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BO3MOXHOCTH PEJISITUBUCTCKHUX
PACUETOB HU3 IIEPBLIX IIPUHITUIIOB
JIEKTPOHHOHU CTPYKTYPHI M CBOUCTB
KATHOHOB JIAHTAHOUJIOB
1 X KOMILIEKCOB

HuHa NpuuaH,! > Anekcen Omutunes,'? Enusaserta CytypuHals

LHoeocubupckuti 2ocydapcmeeHHbIl yHuUsepcumem,
2MIHCcmumym xumudeckol KuHemuku u eopeHusi CO PAH,
3YHusepcumem CaymeemnmoHa, BenukobpumaHusi



NMnaH nekuun

|. MarHuTHble MaTepuanbl Ha OCHOBe NTaHTaHOMAOB.

Il. PenAaTnBMUCTCKasA KBaHTOBaA Xxumusa (noaxoabl v
NpUGNXeHuns).

IIl. O0LWenpnHATBLIE N COBPEMEHHbIe NoAXoAbl K pacyeTy
MarHUTHbIX CBOUCTB.

V. TOYHOCTb pacyeToB 3NMEKTPOHHOU CTPYKTYpPbI U
MarHUTHbIX CBOMCTB KaTUOHOB Ln3".

V. OneKTpoHHas CTPYKTypa, CNeKTPOCKONUA U MarHuT-
Hble CBOMCTBa KOMMJIEKCOB NaHTaHOUAOB C peaoKC-
aKTUBHbIM nuraHgom: [LnCp*,(Me;SIN=),S], Ln = Sm,
Yb, Eu.
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20 deBpans 2017, HoBocnbupck, Poccus 2



600

500 -

-l.ll|||I|II||‘||| |

ONO MO 0N
oooooooooooo
oooooooooooo
et NN NN NN NN

CMM Ha ocHoOBe Ln
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= Fe(lll), Co(lll)

Ln=Pr, Eu, Er, Sm, Yb

Inorg. Chem, 2003; Chem.

Phys. 2007, MC. 2016

Ln=Gd, Th, Dy
Inorg. Chem., 2013,
U (Gd) = 14.6 cm™L.

OaoHoMoOneKynspHbie MarHeTUuku Ha
OCHOBe JTaHTaHOUA OB

SMM: R. Sessoli, D. Gatteschi et al., Chem. Rev. 2002.

Ln complexes with
paramagnetic ligands
as SMM

Ln,=Ln,=Gd, Dy
record blocking T ~ 8.3 K (Dy),
record J =-27 cm-1 (Gd)

J.R. Long, Nature Chem. 2011




Il. PenaTuBuUcTCKan
KBaHTOBas XMMUSA
(noaxoabl u NpubNuXeHUN).



e
OcHOBbI KBAHTOBOU XUMUM

e HepenaTuBucTCKaa Teopuna
H,¥(q, ) = E¥(q,0) (EO— npm6nM>KeHV|e)

e YT Y Yy e
e Zme Tij - Tai

<j
OOHO3NMEeKTPOHHOEe
npuonuxeHue

Lp(flr 52' eELERD fN) — Zk Cklpk(fl’ 52’ LR fN);

N — KO/1-BO 3/1eKTPOHOB B Mosiekyne, k —an. KoHpurypaums,
Yr(€1,82, i $y) = 1/\/N|§0k,1 (51)%(,2 (&2) P N (fN)l
aetTepMnHaHT Chantepa, NOCTPOEHHbIN Ha OAHO3/IEKTPOHHbIX

MONEKYNAPHbIX opbutanax ¢; (MO).
ﬂ Teopusa BO3MyLLEHUHN

PacuyeT cBOUCTB, UMeKOLUX PENTIATUBUCTCKME nNpupoay
g- n D-TeH30pbl, KOHCTaHTbI U TeH30pblI CTB u T.4. .



