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CUHTE3 TA CINIEKTPAJTBHI XAPAKTEPUCTUKH MEPCIEKTUBHUX HAHO-
PO3MIPHUX BVYTJENEBUX HOCIIB JIJ51 AJCOPBHIMHUX TA KATAJI-

TUYHHUX ITPOLECIB

Inemumym 3azanvrnoi ma neopeaniunoi ximii im. B.1 Bepnaocvrkoeo HAH Yxpainu,
npocn. akademixa Ilannaoina, 32/34, Kuis, 03142, Yxpaina

“e-mail: kharkova.ljudmila@gmail.com

Meronamu enekTpoHHOi Ta [Y-cnekrpockorii AOCI1KEHO MOBEIHKY PO3UYHUHIB XJIOpHU-
JIB POJIII0, PYTEHII0 Ta MajaAll0 y MOBEPXHEBOMY IIapi BYIJIELIEBUX KBAHTOBUX TOYOK
(BKT). BcranoBnieno, mo, BITHOBITHI 3MIHM CMYT MOTIMHAHHS T—T*, N—7T* €IeKT-
poHHuUX nepexoliB B Y®-o06macti BKT, a Tako)x CMYr MOTJIMHAHHS IEPEXOJIIB 3 EpEeHO-
COM 3apsily 3 JIiraHy Ha MeTai i d-0-eeKTpOHHHUX MEPeXo/IiB y pO3UMHAX XIOPUIIB Me-
taniB (y BUANMIA 00acTi) cBimuath sk mpo copOirito metaniB Ha moBepxHi BKT, tak i
npo mMoxiuBe koopaunyBanHs iX 3 BKT. Ananiz [U-cnekrpie BKT takox nmokazaB Has-
BHICTb PSlY XapaKTepUCTHUHUX CMYT MOMIMHAHHS 11 QyHKiianizoBanux BK T, mo mi-

ITBEP/UKYE KoopAuHaIlito MetaniB Ha moBepxai BKT.

Kamomogosi
poaiA, pyTeH i, ajmaii.

BCTVII. Cepen MeTOliB CUHTE3y HaHO-
PO3MIpHUX KaTami3aTopiB yce OiIbIIoro
3HaY€HHA Ha0yBalOTh CMIOCOOU CUHTE3Y Kiia-
CTEepiB METaJiB 33/JaHUX PO3MIpPIB Ha TOBEp-
xHi (yskmioanamizoBanux HociiB (Al,Os,
SiO,, rpadeHOBHX CTPYKTYp), TaKk K y po-
6otax I'.b. Cepreera i B.I. ByxTisipoBa mo-
Ka3aHo, II0 CHCTEMH Ha OCHOBI HaHOPO3-
MIpHUX METAIB MPOSBIAIOTh MaKCUMaJbHY
KaTaJITHIHY aKTUBHICTh 32 PAaXyHOK KBaH-
TOoBO-po3MipHux edekrtiB [1, 2]. [lapysati
ByrjieneBi riapopoOHO-TiApodibHI CTPYK-
TypHW HaWO1JIBII IIKaBl y bOMY IUIaHI, OCKi-

C JI O B a: KBAaHTOBO-PO3MIpHI, METaJ-BYIJICLIEB], KaTaJITUYHI CUCTEMH,

JbKH Y HUX MOJKJIMBE yTBOPEHHS aKTHBHHUX
ancopOIiMHUX TEHTPIB Yy 3aJaHUX CTHiBBiJ-
HONICHHSX. TakyM YHWHOM BIAETHCS PO3Ji-
JUTH pearyroui MOJISKYIH 3a €HEeprisiMu aj-
copOmiiHoi B3aemonli Ha (QpoHTATBHIN
WIOHIHUHI TiApoPoOHOI MOBEpXHI Ta TiAPO-
bUIbHUM Tpymam T0 TEPUMETPY aacop-
OeHry, o0 Moxe 3a0e3nedyBaTu OUIbII OT-
TUMaIbHI YMOBHU TIPOXOJKEHHA XIMI4HHX
B3a€EMOJII/ Ta MIEPETBOPEHb Yy MOBEPXHE BOMY
mapl Hocis. ATOMHU MeTallB, AKi 3/1aTHI J10
KOOpIWHAIIHHOT B3aeMoOii 3 (YHKINOHAJb-
HUMU TpyHaMu HOCis, PO3TAlIOBYIOTHCSA Ha
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HOr0o TIOBEpPXHI HAa TEBHUX BIJIICTAHAX OJHH
BiJl OJHOTO 3a PaxXyHOK KOOpPIHWHAIlHHOTO
3B’A3KY, II0 HAJa€ HOBI MOJIMBOCTI Yy TpO-
neci AM3aiiHy TakWX KaTaJliTHIHUX CHUCTEM
[3].

BusBneHo edexTuBHI npuiloMu MoOaU-
(hikyBaHHS €JIEKTPOHHO-A0HOPHUX BJIACTHU-
BOCTEH TIOBEPXHI NUIIXOM BBEICHHS aTOMiB
a30Ty y TeKCaroHaJbHY CTPYKTYpYy BYIJe-
LEBUX CUCTeM. TakuM YHMHOM, aBTOpaM po-
60TH [4] BHanocs OTpuUMaTH KeJIaTHUHO MO/ Ti-
OHI real 3HAYHO BHIOI AHTHOKCHIAHTHOI
AKTUBHOCTI, HI’K Y BHUXIJTHUX PEUOBHHAX. Y
poGoTi [5] okcun rpadeHy BHKOPHCTOBYBa-
JIY SIK 3pYYHHUH KaTalli3aTop y Mpoueci Aerno-
JiMepu3alli eJI0JI03U B TIIFOKO3Y, a Y po-
60Ti [6] — B mpouieci OTpUM aHHS BYTJICIIEBUX
TpyOOK 13 KapOOKCuUMeTHIIE o JI03u. Oco0-
JVMBUN 1HTEpEC MPEJICTAaBIIIOTh Karali3aro-
p¥ Ha OCHOBI O1IMETaIeBUX CIUIABIB Y TPOTIC-
cax pudopMiHry raszy, MOpSIMOrO CHHTE3y
€TaHOJy i3 CHUHTE3 ra3y, KpOC-CIOJydeHHs
[7, 8]. Pazom 3 Tum, mporiec OTpUMaHHI Ha-
HOKAaTaI3aToOPiB 3aJaHUX PO3MIPIB HA OCHO-
Bi rpade Hy npeJCTaBis€e CKIaIHy 3a/1a4y.

PoGoTa HanpaBiieHa Ha CUHTE3 Ta CIIEK-
TpajbHI JTOCHIKCHHS MOTEHINTHO TIepC IeK-
THUBHUX HAHOKATaJi3aTOpIB HAa OCHOBI BYT-
neueBux kBaHToBUX Touok (BKT) i ocamxe-
HUX Ta BIJTHOBJICHUX HAa HUX METAJTIB IUIaTH-
HOBOI T'pyIHU: POJIil0, PYTEHIIO Ta Maiaiito i3
BOJHHX PO3YHUHIB 1X XJIOPHIIB.

EKCIIEPEMEHT TA OBI'OBOPEHHA
PE3YVJIBTATIB. Po3uun BKT cunresyBanu
AaBTOKJIaBHUM TiApOTepMalbHUM METOJI0OM
[1] 3 TMMOHHOT KHCJIOTH Ta € THIIC HIl aMiHY.
Jas uporo 1,05 T mumonHOT KucyotH Ta 0,3
T eTWwIeHAiaMiHy po3uuHsian y 10 Ma guctu-
JHOBAHOT BOJIM, CyMIIll TEPEeHOCUIN y (TO-
POIUTaCTOBHI peakToOp y METAIeBOMY KOXKY-

ci i marpisamu npu 200°C HpoTAroM 5 o uH
y mydenpHii madi. Bimomo, mo rpadeHoBi
KBAaHTOBI TOYKHM XapaKTepPM3YIOThCSA 1HTEH-
CHBHOIO JIOMIHECLEHIIEI0, Alama3oH emicii
AKOT1 3aJIeXHTh BiA iX po3mipy. Ha puc. 1
HABEJICHO XapaKTepHUU BWIJSIA BUIPOMI-
HIOIOYMX KBAHTOBUX TOYOK MpH 30Yy>KeHHI
Ja3epHUM CBITIIOM A=532 HM, sKi MalOTh
KOBTHUH, 3eJe HUH, (P10JCTOBUI, OJTAKUTHUH 1
HaBiTh Oinmit kosip. Bmict BKT y npoaykTi
CUHTE3y, BHW3HAYEHUH BaroBMM METOOM,
CKJIagaB 85 Mr/miL

Puc. 1. XapakrepHuii BUDIISIT BUTIPOMIHIOIOUHX
KBAHTOBHX TOYOK MpHU 30yMKEHH1 J1a3epHUM
cBirsioM A=532 HM Ha nonocikonycy TiHgams.

Po3umHn Xjopuny  poairo (Crn =
5,18 wmr/mn) ta xmopupy pyreHiro (Cgry =
50 wmr/mu) oTpuMmyBamm i3 coOJIeH
RhCl;'4H,0 ta RuCl; po3uusHeHHIM iX Yy
Boal Ta 0,1H COJNIIHIM KHCJIOTI BiJIHOBIJHO,
po3uuH xnopuny nananiro (Cpg= 5,6 mr/mum)
— pO3UMHEHHSIM MopomkKy merainy y 0,1H
COJIIHIM KHCJIOTI y MPHUCYTHOCTI TEPEKHUCY
BonHIO. KoHIEHTpaIii MeTaniB y po3dumHax
B3HAYQJIM aTOMHO-3ICOPOIIHHAM METO-
JIOM.

EnexTpoHHI CeKTpH TOTIWHAHHS 3ape-
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ectpoBani Ha Specord UV-VIS, TtoBmniuHa
kBaproBux koBeT 1 MMm. KoedimeHT ekcTu-
HKIii (6, M -+ cM ') BM3HAYaIM HA OCHOBI
3akony byrepa-JlambepTa-bepa 3a MeTonu-
KO0, BKazaHOI0 y poOoTi [9]. 3amuc Y cre-
kTpiB mpoBoamwtn Ha Specord M-80, HaHO-
csYM 3 Kpami pOo34YHMHY Ha TIOJIETHIICHOBY
IUTIBKY 3 HACTYMHHM HOTO BHCYIIYBaHHSM.
[licis HarpiBaHHS Ha TOBITPl IIPU TeMIepa-
Typi 500-600°C miiBka BKT moBHIiCTIO OKH-

CIFOETHCA.

A
1.0 4

0.8 o
0.6 4

0.4 4

v, CM
0.0 T T T T T
50000 45000 40000 35000 30000 25000 20000 15000

Puc. 2. Ciextpu NOIriMHaHHS BOJHOIO PO3YHHY
BKT, Cgxr= 0,1403 mr/mu.

Ha puc 2, (tabn. 1) nmpeacTaBieHO €Jek-
TPOHHUH CTIEKTP MOTJIMHAHHS TPOAYKTY CH-
HTe3y — po3unHy BKT y Boai. Sk 1 nus xa-
pPaKTepHUX CTOJYK 3 KOHICHCOBAHWMH BYT-
JeIEBUMHU KiJIbIaMH, B Y® oOmacTti, Aid
JTAHOTO PO3YMHY XapaKTepHa IPHUCYTHICTb
TphoX cmyr norauHanus (CII): miedenoio-
aux pu 48725 e i 41711 em™ ta CII mpu
28935 CM'l, SK1 BIATNOBIJAIOTH TaK 3BaHUM
-, p- Ta a-CIl1, 1m0 BiAPI3HAIOTHCS MO 1HTE H-
cuBHOCcTi. HatiHnreHcuBHIOW € f-Cllggr
npu 48725 cm™ (e = 55,3), a HANMEHIIOKO TI0
iHTeHCMBHOCTI — o-Cllgir mipu 28935 (¢ =
18,7) [10]. Kpim Toro, HasBHICTH cjabo0 iH-
teHcuBHO1 CIT mpu 22400 em CBIIYUTH TIPO

moaudikamiro BKT (a came 3miny QyHKIiO-
HaJIbHUX TPy Ha nepudepii KO HIEHCOBAHUX
KUIeIp Ha OUIbII MOJISIPHI) Ta UMOBIPHY TIO-
By HECUMETPUYHUX KOHICHCOBAHUX Ki-
JeIb, 10 3YMOBIIOE 3MIMICHHI MEPEXOdy
n—7n* B JOBrOXBWJILOBY 00JIacTh. 3a3Haue Hi
CII o BiAHOIIIEHHIO JI0 KJIACWYHUX HEHAC U-
YEHUX BYIJICBOJHIB 3HaXOASIThCS y 0OaTOX-
POMHOMY 3MIIEHHI, 10 BUKJIWUKAHO BEJIW-
KOI0 KUIBKICTIO KOHIeHcOoBaHUX Kiiernp BKT
Ta BIMOBITHOIO TIOJISIPHICTIO PO34Y MHHUKA.

1.6 [ 3

084

0.4+

1

Vv, oM

0.0 4
) T T T T T T T T T T T T 1
50000 45000 40000 35000 30000 25000 20000 15000

Puc.3. Crexrpu morIMHAaHHS BOJHUX PO3UYMHIB:
1 - BKT 3 xmopuaom poxiro (Cpxr= 0,1403
mr/n, Crp= 0,0065 wmr/m); 2 — po3uuny BKT
Cpkr= 0,1403 mr/mi; 3 — xopuay ponito, Cryn=
0,0669 mr/m.

Ha puc. 3, (tabn. 1) npexcraBieHo crie-
KTpH MoTJIMHAHHSA BoAHUX po3uuHiB. BKT 3
xaopuaomM poiro (Cry : Cur = 1:20) (kpusa
1), BKT (kpuea 2) ta Xjopuay pojiro 3a Bij-
cyrHocti BKT (kpusa 3). Y crniekTpi BogHOTO
po3uuHy xjopunay ponuioo (puc. 3, 3) B YO
obyacTi cmocrtepiraethcss iHTeHCUBHA CII
npu 45571 emt (e=24,91), mo Biamosigae
CJIEKTPOHHUM  TIEpeX0J1am
XapakTepU3ye IMIECTUKOO PIUHALI WHUHN Tao-
reninuuit kommieke [RhCl]* [11]. Manois-
tercuBHi CII mpu 32270 cm™ (e= 141),
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22270 (¢ = 0,16) ta 25903 cm™ (¢ = 0,63)
BIJIMOBIAIOTh 34 EJEKTPOHHI MEPEXOqH 3
IIepEHOCOM 3apsy 3 MeTany Ha jirava ta d-
d-emexrponni  mepexomu A —T, i
'A,—°Ty, siKi xapakTe pI3yIOTH epe6yBaHHs
MeTally Y TpbOXBaJleHTHOMY cTani [11-13].
[Ipu BBegenni y po3uun BKT xmopuny po-
nito (Cgy : Cyr = 1:20) BinOyBaeThcst 6aTOX-
pomue 3mimieHns f-, P-Cllggr Ha 625 1 351
cm Ta rincoxpomue 3MimeHHs o-Cllgyr Ha
40 cm (puc. 3, 1). BixcyTHicTs y po3d i
intencuBHoi CII, sika xapakrepm3ye eleKT-
POHHI TMEPEeXOau BKa3ye Ha
NPOXOJKEHHSA aacopOIii MeTaly Ha TOBep-
xHl BKT. IIpu mpomy, 6aToOXpoMHE 3MiIlie H-
usa CII, mo BiAMmoBijae 3a eIeKTPOHHI Tepe-
xomu n—7* Ha 185 cM™ pasoM 3 rinmcoxpo-
MHUM 3MilieHHIM d-d-eleKTpoHHUX Tepe-
XO0MIiB B 10HI MeTany Ha 652 emt CBIIYUTH
PO yTBOPEHHs KOMILIEKCHUX CTIOJYK METa-
ay 3 BKT.

A3

0.5

0.0 s

T T T T T T 1V, €
50000 45000 40000 35000 30000 25000 20000 15000

Puc. 4. Cniextpu norivHaHHS BOAHUX PO3YMHIB:
BKT 3 xnopugom pyrerito (Cpxr= 0,1403 mr/m,
Cru = 0,0063 wmr/nm); 2 — po3uuny BKT Cpxr=
0,1403 wmr/mi; 3 — xmopuny pyredito, Cry =
0,125 mr/m.

3a BincytHocti BKT, y criekTpi BogHOTO
po3uuHy XJopuny pyreHiro (puc. 4, 3) B YO
00JIacTI CHOCTEpIralThCsl 1Bl 1HTEHCUBHI

CIT mpu 47404 cm™ (e=135,34) ta 35803 cM
! (e= 84,12), sixi BIiATIOBIAIOTH 3a €JICKTPO H-
HI TIEPEXOU WG)ztlu—»Zeg Ta MePeHOC 3apsAay
3 miranny Ha metan [13, 14]. Kpim mporo, y
CreKTpi mnpucytHi manoinreHcuBHi CII:
miedenoniora mpu 31545 ecm™ (e= 14,58) Ta
CIT npm 23430 oM™’ (e= 4,14), sii Bignosi-
JAI0Th K 32 MEPEeX0]Iu 3 MEePeHOCOM 3apsiay
3 MeTaly Ha JiraHa Tak i 3a d-d-ejaekTpoHHi
nepexonu [13, 14]. Cnix BigmiTHTH, M0 AaHI
CII xapakTepm3yioTh TiepeOyBaHHS 10HY Me-
Tany Ak y Tphox- (31545 cm™), tak i y worn-
proxpaneHTHOMY (23430 cm™') crai.

Crnextp Bogsoro po3unHy BKT 3 pyte-
Hiem (pwuc. 4, 1) noai0OHMIA 10 M0 I PEHBOTO
cniektpy BKT 3 ponmiem 3 aHamorivHUMH
3mMiHamMu. B Y@ o6nacti cniekTpy BiACYyTHS
inteacuBHa CII, sxa xapaktepmye mepeOy-
BaHHA 10HY METaly y HIECTUKOOPIHWHAIY K-
HOMY OTO4YeHHI xjopwa-aHioniB [14]. Lle
CBIIYUTH MPO TPOXO/HKEHHS aacopOIni me-
tany Ha moBepxHi BKT. Kpim Toro, Hass-
HicTs komnioHeHTY CII mpu 27055 ta 25125
cM™, 10 € CKIIALOBOIO a-Cllggkr, Ta AKi BU-
3HAYEHO MICJIS PO3KJIaNy CIeKTpy Ha ['ayco-
Bl KOMIOHEHTH, CBIAYHUTh NP0 IyOJETHUI
EJICKTPOHHUIN Tiepexisy 3 OCHOBHOTO pIBHA
*T, Ha €HepPreTUY HUi piBe Hb A TEPMY ’I ta
nepeOyBaHHS 10HY PYTEHIIO Y TPbOXBAJICHT-
HOMY cTaHi. baroxpomHe 3MmimeHHI pP-
Cllggr Ha 128 emt Ta T1TICOXpOMHE 3MIIIIE H-
1 o-Cllggr HA 161 e cBimuHTH npo HmMo-
BipHe KoMIuiekcoyTBOpeHHsT BKT 3 1o0HOM
Ru** [13, 14].

VY crhekTpi BOJHOTO PO3YHUHY XJIOPHILY
nananioo (puc. 5, 3; tabn. 1) B YO obnacti
CHOCTEPITAOTBCA TPU CMYTU TIOTJIMHAHHS
npu 48128 (e= 178,19), 42112 (e= 124,17)
ta 32470 cm* (e= 11,94), sxi BiAMOBIIAI0Th
CJCKTPOHHUM TEpexojiaM 3 TIEPeHOCOM 3a
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TaOnuusal.
CMyrH NOTJHHAHHS (V, cM ) Ta KoedinienTn exernakmii (€, M -cM ') J0CTiIKyBaHUX PO3UHMHIB.
Po3unn v € v € v € v € v, € v, €
BKT+ 48725 58,08 41711 28,23 36500 28935 18,50 22380 6,09

H,O 1 n

RhCl; 45571 24,91 32270 1,41 25903 0,63 22903 0,16
+ H,0O
BKT+ 48312 41360 34,53 36270 28975 2,19 26830 22145
RhClk o

+ H,0O

RuCl, 47404 135,34 41583 35,71 35803 84,12 31.545 14,58 23430 4,14
+ H,O I
BKT + 41583 35,71 35183 18,07 29096 12,82 27055 14,16 25125 8,08
RuCl m m m

+ H,O

PdCl, 48128 178,19 42112 124,17 32470 11,94 24200 6,96
+H,0 m
BKT + 41176 33,69 29191 25448 8,62

Pd n
+ H,0O

I —IJIeYenoi0Ha CMyTa MONIMHAHHS

pamy 3 Jiramgy Ha MeTalr  2e,—3by,
3ey,byy—3byg Ta "e;—byy [11-13]. Kpim To-
ro, 3apEECTPOBAHO OJIHY CMYTY MOTJIMHAHHS
y BHIEMiH obmacti mpu 24200 cm’ (&=
6,96), sixa Bignosigae d-d-eaeKTpoHHUM Iic-
pexonam B 10HI MeTany (2e4—3b;g) Ta cBia-
YUTh TPO TiApOJi3oBaHy ¢opMy MeTaiy,
ckopim 3a Bce ckiany [PdCl;(H,0)].

XapakTtep cniekTpy BoaHoro po3uuny BKT 3
nananiem (puc. 5, 1) aHAIOTIYHUI 110 TIe pe/I-
HIM criekTpam. BiacyrHicTs iHTe HCMBHOT CII
npu 48128 cM™, sika XapakTepusye nepely-
BaHHI i0Hy managio y dpopmi [PACL,J*, cBi-
TYUTh TIPO aJcOpOIiI0 MeTaly Ha MOBEpPXHI
BKT. IIpu npomy, 3MiHa XBUJIHOBOTO YHCIIA
d-d-emextporHnx mepexomiB (25448 cm')
pazom 3 OatoxpoMuuM 3MimeHHIM P-Cllgyr
Ha 535 cM™ Ta TIIICOXPOMHHM 3MilEHHIM 0i-
Cllgkr Ha 256 em™ cBigunTH PO 3aMiHY KO-

084

044

-1
o

0.0
50000

Puc.5. Cnexrpu mormuHaHHS BOJHUX PO3YHHIB:
BKT 3 xnopunom nananico (Cpgr= 0,1403 mr/m,
Cpg = 0,0070 mr/m); 2 — po3zuuny BKT Cggr=
0,1403 wmr/mn; 3 — xmopuny nanagito, Cpg =

0,1400 mr/m.

OPIMHAIN THOTO OTOYCHHS B 10HI MeETaly 3
MOXIUBUM (opMmyBaHHSIM 3B 53Ky Pd—N

[11-13]
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HasBHICTh B yCiX CHieKTpax JOCUTH Cia-
60 iarencuBHUxX CII, skl Bignosiga0Th 3a d-
d-esekTpoHHI TIEpeXOaU B 10HI MeTaly, CBi-
JYUTh TIPO T€, M0 OUIBIIICTE METATy aJcop-
6oBaHo Ha moBepxHI BKT.

