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BBenenue.

[Tonq TepMHHOM «UMOHHBIE JXHUAKOCTH» uYallle BCEro NOJApa3zyMeBalT COJH,
TeMIlepaTypa IJIaBJIEHHUs KOTOPBIX HUXKE TEeMIEepaTypbl KUINEHHUS BOJBI, TO €CTh
Huxe 100 rpaagycoB llenbcus. WX yHHKalIbHBIE CBOHCTBA, TaKMe KaK HHU3KOE
JaBJIEHUE MapoOB, BBICOKAs MOHHAsI IPOBOAUMOCTD, IUPOKUN IEKTPOXUMUYECKUN
NOTEHIMadl W  BO3MOXXHOCTb  TOHKOW  HACTpOHKHM  (PU3UKO-XMMHUUYECKHUX
XapaKTEPUCTUK MYTEM U3MEHEHMUS KATUOHHON U aHUOHHOMN CTPYKTYpHhl, IPUBEIH K
UX HHUPOKOMY INPUMEHEHMIO B pPa3IMYHBIX 00JacTsiIX, BKJIIOYAs 3JIEKTPOXUMHUIO,
KaTaau3, HKCTpaKLUI0 M pasjneineHue BemecTB. OngHako, Aas 3(PEKTUBHOTO
ucnonb3zoBanuss MX B KOHKpPETHBIX NPUIOKEHHUAX, HeoOxoauMo Tiaybokoe
NOHMMaHHE HMX MOJEKYISIpHON CTPYKTypbl M AMHAMUKU. BHyTpuMonexkynspHas
noaBuxHocTh MK, ompexensiemas ABHKEHUEM OTAEIbHBIX (ParMeHTOB HOHOB,
UTpaeT pela Y0 pOJib B ONPEACICHUN UX PU3NYECKUX U XMMUYECKUX CBONCTB

B nanHoWi paboTe OCHOBHOW wuWHTEpec OB HANpaBJIeH Ha U3YYCHHE
BHYTPUMOJEKYJIAPHON TNOABHUKHOCTM B KOMIIJIEKCHOM HMOHHOM JKHUIKOCTHU
[BMIM],Cd(SCN)4, MTOCKONBKY HCCIENOBAHHE OITHUX CHCTEM HIAET B paMKax
IPONOJIKEHUS paboTt [1-3]. B KayecTBe UHCTPYMEHTA U3y4YECHUS
BHYTPUMOJIEKYJIAPHOM MNOABUXKHOCTH MBI HCIOJB30BaJHU penakcomerpuro SMP.
Jinsg d4Yero perucTpupoBadd HU3MEHEHHsS HUHTErpajbHbBIX HMHTEHCHUBHOCTEH B
cuektpax AMP 1H u 13C npu pa3HbIX TeMOepaTypax B 3aBUCUMOCTH OT HHTEpBajia
MEXJy HUMIYIbCAMH B CTaHIApPTHOM MMIIYJbCHOW NOCIEIOBATEIBHOCTH —
UHBEPCUSA-BOCCTAHOBJICHHUE. ITo XapakTepy U3MEHEHU S UHTETPaIbHBIX
UHTEHCHUBHOCTEH OBLIM BBIYUCIEHBl BPEMEHA CIUH-PEMETOYHON pelakcaluu s
OTJCJIBHBIX CIIEKTPAJbHBIX JINHUM.

Ilenu u 3agayu.

Ilens pabOTHI: nonyuuts HHGOPMAKIO O BHYTPUMOJIEKYIAPHON MOJABUIKHOCTH
B 1K [BMIM]2Cd(SCN)4.

S3anadu:

* Peructpanus  JaHHBIX  H3MEHEHHUS  HUHTErpajbHOW  HUHTEHCUBHOCTHU
CIEKTpaJbHBIX NUHUK SIMP B 3aBUCUMOCTH OT MHTEpBaja B UMIYJIbCHOU
MoCJeJOBAaTEIbHOCTH.

