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HHPOPMAIINA AJI1 ABTOPOB

COopHuK Hay4yHBIX TPYROB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) ny6nukyer eré
HeoyOJINKOBaHHbBIE ¥ He HaXOAAIIVECS Ha PACCMOTPEHUM IJIs ONYyOJUKOBAHNSA B MHBIX UB3JAHUAX HAYY-
Hble 0030pPHI U OPUTHMHAJIBHBIE CTAThU, COJAEPIKalllie U XapaKTePU3YIOIIre Pe3yIbTaThl 9KCIIEPUMEHTAb-
HBIX ¥ TEOPETUYECKUX MCCJIEA0BAHUMN B 00JaCTH (PUBUKHU, XUMUU, OMOJIOTUN, TEXHUKHU, METOIOB CUHTE3a,
06pabOTKY 1 AMArHOCTUKY HAHOPAa3MEPHBIX CUCTEM U HAaHOMACIITAOHBIX MAaTEPUAJIOB: KJIACTEPOB, HAHOYA-
CTUII, HAHOTPYOOK, HAHOKPUCTAJIJIOB 1 HAHOCTPYKTYP (aaTUTOMOAOOHBIX U AP. GrocucTeM, aMOPMHBIX U
KOJIJIOUJHBIX HAHOPA3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK M ITOKPHITU, HAHOIIOPOIIIKOB U T.x.).

Crarbu myOJIMKYIOTCA HA OAHOM U3 [BYX S3BIKOB: aHIVIMACKOM IV YKPAUHCKOM.

Crarbu, B 0popMIeHNN KOTOPBIX He COOMIIOAEHBI ClIeAyolre mpaBuia fiaa nyoaunkanuu 8 HHH, Bos-
BpAIIaloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cunTaeTca JeHb IIOBTOPHOTO
IIPeJCTABJIEHUS CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHbBIX HIUKe IIPaBUIL. )

1. CraThs K0JsKHA OBITH MOANIMCAHA BCEMU aBTOpPaMH (C yKadaHUEM HX aAPeCOB 3JIEKTPOHHOM ITOYTHI);
ciaenyeT ykasaTh (paMuINIO, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnusa OyAeT BeCTU IEePENucKy, ero
TOYTOBRIH agpec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. UsnoxxeHue NOKHO OBITH SICHBIM, CTPYKTypupoBaHHBIM (pasgenamu «1.Berym», «2.Excme-
pumenraabHa/TeopeTuuna MmeToquKa», «3. Pe3yabpraru ta ix 06ropopeHHs», «4. Bucuosku», «Ilurosa-
Ha JiTepaTypa»), C:KaTbIM, 0e3 AJIMHHBIX BBeJEeHUH, OTCTYIJICHUH U IIOBTOPOB, JYOJUPOBAHUSA B TEKCTE
MaHHBIX TA0JIUI[, PUCYHKOB U IOAINCEH K HUM. AHHOTAus U pa3nes « BHCHOBKM» TOJLKHBI He Ty6aIupo-
BaTh APYT Apyra. YucioBble JaHHBIE CJIEyeT IPUBOAUTE B OOLIEIPUHATHIX eAUHNUIIAX .

3. 06bém craThu q0JKeH ObITh He 6osiee 5000 cii0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI], IOAIIUCEH K
PUCYHKaM, cIiucka gureparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(e 6omee 22000 cioB u 60 pucyHkoB), pemiatorcsa penkosteruneii HHH Ha ocHOBaHWU IpeABapuTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMUY PACIIIUPEHHON aHHOTAI[UY PAaGOTHL.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIApP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIM Ha 6ymare popmaTa A4 yuepes IBOMHOI MHTEPBAJ B OJUH CTOJIOEI] C OAHOI CTOPOHEI JIKCTA.

5. B pepakiuio o6s3aTeabHO IpefocTaBiasercs (o e-mail niu Ha KoMmakT-gucKe) Gaity pyKomucu
craThbu, HaOpaHHLINA B TeKCTOBOM pegakrope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM u3 haMuInK IepPBOro aBTopa (JaTuHuIel), Hanpumep, Smirnov.doc.

6. ITeuaTHBII BapUAHT PYKOIINCH U €€ 3JIeKTPOHHASA BEPCUS JOJYKHBI OBITH HACHTUYHBIMU U COZEPIKATH
5—7 ungexcos PACS (8 mocnexnneir pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammuio (200—250 cioB)
crarbu (BMecTe ¢ 5—6 KiaroueBsIMH ciioBamMu). TeKCTHI YKPAMHOSSBIUHBIX CTATEH JOKHBI TAKIKe COLep-
JKaTh 3aryiaBre CTaTby (BMeCTe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEKAEHMHI), pac-
mupensyto annoranuio (300—350 cioB), KIOUEBBIE CI0BA, 3aTOJIOBKY TA0IUI] U TOAIINCH K PUCYHKaM Ha
aHrJIMiicKoM sa3bike. Kpome Toro, comeprxkaHus aHHOTAIWM HAa YKPAWHCKOM ¥ aHIJIMMCKOM S3BIKAX
JOJIXKHBI 6]:1’1‘]: UJOEHTUYHBIMU 110 CMBICJTY.

7. PucyHKH (TOJIBKO 4epPHO-0ejIble WIN MOJYTOHOBbIE C TPaJanueil ceporo) mIpeJjocTaBIA0TCA Ha OT-
[eJbHBIX JIICTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bce pucyHKH JOIKHBI GBITH
OTIOJIHUTEILHO IIPE/ICTABJIEHbI B BUE OTAeIbHBIX (PailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS unu JPEG) c HagBaHuAMY, COCTOAIIMMY 13 (GaMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocrpanuii (B TOM 4ucJie TOJIYTOHOBBIX) ZOJIMKHO
obecreunBaTh UX BocupousBegenue ¢ pagpemenueM 300—600 Touek Ha groiiM. J[OIOJTHUTEIBHO PUCYHKY
IIPeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJIYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHNAMHY (HaOPaHHLIMU HA KOHTPACTHOM (hOHE), a KpUBbIe 0003HAUNTD IUMPAMU UJIU PASIHIHOIO
THUIA IUHASMYU/MapKepaMu, PasbsACHAEMBIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BeTa U JOCTATOYHBIX TOJIIIVH/PAa3MePOB IJiA KaueCTBEHHOTO
BOCIIPDOU3BEIEHUA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHAyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI; ‘{éTKI/IMI/I " KOHTPACTHBIMU, a HAAIIUCU U 0608Ha‘{eHI/IH JAOJIKHBI HE 3aKPhIBAaTh
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO MCIIOJIH30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
YBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUTh MaciITad (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucy K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKATh
0603HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBAEMBIX BEeJIUUNH U Yepe3 3alsTYI0 UX eIUHUIILI U3MEPEHU .

9. ®opMmyasI B TEKCT HEOGXOJUMO BCTABJIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHOoCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Takike TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOJKHBI NUMETh CILJIOIIHYIO
HyMepaIuio II0 BCeil craTbe.

11. CebLiku Ha JUTEpPATypHBbIE NCTOUHUKY CJIEAYeT HaBaTh B BUE MOPAIKOBOrO HOMEpPa, HalleuaTaH-
HOT'0 B CTPOKY B KBaAPaTHBIX CKOOKax. CIIMCOK JIUTEepaTyphl COCTABIISAETCSA B IIOPSAIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PAIOK CJIeJOBAaHUSA MHUIINAJIOB U (paMuinili aBTOpOB, 6ubarorpad)uecKuX CBeAEHUN U HA PasJe/uTeb-
Hble 3HAKM, a TaKKe Ha HeOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IUTUPOBAHHOU pa6GoThl U (B KOHIE
KasKI0i cchliKu) eé nudposoro nuaenTuduraropa DOI, ecsiz TaKoBOII MMeeTCA ¥ COOTBETCTBYIOIEH Iy6-
nurkanuy (1 yKasaH Ha e€é MHTePHeT-CTPaHUIle U3JaTeIbCTBA):
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII ITYBJIK AT

Pepakimiiina Koseria 36ipHuka HayKoBux mpaib «HaHocucTeMu, HaHOMATEpiain, HAHOTEXHOJIOTII»
JOTPUMYEThCSI €TUYHUX HOPM, NPUUHATHUX MI’KHAPOJHWM HAYKOBHUM CIIiBTOBAPWCTBOM, i pOOUTH
yce sl 3amobiraHHA OyAb-AKUM IIOPYIIEHHSAM I1X. ¥ CBOIMl [isJIbHOCTI pefaKIlisi CIMpaeThCs Ha
pexomenzanii Komirery 3 ernkn HaykoBux myoOuikariit (http://publicationethics.org).

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3yIOThCS eKCIIepTaMu B JaHil o61acTi.

. ITig yac posriAmy cTaTTi BpaXxoBYIOThCS Ii BiAgmoBigHicTh mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, YUNTAOEJBHICTH i MOBa (IIpaBomIuUC).

. 3a pesysJbTaTaMU PEIeH3YBaHHS CTATTS MOKe OyTU IPUIHSATA A0 OmyOIiKyBaHHS 0e3 Jopo6-
KU, IPUHHATA 3 TOPOOKOI0 abo BigxwuieHa.

. BigxuieHi crarTi moBTOPHO He PEIEeH3YIOTHCS.

. CrarTi MOKYTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYMHOM HE IIiAXOAATH
I yOsTiKarrii.

. Pepakmia yxBaiioe pilieHHA oo myOsikaiii, Kepyroouuch MOJITHKOI 30ipHUKAa, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.

. He momyckaeTrbes mo myburikailii indopmaiiisi, SKIO € AOCTATHLO IiJCTaB yBaKaTH, II[0 BOHA
€ miarisTom.

3a HagBHOCTH SAKUX-HEOynb KOHGIIKTIB iHTepeciB (piHaHCOBUX, aKaAeMiUyHUX, OCOOMCTHX) BCi

YYacHUKHU IIPOIlecy pelleH3yBaHHS IIOBUHHI cHoBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHsa

PO3IJIANAIOThCA Ha 3acifiaHHi pegkKoJerii.

Ilpuiiaari go omyOJiKyBaHHS CTATTI PO3MIIIAIOTbCA Y BiAKPUTOMY HOCTYII Ha caiTi 30ipHUKA;

aBTOPCBHKI ImpaBa 30epiraloThbCs 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

. PerieHseHTH OI[IHIOIOTH CTATTi 3a IXHIM BMicTOM, 0E3BiZHOCHO J0 HAIIOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHuX mepeKoHaHb, eTHIYHOI MPUHANEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakKiiii He IMOBUHHI MOBIAOMJIATH SKY-HeOyAb iH(opMallio mpo crarti, II[0
HagidmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHHKaMU pefakiiii Ta Buma-
BHUIITBA.

. PerniensyBanHs moBUHHE OyTH IIpoBeaeHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIPU-
nyctuMa. PereHseHTu 3000B’A3aHi OOI'PYHTOBYBATHU CBOIO TOUKY 30pPY YiTKO if 06’€KTUBHO.

. PenensyBanusi moroMarae BUJABIEBI mpuiiMaTy pillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOITHUIITBA
3 pelleH3eHTaMU i aBTOPaMU MOJIIIIIINTH CTATTIO.

. Marepianu, orpumani nisa pereHsii, € KOHGIZEHIiHHUME JOKYMEHTaMH Ta PeleH3YIOThCA
aHOHIMHO.

. PerenseHnT Takoyk 3000B’s3aHUiI 3BepPTATH yBary peJaKTopa Ha iCTOTHY ab0 Y4acTKOBY MOZi0-
HiCTH IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIOI POGOTOI0, 3 AKOKI PEIeH3eHT Ge3rnocepes-
HBO 3HAWOMUH.

IIpuHIMIN, AKMMHU NOBHUHHI KePYyBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIii

. ABTOpH craTell MOBMHHI HagaBaTU TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOI'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTHU MOCTOBipHI pe3yJbTaTH IIPOBEAEHOr0 OIJIAAy U aHamisu
nmocaimxenb. CBiqoMo mOMUIKOBI a60 chanbcudikoBaHi TBepKeHHA HEIPUHHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHdopmarlii mjis ImepeBipKM Ta IIOBTOPEHHS
eKCIIepUMEHTIB ab0 po3paxyHKiB iHmwumu pociaigankamvu. [Ilaxpaiicbki abo cBimomo Hempas-
IUBi 3afBU IPUPIBHIOIOTHCS O HEETUIHOTO IIOBOAYKEHHS i € HeIPUHHATHIMU.

. ABTOpPH MOXKYTb HAJaBaTH OPUIiHAJBHI PeryJsapHi # oriasamoBi poGoTu. 3a BUKOPUCTAHHS
TeKcToBOI abo rpadiumoi indopmarrii, orpumManoil 3 pobiT iHmIMX 0cib, 000B’sI3KOBO HEOOXimHI
MOCUJIAaHHS Ha BiAmoBigHi myGiikarii abo mucbMOBHU [03Bia iXHIX aBTOPIB.

. Ilogaua craTTi OGiABII HijK B OQUH KYPHAJ PO3IIHIOETHCS SK HEETHMYHE IOBOIMKEHHS i € He-
TPUNHATHOIO.

. ABTOpPCTBO MOBUHHE OyTH O0OME)KEeHe TUMM, XTO BHIC 3HAUHMUI BHECOK Yy KOHIIEII[il0, PO3PO0-
Ky, BUKOHAHHA a00 iHTepIpeTalito 3asBIEHOTO JOCTiIKeHHs.

. Ioxepesa (hiHAaHCOBOI MiATPUMKYU OCTiMIKEHHA, 0 TYOIiKyeThCS, MOKYTb OyTH 3a3HAUEHi.
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Study of Lattice Vibrations of the Stanene Along Highly
Symmetry Directions

Kamlesh Kumar, M. Imran Aziz, and Rahul Kumar Mishra

Physics Department,
Shibli National Postgraduate College,
Azamgarh, India

Lattice vibrational properties of single-layer two-dimensional honeycomb
lattices of stanene is one of the important areas of research due to their
potential for integration into next-generation electronic industry. Stanene
exhibits ductile nature and hence could be easily incorporated with exist-
ing technology in semiconductor industry on substrates in comparison to
graphene. We focus on the lattice vibrational properties of stanene, try to
understand them from its honeycomb, and buckled lattice structures. At
present, we find the vibrational frequencies at I" point along symmetry
directions using the adiabatic bond-charge model with the help of Python
program. The acoustical and optical contributions to the phonon frequen-
cies are also discussed. We hope that phonon frequencies along I'-M di-
rection of stanene 2D materials will have reasonably similar result as ob-
tained by other researchers.

KonuBHi BIacTHBOCTI I'PATHHUIIL OJHONIIAPOBUX ABOBUMIPHUX CTiJIbHMKOIIOI-
OHMX T'PATHUIL CTAHEHY € OJHUM 3 BasKJIUBUX HANPAMIB AOCIHTiIKeHb 3a-
BOAKM IXHBOMY IIOTEHI[iSANy IJsA iHTerpaiiii B e€JeKTPOHHY HPOMHUCJIOBICTH
HACTYITHOTO MOKOoJiHHA. CTaHeH JeMOHCTPYE IJIaCTUYHUHM XapakTep i, oTike,
MOJKe OyTH JIeTKO BKJIIOUEHUH 3 iCHYIUMMHN TEXHOJIOTiIMM B HaIiBIPOBif-
HUKOBIf IIPOMMCJIOBOCTI Ha MIiAKJAIWHKN y TOpPiBHAHHI 3 rpadenHom. Mwu
30CepemKyeMocss Ha KOJMBHUX BJIACTHUBOCTAX T'PATHUIIL CTaHEHY Ta HaMara-
€MOoCsA 3POo3yMiTu iX 3 HOT0o CTiIBHMKOMOAIOHMX i MOKOPOOGJIEHMX I'paTHUIlE-
BUX CTPYKTYp. B mamuii yac My 3HAXOAWMMO KOJIMBHIi YacTOoTM B TOYKax I
B3JIOBXK HANPAMKIiB cuMeTpii 3a mOmOMOromw aaisibaTUYHOTO MO0 3apAIiB
Ha 3B sA3KaxX 3a JOIIOMOI'OI0 MOBM IporpamysBaHHsa Python. Taxosx o6roso-
PIOEThCA AKYCTUUYHUM i ONTUYHUI BHEeCKH y (poHOHHI uacTtoTu. CromiBaemo-
csd, IM0 (POHOHHI YACTOTHM B3AOBXK HanpaAMKy I[—M cranmeHoBux 2D-
MaTepifasiB MaTUMYTh LOCTATHLO AHAJOTIUHUHA pe3yJbTaT AK OJepKaHuim
iHIMIUMHB JOCTigHUKAMMU.
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quencies.

KmrouoBi caoma: Mofesb 3apsAAiB Ha 3B 3KaX, KOJIMBAHHS I'DATHUII CTaHe-
HY, (G OHOHHI YacTOTH.
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1. INTRODUCTION

The use of phenomenological models in the study of the vibrational
properties of stanene allows a complete and straightforward de-
scription of the phonon dispersion and phonon eigenvectors in the
whole Brillouin zone (BZ) with clear physical ingredients and a
small computational effort. Stanene, the other group-IV 2D materi-
al, with honeycomb and buckled lattice structures has been discov-
ered by epitaxial growth on substrates [1, 2]. The lattice vibrations
are responsible for the characteristic properties of solid such as
phonon properties, phonon group velocities, phonon scattering
mechanism, thermal conductivity, elastic and dielectric properties,
etc. The atoms in a solid are executing oscillations about their equi-
librium positions with energy governed by the temperature of the
solid; such oscillations in crystals are called the lattice vibrations.
The vibration of the atoms depends on the interatomic interaction
within the crystal. The adiabatic bond-charge method (BCM) was
originally developed by Weber [3]. Very recently, the researchers
have investigated that, among group-IV elements, there are not on-
ly graphene but also silicene, germanene and stanene as stable hon-
eycomb structures with 2D nanostructure [4, 5]. To determine the
vibrational frequencies and the corresponding modes, one needs to
calculate the eigenvalues and the eigenvectors of the so-called dy-
namical matrix, which can be obtained from the interatomic-
interaction potential [7—10]. If the dynamical matrix is known, the
eigenvalues’ problem is straightforward. There have been several
theoretical attempts to understand the lattice vibrations and ther-
mal properties of stanene [11-13], which usually employing the
force-constants’ model, the rigid-ions’ model, the rigid-shells’ mod-
el, the dipole approximation, etc., but bond-charge model is showing
best results for the IV-th group of semiconductors.
The total energy per honeycomb-structure unit cell is as follows:

D, = 3[0,(1) + @, (17) + 0,(1)] -

. (37)%e 1
—all % + S[Vblb + Vg + (1) + Wz(rbzb):l + Eh@j(q)'

(1)

The Fourier transform of modified adiabatic bond-charge model
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equations of motion is as follows:

mmzu:{RJrQ(Ze)Z CR}uJ{T—6(Ze)2 CT}U. (2)

€ €

The condition for the non-trivial solutions for this wave equation
leads to the characteristic or secular equation:

D7 (@) - o' (@mI| =0, 0=0@), j=1,23,...2n.  (3)

This secular equation of 2x2 dimensions can be further extended as

—’mlIU = [D(o, 0) + D(0,1)D(1,1) ' D(1, 0)]U , (4)
where

D_ (0,0) D, (0,0

D(0,0) = 9, 0) D € q, (5)
D,.(0,0) D,,(0,0)
D.(1,0) D, (1,0

D(1,0) = wx(1,0) Doy € )j, (6)
D,.(1,0) D,,(1,0)
D._(0,1) D, (0,1

D(0,1) = =05 ”()} (7
D,.(0,1) D, (0,1)
D._(1,1) D (1,1

D@,1) = (1) Dy )J. (8)
D,.(1,1) D, (1,1)

The elements of dynamical matrix are defined as

D, (kE)@) = Y., ®,,(' — L kE)exp (iq - r(k, 'E)) . 9)

The above-mentioned equation in matrix form is solved by
MATLAB program, and the result is investigated along hexagonal
Brillouin zone with symmetry points I'(0,0), M (27r/ (axE),O) .

The vibrational frequencies along symmetry line I'-M with cou-
pling constant y,=8.4-10"%y for stanene are deduced as follow:

o =y, {1 — cos [g qyaﬂ , (10)
o, = 3y, {1 — cos (@ qyaJ:l , (11)
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'3 5 3
(D§ =7; E—Z—cos(gqxa} R (12)
5 3
(Di = ’Y] §+Z+COS(§Q’#J N (13)
o =0, (14)
0)3 =3y;. (15)

3. PHONON-DISPERSION CURVE

Using the phonon dispersion at a =4.67 A, we computed the differ-
ent modes as shown in Table with help of Python program.

The phonon-dispersion relations have been computed by solving
the secular equation for the six vibrational frequencies correspond-
ing to the phonon wave vectors along the principal symmetry direc-
tion I'-M.

The phonon-dispersion curves have been obtained by plotting the
vibrational frequencies (®) against the wave vector (q) with the help
of Python program, and following points are investigated from the
careful analysis of phonon-dispersion curve for stanene along high-

TABLE. Calculated phonon frequencies (THz) for stanene.

o —

= & = g 3 3
(=) % =} 2 e g g
s $3 £3 52 55 | 85| B8
3 s e g TN 32 AN &
) o~ <~ o ~ = — g ~— % N~
> n o =) ISEE) .~ @ = Q o @
o 5o = =] ° 2 RS oles]
S 23 S 9 5 o 5 O g o S 0
< o & 5 B o g = E g g 2 g
= = & = o BS S

S~ =] T o N' ;

I3 3 N =
0.0 0.000000 0.000000 3.964215 5.803016 0 5.190376
0.1 0.757665 1.312314 4.035970 5.753342 0 5.190376
0.2 1.490915 2.582341 4.235307 5.608224 0 5.190376
0.3 2.176125 3.769159 4.522225 5.379543 0 5.190376
0.4 2.791214 4.834525 4.848286 5.087644 0 5.190376
0.5 3.316363 5.744109 5.168488 4.762010 0 5.190376
0.6 3.734650 6.468604 5.446339 4.441552 0 5.190376
0.7 4.032598 6.984664 5.6564807 4.172907 0 5.190376
0.8 4.200604 7.275659 5.775818 4.003739 0 5.190376
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symmetry direction. The dispersion of the longitudinal phonons ex-
hibits oscillatory behaviour in large wave-vector region. In contrast,
for the w—q curves of the transverse phonons, the oscillatory behav-
iour seems quite insignificant for the higher q value. This indicates
that the transverse phonons undergo large thermal motion than do
for the longitudinal phonons. The w—q curves for the longitudinal
phonons attain maxima at the higher q value.

Figure shows the calculated phonon dispersions for stanene,
which are in agreement with previous works [15-17]. Similar to
other 2D materials, the longitudinal acoustic (LA) and transverse
acoustic (TA) branches for the group-IV materials are linear near
the I' point [14]. Three-body interactions have influenced LO and
TO branches much more than the acoustic LA and TA branches in
this group-IV semiconductor 2D material. For wave vectors along
the I'(0,0)— M(2n/ (a\/§),0) symmetry direction, both of the LA and
TA modes are degenerate. There is apparent near crossing in mid
points, called anti-crossing of the LO and TO modes along the
@0,0)- M(ZTE/ (a\/§),0) direction. This phenomenon is dominant in
stanene. In high-symmetry situations, it is possible to separate LO
modes from TO modes.

Note that the main characteristic of the dispersion curve is a
separation of the optical and acoustic modes’ frequencies across the
range of wave vectors. This is because of the association of optical
vibrations with electric moments. Indeed, the transverse modes
show a separation of the optical and acoustic modes, but there is a
crossing of the LA and TA modes at 3.8788 THz and 4.4848 THz.
Optical vibrations are important chiefly for the stanene owing to
the strong electric moments associated with motion. Lattice vibra-
tions with wave vector ended in M(2n/ (a\/g),O) are showing LO
modes moving in opposite directions parallel to M (2n/ (a\/g),O) , and

Phonon dispersion curve

)

Frequency, THz
L= L A I

00 01 02 03 04 05 06 07 08
Wave vector q

Fig. Phonon frequencies along the high-symmetry direction I'-M for
stanene.
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the TO modes moving in opposite directions perpendicular to
M(Zn/ (ax/g),O) . At I70,0], the both types of motion become exactly
equivalent; in this case, the LO and TO frequencies would be equal
at 5 THz. But as shifting from [0,0] to M(Zn/(a\/g),O), the long-
wavelength optical modes generate electric fields, which are either
parallel or perpendicular to the direction of propagation of the opti-
cal mode and will have a significant effect on the frequency of the
mode. The dispersion relations along symmetry line show the behav-
iour, as, at M—K points, all four branches are non-degenerate. It
should be also noticed that the LA branch (highest longitudinal
phonon branch at the M point) remains the same with or without
the LO-LA coupling, which is similar to the LO branch.

4. RESULTS

We study the relation between structural and vibrational/thermal
properties. We computed lattice dynamical model (BCM) based on
calculations of the phonon spectrum with the help of MATLAB.
Based on these calculations, using the quasi-harmonic approxima-
tion (QHA), we obtained the vibrational frequencies of stanene 2D
materials. For the dynamical properties, we need a large unit cell to
treat the long-range interaction, which is important for the long
wavelength, low frequency phonons near I'. The vibrational and
thermal properties are computed using Python—QHA script.

The calculated phonon dispersion relations along high-symmetry
lines within the Brillouin zone are shown in Figure. The dispersion
lines are similar due to the honeycomb lattice structures. The
acoustic and optical modes along Z direction (ZA and ZO) do not
couple with other phonon modes, resulting in crossings of disper-
sion lines for stanene along high-symmetry direction because of
larger buckling. This results in the development of phonon band
gaps and the decrement in phonon group velocity. Further, both of
them reduce effectively the phonon thermal conductivity. Interest-
ingly, the large buckling in stanene results in a larger I' point ZO
frequency for stanene, and the ZA mode is very low near I" points.
This means that the applied strain should be small enough, other-
wise harmonic approximation is not valid anymore.

5. CONCLUSION

In this paper, we have systematically reported phonon-dispersion
curves, combined density of states for stanene. Based on overall fair
agreement, it may be concluded that, in the present model, three
types of interactions: (i) Coulomb interactions, (ii) short-range cen-
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tral force interactions, and (iii) a rotationally invariant Keating-
type bond-bending interaction depending on angle are adequately
capable to describe the lattice dynamics of stanene [15—18]. The in-
clusion of van der Waals interaction (vWI) [5] has influenced both
the longitudinal and transverse optical modes much more than
acoustic branches.

The agreement between theory and experimental data at I' point
is also excellent.

Another striking feature of the present model is noteworthy from
the excellent reproduction of almost all branches. The computed
phonon-dispersion curves displayed in Figure show that the inclu-
sion of zero-point energy has improved the results. Here, in this
paper, lattice vibrational properties of stanene are compared with
other researchers. The theoretical predictions achieved for the vi-
brational frequencies of stanene are in reasonably good agreement
with other researchers [19, 21]. The stanene has very high Griinei-
sen parameter and low group velocity [22], thereby, indicating sig-
nificantly high harmonicity in this material.
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PACS numbers: 34.20.Cf, 36.40.Qv, 61.46.-w, 62.23.-c, 62.25.-g, 63.22.Kn, 81.05.U-

AToMicTHKA BIIMBY CHJIOBOTO IOJIA HA JOBrOBiUHiCTH KapOiH-
rpad)eHOBMX HAHOEJIEMEHTIiB Ta aHAJOTIYHUX TBOBUMIiPHHUX
HAHOCTPYKTYP

C. O. Korpeuro'?*?, €. B. Korupomko', A. M. TumomeBcbKuIii’,
H. M. Crenenko’, O. B. OBcaunixkos!

Tnemumym memanogisuxu im. I'. B. Kypowmosa HAH Yrpainu,
o6yave. Axad. Bepradcvkozo, 36,

03142 Ruis, Ykpaina

?Ruiscvkuil nayionanrvruil ynieepcumem imeni Tapaca Ilesuenka,
8ys. Bonodumupcora, 64,

01601 Kuis, Ykpaina

SHauionanvruii mexnivnuii ynieepcumem Yrpainu

«Ruiscvruil nonimexniunuil incmumym imeni Izopa Cikopcvko020»,
npocn. Bepecmeiicvruil, 37,

03056 Kuis, Ykpaina

PosraanyTro aToMHi MexaHisMu (QIIOKTYAIiiHO-iHAYKOBAHOTO PO3PUBY KOH-
TAaKTHUX 3B’A3KiB y KapbiH-rpadeHoBUX HaHOEJIEMEHTIB B yMOBax mii CHJO-
BOTO TIOJIsI. BCTAaHOBIEHO HAABHICTH MBOX CKJIAMOBUX €(heKTY BILJIUBY CHJIO-
BOTO IIOJIA Ha JOBrOBiUHicTh KapOiH-rpad)eHOBMX HaHOEJIEMEHTIB Ta aHaJjo-
TiYHUX OBOBUMipHUX HAHOCTPYKTYD, a came, (i) MOHMIKEHHA BUCOTU eHep-
reTuuHOro 6Gap’epy mix mieio cuam Ta (ii) 3MeHINIeHHA eHePreTUYHUX BUTPAT
Ha PO3PUB 3B’SA3KY 34 PaXyHOK BUBIJIbHEHHS HAKOIHNYEHOI B HaHOEJNEMEeHTi
eneprii mpy:kuix medopmariii. Ha nmpukiaani xapOin-rpadeHOBOro HaHoeJe-
MEHTY IIOKa3aHO, IO BILJIUB CHUJIOBOTO TOJIA MOMKE CIPUYMHATH NamgiHHA
JIOBTOBIiUHOCTM Ha JAecATKU mopAnkiB. Ile € mpodaBom cuHeprii BILJIUBIB TeM-
ImepaTypy Ta CHJIOBOTO IIOJA Ha cTabiJbHICTL 1 JOBroOBiUHICTHP HAHOCTPYK-
Typ. Omep:kaHo HaOJMMKEHI aHaJIiTUUYHI 3a/I€KHOCTi, AKi YMOKJINBIIIOIOTEL i3
IOCTAaTHBOI0O TOYHICTIO HPOTrHO3YBATH MOBTOBiUHICTL TaKWX [IBOBUMIiPHUX
HaHOCTPYKTYP, 30KpeMa eJIeMEeHTIiB CTpeHHTPOoHiKu. B TeopermuHoMy miami
3aIPOIIOHOBAHUN MiAXi MOKHA POSTIAAATH AK ys3arajJbHeHHA AppeHirco-
BOI Teopil peaKIliii Ha BUIAAOK Oil CMJIOBOIO IIOJIS.

Atomic mechanisms of the fluctuation-induced breaking of contact bonds in
carbyne—graphene nanoelements under the force-field conditions are consid-
ered. Existence of two components of the force-field effect on the durability
of carbyne—graphene nanoelements and similar two-dimensional nanostruc-
tures is ascertained, namely, (i) a decrease in the energy-barrier height un-
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der the force action and (ii) a decrease in expenditure of energy for break-
ing the bond due to the release of elastic-deformations’ energy accumulated
within the nanoelement. As shown using the example of a carbyne—
graphene nanoelement, the impact of the force field can cause a drop in du-
rability by tens of orders of magnitude. This is a manifestation of the syn-
ergy of the temperature and force-field effects on the stability and durabil-
ity of nanostructures. Approximate analytical dependences are derived,
which enable predicting the durability of such two-dimensional nanostruc-
tures, in particular, as straintronics elements, with sufficient accuracy.
From a theoretical point of view, the proposed approach may be considered
as a generalization of the Arrhenius theory of reactions to the case of force-
field action.

Karouosi cioBa: xapbin, xKapbiH-rpadeHOBI HaHOEIEeMEeHTH, HU3bKOBUMipHA
HAHOCTPYKTypa, MiIlHiCTh, JOBroBiuHicTh, AppeHirocoBa Teopis.

Key words: carbyne, carbyne—graphene nanoelements, low-dimensional
nanostructure, strength, durability, Arrhenius theory.

(Ompumano 13 epydusa 2022 p.)

1. BCTYII

Oco6JIMBICTIO CyUYacHOTO eTamy PO3BUTKY HAHOTEeXHOJIOTiHl € mepexin
10 TPaKTUYHOTO BUKOPHUCTAHHA HAHOEJEMEHTIB i HaHOCTPYKTYp. To-
My aKTyaJbHOIO € mpobjeMa PO3BUTKY (PiBMUHUX YSIBJIEHDb IIPO MiK-
poMexaHisMu, IIT0 BMU3HAYAIOTHL iXHi cTabiibHicTh i JOBroBiumicTh 3a
TepMOMEXaHIYHOTO HaBaHTa:KeHHs. Ha choromHi MoJjeKyaspHa NUHA-
mika (M]]) € Ha#bigbIT ageKBAaTHUM iHCTPYMEHTOM [IJs BUPiIIeHHSA
miei mpoOjemMu, IIPOTE, UYACOBUM MACHITA0 ABUII, AKi MOMXYTb OyTH
amogenboBaHi MJl, He IepeBHUINyE€ KiTbKOX MiKpoceKyHA. Aje ciin
3a3HAYUTHU, IO TepMiHM (GYHKI[IOHYBAaHHA HAHOIPUCTPOIB BUMipIO-
IOThCS POKaMHu. ¥ TakKiii cuTyarii MoJeKyadpHa TUHaMiKa MoOXKe OyTu
BUKOPHCTaHA JJIA BCTAHOBJEHHA 3aKOHOMiDHOCTEH aTOMIiCTHKH pO3-
PUBY aTOMOBUX 3B’fA3KiB y HaHOEJEMEHTaX, AKi MOMXKYTh OyTHU MTOKJAa-
IeHi B OCHOBY aHAJITHYHUX MOEJNiB CTabiTbHOCTH Ta HOBTOBiUHOCTHU
HAHOEJIEMEeHTiB.

3asBuuaii A OI[iHKM HMOBIpHOCTHM PO3PUBY MiKaTOMOBOTO
3B’A3KY BUKOPHCTOBYIOThCA AppeHitocoBa Teopia peakxiriii [1] a6o ii
moxudikarii [2].

Herio BIOCKOHAJEHUH CTATUCTUUYHUIN MOJENbL PO3PUBY 3B A3KIB y
HaHoeJeMeHTax OyB sampomnoHoBauuil y [3]. ILleit Momenb yMOIKJIWB-
JIIOE OI[IHUTH cepefHili uYac ouikyBaHHA Mirpamii KOHTaKTHOTO
3B’A3KYy B KapbOiu-rpadenosomy HanoesnemenTi (KI'H) sa Bucoxux Te-
mnepatyp (1200-2000 K), a Takok cepenHiii uac pospuBy MiKaTo-
MOBOTO 3B’SI3KYy B IIeHTPaJbHill yacTuHi KapbiHOBOro JaHIfoKKa. Ha
BigMiny Bim AppeHiiocoBoi Teopii peakiiiii, BiH He BUMAarae IiATaHSH-
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Ha KoHcTaHT. [[n1sg pospaxyHKiB HeoOXigHO 3HATH JHINE CTATHUYHUIH
OOTEHIiAJ Ha MIIAXY MiHiMaiabHOI eHeprii. a4 HaHOCTPYKTYp Ilei
TMOTEHI[iAJ MOYKHA OJEPKATU 3 NEPIIONPUHIIUITHUX PO3PaxXyHKIiB
(DFT). V¥ [4] BukopucTanu meil MOAENH JJIA aHAJNI3W BILJIUBY ra30II0-
Ii0HOTO cepemoBUINA HA TEPMiH COYKOM KapOiHOBUX 1 30JI0THX JIAH-
IMIOJKKIB 3a PiBHUX TeMIIepaTyp.

Oco61BicTIO IIHOTO Ta OiJBIIOCTM iHIIMX HOLIOHWMX MOJEJIiB € Te,
IIT0 BOHU IIPM3HAYEHi AJA OI[iHIOBAHHSA TEPMIiHY CJIY:KOM MeXaHidHO
HaBaHTaKeHUX HaHocucTeM. B OinbIocTi BUmaIKiB HaABHICTHL CHJIO-
BUX IIOJIiB 3yMOBJIEHO YMOBaMM eKCILJIyaTallili HaHoeJleMeHTiB (TepMo-
CUJOBe HaBaHTakeHHdA). Kpim Toro, medopmaliis rpaTHHUII BUKOpPUC-
TOBYETHCA 3 METOIO0 3MiHM (PYHKIIOHAILHUX (eJIeKTPUUYHUX, MATHET-
HUX TOIIO) BJIACTUBOCTell HaHoeseMeHTiB. Ileil mepcrmeKTuBHUI Ha-
npaM Yy HaHOo(}is3uI[i HasMBaeThbCcA «JedopMalliiHa eJIeKTPOHiKa»
(straintronics) [56—7].

OcHoOBHa iies 3araJIbHOIPUHHATOrO IMiJXOAYy [0 BpaxyBaHHSA BILJIU-
By MexXaHiYHOTrO HaBaHTaXXKeHHA Ha (QIIOKTyaliliHWII PO3PUB aTOMO-
BUX B3B’fBKiB IOJATAaE B TOMY, II[0 BHCOTA E€HEPreTHUUYHOro Oap’epy
3MEHIIIYEThCA i) Ai€l0 CUJI0BOTO NOJA. B 1boMy BUIIaAKY IIOCTYJIIO-
€ThCs JIiHifIHA 3aJIe’KHICTh BUCOTHU €HEPTETUYHOrOo 0ap’epy Bijg BeJsu-
YMHU JiloUoro Hampy:KeHHs. KoegilieHT mepen Hampy:KeHHSM pPO3T-
JAAEThCA AK KOHCTAHTA MAaTepifANly — aKTHUBAI[iHHUI 06’ eM.

IMeit migxim O6yB po3poObiieHUil IJis NPOTHO3YBAHHSA TOBTOBiUHOCTHU
MaKpPOCKOImiuHuX TBepauxX Tija [8]. B mauumit uac pobaaTbcsa copobdu Iie-
peHecTu Takmii migxinm Ha HaHo00’ €KTH [9, 10]. IIpoTe ocobamMBicTIO
HaHOOO €KTIiB € came HeJiHiliHA B3aJIe}KHICTb BUCOTU €HEPTETUYHOTO
O0ap’epy Bim mexamiunoro Hampy:keHHA [11, 12]. IlpuununoBo iHIIMI
miaxin samporoHoBaHo y [13]. Bimmosigmo mo 1iboro miaxomy, BeIdUHu-
Ha KpuTuuHOol (QUIIOKTyallil, fAKa CIOPUYMHSAE PO3PUB AaTOMOBOTO
3B’S3KYy, He € IIOCTifiHOI0, a BU3HAUYAETHCSI PiBHEM MilOUOTO CHJIOBOTO
nosAa. Takuit migxiy YMOMKJIMBIIIOE ITPOTHO3YBATH CEPENHIN Yac OUiKy-
BaHHA PO3PUBY MiKaTOMOBOTO 3B’S3KY B 3aJIE}KHOCTi BiJ TemIepaTrypu
Ta BEJUYMHN MeXaHiuHOro HaBaHTa)KeHHA. BiH OyB BUKOpHCTaHUI
UL TIPOTHO3YBAHHA TPWBAJIOl JOBTOBIUHOCTM KapOiH-rpadeHOBUX Ha-
HOEJIEMEHTIB, IO CKJIaaloThcA 3 Ipad)eHOBUX JIUCTIB, 3’€THAHUX Kap-
O0iHOBUM JIAHITIOMKKOM. KJIFOUOBOIO OCOOJMBICTIO TaKMX CTPYKTYpP € Ha-
SABHICTh KOHTAKTHUX 3B’a3KiB. CaMe HafABHICTb IUX 3B’A3KIiB € IIpuU-
YMHOIO TOSABU «30HUW HecTtabinbHOocTm» (3H) Ha medopmariinux Kpu-
BUX. 30HUW BifirpaioTh KJIIOYOBY POJIb IIiJ] Yac PYHHYBaHHS HaHOEJe-
MEHTY Ta BM3HAUAIOTh MOT0o AOBroBiuHicTh [13, 14]. IlpuunHo0 mOABU
IIUX 30H € Te, II[0 KOHTAKTHI 3B’A3KN MAIOTh HAWMEHIIy MiI[HiCTh; TO-
My BTpaTa iXHBOI cTabibHOCTH (TOuKa A Ha puc. 1) CIPpUUYMHAE BUBI-
JbHEHHS HAKOIMYEeHOI B HAHOEJEeMEHTi eHepril mpy:KHixX medopMaririii.
I eHepris BUTpadyaeThCs Ha POOOTY 3 POSPUBY KOHTAKTHOTO 3B’SI3KY,
III0 CHpUsE HOT0 PO3PUBY, TOOTO BiAOYBa€ThCA CBOEPiMHE «3aKauyBaH-
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Hs» HaKOIIMYEHOl eHeprii Y KOHTaKTHUH 3B’ I30K.
B pesyabTaTi mJOBKWHA KOHTAKTHOT'O 3B’A3KY 30iJBIIYETHCSA, a OB-
JKUHU CyCimgHix 83B’A3KiB, HaBImaku, 3MeHHIyioThcsa (puc. 1). IToBHa

[ G1-2» G340 G5

" Gy 3 Gy 5

Nowxuna sp’asky L,_, A Cuna F, H-107°

JToBsKHMHA KOHTAKTHOrO 38°A3KY Ly |, A

Puc. 1. 3anexxnicts cusnm F Bix ZoBKUWHU KOHTAKTHOTO 3B 3Ky L, ; Ta 3a-
KOHOMIDHOCTi 8MiHM NOBKHUH L, ; 3B’A3KiB y JIAHITIOMKKY. !

x o
2
hN

[ = S N )

29 30 31 32 33 34 35 36 37

BaranbHa emepria E,,, eB Cuna F, H-10™
=

Norskuna ¢, A

Puc. 2. 3anme:xHocTi 3HaueHHA 3aranbHol eHeprii KT'H E,, (a) Ta cuau F (6)
Bix momsxmau KTH.2
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€Heprid CUCTeMHU 3aJINIIAEThCsa He3MiHHOIO (puc. 2).

IIIupuua 3H He € cTa00 i 3aJI€KUTh Bif PiBHA IPUKJIALEHOI CHJIN
F. Pospaxyuku 3a DFT gaioTh 3Mory BU3HAUWTU MiHiMaJbHE 3HAUYEH-
Ha HUKHBbOI Mexxi 3H Fp,,, 3a MaKcuMaJLHOTO 3HaueHHs cuau F=F,,
(me F,, — wminuicts 38 aA3Ky (puc. 1)). Ilepire HabIMKeHHa OIS CHUJIO-
BOT'O BIJIMBY Ha HU:KHIO MexKy 3H Fj € macrymuum [13]:

F, =R’ -aF?, (1)

Ie oo — Koe(imieHT, 110 XapaKTepnus3ye YacTUHY HaKOIIMUYeHOl eHeprii,
sKa BUTPAYAETHCA HA PO3PUB KOHTAKTHOrO 3B’A3KY. BesmuwHa o 3a-
JEXKUTh BijJi mapaMeTpiB aTOMapHOI CTPYKTYpPU HAHOEJEeMEeHTIiB i Bu-
3HAUAEThCA 3a pesyJibTaTaMU pPo3paxyHKiB 3riguo 3 DFT.

OCHOBHUM HEAOJIKOM B3aIlpPOIIOHOBAHOTO MOJEJNI0 € HeoOXimgHicTb
BUKOPHUCTAHHA YNCEJIbHUX METOJiB IJIA MPOTrHO3YBaHHA HMMOBipHOCTH
PO3pUBY KOHTAKTHOTO 3B A3KY i, BiAIOBigHO, MOBrOBiUHOCTH HAHOeE-
JemeHTy. lle ycKJIaZHIOE BCTAHOBJEHHS OCHOBHUX 3aKOHOMipHoOcCTel
BILIMBiB TeMIOepaTypH Ta CUJIOBOTrO IIOJA Ha CTabilbHICTH i MOBroBiu-
HicTh KapOiH-rpad)eHOBMX HAHOEJNEMEHTIB i aHAJOTIiYHUX HU3BKOBU-
MipHMX HAHOCTPYKTYDP, IO CKJAAAIOThCA 3 KoMOiHAaIlii oJHO- Ta ABO-
BUMipHUX 00’€KTiB.

PoboTy cunpamMoBaHO Ha BCTAHOBJIEHHS KJIOYOBUX 3aKOHOMipHOC-
Teil, AKi KOHTPOJIOIOTH OOBrOBiUHicTh KapbiH-rpad)eHOBUX HaHoOee-
MEeHTiB, Ta OJlep’KaHHA aHAJITUYHUX 3aJIeKHOCTel IJid MPOTrHO3yBaH-
Hf 1XHBOI JOBTOBIYHOCTU y HIMPOKOMY AifAIIa30HiI TeMIlepaTyp i piBHiB
MexaHiuHOro HaBaHTaKeHHsA. Ili 3axoHOMipHOCTI MOMXKYTH OyTH IIO-
IIUpeHi Ha iHIIi HaHOoeJleMeHTH, AKi cKJIaZaoThcsa 3 KoMOiHaIii omgHo-
Ta IBOBUMIPHMX HAHOCTPYKTYD.

2. TEOPETUYHA YACTHHA
2.1. ®aoKTyaliiHuil MOIeb

s GaoKTyaiiHo-iHAyKOBAHOTO PO3PUBY KOHTAKTHOTO 3B’A3KY B
yMOBaxX il CHMJIOBOTO MOJISI aTOM, AKWU 3a3HAB KPUTHUYHOIO BiAXWTy
Bii DPiBHOBa)XKHOTO CTaHy, Mae OyTHU «IMiAXOIJIEHUI» TPUKJIATAEHOIO
cuyoio. Ile osHauae, 10 BeIWYMHA KPUTUYHOI (IIIOKTyaIlii Miskarto-
MOBOI Bigmaui O, samaeTbcA piBHeM mpuKJjgameHoi cuau F. Bigmosimzo
Io (paroKTyaliiiHoro Mozeso, 3ampomoHoBaHoro y [13], mepire Ha-
ONMMKeHHA IJIA WMOBIDHOCTM PO3PUBY KOHTAKTHOIO 3B’ A3KY TaKe:

8y,

P >38,) = % j exp [-Be(8) |45, (2)

ne Z — cTaTHCTHUYHA cyMa:
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o

Z = | exp[-Be(3)}ds, (3)

y aKin
1

P=r

(4)

ne k; — BoabiimaHHOBa crajna, I — Temmeparypa, €(0) — QamoKTya-
IiAg TOTeHIiAIbHOI eHeprii:

&(8) = E(u, +8) — E(u,), (5)

e E(u;) Ta E(u;+0) — 3HaueHHA eHeprii 3a 3MillleHb aTOMIB u; BHa-
caigok mpukJjaagenoi cuam F i ¢urroxkTyamnii 6 Bigmosimmo; 6, — Kpu-
TUYHe 3HAUeHHA (UIroKTyarlii; o, — BeamuuHa (QIOKTYyaIii, HeoOxis-
HOI [JIsi PO3PUBY aTOMOBOI'O 3B’A3KY 3a «HYJbOBOrO» 3HAUEHHS IIPU-
KJIaJgeHol CUJIn.

Koau KOHTAKTHHI 3B’A30K BTpadae crabiJbHICTh, HOTEHIIiSJIbHA
eHepris, HaKOoINUeHa B CHUCTEMi, BUBiJIbHAETLCS, i IIe 3MEHIITye POOO-
Ty BSO0BHIIIIHIX CHJI, fAKa BHUTPAYAETLCA HA PO3PUB MiKaTOMOBOTO
3B’SA3KY.

YV sarambHOMY BUTJISAAI BeJWMUYMHA MOTEHIIiAJIBHOI eHeprii BumsHmaua-
€ThCA K

E(u,), akmo u<u,,
E@w)=<E,), Axkmo u,, <u <ug, (6)
E(u,) - [E(ug) - E(u,,)], axmo u > u,.

ne E(u,)=E, — BelnunHa NOTeHIIiANILHOL eHeprii B Touni HecTabi-
JbHOCTH (IO BiATIOBia€ 3MIMMEHHIO aTOMa qun); E(ug) = ER(.F) — Be-
JUYMHA TOTEHIiAJLHOI eHeprii 3a mepemimieHHs, AKa BiATOBizae
HYKHIT Mmexi 3H.

BigmosigHo, poboTa BHYTPIIIHIX CHUJI BU3HAUAETHCA PLKHUIICIO:

A (F)=E,(F)-E,_, . (7

2.2. IBa MexaHi3MH PO3PUBY KOHTAKTHOTO 3B’A3KY

3ajieKHO BiJ CHiBBiZHOINIEHHSA MiK BeJIMUYMHOIO IpUKJIageHol cuam F
i HRHEBOIO Mexkeo SH Fp, MOKIMBI IBa MexXaHiZMU PO3PUBY KOHTA-
KTHOTO 3B’A3KYy — «BHCOKOeHepreTuuHuii» ana F < F, i «HU3BKOe-
HepretTuuHuii» giaa F > F, [13].

Hua F < F, 3HaueHHA KPUTUYHOI (IIOKTyamii d.,, HeoOXinHOI Aasa
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PO3pPUBY KOHTAKTHOTO 3B’fA3KY, 3aJA€ThbCS PiBHEM IIPUKJIAAEHOI CHUJIN
F. Y nbomy BuUIIaAKy BUpPa3 IJA HMOBIpHOCTH peasisailii KpUTUYUHOL
(QIIIOKTyaIlii onnucy€eThbcA 3aJIeKHIiCTIO

Bpr

1
B =PE>8)= [ exp[-Be,,(8)}ds , (8)
8C
ne g,,(8) — QuoKTyanisa eHeprii 3 ypaxyBaHHAM POOOTH BHYTPIITHIX
cuit A (F):
€,,(8) = €(d) — Ap(F). 9)

3 pearizarieo apyroro («HH3bKOEHEPTETUYHOrO») MexXaHisMy (ms
F > F,) micna (arokTyaniliHo-iHAYKOBaHOI BTpaTU CTA0iIBHOCTH KO-
HTaKTHOT'O 3B’fABKY BeJWUYMWHA CUJIHU, IO [i€ B IbOMY 3B’A3KY, HE MO-
JKe mepeBuITyBaTu Fp. B pesyinbrTari BearmumHa KPUTHUUYHOI (GJIIOKTYyA-
IIii B IIbOMY BUIIQAKY BU3HAYAETHCA AK

Bp =8, = U —1,. (10)

Bigmosigho,

By

P, =P(E>8,)= % [ exp[-Be,, (3)}d5 - (11)

B 060x Bumagxax BuUpas OJsS CYMU Z MAa€ TaKUH BUTJIAL:

aun Bbr

Z = I exp[—Be(d) | + (8, — 3,,) exp[-Be(5,,)] + I exp [Pe,,(8)[ds , (12)

0 p

ne o, =u,, —Uu,.

Ilepexinm Bix mepiIoro Jo APyroro MexaHismy BimOyBaeTbca 3a yMO-
BU, IO BeJIWMUNHA IPUKJIAJEHOI CUIM csarae HMKHLoI mexxi 3H. Bin-
noBigHO K0 (1), 3HauenHsA niei cunu F* mopiBHIOE

Fr'= (13)

NI

¥ zaraapHOMY BUHOAAKY 3aje:kHocTi E(u) Ta F(u) MoKHaA ofepsKaTu
mraxoM DFT-pospaxyHKiB, 110 gae 3MOTY HIJIAXOM YHCEJIBHOTO iHTe-
I'PYyBaHHA OJep:KaTU NMOBipHiCTH PO3PMBY KOHTAKTHOTO 3B’ A3KYy Ta,
BiATIOBiHO, pPO3paxyBaTU CepenHill yac OUiKyBaHHA ITiel momii t, TOO-
TO epeAdauYnTU JOBTOBiUHICTH HAHOEJIEMEHTIiB:

1=1,/P(6285,), (14)
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Ile T, — MIepioJl KoJIuBaHb.

2.3. Habmu:xkeHi 3aJIe;KHOCTI AJIsi IMOBIPHOCTH PO3PUBY KOHTAKTHOTO
3B A3KY

JJia aHamisy KJIUYOBUX UMHHUKIB, 10 BU3HAYAIOTh JOBTOBIUHICTH
HaHOEJEeMEeHTIB, i AJIg COPOINeHHsI PO3PaXyHKIB ofep:KaHOo HaOJIMMKeHi
3aJIeKHOCTL ana P(S > 3,) .

1. 3a BigcyrHocTn 3H Habmm:KeHuii BuUpas IJsd HMOBIpHOCTH PO3-
PUBY KOHTAKTHOTO 3B’SI3KY MOKHA Olep:KaTy HACcTymHUM umHOM. ITi-
TiHTerpasbHy (QYHKIIII0 PO3BUHEMO B pPAM B okojJax d=90, Tta 6=0,
00MEKUBIINCH TEePIIUMU ABOMA UJeHAMU PAILY:

£(8) = &(0) + £'(0)3 = £'(0)3, &(8) = &(5,) + £'(5,)(8 — 8,) = £,(5) .(15)

Toni smaueHHs BiAmoBimHOrO iHTerpasa B (2) mopiBHIOE

jr exp[—Pe(d)[ds = j exp {—B [£(8.) +€'(5.)(3 — 60)]}d8 -

= _&6%50) exp[-Be(3,.)] exp[-Be'(5,)( - 8,)] |3 = 16)
= lexp[-P=6)G,, ~80)] << exp[0]] = Bgr(lac) exp[-(3,)]-

3HaueHHA CTATUCTUYHOLI CyMU y PiBHAHHI (3) cTaHe TakuM:

Z- j exp[-Pe(®)|dd = j exp[-Pe/(0)5)d5 =
. 0 0 (17)

=— 59(0) exp [—Bg’(O)F)] 3”' = [[exp [—[38'(0)6,”] << exp [0]]] = @

BigmosigHo, 3 dopmyam (2) omep:KyeMO TaKWil HaOJIMMKEHUU BUPAas
IJis TMOBIPHOCTH PO3PUBY KOHTAKTHOTO 3B’ A3KY:

L1 . oy £ o
PG >3,) = BeG.) exp[ BS(BC)]BS 0) ¢5.) exp[ BS(SC)] . (18)
3 yMoBH cTajocTu npukiaagesoi cuimm €(5,) = €'(0) = F maemo:
P(5>9,) =exp [—BS(SC)] . (19)

2. 3a wmHaABHOCTU <«BUCOKoeHepreTruunoi» 3H Bci MmipKyBaHHS,
moB’a3aui 3 ¢opmysoio (2), € cupaBemauBuUMU i AjA Gopmyau (8),
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aKimo £(0) saminuTu B Hilt Ha &,,4(8) = &(8) — Ax(F), 1110 BpaxoBye podo-
Ty BHYTpimmHiX cui. Tobro sHauenua inTerpana B (8) Oyme Takum:

By

N 1
j exp[-Be,,(8)|ds = 5

3. HaaBHicTh «HUBBKOEHEPTETUUHOI» B30HU HeCTabiMbLHOCTH (ZUB.
dopmyay (11)). IliginrerpanbHy (YHKIIiI0O PO3BHHEMO B PAI B OKOJIi
d = 0,; moxibro o (15),

exp [—BSIZ(BC)] . (20)

€(8) = &(d;) + €'(8)(0 —8;) = €,(9) . (21)

Omxe, 3HaUeHHA BigmoBigHoro imTerpasa B (11) mopiBHioe:

f exp[Be(5) |5 = j exp{~B[e(5,) + £(5,)(8 — 5,)]\d5 =

= Bs’(16R) exp [—|38(6R)] exp [—Bs'(SR)(S - BR)] 2; = (22)
= [[exp [-Be'(8,)(3,, — 8)] << exp [O]]] = BS'(15R) exp[-Be(5y)].
Bpaxosytoun, mo €'(5;) = F,, 0OepKyeMo:
j’" exp[—Pex(8)|dd = B%exp [-Be(5,)]- (23)

4. 3a HagaBHocTH O0yIb-aK0l SH cratuctuuma cyma (12) mepeTBopio-
€ThbCs Ha

1 1
oF + (0 —90,,)exp [—BS(SW )] + BT exp [—BS(SR)] . (24)

R

Z

N

Besmocepeane umciioBe iHTerPyBaHHA OJIs OOUMCJICHHS CTATHUCTUY-
HOI cyMHu IIOKasye, IO APYTHil i TpeTiii momaHKM Ha 0araTo MOPSAIKiB
MeHIIi Bix meprmmoro (3a temmeparypu y 600 K: mpyruii momaHoOK —
npubau3Ho Ha 20 mopankiB, Tperiii momaHOK — Ha 13 mopsankiB);
OTKe, HIUMU MOJKHA HEeXTyBaTHU:

Z =~ @F)". (25)

VIMOBipHIiCTE pPO3PHBY KOHTAKTHOTO 3B’A3Ky 3a 1-ro MexaHismy
CTAHOBUTD

B, = P(8 2 8,) = exp[-Be,,(5.)] = exp{-B[e(3.) — Ax(F)]}. (26)
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VIMOBipHIiCTE PO3PHBY KOHTAKTHOTO 3B’A3KY 3a 2-M MeXaHi3MoOM
CTAHOBUTDL

P, =P 29,)= §7F9XP[—3812(5R)] = Fﬁexp{—ﬁ [8(83)— AR(F)]} , (27)

R R

ne F, Busmauaernca 3a opmyaoro (1).