B [Y-cnekrpax BKT 3 poniem, pyreHiem
Ta TAJaleM TPHUCYTHI PO XapaKTePHC THY-
HUX CMYT TOTJIMHAHHA i (YHKINani30Ba-
Hux BKT. ¥ BucokouactoTHi# 001acTi npu-
cytsi mupoki CII mpu 3500, 3260 ta 2930-
3000 cm™, XapakTepHi JJi1 BAI€HTHUX KOJIH-
Baub H,O, v(N-H) Ta v(C—H)a, [10]. Hass-
HICTh JCEKIJLKOX CMYT TOTJHWHAHHS BaJieHT-
HUX KOJIMBaHb KapOoHigpHOI Tpymu (C=0)
npu 1830, 1840 Ta 1850 cM™ CBiZUHTH po
NPUCYTHICTh Y JOCHII)KYyBAHOMY 3pa3Ky aH-
TIAPWIHOT TPYyNU 3 MIECTHIJICHHUMU CIIpsi-
KCHUMH HACHYEHMMH Ta HEHACHYCHUMU
nukiaamMu; CII myOsieTHOro Xxapakrepy Mpu
1770 cv™ cBigUuTh MPO HASBHICTH Y 3pasKy
rpyru atomiB —C=0O(NH), a CII mpu 1680 ta
ny6rer npu 1640 cM™ XapakTepm3yioTh KO-
muBanus V(C=N) ta 6(N-H) [10, 15]. Bae-
HTHI koiuBaHHA (C=C) apoMaTy4HUX KiJe b
nposiBIsitoThesl nekuibkoma CII B oOmacti
1610-1540 cm™. TIpu 1420 Ta 1280 oM’
NPUCYTHI TUIONIUHHI €0 pMaIiiftHl KO JIH-
annst (C—H) ta v(-C—N-), a npu 980 cm™ —
noszamomuuaHl 0(C-H). Takox y crmekTpax
npucytai CII 8(C-H), xapakrepni nns 1,3-
ta 1,2,3-3aMimeHUX apoOMaTHIHUX TMOXiJ-
HUX, 4 Y HUBBKOYACTOTHI¥ 06nacTi mpu 330-
340 cm™ mpucyrhi CIT v(Rh-Cl, Ru~Cl, Pd-
Cl) [13, 15, 16].

BUCHOBKH. TakyuM 4HHOM, JOCJIIJIKE-
HHS TOBEIIHKW PO3YMHIB XJIOPWIIB POJItO,
PYTEHiIO0 Ta Maladilo y MOBEPXHEBOMY Imapi
BKT moka3amo KOOpAHWHAINI METaliB Ha
noBepxHi BKT 3 #imMoBipHHM YTBOpEHHIM
KOOPAHMHAIN WHUX 3B SA3KIB 3 HUMH TIO 1X J0C-

TYTHIY TIOBEPXHI, IO BaXXJIHUBO JJIsI CUHTE3Y
JBOX- Ta TPbOXKOMIIO HE HTHUX TI€ PCTIEK THB-
HUX KaTaJll3aTOpiB Ha OCHOBI TIOCJIJJOBHOTO
HAHECEHHs 3allaHUX KUIbKOCTEH XJIOPHUIIB
METaJIB 3 TMOCJIAYIOUUM iX BIJHOBJIC HHIM
710 HyJIbBaJICHTHOTO CTaHY.

CUHTE3 U CIIEKTPAJILHBIE XAPAKTE-
PUCTUKY TIEPCIEK TUBHBIX HAHOPA3-
MEPHBIX VIJIEPOJHBIX HOCHUTEJEN
JUIST AZICOPBIMOHHBIX U KATAJIMTU-
YECKUX [TPOLIECCOB

B.M.Orenxo, C.N.OpBICHIK, H.E.XapLKOBa*,
O.I' Suxo

Hnemumymy obweil u Heopeanuueckou X umuu
Hayuonanvnoii Axademuu Hayx Yrpaunwot, 32-
34 np. Axademuxa Ilannaouna, 32/34, Kues,
03142, Yxkpauna

“e-mail: kharkova.ljudmila@gmail.com

Merogamu AJIEKTPOHHOM u UK-
CIIEKTPOCKOIIMHK HCCIIEIOBAaHO MOBEJCHUE pac-
TBOPOB XJIOPUJIOB POAMS, PYTEHUS U NaJUIaInsl B
MMOBEPXHOCTHOM CJIO€ YIJIEPOJHBIX KBAHTOBBIX
touek (YKT). VYcraHoBieHO, 4YTO COOTBETCT-
BYIOIIIME M3MEHEHHUSI TIOJIOC MOTTIOMEHUs T— ¥,
n—7* 3MEKTPOHHBIX MepexoioB B YP-obmacTu
VKT, a Taxke 1MoJa0Cc NOTJIOMEHHS TEPEXOI0B C
MEepEeHOCOM 3apsija ¢ jJuranaa Ha metaan u d-d-
AJIEKTPOHHBIX MEPEXOJ0B B PacTBOpax XJIOpH-
JIOB METAJUTOB (B BUJIMMOMN 00JIaCTH ) CBUICTEIb-
CTBYIOT KaK O COPOIIMH METaJUIOB Ha IMOBEPXHO-
cti YKT, Tak 1 0 BO3MOXHOM MX KOOpJIUHAIIUU
¢ YKT. Ananmu3z UK-cnexkrpoB YKT rtawke no-
Ka3aJl HAIMYME PSAAa XapaKTePUCTHUYECKUX IO-
JOC TOMIOIIEHHUS s (DYyHKIMATU30BaHHBIX
VKT, 4r0 noATBEpKAAET KOOPAUHALIMIO METa-
n0oB Ha nnoBepxHoctn YKT.

KnwoueBrnie
HEIE,

CJI O B a: KBAHTOBO-pa3Mep-
MCTAJUI-YIJICPOAHBIC, KaTaJIUTHYCCKUEC
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CUCTEMBI, POJUN, PYTEHUM, NAJUIaIAM.

SYNTHESIS AND SPECTRAL CHARACTE-
RISTICS OF PERSPECTIVE NANOSIZED
CARBON QUANTUM DOTS FOR ADSORP-
TION AND CATALYTIC PROCESSES

V.M.Ohenko, S.1.0rysyk, L.B.Kharkova",
0O.G.Yanko

Vernadsky Institute of General and Inorganic
Chemistry of the National Academy of Sciences
of Ukraine, 32-34 Academic Palladin Avenue,
Kyiv, 03142, Ukraine

“e-mail: kharkova.ljudmila@gmail.com

Processes of interaction between carbon
quantum dots (CQDs) and solutions of rhodium,
ruthenium and palladium chlorides in the sur-
face layer have been investigated by electron
and IR spectroscopy. When rhodium chloride is
added to a solution of CQDS, a bathochromic
shift of the - and p-absorption bands (ABs) at
48725 and 41711 cm* as well as hypsochromic
shift of the a-AB at 28935 cm* indicate that
rhodium adsorption occurs on the surface of
CQDs. The bathochromic shift of the absorption
bands at 22400 cm' together with the
hypsochromic shift of ABs corresponding to d-d
electron transitions in the metal ions indicates
the formation of rhodium with CQDs. When
ruthenium and palladium chlorides are added to
an aqueous solution of CQDs, the intensive of
ABs characterizing the complex anions
[RUCk]*", [RuClg]* or [PACL,]* are absent in the
UV-Vis spectra. This indicates the passage of
adsorption processes of metals on the surface of
CQDs. The present of ABs (at 27055 and 25125
cm?) indicate the trivalent state of ruthenium
ion; the p-ABs bathochromic shift as well as a-
ABs hypsochromic shift indicates the probable
complex formation of CQDs with Ru** ions. The
change in the position of the absorption bands of
d-d electron transitions (at 25448 cm') together

with the bathochromic shift of p-ABs and
hypsochromic shift of a-ABs indicates a change
in coordination environment in the palladium
ion with the possible formation of Pd — N
bond. The IR-spectra data of CQDs showed the
presence of a number of characteristic ABs for
functionalized CQDs: v(N-H) at 3260 cm',
(C=0) at 1830, 1840 and 1850 cm', -C=O(NH)
at 1770 cnt', v(C=N) at 1680 and 8(N-H) at
1640 cm®, which confirms the coordination of
metals on the surface of CQDs.

Keywords: quantum-dimensional, metal-
carbon, catalytic systems, rhodium, ruthenium,
palladium.
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The process of mixed oxide coatings formation on a high-silicon aluminum alloy in a
cobalt-containing pyrophosphate electrolyte by the plasma-electrolytic oxidation (PEO)
method is studied. It was shown that AL25 chemical composition heterogeneity causes
the consumption of a part of the anode current to homogenize the treated surface, which
is reflected in minimizing the content of doping components at the initial processing
stage. It was established that the growth of mixed oxides ALO3-CoxOy relative mass is a
function of time with a maximum at 55 minutes. The chemical, phase composition and
surface morphology of the formed oxide layer depend on the oxidation time. The catalyt-
ic component content in the surface oxides varies from 0.2 to 23.3 at.% with an increase
in processing time of 10 to 60 minutes. Maximum cobalt incorporation into the oxide
layer occurs at PEO of 35-50 minutes, while the silicon content in the surface layers
does not exceed 2 at.%, which is favorable for the catalytic properties. The cobalt oxide,
preferably Co3s0O4, incorporation in the alumina a-ALO3 matrix is visualized by the blue-
violet color steroidal surface structures in the sites of micro-arc discharges. The alumina
cobalt oxide mixture layers are characterized by a developed micro-globular surface
which consists of spheroid conglomerate with an average size of 1-2 microns. There are
some amorphous phases in the structure of mixed oxides due to non-equilibrium PEO
conditions. The set of detected factors is a prerequisite for the high catalytic properties
of oxide coatings. A promising field of ALO3-Co,Oy systems application is intra-
cylinder catalysis in internal combustion engines.

K eywo rds: plasma-electrolytic oxidation, alumina matrix, cobalt oxides, catalytic
activity, intra-cylinder catalysis.

INTRODUCTION. The alloys of alumi- tive, water and heat supply systems, etc. At
num with silicon are demanded construction present there is an intensive development of
materials. They are widely used in various technologies for improving the operational
industries: motor engineering and automo- properties of metals and alloys by modi-
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Peculiarities of cobalt containing oxide coatings formation on silumin

fying their surface [1,2]. One of the most
demanded and promising methods is the
plasma-electrolytic oxidation (PEO) of valwe
metals, which allows forming oxide coatings
with increased mechanical, corrosion and
catalytic properties [3, 4]. Among the ad-
vantages of PEO should be noted non-
toxicity of used electrolytes, the simplicity
and compactness of the working equipment,
the lack of preliminary surface preparation
stage, the possibility of processing large
mass and complex geometry parts. Changing
the oxidation conditions, the electrolyte
qualitative and quantitative composition, the
dopants nature allows varying the composi-
tion and properties of the formed oxide
layers [5,6].

One of the topical directions of the prac-
tical use of oxide coatings on aluminum and
alloys is catalytic redox processes, in partic-
ular, eco-friendly catalysis [7-10]. For these
purposes compounds of catalytically active
components are introduced in the composi-
tion of highly deweloped surface layers.
Most often this is achieved by impregnating
(precipitating) a preformed matrix of base
metal oxide in solutions containing salts of
dopants metals followed by heat treatment of
the resulting material [11, 12]. Howeer, this
approach not only complicates and raises the
cost of the technological process, but also
does not allow obtaining systems with sig-
nificant content of the catalytic component
and high adhesion to the substrate.

At the same time, it is promising to de-
velop a PEO technology for the formation of
a highly developed carrier (base metal oxide
matrix) in one process with dopants incorpo-
ration (preferably transition metal oxides)
throughout the processing period due to the

implementation of electrochemical and
thermo-chemical reactions in high-energy
modes [13, 14]. This will provide a longer
service time of the resulting catalytic materi-
al and substantially higher functional proper-
ties.

In previous studies, a rather complicated
mechanism of reactions in working solutions
during the oxidation of valve metals and the
feasibility of using a complex of electrolytes
based on diphosphate for PEO of AL25 alloy
were shown [15, 16]. As catalytically active
components, based on physical and chemical
properties, manganese and cobalt were se-
lected. It was found that the ratio of cobalt
and ligand concentration affects the oxida-
tion process parameters and allows forming
coatings with varying content of the catalyti-
cally active component. For further research,
the composition of the electrolyte was se-
lected, which allows oxide layers enriched in
the catalytically active component to be
formed with a higher surface development
degree [17].

The purpose of this work is to investi-
gate the effect of the oxidation time on the
composition, phase structure and morpholo-
gy of mixed aluminum and cobalt oxide
coatings to select the optimal parameters for
catalytic materials formation.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Oxide coatings were formed
on rectangular samples of cast aluminum al-
loy AK12M2MgN (AL25). The chemical
composition of silumin, wt. %: Si, 11.5-
13.0; Cu, 1.5-3.0; Ni, 0.8-1.3; Mg, 0.8-1.3;
Mn, 0.3-0.6; Fe<0.8; Zn<0.5; Ti< 0.2; Pb
<0.1; Sn < 0.02; Cr < 0.2. Working area for
the formation of oxide coatings was 0.2 dm?.
The surface of samples for coatings applica-
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tion was prepared by grinding with subse-
guent degreasing, washed with water, and
dried at 30 °C. The samples were oxidized in
an electrolyte of the composition, mol/dm?®:
0.4 K,P,0; and 0.1 CoSO,. PEO was con-
ducted in the galvanostatic mode at a current
density of 3-5 A/dm? using an industrial sta-
bilized power source B5-50 (Ukraine), an
electrolytic cell with forced cooling and stir-
ring, an ammeter and a woltmeter. Coatings
were formed under cooling and mixing the
electrolyte and controlling the process pa-
rameters. The temperature of the working
solutions was maintained in the range of 20-
25 °C. The sparking voltage US was 115-
120V, the formation voltage was controlled
to be UF = 140-160 V.

The chemical composition of the coat-
ings was determined by an energy-dispersive
spectrometer INCA Energy 350. The surface
morphology of the coatings was studied us-
ing a scanning electron microscope ZEISS
EVO 40 XVP. X-ray diffraction analysis
was performed on an X-ray diffractometer
DRON-2 in monochromatic CoK, radiation
(A=1,7902 A). The phase identification was
performed by comparing the interplane spac-
ing (d, A) and the relative intensities of the
experimental curve with the data of the
PCPDFWIN electronic file system.

The catalytic properties of the oxide sys-
tems were studied in the oxidation of car-
bon (I) oxide to carbon (IV) oxide. The
studies were conducted on a laboratory
bench in a tubular flow reactor made of sili-
ca glass with a coaxially wound heating coil.
The initial mixture of air and carbon (11) ox-
ide with a concentration of 1.0 vol. % was
fed to a reactor with a volume of 1.5-107
dm® at a rate of 1.5 dm®/h. The reactor tem-

perature was gradually increased from 20 to
450 °C at a rate of 1°C/s. The CO concentra-
tion at the inlet and outlet of the reactor was
recorded using Dozor signaling-analyzing
devices. The catalytic activity was evaluated
by the following parameters: the initial tem-
perature of the oxidation process (the igni-
tion temperature, T;) and the conwersion ex-
tent (X, %). The extent of conwersion was
calculated by the following equation:

x = A0 ~ACON 1094
o(CO);
where ¢(CO); and ¢(CO); are the initial and
final concentrations of carbon (11) oxide, %.

The studies demonstrate that the chron-
ograms of operating voltage (formation
curves) and woltage change (trend) during
oxidizing silumin in the electrolyte 0.4
mol/dm® K,P,0,, 0.1 mol/dm® CoSO, at dif-
ferent current densities have a classic form
(fig. 1) consisting of characteristic regions
[18, 19]. The first prespark region |
(fig. 1,a) corresponds to the formation of
silumin components in the oxides phase and
woltage increases linearly with time. In the
second prespark region 11, the change in the
operating voltage is influenced by the oppo-
site processes of growth and destruction of
oxide layers, which affects the reduction in
duU/dt. Moreower, with increase in current
density, the formation rate exceeds the disso-
lution rate and dU/dt is higher (fig. 1, b).

The third section (fig. 1, 1l11) corresponds
to the transition of the PEO process to the
sparking mode due to the phase oxides
breakdown. Not only electrochemical, but
also thermochemical reactions occur in the
spark zone, associated with  water
thermolysis and with the participation of
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Fig. 1. Formation curves (a) and voltage trend

(b) at oxidation current density, A/dm?: (1) 3,
(2) 5, (3) 10.

voltage increases with increasing current
density, and it is at this stage that the proba-
bility of dopants inclusion in the aluminum
oxide matrix increases. The time of sparking
decreases from 6 to 1 min with increase in
current density i over the studied interval.

Sparking woltage in all cases is 120-125 V.
Sparking intensity in the oxidation process is
quite high. Region IV of formation curves is
associated with sparking to microarc regime
transition. The final formation woltage de-
pends on the initial current density of PEO.
For i = 3-5 A/dm” UF is 160-170 V and en-
ables conducting the process of PEO treat-
ment within 15 min or longer. At the current
density of 10 A/dm?> UF does not exceed
160 V. The oxidation process rapidly goes
through all stages and from the 4th minute
enters the arc mode. In this case, PEO of the
alloy after 8 min is impractical; the formed
coating is destroyed under the influence of
arc discharges.

Figure 2 shows the morphology and
chemical composition of the silumin surface
oxidized at a current density of 3 A/dm’ in
different regions of the formation curve
(time of oxidation). Due the local dissolution
of alloying components in regions | and Il
particularly silicon content in surface layers
is reduced by 3-4 at.% in comparison with
its percentage in silumin. The transition from
the juvenile surface to the developed alumi-
na structure with a large number of irregular
shaped inclusions (Fig.2 a) is observed. At
this stage, there is almost no incorporation of
additional components into the oxide layer.

The sparking initiation (luminescence) is
visualized by the appearance of a small
sparks that evenly cover the surface to be
treated, which characterizes the beginning of
electrolyte components incorporation into
the surface layers (fig. 2, b). On SEM imag-
es, it is possible to identify a significant
number of crater-like small apertures with
fused edges. The content of silicon in the
surface layer is reduced by almost two
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Fig. 2. Morphology and chemical composition of the surface , at.% : a — prespark (regions | and I1),
Al-33.5, 0 -56.0, Si—10.5; b — sparking (region I11) Al-33.5, 0 -56.7, Si— 6.5, Co-3.3,c—
microarc (region 1V), Al-33.3, 0 - 55.2, Si— 2.5, Co - 9.0; magnification x 500.

times and is not more than 5 at.%. In this
case, the content of cobalt gradually increas-
es to 3.3 at.%.

Under the conditions of constant current
density, the oxidation process almost instan-
taneously goes into the micro-arc mode:
there is an enlargement of sparks with de-
crease in their number, the burning of micro-
arc discharges occurs at the corners (projec-
tions) of the specimen and is accompanied
by a characteristic cracking due to the "col-
lapse” of gas vapors in micro-discharge
channels. In places of burning sparks appear
spheroid islands of characteristic blue-violet
color, typical for the incorporation of cobalt.
During processing, the number of such is-
land structures significantly increases, they
are combined, agglomerated and form mosa-
ic structures (fig. 2, c).

The mixed cobalt oxides formation is al-
so evidenced by the chemical composition
analysis at different sites of the sample sur-
face. The spheroids and agglomerated struc-
tures exhibit a range of 5.0-23.3 at.% (Co),

on the valley of the sample cobalt percentage
is about 14.5 at.%. For the silicon content
there is a reverse dependence: on the hills Si
does not exceed 2.0 at.%, and on the valley
it is 5.0 at.% throughout the processing peri-
od.

The influence of current density is suffi-
ciently evident in the change of surface mor-
phology of oxide coatings obtained during
15 min. (fig. 3).

In the PEO process, cobalt incorporation
into oxide layers occurs in the form of drop-
shaped and spherical inclusions of blue-
purple color (fig. 3, a). With increase in oxi-
dation current density from 3 to 5 A/dm?,
their number increases, they form mosaic
structures and evenly cover the entire sample
surface (fig. 3, b). The resulting ceramic-like
coating has high adhesion to the substrate.
Oxidation of samples at 10 A/dm? leads to
cobalt incorporation in the form of volumi-
nous islet structures (fig. 3, ¢). Given a quite
rapid transition of PEO to the arc mode,
there is a tendency to these inclusions
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Fig. 3. Surface morphology of ALO3-CoOy coatings, obtained at different current densities, A/dm?:

(@)3; (b)5; (c)10; magnification x500.

peeling off from the substrate.

The results of the X-ray diffraction anal-
ysis exhibit difference between the silumin
samples oxidized ina pyrophosphate solu-
tion and in an electrolyte with cobalt sulfate
addition (fig. 4).

There are lines associated only with
a-Al,O; and Si on XRD patterns of samples
treated in a cobalt-free solution. And the
shape of XRD patterns for mixed oxide sys-
tems substantially changes which confirms
the incorporation of Co;0, oxides into the
alumina matrix. The intensity of the cobalt
oxide lines depends on the quantitative com-
position of the surface layer. The X-ray dif-
fraction pattern also revealed a wide halo at
angles of 20 ~10-30° reflecting amorphous
structure.

Testing the oxide system in the model
reaction of carbon (1) oxide conwersion to
CO, showed (table) that their activity (both
ignition and complete conwersion (T.) tem-
perature) is similar to platinum catalyst and
IS much better than the parameters of

alumina.

Pilot tests of mixed oxides deposited on
the surface of the combustion chambers pis-
ton of an ICE, showed that the coating of
Al,05;-CoO, allows ones to reduce NOy
emissions by 10 % and CO ones by 15-18 %
in forced diesel engine operating modes.
This is due to the lower the ignition tempera-
ture of the air-fuel mixture on the surface of
Al | Al,O3-Co0, catalyst composed of mixed
oxides with developed surface.

The heterogeneity of the chemical com-
position and a significant amount of doping
components in silumin in comparison with
pure aluminum result in differences in the
technological parameters of PEO [20]. This
is due to the consumption of a certain
amount of anode current at the initial oxida-
tion stage to homogenize the alloy surface.
The higher the operating current the faster
the alloy components oxidize from the sur-
face in the alkaline environment in the pres-
ence of pyrophosphate. The surface becomes
chemically homogeneous and phase alumina
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is formed. The latter serves as a matrix for
the incorporation of catalytically active co-
balt in the sparking region of PEO. The re-
flection of this is a change in the chemical
composition and morphology of the surface
of the sample in different sections of the
voltage chronogram.

Considering the competing processes of
formation and dissolution of phase oxide at
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Fig. 4. XRD patterns for oxidized silumin and
mixed oxide coatings. The composition is
similar to fig. 2, b.
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Tablel
Characteristics of CO conversion to CO;
, Metal, _

Material At %% Ti, K T, K
Pt 100 490 570
AlALO; 30.8 595 670

AlALO3-
CoO, 8.7 505 580

the initial oxidation stage, the actual growth
of the mass of the oxide layer is observed
only in the micro-arc mode with a gradual

increase and a maximum of 55 minutes of
processing. The optimal time interval, based
on the results obtained, is the oxidation of
AL25 within 30-55 minutes. In the studied
conditions, the micro-arc PEO regime is
maintained quite long, which leads to a uni-
form increase in the thickness of the oxide
layer with increasing processing time.

It is noticeable that the change in the
chemical composition of the formed oxide
coatings can be traced in the change in the
morphology of the surface layers in the vari-
ation of the time of PEO treatment. The in-
corporation of cobalt into the surface layers
substantially changes their morphology and
causes the formation of bulk structures with
a high specific surface. With increase in the
processing time from 15 to 20 minutes, the
morphology of the samples surface varies
from the characteristic alumina barrier struc-
ture to a highly developed mosaic one if co-
balt is incorporated in the alumina matrix.
This is due to a growth of the oxide layer
thickness and an increase in the cobalt con-
tent in the sparking mode. PEO treatment for
30-55 minutes leads to the consolidation of
the formed ceramic-like coatings and the
formation of the structure of bulk spheroids.
With increase in processing time of up to 60
minutes, the surface of the coating becomes
almost uniform due to the "healing™ of the
protrusions and defects, as well as the inclu-
sion of a significant amount of phosphates in
the surface layers. The obtained results are
in full accordance with the kinetic laws and
allow us to determine the rational time of
PEO for the application of oxide coatings of
a given composition and morphology.

The peculiarities of the phase structure
of obtained oxide coatings in combination
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with a dewveloped surface and a high cobalt
content are a prerequisite for their high cata-
Iytic properties. The catalytic activity of
mixed oxide systems can be attributed to
several factors. Firstly, it is a high affinity of
non-stoichiometric cobalt oxides to oxygen
and the corresponding decrease in the activa-
tion energy of O=0 double bond breakdown.
Secondly, the developed micro globular sur-
face of oxide systems is characterized by a
large number of catalytic centers and pro-
vides an increase in the number of elemen-
tary collisions and interactions.