* OOpaboTka MOJYYEHHBIX JAaHHBIX, BHIUUCIECHUE BPEMEH CNUH-PEHIETOUYHON
pellakcanuu (IOJy4YeHHE TEMIEPATYPHBIX 3aBUCUMOCTEN)

* BriuncineHue BpeMEH NMEPEOPUEHTALUHN OTACIbHBIX MOJIEKYISPHBIX IPYNI U
DHEPIrUU aKTUBALUU COOTBETCTBYIOIUX DTUM JABUKCHUIM.






TCOp CTHYCCKasid 9acCTh.

1. AMP-cnekTpockonus.
CnekTpocKONus AAEPHOTO MATHUTHOTO pe30HaHCa - PHU3UKO-XUMHUYCCKHN METOJ

aHalu3a, UCIOJb3yEMbIN AJIs ONpENEIEHUS CTPYKTYPBl MOJEKYJI, UX IUHAMHUKHU U
B3auMonaeicTBuss. OH OCHOBAH Ha SBJIEHUMU SJAEPHOTO0 MAarHUTHOIO peE30HaHca,
BO3HMKAIOIIEro NpU BO3AEHCTBUU CHIBHOIO MAarHUTHOTO IOJS Ha sJapa aTOMOB,
o0ylajalomuX HEHyJIeBBIM cnuHOM (Hampumep, 'H, '*C). Metoa cneKTpOCKONHHU
AJ€pHOTO MAarHUTHOTIO pe30HaHca sBAseTcs Haubojee NPUMEHUMBIM JUI peIICHUS
aHAaJUTUYECKMX 3aJad Cpeau BCeX PaJUOCHEKTPOCKONMYECKHX METOJOB.
NudopManusa o0 KOJIMYECTBE U CTPOEHMHM TEX MIM HUHBIX MOJEKYISIPHBIX
o0pa3oBaHUl MoOXeT OBITh IOJy4Ye€Ha Ha OCHOBE pErucTpalud aMIIUTYIbl
CUTHAJIOB, CIIEKTPOB U PEJIaKCALlMOHHBIX XapaKTEPUCTHUK.

MHorue atomMHBIe fAApa o007amalT BHYTPEHHUM YILJIOBBIM MOMEHTOM,
Ha3zpiBaeMbiM cnuHOM (). Cnumu m3mepsercs B enuHunax h (mocrosuuas [Inmanka,
nenéHHas Ha 2m). Snpa c umenbiM uau noayunenasiM cnuHoMm (I # 0) obmanaroT
MarHUTHBIM MOMEHTOM, KOTOPBIA MOXKHO MPEJCTAaBUThH, KAK KPOIICYHBIA MArHHUT.
Korpa snpo momeniaercst B BHelIHee MaruuTHoe noJse (Bo), ero cnuu kBaHTyeTcCH,
TO €CTh MOJXKET MNPUHHUMATH TOJHBKO OINpPEJCICHHBIE OPUEHTANUU OTHOCUTEIHHO
nons. /[nsa sapa co cnuHoM I, cymecTtByeT 21 + 1 takux opuentanuit. Hanpumep,
nnst npotona ('H, I = 1/2) cymecTBYIOT ABa COCTOSHUA: CIUH "BBepX" (0) M CIIHUH
"BHu3" (f). DOTH OpHEHTANMH COOTBETCTBYIOT pa3JWYHBIM DJHEPTETHUYCCKHUM
ypoBHsAM. Pa3zHuma B sHepruu mexny ypoBHsamu (AE) mpsmMo mpomopuuoHaidbHA
cuine marHutHoro mnonsi: AE = yhBo, rae y — rupoMarHuTHOE€ OTHOIIEHHE,
XapakTepHoe  HOis  JAaHHOro  sjapa. Sapo  MoXeT  NOrJIOoTUTh  (QOTOH
AIIEKTPOMATHUTHOTO HM3Jy4eHUS (PaaUMOBOJIHBI) ONpeaeIEHHON 4acTOTHI (V), €Clin
sHeprus GoToHA paBHA pa3HUIE DHEPTUU MEXKAY COHUHOBBIMU cocTosHUIMU: AE =
hv. DTa wacTtora Ha3zpiBaeTcsa COOCTBEHHOW YaCTOTOW KoneOaHUU U ompeaensieTcs
ypaBHeHUEeM: Vo = YBo/2nw - Dddext 3eemana. Curnan AMP peructpupyercs kak
byHKIHUA BpEeMeHHU, C MOCIeAYIOUIMM MNOpuMeHeHHueM TnpeoOpasoBaHus Dypee,
KoTOopoe TpaHchopMHUpPYEeT ero B (QYHKIHUIO dYacToThl. I[lomydeHHBI Trpaduk
Ha3zpiBaeTcss crnektpom SAMP. [IlomoxeHue CUTHAIOB B CHEKTpEe (XMUMHUUYECKUU
CABUT) U UX UHTEHCUBHOCTH HECYT HH(GOPMAIHIO O CTPYKTYpPE MOJEKYJIHI.