IlopiBHAHHSA TOYHOI Ta HAOJIMIKEHOI 3aJIeKHOCTeHl ITOKasye, IO B
Habnu:KeHOMY BapiaHTi P(3 > §,) nopiBHIOE HifiHTerpanbHill QyHK-
mii B (2) ra (8) Bigmosiguo. OcobauBicTio 3anexkuoctu (27) € Te, II10
BOHA UNCeJbHO AOPiBHIOE ImigiHTerpaabHi#l pyukIiii B (11), moMmHOMKE-
Hill Ha BiAHOIIIEHHS aKTUBHOI CUJIU OO CUJIU Ha HUKHIN Mexxi SH.

Komu memae 3H (3anexnicts (19)) i maemo P(5 > 5,), To 3 ypaxy-
BaHHAM (4) n1a 3 Maemo:

P =0,) =exp (— kEOTj , (28)

o 30iraeThbcsa 3 BHUPA3OM [OJIS MMOBIPHOCTH TEPMOIHIYKOBAHOTO IIO-

IOJIaHHSA eHePreTUYHOTo 0ap’epy 3a APpPEHiIoCOBOIO TEOPi€I0 peaKIriii.
Bigmosiguo mo ¢opmya (14) i (19), (26), (27) cepenHiii uac ouiky-

BAHHS PO3PHUBY KOHTAKTHOI'O 3B’A3KY (TPpHBAJIICTh [SOBIOBiUHOCTH)

CTAHOBUTD:

y pasi BigcyrHocTu 3H

T = 1, exp[Pe(d,)]; (29)

nasa 1-ro mexaHismMy
t =1, exp{B[e(d.) — Ax(P)]}; (30)

IJsA 2-TO MeXaHisMy
T, %exp {B[e(3;) — Ax(F)]} . (31)

3. PE3YJIBTATH 11 OBTOBOPEHHSA
3.1. IlepeBipka moaenro

s Bepupikallii 3ampoIroHOBAHOTO MOIEJI0 W OI[iHIOBAHHA TOYHOCTH
HaOMMKEHUX  3aJIe;KHOCTeNl MWMOBIPHOCTM PO3PUBY KOHTAKTHOTO
3B’A3KY BUKOPHCTAHO PE3yJbTaTH MOJIEKYJIAPHO-INHAMIUYHOTO MO/e-
JioBaHHS nedopmarllii Ta pydHyBaHHA KapObiH-rpadeHOBOTO HaHOEIe-
MEHTY, IO CKJAJAeThCSI 3 ABOX JIMCTiB rpadeHy, 3’egHaHUX KapOiHO-
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BUM JIAHITIOXKKOM i3 mecaAThox aTtomiB (puc. 3). TemmepaTypa mozeso-
Bamua cramoBuya 750 K. Ileit Bubip TeMmepaTypu JaB 3MOrY IIepeBi-
PUTH 3aIpPONOHOBAHUII MOAENL K AJA HU3bKOEHEPTeTHUHOro, TaK i
s BUCOKOEHEPTreTUYHOr0 MeXaHisMy pos3puBY 3B’ aA3Ky. Herasi Texwi-
ku M]JI-mogmemroBaHHA omucaso B [15].

3rigHo 3 gaHUMHN Ha puc. 4 HAOIMKeHa aHAJITHUYHA 3aJIeKHICTH 3
ITOCTaTHLOIO TOYHiCTIO 36iraerhca 3 mammmu MJl-mogmemtoBamusa. Ilsa
3aJIEIKHICTL TAaKOXK I00pe Y3TOMKYETHCA 3 Pe3yJabTaTaMU UNCEJIbHOTO
iHTerpyBaHHA B OiANAa30Hi 3HaueHb HpuKJjJameHnoi cuau F Bim = 0,2F,,
no = 0,98F,, (tyT F,, — MiIHiCTH KOHTAKTHOTO 3B’fABKY).

Cruix sasmaumTH, IO 3aIIPOIOHOBAHUN MOJAEJb He Ja€ 3MOTY CIIPO-
THO3YBATH TEePMiH CIY:KOU 3’¢THAHHS 3a BiICyTHOCTH HaBaHTAKEHH.
Axmo F =0, saHaueHHA KpUTUYHOI QUIOKTyaIii o, = 0p. ¥ IIbOMY BU-
nagKy uMoBipHicTs P(0 > d.) peasizariii Taxkoi GIIOKTyallii JopiBHIOE
0, OCKiNbKM BepXHA Ta HMIKHA MeXKi iHTerpyBaHHS OTHAKOBI (3ajerx-
Hicts (8)). BigmoBimHO, Yac OUiKyBaHHA PO3PUBY KOHTAKTHOTO
3B’ABKY IpPAMYye€ MO0 HecKimuemHocTu. 3 (isuuHOI TOUKM 30py Iie

80

70

60Fey ‘ SRR
3‘ "

50 s -
<, y -
O gehe  Beos oon:

40f ‘\\ FiF,

30 ‘-\ ‘
20} - i
o,
10 - s 5o W

Hosrosiuniers In(t/t))

L . — =
8,0 01 02 03 04 05 06 07 08 09 1,0
BigmocHe HaBaHTa)KeHHA F/F

Puc. 4. 3anexxuicrts uacy mosrosiunocrm In(t/t,) Bif BigHOCHOrO HaBaHTa-
sxenus F/F, 3sa remneparypu T =750 K [15]: - -- — pesyibTar unceIbHOTO
inrerpyBanusa piBusaHb (8) i (11); — — mabamxeni sanexuocrti (30), (31); @
— pesyasrar M]I-MozeroBagHA. !
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O3HaUae, IM0 HeMae€ CUJIM, AKa MAa€ «IIiAXOIUTHU» ITI0 (PJIIOKTyaIriio.

Ar migxpecJsmoBajioca BHUIlle, 3a HAaBAHTAKE€Hb, OMM3BKUX OO MIiIl-
HOCTU 3B’A3KY, 3aIIPOIOHOBAHUM MOJEJb OEI0 IIEPEOoIliHIOE TepMiH
cay:K0U, OCKiIbKY He BpaxoBye amHamiuHi edpextu B 3H (Hu3bKOeHe-
preTuuHmUil MexaHisaM). SIK He AUBHO, HAOJMIKEeHA aHAJIITUUYHA 3aJIEXK-
HicTb He Mae mux HemoJikiB. Ina F =0 Boma mae CKiHUEHHUH dYac
OUiKyBaHHSA KpuTUUYHOI (GIOKTyAaIlii i, Ak OyJ0 ImOKasaHO BUIIE, BOHA
36iraeTbcA i3 AppPeHiloCcOBOIO 3aJIe}KHICTIO, a 3a MaKCHUMAaJbHOTO 3Ha-
4YeHHA NpuKJajeHol cunau F =F,, nae npaBuJibHe 3HAaUeHHA WMOBIip-
Hoctu: P(8>38.)=1; Bizmosinuo, In(t/7,) = 0.

3.2. Haomu:xenua Mopse

OcobMBiCcTIO aTOMapHOI CTPYKTYPU HaHOEJEeMEHTiB, AKi CKJIamaioTh-
ca 3 KoMmbiHamii ofHO- Ta ABOBUMiIpHMX HAHOCTPYKTYpP, € HasABHICTH
KOHTAKTHUX 3B’A3KIiB MiK muMu cTpykrypamu. ¥ [16] me mpomemMoH-
cTpyBanu Ha mpukJami 2D- ta 3D-HaAHOCTPYKTYP, IKi MOKHA CKOHC-
TPYIOBATHU 3a AOIIOMOTOIO0 IpadeHOBUX JUCTIB i KapOiHOBUX JIaHITIOMK-
KiB. fAx mimxkpecaioBaymocsa BuIle, OCOOJMBICTIO ITMX KOHTAKTHUX
3B’A3KiB € Te, IO BOHU € HalMEHII MiIlHIMM, a OTKe, JOBIOBiUHiCTH
BCHOTO HAHOEJEMEHTY BH3HAUAETLCSI YaCOM OUiKYBAHHSA PO3PUBY KOH-
TaKTHOT'O 3B’A3KYy. B OKpeMUX JIAHITIOMKKAaX 30BHIIIHI 3B’A3KU MalOTh
HAWOiNbIly MOBXKUHY i, OTiKe, HaWMeHITy MimHicTs. [ocaimxenns
moKasajau, I1o 3a naedopMalliii pos3TAry eHepriro MisKaToMOBOI B3ae-
Mozil B KOHTAaKTHOMY 3B’SI3KY Ta Hiarpamy iioro medopmarlii Mmo:kHa 3
JIOCTATHHBOIO TOUYHICTIO aImpoKcumMyBaTu ImoTeHIlisgiaom Mopse. Ile
YMOIKJIUBJIIIOE B ABHOMY BUTJIALL OJep:KaTH 3aJIeKHICTh BHUCOTH €Hep-
reTUYHOTO 6Gap’epy BiJ BeIWUYMHU IPUKJIAAEHOI cuiam Ta 3’sacyBaTu
3aKOHOMIipPHOCTi BIIJIMBY AK MIiITHOCTH, TaK i eHeprii 3B’A3Ky Ha JOB-
TOBiUHICTB.

Ha pucysky 5 maBemeno pesyiabratu DFT-pospaxyHKiB Ta ampok-
cumarito ix gaa KI'H 3 gecaTmaToMoBUM KapOiHOBMM JIAHITIOMKKOM.
ITomi6ui 3ameskHocTi omep:kano Takoxx maas KI'H, mio mictuth KapOi-
HOBI JIaHIIOMKKU 3 umcaoM aromiB N Bix 3 mo 10.

3anmekHicTh eHeprii B3aeMomii aToMiB Bim 30iJbIIIeHHSA JOBKUHU
KOHTaKTHOTO 3B’SI3KY OIIMCYBaJacsa BUPa30M

E(u) = E, [exp(-2bu) — 2 exp(-bu)], (32)

a KpUBOI «HaNpy:KeHHA—Tedopmalisar —

_ dE(u)
 du

F(u) = 2bE, [exp(—bu) - exp(—2bu)] . (33)

ne E, — eHeprisa KoOHTaKTHOTO 3B’sBKYy, b — Iapamertep, IO Xapak-
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Enepria E, eB
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Puc. 5. 3anexuocrti moreHmisabHol eHeprii E Ta cuau F Big BUIOBMKeHHS
koHTakTHOrO 3B’A3Ky KTH u: O — DFT-pospaxyHKH; - - - — HaOJMKEHHA
Mopse.®

TepU3ye IMUPUHY IOTEHIiIAIBHOI AMMU.

Jlia ampokcumariii BUKOPHCTOBYBAJIOCA 3HAUEHHS eHeprii E,, one-
p:xane 3a pesyabraramu DFT-pospaxyHKiB (puc. 5), a «IIupmHa» MO-
TeHIiANBHOI AMU b, BUKOPUCTOBYyBaJlacA fAK IlapaMeTep HiAraHAHHA.
3 ypaxyBaHHAM HadBHocTH S3H cmouaTKy ampoKCHMMOBAHO KPUBY
«Hanpy:KeHHA—Aedopmalida» (33) i 3HaliieHO 3HAUEeHHA mapameTtpa b.
Ilorim 110 KpUBY iHTerpyBasu mo 00JacTi u,, O U Ha «XBOCTi» 3aje-
JKHOCTH.

3rizHo 3 oxepsxkanumMu ganumMu (puc. 6) ana KI'H smauenHa mapa-
MeTpa b IpaKTHUYHO He 3aJIe;KUTh Bil KITBKOCTH aTOMiB y KapOiHOBOMY
JIAHITIOKKY Ta Jemo 3pocrae Big b~ 2,00 A7 mo ~2,05 A 3 mepexo-
mom Bim KI'H 3 mapHoio KinbKicTio atomis mo KI'H 3 HemapHOIO Kijb-
KicTio aToMiB. Y IIbOMY HPOABISAETLCA OAHA 3 0COOJMBOCTEil B3aeMOMii
aToOMiB y KOHTaKTHUX 3B’ sa3Kax KI'H.

3 iHImoro 60Ky, Ie 3HAYHO CIPOIIYE PO3PaXyHKHU, OCKIJIbKU A TO-
OymoBu medopMalifiHUX 3ajJe:KHOCTEll AK eHeprii, Tak i cuam B3aeMo-
Iii aToMiB y KOHTAaKTHOMY 3B’A3KY MOCTATHHO 3HATHU JIUIIE 3HAUEHHS
eHeprii 3B’ aA3Ky E,.

IIMupuna 3H xapakTepusyeTbca mapamMeTpoM o. 3rigmo 3 (1)

2

a=1- —F;min : (34)

un

ne Fp.., — umxHa mexxka 3H, aka, ax i F,,, BUBHAUAETLCA 3a Pe3Y.Jb-
ratramu DFT-pospaxyHKis (puc. 5).
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2,10 :

2,00
1,95¢
190l
Wl

B0

ITapamerp moTenniana Mopse b,
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Puc. 6. 3amexkHicTh 3HaUeHHA ITapaMeTpa moTeHIiany Mopse b Bix Kimrbkoc-
TH aToMiB y jaHmOXKy KI'H.®

o =-=-=-=- R N W = s

0.6F

G4

KoedinmierT o

02F

0,0 ke 1 1 : :
3 4 5 6 7 8 9 10 11 12

Kinexkicrs aromie N

Puc. 7. 3anexHicTh 3HaUeHHA IapamMeTpa O Bif KiJbKOCTHM aTOMiB y JiaH-
miosxky KTH.”

3rigao 3 DFT-pospaxyakamu nas KI'H sHaueHHSA o 3aJI€KUTH Bin
TOrO, HAPHUM UM HeNapHUM € JHCJO aTOMiB y JAaHIIOKKY. Voro Be-
JUYMHA JEKUTh Y By3bKoMY iHTepBaJi Bix 0,89 mo 0,98 (puc. 7).

Bukopucranua moTeHI[iaay Mopse YMOMKJINBIIIOE OZepKaTy BUPA3U
IS 4acy MOBTOBiWHOCTM B sIBHOMY BurJAmi. Iis Toro, 1mob omep:ka-
™ (opMyau AJiA dacy moBroBiuHocTu (29)—(31) ax GpyHKIil mpuk.ja-
IEeHOl CHUJIM, CIIOYATKY HOTPiOHO oAep:KaTu BUPA3U AK AJA MOBKUHU
KPUTHYHOI (PIOKTyaIlil KOHTAKTHOTO 3B’A3KY, HEOOXimHOi mJsa ioro
PO3PUBY, TaK i AJA BiAMOBIZHMX (QIIIOKTyaIlii eHeprii, a Takoxx pobo-
T BHYTPIIIIHIX CHJI, IO BXOIATHL A0 HaBedeHWX Buire (opmyt. Ilo-
reHI[isga Mopse B gudepeHmisaabHiA Gopmi (33) OyB BUKOPUCTAHUI
IJIA BiATIOBIAHMX pPO3paxyHKIiB.
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Hna mboro piBHAHHA OyJ0 PO3B’sI3aHO BiJHOCHO 3HAUEHHA IIepe-
MileHHA U:

E'w)=F@uw)=F, (35)

i omep:xamo aBa KopeHi — u (F) 1 uy(F):
u,, (F) = (— %) In(0,5+0,5V1-F), (36)

ae

F = 2F/(bE,) = F/F, (37)

n?

OCKiJIbKHM IMapaMeTpu IOTeHIisanry Mopse Ta BeJIMUYMHA CUJIN HecTabi-
JIbHOCTH IIOB’A3aHi HacTymHuMM umHOM (3 ymoBHu piBHOCTH 0 Apyroi
HOXigHOI MOTEeHIiATY dzE(u)/ du® = dF(u)/du =0):

B, = By = 220

un max 2

(38)

BigmosigHo, BeamumHa KPUTUUHOI (QIIOKTyAIlil JOBKHHN KOHTAKTHO-
ro 3B A3KY JAOPiBHIOE

Oc(F) = uy(F) —u,(F) = %tanh'l( 1- :?FJ = %tanh'l(«ll -F). (39

Bupas ai1a BenmmunHu (QIIOKTyaIlii eHeprii B saraJlbHOMY BUIAAKY —
2 2
&(F) = E, ({exp[—b(uf +8)] - 1} — {exp(-bu,) -1} ) . (40)

Kpuruuna QamokTyartlisa eHeprii (eHepreTuuHuii 6ap’ep) — Iie

2F F
eo(F) = E(u, + ) — E(u,) = E, /1 “oE " E, /1 T (41)

Bigoosigxo,
u,(F) = —%m [0, 50,571 - \1— aF” j , (42)
1-y1-1-aF?

1+\J1-F

E.(F) = E(u,) = E, (o, 5+0, 5«/1 -1 - oF? j , (44)

Sp(F) =uy —u, =—%ln , (43)
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ex(F) = E(uy) — E(u,) = iEO [(1 +J1-F, )2 - (1 _J1i- F)z} . (45)

Bennunza BUAOB/KEHHS KOHTAKTHOT'O 3B A3KY, 3HAUEHHS KPUTHUU-
HOl (uroKTyaIii i eHeprias y MOMEHT HeCTAOLIBLHOCTH OHMCYIOTHCS
HACTYIIHUM YWHOM:

u, =b'ln2, (46)
n(1+V1-F)

8un(‘F) =Uu, - uf = f ’ (47)

E =E@,)=E,/A4. (48)

PoboTa BHYTpimHixX cua —
2
A.(F)=E,-E, = iEO {(1 +1-1- oF” ) — 1} (49)

abo

AR:iEO{(lJr,/l—FR)z—l} (50)
e
F,=\1-oF". (51)

IligcraBnaioun suHauvenHs (41), (45) i (49) y dopmynu (29), (30) i
(31), omep:KyeMo BigmoBimHi (popMyaH OJid DOBTOBIiUYHOCTU B SBHOMY
BUTJIAAL: AJA BUOanKy 6e3 3H —

m*=2 1" F, (52)
T, kT

naa 1-ro MmexaHisaMy —

In~ = Lo {ﬁ—i{(l—k\/ﬁf—l}}; (53)

kT

To B
Ias 2-To MexaHisMy —

In— =1n "1__0‘172 L5 [1—(1—\/1—15)2} (54)

T, F 4 kT

TYT
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F=FJF,. (55)

3rifHO 3 MMM 3aJIEKHOCTAMHU BeJIMYMHA JIOTAPUTMY Yacy JOBrOBiu-
HOCTH € IIPOIIOPI[iMHOI0 BiSHOIIIEHHIO eHeprii KOHTAKTHOTO 3B’A3KY [0
KiHeTHYHOI eHeprii Ta HEeJIHIHHO 3aJIeKUTL BiJl BeJIMUYNHU IIPUKJIAJIe-
HOI cmJyu, HOpMOBaHOI Ha cuay F,,. BriiuB HakomuueHol eHeprii mpy-
JKHiX gedopwmartriii (mupuna 3H) onucyeTbesa 3HAUeHHAM HapaMeTpa .
Y sanexHocTi (b4) mas 2-To MexaHi3My mapaMeTep O CTOIThH IIif Jiora-
puT™MoM; ToMy BILIMB mmpuHU SH Ha moBroBiuHicTh Iy 2-r0 MeXaHi-
3MYy € 3HAUHO MEHIITUM.

3acrocyBanusa (QyHKII Mopse s ampoKcuMaIllii B3aemMomii aTomiB
Y KOHTAaKTHOMY 3B’S3KYy Ja€ 3MOIYy OEeTaJbHO IIpOAaHAai3yBaTU BILJIUB
TeMIIepaTypy Ta MiAJbHOI CHUJIM Ha TOYHICTL HAOJMIKEHUX 3aJIerKHOC-
reii (30) i (31). Taky 3D-KapTy TOYHOCTHU IIPEACTABJIEHO Ha pHcC. 8.
Bucora TyT xapakKTepusaye BeJIWUYMHY BiJHOCHOI HMOXUOKU JIOTAPUTMY
TPUBAJIOCTU TOBTOBiUYHOCTH:

. T T
In" — —1n—
T T
r=— " T ,100%, (56)
T
In—
To
T ) .
me In— — JjorapuTM uacy JOBrOBiYHOCTH, PO3PAaXOBAHUH YMCENh-

To
HUM iHTerpyBaHHSM (TOUHe 3HaUYeHHs 3a sajexxkHoctamu (8) i (11)),

In" * — JIOTAPUTM Yacy AOBTOBiYHOCTH, OOUMCIEHUN 3a HAOIMIKEHU-
To
mu 3ane:xkHoctamu (30) i (31). Ha nmbomy rpacdiky sHaueHHA IPUKJIA-
neHoi cuiu F,, HOpPMOBAHO 3a MiItHiCTIO 3B’A3KYy. PospaxyHKU HpOBO-
muau aisa sHaveHb o= 0,935, b=2,00 A Ta BemumHN eHeprii KoHTA-
KTHOrOo 3B’a3Ky E,=6,07 eB, mio Bigmosimae KI'H 3 10-aTromoBUM Kap-
O0imoBuM JaHIIOMKKOM (puc. 9). OmHaK ofep:kaHa KapTra € CJIYIIHOIO i
IS iHIIUX 3HAUeHb F,, OCKiJIbKU JOBrOBiUHICThH 3aJI€:KUTL He Bim ab-

cosroTHOrO 3HaueHHd E,, a Bix k,T/E, .

Opmep:xaHi maHi cBiguaTh, IO BUKOPUCTAHHSA HAOMMMKEHUX 3aJIEMK-
HOCTEHM OJA JOBTOBiUHOCTH ITiIKOM BUIIPpABAaHE 3HAYHUM PO3KUIOM
3HAUEHHS Yacy JOBIrOBiUHOCTH, IO € HACJIAKOM CTOXACTHUYHOI IIPU-
poau Ipoliecy po3pUBY KOHTAKTHOT'O 3B’SI3KY.

Amnajiza xaptu moxmbOK IIOKa3ye, 1[0 MaKCHUMaJIbHi BigxXwam Ha-
OMm)KeHOl 3aJIeKHOCTHM Bifl TOYHOI cIIOCTepiraloThbcsa 3a 3HAYEHHS
MPpUKJIAAeHol CUIu, OJU3BKOTO M0 HYJS, Ta 3a BEJIUKUX 3HAUEHb ii,
aki cramoBaaTe 0,95-0,98 minmHocTH KOHTAKTHOrO 3B’ A3KYy. Ilpuunnu
mux poadbixkHOCTell obroBoproBanucsa y migaposaini «IlepeBipxa moge-
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Puc. 9. Bruius kinbkocTu aTromis N Ha eHepriro KoHTakTHOrO 38’ 3Ky KI'H E,.°

Ji10». BcepeauHi 1boro iHTepBasy 30iJbIIEHHA BEJIUUYNHU TPUKJIATE-
HOI CUJU PO3MINPIOE TeMIlepaTypHUN JiANasoH, Je MOYKHA BUKODUC-
TOBYBaTH HAOJMIKeHiI 3ajIeKHOCTi. 30KpeMa, 3a BEJIWUUWH IIPUKJIAe-
HOl cunu F >0,3F,, i rtemneparyp He Buie 1000 K moxubra HabJm-
JKEeHUX 3aJIe’KHOCTel CTaHOBUTH 0au3bKO 1% (obsiacTh HUMKYE BiAIO-
BigHOi izominii), a 3a moxubku y 2% BepXHsS MeyKa TeMIIepaTypu 3po-
crae o 1500 K. IIa ToumHicTh IiIKOM mOCTATHS, BPAXOBYIOUHM, IIIO
TeMIlepaTypHUi miAmnasoH npakTtuuHoro Bukopucranus KI'H me mepe-
purrye 1000-1500 K.

3.3. MexaniuHa aKTUBaIidg

fAx sasmauajsiocs BHUINe, 3a BigcyTHOCTH cuyoBoro moisa (F =0) same-
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KHicTh (19) meperBoproeThcA B AppeHiiociB Bupas, IO OMHCYE Tep-
MOAKTHBOBAaHMUU Iepexin uepe3 eHmepretTuuHuii O6ap’ep. lle osmauae,
110 B 3arajbHoMy BHHOAnKy (F > 0) omepsxani same:muocTi (26) i (27)
YMOKJIUBIIIOIOTh OIMMCATH MOJATKOBUM edheKT, IKUH II0JArac B MeXa-
HiuHi# akTuBaIii momomaHHa eHepreTuuHoro 6ap’epy. Ilei edexT mae
aBi ckimamoBi. OgHa 3 HUX — 3MeEHIIEHHsS BHCOTHU Oap’epy Imifg mieio
CHUJIOBOTO IIOJIA, APyra — 3MEHIIeHHA POoOOTH PO3PUBY 3B’SI3KY B pe-
3yJIbTaTi BUBiJIbHEHHA HAKOIIMYEHOI eHepril mpy:KHixX nedopmalriii.

3MeHIIIeHHsI BHCOTH €HepreTHMUYHOro 0ap’epy 3a JaHOI CUJIM YICe-
JBbHO JIOPiBHIOE eHeprii KpuTuYHOI (PJIOKTyaIlil AJd I[hOT0 PiBHA CH-
au. ¥ Tepminax moreHmisimy Mopse mei Bupas Buraamgae tax (¢op-
myJia (41)):

F
AE =¢,(F)=E, |1-—, (57)

F,

e Bupas aag F,, mae BUTIAn
bE

F =0 58
= (58)
Hpyra ckmamoBa — 1e poOora BHYTpimHIX cua (dopmynau (50),

(51)):

A, (F) = iEO -1, (59)

me Fp — mmxua me:xa 3H (1).

Caim sasHaumTH, IO Apyra CKJaJoBa MeXaHiuHOI akTuBaIlii 6esIro-
cepeIHLO TOB’sI3aHa 3 (QIKTYAI[iMHMM MeXaHi3MOM pO3puUBY MiKa-
TOMOBUX 3B’fA3KiB. HaKomuueHa eHeprisg mpy:KHiX medopMmarliii Bumi-
JSEThCA JININe 3a YMOBU (PIOKTyalliliHO-iHAYKOBaHOI BTpaTu crabi-
JBHOCTA KOHTAKTHOTO 3B’fABKY. ¥ IIhbOMY BUNAAKY TEIJIOBi KOJIMBaH-
HA OiIoTh SAK TpUrep, AKWN BUBLIbHAE HaKonwueny eHepritoo. Ileit
eheKT € IPUUYMHOIO CUHEPTIl BIJIMBIB TeMIEpaTypu Ta CHUJIOBOTO ITOJIA
Ha JOBroBiuHicTh HaHoeJeMmeHTiB. Bimmosizuo mo (59) i (1) KinpKicTh
BUIiJieHOI eHeprii moxxe smimioBaTtucA Big Ap=0 (aaa o =0) go mak-
cumasnbHOro 3HaueHHa A, =3E /4 (mnas oa=1). Onsa xapbiu-
rpadeHOBUX HAHOEJEMEHTIB i3 MecsATHAaTOMOBUM KapOiHOBMM JIAHITIO-
KKoM (a=0,94) A, =O0,6E,.

KinbkicHO BIJIMB IUX OBOX CKJIQJOBUX MOKasaHo Ha puc. 10. 3a
BificyTHOCTU CcMJIOBOTO ToJiA moBroBiuuicTs KI'H omucyerbcss AppeHi-
IOCOBOIO 3aJiesKHicTio (KpuBa 4). 3aJeKHICTh Yacy HOBTOBIiUHOCTHU Bifn
BEJIMYMHYU AifAJbHOI CUJM 3 YPaxXyBaHHAM e(eKTy 3MEHIIEeHHS BUCOTHU
eHepreTUYHOro Oap’epy mix mieio 1miei cuam ommcyeTbecsi KpuBoio 1.
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Puc. 10. Boius 3HaueHHa mapaMerpa o 30HU Hecrtabinmbaoctu KI'H Ha 3aie-
JKHiCTh uacy [MOBTOBiUHOCTM Bif BeJIWYMHM BiJHOCHOTO HaBaHTaKEHH.
(T=600 K, E,=6,07 eB, 1,=0,042 ic): I — 06e3 3oHu HecTabiIbHOCTHU
(=0); 2 — a=0,5; 3 — mMakcuMaJibHaA IMHUPWHA 30HU HecTabiJbHOCTH,
o=1; 4 — ApperirocoBa 3amexkHicTb.°

KpuBi 2 i 3 xapaxTepu3ylOTh JOBrOBiUHICTh 3 ypaxyBaHHAM APYToi
CKJIaIOBOI MeXaHiuHOI aKTWBaIlii pO3pUBY 3B’A3KY (eHeprii Impy:RHiX
medopmarriit) 1 gBOX 3HaUeHb mapamerpa o. Iasa o =1 Buminserbcs
MaKcuMaJIbHa KiJIbKIiCTh «IIPY'KHBOI» eHeprii.

Bigmosiguo mo manux Ha puc. 10 mid cuIOBOrO mMOJA MOKE BUKJIU-
KaTu 3HauHe (Ha JEeCATKU MOPAAKiIB) 3MEHINEHHS Yacy AOBTOBIUYHOCTHU
HaHOeJeMeHTy. BHecok apyroi ckjgamoBoi y maaiHHA MTOBrOBiYWHOCTH
3pocTae 3i 30iJbIIIeHHAM BEJUUYNHU IIPUKJIANEHOI cuau. 3a BiZHOCHO-
ro naBaHtaykenus F/F, = 0,2 poprosiunicTs 3MeHmryerbes y = 100
pasiB, a sa maBaHTakeHHsa y 0,71 BigmoBigHe 3MeHIIEHHS CcATrae
5,7-10% paziB. Y pesynbrari 3a BiflHOCHOrO HaBaHTAKEHHS
F/F, =0,71 BHeCOK APYrol CKJIAZOBOI MOK€ BUKJIMKATH 3MEHIIECHHS
TpuBasocTH goBropiunoctu Bix 3-10° pokis mo 27 xBunun naa o=0,5
i mo 44 Mmkc gaa o= 1.

PosrasauyTuii epeKT Mae KJIOUYOBE 3HAUEHHA IS MPAKTUYHOTO BU-
KOPUCTaHHS HAHOEJIEMEHTiB. 30KpeMa, Iie, B HEePIIy Yepry, BasKJIUBO
IJIs  eJdeMeHTiB nedopMarliiiHoi eyieKTpoHiKu (straintronics), me
YIPaBIiHHA PYHKI[IOHAJbHUMU BJACTHUBOCTIMHU 3IiMCHIOETHCA 3a pa-
XYHOK nedopMallii HaHOeJeMeHTy. 3 iHIIoro 60Ky, BCTAHOBJIEHI 3a-
KOHOMIPHOCTi CTOCYIOTBCSI TPOIECiB BIIJIMBY CHUJIOBOTO IIOJIA Ha TEp-
MOQIIOKTYyaIliliHe MOJOJaHHA eHepreTmuHoro 6ap’epy. Ile ymokaImB-
JII0€ TAKOK 3PO3YMIiTH Ta KiJIbKiCHO ommMcaTH aTOMiCTHUKY MeXaHiuHOl
akTHBaIii xemiuHux peakiifi. Bimmosizmo mo (14) i (19) mBuAKicTh
(gacToTa V) TaKUX PeaKIliil OmuCcyBaTUMETHCA 3aJIEKHOCTAMU:

v= Tl exp {-B[&(8,) — Ax(F)]}, (60)

0
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exp {-B[e(3,) — Ap(F)]} . (61)

Tol'r

MPDeHOMEHOJIOTiUHI MOJeJIi Yacy JOBTOBiUHOCTH TBEPAUX TiJ MaKpo-
PO3MipiB 3a3BMUail BUKOPHUCTOBYIOTH JIIHIMHIUNA 3aKOH 3MEHIIIEHHS BU-
COTH eHepreTUUYHOro 0ap’epy mig Aiero CHMJIOBOTO IIOJA:

E=E,-Vo, (62)

Ie o — JiAJbHe HAIPYXeHHdA, V — aKTHUBAI[IHHUN 006’ eM.

Cainm 3a3HAYMTH, IO OCTAHHIM YacoOM POOMJIMCS CIPOOW HepeHecTH’
oo 3asexHicTh Ha HaHoo6’ekTu [9, 10]. PosBuBarouu (57) y Teitmo-
piB pAmx, Jerko mobaumTH, MI0 JiHiliHe HaOMMIKEHHs CIIpaBeIInBe
JUIIe 3a MaJUX 3HAUEHDb MifAJIbHOI CUJIN:

EzEO—%F. (63)

3okpeMa, A KapOiH-rpadeHOBOro HAHOEJIEMEHTY I 3aJeKHICTh Jae
noxuoOKy myas E menine 5—10% suiite 3a BigHOCHOI cuiam, II0 He IIe-
peBumtye F <0,14-0,20 mimHOCTU 3B’A3KY.

4. BAICHOBRH

1. Tepmian cay:xbu Ta TepMoMexaHiuHa cTabiabHiCTE KapbiH-
rpadeHOBMX HAHOEJNEeMEHTIB i HaH000 €KTiB, IO cKJaamaioTbca 3 1D-
Ta 2D-HAaHOCTPYKTYP KOHTPOJIOETHCA YAaCOM OUiKyBaHHAM (IIIOKTya-
IiAHO-iHAYKOBAHOTO PO3PUBY KOHTAKTHUX 3B’ A3KiB.

2. Boaue cujoBOro moJsid Ha (QIIIOKTYalliiHUNT pPO3PUB KOHTAKTHUX
3B’A3KiB 3yMOBJIEHU# JBOMa OCHOBHUMU CKJamoBuMU: (i) 3MEHIIIEHHAM
BHUCOTU €HepreTuuHOro Oap’epy; (ii) 3MeHIIEHHAM €HEPreTUYHUX BU-
TpaT Ha pO3PUB B3B’A3KY UYepe3 BUBIJIbHEHHA HAKOIWUYEHOI eHeprii
mpysKHBOI Aedopmariii. 3a3Buuail BIJIMB APYroi CKJIAAOBOI HE BPaxo-
BYIOTH y HAABHUX MOJEJAX, ajie BiH 3pocTae 3i 36iJbINTEHHAM CHJIU; 34
CUJIH, IO IIEPEBUIIYE IIOJOBUHY MIiITHOCTH 3B’A3KY, BILIHB Ili€l cKJa-
JIOBOi CTae CIiBMipHMM i3 BIJIMBOM IiepIimnoi cKJamoBoi. [as xapOiH-
rpaeHOBUX HAHOEJEMEHTIB BILIUB Ili€el CKJIAJ0BOI MOMKe BUKJIMWKATH
3MEHINIeHHSA JOBrOBIiYHOCTH BiJl THUCAY POKIB 0 MECATKIB MiKpOCEKYH/I.
3. [lna xapbOiH-rpadeHOBUX HAHOCTPYKTYP BUKOPUCTAHHA JIiHiHHOI
3aJIE}KHOCTY BUCOTH €HEPreTHUYHOTO 6ap’epy Bil BeJIUYMHU CUJIU €
KOPEeKTHUM JIuIlle B obJlacTi Majaux CuJ, 3HAUEeHHA AKUX He IepPeBU-
myoTh 15-20% wmingocTu 38 A3KY.

4. KifbKicHO BIJIMB CUJIOBOTO IIOJIA HA JOBTOBiUHICTH HAHOCTPYKTYP
MOKHA 3 MOCTATHHOIO TOUHICTIO OMMCATU €KCIIOHEHI[IHOI (PYHKIIIEIO
BEJIMYMHU €HEePreTUUYHOro Oap’epy, BUCOTA SAKOTO HEJIiHifHO 3aJe-
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JKUTh BiJl cMam Ta 3MEHINYEThCA Ha BeJWUYUHY BUBIJIbHEHOI eHepril
OPY:KHIX medopmarriii.
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! Fig. 1. Dependence of force F on the bond length L, ;, and the regularities of changes of
length L;; in the chain.

2 Fig. 2. Dependences of the CGN total-energy value E,, (a) and force F (6) on the CGN
length.

3 Fig. 3. Carbyne—graphene nanoelement with 10-atoms’ chain.

4 Fig. 4. Lifetime In(t/1,) dependence on the relative load F/F,, at the temperature T = 750 K
[15]: - - -—the numerical integration of (8) and (11); ——the approximate dependences (30),
(31); ®—MD simulation.

® Fig. 5. Dependences of potential energy E and force F on the CGN contact-bond elongation
u: O—DFT calculations; - - -—Morse approximation.

5 Fig. 6. Dependence of parameter b on the number of atoms in a CGN chain.

" Fig. 7. Dependence of parameter o on the number of atoms in a CGN chain.

8 Fig. 8. 3D map of errors of approximate dependences.

9 Fig. 9. CGN binding-energy E, dependence on the number of atoms N.

10 Fig. 10. CGN-lifetime dependence on the relative magnitude of applied force (T =600 K,
Ey=6.07 eV, 1,=0.042 ps) at different values of instability zone parameter a: I—there is no
the instability zone (o =0); 2—a =0.5; 3—the maximum instability-zone width, oo=1; 4—
Arrhenius’s dependence.
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2D Majorana Flat Bands as Reason of Topological
Superconductivity in Two-Dimensional Z,-Quantum Spin
Liquid in La,;5Sm,MnQO,,; Manganites

F. M. Bukhanko

O. O. Galkin Donetsk Institute of Physics and Technology, N.A.S. of Ukraine,
46 Nauky Ave.,
UA-03028 Kyiv, Ukraine

As shown, the formation and destruction of 2D Majorana flat zones in frus-
trated La,,;Sm,¢;MnQO;,s manganites occur as a result of Landau quantiza-
tion of the spectrum of magnetic excitations of the Z,-quantum spin liquid
with magnetic flux in the form of composite quasi-particles ‘spinon—gauge
field’. In this work, the dynamics of the formation and destruction of 2D
Majorana flat zones in frustrated manganites is also studied by analysing of
the dc field M(H) dependences measured in the zero-field-cooled (ZFC) and
field-cooled (FC) measurement modes. As shown, in the processes of mag-
netization reversal of La;,;Sm,sMnO;,s at 4.2 K, a superposition of the
hump-like asymmetric features of the M(H) plots is formed in the range of
magnetic fields of +500 Oe, and non-dispersive ultra-narrow 2D Majorana
flat zones of excited states of Z,-chiral quantum spin liquid are formed in
the range of weak magnetic fields of 100—200 Oe near the zero field, simi-
larly to flat bands in the low-dimensional topological superconductors.

B pmawniii po6ori moxkasaHo, 110 opMyBaHHA Ta PyHHyBaHHA 2D-HaABY3BKUX
MaiiopaHOBUX ILIACKHX 30H y (ppycTpoBaHHX MaHTaHiTax Lag,;5mg;MnOs,;s
BimOyBaloThCA B pesdyJibTaTi KBaHTyBaHHA JlaHgay CIeKTPy MarHeTHux 30y-
JI’KeHb KipaJbHOI Z,-KBaHTOBOI CIIiHOBOI DPiAMHU 3 MAarHeTHUM IIOTOKOM Y
BUTJIAI KOMIIOBUTHUX KBA3UYACTUHOK «CHiHOH—KasibpyBasbHe moje». I1leit
pesyabTarT Hobpe Y3TrOIKYEThCSA 3 pedyJibTaTaMU MOAIOHUX NOCJIiIKeHb TO-
MOJIOTIUHNX HAAIPOBIZHMKIB i3 2D-mmackumMu 3oHaMu MaiiopaHoBUX (ep-
mioniB. Ile nmae 3Mory HIpPUIIyCTUTH, L0 MOXKJIUBOIO IPUUYUHOIO JIOKAJIBHOL
HaAOPOBiIHOCTU Yy ABOBUMIpHIN Z,-KBaHTOBi#l cHiHOBi#l pigwmHI B MaHraHi-
rax La,;559mg4;MnO,,5 € yTBOPeHHA HaJBYy3bKUX 30H JlaHmay B pesyJibTaTi
KBAHTYBaHHA HU3bKOEHePreTHUUHOro cleKTpy MatiopaHoBux ¢epMioHIB Ka-
Ji0pyBaJIbHUM IOJIEM.

Key words: 2D Majorana flat zones, Landau quantization, Z,-chiral quan-
tum spin liquid, gauge field of spinon-pairs’ spectrum, topological super-
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conductors.

Karouosi cixoBa: asosumipui MaiiopaHoBi miacki 30HM, KBaHTYBaHHS JlaH-
nay, Z,-XxipaJibHa KBaHTOBA CIIiHOBa piAwHA, KajiOpyBajibHE IOJie CIEKTPY
CIIIHOHHMX Tap, TOHOJIOTiUHi HaAIIPOBIAHUKM.

(Received 11 September, 2022)

1. INTRODUCTION

According to [1], in flat-band superconductors, the group velocity
vy of charge carriers is extremely small that leads to freezing of the
kinetic energy. Superconductivity in this case seems impossible,
since, within the framework of the BCS theory, this means the dis-
appearance of such microproperties as the coherence length of
Cooper pairs, their superfluidity rigidity, and the critical current.
The authors reported the existence of a group velocity of free
charge carriers in the two-layer graphene studied by them, which is
characteristic of a graphene superlattice with a Dirac superconduct-
ing flat zone [2—-6]. For the filling factor of the moiré superlattice
in superconducting graphene 1/2 <v < 3/4, a very small value of the
group velocity vz~ 1000 m/sec was found. It is important to note
that the measurement of superfluidity, which controls the electro-
dynamic response of a superconductor, shows that it is dominated
not by kinetic energy, but by an interaction-controlled supercon-
ducting gap, which is consistent with the theories of the quantum
geometric contribution [2—-6]. Evidence has been found for the
crossover of electron-pairs’ characteristic of the BCS and Bose—
Einstein condensations [7—9].

According to [10], superconductivity is traditionally considered
as a low-temperature phenomenon. Within the framework of the
BCS theory, this is understood because of the fact that electron
pairing occurs only near the usually two-dimensional Fermi surface,
which is at a finite chemical potential. Because of this, the critical
temperature is exponentially low as compared with microscopic
scales of energy. On the other hand, pairing of electrons around a
dispersionless (flat) energy band leads to very strong superconduc-
tivity with a critical temperature that depends linearly on the mi-
croscopic coupling constant. Flat bands can usually be generated
only at surfaces and interfaces where high-temperature supercon-
ductivity can occur. The flat-gap character and low dimension also
mean that, despite the high critical temperature, such a supercon-
ducting state will be subject to strong fluctuations. In [11], the su-
perconducting properties of a two-dimensional Dirac material, such
as deformed graphene, which in normal state has a spectrum of free
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charge carriers with a flat energy band, were considered. It is
shown that, in the superconducting state, the appearance of a flat
energy band of carriers caused by deformation leads to a strong in-
crease in the critical temperature of superconductivity compared to
the case without deformation, an inhomogeneous order parameter
with a two-peak shape of the local density of states, and a large,
almost uniform and isotropic supercurrent.

According to [12], in systems with a condensed state, when a
quasi-particle is a superposition of the electron and hole excitations
and its production operator y' becomes identical to the annihilation
operator y, such a particle can be identified as a Majorana fermion.
Within the Reed—Green model, the Bogolyubov quasi-particles in
the bulk become dispersive Majorana fermions, and the bound state
formed in the core of the vortex becomes the Majorana zero mode.
The former is interesting as a new type of wandering quasi-
particles, while the latter is useful as a qubit for topological quan-
tum computing. In condensed matter, the constituent fermions are
electrons. Because the electron has a negative charge, it cannot be a
Majorana fermion. Nevertheless, Majorana fermions can exist as
collective excitations of electrons. The resulting Majorana fermions
do not retain the true Lorentz invariance of the Dirac equation,
since they do not move at the speed of light. However, with proper
length and time scaling, the resulting Majorana fermions also obey
the Dirac equation.

Such Majorana fermions appear within the boundaries of topolog-
ical superconductors or in the class of spin-liquid systems. The con-
densation of bosons in the form of a bound state of Majorana fer-
mions was previously studied in topological superconductors by
tunnelling spectroscopy. The tunnelling conductivity spectra of top-
ological superconductors depend on their size and symmetry. In
one-dimensional topological superconductors with time-reversal vio-
lation, there is an isolated single Majorana zero mode at each end.
Tunnelling conductance due to the isolated zero mode shows a dif-
ferential conductance peak dI/dV with zero offset height 2¢?/h [13—
15]. If one Majorana zero mode is coupled to another Majorana zero
mode at the other end of the superconductor, the tunnelling con-
ductance is highly dependent on the coupling ¢ between the Majora-
na modes at the different ends. When the ratio ¢/I" of the coupling
between modes to the width of the fermion spectrum I' is very
small, the peak shape dI/dV is realized [15]. However, in the case
of significant mixing of the two Majorana modes, the differential
conductivity has the form of a trough. In this case, the zero-bias
conductance vanishes.

The cause of the coexistence of superconductivity and strong cor-
relations in electron systems with flat bands was studied in [16].
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Flat-band systems with a low density of charge-carrier states play an
important role because the flat band-energy range is so narrow that
the Coulomb interactions between free carriers E, o e?/a dominate
over the kinetic energy, which puts these materials in a regime with
strong correlations. If the flat band is narrow in both energy and
momentum, its occupation can be easily changed in a wide range
from zero to full. Landau levels are a striking example of two-
dimensional flat bands. They occur when a strong magnetic field acts
on a 2D electron system. In this case, the electron motion is reduced
by the Lorentz force to quantized cyclotron orbits. In this case, the
translational degeneracy leads to completely flat zones, the width of
which is completely determined by the degree of disorder. The par-
tially-filled Landau levels, first studied in semi-conductor hetero-
structures, contain a rich set of competing orders, including ferro-
magnetism, charge-ordered band and bubble phases, and the best-
known fractional quantum Hall liquids. The essential feature of these
states is their intrinsic Berry curvature, which underlies their topo-
logical character and leads to integer and fractional quantum Hall
effects. Twisted bilayer graphene has recently been found to exhibit
highly correlated states and superconductivity. Thus, the formation
of flat bands of Majorana fermions is a characteristic mechanism of
topological superconductivity, the BCS and Bose—Einstein condensa-
tions of bosons in the form of a bound state of 2D Majorana fermions
and Dirac superconducting flat zone. The crossover of electron-pairs’
characteristic of the BCS and Bose—Einstein condensations of bosons
in the form of a bound state of Majorana fermions (Majorana zero
mode) was also studied in topological superconductors.

The phase transition of the quantum spin liquid (QSL) to a chiral
state in 2D frustrated antiferromagnets (AFMs) with different types
of crystal lattice, caused by an external magnetic field close to H=0
Oe, has attracted great interest among theoreticians and experiment-
ers [17-32]. It was shown that the transition of the QSL to the chiral
state induced by an external magnetic field is accompanied by a
phase transition into a phase with a topological order and excitation
of fractional fermions (Majorana fermions). Kitaev was the first who
constructed a quantitative model of the so-called Z,-quantum spin
liquid (a spin liquid with a local Z,-magnetic flux in the unit cell) for
spins S=1/2 located at the nodes of a quasi-two-dimensional hexago-
nal lattice [17]. The Kitaev’s Hamiltonian of the QSL describes the
states of both gapped and gapless quantum spin liquids, which corre-
spond to low-energy fractional excitations. According to Kitaev’s
model, there is a strong anisotropic exchange between spins in the
nearest neighbourhood of sites in a simple Ising form, but, because
different bonds use different spin components, the ground magnetic
state of the system becomes highly frustrated. According to the mod-
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el, the ground state of such a system of spins in a zero magnetic
field is a gapless quantum spin liquid, which can pass into a gap top-
ological phase because of the action of perturbations that breaks the
time reversal symmetry. One of such perturbations can be an exter-
nal magnetic field perpendicular to the hexagonal layer. In Kitaev’s
theory, the phase transition of the QSL to the gap state is accompa-
nied by the excitation of Majorana fermions (MF).

In elementary particle physics, a Majorana fermion is a particle
that coincides with its antiparticle. In condensed matter physics, the
concept of a Majorana fermion changes slightly: a Majorana fermion
is a quasi-particle whose creation operator coincides with its annihi-
lation operator. Interest in such quasi-particles is because they can
theoretically be used in qubits for a topological quantum computer,
while, due to their nonlocal nature, they are less sensitive to the in-
fluence of the environment. In one-dimensional systems, one speaks
not of Majorana fermions, but of Majorana bound states, which do
not move freely in the system, due to which they retain their proper-
ties. The possible experimental detection of such objects in combined
semi-conductor—superconductor nanosystems in a magnetic field re-
quires independent confirmation due to the complexity of detection
and the existence of possible alternative explanations. The Hamilto-
nian used by Kitaev is very simple, since it contains exchange be-
tween nearest neighbours.

In this paper, results of study of spin (QSL) and superconducting
(SC) quantum liquids in La,;;Sm,s;MnO,,s are considered, which in-
dicate the decisive role of flat Majorana-fermion bands’ formation
in this compound for the existence of these liquids and quantum
phase transitions caused by external influences.

2. EXPERIMENTAL TECHNIQUE

Samples of self-doped La,,;Sm,s;MnQO;.s manganites (6= 0.1) were
obtained from high-purity oxides of lanthanum, samarium and elec-
trolytic manganese taken in a stoichiometric ratio. The synthesized
powder was pressed under pressure of 10 kbar into discs of 6 mm in
diameter, of 1.2 mm in thick and sintered in air at a temperature of
1170°C for 20 h followed by a decrease in a temperature at a rate of
70°C/h. The resulting tablets were single-phase ceramic according
to x-ray data. X-ray studies were carried out at 300 K on DRON-1.5
diffractometer in NiK,,,, radiation. Symmetry and parameters of
the crystal gratings were determined by the position and character
splitting reflections of the pseudo-cubic perovskite-type lattice.
Temperature and field dependences of dc magnetization were ob-
tained in the ZFC- and FC-measurement modes in the range of
fields -5 kOe< H <5 kOe at 4.2 K using a non-industrial magne-
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tometer.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The evolution of the Landau quantization by a gauge field of the spi-
non-pairs’ spectrum in frustrated La,,;Sm,g;MnO,.s manganites with

E, meV

M, emu/g

T, K

Fig. 1. Quantum oscillations of the temperature dependence of the magnet-
ization of Laj;;Sm,¢;MnO,,; measured in a magnetic field H =100 Oe in

the temperature range 4.2-12 K.
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Fig. 2. Symmetrical doublet consisting of two overlapping peaks of the
temperature dependence of the La,;;Sm,¢;MnO,,s magnetization measured
in the Landau zone with number n=1 in a magnetic field H =100 Oe in

the temperature range 4.0-5.2 K.
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spinon Fermi surface was first researched in [33]. In the temperature
range 4.2-12 K, the quantization of the spectrum of pairs of low-
energy magnetic excitations Z, of a quantum spin liquid with mag-
netic flux in the form of composite quasi-particles of the spinon-—
gauge field was found in a weak Mott insulator La,,;Sm,g;MnO;, ;s
(Figs. 1, 2). In magnetic fields with H =100 Oe, 350 Oe, 1 kOe, the
spectrum has view of three narrow zones consisting of overlapping
dual peak features of the magnetization equal to intensity near equi-
distant temperatures.

This made it possible to separate the detected continuous thermal
excitations of magnetization into narrow overlapping zones n=1,
n=2 and n=3 with a width of =20.08-0.24 meV. Formation of the
continuous excitation spectrum of a quantum spin liquid in the re-
gime of ‘weak magnetic fields’ with H =100 Oe, 350 Oe, 1 kOe is ex-
plained in terms of the Landau quantization models for the spectrum
of composite quasi-particles with fractional values of the filling fac-
tor v for three overlapping Landau zones. In the regime of a ‘strong
external magnetic field’ with H = 3.5 kOe, new quantum oscillations
of the temperature dependences of the magnetization of an incom-
pressible liquid of spinons were found in the form of three narrow
steps (plateaus) corresponding to the complete filling of non-
overlapping Landau bands with integer values of the filling factor.
The results of our study of the temperature dependences of M(T) for
Lay 155m, ssMnO; 5 are in a qualitative agreement with the results of
the Balents study of Landau zones and superconductivity in moiré
flat bands [16].