CONCLUSIONS. Al,05-C050, mixed
oxide coatings with a cobalt content of up to
23.3 at.% were obtained on a high-silicon
aluminum alloy AL25 by one-stage plasma-
electrolytic oxidation in a cobalt-containing
pyrohosphate electrolyte. It has been estab-
lished that the surface concentration of Si in
mixed coatings is two to three times lower
than that in the processed alloy. The ratio of
cobalt and oxygen in the coatings is non-
stoichiometric; the content of cobalt in
mixed oxides increases with increasing cur-
rent density and operating time. With in-
crease in the cobalt content the surface mor-
phology varies from uniformly rough to mi-
cro-globular with relatively large spheroids.
The resulting oxide systems have a dewel-
oped surface with a large number of catalytic
centers, consisting of spheroids and toroidal
structures that alternate between themselves.
The application of Al,05;-Co;0, coatings on-
to the surface of combustion chambers helps
to save fuel and improves the ecological
characteristics of internal combustion en-
gines, which can therefore be recommended
for use in gas neutralization systems and in-
cylinder catalysts for ICE.

OCOBJIMBOCTI ®OPMVYBAHHA KOBAJIBT
BMICHUX OKCHIHMX IIOKPUTTIB HA
CWIYMIHI

M./I.Caxaenxo, M.B.Benp*, I'.B.Kapakypkui

Hayionanvnuii mexHIYHUll YHigepcumem
"Xapkiecokuti noaimexHiyHui incmumym", 8yi.
Kupnuuosa, 2, Xapkis, 61002, Ykpaina

*e-mail: vmv@kpikharkov.ua

Bupueno mpouec QopmyBaHHS 3MilIAHUX
OKCHUIHHMX MOKPUTTIB Ha BUCOKOKPEMH ICTOMY
QIIOMIHI€EBOMY CIUIaBl Yy KOOAJIbTBMICHHX M IpO-
dochaTHUX eNeKTpodiTaX METOJOM I1JIa3MO-
enekrponmruyHoro okucieHHs (ITEO). ITokaza-
HO, 1[0 TeTEPOTEHH ICTh XIMIMHOTO cKiany AJI25
00yMOBIIIOE HEOOXIHICTh BUTpPATH YaCTHHHU
aHOJIHOTO CTPYMY Ha TOMOTEH BaIlif0 MOBEPXHI,
0 BiTOMBAEThCS B MIHIMI3aIlil 3MICTy JIETYIO-
YUX KOMIIOHEHTIB Ha MOYAaTKOBii cTajii 00po0-
Ku. BeraHoBIeHO, 110 3pOCTaHHS BITHOCHOT Ma-
cu 3mimanux okcuniB AbO3-C0,Oy € dyHKIIi€IO
yacy 3 MakCMMyMOM, IO IpHUIanae Ha 55 XB.
XimiuHui, gazoBuil ckiaj i MopGoIoTis moBep-
XH1 yTBOPIOBAHOTO OKCHUJHOTO IIAPY 3aJIeXkKaTh
Bl yacy OKHUCJIEHHS. BMicT KaTaliruyHOro
KOMIIOHEHTa B TOBEPXHEBUX OKCHUJAX 3MIHIO-
erbest Bin 0,2 o 23,3 %ar. npu 301IbIIeHH] Ya-
cy 00po6ku Big 10 mo 60 xBummH. Makcumanb-
HE BKJIIOYEHHS KOOAJIbTy B IIAp OKCHUIY BITOY-
BaeTbes npu 1IEO 35-50 xBuimH, B TOM 4ac sk
BMICT KPEMH 0 B TOBEPXHEBUX IIapax He mepe-
BuIye 2 %ar., mo COpUATINBO IS KaTalITHY-
HUX BIACTHUBOCTeH. BriroueHHs okcuay koba-
ety C0304 y Matpuiio a-AbO3 BByanmizyeTbest
CTEPOTIHUMH TIOBEPXHEBHUMH CTPYKTYpaMH CH-
HBO- (PIOJIETOBOTO KOJBOPY, SIKi MEPEBAKAIOTH Y
MiclsIX MikpoayroBux po3psais. Llap 3mimano-
r0 OKCHUJlY ATFOMIHIFO 1 OKCHJIIB KOOAIbTy Xapa-
KTE€PU3YETHCS PO3BHUHEHOIO MIKPOTI00 yISIpH VIO
MOBEPXHEIO, IO CKIAAEThCsl 3 KOHTJIOMEpPATiB
chepoiniB i3 cepegHiM po3mipom 1-2 Mmkm. Y

ISSN 0041-6045. YKP. XIM . XVYPH ., 2020, t.86, No 1 19


mailto:vmv@kpi.kharkov.ua

N.D.Sakhnenko, M.V.Ved’, A.V.Karakurkchi

CTPYKTYp1 3MIIIAHUX OKCUIIB MPUCYTHI aMmop ¢-
Hi ¢a3u uepe3 HepiBHOBaXxkHI ymoBu [IEO. Cy-
KYITHICTh ONMHUCAaHuX (AKTOpPIB — IepeayMOBa
BHCOKHMX KaTATITHYHUX BIIACTHBOCTEH OKCHIHUX
nokpuTTB. IlepcriekTuBHOIO cdeporo 3acTocy-
BaHHs cucteM AbO3-C0Oy € BHYTpIHBOLIHITI-
HJIPOBUH KaTaJI3 y JABUTYHAX BHYTPIIMHBOTO
3rOpaHHSL.

KniodoB1 cioBa: mia3mMo-eaeKTpoIiTHIHE
OKCHTYBaHHSI, MAaTPHUIS OKCUIY QTIOMIH 0, OK-
CHM KOOANbTy, KaTaJiTWYyHA aKTUBHICTh, BHYT-
PIIIH bO-IIUJIHAPOBUM KaTaiis.

OCOBEHHOCTH @®OPMHNPOBAHMSA KO-
BAJIBT - COAEPXAIIIMX OKCHUHBIX IIO-
KPBLITUI HA CUWJTYMUHE

H.JI.Caxuenkxo, M.B.Bens*, A.B.Kapakypkun

Hayuonanvuwiii  mexuuueckuti  ynusepcumem
"Xapvkosckutl noaumexnuyeckut uncmumym”,
ya. Kupnuuoesa, 2, Xapwvros, 61002, Vrkpauna
*e-mail: vmv@kpi.kharkov.ua

W3yuen mpouecc ¢opMUpOBaHHUS CMe-
MIAHHBIX OKCHIHBIX TOKPBITHI Ha aTfOMUHHE-
BoM crutaBe AJI25 B kobanbrcopepikalieM IH-
podocdaraom snekrpoaute MeroaoM [130.
[loka3aHo, YTO TETEPOTCHHOCTh XUMHYECKOTO
cocraBa AJI25 oOycrnoBiauBaeT HEOOXOAUMOCTD
3aTparhl YacTU aHOJHOTO TOKa Ha TOMOTEHHU3a-
I[MIO TTIOBEPXHOCTH HA HAYaIbHOW CTamuu oOpa-
00TKH. YCTaHOBJICHO, YTO POCT OTHOCHUTEIBbHOM
Macchl cMeaHHbIX oken10B AbO3-C0,0Oy sBs-
eTcst pyHKIMelH BpEeMEHH ¢ MaKCUMYMOM, TpH-
XOISIIMMCs Ha 55 MUH. XUMUYECKUH, (a30BbIi
cocTaB ¥ MOPQOIOTUS TIOBEPXHOCTH CHOPMHUPO-
BAHHBIX OKCHJHBIX CJIOEB 3aBUCAT OT BPEMEHU
I130. Conepxxanne Co B MOBEPXHOCTHBIX CIOAX
u3mensiercs ot 0,2 mo 23,3 % ar. npu yBenuye-
HUM BpeMeHH oOpaboTtku ¢ 10 mo 60 mun. Croii
cMmemaHHbIX okcuaoB AbO3-CoxOy xapakrepu-

3yeTcsl pa3BUTONH MHKPOTIOOYISPHON MOBEpX-
HOCTbIO. B CTpyKType CMEIaHHBIX OKCHJOB
MPUCYTCTBYIOT amop pHBIC (pa3bl M3-3a HEPABHO-
BecHbIX ycinoBuil [190. CoBOKyITHOCT ONMUCAH-
HBIX (PAKTOPOB SBIISETCS MPEANOCHUIKON BBICO-
KAX KAaTQIUTUYECKUX CBOWUCTB OKCHUIHBIX IIO-
kpeiTHii. [lepcniekTuBHAs 00J1acTh UX TPUMEHE-
HUS — BHYTPUIIMJIMHIPOBBIM KaTalu3 B IBUTATeE-
JISIX BHYTPEHHETO CTOpaHUsL.

KnoueBrie ctoBa: IJIa3MCHHO-3JICKTPO-
JIMTUYCCKOC OKCUAHUPOBAHUEC, MATpHULa OKCHUA
AJIIOMHUHUA, OKCHUIbI Ko6aana, KaTaJIUTH4YCCKas
AKTHUBHOCTD, BHYTpI/II_II/IJ'II/IHIIPOBHﬁ KaTaJns.
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The results of the study of electrolytes based on gel solutions of DMSO-PVDF-lithium
salt with concentrations up to 0.05 m.f. and above 0.1 m.f. are presented. It is shown
that the conductivity of electrolytes is close to the conductivity of lithium salt solutions
in pure DMSO and obeys the Arrhenius equation in the studied range of temperatures
and concentrations. The calculated activation energies for electrolytes with a salt con-
centration of up to 0.05 m.f. are 14-15.4 KJ/Mol, and for electrolytes with a salt concen-
tration above 0.1 m.f. - 16.9-20.6 KJ/Mol indicate a fast ion transfer, which in more
concentrated solutions is inhibited by an increase in their crystallinity. The analysis of
the equivalent circuit models of the Li-Li systems electrochemical impedance spectra
showed the tendency of electrolytes to form capacitive elements at the lithium electrode-
electrolyte interface. It was recognized the presence of semi-infinite diffusion in LiClO4
and Lilm with salt concentration of 0.05 m.f., due to the imperfection of the film formed
on the electrode surface. The efficiency of using DMSO-PVDF-lithium gel electrolytes
on steel and platinum electrodes was analyzed by voltammograms.

Keywo rd s: polymer electrolyte, conductivity, lithium-electrolyte interface, conduc-
tivity activation energy, model circuit.

INTRODUCTION. Improving the per-
formance of lithium-ion current sources is

their sufficiently high viscosity, with retains
the necessary lewel of electrical conductivity

not possible without the dewvelopment of
electrolytes that are stable in a wide range of
temperatures, charge- discharge woltages,
and are indifferent to the main components
of the current source. The dewelopment of
gel-based polymer electrolytes has received
considerable attention in the literature due

close to liquid solutions. The use of polymer
electrolytes is also promising in lithium-
oxygen current sources (LOCS) in addition
to lithium-ion current sources with solid-
phase cathodes and anodes. The main ad-
vantages of LOCS, in comparison with tradi-
tional battery systems, are in high theoretical
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capacity and energy, which is due to the use
of molecular oxygen as a redox component
[1, 2]. The range of potentials of electro-
chemical stability of non-aqueous electro-
Iytes is significantly higher than that of wa-
ter, which allows increasing the specific en-
ergy of LOCS in their application [3, 4].
Howe\er, issues related to the stability of the
charge-discharge capacity during cycling
remain unresolved, and this does not allow
obtaining the capacitive characteristics nec-
essary for practical use. One of the reasons
for the decrease in capacitance during cy-
cling is the formation of sparingly soluble
products on the surface of the cathode and
anode. In this case the resistance at the elec-
trode-electrolyte interface increases, which
leads to an increase of the current source to-
tal resistance. The choice of electrolyte sys-
tems that can reduce the resulting resistance
Is considered as a possible way to solve this
problem. The required lewvel of electrical
conductivity, a wide range of potentials of
electrochemical stability, ensuring high sol-
ubility of oxygen and its diffusion to the
cathode surface, as well as the corrosion re-
sistance of lithium during storage and cy-
cling are the main requirements for electro-
Iytes [5].The use of electrolytes in the form
of gels was suggested in [6-8], the ad-
vantages of which include increased chemi-
cal and thermal stability compared to liquid
solutions [9, 10].

Polyvinylidene fluoride (PVDF) is one
of the most commonly used polymers for
producing gel and solid polymer electro-
Iytes. The solubility of PVDF depends on
the properties of organic solvents and reach-
es 500 g/kg of solvent, which makes possi-
ble to obtain gels with the necessary and

controlled viscosity. Howewer, not all sol-
vents capable of dissolving PVDF may be
indifferent to the lithium electrode and cath-
ode at the same time.

Dimethyl sulfoxide (DMSO) is one of
the solvents that are relatively indifferent to
the lithium electrode. Its use in electrolytes
for lithium current sources with cathodes
made of polycarbon fluoride, sulfur, and
LOCS is described in the literature [11-14].
At the same time, DMSO was not widely
used in current sources, which explains the
relatively small number of publications, in-
cluding those related to the electrical con-
ductivity of solutions of lithium salts (LiAn)
in a DMSO-PVDF mixture.

So, the purpose of this work is to deter-
mine the conductivity and electrochemical
stability of DMSO-PVDF-LiAn solutions
depending on the nature of the lithium salt
anion and its concentration in a DMSO-
PVDF solution owver a wide temperature
range. To establish the effect of the electro-
lyte composition on the transition resistance
at the lithium electrode-electrolyte interface
using the method of impedance spectrosco-
py. The obtained data will help to formulate
some approaches to the formation of electro-
Iytes for LOCS.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Lithium salts such as: lithi-
um bis(trifluoromethane)sulfonimide
LIN(CF;S0O,), - Lilm (>99%), lithium
fluoroborate  LiBF, (98%), lithium
trifluoromethanesulfonate LiCF;SO; - LiTf
(96%), as well as polyvinylidene fluoride
hexafluoropropyl PVDF-HFP (M = 400000)
(all Sigma-Aldrich) were dried in vacuum at
702 °C for 3 hours before the manufacture
of electrolytes. Lithium bis(oxalato)borate
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Tablel
Compositions of the studied electrolytes and their designations

Feature Lithium salt

LiBOB LiClO4 Lilm LiBF4 LiTf

Number of elec- 1 5 3 4 5 5 7 8 9 10

trolyte
Sa':ig‘r’]”‘;f?"a' 0.042 | 015 | 005 | 012 | 005 | 015 | 005 | 01 | 0.05 |0.17
Solvate melting
temperature, °C| 18 -29 10 -2,5 12 | -23,6 12 -1 18 =22

[16]

— LIiBOB was synthesized by the micro-
wave method according to the procedure
published in [15]. Before use, lithium per-
chlorate LiClO, (Sinbias, Ukraine) was re-
crystallized and dried in vacuum at a tem-
perature of 160-170 °C for at least 14 hours.
DMSO (99.7%, Sigma-Aldrich) was addi-
tionally dried over molecular sieves. To ob-
tain solutions of electrolytes, a solution of
PVDF in DMSO was initially prepared. The
PVDF granules were dissolved in DMSO at
a temperature of 70 °C until a clear solution
was obtained. Then, the calculated amount
of lithium salt was added to the resulting so-
lution, and to speed up dissolution, the re-
sulting mixture was heated for 10-15
minutes. The compositions of the solutions
are given in table 1 (salt concentration is
given in mole fractions (m.f.) and is calcu-
lated on a mixture of DMSO-PVDF). Elec-
trolytes and cells for electrochemical studies
were prepared and assembled in a dry
glove box. The electrolyte conductivity was
determined by the conductometric method
using the impedance spectra obtained in the
frequency range 10°-10° Hz using the Z -
2000 impedance meter (Elins, Russia) and
was calculated by the equationk =I/RS, |-

the distance between the electrodes, cm; R —
the resistance determined using the imped-
ance spectra, Q; S — the area of the elec-
trodes, cm?. To determine the conductivity,
two-electrode Teflon cells with X18H10T
stainless steel electrodes with a surface area
— 2 cm? and fixed distance between them of
0.4 cm were used.

The change of the resistance at the lithi-
um metal-electrolyte interface, depending on
the electrolyte composition and storage time,
was determined using impedance spectra ob-
tained in the frequency range 10" Hz at an
applied voltage of 20 mV and a temperature
of 25+0.5 °C using a Z-2000 impedance me-
ter (Elins, Russia). The range of electrolytes
potentials of electrochemical stability was
determined by voltammograms using a P-30
potentiostat (Elins, Russia) in a three-
electrode cell with a platinum or steel work-
ing electrode, a lithium auxiliary electrode
and areference electrode. DMSO  belongs
to the class of highly polar organic solvents,
which allows one to obtain its solutions with
a high concentration of lithium salts [11, 14,
17]. According to the phase diagrams pre-
sented in [16], the melting points (T,) of
solvates with a salt concentration of up to
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0.05 m. f. are in the range from 10 to 18 °C
(Table 1). For more concentrated solutions
corresponding to the eutectic point, T, this
temperature is much lower and, depending
on the anion of the lithium salt, is in the
range —29 — 0 °C. Based on this, for both salt
concentrations selected for work, the crystal-
lization temperature of the solution is below
room temperature, which allows them to be
in liquid conditions at room temperature.

The temperature dependences of the
conductivity constructed in the Arrhenius
coordinates are mainly linear, Fig. 1. Slight
deviations in the tilt angles are observed de-
pending on the concentration and nature of
the anion of the lithium salt. The presence of
PVDEF in the electrolyte, although it leads to
a significant change in the viscosity of solu-
tions, which is observed visually, does not
change the linear nature of the obtained
polytherms. In the table 2 the values of the
conductivity of DMSO - PVDF- LiAn solu-
tions at a temperature of 25 °C are given for
comparison. In accordance with the present-
ed data, an increase in the conductivity of
electrolytes with a lithium salt concentration
< 0.05 m.f. occurs in the following row:
LiBOB < Lilm < LiTf < LiCIO, < LiBF,.

For solutions with salt concentration >
0.1 m.f,, the conductivity changes in a slight-
ly different order: LiTf < LIiBOB <Lilm
<LiClO, < LiBF,. This agrees well with a
similar series characterizing the change in
the degree of dissociation of lithium salts
[18, 19]. An exception is DMSO-PVDF-
LiBF, solutions, for which was obtained an
abnormally high level of conductivity. For
most salts, the conductivity in less concen-
trated solutions is higher than in concentrat-
ed ones. This is due to changes in the struc-

In k& a
3.0
7
/
2.5F 9
3
20F
5
L5p . .
3.0 3.2 3.4 10°/T
In k O
| &&\&N
2r :)\\\
4
6
I 2
3.0 32 3.4 3.6 10°/T

Fig.1 Polytherms of the DMSO-PVDF-LiAn
solutions conductivity with lithium salt concen-
tration < 0.05 m.f. (a) and > 0.1 m.f (b). The
numbers on the curves correspond to the electro-
lyte number in the Table 1.

ture of the solvate because of increase in the
degree of ordering of the solution due to the
solvation of ions by solvent molecules.

The conductivity activation energy (E,q)
was calculated graphically, based on the
slope of the straight line constructed in Ar-
rhenius coordinates (In k-=1/T), where E,; =
tg a-(-R). In accordance to Arrhenius equa-
tion, the activation energy values calculated
on the basis of the linear sections of the In k—
1/T curves. Results are presented in Table 3.
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Table2

The conductivity of gel electrolytes at 25 °C

conductivity process. This process depends
on the salt concentration increasing. In this
case E,; also increases. Such behavior may

Lithi. |C€oncem Condu- | Conceny Condu- connect with the increase of the solutions
um salt tration,| ctivity, | tration,| ctivity, crystallinity.

: mf. | mS/cm | mf. | mS/cm The interaction of the lithium metal with
II:I'CB:%B 0605152 162'77 8%2 ‘713 electrolyte components is very important for
Il_ilm4 oo | or | o1 | 61 current sources with a lithium anode. As a
LiBF, | 005 | 13.7 01 111 result of the interaction of lithium with elec-
LiTf 0.05 11.2 0.17 3.4 trolyte components, a solid electrolyte film

For comparison, the activation energies cal-
culated by the authors of [16] for DMSO-
LiAn solutions are presented. The obtained
results show that the nature of the anion of
lithium salt does not significantly affect the
value of E,; and its order, which indicates a
fairly fast ion transfer [20].

A slight increasing of the Eact value was
observed in gel electrolytes and has been not
significant after comparing with liquid
DMSO-LiAn solutions. In accordance with
the Stokes equation, such effect can be ex-
plained by an increase of the solutions vis-
cosity with PVDF. However, according to
experimental data, an increase of the solu-
tions viscosity with increasing of PVVDF con-
tent does not change the mechanism of the

(SEF) is formed on its surface, the nature
and composition of which is determined by
the salt concentration, the nature of its anion,
and the composition of the solvents. In order
to determine the effect of the gel electrolyte
composition on the resistance of the SEF
formed on the surface of the lithium elec-
trode and its change during storage, the elec-
trochemical impedance spectra  of
Lilelectrolyte|Li cells were recorded and ana-
lyzed.

The impedance spectra plotted in the
Nyquist coordinates are shown in Fig. 2.
They have a semicircle characteristic of such
curves, the radius of which depends on the
electrolyte composition. Such characteristic
is mainly associated with the formation of a
film on the surface of a lithium electrode.

Table3
The conductivity activation energy of the studied electrolytes
Lithi c rati Eaq, kJ/mol c rat Eaq, kJ/imol
Isalitjm onci:]fra ion, e DMSO onccrerr:fra ion, DMSO-_ |DMSO
o PVDF [16] o PVDF [16]
LiBOB 0.042 15.3 13.7 0.15 19.6 23.8
LiClO4 0.05 154 12.6 0.12 20.6 16.8
Lilm 0.05 14.0 13.4 0.15 20.0 17.5
LiBF, 0.05 14.2 13.0 0.1 16.9 13.5
LiTf 0.05 14.3 13.7 0.17 20.3 19.4
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Fig.2 Impedance spectra of the Li | electrolyte |
Li cell after 5 hours of storage at a temperature
of 25 £ 0.5 ° C for electrolytes with a salt con-
centration of < 0.05 m.f. (a) and > 0.1 m.f (b).
The numbers on the curves correspond to the
electrolyte number in the Table 1.

The structure of the film formed on the sur-
face of the lithium electrode is quite com-
plex and consists of both lithium inorganic
compounds, which formed its dense part,
and organic compounds, which formed a
loose layer, consisting mainly of the prod-
ucts of the lithium interaction with solvent.
The sum of the resistances of the dense and
loose parts of the films corresponds to the
total resistance.

In electrolytes with salt concentration <
0.05 m.f., the resistance measured at the
maximum frequency in the Li-Li electrode
system after 5 hours of exposure changes in
such order: LiBF4 < LiTf <LiClO4 <Lilm
<LiBOB. With the exception of LiClO4, the
presented series is in accordance with a se-
ries of the electrolytes conductivity changes.
Thus, in the high-frequency region, the re-
sistance in the Li-Li system is depended
mainly by the conductivity of the gel electro-
Iyte. This corresponds to generally accepted
ideas about the formation of resistance in
this frequency range. At the same time, the
resistance of the SEF in the low-frequency
region (1 Hz) changes in a slightly different
order LiBOB< Lilm< LiBF4<LiTf<LiCIO4,
and differs from changes in the conductivity
of electrolytes. Such a mismatch may be due
to the contribution of the SEF resistance the
formation of which is affected by the elec-
trolyte composition. In electrolytes with a
salt concentration > 0.1 m.f., under similar
conditions, the SEF resistance in the high-
frequency range changes in the order
LiBF,<Lilm<LiClIO4<LiBOB<LiTf. @ And
also, with the exception of LiClO,, corre-
sponds to the order of the conductivity of
electrolytes changing. At low frequencies,
this  resistance  has  another  order
LiBOB~LiIm~LiBF, <LiTf <LiClO,. The
presented sequences of changes in the film
resistance depending on the composition of
the electrolyte are stored during storage, de-
spite the fact that the film thickness and its
composition, as well as the concentration of
charge carriers, can vary.

The dynamics of the resistance changing
Z' taken at a frequency of 1 Hz, depending
on the storage time of the Li-Li electrode
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Fig.3. Dynamics of the resistance Z change 'at a
frequency of 1 Hz in the Li | electrolyte | Li cell
depending on the storage time t for electrolytes
with salt concentration < 0.05 m.f. (a) and > 0.1
m.f. (b). The numbers on the curves correspond
to the electrolyte number in the Table 1.

couple for various electrolytes, is shown in.

