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3 HaroAm 55—[)1‘{‘{8
akKaAeMika HAH YKpaiHu

[ AQAMLLIEBCHKOTO
PomMaHa €BreHoBMYa

19 eepecnss yvozo poky (2023) 6unosHunocs
65 pokie 6i0 OHA HapoOweHHA akademixa HAH
Yxpainu Inaouwmescvkozo Pomana €ezenosuua,
6i00M020 64eHO020 y 2anysi Kpucmanoximii, He-
opeariunoi ximii ma mamepiano3Hascmea, 00K-
mopa XimiuHux Hayx, npogecopa, npopexkmopa
JIb8i6CbK020 HAUIOHANILHO20 YHIBepcUumemy ime-
Hi Ieana Ppanka.

Hapopusca Poman €srenosny 19 BepecHa
1958 poky y JIpBOBi, B ciM’1 goOpe Bimomoro
HAyKOBilil CHiIBHOTI XiMika-Kpucranorpada
€srena IBanoBnya ImaguineBcbKoro.

¥ 1980 poui 3aKkiHYMB 3 BiI3HAKOIO XiMid-
HUit (akynpreT JIbBiBCHKOTO Jep)KaBHOTO
yHiBepcuteTy iMeHi IBana ®panka. ¥ 1980-
81 poxkax npaioBas iH>xeHepoM Haykoso-Jo-
cmipgHOro iHCTUTYTYy MatepianiB (M. JIbBiB),
flajli — pPOKM acIipaHTypy Ta II0YAaTOK HAYKO-
Boi po6OTM Ha IOCafli CTApIIOro HayKOBOT'O
cmiBpobiTHUKOM Kadempyu 3arajabHOl  XiMmii
JIbBiBCHKOTO MOJiITEXHIYHOTO iHCTUTYTY. Kan-
IMJATChKY AucepTaliio Ha TeMy «Das3osi pis-
HO8a2U Ma Kpucmaniuna cmpykmypa cnoiyx y
cucmemax P3M-Co-Ga, de P3M - meman impi-
es80i nidepynu» Poman saxuctus y 1987 poui B
MJY imeni M. B. Jlomonocosa y Mockai.

Bigroni HaykoBa i mefaroriyia giAnbHICTD
Pomana €prenoBuya nos’s3aHi 3 JIbBiBCbKUM
HallilOHa/IbHUMM YHiBepcuTeTOM iMeHi IBanHa
dpaHKa, fie BiH CIIOYATKY IIpaIlioBaB Ha Kades-
pi isvkm HamiBnposigHukiB (1988-1990).
Y nes’ssHOCTMX pokax (1991-97) BiH mepeby-
BaB y IlIBerinapii Ta ®paHuii AK HayKOBMII
ciBpobiTHUK Taboparopii kpucranorpadii Ta
kadenpy ¢isuku TBepporo Tina JKeHeBcbKo-
ro yHiBepcureTy Ta npodecop mabopaTopii
CTPYKTypu MartepianiB yHiBepcurery Cabya
(M. AHci).

[ToBepnyBmnch 0 JIbBOBa BiH 3aXuIae
INOKTOPCbKY Juicepraiiio «IHmepmemaniou
ma oxcuou: 8i0 ideanvHoi 00 peanvHoi Kpucma-
niunoi cmpyxmypu» (2001), oTpuUMy€E CTYIiHD
JNOKTOpa XiMIYHMX HayK, a 3rojOM — 3BaH-
HA foneHTa i mpodecopa (2004-05), 3aitmae
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nocajly 3aBifyBaya Kadeapu HeopraHiuHOi
ximil 3 2006 poKy Ta IIpOpeKTOpa 3 HAYKOBOI
po6oru JIbBiBCbKOrO HaIiOHABHOTO yHiBep-
curety (3 2014). Y 2012 poui itoro obpaHo
4JIEHOM-KOpecnoHieHToM HaljionanbHoi aka-
memil HayK YKpainu, a y rpygHi 2021 poky -
piiicHuM wieHoM (akagemikom) HAH Ykpainu
3i crrenianbHOCTI «Kpucranoximisy.

Hayxosi inTepecn i focnimxenns P. €. Ina-
IVLIEBCHKOTO IIPOIOBXYIOTh Tpaaniiii J/IbBiB-
cbKoi HaykoBoi Imkomu «Kpucranoximisa iH-
TepMeTaliYHUX CIIONYK», OHUM i3 3aCHOBHMI-
KiB i KepiBHUKOM 5KOI BIIPOZOBX 06ararbox
PpOKiB 6yB €sren IBaHoBUY ImaguieBchbKUIA,
1 CTOCYIOTbCA KPMCTANIOXiMil HEOPraHi4yHMX
CIIONYK, 30KpeMa KpUCTaIoXiMil iHTepMeTa-
JMIYHKX CIIONYK 1 BUCOKOTEMIIEPATYPHUX Hafl-
IPOBiIHUKIB I pO3pOOJeHHs MaTepiaiB.
Haykosi npani Pomana Iimagumescbkoro, xo-
JIEKTVBY JIOTO CIIiBpOOITHVKIB, acmipaHTiB Ta
Y4HIB CYTTEBO 30araTyim poO3BUTOK KPUCTa-
N0XiMil HEOpraHiYHMUX CITONTYK.

Humu pospobneHo migxomu [0 «Ifimic-
HOTO IIOIVIARY» Ha KPUCTajai4yHi HeOopraHiyHi
PEYOBMHY, SIKi 3aCTOCOBAHO Yy HayKoOBill 6asi
manux PA ULING FILE {Inorganic Materials
Database), mo o06’egHye Kpucranorpagiy-
Hi pani (376’000 BBemeHb), miarpaMy CTaHY
(54500 BBemeHp) Ta i3WyHi BIACTUBOCTI
(174000 BBemeHb) HEOPTaHIYHMX CIONYK B
OHOMY KOMIIIEKCi; KIacudiKoBaHO CTPYK-
TYpPHi TUIIM HEOPTaHIYHUX CHOTYK Ha OCHOBI
IIOC/IIJOBHOCTI IO3Ha4Y€Hb IPAaBUIbHUX CUC-
TeM To4oK. LI xmacudikauis sHaia cBoe
3aCTOCYBaHHA IpU CTBOpPeHHI 0asm IaHuX
TYPIX (Gmelin Handbook of Inorganic and
Organometallic Chemistry); sanpomnonoBaHo
KPUCTA/NOXIMiYHMII A/JITOPUTM €KCIIEpUMEH-
Ta/JIbHUX JOCII/KeHb JiarpaM CTaHy 6araro-
KOMIIOHEHTHMX MeTa/IiYHIX CUCTEM i KOHIIeIl-
{0 I pO3yMiHHA iXHiX 0coOMMBOCTEN Ta

IIPOTHO3YBaHHA YTBOPEHHA CIIONYK i3 IEBHUM
CKJIAJIOM i CTPYKTYPOI0; po3p0o0JIeHO HOBI ITifI-
XOIM I BUSHAYEHHSA BaJIEHTHOTO CTaHy aTo-
MiB B iHTepMeTalTiYHUX CIIONyKaX, 1o 6asy-
IOTbCA Ha iHTepIIpeTalii eKCllepyMeHTaTbHIUX
mudpakuiiHux gaHux. TakoX HOBeeHO, 110
BJM3HA4Ya/IbHUM KPUTEPiEM YTBOPEHHA repma-
HiJJiB 1 CUIILNAIB PiAKICHO3€MENIbHUX METaJliB
3i crpykrypamu tumiB AIBr, a-ThSh, ixuHix fe-
(deKTHUX MOXiTHMX, a TAKOXX HpPeACTaBHUKIB
cepiil TOMOJIOTIYHMX CTPYKTYpP, 3aCHOBAHUX
Ha ¢parmentax Tumnis AIB, Ta CaP3 a6o W, €
KOHILIEHTPallis BaJIEHTHUX €IeKTPOHIB.

Y pesynbrari 4mMCIEHHMX KpPUCTAIOXiMid-
HUX JIOCH/PKEHb 3aIIPOIIOHOBAHO HOBI CXeMMU
B3a€MO3B’I3KiB MDK CTPYKTYPHUMU THIIAMIA,
30KpeMa BUBEJEHO HU3KY FOMOJIOTTYHMX Cepilt
CTPYKTYp HEOPraHiuHNX CIIONYK (HaIpUKIaf,
CrB-YAIGe); chopmynboBaHO IpaBwma ykia-
JaHHA IIIPHOYIIAKOBAHMX INAPiB aTOMIB Y
CTPYKTypax aIOMiHifIiB d- Ta f-e/leMeHTiB; BCTa-
HOBJIEHO, 110 NPUYVMHM TOSABU CTPYKTYPHUX
fedeKTiB, XapaKTepHUX IS peabHUX CTPYK-
TYp, BINIOBiAIOTb HEBIIOPALKOBAHOMY Ta
BIIOPAKOBAHOMY PO3IIOAITY JIOKa/IbHUX 3MiH.

Poman ImagmmmeBcbkmii 3i crmiBaBTOpammu
3aIIPOINIOHYBaIM HOBi METOAM CTPYKTYPHOIO
aHaJIi3y 3 ypaXyBaHHAM 0COOIMBOCTEN peab-
HUX CTPYKTYpP, CPOPMYIIIOBAIM 3aKOHOMip-
HOCTi BUHMKHEHHSA CTPYKTYPHUX MOAY/IALIN,
10 JJa/i0 3MOTY KepyBaTy iXHiMM IapameTpa-
MM Ta, BiIlTIOBigHO, 3MIiHIOBATM BIaCTUBOCTI
MarepianiB. ABTopu focmiguay ¢asosi piBHO-
Bary Maibke 140 6araTOKOMIIOHEHTHUX CYIC-
TeM, CUHTE3YBaaM i BUSHAYUIU CTPYKTYpY i
byHKILIOHaIbHI BTACTUBOCTI BEMKOI Ki/TbKO-
CTi HOBUX HEOpPraHiYHMX cronyk (moHaz 950),
30KpeMa, [/I1 HAHOMO/Y/IbOBaHMX i HAHOKOM-
IIO3UTHMX MaTepiajliB Ha OCHOBI iHTEepMeTani-
#iB. 3a ydacTio PoMana €renosuya BifKpuTo
95 HOBUX CTPYKTYPHMX THUIIB 1 JOCII>)KEHO

ISSN 2708-129X. YKp. xim. XypH., 2023
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KOMIUIEKC XiMiuHUX i isMyHMX BIacTMBOC-
Tel HU3KM, Y T. 4. eIEKTPUYHUX | MaTHITHHUX,
6m3bko 400 crmonmyk i MartepianiB Ha IXHIN
ocHOBi. OcoOMMBY yBary NpHUAiNTeHO amToMi-
HifjaM, TajligaM, CyIinugaM i repManifam, AKi
MICTATH pifKicHO3eMeNbHi eneMeHTH, Ta 6a-
raTOKOMIIOHEHTHMM KynparaMm. Cepen focAr-
HeHb — CUHTe3 HaampoBigHuKa Bi,Pb-2212 6e3
MOZY/IALI 31 3HAYHO 3MEHIIEHOI0 aHI30TPOITi-
€10 B/IACTUBOCTeN. Po3pobieHo HOBI MeTonu
CUHTE3Yy HaJIPOBIZHOI KEpaMiKM, 3 BUKOPIC-
TaHHAM fKNX, 30KpeMa, Oy/I0 BIleplle BUPO-
IeHO MOHOKpucTamu ¢as3u Bi-2223, cuHTes0-
BaHO HOBY HafnpoBifHy ¢asy Bi,Pb-2223F 3
dmoopom (T. = 75 K). Oxpemi HOBi MaTepianu
Ha OCHOBI iHTepMeTaslifliB 3aIlaTeHTOBAHO SIK
PEe3UCTOPU Ta TEPMOENIEMEHTH.

HayxoBo-opranisaunirina gisanbHicts Poma-
Ha [JTapnieBcbKOro i Ha CbOTOMIHI CIIPSAMOBA-
Ha Ha IPOJOBXEHHA CUCTEMATUYHUX JIOCTIi-
IPKEHDb B3a€MOJIii KOMIIOHEHTIB y MeTaliYHIX
CUCTEMAX, BMBYEHHA KPUCTAJIYHOI CTPYK-
TypU iHTEpMeTaliYHUX CIONYK 1 CKepOBaHa
Ha IIOfasibllle 3MillHEHHS HayKOBOI ILKOJIN
«Kpucranoximis», IKy BiH, IPOJOBXYIOUM Ha-
yKoBi Tpajuiii ceoro 6atpka €. 1. Imagumes-
CbKOro, oyomnioe 3 2006 poky.

Poman €BreHoBny — cmiBaBTOp cepill MO-
Horpadiit BugaBHuUNTB Springer-Verlag, Lan-
dolt-Bornstein i Walter de Gray ter, npucsue-
HIX CHCTeMaTHLi KPUCTA/IIYHUX CTPYKTYP He-
OpPraHiYHMX CIIO/NIYK. YChOTO Y CIiBaBTOPCTBi
omy6nikoBaHo 22 Tomy MoHorpadiii, 3 orns-
IoBi cTarTi, 17 mareHTiB, 6mm3bko 400 HayKo-
BUX cTareit Ta Te3u 500 JomoBineit Ha KoHpe-
peHLiAX pisHOro piBHA. HaBememo nmpukmagu
JIIIE JIeKUX HaYKOBYX IIpallb:

Tannudor: Cnpasounux (Metamnyprus, 1989,
c coasr.); TYPIX Standardized Data and Crys-
tal Chemical Characterization of Inorganic
Structure Types (Gmelin/Springer, 1993, 1994.

https://ucj.org.ua

Vol. 1-4, with co-auth.); Crystal Structures of
Classical Superconductors; Crystal Structures of
High-T. Superconducting Cuprates (In Hand-
book of Superconductivity. Academic Press,
2000, with co-auth.); X-ray Studies: Chemical
Crystallography (In Handbook of Supercon-
ducting Materials. Institute of Physics Publish-
ing, 2003); Crystal Structures of Inorganic Com-
pounds (Landolt-Bornstein/Springer, 2004-
2008. Vol. 1-6, with co-auth.); Cooley L. D.
X-Ray Studies: Chemical Crystallography /
L. D. Cooley, R. Gladyshevskii, T. Siegrist //
Handbook of superconductivity. Boca Raton:
CRC Press, 2022. P. 4-21.

3a J10ro y4acTIo MiATOTOB/IEHO 27 HaBYa/lb-
HO-METOAMYHUX PO3POOOK, y TOMY UMCIIi HO-
CiIOHMKM 3 KpUCTanoXiMii yKpaiHChKOIO, aHT-
TiICHKOIO Ta PpaHI[y3bKOI0 MOBAMI.

Ilig kepiBHmMurBom P. ImapmieBcbKoro
IIPOBOJATh CIIIbHI JOCHIJPKEHHA B TIajysi
KPUCTaNOXiMil HEOPraHiYHUX CIONYK i3 BYe-
HUMM Hamol kpaiayu (IHcTUTyTy 3aranbHOI
Ta HeopraHiyHol ximii im. B. I. BepHapcpkoro
HAH VYxpainn (M. KniB), [ncturyTy npobnem
MarepiazosHaBcTBa iM. I. M. Ppanuesuda
HAH VYxpaiun (M. Kuis), ®isuko-mexaHiuHo-
ro inctutyry im. I. B. Kapnenka HAH VYkpai-
Hu (M. JIbBiB), [IBH3 «Ykpaincpkmit gep>kaB-
HUI  XiMiKO-TEXHOJIOTIYHUIT  YHIBEPCUTET»
(M. [THinpo), a TakoX IHCTUTYTY XimiuHOI di-
3uKu TBephoro Tina Topapucrsa Makca [Tnan-
ka (M. Ipesnen, Hivewunna), Texniunoro yHi-
BepcuteTy M. Mionxen (Himeuunna), Inctu-
TYTy HM3BKUX TEeMIEpaTyp i CTPYKTYpHUX
pocmimkens iM. B. TmebsaToscbkoro ITAH (M.
Bpounas, Ilonpma), Kapnosoro yriBepcurery
(M. ITpara, Yecbka Pecrry6rika), YriBepcurery
Casya (M. AHci, ®pannin), XKenescpkoro yHi-
Bepcurety (IlIBeitnapis).

Poman ImapguimeBchbKuil — He TiIbKU BUIAT-
HIJ HayKOBellb, BilOMIIT y HAC B YKpaiHi i B
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CBITI, a 1 HEIIePEeCIYHMIA IIe[ATOT 1 TPOMA/IChKIIA
pisg. Ilig ioro KepiBHMITBOM IiATOTOBJIEHO i
3axuieHo 6m3bko 20 KaHAMIATChKUX IMCep-
Talliif, BiH TaKO>X OYB KOHCY/IbTaHTOM JJOKTOP-
CBKUX [MCEPTalliif, 3aXMIeHNX y JIbBiBCbKOMY
YHiBEpCUTETI, Ta KOHCYIbTAHTOM JMCepTalliil,
3axXMILEHNX 33 KOpAOHOM. BiH cucremaTuyHO
Kepye MaricTepCchbKuMy poboTaMIL.

Poman €BreHoBnM4 HEOIHOPA30BO BUCTY-
IaB Ha yKpaiHChKUX i MDKHapOfHUX KOHpe-
PEHLiAX i3 IZIEHAPHUMU JOIOBIgAMMU, 30KpeMa
B Amnrmii, CIIIA, ITonpmi, Himewunni, ITanii,
ABcrpii, Knrai. 3araom B3sB y4acTb y po6oTi
noHay, 200 HaykoBux ¢opymiB. Ha cporomi
BiH BUKIafla€ neKuinHi Kypcu «Heopraniv-
Ha Ximisf» Ta «Kpucranoximia» y JIbBiBCbKO-
MY YHIBEPCUTETI; BUK/IA[AB JIEKIIHNI KypC
«Kpucranorpadisi» B VYuiBepcureri CaBya
(M. Auci, @panuis).

Poman DnmapmmeBcbkmili Ma€ Ljilny HUSKY
HayKOBO-OpraHi3alliliHMX i TPOMaJCbKUX 30-
6oB’a3anHb. Bin - uwren HaykoBo-kooppuHa-
uintHoi pagu Cexuii XimMiuHMX i 6GionmorivHmx
HayK HamioHanbHOI akajgemii HayK YKpaiHu
(3 2020 poky), KepiBHUK HayKoBOi ceKIiil «Xi-
Mis Ta XiMiYHa TeXHOJIOTiA» 3aXiJHOrO HayKo-
Boro neHTpy HAH Vkpainun ra MOH VYkpai-
HM (3 2017 poky), ronosa KomireTy xpucra-
norpadiB Ykpaim (3 2004 poky), a Takox
IpEeICTABHMUK YKpainy B Mi>KHapO[Hil CITi/i
Kpucranorpadis Ta EBponeinchbKin Kpucramo-
rpadiunin aconianii. 3 2003 p. BiH opraniza-
TOp i cniBKepiBHMK «HayKoBO-KOHCYyIbTaLIil-
Hoi KoMmaHii «CmpykmypHi enacmuseocmi»,
¢inii BigmosigHoi IlIBeiiriapcpkoi KommaHii,
roj0Ba opranisamniiigoro komirery VIII-XIV
MixHapopHUX KOH(epeHLiil 3 KpUCTaIOXi-
Mil iHTepMeTaniYHuX CIIONYyK, TOJIOBHUI pe-
IDAKTOp MIDKHAapORHOro >XypHany JIbBiBCbKO-
ro yHiBepcutery «Chemistry of Metals and
Alloys» - «Ximisa meraniB i crmaBiB», AKuit

3acHoBaHO y 2008 potii, 3aCTYITHMK FOJIOBHOTO
penakropa xxypHainy «IIpani HaykoBoro Tosa-
puctsa im. llleByenka», «YKpalHCbKOTO Ximid-
HOTO >KYPHaJly», BXOGUTD JIO CK/IaZly PefKoIe-
Iiif iHIIMX HAYKOBUX BUJJAHb...

Poman ImaguineBChbKUIT — aKTUBHUI YJIeH
61opo Haykosoi pagu 3 mpobnemu «Heopra-
HiyHa XiMisf» HamioHanbHOI akameMmil Hayk
Ykpainu (3 2003 poky). 3a toro 6esmocepes-
HbOI y4acTi IIPOBEEHO AB1 HAYKOBI BUI3HI cecil
papy — «AZIbTepHAaTUBHA XiMiYHa eHepreTNKa»
(M. JIbBiB, 2006) i «Cy4acHi mpobnmemn Ximil
HEOPTaHiYHMX Pe4YOBMH 1 MaTepiasiB LIMBi/Ib-
HOTO i mopBitHOrO MpnusHayeHHs» (M. J/IbBiB,
2015), Ta XVII Ykpaincpky KoHQepeHIiio 3
HEOPraHivyHoI XiMil 32 y4YacTIO 3aKOPIOHHUX
BUEHMX, NpuUCBAYEHY 90-piuyyio 3acHyBaHHHA
HAH VYxpaian (M. JIpBiB, 2008), e BiH 6yB
TO/I0OBOIO JIOKA/IbHVX OpraHi3alifiHuX KoMiTe-
TiB. He3Ba)karoum Ha Ba)kKe JIJI1 HAlIOl KpalHu
CbOTOZIeHH, Kadepa HeopraHiyHOI XiMmil mif
KepyBaHHAM Pomana InmapgumeBchbKOro mpo-
NOB)XY€ aKTUBHY OCBITHIO, HayKOBY i Oprasi-
3aniiiny fianbHicTh. Tinbky y 2021-22 pokax
Ha 4o 3 DmagunieBCbKUMM IpalliBHUKM Ka-
denpu opranizysanu Ta nposemu VIII IIko-
ny-cumnosiym «PeHTreHiBcbKa IOpOIIKOBa
nudpakuis. Axanis 6ararodasHux 3paskis»,
XII' ra XIII BceykpalHChbKi KOHKYpCU IOHUX
pocnigaukiB «Kpucranm» imeni €srena Ina-
puieBcbkoro «Kpucranu — puBo mpupopu»
Ta «Kpucranu B icTopii Ta MUCTELTBI»; B3N
y4acThb B Oprasisalii Ta nmposeneHHi 23 Mix-
HapojHOi KoH(]epeH1ii 3 TBepAUX CIIONYK Iie-
pexigHux enemenTis, II MixknapogHol HayKo-
BO-TIpakTN4YHOI KoHpepeHnil «HaH006 ekTn
Ta HAHOCTPYKTYPYBAaHH:A» Ta iHIIMX HaBYa/b-
HIX 3aXOfax.

Poman €BreHoBum4 Mae HaykoBi i ypsapo-
Bi Haropoau. Y 1981 poni BiH HaropomKeHuii
Meoannwo AHYPCP 3a HailKpaly CTyIleHTCbKY

ISSN 2708-129X. YKp. xim. XypH., 2023
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pob6oty; y 2008 porii ctas naypearoM /epicas-
HOI npemii Ykpainu 6 2any3i HAyKu i MexHiKu B
CKJIaJii KONeKTUBY aBTOpiB; y 2018 porii Haro-
pomxennit Bingnakoro HAH Ykpainu «Hayxko-
81 0ocseHenHs»; y 2019 poui IoMy IPUCBOEHO
HOYeCHe 3BaHHA «3acnyxeHutil 0ifsu HayKu i
mexHiku Ykpainu» Ta Io4eCcHe 3BaHHA «3acy-
sceruti npogecop /Iv6i6cvK020 HAUIOHANTLHOZ0
yHisepcumemy imeni Isana Ppanka». Bin He-
OJIHOPA30BO OTPMMYBAB Bij3Haku MixxHapop-
Horo neHTpy mupaxuiianx manux (ICDD,
CIIIA, 2008-2020).

