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BBEJAEHUE

AKTYaJIbHOCTh T€MBbI

Kommuiekcnt JAHTAHUJIOB c OpraHUYeCKUMH JUTaHIaAMH AKTUBHO
UCCIIeYIOTCS Onmarofapss WX f-f JIIOMUHECHEHIWH, BO30YXICHHE KOTOPOW MPOHCXOIUT
BCJIE/ICTBUE TIpoOIlecca IepeHoca HSHEPruu € BO30Y)KJIEHHOTO JHMraHia Ha HOH JIaHTaHUAA
(«dddext anTeHHB»). DPPEKTUBHOCTH ITOTO MPOIIECCAa MOXKET OBITh JOCTATOYHO BBICOKOM, M
3TO JeNaeT MepCHeKTUBHBIM NMPUMEHEHHE HauOolee SPKO JIOMUHECIUPYIONINX KOMIUIEKCOB B
pa3IMYHBIX 00JacTSIX HAyKU M TEXHUKU. B HacTosIee Bpemsi KOMILIEKCHI JIAHTAHUOB aKTUBHO
UCTIONB3YIOTCS JUIs OMOAQHAIUTUYECKOTO aHajin3a, WMUDKUHTA KIETOK M TKAaHEW >KUBBIX
OpraHuU3MOB, a TakXe B Merojnax aHanuTudecko xumuu [4, 10, 120]. Bonbmoe konuuecTBo
MyOJUKalUi TIOCBSIIEHO HCIOJIb30BaHUIO0 3TUX KomIiuiekcoB B OLED-ycrpoiictBax (organic
light emitting diodes) B poiv 37€KTPOHHO-TIOMUHECIUPYIONUX KoMIoHEeHTOB [10, 84, 85, 156,
163, 168]. OcoObIii MHTEpEC MPHUBIEKAIOT KOMIUIEKCHI ¢ f-f moMmuHecteHimeln B UK obmactw,
HampuMep, KOMIUIEKChl HUTTepOus, Tak kak OmmwkHee WK um3myuenwe, mamo pacceuBasch H
HE3HAYUTEIBHO 3aTyXas, CHOCOOHO NMPOHMKATh BIIyOb Omojoruyeckux oObekToB [73, 126].
Kpome TOro, Ha OCHOBE KOMIUIEKCOB JIAHTAHUJOB MOTYT OBITb CHHTE3UPOBAHBI
METaJI-OPTAaHUYECKHUE CTPYKTYPHI C YHHKAJIbHBIMH, MPUMEHUMBIMHU Ha MPAKTUKE CBONCTBAMHU,
HalpuMep, ¢ TEPMOYYBCTBUTEIBHOM JIIOMUHECHIEHIUEN [ 158].

Kaxnaplii TUN  KOMIUIEKCOB — JIAaHTAHUZOB  OONaJaeT CBOMMHU  YHUKAJIbHBIMU
XapaKTepUCTUKAMHU, 3a/laBa€MbIMH JIMTAHJIAMHU: PACHOJIOKEHHE BO30OYXKICHHBIX YpPOBHEH
SHEPTUH, MPOCTPAHCTBEHHOE CTPOEHHUE, B3aMMOJICHCTBUE JIMTAHIOB MEXKIY cCO00M U Jap. MeHss
JUTaH, MOXKHO KOHTPOJIUPOBATh LIBET M KBAHTOBBIN BBIXOJ JIIOMUHECHEHIIMH. B nuteparype
MMEETCSI MHOTO COJIEPIKaTeIbHBIX U OOMIUPHBIX 0030POB, MOCBSIICHHBIX CBOMCTBAM KOMILIEKCOB
JIAHTAHUJIOB, CPEIN KOTOPBIX HanboJiee MOHBIMU ABISIIOTCS 0030psI J.-C.G. Biinzli u ero komner
[35-38, 61]. B ocHOBHOM B 3THUX 0030pax yAelseTcs BHUMaHHWE KOMIUIEKcaM ¢ N- U
O-IOHOPHBIMU OPTaHUYECKUMHU JIUTaHAaM, HO B HHUX MPAKTUYECKU OTCYTCTBYET MOAPOOHBII
aHaJIN3 KOMILIEKCOB C S-IOHOPHBIMU JIMTAHJAMU.

Bo03MOXHOCTH COBpEMEHHON CHHTETUYECKON XUMHUU MO3BOJISIOT MOJYYUTh Pa3IMuHbIC
MOIM(UIUPOBAHHBIE OpPraHWYecKue MOJIeKyJabl (B Hameid pabore — MPOU3BOJHBIC
1,8-nadpramumuna u 1,10-benanTponnnra) ¢ 3apaHee 3aJaHHBIMH (POTOXUMHUYECKUMU H
¢dboroduznyecKUMU CBOMCTBAMH ISl TIOCIEAYIOUIET0 CHHTE3a KOMIUIEKCOB JaHTaHu0B. COop,
aHaJIM3 W CHUCTeMaTu3alus 3HAHUH 00 HX IIOMUHECIEHTHBIX CBONCTBaX HEOOXOmuM st

HaIlpaBJIEHHOTO CHHTE3a HOBBIX KOMILJIEKCOB C TpeOyeMBIMHU CBOIICTBaMU. AKTYaJIbHOCTh TaHHON
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pa60TBI 3aKJII0O4acTCsa B UCCICIOBAHN q)OTOHHHyHHpOBaHHbIX IpouccCoOB B HOBBIX KOMIIJIICKCAX

JTAHTAHHUJIOB M METAJUI-OPTaHUYECKUX CTPYKTypax Ha UX OCHOBE, KOTOPbIE MOTYT BIHSTH Ha
3P PeKTUBHOCTh «3(deKTa aHTEHHB», B PAaCTBOPE M B TBEPAOM COCTOSHMM Ui OymyIero
MOKMCKa KOMILIEKCOB C HEOOXOUMBIMU XapaKTEPUCTUKAMHU.

Crenenb pa3paGboTaHHOCTH TeMbI

B nurteparype ummeeTcss OCTaTOYHO MHOTO ITyOJMKAIMii, MOCBALICHHBIX CHHTE3Y,
CTPOEHUIO M pa3JIMYHBIM CBONCTBAM KOMIUIEKCOB JaHTaHUI0B. C KaXIbIM TOJOM pAacTeT
KOJINYECTBO HOBBIX CHHTE3UPOBAHHBIX KOMILIEKCOB. [[1s1 OnucaHus TIOMUHECIIEHTHBIX CBOMCTB
XUMHUKH HMMEIOT XOPOIIO WCCIEIOBAaHHBIA MexaHusM <dddexra anteHHb». OpHAKO, H3-32
CHeIU(PUUECKUX CBOMCTB CaMUX JIMTAHJIOB B KOMILJIEKCAX MOTYT IpPOTEKaThb MOOOYHBIE
MIPOIIECCHI, BIUSIOMNE Ha f-f moMuHECHeHIn0. st Toro, 4ToOBI ONMpeAeNuTh, YTO U3 CeOst
MPEJCTABISIIOT 3TH TMPOILECChl, CTAMOHAPHBIX METOAOB ObIBAa€T HEIOCTAaTOYHO U Tpedyercs
UCIIONIB30BaTh BPEMSI-Pa3pEIICHHBIE METOIBI.

eab padorsl

HccnenoBanne Mmexanuszma (HoToPU3NUECKUX MPEBPALICHU B KOMIUIEKCAX JAHTaHUI0B
U METAJJI-OPTraHUYECKUX CTPYKTYpax Ha OCHOBE KOMILIEKCOB JIAHTAHU/IOB.

3agauyu padoThI

Hccnenoanue ¢hoTopu3ndecKux CBONCTB KOMIUIEKCOB JIAHTAHUIOB B PACTBOPE U/UIU B
TBEPJIOM COCTOSIHUU:

1) NP-Ln, rme Ln = Eu, Gd (kommiekcel C,sH;,NsOgEu-1.25CF;CO,H-2.75H,0 nu
C,sH3,NsOGd-2CF;CO,H-5.5H,0);

2) LnPhen(L);, e Ln = Eu u Gd, L — S-noHOpHBIH JMrasm:
nuppomuauaauTuokapoamar (C,HgNCS,) wnn nunzolytunautuodocdunar (i-Bu,PS,);

3) Ln(PhenM),(NOs);, tne Ln = Eu, Gd u Tb;

4) MeTaul-OpraHNYecKHe KapKacHble CTPYKTYpPhl Ha OCHOBE T€T€POMETATNINYECKUX
KOMITJIEKCOB TepedTanaroB eBporus—irorenus (Eu,Lu,_,),bdc;nH,0, rme x = 0-1.

Hayuynasi HoBU3HA

CBo6oanbiit murang NP u kommiiekcsl NP-Ln arperupytot B pacTBope npu yBeJIUYEHUH
KOHIIEHTpAIMu O1aroapsi BXOISIINM B UX cocTaB gpparmentam 1,8-Hadrammmuna.

[IpemnoKeH HOBBIM MEXaHHW3M MCYE3HOBEHHMS JIOMUHECHeHIMM Eu’’ B Kommekcax
EuPhen(L);, rme L — 1,1-quTHONAT, KOTOPBIH CBSI3aH ¢ MEKIUTaHIHBIM MEPEHOCOM DJIEKTPOHA C
1,1-nutnonara Ha Bo30yxxaeHHbIH 1,10-heHanTponuH.

Huccormanus  kommuiekcoB  Ln(PhenM),(NOs); B alleTOHUTpUiE TpU  HUZKUX
KOHILIGHTpalUsIX ~ CONpPOBOXKIAETCSl  CHEIU(PUYECKUM  TUAPOJIM30M ¢ 0o0pa3oBaHHEM

npoToHUpoBaHHOU (hopmbl PhenM.
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HOKa3aHO, 4qTo MCTAJUI-OPraHUYCCKHUC KapKaCHbIC CTPYKTYPbI Ha OCHOBC

reTepoOMETaNIMYECKUX KOMILIEKCOB Tepe(TanaToB EBPONHUS—IIOTENMs] B 3aBUCUMOCTH OT
KOHIIEHTpamuu HWoHa Eu’® MOryr cocrosTth W3 OIHOM KpUCTAIMYECKOH (assl —

(Eu,Lu,,),bdcs-4H,0, nwnm u3 nByx — (Eu,Lu,,),bdc;4H,0 u (Eu,Lu,._,),bdc;.

IIpakTHYeckas 3HAYMMOCTh

HoBrle QoTodusndeckre mporeccsl, BHISIBICHHBIE B Pa3IMYHBIX KJIacCaX KOMILJIEKCOB
JAHTAaHUJIOB B pAacTBOpPE W/WIM TBEPIOM COCTOSSHUM, MOTYT OBITb HCIIOJIb30BaHbI
XUMHUKaMHU-CUHTETUKAMHU  JUIsl  EJICHANPABJIEHHOTO TOJYYEHUS! HOBBIX JIIOMHUHECIIEHTHBIX
KOMITJIEKCOB U MPECKA3aHUS UX BO3MOXKHBIX (DOTO(U3NYECKUX CBOUCTB.

MeTono/10rust 1 METOABI AUCCEPTALNOHHOIO HCCJIEJOBAHUSA

B Hacrosmell pabore OCHOBHBIMH METOAAMHU HCCIENOBaHUS (DOTOPU3UUECKUX U
(OTOXMMHUYECKIX CBOWCTB KOMILJICKCOB SIBJISIIOTCSI ONITUYECKAst CIIEKTPOCKOIHS (3JIEKTPOHHOTO
MOTJIOIIEHUS), JIIOMHUHECIIEHTHAs CIEKTPOCKONHS W METOJ PEruCTpaluu MPOMEKYTOUHOTO
MoTIoNeHUs (HAHOCEKYHIHBIN J1a3epHbId (uieni-(hoToaus).

Ha 3amurty BbIHOCSATCS:
° pe3yabTaThl 1o JIOMUHECLEHIINH, IIPOMEXYTOYHOU CHEKTPOCKOIHNH u
KoHLeHTpanoHHoi arperanu NP u komriekcoB NP-Eu u NP-Gd B pactBope;
° HOBBI MEXaHW3M TylIeHus roMuHecHeHnuu B komruiekcax EuPhen(C,HgNCS,); u
EuPhen(i-Bu,PS,);;
° MexaHu3M  rugponu3a  komruiekcoB  Ln(PhenM),(NO;); B ameroHuTpuie,
COTMPOBOXK/IAOIIETO TUCCOIMAIINI0 KOMILIEKCOB;
° KOppEeJsLUs MEXKIY JIFOMUHECIIEHTHBIMU CBOMCTBAMU M COCTAaBOM METaJUI-OpraHMUYECKUX
KapKacHBIX CTPYKTYp Ha OCHOBE TIeTepOMETAUIMYECKMX KOMIUIEKCOB TepedTanaroB
epporus—morenus (Eu,Lu,_,),bdc; nH,O ¢ conepxannem Eu® or 0 1o 100 ar. %.

CreneHb 10CTOBEPHOCTH U anpodanus padoTbl

OcHOBHBIE pe3yabTaThl paboThl JoKIaAbIBAINCH Ha 10 KoH(epeHIMAX:
51 MexnayHnapoaHast HaydHasi cTyjaeHuUeckas KoHgepeHIHs «CTyIeHT U Hay4YHO-TEXHUYECKUN
nporpeccy, 12—18 anpens 2013, HoBocubupck.
8 Beepoccuiickas koHpepenuusa «Menaenees—2014y», 1-4 anpens 2014, Canxt-IlerepOypr.
52 MexnayHapoaHasi Hay4yHas cryjaeHdeckas koHpepeHums «CTyIEHT W HayYHO-TEXHUYECKUU
nporpeccy, 11-18 anpenst 2014, HoBocuOupck.
XXVI Mexnaynaponnas UyraeBckas KOH(GEpEHIHs 10 KOOPAUHAITMOHHON XUMuUH, 6—10 okTs0ps
2014, Ka3zab.
JBamnare mepBast Bcepoccuiickas HaydHass KOH(EPEHIHS CTYIEHTOB-(H3UKOB M MOJIOIBIX

yuénbix (BHKC®-21), 26 mapta — 2 anpens 2015, Omck.
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IIT Bcepoccuiickas koHpepeHIUs «YCIeXu XuUMUYeckod ¢usuku», 3—7 wurons 2016,

YepHorosoBka.
«III Poccuiickuii neHpb penkux 3emensy, 20-21 despans 2017, HoBocubupck.
IV HIkona-xkoHpepeHus MoaoabX Yu€HbIX «Heopranmuecknue coeqnHeHus 1 (yHKIIMOHATIbHbIE
matepuais» ICFM-2017, 21-26 masa 2017, HoBocubupck.
IX International Voevodsky Conference, June 25-30, 2017, Novosibirsk.
XXVII Mexaynapoanas Uyraesckasi KOH(GEpEeHIIHS 110 KOOPAUHALMOHHONW XUMUHU, 3—8 OKTAOps
2021, Tyarnce.

JIMYHBIN BKJIAJ COUCKATEJIS

Bce mpencraBinenHble B AMCCEPTALMM  CHEKTpPajJbHbIE W KHHETHYECKHUE JTaHHbBIC
MOJIyYeHBI TIPH HETIOCPEACTBEHHOM y4acTHH aBTopa. Mx anamu3 m o0paboTka ObUIHA BBHITTOJIHEHBI
COBMECTHO C CoOaBTOpaMu myoOnukanuil. CaMOoCTOATENbHO BBIMOJIHEH TOWCK JUTEpaTypbl AJis
COCTaBIICHUSI JUTEPaTypHOro 0030pa M IS CPAaBHEHHS MPHUBEICHHBIX B HHUX JaHHBIX C
pesyibpTaTaMu, MONYyYeHHBIMH B XOJ€ OSKCIIEPUMEHTAIbHON paboThl. ABTOp yd4acTBOBAJN B
pa3paboTKe IUTaHA WCCIeNOBaHUM, (OPMYIMPOBKE M€, 3a7ad W BBHIBOIOB, a TaKXKe B
MOJITOTOBKE MyOJIMKAINI TI0 TEME TUCCEePTAIIMOHHON PabOTEHI.

Myoaukanuun

ITo Teme muccepraruu onmyOJIMKOBaHBI 6 CTaTel B KypHaJIax, pekoMeHI0BaHHBIX BAK,
u Te3uchl A0knanoB 10 xoHbepenuuid. Hayunelie myOnuKalnudy JOCTATOYHO TOYHO OTPAXKAIOT
colepkanue nucceprauuu [3, 94, 95, 113, 124, 125].
1. Plyusnin V.F, Kupryakov A.S., Grivin V.P., Shelton A.H., Sazanovich 1.V., Weinstein
J.A., Ward M.D. Photophysics of macrocycle-appended 1,8-naphthalimide and its Eu(IIl) and

Gd(III) complexes. Process of energy transfer to the Eu(Ill) center // Photochem. Photobiol. Sci.
—2013. - V. 12.—N. 9. — P. 1666-1679.
2. Kupryakov A.S., Plyusnin V.F., Grivin V.P., Bryleva J.A., Larionov S.V. Interligand

electron transfer as a reason of very weak red luminescence of Eu((i-Bu),PS,);Phen and
Eu(C,HgNCS,);Phen complexes // Journal of Luminescence. — 2016. — V. 176. — P. 130-135.
3. bpruteBa 1O.A., Tlmocuun B.®., I'munckas JI.A., KympskoB A.C., KoponskoB U.B.,

[Mupsizes J.A., Jlapuonos C.B. Cunres, crpoenue u dochopecuennus komriekcon (A)[GdL,] n
(A)[Gd(Phen)L,] (L = uz0-Bu,PS,, C,HsNCS,; A = NH,", Et,N") // Koopa. xumust. —2017. — T.
43.— Ne 3. - C. 138-146.

4. Larionov S.V., Bryleva J.A., Glinskaya L.A., Plyusnin V.F., Kupryakov A.S., Agafontsev
A.M., Tkachev A.V., Bogomyakov A.S., Piryazev D.A., Korolkov I.V. Ln(IIl) complexes (Ln =

Eu, Gd, Tb, Dy) with a chiral ligand containing 1,10-phenanthroline and (-)-menthol fragments:
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synthesis, structure, magnetic properties and photoluminescence // Dalton Trans. —2017. — V. 46.

—1.34. —P. 11440-11450.
5. Plyusnin V.F., Mikheylis A.V., Kupryakov A.S., Shubin A.A., Grivin V.P., Bryleva J.A.,

Larionov S.V. Photophysical processes for phenanthroline-menthol ligand and its Eu(IIl) and
Tb(III) complexes in solution // Journal of Luminescence. —2019. — V. 214. — P. 116548.

6. Nosov V.G., Kupryakov A.S., Kolesnikov LE., Vidyakin A.A., Tumkin LI., Kolesnik
S.S., Ryazantsev M.N., Bogachev N.A., Skripkin M.Yu., Mereshchenko A.S. Heterometallic

europium(II)-lutetium(IIl) terephthalates as bright luminescent antenna MOFs // Molecules. —
2022.-V.27.—N. 18. - P. 5763.

CTpykTypa U 00beM padoThI
Hucceprarus uznoxkena Ha 100 cTtparumax, conepxut 46 pucyHkoB u 5 Tabnui. Pabora cocrout
W3 BBelleHUs, 0030pa nureparypsl (M. 1), sKcmepuMeHTIbHON YacTh (TU1. 2), pe3ynbTaToB U UX
oOcyxzaenus (1. 3), BBIBOJOB, CIUCKAa COKpAIICHUMN, CMHCKA JIMTAHAOB, HCIOJb30BAHHBIX B

paborte, 1 circka nuTHpyeMoi uteparypsl (171 HauMeHOBaHUH).
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IJIABA 1. JUTEPATYPHBI OB30P

B nmepBoii wactu ganHoro o03opa paccMoTpeHbl (oTodu3MUecKHe CBOWCTBA
IIPOM3BOJHBIX OpraHUYecKux Moinekyn — 1,8-napramumuna u 1,10-penantponuna B pacTBope.
OHM MMEIOT BBICOKHE KOA(PPHUIMEHTH HKCTUHKIUHU B OmkHell YO o0nacTu crekTpa, mo3ToMy
3TH JJOCTATOYHO JIOCTYIIHbIE BELIECTBA aKTUBHO MCIIOJIb3YIOTCS B POJIM «aHTEHH» B KOMILJIEKCAX
TpeX3apsAAHBIX HMOHOB JIAHTAHUAOB Ui  BO30Y)KIEHUS MX JIIOMHUHECHEHIMH. 3HaHHUE
dhoTopu3nyecKknXx CBOWCTB MPOCTBIX XPOMO(OPOB B CBOOOJHOM COCTOSSHUM M B COCTaBe
KOMITJIEKCOB JIAHTAHUJIOB MO3BOJISIET a priori MpefcKa3aTh, KaKHe MPOLECChl MOTYT MPOTEKAIOT B
6oJiee CI0KHBIX IPOU3BOAHBIX XPOMO(OPOB U B X KOMIUIEKCAX.

dotodpu3nueckre MPOLECChl, MPOTEKAIMe B BO3OYKICHHBIX OpPraHMYECKUX
MOJIEKyJIaX, MOYKHO HATJISTHO MPEICTABUTh B BUE quarpammsl S10monckoro Ha Puc. 1.1 [1]. OHa
BKJIIOYAaeT B ce0sl MOIVIOLIEHHE KBAaHTA CBETA, (PIIyOPECLECHIINIO, Pa3InyHble Oe3bI3yyaTe/bHbIe
Mepexo/ibl, WHTEPKOMOWHAIIMOHHYIO KOHBepcHio W docdopecueHnuo. B momonHennn, Ha
JaHHOW JuarpaMme TPUBEACH TMPOIECC TMOIMVIONICHHUsI CBETa MOJEKYJIOH B TPHUILIETHOM
cocrossHun (T -cocrosnuu) — T-T mnomiomieHne, KOTOPBHIA JIEKUT B OCHOBE HAOIIOICHUA
UCYE3HOBEHUs  BO30YXKIEHHBIX OpPraHMYECKMX MOJEKYJI B METOJAE HAHOCEKYHJHOTO

¢urenm-dorormsa.

Sz T>
ﬁ# -~
]
hv,,[T-T dornomenme
I
HHTepKOMOHHAITHOHHAS E .
S, - — _ KomBepcHi : Be3pr3nygaTenbHbIH epexo/]
! T S v
: > ' Tl
OryopecHeHIHA .
: E
| I
hvy ! ' ®ocdopecreHITHA

! i
! :
Bt:33brsﬂyqarenbm>le HEPEXOABL |
! :
1 I
i I
So { d

Puc. 1.1. Ilnarpamma S6moucKOTO, MonioaHeHHas T-T mormomenneM.

JlutepatypHbliit 0030p BKIIOUAET JaHHBIC, CBSI3aHHBIC ¢ (OTOPUINIECKUMU CBOMCTBAMU
OPraHMYECKHX MOJICKYJ: ONTHYCCKUE CIEKTPHI, CIEKTPhI JIFOMHHECICHIUU, CHEeKTpbl T-T
MTOTJIOIIIEHUS, a TAK)KEe KBAHTOBBIC BBIXOJIBI M BPEMEHA YKH3HU JIIOMHHECIICHIINN ¥ BO30YKICHHBIX

COCTOSIHUH.
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Bropas uacte nureparypHoro o03opa  mocBsileHa (OTOPU3NYECKUM CBOWCTBAM
KOMIUIEKCOB ~ JIAHTQHUJIOB W  METaJUI-OPTaHUYECKHX KapKacHBIX CTPYKTyp Ha OCHOBE
reTepOMETaNINYECKUX KOMIUIGKCOB Tepe(TalaToB JIaHTAaHUIOB. B jwmTeparype HUMErTCs
o0IIMpHbIE 0030pbI, MOCBAILICHHbIE JIIOMUHECIIEHTHBIM CBOWCTBAM KOMIUIEKCOB JIAHTaHHJIOB,
Hanpumep, Biinzli u ero xommer [35-38, 61], HO B HHMX TpHBENEHO Mayo WH(MOPMAIUU O
(OTOMHAYIIMPOBAHHBIX OKHCIIUTEIHHO-BOCCTAHOBUTEIILHBIX nporeccax KOMILIEKCOB

naHTaHu10B. [Io3TOMY B TaHHOM 0030p€e 3TUM MpoIleccaM yIelIeH0 0c000e BHUMaHUE.

1.1. Cnexrpockonusi u ¢porodusnka npou3BoaHbIx 1,8-nadrammmmuaa

B »3Toii T1aBe HNPUBCACHDBI CIICKTPLI ITOINIOMICHH A, JIIOMUHCCIHCHINHN U T-T nornomeHus
IMPOU3BOIHBIX 1,8-Ha(1)TaJ'II/IMI/II[OB. KpOMe TOTO0, 34CCh JaHbl KBAHTOBBIC BBIXOJbI UX HCKOTOPBIX

BO30YKJIEHHBIX COCTOSIHHI B pacTBOpaXx.

1.1.1. llornomenue, somunecueHuus u T-T nornomenue 1,8-nadpranumuna

CrpykrypHass ¢opmyna 1,8-Hadranumuna mnpuBeneHa Bo BcTaBke Ha Puc. 1.2.
Onrtuyeckue CHEKTPhl NMPOU3BONHBIX |,8-HadTamuMuma WMEIOT HWHTEHCHBHBIE TOJOCHI TT-T*
nomionieHuss B OnmxkHerd Y@ obmacth ¢ makcumymamu B auamasone 350-450 HM, KoTopbie
MOTYT CMEIAThcs B 3aBUCUMOCTH OT MPHUPOJIbI 3aMECTUTENS U MOJIAPHOCTH pacTBopuTens [12,
29, 77, 116-120]. Hanpumep, ©Ha Puc. 1.2 nmnpuBeaeH CHEKTp  MOIVIOMICHUS
N-metun-1,8-nadranmumuga B CH;CN, koTophlii MMeeT MOJNOCH ¢ MakcumMyMamu Ha 332 (g =

12500 M-'em™) u 345 (¢ = 11600 M-'em™') 1m [120].
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Puc. 1.2. Cnexp nornmomieHus (cieBa) v JIOMHUHeCIIeHIInH (cripaBa) N-metui-1,8-Hadramnmuna
B CH;CN [29]. BcraBka: crpykrypHas ¢opmyna 1,8-HadramuMuaa c oOLIENpUHATONW HyMepanuen

MOJOKEHUH.

CrekTpsl JIIOMHHECIICHIINA PA3JIMYHBIX TMPOM3BOMHBIX |,8-Hadramumumga WMEIOT
MOJIOCHl ¢ MakCMMyMamu B auanazone ot 360 go 540 um [12, 29, 77]. KBaHTOBBII BBIXOJ
JIOMUHECHEHIIMN TPOCThIX MPOM3BOAHBIX |,8-HadTasuMuga OOBIYHO HE OYEHb BBICOK H
npubnusutensHo paseH 0.03 [12, 29]. Hdns cpaBHeHus, 1,2-Hadramumun u 2,3-Hadramumun
HMCIOT OOJIbIIINE KBAHTOBBIC BBIXOABI JroMuHecHeHuu (0.76 u 0.24, coorBeTcTBeHHO) [29].
Takoe pasnuume oObsicHseTcs Oonee OBICTpPOW WHTEPKOMOMHAIIMOHHOW KOHBEpPCHEH B
1,8-nadranmumune. DHPEKTUBHOCT WHTEPKOMOWHAIIMOHHBIX TEPEXOAOB Uil  Pa3IMUHBIX
HaQTaTMMMIOB 3aBHCHT OT pa3sHHIbLI JHEPruil Mexmy 'mn* u “na*-coctosHusmu. Jls
1,8-nadranumuaa *nm*-coCTOSHME HAXOAUTCA YyTh BBINIE, YeM 'MA*-COCTOSHME, W pa3HMIIA
SHEPruil MEXIy HHMMHU OuY€Hb Maja Mo cpaBHeHHI0 ¢ 1,2- u 2,3-Hadranumuaamu. Takoe
pacronioxXeHne ypoBHEH MPUBOIUT K Oojee 3(pPeKTHBHOMY CMEIIMBAHUIO ATUX BO30YKIEHHBIX
COCTOSIHWH |, CIIEIOBaTelIbHO, K Oojiee 3pPeKTUBHOMY TIepexomy MOJeKyibl 1,8-HadTamumuaa
U3 'mr*-cocTodHuA B HUKENnekanee “nn*-cocTognue [29].

Bpewmst xu3an payopecnennuu 1,8-HadTamumMuga u €ro KBAHTOBBINA BBIXOl BO3PACTAIOT
IpU  YBEJIMYEHUHM TIOJSAPHOCTH PACTBOPHUTENS M CMEHE alpOTOHHOTO pPacTBOPUTENS Ha
npotoHHbIi [29]. Hampumep, st N-metuin-1,8-nadTanumuia BpeMeHa )XU3HA (GIyopeclieHIInn
U KBaHTOBBIE BBIXONBI (B ckoOkax) paBHbl: 0.145 Hc (0.027) B CH;CN, 0.115 nHc (0.013) B
6enzone, 0.140 ue (0.031) B CH,Cl,, 0.475 uc (0.071) B C,HsOH, 2.1 ue (0.023) 8 CF;CH,OH, <
0.060 uc (0.003) B C,H;OC,Hs, < 0.060 uc (0.001) B rekcane. Ilpu 3TOM MakCHMyM TOJIOCHI
moMuHECTeHITH N-meTui-1,8-Hadranumuga cMemaeTcss He3HaYUTEIbHO, HAPUMED: Ay, = 376
oM B CH;CN u A, = 364 HM B TeKkcaHe.

CrnoxHble 3aMECTUTENN B MMPOU3BOAHBIX 1,8-HadTanuMuga MOTYT 3HAUUTEIBHO MEHSITh

¢doropusnueckue cpoiictBa 1,8-HadTanuMuaa, Hampumep, YIydllaTh JIIOMHHECLEHTHBIC
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xapaktepuctuku [116-118]. Takke OHM MOTYT y4acTBOBaTh B MPOIECCE BHYTPUMOJICKYISIPHOTO

nepenoca snekrpona [42, 108, 130, 144] u o6pa3oBbIBarh ¢ 1,8-HadTATUMHUIOM YKCUILIEKCHBIE
KOMILJIEKCHI [42].
B [144] npu npucoenunennu k 1,8-Hadrannmuy B N-1onoxeHne dyepe3 IpOnHiIbHBIN

MocTHK N,N-aumerunaMuHHON Trpymisl (cuHTe3 N-3-aumerunamuHonponui-1,8-napranumua)
HAOJIONaIN 3HAYUTEIbHOE YMEHbIIEHHE KBAHTOBOTO BBIXO/1a JIIOMUHECLICHIIUU 110 CPABHEHUIO C
N-metuin-1,8-nadgranumugom. IlpuuuHON STOro ABISETCS BHYTPUMOJEKYISAPHBIA MEPEHOC
aNeKTpoHa ¢ aroma asota NH, rpynmbel Ha BO30yXaeHHBIN 1,8-HadTanuMu ¢ MOCIeTyIOIIUM
0OpaTHBIM TEpeHOCOM HJeKTpoHa. OOBIYHO MPOTEKaHHE TAKOTO MEPEHOCa SJIEKTPOHA MOXKHO
NpEeIOTBpaTUTh, J00aBUB B pacTBOpP COJb METajula, KaTHOHbl KOTOPOTO  XOpPOILIO
koopauHupytorcss k NH, rpynne, unn npunus kucnoty. [Toatomy, 4ToObl SIBHO MOKa3aTh, YTO
moMHuHECHeHIus 1,8-HadTamuMuga TYmIUTCS WMEHHO H3-3a IepeHoca ayekTpoHa ¢ NH,
IpyNmsl, aBTOphl Ho6aBumu B pactBopsl monbl Cu?', Ni**, Eu’* m H' (1:1) u naGmonamu
MOSIBIIEHUE JIFOMUHEcHeHnu 1,8-Hadranumuna.

Crnekrp T-T nmormomenus 1,8-nadranumuna npuseneH B psne crareit (Puc. 1.3) [29, 41,
137, 144]. B [41] u [139], ucnons3ys MeTOJ aKTUHOMETPUHU 0 OEH30()EHOHY W IpeIoiarast
MOJIHYI0  MHTEPKOMOMHALIMOHHYIO  KOHBepcuio  1,8-Hadramumuaa, TONy4YHWIM  pa3HbIe
ko3pdunuentsl skcTunkiuy 1,8-nadramumuna B Ti-coctosumu B CH;CN: 5100 M'em™ u
10300 M'em! ma A = 470 um, coorserctBenHo. Ha Puc. 1.3 mpexncrasnen cmekrp T-T
nornomenuss N-metun-1,8-nadpranumuaa B CH;CN u3 [29] ¢ koadduiimeHTaMi 3KCTUHKIIHNH,
YHCIICHHO paBHBIMH K03 urmenram sxcTuHkmu us3 [139].

CornacHo cnekrpam (ocdopecueniuu, sneprus T -coctostaus 1,8-HadTanumuaa paBHa
52.8 kxan/mons (18500 cm™) [107, 139].

[ )

»

e
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Puc. 1.3. Cnexrp T-T nornomienust N-metui-1,8-nadpranmumuna 8 CH;CN (A,,,; = 308 HM) [29].

B yxe ynommnaBmieiics cratbe [144] mpu TpOBENEHUHM THUTPOBAHHS PaCTBOpPA

N-3-mumerunamuronponui-1,8-nadpranumuna nonamu Eu’" 8 CH;CN HaGmonanocs He TOIBKO
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yBenuueHne QY duyopecuenuuu 1,8-Hadranumuaa, Ho u nosBieHue ero T-T moromieHwus,

KOTOPOEC OTCYTCTBOBAJIO B HAYaJIbLHOM paCTBOPC.

1.1.2. JxcumepHoe cocTosinue ABYX 1,8-HadTanumunos

Oprannueckue MoJIEKysbl CIIOCOOHBI K arperaliy B pacTBOpe. DTO MOXKET MPUBECTU K
MOHMKEHUIO KBAHTOBBIX BBIXOZOB JIIOMUHECHEHIMH BemectB [70] wam, HA000poT, K HX
noseimieHnio (AIE, aggregation induced emission) [16, 70, 103]. OnHo¥ U3 MpUYWH arperauu
OpraHMYECKHX MOJIEKYJ SBIsIeTcss HMX ciadas pacTBOPUMOCTb B OYEHb MOJSPHBIX WU
HEMOJSIPHBIX PACTBOPHUTENSX, B 3aBUCUMOCTH OT MOJISIPHOCTH CaMHUX MOJIEKYNI. Arperamws, ¢
JIpPYrol CTOPOHBI, XapaKTEpHA i1 MOJIEKYJ C apOMaTUYECKOW LIETbIO CBS3€HM, TaKk Kak OHa
BBI3BaHA MX T-T B3aUMOjIeHicTBHEM [72].

Wrak, arperamust MOJIEKYyJd MOXET NMPUBOAWTH K yBenudeHW0 QY IJFOMHUHECIICHIIUU
pPacCTBOPEHHOIO0 BEIIECTBA. JTO CBSI3aHO, C OJHOW CTOPOHBI, C YMEHBIIECHHWEM 3HAYEHUU
0e3bI3IIydaTeIbHBIX KOHCTAHT CKOPOCTEH HCYE3HOBEHMSI BO30YKICHHBIX COCTOSHHI U3-3a
OTpaHMYEHUS KoONeOaTeNbHBIX U BpallaTelbHBIX ABWKCHUH MOJEKYNl, C JApyrou — ¢
oOpa3oBaHueM OoJee SIPKO JIFOMHHECHUPYIOMIEro dKcuMmepa (aue. eximer (coxp. om exited
dimer)). Dxcumep — 3TO JIUMEp, CYIISCTBYIOIIMNA TOJHKO B BO30YXJICHHOM COCTOSSHHH U
oOpasyromuiics W3 BO30YKIEHHOW W HEBO30YXJICHHOW MOJIEKYlT OfHOTo BemiecTBa [127].
OOpazoBaHue IKCHUMeEpa SKCIEPUMEHTAIBHO MOXHO IMPOCIEAUTh MO CMENICHHI0 MaKCUMyMa
MOJIOCKl B CHEKTPE JIIOMUHECLCHLIMU B Oosiee JIMHHOBOIHOBYIO OOJACTh MO CPaBHEHHIO C
MaKCHUMYMOM I10JIOCHI MOHOMeEpa.

Kpome Toro, ¢parmentsr 1,8-Hadramumuga MoryT oOpa3oBBIBaTh AKCHMEPHI B
Pa3NUYHBIX TUAJHBIX MoyieKynax — |,8-Hapramumun-munkep-1,8-napramumuyg (NP-muakep-NP)
[164], na B OpraHWYecKHUX MOJUMEpPAX, HANpUMeEp, B MOJUAMHUIOAMUHE, COIPSHKEHHOM C
1,8-nadramumuniom [149]. BepositTHOCTh 00pa3oBaHHMsi HDKCHMEPOB B Juazax OOBIYHO
YBEJIMYUBACTCS TPHU YBEIMUYEHUU CIIOCOOHOCTH IIMHKEpa CrudarbCs WM, B CHEIUAIBHBIX
cllydasix, IpyU MU3MEHEHUHM ero KOH(GOpMaIlUH, YTO MPUBOAMUT K CONMKEHUIO BO30YKICHHOTO U
HEeBO30yXk1eHHOTO (pparmMeHToB 1,8-HadTanumuna.

B [164] nmonmyuwnm — coeqWHEHHWE,  CcOCTosImiee W3  JABYX  ()parMeHTOB
N-Oytun-4-anieramunio-1,8-HadTanumuga, TPUCOCIMHEHHBIX K aroMaM a3oTa MHUIepa3rHa
(NP-nmuniepazun-NP) (Puc. 1.4(cneBa)) m mcciaemnoBaid €ro COCOOHOCTh BBICTYIIATh B POJIH

(ryopecrienTHOM poOsl Ha HoHBI Cu®’,
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CrekTpsl JTIOMUHECHCHIIMH pacTBopoB NP-mumepasun-NP Ha Puc. 1.4(cmpaBa)

coziepkaT JBE IOJIOCHI: MEPBYI0 — ¢ MAaKCUMyMOM Ha mpuonu3urensHo 450 HM U BTOpPYIO — ¢
MaKCUMyMOM Ha npuOnu3utensHo 544 uM. [lonoca roMUHECIIEHIIMN ¢ MAKCUMYMOM Ha 450 HM
NpUHAISKUAT (parmMeHTy 1,8-Hadramumuna, a moioca Ha 544 HM — SKCUMepy U3 JBYX
¢parmenToB 1,8-Hadramumuna. Kak BHIHO U3 CHEKTPOB, MpPU YBEIUYEHUU MOJISPHOCTH
pacTBOPHUTEISI OTHOIICHHE MHTCHCHUBHOCTEH IepBoit mosockl ko Bropoit (I(450 am)/I(544 uM))
yMEHbIIIaeTcs: B AuxjuopMeTane (¢ = 8.9) umeercs TOIbKO OJ(HA MOJ0ca ¢ MaKCUMyMoM Ha 450
HM, B CH;CN (¢ = 37.5) — n1Be no4TH paBHBIE 10 MHTEHCUBHOCTH IIOJIOCHI C MAKCHMyMaMH Ha
450 u 544 um. Jleno B TOM, YTO IpH YBEJIWYEHUM MOJSIPHOCTH PACTBOPUTENS MOJIEKYJa
NUIepasuHa MOXKET MEPEXOAUTh U3 KOH(OpMAalMU «Kpeciao» B KOHPOPMALMIO «BaHHA», YTO
MPUBOAUT K cOmmKkeHuo AByx (parmentoB 1,8-HadTamumuma. DTO, B CBOIO OdYepeb,
YBEJIMYUBAET BEPOSTHOCTh 0Opa30BaHUS BHYTPUMOJIEKYJSIpHOrO 3kcumepa 1,8-Hadrammmuna
IIPU 3JIEKTPOHHOM BO30YXJIE€HUM OfHOrOo U3 (hparmentoB. Ha To, 4To mojgoca ¢ MakCUMyMOM Ha
544 HM TUpUHAIISKUT SKCUMEPY ABYX 1,8-HaQTamuMHIIOB, yKa3bIBAIOT aHAJOTMYHBIE (OPMBI
II0JIOC B CIIEKTpax Bo30yxaeHHUs omMuHecneHuuu Ha 450 m 544 um Ha Puc. 1.4(cnpasa).
CoBniazieHHe 3THUX I0JIOC SIBHO MTOKA3bIBAET, YTO IKCUMEP 00pa3yeTcs Mociie Nepexoia OAHOIo U3

1,8-nadTanuMu1oB B BO30YKIEHHOE COCTOSTHUE.

Q /)
\i _ )L/ Cu™ (1 om.)

Makcumym u3nyyerus 544 am
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Puc. 1.4. Cnea: o6pasoBanue kommiekcoB Cu’* ¢ NP-nunepasun-NP 1:1 u 1:2. Cnpasa:
CTIEKTpHl JIIOMMHECHEHIIMH pacTBopoB NP-mumepasun-NP (C = 1x10° M) B pacTBopuTeNsx pasHOii

MOJISIPHOCTH (A, = 370 HM). BeraBka: cnekTpsl BO30ykIeHHUs JitoMuHecleHimu Ha 450 u 544 uMm B

CH,CN [164].

IIpu TuTpoBanmm NP-nunepasun-NP  comero Cu** B CH;CN, npoucxomur
nocienoBaresibHoe oOpa3oBaHue KomIuiekcoB 1:1 u 1:2 mo ypaBHeHUsIM peakuuu Ha Puc. 1.4.
Benuunna [(450um)/I(544HM) T[pakTUYEeCKH HE MEHSAETCS BIUIOTH JO COOTHOUICHHS
konneHntparuu 1:1 (Puc. 1.5 (creBa)): cnektp mroMuHecHeHIH ¢BoOoHOr0 NP-nunepa3sun-NP

WJIEHTUYEH CIIEKTPY JIFOMHMHECIIEHIMU KomIuiekca NP-tuniepasun-NP:Cu®" = 1:1. D10 cBsasano ¢
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teM, uro B CH;CN mnwunepa3uH HaxonuTcs B KoHdopMmanuu «BaHHa» M 1,8-HadTamumuabl

pacronokeHbl 0Ju3Ko ApyT K Apyry. Jlobasnenue Cu®” He MEHSIET KOH(POPMAIMIO [TUIIEPA3HHA 1
JUIIb TPUBOAMT K OOJiee JKeCTKOMY 3aKperuieHuio 1,8-HadTaauMuIoB HampoOTUB APYT JApyra.

[Ipu 3TOM B crieKTpax MOMIOMICHHS T0JI0CA C MAKCUMYyMOM Ha 375 HM paciupsiercs.

Mornolexue
o

Mornowerns

MHTEHCHBHOGTE MIOM-LMK

0.0 - pe T
300 400 300 400
OnuHa BonHE, HW JINHHa BOMHLI, HIA LnuHa sonHel, HM

Puc. 1.5. CneBa: crexrpsl moMuHecteHmu NP-unepasun-NP (C = 1x10”° M) B CH;CN npn
tutpoBanuu uoHamu Cu®’. pH = 7.4, A,,; = 370 aM. Beraska: rpaduk 3aucumoctu 1(450)/1(544) or
xoHnenTparuu Cu®'. CripaBa: CHeKTpbI HorIonieHus pactBopa NP-nunepasun-NP (C = 1x107° M) npu
tutpoBanun nonamu Cu’” B CH;CN. Cnekrpobl noronienus ciea: C(Cu*') = 0—1x10° M; crexrpst

noromenus crpasa: C(Cu?’) = 1x10°-2x10° M [164].

[Ipu naneHeiimeM nob6asnenun Cu®' (otHomenme NP-nunepasun-NP:Cu®* or 1:1 1o
1:2) mpoucxomuT ToCTeneHHOoe o0Opa3oBaHHME KOMIUIeKca 1:2, B KOTOpPOM MHUIEpPa3MH UMEET
COTKPBITYIO»  KOH(MOPMAIMI0O C  YBEIMYEHHBIM PACCTOSIHHEM MEXAy (parMeHTaMu
1,8-nadTanmumuma. D10 BeseT, Kak Moka3aHo Ha Puc. 1.5(cneBa), Kk 3HAYUTEITHFHOMY YBEIUYCHUIO
WHTEHCUBHOCTH TIOJIOCHI JIIOMUHECIICHIIMU ¢ MakcuMymMoM Ha 450 HM BIUIOTH JI0 TOJIHOTO
ucue3HoBeHUsa mojockl Ha 544 uMm. HecmoTps Ha pacman aumepa, CIEKTp MOMIOIIECHUS
KOoMITJIeKca 1:2 He CTaHOBUTCSA aHAJOTHYHBIM CIIEKTPY MOIIOMICHHUS CBOOOJHOTO COEAMHEHHUS
13-3a MOSIBJICHUS JOMOJHUTEIBHOM MOJOCHl IEpeHoca 3apsiaa ¢ aroma kuciopoaa rpyrmsl C=0
na Cu*".

B [43, 64, 79] npencraBneHsl JaHHbIE 110 (OTOPUZNYECKUM CBOWCTBAM ApPYTUX TUal,
cogepxamux 1,8-Hapranmumuasl (NP-L-NP), ¢ pasnuyHbIMH TUDAMU W JJUHAMH JIMHKEPOB
(ITMHKEp TIPUCOCNMHEH K atoMaM a3zora 1,8-Hadramumupa). B [43] nuHKEpamu SBISIOTCS
nonumetuieHoBsle (CH,), nenmouku ¢ n = 3, 4, 6, 7, 8 u 9. B [64] u [79] nBa ¢parmenra
1,8-madranumuga coeauHensl jmHKepamu cocrasa: (CH,),NH(CH,),, (CH,);NH(CH,); u
(CH,),NH(CH,),NH(CH,),.

Cpenu BBIIEYTIOMSIHYTBIX pa0OT HanboJee MoApoOHOE HCClIeJOBaHUE OBLIO MTPOBEICHO
B [43] ¢ ucnonb3oBaHHEM (PEMTOCEKYHIHOW JTIOMHUHECIICHTHOM CIEeKTpockonuu. Ero memnbio
ObUIO TOHSTh, KAaK HAXOMASAIIUECS PSIOM MOJIEKYJIbl BO30Y)KIEHHOTO U HEBO30YXJIEHHOTO

1,8-HadTanuMu1a B3aUMOCHCTBYIOT JIPYT C IPYTOM.
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Cnektpsl mommomnienust auaa NP-(CH,),-NP B CH;CN (Puc. 1.6) coBmamaroT co

CIeKTpoM mnorioueHuss MoHoMmepa N-renrtui-1,8-naptanmumuna B CH;CN, uto yka3piBaeT Ha
OTCYTCTBHE CHJIBHBIX B3aUMOJCHCTBUU Mexay AByms 1,8-HapTamumMuzamMd B OCHOBHOM
COCTOsIHHMM B JUajdax. CHGKTpBI JJIOMUHCCHCHIMHU pPaCTBOPOB AHAaA MMCIOT TIIOJIOChI B
KOPOTKOBOJIHOBOM 00JacTH cnekTpa (0AHa U3 HUX — ¢ MaKCUMyMOM 379 HM) U OJHY IIMPOKYIO B
OoJiee ATMHHOBOJIHOBOW 007acTH, MPUHAUIEKAILYIO 3KCUMEPY C MAaKCUMYMOM B MHTEpBAJIe OT

436 mo 500 HM, B 3aBUCUMOCTH OT JJIMHBLI METHIJIEHOBOTO MOCTHKA.
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Puc. 1.6. CneBa: cnexrpsl nomiomenus u momuHecteHnnn NP-(CH,),-NP (n =3 (1), 4 (2), 6
(3), 8 (4), 9 (5)) B CH;CN, C = 2.9x10° M (A,,,; = 330 um). CripaBa: BpeMs-pa3pellieHHbIe CIEKTPbI
momunectennun NP-(CH,),-NP (n=3 (1), 4 (2), 6 (3), 8 (4), 9 (5)) B CH;CN na Bpemenax 30 mic (cieBa)
u 1.5 e (cnpasa), C =2.9x10° M (A,,,; = 330 um) [43].

[Tonmockl, mpuHaUIekKAIINE TIOMUHECIICHIIMM MOHOMEPA U SKCUMepa, ObUTH pa3ieleHbl C
MIOMOIIBI0  BPEMsI-Pa3pelIeHHON  JIIOMUHECIIEHTHONH  CHEKTPOCKONMHM TpU  BO30YXKJIECHHH
(heMTOCEKYHTHBIM UMITYIIbCOM cBeTa (A,,,; = 330 HM) (Puc. 1.6). MakcuMyMBI OJIOC DKCUMEpa B
CIEKTpe JIIOMUHECHIEHIIMH KO BpeMenu 1.5 He paBubl 500, 489, 464, 438 u 436 HM 17151 AMad ¢ n
= 3,4, 6,8 u9, coorBerctBeHHO. [Ipu 3TOM 1111 mMaabl ¢ n = 7 B CHEKTPE JIOMUHECIICHIUU
nogoOHasi mojoca JIIOMUHECHEHIIMU dKCHUMepa OTCyTcTBOBaia. [IpuunHOI 3TOrO sIBIsSIETCS TO,
YTO JIMHKEpP ¢ N = 7 HE MOXKET COTHYThCS Tak, 4ToObI 1,8-HaTanmuMuapl TpUOIU3UIUCEH IPYT K
apyry [171].

W3 aHanmm3a JaHHBIX BpEMs-pa3pelICHHBIX CIIEKTPOB OBLT ClIENaH BBIBOA, YTO TOJIOCA
JIOMUHECHEHIIMN ¢ MakcuMymoM Ha 380 HM, mpuHajiexalas MOHOMEpPY, MCUE3aeT 3a BpeMs
meHee 240 mc. Ilpu »TOoM mosiBisieTcss mosnoca, mpUHAIekamias skcumepy 1,8-HapTanumuna,

BpCMA )KU3HH JIFIOMUHECCIHCHIIMU KOTOPOI'O 6onsire 10 He.
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B [64] onucansl cBoicTBA JBYX JMaJd C aMUHOCOJEpKAIIUMU JIMHKEpaMH

(CH,),NH(CH,), (1) u (CH,);NH(CH,); (2) B pa3iauuHbIX pacTBOpUTEIIX: 2,2,2-TpUPTOPITAHOI,
Bonma, Meranon, 3TaHoi, CH;CN u cmech Mmeranon/CH;CN (1:1 mo o0vemy). CrekTpsl
MOIIOUICHUsI OTHX JBYX JWajJ COBINAJAIOT CO CIEKTPOM IMOTIOLIEHHS (parMeHTa
1,8-nadramumuna. CnexTpsl JOMUHECTIEHITMU auaabl (1) BO BCEX pacTBOPUTEISIX MMEIOT JIBE
MOJIOCKI: MOHOMEpa M JKcumepa, 3a uckimodeHueM amnporoHHoro CH;CN. B cmekrpax
JIOMUHECHEHIIMN Auajbl (2) BO BCEX PACTBOPHUTENSAX OTCYTCTBYET IMOJIOCA JIOMUHECHEHIIUN
JKCHMeEpa, 3a UCKJIIOYEHHEM BO/bl. UTOOBI OOBSCHUTH TAaKO€ pa3HOE MOBEICHUE IHMAJ, aBTOPHI
cocianuch Ha pabotel [43, 171], B KOTOPBIX, KaK YK€ YIIOMUHAJIOCH, TMHKEP C YHCIOM aTOMOB 7
MPEISTCTBYET 00pa30BaHHUIO SKCUMEpa, TaK KaK B JIMHKEPE TUalbl (2) CONEPKHUTCS UMEHHO 7
aTOMOB.

B nmuane (1) sxcumep oOpa3yeTcst BO BCeX pacTBOpUTEX, 3a uckitodeHueM CH;CN. Eé
JUHKEP SBISIETCS] JOCTATOYHO M30THYTHIM, YTOOBI 3a BpeMs cyliecTBoBanus 1,8-Hadranumuma B
BO30Y)KJIEHHOM COCTOSIHHH SKcuMep ycmen obOpasoBarbest (Puc. 1.7). U, HaobopoT, B ciydae

nuanel (2) n3ruba TUHKEpa HE XBATAET, U SKCUMED HE 00pa3yeTcs.

3KCUMEp
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o RS fimep
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M = MoHomep; EXC = akcuMep; S = NPOTOHHbIA Nk
anpOTOHHLIN PACTBOPUTENb.

Puc. 1.7. Cxema nosiBIIeHUS JIIOMUHECIISHIINH SKCUMepa B pacTBope auanst (1) [64].