In accordance to the experimental data, a
constant change in the resistance value is ob-
served, which is correlated with the films
thickness and a change in its structure. In the
initial period of time, after the assembly of
the cells, the resistance on the axis Z' de-
creases, but after passing a certain minimum
begins to increase. This behavior is ex-
plained by the dissolution of the primary sur-

face film formed upon contact of lithium
with the environment, and the formation of a
new film resulting from the interaction of
lithium with an electrolyte. The chemical
composition of the SEF is quite complex and
depends on the composition of the electro-
Iyte, which also affects its thickness, specific
ionic and electronic conductivity. The data
given in fig. 2 and 3 reflect the general pic-
ture of changes, which include changes in
the current lead - lithium contact, the lithi-
um-electrolyte interface, as well as in the
electrolyte composition, and do not reflect
changes in the dynamics of SEF formation.
Model of the equivalent circuits 1 and 2,
constructed from impe dance spectra.

R1 CPE1
W

R2

Scheme 1. Model equivalent circuit for electro-
Iytes1,2,6,7,8,9

R1 CPE1 Wol
YA ? W
R2

Scheme 2. Model equivalent circuit for electro-
lytes 3, 4 and 5

(Scheme 1, 2) , demonstrate that in all elec-
trolytes, contact with lithium leads to the
formation of capacitive elements formed as a
result of changes in ionic conductivity at the
lithium electrode-electrolyte interface. This
coincides with the general laws of charge
transfer in SEFs formed on lithium in elec-
trolytes of different compositions [24]. Only
a perfectly polarized electrode can hawe an
ideal impedance of the capacitance of a dou-
ble electric layer (DEL), which is observed
on geometrically and atomically homogene-
ous electrodes (liquid mercury or
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monocrystals) [25]. In all other cases, on
polycrystalline, including smooth solid elec-
trodes, the impedance is not purely capaci-
tive, because such surfaces contain several
layers that are frequency-dependent in na-
ture. To distinguish it from an ideal capaci-
tance, such capacitance is called “frequency
dispersion of capacitance”. For a simple de-
scription of the dispersion, the phase bound-
ary is often approximated by a constant
phase element (CPE), in other words, the ca-
pacitance C (frequency-dependent) is the
frequency power function, w, that is, C ()
o (iw) “*, where i - imaginary unit. In the
theory of impedance, such capacitances are
modeled by a shunted CPE element with a
standard deviation not exceeding 7 [21].

For electrolytes containing LiCIO, and
an electrolyte with Lilm at a salt concentra-
tion of 0.05 m.f., an additional element ap-
pears in equivalent circuits - open Warburg
(W,), which characterizes the presence of
semi-infinite diffusion. The reason for this
may be the imperfection of the SEF formed
on the surface of the lithium electrode [22],
which can consist, for example, in the high
porosity of the SEF, which facilitates the
transfer of lithium ions, or in the presence of
corrosion processes. Thus, electrolytes 3, 4
and 5 are modeled by circuit 2 with a stand-
ard dewviation not exceeding 0.005.

For equivalent circuits containing an el-
ement of the CPE constant phase, an analy-
sis was proposed in [23] using such parame-
ter as the dispersion of the capacitance Cyn,
which can be considered as an indicator of
the imperfection of films formed on metal
surfaces. The calculation of Cy,;, was carried
out using Bode diagrams according to equa-
tion 1:

1
Cmin =z, 27 (1)

3Rmax ®max

The Ry and wpmy are the resistance and fre-
quency corresponding to the maximum of
the semicircle, and the value of the exponent
y is determined by the slope of the imped-
ance spectrum in the high-frequency region
of the Nyquist diagram. The calculation of
the maximum values of the differential ca-
pacitance C,., was carried out according to
the Nyquist diagrams for different storage
time ranges in accordance with equation 2:

Crax = 3RpaxWmax (2)

max

After calculation this parameters the contour
diagrams were built in 3-D coordinates (ca-
pacitance, capacity dispersion, frequency)
(Fig.4). As result we received EIS images,
which demonstrate a charges change of the
lithium electrode surface in time. Using of
the such was approaches based on the theory
of transient processes and the Kirchhoff’s
laws for an electric circuit containing reac-
tive elements. They were used to obtain
some S-plane described by Duhamel inte-
grals [26] and to apply a graphical method in
the following time intervals: 0 <t <ty t; <t
<t,ut>t, [27]. In this case, the graph is
presented in the form of a triple diagram of
the dependence of the rate of change of ca-
pacitance C in a certain time interval At,
which is proportional to the capacitance at
the beginning of the time interval superim-
posed on the variation curve of the capaci-
tance as a function of frequency. Taking into
account that the dispersion of the capaci-
tance reflects surface disorder arising due to
the unevenness of atomic scales and energy
inhomogeneities at the electrode — electro-
Iyte interface [25- 29], this approach can be

max
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Fig.4. EIS images of the changes of the lithium surface in the electrolytes depending on the storage
time. The numbers in the diagrams correspond to the electrolyte number in the Table. 1
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used as an integral characteristic of the de-
gree of surface inhomogeneity in time. Thus,
the switching of the rate of change of capaci-
tance and the dispersion of the capacitance
in the studied time interval can be consid-
ered as an integral picture of the changes in
the SEF formed on the surface of the lithium
electrode depending on the composition of
the electrolytes, which is reflected in the EIS
images (Fig.4). The X axis indicates the stor-
age time, min, the Y axis shows the change
in capacity over time calculated according to
equation 2, and the Z axis represents the pro-
jection of the capacity dispersion C;, onto
the X — Y plane. The intensity of light tones
corresponds to the maximum dispersion of
the capacitance (charge) and can character-
ize the imperfection of the forming surface
films.

The presented EIS images show a signif-
icant difference in the surface structure of
the lithium electrode, depending on the stor-
age time and electrolyte composition. In
most electrolytes, with an increase in the du-
ration of their contact with lithium depend-
ing on the storage time, a maximum of the
dispersion of the capacitance is observed,
depending on the composition of the electro-
Iyte. After this, the formation of a more sta-
ble film is observed. The period of film for-
mation is characterized by the presence of
extrema, indicated in light diagrams by a
light tone, which indicate the existence of a
disordered SEF structure on the lithium sur-
face. The presence of these extremes, as a
rule, is observed in a relatively short period
of time, which corresponds to the accepted
ideas about the rapid formation of the disor-
dered structure of the SEF [24]. An excep-
tion is electrolytes 3, 4, and 8, that is, elec-

trolytes based on lithium perchlorate and
fluoroborate, where the SEF disorder per-
sists throughout the entire measurement time
and may be due to corrosion processes,
which is known for solutions with lithium
perchlorate in DMSO [28]. With an increase
in the contact time of lithium with an elec-
trolyte, the degree of film ordering increases.
This is characterized by a transition from
light tones in the contour diagrams to darker
ones. Thus, from the point of view of the
structure of the electrode — electrolyte inter-
face, electrolyte systems based on LiBF, and
LiCIO, salts can lead to an increase in inter-
nal resistance and, in the presence of corro-
sion processes, to decomposition of the elec-
trolyte, which are undesirable effects that
significantly affect the characteristics of cur-
rent sources. An electrolyte based on
LiBOB, at its high concentration, is also
characterized by a rather long period of SEF
formation, and from this point of view, its
dilute solutions have advantages. In all other
electrolytes, SEF is formed within ~ 100-
200 min.

The efficiency of using electrolytes
based on DMSO - PVDF gels in oxygen ox-
idation-reduction reactions was studied us-
ing voltammograms obtained on steel and
platinum electrodes in the voltage range 1.8-
4.6 V. The choice of electrode materials was
based on differences in the catalytic proper-
ties of these metals in oxygen oxidation-
reduction reactions. The obtained
voltammograms are presented in Fig. 5. Ac-
cording to published data [13], the peak on
the cathode branch of the curve obtained on
the platinum electrode in the potential region
close to 2.5 V (curve 1) can be attributed to
the process associated with oxygen reduc
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tion. In the wvoltammogram obtained using a
steel electrode, a similar peak is absent,
since steel is not a catalyst in the processes
of oxygen oxidation-reduction. The increase
in current at voltages abowve 4.5 V on the
steel electrode is explained by the decompo-
sition of the electrolyte.

CONCLUSIONS. The study results of
the conductivity of gel polymer electrolytes
showed that the systems based on DMSO-
PVDF solutions with lithium salts LiBOB,
LiClO,, Lilm, LiBF,, LiTf are characterized
by conductivity close to similar electrolytes,
including lithium salt and DMSO. The con-
ductivity activation energy calculated on the
basis of the Arrhenius equation is 14-15.4
KJ/Mol for electrolytes with salt concentra-
tion < 0.05 m.f,, and 16.9-20.6 KJ/Mol for
electrolytes with salt concentration > 0.1
m.f. The obtained values of E, indicate a
fairly rapid transfer of ions, which in more
concentrated solutions is inhibited by an in-
crease in their crystallinity. A slight increase
in E, for gel electrolytes in comparison
with DMSO-LiAn liquid solutions is not
significant, and an increase in the viscosity
of solutions due to PVDF does not change
the mechanism of the conductivity pro-
cess.The analysis of model equivalent cir-
cuits of the studied electrolytes did not es-
tablish significant differences in their struc-
ture, all electrolytes are prone to the for-
mation of capacitive elements, which are
formed as a result of changes in ionic con-
ductivity at the lithium electrode-electrolyte
interface. The changes on the surface of the
lithium electrode have been recorded using
EIS images based on capacitive elements
and their frequency changing. The presence
of diffusion in the LiClO, solution and Lilm

solution with a salt concentration of 0.05
m.f. was fixed by equivalent circuits of EIS
spectraand by EIS images.
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B po6oTti mpuBeneHi pe3ynbTaTé AOCHUDKEHHS
eJIEKTPOJIITIB Ha OCHOBI po3uuHiB renis IMCO-
[IBA®-cutp niTiro 3 koHLeHTparisiMu 10 0,05 m.
n. iBume 0,1 M. 1. mOKa3aHO, IO MPOBITHICTh
€IIEKTPOJIITIB € OJNM3bKOI0 0 MPOBITHOCTI PO3-
9uHB cojieil airito B yucromy JIMCO i minmo-
PAIKOBYEThCS PIBHSHHIO AppeHiyca B JOCHI-
JDKyBaHOMY IHTEpBaJli TeMIeparyp 1 KOHIIEHT-
partiii. Po3paxoBani 3HaueHHS €HEprii aKTUBAILii
JUIS JIEKTPOJIITIB 3 KOHIeHTparliero coni 1o 0,05
M. . CTaHOBJATH 14-15,4 xJ[>x/Momb, a I ele-
KTPOJIITIB 3 KOHIIEHTpallieto coni Buine 0,1 M. 1.
—16,9-20,6 xI>x/M0JIb, IO CBIAYUTH MPO JTOCTA-
THBO IBUJIKAN TEPEHOC 10HIB, KUK y OUIBII
KOHILICHTPOBAHUX PO3YMHAX TalbMYETbCS 301
JBUICHHSM CTYINEHIO iX KPUCTATMHOCTL AHAaII3
MOJICIFHUX €KBIBAJICHTHUX CXEM, OTPUMaHUX B
cucremi Li-Li, moka3aB CXMIIBHICTb €IEKTPOII-
TIB 70 YTBOPEHHSI €MHICHMX €JEeMEH-TiB, SKi
(GopMYyIOThCS B pe3y/iabTaTi 3MIHU 10HHOT IPOBI-
JTHOCT1 Ha TPaHMIlI PO3AUTY JITIEBUN €IEKTPO/I-
enekrponir. dns pozunniB LIiClO4 ta Lilm 3
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KoHIeHTpaniero coni 0,05 M. A B ekBiBa-
JCHTHUX CXeMaX 3’ sBISEThCS TOJATKOBUM elle-
meHT Wy (Binkputuii BapOypr), skuil xapak-
Tepu3ye HamniBOeCcKiHEUHE 1 (y3it0, sKa OB s-
3aHa 3 HENOCKOHATICTIO IUIIBKH, IO YTBO-
PIOETBCS HA TOBEpxHi enexrpoxny. [IpucyrHicts
mudy3ii 107aTKOBO TINTBEPKEHA KOHTYPHUMU
JiarpaMaMd €MHOCT1 Ta JucIiepcii éMHOCT1 B
IIMPOKOMY YaCTOTHOMY J[ialla30H 1.

KnwodoBi co0Ba:noaiMepHUld eIeKTpo-
T, TPOBITHICTH, TPAHUIS PO3ALTY JIITii-eTeK-
TPOJIIT, EHepris akTWBAIil MPOBITHOCTI, MO-
JIeTTbHA CXeMa.

BJIMAHUE KOHIEHTP ALIMN U ITPPO1bI
COJIN JIUTHUS HA XAPAKTEPUCTHUKU
I'EJIEBUX SJTEKTPOJIMTOB IMCO-IIB/1®-
LiAn

O. . MinoBanoBa, H. . I'no6a*, K. /1. Tlep-
nmHa, FO. B. IlImatok

Mesiceedomcmeaennoe omoeneHue 31eKmpoxu-
muyeckou snepeemurxu HAH Ykpaunwi, yn. Axa-
demuxa Bepnaockoeo, 38a, Kues, 03680, V-
pauna

Hucmumym obweii u Heopeanuyeckou Xumuu
um. B.1. Bepnaockoco HAH Yxpaunwt, np. Ilan-
naouna, 32/34, Kues, 03142, Ykpauna

*e-mail: gnl-n@ukr.net

B pabore mpuBeneHHBIE Pe3yNbTaThl HCCIEI0-
BAaHUS 3JIEKTPOJIUTOB HA OCHOBE PAacTBOPOB TIe-
neit  IMCO-TIB/I®-conp ymTHsI ¢ KOHILIEHTpa-
musMu 10 0,05 m. 1. u Beime 0,1 m. a. Ilokaza-
HO, YTO IPOBOJUMOCTh 3JIEKTPOJIHUTOB SIBISETCS
OJIN3KOM K TPOBOAMMOCTH PACTBOPOB COJICH JIM-
tust B unctoM JIMCO u nmoguuHsieTcs ypaBHe-
HUIO AppeHiyca B HCCIEAyeMOM HHTepBale
TEeMIIepaTyp M KOHIeHTpauuil. PaccuntaHHbie
3HAYECHUS DHEPIUM aKTUBAIUU JUIS DJIEKTPOIH-
TOB ¢ KOHIIeHTpauuen coma 1o 0,05 M. 1. npen-
ctaBisiioT 14-15,4 x/Ix/Monb, a st 37€KTPOIH-

TOB C KOHIIeHTpanuei conu Beime 0,1 M. 1. -
16,9-20,6 x/[x/MOnb, YTO CBHAETENHCTBYET O
JOCTaTOYHO OBICTPOM MEPEHOCE HMOHOB, KOTO-
pblii B Oo0Jiee KOHLEHTPUPOBAHHBIX PacTBOPAX
TOPMO3UTCS YBEIMUYEHUEM CTENEeHU HUX KpHU-
CTAJUIMYHOCTH. AHAINW3 MOJENBHBIX JKBUBA-
JICHTHBIX CXeM, TOJY4CHHBIX B cucteme Li - Li,
MOKa3al CKJIOHHOCTh 3JIEKTPOJIMTOB K 00pa3o-
BAHUIO IJIEMEHTOB €MKOCTH, KOTOphIe (hopMu-
pYIOTCS B pe3yibTaTe W3MEHEHUs MOHHOW Mpo-
BOAMMOCTH Ha TpaHMIE pasjena JUTHEBBIHA
anekTpoa-anekTponut. s pactBopoB LiClO4 n
Lilm ¢ xonmentpanueit comu 0,05 M. 1. B 9KBU-
BAJICHTHBIX CXEMaX IOSBJISETCS JOMOIHUTENb-
HbI 31emMeHT Wy (OTKpBITHII BapOypr), koto-
pBIi OmMHCHIBaeT moiry OeckoHeuHyro auddy-
3110, CBSA3aHHYIO C HECOBEPILIEHCTBOM IUIEHKH,
oOpa3yroleiics Ha MNOBEPXHOCTU 3IIEKTPOJA.
[MpucyrcrBue auddys3uu IOMOIHUTENBHO MOJ-
TBEP)KJICHO KOHTYPHBIMH JHarpaMMaMé €MKO-
CTU WM JUCIEPCUH €MKOCTH B HIMPOKOM YacTOT-
HOM JIMarnasoHe.

KnwouyeBble 0B a:NOJIUMEPHBIN dJeK-
TPOJUT, MPOBOAUMOCTb, TpPaHMIA pazfena JH-
TUH-3IEKTPOTIUT, YHEPTHS aKTUBALUK MPOBOIH-
MOCTH, MOJIE/IbHASI CXEMA.
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JI. S1. ITeiinGepr™

BJIUSIHUE 3AMECTHUTEJIEM HA CKOPOCTb PEAKIIMA 3AMEIIEHHBIX
AHWINHOB C BEH30MHOM KHCJOTOM, KATAJIN3UPYEMOM
MNOJJUBYTOKCUTUTAHATAMU

Hayuno-mexnuueckoe yupexcoenue «HMucmumym Xumuueckou mexHOI02UU U NPOMBIULLIEHHOU
aKonocuuy», ni. Xumuxos, 3, Pybescnoe, Jlyeanckas o6n., 93009, Vrpauna
* e-mail: leon.shteynberg@gmail.com

KaTtaymrmaeckoe nonydeHre OCH3aHMIHIA B3aUMOCHCTBIEM OSH30MHOW KHWCIIOTHI C aHWIH-
HOM — BayKHBI MOJICJILHBIN MPOLIECC MPSIMOTo KaraluTUIEeCKOr0 aMIINPOBaHNsI, UHTEHC MBHO pa-
3BMBA€MBbIil B TIOCJIEHEE BpEMs B 00JIACTH KOHILCIIIMM «3€JIeHOH Xxumumw». Ero myuenue siseTcs
aKTyaJIbHOW HAYYHOW U MPaKTHIeCKon 3a1adeil. B manHol paboTe ncciieJoBaHO BIIMS HUE 3aMECTH-
TeJel B AApe aHWIMHA HAa KaTaju3 MOMUOYTOKCUTUTAHATAMY aIIMPOBAHKS 3aMEIICHHBIX AaHWIH-
HOB OeH301HOUM KucinoTOW. KOHCTAHTBI CKOPOCTH 3TOHM peaKIpH Broporo mopsiika (TiepBblid To 3a-
MEIICHHOMY aHWIMHY M O€H30MHOM KUCIIOTE; KUAMSIUi opmo-kewion, 145 °C, Tok a3oTa) XOpoIIo
KOPPEJNHPYIOTCSA 10 YpaBHEHHIO [ aM-Mera Tpemsi OTpe3KaMu MPSIMBIX J1J1s1 OTAETIbHBIX TPYTII 3aMec-
tureneit ¢ p =—0.86 (anexrponogoHopsl), 1.12 (cnadble AnmeKTpoHOoAKIENTOphl) U —2.83 (CHUIbHBIC
ANIEKTPOHOAKIENTOPBI). {11 00BsICHeHHS TaKO 3aBUC IMOCTH TPEIJIOKE H Bapria HT MeXaHmMa Ka-
TaJIMTUYE€CKOTO aMUIUPOBa HUSl , YIUTHIBAIOIINI (POPM UPOBAaHUE B MEPBBIC MUHYTHI pPeaKkUuu OyTo-
KCHOEH30aTOB THTAHA — MCTHHHOTO KaTaJM3aTopa Mpolecca; KOOPAMHALMOHHBIN (TOMs-pH3aIys Ka-
POOHWIHHO CBSI3U MPU B3aMMOICHCTBUM C aTOMOM THTaHA KaTaJlM3aTopa) M KUCIOTHBIH (MOMISpH-
3a1us KapOOHWIb HOM CBSA3H NPU B3aMMOJEHUCTBUM C KOMIUIEKCOM OOpa3yFOILIEToCs 3aMEILCHHOTO OeH
3aHWIHIA ¢ OyTOKCHOEH30aTaM1 TUTAHA) MApHIPYTHI KATAIH3A.

WHrub npoBaHYe KaTaJIUTHYECKON PEaKIMU CBSI3aHO C HAJIMUHMEM B Macce BOIBI, OTHOCHUTEIIb-
HOTO M30BITKa OEH30MHOW KHCJIOTHI ¥ BO3MOXKHOM aMH0-UMHTHOM TayToMepreit 3a-MelIeHHBIX OeH-
3aHWIWOB, COMPOBOKIAIONICHCS B3aMMOJIeHCTBUEM MMUTHOK (DOPMBI MOCJIEIHKX C OyTOKCHOCH30a-
TaMU THUTaHA, YTO He NIPUBOIUT K MApUIPYTY KHCJIOTHOTO KaTaju3a.

KoHCTaHTBl CKOPOCTH KAaTaJIMTHIECKOTO AIIUPOBAHUS OCH30WHOUW KHUCIIOTON 3aMeIeHHBIX
AQHWJIMHOB, COACPKAIIMX AJICKTPOHONOHOPHBIE 3aMECTHTEIH, B BO3IYIIHOW aTMocdepe Koppeiu-
pyrotcst To ypaBHeHmo ['ammerta orpe3koM mpsiMoid ¢ p = 0.99, d9ro cBsizaHO ¢ MpeobJiasarommM
BIMSIHAEM TIPOLIECCOB OKHUCJICHWs] aMUHOB. Ha KaTanmuTudeckoe alinpoBaHHE B COINOCTABUMBIX
YCIIOBMSIX 3aMEIIECHHBIX AHWIMHOB, COJIEPXKAIIMX AJEKTPOHOAKLENTOPHBIE 3aMECTHUTENH, IpoLec-
Chl OKHMCJICHHS 3a CUET KHCJIOpoJa BO3yXa BIUAIOT Mallo.

KnowwueBB € ¢ 0 B a: NOIMOYTOKCUTUTAHATHI, KHHCTHKA, KOHCTaHTA CKOPOCTH pe-
aKkimu, OeH30HasT KUCTIOTa, 3aMElleHHBIE aHWTUHBI, 3aMEleHHbIe OCH3aHWTHIBI, ypaBHe HUE | am-
MeTa, KaTallus.
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Brnusnue zamecmumeneii na CKopocmb peakyuu &lMeuKWHbufaHuﬂuHOG(?6éH30ﬁH0ﬁKuCﬂ0nHMZ.“

BBEJIEHUE. AMunbl apOMaTHUE€CKUX Ka-
POOHOBBIX KHCJIOT HIMPOKO MPUMEHSIOTCS B Ka-
YeCTBE OCHOBBI MECTUIMAOB, MEJUIUHCKUX
MpeNapaToB, KpacuTeNel, TEPMOCTOMKUX TIO-
aumepoB [1, 2]. VX monydeHwre mpsiMbIM B3au-
MOJICHCTBMEM apOMATHUYECKUX KapOOHOBBIX
KHUCJIOT C apOMaTHdeCKUMU aMUHAM U TIPOTe-
KAeT C OTHOCHUTEJIbHO HU3KUM BBIXOJIOM, & HUC-
T0JIb30BAHKUE B ATHX MPOLIECCax XJIOPCoaepiKa-
IMX KOHIEHCHPYIOIINX are HTOB COIPOBOXK-
naeTcsi 00pa3oBaHUEM OOJBIIOTO KOJIMYECT-
Ba oTXx040B [3]. ITosTOMYy M3yudeHue npsiMo-
ro KaTAIUTUYE€CKOTO alWIUPOBAHUS apOMaTHU-
YECKUX aMHMHOB apOMaTHYECKMMH KapOOHO-
BBIMU KHCJIOTAM U SIBJISIETCSI BAXXHOW Hay4d HO i
1 MPaKTUIECKOW 3ajadeil.

Panee uccrnenoBaHa BO3MOYHOCTh CHUH-
T€3a 3aMelle HHbIX O€H3aHWINI0B B3auMo/ie-
HCTBHEM 3aMeIle HHbIX aHWIUHOB C OEH30 i
HOW KHUCJIOTOW B MPHUCYTCTBUH TETPaOyTOK-
cuturana (TBT) u nponykToB ero rugpoiu-
3a — nosubyTokcururanatos (PBT) [4].

