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BJIACTUBOCTI TA NEPCNEKTUBW BUKOPUCTAHHSA

EJIEKTPOXPOMHUX MATEPIAJIIB

C. C. ®omantoxk, B. O. Cminux, I. A. Konbacos, 1. A. Pyceyvkuii, M. O. [Janinos

Incmumym 3azanvroi ma Heopeaniunoi ximii im. B. I. Bepnadcvkozo HAH Ykpainu,
npocn. Axademixa Ilannadina, 32/34, Kuie 03142, Yxpaina
e-mail: VitaliySmilyk@i.ua

B ornazi posrnsaHyTO ABUILE €IEKTPOXPOMi3MY, HABEIEHO OCHOBHI XapaKTEPUCTUKY €/IeKT-
POXPOMHUX MaTepiasiB, Taki sIK cieKTpanbHa eeKTUBHICTD Ta BUAKOAIs. [Tokazano 0co6-
JMBOCTI IXHPOTO OTPMMAaHHS, BIUIMB METOAVK CHTE3Y Ta JIOMIIIIOK Ha €/IEKTPOXPOMHI Xapak-
TEPUCTUKN. 3 BEIMKOI KiZIbKOCTI €IEKTPOXPOMHIX MaTepialiB PO3ITIAHYTO OKCUN JEAKUX
MepexiJHNX MeTaJliB, B AKUX CIIOCTEPIraloTbCA 3MiHM OKMCHO-BIJHOBHMX CTaHIB MiX p- Ta
d-migpiBusamu. e okcuau W, Ni, Nb, V, koxeH 3 AK1X Mae cBOI 0COOMMBI eIeKTPOXPOMHI
BIACTUBOCTI. Hanpukias, 3a paxyHOK IIBUIKOL iHT€PKa/IALII IiJ] Ii€10 €IeKTPUYHOTO IO
IIPOTOHIB Ta iOHIB JITiI0 TPUOKCHUJ BOMbPPaMy BBAXKAETbCA HANOINMBLI MepCHeKTVBHUM
MaTepiaZioM, AKUI BXX€ BMKOPMCTOBYIOTb y CMapTCKJIi Ta CEHCOpax BOAHIO. Martepianu Ha
OCHOBI OKCUJY HiKe/TI0 BOIOJIIOTh AaHO[JHUM €TIeKTPOXPOMHMM e(eKTOM, sIKi MOXKHA BUKO-
PUCTOBYBATH B Iapi 3 KATOGHMMM €IEKTPOXPOMHMMY MaTepianmamy, CXOXXUMU 10 KOIbOPY
3abapB/IeHHs, TaKMMM SIK OKCUAM HioOito Ta BaHafito. Okcuy HioOir0 1jikaBMiT MeXaHIYHOO
CTIMKiCTIO IUIiBOK Ta CIIEKTPa/IbHIMM XapaKTePUCTUKAMM, OCHOBHA e(DeKTUBHICTD €IeKTPO-
XPOMHOTO 3abapB/IeHHA AKVX IPUIIAZIA€ HA BUAUMY 00/1acTb. /11 OKCMIHUX CIIOTYK BaHa-
[il0 CIIOCTEpIraeTbcs MOENHAHHA TEPMOXPOMHMX Ta €1€KTPOXPOMHUX BIaCTUBOCTEN, 1O
Jla€ 3MOTy KepyBaTy IXHIM ITOI/IMHAHHAM 3a/IEKHO Bifi Temneparypu. 11 BmacTuBicTh 1iika-
Ba JUI1 CTBOPEHHSA TEPMOONTNYHUX KaMy(IIOI04MX IPUCTPOIB BilICbKOBOTO Ta LIMBiIbLHOTO
BMKOPUCTAHHA. 3 OPTaHIYHUX €IEKTPOXPOMHIX MaTepiajliB BUII/IEHO MaTepiaiy Ha OCHOBI
nonitiopeny, nomiaHininy Ta QpranoniaHiHOBMX KOMIUIEKCiB Mifii Ta Hikemo. 1]i marepiamm
BOJIOJIIOTh MY/IBTUXPOMHMMM B/IACTUBOCTAMU 3aJIEKHO Bif| IPUK/IAZEHOrO ITOTEHIlialy Ta
MAalOTh BUCOKY e(peKTUBHICTb eIeKTPOXPOMHOrO eeKTY 3a PaxyHOK BY3bKOI CIIEKTPaIbHOI
00s1acTi OI/IMHAHHS.

Knro4oBi cnoBa: e1eKTpoxpoMi3M, XpOMOT€HHI MaTepiani, iIHTepKaAllid, eIeKTPOXpoM-
Ha e(DeKTUBHICTD
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BCTVYII. 'Y npoMy OIIAMli POSIIAHYTO HUS3-
Ky IEpPCIEeKTUBHUX €IeKTPOXPOMHMX MaTe-
pianmiB, ixHi mepeBaru, cdepu 3acTOCYBaHHS
Ta JedAKi HampsAMKM MayOyTHIX poO3poOOK.
[IopiBHIOIOTbCA €IEKTPOXPOMHI  BIaCTUBO-
CTi TaKMX MaTepiaiB, AK OKCUIU IePeXifHnUX
MeTastiB, (TajoliaHiHOBI KOMITTIEKCH HeAKUX
MeTaJIiB, MoxifgHi nomitiodeny ta noiaxininy.

XpowmorenHi Matepianu [1] (To6To Taki Ma-
Tepiany, AKi BONOLIIOTH €1eKTPOXPOMHUMIU,
¢dboToxpoMHMMM a00 TEPMOXPOMHMMU BJIAC-
TUBOCTSAMN), Ha CbOTOfIHI aKTya/bHi JI/Is BU-
KOPUCTaHHA B Trajaysi eJIeKTPOHiKM, MarTepia-
JIO3HABCTBA, a/IbTEPHATUBHOI €HepreTUKy [2].

OpHMM i3 NepcHneKTMBHUX HAINPAMKIB IIO-
JA/IbIIOrO PO3BUTKY XPOMOTEHHMX Marepia-
NiB € JOCIIIP)KEHHA eIeKTPOXPOMHUX BIaCTH-
BOCTEl IUTIBOK OPraHiYHMX Ta HEOPraHIYHMX
PEYOBYH, TaKMX K OKCUIV MeTasiB, OapBHU-
K1, TIOJIiMepH Ta q)TaHOHiaHiHOBi KOMITJIEKCH.
EnexTpoxpoMisMOM Ha3MBAOTh SABMILE 3BO-
POTHOI 3MiHM ONTUYHUX BIACTUBOCTEN MaTe-
piany (cIleKTpy CBiTIOIpPOIYCKaHHSA) Mif Hi€k0
€IeKTPUYHOTO No/IsA. EnekTpoxpomumit eext
IIOB’I3aHMIT 3 iH)KEKIi€l0 e/IeKTPOHiB Ta iH-
TepKa/IALi€l0 KaTioHiB (BOJHIO, Ty>KHIX MeTa-
JTiB) IIifT Ji€10 eJIEKTPUYHOTO MO/ Y KOHTAKTI
3 efneKTposiToM (puc. 1).

EmexTpomiT

Puc. 1. IIpyHunIoBa cxema €IeKTpo-
XPOMHOTO IIPUCTPOIO, Jie:

1- ckJ10;

2 — mpos3opuii 1ap, U0 IPOBOAUTH

CTPyM;
3 — e/IeKTpOXpOMHA II/TiBKa.

Fig. 1. Schematic diagram of an electro-
chromic device, where:

1- Glass;

2 — A transparent layer that conducts

/ s 1y
BukopucraHHsa €neKTPOXPOMHMX IIIiBOK

€ aKTya/IbHUM 3 METOI0 pO3pOO/IeHHA Tex-
HOJIOTi/1 BUTOTOBJIEHHA TAKMX IPUCTPOIB, AK

current;
3 — Electrochromic float.

1/
«pO3yMHe» CKJIO 1 «pO3YyMHMII» IAIlip, THYYKi
[uCIel, CYIIepKOHIEHCATOPU 1 TOHKOIIIBKO-
Bi cencopu [3] (puc. 2).

EnexrpoxpomHi MaTepiann

"Posymue" ckno  CymepkoHaeHCATOpH TOHKOTLTIBKOBI CEHCOPH THYYK1 JUCTIICT

Puc. 2. BukopucTaHHA €1eKTpOXPOMHMX MaTepiaiB
Fig. 2. Use of electrochromic materials.

4 ISSN 2708-129X. VKp. Xim. XypH., 2024
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Ha cporopHi BioMo, 1110 €1EKTPOXPOMHUMI Y PisHMUX IpucTpoAx. Ha cporopgHi Bxe Bifio-
BJIACTVBOCTAMM BOJIOJi€ HM3KA OPraHiYHMX Ta Mi IPUKIALM IPAKTUYHOTO BUKOPUCTAHHA
HeOpraHiYHMX MaTtepiasiB. Bci eIeKTpOXpOMHiI  €1eKTpOXPOMHMX MaTepiajiB y AUCIUIEAX Ta
Marepiany MOAUIAIOTh Ha TPU TUIIN: Iepumii  iHpopManitHNX Tabmo, Ta30BUX CEHCOpPax Ta
TUII — i€ Ti, AKi 3MIiHIOIOTb CBill KOMip, 3Ha- ONTUYHMX MoAynATopax. Komepuniamisania
XOfIIYNICh B PO3YMHEHOMY CTaHi, Hanpuknaf, EC-mucneiB nmovanaca e gaBHo. Y 1970-x
MeTW/IBIOJIOTeH; PYIuUil TUII BK/IIOYa€ MaTe- poKax jociigHi mabopatopii Philips nmosimo-
pianmu, AKi 3a paXyHOK IIEpEHOCY €IeKTpPOHa MWIM PO IEPIINil IPOCTUI MOHOXPOMHMUN
NOYMHAIOTh YTBOPIOBATY HA €leKTpoxi TBepai mpororun EX-umdposoro gucries Ha OCHOBI
3abapByieHi MPORyKTH (TeNTUIBIONIOTeH); Tpe- TeNTWI BIiOJIOTeHY, AKMII Ma€ BVICOKi ITOKa3-
Till TUII — Ile MaTepiany, IKi HAHECEHO Ha eJIeK- HUKM CTPOKY eKcruryaranii (monapg 10° mmk-
TPOJ, Y BUITIALI TBEPAUX IIIBOK i 3MIHIOIOTH miB). YcminrHa IeMOHCTpaLis I[bOTO JAVICIUIEsS
BOHM CBill KOMip 3aBISKM €eKTPOHHO-OH- 3HAaYHO CTUMY/IIOBaja ITI006QIbHUII iHTepec
HUM TIpolecaM B IXHbOMY 06’eMi, 30KpeMa, mo marepianis EC Ta nmpuckopmia Bifmosigui
ITiBKM OKCUJiB mepeximuux MmetaniB. Enex- HJJJKP Ta xomeprianizamito [8].

TPOXPOMHI MaTepiasyu TPeTbOro TUILY 3a/IeXK- Ha cporopHi po3po6ieHo TexHoorii BUro-
HO BiJ} IIEPEHOCY €IeKTPOHA B TOI Y IHIIMII TOBJIEHHA TBEPAOTIIPHUX IIIBKOBUX MaTepia-
6iK IIOAi/ISIOTh, CBOEIO YeProlo, Ha /1Bi OCHOBHI  /1iB Ha OCHOBI nosiTiodeHiB okcuaiB Ta 6aps-
KaTeropii, a caMe Ha KaTOIHi Ta aHOAHI [4, 5]. HUKIB, e eeKTPONT 3aMiHEHO Ha IOIiMepu
KaropHi enekTpoxpomui MaTepiany 3MiHIOI0Th  Ta ioHHI pigmuu. Leit xix no3Bonms 1mo36y-
KOMip 3a paXxyHOK 3O0BHIIIHbOI NOMAPU3ALI TUCA OCHOBHOIO HEJOJIKY €1eKTPOXPOMHUX
KaToJly, Ha AKMII IX HaHeCEeHO. AHOJHI )X, Ha- MaTepialiB — repMeTnsallii e1eKTpoiTy. Ane
BIIaKJ, — 32 PaXyHOK NOJApU3Allil aHOAY, [T0- 4YaC CIpAIlOBaHHSA OOMEXeHWI NIBUKICTIO
KPUTOTO IIApOM Takoro Matepiamy [4]. Enek- enexkrpoxiMivyHmx peakuiit (He menmre 1-2 c),
TPOXPOMiI3MOM BOJIOAIIOTh Mal>Ke BCl OKCUIM 1[0 JO3BOJIAE BUKOPMCTOBYBATY TaKi MaTepia-
MeTasiB. Ajle HailOinbII eeKTBHUMY HEOp- JIM I/IS eJIEKTPOHHMX KHUI, IPo30pux iHdop-
TaHIYHVMMU e/IeKTPOXPOMHMMM MaTepiasamMy ManiifHuxX tabmo [9] Ta y cMapTBikHax B aBTO,
€ OKCUJIU IIepeXiIHNX MeTaJIiB, B AIKMX CIIOCTe- JTiTakax Ta OygumHkax [10]. OcHOoBHa IxHA ITe-
piraroTh 3MiHM OKMCHO-BiJHOBHUX CTAaHIB MDK peBara — ILie HIU3bKe €HEPrOCIIOXMBAaHHA Ta
p- ta d-migpiBasimu [6]. Oxcuau Ti, Nb, Mo, BifHOCHO HpOCTa TEXHOJOTis BUTOTOBJIEHHS.
Ta, W (ax mpaBmno, rpyna VI-B) € okcupga- Marepianu 3 e1eKTpOXpOMHMMM B/IACTUBOC-
MU KaTOJHOro enekrpoxpomismy; Ce, Mn, Fe, TAMU Tako)X BUKOPUCTOBYIOTH i /I ra30BUX
Co, Ir, Rb i Ni (rpyma VIII) - okcuam anon-  cencopis — Boguio, NO,, NO, NH,, HS [11-
HOTO e/leKTpoxpoMisMy. BaHapiit mpossiae 13]. Takox iHTEHCHMBHO Jifie po3pOo6IeHHS Ma-
IIPOMDXKHI BTACTUBOCTI, 3aJIEXKHO BiJl CTYIIEHIO  TepiasliB 3 e1eKTPOXPOMHUMM BJIaCTUBOCTAMMU
OKIC/IeHHS BiH MOXe 6yTM AK KaTOOHUM, TaK JJId BiMICbKOBMUX Ilifieii. A came KaMy(l)}'IH)KHI/[X
i aHOIHVM €IeKTPOXPOMHMM MaTepiajioM [7]. TKaHMH Ta CKIa I aalTMBHOTO MacKy-

