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1 UVOD A CIELE PRACE

Jednomolekulové magnety su triedou magnetickych materidlov zalozenych na
organickych a/alebo anorganickych molekulach a/alebo idnoch [1]. Takéto latky su
schopné fungovat’ na urovni samostatnych magnetickych jednotiek v nanometrovej
Skale, ¢o ich predurcuje na aplikacie v oblasti kvantovych vypoctov, molekulovej
spintroniky ¢i pamét'ovych médii s vysokou hustotou zépisu [2].

Od objavu prvého jednomolekulového magnetu v roku 1993 boli pripravované
jednomolekulové magnety na baze viacjadrovych komplexov 3d prvkov [1°¢,3]. Tento
sposob pripravy jednomolekulovych magnetov vychadzal z predpokladu silnejSich
vymennych interakcii medzi atbmami 3d prvkov, a tak moznosti dosiahnut’ vysSiu
hodnotu spinu v ¢astici (molekula, i6n) a navysit' tak energeticka bariéru braniacu
relaxacii magnetizacie z magnetizovaného stavu a pozorovaniu jednomolekulového
magnetizmu. Ako centralne atdmy sa najéastejsie pouzivali Mn'"', Fe", Co'" a Ni"
[4].Pripravené boli molekulové magnety so Struktirnym motivom kubanového
(z anglického nazvu cubane core) a neuplného dikubanového jadra (z anglického
nazvu defective dicubane core), motivom mriezky (z anglického nazvu grid) kolesa
(z anglického nazvu wheel) a dalsich zaujimavych topologickych ttvarov [5].

Vnutorne prechodné prvky sa vyznacuju vysokou axidlnou magnetickou
anizotropiou, ktora je potrebna pre zachovanie magnetizovaného stavu Castic. Prave
preto sa komplexy lantanoidov casto Studuju v kontexte jednomolekulového
magnetizmu, predovetkym koordinaéné zlu¢eniny Dy [6].

Od roku 2011 sa vo velkej miere zacali Studovat’ jednomolekulové magnety
obsahujuce len jeden paramagneticky centralny atom, takzvané jednoionové magnety
[7]. Vyberom vhodnych ligandov mozno pripravit’ aj polymérne komplexy, u ktorych
s paramagnetické centralne atomy dostatoéne vzdialene na to aby mohli interagovat’
a zluceniny sa tak mozu spravat’ ako samostatné jednoiéonové magnety. Jednoionové
magnety su najjednoduch$ie systémy, ktoré mozno Studovat v kontexte
jednomolekulového magnetizmu v snahe pochopit’ toto spravanie [8].

V oblasti jednomolekulového magnetizmu sa venuje pozornost’ hl'adaniu cesty
ako navysit' aladit’ vySku energetickej bariéry v pripravenych jednomolekulovych
magnetoch chemickou cestou a hladaniu vztahu medzi $truktGrnymi informaciami

a magnetickymi  vlastnostami [9]. Tato praca sa venuje problematike



jednomolekulového magnetizmu v kontexte ladenia magnetickej anizotropie
chemickou cestou. V prvej Casti prace s nazvom Teoreticky uvod a sicasny stav
problematiky sa vysvetluje teoreticky zaklad jednomolekulového magnetizmu na baze
3d a 4f prvkov a oboznamuje s touto problematikou pre viacjadrové komplexy Ni"
aCo", komplexy Co" s polymérnou Struktirou a dvojjadrové komplexy Ln'".
Literarna reSer§ bola vypracovana za pomoci dostupnych vedeckych databaz (napr.
Cambridgeska 3trukturna databaza, SciFinder, Scopus, Web of Science). Dalia Gast
prace (Experimentilna éast’) zahffia struény popis syntéz pripravenych zlicenin a
pouzitych meracich technik a stpis vysledkov pouzitych metdéd charakterizacie. V
Casti Vysledky a diskusia sa uvadzaji dolezité informacie a zavery tykajice sa
Struktury pripravenych zli¢enin, ich magnetickych vlastnosti a hl'adania vztahu medzi
tymito vlastnostami.
Dizerta¢na praca si vyty€ila nasledujice ciele:

1. spracovanie literarnej reSerSe na zadan tému pre vybrané typy zlicenin s
pouzitim internetovych zdrojov a dostupnej literatury;

2. syntézu, Struktirnu charakterizaciu a $tidium magnetickych vlastnosti
koordinaénych zli¢enin prvkov s velkou magnetickou anizotropiou ako
potencialnych jednomolekulovych magnetov s nasledujucimi Strukturnymi
typmi:

a)  viacjadrové zluceniny 3d prvkov (Ni", Co") vykazujice $truktiirny motiv
kubanového alebo neuplného dikubanového jadra s pouzitim réznych
tridentatnych Schiffovych baz odvodenych od salicylaldehydu a roznych
rozpust'adiel;

b) 1D polymémych zlugenin Co' obsahujucich rdozne diamagnetické
kyanometalatové mostiky za pouzitia bidentatneho N-donorového
heterocyklického ligandu odvodeného od 4-amino-4H-1,2,4-triazolu;

c) viacjadrovych Ln"  koordinaénych zlugenin s polydentatnymi
Schiffovymi bazami a réznymi rozptstadlami;

3. obmenou reakénych podmienok (rozdielne rozpustadlo, diamagneticky mostik,
substitiicia Schiffovej bazy) ladit’ magnetické vlastnosti pripravenych zlic¢enin
a hl'adat’ vzt'ah medzi ich Struktirou a magnetickymi vlastnostami.

Podstatna cast’ vysledkov tejto dizertacnej prace je sicastou publikacii, ktoré st

uvedené v prilohe k tejto praci ako Priloha 1 (Machata, M., Nemec, I., Herchel, R.,



Travni¢ek, Z., An octanuclear Schiff-base complex with a NayNig core: structure,
magnetism and DFT calculations, RSC Adv. 7 (2017) 25821), Priloha 2 (Nemec, I.,
Herchel, R., Machata, M., Travni¢ek, Z., Tetranuclear Ni(ll) and Co(ll) Schiff-base
complexes with an M,O¢ defective dicubane-like core: zero-field SMM behavior in
the cobalt analogue, New J. Chem. 41 (2017) 11258) a Priloha 3 (Herchel, R., Nemec,
1., Machata, M., Travni¢ek, Z., Solvent-induced structural diversity in tetranuclear
Ni(Il) Schiff-base complexes: the first Ni4 single-molecule magnet with a defective
dicubane-like topology, Dalton Trans. 45 (2016) 18622).



2  VYSLEDKY A DISKUSIA
2.1 Priprava zluéenin

Ligandy pouzivané v tejto praci su znazornené na Obr. 1. Ligand H,L1 (2-[(E)-
(2-hydroxybenzylidén)amino]fenol) bol pripraveny podla literatiry [10]. Derivaty
ligandu H,L1 (H,L2 = 2-[(E)-(2-hydroxy-3-metoxybenzylidén)amino]fenol, Hat-Am-
L1 = 2-[(E)-(2-hydroxybenzylidén)amino]-4-terc-amylfenol, H,CI-L1 = 2-[(E)-(2-
hydroxybenzylidén)amino]-4-chlorofenol, H.Cl-t-Am-L1 = 2-[(E)-(2-hydroxy-5-
chlorobenzylidén)amino]-4-terc-amylfenol) boli vyuzivané bez predchadzajucej
izolacie a ligandy L3 (4-amino-3,5-di-2-pyridyl-4H-1,2 4-triazol) a HL4 (1,3-

difenylpropan-1,3-dién) boli ziskané z komer¢nych zdrojov.

Obr. 1 Schematické znazornenie Struktary ligandov pouzitych v tejto praci.

211 Komplexy obsahujiice Struktiirny motiv neliplného dikubanového
jadra (1-3)

Osemjadrovy komplex vzorca
(PrsNH)[Na;Nig(L1)4(Bnz)s(HBnz)(OH)(ace)]-Et,O (1)

Komplex 1 bol pripraveny reakciou benzoanu sodného (NaBnz), ligandu H,L1
a NiCl, v bazickom prostredi (tripropylamin, v d’alSom texte uvedeny pod skratkou
PrsN) v pomere 6:2:3:4 vacetone (ace) za teploty varu roztoku anaslednou

rekrystalizaciou z acetonu a pomalou difuziou dietyléteru (Et,O) do roztoku.

Stvorjadrové komplexy vzorca [M,(L1),(MeOH),], M = Ni (2), Co (3)

Komplexy boli pripravené zmieSanim metanolového roztoku ligandu H,L1
a metanolového roztoku Ni(CH3;COO), (2) alebo Co(CH3;COO), (3) v bazickom



prostredi (PrsN) v pomere 1:1:2. Komplex 2 bol mieSany za teploty varu roztoku za

pristupu vzduchu, zatial’ ¢o komplex 3 pri laboratdrnej teplote a vV atmosfére No.
212 Viacjadrové komplexy Co' so Schiffovymi bazami (4-6)

[Cous(t-Am-L1)s] (4), [Co4(Cl-L1)s(MeOH);] (5), [Co4(Cl-t-Am-L1),] (6).
Zligeniny boli pripravované v dvoch krokoch. V prvom kroku sa nechal reagovat’
roztok 2-amino-4-terc-amylfenolu  (4), 2-amino-4-chlorfenolu (5) alebo 5-
chlorosalicylaldehydom (6) s metanolovym roztokom salicylaldehydu v pomere 1:1
pri laboratornej teplote za vzniku Schiffovej bazy. Ligand sa bez naslednej izolacie
nechal reagovat s metanolovym roztokom Co(CH;COO), v pomere 1:1 pri

laboratornej teplote v atmosfére N, za vzniku zlu¢enin 4-6.