.
OcHOBbI KBAHTOBOU XUMUM

 PenAaTuBUCTCKaA TeOpUA
YpaBHenue lupaka ans - ,,p _ [V cop <¢L> _ E<¢L>

1-o# YyacTuubl B nosne 0 V-22\y* PS
B3anmopeuncteue V.. ~ e’ _e2 [“i“j 4 ("’ij“i)('”ij“j)]
3NEeKTPOHOB U ry 2 "1y ri3

MaTpuyHbIN onepaTop pa3sMepHOCTU 4x4

L
ph — (35) — 4-X KOMMNOHEeHTHas PyHKUUA.

B NMPakKTU4YeCKUX pacydetTax BO3MOXHbI, KaK 1 B Cliy4ae HepeJsiATnN-

BUCTCKOro cnyJasi, pasnuyHbie npuonwxenus (HF, DFT ..).

MCﬂOﬂb3y9TCﬂ B pacyeTax npocCTtbiX CUCTEM C MaJiIbIM HNCIIOM
dTOMOB.



.
PenaTuBUCTCKaA TeOpUA. YNPOLLeHUA.

1. [lNpeobpasoBaHne 4-x KOMNOHEHTHOIO rAaMUINbTOHMAaHa B 2-X
KOMMNOHEHTHbIN NyTEM pacuensieHne 00nbLLWON N Masion
KOMMOHEHT BOJIHOBOU (PYHKLIUN.

MeTtogbl ZORA, DKH (Hanpumep, DKH2) n gpyrue.

2-X KOMMOHEHTHbIN raMUITbTOHUH COAEPXKUT Kak CKansipHble, Tak 1 06ycrnoBs-
NeHHble cnnH-opbutansHbiM (CO) B3auMoaencTBMEM, YNeEHbI.
Ecnn nocneaHnmu npeHebpeyb, TO MNONMy4YUM CKanspHbIA raMmuribTOHUaH

(ZORA, DKH). CO 4neHbl MOXHO y4ecCTb farnee.

«KBasupenaTusBucTckoe» npubnuxeHume

Pac4yeTbl C y4€TOM TOSMbKO BaNeHTHbIX 3JfIeKTPOHOB
TSKEenbIX aTOMOB M C UCMNOSb30BaHNUEM HEPENSTUBUCTCKOrO
raMunbTOHMaHa. BnuaHmne penaTtmBmMCTCKUX SN1IEKTPOHOB
OCTOBa 4epe3 adhPeKkTUBHbIE OCTOBHbIE NoTeHumans! (ECP).



H amiltonian (z) [1TONTHO3NEKTPOHHbIE pacyeThl

4-X KOMMNOHEHTHbIE PacyeThl:
MOJSTHOCTbLIO PENATUBUCTCKUE

4
3aTpaTtbl KOMMNBbIOTEPHbIX
pecypcos - zN* 5 _

-X KOMIMOHEHTHbIE pacyeTbl:

pacuenneHme L u1' S KOMNOHEHT
(ZORA, DKH, BSS),
CnnH-opbuTaneHoe B3anmoa.
BKIMKOYEHO B raMUNbTOHMAH

|

"KBasnpenatuBucTckme" pacyeTsbl
C HEPENATUBUCTCKUM raMUNbTO-
HMAHOM N 3P PEKTUBHbLIM —>
OCTOBHbIM MOTEHLMANOM
ONaA TSKenblX aTOMOB

1-HO KOMMOHEHTHbLIE pacyeThl:
TOJIbKO CKasnsgpHbIe pesl. YNeHbl
BKJTHOYEHbI B raMUSIbTOHMAH

DFT Dz TZ QZ basis (N)

MP2  HepenaTtuBuCTCKMe pacuyeThl

CCSD(T)

method (x)



lll. OOWwenpuHATLIE U COBPEMEHHbIe
noaxoAbl K pacyeTty
MarHUTHbIX CBOUCTB



Ob6wenpuHATLIN Noaxon

DFT pacyeTbl 3HepreTM4eCcKoro cnekTtpa v napamer-
POB CNH-raMUIIbTOHMHaHAa, onucbiBaKoLlero
MarHuTHble cBoucTBa (J, g- 1 D-TeH30pbl).

