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®OCDATHI CTEKJIA, MOAWU®IKOBAHI NONIBAJIEHTHAMU

ENIEMEHTAMMW: CTPYKTYPHI, ®I3UKO-XIMIYHI
TA OMTWUYHI BNACTUBOCTI (ornsp)

K. B. Tepebinenxo, B. O. 303yna, M. C. Cno600satux

Kuiscokuii HayionanvHutl ynieepcumem imeni Tapaca Illesuenka,
8yn. Bonooumupcoka, 64/13, Kuis 01601, Yxpaina

B ornazi y3aranbHeHO Cy4acHi pesynbTaTu JOCTIIKeHb GocaTHMX cTeKom, MoAMpiKOBaHMX
HO/TiBaJICHTHVIMY €/leMeHTaMJ, 3 aKL[eHTOM Ha BIUIB OKCUJIB Oopy, MonmibpieHy Ta Bombdpamy
Ha IXHI CTPYKTYPHI, (I)ismxo-xiMqui Ta d)YHKHiOHaTII)Hi BJIaCTUBOCTI. PO3I‘)‘I}IHYTO ponb B,O; sk
CKJIOyTBOpIOBaya Ta MoamgikaTopa, 10 CIpKs€ MiABUIIEHHIO TepMiYHOI Ta XiMi4HOI CTifIKOCTI
¢docdarHoi MaTpuLli 3a paxyHOK popMyBaHHA 3MilaHux 60par-pocdaTHNX CTPYKTYpHUX OfU-
Hupb. [IpoananisoBa”o BIIMB MoO3 Ta WO3 K OKCUTIIB IOJTiBaJICHTHUX €/IEMEHTIB Ha IT0JTiMe-
pusariito nonxiMepHoi ¢ocdaTHOl CiTKHU, OKICHO-BiJHOBHY PiBHOBAry, eIeKTPOHHY CTPYKTYpy Ta
OITNYHI BIACTUBOCTI CTEKO, 30KpeMa IXHIO 3[aTHICTb 0 MposiBy (POTOXPOMHIUX i HAIIBIIPOBiA-
HVIKOBUX XapakTepyucTyk. OcoOMBY yBary npuineHo TIOMiHeCIIeHTHIM BIaCTUBOCTAM Moami-
KOBaHOTO (pochaTHOTO CKia, meropaHoro ionamu Eu’* ta MoxxmmBocTAMY ceHcabinizyrodoi GpyHk-
uii okcupiB — Mopudikaropis, Aki BBeieHO Y crcTeMy. [IpoaHasi3oBaHO BIUIMB CKIagy aMOpQHOI
MaTpuLi Ta IPUPOJY MOMTiBATEHTHUX MOJMQIKaTOPiB HA IHTEHCUBHICTD, CIIEKTPaIbHUI PO3IIOLIT
Ta cuMeTpito moMiHeceHnii Eu*, a Takoxx Ha mpoliecy eHepreTMYHOro NepeHeceHHs Ta KOHILIEHT-
patiitHoro racinns. [TokasaHo IepCeKTNBY BUKOPUCTAHHA TAKMX CUCTeM Y (DOTOHIL, OTOEIeKT-
pOHilLli, ceHcOpHMX Ta MroMiHOPOpHUX MaTepianax. OIIAL TaKOXX BUCBIT/IIOE OCHOBHI BUKI/IMKI,
HOB’s13aHi 3i CTabi/IbHICTIO, KOHTPO/IBOBAHICTIO HECTAOIIPHMX CTYIEHIB OKVICHEHH: 3 ONTHMi3a-
1jieto QYHKIIIOHATbHIX XapaKTepUCTUK MoaydikoBaHuX HocaTHIX CTEKOI.

KnrouoBi cmoBa: docdarHe ckmo, posmaaBHMIT MeTOn, OOp OKCKJ, MOMIOIEH OKCUf,
Bo/bGbpaM, TIOMiHECIIeHIIisl, EBPOIIiil.

BCTYII. ®ocdaTtHi cTekna 3aiiMamTh
0cobnMBe Micle cepefy OKCUTHUX aMOpP(HMX
MarepiaiB 3aBAAKY crenydini cBo€l cTpyk-
TYPHOI OpraHisaijili Ta BMCOKIiil 4yTIMBOCTi
B/IaCTUBOCTe 0 3MiHM cKnany [1-2]. OcHoBy
IXHbOI MEPEXXMBHOI CITKVM CTAHOBJIATD TETpae-
npu PO >, s’ennani Mix co6oto yepes MicTKo-

Bi aTOMM KVICHIO, III0 3yMOBJIIOE (POPMYBAHHA
JIAaHIIIOTOBMX, IIApyBaTMX ab0 IPOCTOPOBO
poO3Tany>KeHux CTPYKTYp 3a/leXXHO Bifi CIIiB-
Bi/HOIIEHHs CKJIOTBipHUX Ta Moauikyodnx
KOMIIOHeHTiB. Ha BifgMiHy Bij cmiikaTHOTro
ckma, ¢ocdaTHi cUCTeMN XapaKTepU3yHTb-
CA HIDKYMMM TeMIepaTypaMy IIIaBJIeHHS,
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BJYICOKOI0 PO3YMHHICTIO LIO0 OKCUZIB Pi3HOI
BaJIEHTHOCTI Ta 3/IaTHICTIO 10 YTBOPEHHA 1IN -
POKOTO CIIEKTpa MeTacTabiIbHMX CTPYKTYP,
o pobuTh iX NpUBAOIMBMMM MaTpPULSAMMU
s GyHKUioHaMbHMX MatepianiB [3]. Pasom
i3 MM BiTHOCHO HM3bKa XiMiYyHa Ta TepMidyHa
CTiMKicTh umcTux $pocdaTHUX CTEKON 3yMOB-
JTI0€ HeOOXiHICTb IXHBOI I[iNecnpsMOBaHOI
Moaudikallii, 0 BiIKpMBa€ MMPOKi MOXIIN-
BOCTI JI/Is1 KEPYBaHHSA CTPYKTYPOIO Ta BJIACTH-
BOCTAMM LUISXOM BBEIEHHA [OJATKOBMX
OKCUIHUX KOMIIOHEHTIB [4].

BBenenHs oKcHIiB MOJTiBaJIeHTHUX e/IeMeH-
TiB y ¢pocdaTrHy aMOppHY CHCTEMY € OFHUM
i3 Hait6ibII eeKTMBHUX MiAXOAIB [0 Iie-
CIPAMOBAHOTO PEryII0BaHHA 1i CTPYKTYPHUX
i pyHKLiOHaMPHYX XapaKTepucTuK [5]. Okcnu-
IV €/IEMEHTIB 31 3MiHHMM CTYIIEHEM OKVICHEH-
Hs, 30KpeMa BaHaJilo, MOiOfeHy Ta BOJb-
¢dbpamy, 3ameXHO Bij KOHLEHTpalil, OKMC-
HO-BiJJTHOBHMX YMOB CMHT€3y Ta JIOKaJIbHOTO
CTPYKTYPHOTO OTOYEHHS MOXYTb IPOABIATH
BIACTUBOCTI CKJIOTBipHMX, HMPOMDKHMX abo0
Moumbixqumx KOMIIOHEHTIB PO3Taay>KeHoi
cucteMun 3 QochaTHUX TeTpaefpiB PpisHMX
CTYIIEHiB KOHJjeHCcallil.

3okpema, A crekon ckmapy 20Na O -
10Si0, - NiO - 2P 0, - (67-x)B,0, -xBaO (x=
0-12 monm. %) BCTAHOBJIEHO, L0 30i/IbIlIEH-
HA BMicTy BaO npusBoguTh [0 yIiIbHEHHA
CTPYKTYpM Ta 3MEHUIEHHS CTYIEHA IOJiMe-
pusanii docdarHo-60paTHOI po3ramy>KeHol
CITKM, a TAKOXX CYIPOBO/KYEThCs Hepebyno-
BOIO €/IEKTPOHHOI CTPYKTYpyM MaTepiainy, 110
IPOSAB/IAETbCA Y 3MEHILEHHI 3HaY€HH ONTUY-
HOI mupuHN 3ab6opoHeHOl 30HM. CyKyIHIiCTD
3a3HAYEHMX CTPYKTYPHUX 1 ONTUYHUX 3MiH
3YMOBJIIOE IIEPCIIEKTUBHICTb TAKMX aMOP(PHIX
CUCTEM JiI1 3aCTOCYBaHb, SAKi IIOTPeOyI0Th Ke-
POBaHMX ONTUYHUX i MEXaHIYHUX B/IACTMBOC-

Tell, a TaKO)X BM3HAYa€ IXHill MOTeHIian sK
IIPO30PUX MaTepiasiB Iy y-eKpaHyBaHHA [6].
Y nmitiit-BmicHux cucremax xLi O-(40-x)B O, -
25Zn0-35P O, me x = 5-25 mo7. %, MOKa3aHo,
1[0 BapitoBaHHs BMicTy B, O, icToTHO BI/IMBae
Ha CTPYKTYpHY opranisanito ¢pocdarHux man-
LIOTiB Ta BM3HAYAE JIITiil-IOHHY MPOBIJHICTH
y TemImeparypHoMy piamasoni 333-533 K [7].

Cepern BijoMux cdep 3aCTOCYBaHHA LMX
aMopQHMX Marepia/iiB Takoro ckma € 6ioak-
TUBHI cTeknma (6iocrekna), AKi € 0COOMMBUM
KTacoM (YHKI[iOHaJIbHMX HEOPTaHiYHMX Ma-
TepiasiB, 3[jaTHUX B3aeMOpisATH 3 6iooriv-
HYIMM CepefoBUIAaMM Ta GOPMYBATH MillHMI
XIMIYHMIT 3B’ 30K i3 )KMBMMM TKaHUHaMMu [8].
[xHs 6i0aKTMBHICTH MOB’A3aHA 3 MPOIECAMM
IIOBEPXHEBOTO PO3YMHEHHA Ta IIOJA/IBIIOTrO
dbopMyBaHHA MIapy TigpOKCUANATUTY, O/IU3b-
KOO 3a CK/Ia[JOM [0 MiHEpPa/JbHOI CK/IaJOBOL
KiCTKOBOI TKaHMHY, 1[0 3a0e3meuye eeKTuB-
Hy iHTerparilo marepiamy 3 opra"ismom [9].
3aBIAKYM LM BIACTUBOCTAM bOiocTexia Imm-
POKO 3aCTOCOBYIOTb B OPTOIEfil Ta CTOMATO-
JIOTil [Aj11 BUTOTOB/IEHHA KiCTKOBMX 3aMiHHU-
KiB, paHy/IbOBaHMX MaTepialiB Jjid 3allOBHe-
HHA JleeKTiB KicTKM, TIOKPUTTIB [/11 MeTaie-
BUX IMIIIAHTATIB, @ TAKOX Y KOMIIO3UIITHUX
MaTepianax s pereHepariii Tkanus [10].

[Tepuri cuctemaTnyHi gOCIiKeHHs 6ioak-
TUBHUX CTEKOJ OYy/I0 MPOBeeHO HANpMKiHI
1960-x pokiB MUHYJIOTO CTOMITTS, KOMU OY/I0
CTBOpeHO cwiikaTHe 6iockmo 45S5 3i ckia-
IIOM, BUPa)XE€HUM Yy MACOBUX BiICOTKaxX K
§i0,:Ca0:Na O: P O, =45:24,5: 24,5: 6, Bitome
Ak Bioglass [11].

[ToxasaHo, 1[0 KOMIO3NUTHI MaTepiaay Ha
OCHOBi Takoro 0iockia 3[aTHi yTBOpIOBAaTK
Ha CBOIJl NOBEPXHi alaTUTONOAIOHMII LIap y
¢isionoriyHnx cepefoBuIIax, 1o ctano QGyH-
NAaMEHTOM [JIsl PO3BUTKY HOBOTO HAaIpsAMY
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6iomarepianis. Hapani 6ymo pospobieHo unc-
neHHi Mopudikaii bOro CKIa Ha OCHOBI CK-
mikatHux [12], 6opaTHux Ta PpocdaTHUX crc-
TeM [13], BIacTMBOCTI AKMX MOYXKHA PeTY/IIoBa-
TU IIJIAXOM 3MIiHM CKJ/Ia[y Ta BBEJEHHS PI3HUX
OKCH/IHMX KOMIIOHEHTIB.

Cepen pisHuX THUIIB 6i0aKTMBHUX CTEKOJ
ocobnuBmit iHTepec cTaHOBIATH QocdaTHi
CTEKJIa, AKi XapaKTepu3yITbCSA BUCOKOIO 6io-
CYMICHICTIO Ta KOHTPO/IbOBAHOI0 6i0pO34MH-
Hictio [14]. Ha Bigminy Bif cunikaTHOrO 6i0C-
ki1a [15], 1m0 po3unMHsEThCS MOBiMBHO, doc-
¢atHi cTex/1a MOXXYTb IIOCTYIIOBO JierpajiyBa-
TI B 6i07I0TiYHOMY cepefjoBUIIli 3 yTBOPEHHAM
HETOKCUYHUX IPOAYKTIB, ONM3bKUX 3a CKIa-
noM mo ¢isionoriuno npuitHATHUX Qocdat-
HUX KPUCTAJITIB — CKIAJOBUX IIPUPOISHOI
Kictkn [16]. Lle pobutp ix mepcreKTMBHUMUI
MarepiaaMy ISl CTBOPEHHA pe30pOOBaHUX
IMIUIAaHTATiB, TUMYACOBUX KapKaciB JI/I pere-
Hepallil KicTKOBOI TKAaHVHY Ta CUCTEM KOHTP-
O/IbOBaHOTO BUBI/IbHEHHSA TepaleBTUYHUX i0-
HiB Ca*', Zn*", Ag' ra in. [17-18]. BaxximBoro
nepeBaroi ¢pocdaTHUX CTEKOT € MOXX/TUBICTD
TOHKOTO Pery/loBaHHA IIBUIKOCTI IXHbBOI fie-
rpajanii nuraxom Moaudikanii ckagy Ta BBe-
INEHHA OKCUZIB Ka/lbllilo, MarHilo, UHKY, 6opy
Ta iHIMX 610/I0rYHO AKTUBHMX €JIEMEHTIB, 1110
MO3BOJIAE aAlITyBaTy BIACTUBOCTI MaTepiany
10 KOHKPETHUX MeUYHIX 3aCTOCYBaHb [18].

[TpucyTHIiCTb MONIBaZIEHTHUX €/IEMEHTIB
ICTOTHO BIUIMBA€E Ha CTYIiHb IIO/IiMepU3allil
nomidochaTHNX JTAHLIOTIB Ta PO3TaTy>KeHNX
CiTOK Ha IXHII OCHOBI, CIiBBiZHONIEHHS MiX
MICTKOBMMM Ta HEMICTKOBMMM aTOMaMU KIC-
HIO, @ TaKOXX Ha (POPMYBaHHS CTPYKTYPHUX
opvHMLB pisHOro THITy (Q™), o 6e3mocepen-
HbO BM3Ha4ae (¢isMKo-XiMiuHi BIacTMBOCTI
ckia (puc. 1). TpaguniitHo cTyniHb HonimMepu-
3anii ¢pocdarHUX TeTpaefpiB y TaKMUX CUCTe-

https://ucj.org.ua

Max BJM3HAUYaIOTh 3a JOIIOMOro iHdpayepBo-
HOI CIIEKTPOCKOIIii Ta CIIEKTPOCKOMil KoMbiHa-
irtHOro poscitoBaHH: [19-20].

KpiMm 1poro, oxcupayu mosiBajeHTHUX ejle-
MEHTIB BifirpaloTh KIHYOBY poib y (popmy-
BaHHI OKJMCHO-Bi[JHOBHOI piBHOBaru B CKIi,
CTBOPEHHI JIOKa/JIbHUX L[E€HTPIB €IeKTPOHHOI
TYCTVMHM Ta IIOTEHIIITHUX 3aPOJKIB KpUCTaIi-
3alii, 0 € KPUTUYHO BAXK/IMBUM JJI TIEPEX0-
Iy Bifi aMOp(HUX CHCTEM IO CKITOKepaMiqHMX
MarTepialiB i3 KepOBaHOI HAHOCTPYKTYpPOIO.

_ 1 | 2 . a
SAREAEE
Io/z\o’ “o/é!)_\o' oz/(ilj;“‘ o o};;i\‘ [

@

QO

Puc. 1. Knacudixauia pocdaraux rerpaenpis y
cki 3a cryneHeM KoHpeHcanil (Q"-kmacudikaris)

Fig.1.Classification of phosphate tetrahedra
in glass according to the degree of condensation
(Q~ classification).

CKJIO IPOTATOM TPMBAJIOTO 9acy pO3I/IA/A-
NN K KJIACUYHMIT aMOPQHMIT Ta CTPYKTYPHO
TOMOTEHHMII MaTepiasl, BIaCTUBOCTI AKOTO BU-
3HAYAIOTbCA yCepeHeHMM ONVDKHIM IOopsf-
KOM 0e3 4iTKO BMpa’keHOI IaTbHbO]I Iepiofd-
HOCTi Y po3MillleHHi CTPYKTYpHUX (parMeH-
tiB [21]. Taxwit mipxig, cdopmoBanmit e B
cepenuHi XX CTOMITTS, 3HAYHOIO Mipoio 6y1o
3yMOBJIEHO OOMEXEHUMU MOXXJIMBOCTIMMU
€KCIIEpPMMEHTAIbHUX METOMIB [JOCTiKEHHH,
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JNOCTYIHMX Ha Toil yac. Tpamuuiitai pudpak-
LiJiHI Ta CIIEKTPOCKOIIIYHI METOU JO3BOJIA/IN
OTPMMYBATH JINUIIe iHTerpanbHy iHpOpMaIlio
PO CTPYKTYPy CK/Ia, IO CIPUAIO YTBEp-
IPKEHHIO YABJIEHD IIPO IXHIO XiMiYHY Ta CTPYK-
TYPHY OFHOPifHICTb. Po3BuTOK cyyacHmx ¢i-
3UKO-XIMIYHMX METOJIB aHali3y - 30Kpema
BJYICOKOPO3/Ii/IbHOI €IEKTPOHHOI MIKPOCKOIIil,
CIEKTPOCKOIIiI JIOKa/IbHOTO OTOYEHHS, KOMII-
JIEKCY METOAIB, 1O BUKOPUCTOBYIOTb CIIEK-
TPOCKOIIiI0 KOMOIHAIiTHOTO pPO3CiloBaHHS 3
BJICOKOIO YYT/IMBICTIO Ta KOMIT OTEPHOTO MO-
HeNoBaHHA — CYTTEBO 3MIHMB IIi YABJIEHHA.
Hapasi Hakomm4yeHO IEepEKOH/NINBI €KCIepu-
MEHTa/bHi JlaHi, AKi CBilYaTh PO HAABHICTDH
y CKJIi HAHOPO3MipHOI CTPYKTYPHOI Ta Ximi4-
HOI HETOMOT€HHOCTI, BK/I0Yaoun QryKTyarii
CK/aZly, HEpiBHOMIPHICTb pO3NOAiNYy MOAM-
¢ikaropis, ¢asoBe MiKpoposlIapyBaHHA Ta
¢dbopMyBaHHA HAHOKPVICTA/IIYHUX BK/IIOYEHD
[22-24]. Taki 0cOOMMBOCTi CTPYKTYpU BXKe He
PO3ITIANAIOTH AK feeKTH, a HaBIIAKY, 5K Ke-
POBaHi eJIeMeHTH, 110 BU3HAYaIoTh (YHKIIiO-
HaJIbHi BIACTMBOCTI TaKMX MaTepialiB.

Oco6nuBe 3Ha4YeHHS 11i HOBI ysIBJIEHHS Ma-
10Th 111 HochaTHOTO CKIIa, sIKe 3aBJsKU BU-
COKiif KOMIIO3MIINIHI/ THYYKOCTi, HU3bKUM
TeMIlepaTypaM IIIaBJIEHHA Ta 3[JaTHOCTI JO
isoMopdHOro 3samilieHHsI iOHIB € HepCIeK-
TUBHOI MAaTpUIEI0 I BBENEHHA IIOJIiBa-
JIEHTHMX KOMITOHEHTIB Ta aKTMBATOPiB. BKito-
YeHHs OKCUJIB 60py, BaHaflilo, MOMibOaeHy Ta
BO/Mb(paMy iCTOTHO BIUIMBAE HA JIOKAIbHY
CTpYKTYpy docdaTHoi ciTky, crupusaoun ¢pop-
MYBaHHIO HEO[JTHOPi/fHUX 001acTell Ta IIeHTPiB
KpUCTajisanii, 10 BiJKpMBa€e MOX/INBOCTI
KOHTPO/IbOBAHOTO OTPMMAaHHA CKJIOKepaMid-
HJX MaTepiaJis.

CyvacHa mapajurmMa BUKOPMUCTaHHA CKJIa
nepen0avae mepexiy Bif yABIeHb PO «ifeanb-

HO aMOpQHY» CUCTeMy [0 KOHIenii PpyHKIio-
Ha/JIbHO CTPYKTYPOBaHMX MaTepiasiB, y AKUX
HaHOKpUCTaTiyHi ¢as3y Ta TOKaTbHa HETOMO-
TeHHICTD BiflirpaloTh K/II0YOBY ponb. Lle cTano
OCHOBOIO J/I1 IHTEHCMBHOTO PO3BUTKY CK/IOKE-
paMiK, 30KpeMa JIjid 3aCTOCYBaHb Y COHAYHMX
nmaHessax [25], ;e KOHTPO/IbOBaHa KPUCTasIi3a-
1i O3BOJIAE ONTUMI3yBaTU ONITUYHI Ta €/IeK-
TPOHHI XapaKTEPUCTUKM, @ TAKOX y TEXHOJIO-
rii phosphor-in-glass [26], 1110 IO€HY€E BUCOKY
TepMidyHy Ta XiMiuHY cTabinbHICTH amMOpdHOI
MaTpuili 3 eQeKTUBHUMH TIOMiHECIIEHTHUMUI
BJIACTUBOCTAMY aKTUBHUX ¢as.

Y npomy ornApi ysarajbHeHO CydacHi Mifi-
XOIM 1O CUHTE3y Ta CTPYKTYPHOI XapakTe-
pusanii pocharHux crexon, moaudikoBaHUX
okcupamu B,O,, MoO, ta WO,, a Takox mpoa-
Ha/Ii30BaHO ixHii BB Ha (i3nKo-XiMiuHi
$yHKIiOHaIBHI BIACTUBOCTI aMOPHUX CYIC-
TeM. CIIO4aTKy pO3ITIAHYTO OCHOBHI METOAM
ofiepKaHHA (PochaTHUX CTEKOJ, BKIIOYA0YN
TPagULIIIHNI METOJ IIJIaB/IEHHS 3 HACTYITHUM
3arapTyBaHH:AM, Ta 30/Ib-Te/Ib-IIiJIXif}, @ TAKOX
IIXOM IO OIMCY CK/IAAy i CTPYKTypHOI pori
OKCUIHUX KOMIIOHEeHTiB. [lanmi BUCBIT/IEHO
MOXX/IMBOCTi CIIEKTPOCKOIIii KOMOiHaIilTHOTO
PO3CiloBaHHSA K YHIBEpCa/lbHOIO iHCTPYyMEH-
Ty BOCTi/KEHH A O/IVDKHBOTO ITOPSIKY Ta ifleH-
tudikanii Q"-CTPyKTYpHMUX OOMHMUID Y doc-
dartniit MmaTpuii. OkpeMi MigpO3iN IPNUCB-
4eHO aHanisy cTpykrypHoi pori BO, y ¢op-
MyBaHHi 6opaT-docdaTHOl CiTKM Ta BIUIMBY
okcuptis MoO, i WO, na nonimepusarito poc-
baTHMX JTAHIIOTIB, KOOpPAMHAI[iIIHE OTOYeH-
HA IepexifJHNX MeTa/liB i pefoKc-piBHOBAry
y aMiOpHiii MaTpuli. 3aBeplIaIbHy JaCTUHY
OITIANlY 30CEPEKEHO Ha NPUHLNIIAX JU3ANHY
JIOMIHECIEHTHUX MarepialiB Ha OCHOBi Mo-
nudikoBanux QocaTHUX CTEKON, 30Kpema
Ha (opmyBaHHi amop¢pHUX i ckIOKepamiu-
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HUX MoMiHO(OpiB, meroBannx ionamu Eu*, Ta
B3a€MO3B SI3KY MDK JIOKQJIbHOIO CTPYKTYPOIO
CKJIa 1 CIIEKTPOCKOIIIYHMMM XapaKTePUCTHKA-
MU aKTMBAaTOPHMX IIeHTPiB.

EKCIIEPMIMEHT TA OBI'OBOPEHHA
PE3YJIBTATIB

Cunte3 ¢docaTHUX CTEKON TPAAMLINHO
3[1/ICHIOIOTb METOJJaMy BJCOKOTEMIIEpATYp-
HOTO IUIaBJIEHHS BMXIJHOI IIMXTU 3 IOfA/Tb-
VM OXOJIOMKEHHAM PO3IUIABY, IO JO3BOJIAE
oTpuMyBaTy aMOop(dHi MaTepiany 3 MNUPOKUM
fiamlasoHOM CKIafy i BmacTmBocTeit [27].
Hayi6inbur mommpeHuM € MeTOy I/IaBIeHHS 3
HACTYIHNMM MIBYJK/M 3arapTyBaHHAM, AKUIA
3abesneuye ¢ikcanio MeTacTabinbHOI aMop-
¢HOI cTpyKTypu Ta 3amobirae kpucrasmisarii.

NaH ml B,0, = WO,

> -

3ajIe)XHO Bif XiMiYHOro CKaajgy Ta QyHKIio-
HaJIbHOTO NPM3HAYEHHA MarepialiB 3acTOCO-
BYIOTb TaKO)X KOHTPOJIbOBaHE OXOJIOJPKEHHS,
TepMiuHe 00pobneHHs (puc. 2) mnsa gopmy-
BaHH: CK/IOKepaMiK abo JBOCTafliliHI pe>xxumMu
CUHTE3Y, 1110 IOEAHYIOTh TOMOI€Hi3al[il0 pO3-
II/IaBy Ta KEPYBaHHA JIOI0 OKMCHO-BITHOBHM-
MU TepeTBopeHHsAMu [28-29]. [lna doc-
(daTHMX CcHUCTeM XapakTepHUMM € BiJHOCHO
HIU3DbKiI TeMIlepaTypy IUIABJIEHH:A, IO CIpPO-
1Iy€e BBEJEHHS IONiBaJIeHTHMX KOMIIOHEHTIB
i (byHKuiOHaanMX IIOMIIIIOK, OJHAK BOJHOYAC
norpebye peTebHOTO KOHTPOMI CKIafy Ta
YMOB CHHTE3Y Y€pe3 BIUCOKY JIETKICTDb JeAKUX
KOMIIOHEHTiB, Hacammniepers MoO, Ta WO, [29].

|

3BaXxyBaHHS

nogpibHeHHs 3BaXkyBaHHA HarpiBaHHs
L nogpibHeHHs 950-1100 °C
s 8-10 °C/xB
Eu,05

s

. g %

3arapTyBaHHs
Ha MigHOMY NUCTI

Butpumka
1-4 roguuun
lomoreHi3auis

Puc. 2. CxemaTtnyHe 306pa>keHHs ofepKaHHs GocdaTHOTO CKIa METOLOM
IIBYUAKOTO OXO/IOJPKEHHS POSIUIaBY

Fig. 2. Schematic illustration of phosphate glass preparation by rapid melt quenching.
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HacTtynHuM nommpeHuM MeTOLOM Ofiep-
>KaHHS OKCUIHUX CTEKON € 307b-Telb-MeTO]
[30-31], Axmit IPyHTYeTbCSA Ha POpPMyBaHHI
6araTOKOMIIOHEHTHOTO IIpeKypcopa 3 piBHO-
MipHMM PO3NOAIZIOM CKIa[JOBUX. BuxigHoo
CTafli€l0 IpoLleCy € YTBOPEHHS Tel0 3 TOMO-
T€HHOTO PO3YMHY, WO [OCATAITH HUIAXOM
sminun pH, Temmeparypy, yabTpa3BYKOBOTO
BIUIMBY, 3aMiHM PO34YMHHMKa Towo. fK mpe-
Kypcopu MO>XHAa BUKOPUCTOBYBaTM BOJHI
PO34YMHM HEOpPraHiYHUX COJIeil MeTaliYHUX
€/IEMEHTIB, a TAKOXX MeTa/I00praHiyHi cromy-
KM B HEBOJHMX cepefoBuinax. JJo OCHOBHUX
nepeBar 30/1b-T€Ib-METOAY HajIeXXaTh IIPO-
CTUI1 KOHTPOJIb CK/IaJy LIIAXOM BapilOBaHHA
CIIBBiIHOLIEHHA BUXIiJHUX peareHTiB, Bifi-
HOCHO HM3bKi TeMIlepaTypy CHHTe3y, BUCOKa
YJCTOTA Ta FOMOIE€HHICTh Ofiep>KaHMUX MaTe-
piamiB, a TaKO>XX MOXIUBICTb (OPMyBaHHSA
TOHKMX IUIIBOK CKJIa 0e3locepefHbO Ha Iif-
kaai. BogHowac Meton € 61 TpUBaIUM i
OaraTocTafliiiHNM, IO NOTPedye peTeNTbHOro
KOHTPOJIIO IIPOLeCY Ta BUKOPUCTAHHA JOJaT-
KOBOTO 00/1aJJHaHHA.

Tak, nnsa cuntesy 6iockma y cucremi PO, -
CaO-Na,O 3 Bmictom PO, y mexax 40-
55 mon. % ta CaO - 8-40 mon. % oTpuMaHO
HU3KY CTaOi/IbHUX CTEKOJ SIK METOHOM IIaB-
JIEHHS, TaK i 30/Ib-Te/b-MeTozioM [31]. 3okpe-
Ma, KOMIo3uiii Ha ocHoBi 45 mon. % PO,
mo mictaTh CaO y miamasoni 20-40 mom. % i
Na, O - 35-15 mon. %, CTaHOBIATH OCO6MIN-
BUJI iHTepec, OCKIIbKU in Vitro JOCIi>KeHHA
3 iHKy6alier0 KIITMHHMX JIiHIT ocTeobmacTiB
JIIO[IMHY Ha IIOBEPXHIi TAKOTO CKJIa IIPOJIeMOH-
CTPYBaIM CIPUATIUBY 6io/NOTivUHY BifmOBinDb
[32]. Mopudikyroui okcupu CaO ta Na,O BBO-
IATb Y pocdaTHy CUCTEMY 3 METOI0 Perylio-
BaHHS PO3YMHHOCTI Marepiany BifIIOBIZHO [0

KOHKPETHUX YMOB it Vivo. 30/1b-Teb-0i0CKII0
CUHTE3YIOTh IJIAXOM B3a€MO/Iil CyMillli MOHO-
Ta miankindocdariB i3 po3YMHOM MeTOKCULLY
KaJIbIIif0 Ta METOKCH/Y HAaTPil0 B € TUJIEHI/IIKO-
7i 3a KiMHaTHOI TeMmiepaTypu [32].