2.13 Komplexy Co'"'s diamagnetickymi kyanometalatmi (7-9)

[Co(L3),][Fe(CN)s(NO)] (7), [Co(L3)2][Pt(CN)6] (8), [Co(L3)2][Ni(CN)4]
(9). Reakciou metanolového roztoku ligandu L3 s vodnym roztokom CoCl; a vodnym
roztokom Na,[Fe(CN)s(NO)] (7), K[Pt(CN)e] (8) alebo [Ni(CN)4] (9) v pomere 2:1:1

boli za laboratornej teploty pripravené zli¢eniny 7-9.

2.14 Dvojjadrové Ln"' komplexy (10-15)

[Gdo(L2),(L4)2(MeOH),]-6MeOH (10), [Tby(L2)x(L4)(MeOH),]-6MeOH
(11), [Dyz(L2)x(L4)(MeOH),]-6MeOH  (12), [Gdy(L2),(L4),(dmf),]  (13),
[Tha(L2),(L4)(dmf),] (14), [Dya(L2),(L4)(dmf),] (15). Tieto komplexy boli
pripravené reakciou ligandu H,L2, HL4 a Gd(NOg)s-6H,O (10 a 13), Tb(NOs)s-5H,0
(11 a 14) alebo Dy(NOs);-6H,0 (12 a 15) v bazickom prostredi (PrsN) v pomere
1:1:1:3 v metanole (10-12) alebo v zmesi metanolu a N,N-dimetylformamidu (13-15)

za laboratorne;j teploty.

2.2 Vlastnosti pripravenych zli¢enin

221 Osemjadrovy komplex vzorca
(PrsNH)[Na;Nig(L1)4(Bnz)s(HBnz)(OH),(ace)]-Et,O (1)

Zlicenina 1 krysStalizuje v monoklinickej priestorovej grupe a jej Struktira

zahfha tripropylaméniovy kation (PrsNH*), komplexny osemjadrovy anion



[NazNig(L1)4(Bnz)s(HBnz)(OH),(ace)]” a ko-krystalizovani molekulu Et,O. Centralne
atémy Ni" st zabudované do dvoch netplnych dikubanovych jadier s mostikujucimi
atdmami kyslika fenoxy (Of) a hydroxy (Oyy) skupin. Koordina¢nu sféru atomov Ni"
doplnaju atémy kyslika karboxyltovych ligandov (Ok.) (Obr. 2) a molekula ace.
Vsetky atomy Ni" st hexakoordinované, lisia sa vSak zloZzenim chromoféru: {NiOg}
pre Ni4 a Ni6 a {NiNOs} pre ostatné atémy Ni'. Vizbové vzdialenosti (v A) v ramci
koordinaénych polyédrov sa pohybuji vrozsahu 1,98-2,19. Atémy sodika su
koordinované len atémami kyslika s viizbovymi dizkami (v A) v rozsahu 2,26-3,04.

Prepojenie centrédlnych atémov Ni' s atémami sodika zabezpecuja atomy Or @ Opy.
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Obr. 2 (a) Komplexny anién zlaceniny 1. Atomy vodika nie st z dévodu prehl’adnosti zobrazené.

Farebny kod: svetlozelena (Ni), fialova (Na), ¢ervena (O), modra (N), siva (C). (b) Znazornenie
mostikujucich schopnosti ligandu HzL1 a karboxylatovych ligandov v 1.

Vysledky teplotne a polovo zavislych magnetickych merani st znazornené na
Obr. 3b. Pokles hodndt ger/zs prichladeni je charakteristicky pre systémy
s dominantnou antiferromagnetickou interakciou, pripadne $tiepenia v nulovom poli,
¢o dokladaju aj vysledky pol'ovo zavislych merani. Pre tplny popis systému je nutné
postulovat’ spinovy Hamiltonian obsahujuci prili§ vysoky pocet parametrov (Jiz, Jis,
J14, J23, Jos, Jog, Jaa, Jss, Js6, 0). Z tohto dovodu bola pre vypocet konstant Ja, pouzita
vypoctova metéoda DFT s vyuzitim $tyroch réznych funkcionalov (B3LYP, PBEO,
TPSSh a CAM-B3LYP). Podla vypoftov maji jednotlivé vymenné interakcie
rovnaky charakter nezavisly na pouzitom funkcionale a su feromagnetické pre pary

Ji12, J1a, J23, J3s @ Js6 @ antiferomagnetické pre pary Jis, Jos, Jos @ Jaa. Vysledky fitovania



teplotnych a polovych dat s pouzitim tychto hodnét konstant Jg, zistenych pomocou
jednotlivych funkcionalov st znazornené na Obr. 3b aje zjavné, Ze pouzitie
funkcionalov B3LYP a PBEO sa javi ako najlep$ie pre popis experimentalnych dat.
Medzi hodnotami konstant Ja vypoCitanymi S pouzitim funkciondlu PBEO a
uhlom  Ni-O-Ni bola
s magneto$truktiirnou korelaciou pre kubanové komplexy Ni'' premostené atémami
kyslika [11].

vizbovym zistena korelacia, ktora je Vv sulade

6 Jso 5
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J J
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Obr. 3 (a) Schéma vymenného spriahnutia v 1. (b) Magnetické merania v jednosmernom poli pre
zlu€eninu 1: teplotna zavislost’ efektivneho magnetického momentu v poli 0,1 T (vl'avo) a priebeh
izotermickej magnetizacie pri 2, 5 a 10 K (vpravo). Prazdne kriazky — experimentalne data, plné
Ciary — vypocCitané data s hodnotami konstant Jay vypocCitanych pomocou jednotlivych
funkcionalov (B3LYP, PBEO, TPSSh a CAM-B3LYP) ag = 2,16.

222 Stvorjadrové komplexy

Absoltitnu Struktaru sa podarilo vyriesit' len pre komplex 2. Izostrukturalita
zluCeniny 3 bola potvrdena porovnanim praskovych difrakénych zaznamov pre 2 a 3.
Vzhladom na uvedené bude v dalSom texte blizSie diskutovana len Struktira
komplexu 2. Molekulova $truktira pozostava z dvoch paralelnych takmer planarnych
dvojjadrovych {Niy(L),} podjednotiek, ktoré st navzajom posunuté a prepojené
a vytvaraju tak netplné dikubanové jadro v centrosymetrickom usporiadani (Obr. 4).
V komplexnej stvorjadrovej molekule sa eSte nachadzaju dve koordinované molekuly
MeOH. V ekvatoridlnej rovine si atomy Ni' tridentitne chelatovo koordinované
ligandom L1%* a mostikujicim O atémom susedného L1% ligandu. Jednu axidlnu

poziciu obsadzuju atémy z—Og (Nil a Nil* atomy) alebo y5—Or atomy (Ni2 a Ni2*



atomy) atomy zo symetricky zavislej {Niy(L),} podjednotky. Druhti axialnu poziciu
hexakoordinovanych atémov Ni2 aNi2* dopifia atéom kyslika koordinovanej
molekuly MeOH. Zvy$né dva centralne atomy (Nil a Nil*) st pentakoordinované,
pricom geometria koordina¢ného polyédra je blizSia k tetragonalnej pyramide (7 =
0,39). Vizbové vzdialenosti (v A) vramci koordinaénych polyédrov sa pohybuju
v rozsahu 1,98-2,13, vzdialenosti (v A) medzi susednymi centrdlnymi atémami st
vintervale 3,09-3,19 a hodnoty vézbovych uhlov Ni-O-Ni (v °) 94,5-100,3.
Koordinované molekuly MeOH tvoria vodikové vézby (donor) s atbmami Or susednej
komplexnej molekuly so vzdialenostou a prepajaji tak komplexné molekuly do 1D

polymérnych ret'azcov.

a)

Obr. 4 (a) Molekulova §truktira komplexu 2. (b) Oznaceny obrazok koordinaénych polyédrov
zluCeniny 2. Atomy vodika nie su z dovodu prehladnosti zobrazené. Farebny kod: tmavozelena
(Ni), €ervena (O), modra (N), svetlozelena (C).

Stadium zligenin 2 a 3 nadvizuje na 3tidium kubanového komplexu
[Nig(L1)s(MeOH)3(H,0)]'MeOH (2') a neaplného dikubanového komplexu
(PrsNH),[Nis(L1)4(ac),] (2", ac” = octan). Priprava, Struktira a jednoducha analyza
magnetickych vlastnosti zli¢enin 2" a 2'* boli predmetom diplomovej prace autora.
DetailnejSie $tidium ich vlastnosti vSak bolo vykonané neskodr, a preto st strucne
rozoberané v kontexte vlastnosti zli¢enin 2 a 3 v dizertatnej praci autora.
Porovnavanim $truktiry komplexu 2 so Strukturou komplexov 2' alebo 2" mozno
vypozorovat’ niekol’ko spoloénych znakov (Obr. 4, Obr. 5). Zlozenie komplexov 2 a
2' je ve'mi podobné: obidva obsahuju $tvorjadrové molekuly obsahujuce Styri atomy
Ni", $tyri deprotonizované ligandy L1%" a molekuly rozptstadla (dve molekuly MeOH
(2) alebo tri molekuly MeOH a jednu molekulu H,O (2")). Zabudované molekuly
rozpustadla v 2 a 2" maju za nasledok tvorbu vodikovych vizieb medzi susednymi

komplexnymi molekulami v krystalovej Struktare a tvorbu 1D supramolekulovych



retazcov. Motiv jadra nelplného dikubanu v centrosymetrickom usporiadani ma
komplex 2 spoloény s komplexom 2. Pri pohl'ade na koordina¢né polyédre je vSak
vidiet' podstatny rozdiel. Zatial' ¢o zluc¢eniny 2' a 2" maju vsetky centralne atomy
hexakoordinované s chromoformi {NiNOs}, centralne atomy zluceniny 2 sa vyskytuju

V penta- aj hexakoordinacii s chromoformi {NiNO4} a {NiNOs}.