1.1.3. Arperanus 1,8-HadTraaumMuaoB B pacTsope

Arperaiusi MOJIEKyJl IPOU3BOAHBIX 1,8-HadTanmumMmuIa MOKET IPOUCXOIUTh B pacTBOpE
Omaromapst ux cnaboil pacTBOPUMOCTH B CHJIBHO TOJISIPHBIX WJIM CHJIBHO HEHOJSIPHBIX
pacTBOPUTENAX, B 3aBUCUMOCTH OT TOJSAPHOCTH CaMOW MOAM(DUIIMPOBAHHOW MOJEKYIbl [44,

110].
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C nomomplo ¢uiyopeclieHTHOro MeTofga B [44] wWccinenoBald — arperauio

N-rentun-1,8-nadranmumuna B cmecu aByx pactBoputeneii CH;CN/H,O (B paszmuuHbIX
00bEMHBIX J0JIAX) U B rekcane. N-rentui-1,8-nadpranumun B pactBope 100 % CH;CN obnanaer
cnaboit momunectenmmern ¢ QY = 0.021. Ilocnme nobGaBiieHust BOIBI, C YyBEIUYEHUEM €€
o0semHoi momu B pactBope ¢ 0 mo 70 %, QY yBemmumiics necstukparHo (Puc. 1.8).
JanpHelmee yBenuueHne ooweMHou aoiau ¢ 70 mo 95 % mpuBeno K MCYE3HOBEHUIO TOJIOCHI
JIOMHHECLEHIIMY MOHOMEpa ¢ MakcUMyMOM Ha 380 HM M HOSIBJIEHUIO MOJIOCHI arperupOBaHHBIX
MOJIEKYJI C MaKCUMyMoM Ha 470 HM.

Kpome toro, oOpazoBaHue arperupoBaHHBIX MojeKyl N-rentui-1,8-HadranuMuma mo
YBEIIMYCHUIO HWHTCHCUBHOCTH WX JIIOMUHECICHIMU Takke HAOMIO#aa TIpH YBEIHMYCHUU

koHIeHTparuu oT 5 10 50 uM B pactBope H,O/CH;CN.
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Puc. 1.8. CraeBa: cnektpsl momMuHeceHnuu N-rentu-1,8-madramumuna 8 CH;CN/H,O, C =
1.5%10° M. OpamxeBbie crniekTpbl: 00bemuast ot H,O — 0-70 %; cuHue CrieKTpbl: 00beMHas OIS —
75-94 % [44]. CnpaBa: cmekTpbl JoMUHecUeHuuu N-rentui-1,8-Hadramumuna B rekcane, C =

1.6-6.2x10° M. BeTaBka: 3aBUCMMOCTB OTHOIIEHHs uHTeHcUBHOCTEN [(450)/1(360) OT KOHIIEHTpALIUH.

B HemossipHBIX pacTBOpUTENSX MPOU3BOAHBIC 1,8-HadTamuMuIa mIoxo pacTBOPUMEL B
TeKCaHe aBTOPhI 3apPETUCTPUPOBANU CIEKTp JOMUHecHeHIMH N-rentui-1,8-nadranumuaa
noxoxuid Ha criektpel B CH;CN/H,O ¢ Bbicokoii 00beMHO# moneii Boabl Oombiie 70 %. M3-3a
CJIa00ro yBENIMYEHUS OTHOIIECHUS MHTCHCUBHOCTEH MakcumyMoB moinoc [(450)/1(360) na Puc.
1.8 aBTOpBI A€NAIOT BBIBOA, YTO MOJ0CA ¢ MAaKCUMyMOM Ha 450 HM NPUHAIJICKHUT SKCUMEPY,
oOpasyromeMycsi B pe3ylbTare  OWMOJEKYISIPHOM  pEaKIUh  CTOJIKHOBEHHUS  JIByX
1,8-nadTanumMuoB.

B cnmektpax  miomuHecueHuuu — N-3Tui-1,8-HadTanumuna ¢ pa3idMYHBIMH
apoMatudeckuMu 3amectutensmu B 4 monoxkenuun (Puc. 1.2) Ttaxke Habmromanu
JUTMHHOBOJTHOBYIO JIFOMHHECLEHIIMIO OT arperupoBaHHbIXx Monekyn B TI'®/H,O c Bwicokoii
oobemuolt gomeir Bomel (= 0.9) [110]. MpueHTW4YHBIE CHEKTPHI JTIOMUHECICHIMH OBLTH
3apEeTUCTPUPOBAHBI U JUIA TBEPIBIX 00pasloB. PEeHTreHOCTPYKTYpHBIM aHAN3 IMOKa3aj, YTO

pPacCTOSTHHE MEXAY IUIOCKOCTAMHU 1,8-HadTanuMuaoB B 3TUX coeauHeHusx paBHO 0.630-0.652

A.
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1.1.4. BzaumopneiicrBue AByX 1,8-HadTajauMua0B B MeTaLI-OPraHMYeCKUX KAPKACHBIX

CTPYKTypax

bnaronapst m-n B3auMoneicTBuI0 MeXAy 1,8-HadTamuMuaaMu UM HaIUIM PUMEHEHHUE
B METaJNI-OPraHMYeCKHX KapKacHbIX CcTpykTypax (MOF) kak CcTpyKTypooOpasyrommm
komnionentam [131-135]. lanee npuseaeHo onucanue Hekotopbix MOF, nanusix B nuteparype,
LeJIbI0 KOTOPOTO SIBJISIETCS BBIICHEHHE B3aMMHOIO PAaCHOJIOKEHHUs JBYX B3aUMOJEHCTBYIOLIUX
¢bparmenToB 1,8-HapTanuMuI0B.

B pabore [132] Owum cunTe3upoBansl aBa MOF w3 amerara wmemm (1)
(Cuy(0O,CCH;)4(H,0),) mpu nobasnenuun k Hemy N-(3-mpomaHoBas Kuciota)-1,8-HadTanumuaa
(NP-1) u N-(4-OyranoBas kucnora)-1,8-nadpranumuna (NP-2) B npucyTcTBun nupuauHa (py).
Onn umeror coctas: [Cu,(NP-1)4(py),]s-2(CH,Cl,)-3(CH;OH) u [Cuy(NP-2)4(py).]52(CH,CL).
Kak Obulo yNOMSIHYTO BBIIIE, B 3TUX COEIMHEHUSX CHIJIBHOE T-T B3aHUMOAECHCTBHE MEXKIY
¢bparmentamu 1,8-HadTanumMuga WrpacT OCHOBHYIO pOJib B 00pa30BaHUM MPOCTPAHCTBEHHBIX
CTpyKTyp. JunonpHblii MomeHT 1,8-HadTanumuga HampaBiIeH OT apOMATHYECKONH CHUCTEMBI
Ha(TaIMHOBOTO KONbII[A K aroMy a30Ta HMMHJIHON TpyNIbl, YTO MPHUBOAUT K BBITOJAHOMY
roJIOBa-XBOCT (QaHTUIAPAJUIEILHOMY) PACIIONIOKEHHUIO JIByX MOJIEKYN Kak B pacTBope [131], Tak u
B TBepaoM coctosinuu (Puc. 1.9) [132]. Takxe B [132] Ha npumepe MOF Ha 0cHOBE KOMIUIEKCA
mMeau  (II) mokazaHa  BO3MOXKHOCTH  INPOCKAJIb3bIBAHHS  apOMAaTHYECKUX  CHCTEM
1,8-HadTanuMUIOB OTHOCUTENBHO JApPYr JApyra M OTKIOHEHHS yIlia MEXIy TUIOJIbHBIMU

momMmeHTamMu ot 180°.



Puc. 19. Crpykrypa MOF  [Cu,(NP-1),(py).]5'2(CH,Cl,)-3(CH;0H), umeromero

CTpyKTypooOpasyrorue GpparmerTs! 1,8-HadTanumumaoB (BeIIeICHB KpaCHEIMU paMkamu) [132].

Crpykrypa nepsoro ykazanHoro MOF coaepUT BHYTpU OIHOIO CJIOS ABa THUIA Map
1,8-madpramumunioB. B atux mapax miockoctu 1,8-HaQTalIMMUIOB OTHOCHTENHHO APYT ApyTra
PacroiIoKeHbl MapajljIeNIbHO ¢ OAMHAKOBBIMU YIJIaMU MEXAY AUINOJIbHBIMU MoMeHTamu 180°; HO
C Pa3HBIMH MEXIIIOCKOCTHBIMH PAcCTOSHUAMH, paBHbIMH 3.75 1 3.58 A (Puc. 1.9).

B ctpoenun stux asyx MOF Takke BcTpeuarotcs napsl 1,8-HaQTaliuMuIoB, y KOTOPHIX
YIJIBI MEXIy OUNONbHBIMU MoMeHTamu MeHblie 180°. Hampumep, Bo Bropom MOF no naHHeIM
PEHTIEeHOCTPYKTYPHOTO aHaliM3a HUMEIOTCS Mmapbl ¢ ymioM 169° W paccTossHueM MeExay
apoMaTHYeCKUMHU TockocTsMu 3.32 A.

Hpyrue MeTaI-OpraHnYeCcKue KapKacHbIE CTPYKTYpBI cocTaBa
[M(L),(4,4’-bipy)(H,0),]'xH,O0 (M = Fe, Co, Ni, Cu, Zn; x = 4.25-5.52), rne 4,4’-bipy —
4,4-ounupuaud, 1 L — MonuduumpoBaHHas aMHUHOKHMCIOTA (TIUIUH, ajJaHUH WIH CEPHUH) C
OPUCOCTUHEHHBIM K Hed 1,8-HapTanmumMuIoM, HUMEIOT CHUPATIEBUIHOE PACHOJIOKEHUE
OTAEIBHBIX KOMILUIEKCOB, KOTOpBIE CBSI3BIBAIOTCS JIPYI C JAPYIOM Ue€pe3 T-T B3aMMOJAEHCTBHE
1,8-HadTanuMKI0B (CIIMpany A0CTaTOYHO JIMHHBIE: = 60 A omuu nosopor u = 40 A muamerp)
[133]. VYmibl MeXIy IUNOABHBIMM MOMEHTaMH 1,8-HapTanuMHIOB B 3TUX CTPYKTypaX paBHBI
64—68° 1 paccTOSHUS MEXKTy TIocKocTaMU — 3.40-3.48 A B 3aBHCHMOCTH OT HOHA MeTasa.

Takum 00pa3zoMm, MOJEKynbl, umeronie (parmMentsl 1,8-HaQTaNUMUIOB B CBOEM
cocTaBe, MOIyT 00pa3oBbIBaTb OJKCHUMEpPHl B JAMajgaX, B KOTOpbIX |,8-HadTanumMuabl
pacnoararoTcs roj0oBa-rojoBa OTHOCUTEIBHO APYT Apyra. B MeTami-opraHn4ecKkuxX KapKacHbIX
cTpykrypax 1,8-Hadramumunel, Onarogapst 7T-m  B3aUMOJIECHUCTBHIO MOTYT OOpa30BBIBATH
JUMEpPHBIE CTPYKTYPbl C DPACIIOJIIOKEHHEM apOMaTHUECKHX IUIOCKOCTEH TOJI0Ba-XBOCT. Takxke

coenuHeHus 1,8-HadTanmuMuma M3-3a TUIOXOM PacTBOPUMOCTH MOTYT arperupoBaTh B OYCHB
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MOJISIPHBIX (HAIIpUMeEp, CMECHU pacTBOpUTeiei ¢ OonblIod OObEeMHOHN [0Niel BOABI) U OYEHD

HCIIOJIAPHBIX PACTBOPUTCIIAX (HaanMep, FCKCElHC).

1.2. ®otopusuveckue cBoiicTBa Npou3BoaHbIX 1,10-penanTposanna

[TpousBonnsie 1,10-heHanTpoMHAa XOPOIIO W3BECTHHI KaK XEJIaTHPYIONIUE areHThI JIs
pPa3IMYHBIX MOHOB METAUIOB. MHOXKECTBO HCCIEIOBAHUN IMOCBAIIEHO MOUCKY CIEHHAIbHBIX
MPOU3BOJIHBIX /I CEIEKTUBHOTO JETEKTUPOBAaHUS KaTHOHOB METAaJIOB B pactBope [14, 17, 26],
Pa3IMYHBIX aHUOHOB [14] M CENEKTUBHOIO BBIAEIECHUS OIHUX KaTHOHOB METAJIOB U3 CMECH C
apyrumu  [78, 98, 140]. CymnpamonekyiaspHble XHMHUKH BKJIIOYAOT (EHAHTPOIUHOBBIE
(bparMeHThl B COCTAB Pa3IMYHBIX CIOKHBIX camocobuparomuxcs ctpykryp [15, 17, 20, 59], rak
KaK OHM IMO3BOJISIIOT MEHSITh UX CBOMCTBA MpHU 100aBIECHUU WM yAAJIEHUU HOHOB METAJUIOB WM
MTOJIKUCIICHUH CPEBI.

Hanee Oyzner onucaHo uaMeHeHHe POTOPHU3NUIECKUX CBOMCTB pa3TUYHBIX TPOU3BOAHBIX
1,10-penanTponinna npu usMeHenun pH cpensl. Taxke OynyT NpuUBEAEHBl NpPUMEPHI
oOpa3zoBaHus aHHOH-panukana 1,10-peHanTporuHa B pacTBOpe M B COCTaBE KOMILIEKCOB

METAJIJIOB.

1.2.1. JIromuHecueHuusi NPpou3BoaHbIX 1,10-(peHaHTPOIMHA B KHCJIBIX Cpeaax

KBantoBeie BbIXONBI JFOMHHECHCHIMH 1,10-¢penantponmmna (Phen) Hu3kue u He
npeBbimatoT 0.0l B DNOMAPHBIX M HENOJSAPHBIX PACTBOPUTENSX, a BpEMEHa JKHU3HHU
JIFOMUHECIIEHIIMM MEHSAIOTCS OT 7 HC B Bojie 10 < | HC B uKiorekcane [24].

Cnekrpsl nmoronienust Phen u ero mpotonupoBannoii popmel PhenH' B Bone npuBeaeHbl
Ha Puc. 1.10. Ilomoca mnommomenuss Phen ¢ makcumymom Ha 265 HM cwmemaercs B
JUTMHHOBOJTHOBYIO OOJIaCTh Ha 5 HM IpHU 00aBIEHUH B PaCTBOP KUCIIOTHL. I3MeHEeHne CrIeKTpoB
JTOMHHECHeHIIMH pactBopa Phen mpm pasueix pH Ttaxke mnpusenenst Ha Puc. 1.10. Ilpm
yMmeHbllleHun pH mnosiBisieTcs HoBas mosoca B Ooliee IJIMHHOBOJIHOBOM 00JIaCTH ¢ MAaKCUMYMOM
Ha 420 um, npuHaiexamas PhenH'. pK, nus pasHoBecus Phen + H* 2 PhenH' paBna 4.7 [24]
unu 4.9 [162].
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[nvHa BonHbI / HM

Puc. 1.10. CneBa: crnektp mororieHus Phen (crutornmnoii) u PhenH' (myHKTHPHBINH) B BoJeE.
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CrpaBa: criekTpsl ltoMuHecieHnnu Phen B Boge mipu pasusix pH = 11.7, 5.1, 4.3, 4.0, 2.9 [24].

B [101] Listorti u ngp. mpoBenu HauOoyiee NETAIBHOE HCCIEAOBAHUE HW3MEHECHMS
JIOMUHECUEHTHBIX XapaKTePUCTUK Pa3IMYHBIX 2- U 2,9-apun3amenieHHbix 1,10-henanTponuHoB
1-9 (Puc. 1.11) B muxsjopmMeTaHe IpH HUX MPOTOHUPOBAHUHU C IOMOIIBI TPUPTOPYKCYCHOM

KHCJIOTHI. O6paSOBaHI/IC IMPOTOHUPOBAHHBIX (1)OpM Ha6JHO,I[aJ'II/I 10 U3MCHCHHUSM B CIICKTpax

nomionienus, dromuHecuenimu 1 'H SIMP cnekrpax. Ilpu 3TOM HCClEayeMbIE COETMHEHUs

o0Oiamaror Oojiee OCHOBHBIMH CBOMCTBAMH, Ye€M He3aMeIleHHBIH Phen: 4mcio SKBUBAJIEHTOB

KHCJIOTBI, TpeOyemoe [uid npoToHupoBaHus 50 % MOJIEKys, YMEHBIIAETCS MPH MOSBICHUU Y

Phen B C2 u C9 nonoxeHusx 3eKTPOHOJJOHOPHBIX apHIIbHBIX 3aMectuTenei [18].



Puc. 1.11. Crpykrypuble dopmynsl 2- u 2,9-apunsamerieHHbIX 1,10-penanrponunos [101].

OObwmenpuHsTas HyMepanus nojoxenuid B Phen nokazana Ha npumepe coenunenus 4.

[Ipy nporoHupoBaHuM coeauHeHU 1-9 MakCHUMyMbl TIOJIOC JIFOMHUHECUEHIIMHN
CMEIalTcad B JJIMHHOBOJIHOBYIO oOnacth Ha Oomnbiie yeM = 150 M. Takoil Oonbliol cAaBur
CBSI3aH C NEKTPOHHO-AOHOPHBIMU 3amectutensiMu B C2 u C9 nonoxenusix. [t cpaBHeHus, s
He3ameleHHoro Phen cMmernienne moiaockl B ITUMHHOBOIHOBYIO 001acth MeHnee 70 am (Puc. 1.10).

Onnako, B crnekTpax (ocdopecieHy mpu MPOTOHUPOBAHUN TEX K€ 3aMEIICHHBIX
Phen mnosnoxeHus MakCUMyMOB MOJIOC M BpeMeHa >KU3HH (POcPOpecUeHINH MPAKTUYECKU He
MEHSUIUCh. DTO MOXHO OOBSICHUTH T€M, YTO AJIEKTPOHHAS INIOTHOCTH B 1-9 B T -cocTosinuu npu
MPOTOHUPOBAHUHU HE MEHsET Jokanuzanuu [101].

Cucremaruszupys IIOJy4YEHHbIE JIaHHBIE, 2- u 2,9-apuii3amenieHHbIE
1,10-penantponuusl 1-9 ObIM paszneneHsl Ha 3 TPyHIbl B 3aBUCHMOCTH OT M3MEHEHUH HMX
JIFOMHHECIIEHTHBIX CBOMCTB MPU MTPOTOHUPOBAHUH:

° 1 rpymna (1-3) — cUMMETpPHYHO 3aMellleHHbIe TNapa-AuaHu3MI()EeHaHTPOIHHBI,
KOTOpBIE JTIOMHUHECIHPYIOT B ocHOBHOU (hopme ¢ QY 0.12-0.33, a mpu nobGaBiernu Kuciotsl QY

pe3ko nagaet a0 0.010-0.045;
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° 2 rpymma (4, S5) — 2,6-numerokcudeHmnpeHaHTPOIUHBI CcO  ciaboi

JIOMHHECLIEHIEN B OCHOBHOM M KHCJION opmax;

° 3 rpynna (6-9) — paznuuHble aCHMMETPUYHbIE apUiI3aMellleHHbIe ()eHaHTPOJIMHBI
C JIOCTaTOYHO WHTEHCUBHON mioMuHecueHimeii B ocHoBHoM (QY 0.08-0.24) u B
npotonupoBanHoit (QY 0.16-0.50) dhopmax.

Ananuz 'H SIMP crexTpoB MO3BOIMII ONPEENUTH T0I0KeHHe H B IPOTOHMPOBaHHBIX
dopmax 1-9:H" = 1:1. B cummerpuunbix (enanrponunax (1, 3, 5) H' moouepenHo cBa3biBacTCst
TO C OJHUM, TO ¢ ApyruM aromoM azota — N1 unu N10. B acummeTpuunsix (2, 6, 7) IpoucXoauT
[IPOTOHUPOBAHUE MPEUMYILIECTBEHHO aroMa N1 u3-3a CTEpUUYECKUX U 3JIEKTPOHHBIX (PAKTOPOB; C
N10 H' cBsi3an oueHb Majoe BpeMs. B MOHO3aMeHICHHBIX acuMMeTpu4HbIX (4, 8, 9) u3-3a
OOJIBIIION pa3HHIIBI B OCHOBHBIX CBoOicTBax aroMoB a3oTa N1 m N10 mpoToHupyeTcs TONBKO
onuu w3 Hux: N1 y4uN10y 8§, 9.

Taxxe, comacHo manubiM 'H SIMP, Bropuunoro nporonuposanus 1-9 8 CH,Cl, ne
MIPOMCXOUT, 32 UCKITFOUeHHEeM (heHaHTpoMHOB 8 1 9: ipu 106aBiIeHUH B pacTBop 8 u 9 BTOpOTO
skBuBasieHTa H', OH mpucoenunsercs ko Bropomy aromy azora N1. Crout ormeruts, uro B H,0O
MOXeET MPOUCXOANTh BTOPUUHOE IMPOTOHUPOBaHKUE He3ameleHHoro Phen npu ouenb Hu3kux pH,
4TO TOATBEPXKIACTCSI OTIMYHBIMU JAPYr OT Apyra cnekrpamu moriomieHus Phen, PhenH™ u
PhenH," [24].

[Ipu mpoToHupoBanuu npou3BoAHBIX Phen, cornacHo qaHHBIM CHIEKTPOB MOMIOIIEHUS U
JFOMMHECLEHIMH, TPOUCXOIUT MOHM)KEHHE SHEPrUHu UX S;-ypOBHA. DTO CBOMCTBO MOXKET OBITh
HCTIOJIb30BAHO JJIS MEPEKIIOYEHUS (POTOTIOMUHECIIEHTHBIX CBOMCTB MOJIEKYJI, HATPUMED B Hajie
OPV-aPhen, rne OPV — 310 onuropenunensunuieH, aPhen — anusundenantponun [21, 22]. B
OPV-aPhen n0 mnporoHupoBaHHs, NpU TNOIVIONICHWH KBaHTa cBeTa ¢parmentom aPhen,
MPOUCXOAUT TEPEHOC HHEPTUU C €ro JIOMHUHECIEHTHOro S,-ypoBHA Ha S;-ypoBenb OPV.
BusyanbHO 3TO ImpHUBOAMT K HCUE3HOBEHUIO JIIOMHUHecleHUuu aPhen u ycuieHuio cBedeHHs
OPV. IlporonupoBanue (pparmenta aPhen B OPV-aPhen, kak ObLIO0 CKa3aHO BBIIIE, BBI3HIBACT
MOHWKEHUE DHEPTUU €T0 JIOMUHECLEHTHOTO S;-ypOBHS, U OH CTAHOBUTCS HIXKE S;-ypoBHs OPV.
D10 orMensieT niepeHoc sHepruu ¢ aPhenH"™ Ha OPV, u B pe3ynbrare CBETUTCS TOJIBKO (hparMeHT
aPhenH'. M3-3a toro, uro QY PhenH" namuoro mensine, uem QY OPV, BusyanbHO B pacTBOpe
HaOJI01aeTCsl «BBIKIIIOUEHUE) JTIOMUHECIeHIIMU. Takum o0pasom, B 1uanax ¢ pparmentom Phen,
MaHUIynupys pH cpenbl, MOKHO «BKIIFOYATHY» MIIU «BBIKJIIOYATH» JTIOMUHECLCHIIMIO.

ITpoToHnpoBaHue MOJEKYI, BKJIIOYaOUIMX B ceds GpparmenTs! Phen, MoxeT npuBoauTh
K camMocOOpKe CyNpaMOJIEKYISpPHBIX CTPYKTYp [59], a Takke MOXET 3allycKaTh BHYTPH HUX
nBkeHue cyoctpykryp [19, 22]. [2]-xarenansl (om .nam. catena — IIeTb), COAEpIKallue

¢parmenTsl -Ph-Phen-Ph- (Puc. 1.12(maBepxy)), rme Ph — sro apunpnHas rpymnma, MOTYT
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BBICTYNIaTh B POJIM MalllMH, PabOTOIl KOTOPBIX MOXKHO YIIPaBIATH uepe3 n3MeHenue pH cpems

[19, 22]. Kak nokasanu JaHHBIE 110 ONTHYECKOM, MoMuHecenTHoM u 'H SIMP criekrpockonuu,
MIPH UX TPOTOHUPOBAHUU B COOTHOIIEHUU 1:1 mporcxoaut ukcamnus ABYX KOJIEI[ OTHOCUTEIHHO
IpyT Apyra. DTO MPOUCXOMUT Omaromapsi Tomy, 4to Phen ¢parMeHTH ABYX KoOJel[ 00pa3yroT
cesu ¢ omamm H'. Kpome Toro, ¢Qukcampu KoJel IOMOJHHUTEIBHO CIIOCOOCTBYET TT-TT
B3aMMOJCHCTBHE MEXAYy apWibHBIMU TPYNIIAMHU Pa3HBIX HENOYeK, HaXOIAIMIMXCS Mo OoKam OT
Phen. Takas cympamonekyispHash CHCTeMa HAa3bIBAeTCS MAIIMHOW M3-3a €€ MepeKIIIoueHUs
Mexay (QUKCHpOBaHHOW (CBsI3aHHOW) M CBOOOMHOM (HecBs3aHHOHN) Gopmamu. B mienounoit u
HEUTpaJIbHOM Cpellax HUYEro He MEIIAET JIBYM KOJIbIIaM COBEPILATh BpPAIATEIbHBIC JIBHKCHUS
OTHOCUTENILHO JAPYT Jpyra, TOrja Kak MPOTOHUPOBAHUE MPHUBOIUT K CBS3BIBAHUIO DTUX KOJIECII
APyYT ¢ Apyrom depe3 H™ 1 GJ0KMPOBAHUIO MX OTHOCHUTEIILHOTO JBHKCHUS.

CTouT OTMETUTH, YTO J00aBIieHHE BTOPOro skBuBajicHTa H™ Kk [2]-karenany Ha Puc.
1.12(naBepxy) He IPUBOAUT K OCBOOOKICHHIO IBYX KOJIEI] U3-3a T-TT B3aUMOACHCTBHSI apHIIbHBIX

(bparMeHTOB.

Puc. 1.12. [loBeaeHune cynpaMomeKyIsipHBIX CUCTEM Ha ocHOBe Phen B kucibIx cpenax.

Caepxy: [2]-katenansl [19, 22]. CHu3zy: camocbopka nemnouek 1,10-gpenanTpoianHoB npu u3menennn pH

cpensl [59].

B [59] Obuto mokazaHO, 4YTO MOJICKYJIBI COEIMHEHHS, BKIIOYAIONINE IIETIOYKU
-Ph-Phen-Ph-Phen-Ph- (Puc. 1.15(BHM3Y)), 00pa3yroT arperarbl IpH MOAKHCICHUH cpersl 1:1.

Kak B ciyuae ¢ [2]-kaTeHaHamH, 3aKpeIIeHUE IBYX MOJIEKYJ HAlIPOTHB APYT APYra MPOUCXOIUT
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Omaromaps H'-N cBsa3sM u m-m B3aumojeictBuio Ph-parmenros. OpHako, mpu JajdbHEHIIEM

npoToHupoBanuu (1:2) arperarsl pacnaaaroTcs.
Takum  obOpazom, ¢orodusznyeckue CBoOWCTBA TNPOM3BONHBIX Phen wu  wux

MIPOTOHUPOBAHHBIX (HOPM CHIIBHO MEHSIOTCSI B 3aBUCIMOCTH OT 3aMECTHTEJICH.

1.2.2. O0pa3oBanue anuoH-pagukaia 1,10-penanrpoanna

Crnektp mormomieaus Li'Phens B TI'®d, npuHamiekamuii aHUOH-PaIUKAIy
1,10-penanTponuna Phene, npusenen Ha Puc. 1.13 [83]. AHaATOTUYHBIN CHEKTP MOTJIOMICHUS
Obu1 3apeructpupoBaH U s Phene, momydenHoro mocie y-oOmydenus cBobomHoro Phen B

3aMOpOXEHHOM MaTpuile MeTuaTerparuapodypana mpu 77 K [153].

1.0~

MornoLyeHue

0.0 L L 1 1 A
300 400 500 600 700 B0O 900

OnuvHa BonHel / HM

Puc. 1.13. Crexrp nmomtomenus Li'Phens B TT'® [83].

B crarbe [88] oOpasoBanme Phene mpencraBieHO Kak HadadbHass CTaAusl B PEAKIMH
dboTtonHIYIIPOBAaHHOTO 3amelieHus atoma Bogopoaa (H) B Phen na autpunsayto rpynmny (CN) B
BogHOM pactBope. llosBienue Phene mpoucxomuT BelencTBHE MEpPEeHOCA 3JIEKTPOHA C
nmanua-uona CN°. Jlng WUIIOCTpallMy TEPMOAMHAMUYECKOW BO3MOXKHOCTH ATOTO IIpolecca
aBTOPBI HCITOJB30BAIM TIOTEHIUANBI ToJsporpadguyeckux momyBoidH Phen m nmaHuna-moHa B
CH;CN, paBnubie —2.18 u +1.3 B (vs. CKD), u snepruto Phen B S,-coctosinuu, paBHyto 3.45 5B.
N3menenue sneprun ['ub6ca paBHO HYIIO, U, CIEI0BaTeIbHO, TaHHBIM MPOIECC BOSMOXKEH MpPH
obmyuenuu Phen YO cBetom.

B xommnekce [Os(Phen)(py),](PFs), koopauHupoBaHHBIM aHuUOH-paaukan Phene
oOpa3yercss mocie OONy4eHHs Jla3epHBIM  HWMIyJIbcoM Ha 355 HM  Omaromaps
(GOTOMHYIIMDOBAHHOMY TIEpeHOCY 3apsaa (mpomecc mnepeHoca 3apsga ¢ Os” Ha

koopauHupoBaHHb Phen) [153]. Cnekrpockonusi KOMOMHAIIMOHHOTO PACCEsHHS OKa3aiach
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HanOoJiee MOAXOASAIIMM METOAOM JUIsi oOHapykeHus Phene” Gnaromapss Tomy, 4TO B CIIEKTpax

aHMOH-PAJIMKAIl UMEET ciabble XapakTepHbie monockl Ha 1275 u 1580 cm™. TTomoOHbIe MOIOCH
HAOJIOIAIOTCS M B CIIEKTPaX KOMOMHAIIMOHHOTO paccestuust Li Phene [153].

Taxke oOpa3oBaHHEe KOOpAMHUPOBAHHOTO Phene OBIIO 3aperucTpUpOBaHO IPH
oOmyuennn pactBopa komimiekca W(CO),Phen B CH;CN nuKOCEKyHIHBIM JIa3epHBIM
HMMITYJIbcOM Ha 532 HM B TOJIOCY TIEpEeHOca 3apsija ¢ MeTajla Ha KOOpAMHHpOoBaHHbIN Phen (B
obnactu crekrpa 350-550 am) [100]. Bo Bpems-pa3pelieHHBIX CIEKTpax MPOMEKYTOYHOTO
MOIVIOUICHUSI TI0JI0Ca TOMIOIIEHUsT KoopauHupoBaHHoro Phens ¢ makcumymom Ha 580 HM
ucyesana co spemerem 1.0+0.2 uc.

B [56] nabmtonanu neperoc annekTpona ¢ monekyiasl JJHK Ha Bo30yk1eHHbBIN KOMILIEKC
Cu(Phen),(Cl0,), B T,-cocTosHun c obOpa3zoBaHHeM KoopauHupoBaHHOro Phene” B OydepHom
pactBope. B JIHK npu 3TOM, ckopee Bcero, oOpasyercs KaTHOH-paJviKajl T'yaHHWHA, TaK KaK W3
YEeThIPEX a30TUCTHIX OCHOBAHUM OH Jierde Bcero okucisercs [105].

Takum oOpazom, Phen moxer oOpa3oBbiBaTh CBOOOJHBIN aHMOH-panukan Phene B
pacTBope BCIEACTBUU (DOTOMHIYLMPOBAHHBIX OMMOJIEKYJISIPHBIX peakuuid. KoopauHupoBaHHBIH
aHMoOH-panukan Phene Moxer 00pa3oBBIBaTbCA TPU OOTYYCHHH KOMILIEKCOB MEPEXOIHBIX
MetamioB ¢ Phen (B momocy mepeHoca 3apsnma ¢ moHa metauia Ha Phen) wim kak mpomaykT
MepeHoca 3JIeKTPOHA C PACHOJIOKEHHON MOOIM30CTH JIETKOOKHUCIISIIOMIEHCS OpraHu4YecKou

MOJICKYIJIBL.

1.3. JIloMHHecCHeHIUsI KOMILJIEKCOB JJAHTAHUIOB C OpPraHn4Ye€CKUMHU JUTaHIaAMHU

JltoMuHECIIEHTHBIM CBOMCTBaM KOMIUIEKCOB JIAHTAHUIOB W HMX HCIOJb30BAHUIO B
Pa3IMYHBIX HAYYHBIX OOJIACTSAX MOCBAIIEHO MHOXKECTBO COJIEpKaTEIbHBIX 0030poB [4, 30, 35-38,
61]. B ocHOBHOM, OHM BBINIOJHEHHI 0J] pyKoBoACTBOM Ipodeccopa J.-C. G. Biinzli [35-38, 61].
JlaHHBI 0030p MOCBSIIEH JTIOMUHECHEHTHBIM CBOWCTBAM HEKOTOPHIX MOHOB JIAHTAHUIOB, MX
KOMIUIEKCOB ¥ METaJUI-OPTaHUYECKHX KapKAaCHBIX CTPYKTYp Ha OCHOBE TepedTaiaToB
JTAaHTaHUJIOB.

Kpome Toro, B 3Toit wactu o630pa OyayT omucaHbl ciydan (HOTOMHIYITUPOBAHHOTO
MepeHoca AIEKTPOHA C BO30YKIEHHBIX OPraHWYECKUX MOJEKyN (JIMraHaa uiud cBOOOIHOI) Ha

HOHBI TPCXBAJICHTHBIX JTAHTAHHUIOB.
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1.3.1. JIroMuHeceHIIMA HOHOB JIAHTAHU/I0OB

OnexTpoHbl 4f S1eKTpoHHOW OOONOYKM B HMOHAX JIAHTAHHUIOB SKPAHUPOBAHBI OT
OKPYKCHHUSI MOHOB BHEIIHMMM 58 U S5p snexrpoHamu. I1Io 310l mpudunMHE aTOMHBIE CBOMCTBa
MOHOB JIAHTAHOHMJIOB COXPAHSIOTCS TOCie 00pa3oBaHUS KOMIUIEKCOB, B OTJIMYHE OT HOHOB
MEPEXOIHBIX METAJIOB.

CrieKkTphl JIFOMUHECLIEHIIMU UOHOB JAHTAHUIOB UMEIOT Y3KHE, XOPOIIO pa3InduMble f-f
nonocel [40]. OmHako, NMPaKTUYECKU HEBO3MOXKHO TMOJNYYHUTh SAPKYIO f-f JIFOMHHECILIECHIHIO,
HaNpSAMYIO BO30Yy>KJasi HOHBI JIAHTAHUOB, TaK KaK AJIEKTPOHHOAMIIONbHEIE TepeXobl BHYTpHU 4f
000JIOYKM 3amlpelieHbl MO YETHOCTH. YacTMYHO STOT 3alpeT CHUMAeTCs MpH MOABICHUU
Koje0aHMii B OKPY)KEHHH MOHA METajlia, HO BCE jK€ BEPOSITHOCTH MEPEXOJI0B OCTACTCS MAJIOH U
K0>()(PHUIMEHTHI SKCTHMHKIIMKM HOHOB JTaHTaHUA0B < 3 M 'em™! [35].

BrepBble BHICOKHE KBAHTOBBIE BBIXOBI JIOMUHECHeHIMH Ln** momyunn S.I. Weissman
B KOMIUIEKCax Onarojaps mpolieccy, M3BeCTHOMY Kak «3(dekt anTteHHb» [160]. «3ddexr
AQHTCHHBD) 3aKJII0YAeTCsS B TOM, YTO OPTaHUYECKUN JTUTAHI-XPOMOGOP MOKET BBITOIHSITH POJIb
AQHTEHHBI: MONIOIATh KBAHT CBETA U 3aTe€M II€pelaBaTh 4acTh €0 SHEPIrUU HA MOH JIAHTAHUJA.
Kak pesynbrar, 3T0 MO3BOJSET WHUIMAPOBATH f-f IIOMHUHECIECHIIUIO C JOCTaTOYHO BBICOKUMHU
KBaHTOBBIMU BbIXoaMu. [IpuHMMas Bo BHUMaHHE (HOTONPOLECCHl B OPraHUYECKUX MOJIEKyax,
npuBeficHHbIe B nuarpamme  S6monckoro  (Puc.  1.1), mepemady sHeprum  OT
«MOJIEKYJIbI-aHTEHHBD K Ln®" MOXHO ommcarh clemyromeil HenouKoi: Bo30yKICHHbIN JTHTa ]

S,)—B030yxaeHnbii muradn (T,)—Ln*" (Puc. 1.14).
Y

S Nurang Ln"

DI:!l:‘:h
3T

-

Mornouwexne

[|:>- nepeHoC IHePruK

—  M3Ny4HaTeNbHbIe Nepexobl
------- > 693bl3ﬂy‘laTeﬂbel8 nepexonbl

=tH

jm]

Puc. 1.14. Cxema ¢HOTOPU3NYECKHX TMPOIECCOB, MPHUBOAANIMX K  BO30YXKICHUIO

JIFOMUHECIICHITMY WOHA JaHTaHua [35].
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Crour IIPHUHATb BO BHHMAHHC, YTO B HCKOTOPBIX ClIydasaX IICPCHOC SHCPIrUuU MOXKET

TAaKXKE OCYLIECTBIATLCA M C JIUTaH/A B BO30YXKIEHHOM S,-COCTOSHUM HEMOCPEACTBEHHO Ha Ln*
[71, 83, 89, 167]. [lnsa Eu’" mepenada sHEPrUn MOKET HPOMCXOAUTH MO MYTAM, B KOTOPHIX MOXKET
y4acTBOBaTb TAKXKE BTOPOM BO3OYkaeHHbIH Tepm Eu’™ (°D)): BO30OyKIEHHBIA JIHMTaH
(S)—Eu*'(°D,), B030yx)nmennsni murann (S;)—Eu*'(°D,)—Eu*'(°D,), B030yIeHHBIA nHrang
(S)—Eu*(°D,)—Bo30yxnennsiii murang (T,)—Eu**(°D,y). Onmako, kak mnpaBmio, repenada
SHEPruM C JIUTaHaa B S;-COCTOSIHMM HEAPPEKTUBHA, TaK KaK BpeMs >KU3HH BO30Y>KIEHHOTO
JIMTaHJ1a B 3TOM COCTOSIHUM Majo [167].

[TepeHoc HEpruM ¢ BO30YKACHHBIX YPOBHEN JMranga Ha BO30YKIEHHbIE TepMbl Ln’*
MPOUCXOIUT YPPEKTUBHO MPH BBHITOJHEHUHU JIBYX YCIIOBHIA: 1) 3HEPruu BO30YKICHHBIX YPOBHEH
nuranga Oonplue OSHepruii TepMoB JaHtanunoB (E(mumramma) > E(Ln’")); 2) xopomee
NEPEKPHIBAHUE CIEKTPOB JIIOMUHECUEHIUH JIMIaHAa (JIOHOpa SHEPruu) W mormomeHus Ln®*
(axuenTopa sHepruu). Bropoe ycioBue JOMKHO BRIMONHATHCS IS YCIEIIHOM Mepeiadyn SHepruu
KaKk [0 JMIONb-TUNONbHOMY MexaHu3Mmy Pocrtepa [65], Tak U MO0 OOMEHHOMY MEXaHHU3MY
Hexcrepa [55].

BosmoxkeH Takke 0OpaTHBINM MepeHoC dHepruu ¢ Bo3OyxkaeHHoro Ln*" ma monexyy
xpomodopa, ecnm pasauna mexay E(T,) u E(Ln’") e npesbimaer snagenns 2500-3500 cm™!
(Puc. 1.14) [61, 67]. U3-3a 3TOro mporecca BpeMs XKU3HHU JIIOMUHECHEHIMH Ln®" ymenbImaeTcs,
TaKk Kak BHYTpU Xpomodopa mpoucxonsatr Oornee OBICTphIE MOTEPU SHEPTHUH AIIEKTPOHHOTO
BO30yXK/eHUs (M3TydaresibHble M Oe3bI3NlydaTesbHbIC IEepPexXo/bl C HIKHUX BO30YXIEHHBIX
YpPOBHEH Ha OCHOBHOM), a TaKXe€ MOXET IPOMCXOAUTh MPOLECC TPHUILIET-TPUILIETHON
AHHUTWISIIIIY B pacTtBope [35, 67] u B TBepaom coctosinuu [10].

Wonbl Ln*" MOXKHO pa3fienuTh Ha TP TPYIIBI B COOTBETCTBUM C MX JIFOMMHECIIEHTHBIMU
CBOMCTBaMH:

1) Gd*, La** u Lu*", ne umeromue f-f monoc B Bumumoit u MK obnactsx crekrpa
momunectennun. Y Gd*" mwxnuii usnydaronmii tepm (°P;,, 33200 cm™! (301 HM)) pacnionoxen
HaMHOTO BBIIIE BO30YKICHHBIX YPOBHEN OOIBIIMHCTBA IMraHaoB. La’" He umeer f 2eKTpoHOB,
'y Lu*" 4f o6omouka moiaHocThIO 3anonHena. [1o 5Toi npuYmHe NX KOMIUIEKCHI UCHOIb3YFOTCS
U1 onpezesieHus 3Hepruu T -ypoBHe# TUranoB 1no crnekrpam dochopecueHunu;

2) Tb*, Dy**, Eu** m Sm’ Moryr MHTEHCHMBHO TIOMMHECHMPOBaTh, TaK Kak
OOJIBIIIMHCTBO OPraHMYECKHX JIMTAHJOB XOPOIIO CEHCHUOWINM3HPYET UX JIOMHUHECLEHIHo. [
HUX OOBIYHO XOPOUIO BBIMOJMHSIOTCS NPUBEICHHBIC BBINIE JABa ycIoBHA Ui 3(deKkTuBHON
nepenaun sHepruu. Jis Bo3OyxkaeHHoro nona Eu’" B criekTpe JHOMHMHECHEHIMU B BUAUMON U
UK ob6nacTsX wHMeITCS I0JIOChl, COOTBETCTBYIOIIME M3JIydaTelIbHbIM IE€PEXOAAM MEXY

tepmamu °Dy—'F, (= 580 um), 'F, (= 590 um), 'F, (= 612 um), 'F;, ’F, (Puc. 1.15). B [80] nana
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XapaKkTepucTUKa mosoc nepexonos “Dy—'F,, 'F, nna Eu’’. Ilepexon *Dy— 'F, (AJ = 1) aBnsercs
MarHUTOIUTIONBHBIM ¥ HHTEHCHBHOCTH €T0 IOJIOCHI HE 3aBHCUT OT OKPYKEHHUS BO30Y>KICHHOTO
HoHa. THTEHCHBHOCTD IMOJIOCHI, COOTBETCTBYIONIEN 3IEKTPOHHOAUIIONBLHOMY nepexony “Dy—'F,
(AJ = 2), moka3pIBaeT BBICOKYIO YYBCTBHMTEIBHOCTH K OKpyxkeHMI0. [l Bo3OyxkaenHoro Th**
peanusylTCs u3iydarensHblie nepexoasl *Dy—F, (= 485 um), 'Fs (= 545 um), 'F, (= 590 um), 'F;
(= 620 am) (Puc. 1.15).

3) Yb¥, Tm*, Pr*, Nd*, Ho um Er’" — cnabo wnmm npakTU4ecKu He
JIOMUHECUUPYIOUIME HOHbl. B HHUX mMOdy4deHHass »HEpPrust TPaTUTCSA B OCHOBHOM Ha
0e3bI3NIydaTesIbHbIe MEepexoJpl H3-3a MaJloro 3a30opa MeXay BO30YKIEHHBIMH U OCHOBHBIM
YPOBHSIMU.

Jlromunecuennus Ln®" TymmTes okpyxkeHHEM, OCOOEHHO MOJEKYJIaMH BOAbI (HM3-3a
MepeHoca SHepruu Ha konebarenbHbie YpoBHH OH CBSI3M), BXOASAIIMME BO BHYTPEHHIOIO cepy
WX KOMIUIEKCOB. Takue MoTepu 3HEPTHH MOXKHO H30ekaTh, MOMeIas Ln*" B mommumeHTaTHBII
nuKIndeckuit aurana [66, 120, 142, 145, 157]. Kpome TOro, MO>XHO OLIEHUTh YHCIIO MOJIEKYI
BOJBI BO BHYTPEHHEN KOOpAMHAIMOHHOK cdepe Ln®* mo (eHOMEHOIOrnIecKknM ypaBHEHHSM,
npuBefeHHBIMU B [25, 147]. Jlis 3TOro CpaBHMBAIOT BpPEMEHa XU3HH f-f JIFOMUHECHCHIIUH
komiuiekca Eu’" 8 H,O u D,0, tak kak OD oCHMLIATOPBI MOYTH HE YUACTBYIOT B €€ TYIIEHHH, a

reoMCeTpHUd KOMIUJICKCA B OTUX ABYX CIIy4dasdX HC pa3invyacTcCA.
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Puc. 1.15. Yactuunble auarpammel sHepretmdeckux ypoeneit Gd*', Tb**, Dy, Eu’*, Yb*,

Sm**, Tm*" u Pr** [40, 145].

B psane pabor ommcaH 3(QQEKT «TAKEIOro aroMay, 3aKIIOUYAIOIIMKUCA B TOM, YTO

napamarautaele  womsl Gd** [151, 152, 170], Tb** [152] m Pr’* [75] yBenmuuumBaror



32
a¢exTuBHOCTE HMHTEpKOMOMHAIMOHHOW KoHBepcun (S,—T, m T,—S, koHBepcuu) B

BO30Y)K/IEHHOM JIMTaH/IE 32 CUET CMEIUICHHUS CHUHIJICTHBIX U TPHUIUIETHBIX COCTOSIHHMA. BaxkHO
OTMETHUTh, YTO JJIsi BOSHUKHOBEHHUS 3TOro d((dekra B KOMILIEKCaX HEOOXOIUMO MEPEeKpPhIBAaHHE
3JIEKTPOHHBIX 0600uek Ln’" u nuransa.

Brnepseie apdext «rskenoro aroma» 3ametunu P. Yuster u S.I. Weissman, korna onu
CPaBHUJIM MEXTy COO0M MHTEHCUBHOCTHU (DochopeceHITNN 1 BpeMeHa ku3Hu dhochopecieHnnmn
KOMIUIEKCOB ~ TpexsapsaHelx karmonoB Al S¢*, Y¥, La*, Gd* u Lv* ¢
1,3-nudennn-1,3-nponananonom (audenzomnmeranoMm) [170]. Oka3zanoch, YTO KOMILIEKCHI
nonoB Gd*" u La’*, Bo30yKIeHHbIE TEPMBI KOTOPBIX PACIIONAraroTCs Bhie T -ypOBHS aHMOHA
TUOCH30MJIMETaHa 110 YHEPTHH, 00Jaa0T Yepe3BhIYaifHO cimaboit dochopecueniueii. OmxHaKo,
BpeMs pocdopecuennnu kommiekca Gd** B 30 pa3 menbme (2 mc), ueM y komiiekca La*" (60
MC), YTO MOXKHO OOBSICHUTH 3HAYUTEIbHBIM yBeJIUYeHHEM ckopocTu T,— S, koHBepcuu B cirydae
xomiutekca Gd*'.

B [151] mokasanu yBemudenue ckopoctu S;—T, koHBepcuu B Komiuiekce Gd** ¢
METWJICAIUIIWIATOM, CpaBHHBAas €ro BpeMs JKU3HU (PIyopeclueHIMu ¢ BpPEeMEHAMH
¢ayopecnennun xkommiekcos La*" u Lu*". Bpemena xu3nu (piayopecleHInT METHIICATUIUIATA B

xommekcax Gd**, La*" u Lu** paBub1 240 nic, 2.2 He u 2.4 HC, COOTBETCTBEHHO.

1.3.2. ®orodusnveckne npouecchbl B KOMILIEKCAX JAHTAHUIOB C S-TOHOPHBIMH
JUTAHIAMHA

Kak yxke ymOMHHAIOCh, JFIOMMHECHEHTHBIM CBOMCTBAM Pa3jIMYHBIX KOMILIEKCOB Ln**
MOCBAIIEHO MHOTO 0030poB B nuteparype [4, 30, 35-38, 61]. B ocHOBHOM, 3TO KOMILIEKCHI ¢ N-
u  O-IOHOpPHBIMU OpraHMYeckMMH Jurangamu. OnHako, B JIUTEpaType MNPAKTHYECKH
OTCYTCTBYIOT 0030pbI, TOCBSMIEHHBIE (POTOYU3NUECKUM CBOMCTBAM KOMILIEKCOB Ln®" ¢ Markumu
S-10HOPHBIMU JTUTAHAAMM.

OIHUM U3 CaMbIX HPOCTHIX KIACCOB KOMILIEKCOB Ln’" ¢ S-IOHOpHBIMHU JIMraHjamMu
MOXXKHO Ha3BaTh KOMIUIEKCHI Ln** ¢ Twonar-anmonamu. HeKOTOpbIE KOMIUIEKCHI €
apoOMaTUYECKUMH THOJSIT-aHMOHaMH, umeromue Gopmynsl Ln(SPh); u Ln(S-2-Py);, rne Ph —
dbenun, u Py — nupuaun, sipko okpameHsl omarogaps Hanuauio mosockl LMCT ¢ atoma cepbl
nauranga Ha Ln®" B BMammoii obnactu cmexrpa nommomenus [27, 97]. Hampumep, KoMIuieke
Yb(SPh), sipko okpareH (uBeT He yka3aH), 1 Sm(SPh); uMeeT HHTEHCHBHBII OpaH)KEBBIN LIBET, a
nogo0HbIe KoMIuiekchl noHoB Ho’" m Tb** Gecusernsr [97]. Kommuexc [PEt,][Tm(S-2-Py),]

OecuseTHbIi, Toraa kak [PEt,][Eu(S-2-Py),] apko xpachsrii [27, 97].
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Oxkpacka komriekcoB Ln** 3a cuer nammuus LMCT nonoc HoriomeHus onpenesercs,

C OJIHOM CTOPOHBI, OKHCIUTENHHO-BOCCTAHOBUTEIBHBIMY MOTEHIIMAaMu Ln*/Ln*, ¢ npyroii —
OKHCJINTEIbHO-BOCCTAHOBUTENBHBIM TMOTEHIIMAJIOM KOOpAMHUpPOBaHHOTrO Jnranaa. B Tabmune
1.1 mpuBenEHBI CTaHAAPTHBIE JIEKTPOAHBIE MOTEHIHMANBl Ln’"/Ln*" B nopsiake yMeHbIIEHHS UX

3HaueHuu [62].

Ta6nuua 1.1. CranapTHbIe 2IEKTPOHBIE TOTeHIMABI Ln®/Ln*"

Eu -035B Tm -23B Pr -2.7B Er -3.1B Gd -39B
Yb -1.15B Nd -26B Ho -29B Ce -32B
Sm -1.55B Dy -2.6B La -3.1B Tb -3.7B

N3 Tabmumpr 1.1 BHAHO, 4dYTO Jerdye BCEro JO JABYX3apsAIHBIX KAaTHOHOB
BOCCTaHaBIMBalOTCs HMoHBl Eu’’, Yb™ m Sm’, moromy 4ro oHM HMMEHOT 3IEKTPOHHBIE
KOH(UTypauuy OJU3KKE K HAIOJIOBUHY WJIM TOJHOCTBIO 3anoiaHeHHou 4f obomouke. Hanpumep,
Eu’" nerko BoccranasnuBaercs m0 Eu?’, tak kak Eu*' uMeer HamonoBuHy 3anojHeHHyio 4f
o6omnouxy ([Xe]f’ xonpurypamus). AHanoruuHas CUTyanus CKIaablBaeTca M ¢ Yb*', Tak kak
Yb?" umeeT nomHocTeio 3anonnenHyo 4f o6onouxy ([Xe]f'* kondurypauus).

CrangapTHble OKHCIUTEIbHO-BOCCTAHOBUTENBHBIE MOTEHIMANBI KOOPAMHUPOBAHHBIX
JUTAHJOB B KOMILJIEKCAX MPAKTHUYECKH HEBO3MOXXHO TOYHO OIPENeINTh, TaK KaK HEIb3s
n30eXaTh BIUSHUS [IEHTPATHHOTO KaThoHa. [103TOMY AJIs OIIEHKHN MX CIIOCOOHOCTH BHICTYTATh B
POJM BOCCTAHOBHTENEH OOBIYHO MCIIONB3YIOT CTaH/IAPTHBIE OKHCIUTEIIEHO-BOCCTAHOBUTEIILHBIC
MOTEHIIMAIBl CBOOOJHBIX JUTAaHIOB. Hampumep, Ui apoMaTHuecKoro THoOJsAT-aHuoHa PhS™ B
Boge E°(PhS/PhS™) = 0.69 B (vs. CBD) [23], a i THONAT-aHUOHA C TUIMUYHBIM aJKUIBHBIM
3amectutenem E°(RS/RS™) = 0.79 B (vs. CBD) [148]. Mcnonb3ys 3TH 3HAUYCHHUS, JIJIs1 KOMITJIEKCa
(Py);Yb(SPh);, rne Py — nupuaus, Ob1I0 OlleHEHO U3MEHEeHue cBoOoaHOM sHepruu [udoca AG
IIpH TIEpEeHOCe 3apsiia mocie noniomnenus kBanta ceera ¢ A =470 uMm (E,, = 2.1 3B) [96]. UToOsI
MPOM30IIeNl TEePEHOC 3apsaa (DIEeKTPOHA), HPHEPTUU TOMIOIMIEHHOTO KBAaHTA CBETa JIOJDKHO

XBAaTHTh HA TO, YTOOBI OKUCIUTE PhS™ 1 Bocctanosuts Yb*'. Ucnonssys Gopmymy

AG =e(Ey —Epy)—E), (1.1)

e Eﬂ\. u Bt 9TO CTAHJAPTHBIE OKUCIHUTEIHHO-BOCCTAHOBUTEIHHBIC MOTEHIHABI IS
RS/RS™ u Yb*'/Yb**, cOOTBETCTBEHHO, € — dIeMEHTapHbIH 3apsaa, E), — SHEPrys MOMIOUIEHHOTO
KBaHTa cBeTa, ObUI0 momydeHo, 4To AG paBHo —0.3 »3B. OtpumarensHoe 3HaueHue AG
MOKAa3bIBAET, UTO B creKTpe momiomieHus: komiuiekca (Py);Yb(SPh); moxkHo HabmM0maTe mosaocy
nepeHoca 3apsga Ha A = 470 Hm.