Bxxe 20 pokiB Poman €prenosuu Imapm-
LIEBCbKMII € TIOBHOBAXXHMM IIPECTaBHUKOM
BiJj XimiKiB J/IbBiBCHKOTO HaIliOHAJIbHOTO YHi-
BepcureTy iMeHi IBana @panka y Haykosin
pani HAH VYxpainu 3 npo6nemu «Heopraniu-
Ha XiMif», Iy)Ke iHiljiaTUBHUM, PETEIbHUM i
aKTVBHUM II 4JIeHOM. Y HbOT'O Ha BCE BUCTAYAE€
4acy i eHeprii — Ha IeKIil i ceMiHapy, HAYKOBY
po6oTy i rpoMazchKi 060B’13KM, Ha BUAHHS
JKYpHaJTy, YUCIeHH] Bifps/pKeHHs, Ha pobo-
Ty 3 MOJIOAJI0 i IIKOIAPaMy, 3aXOIJIEHVMU
KpUCTaNOXiMi€ero.

Konextus umenie Haykosoi pagu HAH Ykpainu 3 mpobnemn «Heopraniuna ximis»
nepepnae mupi Bitanaa Pomany €srenosuvy I'magnmescbkomy 3 Haroau [IHa HapoKeHHs!

baxxaemo Bawm, BenbMumanoBHnit Pomane €BreHoBnyy, MilfHOTO 30pPOB’A i JOBIUX Ta
IIACTNBUX POKIB >KUTTS, HOBUX TBOPYMX 300YTKiB Ta 3BeplleHb 3apajfy HayKM i HamIoi

Kpainn!

B. ITexupo, JI. KoBanp

Poman €szenosuy Inaduuiescokuti ceped yuachukie cecii Hayxosoi paou
HAH Yxpainu 3 npobnemu «Heopeaniuna ximisa», /Iveis, 2015 p.
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KATANI3 CNOJTYKAMW ®©QC®DOPY (lll) Y CUHTE3I APUIAMIAIB

3-0KCN-2-HADTOWHOI KUCNOTW

/1. A. lImeiinbepe

Hayxoso-mexuiuna ycmanosa «IHCmumym ximiuHoi mexHosiozii ma npomuciosoi exosnozii»,
nn. Ximixie, 3, m. Pybiscne, /lyeancoka o67., 93010, Yxpaina
e-mail: leon.shteynberg@gmail.com

Apunaminy 3-okcu-2-HaQTONHOI KMCIOTY IIMPOKO BUKOPUCTOBYIOTD Y CMHTe3i OapBHUKIB i mir-
MEHTIB, AK eCTULINAN, Mei4dHi npenaparyu. Tomy po3po6/ieHHs HOBUX METOJIB iXHbOTO CUHTE3Y €
aKTya/IbHVMM 3aBIaHHAM.

BcraHOBIIEHO, 1110 KaTati3 TpuxIopucTM Gocdopom ta/abo pocdopuctoro kiucmoTorw (2% MOJIbH.)
Y KUIULAYUX 0p1mo-KCWIONI ab0 0pmo-XIopTONyo/li aljyIIOBaHHA apyIaMiHiB 3-0KCcK-2-HadTOHOIO
KIC/IOTOK IPU3BOAUTD IO OTPMMAaHHA BiIIOBiIHNX apUIaMifiB i3 BUCOKMM, IPaKTUYHO 3 KilbKic-
HVIM BUXOZOM. Y peakllilo B OBITPsHiil aTMOcdepi yCIilIHO BCTYNAIOTh 3aMillleHi aHiiHy, 1o Mic-
TATb €/IEKTPOHOJJOHOPHI Ta €JIEKTPOHOAKLENITOPHI 3aMiCHUKI B 0p110-, Mema- i napa-rnonoxXeHHsX.
Karanitnuna B3aemopis 1-HadTmiaminy Ta 5-amiHOGeH31Mifja30/M0HY 3 3-0KCH-2-Ha(TONHOI KIC-
JIOTOIO JI03BOJISIE OTPUMATH 3 BUCOKUM BUXOJOM, BifmoBifHO, 1-HadTmnamin 3-okcu-2-HapTONHOL
Kucnotu ta 5-(2'-rigpokcu-3'-Hadroinamino)-2-6ensimifasonon tinbku B arMocdepi asory.

ITo Buxopy apmnaMizniB 3-okcu-2-HaTONHOI KIC/IOTU 32 IIEBHUI Yac B 0pmo-KCUION B peakii,
IO KaTaji3yerbcs GocOoprcTOo0 KUCTOTOW, Ha HAIiBKIIbKICHOMY piBHI IIOpaXxOBaHO CepefiHi Io-
YaTKOBI IIBMAKOCTI aMiflyBaHH i TOOY0BaHO B jTorapy@MivHIX KOOPAMHATAX IXHIO 3a/IeXXHICTD Bif
pK, BignosigHux apinaminis srifjHo 3 piBHAHHAM bpencrena. Ipadik asnse coboro mamany Kpusy 3
ZIBOMa MaKCMMyMaM! i MiHIMyMOM, IIpy IIbOMY HaMOi/bIIy peakiiiiHy 3/jaTHICTh MAOTh apyIaMi-
HI, L0 MICTATH €/IeKTPOHOAKIIeNTOPHI 3aMicHMKn (4-Br; 3-F; 3-Br; 3-Cl), a HaliMeHIIy — Hait6inbIn
CUIBHOOCHOBHMI 4-aHI3MANH i CTaOKOOCHOBHMI 3-HITPOAHIIIH.

Ha migcTaBi nUX maHuX, a TAKOX pe3y/bTaTiB paHillle IPOBEEHO] B IIOPIBHAHNX yMOBaxX B3ae-
Mopil 3aMillleHUX aHiTiHIB i3 6eH30IIHOI0 KiC/IOTOI0, IO KaTali3yeTbcs MOMiOyTOKCUTUTAHATAMI;
Ta 3aMillleHNX GEeH30HUX KMUCIOT i 3-0KCU-2-HaTONHOI KUC/IOTY 3 aHIIIHOM, 10 KaTasi3yeTbcs
TpuxnopuctuM pocdopom ta HochopucTor KIUCIOTO0; 3aIPOINOHOBAHO MEXaHi3M aMifyBaHHS.
Bin BK/II0Ya€e yTBOpEHHA B IIepIlli XBWIVHM peakliil in situ ¢pocdity apunaminy, 3aTHOro BUCTYIIATH
B pori P=0O-kucenpHykn1eodinbHOro KaTasisaTopa, o yTBOPIOE IpK B3aEMOAII 3 3-0kcu-2-HadTol-
HOIO KJC/IOTOIO BifmoBifHuit pocdit, Akmit Hajasmi aTaKye BiIbHa MOJIEKy/a apyIaMiHy 3 OTpUMaH-
HAM apuiaMiny 3-okcu-2-HadToitHol Kucnotu. Ha mBuakicTh peakuii, KpiM OCHOBHOCTI apmiami-
HY Ha CcTafii Hyk1eodibHOI aTaky, MOKYTb BIUIMBATH JIOTO OKJC/IEHHSA SK TaKOTO i YTBOPEHOTO
HUM ocdiTy KMCHeM NOBITps, HEIIPOAYKTIUBHE 3B'AI3yBaHHA apWIaMiHy B cinb abo H-xommekc i3
3-0Kcu-2-HaTOIHOIO KIC/IOTOK0, YYacTh KiHI[EBOTO Li/IbOBOTO IPOAYKTY B aMifio-iMifHOMY Iepe-
TpyNyBaHHI 3 TOAA/IBIINM iHTIOYBaHHAM KaTasisy iMigHO (GOPMOI0, 110 YTBOPIOETHCS.

Knrouosi cmoBa: tpuxnopuctuit pocdop, docdopucra kucnora, 3-okcu-2-HapTolHA KUCTIOTA,
apuwIaMingy 3-oKcr-2-HadTONHOI KUCTOTH, apUIaMiHM, 0pmo-KCUION, KaTaJlis.
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BCTYII. Apunaminyn 3-okcu-2-HaTONHOI
kucmotn (OHK) mmpoko BUKOPUCTOBYIOTH
y cuHTe3i 6apBHMKIB i mirmeHTiB [1], sk me-
crutuan [2], megnuni npenaparu [3]. Pawni-
me Oy/10 po3poO/IeHO HOBUII METOJ, CUHTE3Y
animiny OHK peakuniero anininy 3 OHK 3a
MPUCYTHOCTI KaTa/JliTMYHUX KinbKocreit, 2%
morbH. Bi OHK (pani 6ymemo 3asHavaTy mpo-
cTo %) cnomyk tTpusaneHTHOro docdopy [4];
nifjipaHo pO3YMHHUKY — KUIUISYi 0pMo-KCK-
non (146 °C) ta opmo-xnopronyon (156 °C),

COOH H,N CONH
Cat
P 0000, 10 he
OH X
COOH HzN
perce;

10 JO3BOJNAKTb OTPUMATY IIIBOBUI IIPO-
AYKT 3a BiicyTHOCTI MO6GiYHMX croNmyK (2-aHi-
MiHO-3-Ha@TOoIHA KUCIOTA Ta aHimifg 2-aHismi-
HO-3-HaTOIHOI KMCTIOTH), [0 YTBOPIOIOTHCSA
3a 61/IbIII BUCOKMX TeMIeparyp [5].

Mera 1i€i po60TU — BUBYNMTHU KaTasli3 CIIO-
nykamu ocdopy (Cat) peaxuii OHK i3 3ami-
menumy aHininamy (AuX), po3pobutu yHi-
BepCaZlbHUIL METOJ OTPMMAaHHA 3aMillleHMUX
aninigis OHK:

(1)

CONH

+ H}O (2)

X=H, 2-CH,, 3-CH,, 4-CH,, 2-OCH,, 3-OCH,, 4-OCH,, 4- OCHZCH3 3-Br, 4-Br, 2-Cl, 3-Cl,

4-Cl, 3-F, 3—NO 2,3- C H;

478

COOH H)N CONH
@E -0 G
N

o

Cat = PCl,, H3PO3.

EKCIIEPVIMEHT I OBI'OBOPEHHA PE-
3YJIPTATIB. Aminin, OHK, opmo-xcunon,
opmo-xnopmosnyon, Tpuxaopuctuii docdop
i docdopucry kmcnory ounugyBanm i BUKO-
pucroByBanu fAK y poborax [4, 5]. AnX (X=
2-CH,, 3-CH,, 4-CH,, 4-OCH,CH,, 2-OCH,,
3-OCH,, 4-OCH,, 3-Br, 4-Br, 2-Cl, 3-Cl, 4-Cl,
3-E 3-NO, 23-CH; 24-(OCH,)-5-C
2-OCH,-5-CH;; 2,5-(OCH,),), 5-amiHO6eH3i-
mifasonon (5-ABIA) Bupo6HMIITBa KOMITaHi
Merck, Sigma Aldrich, Alfa Aesar Ta Starshine
Chemical Ltd. Co. ounmyBanm, BUKOPUCTO-

https://ucj.org.ua

2,4-(OCH,) -5-Cl; 2-OCH -5-CH; 2,5-(OCH,) .

/—0 +H,0 (3)

BYBa/I/I Ta aHaJi3yBa/mM AK y poborax [6-8].
5-ABIA nomaTtkoBo IBOpa3oBO NepeKpUCTali-
30BYBa/IM 3 €TAHOIY.

Ompumanns apunamioie OHK. Peaxuito
npoBoawIN y Konbi 06'emom 500 cm?, i3 Mar-
HITHOIO MIillIaJIKOIO, TEPMOMETPOM y Maci, 3
Hacazkomwo Jlina — Crapka fiaMeTpoM 3 cM y
PO3IINPEHIN YaCTUHI, 3aIIOBHEHO 0P Oo-KCH-
JI0JIOM, 3BOPOTHUM XOJIOAVM/IbHIKOM.

Y xonby saBaHTaxyBamu 234.0 MMOJb
AnX, 44.0 v (234.0 mmonb) OHK, 200 cm®
pO3UMHHMKA (0pMO-KCUTIONY), BKIIIOYAJIN
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MilIaJIKy, HarpiBaam Macy po 45-55°C po
nopHoro posumHeHHsa OHK, popmaBanm 4.68
mmonb PCL, (sactocoBysanmu y BurmsAsi posun-
HY B 0pm0o-KCUIONi a60 B 0pro-XI0OPTONIYOIi)
a6o ¢ocdopucToi KMCIOTY, MIBUAKO HArpi-
B/l Macy [0 KUIIiHHA, BUTPUMYBAIU II€B-
HUJ 4acC, iIHTEHCUBHO BifITAaHAIYM a3€0TPOIl
BOJIa — PO3YMHHUK JI/IsI 3CYBY piBHOBaru y 0ik
IPOAIYKTiB peakIiil.

Peakniro OHK i3 5-ABIA i 1-HadTmmami-
Hom (X= 2,3-C,H,) nposogunu y cTpymeni
a30Ty, IOJAI0YY JIOTO B KOJIOY HaJj IOBEPXHEIO
PO3YMHHMKA.

IIpy BUKOpMUCTaHHI B poJIi pO3YMHHMKA Op-
MO-XJTOPTONYONY, IO Ma€ OibIIy IIiTbHICTB,
HDK y BOAY, BUK/IIOYAIM 31 CXeMU HacajKy
Hina — Crapka, 3BOpOTHMI XONOAV/IbHK 3aMi-
HIOBa/IM Ha IPAMMUIL, TIOCTIIHO BiiraHAOUN Ye-
Pe3 HbOTO a3e0TPOII BOJIA — OPMO-XJIOPTOIYO/
y IpuiiMaY i JO4a4y HOBY IIOPIIiI0 PO3YMHHM-
Ka B KOJIOy Yepe3 KPaIUIMHHY CK/IAHY JIIKY.

ITorim macy oxomomxysamu no 30-40 °C,
BiJraHANM Tifi BAKYyMOM PO34YMHHUK i AHX,
1I]0 He IpopearyBas, mpomuBam ocaf 100 cm’
PO34MHY cossAHOI Kucnoty, 200 cm® Bopy, ¢i-
NbTpyBamy, gopaBam 100 cM® Boay, COmOBUIA
posunH o pH=10, Bigrananm sajauiiky aMminy
3 BopaHuM mapoM. Ocap BifdinbTpoByBamn
Ta cymnum 3a 110-120°C, Baxmuam oTpuma-
Huit apunamig OHK. I3 comoBoro ¢inbrpary
HiIKVCIEHHAM COMSAHOK KMCIoToK fo pH=1
Bupinsanu OHK, mo He npopearysarna.

Tounicte BumipiB cranoBmaa £1.5% abcor.

InenTndikaniro OTpMMaHMX IPORYKTIB
KOHTPOJIIOBA/IM  METOJaMl  TOHKOILAPOBOL
xpomatorpadii (TIIX), IY- ta IIMP-crekrt-
poOcCKomii, €IeMEHTHUM aHalisoM, 3a T. I,
IIOPiBHIOIOYY 3 IITEPATYPHUMU JAHUMIU.

Cnextpu SIMP'H peecTpyBanm Ha CIIeKT-

10

pometpi Varian MR-400 (400 MIu) y peii-
teposanomy JIMCO a6o CDCI, 3a 25 °C, sk
BHYTPIIIHIl CTaHAAPT 3aCTOCOBYBAIM TETpPa-
MeTuacunaH. [Y-criekTpu 3anucyBanm Ha Ipu-
napi Specord UR-75 y Tabnerkax KBr. T. mm.
BU3Hauaayu Ha npunaji IA 9100.

AHami3 peakUifiHMX CyMilleil i OKpeMux
ByjineHux nponykrie Merogom TIIX mpo-
BOIMIN 3 BUKOPUCTAHHAM IUIACTUH, IOKPU-
tux cuikareneM 60 F254 (Merck). Pisui mnsa-
MI Bi3dyanisyBaiu 3a fonomororn Y®-mammn
(254 M), y HuU3Li BUMAJKIB — i3 HACTYIHUM
IIPOSIBOM IIepMAaHTaHATOM Kaslilo abo JiofoM.
EMIoeHTH — IUK/IOTeKCaH : eTUIaleTar : MeTa-
HOM = 20 : 9 : 1 a60 H.-TEKCaH : eTUIALeTaT =
4 :1 abo aueToH : H.-TrekcaH = 1 : 3 (00'emHi
CIIIBBiJHOIIIEHHS).

HOCmimKeHO MOX/IMBICTD CUHTE3Y apuil-
amifgis OHK (piBusanua 1-3). Peakuiro mpo-
BOJVIA IIPY KUITSATIHHI B 0pmo-KCUION Ta
0pmo-XJI0PTOITYOJI, 1110, AK II0Ka3aHO Ha Mpu-
Knaji B3aemopii anininy 3 OHK, mossomse
YHUKHYTHU HakKolu4eHH:A gomimok [5]. OHK i
AnX Opany y BUCOKUX KOHIIEHTpAIifX, 00
ouinuTy nepe6bir peakuiit (1-3) y 3arampHo-
HNPUITHATHX IPOMICIOBUX yMOBax [9, 10]

BcraHoBNIeHO, IO 32 IPUCYTHOCTI JIuIIIe
2% PCl, a6o H,PO, yTBOpIOI0OTHCA BiffIOBi/Hi
apwraminu OHK (ta6m.).

SIx BupHO 3 Tabm., B peakuilo (1) Bcryma-
10Tb AHX, 110 MICTATb €1eKTPOHOJJOHOPHI Ta
€/IEKTPOHOAKLIENITOPHI 3aMiCHUKU B 0pmo-,
mema- i napa-TnonoXXeHHAX.

Cypsaun 3 xinbkocti OHK, mo He mpopea-
TyBaja, B peakiiiiHiil Maci GpakTMyHO 3HAXO-
natbea Tinbku apunamign OHK, axi Bupgineni
KiNbKicHO, a iXHI0O OyJOBY, KpiM T. IUL, Iifi-
TBepmKeHo ganuMy SIMP'H- i IY-cnexrpis,
€/IEMEHTHMM aHa/Ii30M.
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Tabnuuga

AnwmnoBanus apmiaMiniB (AuX) 3-okcu-2-uadroitnoro kucnoro (OHK) B opmo-kcu-
nomi 3a 147-148°C

Table

Acylation of arylamines (AnX) by 3-hydroxy-2-naphthoic acid (ONA) in ortho-xylene at
147-148°C.

Ne ont YMmoBHu peakiiii Kinnesuit apunamig OHK
Yac, Buxign, T. o, T. o, )
Ne AnX, X= Cat i . Jlireparypa
rop % °C °C nirt. gani
H PCl, 12 97.0
2 H H.PO 5 60.0
calt! 248-250  245-246 2]
3 H H,PO, 6 96.0
4 2-CH, PCl, 12 97.0
5 2-CH, H,PO, 5 64.7 196-198 195196 2]
6* 2-CH, H,PO, 10 97.0
3-CH, PCl, 12 97.0
3-CH, H PO, 5 59.3 206-208 207-208 2]
9*  3-CH, H,PO, 6 96.0
10 4-CH, PCl, 12 96.0
11 4-CH, H,PO, 5 55.9 929-230 28230 (8]
12 4-CH, H PO, 10 95.0
13 2-OCH, PCI, 10 96.0
14 2-OCH, H,PO, 5 67.3 166-168 165166 (4]
15 2-OCH, H,PO, 7 97.0
16 3-OCH, PCl, 10 94.0
17 3-OCH, H,PO, 5 60.0 194-195 194-195 2]
18* 3-OCH, H,PO, 6 97.0
19 4-OCH, PCl, 10 87.0
20 4-OCH, H PO, 5 46.6 234-235 35236 2]
21 4-OCH, H,PO, 10 90.0
22 2,5-(OCH,), H,PO, 5 56.0
181-182 180-181 [1]
23 2,5-(0OCH,), H,PO, 10 90.0
24 4-OCH,CH, PCl, 10 89.0
25 4-OCH,CH, H,PO, 5 51.2
221-223 221-224 [3]
26 4-OCH,CH, H,PO, 10 92.0

https://ucj.org.ua 11
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Tabnuug
Table
Ne ot YMmoBu peakuii Kinnesnit apmramig OHK
Yac, Buxip, T. ., T. ., )
Ne AnX, X= Cat . . Jlireparypa
rof % °C °C miT. mani

27 2-OCH,-5-CH, H,PO, 5 60.0

179-180 178-179 [11]
28 2-OCH,-5-CH, H PO, 10 96.0
29 2,4-(OCH,),-5-CI H,PO, 5 44.0
30 2,4-(OCH,),-5-CI H,PO, 10 88.0 197-198 193194 0
31* 2,4-(OCH,),-5-Cl H PO, 7 96.0
32 3-Br PCl, 7 97.0
33 3-Br H,PO, 3 57.0
34 3-Br H PO, 5 95.0 250-252 251-252 [2]
35* 3-Br H,PO, 3 95.0
36 4-Br H,PO, 5 79.1

252-253 253-254 [2]
37 4-Br H PO, 8 97.0
38 2-Cl H,PO, 5 70.5

225-227 226-227 [2]
39 2-Cl H,PO, 8 96.0
40 3-CI H,PO, 5 80.9

259-260 257-258 [2]
41 3-Cl H,PO, 7 97.0
42  4-Cl H,PO, 5 53.5

263-265 263-264 [3]
43  4-Cl H,PO, 10 92.0
44 3-F H,PO, 3 54.5

248-249 248-249 [2]
45 3-F H,PO, 6 96.0
46 2,3-CHp H,PO, 5 70.5

223-224 223 [1]
47 23-CH/p H,PO, 8 96.0
48 3-NO, H,PO, 5 46.0

250-251 250-251 (2]
49 3-NO, H,PO, 10 90.0
50 5-ABIA® H,PO, 12 92.0° 394-398 396-400 9]

ITpumiTku.

*0mn.3, 6, 9, 15, 18, 31, 35 — pO3YMHHMK — 0pMO-XJTIOPTOMYO; T. KUIIiHHA peakiiinoi macu = 157-158°C.
SMonbne criBigHomensss OHK : 5-ABIA = 1.1 : 1.0. Buxip nopaxoBaHuii Ha B3TuUi1 y Heffomiky 5-ABIA.
* Peak1iiro IpoBOfuIN B CTPyMeHi a30Ty.

12
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EdextuBHMMU KaramizaTropaMy BUSBWUIN-
cs ax H,PO, Tax i PCL,. [Ipu Buxopucransi
OCTaHHBOTO, fK 1 y BUBYEHIN paHillle peakiiil
OHK 3 animinom [4], BigMiueHO yTBOpeHH:
Bifpasy >X IIiC/IA [OJaBaHHsA KaTajisaTopa B
Macy Ta il HarpiBaHHA [0 KUIIIHHA HEBEINKOI
KiJIBKOCTI Ocafly, AKMi1 YaCTKOBO BUTAHAIN B
Hacazky [lina — Crapka Ta 3BOpOTHUIL XOJIO-
naunbHMK. Taki ocagy Oymo BUfiIeHO Ta ifjeH-
T}ikoBaHO y KiIbKOX focnifax (Tadm., om. 4,
10, 13, 19). Cynsaum 3 T. UL MiC/IA CyLIiHHSA,
BCi ocagu € xyoprifpatamu Bignosigaux AHX
(X, 1. ., °C, nmiteparypre mxepeno): 2-CH,,
215-217, [12]; 4-CH,, 242-245, [13]; 4-OCH,,
216-219, [14]; 2-OCH,, 225-227, [15].

BisyanpHO MO>XHA BifgHaunTH, 1o gocdo-
PpUCTa KUC/IOTA TiZIBKYU 3 YaCOM PO3YMHAETHCA
B peaxliliHill Maci, yTBOpoo4y, MabyTh, CII0-
JaTKy, fK i 3 aHi/miHOM [16], Mamopo3unHHi B
opmo-kcunoni pocditn AnX.

BigsHaueHO HeBe/lMMKe IOTEMHIHHA peak-
Li/IHOT MacH TiJ 9ac IpoBeeHHs peakuii (1) 3
6inpir ocHoBHuMM AHX. [Ipndomy y 6aratbox
Bumazkax Buxin apmramifnis OHK 6musbkuii
IO KiZIbKiCHOTO, a T. IJI. MAaIOTh OCUTDH BUCOKI
3Hau€HH:, He3BAXKAl04M Ha IIPOBEfEHHA al-
JIIOBAHHs y MOBITPsHIN aTMOCdepi.