a) Hepenatnemctcknm raMmnbTOHMaH U 6a3ncHeln Habop ¢ ECP;
unu
D) NONHOANMEKTPOHHbIE pacyeTbl CO CKaNAPHO-PENATUBUCTCKUM

raMmunbToHMaHoMm (ZORA mnnn DKH2).
C) yyeT cnuH-opbutanbHoro B3ammogenctemsa (COB) no Teopumn
BO3MYyLLeHnn (TB)
PacyeTbl napameTpoB CrUH-raMuUsibTOHUaHa:
1. J— HeorpaHM4yeHHbIN NO CNUHY NOAXo4 HapyLUeHHOW
CUMMETPUMN;
D-teH3op — TB1 (gun.-aun.) and TB2 (yyet COB).
g —TeH30p - TB2 (y4yeT COB).

N

W




CpaBHeHue pacLienneHuna B none
nuraHgoB u COB ansa d- u f-meTannos

« 3d (M%) - &= 110 — 820 cm™,
e 4d (M%) — & = 335 — 970 cm™,
e 5d (M%) — & =1310 — 4900 cm-,
« 4f(Ln3*) — & = 640 — 2880 cm?, INJ1 ~ (1-5)x10% cm-?

nn -~
(1 — 3)x104 cm-

PC cxema gnaln: L, S —J, E; = A o/2xI(I+1); A g = £E/2S.

ona komnnekcoB 3d and 4d:
DFT + yyetr COB no Teopun Bo3MyLLEHUI onpaBaaHo.

Ona 5d n B ocobeHHocTU 4f MeTannoB HYXHbI
aribTepHaTUBHbIE NOAXOAbI.

11



e
CoBpeMeHHbIU noaxon

MHoro-koHdurypaumoHHslie pac4yetbl (CASSCF,
CASPT2, NEVPT2, MRCI etc.)

1. Pac4eT NOnHO3MEKTPOHHbIX BOSHOBbLIX pyHKUUM (BP) ¢ ncnonb-
30BaHMEM CKanspHOro penatmeucTckoro lammnbToHnaHa.

I'IonyqaeM Ha6op BbIPOXAOEHHbLIX CMNHOBbLIX MYJITbTUMIETOB
CASSCF
(LPTSM ’ Er)
2. PacyeT maTpuyHbix anemeHToB onepartopa COB bpenta-laynu
MeXOy BCEMU COCTOAHUA.

3. [HwnaroHanusauusa nonyyYyeHHoOU MaTpuLbl U NoJlyYyeHme
bonbworo Habopa aHeprnn n BO marHUTHLIX NOAYPOBHEN

. RASSI\iyCASSCF
(W= ZTSM Cirsm Wism ,E})

(NnoaypoOBHU HE BbIPOXAEHbLI MPU YETHOM YUCIE SNEKTPOHOB N ABaXAbl BbIPOXAEHbI
(KkpamepcoBbl Ay6neTbl) NPY HEYETHOM.

4. Pacuet y; u M,nogypoBHen, a 3atem y(T), M(H), ncnonb3ys
cTaTUCTUKY bonbLMaHa n ycpegHeHue no cgepe.

14



IV. ToyHOCTbL pacyeToB
3N1eKTPOHHOMU CTPYKTYPLI U
MarHUTHbIX CBOUCTB
KaTUOHOB Ln3*.

13



TecTupoBaHMe TOYHOCTM:

paCyeThbl IHEePreTu4ecKoro crnekKTpa.

AHeprumn >>*1L ; TepmoB KaTUoHOB Ln3*
(Ln = Ce, Sm, Eu, YDb)

| — Cal.
. 100004 Exp, 2
Sm 6000 el 5/2
— 6H - 7
6000 — . Fo — 8000
-1
E/hc, cm e Calc. — . ;o —
X Hise — 40004 — 'Fs 6000 - Yb3+
2000 2|: 4000 — Exp. Calc. Calc.
712 . Eo=
Hiiz E& 4
- 4000
3+ 7
— . F, —
1000 4 Ce 2000 r:‘Hg/2 . 2000 —_— 3
, 2000 —
2 72— 7 2
F5/2 . — . 1 — 0 | —_— F7/2_
04 — — 04 =— Hsp — 0 =— Fp =—
4f1 4f5 Af6 4f13

PacueTbl MeTogom CASSCF(n;, 7)/SOC-RASSI/ANO-RCC-VDZ
pa3yMHO BOCNPOU3BOAAT 3HepreTuyeckoe pacluensieHue 14
TepMOB.