Jlpyrue S-IOHOpHBIE KOMILUIEKCHI, TaHHBIE MO JTIOMUHECIIEHTHBIM CBOHCTBAM KOTOPBIX

UMEIOTCS B JIMTEparype, — o5To kommiekcl Ln*" (LnL;) ¢ 2-MepKanToTHa30JIMHOM,
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2-MepKanToOeH30KCa30JI0M U 2-MepkanToOeH3oTHazooM [82]. Cpenu HHX HauOobliee

BHUMaHHE YIEIEHO JIIOMHUHECIEHTHBIM CBOWCTBaM KomiuiekcoB Sm’’, Eu®, Tb" m Tm’" ¢
2-MepKanTo6eH30THa300M. CIEKTPhI IIOMUHECIIEHIMU KomIuiekcoB Eu® u Tb*" B TT'® npu 293
u 77 K umerot nonocy (ayopecreHum 2-MepKkanToOeH30THAZ0MSIT-aHHOHA ¢ MAaKCUMYMOM Ha
410 um. Kpome Toro, B cnekrpax npu 77 K Takke AOMOIHUTENBHO NMPUCYTCTBYET IIMPOKAs
nosioca ero docdopecueHnnn ¢ MakcuMymoM Ha 550 HM. MIHTEHCHMBHOCTH y3KHX f-f mMojoc
moMuHecueHnuy 11 nonos Sm**, Eu¥, Tb** u Tm*" muuroxuo mans! mpu 293 K, u /- monocke!
Hauboylee 3aMETHbI TOOBKO s Komiuiekca Tb**. Jlng xommiaekcoB Sm** u Tm’" ¢
2-MepKanToOEH30THA30JIOM f-f TIONIOCHI B CHEKTPaX JIIOMUHECIICHIIMU OTCYTCTBYIOT Jake mpu 77
K.

Kak ynomunanmoce paHee, uisi Toro, 4toObl sHeprus 3¢dexkTnBHO TepenaBanach c
BO30YKJIEHHOTO IMranaa Ha Ln®*, HeoO6Xoaumo, 9To0bl SJHEPIMHU yPOBHEH JIMTaHAa ObUIH OOJIbIIE
SHEpruil TepMOB MOHOB NaHTaHuaoB: E(muranmma) > E(Ln*"). HMcnonssys sto ycnosue, M.A.
KarkoBa u nap. mompoOoBaii OOBSCHUTH pa3inuMe WHTEHCHUBHOCTEH f-f MOJOC B CIEKTpax
JIFOMUHECHEHIIMH KOMIUIEKCOB L™ ¢ 2-MepKanToGeH30THa3010M. DHEPIUs KOOPAMHUPOBAHHOTO
2-MepkanTo0en3oTuasonara B T,-cocTosauu pasHa 18500 cm™'; sHEprumM BO30YKIE€HHBIX TEPMOB
Ln*" mpuBenenst na Puc. 1.15. M3 o10r0 BHAHO, 4TO Mepepada SHepruM Ha uoHbl Eu®" u Sm**
pazpemieHa. OfHaKo, f~f OJOCHI MPUCYTCTBYIOT TOJIBKO B CIIEKTPE JTIOMUHECHEHIIMN KOMILJIEKCa
Eu** (E(°Dy) = 16920 cm™). Beposrree Bcero, Sm** (E(*Gs,) = 17700 cm™') He nroMuHECIUpYET
M3-32 MaJoro 3a30pa MEeXAy PE30HAHCHBIMH YPOBHSMHU, YTO MPUBOIUT K OBICTPOH 0OpaTHOI
nepefadye SHEpruM Ha JHMraHa M K TOCHeAyIomed auccunanuy SHeprur. YTo Kacaercs
momuHecHennun kommiekcos Tb*" (E(Dy) = 20500 cm') u Tm** (E('G,) = 21000 cm™), T0 y
MEePBOTO KOMITJIEKCa HUYTOXKHO MAaJIOMHTCHCHUBHAS f-f JTIOMUHECIICHIIMS HaOMtomaeTcs, a Uil y
Broporo eé Her. Y oboux kommiekcoB E(CD,) u E('G,) 6Gonbme E(T,) KoOpIuHUPOBAaHHOIO
2-MepkanTobensornazona. Kak mpemnonmararor M.A. Karkoa u gap., B Komruiekce Tb**
CeHCHOMIM3anus f-f JIOMUHECHEHIMH MPOMCXOTUT 2-MEpKanTOOCH30THA30IAT-aHUOHOM B
B0O30y)1eHHOM S,-coctosauu (E(S;) = 25100 cm™).

Emé omauM THUNOM S-ZOHOPHOTO JNUTaHAa SBISFOTCA |,]1-TUTHONATHBIE JHTaHJIBL:
mutuodochuHaTel U IUTHOKapOamarbl. JluTeparypsl MO JIFOMHUHECIEHTHBIM CBOMCTBaM 3THX
KOMITJIEKCOB JIAHTAHUJIOB JOCTATOYHO Majo, a MO JIOMHHECHEHIUH AUTHOGOCHUHATHBIX
KOMITJIEKCOB TPAKTUYECKH OTCYTCTBYeT. CTOMT BBIIEIUTH paboTy [89] mo NrOMHHECHEHIIUU
nuTrokapbamatHoro terpakuc-komriekca Na[Eu(Me,NCS,),]-3.5H,0. B cnekrpe nomiomeHus
TaHHOTO KoMIuiekca umeercs moinoca LMCT B Bumumoit obnactu crekrpa ot 400 go 550 Hwm,
U3-32 KOTOPOM KOMIUIEKC MMEET OpamkKeBbli 1BeT. Jlrommuecuenums Eu’® B kxoMmmiekce

MOSIBJIAETCS TOJIbKO Tpu HU3Kol Ttemmeparype T < 100 K. OmimuuTensHONH 4epTo CHEKTpa



35
B036y)K,Z[eHI/I$I JJFOMHUHCCLCHIIMHY Ha )\.Lm = 612 HM sABIsAETCA OTCYTCTBHUEC IIOJIOC BHYTPUJIUT'AaHAHBIX

nepexoaoB koopauHupoBaHHOro Me,NCS,. DT0 mNOKa3blBa€T, UYTO NEPEHOC JHEPTrUu C
BO30YKIEHHBIX cocTosiHuii Me,NCS,” ma Eu’* ne mnpoucxomur. Opmako, Ha CIEKTpe
BO30y)aenuss umeerca nomoca LMCT ¢ Me,NCS, ma Eu’’, a 510 3Haumt, uto sHeprus
nepenaercs ¢ LMCT cocrosinus Ha °D,. M3-3a TOTO, YTO MHTEHCUBHOCTH f~f ostoc noHa Eu’' u
LMCT monockl cpaBHMMBI, MOXHO CJENaTh BBIBOJ O Malod(p(EKTHBHOCTH 3TOTO IYTH
ceHcuOMmM3anuu JomMuHecuenuu Eu®t. Bpems sxusnn momunecuennun Eu*' npu 4.2 K pasHo
0.11 Mc, 1 OHO TOCTENEHHO YMEHBILIAETCSI C POCTOM TEMIIEPATYPHI.

AHanu3Mpyst UMEOILYI0Cs HHOOPMALMIO O BO30YKISHUH JIOMHHecHeHnun Eu’" uepes
nosiocy LMCT O—Eu, Ha npuMepe MOJIMOKCOMETAUIOEBPONIaTaX MOXHO CIENaTh BBIBOJ, YTO
yposenb LMCT O—Eu pacrosioXeH BBIILIE 110 SHEPTUH, YeM D, U He TaK CUILHO 3aBHCHUT OT
Temnepatypsl [165]. Ha ocHOBaHMHM 3TOr0 MOKHO C/EJIaTh BBIBOJ O TEPMAJIbHOM MEPECECUECHUU
ypoBust LMCT S—Eu ¢ tepmom °D,, B kommiekce Na[Eu(Me,NCS,),]-3.5H,0 (Puc. 1.16) [28].
I cpasuenns, E(LMCT O—Eu) = 32000 cm' B LaWO,CL:Eu*" u La;WOCly:Eu’" [31], a
E(LMCT S—Eu) = 20500, 24000, 26000 cm™' B Na[Eu(Me,NCS,),]-3.5H,0 [89].

LMCT
5p cocToAHNe

R B HEQrUA
aKTHEAUM

3Heprus

AnepHan koopaWHaTa BACNE akTUBHOTO
roneGaHus

Puc. 1.16. Ilepeceuenue Tepmos Eu’" u yposuss LMCT Brons siaepHoit koopausars [28].

JlocraroyHoe ~ KOMMYECTBO  pabdOT  MOCBALIEHO  CHHTE3y  Pa3HOJUTaHIHBIX
OUTHOKapOaMaTHBIX  KOMIUIEKCOB  jaHTaHugoB ¢ 1,10-¢penantponmunom  (Phen) wu
2,2'-ounmupuauaom (2,2'-bipy) — Ln(L)(R,NCS,);, tne L — Phen nnu 2,2'-bipy, R — ankunbHbIi
paaukan [34, 63, 136]. Ux menpio sBIsICS MOUCK KOMILJIEKCOB C BBICOKOHM 3(h(eKTHBHOCTHIO
NOIJIONIEHUsT CBETA W YJIYYIIEHHOW CceHcuOWnM3anued moMuHectenuun Ln’*. VcxomHoi
NPEANOCBIIKON Ui CHHTE3a TaKMX KOMIUIEKCOB OBLIO TO, YTO OOJBIIOE YHCIO JIMTAHIOB B
KOMIUIEKCE TO3BOJIUT 3aIOJHUTh BCE KOOPAMHAIMOHHBIE MECTa BOKPYr Ln®* u mpenorsparuts
TyHIICHHE f-f TFOMUHECIICHIINN MOJICKYJIaMHU pacTBOpHUTEIs, ocobeHHo Mojekyaamu H,O [25, 66,

147]. bonee moapoOHO JIFOMUHECIIEHTHBIE CBOMCTBA TAKUX KOMILJIEKCOB OMUCaHbI B [63, 136].
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W.M. Faustino u 1p. BrepBble HAOIIOMANN JIFOMHUHECICHIIMIO Eu’" B TBEPAOM

xomiuiekce EuPhen(Et,NCS,); npu komHatnoii Temnepatype (300 K). CrnexTp JOMHUHECHEHIIUH
npu 77 K u criekTpbl BO30yXIeHHS JTFOMUHECHEHINH (A,,, = 612 aM) ipu 77 u 300 K npuBeneHs

na Puc. 1.17 [63].

NHTeHCHMBHOCTE

300 350 400 450 500 550 600
OnwHa BonHs! / HM

ID _>?F

(] 4

0 3 _P'_/‘\_/\N\./\‘_‘__-

580 600 620 640 660 680 700 720
[nuHa BONHbLI / HM

AHTEHCHBHOCTD

Puc. 1.17. HaBepxy: cnextpbl Bo30yxaerus jromuaecteHmu EuPhen(Et,NCS,); A,,, = 612 aM
mpu 70 K (cmmomnHas muamst) U 300 K (mysktupHas nuaMsA) [63]. BHU3Y: CcrieKTp IIOMHUHECIECHIINA

tBepaoro EuPhen(Et,NCS,); mpu 70 K [63].

CrekTpel BO30YXJIC€HUS ObUIM HMHTEPIPETUPOBAHBI CIEAYIONMM 00pa3oM: IHUPOKAs
nosioca B YO obmactu 10 350 HM mpuHAAIEKUT KoopauHupoBanHoMy Phen (S,—S; mepexon)
mpu 70 u 300 K, a mmpokas noioca B Buaumon oo6mactu 450-550 am npu 77 K saBnsercs
nosiocoit LMCT, kak B [89]. MoxHO yBUIETH, uTO criekTp Bo30yxaeHus npu 300 K, B oruume
oT crnekrpa Bo30yxaenus npu 77 K, He umeer f-f nonoc u noiocsl LMCT. ABTOpBI 00BSCHUIH
OTCYTCTBUE f-f TMOJNOC O4YEHb OBICTPHIM mepeHocoM dHepruu ~Dj, *Dy—LMCT (sueprus
cocrosaust LMCT uemHoro Gosnbiie, yeM sHepruu °D; u °Dy), 1m0cCiIe KOTOPOro KOMIUIEKC B
coctostHu LMCT ObICTpO IIEpeX0IuT B OCHOBHOE COCTOSIHUE.

Bpemena xusan momuHectennun Eu’’ 8 EuPhen(Et,NCS,); paBubl 224+10 uc npu 77
K u 90£15 pc npu 300 K, uTo MeHbIIE OOBIMHBIX BPEMEH KHM3HM JIFOMUHEecLeHImu Eu’' B
komriekcax ¢ O- u N-gonopueivu aurangamu npu 300 K (= 1 mc) [11, 66, 106, 115, 144, 157].

Taxkum o6pazom, W.M. Faustino u 1p. cienanu BBIBOJ, YTO MPOIIECC MEepeIadyn YHEPTHH
Dy, °Dy—LMCT sBnsieTcss OCHOBHOW IIPUYMHOM TyINIEHUs JIIOMHUHECHeHIMH Eu’® B
EuPhen(Et,NCS,);.

M.D. Regulacio u ap. 3apeructpupoBaiu cnekTpsl JromuHecteHnuu npu 300 K mms
komruiekcoB LnPhen(Et,NCS,);, tne Ln = La, Pr, Sm, Eu, Gd, Tb u Dy [136]. Onnako, oHu He
OLICHWJIM YHCIEHHBIX 3HaueHu QY JIOMUHECHEHIIMM U OmHChiBAIH (HoTodU3NUecKue
MIPOLIECCHI, CPAaBHHUBAsI MEXAYy COOOW MHTEHCHBHOCTH IIOMHHECIIEHIIMU KOMILUIEKCOB. Pa3Hbie

WHTEHCUBHOCTH f-f momuHecteHmu komruiekcoB LnPhen(Et,NCS,); aBTOpbl 0O0BSCHSIOT
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Pa3IMIUCM DSHEPTCTHYCCKOIo 3a30pa MCKIY Tl—yp0BHeM Phen u HmxHUMU H3J1y4aTCIIbHBIMHA

Tepmamu Ln", a Takxke BO3MOKHOCTBIO miporiecca LMCT.

Ouneprust T,-cocrosnus Et,NCS, Oblna ompeneneHa u3 CHeKTpoB (ocopecueHInn
terpakuc-komruiekco  NH,Et,[Gd(S,CNEL,),] u NH,Et[La(S,CNEt,),] u pasma 23095 cm’
(monoca ¢ makcumymoMm Ha 433 HM). DHeprus T,-ypoBHsI koopauHupoBaHHoro Phen paBHa
22222 cm'. D10 3Hauenme nomyumnu w3 cnektpa (ocdopecuenmuu GdPhen(Et,NCS,),
MaKCUMYMBI MOJIOC B KOTOPOM COBIAJIAIOT ¢ MAaKCUMyMaMHU IOJIOC B criekTpe (ocdopecieHmu
Gd(Phen),Cl;-:2H,0 [166]. CpaBuuBas suepruu T,-ypoBHe#l koopaunupoBaHHbIX Et,NCS,” u
Phen, aBTOpBI NpenNONIOKUIM, YTO B KOMIUIEKCE, BO3MOXXHO, MOXET NPOUCXOAMUTH NEPEHOC
sneprun ¢ T,-ypoBHs Phen Ha T,-ypoBens Et,NCS, (T-T nepenoc suepruu). CTOUT OTMETHTD,
YTO TOAOOHBIA MEPEHOC SHEPTrUU MEX]y Ppa3HbIMHU JIMTaHJaMU MPOUCXOJUT B KOMIUIEKCE
SmPhen(DBM);, tne DBM — naubenzomnmeran [143]. IlepeHoc »sHepruu B 3TOM Ciyyae
MIPOMCXOTUT BHYTPH KOMIUIEKca ¢ BO30yxIeHHBbIX S;- u T,-ypoBHeil Phen Ha Hipkenexariue
B030yxkaeHHbIe S;- u T -ypoBHu DBM.

Tepmst °D,, °D;, °D, (17500 cm™") nona Eu** pacnonararorcs umxe T,-yposus Phen, u
JETIONYJISALHNSA JTIOMUHECIEHTHOTO D) ypOBHsI IIPOUCXoauT Ha yposenb LMCT [63].

Tepm °D, mona Tb*" (20500 cm™') pacronaraercs Huke Mo SHEPTUH, 4eM T,-ypOBEHb
Phen. Ho u3-3a maneHbKoro sHepretndeckoro 3asopa (AE = 1700 cm™) npoucxogur oOparHas
nepenaua sHepruu Ha Phen u nocnemyromas eé muccunanus. M3-3a storo momunecuenuus Th**
tymutes. To ke camoe xapakrepHo u s uoHa Dy*" (AE = 1200 cm’, Tak Kak HUKHUI
u3nydarenbHbii TepM — ‘Fo, (21000 cm™)).

Kommiekesl Sm* u Pr’* moMuHECHMpYIOT sipde ApYrHX, Tak KaK TEPMbI OTUX HOHOB
pacrionararorcs 3HauMTeNnsHo Hmke Ti-yposus Phen (AE > 2500-3500 cm™'), u HeT o6paTHOrO
nepenoca »Heprum Ha Phen, kak B kommekcax Tb*" u Dy**. Mon Sm*" umeer nmxnue Tepmbl
*G,, (20050 cm™), “Fy, (18700 cm), *Gs, (17700 cm™), cpemyt KOTOPBIX TFOMMHECIIEHTHBIA —
*Gs),. Mon Pr’* umeeT ueThipe HIKHMX BO30Yx)aeHHBIX Tepma: I (21000 cm™), °P,(20800 cm™),
P, (20050 cm™) u 'D, (16500 cm™) (Puc. 1.15), kotopbie 6au3ku 110 3Hepruu K T,-ypoBHio Phen.
Kpome Ttoro, kommiekcel Sm*" m Pr'* me ummeror momocer LMCT ¢ Et,NCS, B cmekrpe
BO30YXK/IeHUs JIOMUHECLEHIINH u3-3a JIOCTaTOYHO HU3KHX 3Ha4YEeHUH ux
OKHCIIUTEIbHO-BOCCTAHOBUTENBHBIX MOTeHIIHaoB (Tabmumna 1.1).

CTOMT OTMETHUTH, YTO MPOCThie KoMIuiekchl Sm**, Pr’* u Dy** ¢ Phen taxke oGnamaror
KpaifHe cnaboil TIOMUHECIICHIIMEeH: KBAHTOBbIE BBIXO/bI X f-f IIOMUHECIICHIIUN HE MPEBIILAIOT
3nauenus 107 [76, 114, 129].

Takum 00pa3oM, KOMIUIEKCHl JIAHTAHUJOB C S-TOHOPHBIMHU JIMTaHAAMU (THOJSTHI,

2-MepKanToOCH30THA30JIATEl W JUTHOKapOamarbl), KaK TNpaBWwiIo, o0namarT ciaboil f-f
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HIOMHHGCHGHHHCﬁ. HpI/I‘IHHOﬁ 9TOro ABJIAACTCA TO, YTO TaKHMC JIMI'aHJbl IIJIOXO eé

CEHCHOMIIM3UPYIOT, TaK KaK BPEMEHA JKM3HM MX BO30YXKICHHBIX COCTOSHHMN OYEHb KOPOTKHE.
Kpome Toro, B Takux kKomiuiekcax Bo3MoxHbI mpoueccel: LMCT ¢ S-moHopHOro nuranjga Ha
Hexotopbie MoHbI nanTauuaoB (Eu’”, Yb*" u Sm’") u T-T nmepeHoc sHepruu Mexay pasHbIMH
JUraHjaMud B CMENIaHHBIX KOMIUIEKCAX, YTO TAKKE MOXET MPUBOAUTH K TYLIEHHIO

JJIOMHUHECHCHIINHN KOMIIJICKCOB.

1.3.3. (I)OTOI/IHIIyIII/Ip()BaHHbIe OKHCJIUTECJIbHO-BOCCTAHOBUTEIbHBIC ITPOLIECCHI B

KOMILJICKCAX JIAHTAHU/10B

[ToMrMO XOpOIIIO OMMCAHHOTO Mpollecca MepeHoca YHEPTUU Ha MOHBI TPEXBAJICHTHBIX
JAHTAHUIO0B, MEXIy BO30Y)KJICHHOH OpraHWYecKoil MOJIEKYIOH (JIMraHIoOM WM CBOOOIHOW) U
MOHOM JIaHTAHHUJIa MOXKET MPOUCXOANTH (POTOMHAYIIMPOBAHHBIN TiepeHoc ekTpona (I19T).

TepmoanHamMuyeckuM yciaoBueM g MHUIMUpoBaHus Takoro [19T sBnsercs 1o, 4TOOBI
SHEprusi Bo30YKJIEHHOTO COCTOSIHUS ObUIa J0CTAaTOYHA JAJisi 00pa30BaHuUs JIByXBaJE€HTHOIO HOHA
Ln* wu KarMOH-pag¥Kaga OpPraHMYECKOH MOIEKYIbl. JTO YCIOBHE JOCTaTOYHO PEIKO
BBITIOJIHSAETCS, IOATOMY B JIUTEPAType MMEETCSl HE TaK MHOTO TaKuX MpuUMepos [35, 9, 45, 71, 73,
74, 86, 126, 146, 155, 169]. Bo3MOXHOCTb MpoIeCcCa MOKHO OLIEHUTHb YE€pe3 BbIYMCIICHUE
W3MeHeHHs1 cBOOOAHOM dHepruu [mbOca B peakuun L* + Ln*® — L™ + Ln*, tne L — a10
opraHudeckas MojeKysa, mo gopmyne Bemnepa [86]:

AG(IIDT) = E(L*/L) — E(Ln*"/Ln*") — E(L*) — &/er, (1.2)
rme E(L"/L) — OKHCIMTENbHO-BOCCTAaHOBMTENBHBIM moTeHnuan L/, E(Ln*/Ln*)
OKHUCJIUTENBLHO-BOCCTAHOBUTENBHBIN moTeHuan Ln’"/Ln*" (Tabmuua 2.1), E(L*) — sueprus L B
BO30YKIeHHOM cocTosiuH (S, wiu T)), e*/er — KylOHOBCKOE oTTankuBanue Mexay L™ u Ln*", r —
paccTosiHuE MEXAy HUMH, € — AUDJIEKTPUUYECKAs MPOHUIAEMOCTb, € — JJIEMEHTApHbIN 3apsij.
OOBIUHO, B YKa3aHHBIX pabOTax MpeHeOPeTaroT OLIEHKON BKJIaa KyJOHOBCKOTO OTTAJIKUBAHUS (<
0.2 3B [86]) u3-3a TpyaHOCTEH pacueTa, CBI3aHHBIX C ONMPEACIICHUEM PAaCCTOSHHUM Mexay L™ u
Ln*.

OnHOl W3 TakuxX map, B KOTOpPOil MokeT mpoucxomuth 11T, seasercs mapa Ln’" u
(bparMeHT MHJ0Ja, KOTOPbI MOXKET BXOIUTh B COCTaB aMMHOKHCIOTHI Tpunrodana [5, 6, 71,
146] U ObITh  TNPHUCOEAMHEHHBIM  4Yepe3 -CH,- MocTMK K MOJEKyle

STUICHANAMUHTETpAyKCYyCHON KucIoThl (MHA0I-CH,-OJITA) [9, 87]. Bo Bcex ynmoMsiHyTBIX
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paborax oOpasyromuecss npomyktel I1DT: kaTMOH-pagukan WHAoAa M Ln®', Hanpsamyo He
Habmonanu. O nporekanuu [19T cynunu mo TymeHuo TIOMUHECIIEHIIUNA WHI0J1a B TpUNIToaHe
u uHaoin-CH,-OJITA, W eIMHCTBEHHOM OIEHMBAEMOW KOJIMYECTBEHHOM XapaKTepUCTUKOMN
SBIISUIOCH OTHOCUTEIbHOE TIOHM)KEHNE HHTEHCUBHOCTH JIIOMUHECIICHIIMHU (pparMeHTa HHA0JA.

B [5] uccnenoBanu TymieHue JrOMUHECHEHIINE cBoOoHOTO Tpunrtodana (QY = 0.14 B
BOJIE [60]) KOMILIEKCAMH Eu’*: EuCl;-6H,0 u
1,1,1,2,2,3,3-rentadrop-7,7-mumernnokrananonar-4,6 espornusi(I1ll) (Eu(fod);), B sTanomne B
HOpMAaJIbHBIX YCJIOBUSAX. B 00oux cilydasx NpUCYTCTBHE KOMILIEKCOB B PacTBOPE YMEHBIIAECT
MHTEHCUBHOCTD JIIOMHHEcHeHInu Tpuntodana. Onnako, B caydae Eu(fod);, cormacno BeiBogam,
cnenannbiMu  B.II. KazakoBeiM u gp. u3 3aBucumocred llItepH-Ponbmepa, KapTHHA
¢dorou3nyecKuX MPOLECCOB BBHINIAIUT CIOKHEE, YEM OMHMCAHO BBIIIE: aKLIENTOPOM JIEKTPOHA
BBICTYIIA€T He LeHTpanbHbli Eu’’, a koopmunupoBanHbii anuoH fod. Jleno B TOoM, 4TO
cBoOonHbI fodH Taxke crnocoOeH TyIIUTh JIFOMUHECLEHIUIO TpUNTopana, U U3-3a OKpYKEHUs
KOOPIMHHMPOBAHHBIX aHHOHOB fod” HEBO3MOKEH ONM3KHUiA mpsAMOI KoHTakT Eu’’ ¢ Tpunrodanom,
HEOoOXOIMMBIN AJIs MEPEHOCa SNEKTPOHA HA METAJUTMYECKHUMA LIEHTP.

B [9] cunresuposamm kommuekcsl La’’, Sm**, Eu’*, Gd**, Tb’', Dy’ u Yb’" ¢
unnon-CH,-O/ITA, 1-6em3mn-O/[TA, 1-(mapamerokcuben3mn)-OITA u
1-(mapaunano0en3un)-OTA (Puc. 1.18(cmpaBa)). Bo Bcex 3THX KOMILIEKcax apoMaTuyecKue
3aMeCTUTENM He CBA3aHbl ¢ Ln’" manpsamyro, a gepes DJTA. Bce yka3aHHbIE OEH3MIIOBBIE U
MHOJI0Bas TPYIIIbI 001a1al0T perucTpupyeMon GpiayopecieHireii, mo3ToMy aBTOPbI OLIEHUBAIH
TyIIEHHE JIFOMMHECHEHIIMM OTHX TPyl B KOMIUleKcax Ln’*. 3HaueHWs OTHOCUTENLHOU
MHTEHCUBHOCTU (DIIyopecleHIIMH KOMIUIeKCOoB mpuBeneHsl Ha Puc. 1.18(cnesa). U3 rpaduxa
BHIHO, YTO TYLIEHHE JIFOMUHECIEHIIMU IPOMCXOIUT CUIIbHEE B JIBYX KoMIUIekcax Ln®", a uMeHHO
B kommuiekcax Yb’' um Eu®’, mambomee cmnocoOHBIX K BOCCTaHOBIEHMIO. Kpome TOTO,
momuHectennus 1-(mapanuanooensun)-JITA >gpdeKTUBHO TyIHUTCS TOIBKO B KoMIuiekce Eu®’,
TaKk Kak (parMeHT MapaluaHoOCH3MIa XyXKE€ OKHUCISETCS IO CpPaBHEHUIO C JIPYTHUMH

3aMCCTUTCIISIMU.
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Puc. 1.18. CneBa: OTHOLIEHHE HHTEHCUBHOCTEH JIIOMMHECLIEHIIUH KoMIniekcoB La®, Sm**, Eu**,
Gd*, Tb*, Dy*" m Yb*" k uHTeHCHMBHOCTH JOMUHecUeHIMH Komiuiekca La’" [9]. O6osnaueHus:
CH;0-Bz-EDTA - 1-(nmapamerokcubensmn)-3[ATA, NC-Bz-EDTA - 1-(napanuano6ensun)-JJTA,
Bz-EDTA - 1-6en3un-OATA, u indol-EDTA — wunnon-CH,-O[ITA. CnpaBa: cTpyKTypHBIE (QOPMYIIBI

COOTBCTCTBYIOIIUX JIMTAHIOB.

Taxxke s kommiekcoB Gd* m La** ¢ mrpnon-CH,-EDTA u NC-Bz-EDTA 6bun
3aperucTpUpPOBaHbI CIEKTPHI pochopeciieHIK U MOTydYeHbl BpeMeHa KHU3HU (PocopecieHINH
OokoBBIX Tpymil — uHgona u NC-Bz: s kommiekcoB Gd** 1= 3.0 u 1.1 ¢, COOTBETCTBEHHO,
nis komiuiekcoB La’*™ 1 = 6.2 u 3.4 ¢, coorBercTBenHO. B cnydae kommekcos Eu®’, Sm*", Dy** u
Tb*" docdopecrennus MpaKTUUECKH TOJIHOCTHIO OTCYTCTBOBana. B kommiekce Eu*" npuumnoit
tymenust pocdopecuennus 6eu1 I[IIT. B komrmuiekcax Sm**, Dy*" u Tb** docdopecuenims
apOMaTUYCCKUX TPYIIT OTCYTCTBOBANA H3-3a 3((EKTUBHOTO IEPEHOCA SHEPTHH, BCIICACTBHE
4yero HabOoManu f-f TIOMHUHECIICHITHIO.

BaxxHbIM pe3ynbTaToM AaHHBIX HAOMIONEHUH SBISETCS HEOOXOMUMOCTh MPUHUMATH BO
BHUMaHWE BO3MOXKHOCTH mporekanus [T B mape Eu’/Yb*'-tpunrodan npu npumeHeHuu
KoMILIEKCOB Ln*" B 6MOMMMIKMHTE, TaK KaK TPUNTO(GAH BXOIUT B COCTAB OEJIKOB.

B [71, 146] nonyuwnin xommiekcel Yb', Eu’* m mpyrux nantanumoB ¢ Genkom
napBanb0yMUHOM, B KOTOpoM Mecrta aByx Ca®" sammmaror Ln®'. Ilo cpaBHEHMIO ¢ OOBIYHBIM
OEeIKOM M €ro KOMIUIEKCaMH ¢ Apyrumu Ln®‘, xommiekcwl mapsansOymmna ¢ Yb*' um Eu’t
MOKa3alu TOHIKEHYI (uyopecueHuuio Ttpunropana wuz-3a I[I9T (B 0.46 u 0.26 pas,
COOTBETCTBEHHO). boiiee Toro, Tak Kak pacCTOSHUE MEXKIY MHIOIBHBIM KOJBIIOM TpunrtodaHa u
Ln*" B uccnenyeMpIx KOMILIEKCAX cocTapiseT 8—11 A, To MO)XHO crenarh BBIBOJ, YTO B rnape

Eu**/Yb* -Tpunrodan nporekaer yaaaeHHbIH MEPEHOC SIEKTPOHA.
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ABTOpBI TaKXe OIICHWIM H3MeHeHHue cBoOoaHou »3Hepruun [u66ca AG(IIOT) B

KOMIUIEKcax napsaaboymuna ¢ Yb*" u Eu’’, paBubie —1.54 u —2.24 5B, cOOTBETCTBEHHO.
[TpumeuarensHbIM B [71] gBasieTcs TO, YTO MpU OOTYyYEHHH KOMIUIEKCA MapBaibOyMUHA
¢ Yb*" VO cBetom (A,,,; = 290 HM) Oblia 3aperncTpUpoOBaHa OTHOCHTEIHLHO MHTEHCUBHAS f-f
momuHecnennus Yb*' (°Fs,—?F75, Ay, = 977 HM), a B caydae Eu’' ff moMuBecneHIMs
orcyrctBoBana. W.D. Horrocks Jr. u nap. oOBSICHWIM 3TO pa3iuuvde pa3HBIMH IyTIMU
Bo3Bpamenusa nap Yb?'-rpunrodan’ u Eu*'-rpunrodan’™ B ucxognoe cocrosuue. Ha Puc. 1.19
NPUBEICHBI YPOBHU dHEPTHi juis yuactHukoB [1T. B mape Yb’ -Tpunrodan roMuHeCIIEHTHBIH
’Fs, Tepm uWoHa Yb'" pacmonoxken Hwke ypoBHS dHeprud Yb*-rpunrtodan’’, mosTomy
WCYE3HOBEHME COCTOSHUA ~ Yb* -tpunrodan™ MOXKET NpUBOAUTL MO0 K  IMOSABJIECHUIO
MoMEHecHHpyomero Yb'', mmbo k mosBIeHMIO cpa3y MCXOTHOMW HEBO3OYXIECHHOM Haphl 6e3
COIYTCTBYIOLIEH JOMUHecHeHMH. A B mape Eu*'-tpunrtodan ypoBeHb JHepruu mapbl
Eu®*-tpuntopan’™ pacnonoxen Hwke, yeM TepM D, nona Eu’*, mosToMy Ha myTH K OCHOBHOMY

COCTOSHHUIO BO30YKaeHHbIH Eu’" He 0OpasyeTcs u f~f IIOMUHECIEHIMS OTCYTCTBYET.

A =290nm

Trp, Bu™ 0ev 206K Trp, Yb''

Puc. 1.19. YpoBHU 5Hepruil 115 y4acTHUKOB peakuuu Trp* + Ln*" — Trp™ + Ln** (Ln = Eu,

Yb). O603nauenus: Trp — Tpunrodan [71].

Cencubuinsaius JroMUHeCIeHMn Yb*" uepe3 cocrostnue Yb* -tpunrodpan™ B [71]
NpUBJEKJIa BHUMAaHHUE COTPYAHHUKOB Jaboparopuu [lomusaepHbix MeTanaopraHMuecKux
Coenunenunit nog pyxoBojactBoM M.H. BoukapeBa MuctutyTa Metannoopranudyeckoin XumMuu
PAH ¢ uensto mnomydenus 5>QQPEKTHBHON JIIOMUHECHEHIMH KOMILUIEKCOB Yb'" m  ux
snexTpomoMubecuenu B OLED [73, 126]. Tak xak Yb*" momunecuupyer B Gmmxnei MK
00JIaCTH CIIEKTpa, Ie OMOJOTMYeCKHUe TKaHU U JKUAKOCTH OTHOCUTENIBHO Mpo3paunsle [61], ero
KOMIUIEKCHl ~TaKkK€ MOXHO HCIONB30BaTh B OMOMMMKMHTE. B maGoparopuu  ObLiu

CHHTE3MPOBAHEI KOMILIEKCHI Yb(SSN);, u Yb,(OSN), e SSN -
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2-(2’-mepkantodenmnn)oen3ornazonar, OSN — 2-(2’-mepkantodeHn1)0eH30KCa301aT, a TaKKe

koMIieKehl Yb,(NpOON); u Yb,(NpSON)g, tie NpOON — 3-(2-6en3okca3on-2-mi)-2-HadTonar,
u NpSON - 3-(2-Oenzormazon-2-un)-2-Hadromar [73, 126]. DTH KOMIUIEKCHI 00Iaaar0T
CPaBHUTEIHPHO MHTEHCHBHOH f-f JIOMHHECUEHIIMEH B TBEPIOM COCTOSHHUH, HO B pacTBOpe e¢
BO30y)XJeHue He MnpoucxoauT. OpHako, BCE 3TH YEThIpE KOMIUIEKCa O0IaJaroT SIpKOM
AIEKTPOJIFOMUHECIICHIIMEN Ha 978 HM.

Emé oxuHoli nmapoii ¢ Bo3MokHOCTBI0 npoTekanus 12T sBnserca napa Ln*'-amun, Tak
KaK aMHHBI SIBIISIOTCS] CUJIbHBIMU JOHOPAaMU 3JIEKTPOHA.

B [155] wnabmomamu IIDT ¢ BO30YXIEHHOTO B S|-COCTOSIHHM CBOOOIHOTO
mudpenmwnamuna (JIPA) na Ln*" B Boxe, uro npuBoamino k Tymenuto ¢uyopecuennun DA, B
CIIEKTPax IPOMEKYTOYHOTO moriomenus pactsopa JIPA ¢ mobasnenuem nonos Eu', Sm*" u
Dy** mHabmoganu TIOSBIEHHE TIOJOC MONIOIIEHUS KaTtHoH-paaukana JDA. Wcnonbsys
E°(IDA/IDPA) = 0.85 3B u E(IDPA*) = 3.81 3B, moxto oneanth usmenerne AG(I19T) mist
BCeX MOHOB Ln’" u caenars BBIBOJ, uTO B nanHoM PET TeopeTnuecku MOryT y4actBoBath Eu’’,
Yb**, Sm’", Nd*, Dy**, Pr'’" u Ho’, pacnonoxeHHble B psmy OT 0Ollee OTPHIATEIHLHBIX
3HaueHusix AG k menee. Monsl Er'', Tb®" u Gd*>" umeror nonoxurensusle 3HaueHus AG. Ha
MpaKTHKe Mojyuniach Apyras kaptuHa. [lomydyennsle u3 3aBucumocted llltepna-donbmepa,
OMMOIIEKYIIAPHBbIE KOHCTAHTHI TYLIEHHS IS pasau4Hbix Ln®" ymensmanucs B pagy: Eu’', Yb*",
Gd*', Pr’’, Tb*, Sm*, Dy**, Ho*, Er*' u Nd*', u ux 3nauenus pasusl 15.9, 13.9, 10.6, 8.7, 7.8,
6.5, 5.7, 44, 3.0 u 2.9x10° M'c!, coorBercrBenno. Ilpy 3TOM aBTOPHI HE JAKOT SCHOTO
OOBSACHEHHSI TAKOMYy DPACXOXKIEHHIO, XOTs B ciydae umoHa Gd’* Tymienme MoXHO ObUIO ObI
OOBSICHUTH ¢ TOMOIIBID dPdekra «Tsxkenoro aroma». CTOUT OTMETUTh, YTO B JTHX
sKcTepuMeHTax nepeHoc sHepruu ¢ JIPA (B S;-coctosnuu) Ha moHbl Ln®' mpaktnuecku me
HaOJIrOHaJICs.

BaxueiM sBisiercss 10, uyro JIMA obpasyer komiuiekchl ¢ Ln®" ¢ HeGonbmmMu
KOHCTaHTaMU PaBHOBECHS, JISKAIIUMU B auanasoHe seanuun 0.8-2.8 M. JlanHble BeIMYUHBI
OBUTH OIICHEHBI 0 M3MEHEHHWIO criekTpa morionieHus JJDA mpu yBelIWueHUU KOHIEHTPAIUU
Ln*" B pactBope. IIpoTekanueM MaHHOTO KOMILIEKCOOOPA30BaHWS NPH aHAIU3€ PE3YJILTATOB
AKCIEPUMEHTAa IPEHEOPEIN 13-3a €ro He3HAYUTEILHOTO BKIIaJa.

[Toxoxyto peakiuio mepeHoca 31ekTpona ¢ Tpudenunamuna (NPh;) Ha Bo30yXIeHHBIN
kommieke Eu(Phen);> B CH;CN, mnpu KOTOPOM KBaHTOBBIA BBIXOJA f~f JIFOMHHECIEHIIMU
yMmeHbancs, Habmomanu B [169]. Takke, ¢ MOMOIIBIO CIEKTPOCKONMUH MPOMEKYTOUHOTO
MOMJIOIIEHUSI HAOJNIOAANN MOSIBIIEHUE W HMCYE3HOBEHHE II0JIOC IMOINIOIICHHs KaTHOH-paguKaia

tpudennnamuna NPh;™ B criekTpax.
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1.3.4. MeTta/ul-oprannyeckue KApKacHble CTPYKTYPbI HA OCHOBe TepedTajiaToB

JJAHTAHUJI0B

CuHTe3 M JIOMHHECLEHIIUS METaJlI-OpraHu4ecKux KapkacHbIx cTpykryp (MOF) na
OCHOBE Tepe()TanaToB Pa3InYHBIX MOHOB JaHTanunoB Ln®" (Eu*’, Sm*’, Nd*" u Pr’") onucansl B
[51]. Tepedranarsl 4acTo HCHONB3YIOTCS B pPOIU JTUHKEpOB B ntoMmuHecuupyromux MOF c
MOHAMHM JIAHTAHUJIOB, TTOTOMY YTO WHTEHCHBHO MOIJIOMIAIOT CBEeT B Y® o0nacTu crekrpa u
XOPOILO CEHCHOUIM3UPYIOT JiroMuHecHeHImio Ln*™ [13, 49, 154].

MOF Ha ocCHOBE TIeTepoMEeTaNINYeCKUX KOMIUIEKCOB pa3IMYHbIX JIAHTAHUJOB C
TepedTanataMu  IpPUBJIEKAIOT BHUMaHUE  HUccienoBareneil  Omarogaps  BO3MOXKHOCTH
BapbUPOBaHUS SIPKOCTH M 1IBETa JIOMUHECHEHIMH NMPU HU3MEHEHHH MPOIEHTHOTO COACpPMKaHHS
Ka)KJI0TO u3 HOHOB JJaHTaHHUa. [TepBbIit takon  MOF, HUMEIOIIUH  COCTaB
Gd, yEu, ;bdc;-3IM®PA-H,0, tne IM®PA — sto N,N-mumerundopmamun, u bdc — tepedranar
(1,4-6en3onaukapookcunar), nonyunnu B [111]. TpucyrctBue B MOF Broporo mona Gd*,
KOTOPBIM  SIBIIIETCS ~ CWJIBHO  TIApaMarHWTHBIM, MOXXET yBEIHYUBaTh 3(PPEKTUBHOCTH
WHTEepKOMOWHAIMOHHON KoHBepcuu (S,—T, xouBepcuu) B Tepedramare (3PQEKT «TsHKEIoro
aromay), 4To, KaK yTBep:kaatoT aBTopsl B [111], MmoxkeT criocoOcTBOBATH «3(h(hEeKTY aHTEHHBIY.

Terepomerammmaeckue MOF ¢ tpemst Lo’ — Gd*", Eu** u Tb’* ((Gd,_,.,Eu, Tb,),bdcs, roe
x +y < 1), cormacHo nanueiM POA, umeror cioxubiii coctas: MOF ¢ konuentpanueii Eu®™ 1o 7
ar. % coctout u3 oxHoi ¢asel (1), mpu xkonuenrpauuu Eu'™ 9 ar. % on cocrout us asyx ¢as (1)
u (2) [112]. ®a3za (1) umzoctpykrypHa @asze [Eu,bdc;2]IMPA-H,O]-IM®DA, o xoTtopoit
coo0manu Kak camu aBTOphI B Oosiee panHeit padore [111], Tak u R. Decadt u np. B [51]. ®Daza
(2) mzoctpykrypHa ¢aze Eu,bdc;2JIMPA-2H,0.

O HanuuuMu OBYX KpUCTAIMYecKux ¢a3, kpome AaHHbIX PDA, MOXHO CyauTh MO
CIIEKTpaM JIroMHHeCHeHIMU. Kak ObLIO CKa3aHO paHee, CHEKTp JroMHHecueHnuu Bu®™ mmeer
y3KHE TI0JI0CHI, cOOTBETCTBYomue nepexonam “Dy—'F; (J = 0—4). ToHkas cTpyKTypa 3TUX MOJIOC
3aBHCHUT OT CUMMETPHUH KOOPIWHAIIMOHHOTO OKpYkeHHs HoHa. [lonpoOHas cxema paciierieHus
KaXJIOW MOJOChI B 3aBUCMMOCTH OT CHUMMETPUU OKpYKEHUsl cocTaBieHa A. Sengupta u Jp.
[141]. Tlepexon *Dy—'F, 3ampelueH mo 4eTHOCTH, OJHAKO 3alPET YACTHMYHO CHMMAETCS, KOrma
Eu’" HaxomuTcs B KOOPAMHAIIMOHHOM OKPYXKEHHH ¢ HU3KOH CHMMETpHE 0e3 IIEHTpa MHBEPCHH,
narpumep: C,, C,, u C, [104]. CornacHo criekTpaMm JIOMUHECLEHIIMU U cxeMe A. Sengupta u jap.,
B (ase (1) okpyxkenwe u3 8 aromoB Eu’" mmeer (GopMy HCKaKEHHOW TETParoHaIbHON
anTunpusMel ¢ cummerpueit C,, nmn C,, a B ¢daze (2) okpyxkeHue u3 9 aToMoB UMeeT Gopmy

HCKaXEHHOM OTHOIIAIOYHOM TEeTparoHajJbHOM aHTUIIPU3MBI ¢ cumMeTpueit C,, Uiu HUXKE.
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Mertamn-oprannueckue kapkacHbsie cTpykTypsl (Gd,sLns),bdcs4H,0, rae Ln = Eu, Tb

u Sm, Moryr OBITh CHHTE3HpPOBaHBl B TBepAO(Da3HOH MEXAaHOXUMUYECKOW peaKInu
Ln,(CO;);,nH,0 ¢ Tepedranepoii kucaoroi [13]. Eu’ u Tb** B rakux MOF nroMuHECHHMPYIOT C
omaumu BpeMeHamu, pasHbiMu 0.28 (°Dy—'F,) u 0.81 mc (°D,—"Fs), COOTBETCTBEHHO, YTO
yKa3bIBAET HA HAJIMYHE TOIBKO OJHOM KPHCTAIUIMYECKOM (ha3el. Sm*' moMuHECIUpYET ¢ IByMs
spemenamu — 0.006 u 0.062 (mansiii Bknan) mc (‘Gs,—°H;)5).

Takum 00pa3oM, MOXKHO CJielaTh BBIBOJA, YTO METAJI-OPTraHUYCCKUE KapKaCHBIC
CTPYKTYphl Ha OCHOBE TETePOMETAUIMYECKHX KOMIUIEKCOB pa3JMYHBIX JIAHTAHUAOB C
TepedTanataMd MOTYT COJIEPKaTh OJHY WM JBE KpUCTAIUIMYECKHe (asbl, OTIMYAIONINECS
KOJIMYECTBOM MOJIeKy pactBoputens (Hampumep, H,O w/mmn JIM®PA), KoOOpAMHUPOBAaHHBIX K
neHTpansHoMy HMoHy Ln®'. B pomomnenum k P®DA, manmume ommoil m Gomee (a3 MOKHO
YCTaHOBUTH € TIOMOIIBIO aHAJIM3a TOHKOM CTPYKTYpHI Y3KHuX f~f mosoc Eu®" B momunecuenTHoi

CIICKTPOCKOIINHU, U II0 pE3yJibTaTaM O6pa6OTKI/I KHMHCTHK I/IC‘{e3HOBeHI/I$If-fJ'IIOMI/IHeCI_IeHHI/II/I.

3aiouenue

Bce ¢dorodusmueckue mporecchl BHYTPH KOMIUIEKCOB JIAHTAHUIOB MOXHO Pa3JICIUTh
Ha JIBE YaCTHU: MPOLIECCHI CBSI3aHHBIE C JIMTAHJIOM, KOTOPBIE OTPaXeHbI B AUarpaMme S1010HCKOTO,
U TIPOIIECCHI, CBS3aHHBIE C MPUCYTCTBHEM HOHA JIAHTaHUIA. B TEpBYIO TpyMIy BXOIST
MPOIIECCHI, KOTOPHIE XapaKTePHBI MOYTH JIJIST BCEX OPraHUYECKUX MOJICKYJ: W3TydaTrelbHbIC W
0e3bI3ITydaTeIIbHbIC NCUC3HOBEHUS BO30YXICHHBIX CHHIVICTHOTO M TPHILIETHOTO COCTOSTHUN. Bo
BTOPYIO TPYIIy MOXHO BKJIIOYUTHh TIEPEHOC HHEPIHMU OJIEKTPOHHOTO BO30YXKICHUS C
BO30Y)KJICHHOTO JIMTaHJa Ha WOH JIAHTaHHJA C TOCJICIYIOMEH ero JIIOMHUHECIICHIIUEH.
JlloMuHecHeHIIMS HWOHA JIAaHTaHUJAa MOXET TYIIUThCS H3-3a T[EepeHoca DSHEpPrud Ha
Kojie0aTeIbHbIe YPOBHU MOJEKYN, 0coOeHHO Ha cBsi3b OH Monekysnasl BOIBI, a Takxke H3-3a
nepeHoca YHepruu (Kak MmpaBuiio, 0OPaTHOT0) Ha OPTaHUYECKUHN JIUTaH/I.

Mostekysabpl OpraHMYECKUX BEIIECTB MOTYT MpOSBISATH B PAcTBOPE W B TBEPIOM
COCTOSIHUM crienuuYHbIe Ui HUX cBOoMCTBA. [IpomsBomubie 1,8-HadTanmmuaa, O6iaaromaps m-n
B3aMMOJICMCTBUIO JIByX apOMaTHYECKHX CHUCTEM, OOpa3yloT arperatbl B CHUJIBHO MOJISPHBIX WIH
HEMOJISIPHBIX PACTBOPUTENIX, a pousBoAHbIe 1,10-henanTponrna oOpa3yroT MIPOTOHUPOBAHHBIC
¢dopmer ipu HU3KUX pH. CriocoOHOCTH ABYX 1,8-HAPTAIMMUIOB K TT-T B3aUMOJICHCTBHIO HMEET
MPAKTHYECKOE MPUMECHEHHE B CHHTE3€ PA3IMYHBIX METaUI-OPTaHHIECKUX KapKACHBIX CTPYKTYP,

B KOTOpBIX ABa 1,8-HadTanuMHUIHBIX (parMeHTa SIBISIOTCS CTPYKTYpOOOPa3yOIUMHU.
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Honel Ln*', a mmenno: Eu**, Yb*" u Sm*, moryr Boccramasmmearecs mo0 Ln*' B

nporecce GOTOMHAYLMPOBAHHOTO MEPEHOCA IEKTPOHA C OKPYKAIOLIMX MOJEKYI (JIMraHAa Wiu
CBOOOIHOM OpraHMYecKOl MOJIEKYIIbI) 3a CUeT JHM00 COOCTBEHHOW 3HEPTHUH BO30YXIEHUS, JTUO0
SHEpPruu BO30YKACHHOW MOJEKYNbl. [IpoTekanne Takoro mepeHoca AIEKTPOHA CHIBHO 3aBHCUT
OT CBOMCTB MOJICKYJI, HAIIPUMEP: B POJH JOHOPOB JIEKTPOHA OXOTHEE BCTYIMAIOT MOJEKYIBI C
(GbparMeHTOM HHIOJNA WU apoMaTH4ecKhe aMuHbl — audeHwraMuH uin TpudenmiamuH. Kak
IPaBWJIO, TOABISAIONIAsACA mapa Ln® -kaTnmoH-pagyKall )KMBET KOPOTKOE BPeMs, TaK Kak MoH Ln**
ABISIETCS OYEHb CHJIbHBIM BOCCTAHOBUTENIEM, YTO CIHOCOOCTBYET OBICTPOMY OOpaTHOMY
MEPEHOCY AIEKTPOHA. DKCIEPUMEHTAIBHO TIEPEHOC AMEKTPOHA MOXKHO HAOIIONATh KaK OOBIYHOE
TylmIeHue f-f JTIOMUHECIICHIIMM KOMIUICKCAa WM (IyOPECICHIIMA OPTaHUYEeCKON MOJICKYIIHI.
Kpome TOro, B HEKOTOpHIX cilydasix oOpa3oBaHHE KaTHOH-paJMKaja MOJIEKYIBl MOXKHO
3a()UKCUPOBATH C MOMOIIBI0 TEXHUKH MPOMEKYTOYHOH CIIEKTPOCKOIUH, TIPU YCIOBUH, YTO OH
00IlajaeT MHTEHCHBHBIM IIOMVIOIICHMEM M JOCTAaTOYHO yaajdeH oT Ln®', 4roObl m36Gexarsb

OBICTPOrO OOPATHOTO MEPEHOCA AEKTPOHA.
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IJTABA 2. OJKCIIEPUMEHTAJIBHAA YACTb

2.1. IIpuGops! U MaTepuaIbI

JIst mony4yeHusi CHEKTPOB MPOMEXKYTOUHOTO MOMIOMICHUS M KUHETUK HCUE€3HOBEHUS
MIPOMEKYTOYHBIX YaCTUI[ WCIOJB30BAIM METOJ JIa3epHOr0 MMIyNbCHOTrO (riem-poronuza. B
KaueCTBE HWCTOYHHMKA BO30YXJAIOIIEr0 M3IYYeHHs] MCIOJIb30BAIM HUMIYJIbCHl TPETbed U
yeTBepTOi rapMOHUKM (355 m 266 HM, COOTBETCTBEHHO) HeomumoBoro nazepa (YAG:Nd™) ¢
JUTMTENIbHOCThI0 6—7 HC u sHepruert 4-30 mJDxk. JlazepHoe u3nydeHue (GOKyCHMpOBaId Ha
orBepcTHe auamerpoM 2 MM (mwiomans 0.03 cMm?), 4epe3 KOTOpOe MPOIMYCKAIH 30HIUPYONHA
cBeT oT kceHoHoBoM namnbl JIKCII-150. Ha sty nammy, ropsiiyto B pexxume IeKypHOU IyTH,
Ha BpeMs SKCIIEpUMEHTA HAKJIAAbIBAETCS UMITYJbC TOKa (0Kosio 150 A) 1uTenbHOCThIO OKOJIO |
MC, YTO YBEJIMYMBAET MHTEHCHBHOCTb 30HAMPYIOILErO CBETa HA JBa MOPAIKA. 3OHIUPYIOIIMMA
CBET TIOCe JIa3epHOTO HMITyJIbca MPOXOAUT Yepe3 MOHOXpoMarop M Tmpeodpasyercs B
aneKkTpuueckyro ¢opmy ¢ nomombio DPIVY-84, curHam ¢ KOTOpPOro TMOCTyHaeT Ha
LIIMPOKONIONOCHBIM  ycunuTenb. Jlanee ¢ nomompbto ALl w3 currama npoMexyTOYHOro
MOMJIOIIEHNUSI BBIUUTAETCS CUTHAJ 30HAMPYIOLIETO CBETA, 3aTEM OH IOCTYNAET HAa KOMIIBIOTEP.
YyBCTBUTENBLHOCTH YCTAHOBKH 110 ONTUYECKOM MIIOTHOCTH — 5% 107, crieKTpanbHbIi auana3oH —
280-800 um, BpeMeHnHoe pazpenieHne — S0 HC.