Obr. 5 (a) Molekulové struktiira komplexu 2'. (b) Komplexny anién zligeniny 2", Atomy vodika
nie st z dovodu prehl'adnosti zobrazené. Farebny kod: svetlozelena (Ni), ¢ervena (O), svetlomodra
(N), siva (C).

Vysledky teplotne o polovo zavislych merani pre 2 a 3 sa podstatne lisia (Obr.
6a—h). Zatial’ ¢o teplotné data pre komplex 2 maju pri chladeni klesajuci charakter ako
vysledok dominantnej antiferomagnetickej interakcie a/alebo Stiepenia v nulovom
poli, data pre komplex 3 vykazuju pritomnost maxima ako vysledok
feromagnetickych interakcii, priCom nizkoteplotné spravanie pre 3 moéze byt
ovplyvnené §tiepenim v nulovom poli a/alebo antiferomagnetickou interakciou. Tieto
predpoklady dokladaji aj vysledky z pol'ovo zavislych dat. Vysledky magnetickych
merani pre komplexy 2' a 2" (Obr. 6¢c-d) maji podobny charakter ako v pripade
komplexu 3. Na uplny popis tychto Stvorjadrovych systémov je nutné postulovat
spinovy Hamiltonian uvazujaci 8 (J1, Jp, J3, D1, D2, Ei, Ep, g pre 2, 3 a2") a 14 (Jy,,
Ji3, J1a, Jos, Joa, Jas, D1, D2, D3, D4, Ei, Ez Es E4 Q) parametrov so schémou
vymenného spriahnutia zndzornenou na Obr. 6e (2, 3 a2") a Obr. 6f (2'). S ohl'adom
na uvedené boli na analyzu systémov pouzité vypoctové metody. Metddou DFT sa
podarilo ziskat' nasledujtice hodnoty konstant vymenne;j interakcie: J; = —10,6 cm™?, J,
=+20,7cm™a J3=+2,5 cm™, zakladny spinovy stav S = 0 pre komplex 2, J; = —13,3
cm™, J, = +25,9 cm™ a J3 = +0,25 cm?, zakladny spinovy stav S = 0 pre komplex 3,

Ji» = +8,6 cm’l, Jiz=-6,7 Cl’l’lﬁl, Jis=+8,6 cm’l, J»s =499 cm’l, Joy=-6,3 cmta Ja4
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= +9,7 cm%, zékladny stav S = 0 pre komplex 2" aJ; =+2,0cm™, J, =+7,8cmtaJ;
= +1,8 cm™, zékladny stav S = 4 pre komplex 2". Hodnoty konstant J; a J; pre 2'* st
navzajom vel'mi podobné, a preto mézu byt v d’alSej analyze povazované za rovnaké
J1 = J; a hodnota J, sa mdze aproximovat' na $tvornasobok hodnoty Ji. Ziskané
hodnoty konstant Jg, pre 2, 3, 2" a 2" boli korelované s vazbovym uhlom Ni-O-Ni ¢,

pric¢om korelacia bola zistena len pre zlugeninu s kubanovym jadrom (2°).

8 2 16 12
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2 ;3 ‘ 4 T8
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Y - A 0b— — 1 Sy
0 50 100 150 200 250 300 01 2 3 4 s 0 50 100 150 200 250 300 0123456789
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9
8
7
6
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3
2
. 001 2 3 1 0 1 2 3
! BT . BIT(TK)
o ———T—T—T—
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(K) T(K)
d)
Ni4
-‘;4‘ J1a
Ni3 Nil
Jy3 1,
Ni2
e) f)

Obr. 6 (a—b) Magnetické merania v jednosmernom poli pre zlu¢eniny 2 (a) a3 (b): teplotna
zavislost’ efektivneho magnetického momentu pri 0,1 T (vlavo) a priebeh izotermickej
magnetizacie (vpravo). Prazdne krazky — experimentdlne data, plné Ciary — vypocitané data.
Cervena &iara pre komplexy 2 a 3 zodpoved fitu experimentilnych dat pomocou J-modelu.
Modra ¢iara pre komplexy 2 a 3 zodpoveda hodnotam parametrov uréenych z DFT a SA-
CASSCF/NEVPT2 vypoétov. (c-d) Teplotne a polovo (vloZeny obrazok) zavislé merania pre
zlaGeniny 2" () a 2" (d). (e-f) Schéma vymenného spriahnutia v zlu¢eninach s netplnym
dikubanovym jadrom 2, 2", 3 (e) a v kubanovom komplexe 2' (f).
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Na analyzu parametrov charakterizujiicich magnetickt anizotropiu jednotlivych
centralnych atomov (D, E a g;) bola pouzitd metéda SA-CASSCF/NEVPT2, pricom
vysledky analyzy ponuka Hodnoty parametrov pre jednotlivé centralne atomy
Vv zlG¢eninach 2" a 2" su navzajom podobné a v d’alSej analyze mozu byt povazované

za rovnaké.

Tab. 1. Hodnoty parametrov pre atomy Nil a Ni2 v komplexe 2 a Col a Co2
v komplexe 3 sa podstatne odlisné, ¢o je vstlade s odlisnou geometriou
koordinaénych polyédrov tychto atomov. Hodnoty parametrov pre jednotlivé
centralne atomy v zlG¢eninach 2" a 2" su navzajom podobné a v d’al$ej analyze moézu
byt’ povazované za rovnaké.

Tab. 1 Hodnoty parametrov Stiepenia v nulovom poli a g-faktorov vypoc¢itanych na
CASSCF/NEVPT2/def-TZVP(-f) urovni pre centralne atomy v komplexoch 2, 3, 2" a 2"

Atéom D (cm™) E/D Ox Qy 0z
2 Nil +26,8 0,26 2,35 2,44 2,19
Ni2 -9,47 0,29 2,21 2,17 2,26
3 Col +48,2 0,30 2,40 2,79 2,03
Co2 -76,0 0,19 2,41 2,77 1,94
2 Nil +12,4 0,19 2,19 2,27 2,30
Ni2 +12,3 0,32 2,18 2,25 2,30
Ni3 +13,5 0,19 2,18 2,26 2,30
Ni4 +12,5 0,20 2,18 2,26 2,29
2" Nil +9,58 0,21 2,21 2,26 2,29
Ni2 -8,45 0,31 2,12 2,24 2,28

S hodnotami konstant J ziskanymi z DFT vypoctov (J; = —10,6 cm'?, J, = +20,7
cm?aJ;=+2,5cm?) a spriemerovanim hodnét g-faktorov na hodnotu g = 2,28 sa bez
dalsieho fitovania podarilo dosiahnut’ vybornti zhodu medzi experimentalnymi
a vypo&itanymi hodnotami pre komplex 2 (Obr. 6a). Snaha o popis Co,s systému
podobnym spdsobom vSak uspe$na nebola (Obr. 6b, modra farba). Uvedené
poukazuje na skutoCnost’, ze koncept spinového Hamiltonianu zlyhava pri tplnom
popise spravania takychto systémov. Dovodom je vysoky prispevok orbitalneho
momentu hybnosti k zakladnému stavu. To doklada aj hodnota g, = 1,94 zistena z ab
initio vypoctov ( Hodnoty parametrov pre jednotlivé centralne atdmy v zlageninach
2" a 2" st navzajom podobné a v d’alsej analyze mozu byt povazované za rovnakeé.

Tab. 1), ktora je v rozpore z oéakdvanou hodnotou gi > 2,0 pre 3d’ systém.
Takyto systém preto aj nad’alej zostava velkou vyzvou v oblasti magnetochemie.

S ohladom na vysSie zmienené zjednodusenia pre komplexy 2' a 2" bolo mozné
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analyzovat’ spravanie zlG¢enin so zahrnutim mensieho poctu parametrov: Ji, = +8,1
cm?, Ji3=—6,5cm™, Jiu =+8,9 cmY, Jpz = +9,9 cm Y, Jpys = —6,7 cm?, Jzy = 49,3 cm?
(hodnoty konstant Jg, boli ziskané fitovanim smernice auseku priamky linearnej
korelacie Jap Vs. <(Ni-O-Ni)), g = 2,15, Dioc = +14,5 cm™?, Eq/Diox = 0,27 pre 2" a J;
=J3=+2,6 cm™?, J;=+10,5 cm™, g = 2,31, Dk = +8,6 cm™, Ej/Diok = 0,28 pre 2"

Nenulovy zakladny spinovy stav u komplexov 2" a3 a vysoka magneticka
anizotropia centralnych atémov robi z tychto komplexov potencialnych kandidatov na
jednomolekulové magnety. Teplotné merania v striedavom magnetickom poli odhalili
frekvenénu zavislost mimofazovej zlozky »" v nulovom (3) alebo slabom
aplikovanom poli (2'"), ¢o znamena, Ze tieto latky st jednomolekulové (3) alebo
polom indukované jednomolekulové magnety (2"). Analyzou tychto dat sa poradilo
uréit’ hodnoty efektivnej energetickej bariéry Uer/lcm™, pricom komplex 3 vykazuje
podstatne vyssiu hodnotu (9,8-12,0) v porovnani s komplexom 2 (2,5-4,8).