Bapro miskpecimnTu, 1m0 y HayKoOBiil JIiTe-
paTypi ycTaTKyBaBCA CTaHZAPTHMIL MifXif 5O
3aIICy CKJIAly OKCUHUX CTEKOJI, AKUI BifO-
Opa’kae IXHIO CTPYKTYPHY poib Y GOpMyBaH-
Hi MepexXuBHOI ciTku. Hacammnepen 3asHava-
I0Tb CKJIOTBipHI OKCMJMU, TaKi fAK ons’ SiOz,
GeO,, B,O,, axi dopmyroTh 0CHOBY mONiMep-
HYIX JIaHLIOriB B aMopHiit MmaTpuui (puc. 3),
fam — YMOBHO CKJIOTBipHi okcupu (Hampu-
knmam, V,0,, MoO,, WO,), sgatHi BXOInTHI J10
CTPYKTYpM MepeXMUBHOI CiTku abo mommdi-
KyBaTy 11 3a7IeXKHO BiJi KOHLIEHTpawil, i nuie
micyA 1poro — okcuau-mopudikaropu (Na,O,
K0, Li,0, CaO Bi,O, Tomo), 1o nopymymTb
Oe3repepBHICTD CITKM Ta PerymoioTh i moi-
Mepusarito [33-34]. Takuil mopsAmoOK 3amucy
HOJIETIY€E iHTepIpeTalnio CTPYKTypHUX i i-
3MKO-XIMIYHMX BJIaCTMBOCTEN CTEKO/I Ta 3a-
Oesrneyye KOpeKTHe IOPiBHAHHS pe3y/lbTaTiB
PISHMX JTOCTIKEHbD.

3anuc CKIay CK/la 3a3BMYail 3[1iICHIOIOTD Y
MOJIBHUX BIiZICOTKaX, IIpU LIbOMY 4YMC/IOBi KOe-
¢inientn nepen popMynaMu OKCUAIB BifIIOBi-
Jal0Th KiZIbKOCTi MOJIeN BifIIOBiTHOTO KOMIIO-
HEeHTa y CKIafli IMUXTU. BaXXn1Bow yMOBOIO €
Te, IJ0 CyMa BCiX 4MC/TOBUX KoeillieHTiB Mae
nopiBHIoBaTK 100, 110 3a6e31edye ofHO3HAY-
HICTb CK/JIaZly Ta KOPEKTHICTh T€PMOJVHAMIY-
HOTO J1 CTPYKTYPHOTrO aHamisy. Taknii mizxin €
3araJIbHOIPUITHATYM /IS onucy gpocdaTHOro
CKa i Jj03BO/IsAE Oe3nOcepeHbO 3iCTaBIATH
pes3y/IbTaTy CUHTE3Y, BIACTMBOCTI Ta 006macTi
CK/IOYTBOPEHHS B Pi3HUX OKCUJHUX CUCTe-
Max [34].
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KoMnoHeHTH OKCHITHOTO CKila
CxJ10TBIpHUH YMOB}‘I'O ] [ Momixatop
L OKCHUJT ) {_cKIOTBipHUI OKCU )
- P,0 N ( V,0 Nb,0s,
BZOS’ M2 > Al O, Ag,0,
23, 003, :
As.O WO Na,0, Li,0,
5,Us, 35
K0, CaO,
GeO, SeO,, TeO, BaO. Bi.O
A J O

Pyuc. 3. YMoBHMIt mopin okcuais y ckmazi pocdarHoro ckia 3a CKIOTBipHOIO QYHKITiE0

Fig. 3. Classification of oxides in phosphate glass based on their glass-forming function.

Ckio Ha ocHOBi docdaTHOI MaTpuii, Mo-
nudikoBaHe OKcupaMu MonibpeHy, 6opy Ta
BO/b(GpaMy, OTPUMYIOTb METOHOM IUIaBJIeH-
HA BUXIJHOI IIMXTU Ha OCHOBi MeTadocdaris
HATpilo0 Ta Kaslilo 3 JOJaBaHHAM OKCHUJiB-MO-
nnikaTopiB i3 HACTYIHUM MIBUJKUM OXOJIO-
JoKeHHAM posmiaBy. Ha mepmomy erami fjo-
CIIi/KeHH POBOJAATD BU3HAYEHHs 00sacTein
iCHyBaHHA TOMOI€HHOTO CKJ/Ia JJIs BifTIOBifI-
HUX (ocaTHMX CUCTEM 3 OKCUJAMM MOJi6-
ieny, 6opy Ta Bonbgpamy. JleryBanHs ioHamMu
Eu®* spiiicHIOIOTD [1s1 CKITafty, 10 IEMOHCTPYE
HAJBMUINY CTPYKTYpHY cTabimbHicTD i Hail-
HIDKYY TigpodinbHicTb. Bubip xoMmoHeHTiB
JUIsT aMOp(HMX CHUCTeM 3YMOB/IEHO TaKVMMU
YMHHUKAMU: a) PO, Ta B,O, € tumnosumu
CKIOTBipPHMMM OKCU/IAMM, AKi BHOCATD y IINX-
Ty y BUITIALI PO3PpaxoBaHOI KibKOCTI OpTO-
docdaris (NaH, PO,, Na HPO,, (NH,), HPO,),
6) MoO, ta WO,, 3a manumu [33] 3aTHi 3H1-
JKYBaTU TeMIIEPATYyPy CKIOYTBOPEHH:, IIiJ-
BUIYBATY MEXaHIYHY Ta XiMIYHY CTIMIKiCTh
CKJIa, a TAKOXX iCTOTHO BIUIMBAaTVM Ha ONTUY-
Hi xapakrepuctuky; B) Bi,O, BuKOHye ponb
okcupy-moaudikaropa, o crpuse crabimiza-

https://ucj.org.ua

1ii pocdaTHoi ciTKM, 36i/1bIIYE ONTUYHY ITPO-
30piCTh Ta BIAIIOBifla€ 3a 3MEHILEHHA IiipoO-
dinproCTi; T) Na,O € MopudikaTropom (kom-
IOHEHTOM WIMXTU € opTodocdaTu, 6oparu
a6o Na,CO,), KoHIleHTpal[isl AKOTO BU3HAYAE
cTyninp mnonimepmsanii ¢ocdaTHuUX CTPyK-
TYPHMX ORVHUIb i 3arajbHi ¢ismko-xXiMmivHi
BJIACTMBOCTI CKJIa.

Y mpepcraBieHiit po6oTi pO3IIAHYTO BIa-
CTUBOCTI CK/Ia 3 TAKMMM POPMY/TaMI:

0,5(100-x) P,O, - xB,0,-5Bi.O -
- 0,5(100-x)K,0 (x = 20,0 - 40,0)

(13,0 - 17,0)P,0-(25,0-35,0) WO -

(1)

- (0,0 - 30,0)V,0.- (35,0 - 50,00K,0  (2)
(13,0 - 17,0)P,0.-(25,0-35,0) WO -(0,0 -
- 30,0)V,0.- (35,0 - 50,0K,0 -1En,0, (3)
(13,0 - 17,0)P,0,-(25,0-35,0) WO,-(0,0 -
- 30,0)V,0.- (35,0 - 50,0Na,0  (2)

CuHTe3 cKja 3[iMICHIOBAIN IIJISIXOM IIOe-
TAaIlHOTO HarpiBaHHA IINXTU B €IEKTPUYHIN
nedi 7o temneparypu 950-1000 °C 3i mBug-
Kictio ~8-10 °C/xB. OTpuMMaHmii posniaas
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BUTPUMYBA/IA B i30T€PMIYHUX yMOBaX YIIPO-
INOBX 1-4 TrogMH i IIOBHOTO BUMAJICHHA
JIETKMX KOMIIOHEHTiB (BOHa Ta BYIJICKMCIINI
ras, sIKi yTBOPIOIOTbCS BHAC/I/IOK BBENECHHA B
cucremy NaH,PO,, Na CO, Tomio), BCTaHOB-
JIEHHS OKVICHO-BiJITHOBHOI PiBHOBary Ta rOMoO-
renisanii posmiasy. TpuBamicTb BUTPUMKY 3a-
JIeXKasia Bifj BMICTY IIOJIiBa/IEeHTHUX OKCUZIB Ta
HasABHOCTI akTuBaropa. Ilicia 1poro posmas
LIBMKO BYIVBA/IV HAa MiJJHUII JIVICT Ji/IA 3arap-
TYBaHHS 3 METOIO 3aNI06iraHH: KpyucTatisarii.
Cnexmpockonisi  kombiHauitiHozo po3ciio-
BAMHHSA AK YHIBEPCANbHULL IHCIPYMEHM 8U3HA-
YeHHS TI0KAIbHO20 OMOUEHHS KOOPOUHAUTTIHUX
uenmpis y cxni. CHEeKTPOCKOIIiA KoMOiHaIili-
Horo poscitoBanHsa (KP, Raman-cmexTpocko-
is) € OgHMM i3 HabimbII iHPOPMATUBHUX i
LIMPOKO 3aCTOCOBYBAHMX METOJIiB JOCTi/I>KEH-
Hs CTPYKTYPU OKCUJJHOTO CKJIa, IO O3BOJIAE
OTPMMYBATH BIJOMOCTi IIPO JIOKaJAbHE OTO-
YeHH: CTPYKTYPHUX OAVHNIb 0e3I10CepefHbO
B aMopdHoMy cTaHi [35]. Ha BigmiHy Bif puc-
PaKLifIHMX METO/IiB, Yy T/IMBUX IIEPEBAXKHO [0
JAJIbHBOTO MOPAAKY, cnekTpockomnisa KP Bifo-

Opakae KONMMBaIbHI MOJY XiMiYHMX 3B’5I3KiB,
[0 poOUTH il 0CO6IMBO IPUATHOO /IS aHA-
Ni3y KOOPAMHALIHYUX IIO/iefIpiB CKIOTBIpHUX
oKcufiiB Ta MopuikaTopiB /OKaJIbHO B Ha-
O/MVDKeHHi O/IVDKHBOTO TIOPAZIKY.

Ins pocdarnoro ckma KP-ciekrpockomis
€ K/II0YOBMM METOJOM BM3HAUYE€HHHA CTYIEHA
KOH;[elu{caui‘i (1)0.C0(1)aTHI/[X TeTpaenpin [PQ4]3‘
, AKUI TPafMILiiHO ONNMCYIOTb y TEepMiHax
Q"-CcTPYKTYypHUX OOVMHMIIb, [ie N BifnoBifae
KIIBKOCTI MICTKOBMX aTOMiB KMCHIO. Xapak-
TepHI CMyrM KOMOiHAIiTHOTO pO3cCiloBaHH:A
B o6macti 900-1200 cM™! O3BOAIOTD ileHTH-
¢dikyBaTy cMMeTpIUYHi Ta aCMMeTPUYHI KO-
BaHHsA ¢pocdarHux TeTpaenpis P-O ta P-O-P,
1o BifmoBifaoTs pisHnuM tunam Q°-Q* dpar-
MeHTiB. 3MiHa iHTEHCMBHOCTI, ITIOJIOKEHHSA Ta
IMVPUHMA LUX CMYT IIpM BapiloBaHHI CKIagy
amop¢HOI MaTpuii Bigobpaxkae nepebynoBy
docdarHOi ciTkM, 30KpeMa IpoLecu Henoi-
Mepus3aiiii abo, HaBIIaK, MifIBUIIIEHHSA CTyIIe-
HA 11 KOHJeHcallil BHAC/IITOK BBeTEeHHS MO -
¢ixyrounx a60 yMOBHOCK/IOTBIpHMX OKCHJIIB
(Tabmuna 1).

Tabm. 1
XapakTepucTuyHi cMyru KkonuBanb pocharHux crekon y KP-crekrpax [35]
Table 1.
Characteristic vibrational bands of phosphate glasses in Raman spectra [35].
CrpykTypHa CneKTpanb}{e} o0macTp, TUI KOMIBAHE
OVMHUIIA cM
BO, 520, 555* Hedopmariiitai konmuBaHHs 60PAaTHOTO TeTpaefpa
BO,-BO, 600-650 CuMeTpuyHi KONMMBaHHA B MeTabOpaTHOMY Ki/bIli
B-O-B 769 CuMeTpuyHi BaJIeHTHI KO/IMBAHHA B IMepax
JTanmorn BO,-BO, 784, 884* AcyMeTpuYHi KOMMBaHHSA B MeTabOpaTHOMY Ki/bIii
BO,* 919 BanenTHi acuMeTpuUyHi KOMMBaHHA
BO,- 875-1000 BajieHTHI acMeTpUYHI KOIMBAHHA OPTOOOPATHUX TPy
PO*> 415-550 Hedopmaniiini konuBaHHA pocdaTHOrO TeTpaenpa
P-O-P 676-710 CMMeTprIHl ZKO)'II/IBaHHH KOHJIEHCOBaHUX (ocdaTHMX
TeTpaenpis Q

10
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Tabm. 1
Table 1.
CrpykTypHa CnektpanbHa 00/1acTh, T
-1 UI KONMBaHb
OIVMHUIIA c™M
P-O-P 700-750 CI/IMeTpI/I.‘{Hl IKO}II/IBaHHH KOHJIEHCOBaHMX (ocdaTHMX
TeTpaezpis Q
P-O-P 880-910 ACI/IMeTp]./I‘{Hll K(;}II/IBaHHH KOHJIeHCOBaHUX (pochaTHUX
teTpaenpis Q' Q
PO,*> 940-960 CumerpuyHi KonuBaHHA TeTpaenpis Q°
PO * 966 CuMeTpuyHi KONMMBaHHA TepMiHa/IbHUX TeTpaenpis Q'
PO * 1080 CuMeTpnyHi KONMMBaHHA TeTpaeapis Q'
PO * 1065-1097 CumeTpnyHi KONMMBaHHA TeTpaenpiB Q
PO * 1267-1294 AcuMeTpuyHi KonmuBaHHA TeTpaenpis Q?
P.O.* 1300-1350 AcuMerpuyHi KonuBaHHA TeTpaenpis Q°
MoO %, WO & 700-850 OKT'aean/mHe oroyeHHA Mo/W, xapakrepHe /i 6ibLr
MO/TiMEePU30BAHNX CHCTEM
MoO*, WO > 850-950 I3onboBaHi TeTpaenpu B Mexxax pochaTHMX TAHIIOTIB

* — 6opartHi (pparMeHTN y CKIIi, [0 HAJIeXKaTh 10 YACTKOBOTO TilpaTOBaHUX GOPM.

Oco6mmBy ponb KP-cmekrpockomis Bifi-
rpa€ y BUBYEHHI JIOKa/IbHOTO KOOPAVHALIITHO-
ro oTo4eHH: 60py y pocdaTHMX i 6opat-doc-
(daTHMX cTekIax. 3aB[AKYU BMUCOKI 4yTIMBO-
CTi 10 3MiH KOOPAMHALITHOIO 4MC/Ia, METO,
NO3BOJIAE  PO3PISHATU  TPUKOOPAVMHOBAHI
BO,’ ra Terpakoopnunosani BO, cTpykTypHi
OJVIHNII, fIKi NPOSABIIAITBCA Yy XapaKTEPHUX
criekTpanbHuX obmactax 1200-1500 cm™' Ta
800-1100 cm™! BignosigHo. CriBBigHOLIEHHA
MK 1My popmamu 60py € BaXX/IMBUM iH-
JIVIKaTOPOM CTYIIEHA IOiMepu3anii CiTKu Ta
CTabiIbHOCTI CTPYKTYpHM, a TaKoX Oesmoce-
PenHbO IOB’sI3aHO 3 XIMIYHOK CTIifKiCTIO Ta
rigpodinpHicTio hocdaTHUX cuCTEM.

[ cxna, MopndiKoBaHOTO OKCUAAMM MO-
nibpeny Ta Bonmbdpamy, KP-cnexrpockomis
3abesrnevye yHiKaJbHYy MOXXIMBICTb aHasi3y

https://ucj.org.ua

JIOKaZIbHOTO OTOYEHHS IO/iBaJIEHTHUX KOOP-
OVHaLiHuUX 1eHTpiB Mo ta W. Konusanbhui
Mopu 38’a3kiB Mo-O ta W-O B 0o6macTi 700-
1000 cm™' gos3BonmsAOTh imeHTNIKYBaTH ABa
TUIIM OKCOaHIOHHMX CTPYKTYp, 30KpeMa Te-
tpaegpuyuni MoO *it WO, *, a Takox 6impur
NOTiMepU30BaHi OKTaefpUYHi (QparMeHTH
MoO,* it WO * [36]. 3minn monoxenuns Ta
dopMm BifMOBiZHMX cMyr BifoOpa)kaloTh
BIUINB OKMCHO-BifITHOBHMX YyMOB CHHTES3Y,
KOHIIeHTpanii MopudikaTopa Ta B3aEMO-
mii 3 pocdarHOo MaTpUIlEO, IO € KPUTUY-
HO BaXJIMBUM [/Id PO3YMIHHA €1eKTPOHHOIL
CTPYKTYpM Ta ONTUYHUX BIACTUBOCTEN Ta-
kux cucrteM. Tak, psa ckna P,0O,-WO,-Li,O-
Ag O miaTBEpPIPKEHO YACTKOBE Bi[HOBIEHHA
BonbGpaMy [0 +5 Ipu 3pOCTaHHI BMICTY
Ag O Ta mocrynose 36iNbIIeHHSA YaCTKM
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BONbdpaMy caMe B OKTae[pMIHOMY KIUCHe-
BOMY OTOYeHHi [37].

Baxxnmpo migkpecnuTy, mo 1A CUCTEMMU
(30-x)AL O, - xFe O, - 70P,0, (x=0,15-30,00)
dopmysanns kpucraniris AIPO, ta FePO,
Oy/10 HalillHO MiATBEPYKEHO METOLOM IOPO-
IIKOBOI peHTreHiBchbKoi Audpaxuii. Bogrodac
CIIeKTpM KOMOiHaILiiTHOrO po3citoBaHHS 0YI10
oTpuMaHO 3a jgonomorow KP-crnekrpomerpa,
OCHAII[EHOTO MiKPOCKOIIOM, IO JJO3BOJIAE JIO-
KaJIbHO OIIPOMIHIOBAaTM J1a3€pOM OKpeMi Ji-
JITHKY TIOBepxHi 3paskax [38]. Lle mano 3mory
aHajisyBaTy obmacTi ckia 3 MOpPQOIOTiYHM-
MM HEOJHOPIZHOCTAMM ab0 XapaKTepHUMU
MOPYLIEHHAMM OJHOPIHOCTI IIOBEPXHi, e
Oyno 3a¢ikcoBaHO CHEKTpaTbHI 0COOMMBOCTI,
IpUTaMaHHI KpUCTaTiYHMM a3aM. 3aBIAKM
NO€NHAHHIO IM(paKLiiHNX METORIB CIi/IbHO
31 CHEeKTpOCKoIli€lo KoMOiHaLilfHOrO po3ci-
I0BaHHs HiJTBEp/XKeHO, 10 Npy 36i/mbIIeHH]
BMmicTy depym(IIl) okcupy y ckmani BuxigHOI
IIVXTY CIIOCTepiraeMo (OpMyBaHHS KpUCTa-
nivanx Bkmodenp Fe (P,O)),, Fe (P,0,), Ta
FePO, y cxni. [lepura cionyka mae depym y
pisHUX CTyIeHsX okucHeHHs Fe**/Fe**, mo Ta-
KOX IiITBEPI>KEHO Y CKIazai amopdHoi dasu.
3po6eHo BICHOBOK, 110 Miff 9ac AeBiTpudika-
nii Fe** mepeTBoproeThcs Ha Fe’t, a TepmiuHmMit
Bifilla/1 BIAIIOBila€ 3a IIOBHE II€PETBOPEHHA
KPUCTA/IIYHOTO IPOAYKTY Ha YMCTi CIIONYKU
Fe’* [38].

TakuM 4MHOM, CIEKTpOCKOmis KoMbiHali-
JIHOTO pO3Cil0BaHHA € YHiBE€pPCaTbHUM iHCTpPY-
MEHTOM KOMIUIEKCHOTO aHaJli3y CTPYKTYpu
docdarHoro ckma, AKUI JO3BOJISIE BOFHOYAC
IPOCTEXUTY CTYIiHb KOHfeHcauii ¢ocdar-
HUX TeTpaefpiB, KOOpAMHAIIIIHE OTOYEHHA
NpOMDKHMX 1 MopM(iKyI0uMXx OKCHUfiB, a Ta-
KOXX B3a€EMO3B 30K MDK JIOKaJIbHOIO CTPYK-
TypoI0 Ta PYHKI[iOHATBHVMH B/IACTUBOCTAMMU
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MarepianiB. Iloegnanua KP-cnekrpockomii
3 IHIIMMM METOJAMM CTPYKTYPHOI XapakTe-
pusanii pobuth ii He3aMiHHOIO CKJIa/[0OBOIO
CYYacHMX JOCTiIKeHb (ocaTHUX CTEKON i
CK/IOKE€paMiYHMX CUCTEM Ha IXHiil OCHOBI.

DynkyioHanvHe gochamue K10 HA OCHO-
6i B,0,. boparne cknmo € oco6nmmBo mpupjat-
HJM ONTUMYHUM MaTepiaZioM 3aBJIAKM BUCOKIiN
IIpO30POCTi, BiTHOCHO HM3bKIiil TeMIlepaTypi
IUTaBJIEHHSI, BUCOKIN TepMi4Hiit cTabinbHOCTI,
MOXXIMBOCTI peatidalii pisHUX KOOpAMHALIil-
HVIX MOXX/IMBOCTEN 6OpPy Ta BUCOKIll PO34MH-
HOCTi 1OHIB PpiIKICHO3€MENbHUX €JIEMEHTIB
[39-40]. Kpim 1poro, 6opat-docdarni cre-
K/Ia XapaKTePU3YITbCA HMMPOKUM CIIEKTPOM
KOpUCHMX BiactuBocTeil. [loemHanHA [nBOX
cknoTBipHuX areHtis - P,O, ta BO, - € nep-
CIIEKTUBHUM 00’ €KTOM JIOCTiIPKEHHS, OCKi/Tb-
KI1 BJIACTMBOCTI 3MillIaHNX aMOpP(HUX CHCTeM
€ crienpiTHNMIY 11 KOHKPETHOTO CKJIafy Ta
ICTOTHO Bifipi3HAIOTHCA BiJi BIACTUBOCTEN AK
CyTO 6OpaTHUX, TaK i cyro QocdarHux TaH-
uporis [41]. Tax, si 36inbuiennsam smicty B,O,
B cucremi (100-x)(50BaO-50P,0,)-xB,O,
(x = 0-10 mon. %) cnocrepiraemo mifBK-
LIEHHA TeMIEPAaTypyu CKIyBaHHA Ta 3MEH-
IIeHHs KoeillieHTa TeIIOBOTO PO3IINMpeH-
HA i TYCTMHM OTPMMAHOIO CK/Ia. 3a JaHUMMU
KP-cnektpockomii, CTpyKTypy Takux amopog-
HVIX CUCTeM IIpeficTaBIeHo MeTadochaTHUMM
Q’-opVHMIAMY, KinblenofiOHuMyU O6opaTHU-
MU (parMeHTaM) Ta 3MiLIAHMMM TIpyHaMu
PO,-BO,. ®opmysanusa sp’askip P-O-B sa
BmicTy B O, monan 6 moneii % cripusie mpurHi-
YEeHHIO KpUCTaIi3alii IMUXTyU Mij yac TepMid-
Horo Bigmasy [41].

OpHOpifiHI cTek/Ia MOXXHA OTPUMATH [JIA
cknany xB,O,-(60-x)P,0,-40Na, O [42] npn
x = 0-40 mon. %. Bopodocpartre ckno xa-
PaKTEepU3YIOTbCSI MOX/IMBICTIO BapiloBaHHA
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CTPYKTYpM Ta BJIACTUBOCTEN 3aJIEXHO BIf
CK/Ialy, IPUYOMY TaKi 3MiHM MOXYTb Bif0y-
BaTHCH K B aHiOHHIN, TaK i B KaTiOHHIN Mif-
cucreMax ckia. Beemenns B O, cupuse mig-
BUILEHHIO PO3MIPHOCTI CTPYKTYPHOI CITKM
BUXifHNX ¢ochaTHUX cTekon. Bimomo, mo
crpykrypa BPO, yrBopena rerpaenpamu PO,
i BO,, 3’egHanuMu Mi>x co6010 B TPOCTOPOBY
CiTKy, TOMy MOXXHa NPUITYCTUTU HasABHICTb
3B’a3kiB P-O-B y cTpykrypi jocmimkyBaHux
6opodocdharHnx crekon. 3arajoM 3aMilleH-
HA 3B’A3KiB P-O-P Ha P-O-B (dpopmyBanHa
TeTpaefpu4IHoi cTpyKTypu tuiy BPO, 3 Buco-
KJIM CTYIIEHeM 3IIVBaHH:A) CyIPOBOKYETHCSA
IMiABUIIEHHAM TeMIIEpaTypy CKIyBaHHA Ta
XiMIYHOI CTIMIKOCTI CKJIa 31 3pOCTaHHAM BMic-
Ty B,O..

I mopmdikanii ONTMYHUX BIACTUBOCTEN
JIIOMIHECI[EHTHUX CTeKON [42-43] momaBaHHS
OKCUALy 60py 3HIKYE PO3UMHHICTD PifKicHO-
3eMe/IbHIX eJIeMEeHTiB, OJlHaK BifIIOBila€ 3a
IIOPIBHAHO HM3bKI TeMIIapaTypyu CKIyBaH-
Ha. Tak, y Bumagky ckma (95-x)P,O.-xB,O,-
4,9Na,0-0,1Er,0, Temmeparypa CK/IyBaHHS

BapiloeThcs B Mexxax 307-350 °C [44].

Beemenns oxcupy 6opy po docdarHmx
aMOp(HUX CUCTEM € OFHMM 3 e(eKTUBHUX
IiJXOMIB O KepyBaHHsA IXHBOI CTPYKTYP-
HOI0 OpraHisali€lo Ta eKCIUIyaTaliiHUMMU
xapakTepucTukamyu. CKIOTBIpHMII OKCHJ,
B,O, npossnsge y dochaTHux creknax am-
¢dboTepHy MOBeAiHKY i MOXXe BUKOHYBATU SIK
CKJIOTBipHY pOJIb, TaK i ponb MopudikaTopa,
110 BM3HAYAETHCA CKIAJJOM CHUCTEMM, CIIiB-
BifHoeHHAM B O,/P O, Ta BMiCTOM JTy>KHUX
i my>)xHO3eMenbHUX OKCMAIB. Y 60OpBMicHUX
docdaTHuUX cucTeMax 60p Moke repedyBaTn
Yy OBOX OCHOBHMX KOOPJAMHALIMHMUX CTaHAaX:
TpukoopauHoBaHoMy BO,* Ta TeTpakoop-
puHoBaHoMy BO,>. 3a HM3BKOTO BMICTy MO-
;md)iKonqu OKCHJIIB Ta B KICIIOMY Cepefo-
Buili ¢ocdarHoi Marpuni 60p mepeBa)kHO
OpUCYTHINI y ¢opMi IUIaCKUMX TPUKYTHUX
BO,”-onuuuip, AKi BKIIOYAKTbCA IO aMOp-
bHOI CiTKM IIIAXOM yTBOPEHHSA MiCTKOBUX
3B’sa3kiB B-O-P. Ilpuxmagy feskux Takmx
crcteM HaBezieHo y Tabmumi 2.

Tabm. 2
ITpuxknagu pocdarHo-60paTHNX aMOpPHNX CHCTEM
Table 2.
Examples of phosphate-borate amorphous systems.
1 0,
Ckap ckia Buict B,0,, % BnactuBocTi ckna JIiT.
MOJL.
OnrtnyHo nposopi,
54P 0,-20B,0,-18Zn0-8Ba0O-xEu,0, 20 YepBOHMUIT [43]
nroMiHOOp
JIroMiHeCIeHTHI
(95-x)P,0,-xB 0,-4.9Na, 0-0.1Er O, 5-20 e [44]
(45-0,5%)P,0.-xB 0,~10,0M00O - (45-0,5x)Na,O 20-60 JTOMIHECUEHTHI | 15)
B/IACTUBOCT1
56Bi,0,-31B,0,-11P,0.- 2Dy O, 31 Binuit mominogpop [46]
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3i 3pOCTaHHAM BMICTy OKCUIIB JTY>KHMX
e/leMeHTiB ab0 Tpy MiBUILEHHI OCHOBHOCTI
CK/a BiOyBaeTbcsi YacCTKOBUII ab0 IOBHMIA
nepexis 60py 3 TPUKOOPAVHOBAHOTO CTa-
Hy [0 TeTpaKooppauHoBaHOro. ®opmyBaHHA
BO,”-TeTpaenpie CyNpOBOKYETbCA  3aX0-
IVIEHHAM JIOJaTKOBOTO OKCUT€H-i0Ha Ta 3a-
PANOBOXO KOMIIEHCAIIIEI0 3a PaXyHOK KaTiOHIB
Na* a6o inmmx mogudikaropis. Taka koopzau-
HalliliHa nepeOyzoBa € fobpe BifoMuM sABU-
meM y 60opaTHMX CTekax i 36epiraerbcs Ta-
KOX Yy 3MiIIaHux 6opat-¢docdaTHnx cucremax
[44]. BxomxeHHs 60py y pocdaTHy MaTpuiiio
BiTOyBa€TbCA IEepeBa’KHO IIIIXOM YTBOPEH-
HS 3MillIaHUX CTPYKTYPHUX HparMeHTiB TUITY
B-O-P, mo mnpusBoguth 7m0 QOpMyBaHHA
ribpupgHoi 60pat-docdarnoi citku. Tpuko-
OPAVHOBaHI OJVHUIIL BO33‘, 3’€HYIOUNCD i3
dochaTHUMY TeTpaenpaMi, CIPUAIOTh 3MEH-
LIEHHIO KiZTbKOCTI HEMICTKOBMX aTOMiB KICHIO
y pocaTHNX rpynax Ta MiIBUIIEHHIO 3arab-
HOT'O CTYIIEHA IOiMepu3alil CKIAHOI CITKU.
TerpakoopanHoBaHMII 60pP, CBOEIO YeProio, Bi-
mirpae posb IOBHOLIHHOTO CITKOYTBOPIOBaya,
aHanoriaHo GpocdarHumu Tetpaegpamu. Moro
IPUCYTHICTD crpuse crabimisanii TpuBumip-
HOI CTPYKTYPU CKJIa, 3SMEHIIEHHIO PYX/IMBOCTI
KaTiOHIB JIY)KHUX €/IEMEHTIB Ta IiJiBUILEHHIO
TepMiuHOI ¥ XiMi¥HOI cTilikocTi docdaTHMx
crekon. ®opmyBannsa BO, > -opuHnmp Takox
BIUIMBA€E Ha posnofin Q"-cTpykTyp docdar-
HOI MifICITKM, 30KpeMa Ha CIIiBBiIHOLIEHHA
Mk Q'- Ta Q*-rpynamn.

[Tepexin 60py 3 TPU- KO TETPAKOOPAVHOBA-
HOTO CTaHY CYIPOBOJKY€ETbCA YILiIIbHEHHAM
aMOp(HOI CiTKM, 3POCTaHHAM TeMIepaTypu
CKIyBaHHA Ta 3MEHLIEHHAM CXMIBHOCTI JO
TiIpOMITUYHOTO pyliHyBaHHA. 3aBJAKN YTBO-
PeHHIo 3MilaHux 6opar-PocdaTHNX 3B I3KiB
3HIDKYETbCA KOHIIEHTpallisd JIETKO Tipoti3o-
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BaHux P-O-P-dparmentis, 10 € KI0OY0BUM
dbakTopoM TiBUIEHHS XiMiYHOI CTiNKOCTi
docdarHuUx cTeKo.