In this work, we have also studied the dynamics of the formation
and destruction of 2D Majorana flat zones in frustrated manganites
by analysing of the samples’ dc field dependences M(H) measured in
the ZFC- and FC-measurement modes (Figs. 3—8). In the processes
of magnetization reversal of Laj;5m,s;MnQO;s; at 4.2 K in the ZFC-
and FC-measurement modes, the sample magnetization M(H) grows
linearly with increasing magnetic-field strength in a wide range of
magnetic field £5 kOe, which is typical for paramagnets and anti-
ferromagnets. However, the dc magnetization has clearly pro-
nounced unusual features near zero field caused by the appearance
of an additional supermagnetization during the transition of the
QSL to a phase with a topological order. The strong field hysteresis
is also unusual, the width of which in the FC-measurement mode is
much larger than in the ZFC-mode. As can be seen in Fig. 3, in the
process of magnetization reversal in the ZFC-mode near the critical
fields H, =—-50 Oe and H,., ~ 50 Oe, thresholds’ features are formed
for the magnetization isotherm I and demagnetization 2, respec-
tively, followed by a smooth decrease in the supermagnetization of
the sample to zero. Figure 3 clearly shows how the hump-like
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asymmetric feature of the M(H) plots is formed in the range of
magnetic fields of £500 Oe with increasing magnetic-field strength
in the positive direction.

It is clearly seen that this unusual feature is a superposition of a
relatively narrow threshold feature of magnetization near the criti-

M, emu/g

600 400 200 0O 200 400 600
H, Oe

Fig. 3. Formation of the features of M(H) plots for Lay;;Sm;sMnO;,5 in
ZFC-measurement mode at 4.2 K in the range of magnetic fields +500 Oe
with an increase in the magnetic-field strength in the positive direction
(isotherm 1) and in the negative direction (isotherm 2).
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Fig. 4. Fragment of the field-dependent magnetization isotherm 1 M(H) for
Lag155m; g;MnO;,5 in the ZFC-measurement mode in the range of magnetic
fields of +150 Oe. Formation of the hump-like and plateau-like features of
the M(H) plots.
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cal field H,, ~—-50 Oe of the phase transition of the QSL to the state
with topological order, which is superimposed on a smooth drop in
the supermagnetization to zero near magnetic fields of +500 Oe in
the form of a tail.

Figure 3 shows that the dominant contribution to the growth of
supermagnetization in isotherm I with increasing field is made by a

M, emu/g

r
¥

. —d3pk ‘ .
-150 150
H, Oe

Fig. 5. Fragment of the field-dependent demagnetization isotherm 2 M(H)
for Laj,5Sm, g MnO;s,5 in the ZFC-measurement mode in the range of mag-
netic fields of £150 Oe. Formation of a through-like feature of the M(H)
plots.

600 —400 200 0 200 400 600
H, Oe

Fig. 6. Formation of ultra-narrow plateau-like feature of the M(H) plots in
FC-measurement mode for La;;Sm, s MnO; s in the range of magnetic fields
of 600 Oe with an increase in the magnetic-field strength in the positive
direction (isotherm 1) and wide through-like feature in the negative direc-
tion (isotherm 2).
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clearly pronounced positive jump in magnetization near the field
H, #0 Oe. These features are characteristic for the low-energy exci-
tation of a wide 2D continuum of Majorana fermions during the
phase transition of the chiral QSL to a state with a topological or-
der, which was considered earlier in [17-32].

However, according to Fig. 4, there is also an additional contri-
bution to the magnetization in the form of a plateau-like feature
located in a narrow range of fields near the zero magnetic field.

This additional new feature is shaped like a hill with a cut top.
Thus, the asymmetric feature of the M(H) graphs obtained by us in
the range of magnetic fields of 500 Oe in the ZFC-mode with in-
creasing magnetic-field strength in the positive direction (isotherm
1) consists of two contributions, which are different in shape and in-
tensity: asymmetric hump-like feature in the range of fields of +500
Oe and narrower plateau-like feature near H = 0 Oe.

A new complex feature of the M(H) plots is formed with decreas-
ing field during reversal cycle, shown on isotherm 2 in Fig. 5.

Figure 5 clearly shows that the magnetic response of the spin
system during sample demagnetization near zero field has the form
of a threshold drop in supermagnetization with decreasing field
near the critical value H,, = 50 Oe and unusual additional a through-
like feature near H =0 Oe. This diamagnetic drop of magnetization
may be connected with excitation of the coupled Majorana zero
modes in one-dimensional topological superconductor with time re-
versal violation [13—-15].

Critical fields, shape and intensity of a threshold low-energy exci-
tation of quasi-particles to the total magnetization on two isotherms
differ significantly, i.e., there is a strong hysteresis in the processes
of magnetization—-demagnetization of the sample. The unusual
asymmetry of the M(H) curves for the left (H <0 Oe) and right
(H > 0 Oe) halves of the field dependences of the QSL magnetization
in isotherms 1 and 2 should also be noted that indicates the viola-
tion of the mirror symmetry of the sample magnetization upon re-
versal of the sign of the external magnetic field. The magnetization
reversal isotherms 1, 2 obtained in the FC-measurement mode are
also of great interest (see Figs. 6—8, in which it can be seen how
plateau-like and through-like features of the magnetization are
formed during the magnetization reversal of the sample near zero
magnetic field). As can be seen in Fig. 6, during the magnetization
reversal of La,,;Sm, - MnQO;,s at 4.2 K, relatively narrow plateau-like
features of isotherms 1 and 2 with different widths and intensities
occur near H =0 Oe. These features of supermagnetization, which
arise when the direction of the vector H is inverted, are superim-
posed on a smooth drop in magnetization to zero with increasing
field strength near magnetic fields of £500 Oe.
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Figure 7 shows that, during sample magnetization with increasing
H (isotherm 1) near H =0 QOe, there is a jump of magnetization as a
very narrow plateau-like feature of M(H) curves in the form of cut
top of a hill. More clearly, the formation of additional feature of su-
permagnetization near zero magnetic field manifests itself in iso-
therm 2 during the demagnetization of the sample in the form of a

M, emu/g
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4.2 K

160

—200 0 200
H, Oe

Fig. 7. Fragment of the field-dependent magnetization isotherm 1 M(H)
for Lagy;;Sm,¢;MnQ;,s in the FC-measurement mode in the range of mag-
netic fields of £200 Oe. Formation of an ultra-narrow plateau-like feature
of the M(H) plots.
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Fig. 8. Fragment of the field-dependent demagnetization isotherm 2 M(H)
for Lagy;;Sm,¢;MnQ;,s in the FC-measurement mode in the range of mag-
netic fields of +150 Oe.
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wide trough-like drop in magnetization near H =0 Oe (Fig. 8). Thus,
in the processes of magnetization reversal of Lag;;Sm,s;MnQO;.s at
4.2 K in the ZFC- and FC-measurement modes in the range of weak
magnetic fields of 100—200 Oe near the zero field, a non-dispersive
ultra-narrow zone of excited states of the Z,-chiral QSL is formed
similarly to flat bands in topological superconductors. We interpret
these low-energy excitations of 2D Majorana fermions as the result
of the Landau quantization of low-energy magnetic excitations of
the Z,-chiral QSL by a gauge field in the form of composite quasi-
particles of the spinon—gauge field with increasing temperature and
external magnetic-field strength.

According to [30], the broad hump-like response of neutron scat-
tering by a system of spins in the QSL has several different causes.
First, this is scattering, in which any movement of spins with a
wave vector q=0 requires the creation of many magnetic excita-
tions. Secondly, this is not a simple excitation of magnons, since
only fractional magnetic excitations participate in it, which are cre-
ated simultaneously, and, thus, the scattering process is multiparti-
cle. Third, when describing the low-energy spectrum, quasi-particles
are not in the first place; so, in principle, the dispersion relation
o = o(q) is insignificant. In the case of the Z,-spin liquid, in which
the triplet excitation decays into a pair of S=1/2 spinons, fraction-
al magnetic excitations are considered as magnetic moments within
the framework of the quantum dimer model. In order to be observa-
ble, each individual spinon must behave like a coherent free particle
in the limit of low excitation energies. There is a possibility of
quantum chirality deconfinement at the bicritical point of the phase
diagram, which separates two phases with the presence of quantum
spin liquid excitations’ confinement [31, 32].

The deconfinement of bound states of fractional particles is ac-
companied by the expenditure of energy required for their decou-
pling. This does not exclude the possibility of formation of new dis-
crete composite states with a finite binding energy. One such case is
crushing with a very large asymmetry of excitation, in which the
flow can be very heavy and slow-moving, i.e., has a very small zone
width. Thus, it can interact with an arbitrary number of moments
with almost constant energy and, thereby, produce the conservation
of extremely inefficient moments. This leads to broad features of
particle excitation, which are typical for photons. The emergence of
Majorana fermions is the most prominent characteristic of topologi-
cal superconductors. The electron and hole excitations are superim-
posed in the superconducting state; so, they become indistinguisha-
ble. This makes a superconductor to obtain particle—hole symmetry,
with which the topological gapless boundary excitations become Ma-
jorana fermions. Hence, if the vortices obey the conventional Bose
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or Fermi statistics, the finial state remains the same as the initial
one. However, in a 2D chiral p-wave superconductor, due to the ex-
istence of the Majorana zero mode, the wave function of the final
state is different from that of the initial state. A vortex in a super-
conductor contains a flux quantum ®,= hc/(2¢); therefore, when an
electron or a hole moves around a vortex, the state acquires the
same phase —1 due to the Aharonov—-Bohm effect. Consequently, a
quasi-particle in the superconductor, which is a superposition of an
electron and a hole, acquires the same factor —1. This means that
vortices with Majorana zero modes are neither bosons nor fermions.
An isolated Majorana zero mode also appears at each end point of a
1D topological superconductor [36]. In general, as discussed by
Ivanov [38], an exchange of the Majorana zero modes ¥,?, y,? is
represented by the unitary transformation. One can exchange such
Majorana zero modes in a network of 1D topological superconduc-
tors [38—48]. Again, the exchange operators of those Majorana zero
modes are given by U, and the Majorana zero mode at the end
point is also a non-Abelian anyon [44, 48]. The non-Abelian anyon is
expected to have an application in quantum computing [49, 50].

4. CONCLUSION

According to the experimental results presented in this paper, the
formation and destruction of 2D ultra-narrow Majorana flat bands in
frustrated Lag;;5m,s;MnO;,; manganites occur as a consequence of
Landau quantization of the magnetic-excitation spectrum of a chiral
Z,-quantum spin liquid with a magnetic flux in the form of composite
quasi-particles ‘spinon—gauge field’. These results of our study of the
temperature and field dependences of the supermagnetization features
for Lag,;9m,¢;MnQO;,5 are in well qualitative agreement with the re-
sults of similar researches in the low-dimensional flat-band topologi-
cal superconductors. This allows us to suggest that a possible reason
for local superconductivity in two-dimensional Z,-quantum spin liquid
in Lag,;9m,g;MnO55 manganites is the formation of ultra-narrow
Landau zones because of quantization of the low-energy spectrum of
Majorana fermions by a gauge field.

REFERENCES

1. H. Tian, S. Che, T. Xu, P. Cheung, K. Watanabe, T. Taniguchi,
M. Randeria, F. Zhang, C. N. Lau, and M. W. Bockrath, arXiv:2112.13401
[cond-mat.supr-con]: 13401 (2001);
https://doi.org/10.48550/arXiv.2112.13401

2. S. Peotta and P. Térmi, Nat. Commun., 6: 8944 (2015);
https://doi.org/10.1038 /ncomms9944


https://arxiv.org/abs/2112.13401
https://doi.org/10.48550/arXiv.2112.13401
https://doi.org/10.1038/ncomms9944

46

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

F. M. BUKHANKO

X. Hu, T. Hyart, D. I. Pikulin, and E. Rossi, Phys. Rev. Lett., 123: 237002
(2019); https://doi.org/10.1103/PhysRevLett.123.237002

F. Xie, Z. Song, B. Lian, and B. A. Bernevig, Phys. Rev. Lett., 124: 167002
(2020); do0i:10.1103/PhysRevLett.124.167002

A. Julku, T. J. Peltonen, L. Liang, T. T. Heikkild, and P. Térmi, Phys. Rev.
B, 101: 060505 (2020); https://doi.org/10.1103/PhysRevB.101.060505

N. Verma, T. Hazra, and M. Randeria, Proc. Nat. Acad. Sci., 118:
e2106744118 (2021); https://doi.org/10.1073/pnas.2106744118

Q. Chen, J. Stajic, S. Tan, and K. Levin, Physics Reports, 412: 1 (2005);
do0i:10.1016/j.physrep.2005.02.005

M. Randeria and E. Taylor, Annual Reviews of Condensed Matter Physics, 5:
209 (2014); https://doi.org/10.1146/annurev-conmatphys-031113-1338299
Y. Nakagawa, Y. Kasahara, T. Nomoto, R. Arita, T. Nojima, and Y. Iwasa,
Science, 372: 190 (2021); doi:10.1126/science.abb9860

T. T. Heikkild and G. E. Volovik, Basic Physics of Functionalized Graphite,
123 (2016); https://doi.org/10.1007/978-3-319-39355-1_6

V. J. Kauppila, F. Aikebaier, and T. T. Heikkil4d, Phys. Rev. B, 93: 214505
(2016); https://doi.org/10.1103/PhysRevB.93.214505

M. Sato and Y. Ando, Rep. Prog. Phys., 80: 076501 (2017);
https://doi.org/10.1088/1361-6633/aabac7

K. T. Law, P. A. Lee, and T. K. Ng, Phys. Rev. Lett., 103: 237001 (2009);
https://doi.org/10.1103/PhysRevLett.103.23700

K. Flensberg, Phys. Rev. B, 82: 180516 (2010);
https://doi.org/10.1103/PhysRevB.82.180516

P. A. Toselevich and M. V. Feigel’man, New J. Phys., 15: 055011 (2013);
https://doi.org/10.1088/1367-2630/15/5/055011

L. Balents, C. R. Dean, D. K. Efetov, and A. F. Young, Nature Physics, 16:
725 (2020); https://doi.org/10.1038/s41567-020-0906-9

A. Kitaev, Annals of Physics, 321: 2 (2006);
https://doi.org/10.1016/j.a0p.2005.10.005

H. Yao and S. A. Kivelson, Phys. Rev. Lett., 99: 247203 (2007);
https://doi.org/10.1103/PhysRevLett.99.247203

H. C. Jiang, Z. C. Gu, X. L. Qi, and S. Trebst, Phys. Rev. B, 83: 245104
(2011); https://doi.org/10.1103/PhysRevB.83.245104

S. Trebst, P. Werner, M. Troyer, K. Shtengel, and C. Nayak, Phys. Rev.
Lett., 98: 070602 (2007); https://doi.org/10.1103/PhysRevLett.98.070602
J. Vidal, S. Dusuel, and K. P. Schmidt, Phys. Rev. B, 79: 033109 (2009);
https://doi.org/10.1103/PhysRevB.79.033109

I. S. Tupitsyn, A. Kitaev, N. V. Prokof’ev, and P. C. E. Stamp, Phys. Rev.
B, 82: 085114 (2010); https://doi.org/10.1103/PhysRevB.82.085114

S. Dusuel, M. Kamfor, R. Orus, K. P. Schmidt, and J. Vidal, Phys. Rev.
Lett., 106: 107203 (2011);
https://doi.org/10.1103/PhysRevLett.106.107203

E. Fradkin and S. H. Shenker, Phys. Rev. D, 19: 3682 (1979);
https://doi.org/10.1103/PhysRevD.19.3682

J. Knolle, D. L. Kovrizhin, J. T. Chalker, and R. Moessner, Phys. Rev. Lett.,
112: 207203 (2014); https://doi.org/10.1103/PhysRevLett.112.207203

K. S. Tikhonov and M. V. Feigelman, Phys. Rev. Lett., 105: 067207 (2010);
https://doi.org/10.1103/PhysRevLett.105.067207

J. Knolle, D. L. Kovrizhin, J. T. Chalker, and R. Moessner, Phys. Rev. B,


https://doi.org/10.1103/PhysRevLett.123.237002
doi:10.1103/PhysRevLett.124.167002
https://doi.org/10.1103/PhysRevB.101.060505
https://doi.org/10.1073/pnas.2106744118
doi:10.1016/j.physrep.2005.02.005
https://doi.org/10.1146/annurev-conmatphys-031113-1338299
https://doi.org/10.1126/science.abb9860
https://link.springer.com/book/10.1007/978-3-319-39355-1
https://doi.org/10.1007/978-3-319-39355-1_6
https://doi.org/10.1103/PhysRevB.93.214505
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1103/PhysRevLett.103.23700
https://doi.org/10.1103/PhysRevB.82.180516
https://doi.org/10.1088/1367-2630/15/5/055011
https://doi.org/10.1038/s41567-020-0906-9
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/PhysRevLett.99.247203
https://doi.org/10.1103/PhysRevB.83.245104
https://doi.org/10.1103/PhysRevLett.98.070602
https://doi.org/10.1103/PhysRevB.79.033109
https://doi.org/10.1103/PhysRevB.82.085114
https://doi.org/10.1103/PhysRevLett.106.107203
https://doi.org/10.1103/PhysRevD.19.3682
https://doi.org/10.1103/PhysRevLett.112.207203
https://doi.org/10.1103/PhysRevLett.105.067207

2D MAJORANA FLAT BANDS AS REASON OF TOPOLOGICAL SUPERCONDUCTIVITY 47

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

92: 115127 (2015); https://doi.org/10.1103/PhysRevB.92.115127

V. Lahtinen, New J. Phys., 13: 075009 (2011);
https://doi.org/10.1088/1367-2630/13/7/075009

G. Baskaran, S. Mandal, and R. Shankar, Phys. Rev. Lett., 98: 247201
(2007); https://doi.org/10.1103/PhysRevLett.98.247201

J. Knolle and R. Moessner, Annu. Rev. Condens. Matter Phys., 10: 451
(2019); https://doi.org/10.1146 /annurev-conmatphys-031218-013401

T. Senthil, A. Vishwanath, L. Balents, S. Sachdev, and Matthew P. A. Fisher,
Science, 303: 1490 (2004); https://doi.org/10.1126/science.1091806
Anders W. Sandvik, Phys. Rev. Lett., 98: 227202 (2007);
https://doi.org/10.1103 /PhysRevLett.98.227202

F. N. Bukhanko and A. F. Bukhanko, Physics of the Solid State, 63: 687
(2021); https://doi.org/10.1134/S106378342105005X

N. Read and D. Green, Phys. Rev. B, 61: 10267 (2000);
https://doi.org/10.1103/PhysRevB.61.10267

P.-Y. Chang, S. Matsuura, A. P. Schnyder, and S. Ryu, Phys. Rev. B, 90:
174504 (2014); doi:10.1103/PhysRevB.90.174504

D. Lee and A. P. Schnyder, Phys. Rev. B, 93: 064522 (2016);
https://doi.org/10.1103/PhysRevB.93.064522

A. Y. Kitaev, Physics-Uspekhi, 44: 131 (2001);
https://doi.org/10.1070/1063-7869/44/10S/S29

D. A. Ivanov, Phys. Rev. Lett., 86: 268 (2001);

https://doi.org/10.1103 /PhysRevLett.86.268

J. Alicea, Y. Oreg, G. Refael, F. von Oppen, and M. P. Fisher, Nature Phys-
ics, 7: 412 (2011); https://doi.org/10.1038 /nphys1915

J. D. Sau, D. J. Clarke, and S. Tewari, Phys. Rev. B, 84: 094505 (2011);
https://doi.org/10.1103 /PhysRevB.84.094505

P. Kotetes, G. Schon, and A. Shnirman, Journal of the Korean Physical So-
ciety, 62: 1558 (2013); https://doi.org/10.3938/jkps.62.1558

J. D. Sau, S. Tewari, and S. Das Sarma, Phys. Rev. A, 82: 052322 (2010);
https://doi.org/10.1103/PhysRevA.82.052322

B. I. Halperin, Y. Oreg, A. Stern, G. Refael, J. Alicea, and F. von Oppen,
Phys. Rev. B, 85: 144501 (2012);
http://dx.doi.org/10.1103/PhysRevB.85.144501

T. Hyart, B. van Heck, I. C. Fulga, M. Burrello, A. R. Akhmerov, and

C. W. J. Beenakker, Phys. Rev. B, 88: 035121 (2013);
https://doi.org/10.1103/PhysRevB.88.035121

C. V. Kraus, P. Zoller, and M. A. Baranov, Phys. Rev. Lett., 111: 203001
(2013); https://doi.org/10.1103/PhysRevLett.111.203001

X.-J. Liu and A. M. Lobos, Phys. Rev. B, 87: 060504 (2013);
https://doi.org/10.1103/PhysRevB.87.060504

C. K. Chiu, M. M. Vazifeh, and M. Franz, EPL (Europhysics Letters), 110:
10001 (2015); https://doi.org/10.1209/0295-5075/110/10001

C. S. Amorim, K. Ebihara, A. Yamakage, Y. Tanaka, and M. Sato, Phys.
Rev. B, 91: 174305 (2015); https://doi.org/10.1103/PhysRevB.91.174305
A. Kitaev, Annals of Physics, 303: 2 (2003); https://doi.org/10.1016/S0003-
4916(02)00018-0

C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das Sarma, Rev.
Mod. Phys., 80: 1083 (2008); https://doi.org/10.1103/RevModPhys.80.1083


https://doi.org/10.1103/PhysRevB.92.115127
https://doi.org/10.1088/1367-2630/13/7/075009
https://doi.org/10.1103/PhysRevLett.98.247201
https://doi.org/10.1146/annurev-conmatphys-031218-013401
https://doi.org/10.1126/science.1091806
https://doi.org/10.1103/PhysRevLett.98.227202
Physics%20of%20the%20Solid%20State
https://doi.org/10.1134/S106378342105005X
https://doi.org/10.1103/PhysRevB.61.10267
http://dx.doi.org/10.1103/PhysRevB.90.174504
https://doi.org/10.1103/PhysRevB.93.064522
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1038/nphys1915
https://doi.org/10.1103/PhysRevB.84.094505
https://doi.org/10.3938/jkps.62.1558
https://doi.org/10.1103/PhysRevA.82.052322
http://dx.doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.88.035121
https://doi.org/10.1103/PhysRevLett.111.203001
https://doi.org/10.1103/PhysRevB.87.060504
https://doi.org/10.1209/0295-5075/110/10001
https://doi.org/10.1103/PhysRevB.91.174305
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/RevModPhys.80.1083




Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2023 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2023, 1. 21, Ne 1, cc. 49-55 Hazapykosano B YKpaisi.

PACS numbers: 61.72.jn, 68.55.jd, 73.50.Pz, 73.61.Ng, 78.55.-m, 81.15.Gh, 81.40.Tv
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The presence of photoconductivity in thin films of p-Ga,0; and f-
Ga,0,:Cr** obtained by radio-frequency (RF) ion-plasma sputtering after
heat treatment in air has been established. The obtained photoconductivity
spectra are analysed, and it is shown that the photoconductivity in pure
thin B-Ga,0O; films is due to intrinsic photoconductivity because of the
band—gap electronic transitions. In thin B-Ga,0;:Cr®" films, in addition to
this photoconductivity band, there are also three photoconductivity bands
observed due to electronic transitions within the Cr®" activator ion. At the
same time, all three excited levels fall into the conduction band and lead
to the appearance of U-, Y-, and V-bands of photoconductivity.

BcraHoBieHo HagBHIiCTE (oTOHpOBimHOCTH Yy TOHKMX IiaiBKax B-Ga,0; Ta -
Ga,0,:Cr*", axux 6yJ0 ofiep:xaHO MeToAOM BuUcoKouacToTHoro (BU) iiomHo-
ILJIa3MOBOT'O PO3MOPOINEHH IIicas TepMooOpobseHHA Ha moBiTpi. IIpoanasi-
30BaHO OJEepKaHi cueKTpu (HOTONPOBiZHOCTH Ta MOKA3aHO, IO y YUCTUX
TOHKUX IIiBKax (-Ga,0; GoTompoBigHiCTE 3yMOBJIEHO BJIACHOIO (DOTOIIPORI-
IHICTIO 3a PaxXyHOK 30HA-30HHUX €JEeKTPOHHUX IIepeXOohiB. ¥ TOHKUX ILJIiB-
kax B-Ga,0,:Cr®", xpim namoi cMyru GOTONIPOBiAHOCTH, CIOCTEPIrarTLCA IIIe
TPU CMYTu (POTOMPOBIAHOCTU, 3YMOBJIEHI €JIEKTPOHHUMU ITIEPEXOJaMU B Me-
skax HoHa-akTmBartopa Cr®'. Bei Tpm s6ymxeni piBEi momamaioTh y S0HY
OPOBIAHOCTH Ta HNPUBOAATH 10 mosaBu U-, Y- i V-cmyr ¢oTompoBigHOCTH.

Key words: gallium oxide, thin films, activator, photoconductivity.

KarouoBi cioBa: okcuz I amifo, TOHKI IIiBKH, aKTHBATOD, (DOTOIPOBITHICTD.
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1. INTRODUCTION

Recent studies have revealed a number of interesting properties of
pure and activated thin films of -Ga,O; obtained by various meth-
ods. Based on this, films based on B-Ga,0; are widely used as thin-
film materials for field-effect transistors [1], gas sensors [2], and
UV-transparent electrodes [3]. Depending on the preparation meth-
od and the dopant, such films are used as photoluminophors [4, 5],
cathodoluminophors, and electroluminophors [6, 7]. In this regard,
chromium impurity Cr®’, whose ionic radius is close to the ionic ra-
dius of the cation and causes a high brightness of intracentre lumi-
nescence, belongs to promising activators in p-Ga,05 films [8—-10].

In the general case, the optical and electrical properties of thin -
Ga,0; and B-Ga,0,:Cr®* films are determined by the preparation
methods, deposition modes, and subsequent technological methods.
For the deposition of films based on -Ga,0;, a whole set of methods
is used, from thermal evaporation to low-temperature chemical
ones, such as hydrothermal, glycothermal, or electrochemical oxida-
tion [11-14]. As a result, due to varying degrees of perfection, such
films differ in optical, luminescent, and electrical properties. In
this regard, the photoelectric properties of thin B-Ga,O; and [-
Ga,0;:Cr?®* films obtained by radio-frequency (RF) ion-plasma sput-
tering, the use of which leads to the deposition of the most homo-
geneous semi-conductor and dielectric films, are studied. Such stud-
ies expand the scope of application of thin B-Ga,0; and B-Ga,0,:Cr®
films, in particular, in photoelectronics, and allow a broader inves-
tigation of the electronic processes occurring in these films.

2. EXPERIMENTAL TECHNIQUE

Thin films of B-Ga,0; and B-Ga,0;:Cr® with a thickness of 0.2-1.0
um were obtained by RF ion-plasma sputtering on substrates of
fused quartz v-SiO,. After the films were deposited, they were heat-
treated in air at 1000-1100°C. Studies of x-beam diffraction have
shown the presence of a polycrystalline structure of the resulting
films. In more detail, the characteristic diffraction patterns and
their analysis on the example of -Ga,O; films were presented earli-
er in Ref. [16]. It was also shown there that, upon annealing in an
oxygen-containing atmosphere, films are formed from nanocrystals
with an average diameter of 47 nm.

Gallium oxide of 99.99% purity (high purity) was used as a raw
material for thin-film deposition. The trace impurity in the form of
Cr,0; oxide with a concentration of 0.05 wt.% was added to p-Ga,O,
in the manufacture of targets for film deposition.

The photoconductivity of thin f-Ga,O; films with a change in the
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Fig. 1. Current—voltage characteristic of thin f-Ga,0; films.

spectral composition of the exciting light with a constant number of
quanta incident on the film (isoquantum spectral sensitivity) was
measured on an automated setup mounted on the base of ‘C®-4A’
spectrophotometer. Normalization in the spectral region 220-650
nm (5.6—-1.9 eV) was carried out according to yellow lumogen, the
luminescence quantum yield of which does not depend on the energy
of exciting photons. An electrical voltage of 10-100 V was applied
to two point contacts of 1 mm in diameter, which were at a distance
of 1 mm. When measuring the electric current flowing in the films
under study, the main requirement is the use of non-rectifying
ohmic contacts, which do not create additional barriers at the inter-
face. The ohmic contact for the films under study is created by ma-
terials, which, when forward biased, provide the injection of elec-
trons into the film and have a work function of 4.5 eV. The poly-
crystalline carbon (aquadag) we use meets these requirements, and
numerous publications report on its use in the study of diamond,
garnet, and other high-resistivity oxygen-containing samples [17—
20], including B-Ga,05 [21-23].

Our studies on the AutoLab impedance spectrometer showed that
the current—voltage characteristics of the studied films are de-
scribed by a linear dependence in the range of electric fields up to
5-10° V/m. The characteristic behaviour of the current—voltage
characteristics for a thin film of p-Ga,0; is shown in Fig. 1.

3. RESULTS AND DISCUSSION

Our previous studies [24] show that, after heat treatment in hydro-
gen, the resistivity of thin films of B-Ga,0,:Cr®*" decreases and, in
parallel, quenching of red luminescence is observed. Red photolu-
minescence in B-Ga,0;:Cr®" films increases after treatment in an ox-
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ygen-containing atmosphere. Considering the prospects for the
practical use of B-Ga,O; as a red phosphor [8-10], we studied the
photoconductivity of pure and Cr®“-activated thin B-Ga,0, films an-
nealed in air.

The characteristic photoconductivity spectra of thin films of B-
Ga,0;, which are pure and activated by Cr®" ions, are shown in Fig.
2. As can be seen from the results presented, the spectra differ sig-
nificantly from each other. The photoconductivity spectrum of thin
B-Ga,0;:Cr®" films has a much more complex structure, and the pho-
toconductivity current is more than two orders of magnitude higher
than the photoconductivity current in pure B-Ga,0; films. In this
case, both photoconductivity spectra clearly show a photoconductiv-
ity band with a maximum in the region of about 245 nm (5.05 eV),
which correlates well with the UV photoexcitation and blue lumi-
nescence bands in pure B-Ga,0; films [23, 25]. Because the band gap
in thin films of B-Ga,0; after annealing in an oxygen atmosphere is
of 4.60 eV [26], the excitation of the luminescence and photocon-
ductivity bands occurs in the region of band—-band transitions with
the formation of free charge carriers in the band. As a result, in-
trinsic optical generation and, correspondingly, intrinsic photocon-
ductivity arise. According to calculations of the electronic energy
structure of B-Ga,0; [27—-29], such electronic transitions occur from
the 2p states of O, which form the upper filled level of the valence
band, to the bottom of the conduction band, which is formed by hy-
bridized 2p states of O and 4s states of Ga.

Taking into account that there are no other photoconductivity
bands in thin films of B-Ga,0,;, and in thin films of B-Ga,0,:Cr*’, a
number of bands are observed in the spectral region of 280-650
nm, it is logical to relate these photoconductivity bands to Cr®".

L10%, A lV Y In7-104, A

200 300 200 500 00 700

Fig. 2. Photoconductivity spectra of thin p-Ga,0, (1) and B-Ga,0;:Cr®* (2)
films; T =295 K.
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To analyse the relationship between the photoluminescent proper-
ties and photoconductivity in thin B-Ga,0;:Cr®*" films, one should
proceed from the fact that the introduction of Cr®" impurities into
the B-Ga,0; crystal lattice leads to the formation of an electron cap-
ture level (Cr?") in the band gap with an energy depth of 0.62 eV
[24]. This energy corresponds to the ground term of the ion to the
Cr®*" orbital singlet ‘A, (tJ). Electronic transitions *A4, — *T, (¢ T,
e) (U), *A, > *T, (t£3T,, e) (Y) and *A, > *T, (t,, € 34;) (V) within
the Cr®" ion give three broad bands in the absorption spectra: U-, Y-
, and V-bands, respectively [30]. Based on this, the characteristic
three long-wavelength photoconductivity bands can be associated
with the U-band (with a maximum in the region of 600 nm), Y-band
(with a maximum in the region of 440 nm), and V-band (with a
maximum in the region of 330 nm) (Fig. 2). In this case, all three
excited levels fall into the conduction band. Most likely, these levels
do not mix with the levels of the allowed zone, but a potential bar-
rier separates them from it. Due to such a barrier, electrons tunnel
from these levels both into the conduction band and into back. The
equality of these fluxes leads to the establishment of an equilibrium
concentration of Cr®* ions.

4. CONCLUSIONS

The conducted studies show that, in thin films of B-Ga,05;, which
are pure and activated by Cr®' ions, after heat treatment in air, the
effect of photoconductivity is observed. Comparison of the photo-
conductivity spectra shows that the photoconductivity spectra in
thin films of B-Ga,0;:Cr®" have a more developed structure and,
along with the band of intrinsic photoconductivity due to band-—
band transitions (in the region of about 245 nm), contain three
broad bands due to electronic transitions, namely, U-, Y- and V-
bands. In this case, all three excited levels fall into the conduction
band.
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The purpose of this work is to study the properties of amorphous molecu-
lar semiconductors (AMSs), which are used as templates for the develop-
ment of ordered nanoobjects. Photosensitive AMSs are carbazole-
containing compounds for recording optical information in real time. They
have high sensitivity and spatial resolution, and can work in automatic
mode without an operator. It is important to improve the characteristics
of AMSs and modes of their application. When optimizing the composition
of AMSs, the most important problem is to find out the mechanisms of
thermalization of carriers, the quantum yield in AMSs under photoexcita-
tion, and the electrophysical phenomena. The technique of thermally
stimulated depolarization is used for the analysis of these processes. This
technique makes it possible to study the kinetics of the electric charge
formed due to the orientation of permanent dipoles or the charge trapped
by such deep traps as structural defects, impurity centres, charges accu-
mulated at the interphase boundaries in the film. The spectral sensitivity
is measured for the samples comprised of thin layers of carbazole-
containing materials, which were produced by pouring toluene solutions.
As found out, the quantum yield of photogeneration is decreased at high-
er wavelengths of light. A model based on the assumption of the Newtoni-
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an nature of the dependence of the rate of energy loss for a non-
equilibrium electron is proposed. Within the framework of this model, the
dependences of the length and time of thermalization on the frequency of
the exciting light, the temperature of the AMSs, and the parameter de-
termining the rate of loss of excess energy by a non-equilibrium carrier of
electric charge are determined. As a result, a phenomenological model of
the electrophotographic process is proposed, and the composition of the
AMSs is optimized. A template with an area of @4 cm? and a spatial peri-
od of  3—1 um is fabricated.

Meroio maHOI pPoOOTH € MOCJTiAKEeHHS BJIACTUBOCTEH aMOP(PHUX MOJIEKYJIAp-
HuX HamiBmpoBigHukiB (AMH), SKMX BUKOPHCTOBYIOTh y AKOCTi TeMILJIATiB
I CTBOPEHHS YIOPAAKOBAaHMX HaH000’eKTiB. CBiTsnouyramBi AMH e xap-
6a30JBMiCHUME CepemoBUINAMU IJA PeecTpallii onTuuHol indopmallii y pea-
JbHOMY Yaci. BoHM MaioTh BHUCOKY YUYTJIMBICTH, IPOCTOPOBY PO3AiIbUy 34AaT-
HiCTb, MOKYTh IPAIlIOBATH B aBTOMATHUYHOMY pe:KuMi 0e3 omeparopa. AKTY-
aIbHUM € IoJimineHHA xapaktepuctuk AMH i pekuMmiB BUKOpHCTaHHS iX.
Hna ontumisarnii ckaagy AMH nHaiiBa:KIuBIimmM € 3’scyBaHHS MeXaHi3MiB
TepMaJsisanii HociiB, KBaHTOBOTO BUXOAY mix uyac ¢oro3dbymxenna AMH i
mepebiry emekrpodisuunux aBuil. [aa aHanidy nmux mpolieciB 6B BUKODUC-
TAaHUII MEeTOJ, TePMOCTHMYJbOBAHOI memoJjsapusaliii. BiH yMoOKJIMBIIIOE BU-
BUNUTH KiHETHKY eJIEKTPUUYHOTO 3apAAy, CTBOPEHOro IIifi yac opieHTAIlii moc-
TiHUX AUIIOJNIB, a00 3apany, SKHUHM 3aXOILTIOETHLCA TIIMOOKUMU HACTKaAMU Y
BUIJIAZL CTPYKTYPHUX HIe(deKTiB, JOMINTKOBUX IeHTPiB, 3apAfiB, HaKoIUUe-
HUX Ha MeXi pisHux (as mriBku. B poboTi mpoBeseHo BUMipIOBaHHS CIIEKT-
panbHOI UYTJAMBOCTH 3pas3KiB i3 TOHKMX IIapiB Kap0asoJBMiCHUX MaTepis-
JiB, OlepXKaHUX 3a MOIOMOTOI0 IIOJUBY TOJYOJHHUX pO3umHiB. BecTaHoBieHo,
110 3i 30iJbINIeHHAM MOBMKMHU CBIiTJIOBOI XBWJII BifmOyBaeThCcsA 3MEHIIIEHHS
BeJIMUMHU KBaHTOBOTO BuxoAy ¢ororexepariii. Mogeab 3acCHOBAaHO Ha IPU-
MyIeHHI HBIOTOHIBCBKOTO XapaKTepy B3aJe’KHOCTH IIBUIKOCTH €HepreTud-
HUX BTPAT HEPiBHOBAYKHUM €JIEKTPOHOM. B paMKax IIbOTO MOJEJI0 OJepPKAaHO
3aJIe’KHOCTI MOBXKUHM Ta Yacy TepMmaJiisallii Big uacToTu 30yI:KyBaJbHOTO
cBiTma, temmeparypu AMH i mapamerpa, I0 BU3HAYa€ IIBUAKICTH BTPATH
HAJINIITIKOBOI eHeprii HepiBHOBaKHUM HOCieEM eJieKTpuYHOTro 3apAzny. Orixe,
3aIIPOIOHOBAaHO (DeHOMEHOJIOTIiYHUI MOIeJab ejieKTpodoTorpad)ivHOro mpoiie-
cy it omrmmisoBaHo ckiaxm AMH, ozep:kaHo TeMIuiaT ILome y =4 cm? 3
IIPOCTOPOBUM IIepiogoM y = 3—1 MKM.

Key words: amorphous molecular semiconductors, photosensitivity, elec-
trophysical properties, electric charge.

KarouoBi croBa: amopdHi MOJIEKYIApHiI HATiBOPOBiMIHUKYN, (GOTOUYTIUBICTD,
eneKTpodhi3uuHi BIACTUBOCTI, eJIEKTPUUYHUI 3apsan.
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1. INTRODUCTION

Amorphous molecular semiconductors (AMSs) based on sensitized



PHOTOCONDUCTIVE MATERIALS FOR ORDERED NANOOBJECTS 59

photoconductive polymers have photoconductive properties in the
visible and near-infrared wavelength ranges [1]. This is explained
by the fact that the molecules of the sensitizer act not only as cen-
tres of light absorption, but also as centres (or their components) of
photogeneration of charge carriers. These properties of AMSs make
it possible to implement them in the development of microelectronic
and information systems [1-4]. The AMSs based on poly(N-
vinylcarbazole) (PVK), poly-N-epoxypropyl carbazole (PEPK), poly-
anthracene glycidyl ether (PAGE), poly(N-glycidyl -carbazole)
(PGK), carbazole-containing polyorganosiloxane (CCPQO) are known
and widely used. These AMSs are photosensitive due to the presence
of carbazole cores, which have a large closed conjugated m-electron
system, the regularity of their structure, and the close packing. As
known [1, 2], the distance between the carbazole cores in various
PVK (PEPK)-PGK-CPO structures gradually increases due to the
increase in the number of atoms in the links of the main polymer
chain, which connect neighbouring monomer links. The increase in
the distance between the carbazole cores in the polymer chain leads
to its higher flexibility and, at the same time, promotes the for-
mation of charge transfer complexes (CTC). In the AMSs formed on
the base of PGK and PAGE, the chain structure remains practically
unchanged, and only the form of the donor dopant changes. The
transition from carbazole donor cores to substituents with a longer
bond system reduces the ionization energy of the donor and, there-
fore, leads to a wider spectral sensitivity of AMS.

The 2,4,7-trinitro (TNF) and 2,4,5,7-tetranitrofluorenone
(TENF), 2,4,7-trinitro-9-dicyanomethylenefluorene-4-carboxylic ac-
ids, tetracyanoquinodimethane (TCNQ), 2, 7-dinitroundecylic acid
ether, and the Cq, and C;, fullerenes are used as sensitizers. The use
of these AMSs allows synthesizing photosensitive materials that
have spectral sensitivity in almost the entire range of visible light.

As known [1, 2], the photogeneration process in this type of
AMSs includes several stages, and two main stages can be distin-
guished. The first one lasts approximation 107''-107'?s. At this
stage, a neutral exciton-like state forms after absorption of a quan-
tum of light, which transforms due to autoionization into an ion,
i.e., into a ‘hot’ pair of charge carriers. This ‘hot’ pair loses its ex-
cess energy due to inelastic interaction with neighbouring atoms,
and is separated by the thermalization length r, during the thermal-
ization time t..

The thermalization process can be considered complete, when the
excess energy of an unbalanced pair of charge carriers decreases to
a value AW, at which the interaction with the environment becomes
elastic [3]. The thermalization leads to the transition of a mobile
charge carrier from the photogenerating centre to the carbazole
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molecule of AMSs, which results in the formation of the electron—
hole pair, that is, in thermal equilibrium with the environment.

Then the second stage starts. During this stage, the dissociation
of the electron—hole pair occurs in the process of diffusion drift of
charge carriers. This stage can be adequately described by the On-
sager model [1, 2, 4], which takes into account the possibility of
tunnelling. However, the Onsager model is not applicable to describ-
ing the first stage of the charge generation process in the AMSs,
since it cannot be applied to describe thermodynamically non-
equilibrium systems. The experimental studies of such a multistage
process of photogeneration of electric charge carriers in the AMSs
is rather difficult, as it is possible to measure only the consequence
of all stages (for example, the quantum yield of photogeneration or
luminescence). Theoretical research allows analysing each stage sep-
arately.

The aim of this work is to study the dependence of the thermali-
zation length in carbazole-containing AMSs on the wavelength of
the excitation light, and to develop and improve an adequate model
of the process of thermalization of charge carriers during formation
of ordered nanoobjects using templates.

2. EXPERIMENTAL TECHNIQUES

Free carriers of electric charge in AMSs form after a chain of sepa-
rate elementary processes each of which affects the photogenera-
tion. The results of all these separate elementary processes are ex-
perimentally recorded; each of these processes is determined by its
own parameters (which are determined by the characteristics of the
AMSs), and therefore they depend on the experimental conditions in
different ways.

When studying the process of photogeneration of electric charge
carriers in AMSs, the dependence of the quantum yield of photo-
generation on the wavelength of the excitation light is of particular
interest. This is explained by the fact that this dependence is main-
ly determined by thermalization, not by all processes that determine
the photogeneration process.

The dependence of the quantum yield of photogeneration n in an-
thracene and pentacene, as well as in carbazole-containing com-
pounds, was studied in [1, 2, 4-6]. It was shown there that the
quantum yield of photogeneration of charge carriers increased at
higher frequencies of absorbed light. According to the obtained ex-
perimental data on the photoprocesses in pentacene and the Onsager
model describing the mechanism of electron-hole pair dissociation,
it was concluded that the thermalization length of charge carriers
increases with an increase in the frequency of the excitation light.
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Fig. 1. Experimental [1] (solid) and theoretical (dashed) curves for the de-
pendence of thermalization length in pentacene on the energy of excitation
quantum.

This conclusion is illustrated in Fig. 1, which shows the experi-
mental curve plotted according to the data of [1, 5].

It was shown in [1] that the spectral dependence of the quantum
yield of photogeneration of charge carriers in polymer semiconduc-
tors near their light absorption edge could be described by the ap-
proximate relation:

(o) =~ C(ho — EXY', n ~ % , (1)

where C is a function of temperature and electric field, and EZ’ is
the width of adiabatic energy gap.

It should be noted that there is no acceptable model that would
substantiate Eq. (1).

Additional investigations into the dependence of the quantum
yield of photogeneration of carriers, n(A), for a wider range of
AMSs have been carried out. In these studies, samples with a thick-
ness of 1.4-1.5 ym were used; the film was deposited on a glass
substrate with electrically conductive SnO, sublayer by means of
pouring toluene solution by standard method [7].

The surface of the sample was charged with positive ions in a co-
rona discharge using the method of thermally stimulated depolari-
zation of AMSs [8, 9] (Fig. 2). The surface potential was measured
by the dynamic probe method. The spectral sensitivity S, was de-
termined by the 20% drop in the potential of the AMSs free surface
under 0.1 mW /cm?® radiation. Prior to the measurements, the AMSs
free surface had been charged to a potential of 190 V. The scheme
of the experimental study of the kinetics of thermally stimulated
relaxation of the surface potential of the template based on amor-
phous molecular semiconductors (AMSs) is shown in Fig. 2, a, b.
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Figure 3 shows the experimental results on the thermal relaxa-
tion of the potential on the AMSs surface, which was charged in
darkness by a positive corona discharge (anode under a high poten-

+H++H+H+ 4+

auy/dt

T T F F T

(Au) 50 nm AMS(PVK)
™ 1 um

5

Cupper contacfs/ Glass Substrate E
TTO-SnO,
a b

Fig. 2. Template structure and device for forming charge in AMSs bulk by
thermally-stimulated depolarization: a—template structure; b—1 is the
activator, U,=20 kV, charging time ¢.,=3 s, dgeetroae =90 n1m, 2 is the
probe for measuring the potential of AMSs free surface; 3 is the template
structure (from bottom to top: glass substrate, conductive layer (ITO,
R =10 Ohm/square) with copper electrical contacts, AMSs layer), 4 is the
unit for temperature measuring and AMSs heating with pulse current and
touse < 100 ms, where the resistance of ITO layer is used as the sensor of
AMSs temperature, 5 is the integrator on the operational amplifier with
integration constant ¢t=10s, and 6 is a personal computer with analog-
digital signal input—output devices.
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Fig. 3. Kinetics of relaxation of AMSs surface potential after charging the
AMSs layer in corona discharge I (Fig. 2, activator): I—thermal relaxa-
tion of AMSs surface potential; 2—temperature kinetics of AMSs layer;
3—thermal relaxation of surface potential of polarized AMSs layer.
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tial, & =30 num). The corona discharge was accompanied by a purple
glow (corona). In such a corona, primary electrons are released at
the outer boundary of the ionizing zone because of the gas pho-
toionization by photons generated inside the corona.

These electrons are accelerated in the anode field, collide with gas
atoms and ions and excite them, generating electron avalanches by
shock ionization. In the outer zone of the discharge, the current is
carried by positive ions. The positive space charge formed by them
moves towards the AMSs and settles on its surface. The surface
charge field reached 120 V/um.

At the initial stage of AMSs heating (up to T =65°C), some in-
crease in the surface potential is observed. There is a sharp drop in
the surface potential of AMSs at 65°C (T.,,), which ends at T =92°C
(T.,,). The AMSs layer absorbs light in the visible range of the spec-
trum. Therefore, the thermal relaxation of the surface potential of
a pre-polarized AMSs film was investigated. The electric charge was
applied on the AMSs film surface in a corona discharge in darkness
at 20°C, and the AMSs was heated up to 65°C for 20 ms (curve 2 in
Fig. 3); then, the AMSs film was cooled down to 20°C and irradiat-
ed with 5 W/cm? light with a wavelength of 470 nm for 20 s. The
relaxation of additional charge in the irradiated AMSs occurred.
Then, the AMSs film was heated up to T'=109°C for 100 ms (curve
3 in Fig. 3).

The increase in the AMSs surface potential upon heating (curve 3
in Fig. 3) indicates the relaxation of the negative charge that has
been formed in the AMSs bulk due to the dipole polarization of the
AMSs during the primary heating. The relaxation peak of the po-
tential of negative charge in the AMSs bulk is at 82°C. An approx-
imate estimate of the activation energy of the volume charge cap-
ture centres using formula W =Ak;T gives W =0.03 eV (A=1).

Thus, the thermal relaxation of the electric potential on the sur-
face of carboxyl-containing polymers based on a AMSs film shows
that the film structure changes within = 15 ms in the temperature
range of 65°C, and a negative charge forms on the traps in the
AMSs bulk in the range of 65°C (T,,)<T <92°C (T.,,) during =10
ms.

The peak of the relaxation of negative charge potential in the
AMS volume is observed at 82°C. The produced template can be
used repeatedly below 65°C without aromatic solvents for several
years, provided it is stored in an airtight container.

A localized charge was formed in the nanocomposite film by the
electrophotographic method [8, 9], when the sample was exposed to
a hologram using the three-beam scheme. The registration of holo-
grams on the nanocomposite film consisted of three main stages.
The sample with the nanocomposite film was placed near the anode
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of the corona device in an air atmosphere. Due to the deposition of
ions on the film surface in darkness, a uniformly distributed posi-
tive surface charge was formed. The potential of the film surface
was 120 V.

The intensity distribution in the exposing light field forms the
topology of the template. The simplest light field in the form of a
two-dimensional lattice is implemented by means of two interfering
laser beams. The angle between the beams determines the phase
shift and, therefore, the spatial frequency of the grating. It is pos-
sible to form a light field of a certain class of symmetry with a pre-
determined intensity distribution by changing the number of laser
beams, their relative directions in space, and additional modulations
of amplitude or phase transparencies. In our experiments, three la-
ser beams directed on the substrate along the lateral surface of a
25° regular cone were used for the template exposure.

When a nanocomposite film is exposed to light in the electric
field of a flat capacitor formed by an electrically conductive sub-
strate and surface charge, the photogeneration of current carriers
occurs and photoconductivity appears [8, 9]. The current density of
photoconductivity is determined by the modulated intensity of the
light field that exposes the film surface. Because of the flow of
photocurrents, the potential of the film surface decreases according-
ly. A non-uniform distribution of the surface charge is formed on
the surface after the exposure is completed. The surface charge
density is modulated by the exposing light field. The field of sur-
face charges modulated in space can deform the surface of the film
during its softening.

The time of the surface relief formation was <0.1 s. The repro-
ducibility of the characteristics was ensured by the automation of
the hologram registration process using the control module [8, 9].
When photocurrents flow through the film, charge carriers can also
be trapped by deep traps that leads to the formation of localized
volume charge modulated by the exposing light field. The probabil-
ity of carrier trapping is determined by the density and energy
characteristics of deep traps, which, in our experiments, were
formed, apparently, during the deposition of the nanocomposite by
co-condensation in a vacuum. Therefore, it is possible to form not
only a relief (relief template), but also trapped charge (electret tem-
plate) in those locations where the film is irradiated. The density of
the localized electric charge is modulated proportionally to the in-
tensity of the light field in the exposing hologram and, therefore,
has the same topology.

The absorption spectra of the samples were recorded using a C-26
spectrophotometer. The experimental results are illustrated by the
data given in Table. It contains the results of the study of the spec-
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TABLE. Spectral sensitivity, absorption coefficient, and quantum yield of
photogeneration of electric charge carriers in AMSs at two radiation wave-
lengths. The I, is the AMSs ionization potential, and E, is the electron af-
finity energy of sensitizer [1].
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PVK TNF 3.0 0.16 3.0 20 60 6 2.05
I —7.6eV TENF 5.0 1.2 8.0 40 75 3.4 2.35
a= T TNFDC 3.0 3.0 6.0 60 85 1.5 2.60
TNF 3.0 0.15 5.0 10 70 5.2 2.05
PEPK TENF 5.0 1.3 7.0 46 78 3.4 2.35
I —7.6eV Ud-DDPA 4.0 3.0 8.0 55 70 2.1 2.45
a= T TENFDCM 3.0 3.5 7.0 60 80 1.6 2.6
TCHDN 1.0 1.0 1.2 65 85 1 2.7
TNF 4.3 0.4 5.0 10 75 2 2.05
PAGE TENF 4 1.0 5.2 60 80 4 2.35
I,=7.4eV | TENFDCM 3.6 2.0 2.0 70 75 1 2.60
TCHDN 1.0 0.8 0.8 50 70 0.9 2.70
PGK
I,=7.1eV TNF 4.0 1.1 2.3 27 31 2 2.05

tral dependences of S, on the potential decay rate 0.2 (Sdv/v =0.2),
the absorption coefficient of the sample k(A), the quantum yield of
photogeneration of carriers n(A), and the electron affinity energy.
According to the data in Table, the dependence of the quantum
yield of photogeneration on A (or the energy of a quantum of light
W) increases at lower electron affinity energy of the sensitizer.
This nature of the n(A) dependence can be qualitatively understood,
taking into account that the initial energy of a hot electron W, (ne-
glecting the contribution of polarization effects) can be estimated as
W, —1,+E,+U (where U is the potential energy of the hot elec-
tron). In this case, the relative change in AW,/W, with a change in
W, is determined by the ratio AW, /(W,,—~I,+ E,+U), and this ra-
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tio increases at lower E,. It is worthwhile to note that, if this sim-
plified analysis is correct, then, we should obtain for the C4, fuller-
ene as acceptor (which has the characteristic value E,=2.65 eV) a
composite, in which the quantum yield of photogeneration of charge
carriers is almost independent on the light wavelength in the ab-
sorption range.

3. PHENOMENOLOGICAL MODEL OF THE THERMALIZATION
PROCESS OF HOT CHARGE CARRIERS

The long-term studies of the processes of thermalization of photo-
excited carriers of electric charges in AMSs [1, 2, 5, 6, 10, 11] (de-
termination of the magnitude orders for time and length of ther-
malization, the ratios between the general properties of phonon
spectra and ¢, and r., the relationship between ¢, and the diffusion
coefficient of charge carriers, etc.) have yield significant results.
Nevertheless, the regularities of the thermalization process have
not been clarified. This situation is mainly explained by the fact
that this is a non-equilibrium process. This leads, for example, to
the fact that a charge carrier during the thermalization cannot be
characterized by such equilibrium parameters as diffusion coeffi-
cient or mobility. When developing thermalization models using
quantum mechanical characteristics, one is faced with the difficul-
ties of studying the relevant Hamiltonians and incomplete infor-
mation about the values of the interaction cross sections.

We proposed a phenomenological model of the thermalization of
hot charge carriers, which allows describing the dependence of the
characteristics of this process on the wavelength of the exciting
light and the environment temperature. The model is based on the
assumption that the excess energy of a hot non-equilibrium charge
carrier reduces due to its transition to neighbouring molecules with
a rate that depends on the temperature difference between the hot
electrons and the environment. It is assumed [1] that the thermali-
zation process stops, when the energy of hot charge carriers de-
creases to the values, when the processes of inelastic interaction
with the environment become impossible. This becomes possible
when the temperature of the hot carriers exceeds the ambient tem-
perature T, by a small amount of AT. It is also assumed that the
potential energy of the interaction of a hot particle with the envi-
ronment does not change during the thermalization process, and
external fields are either absent or low, and therefore, do not affect
the thermalization.

In this approach, the excess energy of a non-equilibrium charge
carrier is determined by its kinetic energy or temperature. This al-
lows determining the speed of movement of a non-equilibrium elec-
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o(t) = 1/w : @)
m

where k; is the Boltzmann constant, and m is the mass of the non-
equilibrium charge carrier.

According to the assumption that the charge carrier motion is
rectilinear during thermalization, the thermalization length can be
determined, using the following relation:

n:funw:/yﬁfyumt (3)
0 m 0

The process of loss of excess energy by a non-equilibrium electron
is determined by its interaction with phonons. The phonon spectrum
is determined by the AMSs structure and has not been sufficiently
studied. In such cases, it may be helpful to use the phenomenologi-
cal models [7, 10], which allow explaining the dependences observed
in the experiment and to obtain information about the micropro-
cesses occurring in the AMSs.