B mureparype (aktuuecku OTCyTCTBYIOT
JIaHHBIE O PEaKIMOHHOM CTIOCOOHOCTH 3aMe-
LIEHHBIX AHWJIMHOB IIPU UX B3aHUMO/J€ CTBUU
C apOMaTU4eCKUMH KapOOHOBBIMU KHCIOTaMHU.

Ilems HacTOsmed pabOTBI — W3YYCHHUE
BIIMSIHUSI 3aMECTUTENCH B peaKiuy 3aMelIeH-
HBIX aHWIHHOB ¢ OCH30MHOM KUCJIOTOM, KaTa-
mBupyemMoil nommoytokcururanatamu PBT:

COOH N
CONH

X
f\j +H,0. (1)
=

OKCIIEPUMEHTAJIPHAA YACTh. be-
H30M-HYI0 KHCJIOTY, OpmOo-KCWIOJI, 3aMelICH-
uele anmwinHel AaX (X = H, 2-CHj, 3-CHj;, 4-
CHjs, 3-OCHg, 4-OCHjs, 4-NH,, 3-F, 4-F, 4-Cl,
3-Br, 4-Br, 3-NO,, 4-NO,) ouwuranu u ucmo-
Jb30BaJM, KaK OTUCaHo B padote [4]. Takum

PBT

H;
+ x 2

ke 00pazoM 0O paIakch ¢ 3aMENICHHBIMU aHU-
audamu AuX (X = 2,5-Cl,, 3-Cl, 4-OCH,CHj,
2-OCHjs, 2,3-C4H,), xoTOpBIe OBLIN TIOTyYe-
HbI OT KoMmanuii Sigma- Aldrich u Acros Or-
ganics. UucToTy aMHMHOB OIICHUBAJIA METOJIOM
KX ¢ momoupto xpomarorpada JIXM-8M/],
Kak ykazaHo B pabote [4].

3aMelleHHble aHWINABl OCH30MHOH KHU-
caotel baX (X = 4-OCH,CHs, 2-OCHj5, 3-Cl,
2,5-Cl,, 2,3-C,H,) cuHTe3uMpoBaiu U BbIjE-
JISLTA TI0 METOJTHMKE, TIPUBEICHHO B padboTe [4].
YucToTy aHWINAOB KOHTPOJIUPOBAIH 10 TEM-
riepatype TUIaBJICHHs, CPAaBHUBASI C JIUTEpaTyp-
HBIMH JIaHHBIMH, METOJaMH TOHKOCJIO MTHOM Xpo-
matorpadun (TCX), UK- u [IMP-cniektpocko-
UMY, a TAKXKE DJIIEMEHTHBIM aHAJIHU30M.

Obpazen PBT rortoBunu mnpenBapureib-
HBIM THAposm3oM TBT B BUIE opmo-KCWIO Tb-
HOTO pacTBOpa BO BiaxkHOU kamepe [5]. [lo-
Jy49eHHBIH pacTBOp KaTarmzaropa napaduHu-
poBanu B KoJibax oobemoM 50 MII U IpUMEHS-
71 B TeUeHUE He OoJiee IByX—TpeX HeJeb, Te-
PHOAMYECKH MPOBEPsisl aKTUBHOCTh KaTajau3a-
TOpa B TECTOBOM peakiuu OCH30MHOU KWC-
JIOTHI C aHWIMHOM TI0 BBIXOy O€H3aHWINA 32
1 wac B conocTaBuMBbIX ycioBusix. [Ipu m3mene-
HUM Katamurudeckor aktuBHocth PBT (BBI-
X011 Oem3aHununa oTinJancs 0ojee yeM Ha 3
% 3a 1 yac) HauMHAIW paboOTaTh CO CIEIYIO-
et KoJa0oi ¢ opmo-KCWIOIBHBIM PacTBOPOM
katamm3atopa. [lockosbKy COCTaB TOTy9YeHHBIX
PBT To4YHO He M3BECTEH, UX NMPHUMEHSIU B TO U
K€ MacCcOBOM KOHUEHTpauuu, 4to U TBT.

Tonyyenue 3ameujenHvix beHsanumoos. B
K0JIOY, cHaO ke HHYI0 Hacanakoil J[una-Crap-
Ka 3aroJTHEHHO i 0pmo-KCWIOJNIOM, 0OpaTHBIM
XOJIOWIbHUKOM 3arpy:xanu 16.4 Mmoo 3a-
MelleHHoro anwinHa, 1.0 r (8.2 Mmous) OeH-
301HO KHCITOTHL 40 M OpMmMO-KCWI0J1a, TIOME-
majayd KoJI0y B TJIMIEPUHOBYIO OaHIO, IMpoO-
JyBaJI¥ TIPOCTPAHCTBO B KOJIOE HAJ Maccou B
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teyenne 10—15 MuH cinaOBIM TOKOM a30Ta,
KOTOPBIN OCTaBajCs MOCTOSIHHBIM B TCUCHHE
BCETO BPEMEHU NPOTEKaHMUs peaklMU. 3aTeM
HarpeBam Maccy 10 30-35 °C o mosHOTO pa-
CTBOPEHUS WCXOJHBIX BEIIECTB, NOOABIISIH
0.056 r PBT (0.164 mMons B mepecueTe Ha
TBT) u 6sicTpo, B TeueHue 2—4 MUH, Harpe-
BaJIM Maccy a0 kunenus npu 145 °C, Beiaep-
KUBAJIU OTIPEICIICHHOE BPEeMsi, OTTOHSS a3€0-
TpON BOJA—0pmO-KCWIOJL.

NHTeHCUBHOCTh M pABHOMEPHOCTh KHIIE-
HUSl pEaKLIMOHHOM Macchl KOHTPOJIMPOBAIIH,
MOJJICPXKUBAsE TEMIIEPATypy Te IO HOC UTE Jist
(rmunepuna) B 6ane Ha yposae 159.0 °C B mpe-
nenax 10 0.1 °C, kak ykasaHo B pabote [6].

[locne okoHYaHMS BBLAEPKKH OBICTPO OX-
Ja)KAay peakIuo HHyI0 Maccy A0 KOMHATHO i
TEMIICpaTypbl U MPOBOIWIH OTIPE/ISTICHAC KOH-
IIC HTpAITMU HeTpopearupoBaBiieii OCH30MHO i
KHCJIOTHI TIO TCHIIHOMETPUYECKHM HEBOIHBIM
TUTPOBAHUEM C TIOMOIUIBIO THAPOOKHUCH TET-
pasTwiiaMMO HUsI Ha Mo Homepe IB-74 1o me-
TOJWKE, OTMMCaHHO U B paboTte [7]. B kauecT-
BE paboyero 3JeKTpojia MPUMEHSIIN CTEKIISIH-
HbI# nekTpoa DCJI-43-07, sanekTpoia cpas-
HEHUSI — XJIOpcepeOpsaHbIi AekTposa. Tou-
HOCTh m3MepeHuit coctaBmsina +1.0 % ab-
COJIIOTHBIX.

Panee [8, 9] nmoka3zaHo, 4TO 1O 3TOMU Me-
TOJIMIKE YAACTCs YCTIENTHO OTTUTPOBHIBAThH OT-
JIeTIbHO B cMecH O€H30MHYI0 KHUCJIOTY U 3a-
MeELIeHHbIE O€H3aHWIN bl

[Ipu mpoBeneHny peakluy B BO3TYLIHON
arMocdepe UCKIIYald TOK a30Ta, a TOCHe
OKOHYAHUs PEaKIUU BBIICISUIM U HACHTU( U-
IIUPOBAIM COOTBETCTBYIOIHE 3aMEIle HHbIC
OeH3aHWINIBI Kak B padote [4]. ToyHOCTH W3-
MepeHnuii coctapsia 2.5 % aGCcoOTHBIX.

Crextpsl SIMP'H (aHanm3 4HCTOTHI 3a-
MEIIEHHBIX O€H3aHWIUI0B) PETUCTPHUPOBA-

au Ha crekTpomerpe Varian MR-400 (400
MI'n) B neittepupoBanHom JIMCO wnu B
CDCl; mpu 25 °C, B KauecTBE BHYTPEHHETO
CTaHfapTa npuMeHsu TeTpameTwicwian. UK-
CIIEKTPHI 3alKChIBaIu Ha mpudoope Specord
UR-75 B Tabnetkax KBr.

AHanu3 peakMOHHBIX CMECEN METOA0M
TCX npoBoAWIN C HKCTOJb30BaHUEM ILIAC-
THH, TIOKPBITBIX cuwiukaresiem 60 F254 (Merck).
Paznmunple nsATHa BIBYAIM3UPOBAIU C TO-
Motbto Y®-namiel (254 HM), B pszie ciyda-
€B — C MNOCJIEeAYI UM MPOSIBJICHUEM C IO-
MOIIBIO TIEpMaHraHaTa Kaius Win Hoja. JJro-
€HTBI: IIMKJIOTEKCaH : 3TUJIALETaT : METaHOJI
= 20:9:1 wmm n-rekcan : sTmwianeTar = 4:1 (00b-
E€MHBIC COOTHOIIICHHMS).

ObCYVIK/IEHUE PE3VJIBTATOB. s
0oJiee MOTHOW OTIEHKU BIIMSHUS 3aMECTHTe-
Je¥ nonoiaHuTeNbHO K baX, nmojaydeHHbIM B
pabote [4], ucclieToBaId BO3MOKHOCTh CHH-
TEe3a psijia HOBBIX MpoayKToB (ypaBHenue (1)).
[TokazaHo, YTO MPU KUTAYECHUH B OPMO-KCH-
none oOpazyrotes cienytomme baX (X, BbI-
xon B %/Bpems B 4, T, °C, nuTeparypHbIii
ucrounuk): 2-OCHs, 97/3, 61-62, [10]; 3-Cl,
97/5, 114-116, [10]; 4-OCH,CHg, 95/3, 172
-173, [11]; 2,5-Cl,, 72/8, 120-121, [12].

Kpome 3amenie HHbIX aHWIMHOB B peak-
U0 ¢ OEH30MHO M KHUCIOTOM Tak»Ke BCTYyIia-
et l-nadprunamun (X = 2,3-C4H,, 96/6, 157

-158, [10]) :
COOH  NH; J/“]

p Sy PRI & CONH_ PN o
QO (™Y

B peakmmoHHO# Macce pakTuuecku Ha-
XOJISITCS TOJIBKO 3aMeEIlleHHbIe OCH3aHMINIBI,
KOTOPBIE BbIIEJICHbI KOJIMYECTBEHHO, a X CTPO-
eHue, kpome 17, TOATBEPKIEHO JaHHbIMU SIMP
'H-u NK-cnexTpoB, 3IEMEHTHBIM aHAJIU30M.
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HccnenoBaHa KMHETHKA alMUIMPOBAHUS
3aMEILEHHbIX aHWINHOB O€H30MHOM KUCIJIOTON
B npucyrctBuu PBT B mHepTHO# atmocdepe,
B TOKE a30Ta, NPHU MOCTOSHHBIX HayalbHbIX
KOHLEHTPAIMAX MCXOJHBIX BEIIECTB M Kara-
JM3aTopa B OTACIBbHBIX CEPUAX KCIIEPUMEHTOB.
ITpu npoBeneHNN peaknuy napade Huie H u-
amuHa (X = 4-NH,) ¢ 6eH301iHO if KUCTIOTOH, C
Y4E€TOM MPEUMYILECTBEHHO MPOTEKAOIIETO MO-
HO aliJIMPOBaHUSA 10 4 -aMHMHOOE H3aHWINIA
1 00pa3oBaHuUsl OTHOCUTEJILHO MaJIOTO KOJIU-
yecTBa Au0Oe H30 minapade Hwie HinamuHa [4],
MoCIIeTHe peakIuell mpu pacueTax MpeHeo-

peranm:
COOH  NH, CONH @ NH,
PBT PBT
+ R .
NH,

— @CONH—@—NHCO @

AnaMOp}o3bl KHHETHICCKUX KPHUBBIX
(Kyagn-t) st Becex baX BeMUCISUTUCH TI0 (HOP-
MyJiaM, MpecTaBlIeHHbIM B paboTte [13]. Jlu-
HEeWHBIN XapakTep aHaMop(o3 B KOOPAUHATAX
(Kya5,'t) —t, mpu cTe e HU TpeBpariie Hust Oe H-
30iHO 1 KHUCJIOTHI He Oostee 40-45 % (puc. 1)
BO BCEX CJy4asX, CBHIETEJILCTBYET O TOM,
YTO 3TOT NpoTecc GOPMATLHO SBIISIETCS PEaK-
IMe BTOPOTO TOpsiKa (MepBOro Mo 3aMelleH-
HOMY aHWIWHY | OeH30MHOU Kuciote) [14].

[To tanrency yria HakjaoHa aHamopdo3
ObLTM paccuuTaHbl HaAOJOAaeMBble KOHCTaH-
ThI CKOPOCTH peakiiu (K,q,5,), BBIPaXKEHHbBIC
yepe3 KOHCTAHTBI CKOPOCTH KaTAIUTHYECKOUN
(Kear) 1 HexaTamuruaeckKon (K, o) peaKmuii:

(2)

W3BectHo [15], 4TO HeKaTaTUTHICCKOE
alMIMPOBAHKE 3aMeIIe HHbIX aHHJIWHOB O¢H-

kHa6n = kHeKaT + kKaT ’

K6 °ts JTMo0uT!

210 1 C?

1,0 1

0,5 1

0,0 |

0 10 20 30 40 50 60
Bpems peakuus t, MHH

0 05 1 15 2 25 3 35 4
Bpems peaknun t, gac

Puc. 1. Anamop(o3bl KHHETUYECKHX KPUBBIX 00-
pazoBanus CgHsCONHCgHs X — 3amemeHHbBIX
oenzanunuao  ([PhCOOH]y = 0.205 mounw/m;
[NH2CsHsX]o = 041 monw/n; [PBT]o = 0.0041
moub/im), tie X: 1—4-NHp; 2-2-OCHs; 3-4-Cl;
4-4-OCHgs; 5-4-OCyHs; 6—-4-Br; 7—3-OCHz;
8-4-CHs; 9-2-CHs; 10-4-F; 11-3-CHs;, 12—
H; 13-3CH; (a); 1-3Cl, 2-3-Br; 3-2,3-
C4H4; 4— 2,5—C|2; 5- 3—N02; 6 — 4-N02 (@

3oiHO 1 kucyoTo npu 160 °C (sTa Temnepa-
Typa OJIMBKa K TeMIepaType peakiuu B op-
mo-xcunone — 145 °C) mpoTekaeT Kak pea-
KIS BTOPOTO Mopsjika: (MepBOro mo amuHy
1 0eH301HO ¥ KucioTe). T103ToMy MO3KHO J10-
MMyCTHUTb, YTO HCKATAJIUTHUICCKOC aMHIHPO-
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BaHUE B OpmMO-KCHWIOJIE TAKXKe ABJISETCS MPO-
IICCCOM BTOPOTO MOPSIIKA, U BBIMUCTUTD K e ar
ucxonsa u3 (HopmyIbl

WHeKaT = kHeKa‘r'([AHX]O - [BaX]t)([BK]O -
- [baX]y), (3)

rae [baX]; — koHueHTpalus 3aMeIIeHHOTO
GeH3aHWIHIA (MOJIBT ') B MOMEHT BPEeMEHH t
(1); [AuX]y, [BK]y — HauanbHble KOHIECHTpa-
[IUH 3aMEIEHHOTO aHUJINHA U 0€ H30 THO I K-
CJIOTBI COOTBETCTBE HHO.

ITpu 3toM W, o (ar PACCUMTBIBAIN KaK CpE-
JTHIOK0 CKOPOCTh AJi4 BbixoJ1a baX 3a 6 yacos
no dopmyne [14]:

Wi = 0

rae [baX]y — HauambHas KOHIGHTpaIws, pa-
BHas HYIIIO.

JI1s BceX aMMHOB HeKaTATUTHIECKas pe-

aK1us IpOTEeKaeT ¢ BhIXoJ10M He Oonee 0.5—
1.5 % 3a 1 uac. IloaToMy paccYuTaHHBIMHU C
npuMe HeHreM ypaBHeHUH (3), (4) Kyear, BBH-
Jly UX OTHOCHUTEJIbHO MaJIoro 3HaYeHus, B ypa-
BHEHMH (2), KaK U paHee I aluINpOBaHUs
aHWIWHA OCH30MHOM KHUCJIOTOM, MOYHO TIpe-
HeOpeyb.
C neap0 OICHKH BJIMAHUA 3aMecTuresieii X
MOCTPOCHBI 3aBHCUMOCTH JIOTapUPMUIECKON
KOHCTaHThl CKOPOCTH KaTaJIUTUYECKOU pe-
aKIIMU OT G-KOHCTAHT (pucC. 2) U JoTapudmu-
YeCKHUX KOHCTAHT OCHOBHOCTH Kpx (puc. 3).
Ecnu O6parts 3HaueHUE MOCeHUX B BOJIE, TO
TYT OOJIbILIOE BIMSIHUE WIpaeT rujaparanys 3a-
MECTUTENIE U X, YTO MOKET NPUBOJUTH K MC-
KakeHuto pesyisibTaroB [18]. [lostomy, muis
BeraucieHust 1g(Kypx/ Kpy) BOCTOIB30BAIHCH
NAaHHBIMHY MO0 KOHCTAaHTaM accoluaimu AHX
¢ ()€HOJIOM B MAJIOTIOJIIPHOM Y€ THIPEXXJIOPHU-

ctoMm yriaepone [19]. Panee, ucrons3ys 3ToT
pacTBOPUTENb, HAM YJAJOCh YCIELIHO Mpo-
BoauTh ruAponam3 ThT u u3yuyats ero npore-
KaHue ¢ nomompbro metona IIMP-cnektpo-
ckonuu [5].

120K o/ K1)

0.7 -

-1,7 T T T T T T T T
08 06 04 02 0 02 04 06 080

Puc. 2. Koppensuust KOHCTaHT CKOPOCTH Ka-
TIATHIECKOTO 00pa30BaHMS 3aMEIICHHBIX OCH3-
anumuaoB CgHsCONHCsHsX (o manHBIM pHC.
1) 19(Kwum xKsam 1) o-KOHCTaHTamMu ['ammera st
mema- u napa-X, Tadra — mana opmo-X [16],
s 1-wagrunamuna [17]. g X = 2,5-Ch o-
KOHCTaHTa MOCYMTaHAa KaK CYMMa G-KOHCTaHT
npu X = 2-Clu 5-Cl. Homepa Touek mo X: 4-
NO; (1); 3-NO; (2); 2,5-Ck (3); 2,3-CsHq (4);
3-Br (5); 3-Cl(6); 3-F (7); 4-Br (8); 4-CI(9);
3-OCHs (10); 4-F (11); H(12); 3-CH3 (13); 2-
CH3 (14), 4-CH3 (15), 4-OCZH5 (16), 4-OCH3
(17); 2-OCHs (18); 4-NH; (19); KpuBas 4 —
peaxuusi B TOKe a30Ta; KpuBas b — B BO3IYIIF
HON arMocdepe.

Kak BwiHO m3 puc. 2, (kpuBas A), ['am-
METOBCKasi 3aBUCUMOCTh UMEET CJIOKHBIN He-
nuHeViHbIH BuUA. Ha kpuBOil HabmomaroTcs
OJIMH MakCUMyM U OJWH MUHMUMYM. J[Ji1 OT-
JeNbHBIX TPYII 3aMECTHTENIEd MOYKHO UCTIO-
Jb30BaTh KOPPEJSILIMIO OTPe3KaMU MpPSIMBIX:
1 3neKTpoHOT0HOPOB (0T X =H 10 X =
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NH,, p=-0.86, xo3ppunpueHT KOPPEIIs UK
r = 0972) u OTHOCUTENILHO CWIbHBIX DJICKT-
poHoaktenTopos (ot X =4-NO, mo X =4-Cl,
p=-2.83, r=0.962) — ynoBieTBOpHUTEIIHHASI
KOPPEJISIHS; Il OTHOCUTEIILHO CJIa0bIX dJie-
krpoHoaknentopoB (ot X=4-Cl no X=H, p
= 112, r = 0.913) — npudIM3UTEILHAS
KOppe JIS s .

Ha puc. 3 (x0T 31ech OTpaKeHBI JaH-
HbIC HEe JUIA BceX X, a TOJIbKO JIJISl U3BECTHBIX
no paborte [19]) nHabmomaercss cxomHas ¢o-
pMa KpHWBOH, Kak U Ha puc. 2 (kpuBas A).

]g(klc-.rr.xfkmrr.l I)
0,3 -

0,25 -
0,2 -
0,15 4
0,1 A
0,05 -

0 -

—0,05 T T T T T 1
-0.3 -0.2 ‘01 O 0,1 02 03

12(Kpx/Kpr)

Puc. 3. Koppensiiinsi KOHCTaHT CKOPOCTH KaTa-
JUTUYECKOTO 00pa30BaHUs 3aMEIICHHBIX OCH3-
anumuaoB CgHsCONHCsHiX (o manHBIM pHC.
1) 19(KamxXamp) TOTapUMUIECKAMA KOHCTAH-
tamu ocHoBHOCTH Ig(Kpx/KpH) (BBIYMCIIEHBI 11O

naHHbIM paboTsl [19]). Homepa Touek mo X: 4-
OCHs (1); 4-CHs (2); 3-CHs (3); H (4); 4-F (5);
2-CHs; (6); 4-Br (7); 4-CI(8); 3-F (9).

[Tokazano [16, 20], uTo HeMHE HHBIE CO-
OTHOILEHMS JJIsl KOHCTAHT CKOpocTH B ['am-
METOBCKHUX KOOpPJMHATAaX U B 3aBUCUMOCTH OT
pKy amuHoB Tuna U-oOpa3Ho¥ KpuBOii ¢ Ma-
KCHMYMOM WJIM MHUHUMYMOM, JIOMaHOW KpU-
BOW, BBIITYKJIBIX U BOTHYTBIX KPUBBIX MOTYT
CBUZIETEILCTBOBATH O CJIOXHOM MHOT'OCTAJIH-
MHOM MEXaHMU3ME WIH JBYX NapajlieIbHbIX Map-

mpyTax MPOTEKaHWs PEaKUUH, HATUYUM Tay-
TOMEpPHBIX PAaBHOBECHUM, CMEHE CKOPOCTHOII-
peIeSIONIeH CTaIUN PEakIuy, OJM30CTH 3Ha-
YEHUI KOHCTAHT CKOPOCTH WM KOHCTAHT paB-
HOBECHS OTACIbHBIX CTAJIUNA, B TOM YHCJIC U
B XMMUU KOOPIMHALIMO HHBIX COEJIMHEHUI MpH
00pa3oBaHUM Pa3JIMIHBIX KOMIUICKCOB.
M3BecTHBI 1aHHBIE [0 PEAKIIMO HHOM CIIO-
COOHOCTH 3aMeIle HHbIX aHWJIMHOB B TIPOTIEC-
Cax alWIbHOTO MEpEeHOCa NpPU CHUHTE3E 3a-
MEIIEHHBIX O€H3aHWINAOB. Tak BIMAHHUE 3a-
MECTUTEJIE I[IUPOKO H3YYEHO B pEaKklUu
HoNCgH, X ¢ 6e H3OHITXII0 pHIoM :

PhCOCI + H,NCzH,X — PhCOHNC;H,X (5)

VYcranoBneno, Hanpumep, [16, 18], yto
mpu 25 °C B cpene 6eH3071a WIH XJIO pOSH30-
7a, OMM3KUX M0 TOJIIPHOCTH K 0pmMO-KCWIO-
Jqy, 3aBUCUMOCTH JIOTapUPMUIECKON KOH-
CTaHTBl CKOPOCTH 3TOM PeaKIUu OT G-KOHC-
TaHT OTHCHIBAIOTCS OTPE3KAMU TMPSMBIX C P
=-2.78 u—-3.26 COOTBETCTBEHHO.