Y 3asHaueHOMy OIZIAAI MM pO3IVIAHEMO BaHHA 3a Bupgumoro [14] ta IY-ocBiTneHHs.
B/IACTMBOCTI JIEAKNX €eKTPOXPOMHUX MaTe- IXHS SJJaTHICTH [0 TePMOPETYIALii MOXKHA
pianiB, AKi IEPCIEKTUBHI /I/I1 BUKOPUCTAHHA BUKOPUCTATU IJIA TraciHHA pil IY-merekTopis,

https://ucj.org.ua o
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BiJICBKOBOIO QalalITUBHOTO MACKYBaHHA Ta
MOAY/IALIl  BUIIPOMIHIOBAaJIbHOI  3aTHOCTI
KOCMiuHMX amaparib. [lif wac nommpeHHA
[Y-cBitna B atmocdepi IY-curnan Bifg 06’exty
B CepeHbOXBIIbOBIN iH(padepBOHiil [i/AH-
i (MWIR) (3-5 MKM) IOT/IMHATUME €IeKTPO-
XpOMHMIT MaTepiasn i BiH He Oype BifpisHATHUCA
Bifi curHany armocdepnoro ¢ony [15].
TPHUOKCHU]T BOJIbOPAMY (WO,). Tumo-
BJ/M TIPUK/IA[JOM €IeKTPOXPOMHMX Marepia-
JIiB Ha OCHOBI OKCUJIB IIepeXiJHUX MeTaJliB
€ Tpuokcupg Bonbdpamy [6]. IlopiBHAHO 3
IPUCTPOAMY, 3aCHOBAaHMMM Ha IiHIIMX He-
OpPraHiYHMX €IEeKTPOXPOMHMX Marepiasax,
€JIEKTPOXPOMHI IIPUCTPOI Ha OCHOBI TPUOKCH-
Iy Bonb(dpamy, 3a3BUYAll, BOTOAIIOTH OinbLI
HIBMKVM 49aCOM CIIPAallIOBAHHA 3a 3MiHM Ha-
npyru i 6inpioo edekTBHICTIO 3abapBiieH-
Hsa [16]. Tonki moxpurrs Bonbdpamaris Me-
Ta/liB TaKOXX BOJOJIIOTH €IEKTPOXPOMHUMMU
BJIACTUBOCTAMU, AKi aHAJOriYHi B/IACTUBOC-
TAM aMOPQHMX TOHKUX IIOKPUTTIB TPUOKCHU-
Iy Bonb(dpamy, ajne 3 JOZATKOBUMM CMYTaMu
MIOI/IMHAHHSA CBiT/ma [16]. Bucoki mokasHukm
€JIEKTPOXPOMi3MY Ta BiTHOCHO IIPOCTi CIIOCO-
O OTpUMAaHHSA TPUOKCUAY BONbdpaMy JaOTh
JIOMY 3Ha4YHY IlepeBary Hajj iHIIMMU eJIEKTPO-
XpPOMHMMM OKcujamu. PisHuns B onTmyHux
B/IACTUBOCTAX TPUOKCUZY BONbpamy 3aje-
KUTb TIIbKM Bifi itoro cTpykrypu. Tak, mo-
TKPUCTAYHUI OKCUJ, BONb(pamy BOIOfi€
BUCOKMM KoeillieHTOM BimOMBaHHA CBiT/Ia
(ocobmuBo B OmyoKHIiNN iHdpadepBoHiT 06-
JMacTi), TORI AK aMOpQHMIT OKCHJ, BOIbppamy
617bII MOIIMHAE CBITIO, HIXK BigOMBA€E JOrO
[17, 18]. 3abapBieHHs Ta HACTYIHe 3HeOapB-
JIEHHSI TITiBOK WO3 3MiICHIOETbCSA 3aBIsIKU
npolecaM IMOJBIHOI iHXXeKIii e/lIeKTPOHiB
Ta ioHiB B 00’eM 1iBKM [6]. Pesynbrar Takoi
noziBiitHOI iHXKekIil — 3MiHa Kombopy 3abaps-

nennsa WO, Bif mpo3oporo g0 TeMHO-CUHbO-
TO 3aBJAKV YTBOPEHHIO HECTEXiOMETPUYHUX
CIIOTYK TUIY BOZHEBO-BONIb(PaMOBIUX OPOHS3.
Kinnesi W=0 a60 mictkoBi W—0O—W 3B’s13-
KU aTOMiB BO/IbQpaMy 3 KICHEM YacTKOBO
0OpMBAIOTHCS 32 PaXYHOK YTBOPEHHsI KIICHEM
3B’A3KiB 3 ioHamMM BOOHIO 4M MeTaaiB [19].
EnexrpoximMiyHy peakiilo LbOro Ipouecy
MpeICTaB/IEHO TaK:

WO, + xM* + xe- & M WO, (1)

Posmip ioniB M* BnimBae Ha HIBUJKICTb
ixupol mudysii B 00’eM IUIIBOK TPUOKCUZY
BOIbpamMy; 30i/IblIIeHHS Be/IMYVHM LMX iOHIB
HIpU3BOAUTD [0 CHOBiNbHeHHs andysil i sk
HAC/IIOK, — O 3MeHIIeHHs mBuaKomii [20].
Koedinient audysii cunpHO mNOB'A3aHMil 3
oynosoro mpomapkis WO,. Hyraii Ta in. [21]
HOBiTOM/IAIOTD, IO KoedimieHT amdysii mi-
Tito 36inpInyerscs Big 3-107" go 1,5-107° mpu
3MeHIeHH] rycTunu npomapky WO, 3 5,8 1o
3,38 r/cM®. I TOHKMX IUIIBOK, IO MICTSTh
TifpPOKCU/IBbHI TPymM i BOLY, MOXYTb OyTH
BiIXMJIEHHA Bil CcTeXioMeTpil, 11O 3HAYHOIO
Mipolo IO3HAYa€ThCs Ha iXHiN ryctuHi [22].
Orpumanna WO, safiaHoi TyCTMHM Ta CTPYyK-
TYpU IIOBHICTIO 3a/IKNUTD Bifl METOAy Ta Ma-
paMeTpiB OCa/PKEHHS IUIIBOK IIbOTO OKCHUZAY.
BnactuBoCTi TaKMX €1€KTpOXPOMHUX IIIIBOK
OyRYTb Biffpi3HATNICA 3a/IeKHO Bij MeTORY iX-
HBOT'O OTPVMAHHS Ta MOAA/IBIIOr0 06pOO/IeH-
HA [6]. EnexTpoxpomHi IUIiBKM TpUOKCULY
BO/Mb(dpaMy MOXKHA OTPUMATM Pi3HMMU Me-
Tofamu [23, 24], TakMMM AK BUIIAPOBYBAHHSA
[25], posnmenns [26], ximiuHe BUIIapOByBaH-
HA [27] 3o0mb-renp-nepexonoMm [20]. 3aranom
iX mopinsA0Th Ha QisnuHi Ta Ximivni. [panaBic
y CBOEMY OIVIAZI NOBIIOM/IAE [EeTaabHO PO
BCi BiJOMI METOAM OTPUMMAHHA TPUOKCULY
Bonbppamy [22]. KoxeH MeTon OTpUMaHHSA

ISSN 2708-129X. VKp. Xim. XypH., 2024



YXX Ne 5 / TOM 90

C. C. domaniok, B. 0. Cminuk, I'. 1. Konbacos, I. A. Pyceubkuit, M. 0. [laninos

Ma€ CBOI IepeBary Ta HEJOIKY, ajie 3arajioM
TPUOKCUZ Bonbppamy amMopdHOi CTPyKTy-
pu 31 BMICTOM BOAu Mae MBKUAKOAI0 2-10 ¢
Ta epexTuBHIcTh Bifg 50-120 cM*/Ki 3amex-
HO Bil MeTOfly OTpuMaHHA [22]. BisyanpHmi,
a0 amapaTHNUIT MOHITOPVHT BOJHIO ITIBKaMM
WO, € TakoX BOX/IMBUM 3aBAHHAM Iep-
CIIEKTMBHOIO BUKOPUCTaHHA €1eKTPOXPOM-
Hux okcupis. Tak, Hampukman, wiisku WO,,
IIOKPUTI TOHKMM KaTa/JiTMYHO aKTMBHYUM IIa-
POM IUIaTMHMY, 32 il MOJIEKY/IIPHOTO BOJHIO
HaOyBalOTh CMHBOTO 3a0apB/IeHHs, IHTEHCUB-
HICTb AKOTO B/3HAYa€ KOHI[EHTPallisA BOJHIO B
ragosiit cymimi. IIpyu KoHTakTi 3 Karamisaro-
poM, HaHeceHUM Ha noBepxHi0 miiBku WO,,
mornekyna H, nucorniroe na mporonu. Hait-
qacTime /i1 i€l MeTU BUKOPUCTOBYIOTD TaKi
KaTaJIiTMYHO aKTMBHI Marepiann, AK IVIaTMHA
i mamapiit. ITogibHO KO MexaHi3My eneKTpo-
XpOMHOTO e(eKTy, I XeMiXpOMHa peakIlis
000pOTHA, TOMYy IO 3a il KMCHIO Ha IUTiB-
xky WO,/Pt atomn WV oxucmoorbest o W
i BoHa 3HOBY cTae mposoporo. JlabopaTopHi
BUIIPOOYBaHHS Ta30XPOMHUX IUTIBOK OKCUIY
BonbGpamy, npefcTasieHi y [28], mokasanmy,
110 36i/bLIIEHHS BMICTY BOZHIO B OBIiTpi IIpu-
3BOJUTD JJO IIBN/IIIOTO BCTAHOB/IEHHA PiBHO-
Bary peaklill BiflHOBJIEHHS BOJHEM IUIiBKU
WO,/Pt. llpu 1pomy 9YyTIMBICTH IUIBKU B
mexxax 0-10 06. % BOfgHIO B MOBITpi Bifmo-
Biflae BUOyXOHeOe3NeYHOMY BMICTY LbOTO
rasy > 4 06.%. TakuM 4MHOM IIOKa3aHO, IO
TPUOKCUT, BONMbPpPaMy 3 ILIMPOKOI CMYTOIO
normmHaHHA B [Y-006/1acTi Ta BUCOKOO IIBUJ-
KOZIi€EI0 € TepCIeKTVBHUM MaTepiajioM i
BMKOPVCTAaHHA B CMapTBiKHaX, ra30BUX CEH-
cOpax Ta ONTUYHUX MOJY/IATOpax cBitia [22].

