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IIUKJIOTPOIICHUI OpoMuabI , Toaudochuas , 1,2-
nudochanuKIoONeHTaANCHNIBI HATPUS , PeaKInsl YBEIUYSHUS ITUKIIA |
1,2-nudocdonbr

B ortuere npencraBneHsl pe3ynabTaThl KCCAEAOBaHUH, BRIMOIHEHHBIX 10 1 aTamy
['ocynapctBernHoro kontpakTa Ne 16.740.11.0745HoBbIe (hyHKIIMOHATIBHBIE
MaTtepualibl Ha ocHoBe 1,2 mudocdanukioneHTaAueHUIHBIX KOMIIJIEKCOB
NEPEXOAHBIX U PEIKO3EMENbHBIX METAIIOB, 00JIaaI0IIMX MAarHUTHBIMU U
JrOMUHECHICHTHBIMU cBoiicTBaMu” (mudp “2011-1.3.1-210-026"pt 24 okTs10pst
2011no nanpasienuto " B pamkax mepornpustus 1.3.1 TlpoBenenue HaydHbIX
UCCJIEIOBAaHUM MOJIOABIMU YYEHBIMHU - KaHAMIaTaMHu HayK.", Meponpusitus 1.3
"IIpoBeieHNE HAyYHBIX UCCIIEIOBAHMI

MOJIOZIBIMH YYCHBIMH - KaHIUIATAMU HAYK U 1[EJICBBIMHU aCTIUPAHTAMHU

B HAyYHO-00pa30BaTENbHBIX LEHTpax , HampasieHus 1 "CtumynupoBanue
3aKpETUICHUsI MOJIOJICkKH B c(hepe HayKu, 0Opa30BaHUS U BHICOKUX TEXHOJIOTHH."
dbeneparbHOH 11e1eBOM MporpaMMbl ' HaydHbIe 1 HAyIHO-TIEAArOTHYEeCKUE Kaaphl
naHoBannoHHo# Poccnu™ Ha 2009-2013 0161.

Lenb paboTs - MI3yueHue koMIiekcooOpa3yomux cBoicTs 1,2-
nudocarKIoONeHTaIueHUI-aHHOHOB 110 OTHOIIEHUIO K COETUHEHUSIM
MEPEXO/IHBIX U PEAKO3EMENbHBIX METAILIOB, UCCIIEIOBAHNE MArHUTHBIX U
JIOMUHECLIEHTHBIX CBOMCTB MOJYYE€HHBIX KOMILIEKCOB U YCTAHOBJICHUE
3aBHCHMOCTH JJaHHBIX CBOMCTB OT cTpoeHus 1,2-1udochanukioneHTaaieHn IHbIX
KOMITJIEKCOB, KaK TOJIX0/1a K CO3/IaHUI0 HOBBIX (DYHKIIMOHATHHBIX MAaTEPHAJIOB.
Jlns nocTrkeHus rmocTaBiieHHoOM 11enu, B pamkax [THWP O6yner npusnedena
Hay4YHO-HMCCJIEI0OBATENbCKAs oprann3anus u3 ['epmanuu - THCTUTYT TBEpIOTO
TeJa U u3ydeHus MatepuaioB uM. JleiOuuia, r. Ipe3nen, 'epmanus (Leibniz
Institute for Solid State and Materials ResearchsBen (IFW-Dresden)ro
OTKPOET JOCTYI K COBPEMEHHOMY 00OpY0BAHHIO, TTO3BOJIUT MEPEHSATH OMBIT
3apyOeKHBIX KOJUJIET, a TAaK)Ke Oy/IeT COAeMCTBOBATh YKPEIUICHNUIO HAYYHBIX
KOOTICPAIIMOHHBIX CBsi3er Mexy Poccuen u ['epmanueii.

Cunres 3,4,5Tpuapmi-1,2-nudochanrkioneHTaIueHuI0B HaATPHUsI, a TAKKE
MOJIy4YeHHe Ha uX OCHOBe 1l-TpuMeruiicranHmi-1,2-mudocdanmkinonenrta-2,4-
JTMEHOB OBLIO MPOBEACHO C UCIOJIb30BaHUEM ammnapaTypsl [1lnenka B uHepTHOU
atMoc(epe (03 HoCcTyIa KHCI0po/1a BO3ayXa 1 BOJIBI).

CTpyKTypa COeTMHCHHH ObLTa YCTaHOBJICHA IPU MTOMOIIY METOJIOB
CIIEKTPOCKOITUH SIICPHOTO0 MarHUTHOTO pe30HAHCa M HHPpPaKpaCHOU
CHIEKTPOCKOTIUH.

J1st mpoBeieHUsl CUHTE3a B MHEPTHOM aTMocdepe Obliia NCIOJIb30BaHa



anmaparypa lllnenka.

Crektpsl SIMP Obu1n 3anucansl Ha mpubope Avance || TM 400 Bruker (1H 400
MTI'n, 31P 162.97539 W, 13C 100.6MI ).

UK cnektpsl peructpupoBaiu Ha MK-ciekrpomerpe Vertex 708 nuanazone 4000
— 400cwM -1 ¢ pazpemienueM 4 cM -1, ¢ KOJIMUECTBOM CKaHOB 32.

boun nonyuens! 3,4,51pu-napa-propdenun-1,2-nudocanukionenTagueHun
HaTpus, 3,4,5Tpu-napa-xnophenni-1,2-nudochannukioneHTaueHua HaTpus,
3,4,51pu-meta-autpodenun-1,2-nudocharnuknonenraauenua Hatpus, 3,4,51pu-
MeTta-xjoppenui-1,2-1tudochanuknonenraauenua Hatpus, 3,4,5Tpu-opTo-
xynophenmn-1,2-nudochanuxioneHraauenu narpus, 3,4,5rpu-napa-ronui-1,2-
nudocdanukinoneHTaaueHu Hatpus, 3,4,5Tpu-napa-metokcudenun-1,2-
mudochauKIOTICHTaIUCHN]T HATPHS B BUJE TEMHO-KPACHBIX MTOPOIIKOB.
HanwHetimee BBeaenue 1,2-1udochanmkiIoneHTaIueHUI0B HATPUS B PEAKITUIO C
TPUMETHUIIOIOBO XJIOPUIOM ITO3BOJIMIIO MOMYIUTh psia 1-tpumernncrannmn-1,2-
nudochanukinonenTa-2,4-1MeHOB — yI0OHBIX PEareHTOB, TTO3BOJISIFOIITUX B MSITKUX
YCIIOBUSIX CHHTE3UPOBATh KOMILUIEKCHI TTEPEXOHBIX U PEIKO3EMETHHBIX METAIIOB.
boun nonydens! 1-tpumeruncrannui-3,4,51pu-napa-gropdpenun-1,2-
mudochanuknonenta-2,4-muex, l-rpumeruncranaui-3,4,51pu-napa-xaopheHu-
1,2-nudochanuxnonenrta-2,4-1ueH, 1-rpumernicranaui-3,4,5Tpu-mMera-
Hutpodenmi-1,2-mudocdanukinonenrta-2,4-muex, l-rpumernncranuui-3,4,5Tpu-
MeTta-xjoppenui-1,2-tudbochanuknonenra-2,4-nuex, 1-rpumeruncranami-3,4,5-
Tpu-opTo-xyuophenmn-1,2-nudochanukionenrta-2,4-mueH, 1-rpuMeTUICTAaHHNI-
3,4,51pu-napa-ronmi-1,2-nudocdanukionenrta-2,4-mueH, 1-rpuMeTHICTaHHNI-
3,4,51pu-napa-metokcudenmn-1,2-nudocdanvknonenra-2,4-1ueH B BUIE
)entoro maciia. CTpyKTypa MOJIy4eHHBIX COCTMHCHHH YCTaHOBJICHA METOIaMHU
criektpockonuu SIMP u UK-cniekrpockonuu ¢ TouHocThi0 99%.
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BBenenue

Hayunple = uccienoBaHMs,  CBsiI3aHHblE € pa3pabOTKOM  HOBBIX
(YHKIIMOHATBHBIX MaTEPHUANIOB CIHOCOOHBIX MPOSBISATH YHHUKAJIbHBIE CBONCTBA
(MarHUTHBIC, IIOMUHECIICHTHBIE, HE TMHEHHO-ONTUYECKUE | T.JI.) Ha CETOTHSIITHIHA
JIEHb TPETEepPIIEBAIOT CYUIECTBEHHBIH MOAbEM. bonblioil mHTEpec, K MOAOOHOTO
poia MarepualiaMm CBS3aH B IEPBYIO OYEPENb C BO3MOXKHOCTBIO CO3/IaHMS Ha MX
OCHOBE IIPAKTUYECKHU IOJIE3HBIX YCTPOMCTB, TAKMX KaK KBAHTOBBIE KOMIIBIOTEPHI,
MarHUTHBIE MOJYNPOBOJHHUKH, CIMHOBBIE HAHOTPAH3UCTOPHI, CIMH-3JIEKTPOHHBIE
CEHCOpHI MO3ULMOHUPOBAHUSA U JIBU)KCHMSI, BBICOKOCKOPOCTHBIE IEPEKIH0YaTENIN
MAarHUTHOTO COCTOSIHUS, XUMHWYECKHE CEHCOpPBI, AUCIUIEM Ha OPraHHYECKHUX
CBETOAMOJAX H T.1.