[IpuaUI pabGoOTH:

1. OOpa3zen momemaeTrcs B CHJIbHOE NOCTOSHHOE MarHuTHoe mone. Sapa c
HEHYJIeBBIM CIHUHOM 00JanaloT COOCTBEHHBIM MAarHUTHBIM MOMEHTOM, KOTOPBIU
opueHTUpyeTcs naubO0 mapamyienbHO, MO0 aHTHMApaJIeJbHO TMPHUIOKEHHOMY
MoJito. DTH COCTOSHUS HMEIOT pa3HYl JHEpPTHi0, NPH 3TOM B TaKOW CHCTEME
CIUHOB GOPMHUPYIOTCSI COOCTBEHHBIC KOJEOaHUS HAa YaCTOTE Vo.

2. B o0Béme oOpa3ma ¢ TOMONIIBIO KAaTYMKW HWHIAYKTUBHOCTH QGopMUpYyeETCHA
nepeMeHHOe paJluo4YacTOTHOE MarHUTHOE MoJjie B BUAE KopoTkoro PU-umnynbca ¢
qacTOTOU Vo, AJAd PE3O0OHAHCHOTO YBCIHWUUYCHHA HHTCHCHUBHOCTHU NCPEXOAOB AACP



MEXAY DHEPreTUYEeCKUMHU YPOBHAMH, CPOpMUPOBAHHBIMU Omaromaps 3dpdexTy
3eemaHa.

3. [Tocne BoikIOYeHUss PU-umnynsca sigpa cCTpeMsaTCAd BEPHYThCS B PAaBHOBECHOE
cocTossHUME Omaromaps YeMy BEKTOpP MaKpPOCKOMHUYECKOW HaMarHW4eHHOCTH
HAaBOAUT B TMpuéMHo-nepeparonmet karymke IJC HHAYKIHH, 3aBUCHUMOCTH
KOTOPOM OT BpPEMEHHU pPETrUCTPUPYETCSA AETEKTOPOM. ODTOT CHUTHAl Ha3bIBaeTCH
curHainom cobomnou uaayknuu (CCH).

4. Curnan CCHU saBnsercs BpeMeHHOW QyHkmueid. [lnsg monydeHHUs cHekTpa,
NpeACTaBIASIOIMEro co0OlW 3aBUCUMOCTh HMHTEHCHUBHOCTH CHrHaja OT YacTOTHI,
npumensiercsa @ypre-npeodpazoBaHue.

5. [lonydeHHBIE COEKTPHI MOXXHO aHAJIU3UPOBATH.
2. AMP-penakcoMeTpHA.