KpiM 1poro, 3sMiHa KOOpAMHALiIHOTO OTO-
yeHHs 0Opy ICTOTHO BIUIMBAa€ Ha JIOKaJIbHE
CTPYKTYpHE OTOYEHH: JIETYI04MX iOHiB, 30Kpe-
Ma pifIKicHo3eMenbHUX eneMeHTiB. Lle nposs-
NAETHCA Y 3MiHI CMMETPiI T0Ka/IbHUX LJ€HTPiB,
CIIEKTPaJIbHUX XapaKTepUCTUK Ta e(eKTUB-
HOCTIi JIIOMiHeCI[eHIii, 0 po6uTh B203 BaXK-
JIMBYM CTPYKTYPHUM PETYIATOPOM Y PyHKITi-
oHanbHUX PocdaTHUX cucTemax [42].

Hasapnicts PO, y marpuni myxHnux 60-
PaTHUX CTEKOJI IIOKPAIlY€E AKICTb CK/Ia Ta Iif-
BIIIYE JIOTO IPO30PICTh B iHQpauepBOHii
obmacTi crekTpa, 0co6MMBO y BUIAAKY MO-
;[M(biKyBaHH,q OKCHJIaMI PiIKiICHO3€MEeTbHUX
e/leMeHTIB [44-46].

Bnaue MoO, ma WO, na 6ydosy ma ena-
cmueocmi  ocpamnozo ckna. OCHOBHUMMU
OynmiBelbHUMU 670KaMy AK KPUCTATiYHUX,
TaK i amopduux pocdaris € PO, > rerpaeapu
[47]. L1i TeTpaenpu yTBOPIOIOTHCS, KO e/IeK-
Tporn docdopy (3s?3p®) popmyroTs ribpus-
Hi opbitai sp’, mpy LbOMY ITSATUIT €TeKTPOH
nepexoauTh Ha 3d-op6iTanb, e BiH yTBOpIOE
MillHI TT-3B’A3KM MOJIEKY/LAPHMX opbitaneit 3
2p-e/leKTpOHAMY OKCUTEeHY. Y CK/IONOfiOHOMY
P,O, ui Terpaenpu PO,> s’emnani mMixx co6oro
3 CYCiIHIMM OAMHMIIAIMU 32 PaxyHOK TPbOX
BEPUINH, a YETBEPTY BEPIUVHY 3aliMa€ aTOM
OKCUTeHY, SIKUII YTBOPIOE MOABIIHNIT 3B’ 130K
3 aroMoM docdopy. Lleit Tun 3B’413Ky Ha3UBa-
I0Tb MEPMIHATLHUM NOOBITIHUM 38 S3KOM IS
OINCY TeTpaenpiB 3a TepMiHomoriero Q°, ge
N- 0O3HAYa€ KiZIbKICTh MiCTKOBMX aTOMiB OKCH-
reny y PO,> rerpaenpi. Tun TeTpaespis cumb-
HO 3a1eXXuTh Bifx cniBBigHomeHHs O/P, a came
CIiBBigHOIIEHHS 3a/l1eXUTh BiJl KiZIbKOCTI Ta
TuniB Moaudikyounx okcupis (puc. 1).
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TppoMa OCHOBHMMM CKTaZlOBVIMM TPYIIaMU
KOHJeHcoBaHUX ¢ocdatis € Q' kiHLeBUII Te-
Tpaenp, Q* cepenHiit TreTpaenp ta Q’ posrainy-
>KeHui1 TeTpaenp (tabmus 3) [48].

Tabm. 3
Tunm Buxiganx pocdaris Ta cTymiHb KOH-
JeHcalil BIiIOBiZHNX TeTepaepiB y CKIi

Table 3.

Types of initial phosphates and the de-

gree of condensation of the corresponding
tetrahedra in glass.

Tum Ckimap aHioHa O/P
Q' nipodocdarn 3,5
Q meradocdatn 3

nonipocdaru >3
Q’ ynbrpadocdarn 2,5
Q° oprodocdaru 4

Cryninp nonimepmsanii ¢ocdarHux cre-
KOJI TPaJuLifiHO ONKCYIOTh 4epe3 QU-Kia-
cudikario cTpykrypHux opuHunb PO, -Tet-
paenpiB, [e IHJEKC 7 BIifIIOBIfAa€ KiIbKOCTI
MicTkoBuX atoMiB KucHio (bridging oxygens),
AKi 3’€IHYIOTb CycifiHi TeTpaempm. Y Takii
kinacudikamii cTpykTypHi oguuuii Q° MaTh
TPU MiCTKOBi KMCHI Ta GOpMYIOTH 6inblI I0-
NiMepU30BaHy CK/AHY CITKY, TOHI K OFVHMILI
Q% Q' ta Q" xapaKTepu3yoTbhCs ITOCTYHIOBUM
3MeHIIIeHHsIM KilIbKOCTi 3B’sI3KiB MK TeTpa-
eipaMu i, BIIIOBIAHO, HVDKYMM CTYII€EHEM I10-
nmimepusanii. Cryninb nonimMepmsanii Takox
MO)KHA OIIMCATY 4Yepe3 CEPeNHI0 KiNbKiCTh
MIiCTKOBMX aTOMiB KMCHIO B CKJISIHIN CiTIIi, AKa
BimoOpakae cepeqHIo 3B’s13aHicTh PpocdaTHMX
teTpaenpiB. OCKiIbKM JOCTi>KyBaHi Marepi-
amm € amop¢HUMY, NpsAMe KilbKicHe BU3Ha-
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YeHHA CTYIIeHA IoMiMepusallil € CKIaJHUM,
TOMY B poOOTi Hajja/li BUKOPUCTAHO HENpsMi
METO[IM OLIIHIOBaHHA CTYIIEHS MOIiMepu3aiii.
30KpeMa, aHai3 CIeKTpiB KoMOiHaIlilTHOTO
po3ciloBaHHA JO3BOJIAE ineHTNDIKyBaTV IpU-
CYTHICTb CTPYKTypHUX oguHULb Ty Q', Q
ta Q’ 3a XapaKTepHUMU KOMMBA/TbHIMU CMY-
ramu (Tabmmis 3).

IlomaBaHHSA TEBHOI KiZIbKOCTi OKCHUIiB
MoO, ta WO, nio pocdarnoro cxma 03Bo-
JIsle BIUIMBATY Ha JIOTO CTPYKTYpy Ta (pyHK-
ioHa/IbHI BmacTuBOCTI. Oxcumu Moni6neHy
Ta BoNbdpamy y pocdaTHIX CTEKIaX MOXKYTb
nepebyBaTi y pisHOMY KOOpAMHALITHOMY
OTOYEeHHI, 110 BU3HAYAETHCS CKIaJOM Ta CIIiB-
BifIHOLIIEHHAM CKJIOTBipHUX Ta Mopamikyro-
YuX OKCHUJIB. 3a BifIHOCHO HM3BKOTO BMICTY
morni6bnen (VI) ta Bombdpam (VI) okcupis y
CTPYKTYpi mepeBaxkaroTb TeTpaenpu MoO,*
(WO,»), axi interpyiorbcs y docdarny me-
peXy depe3 YTBOPEHHSA 3MillaHUX 3B A3KiB
Mo-O-P (W-O-P). Taki pparmenTn 3a3Buyaii
CIPUYMHIOIOTh YaCTKOBY [IENOIiMepU3alLlilo
docdarnoi citkn, pospuatoun P-O-P 38’a13-
K/ Ta (pOpMyrOUM HEMICTKOBi aTOMM KVCHIO.
3i spocrannam Bmicty MoO, Ta WO, Bif0y-
BA€TbCA MOCTYIOBUI Iepexifi O OKTaeqpuy-
Hux ¢parmentis MoO, (WO,), 1o cymposo-
IKyerbcs popMyBaHHAM 3B A3KiB Mo-O-Mo
(W-O-W) Ta kmacTepmsaliero CTPYKTYpPHMX
opmHuLb [49]. 3a TakMx yMOB MomibmaTy Ta
Bo/bGpaMaTy yTBOPIOIOTH JIAHIIOTOBi ab0
TPUBUMIPHI TPyIM, 3MiHIOYM TOIIOJIOIiIO
dbocdarHuX MAHIIONIB MaTPUIli Ta BIUIMBAIO-
YJ Ha i TepMidHi Ta eJIeKTPUYHi BIaCTUBOCTI.
[Ipn npomy BonbdpaM AEeMOHCTpYe Oinbury
CXWIBHICTh 10 (OPMYBaHHA OKTaeHpUYHIUX
KJIacTepiB, TOAI AK MOiOfeH yacrimle piBHO-
MipHO BOyHOBYeTbCA y pocdaTHy MaTpUIO ¥
BurAi pocdarHo-MonibaaTHUX GparMeHTiB.
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Sk 6yno Bxe 3raflaHO, OKCUAY BONbdpa-
my (VI) Ta monibpeny (VI) TpaguuiitHo Bif-
HOCATD 10 YMOBHO CKJIOTBIPHMX OKCUJIB, 1110
O3HAYae€, [0 BOHU MOXYTb BOYOBYBaTuCS y
aMOp(HY cUCTeMy 3 JIAaHIIOTiB 3a IPUCYTHO-
CTi CKJIOTBipHUX OKCHJIIB, Takux K P O, SiO,,
B,O,. BogHowac 6yno mokasano [50], mo 3a
B1COKOro BMicTy MoO, ra WO, 3a npucyTtHo-
CTi OKCUJIIB JIy>)KHUX €JIEMEHTIB € MOX/IVBYM
dbopMyBaHHA MOIOFaTHUX Ta BOIbpamar-
HUX CTeKON 0e3 MOJaTKOBUX CK/IOYTBipHUX
okcupiB. ITpoTe Taki cmcremm xapakrepusy-
I0TbCS Iy>Ke 0OMEXEeHOK 00/1acTIO CKJIOYTBO-
pennsa (55-62 mon. % MoO,; 53-65 mom. %
WO3) Ta MiJBUINEHOK KpUXKicTi0. Bucoka
KPUXKICTb TaKUX CHUCTEM TIIPOSIBIISAETBCA Yy
BYCOKUX 3HAYE€HHAX KIHETMYHOIO IHJEKCYy
KpuxKocTi m(95), skuit 6y10 po3paxoBaHoO 3
TEMIIepAaTypPHOI 3a/JIeXXHOCTI B A3KOCTi poO3-
n1aBiB. BrcoKa KpUXKICTb CBiIYUTD IIPO Pi3Ky
3MiHy B’A3KOCTi OO/IN3y TeMIIepaTypu CKIy-
BaHHA Ta BKa3ye Ha CTAOKy CTPYKTYpHY 3B’-
3aHICThb IOJIIMEPHMX JIAHIIIOTIB IIOPiBHAHO 3
KJIaCUYHUMU CKIOTBipHMMM. Lle moscHIOETD-
Cs TAaKOXK OIIBIIMM BKJIQIOM iOHHOTO 3B SI3KY
y MornibpaTax Ta BombgpamMarax MOPiBHSIHO 3
6oparHuMM Ta pochaTHUMU CUCTEMaMU, Jie
BiZINIOBiHi parMeHTM TSOKIIOTD IO KOBAJIEHT-
HOTO IIOJIAPHOTO 3B A3KY.

Y ¢docdarHux cTekmax CTPYKTypHa poOJb
MoO, ta WO, Bu3HAYA€TbCsl B3AEMOMIIEI 3
PO rerpaespamu Ta nepebynoBor Q" CTpyk-
TYPHUX OJVIHUIIb.

Y pobori [51] 6yno mocmimxeHo o6macTh
CKJIOYTBOPEHHS Ta CTPYKTYPHi 0COOMBOCTI y
cucremi P,O_-WO,-BaO. byno nokasaso, 1o
BBefieHHss WO, CyTTEBO BIUIMBA€E HA CTYIiHb
noniMepusanii gocdaTHol ciTkM Ta CHiBBif-
HOIIEHHS CTPYKTYpHUX OAVHMID cKma Q.
3rigHo 3 mocnimxeHHAMHU AMP-cnekTpocko-
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mii, 3i 3pocrannam Bmicty WO, BinbyBaerbca
HOCTYIOBEe 3HIVDKEHHs CTYIeHs IoJiMepusa-
il gochaTHNUX TAHIIOTIB, IO MPOSBISIETHCS
y mepexopi Bif mepeBakaHHA Q’ TeTpaenpis
MOPIiBHAHO 3 KinbKicTio 3ammmkoBux Q?, Q!
ta Q°. Y roit cammit yac y KP-criekrpax ckia
3’B/IA€ThCA CMyTa y fiamazoni 885-950 cm™,
AKy BigHOCATH 10 KonmuaHb W=0 W-O° B
okTaenpax WO *. 3a OITBIINX KOHIIEHTPALIiit
Bonbdpam (VI) oxenpy (40-60 Mort. %) 3’sABA-
€TbCS LIMPOKA cMyTa B obmacti 820-840 cm!,
AKa CBIJYUTb IIpO YTBOPEHHS MIiCTKOBUX
W-O-W ra kmacrepusanioo cTpykTypu. Bap-
TO BigMiTUTH, 1[0 OKCKAM Bonbdpamy (VI) Ta
Monibzeny (VI) He € CTPYKTYPHO eKBiBa/IeHT-
HYMIU MOAVQIKaTOpaMy Ta MOXXYTb IIPOSIBILSA-
T Pi3HUIT XapaKTep B3aeMofii 3 aMOpHOI0
docdarHOIO CHCTEMOIO JTAHIIIOTIB.

Y pobori [52] Ha mnpukmapi cuctem
25P 0.-50M00,-25Na O Ta 25P,0.-50WO -
-25Na,0O mokasano, mo monibgen (VI) me-
peBaXHO piBHOMIpHO BOYHOByeTbcs B ¢oc-
barHy amopdHY MaTpuI0, YTBOPIOKOYN
docdaro-mMonibmaTHi PparMeHTV, TOAI AK
Bonbdpam (VI) meMoHCTpye Oinblry CXnib-
HICTBb 1O KacTepusallii, 10 BiZoOpa>kaeTbcs
i y TepMiYHMX XapaKTepUCTUKax 3pasKis. Ilo-
PIBHAHHA TEPMIYHUX JOCIIJPKEHb II0Ka3aJIo,
mo ¢ocdaTo-BonbppaMaTHe CKIO XapakTe-
PU3YETbCS BUIIOK TeMIIEPATypOI0 CKIyBaH-
Ha (T =505 °C) nopiBusHOo 3 ¢ocdaro-mo-
ni6paranm (T =410 °C), a posunHHicTs y BOAI
BO/bpaMaTHOTO CKIa € Maibke B 20 pasiB
MEHIIIOI0 32 PO3YMHHICTh MOMiOIAaTHOTO 3pas-
Ka. CXWIBHICTD [0 KpUCTajisalii y TaKmux
CUCTEMaX CYNpPOBOIKYETbCA IIepeOyTOBOIO
OMVDKHBOTO TOPAAKY aMop¢HOi Marpuiy,
pyliHyBaHHAM 3B A3KiB Mo-O-Mo (W-O-W)
Ta (OopMyBaHHAM OiNbII BHOPAJKOBAHUX
Mo-O-P (W-O-P).
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Ilin 4yac TepMOOOpOOIEHHS BCTaHOBIIE-
HO (aKT IOBepXHeBOI HyKleauii 3 yTBO-
peHHsAM Kpucranivaux ¢as NaMoO PO, ra
NaWO,PO,. MexaHisM TOBepXHEBOI HyKJIe-
anii 6y70 Bu3Ha4YeHo 3 aHanisy JJTA-xpuBux
1A 3pasKiB i3 pisHUM pO3MipOM YaCTMHOK: 31
301/IbIIEHHAM IXHBOTO PO3Mipy HiK KpucTa-
misanii sMilgyeTbcss B 00/1aCTh BUIUX TeMIIe-
paryp, MOro iHTEHCUMBHICTb 3MeEHIIyBajacs,
a MMpUHA 36i)1bmyBa)1ac;1, 1o, 3TigHO 3 ma-
HuMM [53] € 03HAKOIO TOTO, IO 3aPOJKEHHS
KpUCTaIivHOI a3y BifOyBa€eTbcs IMepeBaXKHO
Ha [IOBEPXHI CKJIA.

M cxma P.O-WO,-Li O nokasano, o
3i s6impmennam Bmicty WO, Big 30 mon. %
mo 52,5 Mon. % BiOyBaeTbcsi MOHOTOH-
He 3pOCTaHHA TYCTMHM CTEeKOn Bif 3,52 no
4,06 r/cM’, MO 3yMOBJIEHO BUIIOK MOJIEKY-
JIIPHOIO0 MacoOi0 BONMb(paMaTHOI CK/IAI0BOI Ta
3araJibHUM 30i/bIIIEHHAM KOMIIAKTHOCTi BHY-
TPpIIHBOI CTPYKTYpU cKia. IlapanenbHo 3po-
CTa€ i MIKpOTBEPJICTh CTEKON y MeXax 4,21~
4,79 I'lla, mo BKa3ye Ha MiJBUIIEHHA Mill-
HoCTi aMo(HMX 3paskiB. OFHAK MiBUIIEHHS
KOHIIEHTpallii BolbppaMaTHOl  CK/IaZOBOI
Ma€ TpaHMYHMII XapakTep. Tak, Ipy BMicCTi
WO, 47 mon. % crekna 36epiraroTb amopdHy
CTPYKTYPY, 11O MifTBEPHKYETbCA HAABHICTIO
XapaKTEepPHOTO «Taio» y AUPPAKTOrpaMax, a 3a
kinbkocti WO, 52,5 Morn. % dikcyerbca dop-
MYBaHHA KpUCTaMiYHMX (a3 (Li3PO » LL,P.O,
L ,W,0,,, WO,), mo cBifuuth npo mnepexif
10 CK/IIOKepaMiqHOrO CTaHy. TakuMM YMHOM,
onrtyManbHui BMict Bonbdpam (VI) okenny y
CTEK/IaX BM3HAYalOTh KOMIIPOMICOM MiX IIifi-
BUILEHHSM >KOPCTKOCTI Ta cTabi/IbHOCTI cuc-
TeMU i 3an00iraHHIO KpycTanizaiii.

Y docdaTtnux crexmax oxcumam MoO, Ta
WO, sparHi icHyBaTu y KiZIbKOX CTYIEHSX
OKJICHEeHHs, Xo4ya JoMiHyloTb W* (Mo*®), y
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CTeK/IaX 4acTo (iKCYIOTh HeBeNVKi KiMbKOCTi
BigHOBNIeHNX popMm W™ ta Mo™. 3a gaHmMn
EIIP-mocnimKenb, A CTEKON CKIazy P205_
MoO,-Li,0 [54] BcTaHOB/NEHO, 1O YacTKa
Mo** moxe ckimagatu Bin 0,25 mo 0,75 Bip 3a-
raJlbHOI KiZBKOCTI MOMiOIeHy 3a/leXHO Bif
cknapy ckma. IIpy npoMy MakcuMasnbHe 3Ha-
uyenHsa Mo™ /Mo, peanisyerbcs myis CKnafis,
6mm3pKux mo mipodocdarHoi obmacti (momi-
HyBaHHA Q'-OfMHMIIB), IO NPSMO BKa3ye Ha
3B’A30K peIOKC-piBHOBArm 3i CTyleHeM IIO-
niMepu3sanii ¢pocdaTHOl Mepexxi Ta po3mofi-
nom opyaunb Q. IIpu nbomy Mo®* 3amuia-
€TbCS OCHOBHMM CTYIIEHEM OKMCHEHHS, TOZi
AK Mo’ € MeHII cTabi/IbHOIO, ajle CYTTEBOIO
JaCTMHOIO CK/IAHOI MaTpuli. AHaJIOTi4He CIi-
BicHyBaHHA W®'/W>" € xapakTepHum i mua
dbocdarHo-BonbPpaMaTHUX CHUCTEM, XOYa B
Oinpirocti BunagkiB BMicT W°' € HIDKYMM.
Tax, na npuxnani cucrem P,O,-MoO, ta PO~
WO, [55] 6yno nokasaHo, o CIiBBi/[HOIIEH-
Hs1 BiTHOB/IEHUX GOPM 3HAUHO BifIpPi3HAETHCS
I MonibneHy Ta Bonbgpamy. s dpocdar-
HO-MOMIOMAaTHNX CTEKOJ HAMBMUILE 3HAYEHHA
YJaCTKU MoS*/MoSar ckmagae 0,26 masa ckna 3i
BMicToM MoO, 49 mMon. % Ta 3MeHIIYEThCA 3i
36inpirenHsaM Bmicty momionen (VI) oxcupny.
HaromicTb y pocdarHo-BonbdpamMaTHUX CTe-
Knmax chisBigHomenns W>*/W_ mnepebysae B
mexax 0,19 Ta 0,02 i Bmicty WO, 50 mor. %
Ta 71 mon. % BignoBigHo. TakuMM 4MHOM, MO-
Ni6/IeH JeMOHCTPYE 3HAYHO Oi/IBITY CXVIbHICTD
IO BiTHOBJICHHSI TOPiBHSHO 3 BObPpaMoOM.
BB monibpen(VI) okcupy Ha Temmnepa-
TYPY CKJIYBaHHA OY/I0 PO3INIAHYTO JIeTalbHO
y poboti [56]. dnsa crexon ckmamy 50P,0.-
xMoO,-(50-x)K,O mpn BapitoBanHi BMicTy
momnibnen (VI) oxcmpy Bim 10 go 40 mom. %
CIIOCTepiraay 3MiHy TeMmIlepaTypy CKIyBaH-
HS BifT Tg:451°C mia x=10 go Tg=363°C V1A
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x=40. Bapro BimmituTy, mo smict MoO, y
¢dochaTHuX cTekmax Mae OyTM OOMeXeHUM,
OCKIJIbKM JI0T0 HaJ/INIIKOBE BBEJEHHA CIIPUAE
3HIVDKEHHIO XiMi4HOI CTIMIKOCTI CKJ1a y BOJHO-
My cepepioBuii. byno nmokasano, o 3a BMicTy
MoO, no 15 mon. % BTpara Macu y BOJi € TIO-
MipHOIO Ta 3MIiHIOETbCA MalbKe JiHiIHO, TOZi
K TOfasblle 30i/IbIIeHHs I0T0 KOHI|eHTpa-
il COPUYMHANO Pi3Ke 3pOCTAaHHA MIBULKOCTI
posunmHeHHA y Bopi npu pisuux pH. Ile mosc-
HIOETHCA 3aMmiljeHHsAM MinHux P-O-P 38’a3-
KiB Ha P-O-Mo 3B’A3KH, AKi 6i/1bII CXVJIBHI 1O
riipomisy.

Crexma, sAKi MiCTATh OKCUAM Bonbdpa-
my (VI) Ta momibpeny (VI), MOXyTb Matu
IIiKaBi e/leKTpMYHi BIACTUBOCTI, IIOB’A3aHi 3
IIEPEHOCOM HECIIapEHOTO d-eleKTPOHa MiX
ioramu MonibaeHy (Bombdpamy) y HIDKIOMY
Ta BUIIOMY CTYTIEHAX OKMCHEHHS, TaKUM 41-
HOM 3a0e3reyyouy MeXaHi3M elIeKTPOHHOI
IIPOBIJHOCTI 3a PaxyHOK IIEPEHOCY 3apspy.
[Ipu 4oMy HaBiTh HeBeNMKi KilbKOCTi MOIiO-
feHy (Bombdpamy) y CTYHEHAX OKMCHEHHHA
+5 MOXyTb Oyt 3adikcoBaHUMU Bisyasb-
HO dYepe3 IOSABY XapaKTEPHOIO 3abapBiieH-
HA ckna. Hampukman, aBropm poboru [57]
BiJ3HAYM/IN, 1O Ji/IA CTEKOJI CKIany (60—x)
P, O.-xMoO,-40Na,O  xomp  oOTpuMaHUX
3pasKiB 3MiHIOBaBCA Bif 3e1eHoro mpu x=10
[0 TE€MHO-CMHBOTO Ta CBiTJIO-KOPUYHEBOTO
npu x=30 ta x=40, 50 BignosigHo. [Ipn 1po-
My IepLINii OTPUMAaHMII 3pa3ok ynbrpadoc-
datHoro cxma 6e3 MoO, 6y 6e36apBHUM Ta
nposopuM. CBO€I0 Yeprow, CTeKaa CKIany
(60-y)P,O.-yWO,-40Na,O sminroBamm CBiii
Komip Bif cuHboro npu y=10, 20 o cuHbo-3€-
nenoro npu y=30, 40 Ta CcBiT/II0-3€7I€HOTO IIPU
y=50.

Ak 6yno Bxe 3ragano [57], pocdarHi cre-
K1a, MogudikoBaHi MonibgeHoM Ta Bonmbdpa-
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MOM, € IEePCIEeKTUBHMMU MaTepianaMu I
€IEKTPOXIMIYHOIO 3aCTOCYBaHHS, OCKIIbKU
XapaKTepU3YyITbCA HaIliBIPOBiTHMKOBOIO
IpUPOJOKI. Y TaKMX CHCTEMaxX €/lIeKTPOIpo-
BITHICTb MOXe 6yT1/1 peaisoBaHOl JBOMa
MeXaHi3MaMIl - IOHHUMM Ta TIOJAPOHHUM.
IonHa mHpOBIgHICTD peasni3yeTbcs 3a JIOIO-
Mororo Mirpaunii ny>xanx karionis (Li*, Na,
K, Ag") mo ¢ocdarniin mepexi. [Tonssponna
IPOBIJHICTh IOB’s13aHa 3 €IeKTPOHHUM IIe-
PEHOCOM MDXK iOHaMM NepexifIHMX MeTasliB y
Pi3SHMX CTYIIEHAX OKMCHEHHA, AK, HaIPUK/Ias,
Mo**/Mo®* abo W>*/W?®". [lepeHOC eleKTpoHa
BizOyBaeThCs B3HOBXK 3B sA3KiB Me-O-Me-O-
Me (Me - Mo, W), siki BUHUKAIOTb IIpU KIac-
Tepu3anii MomibgaTHUX abo BoMbGpaMaTHUX
CTPYKTYPHUX OJMHMIb. Buxopaum 3 nporo,
y TaKUX CTEeK/IaX IPOBiHICTb € pe3yabTaToOM
KOHKYPEHIIil iIOHHOTO Ta eIEKTPOHHOIO MéeXa-
Hi3MiB nepeHocy 3apsny. ABropu po6otu [33]
TOCTIVI/IV HaIliBIIPOBIJHUKOBY IOBENIHKY Y
CUCTEMAX Ta BCTAHOBMIM KOPEIALII 3MiHU
€/IEKTPOIIPOBIAHOCTI 31 CTPYKTYpOI CKIIa.
Hna crexon ckmapy P,O.-WO,-ZnO-Li,O npu
BmicTi WO, 1o 20 mon. % criocrepirany 3meH-
LIEHHS IPOBITHOCTI, AK€ aBTOPU MOSACHIOITH
3MEHIIeHHAM BMicTy Li* ioHiB, AKi 3anumia-
I0ThCS 3B’ s13aHMMU 3 MeTadochaTHUMU TaH-
mroramiu. [Toganpiie 36inblIeHHA YaCTKA WO,
CIIPMYMHAE Pi3Ke 3pOCTAaHHSA IPOBiIHOCTI Ha
Ki/IbKa IOPAJIKiB, 1110 IOACHIOETbCA KIaCTepH-
3alli€lo BOIbPaMOBIX JIAHIIIOTIB Ta YTBOPEH-
HAM W-O-W-O-W, mo crnpu4mnHaAe nepexip
BiJj iOHHOI IIPOBiTHOCTI 3a paxyHOK ioHiB Li*
TI0 ITOJIIPOHHOI IPOBIHOCTI 3a PaXyHOK Ilepe-
HoCy enekTpoHa Mbx W>* Ta W®'. Ileit mporec
TAKOX IiITBEPIPKYETHCA 3MEHIIEHHAM €Hep-
rii aktuBauii s 1,1 1o 0,37 eB. HaromicTb y cTe-
K/ax, AKi mictatb MoO,, IpOBiHICTh 3a/mu-
LIAEThCA MaliXKe OJHAKOBOIO 32 PaXYHOK yTBO-
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peHHs QocdaTo-MonibHaTHOI Mepexi, sKa
MigBUINYE pyXauBicTb Li* i0HIB, KOMIIEHCYIO-
4yl 3MEHIIEeHHs IXHbOI KOHIeHTpalii. Takum
unHoM, BBefleHHa WO, i MoO, y cTpykrypy
CK/JIa CIIPMYMHANIO IPVHLUIIOBO PisHi 3MiHM
B OynoBi ckma. Y cxoxiit po6oTi, gocimxyto-
un crekna cknapy (60-x)P,0,-xWO,-40Na,O
Ta (60-x)P,0,-xM00O,-40Na O [55], aBTOpnM
HiATBEPAUIN, IO €1eKTPOIPOBIHICTD y INX
CUCTEMAX MA€ BUHATKOBO iOHHY IPUPOAY Ta
BifbyBaeTbCcA 3a paxyHOK Mirparii KaTioHiB
Na*, Tofii IK BHECOK IIOJIAPOHHOTO MEXaHi3My
IIPaKTUYHO He CIIOCTepiraerbceA. byno mokasa-
HO, IO IiJBUIIEHHs IPOBIJHOCTI MOB sI3aHO
3 YTBOPEHHAM 3MilIaHNX CTPYKTYPHUX OfIM-
Huub P-O-W ta P-O-Mo, sAKi pospuBaioTb
dbocdarHi maHIOrM Ta CTBOPIOIOTH JOLATKOBI
IILAXY U1 TpaHcnopTy ioHiB Na*. Takox 6yo
BCTAHOBJIEHO HEJIHINHY 3a/IeXKHICTh MPOBI-
HocTi Bif BMicTy okcupis WO, Ta MoO,, pu-
YOMY HalBUIII 3HAYE€HHA CIOCTepiraam i
crekon ckmapy 20P,0.-40WO,-40Na O Ta
30P,0,-30M00,-40Na,O.

JocmimKeHHA MOMAPOHHOI IPOBiJHOCTI y
nopBiitHNxX docdarHux cTeknax [58] mokasa-
JIM, 10 BU3HAYA/IbHUM (PaKTOPOM eJIeKTpoIIe-
PEHOCY € He /ulle CIiBBIJHONIEHHA BiJHOB-
JIEHMX 10HIB MeTajy [0 3arajabHOI KiTbKOCTi
ycix ioHiB a60 yacTka BMICTy OKCHJY Ilepexiz-
HOTO MeTay, SIK Iie TPAJULiiHO BBa)KaIOTh, a
JI CTPYKTYpa CK/IAHOI MAaTpuLi. Y HOABITHMUX
Bo/Ib(paMaTHIUX CTEK/IAX, SIK 1 y poOoTi Bulle,
Oyno BCTaHOBIEHO (OPMYyBaHHS KIacTepiB
W-0O-W-O-W, mo, cBo€w 4eprow, mifiBu-
1IyBaj0 IPOBiHICTh MaTepiany y JeKinbKa
pasiB mopiBHsAHO 3 MomibmeHOM. BomHouac
BCTAaHOBJIEHO HEMOHOTOHHMII XapaKTep 3a-
JIEKHOCTI TIPOBIFHOCTI Bifi BMICTY OKCHU[IIB
3 Makcumymamn mpu MoO, = 61 mom. %,
WO, = 66 mon. %. lle MoxxHa mosacHuTH 6yai0-
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BOIO ITOJTIMEPHMX JTAHIJIOTIB, B SIKMX P 30i/1b-
IIeHHI KOHLeHTpalii Moaudikaropa ABOBU-
MipHa OyZoBa JIAHLIIOTiB IIEPEXOANUTD Y >KOP-
CTKillly TpMBMMIpPHY Ta, BiJIIOBiJHO, 3MEH-
LIYEThCA Ki/IbKICTh KiHIIEBUX, ab0 Tak 3BaHUX
MepMiHATIbHUX NOiedpis, O MiATBEPKYETb-
Cs1 3HIDKEHHSIM iHTEHCUBHOCTI BIITTOBITHUX
KP-criekTpiB. MokHa 3poOUTH BUCHOBOK, 11]0
ionHa mpoBigHicTh y docdaro-monibmaTHMX
ta ¢pocdaro-BonbdhpaMaTHUX CTEKIAX BU3HA-
Ya€eThCs He caMuM (PaKTOM Kractepusallii Mo-
nibaeHoBux abo BOMbGPaMOBMX JIAHIIIOTIB, a
CII0co60M IXHBOT'O IPOCTOPOBOTO MTOENHAHHSA
Y CKJIi i CIIiBBiTHOIIEHHAM MiCTKOBMX Ta Tep-
MiHa/IbHUX aTOMiB KMCHIO.