HeoOxoaumMoO OTMETHTh, 4YTO 3HAYUTEIBHOE KOJUYECTBO COEIUHEHUM
00Ja1aloMMX MAarHUTHBIMH U JIIOMHUHECHEHTHBIMU CBOWCTBAMHU 3TO KOMILJIEKCHI
NEPEXOAHBIX M PEAKO3EMENbHBIX MeTauioB. HecmoTps Ha TO, 4TO B 3THX
COEIMHEHUSAX (PYHKIIMOHAIBHBIM LIEHTPOM SIBJISIFOTCSI B OCHOBHOM MOHBI METAJLIOB,
BaXHYIO POJb B (POPMHUPOBAHUU KOMIUIEKCOB MTPAIOT U JIMTAHbI CBS3bIBAIOIINE
3TH METAJUIOLEHTPBI, IOCKOJIbKY OHU O0YCJIaBIMBAIOT aPXUTEKTYPy KOMIUIEKCOB U
KOOpPAMHALIMOHHBIX MOJMMEPOB, a TAK)KE YYacTBYIOT B pealn3ali OOMEHHBIX
B3aMMOJICHCTBUM MEXIy aromMaMu MeTauioB. K Hacrosmemy BpeMeHM, s
KOHCTPYUPOBAHUS KOMILJIEKCOB 00JIaJat0OlIMX MarHUTHBIMU U JIIOMUHECLIEHTHBIMU
CBOWMCTBAMH IIHMPOKOE PACHPOCTPAHEHUE TOJYYMIM KHCIOPOA-, a30T- U
cepacojaepxkaliue Jurasisl. Bmecre ¢ TeM Mom0OHBIE COEIMHEHUS Ha OCHOBE
MOCTHUKOBBIX (POC(PMHOBBIX JIUTAHJOB 10 HACTOSIILIErO BPEMEHU ObLIIM HEU3BECTHBHI,
XOTSI TOJOOHBIE CHCTEMBI, OE3YyCIIOBHO, 3acClIyXXHBAalOT 0CO00r0o BHUMAaHUS,
IIOCKOJIBKY MOTYT MPOSIBIIATh COBEPLIEHHO UHBIE CBOMCTBA BCIIEICTBUE PA3INYus B
AIIEKTPOHHBIX XapaKTepUCTUKax aroma ¢ocdopa Mo CPaBHEHUIO C KUCIOPOAOM,
a30TOM WM cepol. BpICkazaHHOE HaMu MPENNoJOKEHHE O BO3MOKHOCTHU
UCIOJB30BaHus  (HOCHALMKIIONEHTAAUEHUI-aHUOHOB B KauyeCTBE MOCTHUKOBBIX

docdopconepkamx  JUTAaHAOB Ui KOHCTPYUPOBAHHSI  MOJIEKYJSIPHBIX



MarHeTWKOB,  OBUIO  yCHNENIHO  MOATBEp)KJeHO  Ha  mpumepe  1,2-
nudochanrkIoneHTaIueHuaAHOr0 KoMimiekca wmapranna (I) [1], B xoTopom
HAOMIOAAOTCA  aHTU(EeppOMArHUTHBIE OOMEHHbBIE B3aUMOJCUCTBUS  MEXIY
HECMAPEHHBIMH  3JIEKTPOHAMHU  METAJUIOLEHTPOB BO3HUKAIOIIKWE BCJIEACTBHE
nepeHoca 3apsijia ¢ MeTajia Ha JUTaH/I.

B cBsa3u ¢ 3THM, BOXXHOM W aKTyaJbHOM 3ajadeil sBiseTcs pa3paboTKa
MOJXOJ0B K CHUHTe3y HOBBIX 1,2-1ndochannkioneHTagueHuIHbIX KOMIIEKCOB
NEPEXOAHBIX METAJJIOB, COJAEPXKAIIMX Ppa3IMYHbIE 3aMECTUTENId B apeHOBBIX
¢dparmeHTax, yCTaHOBJICHHE UX CTPOCHUS U U3YUCHHE UX MAarHUTHBIX CBOMCTB, KaK
crocoba MoJIydeHHs] MOJIEKYJISAPHBIX MarHETUKOB Ha MX OCHOBE. B To ke Bpewms,
UHTEPECHBIM TMPEJCTABISETCS CHUHTE3UPOBATH KOMILUIEKCHl PEAKO3EMETbHBIX

MCTAJIJIOB U U3YUUTH UX JIIOMUHCCIICHTHBIC CBOMCTBA.



OCHOBHAA YACTD

Hapa6oTka psaga ucxoanbix 3,4,5-tpuapui-1,2-nudochannkiaoneHTaiuHuI0B
HATPHUS, COIEPKAIIMUX JOHOPHbIE H AKIENTOPHbIE 3aMeCTUTEH B Mapa-

MOJIOKEHUH APEHOBBIX I'PYIIIL.

4. Onucanue Beinosinenus: [ITHNAP

PaboTh! BeIMONHATECA B paMkax CorjamieHusi 0 HAQyYHOM COTPYJAHHYECTBE
Mexay YupexaenueMm Poccuiickon akanemun Hayk MIHCTUTYTOM OpraHuyecKkou u
¢uznueckoit xumuu uMm. A.E.ApOy3oBa Kazanckoro nayunoro nentpa PAH u
HNHcTUTYyTOM TBEPIOTO Tella M M3y4YeHUsl MaTepranoB uM. Jleitbnuiia.

4.1. B coorBerctBuu ¢ CoriaiieHMeM O HAYYHOM COTPYIHUYECTBE
Yupexnenuem Poccuiickor akaaeMuu HayKk HWHCTUTYTOM OpPraHu4ecKOu u
dbuznyeckoir xumun uM. A.E.ApOy3oBa Kazanckoro nHayuHoro meHtpa PAH
(poccmiickoli  opraHm3anuei) OymyT  BBIIIOJHEHBI  CIEAYIOUIHE  pabOTHI:
«Hapabotka psaga ucxomubix 3,4,5Tpuapwi-1,2-nudochdanukioneHTaaueHu10B
HaTpuA U noiay4yeHus: 1-rpumernsicrannui-1,2-nudocdonos.»

4.2. B coorBerctBuu ¢ CoryameHueM O HAyYHOM COTPYJAHHYECTBE
WHcTuTyTOM TBEpAOro Tejla M U3y4YeHUsT MarepuaigoB uM. JlelOnuna
(MHOCTpaHHBIM TTAPTHEPOM) OYIYT BHITIOJHEHBI CJIICAYIOIMNE pa0OThI: 0 TaHHOMY

oTamny Da6OT HC IMPpEAYCMOTPEHO.

B pamkax paboT mo mepBoMy 3Tamy TOCKOHTPakTa ObUIO 3arIaHUPOBAHO
MoJydyeHHe psana HUCXOoAHbiX 1,2-1udocdaimkioneHTaIueHuioB HaTpus, IO
pa3pabOTaHHOW paHee HaMHU METOAWKE W CHHTE3 Ha UX OcHOBe 1,2-
mudochanuKIONeHTaIUECHUIHBIX TTPOU3BOAHBIX 0JI0BA, KaK YJOOHBIX pPEarcHTOB
JUTSI TIOJTyYEHUSI KOMIUIEKCOB MEPEX0/IHBIX METAJIIOB.

Panee w©Hamm Obul  paspabotran  ymoOHBIH  MeTon  cuHTe3a 1,2-
mudochanuKIONeHTaIUEeHUI0B HATPpHUsI OCHOBAHHBIM Ha peakiuu nosmdocdumon

HATpUA C UKJIONPONEHUIBHBIME COMISIMU (DOChOHMSI, KOTOpbIE 00pa3yroTCs MyTeM
8



KUTSIYCHHS] COOTBETCTBYIONIUX ITUKJIOTPONEHUT OpOMHUAOB C TPETUYHBIMU
dochunamu B Tetparuapodypane (TT D). HeoOXoquM0O OTMETUTH, YTO UCXOIHBIE
IIUKJIOTIPOTICHUT OpPOMUIBI HE SBIAIOTCS KOMMEPUYECKH JOCTYIMHBIMU M JJI UX

MOJTy4eHUs ObLT MMPOBEIEH MHOTOCTAIUIHBINA CHUHTES.

|. CuHTe3 THAPUILETHIEHOB

B kauecTBe UCXOIHBIX HEAOPOrUX KOMMEPYECKH JOCTYIIHBIX PEAreHTOB IS
CHUHTE3a IMKJOMPONEHWT OpOMUIOB OBUIM  HMCHOJB30BAaHBl  pa3IHYHBIC
3aMelleHHbIe OeH3anbpaeruabpl. Ha ux ocHoBe B TpU cTaauu ObUIM MOJYYEHBI

COOTBETCTBYIOIIKE 3aMelcHHbIe AuapuianeTuicHsbl (5a-g), mo ciaeayroliei cxeme:

0
2 0 N [
Ar‘{ + |F|> - r\CH/P\(oph)
T 2
’ H (OPh), y c§
(1a-g) (2) (3a-9)
0 0
'F', oo
Ar—CH™ (OPh), “cH “>(OPh),
C‘)H Cl
(3a-0) (4a-g)
0
Ar ||:|> 2
\/CH/ ~S(0Ph), + Ar——{ Ar——Ar
Cl H
(4a-9) (1a-9) (5a-9)
ar= - @ F 0 - @) @O ©@:me - 0 meo - @
NO, cl Cl

Cxema 1. CunTe3 3aMeNICHHBIX TuapuiianeTuieHoB (6a-g).

Ha nmepBoit cragum  OeH3aibleruj  BCTymaeT B pPEaKIHMiO C

mudpenmndochurom, maBas cooTBeTCTByrommii (ochonar. Hamu Haiineno, urto

9



JTaHHas peakiusi MpoTrekaeT A(PQPEKTUBHO TOJBKO B TMPUCYTCTBUU MSTKUX
OCHOBaHWI. MOXXHO TPEINONOKUTh, YTO J00aBJIEHWE MSITKOTO OCHOBaHUS
OPUBOJUT K JenpoToHupoBaHuio gudenmndochura (2), nmaBas CHIbHBIN
Hykieopun audpenmidochur-annon. I[locnenuuit nerko NPUCOEAUHSAETCA IO
KapOOHWIBHOW Tpymme, nmpudeM ¢GocPopuiibHAs TPYIIa CBA3BIBACTCS C aTOMOM
yriaepoga. B kadecTBe OCHOBaHUST HaMH ObUT  BBIOpaH  TPUATUIIAMUH.
JletictButensHO, nobaBiaeHue Beero 1-2 Mosib%0 MO3BOMSET OCYIIECTBUTH PEAKITUIO
Bcero 3a 2-3 yaca ¢ MOYTH KOJHUYECTBEHHBIM BBIXOJ0M (ocdonara. CtpoeHue
nomy4eHHbIX (ochonatos (3) GBLIO TOKA3aHO COBOKYIHOCTBIO MeToxoB SIMP 'H,
1P criekTpOCKONHH, a COCTAB MOATBEP/KACH JAHHBIME JIEMEHTHOro aHamn3a. Tak,
8 criexktpe SIMP 3'P{H} coenuuennii (3) mpucyrcrByer cHHITIET B 061acTH 25 M. L.
B cniektpe AMP 'H curnana npotona CH-rpynmnel pukcupyetcst B Buje ayonera ¢
KOHCTAHTOW CHOUH-COUHOBOrO B3amMozaeiictBug 12-14 I'nm oOmactu 4.5 wm.n.
JlaHHBIM CTIOCOOOM OBLTH MOJTYYEHBI CIEAYIONUE COSIMHCHHMS .
O,0-mudennin-(M-aurpodeHmn) ruapokcumeTuadoconar (3a),
0O,0-mudenni-(n-prophenmn)ruapokcumeruiadocdonar (3b),
O,0-mudennin-(n-xmophenmn)rugporcumeruidochonar (3¢),
0,0-mudenni-(m-xmoppennn)ruapokcumetridocdonar (3d);
0,0-nudenni-(o-xnopderun)ruagpokcumeruiapocdonar (3e);
O,0-mudennn-(n-romurn)rugpoxcumeruidocponar (3f);

0,0-mudenni-(n-merokcudenun)ruapoxkcumerundocdonar (39).