Let us assume that the thermal transition process is Newtonian,
that is, the thermal transition coefficient is proportional to the
temperature difference T(f)—T,. Then, the temperature kinetics of
a non-equilibrium charge carrier is described by the following equa-
tion:

tron u(t):

ar(t) 2y

7t 3k, (T@t)-Tp), (4)

where y is a parameter that determines the rate of excess energy
loss by a non-equilibrium hot electron. The value of y should usual-
ly depend on both the shape of the phonon spectrum and the charac-
teristics of the interaction of the non-equilibrium electron with the
sample molecules. However, it should be considered as a constant in
further analysis.

As an initial condition, it is assumed that T(0) is determined by
the energy 7o of the absorbed light quantum and the work A, which
is necessary to create an excited state. The parameter A should de-
pend on the values of I,, E,, and the energies of polarization trans-
formations:

2
T) = g(hco - A). )

B

Note that the relation (4) is a partial case of a more general ex-
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pression

dT(t)
dt

where the parameter n is determined by the phonon spectrum, and
the dimensional coefficient a determines the intensity of heat flow.

The solution of Eq. (4) under condition (5) has the following
form:

—-a(T(#) - T(0))", (5a)

1 1—exp| =2t ||+ 2 (ho - _ 2
T(t) =T, (1 exp[ 3k, tJJ + 3k, (ho — A) exp( 3k, tJ . (6)

Using equation (6) and the following condition,
T(t) =T, + AT, (7)

we get an expression for the thermalization time ¢.:

- &F[MT H ®
2y AT 3k,

According (3) and (8), the radius of thermalization is

r.= fg(hco—A)% 1- I B AT . 9
m X \/%(hm_A)_%

B

Expressions (8) and (9) allow finding the relationship between ¢,
and r; regardless of the unknown parameter y:

fz
- AV "D - | AT t . (10)

rtf T
W[ L (200-2) \j 2 (ho-4)-T,
AT\ 3k, 0 3k

4. DISCUSSION

When analysing the obtained results (formulas (8), (9), and (10)), it
is necessary to take into account that the length of thermalization
is not directly measured in the experiment. The r.-value can be de-
termined using the information about the quantum yield of photo-
generation 1 using the model describing the process of hole—
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electron pair dissociation. Thus, when applying the traditional On-
sager model, the information about r; can be obtained from the data
[56, 8, 12], using the following relation:

n(ho) =
m+n 11
- 23:;)') ( j z (r /<r >) Z|:1 exp( Zy(r >)z (2Y<r >) :|’ ( )

where @, is the quantum yield of the primary autoionization pro-
cess, and r, and y are

e’ eE

_ Ly E 12
dnsee, T | 2k, T (12)

where ¢ is the dielectric constant of the medium, g, is the vacuum
permittivity, and E is the external electric field.

Analytical analysis of the dependence of r; as a function of n(%w)
resulting from relation (11) is complicated [5]. Numerical analysis
shows that, all other conditions being equal (temperature, electric
field), a higher value of the quantum vyield is provided by a larger
initial distance between the pair charges. This means that the ex-
perimental increase in the photogeneration quantum yield at higher
frequencies of the absorbed light indicates an increase in the ther-
malization length of the electric charge carriers.

According to formula (9), r. increases at higher 7w (or lower A);
this is in good agreement with the obtained data summarized in Ta-
ble 1 and the results of [1, 6]. A comparison of expression (9) with
experimental data obtained for pentacene in [1] is shown in Fig. 1.
The good correlation between the theoretical and experimental
curves confirms the adequacy of the proposed model for the ther-
malization process. Note that the dependence r/(\) also agrees with
the results of the model, which assumes the loss of excess energy of
the non-equilibrium charge carriers due to the collisions with sur-
rounding molecules [3, 13]. It also follows from expression (9) that
the length of thermalization increases with a decrease in the ambi-
ent temperature, which has been observed experimentally [2, 5].

Thus, the proposed model of the thermalization of charge carriers
qualitatively explains the spectral and temperature dependences of
the thermalization length and the quantum yield of photogeneration
of electric charge carriers, and determines the ratio between r. and
t., which is in accordance with experimental results.

5. CONCLUSIONS

The experimental studies of quantum yield of photogeneration of
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electric charge carriers in PVK, PEPK, PAGE, PGK sensitized with
electron acceptors (TNF, TENF, Ud-DDPA, TENFDCM, and
TCHDN) indicate a significant dependence of the quantum yield of
photogeneration on the wavelength of the excitation light.

A phenomenological model of the process of thermalization of
charge carriers in organic molecular semiconductors is proposed.
The model has an exponential parameter, which specifies the de-
pendence of the rate of ‘heat flow of a hot charge carrier’ on the
temperature difference between the hot charge carrier and the envi-
ronment, as well as the proportionality coefficient, which deter-
mines the heat flow by the temperature difference. The main sug-
gestions of the model are the assumptions that the thermalization
process is complete, when the excess energy of an unbalanced pair
of charge carriers decreases to such a value that their interaction
with the environment becomes elastic, and the rate of excess energy
loss by hot charge carriers is proportional to the temperature dif-
ference between non-equilibrium charge carriers and the environ-
ment.

When using the Onsager model (or its modifications), the given
model of thermalization makes it possible to qualitatively explain
the spectral and temperature dependences of the quantum yield of
charge carrier photogeneration.

A light-controlled template is developed, which consists of a
transparent substrate (d =3 mm, 40x40 mm), an amorphous molecu-
lar semiconductor (AMS, d=1 pum), and a gold metal film (d <100
nm). The mechanisms of its formation by means of electrophoto-
graphic process are determined. It is shown that the light field and
electric charge that is formed in the AMSs bulk determine the relief
and field topologies of the template. The maximum spatial capacity
of the template is determined by the volume charge in the AMSs
and is approximately 30 nm.
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YMOBH CHHTE3M HAHOCTPYKTYP okcuny IluHKy 3 mpoaykTiB
JECTPYKIIil mepeHanpyKeHoro HAaHOCEKYHIHOTO PO3PAdy Mik
€JIeKTPOJaMH 3 IIUHKY B KHMCHI IIi/i OIPOMiHIOBAHHAM
OiTKJIAIUHKU yabTpadioseToBMM BUIIPOMiHEHHIM

0. K. Illyai6os, O. M. Muns, P. B. T'pumnak, A. O. Maminina,
0. M. Maniuiu, 3. T. 'omoki, M. I. Barpama, B. B. Cypau

IBH3 «Yaceopodcvkuil HaAuioHaIbHULL YHiBepcumem»,
na. Hapodua, 3,
88000 Yiczopod, Ykpaina

HaBeneHO XapaKTepUCTUKU Ta IIapaMeTpPU IIJIasMU IIePeHAIpPY:KeHOTO HaHO-
CEeKYHIHOTO PO3PANY, AKUU 3alasIlOBABCA MilK eJIeKTPOAaMM 3 IIMHKY B KU-
cui (p=13,3 i 101,3 klla). Ilapu [luHKYy BHOCHUIHWCA Yy PO3PSAL 3a PAXYHOK
MiKpOoBUOYXiB IPUPOAHIX HEOMHOPiAHOCTeIl HA IMOBEPXHAX IMUHKOBHUX eJIeK-
TPOJ Yy CUJIBHOMY €JEeKTPUUHOMY IoJi. Ile cTBOpIoE mepeayMoOBU IJiA CUHTE-
31U TOHKUX HAHOCTPYKTYPOBAaHUX ILTiBOK oKcuay I[MHKY, AKi MOKYTb OyTH
OCaJ KeHl Ha TBepAill mieJeKTPUUHIN HigKJIaAWHII, BCTAHOBJEHil 6ins cuc-
TeMu ejieKTpoA. IlpeacTaBieHO Pe3yJbTATH JOCTIAMKEHHA ONTUYHUX Xapak-
TEPUCTUK IEePEeHANPVKEHOTO0 HAHOCEKVHIHOTO DO3PANY i3 BEJIUUYMHOI DO3-
pAZHOrO MPOMiKKY d =2 MM. IgeHTH(dikamia cneKTpiB BUOPOMiHEHHA IJa-
3MH Jajia 3MOTY BCTAHOBUTHM OCHOBHI 30yI)KeHiI MPOAYKTH MJIasMHU, AKi ¢o-
PMYIOTh crexkTep ¥ P-BUIPOMiHEHHS MJIA3MH TAa BHUCTYHAIOTh OJHOYACHO iM-
OyJIBCHUM JKepejoM KJacTepiB i Manmx HaHo4yacTUHOK okxcuny IluHKYy.
MeTozOM YHMCIOBOTO MOJEJNIOBAHHA MapaMeTpiB MJasMHU PO3PALY Ha Iapax
IIuHKYy Ta KUCHIO, AKe I'DYHTYEThCA Ha PO3B’A3KY BoJbIIMaHHOBOTO KiHe-
TUYHOTO DIBHAHHA AJA (QYHKII pPO3NOAisy eleKTPOHIB 3a eHepriamMu, pos-
paxoBaHo mapamerpu miaasmu: T, (Temmeparypy), N, (TYyCTUHY eJeKTPOHiB),
OUTOMi BTPATHU HOTYKHOCTH PO3PAAY Ha OCHOBHI €JIeKTPOHHI mpollecw Ta
KOHCTAHTU MIBUAKOCTU €JEKTPOHHUX pPeaKIlili B 3aJIe;KHOCTI BiJf BeJIWUYUHU
BigHomeHnHa E/N (ne E — HaUpy’)KeHIiCTb eJIeKTPUYHOrO oy, N — IIOBHA
KOHIIEHTPAIliA YACTUHOK PO3PALY).

The characteristics and parameters of the plasma of the overstressed na-
nosecond discharge, which was ignited between the electrodes of zinc in
oxygen (p=13.3 and 101.3 kPa), are presented. Zinc vapours were intro-
duced into the discharge due to microexplosions of natural inhomogenei-
ties on the surfaces of zinc electrodes in a strong electric field. This cre-
ates the preconditions for the synthesis of nanostructured thin zinc oxide

73



74 0. K. [IIVAIBOB, 0. 1. MUHS, P. B. TPUITAK, A. O. MAJITHTHA ra in.

films, which can be deposited on a solid dielectric substrate installed near
the electrode system. The results of the study of the optical characteris-
tics of the overstressed nanosecond discharge at the value of the discharge
interval d =2 mm are presented. Identification of plasma radiation spectra
allows establishing the main excited plasma products, which form the
spectrum of UV radiation of plasma and act simultaneously as a pulsed
source of clusters and small particles of zinc oxide. The method of numer-
ical modelling of plasma parameters of the zinc and oxygen vapour dis-
charge, which is based on the solution of the Boltzmann kinetic equation
for the electron-energy distribution function, is used to calculate the
plasma parameters (T,—temperature, N,—electron density, rate constants
of electronic reactions) depending on the value of the E/N ratio (where
E—electric field strength, N—total concentration of discharge particles).

Karouori cioBa: mepeHanpy:KeHUN HAHOCEKYHIHUN pO3paAnx, okcuj LuHKY,
KHCEeHb, TOHKIi ILIiBKH, Y ®P-BUNIPOMiHEHHS, IapaMeTpPU IIJIa3MU.

Key words: overvoltage nanosecond discharge, zinc oxide, oxygen, thin
films, UV radiation, plasma parameters.

(Ompumano 30 mpasns 2022 p.)

1. BCTYII

OKcua MUHKY — Ile IPAMOBOHHUM HAIIBIDPOBIMHUK 3 IIUPUHOIO 3a-
6opoHeHol 30HU 6,1u3BKO 3,37 €B Ta eHeprieio 3B’A3KYy eKcuToHY = 60
meB). Bin € mepcnmeKTMBHMM /i BUKOPWCTAHHA AK MaTepidaa Iid
BUTOTOBJIEHHS IIPO30PUX KOHTAKTIB i JeAKMX IiHINIMX Ba'KJIMBUX 3a-
crocyBaub [1-3], doronpuiimauir [4], cBiTaoxion [5]. 3okpema, B [2]
0yJI0O BCTAHOBJIEHO MPUJATHICTh HAHOCTPYKTYPOBAHUX TOHKUX ILJIiBOK
okcuny IluHKY nma 3axucTy Big 3eMHOI yJabTpadiosieToBoi uacTuHH
COHSYHOTO CIIEKTDPY, OAEP:KAHUX XEMiUHMM METOJOM Ha HeIOPOTUX
THYYKUX OigKJATUHKAX, a y mpali [3] HaBegeHo pesyabTaTH OOCJIi-
MUKEeHHA HAaHOYACTUHOK OKcuAy l[MHKY, akTMBOBAaHMX ramMMa BUIIPO-
MiHEHHAM, AKi ImOKasaau, 1m0 B cTPYyKTypi ZnO BigcyTHi icToTHi 3Mmi-
HHY, i BOHU MOKYTh OyTH BUKOPUMCTAHI /Jid JiKyBaHHA PaKy.

KpiMm xemMiuHMX METOHIB CHHTE3W HAHOCTPYKTYPOBAHUX TOHKUX
maiBoK okcuay I[MHKY, MOCTATHBO IIUPOKO BUKOPUCTOBYIOTHCA i pis-
Hi (isuuni mMeTomu omep:xkaHHS Takux MarepisiaiB. Tax, y [6] ToHKi
mriBku ZnO:Al ocamKyBanucsa Ha TBepPAi MiAKJIAAWHKYN METOAOM IIO-
IIIapPOBOTO OCAIKEHHS Y BHUCOKOYACTOTHOMY MATHETPOHi; y mpari [7]
HaBeJEHO Pe3yJIbTATHU AOCIiAKeHHA O0yn0BU, Mopdosorii Ta JiroMiHec-
IeHIlil HaHOCTPYKTYp Zn0, AKi Oyau CHHTE30BaHI MeTOoJaMU eJIEKT-
POTEPMIUHOrO I eJIeKTPOPO3PSALHOrO PO3MOPOINIEHDb ¥ Tasax i pignHax;
B 3HAUHIN KiJBKOCTI BHUIAAKiB BUKOPHCTOBYIOTH METOJl iMIyJIbLCHOTO
JasepHOro ocamxeHHdA [8]. 3a ocTaHHIiN uyac 3HAUHO ITiACUJIMUBCA iHTe-
pec i 10 OAHOBUMIPHUX HAHOCTPYKTYpP okcuay LIuHKY (HaHOCTPMIKHI,
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HAHOAPOTH), OCKiJIbKM B HUX IIPOABJIAIOTLCSI PO3MIipHI KBaHTOBI ede-
KTH; BOHM MAalOTh BHCOKY IOBEPXHEBY ILJIOIIY, IO BasKJMUBO IJ pea-
Jisarii BeJMKOiI abCOpOIifiHOI 3MATHOCTH MAaTepidAay, a TaKOoK BOHU
MIepPCHeKTUBHI AJIA po3podKu jasepiB [9].

MeHII gocuaigKeHNM Ha JaHUM 4Yac € CIocid CMHTe3M HAaHOCTPYKTY-
poBaHUX TOHKUX ILIiBOK oKcuay IIMHKY, KOJM ocam:KeHHA ixX BimOy-
BAEThCA 3 IMIPOJAYKTIB PO3MOPOINEHHS MUHKOBUX €JEKTPOI B iMIIyJbC-
HOMY pPO3p#Ani arMoc(epHOT0o THCKY Ta HPOAYKTIB AucoIidIiii 0ydep-
HOoro rasy (mepeBa:xHO moBiTpsa) [10]. YTBopeHHsa mapu MaTepigay
eJIeKTPOJ BifOyBaeThCA 3a HEBEJMKOI cepemHbOol TeMIIepaTypu Po3ps-
nmoro mpuctpoio (7' <100°C) sa paxyHOK MiKpoBHOYXiB IIPUPOIHiX
HEOTHOPiAHOCTEeH eJeKTPON YV CUJILHOMY eJeKTPUYHOMY IO (eKTOH-
Huit mexanisdm) [11]. CuHTe3a TIiBKM 3a IMMX YMOB Big0yBaeThcA 3a
aBTOMATUYHOTO acHCTyBaHHA Y®P-BUIIPOMiHEHHAM ILJIa3MHU iMITyJIbC-
HOro po3pany [12]. Biausbkuii cmocib cuHTE3U 3 BUKOPUCTAHHAM JJIs
Y®-nincriuyBaHHA MiAKJIAAWHKN 3 IJIIBKOIO B mpolieci ii ocam:keHHs
OKpeMoi pPTyTHOI JamnOou OyB 3actocoBamuii y [13] mim uac cumTesu
HAHOCTPYKTYpP okcuny LIuHKY y BUriaani Habopy HAHOCTOBIUUKIB, IO
YMOMKJIUBUIO 3MEHIINUTH OIIp ILJIiBKOBUX HAHOCTPYKTYP BiIHOCHO
TUX, AKiI Oysu ocamskeHi 6e3 acucTyBaHHA Y P-TpOMEHAMMU.

ExcrnepuMeHTaIbHI pe3yJabTaTH Ta XapaKTePUCTUKM HAHOCTPYKTY-
POBaHUX IIIBOK OKcuAy IIMHKY B IOBITpPi aTMOoc()epHOrO TUCKY Ta CYy-
Mminri moBiTps 3 mapor Bogu HaBeneHO B [14—16]. PesyabraTtu mocuri-
IKEeHHA eMiciiHMX XapaKTEePUCTUK ILJIa3MU IIepeHaIpyKeHoro HaHoce-
KYHIHOTO PO3pAAY B KucHi (3a Tucky p = 13,3 klla) naBeneno B [17]. Po-
3paxyHKH IapaMeTpiB ILJIa3MHU HepeHalpyKeHoTro HAaHOCeKYHIHOTO Po-
3pany B cymimax mapu IIuHKY 3 moBiTpam abo KucHeM, AKUi 6u OyB
MIPOBEAEHUN IJIS TUIIOBOTO POOOYOTr0 PEKUMY CUHTE3HU IIJIiBKOBUX HAHO-
cTPYKTYp okcuny lluHKy, Ha manwuii yac BiacyTHi. B [18] maBenmeno pe-
3yJIBbTATHU OOCJIIMKEHHS BILIMBY MOBXKUHU iCKPOBOTO HPOMiKKY (d = 1—
20 MM) Ha BHECEHHS €Heprii y po3pAmHUN KaHaJ, OAepP:KaHi ILIAX0M
YHUCeJbHOT0 MOJEJTIOBAHHS IIPOIeCy PO3BUTKY iCKPOBOTO PO3PALY B a30-
Ti arMocdepHOTO THCKY 3a pisHmx mapametrpiB RLC-koja. Beranosie-
HO, IT10 30iJIbIIIeHHA MOBMKUHU IPOMIiKKY 30iJbIlIye ommip ickpu; y pos-
PAIHOMY KOJIi i3 HAKOOIMUYEHOIO0 eHEPTielo MOHA AeCATKU IMKOYJIiB CIIO-
cTepiraeThbcd JiHiliHA 3aI€KHICTD MijK JOBKUHOIO IIPOMiMKKY i1 eHepri-
€10, ITII0 BUMIJIAETHCA Y HbOMY, a i3 HAKOONWYEHHAM €HEeprii o omaHOoTro
IKOYJISA I8 3aJIeKHICTh CTae HEJHiNHOIO.

Hna onTumisanii cuHTe3U MJIIBKOBUX HAHOCTPYKTYP Ha OCHOBi OK-
cuny IIMHKY BasKJIMBO IIPOBECTH OIITHMisallifo poboTu momi6bHOro ra-
30pO3PATHOr0 PeaxkTopa 3 BUKOPHCTAHHAM He JIMINe IIOBiTpA aTMoc-
(depHOTO THUCKY, ajie i B KUCHI 3a pisHMX #oro Tuckis. Hocaim:xkeHHs
XapaKTepUCTUK IIepeHalpPyKeHOT0 HaHOCEKYHIHOTO pPO3PAAy MixK
eJeKTpoJaMu 3 IIMHKY B KMCHiI aTMOC()epHOro THUCKY Ta UHCJIOBE MO-
IeJIIOBaHHS MapaMeTpPiB IIJIa3MH B ra3omapoOBUX CYMIiIllaX «KHUCEHb—
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IMuuk» gaa ymMoB, OJM3BKUX M0 peali3oBaHUX B eKCIePUMEHTi, pa-
Hillle He ITPOBOLUJINCS.

B npawmiii crarTi HaBegeHO pPel3yJIbTATH AOCJIIKEHHA eMiciiHMX xapa-
KTEePUCTHUK IIepeHaNpPyKeHOT0 HaHOCEKYHIHOTO PO3PANY MiK eJIeKTpO-
IaMu 3 IIUHKY B KMCHIi; B pe3yJibTaTi PO3IIOPOIIIEHHA ITUHKOBUX €JIeKT-
pox i mecTpykirili momeKya OKcUI'eHY B ILIa3Mi Taki po3pAgM BHUCTYIIA-
IOTh JKepesioM aK ¥ P-BUIIPOMiHEHH:, TaK i MOTOKY KJacTepiB i HaHO-
yacTUHOK okcuay IIuHKYy, aKi MOKYTh OyTH ocai:KkeHi Ha TBepAY MigK-
JaguHKY, BCTAHOBJIEHY OiJId CUCTEMHU eJIEKTPO, IO € IMePCIeKTUBHUM
IJIA cuHTe3U IUIiBOK okcuay IIuHKY B mmosi Y@®-BUIPOMiHEHHA; TaKOMXK
HaBeJeHO ITapaMeTpPH IJIa3MU PO3PANY, OJepP:KaHi B pesyabTaTi YUCIIO-
BOT'0 MOJIEJIIOBAHHA TPAHCIOPTHUX ITapaMeTpiB MJIasMu, TUTOMUX BTPAT
eHeprii po3pALy Ha OCHOBHI eJIEKTPOHHI IIPOIlecy Ta KOHCTAHT MIBUIKO-
CTU eJIEKTPOHHUX ITPOIIECiB Y po3pAAi B ra3oIapoBiil cyMmilni «KuceHb—
IMuuk» maIgxoM po3B’sa3aHHA BoabliManHOBa KiHETUYHOTO PiBHAHHS
Iaa yHKIIT po3noiay eIeKTPOHIB 3a eHepriamu.

2. TEXHIKA I YMOBHU EKCIIEPUMEHNTY

Ilepenanpy:xkeHnli HAaHOCEKYHIHUI PO3PAJN 3alalOBaBCA MisK ITUJiH-
IPUYHUMU eJIeKTPOoJaMHu 3 IIUHKY, AKX OyJ0 BCTAHOBJIEHO y mieJieK-
TPUUHIN Kamepi. BJIOK-cxeMy eKCIIepUMeHTaJbHOTO IPUCTPOIO Ta CH-
CTeMU IJIs OCA»KeHHS TOHKUX ILJIiBOK 3 ILJIa3MU PO3PANY HaBeIeHO B
[16]. Bigmanp mixx enexTpomamMu ckJaajgaja 2 MM. Pospamma Kamepa
BigkauyBajaca (OpBAKYYMHOIO IIOMIIOIO IO 3aJUIITKOBOTO THUCKY y 10
IIa, a micaa B KaMepy HallycKaJau KHUCeHb. [ligsMeTep IMUIIHAPUUYHUX
eJeKTPOJ MOPiBHIOBAB 5 MM; pamiloc 3aKpPyIJIeHHA iXHBOI pobouoi To-
pIieBoi MoBepXHi g 000X eJIeKTPOoM JOPiBHIOBAB 3 MM.

3amnangoBaHHA IIepeHanIpyKeHOr0 HAHOCeKYHIHOTO PO3PALY B KMCHI
BigOyBaJioCcs 3a JOIIOMOT'0I0 BUCOKOBOJILTHOT'O MOAYJIATOPA OilOJIapHUX
iMIyJIBCiB HATIPYTH i3 3araJbHOI0 TPUBAJICTIO iMITyIbCiB Hanipyru y 50—
150 Hc 3a ammmiTyau momaTHixX i Big’emuux cxjaagoBux y £20—40 kB.
YacToTa moBTOpeHHs immynabciB mampyru — 100 I'm. [laa peecrtparii
CIIEKTPiB BUIIPOMiHEHHS IIJJa3MH BUKOPKHCTOBYBABCA MOHOXPOMATOP
MIOP-2 ta ¢poronomuoxkyBad (PIY-106). Curunan 3 poTomomMHOKYyBaua
HaJIXOMWB Ha HificUJIIOBAY i (piKCcyBaBCA 3 BUKOPUCTAHHAM aMILIiTyTHO-
uGpoBOTO IIepeTBOPIOBaUa B aBTOMAaTU30BaHill cucTeMi BUMipioBaHHSA
CIIEKTPiB Ha AuUCIIei IepCoOHAJILHOTO KOMII IoTepa. BumpomMineHHsS pos-
pany mocaimyKyBajsiocs ¥ CIeKTpaabHii oomacti 200—-650 M.

3. XAPAKTEPUCTUEKU ITEPEHAIIPYJKEHOI'O HAHOCERYHIHOI'O
POSPANY

3a TuckiB KucHi B gismasoui Big 13,3 mo 101,3 klla HaHoCceKyHIHUI
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po3psan OyB OSHOPiAHMM, IO 3aBAAUYYE IIepemiioHisaIlii rasoBoro ce-
pemoBuIlla Bifi CYIIyTHLOTO PEHTI'€HIiBChKOT'0 BUIPOMiHEHHS Ta BiX
IyYKa eJeKTPoHiB-BTikauiB [19]. PeKuM «TOUKOBOTO PO3PALY» HOCH-
raBcd JIMINe 3a YacTOT HOBTOPEHHA iMOyJbCiB HAIPyru B IiAmas3oHi
f=40-150 I';, a i3 36iabirenaaM yactoTu Ao 1000 I'ip 06’eM miaasMu
rasopo3pAIHOrO BUIPOMiHIOBaua 3pocTas o 100 mm?®.

XapakTepHi ocrujorpamMu iMIIyJIbCiB HaANpyTW Ta CTPYyMYy IJd IIe-
PeHaAIPyKEeHNX HAHOCEKYHIHUX PO3PAMIIB MiK eJeKTpPoJaMH B KHUCHI
aTMoc(epHOT0 THUCKY Oyam OJM3LKUMHU OO aHAJOTIUHOTO PO3PANY B
MOBiTPi MixK esleKTpomamMu 3 IMUHKY ab6o mimi [14—16]. Ocnuaorpamu
HAIIPpyTu Ta CTPyMy Oyaum y dopMi sracamoumx y Yaci OCIMJIAIIN Tpu-
BaJricTio 6im3bK0 7—10 He, 10 3YMOBJIEHO HEY3TOIKEHIiCTIO BUXiZHO-
r0 OHOPY BHMCOKOBOJIBTHOTO MOZYJIATOPa 3 OIOPOM HAaBaHTAKEHH.
Ociuaanii eJeKTPUYHUX XaPAKTEPUCTUK HANOIJbIIe TPOSABIIAINCS
Ha ocHujJorpamMax HAIPYTd, OCKIJIbLKH OCIHMJIOTPAMU PO3PSITHOTO
cTpymMy Oyau B 3HAUHiM Mipi mpoiHTerpoBaHi 3a yacoM BHACJIJIOK Be-
JUKOI crajoi uacy moscy 3a PoroechbkuMm. MakcumaibHa BeJIUUYNHA
cIajgy HaOpyrd Ha PO3pAIHOMY HpoMixKKYy ckJaazama 30—50 kB, Bpa-
XOBYIOUM OOJATHIO Ta Big’ eMHY aMILIiTynu Hampyru. MakcumajbHa
aMmiLriTyma crpymy carama 350 A. Haii6inpIia BeqnuyuHA iMITyJIBCHOL
MOTYKHOCTH po3pany mocAranacsa B mepiri 100—-120 He 3 MOMeEHTY
oro BsamajoBaHHA Ta carajga 4-—5 MBr. MaxkcumasnbHa eHepria
OKPEMOT0 eJIEKTPUUHOTO iMIyabey ckaagaga 100 mllx.

Ha pucynrky 1 maBemeno yabTpadioseToBy UYacCTUHY CHEeKTPY BHU-
MIPOMiHEeHHSA IIepeHaIpPysKeHOro IIOIEePEeYHOro pPo3pAny, dAKa € OCHOB-
HOI0 Yy BUIIPOMiHEHHI MiK eJeKTpoJaMu 3 IMUHKY 3a THUCKY KHCHIO Y
101,3 xIla, a moBHUII cIeKTep BUIIPOMiHEHHS TAKOTO PO3PALY Ta pe-
3yabTaTu ioro imeumtudikarii 3a Tucky xucHioo y 13,3 klla (d =2 mm)

I, BigHu. ox.

6-10 11-16

T T 1
200 250 300 330

Ay HM

Puc. 1. Cnekrep BUIPOMiHEHHS MEPEHANPYIKEHOI'0 HAHOCEKYHIHOI'O PO3PILY
MiXK eJeKTPOAaMI 3 MUHKY 3a THCKY KucuHio y 101,3 xIla.l
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HaBemerno y [17]. Cmekrpu 3a atrmocdepHoro tucky Ta p= 13,3 klla
moxibHi i BigpisHAMMCA JUIle IHTEHCUBHOCTAMU CHEeKTPAJIbHUX JIiHii.

PesyibraTtu izeHTH(iKaIil CIIeKTPYy BUOPOMiHEHHS, HaBeJEHOIO Ha
puc. 1, maBemeHo y Tabja. 3amiaa imeHTudikailili oKpeMuxX CIEeKTPAJIb-
HUX JiHI# i cMyr y coeKTpax BUIIPOMiHEHHS PO3PAAY BUKOPUCTOBY-
Basmucsa pmoBimumku [20, 21].

B cmexTpanbrHoMy inTepBasi 206—280 M BumpoMiHeHHS HepeHAl-
PYKEHOr0 HaHOCEKYHJHOTO PO3PAAY Ha OCHOBiI rasomapoBOi cyMiri
«kuceHb—1IUHK» peecTpyBajiicA HepeBaKHO cHeKTpaJbHi Jixil IuH-
Ky (Zn 1, Zn II). I3 #tomrux mimitt [IluaKy BUAiIAIMCA 3a iHTEeHCHUBHI-
ctio: 206,20, 2209,99 um Zn II, a 3 aTOMOBUX CHEKTpPaJbHUX JiHil
— 213,85 um Zn 1. ITopiOHMiT pos3momis iHTEHCHMBHOCTH BUIIPOMiHEH-
Ha miaasmu napiB IluHKy cmocTepiraBcs B razopospanHiit mammi [22].

B cnekTpax BUNIpOMiHEHHA MJIa3MU IepeHaAIPy:KeHOT'0 HaHOCEKYH-
IHOTO PO3PALY MixK eleKkTpomaMu 3 MUHKY (i3 d=1 mMm) y moBiTpi 3
MaJIoI0 IOMIIIKOIO ImapiB Bomm 3a Tucky cywmimri y 103,3 xklla ocHOB-
HuUMU B Y®P-miamasoui cmexTpy Oyam ioHHi gimii: 202,6, 206,2 mm
Zn II, a B mgpyri#t rpyni aimii aroma IMuurky — 250,2, 255,8 um Zn 1
[15], 1m0 He Kopeaioe i3 BiAmOBiZHMMU pes3yJbTaTaMHU AJA PO3PALY B
KucHi (puc. 2. i Tabu.). Ile Moxe OyTH COPUUMHEHO 3MiHOIO pony Oy-

TABJUIISA. Pesynbratu posimu@pyBaHHs CIOEKTPiB BUIIPOMiHEHHS
IIepeHanpyKeHoro HaHOCeKYHIHOTO PO3PALY MijK eJeKTpodaMu 3 ITHU-
HKY 3a THCKiB KucHi0 y 13,3 i 101,3 kIla.’
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1 206,2034,2372,52Zn 11 0 6,01  3d"4s 2S,, 3d"4p *P°, ,
2 209,99 385,7855,72 Zn II 6,11 12,02 3d'%4p 2P03/2 3d'°44d ?‘Df,/2
3 213,8523,9339,54 Zn1I 0 5,79 3d'%4s% 'S, 3d'°4s4p 2P°,
4 250,1910,5714,38 Zn1 6,01 10,96 3d"4p °P°, , 3d%5s %8, ,
5 255,79 18,4022,59 Zn I 6,11 10,96 3d'°4p 2P°, , 3d'%5s 25,
6 258,24 2,47 5,22 Zn1 4,02 8,82 3d'%4s4p 3P’ 3d'%4s6d °D,
7 267,05 0,81 3,33 Zn1I 4,00 8,64 3d!%4s4p 3P, 3d1%4s7s 38,
8 273,32 1,36 4,19 OII 25,2829,82 2522p*(*P)3p 25, , 25?2p*(*P)4s 2P, ,

9 277,09 2,4 4,54 Zn1 4,02 8,50 3d"4s4p *P°; 3d"4s5d D,
10 280,08 3,4 6,46 Zn1 4,07 8,50 3d4s4p *P°, 3d"4s5d ®D,
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IIpodosicenns TABJIAIIL.

Ne
}\’Taﬁn.’ HM
I...,BimH. of.
p(0,) — 13,3 klla
I.., BimH. off
p(0,) — 101,3 kIla
006’eKT
EH]/I)KH.’ eB
TepMHﬂ){{H.
TepMBepx

25°2p%(3P)5f
F[4]%,,
25?2p%(3P)5f
D3],
2s*2p*(®P)5f
D?[2];,
14 307,206 1,42 5,22 Zn1 4,07 8,11 3d*4s4p *P°, 3d'%4s6s 3S,
15 313,60 4,71 7,36 N, HOpyra gogarus cucrema C°T1,~B°I1," (2;1)
16 327,75 5,62 13,49 O II 25,83 29,61 25°2p*CP)3p *P°,, 2s*2p*(°P)ds *P,,
17 329,49 12,89 18,12 O II 25,83 29,59 25?2p*(P)3p ‘P, 2s2p*(P)ds *P,,
18 334,50 15,89 18,01Zn I 4,07 7,78 3d*°4s4p °P, 3d%4s4d 3D3
19 339,02 3,57 6,13 O II 25,28 28,94 25*2p*(°P)3p 25°,, 25°2p’CP) 3d °P,,

11 298,04 3,31

(=2}
—
w

O 1T 28,82 32,98 25°2p*(°P)3d ‘P,
12 302,01 2,26 5,33 O IT 28,83 32,93 25°2p*(°P)3d ‘P,

13 304,71 2,82 5,67 O1II 28,88 32,95 2s5°2p°(°P)3d *F,,

204 -*

g, eB
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Puc. 2. 3anexHicTh cepeHbOI eHeprii eleKTPoOHIB y IIas3Mi po3pAny Ha Cy-
mimti Zn:0,=100:101300 ITa Bixm 3BegeHOI HANPYKEHOCTH EJEKTPUYHOTO
IOJIA 3a 3araJIbHOTO THUCKY poOouoi cymimi y 101400 ITa.?

depHOTO rasy, a TaKo:K yMoBaMu (DOPMYBAHHS €KTOHIB 3a IIUX YMOB.

B cmexrpanabHiii o0macti 300—500 HM OCHOBHHM OKEpPeJOM BHUIIPO-
MiHeHHa maasmMu Oyam ioHum Oxcuremy. Hai6inbin iHTeHCHBHUMU
CIEKTPAJbHUMH JIiHiAMU OZHO3apALHOTO HoHa OKcureny OyJu Jrimii:

407,58, 411,92, 433,68, 441,48, 464,18, 464,91 i 470,53 um O II.
Eneprii BepxHixX eHepreTHYHMX CTaHiB y mux moHax OKcUI'eHY csAra-
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au 25—29 eB, 110 BKadye Ha BUCOKY TeMIepaTypy eJeKTPOHiB y Ie-
peHanpyKeHOMY HaHOCEKYHIHOMY PO3PAi.

IlopiBHAHHEA cHoiBBigHOIIEHHA e(eKTHBHUX IIePepisiB clIeKkTpab-
Hux Jgimiit aroma Iuarky: A =258,24 i 267,05 um, B3artux 3 [23], 3
JaHUMU eKCIEPUMEHTY IJA 000X Ta3omapoBUX CYMiIllell «KHCEeHb—
ITueK» ITOKas3aJio, IO BiHOINIEHHA MIEepepisiB IPAMOro eJIeKTPOHHOTO
30ymKeHHa IMUX JiHil 3a eHeprii emexkTporis E = 30 eB me Bigmosiga-
JIO BiTHONIEHHAM iHTEHCHMBHOCTH IIMX CHEKTPaJIbHUX JIiHi#N, omep:Kka-
HUX B €KCIepHMeHTi. 3 IIbOTO0 BUILJIMBAE, IO MPAMUN eJIeKTPOHHUIA
yIap B JaHOMY €KCIIEPUMEHTi He € OCHOBHUM MeXaHidMOM 3acejleHH:d
BEePXHiIX €HepreTMYHMX PiBHIB AJA CHeKTpaJbHUX JiHi# aroma IluH-
Ky. Tomy HaibinbIn HMOBiIpHI MexaHisMu yTBOpeHHA 30yI:KeHUX
aromiB Ilunky, #ioHiB Iluuky Ta OKcureny B IlepeHAIpy:KeHOMY Ha-
HOCEKYHIHOMY PO3PALi 3yMOBJIEHI mpollecaMu 30yAKeHHSA iX Ta HOHi-
3arii exrexTpoHamMu 3 MeTacTabiIbHUX PiBHIB, 3 OCHOBHOTO CTAaHy Bij-
MMOBigHOTO IfOHA Ta IIpollecaMu AieJIeKTPOHHOI pekomoOimarii [16].

3. IAPAMETPHU I1IJTASMHU

ITapamerpu masMu rasoBOro pPO3pAAy B rasomnapoBiii cymimri IuHKY
3 xkucHeM i3 cmiBBigHomeHHsa kKommoueHT 100 ITa—101,3 kIla BusHa-
yajauca BHACJIILOK YMCJI0BOTO MOJEJIOBAHHA SAK IOBHI iHTerpanu Qy-
HKIi1 posmofniny enekTpoHiB 3a eHepriamu (PPEE) B pospazni. PPEE
3HAXOUJIVICA Yepe3 YUCJIOBe PO3B’sA3aHHA BosbIiMaHHOBA KiHETUYHO-
ro PiBHAHHA B ABOWIeHHOMY Habam:keHHi. Pospaxyuku PPEE mpo-
BOAUJNCA 3 BUKOPHUCTAHHAM IporpaMu aBTopiB [24]. Ha ocHoOBi pos-
paxoBarux PPEE 6ynu Bu3HaUeHi cepedHi eHeprii eleKTPOHIB pos-
PAy, PYXJUBICTH €JIEKTPOHIB, TeMIIEpaTypH eJeKTPOHIiB, IHUTOMI
BTPaTHU HOTYKHOCTU €JIEKTPUUYHOTO PO3PAAY Ha HEUPY:KHI Ta MPy:KHIi
€eJeKTPOHHI IpoIlecu, PO3CiAHHA eJeKTpPoHiIB Ha aromax IlmHKY, MoO-
JIeKyJaX KHUCHIO B 3aJIE}KHOCTi Bijf BeJIMUMHU 3BeJE€HOTO eJeKTPUUHO-
ro moJid (BiIHOIIEHHA HANPYKEHOCTU eJeKTpuduHOro mojd (E) mo mo-
BHOI KouImeHTparii cymimmi mapis Iluaky Ta kKucuio (N)). IHianason
smiEu BesmuuHM napamerpa E/N =1-1000 Tx (1-10*'-1-107'% B-m?).
Bin BKJIOUAB TaKOK BeIWUYMHU mapamerpa E/N, aki Oyiaum peasiso-
BaHi B ekcnepuMeHTi. B iHTerpasii 3iTKHeHb eJeKTPOHIB 3 aToMaMu
Ta MOJIeKyJaMu OyJu BpPaxOBaHi HACTYIHI IpoIecH: MPY:KHE PO3Ci-
SHHA eJeKTPOoHiB Ha aromax lluuKy i mosmekymax Oxcureny, 30y-
IKEeHHA eHepreTWYHuUX piBHIB aroma l[mHKY (3 eHeprismu mopory y
3,89, 4,00, 4,60, 5,02, 5,64, 8,55, 8,82, 9,00, 9,10, 9,40, 10,61,
17,00, 17,61, 23,55 eB), itonisaiiis atoma Iluuky (eHepria mopory —
9,40 eB), 30ymKeHHA eHEePreTUUYHMUX PiBHIB MosieKysu OKCUTEHY: KO-
auBHUX (eHeprii mopory: 0,190, 0,380, 0,570, 0,750 eB), ereKTpoH-
Hux (eHeprii mopory: 0,977, 1,627, 4,500, 6,000, 8,400, 9,970 eB),
IUCOIiIITUBHOTO NPUJWUIIAHHA eJieKTpoHa (eHepria mopory — 4,40



VMOBU CUHTE3U HAHOCTPYKTYP OKCUIY ITUHKY 3 ITPONVKTIB IECTPVKIII 81

eB), itomisarii (emepris mopory — 12,06 eB). EdexTuBHi mepepisu
30ymxeHHA ¥ iomisamii aTromiB I[mHKY ejleKTpoHaMH B3ATO 3 Ipallb
[25, 26].

CepenHs eHepris eJeKTPOHIB Po3pAAy JiHiNHO 30iJdbIIyBaJjacsa Bif
0,1075 mo 2,935 eB i3 30inbmieHnHAM BeauuuHu mapamerpa E/N B
miamaszoni 1-35,45 Tx (puc. 2). 3a momaabIIOro 3pOCTAHHSA BEJIUUMHU
napametrpa go 1000 Tg Takoxx cmocTepiramgoca JiHiliHe 30iIbIIeHHS
cepeqHbOI eHeprili eJeKTPOHiB, IIPOTe 3 MEHIIIOK INBUAKICTIO 3poc-
TaHHA. g nidnmasoHy 3BeleHOl HANPYsKEHOCTU eJIEKTPUUYHOTO IT0JIA
300 Tx i 510 Tx, 3a axoro OyJiM IPOBeAeHI eKcIepUMeHTaJbHI JOCJIi-
IKEHHSA eJeKTPUUYHUX i ONTUUYHHUX XapaKTEePHUCTUK PO3PSALY, CEeperHi
eHeprii exekTpoHiB Manau 3HaueHHA v 8,431 1 12,22 eB BigmosigHo. A
ixHi maiibinapmii edeprii caraau BeanmuuH y 98,68 i 156,4 eB Bigmosi-
nuo. Temmeparypa eleKTpoHiB ckiaagasaa: 97799,6 K i 141752 K, a
IIBUAKOCTi Apeiidy enexTporis — 3,5-10° m/c Ta 6,2-10° m/c 3a 3Ha-
yeHb napamerpa E/N 300 Tx i 510 Tx BigmoBigmmo. 3HaueHHsS KOHIIE-
HTpamii eleKTPoOHIB 3a IMuX mapaMerpiB Oyau HacTymEumu: 1,18.10%
M2 i 0.77-10*° m™® gna rycturm crpymy y 6,63-10° A/m? i 7,65-10°
A2/M2 Ha IIOBEpXHi eJleKTpoiu gepeaa sunpominenHsa (0,196-107*
M°).

Ha pucyHky 3 mpeacTaB/IeHO Pes3yJbTAaTH YKCJIOBOTO MOETIOBaHHS
3aJIEXKHOCTY HAUOLIBINNX 34 3HAUEHHAM KOHCTAHT IIBUIKOCTH 3iTK-
HeHb eJIeKTpoHa 3 aTtomMoM IluuKy Ta mMojeryiaoro OKcurexny Binm Be-
auumHu napamerpa E/N y pospdani Ha cywmimti napu ITuHKY Ta KUCHIO

k, m3/c
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Puc. 3. 3amexHOCTI KOHCTAHT IIBUAKOCTH 3iTKHEHH €JEKTPOHIB 3 aToMaMu
Muuaky i momekymramu OKcureHy Bia Bemmuwmuu mnapamerpa E/N B pospdAni
Ha cymimri Zn—0,=100:101300 ITa i3 3aranpuuM Tuckom y 101400 ITa: 1 —

pysKHE po3cigaHHa Ha aTtoMmi I[uHKY; 2 — NpPYKHE PO3CIAHHSA Ha MOJEKYJIi
Oxcureny, 3 — ionisamnia aroma Iuaky (emepria mopory — 9,4 eB); 4 —
30yMKeHHs craHy MoJseKynau Okcureny (eHepria mopory — 8,4 eB); 5§ —

itomisamia mosexyn Oxcurerny (emepris mopory — 12,06 eB).*
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3a CHiBBiHOIIIEHHA NapI[iAJbHUX THCKIiB CKJIQJIOBUX I1apoTra3oBOl Cy-
mimri 100:101300 Ila is ii sarampuum TmckoMm p = 101400 ITa. [ani
KOHCTAHTH eJIEKTPOHHUX IIBUIAKOCTEH XapaKTepU3yBaJIUCA BUCOKUMU
a0COJIOTHUMHK  BeJIWUYMHaAMM, HAKiI 3HaXoguauca B  JiANa30Hi
k~1,910'%-1,6-10% m®/c, 1m0, B mepIIy uepry, 3yMOBJIEHO 3HAUHMH-
MM BeJIWUYMHAMU aOCONIOTHUX e(EeKTUBHUX IIepepisiB BimmoBigHMX
€JIEKTPOHHUX IIPOIlECiB. ¥ MifIa30Hi 3BeJeHMX HAIPYKEHOCTEeH eJIeK-
TpuuHoro mojsa 300-510 Tx, 3a axoro OyJum HpoBeIeHI eKCIepuMeH-
TaJbHI JOCTIMMKEHHS eJeKTPUUYHUX Ta ONTUYHUX XapaKTEePHCTHUK PO-
3pANy KOHCTAHTH IIMBUAKOCTH HPYKHBOTO PO3CiAHHSA e€JeKTPOHIB: Ha
aromax IlmEKY Maxu 3HadeHHa 1,265-107° m®/c i 1,1.107"® m®/c; Ha
mousrekynax Oxcureny — 1,194-107 m®/c i 1,512-107" m®/c. Koncra-

HTU IIBUAKOCTH: HoHisamii aromi ITmmxy — 1,964-107* m%/c i
4,061-10™ m?/c, 36ymKeHHS eJeKTPOHHOIO CTaHy MoJeKyau OKcH-
remy (3 moporoBoio eHeprielo y 8,4 eB) — 8,286-10* m®/c i

1,322:10** m%/c, iomisamii monexyn Oxcureny (eHepria mopory —
12,06 eB) — 1,298-107"° m%/c i 4,622-107 m?/c.

4. BAICHOBRH

TakuM YMHOM, BCTAHOBJIEHO, IO II€PEHAIIPYKEHUIN HAHOCEKYHIHUM
pospan y kucHi (p=13,3-101,3 xlla) mixk eseKTpomamMum 3 IIUHKY
(d =2 MM) € mOCTAaTHBO ONHOPIAHUM ILTa3MOYTBOPEHHSIM 3 iMIIyJbC-
HOIO eJIEKTPUYHOI0 MOTYKHicTIO 10 5 MBT Ta eHepreTHYHMM BHECKOM
y maasmy go 100 mIx.

JocaimkeHHs I BUIPOMiHEHHA PO3PALY B TrasollapoBUX CcyMimrax
«kuceHb—IIMHK» ITOKAa3ajo0, M0 B CHEKTPaxX BUIPOMiHEHHA ILJIa3MHU Yy
nisimasoni moB:kmMH XBuab 200—650 HM mpeBaJIfOBAJI0O BUIIPOMiHEHHS
omHo3apanuux oHiB Iuuky 1 OKcureHy, a HaibiIbIIT iHTeHCUBHUMU
OyJin pe3oHAHCHi cHeKTpaJbHi JiHii aToma (A= 213,85 um) i omHo3a-
panuoro iioma IluaKy (A= 206,20 HM), a Tako:x JiHia 3 A= 209,99
HM Zn I; iHTeHCUBHICTh BUIIDOMiHEHHA CIeKTpalbHUX JiHil HuuKy &
Oxcureny 306iJibITyBasiacAd i3 3pOCTaHHAM THCKY KUCHIO; TOMY DPO3PANI
3a aTMochepHUX THUCKIB KHUCHIO Oyae HaANOiJbIN NMEPCIEKTUBHUM A
3aCTOCYBaHHS 3a aBTOMATHMYHOIO ACUCTYBaHHS CHUHTE31 TOHKUX ILIi-
BOK Ha OCHOBi HAHOCTPYKTYp OKcuay IIWHKY, IO € TaKOX IepCcIeK-
TUBHUM [Jisl BILIUBY HaA €JEKTPUYHI XapaKTEPUCTUKU CUHTE30BaAHUX
IIJiBOK (3MEHIIIeHHS IXHBOTO OIOPY). BUxomAdum 3 ogep:KaHOTO CIIEK-
TPaAJBLHOTO PO3MOAiJy BUIPOMiHEHHS ILJIa3MM, HAWOiIbIIT HMOBipHUMU
mporecaMy YTBOPEHHsA 30yIKeHMX aTOMiB i omHOo3apamHumX HOHIB y
ITaHOMY PO3PALi MOMKYTh OyTH peakIiii 30ymKxenusa ioHiB I[uuKy i
OKcureny eJeKTpPOHAMHU Ta IIPOIECU JieJIEKTPOHHOI peKoMOiHalrii.

YucsioBe MOJEJIIOBAHHA PO3PALY B CYMIillli aTMOCHEPHOTO THUCKY
(oA p(Zn) =100 Ila) mokasajyio, IO AJA MiATa30HY 3BeAEHOI HaMIpPY-
sKeHocTu eneKTpuunoro moasda 300-510 Tx, 3a AKOro IPOBOSUJINCS
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eKCIIepUMEHTANIbHI JOCTiIMKeHHA XapaKTEepPUCTUK pOo3pAAYy: cepemHi
eHeprii eJIeKTPOHIB 3Haxoguaucsa B AiAnasoHi 8,431-12,22 eB; Tem-
mepaTypa eJeKTPOHiB 3MiHIoOBasaca B miamasoni 97799,6-141752 K;
IIBUJKOCTH Jpeiiy eNeKTpoHiB Manau 3HaueHHA 3,5-10° Mm/c Ta
6,2:10° m/c; koHmeHTpamii enekTpoHiB ckiaaganum 1,18-10%° m™® Ta
0,77-10%° m3® 3a BesmumnaM mapamerpa E/N =300 i 510 Tx Bigmosiz-
Ho. KoHCTaHTH NMIBUAKOCTH 3iTKHEHDL eJeKTPOHiB i3 aromamu I[mHKY
ta MosekygamMu OKcureny 6yiam sHauHmMu: k~1,9-107'%-1,6-1072°
M%/c, IIT0 3yMOBJIEHO BeJIMKUMHK a0COJIOTHHMH e(eKTHBHUMHE IIepepi-
3aMM BiAIIOBimHMX IIporeciB. BoHu cArajim MakCHMAaJIbHOI BeJIMUYMHU
B OiAIasoHi 3BeJeHOl HAIPYKEHOCTH ejieKTpuuHoro mouasa y 300-510
Th.
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! Fig. 1. The emission spectrum of the overstressed nanosecond discharge between the zinc
electrodes at an oxygen pressure of 101.3 kPa.

2 TABLE. The results of decoding the emission spectra of the overstressed nanosecond dis-
charge between the electrodes of zinc at oxygen pressures of 13.3 and 101.3 kPa.

3 Fig. 2. The dependence of mean energy of electrons in the discharge plasma on the mixture
Zn:0,=100:101300 Pa on the reduced electric field strength at the total pressure of the
working mixture of 101400 Pa.

4 Fig. 3. Dependences of electron rate constants with zinc atoms and oxygen molecules on the
value of the parameter E/N in the discharge on a mixture of Zn-0,=100:101300 Pa at a
total pressure of 101400 Pa: I—elastic scattering on a zinc atom; 2—elastic scattering on an
oxygen molecule; 3—ionization of the zinc atom (threshold energy of 9.4 eV); 4—excitation
of the oxygen molecule (threshold energy of 8.4 eV); 5—ionization of oxygen molecules
(threshold energy of 12.06 eV).
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Simulation Analysis of Formamidinium Lead Iodide Perovskite
Solar Cells as Function of Thickness and Defects of Absorber
Layer, Hole and Electron Transport Layer Under SCAPS-1D
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This paper reports the simulation and optimization of the perovskite-
based photovoltaic solar cell. The basic perovskite solar cell simulated in
this work is a planar n—i—p structure. It consists of three different layers:
a perovskite absorbing layer, which is sandwiched between the electron-
transport layer (ETL) and the hole-transport layer (HTL). The present pa-
per shows numerical simulations of a planar heterojunction solar cell hav-
ing the following structure: FTO/ETL/perovskite/HTL/Au (FTO—
fluorine-doped tin oxide). Formamidinium lead triiodide (FAPbI;) is used
as perovskite absorber material; intrinsic tin oxide (i-SnO,) and tungsten
disulphide (WS,) are used as electron-transport layer, and cuprous oxide
(Cu,0) and Spiro-OMeTAD are used as hole-transport layer. The effects of
the ETL and HTL types and the thickness of each layer are given by
means of simulation using SCAPS-1D software. The obtained results show
that a cell with WS, (50 nm), FAPbI; (750 nm) and Cu,O (10 nm) gives
better efficiency of 26.07%.

Y mamiit craTTi MOBiZIOMJISIETHCS HPO MOJEJIOBAHHS M OIITHMMisalliro ¢oroe-
JIEKTPUYHOI'0 COHSYHOTO eJIeMeHTa Ha OCHOBi MmepoBchbKiTy. OCHOBHUM IIe-
POBCHLKITHHM COHAYHUM eJIEMEHTOM, 3MOJeJbOBAHUM Yy IIifi pobori, € mjaac-
Ka n—i—p-cTpyKTypa. BiH ckJlamaeThcd 3 TPbOX DPi3HMX IapiB: IMEPOBCHKIT-
HOTO BOUPHOIO IIapy, SAKUN 3aTUCHYTUN MiK eJIeKTPOHHO-TPAHCIOPTHUM
mapom (ETL) i mipkoBum tpaucnopraum mapom (HTL). HaBemeHno uncenbue
MOJEJTIOBAHHSA IJIACKOTO T'eTEePOIePEeXiJHOTO COHAYHOTO eJeMeHTa 3 HaCTYII-
Hoio cTpyKTypoio: FTO/ETL/nepoechkit/HTL/Au (FTO — oxkcux Cranymy,
aerosanuit @ropom). Tpuitogucruii ILarom6ym—dopmamiaun (FAPbI;) Bu-
KOPHCTOBYETHCA K MaTepidAy-BOMpau MepOBCHKiTY; BiacHuii oxkcupy Cramy-
my (i-SnQ,) i gucyabpdin Boasdpamy (WS,) BUKOPHUCTOBYIOTHCA B SKOCTL
eJIEKTPOHHO-TPAHCHOPTHOTO I1apy, a okcunpg Kympymy (Cu,0) i Spiro-

87
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OMeTAD BUKOPUCTOBYIOTHCSI B SAKOCTi AipKOBOTO TPAHCIIOPTHOTO IIIapy.
Edexrtnn ETL- i HTL-TuniB i TOBIIMHA KOXKHOTO IIApy 3aJal0ThCA 3a AOIIO-
MOTOI0 MOJeJIIOBAHHA i3 BUKODPHUCTAHHAM IIPOTPAMHOTO 3abe3leueHHA
SCAPS-1D. Opep:xaHi pe3yabpTaTu IMOKasylOTh, 10 KoMipka 3 WS, (50 HM),
FAPDI; (750 uMm) i Cu,O (10 EM) gae ainmy edexTusBHicTs y 26,07% .