Y crpymi asory ¢ OHK Takox pearyroTb
1-nadpTunamin (tabi., om. 46, 47; X=2,3-C,H,)
i 5-ADBIA (tabn., on. 50) 3 yTBOpeHH:M, BifI-
noBifHo, 1-Hadtmnaminy OHK (peaxuis 2) ta
5-(2'-rigpokcu-3'-HadToinamino)-2-6eH3imi-
naszonony (5-I'HBIA, peaxuia 3). [Ipu mpose-
IleHHi peakuiit (2, 3) y nmosirpsHiit atmocdepi
1-naptunamin OHK daktuyHo He yTBOpIO-
€Tbcs, a 5-THBIA BUXonuTsh i3 HU3bKIUM BUXO-
IIOM, IIOraHOI AKOCTI Ta YTBOPEHHAM BEIUKOI
KIJIbKOCTi CMOJT.

Panimre mokasano [16], mo B peakuii (1,
X=H) moxHa oTpumary (aKTMYHO Ki/lbKic-

https://ucj.org.ua

Huit Buxip anininy OHK, BuKopucrosyoun
nue 2-4% H,PO, a6o PCI, sk karanisatopis.
Sk BUpHO 3 TabI., TAKOTO BUXO/y MOXKHA JIO-
CATTU TaKOX J/IA 6araTbox aMiHiB. e icToTHO
Bi/Ipi3HAETbCA Bifj IHIIMX BapiaHTIB ONTUMi-
3anii cuHTesy apmramupis OHK, mo nobpe
BIJIHO, HAIPUK/IAJ, 41 oTpuManHA 5-IHBIA
(peaxuis 3) sa npucyrnocri PCL.

B [10] 3asHayeHO, 110 TibKY BUKOPUCTAH-
Ha He MeHute 47% monbH. PCl, (Bin 5-ABIA)
npu B3aemopii 120% OHK si 100% 5-ABIA
TO3BOJIAE NOCATTY BUXOAY LII/TbOBOTO PO YK-
Ty 94%. Y [9] Bucokmit Buxin (nmonaz 90%) i
axictb 5-[HBIA npu HaBepenHi peakuii (3) B
N-metunmipponigoni (NMP) 3abesneuye op-
HOYAaCHE 3aCTOCYBaHHA B Maci TpbOX KarTali-
saropis ((PhO),P, erunenpiamin (E[A), PCL),
a Takox mnomnepengHboro oumieHHa OHK,
5-ABIA, PCIS, (PhO)3P i mpoMUBKM KiHIIeBO-
ro nponykry MeranonoMm (MetOH). Macose
CIiBBiTHOLIEHHA ONJCAHUX KOMIIOHEHTIB pe-
AKLIMTHOI CyMillli OPIEHTOBHO CTAHOBUTb:

100 : 9 13 2 12 6

NMP : 5-ABIA : OHK : (PhO),P: PCl,:

43 : 45

EJA : MetOH.

[ToTpi6HO TaKOX ITOBi/IbHE ITOCTYIIOBE JIO-
syBanna PCl, B maci, mo6 sMeHmmTH yTBO-
PEeHHA NOO6IYHOTO IPOAYKTY: TifpOXIOPULY
5-ABIA.

SIx BupHO 3 Tab. (om. 50), 3aCTOCYBaHHA B
peaxuii (3) 2 % H,PO, sk karanisaropa 103B0-
7€ 3HAYHO 3MEHIIUTH MaTepiabHMUI iHIeKC
npouecy, pakTUIHO 3MEHIINTY Ki/bKiCThb BU-
KOpUCTOBYBaHUX (GocPOpOBMICHMX KaTamiza-
TOPiB, IOBHICTIO BUK/IIOYUTI YTBOPEHHA Tif-
poxnopuny 5-ABIA.

JIna OnjiHKM BIUIMBY 3aMiCHUKIB y IIpoLieci
(1) TOCTiPKYBany KiHEeTUKY. 3a3Ha4MMO, IO
OCTaHHA € JNOCUTb CK/IAJHOK: BIUIMB IlepeMi-

13




OPTAHIYHA XIMIf

KATAMI3 CMONYKAMU ®0C®OPY (1) Y CUHTE3I APUJTAMIZIB 3-0KCU-2-HAGTONHOI KUCTOTH

LIyBaHHA, IHTEHCUBHICTI BIITOHY BOJY 3a pi3-
HOI B'A3KOCTI Macu (Bim3HayeHO 0COOMMBO 1A
cunTedy apwiaminis OHK [9]), okucHeHHA B
Maci KMICHEM IOBITPsA Ta «CTapiHHA» y 4Yaci Ka-
Tastisaropis [16], BUnajanuAa 3 opmo-KCUIOmy
ocafy KiHI[eBUX IPOAYKTiB Ta pociTiB apma-
MiHiB [5]. Bigomo [17], mjo 36i1blneHHs 9ncaa
¢das y cucremi Ipu3BOJUTH O HEIPOIOPIiii-
HOTO 3pOCTaHHA TPYSHOLIB Il MaKpOKiHETNY-
HOTO aHasIi3y.

Tomy posrmaganu peakuito (1) Tinbkm y
npucytnocti H,PO,, a ne PCl, (106 Buxo-
YUTYU YTBOPEHHs X/oprifipatiB AuX Ta IBUJ-
Koro orpuMmaHHA apunamifiB OHK uepes cra-
mito yrBopeHHsa xymopanrigpuais OHK [16]),
a 3HAa4YeHH:A IIOYaTKOBMX HIBUIKOCTEN HAKO-
nudenHa apunaminis OHK, 3 ypaxyBanuam
INPAMOJIHIHOCTI O CTYIIEHA II€PeTBOPEH-
HA 50-60% KiHEeTMYHMX KPUBUX OTPUMAHHA
anininy OHK [5], po3paxoByBanu sk cepeni
W, (Monb-n'-rox ™) 3a popmynoro [17]:

W, = (c,-a)/(100-1), mie

¢, — noyarkoBa koHeHTpanigs OHK (momb- 17');
a - suxipg apunaminy OHK (%);
T — yac peakiii (rogx).

Ins Bcix AuX HekataiTnyHa peakuis (1)
nporikae 3 BuxogoM He Oinbure 0.5-1.0 % 3a
1 rop, ToMYy 1I pO3ITIAJ, BUK/IIOYAJIN.

Peakuiitny 3gatHictb AHX OILiHIOBaIM 3a
piBHAHHAM bpencrena [18], Axe 3 ypaxyBaH-
HAM MOXX/IMBOTO HY/IbOBOTO NOPAJKY 3a pe-
aryIouuMy pedoBMHAMM [5] MOXKHA 3ammcaTu
HACTYIIHUM YMHOM:

lg(W, /W, )=a-1g(K /K )
Ilpu pospaxynkax K, i3 BUKOpUCTaH-
HsaM pK, apuiamiHiB y BOJi BETMKMIT BIUIUB,

0cob6mmBo i opmo-X, 3[INICHIOE Tifiparalisa
3aMiCHMKIB X, IO MOKe IPU3BOJAUTH JIO CIIO-
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TBOpeHH: pe3ynprariB [19] i He BignoBimaTn
3HA4YEHHAM OCHOBHOCTI AHX B 0p10-KCUJIOII.
Ina CCl, (e=2.238), 6musbKoro 3a monsApHic-
TIO 10 opmo-kcunony (e=2.3) [20], € Bizomu-
MM 3HaueHHs KOHCTaHT acomianii (K ) AnX
i3 penomnom [21]. Skiro B3sATH 11i faHi 3a OCHO-
BY Ta OOyayBaty norapudMiuHy 3an1e>XHicTh
y xoopmnnarax Ig(K . /K ) Bin 1g(K /K ),
TO OTpUMa€eMo rpadik, 306pakeHuit Ha puc. 1

(xpuBa A).
~ 0259 4 P02 _
§ 0,2 N N 0,1 ]
& 0,15 4 @H
Y L0 %
T 017 g
= 0,05 - - 0,1 5
01 L 0,2
0,05 -
0,1 - 1 03
0,15 — 04

1 05 0 05 1 15 2 25
Ig(K.x/K,g)
Puc. 1. 3anexnicrp Ig(K /K ) samimennx
aHU'[lHlB is penonom y CCl, (kpusa A) ta Ig(W ,/
W) mna peakuii (1) (KpI/IBa b) Bin Ig(K, /KaH) y
BOI[I HMani momo K, B3aTo 3 [21]. lani no pK -
B3sTO 3 [22-24]. KpMBaA 1-4-OCH; 2 - 4- CH
—3CH 4-H;5- ZCH 6 - 4Cl 7 - 4Br
8 - 3-F; 9 -2-Cl; 10 - 2-Br. KpMBa b:1- 4—OCH3;
2-4-OCH,CH;3-4-CH;;4-3-CH;; 5-2-OCH,-
5-CH;; 6 - H; 7-2-OCH,; 8 - 2-CH; 9 - 3-OCH;
10 - 2,5-(OCH,); 11 - 4-Cl; 12 - 2,3-CH ; 13 -
4-Br; 14 - 3-F; 15 - 3-Br; 16 - 3-Cl; 17 - 2-C];
18 - 3-NO.,.
Fig. 1. Dependence oflg(K /K )ofsubstituted
anrhnes with phenol in CCl, (curve A) and Ig(W,/
W) for reaction (1) (curve B) on Ig(K /K ) in
water. Data on K_ are taken from [21]. Data on
pK, are taken from [22-24]. Curve A: I - 4-OCH,;
2-4-CH;3-3-CH;4-H;5-2-CH; 6 - 4-Cl;
7 —4-Br; 8 - 3-F; 9 - 2-Cl; 10 - 2-Br. Curve b: 1 -
4-OCH3; 2 - 4-OCH2CH3; 3 - 4—CH3; 4 - 3—CH3;
5- 2-OCH3-5-CH3; 6-H;7- 2—OCH3; 8- 2—CH3;
9 - 3-OCH; 10 - 2,5-(OCH,); 11 - 4-Cl; 12 -
2,3—C4H4; 13 - 4-Br; 14 - 3-F; 15 - 3-Br; 16 - 3-Cl;
17 -2-Cl; 18 - 3-NO,.
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Busasmnocs, mo kpuBy A mobpe ommcaHo
Bi[Ipi3KOM IpAMOI i3 3a/I0BI/IBHOI0 KOpens-
niero (R*=0.953), mo /103BOJIsE 3aCTOCYBATH
3HaYeHHs PK i OL[iHKM peakuiiiHol 3par-
HocTi AHX. 3a piBHAHHAM bpencrema mo-
6ynosano rpadik sanexuocti Ig(W /W )
Bim Ig(K /K ) (puc. 1, kpua b). Ak BugnO 3
puc. 1 (kpuBa B), 1151 3a/1e>XKHICTh Ma€ CKIATHY
¢$bopMy KpuBOI 3 ABOMA MaKCUMyMaMIU, OFHIM
MiHIMYMOM i CIIafjlal04o10 TiNKOK B 00/macTi
CUIbHOOCHOBHUX AHX.

Bimomo [19, 25], 1m0 HeniHilHI CIIiBBigHO-
IIeHHA /I KOHCTAHT IIBUIKOCTI, 3a/IE5)KHO Bifl
ocHOBHOCTI aMiHiB Tuny U-mofi6Ho1 KpuBoi 3
MaKCUMYMOM a60 MiHIMyMOM, TaMaHO KpH-
BOIO, ONYK/IMX i YBIrHYTMX KPMUBUX, MOXYTb
CBifUMTM TPO CKIafHMil OGaraToCTagiltHMi
MeXaHi3M, Ki/lbKa IapajelbHUX MapLIPYTiB
IIPOTiKaHHA peaklii, HAABHICTb TayTOMEPHUX
piBHOBAI, 3MiHy IIBMJKOCTI BJM3HA4a/JIbHOI
cTafil peakiii, 6M3bKiCTh 3HaY€Hb KOHCTAHT
IIBUIKOCTi a00 KOHCTAHT PiBHOBAru OKpeMmx
CTafiiil, y TOMY 4MC/i i B XiMil KaTaliTUYHAX
IIPOLIECiB.

[l mpsiMoro cuHTe3y amifiB KapOOHOBUX
KICJIOT 1€ IIPOAB/IAETHCSA, IIEPLIOI0 YEProlo, B
YTBOpPEHHI COJTi, B sIKiit 6i/1bIII OCHOBHUIT aMiH
MOXK€ MaTy 3HIDKEHY peakliliHy 3JaTHICTh
BifIHOCHO KapOOHOBOi KMCIOTH, L0 ¥ TIPU-
3BOIUTDb [O HASABHOCTI MaKCUMyMYy B OIMCI
aMiJlyBaHHA 3a HaBEIEHUMM BUIIIE PiBHAHHAM
bpencrepga. Taki 3anme>xHOCTi Biomi AK 1A
HeKATa/MTU4HOL [26], Tak i [Id KaTaTiTMIHOL
[27] peakuiit, cuHTe3y aMifiB KapOOHOBMX

erC e
RCOOH + RyNR, ==RC_ pah
2

.
| "

RCONR,R, + H,0

(4)

https://ucj.org.ua

KIUCJIOT B YMOBAaX MIKPOXBM/IbOBOI aKTMBALIil
[28]. Moxx/MBUM € 3B'A3yBaHHA aMiHiB 3 Kap-
OOHOBMMM KHUC/IOTaMM HE€ TiIbKU B Ci/b, SK
BKa3aHO B piBHAHHI (4), a 1 y 6i1b1 crrabKimmit
H-xommexc (RCOOH--N(H)(R )R)) [26].

IIpm amifyBaHHi 3a NPUCYTHOCTI KUCIUX
KaTaji3aTopiB OCTaHHI T€XX MOXYThb IIPOTOHY-
BaTy Oi/IbIII OCHOBHI aMiHM, 1110 IPU3BOJUTH B
L[i/IOMY [0 3HVDKEHHA IIBUAKOCTI KaTaliTny-
Hoi peakii [19], B Tomy umcri i a1 amifyBas-
HA 32 IPUCYTHOCTI pochopoBMiCHUX KUCTOT
AK KaTasizaropis [29].

Y peaxkuii amiHiB 3 KapOOHOBMMU KIC/IOTA-
mu, mo Karanisyrorbcsa Hf(Cp),Cl, Binsnaye-
HO IHAYKUiHWII IIepiof Ha KiHETUYHUX KPU-
BUX 1 CKJIaJHiIIIa 3a/IE>KHICTh PeaKLiliHOI 3/1aT-
HOCTI aMiHiB Bifl IXHbOI OCHOBHOCTI, 0COO/INBO
CIIOYATKYy, Ha cTafii ¢GopMyBaHHS aKTUBHOTO
KaTasizaTopa in situ [30]. OgHak y 4omy mo-
JISITA€ BIUIMB aMiHiB Ta KapOOHOBUX KUC/IOT Ha
aktusHicts Hf(Cp),Cl, aBropn e posmmd-
POBYIOTB, Y pOOOTi IIPO 1ie € /IMIIe 3rajiKa.

Hamn panime [7] y peakuii AuX i3 6ensoii-
HOIO KJCTIOTOIO, IKY KaTa/Ti3yI0Th OOy TOKCH-
tutaHaramu (PBT) i sika mporikae B kumjsraomy
OpmMO-KCUJIONI, TAKOXX BiI3HAYEHO CKIAJHUI
BIUIMB OCHOBHOCTI aMiHIiB Ha IXHIO peaKIiiiHy
3MATHICTb (OAVIH MaKCUMYM, OfMH MiHIMyM).
ITpu npoMy nuiIe OKpeMi Ipyny 3aMicHUKIB X
mobpe ONMUCAHO MPSMOJIHIMHUMU KOPeJIALLisi-
MU 3a piBHAHHAME [amMeTa un bpencrena. 3a-
IIPOIIOHOBAHO BapiaHT MeXaHi3My aMiJlyBaHHA
Ta HNM3KY MaTeMaTWYHNX piBHAHbB, SKi go6pe
OINCYIOTh €KCIIEpMMEHTa/IbHI [aHi Ta Bpaxo-
BYIOTb BIUIVB 3aMicHUKIiB X Ha (OpMyBaHHA
aKTMBHOIO KaTasli3aTopa, JIOT0O [e3aKTUBALIiI0
3a paxyHOK TifIpo/idy BOMOI0 B Maci; HYKJIeo-
¢inpHYy aTaky Ha 6€H30JIHY KIC/IOTY, HAsABHICTD
IBOX MapUIPYTiB KaTamidy (KOOpHVHALiNHMI
Ta KUCTIOTHNUII), iCHyBaHHA aMifjo-iMigHOro Ite-
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perpynyBaHHs KiHI|eBMX 3aMillleHuX OeH3aHi-
JIiMIiB, OKMC/IEHHA B Maci GIIbII OCHOBHUX, HIXK
aHimiH, AHX KICHEM IOBITPA.

Y pob6ori [31] BUBYEHO BIIMB 3aMiCHUKIB

y peakuii samimenux 6ensoituux kucmor 3 (©F

aHIIIHOM 3a NPUCYTHOCTI KaTali3aTopiB, 1O
MicTaTh docdop. 3anpornoOHOBAHO MeXaHi3M
P=0-nykneodinbHOro karamizy 3a paxyHOK
docdiry aninmiHy, MO YTBOPIOETBCA B MAaCi.
[Topi6HMit MexaHi3M po3Iysiiany i Iy peak-
uii (1, X=H) [5]. fIkmjo B3sTH 11€i1 OINUC s
AuX pmna peaxuii (1) 3a mpucyTHOCTI H PO,,
TO OTPMMAEMO HACTYIHI PiBHAHHA:

— ITIOYaTKOBa OTPUMMaHHA B Maci ¢ocdiry

AuX (A);
NH,
K ) 5)
H,PO, + —

— 1ioro araka Ha OHK uepes yTBOpeHH:
KoMIUIeKCy (B), mo mpusBoguTh O OTPHU-
MaHHA

(6)

HO COOH + (A)

Q) oo
© N

®) 0" NH;
peakuiitHosgaTHOro pocdiry OHK (C);

+ H,0

(7)

OH
— /
® “—;;io\ p
O/P \O'RH34@

X

16

- araka AuX Ha (C), o Ipu3BOANTD J10
YTBOpEHHs IPOMDKHOTO IpopykTy (D);

)

(8)

- mopanpimit posnag (D) Ha kiHIeBuit
apmnamin, OHK i3 perenepaniero karanisaro-
pa (A) Ta iforo IOBEpPHEHHAM y KaTaiTUYHUIA
LKL

o — ‘o
CONH\@

3rajaHe BUILE aMifo- 1M1]1He neperpymny-
BaHHS B HENO/IAPHNX PO3YMHHMKAX Oi/lbIIO0
Mipo10 BacTMBE apuaaMiflaM apoOMaTUYHUX
KapOOHOBUX KICJIOT, III0 MICTATH €/1eKTPOHO-
akuenTopHi X, i y HU3IIi BUITAJIKIB 1110 3a/I€XK-
HicTp Ho6pe ommcaHo piBHAHHAM [aMmeTa
[32]. Tinbku 3 11 {OIIOMOTOX0 BIAIOCS IOSICHMA-
TV BIUIMB X y peakiisix 6eH30IHOI KIC/IOTH 3
AnX 3a npucytrocti PBT [7] Ta 3amimennx
0eH30HNX KUC/IOT 3 aHiiIHOM Ipy KaTasisi
PCl, [31]. lna apunaminis OHK e neperpy-
ITyBaHHA MOXXE€ BUITIAIATU TaK:

*'
CONH\@

[Ipy 1bOMY He BUK/IIYEHO peaKIilo iMif-
Hoi ¢popmu (E) 3 (A) 3 OTpUMaHHAM CIIONTYKN
(F), He akTMBHOI 10 HYK/Ieo(dinbHOI aTakn 3a
paxyHOK AHX:

)

(10)
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OH

/
Can
T @A —

OH

MoyxnuBum € 3B'a3yBaHHA AHX Yy BUITLAJL
H-xommnekcy (G) a6o HaBiTh coJIi, He aKTUB-

HUX [0 TOfia/IbLIOI HYK/IeOo]iIbHOI aTakm
Ha (C) (piBHsHHSA 8):

2 COOH .NH,

200 Q)
OH

X
G)

(12)

Panime namMu BcTaHoBieHo [33], mo OeH-
soitHa kmcnora (pK = 4.2 [22]) yTBOpIOE
H-xomnnekc 3 aninminom. Mo)kxHa mpuiycru-
i, mo kucnima OHK (pK, = 2.79 [16]) cumb-
Hillle 3B'A3yBaTNMeTbCA 3 AHX, HDK OeH30i1Ha
KICTIOTA.

[171s1 HaOYHOCTI MOfjaHHA 0OrOBOPIOBAHNX
pesynbrariB (puc. 1, xpuBa b) 3miHm okpe-
MuX (GakTopiB, 110 BIUIMBAIOTh HA BEINYNMHY
II0YaTKOBOI IIBUKOCTI KaTa/liTUYHOI peaKIiil,
AKY CIIOCTEPIraeMo, MpeCTaBAeHO Y BUIIALL
xpuBux sanexuocti Big Ig(K /K ) (puc. 2).
I[Ipu iboMy KpuBi 0OrOBOPIOIOTD Ha AKICHOMY
piBHi, 6e3 KiNIbKiCHMX JJaHMX Ta BiJIOBiHOTO
MaclTabyBaHHA.

3pocTaHHs KOHIeHTpauii iMigHOI hopmnu
(E) (piBusaHHA 10) BinbyBa€eTbcs, AK IOKa3aHO
BUIIle, NPSIMO IPOIOPIITHO 10 30iblIeHHS
kucmotHocTi AuX (puc. 2, KkpuBa 1).

3MEHIIEHHA 32 paXyHOK YTBOPEHHA He-
peakiiiiiHo3gaTHOI TpoToHOBaHOI popmu (G)
(piBHsHHA 12) KOHIeHTpawii BimbHOrO AHX

COOH

+
OH
X

https://ucj.org.ua

N
~O
Q0 ™
HO }}P
&

(F)
NH,3

X
+ H,0
=0

(11)

X

BifOyBaeTbcsA 0OEPHEHO MPOIOPLINHO JIOro
OCHOBHOCTI (puc. 2, KpuBa 2). Mox/1uBo, 1110
i OHK y rakiit genporoHoBaHiit gopmi He €
AKTVBHOIO IIpY aMilyBaHHI.

[l po3paxyHKy IOYaTKOBOI KOHIIEHTpa-
uii karanisaropa [A] HeoOXiiHO BpaxoByBaTH
MOX/MBe 3B'A3yBanHA AHX He Tinbku 3 H,PO,,
ane i1 3 OHK. Topi BignoBifHO [0 piBHAHHA
(5) [A] =K [ABX]-[H,PO,] ; a koHLeHTpalis
conmi abo H-xommnekcy (G), BipgmosigHO 10
piBuanna (12), cknagae K- [AnX]-[OHK] .

bananc no AuX MO>KHa 3anncaTu K

[AnX]o =[AuX]+K; [AnX] [H:POs]o+HK> [AnX] [OHK]o
[AHX] =[AnX]o/(1+K; [H:POs]0+K2 [OHK],). a

’[A]UZKI JAuX] - [H3POs]o= K1 [AuX]s [H3POs]o/
(14K, -[H3PO:]op +K>-[OHK]o).

Axmo AnX - cmabkoocHoBHMIt amiH, K|
Ta K, MaoTh Majne 3HayeHHsd, MOXXHA IIPH-
myctuty, mwo 1>> K-[H,PO,] +K . [OHK],
i [A] =K [AsX]-[H,PO,]. IIpu upomy [A]
pocTe IpsAMO NPOMOPILiitHO /10 36inbiieHHs K.