[Tonyyennbie  ¢dochonarer (3) ObUIM  BBEACHBHI B PEAKIHIO  C
tronmaxaopugomM SOC). Peakius nporekaeT B Markux yciaosusix — npu 0°C B
Te4eHUW 2 4acoB, naBas xjopMmetwidochonar (4). JIns BbIICICHUS U OYUCTKH
coefuHeHui (4) Obula KCMOJIB30BaHA MEPEKPUCTAIUIM3AIMS U3 3TaHoja. B
pe3ynbrate ObUTH ModydeHbl coeauHenus (4) ¢ BeixomoMm 65-75%. Ctpoenue
coemuuenuit (4) 6bu0 mokasano meromamu SMP 'H u *'P cmextpockormu, a
COCTaB TOJATBEPKJIECH JAHHBIMU JJIEMEHTHOro aHainus3a. B cnektpe AMP 31p

HA0JII0JaeTCsl CUHTIIET B 00JacTH 22 M.JI., CMEILIEHHBIH 110 CPABHEHHUIO C CUTHAJIOM
10



ncxomuoro docdonara (3) Ha 3 m.1. B crekrpe SIMP 'H HaGromaercs cMelnenre
curtana CH-npotona na Benmnuuny 0.5-0.7m.1. B cialble Mo 1O CPAaBHEHUIO C
curnagom CH-rpymmel ucxogsoro ¢ocdonara (3). JlaHHBIM crocoOoM ObLIH
TIOJTYYCHBI CIIEYIOIINE COSAMHEHUS
0O,0-mudennn-(m-aurpodenun)xaopmeruidochonar (4a),
0,0-mudenni-(n-propbenun)xmopmeruiadochonar (4b),
0O,0-mudenni-(n-xnoppenmn)xiopmeruiadocdonar (4¢),
0,0-mudenni-(m-xmoppennn)xaopmeruiadocdonar (4d);
0O,0-mudennin-(o-xopdenwmn)xmopmermindochonar (4e);
O,0-mudennn-(n-romur)xnopmeruidoconar (4f);

0O,0-mudenni-(n-merokcudenun)xaopmerriadochonar (4g).

Jlns nonydeHus auapwianeTuicHoB (5a-g) Hamu Oblla KCIIOJIb30BaHa

MoauduImpoBaHHas peakuus Buttura-XopHepa, npoTekaronias no cxeme 2.

? i
A Ar<_©o
r\CH/P\(OPh)z + Ko%—> \/C/P\(OPh)z
o Cl
(4a-9) (6a-g)
(”) O
P Ar
— %0~ (oPh), f
H
(la-g)
Y
KO%
Ar\C C/Ar
Ar——————Ar
o’ N
(5a-9) (7a-9)
ar= ) @ FO e O-@ - @) ©):me{ - 11 Meo{ ) (0)
NG, Cl Cl

Cxema 2. I[loayuyenue quapunanetuieHoB (5a-g).
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Ha mepBoii craguu moj AeiicTBUEM TpeT-OyTuiaTa Kaiaus MPOUCXOAUT
JIeNpOTOHUPOBaHWe  apwixiopmerwidochonata (4) ¢ oOpa3oBaHHEM
cooTBeTcTBYyMOIIEro anuoHa (6). Ilocmemanuii  sIBSETCS  BBICOKOAKTHBHBIM
COCIMHEHWEM H He OBUI BBIJCICH M3 peaknuoHHoW cMecu. OmHAaKO TpH
NPOBEJICHUH PEAKIMH B TPHUCYTCTBHH OJHO JKBUBAJIEHTA COOTBETCTBYIOIIETO
apunanpaeruga (1) ooOpasyromiuiicss annoH (6) MCHOBEHHO IMPHCOEIUHSCTCS 10
KapOOHWJIBHOM Tpymmne anpAerufa U oTuemwsier audenundocdar-aHUOH.
OOpasoBaBiuiics tuapuiaxiaopctuinboeH (7) moa aeiicTBueM BTOPOTO SKBHBAJICHTA
Tper-Oytminara kanus otmeruisier HCl ' maeT cooTBETCTBYIOIIMN alleTHIICH.
Peakiuss moker OBITh peanu3oBaHa B BapuaHTe ONE-Pot 0e3 BbIIEICHUS
IPOMEXKYTOUHBIX  TPOAYKTOB. IlockonmbKy — peakmusi  SIBISETCA  CHUIIBHO
9K30TEPMHYHOM, TO HEOOXOJMMO XOpolllee BHEIIHee oxiaxkiaeHue. Kpome Toro,
MOCKOJIBKY aHUOH (6) sIBISICTCS HEYCTOMUYMBBIM K BO3JCHCTBUIO KHUCIOPOAA U
BJIard BO3/yXa, TO PEaklrio HE0OXOIUMO MPOBOIUTH B MHEPTHOH armocdepe ¢
UCIIOJIb30BaHUEM XOPOIIO OYMINEHHOTO TeTparuapodypaHa Kak pactBopureis. B
ciaydae coOJIFOJCHUSI 3THX MpaBWJI, BBIXOJAa alleTWICHOB aocturaroT 65-70%.
JlaHHBIM CTIOCOOOM HaM¥ OBLITH TIOJyYEHBI CIICIYIOIINE COSTHHCHUS:

ouc(merta-uurpodenmn)aneruicH (5a),

ouc(napa-propdennn)aneruicH (5b),

ouc(nmapa-xsopdennn)amnernieH (5C),

ouc(mera-xaopdenun)anetmieH (5d),

ouc(opro-xnopdenmn)arermiicH (5€),

ouc(mapa-roymn)aneruieH (5f),

ouc(mapa-merokcudenun)anetiieH (5g).

CTpykTypa MOJYYEHHBIX COEJUHEHUN OblIa YCTAaHOBJIEHA MPU IMOMOIIH
crnektpockonuu  AMP H, HNK-crnexkTpockonuu, a TakKe IyTeEM CpaBHEHUSA
(bu3HYECKUX CBOMCTB (TOYKH TUIABIICHUS) C JIMTEPATYPHBIMU JaHHBIMHU.

OnHako, HECMOTpSs Ha BBICOKMM BBIXOJ, CIEIYET OTMETUTh, YTO

mudernndochut (2) uMeeT BEICOKYI0 CTOMMOCTD, YTO 3aTPYIHSET MCIIOIb30BaHUE
12



JAHHOTO METOJa /ISl TOJYYEHUS! 3HAYUTEIBHBIX KOJIUYECTB JAHAPHIAICTUIICHOB.
Mpbl mpenmnoniokusiv, 4to AudeHundocPuT MoKeT OBITh JErKO 3aMEHEH Ha
nerkoaocTynHblil ausTridocur. Kpome Toro, mockoiabky IudTHAGOCHUT KaK U
OOJIBIIMHCTBO HCIIONB3YEMbIX apHiIabAeTUAOB (1) SBISIOTCS JKUAKUMH, MBI
OPEANONI0KUIN, YTO PAN CTaAuii MOKET OBITh HpoBeaeHa 0e3 HCIOJIb30BaHHUSA
pacTBopuTeNel, a 111 OYUCTKU MPOAYKTOB MOXKET OBITh MCIIOJIb30BaHA MEPETOHKA
B BaKyyM€ BMECTO NEPEKPUCTAUTU3AIlUK, YTO MO3BOJIUT CYIIECTBEHHO CHH3HTH
TPYAOEMKOCTb IPOIIecca MOTy4YeHUS TUAPUIIIICTUIICHOB.

Hamu oOHapyXeHO, 4YTO TMepeMelIMBaHWE OSKBUMOJSIPHBIX KOJHYECTB
mmtwipochura (8) m apwmanpreruga (1) mpu KOMHATHOM TeMmmeparype B
IPUCYTCTBUU KATaJIMTUYECKUX KOIWYecTB TpudTwiamuHa (1-2vonp%) mo3Bosser

CHUHTE3MPOBATh COOTBETCTBYIONIMI apmirnapokcumeTridochonar (9) (cxema 3).

P I

Ar + P - CH™ "\ OEt
H— \ OEt / OEt

H OEt HO
(1a-g) (8) (9a-9)

ar= (- @ FO OO @ @ @:me - @ Meo{ - @)
NG cl cl

Cxema 3. Cuntes O,0-gudTrin-apuiaruapokcumeruiadocdonaton (9)

JIaHHBIM METOJIOM OBUIN TIOJIYYEHBI CACTYIOIINE COSTUHEHHUS
O,0-muaTri-(M-auTpoheHmn ) ruapokcumeTmipochonar (9a),
O,0-amatiin-(-proppenmn)ruapokcumermidocdonat (9b),
O,0-aus - (m-xnopdenun)ruapoxkcumeruindocedonar (9¢),
O,0-muaTIi-(M-xopderwmn) ruapokcumetuiadocdonar (9d);
O,0-gusTri-(o-xmopdennn)ruapokcumetridochonar (e);
O,0-ausTri-(m-ronun)ruapokcumetmindocdonar (9f);

O,0-mmatiin-(n-metokcudenmn) ruaporcumeruidocdonar (99).
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Crpoenne coenmuennii (9) 6buto mokasaHo Mmeromamu SMP 'H, °'P
CIIEKTPOCKOIIMH, & COCTaB MOJATBEPKIACH JAHHBIMHU 3JIEMEHTHOTO aHanu3a. B IMP
31p crektpe coenunennii (9) HabIrOAaeTCS CUHTIIET B 001acTh 24 M. 1.

[Tony4yennbie apunrugpoxcumerwiochonarsr (9) ObIM  BBEICHBI B
peakiuo ¢ XJopucThiM THOHWIOM SOC). TTockosbKy Bce KOMIIOHEHTHI SBIISHOTCS
KUIKAMH, PEAKIHIO TPOBOIMIN Oe3 pacTBoputens. s npenoTBpaiieHus OypHou
DK30TEPMUYECKOW  PEAKLMH, CMENIMBAHUE  OCYIIECTBISUIM IIPU  HU3KOU

temmeparype (cxema 4).

0

I I

A A
“Sen—R—ort  SOCL_ AN P,
/ Ot / OEt
HO Cl

(9a-9) (10a-g)

Ar = Q @: F<{_ ) (by. u@«:);@ (d);Q e):Me{ K- (f): Meo< ) (g)
NO, cl cl

Cxema 4. Cuntes O,0-audTrin-apuixiaopmeruindocdonaron (10)

B pesynbrare ObUT MOXY4eH psii HOBBIX apuixiopmeruwidocdonatos (10):
O,0-gusTri-(M-autpodennn)xiaopmetrindocdonar (10a),
O,0-gmatiin-(-propdenmn)xaopmermindocdonar (10b),
O,0-gusTri-(m-xnopdenun)xaopmetundocdonar (10c),
O,0-gusTrin-(M-xnopdenmn)xaopmermindocdonar (10d);
O,0-muaTrit-(o-xmopdenmn)xopmerundocdonar (10e);
O,0-gusTri-(m-ronun)xnopmeruidochonar (10f);

O,0-amyTiin-(nm-metokcupenmn)xaopmermwidocdonar (10g).

