nanoscale pores is 
formed on the surface, which has a square shape with a side length 
of approximately 1 μm (Fig. 3, d) due to etching at an equal rate of 

TABLE 1. MACE parameters of Si nanowire synthesis. 

S
am

p
le

 
n
u
m

b
er

 Parameters of the standard 
MACE process 

Additional chemical treatment 
before or after the MACE process 

t1, sec. t2, min AgNO3, mg H2Î2, ml Texturing Post-surface treatment 

1 20 90 34  0,4 — — 
2 20 90 34  0,8 — — 
3 20 90 34 1,2 — — 
4 20 45 34 0,8 — — 
5 20 135 34 0,8 — — 
6 60 45 34 0,8 — — 
7 60 90 34 0,8 — — 
8 60 135 34 0,8 — — 

100 20 90 68 0.8 — — 
101 60 90 68 0.8 — — 
102 20 30 68 0.8 — — 
104 20 90 68 0.8 — isotropic etching 
105 20 90 68 0.8 anisotropic etching 
106 20 90 68 0.8 — 
109 60 30 68 0.8 — 
110 20 90 68 0.8 isotropic etching 
111 20 90 68 0.8 — anisotropic etching 
112 20 90 68 0.8 — 
113 20 90 68 0.8 — — 
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hills and pits. As can be seen in Fig. 3, the depth of the pores is de-
termined by different shades: lighter shades indicate small pores, 
and darker shades indicate deeper pores. Such surface morphology 
of SiNWs will influence the characteristics of devices based on 
them. After the post-surface treatment, the degree of porosity of 
the initial textured surface increased from 56% to 92% (for iso-
tropic etching) and to 96% (for anisotropic etching). 
Resistive Temperature Sensors. The principle of operation of resis-
tive temperature sensors involves a change in device resistance with 
temperature variation. The electrical and thermosensitive properties 
of these sensors were studied based on the volt-ampere characteris-
tics (I–V) shown in Fig. 4, a and calculated coefficients of thermo-
sensitivity (Table 2). 

  
a      b 

  
c      d 

Fig. 3. AFM 2D images of SiNWs obtained using the MACE technique: 
without additional treatment (a), on a textured substrate (b), on a textured 
substrate with alkaline etching (c), on a textured substrate with acidic 
etching (d). 
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 Produced resistive structures based on SiNWs are characterized 
by linear and symmetric I–V characteristics. Calculated resistance 
of the silicon nanowire array ranged from 27.6 to 199.6  depend-
ing on the synthesis parameters: the change in resistance increased 
deposition time of Ag NPs and additional post-chemical treatment. 
For example, increasing deposition time of silver nanoparticles from 
20 to 60 sec leads to an increase in sensor resistance from 27.6 to 
91.8 . This is probably due to the formation of a well-developed 
surface, as evidenced by the increase in r.m.s. from 226 to 753 nm 
and the increase in porosity from 82.5% to 98%. The use of an 

 
a 

 
b 

Fig. 4. I–V characteristics of thermistor based on SiNWs (a) and their 
thermosensitivity in dependence on additional-chemical treatment (b). 
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acidic etchant resulted in an increase in sensor resistance from 42.5 
to 79.4 , while an alkaline etchant increased it from 42.5 to 54.1 

. This can be attributed to the significant increase in porosity 
from 56% to 96%, while the surface roughness remained almost 
unchanged, since the etching process primarily etched the surface 
layer with defects. Thus, the influence of these fabrication process-
es on resistance of the SiNWs array can be associated with an in-
crease in bulk porosity and/or surface roughness, which likely dis-
rupts the conducting channels and consequently leads to an increase 
in resistance. 
 The following process parameters contribute to a decrease in re-
sistance of thermistors: increased etching time, increased amount of 
H2O2, and texturing of the surface. Increasing the duration of the 
second stage of MACE and presence of textured surface result in an 
increase in surface roughness and significant reduction of the sur-
face porosity. This is expected to promote the formation of a great-
er number of conducting channels within the SiNWs array, thereby 
reducing the surface resistance of the sensors. Moreover, increasing 
the etching time leads to a change in the shape of the SiNWs array, 
which enhances the conductivity of the sensors (due to the connect-
ed together SiNWs by sidewalls). Changing t2 from 45 to 135 min 
resulted in a decrease of resistance from 47.3 to 31.9 . Texturing 
the sample surface before the MACE process reduced the sensor re-
sistance from 106.4 to 54.1 . It is worth noting that varying the 
hydrogen peroxide content from 0.4 to 1.2 ml resulted in a decrease 
in SiNWs resistance from 61.9 to 27.6 , despite the increase in 

TABLE 2. Influence of texturing and post-chemical treatment on surface 
morphology for SiNWs. 
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Root mean square (r.m.s.), nm  599 813 624 771 1006 897 
Maximum height of SiNWs, nm 3030 4026 3704 4151 5440 4137 
Average height of SiNWs, nm 1786 1869 2180 2276 2328 1638 
Degree of silicon porosity, % 82 99 98 92 96 56 
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surface roughness and porosity. Clearly, treating the SiNWs in a 
concentrated hydrogen peroxide solution significantly affects the 
electrical characteristics of the sensors, which requires further in-
vestigation. 
 The thermosensitivity of resistive temperature sensors was de-
termined as the relative change in resistance with temperature var-
iation from 20 to 80 C. It was found that thermosensitivity exhibits 
a clear dependence on resistance, whereby an increase in sensor re-
sistance leads to an increase in thermosensitivity (Table 2). Specifi-
cally, certain technological operations were identified to enhance 
thermosensitivity. Increasing the deposition time of silver nanopar-
ticles from 20 to 60 sec. results in a significant increase in the co-
efficient of thermosensitivity from 221.1 to 985.4 ppm/K. Treat-
ment with an alkaline etchant impairs an increase in thermosensi-
tivity from 192.7 to 428.4 ppm/K, while, in the case of an acidic 
etchant, it increases from 192.7 to 785.8 ppm/K. This dependence 
of thermosensitivity on resistance is likely due to the increased de-
gree of porosity, which provides a larger specific surface area in-
volved in thermal generation of charge carriers. 
 A decrease in the resistance of the SiNWs array impairs deterio-
ration in the thermosensitivity of resistive temperature sensors, at-
tributed to a lower surface porosity and thermosensitive area of the 
sensor. Specifically, an increase in etching time and a presence of 
surface texturing result in a decrease in coefficient of thermosensi-
tivity. For instance, increasing the etching time from 45 to 135 min 
leads to a decrease in the coefficient of thermosensitivity from 
1628.3 to 812.3 ppm/K. The presence of surface texturing signifi-
cantly reduces the coefficient of thermosensitivity to 192.7 ppm/K. 
Similarly, the change of H2O2 concentration from 0.4 to 1.2 ml re-
sults in a decrease of SiNWs thermosensitivity from 321.3 to 47.5 
ppm/K. The influence of the two-step MACE etching process on 
thermosensitivity is likely due to electrical factors rather than 
structural factors (as surface roughness and porosity increase, 
along with the thermosensitive surface area). It could possibly have 
a negative impact on charge carrier lifetime. The maximum coeffi-
cient of thermosensitivity achieved for the resistive temperature 
sensor was 2335.8 ppm/K. 
Temperature Diode Sensors. Thermodiodes operate based on the 
change in voltage drop across the p–n junction with temperature 
variation under constant current. The electrical and thermal sensi-
tivity properties of diode-type temperature sensors based on SiNWs 
were investigated using voltage–current characteristics shown in 
Fig. 5, a and calculated rectification and thermosensitivity coeffi-
cients (Table 3). 
 Thermodiodes based on SiNWs are characterized by rectifying 
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properties, as confirmed by the I–V curves in Fig. 5, a. The rectifi-
cation coefficients were calculated as the ratio of forward current 
to reverse one at a voltage of 1 V. In addition, the maximum recti-
fication factor was 2503. The magnitude of thermosensitivity was 
determined using the equation 

0 0( ) ( )U T U T S T T , 

where U(T) and U(T0) are the applied biases at temperatures T and 
Ò0 respectively, S is the thermosensitivity coefficient. Such a char-
acteristic was measured at 100 μA current to avoid self-heating of 
the device, which would introduce errors in the measured tempera-
ture value. 

 
a 

 
b 

Fig. 5. I–V characteristics of thermodiodes based on SiNWs (a) and their 
thermosensitivity in dependence on additional chemical treatment (b). 
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 This research demonstrates that the process parameters of MACE 
significantly affect the rectification coefficient. The following tech-
nological parameters were found to improve rectifying characteris-
tics. The variation in hydrogen peroxide content has shown that the 
best rectification coefficient was achieved at a concentration of 0.8 
ml, resulting in a value of 165. This can be attributed to a non-
monotonic increase in the forward current through the p–n junc-
tion. 
 However, further increase in the content of the second-stage rea-
gent significantly deteriorates the electrical properties of the sen-
sors. The presence of texture on the sensor surface improves recti-
fication coefficient by 65%. This is due to an increase in the for-
ward current through the p–n junction and a slight decrease in the 
reverse current. The use of additional etching by means of an iso-
tropic etchant greatly improved the electrical characteristics of the 
diode sensors. In particular, the rectification coefficient increased 
by more than an order of magnitude (from 90 to 1745), which can 
be attributed to a one-order decrease in the reverse current through 
the p–n junction and a slight increase in the forward current. 
 It has also been found that increasing the duration of the first 
and second MACE stages has a negative effect on the electrical pa-
rameters of the sensors. Especially, changing of deposition time of 
Ag NPs from 20 to 60 sec reduces the rectification coefficient from 
165 to 152, which can be explained by a two-fold decrease in the 
forward current through the p–n junction. In addition, changing of 
etching time in the range of 45 to 135 min decreases the rectifica-
tion coefficient from 77 to 44. This is associated with an increase in 
the reverse current and a decrease in the forward current through 
the p–n junction. It has been shown that a higher content of AgNO3 
in the solution of the first stage leads to a decrease in the rectifica-
tion coefficient from 165 to 55. This is due to a significant decrease 
in the forward current and an 80% increase in the reverse current 
through the p–n junction. 
 The use of additional etching by means of an anisotropic etchant 
resulted in an almost three-fold deterioration of the rectification 
coefficient, which is due to more than a two-fold increase in the re-
verse current through the p–n junction and a slight decrease in the 
forward current. 
 Increasing the duration of MACE first stage has an improving 
effect on the thermal sensitivity of the sensor, resulting in an in-
crease of the thermal sensitivity coefficient from 0.9 to 1.8 mV/K. 
It is evident that increasing the surface roughness of the sensor 
from 226 to 753 nm provides an increase in the sensitive area of 
the sensor. However, when etching time is increased, temperature 
sensitivity of the device decreases by 35%. This observed trend may 
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be attributed to the decrease in porosity, leading to a decrease in 
thermal sensitive area of the sensor. In addition, concentration of 
solution in the first stage of MACE (AgNO3) improves of thermal 
sensitivity coefficient from 0.9 to 1.7 mV/K, which is due to an in-
crease in the device’s sensitive area. On the other hand, using a 
more concentrated solution at the second stage of MACE signifi-
cantly decreases the sensor’s sensitivity from 2.3 to 1.3 mV/K, de-
spite an increase in surface roughness and porosity. It is evident 
that the positive effect of an increased sensitive area (roughness 
increased from 101 to 355 nm) is counteracted by the reduction in 
carrier lifetime during treatment in a concentrated hydrogen perox-
ide solution. Surface texturing reduces heat-sensitive characteris-
tics more than twice. This deterioration in thermal sensitivity can 
be attributed to a sharp decrease in porosity of the silicon nanowire 
array from 82.5 to 56%. The use of additional etching on textured 
samples, using an acid etchant, improved the thermal sensitivity 
characteristics of the diode sensors from 1.5 to 2.5 mV/A. This im-
provement is attributed to the isotropic etching that smoothens the 
surface irregularities (reducing surface roughness from 897 to 771 
nm), while significantly increasing the porosity (from 56 to 92%). 
However, when an alkaline etchant was used, the thermal sensitivi-
ty coefficient deteriorated by 50% despite the increased porosity 
coefficient which needs further explanation. 

4. CONCLUSIONS 

In this research, thermistors and thermodiodes based on silicon 
nanowires were developed, and the influence of MACE synthesis pa-
rameters on their characteristics was investigated. 
 It was determined that the technological synthesis parameters of 
the silicon nanowire array have a significant impact on lateral 
roughness and bulk porosity, which determine the specific surface 
area of the thermosensitive sensor surface and, consequently, affect 
the temperature sensitivity of the sensors. 
 Specifically, it was shown that increasing the parameters of the 
first stage of MACE and using acid etchant leads to an improved 
thermal sensitivity of both diode and resistive sensors. On the other 
hand, increase of the parameters of the second stage of MACE and 
the presence of surface texturing result in a deterioration of ther-
mal sensitivity of both types of sensors. The maximum thermal sen-
sitivity coefficients are as follows: 2336 ppm/K for thermoresistors 
and 2.5 mV/K for thermodiodes. 
 These results indicate that use of a simple and cost-effective nan-
owire synthesis technology (MACE) is efficient for production of 
resistive and diode temperature sensors. 
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Nanoparticles of Metal Oxide (Bi2O3/PSi/n-Si) for Photovoltaic 

Applications 
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1College of Education for Pure Sciences,  
 Department of Physics,  
 University of Babylon,  
 Hillah, Iraq 
2College of Sciences  
 Department of Physics,  
 Mustansiriya University,  
 Baghdad, Iraq 

Bismuth oxide (Bi2O3) nanoparticles are synthesized and evaluated for 
their function as materials for solar cells. Bi2O3 solution is inexpensively 
produced from the Nigella sativa seeds using a green synthetic method. 
The synthesized Bi2O3 solution is deposited by droplet casting method, and 
the synthesized nanofilm is dried at 80 C. Subsequently, diagnostic tests 
such as UV–VIS, XRD, and FTIR are performed on the Bi2O3/glass thin 
films. By means of the SEM, EDS, AFM, and I–V characteristics in dark 
and under illumination, the optical and structural characteristics of Bi2O3-
nanoparticle films are investigated to determine the optical energy gap 
and crystalline material. X-ray diffraction reveals the presence of a te-
tragonal crystal system in the phase. The estimated band-gap energy Eg is 
approximately Eg1 3.6 eV, and FTIR analysis shows the degree of infra-
red absorption as a function of wavelength to demonstrate the presence of 
functional groups in bismuth-oxide molecules from Bi–O bonds. SEM–EDS 
morphology studies examine the occurrence of nanocrystals of various 
shapes and sizes. Finally, as a bulk heterojunction device, the I–V per-
formance of the solar cell (Ag/Bi2O3/PSi/Si/Ag) deserves attention, and a 
fill factor FF 48 is found for a solar-cell efficiency of 2.8%, ideality 
factor 1.35, characterization resistance RCH 175 , and the parallel 
resistance 25.14 s. This cheap nanoparticle material could be an ideal 
candidate for future energy applications. 

Ñèíòåçîâàíî é îö³íåíî íàíî÷àñòèíêè îêñèäó Á³ñìóòó Bi2O3 íà ïðåäìåò 
¿õíüî¿ ôóíêö³¿ ÿê ìàòåð³ÿë³â äëÿ ñîíÿ÷íèõ åëåìåíò³â. Ðîç÷èí Bi2O3 íå-
äîðîãî âèðîáëÿþòü ç íàñ³ííÿ ÷îðíóøêè ïîñ³âíî¿ çåëåíèì ñèíòåòè÷íèì 
ìåòîäîì. Ñèíòåçîâàíèé ðîç÷èí Bi2O3 îñàäæóþòü ìåòîäîì êðàïåëüíîãî 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 353–366 
https://doi.org/10.15407/nnn.22.02.353 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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ëèòòÿ, à ñèíòåçîâàíó íàíîïë³âêó âèñóøóþòü çà òåìïåðàòóðè ó 80 C. 
Çãîäîì ä³ÿãíîñòè÷í³ òåñòè, òàê³ ÿê ñïåêòðîôîòîìåòð³ÿ â îïòè÷íîìó (âè-
äèìîìó) ä³ÿïàçîí³ ç ïðèëåãëèì äî íüîãî óëüòðàô³îëåòîâèì ä³ÿïàçîíîì, 
ðåíò´åí³âñüêà äèôðàêö³ÿ é ³íôðà÷åðâîíà ñïåêòðîñêîï³ÿ íà îñíîâ³ ïåðå-
òâîðåííÿ Ôóð'º ïðîâîäÿòüñÿ íà òîíêèõ ïë³âêàõ Bi2O3/ñêëî. Çà äîïîìî-
ãîþ ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿, åíåðãîäèñïåðñ³éíî¿ ðåíò´å-
í³âñüêî¿ ñïåêòðîñêîï³¿, àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ òà I–V-
õàðàêòåðèñòèê ó òåìðÿâ³ òà çà îñâ³òëåííÿ äîñë³äæåíî îïòè÷í³ òà ñòðóê-
òóðí³ õàðàêòåðèñòèêè Bi2O3-íàíî÷àñòèíêîâèõ ïë³âîê äëÿ âèçíà÷åííÿ 
îïòè÷íî¿ åíåðãåòè÷íî¿ ù³ëèíè òà êðèñòàë³÷íîãî ìàòåð³ÿëó. Ðåíò´åí³â-
ñüêà äèôðàêö³ÿ âèÿâëÿº íàÿâí³ñòü òåòðàãîíàëüíî¿ êðèñòàë³÷íî¿ ñèñòåìè 
â ôàç³. Ðîçðàõóíêîâà åíåðã³ÿ çàáîðîíåíî¿ çîíè Eg ñòàíîâèòü ïðèáëèçíî 
Eg1 3,6 åÂ, à àíàë³çà ³íôðà÷åðâîíîþ ñïåêòðîñêîï³ºþ íà îñíîâ³ ïåðåò-
âîðåííÿ Ôóð'º ïîêàçóº ñòóï³íü ïîãëèíàííÿ ³íôðà÷åðâîíîãî âèïðîì³-
íåííÿ ÿê ôóíêö³þ äîâæèíè õâèë³, ùîá ïðîäåìîíñòðóâàòè íàÿâí³ñòü 
ôóíêö³îíàëüíèõ ãðóï ó ìîëåêóëàõ îêñèäó Á³ñìóòó ç õåì³÷íèõ çâ'ÿçê³â 
Bi–O. Äîñë³äæåííÿ ìîðôîëîã³¿ çà äîïîìîãîþ ñêàíóâàëüíî¿ åëåêòðîííî¿ 
ì³êðîñêîï³¿ é åíåðãîäèñïåðñ³éíî¿ ðåíò´åí³âñüêî¿ ñïåêòðîñêîï³¿ âèâ÷à-
þòü ïîÿâó íàíîêðèñòàë³â ð³çíèõ ôîðì ³ ðîçì³ð³â. Íàðåøò³, ÿê ïðèñòð³é 
ç îá'ºìíèì ãåòåðîïåðåõîäîì, åêñïëóàòàö³éí³ ÿêîñò³ I–V ñîíÿ÷íîãî åëå-
ìåíòà (Ag/Bi2O3/PSi/Si/Ag) çàñëóãîâóþòü íà óâàãó, à êîåô³ö³ºíò çàïîâ-
íåííÿ FF 48 çíàéäåíî äëÿ åôåêòèâíîñòè ñîíÿ÷íî¿ êîì³ðêè ó 2,8%, 
êîåô³ö³ºíò ³äåàëüíîñòè 1,35, õàðàêòåðèñòè÷íèé îï³ð RCH 175 Îì ³ 
ïàðàëåëüíèé (øóíòóâàëüíèé) îï³ð 25,14 Îì ñ. Öåé äåøåâèé íàíî÷àñ-
òèíêîâèé ìàòåð³ÿë ìîæå ñòàòè ³äåàëüíèì êàíäèäàòîì äëÿ ìàéáóòí³õ 
åíåðãåòè÷íèõ çàñòîñóâàíü. 

Key words: biosynthesis, Bi2O3 nanoparticles, Nigella sativa, drop casting 
technique. 

Êëþ÷îâ³ ñëîâà: á³îñèíòåçà, íàíî÷àñòèíêè Bi2O3, ÷îðíóøêà ïîñ³âíà, òå-
õíîëîã³ÿ êðàïëèííîãî ëèòòÿ. 
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1. INTRODUCTION 

Nanomaterials are particles with diameters ranging from 1 nm to 
100 nm. Their utility in many practical applications is attributable 
to the fact that they have various uncommon properties as opposed 
to larger-size materials [1, 2]. Nano-metal oxides are often utilized 
in optics, electronics, and catalysts [3]. Many physical and chemical 
processes have been used to manufacture Nano-metal oxides, which 
generally include pollutants and poisonous compounds and are haz-
ardous to humans and the environment, as well as taking a long 
time and consuming a lot of energy, in addition to being unstable 
and producing by-products. Therefore, it becomes important to shift 
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to simpler, more environmentally friendly, and ecosystem-friendly 
manufacturing methods, such as green synthesis techniques [4]. The 
technology is characterized by the ability to generate stable prod-
ucts with high oxygen content, while the phenolic plant extracts act 
to oxidize and reduce metal salts and nitrates to nanoscale oxides 
resulting in more efficient sites with high surface area [5]. The ox-
ide Bi2O3 produced in this study can be obtained easily and inexpen-
sively using rice seeds. 

2. EXPERIMENTAL DETAILS 

Bi2O3 is a substantial p-type semiconductor with direct optical band 
gaps of 2.6 eV [6]. Bi2O3 thin films are of importance because they 
have significant traits and properties such as optical energy gap, 
refractive index, optical conductivity, and mechanical strength [7]. 
Bismuth oxide, with the formula Bi2O3 and the appearance of a yel-
low crystallite, is a significant material in many technical applica-
tions. Powder is distinguished by its colourlessness and tremendous 
solidity. Bismuth oxide crystals have vital applications in electro-
magnetic applications and the investigation of optical conductivity 
of thin films [8]. Bismuth oxide crystals can be made in numerous 
ways, including thermal oxidation in the air by heating bismuth ni-
trate at a temperature of 80 C or through green synthesis, which 
was employed in our study. 

3. PREPARATION OF THE PLANT EXTRACT 

It also contains pentacyclic soluble in water plant extract of plant 
seeds (Nigella sativa) found in local markets, which contain their 
function in the phenols that comprise excess components and reduc-
tions of metal solutions from their salts and nitrates. 1 g of plant 
seeds (N. sativa) were crushed with an electric mixer, and the pow-
der was put in a glass beaker with 100 ml of pure water free of 
mineral ions; it also contains pentacyclic soluble in water vegetable 
extract of plant seeds (N. sativa) found in local markets, which con-
tain their function in the phenols that comprise excess components 
and reductions of metal solutions from their salts and nitrates. 
Plant seeds (N. sativa) of 1 gm were crushed using an electric mix-
er, and the powder was placed in a glass beaker (100 ml) of cleaned 
water devoid of mineral ions. Aqueous bismuth nitrate Bi(NO3)3 ex-
ists. It exists as colourless crystals (that as water). 
 Soluble and have a molecular weight of 395 g/mol and density of 
2.8 gm/cm3. After weighing, 4.85 gm of bismuth nitrate using a 
delicate (4-digit) scale, it was dissolved in 100 mL of distilled wa-
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ter, and the mixture was stirred by a magnetic stirrer at 80 C for 
30 min with the addition of 3 mL acid HCl to complete the dissocia-
tion process. 
 We also obtained an aqueous solution of bismuth nitrate. Then, 
the plant extract of Nigella sativa was added gradually into the 
aqueous solution made of bismuth nitrate, and keep stirring with a 
magnetic stirrer to make it take on a new colour. The weight re-
quired for dissolution was calculated from nitrates of plant miner-
als to plant extracts using the following equation [9]: 

 M (Wt/MW) (1000/V). (1) 

Here, M is molar concentration, mol/L; Wt—solute weight, gm; 
Wt—molecular weight of, gm/mL; V—solvent volume, mL. 
 Figure 1 shows the mechanism of preparing bismuth oxide solu-
tion using green synthesis technology. 
 The Bi2O3 NPs solution was deposited using the drop casting 
method while heating the glass/PSi substrate to a temperature of 
(80 C). We drop three drops of the generated nano-bismuth-oxide 
solution on the glass slide of the electric heater connected to the 
digital thermocouple, and then place it on the heater for 30 minutes 
to allow the solution to precipitate fully. For example, with XRD, 
UV–Visible, FTIR, TEM, by comparing with the international atlas 
JCPDS, the material identification of the existence and appearance 
of nanoparticles was found. Figure 2 shows the deposition process 
using drop casting. 
 The process of synthesis of bismuth-oxide nanoparticles, im-
portant diagnostic tests, application as solar cells and measurement 
of their parameters can be elucidated. 

  

Fig. 1. Shows the mechanism of preparing bismuth oxide [19, 21]. 
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4. RESULTS AND DISCUSSIONS 

4.1. XRD 

To examine the crystal structure of Bi2O3 film growth and to de-
termine the nature of the crystal planes and their principal direc-
tions, x-ray diffraction patterns were used (the x-ray spectrum is 
shown in Fig. 3). 
 There are six distinct peaks corresponding to angles 25, 31, 39, 
47, 54, 58, as shown in Table 1. They correspond to crystal planes 
(100), (101), (102), and (132), respectively. The deposited thin films 
show a tetragonal phase according to the cards numbers 00-050-
1088, 00-044-1246 and 00-041-1449. This study approximates the 

 

Fig. 2. The drop casting process [20, 21]. 

 

Fig. 3. XRD pattern of Bi2O3 thin film deposited by drop casting on glass 
[21]. 
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findings by T. P. Gujar, V. R. Shinde, Ñ. Â. Lokhande, R. S. Mane, 
and S. H. Han (2005) [11], as shown in Table 2. 

4.2. UV–VIS 

The existence of Bi2O3 NPs was identified by examining the ultravi-
olet spectrum (UV–VIS). 
 It was also revealed that absorption was at 35 104 cm 1 while 
scanning at wavelengths spanning from 300 to 900 nm. In the pho-
ton energy range from 1 eV to 7 eV, the optical energy gap of Bi2O3 

TABLE 1. The properties of (bulk) bismuth oxide Bi2O3 [21]. 

Properties of materials 
Bi2O3 Chemical symbol 
2.29–3.31 eV Energy gap 
375–542 nm Transmission 
Yellow Colour 
8.9 g/cm3 Density 
465.96 g/mol Molar mass 
Bismuth 15/Oxygen 16 Group 
Bismuth ([Xe]4f145d106s26p3)/Oxygen ([He]2s22p4) Electron configuration 
817 C Melting point 
1890 C Boiling point 

TABLE 2. Result of inter planer for XRD pattern [21]. 
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Bi2O3 
(00-050-1088) 14.262 13.085 26.47 14.641 (1 0 0) 11.95 12.20 

Bi (00-044-1246) 4.9645 7.7204 44.88 7.331 (1 0 1) 24.00 23.79 
Bi2O3 

(00-041-1449) 
6.091 8.551 40.51 6.879 (0 2 0) 25.60 25.72 

Bi2O3 
(00-041-1449) 

7.6428 9.579 36.17 4.887 (1 0 2) 36.35 35.90 

Bi2O3 
(00-041-1449) 

5.834 8.369 41.40 3.669 (1 3 2) 49.10 49.43 
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nanoparticles is 
1gE 3.6 eV and 

2gE 4.9 eV. This is accomplished 
by presenting magnitude ( h )2 as a function of photon energy h , 
as seen in Fig. 4. 
 The growing amount of the energy gap returns to the point when 
the matter transition into to a nanostate. The cause for the creation 
of two energy gaps for the same film is due to the fission of the 
Fermi level and the formation of new energy orders inside the pre-
vious energy gap. The absorption coefficient greater than 1 104 cm 1 
that mean the r 1/2, and the electron transfers were of the direct 
type. 

4.3. FTIR 

Fourier spectroscopy was used as a diagnostic tool for the energy of 
effective bonds at the main absorption zones. FTIR spectrum of 
Bi2O3 solution, strong peak was centred at 3340.43 cm 1, which is 
attributed to the presence of the hydroxyl radical adsorbed to the 
surface of the nanomaterial (O–H stretch), while the peak was at 
1631.41 cm 1, which represents the O–H scissors, while the bond 
was 738 cm 1. The hydroxyl radical Bi–OH and the bond are 646.93 
cm, 604.69 cm, and 604.69 cm 1, respectively; so, it corresponds to 
the bonding of the produced metal oxide Bi–O. 
 Figure 5 displays the FTIR spectrum, peak locations, and active 
bonds of the prepared material, while Table 3 gives the results for 
the prepared material, namely, FTIR spectrum of Bi2O3 solution and 
bismuth oxide layers formed at a low reaction temperature. 
 These results are almost in agreement with the results obtained 
earlier by other researchers N. Motakef-Kazemi and M. Yaqoubi 
(2020) [12]. 

 

Fig. 4. Plot of ( h )2 versus (h ) of Bi2O3 NPs film [21]. 
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4.4. SEM 

Figure 6 displays pictures taken by a scanning electron microscope 
that are used to examine the surface topography of a thin film of 
Bi2O3 that has been applied to the surface of a glass slide. The im-
ages revealed a uniform distribution of small particles grouped into 
uniform groups covering the glass surface, along with nanocrystal-
lite of various shapes and sizes, as well as acinus and nanoneedles 
with an average size of 70.1 nm. 
 These findings almost exactly match the researchers’ findings (H. 
Shirkhanloo, M. Safari, S. M. Amini, and M. Rashidi (2017) [13]). 

4.5. EDS 

It was discovered that the elements are present in proper ratios by 
looking at their energy dispersion spectrometers. As illustrated in 
Fig. 7, the sample was coated with a small layer of gold to boost the 
reflectivity of the electronic beam falling vertically on the sample 

 

Fig. 5. FTIR measured for bismuth oxide thin film deposited on glass [21]. 

TABLE 3. FTIR assessment for Bi2O3 [21]. 

FTIR Assessment for (Bi2O3) Band Type 
O–H Stretch 3340.43 
O–H Scissor 1631.41 

Bi–OH 1189.53 
C–O 919.86 

Bi–O 

763.90 
646.93 

 
604.69 
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under examination. This caused the appearance of the gold element. 

4.6. AFM 

Since the atomic force microscope provides accurate information 
about the surface roughness and the nature of the particle distribu-
tion within the atomic grains as well as the root mean square of 
these grains by scanning the surface for films and at a temperature 
of 80 C, the surface topography of the deposited Bi2O3 films pre-
pared by drop casting method was studied using the atomic force 
microscope (AFM). 
 The Bi2O3 NPs thin film is depicted in three dimensions in Fig. 8, 
as shown in Table 4. 

  
a      b 

Fig. 6. SEM of Bi2O3 thin film preparing by drop casting method [21]. 

  
a      b 

Fig. 7. EDS of Bi2O3 thin film preparing by drop casting method [21]. 
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4.7. I–V 

In order to create the porous silicon PSi, electrochemical etching 
(ECE) was used. In order to stimulate the corrosion process, Ameri-
can-made silicon wafers (n-type 100) with ohmic resistance 1–10 
were used. Current density of 25 mA/cm2 and effect time of 20 min 
were used under the illumination of a halogen lamp with a capacity 
of 70 W and at a vertical distance of 20 cm from the sample to be 
prepared. The silicon Si wafer serves as the cathode and a gold ring 
serves as the anode. The drop casting process was used to create the 
thin film for the solar cell Ag/Bi2O3/PSi/Si/Ag). The I–V in dark 
and the I–V lighted, filling factor (FF), and transformation effi-
ciency are some of the most crucial electrical characteristics of a 
solar cell. A solar cell is a technology that efficiently converts light 
energy into electrical energy. One of the crucial electrical character-
istics that illustrate how the current behaves with the voltage ap-
plied to the cell in the cases of forward and reverse bias is the I–V 
property, which is used to describe the performance of heterojunc-
tion cells. Figure 9 illustrates the current–voltage characteristics 
(in dark) of the Ag/Bi2O3/PSi/Si/Ag heterojunction prepared by 
drop casting technique. 
 Figure 10 shows that the current increases with the increase in 
voltage when the bias is forward, but when the bias is reverse, the 

  
a      b 

Fig. 8. AFM images of the topography of a pure Bi2O3 film deposited at 
80 C [21]. 

TABLE 4. AFM data [21]. 

Root mean 
square, nm 

Roughness 
average, nm 

Average 
diameter size, nm 

Item B2O3 
thin film 

1.57 1.50 95.03 Bi2O3/glass 
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current increases gradually with the bias voltage and provides a 
gradual breakdown voltage. This behaviour is a general property of 
heterojunctions. When the bias is in the forward direction, the 
width of the depletion region narrows as the voltage rises. The ma-
jority of charge carriers are injected by the applied bias voltage in 
the forward bias state, which reduces the breadth of the depletion 
region and raises the concentration of the majority and minority 
carriers. 
 Due to the ability of establishing the parameters of the solar cell 
and measuring its conversion efficiency, the measurement of cur-
rent–voltage characteristics in the condition of illumination is one 
of the most crucial measurements for solar cells. The solar cell was 
exposed to white light with intensity of 100 W/cm2; and by using 
the I–V relationship in the case of illumination, we can draw it as 
in Fig. 10 to show the change in values of the illumination current 

 

Fig. 9. I–V characteristics of Ag/Bi2O3/PSi//Si/Ag in illuminated and dark 
[21]. 

 

Fig. 10. Calculated ideality factor–V curve [21]. 
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as a function of the reverse bias voltage. Two tangents are drawn to 
acquire the parameters of the solar cell, and from their conver-
gence, the maximum value of Pmax (maximum power point) is calcu-
lated. 

4.8. Solar Cell Parameters 

While the value of the short-circuit current ISC was found at V 0, 
where we extract the value of the output power from the product of 
the voltage and current, the open circuit voltage VSC was deter-
mined at I 0 and equal to VOC 94 mV. The filling factor was com-
puted using the relationship (2) and the open circuit voltage and 
short circuit current (Pout VOCISC), and its result was 
FF 17.11436. By dividing the current ISC by the effective junction 
area Aeff in units of cm2 (JSC ISC/Aeff), the short-circuit current 
density is calculated to be JSC 4 mA/cm2. The efficiency of the so-
lar cell was determined to be 2.8 using the preceding measure-
ments and the calculation made in accordance with relationship (3). 
Calculating solar cell characteristics using equations [14, 15] were 
as follow: 

 max 100%
OC SC

P
FF

V I
, (2) 

 SC OC

in

I V
FF

P
. (3) 

Filling factor, maximum voltage for solar cells, maximum current 
density, maximum current in a short circuit, and maximum voltage 
in an open circuit are all represented by the letters FF, ISC, and VOC. 
The Pin represents the amount of energy dropping perpendicularly 
on a unit area over a unit time—radiation dose rate [16, 17]. 

4.9. Ideality Factor 

The ideality factor  is calculated through the mathematical rela-
tionship (3) as the graphical relationship is drawn between the bias 
voltage on the x-axis and 0ln J J  on the y-axis. After finding the 
slope of the tangent to the curve, the reciprocal of the slope of the 

TABLE 5. Solar cell parameter Ag/Bi2O3/PSi//Si/Ag in illuminated. 

RS( ) RCH( )  Eff., % FF Rw, m
2 Jm, mA Vm, V ISC, mA VOC, V 

25.14 175 1.35 2.8 0.48 100 7.00 0.40 9.00 0.65 
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tangent is multiplied with the value ( )Bq k T . 
 The increase in the value of the ideality factor indicates that the 
re-joining current is dominant, and this is due to the presence of 
additional energy levels resulting from the deep defects in the pol-
ymorphic and shaped materials. Figure 10 illustrates the curve of 
the ideality factor [18]: 

 
ln /

f

B f S

Iq

k T I I
, (3) 

where kB is Boltzmann constant, T—absolute temperature, If—
forward bias current, IS—saturation current. 

5. CONCLUSIONS 

Drop casting on glass substrates was used to describe the precipi-
tated Bi2O3 films. Through optical investigations utilizing the visi-
ble and ultraviolet spectrum, two optical energy gaps, one in the 
visible spectrum and the other in the ultraviolet, were used with 
Tauc equation to determine the kind of transmission (direct trans-
mission). Testing revealed that the green manufacturing of nano-
particles produced successful results. 
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In this paper, the synthesis of novel (polyvinyl alcohol (PVA) and carbox-
ymethyl cellulose (CMC)/silicon dioxide (SiO2) and tin oxide (SnO2)) nano-
composites to apply for gamma-ray shielding with low unit cost, flexible, 
lightweight, and high corrosion resistance. Scanning electron microscopy 
analysis of the nanocomposites consisting of PVA–CMC–SiO2–SnO2 films 
reveals the presence of numerous aggregates or fragments, which exhibit 
the consistent and coherent distribution on the upper surface. The optical 
microscope analysis of the blend additive distribution of nanoparticles in-
dicates the uniform and homogeneous pattern. The prepared nanocompo-
sites underwent testing to evaluate their effectiveness in shielding against 
gamma-rays. The experimental findings indicate that the nanocomposite 
films of PVA–CMC–SiO2–SnO2 exhibit significant attenuation levels for 
gamma-rays. 