OKCH/ HIKEJIKO (NiO). Oxcup HiKeno —
1le aHOJHUI €IEKTPOXPOMHUII MaTepian 3-To
tuiry. NiO 3BOPOTHO 3a0apBIIIOETHCS Y KOPUY-
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HeBUI1 KOJIip 3a aHOAHOI nonsapusanii. Okcup
HIKEJII0 JOLII/IbHO BUKOPUCTOBYBAT! Pa3oM i3
KaTONHUMM €/IEKTPOXPOMHVMM MaTepianamu,
TaKUMM K OKCUAY HioOilo 4y Bonbgpamy.
[Tpouecu 3abapBeHHS OKCHUAY Hikemo Bifoy-
BAIOTbCA SK 3a PaXYHOK 3BOPOTHOI iHTepKaJiA-
1il TPOTOHIB, TaK i NigPOKCMIBHMX TPy [29].
[Tporiecu 3BOpOTHOrO 3abapBiieHHS MOXKHA
omnycaTyl piBHAHHAMHA 2-5:

Ni(OH), & NiO(OH) + H* + e ; (2)
Ni(OH), + OH- & NiO(OH) + H,O +e; (3)
NiO + OH™ & NiO(OH) + e ; (4)
NiO + H O & NiO(OH) + H* + e7, (5)

ne NiO(OH) - oxmcnena ¢popma OKCUAY Hi-
KeJIlo, 110 3abapBjieHa B TEMHO-KOPWYHEBMII
xonip, a NiO a6o Ni(OH), - BinnoBnena ¢op-
Ma, fIKa Ma€ Mpo3opuil abo CBIiTIO-3emeHmit
komip. Okcupi HiKemo 3BOPOTHO 3abapBiiio-
€TbCA B IY)KHUX BOJHMX PO34YMHAX Ta HEBOJ-
HUX €JIEKTPOJIITAX, IO MICTATh iOHM JIiTiIO
a60 iHmmX pifkozemenbHux MeTasiB [6]. NiO
OTPMMYIOTb 0OaraTbMa MeTOflAMM, 3arajioM
ix MoxHa posfinuty Ha ¢isnyHi, XimMiuHi Ta
efleKTpoxiMiuHi. KokeH i3 MeTofjiB oTpuMaH-
HA BIUIMBAE Ha IIPOL[€CY OpraHisalii CTpyKTy-
P¥ IUTiBKY, 110 CK/TAIAETHCS 3 O/IOKIB NiO, sk
OKpeMIUX KacTepis ii 6ymosu [6]. Haibinbm
MOIIVPEHI METOAM OTPMMAHHSA OKCUIY HiKe-
0 — Ile HalWIeHHA a00 BUIIAPOBYBAaHHA B
PO3pIIKEHOMY 4 iHEPTHOMY Ta30BOMY cCe-
pemoBumii. Ik Marepial HaHeCEHHA BUKO-
PUCTOBYIOTh IIOPOLIOK a00 Tab/IeTKy OKCUAY
HIKeI0 AK BUXIJHOTO Marepiaiy, 1[0 B yMO-
BaX PO3PIMKEHHA INEPEXOAUTb Yy PIIKUI YK
rasonogiouuit cran. OKcu HiKeso, sK i iHImi
TOHKI IUIIBKM, HallWJIAKOTDH Y BaKyyMi Marse-
tpoHHuM DC- Ta RF-Hammnenuam. Bnepue
IUVIBKY OKCUIY HiKe/lo Hanmi B 1986 poi
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PEaKTUBHMM MarHETPOHHUM HaNMJIEHHAM
[30]. ITniBky, orpumani DC- ta RF-marseTpo-
HHYM HaIlMJIEHHAM, MalOTh IOMIKPUCTATIYHY
CTPYKTYpPY 3 pO3MipaMu KpUCTajiB Bij 3 1o
150 HM 3a7e)XHO Bifi yMOB HamwleHHsS [31].
Taka cTpykTypa OTpMMaHMX IUTiBOK IIPU3BO-
IUATH O HEIIOBHOTO IXHBOTO 3HeOapB/IeHHS 3a
€/IeEKTPOXPOMHOIO LMK/IIOBaHHA. [Ina Bupi-
IIeHHS LIi€l mpobmemy, 110 OB A3aHa 3i cmab-
KOI0 TIPOBIJIHICTIO €/IeKTPOHIB, aBTOpK pobo-

u [32] mpoBopw/IM HAaNMIEHHS OKCUAY Hike-
JII0 pa3oM i3 HEBENMKUMM JOMIIIKaMy OKCUY
MAarHi Ta ajaoMiHio. Ha efekTpoxpoMHi Bia-
CTMBOCTI, @ 0COONMMBO Ha Yac BiATYKY, BIUIN-
BAIOTh TaKOX fedeKTH IUTiBOK. BcTaHOBIIEHO,
10 30i/MbIIeHHA KiNbKOCTi HedekTiB Ta posi-
pBaHMX XiMiUYHUX 3B’A3KiB KUCHIO 3 HiKe/eM
y HammneHux miBkax NiO npussoguth o
IIPUCKOPEHHA IPOLIECIB iHTepKanALil Ta fe-
iHTepkanALii TpoToHiB B 06’eM miBku [33].
Hanecennsa HesHa4HOI KiJIbKOCTiI METa/IeBOTO
HIKEJI0 Ha MifKIagKy MozndikoBaHOTrO iH-
Ii€EM HIOKCHAY OJIOBA TaKOX CIpUAE IiJBU-
LIEHHIO €/IeKTPOXPOMHOI WIBUIKOZII IIpolie-
CiB 3a PaXyHOK BK/IVMHEHHA MeTa/eBNX ¢par-
MEHTIB y IUTIBKY Ta IPUCKOPEHHA LIYIM CaMMUM
IIPOLIECIB  €/IEKTPOXIMIYHOIO OKMCHEHHA Ta
BigHOBNeHHs [34]. 3arajoMm aBTOpM po6OTH
[30] Bif3HAYaOTh BUCOKUII CTPOK CIIyXOU
IVIIBOK, OTPMMAHMX METOflaMM HaIlMJIEHHH,
1[0 CTAaHOBUTDb O/M3bKO 2-10* 1uK/IiB 3abapB-
NeHHA — 3HeOappjeHH:A. llikaBMM KpoKoM €
CUHTE3 3a/IaHOI CTPYKTYPU TiJPOKCUIY HiKe-
10, IO BM3HAYAETbCA YMOBAaMI CUMHTE3y Ta
crierjianbHuMu fob6aBkamu. Lli mii cripusioTs
YTBOPEHHIO IOABIHOI CTPYKTYPU TiPOKCU-
Iy HIKeNM0 3 OKCUjaMy KoOasbTy, alioMiHiio,
Mizii Ta 6araTbMa iHIIMMUY, KA CHPUSIE MOSBI
HOBUX KOJIbOPiB €/IeKTPOXPOMHOrO 3abapBs-
JIEHHS, IMiIBUIEHHIO WIBUJKOJII Ta €1eKTpPo-

xpoMHoi edexktuBHOCTI [35]. Kpim enmexTpo-
XPOMHMX BJIACTMBOCTEN, IUIBKU Ti[pOKCU-
Iy HiKelII0 TaKOXX BOJIOMIIOTH XEeMIXpOMHUM
edexrom B arMocdepi xmopy. [Tniska Ni(OH),
caMa II0 cobi He MOXKe B3aEMOJIATU i3 XJIO-
POM, OCKiZIbKM 1A 11 3abapB/IeHH: i mofab-
HIOTO BUKOPMCTAaHHA K 9YTIMBOIO [0 XJIOPY
e/IeMEeHTa OITUYHOIO Ta3oBOr0 CEHCOopa, il
HOTPiOHO JTy)KHe CepefoBUILe Ha IOBEpPXHI.
[TpucyTHICTDh Ha MOBEPXHi TY>KHOTO PO3YMHY
Jla€ MOK/IMBICTb IIPOXO/>)KEHHIO OKJMCHO-BiJ-
HOBHMX peakliiil, B pe3y/nbTaTi AKUX ITIOKPUT-
14 Ni(OH), 3a6apBmioeTbcs B TeMHO-KOPUY-
HEBUII KOJMIp IpY KOHTAKTI 3 XJIOpOM, AKMUIA
3a CBO€EI0 IIPUPOJOI0 € CUIbHUM OKVCHUKOM.
Y pesynbraTi ciocTepiraéMo 3MeHILEHHSA Be-
JIVYVHA IHTEHCUBHOCTI IIPOIYIIEHOrO CBiT/Ia.
3i 36i/1bIIeHHAM BMICTY XJIOPY B HOBITpi IIIiB-
Ka iHTeHCUBHillle 3a6apBIIOETHCS, 110 O3BO-
JIsiE BU3HAYATH BMICT XJI0pY B HOBITpi [36].

TakuM uMHOM 3HaliIeHO, 1O OKI/J| HiKeNo
€ TAaKOX JJOCUTb e(eKTVBHUM aHOITHIM eJIeK-
TPOXPOMHMM MaTepiajioM, i He3Baka4yu Ha
Te, 10 €/IEKTPOHHA IIPOBiAHICTb B OKUC/IEHO-
my crani (NiOOH) Ha mopsjok MeHIIa, HiX
y Ni(OH)z, ii MO>KHA MiABUILUTHU JOITYBaHHAM
OKCUIHMMIU crionykamy MeTasnis (Mn, Al, Co
Ta iH.), IO JJO3BOJIIE JIOMY He ITOCTYIATYUCA
€/IeKTPOXPOMHOI0 e(PeKTUBHICTIO Ta MIBYUIKO-
Zlieto mpoliecy 3abapBeHHs NMOPIBHAHO 3 iH-
MMM eIeKTPOXpPOMHMMU MaTepianamu. Taki
HiIXOAM IO CUHTe3y CIPUAIOTh TaKOX edek-
TUBHOMY BUKOPMCTAHHIO Ti[pOKCH]Yy HiKeJI0
B Ta3OBMX CEHCOpaX Ta iHAMKATOPHMX IIpU-
Majax.

OKCH] HIOBIIO. Oxcup Hio6iro — 11e Majio-
DOCTIIKEH NI, TIEPCIIEKTUBHIUI €IEKTPOXPOM-
Huit marepian [37]. CrexiomeTpmyHi okcuayu
Hi0G6it0 icHytoTb y popmax NbO, Nb,O,, NbO,,
Nb,O, [38]. Beaxkaerbcs, 10 I ATMOKCH], HiO-
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6il0 BimoMmil TakoXX fK aHrigpup HiobieBoi
KMCJIOTH, BiH — OFVH i3 HAMCTiKIIIMX XiMiYHIX
MarepiaiB i3 BUCOKMMU IIOKa3HMKaMM MeXa-
HiuHOI 3HOCOCTiVIKOCTi [38]. OTpUMyIOTH IAI-
THOKCUT HiOOI0 OKMICHEHHAM METAJIiYHOTO Hi-
06iro Ha MOBIiTpi, TiffponizoM HiOOITIB Ty>XKHNMX
METaJliB, a TAKOXK OCA/PKEHHAM PO34YMHEHOIO
Hi06i10 y QTOp-BOAHEBIT KMUCIOTI 3a il KOH-
[IeHTPOBAHNUX PO3YMHIB JIYTiB 4y amiaky [39].
[IaTnokcup Hi06il0 BUKOPUCTOBYIOTH Y MeTa-
Typril A BUPOOHUITBA TBEPAUX MaTepialiB
Ta B ONTUILI SK JOOABKY /I CK/IA 3 BUCOKUM
ONTMYHMM IIOKa3HMKOM 3ajioMJIeHHs [39].
3a ocTaHHi 15 pOKiB IMPOKO AOCIIIKYIOTbh
MOXK/IMBOCTI OTPMMAHHsA IIOKPUTTIB 3 OKCULY
Hio6i10 (V) i 3acToCcyBaHHA X B €/IeKTPOXPOM-
HIX €/IEMEHTAX, KOMipKaX COHAYHMX €/IeMeH-
TiB Ta sAK KartamizaropiB [37]. Ilepira sragka
IIPO €/IEKTPOXPOMHI BIaCTUBOCTI IATUOKCUY
Hio6i10 Hanexxnutp Pertumany i bapgy B 1980 p.
[40]. EnexTpoxpoMi3M BOHU cHocTepiraaym Ha
spaskax maiBok Nb,O,, oTpuMaHux OKMCHeH-
HsIM MeTa/livHOro Hio6ir0 Ha MOBITpi 3a TeM-
nepatypu 500 °C mporsarom 10 xBuauH. Taki
IVIiBKM 3a0apB/IIOBalM TEMHO-CUHIM KOJbO-
POM 3a paxXyHOK iHTepKaJIALlii i0HiB BOJHIO 41
nitiro [41] Ta Mayu WBUAKY KiHETUKY 1-2 cek
Ha MeTasiuHii mgkmaami. Okcupg Hio6io MOXK-
Ha orpuMaTtu CVD-meromom [42], MmarHeTpo-
HHVUM pO3IMIeHHAM [43], enekTpoxiMiyHUM
MeTozoM [44] Ta 30/1b-Tenb-MeTOnOM [33 45%].
JJOCUTD NepCIEKTVBHUMMU € €lIeKTPOXiMiYHMIIA
Ta 30/1b-T€/Ib-METOAY OTPMMAaHH:A TOHKMX IIIi-
Bok Nb,O.. ¥ 6inpmocti npaup mmisku Nb,O,
OTPUMYIOTb 30J/Ib-T€/Ib-METOfIOM i3 PO3UYMHIB
ankoronATis Nb(OEt), [46, 47] ab6o xmop-an-
KOronATiB Hio6ito, posunny NbCl, y npomano-
mi [48, 49] uu eranoni [50]. ITniBku, oTpumani
LM METO/IOM, MAalTh BMCOKMII KOHTPAcT Ta
eeKTVMBHICTh 3a0apB/IeHHS, fKa CTAaHOBUTDH
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22 cm?/Kn 3a gomkuun xBui 600 HM [51-53].
Y [53] Binmivaerbes, mo mriBkn Nb,O,, otpu-
MaHi 307Ib-T€/Ib-METOJOM i3 BMKOPUCTAaHHAM
Pi3HUX BUXIJHUX PEYOBMH, MAIOTb OJHAKOBi
€/IEKTPOXPOMHI BIacTUBOCTI. [omoBHUM M-
HOM Ha €/IeKTPOXPOMHI BIaCTUBOCTI BIUIMBA€E
MOpQOJIOTisl Ta CTPYKTypa OKCUAHOI IUIiBKH,
IO JIy>Ke 3aJIeXKNTD Biff Ipoljecy popMyBaHHSA
remo Nb, O, Ta 1i0ro nogjanb1oro repmMmoo6po6-
neHHA. Tak, aBTopm crarti [54] BigmivaioTs,
mo popaBaHHA [TAP tputon X-100 o remo
Nb(OEt), i nomanbure itoro Tepmoo6pobeHHs
3a remneparypu 500 °C npusBOAKUTD O OTPU-
manHA miiBkn Nb,O, TT-cTpykrypu 3 romya-
CTOI0 MOpPQOJIOTi€0 MOKPUTTA. ABeIaHe#a
Ta iH. [55], a Takoxx CMiT Ta iH. [56] y cBOIX mmy-
OmiKal[isx TOBOAATD, 10 caMe IUIiBKM aMopd-
Horo Nb,O, TT-cTpykTypu € ogHuMM 3 Haii-
KpalluxX e/IeKTPOXPOMHMX MaTepiaiB CBOTO
pomy. IxHiil KOHTpacT 3abapBieHHs mOCATaE
70 % y BupguMmiit obmacTi, a KiHeTnka 3abaps-
JIeHHA — 3HeOapB/IeHHA He 6inbire 120 cexyHH.