Axmo AuX - cunbHOCHOBHMI aMmiH, K| i
K, - Benuki, 1<< K -[H,PO,] +K-[OHK] , a 3
ypaxysanuam Toro, mo [H,PO,] y 50 pasis
menme [OHK],

[A] =K [AX] [H,PO,] /(K -[H,PO,] +
+ K :[OHK]) = K -[AuX] -[H,PO,] /
/(K -[H,PO,] + 50-K-[H,PO,] ) =
=K -An /(K +K,-50)
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3minn 1-8

/ i
1, 4-8

05 1 15 2 25
Ig(Kx/K.pn)

Puc. 2. MoxxnuBi 3MiHM KOHIIEHTpaLill Kara-
nisaTopiB, BinbHOro apmnaminy AHX, KOHCTAHT
LWIBUJKOCTI Ta piBHOBAary, CXW/bHICTb O OKIC-
JIEHHS IIPY KaTaliTMYHOMY aMifyBaHHi AK QyHK-
uii Ig(K_ /K ). Kpusa 1 - smina kinbkocti imigHoi
¢opmu (E) (piBusunsa 10). Kpusa 2 — 3MiHa KoH-
LeHTpalil BinbHOro AHX 3a paxyHOK YTBOpeHHA
Hepeak1iiiHoI mpoToHoBaHoi popmu (G) (piBHSAH-
H: 12). Kpusa 3 - 3MiHa IO9aTKOBOI KOHIIEHTpAILil
katayisaropa (A). Kpusa 4 - 3garHicts AuX yTBO-
proBatu docdir (A) (piBuanua 5). K, spocrae 3i
36inpieHHAM ocHOBHOCTI. KpuBa 5 - 3mina peak-
nitHoi 3parHocTi (A) crocoBHo OHK (piBHAHHSA
6, 7). KpuBa 6 - 3miHa peakuiitHoi 3gaTHOCTI AHX
BigHocHO (C) (piBHsAHHA 8, 9). KpuBa 7 — cxuib-
HicTb AHX JI0 OKMCTIEHHS 32 PaXyHOK KJCHIO IIO-
BiTpsa. KpnBa 8 — cxunbHicTb (A) 1O OKMCHEHHS 3a
PaxyHOK KJCHIO IIOBIiTpSI.

Fig. 2. Possible changes in the concentrations of
catalysts, free arylamine AnX, rate and equilibrium
constants, susceptibility to oxidation during cata-
lytic amidation as a function of Ig(K /K ). Curve
1 - change in the amount of the imide form (E)
(equation 10). Curve 2 - change in the concentra-
tion of free AnX due to the formation of a nonreac-
tive protonated form (G) (equation 12). Curve 3 -
change in the initial concentration of the catalyst
(A). Curve 4 - the ability of AnX to form phosphite
(A) (equation 5). K| increases with increasing ba-
sicity. Curve 5 - change in reactivity of (A) in rela-
tion to ONA (equations 6, 7). Curve 6 — change in
the reactivity of AnX in relation to (C) (equations
8,9). Curve 7 - tendency of AnX to oxidation due
to air oxygen. Curve 8 - tendency of (A) to oxida-
tion due to air oxygen.
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Cypsun si snauenb pK. OHKi dochopucroi
xucnotu (pK =1.8, [22]), MoxxHa mpurmycTu-
™, mo K ~10-K,. Tomi [A]=10-K,[AnX]/
(10-K,+K -50)=[AnX] /6 - € KoHCTaHTOIO,
TOOTO 3aJIEKHICTD BUXOOUTD Ha IIATO (puc. 2,
KpuBa 3).

3patHicTh yTBOpIoBatu (Qocdit (A) mra
AuX (K|, piBHAHHA 5) 3pocTa€ 3i 30ibIIeH-
HSIM JI0TO OCHOBHOCTI (puc. 2, kpuBa 4).

Peakuiitna 3gatHicTh hocdiriB (A) cTocos-
Ho OHK (piBHAHHA 6, 7) TaKOXX 301bIIYETHCS
3i 3pocTaHHAM 0cHOBHOCTI AHX (puc. 2, Kpu-
Ba 5). Bitomyumu € xoporui npsmMorniHiitHi ko-
persLii KOHCTaHT OCHOBHOCTI 6aratbox Kia-
ciB pocdopopraHiyHMX CIIONYK 3 KOHCTAHTA-
MU 3aMiCHMKIB JyIsl pi3HMX peakiiit [34].

Peakuiitna 3patHicTh AHX BiffHOCHO (oc-
¢itie OHK (C) y xommnekci (D) moxke matn
¢dopmy, Bkazany Ha puc. 2 (Kkpusa 6), Ipu go-
JIATKOBOMY HYK/1eo(i/TbHOMY CIIPUSIHHI 3a pa-
xyHOK P=O-rpynu BinpuBy nporona Big AuX,
mo arakye (C) (piBHAHHA 8, 9).

MoxnmuBMUM € PisHMI BIUIMB KUCHIO IIOBi-
TpsA Ha WIBUAKICTb KaTaliTUYHOIO aMiyBaH-
HA. OKNC/IEHHI0 MOXe TifiaBaTics 6esmoce-
penHbo AHX, 11O MPU3BOAUTD O 3HIDKEHHS
JIOTO KOHIIEHTpaljii B Maci Ta IIOTEMHIHHIO
ocTaHHbOI (puc. 2, kpusa 7). Bigomo [35], mo
Ipy LbOMY NPOAYKTaMM IepeTBOpeHb AHX
MOXYTb OyTM CIIONYKM, IO MiCTATH HITpO-,
a30KCH-, HITPO3OTpYIN; 3[aTHI OKMC/IIOBATH
P(III) po P(V) [36], sikuit He € aKTUBHUM Y Ka-
Tasisi.

Paninte [7] Take mOTeMHIHHSA Macy CIIOCTe-
piraimm B peakiii 6€H30IHOI KMC/IOTY 3 OibLI
OCHOBHMIMU, HDXX aHi/MiH, AHX, 10 KaTa/Ti3yeTh-
ca PBT B kumssgyomy opmo-KCuiosi y noBiTps-
HiiT aTMocdepi; [0 MPU3BOANIO O iCTOTHOTO
3MEHILIEHHsA BUXOAY Ta SAKOCTi BiJIIOBIIHMX
3amimenux 6GensaHinmigis. Ile My mos'asyBamm
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3 OKMCTIeHHAM AHX KJMCHEM IOBITps, AKOTO He
OyJ10 IIpy IpOBefeHHI peaklii B CTpyMi asory.
[IpuyoMy i1 TakMx aMiHiB 0OM[Bi 3aIeXHO-
cTi (y noBiTpsHil arMocdepi Ta cTpymi a3oTy)
MIBUAKOCTI peakuil € 00pe OMMCaHNMMU OKpe-
MIMM Bifjpiskamu 3a piBHAHHAM [amMMera.

Panimre Bifi3HaYeHO CyTTeBe 3HIDKEHHSA
ebextusHoCTi Karanisy PCl, i H,PO, y cun-
Te3l 3amimeHux OeH3aHiMimiB, HaBiTH 3a KO-
POTKOYaCHOTO IIPUINHEHHA iHTEHCHBHOTO
KUITIHHA  0pMo-KCUIO/IBHOTO PO3YMHY 3aMi-
meHnx OeH30MHMX KUC/IOT 3 aHimiHoM [31],
10 MO>Ke OyTM TIOB'SI3aHO 3 BiJICYTHICTIO «3a-
XJMCHOI ITapOBOi MOAYIIKN» i IMIBUAKUM OKMC-
nexaam P(III) y docdiri (A) mo conyk P(V),
AKI He MAIOTb KaTa/liTUYHUX BIACTUBOCTEIL.
Take mIBUJIKE 3HVDKEHHS IMIBUAKOCTI peakiiii
3a BifICYTHOCTI «3aXMCHOI NTapOBOI MOAYLIKM»
HaBiTh YIIPOJOBXK 1-2 XB. MOXe OIIOCEPENKO-
BAHO CBiYMTH, 1[0 IPOILeCH OKUCTIEHHA MaJIo
cTocyoTbcsl AHX, ajie CM/IbHO BIUIMBAIOTDh HA
OKICTIeHHsS Ta f#e3akTuBanino Qocditis (A).
IIpy 1pbOMy MOKHA 3a3HAYUTU TAKUI CaMUIl
BI/INB 3aMicHMKIB X B (A), sSIK 3a3HAYeHO B
[34] (puc. 2, xpuBa 8).

Sk BupHO 3 puc. 1 (kpusa b), st cumpHO-
ocHOBHMX AHX CIOCTepiraloTb MOHOTOHHE
3HVDKEHHA IXHbOI peaKIilfHol 3/[aTHOCTI B Mipy
301/pIIeHHA IXHPOI OCHOBHOCTI, a HaiOi/bII
ocHoBHMIT 5-ADBIA (mepen6ayeHe 3HayeHHS
pK, =11.8 [37], na puc.1, xpuBa b He BkasaHo)
pearye 3 OHK tinbku B cTpyMmi a3ory.

3 1ji€l 3a/eKHOCTI, OTPMMAHOI IpMU Ipo-
BefleHHi peakiii (1), Bumagae 1-HadTumamin
(X=2,3-C,H,). 3a mpucyrnocri PBT Bin fo6pe
pearye 3 6€H30JTHOI0 KUCIOTOI0 B MTOBITPSHII
armocdepi [8] 3 yrBopennsam 1-wadrunaminy
0€H30J1HOI KUCTIOTH, OCKI/IbKM € C/mabKooc-
HOBHMM AHX i MajIo CXVMJIBHUI [0 OKUCJIEHHS.
A ocp npu kxatanisi P(III) 1-HapTunamin B3a-

https://ucj.org.ua

rani He pearye 3 OHK y nositpsHiit atmocde-
pi, AK 3a3Ha4eHO BuIEe. MOXIMBO, [I/I1 HBOTO
peanisyeTbca IHIIMII MeXaHi3M IIpUTHiYeH-
Hs KaTajli3y i yTBOPIOKOTHCA IHIII IPOAYKTU
OKVICJIEHHA.

Bigomoro € 31aTHICTh apOMaTUYHYUX aMiHiB,
y Tomy umcri i 1-Hadrinaminy, okncmoBaru-
CA 10 BiZIIOBIIHMX XiHOHIB Ta XiHOHIMIHIB [1,
38]. OcranHi npu peakuii 3i cnomyxamm P(III)
okncrmooTh ix no P(V). Tak, Hanpukiaz, y po-
60rti [39] HaBemeHO KilbKa MPUK/IAMIB TaKUX
peaKuiil /1A TPOAYKTiB OKMC/IEHHA MMOXiJHNX
1-HadTinaminy:

0 MeO
& P(0)(OMe)
@# - row, — QIO
(13)

MeO O MeO oOH
OP(O)(RO),

(0]
o
R | .HOPOR), —* @@ (14)
PhN HNPh

B [40] mokasano orpumanHs pgietmndoc-
¢donin-1,4-nadraningiony i gumerundocdo-
Hiny-1,4-Hadraningiony peakuiero 1,4-HagTo-
XiHOHY 3 BifmoBigHMMU fuankindocdiramu B
Tonmyoni abo kcyoni 3a 100-120°C 3a mpucyT-
HOCTi KMC/UX KaramisatopiB — ¢ocdopHoi Ta
OIITOBOI KICJIOT:

[) DH
| °
ﬁ) Il'“‘OAlk
|+ (AIKO),PH — OAIKk
0 OH

(15)
Alk = CH;, CH,CH;

Ockinpkn y peaxuii (1) ¢ochopucra kuc-
nota icuye y BurmAni gocoitry AuX, To BoHa
HaBpAJ 4M MOXKE JIATU AK KUCIUI KaTasisa-
Top (Hanmpuknag, pK docdiry anininy = 6.2
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[30]). Bogrouac OHK moxke kaTasnisyBaru pe-
axuii Tumy (13-15), BpaxoByroun 1i 6inbir Bu-
COKy KUCTIOTHICTb (3a3HaueHO BMIIe) IOPiB-
HSHO 3 OLITOBOIO KMC/IOTOIO (J/If OCTaHHBOI
pK =4.756 [22]).

MoykHa IpUIyCTUTH, 1O IIpY IPOBeJeHHI
alWIIOBAHHA B NOBITpAHIN aTMocdepi 1-Ha-
drTunamin yTBOpIO€E BifIOBigHI XiHOHM a60
XiHOHIMIHM, 1[0 BCTYNAIOTh Y IOAAJIBILY pe-
aKIIiIo TUITY (15), 1110 IPU3BOANTD IO HE3aKTH-
Ballii KaTanisaropa, o MicTutb hocdop.

[IntanHA MexaHi3My iHriOyBaHHA peaxiiiit
(1-3) y noBiTpsHuiit atmocdepi norpebye no-
TATKOBOTO BUBYEHHA.

BVMCHOBKJ. TakuM 4MHOM, TPUXJIOpUC-
it pocdop i pochopucra xucmora, B3ATI
B KinbkocTi /e 2% MONMbBH., € edeKTus-
HUMM KaTajli3aTOpaMy CHUHTEe3y apuIaMifiB
3-0okcn-2-HapTOMHOI KUCIOTU peaxljiero oc-
TaHHbOI 3 ApMIAMiHAMMU.

Opepxxanna 20 apmnamifiiB 3-oKcu-2-Ha-
bTOIHOI KUCTOTY, 1[0 MAIOTh BENMKe IPaK-
TUYHE 3HAUY€HH:, 3 BiJHOCHO BMICOKMM BUXO-
JIOM Ta TapHOIO AKICTIO I03BOIAIOTh TOBOPUTH
IIPO CTBOPEHHSA HOBOTO 3arajJibHOrO METOAY
IXHPOTO CMHTE3y B paMKaxX KOHIIEIIl «3ese-
HOI XiMil» 3 HaCTYIHMMM XapaKTEPHUMMU pU-
camu (kaTanizarop — pochopucra Kucnora):

— HM3bKUI MaTepiaJIbHMII iHIEKC IIPOLIECY;

- BifcyTHICTb KOposii obmafHaHHA 3a pa-
XYHOK XJIOPMCTOTO BOJHIO, IIJO BUJIAETHCA 32
TPajuULifHOTO CUHTe3y (IpM BUKOPKUCTAHHI
40-60% MonbH. TpuxIopucToro pocdopy);

- cyrreBe 3HIDKeHHA (y 20-30 pasiB) doc-
($bopoBMiCHUX CTIYHUX BOJ;

— 3Ha4YHe CHPOIEHHA BChOTO TEXHOJIOTiY-
HOTO IIPOLIeCy Ta allapaTypHOTro 0(hOpMIICHHS;

— BUMCOKa AKICTb apmiaaMifiB 3-oKcu-2-
HaTOIHOI KUCTIOTH, L0 TO3BOJISIE CKOPOTUTH
BUTPATU Ha IXHE JOAATKOBE OUMIIEHHA.
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=y, ABTOp CTaTTi BHCIOBIIE TOJAKY
cnoHcopy - IIpmBartHili HayKOBO-BU-
poOHMuiil KomepuiiHiin ¢ipmi (ITH-
BK®) «TexHnocepsic», 3a momomory
B HAmMCaHHI PoOOTH Ta MPOBeTeHHI
aHami3iB (KOpHMCTyBaHHA apxiBoMm,
JKypHaIbHIM (POHIOM, HATAHHA MaTe-
pianiB, mpuIagoOBOro MapKy).

CATALYSIS BY PHOSPHORUS (1) COMPOUNDS

IN THE SYNTHESIS OF ARYLAMIDES OF 3-0XY-
2-NAPH-THOIIC ACID.

L. Ya. Shteinberg

The Scientific-technical institution «Institute of
chemical technology and industrial ecology»,

3 8q. of Chemists, city Rubezhnoye, Luhansk
region, 93010, Ukraine

e-mail: leon.shteynberg@gmail.com

Arylamides of 3-hydroxy-2-naphthoic acid
are widely used in the synthesis of dyes and
pigments, as pesticides and medicines. There-
fore, the development of new methods for their
synthesis is an urgent task.

It has been found that catalysis by phos-
phorus trichloride and/or phosphorous acid
(2 mol %) of acylation in refluxing ortho-xy-
lene or ortho-chlorotoluene of arylamines
with 3-hydroxy-2-naphthoic acid leads to the
formation of the corresponding arylamides
with a high, and often almost quantitatively
yield. Substituted anilines, containing elec-
tron-bearing and electron-withdrawing sub-
stituents in ortho-, meta- and para-positions,
successfully enter the reaction in an air at-
mosphere. The catalytic reaction of 1-naph-
thylamine and 5-aminobenzimidazolone with
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3-hydroxy-2-naphthoic acid makes it possible
to obtain in high yield, respectively, 1-naph-
thylamide of 3-hydroxy-2-naphthoic acid and
5-(2'-hydroxy-3'-naphthoylamido)-2-benzi-
midazolone only in a nitrogen atmosphere.

Based on the yield of 3-hydroxy-2-naph-
thoic acid arylamides over a certain time in
the reaction catalyzed by phosphorous acid
in ortho-xylene, the average initial amidation
rates were calculated at a semi-quantitative
level and their dependence on pK_ of the cor-
responding arylamines was plotted in logarith-
mic coordinates, according to the Bronsted
equation. The graph is a curved line with two
maxima and one minimum, while arylamines
containing electronwithdrawing substituents
(4-Br; 3-F; 3-Br; 3-Cl) are the most reactive, and
the most strongly basic 4-anisidine and weakly
basic 3-nitroaniline are the least reactive.

Based on these data, as well as the results
of the earlier interaction of substituted ani-
lines with benzoic acid, catalyzed by polybu-
toxytitanates, and substituted benzoic acids
and 3-hydroxy-2-naphthoic acid with aniline,
catalyzed by phosphorus trichloride and phos-
phorous acid, under comparable conditions, a
mechanism of amidation was proposed. It in-
cludes the formation in the first minutes of the
reaction in situ of arylamine phosphite, which
can act as a P=0O-oxygennucleophilic cata-
lyst, which forms the corresponding phosphite
upon interaction with 3-hydroxy-2-naphtho-
ic acid, which is subsequently attacked by a
free arylamine molecule to obtain arylamide
3-hydroxy-2-naphthoic acid. In addition to the
basicity of arylamine at the stage of nucleophi-
lic attack, the reaction rate can be affected by
its oxidation as such and the phosphite formed
by it with atmospheric oxygen, unproductive
binding of arylamine into a salt or H-complex

https://ucj.org.ua

with 3-hydroxy-2-naphthoic acid, participa-
tion of the final target product in amido-imide
rearrangement with further inhibition of cata-
lysis by the resulting imide form.

Keywords: phosphorus trichloride, phos-
phorrrous acid, 3-hydroxy-2-naphthoic acid,
3-hydroxy-2-naphthoic acid arylamides, aryl-
amines, ortho-xylene, catalysis.
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In the work, the qualitative composition and differentiation of 43 samples of ballpoint pen
pastes of different colors was investigated (blue-violet — 29 samples, pink-violet — 3 samples,
blue - 3 samples, black — 5 samples, green — 1 sample and red -2 samples) by the method
of electronic absorption spectroscopy. The results of the study showed that each paste can
be distinguished by studying the nature of their absorption spectra, which arises due to the
presence of different functional groups. It was established that most of the analyzed paste
samples contain pigments based on triarylmethane, phthalocyanine, xanthene dyes or their
mixture. Certain absorption maxima correspond to each type of dyes. The broad and most
intense band at A\~590 nm, which was detected for all samples, corresponds to triarylmethane
dyes. The band at A~670 nm corresponds to phthalocyanine dyes. The presence of absorption
bands in the green range (A~520-560 nm) indicates the presence of xanthene dyes in the
composition of the pastes. Using the method of photoluminescence spectroscopy upon exci-
tation of IR luminescence in the green region of the spectrum (A=530 nm) it is shown that
11 blue-violet, 5 black and one red pastes exhibit bright luminescence due to the presence of
crystal violet and some other triarylmethane dyes in their composition. Weak luminescence
was detected for three blue pastes. No luminescence response was observed for the other tes-
ted pastes, which is due to the presence of phthalocyanine dyes in these pastes, the absorption
of which overlaps with the luminescence spectra of triarylmethane dyes. The obtained data
can be used to create a reference base for identifying and differentiating the composition of
ballpoint pen pastes of modern manufacturers and establishing their classification and iden-
tification differences.

Keywords: dyes, UV-Vis absorption spectroscopy, absorption spectra of solutions, ball-
point pen paste.
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INTRODUCTION. The dynamics of the ex-
pansion of the stationery market and the vari-
ety of writing instruments increase the iden-
tification and diagnostic studies necessary for
forensic investigations of document materi-
als, especially when establishing their forgery.
Despite the growing trend towards electronic
communication, handwritten documents are
still widely used in financial, legal and personal
relationships. During the forensic investigation
of writing materials (especially when establish-
ing the forgery of documents), a common task
is to establish their family (group) affiliation.

Most of the entries in the documents are
made with ballpoint pens equipped with rods
with colored paste. The component composi-
tion of pastes is diverse and in many cases is a
commercial secret of the manufacturer, how-
ever, in industrial production, the composi-
tion of writing materials is quite standardized
(ballpoint pen pastes of the same brand have
the same chemical composition). Modern pen
pastes are complex multicomponent mixtures
consisting of various ingredients, most of which
are organic compounds - dyes (or pigments),
solvents, polymer resins, fatty acids, biocides,
surfactants, corrosion inhibitors, thinners,
emulsifiers, buffers and many other additives
designed to improve characteristics (consis-
tency, viscosity, polymerization, drying, etc.)
[1-4]. Dyes in the composition of ballpoint
pen pastes are, as a rule, in a solvent based on
glycols or benzyl alcohol and make up to 50%
of the total composition of pastes. Chemical
analysis of ballpoint pen pastes can reveal use-
ful information about their composition (the
presence of organic and inorganic components),
which, in turn, allows their group classification,
differentiation, and also to establish the antiqui-
ty of the creation of documents [5-8].

The expansion of the market of writing devic-
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es and the lack of reference data on their com-
position necessitates the creation of a data array
for the analysis and identification of samples of
ballpoint pen pastes. Therefore, today it is rele-
vant to conduct a study of ballpoint pen pastes
of modern manufacturers using the methods of
electronic absorption spectroscopy, which will
allow obtaining information about the compo-
sition of their dyes and establishing their classi-
fication and identification differences.

Depending on the type of solvent and its in-
teraction with the dye, dyes and/or pigments are
produced. It is known from literary sources [9,
10] that dyes are, as a rule, organic compounds
with conjugated aromatic structures that con-
tain chromophores and auxochromes (aromatic
systems, double bonds, bonds containing ni-
trogen, carbon atoms, oxygen or sulfur). In the
composition of pastes, either one main compo-
nent or a mixture of coloring substances can be
used. The distinction between dyes in ballpoint
pen pastes is considered based on the analysis
of absorption spectra. The value of absorption
coefficients is used to differentiate and identify
dyes, and deviations from the reference values
can allow us to evaluate the purity of the com-
pound and the presence of even impurities of
other dyes. Therefore, the method of UV-vis
absorption spectroscopy is widely used to difte-
rentiate and identify a certain class of dyes in the
study of ballpoint pen pastes. According to UV-
vis absorption spectroscopy, the dyes of ball-
point pen pastes can be classified into different
chemical classes, the most common of which
are: triarylmethane (blue-violet, black pastes;
A, = 550-625 nm); phthalocyanine (blue-vio-
let, black, green pastes; = 625-715 nm); azo
dyes (black, green pastes; Amax = 385-480 nm);
xanthene (red pastes,\ _ =540-560 nm); azine
dyes (black pastes, A =550-580 nm) (Table 1)
[2,9-13].

27




ORGANIC CHEMISTRY

IDENTIFICATION OF TRIARYLMETHANE, PHTHALOCYANINE AND XANTHENE IN A MIXTURE

OF DYES BY ELECTRON ABSORPTION SPECTROSCOPY.

Table 1.

Classification and examples of dyes used in ballpoint pen pastes.