Ó ö³é ðîáîò³ ðîçãëÿíóòî ñèíòåçó íîâèõ íàíîêîìïîçèò³â (ïîë³â³í³ëîâèé 
ñïèðò (ÏÂÑ) òà êàðáîêñèìåòèëöåëþëîçà (ÊÌÖ)/ä³îêñèä Ñèë³ö³þ (SiO2) 
òà îêñèä Ñòàíóìó (SnO2)) çàäëÿ çàñòîñóâàííÿ äëÿ åêðàíóâàííÿ -
ïðîìåí³â ç íèçüêîþ âàðò³ñòþ îäèíèö³, ãíó÷ê³ñòþ, ëåãê³ñòþ òà âèñîêîþ 
êîðîç³éíîþ ñò³éê³ñòþ. Ñêàíóâàëüíà åëåêòðîííî-ì³êðîñêîï³÷íà àíàë³çà 
íàíîêîìïîçèò³â, ùî ñêëàäàþòüñÿ ç ïë³âîê ÏÂÑ–ÊÌÖ–SiO2–SnO2, âèÿâ-
ëÿº íàÿâí³ñòü ÷èñëåííèõ à´ðå´àò³â àáî ôðà´ìåíò³â, ÿê³ äåìîíñòðóþòü 
ïîñë³äîâíèé ³ êîãåðåíòíèé ðîçïîä³ë íà âåðõí³é ïîâåðõí³. Àíàë³çà çà 
äîïîìîãîþ îïòè÷íîãî ì³êðîñêîïà àäèòèâíîãî ðîçïîä³ëó íàíî÷àñòèíîê ó 
ñóì³ø³ âêàçóº íà ð³âíîì³ðíó é îäíîð³äíó ñòðóêòóðó. Ï³äãîòîâëåí³ íà-
íîêîìïîçèòè ïðîéøëè âèïðîáóâàííÿ äëÿ îö³íêè ¿õíüî¿ åôåêòèâíîñòè â 
åêðàíóâàíí³ â³ä -ïðîìåí³â. Åêñïåðèìåíòàëüí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî 
òå, ùî íàíîêîìïîçèòí³ ïë³âêè ÏÂÑ–ÊÌÖ–SiO2–SnO2 äåìîíñòðóþòü 
çíà÷í³ ð³âí³ îñëàáëåííÿ -ïðîìåí³â. 
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carboxymethyl cellulose, structural properties, gamma-rays. 
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1. INTRODUCTION 

Polymeric materials are widely utilized in contemporary applications 
due to their affordability, ease of production, favourable properties, 
and frequently exceptional performance. It is widely acknowledged 
that most polymeric materials exhibit insulating properties, render-
ing them suitable for electrical and electronic use; a relationship has 
been established since antiquity. Polymeric materials have become a 
fundamental component in the electrical and electronic industries 
due to their advantageous characteristics, despite initially being uti-
lized as auxiliary materials [1]. 
 A polymer blend refers to the amalgamation of two or more pol-
ymers, creating a novel material exhibiting diverse physical charac-
teristics. The utilization of heat in conjunction with thermoplastic 
materials and the combination of heat and plastic materials has 
been a subject of interest in various fields. The five primary classi-
fications of polymer blends are polymer-filling blends, mixtures, 
and rubber-thermosetting blends. The practice of polymer blending 
has garnered significant interest due to its inherent advantages in 
terms of simplicity and cost-effectiveness, making it a viable ap-
proach for producing scalable polymeric materials with the potential 
for widespread commercial utilization. Simply put, mixtures’ prop-
erties can be controlled based on their intended use through the ap-
propriate selection of polymer materials [2, 3]. 
 Polymer nanocomposites (PNCs) are determined as a type of ma-
terial with unique properties. A polymer nanocomposite (PNC) is a 
polymer- or copolymer-containing nanoparticles or nanofillers dis-
tributed throughout the polymer matrix. Inorganic particles are 
disseminated in an organic polymer matrix in at least one dimen-
sion to improve the quality attributes of the material [4, 5]. PNCs 
are modern polymers, which can be used instead of traditional filled 
polymers. One of the notable enhancements observed in nanocompo-
sites is the significant improvement in their properties compared to 
those of pure polymers. This improvement can be attributed to the 
enhanced dispersion of fillers within the nanocomposite structure. 
The enhancements include heightened tensile strength, enhanced 
electrical conductivity, decreased flammability, and improved ther-
mal stability. Nanoparticles added to polymer composites also re-
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sulted in a new line of composite materials with improved and 
unique properties. Platelets, fibres, and spheroids are examples of 
these ones [6, 7]. 
 Polyvinyl alcohol (PVA) is a polymer with remarkable character-
istics, including biodegradability, non-toxicity, biocompatibility, 
water solubility, and non-carcinogenicity. It can form hydrogels 
through either chemical or physical means [8, 9]. PVA exhibits a 
sufficiently high tensile strength and demonstrates sufficient flexi-
bility. In order to enhance deformability, PVA is commonly subject-
ed to plasticization through various low molecular weight com-
pounds, predominantly characterized by polar groups [10, 11]. 
 Carboxymethyl cellulose (CMC) is cellulose ether that gels at high 
temperatures and forms excellent films. Due to its polymeric compo-
sition and substantial molecular weight, it possesses the potential to 
serve as filler in biocomposite films. The incorporation of CMC can 
lead to improvements in both the mechanical and barrier characteris-
tics of starch-based films. Cellulose is a linear, high molecular weight 
detergent and surfactant used as a polymer antidirt agent and a safe, 
reusable, and biodegradable fibre surface protection [12, 13]. 
 Silicon oxide (SiO2) or silica is most common in nature as quartz. 
It has many forms, but all forms of silica are identical in chemical 
composition, but with different atomic arrangements. Silica, in all 
its manifestations, exists as an odourless solid material consisting 
of silicon and oxygen atoms. Silica particles can become airborne 
and aggregate to form dust that lacks explosive properties [14, 15]. 
 Tin oxide (SnO2) is a transparent conducting oxide that increasing-
ly attracts attention as a nanostructured material, primarily due to 
its remarkable electrical and optical characteristics. Tin dioxide 
(SnO2) has emerged as a highly-promising material for various appli-
cations, future optoelectronic devices, photocatalysis, and solar cells. 
This phenomenon can be attributed to the significant transmittance 
exhibited by the material within the visible range of the electromag-
netic spectrum, coupled with a conductivity range typically falling 
between 102–103 ( cm)–1 [16, 17]. Owing to its non-toxic nature, af-
fordability, chemical reactivity, and thermal resilience, this material 
has been extensively utilised in biomedical applications and gas sens-
ing [18, 19]. 
 Gamma-radiation is of particular significance regarding external 
exposure due to its substantial penetrating capability and potential 
adverse effects on human health. The cumulative exposure to ioniz-
ing radiation, such as gamma-rays, is associated with various ad-
verse health effects, including the development of cancer, DNA mu-
tations, and infertility, among others. Nevertheless, the ramifica-
tions of these exposures are contingent upon several variables, en-
compassing the specific type of radiation and its corresponding en-
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ergy, the quantity of administered dose (referred to as absorbed 
dose), and the duration of exposure. The prioritization of shielding 
has become imperative to safeguard individuals and equipment, ow-
ing to the escalating utilization of radioactive substances in medi-
cine and industry [20, 21]. 

2. EXPERIMENTAL PART 

Nanoparticles of silicon dioxide (SiO2) and tin oxide (SnO2) were in-
corporated into nanocomposite films at different weight percentages 
(0, 2, 4, 6, and 8 wt.%), using the casting method. The procedure 
entailed dissolving pure polyvinyl alcohol (PVA) and carboxymethyl 
cellulose (CMC) in a ratio of 68:32 in 40 ml of distilled water for 40 
minutes under constant stirring, using a magnetic stirrer at a tem-
perature of 70 C to attain a more uniform solution; this one led to 
the formation of nanocomposite films consisting of PVA, CMC, sili-
con dioxide (SiO2), and tin dioxide (SnO2). The liquid was contained 
within a Petri dish. After synthesising polymer mixture nanocom-
posites, the resulting solution underwent a four-day drying period 
at ambient temperature. The NCs were extracted from the Petri 
dish and utilized for measurement. 
 The surface characteristics of the PVA–CMC–SiO2–SnO2 nano-
composites were examined through the utilization of a scanning 
electron microscope (Model/Mira-3 — Details/1.2 nm at 30 kV; 2.3 
nm at 3 kV — Manufacturing and Country/Tescan, France) and an 
Olympus type Nikon-73346 optical microscope with a magnifying 
power of 10 and a camera for microscopic photography. This study 
examines the gamma-ray attenuation characteristics of SiO2–SnO2 
nanoparticles with different volume fractions, utilizing nanocompo-
sites for gamma-ray shielding. Prior to exposure to a collimated 
beam emanating from gamma-ray sources (specifically Cs-137 with 
an activity of 5 mci), specimens were situated in a designated loca-
tion. The distance between the gamma-ray source and the detector 
is of 2 cm. The current investigation entailed the determination of 
linear attenuation coefficients using Geiger counter measurements. 
The study assessed gamma-ray fluxes transmitted through nano-
composites of NCs composed of PVA–CMC–SiO2–SnO2. 
 The equation presented below can be used to derive the linear at-
tenuation coefficient  based on the material thicknesses [22, 23]: 

 N N0e
x, (1) 

The variable N0 represents the number of radiation particles detect-
ed within a specific time interval without any absorber. Meanwhile, 
the variable  denotes the attenuation coefficient of gamma-
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radiation. Lastly, the variable N signifies the number of radiation 
particles detected within the same time interval but with a sample 
of thickness x. 

3. RESULTS AND DISCUSSIONS 

3.1. Scanning Electron Microscope Measurements of PVA–CMC–
SiO2–SnO2 NCs 

To examine the spatial arrangement of micro-nanofillers in the nano-
composite samples, scanning electron microscopy (SEM) images were 
acquired. Figure 1 displays the scanning electron microscopy (SEM) 
images of the pure and nanocomposite samples. The homogenous dis-
persion of SiO2–SnO2 nanoparticles in the polymeric samples can be 
observed in Figs. 1, b, c. The scanning electron microscopy (SEM) 
images of the doped samples reveal the presence of white granules 
and the random distribution of granule clusters on the surfaces of 
the samples. Furthermore, upon examination of the images, it is evi-
dent that the distribution of SiO2 and SnO2 on the surfaces of the 
samples is uniform [24–28]. 

   
a         b    c 

  
d     e 

Fig. 1. SEM images of PVA CMC SiO2 SnO2) NCs: (a) PVA CMC; (b) 2 
wt.% SiO2 SnO2; (c) 4 wt.% SiO2 SnO2; (d) 6 wt.% SiO2 SnO2; (e) 8 wt.% 
SiO2 SnO2. 
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 Moreover, it has been demonstrated that the SiO2–SnO2 nano-
fillers, after modification, exhibit exceptional adhesion properties 
and establish robust interfacial bonding with the polymeric matrix. 
The observation of granule aggregation on the surfaces of the sam-

  
a      b 

  
c      d 

 
e 

Fig. 2. Grain size for PVA–CMC–SiO2–SnO2 NCs: (a) PVA–CMC; (b) 2 
wt.% SiO2–SnO2; (c) 4 wt.% SiO2–SnO2; (d) 6 wt.% SiO2–SnO2; (e) 8 wt.% 
SiO2–SnO2. 
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ples can be attributed to the complexation between the SiO2–SnO2 
nanoparticles and the polymer, particularly at higher concentra-
tions, as depicted in Figs. 1, d, e. The observed morphological alter-
ations in the PVA–CMC composite suggest interactions between the 
nanofiller and polymer; this indicates that the constituent elements 
of the polymeric samples in the nanocomposite exhibit compatibility 
[29–33]. Figure 2 shows the grain size for PVA–CMC–SiO2–SnO2 
nanocomposites calculated from SEM images. 

3.2. Optical Microscope for PVA–CMC–SiO2–SnO2 NCs 

Figure 3 shows the optical images of PVA–CMC–SiO2–SnO2 nano-
composites with different concentrations of SiO2–SnO2 nanoparticles 
at magnification power 10. The present study involved a compara-
tive analysis between pure polymer films and PVA–CMC–SiO2–SnO2 
nanocomposite films. The microscopic images exhibit a discernible 
distinction among the samples as the proportions of SiO2–SnO2 na-
noparticles are progressively increased, as visually depicted in im-
ages a, b, c, d, and e. Homogenous distribution of SiO2–SnO2 nano-
particles through PVA–CMC blend was observed. Upon reaching a 
concentration of 8 wt.% in polyvinyl alcohol films, SiO2–SiO2 nano-

   
        a    b      c 

  
d     e 

Fig. 3. Optical microscope images of PVA–CMC–SiO2–SnO2 NCs at a mag-
nification ( 10): (a) PVA–CMC; (b) 2 wt.% SiO2–SnO2; (c) 4 wt.% SiO2–
SnO2; (d) 6 wt.% SiO2–SnO2; (e) 8 wt.% SiO2–SnO2. 
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particles transition to form a cohesive network within the polymer 
matrix [34–38]. 

3.3. Application of PVA–CMC–SiO2–SnO2 NCs for Gamma-Ray 
Shielding 

Figure 4 illustrates the fluctuation of N/N0 in the PVA–CMC blend, 
when exposed to varying concentrations of SiO2–SnO2 nanoparticles. 
The N/N0 values exhibit a decrease as the ratio of SiO2–SnO2 nano-
particles increases. This observed behaviour could be attributed to 
the nanocomposite shielding materials’ absorption or reflection of 
gamma-radiation [39–42]. Figure 5 shows increasing ln(N/N0) of 
the PVA/CMC mixture with increases of SiO2–Cr2O3 NPs concentra-
tions [43]. 
 Figure 6 illustrates the fluctuation in attenuation coefficients of 
gamma-radiation for the PVA–CMC blend about the concentrations 
of SiO2–SnO2 nanoparticles. The polymer blend demonstrated a fa-
vourable capacity for radiation absorption. The attenuation coeffi-
cients rise with increasing SiO2–SnO2 nanoparticles because shield-
ing materials are made of nanocomposites, which either absorb or 
reflect gamma-rays [44, 45]. The attenuation coefficient of gamma-
radiation for nanocomposites has reached a value of 0.026 cm 1. 
Nevertheless, incorporating PVA–CMC–SiO2–SnO2 nanocomposites 
offer a distinct advantage due to their enhanced mobility and re-
duced electrical properties. The utilization of this technology does 
not result in any discernible impact on the magnetic or electrical 

 

Fig. 4. Variance of N/N0 for PVA/CMC mixture with different SiO2/SnO2 
NPs concentrations. 
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fields that may affect the health of individuals using or receiving 
treatment [46, 47]. 

4. CONCLUSIONS 

The present study involved the production of plastic nanocomposite 
films utilizing the casting solution fabrication method. The films 
were fabricated using nanoparticles of silicon dioxide (SiO2) and tin 

 

Fig. 5. Change of ln(N/N0) for PVA/CMC blend with different concentra-
tions of SiO2/SnO2 nanoparticles. 

 

Fig. 6. Variance of attenuation coefficients of gamma-radiation for 
PVA/CMC blend with different concentrations of SiO2/SnO2 nanoparticles. 
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oxide (SnO2) in conjunction with polyvinyl alcohol (PVA) and car-
boxymethyl cellulose (CMC). The top surface of the PVA–CMC–
SiO2–SnO2-NCs films was subjected to SEM analysis to investigate 
their surface morphology. The results suggest the presence of di-
verse fragments or conglomerates that were distributed stochastic 
across the surface. The optical microscope images reveal the emer-
gence of a cohesive network after the creation of silicon dioxide 
(SiO2) and tin oxide (SnO2) nanoparticles in a polymer mixture, with 
a weight concentration of eight percent. The concentration of SiO2–
SnO2 nanoparticles directly correlates with the attenuation coeffi-
cient of gamma-radiation, as observed by the concentration of NPs. 
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As a promising nanostructure to use in various optoelectronic nanodevices, 

PVA–ZrO2–CuO nanocomposites (NCs) are created in this study using the 

casting method with different ratios of ZrO2/CuO. Compared to other 

nanosystems, the PVA–ZrO2–CuO nanostructures stand out for their low 

cost, high corrosion resistance, good optical properties, and lightweight. The 

investigation is focused on examining the structural and optical characteris-
tics of nanocomposites composed of PVA–ZrO2–CuO. FTIR spectra indicate a 

physical interference between the pure polymer and nanoparticles. The opti-
cal microscope is used to describe the structural properties and the changes in 

the surface morphology of nanocomposite. The findings about the optical 
characteristics indicate an increase in absorption by approximately 283%. 
Additionally, the energy gap experiences a decrease by approximately 107% 

for allowed indirect transitions and 408% for forbidden indirect transitions. 
These changes are observed, when the PVA–ZrO2–CuO content reaches a 

weight percentage of 6%. Consequently, these results suggest that the mate-
rial may possess suitability for a range of optoelectronic devices. 

ßê ïåðñïåêòèâíó íàíîñòðóêòóðó äëÿ âèêîðèñòàííÿ â ð³çíèõ îïòîåëåêò-
ðîííèõ íàíîïðèñòðîÿõ, ó öüîìó äîñë³äæåíí³ ñòâîðåíî íàíîêîìïîçèòè 
ÏÂÑ–ZrO2–CuO ç âèêîðèñòàííÿì ìåòîäó ëèòòÿ ç ð³çíèìè ñï³ââ³äíîøåí-
íÿìè ZrO2/CuO. Ó ïîð³âíÿíí³ ç ³íøèìè íàíîñèñòåìàìè, íàíîñòðóêòóðè 
ÏÂÑ–ZrO2–CuO âèð³çíÿþòüñÿ íèçüêîþ âàðò³ñòþ, âèñîêîþ êîðîç³éíîþ 
ñò³éê³ñòþ, õîðîøèìè îïòè÷íèìè âëàñòèâîñòÿìè òà ëåãê³ñòþ. Äîñë³-
äæåííÿ çîñåðåäæåíî íà âèâ÷åíí³ ñòðóêòóðíî-îïòè÷íèõ õàðàêòåðèñòèê 
íàíîêîìïîçèò³â ó ñêëàä³ ÏÂÑ–ZrO2–CuO. Ñïåêòðè ³íôðà÷åðâîíî¿ ñïåêò-
ðîñêîï³¿ íà îñíîâ³ ïåðåòâîðåííÿ Ôóð'º âêàçóþòü íà ô³çè÷íó ³íòåðôåðå-
íö³þ ì³æ ÷èñòèì ïîë³ìåðîì ³ íàíî÷àñòèíêàìè. Îïòè÷íèé ì³êðîñêîï 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 379–390 
https://doi.org/10.15407/nnn.22.02.379 
 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



380 ENHANCEMENT STRUCTURAL PROPERTIES AND OPTICAL ENERGY GAP 

âèêîðèñòîâóºòüñÿ äëÿ îïèñó ñòðóêòóðíèõ âëàñòèâîñòåé ³ çì³í ìîðôîëî-
ã³¿ ïîâåðõí³ íàíîêîìïîçèòó. Âèñíîâêè ïðî îïòè÷í³ õàðàêòåðèñòèêè ñâ³-
ä÷àòü ïðî çá³ëüøåííÿ ïîãëèíàííÿ ïðèáëèçíî íà 283%. Êð³ì òîãî, åíå-
ðãåòè÷íà ù³ëèíà çìåíøóºòüñÿ ïðèáëèçíî íà 107% äëÿ äîçâîëåíèõ íå-
ïðÿìèõ ïåðåõîä³â ³ íà 408% äëÿ çàáîðîíåíèõ íåïðÿìèõ ïåðåõîä³â. Ö³ 
çì³íè ñïîñòåð³ãàþòüñÿ, êîëè âì³ñò ÏÂÑ–ZrO2–CuO ñÿãàº âàãîâîãî â³äñî-
òêà ó 6%. Îòæå, ö³ ðåçóëüòàòè ñâ³ä÷àòü ïðî òå, ùî ìàòåð³ÿë ìîæå ìàòè 
ïðèäàòí³ñòü äëÿ ö³ëîãî ðÿäó îïòèêî-åëåêòðîííèõ ïðèñòðî¿â. 

Key words: polyvinyl alcohol, ZrO2–CuO nanoparticles, optical properties. 

Êëþ÷îâ³ ñëîâà: ïîë³â³í³ëîâèé ñïèðò, íàíî÷àñòèíêè ZrO2–CuO, îïòè÷í³ 
âëàñòèâîñò³. 
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1. INTRODUCTION 

Authors and engineers have begun to take polymer nanocomposite 
more seriously as a high-performance matrix; this led to a drastic 
improvement in the polymer’s properties and materials due to the 
nanoparticle’s contribution to manipulating the structure and im-
proving the materials’ properties [1, 2]. Nanomaterials and nano-
composites, currently regarded as novel and captivating fields with-
in materials science, have been observed in natural occurrences for 
centuries. Nevertheless, the techniques for characterizing and ma-
nipulating the structure at the nanoscale have only been developed 
much later. A nanocomposite is a conventional compound composed 
of two components: filler and matrix. In a traditional composite, a 
filler material such as glass fibre or carbon fibre is typically em-
ployed, whereas in a nanocomposite, the filler material consists of 
nanomaterials. Nanomaterials encompass a variety of substances, 
including carbon nanotubes, carbon fibre tubs, and nanoparticles 
composed of gold, diamond, silver, silicon, and copper [3, 4]. Poly-
vinyl alcohol (PVA) is considered one of the most important poly-
mers. He is widely used in many important applications, such as 
electrochromic, fuel cells, biomedical fields, and sensors [5, 6]. Pol-
yvinyl alcohol is a synthetic polymer that cherished widespread us-
age during the initial decades of the twentieth century. This sub-
stance has been utilized to produce diverse end products, including 
lacquers, resins, surgical threads, and food-processing materials 
that come into direct contact with food. These applications span di-
verse sectors, including manufacturing, commercial, medicinal, and 
food industries [7, 8]. PVA exhibits notable mechanical properties 
such as high tensile strength and flexibility. 
 Additionally, PVA demonstrates a remarkable ability to act as a bar-
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rier against oxygen and aroma. Additionally, it possesses commenda-
ble characteristics in terms of film formation, blending, and adhesion. 
The transmission of visible light exhibits exceptional strength. The 

significance of PVA polymeric composites in scientific applications 

has been widely acknowledged [9, 10]. 
 Due to their diverse potential applications, the metallic ZrO2 na-
noparticles have garnered considerable attention within the wide 
bandgap semiconductors. Additionally, they hold a prominent posi-
tion in photocatalysis research owing to their notable surface-to-
volume ratio [11, 12]. Zirconium dioxide (ZrO2) is categorized as an 
n-type semiconductor based on electronic characteristics. The mate-
rial has bandgap energy of approximately 5 electron volts (eV) and 
demonstrates significantly advantageous photocatalytic efficiency 
when exposed to ultraviolet (UV) light irradiation. Applying ZrO2 
nanoparticles is primarily influenced by their crystalline structure 
and phase transitions. Furthermore, it is worth noting that ZrO2 
nanoparticles demonstrate a significantly low thermal conductivity 
and a high thermal expansion coefficient. This substance has been 
employed in manufacturing various final products, such as lac-
quers, resins, surgical threads, and food processing materials that 
have direct contact with food. Furthermore, the substance exhibits 
nontoxic characteristics, thereby rendering it ecologically sustaina-
ble. It also demonstrates improved thermal and chemical stability 
while offering cost-effectiveness [13, 14]. 
 Copper oxide is classified as a semiconductor metal due to its unique 

optical, electrical, and magnetic properties. This material has identi-
fied diverse applications, including the development of supercapaci-
tors, near-infrared filters, catalytic systems, sensors, magnetic stor-
age media, and semiconductors [15, 16]. The utilization of CuO nano-
particles (NPs) has been observed in improving polymer films, regard-
less of whether they are derived from petroleum-based or biobased pol-
ymers; this can be attributed to the remarkable characteristics exhib-
ited by CuO NPs, such as their significant surface-to-volume ratio, 

thermal stability, relatively low toxicity, and capacity to enhance the 

mechanical properties of polymers [17, 18]. The potential applications 

of CuO nanoparticles span various fields, including electronic and op-
toelectronic devices. These applications encompass microelectrome-
chanical systems, gas sensors, magnetic storage media, solar cells, 
field effect transistors, electrochemical cells, field emitters, and 

nanodevices for catalysis. Consequently, CuO nanoparticles have gar-
nered significant interest in the academic community [19, 20]. 
 This work used graphene oxide to improve the nanocomposites’ 
structural, optical, and electrical properties PVA–ZrO2–CuO. This 
study showed a significant improvement in these characteristics 
mentioned above. 
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2. MATERIALS AND METHODS 

The fabrication of nanocomposite films was carried out through the 
utilization of the casting technique, wherein polyvinyl alcohol 
(PVA), zirconium oxide (ZrO2), and copper oxide (CuO) nanoparti-
cles were incorporated. The procedure entailed dissolving pure poly-
vinyl alcohol in 45 ml of distilled water over 35 minutes; this was 
accomplished by employing a magnetic stirrer at a temperature of 
60 C to facilitate a more uniform solution. 
 The polymer underwent the incorporation of zirconium oxide 
(ZrO2) and copper oxide (CuO) nanoparticles at different weight per-
centages: 0%, 2%, 4%, and 6%. Following three days of air-drying 
the solution at room temperature, the observed outcome entailed 
the development of polymer nanocomposites. The nanocomposites 
consisting of PVA, ZrO2, and CuO were obtained from the Petri dish 
and employed for measurement purposes. The nanocomposite sam-
ples consisting of PVA, ZrO2, and CuO were subjected to Fourier 
transform infrared spectroscopy analysis within the wave number 
range of 1000 to 4000 cm 1. The specimens were subjected to analy-
sis at different levels of concentration. A Nikon-73346 optical mi-
croscope, specifically of the Olympus type, was employed for this 
purpose. The microscope had a magnification capability of 10 and 
was equipped with a camera designed to capture microscopic imag-
es. The optical properties of nanocomposites comprising PVA–ZrO2–
CuO were examined in the 200–800 nm wavelength range utilizing 
a U.V./1800/Shimadzu spectrophotometer. 
 Absorbance is calculated by using relation [21]: 

 A IA/I0, (1) 

where IA is the absorbed light intensity and I0 is the incident inten-
sity of light (A is the absorption of the material). 
 Transmittance is calculated by using relation [22] 

 0/r TrT I I , (2) 

where TrI  is the intensity of transmitted light and I0 is the incident 
intensity of light. 
 The indirect transition is calculated by using relation [23, 24] 

 
r

gh B h E , (3) 

where B is constant, h  is the incident photon energy, Eg is the op-
tical band gap, and the value of r is 2 for allowed indirect transi-
tions and 3 for forbidden indirect transitions. (Let us d is the sam-
ple thickness.) 
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3. RESULTS AND DISCUSSION 

3.1. Fourier Transform Infrared Ray Analysis of PVA–ZrO2–CuO NCs 

Fourier transform infrared (FTIR) spectroscopy has been employed 
to examine the interactions occurring between atoms or ions within 
nanocomposites consisting of polyvinyl alcohol (PVA), zirconium 
dioxide (ZrO2), and copper oxide (CuO). The interactions above may 
encompass alterations in the vibrational modes exhibited by the 
nanocomposites. The transmittance spectra of nanocomposite films 
containing PVA–ZrO2–CuO, as measured by FTIR, are presented in 
Fig. 1, a, b, c, and d). These spectra were obtained at room temper-
ature and covered 600–4500 cm 1. The figure illustrates the pres-
ence of broad bands at 3264 cm 1, which can be attributed to the 
presence of hydroxyl (–OH) groups. The vibrational mode associated 
with the CH2 asymmetric stretching is observed at approximately 
2920 cm 1 [25, 26]. The observed peaks at a wavenumber of 1600 
cm 1 have been ascribed to the stretching mode of the C=C bond. 
The peak observed at approximately 1416 cm 1 is attributed to the 
symmetric bending motion of CH2. The spectral peak at approxi-
mately 1085 cm 1 indicates the C–O bond. When examining PVA–
ZrO2–CuO samples with varying ratios of ZrO2/CuO, the FTIR spec-
tra exhibit shifts in peak position and alterations in shape and in-
tensity compared to pure PVA. 
 This observation suggests dissociation between the respective vi-
brational modes of two polymers and nanoparticles composed of 
ZrO2 and CuO [27, 28]. 

3.2. The Optical Microscopy of PVA–ZrO2–CuO Nanocomposites 

Figure 2 depicts the optical microscope images of PVA–ZrO2–CuO 
nanocomposites at various ratios, observed under a magnification 
power of 10. The graphical illustration of the polymer blend film 
depicted in the image (a) demonstrates a uniform phase without any 
discernible phase separation. This observation suggests that the 
PVA exhibits exceptional miscibility at this blend ratio. When the 
concentrations of ZrO2–CuO increase in pure polyvinyl alcohol 
(PVA), the nanoparticles aggregate and form clusters within the 
polymer blend [29, 30]. At a high concentration of 6 wt.% of ZrO2–
CuO nanoparticles, the ZrO2–CuO nanoparticles exhibit the for-
mation of concentration network paths. These paths facilitate the 
passage of charge carriers, resulting in a modification of the mate-
rial properties, as depicted in Fig. 2, b, c, and d [31, 32]. 
 This study introduced an effective preparation technique that es-
tablishes optimal conditions for fabricating nanocomposite films. 
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3.3. The Optical Properties of PVA–ZrO2–CuO Nanocomposites 

Figure 3 illustrates the relationship between optical absorbance and 
wavelength for composites of polyvinyl alcohol–zirconium dioxide–
copper oxide PVA–ZrO2–CuO. Based on the data in Fig. 3, it can be 
observed that the spectra of all the films exhibit increased absorb-
ance in the ultraviolet region. The phenomenon of composites dis-
playing a diminished absorbance level within the visible spectrum 
can be attributed to their interaction with atoms, which subsequent-
ly leads to the transmission of photons [33, 34]. When the wave-
length of incident photons decreases, particularly, in proximity to 
the fundamental absorption edge, there is a corresponding occur-
rence of interaction between the incident photon and the material. 
This interaction results in the absorption of the photon by the ma-
terial [35, 36]. The intensity of the peak exhibits an increase while 

  
a      b 

  
c      d 

Fig. 1. FTIR spectra for PVA–ZrO2–CuO nanocomposites: (a) for pure PVA; 

(b) for 2 wt.% ZrO2–CuO; (c) for 4 wt.% ZrO2–CuO; (d) for 6 wt.% ZrO2–CuO. 
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the position of the peak remains unchanged. The observed absorb-
ance demonstrates a positive correlation with the weight percent-
ages of the materials. This phenomenon can be attributed to the ab-
sorption of incident light by free electrons [37, 38]. 
 Figure 4 depicts the transmittance values of the nanocomposites 
PVA–ZrO2–CuO and pure PVA. The provided figure demonstrates a 
notable enhancement in transmittance for the pure polymer and the 
nanocomposites within the visible spectrum, in contrast to the ob-
served transmittance intensity in the ultraviolet (UV) region. Fur-
thermore, the reduction in transmittance intensity becomes increas-
ingly noticeable as the proportion of nanoparticles in the nanocom-
posites increases [39, 40]. This phenomenon can be ascribed to the 
nanoparticles’ heightened absorption of incident light [41]. 
 Figure 5 depicts the relationship between the square root of the 
absorption edge ( h )1/2 and the photon energy for nanocomposites 
comprising polyvinyl alcohol–zirconium dioxide–copper oxide 
(PVA–ZrO2–CuO). By extrapolating a linear segment from the upper 
portion of the curve towards the x-axis, specifically at the point 

  
a      b 

  
c      d 

Fig. 2. Photomicrographs 10 for PVA–ZrO2–CuO NCs: (a) for pure PVA; (b) 
for 2 wt.% ZrO2–CuO; (c) for 4 wt.% ZrO2–CuO; (d) for 6 wt.% ZrO2–CuO). 
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where the square root of h  equals zero, we can ascertain the en-
ergy difference linked to the allowable indirect transition. 
 Table illustrates a decline in the energy gap values with increas-
ing weight percentages of zirconium oxide (ZrO2) and copper oxide 
(CuO) nanoparticles. This phenomenon is responsible for forming 
localized states within the energy gap prohibited for electronic 
transitions. The transfer process occurs biphasically, wherein elec-

 

Fig. 3. Absorbance of PVA–ZrO2–CuO NCs as a function of wavelength. 

 

Fig. 4. The transmission spectra of PVA–ZrO2–CuO NCs as a function of 
wavelength. 
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tron transitions from the valence band to the localized energy levels 
and subsequently progresses to the conduction band. This phenome-
non corresponds with a rise in the weight percentage of nanoparti-
cles composed of zirconium oxide (ZrO2) and copper oxide (CuO). 
The observed phenomenon can be explained by the diverse composi-
tion of nanocomposites, where the flow of electrons depends on the 
amount of additional components present. The study revealed a di-
rect correlation between the concentration of ZrO2–CuO nanoparti-
cles and the density of localized states [42, 43]. 
 Figure 6 illustrates the correlation between the quantity ( h )1/3 
[cm 1 eV]1/3 and the photon energy of nanocomposites. The presented 
figure illustrates a decreasing trend in the energy gap values for 
forbidden indirect transitions as the concentration of ZrO2–CuO na-
noparticles increases. Moreover, the magnitudes of forbidden indi-
rect transitions are relatively lower when compared to those of al-

 

Fig. 5. Difference of ( h )1/2 for PVA–ZrO2–CuO NCs with photon energy. 

TABLE. Values of energy gap for indirect transitions (forbidden and al-
lowed) in the PVA–ZrO2–CuO nanocomposites. 

Content of PVA–ZrO2–CuO 
nanoparticles wt.% 

Indirect energy gap 
(allowed), eV 

Indirect energy gap 
(forbidden), eV 

0 4.37 3.76 
2 2.98 1.85 
4 2.76 1.64 
6 2.11 0.74 
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lowed indirect transitions [44, 45]. 

4. CONCLUSION 

The current study involves the production of nanostructured films 
composed of PVA–ZrO2–CuO through the solution casting method. 
The investigation focused on analysing the structural and optical 
characteristics of nanostructures composed of PVA–ZrO2–CuO. The 
Fourier transform infrared (FTIR) analysis revealed notable altera-
tions in the infrared spectra’ peak position, shape, and intensity 
when comparing the polymer blend with nanoparticles to pure poly-
vinyl alcohol (PVA). These changes indicate no chemical interaction 
between the polymer blend and the nanoparticles. The optical micro-
scope images provide evidence of the uniform dispersion of ZrO2–
CuO additives, with the nanoparticles forming a cohesive network 
within the polymer blend. The augmentation in the concentration of 
nanoparticles comprising zirconium dioxide (ZrO2) and copper oxide 
(CuO) results in an elevation in the absorbance of nanocomposites 
(NCs) composed of polyvinyl alcohol (PVA), zirconium dioxide 
(ZrO2), and copper oxide (CuO). Incorporating nanofiller consisting 
of ZrO2–CuO at a concentration of 6 wt.% results in a reduction in 
the energy gap associated with indirect transitions, including both 
permissible and impermissible transitions. The energy gap related to 
allowable transitions experienced a decrease from 4.37 eV to 
2.11 eV. In contrast, the energy gap for non-permissible transitions 
reduced from 3.76 eV to 0.74 eV. Moreover, an augmentation in the 
ratios of ZrO2/CuO leads to a reduction in the extent of transmit-

 

Fig. 6. Difference of ( h )1/3 of PVA–ZrO2–CuO NCs with photon energy. 
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tance. 
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In this study, PVA/In2O3/Fe2O3 nanocomposites are made using the solution 

casting method with different amounts 0%, 2%, 4%, and 6% of In2O3/Fe2O3 

nanoparticles. Films’ structures and insulating properties are investigated. 

The optical microscope shows that polymer is wrapped around nanoparticles 

in a continuous system. This network is comprised up of pathways, which 

lead into nanocomposites and provide access for carrier movement through-
out those spaces. FTIR spectroscopy of PVA/In2O3/Fe2O3 nanocomposites 

shows that small vibrational molecular movement is caused by the addition of 

In2O3/Fe2O3 nanoparticles. The addition of In2O3/Fe2O3 nanoparticles also 

breaks polymer chains. Instead, a number of other groups are set up. The die-
lectric characteristics of films show that the dielectric constant, dielectric 

loss, and A.C. electrical conductivity of PVA/In2O3/Fe2O3 nanocomposites 

growth with growing concentrations. As the frequency of the electric field 

goes up, both the dielectric constant and the dielectric loss decrease, while 

A.C. electrical conductivity increases. 

Ó öüîìó äîñë³äæåíí³ íàíîêîìïîçèòè ÏÂÑ/In2O3/Fe2O3 (ÏÂÑ — ïîë³â³í³-
ëîâèé ñïèðò) áóëî âèãîòîâëåíî ìåòîäîì ëèòòÿ ç ðîç÷èíó ç ð³çíèìè ê³ëüêî-
ñòÿìè ó 0%, 2%, 4% ³ 6% íàíî÷àñòèíîê In2O3/Fe2O3. Äîñë³äæåíî ñòðóê-
òóðó é ³çîëÿö³éí³ âëàñòèâîñò³ ïë³âîê. Îïòè÷íèé ì³êðîñêîï ïîêàçóº, ùî 

ïîë³ìåð çãîðíóòèé íàâêîëî íàíî÷àñòèíîê ó áåçïåðåðâí³é ñèñòåì³. Öÿ ìå-
ðåæà ñêëàäàºòüñÿ ç øëÿõ³â, ÿê³ âåäóòü äî íàíîêîìïîçèò³â ³ çàáåçïå÷óþòü 

äîñòóï äëÿ ðóõó íîñ³¿â ó öèõ ïðîñòîðàõ. ²íôðà÷åðâîíà ñïåêòðîñêîï³ÿ (íà 

îñíîâ³ ïåðåòâîðåííÿ Ôóð’º) íàíîêîìïîçèò³â ÏÂÑ/In2O3/Fe2O3 ïîêàçóº, ùî 

ìàëèé êîëèâíèé ìîëåêóëÿðíèé ðóõ ñïðè÷èíåíî äîäàâàííÿì íàíî÷àñòè-
íîê In2O3/Fe2O3. Äîäàâàííÿ íàíî÷àñòèíîê In2O3/Fe2O3 òàêîæ ðîçðèâàº ïî-
ë³ìåðí³ ëàíöþãè. Çàì³ñòü öüîãî ñòâîðþºòüñÿ ðÿä ³íøèõ ãðóï. Ä³åëåêòðè-
÷í³ õàðàêòåðèñòèêè ïë³âîê ïîêàçóþòü, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü, ä³-
åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó íàíîêîìïîçèò³â 

ÏÂÑ/In2O3/Fe2O3 çðîñòàþòü ³ç çðîñòàííÿì êîíöåíòðàö³¿. Ç ï³äâèùåííÿì 
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÷àñòîòè åëåêòðè÷íîãî ïîëÿ ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ 

âòðàòè çìåíøóþòüñÿ, à åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó çðîñòàº. 
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1. INTRODUCTION 

Nanotechnology has created a different part of study for the dispensa-
tion and creation of nanomaterials, which are substances that typically 

have crystallite sizes of less than 100 nanometres [1, 2]. Nanotechnol-
ogy is a hot theme this time, reaching since new changes in technique 

physics to precisely new fields to educating novel materials with na-
nometer-dimensions’ scale [3, 4]. That is fast emerging and rising, 

with vast fields in various research approaches, advancement, and in-
dustrialized activities. Nanoparticles with higher thermal conductivi-
ty than their surrounding liquid have been created to improve deferral 
effective thermal conductivity [5, 6]. 
 Polymer matrix nanocomposites are an appealing and important 
part of today’s materials because of their low weight, simple manu-
facturability, low cost, high fatigue strength, and good corrosion 
resistance. The addition for nanoparticles into a polymer matrix 
meaningfully alters its physical material properties such as struc-
tural–electrical–thermal–optical properties) [7–9]. The polyvinyl 
alcohol is good host medium for extensive variety for nanoparticles. 
It is motivated by the view of producing ultra-transparent films 
with superior optical properties. They have received a lot of atten-
tion due to their excellent dielectric properties [10–12]. Their flexi-
bility is exceptional, and their dielectric strength is quite robust. 
 Due to they are created through erosion, iron oxides is intriguing 

due to their catalytic, magnetic, and semiconducting material proper-
ties [13–15]. They can be used as high-density magnetic storage mate-
rials and as catalysts in the production of styrene [17, 18]. The typical 
stoichiometric form of iron oxide is Fe2O3 at room temperature. 
 For its structural, dielectric properties, the polymer nanocompo-
site of ferrous oxide with PVA is included in nanocomposites [19]. 