TecTupoBaHMe pacyTOB MarHUTHbIX
CBOMCTB KaTUOHOB Ln3*

UmeloTca aHanuTuyeckne BbipaxeHusa x;(T) ana Ln"*

1[9570+1) 2
X = 5[ T "‘a/k(g] - 1)(9; - Z)I’Cmg/md’ xT ~ guf + TIPXT;

¥, cm® K/mol

Yb3+

4T, cm°K/mol

6H -
3+ J 3acerneH TONIbKO OCHOBHOM
03+ Sm 1 - ab inition 1= _
1ol 2.3~ analytical Tepm °F,,: J=7/2, g=8/7,
1 —ab initi A=370cm’ Usp = 4.54pg % T =2.57

cms3-K/mol, TIP =0.

0.2- =0
2, 3— analytical, 0.5 =0-3
Al Bo Bcex cny4yasx
2 3 =5/ pac4yeT U3 nepBbixX
0.1 52— ¢ Eu: 'F
3:J=5/2-9/2. 00 . J TK npuHUMNOB
I I | 1 A I I 1
0 100 T K 200 300 0 100 200 300 nperaCHo
MmaBHbIW BKNag — TemnepaTypHoO- TIP TakXXe o4eHb BaXXeH. cornacyercs
He3aBMCUMbIN napamarHeTusm TIP T<100 K- Tonbko TIP = C aHanNMUTUKou
= 0.84x10-3 cm3/mol 5.4x103 cm3/mol

J=5/2, g=2/7, ps,=0.85u, 15



V. OneKTpoHHaA CTPYKTYpa,
CMeKTPOCKOMNuUa U MarHUTHbIe CBOUCTBA
KOMMJIeKCOB NNaHTaHOUA OB

C pefoKC-aKTUBHbLIM JSiIMraHaom
[LnCp*2(Me;SiN=),S], Lh = Sm, Yb, Eu.
CpaBHeHue C 3KCNepuMeHTOM.

16



Ln=Sm, Eu, Yb

KakoBa anekTpoHHasn
CTPYKTypa OCHOBHOIO
COCTOAHUA KOMIJSIEKCOB

1. OgHO N3 ABYX BO3MOXHbIX
COCTOSAHUU OKUCHNeHus Ln

A) Ln(IINCp*,—S(NR),™ mnu
B) Ln(I)Cp*,—S(NR),
2. CocTosiHMe cmelaHHOU
BaNleHTHOCTMU
A< B
3. 3aBMCALWMN OT TeMmnepaTypbl
BaneHTHbIN TayTOMEepPU3M

A<—=DB

17




CASSCF(n,,,8) pacuyeTtbl gnsa LnCp*,S(NR),

MuHMManbHOe aKTUBHOE NMPOCTPAHCTBO:
cemb f opouTtanemn Ln u n* MO nuraHpa

18



e
Pe3ynbTaTthl pacyeTt Ans
SmCp*,S(NR), (SmCp*,L)

Ha nepBomM 3Tane paccuntaHo 18 centeToB, 18 KBUHTETOB, 4 TpUnneTta u 4 cuHrneTa

1b'“tl3Tan 2°% 3T1an
4 B
[ \ E. cm 1 4 lqyposl-m
1 A e 400 ] I I
E, cm S=0 o
bIA T
1 Tan 20000 4 noaypoHs
Yucna 3anonHeHwus: 300 — .
LUMO nuranga - 1.00 — _ — o
1.04, f-op6. - 5.00 — 4.96 < S=1 — o
Nnsi BCeX COCTOSIHUMN. -
& 20000 200 = == l.(-[ I:p-M-3-09 .K-
@ SOC
AneKTPOHHasA CTPYKTypa —
Sm(IINCp*,]*L™" 10000 — 1009
[ ( ) P 2] S=3 S=2 — 4 HeBbIPOXAEHHbIX
- — S=2 MarHUTHbIX
J— S=3 noaypoBHSA
— 04 — —
0 — = = — T