JIst ©3MEpeHHs SGHEPTUH JIA3€PHOTO UMITyJIbca MpUMeHsia cucteMy ¢upmbl Gentec-EO
(Kanana) (monutop SOLO-2 u nuposnekrpudeckas uamepurenbHas ronoska QE25SP-H-MB).

CrnexkTpbl MODIOIIEHHS COEIMHEHMH OBUIM  3aperucTPUpPOBAaHbl €  IOMOIIBIO
cnekrpodoromerpa HP 8354 pupmer «Hewlett Packard» B kBap1ieBbIX KoBeTax.

Crnektpel BO30YXIEHMSI W MCIyCKAaHUS JIIOMUHECLUEHUUH ObLIM 3alucaHbl Ha
¢dbnyopumerpe FLS920 ¢upmer Edinburg Instruments ¢ BBICOKOI UYyBCTBHTEIBHOCTBHIO M
BBICOKUM CHEKTpajdbHbIM paspemieHueM a0 0.05 M. McrouHMKoM BO30Y)KIArOIIEro CBETa B
naHHOM (hmyopumeTpe sBiseTcs KceHoHoBas ayrosas jamma CW 450 Br. Ona mo3BomsieT
BO30Yy>K/1aTh JIOMMHECLEHIIMIO 00pa3loB MpU AECHCTBUHM CBETa C JUJIMHAMM BOJH B JIMala3oHe
230-1000 um. [lns nonmydeHHs KUHETHUK JIOMUHECHEHIMHM TPU KOMHATHOW TeMIiepaTrype
ucrnonb3oBanu Jazepusie quoasl (EPLED) Ha mnmunax BomH 280 u 320 HM ¢ AJIUTEIBHOCTHIO
uMmitysibeoB 0.6 He. s perucTpanun UCIyCKaeMoro u3aydeHus B (QIyopuMeTpe MpeayCMOTpeH
®DY cyeTunk GOTOHOB.

TepmorpaBumerpudeckuii ananu3 mnpoBoauics mpu nomomu TG 209 F1 Libra

BaKyyM-IUIOTHBIX MHUKpO-TepMoBecoB (Netzsch, I'epmanus). CrnekTpsl JIOMMHECUEHIMU JUIS
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MCTAJUI-OPTAaHUYCCKHUX KApPKACHBIX CTPYKTYP Ha OCHOBC I'CTCPOMCTANIMYCCKUX KOMILICKCOB

TepeTanaToB E€BPONUS—IIOTCLMs ObUIM 3apeTUCTPUPOBAHBI C TOMOIIBIO  (rayopumerpa
Fluorolog-3 (Horiba Jobin Yvon, Smonust). KuHeTnkn vcYe3HOBEHUS JIFOMUHECICHIIMU OBLTH
MOJTyYEHBI TAKXKe ¢ UCToNb30BaHueM ¢uyopumerpa Fluorolog-3 ¢ ucnonp3oBaHreM UMITYIBLCHOU
KCEHOHOBOH JIAMITBI C JTUTEIBHOCTHIO UMITYJTbCa 3 MKC.

AOCOITIOTHEIE 3HAYEHUS KBaHTOBBIX BBIXOI0B JIFOMUHE CIIEHIINH JUISt
METaJI-OPIraHMYECKUX KAPKACHBIX CTPYKTYp OBUIM TOJIYYCHBI C IOMOIIBIO IPHCTaBKU
Fluorolog-3 Quanta-phi. Jlns mony4deHus] OTHOCUTENBHBIX KBAHTOBBIX BBIXOJIOB MPU aHAIHM3E
OCTAJIbHBIX XHUMHYECKHX COCIWHEHUN B PACTBOPE U B TBEPAOM COCTOSHUHU HCIOIH30BAIH
aHTpalleH KaK CTaHJapT, KBAHTOBBIN BBIXOJ KOTOPOTO B arleToHUTpUie paBeH (.28 u B TBepIOM

coctostanu — 0.94 [50, 161]. JIns momydyeHus: KBAaHTOBBIX BBIXOJIOB JIIOMHUHECIICHIINA B BOJIHBIX

2

n
9% _1079

2

n. 7
CH:CN
pacTBOpax, U3MCPCHHLIC 3HAYCHUA YMHOXAJIIM Ha IIOIPAaBKY } , CBA3AHHYIO C

n n B
pa3HBIME KO3(D(DUIIMCHTAMH TPETIOMIICHHS BOABI 20 ¥ amleTOHUTpuiaa — CHsCN

2.2. [IporpaMmmHoOe obecnieueHune

[Tporpammuoe obecnieuenne ANALISYS B ycTaHOBKe MMIYIIbCHOTO (ureri-(oTommsa
MO3BOJISIET TMPOBOJIUTH AIMPOKCUMAIIHIO TIOYYEHHBIX KHHETHYECKUX JAHHBIX KPUBBIMH TIEPBOTO
U BTOPOTO TOPSAKOB, a TaKKe CYMMOH [BYX OSKCIOHEHT. JlJis yBeNW4YeHHs] OTHOIICHUS
CUTHAJI/IIyM TpeAyCMOTpEHa BO3MOXKHOCTh HU(POBOr0 HAKOIUIEHHS KHHETHK. KomnuecTBo
HAKOIUIEHUH MOXeT OBbITh MPOU3BOJILHBIM. OOBIYHO KpUBasi MPEACTaBIsIET COOOM pe3ysabTar oT 5
1o 20 nakorutenuil. [lomyuennsie nanHble nepesanucsiBanu B Gopmare ASCII, 4To mo3BossIio
UMIOPTUPOBaTh ¥ 00padaThiBaTh WX B Pa3NUYHBIX mporpammax. [lis mpencraBieHus
MOJIyYCHHBIX JAaHHBIX B TpaduueckoM BHIe UCTIONb30Baiu nmporpammy ORIGIN 7.5.

Jns  o0pabOTKM KHHETHYECKUX KPUBBIX M3MEHEHHUS ONTHYECKON IUIOTHOCTH,
3apEeTUCTPUPOBAHHBIX METOJOM JIa3epHOT0 MMITYJIbCHOTO (hOTONMM3a, OBUIO HCIIOJIB30BAHO
nporpammuoe obecrieuenne «SPARK» (Software for Photochemical kinetic Analysis using
Runge-Kutta method with global optimization), pa3paboranHoe k.x.H. A.B. Komomeerm.
[IporpaMmMa 1O3BOJIIET OCYIIECTBIIATH pEIIEHUE CUCTEMBbl U epeHINATbHBIX YPaBHEHUH,
COOTBETCTBYIOUIMX 33JaHHON cXxeMe (OTOXMMHUYECKHX MpPEeBpaIleHU, 11 HEOTPaHMUYEHHOTO

KOJIMYCCTBA KMHCTHUYCCKUX KPHUBBIX, 4 TAKIKC IMPOBOAUTH ABTOMATUYCCKYIO IMOATOHKY JICCSATKOB
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BXOJIHBIX TMapamMeTpoB (KOHCTaHTBI CKOPOCTEeH peakuuid, Kod3()PHUIMEHTH NOIIOIIEHUS U

HavaJbHbIC KOHIICHTPAIMA HHTEpMEIHaToB) [7].

Jliiss 00paboTKM KUHETHK JTIOMUHECIICHIIMH HCIIOJIb30BAIU MMPOTPAMMHOE 00eCTICUeHIEe
FAST, paspaborannoe ¢upmoii Edinburg Instruments. [lamnas mnporpamMma MO3BOJISET
IMPOBOJUTH 06pa60TKy KHMHCTHUK UCYC3HOBCHUA JIIOMUHCCUHCHINHN B paMKaX MOACIIN HECKOJIBKUX

(o 4-X) SKCTIOHEHIIUANIBHBIX KPUBBIX MEPBOTO MOPSIKA.

2.3. IIpuroroB/jieHHe PACTBOPOB M PeruCcTPalusl CIIEKTPOB

N-{2-[4,7,10-Tpuc(xapbokcumernn)-1,4,7,10-TeTpaazanuknogonaekan- 1 -un 3t} -1,8-H
adTamuMuI Cy3H35N504-1.5CF;CO,H-0.5H,0 (NP), KOMIIJIEKChI
CysH3,NsOgEu- 1.25CF;CO,H-2.75H,0 (NP-Eu) u C,3H3,N;OGd-2CF,CO,H-5.5H,0 (NP-Gd)
ObUIM CHHTE3MpPOBAHBI M OYMIICHBI Ha (QakynsreTe xuMuu B YHHBepcurera llleddunna
(University of Sheffield) mon pyxoBomcTBom npodeccopa M.D. Ward.

Kommekcet  LnPhen(i-Bu,PS,);, LnPhen(C,HsNCS,);, tme Ln = Eu, Gd, u
Ln(PhenM),(NO;);, tme Ln = Eu, Tb, Gd, terpakuc-xomrekcol Et,N[Gd(i-Bu,PS,),] u
NH,[Gd(C,HsNCS,),] Ot cuntesupoBanbl  FO.A.  bpeuieBoit B Jlabopatopuu
Koopnunammonnsix Coenunenuit Wuctutyra Heopranmueckoin Xwumun CO PAH non
pykoBoncTBoM mpod., 1.x.H. C.B. Jlapuonosa u k.x.H. T.E. Kokunoii.

Meraut-opraHu4eckue KapKacHbIE CTPYKTYPBI (MOF) Ha OCHOBE
reTepOMETaITUICCKIX KOMILUIEKCOB TepedTanaTon EBPOTHSI—ITIOTEIIHSI cocrasa
(EuLu,,),bdc;nH,O Opimtu  cuHTE3upOBaHBI W oxapakTepu3oBanbl B.I. HocoBeiM mopg
pykoBoactBoM goneHTa Kadenpsr Jlazeprnoit Xumumm wu JlazepHoro MarepuanoBeaeHus
Wucturyra xumun CIIOIY, n.x.H. A.C. MepeuieHko.

B xauecTBe pacTBOpHTENEH ISl BCEX COCAMHEHUH NCIOIb30BAINCh AUCTHIIMPOBAHHAS
BOJa M aneToHUTpUI ocy copT 0. B cimyyae HeoOXonumMocTH, [T yAaleHus KUCIOPOIa PacTBOPHI
MPOIYBAJIM AprOHOM B TeueHue 15—20 MUHYT.

Tak xak MbI pacronarajiy cleluagibHbIMUA KIOBETAMH C OOJBIIMM AMANAa30HOM TOJIIUH
or 1 cM o 10 MKM, TO 3TO NO3BOJIMJIO HAaM PETUCTPUPOBATH CIEKTPhl MOIIOUICHUS U
JIIOMUHECIEHIIMK B IIMPOKOM MHTEpBaiie KoHieHTpamuii ot 10° 10 10> M. D10 06CTOATENBCTBO
MOMOIJIO TOKa3aTh oOpa3oBaHue arperaroB (mumepoB) NP u kommiiekcoB NP-Eu u NP-Gd B

pacTBOpax ¢ BBICOKMMU KOHICHTPAIHUAMUA U OLICHUTH KOHCTAHTHI arperaiuu.
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2.4. Pacyer KBAaHTOBOIO BbIX01a M K03 prumneHToB 3kcTUHKIMH 1,10-peHanTposnHa B

TPHUIVIETHOM COCTOSIHHH

KBaHTOBBINM BBIXOJ M KOAPPHUUHUEHTH! SKCTUHKIUH 1,10-peHanTponuHa B TPUILUIETHOM
COCTOSIHMM OBLIM IOJyY€HBl IO METOAMKE, NpuBeAcHHOM B [138, 139]. B nanHoii pabore B ponu
aKTHHOMETpa BBICTyHaN aHTpaueH. Jueprus ¢ 1,10-¢penanrponuna B T,-cocTOsSHIM TIepenaeTcs
Ha aHTpaleH, COINIACHO YPaBHEHHUIO:

Phen' + Anthr — Phen + Anthr'. (2.1)

AHTpaleH fBIseTCS XOPOLIMM aKLEeNTOPOM SHEPIUU B JaHHOM peakluu, TaK KakK ero
sHeprusi B T -cocTossHuM Menbiie, ueM y Phen B T,-coctosnuu: 1.82 [47] vs. 2.34 3B [88].
Pasuuia suepruii mexay Phen' u Anthr’ cnocoGCTBYeT NPOXOKICHHIO TOJBKO MPSAMOM
nepeade SHEPTUH, TO €CTh, IPYTHMHU CIIOBAMH, 0OpaTHOM nmepenaun >Hepruu ¢ Anthr’ ma Phen
He npoucxoaut, T.K. AE > S5kT (0.128 3B).

BaXHbIM MOMEHTOM SIBIISI€TCSI TO, YTO Ha JUIMHE BOJIHBI BO30OYXKIEHUS A,,,; = 260 HM B
cmemanHoM pactBope Phen u anTpanena oGa BemiectBa mommomaroT cBeT. KoadduumeHnTs
sKCTUHKIMKM Phen u antpainena Ha 266 uMm pasubl 25870 u 300 M'cm™!, coorBercTBeHHO. B
MPOBEICHHOM JKCIIEpUMenTEe KoHLeHTparmu Obun paBubl: C(Phen) = 1.8x10° M u C(Anthr) =
1.1x10* M. D70 3HAuUWT, YTO B PACTBOPE NPH OONYYEHUH JIA3EPHBIM UMITYJIHCOM B HayajIbHbIMA
MOMEHT 1pu t = 0 MKC (B MUKPOCEKYHJIHOI 001acTu BpeMeH) nosiBisores 1,10-penantponut u
antpaued B T,-cocroguusx (Phen” u Anthr?).

Cnextp T-T nornomenus Phen u antpanena npusenens! Ha Puc. 2.1. O0a coeanneHus
B T,-cocTossHUM HMEIOT MOJIOCY TomomeHuss ¢ MakcumymoM Ha 420 uM (Puc. 2.1(a)). ¥V
aHTpalleHa I0J0ca MOMIOIIEHU HaMHOTO y)Ke: aMIuiMTyda nomiomieHus Ha 440 um B 20 pas
Menbiie, yem Ha 420 M. Jna 1,10-dbenantponuna, HA0O0OpOT, TOJOCA HAMHOTO IIHPE:
aMmmuiatypl nioromieHus Ha 420 u 440 HM cpaBHMMBI 110 BeiaudyuHe. [lo3TOMy KHHETHKH
npomexxyroyHoro nonomenust (T-T momomenns) Mbpl perucTpupoBajid Ha JABYX JUIMHAX BOJIH
3onaMpytomero ceera: Ha 420 u 440 um. [Ipumep perucTpupyemMsIx KUHETHUK IIpUBEIEH Ha Puc.

2.1(6).
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Puc. 2.1. (a) — cnekrpsr T-T mormomenus 1,10-¢penantponmnaa (Phen) m antpanena (Anthr)

(Agoss = 266 uM); (0) — xuaeTku T-T momtomenus cMmemanHoro pactBopa Ha 420 u 440 am: C(Phen) =

1.8x10° M u C(Anthr) = 1.1x10™* M; (B) — rpa)¥K 3aBUCUMOCTH Ha4aabHBIX aMIuTys T-T momtomenus

Phen na 440 uM m Anthr Ha 420 HM OT 3Heprur OONYYaIOIIETO JIA3EPHOTO HMITYdbca; (T) — rpaduk

3aBUCUMOCTH OTHOIIEHHs IKCIIEPUMEHTAIBLHO MOIYYEHHBIX KOIPOHUIMEHTOB dKCTUHKIME Anthr' (420
542(}(Antkrr)

T
uM) u Phen” (440 am) — Eqa0(Phen’) , OT BHEPI'UH JIa3€PHOI0 UMILYJIbCA.

Kak y»e roBopuiocsk, mpu t = 0 MKc 1mocie o0ay4eHus B pacTBOpe nospisiorcs Phen' n
Anthr". TIpu stoM peructpupyemsie ammautyasl T-T normomenus Ha 420 u 440 HM ABIAIOTCS
Cynepro3uiuei ammuty noriomenuii Phen® u Anthr”,

[Ipunumast, uto sHeprus ¢ Phen' monHOCTBIO mepenaeTcs Ha aHTpaleH K MOMEHTY
BpeMenu t = 2 MKc ¢ oOpasoBanueM Anthr!, MbI MOKEM TIOTy4YHTh OTHOIIEHHE KOIP(DULIMEHTOB
skcrunkinuu Anthr' (420 um) u Phen” (440 um). J{ist 5T0ro HeOOXOAMMO BBIYUCIIEHUE AMILIUTY/L
T-T nomtomenus otaensHo i Phen' u Anthr', yuureiBasg [0IM HONIONIEHHOTO CBETA.

dopmyna i oTHOLIEHHS KOG PuIreHToB SKkeTHHKIMK Anthr’ u Phen' umeer Bu:

Epo(Anthr™) A" (t =2 mes)— A" (t =0,calc.)

420

Bao(Phery N4 (= 0§25 T (r=0caley °

(2.2)

Anthr ¢,
rae AA420 (t=0,calc.) _ 3TO BbluMclieHHas amiutyaa T-T nmornomenus antpareHa Ha 420 HM

Anthr ¢, _
B MOMCHT BPCMCHU t=0 MKC, AA“U (t =2 mCS) — aMILINTyda T-T IIOITIOIICHHUS aHTPALlCHA Ha

AAPIIBH+.-1HUTJ'(I_ - 0)
420 HM B MOMEHT BpeMEHH t = 2 MKC; 440 - — 3TO HavyanbHag amiuiuryna 1-T
; Ty,

MOTJIOIIEHHUSI CMEIIaHHOTO pacTBopa Ha 440 HM (t = 0 MKc), KOTOpast SIBJIIE€TCA CyNepHo3UIe
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AL (t =0, calc.)

amrutyn T-T mnornomenus Phen wu  aHTparena; BbIYMCJICHHAS

ammuintyna T-T noromeHust antpaireHa Ha 440 HM B Ha4aJlbHBI MOMEHT BPEMEHHU.

AA.tImhr(f = 0, C’a{C.)

JInst mosry4eHusl BETMYUHBI 420

A" (t=0)

MBI CTPOMM 3aBUCHUMOCTH aMILIUTYAbL

T-T normnomuieHus: aHTpareHa OT PHEPruM JIA3epHOT0 UMIYNbca ISl pacTBOpa
anTpaneHa Oe3 noGasnenmss Phen (Puc. 2.1(B)). Ilocme s3toro, 3Has TaHTEHC yIiia 3TOH

3aBUCMUMOCTH H [JOJIIO CBCTA, IONIOIICHHOIO0 AHTPACHOM B J3KCIICPUMCEHTEC, MBI IIOJYyYacM

AA A.inhr(r = 0, Cﬂlc.) .

3HAYCHHUEC 420
Eoo(Anthr")
420
&40 (Phen’)

3aBUCUMOCTb OTHOLIEHHS 440 OT SHEPruM Ja3epHOro UMITYJIbCa MPHUBEIACHA

Ha Puc. 2.1(r). UtoObI n30exarh MCKaKEHHS H3-3a BIMSHUS TMapajuieabHoro mporecca T-T
T
Epo(Anthr™)
E440(Phen’) T
AHHUTWISIUY, BEJIMYMHA  ©440 JUI BBIYMCICHUS Kod(duuueHTa >KcTuHKIUU Phen
(£440(Phen™)) nomxHa GBITH B3STa HA OCH OPAMHAT, ¥ OHa paBHa 8.11+0.26.

Jlis BBIYMCIEHUS KBAaHTOBOrO Bbixoma Phen' HeoOXoaMMO, B [IONOJHEHHE K YXKE
MMOCTPOCHHOM 3aBUCUMOCTH HadaabHOW aMruuTyasl T-T mormomenus antpanena (Ha 420 HM) OT
SHEPTUH JIA3€PHOIO MMITYJIbCA, OCTPOMTH TAKYIO K€ 3aBUCUMOCTH s Phen' (440 um) (Puc.
2.1(8)). IIpu »TOM pacTBOpHI JOJDKHBI UMETh PaBHBbIC 3HAUEHHUS ONTHUYECKOM IUIOTHOCTH Ha
JUTMHE BOJIHBI BO30YkJeHUS (266 HM). OTHOIIEHUE TAaHTEHCOB yIVia HAKIIOHA JJIS TIOJTYYCHHBIX

JBYX IIPSIMBIX MO>KHO BBIPa3UTh YPABHEHUEM:

1g(Phen’)  &(Phen")-p(Phen")
tg(Anthr')  (Anthr")-(Anthr")

(2.3)

e ¢(Phen”) u p(Anthr") — sto kBanToBBIE BHIXOABI Phen' n Anthr', cootBercrBenno; e(Phen’) n
e(Anthr’) — s1o Kodpduuuentsl skcTuHknuM Phen’ m Anthr’, coorserctBenno. Mcmonb3ys
snauenus g(Anthr’) u p(Anthr"), npusenennsie B mureparype (p(Anthr’) = 0.58 B sTanone [46],
8420(Antkrr)
e(Anthr™y = 45500 M"em™ mHa 420 mm [39]), 1 momydenHoe Beime orHomenue &4 (P hen") ,
MOYKHO TONy4HTh 3HadeHusi &(Phen’) ma 440 u 420 BM: g49(Phen’) = 5600+£200 M'cm™ u

£a0(Phen”) = 5860210 M 'cm™!, cooTBeTCTBEHHO.
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2.5. BpruncijieHrne KOHCTAHTHI arperanumn

Kak 6wumo mpemnmonokeno B Hamiei padore, NP u komruiekcsl NP-Eu u NP-Gd nipu
BBICOKHMX KOHIEHTpALMAX 00pa3yroT B pacTBOPE arperupoBaHHbIE MOJEKYIbI (IuMepbl). MOXKHO
3anycarb PaBHOBECHOE ypaBHEHUe JUIA Takod arperauuu: M + M = D, u BeIpa3uTh KOHCTaHTY
arperauuu:

K="-"" | (2.4)

O603HaunB uepe3 C, HaYaJIbHYIO KOHLEHTPALMIO COEIUHEHUs A0 arperanuu, MOXHO
3amycarh ypaBHeHHMe MarepuainbHoro Oamanca: C, = [M] + 2[D]. Bsipa3us orciona [D] u
TOJICTABMB €T0 B ypaBHeHue i K, nanee noayuum kBajaparHoe ypasuenue 2K[M]* + [M] - C,
= 0. PemmB ero, NOAy4YdM BBIPAXKEHUS [UJIi 3HAYEHUW KOHIEHTpAlMid CBOOOJHBIX H

arperupoBaHHBIX MoJiekys [M] u [D]:

M) —1+/1+8KC,

1K , (2.5)
(D)= Co , 1VIHEREG, 2.6)
2 8K

OTHOIIICHHE TAHHBIX KOHIIEHTPAIIUH PaBHO:

DI 5 4KC,

M] T /118KC, o0 @7

Jlns  ompeneneHUs  KOHCTAHTbl — arperanyd  ObUTM  MCIOJNB30BaHBl  CIIEKTPHI
JIOMHHECLEHIIMA PAaCTBOPOB C DPA3HBIMH KOHILIEHTPAIMSMH COCIUHEHHs. Tak Kak MOJOCH
MOHOMEPOB (MakcuMyM <~ 395 HM) U arperupoBaHHbIX MOJEKy1 (MakcumyMmM =~ 500 HM) B
CHEKTpPax JIOMUHECIEHIIMH XOPOIIO Pa3HECEHbl, TO MHTEHCUBHOCTH JIOMUHECICHIIMH Ha 395 u
500 aMm (I(395) u 1(500), cOOTBETCTBEHHO) MOTYT OBITh BBIpAXXEHBI Yepe3 KOHIIEHTpaIuu [M] u

[D] cnenytroium o6pazom:
[(395) = Proslyy = Prosly (1€ ) = 230, T A, = 2.30,,1,6, [M] = k,[M] , (2.3)

1(500) = Pspely, = Prooly (1= %) = 2305 T A, = 230, 1,6, [D] =k [D] (5 )

3

rae Iy u I, — 2TO MHTEHCHUBHOCTH CBETa, MOIIONICHHbIE CBOOOJHBIMH U arperupoBaHHBIMHU
MOJIEKYJIaMH, COOTBETCTBEHHO, (395 U P59 — IPPEKTUBHBIC KBAHTOBBIC BBHIXO/IbI TFOMUHECIICHITHH
Ha 395 u 500 HM, COOTBETCTBEHHO, |, — HHTEHCUBHOCTH Ma/IAIOIIETO HA KIOBETY CBETa, A U & —

OIITHYECKasa IINIOTHOCTb U KOB(b(bI/IIII/IeHT OKCTUHKOWHK JIsI MOHOMCpA HJIM arpe€rupoOBaHHBIX
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MoJIeKyn, / — nnuHa KioBeThl. CTOUT YIOMSIHYTh, YTO KOHEUHBIE BhIpaxkeHus BepHbI A1 [(395) u

I(500) Tonbko MpuU MaNbIX ONTUYECKUX TIOTHOCTIX Ay U Ap (< 0.2).

1(500)
1(395)

KOHG‘-IHYIO 3aBUCUMOCTb OTHOILICHUS OT HaJaJILHOH KOHICHTpauunu

coequHeHus C, 0 arperaii MOKHO BbIPa3UTh:

1(500) I(D 4KC
(500) _ KD) _ (—u 1] ’ (2.10)

1(395) I(M) | Ji+8KC, -1

7€ @ — 3TO HEKOTOpasi KOHCTAHTA.

Hanee B mnporpamme ORIGIN 7.5 3amaerca CKpunT ¢ JABYyMS HEU3BECTHBIMU

napamerpamMu @ u K, mocie yero mporpamMma cama IOAOHMpAaeT MapaMeTpbl, KOTOpHIC
1(500)

OIITUMAJIBHO OIMUCBIBAIOT SKCIICPUMCHTAJIbHYIO 3aBUCUMOCTD 1(395) oT Co.
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IJTABA 3. PE3VYJIBTATBI U UX OBCYKJAEHUE

3.1. ®oronpoueccst B NP, NP-Eu u NP-Gd

Kak yxe ynomunanoce B miaBe «JlutepaTypHblii 0030p», KOMIUIEKCHI €BPOIUS
o0namaroT spkoi f-f momuHecteHnue. KoapuimeHTsl SKCTUHKITMYA MOHOB JJAHTAaHUIOB OYCHb
maibl (€ < 3 M'em™!), u opranuyeckne IMraHabl B HX KOMIUIEKCAX OOBIYHO BBICTYIAIOT B POJIH
CEHCUOUITN3aTOPOB f-f TIOMHHECIICHIIUH.

W3 nuteparypHoro o63opa Takke HU3BECTHO, 4To ¢parmeHT 1,8-HadTanumuga B
Pa3IMYHBIX COCIMHEHUSIX, KaK MPaBUJIO, JEMOHCTPUPYET KOPOTKOKHUBYIIYIO TIOMUHECIIEHIIUIO B
CUHEMN 00J1aCTH CIIEKTPa U3 'T* cOCTOAHMUS. Arperanus NpoM3BOAHbIX 1,8-HadTanmumua MOKeET
MPUBOAUTh K OOpa30BaHUIO SKCUMEPOB C TOJOCAMM JIFOMUHECLIEHLUH, JEXKAIUMU B Oojee
JUIMHHOBOJTHOBOM 00J7acTH CIEKTpa IO CPaBHEHHIO MOJOCAaMH JIOMUHECHEHIIMH CBOOOMHBIX
MOJIEKYII.

KBanTOBBIII BBIXOJ HMHTEepKOMOMHANMOHHOW KoHBepcuu (S,—T,) 1,8-HadTanumuna
omm3ok k emmuuiie (0.95) [41, 139]. 1,8-HadTanumug B TPHUILUIETHOM COCTOSIHUU SIBIISICTCS
XOPOLIUM CEHCHOMIIN3aTOPOM JIoMHHEceHnun nona Eu’’: 1) sueprus T,-yposus pasna 18500
cm!, y B’ mwxnmii repm °Dy — 17500 ecm™! (AE < 2500-3500 cm); 2) criexrp pocdopecnennnu
1,8-nadTanuMmIa XOPOILIO MEPECEKAETCS CO CIIEKTPOM MromuHectenmu Eu®* [107].

CTpyKTypHBIE (hopmybl UCCIIeTyeMbIX COETMHEHUI: JTUraHaa
1,8-nadTanumMusa/MaKpOIUKIT (N-{2-[4,7,10-Tpuc(xapOoKCUMETHIT)-
1,4,7,10-TeTpaaszauuknononekan- 1 -un]stun} -1,8-nadramumun) (NP) u ero kommiekcos ¢ Eu*' u
Gd*", nokaszansl Ha Puc. 3.1. Makponukn (1,4,7,10-terpaasanmkinononekan-1,4,7-tpuykcycHas
kuciora (DO3A)) cBs3piBaeTcsi ¢ MOHAMH JIAHTAHUIOB C OYCHb BBHICOKMMH KOHCTaHTaMU
ycroiunBoctu (K > 10 M) [128]. Cunresuposannsie Bemectsa NP, NP-Eu u NP-Gd umeror
opyrro-popmynsr  C,gH3sNsOy-1.5CF;CO,H-0.5H,0, C,3H3,NsOgEu-1.25CF;CO,H-2.75H,0 un
C,sH;,N504Gd-2CF;CO,H-5.5H,0,  coorBerctBeHHo  [142].  IloakucieHue  pacTBOPOB
TpudTopykcycHoi kucnoroit (pKa = 0.23) He mpUBOIUT K M3MEHEHUIO CIIEKTPOB MOIVIOMICHUS U
JIOMUHECIEHIIMY, a TakKe KWHETHUK JIIOMHUHECIICHIINM JaHHBIX COeIuHEHUU. EnumHCTBEeHHOE
BIUSIHUE TPUPTOPYKCYCHON KHUCIOTHI MOXKET OBITh CBsI3aHO ¢ MakpoIrukioMm DO3A, motomy 4to

ATOT MaKPOIUKJ Y4acTBYeT B KHCIIOTHO-OCHOBHOM PaBHOBECHH, Kak OmucaHo B [33].
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COII

N"“\O

\...--N

N
/"ﬁN
HOu N».\_/\ N-\_/\
N
0]

HO.
NP-Ln (Ln = Eu, Gd)

Puc. 3.1. Ctpyxrypasie popmyinsl muranaa NP u kommiekcos NP-Eu nu NP-Gd.

Pesynbrare! 9T0# rI1aBbl OMyOIMKOBaHbI B cTaThe [124].

3.1.1. Cnextps! noryiomenus u JiomuHecueHuu NP, NP-Eu u NP-Gd

CriexTpbl MOIVIOLICHUSI UCCIIEYEMBIX COEIMHEHUH B pacTBOpax ¢ KoHIEeHTpauusaMu C <
10* M anamoruussl crnekrpy 1,8-Hadraaumuma, KOTOPBIH HMMEET YETBIPE MOJNOCHI €
MakCUMyMaMH ¥ KO3()(pUIMEHTaMU SKCTHHKIMK (B cKoOKax) — 214 (19100 M'em™), 234 (49700
M-lem™), 332 (12500 M'em™) u 344 (11700 M'em™) mm [50].

VBenuueHue KOHLEHTpallMd COEJUHEHHMH BeJeT K HeOOJbIIMM, HO 3aMETHBIM
U3MEHEeHUsM crekrpa mnomtomeHuss (Puc. 3.2). BblcokMe KOHLIEHTpalMu COEAMHEHUI
JOCTUTAJHNCh C HCIOIb30BAHUEM MHMKPOMETPOBBIX KioBeT. Hipke OyaeT moka3aHO, 4TO 3TH
M3MEHEHHUS CTIEKTPa MPU YBEIMYCHUU KOHLEHTPAIIMH OOYCIIOBICHBI arperauueii CoequHeHui 3a

CUET T-T B3aUMOJEHCTBU IBYyX (parMeHTOB 1,8-HapTasmMuga OT pa3HbIX MOJIEKYJI.

(6)

-]
—
AV
h —
o

v

[MornoweHue
Mornowexune
o

_.
o
wn

200 250 300 30 400 450 200 400
InuHa BonHbl / HM [nuHa BOoNHb! /- HM

Puc. 3.2. Cnexrpsl mormomieaus NP (a) u NP-Eu (6) B H,O. 1 — B xtoBere / = 1 cm, 2 — B
MHKPOMETPOBOH KIOBETE, 3 — paccuuTaHHbli crektp aumepa. NP: 1 — C = 9.4x10° M, 2 — C = 1.8x10?
M (/ = 54 mxm); NP-Eu: 1 -C=5.7x10"M, 2 — C =2.3x107* M (I = 25 MKm).

Crnekrtpel momuHecueHund NP u NP-Eu npu pa3HbIX KOHIEHTpaLusax OT caMOil Maloi

5.7x10° mo 2.3x10? mpencrasnensl Ha Puc. 3.3. VI3 HUX MOXKHO YBHIETb, YTO YBEJINYEHHE

KOHILIEHTpalMM MPUBOJUT K TOSBICHUIO HOBOM HIMPOKOM IMOJIOCHI ¢ MakcuMymoM Ha 500-504
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HM. [Ipu 5TOM HHTEHCHBHOCThH Ha4albHOU MOJOCH! hparmeHTa 1,8-HadTanumuna (MaKCUMyM Ha

393-395 HM) yMeHbILAETCS.

o} ©)

(a)

WMHTEHCHBHOCTL NIOM-LMK / HOPM. €.

o

=

a

o

iy

Lz

=

=

7 B 5

5

=

s 4 3 1t A

=y \ -

(=] "\ _g’\‘ ™, l
I e ‘."\

& 2r 2 2 My,

= T e 1 b

z e A i, Sy
) . i R rm— & , , Rese e B
T 350 400 450 500 550 800 350 400 450 500 550 600 650
= [nuHa BomHbI / HM [nuHa BonHbI / HM

Puc. 3.3. Cnexrpsl momunecuennuu NP (a) u NP-Eu (6) B Bome (4,,,; = 320 um). C(O,) B
pactBopax HopMmanbHas. NP: 1-3 — C =9.4x107° 2.1x107,1.8x10 M; mmnsl kioseT: 1 —/=1¢cm, 2 — [ =
0.1 cm, 3 — /= 54 mxm. NP-Eu: 1-5 — C = 5.7x107, 1.1x1073, 3.45x103, 9.23x107 u 2.3x10? M; 1i1uHsl

kioBeT: 1 — /=1 cMm, 24 — [ = 54 MM, 5 — [ =25 MKM.

KBanroBsie Boixonbl momuHectennuu NP, NP-Eu u NP-Gd pasnst 7.0, 12.5 u 12.4 %
(6e3 O,). KpanroBslii Bexoq f~f moMunecuenmuu Eu’" cocrasnser 7 % 0T 00LIEro KBaHTOBOIO
BbIxoJa NP-Eu.

OOpaboTka KHUHETUK JIIOMHHECHEHIIMM pacTBOPOB C HHU3KOM U BBICOKOM
KOHILIEHTpAIMSMH JUI KaXI0T0 COeIMHEHUs ObUIa MTPOBEJeHa B paMKax TPEXIKCIOHEHINATbHON
monenu (Puc. 3.4). Ilapamerpbr 00pabotku npuBeneHsl B Tabmuie 3.1. [ToaydeHHbie BpemMeHa

KU3HU JIIOMUHECLIEHIMU Ha MakCMMyMax mosoc¢ Ha 393-395 um (C,,, = 10° M) u 500-504 um

p-pa
(Cppa = 10 M) 3HauuTenbHO pasnuyarorcs. Ha 500 HM BpeMeHa XKH3HH IIOMUHECLICHIMH Goiee
JUIMHHBIE B OTJIMYME OT BpeMeH Ha 395 HM: OCHOBHBIE BpEMEHAa Ha 3THUX JIJIMHAX BOJIH

oTiu4aroTcst 6osnee uem B 10 pa3 (1.3 vs. 15-17 He).

10000 £

1000 £

=
=
T

VIHTEHCHBHOCTE NKOMWHECLEHLIMM

=

(=]

20 dlﬂ &0
Bpems / He
Puc. 3.4. Kuneruku momunectennnua NP B Bozme (4,,,s = 320 uM). 1 — MHCTpyMEHTaJbHAS
GyHkuMs; 2 — KuHETHKA A, = 395 uM; 3 — kunetuka A, = 500 uM. 2 - C =9.4x10° M, /=1 cm;3-C =
1.75%10 M, [ = 54 mxm. O6paboTKa KHHETHK B PAMKaX TPEXIKCIOHEHIIMAIBHOM MOJIEN NPUBEIEHA B

Tabmuue 3.1.
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Tabmuma 3.1. ITapameTpsl 00paboTku kuHETHK JTtoMuHectieHIud NP, NP-Eu u NP-Gd B

BOAC B paMKax TpCXSKCHOHCHHHaHLHOﬁ MOACIIN.

Coenunenue | [Jmuua | A/um | 1,/HC | AT/ T,/ HC A,/ | 13/ HC | AsTy /
KIOBETHI % % %
[NP]

9.4x10° M 1cm 395 0.41 28.6 1.26 50.0 2.23 214
1.75x102 M 54 MKM 500 0.52 4.9 5.04 23.5 15.01 71.6

[NP-Eu]
1.0x10* M 1cm 395 0.28 28.3 1.34 55.5 2.27 16.2
2.2x10% M 54 MKM 395 0.47 31.1 1.34 68.3 4.74 0.6
2.2x10% M 54 MKM 505 0.41 0.9 6.54 21.7 16.53 77.4

[NP-Gd]
1.1x10* M 1cm 393 0.34 28.5 1.28 38.0 2.24 33.5
7.9x10° M 54 MKM 393 0.45 18.6 1.57 72.7 2.58 8.7
7.9x10° M 54 MKM 504 0.35 1.5 591 19.1 17.2 79.5

Kunernku momubnecuenuuu Ha 500-504 HM He UMEIOT NEpeIHUN BO3pacTarolui
¢pont (Puc. 3.4). M3 storo ObLI clienad BBIBOM 00 arperamuy MCCIIETyeMBIX COCIUHEHUN B
pacTBOpe: MMEHHO arperupoBaHHbIe MOJIeKyNbl (aumepsl) cBersaTcs Ha 500-504 M. B rase
«JlutreparypHbiii  0030p» T1OKa3aHO, YTO MpOW3BOAHBIE 1,8-HadTanumuga 0Opa3yrOT
arperupoBaHHbBIE MOJIEKYJBl B CHJILHO MOJSIPHBIX (HAmpuMeEp, B alleTOHUTpHIIe U Boze [44, 110])
WJIH CUJIbHO HEMOJSIPHBIX (B Tekcane [44]) pacTBOpHUTENSX.

Ha ocnoBanum nanueix mo crpoenuto MOF, uMeronux B cBoeM cocTaBe (pparMeHTHI
1,8-HadTanmmMua, MOXKHO TMPEANOIOKUTH, YTO JIBE apOMATHYECKUE IIIOCKOCTH PACIIONOKEHBI
OTHOCHUTENILHO JIpyr Jpyra — rojoBa K XBOCTY (QHTHIIapajjielbHO), a TakXe BO3MOXHO H
HCKakeHHue oT 3Toro nojoxkenus [131, 132]. Takoe uckaXxeHUE MOXKET OBITh TPUYMHON HATTUIHS
HECKOJIBKUX BPEMEH MpH 00paboTKe KHHETHKH JTIoMUHecHieHInd Ha 500-504 Hwm.

[Ipeanonarass QuMEpHYIO arperamui, MOXXHO OLIEHUTh KOHCTAHTy arperamuu u3
3aBUCMMOCTH OTHOULICHUSI WHTEHCUBHOCTEHW momuHecueHmu Ha 500-504 u 393-395 um
(I(D)/I(M)) or HavanbHON KOHILEHTpAIMH coequHEeHUs. OTHOIIECHHEe MHTEHCUBHOCTEH MOXKHO

BBIPA3UTh YPABHEHUEM:

1(500) (D 4KC,
(500) _ (D) _ ( _1} | o

1395) 1M) | J1+8KC, -1

II€ ¢ — 3TO HEKoTopas KOHcTaHTa (cM. «ODKcllepuMeHTalbHas 4acTb»), K — KoHcTaHTa
arperaimi, 1 C, — Ha4aJabHast KOHLIEHTPAIHsI COCTUHEHUS.

Ha Puc. 3.5 npuseznen rpaguk 3asucumoctu otHomeHus 1(D)/I(M) oT KoHIEHTpauuu
Co: Toukn Ha TpauKe — 3TO HIKCIEPUMEHTAIbHBIE JAHHBIE, a CILIOIIHbIE KPUBbIE — IIOATOHKH 10
ypasrenuio 3.1 B ORIGIN 7.5. Tlonyuennbie mapamerpsl paBubl K =48 £ 18 M n ¢ = 1.25 +
032 s NP, K=62+ 11 M'u@=1.03+0.12 5 NP-Eu, u K=65+ 13 M'u¢p=1.02+0.12
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st NP-Gd. 3nauenust K ObLIM HCIIONIB30BaHBI sl pacueTa CIeKTpa MorIomeHus auMepoB NP u

NP-Eu ua Puc. 3.2.

[(D) / I(M)

0.00 001 o0 003 004

[Col /M

Puc. 3.5. 3aBUCHMOCTh OTHOIIEHHS HWHTEHCHUBHOCTEH JIIOMUHECLEHIMH arperdupoBaHHBIX M

CBOOOTHBIX MOJICKYJI OT Ha4aJbHOU KOHIICHTpaluu coefaunenuit B Bome. 1 — NP, 2 — NP-Eu, 3 — NP-Gd.

Kpussie nomyuens! B nporpaMmme ORIGIN 7.5 noxronkoit no ypasHenuro 3.1.

Ha Puc. 3.6 npeicraBieHsl CrieKTpbl BO30YXKICHHSI TFIOMHUHECIIEHIIUU Ha 4,,,, = 400 u 505

M. [Tonoca B quamazone 275-425 HM B crieKTpe BO3OYKACHHUS A,,, = 505 HM 1mupe, yem nonoca

B cmekTtpe Bo30OyxaeHus 4,,, = 400 am. Takoe ke pa3nuyre UMEIOT BBIYUCICHHBIH CHEKTP

nomiomeHus qumepa NP 1 skcriepuMeHTanbHbIN CIIEKTP MMOIVIOMEHUs MOHOMepa NP.

MHTeHcnBHOCTE NtoM-uun & MNMornoleHune

T v 1 L T v 1 v I v T v L y
300 350 400 450 500 550 €800
OnuHa BonHbl / HM

—
200 250

Puc. 3.6. Cnextpsl NP B Bome: 1 — cnekTp JIOMHHECHEHITHN (A,,,; = 320 HM); 2 — CIIEKTp

BO30YXKICHUS JIIOMUHECIICHITNH A,,, = 400 HM; 3 — cIIeKTp BO30YXACHIS JTFOMHHECIICHITHH A,,,, = 505 HM;

u 4 — cnextp normomenus. C = 1.7x10% M, [ = 54 Mxm.
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3.1.2. CneKTpbl 1 KHHETHKH TPHILICT-TPHILICTHOIO MOIVIOLICHUA M KHHETHKH f-f

JIIOMHMHECIHCHI MU

CraHmapTHyI0 cxeMy TIpeBpalleHHil BO30YXIEHHBIX OPTraHMYECKHUX MOJIEKYa B
T,-COCTOSIHMM MOKHO OIKCATh TPEMS MTPOIECCaMu:

1) TpurneT-cUHITIETHAsI KOHBEPCHUS B HauaIbHOE HEBO30YKIeHHOE cocTosiHue: T — Sg;

2) Tpurer-tpurietHas anaurwsius: T, + T, — Sy + S5

3) mosiBUBIIASCS MOCIE TPUILIET-TPUILUICTHON aHHUTWIALIMA MOJIEKYJa B S;-COCTOSTHUU
MOXKET CHOBa nepexofauTh B T,-coctosinue: S; — T,.

OxcnepumenTanbHbid criekTp T-T mormomenus NP npuBenen Ha Puc. 3.7(a). Jlns Bcex
coequnennit NP, NP-Eu, NP-Gd ¢opma cnekrpa T-T noromieHuss oAMHaKOBasi © COOTBETCTBYET
cunektpy l,8-nHadramumuna B Ti-cocrosuum [29, 41, 137, 144]. OtpunarenbHas onTU4eckas
WI0THOCTh  (0OecuBeunBanue) B auanazoHe 300400 HM BO3HHMKAeT W3-32 PA3HUIIBI
K03((UIIEHTOB SKCTHHKINY 1,8-HadTamumua B OCHOBHOM COCTOSIHUU | B T-COCTOSTHHH.

Hcnonw3ys xkodpdunuent >kectunkimn T-T normnomenus Ha 470 am: € = 10* M'em™!
[139], moxHO onenuTh kBaHTOBBIC BBIX0ABI NP, NP-Eu u NP-Gd B T,-cocTosiHuu B Bozie, paBHBIC

6.3,6.7u 8.5 %, COOTBETCTBEHHO.

(6)

AA x 103
B e ag

0 20 40 60 80 100
Bpemd / MKC

1 (B)

0 10 20 30 40 50 60

Kops X 1074 /-1

_60 1 . 1 ' 1 : 1 3
300 400 500 600 AA x10
IlnnHa BosHbI / HM

Puc. 3.7. (a) — cnextpsl NP B Boge: 1 — skcnepuMenTanbsHbli ciektp T-T mommomenus; 2 —
VHBEPTUPOBAHHBIN CHEKTp MomionieHus; 3 — ucnpasieHHbli criektp T-T mornomienus; (0) — KUHETHKA
ncuesnoBenus T-T mormomenus NP B Boge Ha 470 HM; (B) — TpaduK 3aBHCHUMOCTH Ky, OT HAYAIBLHOU

ammuatynsl T-T normomenust (AA). A, =355 aM, /=1 cm.
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3aBHCUMOCThH Ha6J'IIOI[aeMOI71 KOHCTAHTBI CKOPOCTHU HCUYC3HOBCHUS T-T nornoimeHus

(kys) oT HauanmpHOM ammuutyabl T-T mnormomenust (AA) mpencraBinena Ha Puc. 3.7(B).

HabmronaeMyro KOHCTaHTY CKOPOCTH Ky, MOXKHO BBIPA3UTh YPaBHEHUEM:

2k,
gl

ky, =k +2k,xAC=k +—2xAA (3.2)
rae k; — KOHCTaHTa cKopocTu mporecca (1), 3HaueHHe KOTOPOM IMOJydaeTcs M0 OTCEUCHHIO IO
ocu opauHar; k, — OuMonekynsipHas kKoHcTaHTa ckopoctd T-T anHurmmsuuu (mporecc (2)).
3HaueHue k, BXOAUT B 3HAUCHHE TAHI'CHCA YIVIa HAKJIIOHA BMECTE C KOA(PPHUIIMEHTOM SKCTHHKIIUN
1,8-nadpramumuaa B T,-coctosamu € = 10* M'em [139] u qimmnoit koetsl [ = 1 cM. 3naueHne
k, mns NP, NP-Eu u NP-Gd pasno (3.0 £ 0.1)x10% (5.7 £ 0.2)x10* u (4.7 £ 0.1)x10* ¢!,
COOTBETCTBEHHO. 3HaueHue k, paBHo (2.2 £ 0.3)x10° M'c! ana NP-Eu.

Pazuuna 3nauenmii &, qnst NP-Eu u NP-Gd obycnoBnena nepenadeii sHepruu Ha Eu’*,

KOTOpast sIBIISICTCSl OAHUM U3 IyTel ncuesHoBeHus 1,8-nadpranumuna B T,-coctossHuu B NP-Eu.

k = };,NP—IZu _k:\lP—(id
W3 pasmoctu ET T !

, MBI MOXEM IIOJyYUTb 3HAYCHUE KOHCMAHMbl Nnepeoayu
onepeuu, kotopas pasua 1x10* ¢!,

Ha Puc. 3.8 nmoka3sanbl KUHETUKHA Ucue3HOBeHUs T-T mOmIoIeHns U JTIOMUHECIIEHIIUN
vona Eu’’. Jlromunecnennus Eu®" Bosropaercs cpasy mocie ga3epHOro UMITYJIbCa CO CTYNEHBKH
Ha KHMHETUYECKOW KpUBOH, M3 Yero MOXKHO cJelarh BbIBOA, uTO [,8-nagpmanumuo
cencubunuzupyem momunecyenyuto Eu’”, naxoosce 6 S;-cocmosnuu (nepenoc snepauu S;—’Dy).
M3 Toro, 4yto HavajgpHas CTYNEHbKAa JOCTATOYHO BBICOKAs, MOXHO cJiefaTh BBIBOJ 00

3¢ (HEeKTUBHOM MEPEHOCE PHEPTUH U3 S;-COCTOSTHUS. 3aTeM 3a =~ 20 MKC MPOUCXOAUT BO3PACTaHUE

HHTCHCHUBHOCTH JIFOMHUHCCICHIINH, B TO BPEMA KaK T-T MOMIOIICHHUEC YCKOPCHHO NCYC3acCT.

8

o
8

AA

MHTEHCMBHOCTL MIOM-LiUK / OTH. eq.
(=]
b

o
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.

o e
1

n — — i 3 L
0 50 100 150 200 250
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8

Puc. 3.8. 1 — xuneruka T-T mnomiomenuss NP-Eu B Boge Ha 470 HM, 2 — kuHeTuka f-f
JIOMUHECLEHIUH A,,, = 613 am. C = 1.1x10* M, / = 1 cm. KpuBble paccunrtansl 1o ypasHeHusm 3.3 u 3.4

c napamerpamu u3 Tabmuust 3.2.
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YT1o06BI CMOACINUPOBATh OKCIICPHUMCHTAJIbHBIC KHHCTUKHU JIFOMUHCCUHCHIIUN Ellyr u

ucyesHoBeHuss T-T  moriomeHus, Mbl HMCHOJB30BAJIM  MpOrpamMmy sl PEIICHHS
muddepennuanbbix ypaBHeHUH («SPARK», cm. «DkcnepuMeHTanbHas 4acTh»). B Heé Mbl

BBEJIM [IBA YPABHECHUS:

d[T o o

Eitl] = -k_[_l [TE ] - 2}{#—1; [TI ]- _k:1|—> 1y, [T[ ] n k;.;TU“_)J] { D"] ’ (3.3)
_d jD“ - 5 5 o

[dt :| = -I—I'{:II—" IJU[TI]_A'-*“I {3 D']]_kl.ll)“—yh[i‘Dn] , (3.4)

e [T,] u [’Dy] — 910 KOHuUeHTpauuu 1,8-Hadramumuga B Ti-cocrosuuu u Eu’™ B °D,,

T =" Dy kiD(, T,
COOTBETCTBEHHO; ET u — KOHCTaHTBI CKOPOCTH MPSIMOTO U 06paTHOr0 nepeHoca

OHEPIrrur, COOTBETCTBCHHO,

k, ks y
Ti u Dy _ KOHCTAHTBI CKOPOCTHU MCYE3HOBCHUA Tl u SDO COCTOSHHH, COOTBETCTBECHHO,
th+T]
T — KOHCTAaHTa CKOPOCTH T-T AHHUTWJIAAOUKU, COOTBCTCTBYIOIIAA k2 N3 YpaBHCHUA 3.2.
k ’ Dy =T,
KOHCTaHTa CKOpPOCTHU ET 6BI.]1a BB€ACHA H3-3a HG6OJIBH.IOI71 Ppa3HUIbI 3HepFI/II>'I

mexay T,-yposaem 1,8-madrammmmma (18500 cm') m °D, moma Eu®" (17500 cm'), uro
criocoOcTByeT oOparHomy miepeHocy sHepruu. Kunetuxku T-T mornomeHus: m3-3a oOpaTHOTO
nepeHoca ’Hepruu B ciaydae NP-Eu He yxoasaT B Honb Ha Bpemenax 100-250 mke (Puc. 3.8).