B mpucyrctBumn 61dyHKIIMO HATB HBIX Ka-
TAJIM3aTOPOB CHHTE3 3aMellle HHbIX O¢H3aHU-
aunoB (ypaBHeHuE (5)) B OeH307IEe, B TEX Ke
YCJIOBHSIX, OTIMICHIBACTCSl KHHETHYECKUMU ypa-
BHCHUSIMU ¢ p = —2.98 (karajim3 yKCyCHOM
KucJIoToM) M p=—1.54 (karanu3 3a cueT
(C4Hg),POOH) [18].

Takum oOpa3oMm mpu B3auUMO/ICUCTBUU
3aMEIIEHHBIX aHWJIMHOB C O€H30 WIXJIOPH-
JIOM B CHHTE3€ 3aMEIICHHBIX OCH3aHWIHUIOB
p, KaKk TPaBHJIO, BCET/Ia UMEET OTPHIATEb-
HOE 3HaY€HHE, YTO CBS3aHO C YCUJICHHUEM HYK-
71e0(pUILHOCTH aHITMHA 33 CUET BBEACHHS dJ1e-
KTPOHOJIOHOPHBIX 3aMECTHUTENIel Mmpu aTake
KapOOHUJIPHOTO aToMa YIJIepoja, W He COB-
MafacT 1Mo 3HaKy CO 3HAYCHISIMH p IUJISI OT-
HOCHUTEJIbHO CJIA0BIX SJIEKTPOHOAKIETITOPOB
B mydaemou peakiuu (1).

B cunreze amumoB peaknuen kapOoHO-
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BbIX KHCJIOT C aMUHAMU HaOJIIOJIAl0TCST  KpU-
BbIE C MAaKCHMyMaMH B JOTapupMUIECKHUX KO-
OpJIMHATaX KOHCTAHT CKOPOCTH PEAKIUU B 3a-
BUCUMOCTH OT pKj. VX Hamuuue oOBACHAIOT
NPOTOHUPOBAHUEM aMUHA KapOOHOBOM KHCJIO-
TOU ¢ 00pa3oBaHMEM COOTBETCTBYIOIIEH CO-
71, MIOHHOM mapsl win H-koMIuekca, B KOTO-
PBIX MPOTOHUPOBAHHBIA aMUH HE CTIOCOOEH K
aTake Ha KapOOHOBYIO kucioTy [21].

Hanpumep, npu m3ydeHun peakuuu Kap-
OOHOBBIX KHCJIOT C apOMaTHIECKUMU U aJTH-
daTMuecKUMU aMHUHAMU B YCJIOBHSIX T€PMHU-
yeckoi (150 °C) wim MUKpPOBOJTHOBO M aKTH-
BaIlMU NOKa3aHO [22 ], 4TO HET NPSIMO i1 3aBU-
CUMOCTH MEXIY PEakIMOHHOMW CTOCOOHOC-
ThI0O U pK}, aMUHOB, a BBIXOJI COOTBETCTBYIO-
X aMHIOB KapOOHOBBIX KUCIIOT 32 OJHO U
TO K€ BpEMsl MEHAETCS B CJIEYIOIIEM IOo-
panke: 6emunamud (PK, 4.67) > H-OKTHI-
amuH (pK, 3.35) > n-anmsunun (pK, 8.36) >
anwud  (pKy 9.37). DTo CBA3BIBAIOT C 4ac-
THUIHBIM TPOTO HUPOBAHHWEM aMHUHOB.

W3BecTHbI 3HaU€HUs KOHCTAaHT CKOPOCTH
HEeKaTaIUTHIeCKOM peakiuu (ypaBHenue (1))
g X = H, 4-CHs, 2,3-C4H,, 4-NO,, npoBo-
JMMO M B pacIuiaBe pearupyro X BEIecTB ¢
O6apboraxem a3oTa uepe3 maccy [15]. Yaos-
JIETBOPUTEIIbHASL KOPPEJSLUS OTPE3KOM IIpsi-
MOM B KOOpPJMUHATAX JIOTApUPMHUUECKON KOH-
CTaHTBI CKOpoCcTH — PK, aMMHOB Ha0I0a-
ercs tonbko npu 180 °C. Pacuer, BbINOJI-
HCHHBIM HaMU 10 JIaHHBIM paboTel [15], man
snauenre p=-0.76 (r = 0.843).

B pabote [2] mpencraBineH OOUIMPHBINA
MaTepual T0 KaTalu3y COCIHHCHHIMHU Me-
TaJJIOB MOATPYMIIBI TUTaHA PEeaKIMu Kapoo-
HOBBIX KUCJIOT ¢ aMWHaMHu. [Ipm3HaBasi, 4To
NPOTOHUPOBAHWE aMUHA JIeJaeT €ro Hepe-
AKIIMO HHOCTIOCOOHBIM TI0 OTHOIICHHIO K Kap-
OOHOBO 1 KHCIIOTE, B CTaTh€ OTMEUAIOT U PsiA

ocoOenHocTe . He mckmroyaeTcs 1o, 4TO W3-
OBITOK KapOOHOBOM KHCJIOTHI MOJKET TakK-
e BIUATH Ha JIPyrue CTAAWM KaTalm3a 3a
cuet ZrCl,.

OTMedeHO, YTO MpHU KaTaTnu3e Ha OCHOBE
Hf(Cp),Cl, peakuuu deHmTykCycHO# Kuc-
JIOTHI C TAJIOTEH3aMEIICHHBIM U aM HHAM U, O€H-
3WIAMHUH U 4-METOKCUOCH3WIaMuH 0OoJjee pe-
aKIMOHHOCTIOCOOHBI, 4eM 4-¢pTopOeH3wiaM nH
1 4-xopOeH3WIaMuH B Te4eHue nepBbix 150
MUH TIPOBEJICHHS aMWIUPOBAHUsI. 3aTeM CKO-
pocTu 00pa3oBaHMs YKa3aHHBIX aMHUHOB CTa-
HOBSITCS MpUMepHO paBHBIMU. [lonararot, 4yTo
3TO MOKET CBHICTEIBCTBOBATH O TOM, YTO TIO-
BBIIICHHAS 3JIEKTPOHHAsA TUIOTHOCTh Ha aMu-
HOTpyIIE 3aMEeLIeHHOTo OeH3wiaMmuHa OoJee
Ba)XKHA Ha CTaguM 00pa3oBaHUsS aKTHUBHOTO
kataimatopa Ha ocHoBe Hf(Cp),Cl,, B TO
BpeMsi, Kak 3TO HE CYIIECTBEHHO JJis CTaluu
caMOi HykJeoMIbHON aTaku aMHMHOM (he-
HUJIYKCYCHOM KHCJIOTHI.

AHanmupysi U3BECTHbIC MyOTUKAINH TIO
KaTaJUTHIECKOMY B3aMMOJEHUCTBUIO KapOo-
HOBBIX KHCJIOT C aMHMHAMH, MOXHO, Ha HAaIIl
B3TJISI/I, OTMETHTH CJIEIYIOIIee:

—0Y€Hb MAJIOE YUCIIO PabOT COMCPHKUT KU-
HETUYECKHE JTAHHBIC;

—MO/JIeNIb CBS3BIBAHUS aMHHA KapOOHOBOU
KHUCJIOTOH B TEUCHHE BCETO BPEMCHH aM Ul H-
pOBaHUS HE OTpakaeT MEPBBIM ATal peak-
[IUU, MPOTEKAIOIMUN MPU KOMHATHOU TeM-
nepatype (B MOMEHT IPHWIaYH BCEX KOMTIO-
HCHTOB B PEAKIIMOHHYIO CMECh), U ydacTHe
KapOO HOBOM KHUCJIOTHI U BOABI B (hOpMHUpPOBa-
HUU aKTHBHOTO KaTaJIM3aTopa;

—JieTalbHble 0OBSCHEHNS 3aBUCUMOCTEH JI0-
rapupMUIECKUX KOHCTAHT CKOpOCTU OT pKj
AMUHOB WJIH G-KOHCTAHT OTCYTCTBYIOT;

—TpPaKTUIECKU HUUETO He TOBOPHUTCS O B3a-
HUMO/1e iCTBUM 00pa30BaBIIETOCS aMHUIa Kap
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3aMeUeHHbIX AHUIUHO8 C OeH30UHOU KUCTIOMOU . ..

OOHOBOY KHUCJIOTHI C MCXOJHBIM KaTaJIM3aTo-
POM ¥ BO3MOJKHOM KaTali3e TaKUMHU KOMII-
JIEKCaMU.

[ToaTomy a7t 00BsACHE HUS BUIA KPUBBIX
Ha puc. 2 (kpuBasi A) ¥ 3 UCTOJIL30BAIH TIO-
Jy4eHHbIE paHee Pe3yNbTaThl 10 BIHUSHUIO HA
NPOTEKAHUE pPEaKIMu 0Opa3oBaHUs OCH3aHU-
mvaa (ypaBHeHue (1)) KOHIUEHTpanuil UCX0-
HBIX BEIIECTB M KOHEYHBIX MPOIYKTOB. [[mst
HArJSITHOCTH TIPEICTABJICHUSI 00CYkKIaeMBbIX
pe3yIbTaTOB M3MEHEHUs OTIEIbHBIX (HaKTO-
POB, BIUSIONINX HA BEIMIUHY HA0JII01aeMO i
KOHCTAHTHl CKOPOCTH KaTaJTUTHIECKOU peak-
IIUH, TIPEJICTABICHBI B BHIIE KPUBBIX 3aBUCH-
MOCTH OT G-KOHCTaHT (puc. 4). [Ipu 3ToM Kpu-
Bble 00CYKIAlOTCS HA KAaYECTBEHHOM YpPOB-
He, 0€3 KOJMYECTBeHHBIX JaHHBIX U COOTBET-
CTBYIOIIIETO MACIITa0 MPOBAHUS.

[lepBoHayaabHO B UCXOAHOU Opmo-KCHU-
JIOJIbHOM PEAKIIMOHHOM Macce HaXxOsTCs aHu-
nuH, Oe 30 Has KucioTa u Boja. Kak moka-
3aHO paHee [5], KoJM4ecTBO MOCeIHeN B op-
MOo-KCUJIOJIE, B3SITOM JAJIsl IPOBEJICHUS PEaK-
min, coctaBnsgeT 10 300 % Mo 1o OTHOIIE-
HUIO K HUCTIOJb3yeMOMY THUTAHCOEpPKAIIEMY
KaTaJu3aropy, Npu MOTy4eHUU KOTOPOTO Tak-
ke rnorsotaercd eme 130-140 % Mo BOJBL.
Takum 00pazom Ha HauajIo Mpolecca aMHUIH-
POBaHUS MOJILHOE COOTHOIIICHHE T1 : Boja Co-
ctaBisieT npumepHo 1: (4.3—44). UseectHo [5,
23], 4TO TOCJIENHSISI TPH STOM CIOCOOCTBY-
€T YMCHBIICHHIO KaTATUTUIECKOW aKTHMBHO-
cti kak TBT Ttax u PBT 3a cuet oOpa3oBanust
Oosiee «cmmThIX» MO cTpykTtype PBT.

bemsoiinas kuciota GOpMHUPYET CTPYK-
Typy Tnoiumepa OyTOKcHOEH30aTa THUTaHA
(PBBT), sBasitotmerocsi HICTUHHBIM KaTaTu3a-
TOPOM aM UJIUPOBAHUsS, YTO COTIPOBOKIIACTCS
JTOCTIDKEHHEM MaKCUMyMa IO KaTaJuTHYec-
Ko# akTtuBHOCTH [24, 25]; kHuca0Ta penoT-
BpalllaeT €ro TUApoJIm3 BoJou [26].
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Puc. 4. Bo3MoxHBIE U3MEHEHHS KOHIIEH-
Tpaluii Karani3aTropoB, TOOOYHBIX TPOTYKTOB OKH-
CJICHUS; KOHCTAHT CKOPOCTH W PAaBHOBECHS MPH
KaTATUTUYECKOM aMHJIUPOBAHUM KAaK (PYHKIIHHU
G-KOHCTaHT: 1 — KOHUEHTpaIus CBOOO HOHN (op-
MbI OeH3oiHOoM kucnoTel [BK] nmpu dopmupoBa-
HUU akTUBHOrO Karanuzaropa PBBT; 2 — kon-
HEHTPALMU KOOPJIUWHAIMOHHOTO KaTajau3aropa
[PBBT]o B Hauane mporecca aMuIUPOBAHUS, 3
— peaKioHHas CIOCOOHOCTh 3aMEIIEHHBIX aHH-
auaoB NHyCsHsX (k1 m k2); 4 — mons mmuaHO#M
dopMbI 3amerieHHBIX OeH3aHmMaoB (K7); 5 —
KOHIIGHTpAIUsl KOOPJAWHAIIMOHHOTO KaTaJln3aTo-
pa [PBBT]; B momenT Bpemenu t; 6 — s(hdek-
TUBHOCTh KHCJIOTHOTO KaTajau3aTopa (KACIOT-
HocTh kKoMmiiekcoB PBBT ¢ baX); 7 — xonuen-
Tpalms KUCJIOTHOTO KaTam3atopa Kg: [PBBT]-
[baX]i/(1+K7); 8 — CKIIOHHOCTH K OKHCJIEHHIO 3a-
MEIIEHHBIX aHUIMHOB (BermunHa [Pi] u [Po]y).

He ucximoueHo, 4To BHEPEHHBIE B 1IETIh
Mo JIMTUTaHaTa OCH30aTHBIC JUTAHIbI MOTYT
Urpath poJib HYKICO(WILHBIX LEHTPOB Ka-
tanuza. Hwke npuBenen npumep ¢pparmMeHra
TUTIO TETHIECKOTO KAaTATUTHISCKOTO KOMILIC-
kca (l), cTpykTypa KOTOpPOrOo COCTaBJ€HA IO
AQHAJIOTHH ¢ KOMIUIEKCOM JJISl PEaKIuyd aHU-
JIMHA ¢ O€H30MHO M KMCJIOTO M, OMHCaHHBIM B
pabote [13]. B HeM BO3MOKHA aKTUBAIHS
OCH30MHOM KHMCJIOTHI 3a CYET KOOPWHAIINU
ee KapOOHWILHOU IPyMIbl ¢ ABYMsI aTOMaMu
THUTaHA.
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. ’.[“O— TR,)_ [—O—Tiﬂ?'lw:’fu\\
[ 7 h .S » T BUTH B BUJE:
Fwr) ° iy Nemax [iR2 i
b\ R RS NG B [BK]o = [BK] +
o—" \E NOH C:‘ BH /'; )
/ '(-0=TR,) b K + K1[BK][ArX]o ;
PRC. H o~ " 2
4 =0 /R _ ey o [BK] = [BK]o /(1+
o] X : + Ki[AnX]o)
Ph f ——0_(-0
he f TR,) N TR ) ) Ces3bIBast  pa3Ind HOE
9 0 \ 0 0 ¢M  gonMuecTBO OCH30MHOM KH-
(—TR :v"‘\c =O0R {’_fﬂ P&Hﬁ (=0TR ) CIOTHI, AHIWINH CIOCOOEH
Yy N 0 \ ~g _-0 BBICTYIIATh B Ka4€CTBE pe-
1 /ﬂ—[-;\T TR I Df‘i‘;ﬁ . }f‘;hﬁ I TyJsiTopa KaTaJIUTHYECKOU
- Ti-0-
2 % ¢ m akrusHocT TBT u PBT, a
R — PhCOO, BuO, OH,=0; n=1,2.5...10. €€ 3Ha1CHHUC INPOXOAUT Y€~

Panee [24] mamu ¢ momolp MeTOAa
[IMP ycTaHoBNeHO, 4TO O€H30MHas KHCIOTa
(BK) B opmo-kcwiolie CylecTByeT Kak B CBO-
00/JHOM BHIE TaK W CBA3aHHAs C aHWJIMHOM,
10T00HBIM 00pa3oM, TI0-BHIUMOMY, U C €T 3a-
memieHHsiMH AHX B Buae H-xkommekca (K).

K
PhCOOH + NH,CsH X «

B pabote [21] moiydeHsl CXOMHBIE Pe3y-
JbTaThl N0 cyliecTBoBaHMIO H-komiekca
OEeH30 HO I KUCTIO ThI C AHUJIMHOM B TOJIyOJIE.
[TokazaHo Takke, 4TO e€ro oOpa3oBaHUE He
COMPOBOKIAETCS BBbIIEJICHUEM TEIlIa, B OT-
JUYUe OT CBS3bIBaHMS anudaTudecKux amu-
HOB ¢ OCH30MHO I KHcoToi. He mckimodeHo,
YTO TIOCTEIHss CcBsizaHa B H-komIuieke ¢ aHu-
JIMHOM TOJIbKO MPU KOMHATHO U TeMIiepaType.

Torma, B ympoie HHOM BHIE pacripeje-
JIEHHUE MEXIy 3TUMU JIByMs popmamu, B 3a-
BUCUMOCTU OT HAYaJbHOUW KOHIEHTpaLUHU
[6K]o 1 [AuX]y, 1pu pacTBOPEHUH HCXOTHBIX
BEILIECTB B 0OpmMO-KCUII0JIE MOJKHO TIpeicTa-

44

pe3 MakCUMyM B 3aBUCH-
MOCTH OT KOHIEHTpalmu aHwinna [13, 26].
AHAJIOTHM HO BJIMSITHMIO POCTa Hay aib HO i
KOHLEHTpAIMK aHWJIMHA, 10 MEpe yBelHde-
HUSl DJICKTPOHOJOHOPHBIX CBOMCTB 3amec-
TUTENs] X W YMEHbIIEHUSI 3HAYEHUN G-KOHC-
TaHT, Oy/JeT BO3pacTaTh CBS3bIBAaHUE OEH30-
WHOU KUCJIOTBI B H-KOMIUIEKC M CHMXKAThCS
KOHIIEHTpalus ee cBoOoaHo# (opmsl (puc. 4,
kpuBas 1).
Taxkum o6pazom npu nobasneunun PBT
B MacCy CTPyKTypa KaTajau3aropa 3akKpe is-
erca 1IN Situ 3a cueT B3auMOIE UCTBUS ¢ O€H-
3oiHO M KucioTo (K,) u oOpasoBanusi Oy-
TokcuoenzoaroB tutana (PBBT), u aT0, cyas
0 BbIIEJICHMIO OyTwwiIOeH30ata M OyTaHoJa,
MPOVCXOIUT B TIEPBBIC HECKOJILKO MHHYT, Cpa-
3y e TOCJie TPUTOTOBJICHUS PEaKIIMOHHO I
Macchl B Hayajie ee mojorpena [6,26].

K;
BK + PBT < PBBT.
Eciu B KCHJIOJIBLHOM PacTBOPE MPHUCYT-

CTBYET OYEHb MAJI0O CBOOOJHOW OCH30MHOM KH-
CJIOTBI, TO PEIIAIOIIYI0 POJIb MOYET HIrparh
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B3ammoiericteue PBT ¢ Bomo#t (K3), mpuBo-
JAIee K MOJTy4e HUIO HEaKTUBHBIX B KaTaju-
3¢ TPOJAYKTOB TJIyOOKOTO rumapoima (ycio-
BHO 00o03HaueHsl kak Ti0,) [5, 23]
Kj
H,O + PBT < TiO,.

[Ipouiecc obpa3zoBaHusi MOJIMMEPHBIX Iie-
ey Karajau3zaTopa HOCUT HeOoOpaTWMBbIN Xa-
paKkTep U, B 3aBUCHUMOCTU OT MOJIbHOTO COOT-
pomrenusa Bojaa : PBT wwunu GensoiiHas Kuc-
nota : PBT, peanmsyercs Kak akTuBanusi, Tak
u ne3aktuBanus ucxoanoro PBT [24, 25,27].
[locnenusast BO3MOKHA Tak)ke 3a CUET B3au-
mozeictBus oOpasoBasmerocsi PBBT ¢ u3-
ObITKOM OcH30MHO# KHCIOTHI (K}), 4TO TpU-
BOJIUT K 00Pa30BaHMIO MAIOAKTUBHOTO B KaTa-
m3e, «cimroro» nonumepa PBBT*, B koto-
POM 3aTpyHEH JOCTYT OE€H30 MHO M KHCJIOTHI,
pearupytromieii ¢ AHX, K atoMaM TuTaHa [24]

Ky
bK+ PBBT < PBBT*.

Torna OanaHc Mo HavadbHOM KO HIE HTPALIMH
[PBT], moxHO 3amucath B BHIE:

[PBT], = [PBT] + K,[PBT][BK] +
+ K,K,[PBT][BK]* + K3[ PBT][H,0], .

[Ipu »>ToM HauanpHas KOHIEHTpamus obOpa-
3YIOIIErocsi akTUBHOTO Katammzaropa [PBBT],
ompessieTcsl Kak:

[PBBT]o = K> [PBT][BK] =
_ K, -[PBT],:[BK] ~
" (1+K,[BK] + K, K,[BK]? + K5[H,0],)

K,[PBT]o[BK]o(1+K1[ArX]()

3ka K [BK]y, runponms PBT ¢daktuuecku He
npotekaet. Toraa MosKeT ObITh, 4TO

Ky [BK]o + Ky Ky [BK]y” >>1+K5:[H,0l,

a ypaBHeHue (6) mmeeT BUI:

B K,[PBT],[BK], -
PBBTh = (o BK]y+ K, K, [BKIg?)
_ _[PBTlp
T 1+K,[BK], )

Kak Bunno w3 ypasuenus (7), [PBBT], npu
TOM MNPUHUMAECT MUHUMAIbHOE 3HAYCHUE.
Ecmu X siBisieTCst CWIbHBIM JJOHOPOM, 3Ha-
yenue K; ouenp Benuko, [BK] ouenr mana,
rugpoin3 PBT nporexaer nHTteHCMBHO. To-
raa BepostHo, 4yt0 1+K3[H,0], >> K,[BK], +
K,K,[BK], aypasrenue (6) mpeoGpasyercs:

K, [PBT], [BK],
K, [AuX]y(1+K35[H,0],)

[PBBT]o = (8)

N3 ypaBuenus (8) sugno, uto [PBBT],
IpU STOM TaK)X€ MOXXET NPUHUMATh MHUHU-
MalbHOE 3HAYCHHE.

Ecnu X oGnamaeTt ciabbIMU 3JICKTPO HO-
JOHOPHBIMU HWJIM 3JIEKTPOHOAKLIE ITO PHBIM U
CBOWCTBaMHU, C YU€TOM KBaJpaTHIHOTO 3Ha-
yeHus K; B 3HameHatesie ypaBHeHus (6), Be-
mmuuHa [PBBT], 6ynet npoxoaurs yepe3 Mak-
cumyM [28] (puc. 4, kpuBas 2). OTMETHM, YTO
€ro 3HaUCHHE MOXET elle 0oJjiee CWIbHO Me-
HATBHCSA B 3aBUCUMOCTHU OT MPUPOJIBI X, €CIIH
y4eCTh acCOIMAlMI0 OCH30MHOW KHCJIOTHI.
[To dopmynam, B3SITHIM U3 JTUTEPATypPhl U MPU-

BEJICHHBIM B

paborte [13 ], mo-

" (1+K, [ArX] )2 (1+K3[HpOlo)+(1+K 4 [AnX]g)K,-[BK g+ KoKy [BK]

Ecnu X gBigeTcs CWIbHBIM aKIEI-
TOpoM, 3HaueHue K; ouenp majo, [BK] 6iu-

5 - (6)
0

KHO  TOCYU-
TaTh KOJHUYE-
CTBO MOHOMeEpa OCH30MHON KM CJIOTHI TMPH
[bK]o, paBHO# 0.205 monw/n. [Ipu komHar-
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HOM TeMmIieparype OHO KoJIeOJIeTCs B Mpeaeiax
0.011-0.012 mos/n1, B 3aBUCHMOCTHU OT yueTa
00pazoBaHMs TUMEpa U TpuMepa 0€ H30 MHO i
KHUCJIOTHI, 4TO B 17-18 pa3 meHblIe 3Haye-
Hus [bK]p.