Structural fragments of

Ne Dye class dyes Example
1. Arylmethane dyes (mainly triarylmethane) -N=N-, Crystal Violet
are compounds in which hydrogen atoms are aryl rings HaC s
replaced by aryl rings (for example, common cl
triarylmethane dyes are crystal violet, methyl ‘
blue, malachite green). Triphenylmethane dyes
have relatively low light fastness and can de- |
compose under the influence of light. O O
HaCx -
CHy CHy
2. Phthalocyanine dyes contain a structure based ~Tetrabenzoporphy-ra- Copper Phthalocyanine
on tetrabenzoporphyrazine and form stable zine Cu(II)
complexes with transition metals (for exam- SN\
ple, Copper Phthalocyanine, Solvent Blue 64). \ N N=
Most blue ballpoint pen pastes contain copper N \CJ/ N
phthalocyanine. Phthalocyanine compounds &\'{’ %
are some of the dyes most resistant to the ac- I\
. . AN A
tion of light and temperature of pastes. N
3. Azo dyes contain an azo bond -N=N-, a ben- -N=N-, Acid Orange 10
zene and naphthalene ring (for example, Acid benzene, naphthalene OH /@
Orange 10, Solvent Black 47, Reactive Red 180, structure N,
. N
etc.); azo dyes undergo photodegradation rath- O
er quickly and form isomers under the influ- N
ence of temperature. O
SO;Na
4. Xanthene dyes contain a xanthene core. These -N=N-, Rhodamine B
include fluorescein, eosins and rhodamines. aryl rings HyCol cr r/c“a
Xanthene dyes are usually fluorescent (yellow HyC.. N o ON._CHy
to pink or bluish-red in color). The light fast- O P ‘
ness of the chromophoric system of xanthene
dyes is particularly low. O coor
5 Azine dyes based on nigrosine are acid dyes Acid Black 2
belonging to the class of azines (pyridines) or L(P . [E H o
anilines (aminobenzene). They are used main- j@[ ﬁ[ H :
ly in the composition of black pastes (for exam- i e Q—Nf ”‘C}" H
ple, Acid Black). @ @ @ %}le b
Structure - @
. S03Na
of the major component =
of dye nigrosin
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The most common among synthetic dyes
are triarylmethane dyes due to their versatili-
ty and bright colors - from red/purple to blue/
green. The chromophoric system of this class
of dyes consists of three conjugated aromatic
rings linked to a central carbon atom, while
the exact color depends on the number and na-
ture of the auxochromic groups. For example,
methyl violet consists of a mixture of tetra-,
penta-, and hexa-N-methyl para rosaniline,
while crystal violet contains only N-hexame-
thyl pararosaniline. Methyl blue, also known
as Acid Blue 93, is characterized by three ben-
zenesulfonyl substituents on the amine groups,
which ensure its good solubility in water. It is
the presence of various chromophonic groups
(conjugated aromatic system and/or conju-
gated rings) in the dye molecule that allows
them to be recognized by analyzing absorp-
tion spectra by the intensity of the absorption
bands and the position of the maximum of the
absorption wave. [14, 15].

The differentiation of specific dyes with-
in their chemical class based on the results of
UV-vis absorption spectroscopy is in most
cases complicated due to the low informative-
ness and closeness of their spectra, however,
it allows differentiation of pastes that have
the same qualitative, but different quantitative
composition of dyes [16, 17]. It should also be
noted that the analysis of a specific dye in the
strokes of ballpoint pen pastes in documents
according to the UV-vis absorption spectro-
scopy is quite problematic, since the influence
on the records of various factors (temperature,
radiation, humidity, etc.) that can cause chang-
es in the structure of dyes and, accordingly, in
their absorption spectra, is unknown [8].

The use of UV-vis absorption spectroscopy
makes it possible both to study the qualitative
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composition of the pastes under investigation
and to establish the amount of each compo-
nent in their composition, which makes it pos-
sible to conduct identification studies of writ-
ing materials.

The purpose of this study is to generalize the
data of the analysis of strokes of ballpoint pen
pastes of different colors in documents by the
UV-vis absorption spectroscopy method. The
obtained data can be used to create a reference
base for the identification and differentiation
of the composition of ballpoint pen pastes of
modern manufacturers.

EXPERIMENT AND RESULTS DISCUS-
SION. For the analysis of modern writing ma-
terials, 43 samples of ballpoint pen pastes of
different colors were used: blue-violet (29),
blue (3), black (5), pink-violet (3), red (2),
green (1).

Research on the presence or absence of lu-
minescence of pastes in individual fragments
of document images according to the degree of
absorption or reflection of the IR range of the
spectrum was carried out using the spectral lu-
minescence magnifier «Regula 4177» (A=870-
940 nm) upon excitation of IR luminescence in
the green region of the spectrum at A= 530 nm.
The UV-vis absorption spectroscopy method
was used to determine the qualitative compo-
sition of the dyes of the samples of ballpoint
pen pastes under study. Using a scalpel, parts
of strokes of paste samples were cut from do-
cuments together with paper fibers. Dimethyl-
formamide (DMF) was used as a solvent for ex-
tracting pastes (pH=6) due to its effectiveness
in dissolving most ballpoint pen inks. DMF
solutions with pH = 6 were obtained by adding
formic acid dropwise. pH was measured on a
Thermo Scientific Orion Star A111 Benchtop
Meter. The absorption spectra of extracts of
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strokes of samples 1-43 were recorded on a For research, all samples were divided into
Shimadzu 2600 spectrophotometer in the vi- 6 groups depending on the color of the paste
sible region of the spectrum (250-750 nm) in (Table 2).

quartz cuvettes (/=1 cm).

Table 2.
Spectral and luminescent properties of ballpoint pen paste samples.
Ne Presence A (nm), .
sample | of fluorescence visible area Primary dye class
Blue-violet pastes
1 + 597.5, shoulder ~ 550 Triarylmethane
2,6 + 592, shoulder e ~ 550
3 + 595, shoulder ~ 550
4 + 593, shoulder ~ 550
58,11 + 590, shoulder ~ 550
7 + 592.5, shoulder ~ 550
9 + 590.5, shoulder ~ 550
10 + 589, shoulder ~ 550
12 - 595, 671, shoulder ~ 710 A mixture of triarylmethane and phthalocyanine
13 - 595, 670 nm, shoulder ~ 710
14 - 592, 671, shoulder ~ 710
15 - 592.5, 671, shoulder ~ 710
16 - 589.5, 670.5, shoulder ~ 710
17 - 590, 671, shoulder ~ 710
18 - 593, 671, shoulder ~ 710
19, 25 - 591.5, 670.5, shoulder ~ 710
20 - 591.5, 671, shoulder ~ 710
21,28 - 591.5, 671.5, shoulder ~ 710
22 - 592.5, 670.5, shoulder ~ 710
23 - 593, 671, shoulder ~ 710
24 - 593.5, 671, shoulder ~ 710
26 - 593, 671.5, shoulder ~ 710
27 - 591.5, 671, shoulder ~ 710
29 - 596.5, 669, shoulder ~ 710
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Table 2.
Blue pastes
30 weak 595.5, 668.5 Phthalocyanine
31 weak 598.5, 669
32 weak 597.5, 670
Pastes are black
33 + 420, 595 Triarylmethane
34 + 421.5, 591
35 + 421, 589
36 + 587.5
37 + 421, 594.5
Pink-purple pastes
38 + 562, 670, shoulder ~ 520 A mixture of triarylmethane and xanthene
39 + 561.5, 671, shoulder~520
40 + 561.5, shoulder ~ 710
Red pastes
41 - 446.5, 536, Xanthenic
shoulder ~ 497
42 + 444, 559, shoulder ~ 520
Green pastes
43 - 605, 671, shoulder ~ 445 A mixture of triarylmethane and phthalocyanine

Based on the results of research into the lu-
minescent properties of experimental samples
(Table 3), it was established that 11 blue-violet
pastes (samples 1-11), 5 black pastes (samples
33-37) and one red paste(sample 42) exhibit
quite bright luminescence, and 3 blue pastes
(samples 30-32) — a weak one. No luminescent
response was observed for other pastes (samp-
les 12-29, 41, 43).

An interesting fact is that the samples of
blue-violet pastes behave differently in IR ra-
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diation: sample 1 has luminescent activity, and
sample 12 does not. Obviously, this is due to
the different composition of the pastes. The IR
luminescence of sample 1 is provided by the
presence of crystal violet and some other tri-
arylmethane dyes in its composition. Sample
12 contains a phthalocyanine dye, which leads
to the quenching of the luminescence of the
sample due to the overlapping of the absorp-
tion of the phthalocyanine dye and the lumi-
nescence of triarylmethane dyes [18].
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Table 3.

Examples of luminescence of selected samples of paste strokes.

Nesample | The color of the paste | Photo in white light Photo in IR rays
1 Blue-violet -
12 Blue-violet -
30 Blue -
34 Black -
| Red -
43 . - -

The in Figures 1-3 show electronic absorp-
tion spectra of dye extracts of ballpoint pen
pastes in DMFE. UV-vis absorption spectra of
blue-violet pastes have a similar appearance
and are characterized by the presence of pro-
nounced maxima in the UV region at \ _ ~
365 nm and in the visible region at A~

X

32

590 nm with a pronounced shoulder in the
region of 550-600 nm. The peak positions are
typical of the class of triaryl-methane dyes,
such as methyl violet and its analogue crystal
violet. Thus, the spectrum of standard methyl
violet (95% purity), taken by us under the same
conditions, has A_ = 597 nm and a shoulder
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Fig. 1. UV-VIS spectra of extracts of blue-purple ballpoint pen strokes: samples 1-11 (a), samples
12-29 (b). The color of the absorption band corresponds to the sample number.

at 550 nm. It should be noted that the spec-
trum of sample 3 has a slightly different shape,
which differs from the rest of the pastes. Upon
microscopic examination of sample 3, it was
established that the strokes of the blue-purple
paste contain clusters of black dye, that is, this
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paste is not a single-component one, but con-
tains a mixture of arylmethane dyes and/or azo
dyes. In addition, the possibility that the sto-
rage conditions of the document led to partial
decomposition of the dye is not excluded.

In the UV-vis absorption spectra of the
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pastes of samples 12-29 compared to sam-
ples 1-11, the absorption maxima in the UV
region have a hypsochromic shift of ~25 nm
and, in addition, another maximum appears
in the visible region at Amax ~670 nm with a
shoulder at ~710 nm The appearance of the last
band is due to the presence of phthalocyanine
and/or arylmethane dyes in the composition
of the pastes. Thus, according to [19, 20], the
characteristic absorption spectrum of phthalo-
cyanine dyes consists of a band in the region of
325-350 nm and an intense peak at ~700 nm.
However, slight differences in the position of
the absorption maxima and the uniform shape
of the spectra of the studied samples of blue-
violet pastes suggest that they contain similar
components of coloring substances that have a
slight difference in structure.

The blue pastes (samples 30-32) have two
absorption bands in different ranges: a nar-
row intense band with A~ 350 nm and a
less intense broad band split into 2 compo-
nents (Q-band) with A__ at 600 and 670 nm
(Fig. 2, a). The Q band is characteristic of the
phthalocyanine macrocycle and is responsible
for the color of the dye. Its presence in the UV-
vis absorption spectra is due to m-m* transi-
tions in the cyclic aromatic system. In addition,
in the absorption range of the Q-band, changes
in the spectra can be associated with the pre-
sence of dimers of phthalocyanines formed by
the interaction of molecules through delocal-
ized m-electrons and hydrogen bonds [21].

The spectra of the samples of black ball-
point pen pastes (Fig. 2, b) in the visible region
have one broad structured band, the absorp-
tion maximum of which occurs in the range of
587.5 -595 nm with a higher energy shoulder
at ~ 550 nm. The general form of the spectra
and the shape of the lines are similar to the

34

most studied triarylmethane dye - crystal vio-
let [22]. It should be noted that for all studied
samples there is no significant difference in the
frequency of maximum absorption, but for
samples 33, 35 the intensity of absorption in-
creases significantly, which may be due to an
increase in the concentration of the dye in the
specified samples, or its aggregation.

The spectra of the samples of pink-violet
ballpoint pen pastes (Fig. 3, a) have absorption
bands exclusively in the visible region with
Amax at ~ 560 nm and a well-defined shoulder
at ~ 520 nm, although a peak at 670-67 nm
appears in samples 38 and 39 , the intensity
of which is almost 6 times lower than for the
560 nm band. Probably, the pink color of these
samples is due to the presence of xanthene dye
rhodamine B (A rhodamine = 556 nm [23])
in the composition of the pastes. The absorp-
tion bands in the range of 520-560 nm are
caused by n-n* transitions between lone elec-
tron pairs and n-bonded electrons of the ben-
zoid structure of rhodamine B with increas-
ing ring conjugation with the opening of the
five-membered lactone ring [23, 24]. A small
additional band at 670 nm can be identified
as a band belonging to a phthalocyanine com-
pound (probably Blue 38 dye) that gives the
pastes a purple tint. That is, the color of the
samples of pink-purple pastes is due to the
presence of a mixture of xanthene and phtha-
locyanine dyes in their composition.

In the UV-VIS spectra of the green paste,
the band in the region of 600-710 nm is split
into two components (A = 605 nm, A\ =
671 nm) and has a small shoulder at 708 nm.
This indicates that the green paste contains
phthalocyanine dyes such as Copper Phthalo-
cyanine, Solvent Blue 64, as well as blue trial-
methane dyes (Crystal Violet, Methyl Blue).
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Fig. 2. UV-VIS spectra of extracts of blue (a) and black (b) ballpoint pen strokes
(samples 30-32 and 33-37, respectively). The color of the absorption band corresponds
to the sample number.

Low-intensity bands at ~ 450 nm are also in the composition of the pastes [25]. At the
observed for all three samples (Table 1), which same time, the combination of blue and yellow
is probably due to the presence of a yellow dyes determines the green color of the paste of
component molecularly similar to tartrazine sample 43.
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Fig. 3. UV-VIS spectra of extracts of pink-purple (a), red and green (b) ballpoint pen strokes (samples
38-40 and 41-43, respectively). The color of the absorption band corresponds to the sample number.

CONCLUSIONS. Using the method of elec-
tronic absorption spectroscopy, the qualitative
composition and differentiation of 43 samples
of ballpoint pen pastes of different colors was
investigated. The UV-Vis characteristics of the
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main paste dyes were determined. A compa-
rison of the spectra showed that the main ab-
sorption maxima relate to different structural
and group affiliations of the dyes and depend
on their chemical characteristics. It has been
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proven that most of the analyzed pastes con-
tain dyes based on triarylmethane, phthalocy-
anine, xanthene dyes or their mixture. The ob-
tained data are useful for conducting research
on ballpoint pen pastes to identify classifica-
tion and identification differences and will be
included in the spectrum database of ballpoint
pen pastes for further diagnosis and identifica-
tion of pastes received for research.
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INEHTUDIKALIIA TPUAPUIIMETAHY, ®TAJO-
LIIAHIHY TA KCAHTEHY B CYMILLI BAPBHUKIB
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CMNEKTPOCKONMII
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*e-mail: hannalartamonova@gmail.com

Y po6oTi mOCTiIKEeHO SAKICHMIT CKIaj Ta
npoBefieHO AndepeHtianio 43-x 3paskis macT
KY/IbKOBUX PYYOK pPi3HOTO KO/NbOPY (CMHBO-
dioneroBoro - 29 3paskiB, poxxeBo-dioneTo-
BOT'O — 3 3pa3Ki, CMUHbOI'O — 3 3pa3Kil, YOPHOTO —
5 3paskiB, 3e/1€HOro — 1 3pa3oK Ta Y4epPBOHOIO —
2 3pasKi) METOIOM €/IEKTPOHHOI CIIeKTPOCKO-
mil TOINMMHaHHA. PesynbraTy  [JOCHIIKEHHA
IIOKa3asln, 110 KOXKHY IIacTy MOXKHa Biipi3sHM-
TU, BUBYAI04M XapaKTep CIIEKTPiB IXHbOIO I10-
[7IMHaHHA, fAKa BUHMKAE 4Yepe3 IPUCYTHICTb

https://ucj.org.ua

pisHuX ¢yskuioHanpHUX rpymn. BcranoBsre-
HO, 1[0 Oi/BIIICTh IpoOaHaIi30BaHMUX 3pasKiB
IIaCT MICTATb Y CBOEMY CK/Iajli IIrMEHTH Ha
OCHOBi TpMapuUIMeTaHOBUX, (rajorianiHoO-
BIX, KCAHTEHOBMX OapBHUKIB a00 ixHi cymi-
mi. KoxHomy Tumy 6apBHMKIB BifjoBifaloTh
neBHi MakcuMymy normiHaHHA. [npoka ta
Hal0i/IbII iHTeHCMBHA CMYyTa — IIPU A~590 HM,
SAKY BUABJIEHO JJIA BCiX 3pasKiB, — BifITIOBI-
[a€ TpUapWIMeTaHOBMM OapBHuKaM. CMyra
npu A~670 HM BigmoBifae ¢ranornianiHOBUM
6apBHUKaM. HasfBHICTh CMYT IOITIMHAHHA Y
3esieHoMYy fiianaszoni (A~520-560 HM) cBifunTh
IIPO HAasABHICTb Yy CKIafi IMAacT KCAHTEHOBUX
0apBHMUKIB. I3 BUKOpUCTaHHAM MeTOAY oTO-
JIIOMiHEeCIIeHTHOI CIIEKTPOCKOIIII Ipy 30ymxKe-
HHi IY-mroMiHecneHii B 3eneHiit o6macti
criekTpy (A=530 HM) mokasaHo, 110 11 cuHbO-
¢ioneToBMx, 5 YOPHMX Ta OJfHA YepPBOHA MTACTH
IPOAB/IAITH ACKPaBYy JIOMiHECIeHIIiI0 Yyepes
IIPUCYTHICTh B IXHbOMY CK/Iafli KpUCTaAi4HO-
ro (iosIeToBOro Ta IeAKUX iHIINX TPUAPUIMe-
TAaHOBMX OAPBHUKIB. Y TPbOX MacTax CMHHOTO
KOJIbOPY BUSBJIEHO CIa0Ky JIOMiHeCIeHIIo.
B iHmmx pocmimpKyBaHMX IIacTax JIIOMiHec-
LIEHTHOI'O BIAITYKYy He CIOCTepiraay, Lo II0-
B’513aHO 3 HAsIBHICTIO B I[uX macrax ¢rasoiia-
HiHOBMX OapBHUKIB, NOITIMHAHHS SIKUX IIe-
PEKPUBAIOTBCA 31 CIIEKTpaMM JIOMiHEeCIeHIIil
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TpUapWIMeTaHOBMX OapBHUKIB. OpepxaHi
IaHi MOXKHA BUKOPVUCTATU [I/IA CTBOPEHHS JI0-
BifikoBol 6a3u s igeHTudikauii i gudepen-
Liallil CKIagy MacT KyJIbKOBUX PY4YOK Cydac-
HVIX BUPOOHMKIB Ta BCTAHOBJIEHH IXHIX KIa-
cudikaniitHux Ta igeHTHdiKaniiHUX BigMiH-
HOCTeEI.

KnrodoBi crmoBa: 6apBHUKM, €lTeKTPOHHA
CHCKTpOCKOHiH IIOITIMHAaHHA, CIIEKTPU IIOTIN-
HaHHA pOS‘-II/IHiB, macrta KYIII)KOBO'I. PY4YKU.
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TEOPETWUY4HI OCHOBU KOHTPOJ1HO CTAHY EJIEKTPOAIB

XIMIYHWX DKEPEN CTPYMY METOI0M CNEKTPOCKOMII
EJIEKTPOXIMIYMHOIO IMNEJAHCY

O. /1. Psa6oxkinv"

'Mixceidomue 6i00ineHHs enekmpoximiunoi enepeemuxu HAH Ykpainu,
6ynve. Akademika Bepradcvkoeo, 38 A, Kuie 03680, Ykpaina

Email: olegriabokin@gmail.com

B ornapni HaBeneHo aHamis cy4acHMX GbisMYHMX MOfieiell TOPUCTOTO eeKTPOa 3 TOUKU
30Py MOXX/IMBOCTEN CIIEKTPOCKOIII €/IeKTPOXiMi4HOrO iMIIeJAaHCY I OL[iHIOBAaHHA CTaHY
€/IeKTPOJIiB XiMiYHUX JpKepen cTpyMy. JloBeleHo, 1[0 3a YMOB HagBHOCTI HEOZHOPIZHOTO
IIepeHeCeHHsI PeYOBMHY 3 YPaXyBaHHAM IJIMOVHMU €IeKTPOfia MOX/IMBYM € He Ti/IbKU pO3-
pOO6IeHHST HOBMX HOPUCTUX €IEKTPOJIB /I IeBHOTO 3aCTOCYBAHHS, @ JI KOHTPO/Ib CTaHY
eIeKTPOXiMigHMX cucTeM i3 BukopuctanuaM Metony CElL PosrnsanyTo npakTnyHe BUKopuc-
TaHHA [EBHUX MOJeNell I ypaXyBaHHsA BIUIMBY TE€MIIEPAaTypy, XiMi4HMX IIPOLIECIB, 1110
IPU3BOAATH 4O PYHYBAaHHA IIOP Ta 3MiHM IXHbOI F€OMETPIl Ta OLIiHIOBAHHSA MEXaHIYHOIO

PYVIHYBaHHA €/IeKTPOJiB.

Knro4oBi cnoBa: nopuctuii e1eKTpofi, e1eKTPOIiT, IPOBiHICTh, EMHICTD, CIEKTPOCKOMiA

€/IEKTPOXIMIYHOIO IMIIEJAaHCY.