Jlns  BbieacHUS ©  OounMCTKH apuiaxiopMmeruwidochonaros (10) Obuia

2
UCIIOJIb30BaHA BaKyyMHasl TeperoHka mnpu HuszkoMm naBieHunm (10° wmbap).
[Monyuennsie  apunxiopmetwidochonarsl  (10) ObLIM  OXapaKTepU30BaHbBI

1 31
metogamu AMP "H um P cnexkrpockomuu, a COCTaB NOATBEPKICH TaHHBIMU
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sneMenTHoro amammsa. B cmextpe SIMP *'P coemmmennii (10) ¢uxcupyercs
cunrier B o6mactu 22 m.1. Criektpsl IMP 'H npe/icTaB/isioT CI0KHYIO CITMHOBYIO
CUCTEMY BCJEACTBUE HAJIMYMS XUPAIBHOIO aToMa Yriepoja U BO3HUKHOBEHUS
addekra quacrepeorornuu. Paccmorpum 60see moapooHo crektp O,0-auaTe-(1-
meTokcudenmn)xaopmermindochonara (10g), npeacrapieHHblii Ha pucyHke 1. B
CIIeKTpe HabJroaaeTcs aABa ayoseTa B 001acTu 6.7u 7.2 M.J1. ¢ KOHCTAaHTOM CIHH-
cnuHoBOro B3ammozeiictBus 14 T'm, oOpasyromme AB-cnuHOBYIO cuctemy,
XapaKTEPHYIO JJisi MPOTOHOB apeHOBOTO KoJiblia. B obnactu 4.7 m.1. Habmonaercs
nyONeT ¢ KOHCTAHTOW CIUH-CIMHOBOTO B3amMojaeucTBus 12 ['1, oTHOcsmucs K
curHany npotona CH. Pa3Mep KOHCTaHTBl CHUH-CIIMHOBOTO B3aWMOJICHCTBUS
CBHUJICTEJILCTBYET O MPSIMOM cBsi3M yriepoaa ¢ ¢gochopom. B obmactu 3.5 m.a.
HAOJFOMACTCSl CHHTIIET, OTHOCSIIMICS K TMPOTOHAM METOKCHU-Tpymmbl. B oOmactu
4.0 wm.n. HabOmomaeTcss AyOJeT KBApTETOB C€ KOHCTAaHTaMU  CIIMHOBOTO
B3aumojiericteuss 12 w15 T'm, ortHocsmmiics k mporoHam CHo-rpynmbi.
Mynprumier B oomactu 3.8 M.1I., IPEACTABISIET Ba Ay0sieTa AyOJIeTOB KBapPTETOB
BCJIEZICTBUE HEAKBUBAJICHTHOCTHU oboux IPOTOHOB CHy,-rpynmsi.
HeskBuBanentHoCTh HaOMIOAaeTCs U s mpoToHOB CHa-rpynm, duxcupyrommxcs
Kak nBa Tpuruieta B obnsactu 0.9u 1.2 m.1. Takum o6pa3om, moapoOHBIN aHATN3
ciektpoB  SJMP 'H nmnosBomser  OZHO3HAYHO YCTAHOBUTb  CTPYKTYPY

apunxiopmetmiipochonaros (10).
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Pucynok 1. Criextp SIMP 'H O,0-amytun-(-metoxcudermn)xnopmerin docdonara (10g)
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st momyuenust apwxsiopmetmiipoconaroB (10) Hamu Ob1 paspaboran
elle OJWH CIoco0, 0a3UPYIONIUICS HAa peakiuu o,0-auxyiopMmerniaapeHoB (11) c
tpusTHIdochuToM. JlaHHas peakuus MpoTeKaeT Mo cxeme peakuun ApOy3oBa U
NO3BOJISIET  CHHTE3WpoBath  apwixiiopmermwidochonarsr  (10) ¢ BoicOkuMH

BbIXOaaMH (cxema b).

0
0 cl T
PCl P(OEt), Ar
Ar—C/< > Ar—C<—CI _P(OFs \CH/P\\OEt
" ’ CI/ OEt
(la-g) (11a-9) (10a-9)
ar= (= @:FO- 0y - @) @:Mmed - 0:me0 - @)
NG, Cl Cl

Cxema 5. Cuntes apuinxiopmetmidochonaros (10) ¢ momMompo peakum

ApOy3oBa.

Psan  o,0-muxnopmernwnapenoB (11) Obpur momydeH myTem  00pabOTKH
ucxoaHbIXx OenzanmpaeruaoB (1) menraxmopugom docdopa. K cycnensuun PCE B
OeH30JIe MPUKANBIBAIH PACTBOP OCH3ambaernna B OeHzose. PeakiimoHHy0 cMmech
nepeMelnBail 0 TeX IMop, TMOoKa MeHTaxjgopua Qochopa MOIHOCTHIO HE
pacTBOpHWIICS, 3aTEM pPaCTBOPHUTENb YIMApWJIM HAa MacIsSHOM Hacoce W OCTaTOK
NeperHaiy Ha BaKyyMe MacJsTHOTO Hacoca. B pesynbraTe HaMU OBLIHM MOJTyYEHBI
CJIETYIOIINE COCTUHEHUSI:

M-HHTPO-0,0-Tuxsopmeruiaoenson (11a)

n-Qrop-a,o-auxiopMeTiiioen3on (11b)

-XJI0P-Q,0- T XJIOpMeTHI0eH30.1 (11C)

M-XJIOP-0.,0- IuxJIopMeTIiioen30:1 (11d)

0-XJIOP-0.,0- TUXJI0pMeTHIIOCH30T (11€)

-METHJI-0,0- TuXJI0pMeTraoen3om (11f),

-METOKCH-0,,0- TuXJIopMeTiiioen3ou (119).
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CtpykTypa nony4deHHbIX coenuHenmii (11) Obuta ycTaHOBJIEHA MTPH TTOMOIIH
criektpockormu IMP 'H.

Peakmuio ApOy3oBa ¢ ydacTHeM ao,0-auxjopmerwiaperoB (11) wu
TpusTHIdochuTa mporekaer npu HarpeBanmun jgo 160C. Kpome Toro,
HEOOXO0IMMO TIPUCYTCTBHE KaTaan3aTopa, B KA4eCTBE KOTOPOTO OB UCIOJIb30BaH
0€3BOJIHBIN XJIOPHU/I IIMHKA B KoJinuecTBe 1 MoJib%0.

B pesynbraTe ObUT TOTyYeH psii HOBBIX aprixiopMmeTmidochonaron (10):

O,0-gusTri-(M-autpodennn)xiaopmetrindochonar (10a),

O,0-muaTri- (- ropdermn)xnopmetmidocponar (10b),

O,0-muaTri-(m-xstopdennn)xnopmetmiidocdonar (10c),

O,0-gusTri-(M-xnopdenmn)xaopmetmindocdonar (10d);

O,0-muaTrit-(o-xmopdenmn)xopmerundocdonar (10e);

O,0-gusTri-(m-ronun)xnopmetuidochonar (10f);

O,0-musTrin-(m-meroxcudenun)xmopmerumidochonar (10g).

[Tony4yennsie apunxiopmeruidochonarsr (10) ObuM BBEACHBI B PEAKIIHIO

Butrrtura-Xopuaepa ¢ ydactuem apunanpierunioB (1) u Tper-OyToKcuaa Kamus

(cxema 6).
i ||
Ar_ _P—OEt AN © _P—OEt
/CH okt Ko { F okt
cl cl
(10a-g) (12a-g)
ﬁ 0
5" P\\OEt Ar f
OEt H
(1a-9)
Y
KO%
Ar\C C/Ar
Ar———Ar -
o’ M
(5a-g) (13a-9)
ar= O @ FO- ere - @O @ @:me{ - 0 meod - @)
NO, cl cl

Cxema 6. [Tonyuyenue quapunanetuiecHoB (5a-g).
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Ha mepBoii craguu moj AeiicTBUEM TpeT-OyTuiaTa Kaiaus MPOUCXOAUT
nenpoTonupoBanne  apuiaxiopmetwidochonara (10) ¢ oOpasoBaHmeM
coorBercTByromero anuona (12). Ilocnennmii sBJISIETCS BBICOKOAKTUBHBIM
COCIMHEHWEM W He OBUI BBIIEICH W3 peakmuoHHOW cmecu. OIHAKO TIpH
NPOBEJICHUU PEaKIUU B MPHUCYTCTBUU OJIHO SKBHBAJIECHTA COOTBETCTBYIOIICTO
apunanpaeruga (1) oopasyromuiics aHuoH (12) MTHOBEHHO MPHUCOSAUHSICTCS IO
KapOOHWJIBHOM Tpymmne anpAerufa U oTuemwsier audenundocdar-aHUOH.
OOpazoBaBmmiicss  auapunxjopctuiasden  (13) mom  JaelCTBHEM — BTOPOTO
9KBHBaJIeHTa TpeT-OyTtmnarta kaynms otmeruisier HCl m maer cooTBeTcTByrommii
arieTwiieH. Peakiust MokeT OBITh peain3oBaHa B BapraHTe ONe-pot 6e3 BhIACTICHHS
IPOMEKYTOYHBIX  MPOAYKTOB.  [lOCKOJNBKY — peakiusl  sBISETCS  CHIJIBHO
IK30TEPMHUYHON, TO HEOOXOAMMO XOpolllee BHEIIHEe oxiaxaeHue. Kpome toro,
NOCKOJIbKY aHuOH (12) siBiiseTcsl HEYCTOWYMBBIM K BO3JCHCTBUIO KUCIIOPOJAA U
BJIarM BO3lyXa, TO PEAKIMI0O HEOOXOJMMO IMPOBOJUTH B MHEPTHOU aTMocdepe ¢
UCTIOJIF30BAaHUEM XOPOIIIO0 OYHIICHHOTO TeTparuapodypana kKak pactBoputens. B
ciydyae  COOJIOJCHWS  OTHX  MPaBWJ, BbIXOJA  AlCTHJICHOB  JIOCTUTAIOT
KOJIMYEYCCTBCHHBIX. J[aHHBIM CIIOCOOOM HaMH OBLIM TOJIYYCHBI CIICIYIOIIHE
COCIMHCHUSI:

ouc(merta-uutpodennn)aneruicH (5a),

ouc(napa-propdenmn)amneruneH (5b),

ouc(mapa-xopdennn)aneruicH (5C),

ouc(mera-xnopdenmn)anetmieH (5d),

ouc(opro-xnopdenmn)arneruiicH (5€),

ouc(mapa-ronmi)aneruieH (5f),

ouc(mapa-merokcudenwmn)aneTieH (5g).