BaxxmBo BigMiTHTH CceHCMOinisyrody pob
okcnpiB momibpeny(VI) ta Bompdpamy(VI) y
¢docdatHnx crexnax. HasgBHicte y amopdHii
matpuii okcupiis MoO, ta WO, 3ymoBio€ 1o-
SBy LIMPOKMX CMYT HOIIMHAHHA y ONVDKHIlN
ynbTpadioneToBiil Ta CHHIi 06/IACTAX CIEKTPA,
IIOB A3aHNX i3 mepeHocoM 3apsany O* > Mo®*
(O* > W*"). HasBHICTb TaKMX CMYT IIPOfIeMOH-
cTpoBaHo Ha mpuknani cucremn (70-x)P,O,-
xWO,-30Na,O (x =0, 5, 10, 15, 20), ms sxoi 3i
36inpmennaM svicty WO, y crieKTpax morim-
HaHH:A IIOCTYIIOBO 3pOCTA€ iHTEHCUBHICTD HIN-
pokoi cMyru B fianmasoHi 350-390 HMm. Y pasi
JIETyBaHHA TAaKUX CUCTEM AKTMBAaTOPHMMM io-
HaMy, 3aTHUMM e(eKTVBHO IOIIMHATH B YO
Ta CYHIN 06/1acTi CHeKTpPy i BUIPOMIHIOBATH Y
BUZIMMIIT 06/1aCTi, O4iKy€ETHCS, 110 IPUCYTHICTD
Bonbdpamokcuny (VI) y crexmax cnpusatnme
ceHcmbini3anii MoMiHeCeHIl 3a PaxyHOK J10-
JATKOBOTO IIOI/IMHAHHSA 30Y/PKYI04YOro BUIIPO-
MiHIOBaHHS MaTPUIIEI0 Ta ITOJA/IbIINM IIEpeHe-
CEeHHSIM eHepril Ha akTMBaTopHi ioHu [59].

Ha mpuxnani cucremn P,O.-WO,-Sb,O,-
Na,O-Eu,O, 6yno noxasano [60], mo 36i1b-
IIeHHs BMICTy okcupy Bonbgpamy(VI) y
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CTeK/IaX INPU3BOAUTH O 30i/IbIIEHHS CIIiB-
BiJIHOILIEHHs YepBOHOI O IIOMapaHY€EBOI JII0-
minecuenuii Eu** I(°D>F)/I°D~>’F) Ta,
Bi/INOBi/IHO, 10 3MeHIIIEHHA CUMeTpil T0Ka/lb-
HOrO OTO4YeHHs ioHa Eu’’. 3HIDKeHHS cuMe-
Tpii OTOYEHHA PifIKICHO3€MEIbHOIO €IeMEH-
Ty IPU3BOAUTH [0 30iNbLIEHHS IMOBIpHOCTI
€/IEKTPO-ANIIONIbHUX IIE€PEXO/iB Ta IIOCUJIEH-
HA IHTEHCUMBHOCTI HaJ4yT/IMBOIO IIEPEXOAY
°D-’F,. BogHo4ac nns ckia, neropanoro Th*,
CIIoCTepiraeMo iHINy 3aKOHOMIipHiCTb: 30i/1b-
LIEHHA KOHLIEHTpaLii WO3 NIPU3BOAUTDH IO
3HIDKEHHSI 1HTEHCUBHOCTI JIFOMiHEeCIHeHIIil.
Insa Tb’* neroBanmx docdaro-Bonpdpamar-
HUX CTEKOJ CIEeKTpyU 30yMKeHHA JIOMiHec-
IeH1lii MiCTATDh XapaKTepHi A Tep6ito cMyrn
npu 376 ta 484 HM, 1O BiANIOBIJAIOTH Ilepe-
xomam 'F >°D, ta 'F~>°D, Bigmosiguo. [l
ckina 3 HeBemukuM BMmictom WO, - 17,75 Ta
27,7 Mon. % - IOIAaTKOBO CIIOCTEPIraeMo ILIM-
POKY CMYTIy NOITIMHAaHHA HIDKYe 380 HM, AKYy
aBTOPM BiIHOCATD [JO CMYTM IIEPEHOCY 3aps-
ny O* > W y terpaespax WO,*. HassHicTb
TaKOl IIMPOKOI CMYTM IIE€PEHECEHHA 3apAmy
B CIIEKTpPax 30y/)KeHHS CBITYUTH NPO CEHCU-
0ini3yody ponb BonbppaM-BMICHOI MaTpuIi
Ta e(EeKTUBHUII IIepeHOC eHepril Bif CTPyK-
TypHUX Ipyl, nos’sa3annx i3 W-O, 1o ionis
Tb’*. ImoBipHO, 7eTbcsA MPO MeXaHi3M THUITy
«MaTpUL > aKTUBATOP», Y SIKOMY 30yIKeH-
Hf, JIOKaJ/1i30BaHe Ha BOMbPPAMATHNUX CTPYK-
TypHUX (PparMeHTax, pelakCcye 3 IOfA/IbIIO0
nepenadero eHeprii Ha 4f-piBHi Tep6irto.
BopHoyac i3 mopanpmyM  30ibIIEeHHAM
KOHIJeHTpaLil WO3 IHTEHCUBHICTb 1 MpNUHA
CMYIM II€PEHECEHHA 3apAAy 3MEHIIYIOTbCA
[60] , 110 BKa3ye Ha iCHYBaHHS ONTYMATbHOTO
BmicTy WO,, 3a Akoro cencubinisyrounii epexr
MaTpUIli € MaKCHMa/lIbHUM. 3a IepeBUIeHHA
i€l KOHIleHTpalil, IMOBipHO, BifOyBa€eTbcA
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3MiHa KOOPJMHALIITHOIO OTOYEHHS, arperanis
BOJIbpaMaTHUX CTPYKTYPHMUX OFVHMIL ab0
3pocTaHHA JIeQeKTHOCTI, 1o nopyurye edex-
TUBHMIT KaHa/ eHepronepenadyi [60].

3MeHIIeHHSI iHTEHCUBHOCTI JIIOMiHeCIeH-
uii 3i spocranuAM BMicTy WO, ysromkyerp-
s 3 MiIBUILEHHAM KOHIIeHTpanil gedekTHux
[IeHTPiB (BaKaHCIil 10 OKCUreHy B Mexkax oc-
¢daTHMX TeTpaenpiB) i MOABOIO JOFATKOBUX
0e3BUNPOMIHIOBa/IbHUX KaHA/IB peylakca-
nii. TakuM 4mMHOM, HafMIIOK MopugikaTopa
He JIIe He IiICUIIE ceHcubinmizamiro, a i1
CIIpMA€ KOHILEHTPALIMHOMY TaciHHIO Ta 3HU-
’KEHHIO KBaHTOBOro Buxony. OTxe, oTpuMaHi
pe3y/nIbTaTy MiTBEPIKYIOTH, 110 ONTUMAa/IbHi
ONTVYHI XapakTepucTukyu ¢ocdaTHO-BOMIDb-
dpaMaTHUX CTEKOI MOXKHA HOCAITU JIAILE
3a Y3TOPKEHOTO Mif0opy CK/Iafly MaTpulii Ta
npupoau yneryodoro iona [60-61]. Pisui pig-
KiCHO3eMeJIbHI €JIEMEHTH II0-PiSHOMY peary-
I0Tb Ha 3MiHY JIOKa/IbHOI CTPYKTYPU Ta IOJIA-
PM30BHOCTI cepefoBUIIIa, TOMy eQeKTUBHICTb
ceHcmbini3anii Ta MexXaHi3sMM raciHHd BU3HA-
YJaI0ThCA AK CTPYKTYPOIO IOIIMEPHNX JTAHIJIO-
TiB, TaK i CIIEKTPOCKOMIYHUMM 0COOMUBOCTS-
M1 KOHKpeTHoro P3E.

HMomatkoBo  mst  cuctemn  P,O.-WO,-
Sb,0,-Na,0-Eu,0, [61] 6yno nokasaHo, 1110
sHayeHHsA Koedinienta acumerpii I°D>"F))/
I(°D>F,) mocsArae sHayeHHs 7,1, 0 CyTTEBO
IepeBUIIYE TiTepaTypHi 3HaY€HHA [ Jed-
KUX TeTyPUTHUX, CUTIKaTHUX, GIOpOCHIiKaT-
HUX CUCTEM.

Juzatin amopprux i KpucmaniuHux momi-
HOpopi6 HA 0CHOBI MOOUPikoeaHozo docham-
HO020 CK71Q

Y npoMy pospini posriAHyTO MigXOAM IO
CTBOpPEeHHs JIIOMIHOQOpPHNUX MaTepianiB Ha
ocHOBi MopudikoBaHux ¢GHocaTHUX CTEKOIL.
OcHOBHY yBary npupiieHo amMoppHUM Ta

ISSN 2708-129X. YKp. xiM. XypH., 2026



K. B. Tepe6inenko, B. 0. 303yns, M. C. Cno6oasHuk

YXX Ne1/TOM 92

CKJIOKEpaMIYHMM CUCTeMaM, JIETOBAHUM i0Ha-
MU PiKICHO3EME/IbHUX €/IEMEHTIB, y SAKUX
amMop(dHa MaTpUIIs BUKOHYE POJIb CEPeiOBM-
ma g crabimisauii TrOMiHECLleHTHUX IlIeH-
TpiB. [IpoananisoBaHO BIIMB CK/IaJy MaTpu-
11i, HAABHOCTI MOV (iKaTOPiB Ta HPUCYTHICTD
IPOMDKHMX OKCUAIB Ha OPMYBaHHA CTPYK-
TYPHMX OJVHMIIb, 10 BM3HAYAIOTh CIIEKTPO-
CKOMIYHI XapaKTepUCTUKMU Ta e(eKTUBHICTbH
BUIIPOMIHIOBaHHA TaKMX MaTepialiB.

Cunres mominodopiB Ha ocHOBI docdar-
HIIX CTEKOJI Ilepefi0adae KepoBaHe pOpMyBaH-
HA SIK aMOPQHIUX, TaK i YaCTKOBO KPUCTaIi30-
BaHUX (CKIOKepaMiuyHUX) CTPYKTYP 3 ONTUMi-
30BaHMM JIOKaJIbHYM OTOYEHHAM iOHIB-aKTH-
BaropiB. B amopduux dbocdharHux cucremax
ionn Eu’* cTatucTiaHO posmopineHi B CTpyk-
TYPHO HeBIIOPAAKOBaHi Marpuui. Ha Bigmi-
HY Bif kpucraniyaux ¢pocdaris, ge akTMBaTOP
3aiiMa€e 4iTKO BU3HA4YeHy Kpucranorpadidny
no3uIio 3 (ikCOBAaHOI CUMETpi€, y CKIIi
KOJKEH LIEHTP CBIiTiHHS XapaKTepu3yeTbCs iH-
IVIBiJya/IbHUM KOOPAVHALIIIHUM OTOYEHHAM
(koopauHaIifiHe YMCIO, JOBXMHU Ta KyTu
3’3KiB Eu-O, cTymiHp /0KanpHOI cuMeTpii
nomiexpa) [62-63]. Taka cTpyKTypHa HEOIHO-
PIAHICTD 3yMOBJIIOE: PO3IIVPEHHS CMYT JTIOMi-
HeCI[eHIlii; 3T/Ia>KyBaHHs a00 4aCTKOBY BTpa-
Ty TOHKOI IITapKiBCbKOI CTPYKTYpy; popmy-
BaHHA CIIEKTPIB i3 lepeBa>KHO HEONHOPIAHNUM
PO3IIVPEHHSAM.

Ion Eu®* mae enexktponHy KoH}irypaiito
4f°, a 71Ooro ONTMYHI Iepexony HajeXaTb IO
BHYTPilIHbO-KOHpirypaniitHux 4f-4f nepexo-
ZliB, eKpaHOBaHUX 55°5p° 060moHKaMM. Y CIIeK-
Tpax BUIIPOMiHIOBaHHA JOMIHYIOTb II€peXOu
3i 30ymxeHoro piBHsA °D, Ha OCHOBHMII CTaH
7Fj (J] = 0-4). Hait6inpm indopmatuBHMMM
€: °D, > F, — Maruiro-numnonbHmii nepexip,
110 C/1abKO 3a/IeKNUTD BiJi CUMETPii OTOUEHHST;
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°D, > 'F, — €NneKTpOo-IUIIONbHMUIA, «TillepuyT-
MVBUI» TIepexifi, IHTEHCUBHICTD AKOTO CYTTE-
BO 3pOCTa€ 3a BIJCYTHOCTI IjeHTpa iHBepcii;
°D, > 'F, — 4yTnmBMit 10 TOKaTbHOI CTPYK-
Typu Ta >KOpcTKocTi Mmarpuui. ChiBBifHO-
IIeHHA iHTeHCUBHOCTel nepexonis *D > "F./
°D, > 'F, BUKOPUCTOBYIOTb SIK CIIEKTPOCKOTIi Y-
HUJ IHAVKATOp JIOKA/IbHOI acMMeTpii Ta Ko-
BasleHTHOCTI 3B’3Ky Eu-O [63]. B amopduux
CUCTeMax Ile CIiBBIJHOLIEHHS BimoOpakae
CTAaTUCTUYHMIL PO3IIOAII CUMETPINl, TOAL AK y
KPUCTAIIYHNX — KOHKPeTHY KpucTanorpadid-
Hy nosuniro. Takox BaXIMBMMU IapaMeTpa-
MM €: 9ac XKUTTA 30y/KeHoro cTany °D ; KBaH-
TOBMI1 BUXiJl; KOHIEHTpalliflHe TaciHHA IIpuU
3poctanHi BMmicTy Eu’*; edexktuBHicTh eHepre-
TUYHOTO IepeHeCeHHA. Posrnsanemo feTanbHi-
IIe CTIeKTPOCKOMIYHI 0co6MMBOCTI aMOppHMX
Ta KPUCTAIYHNX POCHATHUX CUCTEM.

Mina amopdnoi cucremu (45,0-43,9)P, 0.~
(15,0-14,63)SrO-(15,0-14,63)BaO-(25,0-
24,39)Zn0-(0,50-2,44)Eu,O, npu 36ymKeH-
Hi B ynbprpadioneToBiii o6macTi y crekTpax
JIIOMIHECL[€HIIII peECTPYIOTh XapaKTepHi Iie-
pexogu Eu’*: °D, > F, (~578 um), °D, > 'F,
(~591 um), D, > "F, (~608, 617, 622 um),
D, > 'F, (~653 um), °D; > 'F, (~700 um).
Ilepexin °D, - F, Ma€ MarHiTo-AMIONbHMI Xa-
PaKTep i € BiITHOCHO HEYYT/IMBUM [0 JIOKAJIb-
HOI CUMETPpIl, TOMY J10OT0 4aCTO BUKOPMCTOBY-
I0Tb AK BHYTpilIHiN eTanon [64]. HatomicTs
nepexin D > 'F, € eeKTpo-IUIIONbHUM i Ti-
NepYyT/IMBYM [0 aCUMETpil TOKaJIbHOTO OTO-
yeHHs1 Eu’*, mo poOuTh 10ro iHTeHCHUBHICTD
iHpopMaTMBHMM NapaMeTpPOM CTPYKTYPHMUX
3MiH y cki1i. HaAgBHICTD CMYT, 1110 BiTHOCATBD [10
nepexony *D; > 'F, popmanbHO 3a60poHeEHO-
ro IpaBWIaMM BifOOpY, HOSCHIOETHCS J-3Mi-
IIyBaHHAM Ta BiJJICYTHICTIO LIEHTPY iHBepPCil B
JIOKaJIbHMX TO3UIIAX i0Ha.
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3i s6inpmennam Bmicty Eu,0, po
2,44 mon.% crnocrepiraéMo CYTTEBI 3MiHU
CHIEKTPa/NbHOI CTPYKTYypu A ckma P O.-
SrO-BaO-ZnO-Eu,0,. 3okpema, ana mepe-
xony °D, > "F, dikcyerbcsa yiTkile mrapkis-
CbKe po3IleIUIeHHs (KOMIIOHeHTM 1pu 608 Ta
622 HM 3aMiCTh OfIHIi€l IIMPOKOI CMYIM IIpK
617 HM), IO CBi[YUTb PO 3POCTAHHS BIIO-
PAOKOBAHOCTI IOKaTbHOTO OTOYEHHSA Ta MOX-
nmuBe GOpMyBaHHA acoliaTiB abo KiracTepiB
Eu’*. AnanoriuHi TeHaeHI1il BCTAHOB/IEHO /IS
Tenypo-dpropodocdarHux cTekon, je MifBU-
I[eHHA KBAaHTOBOTO BYXOJY II0B A3YIOTb i3 MO-
mudikyrodoro pommo BaO ta CaO, axi Bm-
BAaIOTh Ha MojiMepusariio pochaTHoI CiTKM Ta
HOJISIPU3OBHICTD CepefloBuINa [65-66].

Y  cucremi  xEu,0,-20Ba0O-20Bi O,-
1,5A10,-(58,5-x)P,O, (x = 0-1,5 mom.%)
aMOpQHi 3pasKy CMHTE30BAaHO METOJOM Tap-
TyBaHHA BUCOKOTEMIIEPATYPHOIO PO3II/IA-
By, a TeMIIepaTypy PO3M AKIIEHHS CKIa Ta
KpucTamisanio ¢as BM3HAYaAM 3a JaHUMMU
nudepeHLianbHO-CKaHy040l  KaJopuMeTpil
I OTPMMAHMX 3pasKiB. Tak, BUSAB/IEHO TpuU
eK30TepMiuHi miku Kpucranizanii (~550, ~700
Ta ~840 °C), 1m0 BiANOBIZAIOTH TOCTIZOBHOMY
BUJIIIEHHIO pisHUX KpucrtamiyHux ¢as. Tep-
MiuHe 06po6enHs 3a 800 °C (9 ropn) 3abesme-
qye pO3BUTOK KpucTaniqHol a3y B aMopHiit
MaTpuli Ta GOpMyBaHHA CKIOKepaMiku [67].
Y npoueci HarpiBaHHS BifjOyBalOTbCS: HyKJIe-
aris Ta pict kpucTanivHux ¢as, nepeposmnoyin
Mopndikaropis, 3MiHa TOKa/lIbHOI KOOpPAMHA-
uii Eu’*, ¢popmyBaHHA nedeKTHMX LeHTpIB
[68-69].

CdopmoBaHi CKIOKepaMiKy MOXXHa pPO3-
[AfaTY  AK  IMOMIKPUCTAMIYHI  BK/IIOYEHHH,
AVICIIepProBaHi y 3a/MMIIKOBilT amopdHiit dasi
IPUHIMIIOBO iHIIOro ckmapy. Takmil mipgxin
II03BOJISI€ TIOEHATY IIepeBaru aMop@HOro ce-
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pemoBuia (TEeXHONOTIYHICTb, OZHOPIZHICTBH)
i xpucramiunoi ¢asm (Bumma CcIeKTpaabHa
BU3HAYEHICTh, 3MEHIIEHHA HEOMHOPiIHOro
posumpenHs). TepmiuHe 06po6neHHA cCy-
IIPOBOJIKYETbCA KOPOTKOXBUIbOBUM 3CYBOM
cmyru 'F > °D, (3 457 go 450 HM), 1[0 BKasye
Ha MOCWIEHHA KPMCTA/TiYHOTO IOJIA Ta 3MiHY
KoBasieHTHOCTI 3B s13KiB Eu-O. BogHowac ¢ik-
CYIOTb 3MiHM Y 3HaY€HHAX ONTUYHOI IIVPUHA
3a60pOHEHOI 30HY, TOKA3HMKA 3a/IOM/IEHHS Ta
IieNeKTPUYHMX XapaKTEPUCTHUK, IO KOPETI0E
31 3pPOCTAHHAM YaCTKM KPUCTAIiYHOI (asm.

KommtekcHmit aHami3 cBijuntsp, mo Eu*t y
docdarHOMY CKITi MOXKe BUCTYHATH e(PeKTUB-
HJM BJIOBJIIOBAYeM €71eKTPOHiB. PeanisyoTbca
TpM MexaHi3Mum: 1) mpsAMuil MexaHisM — KOH-
KypeHnisa Mk BigHOBmeHHAM Eu’*> Eu* Ta
yTBOpeHHsAM F-1leHTpiB; 2) HempsaMmii Mexa-
Hi3M — 3aXOIUIEHH €/IEKTPOHiB, BUBI/IbHEHNX
i3 F-uientpiB ionamn Eu’* miy yac HarpiBanHs;
3) HampyxeHO-fAeOpMaLiiHNII MeXaHi3M —
3pOCTaHHA BHYTPIIIHIX HAIpPy>XeHb Yepes
3HayHMit ioHHUN papiyc Eu®*/ Eu** impgykye
Oe3BunpoMiHIOBaIbHI nepexopu. 1i mpomecn
BJ3HAYAIOTh paflialliliHy Ta TEpPMiYHY CTabi/b-
HicTh amopdHux Marepianis [70].

Mlns crekon ckmamy 65P,0, + (35-x)SrO +
xEu, O, (s0ymxeHHs 532 HM) cCrloCTepiraemo
TunoBuit Habip nepexonis °D, > 7F] (J=0-4)
3 IOMiHYBaHHAM IHTEHCUBHOI cMyru 611 HM
°D, > ’F)) [71]. 3i spocTanHAM KOHLIEHTpaILii
Eu’* iHTeHCMBHICTh BUIIPOMIHIOBaHHS 3pO-
crae (no ~1,5 Mon.%), 110 CBifYMTh PO ONTH-
Ma/IbHY KOHIIEHTpPAIilo 0 TI0YaTKy KOHIIEHT-
paLifiHOrO raciHHA.

Y docdarno-propunniit cucremi 69P,0 -~
10CaF,-20GdF,~1Eu,0, [72] BcTaHOBIEHO:
3pOCTaHHS TYCTUMHM 3i 30iMbIIEHHAM BMICTY
Eu*; BUCOKy TepMiuHy cTabilbHICTD; iHTEH-
CMBHE YepBOHe BUIIPOMiHIOBaHHA (611 HM);
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HE3HAYHUI JIOBTOXBUJIBOBUII 3CYB CMYIU
°D, ~> ’F, 3i 36inbIIeHHAM KOHIIEHTpallil aKTH-
BaTOpa. BBefeHHA PTOPUIHNX KOMIIOHEHTIB
3HIDKY€E MAaKCUMa/IbHY eHepriio (poHOHIB Ma-
TPULL, 110 CIIPUSIE 3MEHIIEHHI0 Oe3BUIPOMi-
HIOBA/IbHMX BTPAT i MiIBUIEHHIO KBAHTOBOTO
BUXOZY.

Cnextpu 36ymkeHHsI GochHaTHUX CTEKOI,
JIETOBAHMX €BPOIIIEM, i3 PI3HOI0 KOHIJeHTpalli-
eto aktuBaropa 15K,0-20A10,-(65-x)P,0O,-
xEu,0, orpumano 1miAxom peecrpanii Bu-
IpoMiHIOBaHHA npu 612 HM [73]. ¥V crexTpax
CIIOCTepiranay MKy, 110 BiINOBIZAIOTh TaKUM
nepexofam 36ymKenHs: 'F > °H, (320 um),
'F, > °D, (362 um), 'F > °G, (382 um),
F, > °L, (394 um), 'F, > °D, (414 um), 'F >
°D, (465 um), 'F, > °D, (524 um) ta 'F > °D,
(532 uM). BcraHOB/IEHO, 1[0 IHTEHCUBHICTH
CMyT 30yI>KeHHs 3pocTae 3i 30iIblIeHHAM
koHuenTpanii Eu O,. Cepey 3asHaueHux nepe-
XOfIiB Hal6i/IbIIy IHTEHCUBHICTb Majia CMYTa,
wo Bignosimae nepexony 'F, > °L, [73], Tomy
CIIEKTPY BUIIPOMiHIOBaHHA 1A 1nx ¢ocdat-
HUX CTEKO/I OY/I0 OTpUMMAaHO 3a 30yKeHHs
npyu 394 HM. Y criekTpax 3adikcoBaHO YOTHPU
OCHOBHI CMYT¥ BUIIPOMiHIOBaHHA, 1[0 BifiIIO-
BimatoTh mepexopgam ‘D > 'F, °D > 'F,, °D,
- ’F, ta °D, > ’F, ioniB Eu*. InTencusHicTh
ycix cMyT 3pocTae€ 3i 30i/IbIIEHHAM KOHIIEH-
Tpanii Eu,O,. Hait6inbm inTeHCHBHOIO € cMy-
ra, 10 BifIIOBifla€ rinep4YyTaMBOMY IIEPEXORY
°D, > ’F,, AKa moMiHye Hajl iHIIMMYU CMyTaMu
y CIEKTPi.

Takum ynHOM, B aMopHUX TIOMiHOGDOPIB
CIIOCTepiraoTh OiIbII MIVPOKi Ta iHTEHCUBHI
eMICIIfHI CMYI¥, 110 € HAaCHAiKOM CYIIepIIo-
3111 BEMMKOI KiJIbKOCTi JIOKa/JIbHO HeeKBi-
BajleHTHNX LeHTpiB Eu’*. Came pisHOMaHiT-
T KOOPAMHALIMHOTO OTOYEHHA BM3HAYAE
XapakTep CHEeKTpa/lbHOTO Npodimo Ta 4yT-
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JIMBICTD NEPEXo/iB 4O 3MiH CKIagy MaTpuIii
[74-75]. HaitBaknuBinn XapaKTepUCTUKA
amopdHux docdarHux cucrem HaBefjeHO B
Tabmui 4.

Ha mnporusary sasHadeHOMy, y KpuUCTa-
nmiyHMX Qocdarax, OTpUMAHMX i3 PO3IUIABY
IIVIIXOM KOHTPOJIbOBAHOI KpucTamisalii abo
CIIPSIMOBAHOTO TepMO0OpoOieHHs, ioun Eu’*
3aliMalOTh BMU3HAYeHI By3/1IM IpaTku. Y Ta-
KOMY BMIIAIKy: CIEKTPU JIIOMiHeCLIeHIii fe-
MOHCTPYIOTb YiTKO pO3Ji/IeHy IITAPKiBCbKY
CTPYKTYPY; JIiHil BUIPOMiHIOBaHHSA € BY3bKMU-
MM; IHTEHCUBHICTb OKpEMUX II€PEXOJIB Kope-
JIIO€ 3 TOUKOBOIO CHMeTpi€to By3a. Takum un-
HOM, KpMCTajIiuHi momiHOpopy 3abesmedy-
I0Tb BUILlY CIIEKTPa/IbHY CEJIEKTMBHICTD i CTa-
6inbHICTBD, TOA1 SIK aMOpdHi cucTeMM — MU pII
CIIeKTPa/IbHi CMYTH Ta O6ibLIy KOMIIO3ULIINHY
THYYKICTb [76-77].

EdextuBHicTb ceHcnbinmi3anii BU3HAYAIOT:
CIIEKTpaZbHUM IE€PEKPUTTAM MDK CMYTOIO
30ymKkeHHA ceHcmOinisaropa i piBHAMEU Eu’;
BIICTAHHIO MDK IJeHTpaMy; BajJ€HTHNUM CTa-
HOM IIEpEXiTHOrO e/leMeHTa; CTyIeHeM IIOJi-
Mmepusanil pocdarnoi marpuri. B amopdunx
cucremMax JIOJATKOBY POJIb Biflirpa€e craTuc-
TUYHMI PO3MOAIT BificTaHell MK ceHcmOimi-
3aTOPOM 1 aKTMBATOPOM, 11O 3YMOBJIIOE HEO-
OHOPIAHICTD IIPOLIECIB €HEPreTUYHOrO Iepe-
HEeCEeHHS.

Cepeq BifoMMX HeOMIKIB MOMOZaTHUX i
BonbdpamaTHNX Mopudikaropis ¢ocdarHmx
CTEKOJ/ CJTiJl BiI3HAYUTU iXHIO CXMIbHICTH 70O
HEKOHTPOJIbOBAHOI'O BiTHOBJIIEHHA IIifi 4Yac
IUIaBJ/IeHHA Ta Bifmany 3 yrBopeHHAM Mo(V)
i W(V) [92-93]. YacTkoBe BigHoBIeHHs Mo®'/
W¢* cynpoBomKyeTbesi popMyBaHHSIM iHTeH-
CMBHO 3a0apBJICHUX LIEHTPIiB CBITiHHA — Xpo-
MO(OpiB, 110 iICTOTHO 3HIDKYE ONTUYHY IIPO-
30piCTh OTPMMaHNX MaTepiajlib.

23




HEOPTAHIYHA XIMIfi

®OCDATHI CTEKJIA, MOAU®IKOBAHI MONMIBAJIEHTHUMW ENEMEHTAMU: CTPYKTYPHI, ®I3NKO-XIMIYHI

TA ONTUYHI BIIACTUBOCTI (ornsp)

Tabn. 4
HaiiBa)KnuBinIi xapaKkTepucTIKN TIOMiHeCIIeHTHOTO (ocdaTHOrO CKIIa, 1o 1eropane Eu’*
Table 4.
Main luminescent characteristics or Eu**-doped phosphate glass.
Cxap cKia Konuentpania \_HM M T JIiT.
Eu,0, 3 HM °C
](34a5(’)0f3(’295)f)zgigfétg’“ SrO-(15,0-14,63) 0,50-2,44 397 | 617 |490-505| [64]
(40-x)P,0,-20TeO,-20ZnF,-20BaO-xEu,0, 3,0-9,0 392 | 613 - [65]
(50-x)P 0.~25Na 0-24CaO- Eu O, 1,0-5,0 393 | 614 - [66]
(40-x)P 0_~20TeO,-20ZnF,~20BaO-xEu, O, 5,0 392 | 611 - [67]
xEu,0,-20Ba0-20Bi,0,-1,5A1,0,-(58,5-x)P,0, 0,5-1,5 393 615 | 408-498 | [68-69]
65P,0.~(35 - x)SrO - xEu, O, 1,5 532 | 615 [422-429| [71]
69P_ O_~10CaF,-20GdF,~1.0Eu0, 1,0 390 | 612 - [72]
15K 0-20AL0, - (65-x) P,O_-xEu O, 0,1-3,0 394 | 612 - (73]
2(1)31236(3)iz é I511(<)20—10Li20—10CaO—2AIZO3—lOZnO— 02-10 393 | 610 ~ 74]
((79,5-x)P,0,-10Li,0-10Na,0-0.5Eu,0,-xBi,0, 5-15 393 | 612 - [78]
(60-x)P 0.-20Zn0-15 Li O-5Pb,0,-xEu O, 1,0 392 | 611 [300-320| [79]
5901;21?250—3158102—10BaF2—108rFZ—12.0Ag20— 3,0 393 | 610 j (80]
39Te0,-30P,0.-20ZnO - 10Sb,0,-1Eu,0, 1,0 394 | 613 - [81]
17 KZO—13GdZO3— (7O—x)P205—xEuZO3 0,05-2,00 393 612 - (82]
;"Sré?é—squ— (60— x)B.O, - xEu. O, - 5Li.O - 10 397 | 612 j (53]
80NaPO,-18Na O-2A1 0. 0.5-4,0 393 | 612 - [84]
57B,0,- 30ZnO- 10Na O- 3Eu,0, 3,0 395 | 614 [85]
CaO -SrO -Na,0-P,0.~1Eu,0, 1,0 394 | 612 |348-366| [86]
45P 0.-9Ca0-45Na, 0-xTb,0 - (1-x)Eu,0, 0,05-1,00 | 404 | 615 |302-392| [87]

Tax, /11 HU3BKOIUIABKOIO CKJIa CK/IATy
50NaPO;-50WQO; BcTaHOBIIEHO BTpaTy IpO-
3opocTi amopdHMX 3paskiB 3a BMicTy WO;
noHay, 50 Mom%, IO CYDpOBOJKYETHCA
YTBOPEHHSM TeMHO-CUMHIX ¢a3 i3 4acTKOBOIO
KpucTaiuHicTio [94]. 3abapBieHHs OB s3y-
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I0Th i3 TIOABOIO IIMPOKOI CMYTM IOITIMHAHHA
y BupuMiit Ta 6moxHiin [9-o6mactax crexTpa,
3yMOBJ/ICHOI HasBHICTIO BifHOBIEHUX QopM
IIepexifHOro efIeMeHTa.