SAMP-penakcoMeTpusi — 3TO METOJ, UCIIOJb3YIOUUHN ABJICHUE ANECPHON CIUHOBOU
pelakcanuu Jis mojdydeHus uHPopManuum o (GU3UKO-XUMHUYECKHUX CBOHCTBAX
BEIIECTBA. B orauume ot cranpmaptHou SIMP-cnexrtpockonuu, KoTopas
boKycupyeTcs Ha 4acTOTaX PE30HAHCHOTO MOTJOIICHUS, pETaKCOMETPHUS U3ydaeT
*CKOpOCTh* BO3BpaIICHUS HAMArHUYEHHOCTH CHUCTEMBl K pPaBHOBECHUIO TMOCIE
BO3JEUCTBUS pPaJAMOYaCTOTHOTO HUMIYyJbca. OTHU MNPOLECCH XapaKTEpPpU3YIOTCH
BpeMeHeM cnuH-pemérouHoi (T1) u cnun-cnuHoBo# (T2) penakcauuu. [JeranbHO
BpEMEHHasi  JBOJIOUUS  KOMIOHET MAaKpOCKONMHWYECKOW  HaMarHu4eHHOCTHU
ONUCHIBAETCS CUCTEMON ypaBHeHUHU binoxa. Bpems cnuH-peméTOUYHON peaKkcamuu
(T1) xapakTepu3yeT CKOpPOCTbh BO3BpallleHUs MNPOJOJbHONW HaMarHM4e€HHOCTH
(HaMarHM4YeHHOCTHU BAOJb HANpaBJIEHHUS BHEIIHEro MAarHUTHOTO IO0JisA) K
PaBHOBECHOMY 3HAYEHHUIO NOCJIE BO30OYX)ACHUS. DTOT NPOLECC MPOUCXOIHUT 32 CUET
B3aMMOJIEHCTBUSA ATEPHBIX CIIUMHOB C OKpYXatmei cpenoi (peméTkoit).

CrangapTHass TOCJIEIOBATEIbHOCTh HWHBEPCHSI-BOCCTaHOBIEHHUE (inversion-
recovery) — 3TO OJAMH U3 Haubolee pacnmpocTpaHEHHBIX MeToJ0B B SMP-
pellakcCOMETPHUHM sl U3MEPEHUS BPEMEHU CHUH-pemETOYHON penakcanuu Ti. OHa
NO3BOJSET ONPENEIUTh BpeMs, 3a KOTOpPOE€ MNpOJOJbHAas HAaMarHU4YE€HHOCTbH
BO3BpalllaeTcsi K CBOEMY PABHOBECHOMY 3HAUYEHMIO IIOCJIE€ UHBEPCHUH.

HOCJ’IO,I[OBaTeJILHOCTB COCTOHUT H3 CICAYIOINIHUX 3TAaNIOB:

1. NaBepcuonaumid umnynabc (180° mMmnynbc): B Hauame skcmepuMeHTa Ha
CHUCTEMY SAJEPHBIX CIMHOB BO3AEHCTBYET paAMOYACTOTHBIH HMIYJIBC C
NIUTENbHOCTHI0O HEOOXOIMMOH [Jis MOBOpPOTa BEKTOPAa MAaKpPOCKONMUYECKOMU
HaMariu4eHHocTH Ha 180° OTHOCHTENbHO PABHOBECHOTO HAaMNpaBJIEHUA. ITOT
UMIIYJbC TOJHOCTbIO HHBEPTUPYET HAMAarHU4YEHHOCTb, NEPEOPHUEHTHPYS €€ B
NPOTUBOMOJOXXHOM HampaBileHUHU BAOJb ocu Z (Mz cranoBurca -Mo, rae Mo —
PaBHOBECHOE 3HAaYEHHE MAKPOCKONMMUYECKON HAMAarHM4eHHOCTH).

2. 3apmepxka (t): Ilocie WHBEPCHOHHOTO WMIyJIhCa CIEAyeT TMaysa
JIUTEIbHOCTHIO T. BO BpeMs 3TOW may3bl NPOUCXOJAUT MPOJOJbHAS pellaKcalus,



W HAMarHU4YeHHOCTh IIOCTENMEHHO BO3BpallaeTcsi K CBOEMY pPaBHOBECHOMY
3HadeHUI0 Mo.