CrTpyKTypa MOJY4YEHHBIX COEAMHEHHUH Oblja YCTAaHOBJIEHA NPHU IOMOIIU
1
cnekrpockonuu  AMP “H, HK-cnektpockonuu, a TakkKe IIyTEM CpaBHEHUS

(U3NUECKUX CBOMCTB (TOYKH TUIABJICHUS) C JIUTEPATYPHBIMU JTAHHBIMHU.

19



Taxum o0pasom, YCOBEPIIEHCTBOBAHHE MeToja MOJTy4YeHHUs
IUapUiIIeTUIICHa MTO3BOJIMIIO HAM CHUHTE3UPOBATh PsIi UICXOAHBIX COCTUHEHHUM 1Jis
cuHTe3a 1,2,3TpuapiiiuKIONPONeHUIOPOMUIOB B 3HAUUTEIBHBIX KOJIUYECTBAX.
Pa3pabotannpiii HamMu MeTOA € ydacTueM AMdTUIGocPHUTa  MO3BOISET
CHUHTE3MPOBATh JMAPWIALCTUIICHBI C BBICOKUMH BBIXOAAMHU B OTCYTCTBHUHU
pacTBopuTeNeld, YTO MO3BOJSET CYIIECTBEHHO CHU3UTH TPYJOEMKOCTh JAHHOTO

nporiecca.

[1. Cunre3 1,2,3-TppUILHHKIONPONEHUIOPOMUIOB H coJieil pochoHus Ha UX

OCHOBC

[TosrydeHHbIE HaMH Ha TPEIBIIYINAX CTAaUAX auapwianeTwieHbl (5) u
oenzanpxyopuapl  (11) ObuUTM B JajbHEHMIIEM HWCHOJIB30BaHbl JUIS CHHTE3a

ruksonponenua opomuaoB (14) (cxema 7).

Ar
Cl
é 1) 'BuOK / 6eH3on : Bro
Ar Cl + Ar——Ar
2) HBr
H Ar Ar
(11a-g) (5a-9) (14a-9)
THBr
‘BuOK [ Ar. Cl ] - o
Y H,0
[ArCCl:] ———— —
_Ar Ar_ Ar Ar
(153'9) L (16a_g) _
Ar = Q(a): 28O E@IO! Q(d);Q ©): Me<_ - (; Meo<{ )~ (g)
NO, Cl Cl

Cxema 7.CuHTe3 3aMEIICHHBIX ITUKJIOMPONEHUSI OPOMUJIOB.
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JloGaBneHre OeH3aNpXJIOpUIa K CMECH TUApWIIALETHIIEHA W TPET-OyTuiiaTa
Kalisg ¢ Tocienyromeid o0padOTKOM pEeaKIMOHHOW CMech OpoM BOJOpPOJAOM
NPUBOJUT K 00pPa30BaHUIO ITUKJIOMPONCHUI OpoMuaa. MexaHu3M JTaHHOW PeaKIiu
MOJKET OBITh MPEICTABJICH CIEAYIONIMM 00pa30oM: Ha MEPBON CTAAMH MPOUCXOTUT
JICTUAPOTAIOTEHUPOBAHKE ,0-TuxjaopMermiaperoB (11) mon aeiicTBueM Tpert-
OyTunata kamusi C OOpa30BaHMEM BBICOKOPEAKIIMOHHOTO HHTEpMEAMara —
xyopdenmtkapoena. [locaeaHuli B yCIOBHUSAX PEAKIMH JISTKO MPHCOSAUHSICTCS B
muapuinetniaeny  (5), maeas  1,2,31puapuiaiukionponenun  xgopun  (15).
Coenunenne (15) monm neiictBuem Tper-OyTmiara Kajwusi, NMPHCYTCTBYIOIIECTO B
pPEaKIMOHHOM CMecH, B XOA€ THApOJM3a JIETKO OMbUIsercs, npaBas 1,2,3-
TpuapwiKionponenmwnidi - ruapokcun  (16). Ilpomyckanume ra3o000pa3HOro
OpoMHCTOTO BOAOpOJAa B pactBop coeawHeHus (16) B O€H30j€ NPHUBOIUT K
BBINAAECHUIO 00BEMHOTO ocajka, MPECTABIISIONIETO 1,2,3-
Tpuapwikionponenmwinii opomua (14). Hamu BriepBbie Mmoka3aHo, YTO BMECTO
ra3zoo0pa3HOro OPOMHUCTOTO BOAOPOJ]A, YCIENTHO MOKET OBITh HCIIONB30BAaH U
JOCTYITHBIN BOJIHBINA PACTBOP OPOMHUCTOBOIOPOJTHOMN KHCIIOTHI.

[To nanHO# MeTOMKE HAMU OBUIN TIOJTYYEHBI CICIYIOIINE COSTUHEHHS

Tpuc(MeTa-HUTPOPEHII ) LIUKIomporeHu1 opomus (14a),

tpuc(mapa-propdenun)uukionponenun opomu (14b),

tpuc(napa-xiopdenmn)nukiaonponerna opomua (14c),
tpuc(Mera-xaopdenun)ukiaonponenua opomus (14d),

Tpuc(opTo-xaopdenHmn)uukionponeHui opomua (14€),

tpuc(napa-roywi)uukionponernn opomun (14f),

Tpuc(mnapa-mMerokcudenun)uukaonpornern opomun (149).

Crpykrypa nojydeHHbIx coenunenunii (14) Oblaa ycTaHOBJIEHA MPU TOMOIIN
cnekrpockonuu SIMP 'H u ¥C, a cocras MOATBEPIKIACH JaHHBIMU DJIEMEHTHOTO
aHaJu3a.

Brimze OBLIO OTMEYEHO, YTO IS CUHTE3a HOBBIX 1,2-

mudochanukionenTaareHnaoB Hatpus (1) ObuT npensoxken pa3paboTaHHBIA HAMU
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paHee OPUTHMHAIIBHBIM  TOAXO/I, OCHOBAaHHBIM  HA  B3aUMOJICWICTBHU
UKJIOTIPOTICHUIIBHBIX cojiel pochonus ¢ nomudochuaamu HaTpusl.

Heo0xoauMo OTMETUTh, YTO apuil 3aMEIIECHHbIE LIUKIONPONEHUI OPOMUIbI
HAnpsSMYI0 HE BCTYMAlOT B PEaKIUio ¢ moiaupochuaamMu HaTpHsi, YTO BEPOSITHO
CBS3aHO CO ¢1a0Oil pacTBOPUMOCTBIO B OPraHMYECKUX PACTBOPUTENSAX BBUAY
BBICOKOM apOMaTHMYHOCTH TPEXWIEHHOro LuKiIa. BMmecte ¢ TeMm, mnepeBon
[UKJIOTIPOTIEHUT OpoMUAOB B coiu (OCPOHHUS CYIIECTBEHHO YBEIMUMBAET HX
pacTBOPUMOCTh U IOHMKAET HMX apOMAaTUYHOCTh, CIOCOOCTBYS PEAKIUH C
nomdochumamu HaTpus.

C aTol 1enbi0 HaMH ObLT CUHTE3UPOBAH Pl colielt pocoHus, coaepKamx

1,2,3TpHUIMKIONPONIEHUIBHBIN (parMeHT (cxema 8).

Ar
Ar Br
Br PPhs
—_—
Ar Ar Ar Ar

(14a-g) (17a-g)

Ar= { - @ir{)- () C'O(C)?Q(d)?% (&): Me<{ )~ : Meo{ ) (g)

NO, C
Cxema 8. Cxema cuntesa 1,2,3TpuapuIlUKIONPONCHIIBHBIX cojiel hochonms

(17).

YcraHoBiieHO, 4YTO  mepememuBaHue  1,2,3TpHapHIIIIUKIONPOIICHIUI
opomuna (14) u pactBopa tpudenmipochuna PPh B pactBope Terparuapodypana
IpY KOMHATHOW WJIM TOBBINICHHON TeMIepaType MPOTEKaeT ¢ 00pa3oBaHHEM
coneit Qochonus (17). BwiOop ycinoBui peaknuu ONpeAessieTcs MPUPOION
3aMECTHTENsI B apCHOBOM KOJbIle. Tak, HaIM4YME AaKIEeNTOPHBIX 3aMECTHTEJeH
CHOCOOCTBYET 3HAYUTENbHOW nenokanu3anuu cBsizu C-Br, B pesynbrate dYero

peaxius MOKeT ObITh peain30BaHa MPU KOMHATHOM Temneparype. B To ke Bpems,
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B cnyyae 1,2,3TpuapuinukionponeHun OpOMHIIOB, COJEp)KalIUX JTOHOPHBIE
3aMECTHTENIM B apEHOBOM KOJIbIIE, PEAKIUS MMPOTEKAET JIMIID MMPU HATPEBAHUU JI0
60°C B Teuenme 3-X 4acoB. Peakims OPOTEKAET C IOYTH KOJMUECTBEHHBIM
BbIX0JI0M. J[71s1 BeIZienenus conell pochoHrs ynapuim pacTBOPUTENh M MPOMBLUIN
neTposieiubiM 3dupom. Bee momydennsie conu docdonus (17) mpemcraBisior
co0oii 6enbie moporniku. CTpoeHre MoJy4eHHbIX cosieil pocdoHust ObLIO JOKA3aHO
metonamu SIMP 1H, 31p CIIEKTPOCKONMHU, A& COCTAaB IOATBEPXKIAEH JNTaHHBIMU
aJieMeHTHOro aHanuza. B crnextpe AMP 31p HaOJIro1aeTCsl CUHIVIET B o0Oiactu 25
m.1. B cnextpe AMP 'H nabmomaercs cioxknas cMHoOBas cucteMa B obnactu 7.2
— 8.0 m.m., oOycnoBieHHass MarHWUTHOW HEIKBUBAJICEHTHOCTHIO apEHOBBIX

IMPOTOHOB.