OpHuM i3 migXxoxiB J0 3MeHIIeHHA IMOBip-
HOCTI BiTHOBJIEHHS MOJIiOfieHy Ta Bombgpamy
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€ BBeJIeHHs IOAaTKoBUX Mopaudikaropis, 30-
kpema CeO, a6o xombinanii Sb,0, i NaNO,
(wampuxnag, y cknani 49,8NaPO,-50WO,-
0,2CeO0,). [lna nosCHEHHs MeXaHi3My IIif[BM-
I[eHHA IP030pocTi pocdaTHO-MOMIOTATHNX i
¢dbocdarHo-BONMBPaAMATHUX CUCTEM 3aIIPOIIO-
HOBAHO TaKi CXeMI:

4NaNO, + Sb,0, > 2Na,0 + Sb,0, + 4NO ;
$b,0, > $b,0,+0,;
4Mo™ + O, > 4Mo® + 20%.

O1xe, BBeJJleHHS KOMOiHALIil OKCUJIIB CTU-
6ifo Ta HiTpaTy HaTpil0 CIpUA€E OKVUCHEHHIO
Sb,0, mo Sb,O, (3a temmeparyp =900 °C), a
OCTaHHil OesmocepenHbO a00 Yepe3 BUIi-
JIeHHSI MOJIEKY/ISIPHOTO KUCHIO 3abe3medye
JIOOKJMICHEHHS YacTKOBO BigHOBIeHOro Mo’
y posmabi. lle sSMeHIIye KOHIJEHTpalLlilo Xpo-
MOQOpHUX LIEHTPIB i, BiAIOBiITHO, iHTEHCUB-
HiCTb 3a0apBJIeHHS CKIIa.

Cmpameeii dusaiiny nrominogopie i3 ¢oc-
pamnux posnnasie

Y npomy pospisli y3arajbHeHO IIgXOAU IO
cMHTe3y MoMiHOdOPpiB Oe3nocepenHboO 3 Hoc-
¢daTHUX poO3IUIaBiB Ta POSIIAHYTO IIPVHIIN-
/1 KEPYBaHHA IXHIM CKJIaJJOM i CTPYKTYpOIO.
OcCHOBHY yBary npupjieHo QOpMyBaHHIO
KPUCTATIYHUX JIIOMiHEeCIIeHTHUX ¢a3 y mpo-
neci kpucranisauii pocdaTHnx posmniasis abo
neBiTpudikallii cTeKosI, a TAKOX POJIi JIeTyIo-
4yyx ioHiB i Mopgmdikyounx okcupiB y crabi-
Ji3alil JIFOMIHECLIEHTHO-aKTMBHUX IL[€HTPiB.
OxpeMo 06roBOprOEMO BIIMB MOAydikaTopis
Ta IXHi OKCOaHIOHHI YIPYIIOBaHHS, 1[0 BU3HA-
Yal0Th YTBOPEHHs JTIIOMiHOQOPIB i3 3ajlaHNMMU
CIEKTpaIbHUMM BIaCTUBOCTSMMA.

Panionanpumit ausaitH pocdaTHuX THOMi-
HOQOPIB i3 pO3MIaB/IEHNX CUCTEM IPYHTYETb-
CA IepenyciM Ha TOHKOMY KOHTPOJII CKIajgy
amopdnoi MaTpuui. BapitoBaHHs criBBifHO-
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IeHHA P205 i MogudiKyounx OKCUAIB TO3BO-
JISl€ LiNeCIpAMOBAaHO 3MiHIOBAT! CTYIIiHb IIO-
niMepusanii pocdaTHOI CiTKM, CIBBifHOIIEH-
HA CTPYKTYPHMX ofMHMUIb Q" Ta XKOPCTKICTh
JIOKQJIbHOTO OTOYEHHS aKTUBATOpPiB [95-96].
3i smeHueHHAM 4yacTku P O, i 3pocTanHAM
KOHLIEHTpalil MoandikaTopiB MigBUITYETH-
cA JenoimMepusalisa CiTKM, 110 CYIIPOBOKY-
€TbCA 3MiHOK KOOPAMHALIIMHOIO 4YMUC/IAa Ta
cuMeTpii oroueHHs ioniB Eu’*, a oTxe, — iH-
TEHCUBHOCTI Ta CIIEKTPaJIbHOIO PO3IOALILY
iXHBOTO BUIIpOMiHIOBaHHA [97-99]. BBeeHHA
OKCHJIIB IIOJIIBAJIECHTHUX €JIEMEHTIB BUKOHYE
NOABINHY QYHKIIiI0: 3 OfHOrO OOKY, BOHU IIe-
pebynoBYIOTE CTPYKTYpY ckia [100], a 3 iHmo-
ro — GOpMyIOTb OKCOaHIOHHI YTrpyloOBaHHA,
3HaTHI BUCTyIATH CceHcubinmisaTopamm Jro-
MiHECILIeHIIil Yyepe3 MeXaHi3MU IlepeHeCeHH:A
ereprii [101-102]. BogHowac Haj3BMYaiTHO
BOX/IMBMM € KOHTPO/Ib KOHLeHTpauii Eu®,
OCKIi/IbKM TIepeBUIEHHA ONTUMAIbHOTO BMiC-
Ty NPUSBOAUTH IO 3MEHINEHHA MDKIOHHMX
BiJicTaHell, aKTUBalil IepexXpecHol penaKcallil
Ta PO3BUTKY KOHIEHTPALIIHOTO TaCiHHA, 10
00MeXXye KBaHTOBUI BUXiJl BUIPOMiHIOBaHHS
[103-105]. Cepepn pekopicMeHIiB 3 KBaHTO-
BOTO BMXOMY BapToO BimMmiTutu ckmo 22K O-
9A1,0,-1Zr0,-(63-X)P,0,-5Gd,0,-XEu,0,
abGCOMIOTHMIT KBAaHTOBUIT BUXiJ| TIOMiHECI[€H-
1ii AKoro carae 64,69 % 3a Bmicty 2,0 % Mmor.
Eu O, [103]’Ta ckno 60P O, - 15Zn0 - 5A10,
— 10BaO - 10PbO 1m0 Mae KBaHTOBMX BUXiJ
95 % 3a BMicTy 1.5 % Mor. Eu O, [104].

He mMeHII nepcnekTMBHMM IiIXOIOM € Ke-
poBaHa Kpucranmisanis gocpaTHUX CTEKON i3
¢dbopMyBaHHAM CKIOKepaMiYHUX MaTepiais, y
AKUX aKTMBATOP JIOKA/i3y€ETbCA MEPEBAKHO Y
KpUCTa/IiuHil ¢asi 3 BU3HAYEHOIO CUMeTpI€ro,
TOJIi SIK aMOpQHa MaTpuUIlsl 3abe3redye TeXHO-
JIOTIYHICTD Ta MEXaHIYHY LIIIICHICTh MaTepiany.
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Tak, 11 BUBYEHHA YMOB CIIiBiCHYBaHHA
amop¢Hoi Ta KpucramiyHoi $asu B cucremi
99,75 (75 NaPO, - (25-x) CaO - x CaF)) - 0,25
Eu,0, (me x = 0, 10, 20, 25 Mon.%) BUABNIEHO
3MiHM CTPYKTYPHMX i XiMiYHMX XapaKTepuc-
TUK — Oi/NbII piBHOMIpHMIT po3mOpin momimi-
Kl Ta 3MEHIIEHH:A KOBAJIEHTHOCTi 3B’A3KiB —
3i spoctannam BMicty CaF, sa momomoromno
onruyHoro 3ouay Eu’t [106].

Tepmiune o06pobnenns docdarno-Ppro-
PUIHOIO CKJIa HaBEJEHOIO CKIafly 3a3Hae€
KpucTasisanii mekinbkox ¢as, cepen SAKuX
CaF,, mo yTBOpHOIOTHCA Muine npu x = 25.
Binpuricte ioniB Eu’" He BXomATH 10 cKIamy
KpUCTaniyHoi a3y i 3auIarTbcs y amopd-
Hiil MaTpUILi CKIIOKEPaAMiKH.

Y Bumagky Bigmamy ckma (55-x)P,0.-
(30+x)Zn0O-15Na,O sadikcoBano dopmy-
BanHA Na,ZnP O, [107], pna cucremn Na O/
NaF-ALO,-Y,0,-P,O, BusBneHo craHTaHHe
yrBopenHsa kpucranitiB NaYP O, [108]. Taka
CTPYKTYpPHa i€papxis JO3BO/IAE€ TOENHATI BI-
COKY IHTEHCUBHICTD i CIIEKTPA/IbHY CETeKTUB-
HiCTh KpMCTAIiYHUX MOMiHO]OPIB i3 KOMIO-
3MLIHOI THYYKicTIO ckma [109]. Bakmmsum
IIapaMeTPOM CUHTE3Y € TaKOX PerylTroBaHHA
OKVICHOTO IIOTEHIlia/lly pO3IUIaBy, 1O BU3HA-
Jae cTa0i/IbHICTD CTyIeHiB OKMCHEHHS fK aK-
TUBATOPIB, TaK i ceHcuobinisaTopiB, 0co6MMBO
3a TPUCYTHOCTI IIONiBaJICHTHUX €/IEMEHTIB
[110-111]. Kontponp atmocdepy IjaBIeH-
HA, TEMIIEPATYPHO-YaCOBUX PEXMMIB 1 CKiIa-
Iy LIMXTYU JJO3BOJsAE 3amobiraty HeGaKaHUM
pemoKc-TiepeTBOpeHHAM [33], 3abe3mneuyoun
BiJTBOPIOBAHICTD CIIEKTPa/JIbHUX XapaKTepuC-
TYK Ta JOBIOTPUBAJY CTA0iNMbHICTD (yHKIIiO-
HaJIbHUX BIacTUBOCTeN MoiudikoBaHMUX doc-
¢daTHNx mominogopis [112-113].

Takum uumHOM, docdaTHi posmiaBieHi
CUCTEMM [IO3BOJIAIOTb Ppeajli3yBaTy KOMII-
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JIEKCHMIT TifXif 10 Au3aiiHy moMiHodOpiB, B
AKOMY CTPYKTypa MaTpulii, KOOpAVHaIliliHe
OTOYEHHs aKTUBATOpPa Ta HasIBHICTb CeHCMOi-
i3aTOPiB PO3I/ISAAIOTH K B3AEMOIIOB sA3aHi
napametpu. [loegnanus amopdHux i Kpucra-
JIYHUX KOMIIOHEHTIB BifIKpMBA€ IE€PCIEKTHU-
BJ CTBOPEHHSA MarepiaiB i3 peryaboBaHUMMU
CIEKTPAJIbHMMM XApPAaKTEPUCTUKAMU, BUCO-
KOIO IHTEeHCUBHICTIO BUIIPOMiIHIOBAHHS Ta CTa-
OinbHiCTIO QYHKIIIOHATBHMX BIACTUBOCTEIA.

BVCHOBKJI. YsaraJbHEeHHA Cy4YacHUX JIi-
TEpaTypHUX [aHUX Ta BJIACHUX pe3y/IbTaTiB
CBiYMTBD IIpO Te, o (ocdaTHi cTeKIa, MOIM-
(bikoBaHi OKCHIaMU TIO/IiBaIEHTHNX €/IeMEHTIB,
€ CKIagHMMIU 6araTOpiBHEBMMU CHCTEMaMI,
BJIACTUBOCTI AKMX BM3HAYaIOTh He /IMILE 3 ce-
PenHIM CK/IaZloM, ajie i1 JIOKAa/IbHOK CTPYKTYPp-
HOIO Ta XiMiYHOI0 HErOMOTeHHICTI0. BBeeHH
B,O,, MoO,, WO, Ta inumx okcupiiB-mopndi-
KaTOPiB iCTOTHO BIUIMBA€E Ha CIIiBBiJHOLIEHHA
Q"-cTpyKTypHMX offMHNID (ocdaTHOI miaciT-
KU, xapakrep 3B’s3kiB P-O-P, P-O-B, P-O-
Mo (W) Ta Ha po3nofiin MiCTKOBUX i HEMiCTKO-
BUX aTOMIB KUCHI0. bop nposiBisie amporepHy
MOBEMIHKY Ta 3[aTHICTb O KOOPHVHALIHOI
nepebyziou [BO,] - [BO,], mo cymposomxy-
€TbCsA 3POCTaHHAM CTYIIEHS 3IIMBAHHA CiTKM
Ta MiJBUIIEHHAM XiMiYHOI i TEpMIYHOI CTINIKO-
cri. Oxcupy Monibeny Ta Bonbdpamy, 3amex-
HO BiJj KOHIIEHTpallil 1 yMOB CMHTE3Y, MOXYTb
inTerpyBatnca y ¢pocaTHy Mepexxy y BUIIAL]L
TeTpaegpUIHNX ab0 OKTaeApnyHUX (pparmeH-
TiB, iHilifOBaTH memoniMepusariio abo Kiac-
Tepusallio, a TakoX (OpPMYyBaTH PeHOKC-aK-
TUBHI LJeHTPHU, 1[0 BU3HAYAIOTh €/IEKTPOHHI Ta
ONTHUYHI BTACTUBOCTI CKIIa.

[ToxasaHo, 1[0 Cy4acHi METOAU CTPYKTYp-
HOI XapaKTepusallil, IepefyciM CIeKTpOCKO-
mis KOMOiHAIiTHOTO PO3CilOBaHHA y IOEN-
HaHHI 3 JIIOMIHECIIEHTHOKI CIIEKTPOCKOIIIEI0
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[IO3BOJIAIOTh BCTAHOBUTM 3B’A30K MiX JIO-
Ka/IbHOIO KOOPAVHALII€I0 NTO/IiBa/IEHTHYUX 1[€H-
TpiB, pefOKC-piBHOBAarow Ta (QYHKIIIOHA/Ib-
HUMM XapaKTepucTuKaMy MarepianiB. Oco-
O/1MBOrO 3Ha4YeHHs Lie HAaOyBae IJIA CUCTEM,
neropaHyux Eu®, ge cumerpis 0KambHOrO
OTOYEHHA Ta CTYIIiHb MOMiMepusalii MaTpuLi
6e3mnocepelHPO BU3HAYAIOTh IHTEHCUBHICTD
rinepyyTINBUX IEPEeXOAiB i KBAaHTOBUM BM-
xig mominecuenii. Takum ynHoM, docdarhi
Ta 6opodocdarHi creka, sAKi MoguPiKoBaHO
OKCHJaMI IIO/NiBaZIeHTHUX eJIeMeHTiB, CIIif
posrAgaTu K KepoBaHi (yHKIIOHaIbHI ce-
penoBuIa, y SAAKMX CTPYKTyYpHa HETOMOTI€H-
HICTb 1 HAHOKPUCTaJi3anisd BUCTYIIAIOTb He
nedekTaMy, a iHCTpyMEHTaMM TOHKOTO Ha-
JIAIITYBaHHA BIACTMBOCTEN — BiJj ONTUYHUX i
JIIOMiHECLIEHTHUX [0 MEXaHiYHUX, eJIeKTpuy-
HUX Ta 610aKTUBHUX.

Ilepcnexmusu nodanvuiux 00CioxeHb

Ilomanpmmnii po3BUTOK Li€l TEMATUKU [O-
L[I/IbHO CIIPAMYBATY Ha Ki/IbKiCHE BCTAaHOBJIEH-
HsA KOpeJIALil MK mapaMeTpaMu 61VDKHbOTO
nopanky (posmozin Q" wacrka [BO,], cnisBiz-
HoureHHs Mo®/Mo®* Ta W /W**) i Mmakpocko-
MiYHVMMM BJIACTUBOCTSAMM — TEMIIEPATypOIO
CK/IyBaHHA, XIMIYHOIO CTIVKICTIO, IIVMPUHOIO
3a00pOHEHOI 30HM, ONTWYHUMIU XapaKTepuc-
TUKaMU Ta ixHbOIO cTabinpHicTIO. Ilepcmek-
TUBHMM € BUKOPMCTaHHA in situ BMCOKOTEM-
neparypHoi KP- ta IMP-cnekrpockomii nia
MOHITOPUHTY IepeOyfoBM CTPYKTYpU B PO3-
IUIaBi Ta Mifi 4ac KepOBAHOI KpUCTasisalil,
1[0 JO3BOJIUTDH ININOIIIe 3pO3yMITU MeXaHi3MMI
3apOMKEHHA Ta POCTY HAHOKPUCTaTiuHMUX
¢da3 y pocdarHux marpuuax. Baxmmsum Ha-
IPAMOM € TaKOXX KOMIT I0TePHE MOJI/TIOBAaHH
(ab initio Ta MeTOfM MOTEKYIAPHOI AVTHAMIKN)
UL TIPOTHO3YBaHHS CTA0iIbHOCTI 3MilTaHMX
6opar-pocharHux PparmMenTis i pemokc-pis-
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HOBary MoJiBa/J€eHTHUX LIEHTPIB.

Y npuxknagHOMy acmleKkTi aKTyaJbHUMMU
3a/IMIIAKOTHCA JJOCTIIPKEHHA CK/Ia [ TeX-
Honorin phosphor-in-glass, onTnyHux KoH-
BEPTOPiB BUIIPOMIiHIOBaHHA, TBEPAOTIIBHUX
IPKepen CBIT/IA, Y-eKpaHYIUMX MarepianisB Ta
0i0aKTMBHUX CUCTeM KOHTPOIbOBAHOTO PO3-
yyHeHH:A. Oco0MMBNMIl iHTEepec CTAaHOBUTD I10-
€[JHAaHHA OKCUJIB IIOJIiIBaJICHTHUX €/IEMEHTIB
i3 pigkicHO3eMenbHMMM akTUBaTopamu (Eu’,
Dy’*, Er’*) 3 meTo10 peanisanii epekTuBHOTO
HepeHoCy eHeprii Ta crabinisanii moTpioHOrO
BaJIEHTHOTO CTaHy B YMOBaX 3MiHHOIO OKJC-
Horo motreHuiany. Ilomanbini mocHimKeHHA
MarTh OYTHU CIPSIMOBAaHUMY Ha PO3POOIEHHs
KOMIIO3MIIiJl 3 KEPOBAHOK HAaHOCTPYKTYpPOIO,
e 6amaHc MK aMOp(dHOI Ta KPUCTAIYHOIO
¢dazamu 3abesnedyBaruMe ONTUMAIbHE OEN-
HaHHS MeXaHiIYHOI MIIJHOCTi, XiMi4HOI CTiil-
KOCTi Ta BUCOKOI (PYHKI[iOHa/IbHOI aKTMBHOC-
Ti, [0 BiIKpMBa€ IIMPOKiI NEPCHEKTUBU /I
CTBOPEHHSA HOBOI'O IIOKOJIIHHSA iHT€/IeKTyaslb-
HIX CKJIOKEpaMi4HUX MaTepialis.
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PHOSPHATE GLASSES MODIFIED WITH
MULTIVALENT ELEMENTS: STRUCTURAL,

PHYSICOCHEMICAL, AND OPTICAL
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This review summarizes current advances
in the study of phosphate glasses modified with
multivalent elements, with particular emphasis
on the influence of boron, molybdenum, and
tungsten oxides on their structural, physico-
chemical, and functional properties. The role
of B,O, as both a glass former and a modifi-
er is discussed, highlighting its contribution
to enhanced thermal and chemical stability of
the phosphate matrix through the formation of
mixed borophosphate structural units.

The effects of MoO, and WO, as multiva-
lent oxide components on the polymerization
of the phosphate network, redox equilibrium,
electronic structure, and optical properties of
the glasses are analyzed. Particular attention is
paid to variable oxidation states (Mo**/Mo®,
W3*/W*¢*), which determine charge transfer
processes, polaron-type conductivity, and pho-
tochromic behavior. The relationship between
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glass structure and electrical transport, includ-
ing the competition between ionic and elec-
tronic mechanism, is also discussed.

Modern approaches to the synthesis of
phosphate glasses, including melt-quenching
and sol-gel methods, are briefly considered,
together with structural characterization tech-
niques. Special attention is devoted to Raman
spectroscopy as a key tool for identifying Q"
structural units and evaluating the degree of
polymerization of the phosphate network.

Special emphasis is placed on the lumines-
cent properties of modified phosphate glasses
doped with Eu’* ions, as well as to the sensi-
tizing function of modifier oxides introduced
into the system.

The influence of the amorphous matrix
composition and the nature of multivalent
modifiers on the intensity, spectral distribu-
tion, asymmetry, and local environment of
Eu’* emission centers is disscussed, together
with energy transfer processes and concentra-
tion quenching effects. The prospects for the
application of such systems in photonics, op-
toelectronics, sensing, and phosphor materials
are outlined. In addition, the review address-
es key challenges associated with the stability,
control of variable oxidation states, and opti-
mization of the functional characteristics of
modified phosphate glasses.

Keywords: phosphate glass; melt-quench-
ing method; boron oxide; molybdenum oxide;
tungsten oxide; luminescence; europium.
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BEHAVIOR OF AMINOMETHANESULPHONIC ACID -

3D-METAL SALT - WATER SOLUTIONS.

A. M. Karych, R. E. Khoma*, S. V. Vodzinskii, V. S. Kovtun

Odessa 1.1. Mechnikov National University,
2 Vsevoloda Zmienka str., 65082 Odesa, Ukraine
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Based on direct pH, redox and conductometry data, the features of the acid-base and elec-
trochemical behavior of aqueous solutions of aminomethanesulfonic acid (AMSA) with 3d
metal salts (manganese(II), iron(II), cobalt(II), nickel(II), copper(II) sulfates and cobalt(II),
nickel(II), copper(Il) chlorides) were established. The behavior of aqueous solutions of
AMSA - 3d metal salts was studied by the ligand saturation method (equilibrium shift) at
C,/ =0.025mol/l; C,, .,/C, * =0.08 , 4.00. The composition of the formed complexes was
judged by the positions of extrema and kinks in the integral pH, redox-metric curves, and
extrema in the corresponding differential curves, as well as by kinks in the conductometric
curves. In the studied solutions, complex compounds of the composition [M(NH,CH,SO,)]* (I),
[M,(NH,CH,S0,),]* (II), M(NH,CH,S0,), (III), [M,(NH,CH,$0,).] (IV), [M(NH,CH,S0,),]
(V), are realized. So, as the products of the reaction of metal ions with AMSA, in addition to
the above-mentioned complex compounds, including hydroxonium ions, which are charac-
terized by increased movability, the value Dk (Dk =k, - k, - k, where k, - k, - k, - specific of
the electrical conductivity of water solutions M An,, AMSA and M An, from AMSA, respec-
tively) acquire positive values. Based on a developed physicochemical model taking into ac-
count the law of mass action, the material balance of AMSA and the metal, and the principle
of electroneutrality, the ion-molecular composition of the studied solutions was calculated,
and the concentration constants of complexation were estimated.

Correlations were found between the formation constants of these complexes. The relative
stabilities of 3d-metal ion complexes with AMSA correlate with literature data on similar
values for taurine and its derivatives. The highest stability is predominantly demonstrated by
compounds of Cu** ions with the studied ligand.

Keywords: aminomethanesulfonic acid, 3d-metal cations, complexation, acid-base inter-
actions, complexation constants, stability.
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INTRODUCTION. Aminomethanesulfonic
acid (AMSA) and its N-alkylated derivatives
(YAMSA) are easily synthesized from inexpen-
sive reagents; the pK_values of amino groups
are in the range of physiological pH values
(6.8-7.8); their salts are easily soluble in water
and poorly soluble in non-polar solvents [1-4].
That is, they meet four of the seven criteria that
were put forward for the components of buffer
solutions that can be used in biological and bio-
chemical research [5]. Unlike aminoethanesul-
fonic acid (taurine, Tau), AMSA and YAMSA
exhibit antibacterial and antiviral properties
[2, 11, 12]. Despite the fact that AMSA (sul-
fur analog of glycine) is the first representative
in the homologous series of aminoalkanesul-
fonic acids, data on the complexing ability of
this ligand are absent in the literature. Only the
results of studying the reactivity of Tau in re-
actions with metal cations are known [6-10].
Metal complexes based on aminoalkanesulfon-
ic acids are promising precursors for the crea-
tion of new antibacterial and antiviral agents.
AMSA complexes with 3d-metal cations can
be used as models for studying the interaction
of metal ions with amino acids in living orga-
nisms. They may have antitumor, antibacterial,
and antifungal activity.

The aim of this work is to identify the fea-
tures of the acid-base and electrochemical
behavior of AMSA during complexation with
salts (chlorides and sulfates) of 3d metals in
aqueous solutions.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. In the studies, MnSO,xH,O,
FeSO,x7H,0, CoSO,x7H,0, CoCl x6H,0,
NiCl x6H,0, CuSO,x5H,0, CuClLx2H,0
and ZnSO,x7H,O of analytical grade were
used; AMSA was synthesized according to an
original method [13]. Working solutions were
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prepared with a concentration of 0.05 M of
the specified salts and 0.20 M AMSA. This is
due to the limited solubility of AMSA in wa-
ter, which at 298 K is 0.41 M. The preparation
of a saturated AMSA solution is energetically
complicated and requires preliminary heating
(to ~333 K) of the mixture of a given content
of components (AMSA and H,O) for complete
dissolution of aminosulfonic acid, followed by
cooling to a given temperature. The behavior
of aqueous solutions of AMSA - 3d metal salts
was studied by the ligand saturation method
(equilibrium shift). From the working solu-
tions of AMSA and M*" a series of solutions
was prepared (C, =0.025 M; C, ./C =
0.08, 4.00). Conductometric and pH-metric
studies were carried out similarly to [14] at
298 K.

Initial solutions of 3d metal salts have pH
2.70 (FeSO,), 6.40 (MnSO,) due to cation hyd-
rolysis [15]:

M* + H,0 = M(OH)" + H,0"
« _ M(OH)"}-[H,07]
g [M2+]

(1)

(2)

According to the obtained data (Fig. 1), an
increase in the C,, . /C,, ratio leads to a de-
crease in the pH of the studied solutions due
to the course of reaction (3), except for solu-
tions with MnSO,, CuCl2, and ZnSO,. In the
case of CuCl2 solutions, initially with an in-
crease in C,, ../C (up to 1.0:1.0), a decrease
in pH is observed, then pH stepwise acquires
constant values in the sections CAMSA/CM2+

1.0:(1.0, 2.0), 1.0:2.5 , 3.0),and 1.0:(3.5 , 4.0).
kM2 + nNH,CH,SO + nH,0 =
[M,(NH,CH,$0,) J** + nH,0*,  (3)

where k and n are stoichiometric coefficients.
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«_ IM(NH,CH.,SO,) **] [H,0"}"

" (4)
[M]" [NH,CH,SO;]

AMSA solutions at C

AMSA

/C

M2+

< 1.0 by de-

pH

5.8
53

4.8

3.3

28

23
0,0 1,0 2,0 3.0 4,0

Camsa /Cu2+

Fig. 1. Integral curves of pH dependence on the ratio C

creasing pH values, cations in the presence of
sulfates and chlorides can be arranged in the
following series, respectively:
Co* > Mn*" > Zn** > Ni** > Cu®" > Fe**;
Co* > Ni**> Cu™.

pH

CamMsa /Cm2+

/C.. . C. =0,025M. M Mn* (1),

AMSA M2+" M2+

Fe* (2), Co** (3), Ni** (4), Cu** (5), Zn** (6). An*: SO3 (a), Cl (b).

The composition of the formed complexes
(n:k ratio) was determined by the positions of
extrema and inflection points on the integral
pH-metric curves (Fig. 1) and extrema on the
differential curves (Fig. 2), the characteristics
of which are presented in Table 1.

According to pH-metry data for MnSO,
solutions, the formation of three compounds
with CAMSA/CM2+ ratios of 1.5:1.0, 2.0:1.0,
and 3.0:1.0 was observed; for NiSO, and
NiCl, - three compounds with CAMSA/
C,,, ratios of 1.0:1.0, 1.5:1.0, and 2.0:1.0. For

FeSO,, CoSO,, and ZnSO,, the formation of
four compounds is characteristic. In solutions

https://ucj.org.ua

of CoCl, CuCl,, and CuSO,, five compounds
are formed.

The data from redox-metric study of the
interaction in AMSA - M*" — H O solutions
are presented in Figs. 3 and 4. At C, ../C
< 4.0, the redox potential values of the studied
solutions decrease in the following sequence
depending on the cation: Fe** > Cu?* > Zn*" ®
Mn?** (for sulfates; i.e., the same series as for
pH, but in reverse order) and Co** > Ni? (for
chlorides).