2.2.3 Komplexy Co" so Schiffovymi bazami (4-6)

Krystalova Struktara zlGéenin 4-6 nebola vyrieSend, predpoklad o $truktire
tychto zli¢enin bol vysloveny na zaklade vysledkov z nepriamych metéd. Vysledky
elementarnej analyzy poukazuju na zloZenie vzorca [CosLs(MeOH),], HoL = Hot-Am-
L1, x =0 (4), HoL = H,CI-L1, x = 2 (5) a H,L = H,CI-t-Am-L1, x = 0 (6). Absorpcia
ziarenia v IC oblasti v rozsahu 16001530 cm* (n(C=N), n(C=C)) a 3060-2870 cm*
(UCa—H), UCair—H)) u zlacenin 4-6 napoveda o pritomnosti pouZitych Schiffovych
baz ako ligandov v tychto komplexoch. Pouzitie termickej analyzy a infracervenej
spektroskopie napomohlo zistit’ pritomnost’ molekil MeOH u zlG¢eniny 5. Zahriatim
zluCeniny 5 na teplotu 100 °C na dobu 8 hodin sa podarilo odstranit’ molekuly MeOH,

¢im bola pripravena zlicenina 5'.

cl

[Co,(L),(MeOH),] (3-6) 3:H,L1,x=2 5:H,Cl-L1, x=2
\ X 5:H,Cl-L1, x=0
N
OH o ”
o | CC CCT
A ~
] o\“ 4: Hyt-Am-L1, x = 0 6: H,Cl-t-Am-L1, x = 0
: \

O
c, =
N
H H
"OH H
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Obr. 7 Schematické znazornenie predpokladane;j truktury komplexov 3-6.

Vzhl'adom na sposob koordinécie Schiffovej bazy H,L1 (tridentatny chelatujici
koordinaény mod) a vysledkov z CSD databazy sa predpoklada Stvorjadrova Struktira.
Na zaklade podobnosti vlastnosti zlicenin 4-6 so zli¢eninou 3 (zloZenie, farba,
rozpustnost’, magnetické vlastnosti) mozno predpokladat’, ze zliceniny 4-6 vykazuju
Struktirny motiv netplného dikubanového jadra tak ako zlucenina 3.

Teplotne zavislé magnetické merania pre zlu¢eniny 4-6 vykazuju pritomnost’
maxima (Obr. 8), ¢o je charakteristické pre viacjadrové systémy s vnutromolekulovou
feromagnetickou interakciou. Fitovanim teplotnych dat vrozsahu 15-300 K sa
podarilo potvrdit’ predpoklad feromagnetickej interakcie v komplexoch 4-6 (J/cm™ =

+2,1 az +4,1), priCom jej sila zavisi od substiticie pouzitej Schiffovej bazy.
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Obr. 8 Teplotne zavislé dc merania vpoli B = 0,1 T pre zluceniny 4-6. Prazdne krizky —
experimentalne data, pIné ¢iary — vypocitané data.

Merania v striedavom magnetickom poli pre zlugeniny 4-6 odhalili pritomnost’
frekvenéne zavislého signalu v nulovom poli u vsetkych styroch zlucenin (Obr. 9), ¢o
znadi, ze latky st jednomolekulové magnety. Analyzou dat sa podarilo zistit’ hodnoty
Uer/cm™, ktoré sa pohybuju v rozsahu 16,8-36,5, ¢o hovori o vplyve substiticie

pouzitej Schiffovej bazy na dynamické vlastnosti zIi¢enin.
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Obr. 9 Ac merania v nulovom poli pre zlu¢eniny 4-6.
2.2.4 Komplexy Co'"'s diamagnetickymi kyanometalatmi (7-9)

Absolttna Struktira zla¢enin 7-9 nebola zistend. Vysledky elementarnej
analyzy napovedaju, ze tieto zluCeniny do svojej Struktiry zabudovavaju anion
[Fe(CN)s(NO)1* (7), [Pt(CN)e]* (8), [Ni(CN)4]* (9) a katién [Co(L3)2]?* v pomere
1:1. Na zaklade vysledkov literarnej reserSe sa predpoklada, ze molekuly ligandu L3
sa na centralny atdom koordinuju bidentatne chelatovo pomocou atému dusika v
polohe 3 triazolového kruhu a atdomom dusika blizsieho pyridinového kruhu a zvysne
dve pozicie tak pravdepodobne obsadzuju atomy dusika kyanometalatovych jednotiek,
¢im pravdepodobne dochadza k prepdjaniu jednotiek [Co(L3)2]>* do polymérnej
Struktury.
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Obr. 10 Schematické zndzornenie predpokladane_]? struktiry komplexov 7 (a), 8 (b)C; 9 (0).
Vysledky magnetickych merani v jednosmernom magnetickom poli pre
zluGeniny 7-9 (Obr. 11) poukazuju na magnetickli anizotropiu systémov a/alebo
pritomnost’ antiferomagnetickej interakcie. Na analyzu dat bol pouzity spinovy
Hamiltonian pre neinteragujuci jednojadrovy systém, ¢im sa podarilo ziskat' dobri
zhodu s experimentalnymi tidajmi. Uréené hodnoty parametra |[D|/cm™ (25-58),
rombicity E/D (0,29-0,33) a g-faktora (2,34-2,45) poukazuji na vysoki magneticka
anizotropiu charakteristicka pre jednojadrové Co'" systémy. To, Ze sa pouzity spinovy
Hamiltonian ukézal ako vhodny pre popis spravania zlaéenin 7-9, potvrdzuje
predpoklad existencie dobre izolovanych jednojadrovych [Co(L3),]** jednotiek

oddelenych diamagnetickymi kyanometalatmi
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Obr. 11 (a-c) Dc merania pre zli¢eniny 7-9. Teplotna zavislost’ ger/us pri B = 0,1 T (vlavo)
a polova zavislost Mmo/Nags pri T = 2 a5 K (vpravo). Prazdne krazky — experimentalne data,
plné ¢iary — vypocitané data.
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Obr. 12 Ac merania v dc poli B=0,2 T pre zli¢eniny 7-9.

Vysoka magnetickd anizotropia centrilnych atémov Co" v zli¢eninich 7-9
aabsencia vymennych interakcii medzi [Co(L3),]?* jednotkami viedli k stadiu
dynamickych magnetickych vlastnosti tychto zlugenin. Ac merania (Obr. 12) odhalili
frekvencéne zavisly signal pre y" zlozku v aplikovanom jednosmernom poli B=0,2 T,
¢o znaci, ze latky 7-9 st polom indukované jednomolekulové magnety. Zistené

hodnoty Uer/cm™ pre 7-9 sa pohybujti v rozsahu 5,8-18,6.

225 Dvojjadrové Ln"' komplexy (10-15)

Monokrystalova rontgenova difrakénd analyza bola vykonand u vsetkych
Siestich zlucenin 10-15 a potvrdila izosStruktirnost’ v rameci série 10-12 a 13-15.

Vzhl'adom na vel'ka vzajomnt podobnost’ molekulovych Struktir u tychto dvoch sérii,
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bude ich S$truktira v dalSom texte diskutovand spolo¢ne. Zli¢eniny obsahuju
centrosymetrické komplexné molekuly vseobecného vzorca [Lna(L2)(L4)2(s0IV),]
(solv = MeOH pre 10-12 alebo dmf pre 13-15, Obr. 13). Schiffové bazy koordinuju
centrdlne atémy v antiparalelnom usporiadani tvoriac dvojjadrovii {Lnp(L2),}**
jednotku. Ligand L2% koordinuje centrilny atom pomocou {NO,} donorového siiboru
atébmov a symetricky zavisly ligand L2%* koordinuje tento atém pomocou {O}
donorového suboru atdmov ¢im sa obsadzuje 5 miest v koordinaénej sfére. Zvysne tri
miesta zaplaji dva atomy kyslika chelitovo sa viazuceho ligandu L4~ ligandu
a koordinovanej molekuly rozptstadla. Vizbové vzdialenosti v koordinaénych
polyédroch (v A) sa pohybuju v rozsahu 2,28-2,54. Centralne atémy su premostené
dvoma atémami kyslika fenoxy skupin atvoria tak {Ln,O.}*" jadro. Priemernd
hodnota dizky tychto vizieb (v A) sa pohybuje v rozsahu 2,35-2,39 so
zodpovedajucimi hodnotami vdzbovych uhlov (v °) Ln-O-Ln 106,3-108,5.
Krystalova Struktura komplexov 10-12 je podstatne odlisna od Struktiry komplexov
13-15. Sest’ nekoordinovanych molekil MeOH v itruktire komplexov 10-12 prepéja
cez retazce vodikovych vézieb susedné komplexné molekuly do supramolekulovych
1D retazcov o vzdialenostou (v A) medzi centrdlnymi atémami susednych
komplexnych molekil v retazci 10,89-10,93. Naproti tomu sa v krystalovej Struktire

komplexov 13-15 nenachadzaju Ziadne vy$Sie zmienené nekovalentné kontakty.