JIaHHBIM CTIOCOOOM OBLJT CHHTE3UPOBAH CJICIYFOIIUHN PsiJl COCTUHCHHIA
(Tpuc(mera-HUTpOGEHII)IUKIONpoeH ) TprudeHmIpochonnit opomus (17a),
(Tpuc(nmapa-dropdennn)mukiaonponennn) rpudennndochonnii 6pomun (17b),
(Tpuc(mapa-xnopdeHrn)ukionponeHuni)rpudenmidochonnii 6pomu (17¢),
(Tpuc(mera-xmopdenmn)uukionponeHmw) rpudenuipochonuit Opomun (17d),
(Tpuc(opro-xaopdenwn)ukaonponenun) rpudenundochonuit opomus (17€),
(Tpuc(mapa-romun)uukionponeHm) tpudenuadochonnii opomua (17f),

(Tpuc(mapa-mMerokcud e nukIonponeHui) pudenuindochonuit Opomun (179)
Takum oOpazomM, HamMu ObUIM CHHTE3UPOBaHBl coiu  (ocdoHus,

HeoOxoaumble i nonydeHus: 3,4,5Tpuapui-1,2-mudochanukioneHTaAneHIIOB

HaTpuAg U UX IMMPONU3BOAHBIX.
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[11. Cunre3 3,4,5-Tpuapui-1,2-nudochanukioneHragueHn10B HATpus u 1-

TPUMETWI10J10B0-3,4,5-Tpuapui-1,2-nupochannkionenra-2,4-1ueHoB.

Jlnst mosyderusi mpou3BOAHBIX 1,2-mmdochanukioneHTagueHua0B HaTPHsI
HaMd OBLI  HCIOJB30BaH METOZ, Oa3MpyIOIIUHCA Ha  B3aMMOJICHCTBUU

IUKJIONPONICHUIbHBIX cojiek pochonus (17) ¢ monudochumamu Hatpus (cxema 9).

Ar Br Ar Ar » ¢
Na,P >\_< a(auranm),
" - Ar <I;>/P
Ar Ar
(17a-9) (18a-g)
ar = @) o3 61~ @ O @i - (@ Me - :Me0{ - (@)
NO, Cl Cl

Cxema 9. Cxema cuntesa 3,4,51puapun-1,2-mudocharnukioneHraaneHuI0B

Hatpus (18)

[Momudochuarl HaTpUsi OBLIM MOJYyYEHBI HAMH IMyTEM KHUITSTYCHUST OEJIoro
docdopa ¢ AByMsA SKBUBAJCHTAMHU METAJUIMYECKOTO HATPUS B JAUMETHUIOBOM
aupe AUITUICHTIUKONS (IUTIIMME) B NMPUCYTCTBUU MEK(DA3HOTO KaTau3aTopa
(mnOen3o0-18«payHn-6) B TeueHHe IIeCTH 4YacoB. B Xxoje gaHHOro Imporecca
mpoucxonut  obpazoBanme cmecu nommdochumoB ¢ mpeodiiamaHueM
nenradgochanukaonentaguenuia Hatpus NaR u rentadochuaa TpuHaTpus
NagP5.

[locne oxnaxkaeHusi TMOJNy4eHHOM cmecu mnoiaudochunos, modaBuUIU
(uukmonponenun)pochonnii  Opomua (17) W peakUUMOHHYIO CMECh BHOBB
HarpeBaiu 10 160T B Teuenue Tpex 4yacoB. B xone mporekaHusi peakiyy LBET
pacTBOpa MEHSETCS OT JKENTO-KOPHUYHEBOTO JO TEMHO-BUIITHEBOTO. 3aTeM
PEaKIMOHHYIO CMECh OXJIAIUIIN 10 KOMHATHON TeMIepaTyphl U OTGUIBTPOBAIN OT

ocanka. CoObpaHHbIl (HUIBTPAT YHAPHIM B BaKyyMe, @ OCTATOK MIPOMBUIH CMECHIO
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TI'® —rekcan (1:5) rpems mopuusmu mo 50 MiT 1 BRICYITHIIH B BEICOKOM BaKyyMe
10 MOCTOSIHHOT'O Beca. [Tomy4yeHHbIE 3,4,51puapun-1,2-
nudochanuknonenTaaueHuapl Hatpus (18) mpeacTaBistoT co0oi TeMHO-KpaCHbIE
MOPOIIKH, CTaOWIbHBIE B HWHEPTHOM aTtMocdepe U OBICTPO TMOJBEpPraronuecs
JECTPYKIIUU TIPU KOHTAKTE ¢ BO3ayxoM. CTpoeHHe MoTydeHHbIX coeaunenuit (18),
a TaKoKe MX YHCTOTA ObLIA YCTAHOBICHA MPU IMOMOIIM criekTpockonuu SIMP 'H,
3p 1 1°C, a cocraB moaTBEpIKICH NAHHBIME SIEMEHTHOTO aHAIM3a. B cekTpax
SIMP 3P NOJyYEHHBIX HaTpHeBbIX cojicii (1) HaOmromaercs xapaKTepUCTHUHBIHN
cunrner B oonactu +190m.1. B crextpe SIMP °C HaGnromaercs ay6ier ay6iaertoB
U TICeBAO-TpUIUieT B obmactu 176 m 185 M.A. COOTBETCBEHHO, OTHOCSIIUECS K
CUTHajaM aToMoB yriiepoza 1,2-1udocharnukioneHTaIueHuIHOTO KOJIbIIa.

B pesymbrare mo [aHHOW METOAMKE HAMH TIOJYYCHBI CICTYIOIIHE
COCTMHEHUS:
3,4,51pu-mera-uurpodenni-1,2-nudochanukinonenraguenna natpus (18a)
3,4,51pu-napa-propdenni-1,2-mupochannknonenramuenn Harpus (18b)
3,4,51pu-napa-xmopdpenni-1,2-tudochanuknonenragueaun Hatpus (18¢)
3,4,51pu-mera-xnopdenmi-1,2-mudocanuxionenraauenus Hatpus (18d)
3,4,51pu-opro-xnophennn-1,2-nudpochanuknonenraauenn Harpus (18e)
3,4,51pu-napa-toami-1,2-tudocdanukinonenraguean Hatpus (18f)

3,4,51pu-napa-meroxcudennin-1,2-mudpocdanuknonentanuenun Harpus (189)

Takum  obpazom, Hamu Obl1  cuHTEe3UpoBaH psa  3,4,5Tpuapun-1,2-
mudocdanuknonenraanennaoB Hatpus (18) ¢ TpeOyemoil dYHCTOTOH u B
HE00X0IMMOM KOJIMYECTBE.

[Monyuyennsie 3,4,5tpuapun-1,2-1udochanuknonenraauenunbl Harpus (18)

OBLIH BBEJICHBI B peakinio ¢ TpuMeTuioaoBoxiopuaom MesSnCl cxema 10).
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Ar Ar Ar Ar

@ Me3SnCI / AN
Ar*ip/P c ArzP/P

Tonyon, -78° |

Na(aurnum),* SnMe,
(18a-g) (19a-g)
ar = (@i -0 - @: O @i - ©@:me< - (0 Meo - @)
NO, Cl Cl

Cxema 10.Ilonyuenue 1-rpumeruncranaui-3,4,5rpuapun-1,2-

audochanukinoneHra-2,4-1uenosn (19).

K cycnemsun 3,4,51puapwun-1,2-mudochanuknonenraguennaa Hatpus (18) B
tonyone mnpu -7/8C 100aBWIM KPUCTAJUTMYECKUM  TPUMETHIIOIOBOXJIOPHII.
PeakinoHHy0 cMeCh IEpeMEeIMBaIN 10 JOCTHKEHHUSI KOMHATHON TeMIepaTypsl, a
3aTeM BBIIECP)KUBAJIM MU MepeMelBanuy emle 3 yaca. JlanbHeiiee ynapuaHue
pacTBOPHUTENS U SKCTPAKLUS MPOAYKTa cMechio Toiyosi-rekcan (1:3) cymmapHbIM
o0vemMoM 100 mMi1 MO3BOJISET MONYYUTh YUCTHIN 1-TpumeTniionoBo-3,4,5Tpuapui-
1,2-nudochanukinonenra-2,4-1uen (19) B Buae CBETIO-KEATOrO Macja.

[To maHHO¥ METOIMKE HAMU MOTYUYEHBI CIETYIOIINE COSIUHEHUS:
1-tpumeruncrannun-3,4,5Tpu-mera-aurpodennn-1,2-
audochanukinonenra-2,4-1uen (19a),
1-rpumeruncrannun-3,4,5Tpu-napa-propdpennn-1,2-mupocdannxnoneHra-
2,4-nmuen (19b),
1-tpumeruncrannui-3,4,5Tpu-napa-xaoppenun-1,2-mupocdanukioneHra-
2,4-tuen (19c),
1-rpumeruncranami-3,4,5Tpu-mera-xaophenmn-1,2-nudochanmkioneHra-
2,4-nuen (19d),
1-rpumerunicranami-3,4,51pu-opro-xinophenmi-1,2-nudochanukioneHra-
2,4-nmuen (19e),
1-tpumeruncranuun-3,4,5Tpu-napa-ronui-1,2-nudpocdannxnonenra-2,4-
auen (19f),
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1-tpumeruncrannuni-3,4,5Tpu-napa-Mmerokcupenmn-1,2-

mudochanukiionenra-2,4-tuen (199).

CTpykTypa MOJYyYEHHBIX COCIMHECHHM, a TaKK€ MX YHCTOTa ObUIa yCTaHOBJICHA
nmpu momomu crexrpockormu SIMP 'H, ¥'P u ''°Sn. B cmextpe SIMP 'H
coenunenus (19¢) npucyTCTBYyeT JBE IPYIIbI CUTHAIOB: CHHIJIET B oOmactu 0.11
M.J. XapaKTEePHBIA JIJIST TPEX METUIILHBIX TPYII IPHU OJIOBE M MYJBTUILIET 6.75M.11.
MpUHAJISKAIMNA TPOTOHAM TMapa-xjopdeHwIbHbIX Tpymn. B cnektpax AMP
p{'H} nomyuennbx 1,2-1u¢OChHALHKIONPONEHIIBHBIX MPOM3BOIHBIX OJI0BA
(19) wnabOmromaeTcss XapakTEPUCTUYHBIA CHHIJIET B oOmactu +116 m.ja. c
nonymupuHor auHuM 41.71°1 ¢ AByMs caTeJUIMTaMU BCJIEICTBUE B3aUMOACHCTBUS
saep docdopa u omoa. B To xke Bpems, B criektpe IMP 1Sn coenumenus (19¢)
(buKcupyeTcsl MCEeBIOTPUILIET C HEHTPOM 951 M.JI. U KOHCTAHTON CHUH-CIIMHOBOTO
B3aUMOJIEUCTBUS 1J5n_p = 276Tu. IlonyyeHHble NaHHBIE YKa3bIBAIOT HA HAJIUYHE
JTMHAMUYECKHX TPOIECCOB B pacTBope coeamHeHuit (19), xKoTopwie CBS3aHBI C
murpanedn Me;Snrpynner mexay nByms aromamu docdopa. JlomoaHuTenbHOoe
NOJTBEPXKIEHUE (QIIYKTyHpyromero noBeaeHus MesSnTipynmbl Obulo MOTydeHO
HAMU [PU U3YUYEHUH 3aBUCUMOCTH CHIEKTPOB SMP 31P{ 1H} pacTBOpa COEAMHEHUS

(19) ot Temneparypsl (puc.2).
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Pucynok 2. TemneparypHasi 3aBUCUMOCTb CIIEKTpoB SAMP 3p 1-
TpUMETHICTaHHUI-3,4,5Tpu-napa-xaopdenun-1,2-mudocdanmkionenrta-2,4-

nuena (19c¢).