3. Perucrpupyromuii mmnyiasc (90° mmnoynsc): I[locme may3sl nmpuUMEHsETCS
UMITYJIbC JJINTEIBbHOCTBIO HE0OX0auMOU g6 noBOpoTa BEKTOpa
MaKpPOCKONUYECKOU HAaMarHU4€HHOCTH Ha 90°, KOTOPBI Bpamaer
HaMarHM4e€HHOCTb B IJIOCKOCTHU XY, T. €. B IJIOCKOCTbh 4€pe3 KOTOPYIOI MPOXOAUT
OoCh MpHUEMHO-TIEpeJaOmed KaTylKu. AMNOIUTYyda CUTHAJa CBOOOIHON MHAYKIIUU
(CCH), peructpupyeMoro Mmocje 3TOTr0 UMIYyJbca, NPOMOPIHOHAIbHA MPOCKIUHU
HaMarHU4eHHOCTH HAa OChb Y B MOMEHT aedcTBUsA 90° mMmnynbca. DTa NPOEKIHS
3aBUCHUT OT BPEMEHU T U T1.

4. ITosTopenne: Bes nmocnenoBatenbHocTh (180°-1-90°) moBTOpsAiEeTCS HECKOIBKO
pa3 ¢ pa3IUMYHBIMU 3HAUYECHUSIMH 3aJEpXKKHU T. Jnsg xaxaoro 3HAYEHUS T
peructpupyercs amnauryna CCH.

IIpakTHueckas 9acTh.

Bce wu3mepeHus OblIM  TpOBEIAEHBI B pEecypcHOM 1HeHTpe «MarHuTHo-
Pe3zonancueix MeTtonoB MWccnenoBanusi» HayuHoro mnapka CIIOI'Y, Ha
cunektpomerpe Bruker Avance III (500 Mrn mo mportonmam u 127,5 MI'm mo
yraepony) B uatepBane temnepatyp ot 263 K no 363 K ¢ marom 10 K, untepBan
MeXIy uMmnyinbcamu BapbupoBayics oT 0,01 mo 15 cekyHa nmpu perakCamMOHHOM
3amepxke 15 c. OOpaboTka pe3yiabTaTOB H3MEPEHUH U 00OpaboOTKa CHEKTPOB
NpoOBOAMIIACH B MporpaMmMHoOM nakete MectPenoBa Bepcuu 14.2, a nocienyromuit
aHaJIMU3 U MOCTpOoeHHEe rpaduKOB 3aBUCHUMOCTEeH BoimoyHsAnochk B [IO MagicPlot 3.0.
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Puc 2. Yrnepoansiii criektp SIMP *C xommnekcHoit HOHHO# KUIKOCTH.



Ha pucynke 2 mpuBeAEH CHNEKTp HAIMIETr0 COCJAMHEHHS, HA YTJIECPOIHOM CIEKTpE
XOpOH_IO BUHA CHGKTpaHBHa}I JINHUA yrnepoz:a BXOOAIIEro B COCTaB AHUMOHA
TUOUIMOHATAa M HUMEEeT XuMcABUT 133 M.a., NPOTOHHBIM K€ CHEKTp BIOJHE
CTaH,Z[apTeH I 6yTI/I.H-MeTI/IJI HMHUOAA30JIUAd U HOBTOMy 31€Ch HCEC HpI/IBO,Z[I/ITCH.
CMmemeHue JIMHUU THOIHMOHATA MO XWMCIBUTY OTHOCHUTEJBbHO 0a30Boro obpasma
BBIBBAHO BXOXJIACHHUECM aHUOHA B MGT&J’IJ’IH‘-I@CKI/Iﬁ aHI/IOHHBIfI KOMIIJIECKC C KaIMHUECM.
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Puc 3. TemnepaTypHasi 3aBUCUMOCTb CKOPOCTH CIIMH-PEMIETOYHON pelaKCallut siAep yriiepoja
13C - cnpapa u mpotonoB 'H — cneBa. Pe3ynbTaThl HpuBeeHb I FPYIIH HMHA30IbHOTO
KOJIbIIa ¥ TPOTUBOMOHA.