Key words: perovskite solar cells, SCAPS-1D simulation, electron-
transport layer, cuprous oxide, tungsten disulphide, defects.

KarouoBi croBa: 1mepoBCHKiTHI coHsSuYHi emeMmeHTH, MomenioBaHHa SCAPS-
1D, eneKTpPOHHO-TPAHCHOPTHHUI IIap, okcun Kymnpymy, mucyiabdin Boand-
pamy, nedeKTn.

(Received 27 July, 2022)

1. INTRODUCTION

Perovskite based solar cells have great photovoltaic performance
with power conversion in a wide region of optical absorption [1].
However, the simplicity and ease of device fabrication from solution
with the realization of efficiencies > 21% made serious claims for
commercialization as future photovoltaic technology [2].

The perovskite solar cells consists of titanium oxides as an electron
transporting layer, perovskite crystal as a photoactive layer and 2,2’,
7,7 -tetrakis-(N, N-di-4-methoxyphenylamino)-9, 9’'-spirobifluorene
(Spiro-OMeTAD) as a hole transporting layer (HTL) [3, 4]. The chemi-
cal structures of perovskite materials are MAPbX; and FAPbX; varied
with mole ratio of halogen anions (X =iodine:I, bromine:Br, chlo-
rine:Cl). Hybrid organometal trihalide perovskites (MAPbX;, X =Cl,
Br or I) have recently emerged as a promising candidate for photovolta-
ic application. This is due to the excellent photoelectric properties and
facile solution processing such as a direct band gap of 1.55 eV, absorp-
tion coefficient of above 10* cm™, a weak binding energy of about 0.03
eV, and an impressively low difference between open-circuit voltage
(Voc) and its band gap potential.

The performance of the perovskite solar cells depends on the ab-
sorber layer, the electron-transport layer (ETL), the hole-transport
layer (HTL) and electrodes. Various structures and architectures are
studied. Improving the performance of perovskite solar cells re-
quires the development of new materials, optimization of cell struc-
ture and associated manufacturing technology. Organic and inor-
ganic materials are used as interfacial layers. The use of inorganic
materials as hole-transport layer (HTL) such as Cu,O, Cul, V,0;,
MoO;, CdS, and NIO, and electron-transport layer (ETL) such as
TiO,, Sn0,, WS, [5], ZnSe, CuSCN [6], CuSeCN and ZnO, improves
the stability of the cells. Doping the HTL improves the electrical
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properties of the layer and then enhances the efficiency; also, the
use of a protective layer between HTL and the anode of the cell en-
hances the yield. The use of carbon contacts improves the stability
of the cell. Organic materials are also used as interfacial layers, Pe-
dot:Pss, Spiro-OMeTAD and P;HT are used as HTL, ICBA, PC,BM,
PC,,BM and C;, are used as ETL. The power conversion efficiency of
perovskite solar cells with PC,,BM/C,, dual ETLs and Pe-
dot:Pss/PTB7 dual HTLs were improved [7].

Perovskite materials are sensitive to atmospheric conditions and
especially to humidity. To improve performance of photovoltaic
cells and protect cells from degradation, an encapsulation is re-
quired. The encapsulation is used to protect the cells against the
penetration of O, and H,O into the cells and to improve their effi-
ciency and stability [8, 9]. To protect cells against moisture, inor-
ganic layers are used as HTL or ETL.

The toxicity of lead used in the absorber layer is another disad-
vantage of these devices. To improve environmental impact, lead-
free perovskite materials such as FASnI;, FAGel;, FACsl; and
Cs,TiX, are used as absorber layers [10].

The slight addition of silicon phtalyocianine into the perovskite
layer caused suppression of defect and pinhole in the surface layer,
which had the best performance. The phtalyocyanine complexes play
an important role for improving the crystal growth, carrier genera-
tion and diffusion without carrier recombination and trapping near
the defect and pinhole in the perovskite layer [11].

Tungsten disulphide (WS,) is used as an electron transport layer
material. WS, shows good optoelectronic properties as follows: the
band gap in the range of 1.33—-2.22 eV, electronic properties can be
tuned by doping other atoms or by applying an external force to
change its structure, it shows excellent electron-transport capabili-
ties because of high electron mobility [6].

Cuprous oxide (Cu,0) is characterized as a non-toxic material that is
easily available, inexpensive and has a high absorption coefficient in
the visible range. Cu,0 have a wide band gap ranging from 2.1 to 2.61
eV [10]. It is type p and is used as hole-transport layer.

The performance of the solar cell decreases with increase of metal
work function, the majority carrier barrier height increases, thus,
efficiency decreases [10].

Device simulation is a strong tool to understand device physics
and optimum design for efficiency improvement. In particular, So-
lar Cell Capacitance Simulator 1-dimensional (SCAPS-1D) is a simu-
lation program that calculates energy bands, concentrations and
currents, J—V characteristics and spectral response among other de-
vice parameters by solving the three basic semiconductor equations
(the continuity equations for hole and electrons and Poisson’s equa-
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tion) under the constraint of boundary conditions. The program has
been widely applied to inorganic semiconductor solar cell modelling,
such as silicon, CIGS and CdTe solar cells.

In this work, a theoretical study was carried out using SCAPS-1D
in order to find optimized value that improve future efficiencies of
perovskite solar cells. SCAPS-1D simulation is used to explain the
effect of the variation of the thickness of the absorber layer, hole-
transport layer and electron-transport layer in the photovoltaic pa-
rameters of the cells. The influence of the defects of the absorber
layer used in the structure is presented. The effect of the series re-
sistance is also simulated.

This study optimized perovskite solar cells with an n—i—p config-
uration using SCAPS-1D. Several materials are investigated as HTL
or ETL. The absorber layer used is FAPbI,, because studies shows
that FAPDbI,; exhibits better efficiency compared to other perovskite
materials. FTO/WS,/FAPbI;/Cu,0/Au (FTO—fluorine-doped tin ox-
ide) have been optimized by numerical computation using SCAPS-
1D simulation software.

The thickness of each layer is varied and their impact on differ-
ent performance parameters was deeply explored.

2. ELECTRICAL SIMULATION OF THE PEROVSKITE CELL
2.1. Structure of the Perovskite Cells

The structure of the simulated perovskite solar cells is presented in
Fig. 1. The absorber layer FAPbI; is sandwiched between the hole-
transport layer (Spiro-OMeTAD or Cu,0) and the electron-transport
layer (i-SnO, or WS,). The objective of this work is to compare the per-
formance of the cells as function of thicknesses of layers and the type
of HTL and ETL. SCAPS-1D software is used for the simulation.

2.3. Parameters Used in the Simulation
Table illustrates the parameters of each layer used in the simula-
tion. FTO is used as transparent electrode, formamidinium lead io-

dide (FAPDI,) is the active absorber layer, and Spiro-OMeTAD and
Cu,0 are HTLs. Finally, i-SnO, and WS, are used as ETLs.

3. RESULTS AND DISCUSSIONS
3.1. Effect of the Absorber Layer Thickness

When the thickness of the absorber layer (FAPbI;) increases, the
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Au (anode)

i-Sn0,/WS,
FTO (cathode)

Fig. 1. Structure of the perovskite solar cell simulated under SCAPS-1D.

TABLE. Material parameters for different layers used in simulation

2
— [) — - ©
Design 8 ﬁ E ol = _cl\]
parameters 23 < Q < % 2]
= g | & | 4 |°7
[N
n
B, oV 3.2 151 2.9 2.2 3.6 1.87
Electron affinity, eV 4.4 4 2.2 3.3 4.5 4.3
Dielectric constant 9.2 6.6 3 9 9 11.9
E&%"i;ﬁ’?dm“on 1.1.10°1.2.10% 2.2.10% 1.8-10" 2.2 10'® 1.10'
?18,83 of valence band, ;4 14199 9.101% 2.2.10%® 2.4.10"° 1.8 10'°2.4.10'°

Thermal velocity of

1.1.107 107 107 107 10" 1.1-107
electron V,,,, cm/s
Thermal velocity of hole 1.1.10° 107 107 107 107 1.1-107
Vi cm1/s
Unlforr_n3 donor density 1.2.10'%1.3.1016 0 0 1.1.10%
N,, cm
Uniform acceptor densi- 0 1.310° 1.3.10" 5.10'® 0 0
ty N, cm™® : :
Mobility of electrons u,, 4
em?/VS 21 2.7 10 200 260
Mobility of holes y,, 4
em?/VS 11 1.8 10 25 51

efficiency increases, and from 750 nm of FAPbI,, the PCE tends to
stabilize, and PCE is of the order of 24.18%. Fill factor (FF) de-
creases as the thickness of FAPbDI; increases as shown in Fig. 2, a.
The short-circuit current density Jg; increases as the thickness of
the absorber layer increases. The open-circuit voltage V. decreases
when the thickness of FAPDbI; increases as shown in Fig. 2.
Figure 2, c illustrates the J(V) characteristics as function of the
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Fig. 2. Simulation of FAPbI; based perovskite cell as function of the
thickness of the absorber layer with SnO, (70 nm), Spero-OMeTAD (200
nm). (a) Efficiency and fill factor; (b) Vo and Jgg, (¢) J(V) characteristics
as function of the FAPbI, thicknesses.

FAPbDI, thicknesses.

3.2. Effect of the Hole Transport Layer Thickness

3.2.1. Effect of the Thickness of Spiro-OMeTAD

Spiro-OMeTAD proved its effectiveness as a hole-transport layer, as
its band gap highly matches that of the perovskite materials [13],
the perfect conductivity of doped Spiro-OMeTAD [14], and its high
melting point, making it preferable choice for many researchers.

Results obtained by simulation show that, when the thickness of
the Spiro-OMeTAD used as hole-transport layer increases from 10
nm to 70 nm, the power conversion efficiency and the fill factor
decrease as shown in Fig. 3, a. The variation of the thickness of
Spiro-OMeTAD does not influence the short-circuit current and the
open-circuit voltage, Jg.=26.52 mA/cm?® and V,.=1.8 V, as shown

in Fig. 3, b.
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3.2.2. Effect of Cu,0 as Hole-Transport Layer

Cu,0O is used as HTL because of its excellent properties as follow:
high optical transparency in visible light spectrum, fast hole-
transportation capability as it has hole mobility, prepared using
simple solution process with relatively good chemical stability.

A perovskite cell with Cu,0O used as HTL is simulated under
SCAPS-1D. The thickness of Cu,O was varied from 10 nm to 70 nm,
the thicknesses of the other layers are fixed, FAPbI; (750 nm) and
i-Sn0O, (10 nm). The obtained results show that all the parameters of
the cell are constant: Jg =26.55 mA/cm?, Voc=1.8 V, FF=82.79%
and PCE =26.07%. The thickness of the Cu,O does not affect the
performance of the cell.

Cell efficiency with Cu,O is better compared to cells with Spiro-

86
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Fig. 3. Electrical parameters of the cell as function of the thickness of Spi-
ro-OMeTAD. a) Fill factor and efficiency; b) open-circuit voltage and cur-
rent density.
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Fig. 4. Efficiency as function of the hole-transport layer.
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OMeTAD, as illustrated in Fig. 4: PCEy,0, =26.07% and PCEg.
omerap) = 24.72% . The results show that efficiency does not affected
by the thicknesses of the HTL, but the HTL type, as shown in Fig.
4, affects it.

3.3. Effect of the Electron-Transport Layers
3.3.1. Effect of the Thickness of i-SnO,

The i-SnO, ETL has good properties such as excellent charge mobility,
a low temperature preparation method, good transparency in the visi-
ble range, and a favourable energy level position that increases the ef-
ficiency of the perovskite solar cells. However, depositing SnO, film by
spin-coating creates many pinholes and cracks in the film. The pin-
holes and cracks in the SnO, can results in direct contacts and carrier
extraction losses between the perovskite absorber layer and electrode;
leading to higher recombination losses and leakage current at the per-
ovskite/hole-transport layer interface [14].

A small variation of PCE is observed when the thickness of i-
SnO, increases from 10 nm to 70 nm. The fill factor increases as
the thickness of i-SnQ, increases, as shown in Fig. 5, a. The short-
circuit current density remains constant as the thickness of the
electron-transport layer (i-SnO,) varies: Jg.=26.52 mA/cm?. The
open-circuit voltage decreases as the thickness of i-SnO, increases,
as shown in Fig. 5, b.

3.3.2. Effect of the Thickness of WS,

Figure 6 shows efficiency of i-SnO,-based solar cell compared to
WS,-based solar cell as function of thicknesses of the ETL. It is
clear that structure based WS, exhibits better electrical parameters
compared to that based i-Sn0O,. WS, exhibits high carrier mobility,
good conductivity in the order of 10® Q™ .cm™ and n-type semicon-
ducting characteristics. WS, can be deposited through a solution
process or by sputtering at low temperature [5].

The use of WS, as an electron-transport layer gives better per-
formance compared to the use of i-SnO,, as shown in Fig. 6. The
yield obtained with 50 nm of WS, is 24.82% , while with i-SnO, the
yield is 24.72%. Note that the HTL used in this case is Spiro-
OMeTAD (10 nm) and FAPDbI; (750 nm) as absorber layer.

3.4. Optimized Cell

From previous results, cells with Cu,0 used as HTL have better per-
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Fig. 6. Efficiency as function of the electron-transport layer obtained by
simulation under SCAPS-1D.

formance than cells with Spiro-OMeTAD, and cells with WS, have
better performance than cells with i-SnO,. From these results,
FTO/WS,/FAPbI;/Cu,0/Au structure is simulated under SCAPS-
1D. The best performance is obtained for cell with the following
thicknesses of the layers: WS, (50 nm), FAPbI; (750 nm) and CuO,
(10 nm). The obtained parameters are as follow: V,.=1.18V,
Jsc = 26.57 mA/cm?, FF =82.66% and PCE =26.07%.

Figure 7 illustrates J(V) characteristics of the optimized cell in
the dark and under illumination.

3.5. Effect of the Defect of the Perovskite Layer on the Optimized
Cell

Defect properties in absorber layer of solar cell play a critical role to
determine the electron hole diffusion length and open circuit voltage.
Deep level defects usually act as Shockley—Read—Hall non-radiative
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Fig. 7. J(V) characteristics of the optimized cell in the dark and under il-
lumination obtained by simulation under SCAPS software.

recombination centres. It is proved that these types of defects are re-
sponsible for short minority carrier lifetime, which results into lower
Voc in solar cells. More recently, the concept of amphoteric native de-
fects has been used to control defect incorporation in compound semi-
conductors like CH;NH,;PbX; in perovskite devices [15].

Simulation results show that cell performance decreases as the
density of defects in FAPDbI; increases, as shown in Fig. 8, a, b. The
best efficiency is given for a defect concentration 1-10'°/cm?®. PCE is
up to 36% because Jg; and V are increased. PCE decreases, if the
defect density in FAPDbI; increased.

3.6. Effect of the Series Resistance

The variation of series resistance does not influence the variation of
the short-circuit current density and the open-circuit voltage,
Jgc=26.54 mA/cm? and V,;=1.8 V, as shown by the curves of the
J(V) characteristics according to the series resistance in Fig. 9, a.
PCE and FF decrease as the series resistance increases as shown in
Fig. 9, b. The best performance is given for a low resistance. For
R....=0 Ohms/cm? PCE=24.72%, and FF="78.51%.

4. CONCLUSION

The use of cheap organometal halide perovskite materials, perov-
skite solar cells are a promising photovoltaic technology. Interfacial
engineering strategy between the perovskite absorber and the
charge transport layer play a vital role in highly efficient perov-
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skite solar cells. This study, allowed us to understand the role of
certain parameters and different materials constituting the photo-
voltaic cell and their effects on efficiency. We have observed that
the optimum thickness is located in the vicinity of 750 nm, which
makes the thickness of the perovskite layer an interesting parame-
ter to optimize while keeping the same configuration. The defects of
the absorber layer, the series and shunt resistance are also influence
the performance of the perovskite photovoltaic cells.

This study shows also that the use of inorganic materials as hole-
transport layer such as Cu,O gives better yields compared to cells
with Spiro-OMeTAD. Likewise, the use of WS, as an electron
transport layer gives a better yield compared to i-SnO,. The results
obtained show that a cell with WS, (50 nm), FAPbI; (750 nm) and
Cu,0 (10 nm) gives an efficiency of 26.07%. Therefore, a highly
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stable, non-toxic and environmentally friendly n-type semiconductor
makes WS, a potential candidate as the ETL in FAPbI; perovskite
solar cells. So, an in-depth study of FTO/WS,/FAPbI,/Cu,0/Au
structure is necessary to optimize the performance of this type of
cell.
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Onep:xaHHS, CTPYKTYPHI Ta COpOIIiiiHi XapaKTepUCTUKH IaPyBaTHX
noxgsiitaux rixpoxcunis M Al (OH), (ne M = Zn**, Mg*, Ni*")

I. Beii, O. Ciicenxo, B. Byasiacska, O. ToacTos

ITnecmumym ximii eucoxomonexkyaapuux cnoryx HAH Ykpainu,
Xapxiscvre woce, 48,
02160 KRuis, Ykpaina

Opnepsxano moasiiiHi mapysari rigzpoxkcuau (IIIIIY) Ha ocHOBiI TpuMBaJIEHTHO-
ro AI*" i gBoBanenTHuUX HowiB Ni%", Zn?" i Mg?® muaxom ocamKeHHS 3 BOJ-
HOTO PO3UYMHY 3a IOCTifiHOro KOHTpoaio pH cepemoBuina. 3rimHo 3 TaHUMU
peHTreHodasoBoi aHamnisu (PPA) ymMoBU ofep:KaHHS 3pa3KiB 3a0e3MeUyIOTH
HeoOXimHWi piBeHL CTPYKTypyBaHHs. Pediexcu ma PPA-mudpparxTorpamax
i3 KyToBMM moJOKeHHAM = 12°, = 24° =36° i =241°, a TakoX BeJIUYUHU
MiRILTOmMUHEHOI Bigmami B Mexax 7,4-8,8 A cBiguaTs mpo HadgBHICTH Xapak-
TEPUCTUYHUX CTPYKTYPHUX OCOOJMBOCTEH CHUHTETHUHUX IIIapyBaTUX IIO-
IBiHUX TiAPOKCHUAIB THUIIY IPUPOAHBOTO TiApoTanbKiTy. BuBUeHHA 0CO0JIH-
Bocreil TepmiuHOi moBemiHKM MeTomoM Tepmorpasimerpii (TTA) omep:kaHUX
IIIIIT ymMOKJIMBUJIO BCTAHOBUTU IXHIO MOMITHY rigpodinbricTs. OueBUAHO,
10 mIapyBaTa OyZoBa OaHUX CHCTeM 3abesleuye CTYHiHb BOJIOTOBOMpAHHS
1o 23%. Ba mamumu TTA spasku IIIIT nemoHCTpyioTs 4 cTajii BTpaTH Ma-
cu. Temneparypoio imimitioBana BTpaTa copboBanoi Bojsoru (mo 140°C), me-
rigparaimia crpykrypHux ckiaagoBux IIIIT (140-355°C) Tta mecTpykIiid cra-
OinisyBaJbHUX aHiOHIB MiKIlTapoBoTo mpocTopy (> 235) mae meBHi cmerudi-
YHi pucu, IO 3ajJeKaTh Bii WOHHOIO CKJany 3paskiB. BcranosieHo, 1110
amionmooominHa arkTuBHicTh IIIII mo BigHoIIeHHIO A0 OAPBHUKIB aHiIOHHOTO
Ta KaTiOHHOTO THUIIIB € CTPYKTYPO3aJEKHOI0 XapaKTepucTukoo. CuHTe30Ba-
Hi ITIIT epeKTrBHO BOMPAIOTH MOJEKYJIN OapPBHUKA METHUJIOBOTO OPAHIKEBO-
ro, 110 MIiCTUTH y CTPYKTYPi cuabHOKUCIOTHI —SO;-rpynu, a ixHa copOIriii-
Ha MicTKicTh y carae 0,121 mMMoab/T 3a epeKTUBHOCTU BUIAJEHHA OapBHU-
ka 3 po3unHy ¢ =50-97%. Menm ebexrtupuumu BusBuiauca [T mix uac
copbuii —COO -BmicHOTO GapBHUKa eo3uHy H, nasd AKOro BeJwdYmHA Y Jie-
kuTh v Mexkax 0,012-0,109 mmons/r, a ¢ — Big 9 mo 82% . Pomamin B sax
OapBHUK KaTioHHOTO TUIly Maii:ke He BOupaetrbea IIIIT BHacaimok mii cua
€eJIeKTPOCTATUYHOTO BiJIIITOBXYBAHHSA Mi)K IOSUTHUBHO 3apPAMKEHUMU MOJIe-
KyJaMu copbaTy Ta aHiOHOOOMIHHMMMK IEHTPAMHU KOMIIOSUTHHUX IIapyBaTUX
cy6erpatis (y < 0,006 MmMosn/T).

Layered double hydroxides (LDH) based on trivalent AI** and bivalent
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Ni%*, Zn?* and Mg?" ionic composition are prepared by precipitation of
mixed hydroxides from aqueous solutions of corresponding salts at con-
tinuous control of pH value. In accordance with wide-angle x-ray scatter-
ing (WAXS) analysis, the synthesis conditions provide required structu-
ration level for LDH formation. The peaks on WAXS diffractograms at
angle positions of = 12°, = 24°, 2 36° and = 41° as well as calculated inter-
layer spacing in the range of 7.4-8.8 A demonstrate the specific structure
characteristics, which are typical for synthetic LDH similar with natural
hydrotalcite. Studying the features of thermogravimetric (TGA) behaviour
of synthesized LDH shows a certain level of their hydrophilicity. We sup-
pose that layered structure and capillary effects provide a moisture ab-
sorption level as high as 23% by weight. The LDH samples are character-
ized by four stages of weight loss. The temperature-induced water desorp-
tion (< 140°C), dehydration of metal hydroxides of LDH (140-355°C) as
well as thermal destruction of structure-stabilizing anions in interlayer
space (> 235) have determined composition-dependent characteristic pecu-
liarities for each LDH type. Ion-exchange activity of synthesized LDH is
tested using water-soluble dyes, namely, methyl orange (MO), eosine N
(EN) and rhodamine B (RB), which have clear differences in chemical
structure. As found, the ion-exchange ability of LDH to the cationic- and
anionic-dye types is a structure-dependent parameter. Obtained LDH are
efficient anionic sorbents for MO dye molecules due to a presence of the
strong acidic —SO;-groups. Sorption capacity y for MO in aqueous media
reaches 121 pmole/g, whereas overall sorption efficacy ¢ is in a range of
50-97%. At the same time, all LDH demonstrate reduced efficacy for ad-
sorption of EN dye. The sorption capacity y and efficacy ¢ for EN are in a
range of 12-109 pumole/g and 9-82%, respectively. We suppose that re-
ducing sorption efficacy affects a weak acidity of anionic —-COO -group in
EN molecule. Cationic RB dye does not absorb by LDH (y parameter is be-
low 6 umole/g) due to impact of repulsive electrostatic forces between pos-
itively charged dye molecules and anion-exchange centres of composite
substrates.

Karouosi croBa: moaBiiiHi 1mapyBaTi rigpokcuay, CUHTeTUYHI TJIMHU, OYI0-
Ba, TepMiuHa aHaJjiza, amcopOIisg, HoHHUM 0OMiH.

Key words: layered double hydroxides, synthetic clays, structure, thermal
analysis, adsorption, ion exchange.

(Ompumano 16 mpasnsa 2022 p.)

1. BCTYII

IIpuponui moxpifiai mapysari rizpoxkcuau (IIIIT), mo HamexaTh 10
KJlacy HeKPEeMHIMBMiCHUX MiHepaJbHUX OKCHUIIB/TiIPOKCUIIB, 3a CBO-
iMu QiSMUYHMMU Ta XeMiUHHMHI BJACTHUBOCTAMHU € Ay:Ke MOZIOHMMU a0
TIMHUCTUX MiHepasiB — BOHM MalOTh ITapyBaTy OyIOBY, XapaKTepu-
3YIOThCA IIMPOKUM IiAIa30HOM XEeMiuHOro cKJany (3aBOAKH i3omop-
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dHUM 3aMillleHHAM KAaTiOHiB MeTasiB) i 3MiHHOIO BEJIUYNHOIO T'yCTHU-
HU 3apAAy IIapy; BOHU MalOTh MOHHO-OOMiHHI BJIaCTUBOCTI, peakIliii-
HO 3IaTHUM MiKIITapoBUil IIPOCTip, HAOyXaloTh V BOMi, a TAKOMK IIOMi-
OHi 70 TJIMH 3a PEOJIOTIUHMMH Ta KOJOImHuMMHU BiacTuBocTAMU [1].
OckinpKku Ii MiHepaam MaloOThL 3JaTHICTHL caMe O aHiOHHOro oOMiHy,
iX YacTO HA3WBAIOTL <«aHIOHHMUMHU TJIMHaMU». Ha#iOijabIl THUIIOBUM
IpeICTaBHUKOM TAKUX MiHepaJsiB € TigpoTalbKiT (3arajabHa GopmyJia
MgAl,CO5(0H),((H,0),); Tomy IIIIT yacTo HasmBaOTL MiHepaiaMwu,
OONiOHMMHM O TiAPOTAJBKITY.

IIITIIT mokHa 3HAWTKU He JHUIIEe B HOPUPOAi; I MaTepidam MOKHA
JOCTATHLO JIETKO OJAEP:KaTH B JabopaTopHHX ab0 IPOMMCIOBUX YMO-
BaxX 3 BUKOPUCTAHHAM AOCTYHHOI cupoBuHHU [2]. 3aranbHa GopMmyJia
IIIIT sasBuuait Mae Buraax [M;' M. (OH),|[X!, nH,0], ne M*" —
nBOBaJeHTHuUi Katio (Zn, Ni, Cu, Ca, Mg, Co, ...), M*" — rpusaie-
urauit Karion (Al, Fe, Cr, Cd, ..). Tyr crpykrypa [M." M> (OH),]
BimoOpaskae ckJjajn miapy (ILJIacTHHKM), a [Xz/’anzO] XapaKTepusye
MikmapoBuii mpoctip, e X — amiom (mepeBasxro NO,;, COZ, CI).
Ane mi sarampHi mpaBuia guas IIIIT me € obme:xenHaAMH. 30KpeMma,
Bimomi IIII', omep:kaHi 3 BUKOPHCTAHHAM OJHOBAJIEHTHOTO KAaTiOHY
(LiAl,(OH)¢X-nH,0), a TakoX i3 MOKJMBICTIO BKJIIOUEHHS O CKJATY
IIIIT vyorupoBadeuTuux meraniB (Ti, Zr, Sn) [2]. Kpim Toro, ckian
IIIIT zHe obMeskyeThcA OiHAPHUM HOETHAHHAM KaTioHiB. 3a HeoOXin-
HOCTU, KPUCTaJiuHa I'PATHUIA 3MIiITaHUX TiIPOKCUIIB MOXKEe MiCTHUTH
TPpU Ta HaBiTHL YyoTMpPU pisHOBMAM ¥OHIB MerasiB [2]. IIIII, yrBopeHi
IBO- Ta TPUBAJEHTHUMU MeTaJlaMU, XapaKTepu3yIOThCSA CTeXiomMeTpu-
YHUM KoediIllieHTOM X, IO BimoOpaskae BMiCT TPHMBAJIEHTHOTO KaTio-
Ha, B Mexkax Bim 0,2 mo 0,4 B 3ajmeXHOCTi Bif mpupoam KaTioHa Me-
rany ¥ ymoB cuHTesu. lleaki npuponni ta cunreruuni IIIITIN xapak-
Tepu3yioThca (hikcoBaHMM 3HaueHHAM Koedimiernra x=1/3 [1, 2].

IIpomiec opmyBanna cunTeTuuHux IIII' cynpoBOmKyeThCA KOH-
KYPYBAJIbHUMU MapajeJbHUMU PeaKIiiMMU YTBOPEHHS BigHOBigZHMX
rizpokcumis, rigpaToBaHMX OKCHIIB Ta iHINMUX 3Mimranux ¢as:

(1 - x)M* + xM?*" + yOH + nH,0 —
— M?*~M*-X (ITIIT) + M(OH), + MO(OH) + M,0,-nH,0 + inmi.

€ nexinbka meromiB cuHTesu IIIII, 3acToCOByIOUM SAKMX MOMKHA
oIep:;KaTH MAaTepidau 3 PiISHUMH BJIACTUBOCTAMU IILIAXOM KOMOiHYy-
BaHHSA PiSHUX IPEKYPCOpPiB i BapiloBaHHAM yMOB cuHTe3u. HaiibimbIm
nomupenuMm metomom cuHTesu IIIT e cymicHe ocamKeHHA y JYKHO-
My cepemoBHIIi (3 BUKOPUCTAHHAM IOXiJHWX BiAIOBiZHMX MeTaJIiB),
B TOMY YHCJi i3 3acTOCyBaHHAM TiApOJIi3y CEUOBMHU K IyKepeiia
ocamxyBaua — pouiB OH™ [3—5]). IloBigoMidmocsa TaxkoK PO oAep-
skauua [T miaxom 30b—Telb-cuHTe3U [6]. OCHOBHUMU UYMHHUKA-
MU, o BojaumBaroTh Ha ckJang 11T, cuHTe30BaHMX CYyMiCHMM oca-
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IKEeHHAM, € CIIiBBiJHOINIEHHA BUXIJHMX NPEKYPCOPiB Ta yMOB oOca-
MIKkeHHA. KpuTuyde 3HAUEHHA AJIA OJEpP:KAaHHA XEMiuHO TOMOTE€HHUX
IIIIT e craxicts pH peakmiiinoro cepemosuiria. CrabinmizaTopamu 1ma-
pyBaroi oymoBu IIIIT e amionm, AKI MOXKYyTh BOYIOBYBATUCA Y CTPY-
KTypy cyoOctpary in situ. Haiiuacrimie, me — aHiOHM, IO € CKJIALO-
BOIO COJIEMl IIpPeKypcopiB abo iHIIMX peareHTiB, OCKLIbKM OOMEKeHb
IIOA0 CKJIAAY MisKIIIapOBOTO IPOCTOPY HEMAa€ — AaHiOHM TaKOMK MO-
JKYTh 3aMiHIOBATHUCA 1 HA HeHUTpPaJbHI MOJIEKYJIH.

B poboTi cuHTe3oBaHO IMapyBaTi IOABiMHI TiAPOKCHUAM METOLOM
oCaJKeHHSA i3 cyMimmi coseii ABo- Ta TpuBaJIeHTHHX MeTanis (Zn?',
Mg?", Ni®*' ra Al*") y nysxHOMY cepezoBuIIli 3a 6e3IepepPBHOTO KOHT-
poaio pH. Iocaim:xeno 6ymoBy omep:xkanux IIIIT, ixui Tepmiuny mo-
BeiHKY Ta COpOIifiHi BJIAaCTMBOCTI IO BiJHOIIIEHHIO A0 BOJOPO3UMH-
HUX 0apBHUKIB pisHOI XeMiuHOI CTPYKTypH.

2. EKCIIEPUMEHTAJIBHA YJACTHHA

Mamepianu. Ik BuxigHi peareHTU BuUKOpHUCTOBYyBasu Margiil HiTpar
Mg(NO;),-6H,0, Hikens wmitpar Ni(NO;),6H,0, Iluak HiTpar
Zn(NO;),-6H,0, Amrominmiit mitpar Al(NO;);-9H,0, Harpiii kapbonat
Na,CO; (Bci mapku x.4.), Hartpiii rigpoxkcuny NaOH (ACS reagent,
Sigma-Aldrich), guctTuinroBaHy BOmy.

Cunmesa nodeitinux wapyeamux zidporxcudié (IIIITI'). Cunresy
IIIIT ma ocHOoBi Al*" mpoBoAMIN CHINBPHUM OCa[:KeHHAM TiJpPOKCHUIIiB
MeTaJiB 3 BOAHUX po3umHiB ixHiX HiTpaTiB. [lo 1 M posumny Na,CO,
3a IIOCTiliHOrO mepeMimryBaHHA momaBanau cywmimt 0,05 M posuuHiB
coaeit Ni(NO;), (Mg(NO;), a6o Zn(NO;),) Ta 0,025 M AI(NO,); 3a mo-
critinoro KoHTposio pH peaxmifimoro cepemosumna (pH=10=0,2).
Bennumny pH cywmimi miaTpumyBasim IMJISAXOM JOMaBaHHA BiAIIOBif-
Hoi KimpkocTu 2 M posummy NaOH. Ilicia BBemeHHsS BCcix peareHris
Olep:KaHy CYCIIEH3iI0 BUTPUMYBAaJU BIPOAOBK 6 rom 3a IOCTiHHOTO
mepeMminryBaHHA 3a Temmepatrypu y 85°C mya 3aBepllleHHS IIpolieciB
¢dopmyBanHa cTpykTypu IIIIT. Haxi ocax IIIII BuTpumyBaau B Ma-
TOYHOMY pO3uUMHi 3a KimMHaTHOI Temmeparypu Iie 12 rog, TpPOAYKT
MPOMUBAJN [AUCTUJIBOBAHOIO BOAOIO a0 pH mpoMumBHUX BOO Y
7,5+0,5. Onepeskani IIIIIN mepen MOCTiAMKEeHHAM iXHiX CTPYKTYPHUX
i copOIifiHMX XapaKTePUCTUK CyHIuau 3a Temneparypu y 60°C mo mo-
cTiliHOl Macu.

Memodu 0docnidmcensv. Xemiuny crpyrrypy IIIIT mocrmimsxeHno meto-
mom IY-Dyp’e cmekrTpockomii B amiAmasoHi xBuaboBux uymcea 4000—
600 cm ! 3 BuKopucranaaM crekTpoMerpa Bruker Tensor 37. ®azoBy
oymoBy cunTresoBanux IIIII mocaimsKyBaaum MeTOAOM pPeHTIeHo(as30-
Boi amasisu (P®A) na qudparromerpi JJPOH-2.0 y BunpomiHioBaHHI
Cu-amogu 3 Ni-QiabTpoM y ImepBUHHOMY IyuYKy. PeecTparlis poacis-
HOI iHTEHCUBHOCTU NTPOBOAMJIACS Y PEKUMi MOKPOKOBOTO CKaHYBaHHSA
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CIMHTUIAIIAHOTO JeTeKTopa y MidIlasoHi KYTiB posciaHHA Big 3 10
60°. Tepmiuny mosexinky IIIIT mocaimxeHo 3a HOIOMOTOI0 aHaJIiza-
Topa TGA Q50 (TA Instruments) B iuTepBasi Temmeparyp 20-700°C
3i mBuaKicTi0 HarpiBamua 20°C/xB. MakcuMaabHUN piBeHL BOJIOTOB-
OMpaHHS OIIiHIOBAJIM IILJISIXOM TepMiuHOro 00pobiemusa 3paskis IIIIT
3a 200°C, momepennnpo BurpuMaHux B ymoBax 100% -Bojsoroctu 3sa
20°C mo mocATHeHHS PiBHOBAYKHOI'O HACHUTY.

Copo6miiiai xapakTepuctuxku ogaep:;xkanux IIIIII' BuBuagaum 3a BOU-
panuAM OapBHUKIB pisHOI XeMmiuHOi OymOoBM — METHJIOBOTO OpaHIKe-
Boro (MO), eosuny H (EN) ta pomaminy B (RB). Buxigna xoHmeHT-
pamia Boguoro posumay MO ta EN cramoBmuaa 0,05 mM. Inxa poxa-
Mminy B, mio mae Haibiabimuii KoedillieHT MOJAPHOrO BOMpAHHM,
KOHIIeHTpallid BUXigHOro posumHy craHoBumja 0,025 mM. BOoupamusa
O6apsuuKiB cuHTesoBanumu IIIII gocraim:KyBaam MeTOmZOM (POTOMET-
pii. Haaxxkry IIIIIT" 20 mr BHOcuau o 50 MJ BOOHOTO PO3UYMHY Oap-
BHMKA Ta BUTPUMYBAJHU BIPOJOBK IEBHOIO Yacy 3a KiMHATHOI TeM-
ImepaTypu i3 HOCTiiHUM IepeMiIlyBaHHAM, IIIiCJs YOTO OCAIKyBaJIU
COpOEeHT IeHTPUPYI'yBaHHAM i BUMipIOBaJIMW OINTHUYHY I'YCTHUHY PO3UN-
HY copbary 3a momomoroio cuexTpodoromerpa ULAB 108 3a moB:xu-
HU XBUJi, IO BiAmOBiZae MaKcUMyMy BOMpPAHHSA KOMKHOTO OapBHUKA.
3a ojep:KaHMMHU JaHUMU PO3PaXOBYBaJlM IIUTOMY COPOIifiHy MicT-
KicTb (MMoJb GapBHUKA Ha 1 r copbeHuTy) Beix mocmimxyBammx ITIIT
BiZHOCHO KOKHOro OapBHMKA. YacTKy copboBamoro OGapBHHKa abo
eheKTUBHICTh BunaJieHHA OapBHUKA 3 POo3UUHY (() PO3paxoBaHO AK

o= M -100% ,

0

me C, — BUXimHa KOHIIeHTpAallig po3uuHy OapBuumka [MM], C; — KoH-
IEeHTPAaIliaA Po3unHy OapBHUKA micyd copOirii [MM].

3. PE3YJIBTATH TA IX OBTOBOPEHHS

BigmosigHo mo meronmy oxepsxkanua IIIII, BBemeHHs cyminti coJeir y
PO3UYMH OcaaKyBaua 3 IOCTiHHUM KoHTposiem pPH cepemoBuina yMoik-
JIUBJIIOE OJep:KaTU IOABiMiHI mIapyBaTi TrifpoKcuau 3 NEeBHUM KOM-
IJIEKCOM CTPYKTYPHUX XapPaKTEPUCTUK.

3a mamumu [Y-cmexTpaiabHuUX AocaimkeHb oxep:kani I maioThb
CXOXKy XeMiuHy OyZOBY, IO CBiIUMTH IIPO MOYKJINBICTH 3aCTOCYBaHHS
IaHOTO METOAY CUHTe3UW mJid chojdyueHHA B cTpykTypi IIIII iiownis
MeTaJIiB, Pi3HMX 3a XeMiUHOI0 MOBEAiHKOI0 Ta TiApPOJiTHYHOIO cTali-
JBHICTIO TXHiX coJIeii.

Ha cnexrpax IIIIT (puc. 1), BigmoBigHO M0 iXHBOI XemiuHOI OymO-
BM, MOKHA BiAMITHTH HaABHICTH INTMPOKOI iHTEHCHBHOI CMyru BOU-
parra VOH 3a 3600-3300 cvm ', cmyru vOH Bosoru, azcopOoBaHOi B
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MiXKIIIapoBOMY IIPOCTOPi, 3 MaKcuMyMoM Oius3bko 1630 cm™!, cmyr
BOupanna ionis CO/ ta NO, 3 makcumyMmamu 6insa 1360 Ta = 1403
cM ' BigmoBigHo. MakcumyMm morsamHaEHA NO, -HoHIB izeHTH(iKOBa-
HO fK ILTede ImMMUPOKoi cmyrm 6ima 1360 cm ', a ixHA HaaBHicTH, AK
MOOIYHMX TPOAYKTIB CHHTE3U ITapyBaTUX CUJIIKATiB, 3yMOBJeHa COp-
O1iero Ha moBepxHi Ta B MimkmapoBomy mpoctopi ITIIT, moxke BmIN-
BaTH Ha CTPYKTYPYBaHHS 3MIIlIAaHUX CHCTEM.

Taxkoxx imeHTU(}hiKOBAaHO HU3KY CMYTI' KPHUCTANIiYHOI I'paTHUII Tin-
pokcuniB MeraniB 6ina 1053 (mreue mupokoi cmyru 6imsa 780 cm ),

3415 1360
/ (733
BFZ 556
w
" {
5
= 1628
=
E
Q| 1
=
2
3
T T T T T T
4000 3000 2000 1000
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Puc. 1. IY-cuekrpu nmorauHauasa spaskis ITIII: Zn—Al (1); Mg—Al (2); Ni—
Al (3).!

20, rpan.

Puc. 2. Illuporxoryrosi gudparxrorpamu IIIIT Ha ocHOBi Al%*.2
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=780 i =675 cm !, a MaJOiHTeHCMBHA cMyra BOUpaHHA B3B’ABKiB
M?* /M?* -0 xpucraniusoi rparauii 6ima 556 cm ' cBigunTs mpo mpo-
mecu BOOPAIKYBAHHA CyMiIlled TiZPOKCHUIIB IIOJiBaJIEHTHUX METAJIiB
B ymoBax onep:xkanaa IIIIT.

Omxe, aHamiza [Y-cmekTpalbHUX XapaKTEPUCTHK 3pa3KiB CBiAUYUTDH
PO MOKJIUBICTH OJlepPsKaHHA CTPYKTYPOBAHUX 3MIIlIaHUX TiIPOKCUJIB
IeBHOT'0 HMOHHOIO CKJAaAy, a IIOOiuHi IPOAYKTM CHHTE3U MOYKYTh 3a-
JUIMATHCSI B CTPYKTYPi 3paskiB, He3BasKaiouu Ha ampoboBami mporre-
IyPU OUUIIEeHHS.

HudpakTorpaMm IIMUPOKOKYTOBOTO PO3CiAHHA IIPeACTAaBJIEHO Ha
puc. 2. HaasHicTs peduiekciB Kpuctagiuuaoi a3y B IEeBHUX KYTOBUX
HOJIOMKEHHAX cBigunTh npo GopmysanHa IIIII 3a obpamoro cmiBBij-
HOIIIeHHSI KOMIIOHEHTIB Ta YMOB CHHTE3U, a CTPYKTypa 3pasKiB € IIo-
mioaoo mo crpykrypu IIIIIN, ommcamux pamimie [8], B TomMy uwmcJi
OPUPOAHBOTO MiHepasly TrimporanbkKiTy. HJda omep:kaHMX 3pasKiB €
XapaKTepHOI0 HAABHICTh pedJieKciB BIOPAIKOBAHUX CTPYKTYPHUX
dparmenris IIIII' 3 xkyroBumMm moJsokeHnHamm 11,8-11,9°, 24,1°,
35,9-36,7° i 41,1-41,6°. Bepyuu mo yBaru KyTOBe IIOJOKEHHS MakK-
CUMyMiB, HaIiBHIMPUHY I iHTerpajibHy iHTeHCUBHiCTHL pedJieKcis,
MOXKHa 3a3HAUUTHU, 110 maHuii merton cuHTesu IIIIT Ha ocHOBi mpe-
KypcopiB Zn?' a6o Mg?" Ta Al*" yMOXKIHBIIIOE OZep:KaTH BUCOKOCTPY-
KTypoBaHi Marepisimu. Bukopucramua comneit Ni', ax msxepesna aBo-
BaJIEHTHUX HOHiB, cupuuuHsae (opmyBanua IIIIT 3 meHIIUM piBHEM
CTPYKTYPHOI opranisariii Ta IigBUINEHOIO IOJiMCIIEPCHICTIO.

Ile migTBepAKYyeETbCSA AAHMMHU DPO3PaxyHKIB pO3MipiB ejieMeHTap-
HUX KPHCTAJiB i MIXKILIOIIWHHWX Bigjgajeil, podpaxoBaHUX 3a TaHU-
mu PDA (tabma. 1). Ockinbku fiommi pagitocu obpanux M?', mo yTBo-

TABJINIA 1. Crpykrypri napamerpu IIIIT 3a gagumu PDA.3

3pasok | 20, rpan. | d, A | D, HM Bosoros6upauusa, %

11,9
24,1 7,4 11,5

Zn—Al-TIIIT 35.9 2,0
41,1 8,8 12,0
11,8
24,1 7,4 7,2

Mg—Al-IIIITr 36,7 17,4
41,6 8,7 14,0
S

Ni—Al-ITIIT 36.1 7.5 23,4

41,3 8,7 16,8
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PIOIOTH KPHUCTAJNIUHY I'DATHUIIO, 38 3HAUYEHHSAMU € JOCTATHHO OJIM3b-
KuUMU (Ryge ~ Ry =0,74 A, R, =0,83 A), ToMy OCHOBHHMM UYWHHU-
KaMu, M0 BILIMBaIOTh Ha cTpyKTypyBamua IIIII ¢ xemiuna crabinb-
HiCTH 1 KoOpAMHAIIIHA AaKTUBHICTL IIPEKYPCOPiB, a TAKOXK IIBUIKICTH
(popMyBaHHA KPUCTAJIUHOI (pady BiAIOBIZHUX TiAPOKCHUIIB MeTaJiB.

BiamoBizHO M0 po3paxoBaHMX HapaMeTpPiB KpucTaliuHoil (asu oxe-
pxanux 3paskiB (tabia. 1), moxxuHa mobaumtu, 1o Zn—Al-TIIIIT mae
OiMomanbHUM PO3MOAia AK 3a posMipamMu HaHokpuctamuiB (D), Tak i 3a
0azasbHOI0 MiKILJIOIMIMHHOI0 Bimmasnmio (d), ame 6iu3bKi Ta BiZHOCHO
BeJIUKI posmMipu 000X (paKIliii eaeMeHTapHUX KPUCTAJIB Imepembaua-
IOTh BHCOKMI PiBeHL BIOPAAKYBAaHHS Ta I[iJbHE IaKyBaHHA CTPYK-
trypaux (Qparmenris IIIIT. MixmromwuaEa Bigganrs v 7,4/8,8 A Bixn-
OBiJlae CTPYKTYPHUM XapaKTepucTukaMm Bimomux spaskis IIIIT.

B cBoio uepry, masa spasxa Mg—AI-TIIIIIT" xapaxTepHomo € 6Gimoxma-
JBHICTh POBIOAiNY ejlIeMeHTapHMX KPHUCTAJIB 3i 3HAUHOIO PiiKHUIIEIO
y cepemHix poamipax oxpemMux @paxiiii. PopmyBaHHSI 00’ €MHOL
ctpyktypu IIIIT" 3 HaHOKpUCTAJIIB pPi3HOrOo poO3Mipy 3asBuUUYail Mae
BILIMB Ha PO3MOAiJ BiIbHOTO 00’€My Ta IOPUCTY OyIOBY MATepisanay, a
TaKOoK IOB’s3aHi 3 UM COPOI[ifiHi BJIaCTUBOCTI.

Haii6inpm monigucnepcHUE POBIMOMiJ HEePBUHHUX KPUCTAJTIIB Mae
spazok Ni—Al-IIIII'. 3rigmo 3 PM®A 3pasok XapaKTepuayIOThCS IIe
0iJIBIIIOI0 TOJIiTMCIIEPCHICTIO 3 cepenHiM poaMipoM KpucraJis Bim 7,5
mo 16,8 mMm, mpuuoMy MiXKILIOIIMHHA Bimmanab 3aJWIIacThbcAd HE3MiH-
HOIO AJiA Bcix 3paskiB. Taki ocobsmBocTi nmepenbadaroTs OpMyBaHHA
HEBIIOPAIKOBAHOI CTPYKTYpPU 3i 30i/IbIIIeHOI0 COPOIifiHOI0 MiCTKicTIO.
IIi mami mobpe KOPeSIOIOTH 3 MOKA3SHUKAMU BOJOTOBOMpPAHHSA 3pasKiB
(taba. 1). Haiibinpmuii piBeHb cOpOIlii BOJIOTM cHOCTEpiraeTbCca A
HaiMeHIT cTPYKTypoBaHoro 3paska (Ni—Al-IIIIT) i smauHo 3MeHITY-
€ThCA 3 IIOJININEeHHAM opramisarii ¢asoBoi OyZoBM 3MiIlIaHUX CHC-
rem. Omepskani JaHi cBiguaTh PO YTBOPEHHS ITapyBaTUX KOMIIO3UT-
HUX MaTepifdsiB, 10 € aHaJoraMu TiIpoTaNbKiTy, 3 pisHUM piBHEM
BIIOPATKOBAHOCTU, KU 3MeHINyeTheA B paAny Zn—Al-IIIIT > Mg—Al-
IIIIT > Ni—AIl-ITIIIT.

Tepmorpasimerpuuni (TT'A) xpuBi 3paskiB cumTesoBanux IIIIT B
TeMiiepaTypHomMy aisnazoHi 25—700°C maBemeHo Ha puc. 3, a KJIOUO-
Bi crTafzii IXHBOTO BMCOKOTEMIEPATYPHOrO PO3KJAJy IiJICYMOBAaHO B
ta6s. 2. 3riguo 3 ganumu TTA, mepina cragisa Brpatu Macu, ge ITITIT
BTPavaoTh COPOOBAHY BOAY, Ma€ OMHAKOBUM IPOAB AJA BCiX 3pasKiB
i mexxuTh y mismasoHi Temmepatyp mo 140°C, a BTpaTa Macu KOJHUBAa-
etbed Bixm 1,2 mo 6,5% BigmoBimHO m0 piBHA cTpyKTypyBamusa IIIIT
3a manuvu P®PA. lani, 3a Temneparypu y 140-230°C BinbyBaeTbca
merigparania IIIITI' 3 pylioyBamHAM HaANOLILITI TepMOJAOIIBHUX
3B’a3KiB Al-OH, 110 HOBHICTIO Y3TOMKYETHCS 3 JiTepaTypHUMHU Ia-
mumu [1, 2]. Brpara macu spaskamu IIIII' ma nmawiit cramii caArae
10,3-15,4% . Cragia III mae KOMILIEKCHY HOBEAiHKY AJA OiJIbITOCTU
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Puc. 3. Tepmorpasimerpuuni KpuBi BrpaTu mMacu (@) Ta MIBUIKOCTH PO3KJIA-
nanHsa (0) spaskis ITIIT: Zn—Al (1), Mg—Al (2), Ni—Al (3).*

TABJIAIIA 2. Crazii TepmiuHOro poskiafaHHsa cuHTe3oBaHux IIIIIT.°
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3pasKiB 3 KiIbKOMAa MaKCHMyMAaMM IIIBUAKOCTH BTPATH Macu, IO Bi-
OTIOBifae pisHiii TepMiuHiN cTabiIbHOCTI MOXiZHUX METAJiB.
Buxogauu 3 xemiunoi mpupoxu IIIIIY, 3a tremmeparypu > 250°C Bi-
n6yBaioThCa pyiiHyBaHHA 3B’a3KiB M?'—OH 3 mepeTBOpeHHAM TiZpoK-
cuIiB MeTasiB Ha BigmOBimHI okcuau Ta JecTpykiis amiomis COZ - i
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NO;, 1m0 BUKOHYIOTH CTabimisyBambHy QYHKIIII0O Y MiKIIapoBOMY
npoctopi IIIII'. Ha ramboxux cTagidAxX TeMIepaTypHOTO OOpOOJIeHHd,
B miamasoni temmepatyp 500-700°C, mpollec moBijbHOI BTpaTu Macu
IPOJOBXKYETHCA 1 3 XeMiUHOI TOUKHU 30py OXapaKTepM30BaHUM SAK 3a-
BepIIeHHA cTagiii pgerigparaiiii Ta pOsKJIaZaHHSA CTa0LIizyBaIbHUX
MoHIB y TepMiuHOo KoMmakToBaHux 3paskax IIII. Cxix BigsmauumTy,
o ocodamBoCcTi Tepmiumoi moBeminku 3paskiB IIIII KopesioioTh 3
iXHiM piBHEM CTPYKTYPYBaHHS Ta XEeMiuHOIO OyIOBOIO.

OpHa 3 ocHOBHHX cdep MoskamBoro sacrocysamusa IIIININ ax axio-
HOOOMiHHMX HEOPraHiUYHMX MaTepiANiB IoB’aA3aHa 3 IXHLOIO 3HaTHic-
TI0O BOMpaTH pisHOMaHiTHI Heopramiumi i1 opramiumi sabpyaHioBaui 3a
MexaHisaMoM amioHHOTO 06MiHY. EdeKTuBHicTh amioHHOTO 00MiHY Ta
copOIiiny micTkicTh cmHTesoBanux IIIII Gynao mocaimsxeHO 3 BHKO-
pUCTAHHAM OpraHiuumx OapBHUKIB pisHol Xxemiumoi OymoBu —
meTtuyoBoro opamkeBoro (MO), eosuny H (EN) Ta pomaminy B (RB).
OcHOBHI XxapaKTepUCTUKM OAPBHUKIB IIizcymMoBaHO B Tabi. 3.

3 mpexacTaBJIeHUX JaHUX BUIHO, IM0 OapBHUK RB Mae Halimmkuy
3maTHiCTL m0 copbiii (cmopimmenicts mo IIIII-copbeHTiB), OCKiTbKU
MOr0 MOJIEKYJIM € MO3UTHUBHO 3apaIKeHMMM, a MOHHI IIeHTPHU Ha IIo-
Bepxui IIIII' maroTh KariomHy mpupoxy. Tomy MexaHisM amcopOIrii
RB ma copbeHTax TaKoro THUIIY IOB’SI3aHUU IIepeBaKHO 3 IIOPUCTOIO
OyZIOBOI0O KOMIIOBUTIB i mucmepciiinuMu B3aemomiamMu. HasaBHicTb y

TABJINIIA 3. Xemiuna 6yznoBa i oNTHYHI BJacTUBOCTI 6apBHUKIB.®

Bapsuuk | CTpyKTypHa opmy.aa |kmax, HM|emax-10’3, J1/(MOJIB-CM)
MeTtunosuii ﬁ) 0
OPAHMEBMH F@S\” 462 25,1
(ocHOBHA N N 0~ Na*
(bopma) /

Eosun H 520 82

. \( e
Pozamiu B J/j;// CH, 554 108
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cTpyKTypi GapBuuka EN ciaaboxucaorHux —COO -rpyn Mae IOMITHO
migBunTyBaTH e()eKTHUBHICTH HOro copOIii Ha KaTiOHHMX IIEHTpax Co-
pbertry. CunbHOKHCHOTHINN OGapBHUK MO, MOJIEKyJaH SKOTO MIiCTATH
BUCOKOAKTUBHI cyabpomaTHi —SO,; -rpynu, 0e3yMOBHO, 3HATHUIN aK-
TUBHO 3aMiIaTyé aHioHH-cTabijisaTopu Ha MOBEPXHi IIapyBaTOro
IIIIIT.