[Tpu 183 K nabmromaercsi NCUE3HOBEHHWE CHUTHAJA B CIIEKTPE, YTO yKa3bIBaeT Ha
JTOCTIDKCHHE ~ TeMIlepaTyphl  KoalecieHiuu.  JlanmpHeliiee  TMOHMKEHUE
temnepatypbl 10 165 K npuBOAuT K MOSBICHHUIO ABYX YIIMPEHHBIX CUTHAJIOB B
obmactu ~ 4220 ma. umw ~ +30 ma.. Cur”Hamel B JaHHBIX 00JIaCTAX
CBUJICTEILCTBYIOT O BOSHHMKHOBEHHH JIBYX Pa3jMYHBIX aTOMOB (hocdopa, ABYX- U
TPEXKOOPAMHUPOBAHHOTO COOTBETCTBEHHO, 32 CUET 3aMOPAKMBAHUS OIHOW U3

TayToMepHbIX hopM (cxema 11).
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Ar Ar Ar Ar

/ \ Ar Ar x -
P —_— Z\ :P —~———— P
/ Ar P A NPZAN
Ar P “~SnMe; Ar P SnMe;

MesSn 19
Cxema 11.Tayromepnsie popmbl 1-tpumeruncranaui-3,4,5gpuapmi-1,2-

nudochanukironenra-2,4-muenon (19).

Takum o00pa3oMm, Haguuue JabuiIbHOM cBs3u ¢ocdop-ogoBo B 1-
TpuMeTuiacTanuun-3,4,5Tpuapui-1,2-mudocdanukionenta-2,4-1ueHax (19
npeIonpeeisaeT uX NajbHeHIee HCIOIh30BaHNE B KAYECTBE yIOOHBIX pearcHTOB
JUIS TIOJIyY€HUsS HA WX OCHOBE KOMIUIEKCOB TEPEXOTHBIX M PEIAKO3EMENbHBIX

MCTAJIIIOB.
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3AK/IIOYEHHUE.

Takum oOpa3oMm, HamMu OBLIM BBITIOJIHEHBI BCE DPAOOTHI, 3asBIICHHBIE B
paMKax TIEpBOr0 3Tama roCKOHTpakTa. IlyreM MHOTOCTaJUHHOTO CHHTE3a HAMH
obuT moydeH pan 1,2-nudochanukiionenraauenunos Hatpus (1), comepskammx
pa3IMYHbIC 3aMECTUTEIIM B apEHOBBIX ()parMeHTaX W3 KOMMEPUYECKH JIOCTYITHBIX
oenzanbxaopunoB. JlanpHelmee BBeneHue 1,2-tudocdanukioneHTaaueHu10B
HATpPHUS B PEAKIMIO C TPUMETUIIOJIIOBO XJIOPUIOM IO3BOJIMJIO TONYYUTH psm 1-
TpuMeTHICTaHHMI-1,2-1ndochanukionenrta-2,4-1MeHOB 2 —  yAOOHBIX
pPEareHToB, TMO3BOJISIIONMIUX B MSITKUX YCJIOBHUSX CHHTE3MPOBATH KOMILUIEKCHI

MNEPEXOJHBIX U PCAKO3CMCIbHbBIX MCTAJIJIOB.
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3,4,51pu-napa-metokcudenmn-1,2-nudocda-
7 | IUKJIONEHTAIUEHU] HaTpUs (TeMHO-KpacHBIH

IIOPOIIIEK)

1-rpumeruncranami-3,4,5Tpu-mera-HuTpoh SHUII-

1,2-tudocdanukionenta-2,4-mueH (KenToe Macio)

1-rpumertuncranami-3,4,5Tpu-napa-propdpeHur-
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15 1-rpumeruncranami-3,4,5Tpu-opro-xsiopheHu-
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3 1-rpumernncrannun-3,4,5Tpu-napa-ronui-1,2-
1
nudochanukinoneHTa-2,4-1ueH (keaToe Macio)

1-rpumetnnicranuun-3,4,5Tpu-mnapa-
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(>xenToe Macio)

Hupexktop NODX um. A. E. Apby3oBa
KasHII PAH, akagemuk PAH
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M.II.

Hay4unb1ii pyKOBOAUTEID,
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beskumko U.A.

32



Ilpunosicenue 2

K oTyery no 1sramy
roCyJapCTBEHHOT'O KOHTPAKTa
oT «24»oxTs0psa 2011r.

Ne 16.740.11.0745

Cnucok pador, ony0JMKOBAHHBIX 32 OTYETHBIN MEPHUOI.

1. Krupskaya Y. Electron spin coherence in antiferrgnaically coupled
binuclear Mn complexe$ Y. Krupskaya, R. Zaripov, E. Vavilova, V.
Miluykov, |. Bezkishko, D. Krivolapov, O. Kataev®. Sinyashin, E. Hey-
Hawkins, V. Voronkova, K. Salikhov, V. Kataev, Buéhner // Physical
Review B. — 2011. —V.849. —P.092402-1 — 092402-4.,

33



Ilpunoscenue 3

IlepBas cTpaHuna cTaTbu ONYOJTMKOBAHHOM 32 OTYETHBIN MEPUOJ.

K oTuety 1o 1 rtamy

TOCYAAapCTBCHHOI'O KOHTpPAKTA

oT «24»oxTsa0ps 2011r.
Ne 16.740.11.0745

PHYSICAL REVIEW B 84, 092402 (2011}

Electron spin coherence in antiferromagnetically coupled binuclear Mn complexes

Y. Krupskaya,'" R. Zaripov,” E. Vavilova,' V. Miluykov,? 1. Bezkishko,” D. Krivolapov,® O. Kataeva,” O. Sinyashin,’
E. Hey-Hawkins,* V. Voronkova,” K. Salikhov.” V. Kataev,"' and B, Biichner'
' Leibniz-Institute for Solid State and Materials Research IFW Dresden, Dresden, Germany
*Zavoisky Physical-Technical Fnstitute of the RAS, Kazan, Russia
YA E, Arbuzov Insritite of Oveanie and Physical Chemisery of the RAS, Kazorn, Rissio
Hnssinire of Inorganic Cherdiry, Universiich Leipaiy, Leipziz, Germany
(Received 8 Apeil 2001 revised manuseripl received 8 July 2000 12 published 26 September 20001

W reporl o pulse cleciron spin resonance study ol bingelear Mo moleeolur complexes whese mygnelic
properfies are confrolled by the ligand substituhion, An eleciron span echo in these compleses inthe solid phase

aml also diluted o g froven solotion matrs was delectad, and the spin decoberence lime 720l Moospins al
dillerent empreraiures was delermined. We ohserve o simple exponential 7 relaxation in the later samples aml
a nomexpangntial relaxation process in the former anes. The data analysis estahlishes the hyperting coupling 1o
the protans as an important source of the electron spin decaherence. Furthermore, the data clearly sngzest an
important role of the intermolecolar spin-spin coupling for the 75 relaxation. The influence of both mechanisms
should be considered as limiting factors for coherent spin manipulation in molecular magnets with regard to their

possible application for quantum computing.

DOI: 10,1 103/PhysRevB. 84002402

Transition metal-based polynuclear molecular complexes
attract significant current attention as they demonstrate unigue
magnetic properties of a pure single-molecule origin.' Besides
the fundamental interest in novel quantum phenomena occur-
ring in single-molecule magnets, their potential applications in
quantum computing and data storage devices are intensively
discussed.” Here, one of the imporiant aspects is the under-
standing of the electron spin dynamics. A qubit, the elementary
unit of a quantum computer built of the spin §=1/2,
unavoidably experiences the longitudinal Ty and transverse
T relaxation processes which are crucial for quantum infor-
mation applications.” Since usually T3 < 1, the T: time which
characterizes the phase coherence of the spin ensemble is of
particular importance. It should be significantly longer than the
duration of coherent manipulations to prevent the irreversible
leakage of information during the computation cycle.

The relaxation times T, and T can be directly accessed
by the pulse electron spin resonance (ESR) spectroscopy.’
The pulse ESR and related pulse techniques have been widely
used to study the geometric and electronic structure and spin
couplings in biological molecules,” such as, e.g.. the PSII
enzyme that contains the Mny cluster in its catalytic functional
unit (see, e.g., Rels. 6-8 and references therein). Recently,
pulse ESR has been used to study the spin dynamics in a
number of single-molecule magnets (see, e.g.. Refs. 9-11),
mostly diluted in a frozen solution matrix,™'" A coupling 1o
the fluctuating nuclear-spin bath as a major limiting factor
for the spin decoherence in magnetic molecules has been put
forward by Ardavan ef al..” whereas no significant influence of
the intramolecular hyperfine coupling on the electron T; time
was found by Schlegel ef af."" The experiments by Takahashi
et al.'' on the molecular magnet Fey in the solid phase have
revealed, on the other hand, the importance of the dipolar
coupling to fluctuating neighboring electron spins, yielding
a strong temperature dependence of Ta. All this suggests a
complex interplay of different spin subsystems in magnetic
molecular complexes which deserves further experimental
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investigation. One of the interesting problems in this respect is
the role of the intermolecular interactions for the time evolution
of the electron spin coherence which has been theoretically
discussed with regard to spin coherence and entanglement in
exchange-coupled nanomagnets (see, e.g.. Refs. 12 and 13).

In the present work we address this issue by studying the
electron spin dynamics in a simple model system on the basis
of newly synthesized binuclear Mn molecular complexes.
These complexes contain two Mn ions in a formal |+ oxi-
dation state, They are doubly bridged by 3.4.5-triphenyl-1,2-
diphosphacyclopentadieny! ligands (Fig. 1), which provide a
weak antiferromagnetic coupling of the Mn spins J; = 20 K.
It has been shown in Ref. |4 that the substitution of the
peripheral ligands in the molecular core enables a tuning of
the Mn magnetic moment. It can be enhanced by a factor of
more than 1.5 due to the redistribution of the electron density
in the molecular core. Our pulse ESR results give evidence that
the coupling of the electron spins to the neighboring nuclear
spins is a relevant, but not the only source of the decoherence
in the Mn spin subsystem, In addition, despite a substantial
separation of the Mn dimers in the solid phase by the hgand
surrounding, the intermolecular Mpo-Mn magnetic coupling
arises as an important decoherence factor, Here the controlled
increase of the Mn magnetic moment by the ligand substitution
yields a respective decrease of the 75 time.