Ha Puc. 3.8 CIUIOIIHBIMM KPUBBIMH ITOKa3aHbl PACCYMTAHHBIE KUHETUYECKHUE KPUBBIE C
napameTpamu, mpeacraBieHHbIMU B TaOmune 3.2. Cxema ypoBHeil u mpoueccoB B NP-Eu

npencrasieHa Ha Puc. 3.9.

81 1 _— 5D1
T4
EDO Ty T1 -SDD
ET ET
5DO
hv
kT, kSDo
hv, 6
f 7
Fy o %
i 3,
SO 10

Puc. 3.9. Cxema ypoBHei m mporeccoB B NP-Eu. OO6o3HaueHHsS KOHCTAaHT CKOpOCTEH

(hoTohM3MIEeCKUX MPOTIECCOB MPUBEICHBI B TEKCTE.
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Tabnuua 3.2. [TapameTpsl, MONy4eHHbIE MPU MOJAEIUPOBAHUM KMHETUK Ha Puc. 3.8 mo

ypaBHeHusM 3.3 u 3.4.

[T| ] M [S D“] M .F‘{TI /C_l k;tﬂ-] /M.lc-l kllll_) Dy /C-l k:TDu al /C-l k. D, /C'l

7.5x10° | 3.5x<10° | 4.7x10* 2.2x10° 1x10* 3.0x10° 1.2x10°

Takum oOpa3om, pe3yabraTbl MO KHHETHKE f-f moMuUHecueHiun kKomruiekca NP-Eu
MOKa3bIBAIOT, YTO YacTh DHEPTMU TNoNagaeT Ha MoH Eu’ Gmaromaps mepeHocy SHEpruu
S,-cocrosinus 1,8-Hadranmumuaa, HECMOTpPSI Ha TOCTaTOYHO KOPOTKOE BpeMsl KM3HH (OCHOBHOE
Bpems — 1.3 uc). OgHako, KaK MPaBUiIo, CYUUTAETCS, YTO IIEPEHOC SHEPTUH Ha BO30Y K AEHHDIH °D,

tepm nona Eu*' npoucxonut 3¢ dpexruBHO Tonbko ¢ T|-ypoBHS IMraHza.

3.2. JIiroMuHecueHUMs KOMILJIEKCOB €BPONMS U I'aJ0JIMHUS, COAEPKAIIUX

1,1-nutnonars! u 1,10-penantposnn

B npeasiaymiem pazzaene Obutn onucanbl GoTOPU3NYECKUE MPOLIECCHI JIIsl KOMITJIEKCOB
Eu** u Gd** ¢ NP, B KOTOpBIX HOH JIaHTaHU 1A, KOOPAUHUPOBAHHBIN B MAKPOIIUKIIE, HAXOMUTCS Ha
paccrosauu = 8 A or 1,8-madranumuna. Huxke noapo6Ho omucansl GpoTOGU3NUECKHE CBOHCTRA
cMemannbix komiuiekcoB LnPhen(L);, rne Ln = Eu’’, Gd*", Phen — 1,10-dpenanrponun, L —
mutrokapoamar (C,HgNCS, — nmupponuauaautrokapdbamar) win qutuodochunar (i-Bu,PS, —
nunzoOytunautuopochunar) (Puc. 3.10). s kparkoctu, aurnokapdbamar u autuopochuHat
Janee Ha3BaHbI 1,1-auTHonaramMu.

i

“s {40}
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‘._ <
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Puc. 3.10. Crpykrypa KomIuiekcoB Tpuc-(aunzo0ytunautuopocdunar)(l,10-penantponun)
nantanuga LnPhen(i-Bu,PS,); u Tpuc-(mupponuanaantukapdamar)(1,10-gpenanTponnt) JaHTaHHIA

LnPhen(C,HNCS,); [34, 90].

Spkas f-f TFOMHHECLIEHINSA TPOCTHIX KOMILIEKCOB Eu’" ¢ 01HOM Min IBYyMst MOIIEKyIaMK

1,10-¢penanTposnnHa Xopolo u3BectHa B nuteparype [80, 95, 106, 115, 128]. Hanpuwmep,
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komriekc Eu(Phen),(NO;); B pactBope mromuHectupyer ¢ QY = 0.21 [115]. Opnaxo,
cmemannble koMmruiekcel LnPhen(L);, tne L — 1,1-gutuonar, oGmamaioT o4eHb ciaboi f-f
momuHecnennuen [63, 136]. [MaBHOM NpPHUYMHON TyIIEHWs IIOMHHECHeHIMU Eu’’ B 3THX
KOMIUIEKCAX yKaszaHa JIENONyisnus Bo3OyxaenHoro D, yposas B LMCT cocrosuue [63]. Ho
5TO He 00bACHsAET cnaboii f~f momMuHecnenuun komruiekca Th*', Tak kak kommiekcsr TbPhen(L),
He umeroT Bo3OyxkaeHHbie LMCT coctosHus. Jlns cpaBHeHUs, (EHAHTPOINHOBBIE KOMILIECKCHI
Tb*" momunecuupyror ¢ QY = 0.15 B Boxe u aueronurpuie [129]. B [136] npuuunoii cnaboit
JIOMHHECLEHIIME TaKMX CMEIIAHHBIX KOMIUIEKCOB YKa3bIBalOT IIEPEHOC DSHEPTHH C
B0o30ykneHHoro Phen B T -coctostauu Ha L, 9T0 ipensTcTByeT «3¢h(HeKTy aHTEHHBI.

B nanHOM wacth miaBbl omMcaHbl (OTOMPOIECCHl B CMELIAHHBIX KOMIUIEKCaxX
LnPhen(L);, tome Ln = Eu, Gd, u L — 1,1-nutnonar, B pactBope (B alleTOHUTPUIIE) U B TBEPIOM
cocrossHuM [94]. ImaBHOH 3amauelt ObUIO HAWTH JPYryi0 BO3MOXHYIO NPHUYMHY cialboil f-f
TIOMUHECHEHITMU.  JIJIs  3TOro  JOMOJMHHUTENHHO OBUTM  IPOAHAIM3HPOBAHBI  CHEKTPHI
MPOMEXYTOYHOTO TOIJIOUICHUsI PacTBOpPOB cBoOomHoro Phen ¢ nmoGaBrmeHwem  comeit
(i-Bu),PS;Na u C,HgNCS,NH,, momydeHHble B XOJ€ SKCIIEPUMEHTOB IO HAHOCEKYyHJIHOMY

nazepHomy aent-Goronusy.

3.2.1. Ilormomenue v JIOMHHECHEHIMS KOMILICKCOB

Crnektpel moromeHuss cBobomnoro Phen, comeit (i-Bu),PS,Na u C,HgNCS,NH,,
KOMILICKCOB EuPhen(i-Bu,PS,);, EuPhen(C,HgNCS,)s, GdPhen(i-Bu,PS,); i
GdPhen(C,HgNCS,); B8 CH;CN mnpencrasiens! Ha Puc. 3.11. CrieKTpbl MOTIONICHUS KOMITJICKCOB
EuPhen(i-Bu,PS,); u EuPhen(C,HNCS,);, B ommune ot xommiekcos Gd**, uMeroT mmpokyro
nonocy nepenoca zapsaga LMCT c¢ 1,1-nqutuonaros ma Eu’* B gmamazome 350-550 mMm ¢
kodpduumenrtamu skctuHkmuu € < 500 M'em!'. B kommekcax LnPhen(L); o0a nuramma
nornomaroT cBeT B YO obmactu crniektpa. B cnekrpe nornomenus EuPhen(i-Bu,PS,); Bkian ot
MOTJIOUICHUSI TPeX aHMOHOB TUTHO(OC]HUHATA MEHbIIE, YeM OT KoopauHupoBaHHoro Phen. B
cnektp mnomiomeHuss EuPhen(C,HgNCS,); Bkmag oT TOIIONICHUS JTUTHOKapOAMaToB

pUOIU3UTENBHO B J1BA pa3a 0oJibllle, YeM OT KoopAuHKUpoBaHHOTO Phen.
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Puc. 3.11. Cnextper mnomnomenus  Phen (1), (i-Bu),PS,Na (2), C,HgNCS,NH, (3),
EuPhen(NOs); (4), EuPhen((i-Bu),PS,); (5), EuPhen(C,HgNCS,); (6), GdPhen((i-Bu),PS,); (7) wu
GdPhen(C,HgNCS,); (8) 8 CH;CN. Criektp moromenuss EuPhen(NO;); Obu1 onTydeH nipu 00aBICHIH

comu Eu(NO;);-6H,0 B pactBop 1,10-denanTpoiarHa B MOJTEHOM cooTHOMICHNH 1:1.

Crnektp mromusectennuu EuPhen((i-Bu),PS,); mpusenen na Puc. 3.12. Cnektp
momunecueHimu  EuPhen(C,HgNCS,); orcyTcTByeT u3-32 OTCYTCTBUSL JIETEKTHPYEMOTO
m3nydenus. [ns cpaBaenus, EuPhen(NOs;); u cBo6oaubIN Phen nmromMmuHecupytoT ¢ KBAHTOBBIMU
Boixogamu QY = 0.086 (f-f momunecuenuus) u 0.0028, coorBercTBeHHO. QY KOMIUIEKCa
EuPhen((i-Bu),PS,); paBen < 4x10* urto B 210 pa3 menbie, yeM QY IIOMUHECLEHIMU

EuPhen(NO;);. Takum o6pazom, o6a komruiekca EuPhen(L); npaktuuecku He TIOMHUHECIIUPYIOT.

WMHTEHCKMBHOCTL NOM-UKMN [ OTH. 4.

1]
300 400 500 600 700
OnuHa BonHbl [ HM

Puc. 3.12. Cnexrps! momunecnennuu EuPhen((i-Bu),PS,); (1), Phen (2) u EuPhen(NOs); (3) B
CH;CN (A,,,5 = 266 HM). Taxoke mokazansl AyoinupoBanHbie ciekTpsI (1) u (2), yBenuuennsie B 500 u 20

pa3, COOTBETCTBCHHO.
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Ha Puc. 3.13 mpencraBnensl ¢ororpaduu, IeMOHCTPHUPYIONIUE HCUYC3HOBEHHUE

momuHectennun Eu®' mpu noctenennom no6asnennu (i-Bu),PS,Na k pactsopy EuPhen(NO,);.

Puc. 3.13. ®ororpadpun xroBetsl ¢ EuPhen(NO;); B8 CH;CN mox Y@ oOmydeHuem mpu
mocreneHHoM — mobOaBmennn  comu  (i-Bu),PS,Na.  IIpomcxomur  oOpazoBaHWe  KOMILIEKCA

EuPhen((i-Bu),PS,); u ncuesnoBenue f-f moMHUHECICHIIHH.

Taxke OBLTM 3apEeTUCTPUPOBAHBI CHEKTPBHI (POCPOPECHEHIINHN TETPAKHC-KOMITJICKCOB
Et,N[Gd(i-Bu,PS,),] nu  NH,[Gd(C,HgNCS,),], wommiekcoB  GdPhen(i-Bu,PS,); #u
GdPhen(C,HgNCS,); B 3aMOpOXXEHHOM STaHOJE IS OICHKU dHEpruii (ocdopecuupyronmx
T,-ypoBHeii koopauaupoBaHHbIX Phen, i-Bu,PS,” u C,HsNCS, [3]. Ilomy4yeHHBIC 3HAYCHUS:
E{(C,HgNCS,) = 23336 cm' (NH,[Gd(C,HNCS,).]), E(i-Bu,PS,) = 23506 cm'
(Et,N[Gd(i-Bu,PS,),]), E+(Phen) = 22088 cm™' (GdPhen(i-Bu,PS,);) wiu E(Phen) = 21740 cm™
(GdPhen(C,HNCS,),). B [136] npusenens! 3nadenus suepruii: Er(EL,NCS,) = 23095 cm' u
E(Phen) = 22222 cm™' B kommiekce GdPhen(Et,NCS,),.

3.2.2. HaHoceKyHAHBIN Ja3epHbIi (iem-¢GoTo M3 KOMILIEKCOB

s pactBopoB komiuiekcoB EuPhen(L); mpu ux oOmyueHUM Ja3epHBIM HUMITYJIHCOM
(266 HM, ATUTENBHOCTH — 5 HC) MBI HE HAOIIONAIH MOSBICHUS IPOMEKYTOYHOTO MOIIOIICHUS B
nuana3oHe 3oHaupoBanus 300—700 Hwm.

Crnektp T-T nomioumieHuss U KuHeTHKa Hcye3HOBeHMs T-T momiomeHust KoMmIuiekca
EuPhen(NO;); B8 CH;CN npuBenenst Ha Puc. 3.14. Taxke Ha Puc. 3.14 npuBeneHa KuHETHKA
BO3rOpaHMsl JIOMHHecHeHIMU Eu’’ Ha 615 HM, COOTBETCTByIOINas Nepelade SHEPTUHM C
BO30YXKIEHHOrO0 KoopauHupoBaHHoro Phen. Jlrommuecuenuus Eu®’ Bosropaercs ¢ BpemeHem

paBHbIM 1.9+0.1 MKc 1 ucyesaet ¢ BpemeHem <~ 0.6 Mc.
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Puc. 3.14. (a) — cnexrp T-T momtomenus pacrBopa EuPhen(NO;); B CH;CN. (0): 1 — kuHeTHKa
ucuesznoBenus: T-T mornmomenus Ha 420 HM, 2 — KHHETHUKA BO3TOPAHUS JIIOMUHECIICHITUN Eu’** ma 615 um.

C=1.9x10°M (y,; = 266 1m).

[TpuuunHoOi OTCYTCTBHS MIPOMEKYTOYHOTO MOTJIOIICHUS B KOMILJIEKCcaxX
LnPhen(i-Bu,PS,); u LnPhen(C,HsNCS,); sBnsercs 6muskoe pacmnonoxenue 1,1-auruonatos u
Phen. Cormacno [136], sto npuBoaut k T-T nepenade suepruu ¢ Phen na 1,1-mutHonar. Ml
MPEAMONIOKUIN, YTO OTCYTCTBHE JIOMUHECICHIIMM MU MPOMEKYTOYHOTO TMOIJIOMICHUSI B ITHX
KOMIUIEKCaX MOXET HWMETh JApYyrylo npuuuHy. s e€ HaxoXACHHS MBI MPOaHATH3UPOBAIH
CHEKTPHI MPOMEKYTOYHOTO TIOTJIOMICHHUS pacTBopa cBobomgHoro Phen ¢ gobaBnmenueM comeit
(i-Bu),PS;Na u C,HsNCS,NH,, nony4yeHHble B SKCIIEPUMEHTAaX 110 HAHOCEKYHAHOMY JIa3€PHOMY

¢nemi-¢poronusy, U JaHHbIE, IPUBEICHHBIE B IUTEPATypeE.

3.2.3. HanocexkyHanbli Ja3epHblii puem-¢oronus Phen B pactBope ¢ 1,1-nuTunonaramu

st Phen B pacTBOpe B SKCIEPUMEHTAX IO UMITYJILCHOMY Ja3epHOMY (uieni-(hoToIu3y
HabJo1aeTcs MOsIBICHNE MHTEHCUBHOM 1oJockl B crekrpe T-T momiomeHust ¢ MakCUMyMOM Ha
420 am (Puc. 3.15). Taxxke Bo BctaBke Ha Puc. 3.15 mpuBeneHa 3aBHCHMOCTh KOHCTaHTBI
CKOPOCTH HCYE3HOBEHHUS IMPOMEXYTOUYHOIO HOIVIOMIEHUs (k) OT HadaiabHOM amruutynsl T-T
nornouieHus: Ha 420 HM (AA). DTy 3aBUCUMOCTb, ¢ y4eToM peakuuu T-T aHHUTHIAIUH, MOXHO

BBIPA3UThH Yepe3 TMHEHHYI0 (PYHKIHIO:

2%,

&l

ke, =k +2k,xAC =k +2x AA (3.5)

2
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2%, =8.6x10°c™

e k, = 3.8x10* ¢! — 5TO KOHCTAaHTa CKOPOCTH IEpBOro mopsaka u &l —~

TaHTeHC yIila HaKJIOHA, TAe k, — KoHcTaHTa ckopoctd T-T aHHUTHIAUMHU, € — KOADDUIUEHT
skctuHKIMU Phen B T,-cocrosuuu Ha 420 HM, [ — mmuHa kroBeThl. € 1 QY Phen B T,-cocTossHum
ObBUTH ONpEIENICHBl W3 JKCIEPUMEHTOB IO TepeHocy sHepruu ¢ Phen B T-coctosiHum Ha
aHTpalleH, TaK KaK dHeprus aHTpameHa B T,-coctostHuu MeHblie, uem s Phen B T,-cocTtosinuu
(1.82 [47] vs. 2.34 5B [88]) (cMm. «OkcniepuMeHTanbHas 9acTh»). [Ipeamnomnaras, 9ro sHEPTUs ¢
Phen B T,-cocTossHMM TOJHOCTBIO MEpeNaeTCs Ha AaHTpaleH, U HCHONB3ys KOd(hUIUEHT
SKCTMHKIMHU aHTpaieHa B T -coctosuuu Ha 420 um (45500 M'em! [39]) ¢ KBaHTOBBIM BBIXOIOM
(0.58 [46]), mis Phen B T,-cocTosiHuu ObLIM MONyY€eHHI 3HaUeHus: € = 5900 + 200 M 'cm ' Ha 420
HM u QY = 0.76. Hcnonp3yss 3TH 3HA4YE€HHSA, MOXKHO OLEHUTb KOHCTaHTy ckopoctu T-T

aHHUTWIIALUY k, = 2.5x10° M'¢.

AA=10°

U M n
300 400 500 600 700

[nvHa BonHbl / HM

Puc. 3.15. Cnexrp T-T mormomenust Phen (C = 2x10° M) 8 CH;CN (/,,,; = 266 um). Berapka:
3aBUCUMOCTH HAOIIFOJaeMOi KOHCTaHTHI ncde3HoBeHUs T-T mormomeHus otT HadyanbHOW aMIumaTyasl T-T

normonieHns Ha 420 HM.

CrekTpel  MPOMEXYTOYHOTO TOTIIOIIEHUSI pacTBopa, coaepxamero Phen w
(i-Bu),PS;Na, npusenenst Ha Puc. 3.16. 3 Hux BuaHO, 4TO Mcue3HoBeHue T-T mormoiieHus
Phen compoBok1aeTcs MOSBIICHUEM HECKOJIBKAX HOBBIX TOJIOC ITOTJIOMICHHS B 00IaCTSAX CIIEKTPa
350-450 u 550-700 um. IIpu sTom HayanpHas nojoca T-T momtomeHust ¢ MakcuMmymom Ha 420

HM HcYe3aeT ObicTpee, 4eM B oTcyTcTBuH conH (i-Bu),PS,Na.
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10 10 ;
8 | (a) gl \ 420 Hm ()
: i 1
R=T w 6f
* %
S, < 40 2 640 HM
2 2r
0 L 1 ] & 1 0 jom T T T t : T T t :
400 500 600 700 0 2 4 6 8 10
IOnuHa BonHbI / HM Bpewms / mkc

Puc. 3.16. (a) — CleKTphl POMEKYTOUHOrO Toronienus pactsopa Phen (C = 2.4x10° M) u
(i-Bu),PS,Na (C = 2.6x10* M) B CH;CN. 1-5 — cnexrpsr npu 0, 0.4, 0.8, 1.2, 2.0 MKC OCII€ 1a3€PHOTO
uMIIyJbca, 6 — cuekTp aHuoH-pagukana Phen™ [83], 7 — cnektp nomiomenus pagukana (i-Bu),PS," [122].

(6) — xunetuku Ha 420 (1) u 640 (2) HM.

Ha ocHoBaHuu nuTepaTypHbIX NaHHBIX, MOXXHO MPEANOJIOKUTH Ipoliecc MepeHoca
snekrpoHa ¢ (i-Bu),PS,” na Phen B T,-cocrosuuu (Phen") B pactsope:
Phen' + (i-Bu),PS,” — Phen™ + (i-Bu),PS,". (3.6)
CnexTp mornomeHus: aHuoH-paaukana Phen™ mpusenen B [83, 153]. On umeer Tpu
nosiockl ¢ Makcumymamu Ha 380 (¢ = 8142 M'em™), 590 u 643 um (Puc. 3.16). DTu MaKCUMyMBI
COBMAJAIOT ¢ MAKCUMyMaMH TIOJIOC B TIOJYUYEHHBIX MPOMEKYTOUHBIX criekTpax (388, 593 u 646
HM). 3aperuCTpUPOBAHHBIC CIIEKTPHI SIBISIIOTCS Cyrneprio3unuei cekTpoB Phen B T-cocTosaum,
aHnoH-pagukana Phen™ u mmpokoit momoce! pagukana i-Bu,PS,’ ¢ Mmakcumymom Ha 590 M [121,
122].
[TomoOHBIE CHIEKTPHI MPOMEKYTOYHOTO MOTJIOMICHHS OBLITH 3apEruCTPUPOBAHBI TAKKE U
s pactBopa Phen ¢ no6asnenuem comn C,HNCS,NH,. [{nst meperoca anekrpona ¢ C;HgNCS,™
na Phen B T,-cocrostuun (Phen’) MOKHO 3amucars ypaBHEHHE:
Phen" + C,H{NCS,” — Phen™ + C,HgNCS,". 3.7
Makcumymebl osioc nornomenus (i-Bu),PS,’, C;HgNCS," 1 Phen™ nocratouno ynaneHsl
or makcumyma monockl T-T mormomenuss Phen, uToObl M3 3aBUCMMOCTH HaOmromaeMoi
KOHCTaHTHI ckopocTH ucuesnoBenus T-T mormomenus Phen (k) oT HavansHo# amrmutyaer T-T
nomtomieHus: (AA) B pacTBopax ¢ pa3MYHBIMH KOHILIEHTpauusMmu 1,l-muthonara Mbl CMOTIIH
MOJIYYUTh OMMOJIEKYJISIpPHBIE KOHCTAHTHI CKOpocTH wucue3HoBeHUsi Phen B T,-cocrosinuu B
peakuu ¢ 1,l1-mutronaroM. 3aBUCUMOCTh Kk, OT KOHIlEHTparuu 1,l1-guTHonara MOXeT OBITh

BBIpa)KEHA TUHEHHON (YHKIIHEH:

k = ki +2—A;‘: X &A + kbimul X C
&

abs

, (3.8)
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rne C — 310 KOHIEHTpamus ao0aBieHHOro 1,l-mutnonara, U ky,, — ITO OUMOJICKYJISpHAs

KOHCTaHTa CKopocTu wucue3HoBeHuss Phen B T,-cocrosHum B peakuuu ¢ 1,1-mutuonarom.
OcTanbHble MapaMeTPhI B3AThHI U3 ypaBHEHMS 3.5.

W3 3HaveHus TaHTeHCa yIvia HAKJIOHA 3aBUCUMOCTH HAOII01aeMOi KOHCTaHThI CKOPOCTH
ko,s HAa OTCEUEHMHM TIO OCH OpIMHAT OT KOHIeHTpamuu 1,l-gutmonara Ha Puc. 3.17 Obumn
MOJTy4yeHbl OMMOJIEKYSIPHbIE KOHCTAHTBI CKOPOCTHU Ky, MCue3HOBeHUs1 Phen B T -cocTosiHuu B
peakuuu ¢ (i-Bu),PS,Na u C,H;NCS,NH,, paBubie (7.9+0.3)x10* M'¢™! u (3.6+0.3)x10° M'c”,

COOTBCTCTBCHHO.

(6)

0 i I I I . 0 i L "
0 25 50 75 100 0 10 20

AA=10° C+10°/ M

Puc. 3.17. (a) — 3aBucMMOCTh HaONIOMAEMON KOHCTAaHTBI CKOPOCTH HcYe3HOBeHus Phen B
T,-coctosnuu or HauanbHOM ammuTyasl T-T mormomenus (C(Phen) = 2.4x10° M) npu pasHbIX
KOHIIeHTpanusx nobasnenHoro (i-Bu),PS,Na B CH;CN. 1-5 — C((i-Bu),PS,Na) = 0, 3.7, 7.4, 10.2,
18.6x10° M. (0) — 3aBUCUMOCTDH 3HAaYeHHMI HAOIIOJAEMBIX KOHCTAHT CKOPOCTEN HA OTCEUEHHH IO OCH

OpAMHAT OT KoHIleHTpanuu (i-Bu),PS,Na.

. AG
W3menenune cBOOOIHOM 3Heprun ¢ JUIs TIEpEHOCa JJIEKTPOHA MOXET ObITh
BBIYHCIIEHO MO0 YPABHEHUIO:
_ 0 0
‘&G«r - e( Ern' B EJ'L‘(F ) o ET > (39)

mil} 0
E

1,1-gutronara (ms H,NCS,” 0.30 B vs. CB3 B JIMCO [99]) u Phen"/Phen (-2.18 B vs. CKD

[88, 92] mwnmu —1.94 vs. CBD [159]), COOTBETCTBEHHO; € — ANEMEHTapHBIN 3apsia; E; — SHeprus
Phen B T,-coctossaum (2.34 3B [88]). Takum obpa3zom, AG, paBao —0.1 3B. Otpunarenbaoe

AG
3HA4YCHUC ¢ TIOKa3bIBACT, YTO IIPOLECC TCPMOJAMHAMHYCCKH BO3MOXCH, M, CJIICAOBATCIIBHO,

3HAYCHUE OMMOJICKYIISIPHOM KOHCTAHTBI CKOPOCTH (Kpimoi) ONTM3KO K 1 Py3rnoHHOMY Mpeemy.
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=}

s nutrodochuHaTa B IUTEPATYPE TAKKE MPUBEACHO 3HAUCHUE E, (0.39 B vs. CKD

B CH,Cl, unu 0.15 B vs. CBO) [102]. Iloacrasnsis 310 3HaUeHUE B ypaBHEHHE 3.9, momydum

AG, — _0.255B.

Uro npoucxoaut B pacTBope ¢ obOpazoBaBmMMHcs paaukaiamu Phen™, (i-Bu),PS," u
CHNCS,™?

3HaUMTEIBHBIX U3MEHEHUN B CIIEKTPE MOIIoieHus pactBopa Phen c 1,1-gutnonaramu
B X0z (OoTONMM3a HE MPOUCXOAUT. ITO 3HAYUT, YTO B XOJI€ IKCIIEPUMEHTA HOBBIX COEIUHEHUH B
pacTBope He 00pa3yeTcsi B JOCTAaTOYHOM KOJIMYECTBE, YTOOBI OBITH 0OHAPYKEHHBIMH C TOMOIIIBIO
ontuyeckor cnekrpockonuu. CornacHo [99, 121], mBa 1,1-guTHoNaTHBIX pagukaza MOTYT
CBS3BIBATBCS JIPYT C JpyroM, obOpaszys mucynbbun (S-S cBsa3p). Hampumep, nBa pamukana
(i-Bu),PS,", o6pazoBannbie npu GOTONM3E COOTBETCTBYIOIIETO AUCYIb(HIa, PEKOMOMHUPYIOT C
OUMOJIEKYISPHON KOHCTAHTOM CKOPOCTH Ky = 7.4%10° M 'c™! [121]. M. Lieder nokasan B [99],
9TO Takhe AUCYAb(QUIbI, 3aXBaThiBas JJIEKTPOH, O0Opa3ylOT aHUOH-PAJAMKAIBI, KOTOpHIE
HEMEJJICHHO pacnajaroTcs Ha paaukan u aHuoH l,1-gutmonara: L,” — L° + L~ (B Hamem
ciyuae, L = C,HgNCS, wnn (i-Bu),PS,). cTouHnKOM Takoro 3JIEKTPOHA B PACTBOPE MOXKET OBITH
oOpaszoBaBiuiics aHWOH-pagukan Phen™. Takum o0pa3om, coenvHEHUs, NPOHIS LEHOYKY
MIpEBpAICHHI, BO3BPAIIAIOTCS B UCXOIHBIE COCTOSTHUSA, coTiTacHO cxeme Ha Puc. 3.18. IloqoOHbIe
peakuuu MeXIy BO30YKIEHHBIMA OpPraHMYECKUMH MOJEKYJaMH WM HX KOMIUIEKCaMHU C
1,1-nuTHoNnaramMu B pacTBOpe paHee OBLIM MCCIEIOBAHBI TOIBKO B cepuu padboT A. Deronzier u

np. [52-54].

Triplet state

rme

i-BuyPS, + Il.f i-BuaP Sy
i-Bu,PS,*
|
(i-BusPS,); / > /2 (i-Bu;PS;),

=N N=
Puc. 3.18. Cxema dotodpusnueckux u poroxumuieckux npeppamennii Phen u (i-Bu),PS, B

pacTBope.

Croutr oTMETUTH, UTO B paboTax mo (HoTonusy AUTHOKapOaMaToB MOKa3ald, YTO OHU
MOJIBEPTalOTCs PA3IOKEHUIO Ha HEYCTAaHOBIEHHBIC IPOIYKTHI BCIEICTBUE pa3pbiBa cBs3eit C-S u
C-N [48, 109]. B [109] ouenwmu kBaHTOBBIH BbIXOh (otommsza Et,NCS,Na B CH;CN mo

YMEHBIIEHUIO MOJI0CH TortonieHust Ha 330 HM npu A,,,; = 265 HM, KoTOpHIN paBeH 0.17.
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3.2.4. O0bsicHeHUE OTCYTCTBHS JJIOMUHECHEHIIUN

[Iporekanne oOveHb OBICTPOTO TEpEeHOCAa AEKTPOHA C  KOOPAMHHUPOBAHHOTO
1,1-nuTnonara Ha KOOpAMHMPOBAHHBIN 1,10-QpeHaHTPONUH TaKke MOXKET OBITh MPUUYUHOU
orcytcTBus f-f momuHecteHnuu u T-T mornomenus komruiekcoB LnPhen(L);. B atom ciydae
OTCYTCTBHE MPOMEKYTOUHOTO MOIVIOUIECHHUS KOOpAuHUpoBaHHBIX Phen'™ u L™ B skcrepumeHTax
[0 JIa3€PHOMY MMITYJIbCHOMY (hieni-hoTonu3y yKa3blBaeT Ha OOpaTHBIM MEepPeHOC IEKTPOHa 32
BpEMS MEHBILIEE, YEM JJIUTENBHOCTS JIazepHOro uMmiyibca (5—-10 He):

(Phen")Ln(L")L,—(Phen)LnL;. (3.10)

Taxum 00pa3zom, B 10NOJHEHHE K NEPEHOCY 3HEpruu ¢ T;-ypOBHS KOOPIMHUPOBAHHOTO
1,1-qutronara Ha T,-ypoBeHb KOOpAMHHpPOBaHHOTO Phen, 0 KOTOpOM YNOMHHAIOCH B
JUTEpaTypHOM 0030pe, MBI MpeArnoyiaraeM MpoTeKaHue (HOTOMHAYIUPOBAHHOTO MPSIMOTO H
TEMHOBOTO 00OPAaTHOTO MEXJIMTaHIHOTO MEPEeHOCca AEKTPOHa BHYTpU KomiuiekcoB LnPhen(L);.

OOpa3oBanue KOOPAMHMPOBAHHBIX paaukanoB Phen™ m L' ommcano B nuteparype.
KoopaunupoBannsiii  pagukan Et,NCS,” oOpa3yercss mnpu 0O0JydeHHMH CBETOM KOMILIEKCA
Cu(I)(Et,NCS,), B monmocy LMCT, uto mpuBomut k Bocctanomienuto Cu(Ill) mo Cu(l) [123].
Kommiekc Mo(diphos)(CO)(NO)(dtc), rme diphos — 1,2-6uc(mudenmndocduno)stan, u dtc —
IUMETUIANTHOKapOaMar, B CIIEKTpEe MOIVIONIEHUS MMEET MOJIOCy MepeHoca 3apsia B BUIUMOM
obnmactu, kotopyto aBtopbl oTtHecnn kK LLCT or koopaunupoBanHoro dtc xk NO [93].
Annon-paaukan Phen™ moxet nmosiBUThCs BeneacTue potonnaynuposannoro MLCT mporecca,
Hanpumep: B komruiekcax W(CO),Phen [100] u [Os(Phen)(py)s](PFs), (py — mupuaun) [153],
WIK B MpoOIEcce MEepPeHOoca 3IEKTPOHA C MOJIEKYJbl, CIIOCOOHON BBICTYNUTH B POJIM JIOHOpa
anekTpoHa [56, 57]. D. Dey wum np. oOHapyXWjau TEPEHOC OJJIEKTPOHA B KOMILICKCE
[Cu(Htyr)(Phen)]", tme Htyr — ato L-tupo3uHatr, B KOTOPOM (EHOJIBHBIH (hparMeHT SBISCTCS
JIOHOPOM 3JIEKTpOHA /sl KoopauHupoBanHoro Phen B T -coctosiauum [57].

Takum o00pa3oM, Ha OCHOBaHMM pE3YJAbTATOB OKCIEPHUMEHTA IO JIa3epHOMY
uMIyinbcHOMY (rem-oronuszy pactBopa Phen ¢ moGaBmenuem coneit (i-Bu),PS,Na u
C,HgNCS,NH, wu nurepaTypHbIX MJaHHBIX 1O KOOPAMHUPOBAHHBIM paJHKadaM, MOXHO
MPEINON0KUTh, YTO OTCYTCTBHE HWHTEHCUBHOW f-f miomuHecueHuuu u T-T mnoriomieHus
komriekcoB LnPhen(Et,NCS,); u LnPhen(i-Bu,PS,);, Taxke MoxeT ObITh CBI3aHO C OBICTPHIMU
nporeccaMd (OTOMHAYLIMPOBAHHOTO IMPSIMOTO W TEMHOBOTO OOpPaTHOIO MEepeHOca IEKTPOHa

MEXy KOOpAMHUPOBAaHHBIMH MoJieKynamu 1,10-dpenantponuna u 1,1-aurnonara.
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3.3. JIromnnecuennus komiviekcoB Ln(PhenM),(NO;); (Ln = Eu, Tb u Gd) B

TBEPAOM COCTOAHMM H alICTOHUTPUJIC. CHeIII/I(l)I/I‘leCKI/Iﬁ THAPOJIN3 3TUX KOMILJICKCOB B

aleTOHUTPUJIC

B tBepmom coctosaum komiuiekcel  Eu(PhenM),(NO;); u Tb(PhenM),(NOs);, e

PhenM — 310 mpousBoanoe 1,10-denanrtponuna ¢ nprcoequHeHHBIM B ToJ0keHHe C2 (—)-MEHTOJIOM,

O6J'Ia):[aIOT CTaHHapTHOﬁ f-f JIIOMUHECIICHIIMEH C KBAaHTOBBIMHU BBIXOAAMH U BpEMCHAaMU KU3HU

moMuHeceHnH, npuBeAcHHbpIMU B Tabmuie 3.3. Kommieke Gd(PhenM),(NOs);, B oTrune ot

OCTaJIbHBIX KOMIUIEKCOB, TIOKa3bIBaeT (IIyopecleHInI0 KoopauaupoBanHoro PhenM [95].

CrexTpsl moromenust ¥ aoMuHecteHuu kommuiekca Eu(PhenM),(NO;); B CH;CN ¢

pa3HbIMU KOHIIEHTpauusiMu npuBenaeHbl Ha Puc. 3.19 [125]. JlaHHble CHEeKTpbl MOIVIOIICHUS

paznuyarotces mo Ggopme Mooc.

3

rW

)]
1

Mornowexne
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'l

(@)

0
200
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—

MHTEHCUBHOCTbL SIIOM-LMK / OTH. ef.

[Phenm " Eu(PhenM),(NO,),

I ()

x0.1

350 400 450 500 550 600 650 700
OnunHa BOnHbI / HM

Puc. 3.19. Cnextpsl moriomenus (a) u momuHecneHnnu (6) kommuiekca Eu(PhenM),(NOs); B

CH,CN ¢ HauanbHBIMM KOHIEHTPAUMAMH (BIOMIb cTpenkn): 5.1, 2.7, 1.0, 0.72x107° M. JInuHa KroBeTHI [ =

1 M (A5 = 266 HM).

CHGKTpLI JIIOMHUHCCHCHIIUNU 3TUX PACTBOPOB CJIOXKHBIC. B Hux moxHO BBIACIIMTL TPpHU

XapaKTepHbIe 00IaCTH:

1) monocel B quanazone 350—420 M, mpuHaiexkamnme cBodogaomy PhenM;

2) mupokas nosioca B quanaszone 400—580 M ¢ makcumymom Ha 480 HM;

3) y3kue f~f monocsl nona Eu** ¢ 580 no 720 HM.

C YBCIMYCHHUCM KOHICHTPALIMKU KOMIIJICKCA OTHOCUTCIIbHAA MHTCHCHUBHOCTDH f;f I10JI0C

YBEJIMUUBAETCS, UTO CBSI3aHO ¢ oOpa3oBaHueM camoro komruiekca Eu(PhenM),(NO;);. U3 Bcero
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ATOTO0 MBI MOXEM 3aKJIo4uTh, 4T0 KomIiuiekc Eu(PhenM),(NOs); auccoumupyeT B pacTBOpeE.

Onnaxko, npo6nemoit siBisieTcst uAeHTU(UKAIM 1oJ0ckl B 1uana3oHe 400—-580 Hwm.

Crnektpel Bo3Oyxaenus momuHecteHiuun Eu(PhenM),(NOs); B CH;CN Ha 4,,, = 372,
480 u 617 um npusenens! Ha Puc. 3.20. Cniextp Bo30yxkaenust Ha 372 um npuHauiexut PhenM.
Cnektp Ha A,, = 617 HM coBmagaer 1o ¢opMe CO CIEKTPOM TMOMIOMICHUS PacTBOpa

Eu(PhenM),(NO;); ¢ 6onee Bricokoii koHnentpamumeii (C,, = 10* M) n npunagnexut PhenM,

p-pa
KOOPJMHUPOBAHHOMY K HOHY Eu’”,

OO6paboTka kMHETHK JroMHHecueHuuu Ha 372 u 480 HM Ha Puc. 3.20 B pamkax
9KCIOHEHLMAJIbHON MOJIEJIN MTOKA3bIBAET, YTO BPEMsI )KU3HHU JIFOMUHECIIEHIIMU Ha 480 HM IIOYTH B

15 pa3 Gompie, ueM BpeMs JKU3HU JIIOMUHECIHeHIMH cBoOoxaHoro PhenM Ha 372 um (38.2 vs.

2.54 uc) (Tabmuna 3.3).

—_
o

Is
1

POTOHOB

na
1

Kon M4ecTso

MNHTeHcMBHOCTL NOM-LUKMK [ OTH. ea.

(=]

T
300 350 400 0 10 20 30 40
[nv1Ha BOMHbI / HM Bpems / HC

[\
o
(=]

Puc. 3.20. (a) — cnexTpsl Bo30yx)aeHus romunaecteHmn Eu(PhenM),(NO;); B CH;CN: 1 -4,
=372 am; 2 — A,,, = 480 um; 3 — 1,,, = 617 uM. BeraBka: criektpsl Bo30yxaeHus B quamnazone 300—400
HM. (0) — xunHeruku sromuHecueHIME Eu(PhenM),(NO;); B pactBope (A, = 280 HM). 1 —

WHCTpyMEHTaJIbHAS QYHKIMS;, 2 — KWHETHKA A,,, = 372 HM; 3 — KuHeTuKa 4,,, = 480 HM.

Taxxke mbl TIpoBesin TUTpoBaHue pactBopa PhenM pactBopom Eu(NO;);-6H,O (Puc.
3.21). B cmekrpax mnoromenus mnpu podaBieHuu Eu(NO;); mpoucxoguT 0aTroXxpomHOE
CMEUIEHUE MaKCUMyMma IIOJIOCHl mnomiomeHus ¢ 274 go 291 HM ¢ COXpaHEHHEM [IBYyX
nzobectrueckux Todek Ha 238 u 279 HM. B crmekrpax JIIOMHHECHUEHIMHM C YBEJINYCHHUEM
koHneHTpamuu no6asieHHoro Eu(NO;); yBenmnunBaeTcsi HHTEHCUBHOCTB MoJI0Ckl Ha 480 HM, 4TO
TaKKe SIBHO BUIHO MO KpuBOW TUTpoBaHus Ha Puc. 3.21(B). [Ipu 3TOM HHTEHCUBHOCTb MOJIOC f-f
JIOMHHECIEHITMY, TTpuHaaiexaieii kommiekcy Eu(PhenM),(NO;);, cHavyasia yBennuuBaeTcs, a

IIOTOM IIOCTCIICHHO CHMXKACTC.
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Puc. 3.21. M3MeHeHNE CHEKTPOB IMODIOMICHUS (a) M JIIOMHUHECIEHITHN (0) TIPH THUTPOBAHUU
PhenM pactBopom Eu(NO;); B CH;CN, mmaa ktoBetol [ = 1 cM (4,,,; = 279 HM). (B) — U3MCHCHHE
WHTEHCHUBHOCTH JIFOMHHECTICHINH A,,, = 372, 480 u 617 um npu turpoBanuu. C(Eu(NOs),;)/C(PhenM) =

0,0.3,0.6,0.9,1.5,2.2,3.1,4.0, 5.5. C(PhenM) = 2.34x10° M. C(O,) B pacTBOpax HOpMaJbHas.

B nwureparypHom  0030pe  TpUBENEHBl  CHEKTPOCKONMHMYECKHWE  JaHHBIE IO
NpOTOHHpPOBaHHBIM ¢Gopmam 1,10-¢peHanTponrHa W €ro NPOM3BOAHBIM B pacTtBope. Mx
MIPOTOHUPOBAHUE OOBIYHO MPOMCXOTUT B CTEXHOMETpHUECKOoM cooTHomeHun 1:1: Phen + H™ =
PhenH'. B cnyuae 3amemennsix B C2 monokenue mnpousBoaubix 1,10-¢henantponuna (Puc.
1.11), H" MOXeT KOOpAMHUPOBATHCSA K OJHOMY M3 aTOMOB a30Ta B 3aBUCHMOCTH OT HPHPOIBI
3aMECTHUTEJI.

Msl npoBenu tuTpoBanue PhenM pactBopom cepHoit kucnotsl (Puc. 3.22). ITonocer B
CTEKTpax MOTIOMIEHHS U JIOMHHECUEHIIN TIPH J00aBICHHH KUCIOTHI CMEIIAIOTCsl 0aTOXPOMHO,
YTO XapaKTepHO AJisl mpou3BoAHBIX Phen. M3 KpuBBIX TUTpOBaHUS BUAHO, YTO MPOTOHUPOBAHHE
MIPOUCXOUT 10 PEaAKIIHH:

PhenM + H,SO, = PhenMH" + HSO,". (3.11)

Bropoii mpoton or HSO, He ormiemisercs, Tak Kak HOHU3UPYIOIIAs CIIOCOOHOCTh
CH;CN o6ecnieunBaetr nonnyto auccoruanuio H,SO, Tonbko 1Mo mepBoi CTyNeHH, TaKKe Kak

JIMCO & [2].

s (6

AR92)
T,

! L : )
C{H,SO,NCiPhenM| i C{H,50,¥C(Phent)

Mornowexwe

WHTEHCMBHOCTE NHOM-UWK | OTH, ea.

S AT
200 250 300 350 400 400 500 600 700
AnuHa sonHol | HM AnwHa BonHel [ MM

Puc. 3.22. M3meHeHHe CHEKTPOB MOMIOUICHUS (a) U JIOMUHECUEHUUU (0) MpU TUTPOBAHUU
PhenM cepnoii kucnoroit B CH;CN (4,,,; = 279 am). C(H,SO,4)/C(PhenM) = 0, 0.14, 0.43, 0.72, 1.0.
C(PhenM) = 4.8x10° M, nnuua kioBerbl [ = 1 cM. BcraBku: KpuBbIE THTPOBAHHs, U3MEHEHHE

ONTHYECKOHN MIOTHOCTU Ha 291 HM (A2) U UHTEHCUBHOCTH JtoMuHecueHIuu Ha 480 HM (0).
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MakcumyMm u Gopma mosocsl JromMuHecteHmn PhenMH™ coBnazaror ¢ MakcCuMyMoM 1

dbopMOil  TMONOCHI HEW3BECTHOW YACTHUIIBI B  CIEKTpE JIOMUHECHEHIMH PAacTBOPOB
Eu(PhenM),(NO,); B auamazone 400-580 um. Bpems xus3uu mromuHectenimu PhenMH™ paBHo
38.2 HC, U OHO YHCIEHHO PAaBHO BPEMEHH >KM3HU JIOMUHECIICHIIMM HEU3BECTHOW YaCTUIIBI B
pactBope Eu(PhenM),(NOs);.

Takum o00pa3oM, MBI MOXEM CHEIaTh BBIBOA, YTO JHCCOLHMAIMS KOMILIEKCA
Eu(PhenM),(NO;); B8 CH;CN npoTekaeT napajieiabHO ¢ €ro THAPOIU30M:

Eu(PhenM),(NO,); + H,O — Eu(OH")(NO;); + PhenMH" + PhenM. (3.12)

Tabmuua 3.3. KBantoBble Bbixonbl (QY), JJIMHBI BOJIH PErUCTpallud KUHETHUK (A,,,),
BpEMEHA KU3HU JTIOMUHECICHINH (T, T,, T;) coenuHeHnit PhenM, Ln(PhenM),(NO;); (Ln = Eu,

Tb u Gd) u nporonuposannoit Gopmer PhenMH™. 1., = 270 HM.

CoenuHeHue COI:eT_H QY 7»:;4/ T, A:)/TOI / T, Af;j / T3 AZ/T; /
PhenM CH,CN | 0.059 372 2.54 uc 100 - - - -
TB. 0.22 394 2.45 HC 100 - -
PhenMH" CH;CN 0.34 480 38.2 HC 100 - - - -
(PhenM + H,SO,)”
Eu(PhenM),(NO,),” CH;CN 0.19 617 1715 pe 100 - - - -
TB. 0.87 617 51 pe 0.5 425 uc 10.3 1750 uc | 89.2
To(PhenM),(NOy), [CRCN | 2 | 544 | 163pe | 100 - - - -
TB. 0.09 545 1.89 pc 6.9 9.3 uc 28.8 53.6 pc 64.3
Gd(PhenM),(NO,), | 1. 0.09 | 384 | 020mc | 967 |232mc| 12 | 205uc | 2.1

@Pacteop C(H,SO,)/C(PhenM) = 1; PmoMunecuenuus pasropaercs ¢ BpeMeHamu 1.2 ps B TBEPIAOM

cocrosauu u 1.5 us B pacteope; “usmepenne QY He GbUIO MPOBENEHO.

OGpa3oBaHne rHAPOKCOKOMILIEKCOB JIaHTaHua0B cocTaBa Eu(OH),>™ B BoOHBIX cpemax
npu pH > 6 — 510 XOpomo omucanHblii npomecc [8, 32, 150]. Ilpu 6 < pH < 8
ruzgpokcokommekcsl Eu(OH)** u Eu(OH)," cocymecTByror B BomHoM pactsope. Ilpu pH > 8
0CHOBHOI (opmoii aenserca ruapokcun Eu(OH);. B [68] npu nomomy 'H SIMP criekrpockonuu
HaOmonanu npucoequaenne OH™ annona k nony Nd** B TT'® npu nobasienuu H,O x pactBopy
xomiuekca Nd** B monsHOM cootHomenuu Nd**:H,O = 1:1.

Komrnexkcet  Tb(PhenM),(NO;); u  Gd(PhenM),(NO;);, Kak ©  KOMIUICKC
Eu(PhenM),(NO,);, mpu Hu3kux konueHtpammsix (C,,, ~ 10° M) Takke AUCCOLHUPYIOT U
MOJIBEPratoTCsl THAPONIN3y ¢ oOpazoBanneM PhenMH™ [125]. BaXHO OTMETHTBH, YTO KOMILICKCHI
naHTaHu10B ¢ He3amelleHHbIM Phen B CH;CN He moaBepratorcst mogoOHOMY ruaponusy [94].

Takum  oOpazom,  kommekchl  Eu(PhenM),(NO;);,  Tb(PhenM),(NO;);
Gd(PhenM),(NO;); B CH;CN npu Huskux koHreHrpanusx (C

ppa ~ 10° M) moxsepratorcs

JUCCOLMAINK U THUAPOIH3Y ¢ 00pa3oBaHWEeM MPOTOHHPOBaHHOW (hopmbel PhenMH'. Tlpu Goree
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BBICOKUX KoHueHTpauusx (C,,, > 10 M) mpoucxogur o6pa3oBaHHE KOMILIEKCA B MOJILHOM

p-pa

cootHomennu Ln*":PhenM = 1:2.

3.4. JIroMuHecHeHIUS MeTALI-OPTraHNYeCKNX KAPKACHBIX CTPYKTYP HA OCHOBE

rerepoMeTaUIn4ecKUX KOMILJIEKCOB TepedTaiaToB eBpONUsi—II0Te s

Meran-opranuyeckue KapKacHbIE CTPYKTYpBI (MOF) Ha OCHOBE
reTepoMeTaNInYeCKUX KOMILJIEKCOB TepedTanaTtoB €BPOIUA—IIOTELUS cocTaBa
(EuLu,),bdc;nH,O (x = 0-1, n = 0 u 4), rne bdc — Tepedranar, ObIITM CHHTE3UPOBAHBI B
BOJIHOM PacTBOPE COIIACHO MeToAMKe, npuBeacHHOoM B [113]. IIpu xonuentpanuu Eu®' 1-40 ar.
% OT MakcHMaJbHO BO3MOKHON KOHIIeHTpaiuu MOF cocTouT u3 AByX KpuUCTaNIMYeCKUux (a3 —
(Eu,Lu,,),bdec; u (EuLu,,),bdcy4H,0. Tlpu Gonblieit konnenrpamuu Eu'™ (> 40 ar. %)

oOpa3yeTcst TONbKO ofHa Kpuctammmdeckas ¢aza — (Eu,Lu,_,),bdc;4H,0 (Puc. 3.23) [113].

100_'\‘ T Ln,{1,4-bdc),"4H,0

80
‘69. 601 s
> 40-
204} ¢
8 e
0' :H:-h_h‘? T v” .Ipl - Jf\ll.r
0 20 40 60 80 100

1(Eu), %

Puc. 3.23. 3aBucumocts nmoner kpucrammmieckux a3 (Eu,lLu,,),bde; u (EuLu,.),bdc;4H,0
orT KoHueHTpauuu ar. % Eu’’. I'paduk 1moCTpoeH Ha OCHOBE JAHHBIX 10 TEPMOTPABUMETPHYECKOMY

aHaIun3y.

Tepedranar-anion B BO30yXIeHHOM  T,-COCTOSHMM  SBISIETCA  XOPOILIUM
CEHCHOMIM3aTOPOM JIIOMUHECHEHIMU MoHa Eu’”: sueprus T,-yposus pasna 20000 cm™', y Eu’*
MMEIOTCS JIBa HIKHMX BO30yKaeHHbIX Tepma "D, ¢ ECD,) = 19000 cm™ u °D, ¢ E(°D,) = 17500
cm ! (AE < 2500-3500 cm™) [40, 145]. V Lu®** camplii HusxHRI BO30YKIEHHBIN TEPM PACIIONOKEH
oueHb BBICOKO — 80000 cm™' [58], mosToMy BO3OYKIEHHBIN TepeTaaaT-aHMOH HE MOXKET
CEHCUOUITU3UPOBATH €T0 f-f TIOMHUHECIICHIIUIO.

Bce cunresuposannsie MOF nokaseiBaror f~f moMuHecneHuo Eu’” npu A ,,; = 280 HM

(Puc. 3.24). Tonkas crpykrypa mnojioc “Dy—’F; (J = 0—4) 3aBucur ot xonuenrpanuu Eu’" (Puc.
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3.25). Ilpu xonmentpauuu Eu** > 6 % B MOF mnpeobGnagaer kpucrammudeckas (asa

(Eu,Lu,,),bdc;-4H,0O, u TOHKas cTpyKTypa MOJOC B CHEKTPE JIIOMHHECIICHIIMA COBIMAJAET C
TOHKOW CTPYKTypo# moisoc B criektpe Eu,bdc;4H,0 [91]. MakcuMyMsbl y3KuX MoJ0¢ 3Toi (a3bl
paBubel: 577.6 um (°Dy—"F,); 587.9 u 591.5 mm (°Dy—'F)); 614.0 um (°D;—'F,); 649.0 um
(’Dy—F;); 697.0 mm (°Dy—"F,). IIpn au3kux konuenrpanusx Eu®* 2 u 4 % 8 MOF npeobnagaer
0e3BomHas kpucramummueckas (aza (Eu,Lu,,),bdc;. Tonkas crtpykrypa cmektpa 3Toi (hassl
OTJIMYAETCS, ¥ MAaKCUMyMBbI Y3KUX T10J0C paBHbL: 577.2 u 577.6 um (PDy—'F,); 585.9, 588.4 u
595.6 um (°Dy—'F,); 606.6, 610.2, 616.6, 619.4 u 621.8 um (°Dy—'F,); 649.0 um (°Dy—'F;);
700.0 am (Dy—"F,).