Bigomux my6mikaniit 3 enekTpoxiMiyHOro
OTpPMMaHHA I/TiBOK szO5 € y>)ke Mano, ix
IPUCBAYEHO IEPEBAXHO AaHOAYBAHHIO MeTa-
nigHOTO Hi06iI0 [57] 260 KATOFHOMY OCafI>KeH-
HIO 3 HEBOJHUX PO3YMHIB €leKTPOTiB [58].
Taxi mniBky — epeKTUBHMII €TIEKTPOXPOMHMNIA
MaTepiaz, OCHOBHA CMyTa IIOITIMHAHHA B 3a-
6apB/IeHOMY CTaHi SIKOTO IIPUITAZla€ HA BUAM-
My obacTh. Ajle i3-3a MWIMPOKOI 3a60pOHEHOI
30HM (61M3bKO 4 €B) y HpOTO crocrepiraroTb
CrIoBinbHeHi Audy3iitHi mpouecn iHTepKata-
LI iOHIB Ta DKeKIii e/IeKTPOHIB, IPUCKOPEH-
HIO SAKUX CHOpUAE TiIbKM HAHECEHH:A TaKUX
IJIIBOK Ha METAJIIYHY IIOBEPXHIO.

HIOKCHMI BAHAJIIO. Hespaxkaioum Ha
Te, o fiokcuz Banapito (VO,) € kanaumarom
Ha HIMPOKi JTOCTI/PKEHHA LOJO0 JIOTO TepMO-
XPOMHUX BJIaCTUBOCTEN, BiH BOJIOJi€ TAKOX
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1 e/NeKTpOXpPOMHMMM B/IACTUBOCTAMM, AKi
TicHO moB’A3aHi 3 MogymoBanHAM [Y-Bumnpo-
MmiHoBaHHA [59]. EmextpoxpomHumit edext
B VO, criocrepiraerbcss B MMPOKiit obmacTi
[9-BunpomintoBannA Bifg 650 go 2500 HM npn
NpUKIaieHH] Hanpyru Bifg 0 go 2,5B B ioHHNX
pigunax. Ils 0co6nmBicTP Ha€ MOXIUBICTH
eeKTUBHO BUKOPUCTOBYBATY €IEKTPOXPOM-
Hi IUTIBKM NiOKCMAY BaHafil0 A BifoUTTA
[Y9-BunpoMiHIOBaHHA 3a/I€)KHO BiJj IPUK/Iafe-
Hoi Hampyru. Y pocmimxkenHi [60] 6yno Buro-
TOBJIEHO HETIPO30py MiiBKy VO,, 3 MOHOK/TiH-
Horo nopouky VO,. Bona nemMoHcTpye Bupa-
’K€HY KOTipHY MOZAY/IALIIO BiJj IOMapaH4€BOro
JIO 3€JIEHOTO Ta CMHBOT0, TI0B A3aHY 3 ABUILEM
amopdisanii — pekpucramisanii mzg 4ac enex-
TpOXiMi4HOI B3aeMofii 3 ionamu nitito. Ouin-
Ka eJeKTPOXpPOMHOI e(eKTMBHOCTI ITiBOK
OKCHAly BaHafiifo Bapiroerbcs Bif 22 [61] mo
33 cm?/Kn [62]. [TosuTMBHMMM B/IaCTUBOCTS-
M €IeKTPOXPOMHMX IUIIBOK OKCUJY BaHa-
ZIi10 € iXHill IMPOKUII CIIeKTp 3abapBIeHHS B
[Y9-06macTi, a TaKOXX 3AATHICTD 1O MY/IBTUXPO-
Mi3My 3a IPUK/IaJeHHA oTeHiany. Heratus-
HOIO BIACTUBICTIO € IXHA PO3YMHHICTD Y BOJI-
HJX CEepeiOBMIIAX, 1[0 POOUTH HEMOXX/IMBUM
BUKOPUCTaHHI IX y BOJHUX €IeKTPOJIiTax Ta
3[JOPOXKYYE BAPTICTh €1EKTPOXPOMHUX IpH-
CTpOIB Ha IXHill OCHOBI.

IIO/IIAHUIIH. TloniaHisniH € nepcrneKTuBs-
HIM, Ha BiIMiIHY Bifi IHIIMX e€IEeKTPOIPO-
BiIHMX TIIOJIIMEPIB, 3aBIAKM CBOIl BUCOKIN
IPOBIAHOCTI, Masili BapTOCTi BMPOOHMIITBA
i mexaHiuHil rHy4kocTi. [Tonmianinin ocobmm-
BO IIPUBAOIVBUI TUM, IO BiH Ma€ TPM CTaHU
OKIICHEHHA 3 pisHMM KombopoM [63]. Tomy
JIOTO MOYKHa BMKODPMUCTOBYBAaTU B €JIEKTPO-
XPOMHMX HPUCTPOAX 1 CyNepKOHAEHCATO-
pax. 3 mosiaHiniHy MOXXHa BMPOOIATY pi3Hi
€/IeKTPOXPOMHI TIOKPUTTs, 30KpeMa BiKHa

10

31 3MiHHUM KOJIbOpPOM, Ji3epKana. B [64] mo-
Ka3aHO BIUIMB iOHIB Mi/li Ha CTPyKTypy Ta
€JIEKTPOXPOMHI  BJIACTMBOCTI  IOJIiaHi/MiHYy.
[IopiBHAHO 3 YMCTUM IOMiaHUIIHOM, IUIIBKA
II0/IiaHi/IiHY, JIerOBaHi MifIi0, JEMOHCTPYIOTh
Kpamy 3patHictb po IY-mopynaunii. CuHTes
MIO/IiaHI/IIHY HaMYacTille IPOBOAATH ILJIA-
XOM €/IeKTPOXIMI4HOI IoxiMepusanii aHiIiHy
B KHUCIOMYy cepemoBuili [64]. Boun Bomopi-
I0Tb KaTOJHMM €IeKTPOXPOMHUM edeKToM
B IIVMPOKiNl 00/1acTi BUAMMOIO BMUIIPOMiHIO-
BaHHA 3 MakcumymoM 1ipu 500 HM. byno Bu-
SIBJIEHO, 10 Yac BiATyKy Ta e)eKTUBHICTDH 3a-
6apsnenns mwiiBok PANI/ITO ckmann 15 ¢ Ta
8,85 cm?/Kn BigmosinHo [64]. Oxpim enexTpo-
XPOMHUX BJIACTMBOCTEN, TOHKI IUIIBKM IIOJIi-
aHIIIHY BOJIOAIIOTD 1€ XeMIXPOMHMMIM B/IaCTH-
BOCTAMMU. TaK, HaNpMK/IaJ, aBTOPYU BigMITHIN
iXHIO 3BOPOTHY 3MiHY 3a0apBjeHHs Npu Aii
amiaky B Meax Bizf 0 1o 1000 ppm [65]. Tomy
MOMiaHIIIH MOXKHa BBakaTy 0aratoobilsro-
9YM €JIEKTPOXPOMHIMM MaTepiazioM 3aBIAKU
MIMPOKilT 006/1aCTi ONTMYHOTO MOITIMHAHHA Ta
IIPOCTOTi OTPUMAaHHA.

IIOJIITIO®EH. Ilonitioden — 1e nonime-
pusoBaHmit TiodeH, rerepounki cipknm. Ilika-
BOIO ONTMYHOK BIACTMBICTIO IIbOrO MaTepia-
Iy € peaklid Ha IOJPasHMKI HaBKO/IMIIHbOTO
cepenoBuIIa i3-3a Pi3KOI 3MiHM KOJIbOPY Y Bifi-
IIOBiJJb Ha 3MiHM TeMIIepaTypy Ta IIPUKIIaJe-
HOTO MOTeHLjiany. 3MiHM K Y KOIbOPi, TaK i B
IIPOBIZHOCTI BUKIMKAHI OMHUM 1 TUM CaMUM
M€XaHi3MOM, TOMY IX MOXKHa BUKOPMCTOBYBa-
TU AK €IeKTPOXPOMHI HaT4YMKM, AKi MOXYTb
3abesneyyBaTy HM3KY ONTMYHMX i €IeKTpO-
HHUX BifirykiB. Y [66] moBimoMIAeTbCA, 110
3TIJHO 3 CHEKTPOCKOIYHUMU JOCIIiJ>KEH-
HAMM Oy/I0 BUSB/IEHO, IO NPY NPUKIIaJeHH]
Hanpyru B 1B mriBka 3MiHIO€ 3ab6apBiieHHA 3
IIypIIypOBOTO /IO IPO30POro CTaHy. Y mpari
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[67] mokasaHo, 10 KoMIIeKC nornitiodeny 3
PYTEHieM [la€ MOXK/IUBICTb BOOMITY MY/IBTU-
XPOMHVMM BJIACTUBOCTSAMM 3aJI€XKHO Bifl IIPU -
K/IaZieHoro noreHuiany. CrocrepiraeMo 3MiHy
I'ATY KOJIBOPIiB 3a0apBieHHA NPV 3MillleHHi
noTeHuiany Bif -2 mo 1,5 B y mitifiBMicHOMY
anpoToHHOMY enektporiti. [Tomitiopen Bo-
JIOfi€ IMPOKMUM CIIEKTPOM €IEeKTPOXPOMHO-
ro 3abapB/eHHs 3 BUCOKOI e(peKTMBHICTIO
242 cm2/Kn [68]. Oxpim nomiaHininy Ta mosmi-
TiodeHy icHye Ie Iila HU3Ka €IeKTPOXPOM-
HIUX ITOTIMEPHUX MaTepiajiB, TaKi AK IOTiMe-
TWIAHIIIH, MOMTONYifgMH, moniaMiHOgeHor,
AKI 3a/IeXKHO BiJ NPUKIAJIEHOrO IOTEHIaly
3MIiHIOIOTB CBill KOJip 3abapBieHHs [69].
QTAJIOL[IAHIH. ®ranomiadinm — 1e I0-
XiffHi BHYTPIiIHbOKOMIUIEKCHUX CIIONYK (Ta-
JIOLiaHiHy, KOIip AKUX [y>XKe 3a/eXXUThb Bif
MeTany KommnekcoyrsopioBaua (Fe, Ni, Co,
Cu, Ta in.). Ix 3acTOCOByIOTH SIK mirMeHTH 3
BUCOKMM KoedirienTom nmornmuanua. OCHOB-
Hi MipKyBaHHS LIOZI0 BUKOPUCTaHHA (Tajo-
L[iaHiHIB AK €JeKTPOXPOMHMX MaTepialiB — B
IXHIM yHIBEpCAa/JIbHOCTI 3aMillleHHA MarbKe
OIIBIIICTIO MeTa/IeBUX 1 MeAKNX HEMETAJIeBIX
€/IEMEHTIB AK JIraHJy KOMIIJIEKCOYTBOPIOBa-
ya ¢ranonianiny [70,71]. Ockinbku He3ami-
meHi QTanouiaHiHM € HepO3YMHHUMMU, 3aMi-
Ha pi3HMMIN (YHKIIOHAIBHMMM YacTUHAMM
HigBUIIYe IXHIO PO3YMHHICTD y 3BMYANHUX
OpPTaHiYHNUX PO3YMHHMKAX, 1110 CIIPUSAE IXHDO-
My XiMIYHOMY HaHECEHHIO Ha IiJKIafKy Ta
BIUIMBAE Ha IXHi €/IEKTPOXPOMHI B/IaCTUBOCTI.
EnexTpoxpoMHi BMMIipIOBaHHA ITOKa3yIOTb,
mo dranoniaHiHOBI KOMIUIEKCHM Ha OCHOBI
MiJii, HIKeJII0 Ta 3aj1i3a MalOTh YY/IOBi €/1eKTPO-
XPOMHI XapaKTePUCTUKY, BUCOKUIT ONITUIHUI
KOHTPACT, KOPOTKMII 4Yac BIiIyKy Ta BUCOKY
eIeKTPOXpOMHY edekTuBHicTh [69-72]. He
IOCTYMAIOThCA B €(eKTUBHOCTI Ta MIBUAKOAIT