BCTYII. 'V cy4YacHMX €/IeKTPOXiMi4HMX
IPUCTPOAX HAVOIIBII NOMVPEHNMM € OPUCTI
enextpomn. JJobpe BitoMo, 10 MiKpOCTPYKTypa
MOPUCTUX €IeKTPOJIIB Biflirpae K/IIOYOBY POJIb
y BU3HaueHHi IIOTY)XHOCTI Ta TepMiHy C/Ty>KOM
ximMiqHMX mKepen cTpymy [1, 2] e saymoBieHo
TUM, 1110 eeKTUBHi TPaHCIIOPTHI BIACTUBOCTI,
a caMe iOHHA Ta €JIEKTPOHHA IPOBIFHICTD pa-
30M i3 audysi€ero € oOCHOBHUMM PYHKIiAMU Mi-
KPOCTPYKTYPHMX BIaCTUBOCTEI, TAKMX SK I10-
PUCTICTD, apXiTeKTypa KaHasiB i Mopgomorisa
noBepxHi enekTpopis [3-6]. Came 3MmiHa 1ux
IIapaMeTPiB € OCHOBOIO BTPATH €1EKTPOXiMiu-
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HMX BJIACTUBOCTEN €IEKTPOJIiB Ta MOTY>KHOCTI
XiMiYHMX pKepen cTpyMy 3aranoM. Kpim 1po-
IO, NOsABA Pi3HUX TEXHOJIOIiN BiTHOBIIOBAHOI
eHepril po3MMPIOE HAYKOBUI 3MICT ITOPUCTUX
cepenoBuIL, BUK/IMKAIOUN CIIIECK iIHTepecy 1o
po3yMiHHA 6aratomacmiTabHMx, 6GaraTodas-
HUX, 0AaraTOKOMIIOHEHTHUX (HENTpaabHUX i
3apAMKEHNX) TPAHCIIOPTHMX IIPOLECiB, AKi
IIOB’s13aHi 3 pisHMMM 00'eMHMMU Ta Mik(as-
HUMU peakuismu [4,7, 8]. 3apsamkeHa Mexa
PO3IIONINTY €el1eKTpOf/eNeKTPOT bepe yJacTh
y CKIaJHiil B3a€MOJil MDXX TPaHCIIOPTYBaH-
HAM 3apANY B TBEPJiil MaTpulli Ta B pO34YMHi
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eJIeKTpONIiTy. B3aemopil cTBOpIOIOTH mopat-
KOBI TPyHHOLI /s BUpILIEHHsA IHpo6IeMI,
ajle TaKOX BiJKPMBAIOTb HOBI MOXX/IMBOCTI.
ITo-nepue, Tenmep MM MOXEMO «30HyBaTU»
MIOPUCTUII €/IEKTPOJ, 3a TOIOMOIOK €JIEeKT-
puuHuX curHaniB. Oco6nuBy yBary sik MeTOJ
KOHTPOJII0 IIPUBEPTAE CHEKTPOCKOIIiA €IEKT-
poximiunoro imnenancy (CEI), sxy mmpoko
BUKOPUCTOBYIOTb fAIK HeiHBa3VBHUI iHCTpY-
MEHT BU3HAYEHHA XapaKTEPUCTUK in situ mmg
mocriKkeHHs 6ararodasHoro (e1eKTPOHHOTO,
ioHHOTO, Ta30MOAIOHOr0) TPAHCIOPTY Ta pe-
aKIill 3B’A3Ky MDK (azaMyl B IOPUCTUX eJIeK-
Tpofiax. Y CBOIll CTaHAAPTHIN (opMi MeTox
CEl naknajiae Ha JOCTi)KyBaHUIT MOPUCTUI
e/IeKTPOJ, CMHYCOifabHe 30ypeHHs Halpyru
3 HEBEIMKOI0 Benm4nHow 5 ~ 20 MB i xyTo-
BOIO 4aCTOTOI0, BUMipIO€ CTPYM, IO YTBOPIO-
€TbCA B pe3yNbTaTi peakliil i TPaHCIOPTHUX
IIPOIIeCiB, AKi «aKTUBYIOTbCSA» 30ypeHHAM, a
HOTIM 00YIC/TIOE XapaKTePUCTUKY iMITejlaHCy
3a gornomMorolo repersopenHa Oyp’e. 3mMiHio-
1oyl 30ypeHHs Hanpyru abo CTpymy y ILiM-
POKOMY [lialla30Hi 4aCTOT, AKNUI Ha CbOrOfHI
JIETKO IIOLIMPIOETHCA HA JECATb IOPANKIB,
MOXXHA «IOCTIPKyBaTi» (isnko-xiMivyHi mpo-
1ecH, AKi 3aliKaBaoTh [9]. Ale HagABHICTH
TEeXHIYHMX MOXKIMBOCTEN HE € €JUHOK yMO-
BOIO ISl OTPVMMAHHA NOCTOBIPHUX Pe3y/bTa-
TiB, IOTpiOHA IIle 71 KOpPEeKTHA iHTepIpeTalis
maunx CEL sxa nmorpebye HaABHOCTI MEBHUX
TeopeTUYHUX Mozeneii. Came MOJie/i 3HaYHOI0
MipoIo0 BU3HAYAIOTh TUII i KiNbKicTb iHpopMa-
1ii, AKy MOXHAa OTpMMAaTM 3a pe3yabTaTaMu
BrMipioBaHb. OCHOBOIO 6araTboX AOCIiI>)KeHb
y IIbOMY HanpsMKy € ¢isuyHi Moperni, Aki Ha
BiIMIHY BiJ MofiefieNl €JIeKTPUYHUX JIAHIO-
riB € 6inbm QyHAaMeHTanbHNMMM. B OCHOBI
6aratpox GIsMYHMX Mofenell 3HaXOAUTHCS
Knacu4Ha Mopenb ae Jlesi [10], sika B cydac-

https://ucj.org.ua

HIUX JOCTIJPKEHHAX PO3BUBAETbCA B TPbHOX
HanpsAMKax: HOBi isuko-ximiuHi mpomecnu,
NTiKyBaHHA CTPYKTYpPHUX ZHedekTiB i Bpaxy-
BaHHA BMCOKUX IOPAAKIB IMOPUCTUX CEPELO-
Buin. HagBHicTh 4YiTKOro MaTeMaTUYHOTO
arapary JO3BOJIAE PO3BMHYTU TEOPil0 imiie-
[AHCy IOPUCTUX €NeKTPOAiB Ta PO3poouUTH
NPAKTUYHKX IIXiJl 7O OLIIHIOBAaHHA CTYIIEHA
PYJIHYBaHHA eNIeKTPOJiB Ta CTPOKY po60YOro
CTaHy XiMiYHUX JpKepen cTpyMmy. Tomy meTo-
JIOM OIJISLY CTAJIO Cy4acHe BUKOPUCTAaHHA ¢i-
3UMYHUX TEOPETUYHMX MOJIETIEN B IIPUK/IAHUX
acCIleKTax OL[iHIOBaHHS PO60YOro CTaHy XiMiu-
HIUX JDKEpeT CTPYMY Ta CTYIIEHA PyVMHYBaHHA
€/IEKTPOJIIB y IIPOLeCi eKCIUTyaTallii.

Bnnue MeXi enekTpoa/enekTponit Ha TpaHc-
NopT pe4yoBUHU 3a ENEeKTPOXiMiYHOT peakui

[TopucTi enexTpopay 3HAXOAATH YMCIEHHI
IIPOMMC/IOBI 3aCTOCYBAaHHSA HacaMIlepe]] TOMY,
110 BOHM CIPUAIOTH LiTbHOMY KOHTAKTY Ma-
Tepiany eeKTpoja 3 po34MHOM i, MOXX/IMBO, 3
razonofiibuoro ¢asorw. bygosa Ta cxmag mMexi
MOJiTY IOPUCTUI €IEKTPOJI/ €IEKTPOJIIT BIIN-
Ba€ Ha HACTYIIHI Iporecy mpu pobori Ximiu-
HUX JDKepen cTpymy: 1. Perymioe mBUIKICTH
reTEPOTeHHOI e/IeKTPOXIMIYHOI peakiii 3a
PaxyHOK 3MiHM eeKTMBHOI IIOLIi IIOBEPXHi.
2. Copuse peanisanii gBomapoBoi apcopo-
1[ii, [0 CTAHOBUTb OCHOBY Ji/iA HOBOIO IIPO-
1[eCy pO3IOJiNY 3apAMiB, AKUI BifIIOBijae 3a
LMK/TIYHICTb €/1eKTPOJHOro IMoTeHIiiany. Tak
caMo, [K i B 3BMYaTHOMY PO34MHI €lIeKTPOIi-
TY, Y TBEPJOMY €NIEKTPOJIITI Be/IMKe 3HaYeHH
Mae OymoBa Ta TPAHCIOPTYBAHHA 3apsAfy 4e-
pe3 30HU MbxdasHOro KoHTakTy. 3. Crpuse
30epe>KeHHIO peareHTiB, sKi 6epyThb y4acTb B
e/IeKTPOAHill peakuii B po3umHi 6/1M3bKO [0
noBepxHi enekrpopa. Ile mossonde orpumy-
BaTU CTilIKi 3apA/-pO3PALHI IOKA3HUKY €/IeK-
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TPOXIMIYHOI KOMiPKM) 3 BMCOKOIO IIBUJKICTIO.
4. ITopucTuii eneKTpoy TAKOK BUKOHYE (PyHK-
Uil o4yuMiyyBa4ya eIeKTPOJITY BijJ IPOXYKTIB
peakuii 3a paxyHOK peaji3alil IIPOTOYHOTO
enexrpopa. Lle 6ibiie cTOCyeTbCs HENPOBif-
HIX PEareHTiB i3 HU3bKMM PiBHEM PO3YMHHO-
cTi. 5. MOXX/IMBICTh BUKOPUCTAHHA EKI/TBKOX
TBepaux a3 (y XiMiYHMX IKeperax CTPyMy)
a60 razosoi (asu (y manMBHMX eJleMEHTax),
AKI MOXXHa BKIIOUNUTU OO €1eKTPOXiMi4HOI
cructeMu abo YTBOPIOBATH HOBi peareHTH, sKi
MOXXYTb PO3YMHATUCA 1 IPOCOYYBATIUCA Yepes
HOPUCTUI e/eKTpof. 6. KoMmmakTHicTh Io-
PUCTUX €IEKTPOJiB MOXKE 3MEHIINUTN OMi4He
MaJiHHA IOTEHIia/Ny 3a paXyHOK 3MEHILIEeHHA
BificTaHi, Ky IOBMHEH IPOXOUTI TPAHCIIOPT
3apapy [11-14]. Lle mae oueBupHI mepeBaru y
3MeHILeHHI eHepreTMYHUX BTpar y barapesx
1 Ma/IMBHUX €/leMeHTaX 3a paXyHOK yCyBaHHA
N00iYHMX peakiiiii, 3a6e3neyyoyun MOTeHIIii-
HUJ KOHTPONb A OaxkaHoro mporecy. Ha-
ABHICTb 00’€MHOI KOMIIOHEHT! B IOPYICTOMY
eIeKTPOJi BUKIMKAIOTb HEBiJ'€MHi ycKIafi-
HEHH: Y MICIIi KOHTaKTY eJIEKTPOJia 3 eJIEKTPO-
JiTOM, a caMe — OMiYHe NafiHHA MOTeHLialy
i Macu aKTMBHOI peyOBUHM, siKa Oepe y4acTh
B €/IeKTpOXiMiuHiN peakuii. [lepenecenns pe-
YOBUHU Bi,T_I6YBaIOTbC}I K TOCTiJOBHO, TaK i
IIapajie/IbHO [0 elIeKTpozia 0e3 MOXIMBOCTI
ixHporo BigokpemneHHs [15]. Tomy posBuTox
TEOPETUYHMX 3HAHb BiJTHOCHO €IEeKTPOSHUX
IIPOLIECIB B YMOBaX HasABHOCTI HEOJHOPIJHOTO
IIe€peHeCeHHs PeYOBMHM 3 YpaXyBaHHAM IJIN-
OVHY eJIeKTPOZia € CYYaCHMM Ta aKTyaJbHUM
3aBJAHHAM U1 PO3pOOTIEHHSA METOfiB Ipo-
eKTYBaHHA IOPUCTUX €IeKTPOJIB LIOMI0 I€B-
HOTO 3aCTOCYBAaHHA TaKUM YMHOM, 1106 Mak-
CUMi3yBaTi iXHIO e(eKTUBHICTb Ta CTilIKiCTb
0 CTPYMOBMX HaBaHT@X€Hb Y Cy4aCHUX IIPU-
CTPOSIX OTPMMAaHHA Ta 30epeXKeHHs eHeprii.
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MakpockoniuyHi Mofieni nopucTUx enekTpoais
[TopucTi enekTpomy CK/IafaOThCA 3 OPUC-

TUX MaTpUIb OJHIEl peaKTUBHOI pPEYOBMHIU,
IO € e/IeKTPOHHUM IIPOBiTHMKOM, 260 cymini
TBEP/VIX PEYOBMH, IO CK/IaZly AKUX BXOJIATD, I10
CYTi, HEIIPOBiHI, peaKliiIHO3/IaTHI MaTepiann
Ha JJofia4dy JJ0 €/IeKTPOHHMUX IIPOBigHuKiB. Po3-
YJH €/IeKTPOJIiTy IPOHMKAE Y TIOPOXKHVHM T10-
PUCTUX MaTpULIb, e y IeBHUIT 4ac MOXKe OyTu
BE/MKIIL CIIEKTP Peaxilii B MeXXax Mop. [xHiii
posmopin 6yze 3anexatn Bif ¢isudHOl cTpyK-
TYpY, IPOBIJHOCTI MaTpuli Ta €NeKTPOJIITY
Ta BiJj IIapaMeTPiB, 0 XapaKTePU3YIOTb cami
eNneKTponHi nmpouecu. /g mpoBefeHHA Teo-
PEeTHYHOrO aHaTi3y TaKOro KOMIUIEKCY HeoO-
XiJHO BCTAHOBUTU MOJI€/Ib, IKa BPAXOBY€ CYT-
T€B1 0COOMMBOCTI PaKTUYHOTO eneKTpopa 6e3
ypaxyBaHHS reoMeTpUYHUX feTaneit [16, 17].
Mopenb BUKOPUCTOBYE ITapaMeTpH, AKi OTpu-
MYIOTb 3aBJAKV IPOCTUM BMMipIOBaHHAM ¢i-
3VYHMX IOKasHuKiB. Hampukmazm, mopuctui
MaTepiazn oBibHMIL, Bunagkouil. CTpyKTy-
Py MOXKe XapaKTepu3yBaTy ii MMOPUCTICTb, ce-
pefHA IUIoIA ITOBEPXHI Ha OfMHMII0 00'eMy,
cepenHil 06'eMHMIT omip i T. II. AHajOriYHO
MO>KHa BMKOPVCTOBYBATH CepefHiil 00’ eMHMI
IIATOMMIL OIIp I ONMUCY €NEeKTPOIiTUYHOI
¢dasn y nopoxuedax. Toxi BigmoBifHa Mopgenn
MICTUTB cepefiHi 3HauYeHHs pi3HUX 3MiH iznd-
HIX IIapaMeTpiB IO AIAHI €IeKTPOJia, AKi €
HEBEMMKVMMI BiJHOCHO rabapuTHMX PO3MIpiB,
ajle € BEIMKMMU TOPiBHAHO 3i CTPYKTYpOIO
op. Y Takuil MOfie/li CTa€e MOXK/IMBOIO OLliHKa
LIBU/IKOCTI peakliil i yTBOpEHH MOJBIMTHOTIO
e/IEKTPUYHOrO LIAPY Y IOpaxX i3 TOYKU 30py
HepefaHOr0 CTPYMy Ha OAMHUIIO 00’emy.
Y cyyacHuX MOpenAx INpefCcTaBIATb CTPYK-
Typy HOPUCTOTO €eKTPOAA 3 NMPsAMNMMI IIOpa-
MI, 1O PO3TAlIOBaHi IEPIEHAMKYIAPHO 10
30BHIIIIHbOI I'PaHi €lIEKTPOJA, 1 OffHE PO3MipHE

ISSN 2708-129X. YKp. xim. XypH., 2023



0. J1. Pbokinb

YXX Ne 07 / TOM 89

HaO/MVDKEHHsI BBElEHO Ta OOIPYHTOBAHO Ha
OCHOBI MajIOro JjiaMeTpa IOpyU IOPiBHAHO 3
il moBxxuHow. Bimoma mopenb me Jlesi [10] €
HalOiIbII HAOMVDKEHOI [0 MaKpOCKOMIYHOI
Mofieti, ajle Ma€ ImapaMeTpy, Taki K koedi-
niedt audysii 3 iHIMM Gi3UYHUM CEeHCOM.
CrangaptHa Mopenb e JleBi, He3BaKawun
Ha CBOIO IIPOCTOTY, PIiKCy€E CYTTEBY XapaKTe-
PUCTHKY BiJIIOBiJii iMIIEaHCY IOPUCTUX €/IEK-
TpOpiB, TOOTO JIiHiI0 45° y BICOKOYaCTOTHOMY
miamasoHi Ha piarpami Hariksicra (puc.1), bi-
3MYHMM 3HAYEHHAM SAKOTO € YaCTOTHA 3aJIEXK-
HICTb €/IEKTPOXIMIYHMX IIPOLECIB Ha IIEBHIl
OiNAHL TIOBEPXHI.

2

\45°
VANE®

Puc. 1. Burnsag MopenpHOro crieKTpa iMmenan-
Cy IS IOPUCTOTO €IEKTPOfia B KoopauHaTax Haii-
KBicTa [6].

Fig. 1. View of the model impedance spectrum
for a porous electrode in Nyquist coordinates [6].

Ile € o3HaKOMO MOPUCTUX eNeKTpofiB. Kpim
LIbOT'O, CIIPABXKHA YaCTMHA HU3bKOYACTOTHOTO
iMIenaHCy € mpocTolo, 10 3abesredye Ipo-
CTUI MifXif O BUMIpPIOBaHHA iOHHOI NPOBIif-
HOCTI €/IEKTPOJIITY Ta IapaMeTpiB CTPYKTypu
nop. ITpore nmoBHe yCBiOMIEHHA NPUITYLEHD

https://ucj.org.ua

Mopieni fie JleBi mOBMHHO OyTM NPUCYTHIM y
IIPaKTUYHUX 3aCTOCYBAHHAX, i BOHU €: 1 - 110-
PUCTUI €NIEKTPOJ, PO3ITAJAIOTD AK CYKYIIHICTh
napajienbHO 3 €IHAHUX OTHOBUMIPHUX i OIHO-
PiHMX 3a TpPAHCIIOPTHMMM, MDKpasHUMU i
CTPYKTYPHUMM BJIaCTUBOCTAMM LMIiHAPUY-
HUX IIOP; 2 — MéXKa PO3IOALTy e/1eKTpOf/eneK-
Tpoirt € cyTo eMHicTiO I1EIII. Peakuiro mepene-
CEHHA 3apANY He po3IIAfaoTh. e npumnyien-
HA CIPaBeIMBe I HMOPUCTUX €IEeKTPOJIiB
CIPaBXXHIX CYIIEPKOH/IEHCATOpiB, aje He A
HOPUCTUX eIeKTPOJIB JITi-iloHHUX Oarapei
(JIIB), ne BimbyBaroThCs peakiii iHTepkaanii/
meinTepKaAnii [6, 18, 19] i s mopucTux enek-
TPOAIB IaIVMBHUX €/IEMEHTIB i3 IMOTIMEPHUM
enextpornitoM (I1E), ne € kucens i BinOyBaoTh-
cs1 BopiHeBi peakuii [20, 21]. Illo6 mosBomuTn
BUKOpUCTaHHA Mofieni fe JleBi i mopuctux
enextponis JIIb, MoXHa BMKOpPUCTOBYBaTH
HeiHTepKaJIIoUNil eJIeKTPONIT ab0 IOBHICTIO
BigbuBatouy crinky nop. Illo crocyerncsa IIE,
to BuMiproBanHA CEI cnig nmpoBoputi B 30Hi
IOABIHOTO 3apANy 3a YMOB HAasABHOCTI Trasy
H,/N; 3 -~ cTiHKa NOp CKTala€ThCs 3 MaTepia-
JIiB i3 HECKIHYEHHOIO €/IEKTPOIPOBifHicTIO. Lle
IPUIYIIEHHS [00pe peai30BaHO B MOPUCTUX
€/IEKTPOJIaX Ha OCHOBI BYIJIEIIO — IIiJTPUMIIL
IJIA cyliepKoHieHcaTopis, JIIb Ta IIE. B inmo-
My BUIIAJIKY C/Iifi BpPaXOBYBaTy OIIp, CIIPUYN-
HEHIII TPaHCIOPTOM €IeKTPOHIB y TBepAiil
dasi; 4 - B akciaIbHOMY HAINIPAMKY JIMILE Mi-
rpaliio iOHiB ONMCYIOTH 3a JOIIOMOI'O0 3aKOHY
Owma. [lndysiero ioHiB, 3yMOB/IEHOI0 I'pajii€H-
TOM KOHIIeHTpallii, HeXTyoTb. KpiM 1jboro, He
BPaXOBYETbCA BIUIMB PO3IIOAiTy KOHIIEHTPALIil
Ha MbkdasHy emHicTb. lle mpunyienHs Ha-
BpsAJ, Y BUKOHYETHCA B IIPAKTUYHMX CUTYaLli-
AX, KON IPUCYTHIN TPaHCIOPT pEeYOBUHM 3a
HassBHOCTI Mik¢asHux peaxuiit. [Toganpimit
PO3BUTOK TEOPEeTUYHUX MifAXO/iB fie J/IeBi B MO-
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mensx Heromana [22], ska Mae eleMeHTH, 110
MO>KHa 3HAJTU B monepenHix poborax Koyr-
MaHa, [laniena beka, Kcenkeka i Crenpepa, a
takox Eitnepa i Honnenmaxepa [6, 23]. YTou-
HeHHA, 1o BBegeHi [[>koHconom Ta Hproma-
HOM, O3BO/IV/IN OTPUMATH PiBHAHHSA IS Bifi-
HOBJIEHHA TIOfIBi/IHOTO €IEKTPUYHOTO ILIapy,
1[0 3pOOVIO0 MOXK/IIBUM MaTeMaTUYHMUI OIUC
IIPOTOYHUX €IEKTPOAIB 31 3MiHOI0 YaCOBMX I1a-
pamerpiB crpymy. s 6inbmr edexTBHOrO
BUKOPMCTAHHS YaCOBUX ITapaMeTpiB 3MiHHOTO
CTPYMY MaKpOCKOIIiYHa MOJIe/Ib Ma€ IepeBaru,
TOMY ILII0 He BPaXxoBye (aKTUYHY reoMeTpud-
HY ¢opMy IOp, a BU3HAYA€ IOTEHI[ial Y TBEp-
IOMY IIPOBIZHOMY MaTpMYHOMY Martepiaii Ta
IIOTEHIIia/I B €/IEKTPOJIITI, 1110 3alI0BHIOE TIOPM.
IIi BemmuMHM BBaXawTh Oe3MepepPBHUMMU
dYHKIIAMY Yacy i KOOpAMHATaMU MPOCTOPY.
QaKTUYHO €IEKTPOJ, POSIIANAITD AK CYIep-
MIO3UILII0 ABOX KOHTMHYYMIB: OfIVIH IIpe/CTaB-
i€ pillleHHd, a IHIINI — MaTpUL0. Y MOferni
00MIBa YMHHVKA IPUCYTHI B OYAb-AKiiT TOYIi
IpocTopy. Aje y 1iii MOfieli € AMCKYCiliHi Ma-
TeMaTUYHI TUTAHH, 110 TI0B sI3aHi 3 CepefHiM
3HAYEHHAM BEIVMYMHMU JI/I1 YTOYHEHHA IXHbBOI
npupony, HauHiHr [6, 23-25]. YcepenHeHHs
Mae OyTU BUKOHAHMM B €/IeMeHTi 00’ €My B Me-
JKax enekTpopa. IlopucTicTe posriAfamwTh AK
00'eMHy 4acTKy IIOPO>KHeUi B MeXXax e/leMeH-
TY, IKa 3alIOBHEHA PO3YMHOM €IeKTpOrIiTy. Ta-
KU €JIEMEHT TaKOXX MICTUTb PelIpe3eHTATVBHI
00CsTY KiNbKOX TBepAMX a3 pedoBUH, SKi MO-
XyTb OyTy mpucytHivm. Takmit mifxin mosBo-
Ni€ BUKOPVMCTOBYBATH iHTEIpyBaHHsA IIapaMe-
TpiB IO NOBEPXHi €IeKTPOJa Ta OTPUMYBATU
CepeflHi 3HAaYEHHA CTPyMY, OIIOPY Ta €MHOCTI
B MeXKax eneKkTpopa. CaMe Iie CTajl0 OCHOBOIO
BUKOPMCTaHHA CIEKTPOCKOIII eleKTpOoXiMiv-
HOTO IMIIEJAHCY JI/IA OLIIHKM CTaHy €/IEKTPOJIiB
B €JIEKTPOXiMIYHMX JKepeTax CTPyMy.
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BpaxyBaHHA rigpoc)06HOT YaCTUHU B MOHITO-
PUHTY pYHHYBAHHA NOBEPXHi NOPUCTUX ENEKTPO-
[liB Y BOAHUX eneKTponitax

Posbepemo 6ynoBy Zn-Mn XiMiyHUX mKe-
pen crpymy. Katon y mux 6atapesx moxHa
HpeACTaBUTU SK TifipodobisoBaHmit MOpPY-
BaTUIl €JIEKTPOJ, AKUI CKIAJAETbCA 3 Tifipo-
¢inpHMX (miokcuy MaHraHy) Ta rifpodoOHuX
(caxka) MaTepiasiB. BHyTpilHa gacTiHa Tako-
TO e7IeKTPOfa Ma€ TPY BUAM IOP: TigpodinbHi,
110 3MOYEHI BOGHMM PO3YMHOM €IeKTPOJITY;
rifpodoO6Hi, 10 3amOBHEHi 3B’A3yI0UMM 4K
rasoM; Ta mopu 3 rifpodinbHo-TifpodooHM-
MU CcTiHKaMM. 3aBJAKY [[UIM ITopaM (KaHamam)
Y TAKOMY €JIeKTPOJii € MO>XIMBUM (POpPMYBaH-
H: CTiVIKOI piBHOBAIM KalliZIAPHOIO TUCKY, AKa
yTBOpIO€E TpudasHUII KOHTAKT BOJHUII €/leK-
TPOJIT — TiAPOQIIbHUI KOMIIOHEHT eJIeKTPO-
lla — YYacCHUK pefoKC-peaklii (peareHr), 1o
i1 3abe3neuye pobOoTy enemeHTy. B mpoueci
peakuii MigBUINYETbCA KOHIIEHTpaLlisA Tifgpo-
¢$0OHOI YacTHHY Ha IIOBEPXHi €eKTPOfa, 110
NPU3BOAUTD O 3MiHM BHYTPIIIHBOIO KiHe-
TUYHOTO PEXNMY €/l1eKTPOAa 3aBAAKM 3MiHi
$a30BOro Ckaagy KOHTAKTYIOUNX PEYOBVH.
Jli/icHe pPiBHAHHA, AKe OINCYE B3a€EMO3B 5~
30K MDK e(eKTMBHOK 3MOYEHOI0 IOBEPXHEI0
e/IeKTPOJa Ta KOHLIEHTpalji€ro rizpodobizaro-
pa, He y3TOIKYEThCA 3 TAHMMU €KCIIEpUMEH-
TiB [26] :

Sef: (1- Cef)SO, e (1)
Sy~ eeKTVBHAa 3MOYeHa IOBEPXHS eNIeKT-
pony, C,, - koHueHTpanis rigpo¢pobisaropa,
S, — edexTrBHa 3MOUEHa IOBEPXHSA eeKTPOfa
3a BificyTHOCTI rigpogobizaropa.