Ha pucynke 3 mnpuBeneHbl TeMmIepaTypHble 3aBUCHUMOCTH CKOpPOCTEH CIUH-
pemETOYHONU peNaKkcaluu A1 pPa3HbIX CHEKTPaJbHBIX JIMHUW YrIEPOAHBIX H
NPOTOHHBIX CHEKTPOB. 37€Ch MBI NMPUBOJAMM TOJHKO MH(GOPMALUUIO TOIBKO JJIs
YyriaepoaoB M NMPOTOHOB MMHAA30JbHOr0 KOJbUa M THOHMOHaTa. Kak BHIHO U3
rpauKoOB JJIg BCEX pPACCMOTPEHHBIX MOJEKYISIPHBIX TPYNI TeMIepaTrypHas
3aBUCHUMOCTh CKOPOCTH PEJIAKCALUA UMEET MAKCUMYM.

Haiins 3HayeHMe MakcuMyMma, Mbl BBIYUCJIUIM BPEMEHA NEPEOPUEHTALUU I
OTACJIbHBIX MOJIEKYJSPHBIX TPYIII, MOJb3YsCh pejakcaluoHHON monenbio BIIII
(bnombeprena-Ilapcena-Ilaynna) cormacHo ypaBHEHHSM IOKa3aHHBIM B pabore
[4]. Hna peumieHus 3TUX YpPaBHEHHUUW OTHOCHUTEJbHO BPEMEH MEPEOPUECHTALUU MBI
UCIIOJIB30BaJM NMpOoTrpaMMy, HanmucaHHy B Mathcad, BeiOupas u3 AByX peailbHBIX
U IBYX MHHUMBIX KOPHEH TOJBKO TOT KOPEHb KOTOPHIH MMeeT PU3UUECKUNH CMBICI
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Puc.4 TemnepaTtypHas 3aBUCUMOCTh BPpEMEHU NMEPEOPUEHTALUHU Aaep 4 U 5 TpynIIbI
- cupaBa u 2 rpynnsl (u SCN) - cieBa.

Kak BuagHo u3 rpadukoB, MOKa3aHHBIX Ha pUCYHKe 4, BpeMeHa MepeopUueHTAlUHU
NPOTOHOB MEHBIIE JIUOO COU3MEPHMBl YTIEPOJHBIM JUIA KaXJOH MOIEKYJISIpHOU
Tpynnel, 4YTO BIOJHE CcOTJIacyeTcss ¢ Teopued Beap y sAapa yriaepoja B
MOJIEKYJISIPHOW TpyInIne MEHbIIE CTENEHEW MOJBUKHOCTU. DHEPrUI0 aKTHUBALUHU
NEPEOPUEHTALMOHHBIX BHYTPUMOJIEKYISAPHBIX JBUKEHUU IS KaXIOW Tpynmsl
MOXXHO OIEHUTh K3 HAKJIOHAa TeMHOepaTypHOH 3aBUCUMOCTH BpPEMEHHU
nepeopueHtrauuu. [loaToMy He yAUBUTENbHO, UTO JJIsl yriiepoaa oHa Ooyipuie 4eM
JUIsl IPOTOHOB.

BeiBoa: wmetoas SIMP-penakcoMeTpMuM ~ MOTYT  JaTh  HCYEPHBIBAIOIIIOIO
uHbpopMamHUI KaK O BHYTPUMOJEKYISPHOM, TakK H O MEXMOJEKYJISIPHOM
B3aUMOJEHUCTBHH.
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