2. EXPERIMENTAL PART 

Nanocomposite films were produced by employing the casting meth-
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od. The process includes dissolving pure PVA in 40 ml of distilled 
water for 40 minutes while stirring with a magnetic stirrer at 65 C 
to achieve a more homogeneous solution. The polymer was subjected 
to the addition of nanoparticles of indium trioxide In2O3 and iron 
trioxide Fe2O3 at varying concentrations of 0%, 2%, 4%, and 6% 
wt.%. The structural characteristics of PVA/SnO2/Cr2O3 nanocom-
posites are tested by the optical microscope (OM) provided by Olym-
pus (Top View, type Nikon-73346) and Fourier transformation in-
frared (FTIR) spectroscope (Bruker company type vertex-70, Ger-
man origin) with range wavenumber 500–4000 cm 1. The dielectric 
characteristics were studied in the range from 100 Hz to 5 106 Hz) 
by LCR meter (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) of nanocomposites is given by the fol-
lowing equation [20]: Cp/C0, where Cp is the capacitance and C0 
is the vacuum capacitor. 
 The dielectric loss ( ) is calculated by 

 D, (1) 

where D is the dispersion factor [34]. 
 The A.C. conductivity is determined by 

A.C. w 0, (2) 

where w is angular frequency [35]. 

3. RESULTS AND DISCUSSION 

At a magnification of 10, samples of different concentrations of 

PVA/In2O3/Fe2O3 nanocomposites films in use are shown in Fig. 1. As 

the pictures show, it is clear that the images (a, b, c, and d) are differ-
ent. Once the amount of In2O3 and Fe2O3 nanoparticles in a films reach-
es 6 wt.% for PVA/In2O3/Fe2O3 nanocomposites, the nanoparticles 

start to form a network around the polymer. This network has ways for 

nanocomposites to let charge carriers through [24, 25]. 
 FTIR spectroscopy has been used to study how atoms or ions in 
PVA/In2O3/Fe2O3 nanocomposites interact with each other (Fig. 2). 
These interactions can cause changes in the vibrational styles of the 
nanocomposites. The widening vibration of OH for PVA is assigned 
a broadband of about 3300 cm 1 in the FTIR band of PVA films, 
which may be because of the polymer and nanoparticles’ intermo-
lecular or intermolecular type of hydrogen bonding. At approxi-
mately 2930 cm 1, the band corresponding to CH2 asymmetric 
stretching vibration occurs. The peaks at 1710 and 1652 cm 1 are 
caused by the C=O, C=C stretching mode [26–29]. 
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 The absorption peak at 1240 cm 1 has been given to the CH 
group. The C–O bending of carbonyl groups on the PVA backbone 
matches the 1105 cm 1 band. However, out of plane rings C–H 
bending has an absorption band of about 1963 cm 1. The polymer–
In2O3–Fe2O3 relationship results in a transition in the PVA spectral 
range. This is because there are no interactions between the PVA 
and the In2O3/Fe2O3 nanoparticles. According to FTIR readings, the 
transmittance is reduced owing to a slight growth in In2O3 and 
Fe2O3 concentrations, as displayed in Fig. 2 [30–34]. 
 The relation between dielectric constant and frequency for 
PVA/In2O3/Fe2O3 nanocomposites is displayed in Fig. 3. From this 
figure, we can see the dielectric constant of nanocomposites de-
creases with increases frequency. This could be because dipoles in 
nanoparticle models tend to align themselves in the directions of 
practical electrical fields, which makes space charge polarization 
drop to total polarization [35, 36]. 
 Figure 4 shows the connection between dielectric constant and con-
centration of In2O3/Fe2O3 nanoparticles for PVA/In2O3/Fe2O3 nano-
composites. We can see that as the number of In2O3 and Fe2O3 nanopar-
ticles goes up, the dielectric constant goes up. This is because, in an al-
ternating electric field, nanocomposites undergo interfacial polariza-

  
a      b 

  
c      d 

Fig. 1. The photomicrographs of PVA/In2O3/Fe2O3 nanocomposites: (a) for 

PVA; (b) for 2 wt.% of In2O3/Fe2O3; (c) for 4 wt.% of In2O3/Fe2O3; (d) for 6 

wt.% of In2O3/Fe2O3. 
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tion, leading to an increase in charge carriers [37, 38]. 
 The calculation of the dielectric loss  of nanocomposites was per-
formed using Eq. (1). The frequency-dependent dielectric loss of nano-
composites is illustrated in Fig. 5. The figure manifests that the die-
lectric loss gives a notable rises at lower applied frequencies, while it 

exhibits a drop as the applied frequencies rises. The mentioned phe-
nomenon can be ascribed to the fact that with a rise in frequency, the 

extent of the space charge polarization component diminishes [39, 40]. 
 Figure 6 illustrates the dielectric loss with concentration of 
In2O3/Fe2O3 nanoparticles for PVA/In2O3/Fe2O3 nanocomposites. We 
can get that the dielectric loss goes up as the concentration of In2O3 
and Fe2O3 nanoparticles goes up. This is because the number of 
charge carriers goes up. When the concentration of nanoparticles is 
low, it forms clusters, but when it goes up to 6%, it forms a con-
tinuous network in the nanocomposite [41, 42]. 
 The A.C. electrical conductivity was computed by using Eq. (2). Fig-

  
a      b 

  
c      d 

Fig. 2. FTIR spectra of PVA/In2O3/Fe2O3 nanocomposites: (a) for PVA; (b) for 

2 wt.% of In2O3/Fe2O3; (c) for 4 wt.% of In2O3/Fe2O3; (d) for 6 wt.% of 

In2O3/Fe2O3. 
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ure 7 illustrates the frequency-dependent alteration of A.C. electrical 
conductivity in PVA/In2O3/Fe2O3 nanocomposites. The A.C. electrical 
conductivity of nanocomposites increases with increasing of the fre-
quency of the applied electric field. The observed phenomenon can be 

rationalized by the polarization effect and hopping mechanism. Conse-
quently, there is a polarization effect between finite networks or clus-
ters, and electron hopping happens between adjacent states that are 

randomly distributed within these finite networks [43, 44]. 
 Figure 8 shows A.C. electrical conductivity and concentration for 
PVA/In2O3/Fe2O3 nanocomposites. From this figure, we can see the 

 

Fig. 3. Dielectric constant as a function of frequency for PVA/In2O3/Fe2O3 
nanocomposites. 

 

Fig. 4. Difference dielectric constant with concentration of In2O3/Fe2O3 
nanoparticles in PVA/In2O3/Fe2O3 nanocomposites. 
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A.C. electrical conductivity growths as concentration for In2O3 and 
Fe2O3 nanoparticles growths, resulting from a growth in the total 
number of charge carriers present in the polymer medium [45]. 

4. CONCLUSION 

The findings of the optical microscope revealed that nanoparticles 

form a continuous network in films (polyvinyl alcohol). The nanoparti-
cles inside the polymer are related together in this network. This cre-
ates paths for charge carriers to move over, which changes the way the 

material works. The PVA/In2O3/Fe2O3 nanocomposites contributed to 

 

Fig. 5. Change of dielectric loss with frequency for PVA/In2O3/Fe2O3 nano-
composites. 

 

Fig. 6. Relation between dielectric loss and concentration of In2O3/Fe2O3 
nanoparticles for PVA/In2O3/Fe2O3 nanocomposites. 
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small vibrational molecular movement, according to the FTIR. 
 Next, the adding of In2O3/Fe2O3 nanoparticles, number of polymer 
chains has too been broken. Instead, a number of different chains 
were created. The dielectric properties of PVA/In2O3/Fe2O3 nano-
composite films (dielectric constant, dielectric loss, and A.C. elec-
trical conductivity) go up as the concentration of In2O3/Fe2O3 nano-

 

Fig. 7. A.C. electrical conductivity vs. frequency for PVA/In2O3/Fe2O3 
nanocomposites. 

 

Fig. 8. A.C. electrical conductivity vs. concentration for PVA/In2O3/Fe2O3 
nanocomposites. 
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particles goes up. The dielectric constant and the dielectric loss 
both drop as the frequency of the electric field that is being used 
goes up, while A.C. conductivity increases. 
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Fabrication and Dielectric Characteristics of PVA/SiO2/BaTiO3 

Nanocomposites for Nanoelectronics Fields 
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Nanocomposites’ films of pure polyvinyl alcohol (PVA) and PVA doped 
with SiO2/BaTiO3 nanoparticles are fabricated using casting technique. 
The dielectric characteristics of PVA/SiO2/BaTiO3 nanocomposites are ex-
amined. The results show to enhance in dielectric properties, which in-
clude dielectric constant, dielectric loss and A.C. electrical conductivity of 
PVA with an increase in the SiO2/BaTiO3-nanoparticles’ content. The die-
lectric constant and dielectric loss of PVA/SiO2/BaTiO3 nanocomposites 
are reduced, while the A.C. electrical conductivity is increased, with rais-
ing the frequency. Finally, the obtained results illustrate that 
PVA/SiO2/BaTiO3 nanocomposites may be useful in various electrical 
fields. 

Ïë³âêè íàíîêîìïîçèò³â ç ÷èñòîãî ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ) ³ ÏÂÑ, 
ëå´îâàíîãî íàíî÷àñòèíêàìè SiO2/BaTiO3, âèãîòîâëÿþòüñÿ çà äîïîìîãîþ 
ëèâàðíî¿ òåõí³êè. Äîñë³äæåíî ä³åëåêòðè÷í³ õàðàêòåðèñòèêè íàíîêîì-
ïîçèò³â ÏÂÑ/SiO2/BaTiO3. Îäåðæàí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî ï³äâèùåí-
íÿ ä³åëåêòðè÷íèõ âëàñòèâîñòåé, ÿê³ âêëþ÷àþòü ä³åëåêòðè÷íó ïðîíèê-
í³ñòü, ä³åëåêòðè÷í³ âòðàòè òà åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó ÏÂÑ 
ç³ çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê SiO2/BaTiO3. Ä³åëåêòðè÷íà ïðîíè-
êí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â ÏÂÑ/SiO2/BaTiO3 çìåí-
øóþòüñÿ, à åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó çá³ëüøóºòüñÿ ç ï³äâè-
ùåííÿì ÷àñòîòè. Íàðåøò³, îäåðæàí³ ðåçóëüòàòè ³ëþñòðóþòü, ùî íàíî-
êîìïîçèòè ÏÂÑ/SiO2/BaTiO3 ìîæóòü áóòè êîðèñíèìè â ð³çíèõ åëåêòðè-
÷íèõ ãàëóçÿõ. 

Key words: polyvinyl alcohol, BaTiO3, SiO2, nanocomposites, dielectric 
properties, conductivity. 
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1. INTRODUCTION 

Nanoparticles-reinforced polymer composites with preferred charac-
teristics are gaining significant attention among researchers for 
their potential application in a wide range of industrial sectors such 
as packaging, artificial biomedical implants, electrical devices, elec-
tronics, etc. Among them, functional polymer materials with high 
dielectric constant, low dielectric loss and flexibility are highly de-
sirable in producing next-generation smart devices, such as decou-
pling capacitors, electric vehicles, solar photovoltaic generation 
plants, sensors and actuators, electromagnetic interference (EMI) 
shielding, switched-mode power supplies, etc. [1]. 
 Modern electronics heighten the demand for adaptable, multipur-
pose, eco-friendly dielectric materials with superior properties. His-
torically, ceramics were used as dielectric materials; however, it 
possessed undesirable properties such as brittleness, processing dif-
ficulties, and low stability. Polymers have superior flexibility, pro-
cessability, and lightweight, when compared to ceramics. In addi-
tion, they gained significant interest in science and technology dur-
ing the last decade as a dielectric or interfacial layer between met-
als and semiconductors. Among the polymers biodegradable, non-
toxic, and hydrophilic ones have specific research interest, as they 
can be applicable in bioelectronics [2]. 
 Polyvinyl alcohol (PVA) is semi-crystalline, with low electrical 
conductivity. PVA has certain physical characteristics resultant 
from crystal amorphous interfacial effects. Its electrical character-
istics may be modified to an exact requirement by the suitable dop-
ing substance addition [3]. 
 Barium titanate (BaTiO3), due to its high dielectric permittivity, 
ferroelectric properties and non-toxicity, is used in electronic and 
microwave devices, as an interlayer in ceramic capacitive struc-
tures, as a sensor, in portable energy storage systems, in superca-
pacitors, etc. [4]. 
 Silica is an inorganic substance, which can be functional in a 
wider variety of fields. Silica is a stable substance and extensively 
employed in quantum devices, optoelectronics, biomaterials, envi-
ronmental science and sensors [5]. 
 The nanocomposites of polymers doped with nanoparticles (NPs) 
included huge applications in the optical, electronics, optoelectron-
ics and sensors [6–32]. The present study objects to prepare of 
PVA/SiO2/BaTiO3 nanocomposites and studying their dielectric 
properties to use in various electrical fields. 
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2. MATERIALS AND METHODS 

Films of PVA/SiO2/BaTiO3 nanocomposites were prepared using 
casting method. The pure PVA film was fabricated by dissolving of 
1 gm in (30 ml) of distilled water. The SiO2/BaTiO3NPs were added 
to PVA solution with concentration 1:1 and various contents are 
1.3, 2.6 and 3.9 wt.%. The dielectric properties measured in fre-
quency ranged of 100 Hz–5 MHz by LCR meter type (HIOKI 3532-
50 LCR HI TESTER). 
 The dielectric constant, , is given by [33] Cp/C0, where Cp is 
the capacitance and C0 is the vacuum capacitor. 
 The dielectric loss, , is calculated by [34] D, where D is 
the dispersion factor. 
 The A.C. conductivity is determined by [35] A.C. w 0, where w 
is the angular frequency. 

3. RESULTS AND DISCUSSION 

Figures 1–4 demonstrate the variations of dielectric constant and 
dielectric loss with frequency and SiO2/BaTiO3 NPs content, respec-
tively. 
 The dielectric constant and dielectric loss are decreased with fre-
quency, while it rises with SiO2/BaTiO3 NPs content. These perfor-
mances of dielectric constant and dielectric loss related to the high 
contribution of charge accumulation in the nanocomposites assigned 
to the effect of polarization effect. 
 The dielectric constant and dielectric loss are rise with raising 

 

Fig. 1. Variation of dielectric constant for PVA/SiO2/BaTiO3 nanocompo-
sites with frequency. 
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the SiO2/BaTiO3 NPs content, which related to rise of charges carri-
er numbers [36–44]. 
 Figures 5 and 6 illustrate the behaviour of A.C. conductivity for 
PVA/SiO2/BaTiO3 nanocomposites with frequency for varied con-
tents of SiO2/BaTiO3 NPs. From these figures, the electrical con-
ductivity rises with increasing the SiO2/BaTiO3 NPs concentration, 
where the distributed SiO2/BaTiO3 NPs in the polymer medium has 
increased the number of conductive pathways and increase in the 
charge-carriers’ number. 
 The conductivity of PVA/SiO2/BaTiO3 nanocomposites increases 

 

Fig. 2. Behaviour of dielectric loss for PVA/SiO2/BaTiO3 nanocomposites 
with frequency. 

 

Fig. 3. Dielectric constant variation with SiO2/BaTiO3 NPs content. 
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with increasing the frequency. The dependence of conductivity on 
the frequency is caused by the charge carriers’ hopping in the local-
ized levels [45–57]. 

4. CONCLUSIONS 

The current study included fabrication of PVA/SiO2/BaTiO3 nano-
composites to use in different industrial applications. The results 
demonstrated that the dielectric properties, which include dielectric 
constant, dielectric loss and A.C. electrical conductivity of PVA, 
are enhances with increasing the SiO2/BaTiO3 NPs content. The die-

 

Fig. 4. Behaviour of dielectric loss with SiO2–BaTiO3 NPs content. 

 

Fig. 5. Performance of A.C. conductivity for PVA/SiO2/BaTiO3 nanocom-
posites with frequency. 
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lectric constant and dielectric loss of PVA/SiO2/BaTiO3 nanocompo-
sites are reduced, while the A.C. electrical conductivity is in-
creased, with raising frequency. The obtained results showed that 
the PVA/SiO2/BaTiO3 nanocomposites could be suitable in different 
electrical fields. 
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This work aims to prepare the PMMA/PS/CoFe2O4 magnetic nanostruc-
tures to employ in low-cost magnetic, optic and electronic applications 
(PMMA—polymethyl methacrylate, PS—polystyrene). The optical proper-
ties of PMMA/PS/CoFe2O4 magnetic nanostructures are examined. The 
results show that the absorbance and absorption coefficient of PMMA/PS 
blend are increased with an increase in the CoFe2O4-nanoparticles’ content, 
while the transmittance and energy band gap are decreased with increas-
ing the CoFe2O4-nanoparticles’ content. Finally, the results demonstrate 
that PMMA/PS/CoFe2O4 magnetic nanostructures may be suitable for var-
ious optoelectronics fields. 

Öþ ðîáîòó áóëî ñïðÿìîâàíî íà ï³äãîòîâêó ìàãíåòíèõ íàíîñòðóêòóð 
ÏÌÌÀ/ÏÑ/CoFe2O4 (ÏÌÌÀ — ïîë³ìåòèëìåòàêðèëàò, ÏÑ — ïîë³ñòè-
ðîë) äëÿ âèêîðèñòàííÿ â íåäîðîãèõ ìàãíåòíèõ, îïòè÷íèõ òà åëåêòðîí-
íèõ çàñòîñóâàííÿõ. Äîñë³äæåíî îïòè÷í³ âëàñòèâîñò³ ìàãíåòíèõ íàíîñò-
ðóêòóð ÏÌÌÀ/ÏÑ/CoFe2O4. Ðåçóëüòàòè ïîêàçóþòü, ùî àáñîðáö³ÿ òà êî-
åô³ö³ºíò âáèðàííÿ ñóì³ø³ ÏÌÌÀ/ÏÑ çá³ëüøóºòüñÿ ç³ çá³ëüøåííÿì âì³-
ñòó íàíî÷àñòèíîê CoFe2O4, òîä³ ÿê ïðîïóñêàííÿ òà åíåðãåòè÷íà çàáîðî-
íåíà çîíà çìåíøóþòüñÿ ç³ çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê CoFe2O4. 
Íàðåøò³, ðåçóëüòàòè äåìîíñòðóþòü, ùî ìàãíåòí³ íàíîñòðóêòóðè 
ÏÌÌÀ/ÏÑ/CoFe2O4 ìîæóòü áóòè ïðèäàòíèìè äëÿ ð³çíèõ ãàëóçåé îïòî-
åëåêòðîí³êè. 

Key words: PMMA/PS/CoFe2O4 nanocomposites, absorbance, energy gap. 

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèòè ïîë³ìåòèëìåòàêðèëàò/ïîë³ñòèðîë/CoFe2O4, 
âáèðàííÿ, åíåðãåòè÷íà ù³ëèíà. 

(Received 15 July, 2023; in revised form, 28 July, 2023) 
  

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 409–416 
https://doi.org/10.15407/nnn.22.02.409 
 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



410 Qahtan Adnan MOHAMED and Ahmed HASHIM 

1. INTRODUCTION 

Polymer matrix nanocomposites, which exhibit distinct physico-
chemical characteristics by incorporating inorganic fillers into pol-
ymer networks, have received much attention due to their various 
industrial applications in drug delivery, water treatment, food in-
dustry, aeronautical and aerospace structures [1]. 
 Combining two or more polymers has become an effective strate-
gy to produce advanced polymeric materials with improved physical 
and chemical properties compared to the original polymers. The fi-
nal product properties depend on factors such as the method of mix-
ing, the mixed polymer proportions, the temperature, at which mix-
ing is done, and the degree of mixing of individual polymeric com-
ponents. The rheological as well as the mechanical properties of the 
material are strongly affected by the immiscible polymer phase be-
cause of its morphology and internal framework, which are con-
trolled by the degree of dispersion of polymers. The interfacial in-
teractions between polymer functional groups in the mixture govern 
the final physical and chemical properties of the material. In addi-
tion, the incorporation of nanoparticles (NPs) into the polymer mix-
ture enhances their properties due to the interaction between them 
and the functional groups of the mixture [2, 3]. 
 On account of polymeric materials, polymethyl methacrylate 
(PMMA) is one of the polymers that have garnered a lot of interest 
due to its transparent and colourless properties. It has a long life 
span, excellent mechanical and chemical stability, and high wetta-
bility. However, it has a few drawbacks, including low thermal sta-
bility, restricted electrochemical stability, and low cyclic rate effi-
ciency. For that reason, there has been a lot of research over the 
past few decades showing that incorporating even trace amounts of 
nanofillers into polymers can improve their properties without neg-
atively influencing their processability. Therefore, when the nano-
filler is incorporated, embeds, or decorates itself across a polymer 
matrix, the structure of the resulting nanocomposite can produce 
promising properties [4]. 
 Polystyrene (PS) is an inexpensive, environmentally friendly pol-
ymer it is among the most popular materials, which has many ap-
plications in industry, building and construction, domestic appli-
ances and food packaging. In food packaging, polystyrene can be 
used in many shapes as monolayer plastic film, plastic sheet, or in-
jection moulded and foamed [5]. 
 Among various spinel ferrites, CoFe2O4 has received special at-
traction due to the unique physical properties such as high Curie 
temperature, large magnetocrystalline anisotropy, high coercivity, 
moderate saturation magnetization, large magnetostrictive coeffi-
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cient, excellent chemical stability and mechanical hardness [6]. 
 The nanocomposites of nanoparticles’-doped polymers have many 
applications for different electronics, optical and electronics fields 
[7–18]. The present work deals with preparation of 
PMMA/PS/CoFe2O4 magnetic nanostructures and studying the opti-
cal properties to use them in various optical devices. 

2. MATERIALS AND METHODS 

Films of magnetic nanostructures were prepared from PMMA/PS 
blend doped with CoFe2O4 nanoparticles by using casting technique. 
The PMMA/PS/CoFe2O4 magnetic nanostructures films were fabri-
cated by dissolving of 1 gm of PMMA 50% and PS 50% in 30 ml of 
chloroform using magnetic stirrer to mix the polymers for 1 hour 
to obtain solution that is more homogeneous. Then, CoFe2O4 nano-
particles were added to PMMA/PS blend with contents of 2.1%, 
4.2% and 6.3%. The optical properties of PMMA/PS/CoFe2O4 mag-
netic nanostructures films were tested by using the double beam 
spectrophotometer (Shimadzu, UV-1800) in wavelength 240–840 
nm. 
 Coefficient of absorption ( ) is found by [19]: 

 2.303A/t, (1) 

where A is the absorbance and t is the sample thickness. 
 The energy gap is given by [20]: 

 
r

gah B h E , (2) 

where B is the constant, h  is the photon energy, Eg is the energy 
gap, and r 2 and 3 for allowed and forbidden indirect transitions. 

3. RESULTS AND DISCUSSION 

The absorbance and transmittance behaviours of PMMA/PS/CoFe2O4 
magnetic nanostructures with photon wavelength are shown in Figs. 
1 and 2. As demonstrated in these figures, the PMMA/PS/CoFe2O4 
magnetic nanostructures included high absorbance with low trans-
mittance at UV spectrum because the high energies at UV spectra 
and have broad absorbance spectra in the UV and VIS areas, which 
makes the PMMA/PS/CoFe2O4 magnetic nanostructures can be use-
ful in the optical applications. The absorption of PMMA/PS rises, 
while the transmission reduces with rising of the CoFe2O4 NPs con-
tent, which is, due to rise in the density of charge carriers, lead to 
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absorb or scat the photons [21–30]. 
 The absorption coefficient performance for PMMA/PS/CoFe2O4 
magnetic nanostructures with photon energy is represents in Fig. 3. 
The values of 104 cm 1 and indicate to indirect transition. The 
increase in the  values might be due to the significant decrease in 
the transitions of interband [31–34]. 

 

Fig. 1. Absorbance behaviour of PMMA/PS/CoFe2O4 magnetic nanostruc-
tures with photon wavelength. 

 

Fig. 2. Performance of transmittance for PMMA/PS/CoFe2O4 magnetic 
nanostructures with photon wavelength. 
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 Figures 4 and 5 demonstrate the energies gaps for magnetic 
PMMA/PS/CoFe2O4 nanostructures of allowed and forbidden indi-
rect transitions respectively. 
 The energy gaps of PMMA/PS/CoFe2O4 magnetic nanostructures 
reduced with rise in the CoFe2O4 NPs content; this is related to the 

 

Fig. 3. Performance of absorption coefficient for PMMA/PS/CoFe2O4 mag-
netic nanostructures with photon energy. 

 

Fig. 4. Energy gaps of allowed indirect transition for PMMA/PS/CoFe2O4 
magnetic nanostructures. 
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formation of charge-transfer complexes in the polymeric medium. 
These charge-transfer complexes increase the electric conduction by 
generating extra charges; this effect is in a decrease of the energy 
gap. As the CoFe2O4 NPs content increases, the dopant molecules 
begin bridging the gap separating the two localized stages and re-
duce the potential barrier between them, thereby create easily the 
charge carrier transfer between localized levels [35–40]. 

4. CONCLUSIONS 

The present work includes fabrication of PMMA/PS/CoFe2O4 mag-
netic nanostructures to employ in low cost magnetic, optic and elec-
tronic applications. The results show that the absorbance, absorp-
tion coefficient, extinction coefficient, refractive index, real and 
imaginary parts of dielectric constants and optical conductivity of 
PMMA/PS blend increased with an increase in the CoFe2O4 NPs 
content while the transmittance and energy band gap were de-
creased with increasing the CoFe2O4 NPs content. Finally, the re-
sults demonstrated that PMMA/PS/CoFe2O4 magnetic nanostruc-
tures might be appropriate for different optoelectronics fields. 
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Films of PMMA/PS/CoFe2O4 nanocomposites are fabricated with little cost, 
lightweight and good physical properties to use in various electronics appli-
cations. The dielectric properties of PMMA/PS/CoFe2O4 nanocomposites are 

studied in frequency range from 100 Hz to 5 MHz. Results show that both the 

dielectric constant and the dielectric loss of PMMA/PS/CoFe2O4 nanocompo-
sites are decreased, while the A.C. electrical conductivity is increased, with 

increasing the frequency. The dielectric parameters such as dielectric con-
stant, dielectric loss and A.C. electrical conductivity of PMMA/PS blend are 

increased with increasing the CoFe2O4 nanoparticles’ content. The final re-
sults show that the PMMA/PS/CoFe2O4 nanocomposites may be useful for 

various electronics fields. 

Ïë³âêè ç íàíîêîìïîçèò³â ÏÌÌÀ/ÏÑ/CoFe2O4 (ÏÌÌÀ — ïîë³ìåòèëìåòà-
êðèëàò, ÏÑ — ïîë³ñòèðîë) âèãîòîâëÿþòüñÿ çà íåâåëèêîþ ö³íîþ, ëåãê³ñòþ 

òà õîðîøèìè ô³çè÷íèìè âëàñòèâîñòÿìè äëÿ âèêîðèñòàííÿ â ð³çíèõ åëåê-
òðîííèõ çàñòîñóâàííÿõ. Äîñë³äæåíî ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîêîì-
ïîçèò³â ÏÌÌÀ/ÏÑ/CoFe2O4 â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Ðå-
çóëüòàòè ïîêàçóþòü, ùî ÿê ä³åëåêòðè÷íà ïðîíèêí³ñòü, òàê ³ ä³åëåêòðè÷í³ 
âòðàòè íàíîêîìïîçèò³â ÏÌÌÀ/ÏÑ/CoFe2O4 çìåíøóþòüñÿ, òîä³ ÿê åëåêò-
ðè÷íà ïðîâ³äí³ñòü çì³ííîãî ñòðóìó çá³ëüøóºòüñÿ ç³ çá³ëüøåííÿì ÷àñòîòè. 
Ä³åëåêòðè÷í³ ïàðàìåòðè, òàê³ ÿê ä³åëåêòðè÷íà ïðîíèêí³ñòü, ä³åëåêòðè÷í³ 
âòðàòè é åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó ñóì³ø³ ÏÌÌÀ/ÏÑ, çá³ëü-
øóþòüñÿ ç³ çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê CoFe2O4. Îñòàòî÷í³ ðåçóëü-
òàòè ïîêàçóþòü, ùî íàíîêîìïîçèòè ÏÌÌÀ/ÏÑ/CoFe2O4 ìîæóòü áóòè êî-
ðèñíèìè äëÿ ð³çíèõ ãàëóçåé åëåêòðîí³êè. 

Key words: polymethyl methacrylate, polystyrene, CoFe2O4, nanocomposites, 

dielectric properties. 
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1. INTRODUCTION 

Polymeric nanocomposites are promising materials that can be used 
in industry and in research. They offer considerable property bene-
fits at far lower loadings than the structure of polymer composites 
with typical micron-scale fillers, resulting in decreased component 
weight and the capacity to simplify processing. Furthermore, their 
versatile properties may open up new applications for polymers. 
They find widespread application in a variety of fields, including 
the information industry, packaging, safety, energy, transporta-
tion, electromagnetic shielding, defence systems, sensors, and ca-
talysis [1]. 
 Acrylic-based polymers are one of the major thermoplastic poly-
mers due to their excellent thermal, mechanical and optical proper-
ties. Among acrylic polymers, polymethyl methacrylate (PMMA) 
and polybutyl methacrylate are extensively investigated due to their 
high surface clearance, good transparency and mechanical proper-
ties. PMMA, also known as acrylic glass, contains a methyl ester 
group, which makes it bond with other polar polymers or polar fill-
ers. Because of its insulating and brittle nature, PMMA cannot be 
used in applications that need conductivity or ductility. Several ex-
periments have been performed in order to improve the electrical 
and mechanical properties of PMMA. Several inorganic nanoparti-
cles (NPs) have been widely studied to improve the properties of 
polymers [2]. 
 Polystyrene (PS) is a commercial thermoplastic polymer. It is 
rather brittle, clear and has good mechanical properties and a low-
cost price. Thus, PS has a wide range of applications as construc-
tion materials, packaging, disposable cups, consumer electronics, 
cassette boxes, compact disks and medical uses [3]. The addition of 
nanosize fillers to a polymer blend is an effective way to improve 
the desirable properties. Reinforcing polymeric blend materials us-
ing nanoparticles improves their mechanical, thermal and conduc-
tive characteristics. Individual nanoparticles are homogeneously 
dispersed in a blend matrix, which is the perfect nanocomposite de-
sign. Nanocomposites have attracted a lot of attention due to their 
wide range of applications in industry [4]. 
 Cobalt ferrite (CoFe2O4) is a ferromagnetic oxide that has at-
tracted considerable attention due to its excellent magnetic proper-
ties, such as high coercivity, modest saturation magnetization, high 
Curie temperature at 520 C, large magnet crystalline anisotropy, 



 FABRICATION OF PMMA/PS/CoFe2O4 NANOCOMPOSITES 419 

high mechanical hardness and remarkable chemical stability. 
CoFe2O4 crystallizes into an inverse spinel structure, where one-half 
of the Fe3+ ions occupy the tetrahedral sites, while the other half 
are located in the octahedral sites together with Co2  ions [5]. The 
polymers nanocomposites of inorganic materials doped polymers 
have many applications in various optical, electronics and optoelec-
tronics fields [6–30]. 
 This study aims to fabricate of PMMA/PS/CoFe2O4 nanocompo-
sites and investigating the dielectric properties to employ in differ-
ent electronics applications. 

2. MATERIALS AND METHODS 

The PMMA/PS/CoFe2O4 nanocomposites films were synthesized by 
dissolving of 1 gm PMMA and PS in 30 ml of chloroform with ratio 
of 50 wt.% PMMA and 50 wt.% PS by using magnetic stirrer to 
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The CoFe2O4 nanoparticles added to PMMA/PS blend with 
various concentrations of 2.1%, 4.2% and 6.3%. The casting 
method was used to fabricate the PMMA/PS/CoFe2O4 nanocompo-
sites films. The dielectric properties of PMMA/PS/CoFe2O4 nano-
composites films were examined at frequency (F) range from 100 
Hz to 5 106 Hz by using LCR meter type (HIOKI 3532-50 LCR HI 
TESTER). 
 The dielectric constant ( ) is determined by [31]: 

 Cp/C0, (1) 

wherever Cp is the matter capacitance and C0 is the vacuum capaci-
tance. 
 Dielectric loss ( ) is given by [32]: 

 D, (2) 

where D represents the dispersion factor. 
 The A.C. electrical conductivity is defined by [33]: 

 A.C. 2 F D 0. (3) 

3. RESULTS AND DISCUSSION 

Figures 1–4 show the dielectric constant and dielectric loss per-
formances with frequency and CoFe2O4 NPs concentration respec-
tively. With increasing frequency, the dielectric constant and di-
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electric loss are decreased. This is because of the available relaxa-
tion time of the polymer. 
 At low frequencies, polymer molecules get sufficient time to ori-
ent themselves according to the applied field. However, as the fre-
quency increases, molecules are not getting sufficient time to orient 
themselves according to the direction of the electrical field. There-
fore, the overall polarization effect decreases and, consequently, the 
value of dielectric constant decreases too as it is directly propor-
tional to the amount of polarization. At high frequencies, as the 
polarization decreases, the dielectric loss and dissipation factor also 

 

Fig. 1. Dielectric constant performance with frequency for PMMA/PS/CoFe2O4 

nanocomposites. 

 

Fig. 2. Variation of dielectric loss with frequency for PMMA/PS/CoFe2O4 

nanocomposites. 
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decrease, as sufficient time is not provided to the polymer chain to 
generate phase angle. 
 Thus, at high frequencies, the contribution of orientation or di-
pole polarization vanishes and the effect is only for electronic po-
larization, which is instantaneous. The dielectric constant and di-
electric loss rise with raising the CoFe2O4 NPs concentration due to 
the increase in charge carriers [34–46]. 
 The A.C. electrical conductivity variation for PMMA/PS/CoFe2O4 
nanocomposites with frequency and CoFe2O4 NPs content are repre-
sented in Figs. 5 and 6, respectively. 
 As the CoFe2O4 NPs content is increased, the inorganic filler 
molecules start bridging the gap separating the two localized states 

 

Fig. 3. Behaviour of dielectric constant with CoFe2O4 NPs concentration. 

 

Fig. 4. Dielectric loss performance with CoFe2O4 NPs concentration. 
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and lowering the potential barrier between them, thereby, facilitat-
ing the transfer of charge carriers between two localized states; 
hence, the conductivity increases as a result of increase the charge 
carriers’ numbers. The frequency-dependent conductivity is caused 
by the hopping of charge carriers in the localized state. The term 
hopping refers to the sudden displacement of charge carriers from 
one position to another neighbouring site and, in general, includes 
both jumps over a potential barrier and quantum-mechanical tunnel-
ling [47–55]. 

 

Fig. 5. Variation of A.C. electrical conductivity for PMMA/PS/CoFe2O4 
nanocomposites with frequency. 

 

Fig. 6. Behaviour of A.C. electrical conductivity with CoFe2O4 NPs con-
tent. 
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4. CONCLUSIONS 

This study includes preparation of PMMA/PS/CoFe2O4 to use in dif-
ferent electronics fields. 
 The dielectric properties of PMMA/PS/CoFe2O4 nanocomposites 
were tested in frequency ranged from 100 Hz to 5 MHz. Results 
showed that the dielectric constant and dielectric loss of 
PMMA/PS/CoFe2O4 nanocomposites are decreased, while the A.C. 
electrical conductivity increased, with increasing the frequency. The 
dielectric parameters such as dielectric constant, dielectric loss and 
A.C. electrical conductivity of PMMA/PS blend are increased with 
increasing the CoFe2O4 nanoparticles’ content. 
 The final results demonstrate that the PMMA/PS/CoFe2O4 nano-
composites may be useful for various electronics fields. 
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Films of PVP/SiC/Ti nanocomposites (PVP—polyvinyl pyrrolidine) are fab-
ricated to employ in various electrical and electronics applications. The die-
lectric properties of PVP/SiC/Ti nanocomposites are tested in frequency 

range from 100 Hz to 5 MHz. The results confirm that the dielectric con-
stant, dielectric loss and electrical conductivity of PVP/SiC/Ti nanocompo-
sites are rising with rising concentration. The dielectric constant and dielec-
tric loss of PVP/SiC/Ti nanocomposites decrease, but the conductivity is 

raised, with increasing of frequency. The final results show that PVP/SiC/Ti 
nanocomposites may be suitable in various electronics applications. 

Ïë³âêè ç íàíîêîìïîçèò³â ÏÂÏ/SiC/Ti (ÏÂÏ — ïîë³â³í³ëï³ðîë³äèí) âèãî-
òîâëÿþòüñÿ äëÿ âèêîðèñòàííÿ â ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ çà-
ñòîñóâàííÿõ. Ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîêîìïîçèò³â ÏÂÏ/SiC/Ti ïå-
ðåâ³ðÿþòüñÿ â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Ðåçóëüòàòè ï³äòâåð-
äæóþòü, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü, ä³åëåêòðè÷í³ âòðàòè é åëåêòðîï-
ðîâ³äí³ñòü íàíîêîìïîçèò³â ÏÂÏ/SiC/Ti çðîñòàþòü ç³ çá³ëüøåííÿì êîíöå-
íòðàö³¿. Ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â 

ÏÂÏ/SiC/Ti çìåíøóþòüñÿ, àëå ïðîâ³äí³ñòü ï³äâèùóºòüñÿ ç³ çá³ëüøåííÿì 

÷àñòîòè. Îñòàòî÷í³ ðåçóëüòàòè ïîêàçóþòü, ùî ÏÂÏ/SiC/Ti-íàíîêîìïîçè-
òè ìîæóòü áóòè ïðèäàòíèìè äëÿ ð³çíèõ çàñòîñóâàíü åëåêòðîí³êè. 