6 anekTpoHoB B All 10 mynbTunneTtoB (60 COCTOSAHUN)



CpaBHeHue 3HepreTuYeckux CneKTpos
Sm3*, [SmCp*,S(NR),]* 1 SmCp*,S(NR),

SMCPY,S(NR),. SMCP',SINR), A HeTHOe 4UMCIO 3NEeKTPOHOB B

sm* o — KOMMIEKCE o TONbKO HEBLIPOX-
5 /{ T - AEeHHble MarHUTHbIe NOAYPOBHMU
9/2 [ — —
20004 ~—
_ x100 He4yeTHOE YNCNO 3NEeKTPOHOB B
£ F KOMMJieKkce TOJNIbKO KpamMmepCcoBbl
Q " '
o SOC SOC+LF g} —
2 . AybneTbl B cnekTpe
L — —
6 { —— = i Komnnekc [SmCp*,S(NR),]*
10004 H - : ;
000 gl p—— — : CnekTp — Habop KpamMepCcoBbIX
P ay6neTos.
—— —ism| Komnnekc [SmCp*,S(NR),]
*He s /{ — /':.‘ (SNR),]” Cnektp — Habop HeBbIPOXAEHHbIX
0 — — e KBapTeTOB.

O6meHHOe B3aumoaencTeme (M30TPONHOE U aCUMMETPUYHOE) KpaMepCoBbIX
coctosiHun Sm(lll) n L™° npnBoAUT K 4-M COCTOSIHUAAM, KOTOPbI€ MOXHO
TPaKToBaTb KaK OAHO COCTOsiHME € nceBaocnMHoM S=0 u Tpu cocToaHus,

oTBevalLmnx ncesao-cnuHy S=1.



e
v(T) ana SmCp*,S(NR), (komnnekc 1)

Pacuer H3 nepBLIX IPHHIIHIIOB
(aa ocaoBe CASSCF/SOC-RASSI):

Kpusasi 1 - Sm3*
Herf(T=0) = 0.85u5 (°Hs)p)
TIP = 0.84x103 cm3/mole
Ue#(300K) =1.70pug - HET cMmbicna

3

¥ T, cm™ K/mole

KpuBas 2 - komnnekc 1*

ueff(T:O) = 0-4”8 (giso~0'45)
TIP = 1.04x102 cm3/mole
Ke#(300K) =1.69uz - HeT cMbIcna

KpuBasa 3 - pacuyeTt u3 nepBbIX

| I l | MpuHUMNOB AN Komnnekca 1
0 100 T K 200 300

4. W30TponHblii U acCHMMeTPUYHBIH 00MeH mexkay Sm3 u S(NR),™
TIP=0.97x103 cm3mole, J=5.7 cm, D = 34.8 cm, g = 1.43 (pseudo triplet).

5. Ippexmuenviii uzomponnuiit 06men (00IENPUHSTO)

TIP = 0.85x10° cm3®mole, J =-7.3 cm, g(Sm3*) = 0.75 (kpamepcos ayo.aer 1*). -



e
v(T) ana EuCp*,S(NR), (komnnekc 2)

E/hc, cm’”

gy =1.93
gy = 1.906
400+ g, =1.512

1.5 [Eu(l”)Cp*z]JrL-. [Eu(III)CP*2]+|-

EuCp*,S(NR),

1.0
3+

Eu

T, cm° K/mol

200 - Oy = 2.091
gy = 2.089

05 g, = 1.589

gy =2.078

T, K gy = 2.094
0.0 - gz =2.518

0 100 200 300

1 T(24) =y T(EU): xT(2) = xT(2*) + 0.47, cm3-K/mol == L—*: /(g7 )= 2.24:

22



Pacuert %(T) ansa YbCp*,S(NR), (3)