ITepexon *Dy—’F, 3anpeluen mo 4eTHOCTH, HO 3allpeT YaCTUYHO CHUMAETCs, Korma Eu®*
HAXOIMTCS B KOOPAMHALMOHHOM OKpy)eHuu ¢ cummerpueii C,, C,, u C, [104]. ITonoca *Dy—'F,
HE pacIIEIISeTCS B KPUCTAITUUECKOM I10JIe, U €€ MOJIOKEHUE MOCTOSTHHO JIJIs1 OHOTO THIIA y3j1a
pemerkn, Kyaa noMemedn Eu’'. Komu4ecTBo momoc B CIEKTPE  JIHOMHHECLEHIIMH,
CoOTBETCTBYIOIMX Dy—'F, yKa3bIBaeT Ha KOJIUYECTBO PA3IMYHBIX THIIOB Y3JIOB PELIETKH.

CrekTpsl JIIOMUHECIEHIMU ¢ T100coi °Dy—'F, uccienxyemoro MOF ¢ pasHbiMu
KoHIeHTpamusamu Eu’’ npusenensl Ha Puc. 3.25(a). IIpu Gonee BBICOKON KOHIEHTpauuu Eu’*
6—100 ar. % B criekTpe JIOMHUHECIIEHIIMU B 1rana3oHe 570—-585 HM uMeeTcst TOJIbKO O/IHa MoJIoca
¢ MakcUMyMoM 577.6 HM. DTO yKa3bIBaeT Ha To, 4To MoH Eu’’ moMemen Tonpko B 0JMH THI y3/1a
KPUCTAJUIMYECKOM DEIIETKH M, CJIEIOBarel]bHO, HAa KOHIEHTPUPOBAaHWE HOHOB Eu’’
IIPEUMYIIECTBEHHO B KpHcTamuueckoi ¢aze Ln,bdc; 4H,0. Ilpu Hu3koil koHeHTpauu 2—4 ar.
% Eu’" B CIIeKTpe TIOMMHECHEHIIME HAOIIONAIOTCs ABE MOJ0CH “Dy—'F, ¢ Makcumymamu 577.2
u 577.6 um. CnenoBarenbHO, NPM HHM3KOM KOHIEHTpAlMKM MOHBI Bu’" pacmpeneneHbl Mexmy

IBYMsI KpucTayumndeckumu ¢dazamu Ln,bdc;-4H,0 u Ln,bdcs.

[nuHa BonHbl / HW
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Puc. 3.24. Cuexrpsl momunecueniun MOF (Eu,Lu,,),bde; nH,O ¢ pasubivu at. % Eu’" (A, =

280 uHM).
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Puc. 3.25. Cnexrpsor momunectenimn MOF (Eu,Lu, ,),bdc; nH,O. Tonkas ctpykrypa mnonoc,

COOTBETCTBYIONIMX nepexonam: (a) — *Dy—"F,, (6) — °Dy—'F,, (B) — °Dy—F,.

B cnektpax mromuHecuennmmu Ha Puc. 3.25(6, B) wuccienyemoro MOF  mnpu
konuenrpanuu Eu®** 100 ar. % monoca Dy—'F, pacuiemisercs Ha JB€ HOIOCHI ¢ MAKCHMyMaMH
587.9 u 591.6 um, a nosnoca ’D,—’F, He pacuieruistercs, u eé MmakcuMyM pasel 614.0 am. Ilpu
KoHIEeHTpauu 660 ar. % monockl “Dy—’F, u °Dy—’F, paciemsiorcs unage: noynoca “Dy—'F,
pacuienuIseTcs Ha TPHU MOIOCHI ¢ Makcumymamu 587.6, 591.0 m 592.8 um; monoca *Dy—'F,
pacmieruisieTrcss Ha aBe ¢ makcumymamu 608.5 m 614.0 M. J[aHHOE OTIMYHE MOXKET OBITH
OOBACHEHO MCKAKEHUSAMH B KOOPIMHALMOHHOM OKpYyxeHuu Bu’" n3-3a NOsSBIEHHS CTPYKTYPHBIX
ne(EKTOB, BRI3BAHHBIX NPHCYTCTBHEM MOHA MEHbILEro paauyca — Lu'".

B cnekrpax mromunecueniuu uccaeayemoro MOF ¢ 2—4 ar. % Eu’” monocsl °Dy—'F, u
’Dy—’F, pacmemstorcs Ha Tpu (585.9, 588.4 u 595.6 um) u mate (606.6, 610.2, 616.6, 619.4
(uredo) w 621.8 HM) MOJIOC, COOTBETCTBEHHO, NPUHAISKANINE KPHCTAIUTHYSCKOW (hase
(EuLu, ,),bdc;. JlomonmHuTENbHO, B CHEKTpe JIOMUHECHEeHIWH Ha Puc. 3.22(B) umerorcs
MaJIOMHTEHCHBHBIE 1OJ0CH "Dy—'F, ¢ makcumymamu 608.5 u 614.0 HM, IpuHAIEKALIEE
kpuctammnieckont pasze (Eu,Lu, ,),bdc;-4H,0.

Kunetuku momunecteniun MOF ¢ pasubiMu koHneHTpanusMu Eu®™ npencrasnens! Ha
Puc. 3.26. 3nayeHus BpeMeH >KU3HU JIOMHHECLEHIINHY, MTOJyYeHHbIE IPU 00paboTKe KUHETUK B

paMKax HSKCIMOHEHIIMATBLHON WM JBYXIKCIIOHEHIIMAIBLHOM MOeNu, TpuBeeHbI B Tadnurie 3.4.



= 2%

o VIHTEHCMBHOCTL / OTH. efl.

Bpemsa / mc

Puc. 3.26. Kuneruku momunectennuu Eu** 8 MOF (Eu,Lu,,),bdcynH,O ¢ pasuev ar. % Eu**

(Ause = 615 M). Bpemena u3HH TIOMUHECIICHIIUNA TTPUBEACHEI B Tabmmie 3.4.

Tabnuna 3.4. BpeMeHa XKU3HM M KBAaHTOBBIE BBIXOJBI JTIOMUHECIEHIIUN Eu** B MOF
(Eu,Lu,,),bdc;nH,O ¢ pasubiMu kornentpanusamu Eu®*. IIpu konunenrpanusx Eu** 4 u 2 ar. %

KHHETHKH 00paboTaHbl B paMKax JIBYXIKCIOHEHIIMATHLHON MOJIEIH.

ar. % Eu** T,/ MC T, / MC QY /%
100 0.390 - 10+1
60 0.435 - 11+1
10 0.449 - 12+1
6 0.459 - 16+1
4 0.392 1.602 22+1
2 0.367 1.878 22+1

Ilpu xouuenrpauuu Eu’* 6-100 ar. % KUHETUKH JIOMMHECIEHIMH XOPOIIO
OIHCHIBAIOTCS B paMKaX 3KCIIOHEHIMAJIbHON Mojienu ¢ BpeMeHeM B auanas3one 0.459-0.390 mc.
[Ipu xonuentpamuu Eu’™ 2 u 4 ar. % KMHETMKU JIIOMUHECHEHIUH XOPOIIO ONMCBHIBAIOTCS B
paMKax JIByX3KCIIOHEHIIMAJIbHON MOJENH C IEPBbIM BpeMeHeM B nuana3zone 0.392—0.367 mc u co
BTOPBIM BpemeHeM B pauamnazone 1.602—1.878 mc. bonee minHHOE BpeMs JIOMHUHECLECHIIUU
CBSI3aHO C JIOMUHecleHmel Oe3BogHoil ¢asel (EuLu,,),bdc;. Koporkoe Bpems xu3Hu
momubectennnn Eu®™ Bo Bcex mnpusenéHubix MOF COOTBETCTBYET JIFOMHMHECHEHIMHU (Basbl
(Eu,Lu,_,),bdcy4H,0, Tak Kak KoOpAMHHPOBaHHBIE K Eu’" MOMEKyI BOIBI JOMOJIHUTENBHO TyIIAT
aromuHecneHnuio Eu® [25, 147].

TakuM 00pa3oM, B CHHTE3MPOBAHHBIX T'€TEPOMETAINIMYECKUX METAJI-OPTaHHYECKUX
KapKacHBIX CTPYKTypax Ha OCHOBE KOMIUIEKCOB Tepe(TanaToB EBpPOMHSI—IIOTEIHs COCTaBa

(Eu,Lu,,),bdc;nH,O npu 6onee BbicoKoii konnenTpanuu > 40 ar. % Eu’" mpucyrcTByeT TonbKO
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omHa ¢aza (Eu,Lu,,),bdc;4H,0, a npu Oonee Hu3koi KoHmeHTpamuu oT 40 mo 2 ar. %

npucyTcTByIoT nBe ¢asel — (Eu,Lu, ,),bdc;-4H,0 u (Eu,Lu,_,),bdc;. [Ipu koHnentpauu ot 40 1o
6 ar. % mnpeobmamaer kpuctawmmueckas ¢asza (EulLu,,),bdc;4H,0, a mnpm HU3KHX
KOHIIeHTpanusix 2 u 4 at. % npeobmanaet kpucraumyeckas ¢asa (Eu,Lu,_,),bdc;.

[Ipu xonuentpamuu Eu®' 6-100 ar. % wonsl Eu’" KOHIEHTpHPYIOTCS B OCHOBHOM B
Bojocoaepxarieit ¢pasze Ln,bdc;-4H,0.

®as3m1 (Eu,Lu,,),bdc;-4H,0 u (Eu,Lu,),bdc; umeror pa3Hbie TOHKHE CTPYKTYPBI ITOJIOC
°Dy—’F; (J = 0-4) B cnekTpax JIOMHHECIHEHIUHM HM3-3a PA3JIMYaIOIIErocs KOOPAUHAIIMOHHOTO
okpyxenus nona Eu’". Hamuuue KOOpIMHALMOHHOM BOIBI IPMBOAUT K YMEHBIIEHHIO BPEMEHH
*u3Hu JromuHeceHnmu B 4-4.8 paz3 u QY ¢aser (EulLu,,),bdc;4H,0 mo cpaBHeHHIO C

BpeMeHeM Xu3HM JromuHecteHnnn u QY 6e3BoaHoi ¢aszel (Eu,Lu,_,),bdcs.
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OCHOBHBIE PE3YJIBTATBI 1 BBIBO/IbI

1. YcranoBnensl GoroduznuecKkrue MpoIecChl, MPOUCXOAAIINE B pacTBopax NP u xoMmriekcoB
NP-Eu u NP-Gd B mmpokom auanazone koHuentpanmii (10°-102 M). Ilokazano o6pa3oBaHue
arperMpoBaHHBIX MOJIEKYJ (IMMEPOB) NpPU KOHIEHTpaiusx > 107 M, IHOMHHECHUPYIONIUX B
Oonee kpacHoit obmactu (450—650 HM) U ¢ OGosee NTUHHBIMUA BPEMEHA JKU3HH JTFIOMUHECIICHIINH
1o cpaBHeHUIO ¢ MoHOMepamu (15—-17 vs. 1.3 He).

2. Ha ocCHOBEe TONYYCHHBIX KHHETUYCCKUX JAHHBIX OBUI TMPENIOKEH HOBBIM MEXaHH3M
dbotodm3nyeckux mpeBpameHuii mas komruiekcoB LnPhen(L);, tne Ln = Eu u Gd, L —
1,1-nutnonar, B auneronutpuie. IIpenmonoxkeHo, uto (oTodu3nka HauyagbHOTO TMpolecca
CBS3aHa C TMEPEeHOCOM »dIekTpoHa ¢ 1,1-autuomata Ha  BO3OYXKACHHYIO MOIEKYTY
1,10-penanTponnHa. 3aTeM BHYTPH KOMIUIEKCA MPOMUCXOAUT OOPATHBIN MEPEHOC 3JIEKTPOHA C
annoH-panukana 1,10-penanTponuna Ha pagukan 1,1-auTHonara. 3To MPUBOAMT K TYHICHUIO f~f
JIOMHHECLEHITMH KoMIuiekcoB Eu’™.

3. Jucconmanus xomriekcoB Ln(PhenM),(NOs);, rme Ln = Eu, Tb u Gd, B anieronuTpuie npu
Hm3kux KoHuenrpamusix (C,,, = 10° M) compoBoxkpaercsi cHenu(pUYECKUM THAPOIU30M C
o0Opa3oBaHHEM MTPOTOHUPOBAHHOU popmbl 3amerienHoro 1,10-peHanTponuna.

4. B MeTamn-opraHMyecKux KapKAaCcHBIX CTPYKTypaX Ha OCHOBE CMEIIAHHBIX KOMIUIEKCOB
TepeTaaTOB  E€BPONHS—IIOTCIIHS ~ MOTYT MPHUCYTCTBOBATH JIBE KPUCTALUTMYCCKUE (a3bl
(Eu,Lu,),bdc;4H,0 u (EuLu,,),bdc; npu Huskoil koHumeHtpaumu uoHa Eu’' wim omma —
(EuLu,,),bdc;:4H,O mnpu BbicOkoM KoHmeHTpamuu. O0e (a3bl OTIWYAIOTCS TOHKUMHU
crpykrypamu nosnoc *Dy—’F; (J = 0-4) u BpeMeHaMu KU3HH JIIOMUHECIIEHIMH. Bpems sKu3Hu
TIOMUHECHeHIMN Oe3BogHON (a3el B 4-4.8 pa3 qimHHee, yeM Yy (Haspl, coaepKaiei

KPUCTAJITUYECKYIO BOAY.
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CHUCOK COKPALLIEHU

Ln — manTanuas!

Y® — ynprpaduoneToBbii

UK — uadpaxpacHsbiii

MOF — metamn-opranuyeckasi KapkacHas CTpyKTypa
LMCT — nepeHoc 3apsja OT JIMTaH/1a K HOHY MeTalia
LLCT — nepenoc 3apsiia OT JUTaH1a K JIMTAHIY
AMP — sepHbIil MATHUTHBINA PE30HAHC

QY — xBaHTOBBII BBIXO

P®A — pentrenoa3oBblii aHaIU3

CB23 — cranaapTHBIN BOJOPOIHBIN AIIEKTPOT

CK?D — craniapTHbIi KaJIOMEIbHBIN 2IEKTPOL

9T — poronHIYIMPOBAHHBIN EPEHOC AEKTPOHA



CIIMCOK JIMTTAHIOB, NUCITOJIb3OBAHHbBIX B PABOTE

dopmyJia CrpykrypHas popmyJia Haszpanue (IUPAC)
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INTRODUCTION

Relevance of the research topic

Complexes of lanthanides with organic ligands are actively studied due to their f-f
luminescence, the excitation of which occurs as a result of energy transfer from the excited
ligand to the lanthanide ion (“antenna effect”). The efficiency of this process can be quite high,
and this makes it promising to use the most brightly luminescent complexes in various fields of
science and technology. At present, lanthanide complexes are actively used for bioanalytical
analysis, imaging of cells and tissues of living organisms, as well as in methods of analytical
chemistry [4, 10, 120]. A large number of publications are devoted to the use of these complexes
in OLED devices (organic light emitting diodes) as electron-luminescent components [10, 84,
85, 156, 163, 168]. Of particular interest are complexes with f-f luminescence in the IR region,
for example, ytterbium complexes, since near-IR radiation, having little scattering and slight
absorption, is able to penetrate deep into biological objects [73, 126]. In addition, lanthanide
complexes can be used to synthesize metal-organic structures with unique properties applicable
in practice, for example, thermosensitive luminescence [158].

Each type of lanthanide complex has its own unique characteristics determined by
ligands: arrangement of excited energy levels, spatial structure, interaction of ligands with each
other, etc. By changing the ligand, one can control the color and quantum yield of luminescence.
There are many meaningful and extensive reviews in literature on the properties of lanthanide
complexes, among which the most complete are the reviews by J.-C.G. Biinzli and his colleagues
[35-38, 61]. These reviews mainly pay attention to complexes with N- and O-donor organic
ligands, but they practically lack a detailed analysis of complexes with S-donor ligands.

The possibilities of modern synthetic chemistry make it possible to obtain various
modified organic molecules (in our work, derivatives of 1,8-naphthalimide and
1,10-phenanthroline) with predetermined photochemical and photophysical properties for the
subsequent synthesis of lanthanide complexes. The collection, analysis and systematization of
knowledge about their luminescent properties are necessary for the directed synthesis of new
complexes with the required properties. The relevance of this work lies in the study of
photoinduced processes in new lanthanide complexes and metal-organic structures based on
them, which can affect the efficiency of the “antenna effect”, in solution and in solid state for the
future search for complexes with the required characteristics.

The degree of development of the topic

There are quite a lot of publications in the literature devoted to the synthesis, structure,

and various properties of lanthanide complexes. The number of new synthesized complexes is
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growing every year. To describe luminescent properties, chemists have a well-described “antenna

effect” mechanism. However, due to the specific properties of the ligands themselves, side
processes can occur in the complexes that affect the f-f luminescence. In order to determine what
these processes are, stationary methods are not enough and it is required to use time-resolved
methods.

Research goal

Investigation of the mechanism of photophysical transformations in lanthanide
complexes and metal-organic structures based on lanthanide complexes.

Research tasks

Investigation of photophysical properties of lanthanide complexes in solution and/or in
solid state:

1) NP-Ln, where Ln = Eu, Gd (complexes C,3H3,N;OzEu-1.25CF;CO,H-2.75H,0 and
C,3H3,N503Gd-2CF;CO,H 5.5H,0);

2) LnPhen(L);, where Ln = Eu, Gd, L is the S-donor ligand: pyrrolidine dithiocarbamate
(C,HNCS))) or diisobutyl dithiophosphinate (i-Bu,PS,’);

3) Ln(PhenM),(NOs);, where Ln = Eu, Gd and Tb;

4) metal-organic framework structures based on heterometallic complexes of
europium-lutetium terephthalates (Eu,Lu,_,),bdc;,nH,O, where x = 0-—1.

Scientific novelty

The free ligand NP and the NP-Ln complexes aggregate in solution with increasing
concentration due to their fragments of 1,8-naphthalimide.

A new mechanism for the disappearance of Eu’" luminescence in EuPhen(L),
complexes, where L is 1,1-dithiolate, is proposed, which is associated with interligand electron
transfer from 1,1-dithiolate to excited 1,10-phenanthroline.

The dissociation of Ln(PhenM),(NO;); complexes in acetonitrile at low concentrations
is accompanied by specific hydrolysis with the formation of the protonated form of PhenM.

It is shown that metal-organic framework structures based on heterometallic complexes
of europium-lutetium terephthalates, depending on the concentration of the Eu** ion, can consist
of one crystalline phase, (Eu,Lu,,),bdc;-4H,O, or two phases, (Eu,Lu,,),bdc;4H,O and
(Eu,Lu,_),bdc;.

Practical significance

New photophysical processes revealed in various classes of lanthanide complexes in
solution and/or solid state can be used by synthetic chemists to purposefully obtain new
luminescent complexes and predict their possible photophysical properties.

Methodology and methods of dissertation research
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In this work, the main methods for investigating the photophysical and photochemical

properties of the complexes are optical (electron absorption) spectroscopy, luminescence
spectroscopy, and the method to register the intermediate absorption (nanosecond laser
flash-photolysis).

Provisions to be defended:
° results on luminescence, intermediate spectroscopy and concentration aggregation of NP
and complexes NP-Eu and NP-Gd in solution;
° a new mechanism of Iuminescence quenching in EuPhen(C,HsNCS,); and
EuPhen(i-Bu,PS,); complexes;
) the mechanism of specific hydrolysis of Ln(PhenM),(NO;); complexes in acetonitrile,
which accompanies the dissociation of complexes;
° correlation between luminescent properties and composition of metal-organic framework
structures based on heterometallic complexes of europium—lutetium terephthalates
(Eu,Lu,,),bdc;nH,O with content of Eu®* from 0 to 100 at. %.

Reliability and approbation of the results
The main results of the work were reported at 10 conferences:
51st International Scientific Student Conference “Student and Scientific and Technical
Progress”, April 12—-18, 2013, Novosibirsk.
8 All-Russian Conference “Mendeleev—2014”, April 1-4, 2014, St. Petersburg.
52nd International Scientific Student Conference “Student and Scientific and Technical
Progress”, April 11-18, 2014, Novosibirsk.
XXVI International Chugaev Conference on Coordination Chemistry, October 6-10, 2014,
Kazan.
Twenty-first All-Russian Scientific Conference of Physics Students and Young Scientists
(VNKSF-21), March 26—April 2, 2015, Omsk.
IIT All-Russian Conference “Advances in Chemical Physics”, July 3—7, 2016, Chernogolovka.
“IIT Russian Day of Rare Earths”, February 20-21, 2017, Novosibirsk.
IV School-Conference for Young Scientists “Inorganic Compounds and Functional Materials”
ICFM-2017, May 21-26, 2017, Novosibirsk.
IX International Voevodsky Conference, June 25-30, 2017, Novosibirsk.
XXVIII International Chugaev Conference on Coordination Chemistry, October 3-8, 2021,
Tuapse.

Author’s personal contribution in results generation

All spectral and kinetic data presented in the dissertation were obtained with the direct

participation of the author. Their analysis and processing were carried out jointly with the
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co-authors of the publications. A literature search was independently performed to compile a

literature review and to compare the data presented in them with the results obtained in the
course of experimental work. The author participated in the development of the research plan,
the formulation of a research goal, tasks and conclusions, as well as in the preparation of
publications on the topic of the dissertation work.

Publications

On the topic of the dissertation, 6 papers were published in journals recommended by
the Higher Attestation Commission, and abstracts of reports from 10 conferences. Scientific
publications quite accurately reflect the content of the dissertation [3, 94, 95, 113, 124, 125].
1. Plyusnin V.F, Kupryakov A.S., Grivin V.P., Shelton A.H., Sazanovich 1.V., Weinstein
J.A., Ward M.D. Photophysics of macrocycle-appended 1,8-naphthalimide and its Eu(IIl) and

Gd(III) complexes. Process of energy transfer to the Eu(IIl) center // Photochem. Photobiol. Sci.
—2013. - V. 12. - N. 9. - P. 1666-1679.
2. Kupryakov A.S., Plyusnin V.F., Grivin V.P., Bryleva J.A., Larionov S.V. Interligand

electron transfer as a reason of very weak red luminescence of Eu((i-Bu),PS,);Phen and
Eu(C,HgNCS,);Phen complexes // Journal of Luminescence. — 2016. — V. 176. — P. 130-135.
3. Bryleva Yu.A., Plyusnin V.F., Glinskaya L.A., Kupryakov A.S., Korolkov 1.V., Piryazev

D.A., Larionov S.V. Synthesis, structure and phosphorescence of complexes (A)[GdL,] and
(A)[Gd(Phen)L;] (L = iso-Bu,PS,, C,H{NCS,; A = NH,', Et,N") // Coord. chemistry. — 2017. —
V.43. - N. 3. — P. 138-146. (In Russian);

4, Larionov S.V., Bryleva J.A., Glinskaya L.A., Plyusnin V.F., Kupryakov A.S., Agafontsev
A.M., Tkachev A.V., Bogomyakov A.S., Piryazev D.A., Korolkov I.V. Ln(Ill) complexes (Ln =

Eu, Gd, Tb, Dy) with a chiral ligand containing 1,10-phenanthroline and (-)-menthol fragments:
synthesis, structure, magnetic properties and photoluminescence // Dalton Trans. —2017. — V. 46.
—1. 34. — P. 11440-11450.

5. Plyusnin V.F., Mikheylis A.V., Kupryakov A.S., Shubin A.A., Grivin V.P., Bryleva J.A.,

Larionov S.V. Photophysical processes for phenanthroline-menthol ligand and its Eu(IIl) and
Tb(IIT) complexes in solution // Journal of Luminescence. —2019. — V. 214. — P. 116548.

6. Nosov V.G., Kupryakov A.S., Kolesnikov L.E., Vidyakin A.A., Tumkin LI., Kolesnik
S.S., Ryazantsev M.N., Bogachev N.A., Skripkin M.Yu., Mereshchenko A.S. Heterometallic

europium(IIl)-lutetium(IIl) terephthalates as bright luminescent antenna MOFs // Molecules. —
2022.-V.27.—N. 18. - P. 5763.

Scope and structures

The dissertation is written on 100 pages, contains 46 figures and 5 tables. The work

consists of an introduction, a literature review (Chapter 1), an experimental part (Chapter 2),



108
results and their discussion (Chapter 3), conclusions, a list of abbreviations, a list of ligands used

in the dissertation, and a list of cited literature (171 titles).
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CHAPTER 1. LITERATURE REVIEW

In the first part of this review, the photophysical properties of organic molecules
derivatives, namely, 1,8-naphthamimide and 1,10-phenanthroline, in solution are considered.
They have high extinction coefficients in the near UV region of the spectrum; therefore, these
sufficiently accessible substances are actively used as the “antennae” in the complexes of triply
charged lanthanide ions to excite their luminescence. Knowledge of the photophysical properties
of simple chromophores in the free state and in the composition of lanthanide complexes makes
it possible to predict a priori what processes can occur in more complex derivatives of
chromophores and their complexes.

Photophysical processes occurring in excited organic molecules can be visualized in the
Yablonski diagram in Fig. 1.1 [1]. It includes the absorption of a light quantum, fluorescence,
various nonradiative transitions, intercombination conversion, and phosphorescence. In addition,
this diagram shows the process of light absorption by a molecule in the triplet state (T,-state) —
T-T absorption. The observation of T-T absorption makes it possible to trace the disappearance

of the excited organic molecules in the nanosecond flash-photolysis method.
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Fig. 1.1. Yablonski diagram with addition of T-T absorption.

The literature review includes data related to the photophysical properties of organic
molecules: absorption and luminescence spectra, T-T absorption spectra, as well as quantum
yields and lifetimes of luminescence and excited states.

The second part of the literature review is devoted to the photophysical properties of
lanthanide complexes and heterometallic lanthanide terephthalates metal-organic framework
structures. The extensive reviews, which are devoted to the luminescence properties of

lanthanide complexes, have been published, for example, by Biinzli and his colleagues [35-38,
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61], but they provide little information about photoinduced redox processes of lanthanide

complexes. Therefore, special attention is given to them in this review.

1.1. Spectroscopy and photophysics of 1,8-naphthalimide derivatives

In this chapter the absorption, luminescence and T-T absorption spectra of
1,8-naphthalimides derivatives are given. Quantum yields of some excited states in solutions are

presented as well.

1.1.1. Absorption, luminescence and T-T absorption of 1,8-naphthalimide

The structural formula of 1,8-naphthalimide is shown in the inset in Fig. 1.2. The
optical spectra of 1,8-naphthalimide derivatives have the intensive m-n* absorption bands in the
near UV with maxima in the range of 350—450 nm, which can shift depending on the nature of
substituent and the solvent polarity [12, 29, 77, 116-120]. For example, Fig. 1.2 shows the
absorption spectrum of N-methyl-1,8-naphthalimide in CH;CN, which has bands with maxima at
332 (e = 12500 M'em™) and 345 (¢ = 11600 M'cm™) nm [120].

s (] 5 4
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S 40 - !:
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Fig. 1.2. Absorption (left) and luminescence (right) spectra of N-methyl-1,8-naphthalimide in

CH;CN [29]. Insert: structural formula of 1,8-naphthalimide with conventional position numbering.

The luminescence spectra of various 1,8-naphthalimide derivatives have the bands with
maxima in the range from 360 to 540 nm [12, 29, 77]. The luminescence quantum yield of

simple 1,8-naphthalimide derivatives is usually not very high and approximately equal to 0.03
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[12, 29]. For comparison, 1,2-naphthalimide and 2,3-naphthalimide have relatively higher

luminescence quantum yields (0.76 and 0.24, respectively) [29]. This difference could be
explained by the faster intercombination conversion in 1,8-naphthalimide. The efficiency of
intercombination transitions for various naphthalimides depends on the energy difference
between the 'mn*- and *nm*-states. For 1,8-naphthalimide *nm*-state is located slightly higher
than 'mm*-state, and the energy difference between them is very small compared to 1,2- and
2,3-naphthalimides. Such an arrangement of levels leads to a more efficient mixing of these
excited states and, consequently, to a more efficient transition from the 'mm*-state to the
underlying *nn*-state of the 1,8-naphthalimide molecule [29].

The fluorescence lifetime of 1,8-naphthalimide and its quantum yield increase with
increasing solvent polarity and changing of an aprotic solvent to the protic one [29]. For
example, for N-methyl-1,8-naphthalimide, the fluorescence lifetimes and quantum yields (in
brackets) are equal to: 0.145 ns (0.027) in CH;CN, 0.115 ns (0.013) in benzene, 0.140 ns (0.031)
in CH,Cl,, 0.475 ns (0.071) in C,Hs;OH, 2.1 ns (0.023) in CF;CH,0OH, < 0.060 ns (0.003) in
C,H;0C,H;, < 0.060 ns (0.001) in hexane. In this case, the luminescence band maximum of
N-methyl-1,8-naphthalimide shifts slightly, for example: A, = 376 nm in CH;CN and A,,,,, = 364
nm in hexane.

The complex substituents in 1,8-naphthalimide derivatives can significantly change
photophysical properties of 1,8-naphthalimide fragment, for example, to improve luminescence
characteristics [116-118]. Also they could participate in intramolecular electron transfer [42, 108,
130, 144] and form exciplex complexes with 1,8-naphthalimide [42].

After the binding of N,N-dimethylamine group to 1,8-naphthalimide at N-position
through the propyl bridge (synthesis of N-3-dimethylaminopropyl-1,8-naphthalimide) the
significant decrease in luminescence quantum yield was observed in [144] compared to
N-methyl-1,8-naphthalimide. The reason is the intramolecular electron transfer from the nitrogen
atom of NH, group to the excited 1,8-naphthalimide, followed by the back electron transfer.
Usually, such electron transfer can be prevented by adding the metal ion salt which coordinates
well to the NH, group in solution, or by adding an acid. Therefore, in order to clearly show that
the luminescence of 1,8-naphthalimide is quenched by electron transfer from NH, group, the
authors added Cu*", Ni**, Eu’" and H" ions (1:1) to the solutions and observed the appearance of
1,8-naphthalimide luminescence.

The T-T absorption spectrum of 1,8-naphthalimide is presented in many works (Fig. 1.3)
[29, 41, 137, 144]. In [41] and [139], having used the benzophenone actinometry method and
having assumed complete intercombination conversion of 1,8-naphthalimide, different extinction

coefficients of 1,8-naphthalimide in the T,-state were calculated: 5100 M'cm™ and 10300
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M'em! at A = 470 nm in CH,CN, respectively. The T-T absorption spectrum of

N-methyl-1,8-naphthalimide in Fig. 1.3 from [29] has the same extinction coefficients as in
[139].

According to the phosphorescence spectra, the energy of the T-state of
1,8-naphthalimide is equal to 52.8 kcal/mol (18500 cm™) [107, 139].
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Fig. 1.3. T-T absorption spectrum of N-methyl-1,8-naphthalimide in CH;CN (A, = 308 nm)
[29].

In the above mentioned work [144], wunder titration of the solution of
N-3-dimethylaminopropyl-1,8-naphthalimide by Eu** ions in CH;CN not only an increase in QY
fluorescence of 1,8-naphthalimide was observed, but also appearing of its T-T absorption, which

was absent in the initial solution.

1.1.2. Excimer state of two 1,8-naphthalimides

Organic molecules are able to aggregate in solution. This can lead to a decrease in the
luminescence quantum yields of compounds [70] or, conversely, to its increase (AIE, aggregation
induced emission) [16, 70, 103]. One of the reasons for the aggregation of organic molecules is
their poor solubility in very polar or non-polar solvents, depending on the polarity of the
molecules themselves. Aggregation, on the other hand, is characteristic of molecules with an
aromatic chain of bonds, since it is caused by their n-w interaction [72].

Thus, the aggregation of molecules can lead to the increase in the luminescence QY of
the dissolved substance. This is due to a decrease in the non-radiative rate constants of excited
states disappearance which results in limitation of vibrational and rotational motions of
molecules and, also, due to the formation of a more brightly luminescent excimer. The excimer

(from excited dimer) is a dimer that exists only in the excited state and is formed from excited
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and unexcited molecules of the same substance [127]. The formation of the excimer can be
observed experimentally by the shift of emission band maximum in the luminescence spectrum
to longer wavelengths compared to the one of monomer.

Moreover, 1,8-naphthalimide fragments can form excimers in various dyad molecules:
1,8-naphthalimide-linker-1,8-naphthalimide (NP-linker-NP) [164] or in organic polymers, for
example: 1,8-naphthalimide-conjugated polyamidoamine [149]. The probability of formation of
excimers in the dyads usually increases with an increase in the ability of linker to bend or, in
special cases, with a change in its conformation, which leads to the convergence of the excited
and unexcited fragments of 1,8-naphthalimide.

In [164] a compound consisting of two molecules of
N-butyl-4-acetamido-1,8-naphthalimide attached to the nitrogen atoms of piperazine
(NP-piperazine-NP) was obtained (Fig. 1.4(left)), and its ability to act as a fluorescent test for
Cu?®" was investigated.

The luminescence spectra of solutions of NP-piperazine-NP contain two bands: the first
one with a maximum at about 450 nm and the second one with a maximum at about 544 nm in
Fig. 1.4(right). The luminescence band with a maximum at 450 nm belongs to the
1,8-naphthalimide fragment, and the band at 544 nm belongs to the excimer of two
1,8-naphthalimide fragments. As can be seen from the spectra, with an increase in the polarity of
the solvent, the ratio of the intensities of the first band to the second (I(450 nm)/I(544 nm))
decreases: in dichloromethane (¢ = 8.9) there is only one band with a maximum at 450 nm, and
in CH;CN (g = 37.5) — two almost intensity equal bands with maxima at 450 and 544 nm. With
an increase in the polarity of solvent, the piperazine molecule can change its conformation from
the “chair” to “bath”, which leads to the convergence of two 1,8-naphthalimide fragments. This,
in turn, increases the formation probability of the intramolecular 1,8-naphthalimide excimer
upon electronic excitation of one of the fragments. The fact that the band with a maximum at 544
nm belongs to the excimer of two 1,8-naphthalimides is indicated by the similar shapes of the
bands at 450 and 544 nm in luminescence excitation spectrum in Fig. 1.4(right). The fact that
they coincide in shape clearly shows that the excimer is formed after one of the

1,8-naphthalimides is excited.
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Fig. 1.4. Left: formation complexes of Cu’" with NP-numepasun-NP 1:1 u 1:2. Right:
luminescence spectrum of NP-piperazine-NP solutions (C = 1x10” M) in solvents with different polarity

(Aex = 370 nm). Insert: luminescence excitation spectra at 450 and 544 nm in CH;CN [164].

When NP-piperazine-NP is titrated with the Cu*" salt in CH,CN, the sequential
formation of 1:1 and 1:2 complexes occurs according to the reaction equations in Fig. 1.4. The
value of 1(450nm)/I(544nm) remains virtually unchanged up to a concentration ratio 1:1 (Fig.
1.5(left)): the luminescence spectrum of free NP-piperazine-NP is similar to the luminescence
spectrum of NP-piperazine-NP:Cu*" (1:1). This is due to the fact that piperazine has the “bath”
conformation in CH;CN and, therefore, 1,8-naphthalimides are located close to each other. The
addition of Cu** does not change the conformation of piperazine, but leads to more rigid fixation
of 1,8-naphthalimides opposite each other. At the same time, the band in absorption spectra with

a maximum at 375 nm broadens.
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Fig. 1.5. Left: luminescence spectra of NP-piperazine-NP (C = 1x107> M) upon titration with
Cu?* ions in CH,CN. pH = 7.4, A,, = 370 nm. Insert: plot of 1(450)/1(544) versus Cu®" concentration.
Right: absorption spectra of NP-piperazine-NP solution (C = 1x10° M) upon titration with Cu®*" in
CH,CN. Absorption spectra on the left: C(Cu?") = 0—1x10~° M; absorption spectra on the right: C(Cu*") =
1x10°-2x10"° M [164].

Further addition of Cu** (NP-piperazine-NP:Cu®" from 1:1 to 1:2) leads to gradual
formation of complex 1:2, in which piperazine has an “open” conformation with the increased

distance between 1,8-naphthalimide fragments. This leads, as shown in Fig. 1.5(left), to the
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significant increase in intensity of the luminescence band with a maximum at 450 nm
up to the disappearance of the band at 544 nm. Despite the decomposition of the dimer, the
absorption spectrum of complex 1:2 does not become similar to the absorption spectrum of the
free compound due to the appearance of a new charge transfer band from an oxygen atom of
C=0 group to Cu?".

The data on the photophysical properties of other dyads of 1,8-naphthalimides
(NP-L-NP) with different types and lengths of linkers (the linker is attached to the nitrogen
atoms of 1,8-naphthalimides) are presented in [43, 64, 79]. The linkers could be the
polymethylene (CH,), chains with n = 3, 4, 6, 7, 8 and 9 [43]. Also two 1,8-naphthalimides can
be bound with each other by following linkers: (CH,),NH(CH,),, (CH,);NH(CH,); and
(CH,),NH(CH,),NH(CH,), [64, 79].

Of these works, a more detailed investigation was carried out in [43], using
femtosecond luminescence spectroscopy. Its purpose was to understand how nearby molecules of
excited and unexcited 1,8-naphthalimide interact with each other.

The absorption spectra of NP-(CH,),-NP dyads in CH;CN coincide with the absorption
spectrum of N-heptyl-1,8-naphthalimide monomer in CH;CN (Fig. 1.6), that indicates the
absence of strong interactions between two 1,8-naphthalimides in the ground state in the dyads.
Their luminescence spectra have the bands in the short-wavelength region (one of them has a
maximum at 379 nm) and one broad band in the longer-wavelength region, which belongs to the
excimer, with maximum in the range from 436 to 500 nm, depending on the length of methylene

linker.
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Fig. 1.6. Left: absorption and luminescence spectra of NP-(CH,),-NP (n =3 (1), 4 (2), 6 (3), 8
4), 9 (5)) in CH,CN, C = 2.9x10° M (A,, = 330 nm). Right: time-resolved luminescence spectra of
NP-(CH,),-NP (n = 3 (1), 4 (2), 6 (3), 8 (4), 9 (5)) in CH;CN at 30 ps (left) and 1.5 ns (right), C =
2.9%x10° M (A, = 330 nm) [43].

The emission bands belonging to the luminescence of monomer and excimer were
separated using time-resolved luminescence spectroscopy with excitation by a femtosecond light
pulse (A, = 330 nm) (Fig. 1.6). The maxima of excimer bands in the luminescence spectrum at
1.5 ns are 500, 489, 464, 438, 436 nm for dyads with n = 3, 4, 6, 8 and 9, respectively. For the
dyad with n = 7, such excimer luminescence band was not registered in the luminescence
spectrum. The reason is that the linker with n = 7 is not flexible enough that the
1,8-naphthalimides could be close to each other [171].

From the analysis of the time-resolved spectra, it was concluded that the luminescence
band with a maximum at 380 nm, which belongs to the monomer, disappears in less than 240 ps.
It leads to the appearance of a luminescence band which belongs to the 1,8-naphthalimide
excimer. The luminescence lifetime of the excimer is longer than 10 ns.

In [64] the properties of two dyads with amine-containing linkers (CH,),NH(CH,), (1)
and (CH,);NH(CH,); (2) in various solvents: 2,2 ,2-trifluoroethanol, water, methanol, ethanol,
CH;CN and methanol/CH;CN (1:1 v/v), are described. The absorption spectra of these two dyads
coincide with the absorption spectrum of 1,8-naphthalimide. The luminescence spectra of dyad

(1) in all solvents have two bands of monomer and excimer except aprotic CH;CN. The
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luminescence spectra of dyad (2) show no excimer luminescence band in all solvents except

water. To explain such different behavior of dyads, the authors have referred to works [43, 171],
in which, as above mentioned, a linker with the number of atoms 7 prevents the formation of
excimer so as there are exactly 7 atoms in the linker of dyad (2).

The excimer of dyad (1) is formed in different solvents except CH;CN. Its linker is bent
enough for the excimer to have time to be formed during the living time of the excited state of
1,8-naphthalimide (Fig. 1.7). Conversely, in case of dyad (2) the linker bend is not sufficient, and
the excimer is not formed.

excimer
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Fig. 1.7. Scheme of appearance of the excimer luminescence in solution of dyad (1) [64].

1.1.3. Aggregation of 1,8-naphthalimides in solution

The aggregation of molecules of 1,8-naphthalimide derivatives is possible due to their
low solubility in highly polar or highly non-polar solvents, depending on the polarity of the
modified molecule itself [44, 110].

The aggregation of N-heptyl-1,8-naphthalimide in solution of CH;CN/H,O (different
v/v) and hexane was investigated in [44], using the fluorescence method.
N-heptyl-1,8-naphthalimide in solution of 100% CH;CN has a weak luminescence with QY =
0.021. After adding water and increasing its volume fraction in solution from 0 to 70 %, QY

increased tenfold (Fig. 1.8). A further increase in volume fraction from 70 to 95 % led to the
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disappearance of the monomer luminescence band with a maximum at 380 nm and appearance
of a band of the aggregated molecules with a maximum at 470 nm.

In addition, the formation of N-heptyl-1,8-naphthalimide aggregated molecules was also
observed in H,O/CH;CN solution upon an increase in concentration from 5 to 50 uM by

increasing its luminescence intensity.
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Fig. 1.8. Left: luminescence spectra of N-heptyl-1,8-naphthalimide in CH;CN/H,O, C =
1.5x10° M. Orange spectra: volume fraction of H,O is 0~70 %; blue spectra: volume fraction of H,O is
75-94 % [44]. Right: luminescence spectra of N-heptyl-1,8-naphthalimide in hexane, C = 1.6-6.2x10~
M. Inset: dependence of ratio 1(450)/I(360) on concentration.

In non-polar solvents 1,8-naphthalimide derivatives are poorly soluble. The authors
registered the luminescence spectrum of N-heptyl-1,8-naphthalimide in hexane similar to the
spectra in CH;CN/H,O with high water content of more than 70%. Due to the slight increase of
1(450)/1(360) ratio in Fig. 1.8, the authors assume that the band with a maximum of 450 nm
belongs to the excimer formed in bimolecular reaction of two 1,8-naphthalimides.

The long-wavelength luminescence from aggregated molecules in THF/H,O with high
volume fraction of water (= 0.9) was also observed in luminescence spectra of
N-ethyl-1,8-naphthalimide with various aromatic substituents in 4th position (Fig. 1.2) [110].
The similar luminescence spectra were also registered for the solid samples. X-ray diffraction

analysis showed that the distance between the planes of 1,8-naphthalimides in these compounds

is 0.630-0.652 A.
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1.1.4. Interaction of two 1,8-naphthalimides in metal-organic framework structures

Due to m-m interaction between the planes of two 1,8-naphthalimide, the derivatives of
1,8-naphthalimides are applied in metal-organic framework structures (MOFs) as
structure-forming components [131-135]. The following is a description of some MOFs given in
the literature, the purpose of which is to clarify the relative position of the two interacting
fragments of 1,8-naphthalimides.

In [132] two MOFs were synthesized from copper(Il) acetate (Cu,(O,CCH;),(H,0),) by
adding N-(3-propanoic acid)-1,8-naphthalimide (NP-1) and N-(4-butanoic
acid)-1,8-naphthalimide (NP-2) in the presence of pyridine (py). They have the chemical
formulae  [Cu,(NP-1)4(py).]5-2(CH,Cl,)-3(CH;0H) and [Cuy(NP-2),(py),]5-:2(CH,Cl,). As
mentioned above, in these compounds, the strong n-m interaction between 1,8-naphthalimide
fragments plays an important role in formation of three-dimensional structures. The direction of
dipole moment of 1,8-naphthalimide goes from aromatic system of naphthalene ring to nitrogen
atom of imide group, that results in advantageous head-to-tail (antiparallel) arrangement of two
molecules both in solution [131] and solid state (Fig. 1.9) [132]. Moreover in [132], having used
the example of MOFs based on copper (II) complex, the possibilities of slipping of aromatic
1,8-naphthalimide planes relative to each other and the deviation of an angle between dipole

moments from 180° were shown.
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Fig. 1.9. Structure of MOF [Cu,(NP-1),(py).]5-2(CH,Cl,)-3(CH;0H), having structure-forming
1,8-naphthalimide fragments (highlighted in red frames) [132].

The  structure of the first mentioned MOF contains two types of pairs of
1,8-naphthalimides within one layer. The 1,8-naphthalimide planes are arranged parallel to each
other in the pairs with angles between dipole moments 180°, but different interplanar distances

which are equal to 3.75 and 3.58 A (Fig. 1.9).
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The structure of these MOFs also contains pairs of 1,8-naphthalimides, in which the

angles between dipole moments are less than 180°. For example, in the second MOF, according
to X-ray diffraction data, there are pairs with an angle of 169° and the distance between aromatic
planes of 3.32 A.

Other metal-organic framework structures [M(L),(4,4’-bipy)(H,0),]-xH,O (M = Fe, Co,
Ni, Cu, Zn; x = 4.25-5.52), where 4,4’-bipy — 4,4-bipyridine and L — modified amino acid
(glycine, alanine or serine) with attached 1,8-naphthalimide, have a spiral arrangement of
individual complexes which bind to each other due to m-m interaction of 1,8-naphthalimides
(helixes are extremely large: one turn travels = 60 A and has a diameter = 40 A) [133]. The
angles between the dipole moments of 1,8-naphthalimides in these structures are equal to
64—68°, and the distances between the planes are equal to 3.40-3.48 A depending on the metal
ion.

Thus, molecules containing 1,8-naphthalimide can form excimers in dyads, in which
naphthalimides are arranged head-to-head relative to each other. In metal-organic framework
structures, 1,8-naphthalimides, due to n-m interaction, can form dimeric structures with head-tail
arrangement of aromatic planes. Also compounds containing 1,8-naphthalimide can aggregate in
highly polar (mixtures of solvents with a large volume fraction of water) and very non-polar

solvents (hexane) due to their poor solubility.

1.2. Photophysical properties of 1,10-phenanthroline derivatives

Derivatives of 1,10-phenanthroline are well known as chelating agents for various metal
ions. Many studies have been devoted to the search for special derivatives for the selective
detection of metal cations in solution [14, 17, 26], various anions [14] and the selective
extraction of some metal cations from a mixture with others [78, 98, 140]. Supramolecular
chemists incorporate phenanthroline fragments into various complex self-assembling structures
[15, 17, 20, 59], which allow them to change the structures’ properties by adding or removing
metal ions or by acidification of medium.

Below the change in photophysical properties of various derivatives of
1,10-phenanthroline with a change in pH of the medium will be described. The examples of
formation of 1,10-phenanthroline radical anion in solution and metal complexes will also be

given.
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1.2.1. Luminescence of 1,10-phenanthroline derivatives in acidic medium

The luminescence quantum yields of 1,10-phenanthroline (Phen) are low and do not
exceed 0.01 in polar and non-polar solvents, while the luminescence lifetime varies from 7 ns in
water to < 1 ns in cyclohexane [24].

The absorption spectra of Phen and its protonated form PhenH" in water are shown in
Fig. 1.10. The absorption band of Phen with a maximum at 265 nm shifts to a longer wavelength
region by 5 nm when an acid is added to the solution. The changes in luminescence spectra of
the solution of Phen at different pH are also shown in Fig. 1.10. As pH decreases, a new band
appears in the longer wavelength region with a maximum at 420 nm, which belongs to PhenH".

pK, for the equilibrium Phen + H* 2 PhenH" is equal to 4.7 [24] or 4.9 [162].
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Fig. 1.10. Left: absorption spectrum of Phen (solid) and PhenH+ (dashed) in water. Right:
luminescence spectra of Phen in water at different pH = 11.7, 5.1, 4.3, 4.0, 2.9 [24].

Listorti et al. have performed the most detailed investigation of the changes in
luminescence characteristics of various 2- and 2,9-aryl-substituted 1,10-phenanthrolines 1-9
(Fig. 1.14) in dichloromethane upon their protonation with trifluoroacetic acid [101]. The
formation of protonated forms was observed by changes in absorption spectra, luminescence and
'"H NMR spectra. At the same time, these compounds have more basic properties than
unsubstituted Phen: the number of acid equivalents required for the protonation of 50 % of the
molecules decreases when electron-donating aryl substituents appear in Phen in C2 and C9

positions [18].



Fig. 1.11. Structural formulae of 2- and 2,9-aryl-substituted 1,10-phenanthrolines. The

conventional position numbering in Phen is shown using compound 4 as an example [101].

When compounds 1-9 are protonated, the maxima of luminescence bands shift to the
longer wavelengths by more than = 150 nm. Such a large shift is due to the electron-donor
substituents in C2 and C9 positions. For comparison, for unsubstituted Phen, the band shift to the
longer wavelength region is less than 70 nm (Fig. 1.10).

However, upon protonation of these substituted Phen, the maxima of the bands in
phosphorescence spectra and phosphorescence lifetimes practically do not change. This can be
explained by the fact that the electron density in 1-9 in the T,-state does not change the
localization upon protonation [101].

To systematize the obtained data, 2- and 2,9-aryl-substituted 1,10-phenanthrolines 1-9
were divided into 3 groups depending on changes in their luminescent properties upon
protonation:

° group 1 (1-3) — symmetrically substituted p-dianisylphenanthrolines, which
luminesce in basic form with QY 0.12-0.33, and upon addition of acid, QY drops sharply to
0.010-0.045;

° group 2 (4, 5) — 2,6-dimethoxyphenylphenanthrolines with weak luminescence in

basic and acidic forms;
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° group 3 (6-9) — various asymmetric aryl-substituted phenanthrolines with

sufficiently intense luminescence in basic (QY 0.08—0.24) and protonated (QY 0.16-0.50) forms.

Analysis of 1H NMR spectra made it possible to determine the position of H' in
protonated forms 1-9:H" = 1:1. In symmetrical Phen (1, 3, 5) the H" alternately binds to one or
to another nitrogen atom N1 or N10. In asymmetric Phen (2, 6, 7) the N1 atom is predominantly
protonated due to steric and electronic factors; the H" binds with N10 for a very short time. In
monosubstituted asymmetric Phen (4, 8, 9) due to the large difference in the basic properties of
nitrogen atoms N1 and N10, only one of them is protonated: N1 in 4 and N10 in 8, 9.

Also, according to '"H NMR data, the secondary protonation of 1-9 in CH,Cl, does not
occur, except for phenanthrolines 8 and 9: when a second equivalent of H" is added to solution of
8 and 9, it binds with the second nitrogen atom N1. It should be noted that secondary protonation
of unsubstituted Phen can occur in water at very low pH, which is confirmed by the different
absorption spectra of Phen, PhenH" and PhenH," [24].

When Phen derivatives are protonated, according to absorption and luminescence
spectra, the energy of their S;-level decreases. The property can be used to switch the
photoluminescent properties of molecules, for example, in OPV-aPhen dyad, where OPV and
aPhen are oligophenylenevinylene and anisylphenanthroline, respectively [21, 22]. Prior to
protonation of OPV-aPhen, when light quantum is absorbed by aPhen fragment, energy is
transferred from its luminescent S,-level to the S;-level of OPV. Visually, this results in the
disappearance of luminescence of aPhen and the increase in luminescence intensity of OPV. The
protonation of aPhen fragment in OPV-aPhen, as mentioned above, causes a decrease in energy
of its luminescent S;-level, and it becomes lower than the S;-level of OPV. This prevents the
energy transfer from aPhenH" to OPV, and as a result, only aPhenH" fragment emits. So as the
QY of PhenH" is much less than the QY of OPV, visually a “turn off” of luminescence is
observed in solution. Thus, one can “switch on” or “switch off” the luminescence in dyads with
Phen fragment, by changing pH of medium.

The protonation of molecules, containing the Phen fragments, can lead to self-assembly
of supramolecular structures [59], and also can launch the movement of substructures inside
them [19, 22]. [2]-catenanes (from latin catena; chain), containing the -Ph-Phen-Ph- fragments
(Fig. 1.12(top)), where Ph is the aryl group, can act as machines that can be controlled through
changing pH of medium [19, 22]. As the data on optical, luminescence and 'H NMR
spectroscopy have shown, when they are protonated in a ratio of 1:1 the two rings are fixed
relative to each other. This is due to the fact that the Phen fragments from two rings bind with
one H". In addition, the ring fixation is additionally facilitated by n-7 interaction between aryl

groups on both sides of Phen of different chains. Such a supramolecular system is named a
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machine because of its switching between fixed (bound) and free (unbound) forms. In alkaline
and neutral media, nothing prevents the two rings from making rotational movements relative to
each other, while the protonation leads to the binding of these rings to each other via H" and the
blocking of their relative movement.

It is worth noting that the addition of the second H™ equivalent to [2]-catenane in Fig.

1.12(top) do not unbind two rings due to the n-w interaction of aryl moieties.

Fig. 1.12. Changes of supramolecular Phen-containing systems in acidic medium.

Top: [2]-catenanes [19, 22]. Bottom: self-assembly of Phen-containing chains upon changing pH of
medium [59].

The molecules of the compound, containing the -Ph-Phen-Ph-Phen-Ph- chains (Fig.
1.15(bottom)), form aggregates when the medium is acidified 1:1 [59]. As in the case of
[2]-catenanes, the fixation of two molecules opposite each other occurred due to H'-N bonds and
n-n interaction of Ph-fragments. However, the aggregates disintegrate with further protonation
(1:2).