BBaxkaeTbcsi, mo mnomsgpusaiiero B 06’e-
Mi IOPYBaTOro €/l1eKTPOAa MOXXHa HEXTyBaTU
3a YMOBM HasABHOCTi HECKiHYEHOI'O TOBCTOTO
e/IeKTpoja. B Takomy eneKTpopi nagiHHA 10-
nApusaLii BiI[6YBa€TbCH Ha BiTHOCHO Majin
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IISHIT, sSIKa KOHTAKTYE 3 10r0 PpOHTAIbHOIO
CTOPOHOI0. Y BUIIQ[JKy TOHKOIO €JIeKTpOfa
(monsipusariss B 00’eMi BigMiHHa Bif HY/IA)
IosiApu3allid Majjae Ha BCbOMY JOTO IIPOTASI.
TakuM 4MHOM y BUHIA/IKy TOBCTOTO IOPYBa-
TOTO €/IeEKTPOJa 30Ha peaklil CK/Iajlae May
YaCTKY Bifj #I0rO TOBIIVHM, a Y BUNA/IKy TOH-
KOTO €JIEKTPOJa 30HM peaKljil TOBIIMHY MOX-
Ha INOpIBHATU i3 30HOI0 peakuii. fKkilo mpu-
IIyCTUTY, 110 TOHKMUI IIOPYBaTUil €IEKTPOL
($hopMyeThCsS Ha IOBEPXHi TOBCTOTO €IEKTPO-
lla 32 HagABHOCTI pi3HUX IIOp, fAKi BIUIMBAIOTh
Ha BHYTPIIIHIN KiHETMYHUIT PeXUM pobOTH
e/IeKTPOAa, TO 3TiiHO [5, 22, 27, 28] posnopin
nonApusaLil B CepeiyHi TAaKOTO €IeKTpofa
Oyzme MaTV BUITIAL;

azy  A?
— = —exp¥, ne
dy Ly

()
YV - 6e3po3mipHa HaBeeHa MMOJLAPU3ALLis, sKa
NOpIBHIOE BiHOLIEHHIO HaXMIy IIOIApU3a-
LilIHOI KpUBOI b JI/1s1 IT1aJileHbKOTO eleKTpofa
B KooppinHartax Tadesns, x — HaBefjeHa TOBIIN-
Ha €JIEKTPOJIA, KA JOPIBHIOE x/A (x - BigcTaHb
Bif ¢poHTanpHOI MOBepxHi, A - TOBLIVHA
eNeKTpofia), L, — XapakTepHa KiHeTM4Ha JIOB-

KIHa:
Ly = \/kes b/ioSes, pe (3)

k, - edexTuBHA €NeKTPONPOBIHICTD, i, —
CHIa CTpyMy OOMiHY.

TakuM 4YMHOM, 3MeHIIEeHHs e(deKTUBHOI
3MOYEHOI IOBepxHi enexTpopa Oyme 30imb-
IIYBaTy XapaKTepHY KiHETWYHY HOBXWHY Ta
B ymMoBax L,=A posmnopin morexujiaay Ha mo-
BEepXHi elleKTpofa Oyfie MaTy BUITISA HACTYII-
HOI 3aJIEXKHOCTI: 227\5 =exp¥P(2+Y¥), mwo B

rpadiuHoMy BurIAAi 6yme Takum (puc. 2):

https://ucj.org.ua
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Puc. 2. Ipadiuna 3a1e>XHICTb PO3NOLiNY MOIA-
pusanii B cepeilHi IOPYyBaTOro €1eKTPOAa y BU-
MaJKy BEIMKOI IUIONi e()eKTMBHOI 3MOYEHOI IO-
BEpXHi

Fig. 2. Graphical dependence of the polarization
distribution inside of the porous electrode in the
case of a large area of the effective wetted surface.

CF AU, mV

20

30

Puc. 3. 3miHa eMHOCTI Ta mafliHHA MONApU3aLii
mij BIymMBoM Temneparypu [29]

Fig. 3. Change in capacitance and drop in po-
larization under the influence of temperature [29].
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3 ypaxyBaHHAM HociimpkeHb [21-30], sxi
BCTAaHOBMJIM, IO Ha 3MOYYBaHHA IIOP €JIeKT-
po/ia pO3YMHOM €/IEKTPOJIITY, 3MiHY €/IeKTPO-
IIPOBIJHOCTI Ta MOAPU3alLLil TIOBEPXHI €1eKT-
pofia BIUIMBAKIOTH TUIBKM TigpodinbHi mopu
Ta OpU 3 rigpodinbHO-TigpodoObHUMY CTiH-
Kamy, Tofii npu A—(0 HaBiTb He3HAYHMI 30B-
HIIIHIM BIUIMB MOXX€ CYTTEBO 3MIHUTY HaXWUI
MOJIe/IbHOI KpMBOi. TakuM YMHOM, IIPU BUKO-
PUCTaHHI CIEKTPOCKOIil €eIeKTPOXiMiYHOTO
iMITefaHCy € MOXKIBUM OTpUMaTH iHpOopMa-

MM MY 300 AV
o sl 40O e
WA A VI .

WD 14.03 s
Dt
e e

VRBAS TREC.

e et il

CEM 300pakeHHA

Cul

1Iif0 IpO HACTYIIHi 3MiHM B IEPBUHHUX JIKe-
penax cTpyMy: 1 — BIJZIMB TeMIlepaTypu, AKUA
NPU3BOJAUTD [JO 3MEHUIEHHA 3MOYEHUX €JIeK-
TPOJTOM [UISHOK €eKTPOAa, IO BIUIMBA-
10Th Ha 3HaueHH:A emHocTi [1EII [10] (puc. 3);
2 - XiMi4Hi Ipouecy, 110 IPU3BOJATD [0 Pyii-
HYBaHH TiipodinbHUX MOp Ta mop i3 rifpo-
¢inpHO-TigpodoObHMMY cTiHKaMM, 30i/IbIIeH-
HA TifpodOOHOro KOMIIOHEHTY Ha HOBEpPXHIi
e/IeKTPOJa; 3 — MeXaHiuHe pyIHyBaHHA €/1eKT-
ponis (puc. 4).

oo

W

L Mg 4acoa

y.aa

CEM 300paxeHHA

‘o sooto Jm

Puc. 4. 3miHa eMHOCTI Ta AMcHepcii EMHOCTI IpY MeXaHIYHOMY PyJIHYBaHHi IOPUCTOTO €1eKTPOAa
HOPiBHAHO 3 MikpodoTorpadisimu noBepxHi 11boro enekTpoxa [30]

Fig. 4. Change in capacitance and capacitance dispersion during mechanical destruction of a porous
electrode in comparison with microphotographs of the surface of this electrode [30]

BukopucTaHHa cnekTpockonii eneKkTpoximiy-
HOro iMnegaHcy Ans BUBYEHHA MeXi po3noginy
eneKkTpoa/enekTponit

J1a ornApis, M0 CIeliani3yoThCcsa Ha pO3-
I7IAAL eIeKTPOXIMIYHMX ABMIL Ha MeXi pos-
noziiny ¢as, HeobxigHO 3BepHyTUCA KO YaHTa
ta [lapka, [31] banpmapenka [32], IlepmmHoi
[33], Iaitkocci [34] Ta Xyanra. [6]. € gecsT-
K1 ornAfiB mpo 3acrocyBanna CEI pma mi-

46

TilI-ioHHMX aKyMynAToOpiB [35] Ta manuMBHUX
efleMeHTiB [36] Ta iHIMX eleKTPOoXiMiuHMX
npuctpoiB [37]. Jlacia ony6mikyBaB pospin
KHUTY IIPO MOJIENIIOBAHHA iMIIeIaHCY MOPUC-
TUX e7eKTpofiB y 2009 poui [38], sxa 6a3sy-
€TbCA Ha Mojei fie JIeBi, AKa po3IIAfa€e eM-
HICHY MeXXY B3IOBX IMIiHApUYHOI mopu [39,
40]. IIpoTe y cBOIX OpMUTriHA/IBHUX CTATTAX Jie
JleBi TakoXX po3riAfaB gapameiBCchKi peakii
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Ha MeXIi po3fineHHsA, a TAKOX aKClaJibHy Ta
pafianbHy Audysio YacTMHOK y po3unHi [10,
41, 42]. ¥V nisHimmux pob6oTtax JOCTiJHUKY aK-
LEHTYBa/IM yBary Ha OKpeMUX acleKTax Ipo-
6nemu. Hanpuxnap, Jap6i [43], Kegnawm, Pa-
koToMaBo i TakeHoyTi [44] HaronomyBanu Ha
BOX/IMBOCTI 0cboBOI audysii. [Taam, Mika Ta
Tepcnopd BuBeny XapakTepUCTUKY iMIIEaH-
Cy IOPUCTOTO €1EKTPO/ia Ha OCHOBI KOMIIJIEK-
CHOI Teopil MaKpOOZHOPiAHOIO IOPUCTOrO
enektpona [45]. IJs poboTa BkIOYaE iOHHY
IPOBIfHICTD y (a3i eeKTPOITy Ta eIeKTpo-
HHY HIpOBifgHicTh y ¢asi emexrpopa, 3aps-
JDKEHHSA IIO/IBITHOTO WIAPY, €/IeKTPOXiMivHi
peaxiiii, 0 MiAIOPAJKOBYIOTbBCS Ha MEXI
posginenns ta gudysii. Eitkepninr i Kopau-
IIeB pO3pOOWIN HeTalbHY TeOpilo iMIIefaHCy
€JIEKTPOJIiB IIa/IMBHUX €/IeMEHTIB, 3aCHOBaHY
Ha Teopil MAaKpPOTOMOTE€HHNX OPUCTUX €JIEK-
TPOJIiB, AKY IIMPOKO BMKOPUCTOBYIOTb IS
BM3HAYEHHA XapaKTE€PUCTUK 1 [iarHOCTUKU
Ha/JVBHUX efleMeHTiB [46]. ¥ 2000 poui 6yr1o
po3pobIeHO Mofiei iMITeJaHCY JJIs e1eKTPO-
7B MiTiif-ioHHMX akymynATopis [47]. Y 2016
poui Xyanr i UkaH po3poOUIM BCEOCSIKHY
TEOPETUYHY OCHOBY Il ONNCY iMI€JaHCY
MOPUCTUX €NEKTPOAIB 13 PI3HUMMM TUIIAMU
efleKTpoxiMiuHux iHTepdeiiciB  (610KyI0-
YUl eNeKTPOJ], eNeKTpoy 3 dhapaseiBCbKIMM
peakuisMM Ta eeKTPOJ, L0 CKIAJAETbCA 3
YaCTMHOK i3 peakuisiMu BBeIeHHs), 00po-
67eHMX y IUIOImMHI 4Yepe3 Iracki i 6araro-
BUMipHi HeofHOpPifHOCTI. TakoXX OTpMMaHO
aHa/IITUYHI PO3B’A3KM [IsI HOBHOTO BUIIAJKY,
a TaKOX ISl YOTUPbOX I'PAaHNYHUX BUIIAAKiB
[48]. Ha ocHOBI ux qocmimKeHb Ha CbOTOJI-
Hi TEOpeTHYHI OCHOBM IMIIEJAHCHUX XapakK-
TEPUCTUK IOPUCTUX €NEKTPOAiB OMUCYIOTh
3a KizzbkoMa eTanamu. Ilo-nepie, Tpanciop
ioHiB y BrnacHiil ¢asi enekTponity chpopmy-
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JIbOBAHO LIIAXOM NPUITHATTA (HEeHOMEHOTIO-
riygoro migxopy BinbHOI eHepril. Ilo-gpy-
re, iHpoOpMaLil0 PO CTPYKTYpPy IOPUCTOTO
€/IEKTPOJja BK/IIOYEHO Y BHYTPIllIHI PIBHAHHSA
3a JIOIIOMOTOI0 METOAY YCepemHeHHs 00’e-
My Ta IepeTBOpeHHA Koopauuar. Ilo-tpe-
T€, BUPAKEHHA IMIIEJaHCY OTPUMYIOTDH IJIA
3arajibHOrO Ta Ki/IbKOX TPAaHMYHUX BUIIAfI-
KiB. A7le IpM pO3INIAAI TPAaHCIOPTY iOHIB y
B/IacHiN (as3i enekTpomiTy € meBHi Teope-
TUYHI 0OMEXeHHs, a caMe: PO34YNH eJIeKTPO-
Ty BBaXXKA€ThCSA OIHAPHUM 1 CHMETPUYHNIM.
Orxe, 3a mepefyMOBM €I€KTPOHENTpasb-
HOCTi KOHILIEHTpallil KaTiOHiB Ta aHIOHIB €
ofHakoBMMM. [IpumyieHHsa mpo eneKTpo-
HEJTPaNbHICTh CIpaBelINBe, AKIO XapakK-
TepHUIT po3Mip 00’eMy, 110 MiCTUTH PO3UMH
e/IeKTPOIIiTy, € Habarato OimpmIMM 3a JOB-
xuny Jle6as, sika nmpomopuiiina Ta JOpiBHIOE
0,96 HM. /11 BOGHOTO CMJIBHOTO €1€KTPOJIi-
Ty 0,1 M [49]. IlepeHeceHHs ioHiB BimOyBa-
€THCS IIISIXOM ;[M(bysi'l' Ta Mirpanii, Tofi fAK
epexToM KOHBeKLii HexTywoTb. Ll mopmenn
0a3yeTbcs Ha MIPUITYLEHHI, [0 B €/IeKTPOJIITi
HeMae XiMiuHOI peakliii. 3arajibHy TeOpeTnd-
HYy OCHOBY, KA PO3I/IAJa€ XiMiuHi peakiii Ta
MeXaHiuHi epekTyu, 6y/10 po3pobIeHo B po-
6orti [50] BigmoBigHO 1O Mopeni rpaTKoBOro
rasy, €JIeKTPOXiMiYHUI IIOTEHIia/ iOHIB B
€JIEKTPOJIITUYHOMY PO3UMHi 3 ypaXyBaHHAM
edexTy po3mipy ioHiB [51] BupaxaeTbcs sk:

U = Bi + %a i:+"; (4)

—,,0
B; = u; + ZiF ., ne (5)
i — MOJIIpHA eHTa/bllisg KaTioHiB (+) Ta aH-
ioniB (—), Ci — KOHIIeHTpalis KaTioHiB (+) Ta
aHioHiB (—), i BifHOCATD iX [0 3arajbHOI KOH-
IIeHTpallil Ta cepefHbOTO MOJIIPHOTO 00’eMy
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ioHiB BinmmmoBigHO. BoHN MaroTh cBOI 3BMYaliHi
3HaYeHHA. SKII0 MM IpuUIyCcTUMO, L0 e/IeK-
TPOCTAaTUYHI B3a€MOJII, ONNMCAHI y BUIIALL
CepefHbOro II0/d, JOMIHYIOTH HaJ, KOpPOT-
KOZIIIOUMMY CUJIAaMM B PO3YMHI €eKTPOJITY
(piBH. 4), TO MaTMMeMO uf SIK HeBU3HAYEHY
KOHCTAHTY 3 TPUBia/IbHUM 3HA4eHHAM, Zi AK
3apAfoBe 4KCIO i0HiB, nocTiiny Papapesa F
Ta (o €MEKTPOCTATUYHMII IOTeHIian y ¢asi
€/IEKTPOJIITY.

MIiKpOCKOIIiYHO TpaHCIOPT iOHIB y po6oTi
[6] 6yn0 ommcaHO SK peaklilo IepeHocy io-
HiB, sIKa ITOB’sI3aHa 3 TPAHCIIOPTOM BaKaHCIl.
Y upboMy BMIAJKy 3aKOH 30epeXeHHs Macu

IIEPEHOCY i0HIB 3aNUCYIOTH AK :

ac;
Th= =N Ny = =Dy = 9C)Y (

), e (6)

D, - xoedinientu audysii karionis (+) Ta aHi-
oHiB (-) BignoigHo. [TopiBHsHO 3i cBO€IO 3BU-
YaifHO0 (POPMOIO PIBHAHHSA 6 MICTUTD TepMiH
(1-vC), sKkmit € BpaxyBaHHAM CTEPUYHOTO
edekry. I[ligcraBnaoun piBHAHHA 5y piBHAH-
HsA IIOTOKY iOHiB:

s
RT

D;(1-9C)C;FZ;
RT

> (7)
iOHHY IIPOBiJHICTh BU3HAYAIOTh fAK:

x; = Cms(Z;F), pe (8),

m.— PyXauBicTh ioHiB. 3B’A30K Mix Koedilri-
eHToM andysil Ta PyxaIMBiCTIO BU3HAYAIOTDH
criBBigHOmEeHHAM EifHIITElTHA:

3 ypaxyBaHHAM PyXIMBOCTI
N, = —D, (1 — 20C,)vc, 202 g,
’ (10)
_(1-29C,)
N_=-D_(1- Zﬁce)vc/T <pe(11)
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Ta YMOB e€JIEKTPOHENTPaIbHOCTI OiHapHO-
ro cuMmerpuyHoro enekrponiry Cy = C_ = C,
3arajibHa IPOBIJHICTb €EKTPOJIITY € CYyMOIO
KaTioHHOI Ta aHioHHOI mpoBigHoCcTi C = Cy +
C_ = 2(C,. Yncna ioHHOTO NEPEeHOCY, 110 Ipel-
CTaBJII€ BHECOK IIEBHOTO TUITy iOHIB y 3arajb-
HY iOHHY IPOBIfHICTD Y, = X, + X_, BUSHAYAIOTb,
BifIIOBiHO, T, = o =1 T, 3a-
Ze Xe

rajibHy TYCTUHY CTPYMY B €/IeKTPOIiTHii dasi
BI3HAYAIOTh SIK KaTiOHAMM, TaK i aHiOHaMU, 11O
BU3Ha4aeTbcA AK J =] +]_ = ZF(N, - N_) Ta
/1A IOTOKY Ma€ BUIJIAL:

J=—x,(1=29C,)Ve, — ZFx
x(1 = 29C,)(D, — D_)VC,.

I3 piBHsAHHA (12) BUAHO, 1O TYCTUHY CTPY-
MY B €JIEKTPOJIiTi BUSHAYAIOTh I'PAJ[IEHTOM I10-
TeHIlia/ly 3aBJAKM Mirpalil ioHiB Ta pasoM i3
I'PaZliEHTOM KOHIJ€HTpallil, 110 3yMOBJIEHO [IU-
¢ysierw ionis. [Ina Bunanky Dy = D_ BHecOK,
3YMOBJIEHUII I'PaliEHTOM KOHLIEHTpallii, 3HU-
kae. Kpim nporo, s Bunaaxy pos6asieHOro
posunny mu Maemo 9C, — 0 i piBusanus (10)
IIOBEPTAETHCA [JO 3aKOHY, AKUI BUKOPUCTO-
BYIOTb Yy CTaHZIapTHil Mopeni ne Jlei. 3a mo-
IIOMOTOI0 JIeSIKMX a/TeOpUYHMX IIepeTBOPEHb
MM MOYXEMO IIPEJCTAaBUTU IIOTOKM IOHIB Yy
TepMiHaX KOJIEKTUBHUX 3MIHHUX B €/IEKTPOJIi-
Ti. 3 ypaXyBaHH]IM 3aKOHY 30epeXXeHHs Macu
OTPVMYEMO PiBHAHHA 30epeXeHHS 3apARy Ta
TPAHCIOPTYBAHHA i0HIB y CUMETPUYHOMY 0i-
HapHOMY €JIEKTPOJIITi:

oC

Ze— _yN_=vVEL 4
at ZF

(12)

(13)
+ V[(z_D, + 7,D_)(1 — 29C,)]VC, .

Bukopuctosyloun mneperBoperHs ODyp'e,

MOXKHa IepedpasyBatu piBHAHHA 12 i 13
y TepMiHax 30ypeHmx Bapiani. OcHOBHa

ISSN 2708-129X. YKp. xim. XypH., 2023



0. J1. Pbokinb

YXX Ne 07 / TOM 89

BiIMIHHICTb MDK IIOTOYHUM QOPMYIIIOBaH-
HAM i Teopiero HpromeHa nondrae y BusHayeHi
€/IeKTPOXiMIYHOTO IOTEeHIiaNy i0HiB. ¥ Teopii
HrplomeHa koedillieHT akTMBHOCTI ioHIB Bpa-
xoBye edeKT posmipy ioniB. Ciif 3asHaunTH,
O Iii piBHAHHS MAlOTh IIeBHY OOMEXEHICTb
IIpY BUKOPUCTAHHI 3MIHHOTO CTPyMY B €JIeK-
TPONITHUX CUCTEMAX 3a BIICYTHOCTI 4acOBOI
noxigHoi. ToMy 3ampoNOHOBaHO BUKOPUCTO-
BYBAaT)l PENPE3eHTATUBHUII eeMeHT 00'eMy
(PEB) mna ycepenHenHs itoro 06’emy [52, 53].
DisyYHMIT CEHC IIbOTO €IEMEHTY — II€ XapakK-
TepHUiT 00’'eM V , KNI € TOCTATHbO BETUKIM,
11106 eeKTUBHO B3ATY 3Pa3Ky BCiX MiKPOCKO-
MIYHUX HEOJHOPIJHOCTEN, 1 € JOCTAaTHbO Ma-
nM, Mo6 CTy>KUTH 06’€MOM €/IeMEHTY KOH-
THHYa/JIbHOTO CepefoBMINA. Y 3B'S3Ky 3 LIUM
nnst PEB 6yno po3spo6neHo XapaKTepHY IIKa-
my .., IKa 3a/I0BO/IbHAE HACTYIIHUM yMOBaM:
lmi<<lpEB<<l (Puc. 5).