PesyabraTu BuBUeHHA ancopOiii 6apsHuKiB 3paskamu IIIIIT mase-
meHo B TabJu. 4. Bimomo, 1o copoOmiiina spatHicTe IIIIT 3a1e:xuThH
TOJIOBHUM UMHOM Bif XxeMiuHOl OyZOoBHU IIIapiB 3MiIIaHMX TiApPOKCHUIIB,
piBHA CTPYKTYpHOI oprauisaiiii mapyBaToro copOeHTy Ta BJIACTHUBOC-
Teil oOMiHHOTO aHiomy (copbarty) [1, 2]. lna amasisu pesyabTaTiB mo-
CIiIKeHb PO3TJISAHEeMO BILIMB HANOLJLII iCTOTHUX UMHHUKIB.

OT:Ke, I'PYHTYIOUNCHh HA OJEPKAHUX JAaHNX MOYKHA 3POOUTH BUCHO-
BOK IIPO 3aKOHOMIipHOCTi copOiiii 6apBHMKiB. 30KpeMa, MOPUCTICTh He
€ TOJIOBHUM UMHHHUKOM 3abesmmeueHHs copOmii 6apBuukiB. Haiibimbimn
BM3HAYAJbHUI BIIMB Ha PiBeHBb cOpOIii MalOTh aHiOHOOOMiHHA aKTH-
BHICTL HIapyBaTHUX TiAPOKCHAIB i xemiuHa OymoBa HOHHOTO IIEHTPY
MoJIeKyJ copbary. IliaTBepm:keHHAM IILOTO € TOU (haKT, IIIO CHHTE30-
paui IIIII' maii:xke He 3marHi moramHatu RB (y He mepeBumiye 6
UMOJIb/T). 3 iHIIIOTO OOKY, COPOEHTH 3MaTHI aKTUBHO BUAAIATU 3 PO-
3UMHy cuJbHOKUCHAOTHUI O6apBHUK MO (y mma MO nexuTsb y midmaso-
Hi 61-121 pmoan/T, a ¢ carae 50-97%). Ilasa craboxkucgaoTHOrO Gap-
BHuKa EN azcop6mia ma IIIII momiTHO momm:Kyerbca (y Bixm 12 mo
109 pmons/rT, a ¢ Bim 9 mo 82%).

Posraaparoun wosxkeH cuHTe3oBaHuit IIIII" AK copbeHT oKpemo,
MOXKHA 3po0UTH JeKiJbKa npunyineHb. Buxogauu 3 XeMidyHOTO CKJia-
ny cuHTesoBanux IIIII caixg sasHaumTH, [0 aHioHOOOMiHHA 34AT-
micte mapis IIII" mae OyTm moniOHa, aje icToTHA PisKHUIA B PiBHI
BOUpaHHS OapBHUKIB, ocobmuBo MO, € BHKJIIOYHO HACTIAZKOM pisHOI
JTOCTYIITHOCTH aHiOHOOOMiHHMX IEHTPiB IJa MoJeKyJ copbarty. Homa-
TKOBUM UYMHHUKOM audepeHIiAiii pesynabraTiB copbiii MO ta EN
spaskamu IIIII' ¢ came mpupona IHOHHMX IeHTPiB OapBHUKiB. He-
3BaKAOUM Ha KOMILJIEKCHUII BILIMB UMHHWKIB Ha mpollecu copoOIrii,
BapTo Bu3HAuUMTU HeBHY cegeKTuBHicTh IIIIIT mo BigHOIMIEHHIO HO Oa-
PBHUKIB pisHOrO THUITy, IO MOJKE JaTH 3MOTYy BUOIPKOBO BUIAJIATHU

TABJIUIIA 4. Cop6bmitiai sractusocri ITIIT.”

ITIIT COP6HIP;H£OD;51RICTB 4 EdextusHicThs copberTy ¢, %
MO | EN | RB MO | EN | RB
Zn—Al-TIIIII’ 0,061 0,012 0,006 49,9 8,8 5,6
Mg—-Al-TIIIIT" 0,090 0,020 0,002 72,2 12,0 2,6

Ni-Al-ITIIrr - 0,121 0,109 0,003 96,7 82,4 2,6
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MOJIEKYJIM IIeBHOI xXeMiuHoi OyZoBM 3 PO3UYMHIB pPi3HOTO MOHHOTO
cKJany.

4. BAICHOBRH

TakuM YMHOM, B POOOTI CHMHTE30BAHO HU3KY IIOABIHHUX IIapyBaTUX
rizpoxcuziB Ha ocmoBi Al*" Ta mBosapammux iomis Ni%', Zn?' i Mg?
3a YMOB IIOCTiifHOro KoHTpoJi0o PH B mpomeci ocamkeHHA IIOABIAHMX
cucrteM. Jlauni copbeHTH € e(EeKTUBHUMHU MITYYHUMHN aHIOHOOOMiHHU-
MU MaTepigjgaMu Ta (PYHKIIOHAJbHO HNPU3HAUYEHI IJIsA KOHIIEHTPYBaH-
Ha Ta/ab0 BUIaJeHHA aHIOHIB 3 BOZHUX CEPeIOBUIlN. 3a HJAaHUMU PEH-
Tr'eHO(a30BOl aHaJi3W IIOKasaHO IIeBHUI pPiBeHb CTPYKTYPYBaHHA 3
OoABOIO pedeKCiB KpucTaIriuHoi (asu 3 KYTOBHUM IIOJIOMKEHHIM
~12°, =24°, = 36° i =41°, o BiAmOBiZae BiZoMuM 3paskKaM IIIapysa-
tux IIIINI Tuny rigporanabkiTy. omgaTKOBUM HiATBEPAKEHHAM OIep-
JKaHHA IMITYYHUX IIapyBaTUX MATEPiANiB € BeImuMHA MidKILJIOIIMUHHOI
Bigmani B Memxax 7,4-8,8 A. Xapakrtep TepmorpasimeTpuuHOi IOBe-
nianku omep:xkauux IIIITN cBigumTh IIpo IXHIO MOMITHY 3IaTHICTH COp-
OyBaTH BOJIOTY IIOBiTps#A, IO HiATBepIKy€e IMEBHUN piBeHDL Tigpodiib-
HOCTHU CHCTEeM i1 HaABHiCTHL B 00’eMi MaTepifny BiIBLHOTO IIPOCTOPY,
IO 3a PaxyHOK KammijaapHoro edekTy Ta B 3aJe’KHOCTL Bix cKaany
BOupae 10 23% BoJsioru. Ilpomec TepmoiHimifioBaHoro pyiHyBaHHS
3pasKiB € MOBiIBHUM i XapaKkTepusyeThbca 4 cTamiAMu BTpaTU MacwH,
mpuuoMy OiJNbITiCcTL cTafmiii, AK BTpaTa copboOBaHOI BOJIOTH, AeTiapa-
Talid TiIPpOKCUAIB 3MIIIaHOTO THUITY Ta HECTPYKIIisg cTabizisyBaabHUX
aHiOHIB MIiKIIIapOBOT'O IIPOCTOPY, Mae IeBHi cmenmuciuHi pucu B 3a-
JexxHocTi Bix fiomuoro ckjaany IIIII. IlepcrneKTUBHICT, MPAKTUYHOTO
sdacrocyBauua IIIII" 6yno oIiHEeHO HMIJISXOM TOCTiMKeHHS COPOIifiHOI
(amiomoobMminmoi) akTuBHOCTH cuHTe3oBanux IIIII' mo BimHOIIIEHHIO
Io GapBHUKIB pisHoi xemiumoi OymoBu. BcTaHoBJIeHO, IO ofep:KaHi
[T Haiibiabir eheKTUBHO BOMPAIOTh OAPBHUK METUJIOBUM OpaHKe-
BUM, M0 MIiCTUTH Yy CTPYKTYPi cHMIbHOKMCIOTHI —SO; -rpynu. Menury
copOIifiny MicTKicTh Ta edeKTUBHIiCTL copOIiii sadikcoBamo maa —
COO -BmicHorO eo3uny H. BapBHuUK KaTtiomHoro tuny (pomamin B) e
ingudepenTHUM 10 npupoau HoHHUX IeHTpiB IIIIT Ta maii:ke moBHI-
cTi0 3anuinaeTbcss B po3unHi. CemektusBuicTs I mo BigHOIIEeHHIO
IO MOJEKYJ pisHoi xemiuHoi OymoBM Ta XeMiuHa aKTHBHICTL 3Mila-
HUX IIIapyBaTUX TiIPOKCUIIB € HiAIDYHTAM IJsA CTBOPEHHS BUCOKO-
CeJIeKTUBHUX aHiOHOOOMiHHUX COpPOEHTIB IJid PiBHMX HaANPAMIB 3a-
CTOCYBaHHH.
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The present work aims to design of PVA/PEG/BaTiO; nanostructures and
investigating the structural, electronic, optical and thermal properties to
use in future optics and electronics applications. The designed nanostruc-
tures have individual properties including low cost, lightweight, high cor-
rosion resistance and good optical and electronic characteristics in com-
parison with other nanostructures. Using DFT with the hybrid functional
B3LYP, the characteristics of PVA/PEG/BaTiO; nanostructures are stud-
ied. The electronic characteristics include total energy, energies of HOMO
and LUMO, ionization energy, energy gap, electronegativity, electron af-
finity, electronic softness, electrophilic index, electron density, electro-
static potential, density of states, dipole moment, polarizability, and IR-
spectra. The thermal properties include thermal energy, enthalpy, specific
heat, and entropy. The optical properties include the UV-spectra. The re-
sults indicate that the PVA/PEG/BaTiO; nanostructures have energy gap
equal to 1.705 eV with good optical, thermal and electronic properties,
which make it be useful in the electronics and optics fields.

Hany poboTy CIpAMOBAHO Ha NPOEKTYBAaHHA HAHOCTPYKTYP MHOJIiBiHiIaMKO-
ronb/noiaierunernriaikoas/BaTiO; (PVA/PEG/BaTiO;) Ta pmociimxenHa
CTPYKTYPHUX, €JeKTPOHHUX, ONTUYHUX i TENJOBUX BJIACTUBOCTEH IJIA BU-
KOpHCTAaHHA B MauOyTHiN omTuili i enekTpoHimi. CopoeKToBaHi HAHOCTPYK-
TYypH MAalOTh iHAWBiAyaJabHI BJIACTUBOCTi, BKJIIOUAIOUM HU3BKY BapTiCThb, Je-
TKiCcTh, BUCOKY KOPO3iliHy cTifikicTh i xoporri onTuuHi # ejleKTpPOHHI Xapa-
KTePUCTUKY B IIOPiBHAHHI 3 iHIMIMMH HAHOCTPYKTypamMu. BuKopucToByHOUM
Teopito (yHKIioHaNy ryctmHHM 3 riopugaum ¢yarkmionamom B3LYP, mocii-
IoKeHO xapakTepucTukm HaHOCTPYKTYpP PVA/PEG/BaTiO;. EnexTponni xa-
PaKTEepUCTUKM BKJIOYAIOTH MOBHY eHepriio, edeprii HOMO ta LUMO, enep-
riro Hownisamii, eHepreTUUHy IMIiJINHY, €JI€KTPOHEI'aTUBHICTh, CHOPifHEHICTH
IO eJeKTPOHIB, €JeKTPOHHY M AKiCTh, iHIEKC eJeKTPOPiIbHOCTH, eJIeKT-
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POHHY T'YCTHUHY, €JIEKTPOCTATUUHUN IMOTEHIiAJ, T'YCTUHY CTaHiB, TUIIOJbHUN
MOMeHT, nmojgpusaniio i IY-cuekTpu. TensoBi BJIaCTUBOCTI BKJIIUAIOTH Te-
IIJIOBY €Hepriio, eHTaJIbIil0, MUTOME TeIlJIo i eHTponio. [[o onTruyHMX Bjac-
TUBOCTe# BigHOCATHCA Y®P-crekTpu. Pe3yibTaTu IOKasylOTh, III0 HAHOCTPY-
krypu PVA/PEG/BaTiO; MaioTs eHepreTuuHy IIijnHy, 1o gopisaoe 1,705
eB, 3 XopomIuMu ONTUYHUMHU, TEIJIOBUMHU ¥ €JEKTPOHHUMU BJIACTUBOCTIMMU,
110 POOUTH IX KOPUCHUMHU B O0JIACTAX €J€KTPOHIKM M OUNTHUKHU.

Key words: BaTiO;, DFT, energy gap, optical properties, polymer, elec-
tronics applications.

Karouori ciora: BaTiO;, T®I', enepreTuuna miiinHa, ONTUYHI BJIACTUBOCTI,
moJriMep, 3aCTOCYBaHHSA €JIeKTPOHIKHU.

(Received 14 May, 2022)

1. INTRODUCTION

Inorganic—organic nanocomposites have gained a scientific robust in
the approaches of optics (linear and nonlinear) and solar cells owing
to their exceptional characteristics and new applications. Combining
one or more nanoparticles of metal oxide with one or more polymer
leads to a novel type of state-of-the-art nanocomposites. Mostly, the
incorporation of metal oxide and polymers has been exhibited to
nanocomposites manifesting good electrical, mechanical and optical
characteristics. Polymer composites increased many striking charac-
teristics like easy processing, resistance to deformations and organic
functionalities [1]. Ferroelectric materials are distinguished by hav-
ing a polarization direction that may be switched in response to an
external electric field, which generates several technical fields [2].

Perovskite oxides like BaTiO; have good ferroelectric polarization
and piezoelectricity characterizations, which allow many significant
technology fields. Extensive studies have shown that these charac-
terizations sensitively depend on external conditions like thickness,
strain, interface structures [3]. Due to the good ferroelectric and
piezoelectric characteristics, BaTiO; ceramic may be applied as an
optically information processing materials or a photoelectric device
materials relate to its sensitivity to light refraction and higher pho-
toelectric coefficient [4].

Polyvinyl alcohol (PVA) can be blended with other polymers to
form polymer complexes by hydrogen bonding. Hydroxyl groups,
which are located on the carbon chain backbone of the polymer, are
considered the main source of the hydrogen bonding. On the other
hand, polyethylene glycol (PEG) is a highly water soluble and non-
toxic material; besides, its solubility in most organic solvents is con-
siderably high. Moreover, when PEG is mixed with other polymeric
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material, most of these properties can be shared within the resulting
blend [5]. The composites of polymer doped with inorganic material
included many applications in electronics and optoelectronics [6—19].

Gaussian 03 program is computer software, which is capable pre-
dicting several characterizations of molecules and reactions, which
are included the molecular energies and structures [20].

This work aims to design of new PVA/PEG/BaTiO; nanostruc-
tures combining between the properties of PVA/PEG blend and Ba-
TiO; nanostructures to create new material used as a key for differ-
ent electronics fields.

2. THEORETICAL PART

Energy gap refers to difference of the HOMO and LUMO levels[21]:
Eg = Erymo — Enomo-

The ionization energy is given by Ref. [22] as follows: I;=—Eyouo-
Electron affinity is defined by the following equation [21]:

E,=-Eyno-
The chemical potential is determined by the relation [23]:

B~ (Egomo + ELUMO)/2 ~—(I+ EA)/z .

Chemical hardness is given by Ref. [24] as follows: H = (I, — E,)/2.
Chemical softness is defined by the equation [25]: S = (2H)".
Electrophilicity is given by the relation [25]: w = p®/(2H).

The electronegativity is determined by the equation [26]:

E,=-(I,+E)/2.

Polarizability is the linear response measure of the electron den-
sity in the presence of an infinitesimal electric field [27]. The polar-
izability is given by the equation [28]: o, = (a,, + o, +0,)/3.

3. RESULTS AND DISCUSSION

Figure 1 shows the found relaxation of the molecule, in which the
optimized structure of the molecule is the structure at minimum
energy, and it is performed by finding the first derivative of the
energy with respect to distance between various atoms.

Table 1 represents the standard orientation of all atoms in the
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Eras

Fig. 1. Optimization of PVA/PEG/BaTiO; structures.

TABLE 1. Average lengths of bond and the angles.

Measurements Optimization parameters Values
(C-0) 1.541
(C-0) 1.480
(C-H) 1.098
Bonds, A (O-H) 0.993
(Ba—Ti) 3.482

(Ti—0) 1.9736
(Ba—0) 2.730

(C-C-0) 112.878

Angles, deg. (C-0-H) 109.132
(Ba—0O-Ti) 95.025

molecule. The bonds’ values in present work are in a well agreement
with Refs. [29, 30].

Figure 2 shows the IR spectrum of PVA/PEG/BaTiO; structures;
using DFT, it has been found that the strong peak observed at 3000
cm ' is attributed to the (O—H) groups.

With Raman spectroscopy, a change is observed in the polariza-
tion of molecules, i.e., the visible or ultraviolet photons interact
with the vibrating molecular bonds, gaining or losing part of their
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Fig. 2. IR spectra of PVA/PEG/BaTiO; structures.
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Fig. 3. Raman intensities of PVA/PEG/BaTiO; structures with vibration
frequency.

energy, thereby, generating the spectrum [31].

Figure 3 shows the Raman spectra of PVA/PEG/BaTiO; struc-
tures. Intensities of Raman spectra depend on the probability that
photon with particular wavelength will be absorbed.

Figure 4 show the UV-Vis spectra dependent on the molecule
electronic structure. The UV-Vis-spectra calculations for the
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Fig. 4. UV—Vis spectrum for the PVA-PEG-BaTiO; composite.

TABLE 2. Energy-gap values of in [eV] for PVA/PEG/BaTiO; structures.

Exomo, €V Evrumor €V | E, eV
~2.262 ~0.555 1.705

PVA/PEG/BaTiO; structures performed by means of the B3LYP-
TD/LanL2DZ method include the excitation energy, wavelength,
oscillator strength, and electronic transition.

Table 2 represents the energy gap of PVA/PEG/BaTiO; struc-
tures in comparison with Ref. [30].

Figure 5 illustrates the 3D distribution of HOMO?® and LUMO?® for
the studied structures.

Figure 6 illustrates the electrostatic surface potential (ESP) dis-
tribution for the PVA/PEG/BaTiO; structures calculated from the
total self-consistent field approximation. ESP distributions of
structures are caused by repulsive forces or by attracting regions
around each structure. In general, the ESP distributions for the
PVA/PEG/BaTiO; structures are dragged toward the negative-
charges’ positions in each molecule bases with high-
electronegativity oxygen atoms (3.5 eV).

Table 3 shows the results of the ground state energy (E;) in
[a.u.], the viral ratio (-V/T) as the ratio of the negative magnitude
of the potential energy to the kinetic energy, and some electronic
characteristics of PVA/PEG/BaTiO; structures calculated at the
same level of theory. These characteristics include I, E,, Ey, H
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Fig. 5. The distribution of HOMO (up raw) and LUMO (down raw) for the
PVA/PEG/BaTiO; structures.

Fig. 6. Electrostatic-potential distribution surface for the PVA/PEG/BaTiO,
structure.

and w [32].
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TABLE 3. Electronic characteristics’ values in [eV] for the structure.

Property | PVA/PEG/BaTiO, structures |
Total energy -1200.679 [a.u.]

Ionization potential 2.262
Electron affinity 0.555
Electronegativity 1.408
Chemical hardness 0.853
Chemical softness 0.585
Chemical potential -1.408
Electrophilicity 3.383

TABLE 4. The polarizability of PVA/PEG/BaTiO, structures.

Polarizability, a.u.

Olyys .U Oyys AU o,,, a.u. Olgper &.U.
407.722 340.150 286.380 344.750

: ;
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Fig. 7. DOS for the PVA/PEG/BaTiO; structures.

Table 4 shows the average polarizability (o,,) and its components
in [a.u.] of PVA/PEG/BaTiO; structures.

The density of states for the PVA/PEG/BaTiO; structures as a
function of energy levels was calculated by employing the DFT-
B3LYP/LanL2DZ level of theory. Figure 7 shows the degenerate
states as functions of energy levels for the studied structure; this
degeneracy is caused by the existence of the new types of atoms,
and that leads to varying the bond lengths and angles or changing
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TABLE 5. E,;, c, and S, for the PVA/PEG/BaTiO, structures.

Thermal corrections (Hartree/Partial)

E,,, kcal/mole l ¢,, cal/mole'K ‘ S, cal/mole-K
Electronic 0.000 0.000 1.377
Translational 0.889 2.981 44.575
Rotational 0.889 2.981 36.916
Vibrational 313.331 108.306 132.986
Total 315.109 114.268 214.477

the geometry of the structure.
Table 5 presents the thermal corrections of E,,, ¢, and S, for the
PVA/PEG/BaTiO; structures.

4. CONCLUSIONS

In this work, design of new PVA/PEG/BaTiO, structures and study-
ing the structure, electronic, optical and thermal properties have
been made to use in various optics and electronics fields with good
physical and chemical characteristics in comparison with other
structures. The results show that good relaxation of the
PVA/PEG/BaTiO; structures is obtained, using B3LYP-DFT at
Gaussian 09 package of program. The ionization potential is greater
than the electron affinity; so, these structures need high energy to
become cation. The PVA/PEG/BaTiO; structures are more reactive
according to the high level of the electrophilicity. Finally, the re-
sults indicate that the PVA/PEG/BaTiO; structures could be used in
various optoelectronics fields.
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The dielectric properties of polyvinyl alcohol/polyethylene glycol/TiN
(PVA/PEG/TiN) nanocomposites are studied to use them in different electron-
ic nanodevices. The PVA/PEG/TiN nanocomposites’ films are synthesized by
using the casting method. The dielectric properties of PVA/PEG/TiN nano-
composites are tested at frequency (f) ranged from 100 Hz to 5 MHz. The re-
sults demonstrate that the dielectric properties of fabricated nanocomposites
(¢/, ¢" and 6, ) are improved with increase in the TiN-nanoparticles’ concen-
tration. Components (¢’ and £") of complex dielectric constant are decreased,
while the A.C. electrical conductivity (o, ) is increased with increase in the
frequency. The results indicate that the PVA/PEG/TiN nanocomposites can be
useful in different electronic nanodevices.

BuBueHO [iesieKTpUMUYHiI  BJIACTMBOCTI HAHOKOMIIO3UTIB  IOJIiBiHisOBUH
coupt/noniernnenraikoab/TiN (PVA/PEG/TiN) nnsa BUKopucTaHusda ixX y pis-
HUX eJIeKTPOHHUX HaHompuctpoax. IlmiBku manoxkommosutiB PVA/PEG/TiN
CHUHTE3YIOTHCA METOJOM JUTTA. JlieIeKTpUUYHiI BJIACTMBOCTI HAHOKOMIIO3UTIB
PVA/PEG/TiN nepesipatorbesa Ha yactori (f) Big 100 't o 5 MTI't1. Pesyabratu
TMOKAa3yIOTh, IO JieJeKTPUYHI BJIACTUBOCTI BUTOTOBJIEHUX HAHOKOMIO3HUTIB (&,
€' i 0,¢) mominmytoreca 3i 36inbmeHHaAM KoHIeHTparnii TiN-HaHOYacTHMHOK.
KommonenTu (¢ i €”) KOMILIEKCHOI AieIeKTPUYHOI IPOHUKHOCTY 3MEHIITYIOTLCS,
TOAi AK €JIEeKTPOIPOBiAHICTH BMiHHOTO CTPYMY (G, ) 30inbHTyETHCA 31 30iMbB-
IIIeHHAM YacTOTHU. Pe3yIbTaTu MOKa3yIoTh, 1110 HaHokoMmo3utu PVA /PEG/TiN
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MOXKYTBb OYTH KOPHCHI B Pi3HUX €JIeKTPOHHUX HAHOIPUCTPOAX.

Key words: nanocomposites, TiN, blend, electrical conduction, nanoelec-
tronic devices.

Karouosi ciroBa: Hamoxkommosutu, TiN, cywmiin, elreKTpompoBigHicTb, HAHO-
eJIeKTPOHHI IpuCTPOI.
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1. INTRODUCTION

In recent years, semiconductor nanoparticles (NPs) have been exten-
sively studied due to their novel properties, which are greatly dif-
ferent from those of their bulk materials. Nowadays, semiconduc-
tor-polymer nanocomposites have attracted growing interest because
these materials offer new performance by combining properties
from both the semiconductor and the polymer matrix. The nanopar-
ticles exhibit unique properties, due to quantum size effects and the
large number of unsaturated surface atoms. The polymeric matrix
provides additional qualities such as the processability, solubility
and thermal stability of the systems [1]. Dielectrics with high per-
mittivity are widely used in electronic industry. With the advance-
ment of flexible electronics, high permittivity dielectric materials
with excellent flexibility are in demand. As compared to conven-
tional dielectrics like ceramics, polymers are widely being used as
dielectric materials as polymers exhibit better properties, like rela-
tively high electric breakdown field, processing ease, mechanical
flexibility, etc. Moreover, their properties can be modified by incor-
porating inorganic materials into it [2].

Polyvinyl alcohol (PVA) anions are suitable bridging ligands for
constructing network coordination polymers. PVA is a semi-
crystalline polymer and its crystalline index depends on the synthet-
ic process and physical aging. It has gained increasing attention in
the biomedical field due to bioinertness [3]. It has various proper-
ties such as glossy nature, adhesive and easy film forming ability.
In PVA, presence of hydrogen bonding between hydroxyl groups is
very important for its high water solubility and high crystal modu-
lus. Normally, PVA is a poor electrical conductor it can become
conductive, when it is added with other polymer. Polymer compo-
sites are the materials in which different systems are combined to
achieve a system with improved functional properties such as physi-
cal, optical, thermal, and electrical properties. The improvement in
these properties depends on the chemical nature of the nanomaterial
and the way, in which it interacts with the polymer [4].
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Polyethylene glycol (PEG) is a hydrophilic and non-toxic polymer,
having tremendous properties like electron acceptor nature, bio-
compatibility, chain flexibility and a wide range of molecular
weight. PEG is widely used to increase the ductility and flexibility
of rigid polymers [5].

Transition metal nitrides form a wide range of refractory materi-
als. Because of their high hardness and mechanical strength, they
are used as abrasives and high-T structural components, and they
provide protective coatings for metals and ceramics, including bio-
compatible surgical tools and implants [6].

This paper aims to prepare of PVA/PEG/TiN nanocomposites to
use in different electronics nanodevices.

2. MATERIALS AND METHODS

Nanocomposites films of polyvinyl alcohol (PVA)/polyethylene gly-
col (PEG)/titanium nitride (TiN) were fabricated by casting method.
The blend of PVA/PEG with ratio (81% PVA/19% PEG) was fabri-
cated by dissolving of 1 gm in distilled water (30 ml). The titanium
nitride NPs were added to the PVA/PEG with ratios 1.5%, 3%, and
4.5% . The dielectric characteristics of PVA/PEG/TiN films meas-
ured at =100 Hz to 5-10° Hz by LCR meter (HIOKI 8532-50 LCR
HI TESTER).

The dielectric constant, &', of PVA/PEG/TiN films was deter-
mined in Ref. [7] as:

g =C,d/(g,A), (1)
where C, is capacitance of matter, d is thickness; A is defined in

[cm?].
The dielectric loss, €”, was defined in Ref. [7] as:

¢"=¢D, (2)

where D represents the dispersion factor.
The A.C. electrical conductivity was given in Ref. [8]:

Oac. = 2mfe' Dg,. 3)

3. RESULTS AND DISCUSSION

Figures 1, 2 represent the variations of dielectric constant and die-
lectric loss of PVA/PEG/TiN nanocomposites with frequency re-
spectively. The dielectric constant values reduce with incremental
frequency, resulting in the dipole no longer being able to rotate
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Fig. 1. Dielectric constant variation with frequency for the PVA/PEG/TiN
nanocomposites.
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Fig. 2. Dielectric loss variation with frequency for the PVA/PEG/TiN
nanocomposites.

properly and easily, such that its oscillation begins to lie after this
field. The dielectric loss was found to be reduced as a function of
frequency increase since the movement of ions considered as the
main foundation of nanocomposite dielectric loss at lower frequen-
cies. Consequently, the high dielectric loss value at lower frequency
values designates the influence of ion jumping and the loss of ion
movement conduction, and the loss of ion polarization [9-14].
Figures 3, 4 show the behaviours of dielectric constant and die-
lectric loss of PVA/PEG blend with concentration of TiN NPs re-
spectively. As shown in these figures, the dielectric constant and
dielectric loss are increased with increase in the TiN NPs content
which are due to increase in the charge-carriers’ numbers [15, 16].
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Fig. 3. Behaviour of dielectric constant of PVA/PEG blends with ratio of
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Fig. 4. Behaviour of dielectric loss of PVA/PEG blends with ratio of TiN
NPs.

Figure 5 shows the variation of A.C. electrical conductivity of
PVA/PEG/TiN nanocomposites with frequency. Generally, the
number of charge carriers, which have high relaxation time due to
higher energy barrier and respond in low frequency regime, might
be less in number; hence, the conductivity is lower at lower fre-
quencies. However, the number of charge carriers with low barrier
heights is bigger and they respond easily with high frequency and
showed higher conductivity at higher frequencies [17—-20].

Figure 6 shows the effect of TiN-NPs’ concentration on electrical
conductivity of PVA/PEG blend. The electrical conductivity of
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PVA/PEG blend increases with increase in the TiN NPs’ concentra-
tion [wt.%] that is attributed to rise in the charge carriers and
forming a network inside polymer blend [21-25].

4. CONCLUSIONS

In this work, the PVA/PEG/TiN nanocomposites were prepared by
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casting method. The A.C. electrical properties of PVA/PEG/TiN
nanocomposites are investigated in frequency range from 100 Hz to
5 MHz. Results showed that the dielectric properties of PVA/PEG
blend are improved with the increase in TiN-NPs’ content. The die-
lectric constant and dielectric loss of PVA/PEG/TiN nanocompo-
sites are reduced, while the A.C. electrical conductivity is increased
with the increase in frequency.
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Investigation of the Dielectric Properties of PVA/PVP/SiC
Nanostructures

Haitham Ahmed Jawad and Ahmed Hashim

College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

This work is aiming for a fabrication the polyvinyl alcohol/poly(N-vinyl-2-
pyrrolidone)/SiC (PVA/PVP/SiC) nanostructures and studying their die-
lectric properties to use in different electrotechnical and electronic fields.
The PVA/PVP/SiC nanostructures are prepared by using casting method
with different concentrations of polymer blend and nanoparticles. The die-
lectric properties of PVA/PVP/SiC nanostructures are studied at frequen-
cy range from 100 Hz to 5 MHz. The results show that the dielectric con-
stant, dielectric loss and A.C. electrical conductivity of PVA/PVP blend
are increased with an increase in the SiC-nanoparticles’ concentration. The
dielectric constant, dielectric loss and A.C. electrical conductivity of
PVA/PVP/SiC nanostructures are changed with an increase in the fre-
quency.

Hany pobOTy cHpsMOBAHO HA BUTOTOBJEHHS HAHOCTPYKTYD IIOJIiBiHinOoBMIt
couprt/moui(N-Binin-2-miponigon)/SiC (PVA/PVP/SiC) i BuBYeHHA ixXHiX
TieJIEKTPUYHUX BJIACTUBOCTEH IJIA BUKOPUCTAHHS B Pi3HUX €JIE€KTPOTEXHidU-
HUX Ta eJIeKTpoHHuUX objactax. Hawocrpykrypu PVA/PVP/SiC ogmep:kamo
METOIOM JINTTA 3 PiBHMMHN KOHIIEHTPAaIliAMHK IIOJiMepHOI cyMiImi Ta HaHoua-
CTUHOK. BuBueHo mieneKkTpmuHi BiaactuBocTi HaHOCTPYKTYP PVA/PVP/SIiC B
missmasoni wacror Bix 100 I'm 1o 5 MI'i. PesyibTaTi MOKa3yoTh, IO TieJleK-
TPpUYHA NPOHUKHICTH, JieJIeKTPUYHI BTpaTH ¥ eJeKTPOIPOBifHicTh cymirmri
PVA/PVP 36inbiyoThbesa 31 30iabIIeHHAM KOHITEHTpAaIlil HaHouacTuHOK SiC.
HiesleKTpuuHa NPOHUKHICTH, Ai€eJEKTPUUYHI BTpaTU ¥ eJeKTPOIPOBiAHICTH
HaHocTpyKTyp PVA/PVP/SiC amino0ThCA 3i 360iJbIIIEHHAM YaCTOTH.

Key words: nanostructures, SiC, blend, dielectric parameters, electrical
conductivity.

Karouosi croBa: mHaHocTpykTypu, SiC, cywmimi, agiemexkTpuuni mapamerpwu,
€JIEKTPONIPOBiTHICTE.
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1. INTRODUCTION

The production of novel polymeric nanocomposites have been widely
studied by the current applications on nanosize inorganic fillers in
the food packaging field, barrier applications, sensors, antimicrobi-
al, conductive, coatings, antiballistic products and other materials
[1]. Flexible electronics are attracting increased attention in the
electronic industry day by day due to their compact nature and ease
of handling. Along with other electronics, flexible dielectric materi-
als are also getting popular for many applications like in field e ect
transistors (FET), gate dielectrics, pulse power systems, sensors and
energy storage devices, etc. [2].

Polymers are versatile materials that have certain unique proper-
ties such as low density, flexibility, toughness, easy processability,
and low conductivity. However, these properties are still inadequate
for efficient industrial applications. Hence, continuous research ef-
forts are in progress to develop new polymeric materials with ad-
vanced properties. The desired properties can be obtained by adding
filler (organic and inorganic materials) to the polymer matrix [3].

Polyvinyl alcohol (PVA) is an atactic, semi-crystalline polymeric
material that possesses excellent biodegradability, biocompatibility,
useful mechanical properties, excellent optical properties, and non-
toxicity, hence its wide range of applications. Other excellent prop-
erties of polyvinyl alcohol include thermal stability, water solubili-
ty, excellent optical transmission, and non-corrosiveness. The hy-
drogen bonding between polyvinyl alcohol and other materials is fa-
cilitated by the presence of hydroxyl groups on the carbon backbone
of polyvinyl alcohol, and these bonds help with composite for-
mation. Polyvinyl alcohol is of significant interest because it is
abundantly accessible, relatively cheap, contains many volatile
functional groups, and has hydrophilic features. It has excellent
charge storing capacity, has great dielectric strength, and gives
uniform high-optical-quality films for nonlinear optical instruments
and optical sensors [4].

Poly(N-vinyl-2-pyrrolidone) (PVP) is one of the synthetic poly-
mers that find wide applications as a film former, stabilizer as well
as suspending and complexing agent. PVP is used as a biomaterial
because of its solubility in water, biocompatibility as well as its ex-
tremely low cytotoxicity. PVP hydrogel has excellent transparency
but suffer from the inferior mechanical properties [5]. Silicon car-
bide (SiC) serves as an exclusive example of such non-oxide ceram-
ics due to its superior characteristics such as good mechanical prop-
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erty, high level of thermal and electrical conductivity, excellent
chemical stability, high radiation resistance, and so forth. Such dis-
tinctive properties have turned SiC to be a promising material to be
applied as a nuclear, turbine, and furnace reactor, and a jet engine,
or even for the needs of space exploration [6]. This paper deals with
synthesis of PVA/PVP/SiC nanostructures and investigating their
dielectric properties to employ in different electronics fields.

2. MATERIALS AND METHODS

The nanostructures films were prepared from PVA/PVP as matrix
and SiC nanoparticles (NPs) as additive by using casting technique.
The film of PVA/PVP Dblend was prepared with ratio
77% PVA/23% PVP by dissolving of 1 gm in 30 ml distilled water.
The SiC NPs were added to the PVA/PVP blend with various con-
centrations are 0.5%, 1%, and 1.5%. The dielectric properties of
PVA/PVP/SiC nanostructures were studied at frequency range 100
Hz-5-10° Hz by using LCR meter (HIOKI 3532-50 LCR HI
TESTER). The dielectric constant (¢') was determined by [7]:
C,d
g = , (1)
g A

where C, is matter capacitance, d is the thickness of sample; A is
the area.
The dielectric loss (") was calculated by [8]:

g =¢'D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity is given by [9]:

Oac. = 2mfe' Dg,,. 3)

3. RESULTS AND DISCUSSION

Figures 1, 2 show the variation of dielectric constant and dielectric
loss of PVA/PVP/SiC nanostructures with frequency. The dielectric
constant and dielectric loss of PVA/PVP/SiC nanostructures are
decreased with an increase in the frequency. This one could be ex-
plained by the electrode and interfacial effect of the materials stud-
ied, which induces dipoles to align themselves with the electric
field.

When the electric field is reversed at high frequencies, the
charge is unable to keep up with the changes in the field, resulting
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Fig. 1. Variation of dielectric constant for the PVA/PVP/SiC nanostruc-
tures with frequency.
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Fig. 2. Variation of dielectric loss for the PVA/PVP/SiC nanostructures
with frequency.

in a delay in the charges behind the field, leading to a decrease in
the values of ¢ and €", because the polarization resulting from the
accumulated charge decreases. The dielectric constant and dielectric
loss of PVA/PVP are increased with an increase in the SiC-NPs’
concentration, which may be related to increase in the charge-
carriers’ number [10-13].

Figure 3 demonstrates the behaviour of A.C. electrical conductiv-
ity of PVA/PVP/SiC nanostructures with frequency. Generally, the
number of charge carriers, which have high relaxation time due to
higher energy barrier and respond in low-frequency regime, might
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Fig. 3. Behaviour of A.C. electrical conductivity of the PVA/PVP/SiC
nanostructures with frequency.

be less in number; hence, the conductivity is lower at lower fre-
quencies. However, the number of charge carriers with low barrier
heights is bigger, and they respond easily with high frequency and
showed higher conductivity at higher frequencies. The A.C. electri-
cal conductivity of PVA/PVP are increased with an increase in the
SiC-NPs’ content, which may be due to increase in the numbers of
charge carriers [14-19].

4. CONCLUSIONS

This paper includes preparation of PVA/PVP/SiC nanostructures to
use in various electrical and electronic fields. The dielectric proper-
ties of PVA/PVP/SiC nanostructures were tested at frequency range
from 100 Hz to 5 MHz. The results showed that the dielectric con-
stant, dielectric loss and A.C. electrical conductivity of PVA/PVP
blend were enhanced with an increase in the SiC-NPs’ content. The
dielectric constant and dielectric loss of PVA/PVP/SiC nanostruc-
tures were decreased, while the A.C. electrical conductivity was re-
duced with an increase in the frequency.
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The paper considers the effect of low- (Uglen-9) and high-modulus (Ural-
N-24/320) carbon fibres (CF) on the physical and technical characteristics
of copolymer BSP-7/CF carbon plastics. All materials, namely, CF, BSP-7,
and BSP-7/CF composites, demonstrate electron paramagnetic resonance
(EPR) signals with different characteristics. The whole composite and its
individual components’ properties, as well as the interaction of the matrix
with fillers are studied. The shape of EPR spectrum of CF Ural is con-
trolled by the conduction electrons in dependence on the sample and skin-
layer thicknesses for microwaves. The EPR spectra of CF Ural and Uglen
are isotropic showing that these are carbonized rather than graphitized
fibres. CF Uglen is characterized by a significant specific surface area,
which causes a strong (by = 25 times) broadening of the EPR line due to
the interaction of CF electron spins with spins of air oxygen. The technol-
ogy for preparing the composites, which includes magnetic mixing of the
components inevitably leads to the ferromagnetic (FM) and superpara-
magnetic absorption signals within both BSP-7/Ural and BSP-7/Uglen.
The magnetic resonance characteristics of composites depend on porosity
of the samples, nature and concentration of fillers and FM impurities. The
study of the tribological properties of composites shows that addition of
Uglen-9 and Ural-N-24/320 fibres leads to a significant positive effect: a
decrease in the friction coefficient, linear wear intensity and heat release
over the restored surface of the original polymer by 1.6-2.6, 18.9-81.3
and 1.65-2.6 times, respectively.

B maniii po6oTi poO3ryISHYTO BIJINB HU3BLKO- (YTieH-9) Ta BUCOKOMOAYJIBHUX

(Ypan-H-24/320) ByriemneBux BosiokoH (BB) Ha (ismko-TexmiuHi xXapakxTe-
puctuku ByrienaactTukiB BCII-7/BB. BcramoBieHno, mio Bci CKJIamoBi, —
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BCII-7, Byrienesi BosokHa, komnosutu BCII-7/BB, — memMoHCTPYIOTH Hasd-
BHIiCTH ITapaMaTHeTHUX CUIHAJIiB, XapaKTePUCTUKU SKUX BU3HAUEHO 3i cIie-
KTpiB eJeKTpoHHOTO mapamarHerHoro pesomauncy (EIIP), B Tomy uwmcii Bu-
SABJIEHO POJIb B3aEMOMii MaTpuili 3 HamoBHIOBauamMu. Popma cuextpy EIIP
BB Vpasn BusHauaeThCcA €JEKTPOHAMU ITPOBiTHOCTH B 3aJI€KHOCTI Bix cmiB-
BiHOIIIEHHS TOBIIMHN 3pasKa Ta TOBIMUHMU CKiH-IIApPYy IS MiKPOXBUJIb.
IzorponuicTy EIIP-cumekTpiB mocaimxkenmx BB BcTanoBa€e ixHIO mpuponxy
AK KapOoHizoBaHux MarepiAnis. BB YrieH mMaioTh 3HAUYHY TUTOMY IIOBEPX-
HIO, II[0 IPUBOAUTHL OO CUJIBbHOTrO (B = 25 pasiB) posmupenHs Jjinii EIIP za-
BAAKM B3a€EMOJii e€JeKTPOHHUX CHiHIB YTIJeHy 3i cImiHaAaMH MOJIEKYJIAPHOTO
KHCcHIO IoBiTps. TexHoJOTisg CHHTE3M KOMIO3UTIB, KA BKJIIOUAE€ MarHeTHe
mepeMilniyBaHHS KOMIIOHEHTIB, IPUBOJIUTH M0 IOSBU CHUT'HAJIB (hepoMartHer-
HOoro (PM) Ta cymepmapamarsetrHoro BOupamua y BCII-7/¥Ypan i BCII-
7/¥Yraen. MaraHeTHO-pe30HAHCHI XapaKTEePUCTUKMN KOMIIO3UTIB 3aje€KaTh Bif
MIOPUCTOCTH 3PasKiB, IPUPOAU Ta KOHIEHTpAallii HamoBHIOBa4YiB i DPM-
momitmok. TpuGosoriumi mocaimkeHHA MOKasaau, IO AOJAaBAHHA BOJIOKOH
Yraen-9 i ¥Ypan-H-24/320 8 BCII-7 mpuBOguTh N0 3HAYHOTO TO3UTUBHOTO
eerTy: 3MeHINIEHHA KoedillieHTa TepTs, iHTEHCMBHOCTH JIiHiMHOTO 3HOIIY-
BaHHS Ta TEIJOBUIIJIEHHS II0 BiJHOBJIIOBAJLHiN ITOBepXHi BUXiJHOTO IIOJIi-
mepa y 1,6-2,6, 18,9-81,3 i1 1,65—2,6 pasiB BigmoBigHoO.

Key words: carbon fibres, polyarylatesulfone BSP-7, electron paramagnetic
and ferromagnetic resonances, intensity of linear wear, friction coefficient.

KarouoBi croBa: ByrJeneBi BoJioKHa, moJiapuaarcyabdoH BCII-7, emexTt-
poHHUI NapamMarHeTHuil i depomarHeTHuil pe3oHaHCH, IHTEHCUBHiCTH JIi-
HIAHOTO 3HOIIIYBAaHHS, Koe(dillieHT TepTs.
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1. INTRODUCTION

Polymer composite materials (PCM) with fillers of various natures
are widely used in many fields of science and technology, as they
are characterized by an improved set of tribological and physical-
mechanical properties compared to the original polymers, metals
and ceramics [1, 2]. Purposeful creation of new PCM with the set
characteristics, it is impossible without knowledge of their struc-
ture, electric and magnetic properties at the atomic and molecular
level. It is important to control both the electronic properties of the
base polymers and fillers, the degree of their dispersion in the com-
posite and the mechanisms of interaction with the polymer matrix.
Among the many PCM, one of the most common is carbon plastic
(CP), which contains as a filler low- and high-modulus carbon fibres
(CF). The scope of these data is very diverse: thermal protection of
spacecraft and satellite components, automotive, friction units of
various mechanisms, including in agricultural engineering, the use
of activated CF as effective sorbents and more.
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One of the features of explosives is their turbostratic structure,
in which adjacent graphite layers are rotated at an angle relative to
the normal to the layer, which is also accompanied by an increase in
the distance between the individual layers [4]. The magnitude of
these effects depends on many factors, including the type of raw
material and the processing temperature of CF. As a result, the
structure of CF consists of layers several microns long and about a
nanometer-thick [4, 5]. Accordingly, the electronic properties of CF
are determined by the presence of both conduction electrons (CE)
and a significant concentration of localized centres—defects such as
broken carbon bonds [6, 7]. It is likely that the features of the elec-
tronic structure of CF will be reflected in their mechanical proper-
ties as well as the properties of composites with their participation.
One of the effective methods of studying the electronic structure of
solids is the method of electron paramagnetic resonance (EPR). This
applies to studies of both dielectrics and conductive materials, the
theory of spin resonance of conduction electrons (CESR) which is
developed in detail [8—-11].

Among the polymer matrices of considerable interest is polyary-
latesulfone BSP-7. This material surpasses the known serial poly-
mers of tribotechnical purpose in terms of performance (strength
and toughness): caprolon B, polyamide PA 6 210/310, polyamide
12-L. due to the presence of sulfonic groups in the chemical compo-
sition. However, low wear resistance hinders its widespread use in
tribological compounds. It is known from the literature [12, 13]
that low- and high-modulus CF improve the tribological properties
of aliphatic and aromatic polyamides, because of which the devel-
oped PCM is actively used in the agricultural, metallurgical and au-
tomotive industries instead of serial materials.

The aim of this work was to develop high quality composites for
tribological applications based on BSP-7 with CF as fillers. The in-
fluence of low- (Uglen-9) and high-modulus (Ural-N-24/320) CF on
the features of para- and ferromagnetic responses of polymer, nano-
fillers and composites, processes of polymer—filler interaction, and
tribological properties of the obtained composites was studied.

2. EXPERIMENTAL/THEORETICAL DETAILS

As a polymer matrix for the creation of CP was chosen polyary-
latesulfone block copolymer sulfaryl BSP-7. This polymer was syn-
thesized under the conditions of acceptor-catalytic polycondensation
in an organic solvent based on 2.2-di (4-oxyphenyl) propane, phe-
nolphthalein, 4,4'-dichlorodiphenylsulfone and dichloranhydrides of
tere- and isophthalic acids. As filler, we chose carbon fibres: low-
(Uglen-9, further Uglen) and high-modulus (Ural-N-24/320, further
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TABLE. Technical characteristics of carbon fibres [3].

Parameter Carbon fibre
Ural-N-24/320 | Uglen-9
Length of fibre, mm 3-4
Density, g/cm? 1.5 1.6
Tensile strength, H/tex 1.5-2.0 3.5-5.0
Breaking elongation, % 1 —
Elasticity modulus, GPa 60—-80 15-18

Ural) produced by PC ‘Svetlogorsk Khimvolokno’, the main proper-
ties of which are given in Table. The choice of CF was determined,
on the one hand, their technical characteristics and, on the other
hand, cost. The PCM based on copolymer BSP-7 containing CF
Uglen (10-30 mass.%) and Ural (10—-30 mass.% ) was made by com-
pression moulding according to the method described in [14].

The EPR is an effective method for studying the electronic and
magnetic properties of matter, including the mechanisms of interac-
tion between the polymer matrix and fillers in composites. Since
both the polymer matrix BSP-7 and all the fillers used in this work
had paramagnetic or ferromagnetic properties, EPR studies have
become an important component of the development of CP based on
BSP-7. EPR measurements were performed at room temperature
using an X-band Radiopan X-2244 spectrometer (microwave fre-
quency v=9.4 GHz) with 100 kHz magnetic field modulation. The
estimated accuracy in determining the g-factor was of +2:10™*. The
absolute accuracy of the spin concentration (N,) was of +£50%.
Measurements were performed on both source and evacuated sam-
ples. To do this, the latter was placed in a quartz tube and pumped
out for 1 hour at T=413 K. After that, the sample was moved to
the resonator of the spectrometer, and the EPR spectrum was rec-
orded without changing the pumping out conditions.

Tribological properties (coefficient of friction (f), intensity of
linear wear (I,) and heat dissipation (q)) were studied under friction
conditions without lubrication on a friction disk machine [16], steel
45 (45-48 HRC, R,=0.32 nym) at a load of 0.6 MPa and a sliding
speed of 1 m/s, the friction path was of 1000 m.

3. RESULTS AND DISCUSSION

Magnetic Resonance Properties. Samples for EPR measurements of
carbon fibres in the form of bundles were placed in a quartz tube,
so that the axis of the carbon fibre was directed perpendicular or
parallel to the external magnetic field. In the case of crushed and



INFLUENCE OF CARBON FIBRES ON PROPERTIES OF COMPOSITES 143

diluted in paraffin explosives, chaotic distribution of CF in all di-
rections was realized. Chaotic particle distribution was naturally
realized in powder samples of BSP-7/CF composites.

Figure 1 shows the EPR spectrum of the powder sample BSP-7.

Theoretical analysis of the spectrum (dotted curve in Fig. 1)
showed that it consists of an intense signal with the following pa-
rameters: N,=4-10" g, g=2.0028, line width AB,,=0.66 mT, and
a weaker signal with parameters as follow: N,.=4.8-10"® g™,
g=1.993, AB,,=0.58 mT.

Figure 2 shows the EPR spectrum of the CF bundles Ural.
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Fig. 1. EPR spectrum of polymer BSP-7 powder sample.
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Fig. 2. Spin resonance of conduction-electrons’ signal of the CF bundles
Ural. Dashed line—simulated spectrum in dimensionless units calculated
according to the theory [7—10]. The insert shows a spectrum of fibres dis-
persed in a paraffin matrix. v=9406 MHz.
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The following parameters of the spectrum were determined:
N,=2510" g', g=2.0030, AB,,=1.7 mT. These data refer to the
symmetric line with the Lorentz shape shown in the insert. The data
for the asymmetric CESR line with the Dyson shape, calculated on
the basis of the spin-resonance theory of conduction electrons [7—
10], as expected, coincide with those obtained for the dispersed sam-
ple. It is established that the orientation of CF relative to the direc-
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Fig. 3. EPR spectrum of the CF bundles Uglen. I—sample in the air; 2—
pumped out for 1 hour at T=413 K. Modulation amplitude were chosen

optimal for each case.
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Fig. 4. Spectra of magnetic resonance signals for samples of composite
BSP-7/Ural with the content of CF 10 (a) and 30 mass.% (b). Broad in-
tense signals are due to the FMR and SPM resonances. Narrow paramag-
netic signals (marked by dashed frame) belong to CF. Spectra were record-

ed under pumping out conditions at T'=413 K.
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tion of the magnetic field does not affect the value of the g-factor.

Figure 3 presents the EPR spectra of low-modulus CF Uglen.

The parameters of the spectra in Fig. 3 were determined after
comparing the experimental spectra with those theoretically calcu-
lated according to the theory [8, 11]. The results are as follow:
N,= 710" g™, g=2.0030, AB,,=12 mT and 0.45 mT for lines I and
2, respectively. It is seen that the EPR line dramatically expands in
air due to the presence of paramagnetic molecular oxygen.

In the BSP-7-based composites with CF Ural and Uglen fillers, the
situation changes significantly. Signals from fillers are still present,
but their characteristics are changing. In addition, new ferromag-
netic (FMR) and superparamagnetic (SPM) signals are emerging, the
nature of which is related to the technology of obtaining CP, which
includes the process of magnetic mixing of the mixture using ferro-
magnetic particles [11]. The magnetic resonance spectra of the com-
posite BSP-7/Ural with a CF content of 10 and 30 mass.% are given
in Fig. 4, a, b, respectively. The pumping out of the samples does
not affect the FMR and SPM signals; at the same time, the EPR
signals from CF are narrowed during pumping with a corresponding
increase in their amplitude. It can also be seen that the amplitude of
FMR and SPM signals is = 2 times larger for the composite with 10
mass.% CF (Fig. 4, a) compared to the composite with 30 mass.%
CF (Fig. 4, b). The behaviour of the EPR line width of samples 1-4
with different content of CF Ural turned out unexpected (Fig. 5).
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Fig. 5. (a) Dependence of the EPR line width of BSP-7/Ural composite
samples with different fillers’ content in the air and when pumping out
for 1 hour at T=413 K; dashed lines are an eye guide. (b) An increase in
the width of the EPR line for the composite BSP-7 samples with 20
mass.% CF Ural in the air after pre-pumping the sample; the dashed curve
is constructed according to formula (1).
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Figure 5, a shows that, in air, the width of the EPR line of the
filler Ural can significantly exceed its width outside the composite
content. The effect is strong for samples 1 and 3, and almost im-
perceptible for samples 2 and 4. Figure 5, b also shows that the gas
permeability of the composite occurs at room temperature too, but
the speed of the processes is much lower. According to the work
[14] on the study of absorption processes in porous carbon, the
curve in Fig. 5, b describes the rate of diffusion of oxygen entry
and filling of the immediate environment of paramagnetic centres
(PC), because AB,, is proportional to the oxygen concentration in
the PC environment. The dashed curve is calculated theoretically
according to the law [14]:

exp (]
T
AB, (t) = AB B e A

pp,max ¢ ’
1+exp| —
31

where 1, =14.4 hours is the time of oxygen diffusion in the sample.
A significantly different situation is observed for BSP-7/Uglen
composites. The FMR and SPM resonance signals are also observed
in them (Fig. 6). However, the EPR signals from Uglen fillers have
a different dynamics in them, when pumping out samples.
Under the conditions of pumping out samples of this composite at
T =413 K, the dynamics of the signals is such that regardless of the
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Fig. 6. Signals of FMR (1), SPM (2) and EPR (3) in the composite BSP-
7/Uglen with a content of the CF Uglen 30 mass.% . The spectrum is rec-
orded in the air. The EPR line width from CF Uglen (line 3, marked by
dashed frame) AB,, =9 mT.
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content of Uglen filler (samples 5—8), the EPR signals from it are
narrowed in all samples approximately equally, namely, to the value
of AB,,=0.5-0.6 mT, inherent to that in CF Uglen.

Analysis of EPR Results and Discussion. It follows from Fig. 1
that the polymer BSP-7 has paramagnetic properties. The concen-
tration of defects is small: N,=4.10" g!. The value of their g-
factor g=2.0028 and EPR line width AB,,=0.6 mT are very similar
to the data for dangle bonds in polymer chains of other polymers,
for example, in aromatic polyamide phenylene [2]. In bulk samples,
the concentration of dangling bonds, as expected, is approximately
an order of magnitude lower.

The Ural filler EPR spectra (Fig. 2) show an asymmetric Dyson
shape line for CF bundles and a symmetric line for dispersed samples.
The spectral parameters for both types of samples are almost identical,
indicating that the nature of paramagnetism does not change.