Key words: polyvinyl pyrrolidine, SiC/Ti, nanocomposites, dielectric prop-
erties, electronics applications. 
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1. INTRODUCTION 

Nanocomposite materials are increasingly used in different areas. 
Since the requirements for such materials are permanently increas-
ing, there is a need to create new functional materials with superior 
properties. In particular, the development of flexible conductive 
materials for electronics, optics, and devices for energy conversion 
and storage, much attention is paid to the creation of electrically 
conductive polymer-based nanocomposites [1]. 
 Recent years have seen a rise in the use of nanocomposite materi-
als in scientific research, with the promotion of physical properties 
and changes in energy storage technologies as essential components 
for practical applications. 
 The current applications of nanocomposites include high-energy 
batteries, fuel cells, microwave absorbers, optoelectronics, gas sen-
sors, and UV filters. Many microelectronic devices require flexible, 
lightweight, dielectric/conductive polymer materials. By adding a 
few nanofillers, electrical conduction networks can be successfully 
formed in insulating polymers, leading to better optical and thermal 
properties [2]. 
 Silicon carbide (SiC) is used as inorganic materials due to its have 
a well thermal and chemical stability, high strength and hardness 
[3]. 
 Titanium is a highly attractive material in the production of 
components for various applications ranging from biomedical im-
plants to automotive fuel injectors due to its low density, high 
strength, good corrosion resistance, and biocompatibility. At the 
same time, the high strength to weight ratio and high resistance to 
corrosion make titanium and its alloys ideal materials for many ap-
plications [4]. 
 Polyvinyl pyrrolidine (PVP) has a moderately conductive electri-
cal conductivity and is suitable for a wide range of materials, since 
it has great stability. Polyvinyl pyrrolidine has rich charge 
transport and is considered as low-toxicity polymer [5]. 
 There are many investigations on nanocomposites field to make 
use in different approaches such as optical fields [6–15], radiation 
shielding and bioenvironmental [16–21], energy storage [22–
24],sensors [25, 26], antibacterial [27–32], electronics and optoelec-
tronics [33–47]. 
 This study aims to fabricate the PVP/SiC/Ti nanocomposites and 
to examine the dielectric properties to employ in various electrical 
and electronics applications. 
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2. MATERIALS AND METHODS 

Nanocomposite films of PVP biopolymer doped with SiC/Ti nano-
particles (NPs) were synthesized by using casting technique. The 
PVP/SiC/Ti nanocomposite films were fabricated with various con-
centrations: C1 12.5 gm/L, C2 25 gm/L, C3 50 gm/L, and con-
stant weight percentage of SiC/Ti NPs (6%) with content of 50% 
SiC and 50%Ti. The dielectric properties of PVP/SiC/Ti nanocom-
posite films were tested at frequency (F) range from 100 Hz to 5 
MHz by using LCR meter (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) is calculated by [48]: 

Cp/C0, (1) 

wherever Cp is the capacitance of matter and C0 is the vacuum ca-
pacitance. 
 Dielectric loss ( ) is determined by [49]: 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity is obtained by [50]: 

 A.C. 2 F D 0, (3) 

3. RESULTS AND DISCUSSION 

The variation of dielectric constant and dielectric loss with frequen-
cy and concentration for PVP/SiC/Ti nanocomposites films are 
shown in Figs. 1–4, respectively. The dielectric constant rises at 
lower frequencies. This increased dielectric constant is due to Max-
well–Wagner polarization, which is primarily produced by conduc-
tor-insulator interactions. Furthermore, this interfacial polarization 
is caused by the accumulation of space charge polarization at the 
interfaces. Space charges acquire ample time to adapt to an applied 
electric field in the low-frequency region; however, in the higher 
frequency range, changes towards an electric field eventuate rapidly 
for space charges to adjust, and the polarization consequence could 
not exist. 
 The dielectric loss reduces as the frequency increases. Higher 
frequencies hinder the ability for space charges that respond to-
wards the applied field, therefore charge accumulation due to polar-
ization reduces, and hence dielectric loss decreases. The dielectric 
constant and dielectric loss are increased with an increase in the 
concentration; this is due to raise in the number of charges carriers 
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[51–64]. 
 Figures 5 and 6 illustrate the behaviour of electrical conductivity 
for PVP/SiC/Ti nanocomposites with frequency and concentration, 
respectively. The electrical conductivity increases with an increase 
in the frequency and concentration. 
 At low-frequency levels, conductivity is poor due to interfacial 
impedance or space charge polarization. This one indicates that the 
thin films, which have been investigated, have non-Debye proper-
ties. Conductivity increases with a rise in frequency, when operat-

 

Fig. 1. Variation of dielectric constant with frequency for PVP/SiC/Ti 
nanocomposites. 

 

Fig. 2. Dielectric loss variation with frequency for PVP/SiC/Ti nanocom-
posites. 
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ing at higher frequencies. 
 The increase of conductivity with rising concentration can be re-
lated to increase in the charge carriers [65–70]. 

4. CONCLUSIONS 

The current study involves fabrication of PVP/SiC/Ti nanocompo-
sites films to utilize in many electrical and electronics fields. The 
dielectric properties of PVP/SiC/Ti nanocomposites were tested in 

 

Fig. 3. Dielectric constant behaviour with concentration for PVP/SiC/Ti 
nanocomposites. 

 

Fig. 4. Variation of dielectric loss for PVP/SiC/Ti L nanocomposites with 
concentration. 
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frequency ranged of 100 Hz–5 MHz. The results confirmed that the 
dielectric constant, dielectric loss and electrical conductivity of 
PVP/SiC/Ti nanocomposites are increased with rising concentra-
tion. The dielectric constant and dielectric loss of PVP/SiC/Ti 
nanocomposites are decreased, while the conductivity rises, with 
increasing frequency. Finally, the results show that the PVP/SiC/Ti 
nanocomposites may be appropriate in various electronics fields. 

 

Fig. 5. Behaviour of electrical conductivity for PVP/SiC/Ti nanocompo-
sites with frequency. 

 

Fig. 6. Performance of electrical conductivity for PVP/SiC/Ti nanocompo-
sites with concentration. 
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Tailoring the A.C. Electrical Properties of TiO2/Si3N4-NPs-
Doped PVP to Use in Electrical and Electronics Applications 
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This work aims to investigate the A.C. electrical properties of 
PVP/TiO2/Si3N4 nanocomposites (PVP—polyvinyl pyrrolidine) to employ 
them in various electrical and electronic applications. The A.C. electrical 
properties of PVP/TiO2/Si3N4 nanocomposites are measured in frequency 
range from 100 Hz to 5 MHz. The results show that the dielectric param-
eters such as dielectric constant, dielectric loss and electrical conductivity 
are increasing with an increase in TiO2/Si3N4 concentration. The dielectric 
constant and dielectric loss of PVP/TiO2/Si3N4 nanocomposites are re-
duced, while the electrical conductivity is increased, with increasing of 
the frequency. The obtained results indicate that the PVP/TiO2/Si3N4 
nanocomposites can be useful in different electrical and electronics fields. 

Öþ ðîáîòó ñïðÿìîâàíî íà äîñë³äæåííÿ åëåêòðè÷íèõ âëàñòèâîñòåé íà-
íîêîìïîçèò³â ÏÂÏ/TiO2/Si3N4 (ÏÂÏ — ïîë³â³í³ëï³ðîë³äèí) íà çì³ííîìó 
ñòðóì³ äëÿ âèêîðèñòàííÿ ¿õ ó ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ çà-
ñòîñóâàííÿõ. Åëåêòðè÷í³ âëàñòèâîñò³ íà çì³ííîìó ñòðóì³ ó íàíîêîìïî-
çèòàõ ÏÂÏ/TiO2/Si3N4 ì³ðÿþòüñÿ â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 5 
ÌÃö. Ðåçóëüòàòè ïîêàçóþòü, ùî ä³åëåêòðè÷í³ ïàðàìåòðè, òàê³ ÿê ä³å-
ëåêòðè÷íà ïðîíèêí³ñòü, ä³åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü, çðî-
ñòàþòü ç³ çá³ëüøåííÿì êîíöåíòðàö³¿ TiO2/Si3N4. Ç ï³äâèùåííÿì ÷àñòîòè 
ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â 
ÏÂÏ/TiO2/Si3N4 çìåíøóþòüñÿ, à åëåêòðîïðîâ³äí³ñòü çá³ëüøóºòüñÿ. Îäå-
ðæàí³ ðåçóëüòàòè âêàçóþòü íà òå, ùî íàíîêîìïîçèòè ÏÂÏ/TiO2/Si3N4 
ìîæóòü áóòè êîðèñíèìè â ð³çíèõ ñôåðàõ åëåêòðèêè é åëåêòðîí³êè. 

Key words: nanocomposite, TiO2/Si3N4, polymer, dielectric constant, con-
ductivity. 

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèò, TiO2/Si3N4, ïîë³ìåð, ä³åëåêòðè÷íà ïðî-
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1. INTRODUCTION 

Modern electronics heighten the demand for adaptable, multipur-
pose, eco-friendly dielectric materials with superior properties. His-
torically, ceramics were used as dielectric materials; however, it 
possessed undesirable properties such as brittleness, processing dif-
ficulties, and low stability. Polymers have superior flexibility, pro-
cessability, and lightweight, when compared to ceramics. In addi-
tion, they gained significant interest in science and technology dur-
ing the last decade as a dielectric or interfacial layer between met-
als and semiconductors. Among the polymers, biodegradable, non-
toxic, and hydrophilic ones have specific research interest, as they 
can be applicable in bioelectronics [1]. 
 Flexible electronics are attracting increased attention in the elec-
tronic industry day by day due to their compact nature and ease of 
handling. Along with other electronics, flexible dielectric materials 
are also getting popular for many applications like in field effect 
transistors (FET), gate dielectrics, pulse power systems, sensors and 
energy storage devices, etc. Polymers are attractive to synthesize 
flexible materials, but they have limitations of low capacitance and 
low dielectric constants. In last few years, efforts have been made 
to enhance dielectric constant of polymers using by either dielectric 
or conducting fillers [2]. 
 Silicon nitride (Si3N4) is a non-oxide ceramic material with a den-
sity of 3.4 g/cc, with high thermal conductivity 30 W/(m K), low 
thermal expansion, and high compressive strength 4500 MPa. In 
addition, it has high-temperature stability, high fracture toughness, 
and high thermal shock resistance [3]. 
 Nanocrystalline TiO2 is a humongous semiconductor with many 
useful features, such as excellent photocatalytic activity and chemi-
cal and thermal stability. It is a low-cost and non-toxic semiconduc-
tor with unique properties, which allow insertion of it as nanoparti-
cles (NPs) into polymeric matrices, and this is potential strategy for 
developing new nanocomposites with improved properties [4]. 
 PVP is an amorphous and water-soluble polar polymer due to the 
existence of double bond in pyrrolidine ring, and hydroxyl groups 
existing in the structure [5]. 
 The nanocomposites have nanostructure doped with various mate-
rials and are included in many applications in various approaches 
like radiation shielding and bioenvironmental [6–11], energy stor-
age [12–14], electronics and optoelectronics [15–29], optical fields 
[30–39], sensors [40, 41], antibacterial [42–47]. 
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 The present works objects to investigate the dielectric properties 
of PVP/TiO2/Si3N4 nanocomposites to employ in various electrical 
and electronics applications. 

2. MATERIALS AND METHODS 

Films of PVP/TiO2/Si3N4 nanocomposites have been prepared from 
PVP as polymer matrix with TiO2/Si3N4 NPs as filler. The nano-
composites films of PVP/TiO2/Si3N4 nanomaterials were fabricated 
using casting technique. The films prepared with different concen-
trations: C1 12.5 gm/L, C2 25 gm/L, and C3 50 gm/L and ratio 
of TiO2/Si3N4 NPs (6%) provided with concentration of 50% TiO2 
and 50% Si3N4. 
 The dielectric properties of PVP/TiO2/Si3N4 nanocomposites were 
examined at frequency (F) ranged from 100 Hz to 5 MHz using 
LCR meter (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) is given by [48]: 

 Cp/C0, (1) 

wherever Cp is the capacitance of matter and C0 is the vacuum ca-
pacitance. 
 Dielectric loss ( ) is determined by [49]: 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity is obtained by [50]: 

 A.C. 2 F D 0. (3) 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the variation of dielectric constant with fre-
quency and concentration for PVP/TiO2/Si3N4 nanocomposites, re-
spectively. 
 Because the values of dielectric constant drop with increasing 
frequency, for the dipole, it is difficult to spin accurately and easi-
ly, and its oscillation begins to occur after this field. This is be-
cause the dielectric-constant values decrease. 
 In addition, there was no evidence of relaxation peaks, which 
points to a non-Debye response. 
 Figures 3 and 4 demonstrates the dielectric loss behaviours with 
frequency and concentration, respectively, which show that the mo-
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tion of ions is recognized as the fundamental foundation of nano-
composite dielectric loss at lower frequencies, leading to a decrease 
in dielectric loss as a function of rising frequency. 
 Thus, the high value of the dielectric loss at low frequencies in-
dicates the impact of ion jumping. The dielectric constant and die-
lectric loss are increased with increasing concentration that is at-
tributed to rise in the number of charge carriers [51–63]. 
 The performances of A.C. electrical conductivity of PVP/TiO2/Si3N4 
nanocomposites with frequency and concentration are represented in 

 

Fig. 1. Variation of dielectric constant for PVP/TiO2/Si3N4 nanocomposites 
with frequency. 

 

Fig. 2. Dielectric loss variation for PVP/TiO2/Si3N4 nanocomposites with 
frequency. 
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Figs. 5 and 6, respectively. 
 The A.C. conductivity increases with the concentration. 
 In all films, conductivity increases with frequency. The bonds are 
designed to switch at higher frequencies, resulting in a dielectric 
transition with vulnerable trustworthy polar functional groups, 
which causes physiological adaptations within the polymer structure 
via the formation of charge transfer complexes, implying increased 
electrical conductivity of the films. 
 The rise of A.C. electrical conductivity with concentration can be 
due to increase of charge-carriers’ number [64–70]. 

 

Fig. 3. Behaviour of dielectric constant for PVP/TiO2/Si3N4 nanocompo-
sites with concentration. 

 

Fig. 4. Dielectric loss performance for PVP/TiO2/Si3N4 nanocomposites 
with concentration. 
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4. CONCLUSIONS 

The present study includes an investigation of A.C. electrical prop-
erties for PVP/TiO2/Si3N4 nanocomposites to utilize them in differ-
ent electrical and electronics fields. The A.C. electrical properties of 
PVP/TiO2/Si3N4 nanocomposites were tested in frequency ranged of 
100 Hz–5 MHz. 

 

Fig. 5. Performance of A.C. electrical conductivity for PVP/TiO2/Si3N4 
nanocomposites with frequency. 

 

Fig. 6. Behaviour of A.C. electrical conductivity for PVP/TiO2/Si3N4 nano-
composites with concentration. 
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 The results demonstrated that the dielectric constant, dielectric 
loss and electrical conductivity are increased with an increase in 
concentration. The dielectric constant and dielectric loss of 
PVP/TiO2/Si3N4 nanocomposites are reduced, while the electrical 
conductivity is increased, with increasing of the frequency. The fi-
nal results designated that the PVP/TiO2/Si3N4 nanocomposites can 
be functional in many electrical and electronics applications. 
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Synthesis of PMMA/PEO/SiC/BaTiO3 Nanostructures 
for Antibacterial and Radiation-Shielding Applications 

Hiba Kamil Jaafar, Ahmed Hashim, and Bahaa H. Rabee 
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Hillah, Iraq 

The current research aims to fabricate the new PMMA/PEO/SiC/BaTiO3 

nanostructures (PMMA—poly(methyl 2-methylpropenoate), PEO—polyethylene 

oxide) to use them in biomedical purposes as the radiation-shielding and in 
antibacterial applications due to their distinguished chemical and physical 
properties as well as a good gamma-ray attenuation coefficients and high 
antibacterial effectiveness. The PMMA/PEO/SiC/BaTiO3 nanostructures 
are prepared with different weight percentages of silicon carbide 
(SiC)/barium titanate (BaTiO3) nanoparticles (NPs) and PMMA/PEO blend 
to obtain nanostructures with low-weight, good flexibility, and good pro-
cessability. The morphology of films’ surface for PMMA/PEO/SiC/BaTiO3 
nanostructures is searched by optical microscope (OM) and scanning elec-
tron microscope (SEM). The SiC/BaTiO3 NPs are highly homogenous with-
in the PMMA/PEO medium, according to the OM and SEM investigations. 
The attenuation coefficients are tested using 137Cs sources. The results 
demonstrate that the attenuation coefficient of PMMA/PEO is enhanced 
by rising of SiC/BaTiO3 NPs. The antibacterial results show that the 
PMMA/PEO/SiC/BaTiO3 nanostructures have antibacterial effectiveness 
for gram-positive and gram-negative organisms. Therefore, the 
PMMA/PEO/SiC/BaTiO3 nanostructures can be employed as a radiation-
shielding material as well as an antibacterial agent for use in the medical 
and environmental applications. 

Ïîòî÷íå äîñë³äæåííÿ ñïðÿìîâàíå íà âèãîòîâëåííÿ íîâèõ íàíîñòðóêòóð 
ÏÌÌÏ/ÏÅÎ/SiC/BaTiO3 (ÏÌÌÀ — ïîë³(ìåòèë-2-ìåòèëïðîïåíîàò), ÏÅÎ 

— ïîë³åòèëåíîêñèä) äëÿ âèêîðèñòàííÿ ¿õ ó á³îìåäè÷íèõ ö³ëÿõ ÿê çà-
õèñò â³ä ðàä³ÿö³¿ òà â àíòèáàêòåð³àëüíèõ çàñòîñóâàííÿõ çàâäÿêè ¿õí³ì 
â³äì³ííèì õåì³÷íèì ³ ô³çè÷íèì âëàñòèâîñòÿì, à òàêîæ õîðîøèì êîå-
ô³ö³ºíòàì îñëàáëåííÿ -ïðîìåí³â ³ âèñîê³é àíòèáàêòåð³ÿëüí³é åôåêòèâ-
íîñò³. Íàíîñòðóêòóðè ÏÌÌÀ/ÏÅÎ/SiC/BaTiO3 ãîòóþòüñÿ ç ð³çíèìè âà-
ãîâèìè â³äñîòêàìè íàíî÷àñòèíîê (Í×) êàðá³äó Ñèë³ö³þ (SiC)/òèòàíàòó 
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Áàð³þ (BaTiO3) òà ñóì³ø³ ÏÌÌÀ/ÏÅÎ äëÿ îäåðæàííÿ íàíîñòðóêòóð ç 
íèçüêîþ âàãîþ, õîðîøîþ ãíó÷ê³ñòþ òà õîðîøîþ òåõíîëîã³÷í³ñòþ. Ìîð-
ôîëîã³ÿ ïîâåðõí³ ïë³âîê äëÿ íàíîñòðóêòóð ÏÌÌÀ/ÏÅÎ/SiC/BaTiO3 äî-
ñë³äæóºòüñÿ çà äîïîìîãîþ îïòè÷íîãî ì³êðîñêîïà (ÎÌ) òà ñêàíóâàëüíîãî 
åëåêòðîííîãî ì³êðîñêîïà (ÑÅÌ). Çã³äíî ç äîñë³äæåííÿìè ÎÌ ³ ÑÅÌ, 
Í× SiC/BaTiO3 º âèñîêîãîìîãåííèìè â ñåðåäîâèù³ ÏÌÌÀ/ÏÅÎ. Êîåô³-
ö³ºíòè îñëàáëåííÿ ïåðåâ³ðÿþòüñÿ ç âèêîðèñòàííÿì äæåðåë 137Cs. Ðå-
çóëüòàòè äåìîíñòðóþòü, ùî êîåô³ö³ºíò îñëàáëåííÿ ÏÌÌÀ/ÏÅÎ ï³äâè-
ùóºòüñÿ çà ðàõóíîê çðîñòàííÿ ê³ëüêîñòè íàíî÷àñòèíîê SiC/BaTiO3. Ðå-
çóëüòàòè àíòèáàêòåð³ÿëüíèõ äîñë³äæåíü ïîêàçóþòü, ùî íàíîñòðóêòóðè 
ÏÌÌÀ/ÏÅÎ/SiC/BaTiO3 ìàþòü àíòèáàêòåð³ÿëüíó åôåêòèâí³ñòü äëÿ 
ãðàì-ïîçèòèâíèõ ³ ãðàì-íå´àòèâíèõ îðãàí³çì³â. Òàêèì ÷èíîì, íàíîñò-
ðóêòóðè ÏÌÌÀ/ÏÅÎ/SiC/BaTiO3 ìîæíà âèêîðèñòîâóâàòè ÿê ìàòåð³ÿë, 
ùî åêðàíóº âèïðîì³íåííÿ, à òàêîæ ÿê àíòèáàêòåð³ÿëüíèé çàñ³á äëÿ âè-
êîðèñòàííÿ â ìåäèöèí³ òà íàâêîëèøíüîìó ñåðåäîâèù³. 

Key words: PMMA/PEO, SiC, BaTiO3, antibacterial effectiveness, radia-
tion shielding. 

Êëþ÷îâ³ ñëîâà: ÏÌÌÀ/ÏÅÎ, SiC, BaTiO3, àíòèáàêòåð³ÿëüíà åôåêòèâ-
í³ñòü, çàõèñò â³ä ðàä³ÿö³¿. 
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1. INTRODUCTION 

Antibacterial substances are essential in many scientific fields, in-
cluding medicine, manufacturing, food packaging, and water treat-
ment [1]. Antimicrobial activity can be description as a collective 
term for all active principles (agents) that limit bacterial develop-
ment, inhibit the generation of microbial colonies, and may even 
kill microorganisms [2, 3]. 
 Traditional disinfectants made of organic substances are cytotox-
ic and unhealthy. Therefore, there has been a lot of emphasis paid 
to the development of inorganic disinfectants [1, 4]. For example, 
the nanoparticles (NPs) improve antimicrobial activity without cre-
ating toxicity to nearby tissues [4]. More importantly, unlike con-
ventional antibiotics, these nanomaterials could have various effects 
on bacterial growth, making it harder for germs to develop re-
sistance to them [1, 5]. Due to its excellent mechanical, electrical, 
and thermal properties, such as fracture strength, large elastic 
modulus, stiffness and toughness, chemical stability, relatively low 
density and perfect thermal conductivity, as well as low thermal-
expansion co-efficient and high resistivity, silicon carbide (SiC) is 
one of the attractive filler ceramics for elevated temperature struc-
tural components [6]. 
 Semi-crystalline-linear polyethylene oxide (PEO) has great heat 
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stability as well as low cost and is useful for enhancing mechanical 
characteristics. Therefore, PEO is taken in to account for utilisation 
in antibacterial coatings and the food-packaging field [7, 8]. The 
PEO polymer has been utilised to create antimicrobial coatings on 
the surfaces of biomedical systems as an efficient coating approach. 
Although PEO coating alone can increase a materials’ antimicrobial 
activity, adding nanofiller with strong antibacterial activity to the 
PEO matrix can increase the antibacterial activity by twofold [9, 
10]. Barium titanate BaTiO3 NPs, a perovskite-type ceramic materi-
al, offers excellent properties like a high dielectric constant and 
good ferro-, piezo-, and pyroelectric properties. The production of 
multilayer ceramic capacitors, thermistors, transducers, infrared 
detectors, sensors, and electrooptical devices often uses BaTiO3 NPs 
[11, 12] and may potentially be used in medicinal domains such as 
tissue engineering, medication delivery, and cancer therapy, accord-
ing to studies [13–16]. 
 Due to its reduced inflammatory properties, PMMA, one of the 
most widely used commercial polymeric materials, is nevertheless 
used for a variety of biomedical applications, including lenses [16]. 
Silicon and silicon compounds doped polymers were investigated by 
many studies to apply in optical, electronics and photonics fields 
[17–21]. 
 The aim of this work is to synthesize the PMMA/PEO/SiC/BaTiO3 
nanostructures, which have excellent antibacterial activity against 
gram-positive and gram-negative bacteria, with low cost and high 
activity. 

2. MATERIALS AND METHODS 

The materials used in this work are PMMA/PEO blend as a matrix 
and SiC/BaTiO3 NPs as fillers. In 40 ml of chloroform, PMMA 
(75%) and PEO (25%) were dissolved with a magnetic stirrer for 1 
hour to get a more uniform solution. Various weight percentages of 
SiC/BaTiO3 NPs 1.6, 3.2, 4.8, and 6.4 wt.% were added to the 
PMMA/PEO solution. Nanostructures were prepared by using cast-
ing method with thickness of 90 μm. The morphology of films sur-
face for PMMA/PEO/SiC/BaTiO3 nanostructures was explored by 
optical microscope (OM) and scanning electron microscope (SEM). 
Nanostructured PMMA/PEO/SiC/BaTiO3 composites are tested as 
antibacterial for gram-positive (Staphylococcus aureus) and gram-
negative (Escherichia coli) bacteria by using a disc diffusion meth-
od. The gamma-ray attenuation properties for various percentages 
of SiC/BaTiO3 NPs have been examined. The samples were putted in 
front of a collimated beam hail from gamma-ray sources (Cs-137). 
The space between the sample and the gamma-ray source was of 2 
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cm. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the distribution of SiC/BaTiO3 NPs in the 
PMMA/PEO matrix with different ratios of SiC/BaTiO3 NPs. At 
low content, the SiC/BaTiO3 NPs are agglomerated as clusters. 

  
a      b 

  
c      d 

 
e 

Fig. 1. Optical microscope images ( 10) for PMMA/PEO/SiC/BaTiO3 
nanostructures: (a) blend; (b) 1.6 wt.% SiC/BaTiO3 NPs; (c) 3.2 wt.% 
SiC/BaTiO3 NPs; (d) 4.8 wt.% SiC/BaTiO3 NPs; (e) 6.4 wt.% SiC/BaTiO3 
NPs. 
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When the SiC/BaTiO3 NPs ratio increases, the SiC/BaTiO3 NPs 
form path connect inside the PMMA/PEO matrix. 
 The SEM images demonstrate that the surface of 
PMMA/PEO/SiC/BaTiO3 nanostructures’ films becomes more softer 
with a rise of nanoparticles’ ratio [22–28]. 
 Figures 3 and 4 represent the antibacterial activity of the 
PMMA/PEO/SiC/BaTiO3 nanostructures against gram-negative 
(Escherichia coli) and gram-positive (Staphylococcus aureus) bacte-

  
a      b 

  
c      d 

 
e 

Fig. 2. SEM images for PMMA/PEO/SiC/BaTiO3 nanostructures: (a) blend; 
(b) 1.6 wt.% SiC/BaTiO3 NPs; (c) 3.2 wt.% SiC/BaTiO3 NPs; (d) 4.8 wt.% 
SiC/BaTiO3 NPs; (e) 6.4 wt.% SiC/BaTiO3 NPs. 
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ria. The inhibition area enhances with increasing ratio of 
SiC/BaTiO3 NPs. Polymers can be rendered antimicrobial by various 
technologies, such as ionizing radiation; however, they can still be-
come polluted by microbes, while being used, melt mixing of poly-
mers with antibacterial chemicals is the favourer method to get an-
tibacterial polymers. 
 The major method that caused the antibacterial activity of 
nanostructures by the SiC/BaTiO3 NPs might be through oxidative 
stress reason by ROS. ROS include radicals like superoxide radicals 

 

Fig. 3. Inhibition-zone diameter of PMMA/PEO/SiC/BaTiO3 nanostruc-
tures against Escherichia coli. 

 

Fig. 4. Inhibition-zone diameter of PMMA/PEO/SiC/BaTiO3 nanostruc-
tures against Staphylococcus aureus. 
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(O 2), hydroxyl radicals (–OH) and hydrogen peroxide (H2O2); singlet 
oxygen (1O2) could be the cause spoilage the proteins and DNA in 
the bacteria. ROS could have been generated from the existent the 
PMMA/PEO/SiC/BaTiO3 leading to the inhibition of most pathogen-
ic bacteria like Escherichia coli and Staphylococcus aureus. It is 
found from the results that a high effectiveness of the samples was 
against gram-positive bacteria (Staphylococcus aureus) than gram-
negative bacteria (Escherichia coli) on nanoparticles. This is because 
of a thick cell wall of the gram-positive bacteria consist of many 
layers of peptidoglycan than thin cell wall of gram-negative bacteria 
including little layers of peptidoglycan [29–39]. 
 Figure 5 illustrates the change of N/N0 for the 
PMMA/PEO/SiC/BaTiO3 nanostructures with different amount of 
SiC/BaTiO3 NPs. The transmission radiation is reduced with the 
rise of the content of SiC/BaTiO3 NPs that is imputed to the raise 
of the attenuation radiation. 
 Figure 6 depicts the attenuation coefficient for the 
PMMA/PEO/SiC/BaTiO3 nanostructures with various ratios of 
SiC/BaTiO3 NPs. The attenuation coefficient rises with increasing 
SiC/BaTiO3 NPs. This is because shielding materials are made of 
nanostructures, which either absorb or reflect gamma-rays [40–46]. 

4. CONCLUSIONS 

This work includes fabrication of PMMA/PEO/SiC/BaTiO3 

 

Fig. 5. Variance of N/N0 for PMMA/PEO medium with different concen-
trations of SiC/BaTiO3 NPs. 
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nanostructures to use as a radiation shielding and in antibacterial 
applications with low-weight, good flexibility, good processability, 
having good gamma-ray attenuation coefficients as well as high ef-
fectiveness for antibacterial applications. The results demonstrated 
that the attenuation coefficient of PMMA/PEO/SiC/BaTiO3 
nanostructures enhanced by rising of SiC/BaTiO3 NPs. The antibac-
terial results show that the PMMA/PEO/SiC/BaTiO3 nanostructures 
have antibacterial effectiveness for gram-positive and gram-
negative organisms. Therefore, the new PMMA/PEO/SiC/BaTiO3 
nanostructures can be employed as a radiation shielding material as 
well as an antibacterial agent for use in medical and environmental 
applications. 
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Some of triazole derivatives are synthesized by cyclization reaction of thiocar-
bohydrazide synthesized by reaction of carbon disulphide and aqueous hydra-
zine; the basic nucleus 3-methyl-4-amino-1,2,4-triazole-5-thione (L) is pre-
pared by reaction of thiocarbohydrazide compound with glacial acetic acid un-
der reflux condition. The compound (L) is subjected to addition reaction with 

different aldehydes to synthesize Schiff bases 1,3[N,N-Bis(5-methyl-1,3,4-
triazole-2-thione)] benzene (L1) and 1,4[N,N-Bis(5-methyl-1,3,4-triazole-2-
thione)] benzene (L2). The compounds (L1) and (L2) are confirmed by means of 

their melting point, FTIR, UV-visible, and 
1H-NMR spectra. 

Äåÿê³ ç ïîõ³äíèõ òðèàçîëó ñèíòåçóþòüñÿ ðåàêö³ºþ öèêë³çàö³¿ ò³îêàðáîã³ä-
ðàçèäó, ñèíòåçîâàíîãî ðåàêö³ºþ ñ³ðêîâóãëåöþ òà âîäíîãî ã³äðàçèíó; îñíîâ-
íå ÿäðî 3-ìåòèë-4-àì³íî-1,2,4-òðèàçîë-5-ò³îí (L) îäåðæóþòü ðåàêö³ºþ ò³î-
êàðáîã³äðàçèäíî¿ ñïîëóêè ç êðèæàíîþ (êðèñòàë³÷íîþ) îöòîâîþ êèñëîòîþ ó 

(ôëåãìîâèõ) óìîâàõ ðåôëþêñó. Ñïîëóêà (L) ï³ääàºòüñÿ ðåàêö³¿ ïðèºäíàííÿ 

ç ð³çíèìè àëüäåã³äàìè äëÿ ñèíòåçè Øèôôîâèõ îñíîâ 1,3[N,N-Á³ñ(5-ìåòèë-
1,3,4-òðèàçîë-2-ò³îí)] áåíçîë (L1) ³ 1,4[N,N-Á³ñ(5-ìåòèë-1,3,4-òðèàçîë-2-
ò³îí)] áåíçîë (L2). Ñïîëóêè (L1) ³ (L2) ï³äòâåðäæóþòüñÿ ¿õíüîþ òåìïåðàòó-
ðîþ òîïëåííÿ, ³íôðà÷åðâîíîþ ñïåêòðîñêîï³ºþ íà îñíîâ³ Ôóð'º-ïåðåòâîðó, 
ñïåêòðîôîòîìåòðè÷íîþ àíàë³çîþ ó âèäèì³é òà óëüòðàô³îëåòîâ³é îáëàñòÿõ 

ñâ³òëà òà ñïåêòðàìè ÿäðîâîãî ìàãíåòíîãî ðåçîíàíñó íà ÿäðàõ 
1H. 

Key words: synthesis, Schiff bases, thiocarbohydrazide, triazole derivatives. 

Êëþ÷îâ³ ñëîâà: ñèíòåçà, Øèôôîâ³ îñíîâè, ò³îêàðáîã³äðàçèä, ïîõ³äí³ òðè-
àçîëó. 

(Received 27 March, 2023) 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 2, ññ. 457–467 
https://doi.org/10.15407/nnn.22.02.457 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



458 Maryam ASHOUR, Farouk KANDIL, and Abdulkader ALAZRAK 

  
1. INTRODUCTION 

Schiff bases having the general structure R–CH=N–Ar (R and Ar are 

aromatic and aliphatic groups, respectively) [1] are resulted from the 

condensation of primary amines with ketones or aldehydes [2]. They 

are characterized by –N=CH– (imine) groups, which have biology per-
formance such as antimicrobial, antitumor, antiinflammation, and an-
ticancer [1] and are used in excellent antibacterial, antifungal, antidi-
abetic, and anti-inflammatory activities [3]. They have other applica-
tions in different other fields, co-ordination chemistry, analytical 
chemistry, pigments, and polymer industrial [4]. 
 There is a considerable interest in the co-ordination chemistry of 
heterocyclic thione. The chemical interest in these thiones is due to 
the fact that they are multifunctional ligands with sulphur or ni-
trogen donor atoms [5] and their easy synthetic procedures and ef-
fective biological importance. The 1,2,4-triazole moiety contain 
S=C–N–N=C– unit resembling thiosemicarbazones [6]. It is evident 
that the azomethine linkage (C=N) is an essential structural re-
quirement for biological activity, which is served as skeletal back-
bone to a wide range of synthetic intermediates [6]. In addition, the 
triazole ring is highly reactive and emerges as an important 
synthon to generate new chemical entities. Diverse modifications of 
the triazole rings at various positions have led to a variety of novel 
compounds with wide spectrum of pharmacological activities and 
therapeutic drugs such as antifungal, antibacterial, anti-
inflammatory, antiviral, antitumor [7], antimalarial, antioxidant, 
antileishmanial, antiviral and herbicide agents [8]. 
 1,2,4-thiotriazines and 1,2,4-thiotriazoles are well-known hetero-
cyclic thiones derived from thiocarbohydrazide. Some of their de-
rivatives exhibit biological activity [5] and have been used for vari-
ous purposes such as herbicides, neutral antibiotics, antibacterial 
agents. The heterocyclic thiones exist in thione and thiol tautomeric 
forms. Therefore, there has been considerable interest in studying 
the co-ordination properties of both the neutral thione and thiol 
ligands and various binding modes to the metal atom [5, 7]. Tria-
zole derivatives comprise of amine and thione substitutes. The pres-
ence of exocyclic thione group on the heterocyclic moiety is of con-
siderable importance because the combination of the two groups 
(amine and thione) generates species with effective and synergistic 
co-ordination potential [9]. 3-methyl-4-amino-1,2,4-triazole-5-thione 
(MATT) is a representative of the heterocyclic thiones’ family. Like 
the other members of this group, it shows the thione–thiol tautom-
erism (forms I and II) [7], as shown in Fig. 1. 
 The 1,2,4-triazol nucleus has been incorporated into a wide varie-
ty of therapeutically interesting drug candidates including h1/h2 
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histamine receptor blockers, stimulants, antianxiety agents and 
sedative. A number of 1,3,4-thiadiazoline possess antibacterial 
properties comparable with sulphonamide drugs. Subsequently, thi-
adiazole derivatives have found applications as antitumour agents, 
pesticides, dyes, lubricants and analytical reagents [10]. 
 In the present paper, 3-methyl-4-amino-1,2,4-triazole-5-thione 
were converted into their respective Schiff bases by condensing 
them with isophtalaldehyde and terephtalaldehyde in the presence 
of few drops of concentrated sulphuric acid. The structures of com-
pounds were confirmed on the basis of IR, 1H-NMR and MS spectral 
data analysis. 

2. MATERIALS AND METHODS 

All chemicals were purchased from Sigma Aldrich Chemical Co. and 
Merck Chemical Co. (Germany). Melting points of the compounds 
were determined by using an electrothermal digital melting point 
apparatus. The infrared (IR) spectra of the compounds were record-
ed in the region of 4000–400 cm 1 using KBr on a FTIR Perkin-
Elmer spectrophotometer. Vibrational transition frequencies were 
reported in wave numbers (cm 1). 1H-NMR spectra were recorded 
with a model Bruker AMX400 MHZ spectrometer operating at 400 
MHZ using DMSO as a solvent and TMS as an internal standard, 
Mass spectra were recorded on a Shimadzu Agilent Technologies 70 
at 5975 C and MSD energy using a direct insertion probe (low-
energy ACQ method) at temperatures of 90–110 C. Purity of the 
compounds was checked by thin-layer chromatography (TLC) on sili-
ca gel plates using a n-hexane/ethyl acetate (2:8) solvent. 