For MnSO, solutions, redox-metry pro-
vides little information about the composition
of the formed compounds (Fig. 3). In the case
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of NiCL,

it allows the detection of an addition- the differential redox-metric curves were also

al compound with CAMSA/CM2+ =2.5:1.0, observedatC, . /C  =1.0:1.0and2.5:1.0. In

AMSA" T M2+

besides the indicated 1.5: 1.0 and 2.0 : 1.0 ra-  FeSO, and CoCl, solutions, all five compounds

tios (Figs. 3, 4; Table 2). For CuSO,, extrema on  are formed.
40 r
1
20 ~
<
Q
z
)
-20 -
40
2 Fig. 2. Differential curves of dpH/
dC,,,, dependencies on the C,, ../
-60 I I : ! M2+ ratio.
0.0 1,0 2,0 3.0 40 C,,, =0.025M. Salts: MnSO, (1),
Cansa/Crp+ NiSO, (2).
Table 1
pH-metry characteristics of aqueous AMSA solutions with 3d-metal salts
Ef c e Integral curve Differential curve
t
ec AMSA" M2+ type pH type de/dCAMSA’ L/mol
MnSO,
1 1.5 - 3.50 maximum 35.0
11 2.0 minimum 3.35 S?C"“dik”.ld 0
1scontinuity
111 3.0 minimum 2.26 maximum 27.5
FeSO,
1 1.0 maximum 2.40 maximum 2.5
11 1.5 maximum 2.40 maximum 2.5
111 2.0 S?C"“dik”.ld 2.33,2.38 - 3.0
iscontinuity ’
v 2.5 - 2.38 maximum 12.5
CoSO,
1 | 1.0 - 4.15 maximum -24.0
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Table 1
Integral curve Differential curve
Effect CAMSA/CMZ* type pH type dpH/dC AMSA? L/mol

II 1.5 - 3.74 minimum -35.5
11 2.0 break point 3.39 minimum -5.0
v 2.5 - 3.21 minimum -20

NiSO,

I 1.0 break point 3.55 minimum -32.5
II 1.5 - 3.43 minimum -25.8
III 2.0 3.06 maximum -16.5

CuSO,

I 1.0 - 2.62 plateau -7.5
I 1.5 ;f;g;‘iull‘;?g, 2.57,2.95 maximum 95
III 2.0 minimum 3.00 minimum -7.5
v 2.5 maximum 3.04 maximum 10
\Y% 3.0 minimum 3.00 minimum -12.5

ZnSO,
I 1.5 ;fsccf;‘iulf;?g 3.03,4.36 maximum 333
I 2.0 j?cond.'kir.‘d 423 3.16 minimum -268
iscontinuity
III 2.5 maximum 4.01 maximum 208
v 3.0 jump 3.93 minimum -263
CoCl,

I 1.0 break point 4.15 maximum -24
II L5 - 3.74 maximum -5
11 2.0 break point 3.39 minimum -35.5
v 2.5 - 3.21 minimum -20
\% 3.0 break point 3.04 minimum -18.5

NiCl,

I 1.0 break point 3.70 minimum -32.5
II 1.5 - 3.33 minimum -25
11 2.0 break point 3.06 minimum -25.8

CuCl,

I 1.0 plateau 2.73 maximum 2.5
II 1.5 plateau 2.73 maximum 25
11 2.0 plateau 2.72 maximum 2.5
v 2.5 plateau 2.76 maximum 10
\% 3.0 plateau 3.00 plateau 0
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30000

dE/dCamsA >, mV-L/mol

on C
Fe* (2), Co*' (3), Ni** (4), Cu** (5), Zn*" (6). An*:  Ni* (2),
S04 (1,2,5,6);Cl (2,3).

AMSA

/C

M2+"

Camsa /Cy2+

M2+

-30000

20000 ~

10000 +

-10000

-20000

0,0 1,0 2,0 3,0 4,0
Camsa /Cp2+

Fig. 4. Differential curves of E (mV) dependen-
ciesonC,, ../C.C . = 0 025 M. M?*: Fe** (1),

AMSA" T M2+"

Cu* (3). An*: S04 (1, 3); CI (2).

Table 2.
Redox-metry characteristics of aqueous AMSA solutions with 3d-metal salts.
Integral curve Differential curve
Effect Cvis/Cros type E. mV type an\/,i%}gfgi
FeSO,
I 1.0 minimum 510 minimum -30000
II 1.5 maximum 550 maximum 5500
11T 2.0 minimum 515 - 0
v 2.5 minimum 490 minimum -8750
A% 3.0 plateau 500 minimum -5000
Co(l,
I 1.0 minimum 355 minimum -1250
11 1.5 maximum 370 - 0
11 2.0 maximum 285 maximum 6250
v 2.5 minimum 375 - 0
A% 3.0 maximum 400 - 0
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Table 2.
NiCl,
| 1.0 minimum 290 minimum -2500
II 2.0 maximum 325 minimum -2500
1l 2.5 maximum 340 plateau 150
CuSO,
I 1.0 plateau 525 minimum -1250
II 2.0 plateau 500 minimum -2500
111 2.5 - 510 maximum 2500
v 3.0 plateau 500 maximum 0
ZnSO,
1 1.0 maximum 425 — 0
II 1.5 maximum 430 — 0
I 2.0 minimum 390 maximum 2500

The results of conductometric study of
complex formation in AMSA - M** - H.O
solutions are presented in Fig. 5. The specific
conductivity values of the studied solutions de-
crease for sulfates in the following sequence of
metal cations:

7Zn** > Cu?* > Fe** > Ni** > Co*" » Mn?*
(at C anisal Capas < 1.0),

7Zn* > Cu** > Ni** > Fe** > Co* » Mn?**
(at C,,;,/Cyp, > 1.0).

The products of interaction of the studied
cations with AMSA are aminomethanesul-

fonate complexes and hydronium ions (re-
action 3). The latter are characterized by en-
hanced mobility. This causes Ak to acquire
positive values (Fig. 5b).

Conductometry detects only three com-
pounds with MnSO, (similar to pH-metry),
NiSO, and NiCl, (analogous to pH- and re-
dox-metry); four compounds with FeSO,,
CoS0, and ZnSO, (similar to pH-metry); five
compounds with CuSO, and CuCl, (similar
to pH-metry) (Fig. 5; Table 3). In CoCl, solu-
tions, five compounds are registered, similar to
redox-metry.

Table 3.
Conductometry characteristics of aqueous AMSA solutions with 3d-metal salts.
Effect C,usa/Cipas Type k, mS/cm Dk, mS/cm
MnSO,
I 1.5 plateau 3.02 0.35
II 2.0 break point 3.32 0.52
https://ucj.org.ua 51
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Table 3.
Effect Cisa/ Cras Type k, mS/cm Dk, mS/cm
III 3.0 minimum 3.76 0.61
FeSO,
I 1.0 maximum 2.59 0.02
I 1.5 break point 2.76 0.04
11 2.0 break point 2.96 0.04
v 2.5 break point 3.08 0.01
CoSO,
I 1.0 break point 2.74 0.12
II 2.0 break point 3.39 0.42
111 2.5 break point 3.54 0.42
v 3.0 break point 3.83 0.57
NiSO,
I 1.0 break point 3.14 0.50
I 1.5 break point 3.51 0.72
111 2.0 break point 3.88 0.95
CuSO,
I 1.0 break point 2.90 0.43
II L.5 break point 3.33 0.68
111 2.0 break point 3.75 0.95
v 2.5 break point 4.06 0.95
\% 3.0 break point 4.49 1.38
ZnSO,
I 1.0 break point 4.09 1.20
II 2.0 break point 5.25 2.34
I 2.5 break point 5.74 2.50
v 3.0 S“O“dplgii';f break 6.57,4.92 3.04,1.50
Codl,
I 1.0 break point 4.66 0.70

52 ISSN 2708-129X. VKp. xim. XypH., 2026




A. M. Karych, R. E. Khoma, S. V. Vodzinskii, V. S. Kovtun UCJ Ne 1/ Vol. 92

Table 3.
Effect Cnisa/ Cras Type k, mS/cm Dk, mS/cm

II 1.5 break point 5.02 0.91

I 2.0 break point 5.53 1.22

v 2.5 break point 5.75 1.29

A% 3.0 plateau 6.17 1.60
NiCl,

I 1.0 break point 3.90 0.13

II 1.5 break point 422 0.28

111 2.0 plateau 4.53 0.40
CuCl,

I 1.0 break point 5.00 1.08

II 1.5 plateau 5.80 1.73

111 2.0 plateau 6.63 2.37

v 2.5 plateau 7.18 2.70

\% 3.0 plateau 7.92 3.37

AK, S/em

K, S/cm

0,0 1,0 2,0 3,0 4,0

CaMsaA /Cum2+ CaMsA /Cm2+

Fig. 5. Curves of x (a) and Ax (b) dependencies on the C,, .,/C, .. ratio.

C,,. = 0.025 M. M2:Mn* (1), Fe* (2), Co** (3), Ni2* (4), Cu®* (5), Zn?* (6). An: SO >
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Physicochemical model

Thus, the formation of five complex com-
pounds [M(NH,CH,SO,)]* (I), [M,(N-
H,CH,SO,),]* (I), [M(NH,CH,SO,),] (III),
[M,(NH,CH,SO,).]” (IV) and [M(NH,CH-
,S0,),] (V) was detected in the studied solu-
tions, which are described by equation (5). In
addition, reactions of water autoprotolysis (7),

AMSA dissociation (8) [2, 16, 17], and cation
hydrolysis (1) occur. A mathematical model
was developed that takes into account the law
of mass action (2), (4), (6), (9), material bal-
ance for AMSA (10) and metal (11), as well as
the principle of electroneutrality (12), similar
to [2, 3, 14, 16, 17].

Complex formation
kM2 + nNH,CH SO = [M,(NH,CH,SO,) > (5)
[M,(NH,CH,SO,) *] )
= 6
[M>]¢. [NH,CH,SO; "
Autoprotolysis H,O
2H,0 = H,0" + OH' (7)
N AMSA dissociation
NH,CH,SO3 + H,O = NH,CH SO; + H,0* 8)
[NH,CH,SOj; ] - [H,0]
Kowsa = . 9)
[NH,CH,SO;]"
Coss = INH,CH SO3 | + [HNCH,SO3 ] + n[M,(NH,CH_SO,) ]** (10)
C,p,, = [M**] + [M(OH)*] + k[M, (NH,CH,SO,) ]*" (11)
[H,0*] + [M(OH)*] + 2x[M?**] + (2k-n)[M,(NH,CH,SO,) ] =
= [H,NCH SO3] + [OH] +2xC,,,, (12)

Based on pH-metry data, the ion-molecular
composition of the studied systems was cal-
culated (for example, Fig. 6). With increasing
C, 54/ Cy,, Tatio, the content of the zwitterion
mole fraction (curve 4) increases from 67% to
98%. At the same time, the relative content of
unbound Cu** (curve 1) and complexed forms

of AMSA (curve 6) decrease. The relative con-

54

tent of complexed forms of copper (curve 3)
initially increases, reaching a maximum val-
ue (about 10%) at C,, ,/C . 1.0, and then
decreases. Meanwhile, the relative content of
the hydrolyzed form of Cu** (basic salt — cop-
per(II) hydroxide sulfate) and aminometh-
anesulfonate anion (curves 2 and 5, respective-

ly) is less than 0.01%.
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Fig. 6. Partial distribution diagrams of different forms of interaction in CuSO, - AMSA-H,O

C,,, =0.025M. N, - mole fraction.

(1] + 2[II] + [III] + 2[IV] + [V]

;N3= 5

C

Cu

(1] + 3[II] + 2[II] + 5[IV] + 3[V]

solutions dependingon C,  ../C, .
2+ +
N, = [Cu?*'] N, = [CuOH']
CCu CCu
_ ["H,NCH,SO;] _ [H,NCH,SO;] N
! C ’ C

AMSA AMSA

According to calculations, the ionic strength
of the solutions, which is determined by equa-
tion (13), depends on the charge of the counte-
rion in the d-metal salt and the ratio of AMSA
to metal. The concentration dependencies m =
AC,s/C,,,,) are described by an equation of
the form (14).

u=1/2([H,0'] + [M(OH)*] + 4x[M**] +
+ (2k-n)*’xM, (NH,CH,SO,) | + 4x
x[NH,CH,S05 ] + [HNCH,SO5] +

+ [OH] + [z|x2x C,,,) (13)

u=A+BxC, /C

M2+

(14)

AMSA

https://ucj.org.ua

° CAMSA

According to the calculation results, for
chloride salts (of cobalt, nickel, and copper)
A, = 3xC,, ; in the case of sulfates (of all stud-
ied metals) A, = 4xC . The nature of the
metal itself has almost no effect on this. The
B, values do not depend on the nature of the
anion and cation and are approximately equal
to 2xC,, .

The concentration constants of hydrolysis
(equation 2) and complex formation (equa-
tion 6) were calculated, the numerical values
of which are presented in Table 4. For sulfates,
the following was noted:
pb,= -12.05 + 1.77xpb; R* = 0.9472

(except CoSO,);  (15)
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pb,, = 1.35 + 0.665xpb ; R? = 0.9015

(except ZnSO,); (16)
pb, = -4.58 + 1.46xpb ; R* = 0.9093

(except ZnSO,); (17)
pb,= -1.30 + 0.88xpb ; R* = 0.8879

(except ZnSO,). (18)

A dependence of the stability constants of
complexes on the counterion of the salt used
is observed (Table 4). Regardless of the nature
of the complex (Co*, Ni**, Cu®"), complexes
with sulfates are more stable than those with
chlorides. Judging from equations (5) and (8),
during the formation of neutral complexes III
from sulfate and chloride salts, the by-products
are sulfuric and hydrochloric acids, respective-
ly. Moreover,
prII(HCl) =34.49 + 3‘15prm(sto4);

R?=0.9419. (19)

The presence of correlations (15) - (19)
indicates a uniform type of ligand coordina-
tion with the central atoms. The deviations of
CoS0, and ZnSO, from correlations (15) and
(16) — (18), respectively, are due to differenc-
es in the coordination modes of Co** and Ni**
compared to other cations. The observed sta-
bilization of complexes III by sulfate anions,
compared to chlorides, may be caused by the
salt effect (the ionic strength of sulfate salt
solutions is higher than that of chlorides (Ta-
ble 4)). This may also be caused by the fact that
the reactivity of Cl toward competing coordi-
nation with M?* cations is higher than that of
SO4 . For a more detailed explanation of the
observed stabilization, additional experiments
involving other physicochemical and quantum
chemical methods are necessary.

Table 4.

Values of concentration constants of hydroxylation and complex formation in AMSA -

M?* - H,0 solutions.

Complex M Mn?** Fe* Co* Ni* Cu** Zn**
(m, M) MSO,
pK, 11.18 3.76 9.62 9.44 6.32 7.54
1(0.14) pb -5.74 -7.43 -5.76 -7.07 -7.42 -6.26
Dpb 0.01 0.16 0.46 0.06 0.03 0.18
I1(0.17) pb -21.93 -24.95 -23.66 -24.56 -25.38 -23.60
Dpb 0.32 0.33 0.36 0.14 0.17 0.27
III (0.19) pb -13.01 -14.98 -14.87 -15.04 -15.47 -11.41
Dpb 0.43 0.08 0.86 0.78 0.03 0.57
IV (0.21) pb -36.26 -40.59 -40.25 -40.25 -41.81 -35.80
Dpb 0.12 0.27 0.72 0.72 0.83 0.73
V (0.24) pb -20.28 -22.77 -22.75 -22.84 -23.65 -17.19
Dpb 0.20 0.07 0.21 0.27 0.07 0.30
MCl,
pK, - - 8.96 9.82 7.04 -
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1(0.12) pb - - -3.89 -4.94 -7.30 -

Dpb - - 0.57 0.16 0.24 -

11 (0.14) pb - - -20.26 -20.68 -23.99 -
Dpb - - 0.94 0.11 0.49 -

III (0.17) pb - ] “12.48 “12.55 -14.25 ]
Dpb - - 0.75 0.52 0.21 -

IV (0.18) pb - - -36.34 -36.45 -38.55 -
Dpb - - 0.55 0.23 0.35 -

V (0.22) pb ] ] -20.64 -20.49 21.24 ]
Dpb - - 0.55 0.18 0.16 -

According to reactivity toward cation
drolysis, sulfate salts vary in the series:

Fe** > Cu** > Zn** > Ni** > Co** > Mn?**.

hy-

The reactivity toward formation of com-
pounds I - V decreases in the series:

Fe** » Cu?* > Ni**> Zn** > Co*" » Mn?** (I),
Cu?* > Fe** > Ni** > Co** » Zn** > Mn?** (II),
Cu?* » Ni** » Fe** » Co?** > Mn?*" > Zn?" (IIL, V),
Cu*"» Fe** » Co*" » Ni**> Mn?*" > Zn*" (IV).

The sequence of complex stability corre-
sponds to the Irving-Williams series (Zn** <
Cu? > Ni** > Co?" > Fe** > Mn?** [18] (with the
exception of Fe?*), which is a consequence of
the stabilizing influence of the Jahn-Teller ef-
fect for chelate octahedral compounds [19].
Similar behavior is characteristic of complex
compounds of glycine, taurine, and its de-
rivatives of composition I and IIT [8, 20-22].
The positioning of the relative stability of Fe**
compounds outside the Irving-Williams series
is probably due to a different mode of ligand
coordination with this cation compared to the
rest of the studied M** ions.

https://ucj.org.ua

CONCLUSIONS. Thus, based on direct
pH-, redox-, and conductometry data, the
formation of water-soluble complex com-
pounds of five compositions was detected
for the first time: M(NH,CH,SO,)]", [M,(N-
H,CH,SO,).]*, [M(NH,CH,SO,),], [M,(N-
H,CH,SO,).]" and [M(NH,CH,SO,),]". The
data from these methods confirm and com-
plement each other. The concentration stabil-
ity constants of these complex compounds in
terms of pb values vary in the ranges: -7.43 +
-5.74 (I), -25.38 = -21.93 (IT), -15.47 + -11.41
(III), -41.81 + -35.80 (IV), -23.65 + -17.19
(V) in the presence of sulfates; -3.89 + -7.30
(1), -20.26 + -23.99 (II), -12.48 + -14.25 (III),
-38.55 + -36.34 (IV), -21.24 + -20.49 (V) in
the presence of chlorides. The obtained values
of stability constants of 3d-metal ion com-
plexes with AMSA correlate with similar val-
ues obtained earlier for taurine and its deriva-
tives. The studied ligand forms the most stable
complexes predominantly with Cu®* ions. The
relative stability of the complex compounds
corresponds to the Irving-Williams series,
with the exception of Fe** compounds.

In the future, synthesis and investigation
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of the structure, physicochemical properties,
and biological activity (particularly antibacte-
rial and antiviral properties) of these complex
compounds are planned for the development
of new pharmaceutical preparations.
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Ha ocnosi ganux npsamux pH-, pemokc Ta
KOH/IYKTOMeTpil BCTaHOBJIEHO OCOOIMBOC-
Ti KMCIOTHO-OCHOBHOI Ta €leKTPOXiMi4HOI
IOBEJIHKM Y BOJHMX PO3YMHAX aMiHOMETaH-
cynbdokucnot (AMSA) i3 comsimm 3d- mera-
niB (cynbparamn mapranuo(II), samisa(Il), xo-
6anpry(Il), Hikemo (II), migi(II) Ta nuaky(Il), a
TakoX xnopugamu kobanery(Il), nikemo (II) Ta
mipgi(I)). [ToBeninky BoguMx po3unHiB AMSA -
coni 3d-mertamiB OCTHKYBaMmM METOAOM Ha-
CUYeHHA 3a JIiraHfOM (3CyBYy piBHOBaru) Ipu

58

C,,, = 0.025 mons/m; C, . /C, . =0.08  4.00.
ITpo ckmaj yTBOpEHMX KOMIUIEKCIB CymvIN
3a IOJIOXKEHHAMM €KCTPEMYMIB Ta 371aMiB Ha
inTerpanbHux pH-, pefoKc-MeTpU4YHUX KpU-
B/X Ta €KCTPEMYMiB Ha BIJTIIOBIIHUX IXHIX
nudepeHLiTHNX KPUBHX, @ TAKOX 32 37TaMaMU
Ha KOHJYKTOMETPUYHMX KPUBUX. Y JOCIIi-
IDKEHMX PO3UYMHAX peasli3ylTbCsA KOMIIEK-
cui cmonmyku ckmagy [M(NH,CH,SO,)]" (I),
[M,(NH,CH_SO,),]* (II), [M(NH,CH,SO,),]
(I1D), [M(NH,CH,SO,).] (IV),

[M(NH,CH_,SO,).]" (V). Ockinbkn npogykra-
MU peaknil ioHiB MeTtaniB 3 AMSA, okpim
BKa3aHMX BUIIlEe KOMIUIEKCHUX CIONYK, € i0HI
TiIPOKCOHIIO, AKI XapaKTepU3YITbCA MifBU-
1eHoo pyxnmeictio, snadennsa Dk (Dk =k, -
k, -k, nek, k, k, - muromi enexrponposingHo-
CTi BOJHUX PO34lHiB MZAnz, AMSA ta MZAn2
i3 AMSA BinnoBifgHO) HaOyBalOTb JOFATHUX
3HayeHb. Ha ocHOBi po3pobenoi ¢isuko-xi-
MiYHOI MOfe/i, 110 BPaXOBY€ 3aKOH iI0OYMX
Mac, MarepianbHuit 6amanc 3a AMSA ta mera-
JIOM, a TaKO>K IPVHLUII €IEKTPOHENTPAIbHO-
CTi, pO3paxOBaHO JIOH-MOJIEKYIAPHUI CKIaf
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BYBYEHMX PO3YMHIB Ta OLIiHEHO KOHIIEHTpa-
Li/iHi KOHCTAaHTM KOMIIJIEKCOYyTBOpPeHHA. 3i
30iblIeHHAM criBBigHomeHHs C anisa’ Coias
BiJHOCHMII BMICT MOJIbHOI YaCTKM LIBiTTepio-
HY 3pocCTa€, a He3B’s3aHoro Cu®* Ta 3aKoMmIl-
nexcoBaHux ¢popm AMSA - 3MeHIIYIOTBCA.
BigHOoCHMIT BMicT 3akomIutekcoBaHUX (Gopm
Mmifi (cmowyatky 3pocTae, HaOyBar4yM Mak-
cumanbHoro suavenus npu C, . /C =~ 1.0,
a 1IoTiM cranae. BogHoyac BifTHOCHUII BMICT
ripomnisoBanoi popmu Cu?* (OCHOBHOI comi —
rinpokcupy-cynbgary mipi(Il)) ta amiHoMeTaH-
cynb¢OHAT aHiOHy cK/IafaTh MeHIe 0.01 %.

Busasneno kopendAmii MK KOHCTaHTaMu
YTBOPEHH:A 3a3HA4eHMX KOMIUIEKCiB. BigHoc-
Hi CTilIKOCTi KOMIUIeKCiB ioHiB 3d-meTaniB 3
AMSA KOpenwmTh 3 TiTepaTypHUMU JaHUMU
IIOI0 AHAJIOTIYHMX 3Ha4YeHb I TAaypUHY Ta
itoro moximHux. Haitbinpirowo CTiikicTo xa-
PaKTEepU3YIOThCA II€PEBaXKHO CIIONYKM 10HIB
Cu*" i3 moCiKyBaHUM JIiraHOM.

KmouoBi cmoBa: aMiHOMeTaHCYIbpOKMC-
norta, KaTionn 3d-merasiB, KOMIIIEKCOYTBO-
PEeHHS, KUCIOTHO-OCHOBHA B3aEMOJis, KOH-
CTAaHTY KOMIIZIEKCOYTBOPEHHS, CTIMKICTb.
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®YHKLIOHAJIbHI KOMMO3MLINHI MATEPIANW HA OCHOBI

MEPOBCHKITIB | NONIMETUHOBUX BAPBHUKIB
[N19 COHAYHOI EHEPTETUKK

I1. B. Topuuntox*', A. B. Kyniniu?, O. I. Bronoé’, A. I. binoyc'

"THemumym 3aeanvHoi ma neopeaniunoi ximii im. B. I. Bepraocvkoeo HAH Ykpainu,
npocn. Axademixa Ilannadina, 32/34, Kuis 03142, Yxpaina

’Incmumym opeaniunoi ximii HAH Ykpainu,

eyn. Axademixa Kyxaps, 5, Kuie 02094, Ykpaina

* e-mail: pasha.torchyniuk@gmail.com

JocnmimKeHo CTPYKTypHi Ta ONITUYHI BIACTUBOCTI KOMIIO3ULITHMX IIJIIBOK Ha OCHOBI Op-
raHo-HeopraniyHoro neposcbkity CH,NH,PbI, ta nonimerunosoro 6apsunka N1Cl (ingo-
Kapb6oriianin xnopun). Kommosuuiitai marepianm OTPUMYBaJIN IBOMA CII0co6aMM: CMHTE30M
IePOBCHKITY 3a IIPUCYTHOCTI GapBHMKA Ta HAHECEHHAM OapBHIKA Ha OBEPXHIO IUIiBOK Ile-
POBCBKITY.

3a pesynbraTaMyl peHTIeHO(}a30BOr0 aHa/Ii3y BCTAHOB/ICHO, 110 BBeJeHHA OapBHMKA He
BIUIMBA€ Ha KPUCTAJIUHY CTPYKTYpy HepoBcbKiry. [lokasaHo, 1o jopaBaHHsA OapBHUKA
6e3nocepeHbO 0 BUXIJHOTO PO3UMHY IPEKYPCOPIB IEPOBCHKITY He MPU3BOJUTD JIO CYT-
TEBOTO MiJCVIEHHS IOIIMHAHHA Y BUAUMIiT o6macTi criekTpa. BusHadeHo, 110 ontumarns-
Ha KOHLIEHTpallist OapBHYKA y BUXi[JHOMY PO34MHi CTAHOBUTb 3 MI/MJT; 32 Iii€l KOHI|eHTpa-
Uil /1 OTpMMaHMUX KOMIIO3UIIMHMX IJIIBOK CIIOCTEPIraloTh MaKCHMa/bHY iHTEHCUBHICTD
¢dyopecueHIii Ta migBuieHy GOTOCTINKICTB.

BcTraHoB/IEeHO, 110 HaHeCeHHs OapBHUKA Ha MOBEPXHIO IUTIBOK IEPOBCBHKITY 3YMOBIIIOE
IIOCVJIEHHS TIOI/IMHAHHA Y CIIeKTpabHOMY jiiamasoHi 400-650 HM i3 MakcuMyMamy 671U3b-
k0 530 ta 580 HM, XapaKTepHUMM /IS iHZOKapOoIiaHiny. Y criekTpax ¢yopecueHIii KoM-
NO3NIINHNX IUTiBOK 3aikcOBaHO 3MillleHHA MAaKCMyMy BUIIPOMiHIOBaHHS IIEPOBCHKITY 3
~800 1o ~780-790 HM, a TAKOXX ITOSIBY CMYT (ryopecieHIii 6apBHmKa B 06acti 600-660 HM.
ITokasaHo, 10 TaKi KOMIO3NIIiVIHI IUTIBKM XapaKTEPU3YIOTHCA CYyTTEBO Ii/IBUIEHOIO doro-
CTabi/IbHICTIO OPIBHAHO 3 YMCTVIMM IIEPOBCHKITHUMY IITiBKAMA.

Knio4oBi cmoBa: opraHo-HeopraHiyHuMII IepOBCHKIT, TO/IIMETUHOBI OAPBHMUKY, KOMIIO3M-
Li/1Hi MaTepiau, ONTUYHI BIaCTUBOCTI.
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BCTYII. Martepianu 3i CTPyKTypow IIe-
POBCBKITY NIPUBEPTAIOTh yBary MOCTIJHUKIB
y raaysi Cy4acHOro mMarepiajlo3HaBCTBa 3aB-
IAKM CBOIM YHIiKa/lbHUM (Qi3MKO-XiMiYHUM
BIACTMBOCTAM Ta IIMPOKUM MOXXIMBOCTAM
IIPAKTUYHOIO 3aCTOCYBAaHHA B PISHOMaHITHUX
€/IEKTPOHHUX 1 ONTOENIEKTPOHHUX IPUCTPO-
sX, 30KpeMa y cBiTnofionax, GoTofeTeKTopax,
Jlagepax, CEHCOPaX Ta eIeMeHTaX IIePeTBOPEH-
HA cOHAYHOI eHeprii [1-5]. Taki comykn xa-
PaKTepU3YIOThCA THYYKICTIO (a[alTUBHICTIO)
KPUCTa/Mi4YHOI CTPYKTYPH, BUCOKOIO PyX/IUBi-
CTIO HOCIiB 3apsfly, 3HaYHUMM KoedillieHTamMm
CBIT/IONIOITIMHAHHA Ta MOXX/IMBICTIO TOHKOTO
perynioBaHHA €IeKTPOHHOI CTPYKTYpM IIIA-
XOM 3MiHM CKIIaJy.

OcobnuBe Miclie cepel TakMX MaTepialiB
3alIMalOTb OpPraHO-HEOpraHiyHi ranoreHifHi
IIEPOBCHKITH, AKI BIPOMOBX OCTAHHIX POKIB
BBKAIOTbCSI OHMM i3 Hailbi/mpIl mepcrek-
TUBHUX KJIaciB MarepialiB I CTBOPEHHA
HOBITHIX (pOTOENEKTPUYHNX TIPUCTPOIB. IXHs
3arajipHa QopMysa 3a3BMYall ONVICYETbCS SIK
ABX,, ne A - opraHiuHmii KarioH (Hampu-
KIajJ, MeTWIaMOHil abo dQopmaMinnHiil),
B - mBOBaseHTHMIT KaTiOH MeTay (Ha4acTi-
nie Pb?* a6o Sn?*), a X - ranorenig-ion (Cl,
Br-, I"). [loegHaHHA opraHivHOI Ta HeOpraHiu-
HOI CK/IaflOBMX HAJIa€ UMM MaTepiasaM KOMII-
JIEKC BJIACTUMBOCTEN, AKi BaXXKO peajisyBaTu
B TPaJMLiIHNX HaNiBOpoBigHMKax. o Hux
HaJIeKaTb BUCOKUI Koe(il[ieHT IorImMHaH-
HA CBiT/Ia, BOBri AMQY3iiiHi HOBXMHU HOCIiB
3apsAny, Maja eHepria 3BA3Ky eKCUTOHIB Ta
MOXX/IMBIiCTb OTPMMAaHHA TOHKMX IIIIBOK IIPO-
CTUMM pifiMHHO(pASHUMM MeTOofaMu. 3aBpsd-
KM LM XapaKTepUCTUKAM IIEpOBCHKITHI Ma-
Tepia/y CTanyM OCHOBOI HOBOIO ITOKOJIIHHA
COHAYHMX €/IeMeHTIB. 3a BiTHOCHO KOPOTKMIA
nepios; po3BUTKY Ii€i TexHomorii edekTus-
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HICTb IIEPETBOPEHHA COHAYHOI eHepril B Iie-
POBCBKITHUX (OTOETIEMEHTAX CATHY/IA ITOHAT
26 % [6]. Takuit cTpiMKuil Iporpec € pesynb-
TAaTOM YMC/IEHHUX JOC/IIKEHb, CIIPAMOBaHMX
Ha BU3HAYEHHA YMHHUKIB, AKi BU3HAYalOTh
BJIACTMBOCTI Matepiamy. Kpim Toro, Texno-
7oTil CMHTEe3y Ta HaHECEHHsA IePOBCHKITHUX
mapiB MOXXYTb OyTV 3HAUHO [leNIeBIIMMU Ta
€HeproolaiHilIMM TTOPiBHAHO 3 BUPOOHU-
ITBOM KpeMHi€BUX (DOTOE/IeMEeHTiB, 110 Bif-
KPMBAa€ NEPCIEKTUBU CTBOPEHHA NOCTYITHUX
i BuCOKOeeKTUBHUX JKepeN BiTHOB/IIOBAHOI
eHepril.

[Tompu sHa4HMIT IpOrpec y Lii raaysi, mm-
pOKe IpaKTU4YHE BIPOBAJ/PKEHHSA OpPraHoO-He-
OpraHiYHMX TaJIOTE€HIJHMX IIEPOBCHKITIB yce
1€ CTPUMYETHCSA HU3KOK TEXHOJIOTIYHMX BU-
KnukiB. OmHMM i3 HalBa)KIMBIIINX € HENO-
CTaTHs CTabIIbHICTD IMX MarepiamiB y dYaci.
[IepOBCBKiTHI CTPYKTYpM MOXYTb Jerpagy-
BT MiJi BITINBOM (PaKTOPiB HABKOINITHHOTO
cepeloBUILA, 30KpeMa IIiJ| Ii€l0 BOIOIU, KIC-
HIO, IiBUIIEHNX TeMIepaTyp Ta yabTpadio-
JIeTOBOTO BUIIpOMiHIOBaHHA [7, 8]. 1i mpore-
CU IPU3BOJATD IO PYIHYBAaHHA KPUCTATIYHOL
I'PaTKM, YTBOPEHHA Me(eKTiB Ta 3HIDKEHHA
eQeKTUBHOCTI (OTOENIEKTPUIHNX IPUCTPO-
iB. IHIIOIO CyTTEBOIO MpO6IEMOIO € OOMexKe-
HUII CIEKTpa/bHUIl [ialla30H IOIVIMHAHHA
COHAYHOIO BUIIPOMiHIOBaHHA. binbuicTs me-
POBCBKITiB e(eKTMBHO IOIIMHAIOTL CBiT/IO
IIepEeBaXXHO Y BUAMMIN YaCTUHI CIIEKTpPa, TOAL
SIK 3Ha4YHa YaCTVHA COHAYHOI eHepril Impuma-
llae Ha OMDKHIO iHppadepBoHy obOmacTb. Lle
00MeXY€E NMOTEHIIiIHY e(peKTUBHICTb BUKOPHU-
CTaHHA COHAYHOI'O BUIIPOMIHIOBAHHS.