The Dyson shape line is typical for the EPR of the conductive
samples. The parameters of such spectra are described with the in-
volvement of the theory of spin resonance of conduction electrons,
developed in [7—10]. CESR theory takes into account the processes
of electron diffusion in the volume of the skin layer into which the
radio frequency field penetrates. If the thickness of the conductive
sample significantly exceeds the thickness of the skin layer, the Dy-
son shape characterizes the CESR line, which is a consequence of
the simultaneous manifestation of the contributions of dispersion
and absorption [7—9]. In our case, the calculated CESR spectrum
(dashed curve in Fig. 2) well describes the experiment with the fol-
lowing parameters: g=2.0030+2-107%, AB,,=2 mT, R=50, where
R=(T,/T,)?, T, is the time of diffusion of the electron through the
skin layer, T, is the time of spin relaxation of the electron.

It is also known [7—10] that, when the thickness of the conduc-
tive sample is less than the depth of the skin layer for a given mi-
crowave frequency, the CESR line becomes symmetrical one, and its
shape becomes of Lorentz’s type. Indeed, the CESR line of the same
CF bundles, but crushed and dispersed in paraffin, acquires the Lo-
rentz’s shape (see insert in Fig. 2). It is important to note that the
value of g-factor is the same for all fibre orientations, i.e., there is
no spectral anisotropy. This directly indicates that Ural CF are car-
bonized, not graphitized.

Another type of fibre is low-modulus Uglen fibre, which has dif-
ferent properties. Due to the peculiarities of its structure, high
conductivity of samples [3], and a small length of individual fibres
as well as because of a larger specific surface area of the samples,
the EPR line is symmetrical, and its width is determined by the in-
teraction of electronic spins of Uglen with molecular oxygen spins.
In our case, the effect of broadening the EPR line of CF Uglen due
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to oxygen is strong, approximately 25 times (see Fig. 3).

Magnetic resonance signals in BSP-7/Ural and BSP-7/Uglen com-
posites are much more complex. First, new signals of ferromagnetic
and superparamagnetic resonances are registered. The intensity of
the FMR and SPM signals, and their ratios in samples with differ-
ent content of fillers, changes. The reason for this behaviour is re-
lated to the technology of obtaining these composites, where the
process of magnetic mixing of the initial mixture plays an im-
portant role. This process is accompanied by the friction of strong
fibres with uniaxial FM particles—mixing activators, because of
which micro- and nanoparticles of FM material are cleaved, which
are responsible for the FM and SPM properties of the prepared
composites [11]. A characteristic feature of these composites is the
dependence of the intensity of the FMR and SPM signals on the na-
ture of the fillers (Ural, Uglen) and their percentage amount in the
composite (see Fig. 4 and Fig. 6).

The behaviour of EPR signals in BSP-7/Ural composites with dif-

ferent filler concentrations turned out to be unexpected. Thus,
evacuated samples 1-4 show a gradual decrease in the width of the
EPR line AB,, from 3.75 mT to 2.1 mT with increasing filler con-
centration from 10 to 30 mass.% . At the same time, these samples,
which were in contact with air for 1-2 months (paramagnetic oxy-
gen!), show a nonmonotonic change in AB,, from 12 to 2.1 mT,
which does not correlate with the change in filler concentration (see
Fig. 5). The analysis showed that the reason for this behaviour is
the difference in the porosity (density) of the composite samples. It
can be expected that the best tribotechnical characteristics of the
composite will be characteristic of the densest samples 2 and 4. At
the same time, in the composites BSP-7/Uglen, it was found that
regardless of the change in the concentration of Uglen CF from 10
to 40 mass.%, the pumping out of samples at T=413 K always
leads to a decrease in the EPR line width of Uglen from 9-12 mT to
0.45-0.6 mT, i.e., the value of the line width inherent in pure
pumped powdered samples of Uglen.
Tribological Properties of Composites. Analysis of the results of
tribological properties of carbon plastics showed that the use as a
filler of low-modulus fibre Uglen (Fig. 7) reduces the intensity of
linear wear and friction coefficient of the original polymer in 6.7—
18.9 and 1.1-1.6 times, respectively.

The introduction of high-modulus CF fillers Ural (Fig. 8) into the
BSP-7 block copolymer proved to be more effective compared to
Uglen, the intensity of linear wear and the friction coefficient is
decreased in 39.2—81.3 and 2.2-2.6 times. This is because this filler
is characterized by high strength characteristics (see Table) and, as
a result, strengthens the polymer matrix more, because of which CP
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Fig. 7. Influence of CF Uglen content (C, mass.%) on friction coefficient
(f, 1), intensity of linear wear (I,, 2), and heat release (g, 3) of block co-
polymer sulfaryl BSP-7.
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Fig. 8. The effect of the percentage of CF Ural (C, mass.%) on coefficient
of friction (f, 1), intensity of linear wear (I,, 2), and heat (¢, 3) block co-
polymer sulfaryl BSP-7.

has a stronger resistance to abrasion and external deformations.

The decrease of heat intensity in 1.65 (Fig. 7) and 2.6 (Fig. 8)
times in the contact zone between the counter body and the sample
is probably [15] due to an increase in the thermal conductivity of
the CP, which provides heat removal from the friction zone. In gen-
eral, the improvement of the tribotechnical characteristics of the
original polymer can be explained by the fact that, in the process of
friction on the steel counter—friction transfer, film is formed, re-
sulting in friction occurring according to the ‘polymer—polymer’
scheme [12].

4. CONCLUSION

The magnetic resonance properties of fillers and composites BSP-
7/CF at the atomic level reflect the relationship between the charac-



150 M. A. GRASHCHENKOVA, A.-M. V. TOMINA, O. I. BURYA et al.

teristics of fillers and composites with their participation. In par-
ticular, this concerns to the porosity of composites, gas permeabil-
ity at different temperatures, and ferromagnetic properties as a
side effect of the technological process of synthesis of composites.
Analysis of the results of operational properties of the developed CP
showed that the use of Uglen-9 and Ural-N-24/320 as a filler for
block copolymer BSP-7 is a promising way to improve its tribotech-
nical characteristics: reducing friction, intensity of linear wear and
heat on the reducing surface of the original polymer in 1.6-2.6,
18.9-81.3 and 1.65—2.6 times, respectively. It is established that
more effective improvement of these properties takes place for
Ural-N-24/320 filler.
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The polymers like polymethyl methacrylate (PMMA) have unique charac-
teristics, which made them to be considered as promising material for var-
ious biomedical, electronics and optics applications. Metal-oxide nanopar-
ticles have huge applications in different approaches. This work includes a
recent review on polymer like PMMA doped with metal-oxide nanoparti-
cles such as SiO, and CeO,. The previous studies showed that the nano-
composites of PMMA /metal-oxide nanoparticles have many applications in
the biomedical, electronics, optical and optoelectronics fields.

ITomimepu, Taki axk momimeruamerakpuaar (IIMMA), maroTh yHiKaJdbHI Xa-
PaKTEepPUCTUKH, II0 3POOUJIO iX TMEePCIeKTHBHUM MATepisjioM IJd PisHUX
bioMeqUUYHUX, €JIeKTPOHHUX Ta OINTUYHUX 3aCTOCYBaHb. MeTaloOKCHUIHI Ha-
HOYACTMHKM MAIOTh BeJIMUe3He 3aCTOCYBaHHA B pisHmMX miaxomax. Ila po6o-
Ta BKJIIOUAE HeTaBHiil orian moaimepiB, Takux Ak IIMMA, jmeroBanmx Me-
TAJTOOKCUAHUMMN HaHOYaCTMHKaMu, Takumu sk SiO, Tta CeO,. ITomepemni
IOCTimKeHHs IMoKasasu, 1o HaHokoMmo3uTu IIMMA /MeTalo0KCUAHI HAHO-
YAaCTUHKM MAaloTh 0araTo 3aCTOCYBaHbL y OioMequuHiil, eJIeKTPOHHil, ONTHUY-
Hilf Ta OITOEJEKTPOHHIil chepax.

Key words: polymethyl methacrylate, metal-oxide nanoparticles, biomedi-
cal nanotechnologies, optoelectronics.

KarouoBi cioBa: mosimMeTHM/IMETaKpUJIAT, METAJOOKCHUIHI HaHOYACTUHKH,
bioMeaAMUYHI HAHOTEXHOJIOTII, OIITOEJIEKTPOHIKA.
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1. INTRODUCTION

Polymers are large molecules made up of many small molecules.
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These macromolecules may be linear, slightly branched, or highly
intertwined [1]. The small molecules used as the building blocks for
these larger molecules are known as monomers. Monomers are small
molecules can be joined together in a repetitive manner to form
more complex molecules called polymers [2]. The polymerization
process is the process that allows a simple low molecular weight
compound to combine and form a high molecular weight complex.
The polymerization processes can be classified into two types: grad-
ual (condensation) polymerization and addition (chain growth) [3,
4].

As for nanomaterials, the nanoparticles (NPs) include particles
having size between 1 and 100 nm, These particles have different
properties at their atomic level due to their size [5].

Nanoparticles can be classified as metal nanoparticles, semicon-
ductor nanoparticles, non-metal ceramic nanoparticles, and a well-
known type is carbon nanoparticles [6]. The field of nanotechnology
is one of the most popular areas of current research and develop-
ment for basically all technical disciplines, and this obviously in-
cludes polymer science and technology [7]. Even before nanotech-
nology was recognized as a new scientific field, work on the manu-
facture and production of nanomaterials and nanostructures began
a long time ago. However, research in this field has accelerated rap-
idly in the past decade, resulting in an influx of papers in a number
of journals, and the field of nanotechnology is changing and ex-
panding rapidly [8]. In general, most polymers were only used to
make low-cost materials that were only used for a few applications.
However, due to rapid technological advancements, some compo-
nents currently used in manufacturing have had to be replaced with
newer materials with improved specifications; as a result, studies of
electrical and optical properties of polymers have gotten a lot of at-
tention in recent years due to their usage in electronic and optical
devices. In crystalline, semi-crystalline, and monocrystalline poly-
mers [9, 10].

2. POLYMER STRUCTURE

The physical properties of polymer materials depend on the molecu-
lar weight and shape as well as on the molecular structure [11].
Polymers are classified according to their chemical composition into
three main types (linear, branched and cross-linking polymers).

Linear polymers: these polymers have a linear structure and are
generally thermoplastic polymers, and with the exception of materi-
als with very high molecular weight, they are soluble in solvents.
The basic of these polymers is a single molecular chain of a certain
length connected to each other in a linear form.
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As for the branched polymers, there are branches that arise from
the original polymer chain. Branching may result in several physi-
cal properties in the polymer such as lower solubility in solvents,
higher softening point and lower properties of thermoplastics.

In addition, the last type is cross-linked polymers. These poly-
mers have a three-dimensional network structure where chemical
bonds are intertwined with each other in a complex manner [4, 12].

Thermoplastic polymers: most thermoplastics have a high molecu-
lar weight. The polymer chains associate by intermolecular forces,
which weaken rapidly with increased temperature, yielding a vis-
cous liquid. In this state, thermoplastics may be reshaped and are
typically used to produce parts by various polymer processing tech-
niques such as injection moulding, compression moulding, extrusion
and calendaring [13].

Thermosetting polymers: the molecules in this type of polymers
are linked by strong covalent bonds within the cross-linking proper-
ty, which leads to the formation of polymeric chains with a three-
dimensional network structure. Branched while it is still soluble,
but as the reaction continues for a longer period of time, the poly-
mer begins to harden gradually [14].

Polymers are classified [14, 15] depending on the homogeneity of
repeating units in to:

a) homopolymer: it is a polymer that consists of the same unit of
basic building blocks (monomers), an example of which is polyeth-
ylene;

b) copolymers: where the building blocks of a polymer are more
than one type, as in the polymer (styrene—butadiene);

¢) composite polymers: it is the process of adding some material to
homogeneous polymers in order to change in some of its character-
istics and the entering of new recipes on it [14, 15]. Matrix (the
base material) and additives are the two basic components of the
compound. The additives coat the other ingredients and make them
more viscous [16].

3. NANOCOMPOSITES

Nanocomposites are materials in which at least one of the phases
has nanoscale dimensions [17] .These are high-performance materi-
als with novel property combinations and design possibilities, and
their capabilities are so promising that they may be used in a wide
range of applications, from packaging to biomedicine. Materials can
exhibit new properties such as electrical conductivity, dielectric be-
haviour, flexibility, greater strength, different colour, and greater
activity properties with only a size reduction and no change in the
material itself, which the same materials do not exhibit at the mi-
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cro or micro scale [18]. Nanocomposites are made up of synthetic
and natural polymers, as well as nanomaterials, which are materials
with nanoscale dimensions or are made up of nanoscale building
blocks [19]. Nanocomposites have mechanical, electrical, thermal,
electronic, and electrochemical properties that differ significantly
from their component constituents [20].

Nanotechnology is a new science that has developed, in which it
has been observed that materials exhibit significantly different
properties at nanometer sizes compared to properties of the same
material at larger particle sizes [21]. Nanotechnology is an emerg-
ing multidisciplinary technology that has flourished in many fields
during the last decade, including materials science, mechanics, elec-
tronics, optics, medicine, plastics, energy and aerospace [22]. Nano-
technology has opened new horizons in various fields of life, the
most important of which is the field of medicine [23]. Nanomateri-
als are being developed as drug delivery mediums, contrast agents
and diagnostic devices, and some are now being studied in clinical
trials. Nanomaterials are now being designed to help transport di-
agnostic or therapeutic agents through biological barriers access to
particles to mediate molecular interactions; and detect molecular
changes in a sensitive and high-throughput manner [24]. The nano-
composites of nanomaterial-doped polymer (such as PMMA), compo-
sites’ structures and ceramic matrix nanocomposites included huge
applications in many fields like electronics and optoelectronics [25—
44], sensors [45—-50], optical fields [61-55], radiation shielding and
bioenvironmental [56—62], antibacterial [63—65] and thermal energy
storage [66—67].

3.1. Polymethyl Methacrylate (PMMA)

PMMA is one of the oldest and most popular polymers. Polymethac-
rylate has been seen as an alternative to glass in a variety of appli-
cations and is currently widely used in glazing applications. This
material is one of the toughest polymers, a clear glassy with a
glossy finish and good weather resistance. Polymethacrylate is nat-
urally transparent and colourless. Visible light transmission is very
high. Polymethacrylate polymeric compounds are well known for
their importance in technical applications [68]. Methacrylate has
attracted much attention for their use as optical components and in
optoelectronic devices due to their low cost and scale. PMMA is an
important and interesting polymer due to the attractive physical
and optical properties crucial to its wide application. This is a
thermoplastic material with good tensile strength and toughness,
high toughness, transparency, good insulation properties and ther-
mal stability dependent on texture. PMMA has some disadvantages
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such as embrittlement and low chemical resistance which can be
eliminated by chemical or physical materials [69]. As for some
properties of PMMA colourless polymer, this polymer dissolves at
130°C with water, One of the polymers that has a high resistance to
sunlight, and is known to withstand temperatures up to 100°C and
as low as 70°C. It also possesses good optical properties. It has low
resistance to chlorinated and aromatic hydrocarbons. As for its sol-
ubility, PMMA shows little deviation as its solubility is somewhat
complex, starting with swelling in the solvent and the subsequent
formation of a very fine layer on its surface face. Then, it follows
the diffusion of the solvent throughout the polymer before giving a
homogeneous solution with the solvent, so PMMA takes a few
minutes before it completely dissolves, even if it's inside the best
solvent [70]. PMMA is widely used in engineering and decoration
and in extensive applications in automobiles, home appliances, air-
craft cockpits, dentures, laser disc manufacturing, manufacturing,
and synthesis of semiconductor materials used in the manufacture
of electronic devices [71].

3.2. Silicon Oxide (SiO,)

Silicon dioxide, also known as silica, is a silicon oxide with the
chemical formula SiO,. The most common in nature as quartz and in
various living things [72]. Silica is another name for the chemical
compound composed of silicon and oxygen with the chemical formu-
la SiO,, or silicon dioxide. It has many forms, but all forms of silica
are identical in chemical composition, but have different atomic ar-
rangements. Silica compounds can be divided into two groups, crys-
talline (or c-silica) and amorphous silica (a-silica or non-crystalline
silica). c-silica compounds have structures with repeating patterns
of silicon and oxygen. The chemical structures of silica are random-
ly related when compared to silica. All forms of silica are odourless
solids composed of silicon and oxygen atoms. Silica particles become
suspended in the air and form non-explosive dust. Silica may com-
bine with other metallic elements and oxides to form silicates [73].

3.3. Cerium Oxide (Ce0,)

Cerium oxide is an oxide of a rare earth mineral, for instance, a
pale yellow powder with the chemical formula CeO,. It is an im-
portant commercial product and an intermediate in the purification
of elements from ores [74]. Cerium oxide (CeO,), also known as ce-
ria, is used in many technological applications [75], traditionally as
a polisher in chemical mechanical polishing processes in the semi-
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conductor industry and as a catalyst in solid oxide fuel cells. In the
past ten years, there has been significant and growing research in-
terest in cerium oxide nanoparticles for its distinctive catalytic
properties, convertible redox reaction, and electronic configurations
as well as use in a wide range of applications in biomedicine, bio-
technology, and agriculture [76].

4. CONCLUSIONS

The present work includes a recent review on PMMA doped with
metal-oxide NPs. The previous studies showed that the nanocompo-
sites of PMMA /metal-oxide NPs have many applications in the bio-
medical, electronics, optical and optoelectronics fields.
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Polymer matrix nanocomposites mostly have unique characteristics in-
clude lightweight, flexibility, high corrosion resistance, few cost, and
good chemical and physical properties. Ceramic nanoparticles (NPs) like
carbides may be utilized as additive to the polymers such as polycarbonate
(PC) that leads to formation of new nanomaterial, which can be employed
in different biomedical and industrial fields. So, this work includes recent
review on nanocomposites of ceramic-nanoparticles-doped polymers and
their applications. The previous studies indicated that the nanostructures
of ceramic-NPs-doped polymer have many applications in different fields.

ITosmimepHi MaTpUYHi HAHOKOMIIOBUTH B OCHOBHOMY MAalOTh YVHiKaJbHI Xapa-
KTEePpUCTUKHU, BKJIOYAIOUYU JIETKiCThb, THYUYKiCTh, BUCOKY KOPO3iiiHYy CTiii-
KicTb, HEBeJIMKY BapTicTh i xopori xemiuHi Ta ¢isuuni Baactusocti. Kepa-
miuni manouactTuaku (HY), Taki Ak Kapbigm, MOKYTb OYTU BUKOPUCTAHI AK
mobaBKa OO0 IOJiMepiB, TaKMX AK IMOJIiKapOOHAT, IO IIPUBOAUTEL OO YTBO-
PEeHHSA HOBOT'O HAHOMATEPifAdy, AKHUN MoOKe OyTH BHUKOPHUCTAHUUA y PisHHUX
bioMmenquuHMUX i mpommca0BUX obsacTaAx. OTiKe, A PoOOTA BKJIIOUAE HEIO-
IaBHiN OriA] HAHOKOMIIO3WTIB ITOJiMepiB, Jier'OBaHUX KepaMiuHMMU HaHO-
YacTUHKaMM, Ta iX 3acTrocyBaHHs. [lomepenHi mociigsKeHHSA TOKasaaw, IO
HAHOCTPYKTYpU IIOJiMepy, JeroBaHoro kepamiunmmm HY, maipTb 6Garato
3aCTOCYBaHb y PiBHUX 00JaCTAX.

Key words: polycarbonate, ceramic nanoparticles, carbides, nanocomposites.

Karouosi croBa: mosikapboHaT, KepaMiuHi HaHOYAaCTUHKM, KapOigu, HaHO-
KOMIIOBUTH.
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1. INTRODUCTION

Nanotechnology is one of the most popular topics for current re-
search and development across a wide range of technological fields.
This encompasses polymer science and technology, and research in
this. include a wide range of fields [1]. Nanotechnology will enable
the development of novel materials providing the basis for the de-
sign and development of new properties and structures, which will
result in increased performance, reduced cost of maintenance and
enhanced functionality [2].

There is a significant feature of nanotechnology which is the re-
duction instruments, sensors, and computers, both old and modern,
that will have a significant effect on the planet computers of expo-
nentially great strength that generate algorithms to mimic human
brains, examples of future miniaturization include biosensors that
warn us at the earliest stage of disease initiation, preferably at the
molecular level, and medicines that target particular diseases. Na-
norobots capable of repairing internal damage and removing toxic
pollutants from human bodies, as well as nanoscale sensors capable
of continuously monitoring our local world, are both possibilities.
Nanotechnology has a broad variety of possible uses, ranging from
nanoscale circuitry and optics to nanobiological structures and na-
nomedicine. As a result, it necessitates the production of experi-
mental materials as well as multidisciplinary teams of physicists,
chemists, and engineers, materials scientists, evolutionary biolo-
gists, pharmacologists, and others to cooperate on (i) nanomaterial
synthesis and processing and nanostructures, (ii) a better under-
standing of the physical properties of the nanometer scale, (iii)
nanodevices or devices that use nanomaterials as building blocks are
designed and constructed, and work on the fabrication and produc-
tion of nanomaterials and nanostructures started a long time ago,
even before nanotechnology was recognized as a new scientific field,
research in this field has accelerated rapidly in the last decade, re-
sulting in a flood of literature in a number of journals. Nanotech-
nology science is increasingly evolving and expanding [3]. The pol-
ymers can be divided into two denominations: natural and industri-
al. The natural polymers include proteins, cellulose, starches and
rubber, either the industrial include poly(vinyl chloride), nylons
polyethylene, polypropylene , polyesters polycarbonate , and poly-
carbonate, etc. [4].

2. POLYMER STRUCTURE

A polymer consists of organic molecules (macromolecules) of small
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repeating structural units (monomers) connected to each other by a
special process of polymerization, and each negative polymer mole-
cule consists of thousands of atoms connected by covalent chemical
bonds.

Polymer molecules are attracted to each other by forces that de-
pend on the type of polymer [5, 6]. Polymers can be classified into
two groups according to the effect of temperature on them. They
are as follow.

(i) Thermoplastic polymers. These polymers change their properties
depending on the temperature change. When the temperature is in-
creased, they become flexible and viscous; by decreasing the tem-
perature, these polymers return to the original (solid) state. This is
because the molecules in the thermoplastic polymer are bound by
relatively weak molecular (van der Waals) forces. When heated,
these molecules can slide over each other as in polystyrene, polyeth-
ylene, polypropylene, polyvinyl alcohol [7].

(ii) Thermosetting polymers. These polymers change chemically
when heated. Thermosetting materials are usually three-dimensional
lattice polymers, in which there is a high degree of cross-linking
between the polymer chains. After being heated, these polymers be-
come insoluble, non-conductive, and hard, because the molecules of
these polymers are connected by strong covalent chemical bonds.
Phenol-formaldehyde resin and urea-formaldehyde resin are exam-
ples of this type of polymer [5, 8, 9, 10].

Materials that have a polymer matrix with a conductive filler are
known as conductive polymer composites [11, 12]. These compounds
are known for their high dielectric constants and for being highly
conductive. This is achieved by conductive padding that forms a
mesh throughout the compound allowing current to flow through
the compound. The conductivity of these compounds can increase by
several orders of magnitude. Since the matrix is composed of a pol-
ymer, these compounds have the potential to increase flexibility, if
the polymer used in the matrix is flexible. The compound can be
brittle and weak due to the amount of filler needed to produce a
highly conductive material. The main advantage of conductive pol-
ymer composites is that they display the properties of both metal
and polymer [12, 13]. Conductive polymer compounds can consist of
two types of microstructures. A system can contain either a random
microstructure or a discrete microstructure. The random micro-
structure consists of a polymer matrix with filler particles placed
intermittently throughout the matrix. These compounds have iso-
tropic properties and the filler does not show any bias to its loca-
tion. The separate microstructure consists of filler particles show-
ing a bias for their location. These compounds contain filler-rich
regions along with polymer-rich regions [12, 14].



166 ‘Wissam Obeis OBAID and Ahmed HASHIM

3. NANOCOMPOSITES

Nanocomposites consist of polymers that may be natural or synthet-
ic, and they are nanomaterials, which refer to materials with na-
nosize topography or composed of nanosize building components
[14]. Although the terms nanomaterials and nanocomposite repre-
sent new and exciting areas in materials science, they have been
used for centuries when they exist in nature. However, methods for
characterizing and controlling the structure at the nanoscale have
only stimulated much later [15].

A nanocomposite is a conventional compound consisting of two
parts, filler and a matrix. In a conventional composite usually, a
fibre such as glass fibre or carbon fibre is used as filler, in a nano-
composite, the filler is a nanomaterial. Examples of nanomaterials
are carbon nanotubes, carbon fibre tubs, and nanoparticles such as
gold, diamond, silver, silicon and copper. Carbon nanocomposites
are of particular interest due to their high strength and high hard-
ness compounds that they produce at relatively low concentrations
of carbon nanotubes [16].

The dispersion of inorganic nanocomposites into an organic poly-
mer to form polymer nanocomposites has gained increasing atten-
tion in recent years. The new properties of nanocomposites can be
obtained through the successful transfer of the properties of the
original components into a single material [17]. An important and
significant challenge in developing nanocomposites is to find ways
to create macroscopic components that take advantage of the unique
physical and mechanical properties of the very small objects within
them. On the other hand, the fracture toughness of such biocompo-
sites depends on the ultimate tensile strength, T, of the reinforce-
ment. Crucially, the use of nanomaterials allows the maximum the-
oretical strength of the material to be reached, because the mechan-
ical properties become increasingly insensitive to defects at the na-
noscale [18]. Mechanical, electrical, thermal and electronic proper-
ties and the electrochemical properties of nanocomposites can differ
significantly from those of their constituents [19].

The basic theory of nanocomposites is based on the principle that
there is a very wide interface between the nanosize building blocks,
and the polymer matrix that is under our study is based on this
principle for the nanocomposite [20].

4. APPLICATIONS OF POLYMER NANOCOMPOSITES

The applications of polymer nanocomposites are based on the matrix
and the nanocomposites [21]. Among its many applications are:
cars (gasoline tanks, fenders, interior and exterior panels, etc.);
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construction (pull out the shape, panels);

electronics and electricity (printed circuits and electrical compo-
nents);

food packaging (packaging, films);

cosmetics (controlled release of ‘active ingredients’);

dentistry (filling materials);

environment (biodegradable materials);

gas barrier (tennis balls, food and beverage packaging);

flame retardants, military, aerospace and commercial applica-
tions.

It can be noted that there are many industrial and medical appli-
cations of nanomaterials related to many fields, including engineer-
ing, biology, chemistry, computing, materials science, military ap-
plications, and communications, but their effects are difficult to
enumerate. Benefits of nanotechnology include improved manufac-
turing methods, water purification systems, improved food produc-
tion methods and energy networks, physical health promotion, na-
nomedicine. Products made with nanotechnology may require little
labour, earth, or maintenance, are high in productivity, low in cost,
and have modest material and energy requirements [22]. There are
many applications of ceramic-doped polymer matrix and nanocom-
posites including: electronics and optoelectronics [23—42], sensors
[43—-48], antibacterial [49—51], optical fields [562—56], thermal ener-
gy storage [57-58], radiation shielding and bioenvironmental [59—
65].

5. CARBIDES

In chemistry, carbide is a compound composed of carbon and a less
electronegative element. Carbides can be generally classified by the
type of chemical bonds as follow [66]:

(a) salts;

(b) interstitial compounds;

(c) covalent compounds;

(d) transition metal carbide.

Examples include calcium carbide, tungsten carbide, silicon car-
bide and tantalum carbide [66].

6. TANTALUM CARBIDE (TaC)

Tantalum carbide (TaC) is a ceramic material that has the ability to
withstand very high temperatures. It is also used industrially in the
manufacture of cutting tools because of its hardness that exceeds
that of diamond [67]. It can also be added to the crystal structure
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of tungsten carbide alloy. Tantalum carbide (TaC) nanomaterial is
strikingly interesting, because it contains some. Characteristics
such as high hardness, high melting point (max 3880°C) [68]. This
material is considered resistant to chemical attack and oxidation,
and has good and excellent catalytic and thermal properties and
limits of electronic conductivity [69, 70]. The chemical properties of
this substance are attributed to the mixed metal covalent bond [71].
One of the main uses of TaC is a phase hardening in composites to
increase strength and wear resistance [72]. Tantalum carbide (TaC)
is difficult to produce by sintering to a high melting point of
3880°C. TaC is difficult to sinter in conventional or hot pressing
furnaces. Furnaces designed for these higher temperatures are usu-
ally very expensive [73].

7. SILICON CARBIDE (SiC)

Silicon carbide is also known as carborundum and is found in na-
ture in the form of the extremely rare mineral moissanite. Silicon
carbide is a compound of silicon and carbon with the chemical for-
mula (SiC). Silicon carbide powder has been produced since 1893 for
use as abrasives. Granules of silicon carbide can be bonded together
by roasting to form very hard ceramics, so it is widely used in ap-
plications that require high tolerances, such as automobile brakes,
ceramic plates, in bulletproof vests, high speed steel polishing pro-
cesses, deep drawing dies and carbide inserts [74].

SiC particles in the particles may behave as abrasives at the in-
terface of the workpiece during machining and affect the mechani-
cal properties of the composites, i.e., hardness and tensile strength
The silicon carbide material in the workpiece plays an important
role in it as machinability; so, it represents abrasive areas in the
metal that cause excessive wear of the tool, increases the cutting
force, and has a significant impact on the quality of the machined
surface [75].

8. POLYCARBONATES (PC)

Polycarbonates are a group of thermoplastic polymers that contain
aggregates of carbonates in their chemical structures. They are
strong, rigid, and sometimes optically transparent materials. Poly-
carbonate is easily fabricated and thermoformed. Because of these
properties, polycarbonate finds in many applications. Polycar-
bonates got their name because they are polymers containing car-
bonate. A balance of beneficial features, including temperature re-
sistance, shock resistance, and optical properties, places polycar-
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bonate between commodity plastics and engineering plastics [76].
Polycarbonate is mainly used in electronic applications that take
advantage of security features. Being a good electrical insulator
with heat-resistant and flame-retardant properties, it is used in
many products associated with telecommunication devices and elec-
trical appliances and can also act as an electrical insulation in high-
ly stable capacitors [77].

9. CONCLUSIONS

In this work, recent review on nanocomposites of ceramic-
nanoparticles-doped polymers is presented with their applications
analysed. The previous studies indicated that the nanostructure of
ceramic-NPs-doped polymer have many applications in different
fields.
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In recent years, gold and silver nanoparticles are gaining prominence as
antimicrobial agents. Silver nanoparticles have been employed in medi-
cine, bio-sensing and agriculture. The synthesis of silver nanoparticles
from plant extracts are gaining importance as it is eco-friendly and safe.
In the present study, the aqueous extracts of leaf, root and stem of Oroxy-
lum indicum are used as the reducing agents for the synthesis of the sil-
ver nanoparticles. Various concentrations (1.0, 2.0, 5.0 or 10 mM) of sil-
ver nitrate are used with aqueous extract of O.indicum for the synthesis
of silver nanoparticles. The synthesized silver nanoparticles are character-
ized using UV-visible spectroscopy, Fourier-transform infrared spectros-
copy, and x-ray diffraction and scanning electron microscopy techniques.
The antibacterial activity of these silver nanoparticles is studied against
Escherichia coli and Bacillus subtilis. The maximum inhibitory activity is
observed from silver nanoparticle synthesized from 5 or 10 mM silver ni-
trate with O.indicum extract.

B ocTamHi pokr HaHOYACTHMHKHU 30JI0TAa Ta cpibja HAOYBAOTH MOIMYJIAPHOCTH
B AKOCTi aHTUMiKpobOHUX areHTtis. HaHouacTuHKU cpibJya Oyau BUKOpPHCTaHIL
B MeAuIIMHi, 6i030HAyBaHHI Ta ciaIbchbKOMY rocmogapcTBi. CuHTEe3a HaHouac-
TUHOK cpibsia 3 POCAMHHUX EKCTPaKTiB HaOyBae BaKJIMBOTO 3HAUYEHHS,
OCKiJIbKM BOHA € €KOJIOTiuHOI0 Ta 6e3leuHoi0. Y IIbOMY IOCTid:KeHHi BOAHI
eKCTPaKTHU JINCTA, KOopeHA Ta credna Oroxylum indicum BUKOPUCTOBYIOTHCS
B AKOCTi BiZHOBHUKIB AJIg CHHTE3M HAHOYACTUHOK cpibsia. PisHi KOHIEHT-
pamii (1,0, 2,0, 5,0 a6o 10 MM) miTpaty ApreHTymMy BUKOPHCTOBYIOTHCS 3
BomHUM excTpakToM O.indicum Ajid CUHTEe3M HaHOUYACTUHOK cpibsa. Cunte-
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30BaHI HAHOYACTHMHKH cpibjla XapaKTepu3yIOThHCA 3a JOIOMOIOI0 CIIEKTPOC-
Komii y Bupmmiii i yabrpadioseroBiit obsactax ceitia, iHGpauepBoHOI cme-
KTPOCKOITii Ha ocHOBI @yp'e-mepeTBOPY, PEHTI'eHiBCHKOI AM@pakiii Ta Me-
TOJIB CKaHYBAJbHOI €JEeKTPOHHOI MiKpocKomii. AHTMGaKTepisIbHA aKTUB-
HicTh IIMX HAHOYACTHMHOK cpibsa BuBYaeThbcsa npotu Escherichia coli i
Bacillus subtilis. MakcuMaJibHAa CTPUMYBaJIbHA aKTHUBHICTh CIIOCTEPiraeThCs
BiJT HAHOYACTUHOK Ccpibja, CHHTE30BaHUX 3 HiTpaTy ApPreHTyMy KOHIIEHTpAa-
miero y 5 a6o 10 mM i3 excrpaxTom O.indicum.

Key words: Oroxylum indicum, silver nanoparticles, FTIR, XRD, antibac-
terial activity.

Karouori ciosa: Oroxylum indicum, HaHOUYaCTHUHKU cpibJua, imdpauepBoHa
CIIEKTPOCKOIIisA Ha OCHOBI @yp e-IIepeTBOPY, PEHTTeHiBChKA AUMpPaKIlid, aH-
TOAKTEepifAIbHA aKTUBHICTE.

(Received 22 May, 2022)

1. INTRODUCTION

The pathogenic microorganisms gaining multi drug resistance has
become a major problem in health sector [1, 2]. Hence, finding solu-
tion for this problem would help in overcoming the new pathological
conditions. Nanotechnology is a field that is gaining importance in
recent years, which includes manufacturing of materials of 1-100
nm ranged size [3]. The nanoparticles have a special property of be-
having as an antimicrobial agent due to its high surface area [2].
Synthesis of nanoparticles can be done using biological, physical
and chemical approach. The chemical method of synthesis of the
nanoparticles need stabilizing agent called the capping agent. Hence
the biological approach is gaining prominence since it is eco-
friendly and cost effective compared to chemical and physical ap-
proaches [4, 5]. Silver nanoparticles rather than the silver ion are
of intense research as these nanoparticles have unique property of
low concentration required for minimal inhibition [2, 6, 7, 8].
Aqueous extract of microbial cultures and plants are used for the
synthesis of silver nanoparticles has been reported in several re-
search findings. This is due to the phytochemicals that exhibits an-
tioxidant property of plants and in enzymes of microorganisms,
where the metal compounds are reduced to form nanoparticles. The
green synthesis of nanoparticles refers to synthesis of nanoparticles
from natural sources such as aqueous extracts of plants. Several
research finding have already been published which explains meth-
ods of nanoparticles synthesis from the aqueous extracts of Aca-
lypha indica [4], Ocimum sanctum [9], Catharanthus roseus [10],
Citrullus colocynthis [11], Olea europaea [12], Pterocarpus santali-
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nus [13], Rumex hymenosepaluus [14], Vitis vinifera [3], Zingiber
officinale [15], Afzelia quanzensis [16], Lantana camara [17],
Chamomile [5], and Cucumis prophetarum [18].

The Oroxylum indicum (L.) (Vent.) is an important medicinal
plant of family Bignoniaceous. This plant contains various second-
ary metabolites such as flavonoids, tannins, alkaloids and terpe-
noids [19]. Plants generally have reactive oxygen species that scav-
enge the oxygen radicals. Such reactive oxygen species are found in
bark and roots of O.indicum which adds special characteristics such
as anti-inflammatory, antimicrobial properties to this plant. Fruit
extract has been used in treating heart, throat and lung related dis-
orders. Leaf extract is used in treating ulcers and root extract is
used in treating dysentery [19].

In the present study, silver nanoparticles were synthesized from
leaf, stem and root extract of O.indicum, and its antibacterial activ-
ity was investigated.

2. EXPERIMENTAL
2.1. Synthesis of Silver Nanoparticles

Different parts of O.indicum such as leaf, root and stem were col-
lected and dried completely and powdered using mortar and pestle.
Aqueous extract was prepared by boiling 5 g of the powder in a 250
ml beaker containing 100 ml double distilled water. The dissolved
solution was subjected to centrifugation at 5000 rpm for 15 min,
then, the supernatant was collected and used for the preparation of
the silver nanoparticles. Silver nitrate concentration of 1 mM, 2
mM, 5 mM or 10 mM were prepared by the extract obtained from
O.indicum. This was incubated in dark and further the solution was
subjected to centrifugation for 20 min at 10000 rpm, and then, pel-
let was collected, dried for 48 hrs, used for antibacterial activity.

2.2. Characterization of the Silver Nanoparticles

The biosynthesized silver nanoparticles were characterized using
UV-visible spectroscopy, Fourier-transform infrared spectroscopy,
x-ray diffraction and scanning electron microscopy.

UV-Visible Spectroscopy Analysis. Double beam UV-visible spec-
trophotometer (SL164, ELICO, India) was used for measuring the
optical property of the synthesized silver nanoparticles. The silver
nitrate of 1 mM, 2 mM, 5 mM and 10 mM at various time intervals
of 0, 24, 48, 72 hrs were measured in the spectrum range of 200
nm to 800 nm.
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Fourier-Transform Infrared Analysis. Fourier transform infrared
analysis is carried out in the range of 8600—600 cm™ using Perkin
Elmer Spectrum version 10.4.00.

X-Ray Diffraction Analysis. X-ray diffraction analyser with set-
tings of 40 kV/40mA was used for characterizing the O.indicum ex-
tract silver nanoparticles. The data for thus synthesized nanoparti-
cles were collected in the angular range of 20. The size of these par-
ticles was obtained using Scherrer formula.

Scanning Electron Microscopy Analysis. The scanning electron mi-
croscopy analysis gives the size of the nanoparticles and the topo-
logical view of these particles. Copper coated grid was covered with
thin film of the silver nanoparticles and further analysed at a set
accelerating voltage of 12 kV (Hitachi su 1500).

2.3. Antimicrobial Screening of Silver Nanoparticles

Disc plate method was used for checking the antibacterial activity
of the silver nanoparticles against B.subtilis and E.coli. Sterile discs
were placed on the nutrient agar plates that were swabbed with the
pure culture of B.subtilis or E.coli. The 20 nul of colloidal solution of
silver nanoparticles was added to sterile discs, plant extract was al-
so loaded on to one of the sterile disc. Silver nitrate solution and
the antibiotic were used as positive control and the plant extracts
alone acts as negative control.

The inhibition zone formed after incubation at 37°C for 48 hr
was measured.

3. RESULTS AND DISCUSSION
3.1. Biosynthesis of Silver Nanoparticles

Various parts of O.indicum such as leaf, root and stem was used for
the synthesis of silver nanoparticles, and this extract acts as a re-
ducing agent. With addition of varying concentration of silver ni-
trate to the extract, colour change was observed (Fig. 1, a—c). Opti-
cal characteristics of the nanoparticles were reason for this colour
change, this was because of the phenomenon known as surface
plasmon resonance. Similar result, which indicates the silver ion
reduction leading to the formation of the silver nanoparticles from
the extracts, was reported in Rumex hymenosepalus [14]. The anti-
oxidants of the plants reduce the silver ion of the silver nitrate into
atom, which nucleates to form nanoparticles. The size of the nano-
particles was influenced by the concentration of the silver salts and
reducing agent in the solution [14].
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3.2. Characterization Studies

The synthesized nanoparticles were characterized using UV-—visible
spectroscopy, SEM, XRD and FTIR. The optical property, topology,
shape, size, capping of the particle and other important properties
of the silver nanoparticles were analysed.

UV-Visible Spectroscopy Analysis. The synthesis of the silver na-
noparticles was confirmed using UV-visible spectroscopy (Fig. 2).
This was due to the property of Plasmon resonance of the nanopar-
ticles [20]. The size of the particles and the absorption spectra were
proportional [9]. There was a secondary peak observed due to parti-
cle destabilization in the solution.

As the concentration of silver nitrate increases, there was in-
crease concentration of silver nanoparticles being formed hence in-
tensity of the peak increases. But at the concentrations of 5 mM
and 10 mM of silver nitrate, there was no significant peak differ-
ence being observed. The intensity of peak increases with incubation
period but remains unaltered after 72 hr. Hence, it can be conclud-

Fig. 1. Silver nanoparticles synthesized wusing extracts of leaf of
O.indicum. 1—Silver nitrate solution; 2—plant extract; 3—Ag-NPs in
ImM AgNO;; 4—Ag-NPs in 2 mM AgNO,;; 5—Ag-NPs in 5 mM AgNO;;
6—Ag-NPs in 10 mM AgNO;.

25 —+—Leaf extract —S—AgNO,
2.0
1.5
1.0

0.5

O 200 400 0 800 1000

Wavelength, nm

Absorbance

Fig. 2. UV-visible spectra of silver nanoparticles synthesized using the
extracts of leaf of O.indicum.
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ed that the equilibrium was reached at 72 hr. Hence, for further
study, silver nanoparticles prepared from 5 mM silver nitrate with
an incubation period of 72 hr were used for maximum nanoparticles
production. Further, it was also observed that the intensity of the
peak was highest for the leaf extract silver nanoparticles (Fig. 2).

Fourier-Transform Infrared Spectroscopy Analysis. This was done
to know the stability of the synthesized nanoparticles and the bond
linkage. Figure 3, a—c shows the results of the FTIR indicating the
presence of active functional group in the nanoparticles since there
were a lot of absorption bands. The band at 3240-3300 cm ™ corre-
sponds to the functional alcoholic group stretching in polyphenols,
proteins and in polysaccharides. The stretching characteristics of
the methyl group, secondary amine or aldehydic C—H bond stretch-
ing gives a peak at 2920—-2928 cm™. The amide bond of protein, i.e.,
carbonyl stretching, gives a peak at 1595-1626 cm™'. The peak at
1018-1030 cm ™' indicates the presence of alcohol, acidic, ether, es-
ter, carboxylic and aliphatic amine groups. The intensity of the
spectra always directly related to the changes in the dipole, i.e., due
to the vibrations. This data was supported by the observations in
Zingiber officinale [21]. Spectra results support the presence of the
reducing sugar in solution, i.e., responsible for the reduction of the
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Fig. 3. FTIR spectra of silver nanoparticles synthesized using extracts of
O.indicum. a—FTIR spectrum of Ag-NPs synthesized using leaf extract;
b—FTIR spectrum of Ag-NPs synthesized using stem extract; ¢—FTIR
spectrum of Ag-NPs using root extract.
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metal ions and synthesis of the metal nanoparticles.
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Fig. 4. XRD patterns of silver nanoparticles synthesized using extracts of
O.indicum. a—XRD patterns of Ag-NPs synthesized using extract of leaf;
b—XRD patterns of Ag-NPs synthesized using extract of stem; ¢c—XRD
patterns of Ag-NPs synthesized using extract of root.
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Fig. 5. SEM images of silver nanoparticles synthesized using stem extract
of O.indicum.

The silver nanoparticles interact with the proteins and forms
larger particles; this was due to the functional group of the protein
or the metabolite.

X-Ray Diffraction Analysis. The x-ray diffraction method was used
to analyse the structure of the nanoparticles. In the present inves-
tigation, the peaks indicate the presence of the cubic and hexagonal
crystalline structure of nanoparticles (Fig. 4, a—c). The peaks at
77°, 67.5°, 64.5°, 45.3°, 44°, 38° correspond to 311, 112, 220, 103,
200, 111 in the spectrum of 26. The crystalline nature of biosynthe-
sized nanoparticles were also reported in Vitis vinifera [3] and
Afzelia quanzensis [16]. The broaden peak was observed for smaller
particles. The multiple beam of x-rays was used for obtaining the
three dimension image of the crystalline structure. The size of sil-
ver nanoparticles synthesized from the extract of in vitro grown
O.indicum roots, leaves and stem is found to be 86 nm, 74 nm and
63 nm, respectively. These results were found to fall in the range of
1-100 nm.

Scanning Electron Microscopy Analysis. The highly variable mor-
phology of the nanoparticles was obtained (Fig. 5). Figure further
shows the clustered and individual particles. The optical and elec-
trical property was related to the change in the shape of the nano-
particles [12, 22].

3.3. Antibacterial Activity of the Synthesized Silver Nanoparticles

In this study, the antibacterial activity was studied against E.coli
and B.subtilis.

Figures 6 and 7 show the inhibited growth, when silver nanopar-
ticles are used.
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Fig. 6. Antibacterial activity of silver nanoparticles synthesized using ex-
tracts of O.indicum at different concentrations against B.substilis. a—
Antibacterial activity of Ag-NPs synthesized using leaf extract; b—
antibacterial activity of Ag-NPs synthesized using stem extract; c—
antibacterial activity of Ag-NPs synthesized using root extract. 1 —Ag-
NPs containing 1 mM AgNO;; 2—Ag-NPs containing 3 mM AgNO;; 3—
Ag-NPs containing 5 mM AgNO;; 4—Ag-NPs containing 10 mM AgNO;.
P—positive control (Ampicillin); Ag—silver nitrate; E—extract.

b

Fig. 7. Antibacterial activity of silver nanoparticles synthesized using ex-
tracts of O.indicum at different concentrations against E.coli. a—
Antibacterial activity of Ag-NPs synthesized using leaf extract; b—
antibacterial activity of Ag-NPs synthesized using stem extract; c—
antibacterial activity of Ag-NPs synthesized using root extract. 1—Ag-
NPs containing 1 mM AgNO,;; 2—Ag-NPs containing 3 mM AgNO;; 3—
Ag-NPs containing 5 mM AgNO;; 4—Ag-NPs containing 10 mM AgNOs;
P—positive control (Ampicillin); Ag—silver nitrate; E—extract.

The diameter of the inhibition zone increases with increase in the
concentration of the nanoparticles (Table). The silver nanoparticles
synthesized using root extract with 10 mM concentration of silver
nitrate showed a zone of inhibition with a diameter of 14 mm
against B. subtilis (Fig. 6).
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TABLE. Inhibitory effect of silver nanoparticles synthesized using extract
of O.indicum on B.subtilis and E.coli.

Bacillus subtilis Escherichia coli

g g £ = £ g

g g = = = =

g o £ g o g

o 2 2 e 2 N

3 3 3 3 S 3

S S S S S S

Positive control 22 21 22 27 21 25
Silver nitrate 9 7 9 8 9 8
Extract — — — 7 9 7

1 mM’ 10 7 10 10 10 11

2 mM" 11 10 11 11 10 11
5 mM"* 13 11 13 13 11 12
10 mM” 13 13 14 15 14 13

Note: "Silver nanoparticles synthesized at particular mM concentration.

The silver nanoparticles synthesized using stem extract with 10
mM concentration of silver nitrate showed a zone of inhibition with
a diameter of 15 mm against E.coli (Fig. 7). This antibacterial prop-
erty was due to the electrostatic attraction of these particles with
the cell membrane leading to the damage bacterial cell membrane
and disruption of DNA replication [23]. Few reports also suggest
the binding of the silver particle to thiol group of enzymes in bacte-
ria [12, 24].

4. CONCLUSION

In present investigation, the silver nanoparticles were synthesized
using the aqueous extracts of stem, root and leaf of O.indicum. The
synthesized nanoparticles were characterized and studied for its an-
timicrobial activities against E.coli and B.subtilis. Silver nanoparti-
cles synthesized from 5 or 10 mM silver nitrate showed maximum
inhibitory activity.
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Anthropogenic activity in terms of urbanization, industrialization, and
modern agricultural techniques challenges the natural environment in
terms of compromise in air pollution and water quality, which lead to
hazardous health impacts on human beings. In this context, it is very es-
sential to monitor the air and water quality to a maximum possible extent
with maximum accuracy, which is of utmost significance. A significant
effect on human health due to pollutants makes their detection in water
and air essential. Even though various techniques of monitoring these pol-
lutants are available, proven advantages of electrochemical techniques at-
tract more attention. Because of this, an attempt is made to review some
of the latest advances in electrochemical sensing of environmental con-
taminants, which include heavy-metal ions and pesticides. Electrochemical
sensing has been done by using sensors designed with various materials.
However, sensors designed with carbon and its allotropes such as carbon
nanotubes, graphene derivatives, carbon nanodots, active carbon, screen-
printed carbon electrode, and others are reviewed. Even though these sen-
sors are capable of being used in medical analysis, food safety, soil quali-
ty, drug detection, etc., the review paper highlights only applications re-
lated to environmental monitoring. This review is mainly meant to come
up with an understanding of the present-day progress in electrochemical
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applications based on carbon and its allied materials towards environmen-
tal pollutants. This review highlights some of the synthesis techniques of
graphene (an allotrope of carbon) and sensor designing along with their
performance. This review has established the compatibility in the pub-
lished literature that graphene and related materials play a significant
role in electrochemical sensing of pollutants.

AnTpomoreHHa OiAJLHICTE 3 TOUKM 30py ypOamisarii, immycrpianisarii Ta
CYyYaCHUX CiIbCBKOTOCIIONAaPChKUX TEeXHOJIOTiM KuAae BUKJIUK IIPUPOIHLOMY
CepeloBUINY 3 TOUKU 30Py KOMIpPOMicy B 3a0pyAHEHHI IOBITpsS Ta AKOCTi
BOJM, 1[0 NPU3BOAUTL N0 HeOEe3IMeYHUX HACIIAKIB OJs 340POB'd Jomei. ¥
IBOMY KOHTEKCTi IysKe BaKJMBO CTEXKUTHU 3a SKIiCTIO IOBITpsA Ta BOAU B
MaKCUMaJbHO MOJKJUBIA Mipi 3 MakCHMaJIbHOIO TOYHICTIO, IO MAa€ IIEPIIIO-
pAIHe 3HAUYEHHs. SHAUHMWI BILINB Ha 3J0POB A JIOAUHU depe3 3a0pyaHIOBA-
JbHI PEeYOBUMHU POOUTH BUABJEHHS iX y BoAi Ta moBiTpi Heobximmum. He-
3BasKalouu Ha Te, IO € Pi3Hi MeToaM MOHITOPMHIY IIMX 3a0pyAHIOBAUiB, HO-
BeJleHi IlepeBarm eJeKTPOXEMiuHMX MeTO[iB IPUBEPTAIOTh Bce OiJbIlle yBa-
ru. Yepes 1e pobuThcA cupoba MEePeraaHyTH OesdKi 3 OCTaHHiX JOCATHEHL B
06J1acTi €JIEKTPOXEMIiUHOTO B30HAYBaHHA 3a0pyAHIOBAUiB HABKOJJIUIIIHBOTO
cepeoBuUIla, OO0 AKWUX BiJHOCATHCA HOHM Ba’KKMUX METAJIB 1 IEeCTUIUIN.
EnxexTpoxeMiuHe 30HAYBaHHS OyJio 3p00JeHO 3a JOIMOMOTOI0 AATUYMKIB, PO3-
pobieHux 3 pisHumx MarepianaiB. OgHAK PO3rIALalOThCA HATUNKHU, PO3po0IIe-
Hi 3 ByrjemeM Ta IHOT0 aJIOTPOaMM, TAaKMMHK SK BYIJIEIleBi HaHOTPYOKH,
rpadeHoBi moximHi, ByrJieneBi HaHOTOUKHU, aKTUBHHI BYyIJellb, BUKOHAHA
MeTonOoM TpadapeTHOTO APYKY ByTJelieBa ejeKTpoxa Ta iumri. HesBakarouu
Ha Te, IO Ii JaTYMKKU MOYKYTH OYTHM BUKOpPHCTAHi B MeIMUYHill aHadisi, 3af-
JIST HEIIKiAJMBOCTY XapUOBUX IPOAYKTIB, AKOCTU I'PYHTY, BUSABJICHHS JiKiB
TOIIIO, JAHA OJIAZOBA CTATTS BUCBITJIIOE JIMINE IIPOTPAMM, IIOB S3aHiI 3 MO-
HITOPUHI'OM HaBKOJUMIIHBOTO cepenoBulnia. Ileit orssam B oCHOBHOMY Mae Ha
MeTi oep;KaTW PO3YMIHHA CYy4YaCHOT'O IPOIPeCcy B €JEeKTPOXeMiuHUX 3acTo-
CYBaHHSX Ha OCHOBi BYIJIEI[I0 Ta CYMisKHMX 3 HAM MATepPifAJiB Iomo 3a0py-
OHIOBAYiB HABKOJIMIIIHBOTO CepPeAOBUINA. ¥ IIbOMY OIJISAI BUCBITJIIOIOTHCA
IesdKi MeToau CUHTE3W I'padeHOBMX MaTepifniB (aJoTpomHOi popMu BYTJIe-
I}0) Ta MPOEKTYBAHHA MAaTUYMKiB, a TaAKOK ixHA mponyKTuBHicTh. Ileit ormsan
BCTAHOBMB CYMiCHicTh B omyOJIiKOBaHil JiiTepaTypi CTOCOBHO TOTO, II[O I'pa-
(eHOBI Ta croOpigHEeHI MaTepisasu BimirparmTh 3HAYHY POJIb B €JIEKTPOXeMiu-
HOMY 30HAYBAHHI 3a0pyIHIOBAJIBHUX PEYOBUH.

Key words: electrochemical sensing, heavy metal ions, carbon allotropes.

Karouori cioBa: eleKTpoxeMiuHe 30HAYBAHHA, MOHM BAXXKKHUX METAJIB, aJo-
TPONU BYIJIEIIO.