Obr. 13 (a-b) Molekulova $truktara komplexov 12 (a) a 15 (b). Atomy vodika nie st z dovodu
prehl'adnosti zobrazené. Farebny kod: zelena (Dy), ¢ervena (O), modra (N), siva (C).

Vysledky magnetickych merani v jednosmernom magnetickom poli v
jednosmernom magnetickom poli u Gd, komplexov poukazuji na pritomnost’

antiferomagnetickej interakcie a/alebo S$tiepenie v nulovom poli, ¢o potvrdila aj
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analyza dat (J =-0,13cm™?, D=-022cm?, g=201pre 10aJ=-0,17cm™, D =
0,25 cm™, g = 2,04 pre 13). Priebeh zévislosti pre komplexy Th, a Dy, mozno
vysvetlit' depopulaciou excitovanych Starkovych hladin, magnetickou anizotropiou

alalebo feromagnetickou (komplexy Dy,) pripadne antiferomagnetickou (komplexy
Th,) interakciou.
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Obr. 14 (a-b) Magnetické merania v jednosmernom poli pre zlu¢eniny 10-12 (a) a 13-15 (b):
teplotnd zavislost' efektivneho magnetického momentu v dc poli B = 0,1 T (vlavo) a priebeh
izotermickej magnetizacie (vpravo). Prazdne kruzky — experimentdlne data, plné Ciary —
vypocitané data.
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Ac merania boli vykonané pre Tb, a Dy, zluceniny, av§ak v pripade Tb,
zluCenin sa nepodarilo ziskat' ziaden signal ani po aplikacii slabého vonkajSicho
jednosmerného magnetického pol'a. Frekvenéne zavisly signal " v nulovom poli,
indikujuci pomalt relaxaciu magnetizacie charakteristicki pre jednomolekulové
magnety, sa podarilo ziskat' len pre Dy, zlG¢eniny (Obr. 15). Analyza tychto dat
odhalila navzdjom podobné hodnoty Uer/cm™ (18,8-21,9 pre 12 a 14,7-21,0 pre 15).
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Obr. 15 (a—b) Experimentalne data z ac merani v nulovom dc poli pre komplexy 12 (a) a 15 (b).
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Experimentalne ziskané vysledky pre komplexy 12 al1l5 boli podporené

vypoctovymi metédami, ktorych vysledky boli nasledovné:

vyska prvého excitovaného stavu (E/k v cm™) je u oboch zlu¢enin podobn4,
160 pre 12 resp. 158 pre 15 a je vysSia ako uréené hodnoty Uer/cm™ (18,8-21,9
pre 12 a 14,7-21,0 pre15) ¢o poukazuje na komplexnejSiu relaxaciu
magnetizacie tychto zlucenin;

axialita je v obidvoch komplexoch vel'mi podobna (g, = 19,6 pre 12 resp. 19,5
pre 15), gx a gy zlozky st vyssie v komplexe 12 (g« = 0,020, g, = 0,030 pre 12 a
gx = 0,005, gy = 0,006 pre 15), o poukazuje na rychlejsiu relaxaciu v komplexe
12.

vel'kost” odchylky (o) I'ahkej osi g-tenzora pre zakladny a excitovany stav je
mensia pre komplex 15 (o= 26,0 ° pre 12 a ¢ = 11,4 ° pre 15), ¢o poukazuje na
pomalsiu relaxaciu v tomto komplexe.

Rozdielna rychlost’ relaxacie magnetizacie v zluceninach 12 a 15 méze mat’

niekol’ko dévodov. Komplexy 12 a 15 maju zabudované rozdielne rozpustadlo

(MeOH — 12, dmf — 15) do koordina¢nej sféry, a tak vytvaraji odlisné ligandové pole.

Ako druhy faktor mozno zmienit' pritomnost vyznamnych medzimolekulovych

kontaktov v komplexe 12, ktoré mdéZzu mat’ za nasledok potlacenie pomalej relaxacie

magnetizacie.
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3 ZAVER

Predkladana praca sa venuje problematike jednomolekulového magnetizmu,
konkrétne ladeniu magnetickych vlastnosti koordinaénych zlagenin 3d a 4f prvkov
chemickou cestou. Podla stanovenych cielov v kapitole I Uvod a ciele price sa
mozno k naplneniu stanovenych ciel'ov vyjadrit’ nasledovne:

Bola vypracovan4 literarna reer$ na tému viacjadrovych komplexov Ni' a Co"
vykazujucich motiv kubanového a netaplného dikubanového jadra. Vysledky literarnej
reSerSe poukazuju na nedostatok detailnych Studii magnetickej anizotropie takychto
systétmov. Problematika polymérnych komplexov  obsahujicich izolované
jednojadrové Co'" jednotky poukazuje na potencial takychto zlu¢enin spravat’ sa ako
jednomolekulové magnety, hoci doposial nebolo publikovanych mnoho takychto
jednomolekulovych magnetov. Spomedzi viacjadrovych komplexov lantanoidov sa
ako najjednoduchsie analyzovatelné systémy javia dvojjadrové centrosymetrické
komplexy, pri¢om jednomolekulové magnety najéastejsie obsahuju atéomy Dy
Magnetické vlastnosti takychto zlucenin si ¢asto Studované aj teoretickymi metédami
a vysledky studii poukazuju na moznost’ ladenia magnetickych vlastnosti chemickou

cestou.

V skupine viacjadrovych komplexov 3d prvkov sa podarilo pripravit
a charakterizovat’ $truktirne a magnetické vlastnosti Styroch komplexov obsahujtcich
motiv nedplného dikubanového jadra typu NigNa, (1), Nis (2 a 2"), Cos (3) a
kubanovy komplex typu Nig (2"). Zistené bolo nasledovné:

e rozdielna $truktara zluCenin 2, 2" a 2" je vysledkom pouzitia r6zneho pomeru
pouzitych rozptstadiel MeOH—CH,Cl; za ina¢ rovnakych podmienok;

e vo vsetkych piatich komplexoch sa vyskytuje feromagneticka a zaroven
antiferomagneticka interakcia avsak ich magnetické vlastnosti st rozdielne;

e predtym publikovani J-korelaciu zalozent na vztahu J vs. <(Ni-O-Ni) sa
podarilo potvrdit v neGplnom dikubdnovom komplexe 1 a kubidnovom
komplexe 2'; takyto magnetoStruktirny vztah sa vSak v neuplnych
dikubanovych komplexoch 2, 2" a 3 nepotvrdil;

e komplexy 2 a 3 vykazuju napriek izo$trukturalite vyrazne odli$né magnetické

vlastnosti; interpreticia magnetickych vlastnosti Cos komplexu je vSak vel'mi
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problematicka z dbévodu prispevku orbitdlneho momentu hybnosti
k zakladnému stavu;

pritomnost’ symetrického motivu kubanového a neuplného dikubanového jadra
v pripravenych Nis komplexoch (2, 2' a 2") umoznila detailni analyzu
parametrov lokalnej magnetickej anizotropie; napriek vysokym hodnotam
tychto parametrov (IDJ/cm™ = 8,5-29,1, E/D = 0,19-0,32) vedie skladanie
nekolinearnych lokalnych D-tenzorov Kk vyraznému zniZeniu molekulovej
magnetickej anizotropie v komplexoch 2, 2* a 2';

magnetické vymenné interakcie sa tak vo viacjadrovych 3d systémoch ukazuji
ako dolezity faktor vplyvajuci na pomalu relaxaciu magnetizacie a dominujica
feromagnetickd vymenna interakcia v komplexoch 2" a 3 v kombinacii
s magnetickou anizotropiou vedie k pomalej relaxacii magnetizacie; Cos systém
sa zhladiska vysky energetickej bariéry (Ue/lcm™ = 9,8-12,0) javi ako
perspektivnejsi v porovnani s Ni, komplexom (Uer/cm™ = 2,5-4,8).

pripravené boli aj styri Co'" komplexy (4, 5, 5" a 6) s rozdielne substituovanymi
Schiffovymi bazami, u ktorych sa predpokladd Stvorjadrova Struktira; tieto
zlt&eniny vykazujii pomalt relaxaciu magnetizacie v nulovom poli (Ue/lcm™ =
16,3-36,5), ktora je zaloZend na pritomnosti dominujucej vnitromolekulovej

feromagnetickej interakcii medzi centralnymi atomami.

Dal3ou skupinou pripravovanych zlu¢enin boli heterobimetalické komplexy (7,

8 a 9) predpokladanej polymérnej Struktiry so striedanim jednojadrovych Co"

jednotiek a diamagnetickych kyanometalatov. Vysledky by sa dali zhrmut nasledovne:

vSetky tri komplexy sa spravaju ako polom indukované jednoidnové
jednomolekulové magnety s velkou magnetickou anizotropiou bez
vyznamnych magnetickych vymennych interakcii;

aj napriek vysokej magnetickej anizotropii (|D|/cm™ = 25-58, E/D = 0,29-0,33)
v komplexoch 7-9 je vySka efektivnej energetickej bariéry relativne mala
(Ue/cm™* = 5,8-18,6);

pouzitie rozdielnych kyanometalatovych mostikov viedlo k ladeniu
magnetickych vlastnosti a vysky efektivnej energetickej bariéry v komplexoch
7-9;
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neznalost’ Struktiry komplexov 7-9 znemoziuje dokladnt charakterizaciu ich

magnetickych vlastnosti.