Thus, the photophysical properties of Phen derivatives and their protonated forms vary
greatly depending on the substituents.
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1.2.2. Formation of 1,10-phenanthroline anion-radical

The absorption spectrum of Li"Phens in THF, belonging to 1,10-phenanthroline
anion-radical Phene’, is shown in Fig. 1.13 [83]. A similar absorption spectrum was also
registered for the Phene obtained after vy-irradiation of the free Phen in frozen

methyltetrahydrofuran matrix at 77 K [153].
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Fig. 1.13. Absorption spectrum of Li"Phene in THF [83].

The formation of Phene is assumed as the initial stage in reaction of photoinduced
substitution of a hydrogen atom in Phen for a nitrile group in water solution [88]. The
appearance of Phene The appearance of Phene is due to the electron transfer from the cyanide
ion CN". To illustrate the thermodynamic possibility of this process, the polarographic half-wave
potentials of Phen and the cyanide ion in CH;CN equal to —2.18 and +1.3 V (vs. SCE) and the
energy of Phen in S;-state equal to 3.45 eV were used. The change of Gibbs energy is equal to
zero, and therefore, this process is possible upon irradiation of Phen with UV light.

In [Os(Phen)(py),](PF¢), complex, the coordinated anion-radical Phene is formed after
irradiation with a 355 nm laser pulse due to photoinduced charge transfer (the process of charge
transfer from Os® to coordinated Phen) [153]. Raman spectroscopy has been shown to be the
most suitable method for the detection of Phene so as the anion-radical has weak characteristic
bands at 1275 and 1580 cm™ in the spectra. The similar bands are also observed in Raman
spectra of Li"Phene [153].

The formation of coordinated Phene was also registered upon irradiation of the solution
of W(CO),Phen complex in CH;CN with a picosecond laser pulse at 532 nm into the charge
transfer band from metal center to coordinated Phen (in the spectral region of 350-550 nm)
[100]. In time-resolved intermediate absorption spectra, the absorption band of coordinated
Phene with a maximum at 580 nm disappeared with time 1.0+0.2 ns.

The electron transfer was observed from DNA molecule to excited complex

Cu(Phen),(Cl0O,), in T,-state with formation of the coordinated Phene in buffer solution in [56].
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In this case, most likely, the cation-radical of guanine is formed in DNA, so guanine is the most

easily oxidized of the four nitrogenous bases [105].

Thus, Phen can form the free Phene  anion-radical due to photoinduced bimolecular
reactions in solution. The coordinated 1,10-phenanthroline anion-radical can be formed upon
irradiation of transition metal complexes with Phen (into the charge transfer band from the metal
ion to Phen) or as a product of the electron transfer from nearby easily oxidizable organic

molecule.

1.3. Luminescence of lanthanide complexes with organic ligands

The luminescent properties of various complexes of lanthanide ions and their
applications in various scientific fields are the subject of many meaningful reviews [4, 30, 35-38,
61]. Basically, they are carried out under the direction of Prof. J.-C. G. Biinzli [35-38, 61]. This
review is devoted to the luminescent properties of some lanthanide ions, their complexes and
lanthanide terephthalates metal-organic framework structures.

In addition, this part of the review describes the cases of photoinduced electron transfer

from excited organic molecules (ligand or free) to trivalent lanthanide ions.

1.3.1. Luminescence of lanthanide ions

The 4f electrons of the electron shell in lanthanide ions are shielded from the
environment of ions by outer 5s and S5p electrons. For this reason, the atomic properties of
lanthanide ions are retained after the formation of complexes, in contrast to transition metal ions.

The luminescence spectra of lanthanide ions have narrow, well-defined f-f bands [40].
However, it is practically impossible to obtain bright f-f luminescence by directly exciting
lanthanide ions, since the electron-dipole transitions inside the 4f shell are parity forbidden. This
prohibition is partially removed when vibrations appear in the environment of metal ions, but
still the transition probability remains low and the extinction coefficients of lanthanide ions are
less than 3 M'em™ [35].

For the first time, high quantum yields of Ln*" luminescence were obtained by S.I.
Weissman in complexes due to the process known as “antenna effect” [160]. The “antenna

effect” is a process in which the organic chromophore ligand can act as an antenna, absorbing
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light and then transferring part of its energy to the lanthanide ion. As a result, this makes it

possible to initiate f-f luminescence with sufficiently high quantum yields. Taking into account
the photoprocesses in organic molecules shown in Yablonsky diagram (Fig. 1.1), the energy
transfer from the “antenna molecule” to Ln*" ions can be described with the following chain:

excited ligand (S,)—excited ligand (T,)—Ln*" (Fig. 1.14).

1S Ligand Ln™

Absorption

E> energy transfer

—p radiative de-activation
L] e +» non radiative de-activation

Fig. 1.14. Scheme of photophysical processes leading to the excitation of lanthanide ion

luminescence [35].

It should be taken into account that in some cases, the energy transfer can also occur
from the ligand in excited S;-state directly to Ln*" [69, 81, 87, 167]. The energy transfer to Eu**
can occur along the pathways, in which the second excited term of Eu*" (°D,) participates:
excited ligand (S,)—Eu*(°D,), excited ligand (S,)—Eu*'(°D,)—Eu*'(°D,), excited ligand
(S)—Eu*(°D,)—excited ligand (T,)—Eu*'(°D,). However, as a rule, the energy transfer from
the ligand in S;-state is not efficient, since the lifetime of an excited ligand in this state is short
[167].

The energy transfer from the excited ligand levels to excited Ln*" terms occurs
efficiently under two conditions: 1) the energies of excited ligand levels are greater than the
energies of lanthanide terms (E(ligand) > E(Ln*")); 2) the good overlap of the luminescence
spectra of ligand (energy donor) and absorption spectra of Ln*" (energy acceptor). The second
condition must be satisfied for successful energy transfer both for Foster dipole-dipole

mechanism [65] and Dexter exchange mechanism [55].
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The back energy transfer from the excited Ln** to chromophore molecule is also

possible, if the difference between E(T,) and E(Ln’") does not exceed 2500-3500 cm™ (Fig.
1.14) [60, 67]. Due to this process, the lifetime of Ln’" luminescence decreases, so faster losses
of electronic excitation energy occur inside the chromophore (radiative and non-radiative
transitions from lower excited levels to ground level), and is also accompanied by the
triplet-triplet annihilation in solution [35, 67] and solid state [10].

The Ln*" ions can be divided into three groups according to their luminescent
properties:

1) Gd*, La** and Lu’" do not have f-f bands in the visible and IR regions of the
luminescence spectrum. The lower emitting term of Gd*" (°P,,,, 33200 cm™ (301 nm)) is located
much higher than the excited levels of the most ligands, La** ion does not have f electrons, and
Lu** ion has completely filled 4f shell. For this reason, their complexes are used to determine the
energy of the T-levels of the ligands from phosphorescence spectra;

2) Tb*, Dy*", Eu*" and Sm’" can intensely luminesce, so most organic ligands sensitize
their luminescence well. The above mentioned two conditions for the effective energy transfer
are usually well satisfied for them. The luminescence spectrum of Eu*" ion in the visible and IR
regions contains radiative transitions between the terms *Dy—'F, (= 580 nm), ’F, (= 590 nm), ’F,
(= 612 nm), 'F,, 'F, (Fig. 1.15). The characteristics of the two transition bands of Eu*" *Dy—F,,
’F, are given in [80]. The "Dy— F, (AJ = 1) transition is magnetic dipole one, and the intensity
of the corresponding band does not depend on the environment of the excited ion. The intensity
of the band of *Dy—F, (AJ = 2) transition, which is electron dipole, shows a high sensitivity to
the environment. The excited Tb*" has transitions *D,—'F, (= 485 nm), 'F5 (= 545 nm), "F, (= 590
nm), 'F; (= 620 nm) (Fig. 1.15).

3) Yb*, Tm?*', Pr**, Nd**, Ho** and Er** are weakly or practically non-luminescent ions.
The received energy is spent mainly on non-radiative transitions, due to the small gap between
the excited and ground levels of ions.

The Ln** luminescence is quenched by the environment, especially by water molecules
(due to the transfer of energy to the vibrational levels of OH bond), which enter the inner sphere
of complexes. Such energy losses can be avoided by placing Ln*" into a polydentate cyclic ligand
[66, 120, 142, 145, 157]. In addition, the number of water molecules in the inner Ln*
coordination sphere can be calculated using the phenomenological equations given in [25, 147].
The lifetimes of f-f luminescence of the Eu’" complex in water and D,0 are compared in the
equations, so the OD oscillators almost do not participate in the luminescence quenching, and the

structures of the complex in these two cases do not differ.
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A number of works describe the “heavy atom” effect, which consists in the fact that the

paramagnetic ions Gd*" [151, 152, 170], Tb*" [152] and Pr’* [75] increase the efficiency of
intercombination conversion (S,—T, and T,—S, conversions) in the excited ligand due to
mixing of singlet and triplet states. The effect occurs in complexes if the electron shells of the
lanthanide ion and ligand overlap.

For the first time, the “heavy atom” effect was noticed by P. Yuster u S.I. Weissman,
when they compared the phosphorescence intensities and phosphorescence lifetimes of triply
charged cations complexes of Al*, Sc¢*, Y, La’, Gd** and Lu** with
1,3-diphenyl-1,3-propanedione (dibenzoylmethane) [170]. It turned out that the complexes of
Gd*" and La’" ions, whose excited terms are located above the T,-level of dibenzoylmethane
anion in energy, show extremely weak phosphorescence. However, the phosphorescence time of
the Gd*>" complex is 30 times shorter (2 ms) than one of the La*" complex (60 ms), that can be
explained by a significant increase in the T,—S, conversion rate in the case of Gd*" complex.

The increase in the S,—T, conversion rate in Gd*" complex with methyl salicylate was
shown by comparing its fluorescence lifetime with fluorescence times of La** and Lu’*
complexes [151]. The fluorescence lifetimes of methyl salicylate in the Gd**, La*" and Lu®**

complexes are equal to 240 ps, 2.2 ns and 2.4 ns, respectively.

1.3.2. Photophysical processes in lanthanide complexes with S-donor ligands

As already mentioned, the luminescent properties of various Ln*" complexes are
described in many reviews [4, 30, 35-38, 61]. Basically, they are devoted to the complexes with
N- and O-donor organic ligands. However, there are practically no reviews devoted to the
photophysical properties of Ln*" complexes with soft S-donor ligands.

One of the simplest classes of Ln*" complexes with S-donor ligands is the Ln*"
complexes with thiolate anions. Some complexes with aromatic thiolate anions having the
formulae Ln(SPh); and Ln(S-2-Py),, where Ph is phenyl, and Py is pyridine, are brightly colored
due to a LMCT band from the ligand's sulfur atom to Ln’" in the visible region of absorption
spectrum [27, 97]. For example, the Yb(SPh); complex is brightly colored (color not specified),
and Sm(SPh), has the intense orange color, while the similar complexes of Ho’" and Tb*" ions
are colorless [97]. The [PEty][Tm(S-2-Py),] complex is colorless, while [PEt,][Eu(S-2-Py),] is
brightly red [27, 97].

The coloration of the Ln*" complexes due to the presence of LMCT absorption bands is

determined, on the one hand, by the redox potentials of Ln**/Ln**, and, on the other hand, by the
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redox potential of coordinated ligand. The standard redox potentials Ln*"/Ln*" (vs. SHE) are

shown in Table 1.1 in decreasing order of values [62].

Table 1.1. Standard redox potentials Ln**/Ln®" (vs. SHE).

Eu -035V Tm 23V Pr 27V Er 3.1V Gd -39V
Yb -1.15V Nd 26V Ho 29V Ce 32V
Sm -1.55V Dy 26V La 3.1V Tb 3.7V

Table 1.1 demonstrates that Eu®*, Yb*" and Sm*" ions could be most easily reduced to
doubly charged cations, because they have electronic configurations close to the half or to the
completely filled 4f shell. For example, Eu®* ion is easily reduced to Eu®’, since Eu** has a
half-filled 4f shell ([Xe]f’ configuration). A similar situation takes place with Yb**, since Yb*"
has a completely filled 4f shell ([Xe]f'* configuration).

The standard redox potentials of coordinated ligands in complexes are almost
impossible to accurately determine, since the influence of central cation cannot be avoided.
Therefore, the standard redox potentials of free ligands are usually used to assess their reduction
ability. For example, for the aromatic thiolate anion PhS™ in water E°(PhS/PhS™) = 0.69 V (vs.
SHE) [23], and for the thiolate anion with a typical alkyl substituent E°(RS’/RS™) = 0.79 V (vs.
SHE) [148]. Using these values, for the complex (Py);Yb(SPh);, where Py is pyridine, the
change of free Gibbs energy AG during charge transfer after absorption of a light quantum with A
=470 nm (E,, = 2.1 eV) was calculated [96]. For charge (electron) transfer to occur, the energy
of absorbed light quantum must be sufficient to oxidize PhS™ and to reduce Yb*". Using the

formula
AG =e(E,. —E,.)~E,, (L.1)

0 0
Eoe and Ered are the standard redox potentials of PhS"/PhS™ and Yb**/Yb*", respectively,

where
e is the elementary charge, E,, is the energy of absorbed light quantum, it was found that AG is
equal to —0.3 eV. The negative value of AG indicates that the absorption spectrum of
(Py);Yb(SPh); complex could have a charge transfer band at A =470 nm.

Other S-donor complexes whose luminescent properties are described in the literature
are the Ln** (LnL;) complexes with 2-mercaptothiazoline, 2-mercaptobenzoxazole and
2-mercaptobenzothiazole [82]. Among them, the greatest attention is paid to the luminescent
properties of Sm’’, Eu’’, Tb** and Tm’" complexes with 2-mercaptobenzothiazole. The
luminescence spectra of the Eu** and Tb*" complexes in THF at 293 K and 77 K have a
fluorescence band of 2-mercaptobenzothiazolate-anion with a maximum at 410 nm. The spectra

at 77 K also have a broad phosphorescence band of this ligand with a maximum at 550 nm. The

intensities of the narrow ff luminescence bands of Sm*", Eu’*, Tb*" and Tm’" are negligible at
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293 K and are the most noticeable only for the Tb** complex. For Sm*" and Tm*" complexes with

2-mercaptobenzothiazole the f-f bands are absent in the luminescence spectra even at 77 K.

As above mentioned, in order for the energy to be efficiently transferred from the
excited ligand to Ln*", it is necessary that the energies of ligand levels must be greater than the
energy of lanthanide ions terms: E(ligand) > E(Ln*"). Using this condition, M.A. Katkova et al.
tried to explain the difference between the intensities of f-f bands in luminescence spectra of
different complexes Ln*" with 2-mercaptobenzothiazole. The energy of the coordinated
2-mercaptobenzothiazolate-anion in the T,-state is equal to 18500 cm™, and the excited terms of
Ln*" ions are shown in Fig. 1.15. It could be concluded that energy transfer to Eu*" and Sm’" is
allowed. However, the f-f bands are present only in the luminescence spectrum of the Eu’*
complex (E(°D,) = 16920 cm™). Most likely, Sm*" (E(*Gs,) = 17700 cm™) does not luminesce
due to the very small gap between the resonant levels, which results in the fast back energy
transfer to ligand and subsequent energy dissipation. As for the luminescence of Tb** (E(°D,) =
20500 cm™) and Tm?" (E('G,) = 21000 cm™) complexes, the first complex exhibits negligible /-
luminescence, while the second does not. E(°D,) and E('G,) are greater than E(T),) of coordinated
2-mercaptobenzothiazolate. As suggested by M.A. Katkova et al., the f~f luminescence in the
Tb* complex is sensitized by 2-mercaptobenzothiazolate-anion in the excited S,-state (E(S,) =
25100 cm™).

Another type of S-donor ligand is the 1,1-dithiolate ligands: dithiocarbamates and
dithiophosphinates. The literature on the luminescence properties of these lanthanide complexes
is rather scarce, and there is practically no literature on the luminescence of dithiophosphinate
complexes. It is worth highlighting the work [89] on the luminescence of dithiocarbamate
tetrakis-complex Na[Eu(Me,NCS,),]-3.5H,0. In the absorption spectrum of this complex, there
is a LMCT band in the visible region of the spectrum from 400 to 550 nm, that is why the
complex has an orange color. The luminescence of Eu’" in the complex appears only at low
temperature T < 100 K. A distinctive feature of the luminescence excitation spectrum 2, = 612
nm is the absence of intraligand transitions bands of the coordinated Me,NCS,". This shows that
there is no energy transfer from excited states of Me,NCS, to Eu*" ion. However, the excitation
spectrum has a LMCT band from Me,NCS,” to Eu** ion. It means that the energy is transferred
from the LMCT state to °D,. Due to the fact that the intensities of f-f bands of Eu** and LMCT
bands are comparable, it can be concluded that this way of Eu’" luminescence sensitization is
inefficient. The Eu’* luminescence lifetime at 4.2 K is equal to 0.11 ms, and it gradually
decreases with increasing temperature.

According to the available data on the excitation of Eu** luminescence through O—Eu

LMCT in polyoxometalloeuropates, the O—Eu LMCT is located higher in energy than °D, and
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does not depend so strongly on temperature [165]. Based on this, it could be concluded that the

S—Eu LMCT level is thermally crossed with the °D, term in Na[Eu(Me,NCS,),]-3.5H,0
complex (Fig. 1.16) [28]. For comparison, E(O—Eu LMCT) = 32000 cm™ in LaWO,Cl:Eu’" and

-1

La;WO(Cl;:Eu** [31], and E(S—Eu LMCT) = 20500, 24000, 26000 cm' in
Na[Eu(MezNCSZ)4]'3.5H20 [89].

Energy

Displacement along nuclear coordinate
of active vibration

Fig. 1.16. Crossing of Eu** terms and LMCT level along the nuclear coordinate [28].

A sufficient number of works have been devoted to the synthesis of mixed-ligand
dithiocarbamate complexes of lanthanides with 1,10-phenanthroline (Phen) and 2,2'-bipyridine
(2,2"-bipy) Ln(L)(R,NCS,);, where L is Phen or 2,2'-bipy, and R is an alkyl radical [34, 63, 136].
Their purpose was a search of the complexes with high light absorption efficiency and improved
sensitization of Ln*" luminescence. The initial prerequisite for the synthesis of such complexes
was that a large number of ligands in the complex could fill all coordination sites around Ln*"
and prevent quenching of f~f luminescence by solvent molecules, especially H,O molecules [25,
66, 147]. The luminescent properties of such complexes are described in detail in [63, 136].

W.M. Faustino et al. were the first to observe the Eu’* luminescence in solid
EuPhen(Et,NCS,); complex at room temperature (300 K). The luminescence spectrum at 77 K

and luminescence excitation spectra (A,,, = 612 nm) at 77 and 300 K are shown in Fig. 1.17 [63].
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Fig. 1.17. Top: luminescence excitation spectra of EuPhen(Et,NCS,); A, = 612 nm at 70 K
(solid) and 300 K (dash) [63]. Bottom: luminescence spectrum of solid EuPhen(Et,NCS,); complex at 70

K [63].
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The excitation spectra were interpreted as follows: a wide band in the UV region up to

350 nm belongs to the coordinated Phen (S,— S, transitions) at 70 and 300 K, a broad band in the
visible region 450-550 nm at 77 K is the LMCT band, as in [89]. It can be seen that the
excitation spectrum at 300 K, in contrast to the excitation spectrum at 77 K, does not have f-f and
LMCT bands. The authors explained the absence of f-f transition bands by a very fast °D,,
’Dy—LMCT energy transfer (the energy of LMCT state is slightly higher than the energies of °D,
and °D,), after which the complex in the LMCT state quickly passes into unexcited state.

The luminescence lifetimes of Eu*" ion in EuPhen(Et,NCS,); are equal to 224+10 ps at
77 K and 90+15 ps at 300 K, which are shorter than the usual Eu’ luminescence lifetimes in
complexes with O- and N-donor ligands at 300 K (= 1 ms) [11, 66, 106, 115, 144, 157].

Thus, W.M. Faustino et al. concluded that the °D,, °D,—LMCT energy transfer is the
main cause of luminescence quenching of Eu®" in EuPhen(Et,NCS,).

M.D. Regulacio et al. registered the luminescence spectra at 300 K for
LnPhen(Et,NCS,);, where Ln = La, Pr, Sm, Eu, Gd, Tb and Dy [136]. However, they did not
evaluate the values of luminescence QYs and discussed photophysical processes by comparing
the luminescence intensities of the complexes. The authors explained the different f-f
luminescence intensities of LnPhen(Et,NCS,); complexes by the difference in energy gap
between the T;-level of Phen and lower emission terms of Ln*", and by the possibility of LMCT
charge transfer as well.

The energy of T,-state of Et,NCS, was determined from the phosphorescence spectra of
tetrakis-complexes NH,Et,[Gd(S,CNE,),] and NH,Et,[La(S,CNEt,),], and it is equal to 23095
cm™ (band at 433 nm). The energy of the T,-level of coordinated Phen is equal to 22222 cm™.
This value was obtained from the phosphorescence spectrum of GdPhen(Et,NCS,);, in which the
band maxima coincided with the band maxima in phosphorescence spectrum of
Gd(Phen),Cl;:2H,0 [166]. Comparing the energies of T,-level of coordinated Et,NCS, and
Phen, the authors suggested that the energy transfer from the T,-level of Phen to the T,-level of
Et,NCS, (T-T energy transfer) can occur in the complex. It should be noted that a similar energy
transfer between the different ligands occurs in SmPhen(DBM); complex, where DBM is
dibenzoylmethane [143]. The energy transfer in the case occurs inside the complex from the S;-
and T-levels of excited Phen to underlying S;- and T,-levels of DBM.

The °D,, °D, and °D, (17500 cm™) terms of Eu*" are lower than the T,-level of Phen.
The depopulation of luminescent *D, goes into LMCT state [63].

The energy of the °D, term (20500 cm™) of Tb*" ion is less than the one of T;-level of
Phen. But due to the small energy gap (AE = 1700 cm™) there is the back energy transfer to Phen
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and subsequent energy dissipation. It results in luminescence quenching of Tb*". The same

explanation is true for Dy’" ion (AE = 1200 cm™, as the luminescent term is *F,, (21000 cm™)).

The complexes of Sm*” and Pr*" luminesce brighter than others, since the terms of these
lanthanide ions are located much lower than the T,-level of Phen (AE > 2500-3500 cm™), and
there is no such faster back energy transfer to coordinated Phen as in Tb*" and Dy*" complexes.
The Sm** has lower excited terms: ‘G;, (20050 cm™), “F5, (18700 cm™) and *Gs;, (17700 cm™),
among which the luminescent one is *Gs,,. The Pr** has four lower excited terms 'I; (21000 cm™),
°P, (20800 cm™), *P, (20050 ¢cm™) and 'D, (16500 cm™) (Fig. 1.15), which are close in energy to
the T,-level of Phen. In addition, the Sm*" and Pr’* complexes do not have LMCT from Et,NCS,
in luminescence excitation spectra because their redox potentials are lower enough (Table 1.1).

It should be noted that the simple complexes of Sm**, Pr*" and Dy** with Phen also have
extremely weak luminescence, and QYs of their f-f luminescence do not exceed 107 [76, 114,
129].

Thus, the complexes of lanthanides with S-donor ligands (thiolates,
2-mercaptobenzothiazolates and dithiocarbamates) usually exhibit weak f~f luminescence. The
reason is that such ligands poorly sensitize it, since their lifetimes in excited states are very short.
In addition, the LMCT from S-donor ligand to some lanthanide ions (Eu**, Yb*" and Sm®") and
T-T energy transfer processes between different ligands in mixed complexes could happen in the

complexes, which also result in luminescence quenching.

1.3.3. Photoinduced redox processes in lanthanide complexes

In addition to the well-described process of energy transfer to trivalent lanthanide ions,
the photoinduced electron transfer (PET) can occur between the excited organic molecule (ligand
or free) and lanthanide ion.

The main thermodynamic condition for the initiation of PET is that the energy of the
excited state has to be sufficient for the formation of the divalent ion Ln*" and cation-radical of
the organic molecule. This condition is rarely accomplished, so there are not a lot of such
examples in the literature [5, 9, 45, 71, 73, 74, 86, 126, 146, 155, 169]. The possibility of this
process can be estimated by calculating the change of free Gibbs energy in the reaction L* +
Ln** — L™ + Ln*', where L is a organic molecule, using the Weller equation [86]:

AG(PET) = E(L""/L) — E(Ln*"/Ln*") — E(L*) — &%/er, (1.2)
where E(L"*/L) is the redox potential of L**/L, E(Ln*/Ln*") is the redox potential of Ln**/Ln*"
(Table 2.1), E(L*) is the energy of L in the excited state (S, or T,), e*/er is the Coulomb repulsion
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between L™ and Ln?', r is the distance between them, ¢ is the permittivity, e is the elementary

charge. Usually, in mentioned works, the estimation of the Coulomb repulsion (< 0.2 eV [86]) is
neglected because of the difficulties associated with determination of distances between L™ and
Ln*".

One of the pairs in which PET can occur is the Ln*" and indole fragment, which is a part
of tryptophan amino acid [5, 6, 71, 146] or is attached via the -CH,- bridge to the
ethylenediaminetetraacetic acid molecule (indole-CH,-EDTA) [9, 87]. In all mentioned works,
the resulting PET products, namely, indole cation-radical and Ln*", were not directly observed.
The PET was assumed from the quenching of indole luminescence in tryptophan and
indole-CH,-EDTA, and the only evaluated quantitative characteristic was the relative decrease in
luminescence intensity of the indole fragment.

The luminescence quenching of free tryptophan (QY = 0.14 in water [60]) by Eu®*
complexes: EuCl;-6H,0 and 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctanedionate-4,6
europium(IIl) (Eu(fod);), in ethanol was investigated under normal conditions in [5]. In both
cases, the adding of complexes in solution reduces the tryptophan luminescence intensity.
However, in the case of Eu(fod);, according to the conclusions made by V.P. Kazakov et al. from
Stern-Volmer dependencies, the photophysical processes are more complicated than described
above: an electron acceptor is not the central Eu**, but the coordinated fod™ anion. The reason is
that the free fodH also quenches the luminescence of tryptophan, and due to the surrounding of
fod anions, a close direct contact of Eu’" with tryptophan, which is necessary for electron
transfer to the metal center, is impossible.

The complexes of La**, Sm*", Eu’’, Gd*', Tb*", Dy’ and Yb*" with indole-CH,-EDTA,
I-benzyl-EDTA,  1-(paramethoxybenzyl)-EDTA  and 1-(paracyanobenzyl)-EDTA  were
synthetized in [9] (Fig. 1.18(right)). In these complexes, the aromatic substituents are not bound
to Ln*" directly, but via EDTA molecule. All benzyl and indole groups had detectable
fluorescence response, and authors have evaluated the luminescence quenching of these groups
in Ln*" complexes. The values of relative fluorescence intensity of the complexes are shown in
Fig. 1.18(left). It can be seen from the graph that the luminescence quenching occurs more
strongly in two Ln*" complexes, namely, in Yb*" and Eu®* complexes, which are most capable of
reduction. In addition, the luminescence of 1-(paracyanobenzyl)-EDTA is effectively quenched
only in the Eu’ complex, because the paracyanobenzyl fragment is less capable of being

oxidized compared to other substituents.
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Fig. 1.18. Left: ratio of the luminescence intensities of La**, Sm**, Eu**, Gd*', Tb*", Dy’* and
Yb*" complexes to the luminescence intensity of La** complex [9]. Abbreviations: CH;0-Bz-EDTA is
1-(paramethoxybenzyl)-EDTA, NC-Bz-EDTA is l-(paracyanobenzyl)-EDTA, Bz-EDTA is
1-benzyl-EDTA, and indol-EDTA is indole-CH,-EDTA. Right: structural formulae of the corresponding
ligands.

Phosphorescence spectra were also registered for Gd** and La** complexes with
indole-CH,-EDTA and NC-Bz-EDTA, and the phosphorescence lifetimes of indole and NC-Bz
substituents were obtained: for the Gd** complexes t = 3.0 and 1.1 s, respectively, and for
complexes La’* 1 = 6.2 and 3.4 s, respectively. In the case of Eu’*, Sm’", Dy’" and Tb*"
complexes, the phosphorescence was almost completely absent. In the Eu’" complexes, the
phosphorescence was quenched by PET. In the Sm’", Dy’ and Tb’" complexes, the
phosphorescence of aromatic groups was absent due to the efficient energy transfer, and, as a
result, the /~f luminescence was observed.

An important result of these observations concludes in taking into account the
possibility of PET occurring in Eu’’/Yb**-tryptophan pair when using Ln** complexes in
bioimaging, since tryptophan is a component of proteins.

The complexes of Yb*", Eu’" and other lanthanides with parvalbumin protein, in which
the places of two Ca*" were occupied by Ln**, were obtained in [71, 146]. Compared to the initial
parvalbumin protein and its complexes with other Ln*", the complexes of parvalbumin with Yb**
and Eu’" showed reduced tryptophan fluorescence (in 0.46 and 0.26 times, respectively) due to
the PET. Moreover, since the distance between the indole ring of tryptophan and Ln*" in the
investigated complex is 8—11 A, it can be concluded that a long-range electron transfer process

occurs in the Eu*"/Yb**-tryptophan pair.
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The authors also estimated the change in free Gibbs energy AG(PET) in complexes of

parvalbumin with Yb*" and Eu’" to be equal to —1.54 and —2.24 eV, respectively.

It is noteworthy in [71] that upon irradiation of complex of parvalbumin with Yb*" with
UV light (A,, = 290 nm), a relatively intense f-f luminescence of Yb*" (°F5,—?F;), A,,, = 977 nm)
was registered, but £~/ luminescence of the Eu’" complex was absent. W.D. Horrocks Jr. et al.
explained this difference by different ways of returning the Yb*'-tryptophan™ and
Eu**-tryptophan™ pairs to the ground states. The energy levels for PET participants are shown in
Fig. 1.19. In Yb**-tryptophan pair, the luminescent *Fs, term of Yb’* is located below the energy
level of Yb*-tryptophan™. Therefore, the disappearance of Yb*'-tryptophan™ state can lead
either to the appearance of luminescent Yb** ion or directly to the initial unexcited pair without
luminescence. And in case of Eu’'-tryptophan pair, the energy level of the Eu*'-tryptophan™ pair
is lower than the D, term of Eu®'. Therefore, the excited Eu** does not appear on the way to the

ground state and, hence, there is no f-f luminescence.
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Fig. 1.19. Energy levels for participants of the reaction Trp* + Ln** — Trp™ + Ln*" (Ln = Eu,
Yb). Abbreviations: Trp — tryptophan [71].

The sensitization of Yb*" luminescence through the Yb**-tryptophan™ state in [71]
attracted the attention of staff of Laboratory of Polynuclear Organometallic Compounds under
the direction of M.N. Bochkarev from Institute of Organometallic Chemistry, Russian Academy
of Sciences, to obtain efficient luminescence of Yb*" complexes and their electroluminescence in
OLEDs [73, 126]. Since the Yb*" ion emits light in the near IR region of the spectrum, where
biological tissues and liquids are relatively transparent [61], its complexes can also be used in
bioimaging. In the laboratory Yb(SSN); and Yb,(OSN), complexes, were SSN is
2-(2'-mercaptophenyl)benzothiazolate, and OSN is 2-(2’-mercaptophenyl)benzoxazolate, and
also Yb,(NpOON); and Yb,(NpSON), complexes, where NpOON is
3-(2-benzoxazol-2-yl)-2-naphtholate, and NpSON is 3-(2-benzothiazol-2-yl)-2-naphtholate, were
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synthesized [73, 126]. These complexes have a relatively intense Yb*" luminescence in solid

state, but they do not not show f-f luminescence in solution. However these four complexes
exhibit bright electroluminescence at 978 nm.

Another pair with the possibility of PET is the Ln**-amine pair, as the amines are strong
electron donors.

The PET from free diphenylamine (DPA) in the S,-state to Ln** in water, which resulted
in fluorescence quenching of DPA, was observed in [155]. In intermediate absorption spectra of
DPA in solution with added Eu’*, Sm** and Dy’’ ions, the absorption bands of the DPA
cation-radical were registered. Taking E°(DPA™/DPA) = 0.85 eV and E(DPA*) = 3.81 ¢V, the
change of AG(PET) for all ions Ln’" could be calculated. According to the calculations the Eu*",
Yb**, Sm**, Nd**, Dy*", Pr’* and Ho’" ions, arranged here in a row from more negative values of
AG to less, were theoretically capable to take part in the PET. The Er**, Tb*" and Gd*" have
positive values of AG in the PET. In the experiments, different observations have been made.
The bimolecular quenching constants obtained from Stern-Volmer dependencies for various Ln**
decreased in the row: Eu**, Yb*, Gd**, Pr’*, Tb**, Sm*", Dy**, Ho’*, Er’* and Nd**, and their
values are equal to 15.9, 13.9, 10.6, 8.7, 7.8, 6.5, 5.7, 4.4, 3.0 and 2.9x10° M's™!, respectively.
The authors have not given a clear explanation for this discrepancy, although in the case of Gd**
the luminescence quenching could be explained with help of the “heavy atom” effect. It should
be noted that almost no energy transfer from DPA (in S,-state) to Ln®" was observed in these
experiments.

It is important that DPA forms complexes with Ln** with low equilibrium constants in
the range of 0.8-2.8 M. These values were estimated from the change of absorption spectra of
DPA with increasing concentration of Ln*" in solution. This complexation was neglected in the
analysis of experimental results because of its insignificant contribution.

A similar electron transfer reaction from triphenylamine (NPh;) to excited Eu(Phen);**
in CH;CN, due to the decrease in QY of f-f luminescence, was observed in [169]. Also, using the
intermediate absorption spectroscopy, the appearance and subsequent disappearance of

absorption bands of triphenylamine cation-radical NPh;™" in the spectra were observed.

1.3.4. Lanthanide terephthalates metal-organic framework structures

Syntheses and luminescence of lanthanide terephthalates metal-organic framework

structures (MOF) of various Ln** ions (Eu’’, Sm*, Nd** and Pr’*) are described in [51].
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Terephthalates are often used as the linkers in luminescent MOF containing Ln*" as they absorb

intensively near UV light and sensitize effectively the luminescence of Ln’* [13, 49, 154].

Syntheses of heterometallic lanthanide terephthalates metal-organic framework
structures with various Ln’" ions take attention of chemists due to the opportunity to vary
luminescence intensity and color by varying the percentage content of each Ln*" ions. The first
heterometallic  MOF with the formula Gd,Eu,,bdc;;3DMF-H,0, where DMF is
N,N-dimethylformamide, and bdc is terephthalate (1,4-benzenedicarboxylate), was synthesized
in [111]. The addition of the second Gd*" ion, which is highly paramagnetic, in MOF could
increase the efficiency of intercombination conversion (S;,—T, conversion) in terephthalate
anion (“heavy atom” effect), that can result, according to the authors in [111], in more efficient
“antenna effect”.

Heterometallic MOF with three different Ln®*" ions: Gd*", Eu** and Tb*"
((Gd,«yEu,Tby),bdc;, where x + y < 1), according to the powder XRF data, have complex
composition: MOF with concentration of Eu’" ions less than 7 at. % consists of single crystalline
phase (1), and MOF with concentration of Eu’ ions 9 at. % consists of single two crystalline
phases (1) and (2) [112]. The phase (1) is isostructural to the phase [Eu,bdc;-2DMF-H,0]-DMF,
which was described previously by the authors in [111] and R. Decadt et al. in [51]. The
crystalline phase (2) is isostructural to the phase Eu,bdc;2JIM®A-2H,0.

The presence of two crystalline phases, in addition to XRF data, can be judged from the
luminescence spectra. As mentioned above, the luminescence spectrum of Eu*" ion has narrow
bands corresponding to the *Dy—’F; (J = 0—4) transitions. The fine structure of these bands
depends on the symmetry of the coordination environment of the ion. A detailed scheme for the
splitting of each band depending on the symmetry of the environment is compiled by A.
Sengupta et al. [141]. The °D,—F, transition is parity forbidden, but the prohibition is partially
canceled when Eu’" is placed in a low symmetry coordination environment without an inversion
center, for example: C,, C,,, and C, [104]. According to the luminescence spectra and the scheme
of A. Sengupta et al., the Eu’" environment of 8 atoms forms a distorted square antiprism
geometry with C,, or C, symmetry in phase (1), and the Eu’" environment of 9 atoms has the
distorted monocapped square antiprism geometry with C,, symmetry or lower in phase (2).

Metal-organic framework structures (Gd,sLn,s),bdc;-4H,0O, where Ln = Eu, Tb and
Sm, can be synthesized in the solid-phase mechanochemical reaction of Ln,(CO;);nH,O with
terephthalic acid [13]. The Eu*" and Tb** ions in these MOF emit with the luminescence lifetime
equal to 0.28 (°Dy—'F,) and 0.81 (°D,—’F;) ms, respectively. It indicates the presence of only
one crystalline phase. Sm*" emits with two luminescence lifetime equal to 0.006 and 0.062

(small contribution) ms (*Gs,—°H;),).
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Thus, we can conclude that heterometallic lanthanide terephthalates metal-organic

framework structures with various Ln’** ions could consists of one or two crystalline phases with
different number of solvent molecules (for example, H,O and/or DMF) coordinated to the central
Ln** ion. In addition to XRF, the presence of one or more phases can be established by analyzing
both the fine structure of narrow f-f bands of Eu’* with help of luminescence spectroscopy and,

also, the f~f decay luminescence kinetics.

Conclusions

All photophysical processes inside lanthanide complexes can be divided into two
groups: the processes associated with the ligand, which are shown in Yablonsky diagram, and the
processes associated with the lanthanide ion. The first group includes processes which are
characteristic of almost all organic molecules: radiative and nonradiative disappearance of
excited singlet and triplet states. The second group can include the transfer of electronic
excitation energy from the excited ligand to lanthanide ion with its subsequent luminescence.
The luminescence of the lanthanide ion can be quenched due to the energy transfer to vibrational
levels of the molecules, especially to OH bond of the water molecule, and also due to the energy
transfer (usually back) to the organic ligand.

Molecules of organic compounds can exhibit specific properties in solution and in solid
state. The derivatives of 1,8-naphthalimide, due to n-m interaction of two aromatic systems,
aggregate in highly polar or non-polar solvents, and derivatives of 1,10-phenanthroline form the
protonated forms at low pH. The ability of two 1,8-naphthalimides to take part in n-n interaction
has a practical application in synthesis of various metal-organic framework structures in which
two 1,8-naphthalimide fragments are structure-forming.

The Ln** ions, namely: Eu**, Yb*" and Sm**, can be reduced to Ln?" in the photoinduced
electron transfer process from surrounding molecules (ligand or free organic molecule) due to
either their own excitation energy or the energy of excited molecule. The possibility of such
electron transfer strongly depends on the properties of molecules, for example: the molecules
with indole fragment or aromatic amines (diphenylamine or triphenylamine) are more capable of
acting as electron donors. As a rule, the resulting Ln*'-cation-radical pair lives for a short time,
since Ln*" is a very strong reducing agent that results in the fast back electron transfer.
Experimentally, electron transfer can be observed as the quenching of both f-f luminescence of

the complex or fluorescence of the organic molecules. In addition, in some cases, the formation
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of the cation-radical can be detected using the transient spectroscopy method, provided that it has

strong absorption and is located far from Ln®" ions to avoid fast back electron transfer.
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CHAPTER 2. EXPERIMENTAL PART

2.1. Experimental technique u materials

The intermediate absorption spectra and decay kinetics of intermediate particles were
obtained using laser pulsed flash photolysis. The pulses of the third and fourth harmonics (355
and 266 nm, respectively) of a neodymium laser (YAG:Nd*") with a duration of 6-7 ns and an
energy of 4-30 mJ were used as a source of exciting radiation. Laser radiation was focused onto
a hole 2 mm in diameter (area 0.03 cm?), through which probing light from a xenon lamp was
passed. A current pulse (about 150 A) with a duration of about 1 ms is superimposed on this
lamp, burning in the standby arc mode, for the duration of the experiment, which increases the
intensity of the probing light by two orders of magnitude. The probing light after the laser pulse
passes through the monochromator and is converted into an electrical form by means of an
PMT-84, the signal from which is fed to a broadband amplifier. Then, using the ADC, the signal
of the probing light is subtracted from the signal of intermediate absorption, and then it enters the
computer. The sensitivity of the setup in terms of optical density is 5x10™, the spectral range is
280-800 nm, and the time resolution is 50 ns.

The energy of the laser pulse was measured using a Gentec-EO system (Canada) (a
SOLO-2 monitor and a pyroelectric measuring head QE25SP-H-MB).

The absorption spectra of the compounds were recorded using a Hewlett Packard HP
8354 spectrophotometer in quartz cuvettes.

Luminescence excitation and emission spectra were recorded with Edinburg
Instruments FLS920 fluorimeter with high sensitivity and high spectral resolution up to 0.05 nm.
The excitation light source in this fluorometer is a 450 W CW xenon arc lamp. It makes it
possible to excite the luminescence of samples under the irradiation of light with wavelengths in
the range of 230-1000 nm. To obtain luminescence kinetics at room temperature, laser diodes
(EPLEDs) were used at wavelengths of 280 and 320 nm with a pulse duration of 0.6 ns. To
register the emitted radiation, the fluorimeter is equipped with a PMT photon counter.

Thermogravimetric analysis was carried out using a TG 209 F1 Libra vacuum-tight
micro-thermal balance (Netzsch, Germany). Luminescence spectra of heterometallic
europium—lutetium terephthalates metal-organic framework structures based on mixed
complexes were recorded using a Fluorolog-3 fluorimeter (Horiba Jobin Yvon, Japan).
Luminescence decay kinetics were also obtained using a Fluorolog-3 fluorimeter, equipped with

a pulsed xenon lamp with a pulse duration of 3 ps.
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The absolute values of the luminescence quantum yields for metal-organic framework
structures were obtained using the Fluorolog-3 Quanta-phi attachment. To obtain relative
quantum yields of other chemical compounds in solution and in the solid state, anthracene was
used as a standard, the quantum yield of which is 0.28 in acetonitrile and 0.94 in solid state [50,

161]. To obtain luminescence quantum yields in aqueous solutions, the measured values were

1n
0 =1.079

Negen

multiplied by the correction factor , related with different refractive indices of

n . ... n i
water 120 and acetonitrile — CHsCN

2.2. Software

The ANALISYS software of the flash photolysis setup allows the obtained kinetic data
to be approximated by curves of the first and second orders, as well as by the sum of two
exponentials. To increase the signal-to-noise ratio, the digital accumulation of kinetics is
provided. The number of accumulated kinetics can be arbitrary. Usually the curve is the result of
5 to 20 accumulations. The resulting data were rewritten in ASCII format, which made it
possible to import and process them in various programs. The ORIGIN 7.5 program was used to
represent the obtained data in graphical form.

To fit the kinetic curves of changes in optical density, “SPARK” software (Software for
Photochemical kinetic Analysis using Runge-Kutta method with global optimization) developed
by Ph.D. A.V. Kolomeets. The program allows to solve a system of differential equations
corresponding to a given scheme of photochemical transformations with an unlimited number of
kinetic curves, as well as to automatically adjust dozens of input parameters (reaction rate
constants, absorption coefficients, and initial concentrations of intermediates) [7].

The luminescence kinetics were processed using the FAST software developed by
Edinburg Instruments. This program makes it possible to process the kinetics of luminescence
disappearance within the framework of a model of several (up to 4) first-order exponential

curves.
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2.3. Preparation of solutions and registration of spectra

N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl]ethyl}-1,8-naphth
alimide C,gH;5sN5Oy4-1.5CF;CO,H-0.5H,0 (NP), CyH;,NsO5Eu-1.25CF;CO,H-2.75H,0 (NP-Eu)
and C,3H3,NsO3Gd-2CF;CO,H-5.5H,0 (NP-Gd) complexes were synthesized and purified at the
Department of Chemistry at University of Sheffield under the guidance of Professor M.D. Ward.

Complexes LnPhen(i-Bu,PS,);, LnPhen(C,HgNCS,);, where Ln = Eu, Gd, and
Ln(PhenM),(NO;);, where Ln = Eu, Tb, Gd, tetrakis-complexes Et,N[Gd(i-Bu,PS,),] un
NH,[Gd(C,HgNCS,),] were synthesized by Yu.A. Bryleva in the Laboratory of Coordination
Compounds of Institute of Inorganic Chemistry, Siberian Branch of the Russian Academy of
Sciences under the guidance of Prof., Dr.Chem.Sc. S.V. Larionov and Ph.D. T.E. Kokina.

Heterometallic europium—lutetium terephthalates metal-organic framework structures
(MOFs) (Eu,Lu,.,),bdc;;nH,O were synthesized and characterized by V.G. Nosov under the
guidance of Associate Professor at the Department of Laser Chemistry and Laser Materials
Science at Institute of Chemistry of St. Petersburg State University, Dr.Chem.Sc. A.S.
Mereshchenko.

Distilled water and pure grade 0 acetonitrile were used as solvents for all compounds. If
necessary, the solutions were purged with argon for 15-20 minutes to remove oxygen.

Since we had special cuvettes with a wide thickness from 1 cm to 10 pm, this allowed
us to register the absorption and luminescence spectra in a wide concentration range from 107 to
102 M. That helped to observe the formation of aggregates (dimers) of NP and complexes

NP-Eu and NP-Gd at high concentrations and to evaluate the aggregation constants.

2.4. Calculation of the quantum yield and extinction coefficients of 1,10-phenanthroline in

triplet state

The quantum yield and extinction coefficients of 1,10-phenanthroline in triplet state
were obtained with the procedure given in [138, 139]. In this work anthracene is used as an
actinometer. Energy from 1,10-phenanthroline in the T,-state is transferred to anthracene,
according to the equation:

Phen' + Anthr — Phen + Anthr". (2.1)

Anthracene is a good energy acceptor in this reaction, since the energy of anthracene in

the T,-state is lower than one of Phen in the T,-state: 1.82 [47] vs. 2.34 eV [88]. The energy
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difference between Phen' and Anthr' facilitates only the forward energy transfer to take place,

and, in other words, there is no back energy transfer from Anthr’ to Phen (AE > 5kT (0.128 €V)).

An important point is that both substances absorb light at the excitation wavelength A,
= 266 nm in the mixed solution of Phen and anthracene in CH;CN. The extinction coefficients of
Phen and anthracene at 266 nm are equal to 25870 and 300 M'cm™, respectively. In the
experiment, the concentrations were as follows: C(Phen) = 1.8x10° M and C(Anthr) = 1.1x10*
M. This means that 1,10-phenanthroline and anthracene in the T,-states (Phen' and Anthr")
appear in the solution upon irradiation with a laser pulse at the initial moment at t = 0 ps (in the
microsecond time range) .

The T-T absorption spectrum of Phen and anthracene are shown in Fig. 2.1. Both
compounds in the T,-state have an absorption band with a maximum at 420 nm (Fig. 2.1(a)).
Anthracene has a narrower absorption band: the absorbance at 440 nm is 20 times less than at
420 nm. For 1,10-phenanthroline, on the contrary, the band is much wider: the absorbances at
420 and 440 nm are comparable in magnitude. Therefore, we recorded the kinetics of
intermediate absorption (T-T absorption) at two wavelengths of probing light: at 420 and 440

nm. An example of recorded kinetics is shown in Fig. 2.1(b).
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Fig. 2.1. (a) — T-T absorption spectra of 1,10-phenanthroline (Phen) and anthracene (Anthr) (4.,
= 266 nm); (b) — kinetics of T-T absorption of mixed solution. C(Phen) = 1.8x10° M and C(Anthr) =
1.1x10* M at 420 and 440 nm; (¢) — dependencies of T-T absorption amplitudes of Phen at 440 nm and
Anthr at 420 nm on laser pulse energy; (d) — dependencies of ratio of extinction coefficients of Anthr®

542{,(Antkrr)

T
(420 nm) and Phen" (440 nm) — Eqa0(Phen’) , on laser pulse energy.
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As above mentioned, after irradiation, the Phen' and Anthr' appear at t = 0 us in

solution. In this case, the recorded T-T absorption amplitudes at 420 and 440 nm are a
superposition of the absorption amplitudes of Phen" u Anthr’.

Assuming that the energy from Phen' is completely transferred to anthracene during the
time t = 2 ps with the formation of Anthr’, we can obtain the ratio of the extinction coefficients
of Anthr" (420 nm) and Phen' (440 nm). The thing required is the calculation of the separated
amplitudes of intermediate absorptions for Phen" and Anthr", taking into account the fractions of
absorbed light. The equation for the ratio of extinction coefficients of Anthr’ and Phen” could be

expressed as:

Epo(Anthr’™y A" (t =2 mes)— A" (¢ =0, calc.)

420 420

Eqo(Phen")  Adyg™ ™™ (1 =0)—Adyg" (1 =0,calc)

(2.2)

AA_AIJ::M'(I{ — 0, (:a."c.)

where ~420 is the calculated T-T absorption amplitude of anthracene at 420 nm at

time t = 0 ps; Aizg (£ =2 mes)

Mﬂ:}ww.inmr(r — 0)

is the T-T absorption amplitude of anthracene at 420 nm at time

t=2 us; is the initial T-T absorption amplitude of mixed solution at 440 nm

(t = 0 ps), which is a superposition of the T-T absorption amplitudes of Phen and anthracene;

AA‘-IH”H‘(I = 0 Ca.{C ) X . .
440 > */ is the calculated T-T absorption amplitude of anthracene at 440 nm at the

initial time.

420

f AA_tJmhr(t i 0, {,’ﬂf(,'.)

To obtain the value o , we build the dependence of T-T absorbance

Anthr o X
Adpy (1= 0)) on laser pulse energy for the solution of anthracene

amplitude of anthracene (
without adding Phen (Fig. 2.1(c)). After that, knowing the tangent of angle of this dependence

and the fraction of light absorbed by anthracene in the experiment, we obtain the value of

AA_AIJ:;!H‘(I i 0, Ca.’c.)

420

5420(Antkrr)
The dependence of ratio &0 (£hen ") on laser pulse energy is shown in Fig. 2.1(d). To
avoid inaccuracy due to the influence of parallel T-T annihilation process, the value of

&0 (Anthr™)

Eug(Phen’)  for calculating the extinction coefficient of Phen" (e440(Phen’)) should be taken on
ordinate axis. In our case it is equal to 8.11+0.26.

To calculate the quantum yield of Phen', in addition to the already constructed
dependence of the initial T-T absorption amplitude of anthracene (at 420 nm) on laser pulse

energy, it is necessary to plot the same dependence for Phen” (at 440 nm) (Fig. 2.1(c)). In this
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case, the solutions should have equal values of optical density at the excitation wavelength (266

nm). The ratio of slope tangents for the obtained straight lines can be expressed by equation:

1g(Phen')  &(Phen")-g(Phen")
tg(Anthr')  e(Anthr’)- p(Anthr")

(2.3)

where @(Phen”) and ¢(Anthr") are the QYs of Phen' and Anthr", respectively; e(Phen’) and

e(Anthr") are the extinction coefficients of Phen' and Anthr’, respectively. Taking the values of

o(Anthr") and @(Anthr"), given in literature (p(Anthr’) = 0.58 in ethanol [46] and e(Anthr’) =
‘5‘420(Antkrr)

45500 M"'cm™ [39]) and the ratio €as0 (P hen") , we could obtain &(Phen’) at 440 and 420 nm:

s0(Phen”) = 5600+200 M'cm™ and e,o(Phen’) = 5860+210 M 'cm™, respectively.

2.5. Calculation of the aggregation constant

NP and NP-Eu and NP-Gd complexes at high concentrations were suggested to form
aggregates (dimers) in solution. It is possible to write down the equilibrium for such an

aggregation: M + M = D, and to express the association formation constant by equation:

K= % , (2.4)
Denoting by C, the initial concentration of the compound before aggregation, we can write the
material balance equation: C, = [M] + 2[D]. Expressing [D] from here and substituting into the
equation for K, then we obtain the quadratic equation 2K[M]?* + [M] — C, = 0. Having solved it,

we obtain the expressions for the concentrations of free and aggregated molecules [M] and [D]:

M) -1+ /1+8KC, 2.5)

4K

[D]_c“l--,/usr{cﬂ
S P e

2 8K (2.6)

The ratio of these concentrations can be expressed as:

D5 4KC,

v ke, 1 27
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To determine the aggregation constant, we used the luminescence spectra of solutions

with different concentrations of the compound. So as bands of the monomer (maximum = 395
nm) and associate (maximum =~ 500 nm) in the luminescence spectra are well separated, the
luminescence intensities at 395 and 500 nm (I(395) and I(500), respectively) can be expressed

through the concentrations [M] and [D] as follows:
1(395) = Piosly = Puosly (1 -7 = 23051, A = 2305106 [ [M] =K, [M] (5 g)

1(500) = @501, = @50010(1_6_2'3%) = 2301 Ap = 2.305,1 6,/ [D] = k,[D] (2.9)

2

where I, and I, are the light intensities absorbed by the monomer and aggregate, relatively, ¢sos
and @5, are the effective luminescence quantum yields at 395 and 500 nm, respectively, I, is the
intensity of light incident on the cuvette, A and ¢ are the optical density and extinction
coefficient for the monomer or aggregate, / is the cell length. It is worth mentioning that the final
expressions are valid for [(395) and I(500) only at low optical densities Ay; and A (< 0.2).