3. SYNTHESIS 

3.1. Preparation of Thiocarbohydrazide by Reaction of Carbon Di-
sulphide and Aqueous Hydrazine 

The investigation of the reaction of hydrazine with carbon disul-
phide was carried out by adding carbon disulphide to the specified 

 

Fig. 1. Thionic (I) and thiolic (II) forms of 3-methyl-4-amino-1,2,4-triazole-
5-thione. 
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quantity of hydrazine in aqueous solution and, then, refluxing the 
resulting solution for the desired time. 
 To a vigorously stirred solution of 85% hydrazine hydrate 15 ml 
(0.3 moles), 7.6 g (0.1 mole) of carbon disulphide was added drop-
wise for 1 hour, cooled in an ice-bath (10 C) for 30 min. The reac-
tion mixture was then heated at reflux for 30 min. The temperature 
of the solution rose to 62 C, cooled in an ice-bath for 3 hour, and 
the precipitated thiocarbohydrazide was filtered off, washed with 
ethanol and ether, and air-dried. The sample was recrystallized 
from the minimum amount of water acidified with a few drops of 
concentration hydrochloric acid [11]; thiocarbohydrazide was ob-
tained (m.p. 171 C) with yields of 61%. The reaction equation of 
the synthesis of the ligand is shown in Fig. 2. 

3.2. Preparation of 3-Methyl-4-Amino-1,2,4-Triazole-5-Thione (L) 

A mixture of thiocarbohydrazide (5 g) and glacial acetic acid (25 
ml) was heated under reflux for 4 hours at 140 C while stirring. At 
the end of the time, the reaction system was cooled to room temper-
ature and washed with cold water and air-dried. The residue solid 
was recrystallized from methanol and dried to obtain colourless 
shining flakes (m.p. 203–205 C) with yields of 72%. The scheme 
of the synthesis of the ligand is shown in Fig. 3. 

3.3. Synthesis of 1,3[N,N-Bis(5-Methyl-1,3,4-Triazole-2-Thione)] 
Benzene (L1) 

Isophtalaldehyde (0.005 mol, 0.71 g) was dissolved in ethanol (10 

 

Fig. 2. Preparation of thiocarbohydrazide. 

 

Fig. 3. Preparation of 3-methyl-4-amino-1,2,4-triazole-5-thione (L). 
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ml), equimolar amount of 3-methyl-4-amino-1,2,4-triazole-5-thione 
(L) (0.01 mol, 1.3 g) was added and refluxed for 2 hour at 78 C. 
The solid was formed, after that filtered through suction, washed 
with hot ethanol and dried to obtained white crystals (m.p. 280 C) 
with yields of 86%. The scheme of the synthesis of the ligand (L1) 
is shown in Fig. 4. 

3.4. Synthesis of 1,4[N,N-Bis(5-Methyl-1,3,4-Triazole-2-Thione)] 
Benzene (L2) 

Terephtalaldehyde (0.005 mol, 0.71 g) was dissolved in ethanol (10 
ml), equimolar amount of 3-methyl-4-amino-1,2,4-triazole-5-thione 
(L) (0.01 mol, 1.3 g) was added and refluxed for 2 hour at 78 C. 
The solid was formed, after that filtered through suction, washed 
with hot methanol and dried to obtained yellow crystals. 
(m.p. 285 C) with yields of 68%. The scheme of the synthesis of 
the ligand (L2) is shown in Fig. 5. 

4. RESULTS AND DISCUSSION 

The synthesized compounds were variedly coloured solids (data in 
Table). They were generally insoluble in common organic solvents 
but soluble in co-ordinating solvents such as DMSO and DMF. They 
are stable in air and exist in crystalline form. They have high melt-

 

Fig. 4. Synthesis of 1,3[N,N-Bis(5-methyl-1,3,4-triazole-2-thione)] benzene 

(L1). 
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ing points indicating strong bonding network within the compound. 

4.1. Chemistry 

The compounds were identified by MS, FTIR spectrum, 1H-NMR 
spectrum. The results were discussed using articles [12–16]. 

4.2. 3-Methyl-4-Amino-1,2,4-Triazole-5-Thione (L) 

The FTIR spectrum of 3-methyl-4-amino-1,2,4-triazole-5-thione 
shows characteristic absorption bands at 34, 77 cm 1 for N–H and 
3352, 3224 cm 1 for NH2 group and absorption band at 2927 cm 1 
due to C–H aliphatic and absorption band at 1633 cm 1 due to amine 
group (Fig. 6). 
 The data of 1H NMR show singlet at 5.52 ppm for NH2, singlet 
signal at 13.401 ppm due to S–H, and signals 2.24 for 3 H of me-
thyl group, singlet signals at 2.50 ppm and 3.10–3.90 ppm due to 
the solvent DMSO-d6 and water dissolved in DMSO-d6, respectively, 
as shown in Fig. 7. 

 

Fig. 5. Synthesis of 1,4[N,N-Bis(5-methyl-1,3,4-triazole-2-thione)] benzene (L2). 

TABLE. Physical data for the compounds. 

Physical 
data for the 

compounds 

Chemical 
formulae 

M, 
wt g/mole 

Colour Melting point 
(m.p.), °C 

Yield, % Solvent 

L1 C14H14N8S2 358.44 White 280 86% DMSO،DMF 
L2 C14H14N8S2 358.44 Yellow 285 68% DMSO،DMF 
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4.3. 1,3[N,N-Bis(5-Methyl-1,3,4-Triazole-2-Thione)] Benzene (L1) 

Schiff base of 1,3[N,N-Bis(5-methyl-1,3,4-triazole-2-thione)] benzene 
(L1), IR showed disappearance of NH2 absorption band and showed 
absorption bands at 3068 cm 1 due to C–H aromatic, 2938 cm 1 due 
to C–H aliphatic, 2742 cm 1 for S–H group and absorption band at 

 

Fig. 6. FTIR spectrum for compound (L). 

 

Fig. 7. 1H-NMR spectrum for compound (L). 
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1593 cm 1 for C=N group Fig. 8. 
 1H-NMR spectrum shows disappearance of NH2 and appearances 
of singlet signal at 13.97 ppm for 2 H of S–H, singlet signal at 
10.13 ppm due to 2 H of azomethine group (CH=N), and signals 
(8.41–8.15–7.75) for (s, 1 H), (d, 2 H), (t, 1 H) of phenyl group re-
spectively, and singlet signal at 2.38 ppm for 6 H of methyl group 
as shown in Fig. 9. 

 

Fig. 8. FTIR spectrum for compound (L1). 

 

Fig. 9. 1H-NMR spectrum for compound (L1). 
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 MS (AEI) (M ) (Fig. 10): the mass spectra show the base peak m  
at m/z 358.2 corresponding to the original molecular weight of 
ligand molecular ion, where the mass spectrum was given to ligand 
a number of fragmentations. These fragmentations are represented 
in the mass spectra in term of relative abundance compared to m/z , 
and the main peak shown via mass spectrum is relatively to molecu-
lar weight of ligand [C14H14N8S2]  (Fig. 11) and explains the pro-
posed mass fragmentation products for ligand (L1). 

4.4. 1,4[N,N-Bis(5-Methyl-1,3,4-Triazole-2-Thione)] Benzene (L2) 

FTIR spectrum of compound (L2) showed disappearance of NH2 ab-
sorption band and showed absorption bands at 3102 cm 1 due to C–
H aromatic and absorption bands at 2948 cm 1 for C–H aliphatic, 
2776 cm 1 for S–H group, 1635 cm 1 due to C=N group (Fig. 12). 
 MS (AEI) (M ): the mass spectra show the base peak m  at 
m/z 358.2. 

5. CONCLUSION 

In this study, some of triazole derivatives (1,3[N,N-Bis(5-methyl-
1,3,4-triazole-2-thione)] benzene and 1,4[N,N-Bis(5-methyl-1,3,4-
triazole-2-thione)] benzene) were successfully synthesized and char-

 

Fig. 10. Mass spectrum for compound (L1). 
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acterized quantitatively and qualitatively by using FTIR, 1H NMR, 
UV-visible spectroscopy, mass spectrum. 

 

Fig. 11. Mass-fragmentation products for ligand (L1). 

 

Fig. 12. FTIR spectrum for compound (L2). 
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The green nanoscale approach aims to advance development of clean tech-
nologies using nanotechnology, to minimize potential environmental and 
human health risks associated with the manufacture and use of nanotech-
nology products, and to encourage replacement of existing products with 
new nanoproducts, which are more environmentally friendly throughout 
their lifecycle. In addition, to being inexpensive, the easy implementation 
process and the advantages of synthesis without toxic chemicals are the 
main reasons of interest. Nanoparticles (NPs) are synthesized in many 
ways, including the biological method, which is an easy, fast, inexpensive 
and environmentally safe method and depends on using microorganisms or 
plant extracts. In this study, silver nanoparticles (Ag NPs) are successful-
ly synthesized using figs (Ficus carica) leaf extract. The resulting nano-
particles are examined using scanning electron microscopy (SEM) and en-
ergy dispersive x-ray spectroscopy (EDX). The spectrum (SEM–EDX) 
analysis shows that the Ag NPs are of cubical shapes and their elemental 
composition contains mostly silver. The size of the nanoparticles produced 
is approximately in the range of 16.9–39.5 nm. 

Çåëåíèé íàíîìàñøòàáíèé ï³äõ³ä ñïðÿìîâàíèé íà ïðîñóâàííÿ ðîçâèòêó 
÷èñòèõ òåõíîëîã³é ç âèêîðèñòàííÿì íàíîòåõíîëîã³é, ì³í³ì³çàö³þ ïîòå-
íö³éíèõ ðèçèê³â äëÿ íàâêîëèøíüîãî ñåðåäîâèùà òà çäîðîâ'ÿ ëþäèíè, 
ïîâ'ÿçàíèõ ç âèðîáíèöòâîì ³ âèêîðèñòàííÿì íàíîòåõíîëîã³÷íèõ ïðîäó-
êò³â, à òàêîæ íà çàîõî÷åííÿ çàì³íè íàÿâíèõ ïðîäóêò³â íîâèìè íàíîï-
ðîäóêòàìè, ÿê³ º á³ëüø åêîëîã³÷íèìè ïðîòÿãîì óñüîãî ¿õíüîãî æèòòºâî-
ãî öèêëó. Êð³ì òîãî, ùî â³í íåäîðîãèé, ïðîñòèé ïðîöåñ ðåàë³çàö³¿ òà 
ïåðåâàãè ñèíòåçè áåç òîêñè÷íèõ õåì³êàò³â º îñíîâíèìè ïðè÷èíàìè ³í-
òåðåñó. Íàíî÷àñòèíêè (Í×) ñèíòåçóþòüñÿ ð³çíèìè ñïîñîáàìè, âêëþ÷à-
þ÷è á³îëîã³÷íèé ìåòîä, ÿêèé º ïðîñòèì, øâèäêèì, íåäîðîãèì ³ åêîëî-
ã³÷íî áåçïå÷íèì ìåòîäîì ³ çàëåæèòü â³ä âèêîðèñòàííÿ ì³êðîîðãàí³çì³â 
àáî ðîñëèííèõ åêñòðàêò³â. Ó öüîìó äîñë³äæåíí³ íàíî÷àñòèíêè ñð³áëà 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
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(Ag-Í×) óñï³øíî ñèíòåçóþòüñÿ ç âèêîðèñòàííÿì åêñòðàêòó ëèñòÿ ³í-
æèðó (Ficus carica). Îäåðæàí³ íàíî÷àñòèíêè äîñë³äæóþòü çà äîïîìîãîþ 
ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ (ÑÅÌ) òà åíåðãîäèñïåðñ³éíî¿ ðåí-
ò´åí³âñüêî¿ ñïåêòðîñêîï³¿ (ÅÄÐÑ). Ñïåêòðàëüíà àíàë³çà (ÑÅÌ–ÅÄÐC) 
ïîêàçóº, ùî Ag-Í× ìàþòü êóá³÷íó ôîðìó, à ¿õí³é åëåìåíòíèé ñêëàä 
ì³ñòèòü ïåðåâàæíî ñð³áëî. Ðîçì³ð îäåðæàíèõ íàíî÷àñòèíîê ïðèáëèçíî 
çíàõîäèòüñÿ â ä³ÿïàçîí³ 16,9–39,5 íì. 

Key words: Ficus carica, silver nanoparticles, biosynthesis, plant extracts, 
nanotechnology, SEM, EDX. 

Êëþ÷îâ³ ñëîâà: Ficus carica, íàíî÷àñòèíêè ñð³áëà, á³îñèíòåçà, ðîñëèíí³ 
åêñòðàêòè, íàíîòåõíîëîã³¿, ÑÅÌ, ÅÄÐÑ. 
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1. INTRODUCTION 

Nanotechnology is one of the modern technologies used recently in 
many fields such as medical, electronic, food and cosmetic indus-
tries, textile industry, agricultural applications and many other ar-
eas [1]. The main aspect of current nanotechnology research is the 
development of a reliable green process for the synthesis of metal 
NPs. 
 Biosynthesis of NPs using bacteria, fungi, yeast, algae, and plant 
extracts has more advantages over chemical methods as it is an en-
vironmentally benign process, cost-effective, and has the ability of 
large-scale production over chemical methods [2]. The physical and 
chemical methods are being provided in synthesis by using high 
amounts of energy and toxic chemicals, while biological source syn-
thesis methods are cheaper and the process is simpler and easier. It 
also makes these methods more advantageous, because they do not 
contain toxic chemicals during the synthesis phase [1, 3]. 
 Extracts of different plant parts (roots, stems, leaves, fruits, 
fruit peels, and seeds) are used to produce nanoparticles for many 
minerals, the most important of which are silver, gold and oxides of 
some minerals such as zinc oxide (ZnO), copper oxide (CuO), and 
ferric oxide (Fe3O4), in addition to other metals oxides [4]. Among 
nanomaterials, Ag NPs are getting high attention. Plant-mediated 
silver nanoparticle synthesis has various benefits; it is of very low 
cost and can be achieved under ambient temperature; the process is 
comparatively fast in comparison with bacteria. Silver NPs have 
been extensively used in the packaging of food, preservation, cos-
metics, and medicine [5]. Fig (Ficus carica L.) has a wide range of 
medicinal and nutritional values [6]. Its fruit, root and leaves are 
used in the native system of medicine in different disorders [7], and 
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the clinical studies have shown that fig-leaves’ extract have anti-
tumor, hypolipidemic, antioxidant, antibacterial, hypoglycaemic, 
and other functions. Because fig leaves contain a large number of 
flavonoids, they have a variety of pharmacological activities [6]. 
 Thus, from the above perspective, the aim of this study is to syn-
thesize Ag NPs with figs (Ficus carica L.) leaf extract in an inex-
pensive and simple way and to characterize this nanoparticle at dif-
ferent concentrations of Ag  ion. 

2. MATERIALS AND METHODS 

The study was conducted in the laboratories of Syrian Private Uni-
versity and Atomic Energy Commission of Syria, Syria. 
 Figs (Ficus carica L.) leaves used in the study was obtained from 
Tishreen park, Damascus city, Syria in June 2022. 

2.1. Preparation of Plant 

Fresh leaves of figs plants were picked and cleared with tap water, 
then, rinsed with distilled water several times and dried with ab-
sorbent paper for 15 days in the shade. Finally, the dried leaves 
were grinded by electric grinder to a fine powder that was used for 
the extraction. 

2.2. Preparation of Figs (Ficus Carica L.) Leaves Extract 

Extraction was done using method described by Corciova et al. in 
2022 with some modification. The dried and powder leaf (twenty 
grams) of figs were mixed with 400 mL of distilled water for one 
hour at 25 C, then, heated to 60 C for one hour with continuous 
stirring by a magnetic stirrer. The extract aqueous plant solution 
was left to stand for 24 h at 4 C, then, filtered by using Whatman 
No. 1 filter paper. The filtered was kept at 4 C for synthesis [8]. 

2.3. Preparation Silver Nitrate (AgNO3) Solution 

The mother solution was prepared from silver nitrate 1 M, by dis-
solving 33.974 g of it in 200 ml of deionized water. Then, several 
diluted solutions of it were prepared in 100 ml and different con-
centrations 0.05, 0.1, 0.3, 0.5, 1 M by taking the following volumes 
of the main solution 5, 10, 15, 50, 100 ml and complete the volume 
with deionized water to 100 ml. The containers were kept away 
from light to prevent oxidation of the silver ions. 
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2.4. Synthesis and Characterization of Ag NPs 

10 ml extract was mixed with 90 ml of each concentration from sil-
ver nitrate; the addition of extract to silver nitrate was conduct 
slowly at 25 C for 4 hours with continuous stirring by a magnetic 
stirrer. The colour change was monitored (colours to yellow brown-
ish) that indicates the formation of Ag NPs depending on the time 
[9]. After that, the pH of solution adjusted to 7 [8]. The solutions 
were left for 24 h, then, filtered with Whattman No. 1 filter paper. 
The precipitates were transferred to the oven, where it was dried at 
60 C for 8 h. The nanoparticles were removed, after, weighed and 
transferred to a closed container and kept for further analysis [10]. 
The characterization of silver nanoparticles was carried out as fol-
lows according to the methods described by Baran et al. earlier in 
2018 [11]. The surface structure was visualized by SEM (TESCAN, 
Czech Republic) at an accelerating voltage of 30 kV, and elemental 
analysis measurement was done using EDX (EDAX, USA) at an ac-
celerating voltage of 20 kV [11]. 

3. STATISTICAL ANALYSIS 

The data was subjected to one way-ANOVA IBM SPSS software 
package for Windows (Version 20, SPSS Inc., Chicago, IL); the sta-
tistical significance was evaluated at P 0.05. The results were pre-
sented as mean  standard deviation based on three replications. 

4. RESULTS AND DISCUSSION 

Metals like Ag have a very strong surface plasmon resonance, which 
is vital in the synthesis of nanoparticles [5]. Plants (fig leaves) con-
taining specific bioactive compounds are able to reduce the metallic 
salt used as precursor in silver nanoparticles synthesis. Some mole-
cules found in the chemical structure of plants, flavones, ketones, 
aminoacids, phenolics, aldehydes or vitamins have the role of reduc-
ing the silver ions. The silver source is chosen as silver nitrate 
(AgNO3), since it is the most suitable precursor for Ag NPs. Using 
a reducing agent, the silver ions become free, while they are re-
duced to atoms. The atoms will be transformed further into clusters 
by a nucleation reaction. The stabilizing agent is present from the 
nucleation step until the end of the process. It assures that colloidal 
silver particles synthesized will not agglomerate, and a nanosize 
will be maintained [12]. 
 Phytochemicals are reducing agents, which act in the reduction 
of Ag ions during the process of green synthesis. These reagents 
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involve the transformation of precursors in metallic silver (Ag0), 
which will induce the formation of clusters by glomeration. The 
clusters are further grouped to form colloidal silver nanoparticles 
[13]. To be maintained and performed the reaction in the best con-
ditions, stabilizing agents must also be present. They have the role 
of stabilizing the nanoparticles’ suspension, while nanoparticles are 
formed and avoiding a possible agglomeration of particles. The 
mechanism of such reactions is depicted in Fig. 1 [12]. 
 The formation of the Ag NPs was marked by an onset of colour 
changes upon mixing the reactants. The colour changed from a 
bright green to brown after 5 min and, then, to dark brown after 30 
min with varying degrees of colour depending on the concentration 
of silver nitrate used. The change in the colour of the Ag NPs solu-
tion can be linked with the excitation process of the surface plas-
mon vibration within the biologically synthesized Ag NPs as evident 
from the previously published literature. This optical property of 
the synthesized Ag NPs is usually sensitive to concentration, shape, 
size, and the agglomeration state of the synthesized nanoparticles 
[5]. The result showed that the masses of the product nanoparticles 
were increased with increase in concentration of silver nitrate as 
shown Table. 
 The first step of characterization study after the synthesis of 
NPs is the crystal structure and its chemical composition. The ana-
lytical tools of scanning electron microscopy (SEM) were used to 
analyse the size and morphology of the Ag NPs, while energy dis-
persive x-ray diffractometer (EDX) was used to determine the ele-
mental composition. 

 

Fig. 1. Mechanism of chemical reduction of a silver precursor in Ag NPs 
formation [12]. 
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 When the SEM analysis data were examined, it was found that 
Ag NPs were crystalline in nature (of cubical shapes) at all concen-
tration of silver nitrate. SEM analysis result was based on nanome-
tre-scale imaging (Figs. 2–6). In other studies, it has been reported 
that Ag NPs have a spherical appearance [1, 9, 10], rod-like in 
shape [14]. The conditions of chemical reactions can influence on 
their shape and size as well [12]. Besides, the average particle size 

TABLE. The change of the mass of the Ag NPs with the change of the 
used silver nitrate concentration. 

Con. AgNO3, M 0.05 0.1 0.3 0.5 1 
Mass of Ag NPs, g 0.034 0.065 0.07 0.124 0.597 0.091 1.11 0.137 2.649 0.122 

Note: *—values are mean standard deviation; **—different letters within the column indi-
cate significant differences between the concentrations at every plant (P 0.05). 

 

Fig. 2. SEM micrograph of the Ag NPs at 0.05 M AgNO3. 

 

Fig. 3. SEM micrograph of the Ag NPs at 0.1 M AgNO3. 
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as calculated using the ImageJ software from the SEM image was 
found to be between 22.6–35.3 nm, 25.2–37.9 nm, 22.6–39.5 nm, 
29.9–37.5nm and 16.9–23.9 nm at 0.05, 0.1, 0.3, 0.5 and 1 M of 
AgNO3, respectively. The research studies on silver-nanoparticle 
synthesis performed showed that the nanoparticles formed ranged 
in size from 80.11 to 157.01 nm [15], 72.656 nm [5], 17.3 nm [1]. 
 In the EDX analysis, it was observed that the content of the ele-
ment belonged largely to silver. Data analysis revealed that EDX 
spectra of Ag NPs mainly contained a specific and intense peak at 

3 keV for Ag (79.85%, 69.80%, 95.69%, 93.27% and 95.15%) at 
0.05, 0.1, 0.3, 0.5 and 1 M of AgNO3, respectively. 
 In addition, it contained a peak for C and O; small quantities of 
P, S and Cl were observed at 0.05 and 0.1 M AgNO3. Consequently, 
the results confirmed the synthesis of Ag NPs. The presence of oth-
er elements might be related to the breakdown of capping agents 

 

Fig. 4. SEM micrograph of the Ag NPs at 0.3 M AgNO3. 

 

Fig. 5. SEM micrograph of the Ag NPs at 0.5 M AgNO3. 
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from the surface of nanoparticles [8]; the presence of carbon indi-
cates the presence of stabilizers [9]. Other concentration did not no-
tice impurities from the heteroelements of silver, oxygen and car-
bon so these results indicated that the reaction product was com-
posed of high purity Ag nanoparticles [16], in similar studies the 
element composition was evaluated [1, 17]. Figures 7–11 show the 
EDX spectrum of nanoparticles prepared with this bioreduction 
method. 
 From the previous results, it is noted that, after the concentra-
tion of 0.3 M of silver nitrate, there was no noticeable or signifi-
cant change in the average size of nanoparticles during SEM analy-
sis, nor in the elemental composition during EDX analysis; so, this 
concentration was dependent on it in subsequent studies. 

 

Fig. 6. SEM micrograph of the Ag NPs at 1 M AgNO3. 

 

Fig. 7. Analysis of the elemental composition by the EDX analysis of Ag 
NPs at 0.05 M AgNO3. 
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5. CONCLUSIONS 

In this study, Ag NPs were synthesized by an eco-friendly and con-
venient method using agents—figs (Ficus carica L.) leaf extract. 
The characteristics of the obtained silver nanoparticles were studied 
using EDX and SEM techniques. The results confirmed the reduc-
tion of silver nitrate to silver nanoparticles with high stability and 
without any impurity at high concentration of silver nitrate; the 
presence of some C atoms suggests that some of the media compo-
nents acts as a capping agent for stabilizing the nanoparticles. 

 

Fig. 8. Analysis of the elemental composition by the EDX analysis of Ag 
NPs at 0.1 M AgNO3. 

 

Fig. 9. Analysis of the elemental composition by the EDX analysis of Ag 
NPs at 0.3 M AgNO3. 
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 Comparison of experimental results showed that particle size of 
synthesized silver nanoparticles is ranging between 16.9–39.5 nm. 
In addition, it is noted that changing the concentration of the silver 
nitrate solution contributed to a significant change in the amount 
of manufactured silver nanoparticles, but it did not have a signifi-
cant effect on the size of these particles. As a result, we recommend 
the use of Ag NPs obtained from figs leaf extract as an alternative 
that can be developed and used in biotechnological and medical ap-
plications due to their small size. 

 

Fig. 10. Analysis of the elemental composition by the EDX analysis of Ag 
NPs at 0.5 M AgNO3. 

 

Fig. 11. Analysis of the elemental composition by the EDX analysis of Ag 
NPs at 1 M AgNO3. 
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(²ÅÏÎÐ) ³ì. Ð. ª. Êàâåöüêîãî ÍÀÍ Óêðà¿íè. Äîâåäåíî, ùî âåëè÷èíà 
ââ³áðàíî¿ äîçè âïëèâàº íà ñïåêòðè îïòè÷íîãî âáèðàííÿ òà ôëþîðåñöåí-
ö³¿ çðàçê³â ³ ïðèâîäèòü äî ïîñèëåííÿ öèòîòîêñè÷íî¿/öèòîñòàòè÷íî¿ ä³¿ 
ïðåïàðàòó, íàéá³ëüø âèðàæåíî¿ çà â³äíîñíî íèçüêèõ êîíöåíòðàö³é. Ê³-
ëüê³ñòü æèâèõ êë³òèí LLC ï³ä âïëèâîì äîêñîðóá³öèíó â îïðîì³íåíîìó 
ðîç÷èííèêó çà êîíöåíòðàö³é, ìåíøèõ çà 3 ìêÌ, çìåíøèëàñÿ äî 15% ó 
ïîð³âíÿíí³ ç â³äïîâ³äíèì ïîêàçíèêîì çà ä³¿ äîêñîðóá³öèíó áåç îïðîì³-
íåííÿ ðîç÷èííèêà. Áóëî ïðîâåäåíî ïîð³âíÿëüíå äîñë³äæåííÿ ãîñòðî¿ 
òîêñè÷íîñòè îïðîì³íåíîãî ÔÐ. Ðåçóëüòàòè äîñë³äæåííÿ íå íàäàþòü ïå-
ðåêîíëèâèõ äàíèõ, ÿê³ á ñâ³ä÷èëè ïðî â³äì³ííîñò³ ïðîô³ë³â òîêñè÷íîñ-
òè îïðîì³íåíèõ ³ íåîïðîì³íåíèõ ô³çðîç÷èí³â. 

The work investigates the processes determining the characteristics of the 
method of increasing the effectiveness of the antitumor effect of doxorubi-
cin without the use of extraneous nanoimpurities. The method is based on 
the use of high-energy electron irradiation of physiological saline (PS) be-
fore dissolving doxorubicin in it. The energy of the irradiation electrons is 
equal to 1 MeV, and the absorbed dose (gray) is in the range of 4–80 kGy. 
Doxorubicin (Sigma, USA) is used in the study, and the Lewis lung carci-
noma cell line (LLC) given by the R. E. Kavetsky Institute of Experimental 
Pathology, Oncology and Radiobiology (IEPOR), National Academy of Sci-
ences of Ukraine is used to determine the pharmacological characteristics of 
doxorubicin. It is proven that the amount of the absorbed dose affects the 
optical absorption and fluorescence spectra of the samples and leads to an 
increase in the cytotoxic/cytostatic effect of the drug, which is most pro-
nounced at relatively low concentrations. The number of live LLC cells un-
der the influence of doxorubicin in the irradiated solvent at concentrations 
less than 3 μM is decreased to 15% compared to the corresponding indica-
tor under the action of doxorubicin without irradiation of the solvent. A 
comparative study of the acute toxicity of irradiated PS is carried out. The 
results of the study do not provide convincing data that would indicate dif-
ferences in the toxicity profiles of irradiated and non-irradiated PSs. 

Êëþ÷îâ³ ñëîâà: ô³ç³îëîã³÷íèé ðîç÷èí, äîêñîðóá³öèí, áàáñòîíè, åëåêòðîí-
íå îïðîì³íåííÿ, öèòîòîêñè÷í³ñòü, ôëþîðåñöåíö³ÿ, åêñòèíêö³ÿ. 

Key words: physiological salt solution, doxorubicin, bubstones, electron 
irradiation, cytotoxicity, fluorescence, extinction. 

(Îòðèìàíî 19 áåðåçíÿ 2024 ð.; îñòàòî÷íèé âàð³ÿíò — 7 êâ³òíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Ñåðåä íîâèõ íàïðÿì³â ñâ³òîâîãî òåõíîëîã³÷íîãî ïðî´ðåñó â ìåäè-
öèí³ ïåðøî÷åðãîâî¿ óâàãè çàñëóãîâóþòü íàíîòåõíîëîã³¿, âèêîðèñ-
òàííÿ ÿêèõ àêòóàëüíå ï³ä ÷àñ âèð³øåííÿ ïðîáëåì îíêîëîã³¿, ùî 
çóìîâëåíî âàæëèâèì ì³ñöåì ìåäèêàìåíòîçíî¿ òåðàï³¿ ó ë³êóâàíí³ 
îíêîëîã³÷íèõ õâîðèõ [1, 2]. 



 ÂÏËÈÂ ÂÈÑÎÊÎÅÍÅÐÃÅÒÈ×ÍÎÃÎ ÅËÅÊÒÐÎÍÍÎÃÎ ÎÏÐÎÌ²ÍÅÍÍß 483 

 Â òîé æå ÷àñ, ïðèçíà÷åííÿ ïðîòèïóõëèííèõ õåì³îïðåïàðàò³â 
ïîâ’ÿçàíå ç íèçêîþ ³ñòîòíèõ ïðîáëåì. Äî íèõ â³äíîñÿòüñÿ íåñïå-
öèô³÷íà ä³ÿ òà âèñîêà òîêñè÷í³ñòü ïðîòèïóõëèííèõ ïðåïàðàò³â 
äëÿ íåóðàæåíèõ ïóõëèíîþ îðãàí³â ³ òêàíèí. Ñåðéîçíîþ ïåðåø-
êîäîþ íà øëÿõó ë³êóâàëüíîãî åôåêòó ï³ä ÷àñ ìåäèêàìåíòîçíî¿ 
òåðàï³¿ º ðåçèñòåíòí³ñòü çëîÿê³ñíèõ íîâîóòâîðåíü äî öèòîñòàòèê³â 
[3, 4]. Îäíèì ç íàéá³ëüø ïåðñïåêòèâíèõ íîâ³òí³õ øëÿõ³â ìîäè-
ô³êóâàííÿ ïðîòèïóõëèííèõ ïðåïàðàò³â çàðåêîìåíäóâàëà ñåáå ðî-
çðîáêà ÊÍÓ ³ìåí³ Òàðàñà Øåâ÷åíêà [5–7]. Çàçíà÷åíó åëåêòðîííî-
ïðîìåíåâó òåõíîëîã³þ ïîáóäîâàíî íà âèêîðèñòàíí³ îïðîì³íåííÿ 
âèñîêîåíåðãåòè÷íèìè (1 àáî 2 ÌåÂ) åëåêòðîíàìè ô³ç³îëîã³÷íîãî 
ðîç÷èíó (ÔÐ) ïåðåä ðîç÷èíåííÿì ó íüîìó ïðîòèïóõëèííèõ ïðå-
ïàðàò³â. 
 Ó ïðîòèïóõëèíí³é õåì³îòåðàï³¿ âàæëèâå çíà÷åííÿ ìàþòü àíòè-
á³îòèêè ç ãðóïè àíòðàöèêë³í³â, ÿê³ ìàþòü âèñîêó åôåêòèâí³ñòü 
ï³ä ÷àñ ë³êóâàííÿ ð³çíèõ ïóõëèí. Íàé÷àñò³øå çàñòîñîâóºòüñÿ 
îäèí ³ç ïðåïàðàò³â ö³º¿ ãðóïè — äîêñîðóá³öèí òà éîãî íàï³âñèí-
òåòè÷íèé àíàëîã åï³ðóá³öèí. Ïðåïàðàò ìàº àíòèì³òîòè÷íó é àí-
òèïðîë³ôåðàòèâíó ä³þ. Ìåõàí³çì ä³¿ ïîëÿãàº ó âçàºìîä³¿ ç ÄÍÊ, 
óòâîðåíí³ â³ëüíèõ ðàäèêàë³â ³ ïðÿìîìó âïëèâ³ íà ìåìáðàíè êë³-
òèí ç ïðèäóøåííÿì ñèíòåçè íóêëå¿íîâèõ êèñëîò [1]. 
 ²ñòîòíèì ÷èííèêîì, ùî îáìåæóº çàñòîñóâàííÿ äîêñîðóá³öèíó, 
º íàÿâí³ñòü ³ñòîòíèõ ïîá³÷íèõ åôåêò³â éîãî âèêîðèñòàííÿ [1–3]. 
Òàê, ïîøèðåíîþ ðåàêö³ºþ êðîâîòâîðíèõ îðãàí³â íà ³íôóç³þ äîê-
ñîðóá³öèíó º äîçîçàëåæíà îáîðîòíÿ ëåéêîïåí³ÿ òà íåéòðîïåí³ÿ, à 
òàêîæ ìîæëèâèé ðîçâèòîê òðîìáîöèòîïåí³¿ é àíåì³¿. Ðåàêö³ºþ 
ñåðöåâî-ñóäèííî¿ ñèñòåìè íà êàðä³îòîêñè÷í³ñòü äîêñîðóá³öèíó º 
óðàæåííÿ ì³îêàðäà, çàäèøêà, íàáðÿê ëåãåíü, ïåðèôåðè÷í³ íà-
áðÿêè, ãåïàòîìåãàë³ÿ, àñöèò ³ ïëåâðèò. Íàéá³ëüø òÿæêîþ ôîð-
ìîþ, ñïðè÷èíåíîþ àíòðàöèêë³íàìè, º íåáåçïå÷íà äëÿ æèòòÿ çà-
ñò³éíà ñåðöåâà íåäîñòàòí³ñòü, ùî îáìåæóº êóìóëÿòèâíó äîçó ïðå-
ïàðàòó, à òàêîæ òðîìáîåìáîë³÷í³ óñêëàäíåííÿ, âêëþ÷àþ÷è åìáî-
ë³þ ëåãåíåâî¿ àðòåð³¿ (ó ðÿä³ âèïàäê³â ³ç ëåòàëüíèì ê³íöåì). 
 Ïðîâåäåí³ äîñë³äæåííÿ [5–7] ïîêàçàëè, ùî öèòîñòàòè÷íà àêòè-
âí³ñòü äîêñîðóá³öèíó çà âèêîðèñòàííÿ ïîïåðåäíüîãî ðàä³ÿö³éíîãî 
îïðîì³íåííÿ ÔÐ çðîñòàº. Öåé ðåçóëüòàò ñâ³ä÷èòü ïðî ìîæëèâ³ñòü 
in vitro íà êë³òèííîìó ð³âí³ çìåíøèòè äîçó ðîç÷èíó äîêñîðóá³-
öèíó áåç çìåíøåííÿ éîãî òåðàïåâòè÷íîãî ðåçóëüòàòó. Òàêà ïåðñ-
ïåêòèâà çóìîâëþº àêòóàëüí³ñòü âèâ÷åííÿ çàêîíîì³ðíîñòåé âçàº-
ìîçâ’ÿçêó ì³æ ô³çè÷íèìè ïðîöåñàìè, çóìîâëåíèìè âèñîêîåíåðãå-
òè÷íèì åëåêòðîííèì îïðîì³íåííÿì, ³ ³íäóêîâàíèì íèì çðîñòàí-
íÿì öèòîñòàòè÷íî¿ àêòèâíîñòè. 
 Ìåòîþ ðîáîòè º äîñë³äæåííÿ ìåõàí³çì³â âïëèâó âèñîêîåíåðãå-
òè÷íîãî åëåêòðîííîãî îïðîì³íåííÿ ÔÐ ³ ðîç÷èíó äîêñîðóá³öèíó â 
îïðîì³íåíîìó ÔÐ íà éîãî îïòè÷í³ õàðàêòåðèñòèêè òà öèòîòîêñè-
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÷íó/öèòîäèíàì³÷íó àêòèâí³ñòü ùîäî ïóõëèííèõ êë³òèí äëÿ ñòâî-
ðåííÿ áàçîâèõ îñíîâ òåõíîëîã³¿ ìîäèô³êóâàííÿ íàÿâíèõ ïðîòèïó-
õëèííèõ çàñîá³â. 

2. ÌÀÒÅÐ²ßËÈ ÄÎÑË²ÄÆÅÍÍß ÒÀ ÌÅÒÎÄÈÊÀ 
ÅÊÑÏÅÐÈÌÅÍÒÓ 

Äîñë³äæåííÿ ïðîâîäèëè ç âèêîðèñòàííÿì ÔÐ ïðîòèïóõëèííîãî 
ïðåïàðàòó äîêñîðóá³öèíó (Sigma, ÑØÀ òà «Pharmacia Italia 
SpA», ²òàë³ÿ). Ðîç÷èííèêîì áóâ ÔÐ (0,9% âîäíèé ðîç÷èí NaCl) â 
ñêëÿíèõ àìïóëàõ äëÿ ³íôóç³é 5 ìë (ÒÎÂ «Íîâîôàðì-Á³îñèíòåç», 
Óêðà¿íà). 
 Îïðîì³íåííÿ âîäíîãî ðîç÷èíó õëîðèäó íàòð³þ (ÔÐ) ïðîâîäèëè 
åëåêòðîíàìè ç åíåðã³ºþ ó 1 ÌåÂ íà ðåçîíàíñíîìó ë³í³éíîìó 
ïðèøâèäøóâà÷³ åëåêòðîí³â «Àðãóñ» (òðèâàë³ñòü ³ìïóëüñ³â — 3,3 
ìêñ; ÷àñòîòà ³ìïóëüñ³â — 400 Ãö) â ëàáîðàòîð³¿ ðàä³ÿö³éíèõ òåõ-
íîëîã³é ²íñòèòóòó ô³çèêè ÍÀÍ Óêðà¿íè. Ñåðåäíÿ ãóñòèíà ñòðóìó 
ïó÷êà åëåêòðîí³â ñòàíîâèëà 0,1 ìêÀ/ñì2, ùî â³äïîâ³äàº ãóñòèí³ 
ïîòîêó ó 6,25 1011 ñì 2 ñ 1. Çíà÷åííÿ ââ³áðàíî¿ äîçè ² âèçíà÷àëèñÿ 
ç ðîçðàõóíêó, ùî îäíîìó ´ðåþ (1 ¥ð) â³äïîâ³äàº ôëþåíñ ó 4,5 109 
ñì 2. ²×-ñïåêòðè âáèðàííÿ áóëè çàðåºñòðîâàí³ íà ñïåêòðîìåòð³ 
Bruker IFS-66, ñïåêòðè âáèðàííÿ ó âèäèìîìó é óëüòðàô³îëåòîâî-
ìó (ÓÔ) ä³ÿïàçîíàõ áóëè çàðåºñòðîâàí³ íà ñïåêòðîôîòîìåòð³ 
Shimadzu UV-260 ç ä³ÿïàçîíîì ì³ðÿíü 190–900 íì. Âåëè÷èíà äî-
çè (²) îïðîì³íåííÿ, ââ³áðàíî¿ ô³ç³îëîã³÷íèì ðîç÷èíîì, ñòàíîâèëà 
â³ä 2 äî 80 ê¥ð. 
 Äëÿ äîñë³äæåííÿ ôàðìàêîëîã³÷íî¿ àêòèâíîñòè ïðîòèïóõëèííî-
ãî ïðåïàðàòó äîêñîðóá³öèíó âèêîðèñòîâóâàëè ë³í³þ êë³òèí êàð-
öèíîìè ëåãåí³ Ëüþ¿ñ (LLC) ç Íàö³îíàëüíîãî áàíêó êë³òèííèõ ë³-
í³é òà ïóõëèííèõ øòàì³â ²ÅÏÎÐ ³ì. Ð. ª. Êàâåöüêîãî ÍÀÍ Óêðà-
¿íè. Êë³òèíè ï³äòðèìóâàëè ó ïîæèâíîìó ñåðåäîâèù³ RPMI 1640 
(Sigma, ÑØÀ) ç äîäàâàííÿì 10% ÅÒÑ (Sigma, ÑØÀ) 2 ìêÌ L-
ãëþòàì³íó òà 40 ìêã/ìë ãåíòàì³öèíó çà 37 Ñ ó âîëîãèõ óìîâàõ ³ç 
5% ÑÎ2. 