Struktirna charakterizacia a $tadium magnetickych vlastnosti boli vykonané aj

na dvoch pripravenych izostruktarnych sériach centrosymetrickych Ln, komplexov

(Ln = Gd, Tb, Dy) 10-12 a 13-15. Zistené poznatky mozno zhrnut’ do nasledujacich

bodov:

rozdielny pomer reakénych rozpustadiel (MeOH-dmf) ovplyviiuje Struktaru
pripravenych komplexov a to v molekulovej (koordinovana molekula MeOH v
10-12 alebo molekula dmf v 12-15) aj v kryStalovej Struktare komplexov
(kokrystalizované molekuly MeOH tvoria vodikové vizby v 10-12, ziadne
kokrystalizované molekuly rozptstadla sa v komplexoch 12-15 nenachadzaju);
komplexy Gd, a Th, vykazuji pritomnost’ antiferomagnetickej vymeny zatial
¢o data pre komplexy Dy, poukazuju na pritomnost’ feromagnetickej vymeny;
vel’ka spin-orbitalna interakcia viedla u Kramersovych atéomov (komplexy Dy,
— 12 a 15) k pozorovaniu pomalej relaxacie magnetizacie v hulovom poli;
centrosymetricky motiv umoznil detailnu analyzu vlastnosti komplexov Dy,
a odhalil rychlejsiu relaxaciu magnetizacie v komplexe 12, pravdepodobne ako
vysledok  koordinacie  odlisného  rozpustadla, pripadne  tvorby

medzimolekulovych kontaktov.
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1 UVOD A CIELE PRACE

Molekulové magnety su triedou magnetickych materialov zalozenych na organickych
a/alebo anorganickych molekulach a/alebo i6noch [1]. Tak ako aj tradicné magnety (napr. Fe,
Co, Ni, Gd, Dy), fungujuce na urovni mikrometrov, molekulové magnety sa vyznacuju
magnetickymi ~ vlastnostami ako napriklad feromagnetizmus, antiferomagnetizmus,
ferrimagnetizmus a d’alSie [2]. Na rozdiel od klasickych magnetickych materialov,
vyuzivanych v réznych oblastiach kazdodenného Zivota od mikroelektroniky az
po elektromagnety, disponujii novymi vlastnostami ako je mechanickd ohybnost, nizka
hustota, opticka aktivita ¢i rozpustnost’ v beznych organickych rozpustadlach, ¢o rozsiruje
spektrum ich vyuzitia [3]. Ako samostatné triedy molekulovych magnetickych materidlov sa
vyCletiyju jednomolekulové magnety (z anglického nézvu single-molecule magnets) a
jednoretiazkové magnety (z anglického nazvu single-chain magnets) [4, 5]. Takéto latky su
schopné fungovat’ na trovni samostatnych magnetickych jednotiek v nanometrovej skale, ¢o
ich predurcuje na aplikacie v oblasti kvantovych vypoctov [6], molekulovej spintroniky [7] ¢i
pamétovych médii s vysokou hustotou zapisu [8]. Aktudlnost’ a rastiicu zaujimavost’ tejto
problematiky dokladajii aj grafy na Obr. 1 popisujlice asovl zavislost’ poctu publikacii
pojednévajticich o jednomolekulovych a jednoretiazkovych magnetoch od ich pociatku

(vysledky z databazy Web of Science).
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Obr. 1 Grafické zobrazenie zavislosti rocného poctu publikacii tykajtcich sa jednomolekulového
magnetizmu (a) a jednoretiazkového magnetizmu (b). Udaje boli ziskane z internetovej databazy Web
of Science s pouzitim klI'aiCovych slov single-molecule magnetism resp. single-chain magnetism.
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Od objavu prvého jednomolekulového magnetu v roku 1993, ktorym bol dvanastjadrovy

komplex Mn"V [9], boli pripravované jednomolekulové magnety na baze viacjadrovych
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komplexov 3d prvkov [4°9]. Tento spdsob pripravy jednomolekulovych magnetov vychadzal
z predpokladu silnejSich vymennych interakcii medzi atomami 3d prvkov, atak moznosti
dosiahnut’ vysSiu hodnotu spinu v Castici (molekula, i6n). Takto mozno navysit' energeticku
bariéru braniacu relaxdcii magnetizacie z magnetizovaného stavu a pozorovaniu
jednomolekulového magnetizmu. Ako centralne atomy sa najéastejsie pouzivali Mn'", Fe'|
Co™ a Ni"" [10]. Pripravené boli molekulové magnety so $truktirnym motivom kubanového
(z anglického nazvu cubane core) [11] a neuplného dikubanového jadra (z anglického nazvu
defective dicubane core) [12], motivom mriezky (z anglického néazvu grid) [13], kolesa

(z anglického nazvu wheel) [14] a d’alSich zaujimavych topologickych utvarov [15] (Obr. 2).

a)

Obr. 2 Struktarny motiv spojenych neuplnych dikubanovych jadier a kolesa (fialova — Mn, Gervena —
0, svetlomodra — N). Struktury boli prevzaté z literatary [16].

Vnutorne prechodné prvky sa vyznacuju vysokou axidlnou magnetickou anizotropiou,
ktora je potrebnd pre zachovanie magnetizovaného stavu Castic. Prave preto sa komplexy
lantanoidov Casto Studuju v kontexte jednomolekulového magnetizmu [17], predovsetkym
koordina¢né zlt¢eniny Dy™ [18]. Daliie jednomolekulové magnety 4f prvkov zahfiiaju
prevazne atomy Tb'"' [19], Ho™ [20] a Er'"' [21]. Zaujimavé magnetické vlastnosti komplexov
3d prvkov a komplexov 4f prvkov viedli k priprave heterobimetalickych 3d-4f komplexov
[22].

Od roku 2011 sa vo velkej miere zacali Studovat’ jednomolekulové magnety obsahujuce
len jeden paramagneticky centralny atom, takzvané jednoionové magnety (z anglického nazvu
single-ion magnets) [23]. Pri takychto zlicenindch sa pozornost’ sustreduje na vyber

vhodného ligandu, ktory ovplyviiuje koordinacné ¢islo a geometriu koordina¢ného polyédra



centralneho atomu, atak jeho magneticki anizotropiu [24]. Vyberom vhodnych ligandov
mozno pripravit’ aj polymérne komplexy, u ktorych si paramagnetické centralne atomy
dostato¢ne vzdialene na to aby mohli interagovat’ a zli¢eniny sa tak moézu spravat ako
samostatné jednoidonové magnety. Jednoidonové magnety su najjednoduchsie systémy, ktoré
mozno Studovat’ v kontexte jednomolekulového magnetizmu v snahe pochopit’ toto spravanie

[24].

V oblasti jednomolekulového magnetizmu sa venuje pozornost hladaniu cesty ako
navysit’ aladit’ vySku energetickej bariéry v pripravenych jednomolekulovych magnetoch
chemickou cestou ahladaniu vztahu medzi StruktGrnymi informaciami a magnetickymi
vlastnost’ami [25]. Téato praca sa teda venuje problematike jednomolekulového magnetizmu
v kontexte ladenia magnetickej anizotropie chemickou cestou. V kapitole 2 Teoreticky tivod
a sucasny stav problematiky sa v strucnosti vysvetl'uje teoreticky zaklad jednomolekulového
magnetizmu na baze 3d a 4f prvkov a oboznamuje s touto problematikou pre viacjadrové
komplexy Ni'! a Co", komplexy Co™ s polymérnou Struktirou a dvojjadrové komplexy Ln'".

Literarna reSer§ bola vypracovana za pomoci dostupnych vedeckych databaz (napr.

Cambridgeska Struktirna databaza, SciFinder, Scopus, Web of Science).

Kapitola 3 Experimentdlna cast’ zahtia strucny popis syntéz pripravenych zlicenin a
pouzitych meracich technik a supis vysledkov pouzitych metdd charakterizacie. Kapitola
4 Vysledky a diskusia uvadza dolezité informacie a zavery tykajuce sa Struktury pripravenych

zlicenin, ich magnetickych vlastnosti a hl'adania vztahu medzi tymito vlastnostami.
Dizerta¢na praca si vytycila nasledujuce ciele:

1. spracovanie literarnej reSerSe na zadanu tému pre vybrané typy zlucenin s pouZzitim
internetovych zdrojov a dostupnej literatury;

2. syntézu, Struktirnu charakterizdciu a Stidium magnetickych vlastnosti koordina¢nych
zluenin  prvkov s velkou magnetickou anizotropiou ako potencidlnych
jednomolekulovych magnetov s nasledujicimi Struktirnymi typmi:

a) viacjadrové zlugeniny 3d prvkov (Ni', Co') vykazujuce Struktirny motiv
kubanového alebo netplného dikubanového jadra s pouzZitim réznych tridentatnych
Schiffovych baz odvodenych od salicylaldehydu a r6znych rozpustadiel,

b) 1D polymémych zli¢enin Co™ obsahujiicich r6zne diamagnetické kyanometalatové
mostiky za pouzitia bidentatneho N-donorového heterocyklického ligandu

odvodeného od 4-amino-4H-1,2 4-triazolu;
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¢) viacjadrovych Ln™

koordina¢nych zlucenin s polydentatnymi Schiffovymi bazami
a roznymi rozpustadlami;

3. obmenou reakénych podmienok (rozdielne rozpustadlo, diamagneticky mostik,

substitucia Schiffovej bazy) ladit’ magnetické vlastnosti pripravenych zlu¢enin a hl'adat’

vzt'ah medzi ich Struktirou a magnetickymi vlastnostami.