(Received 11 August, 2022; in revised form, 16 August, 2022)

1. INTRODUCTION

Quality of air and water is a predominant factor for human exist-
ence in terms of health. An increase in population, rapid urbaniza-
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tion, industrialization, and new agricultural techniques degrades
both air and water quality contributing to environmental challeng-
es. Compromised monitoring and unhygienic treatment of waste re-
sult in the deposition of pollutants directly or indirectly into an
ecosystem. In addition to this, the lack of implementation in gov-
ernment laws regarding pollution control and reduced groundwater
have further intensified water scarcity as well as pollution [1-4].
Heavy metals (HM) like mercury, cadmium, lead, and pesticides,
emerging pollutants, etc. are the pollutants of worry. A biogeochem-
ical mechanism is once the source of heavy metals while they are
due to anthropogenic activity (combustion of fossil fuel, mining,
municipal wastewater) in aquatic media. However, the usage of pes-
ticides in modern agricultural techniques also acts as pollutants. In
addition, emerging pollutants such as personal care products and
troublesome endocrine chemicals also are important [5—8]. The toxic
nature of heavy metal ions such as Cu, Pb, Hg, and Cd affect the
environment. It is reported that exposure to these metals by human
beings through water and food is prone to infection in the immune
system [9, 10]. Given this, the protection of ecosystems through
environmental analysis and monitoring of contaminants is required
[11-13]. It is reported that the present techniques of monitoring
these pollutants through hyphenated, spectroscopic, and chromato-
graphic methods even though reliable and sensitive their drawbacks
in terms of duration and preparatory methods, and high cost limit
their operation [14, 15].

In this context, electrochemical techniques play an important role
in detecting anthropogenic and natural pollutants with high sensi-
tivity, simple preparation method, low cost, simple operation, short
response time, and portable size making them highly potential [16—
19]. Analysis of contaminants with basic electrodes endangers cer-
tain drawbacks such as slow direct electron transfers and electrode
passivation [20, 21]. To overcome these limitations, electrode modi-
fication with metal, polymers, nanopolymers with metal oxides, and
other carbonaceous materials are preferred. This adjustment helps
in the improvement of signal amplification by reducing the over po-
tential of electrochemical reactions [22] support covalent immobili-
zation and ideal biomolecule setting on the electrode surface and
allow redox-active sites without any change in the neutrality of en-
zymes [23].

CNT (carbon nanotubes) and graphene carbon nanomaterials are
carbon-based materials. It is reported that nanomaterials derived
from graphene are suitable for synthesis techniques that are envi-
ronment friendly with minimum residual defect and high output
[24]. They exhibit high conductivity, large area-to-volume ratio,
and rapid electron transfer making them highly potential in various
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applications. Many reports indicated the role of graphene-derived
nanomaterials as electrochemical sensors in energy storage, envi-
ronmental monitoring, and other applications [25—28].

This paper reported some of the applications during the last five
years in electrochemical detection of specific environmental contam-
inants such as heavy metal ions, pesticides, etc. that use platforms
derived from graphene.

2. ELECTROCHEMICAL DETECTION

The main principle behind electrochemical detection is to produce
electric current through a catalyst coated sensing electrode, when
an electrochemical reaction takes place at its surface (Fig. 1).

Electrochemical detection can be taken up by using various tech-
niques such as impedimetric (measurement of impedance) and volt-
ammetry (measurement of current with applied potential) methods.
These methods are globally recognized because of their simple oper-
ation, high sensitivity, low cost, portable making them highly po-
tential in on-site applications. Voltammetry works on the principle
of measuring output current that depends on mass transport by ap-
plying voltage in an electrochemical cell. The output current is lin-
early associated with an appropriate analysis in the sample [29, 30].
This can be further classified into ASV (anodic stripping voltamme-
try), CV (cyclic voltammetry), and EIS (electrochemical impedance
spectroscopy).

ASV is a method of sensing that depends on an earlier stage be-
fore the heavy metal ions dissolved in bulk solution drift to an elec-
trode. Based on the applied voltage, heavy metal ions generate ele-
mental metal through electro reduction [31, 32]. For an applied
voltage, applied electrons are released by dissolving elemental met-
als. This produces intense current by diffusing trivalent or divalent
cations even for low metal concentrations. It is noteworthy that
concentration and stripping current are interrelated [33]. ASV

Transducer

~”
=) ) =) =

P Signal Display
Processing

Catalyst

Fig. 1. Electrochemical sensor.
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technique has a high capability of sense. An rGO/MnO, nanocompo-
site doped with nitrogen was fabricated and applied for GCE modi-
fication. On applying this technique for the detection of Hg, the
enhanced sensor was reported to have high sensitivity and low de-
tection limit [15]. Many such reports were published with
rGO/Fe;0, showing enhanced performance and low detection limit
[34, 35].

3. DESIGNING OF PLATFORMS FOR ELECTROCHEMICAL
SENSORS

Sensor platforms are meant for high selectivity, sensitivity, dura-
bility and low response time, cheap and consume low power. In this
regard, major efforts based on sensing technique, the material used
has been considered by researchers. Keeping this in view, sensor
designing, synthesis of graphene derivative platforms, and their
functionalization were discussed.

3.1. Sensor Designing

The sensing nature of a sensor is dependent on the reaction between
the electrode interface and selected chemical species. Any sensor
system essentially consists of a sensing element, recognition ele-
ment, and transducer [34, 36], which influence the design. The de-
sign of a sensor was postulated based on the actual environment
and the concentration of an earmarked analyte. It has to promote
higher sensitivity and target specific with improved efficiency. It is
reported that some of the design strategies include an increase in
surface area, analyte enrichment, signal amplification, etc. [37—40].
In this context, investigation of modified CPE (carbon paste elec-
trode) engaging magnetic FeNi;/CuS/BiOCl for simultaneous detec-
tion of lead and cadmium is of importance. They reported electrical
communication between electro-active species and electrode surfaces
with the help of superparamagnetic FeNi; [41]. In a similar way,
palladium nanoflower assembled from CNTs and GNSs for modifica-
tion of an SPE was devised to sense nitro-aromatics, p-nitrophenol,
etc. In this combination, one-dimensional CNTs were embedded into
two-dimensional GNSs to form a three-dimensional framework that
can curtail agglomeration between CNTs and GNSs during synthesis
[42]. This combination was reported as exhibiting superior electro-
catalytic activity and capable for reducing nitro-aromatics. This
sensor exhibited detection at a nanomolar level and was a high po-
tential for in situ assessments. The performance of a sensor can be
improved by using nanostructured materials, since they are highly



190 N. V. KRISHNA PRASAD, K. CHANDRA BABU NAIDU, T. ANILBABU et al.

potential in improving surface to volume ratio. In this context, the
role of nanopillars, which act as favourable modifiers in case of an-
timicrobial surfaces [43—45], nanorods of one dimension with diam-
eter between 1 and 100 nm suitable for sensing [20], nanowires of
diameter <100 nm improve signal amplification [46], nanotubes
that act as conducting channels between redox sites and electrodes
[47, 48] that enhance the performance of sensors, was of signifi-
cance [49].

3.2. Graphene Derivative Platforms

The graphene family comprises doped graphene, graphene precur-
sors, and its derived associates such as graphene oxide (GO), re-
duced graphene oxide (rGO), and GQD (graphene quantum dots)
[50]. Graphene is a carbon allotrope having sp®-hybridized carbon
atoms placed into a two-dimensional hexagonal honeycombed struc-
ture [51, 52] with excellent chemical inertness and remarkable elec-
trical, optical, thermal, and mechanical properties [563, 54]. Previ-
ous reports indicated that graphene-derived nanomaterials exhibit
simple functionalization, large surface area to volume ratio, bio-
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Fig. 2. Electrochemical detection of environmental pollutants based on
graphene platforms [79].
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compatible nature, and superior electron transport capability [55].
Different methods of synthesizing graphene derivatives exist and
they are reported to enhance the sensing behaviour of composite
materials (Fig. 2) [566, 57].

Electrochemical methods experience certain drawbacks while us-
ing bare electrodes made of carbon paste (CP) or glassy carbon (GC).
This includes electrode inactivation due to deposition of by-
products, which can be overcome by modifying electrode surfaces to
the possible extent [58]. This modification can be done by using dif-
ferent materials that include carbon nanomaterials especially gra-
phene, single-walled carbon nanotubes (SWCNT), and multi-walled
carbon nanotubes (MWCNT).

4. ELECTROCHEMICAL DETECTION OF HEAVY METAL IONS

Heavy metal ions are ions that cannot be degraded through biologi-
cal means and accumulate in the environment for an extended time.
They tend towards being bio accumulative in the ecological system
affecting human health. It is a known fact that some of the heavy
metal ions like copper, manganese, nickel, and zinc are essential in
our regular diet. However, extreme levels of intake affect the im-
pact on body functioning [59]. It is reported that some of the heavy
metal ions lead to the incidence of cancer. Also, heavy metal ions
such as arsenic, lead, or mercury if exposed more lead to mortality
by damaging the liver, kidneys, heart, lungs, skin and nervous sys-
tem, and the skin [60, 61]. Hence, it is essential to remove heavy
metal ions to protect human health and the environment.

The process of adding new properties to material through the ad-
dition of small organic molecules enhances the performance of a
sensor. In this context, evidenced report on the construction of a
PGMGP electrode for electrochemical detection of divalent Hg and
Pb ions was of significance (Fig. 3). They reported an increase in
redox signal for these ions by the modified electrode with remarka-
ble electrocatalytic activity, stability, and wide linear response [62].
It is also reported that powerful cooperation between graphene and
functional material enhances the sensitivity and frequency response
of the detection system [63]. A similar study by alteration of facile
electrode depending on three-dimensional graphene network inte-
grated with bismuth nanoparticles enhanced sensing of heavy metal
ions [64].

A graphitized mesoporous framework was constructed and was
tested for sensing heavy metal pollutants in aqueous media [65]. In
another report, modified GCE using three-dimensional rGO com-
bined with MWCNTSs nanohybrid was used in determining Pb*" ions
in water [61]. In comparison with bare electrodes, this sensor was
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Fig. 3. Graphene-derived nanomaterials as recognition elements for elec-
trochemical determination of heavy metal ions [10, 62].

found to be upgraded in terms of electrochemical conductivity, sen-
sitivity, and selectivity. In another report, thermally produced gra-
phene—zinc MOF for determination of As(III) was reported. This re-
port attributed sensing of As(III) and its sensitivity was due to the
strong relation between surface areas of graphene and zinc MOF.
The detection limit attained was found to be more than the value
set internationally demonstrating the potential for arsenite detec-
tion in real samples [66]. Similarly, modified electrodes with nitro-
gen-doped graphene for simultaneous detection of Cu(II) and Pb(II)
ions in aqueous media were reported [67]. Considering all this, it
can be inferred that graphene and graphene-derived components
play a major role in the electrochemical detection of heavy metal
ions.

5. ELECTROCHEMICAL DETECTION OF PESTICIDES

Even though pesticides are essential in modern agricultural tech-
niques, their toxic nature, adverse effect on human health and the
ecosystem are of prime concern. Hence, it is very important to mon-
itor them for environmental protection. In this context, electro-
chemical techniques due to their short response time and low cost
make them play a vital role in detecting these pesticides (Fig. 4)
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Fig. 4. Detection of pesticides in food using graphene on carbon screen-
printed electrode [81].

[68, 69]. As they persist in an ecosystem and being lipophilic, the
chances of consumption by humans through food and water are
more [70, 71]. Lindane was one of the pesticides found to be toxic
that severely affect humankind and the ecological system. Detection
of lindane was reported to utilize 1D graphitic carbon in the form
of MWCNTSs, which boosted sensor properties with magnified sensi-
tivity [72]. Similarly, graphitic carbon nitride and polyoxometalate
nanocomposites were assembled to develop molecularly imprinted
sensors to detect lindane [73].

6. CHALLENGES AND OPPORTUNITIES

Even though significant research on the synthesis of graphene was
taken up, barriers still exist. There is a scope for improving the
synthesis methods in terms of upgrading sensitivity, cost-effective
means, stability, and durability in the surrounding environment.
Even though many nanomaterial sensors are being designed, mas-
sive production of nanomaterials at low cost with good performance
continues to be a challenging task. Hence, low cost and simplified
synthesis of graphene-based materials force us to pursue in that di-
rection [74, 75]. At the same time, graphene-based materials in the
modulation of electrodes have certain drawbacks that include the
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generation of unwanted signals. In addition, agglomeration leads to
the presentation of defects with composites of organic polymers
[76]. At present, the complete effect of graphene-derived nano-
materials on ecological systems was not known. Moreover, the im-
pact of graphene-based nanomaterials on human health is being
studied. Apart from knowing toxicity, it is wise to prevent the dep-
osition of nanoparticle materials into aquatic media [77]. Also, need
for formulating proper guidelines is suggested in evaluating the
toxicity of nanomaterials on the environment and human health
[78].

7. CONCLUSIONS

This review evaluated the recent electrochemical detection of HM
ions and pesticides utilizing different electrodes modified with gra-
phene-derived nanocomposite materials. Apart from that, the re-
view summarized the graphene-based materials methods of synthe-
sis and their functionalization. Likewise, the immediate challenges
being encountered in the synthesis and application of graphene na-
nomaterials have been outlined, thus, pointing to envisaged oppor-
tunities for future research. Virtually, graphene-derived materials
including rGO, 3D graphene, GQDs, and doped graphene remain ap-
pealing for nanocomposite synthesis and electrode modification.
Enhanced sensor configurations culminate in the development of
portable sensor devices with the potential for point of analysis and
online monitoring of HM ions and organic and emerging pollutants
in protecting different media especially food, water, and the envi-
ronment.
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In this work, nanostructures of polystyrene (PS), polycarbonate (PC),
manganese-dioxide nanoparticles (MnO, NPs), and silicon carbide nanopar-
ticles (SiC NPs) are fabricated to use as coating materials for antibacterial
applications. The casting method is used to make nanocomposites’ films
made of PS—PC/MnO,—SiC. The field emission scanning electron micros-
copy (FE-SEM), optical microscopy (OM), and antibacterial activity are
tested. Analysis with FE-SEM and OM shows that the MnO,/SiC NPs are
spread out evenly in the polymeric matrix. The diameters of the inhibition
zones for gram-negative bacteria (Salmonella) are bigger than the diame-
ters of the inhibition zones for gram-positive bacteria (S.aureus). This
means that the prepared nanocomposites work better with gram-negative
bacteria than with gram-positive bacteria and, therefore, have potential
applications in biotechnology and biomedical science.

Hanoctpykrypu nmoaictupoay (IIC), momikapbouary (IIK), HaHOUaCTUHOK Aio-
kcupy Maunrany (MnO,-HY) ta HanouactuHok Kapb6iny Cuminito (SiC-HY) Bu-
TOTOBJIEHO JJI1 BUKOPHCTAHHSA B AKOCT1 MaTePifAJIiB IMOKPUTTS AJISI aHTUOAKTE-
piAnTbHUX 3acTOCyBaHb. MeTos JUTTA BUKOPUCTOBYETHCA MJIsI BUTOTOBJIEHHS
miriBok HaHokomMmo3uTiB 3 IIC-ITK/MnO,—SiC. Tecryiorhbca moaroBa emiciiitna
CKaHyBaJibHa ejJeKTpoHHa MiKpockomis (IIE-CEM), omrtmuHa MiKpOCKOIis
(OM) Ta auTubaxkTepifaIbHa akTUBHiCTh. AHaai3a 3a gomomoroio ITE-CEM i OM
nokaaye, mo MnQO,/SiC-HY piBHOMipHO posmoxineHi y mosiMepHiit MaTpuii.
Higamerpu 30H iHriOyBamHA rpaMHeraTUBHUX O0akTepiut (Salmonella) 6inbiri,
HiK gisMeTpu 30H iHriOyBaHHA AJA IPaMIIOSUTUBHUX OakTepit (S.aureus). e
O3HAUae, IM0 IIiATOTOBJIEHI HAHOKOMIIO3UTH JIIIIIIIe IPAIIOI0OThL 3 I'PaMHer'aTuB-
HUMU 0aKTepisMu, HidK 3 TPaMIO3UTUBHUMM, i MAlOTh IIOTEHI[iliHe 3acToCy-
BaHHs B OioTexHoJorii Ta 6ioMeguuHiii HAYIIi.

Key words: silicon carbide, manganese dioxide, polystyrene, polycar-
bonate, field emission scanning electron microscopy, optical microscopy,
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antibacterial applications, reactive oxygen species.

Karouosi cimoBa: kap6ix Cumimito, miokcun Maurany, moJicTAPOJ, MOJiKap-
6oHAT, MOJILOBA eMiciiiHa cKaHyBajJbHa eJeKTPOHHA MiKPOCKOIIis, OITHYHA
MiKpOCKOITisl, aHTUOAKTepiAJbHI amiaikanii, akTuBHI popMU KHCHIO.

(Received 25 June, 2022)

1. INTRODUCTION

Microorganisms’ contamination is a key factor in many areas, such
as medical devices, dental equipment, healthcare products and hy-
gienic applications, hospital surfaces and furniture, dental restora-
tion, water purification systems, food packaging and storage, and
so on. To solve this problem, different ways of sterilizing and anti-
sepsis are used on different types of thermoplastic materials, such
as dry or wet heating and ionic radiation. However, when these pol-
ymers are in the environment, microorganisms can make them
dirty. Because of this, it is very important to find new polymeric
materials that kill bacteria. Thermoplastics are strong and can
stand up to being sterilized over and over, as well as high tempera-
tures and harsh chemicals. So, antimicrobial polymer composites
can be used as a way to avoid hospital-acquired infections. They can
be made by adding a biocide agent to the bulk of the polymer, while
it is being made or by coating the surface [1].

Polystyrene (PS) is one of the most common thermoplastic polymers
used in many industries, such as food packaging. Due to its high stiff-
ness, strength, durability, good thermal properties, low moisture ab-
sorption, transparency, light density, ease of processing and mould-
ing, and low cost, this polymer is often used to package food [2—4].

Polycarbonate (PC) is a thermoplastic polymer that is used in a
number of engineering fields, such as the car industry, data stor-
age, and building. Due to its softness, notch sensitivity of mechani-
cal properties, and high melt viscosity, it is not good for advanced
applications. To improve its properties, it is mixed with other
thermoplastic polymers or organic and inorganic additives like
nanoalumina, graphene, and multi wall nanotubes [5].

MnO, NPs have a strong and broad optical absorption spectrum,
which makes them a high-efficiency, wide-spectrum fluorescence
quencher for the design of fluorescence opening probes to measure
transmission potency [6]. In addition, intracellular glutathione can
turn MnO, NPs into Mn**, which can be monitored using activated
magnetic resonance and fluorescence signals [7, 8]. Manganese is
also an important part of the human body, and its metabolism does
not cause a serious immune response. Even though MnO,-based na-
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nomedical applications are getting better, it is not much known yet
about how MnO, nanosheets might affect bacteria [8].

The goals of this study were to look into MnO, NPs ability to kill
Salmonella in a lab setting for the first time and figure out how
they interact with Salmonella. Salmonella, which is a major cause
of food-borne disease outbreaks, is still a big problem in the poultry
industry and in public health. To fight Salmonella, it is important
to find new ways to do things and new ways to make drugs. We
made MnQO, nanosheets by treating them with ultrasonic waves at
room temperature. Then, we used Salmonella as a model pathogen
to study how well they kill bacteria. Our results suggest that MnO,
nanosheets kill bacteria very well and could be used instead of or in
addition to antibiotics to stop pathogens from getting into food [9].

Silicon carbide (SiC) was one of many one-dimensional nanomateri-
als that were strong, chemically stable, and resistant to bacteria. In
addition, nanomaterials made of single-crystalline SiC were very good
at killing bacteria. SiC nanowires (NWs) are more antibacterial than
nanobelts, which have a lower density of stacking faults (SFs) and a 3C-
structure twin domain with no flaws. By the surface polarity and free
energy, SiC NWs have a lot of twins and/or SFs [10]. Overusing tradi-
tional antibiotics has led to new strains of bacteria that are becoming
more resistant, which could be bad for public health. Scientists from
many different fields have tried to come up with solutions that might
help to solve this problem. In this situation, making new materials that
kill bacteria has become an important and current goal in the field of
materials science [11].

The present work aims to fabrication of PS—PC/MnQO,-SiC nanocom-
posites and studying their structure and antibacterial properties so that
they can be used as coating materials for antibacterial applications.

2. MATERIALS AND METHODS

Polystyrene (PS)/polycarbonate (PC) films were mixed with manga-
nese dioxide nanoparticles (MnO, NPs) with a purity of 98% and a size
of 50 nm, and silicon carbide nanoparticles (SiC NPs) with a purity of
99% and a size of 80 nm. The 50/50 blend film was made by dissolving
1 g of each of these polymers in distilled chloroform (560 ml). The nano-
composites films were made by adding MnO, NPs and SiC NPs to a so-
lution (PS/PC) with ratios (1.3%, 2.6%, 3.9% and 5.2%).

The field emission scanning electron microscopy (FE-SEM), the
optical microscopy (OM), and antibacterial applications of PS—
PC/MnO,—SiC nanocomposites were investigated.

The antibacterial was determined using a disc diffusion method.
PS-PC/MnO,—SiC nanocomposite was used. When the ratio of diame-
ter of inhibition is taken from the diameters of bacterial inhibition for
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the sample that killed the most bacteria compared to the sample that
did not kill the bacteria, the following equation was used to figure out
the overlapping respiratory inhibition ratios of bacteria [12]:
RD(inhibition)O/O = (Dinhibition - Duninhibitian)/ Dinhibition -100%, (1)
where Rpiunpinony70 is the percentage increase in the diameter of the
inhibition zone of the bacterial respiratory overexpression inhibi-
tion zone after adding the nanocomposite, D,,;ii0, i the diameter of
the inhibition zone of the sample, where bacteria were killed, and
D, innivition 18 the diameter of the inhibition zones of the sample,
where no bacteria were killed.

3. RESULTS AND DISCUSSION

Figure 1 represents the geometric structures of the PS/PC blends
(51 atoms), while the optimized structures of the PS—PC/MnQ,-SiC
nanocomposites (56 atoms) are obtained in Fig. 2.

Fig. 2. The optimized structures of the PS—PC/MnO,—SiC nanocomposites
(56 atoms).
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Figures 3 and 4 represent the field emission scanning electron
microscopy (FE-SEM) and photomicrograph images (OM) of PS/PC
blends with varying concentrations of MnO,/SiC nanoparticles are
depicted. Clusters of nanoparticles form at lower concentrations, as
depicted in these images. With an increase in the content of nano-
particles in the matrix, a network is formed [13—18]. The surface
morphology of the nanocomposites (PS—PC/MnO,—SiC) has changed
significantly as a result of the nanoparticle addition.

The photos show that the grains grow as the nanoparticle frac-
tion rises. There are several randomly distributed aggregates or
particles on the upper surface of the films made of nanocomposites
(PS—-PC/MnQO,—-SiC). The number of white dots on the surface in-
creases as the MnO,/SiC-nanoparticle concentration increases. Grain

SenlA<SZ Due 772022
Mage 100KX  UperTen=
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Fig. 3. FE-SEM micrographs (1-micro) of PS-PC/MnO,-SiC nanocompo-
sites: (a) for pure; (b) for 1.3 wt.% MnO,/SiC NPs; (c¢) for 2.6 wt.%
MnO,/SiC NPs; (d) for 3.9 wt.% MnO,/SiC NPs; (e) for 5.2 wt.%
MnO,/Si) NPs.
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Fig. 4. Photomicrographs (x10) for PS-PC/MnQO,-SiC nanocomposites: (a)
for pure; (b) for 1.3 wt.% MnO,/SiC NPs; (¢) for 2.6 wt.% MnO,/SiC NPs;
(d) for 3.9 wt.% MnO,/SiC NPs; (e) for 5.2 wt.% MnO,/SiC NPs.

distribution on the films’ surfaces is uniformly dense. In polymer
matrix, nanoparticles tend to form well-distributed aggregates. The
MnO,/SiC nanoparticles are found to be randomly dispersed in
PS/PC matrix, and it is assumed that small agglomerates are gen-
erated in these films.

Antibacterial effects were investigated using inhibition of micro-
bial biofilm made from PS—PC/MnO,—SiC nanocomposites with var-
ying weight percentages (1.3, 2.6, 3.9 and 5.2 wt.%).

For gram-positive bacteria (Staphylococcus aureus) and gram-
negative bacteria (Salmonella), the antibacterial activity was meas-
ured by measuring the dimeters of inhibition around each sample
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Fig. 5. Antibacterial activity of PS—PC/MnO,—SiC nanocomposite: (a) im-
ages for inhibition zone of gram-positive bacteria; (b) images for inhibition
zone of gram-negative bacteria against Staphylococcus aureus and Salmo-
nella.

TABLE. The values of inhibition zone diameter of PS-PC/MnQO,-SiC nano-
composites.

Content Inhibition zone diameter

£ MnO,, SiC NP £.0 gram-positive gram-negative
ot 2N, S s wt.%] (Staphylococcus aureus) | (Salmonella)

0 0 0

1.3 0 17

2.6 0 17

3.9 16 20

5.2 18 26

using the agar diffusion method, and they are calculated by using
relation (1) as of about 28% and 47%, respectively, when the
MnO,/SiC NPs content reached at 5.2 wt.%.

Figure 5 shows that the gram-negative (Salmonella) inhibited
NPs’ films more effectively than the gram-positive drug (Staphylo-
coccus aureus). Inhibition zone diameter increases with increasing
MnO,/SiC NPs content.

Nanocomposites’ ability to inhibit microorganisms is seen in Ta-
ble.

As demonstrated in Figs. 6 and 7, increasing the concentration of
nanoparticles results in an increase in inhibition. Antibacterial ac-
tion has been linked to reactive oxygen species (ROS) inhibition be-
cause of their ability to degrade bacterial cell membranes, as well as
their influence on ROS levels [19—-23].
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Fig. 6. Inhibition zone diameter of PS—PC/MnO,—SiC nanocomposites for

gram-positive bacteria (Staphylococcus aureus) with concentration (pure
polymer blends, 1.3 wt.%, 2.6 wt.%, 3.9 wt.% and 5.2 wt.%).
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Fig. 7. Inhibition zone diameter of (PS—PC/MnO,—-SiC) nanocomposites for
gram-negative bacteria (Salmonella) with concentration (pure polymer
blends, 1.3 wt.%, 2.6 wt.%, 3.9 wt.% and 5.2 wt.%).

4. CONCLUSIONS

This work includes enhancing the structural and antibacterial activ-
ity of the PS—PC/MnO,-SiC nanocomposites. Optical microscopy
showed that as the nanomaterial concentration goes up, it forms a
network inside the superimposed layer, which is a way for charge to
move. The FE-SEM results showed that the NPs on the surface of
the polymeric mixture was spread out evenly and that adding the
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filler material made spherical clumps appear. The results of the an-
tibacterial activity showed that the diameter of inhibition for gram-
negative bacteria was larger than the diameter of inhibition for
gram-positive bacteria. The final results exhibit that the PS—
PC/MnO,—SiC nanocomposites can be said that making these hybrid
materials could be useful in a many of biotechnology and medical
engineering fields, such as medical devices, antibacterial coatings,
and biosensors.
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1.3-thiazole is a unique heterocycle containing nitrogen and sulphur at-
oms. Thiazole chemistry has developed after the pioneering it of Hofmann
and Hantzsch in 1887. Thiazole occupies an important place in medicinal
chemistry. It is widely found in diverse pharmacologically active sub-
stances and in some naturally occurring compounds. In last decade, heter-
ocyclic compounds containing thiazole moiety and their derivatives were
found exhibiting nanoscale properties. In addition, they exhibit a wide
spectrum of biological activities such as antioxidant, antitubercular, anti-
inflammatory, anti-HIV, antitumor, anticonvulsive, antifungal and anti-
bacterial. Thiazole is an essential in many natural (vitamin B;—thiamine)
and synthetic medicinally important compounds. This review focus on
both the chemical and biological importance of thiazole as a nanoparticle
and the different methods of synthesis of substituted thiazole with poten-
tial activities, which are now in developing phase.

1.3-ria3os € yHiKaIbHUM TeTepPOIIMKJIOM, IO MicTUTh aromMu HiTporemy rta
Cynsdypy. TiazonmeBa xemid posBuHYyJacd micaa s3amouaTkyBaHHs Hel 'ogd-
manHOM i Iamummem y 1887 poiri. Tiason 3aiimae BaskaImBe Miclie B JiKapCh-
Ki#t xemii. Bin mmupoko 3ycTpiuaeTscd B pisHMX (PapMaKoOJOTiYHO aKTUBHUX
peuoBMHAX i B HeAKWX IPUPOAHIX CIOJNyKax. B ocraHHe mecAaTHJIITTA OyJI0
BUABJIEHO, IO TETEPOIUKJIIUHI CIOJYKH, SAKi MIiCTATH Tia30JIOBYy UYacTHUHY,
Ta iXHi mOXimHI HNPOABIAITL HAHOPO3MipHi BaactuBocTi. Kpim TOoro, BoHH
MIPOABJSAIOTL IMINPOKUHA cHeKTep OioJioriuHmMX Aill, TAKUX AK AHTHOKCHUIAHT-
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Ha, NOpOoTUTYOEepKyIbhO3Ha, IpoTH3amajbHa, aHTU-BIJI, nporunyxawmHHAa,
MIPOTHUCYAOMHA, MPOTUTIPUOKOBA Ta aHTHOaKTepisiabHa. Tiasonm € HesaMiH-
HuUM y O0araThbox mpuponHix (Biramim B, — riamin) i cuHTeTMUHUX JiKyBa-
JBHO BaKJIMBUX cHOJyKaxX. lleil orysapx 3ocepemkeHUN AK Ha XeMi4YHOMY,
Tak i Ha OiosloTriuHOMY 3HAUeHHi Tiasosly AK HAHOYACTHHKM, a TAKOMK Ha
PiBHMX MeToJaxX CHUHTEe3W 3aMIiIl[eHOT0 Tias30Jy 3 HMOTEeHIiNHOI0 aKTUBHICTIO,
SAKi 3apas 3HAXOAATHLCS Ha CTalil po3poOKuU.

Key words: thiazole, synthesis, anticonvulsant, antifungal, anti-HIV
pharmacologically active nanoparticles.

Karouosi ciaoBa: Tiazos, cuHTe3a, IPOTUCYAOMHI, IPOTUrpuOKOBi, auTn-BIJI
(dapMaKoJIOTiYHO aKTUBHI HAHOYACTUHKM.

(Received 20 August, 2022; in revised form, 6 October, 2022)

1. INTRODUCTION

A heterocyclic compound is one that possesses a cyclic structure
with at least two different kinds of heteroatoms in the ring [1, 2],
considered to be aromatic as it follows the Hiickel’s rule [3].
Thiazoles are an important class of heterocyclic compounds,
found in many potent biologically active molecules such as fentiazac
and meloxicam (both anti-inflammatory agents), nizatidine (antiul-
cerative agent), and sulphathiazole (antibacterial agent). Thiazoles
are also frequently a vital component of novel and structurally di-
verse natural products that exhibit a wide variety of biological ac-

tivities [4].
e 3 CH:,N CN M
F
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Heterocyclic compounds are attractive to medicinal chemists be-
cause of their unique chemical properties and wide-field biological
activities. Sulphur is capable of forming both ¢ and n bonds; there-
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fore, the studies of their binding interaction with receptor moiety
was also an interesting field of research during last few years [5].
As one of basic five-membered heterocycles, the thiazole substruc-
ture is widely found in many bioactive natural products including
the cytology compound thiazole [6—9]. On the other hand, the thia-
zole ring is present in various marine or terrestrial natural com-
pounds that have useful biological activities [10—13]. In the recent
years, experimental researches have introduced some thiazole deriv-
atives as the multitherapeutic effect compounds including anti-
cancer, anti-inflammatory, and inhibitor of the parasites like
Leishmania and the fungi such as Candida [14-1T7].

The pattern of thiazole ring was carefully selected to confer dif-
ferent electronic environment to the molecules [18] therefor, con-
sider it is a principal material for various chemical compounds in-
cluding sulphur drugs, biocides, fungicides, dyes, and chemical re-
action accelerators [18]. In addition, thiazole derivatives are report-
ed to exhibit significant biological activities and are widely used as
pharmaceuticals. Finally, careful science survey that thiazole ring
systems have occupied a unique position in the design and synthesis
of novel biological active agents with remarkable analgesic activi-
ties [19-22].

Nanotechnology takes us to the comprehensiveness of things rep-
resented in the study of the applications of very small things (na-
nomaterials) that can be used in a wide variety of fields from sci-
ence, engineering and even life sciences. From this standpoint, we
find that nanomaterials are the cornerstone and the first and basic
building block in nanoscience and nanotechnology. One of the appli-
cations of nanomaterials is to increase the efficiency of electronic
devices and at the same time reduce their size and reduce the ener-
gy consumed to operate these devices. This is evident in mobile de-
vices, computers and data storage chips. Develop and improve the
world of food, from the cultivation of grain to its packaging, in ad-
dition to working to increase the quality of food, maximizing its
usefulness and maintaining its safety. Work to transfer the drug
directly to the diseased cells.

2. THIAZOLE CHEMISTRY

Although the history of thiazole dates from 1879 with the work of
Hofmann on benzothiazoles, the systematic study of parent hetero-
cycle and its derivatives was reported from Hantzsch laboratory in
1887 [23]. Since then, a vast amount of work in the field of thiazole
chemistry has been reported in the literature covering different as-
pects such as methods of synthesis, physical properties, structure
and reactivity, reaction mechanism, industrial and biological appli-
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Fig. 1. Nomenclature and electronic structure of thiazole.

Fig. 2. The molecular geometry and charge distribution figures.

cations. Excellent books on thiazole containing up to date infor-
mation on the subject have appeared [24]. It was necessary to give
it a gist of modem concepts of structure and reactivity of thiazoles
as a background.

Thiazole is an important aromatic containing sulphur and nitro-
gen atoms as a part of five-membered heterocyclic ring with the
molecular formula of C;H;NS and molecular weight of 85.128
g-mole (Figs. 1, 2). That thiazole is yellow in colour and is liquid
in state. It is completely soluble in water at room temperature and
miscible with most of the organic solvents, boiling point of 117-
118°C having dipole moment 1.6D [25, 26]. Thiazole was character-
ized by larger m-electron delocalization and has therefore greater
aromaticity. This is evidenced by the position of the ring protons in
NMR (between 6, ppm 7.40 and 8.88 ppm) clearly indicating a
strong diamagnetic ring current, and its Fourier infrared (IR) spec-
trum recorded in the 400-4000 cm ' wavenumber region with a nine
fundamental bands are analysed. The calculated n-density marks C5
as the primary electrophilic site and C2 as the nucleophilic site [27].

Thiazole is aromatic on the basis of delocalization of a lone pair
of electrons from the sulphur atom completing the needed 6 =-
electrons to satisfy Hiickel’s rule [23]. The resonance forms are pre-
sented in Fig. 3.

O—0—0—-0—-00

Fig. 3. The resonance forms of thiazole.
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A lot of works has been done in the last few decades on the thia-
zole ring. Additionally, according to various studies conducted on
thiazole and its derivatives, some of the compounds reportedly can
be used to make polymers, liquid crystals, fluorescent dyes, herbi-
cides, and insecticides [28].

2.1. Spectral Data of Thiazole [29—33]

UV (CH,0H): A,,. 235 nm due to 1 — n* transitions, 210 nm due to
n—> " transitions.

IR (KBr): 3140, 1500, 1360, 1250, 740 cm™ absorptions.

'H-NMR(DMSO0-d6): § 8.8(C—H), 7.4(C—H) and 7.9(C—H).

3C.NMR (DMSO0-d6): & 153.6(C,—H), 119.6(C,—H), and 143.3(C5—
H).
Mass: m/z (relative intensity) 102(8), 101(25), 100(100), 74(3),
73(18), 60(7), 59(4), 58(75), 57(10), 55, 46, 45, 44, 42, 41, 40, 29,
27.

3. SUBSTITUTION REACTIONS OF THIAZOLE
3.1. Nucleophilic Substitution
Conventional structure (I) having a lone pair of electrons on nitro-

gen explains the electrophilic attack of proton acids and alkyl hal-
ides to form thiazolium salts [34, 35]:

O = O

Canonical form (I) accounts for the reactivity of a proton or an
appropriate group towards nucleophilic attack at position 2. The
reactivity of 2-halogenothiazoles by nucleophilic reagents according
to SyAr mechanism is noteworthy [36, 37]:

S S §

3.2. Electrophilic Substitution

Canonical structure (III) of 2-substituted thiazole through the tran-
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sient form (II) is facilitated when delocalisation of T7t-electrons of
(I) from electron donating group at 2-position to 5-position via ring
nitrogen takes place according to the principle of vinylogy [38—40].
The presence of a strong electron-donating group (like NH,, OH,
SH) or their alkyl or acyl derivative promotes delocalization to a
great extent as illustrated by the following structures:

N - .

I I 111

4. SYNTHESIS OF THIAZOLE AND ITS DERIVATIVES

Canonical various synthetic methods exist for the construction of
thiazole ring. The most common and oldest one is Hantzsch thiazole
synthesis that is a reaction between a-haloketones and thioamides.
2-Aminothiazoles can be synthesized cleanly and in high yields via
the Hantzsch thiazole synthesis. The large number of commercially
available a- bromoketones makes this an attractive way to introduce
diversity at the R2 and R3 positions of the thiazole ring [41]:

Rs
3 Br. R3
- S \ R2
1\N NH " _ )\
H 2 R —N
;
o R, AN

N
H

For example, Deau et al. reported microwave-assisted synthesis of
novel N-(4-phenylthiazol-2-yl)-carboximidamides. The required in-
termediates 2 namely 4-phenylthiazol-2-amines were prepared by
irradiating a mixture of thiourea and substituted o-
bromoacetophenone, in ethanol for 15 min in excellent yields [42]:

R
S A
A I
S , F
)J\ ~ EtOH Ar-CN
+ e —_—
HoN NH, MW N DMEMW
(@] 15 min \ d 3h

Br HoN
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Gabriel’s synthesis is another example of thiazole ring closure
reaction of an acylamino-ketone with phosphorus pent sulphide
yields the corresponding 2,5-disubstituted thiazole [43]:

(0]
)J\ \
R
R N
H heat R R
o

S

The Cook—Heilbron thiazole synthesis describes the reaction of a-
aminonitriles with carbon disulphide to form 5-amino-2-
mercaptothiazoles [44]:

R
A R IN\
. | >—SH
CSy, —
NH; H,N S

The reaction of isocyanides containing active-methylene with me-
thyl carbodithioates in the presence of NaH as a base affords 4,5-
disubstituted thiazoles (this method is simple, rapid, and efficient
[45]):

N

= CN R
N
)J\ . ) 2 eq. NaH ’ \
Ar SMe R DMF , RT
Ar S

R: Ar, TS, CO,ET

A domino alkylation-cyclization reaction of propargylic bromide
derivatives with thioureas yields 2-aminothiazoles. This domino re-
action was performed under microwave irradiation and in the pres-
ence of K,CO;, leading to 2-aminothiazoles in a few minutes and
high yields [46]:

Br S N
leq. K,CO,4 R
VRPN =0 Y
H,N NHR' DMF, MW(300W)
S
R

Suzuki et al. [47] have reported the synthesis of 5-substituted
aminothiazole-4-carboxylic acid by the treatment of methyl a-
isocyanoacetate with a proper isothiocyanate in the presence of po-
tassium tertiary butoxide in tetrahydrofuran (THF) at room tem-
perature:
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HOOC

H,CO0C - HsCOOC,
C,H,0K N
RNCS + C———NCHZCHZOCH; JT—I’;F—> s / —_— / \
R-HN
S

Alvarez Ibarra et al. [48] have further reported the synthesis of
2-etylthio-4-carbethoxy-5-alkyl/arylaminothiazoles by treatment of
EMIC in the presence of potassium t-butoxide with isothiocyanate
in THF:

SMe C,H500C,

K- CO(Me)3
R-NCS + H5C,00C-CH,-N
THF
SMe
Where R= Ph, Et, n-Bu

Takeda et al. [49] have devised an ingenious method of synthesiz-
ing 2-amino-5-arylthiazole-4-carboxylates by the following:

C,H500C,
cl o
CH30ONa NH,CSNH
R-CHO + COOC,Hs ———— cl bl el T N
Ether \
cl R
COOC;H5 R NH,

S

Uli Kazmaier et al. [50] have the synthesis of thiazole derivative
by microwave to the TMSCI-Nal treatment gave the expected thia-
zoles in good to excellent yield:

i s o) R
3
H
)J\ N 1.5 eq TMSCI
Ri T 1.5 eq Nal /N
Ry S MW, acitonitrile Ri N
MeO OMe l /
R, s

Direct conversion of endothiopeptides into thiazoles

Cook—Heilbron synthesis is another versatile method for the syn-
thesis of 2-aminothiazole from amino nitriles [51]:

s
cS2 HS\( NH
NC)\NHZ ,\\‘I

Thioacylisoxazol-5(2H)-ones undergo intramolecular cyclization of
the iminocarbene to afford thiazoles under photochemical conditions
[562]:
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The Jacobson synthesis of benzothiazoles involves oxidative cy-
clization of an arylthioamide using potassium ferricynide in a basic
medium [53]:

S,
_Ky[Fe(CN)g]_ >—Ar
©\ /“\ 1 5 M NaOH N/

Another frequently used method for the synthesis of thiazoles
involves the condensation of acetophenone with thiourea or a thio-
amide [54, 55]:

Ph
\[s
A, =
™~ )j\ NH4OH N/

R

Sunil et al. [56] have the synthesis of benzthiazole derivatives by
using a synthetic route given in scheme as follows:

HC1
HZN—< i}—m Conc —<f >—NH2HCI CS2 KOH, S
EtOH H,0 :C[
Reflux
Ry

In the following reaction between activated acetylenic compounds
and thiourea derivatives, which afforded 1.3-thiazolane derivatives
in good isolated yields [57]:

S

I

Ne(— RO=C—C=C—CO,R _

A, CH3N=C=s : /Q
EtOH R=Me, Et

CO,R

As a continuation of our research devoted to the development of
green organic processes through performing reactions in green sol-
vents such as ionic liquids, herein, we report a versatile [58] envi-
ronmentally friendly synthesis of 2-amino-4-arylthiazole and 2-
methyl-4-arylthiazole in ionic liquid (IL). The treatment of phenacyl
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bromides and thiourea or thioamides in the IL 1,3-di-n-
butylimidazolium tetrafluoroborate ([bbim]BF4) at ambient temper-
ature afforded the corresponding 2-amino-4-arylthiazole and 2-
methyl-4-arylthiazole derivative follows in excellent yields:

Br S

Our initial approach was based on the results of Barrett [59] who
reported conversion of 2-N-(thiobenzoyl)acetamides into 5-
(trifluoroacetylamino) thiazoles in good yields upon treatment with
neat TFAA. The analogous reaction of 2-phenyl-2-
(thiobenzoylamino)acetamide not a substrate investigated by Barrett
was found to result in the formation of an approximately equal
mixture of thiazole and oxazole. This problem of mixed product
formation was overcome by reaction of the base compound with
Lawesson’s reagent prior to treatment with TFAA, resulting in ex-
clusive formation of the desired thiazole product:

S Ph

e, gy

Thiazole derivative can be obtained by condensation of -
haloketone with dithioamide (2.4-disubstituted thiazoles). The cy-
clization of two moles of a-haloketone with dithioamide resulted in
1.4-bis(4-pheny1-2-thiazolyl) benzene in high yield [60]:

L0 O~

2HO

The cyclization of a-thiocyanatoketones in aqueous acid, concen-
trated sulphuric acid in acetic acid and water or alkaline solution
leads to 2-hydroxy thiazoles after dilution in water [61]. These re-
actions can be carried out for several hours at room temperature or
by heating forl or 2 hrs on a steam bath:

R4

o) Ry
N
i
c
Ry s R, s OH

R,Ry= Alkyl, Phenyl
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Carbon disulphide readily reacts with a-aminonitriles giving 2-
mercapto-5-amino thiazoles [62], which can be converted to 5-amino
thiazoles unsubstituted in the 2-position:

R

2 S R
N
N& SJ HoN Is )\w

Thiazoles bearing a variety of substituents such as aliphatic, ar-
omatic, heterocyclic, or alkenyl groups can be prepared by intramo-
lecular nucleophilic substitution reaction of N-(2-bromoprop-2-enyl)
thioamides [63]. This vinyl substitution method would provide
unique synthetic route for a variety of heterocycles:

N
H
)]\/N\ /R1 15eq K2C03 > / \
Br S DMF, 800C Me R1

S

R,= Aliphatic, aromatic, heterocyclic or alkyl groups

From the commercially available methyl benzoate derivatives and
with racemic phenylglycine, a variety of 2,4-disubstituted-5-
acetoxythiazoles were prepared in good to moderate yields using the
following protocol [64]. Because of the high thermal stability of the
thiazole nucleus, the polymers incorporating thiazole ring system
have also been synthesized.

Thiamine is required for the biosynthesis of the neurotransmit-
ters such as acetylcholine and gamma-amino butyric acid [66, 67].
Its deficiency results in Korsakoff syndrome, optic neuropathy and
a disease called beriberi and confusion [68].

Penicillin G is a B-lactam antibiotic used in the treatment of bac-
terial infections caused by gram-positive bacteria [69].

Niridazole is used as schistosomicide [70] and is prescribed for
the treatment of periodontitis (inflammatory disease) too [71, 72].

Fentiazac is a non-steroidal anti-inflammatory agent used for
joint and muscular pain [73].

H

R N =
4 _=_sS
'Yé’x PEDS
)\N/ NH, or © %OOH

Thiamine Penicillin G
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Cl
© g S (S\\ '\,' A\
o~ NH
O ©*< L

Niridazole Fentiazac

6. THIAZOLE DERIVATIVES UNDER THERAPEUTIC
INVESTIGATION

6.1. Thiazole-Containing Compounds Endowed with Anticancer Ac-
tivity

Thiazole and its derivatives are amongst most active classes of com-
pounds that are known for their broad spectrum of activity e.g. an-
tibacterial activity [74], antifungal activity [75], antimalarial activ-
ity [76], antitubercular activity [77], antiviral activity [78], anti-
inflammatory activity [79], antidiabetic activity [80], anthelmintic
activity [81], anticonvulsant activity [82], antioxidant activity [83],
anticancer activity [84] and cardiovascular activity [85], etc. More-
over, thiazole-containing compounds have marked their presence in
number of clinically available anticancer drugs (Fig) such as
EGFR/VGFR kinase inhibitor, NF-KB inhibitor, CDC7 inhibitor and
inhibitor of enzyme B-RAF [86], etc. Thiazole containing com-
pounds depict anticancer activity profile through diverse mecha-
nisms.

6.2. Antibacterial and Antifungal Agents

The resistance of pathogenic bacteria toward available drugs has
been reported worldwide. Moreover, the incidence of fungal infec-
tions increased rapidly because of unselective antifungal activities
and easily gained resistance. Therefore, the researches have been
focused toward development of new antimicrobial agents with novel
target [87]. In this way, different thiazole bearing compounds show
promising antimicrobial activities. In the following sentences, we
describe some molecules containing thiazole ring systems as novel
antimicrobial agents [88].

In a study by Vijesh and co-workers [89], a series of 2,4-
disubstituted thiazole Schiff bases (1) containing pyrazole moiety
was synthesized by the Vilsmayer—Haack reaction of appropriate
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semi-carbazones [90]. All compounds were screened for their anti-
bacterial activities against S.aureus, B.subtilis, E.coli and

P.aeruginosa [91].
Ph
g
Ar ~ \”/QS
I\
N~p
H

(M

(1). Structure of thiazole antimicrobial agents.

6.3. Antitubercular Agents

Nowadays, the incidence of Mycobacterium tuberculosis infections is
increasing very fast because of poverty and the HIV/AIDS pandem-
ic. Thus, inefficiency of the conventional antitubercular drugs and
appearance of multi-drug-resistant to various strains of
M .tuberculosis, are the main problems [92—-94]. Among antitubercu-
lar agents, some thiazole bearing compounds showed promising an-
titubercular activities.

In a study by Makam and co-workers, a series of 2-(2-
hydrazinyl)thiazole derivatives were synthesized and evaluated
against Mycobacterium tuberculosis. Among the synthesized com-
pounds, ethyl-4-methyl-2-[(E)-2-[1-(pyridin-2-yl)ethylidene]hydrazin-
1-yl]-1.3-thiazole-5-carboxylate (2) showed noticeable inhibitory ac-
tivity against M.tuberculosis [95]:
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(2). Thiazole-based compound with antitubercular activity.

6.4. Antiviral Agents

Viral infections are considered as one of the most common and dan-
gerous diseases which kill many people annually [96]. Besides recent
advances in the field of antiviral drugs, there is emergency need to
find more effective and efficient agents yet. In this field, many thi-
azole-based compounds were synthesized and evaluated that some of
them are reported here. A new generation of methyl 4-
(dibromomethyl)-2-(4-chlorophenyl)thiazole-5-carboxylate (3), which



222 Soliman SOLIMAN, Ali SOLIMAN, Khalid ALZOUBAR et al.

was the most potent derivative among the primary compounds, have
been synthesized and tested by Mayhoub et al. against yellow fever
virus using a cell-based assay [97]:

Br (0]
/
Br X
NYS
Ar
X=0,CH,, N, S

3

(3). Structure of some thiazole derivatives as antiviral agents.

6.5. Anti-Alzheimer’s Agents

The novel benzothiazole fully blocks the dual specific tyrosine phos-
phorylation regulated (4) [98]. The non-carboxylic acid imidazole
derivatives exhibited strong inhibition of plaque deposition [99].

(5) was reported as Alzheimer’s diseases-related glycogen syn-
thase kinase inhibitor, which prevented neurological mitochondrial
apoptosis and reduced inflammation [100, 101].

s o] H,CO o]
oo =g,
"o "

HN—Q jr
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“ &)

(4), (5). Thiazole derivatives as treatment of Alzheimer’s disease.

6.6. Anti-Inflammatory Agents

Kalkhambkar et al. have synthesized triheterocyclic thiazole deriva-
tives (6) and evaluated for their in vivo analgesic (inhibition up to
88% and 78%), and anti-inflammatory potential (inhibition up to
29% to 42%) [102]:

R _7 R2
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HN H %
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(6)
(6). Thiazole derivative designed as anti-inflammatory agents.
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6.7. Antiviral Agents

Kampmann et al. have reported thiazole derivative (7), which inhib-
ited dengue virus (DENYV), envelope proteins [103]. A series of thia-
zole containing benzo[d]isothiazol-3-(2H)-one derivatives (8) were
identified as inhibitors of DENV2 [104]. Liy et al. have synthesized
thiazolidines (9) for inhibiting influenza A neuraminidase enzyme
[105, 106].
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(7), (8), (9). Structures of some thiazole derivatives as antiviral agents.

6.8. Antimicrobial Agents

Rajni et al. have synthesized some thiazole derivatives (10) with po-
tent antimicrobial activity against S. aureus, B.subtilis and E.coli
[107]. Karale et al. have synthesized (11) and evaluated them
against B.subtilis, S.aureus and E.coli [108]. Compound containing
catechol unit improved Gram-negative inhibition [109].
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(10) (11

(10), (11). Structures of some thiazole derivatives as antimicrobial agents

6.9. Anticonvulsant Agents

Epilepsy is characterized by abnormal and excessive discharge of
neurons that cause loss or disturbances of consciousness, with or
without characteristic body movements [110]. Commercially availa-
ble anticonvulsant drugs can control the seizures in only less than
70% of patients. Inefficiency of drugs and their undesirable side
effects such as ataxia, headache, and anaemia show the necessity
for search novel antiepileptic agents with more selectivity and lower
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toxicity in medicinal chemistry [111, 112]. In the field of anticon-
vulsant agents, many compounds are found with thiazole scaffold,
which several of them are described here. A series of novel 1-[(2-
arylthiazol-4-yl)methyl] azoles were synthesized and screened for
their anticonvulsant properties by Emami et al. in 2011. Anticon-
vulsant activity of synthesized compounds was tested by using two
models, PTZ and MES in mice. Among the target compounds, imid-
azol derivative, 1-[(2-(4-chlorophenyl) thiazol-4-yl) methyl]-1H-
imidazole and triazolyl derivative, 1-[(2-phenylthiazol-4-yl)methyl]-
1H-1,2,4-triazole and its 4-chlorophenyl analog showed the highest
anticonvulsant activity in both models with percentage protection
range of 33-100%. The structure-activity relationship and drug-
likeness studies revealed that thiazole-incorporated (arylalkyl)azoles
which showed good protection in both models of epilepsy (PTZ and
MES) can be regarded as promising candidate for future investiga-
tions [113, 114]:

@zolo

(12)

(12). Structure of some thiazole derivatives with anticonvulsant activity.

6.10. Antioxidant Agents

Increased the level of reactive oxygen species (ROS) under free rad-
ical oxidative stress condition causes some damages in cell growth,
gene expression and host defence. Therefore, controlling the level of
free radicals in cells seems to be essential to decrease damages
[115].

The antioxidant activity of 2,4-dioxo-1,3-thiazolidine thiazoles
have been studied by Yadla team using DPPH method. Based on
their report, para-bromo derivative 13 showed the highest antioxi-
dant potency, comparable to ascorbic acid and luteolin as reference
compounds [116].

In order to find new therapeutic agents for treatment of neuro-
degenerative disorders, Kim et al. designed novel antioxidant 14
containing N-t-butyl-N hydroxyl aminophenyl moiety. The N-t-
butyl-N-hydroxyl amino phenyl scaffold could have potential antiox-
idant activity because of high stability of radical species generated
from abstraction of hydrogen on N—OH by reactive oxygen species
(ROS). This study has indicated that thiazole-possessing compound
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14 remarkably decreased the neurotoxicity induced by ROS at 10
BM concentrations. In addition, the mentioned compound showed
the best lipid peroxidation (LPO) inhibition and in vivo neuroprotec-
tive activities using gerbils as animal models [117, 118]:

t-Bu._ _OH
Br BNl
=~
S
o =N
o NH
HN 07 "NH
- A
o N? s

\—/
(13) (14)
(13), (14). Thiazole derivatives and related compounds reported as antioxi-
dant agents.

7. CONCLUSION

The current review emphasizes on new horizons of anticancer poten-
tial of thiazole nanoparticles based heterocyclic derivatives. Thia-
zoles are a unique moiety that is responsible for various biological
activities and is found in many famous drugs such as penicillin,
nitazoxanide, bleomycin, meloxicam, fentiazac, tiazofurin, ri-
tonavir, etc.

Besides this, we have mainly focused on different series of thia-
zole derivatives with diverse biological activities including antibac-
terial, antifungal, antitubercular, anticancer, anticonvulsant, anti-
inflammatory, and antioxidant.

In addition, we have discussed a few methods of synthesis of thi-
azole derivatives and some therapeutic drugs bearing the thiazole
nucleus. This has been noticed so far that modifications on thiazole
moiety results in the formation of compounds with valuable biologi-
cal activities. It will be interesting to observe that these modifica-
tions can be utilized as potent therapeutic agents in future. Moreo-
ver, several thiazole-based enzyme inhibitors, which may be useful
for treatment of Alzheimer’s disease, diabetes, gout and other
chronic diseases, are also highlighted.

This article helps to find potential future directions on the devel-
opment of more potent and specific analogs of thiazole-based com-
pounds for various biological targets. Development of superior ana-
logs with better efficacy and pharmacokinetics and less side effects
would be incredible contribution for the betterment of human be-
ings.
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