B paborax mkousl akagemuka JI.M. JIut-
BUHEHKO M0 allWJIMPOBAHUIO aMUHOB IIPO W3-
BOJHBIMU KapOOHOBBIX KHUCIIOT B Pa3Iud HBIX
HETIOJIIPHBIX PACTBOPUTEIISIX TIPUBOISITCSI MHO-
TOYUCJICHHBIE TIPUMEPHI TI0 TUMepH3alu OeH-
30MHOM KHUCJIOTHI U OJIM3KO M K HE 10 KHCJIO-
THOCTH YKCYCHOM KHCIOTHI [18, 29]. Tonbko ¢
Y4E€TOM CaMOacCOIMaIMi 3THX ABYX KHUCJIOT,
BBICTYIAIOIIUX B POJIH O () yYHKINO HAJIb HOTO
KaTajau3aropa B CHHTE3€ aMUI0B KapOOHOBBIX
KHCJIOT, aBTOpaM YAaeTCsl KOPPEKTHO OObsC-
HUTh MOJyYEHHBIE KUHETUUECKUE J1aHHBIC.

[Tocne obpazoBanus PBBT, monmorpesa
peakuroHHO M mMaccwl 1o 145 °C, Hauana uH-
TEHCUBHOTO KHUIICHUS ¥ OTrOHKH BOJIBI HAY -
HAETCSl HETIOCPEJICTBEHHO MPOLECC AMMIHPO-
BaHus. [Ipu 3TOM BCst OeH301HAsT KUCIOTA TIO-
CTENEHHO Y4acTBYET B peakluu, a oopa3zymo-
njascs BOJa OTTOHAETCS B HEPABHOBEC HOM
NpoTiecce U Y)Ke He BIUSET HAa aKTUBHOCTH
Katajgusatopa [6].

Ha puc. 4 (kpuBasg 3) nokazaHo u3MeHe-
HUE pEaKIMOHHOW CMOCOOHOCTHU 3aMelle H-
HBIX aHWJIMHOB TI0 OTHOIIEHUIO K 0€H30 IHO i
KHUCIIOTE, BBIBEJCHHOE HAa OCHOBAHMMU MpPU-
BEJICHHBIX BBIIIC JTAHHBIX T0 CHUHTE3y 3ame-
IICHHBbIX O€H3aHUJIMIIOB B Pa3jMYHBIX Kara-
JUTUYECKUX U HEKATATUTHIECKUX PEaKIMsIX.

CornacHo aaHHBIM paboThl [8] 0Opa3o-
Banne baX (ypaBHenme (1)) MokeT mpote-
KaTh 0 JIByM MaplHipyTaMm KaTaju3a, yCJIOB-
HO Ha3BaHHBIM KOOpPAHMHAIMO HHBIN (K;) 1 Ku-

cnotHbi (K,). IlepBolit peanmyercs 3a cyet

KOOpAMHAIIMY O€H30 MHOM KHCJIOTHI C aTOMa-
mu TuTaHa B komiuekce (), BTopoit — mo

Mepe MOoJIydeHHUs COOTBeTCTBYIoIEero baX u
ero KOMIUICKCa ¢ PBBT&II)

() + AuX — BaX:
Ky
(1) + AuX — BaX.

B TakoMm KoMIUIeKCe OJIUH U3 aTOMOB TH-
TaHa CBSI3aH, B NIEPBYIO0 o4epenb, ¢ baX, urto
MPUBOJUT K HAJIMUMIO Y TMOCJIEJTHETO OTHOCH-
TEJIbHO KHCJIOTO aroma Bojaoponaa B NH-rpyn-
ne. [Ipu sTom kapboHWIbHAs Tpymnma OeH-
30MHOU KHCJIOTBI MOYET aKTUBUPOBATHCS 34
CYeT B3aMMOJICHUCTBUSA KaK C OJJHUM aTOMOM
TUTaHa, TaKk U mocpeacTBoM H-cBsi3u ¢ Kuc-
76IM BotopoaoM NH-rpymiibl, 4To U COOTBET-
CTBYET MAapLIpyTy KHUCJOTHOTO KaTalu3a C
KOHCTaHTO U cKopocTH Ky, OTiuyaromuecs B
komiutekcax (1) u (11) hbparmeHTHI BBIIEIIE HBI
JUIA TIOJTHOTHI BOCIIPUATHS (CXeMa BHIIIIE).

3amenieHHbIH aHUIUH B KoMIuiekcax (1)
u (1l) MOXeT akTUBUPOBATHCS OJUHAKOBO, 32
cyeT obpa3zoBanus H-cBsi3uM BOJOPOJOB amMu-
HOTPYTIHI ¢ HyKJIeo(UIhHBIMU 1IEHTpaMU Ka-
Tajau3a, B POJIM KOTOPBIX MOTYT BBICTyNaTh
KHUCIIOPOACOAEPKAIIUE JINTaHAbl, B TOM YH-
cie u OeH30aTHbIe, HapUMep, Kak MpH Ka-
Tajam3e OeH3oaraMu OJIOBa B CHHTE3€ aMu-
0B kapboHoBbIX KHcoT [30].

B Hauane peakiuu MpoOUCXOAT aKTHBA-
st OeH301HO i KHcioThl (K5) B komiuiekce (1),
3areM noJiydeHne baX u KHCJIOTHOTO Kara-
nmzatopa (Kg), TayrToMepHBIC TPEeBPAIE HUASL
obpazoBaBuierocs baX w3 amunHOU B MM U~
Hyio popmy (HOBuX) (K7), B3anmoaeucT-
Bre niocyieaeii ¢ PBBT (K3) u aktuBanyst O¢H-
301HOM KUCI0ThI (Kg) B komiekce (Il):

Ks
BK+PBBT < PBBT-BK (l);
Ks
baX + PBBT < PBBT-baX,
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K7
BaX < HOBuX,

Ks
HObuX + PBBT < PBBT-006uX,

Ky
BK+PBBT-baX < PBBT:-baX-BK. (ll)

Ha puc. 4 (kpuBas 4) moka3zaHO BO3MO-
KHO€ M3MEHEHME JI0JM HUMUIHOU (HOpPMBI
(HOBuX) baX B HemNoJIIpHOM pPacTBOPHUTEIIC
B 3aBUCHMOCTH OT IEKTPO HHBIX CBOMCTB 3a-
MecTuTens X, 1o AaHHbeIM pabot [31,32]:

’@\]\cfﬁ?y H ©\
o

o [ O

HOBuX, (1)

Panee [8], TonmpKO ¢ yd4eTOM amMUIO-UMU-
JTHOW TayTOMEPHH, YAAJIOCh OOBSICHUTh Ha-
T4 e MaKCHMyMa KOHCTAaHThI CKOPOCTH Ka-
TATATUIECKOTO 00pa3oBaHuUs O€H3aHWINIA
B 3aBUCHUMOCTH OT BEJIMYHHBI G-KOHCTAHT X
py 700aBKe 3aMEIICHHBIX O€H3aHUIUIOB
XCsH;CONHCgHs.

Hanee npuBeneH GparMeHT KOMIUICK-
ca (PBBT-ObuX), oGpa3oBaBiierocs mnpu
peakuuu ¢ PBBT (Kjg), KOTOpBIH, Kak BUITHO,
HE UMEET KHUCJIOTO aToMa BOJAOpOoa y aToMa

a30Ta, YTO TPUBOJUT K YMEHBIICHUIO KO H-
HEHTPAallMd KHUCJIOTHOTO Karajauzaropa U
WHTMOMPOBAHUIO KaTalu3a:

Ph. _
fG: N CgHfX

o T __.0Bu
e B
BuO S OTiZ
\
PBBT-ObuX
C y4eToM pacCMOTPEHHBIX BBIIIE YypPaB-
HeHu# Oananc no [PBBT] B mpouecce peak-
UM MO>KHO BBIPa3uTh CIEAYIOIIUM paBEH-
CTBOM:

[PBBT], = [PBBT]+ Ks[PBBT][BK], +
+ K;[PBBT][BaX] + Ks[PBBT][HOBuX] +

+ Ky Kg[PBBT][BK]; [baX], (9)
rae [bK]; — xonunentpauus BK B MoMeHT
BpeMeHU t.

bananc mo amupHOW M UMUIHOU dop-
MaM 3aMelIeHHOTO O€H3aHWIWIA B TEPBOM
MPUOJIMKE HUM MOYHO TNPECTaBUTh Kak

[baX};= [baX] + K7'[baX],
[baX]= [baX];/(1+ K7).

Torma Beipaxenus mis [PBBT] u W,,,, Oy-
JyT UMEThb CJCAYIOUIHA BHI:

[PBBT],

[PBBT] =

(14K [BK] o+ Kg [BaX|+ Kg[HOBuX] + KgKo[BK][BaX]) _
(14K,)[PBBT,

= (1+K7+K5[BK] t+K5K7[BK]t+K6[BaX]t+K8K7[BaX]t+ K6K9[BK]t[BaX] t)
(14+K,)K,[PBT],[BK] o (1+K; [AHX] )

"~ (14K, +Ks[BK]+K:K, [BK] -+ K [BaX],+KgK [BaX] 4+ KKo[BK] [BaX],)
1

= (1+K4 [AnX] o) 2 (14 K3 [H,0]9)+ (14K, [AuX] ) K, [BK] o + K, K4 [BK] %) /

(10)

ISSN 0041-6045. YKP . XIM . XKXYPH ., 2020, T . 86, Ne 1 47



JI.A. llmetinbepe

Wiam = (KiKs + koKoKg[baX])[PBBT][BK][AnX], =

_ (kg Ks+kyKsKy+ky KoK g[BaX] ) [BK],[AnX] (14K K, [PBT] o [BK] o (1-+K 4 [AHX] o)

(14+K,+Kg[BK];+KsK,[BK]+Kg[BbaX] 1+ K, Kg[baX]+ K¢ Ko BK] [BaX];)

" (1+K[AnX] 0)2(1+ K3 [H,0lg) + (1+ K [AuX] 0 )K, [BK] g+ KoK 4[BK]y2)’

(11)

rae [AuX]i— koHueHtpamuss AHX B MOMEHT BpeMeHH {.

B moment Bpemenn t = 0, [baX]; = 0,
MapuIpyT KUCIOTHOTO Karajau3a OTCYTCTBY-
etT, [bK]; 6mmko k [BK]y, ypaBHenue (10)
JUISL KO HLIE HTPAIMKM KOOPAUHAIIMOHHOTO Kara-
mm3aropa [PBBT] mosxHOo npeoOpazoBars Kak

[PBBT],
(1+K5[BK]o)'
VYpasuenue (11) OyaeT umeTh BUA
k1K 5 [BK] o[AuX] [PBBT]

(1+K5[BK],) B
= kKam [EK]O [AHX]O )

_ k41K5[PBBT],
M (1+Kg[BK)y)

[PBBT] =

xam. —

rie (12)
Torna, ecnu X — CHUJIbHBINA 3JIEKTPO HO-
akuenrop, ¢ yuetoM BelpaxeHus [PBBT], no
ypaBHe HUIO (7), K4, (YpaBHEHHE (12)) MOX-
HO BBIYUCIIUTH KakK
kKs[PBT],

Keam = (1+K5[BK]o)(1+K, [BK]y) i

= k,-constl,
K<[PBT],
(1+K5[BK] o) (1+K,[BK]y)

(13)

roe constl =

Takoe BwIpaxenwue K,,, IpsMo TpoOTIOp-
MO HAJBHO K; M NpY M3MEHEHUH TIOC e He-
ro, Kak B peakiuu (5), XOpoIIo COOTBETCT-
ByeT DKCTIEPUMEHTAILHOW KpPUBOM (puc. 2,
KpuBas A).

B cnyuae, ecnu X sgBiseTCs CHIIbHBIM
ANIEKTPOHOJIOHOPOM, C Y4E€TOM BBIPAXKE HUS
[PBBT], no ypaBHenuto (8), K., (ypaBHe-
Hue (12)) Oynet BRIMUCIATECS Kak
. - k1 KsK,[PBT], [BK], _

" K41[AuX]o(14[H,; 0] o) (1+K5[BK] )
_ kqconst2
= —K1
const2 =
B K<K,[PBT],[BK],
~ [AsX]o(1+K5[H, 0] ) (1+K5[BK] o)

rae

[Tpu >TOM cumbarHOe W3MeHeHue K; u
K 00ycnoBinuBaeT MeHblIEe 3HAYEHUE |p| TIO
CpPaBHEHUIO C |p| IS CWIbHBIX 3JIEKTPOHO-
aKLIENTOPOB, YTO TaKXe XOPOIIO COOTBETCT-
BYET SKCTIEPUMEHTATLHOM KpHUBOU (puc. 2,
KpuBas A).

Ecau X — cnabbiii aknenTop WM Clia-
OwIii TOHOpP, ¢ ydeToMm BeipaxkeHus [PBBT],
no ypaBueHuro (6), K., (ypaBHenue (12))
OyIeT BEIUUCIATLCS CISIYIOUIM 00pa3oMm:

o kiKsKo[PBTI[BKIo(1+K; [AnXlo)
kam Q

R
1+Ks[BK]

Q= (1+K; [AHX]O)Z(]-"'KS[HZO]O) +
+ (1+K, [AuX]o) Ko [BK Jo+Ko K4 [BK]?),

(14)

rne
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[Ipu 3TOM, C y4eToM KBajpaTUdHOTO 3HaYe-
Hus K; B 3HameHatene Q ypaBHenus (14),
3HaueHUe K,,, MOXKET NPOXOIUTh uepe3
Makcumym [28].

[To mepe mpoTekaHusi peakIud B MOMEHT
BpeMmeHH t, eciiu X — CWIbHBIN 3JIEKTPO HO-
akuenrop, [baX];, Ks, Kg, K9 — uMeroT HU3-
ke 3HaueHws;, [bK]; — Benmuko m Omm3ko K
[BK]y, Kiwm OymeT MeHATBCS MO ypaBHe-
Huto (13). Torma [PBBT] Oyner 6au3koit k
[PBBT]y, u ona Oynetr MeaJieHHO yMeHbIIa-
ThCSl TIO Xoay peakumu (puc. 4, xpuBas 5),
YTO TaK)X€ COOTBETCTBYET IPEHUMYLIECTBEH-
HOMY MPOTEKAHHIO PEAKIMH TI0 MapIIPyTy KO-
OPIUHAIIMO HHOTO KaTaln3a.

Korga X — »71ekTpoHOJ0HOp, N0 Mepe
MPOTEKAaHUS PEaKIUAd B MOMEHT BpeMeHH
Ks, [baX]; — oTHOCHUTE b HO BENUKH, aKTH-
yecku Becb PBBT; cBsi3an B komiuieke ¢ baX
(puc. 4, xpuBas 5), a KOHIEHTpPANUI KOOP-
JTUHAIIMO HHOTO KaTam3aTopa MOXKET UMETh
MUHUMalIbHOE 3HaueHue. [Ipu stom mme-
HCHHE er0 KOHICHTPAIUHU ATl OTHOCUTEIh-
HO CJIa0BIX AIIEKTPOHOAKIICTITOPOB MOJKET TIPO-
xoauTh Oousiee pe3ko (puc. 4, xpusas 5).

Kak mokazano B pabote [9], KHCIIOTHOCTh
3aMeIIe HHbIX O0€H3aHWINU0B
XCsH,CONHC¢H;s ycmmmBaeTcsi 3I€KTPOHO-
aKIIEITOPHBIMU 3aMECTUTEISIMU | TIOJaBJIs-
€TCS DIIEKTPOHO-IOHOPHBIM U TPy TITIaMH, U 3Ta
3aBHCUMOCThH TIOJYUHSICTCS YpaBHEeHUIO | am-
MeTa B KoopauHarax pK, COOTBETCTCBYIO-
IIETO 3aMeEIe HHOTO OeH3aHWInIa — G.

Mo>kHO TpPenTooKUTh, YTO KHUCIOT-
HocTh KoMIUieKcoB baX ¢ PBBT Takxe Oy-
JeT MEHIThCS CXOOHBIM oOpa3zoMm (puc. 4,
KpuBas 6).

bonee croxHble M3MeHEHUS MOXKET TIpe-
TepreBaTh MO XOJY MPOIEecca KOHIE HTPAIs
KucjaoTHoTO Katanuzatopa Ky [PBBT] [baX]

(puc. 4, xpuBasi /) pu peanu3any Karaiu-
3a B xomiuiekce (11).

Ecnu X siBJIsieTCA CUJIbHBIM 3JIEKTPO HO-
akuenTopoM, Ky MMeeT HHM3KOE€ 3HadyeHue,
[baX]; Takke 0o4eHb MaJO, COOTBETC TBE HHO
Mana u koHueHrpauusi [HObuX], mecmotps
Ha BbICOKOE 3HaueHue K. [ToaTomy KoHIEH-
Tpalusi KUCJIOTHOTO KaTainuzatopa OyneT pa-
CTH OYE€Hb MEJJICHHO.

[Ipu nepexone k cabbIM 3JIEKTPO HO-AK-
nenropam X MPOUCXOAUT MOCTENEHHBIM POCT
[baX};, Ks u, COOTBETCTBEHHO, KOHIIEHTpa-
IIUU KUCJIOTHOTO KaTanu3aTopa (TepBblil MO Ib-
€M Ha KPUBO# 7) 1O Mepe yMEHbIICHHSI O-
KOHCTaHT.

XoTst KoHCTaHTa paBHOBecus (K7) oOpa-
30BaHUsI MMUAHOU (POpPMBI 3aMEIIEHHOTO
OcH3aHWIUAA YMEHbIIACTCs, €€ KOHIEHTpa-
Us BCE €lle pacTeT MpoIoPLUOHAIbHO
yBemmyeHuto [baX].. I[losTomMy BO3MOKHO Ha-
JUYUe «IUIaTO» Ha KPUBOM / W 3ama3bIBa-
HUE POCTA KOHIEHTPALMK KHUCJIOTHOTO KaTa-
matopa. [Ipu 3ToM cymMapHas KOHIEHTpa-
uus karanuzatopoB Kg'[PBBT]- [baX] u
‘[PBBT] Ha 3TOM y4yacTke CHUXKaeTCs, UTO U
MOJKET OBITh MPHUUYUHOM I10JI0KHUTEIHHOTO
3HAYCHUs pP.

[Ipn mepexonie K 3JEKTPOHOIOHOPHBIM
3aMeCcTUTEeIIIM X M C HIDKEC HUM JOJIM MM UIHO 1
dopmbel 3ameriensoro 6emsanmwinaa (1) kon-
HEeHTpalMs KUCJIOTHOTO KaTaau3aropa OITh
HaYMHAET pacTu OBICTPO, 3aTEM OTa 3aBUCH-
MOCTb MOET OIITh NEPEXOAUTh Ha ILIATO,
Korga yxe Becb PBBT cBA3aH B KOMIUIEKC ¢
BAX (puc. 4, xkpuBas 7). Torna K7, Kzu Ky
CTaHOBSITCA Mabl, a Kg — BEJIUKO

KoKoKs [baX] >> kK5 + Ky K5 K7;
Kg[baX] >> 1 + K7 + Ks[bK]; + KsK7[BK]; +
+ KgK7[baX]; + KyKs[bK]; [baX]; ;
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a ypasuenue (11), c yuerom ypaBuenus (9),
MOXET TPHUHATH CJICAYIOIIUNA BUI:

WKam =
k, Ko Kg[BaX][BK]:[AuX] K, [BK]o[PBT],

HOTO «opmo-3(pdexTa»: 3HadeHus Jorapud-
MHUYECKUX KOHCTAHT CKOPOCTU JJIsl BCEX Op-
mo-3amMemeHHbIX aHWIHHOB (X = 2-OCHg3,
2-CH;, 2,5=Cl,, 2,3-C4,H,) momanatot
Ha OOIIYI0 KPUBYIO IS METa- W Iapa-

~ (K, [AnX] o (14 K3[H, 01y )+ K, [5K] o) Kg [BaX]

_ k, Ko [BK]:[AuX];K,[BK]y[PBT], _
(K,[AuX]o(14+K5[H,0]y)+K,[BK]y)
= kkam ’ [BK]t [AHX]I ' (15)

k, KoK,[BK],[PBT],

rae K, =

: k,Kq -const3

~ K,-const4+const5’
a const3 = K»[BK][PBT],,

const4 = [AuX]o(1 + K3[H,0]) ,
const5 = K5[BK], .

W3 sT0oTO BBIpaXKEHHS BHIHO, YTO JaXKe
NpH TMePexXoJie OT KOOPAMHAIMOHHOTO Map-
HIpyTa K Map MIPYTY KUCJIOTHOTO KaTalm3a u
TIIyOOKOW CTETIEHH TPEBpPAlICHUS CKOPOCTb
KaTaJTUTHICCKO M PeaKIUu MOKET MEHATHCS
10 YpaBHEHHIO BTOPOTO mopsiaka. [Ipu stom
cumbatHoe mMeHenue K; u K u anTubat-
HOoe mMeHeHHe Ky, B 3aBUCUMOCTH OT 3Ha-
YEHUN G-KOHCTAHT, OOYCIOBIMBACT MCHb-
IIyI0 BEJIMYUHY |p| TI0 CpaBHEHHIO C |p| AJIs
CWJIbHBIX 3JIEKTPO HO aKIe ITOPOB.

JIJisi OTHOCHTENIHHO CJIA0BIX 3JIEKTPO HO-
aKuenTopoB X B MOMEHT BpeMeHHU t Be I u-
Ha K, C YYETOM BO3MOJKHBIX HM3ME HEHUH
KOHIICHTPAIMU KaTaJu3aTOPOB U TMPOTEKa-
HUSI peaKkluy TI0 MapuipyTaM KOOpIUHAIIH-
OHHOTO W KHCJIOTHOTO KaTaiusa (ypaBHECHHUE
(11)), MOXKeT MEHAThCSA CJIOKHBIM 00pa3zoM,
TPOXOJIs Yepe3 MAKCUMYM U MUHUMYM.

OTMeTuM TakXe OTCYTCTBHE BbIpae H-

50

t

zamecturesieit X. IlocnenHee MOKHO
OOBSCHUTH TE€M, YTO B KaTATUTHYECKHX
komiwiekcax (1), (1) AuX, mo- Bumumo-
My, CTIOCOOCH aKTHBUPOBATHCS 3a CUET
nie pude puitHBIX HYKJICO()UITbHBIX TICH-
TPOB KaTajan3a, HO HE B3aMMOJICHCTBY-
€T HeTIOCPEICTBEHHO ¢ atomamu Ti, Ko-
OPIMHUPOBAHHBIMHA C KapOOHWIIbHO U
rpynmno i 6eH30 HHO I KUCIIO ThI, M TaKUM
00pa3oM He CO3/1aeT CTEPUUECKUX Tpe-
MSITCTBUH 17151 KOOPIHMHAIIMH TIOC JIS THE 1.

C TouKHM 3peHHS] MPAKTUKU BaXKHBI
3aKOHOMEPHOCTH MPOTEKAHUS PEaKIIHH
(ypaBHenue (1)) B BO3aylIHON aTMoOcC-
depe. YCTaHOBIEHO, YTO KaTaJUTHYEC-
KO€ B3auMOJIEVICTBHE OEH30MHOI KHCJIOTHI C
AHX B 3TOM cllydae MMEET CBOM OCOOEHHO-
ctu. it anunuaa 1 AuX (X — 3JIEKTPO HO-
aKIETITOP) 3HAUYEHWS KOHCTAaHT CKOpPOCTEH
obOpazoBanus Oem3anwnuaa, baX u Bug Kpu-
BOH 5 COBMANAOT C TAKOBBIMU JIJII PE€aKIUU
B MHEPTHO I aTMOC(epe U KpuBoit A (puc. 2).
Omnpenenenue BbIXOJA 3aMEUIEHHBIX O€H3a-
HUWJIHJIOB MyTEM MOTEHIIMOMETPUUECKOTO He-
BOJTHOTO TUTPOBAHWSI U BBIICIICHUS KOHEUHO-
ro TPOJAYKTa TIO OIMKCAaHHBIM BBIIIE METOIU-
KaM JaeT OJIM3KHe pe3ynbTaThl. Panee Ha mpu-
Mepe B3aUMOICHUCTBUS aHIIMHA C O€ H30 HO i
KHUCIIOTO M TIOKa3zaHo [6], uTo gaxke 6apOoTax
BO3/IyXa 4epe3 PEakIOHHYI0 MacCy B TeUCHHE
BCETO BPEMEHH MPOTEKAHUS PEaKIUu He MPH-
BOJIUT K YMCHBIIICHHIO BBIXOJIa OCH3aHWIHAA.