2 TEORETICKY UVOD A SUCASNY STAV PROBLEMATIKY

2.1 Jednomolekulovy magnetizmus
Kapitola 2.1 a tvodna cCast’ kapitol 2.2 a 2.3 boli napisané s pouzitim literatiry [24?,26].
Na d’alSie poznatky uvedené v tychto kapitolach, ktoré nie st obsiahnuté v literatare [24%,26],

su literarne odkazy uvedené priamo v texte.

Jednomolekulovy magnet je latka vykazujuca pomali relaxaciu magnetizacie, ktora je
vyluéne molekulového povodu. Pre pozorovanie takéhoto spravania musi latka spinat
nasledujice podmienky: zdkladna magnetoaktivna Castica (molekula, i6n alebo iny fragment
krystalovej Struktury) musi vykazovat’ nenulovy spinovy S (3d prvky) alebo celkovy moment
hybnosti J (4f prvky), anizotropiu magnetizacie (nehomogénny rozvoj magnetizacie
v priestore, Obr. 3) s dominantnym vyvojom pozdiZ jednej osy (uniaxialna, Isingova, typu
lahk4 os) alen slabé medzimolekulové kontakty medzi zakladnymi magnetonosite'mi

(molekuly, i6ny alebo iné fragmenty krysStalovej Struktary).

a) b)

Obr. 3 Znazornenie magnetickej anizotropie typu l'ahka os (a) alahka rovina (b). Obrazky boli
prevzaté z literatary [27].

Jednomolekulovymi magnetmi su koordina¢né zlu€eniny rdznych prechodnych (napr.
Mn'", Fe!l, Co", Ni') a vnatorne prechodnych prvkov (napr. Dy™, Ho™, Er'") [4,17]. Okrem
vhodnej volby centralneho atému je potrebny aj starostlivy vyber ligandov, ktoré
ovplyvituji koordina¢né ¢islo, tvar a deformaciu koordinaéného polyédra a ladia tak
magneticki anizotropiu a vymenné interakcie v pripravenom komplexe. Vyberom
vhodného ligandu moZzno taktiez zvacsit vzdialenost medzi centralnymi atomami susednych

magnetoaktivnych jednotiek (molekul, i6nov alebo inych fragmentov kryStalovej Struktiry) a
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minimalizovat’ tak nevizbové kontakty. Specialnou triedou jednomolekulovych magnetov st
koordina¢né zliceniny obsahujuce jeden centrdlny atom kovu, ktoré sa oznacuju aj ako

jednoidnové magnety.

Zakladnou charakteristikou jednomolekulovych magnetov je relaxaény cas
a energeticka bariéra braniaca relaxacii z magnetizovaného stavu. Energetickd bariéra U pre

spinové systémy (komplexy 3d prvkov) je definovana pomocou spinu rovnicami
U=|D|S? (1)
U = |DI(S? —1/4) @)

priCom rovnica 1 popisuje systémy s celociselnou hodnotou spinu a rovnica 2 necelociselne
spiny. Relaxacia méze prebiehat’ viacerymi spdsobmi — teplotne, teplotne asistovana a
kvantovym tunelovanim. Ak latka vykazuje prili§ rychlu relaxaciu cez energeticku bariéru
alebo je energetickd bariéra prili§ nizka jav jednomolekulového magnetizmu nie je mozné

detegovat’ dostupnymi technikami.

Energy

Ms=-10
(Spin down)

Ms<0

Obr. 4 Znazornenie energetickej bariéry pre 3d systém so zakladnym spinovym stavom S = 10.
Obrazok je prevzaty z literatary [22%].

Pomala relaxacia magnetizcie sa zist'uje pomocou merani v striedavom magnetickom
poli (ac merania z anglického nézvu alternating current). Dochadza tak k oscildcii vektora
magnetickej susceptibility a jeho rozkladu na fazoevu (3') a mimofazovu (3'') zlozku. U latok
vykazujucich magnetické usporiadanie je hodnota »" pod kritickou teplotou nenulova a jej
teplotny priebeh pri dostatocne pomalej relaxacii vykazuje pritomnost’ maxima. V pripade
jednomolekulovych magnetov je vSak vySka a poloha tohto maxima zavisla na pouZitej

frekvencii aplikovaného striedavého pola tak, Ze s rasticou hodnotou frekvencie klesa



a posuva sa smerom k vyssim teplotam (Obr. 5a). U systémov s rychlejSou relaxaciou a/alebo
nizSou energetickou bariérou je pozoruje len frekvencnd zéavislost’ jednotlivych teplotnych
kriviek bez pozorovanych maxim. Vel'mi ¢astym javom je, Ze latka pri ac meraniach poskytne
nulovy signal pre y", avSak po aplikécii nizkeho jednosmerného magnetického pol'a (rddovo
107" T) sa frekvencne zavisly y" signal pozoruje [28]. Takymto latkam sa hovori polom
indukované jednomolekulové magnety. Pre jednomolekulové magnety sa okrem vysSie
zmienenych merani vykonavaju taktiez hysterézne merania pri nizkej teplote s rychlou
zmenou magnetického pol'a. Existencia javu jednomolekulového magnetizmu sa v merani
prejavi schodovym charakterom hysteréznych sluciek (Obr. 5b), ¢o priamo odraza kvantové

tunelovanie magnetizacie v systéme.

25 -
2 ——30 Hz
——100 Hz
S 1.5} \
£ —1500 Hz
£
o
= 1F
N
05|
0 1 1 1 + I T
16 24 32 4 48 56 64 72 8
TIK
a) b)

Obr. 5 (a) Znazornenie teplotnej zavislosti mimofazovej zlozky magnetickej susceptibility »" pre
vybrané frekvencie striedavého pola. (b) Hysterézne krivky boli merané pri teplotich 0,04—0,7 K.
Obrazky st prevzaté z literatiry [22%].

2.2 Molekulovy magnetizmus a komplexy 3d prvkov

V koordinaénych zluceninach 3d prvkov je Stiepenie energetickych hladin spin-
orbitalnou interakciou vyrazne nizsie (radovo 1-10? cm™') ako w¢inkom ligandového pola
(radovo 10°~10* cm™), a preto vo velkej vii¢Sine pripadov moZno jednotlivé stavy spolahlivo
opisat’ pomocou spinu § a jeho projekcie ms. Takto mozno uvazovat' len energetické stavy
so spinom S's degeneraciou 25+1, teda spinové multiplety. Jednojadrovy systém (jediny
spinovy multiplet) so spinom vidc¢§im ako 1/2 potom moZno popisat spinovym

Hamiltonidnom v tvare

Hy = [D(82 —5%/3) + E(S? — $3)] + pgaBaSa 3)
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kde prvy clen charakterizuje Stiepenie multipletu v nulovom poli u¢inkom spin-spinove;j

a spin-orbitalnej interakcie a druhy Stiepenie v magnetickom poli.

Veli¢iny D a E st parametre axialneho resp. rombického Stiepenia v nulovom poli a
vyjadruji mieru rozstiepenia spinového multipletu. Jeho velkost’ suvisi s energetickym
rozdielom medzi hladinami s rozdielnou hodnotou |ms| a znamienko urcuje ich vzdjomnu
polohu v energetickom diagrame tak, Ze pri zapornej hodnote D st magneticky
produktivnejSie hladiny v diagrame energeticky nizSie (Obr. 6a). Parameter E charakterizuje
dalSie Stiepenie energetickych stavov s rozdielnymi hodnotami |ms| a v pripade systémov s
necelo¢iselnym spinom aj stavy s rovnakou hodnou |ms| (Obr. 6b). V literatire sa tento
parameter uvadza vacSinou vo forme pomeru E/D, pricom toto ¢islo moze dosiahnut
najvyssiu hodnotu rovnt 1/3. V opa¢nom pripade dochadza k zmene stradnicovych osi D-
tenzora. Pre wuniaxidlny typ magnetickej anizotropie a teda pozorovanie javu
jednomolekulového magnetizmu je Ziaduce, aby bola hodnota parametra D zdporné a zaroven
hodnota pomeru E/D mala, alebo pri velkej hodnote E/D musi byt hodnota D kladné. Pre
vysku energetickej bariéry je dolezité aby bola absolutna hodnota parametra D velka (vid

rovnice 1 a 2).

D>0 D<0 D>0,E/D=0,1 D<0,E/D=0,1
5 _— 1 5 _— - M.=0
M; = 11 M; =0 5 EI M; = 11, 5 —
4 ] 4 4 4
3 e 3 -3 T3
5 D 5 D 5 D 5 D
w2 w2 0 2 w2
1 1 1 1
M =0 M, = +1 0 — . 0 EI M = #1.
0 —_ ; 0 —_ M;=0 —_
a) b)

Obr. 6 Energeticky diagram v nulovom poli pre jednojadrovy systém so spinom S=1,g=2aD=+5
cm ' E/D=0(a)aD=+5cm™, E/D=0,1 (b).