AU

:z‘i
t

d s«‘!
‘Cepenusa”»®» PEB 3
oe %agas % 4 P
ane s v ” - TRepna
e PV ixpasni \, P
: B3aEMOJIil

Pruc. 5. CxemaTndHe 300pa>keHHA pelrpeseHTa-
TUBHOTO €lIeMEHTY 06’eMy B METOJi ycepeHeHHA
06’emy [6]

Fig. 5. Schematic representation of a represen-
tative volume element in the volume averaging
method [6].
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Bukopucranna omneparopiB AuBeprexuii
Ta I'PafiiEeHTy IepeHeCeHHA Macu peYOBMHU Y
JIOKaJIbHOMY IIPOCTOPI [JO3BOJ/I€ 3HAMTH Ma-
TeMaTWYHUI CIOCiO IepeXony Bijj TOKaTbHOI
KOOPJVHATY [0 3BUYAITHOI JEKapTOBOI CHCTe-
mu koopauHat (puc. 6). lllo6 spiitcHUTH 1€t
nepexiy, HeoOXiTHO DOTPUMYBATUCA TEBHUX
YMOB, a caMe: IIpM HaK/IafleHHI 30BHIIIHbOTO
CTPyMY iOHHUII IIOTIK Ta I'Pafi€HT e1eKTpUY-
HOTO HOTeHIiany y ¢asi enekTponity Mae jo-
PIBHIOBAaTM HY/IO, a 3a YMOB ITOCTIilfHOI KOH-
LIEHTpallil i0HiB 36ypeHH;1 KOHI[eHTpalii i0HiB
TeX MOPIBHIOE HYIIO, TOOTO HMOBHMII CTPYM
IIPOTIKAa€ /ulle 4Yepe3 eNeKTPONIiT. Y IboMy
BUIIAJIKY 32 HAaABHOCTI JIBOX CHUCTE€M KOOP-
OVIHAT MOXX/IMBO JOTPUMYBATUCA YMOB IIPO
nigcymyBaHHA EJHIITElHa, 3a AKOTO JieTep-
MiHaHT i KoeillieHTV MaTpUIli TepeTBOPEHHS
KOOPAMHAT 3aJjaHi 5K iHgekc (J), 1o € ognHNY-
HVM BEKTOPOM Y HaflaHiil CUCTeMi KOOPAMHAT:

a, ay, a,
I =360 = [P By b
Yx Vy Yz

JIIna OFHOBMMIPHOTO BMIIQJIKy OTpMMaHa
MaTpULA € XapaKTePUCTUKOIO JIOKATbHOIL 3Mi-
HJ IIOTOKY iOHIB i Jla€ MificTaBM /I MaTeMa-
TUYHOIO II€EPETBOPEHHA piBHAHDL 11 Ta 12y
3arajibHi piBHAHHA TPAHCIOPTY iOHIB y (asi
€/IEKTPOJIITY B MOPUCTUX €NEKTPOJaX, OTPU-
MaHVMMM LIJIIXOM yCepefHEeHHs 06’ eMy Ta Iie-
peTBOpEeHHs KOOpAMHaT [6].

TonoBHMM OOMEXEHHAM L€l Mopesi € Te,
1[0 OPUCTi eIeKTPOAM IOBUHHI OyTU OfHO-
pigHMMM Ta He MaTy I'pajjieHTa KOHLIEHTpaLlil
a00 IoTeHIlia/ly B yMOBaX CTaTMYHOTO CTAHY
(6e3 cTPyMOBOrO HaBaHTAXXEHH:), 10O BU-
IpaBAaTy MNPUIYLIEHHA PO OJHOPISHICTD.
Ane pnA 3MIHHOTO CTpyMy Lel Mifxiy He
Mo)ke OyTy 3acrocoBaHuM. HaBemeHy Bumiue
MOJIe/Ib iMIIeJaHCy MOKHA ITIEBHOI MipOIO BM-

(14)
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KOPMCTOBYBAaTy Y HACTYIHMX Bumajkax. [lep-
NIl BUIAJOK Iepefdadae, IO e1eKTPOHHA
MPOBIHICTD € JOCUTD IIBUJKOK IIOPIBHAHO 3
ioHHMM TpaHcnopToM. Lle npunyiieHHs € po-
3yMHMM Yy 6araTboX e/leKTPOXiMi4HUX CHCTe-
Max, HallpMK/IaJi, €eKTPOAM Ha OCHOBi ByT-
Nen AnA cynepkoHpeHcaropis, JIIb rta IIE.
Y ppyromy BuIaIKy 3HEXTYBaHO AK iOHHOIO
nudysiero, Tak i eeKTPOHHOI NPOBIAHICTIO.
Mogenb cipolyeTbCs B0 CTaHAPTHOI MOZEi
e Jlesi [10]. Y TpeTboMy BUIIQZIKY, HA JOHATy
IO BUIIe3a3HaYeHVX IPUIYIeHb, 3p00IeHNX
y Mogerni fie JIeBi, IpuIlyCKalTh BIUIMB i0HHOI
IIPOBIJJHOCTI, KA € MPOIOPLIITHOI0 0 CTPYK-
TYPHOTO KoedillieHTy 3a yMOB:

Olﬁlzz,
—<<1
XeZloc ’ (15)
_ Zloc
pe — asly : (16)

PiBHsAHHA 15 TOBOANTS, 10 Z,, IPOIIOPLIili-
He Zj,. 3 yPaXyBaHHAM CTPYKTypHOro koedi-
Ii€eHTA.

(a.8.y)

3MiHa |
KOOpIHHATH

X

(x,y.2)
Puc. 6. BukopucTaHHA onlepaTopis [UBeprexuii
B JIOKQ/IBHOMY IIpOCTOpi [6]
Fig. 6. The use of divergence operators in local
space [6]
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Taka Moziennb iMIIeJlaHCHOTO BifI'yKy 3a IIO-
CTiNfHOTO CTpyMy ab0 Ha 3MiHHOMY CTpyMi Ha
HU3bKux 4acrorax (<10'Ti) ogHOpigHUX TO-
PUCTUX €NeKTPOJiB, IPOCOYEHNX CUMETPUY-
HVYM OiHApHMM e/IeKTPOJITOM, y HabNMVDKeHH]
€/IEKTPOHENTPAZbHOCTI Ta 32 YMOBM CTAaTHU4-
HOTO CTaHy MOXKe OyTM 3acTOCOBaHa I0 MO-
JEN0BaHHA BIINIOBiI IMIIEJaHCYy IMOPUCTUX
e/IEKTPOJIB y CYIEPKOHZEHCATOpax, PisHUX
TUIaX MeTano-ioHHux 6arapeit i [1E.

InenTudhikauia reomeTpii nop 3a cnekTpamu
imnepaHcy

[Topu B mopmcTOMYy €/1€KTPOli MAIOTh II€B-
HY CTPYKTYPY, @ caMe IIeBHY (pOpMY 3 IeBHUM
PO3MipOM, Jie 4iTKO pO3/Ii/IEHO TBEPAY Ta €/IeK-
TponitHy ¢asn. [lepuri mopeni i criekTpis
iMmegancy 6yn0 CTBOpeHO /sl PiBHOMipHUX
LIiHApUYHKNX nop. CTaHAapTHa MOJENb Je
JleBi BMpakae BiiTYK iMIlelaHCy OFHOPIiFHOI
IIOpy UUIIHApPaA AK:

Z= AI:I/JZ coth(A"?), (17)
A =Ry, 2nrl/Zdl, ne (18)

A — 6e3po3mipHa 3MiHHa, I1]0 BPaXOBYE OIip
dasu eneKTpoiTy BiTHOCHO MiX(asHOro iM-
nepgancy. [logampmii mocrmifkeHHA PO3IOAITY
CTpyMy y IIOPOBiNl CTPYKTYpi Yepes3 IUIOMNUHY
BCTAaHOBW/IN 3MiHY pajiyCy IIOpU B HaIIPsMKY,
PIBHOMIPHO PO3ZIiINTY HEOZHOPiAHI ITOPM HA
N muckiB 3 ekBiBajleHTHOI0O BucoTow 1/N, ane
pisanM pagiycom ri (1 < i < N); KoXKeH MCK I10-
TIM PO3IJIAJAETbCA AK OFHOpifHA LMIIHAPUY-
Ha 1opa 3 onopoM posunuHy Ri ta emnicrio Ci,
MIEPIEHUKYIAPHOMY [0 €1EKTPOJia IIOBEPXHI.
Kaitzep sampomonysas [54] (puc. 7). Taxmit
IIAXiJT TO3BO/AE OTPUMMYBATM KOPEKTHI HaHi
JI/L aHaJIi3y IIOPYBATOIL IIOBEPXHI 3a IIPUCY THO-
CTi €/IeKTPOJIITY Ta y BUITAJKAX aficop6iiii razo-
Bol a3y 3a HAsIBHOCTI 3aKpUTUX Hop [55].
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s  Puc. 7. Cxemaruune 300pa-
JKEHHs HEONHOPINHOI Iopn

Ta YTBOPEHHS OIIOPY 3a IIpH-
CYTHOCTI eeKTpoiTy [54]
Fig. 7. Schematic repre-

6 exBiBaJleHTHA

a posNofin nop

Ha OUICKN €IEKTPUIHA CXeMa

posnozineHoi nopu

JIacig Ta iHIII BHeplle 3 BUKOPUCTAHHAM
nifgxony Kaiisepa ta BuMiploBaHHA iMIleflaH-
Cy Ha 3MIHHOMY CTPYMi 3HAJIIN JOFATKOBUIA
CTPYKTYpHMIT e(eKT IIOJO0 BHECKY 3O0BHIII-
HbOTO ITO/IBITHOTO LIApy HAIIPMKIHII ITOP, 1O
CTUKAETHCA 3 €/IEKTPOJIITOM 10 IIOBHOTO OIIO-
py mopucroro enexrpopa [56]. Ileit BHecok
CTa€ HETPUBia/IbBHUM Y BUCOKOYaCTOTHOMY Ji-
aIla3oHi, Jie JOBXIHA IPOHVIKHEHH HabaraTo
MeEHIIIA 3a JOBXMHY IOp. 3a TaKUX ClieHapiiB
aBTOpU pobOTH [56] B3sI/IM O yBaru €MHICTh
IIOBEPXHEBOIO IOABINIHOIO  €IeKTPUYHOTO
IIapy Ta BpaxyBaiu 3CyB (pasoBOro KyTa Ha JIi-
arpamax bope, mo 103BonmnIo oTpumMaTy iz -
CYMKOBMIA OIIip IIOPY AK OIIp PO3YMHY 3 IIOPK
Ta omip emHocTi 3oBHimHboro I1EI. Ile gano
MOXX/IMBICTb BiJICTEXXYBaTU PYX €IE€KTPOJITY
y BiIKpUTHUX IIOPax 3 ypaXyBaHHAM HasgBHO-
CTi 3aKpUTHUX ITOP. Pesynbraty MozjenoBaHHA
(puc. 8) mokasyloTb moxway jiHilo 3 ¢aso-
BMM KYTOM IIOHaJ, 45° y BMCOKOYaCTOTHOMY
[iallasoHi, 110 Y3TOIPKYETbCA 3 pe3ynbTaTOM
eKcIlepuMeHTy (TO4KM Ha giarpamax bopge), i
BEPTUKAJIbHY JIiHII0 B HU3bKOYACTOTHOMY Jlia-
nas3oHi. KpiM 1iboro, ¢pasoBuit KyT HOXWIOi i-
Hil y BUCOKOYaCTOTHOMY Jlialla30Hi 3pocTae 3i
30i/IbIIIEHHAM BIJHOILIEHHS IIZIACKOI €MHOCTI
IO EMHOCTI IIOp.
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B MOJI€/IbHI CIIeKTpK
iMnemancy

sentation of a heterogeneous
pore and the formation of re-
sistance in the presence of an
electrolyte [54].
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Puc. 8. Buxopucrannsa piarpam bope p1a aHa-
i3y ¢hopMU HOP Y IOPUCTOMY €/1eKTpPofi [6]

Fig. 8. Using Bode diagrams to analyze the pores
in a porous electrode [6].

HactynHuM etanom y gocCiiji>)KeHHi BIIN-
By CTPYKTYpU IIOp Ha BUMipy iMII€JaHCY II0-
PUCTUX eNIeKTPOJiB Oy/I0 BpaxyBaHH: (pak-
TaJIbHOCTi B IIOPUCTOMY cepefloBulli. Beeze-
HO IOHATTA PPakmanvHoi nopu, Ika Mae CxXo-
)Ki reOMeTPUYHI Bi3€PYHKM, SIK Y ITONEepeSHIX
OOCIIIPKEHH X, ajle MeHIIi Macmrabu. J{ns
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BpaxXyBaHHS IMX eQeKTiB 3alpOIOHOBAHO
BUKOPMCTOBYBATU MOJIENIOBAHHA €/IEKTPOXi-
MIiYHUX €KBiBaJICHTHUX CX€M, JIe OCHOBHUM
€/IeMEHTOM, IO BPAaXOBye (PPAKTAJIbHICTD,
€ PO3MOJi/NeHNuil eleMeHT MOCTiiHOI ¢asn
(CPE). Ils Mopenp ampoKCUMYye iMIlefaHC
HEOMHOPIAHOTO Iapy KiHIIeBOI TOBIIVHM,
e/IleMeHTapHMIT 00'€M SKOTO Ma€e KOMIIJIEKC-
HY TIPOBiHICTb, IO XapaKTePU3YETbCA IIO-
crirtHoro ¢asor [57]. fkuio nmpuitHATH, 1[0
g @ > 0 pO3ITIAHYTUII HETOMOTE€HHUI 1Iap
Mae KiHLeBuil omip RO 1 IorO MOYKHa 3MoOfe-
JIFOBATU 3a IOIIOMOTOI0 JIaHIII0XKKa 3 N JTaHOK
3 T-momi6HOI CTPYKTYpPOIO, ITOKAa3aHOK Ha
puc. 9, TO BIJNOBIZHO O NPUHIMIY YacT-
KOBOI alpoKCUMaIil MOXKHa OOUVICTIUTY efe-
MEHTU KO>KHOI TaHKIU.

Yy £,

Z; CPE Z Z; crE

Pyuc. 9. MopenbHa 1aHKa HeOHOPigHOTO haso-
BOTO €JIEMEHTY

Fig. 9. Model link of a heterogeneous phase ele-
ment.

3a piBHOMIpHOTO posmopiny R, KoXHa ro-
PM30HTAJIbHA I'i/IKa Ma€ BIacHUI otmip (puc. 9)

r=R /2 (19)

[Ipn 3aganHOMy iMIeaHCI KOXKHOI JIAaHKW,
110 IOPiBHIOE ZZ., CPE, ockinbK; jmaHKa € TO-
MOT€HHOIO, BEPTUKAJIbHY TiJIKY TaHKM BU3Ha-
YalOTb BUPA3OM:

X(jo)= ([Zi,cms(ja))_”0]_1 _[Zi,CPE(ja))+ ”o]_] ),
(20)
Ie
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Z,cpp(Jjo)= Aiil(ja))_ni . (21)

Jns MopenoBaHHsI HeomHOpPigHOTO haso-
BOTO €/IeMeHTy HeoOXijHO, KpiM R iN, sapa-
TU TaKOX Tpodini sminu xoeditientis Z, CPE
y BUITIAA] fesaKoi pyHKII HOpAAKOBOro HOMe-
pal (puc. 10):

A=f(i)n =f(i). (22)

7" Om

K
o
o
.
0
o
0
o
o
ot
......
........

Z!0om
Puc. 10. JiarpaMa imMmenaHcy HeOZHOPiZHOTO
¢dasoBoro enemeHTa B kooppuHarax Hariksicra
Fig. 10. Impedance diagram of a heterogeneous
phase element in the Nyquist coordinates.

Onucanuit crocidé mKo3BoIs€e 3IiICHIOBA-
TU MOJE/NIOBaHHA JOBIIbHMX HETOMOT€HHMX
JTAHLIOTiB TUITY (Pa30BOro eleMeHTa Ipu J0-
TPUMaHHI BUXifIHOI TinmoTesy [ad KiHIeBOI
IIPOBIZHOCTI 3pasKa 3a HY/IbOBOI YacTOTMU.
B pob6otax [58-60] 3pobneHo nepury crpo-
0y nopiBHATU QpakTanbHy PO3MipHICTH 3i
3HAYEHHSIM N, TIpU CPE-enemenTi, 1o Ha-
[ano MOXXIMBICTb OTpUMATU piBHAHHA 20
I ONNCY 3B 13Ky MDXK (ppaKTa/jbHOIO PO3-
MipHicTiI0o Ta CPE-enemMeHTOM Yy HU3bBKOYAC-
TOTHOMY jianmasoHi. 3 ypaxyBaHHAM (pak-
TaJIbHOIL 6YI[OBI/[ MeXi posmnopiny enekrpon/
e/IEKTPOIT po3po0b/IeHO iepapXiyHy Mepexy
(puc. 10), sixa BIIepiIe JOBeIa BIUIMB EMHOCTI
[TEII Ha mpoBifgHICTh Ta IIOBEPXHEBUI PO3-
TIOZIi/I 3apAMY IMIOPUCTOTO €IEKTPOJA.
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Puc. 11. CxemarnyHa imocTpanis iepapxiunoi mMepexi nop, 1o yTBOpoIOTh ppaKTanbHy

OBEPXHIO (a) Ta 1i eKBiBa/leHTHA eneKTpudIHa cxema (6) [6, 34, 61]
Fig. 11. Schematic illustration of the hierarchical network of pores that form
a fractal surface (A) and its equivalent electrical circuit (b) [6, 34, 61].

BVICHOBK/. Ha miacraBi NIpoBefeHOTro
KPUTUYHOTO OIJIAAY Cy4acHMX (isMYHVUX MO-
iefiell TIOPUCTOTO €/IEKTPOAa MOXKHA CTBEP-
IDKyBaTy, 1O 32 YMOB HAsABHOCTI HEOJHOPIf-
HOTO IIEPEHECEHHA PEYOBMHM 3 YPaXyBaHHAM
IJIMOVHU €/IeKTPOJfia € MOX/IMBMM He TilbKI
PO3pOOIEHHS HOBUX IOPVCTUX €IeKTPOAIB
JI/14 IIEBHOT'O 3aCTOCYBAHHS, a 11 KOHTPOJIb CTa-
HYy €NIeKTPOXIMIYHMX CHUCTEM 3arajioM i3 BHU-
KOPUCTaHHAM HEPYMHIBHOIO METOAY CIIEKT-
pockorii enekTpoxiMiyHoro immenancy. Ha-
ABHICTD MaKPOCKOITIYHOI MOJE/Ii IIOPUCTOrO
€/IEKTPOJia [NO3BOJIAE€ BUKOPUCTOBYBATH iHTe-
IPyBaHHA IIapaMeTPiB II0 IIOBEPXHI €l1eKTPo-
[la Ta OTPUMYBATU CEPEHI 3HAYEHHA CTPYMY,
OIIOpPYy Ta EMHOCTI B MeXaX e/IeKTPOJia 3 BUKO-
PUCTaHHAM METOMY YCEPEIHEHHHA B €/IeMEHTI
00’eMy B MeXax e/eKTPOfia, fie TIOPUCTICTD €
00'eMHOI0 YaCTKOIO TTOPOXKHEUi B MeXKax erie-
MEHTY, IKa 3alI0BHEHA PO3YMHOM €/IEKTPOJIITY.
Ile € TeopeTMYHOI OCHOBOI BMKOPVCTAaHHA
CIIEKTPOCKOIIII €/IEKTPOXIMIYHOIO iMIlefaHCy
IIA OLiHKYM CTaHy €IeKTPOJiB B €IEeKTPOXi-
MIYHUX pKepenmax cTpyMmy. [l1sa ypaxyBaHHA
BIUIMBY BOJHOTO €JIEKTPOJITY € MOXK/IMBUM

https://ucj.org.ua

BUKOPMCTaHHA MOJe/i 3 YpaXyBaHHAM IIJIO-
mi edeKTMBHOI 3MOYEHOI TOBEpXHi, fKa Jjae
3MOTy TIOB’sI3aT! 3MOYYBAaHHS IOP €/IeKTPofa
PO3YMHOM €/IEKTPOJIITY 31 3MIHOIO €IeKTPO-
IPOBITHOCTI Ta IOIApPM3aLlil IOBEPXHi e/eK-
Tpofa. Y LIbOMY BUIIQJIKy IIPU BUKOPUCTAHHI
CIEKTPOCKOIIi €IeKTPOXIMIYHOrO iMIlefaHCy
MO>KHa oTpuMaru iHdopmaliio Ipo HacTym-
Hi 3MiHM B IEPBMHHUX JpKepenax CTPyMy:
1 - BI/IMB TeMIIEpAaTypy, AKUIl IPUSBOSUTH
[0 3MEHIIEHHA 3MOYEHMX €/IEKTPOIITOM JiiA-
HOK €/IEKTPOJia, 10 BIUIMBAKTbh Ha 3HAYEHHA
emHuocri IIEI; 2 — ximivni npouecn, 1o npu-
3BOJIATD JJO PY/HYBaHHA rifpodinbHUX MOp Ta
nop i3 rigpodinpHo-TifpodobHNMY cTiHKaMy,
36inbLIeHHs TifpOoPOOHOrO KOMIIOHEHTY Ha
IIOBEPXHI €/IEKTPOfa; 3 — MeXaHiyHe pyIHY-
BaHHA €/IEeKTPOJiB. Bukopucranusa mopernei,
1110 BPaXOBYIOTb T€OMETPII0 ITOP, JO3BOJIAE OT-
PUMYyBaTy KOPEKTHI JlJaHi [0 aHa/i3y mopysa-
TOI TOBEPXHi 3a NMPUCYTHOCTI €IEKTPOJIITY Ta
y BUIIaJKax afcopoOuii ra3oBoi ¢asu 3a HasB-
HOCTI 3aKpUTHX I1OP, a TAKOXX BUKOPUCTOBYBA-
TV 3HaYEHHs EMHOCTI Ha ITIOBEPXHI €/IEKTPO/IiB
IJIA OL[iIHKY CTaHY IXHbOI ITpalle3/laTHOCTI.
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THEORETICAL BASICS OF MONITORING
THE CONDITION OF THE ELECTRODES

OF CHEMICAL CURRENT SOURCES
BY THE METHOD OF ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY
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*Joint Department of the Electrochemical Ener-
gy Systems of the National Academy of Sciences
of Ukraine,

38 A Akademika Vernadskiy Bulvd., 03680 Kyiv,
Ukraine

Email: olegriabokin@gmail.com

On the basis of the conducted critical re-
view of modern physical models of the porous
electrode, it can be stated that under the con-
ditions of non-uniform mass transfer taking
into account the depth of the electrode, it is
possible not only to develop new porous elec-
trodes for a certain application, but also to
control the state of electrochemical systems as
a whole using the non-destructive method of
electrochemical impedance spectroscopy. The
presence of a macroscopic model of porous
electrode allows one to use the integration of
parameters over the surface of the electrode
and obtain the average values of current, re-
sistance and capacity within the electrode us-

54

ing the method of averaging in the volume ele-
ment within the electrode, where porosity is
the volume fraction of the void within the ele-
ment, which is filled with electrolyte solution.
This is the theoretical basis for using electro-
chemical impedance spectroscopy to assess the
state of electrodes in electrochemical current
sources. To take into account the influence of
the aqueous electrolyte, it is possible to use a
model taking into account the area of the ef-
fective wetted surface, which makes it possib-
le to relate the wetting of the electrode pores
with the electrolyte solution to the change
in electrical conductivity and polarization of
the electrode surface. In this case, when using
electrochemical impedance spectroscopy; it is
possible to obtain information about the fol-
lowing changes in primary current sources:
1- the effect of temperature, which leads to a
decrease in the areas of the electrode wetted
by the electrolyte, which affect the value of
the capacity of the DEL, 2 - chemical process-
es that lead to the destruction of hydrophilic
pores and pores with hydrophilic-hydropho-
bic walls, an increase in the hydrophobic com-
ponent on the surface of the electrode, 3 - me-
chanical destruction of the electrodes. The use
of models that take into account the geometry
of pores makes it possible to obtain correct
data for the analysis of the porous surface in
the presence of an electrolyte and in cases of
gas phase adsorption in presence of closed
pores, as well as to use the value of the capacity
on the surface of electrodes to assess the state
of their performance.

Key words: porous electrode, electrolyte,

conductivity, capacity, electrochemical impe-
dance spectroscopy.
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