1200 — 200

2.5 - _
J— S=0
1000 — L }
= 2.0 L 150 .
£
N 800 — .
mg 1.5 5 Tg S=1
— Wi 600 _ Li 100
= —
1.0 H —
400 - —0u 3

0.5 - %07

200 ==

0.0 T T | 0 — —}

0 100 T,K 200 300

o
|
‘O’J
I}
o
IUJ
Il
o

1. PacyeTtbl, ocHoBaHHble Ha CASSCF ¢ MMHMManbHbIM All, He NO3BONAIOT KOPPEKTHO
BocnpousBecTu y(T), TaK KaKk O4eHb CYL|eCTBEHHOro HeJOOLeHUBAIOT pacluenneHme
3a cYeT nong nNMraHaoB U OOMEeHHOro B3aMMmoaenucTBuUS.

2. CASPT2 npumepHO B ABa pa3a yBeniuumBaeT paclienneHue 3a cyet MJ1 u ewe 3Haum-
TernbHee 3a c4eT oOMeHa, HO Bce ele HegocTaTo4yHo Ansa BocnpousseneHus y(T).



.
CnekTp komnnexkca Yb B 6nuxHen UK

-1
E/hc, cm 2 fx5.5e7
CASPT2 Yb: 2F5/2_> Far — 140
i } J,D | CASCF
11500 — K 120 — | CASPT2 L 120
/ LF— 1D - 100
,1' A ! ‘_g
E— S 80 — — 80
11000 CASSGF , 2
14 ,[ 1
/ |LE W - 60
, a__ ’ 40 - — 40
10500 — 28
_ — 20
Excited states of complex 3
originated form 2F5,2 of Sm** 04 | ||J||I 0
9000 110500 12000

Kak n B cnyyae HwxHero tepma Yb3* (°F,, ), CASPT2 3HauuTenbHo

nydlle BOCNpPOM3BOAUT pacLuensieHne Bo3dyxaeHHoro tepma Yb3*

(°F¢/,) 3a cueT MJ1 1 o06MeHHOro B3aMumMoemcTBmMA (U3OTPOMHOIO U
acMMMeTpUYHOro), HO BCe elle HeaoCTaTO4YHO. 24



3aknvyeHue

1. CASSCF/SO-RASSI npouenypa ¢ MUHUManbHbIM aKTU-
BHbIM npocTtpaHctBoM (All, 7 f-AO) u HebonbLwKUM
6asucHbiM HabopoMm BOCMpPOU3BOAUT pacllensnieHue
TepmoB Ln3* 3a cuet COB ¢ To4HOCTBIO nyyle 10%.

2. Metoag SINGLE-ANISO Ha ocHoBe CASSCF/SO-RASSI
pac4yeToB MpeKkpacHO npeackasbiBaeT MarHUTHbIE
csoictea Ln3+ (¢(T), M(H) n 1.4.).

3. Ana koMmnnekcoB Lh ¢ napamMarHUTHbIMW nUraHgjamu
CASSCF/SO-RASSI ¢ wmuHumanbHbeiM All (8 MO)
HeaooLleHUBaeT pacllienneHne ypoBHeW 3a cyeT nonsa
nuraHooB U obmeHHoro B3aumogencTeus, CASPT2
SHeprun CyLLuecTBeHHO yny4llatoT peaynbTraTbi.

25



brnarogapHoCTIh

JKCNepUMeHT:
NMpod. Cepren KoHyeHko (MHX CO PAH),

Ph.D. MapaTt XycHusipoB (TexHOnorn4yeckum
nHcTUTyT Kapncpya, lepmaHus),

K.X.H. CBeTnaHa KnemeHtbeBa (MMX PAH, HmxHun
HoBropogn).

dPoHAab!
PH®, PoouU

26



27



Klementyeva S.V., Gritsan N.P., Khusniyarov M.M., et al., Chem. Eur. J. 2017, 23, 1278-1290.