The synthesis and the structural and magnetic characteriza-
tion of the three studied binuclear Mn complexes is described
in Ref. 14. The choice of the ligand L at the Mn site between
L = CO, CH:CN, and PPhs for complexes 1, 2. 3 (Fig. 1)
vields a consequent increase of the Mn effective moment from
Peit = 135 pp 10 2.2 o and 2.67 pup, respectively, Pulse ESR
experiments were performed at a frequency of 10 GHz with an
Elexsys E-580 spectrometer {Bruker). The spin decoherence
time 1> was measured by applying the primary echo sequence
7/2 — 1 —x with the 8-ns-long 7/2 pulse. To measure the
longitudinal relaxation time T;. we applied the stimulated
echo sequence m/2 —1 —a/2 —t —m/2 — 1 —echo. The
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FIG. 1, (Color onling) Unit cell of the binuclear Mo complex 1,
The substituted peripheral ligand L is encircled by the dashed oval.

measurements at different temperatures were performed at the
center field (3400 G) of the partially resolved hyperfine-split
cw ESR signal (see Ref. 14). Inthe following the time evolution
of the spin echo signals at two characteristic temperatures of
6 and 80 K is presented and discussed.

The complexes 1 — 3 were studied in a microcrystalling
powder form and as homogeneously dissolved in tetrahydro-
furan (THF). In the latter case, the 10 mg (~0.01 mmol) of
complex 1 was dissolved in 10 ml of THF at room temperature.
The samples of complexes 2 and 3 were obtained similarly by
dissolutionof 11 mgof2or [5mg of 3in 10 mlof THE The low
concentrations of the solutions (~107 M) allow elimination
of any interactions between the molecules of the complexes.
Note that all measurements were perdfonmed al lemperatures
below the melting point of the solvent (T, = 165 K), i.e.,
the samples were studied as frozen solutions.

The dependence of the electron spin echo intensity on the
delay time T in powder samples cannot be described by a
single exponential decay function Vi(2t) = Vyexp(—2t/ T2,
hoth at 4 low (6 K) and at a high (80 K) temperature (Fig. 2).
In particular, in the low-temperature regime the echo decays
can be reasonably well described by the stretched exponential
funetion

V(2t) = Vyexpl—(2t/ T, i

as shown inthe insetin Fig. 2, whereas ata high temperature the
agresment becomes somewhat worse, rendering the values of
15 and b less certain, Here 15 is the effective spin decoherence
time and & is the exponent index characterizing the spread of
the relaxation times. The respective values of & and 77 for all
three complexes are summarized in Table 1.

In frozen solutions, in contrast to powders, the time
evolution of the electron spin echo intensity follows a single
exponential decay law (Fig. 3), which corresponds 1o b = |
and T = T; in Eq, (1). The obtained values of T are given in
Table I.

A separation of transverse and longitudinal relaxation
processes (17 < T)) has been checked by the low-lemperature
measurements of T; which have revealed a very similar
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FIG. 2, (Color onling) The intensity of the primary electron spin
echo Vir) vs the delay time T measured on the powder samples at
T =6 K, symbols, and fits to the nonexponential decay function,
lines (see the text). The presentation of Vit ) on the log-scalé vs /T
for complex 2 at 6 and 80 K is shown in the inset.

relaxation time T) == 10 s for all complexes in the powder
form. In the frozen solutions the T) time is significantly longer
and amounts to 140 gs, 90 ps, and 80 ges for complexes 1. 2,
and 3, respectively.”

In the primary echo experiments we have observed in all
samples a modulation of the spin echo intensity known as the
electron spin echo envelope modulation (ESEEM)."'7 It is
clearly seen in all 75 measurements at time delays © < 700 ns,
Examples of the ESEEM for complex 1 at T = 6 K are shown
in Fig, 4. The origin of the ESEEM is the interaction of electron
spins with surrounding magnetic nuclei with a nonzero spin.
The modulation arises as the effect of the interference between
pairs of excited ESR transitions between electron-nuclear
levels.,'” The period ol the modulalion yields the Larnor
frequency vy of the nuclear spins involved. For all studied
samples it amounts to 14.7 MHz, which is equivalent to the
iy of the proton spins at the field value corresponding to the
resonance field of the electron spins, This gives evidence that
the modulation is caused by the hyperfine interactions of the
Mn electron spin with the nearby protons. We note here that
the ESEEM due to the on-site hyperfine interaction of the
electron spin with the nuclear spin of Mn is not experimentally
detectable due o a strong on-site hyperfine conpling. 17

There is a number of mechanisms which can contribute o
the electron spin relaxation processes in the siudied binuclear
Mn complexes, such as spin-phonon relaxation, spin-spin
interactions between Mn ions, hyperfine interactions with the
nuclear moments, spin- and spectral diffusion, ete. (see, e.g..
Refs. 20-23).

The dipole-dipole interaction with the proton spins is
considered to be the main decoherence mechanism in the
metal-organic molecular complexes.” ! In our case a coupling
between the electron spins and the proton subsystem is evident
from the ESEEM experiment (Fig. 4). The *'P nuclear spins
of phosphorus atoms which are coordinated with Mn (Fig, 1)
may also contribute to the T relaxation. However, we do not
observe a second modulation frequency vsp ~ 5.9 MHz in
the ESEEM as, e.g., in Ref, 24, suggesting that a contribution
from the *' P subsystem is less prominent compared o protons,
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TABLE I. Spin decoherence times 5 and T for complexes 1 — 3 in the solid phase and dissolved in a frozen solution matrix.®

Complex (ligand) Sample type 2K 6K
1{CO) 0.65/L8
2 (CH5CN) Powder T (us)/b ~0.05 - 0.1/~0.5 0.18/0.5
3 (PPhi) 0.20/0.5
1HCO) 4.0
2 (CH:CN) Frozen solution Ty (pis) ~{.1 33
3(PPhs) 32

“The uncertainty in the determination of T, T and b is about 109 at 6 K and is about 20% at 80 K.

An order-of-magnitude estimate of the proton contribution
to the 73 in the studied complexes can be made with a
simple model that treats a system with an electron spin
surrounded by homogeneously distributed nuclear moments.*
Taking the concentration of nuclear spins equal to the average
concentration of the hydrogen atoms in a single crystal of
complex 1, the estimated T3 relaxation time for the Mn spin
is of the order of ~5 us, This value 1s rather close to the
experimentally obtained values of 75 in frozen solutions at T =
6 K (Table 1), suggesting that the proton-mediated mechanism
is a relevant relaxation channel for Mn spins. This is, in fact,
not surprising, since the intermolecular Mn-Mn interaction is
unlikely in this case due to a big separation between the Mn
complexes in the frozen solution, The spin-spin interaction of
the isolated pair of the Mn ions inside the complex should
contribute to the structure of the spectrum rather than to the
paramagnetic relaxation, We hence suppose that the intradimer
interaction can manifests itself in the relaxation only indirectly,
e.g., as a source for a modulation of the spin-spin interaction
between dimers in the solid phase. A strong reduction of T
at high temperature (Table 1) is likely to be associated with
increased molecular motion because of a softening of the
olassylike frozen solution by approaching T, as has been
discussed before, e.g., in Refs. 25 and 26.

In the powder samples, in addition to the coupling to the
subsystem of protons, there are obviously further significant

dephasing mechanisms which shorten the spin decoherence
time of the Mn spins. Here, compared to frozen solutions,
the decay of the electron spin echo signal at 6 K is by an
order of magnitude faster and is not exponential (Fig. 2,
Table 1), Such a drastic difference suggests that spin-spin
exchange and dipole-dipole interactions between the Mn spins
give substantial contributions to the phase relaxation in the
solid phase. The stretched exponential shape of the spin
echo decay |Eq. (1)] may arise due to several reasons. Since
typically the length of the microwave pulse corresponds o the
spectral width of a few Gauss, not all spins contributing to
an inhomogeneously broadened ESR line can be excited. This
is also the case in the smdied complexes where the central
line of the ESR spectrum is 50-70 G broad."* Hence the
cross-relaxation between the excited spins which contribute
to the spin echo signal and the nonexcited fraction of spins can
take place by mutual spin flip-Aops,™*! Such spin-excitation
transfer reduces the number of spins contributing to the echo
signal and thus yields its additional decay. Other mechanisms,
such as spin and spectral diffusion, might be also responsible
for the ohserved kinetics of the phase relaxation ™" The
spin-excitation transfer may lead to a spatial diffusion of
the spin coherence (spin diffusion), which by reaching, e.g.,
the surface of the powder particles, may yield a fast phase
relaxation. Furthermore, the modulation of local fields due to
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Aip-Nop processes may cause migration of the frequency of the
excited spins {(spectral diffusion). which can also contribute
to the spin decoherence. Which of the above discussed
diffusion mechanisms is dominating in the studied samples
remains to be elucidated. However, the mere fact that the echo
decay turns to a single exponential form upon dissolving the
complexes in a solution suggests that infermolecular spin-spin
interactions between the Mn ions are responsible for additional
decoherence in powders.

Notably the spin decoherence time 75 and the exponent in-
dex b in 2 and 3 are appreciably reduced compared to complex
1 {Table I). This is in an apparent correlation with the increased
values of the Mn magnetic moment in complexes 2 and 3
(Perr = 2.20 peg and 2.67 pg, respectively ) with respect to com-
plex 1 whereby an appropriate ligand substitution the ps has
been substantially reduced o 1.55 pn."” This correlation fur-
ther supports the conjecture that the electron spin decoherence
in the studied complexes in the solid phase is driven by inter-
molecular spin-spin interactions at least at low temperatures.”’
Atelevated temperatures the intermolecular magnetic coupling
may become less relevant and other mechanisms of the phase
relaxation, such as contributions from spin-lattice relaxation
processes, spin diffusion, or molecular dynamics, may become

PHYSICAL REVIEW B 84, 092402 (2011}

relevant. Possibly because of this. the spin echo decays, though
remaining nonexponential, show deviations from the stretched
exponential behavior [Eqg. (1), Fig. 2].

In summary, we have stadied the time and temperature
evolution of the electron spin echo signals in a model binuelear
Mn complex whose magnetic properties can be fine-tuned by
a peripheral ligand substitution. We find that the decoherence
of the electron spin ensemble is influenced by a number of
factors. The factor which was also commonly discussed before
is the hyperfine coupling of electron spins to the surrounding
proton moments. Furthermore, we find that in the solid
phase additional decoherence arises due to the intermolecular
spin-spin interaction manifesting in the nonexponential decay
of the electron spin echo. The occurrence of such multichannel
relaxation paths might be of a generic character for molecular
magnets in the solid phase and thus should be taken into
account, e.g., regarding possible applications of exchange-
coupled molecular magnel networks in quantum computation
technologies.
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