3. ÐÅÇÓËÜÒÀÒÈ ÅÊÑÏÅÐÈÌÅÍÒ²Â ÒÀ ¯Õ ÀÍÀË²ÇÀ 

Ðåçóëüòàòè âáèðàííÿ ÔÐ ó âèäèì³é ³ áëèæí³é ÓÔ-ä³ëÿíêàõ ñïåê-
òðó åêñòèíêö³¿ ³ëþñòðóþòü êðèâ³, íàâåäåí³ íà ðèñ. 1. Äàí³ ñâ³ä-
÷àòü ïðî â³äì³ííîñò³ â ñïåêòðàõ âáèðàííÿ ÔÐ, ÿê³ çàëåæàòü ÿê 
â³ä óâ³áðàíî¿ äîçè, òàê ³ â³ä äîâæèíè õâèë³. Â êîðîòêîõâèëüîâ³é 
ä³ëÿíö³ ñïåêòðó âåëè÷èíà âáèðàííÿ çìåíøóºòüñÿ, à â äîâãîõâè-
ëüîâ³é — çðîñòàº. Îäí³ºþ ç ïðè÷èí òàêî¿ ïîâåä³íêè ìîæå áóòè 
çìåíøåííÿ ðîçñ³ÿííÿ ðîç÷èíó ç³ çðîñòàííÿì óâ³áðàíî¿ äîçè îïðî-
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ì³íåííÿ. Òàêó ïîâåä³íêó òàêîæ ìîæå áóòè ïîÿñíåíî â ðàìêàõ 
ìîäåëþ áàáñòîí³â [6–8] ³ç ïðèïóùåííÿì òîãî, ùî ìàêñèìóì ôóí-
êö³¿ ðîçïîä³ëó áàáñòîí³â çà ðîçì³ðàìè ï³ä îïðîì³íåííÿì çì³ùó-
ºòüñÿ â äîâãîõâèëüîâó îáëàñòü. Íàâåäåíå ïðèïóùåííÿ êîðåëþº ç 
ôàêòîì çá³ëüøåííÿ ïðîñòîðîâèõ ðîçì³ð³â áàáñòîí³â ³ç çðîñòàííÿì 
êîíöåíòðàö³¿ éîí³â ó ô³ç³îëîã³÷íîìó ðîç÷èí³ [6, 7]. 
 Äëÿ âèçíà÷åííÿ ÷èñëîâî¿ ð³æíèö³ ì³æ ñïåêòðàìè åêñòèíêö³¿ ó 
200–750 íì çðàçê³â, ÿê³ îäåðæàëè ð³çí³ äîçè îïðîì³íåííÿ ², ââ³-
áðàíîãî ÔÐ, áóëî ðîçðàõîâàíî çíà÷åííÿ êîåô³ö³ºíò³â êîðåëÿö³¿ 
(ÊÊ(²1, ²2), äå ²1 òà ²2 — ââ³áðàí³ äîçè çðàçêàìè, ñïåêòðè ÿêèõ 

 

Ðèñ. 1. Çàëåæí³ñòü ñïåêòð³â åêñòèíêö³¿ Å(², ) â³ä âåëè÷èíè ââ³áðàíî¿ 
äîçè ². Êðèâ³ îäåðæàíî: 1 —áåç îïðîì³íåííÿ; 2 — çà îïðîì³íåííÿ ³ç 
² 10 ê¥ð, 3 — ³ç 20 ê¥ð, 4 — ³ç 40 ê¥ð, 5 — ³ç 80 ê¥ð.1 

 

Ðèñ. 2. Çàëåæí³ñòü ÊÊ ñïåêòð³â åêñòèíêö³¿ â³ä âåëè÷èíè ââ³áðàíèõ äîç I 
çðàçêàìè ÔÐ: 1 ³ëþñòðóº ôóíêö³þ ÊÊ(0 ê¥ð, ²), 2 — ÊÊ(10 ê¥ð, ²), 3 — 
ÊÊ(20 ê¥ð, ²), 4 — ÊÊ(40 ê¥ð, ²), 5 — ÊÊ(80 ê¥ð, ²).2 
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àíàë³çóþòüñÿ) â³äïîâ³äíèõ ñïåêòð³â åêñòèíêö³¿. Îäåðæàí³ ÊÊ íà-
âåäåíî íà ðèñ. 2. 
 Âèãëÿä ñï³ââ³äíîøåíü, íàâåäåíèõ íà ðèñ. 2, ñâ³ä÷èòü, ùî çà-
ëåæí³ñòü ÊÊ(²1, ²) ÿê ôóíêö³ÿ ² ìàº åêñòðåìóì â îêîë³ ² 40 ê¥ð 
çà óìîâè, ùî 10 ê¥ð ²1  80 ê¥ð. Çà íåâåëèêèõ çíà÷åíü ²1 öåé 
åêñòðåìóì º ì³í³ìóìîì, çà âåëèêèõ çíà÷åíü ²1 — ìàêñèìóìîì. 
Öå ìîæå ñâ³ä÷èòè, ùî â îêîë³ ² 40 ê¥ð çì³íþºòüñÿ õàðàêòåð 
ïðîöåñ³â, ÿê³ âèçíà÷àþòü ñòðóêòóðó ñïåêòð³â åêñòèíêö³¿. 
 Äîäàòêîâó ³íôîðìàö³þ íàäàº àíàë³çà çàëåæíîñòè ð³æíèö³ ñïå-
êòð³â åêñòèíêö³¿ îïðîì³íåíèõ ³ íåîïðîì³íåíèõ åëåêòðîíàìè çðàç-
ê³â ( , ) ( , ) ( , )I E I E I . Ç íàâåäåíèõ íà ðèñ. 3 ñïåêòð³â åêñ-
òèíêö³¿ âèäíî, ùî ñïåêòðè (², ) ÔÐ çàëåæàòü ÿê â³ä âåëè÷èíè 

 

Ðèñ. 3. Çàëåæíîñò³ ð³æíèö³ ñïåêòð³â åêñòèíêö³¿ êðèâ³: 1 — (10, ); 2 — 
(20, ); 3 — (40, ); 4 — (60, ); 5 — (80, ).3 

 

Ðèñ. 4. Ãðàô³ê çàëåæíîñòè áàçîâî¿ ë³í³¿ (10 ê¥ð, ) (êðèâà 1) òà ¿¿ ìî-
íîòîííî¿ àïðîêñèìàö³éíî¿ êðèâî¿ (I0 [ê¥ð], ) (êðèâà 2).4 
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ââ³áðàíî¿ äîçè, òàê ³ â³ä äîâæèíè õâèë³ . Ñïåêòðè åêñòèíêö³¿ 
äëÿ 550 íì ìîíîòîííî ñïàäàþòü, ùî ñâ³ä÷èòü ïðî äîì³íóâàííÿ 
â öüîìó ä³ÿïàçîí³  ïðîöåñó ñâ³òëîðîçñ³ÿííÿ íà â³äì³íó â³ä ä³ÿïà-
çîíó 550 íì, äå ïðîöåñè âáèðàííÿ ñâ³òëà äàþòü ³ñòîòíèé âíå-
ñîê. 
 Çàëåæí³ñòü â³ä  ³íòåíñèâíîñòè ñâ³òëà, ðîçñ³ÿíîãî ÷àñòèíêàìè, 
ë³í³éí³ ðîçì³ðè ÿêèõ íå á³ëüøå , îïèñóºòüñÿ ìîäåëÿìè Ðåëåÿ é 
Ì³ òà ìîæå áóòè àïðîêñèìîâàíà ñòåïåíåâèìè ôóíêö³ÿìè âåëè÷è-
íè 1 [9]. 
 Äëÿ ïîäàëüøî¿ àíàë³çè (², ) çì³íþºìî áàçîâ³ ë³í³¿ ãðàô³ê³â 
ðèñ. 4, âèêîðèñòîâóþ÷è àïðîêñèìàö³þ çàëåæíîñòåé (², ). Âèçíà-
÷åííÿ áàçîâî¿ ë³í³¿ ( (I, ) çàëåæíîñòè (² 10 ê¥ð, ) ³ëþñòðóº 
ðèñ. 4. 
 Ðåçóëüòàò ð³æíèö³ ñïåêòð³â A(10 ê¥ð, ) (10 ê¥ð, ) (I0 ê¥ð, ) 
íàâåäåíî íà ðèñ. 5. 
 Àíàëîã³÷íèì ÷èíîì âèçíà÷àþòüñÿ çì³íè ñïåêòð³â âáèðàííÿ ÔÐ 
çà çíà÷åíü ², ÿê³ äîð³âíþþòü 20, 40, 60, 80 ê¥ð, ùî ³ëþñòðóº 
ðèñ. 6. 
 Àíàë³çà çàëåæíîñòåé íà ðèñ. 6 ñâ³ä÷èòü, ùî íàïðÿìêè çì³íè 
ñïåêòð³â âáèðàííÿ ÔÐ íå çì³íþþòüñÿ çà ô³êñîâàíîãî  ³ íå çàëå-
æàòü â³ä âåëè÷èíè ²; â òîé æå ÷àñ àìïë³òóäè ñïåêòð³â À çðîñòà-
þòü ³ç çá³ëüøåííÿì ² â ä³ÿïàçîí³ 10–40 ê¥ð, òà àìïë³òóäà A íå 
çàëåæèòü â³ä ² â ä³ÿïàçîí³ 40–80 ê¥ð, ÿêùî 430 íì 850 íì. 
Äî îñîáëèâèõ âëàñòèâîñòåé À(², ) â³äíîñèòüñÿ òå, ùî â ä³ÿïàçîí³ 
210–365 íì àìïë³òóäà ï³ê³â À(², ) çá³ëüøóºòüñÿ ³ç çá³ëüøåííÿì 
óâ³áðàíî¿ äîçè îïðîì³íåííÿ; â ä³ÿïàçîí³ 430–850 íì ï³êè À(², ) 
çðîñòàþòü ³ç çá³ëüøåííÿì ² â ä³ÿïàçîí³ ² 40 ê¥ð; äëÿ ² 40 ê¥ð 
àìïë³òóäà ï³ê³â íå çàëåæèòü â³ä ² (â öüîìó ä³ÿïàçîí³ çàëåæí³ñòü 
ñïåêòð³â âáèðàííÿ â³ä ² ìàº íåë³í³éíèé õàðàêòåð, ÿêèé çóìîâëþº 
óòâîðåííÿ ð³âíÿ íàñèòó (²íàñ 40 ê¥ð), ùî íå ðåºñòðóºòüñÿ â ä³ÿ-
ïàçîí³ 210–365 íì). Òàêà ïîâåä³íêà çóìîâëþº âèñíîâîê, ùî ïðè-
ðîäà ïåðåõîä³â ï³ä ÷àñ âáèðàííÿ ñèëîâèõ öåíòð³â ÔÐ â ä³ÿïàçîí³ 
210–365 íì â³äì³ííà â³ä ïðèðîäè åëåêòðîííèõ ïåðåõîä³â ï³ä ÷àñ 
âáèðàííÿ â ä³ÿïàçîí³ 430–850 íì. 
 Áóëè ïðîâåäåí³ äîñë³äæåííÿ çì³í ïàðàìåòð³â ðîç÷èíó äîêñîðó-
á³öèíó ó ÔÐ, ïîïåðåäíüî îïðîì³íåíîìó ïåðåä ðîç÷èíåííÿì â 
íüîìó äîêñîðóá³öèíó. Ðåçóëüòàòè âèì³ð³â îïòè÷íî¿ ãóñòèíè çðàç-
ê³â â ÓÔ- òà âèäèìîìó ä³ÿïàçîíàõ ³ëþñòðóº ðèñ. 7. 
 Äëÿ âèçíà÷åííÿ õàðàêòåðèñòèê ñïåêòð³â åêñòèíêö³¿ âèêîðèñòî-
âóâàëè àïðîêñèìàö³¿ ¿õ ó âèãëÿä³ ë³í³éíî¿ êîìá³íàö³¿ ðîçïîä³ë³â, 
ùî ³ëþñòðóº ðèñ. 8. 
 Êîîðäèíàòè ìàêñèìóì³â ¥àóññîâèõ ðîçïîä³ë³â, ÿê³ âõîäÿòü äî 
àïðîêñèìàö³¿ íèìè ôóíêö³¿ Å(², ), íàâåäåíî â òàáë. 1. 
 Äàí³ ðèñóíêó 7 ³ òàáëèö³ 1 ³íôîðìóþòü, ùî ï³ä ä³ºþ ðàä³ÿö³é-
íîãî îïðîì³íåííÿ ðåàë³çóþòüñÿ ÿê ã³ïñîõðîìí³, òàê ³ áàòîõðîìí³ 
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ñìóãè ñïåêòð³â ÓÔ- ³ âèäèìîãî ä³ÿïàçîí³â. Ùå îäí³ºþ îñîáëèâ³ñ-
òþ âïëèâó ðàä³ÿö³éíîãî îïðîì³íåííÿ º íåë³í³éíà çàëåæí³ñòü âå-
ëè÷èíè çñóâó â³ä âåëè÷èíè ââ³áðàíî¿ äîçè ², ùî ìîæå ñâ³ä÷èòè 
ïðî áàãàòîôóíêö³îíàëüíó ïðèðîäó öåíòð³â âáèðàííÿ çðàçê³â. 
 Äëÿ äîñë³äæåííÿ îñîáëèâîñòåé ðåëàêñàö³éíèõ ïðîöåñ³â ó äîê-
ñîðóá³öèí³, ðîç÷èíåíîìó â îïðîì³íåíîìó ÔÐ, áóëè òàêîæ âèçíà-
÷åí³ ñïåêòðè ïîãëèíàííÿ ÷åðåç 18 äí³â ï³ñëÿ ðàä³ÿö³éíîãî îïðî-
ì³íåííÿ, ÿêèõ ïðåäñòàâëåíî íà ðèñ. 9. 
 Ïîëîæåííÿ ìàêñèìóì³â ¥àóññîâèõ ðîçïîä³ë³â, ë³í³éíà êîìá³-
íàö³ÿ ÿêèõ àïðîêñèìóº ñïåêòðè åêñòèíêö³¿ ðîç÷èí³â äîêñîðóá³-
öèíó, íàâåäåíî â òàáë. 2. 
 Îäåðæàí³ ðåçóëüòàòè áóëè âèêîðèñòàí³ äëÿ ïîð³âíÿííÿ îïòè÷-

 

Ðèñ. 5. Ð³æíèöÿ ñïåêòð³â À(², ) ÔÐ äëÿ ² 0 ê¥ð ³ 10 ê¥ð ï³ñëÿ âðàõóâàí-
íÿ íîâî¿ áàçîâî¿ ë³í³¿.5 

 

Ðèñ. 6. Çì³íà ð³æíèö³ ñïåêòð³â ïîãëèíàííÿ ÔÐ; êðèâ³ äëÿ I [ê¥ð]: 1 — 10, 
2 — 20, 3 — 40, 4 — 60, 5 — 80 â³äíîñíî ñïåêòðó íåîïðîì³íåíîãî çðàçêà.6 
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íèõ ñïåêòð³â âáèðàííÿ ðîç÷èíó äîêñîðóá³öèíó â îïðîì³íåíîìó 
ÔÐ äëÿ ² 10, 40, 80 ê¥ð, çíÿòèõ îäðàçó òà ÷åðåç 18 äí³â ï³ñëÿ 
îïðîì³íåííÿ ðîç÷èííèêà, ùî ³ëþñòðóº ðèñ. 10 ³ ðèñ. 11. 
 Ïîð³âíÿííÿ ñïåêòð³â íà ðèñ. 7 ³ 9 ñâ³ä÷èòü, ùî êîîðäèíàòè ìà-
êñèìóì³â ¥àóññîâèõ ðîçïîä³ë³â, ùî âõîäÿòü äî àïðîêñèìàö³éíèõ 
âèðàç³â ñïåêòð³â âáèðàííÿ â ÓÔ- òà âèäèì³é ä³ëÿíêàõ ñïåêòðó, 
çì³íþþòüñÿ íå á³ëüøå, í³æ íà 0,5%, ³ç çì³íîþ ² â ä³ÿïàçîí³ 0–
80 ê¥ð. Îòæå, ³ñòîòíî (äî 50%) âåëè÷èíà â³äíîøåííÿ àìïë³òóä 

 

Ðèñ. 7. ÓÔ-ñïåêòðè âáèðàííÿ ðîç÷èí³â äîêñîðóá³öèíó â ÔÐ, ïîãëèíóòà äî-
çà ÿêèì äîð³âíþâàëà ² 0 (êðèâà 1), 10 (2), 40 (3), 80 (4) ê¥ð, âèì³ðÿí³ â 
äåíü îïðîì³íåííÿ.7 

 

Ðèñ. 8. Àïðîêñèìàö³ÿ ñïåêòðó âáèðàííÿ ðîç÷èíó äîêñîðóá³öèíó â îïðî-
ì³íåíîìó ÔÐ (² 40 ê¥ð) çà âèêîðèñòàííÿ ë³í³éíî¿ êîìá³íàö³¿ ¥àóññîâèõ 
ðîçïîä³ë³â.8 
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â³äïîâ³äíèõ ¥àóññîâèõ ðîçïîä³ë³â çàëåæèòü â³ä âåëè÷èíè ². 
 Âïëèâ ðàä³ÿö³éíîãî îïðîì³íåííÿ íà ñïåêòðè âáèðàííÿ ðîç÷èíó 
äîêñîðóá³öèíó â ²×-ä³ÿïàçîí³ ³ëþñòðóº ðèñ. 12, äå íàâåäåíî ñïåê-
òðàëüí³ çàëåæíîñò³ âáèðàííÿ ðîç÷èíó äîêñîðóá³öèíó â íåîïðîì³-
íåíîìó é îïðîì³íåíîìó ÔÐ çà ð³çíèõ âåëè÷èí óâ³áðàíèõ äîç âè-
ñîêîåíåðãåòè÷íîãî åëåêòðîííîãî îïðîì³íåííÿ. 
 Ãðàô³êè íà ðèñ. 12 ñâ³ä÷àòü, ùî ²×-ñïåêòðè âáèðàííÿ ðîç÷èíó 
³ñòîòíî çì³íþþòüñÿ ÷åðåç îïðîì³íåííÿ ÔÐ, ùî âêàçóº íà ïåðåáó-
äîâó ñòðóêòóðè öåíòð³â âáèðàííÿ. 
 Áóëè ïðîâåäåí³ äîñë³äæåííÿ ÷àñó ðåëàêñàö³¿ öèòîòîêñè÷-
íî¿/öèòîñòàòè÷íî¿ àêòèâíîñòè ÔÐ ï³ñëÿ ðàä³ÿö³éíîãî îïðîì³íåí-
íÿ åëåêòðîíàìè. Âñòàíîâëåíî, ùî çà 1 ì³ñÿöü äî ïðîâåäåííÿ êó-
ëüòóðàëüíèõ äîñë³äæåíü àêòèâí³ñòü ïîíèæóâàëàñÿ íà 86%. ×åðåç 
4 ì³ñÿö³ ï³ñëÿ îïðîì³íåííÿ ÔÐ éîãî öèòîòîêñè÷í³ñòü çìåíøóâà-

ÒÀÁËÈÖß 1. Êîîðäèíàòè ìàêñèìóì³â ¥àóññîâèõ ðîçïîä³ë³â, ë³í³éíà êîì-
á³íàö³ÿ ÿêèõ º àïðîêñèìàö³ºþ ñïåêòð³â âáèðàííÿ, îäåðæàíèõ â äåíü ðàä³ÿ-
ö³éíîãî îïðîì³íåííÿ ðîç÷èííèêà â ÓÔ- ³ âèäèìîìó ä³ÿïàçîíàõ.9 

² 0 ê¥ð: , íì ² 10 ê¥ð: , íì ² 40 ê¥ð: , íì ² 80 ê¥ð: , íì 
193,30 191,98 192,07 192,50 
228,78 229,07 225,87 227,2 
256,00 255,81 254,19 255,24 
281,90 284,23 283,91 286,09 
394,25 406,39 406,36 401,87 
487,20 488,76 491,59 489,76 
531,06 533,67 530,25 529,81 
546,87 546,35 546,09 545,23 

 

Ðèñ. 9. Ñïåêòðè åêñòèíêö³¿ ðîç÷èíó äîêñîðóá³öèíó ó ÔÐ äëÿ ² 0 (1), 10 
(2), 40 (3), 80 (4) ê¥ð.10 
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ëàñü, îäíàê çàëèøàëàñÿ äîñòàòíüî âèñîêîþ, çóìîâëþþ÷è çìåí-
øåííÿ ê³ëüêîñòè æèâèõ êë³òèí LLC íà 27%. Äîçà, ââ³áðàíà çðà-
çêîì, ñêëàäàëà 40 ê¥ð. Ìåõàí³çì ä³¿ îïðîì³íåíîãî ÔÐ íà êë³òèíè 
LLC íå áóëî âèçíà÷åíî. Çâåðòàº óâàãó òå, ùî òàêèé æå ðåçóëüòàò 
ä³¿ äîêñîðóá³öèíó íà êë³òèíè LLC. 
 Á³îìåäè÷íà ÷àñòèíà äîñë³äæåíü ïðîâîäèëàñÿ çã³äíî ç³ ñòàíäàð-
òèçîâàíîþ ìåòîäèêîþ [10]. Áóëè ïðîâåäåí³ ñïåö³ÿëüí³ äîñë³-
äæåííÿ ùîäî âèçíà÷åííÿ âïëèâó ïîïåðåäíüîãî îïðîì³íåííÿ ÔÐ 
íà ïðîòèïóõëèíí³ âëàñòèâîñò³ ðîç÷èíåíîãî â íüîìó äîêñîðóá³öè-
íó. Åêñïåðèìåíòè ïðîâîäèëèñü in vitro çà âèêîðèñòàííÿ ë³í³¿ 
çëîÿê³ñíèõ êë³òèí êàðöèíîìè ëåãåí³ Ëüþ¿ñ (LLC). Â ÿêîñò³ ïîêà-
çíèêà ôàðìàêîëîã³÷íî¿ àêòèâíîñòè âèêîðèñòîâóâàëè öèòîòîêñè÷-
íó/öèòîñòàòè÷íó ä³þ âîäíèõ ðîç÷èí³â ïðîòèïóõëèííèõ ïðåïàðà-
ò³â (ç îïðîì³íåííÿì ³ áåç íüîãî) ïî â³äíîøåííþ äî êë³òèí LLC â 

ÒÀÁËÈÖß 2. Ïîëîæåííÿ ìàêñèìóì³â ¥àóññîâèõ ðîçïîä³ë³â.11 

² 0 ê¥ð: , íì ² 10 ê¥ð: , íì ² 40 ê¥ð: , íì ² 80 ê¥ð: , íì 
193,29 192,82 194,82 192,43 
228,79 228,90 228,31 227,64 
256,01 255,46 256,00 255,36 
281,94 281,19 283,41 280,83 
394,25 402,57 401,36 403,83 
487,20 489,82 489,59 488,46 
531,06 531,67 530,75 530,81 
546,87 546,88 546,92 545,79 

 

Ðèñ. 10. Ïîð³âíÿííÿ îïòè÷íèõ ñïåêòð³â âáèðàííÿ çðàçêà ñóì³ø³ äîêñî-
ðóá³öèíó â ÔÐ ³ç ² 10 ê¥ð, çíÿòèõ îäðàçó (êðèâà 1) ³ ÷åðåç 18 äí³â (2) 
ï³ñëÿ îïðîì³íåííÿ.12 
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äîñë³äàõ in vitro. Äëÿ öüîãî ïóõëèíí³ êë³òèíè âèñàäæóâàëè â ëó-
íêè 96-ëóíêîâî¿ ïëàíøåòè â 0,1 ìë ïîæèâíîãî ñåðåäîâèùà (2 105 
êë³òèí/ìë) òà ³íêóáóâàëè âïðîäîâæ íî÷³. Ï³ñëÿ òîãî äî êë³òèí 
äîäàâàëè ïðåïàðàòè â 0,1 ìë ñâ³æîãî ñåðåäîâèùà â øèðîêîìó ä³-
ÿïàçîí³ êîíöåíòðàö³é, ÿê³ ïðî´ðåñèâíî çìåíøóâàëèñÿ. Ó êîíòðî-
ëüí³ ëóíêè äîäàâàëè ñâ³æå ñåðåäîâèùå ó òàêîìó æ îá’ºì³ áåç 
òåñò-à´åíòà. Ê³ëüê³ñòü æèâèõ êë³òèí ó ëóíêàõ ÷åðåç äîáó ³íêóáà-
ö³¿ âèçíà÷àëè çà äîïîìîãîþ ÌÒÒ-òåñòó [10]. Ðåçóëüòàòè äîñë³-
äæåíü âïëèâó îïðîì³íåííÿ ÔÐ íà öèòîòîêñè÷íó/öèòîñòàòè÷íó 
ä³þ äîêñîðóá³öèíó ³ëþñòðóþòü çàëåæíîñò³ íà ðèñ. 14. 
 Íà ðèñóíêó 14 ïðîäåìîíñòðîâàíî, ùî ³íêóáàö³ÿ êë³òèí LLC 

 

Ðèñ. 11. Ïîð³âíÿííÿ îïòè÷íèõ ñïåêòð³â âáèðàííÿ çðàçêà ñóì³ø³ äîêñî-
ðóá³öèíó â ÔÐ (40 ê¥ð), çàðåºñòðîâàíèõ îäðàçó (êðèâà 1) ³ ÷åðåç 18 äí³â 
(2) ï³ñëÿ îïðîì³íåííÿ.13 

 

Ðèñ. 12. Çàëåæí³ñòü âáèðàííÿ ðîç÷èíó äîêñîðóá³öèíó â³ä õâèëüîâîãî ÷èñëà 
(k) â ²×-ä³ÿïàçîí³: êðèâà 1 — ² 0 ê¥ð, êðèâà 2 — ² 80 ê¥ð.14 
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ïðîòÿãîì 24 ãîäèí çà ïðèñóòíîñòè äîêñîðóá³öèíó, ðîç÷èíåíîãî ó 
íåîïðîì³íåíîìó ô³ç³îëîã³÷íîìó ðîç÷èí³, ïðèâîäèòü äî êîíöåíò-
ðàö³éíîçàëåæíîãî çìåíøåííÿ ê³ëüêîñòè æèâèõ êë³òèí (êðèâà 1). 
Öå çóìîâëåíî àáî ³íã³áóâàííÿì ïðîë³ôåðàö³¿ ïóõëèííèõ êë³òèí 
(öèòîñòàòè÷íà ä³ÿ) òà/àáî çàãèáåëëþ ¿õ (öèòîòîêñè÷íà ä³ÿ), ³íäó-
êîâàíîþ ïðîòèïóõëèííèì ïðåïàðàòîì. Âîäíî÷àñ, äîêñîðóá³öèí, 
ðîç÷èíåíèé ó îïðîì³íåíîìó ô³ç³îëîã³÷íîìó ðîç÷èí³, ïðèâîäèòü äî 
ïîñèëåííÿ öèòîòîêñè÷íî¿/öèòîñòàòè÷íî¿ ä³¿, ÿêà íàéá³ëüøå ïðî-
ÿâëÿºòüñÿ çà íèçüêèõ êîíöåíòðàö³é (êðèâà 2). Ê³ëüê³ñòü æèâèõ 
êë³òèí LLC çà êîíöåíòðàö³é, ìåíøèõ çà 3 ìêì, çìåíøóºòüñÿ â 
ñåðåäíüîìó íà 20% (p 0.05) ïîð³âíÿíî ç ä³ºþ äîêñîðóá³öèíó, ðî-
ç÷èíåíîãî â íåîïðîì³íåíîìó ô³ç³îëîã³÷íîìó ðîç÷èí³. 

 

Ðèñ. 13. Âïëèâ îïðîì³íåííÿ ÔÐ íà âèæèâàí³ñòü êë³òèí êàðöèíîìè ëåãåí³ 
Ëüþ¿ñ (LLC).15 

 

Ðèñ. 14. Ê³ëüê³ñòü (÷àñòêà N) æèâèõ êë³òèí LLC (ó â³äñîòêàõ â³ä â³äïî-
â³äíîãî ïîêàçíèêà â êîíòðîëüíèõ ëóíêàõ) ï³ñëÿ 24-ãîäèííî¿ ³íêóáàö³¿ ç 
äîêñîðóá³öèíîì (çà ð³çíèõ êîíöåíòðàö³é X), ðîç÷èíåíèì ó íåîïðîì³íå-
íîìó (1) òà îïðîì³íåíîìó (2) ÔÐ.16 
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 Ñë³ä çàçíà÷èòè íèçüêó âàð³ÿáåëüí³ñòü ïîêàçíèê³â âèæèâàíîñòè 
êë³òèí ï³ñëÿ ³íêóáàö³¿ ç äîêñîðóá³öèíîì ó îïðîì³íåíîìó ô³ç³îëî-
ã³÷íîìó ðîç÷èí³ â ïîð³âíÿíí³ ç â³äïîâ³äíèìè ïîêàçíèêàìè ç âè-
êîðèñòàííÿì íåîïðîì³íåíîãî ðîç÷èííèêà. 
 Òàêèì ÷èíîì, îäåðæàí³ ðåçóëüòàòè ï³äòâåðäæóþòü çäàòí³ñòü 
âèñîêîåíåðãåòè÷íîãî åëåêòðîííîãî îïðîì³íåííÿ ðîç÷èííèêà ï³ä-
âèùóâàòè ôàðìàêîëîã³÷íó àêòèâí³ñòü ïðîòèïóõëèííèõ ïðåïàðà-
ò³â ó ä³ÿïàçîí³ íèçüêèõ êîíöåíòðàö³é. 
 Äîäàòêîâó ³íôîðìàö³þ áóëî îäåðæàíî â ðåçóëüòàò³ ïðîâåäåíîãî 
ÒÎÂ «ÞÐ³ß-ÔÀÐÌ» äîñë³äæåííÿ «Ïîð³âíÿëüíå äîñë³äæåííÿ ãîñò-
ðî¿ òîêñè÷íîñò³ ïðåïàðàò³â õëîðèäó íàòð³þ ïðè îäíîðàçîâîìó ïàðå-
íòåðàëüíîìó ââåäåí³ ìèøàì» (ð³ê âèêîíàííÿ — 2023, íîìåð äîñë³-
äæåííÿ — ¹01082023). Â ðåçóëüòàò³ ïðîâåäåíèõ äîñë³äæåíü áóëî 
çðîáëåíî 8 âèñíîâê³â. Îñòàíí³é ç íèõ ñòâåðäæóº, ùî «Ðåçóëüòàòè 
ïðîâåäåíîãî äîñë³äæåííÿ íå íàäàþòü ïåðåêîíëèâèõ äàíèõ, ÿê³ á 
ñâ³ä÷èëè ïðî â³äì³ííîñò³ ïðîô³ë³â òîêñè÷íîñò³ äîñë³äæóâàíèõ ïðå-
ïàðàò³â. Çâàæàþ÷è íà âèñîêèé ð³âåíü ñòðóêòóðíî¿ ïîä³áíîñò³ äîñë³-
äæóâàíèõ ðå÷îâèí ç ìåòîþ âèÿâëåííÿ â³äì³ííîñòåé ¿õ âïëèâó ðå-
êîìåíäîâàíî çàñòîñóâàííÿ á³ëüø ÷óòëèâèõ ìåòîä³â äîñë³äæåííÿ. 
Çîêðåìà, äîñë³äæåííÿ öèòîòîêñè÷íîñòè íà êóëüòóðàõ êë³òèí ð³çíî-
ãî îðãàííîãî ïîõîäæåííÿ.». 
Òåîðåòè÷íèé ìîäåëü îïðîì³íåíîãî ÔÐ ³ äèïîëüíèé õàðàêòåð âçà-
ºìîä³¿ áàáñòîí³â. ßê â³äîìî [11, 12], îïðîì³íåííÿ ÔÐ âèñîêîåíåð-
ãåòè÷íèìè åëåêòðîíàìè ñòèìóëþº óòâîðåííÿ áàáñòîí³â — äîâãîò-
ðèâàëèõ ïîâ³òðÿíèõ ïóõèðö³â, îòî÷åíèõ ïîäâ³éíèì åëåêòðè÷íèì 
øàðîì, ÿêèé âèíèêàº çàâäÿêè àäãåç³¿ àí³îí³â (Cl ) íà ìåæ³ ïîä³ëó 
âîäà–ïîâ³òðÿ. Óòâîðåííÿ íàäëèøêîâèõ áàáñòîí³â ó ÔÐ çóìîâëþº 
óòâîðåííÿ êëàñòåð³â áàáñòîí³â, ³í³ö³éîâàíå ñèëîâèìè ïîëÿìè, 
óòâîðåíèìè ïîäâ³éíèìè åëåêòðè÷íèìè øàðàìè áàáñòîí³â. Òàê³ 
ïðîöåñè é çóìîâëåí³ íèìè çì³íè ó ÔÐ ³ ìîæóòü áóòè ïðè÷èíîþ 
ìîäèô³êóâàííÿ îïòè÷íèõ ñïåêòð³â ô³ç³îëîã³÷íîãî ðîç÷èíó. Äèíà-
ì³êà áàáñòîí³â, ¿õ êîà´óëÿö³ÿ é óòâîðåííÿ êëàñòåð³â â ³ñòîòí³é 
ì³ð³ âèçíà÷àºòüñÿ ñòðóêòóðîþ ¿õí³õ ëîêàëüíèõ ïîäâ³éíèõ åëåêò-
ðè÷íèõ ïîë³â, ÿê³, â ñâîþ ÷åðãó, çàëåæàòü â³ä ðàä³îë³çè â ÔÐ ³ 
êîíöåíòðàö³¿ òà ðóõëèâîñòè çàðÿä³â, ùî âõîäÿòü äî ñêëàäó åëåêò-
ðè÷íîãî îòî÷åííÿ áàáñòîí³â. Òàêèì ÷èíîì, òàê³ óòâîðåííÿ ñêóï-
÷åíü äîñë³äæåíî íå â äîñòàòí³é ì³ð³. Öå çóìîâëåíî îáìåæåíîþ 
³íôîðìàö³ºþ ïðî ïîëÿðèçàö³éí³ òà äåôîðìàö³éíî-ñèëîâ³ õàðàêòå-
ðèñòèêè îêðåìèõ áàáñòîí³â òà ¿õí³õ êëàñòåð³â. 
 Çâè÷àéíî, ðîçïîä³ë åëåêòðè÷íîãî ïîòåíö³ÿëó (r) â îêîë³ îêðå-
ìîãî ñôåðè÷íî-ñèìåòðè÷íîãî áàáñòîíà âèçíà÷àºòüñÿ çà äîïîìîãîþ 
âèêîðèñòàííÿ ð³âíÿííÿ Ïóàññîíà–Áîëüöìàííà [13, 14] òà ³íôîð-
ìàö³¿ ïðî ðîçïîä³ë ïðîòèéîí³â ³ç ãóñòèíîþ (r) íàâêîëî âíóòð³ø-
íüî¿ ïîçèòèâíî çàðÿäæåíî¿ ïîâåðõí³ ìåæ³ ïîâ³òðÿ–ð³äèíà; òóò r 
— â³ääàëü â³ä öåíòðó áàáñòîíà. 
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 Ð³âíÿííÿ äëÿ (r) â îêîë³ áàáñòîíà é óìîâè ð³âíîñòè íóëþ ¿¿ 
çàðÿäó ðàçîì ç ïðèëåãëèì äî íüîãî øàðîì îäíîçàðÿäíèõ ïðîòè-
éîí³â ç êîíöåíòðàö³ºþ n0 ìàº âèãëÿä 

 
0

2
0 4 ( ) 0

R

Q r r dr , (1) 

 2 0
2

0 0

21 ( ) ( )
sinh ( )

enr r
r r

r r r
. (2) 

Òóò R0 — ðàä³þñ ïîâ³òðÿíîãî ïóõèðöÿ áàáñòîíà,; 0 — åëåêòðè÷íà 
ñòàëà, — ä³åëåêòðè÷íà ïðîíèêí³ñòü ñåðåäîâèùà, Ò — òåìïåðà-
òóðà ñåðåäîâèùà, kB — Áîëüöìàííîâà ñòàëà, ( )Be k T . Çà ìà-

ëèõ çíà÷åíü åëåêòðè÷íî¿ åíåðã³¿ 
( )

1
B

e r

k T
 ç (2) âèïëèâàº: 

 0 0

0
0

1
( ) exp

4 1 D

D

Q r R
r

r RR
R

, (3) 

äå 0
2

02
B

D

k T
R

e n  — Äåáà¿â ðàä³þñ åêðàíóâàëüíîãî øàðó áàáñòîíà. 