[Ipu kaTadTUTUYECKOM alMJIUPOBAHUU
O0en3oiHO M kucioTo AHX (X — 3JIEKTpO-
HOJIOHOP) HAOMIOIaeTCs TMOTEMHEHUE peak-

ISSN 0041-6045. YKP . XIM . XYPH ., 2020, t.86, Ne 1



Brnusnue zamecmumeneii na CKopocmb peaKyuu 3dMeueHHbIX AHUIUHOE8 C OeH30UHOU KUCIOMOU ...

IMOHHO ¥ Macchl, baX 00pa3yroTCcsi C OTHOCH-
TEJIbHO HM3KUM BBIXOJIOM (TI0 CpaBHEHMIO C
peakue, TpoBOJAUMOMN B MHEPTHOM arMmo-
cepe) 1 6OIBIIMM KOJIMIESCTBOM TOOOYHBIX
npoykToB u cMol (nanubie TCX).

VY CTaHOBJIEHO, YTO METOJIMKA TOTEHIIU-
OMETPHUYECKOTO TUTPOBAHUSA JaeT MPHU STOM
IJI0XO BOCIPOM3BOJUMBIE PE3YNIbTaThl: THUT-
PYIOTCS elle Kakue-To KHCJble MPUMECH, Kpo-
Me OCH30MHO I KUCJIOTHI, M 00IIee coaepKa-
HUE TOCJIeIHE i OKa3bIBACTCS 3aBBIIIE HHBIM.

Karaautuyeckoe anwinpoBaHue 3amelleH-
apIx apmauHoB XHiCgNH, 0Oemn3soiinoin xu-
CJIOTOM B BO31Y LIHOM aTMoc(epe

X Bpewms, | Beixop, kHanl' ~

q % AMOT - d
4-NH; 3 42.0 0.338
2-OCHs 2 40.0 0.478
4-OCHs 1 29.0 0.706
4-OCH,CHs 1 37.0 0.910
4-CHs 1 43.0 1.045
2-CHjs 1 43.0 1.045

C y4eToM 3THX OCOOCHHOCTEH 3HAYCHUS
KOHCTaHT CKOPOCTEH KaTaTUTHYECKOW peak-
uu onpenesin mo Beixony baX (Tabmuia)
3a pa3HbIe TPOMEKYTKH BPEeMEHU Mo Qop-
mynam (3), (4). Ha ux ocHOBaHHH CTPOWIH
BETBb KpUBOH b (puC. 2) ¥ pacCUUTHIBAIH p.
Kak BunHO u3 puc. 2, BIMAHHE HAa CKOPOCTh
KaTAJIUTUYECKOTO alMIUPOBAHUs DJIEKTPO HO-
TOHOPHBIX 3aMecTutened X (p = 0.99, r =
0.95 — npubnu3uTeNbHAsE KOPpes s ), Ipo-
THBOTIOJIO)KHO TAaKOBOMY JUJISI PEAKIMH B HWHE-
pTHOM atMocdepe, YTo, MO-BUIUMOMY, MOKET
OBITH CBSI3aHO C OKHUCJIeHMEM AHX.

N3BecTHbl KOppensumu no ['ammerty
IUIL Pa3NIMYHBIX TPOIIECCOB OKHUCIICHUSA 3a-

MEIIEHHBIX aHWJIUHOB C OTPHIIATEIhHBIMH
sHaueHusIMH p oT —0.23 o —6.0 [33, 34],
4YTO BUAIIO Ha puc. 4, kpuBas 8.

[Tanenuie 3HaYEeHUI BBIXOJAa U CKOPOCTH
KaTATUTUIECKOTO 00pa3oBaHus 3aMEIICHHBIX
OeH3aHWwINI0B B peakiuu (1) MoryT mmeTh
pa3HbIe TPHYUHEI.

B BO3aymiHO M cpene B KUISLIEM Opmo-
KCHJIOJIE MOXET MpPOTEKaTh HEKOHTPOIUPY-
€MO€ OKHCJICHHE 3aMEIICHHBIX AHWIMHOB JIO
Pa3IMYHBIX MPOAYKTOB 3a CUET KUCJIOPO1a BO-
3ayxa. M3BectHo [35], 4TO 3TH MPOIYKTHI MO-
TYT OBITh COEIUHEHUAMH, COJIEPKAIIUMHU OK-
CU-, HUTPO-, a30KCH-, HUTPO3OTPYIIIIBI; CJIO-
YKHBIE T€Te PO LUKJIbI, CTIOCOOHBIMH K KOOP/AH-
HAIIMK C aTOMaMU TUTaHA Pa3JINdHbIX TUTAH-
coJepKalluX COeIUHEHUIN, B TOM YUCIE U C
ankorojsiTamMu Tutana. [Ipu »Tom B peakuu-
OHHO ¥ Macce MOSBISIIOTCS BO BCe 0oJiee BO3-
pacTaromeM KOJMYECTBE BEIIECTBA, CHOCOO-
HBIC BBICTYTATh B POJIM HHTHOUTOPA KaTalu-
THYeCKOM peakuuu [28], oOpa3ys KaTaluTu-
YeCKH HeakTuBHble KoMmIviekchl ¢ PBBT.

W3BecTHO Takke, YTO COCAMHEHHS THU-
TaHa, B TOM 4ucJjie ero ajgkoroastel 1 TBT, a
TaKe MPOAYKTHI UX THAPOJIN3a, MOTYT ObITh
KaTaJIM3aTOpaMU OKHCJIEHUSI pa3HbIX OpraHu-
YECKUX COEIMHEHUH, BKIIIOYAs aHWIUH U IPy-
T'ieé aMUHBI, Pa3HbIM U OKHcTHTeIsIMu  [36-38].
Torna mporiecchl OKUCIECHUS aMHHOB KHUCJIO-
POJIOM BO3]1yXa, TIPOUCXOIIINE TPU aMUIIHU-
poBanuu (ypaBueHue (1)), MOXKHO mMpeacTa-
BUTh B BUJIC HEKATATUTHIECKON M KaTaJlUTU-
YECKOM PEaKIUu:

AuX+ 0O, — Py,
PBBT
AaX + 0O, — P,

rae PyuP, — 3T0 mpoaykThl OKHCIEHUs, a
PBBT, BO3MOXHO, CIIyXHUT KaTalnm3aTOPO-
MokucaeHus. [Ipu 3ToM HTrHO MpOoBaHUE Ka-
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TaJau3a aMUIUPOBAHUA 34 CUET CBI3bIBAHUSA
PBBT mnpoagykraMu OKHCIEHUS IPEICTaBIIA-

CTCA KakK
KlO
P, + PBBT < PBBT-P,,

Kll
P,+PBBT < PBBTP,.

Texkyuyro koHueHTpauuto AHX TpHU 3TOM
MO>KHO BBIPa3UThb B BUIE:

[AuX]; = [AnX]o — [baX]; — [P1]: - [P2]:-
Torna ypaBuenue (9) no 6anaHcy Kara-
Ju3aTopa MOYKHO JIOTIOJTHUTH:
[PBBT], =[PBBT] + K;5[PBBT][bK]; +
+ K,[PBBT],
[BaX] + Ky[PBBT][HOBuX]+
+ KoKs[PBBT]
[BK]i[baX] + Kio[P1[PBBT] +
+Ky;[P,}[PBBT].

B ciyuae, ecnin X siBIsieTCS 3MEKTPO-
HOJIOHOpHBIM 3amecTuresieM, [HObuX] ouens
Mano, [baX]; = [baX], BblpaxeHue nis
[PBBT] (ypaBuenue (10)) moxxHO mpeobpa-
30Barh K BHUNY:

[PBBT],

PBBT] = —o—*,
rae Q = (1+ K;[BK]; + Kg[baX]; +
+ KgKo[BK]; [baX]; + Kyg[P1]; + Kia[P2]y) .

a BBIp@KECHHE JUII CKOPOCTH peakuuu (ypa-
BHeHUe (15)) kax

WKam =

Mepe YMEHBILIEHUS G CKOPOCTh PEaKIMi aMu-
JMPOBAHUSA MOKET CHUXKAThCS KaK B PE3YJib-
TaTe YMEHBIICHUS] KOHLEHTPALUU 3aMelle H-
HOTO aHWJIMHA TaK U 3a CYET JOTOJIHUTEIb-
HOTO MHTUMOMPOBAHUS KaTalu3a MPOyKTaM U
okuciyieHust Py uP,.

B nocnennem ciydyae BO3MOKHA J€3aK-
THBAIUA 34 CYET CHUIKECHUS 3apsifia MOHA THU-
taHa. Tak, nokazaHo [39], 4To mpu cUHTE3E
aMUI0B KapOOHOBBIX KHUCIIOT U3 ITUX KHUCJIOT
1 amnaTUIECKUX aMUHOB B MPUCYTCTBUH Te-
TpaxJjopuaa TUTaHA MOCJIEIHUN NPU HOBBI-
IIEHHOM TeMIieparype CrocoOCTBYET OKMC-
JIEHUI0 aMMHOB, IIPY 3TOM CaM IpeTepIieBaeT
JI€3aKTUBAIIMIO 3a CueT CHIkeHHs 3(pdek-
tuBHOTO 3apsna Ti (1V).

Panee momoOHBIN MEXaHU3M HHTHO UPO-
BaHms KaTanmsa TBT peakiuu 6€H30MHO I KU
CJOTBI C Opmo- U napa-amuHO(eHoIaMu 3a
CUET MEePEHOCA AIEKTPOHOB C apOMATHUUECKHU
CBSI3aHHO i OKCUI'PYMIIBI HA aTOM TUTaHa, CO-
MPOBOKAAIOIIETOCS CHIDKEHHEM €10 3P heKTH-
BHOTO 3apsijia, PeJIONeH HaMKu B padboTte [7].

[To-Bunmmomy, it AHX € 3JIEKTPO HO-
JOHOPHBIMH X TPOIECCHI OKHUCICHUS Urpa-
IOT CYIIECTBEHHYIO POJIb M 3HAauHWTeJIbHO
BIMSAIOT Ha MPOTEKAHUE KATAIUTHUYECKOTO
amunupoBaHus. Bonpoc mMexaHu3Ma HUHTU-
OMpoBaHUs KaTalu3za MPU alWIUPOBAHUHU
3aMEIlEHHbIX aHWINHOB O€H30MHOM KHCJIO-
TOI B BO3YIIHOM atMocdepe TpeOyeT aaib-
HE MILIEr0 M3y4e HUsl .

TakuMm oOpa3oMm HcclieoBaHUE KaTalu-
3UpyeMO# TONHMOYTOKCUTUTAHATAMH PEaKIUH
3aMEIEHHBIX AHWINHOB C OEH30WHOUN KU-

CJIOTOM B aT-

I Ky Ks1baX| BKI(IABX]o - [BaX] [Py ] [P2]) &3 [BKly-IPBTlg Mocdepe
(K [AuX]o(1+ K3 [H,0]0) + K, [BK] o) (Kg [BaX],+ Ko [P1] A+ K14-[P,] )~ @30Ta noka-
3a50  CIO%
HYIO  POJIb

Kak Bunno w3 Beipakenust st W, , 0

3aMECTUTEJIC 1 B AAPC UCXOAHOT'O aMUHa. Ilo-
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CIeHUM, CBS3BIBAI B CAMOM Hadaje peak-
MY Pa3IUdHOC KOJIWYECTBO OCH30WHOU KHU-
cinoTel B H-KOMIUIEKC, BJIMSET Ha THIPOJIH-
THYECKYIO0 YCTOHWYUBOCTb, CTPYKTYPY M Kara-
JUTUIECKYIO aKTUBHOCTh 00pa3yrOIIMXCS T0-
TUOYTOKCUOCH30aTOB TUTAHA, SBJITIOIIUXCS
WCTUHHBIM KaTaT3aTopoM, 00eCTieMBAIOIIIAM
MPOTEKaHKUE PEaKIMK N0 MapIIpyTy KOOPIH-
HAIIMOHHOTO KaTallu3a.

CUHTE3UpYEeMBIH TI0 X0y PEaKIuu 3ame-
IMICHABIN O€H3aHWINI, 00pa3ys KOMIUIEKC C
M0 JTUOY TOKC HO€ H30aTaM M TUTaHA, HE TOJIHKO
WHTHOMPYeT MPOTEKAHWE PEaKIMH TI0 Map-
HIPYTy KOOPAHMHAIIMOHHOTO Karajam3a, HO H
obecrneunBaeT KUCIOTHBIM KaTajiu3 3a CUeT
ATOT0 KOMIUIEKCA, SBISIOIIETOCS B TO XK€ Bpe-
Ms ¥ MEHE€ aKTHUBHBIM KaTaJIM3aTOPOM aMH-
TUPOBAHMUS.

KonrneHrpanus Takoro KMCJIOTHOTO Ka-
TaJgu3aropa MOJKET OBITh MPOMOPIIMO HAJIbHA
He oO0Iel KOHIIE HTPAIMK 3aMEeIEHHOTO OeH-
3aHWIWA, a JIMIIh KOHIICHTPAIMU €r0 aMHu-
nHot popmbl. mumaHas ¢opma 3amenieHHO-
ro OcHzaHWIWIA, 00pa3yroIasicsi B Macce B
pe3yibTaTe TayTOMEPHBIX MPEBPAIICHU, BbI-
CTyIMaeT B POJM MHTMOMWTOpa Karajlu3a W He
00pa3yeT KUCJIIOTHBIN KaTamu3aTop.

Takue clo>KHble 3aK0O HOMEPHOCTHU KaTa-
nma oTpaxaetr popma 'aMMeTOBCKOM Kpu-
BOW KOPPEISI MK KOHCTAHT CKOPOCTH BTOPOTO
MOPsIIKA TpeMst OTPE3KaMU MPSIMBIX JJISI OT/Ie-
JHHBIX TPYTI 3aMecTuTesieli ¢ p paBabiM —0.86
(anexTpoHOOHOPKI), 1.12 (cmabbie 37eKTpo-
HOaKIenTopel) U —2.83 (CWIbHBIE 3JIEKTPO-
HO aKIIC TITOPHI).

B Bo3aymHO# armocdepe 3akoHOMEp-
HOCTH KAaTaTUTHUUECKOTO alMINPOBAHUS OCH-
30MHOM KHMCJIOTOM 3aMellle HHbIX AHUJIMHOB,
COZepKallluX AIIEKTPOHOJOHOPHBIE 3aMECTH-
TEJIW, MEHSIOTCS, BKJIFOUAs CMEHYy OTpHIlaTe-
JLHOTO 3HAYCHUS P B KOPPEIISAIHOHHOM ypa-

BHeHHM ['aMMeTa Ha MOJIOKUTEIbHOE 3Ha-
yenue p = 0.99, uto MOkeT OBITH CBSA3AHO C
npeo0IaiaonuM BIUIHHEM Ha KaTaJlu3 Mpo-
IIECCOB OKUCIICHUSI COOTBETCTBYIOIIMX AMUHOB.
Ha xaTanurndeckoe aruinpoBaHue B CO-
MIOCTABUMBIX YCJIOBUSIX 3aMEIICHHBIX AHMIIH-
HOB, COJICPXKAIlMX 3JIEKTPO HO aKIe ITOPHBIC
3aMEeCTHTE M, MPOIECCH OKUCIICHUI 3a CUET
KHCJIOPOJa BO3ayXa BAUAIOT Maiio. [Tloatomy
NPaKTUYECKUN CHHTE3 TaKUX AHUIHIOB MO-
JKHO TIPOBOJIHTH B BO3IYIITHOW aTMocdepe.
HecmoTpst Ha TO, 4TO CHUHTE3 3amelle H-
HBIX OcH3aHmIuIoB (ypaBHenue (5)) sBusiet-
Csl MIMPOKO M3YYEHHBIM C TOUKH 3PCHUS TEO-
pHH ¥ TIPaKTHUKH MPOTIECCOM, TOJIyde HHBIEC B
HACTOSIICH paboTe 3aKOHOMEPHOCTH IO BIIU-
SIHUIO 3aMECTUTEJICH B siipe aHUJTMHA Ha TPO-
TCKAaHUE KAaTATUTUYECKOW PEaKIMh HEe WMe-
0T AHAJIOTOB.

BIUIMB 3AMICHUKIB HA MNBUIKICTD
PEAKLII 3AMIIIEHUX AHUIIHIB 3 BEH-
30MHOI0 KUCJIOTOIO, 1[0 KATAJI3Y-
€TbCA TTOJIIBYTOKCITITAHATAMU
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Hayxoeo-mexniuna ycmanosa «Incmumym ximi-
YHOIL MEXHOA02I ma NPOMUCTO80I eKON02ILy,
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* email: leon.shteynberg@gmail.com

Karanirnune orpumanHs OeH3aHUTia B3ae-
MOJIEI0 OCH30MHOI KUCIOTH 3 aHUTIHOM — BaX-
JWBUM MOJAEITBHHUM TPOIEC MPSIMOTO KaTaTHY-
HOTO aMiyBaHHsI, M0 IHTEHCUBHO PO3BUBAETHCS
OCTaHHIM YacoM B 00JIaCTi KOHIIEIIIIl «3eJIeHO]
XiMmii». FIoT0 BUBYEHHS € aKTyaJIbHUM 3 HAYKOBOI
1 MPaKTUYHOI TOYKU 30pYy. st BUpILIEHHS Ii€T
npoOIeMl TOCITITKEHO BILIMB 3aMICHUKIB B spi
aHUIIHY Ha KaTaJli3 moJi0yTOKCITITaHaTaMu allu-
JIFOBAHHS 3aMillCHUX aHUIHIB OCH30MHOI0 KH-
CJIOTOIO.
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KoncTanTn mBuIKOCTI 1i€T peakiii Apyroro
nopsaaky (mepummi mo aHuTiHy 1 OEH30HHOT KHC-
JOTi; KUMIAYUi opmo-kcunon, 145 °C, ctpym
a30Ty) A00pe KOPEmoIThes 3 piBHSHHS ['ammera
TPbOMa BIIPBKAMH MPSIMHUX IS OKPEMHUX TPYI
3amicHUKB 3 p = —0.86 (enexrponogonopm), 1.12
(cmabki enmexTpoHoakienTopu) i —2.83 (cuibHI
€JIEKTPOHOAKIENTOPH ). 15l mosicHEeHHs Takoi 3a-
JIKHOCTI 3allpOITOHOBAHMIN BapiaHT MEXaHBMY
KaTaJIITUYHOTO aMITyBaHHSI, 110 BpPaxoBYye (hopMy-
BaHHS B IEpIIl XBUJIWHHM peakiii OyrokciOeH-
30aTiB TUTAHYy — ICTUHHOTO KaTali3aTopa mpo-
1ecy; KOOpJAuHAIHOTO (moJsipu3alis KapOoH i-
JBHOTO 3B'SI3KY MPU B3aEMOJIi 3 aTOMOM THTaHY
KaTajizaTopad) 1 KACIOTHOTO (ToJisipu3ariisi Kap-
OOHUIBHOTO 3B'A3KY IpPHU B3a€EMOJIl 3 KOMILIEK-
COM, IO YTBOPIOETHCS OyrokcibeH3oaTamu TH-
TaHy 3 3aMilIeHUM O€H3aHUTiIOM) MapIpyTy
KaTanizy.

[nriOyBanHs KaTalniTMYHOI peakiii MoB's-
3aHEe 3 HAsBHICTIO B Maci BOJM, BITHOCHOTO HaJ-
AUIIKY O€H30MHOI KCIOTH Ta MOXJIMBOIO aMislo-
IMITHOIO TayTOMEpI€I0 3aMillleHUX OeH3aHUTIIB,
0 CYMPOBOKYETHCS B3aEMOJIIEI0 IMiTHOT (op-
MU OCTaHHIX 3 OyTOKCiOeH30aTaMi TUTaHY, 1 HE
MPUBOUTH 10 MAPIIPYTy KUCIOTHOTO KaTaIBYy.

KoHcTaHTH MBUIKOCT1 KATATITUYHOTO ally-
JIOBaHHSI OCH30MHOIO0 KMCIIOTOIO 3aMIlICHUX aHi-
JHIB, IO MICTSITh €JIEKTPOHOJIOHOPHI 3aMiCHU-
K, B OBITPAHIA aTMOC(epi KOpEOI0ThCS 3 Pi-
BHsHHS ['ammera BinpizkoM npsimoi (p = 0.99), 1o
TOB'A3aHO 3 [EPEBAKHUM BIUTMBOM IPOLIECIB OKU-
CHJIEHHS BINMOBITHUX aMIiHIB.

Ha karanirnyHe anuitoBaHHS B TOPIBHSH-
HUX YMOBaX 3aMIIICHUX AHUIHIB, MO MICTSThH
€JIEKTPOHOAKIIETTOPH1 3aMICHUKU, TIPOLIECH OKUC-
HEHHSI KUCHEM TOBITPSI BIUIMBAIOTH MAJlo.

KnwodyoBicunoBa: momidyrokciriranaru,
KIHEeTHKa, KOHCTAaHTa IIBHUJKOCTI peakiii, OcH-
30iiHa KMCIIOTa, 3aMiEH] aHUTIHY, 3aMileH] OeH-
3aHUTiAM, piBHAHHA ['ammera, kaTais.

INFLUENCE OF SUBSTITUTES ON THE RA-
TE OF REACTION OF SUBSTITUTED ANI-
LINES WITH A BENZOIC ACID, CATA-
LYZED BY POLYBUTOXYTITANATES

L.Ya. Shteinberg*

The Scientific-technical institution «lInstitute of
chemical technology and industrial ecology»,
3, Sg. of Chemists, Rubezhnoye, Luhansk re-
gion, 93009, Ukraine

* e-mail: leon.shteynberg@gmail.com

The catalytic production of benzanilide by
the interaction of benzoic acid with aniline is an
important model process recently intensively
developed in the field of the concept of «green
chemistry», direct catalytic amidation, and its
study is an urgent scientific and practical task.
To solve this problem, the effect of substituents
in the aniline core on the catalysis by polybut-
oxytitanates on acylation of sub-stituted anilines
by benzoic acid was studied.

The rate constants of this the second-order
reaction (the first with respect to substituted ani-
line and benzoic acid; boiling ortho-xylene, 145
°C, nitrogen flow) are well correlated according
to the Hammett equation with three straight li-
nes for individual groups of substituents with
p = —0.86 (electron donors), 1.12 (weak electron
acceptors), —2.83 (strong electron acceptors).

To explain this dependence, a variant of the
catalytic amidation mechanism is proposed, which
takes into account the formation of titanium
butoxybenzoates in the first minutes of the reac-
tion — a true amidation catalyst; coordination
(polarization of the carbonyl bond in the interac-
tion with the catalyst titanium atom) and acid
(polarization of the carbonyl bond in the inter-
action with the complex of the formed substitu-
ted benzanilide with the titanium butoxyben-
zoates) catalysis routes.

Inhibition of the catalytic reaction is asso-
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ciated with the presence in the mass of water, re-
lative excess of benzoic acid and a possible am-
ide—imide tautomerism of substituted benzani-
lides, accompanied by the interaction of the imi-
de form of the latter with titanium butoxyben-
zoates, which does not lead to the route of acid
catalysis. The rate constants for catalytic acyla-
tion of substituted anilines, containing electron-
donating substituents, with benzoic acid in the
air are correlated according to the Hammett equ-
ation by a straight line segment with p = 0.99,
which is associated with the predominant in-
fluence of the oxidation processes of the corres-
ponding amines.

Catalytic acylation under comparable condi-
tions of substituted anilines, containing electron-
withdrawing substituents, oxidation processes
due to atmospheric oxygen have little effect on.

Keywords: polybutoxytitanates, kinetics,
re-action rate constant, benzoic acid, substituted
anilines, substituted benzanilides, Hammett equa-
tion, catalysis.
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