[lna BupilleHHA 3a3HaueHMX IpoOIeM ak-
TUBHO [OCIIDKYIOTh pi3Hi Iigxoau, cepep
SKUX BaX/IMBe Micle 3aiiMae Mopmdikariis
CKIaZly Ta CTPYKTYpM IIEpOBCHKITHUX MaTe-
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pianiB. 3okpema, 3MiHa iOHHOTrO ckIagy abo
BBEJIEHHA HOBUX KOMIIOHEHTIB y KpMUCTasIid-
Hy I'PAaTKy JJa€ 3MOTY PETY/II0BATH ONTUYHI Ta
€/IEKTPOHHI BJIACTUBOCTI Matepiany. OpHak
TaKi METO/IV YaCTO CyNIPOBOKYIOTHCS BUHMK-
HEHHSAM CTPYKTYpHUX JedeKTiB BHACTiJOK
HOPYLIEHHSI YMOB CTPYKTYPHOI CTabi/IbHOCTI
IIEPOBCHKITHOI I'PaTKM, 30KpeMa BIAXWMIEHHHA
BiJj TaK 3BaHOTO NOKA3HUKA MOJePAHMHOCIE
Tonowimioma, AKUIT BU3HAYAETbCA CIIIBBif-
HOIIEHHAM 10HHMX pajiyCiB y KpMCTaaidHin
cTpykTypi. IlopymeHnHsa nmx criBBiZHOLIEHD
MO)Ke TIPU3BOJAUTY 10 HecTabinbHOCTI das Ta
noripuieHHs (QYHKILIOHATbHUX XapaKTepuc-
TUK MaTepiany.

AJIPTEPHATMBHUM IHiIXOIOM € CTBOPEHHA
KOMITO3UTHMX CHCTEM, Y SAKMX IIEpOBCHKiTHa
CTPyKTypa 36epira€rbcsi He3MiHHOIO, a He-
o0XxifHMX (YHKIIOHAJIPHUX BIACTUBOCTEN
[OCATAIOTh IIJIAXOM BBEJEHHA JIOlaTKOBUX
OpraHiYHNMX, 30KpeMa IOMiMEPHUX KOMIIO-
HeHTiB. Taka cTparerisi J03BO/IA€ 3MEHIINTI
PU3MK CTPYKTYPHOI Aerpapanii Ta BOJZHOYAC
3a0e3neunTy PO3LIVPEHHs CIEeKTpa ONTHY-
HUX BJacTMBOCTel Marepiamy. OcobnyBuii
iHTepec y IbOMy KOHTEKCTi CTAHOBJIATH KOM-
IIO3UTY, 1110 MTOEAHYIOTh OpraHO-HEeOPraHiyHi
IepOBCBKITM 3 OpraHiyHMMu OapBHUKaMU,
34ATHMMU BUCTYHATV epeKTUBHUMMY CeHCMOi-
ni3aTopaMu CBiT/Ia.

OpHMM i3 NepCHeKTMBHUX KIACiB TaKUX
ceHcuOinizaTopiB € momiMeTHOBI GapBHUKM
(TakoXX BiZoMi sIK LIiaHiHM), SIKi BUPI3HAIOTHCSA
HaOiIbIINMM Iialtla30HOM BapilOBaHHS €/IeKT-
POHHUX CIIEKTPiB ITOITIMHAHHA i QrryopeciieH-
1il cepen ycix BioMux opra"iyHux xpomodo-
piB. 3ane>xxHo Bix OymOBY, IXHiil JOBIOXBU/IbO-
BUJ €JIEKTPOHHMII IIepexiy MOXKe 3MiHIOBaTH-
cs Big 6mmxHbOrO YO uepe3 BeCh BUAVIMMUIA
miamasoH i mani B OmkHIo [Y-06/macTh enexT-

https://ucj.org.ua

POMAarHiTHOrO cIekTpa maipke fo 1600 HM
[9-12]. IIi cmomyku BifoMi BUCOKMMY MOJIAP-
HUMM KoedillieHTaMy TOITMHAHHS, MOXIIN-
BiCTIO TOHKOTO Ha/IALITYBaHHA CHEKTPaTbHUX
XapaKTEPUCTUK IIJIAXOM BapiroBaHHA JJOBXU-
HU (i OymoBM) HONTIMETVHOBOTO JIAHIIIOTA Ta
XiMiYHOI NpUpOAM KiHLEBMUX TPYI. 3aBAAKU
IIVIM BJIACTUBOCTSM IIOJIIMETMHOBI GapBHUKM
HIMPOKO 3aCTOCOBYIOTb y JIA3€PHUX TEXHO-
jgorisx [13], HemiHIMHO-ONTUMYHMX Ta €eJeK-
TPOONTUYHKX cepefoBuiax [14], doropnua-
MiuHill Tepamii [15], 6ioMequuHMX HOCTiIKe-
HHsAX [16, 17].

Inrerpanis nomiMeTMHOBUX OApBHUKIB i3
IIEPOBCHKITHUMM  MarepiajlaMi  BiIKpUBA€
HOBI MOX/IMBOCTi 111 CTBOpPeHHS (YHKIIiO-
HaJIbHMX KOMIIO3UTIB i3 pO3LIMPEHUM CIIEK-
TPaJlbHMM BiJIYKOM. Y TaKuxX CUCTeMax
OapBHMKIM MOXYTb BUKOHYBATH POJIb CBIT/IO-
YYTIMBUX CeHCUOITi3aToOPiB, AKi MOINMHAIOTH
¢$hoTOHM y THUX [Aialla30HAaX CHEKTPa, e Bac-
He TEePOBCBKIT MOINMHAE CT1abKo abo He Io-
rHae 30BciM. Ilicnma mornmmuHanHA ¢oToHA
€Heprii MO)Ke IlepefaBaTucA L0 IEPOBCHKi-
Ty, 1O CIIpUsAE TeHepaliil JOJAaTKOBMX HOCIIB
3apsfly Ta, BifmoBigHO, mimgBuinye edekTus-
HicTh QoToenekTpuyHux Imporecis. To6To,
CTBOPEHHA KOMIIO3UIIHUX MaTepialiB TUILY
«OpraHO-HEOPraHiYHMI IEPOBCHKIT / MOiMe-
TUHOBMIT OapBHUK» MOXe 3a0e3meunTu pos-
IIMPEHHA CIIEKTPa/bHOIO JialasoHy IIOIJIN-
HaHHSA COHAYHOIO BUIIPOMIHIOBaHHA Ta IIifI-
BUILEHHs YyT/IMBOCTI MaTepiany y BUIMMIi
i 6mokHiN iHbpadepBoHiil obmacTsax. Kpim
PO3ILIMpPEHHA CIEKTPaJbHOI Yy TINBOCTI, BBE-
JEHHA OPraHiYHMX KOMIIOHEHTIB MOXKe TaKOX
O3 TUBHO BIUIMBATY Ha MOPQOIIOrio Ta cTa-
OiNbHICTD MepOBCHKITHMX IUTIBOK. BapBHUKM
a60 momiMepHi T0OaBKM MOXXYTb BUKOHYBATH
pPOTb TACUMBATOPiB IOBEPXHEBUX HAe(deKTiB,
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3MEHIIYIuM peKkoMOiHalilo HocilB 3apsapy
Ta MiABMIIYIOYM CTaOiIbHICTD MaTepiany Iif
Ziero 30BHiNIHIX dakTopis. Lle BifkpuBae nep-
CIIEKTMBIU CTBOPEHHS OibIII OBrOBiYHNX Ta
eeKTUBHIX (POTOETEeKTPUIHNX IPUCTPOIB.

OTxe, po3po0IeHHs Ta JOCTiI>KeHHS KOM-
MO3UIITHMX MaTepiajliB Ha OCHOBI OpraHo-He-
OPraHiYHMX IIEPOBCHKITIB 1 IOMIMETMHOBUX
OapBHUKIB € aKTyaJbHMM HAIIpsIMOM Cydac-
HOTO MaTepia/lo3HaBCTBA Ta COHAYHOL eHep-
reTuky. Taki cucreMm MOXYTb NO€SHYBaTH
BUCOKi MOKasHMKU (POTOENeKTPUYHOI edek-
TUBHOCTI IIEPOBCHKITIB 13 IMPOKNUM Ta IHTEH-
CUBHMM CIIEKTPA/IbHMM IIOIJIMHAHHAM Opra-
HiYHMX 6ApBHUKIB, [0 CTBOPIOE IePeyMOBI
IS HifiBUIIEHHA e()eKTUBHOCTI IepeTBOpEeH-
Hs COHAYHOI eHepril.

Mertotlo 11i€l poOOTI € CTBOPEHHS Ta JOCIi-
IDKEHHS KOMIIO3UTHMX IUTIBOK THUITy «Opra-
HO-HEOPTaHiuYHMII IepPOBCHKIT/IOTIMETIHO-
BT 6apBHUK» 3 METOI0 PO3IIMPEHHS CIEKT-
paZbHOrO [ialla3oHy IIOIIMHAHHA Ta/abo
HifBUIIEHHA YYTIMBOCTI O COHAYHOTO BM-
IIPOMiHIOBaHHA.

EKCIHHEPMMEHT TA OBI'OBOPEHHA
PE3YJIBTATIB

Mamepianu. JIna CUHTe3y OpraHo-Heop-
raHiYHMX IIEPOBCHKITIB AK BUXifIHi peareH-
TU BMKOPUCTOBYBAJIM JOAW], CBMHIIIO (PbIz)
i MeTMIaMOHI TTogup, (CH3NH3I). 3 MeToI0
crabinmisanii CTpyKTypy HepoOBCBKITY B ycix
DOCIIIPKYBAaHMX 3pa3Kax 110J, 4aCTKOBO 3aMi-
IIYBa/IM XJIOPOM, ISl YOTO JOAABANIN XIOPUT,
metunamonito CH,NH,Cl (mapkn x.4.). Ak
PO3YMHHUK BUKOPUCTOBYBa/IM OCYILIEHUI V-
metmncynbdoxenp (DMSO, x.4.). Oprano-He-
opraniuni neposcokitn CH,NH,PbI, 6yno or-
PUMaHO METOJOM OIHOCTA/IifIHOTO OCa/PKEHHA
3 posunHy B DMSO, B IKOMY BUXifIHi peareHTn
Pbl, Ta CH,NH.I 6ynu posumneni B cHiBBiz-
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HolleHHi 1:2 nmpu nepemiurysasi 3a 70 °C npo-
TAroM 1 rogyan. PopMyBaHHA KPUCTATIYHUX
nyiBok neposcbkity CH,NH,Pbl, nposoanmm
B cyxoMy 60kci. ITorepeHbo OTpyMaHmMii mpo-
30pMil pO3YMH HAHOCWU/IM Ha OYMILEHI CK/IAHI
MiJK/IaKX METOIOM spin-coating 3i IBMUJKi-
ctio 1200 06/xB npotsirom 30 c. Tepmiune 06-
poO/IeHHA IUTIBOK IIPOBOAVUIV HA HOIEPeHbO
HarpiTiit mnthi 3a 100 °C ynpogosx 90 xB Ta
3a 190 °C ynpoposx 15 xB.

Ompumanus KOMNOZUUIUHUX Mamepianie
MUny «op2anHo-HeopeaniuHull neposcvkim / no-
nimemunosuti 6aperux». KomnosuuiitHi Ma-
Tepiasy TUIYy «OpraHO-HEeOPTaHiYHMI IIEPOB-
CBKIT / IOMiMeTMHOBMII OAPBHUK» OTPUMYBa-
M IBOMa crocobamu. Y nepuiomy moniMeTu-
HOBMIT OGapBHUK BBOAWIN 0e3IIOCEPENHBO IO
IIPEKYPCOPHOTO PO34YMHY IIEPOBCHKITY Iepeq
¢$bopMyBaHHAM ITiBOK.

J1o po34uHy NEepOBCHKITHUX IPEKYpCcoOpiB
(1,8436 r y 1,5 mn DMSO) nopgasanu 0,6; 6 Ta
12 Mr moiiMeTMHOBOrO OapBHMKA, pO3UMHe-
Horo y 0,5 M1 DMSO 3 nopanbmuMm nepemi-
myBaHHAM. KiHljeBa KOHIIEHTparis OapBHIU-
Ka y po3unHi cranoBuia 0,3; 3,0 Ta 6,0 Mr/min
BifimoBifiHO, 110 BifmoBigae mprbausto 0,032;
0,32 Ta 0,64 Mac.% GapBHMKA BITHOCHO Macu
NIEPOBCHKITHUX IpeKypcopiB. OTpuManuit
PO3YMH BUKOPUCTOBYBAIN A (POPMYBaHHSA
TOHKMX IUTIBOK KOMIIO3MIIIIHOTO MaTepiay.

Jpyeuii monAraB y popMyBaHHI KOMIO3M-
Li/IHUX IUIIBOK IIJIIXOM HaHeCeHHs OapBHU-
Ka Ha IIOIepeNHbO CMHTE30BaHI IEepOBCHKIT-
Hi IUTiBKK. [ LIbOro Ha MOBEPXHIO ITIBOK
CH,NH,PbI, nanocumu posunn N1Cl i3 xon-
LeHTpali€en 3 Mr/M1 y x10podopmi MeTooM
spin-coating. Iliciia BuIaproBaHHA pO3YMHHN-
Ka3pasKNIigaBaau TepMiTHOMYO00OpOO/IeHHIO
(Bigmasy) 3a Temmeparyp 50-80 °C mpoTtarom
5-15 xB, WO COPUANO BULAJECHHIO 3a/IMIIKIiB
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pPO3UMHHUKA Ta (OPMYBAaHHIO KOMIIO3MIii-
HOTO LIapy.

Obnaonanns. @aszoBuit CcKmaj 3paskiB
BCTAaHOBJIEHO PEHTTeHOrpadivyHNM MeTOLOM
3a gudpakrorpamMamMy HOPOIIKIB, 3HATUMU
Ha ycraHoBli «[JPOH-4-07» (CuKa-Bumnpowmi-
HioBaHHA i Ni ¢inbrp) B inTepBani 2q = 5-50°
i3 xpoxoMm 3itomku 0,04° Ta excnosuuiew 4 ¢
IUIS1 OPTaHO-HEOPTraHiYHMX IIEPOBCHKITIB.

BuMiproBaHH: CIIEKTPiB MOITIMHAHHSA NPO-
BoyIN Ha ciekTpodoromerpi Shimadzu UV-
3100, i3 BMKOpPMCTAaHHAM 4YMCTOIO CKJIa-IIif-
KITagKy AK nopiBHAHHA. Crektpu ¢iryopec-
LeHllii peecTpyBalyM Ha CHEKTpogIyopume-
Tpi Solar CM-2203, onpomiHo04YM 3pas3ox i3
¢dponTanpHOi cTOpoHM (TOOTO CTOpPOHM, Ha
AKY HaHOCI/IN IUIiBKY TIEPOBCBKITY i1 6apBHN-
Ka) Iiff KyToM 6113pKo 60° 10 IUIONMHY I10-
BEPXHI Ta PeECTPYI0UM CIIEKTP rryopeciieHIii
iy KyTom 90° o onpominenHs (To6To 30° 10
IVIOIMHY TOBepxHi). JloBXMHa XBUIi OMpO-
MiHEHHA CTaHOBM/IA B yCiX Bunazgkax 470 Hw,
i3 mmpoxoo minMHOK 30ymKeHHs (HamiB-
IIVPYHA CMYTH 30y/KeHHA ckaafana 20 HM,
mo A 1iei o6macri Bigmosimae 900 cmt).
Kinetuky ¢nyopecnenuii gocmimkysanmu Ha
criekTpodryopumetpi Solar CM-2203 mpu
30y/KEeHHI BUIIPOMIHIOBAaHHAM i3 JOBXVHOIO
xsuni 470 HM 1 peecTpanii iHTEHCMBHOCTI
¢dyopecueHIii B 061acTi MaKCMMYMY BUIIPO-
MiHIOBaHHA IepOBCHKITY (790 HM).

Bnacmusocmi xomMno3uuitiHux nnisox Ha
0CHOBI 0peaHO-HeOP2aHiUH020 NePoBCHKimy ma
nonimemuHo6020 6apeHUKa

bapBHMK, AKMIT BUKOPUCTOBYBAaMM [IA
CTBOpeHH: KoMItosuIiitHux Marepianis [N1Cl,
inpokap6oujianin xmopup, 1,3,3-Tpumerni-2-
[3-(1,3,3-Tpumernn-1,3-gurigpo-2 H-ingon-
2-inmipen)-1-nponenin]-3H-inpomnito  xnopux]
(puc. 1) xapakTepusyeTbCsl IHTEHCUBHOIO
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CMYTOI0 IOIVIMHAHHA 3 MaKCUMYMOM 545 HM
(B eranoni), mo Bigmosimae BuguMmin ob6mac-
Ti CIleKTpa Ta 3YMOBIIOE JIOTO eeKTUBHY
3[JaTHICTb IIOINIMHATY COHAYHE BUIIPOMiHIO-
BaHHA B 3€JIeHiNl AinAHLi crnekTpa. CHekTp
¢dryopecueHIii 6apBHMKA XapaKTepPU3YETbCS
BYP)KEHOI CMYTOIO BUIIPOMiIHIOBAaHHS 3 MaK-
cMyMOM Tipu 568 HM (puc. 2). XapaKTepHOIO
0co6mBicTIO 06paHOro GapBHUKA € HEBJMCOKA
CXWIBHICTD JO arperamii (sIka MO>XXe CYTTEBO
BIUIMBATM Ha CHEKTPaJbHI BIACTUBOCTI IO-
TiMEeTVHIB, 3MIiHIOBATU IIOJIOXKEHHA i popmy
CMYT IIOITIHAHHSA), [0 3YMOBJICHO HAsABHICTIO
nosannomuHnux yrpynosanb C(CH,), y rere-
POLVIK/TIYHMX KiHIIeBUX (parMeHTaxX MOJIEKY-
m. Kpim 1poro, 1eit 6apBHMK Bifj3Ha4a€ThCs
BUCOKOI (DOTOCTAOIIBHICTIO, 1[0 3arajzioM €
XapaKTepHVM /IS TIO/TIMETVHOBUX OapBHMKIB
Ha OCHOBI iHJIO1Y.

Me

Mé
Puc. 1. CrpykTypHa popmyna HomiMeTMHOBOTO
6apsHuka N1Cl
Fig. 1. Structural formula of the polymethine
dye N1ClL

Cunmes opzaHo-HeoOpeaHiuH020 NePoBCHKi-
my 3a npucymuocmi 6apenuxa NICI. I1in6ip
ONTMMAJIbHOI KOHIIEHTpallil ITOTiMEeTHHOBO-
ro 6apBHUKA y KOMIO3MIIHUX IUTBKaX €
BA)X/IMBYM, OCKiJIbKM BOHA CYTT€EBO BIUIMBAE
Ha ONTUYHI BIaCTMBOCTI MaTepiany Ta edek-
TUBHICTb IOIIMHAHHA CBiT/IA. 3a HU3bKUX
KOHIIEHTpAIill 6apBHUKA JIOTO BHECOK Y PO3-
IIMPEHHSA CIIEKTPa/bHOIO JialasoHy IIOIJIN-
HaHHS 4K 30iIbIIEHHS IIePETUHY IOITIMHAH-
HS € He3HAYHMM, 10 0OMexye edeKTUBHICTH
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ceHcubinisanii nepoBcbkiTHOI Marpuui. Box-
HOYac IIBMINEHHS KOHIIEHTpalil OapBHMKA
MO>XKe IIPU3BOANUTY IO arperaliil 10r0 MOJIEKYII
y IUIBLi Ta CYIPOBOMKYBATUCA 3MiHOI J10r0
CIIEKTPA/IbHUX XapaKTEPUCTUK, 30KpeMa IIO-
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sBoto cMyr H- abo J-arperaTiB, 3HVDKEHHSIM
edextuBHOCTI (ryopecnennii. Tomy omntn-
MajJlbHa KOHIIEHTpallil OapBHUKAa IIOBMHHA
3abe3revyBaTy JOCTaTHBO iIHTEHCUBHE IIOI/IV-
HaHHA CBIT/Ia 3a MiHIMa/IbHOTO piBHA arperarii.

Puc. 2. Cektpy normmHaHHA Ta Qryo-
, pecuennii 6apsunka N1Cl B eranomni

300 400 500 600 700

A, HM

g pocnimKeHHs BIUIMBY BMICTY IO/TiMe-
THHOBOTO OAapBHMKA Ha CTPYKTYPHI Ta OIITNY-
Hi BJIACTMBOCTI KOMITO3UIIIIHUX IJIIBOK 3 Me-
TOX0 BM3HA4Y€HH:A JIOTO ONTMMAJIbHOI KOHIEH-
tpanii 6apsHuk N1Cl BBOmMIN Yy BUXigHMI
pO34uH y KoHLleHTpauiax 0,3; 3,0 Ta 6,0 mr/mi1.
Metomom P®A mocnimkeno ¢asoBuit cKiaf
IUIiBOK MIEPOBCHKITY, OTpMMaHux 6e3 Ta 3 Jj0-
maBaHHAM OapBHuKa (Puc. 3).

Ha pentrenorpamax IUIIBOK II€POBCBKITY
CH,NH,PbI,, cunTesoBaHmx 3a IpUCYTHOCTI
6apeHyKa N1Cl pisHOI KOHIIeHTpallil, criocTe-
piraroTbcs XapakTepHi AudpaxiiiiHi miku Ie-
POBCBKITHOI CTpykTypu. OcHOBHMIT pedrrekc
npu 20 =~ 14° Bignosigae mwromuHi (110). Big-
CYTHICTb JJOJAaTKOBMX ITiKiB CBif4MTh 11po op-
MYBaHHA OffHO(a3HOI IEePOBCHKITHOI CTPYK-
Typu 6e3 yTBOpeHHs CTOpoHHIX ¢a3. Tobto
nomaBanHs 6apBHuka N1Cl He mpu3BoguThH 10
3MIHM KPUCTa/TiYHOI CTPYKTYPU IIEPOBCHKITY.
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800 Fig. 2. Absorption and fluorescence
spectra of the dye N1Cl in ethanol.

Ha puc. 4 npepcraBieHo CekTpu IOIIN-
HaHHA Ta QyopecleHii IIiBOK IepPOBChKITY
CH,NH,PbI, Ta koMmosuuiifHnx mIiBOK Ha
OCHOBI IIEPOBCHKITY 3 JOfaBaHHAM IIOTIMETH-
HoBoro 6apsHuka N1Cl pisHoi KoHIeHTpaii.
OpraHo-Heopra"iuHmMii IEPOBCHKIT Xapak-
TEPU3YETHCA HIMPOKOI HECTPYKTYPOBAHOIO
CMYIOI0 IIOIJIMHAHHA, 1[0 IPOCTATAE€TbCA Bif
YO go 790-800 umM (octanni 30-40 HM — 1OB-
TOXBW/IBOBUII Kpail, Craj iHTEHCUBHOCTI) Ta
Ma€ KiZlbKa HEBMPAZHUX «MAKCUMYyMiB» MiXK
430 Tta 620 HM. /11 KOMOO3UIITHMX IIJTiBOK
i3 6apHykom N1Cl pisHOI KOHLeHTpaLii He
CIIOCTEPIraEMO IOCUJIEHHA IOINIMHAHHA, PO
1[0 MOITIO O CBimuuTy 361/IbIIEHHA IHTEHCUB-
HOCTi cMyTu B fiiantasoHi 430-620 HM (BigmiH-
HOCTi MK CIIeKTpaMy IIOITIMHAHHA Ha puc. 4
3YMOBJIEHI HE3HAaUHVMM BapialliAMM TOBIIVIHA
OTPUMAHUX IUIiBOK).
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ITepoBChKIT

ITeposcrkit + 6apBHKK N1Cl (0.3 Mr/mi)
Ieposcokit + 6apBuuk N1Cl (3 Mr/min)
ITeposebkit + GapBHK N1Cl (6 mMr/mi)

- ;

6 8 10 12 14 16 18 20
20

Puc. 3. PenTrenorpamu miiBoK IE€POBCHKiTy, OTPMMaHMX IIPY CIiBBi/JHOIIEHH] BUXiTHNX peareHTiB
PbL: CH,NH,I - 1:2 y posunnanky DMSO Ta niBok mepoBchbKiTy 3 6apBHIKOM
N1Cl pisHoi koHneHTpanii. (CuHTe3 3a IpUCYTHOCTI 6apBHUKA)

Fig. 3. X-ray diffraction patterns of perovskite films obtained with a ra tio of starting reagents
PbI2: CH3NH3I - 1:2 in DMSO solvent, and perovskite films with N1Cl dye of different
concentrations. (Synthesis in the presence of dye).

6 790 um
012 (== TleposcbriT CH;NH,Pbl,
1.20 ] Ieposekit + 6apsauk N1CI (0.3mr/mi)
ITeposcskit + 6apsaiK N1CI (3 Mr/mi)
[leposerkit + Gapeuuk N1Cl (6 Mr/mi)
0.09
= 1.15 4
© =
= °
3 & 0.06 -
. 1.10 1 3
= o 800 um
TMeposcpkit CH3NH3Pblg 0.03
1.05 [eposenkit + Gappuuk (0.3 Mr/vn) '
== TlepoBchbKir + GapBHUK (3 Mr/mI1)
=—TIIepoBchbKiT + OGapBHUK (6 MI/MIT)
0.00
1.00
T T T T T T ' T T T T T T
400 500 600 700 800 550 600 650 700 750 800 850
A, HM A, HM

Puc. 4. Crextpu nornuuanHs Ta Gpryopectentii nuisok neposcokity CH,NH,PbI, Ta miisok
HepPOBCBKITY 3 moniMeTHOBMM OapBHUKOM N1Cl pisHOi KOHIIeHTpa1il

Fig. 4. Absorption and fluorescence spectra of perovskite films CH,NH,PbI, and perovskite films
with polymethine dye N1CI of different concentrations.
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CnekTpu ¢nyopecneHIii IUIBOK opra-
HO-HEOPTaHIYHOIO IIEPOBCHKITY Ta IUIBOK
IIePOBCHKiT/OapBHUK (i3 pi3HOI0 KOHIIEHTpa-
1ielo 6apBHMKA) MOKA3yIOTb 3HAYHMII BIUIUB
I00aBOK INOTIMETMHOBOTO OapBHMKA Ha BU-
IIPOMIHIOBa/JIbHI  BJIAaCTMBOCTI  IIEPOBCHKIT-
Hux mwiiBok. Cmyra ¢yopecnennii 4mcro-
IO IIEPOBCHKITY € IOPIBHAHO BY3bKOI 1 He-
CTPYKTYPOBaHOI0, 32 (hOpMOIO BOHA Harajiye
KpMBY HOpPMasbHOro posnopiny Ilyaccona
ay [aycca, a i MAaKCMMYM 3HAXORUTBHCA B 06-
macti 795-800 HM. JInA MUIiBOK IEPOBCHKITY
3 GapBHMKOM IOJIOKEHHA MAaKCUMyMa CMYTHU
¢dryopecueHIii 3MilyeTbca TiCOXpPOMHO i
cTaHOBUTD 785-790 HM. KpiM 11p0T0, y KOpOT-
KOXBU/IBbOBIiT 067acTi crektpa (600-660 HM)
IPOCTEXYIOTbCA CMYTM BJIACHOTO BMIIPOMi-

HioBaHHA 6apBHuKa N1Cl. Haii6inbury inteH-
CUBHICTb (IyopecueHILii crnocrepiramm s
KOMIIO3MIIIJIHOI IIJIIBKM, OTPMMAHOI i3 BUXiJI-
HOTO pO3YMHY 3 KOHIIEHTpalli€lo OGapBHMKa
3 mr/m. Iloganpiie 36inbIieHHs KOHIIEHTpPa-
1jii 6apBHUKA y PO34YMHi K0 6 MI/MJI IPU3BO-
INUTDb IO 3HIDKEHHA iHTEHCUBHOCTI (ryopec-
LIeHLil OTpUMMaHUX IUIBOK, 10, VMOBIPHO,
IIOB’13aHO 3 IIOCUJIEHHAM MiXMOJIEKY/IIPHOL
B3a€MO/Iil MO/IeKy/I OapBHUKA Ta YTBOPEHHAM
arperariB y IUTiBIIi.

Ha puc. 5 mpepacraBneHO 3a/IeXHICTb iH-
TEHCUBHOCTI pyopecuenuii Bif vacy ompo-
MiHEHHA I IUIIBOK YMCTOTO II€POBCHKITY
CH,NH,PbI, Ta xommosuuiiinux mHIiBoK i3
nonaBaHHAM 6apBHMKa N1Cl pisHoi KOHIIEHT-
pauil.

1.4
1.2 4
=~ 1.0
o
=
‘m 0.8
o
0-61 TepoBCBKIT
[eposcrkit + N1Cl (0.3 mr/mir)
0.4 [eposcrkit + N1Cl (3 mr/mi)
Ieposcpkit + N1Cl (6 Mr/mi)
0.2
T T T T T T
0 2 4 6 8 10
t, XB

Puc. 5. 3anexxHocTi iHTeHCHBHOCTI rryopecueHii Ha JoBXMHI XB1WIi 790 HM Bij 4acy onpoMiHeHH:
IUTIBOK OpraHO-HEOPraHiYHOTO MTePOBCHKITY 0e3 Ta 3 fofaBaHHAM pisHoi KibkocTi N1Cl

Fig. 5. Dependence of fluorescence intensity at a wavelength of 790 nm on the irradiation time
of organic-inorganic perovskite films without and with the addition of different amounts of N1CL
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3ajeXXHICTh iHTeHCUBHOCTI (ryopecieHIil
Bif yacy ompomiHeHHA (KiHeTuKa ¢ryopec-
1eH11ii) 103BossI€ OLiHNTY (HOTOCTAOITBHICTD
MOCTiKYBaHMX IUIIBOK. K BUIHO 3 puc. 5, iH-
TEHCUBHICTb (IyopecreHIil ITiBKY YMCTOrO
neposcbkitTy CH,NH PbI, cyTreBo 3menmry-
€TBbCSA 3 YaCOM IIPY OIPOMiHEHHI. Y>Ke IpoTs-
rOM IEPIINX XBWIVH €KCIIEPMMEHTY CIIOCTe-
piraerbca merpajania CUTHaIy, IO CBiJYUTH
npo ¢oroxiMiuHy HecTabiNbHICTb NepoB-
CBKITHOI CTPYKTYPM HaBITb ITiJ] Ii€}0 BUAMMO-
ro cBiTa (470 HM). Ile Mo>ke OyTI ITOB’A3aHO 3
YTBOPEHHAM Jle(eKTiB y KpUCTaTiqHili rpaTiii,
a TaKOX i3 mponecamyu pO3KIaJaHHA IepOB-
CBKITYy 3 YTBOPEHHAM VOAVIY CBUHIIO Ta iH-
LIVX IPOAYKTIB ferpafanii. Ha Binminy Big un-
CTOTO IIEPOBCHKITY, KOMIIO3ULi/1HI IIIIBKI, 1110
mictaThk noniMernHoBUIT 6apBHUK N1Cl, mpo-
[IEMOHCTPYBa/Il 3HAYHO BUILY CTaOiNbHICTH
CUTHAJIy IIiJi 9ac ONpOMiHeHHA. [[nA 3pasKis,
OTPMMaHUX i3 BUXIJHOTO PO3YMHY 3 KOH-
neHrtpanismu 6apsuuka 0,3; 3,0 Ta 6,0 Mr/mn
IHT€HCUBHICTb CUTHa/ly HPOTATOM YCbOTO
Yyacy eKCIEPUMEHTY 3MiHIOBanacsad HE3HaYHO
(puc. 5). MakcumanpHy CTabiNbHICTh iHTEH-
CUBHOCTI CUTHAJIy CIIOCTEpiranyu i KOMIIO-
SULIIMHNUX IUIIBOK, OTPMMAHMUX i3 BUXiJHOTO
PO34YMHY 3 KOHIIEHTpalli€lo 6apBHMKA 3 MI/MII,
10 CBIJYUTD IIPO CYTTEBE MiIBUILIEHHS doto-
CTIMIKOCTi MaTepiay.