https://ucj.org.ua

i dranoniaHiHOBI KOMIIEKCH Ha OCHOBI IUIp-
KoHi0 Ta radHito [73]. LIs poboTa [oBOAUTS,
o jiragoM ¢ranouiaHiHOBOTo KOMIIJIEKCY
Moyke Oy TV MeTaJI, OKCUJL AKOTO He BOJIOJIi€ BI-
COKVMM €eKTPOXPOMHMMU NOKAa3HUKAMM 5K
y BUITQJKy JIiraHAy Hikesmo un Mifi [73]. 3mina
KO/IbOPY 3a0apBJIeHHS BiflOYBa€TbCS TaKOX
3a paxyHOK OOOpOTHOI eleKTPOXiMi4HOI pe-
ak1ii gpTasoniaHiHOBOro KOMIUIEKCY 3 ioHaMm
XJI0py, IO NPU3BOAUTD IO 3MiHM CTPYKTYpU
MOJIEKY/IM Ta CHEKTPa/IbHOI XapaKTepUCTUKA
AK pesynbrar [73]. Bucoka emexTpoxpomHa
eeKTUBHICTD (TanoliaHIHOBUX KOMILIEKCiB
JOCATAETHCA 33 PAXYHOK IXHbOI By3bKOI CMYTU
ONTUYHOTO MOITIMHAHHA Ta BY3bKOTO Jlialla3o-
Hy IOTEHIlia/liB OKMCHEHHA Ta BiJJHOBJIEHHHA
IiJ] Yac e7leKTPOXPOMHIUX ITepeTBOPEHb [73].

Ina TOpiBHAHHA HaBeleHO IIOKAa3HUKU
elIeKTpOoXpoMHOi edekTnBHOCTI (Tabmuis 1),
BUMIPSHOI B IIEBHIll CIIEKTpasbHill o6macTi
U1 [eAKMX BUIe3TaJaHMX MaTepiasiiBb.

Tabm. 1
INopiBHsAHH:A e(PeKTUBHOCTI JeAKUX €eKT-
POXPOMHUX MaTepiaiB
Table 1
Comparison of the efficiency of some
electrochromic materials.

. EneKTpoxp9MHa Mocu-
Marepian e(eKTVBHICTD
CE cm?/Kn JIAHIA
WO, 52-120 (A=950 uMm) [74]
NiO 46 (A\=350 - 380 H™M) (75]
Nb205 22 (A=600 ™M) [51-53]
VO, 33 (\=500-1000 1Mm) [62]
[Monitioben 242 (\=750 um) [67]
®ranomianin | 211-346 (A=650 - 750 um) | [71-73]
[Tonianinin 9 (A=520 um) [64]
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BVMCHOBKJM. 3i WBUAKUM PO3BUTKOM
HayKJ i TEXHOJIOTIN ITOINT Ha €IeKTPOXPOM-
Hi MaTepiany IPOJOBXKYBATUME 3POCTaTH.
HesBaxxaroun Ha Te, 10 B CBiTi icHye 6araro
TOCTIKEHD €IEKTPOXPOMHNX MaTepiaiB, Bce
e € Ipobemy, AKi MOTpeOyTh BUPIlIeHHS.
Jl714 migBUIEHHA 1XHIX XapaKTePUCTUK BUKO-
PUCTOBYIOTH Pi3Hi IOIaHTH i ceHcmbimi3aTopn,
HaNpuKiIaj, OapBHUKY. Tako)k 3HAUHMIT BI/IUB
MaloTh i CIIOCOOM OTPUMaHHS TaKMX Marepia-
JiB — XIMIYHWUIL, €eKTPOXIMiYHMUIL, TEepMO-
XiMiYHMIT cuHTE3, a00 KOMOiHOBaHiI MeTomu
cunTesdy. IIpuyomy akTya/qbHUM € HE TibKK
30i1bIIeHHA e(PeKTUBHOCTI eIeKTPOXPOMHIX
MarepiaiB, a 1 3[jellIeBJIeHHs IXHbOTO BUPOO-
HULITBA. 3 OIIARY /MiTepaTypu Oy10 BCTAaHOB-
JIEHO, IO Haitbinpil edeKTMBHUMU Heopra-
HIYHUMI €eKTPOXPOMHMMM MaTepianaMy €
OKCUJV TIepeXi[HUX MeTasliB, 30KpeMa BOJIb-
¢dbpamy, BaHafio, Hikemo, Hi0Oi0, AKi IPOsAB-
JISIIOTh HAMKpaIli MOKa3HMKY MIBUAKOAIL (2—
10 ¢) ta edexTuBHOCTI Bif 50 mo 120 cm?/ Kot
EnexrpoxpoMHa eeKTMBHICTb OpraHiyHUX Ta
HEOPTaHIYHMX €7IeKTPOXPOMHUX MaTepiaiB
BapiloeTbcs Bif opmumps cM*/Kin 1o kinpkox
COTEHb, IPMYOMY iHOMI 3a JJOIIOMOTOK CEH-
cubinisarii BoaeTbcs MiABUIIUTY IXHIO edek-
TUBHICTb y KinbKa pasiB. Bucoka enexrpo-
XpOMHa e(PeKTUBHICTh IPOSBIAETHCA TAKOX
y ¢ranonianinoBux kommekcax. [TmiBku Ha
OCHOBIi TO7IiTIOPEHy IeMOHCTPYIOTb MY/IBTHU-
XPOMHI BIaCTMBOCTI B fialla3oHi MOTEHIialLy
Big -2 mo 1,5 B. 3aBOsKu cBOIiM B/IaCTUBOCTAM
€JIEKTPOXPOMHI MaTepiany 3HaMIIIN CBOE BU-
KOPUCTaHHA y Pi3HOMaHITHUX Taly3sX Hay-
KM 1 TeXHiKM. 30KpeMa, MaTepiany Ha OCHOBI
TPUOKCKAY Bonbdpamy Ta mositiodpeHy Bxke
BMKOPUCTOBYIOTb Y CMapTCKIIi, THYYKNX JJUC-
n1eAX, CyNepKOHJIEHCAaTOpaX, TOHKOIUIIBKO-
BJX CEHCOpax.

12

E/, Po6oTy BuKOHaHO 3a ¢iHaHCOBOI
migTpumMkn HAH VYkpaiam B pamkax
nepx6tomxeTHol Temu 330 E «Cunres

Ta (isMKo-XiMiuyHi BIaCTMBOCTI riOpmmHMX

HAHOKOMIIO3UTiB Ta TIeTepOCTPYKTyp Ha

OCHOBi Mopmu(dikoBaHMX OKCHU/IB MeTasiB,

MONIiIOKCOMeTAasIaTiB, 6apBHIKIB Ta ByrIene-

BIX HAHOCTPYKTYp /I €lIeKTPOXPOMHMX,

CEeHCOPHUX i (pOTOeNeKTPOXiMiYHNX CHCTeM

pisHOoro nmpusHauyeHHsa». Homep gepkaBHOL

peectpanii po6otu 0124U000956.

I
PROPERTIES AND PROSPECTS OF USAGE

OF ELECTROCHROMIC MATERIALS.

S.S. Fomanyuk, V.O. Smilyk, G.Ya. Kolbasov,
L A. Rusetskiy, M.O. Danilov

Institute of General and Inorganic Chemistry
named after V. I. Vernadsky, NAS of Ukraine,
32/34 Akademika Palladina ave., 03142 Kyiv,
Ukraine

e-mail: VitaliySmilyk@i.ua

The review considers phenomenon of elec-
trochromism, presents the main characteristics
of electrochromic materials, such as spectral
efficiency and switching speed. The features
of their preparation influence of synthesis me-
thods and impurities on electrochromic cha-
racteristics are shown. From a large number of
electrochromic materials, oxides of some tran-
sition metals are considered, in which changes
in redox states between p- and d- sublevels are
observed. These are oxides W, Ni, Nb, V, each
of which has its own special electrochromic
properties. For example, due to the rapid inter-
calation under the action of an electric field of
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The changes in the conductivity type, capacitance value, and equivalent circuit models of
the composite materials, taking into account the impact of graphene-bentonite covers on the
aluminum carrier, are discussed. The EIS spectra of the pure aluminum foil lay in the positive
reactive resistance domain characterized by the impact of the inductance. The conductivity
value is 3.9+ 0.1 Sm/cm with decreasing electrostatic capacitance from 0.08 to 0.02 F/g in
the frequency range 10-1+104 Hz. Applying the graphene-bentonite coating changes types
of conductivity, from electron type to ionic type. Conductivity has two orders smaller value,
and rises with increasing the frequency from 0.014 to 0.02 Sm/cm. The electrochemical equi-
valent circuit in the case of covering by graphene-bentonite mixtures is the R-CPE parallel
circuit has characteristic of the porous electrodes in a supercapacitor. Presence of a dielectric
component (bentonite) on the foil surface limits the polarization of composite material and
decreases the capacitance value.

Keywords: graphene, bentonite, aluminium foil, composite material, conductivity, ca-
pacity.

INTRODUCTION. Graphene shows many
interesting optical, electronic, and mechani-
cal properties because of its two-dimension-
al (2D) crystal structure. The high speed of
charge moving in graphene with a 2D crystal
lattice is the base of the high conductivity [1].
That is why, graphene has interesting electrical
properties that can be use in modern energy
conversion devices.

Nowadays, the main requirements for bat-
teries and supercapacitors are long lifetime and
fast charging rate during recharging. Superca-
pacitors incorporated inside the batteries are
used to comply with high speed charging rates
of the device. The properties of supercapaci-
tors are low maintenance, low self-discharging,
rising power capabilities, a charge-discharge
process occurring in seconds, and long cyclic
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life [2]. Also, supercapacitors come out with
a higher energy density compared to conven-
tional capacitors. Electrodes of the supercapa-
citor are made of porous carbon, but not long
ago, researchers started to investigate using
graphene in elements of electrodes as covering
on the aluminum conductive carrier [2].

On the other hand, aluminum is widely
used in electrical power distribution systems,
thanks to its advantages such as low density,
high conductivity, and in expensive cost [3].
The rising of it selectrical capacitance and safe-
ty of start conductivity would generate great-
er economic benefits because of reduced line
electrical losses in large power grids.

The active chemical property of aluminum
makes it difficult to upgrade it selectrical con-
ductivity by refinement and purification [4].
Furthermore, alloying is necessary for most of
aluminum’s practical applications to enhance
its mechanical strength, but alloying is detri-
mental to high electrical conductivity because
of more electron scattering centers [5, 6]. Thus,
achieving electrical conductivity at a level of
pure aluminum in practical applications is
a major challenge. One of the main ways to
solve this problem is the use of variouscovers,
especially covers consisting of 2D structures
and 3D structures such as graphene-bentonite
mixtures [7, 8].

The target of this work is to detect the effect
of a graphene-bentonite mixture on the elec-
trical properties of the conductive aluminum
foil carrier.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. Natural bentonite from Dashukiv,
Ukraine was used as the main 3D matrix of the
composite for covering (Table 1).
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Table 1.
The main physical and chemical proper-
ties of the bentonite.

Compound, Surface area,
Structure 2
mass % m’/g

SiO, - 58.3;
A1,0,-12.8; Layered
Fe O, -6.8; S

273 Grain size 36+2
Ca0 - 145, 50-110 nm
MgO - 1.6;
Na,0+K,0 - 0.5

Graphene C-750 (Sigma-Aldrich) with a
molecular weight of 12.01 a.u. was used as an
electroconductive component of the compo-
site. Such kind of graphene has a platelet shape
and is composed of short stacks of graphene
sheets with a size of 20-50 nm. For prelimi-
nary preparation, graphene was treated with
95% ethanol to remove absorbed water from
the volume before mixturing.

The covering mixture for the aluminum car-
rier consisted of 45% natural bentonite, 45%
graphene as a conductive component, and 10%
polyvinylidene fluoride (PVDF) binder Solef
6020 (Solvay, Belgium). Covers were prepared
using slurry technology. For this the compo-
nents of the mixture in the calculated quanti-
ties were added in portions to a previously pre-
pared 7% solution of the binder in dimethy-
lacetamide, and homogenized on a high-speed
mixer at a stirring speed of 2500-3000 rpm for
40 minutes.

After that, the suspension was subjected
to ultra sonic dispersion for a total duration
of 5 min. Next, the finished suspension was
applied using a Doctor Blade applicator to a
7-8 pkm thick aluminum foil tape (current
collector). The coated foil was dried at a tem-
perature of 60-70 °C for 1 hour, rolled on ro-
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llers, compacted by 25-30%, and cut into strips
measuring 100 mm by 22 mm.