 Ç âèðàçó (3) âèäíî, ùî íàïðóæåí³ñòü åëåêòðè÷íîãî ïîëÿ äëÿ 
r RD ñïàäàº çà åêñïîíåíö³éíèì çàêîíîì. Òàêèì ÷èíîì, ïîíäå-
ðîìîòîðíà ñèëà ì³æ áàáñòîíàìè º øâèäêîñïàäíîþ, ³ òîìó ¿¿ âíåñîê 
º ³ñòîòíèì ëèøå íà â³ääàëÿõ ïîðÿäêó RD. Ïîíäåðîìîòîðíà ñèëà 
ì³æ îäíîéìåííî çàðÿäæåíèìè áàáñòîíàìè çà ðåàë³çàö³¿ ïîëÿðèçà-
ö³éíèõ ïðîöåñ³â ìîæå çóìîâëþâàòè âçàºìíå ïðèòÿãàííÿ áàáñòîí³â 
[15]. Çáëèæåííþ áàáñòîí³â íà ìàëèõ â³ääàëÿõ (r) çàâàæàº ðîçêëè-
íþâàëüíà âçàºìîä³ÿ, ùî âèíèêàº ç³ çáëèæåííÿì áàáñòîí³â íà â³ä-
äàëü, êîëè ïî÷èíàºòüñÿ ïåðåêðèâàííÿ äèôóç³éíèõ øàð³â ïðîòèéî-
í³â àáî ïðèïîâåðõíåâèõ øàð³â ðîç÷èííèêà, ùî çàáåçïå÷óº ñò³éêó 
ñòàá³ë³çàö³þ áàáñòîíîâèõ ñèñòåì. Íà â³ääàëÿõ r L RD ì³æ 
öåíòðàìè âçàºìîä³éíèõ áàáñòîí³â åíåðã³ÿ ðîçêëèíþâàëüíî¿ âçàº-
ìîä³¿ âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì: 

 202
exp

12
r

R D
D D

AL
E

R R L
, (4) 

äå D — ïîòåíö³ÿë äèôóç³éíîãî øàðó, Ar — Ãàìàêåðîâà êîíñòàíòà. 
 ²ç çáëèæåííÿì âçàºìîä³éíèõ áàáñòîí³â çà ðàõóíîê ïîëÿðèçàö³é-
íèõ åôåêò³â ³ äåôîðìàö³éíèõ ïðîöåñ³â â³äáóâàºòüñÿ ïîÿâà ó áàáñòî-
í³â äèïîëüíèõ ìîìåíò³â, ïàðàìåòðè ÿêèõ çóìîâëþþòü êîà´óëÿö³éí³ 
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ïðîöåñè. 
 Åíåðã³ÿ âçàºìîä³¿ äâîõ ÷àñòèíîê W ç äèïîëüíèìè ìîìåíòàìè 
Ð1 ³ Ð2, âçàºìíå ðîçòàøóâàííÿ ÿêèõ çàäàºòüñÿ âåêòîðîì l r2 r1 ³ç 
äîâæèíîþ l, âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì 

 1 2
1 2 1 2 1 23

0

1
( , , ) 3cos( ) cos( ) cos( )

4

PP
W l

l
. (5) 

Òóò ³ — êóò ì³æ âåêòîðàìè Ð³ ³ l. 
 Âèêîðèñòîâóþ÷è ñï³ââ³äíîøåííÿ (5) çíàõîäèìî ñèëó ïðèòÿãàí-

íÿ ì³æ äèïîëÿìè. Öÿ ñèëà ìàº äâà ìàêñèìóìè: 1 2
1

0

3

2

PP
F  äëÿ 

1 2 0 ³ 2 1 2F F  äëÿ 1 2,  
2 2

. 

Îäåðæàí³ âèðàçè õàðàêòåðèçóþòü îñîáëèâîñò³ âçàºìîä³¿ äèïîë³â ³ 
çóìîâëþþòü âëàñòèâîñò³ ïðîöåñ³â ôîðìóâàííÿ áàáñòîíîâèõ êëàñ-
òåð³â, ùî âïëèâàº íà çíà÷åííÿ ¿õíüî¿ ôðàêòàëüíî¿ ðîçì³ðíîñòè 
[16]. 

4. ÂÈÑÍÎÂÊÈ 

1. Äîñë³äæåíî âïëèâ îïðîì³íåííÿ åëåêòðîíàìè ç åíåðã³ºþ ó 
1 ÌåÂ íà ñïåêòðè åêñòèíêö³¿ ÔÐ â ÓÔ- ³ âèäèìîìó ä³ÿïàçîíàõ; 
âèçíà÷åíî çàëåæí³ñòü êîåô³ö³ºíòà êîðåëÿö³¿ â³ä óâ³áðàíî¿ äîçè ². 
Âñòàíîâëåíî, ùî äëÿ ² 40 ê¥ð âåëè÷èíà êîåô³ö³ºíòà êîðåëÿö³¿ 
³ñòîòíî çàëåæèòü â³ä óâ³áðàíî¿ äîçè ², à äëÿ ² 40 ê¥ð âåëè÷èíà 
êîåô³ö³ºíòà êîðåëÿö³¿ ñïåêòð³â åêñòèíêö³¿ ìàéæå íå çì³íþºòüñÿ. 
2. Âñòàíîâëåíî, ùî ðàä³ÿö³éíî-çóìîâëåí³ çì³íè âëàñòèâîñòåé åêñ-
òèíêö³¿ òà öèòîñòàòè÷íî¿ àêòèâíîñòè îïðîì³íåíîãî ÔÐ çà âåëè-
÷èíè ââ³áðàíî¿ äîçè ó 4–80 ê¥ð òðèâàþòü 2–4 ì³ñÿö³ â çàëåæíîñò³ 
â³ä âåëè÷èíè ². Äîâåäåíî, ùî ïðèðîäà ïåðåõîä³â ï³ä ÷àñ âáèðàííÿ 
ñèëîâèìè öåíòðàìè ÔÐ â ä³ÿïàçîí³ 210–365 íì â³äì³ííà â³ä ïðè-
ðîäè ïåðåõîä³â ï³ä ÷àñ âáèðàííÿ â ä³ÿïàçîí³ 430–850 íì. 
3. Äîâåäåíî, ùî åêñòðåìóìè ñïåêòðó ïîãëèíàííÿ ÔÐ ó âèäèì³é ³ 
áëèæí³é ÓÔ-ä³ëÿíêàõ ñïåêòð³â íå çì³íþþòü ñâîãî ïîëîæåííÿ çà 
îïðîì³íåííÿ âèñîêîåíåðãåòè÷íèìè (1 ÌåÂ) åëåêòðîíàìè çà ââ³á-
ðàíî¿ äîçè ç ³íòåðâàëó 4 ê¥ð ² 80 ê¥ð. Äîñë³äæåíî çàëåæí³ñòü 
ôëþîðåñöåíö³¿ îïðîì³íåíîãî ÔÐ äëÿ 4 ê¥ð ² 80 ê¥ð. Âèçíà÷åí-
íÿ ïðèðîäè öåíòð³â âáèðàííÿ ñâ³òëà òà ôëþîðåñöåíö³¿ ÔÐ, ÿê³ 
óòâîðþþòüñÿ ï³ä ä³ºþ âèñîêîåíåðãåòè÷íîãî åëåêòðîííîãî îïðîì³-
íåííÿ, ïîòðåáóº äîäàòêîâèõ äîñë³äæåíü. 
4. Äîñë³äæåíî åôåêò ìîäèô³êóâàííÿ ôàðìàêîëîã³÷íî¿ àêòèâíîñòè 
äîêñîðóá³öèíó ç âèêîðèñòàííÿì ïîïåðåäíüîãî îïðîì³íåííÿ ÔÐ 
åëåêòðîíàìè ç åíåðã³ºþ ó 1 ÌåÂ ³ äîçîþ ââ³áðàíîãî îïðîì³íåííÿ 
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â ìåæàõ 10–80 ê¥ð; çàïðîïîíîâàíî ïîÿñíåííÿ åôåêòó â ðàìêàõ 
ìîäåëþ áàáñòîí³â. 
5. Íà çàìîâëåííÿ ÒÎÂ «ÞÐ³ß-ÔÀÐÌ» áóëî ïðîâåäåíî íàóêîâó 
ðîáîòó «Ïîð³âíÿëüíå äîñë³äæåííÿ ãîñòðî¿ òîêñè÷íîñò³ ïðåïàðàò³â 
õëîðèäó íàòð³þ ïðè îäíîðàçîâîìó ïàðåíòåðàëüíîìó ââåäåí³ ìè-
øàì» (ð³ê âèêîíàííÿ — 2023, íîìåð äîñë³äæåííÿ — ¹01082023). 
Â ðåçóëüòàò³ ïðîâåäåíèõ äîñë³äæåíü áóëî çðîáëåíî 8 âèñíîâê³â. 
Îñòàíí³é ç íèõ ñòâåðäæóº, ùî «Ðåçóëüòàòè ïðîâåäåíîãî äîñë³-
äæåííÿ íå íàäàþòü ïåðåêîíëèâèõ äàíèõ, ÿê³ á ñâ³ä÷èëè ïðî â³ä-
ì³ííîñò³ ïðîô³ë³â òîêñè÷íîñò³ äîñë³äæóâàíèõ ïðåïàðàò³â. Çâàæà-
þ÷è íà âèñîêèé ð³âåíü ñòðóêòóðíî¿ ïîä³áíîñò³ äîñë³äæóâàíèõ ðå-
÷îâèí ç ìåòîþ âèÿâëåííÿ â³äì³ííîñòåé ¿õ âïëèâó ðåêîìåíäîâàíî 
çàñòîñóâàííÿ á³ëüø ÷óòëèâèõ ìåòîä³â äîñë³äæåííÿ. Çîêðåìà, öå 
ñòîñóºòüñÿ äîñë³äæåííÿ öèòîòîêñè÷íîñòè íà êóëüòóðàõ êë³òèí 
ð³çíîãî îðãàííîãî ïîõîäæåííÿ.». 
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1 Fig. 1. Dependence of extinction spectra E(I, ) on the amount of absorbed dose I. Curves 
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obtained: 1—without irradiation; 2—with irradiation at I 10 kGy, 3—at 20 kGy, 4—at 40 
kGy, 5—at 80 kGy. 
2 Fig. 2. Dependence of correlation coefficients (CC) for extinction spectra on the amount of 
absorbed doses I by samples of the physiological salt solution: 1 illustrates the function of 
CC(0 kGy, I), 2—CC(10 kGy, I), 3—CC(20 kGy, I), 4—CC(40 kGy, I), 5—CC(80 kGy, I). 
3 Fig. 3. Dependences of the difference of the spectra of the extinction curve: 1— (10, ); 
2— (20, ); 3— (40, ); 4— (60, ); 5— (80, ). 
4 Fig. 4. Graph of the dependence of the baseline (10 kGy, ) (curve 1) and its monotone 
approximation curve (I0 [kGy], ) (curve 2). 
5 Fig. 5. Difference of spectra A(I, ) for the physiological salt solution at I 0 kGy and 
10 kGy after taking into account the new baseline. 
6 Fig. 6. Change in the difference of the absorption spectra for the physiological salt solution; 
curves at I [kGy]: 1—10, 2—20, 3—40, 4—60, 5—80 relative to the spectrum of the unirra-
diated sample. 
7 Fig. 7. UV absorption spectra of doxorubicin solutions within the physiological salt solution, 
the absorbed dose of which was equal to ² [kGy] 0 (curve 1), 10 (2), 40 (3), 80 (4), measured 
on the day of irradiation. 
8 Fig. 8. Approximation of the absorption spectrum of doxorubicin solution within the irradi-
ated physiological salt solution (I 40 kGy) using a linear combination of Gaussian distribu-
tions. 
9 TABLE 1. Co-ordinates of the maxima of the Gaussian distributions, the linear combination 
of which approximates the absorption spectra obtained on the day of radiation exposure of 
the solvent in the UV and visible range. 
10 Fig. 9. Extinction spectra of doxorubicin solution within the physiological salt solution at 
² [kGy] 0 (1), 10 (2), 40 (3), 80 (4). 
11 TABLE 2. Positions of maxima of Gaussian distributions. 
12 Fig. 10. Comparison of the optical absorption spectra of a sample of the doxorubicin mix-
ture within the physiological salt solution with I 10 kGy taken immediately (curve 1) and 
after 18 days (2) after irradiation. 
13 Fig. 11. Comparison of the optical absorption spectra of a sample of the doxorubicin mix-
ture within the physiological salt solution (40 kGy) recorded immediately (curve 1) and after 
18 days (2) after irradiation. 
14 Fig. 12. Dependence of the absorption of doxorubicin solution on the wave number (k) in 
the IR range: curve 1 (I 0 kGy), curve 2 (I 80 kGy). 
15 Fig. 13. Effect of irradiation of the physiological salt solution on the survival of Lewis 
lung carcinoma (LLC) cells. 
16 Fig. 14. Number (fraction N) of live LLC cells (as a percentage of the corresponding indica-
tor in control wells) after 24-hour incubation with doxorubicin (at various concentrations of 
X) dissolved in the unirradiated (1) and irradiated (2) physiological salt solution. 
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Heterocyclic compounds have great importance in the medical and industrial 
fields. Imidazole compounds and salts are the most widespread and effective 

of these compounds. Therefore, in this research, we prepare a number of 

mono- and di-substituted derivatives of imidazole and its salts. The prepared 

compounds are characterized using 
1H-NMR, 

13C-NMR, SEM, and IR tech-
niques. In addition, the biological activity against Escherichia coli and 

Staphylococcus aureus bacteria is studied for the prepared compounds. As 

revealed, the prepared salts are more biologically effective. 

Ãåòåðîöèêë³÷í³ ñïîëóêè ìàþòü âåëèêå çíà÷åííÿ â ìåäè÷í³é ³ ïðîìèñëîâî-
äîñë³äí³é ñôåðàõ. ²ì³äàçîëüí³ ñïîëóêè òà ñîë³ º íàéá³ëüø ïîøèðåíèìè é 

åôåêòèâíèìè ç öèõ ñïîëóê. Òîìó â äàíîìó äîñë³äæåíí³ ìè ãîòóºìî ðÿä 

ìîíî- ³ äè-çàì³ùåíèõ ïîõ³äíèõ ³ì³äàçîëó òà éîãî ñîëåé. Îäåðæàí³ ñïîëó-
êè õàðàêòåðèçóþòüñÿ ìåòîäàìè 

1H-ßÌÐ, 
13C-ßÌÐ, ÑÅÌ, ²×-ñïåêòðî-

ñêîï³¿. Êð³ì òîãî, äëÿ ïðèãîòîâàíèõ ñïîëóê âèâ÷àºòüñÿ á³îëîã³÷íà àêòèâ-
í³ñòü ùîäî áàêòåð³é Escherichia coli òà Staphylococcus aureus. ßê ç'ÿñóâà-
ëîñÿ, ïðèãîòîâàí³ ñîë³ á³ëüø á³îëîã³÷íî åôåêòèâí³. 
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1. INTRODUCTION 

Imidazole is a five-membered heterocyclic compound containing two 
nitrogen atoms in the 1,3 positions, which is widely used as a build-
ing block for the synthesis of a variety of biologically active com-
pounds. Alkylation of imidazole at the N-1 or N-2 position with al-
kyl halides or sulfonate esters can introduce lipophilic substituents 
into the imidazole ring, which can modify the physicochemical and 
biological properties of the resulting compounds. Overall, imidazole 
is an important and versatile compound with a wide range of appli-
cations in various fields of science and technology [1–4]. 
 Alkylated derivatives of imidazole [5] have been extensively stud-
ied for their biological activities, including antifungal [6–8], anti-
diabetic [9], antiparasitic, antibacterial [10–13], antioxidant [14], 
antituberculosis [15], anti-inflammatory [16–18], antitumor [19–
21], antimalarial, anticancer [22–24], antihypertensive, antidepres-
sant, anxiolytic. The nature and position of the alkyl substituent 
can significantly affect the biological activity of the imidazole de-
rivatives. For example, the introduction of bulky alkyl groups, such 
as tert-butyl or isopropyl, at the N-1 position of imidazole can en-
hance the antifungal activity of the compounds, while adding the 
longer alkyl chains, such as octyl or dodecyl, at the same position 
can improve the antibacterial activity. 
 In addition to their biological activities, alkylated imidazoles 
have also been used as ligands in coordination chemistry and as cat-
alysts in organic reactions. For example, 1-methylimidazole is a 
common ligand in metal-organic frameworks [25], while 2-
alkylimidazoles have been used as phase transfer catalysts and as 
catalysts in the synthesis of organic compounds. Methylimidazole 
has a wide range of applications in various fields. It is used as a 
building block in organic synthesis. It has also been shown to exhib-
it biological activities. For example, methylimidazole derivatives 
have been synthesized and evaluated as potential antifungal agents 
against various fungal pathogens, including Candida albicans and 
Aspergillus fumigatus. Methylimidazole derivatives have also been 
evaluated for their antitumor activity against various cancer cell 
lines. 
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 Octylimidazole has been shown to exhibit antimicrobial, antifun-
gal, and antibiofilm activities. For example, octylimidazole deriva-
tives have been synthesized and evaluated as potential antibacterial 
agents against various gram-positive and gram-negative bacteria, 
including Staphylococcus aureus, Escherichia coli, and Pseudomonas 
aeruginosa. Octylimidazole derivatives have also been evaluated for 
their antifungal activity against Candida albicans and Aspergillus 
fumigatus. Overall, octylimidazole is a versatile compound with di-
verse biological and chemical properties, and it continues to be an ac-
tive area of research in medicinal chemistry and organic synthesis. 
 Isopropylimidazole is used as a building block in organic synthe-
sis and as a ligand in coordination chemistry. It has been shown to 
exhibit antifungal, antibacterial, and antitumor activities. For ex-
ample, isopropylimidazole derivatives have been synthesized and 
evaluated as potential antifungal agents against various fungal 
pathogens, including Candida albicans, Cryptococcus neoformans, 
and Aspergillus fumigatus. Isopropylimidazole derivatives have also 
been evaluated for their antibacterial activity against gram-positive 
and gram-negative bacteria. 
 Overall, isopropylimidazole is a versatile compound with diverse 
biological and chemical properties, and it continues to be an active 
area of research in medicinal chemistry and organic synthesis. 
 In addition to its biological activities, imidazole derivatives have 
been used as ligands in coordination chemistry and as a catalyst in 
organic reactions, including the aldol condensation, Michael addi-
tion, and Mannich reaction. 
 Overall, alkylated derivatives of imidazole are a versatile class of 
compounds with diverse biological and chemical properties, and 
they continue to be an active area of research in medicinal chemis-
try, materials science, and organic synthesis. 
 Imidazole derivatives such as clotrimazole, miconazole, and keto-
conazole are used to treat fungal infections of the skin, nails, and 
mucous membranes. 
 Clotrimazole 1-[(2-chlorophenyl) (diphenyl)methyl]-1H-imidazole [26] 
(Fig. 1) is an antifungal used to treat a variety of fungal infections. 
It belongs to the class of drugs known as imidazole antifungals and 
works by inhibiting the growth of the fungus, and used to treat in-
fections of the skin. It is also treat yeast infections of the mouth 
(oral thrush) and the vagina (vaginal candidiasis) [27]. 
 Azelastine [28], levocetirizine [29], and desloratadine [30] (Fig. 
2) are examples of imidazole derivatives used to treat allergic con-
ditions such as hay fever, hives, and allergic rhinitis. 
 Imidazole derivatives such as etodolac and ketorolac [31] are non-
steroidal anti-inflammatory drugs (NSAIDs) used to treat pain and 
inflammation associated with arthritis, menstrual cramps, and oth-
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er conditions. 

 

Fig. 1. Chemical structure of clotrimazole [26]. 

 

Fig. 2. Chemical structure of azelastine, levocetirizine, and desloratadine. 

 

Fig. 3. Chemical structure of etodolac. 

 

Fig. 4. Chemical structure of ribavirin. 
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 Etodolac (Fig. 3) is a nonsteroidal anti-inflammatory drug 
(NSAID) used to treat pain and inflammation associated with ar-
thritis, menstrual cramps, and other conditions. It works by reduc-
ing the levels of prostaglandins, which are chemicals responsible for 
pain and inflammation [32], and is available in various forms, in-
cluding tablets and capsules. The medication is usually taken orally, 
with or without food, as directed by your healthcare provider 
Etodolac is generally well tolerated, but some people may experience 
side effects such as stomach upset, nausea, vomiting, diarrhoea, 
headache, dizziness, and drowsiness. Serious side effects such as 
stomach bleeding, liver damage and allergic reactions are rare but 
can occur. If you experience symptoms like severe stomach pain, 
dark urine, yellowing of the skin or eyes, or difficulty breathing, 
seek immediate medical attention. 
 Ribavirin (Fig. 4) is an antiviral used to treat a variety of viral 
infections. It is a synthetic nucleoside analogue that acts by inhibit-
ing the replication of viral genetic material, is commonly used to 
treat hepatitis C, a viral infection that can cause liver disease, and 
respiratory syncytial virus (RSV), a common viral infection that can 
cause respiratory illness in infants, young children, and elderly 
adults. 
 In other hands, imidazolium-salt (which is the focus of our atten-
tion) and ionic liquids have shown wide-ranging applications in me-
dicinal chemistry due to their unique properties such as ionic na-
ture, solubility, and lipid affinity [33, 34]. 
 In other usage, imidazolium salts are used to extract metal ions 
from aqueous solutions and metal nanoparticles coating, offering 
antimicrobial action and creating oriented liquid crystals [35, 36]. 
In bioactive applications, imidazole is used as imidazolium hydro-
gels, antiarrhythmics, and antimetastatic agents. Imidazolium salts 
have potential activity of antimicrobial [37]. 
 This research aims to prepare several new imidazole compounds 
and some imidazolium salts and study their biological activity. 

2. EXPERIMENTAL 

2.1. Apparatus 

NMR spectra were recorded on a Brucker instrument (400 MHz) 
spectrometer. Chemical shifts were reported in ( ) [ppm] relative to 
tetramethylsilane (TMS). 
 Data were reported as follows: chemical shift, multiplicity, cou-
pling constant [Hz], integration, and assignment. FTIR spectra (  
[cm 1]) were recorded on a JASCO Spectrum (FTIR 4100) spectrome-
ter using KBr pellets. 
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2.2. Materials and General Procedure 

The imidazole, 1,3-dibromopropane, 1,4-dibromobutane, 1,3-
bis(chloromethyl)benzene were procured from Aldrich chemical 
company. Potassium carbonate, magnesium sulphate, THF, and pe-
troleum ether were purchased from Fisher scientific. All reactions 
were carried out under argon atmosphere. 
 Reagents and solvents used without further purification. The re-
action and purity of the synthesized compounds were monitored by 
TLC using aluminium plates precoated with silica gel with F254 nm 
manufactured by Merck Company. 

2.3. Synthesis of Imidazolium Salts 

Figure 5 provides the reaction sequences used in the synthesis of 
imidazole derivatives and their salts. 

2.3.1. Synthesis of 1-(3-Bromopropyl)-1H-Imidazole (A1) 

In a clean three-necked round bottom flask 100 mL equipped with a 
magnetic stir bar under argon gas flowing and reflux condenser, 
imidazole (0.1 g (1.5 mmol)) and 15 mL of dry THF were gradually 
added into the flask and stirred for 1 h at 65 C. 1,3-
dibromopropane (0.303 g (1.5 mmol)) dissolved in 10 mL THF was 
added into the flask, after 10 min of stirring (0.02 g, 0.2 mmol) of 
K2CO3 was added to the flask. The resulting mixture was stirred for 
24 h at 65 C temperature. After 24 h, the mixture was filtrated. 
The resulting solution was then transferred into 125 mL separator 
funnel and extracted with (ethanol-ethylacetate). After drying, the 

 

Fig. 5. General reaction scheme for synthesizing imidazole derivatives and 
their salts. 
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product was extracted three times with the diethyl ether and the 
diethyl ether extracted layers were combined and dried overnight 
using anhydrous magnesium sulphate. The mixture was filtered and 
the filtrate was collected. The filtrate was concentrated by rotary 
evaporation to obtain a white precipitate product. The yield of the 
product was found to be 76.6%. 
 Like the same procedure for producing (A1), we used 1,4-
dibromobutane (0.323 g (1.5 mmol)) to produce 1-(4-bromobutyl)-
1H-imidazole (B1) with 69.4% yield, 1,3-bis(chloromethyl)benzene 
(0.262 g (1.5 mmol)) to produce 1-(3-(chloromethyl)benzyl)-1H-
imidazole (C1) with 61.7% yield. 

2.3.2. Synthesis of 1,3-Bis(3-Bromopropyl)-1H-Imidazol-3-Ium 
Bromide (A1S) 

As the previous reaction conditions, in a clean three-necked round 
bottom flask 100 mL equipped with a magnetic stir bar under argon 
gas flowing and reflux condenser, 1-(3-bromopropyl)-1H-imidazole 
(A1) (0.283 g (1.5 mmol)) and 20 mL of dry THF were gradually 
added into the flask and stirred for 1 h at 65 C. 1,3-
dibromopropane (0.303 g (1.5 mmol)) dissolved in 10 mL THF was 
added into the flask. The resulting mixture was stirred for 6 h at 
65 C temperature. After 6 h, a yellowish precipitate appeared. The 
yield of the product was found to be 57%. 
 The same procedure for producing (A1S) has been repeated, we 
used (B1) (0.304 g (1.5 mmol)) and 1,4-dibromobutane (B) (0.323 g 
(1.5 mmol)) to produce 1,3-bis(4-bromobutyl)-1H-imidazol-3-ium 
Bromide (B1S) with 59.8% yield, and 1-(3-(chloromethyl)benzyl)-
1H-imidazole (0.31 g (1.5 mmol)) (C1) and 1,3-
bis(chloromethyl)benzene (0.262 g (1.5 mmol)) to produce 1,3-bis(3-
(chloromethyl)benzyl)-1H-imidazol-3-ium chloride (C1S) with 55.3% 
yield. 

2.3.3. Synthesis of 1,3-DI(1H-Imidazol-1-Yl) Propane (A2): 

In a clean three-necked round bottom flask 100 mL equipped with a 
magnetic stir bar under argon gas flowing and reflux condenser, 
imidazole (0.1 g (1.5 mmol)) and 15 mL of dry THF were gradually 
added into the flask and stirred for 1 h at 65 C 1-(3-bromopropyl)-
1H-imidazole (A1) (0.283 g (1.5 mmol)) dissolved in 15 mL THF was 
added into the flask, after 10 min of stirring (0.02 gr, 0.2 mmol) of 
K2CO3 was added to the flask. The resulting mixture was stirred for 
24 h at 65 C temperature. After 24 h, the mixture was filtrated. 
The resulting solution was then transferred into 125 mL separator 
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funnel and extracted with (ethanol-ethylacetate). After drying, the 
product was extracted three times with the diethyl ether and the 
diethyl ether extracted layers were combined and dried overnight 
using anhydrous magnesium sulphate. The mixture was filtered and 
the filtrate was collected. The filtrate was concentrated by rotary 
evaporation to obtain a yellowish precipitate product. The yield of 
the product was found to be 85.4%. 
 For producing 1,4-di(1H-imidazol-1-yl)butane (B2), we used 1-(4-
bromobutyl)-1H-imidazole (B1) (0.304 g (1.5 mmol)) with imidazole 
(0.1 g (1.5 mmol)), the product yield was 73.1%, and imidazole (0.1 
g (1.5 mmol)) with 1-(3-(chloromethyl) benzyl)-1H-imidazole (C1) 
(0.31 g (1.5 mmol)) to produce 1,3-bis((1H-imidazol-1-yl)methyl) 
benzene (C2) with 64.8% yield. 

2.3.4. Synthesis of 1,3-Bis(3-Bromopropyl)-1H-Imidazol-3-Ium 
Bromide (A2S) 

As the previous reaction conditions, in a clean three-necked round 
bottom flask 100 mL equipped with a magnetic stir bar under argon 
gas flowing and reflux condenser, 1,3-di(1H-imidazol-1-yl)propane 
(A2) (0.264 g (1.5 mmol)) and 20 mL of dry THF were gradually 
added into the flask and stirred for 1 h at 65 C. 1,3-
dibromopropane (0.606 gr (3 mmol)) dissolved in 20 mL THF was 
added into the flask. The resulting mixture was stirred for 6 h at 
65 C temperature. After 6 h, a yellowish precipitate formed with 
51.2% yield. 
 The last procedure has been repeated to produce 1,1 -(butane-1,4-
diyl)bis(3-(4-bromobutyl)-1H-imidazol-3-ium)bromide (B2S) with 
yield 53.4% by reacting (0.285 g (1.5 mmol)) of (B2) with (0.647 g 
(3 mmol)) of (B), and reacting (0.357 g (1.5mmol)) with (0.525 g (3 
mmol)) of (C) for producing phenylenebis (methylene))bis(3-(3-
(chloromethyl)benzyl)-1H-imidazol-3-ium)chloride (C2S) with yield 
49.6%. 
 All the products were characterized by IR, 1H-NMR, 13C-NMR 
and SEM. 

3. RESULTS AND DISCUSSION 

The compounds entitled (1 and 2) were prepared through the alkyla-
tion reaction between alkyl halides and imidazole (Fig. 1), these 
compounds were. The characterized using IR, 1H-NMR and 13C-
NMR, where the IR spectra showed the disappearance of the absorp-
tion band at 3125 cm 1 belongs to N–H bond of the imidazole, which 
confirmed the reaction between the imidazole and the alkyl halide 
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has occurred. 
 1H-NMR spectroscopy confirmed this result through the disap-
pearance of the protonic signal at (1.602 ppm) of the imidazole pro-
ton (N–H), and the appearance of new protonic signals correspond-
ing to the used alkyl halides compounds, in addition to the clear 
shifts in the protonic signals of the imidazole ring.  
 The C-NMR spectrum showed the emergence of three carbon sig-
nals that characterize the imidazole ring, in addition to the emer-
gence of new carbon signals indicating the binding of the alkyl 
compound to the imidazole ring. 
 The prepared imidazolium salts, labelled with the symbol (S), 
were prepared by adding alkyl halides to the alkyl imidazole com-
pounds prepared in a previous step. These compounds have been 
characterized using the same techniques mentioned previously. We 
did not obtain, through IR spectra, distinct bands confirming the 
occurrence of the reaction (absorption bands have been shifted in 
general); the structure of the compounds was proven through the 
H-, C-NMR techniques, whose results were consistent with the 
structure of the prepared compounds in terms of the number of 
signals, their shifts, and their integrations. 
 Table 1 shows the physical properties and yields of prepared 
compounds. 

TABLE 1. The yield and physical statues of produced compounds. 

Entry IUPAC name 
State of 

precipitate 
Yield, % 

A1 1-(3-bromopropyl)-1H-imidazole white 76.6 

A1S 1,3-bis(3-bromopropyl)-1H-imidazol-3-ium 
bromide 

yellowish 57 

A2 1,3-di(1H-imidazol-1-yl)propane yellowish 85.4 

A2S 
1,1 -(propane-1,3-diyl)bis(3-(3-bromopropyl)-

1H-imidazol-3-ium)bromide 
yellowish 51.2 

B1 1-(4-bromobutyl)-1H-imidazole yellowish 69.4 
B1S 1,3-bis(4-bromobutyl)-1H-imidazol-3-ium brownish 59.8 
B2 1,4-di(1H-imidazol-1-yl)butane yellowish 73.1 

B2S 1,1 -(butane-1,4-diyl)bis(3-(4-bromobutyl)-1H-
imidazol-3-ium) 

brownish 53.4 

C1 1-(3-(chloromethyl)benzyl)-1H-imidazole yellowish 61.7 

C1S 
1,3-bis(3-(chloromethyl)benzyl)-1H-imidazol-3-

ium 
yellowish 55.3 

C2 1,3-bis((1H-imidazol-1-yl)methyl)benzene yellowish 64.8 

C2S phenylenebis(methylene))bis(3-(3-
(chloromethyl)benzyl)-1H-imidazol-3-ium) 

yellowish 49.6 
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3.1. Characterization 

(A1): (76.6%) was obtained as a white precipitate. 1H-NMR (400 
MHz, CDCl3)  2.19 (m, 2H), 3.42 (t, J 3.6 Hz, 2H), 4.07 (t, 
J 3.6 Hz, 2H), 6.96 (dd, J1 1.2 Hz, J2 3.2 Hz, 1H), 7.26 (dd, 
J1 1.2 Hz, J2 3.2 Hz, 1H), 7.67(t, J 3.2 Hz, 1H) ppm; 13C-NMR 
(125 MHz, CDCl3):  30.52, 33.24, 47.11, 118.87, 129.57, and 
137.65 ppm. 
(A1S): (57%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, CDCl3)  2.18 (m, 2H), 2.59 (m, 2H), 3.41 (t, J 3.6 Hz, 2H), 
3.58 (t, J 4.4Hz, 2H), 4.14 (t, J 3.6 Hz, 2H), 4.67 (t, J 4 Hz, 
2H), 7.47 (dd, J1 1.2 Hz, J2 2.8 Hz, 1H), 7.82 (dd, J1 1.2 Hz, 
J2 2.8 Hz, 1H), 10.25 (t, J 1.2 Hz, 1H) ppm; 13C-NMR (125 
MHz, CDCl3):  30.39, 30.67, 32.94, 33.42, 48.59, 49.06, 121.83, 
126.34, and 138.22 ppm. 
(A2): (85.4%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, CDCl3)  2.13 (m, 2H), 4.01 (t, J 4.8 Hz, 4H), 6.96 (dd, 
J1 1.2 Hz, J2 2.8 Hz, 2H), 7.26 (dd, J1 1.2 Hz, J2 2.8 Hz, 
2H), 7.67 (t, J 1.2 Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3):  
30.81, 45.55, 118.89, 129.57, and 137.72 ppm. 
(A2S): (51.2%) was obtained as a yellowish precipitate. 1H-NMR 
(400 MHz, CDCl3)  2.18 (m, 2H), 2.06 (m, 2H), 2.6 (m, 4H), 3.58 
(t, J 4.4 Hz, 4H), 4.05 (t, J 4.8 Hz, 4H), 4.67 (t, J 4 Hz, 4H), 
7.47 (dd, J1 1.6 Hz, J2 4.4 Hz, 2H), 7.82 (dd, J1 2 Hz, J2 4 
Hz, 2H), 10.26 (t, J 2 Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3): 
 30.44, 30.67, 32.94, 47.05, 49.06, 121.82, 126.35, and 138.16 

ppm. 
(B1): (69.4%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, CDCl3)  1.83 (m, 2H), 1.89 (m, 2H), 3.57 (t, J 3.2 Hz, 2H), 
3.98 (t, J 1.6 Hz, 2H), 6.96 (dd, J1 1.2 Hz, J2 2.8 Hz, 1H), 
7.26 (dd, J1 1.2 Hz, J2 3.2Hz, 1H), 7.67 (t, J 3.2 Hz, 1H) ppm; 
13C-NMR (125 MHz, CDCl3):  29.32, 29.81, 30.77, 48.77, 118.84, 
129.56, and 137.69 ppm. 
(B1S): (59.8%) was obtained as a brownish precipitate. 1H-NMR 
(400 MHz, CDCl3)  1.84 (m, 2H), 1.89 (m, 2H), 2.01 (m, 2H), 2.23 
(m, 2H), 3.48 (t, J 2Hz, 2H), 3.56 (t, J 2.8 Hz, 2H), 4.095 (t, 
J 4.8 Hz, 2H), 4.34 (t, J 4.4 Hz, 2H), 7.47 (dd, J1 1.2 Hz, 
J2 2.8 Hz, 1 H), 7.82 (dd, J1 1.2 Hz, J2 2.8 Hz, 1H), 10.25 (t, 
J 1.2 Hz, 1H) ppm; 13C-NMR (125 MHz, CDCl3):  29.12, 29.40, 
30.34, 30.78, 30.81, 33.06, 49.45, 49.46, 121.85, 126.33, and 
138.34 ppm. 
(B2): (73.1%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, CDCl3)  1.76 (m, 4H), 3.98 (t, J 4.8 Hz, 4H), 6.96 (dd, 
J1 1.2 Hz, J2 2.8 Hz, 2H), 7.26 (dd, J1 1.2 Hz, J2 2.8 Hz, 
2H), 7.67 (t, J 1.2 Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3):  
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27.72, 48.44, 118.84, 129.56, and 137.71 ppm. 
(B2S): (53.4%) was obtained as a brownish precipitate. 1H-NMR 
(400 MHz, CDCl3)  1.77 (m, 4H), 2.01 (m, 4H), 2.23 (m, 4H), 3.48 
(t, J 4 Hz, 4H), 4.34 (t, J 4.4 Hz, 4H), 7.47 (dd, J1 1.6 Hz, 
J2 4.4 Hz, 2H), 7.82 (dd, J1 2 Hz, J2 4 Hz, 2H), 10.25 (t, J 2 
Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3):  27.60, 29.40, 30.33, 
33.06, 49.35, 49.45, 121.85, 126.33, and 138.1 ppm. 
(C1): (61.7%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, DMSO)  4.61 (s, 2H), 5.3 (s, 2H), 6.91 (dd, J1 1.2 Hz, 
J2 2.8 Hz, 1H), 7.17–7.31 (m, 5H), 7.784 (t, J 3.2 Hz, 1H) ppm; 
13C-NMR (125 MHz, CDCl3):  46.01, 49.80, 119.84, 126.81, 
127.66, 128.11, 129.12, 129.12, 137.22, and 137.76 ppm. 
(C1S): (55.3%) was obtained as a yellowish precipitate. 1H-NMR 
(400 MHz, CDCl3)  4.61 (s, 4H), 5.28 (s, 2H), 5.787 (s, 2H), 7.18–
7.4 (m, 8H), 7.79 (dd, J1 1.2 Hz, J2 2.8 Hz, 1H), 7.83 (dd, 
J1 1.2 Hz, J2 2.8 Hz, 1H), 9.95 (t, J 1.2 Hz, 1H) ppm; 13C-
NMR (125 MHz, CDCl3):  46.26, 51.83, 51.96, 123.31, 124.17, 
126.1, 127.04, 127.16, 127.66, 128.3, 128.46, 128.81, 129.07, 
136.56, 136.88, 137.11, 137.94, and 138.9 ppm. 
(C2): (64.8%) was obtained as a yellowish precipitate. 1H-NMR (400 
MHz, CDCl3)  5.3 (s, 4H), 6.91 (dd, J1 1.2 Hz, J2 2.8 Hz, 2H), 
6.96 (m, 1H), 7.1–7.35 (m, 5H), 7.78 (t, J 1.2 Hz, 2H) ppm; 13C-
NMR (125 MHz, CDCl3):  49.59, 119.84, 126.02, 127.54, 129.12, 
129.37, 137.76, and 138.4 ppm. 
(C2S): (49.6%) was obtained as a yellowish precipitate. 1H-NMR 
(400 MHz, CDCl3)  4.61 (s, 4H), 5.28 (s, 4H), 5.78 (s, 4H), 6.95 
(m, 1H), 7.1–7.41 (m, 11H), 7.79 (dd, J1 1.2 Hz, J2 2.8 Hz, 2H), 
7.83 (dd, J1 1.2 Hz, J2 2.8 Hz, 2H), 9.96 (t, J 1.2 Hz, 2H) 
ppm; 13C-NMR (125 MHz, CDCl3):  46.26, 51.83, 52.13, 123.31, 
124.28, 126.09, 127.16, 128.32, 128.46, 128.81, 129.43, 136.56, 
137.03, 137.11, and 137.94 ppm. 