[TigBuieHHsA CTabiIBHOCTI  OTpPMMaHMX
KOMIO3UINMHNX IIIIBOK MOXHa IIOSCHUTU
KinrbkoMa axrtopamu. Ilo-mepre, Momeky-
M TOMTIMETVHOBOTO OapBHMKaA 37aTHI edek-
TVBHO IIOITIMHATI CBIiT/IO y BUAMMIN o6macTi
CIIEKTPa, 3MEHIIYIOYM IHTEHCUBHICTh BUIIPO-
MiHIOBaHHS, 110 0e3NoCcepeHbO B3aEMOJIE 3
nepoBChKiTHOW Martpuuewo. [To-gpyre, 6aps-
HVIK MO>Ke OpaTy y4acTh y Ipoljecax IepeHo-
Cy eHepril Ta 3apA#Yy, 10 3HIDKYE IMOBIPHICTb
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yTBOpeHHs JedekTiB i 6e3BUIIPOMiHIOBaIb-
HUX IIeHTpiB pekoMb6iHanii. KpiM nporo, mpu-
CYTHICTh OPraHiYHMX MOJIEKYT Yy CTPYKTYpi
KOMIIO3UIIHOI IUIiIBKM MOXKe CIPUATYU 4acT-
KOBIl1 macuBariii moBepxHeBux gedekTis i cTa-
6imisanii nepoBcbkiTHOI dasn.

TakuM 4MHOM, OTPUMaHI pe3yIbTaTy CBifi-
4aTh, IO BBENEHHA IOTIMETMHOBOrO OapBs-
Huka N1Cl go cxmagy nepoBCbKiTHUX IUTIBOK
CH,NH,PbI, cripuse smMeHIIeHHIO ferpajaii
MaTepiany Iif, 4ac TPUBaJOro OINPOMiHEHHS.
BcranoBneno, mo onTumanbHa KOHIEHTpalid
HOMTIMETVHOBOTO OapBHMKA y PO3YMHI Ipe-
KYpPCOpiB IIEPOBCHKITY, 3 AKOTO OTPUMYBa/lIN
KOMIIO3MIIiIH] IUTiBKM, CTAHOBUTD 3 MI/MII, 3a
AKOI CIIOCTEPIraloThbCA HaMKpallli CIIEKTPasIbHi
XapaKTEPUCTMKY, 30KpeMa BUCOKA iHTEHCHB-
HicTb rryopeciieHii Ta mifiBuINeHa CTilKicTh
IO ONpOMiHeHHA. [[nd KOMIO3SMLIHUX Op-
raHO-HEOPraHiYHUX IUIIBOK, OTPUMAaHUX IIPU
CMHTe3] IepOBCHKITy 3a NPUCYTHOCTi GapBs-
Huka N1Cl, He cmocTepira€Tbcs IOCUICHHSA
IIOIVIVHAHHA Ta PO3LIMPEHHA CIEKTPaIbHOTO
[iamasoHy Yy T/IMBOCTI JO COHAYHOIO BUIIPO-
MiHIOBaHHA. Y 3B’A3KY 3 I[UM 0YJ/I0 IIPOBE/IEHO
CUHTE3 KOMIIO3MIIIHMX MaTepialiB 3a HIK-
yux Temuepatyp (100 °C).

ITopiBHANMBHMII aHAJIi3 CIIEKTPIB IIOI/IVHAH-
HS TIJIiBOK CH3NH3PbI3 Ta KOMIIO3UIIIMTHUX
IUIiBOK HEepOBCBHKiT/OapBHMK (3 Mr/mi), Bifi-
manenux 3a 100 ta 190 °C, noka3as, 1110 BBe-
IleHHS II0/IIMEeTMHOBOTO OapBHIKA He IIPN3BO-
OUTb [0 TOCUJIEHHSA TOITIMHAHHA y BUAMMIN
obnacti cnekrpa (puc. 6a). 3 MeTOIO MifTBEp-
IPKeHHS MIPUCYTHOCTI MOJIIMEeTMHOBOrO OapB-
HMKA y CK/IaJli KOMIIO3ULITHUX IIJIIBOK 6y)10
IIPOBENEHO JOMATKOBUI eKcriepuMenT. [I1iBKy
IIEPOBCHKITY 3 6aPBHMKOM, OTPUMAaHy 32 TeM-
neparypu 100 °C, 3aHyproBany B pO3YMHHIK,
y sikomy 6apBHuk N1Cl obpe posunHsaeTbcs,
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a IUIiBKa IIepOBCBKITYy HeposuymHHa. Ilicna
BUTPUMYBAHHs IUIIBKM Yy PO3UMHHMKY OY/IO
3apEECTPOBAHO CIIEKTP IOITIMHAHHA OTpUMa-

a [Teposcrkit (T-100 °C, t-90 xB)
[Teposcokir + 6apeauk N1Cl1 (T-100 °C, t-90 xB)
[Meposcokit (T-190 °C, t-15 xB)
ITeposcakit + 6apBHuK N1CI (T-190 °C, t-15 xB)
T T T T T T
375 450 525 600 675 750
A, HM

HOTO PO3UMHY. Y CIIEKTpi BUABIEHO CIabKO-
iHTEHCUBHY CMYTy HOIIMHAHHSA, XapaKTepHY
IS TTO/IiMEe TMHOBOTO O6apBHMKa (puc. 60).

0

0.12

0.10+

po3unH G6apBruka N1Cl

0.08 4

0.06 +

I, abc.ox

0.04

0.02 1

0.00

600 700 800

A, HM

300 400 500

Puc. 6. CiexTpu normMHaHHA MIiBOK CH3NH3PbIS Ta KOMIO3UIIITHKUX TUTiBOK TepoBchbKiT/N1Cl,
cdopMoBaHNMX 32 PI3HUX YMOB TepMiYHOT0 00po6IeHHs (@), i CIIeKTp NOIIMHAHHS PO34YNHY,
OTPUMAHOTO IiC/IA eKCTpaKIlii 6apBHUKA 3 IUIiBKM, OTPUMaHOI 3a Temieparypi 100 °C
Ta yac Bignany 90 xB, y auxnopomMeTaH (6)

Fig. 6. Absorption spectra of CH,NH,_PblI, films and perovskite/N1CI composite films formed under
different thermal treatment conditions (a), and the absorption spectrum of the solution obtained
after dye extraction from the film obtained at a temperature of 100 °C and an annealing
time of 90 min, in dichloromethane (b)

Ortxe, BCTaHOB/IEHO, IO NPU OTPMMAaHHI
IJIIBOK OPraHO-HEOPraHiYHNUX II€POBCHKITIB
y IIPUCYTHOCTI MOIIMETMHOBOTO OapBHMKA 32
Pi3HMX TeMIepaTyp y CHeKTpax IOITIMHAHHA
IJIIBOK HE CIIOCTEPIraeTbCs IOCUTIEHHA II0-
IJIMHAHHA, 3yMOBJICHOTO BHECKOM OapBHIKA.
BopgHowac micns BWIydeHHsA (BUTATYBaHHS)
OapBHMKA 3 TBepAol IUIIBKM 32 TOIOMOTOIO
JUXJIOPOMETAHY B OTPMMAHOMY PO34MHI pe-
ECTPYIOTbCA CMYIM IOIMVMHAHHA OapBHMKA
N1Cl, mo migTBeppXye HOro MpUCyTHICTD Y
IIiBII, OTHAK Yy Jy>Ke HMU3bKill KOHIIEHTpaLlil
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a60 y ¢opmi, sika He NPOABJIAETHCS Y CIIEK-
TpaxX MOINIVMHAHHA KOMIIO3UIIVHUX IIIIBOK,
aJie BUABIIAETHCA B CIIEKTPax (IyopecIeHIyii.

Hanecenns baperuka Ha nuiéky opeaHo-He-
op2aniurno20 neposcvkimy. Ha puc. 7. HaBe-
JIeHO PeHTTeHiBChbKi AmdpakTorpamu ITiBOK
neposcbkitTy CH,NH,PbI, Ta kommosumijinux
mw1iBoK 1epoBcbkiT/N1Cl, orpmmanux mic-
JII HAaHECEHHS ITOJIMeTMHOBOTo OapBHMKA Ta
IIO/Ia/IBILIOTO Bifillay 3a pisHMUX TeMIepaTyp i
TPUBAJIOCTI TEPMiYHOTO 00pO6IeHH . [ un-
CTOI IIEPOBCHKITHOI IIIBKM CIIOCTEPIraroThCA
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XapakTepHi gudpakxuiriai mikuy, 1o Bigmnosiza-
1oTb KpucTaniunii ¢asi CH,NH PbL, sokpe-
Ma iHTeHcuBHi pedrexcu (110), (002), (220) Ta
iHmI, AKi moOpe Y3romKyoTbCA 3 JTiTepaTyp-

(110) (002)

(220) (004)

(200) (112)
211)

(202)

HUMMJ JAHMMU JJI TETPArOHA/IbHOI CTPYKTY-
pu nepoBcbKiTy. Lle migTBepmxye popmyBaH-
Hsl KPUCTaNTiqYHOI IepOBCHKITHOI dasm y CuH-
Te30BaHMX I BKaX.

ITepoBCBKIT

Ieporcukit + N1CI (50 °C- 5 xB)
Tlepogcskit + N1CI (50 °C-15 xB)
[Meposeokit + N1CI (80 °C- 5 xB)
Teporcwkit + N1CI (80 °C- 15 xB)

213)
(222) (310)
°(312)

G

(224)
(400)

50

A, HM

Puc. 7. PenTrenorpamu nmniBoK IE€POBCHKITY, OTPMMaHUX IIpYU CIIiBBiIHONIEHH] BUXiJHIX peareHTiB
Pbl: CH,NH,I -1:2 y posunnauxy DMSO, Ta niBok neposcbkirty 3 6apsaukom N1Cl,
OTPMMAHUX 32 Pi3HMX TeMIIepaTyp Ta 4acy Bifnany (HaHeceHH:S GapBHUKA Ha IIEPOBCHKIT)

Fig. 7. X-ray diffraction patterns of perovskite films obtained with a ratio of starting reagents
PbL:CH,NH,I -1:2 in DMSO solvent, and perovskite films with N1Cl dye obtained
at different temperatures and annealing times. (Dye deposition on perovskite).

ITicna HaHeCeHHs NMOTIMETMHOBOrO OapB-
Huka N1Cl y nudpakrorpamax KOMIO3UIIili-
HUX 3pasKiB 30epiraloTbCs BCi OCHOBHI KM
IepOBCHKITHOI a3y, 110 CBIAYUTH PO Te, 1[0
BBefIeHHs1 OapBHIIKA He IIPU3BOANTD [I0 PYIHY-
BaHH: 2060 icTOTHOI TepeOyoBY KPUCTaIiYHOI
CTPYKTYpU IIEPOBCHKIiTY. BogHouac y Hu3bKo-
KyTOBiiT o6macTi gu¢pakTorpam 3’ sBIA0THCI
JOMATKOBI MaJIOIHTEHCUBHI MiKM, SIKi MO>KHa
HOB’s13aTu 3 NpuUCyTHicTI0 O6apBHuKa N1Cl y

https://ucj.org.ua

KOMITO3MIIIHYX I/TiBKaX. 3MiHa yMOB TepMid-
Horo o6po6nenHs (temmeparypa 50-80 °C Ta
Jac Bigmany 5-15 XB) He NPU3BOJUTH IO IIO-
ABY HOBUX KPUCTaTiYHMX (a3, a IONTOXKEHHA
OCHOBHVX JUPaKIiTHNX MaKCYMYyMiB 3a/M-
LIAETbCA IPAKTUYHO He3MiHHMM. Lle cBigunTh
npo 36epe>keHHs OfHO(a3HOI NepOBChKITHOT
CTPYKTYpM Ta CTabOilIbHICTh KpUCTAIiYHOI
rpatky micisa Mopudikanii moBepxHi 6Gaps-
HUKOM. TakuM 4YMHOM, pe3yJIbTaTu peHTre-
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HO(]a3oBOro aHamizy MiATBEpPIXKYOTh, IO
HaHeCeHHs nojiMeTrHoBOro 6apsHyka N1Cl
Ha [IOBEPXHIO IIEPOBCHKITHUX IUIIBOK IIPU3BO-
INTDb 10 (GOpMyBaHHS KOMIIO3MIIINTHOI CyUCTe-

MU 6e3 TOpYIIeHHs KPUCTATIYHOI CTPYKTYPU
HEPOBCHKITY, a GapBHMK IIPUCYTHII ¥ 3paskax
y BUITISIZIE BOfaTKoBOI (pa3y abo MoBepXHEBOTO

mapy.

1.6
[ [€POBCBKIT
1.5 fm [TepoBcbKkit + N1CI (50 °C- 5 x5)
=== [lepoBcbkit + N1CI (50 °C-10 xB)
eseee [IepoBcrkiT + N1CI (50 °C-15 xB),
. 1.4 1 === [lepoBcpkit + N1Cl (60 °C- 5 xB)
g s . t=== [TepoBchkit + N1CI (60 °C-10 xB)
] Yame ot e Ilepoebkit + N1CI (60 °C-15 xB)
jas]
2131
)
—
1247
1.1 1
1.0 1
T T T T T T T T T T 1
400 500 600 700 800 900
A, HM
1.4 1 TTepoBCBKiT
e [ JepoBCBKIT + N1C1 (70 °C- 5 xB)
== o [lepoBcekit + N1CI (70 °C-10x8)
peeeee [lepoBerkit + N1CI (70 °C-15xB)
H RORONCLS Ileposcekit + N1Cl (80 °C- 5xB)
Q . oo K Ileporcrkit + N1CI (80 °C-10xB)
“E( 124" o /" ... Tleposcekit + N1CI (80 °C-15xB)

T T T T T T T T - I T 1
400 500 600 700 800 900

A, HM

Puc. 8. CriekTpy IOITIMHAHHA IUTBOK IepOBChKiTy (1:2) Ta nepoBcbkit/6apBHuk N1Cl,
OTPMMAaHIX 33 Pi3HUX TeMIIepaTyp Ta Yacy Bigmamy

Fig. 8. Absorption spectra of perovskite (

1:2) and perovskite/N1Cl dye films obtained

at different annealing temperatures and times.
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11 KOMIO3ULIIHUX IUIIBOK I€POBCBHKIT/
6apBHyK N1Cl, oTpuMaHMx 3a pisHMX TeMIle-
paryp (50-80 °C) ta wacy Bigmamy (5-15 xB)
JIOCITiKEHO CIIeKTPY MOIIMHAHHA Ta Qryopec-
uennil. [Ipu HaHeceHHi 6apBHMKA Ha IOBEPX-
HIO IIIBKM II€POBCHKITY, HE3al€KHO BiJj TeM-
IepaTypyu Ta 4acy Bifillajly, y CIEKTpi IOI/IN-
HaHHA CIIOCTEPIraeMo IMOCU/IEHHSA IOIIMHAHHA
B obmacti 400-650 HM (puc. 8), i3 Makcumy-
Mamu 6mm3bpko 530 Tta 580 HM, sIKe, BOYEBUD,
Bi/IIOBila€ TOIIMHAHHIO iHJOKapOoIiaHiHy
(pmc. 9). Y cepenHBO- 11 CUIBHOIIO/LIPHUX Op-

Bapsauk N1Cl

raHIYHMX PO3YMHHMKAX JOBrOXBUIbOBA CMyTa
TIOITIHAHHA iHTOKapOoliaHiHy € By3bKOI, a ii
MaKCUMYM 3HaXOAUTbCA B MexKax 540-555 HM.
Tomy 6aToxpoMHe 3MillleHHA 71 PO3LIMPEHHS
CMYTH CJIij] TOSICHUTY B3a€EMOZi€I0 XpoModopis
y TOHKI IUTiBLIi. BaToXpoMHe 3MillleHHA cMyT
normuHanHA N1Cl gae mifcraBu cTBepmKyBa-
TH, 10 CyCifHi XpoModopyu 6apBHMKA B IUIiB-
1l 3Mill[eHi OfMH BiJHOCHO OFHOro (TOOTO He
YTBOPIOIOTBCSA TaK 3BaHi caH0siu-oumepu abo >x
H-aepeeamu, pna axux ciif 6ymo 6 odikyBaTu
TiIICOXPOMHOTO 3CYBY CMYTVI IIOITITHAHHS).

Puc. 9. Cnextpu nornmHaHHA IIiBOK Ile-
poBcbKiTy (1:2), 6apBanka N1Cl ta nepos-
cbkit/6apBHUK N1Cl

Fig. 9. Absorption spectra of perovskite

[TepoBChHKIT
16 [TepoBcrkit + 6apHEK N1C1
580 M
=
1.4
=
=
M
o
1.2 1
1.0 4 A
T T T T T
300 400 500 600 700 800
A, HM

Cmyra ¢ryopecleHIil IepOBCBKITY € Io-
PIBHAHO BY3bKOIO, HECTPYKTYpPOBaHOI, 3a
¢$hopmoro Harasiye KpYBY HOPMAIbHOTO PO3IIO-
niny laycca, a ii MAKCMMyM 3HAXOOUTBHCS B 06-
nacti 795-800 HM (puc. 10). Cmyra ¢ryopec-
LIEHIIiI TIePOBCHKITY Y KOMIIO3UTHUX IITiBKaxX
i3 Hanecenum 6apBHukoM N1Cl 36epiraerbcs,
ajie il IHTEHCUBHICTb IIEpEBAXKHO 3POCTAE Ta
CIIOCTepiraerbca 3MillleHHA 1 Ha 10-20 M y
KOPOTKOXBW/IbOBY O0/IacThb CIleKTpa. Y CIIeK-
Tpax (¢IyopecueHIil KOMIIO3UTHMX IUTiIBOK
IPOCTEXYETbCA TI0SIBA CMYTM (yopeclieH-

https://ucj.org.ua

(1:2), N1Cl dye, and perovskite/N1Cl dye
films.

il ingokapboLiaHiHy 3 MaKCUMyMOM O/1U3b-
ko 610 HM Ta «maedeM» Onu3bko 660 HM.
®rnyopecnennis 6apsanka N1Cl BusBise He-
JIHIVHY 3a/I&KHICTh Bifi TeMIIEpaTypu 11 4acy
BifiITa/y: BifHOCHA iHTEHCUBHICTD Li€l CMyIu
3pocTae npu 36iIblIIeHH] TeMIIepaTypy Bifa-
ny Big 50 o 60 un 70 °C, a faji 3SMeHIIYETbCA
no 80 °C. I KoOMO3ULIIHUX IIJIIBOK II€POB-
cokit / N1Cl iHTeHCcUBHicTD cMyTU (rryopec-
LEHIIiI IEePOBCHKITY IE€PEeBaXXHO 3pOCTAE 3i
361/IpIIIEHHAM Yacy Bifmany.
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Puc. 10. Cnextpu ¢ryopeciieHuii mmiBok mepoBcbkity (1:2) Ta neposcpkit/6apsuuk N1Cl,
OTPUMAHMX 32 Pi3HUX TEMIIEPATYP Ta Yacy Bifnamy

Fig. 10. Fluorescence spectra of perovskite (1:2) and perovskite/N1Cl dye films obtained
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at different annealing temperatures and times.
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3arajioM, HasABHICTb MOPIiBHAHO iHTEHCUB-
HOI cMyru (ryopecreHuii A1 TOHKOI ITiBKI
HOTIMETVHOBOTO 6apBHUKa (He B TO/MiMepHii
MaTpMUIli) € HETUIIOBUM Pe3y/IbTaTOM, OCKi/Tb-
KM 3a3BMYail Mae Micie racinua ¢iyopec-
LIEHIIII 32 TaKMX YMOB YHAC/iIOK IIOCU/IEHHA
BHYTPIIIHbOI KOHBEPCii 3a paxXyHOK CUJIbHUX
MDKMOJIEKY/IAPHUX B3a€MOJiil. Y LIbOMY BM-
nmajKy peectpauis Quayopecenuii 6apBHM-
KiB y3TOIXKYETbCS 3 BUCHOBKOM, 3pO0/IEHUM
Ha OCHOBI ITOJIOKeHH:A I popMU BifIOBifHOT
CMYTU IIOITIMHAHHA, IIPO Te, 10 CYCifHI Xpo-
Modopu 3MilleHi OAVH BiTHOCHO OJZHOTO.

BVICHOBK/. Po3po61eH0 KOMIIO3MIIiiiHi
IJIIBKM Ha OCHOBI OpraHO-HEOPraHiYHOrO IIe-
poscbkity CH,NH_PbI, ta nonimernnosoro
6apsHuka N1Cl, orpumaHni fBoMa criocobamu:
CMHTEe30M IIePOBCHKITY 3a IIPUCYTHOCTI 6apB-
HJIKA Ta HAHECEHHAM OapBHIKA Ha IIOBEPXHIO
IIEpOBCHKITHUX IITIBOK.

JocnimkeHo BIUIMB KOHLIEHTpaIil 6apBHNU-
Ka Ha CTPYKTYPHI Ta ONTUYHI BIACTUBOCTI II/Ii-
BOK, OTPMMaHVX IIepLINM criocoboM. Metomom
POA BcTaHOB/IEHO, IO IIPM CUHTE3] 3a IpU-
CYTHOCTi 6apBHMKa € ofHOpasHUMM Ta 30epi-
raloTh neposcobkitTHy cTpykrypy CH,NH_ PbL..
Beepenns 6apsauka N1Cl He npusBoguTh 110
3MiH KPMUCTa/li4YHOI CTPYKTYpU II€POBCHKITY.
CrnexTpa/bHi [OCITPKEHHA OpPraHO-Heopra-
HiYHVIX IUTIBOK ITOKa3aJIM, 10 OJaBaHH: 6apB-
HJKa He BUK/IMKAE MTOMITHOIO IIOCK/IEHHA I10-
IJIMHAHHA Y BUJUMIi 06/1acTi, OfHaK BIUIMBA€E
Ha ITyOpecIieHTHI BIaCTUBOCTI IITiIBOK ITepOB-
cokity. Hait6inbiry iHTeHCHMBHICTD ¢ryopec-
LIEHIIII 3apeeTpoBaHO I KOMIIO3MLITHOL
IJTIBKY, OTPMMAHOI i3 BUXiJHOTO pPO3YMHY 3
KOHIleHTpallielo GapBHuKa 3 wmr/ma. [locmi-
JKEHHs CTiIKOCTi 1O ONpOoMiHeHHs (KiHeTMKY
dnyopecrieHIii) mokasanmu, 10 KOMIIO3UIIiNHI
wiiBku 3 go6aBkoro N1Cl xapakTepu3yrOThCs

https://ucj.org.ua

MIJBUILEHOI CTIKICTIO IIOPIBHAHO 3 YMCTUM
1epoBChbKiTOM. HaliBuIIy CTiIKiCTh 10 OnIpoMmi-
HEHHs IIPOJEMOHCTPYBA/IN IUIiBKM, OTPUMaHi 3
PO3UNHY 3 KOHLIEHTpallielo 6apBHUKA 3 MI/MIL.

IIpy oTpMMaHHI KOMIOSMIIIHUX IIIiBOK
IIIIXOM HaHeCeHHs OapBHMKA Ha MEPOBCHKIT
mic/g HaHeCeHHs OapBHUKA Ta IIOfAJ/IbIIOTO
TepMiuHOrOo 06pobrenHs 3a 50-80 °C xkpucra-
JiYHAa CTPYKTypa HEPOBCHKITY 3a/MIIAETHCA
He3MiHHOI0. BogHOUac y HM3BKOKYTOBIil 00-
nmacti pudpaxrorpam (15,75°) 3’ABIAIOTHCA
crmabKi JOmaTKOBI CUTHAIN, sIKi MOYKHA TIOB A-
3aTM 3 TIPUCYTHICTIO MOJEKY1T OapBHNKa Ha
IIOBEPXHi IJIiBKM.

BcranoBneno, mo HaHeCeHHA IOMIMETH-
HOBOTO 0OapBHNMKa Ha ITOBEPXHIO MEPOBCHKIT-
HIUX IUIIBOK NPU3BOANUTD [O IOCUJIEHHSA IIO-
I7IMHAaHHA Y Aianasoni 400-650 HM Ta mosABi
MaKCUMYMiB IIOITIMHAHHA iHAOKapOoliaHiny,
3MIIl[eHNX Y JOBIOXBIIbOBY OO/IACTb CIIEKTpa
(mmpm 530 Ta 580 HM) IOPIBHSAHO 3i cIeKTpaMu
N1Cl y posunnax. ¥ crexrpax ¢ryopecieH-
1[ii KOMIIO3UIITHUX IUTIBOK 36epiraerbcs xa-
pakTepHa cMyra (pryopecreHIii mepoBChKiTY,
IIPOTe CIIOCTepiraeTbcs 30i/mbIeHHs ii iHTeH-
CUBHOCTI Ta HE€3HayHe 3MillleHHA MaKCUMY-
My Ha 10-20 HM Y KOPOTKOXBI/IBOBY 00/1aCTh
cnexkTpa. KpiMm TOro, y clieKTpax peecTpyerbcs
cMyra (ryopeclieH1il I0/IiMeTMHOBOrO 6apB-
Hyuka N1Cl i3 MmakcuMmymoM 61mm3bko 610 HM i
njedeM y GinAHLi 660 HM. BcTaHOBIEHO, 110
iHTEHCMBHICTP BUIPOMIHIOBaHHs OapBHMKa
3aJIEXUTD BiJl YMOB TepMi4HOro 00pO6IEeHHA
Ta IOCATAE MAKCUMYMY 3a TeEMIIepaTyp Bijma-
ny 60-70 °C, Tofi K mojablile MifIBUIIEHH
temneparypu 1o 80 °C mpuBoguUTb 1O ii 3MeH-
meHHA. 14 KOMO3SULIMHUX IUIBOK IIEpOB-
cpkit/ N1Cl inTeHcuBHicTD cmyrn dryopec-
LEHIII IEePOBCHKITY IIE€PEeBa)XXHO 3pOCTAE 3i
30i/bIIeHHAM 30i/IbIIIEHHA Yacy Bifmmay.
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HETAJIIBALIIA BKJIALlY ABTOPIB Y
III/ITOTOBLI PYKOITHUCY. ABTopu poboTu
3po6WIN PiBHOSHAYHUII BHECOK Y PO3pOO/IeH-
HS KOHIIENIIiI Ta [u3aiiHy KOCTimKeHH, 36ip,
cucreMaTusallilo, aHajai3 Ta iHTepIpeTaliio
OTPUMAHMX JIJaHUX. ABTOpU Opany y4acTb y
IiZTOTOBLI, pefJjaryBaHHi Ta JOOIpallOBaHHI
CTaTTi. YCi aBTOPM O3HAVIOMU/INICA 3 PE3YIlb-
TaTaMM JOC/IZPKEHH Ta CXBa/IU/IU OCTaTOYHY
BEPCilo CTaTTI.

KOH®JIIKT IHTEPECIB. ABTOpu 3asABis-
I0Tb IIPO BiZICYyTHICTh KOHQJIIKTY iHTepeciB.

= [IO/JFIKA. Pob6oTy BUKOHaHO 3a mif-
tpuMkn HAH VYkpaimm B pamkax Ha-
YKOBO-JOCTiFHOL pobotu BimomMyoro
3amoBneHHA Bipginennsa ximii HAH Ykpainn
«CuHres, 6ymoBa i B1aCTMBOCTi HOBIX KOMIIO-
3UILITHMX CUCTEM Ha OCHOBI OKCUJJHUX CTPYK-
TYp I cucTeM 6esnpoigHoro 3B’s13Ky (5G),
reHepyBaHHs i 30epiraHHs eHeprii, MeguIiu-
Hu»/«Snthesis, structure, and properties of new
composite systems based on oxide structures
for wireless communication systems (5G),
energy generation and storage, medicine», pe-
ectpanitanit Homep Ne 0123U100493).

I
FUNCTIONAL COMPOSITE MATERIALS BASED

ON PEROVSKITES AND POLYMETHINE DYES
FOR SOLAR ENERGY.

P.V. Torchyniuk™, A.V. Kulinich?,
O.1.V’yunov', A.G. Belous'

'V.I. Vernadsky Institute of General

and Inorganic Chemistry

of National Academy of Sciences of Ukraine,
32/34 Acad. Palladina ave., 03142 Kyiv, Ukraine
*Institute of Organic Chemistry of National
Academy of Sciences of Ukraine,

5 Akademika Kukharya str., 02094 Kyiv,
Ukraine

* e-mail: pasha.torchyniuk@gmail.com

The structural and optical properties of
composite films based on organic-inorganic
perovskite CH,NH_PbI, and polymethine dye
N1Cl (indocarbocyanine chloride) were inves-
tigated. Composite materials were obtained by
two approaches: synthesis of perovskite in the
presence of a dye in a precursor solution and
modification of preformed perovskite films by
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applying a dye to their surface.

The structure of the obtained materials was
investigated using X-ray diffraction analysis.
It was found that the addition of a polyme-
thine dye does not lead to a change in the crys-
tal structure of perovskite. The addition of a
polymethine dye directly to the initial solution
of perovskite precursors does not increase the
absorption in the visible spectrum for compos-
ite films. The optimal concentration of the dye
in the initial solution, at which the maximum
fluorescence intensity and photostability of the
films are achieved, is 3 mg/ml.

In contrast, the application of the dye to the
surface of the perovskite films led to an increase
in absorption in the range from 400 to 650 nm,
with peaks around 530 nm and 580 nm, which
corresponds to the spectral characteristics of
indocarbocyanine. In addition, the fluores-
cence spectra of the composite films showed a
shift of the perovskite fluorescence maximum
from approximately 800 nm to 780-790 nm.
The dye fluorescence bands appeared in the
range of 600-660 nm. It was found that the
composite films are characterized by signifi-
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cantly higher photostability compared to pure
perovskite. It was shown that the fluorescence
intensity of the dye depends on the heat treat-
ment conditions: its maximum values are ob-
served at annealing temperatures of 60-70 °C,
while a further increase in temperature to 80 °C
leads to a decrease in the emission intensity. In
addition, for perovskite/N1Cl composite films,
the fluorescence intensity of perovskite usually
increases with annealing time.

Keywords: organic-inorganic perovskite,
polymethine dyes, composite materials, optical
properties.
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