The impedance spectra of the samples were
recorded in a two-electrode cell (Fig.1) on an
Autolab 30 PGSTAT30IN MetrohmAutolab
electrochemical module in a two-electrode cell
equipped with a FRA (Frequency Response
Analyzer) module in the frequency range
10%-10° Hz. The results were processed using
Nova 2.1 and ZView?2 software.

The impedance spectra of aluminum foil
and foil with graphene-bentonite coating have
significant differences in the form of impe-
dance spectra and their electrochemical equi-
valent circuits (Fig. 2, 3, 6). The EIS spectra
of the pure aluminum foil lay in the positive
range of reactive resistance characterized by
the impact of the inductance.

Fig. 1. The electrochemical analysis set-up.

0,0 -
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"

1,0 4

1,5

0,2 0,3 0,4 0,5 0,6 0,7
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Fig. 2. Impedance spectra of Al foil (a), Al foil covered by graphene-bentonite mixture (b).

The electrochemical equivalent circuit of in these circuits is changing the capacitance

this sample is close to the equivalent circuit
of the oscillatory circuit. The main difference

https://ucj.org.ua

(C) element onto the constant phase element
(CPE) element (Fig. 4, Table 2).
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R3 CPE!1 L1
— " >> (0,

Fig. 3. Equivalent circuits of Al foil.

Table 2.
Calculations of equivalent circuits of Al foil

Element | Freedom | Value | Error |Error %
R3 Free(+) | 0.2601 | 0.0009 0.35

CPEI-T | Free(+) | 1.7E5 | 62841 | 37.62

CPEI1-P | Free(+) | -0.760 | 0.043 5.633
L1 Free(+) | 2.11E-7 | 3.3E-8 | 15.764

Weighted Sum of Squares: 6.3843

Such elementcan be characterized by the ele-
ment of supercapacitors with non-ideal, CPE
behavior, and the capacitance of CPE circuits
exhibits a power law dependence on potential
sweep rate based on the CPE coefficient n.

Z cpg :A_l(j(o)_n- (1)

Reactive resistance X can include capacitive
and inductive components that depend on the
frequency of the alternating current supply cir-
cuit

X, = oL, X, = 1/wC. 2)

The addition of reactive components is sub-
ject to complex rules. For the serial connection
of L and C in the case of an oscillatory circuit,
the expression will be valid:

N ey
X=wL-1/wC.

(3)
(4)

According to eq. 4 for receiving a positive
reactive resistance the capacitance should be
high and give the possibility to ignore the value
of the 1/wC in eq. 4.
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The calculations of the capacitance value
from impedance spectra (Table 3) fully agree
with this statement.The electrostatic capac-
itance decreases from 0.08 to 0.02 F/g in the
frequency range 10"'+10*Hz.

The conductivity value is 3.9+ 0.1 Sm/
cm with decreasing electrostatic capacitance
from 0.08 to 0.02 F/g in the frequency range
10'+10* Hz. Such behavior is more special for
materials with metallic (electron) types of con-
ductivity (Fig. 4).

4,0

3,9 1
3,8 1
3,7 1

3,6 1

K, S/cm

3.5 1
34 1

3,3 1

3,2

-2 -1 0 1 2 3 4 5 6
F x10™, Hz

Fig.4. Dependence of electrical conductivity on
frequency of the Al foil.

The appearance in the equivalent circuit of
the CPE element is a formal description of a
complex system, which gives only an external,
qualitative appearance, without reflecting the
physical essence of the phenomenon. In this
case, CPE is the simplest model, which only
formally approximates a more complex distri-
bution of object parameters, and could be con-
nected with the presence of aluminum oxides
which take part in the formation of the porous
system on the foil surface, and the mechanical
deformation of the foil.
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Applying the graphene-bentonite coating
changes the type of conductivity from electron
type to ionic type.

Table 3

Capacitance data in the frequency range
10%-10*

The view of the impedance spectrum
(Fig. 2 b) and the electrochemical equivalent
circuit (Fig. 6, Table 4) also change in the case
of covering by graphene-bentonite mixtures. It
has a view that looks like the ZARC element
(R-CPE parallel circuit) for porous electrodes
of a supercapacitor [9, 10].

C,F/gAl +
EH CF/gAl Graph ith
z g rip ene wi R1 CPE1
entonite LN
V\N r
1484,9710 0,0195 1,3978e-5 R3
849,7515 0,0418 2,6147e-5
186,2609 0.0751 3.7145¢-5 Fig. 6. Equivalent circuits of Al foil covered by
278,2561 0,0710 6,7204e-5 covered by graphene-bentonite mixture.
159,2297 0,0840 1,3327e-4 Table 4.
91,1166 0,0846 1,8769e-4 Calculations of equivalent circuits of Al

In case of the ionic type, the conductivity
rises with increasing frequancy, butconducti-
vity has two orders smaller value, and rises
with increasing the frequency from 0.014 to
0.02 Sm/cm (Fig. 5).

0,019

0,018

0,017

0,016 -

K, S/cm

0,015 A

0,014

0,013

F x10™, Hz

Fig. 5. Dependence of electrical conductivity on
frequency of Al foil covered by graphene-bentonite
mixtures.
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foil covered by covered by graphene-bento-
nite mixture.

Element | Freedom | Value | Error |Error %
R1 Free(+) | 23.88 1.510 6.32

CPEIL-T | Free(+) [1.378E-5|1.63 E-6| 11.87

CPE1-P | Free(+) | 0.5207 | 0.0124 2.40
R3 Free(+) | 47.56 1.551 3.26

Weighted Sum of Squares: 6.3843

The presence of such a circuit exhibits the
electrochemical double layer capacitors (su-
percapacitors) with non-ideal CPE element be-
haviour, and spectra fully lays in a negative va-
lue of the reactive resistance [9]. The presence
of a dielectric component (bentonite) on the
foil surface limits the polarization of composite
material (Fig. 2. b) and decreases capacitance
value (Table 3). Received equvalent model is
very close to model of the porous electrode in
the self-discharging conditions [10].
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CONCLUSIONS. The experiment and cal-
culations of conductivity and capacity of Al-
graphene-bentonite composites established
that the application of the graphene-bentonite
coating forms an additional surface capacity
that participates in the preservation of the elect-
rical energy and protects the conductive carri-
er from electrical loss under the oxidation on
the open air. Such an effect can be received due
to the formation of the bentonite-graphene po-
rous electrode with a self-discharging ability.

ngi The work was carried out with the sup-
Ef port from the National Academy of
Sciences of Ukraine with in the budget
program 316 NT "Development of ma-
terials and processes for the extraction of va-
luable and toxic components from liquids of
biogenic and technogenic origin".
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06r0BopeHo 3MiHM TUIIy TIPOBIJHOCTI,

3HaueHHs €MHOCTI Ta Mojesi eKBiBaJeHTHOI
CXeMM KOMITO3UIIIHMX MaTepiajiB 3 ypaxy-
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BaHHSAM BIUIMBY rpadeH-OeHTOHITOBUX IIO-
KPUTTiB Ha amoMinieBnii Hocint. Cnextpnu EIS
41CTOI aTIOMiHi€BOI ObIM /1eXKaTh B 06/1acTi
MIO3UTVBHOTO PEAKTMBHOTO OIOPY, 10 XapaK-
TEPU3YETbCA BIUIMBOM iHAYKTMBHOCTI. Bemn-
YJHa e/IeKTpoIpoBifgHocTi 3,9+0,1 CM/cM ipu
CHafiHili eleKTpOoCTaTn4Hil eMHOCTI Bif 0,08
o 0,02 ®/r B miama3oni wactot 10-1+104 Iir.
Hanecennst rpadeH-6€HTOHITOBOTO IIOKPUTTS
3MIHIO€ TUIIV IIPOBIJHOCTI, Bifi €IEKTPOHHOTO
1o ioHHOoro. ENeKTponpoBifHiCTh Mae Ha JjBa
HOPSJIKM MeHIIle 3HaYeHHs i 3pocTae 3i 30i/1b-
meHHsaM vacrotu Big 0,014 mo 0,02 Cm/cm.
EnexrtpoximiyHa eKBiBajJleHTHa cXema Yy BMU-
HaIKy TOKPUTTA rpadeH-O0eHTOHITOBUMMU
cyMmimamyu - mnapanenbHa cxema R-CPE mae
XapAKTEPUCTHKY MOPUCTUX €IEKTPOMIB Yy Cy-
nepkonpeHcaropi. HaaBnicTh Ha mnoBepxHi
dbonbru pienekTpuvHOi CKIag0BOI (OEHTOHI-
Ty) 06MeXye MOSpK3aIlil0o KOMIIO3UIiIITHOTO
MaTepiaay Ta 3MEHIIy€E BeINYNHY EMHOCTI.

Knrouosi cnoBa: rpadeH, 6eHTOHIT, anoomi-
HieBa (bonbra, KOMIIO3UTHUII MaTepiaJl, el1eKT-
POIIPOBIAHICTD, EMHICTb.
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In this work, reactive 3-aminopropyloligomeric silsesquioxane (AP-OSS) was synthesized and stu-
died, and the effect of AP-OSS depending on its content (0.1-1.0 wt.%) on the kinetics of polycyclotri-
merization of dicyanate ester of bisphenol E (DCBE) was determined using the dynamic DSC method.
AP-OSS was prepared in high yield by the hydrolysis and polycondensation of 3-aminopropyltrimeth-
oxysilane in a mixture of acetonitrile and ethanol, with tetrabutylammonium hydroxide (But NOH)
as a catalyst. The chemical structure of the synthesized AP-OSS was confirmed by the results of FTIR
and '"H NMR spectroscopies, as well as by MALDI-TOF method. The FTIR spectra showed broad and
intensive stretching absorption bands centered at v= 3431 and v= 3378 cm™ and bending absorption
bands centered at 6= 1638 and 0= 1599 cm™ of the N-H in NH, groups, as well as the absorption bands
centered at v=1027 and §=859 cm™', attributed to the special characteristic vibrations of the silsesqui-
oxane cage Si-O-Si. MALDI-TOF spectroscopy detected predominantly singly charged protonatedions,
indicating that the degree of oligomerization in this silsesquioxane is between n = 3 and 10. It was found
that AP-OSS accelerated the DCBE polycyclotrimerization allowing decreasing the final temperature and
time of polycyanurate network (PCN) synthesis, the higher content of the AP-OSS the higher accelera-
tion effect has been observed. It was supposed that during the in situ synthesis of the hybrid PCN/AP-
OSS nanocomposites, the amino groups on a surface of AP-OSS nanoparticles chemically interact with
-O-C=N-groups of DCBE with formation of isourea fragments providing the covalent embedding of
AP-OSS into the growing PCN matrix. Using DSC method, it was found that all synthesized hybrid
PCN/AP-OSS nanocomposites possessed high glass transition temperatures (T >280°C) and can be clas-
sified as thermally stable polymer materials.

Keywords: cyanate ester resins, oligomeric silsesquioxane, polycyanurates, synthesis ki-
netics, accelerating effect.
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INTRODUCTION. Modern technologies
require multifunctional organo-inorganic po-
lymeric nanocomposites for high-tech applica-
tions. Special interest is given to nanocompos-
ites based on polymer matrices possessing high
thermal, chemical, and moisture resistance.
Among them polycyanurate networks (PCN)
synthesized from cyanate ester resins have re-
ceived much attention because of their unique
combination of physical properties, including
high glass transition temperatures (T, ~ 210-
400 °C), high thermal stability (T, >340 °C),
low dielectric constants (¢ = 2.64-3.11) low
toxicity and water absorption (< 3 wt.%), high
adhesion to different substrates, etc.[1-6]. As a
result, PCN are currently used as heat-, chemi-
cally- and radiation resistant matrices for car-
bon, glass and organic plastics in structural
and functional materials applicable in micro-
electronics, aeronautics, space structures (com-
posite strakes, fins, nose radar domes, heat
shields, antennas), printed circuit boards, as
well as adhesives [3, 7]. However, like for most
thermosets, their main drawback is brittleness
and long high temperature curing.To overcome
this limitations, modification of PCN has been
developed over the last decades, and it is still of
great interest. PCN are modified by synthesis
of nanocomposites of PCN with montmoril-
lonite (MMT), carbon nanotubes, nanosilica,
polyhedral oligomeric silsesquioxanes (POSS)
and other nanofillers.

Nowadays, POSS attract much attention as
one of the most important nanostructured ma-
terials owing to its excellent properties such as
mechanical strength, thermal stability, and low
dielectric constant[8].

POSS represent cage structures with the
formula (RSiO, ,) where n = 8, 10, 12 and R
is hydrogen, reactive, or non-reactive organic
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groups. Each silicon atom is bonded to three
oxygen atoms in a cage and to a single R sub-
stituent out of cage. These substituents improve
compatibility of POSS molecules with poly-
mers or monomers. In the case of reactive R,
3-D POSS molecules with diameters of 1-2 nm
may graft chemically to polymer structures.
New hybrid organic-inorganic PCN-based
thermosets with hydroxy- [9-12], amino- [6,
13-15] or epoxy-functionalized [16-21] POSS
units have thus been obtained with improved
thermal and mechanical properties.