1(500)

1(395)

The final dependence of the ratio on initial concentration C, of compound

before the aggregation can be expressed as:

1(500) (D) ( 4KC, ]
-~ =p| ——-1]| , (2.10)

1395) IM) | J1+8KC, -1

where ¢ is some constant.
Further, in data analysis software ORIGIN 7.5, a script is specified with two unknown
parameters ¢ and K, after which the program itself selects the parameters that optimally describe

1(500)

1(395)

the experimental dependence on C,.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1. Photoprocesses in NP, NP-Eu and NP-Gd

As already mentioned in the chapter “Literature review”, the europium complexes
exhibit bright /- luminescence. The extinction coefficients of lanthanide ions are very low (g <3
M cm™), and organic ligands in their complexes usually act as -/ luminescence sensitizers.

It is also seen from the literature review that the 1,8-naphthalimide fragment in various
compounds, as a rule, demonstrates short-lived luminescence in the blue region of spectrum from
the 'mn* state. Aggregation of 1,8-naphthalimide derivatives can lead to the formation of
excimers with luminescence bands lying in the longer wavelength region of spectrum compared
to the luminescence bands of free molecules.

The QY of intercombination conversion (S;—T,) of 1,8-naphthalimide is close to 1
(0.95) [41, 139]. 1,8-naphthalimide in the T,-state is a good sensitizer for luminescence of Eu**:
1) the energy of the T;-level is equal to 18500 cm™, the lower term of Eu®" °D, has the energy
17500 cm™ (AE < 2500-3500 cm™); 2) the phosphorescence spectrum of 1,8-naphthalimide
overlaps well with the luminescence spectrum of Eu** [107].

The structural formulae of investigated compounds: 1,8-naphthalimide
ligand/macrocycle (N-{2-[4,7,10-Tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecan-1-yl]ethyl}-1,8 -naphthalimide) (NP) and its complexes with Eu**
and Gd*', are given in Fig. 3.1. The macrocycle (1,4,7,10-tetraazacyclododecane-1,4,7-triacetic
acid (DO3A)) binds with lanthanide ions with very high stability constant (K > 10*° M) [128].
The synthesized substances NP, NP-Eu and NP-Gd have chemical formulae
C,sH3sNsO4°1.5CF;CO,H-0.5H,0, C,sH3,NsOgEu-1.25CF;CO,H-2.75H,0 and
CyH3,N:;O;Gd-2CF;CO,H-5,5H,0, respectively [142]. Acidification of solutions with
trifluoroacetic acid (pKa = 0.23) does not change the absorption and luminescence spectra and
luminescence kinetics of these compounds. The only influence of trifluoroacetic acid may be
related with DO3A macrocycle, because the macrocycle participates in acid-base equilibrium, as

described in [33].
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Fig. 3.1.Structural formulae of NP, NP-Eu and NP-Gd complexes.

The results of this chapter are published in [124].

3.1.1. Absorption and luminescence spectra of NP, NP-Eu and NP-Gd

The absorption spectra of the compounds at concentrations C < 10 M are similar to the
spectrum of 1,8-naphthalimide, which has four bands with maxima and extinction coefficients
(in brackets) — 214 (19100 M'cm™), 234 (49700 M'cm™), 332 (12500 M'cm™) and 344 (11700
M-'em™) nm [50].

A concentration increase of the compounds leads to small but noticeable changes in
absorption spectra (Fig. 3.2). High concentrations of compounds were achieved using
micrometer cuvettes. It is shown below that these changes in the spectra with increasing
concentration are caused by the aggregation of compounds due to m-m interaction of two

fragments of 1,8-naphthalimide from different molecules.
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Fig. 3.2. Absorption spectra of NP (a) and NP-Eu (b) in H,O. 1 —in cuvette / =1 cm, 2 — in
micrometer cuvette, 3 — calculated spectrum of the dimer. NP: 1 —C =9.4x10°M, 2 - C=1.8x102M (/
=54 um); NP-Eu: 1 - C=5.7x10"M, 2 - C=2.3x10> M (I = 25 um).

The luminescence spectra of NP and NP-Eu in solutions at different concentrations

from 5.7x10” to 2.3x10 are shown in Fig. 3.3. It can be seen from them that an increase in

concentration leads to the appearance of a new broad band with a maximum at 500-504 nm. At
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the same time, the intensity of the initial band of 1,8-naphthalimide fragment (maximum at

393-395 nm) decreases.
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Fig. 3.3. Luminescence spectra of NP (a) and NP-Eu (b) in water (4,, = 320 nm). C(O,) in
solution is normal. NP: 1-3 — C =9.4x107, 2.1x1073,1.8x102 M; cuvette lengths: 1 —/=1cm, 2 —-1=0.1
cm, 3 — /=54 ym. NP-Eu: 1-5 — C = 5.7x107, 1.1x107, 3.45x1073, 9.23x107 and 2.3x10? M; cuvette
lengths: 1 —/=1cm, 24 —[/=54 um, 5 — /=25 pum.

The luminescence QYs of NP, NP-Eu and NP-Gd are equal to 7.0, 12.5 and 12.4 %
(without O,). The QY of f~f luminescence of Eu’" is 7 % of the total QY of NP-Eu.

The fitting of the luminescence kinetics of the compounds in solutions with low and
high concentrations is carried out with triple exponential function (Fig. 3.4). The fitting
parameters are shown in Table 3.1. The luminescence decay times at the maxima at 393-395 nm
(Cootution = 10° M) and 500-504 nm (Cypion = 10 M) differ significantly. The luminescence
decay times at 500 nm are longer than the ones at 395 nm: the main times differ by more than 10

times (1.3 vs. 1517 ns).
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Fig. 3.4. Luminescence decay kinetics of NP in water (4,, = 320 nm). 1 — instrument response
function; 2 — kinetics 4,,, = 395 nm; 3 — kinetics 4., = 500 nm. 2 - C =9.4x10° M, /=1cm;3 - C =
1.75%10 M, [ = 54 um. Fitting parameters of the kinetics by triple exponential function are given in

Table 3.1.
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Table 3.1. The fitting parameters of luminescence kinetics of NP, NP-Eu and NP-Gd in

water by triple exponential function.

Compound | Cuvette | A/nm | 1,/ns | A,/ T,/ ns A,/ | 13/ns | Asty /
length % % %
[NP]

9.4x10° M 1cm 395 0.41 28.6 1.26 50.0 2.23 21.4
1.75x102 M 54 um 500 0.52 4.9 5.04 23.5 15.01 71.6

[NP-Eu]
1.0x10* M 1cm 395 0.28 28.3 1.34 55.5 2.27 16.2
2.2x102M 54 um 395 0.47 31.1 1.34 68.3 4.74 0.6
2.2x102 M 54 um 505 0.41 09 6.54 21.7 16.53 77.4

[NP-Gd]
1.1x10*M 1cm 393 0.34 28.5 1.28 38.0 2.24 33.5
7.9x10° M 54 um 393 0.45 18.6 1.57 72.7 2.58 8.7
7.9x10° M 54 um 504 0.35 1.5 5.91 19.1 17.2 79.5

The luminescence kinetics at 500-504 nm do not have a rising front (Fig. 3.4). From
this, a conclusion could be made about the aggregation of compounds in solution: the aggregated
molecules (dimers) emit light at 500-504 nm. As shown in the chapter “Literature review”, the
1,8-naphthalimide derivatives can form aggregated molecules in highly polar (for example, in
acetonitrile and water [44, 110]) or highly non-polar (in hexane [44]) solvents.

Based on the data on structure of MOFs containing 1,8-naphthalimide fragments, one
can assume the location of two aromatic planes relative to each other is head-to-tail
(antiparallel), and the distortion from this position is also possible [131, 132]. This distortion
may be a reason for several luminescence decay times in the results of fitting the luminescence
kinetics at 500-504 nm.

Assuming dimeric aggregation, it is possible to estimate the aggregation constant from
the dependence of the ratio of luminescence intensities at about 500-504 and 393-395 nm
(I(D)/I(M)) on initial concentration of compound. The intensity ratio can be expressed by the

equation:

1(500) _@ _ ( 4KC, _]J s (3.1

1395 IM) /| JI+8KC, -1

where ¢ is the constant (see “Experimental part”), K is the aggregation constant, and C, is the
initial concentration of compound.

In Fig. 3.5 a plot of ratio I(D)/I(M) versus initial concentration C, is presented: the dots
in graphs are the experimental data, and the curves are the fits according to equation 3.1 in
ORIGIN 7.5. The obtained parameters are equal to K =48 + 18 M and ¢ = 1.25 £ 0.32 for NP,
K=62=+11M"'and ¢ =1.03 £ 0.12 for NP-Eu, and K = 65 £+ 13 M and ¢ = 1.02 = 0.12 for
NP-Gd. The K values were used to calculate the absorption spectra of dimer NP and NP-Eu in
Fig. 3.2.
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Fig. 3.5. Dependence of ratio of luminescence intensities of aggregated and free molecules on
initial concentration of compounds in water. 1 — NP, 2 — NP-Eu, 3 — NP-Gd. The solid curves were

obtained in ORIGIN 7.5 program by fitting according to equation 3.1.

In Fig. 3.6 luminescence excitation spectra 4,, = 400 and 505 nm are shown. The band
in the range of 275425 nm in the excitation spectrum at 4,,, = 505 nm is wider than the band in
the excitation spectrum at 4,,, = 400 nm. The calculated absorption spectrum of dimer NP and

experimental absorption spectrum of monomer NP have the same difference.
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Fig. 3.6. Spectra of NP in water: 1 — luminescence emission spectrum (4,, = 320 nm); 2 —
luminescence excitation spectrum 4,,, =400 nm; 3 — luminescence excitation spectrum 4,,, = 505 nm; and

4 — absorption spectrum. C = 1.7x102 M, [/ = 54 um.

3.1.2. Spectra and Kinetics of triplet-triplet absorption and Kinetics of /-f luminescence

The standard scheme for excited organic molecules in the T,-state can be described by
three processes:
1) triplet-singlet intercombination conversion to the initial unexcited state: T; — S;

2) triplet-triplet annihilation: T, + T, — S, + S;;
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3) a molecule in the S;-state which appeared after triplet-triplet annihilation can again

pass into the T,-state in reaction S; — T;.

The T-T absorption spectrum of NP is shown in Fig.3.7(a). For all NP, NP-Eu and
NP-Gd compounds the shape of T-T absorption spectra is the same and corresponds to the
spectrum of 1,8-naphthalimide [29, 41, 137, 144]. Negative optical density (bleaching) in the
range of 300400 nm appears due to the difference of the extinction coefficients of
1,8-naphthalimide in the ground state and in the T -state.

Using the extinction coefficient of T-T absorption at 470 nm ¢ = 10* M'cm™ [137], the
QY of NP, NP-Eu and NP-Gd in the T,-state in water could be calculated to be equal to 6.3, 6.7
and 8.5%, respectively.
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Fig. 3.7. (a) — spectra of NP in water: 1 — experimental T-T absorption spectrum; 2 — inverted
absorption spectrum; 3 — calculated T-T absorption spectrum; (b) — T-T absorption decay kinetics of NP
in H,O at 470 nm; (c) — plot of dependence of T-T absorption decay rate constant (k) on initial
amplitude of T-T absorption (AA). 4,, =355 nm, /=1 cm.

The dependence of observed T-T absorption decay rate constant (k) on initial
amplitude of T-T absorption (AA) is shown in Fig. 3.7(c). The observed rate constant k,,, can be

expressed by equation:

2k,
k., =k +2k, xAC =k, + = xAA (3.2)
‘ ) &
where £, is the value of rate constant of process (1), which is determined by the cutoff along the
ordinate axis; k, is the bimolecular rate constant of T-T annihilation (process (2)). The value of &,
is included in the value for the tangent of slope angle together with extinction coefficient of

1,8-naphthalimide in the T,-state ¢ = 10* M"'em™ [139] and cuvette length / = 1 cm. The &, are



156
equal to (3.0 = 0.1)x10% (5.7 £ 0.2)x10* and (4.7 = 0.1)x10* s for NP, NP-Eu and NP-Gd,

respectively. The k, is equal to (2.2 £ 0.3)x10° M''s for NP-Eu.
The difference of k, for NP-Eu and NP-Gd is caused by the energy transfer to Eu*" ion,
in which the T,-state additionally disappears in NP-Eu. We can get the value of energy transfer

_ 1. NP-Eu _ NP-Gd
constant kir =k ki

, which is equal to 1x10*s™.

The T-T absorption decay kinetics and luminescence kinetics of Eu**ions are shown in
Fig. 3.8. The luminescence of Eu*" ions grows immediately after a laser pulse from a step on the
kinetic curve, so we can conclude that 1,8-naphthalimide in S,-state sensitizes the Eu’"
luminescence (S,—’D, energy transfer). The value of the initial step is quite high and

corresponds to the efficient energy transfer from S;-state. Then, during = 20 microseconds, the

luminescence intensity grows, while the T-T absorption rapidly disappears.
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Fig. 3.8. 1 — T-T absorption decay kinetics of NP-Eu in water at 470 nm, 2 — f-f luminescence
kinetics 4, = 613 nm. C = 1.1x10* M, /= 1 cm. The curves are calculated according to equations 3.3 and

3.4 with parameters from Table 3.2.

To simulate the experimental luminescence kinetics of Eu®* and kinetics of T-T
absorption, we used a program for solving differential equations (“SPARK?”, see “Experimental

part”). We have introduced two equations into it:

d[T, . L

Eitl] — 'k'['l [TE ] . Zkrlll_” [TI ]- _krli—> 13, [TI ] + km_l)“_”] [ Dn] , (33)
d jD' - 5 5 P

D). HKIT =k, DG 1=k D, (3.4)

dt
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where [T,] and [°D,] are the concentrations of 1,8-naphthalimide in the T,-state and Eu*" in °D,,

-'II|_"; Dy 5Du »Ti
respectively; e and = are the rate constants for forward and back energy transfer

between 1,8-naphthalimide and Eu’*, respectively;

k.
T and ™ are the decay rate constants for T, and °D, states, respectively;
T+

n 1is the rate constant of T-T annihilation; it corresponds to &, from equation 3.2.

5Du » T,
The rate constant ~ ¢* was introduced because of the small energy gap between the

T,-level of 1,8-naphthalimide (18500 cm™) and °D, of Eu*" (17500 cm™), that results in the back
energy transfer. The kinetics of T-T absorption of NP-Eu due to the back energy transfer do not
go to zero at times in the range of 100-250 us (Fig. 3.8).

The solid curves in Fig. 3.8 are the calculated kinetic curves with the parameters

presented in Table 3.2. The diagram of levels and processes in NP-Eu is shown in Fig. 3.9.
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Fig. 3.9. The diagram of levels and processes in NP-Eu. The abbreviations of the rate constants

of photophysical processes are given in the text.

Table 3.2. The parameters obtained by modeling the kinetics in Fig. 3.8 according to
equations 3.3 and 3.4.

[T.]

k kTPT] —.III_": Dy kiDu > T

/M [_ D“J /M T /S-l T /M-IS-1 ET /S'1 ET I /S'l ks Dy /S-l
7.5x<10° | 3.5x10° | 4.7x10* 2.2x10° 1x10* 3.0x10° 1.2x10°

Thus, the results on kinetics of f-f luminescence of complex NP-Eu show that a part of

energy is transferred to Eu’" ion due to the energy transfer from 1,8-naphthalimide in the S,-state,
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despite its short lifetime (the main time is 1.3 ns). Although, as a rule, it is assumed that the

energy transfer to the excited °D, term of Eu’" ion occurs from the T;-level of ligands.

3.2. Luminescence of europium and gadolinium complexes containing

1,1-dithiolates and 1,10-phenanthroline

In the previous section, the photophysical processes were described for Eu’* and Gd**
complexes with NP, in which the lanthanide ion coordinated in the macrocycle is located at a
distance of = 8 A from 1,8-naphthalimide. The photophysical properties of mixed LnPhen(L),
complexes, where Ln = Eu’" and Gd*', Phen is 1,10-phenanthroline, L is dithiocarbamate
(C,HgNCS, is pyrrolidine dithiocarbamate) or dithiophosphinate (i-Bu,PS,” is diisobutyl
dithiophosphinate) (Fig. 3.10). For brevity, dithiocarbamate and dithiophosphinate are referred to
as 1,1-dithiolates.

"

R8N _
P S e =

Fig. 3.10. Structure of the complexes: tris-(diisobutyl dithiophosphinate)(1,10-phenanthroline)
lanthanide LnPhen(i-Bu,PS,); and tris-(pyrrolidine dithicarbamate)(1,10-phenanthroline) lanthanide
LnPhen(C,HsNCS,); [34, 90].

The bright f£f luminescence of simple Eu’* complexes with one or two
1,10-phenanthroline molecules is well known in literature [80, 95, 106, 115, 128]. For example,
the Eu(Phen),(NO;); complex luminesces in solution with QY = 0.21 [115]. However, mixed
LnPhen(L); complexes, where L is 1,1-dithiolate, exhibit very weak f-f luminescence [63, 136].
The main reason for quenching of Eu’" luminescence in these complexes is the depopulation of
excited °D, level to LMCT state [63]. However, this does not explain the weak f-f luminescence
of the Tb*" complex so as TbPhen(L); complexes do not have LMCT excited states. For
comparison, the complexes of Tb** with 1,10-phenanthroline luminesce with QY = 0.15 in water

and acetonitrile [129]. The reason for the weak luminescence of such mixed complexes is
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assumed to be the energy transfer from the excited Phen in the T,-state to L [136]. That inhibits

the “antenna effect”.

This part of the chapter describes photoprocesses in mixed LnPhen(L); complexes,
where Ln = Eu, Gd and L is 1,1-dithiolate, in solution (in acetonitrile) and in solid state [94]. The
main task was to find another possible reason for the weak f-f luminescence. To do this we
additionally analyzed the intermediate absorption spectra of free Phen in solutions with addition
of (i-Bu),PS,Na and C,HgNCS,NH, salts obtained in nanosecond laser flash-photolysis

experiments.

3.2.1. Absorption and luminescence of the complexes

The absorption spectra of free Phen, (i-Bu),PS;,Na and C,H3NCS,NH, salts,
EuPhen(i-Bu,PS,);, EuPhen(C,HgNCS,);, GdPhen(i-Bu,PS,); and GdPhen(C,HgNCS,); in
CH;CN are shown in Fig. 3.11. The absorption spectra of EuPhen(i-Bu,PS,); and
EuPhen(C,H¢NCS,);, complexes, in contrast to the Gd** complexes, have a broad LMCT charge
transfer band from 1,1-dithiolates to Eu’* in the range of 350-550 nm with extinction coefficients
g < 500 M'cm™. In LnPhen(L); complexes, both ligands Phen and L absorb light in the UV
region of the spectrum. In the absorption spectrum of EuPhen(i-Bu,PS,);, the contribution from
absorption of three dithiophosphinate anions is smaller than the one of coordinated Phen. In the
absorption spectrum of EuPhen(C,HsNCS,);, the contribution from absorption of

dithiocarbamates is approximately two times greater than the one of coordinated Phen.

W

50 400 450 500 550 600
Wavelength / nm

e=10° /M =cm’

200 250 360 350 400
Wavelength / nm

Fig. 3.11. Absorption spectra of Phen (1), (i-Bu),PS,Na (2), C,HsNCS,NH, (3), EuPhen(NO;);
(4), EuPhen((i-Bu),PS,); (5), EuPhen(C,HgNCS,); (6), GdPhen((i-Bu),PS,); (7) and GdPhen(C,HNCS,);
(8) in CH;CN. The absorption spectrum of EuPhen(NO;); was obtained by adding the salt
Eu(NO;);-6H,0 to solution of 1,10-phenanthroline in a molar ratio of 1:1.
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The luminescence spectrum of EuPhen((i-Bu),PS,); is shown in Fig. 3.12. The spectrum

of EuPhen(C,HgNCS,), is absent due to the absence of detectable radiation. For comparison,
EuPhen(NO;); and free Phen luminesce with quantum yields QY = 0.086 (f-f luminescence) and
0.0028, respectively. The luminescence QY of EuPhen((i-Bu),PS,); complex is less than 4x10,
which is more than 200 times less than QY of EuPhen(NO;);. Thus, both EuPhenl; complexes

practically do not emit.
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Fig. 3.12. Luminescence spectra of EuPhen((i-Bu),PS,); (1), Phen (2) and EuPhen(NO;); (3) in
CH;CN (A, = 266 nm). Also, the duplicated spectra (1) and (2), enlarged by 500 and 20 times,

respectively, are shown.

The photos, showing the disappearance of Eu*" luminescence upon gradual addition of

(i-Bu),PS;Na to the solution of EuPhen(NO;);, are presented in In Fig. 3.13.

. .
-

Fig. 3.13. Photos of a cuvette with EuPhen(NO;); in CH;CN under UV irradiation with gradual

addition of (i-Bu),PS,Na salt. The EuPhen((i-Bu),PS,); complex is forming, and f-f luminescence

disappears.

Phosphorescence ~ spectra  of  tetrakis-complexes  Et,N[Gd(i-Bu,PS,),] and
NH,[Gd(C,HgNCS,),], complexes GdPhen(i-Bu,PS,); and GdPhen(C,HgNCS,); were also
recorded in frozen ethanol solution to estimate the energies of phosphorescent T,-levels of

coordinated Phen, i-Bu,PS,” and C,;H{NCS, [3]. The values were obtained: E{(C,HgNCS,) =
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23336 cm™ (NH,[Gd(C,HgNCS,),]), E+(i-Bu,PS,) = 23506 cm™ (Et,N[Gd(i-Bu,PS,),]), E+(Phen)

= 22088 cm’ (GdPhen(i-Bu,PS,);) or Er(Phen) = 21740 ¢cm™” (GdPhen(C,HgNCS,);). The
energies Er(Et,NCS,) = 23095 cm™ and E(Phen) = 22222 ¢cm™ in GdPhen(Et,NCS,), are given
in [136].

3.2.2. Nanosecond laser flash-photolysis of the complexes

For solutions of EuPhen(L); complexes, when they were irradiated with a laser pulse
(266 nm, duration 5 ns), we did not observe the appearance of intermediate absorption in the
probing range of 300-700 nm.

The T-T absorption spectrum and T-T absorption kinetics of EuPhen(NO;); in CH;CN
are shown in Fig. 3.14. In addition, the kinetics of rising of Eu’* luminescence at 615 nm,
corresponding to the energy transfer from excited coordinated Phen, are shown in Fig. 3.14. The
luminescence rise time Eu’" ion is equal to 1.9+0.1 mcs, and the luminescence decay time of

Eu** ion is equal to 0.6 ms.
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Fig. 3.14. (a) — T-T absorption spectrum of EuPhen(NOs); in CH;CN. (b): 1 — T-T absorption

kinetics at 420 nm, 2 — luminescence kinetics of Eu** at 615 nm. C = 1.9x10° M (4,, = 266 nm).

The reason for the absence of intermediate absorption in LnPhen(i-Bu,PS,); and
LnPhen(C,HgNCS,); complexes is the proximity of 1,1-dithiolates and Phen. According to [136],
this results in a T-T energy transfer from Phen to 1,1-dithiolate. We assumed that the absence of
luminescence and intermediate absorption in these complexes may have another reason. To find
it, we have analyzed the intermediate absorption spectra of the solution of free Phen with
addition of (i-Bu),PS,Na and C,H{NCS,NH,, obtained in experiments on nanosecond laser

flash-photolysis, and literature data.
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3.2.3. Nanosecond laser flash-photolysis of Phen in solution with 1,1-dithiolates

In experiments on pulsed laser flash-photolysis, the intense band appears in the T-T
absorption spectrum with a maximum at 420 nm (Fig. 3.15). The inset in Fig. 3.15 also shows
the dependence of observed rate constant of T-T absorption decay (k) on initial amplitude of
T-T absorption at 420 nm (AA). This dependence, taking into account the T-T annihilation

reaction, can be expressed by linear function:

2
k, =k +2k xAC=k + "; CAA (3.5)
&
2k
2 =8.6x10°s™
where &, = 3.8x10* s is the first order rate constant, and &l is the tangent of

slope angle, in which £, is the bimolecular rate constant of T-T annihilation, € is the extinction
coefficient of Phen in the T,-state at 420 nm, / is the cuvette length. The € and QY of Phenin the
T,-state were determined from experiments on energy transfer from Phen in the T;-state to
anthracene so as the energy of anthracene in the T -state is lower than one of Phen (1.82 [47] vs.
2.34 eV [88]) (see “Experimental part”). Assuming that the energy from Phen in the T)-state is
completely transferred to anthracene and using the extinction coefficient of anthracene in the
T,-state at 420 nm (45500 M'cm™ [39]) with a quantum yield (0.58 [46]), we obtained for Phen
in the T,-state the values: ¢ = 5900 = 200 M 'cm™ at 420 nm and QY = 0.76. Taking these

values, we can estimate the value of T-T annihilation rate constant, that is equal to k, = 2.5x10°

M—ls—l

k+10* /8™

300 400 500 800 700
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Fig. 3.15. T-T absorption spectrum of Phen (C = 2x10° M) in CH,CN (4., = 266 nm). Inset:
dependence of the observed rate constant of the T-T absorption decay on initial amplitude of T-T

absorption at 420 nm.

The intermediate absorption spectra of the solution, containing Phen and (i-Bu),PS,Na
salt, are shown in Fig. 3.16. It can be seen from them that the disappearance of T-T absorption of

Phen is accompanied by the appearance of several new absorption bands in the region of
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350-450 and 550-700 nm. In this case, the initial T-T absorption band with a maximum at 420

nm disappears faster than without (i-Bu),PS,Na salt.
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Fig. 3.16. (a) — intermediate absorption spectra of solution of Phen (C = 2.4x10° M) and
(i-Bu),PS,Na (C = 2.6x10* M) in CH,CN. 1-5 are the spectra at 0, 0.4, 0.8, 1.2, 2.0 mcs after laser pulse,
6 is the spectrum of anion-radical Phen™ [83], 7 is the absorption spectrum of (i-Bu),PS," radical [122].
(b) — kinetics at 420 (1) and 640 (2) nm.

Based on literature data, we can assume the process of electron transfer from
(i-Bu),PS,” to Phen in the T,-state (Phen") in solution:

Phen" + (i-Bu),PS,” — Phen™ + (i-Bu),PS,". (3.6)

The absorption spectrum of anion-radical Phen" is given in [83, 153]. It has three bands
with maxima at 380 (¢ = 8142 M'cm™), 590 and 643 nm (Fig. 3.16). These band maxima
coincide with the band maxima in experimental intermediate spectra (388, 593 and 646 nm). The
experimental spectra are a superposition of the spectra of Phen in the T,;-state, anion-radical
Phen™ and radical i-Bu,PS,". The latest one has a broad band with a maximum at 590 nm [121,
122].

Similar intermediate absorption spectra were also recorded for solution of Phen with the
addition of C,;H{NCS,NH, salt. For the electron transfer from C,H;NCS, to Phenin the T,-state
(Phen'), we can write the equation:

Phen” + C,H{NCS,” — Phen” + C,HgNCS,. (3.7)

The maxima of the absorption bands of (i-Bu),PS,, C,HsNCS," and Phen™ are far
enough away from the maximum of the T-T absorption band of Phen. Therefore, from the
dependence of observed rate constant of T-T absorption decay (k) on initial amplitude of T-T
absorption (AA) in solutions with different concentrations of 1,1-dithiolate we can get
bimolecular rate constants of disappearance of Phenin the T,-state in reaction with 1,1-dithiolate
anions. The dependence of k., on concentration of 1,1-dithiolate can be expressed by linear

function:
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=k +% xAA+k,.,xC
8 2

kﬂhs

(3.8)

where C is the concentration of added 1,1-dithiolate, and %,,,,,; is the bimolecular rate constant of
disappearance of Phen in the T,-state in reaction with 1,1-dithiolate. The remaining parameters
are taken from equation 3.5.

From the value of the slope tangent of dependence of observed rate constant k., taken
on cutoff along the ordinate axis, on concentration of 1,1-dithiolate in Fig. 3.17, the bimolecular
constants ky;,, of disappearance of Phen in the T,-state in reaction with (i-Bu),PS,Na and
C,H{NCS,NH, were evaluated. They are equal to (7.9£0.3)x10* M's™! and (3.6+0.3)x10° M"'s!,

respectively.
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Fig. 3.17. (a) — the dependence of observed rate constant of T-T absorption decay (k) on initial

amplitude of T-T absorption (AA) in solutions with different concentrations of (i-Bu),PS,Na in CH;CN.

C(Phen) = 2.4x10”° M, 1-5 — C((i-Bu),PS,Na) = 0, 3.7, 7.4, 10.2, 18.6x10° M. (b) — the dependence of

observed constant £, taken on cutoff along the ordinate axis, on concentration of (i-Bu),PS,Na.

The change of free energy AG, for electron transfer can be calculated from the
equation:

AG, =e(E" —E"

“ox “red

)y-E, (3.9)

il

1]
where E.x and Eea are standard redox potentials for 1,1-dithiolate/1,1-dithiolate radical (0.30
V vs. SHE for H,NCS, in DMSO [99]) and Phen"/Phen (-2.18 V vs. SCE [88, 92] or —1.94 V
vs. SHE [159]), respectively; e is the elemental charge; £, is the energy of Phen in the T,-state

(2.34 eV [88]). Thus, AG, can be estimated as —0.1 eV. The negative value of AG, indicates
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that the electron transfer is thermodynamically possible with bimolecular rate constant (ky;m),

which is close to the diffusion-controlled limit.
For 1,1-dithiophosphinate the oxidation potential is also given in the literature (0.39 V
vs. SHE in CH,Cl, or 0.15 V vs. SHE) [102]. Substituting this value into equation 3.9, we obtain

AG, — _p25eV.

What does happen with the formed radicals Phen™, (i-Bu),PS," and C,HgNCS," in
solution?

Significant changes were not observed in the absorption spectra of solution of Phen with
1,1-dithiolates during photolysis. This means that in the course of the experiment, new
compounds in solution are not formed in sufficient quantities to be detected using optical
spectroscopy. According to [99, 121], two 1,1-dithiolate radicals can bind with each other to
form a disulfide (S-S bond). For example, two (i-Bu),PS," radicals, formed during the photolysis
of such disulfide, recombine with a bimolecular constant k;,,,, = 7.4x10° M 's”' [121]. M. Lieder
showed in [99] that the disulfides, capturing an electron, form radical anions, which immediately
decompose into the radical and anion of 1,I-dithiolate: L, — L" + L~ (in our case, L is
C,HgNCS, or (i-Bu),PS,). The anion-radical Phen™ could serve as a source of an electron in
solution. Thus, the compounds, having gone through a chain of transformations, return to their
original states, according to the scheme in Fig. 3.18. Similar reactions between excited organic
molecules or their metal complexes with 1,1-dithiolates in solution were previously studied only

in a series of works by A. Deronzier et al. [52-54].
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Fig. 3.18. Scheme of photophysical and photochemical transformations of Phen and (i-Bu),PS,~

in solution.

It is worth noting that studies on photolysis of dithiocarbamates have shown that they
undergo decomposition into unidentified products due to the breaking of C-S and C-N bonds [48,
109]. In [109], the quantum yield of photolysis of Et,NCS,Na in CH;CN was estimated as 0.17

from the decrease of band at 330 nm in the absorption spectrum (A,, = 265 nm).
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3.2.4. Explanation of the absence of luminescence

The very fast electron transfer from coordinated 1,1-dithiolate to coordinated
1,10-phenanthroline can also be the reason for the absence of f-f luminescence and T-T
absorption of LnPhen(L); complexes. In this case, the absence of intermediate absorption of
coordinated Phen™ and L’ in the experiments on laser pulsed flash-photolysis indicates the back
electron transfer in time shorter than the duration of the laser pulse (5-10 ns):

(Phen™)Ln(L")L,—(Phen)LnL,. (3.10)

Thus, in addition to the energy transfer from T,-level of coordinated 1,1-dithiolate to
T,-level of coordinated Phen, which was mentioned in the literature review, we suggest that
photoinduced forward and dark back electron transfers occur in LnPhen(L); complexes.

The formation of coordinated radicals Phen™ and L' is described in literature. The
coordinated radical Et,NCS," is formed upon light irradiation of Cu(II)(Et,NCS,), complex in
the LMCT band that results in the reduction of Cu(ll) to Cu(l) [123]. The
Mo(diphos)(CO)(NO)(dtc) complex, where diphos is 1,2-bis(diphenylphosphino)ethane, and dtc
is dimethyldithiocarbamate, has a charge transfer band in absorption spectrum in the visible
region, which the authors have attributed to LLCT from coordinated dtc to NO [93]. The
anion-radical Phen™ can appear as a result of photoinduced MLCT process, for example: in the
complexes W(CO),Phen [100] and [Os(Phen)(py).](PF¢), (py is pyridine) [153], or as a result of
electron transfer from a molecule capable of acting as an electron donor [56, 57]. D. Dey et al.
observed electron transfer in [Cu(Htyr)(Phen)]" complex, where Htyr is L-tyrosinato, in which
the phenolic fragment is an electron donor for coordinated Phen in the T,-state [57].

Thus, based on the results of laser flash-photolysis experiment of Phen in solution with
addition of (i-Bu),PS,Na and C,HgNCS,NH, salts and the literature data on the coordinated
radicals, it can be concluded that the absence of intense f~f luminescence and T-T absorption of
LnPhen(Et,NCS,); and LnPhen(i-Bu,PS,); complexes may also be associated with fast
photoinduced forward and dark back electron transfer between coordinated 1,10-phenanthroline

and 1,1-dithiolate.
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3.3. Luminescence of Ln(PhenM),(NQO;); (Ln = Eu, Tb and Gd) complexes in solid state and

acetonitrile. Specific hydrolysis of these complexes in acetonitrile

The Eu(PhenM),(NO;); and Tb(PhenM),(NO;); complexes, where PhenM is a
derivative of 1,10-phenanthroline with (—)-menthol attached to the C2 position, in solid state
exhibit standard f-f luminescence with quantum yields and luminescence lifetimes given in Table
3.3. The Gd(PhenM),(NOs); complex, unlike the other complexes, shows fluorescence of
coordinated PhenM [95].

The absorption and luminescence spectra of Eu(PhenM),(NO;); in CH;CN at different
concentrations are shown in Fig. 3.19 [125]. The absorption spectra of the solutions with

different concentrations differ in shape of the bands.
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Fig. 3.19. Absorption (a) and luminescence (b) spectra of Eu(PhenM),(NOs); complex in
CH,CN with initial concentrations (along the arrow): 5.1, 2.7, 1.0, 0.72x10° M. Cuvette length /=1 cm
(Aex =266 nm).

The luminescence spectra of these solutions are complex. Three characteristic ranges of
spectrum can be distinguished in them:

1) the bands in the range of 350—420 nm, belonging to free PhenM;

2) a broad band in the range of 400—580 nm with a maximum at 480 nm,;

3) the narrow f-f bands of Eu*" ion in the range from 580 to 720 nm.

As the concentration of the complex increases, the relative intensity of f~f bands also
increases, which is associated with the formation of Eu(PhenM),(NO;); complex itself. We can
conclude that the Eu(PhenM),(NO;); complex dissociates in solution. However, the problem is

the identification of the band in the range of 400—580 nm.
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The excitation spectra of Eu(PhenM),(NO;); in CH;CN at 4,,, = 372, 480 and 617 nm
are shown in Fig. 3.20. The excitation spectrum at 372 nm belongs to free PhenM. The spectrum
at A, = 617 nm coincides in shape with the absorption spectrum of Eu(PhenM),(NO;); in
solution with a higher concentration (Cgyyion = 10 M) and belongs to PhenM coordinated to Eu**
ion.

The fitting the luminescence kinetics at 372 and 480 nm in Fig. 3.20 by a single
exponential function shows that the luminescence decay time at 480 nm is almost 15 times

greater than one of free PhenM at 372 nm (38.2 vs. 2.54 ns).
10
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Fig. 3.20. (a) — luminescence excitation spectra of Eu(PhenM),(NO;); in CH;CN: 1 - 4,,, =372
nm; 2 — 4, = 480 nm; 3 — 4,, = 617 nm. Inset: excitation spectra in the range of 300-400 nm. (b) —
luminescence kinetics of Eu(PhenM),(NO;); in CH;CN (4,, = 280 nm): 1 — instrument response function;

2 — kinetics 4,,, = 372 nm; 3 — kinetics 4,,, = 480 nm.

We also titrated the solution of PhenM with the solution of Eu(NO;);-6H,0 (Fig. 3.21).
In absorption spectra upon addition of Eu(NO;);, a bathochromic shift of a maximum of
absorption band occurs from 274 to 291 nm with two isosbestic points at 238 and 279 nm. In
luminescence spectra upon addition of Eu(NOs;),, the intensity of the band at 480 nm increases,
which is also clearly seen from the titration curve in Fig. 3.21(c). At the same time the intensity
of f-f luminescence bands, belonging to Eu(PhenM),(NO;);, first increases and then gradually

decreases.
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Fig. 3.21. Changes in absorption (a) and luminescence (b) spectra upon titration of PhenM with
the solution of Eu(NOs;); in CH;CN; cuvette length /=1 cm (4,, = 279 nm). (¢) — changes in luminescence
intensities 4,,, = 372, 480 and 617 nm upon titration. C(Eu(NO;);)/C(PhenM) = 0, 0.3, 0.6, 0.9, 1.5,2.2,
3.1,4.0,5.5. C(PhenM) = 2.34x10”° M. C(O,) is normal in solutions.

The spectroscopic data on the protonated forms of 1,10-phenanthroline and its
derivatives in solutions are given in literature review. Their protonation usually occurs in molar
ratio 1:1: Phen + H" = PhenH". For 1,10-phenanthrolines substituted in C2 position (Fig. 1.11),
the H" binds with one of two nitrogen atoms, depending on the nature of the substituent.

We also titrated PhenM with the solution of sulfuric acid (Fig. 3.22). The bands in
absorption and luminescence spectra shift into the longer wavelength region upon addition of the
acid that is characteristic of the protonated forms of 1,10-phenanthroline derivatives. It can be
seen from the titration curves that protonation occurs according to the reaction:

PhenM + H,SO, = PhenMH" + HSO,. (3.11)
The second proton from HSO, is not split off, since the ionizing ability of CH;CN

ensures complete dissociation of H,SO, only in the first step, like as DMSO in [2].
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Fig. 3.22. Changes in absorption (a) and luminescence (b) spectra upon titration of PhenM with
the solution of sulfuric acid in CH;CN (4., = 279 nm). C(H,SO,)/C(PhenM) = 0, 0.14, 0.43, 0.72, 1.0.
C(PhenM) = 4.8x10”° M, cuvette length / = 1 cm. Inserts: titration curves; the changes in absorbance at

291 nm (a) and luminescence intensity at 480 nm (b).
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The maximum and shape of the band in luminescence spectrum of PhenMH" coincide

with the maximum and shape of the band of unknown compound in luminescence spectrum of
solution of Eu(PhenM),(NO;); in the range of 400-580 nm. The luminescence lifetime of
PhenMH" is equal to 38.2 ns, and it also coincide with the luminescence lifetime of unknown
compound.

Thus, we can conclude that the dissociation of Eu(PhenM),(NOs;); in CH;CN goes along
with its hydrolysis:

Eu(PhenM),(NO,); + H,O — Eu(OH)(NOs); + PhenMH" + PhenM. (3.12)

Table 3.3. Quantum yields (QY), wavelengths of detection of kinetics (A,,),
luminescence lifetimes (t,, 1,, T;) of compounds PhenM, Ln(PhenM),(NOs); (Ln = Eu, Tb and
Gd) and protonated form PhenMH". /., =270 nm.

Ao /| At/ AT,/ Asty/
Compound State QY m T (1%1 T, (2%2 T 3%3
CH,CN | 0059 | 372 | 2.54ns | 100 - ; - ;
PhenM -
solid 0.22 394 2.45ns 100 - -
PhenMH" CH,CN | 034 | 480 | 382ns | 100 - - - -
(PhenM + H,S0,)”
CH,CN | 019 | 617 | 1715 100 - } - }
Eu(PhenM),(NO;),? ——= i
solid | 087 | 617 | 5lus 05 | 425us | 103 | 1750 s | 892
CH,CN | @ | 544 | 162ps 100 ; - - -
Tb(PhenM),(NO
(PhenM:MNOs)s = Chid | 0.09 | 545 | 180ps | 69 | 93 s | 288 | 53.6ps | 643
Gd(PhenM),(NO,); | solid | 009 | 384 | 020ns | 967 |232ns| 12 | 205us | 2.1

@Solution C(H,SO,4)/C(PhenM) = 1; @luminescence appears with times of 1.2 ps in solid state and 1.5 us

in solution; @the measurement of the QY was not carried out.

The formation of hydroxo complexes of Eu*" with composition Eu(OH),*" in aqueous
medium at pH > 6 is a well-described process [8, 32, 150]. At 6 < pH < 8, the hydroxo
complexes Eu(OH)*" and Eu(OH)," coexist in aqueous solution. At pH > 8, the Eu(OH),
hydroxide is the major form. In [68], using "H NMR spectroscopy, the coordination of OH™ group
to Nd** ion in THF was observed upon addition of H,O to the solution of Nd** complex in molar
ratio of complex Nd*:H,0 = 1:1.

The Tb(PhenM),(NO;); and Gd(PhenM),(NO;); complexes, like Eu(PhenM),(NO;),
complex, also dissociate at low concentrations (Cyyion = 10° M) and undergo hydrolysis with
formation of PhenMH" [125]. It is important to note that complexes of lanthanides with
unsubstituted Phen do not undergo such hydrolysis in CH;CN [94].

Thus, the Eu(PhenM),(NO;);, Tb(PhenM),(NOs); and Gd(PhenM),(NO;); complexes in
CH,CN at low concentrations (Cguion = 10° M) undergo dissociation and hydrolysis with
formation of the protonated form PhenMH®. At higher concentrations (Cyyion > 10 M), the

complexes with molar ratio Ln*":PhenM = 1:2 are formed.
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3.4. Luminescence of heterometallic europium—lutetium terephthalates metal-organic

framework structures

The heterometallic europium—lutetium terephthalates metal-organic framework
structures (MOF) (Eu,Lu,.,),bdc;:-nH,O (x = 0—-1, n = 0 and 4), where bdc is terephthalate, are
synthesized in aqueous solution according to the method described in [113]. At concentration
Eu** 1-40 at. % of the maximum possible lanthanide concentration the MOF consists of two
crystalline phases (Eu,Lu,,),bdc; and (Eu,Lu,,),bdc;-4H,0. At higher concentration of Eu*" (>
40 at. %) only one crystalline phase is identified in MOF - (Eu,Lu,_,),bdc;4H,0 (Fig. 3.23)
[113].

100 =
\ ._,_n—"‘_— Ln,(1,4-bdc)y-4H,0

80-\
2 601+
;‘240- \

\

20-

0 -a..ﬁ,___‘_hhﬂ_‘_ﬂ Ln.{1.4-bdc)

0 20 40 60 80 100
1(Eu), %

Fig. 3.23. The molar fraction of crystalline phases (Eu,Lu,.,),bdc; and (Eu,Lu,.,),bdc;-4H,0 in
heterometallic europium-lutetium terephthalates as a function of Eu** concentration. The graph is plotted

based on thermogravimetric analysis data.

Terephthalate in the excited T,-state is a good luminescence sensitizer for Eu*" ion: the
energy of T,-level is equal to 20000 cm™, and Eu®* ion has two lower excited terms °D, with
ECD,) = 19000 cm™ and °D, with ECD,) = 17500 cm™ (AE < 2500-3500 cm™) [40, 145]. The
lowest excited energy level of Lu** is located very high (E = 80000 cm™) [58] and the excited
terephthalate anion can not sensitize the /~/ luminescence of Lu*".

All the synthesized MOFs show f-f luminescence of Eu’" under light excitation at 4,, =
280 nm (Fig. 3.24). The fine structure of the bands corresponding to Dy—'F; (J = 0-4)
transitions is strongly dependent on the Eu®* concentration (Fig. 3.25). At concentrations of Eu**
> 6 % the main crystallic phase in MOF is (Eu,Lu,_),bdc;-4H,0, and the fine structure of the
luminescence bands coincides with the one of Eu,bdc;-4H,0 [91]. The maxima of these narrow
emission bands of Eu’" are equal to 577.6 (°Dy—’F,), 587.9 and 591.5 (°D,—’F,), 614.0
(’Dy—"F,), 649.0 °D,—F;) and 697.0 (°D,—’F,) nm. At lower Eu** concentration 2 u 4 %, at
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which non-aqueous crystalline phase (Eu,Lu,.,),bdc; dominates in MOF. Its fine structure is
different, and the maxima of the bands are: 577.2 and 577.6 (°Dy—"F,) nm; 585.9, 588.4 and
595.6 °D,—’F,) nm; 606.6, 610.2, 616.6, 619.4 and 621.8 (°D,—’F,) nm; 649.0 °D,—’F;) nm;
700.0 °D,—F,) nm.

The °*D,—'F, transition is strictly parity forbidden. The parity prohibition could be
partially canceled when Eu®" ion is placed in surroundings with local symmetry C,, C,, and C;
[104]. The Dy—'F, emission band does not split in the crystal field and its position is constant
for the same type of crystal surrounding of Eu’". The number of the bands Dy—’F, in the
luminescence spectrum corresponds to the number of different lattice sites.

The luminescence spectra with the band *Dy—’F,, of the MOF are shown in Fig. 3.25(a).
At higher concentrations of Eu®" 6-100 at. % we have observed only one band with the
maximum at 577.6 nm in the emission range of 570-585 nm. It shows that the Eu’*" ion is placed
in one type of lattice sites and, therefore, the Eu’" ions are concentrating predominantly in the
crystalline phase Ln,bdc;-4H,0. At lower concentrations 2-4 at. % Eu®" we have observed two
bands *Dy—’F, with the maxima at 577.2 and 577.6 nm in the luminescence spectrum.
Therefore, at lower concentration the Eu®* ions are distributed between two crystalline phases

Ln,bdc;-4H,0 and Ln,bdc;.
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Fig. 3.24. Luminescence spectra of MOF (Eu,Lu,.,),bdc;'nH,O with different at. % Eu’* (A, =
280 nm).
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Fig. 3.25. Luminescence spectra of MOF (Eu,Lu,,),bdc;nH,O. Fine structure of bands

corresponding to the transitions: (a) — °Dy—"F,; (b) — Dy—'F}; (¢) — "Dy—'F,.

In luminescence spectra in Fig. 3.25(b, ¢) of the MOF at concentration of Eu** 100 at. %
the band °D,—’F, splits into two bands with the maxima at 587.9 and 591.6 nm. The band
’Dy—’F, does not split and its maximum is at 614.0 nm. At concentrations 6-60 at. % Eu*" the
bands °Dy—"F, and °D,—'F, split differently: the band °D,—’F, splits into three bands with the
maxima at 587.6, 591.0 and 592.8 nm; the band °D,—F, splits into two ones with the maxima at
608.5 and 614.0 nm. The difference can be explained by the distortion of the coordination
polyhedron due to structural defects caused by addition of Lu** ions, which have a lower ionic
radius than Eu®".

In the luminescence spectra at 2—4 at. % Eu’* the bands °D,—’F, and °D,—F, split into
three (585.9, 588.4 and 595.6 nm) and five (606.6, 610.2, 616.6, 619.4 (shoulder) and 621.8 nm)
bands, respectively, that corresponds to the crystalline phase (Eu,Lu, ,),bdc;. Additionally, in the
luminescence spectra in Fig. 3.22(c) there are the low intensive bands *D,—'F, with the maxima
608.5 and 614.0 nm, belonging to the crystalline phase (Eu,Lu,_,),bdc;-4H,0.

The luminescence kinetics of the MOF with different at. % Eu’* are shown in Fig. 3.26.
The luminescence lifetimes, obtained from the fitting of experimental kinetics by single and

double exponential functions, are shown in Table 3.4.
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Fig. 3.26. Luminescence kinetics of Eu’" in MOF (Eu,Lu,_,),bdc;nH,O with different at. % Eu®*

(A, = 615 nm). The luminescence lifetimes are shown in Table 3.4.

Table 3.4. The luminescence lifetimes and QY of Eu** in MOF (Eu,Lu,_,),bdc;nH,0
with various concentrations of Eu®". At concentrations of Eu®" 2 and 4 at. % the kinetics are well

fitted by double exponential function.

at. % Eu’* 1,/ ms 1,/ ms QY /%
100 0.390 - 101
60 0.435 - 11+1
10 0.449 - 12+1
6 0.459 - 161
4 0.392 1.602 2241
2 0.367 1.878 2241

At concentrations Eu*" 6-100 at. % the luminescence decay kinetics are well fitted by a
single exponential function with time within 0.459-0.390 ms. At concentrations Eu** 2 and 4 at.
% the kinetics are well fitted by double exponential function with the first time within
0.392-0.367 ms and the second one within 1.602—1.878 ms. The longer luminescence lifetime
corresponds to the luminescence of non-aqueous crystalline phase (Eu,Lu,_),bdc;. The shorter
luminescence lifetime of all synthesized MOF corresponds to the luminescence of aqueous phase
(Eu,Lu,,),bdc;4H,0 because the water molecules coordinating to the central Eu®" ion
additionally quench f-f Tuminescence [25, 147].

Thus, the synthesized heterometallic europium—lutetium terephthalates metal—organic
framework structures (Eu,Lu,_,),bdc;nH,O consists of the single phase (Eu,Lu,.,),bdc;4H,0 at
higher concentrations > 40 at. % Eu’" and two phases (Eu,Lu,_,),bdc;-4H,0 and (Eu,Lu, ),bdc,
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at concentrations from 40 to 2 at. %. From 40 to 6 at. % the crystalline phase

(Eu,Lu,,),bdc;-4H,0 predominates, at lower concentrations (2 and 4 at. %) the non-aqueous
crystalline phase (Eu,Lu,_,),bdc; predominates.

At 6-100 ar. % the Eu®" ions are concentrated predominantly in the aqueous crystalline
phase Ln,bdc;-4H,0.

The crystalline phases (Eu,Lu,.,),bdc;4H,O and (Eu,Lu,.,),bdc; have different fine
structures of emission bands °D,—'F; (J = 0—4) in luminescence spectra due to the different
surroundings of Eu’" ion. The presence of coordinated water molecules results in decrease in
both the luminescence lifetime in 4—4.8 time and QY of (Eu,Lu,_,),bdc;-4H,0 compared to those

of non-aqueous phase (Eu,Lu,_,),bdc;.
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RESULTS AND CONCLUSIONS

1. Photophysical processes occurring in solutions of NP and NP-Eu and NP-Gd complexes in the
wide range of concentrations (10°-10 M) have been established. The formation of aggregated
molecules at concentrations > 10° M is shown, which emit in the longer wavelength region
(450—650 nm) and have longer luminescence lifetimes compared to the monomer molecules
(15-17 vs. 1.3 ns).

2. Based on the obtained kinetic data, a new mechanism of photophysical transformations was
proposed for LnPhen(L); complexes, where Ln = Eu and Gd, L is 1,1-dithiolate, in acetonitrile. It
is concluded that the photophysics of the initial process is related with the electron transfer from
1,1-dithiolate to the excited 1,10-phenanthroline molecule. Then, inside the complex, a back
electron transfer from 1,10-phenanthroline anion-radical to 1,1-dithiolate radical occurs inside
the complex. It results in quenching of f~f luminescence of the complexes of Eu®".

3. Dissociation of Ln(PhenM),(NO;); complexes, where Ln = Eu, Tb and Gd, at low
concentrations (C = 10° M) is accompanied by specific hydrolysis with the formation of
protonated form of substituted 1,10-phenanthroline in acetonitrile.

4. Heterometallic metal-organic framework structures based on europium-lutetium terephthalates
can contain two crystalline phases (EuLu,,),bdc;4H,0 and (EuLu,,),bdc; at lower
concentration of Eu** or one (Eu,Lu,_),bdcy-4H,0 at higher concentration. Both phases differ in
the fine structures of bands °D,—’F; (J = 0-4) and in the luminescence lifetimes. The
luminescence lifetime of the non-aqueous phase is 4-4.8 times longer than the one of the

aqueous phase.
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LIST OF ABBREVIATIONS

Ln — lanthanides

UV — ultraviolet

IR — infrared

MOF — metal-organic framework structure
LMCT - ligand to metal charge transfer
LLCT - ligand to ligand charge transfer
NMR - nuclear magnetic resonance

QY - quantum yield

XRF — X-ray phase analysis

SHE — standard hydrogen electrode
SCE - standard calomel electrode

PET - photoinduced electron transfer
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LIST OF LIGANDS USED IN THE DISSERTATION

Formula Structural formula Name (IUPAC)

KCOQH
N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-tetraa

(o
NP Hoc” N :,2/\ I
<,, N N O zacyclododecan-1-yl]ethyl}-1,8-naphthalimide
T
HO.C

C,HgNCS N /S pyrrolidine dithiocarbamate ion
i .I".-..

i-Bu,PS diisobutyl dithiophosphate ion

Phen 1,10-phenanthroline

2-((18,2R,5S)-2-isopropyl-

PhenM N
5-methylcyclohexyl)-1,10-phenanthroline

Q (o}
bdc? >_®_{ terephthalate ion
- o
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