3.2. SEM of Nanoparticles 

The morphology of nanoparticles is studied by means of the scan-
ning electron microscopy images. 
 The image gives information about the size and shape of the par-
ticles and their surface morphology. 
 Figure 6 shows a scanning electron microscopy (SEM) image of 
the imidazolium salts. 
 The particles appear to be heterogeneous in shape, irregular in 
size, their size ranges between 40 to 180 nm, and their average size 
is 70 nm. 
 They have a rough surface that appears to be composed of a clus-
ter of tiny (18 nm)-sized particles. 
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3.2. Antibacterial Activity Study 

The antibacterial efficacy of the prepared compounds was tested 
against Escherichia coli, and Staphylococcus aureus bacteria com-
paring with gentamicin (as a reference). Two different concentra-
tions (50 and 1000 mg/ml) of the compounds and gentamicin have 
been selected for antibacterial assay. In our research, we chose to 
study E. coli and S. aureus bacteria, because of their wide spread in 
society so they affect in the daily life of humans, as Escherichia is 
a common bacterium found in the intestines of humans and warm-
blooded animals. It is often used as an indicator for faecal contami-
nation in water and soil [38]. 
 Pathogenic strains of E. coli are often transmitted through con-
taminated food or water [39], and can be particularly dangerous for 
young children, elderly individuals, and those with weakened im-
mune systems. This bacterium can cause a range of infections, in-
cluding intestinal, skin, wound sepsis, septicaemia, neonatal septi-
caemia, and urinary tract infections [40]. Studies have shown that 
some non-steroidal pain relievers, such as diclofenac sodium, can 
play an inhibitory role in the growth of some bacteria, whether 
negative or positive, in addition to using it as an anti-inflammatory 
[41–43]. Escherichia coli is also commonly used in scientific re-
search, as it is easy to grow and manipulate in the laboratory. It 
has been used as a model organism for studying various biological 
processes, and has contributed to many important discoveries in mi-

 

Fig. 6. SEM images of (A1S). 
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crobiology and genetics [44]. 
 S. aureus is a major bacterial human pathogen that causes a wide 
variety of clinical manifestations. Infections are common both in 
community-acquired as well as hospital-acquired settings and 
treatment remains challenging to manage due to the emergence of 
multi-drug resistant strains such as MRSA (methicillin-resistant 
Staphylococcus aureus) [45, 46]. S. aureus is found in the environ-
ment and is also found in normal human flora, located on the skin 
and mucous membranes (most often the nasal area) of most healthy 

 

Fig. 7. Biological activity of prepared compounds. 

TABLE 2. Biological test results of the E. coli and S. aureus. 

Entry 
50 (μg/mL) 100 (μg/mL) 

E. coli S. aureus E. coli S. aureus 
A1 10 9 12 11 
A1S 15 12 15 14 
A2 11 9 13 12 
A2S 15 16 16 16 
B1 14 9 16 11 
B1S 15 11 17 14 
B2 11 12 16 15 
B2S 18 14 19 16 
C1 10 10 11 13 
C1S 7 11 11 14 
C2 9 15 13 18 
C2S 16 16 18 20 

gentamicin 25 25 27 28 
DMSO 0 0 0 0 
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individuals. S. aureus does not normally cause infection on healthy 
skin; however, if it is allowed to enter the bloodstream or internal 
tissues, these bacteria may cause a variety of potentially serious in-
fections [47]. Transmission is typically from direct contact. Howev-
er, some infections involve other transmission methods [48]. 
 The results are arranged in Table 2 and presented graphically in 
the bar graph (Fig. 7). 

4. CONCLUSIONS 

In summary, a new number of mono- and di-substituted derivatives 
of imidazole and its salts were prepared and characterized using 1H-
NMR, 13C-NMR, and IR methods. In addition, the biological activity 
against Escherichia coli and Staphylococcus aureus bacteria was 
studied. It was found that the prepared salts have more biologically 
activity than imidazole derivatives, which promises with amazing 
results for the prepared compounds in various pharmacological ap-
plications. 
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Ñ60-ôóëëåðåí ïîë³ïøóº íåðâîâó ïðîâ³äí³ñòü ï³ñëÿ ì’ÿçîâî¿ 
àòðîô³¿ 

Ä. Ì. Íîçäðåíêî1, Î. Ï. Ìîòóçþê1,2, Î. Â. Äîëãîïîëîâ3, 
². Â. Ïàìïóõà1, Ê. ². Áîãóöüêà1, Þ. ². Ïðèëóöüêèé1 

1Êè¿âñüêèé íàö³îíàëüí³é óí³âåðñèòåò ³ìåí³ Òàðàñà Øåâ÷åíêà,  
 âóë. Âîëîäèìèðñüêà, 64/13,  
 01601 Êè¿â, Óêðà¿íà 
2Âîëèíñüêèé íàö³îíàëüíèé óí³âåðñèòåò ³ìåí³ Ëåñ³ Óêðà¿íêè,  
 ïðîñï. Âîë³, 13,  
 43025 Ëóöüê, Óêðà¿íà 
3ÄÓ «²íñòèòóò òðàâìàòîëîã³¿ òà îðòîïåä³¿ ÍÀÌÍ Óêðà¿íè»,  
 âóë. Áóëüâàðíî-Êóäðÿâñüêà, 27,  
 01601 Êè¿â, Óêðà¿íà 

Äîñë³äæåíî íåðâîâó ïðîâ³äí³ñòü çà ñòèìóëÿö³¿ muscle soleus ùóð³â ï³ñ-
ëÿ äîâãîòðèâàëîãî çíåðóõîìëåííÿ çàäí³õ ê³íö³âîê, âèêîðèñòîâóþ÷è 
êë³í³÷íèé ìîäåëü — ðîçðèâ Àõ³ëëîâîãî ñóõîæèëëÿ. Àíàë³çó ìåõàíîê³-
íåòè÷íèõ ïàðàìåòð³â ñêîðî÷åííÿ ì’ÿçà ïðîâîäèëè íà 45 äîáó ï³ñëÿ ³í³-
ö³ÿö³¿ àòðîô³¿. ßê òåðàïåâòè÷íèé íàíîà´åíò, áóâ âèêîðèñòàíèé âîäî-
ðîç÷èííèé Ñ60-ôóëëåðåí ó ùîäåíí³é ïåðîðàëüí³é äîç³ â 1 ìã/êã óïðî-
äîâæ åêñïåðèìåíòó. Çàòðèìêà â ÷àñ³ ïî÷àòêó ñêîðî÷åííÿ ì’ÿçà, âèêëè-
êàíîãî 1 Ãö- ³ 2 Ãö-ñòèìóëÿö³ÿìè, âèÿâèëà ¿¿ ð³çêå çðîñòàííÿ â³ä 98 6 
ìñ ó êîíòðîë³ äî 443 8 ìñ ³ 487 7 ìñ ï³ñëÿ ³í³ö³ÿö³¿ àòðîô³¿ â³äïîâ³ä-
íî. Öÿ çàòðèìêà ïîâ’ÿçàíà ç ïîíèæåííÿì ïðîâ³äíîñòè íåðâîâîãî ñòè-
ìóëó âíàñë³äîê äåñòðóêòèâíèõ çì³í ó íåðâîâ³é òêàíèí³, âèêëèêàíèõ 
àòðîô³ºþ ì’ÿçà. Ó âñ³õ ïðîâåäåíèõ òåñòàõ çà òåðàïåâòè÷íîãî ââåäåííÿ 
âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â ô³êñóâàëè çá³ëüøåííÿ íåðâîâî¿ ïðîâ³ä-
íîñòè íà 31 2% ³ 36 2% çà 1 Ãö- ³ 2 Ãö-ñòèìóëÿö³é â³äïîâ³äíî ùîäî 
ãðóïè àòðîô³ÿ. Öå ñâ³ä÷èòü ïðî íàÿâí³ñòü êîìïåíñàòîðíî¿ àêòèâàö³¿ Ñ60-
ôóëëåðåíàìè åíäîãåííî¿ àíòèîêñèäàíòíî¿ ñèñòåìè ó ïðîöåñ³ äèñòðîô³÷-
íèõ çì³í, âèêëèêàíèõ äîâãîòðèâàëèì çíåðóõîìëåííÿì. 

Nerve conduction under stimulation of the rat muscle soleus after long-
term immobilisation of the hind limbs is studied using a clinical model—
the rupture of the Achilles tendon. The analysis of mechanokinetic pa-
rameters of muscle contraction is performed on day 45 after the initiation 
of atrophy. The water-soluble C60 fullerene is used as a therapeutic 
nanoagent at a daily oral dose of 1 mg/kg during the experiment. The de-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
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 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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lay in the time of muscle contraction caused by 1 Hz and 2 Hz stimula-
tions reveals a sharp increase from 98 6 ms in control to 443 8 ms and 
487 7 ms after atrophy initiation, respectively. This delay is associated 
with a decrease in the conductivity of the nerve stimulus due to destruc-
tive changes in the nervous tissue caused by muscle atrophy. In all the 
tests performed with the therapeutic administration of water-soluble C60 
fullerenes, an increase in nerve conduction by 31 2% and 36 2% at 
1 Hz and 2 Hz stimulation, respectively, is detected in relation to the at-
rophy group. This indicates the presence of compensatory activation of 
the endogenous antioxidant system by C60 fullerenes in the process of dys-
trophic changes caused by prolonged immobilisation. 

Êëþ÷îâ³ ñëîâà: muscle soleus, ì’ÿçîâà àòðîô³ÿ, ìåõàíîê³íåòèêà ñêîðî-
÷åííÿ ì’ÿçà, Ñ60-ôóëëåðåí. 

Key words: muscle soleus, muscle atrophy, mechanokinetics of muscle 
contraction, C60 fullerene. 

(Îòðèìàíî 29 ñ³÷íÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Ì’ÿçîâà àòðîô³ÿ — çìåíøåííÿ ì’ÿçîâî¿ ìàñè, ùî ïðèçâîäèòü äî 
÷àñòêîâî¿ àáî ïîâíî¿ âòðàòè ôóíêö³¿ ì’ÿçà [1]. Âîëîä³þ÷è âèðà-
æåíîþ ïëàñòè÷í³ñòþ, ñêåëåòíèé ì’ÿç çäàòíèé ïåðåáóäîâóâàòè 
ñâ³é ñòðóêòóðíî-ìåòàáîë³÷íèé ïðîô³ëü çàëåæíî â³ä õàðàêòåðó 
ñêîðî÷óâàëüíî¿ àêòèâíîñòè òà çì³íè çîâí³øí³õ óìîâ [2]. Ðå´óëÿ-
ðí³ ñèëîâ³ òðåíóâàííÿ çäàòí³ çíà÷íî ïîñèëþâàòè ³íòåíñèâí³ñòü 
ñèíòåçè á³ëê³â ³, ÿê íàñë³äîê, ïðèçâîäèòè äî ã³ïåðòðîô³¿ ì’ÿçîâèõ 
âîëîêîí [3]. ² íàâïàêè, ôóíêö³îíàëüíå ðîçâàíòàæåííÿ âåäå äî 
ïðèãí³÷åííÿ ñèíòåçè á³ëê³â òà àêòèâàö³¿ ïðîòåîë³çè, ùî âèðàæà-
ºòüñÿ ó çìåíøåíí³ ä³ÿìåòðà ì’ÿçîâèõ âîëîêîí ³ âòðàò³ ¿õíüî¿ ñèëè 
[4]. Âñòàíîâëåíî, ùî áàãàòî ô³ç³îïàòîëîã³÷íèõ ñòàí³â ìîæóòü âè-
êëèêàòè ïîíèæåííÿ ì’ÿçîâî¿ ìàñè [5], çîêðåìà îòðóºííÿ [6, 7] é 
³øåì³÷í³ ïîøêîäæåííÿ [8]; îäíàê ìîëåêóëÿðí³ ìåõàí³çìè öüîãî 
ïðîöåñó äî ê³íöÿ íå ç’ÿñîâàíî [9, 10]. 
 ª áàãàòî ñóïóòí³õ ïàòîëîã³é, ùî âèíèêàþòü çà ì’ÿçîâî¿ àòðîô³¿, 
çîêðåìà äå´ðàäàö³ÿ íåðâîâèõ ñòðóêòóð, â³äïîâ³äàëüíèõ çà àêòèâà-
ö³þ àòðîôîâàíèõ ì’ÿç³â [11]. Ïîøêîäæåííÿ ïåðèôåðè÷íèõ íåðâ³â, 
ñïðè÷èíåíå àòðîô³ºþ, ìîæå ïðèçâåñòè äî ÷àñòêîâî¿ àáî ïîâíî¿ 
âòðàòè ñåíñîðíèõ, ðóõîâèõ ³ âå´åòàòèâíèõ ôóíêö³é, à òàêîæ äî íå-
âðîïàòè÷íîãî áîëþ [12]. Ôóíêö³îíàëüíå â³äíîâëåííÿ ðîáîòè ì’ÿç³â 
ï³ñëÿ äîâãîòðèâàëî¿ àòðîô³¿ áåç ðå´åíåðàö³¿ òà â³äíîâëåííÿ ðîáîòè 
â³äïîâ³äíèõ íåðâîâèõ ñïîëó÷åíü ³ ïåðèôåðè÷íèõ íåðâ³â íå â³äïîâ³-
äàº ñóò³ ïðîâåäåííÿ îïòèìàëüíèõ òåðàïåâòè÷íèõ çàõîä³â. Âèíèêàº 
òàê çâàíå çàìêíåíå êîëî, ðîç³ðâàòè ÿêå ìîæëèâî ëèøå çà îäíî÷àñ-
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íî¿ òåðàï³¿ ì’ÿçîâî¿ òà íåðâîâî¿ òêàíèí [13, 14]. Çàãàëîì îñíîâíà 
ìàñà ë³êóâàëüíèõ ïðåïàðàò³â ïðîòèä³º ã³ïåðàëãåòè÷í³é ñèìïòîìà-
òèö³ íåâðîïàò³é, àëå íå âïëèâàº íà ïåðåá³ã öèõ çàõâîðþâàíü. Ïðî 
íåéðîïðîòåêòîðí³ òà íåéðîâ³äíîâí³ åôåêòè, ñïðè÷èíåí³ ôàðìàêîëî-
ã³÷íèì ë³êóâàííÿì, ïîâ³äîìëÿëîñÿ ëèøå çð³äêà [15]. 
 Îäí³ºþ ç îñíîâíèõ ïðè÷èí ïîøêîäæåííÿ ïåðèôåðè÷íèõ íåðâ³â 
çà àòðîô³¿ º ï³äâèùåííÿ îêñèäàö³éíîãî ñòðåñó [16]. Àêòèâí³ ôîð-
ìè êèñíþ (ÀÔÊ) áåðóòü ó÷àñòü çà ðîçâèòêó ñòàí³â ïîñò³éíîãî áî-
ëþ, ùî âèíèêàþòü âíàñë³äîê ïîøêîäæåííÿ íåðâ³â àáî çàïàëüíèõ 
ÿâèù [17]. Äîñë³äæåííÿ [18] ïîêàçàëè, ùî àíòèîêñèäàíòè º åôå-
êòèâíèìè äëÿ ïîëåãøåííÿ ã³ïåðàëãåç³¿ ó íåâðîïàòè÷íèõ ùóð³â ç 
ïåðåâ’ÿçàíèìè ñïèííîìîçêîâèìè íåðâàìè òà âòîðèííî¿ ìåõàí³÷-
íî¿ ã³ïåðàëãåç³¿, âèêëèêàíî¿ êàïñà¿öèíîì ó ùóð³â ³ ìèøåé. Óñå 
á³ëüøå äàíèõ ï³äòâåðäæóº äóìêó, ùî ñàìå ÀÔÊ º ãîëîâíèì ïàòî-
ãåíåòè÷íèì ÷èííèêîì ðîçâèòêó òà ï³äòðèìêè ñò³éêîãî íåâðîïà-
òè÷íîãî áîëþ [19]. Ðåçóëüòàòè [20, 21] ñâ³ä÷àòü, ùî àíòèîêñèäàí-
òíà òåðàï³ÿ ïðèãí³÷óº ïîðóøåííÿ ñèíòåçè ³ äå´ðàäàö³þ á³ëêà çà 
àòðîô³¿ ñêåëåòíèõ ì’ÿç³â. Ó íàøèõ ïîïåðåäí³õ ðîáîòàõ íà ìîäå-
ëÿõ in vivo ïîêàçàíî, ùî ââåäåííÿ âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â 
ï³ñëÿ ³í³ö³ÿö³é ì’ÿçîâî¿ ³øåì³¿ [22] òà ìåõàí³÷íî¿ òðàâìè [23], 
ì’ÿçîâèõ äèñôóíêö³é, ïîâ’ÿçàíèõ ç îòðóºííÿì ïåñòèöèäàìè [24] 
òà ðîçâèòêîì àòðîô³÷íèõ ïðîöåñ³â [25], ³ñòîòíî ïîë³ïøóâàëî äè-
íàì³êó ñêîðî÷åííÿ ì’ÿçà. 
 Â³äòàê, ìåòîþ ö³º¿ ðîáîòè áóëî îö³íèòè çäàòí³ñòü Ñ60-ôóëëåðåíó 
ÿê ïîòóæíîãî àíòèîêñèäàíòó [26] ïîë³ïøèòè ðå´åíåðàö³þ íåðâî-
âî¿ òêàíèíè çà ðîçâèòêó àòðîô³¿, ïîâ’ÿçàíî¿ ç àõ³ëëîòîì³ºþ. 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Äëÿ îäåðæàííÿ âîäíîãî ðîç÷èíó Ñ60-ôóëëåðåí³â áóâ çàñòîñîâàíèé 
ìåòîä, ÿêèé ´ðóíòóºòüñÿ íà ïåðåâåäåíí³ ìîëåêóë Ñ60 ç òîëóîëó ó 
âîäó ç ïîäàëüøèì îáðîáëåííÿì óëüòðàçâóêîì [27]. Îäåðæàíèé 
âîäíèé ðîç÷èí Ñ60-ôóëëåðåí³â çà ìàêñèìàëüíî¿ êîíöåíòðàö³¿ ó 
0,15 ìã/ìë º òèïîâèì íàíîêîëî¿äîì [28], ÿêèé çàëèøàºòüñÿ ñòà-
á³ëüíèì óïðîäîâæ 12–18 ì³ñÿö³â çà òåìïåðàòóðè ó 4– 25 Ñ. 
 Åêñïåðèìåíòè ïðîâîäèëè íà ùóðàõ-ñàìöÿõ ë³í³¿ Wistar â³êîì 
ó 1–3 ì³ñÿö³ âàãîþ ó 200 6 ã. Ïðîòîêîë äîñë³äæåííÿ áóâ çàòâåð-
äæåíèé êîì³ñ³ºþ ç ïèòàíü á³îåòèêè ÍÍÖ «²íñòèòóò á³îëîã³¿ òà 
ìåäèöèíè» Êè¿âñüêîãî íàö³îíàëüíîãî óí³âåðñèòåòó ³ìåí³ Òàðàñà 
Øåâ÷åíêà çã³äíî ç ïðàâèëàìè «ªâðîïåéñüêî¿ êîíâåíö³¿ ïðî çà-
õèñò õðåáåòíèõ òâàðèí, ùî âèêîðèñòîâóþòüñÿ â åêñïåðèìåíòàëü-
íèõ òà ³íøèõ íàóêîâèõ ö³ëÿõ» ³ íîðì á³îìåäè÷íî¿ åòèêè çã³äíî ³ç 
Çàêîíîì Óêðà¿íè ¹3447–IV â³ä 21.02.2006 ð. (ì. Êè¿â) «Ïðî çà-
õèñò òâàðèí â³ä æîðñòîêîãî ïîâîäæåííÿ» ï³ä ÷àñ ïðîâåäåííÿ ìå-
äèêî-á³îëîã³÷íèõ äîñë³äæåíü. 
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 Ïåðåä ïî÷àòêîì äîñë³äæåíü ùóðè ï³ääàâàëèñÿ àõ³ëëîòîì³¿ — 
ïåðåð³çó Àõ³ëëîâîãî ñóõîæèëëÿ [25]. Äîñë³äæóâàëè 3 åêñïåðèìå-
íòàëüí³ ãðóïè òâàðèí (n 7 ó êîæí³é ãðóï³): êîíòðîëü, àòðîô³ÿ 
(ï³ñëÿ 45 ä³á àòðîô³¿) é àòðîô³ÿ Ñ60 (ï³ñëÿ 45 ä³á àòðîô³¿ çà ùî-
äåííîãî ïåðîðàëüíîãî ââåäåííÿ âîäíîãî ðîç÷èíó Ñ60-ôóëëåðåí³â). 
Âàæëèâî çàçíà÷èòè, ùî äîçó âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â 1 
ìã/êã áóëî îáðàíî ÿê íàéá³ëüø îïòèìàëüíó äëÿ âèâ÷åííÿ ¿õíüî¿ 
àíòèîêñèäàíòíî¿ ä³¿ íà ³íøèõ ìîäåëÿõ ì’ÿçîâî¿ ïàòîëîã³¿ [22–25]. 
Êð³ì òîãî, âîíà º çíà÷íî íèæ÷îþ çà çíà÷åííÿ ËÄ50, ÿêå ñòàíîâè-
ëî 600 ìã/êã çà ïåðîðàëüíîãî ââåäåííÿ ùóðàì [29]. 
 Àíåñòåç³þ òâàðèí çä³éñíþâàëè âíóòð³øíüîî÷åðåâèííèì ââå-
äåííÿì íåìáóòàëó (40 ìã/êã). Äîñë³äæåííÿ äèíàì³÷íèõ âëàñòèâî-
ñòåé ì’ÿçîâîãî ñêîðî÷åííÿ ïðîâîäèëè çà àêòèâàö³¿ ì’ÿçà ç âèêî-
ðèñòàííÿì ìåòîäó ìîäóëüîâàíî¿ ñòèìóëÿö³¿ åôåðåíò³â [30]. Êîíò-
ðîëü çîâí³øíüîãî íàâàíòàæåííÿ íà ì’ÿç çä³éñíþâàëè çà äîïîìî-
ãîþ ñèñòåìè ìåõàíîñòèìóëÿòîð³â. 
 Ñèëó ñêîðî÷åííÿ ì’ÿçà âèì³ðþâàëè çà äîïîìîãîþ òåíçîäàò÷è-
ê³â [22–25]. 
 Ñòàòèñòè÷íó àíàë³çó ðåçóëüòàò³â ïðîâîäèëè ìåòîäàìè âàð³ÿ-
ö³éíî¿ ñòàòèñòèêè ó ïðîãðàì³ Statistica 8.0. Êîæíà ç îäåðæàíèõ 
åêñïåðèìåíòàëüíèõ ìåõàíîê³íåòè÷íèõ êðèâèõ º ðåçóëüòàòîì óñå-
ðåäíåííÿ 10 àíàëîã³÷íèõ ì³ðÿíü. Äëÿ îö³íêè äîñòîâ³ðíîñòè âè-
ÿâëåíèõ çì³í çàñòîñîâóâàëè äèñïåðñ³éíó àíàë³çó ANOVA ç íàñòó-
ïíèì òåñòîì ìíîæèííîãî ïîð³âíÿííÿ çà Áîíôåððîí³. Çíà÷åííÿ 
ð 0,05 ââàæàëèñÿ çíà÷óùèìè. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Âèêîðèñòàííÿ âèñîêî÷àñòîòíèõ ñòèìóëÿö³éíèõ ïóë³â çäàòíå ïîíè-
çèòè øê³äëèâèé âïëèâ ì’ÿçîâîãî ðîçâàíòàæåííÿ íà êàìáàëîïîä³á-
íèé (muscle soleus) ³ ëèòêîâèé ì’ÿçè. Êð³ì òîãî, ïîºäíàííÿ âèñî-
êî÷àñòîòíèõ ³ íèçüêî÷àñòîòíèõ ñòèìóë³â ï³ä ÷àñ ðîçâàíòàæåííÿ º 
á³ëüø åôåêòèâíèì ó çàïîá³ãàíí³ àòðîô³¿ ì’ÿç³â êàìáàëîïîä³áíîãî 
ì’ÿçà òà çáåðåæåíí³ ñêîðî÷óâàëüíî¿ ôóíêö³¿ ëèòêîâîãî ì’ÿçà [31]. 
Âèõîäÿ÷è ç öüîãî, ìè ïðîàíàë³çóâàëè çì³íè ó ÷àñ³ ïî÷àòêó ñêîðî-
÷åííÿ muscle soleus ùóð³â, âèêëèêàíîãî 1 Ãö- òà 2 Ãö-
ñòèìóëÿö³éíèìè ïóëàìè. 
 Íà ðèñóíêó 1 ïðåäñòàâëåíî ÷àñ ïî÷àòêó ñèëîâî¿ â³äïîâ³ä³ 
muscle soleus çà éîãî ñòèìóëÿö³¿ ïóëàìè ÷àñòîòàìè ó 1 Ãö ³ 2 Ãö 
íà 45 äîáó ï³ñëÿ ³í³ö³ÿö³¿ àòðîô³¿. ²ñòîòíå çìåíøåííÿ ìàêñèìà-
ëüíî¿ ñèëîâî¿ â³äïîâ³ä³ ï³ñëÿ àòðîô³¿ º ïðîÿâîì çìåíøåííÿ ê³ëü-
êîñòè àêòèâíî ôóíêö³îíóþ÷èõ ì’ÿçîâèõ âîëîêîí [4–6]. Çìåí-
øåííÿ ñèëè ñêîðî÷åííÿ ç ï³äâèùåííÿì ÷àñòîòè ñòèìóëÿö³¿ º òè-
ïîâîþ îçíàêîþ ðîçâèòêó âòîìëþâàëüíèõ ïðîöåñ³â íà òë³ àòðîô³÷-
íèõ çì³í ó ì’ÿç³ [5, 25]. 
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 Ðåºñòðàö³ÿ 50 ïîñë³äîâíèõ ñêîðî÷åíü âèÿâèëà çìåíøåííÿ ìàê-
ñèìàëüíî¿ ñèëè ñêîðî÷åííÿ íà 21 1% çà 1 Ãö-ñòèìóëÿö³¿ òà 
37 2% çà 2 Ãö-ñòèìóëÿö³¿ àòðîôîâàíîãî ì’ÿçà ïîð³âíÿíî ç êîíò-
ðîëåì (ðèñ. 2; êîíòðîëü íå ïðåäñòàâëåíî). Òàê³ ³ñòîòí³ çì³íè íå-
ìîæëèâî ïîÿñíèòè ëèøå ï³äâèùåííÿì ð³âíÿ âòîìè ì’ÿçà, îñê³-
ëüêè óïðîäîâæ öüîãî ÷àñó öåé ð³âåíü ï³äâèùóºòüñÿ óñüîãî íà 
10 1% [4, 23–25]. Âîäíî÷àñ, çìåíøåííÿ ìàêñèìàëüíî¿ ñèëè òà-

 

Ðèñ. 1. Ñèëà ñêîðî÷åííÿ muscle soleus ùóðà ï³ñëÿ àòðîô³¿ çà çàñòîñóâàí-
íÿ ïóë³â áåçðåëàêñàö³éíî¿ 1 Ãö- òà 2 Ãö-ñòèìóëÿö³¿ òðèâàë³ñòþ ó 1800 ñ: 
àòðîô³ÿ é àòðîô³ÿ C60 — ñêîðî÷åííÿ àòðîôîâàíîãî muscle soleus áåç 
ââåäåííÿ Ñ60-ôóëëåðåíó òà íà òë³ éîãî ââåäåííÿ; tstart(1) ³ tstart(10) — ÷àñ 
ïî÷àòêó 1-ãî òà 10-ãî ñêîðî÷åííÿ ì’ÿçà â³äïîâ³äíî.1 

 

Ðèñ. 2. Çì³íà ìàêñèìàëüíî¿ ñèëè ñêîðî÷åííÿ muscle soleus ùóðà ï³ñëÿ 
àòðîô³¿ çà çàñòîñóâàííÿ ïóë³â áåçðåëàêñàö³éíî¿ 1 Ãö- òà 2 Ãö-ñòèìóëÿö³¿ 
òðèâàë³ñòþ ó 1800 ñ: àòðîô³ÿ é àòðîô³ÿ C60 — ñêîðî÷åííÿ àòðîôîâàíî-
ãî muscle soleus áåç ââåäåííÿ Ñ60-ôóëëåðåíó òà íà òë³ éîãî ââåäåííÿ; 
p 0,05.2 
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êîãî ð³âíÿ â³äáóâàºòüñÿ çà íàÿâíîñòè íåâðîïàòè÷íèõ ïîøêîäæåíü 
àáî ïîðóøåíü íåðâîâî¿ ïðîâ³äíîñòè [13, 14, 30]. 
 Ô³êñàö³ÿ ÷àñîâèõ çàòðèìîê ïî÷àòêó ðîçâèòêó ì’ÿçîâî¿ ñèëè ï³ä 
÷àñ ñêîðî÷åííÿ, âèêëèêàíîãî 1 Ãö- òà 2 Ãö-ñòèìóëÿö³ÿìè, âè-
ÿâèëà ¿¿ ïðî´ðåñóþ÷å çðîñòàííÿ (ðèñ. 3): â³ä 98 6 ìñ ó êîíòðîë³ 
äî 443 8 ìñ ³ 487 7 ìñ â³äïîâ³äíî. Íà íàøó äóìêó, ö³ çàòðèì-
êè ìîæóòü áóòè ïîâ’ÿçàí³ ç ïîíèæåííÿì ïðîâ³äíîñòè íåðâîâîãî 
ñòèìóëó âíàñë³äîê äåñòðóêòèâíèõ çì³í ó íåðâîâ³é òêàíèí³ çà ðîç-
âèòêó ì’ÿçîâî¿ àòðîô³¿ [13–15]. Ï³äâèùåííÿ íåðâîâî¿ ïðîâ³äíîñòè 
çà âèêîðèñòàííÿ âîäíîãî ðîç÷èíó Ñ60-ôóëëåðåíó äî 303 4 ìñ ³ 
311 3 ìñ çà 1 Ãö- òà 2 Ãö-ñòèìóëÿö³¿ â³äïîâ³äíî, òîáòî íà 
31 2% òà 36 2% ùîäî ãðóïè àòðîô³ÿ, ñâ³ä÷èòü ïðî âèñîêó 
åôåêòèâí³ñòü öüîãî àíòèîêñèäàíòó ÿê ÷èííèêà çìåíøåííÿ îñíîâ-
íî¿ ïðè÷èíè ïîøêîäæåííÿ ïåðèôåðè÷íèõ íåðâ³â çà àòðîô³¿ — 
ï³äâèùåíîãî îêñèäàö³éíîãî ñòðåñó [16]. 
 Â³äì³ííîñò³ ðåàêö³é ì’ÿçà íà çì³íó ÷àñòîòè ñòèìóëÿö³éíîãî 
âïëèâó çà ïîñò³éíî¿ àêòèâàö³¿ âêàçóþòü íà òå, ùî äëÿ âèçíà÷åííÿ 
ñêîðî÷óâàëüíèõ âëàñòèâîñòåé ì’ÿçà âàæëèâî çíàòè íå ëèøå ïîòî-
÷í³ çíà÷åííÿ ñèëîâî¿ â³äïîâ³ä³ é ³íòåíñèâíîñòè àêòèâàö³¿, àëå é 
÷àñîâ³ çàòðèìêè öèõ á³îìåõàí³÷íèõ ïàðàìåòð³â [2, 5, 32]. Çìåí-
øåííÿ ñèëîâèõ ïîêàçíèê³â çà íåâðî- àáî ì³îïàòè÷íèõ ïîðóøåíü 
ìîæóòü áóòè ïîâ’ÿçàí³ ç ÷àñîâîþ çàòðèìêîþ âèõîäó ³ç ñòàíó 
«ç÷åïëåííÿ» àêòèíîâèõ ³ ì³îçèíîâèõ ì³îô³ëàìåíò³â ï³ä ÷àñ ñêî-
ðî÷åííÿ ì’ÿçà. Âàæëèâî çàçíà÷èòè, ùî çà íàÿâíîñòè ïàòîëîã³÷-
íèõ ïðîöåñ³â, ïîâ’ÿçàíèõ ç ðå´óëÿö³ºþ ì’ÿçîâîãî ñêîðî÷åííÿ, ö³ 

 

Ðèñ. 3. ×àñ ïî÷àòêó ñêîðî÷åííÿ muscle soleus ùóðà ï³ñëÿ àòðîô³¿ çà çà-
ñòîñóâàííÿ ïóë³â áåçðåëàêñàö³éíî¿ 1 Ãö- òà 2 Ãö-ñòèìóëÿö³¿ òðèâàë³ñòþ 
ó 1800 ñ: àòðîô³ÿ é àòðîô³ÿ C60 — ñêîðî÷åííÿ àòðîôîâàíîãî muscle 
soleus áåç ââåäåííÿ Ñ60-ôóëëåðåíó òà íà òë³ éîãî ââåäåííÿ; *p 0,05 ïî-
ð³âíÿíî ç êîíòðîëåì; #p 0,05 ïîð³âíÿíî ç ãðóïîþ àòðîô³ÿ.3 
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åôåêòè, íàñàìïåðåä, ðåà´óþòü äèñôóíêö³ºþ. Íàñë³äêîì ðîçâèòêó 
òàêèõ äèñôóíêö³é º íåîáõ³äí³ñòü ´åíåðóâàííÿ ìîòîíåéðîíàìè äî-
ñòàòíüî ïîòóæí³õ ñè´íàë³â äëÿ â³äíîâëåííÿ áåçïîìèëêîâî¿ ðîáîòè 
ì’ÿçîâî¿ ñèñòåìè. Òàêèì ÷èíîì, çà òèõ ñàìèõ ð³âí³â ñòàö³îíàðíî¿ 
ôàçè åôåðåíòíî¿ êîìàíäè çá³ëüøåííÿ òðèâàëîñòè ïî÷àòêó ïðîöå-
ñó ïîîäèíîêîãî ñêîðî÷åííÿ íå ëèøå óïîâ³ëüíþº ïåðåõ³ä äî íîâî¿ 
ð³âíîâàæíî¿ ñèëè, àëå é ïðèâîäèòü äî çìåíøåííÿ ìàêñèìàëüíî¿ 
ñèëîâî¿ â³äïîâ³ä³. 

4. ÂÈÑÍÎÂÊÈ 

Îòæå, ó âñ³õ ïðîâåäåíèõ òåñòàõ â³äáóâàºòüñÿ çá³ëüøåííÿ íåðâîâî¿ 
ïðîâ³äíîñòè íà 31 2% òà 36 2% ÷åðåç 1 Ãö- òà 2 Ãö-ñòèìóëÿö³¿ 
â³äïîâ³äíî ùîäî ãðóïè àòðîô³ÿ çà òåðàïåâòè÷íîãî ââåäåííÿ âîäî-
ðîç÷èííèõ Ñ60-ôóëëåðåí³â. Öå ñâ³ä÷èòü ïðî íàÿâí³ñòü êîìïåíñà-
òîðíî¿ àêòèâàö³¿ Ñ60-ôóëëåðåíàìè åíäîãåííî¿ àíòèîêñèäàíòíî¿ ñè-
ñòåìè ó ïðîöåñ³ äèñòðîô³÷íèõ çì³í, âèêëèêàíèõ äîâãîòðèâàëèì 
çíåðóõîìëåííÿì. Îäåðæàí³ ðåçóëüòàòè ï³äòâåðäæóþòü ïåðñïåê-
òèâí³ñòü çàñòîñóâàííÿ âîäíîãî ðîç÷èíó Ñ60-ôóëëåðåí³â ÿê òåðàïå-
âòè÷íîãî íàíîà´åíòà, çäàòíîãî çìåíøóâàòè òà êîðè´óâàòè ïàòîëî-
ã³÷í³ ñòàíè ì’ÿçîâî¿ ñèñòåìè, ùî âèíèêàþòü çà àòðîô³¿ ñêåëåòíèõ 
ì’ÿç³â âíàñë³äîê íåâèêîðèñòàííÿ ¿õ. 
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1 Fig. 1. The force of contraction of the rat muscle soleus after atrophy, when using pools of 
relaxation-free 1 Hz and 2 Hz stimulation lasting 1800 s: atrophy and atrophy C60—
contraction of the atrophied muscle soleus without the introduction of C60 fullerene and against 
the background of its introduction; tstart(1) and tstart(10) are the start times of the 1st and 10th con-
tractions of the muscle, respectively. 
2 Fig. 2. Change in the maximum force of contraction of the rat muscle soleus after atrophy, 
when using pools of relaxation-free 1 Hz and 2 Hz stimulation lasting 1800 s: atrophy and 
atrophy C60—contraction of the atrophied muscle soleus without the introduction of C60 
fullerene and against the background of its introduction; p 0.05. 
3 Fig. 3. The time of the onset of contraction of the rat muscle soleus after atrophy, when 
using 1 Hz and 2 Hz pools of non-relaxation stimulation lasting 1800 s: atrophy and atro-
phy C60—contraction of the atrophied muscle soleus without the introduction of C60 fuller-
ene and against the background of its introduction; *p 0.05 compared to control; #p < 0.05 
compared to the atrophy group. 
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