In the last decade, Zhang and co-authors
[11] investigated the effect of amino-POSS
with eight primary amino groups on the cur-
ing behavior of dicyanate ester of bisphenol A
(DCBA) with PCN formation.They concluded
that both temperature and POSS content influ-
ence on the curing reaction of DCBA. Authors
noted that amino-POSS displayed the catalytic
effect mainly at high temperature and the pe-
culiarities were more complex at lower temper-
ature. The incorporation of amino-POSS into
PCN matrix led to the improvement in thermal
stability and hot/wet resistance. Nanocompo-
site sample containing 1 wt.% of amino-POSS
showed the best dielectric properties: the low-
est dielectric constant and the lowest dielectric
loss.

In previous work [6] we studied the effect of
amino-POSS on structure-property relation-
ships of thermostable hybrid cyanate ester re-
sin based nanocomposites. We discovered that
the addition of a small quantity (0.1 wt.%) of
three different reactive amino-POSS chemical-
ly grafted to the PCN network led to increasing
thermal stability of PCN matrix by 12-15 °C,
depending on the type of amino-POSS. A sig-
nificant increase of the glass transition tem-
perature, T (DSC data), and the temperature

29




O
ORGANIC CHEMISTRY
AND CHEMISTRY OF POLYMERS

ACCELERATING EFFECT OF 3-AMINOPROPYLOLIGOMERIC SILSESQUIOXANE ON FORMATION KINETICS
OF THERMOSTABLE HYBRID NANOCOMPOSITES BASED ON POLYCYANURATE NETWORK.

of a relaxation, T, (DMTA data), by 45-55 °C
of PCN matrix with loading of the nanofi-
llers was evidenced. PCN/POSS films exhibit-
ed a higher storage modulus than that of neat
PCN in the temperature range investigated. It
was evidenced that PCN/aminopropylisobu-
tyl (APIB)-POSS, PCN/N-phenylaminopropyl
(NPAP)-POSS, and PCN/aminoethylamino-
propylisobutyl (AEAPIB)-POSS nanocom-
posites demonstrated a more homogenous
a relaxation phenomenon with higher T va-
lues and an enhanced elastic behavior. The va-
lue of storage modulus, E', at 25 °C increased
from 2.72 GPa for pure PCN matrix to 2.99-
3.24 GPa for the nanocomposites with ami-
no-POSS nanoparticles.

Recently, some authors investigated[22]
the kinetic regularities of forming thermo-
stable polycyanurate networks (PCN) from
dicyanate ester of bisphenol E (DCBE) with
reactive APIB-POSS. They found that even
0.1 wt.% of APIB-POSS catalyzed high-tem-
perature polycyclotrimerization of DCBE, en-
abling polymerization at lower temperatures
and within a narrower time frame, resulting
in a PCN/APIB-POSS nanocomposite with
a higher T, value. Notably, small amounts of
APIB-POSS did not introduced effects into
the PCN matrix. Additionally, the catalytic ef-
fect of NPAP-POSS, containing eight reactive
secondary amino groups, was examined[23]
in synthesizing hybrid nanocomposites based
on PCN from DCBE. FTIR and DSC analyses
revealed a reduced on set time for auto-ac-
celeration, accelerated conversion of cyanate
groups, increased maximum reaction rates,
and decreased polycyclotrimerization dura-
tion. Dynamic DSC measurements confirmed
NPAP-POSS's catalytic impact, showing sig-
nificant changes in exothermic maximum
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temperature, increased reaction enthalpy,
and non-monotonic variation in induction
period and reaction rate based on nanofiller
content.

Oligoaminopropylsilsesquioxanes  (OSS)
are very promising reactive compounds, which
can be used as initial components for synthe-
sis of different polymer materials, oligo- or
polysiloxanes, as effective modifiers, or as har-
deners for thermosetting resins, for preparing
nanocomposites via reactive amino groups
[24-26]. For the best of our knowledge, no
papers were published on PCN/OSS synthesis
and characterization.

Therefore, the aim of the present work is to
investigate the influence of reactive 3-amino-
propyl oligomeric silsesquioxane (AP-OSS) on
the kinetics of in situ synthesis of thermosta-
ble hybrid organic-inorganic nanocomposites
based on PCN and thermophysical properties
of the nanocomposites obtained depending on
the content of the nanofiller used.

EXPERIMENT AND DISCUSSIONS OF
THE RESULTS. The cyanate ester monomer
used in this work was1,1-bis(4-cyanatophenyl)
ethane (DCBE, Primaset LECy from Lonza,
Switzerland). The nanosized reactive organi-
cally functionalized OSS, aminopropyl oligo-
meric silsesquioxane (AP-OSS) was synthe-
sized by the hydrolysis and polycondensation
of trifunctional monomer 3-aminopropyltri-
methoxysilane (see below for thefurther details).
3-Aminopropyltrimethoxysilane ~ (APTMS),
ethanol, acetonitrile and tetrabutylammonium
hydroxide were purchased from Sigma-Aldrich
and used as received.

AP-OSS was prepared following the me-
thod described in the literature [24](with some
modifications). 7 mL of distilled water, 4 mL
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of anhydrous ethanol, 1 mL of acetonitrile,
and 0,7 mL of tetrabutylammonium hydroxi-
de (10% aqueous solution) were put into a
three-neck flask equipped with a mechanical
stirrer and a condenser, and mixed by stirring
(1100 rpm). 3-aminopropyltrimethoxysilane
(17.9 g) was added dropwise into the mix-
ture for 10 min at vigorous stirring (800 rpm).
The reaction was conducted at 50 °C for 24 h.
A straw gelatinous product was yielded dur-
ing the reaction. The product was washed with
acetonitrile for three times, and finally, it was
dried under reduced pressure at 70 °C for 24 h.
A white crystalline product was obtained (the
yield was 94%).

Different content of the nanofiller obtained,
i.e. AP-OSS (0, 0.1, 0.5 and 1 wt %) was added
to the liquid DCBE (~200 mg) and thorough-
ly grinded in an agate mortar for ~10 min at
the ambient temperature until a transparent,
i.e. homogenous, mixture was formed. Then
the resulting mixture (~10 mg) was placed in
a hermetic aluminjium pan for dynamic curing
during DSC measurements.

'H-NMR spectra were performed using
Varian VNMRS spectrometer (Agilent Inc.,
USA) at 400 MH zat temperature of about
20°C. The spectra were recorded in deuterated
DMSO.

FTIR spectra were recorded using a Tensor
37 spectrometer (Bruker Daltonics Inc., Ger-
many) at room temperature in the range of
4000-600 cm™. The sample was pressed into
pellets with KBr.

Matrix-assisted UV-MALDI-TOF mass
spectroscopy was performed using an Aut-
oflex II (Bruker Daltonics Inc., Germany)
equipped with a pulsed nitrogen laser (A =
337 nm). The selected matrix was 2,5-dihy-
droxybenzoic acid. Sample was irradiated just
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above the threshold laser power to obtain mo-
lecular ions.

Differential scanning calorimetry (DSC)
with Discovery DSC 25 Differential Scanning
Calorimeter (TA Instruments, USA) was used
to estimate the effect of the nanofiller on the ki-
netic characteristics of polycyclotrimerization
of DCBE, i.e. the duration of induction period
(T,) and total reaction time (t,_,), the maximal
rate of reaction (W__ ), temperature of exo-
thermic peaks (T, ), total enthalpy of reac-
tion (AH, ), conversion of cyanate groups (a)
etc. For nanocomposites synthesized the glass
transition temperature, Tg, heat capacity jump,
AC, and other thermophysical characteristics
were found. The first and second scan with the
heating rate of 5 and 20 °C/min, respectively,
over the temperature range from 25 to 350 °C
in nitrogen atmosphere were performed.

Fig.1 represents the FTIR spectrum of
AP-OSS synthesized. The wide and intensive
peaks at 3431 and 3378 cmare attributed
to the stretching vibrationand at 1638 and
1599 cm to bending vibrationof N-H in NH,
groups. There is also some weak shoulder at
3308 cm™ that belongs to O-H stretching of
the OH groups.The strong double peak at
2929 and 2866 cm™ corresponds to the C-H
stretching of the CH, groups in the amino-
propyl fragment. The absorption band at
1122 cm™ is the characteristic vibration of
Si-O-Si bond. The absorption peaks at 1027
and 859 cm™ are attributed to the special
characteristic vibration of silsesquioxane cage
Si-O-Si framework. The peak at 757 cm™ re-
lates to the bending vibration of Si-C bond
in Si-CH.,. So, the FTIR spectrum of the pro-
duct synthesized gives good assignment to
the structure of AP-OSS [24].
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Wavenumber, cm’

Fig.1 shows the "H NMR spectrum of AP-
OSS in DMSO-d,. Four peaks with chemical
shifts of 0.56 ppm (CH, in the a position to the
silicon atom (a)),1.43 ppm (CH, in the  po-
sition to the silicon atom (b), 2.67 ppm (CH,
in the a position to the primary amino group
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Fig.1. FTIR spectra of AP-OSS.

(c)) and 3.26 ppm (OH-group (d)), appear in
the spectrum [27]. Each of them is assigned
to one type of the hydrogen atoms of the same
chemical environment, further supporting the
structure of AP-OSS prepared.

d
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Fig. 2. '"H NMR spectra

W -
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of AP-OSS (DMSO-d,).
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400 600 200 1000 1200 Fig. 3. Mass spectrum of the
m/z synthesized AP-OSS.

The analysis of the MALDI-TOF mass spec-
trum (Fig.3) of the synthesized AP-OSS shows
the predominantly singly charged protonated
ions, indicating that the degree of oligomeri-
zation within this silsesquioxane ranges from
n = 3 to 10. It can be seen that the m/z sig-
nal peaks of AP-OSS are distributed between
300 and 1200, and the signal peaks with dif-
ferent m/z values correspond to AP-OSS with
different numbers of Si atoms, means to the
atomic fragments of the condensate (SiO, .-
(CH,),-NH,)_with m/z = (110 D) at different
values of the n index, as well as their products
of altered composition due to incomplete syn-
thesis reaction or destruction under the laser
excitation. The spectrum shows the difference
in the atomic composition of the synthesized
fragments with even and odd » index. Thus,
AP-OSS complexes with odd indices 7 and 9
include an atomic fragment with a lower oxy-
gen content SiO - ((CH,),-NH,) with m/z
102 D. The presence of fragments with differ-
ent oxygen content in the condensate struc-
ture leads to reduction in the atomic weight of
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the condensate and a shift of its mass line by
m/z =8 D.

Besides, there is AP-OSS structure with
n =9 and m/z 990 D, built only by complex-
es with m/z = 110 D, where the atomic group
with m/z27 D (NCH or CH,CH) is absent. The
complexes with even values of n = 6, 8 and 10
have the incomplete content due to vacancies
of atomic groups with m/z =17 (OH) and 26 D
(NC or HCCH) in the AP-OSS space struc-
tures with n = 9 and m/z 990 D, built only by
(S8iO, .-(CH,),-NH,) fragments.

Note, that the condensate with n = 8 is
completely formed by eight fragments of
(§iO,.-(CH,),-NH,) is detected. However, at
lower index values, when »n = 5, line m/z 524,
the AP-OSS condensate is formed by five
fragments with m/z 110 D without the NC or
CHCH (m/z 26) atomic groups. The line with
m/z 423 and n = 4 indicates the formation of
an AP-OSS complex built by four fragments
(SiO, .-(CH,),-NH,) without one hydroxyl group.

Thus, as a result of the synthesis, an
AP-OSS condensate was obtained, whose
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the spatial structure is built by complexes
(§iO, .-(CH,),-NH,), which include fragments
of SiO - ((CH,),-NH,)) with a lower oxygen
content and is characterized by the presence
of vacancy clusters related with atomic groups
OH, NC, CHCH, NCH, H,CCH.

Tab. 1 gives the approximate structures of
AP-OSS corresponding to different m/z calcu-
lated values. It can be seen that the m/z value
of 880 represents the completely condensed
cage T, structures; the m/z values of 763 and
863 represent the incompletely condensed po-
lygonal cage T, and T, structures containing
Si-OH.In the incomplete condensation struc-
ture, it is noted that the actual molecular mass
of some structures is inconsistent with the m/z

value. For example, in the T, structure, the cal-
culated molecular weight is 999, but there is
a signal peak with m/z value of 982 [28]. The
difference between the m/z value of 982 and
the calculated molecular weight of 999 is 17,
which is exactly the mass number of 1 OH-
group.Similarly, in the T structure, the calcu-
lated molecular weight of the incomplete con-
densation structure with Si-OH is 898, and the
actual m/z value is 863. The difference between
the m/z value and the calculated molecular
weight is 34, which is the mass number of 2
OH-groups.The reason for this phenomenon
may be that a part of the incompletely con-
densed AP-OSS dropped OH-groups during
the detection process [28].

Structures of AP-OSS. Table 1.
m/z Molecular structure Molecular weight Type
304 §i,0,(C,H,NH,),(OH), -30H 357 T,
322 §i,0,(C,H,NH,),(OH),-20H 357 T,
423 $i,0,(C,H,NH,),(OH),-20H 458 T,
643 $i.0.(C,HNH,) (OH), -30H 697 T,
744 §i.O,(C,HNH,).(OH),-30H 797 T,
762 Si,0,(C,H,NH,).(OH),-20H 797 T,
863 $i,0,(C,H,NH,),(OH),-20H 898 T,
880 $i,0,(C,HNH,), 880 T,
982 §i,0,,(C,HNH,),(OH) -10H 999 T,

Possible parallel and sequential chemical re-
actions, which can occur during the synthesis
of AP-OSS are presented in Fig. 4. They include
hydrolysis, alcohol condensation, water con-
densation of APTMS [24] followed by hydro-
lysis, polymerization, intramolecular conden-
sation of the intermediate products obtained
with formation of fully condensed POSS or
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silene structures (in the Fig. 5, as example, the
structures with n=4 are shown). The formation
of a fully condensed polyhedral silsesquioxane
is favored in-solution as it is catalyzed by the
acidic environment.On the other hand, the
formation in solution of Si=C bonds in silenes
is less possible [29].
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Fig. 4. Possible reactions, which occur during synthesis of AP-OSS (n=4) from APTMS with formation
of a fully condensed POSS or silene by intramolecular condensation [24, 29].
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The acceleration effect of the AP-OSS on
polycyclotrimerization of DCBE[1, 2] was ob-
served at DSC investigation. Fig. 5 shows the
DSC thermograms of polycyclotrimerization
and the time dependence of the conversion of

Exo
N »
EN (=)

—_
[oe]

Heat flow, W/g

240 270

0
Temperature, °C

cyanate groups for the individual DCBE and
DCBE/AP-OSS compositions with different
AP-OSS content. The main kinetic characte-
ristics are provided in Tab. 2.

100

(o) [ee]
(=] (=]

Conversion, %
N
[}

Fig. 5. DSC kinetic profiles (a) and time dependencies of conversion (b) for the individual DCBE
and DCBE/AP-OSS compositions (AP-OSS content is indicated in the plot).

It is clear from the data provided in Tab.2
that the incorporation and increase of the AP-
OSS content significantly change the kinetic
characteristics of DCBE polycyclotrimeriza-
tion.This is confirmed by the fact that T, and
T, decrease by ~6,5 % and 2-5 %, respectively,
T ey Feduces by 11-24 °C, W__increases by
0,4-6,1 %/min, the AH, value for synthesis of
PCN/AP-OSS networks decreases as well com-
pared to pure PCN. As far as primary amino
groups exhibit high reactivity towards cyanate
groups [30, 31], it is expected that the amino
groups on a surface of AP-OSS nanoparticles
chemically interact with the -O-C=N groups
of the DCBE molecules during the in situ syn-
thesis of the nanocomposite samples. This
process results in the covalent embedding of
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AP-OSS into the forming PCN matrix. The che-
mistry of the embedding process is schemati-
cally shown in Fig.6. Isourea fragments formed
are supposed to be a good catalyst for polycyclo-
trimerization of cyanate ester resins [30].

In addition, the processes of incorporation
and conversion occur with the heat release and
they are the first kind of phase transition. The
thermal effect of the transition is characterized
by a non-monotonic dependence of its inten-
sity on the AP-OSS content Fig. 5a), whereas
the embedding rate of AP-OSS complexes and
formation of hybrid composites smoothly in-
creases with growing AP-OSS content. The
behavior of thermodynamic parameters in-
dicates that the conversion process has an is-
land character. At a low AP-OSS content, the
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formation of the hybrid PCN/AP-OSS network their content the hydride conversion occurs
in the entire reaction volume and its speed in-
parated complexes AP-OSS, while with rise of creases with the value of released heat.

realizes in the vicinities of localization of se-

Table 2.

Kinetic parameters of DCBE, DCBE/AP-OSS polymerization and thermal characteristics

of synthesized PCN/AP-OSS nanocomposites.

Characteristics AP-OSS content, wt.%

Reactive DCBE/AP-OSSblends 0 0.1 0.5 1.0
Induction period, T, min 30.7 28.8 284 28.5
Reaction end time, T, Min 59.0 57.8 56.6 56.0
Maximum reaction rate, Wmax, %/min 12.3 12.7 14.5 18.4
Time to reachW_ .7 ,min 49.4 47.3 45.5 44.5
Total time of reaction, T ,Min 28 29 28 28
Temperature atW__, Tp(max),"C 272 261 253 248
Conversion of cyanate groups atW,_ ,a, % 56.2 53.1 47.3 453
Total enthalpy of reaction, AH, oo )/8 984 842 873 818
PCN/AP-OSS nanocomposites
Tg, °C 285,6 286,6 282,6 281,8

ot/ Tynay “C1°C 278/293 | 279/294 | 276/290 | 274/289
A Tg, °C 15 15 14 15
AC, J/g-°C 0.245 0.227 0.240 0.156

Using DSC method (Fig.7) it was found out
that, as for the individual PCN, high values of
T are observed for the synthesized PCN/AP-
OSS nanocomposites (Tab.2). However, with
an increase in the AP-OSS content by 10 times
(from 0.1 wt.% to 1.0 wt.%), the Tg value slight-
ly decreases from T, = 286.6°C to T, = 281.8°C,
respectively. One can suppose that the nano-
particles of AP-OSS embedded into the PCN
network structure play the role of the addition-
al inorganic network junctions. This phenom-
enon should limit the relaxation of the kinetic

https://ucj.org.ua

segments of the polymer chains in the hybrid
PCN/AP-OSS network that leads to increas-
ing T value and decreasing the AC . However,
at the same time, the presence of a significant
number of flexible linear organic fragments
out of cage of AP-OSS nanoparticles can facil-
itate the relaxation of the kinetic segments of
the hybrid network formed and lead to a de-
creasing T, value. The total effect of these two
competitive processes provides the close values
of T, for individual PCN and PCN/AP-OSS
nanocomposites. It is worth noting that for the
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sample with the highest content of nanofiller
(1.0 wt.%), a significant decrease (~1.6 times)
of the AC value is observed compared to the
unfilled PCN matrix. It is known that this is a
manifestation of an increase in the density of

network junctions for crosslinked polymers
[32]. It can be concluded that the PCN/AP-
OSS nanocomposite sample with 1.0 wt.% of
AP-OSS demonstrates the highest crosslinked
density.
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- MH
/O o / :
/-—-/E)_Sai'pf o 1;
H b NH
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Fig. 6. Schematic presentation of the initial stage of chemical incorporation of AP-OSS
particles into the growing PCN network (example for n = 8).
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Fig. 7. DSC thermograms (2" scan) for the neat
PCN and PCN/AP-OSS nanocomposites formed.

CONCLUSIONS. In this work, the reactive
amino-functionalized AP-OSS has been syn-
thesized and characterized, the effect of the AP-
OSS content (0.1-1.0 wt.%) on the kinetics of
polycyclotrimerization of DCBE was studied
by using dynamic DSC method. AP-OSS was
prepared in high yield by hydrolysis and poly-
condensation of H ,NCH,CH,CH,Si(OCH,),
monomer in the mixture of acetonitrile and
ethanol, with tetrabutyl ammonium hydroxide
(But,NOH) as the catalyst.The chemical struc-
ture of the synthesized AP-OSS was confirmed
by the results of FTIR and 'H NMR spectros-
copy, as well as by MALDI-TOF methods.
The predominantly singly charged protonated
ions, indicating that the degree of oligomeri-
zation within this silsesquioxane ranges from
n = 3 to 10 were found by MALDI-TOF me-
thod. It was found that AP-OSS accelerated the
polycyclotrimerization of DCBE allowing de-
creasing the final temperature and time of PCN
network synthesis, the higher content of the
AP-OSS the higher acceleration effect has been

https://ucj.org.ua

observed. As far as during the in situ synthesis
of the PCN/AP-OSS nanocomposites, the ami-
no groups on a surface of AP-OSS nanoparticles
can chemically interact with -O-C=N-groups
of DCBE with formation of isourea fragments,
the covalent embedding of AP-OSS into the
growing PCN matrix with formation of the hy-
brid PCN/AP-OSS network occurs. It was found
also that all synthesized PCN/AP-OSS nano-
composites have high Tg values (Tg> 280 °C)
similar to individual PCN. A slight decrease
inT ] (from 286.6 °C to 281.8 °C, respectively)
and AC (by 1.6 times compared to PCN) at in-
creasing amount of the AP-OSS used was ob-
served. It was explained by the competition of
two factors: 1) the presence of a number of fle-
xible linear fragments of AP-OSS in the hybrid
crosslinked matrix promotes the relaxation of
the kinetic segments of the hybrid network and
leads to a decrease in the T value; 2) incorpo-
ration into the PCN network of the inorganic
nanoparticles, which act as the additional net-
work junctions increases a crosslink density of
the network hindering relaxation and increas-
ing T value of the hybrid network. The synthe-
sized and investigated PCN/AP-OSS nanocom-
posites belong to the class of high-performance
thermostable polymer materials with controlled
structure and properties suitable for application
in extreme conditions.
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Y wiit poboti 6yn0o cuHTe30BaHO i foCIi-
IPKEHO PpEeaKLiNHO 3[aTHUI 3-aMiHOIIPOIIiI-
omiromepuuit cuncecksiokcan (AP-OSS) Ta
Bu3HayeHo BIUIMB AP-OSS 3ajexxHo Bif i1oro
BmicTy (0,1-1,0 Mac.%) Ha KiHeTuKy mominu-
KJIOTpyMepu3alii guijianHoBoro ecrepy Oic-
¢enony E (IIIBE) 3 BUKOpKUCTaHHAM METORY
puHamigaoi JICK. AP-OSS 6yB oTpumanmit
LIAXOM TifIpo/i3y Ta IO/TiKOH/eH callil 3-aMi-
HOIIPOIIITPMMETOKCUCU/IAHY 3 CyMmili alle-
TOHITPUJTYy Ta €TaHONY, 3 IiJPOKCUIOM TeTpa-
6yTumamonito (But, NOH) sk xaranisaropom.
XiMiyHy cTpyKTypy cuHTe3oBaHoro AP-OSS
6y110 nigTeepkeHo pesynbraramu OTIY ta

'H AMP-cnekTpockomii, a TakoX MeTO[OM
MALDI-TOE. Ha O®TIY-cnexkTpax BusABIe-
HO IIMPOKI Ta iHTEHCUBHI CMYIM IIOI/IVIHAHb
BAaJICHTHUX KOJIMBaHb i3 MaKCUMyMaMM 3a
v=3431 cm'i v=3378 cM™' Ta cMyTH IOI/IMHAHD
nedopManiiHNX KOMMBaHb i3 MaKCUMyMaMU
3a0=1638 cm' ta 6=1599 cm! 3B’sa3Ky N-H
y rpynax NH_, a Tako)x cMyru mornnHaHb 3a
v=1027 Ta §=859 cM™!, sKi BifHOCATH 1O Xapak-
TepHUX BiOpaiiit cum cecKBiOKCaHOBOTO sjpa
Si-O-Si. Metogom MALDI-TOF 6yno Buas-
JIEHO TIepeBaKHO OJHO3apAJHI IPOTOHOBaHI
10HM, 110 BKa3ye Ha Te, 10 CTYIiHb OJIirome-
pusalii B IIbOMY CUJICECKBIOKCaHi KONMMBAETh-
ca Big n =3 o 10. byno Busasneno, mo AP-OSS
NPUCKOpPIO€ noninuknorpumepusauio JIIBE,
110 3yMOBJIIO€ 3MEHILIEHH A KiHI[eBOI TemMIepa-
TYPM Ta 4acy CUMHTESY IOJMilliaHypaTHOI CITKI
(ITLC), mpu npomy mjo Bumuit BMicT AP-OSS,
TO BT eeKT MPUCKOpeHHs peakliii. Ba-
KaeMo, IO IIiff Yac in situ CUHTe3y ribpumHuX
[TIIC/AP-OSS HaHOKOMIO3WTIB aMiHOTpynu
Ha noBepxHi HaHoyacTMHOK AP-OSS ximiunO
B3a€EMOJiIOTh 3 IiaHaTHMMM rpynamu [IIIBE
3 YTBOpEHHsAM (QparMeHTiB i30CeYOBMHI,
mo 3abe3neyye KOBaJeHTHe BOYJOBYBaHH:]
AP-OSS y IIIC-marpuipo, mo GopMyeThCA.
Metogom IICK BcTaHOB/IEHO, 1[0 BCi CUHTe-
3oBani ribpupni II11C/AP-OSS-nanoKOMIO-
3UTYU MAIOTb BUCOKi TeMIIepaTypy CK/IyBaHHSA
(T, > 280°C), mo mosponse ix knacudpikyparu
AK TEPMOCTINIK] ITO/TIMEPHi MaTepiann.

KnrodoBi cnoBa: 1ianHartectepHi cmony,
OJIITOMEpPHMIT CUJICECKBIOKCaH, IOJiliaHypar,
KiHeTMKa CMHTe3Y, eQeKT IPUCKOPEHH.
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