Parameter g, vystupujici v poslednom clene rovnice 1 je g-faktor v a-tom smere
kartezianskej sustavy. Rozdielne hodnoty g-faktora v jednotlivych osiach stradnicovej
sustavy taktiez prispievaju k magnetickej anizotropii systétmu Zmienené¢ parametre

magnetickej anizotropie je mozné najlepSie Studovat’ a ladit’ v jednojadrovych systémoch.
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Komplexy Co! a dalsich 3d prvkov v niz$ich koordinacnych ¢&islach, kde je prispevok
orbitdlneho momentu hybnosti vyznamny, sa ukazuju ako vhodné systémy pre pozorovanie

javu jednomolekulového magnetizmu.

Vo viacjadrovych systémoch moéze dochadzat k vymennym interakcidm medzi
jednotlivymi centralnymi atomami 3d prvkov a energia systému je popisovana viacerymi
spinovymi multipletmi. Pre takyto systém je nutné postulovat spinovy Hamiltonidn, ktory
pre kazdy centralny atom zahfia ¢leny uvedené v rovnici 3 a d’al$i ¢len popisujlici vymenné
interakcie v systéme. Za predpokladu izotropnej vymennej interakcie mozno pre dvojjadrovy

systém so spinmi Sa a S pisat’ rovnicu

H=—J(Sa-Ss) )

pricom J je konStanta vymennej interakcie charakterizujlica mieru rozstiepenia spinovych
multipletov. V pripade kladnej hodnoty konstanty J ma zakladny energeticky stav najvyssiu
hodnotu spinu, prislusnd vymena nesie privlastok feromagneticka a interagujice spiny sa
orientuji navzajom paralelne (Obr. 7a). Ak ma niZSiu energiu multiplet s najnizSou hodnotou
spinu je vymenna interakcia antiferomagneticka s antiparalelnym usporiadanim spinov
interagujucich centralnych atdémov a J < 0 (Obr. 7b). Vo viac ako dvojjadrovych komplexoch
je situdcia zlozitejSia, pretoze vymena medzi jednotlivymi parmi modZe mat rozdielny

charakter a silu.

5 —S5=0 5 —_—5=1
4 4 1
J>0 J<0

<3 T3 1
s 1| 10 —01 5| | 1O -0

w2 w2 1
Sa Sq Sa Sg

1 1 |

0 —S5=1 0 -_—5=0

a) b)

Obr. 7 Energeticky diagram v nulovom poli pre dvojjadrovy systém so spinmi Sa = Sg = 1/2, g = 2,
D=0,E/D=0,J=+5cm™ (a)aJ=-5cm™" (b).

Postupnym spdjanim spinov centralnych atomov vo viacjadrovych systémoch

feromagnetickou vymenou mozno navysit’ celkovy spin v magnetoaktivnej Castici a zvysit’ tak
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energeticki bariéru preklopenia spinu (vid rovnice 1 a 2). Tato metdda pripravy
jednomolekulovych magnetov ma vsSak dve nevyhody. Vo viacjadrovych systémoch vo
vSeobecnosti dochédza k poklesu molekulovej anizotropie v ddsledku roznej orientacie D-
tenzorov centralnych atomov, a tak k ich ¢iastocnej vzajomnej kompenzacii. Touto metoédou
taktiez nie je mozné vopred predpovedat’ k akym vymennym interakcidm bude v pripravenom
komplexe dochadzat’. Snahou je teda pripravit komplexy takych Struktirnych typov, kde sa
daju cCiasto¢ne predpovedat’ vybrané Struktirne parametre (napr. vdzbovy alebo dihedralny
uhol medzi premostenymi centralnymi atdmami alebo vzdialenost’ medzi nimi) vplyvajice na
velkost” a charakter vymennej interakcie [29]. Jednym z takychto Struktirnych motivov je
kubanové jadro, v ktorom su striedavo usporiadané 4 atdémy kovu a 4 mostikujice atomy vo
vrcholoch deformovanej kocky (Obr. 8a). Pripravené boli zlu¢eniny obsahujuce jadra kubanu
[11], pripadne s chybajucimi atdmami v niekol’kych vrcholoch ako napriklad v StruktGrnom
motive nedplného dikubanového jadra (Obr. 8b) [12]. Ortogonalne usporiadanie
magnetickych orbitdlov centralnych atomov v tychto Strukturnych motivoch favorizuje
feromagnetickll vymenu, a tak vy$s$iu hodnotu celkovu spinu v ¢astici [30]. Navyse, atomy,
ktoré disponujii neaxidlnou magnetickou anizotropiou (zavislej od tvaru a geometrie
koordinaéného polyédra), moZu usporiadanim v kubanovom jadre produkovat’” molekulovi
uniaxidlnu magnetick anizotropiu [31]. Spomenuté faktory vysvetluja, preco boli v tejto

triede zlicenin objavené viaceré jednomolekulové magnety [32].

b)
Obr. 8 Struktirny motiv kubanového (a) a neuplného dikubanového jadra (b). Farebny kod: zelena
(kov), Cervena (O).

Na pripravu jednomolekulovych magnetov sa z prvého prechodného radu pouziva najma
mangéan v oxida¢nom stupni III a prvky VIIL.B skupiny v oxidacnom stupni II [10]. Této

praca sa venuje koordinaénym zlugeninam obsahujucich atémy Ni'' a Co’.
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2.2.1 Sihéasny stav problematiky: Komplexy Ni! s motivom kubdnového alebo
neuplného dikubanového jadra

V skupine viacjadrovych komplexov Ni'! byvaju prave zli¢eniny obsahujice motiv
jedného alebo viacerych kubanovych alebo neuplnych dikubanovych jadier najvicsou
skupinou vykazujicou jav jednomolekulového magnetizmu [10,11,12%¢33]. Je to z toho
dovodu, ze v takychto =zlicCeninach cCasto prevlada feromagnetickd vymena nad
antiferomagnetickou ¢o vedie k nenulovému zikladnému spinovému stavu [11,12%€33%4],
Ako  priklad  takejto zluCeniny  mozno  uviest  desatjadrovy  komplex
[Niio(tmp)2(N3)s(acac)s(MeOH)s]-H2O, kde sa pouzili O-donorové ligandy Hztmp (1,1,1-
tris(hydroxymetyl)etdn), Hacac (pentdn-2,4-diébn) a N;  aniény. Centralne atémy su
usporiadané vo vrcholoch Styroch navzajom prepojenych jadier netiplnych dikubdnov (Obr.
94) [33°]. Magnetické merania poukazuju na pritomnost’ feromagnetickej vymennej interakcie
medzi centralnymi atdbmami s hodnotou zakladného spinového stavu S = 10. Pomala relaxacia
magnetizacie bola zistend z hysteréznych merani pri milikelvinovych teplotach. Vo vécSine
pripadov tychto zlucenin sa vSak z dovodu zlozitosti systému (parametre g, D, E, konStanty
Ju pre kazdy interagujuci par centralnych atémov), atym zdihavosti a nejednoznagnosti
magnetickej analyzy, ustupuje z detailnej analyzy magnetickych vlastnosti. Z toho dovodu sa

venuje pozornost’ priprave a §tidiu viacjadrovych komplexov s men§im poctom centralnych

atomov vykazujucich zmienené Struktirne motivy [1 1°€,30,34,35].

Obr. 9 (a) Molekulova Sstruktara desatjadrového komplexu [Niio(tmp)2(N3)s(acac)s(MeOH)s]
publikovaného v literatare [33°]. (b) Molekulova $truktara Stvorjadrového komplexu vzorca
[Nia(£-C1)4Cls(Hpmtp)a] publikovaného v literattre [347]. Atomy vodika nie st z dovodu prehl'adnosti
zobrazené. Farebny kod: zelena (Ni), zIta (S), svetlozelena (Cl), ¢ervena (O), modry (N), sivy (C).
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Do prvej triedy patria Stvorjadrové zlaceniny obsahujuce Struktirny motiv kubanového
jadra [11°€,30,34]. Doposial'’ bolo publikovanych viacero takychto zliéenin vykazujucich
pomalu relaxaciu magnetizicie molekulového povodu [11°€,30¢,34*9]. Najvyssou efektivnou
energetickou bariérou (Uer = 20,1 cm™') disponuje Stvorjadrovy komplex [Nia(zo-
Cl)4Cla(Hpmtp)s] (Hpmtp = 4-(pyridin-2-ylmetyl)tetrahydro-2H-tiopyran-4-ol) (Obr. 9b)
[11°]. Magnetostruktarna J-korelacia bola doposial’ najlepSie preStudovana pre kubdnové
komplexy s jadrom [Nis(OR)4]*" (R zastupuje zvysok ligandu) [30]. Najéastejsie korelovanym
Struktirnym parametrom je védzbovy uhol Ni—O-Ni medzi premostenymi centralnymi
atbmami, na zdklade ktorého sa d4a predpovedat’ charakter atyp vymennej interakcie.
Vzijomny vztah popisuje linedrna funkcia (Obr. 10) [30°], pricom vymena je feromagnetické
a najsilnejsia v pripade vizbového uhla blizkeho 90° ako vysledok ortogonality magnetickych
orbitalov. S rasticou hodnotou uhla klesa sila tejto interakcie so zlomovym bodom =~ 99° a po

presiahnuti tejto hodnoty je vymena antiferomagneticka.

94 . 9|5 I 9I6 . 9l7 I 9r8 I 9I9 .160I1(I)1 '1621163'164
o/ deg
Obr. 10 Magnetostruktirna korelacia medzi konstantou vymennej interakcie J a vizbovym uhlom «

Ni-O-Ni v kubanovych komplexoch Ni'. Plna Ciara predstavuje linearnu funkciu s predpisom
J=—-4,09a+ 464,4. Obrazok je prevzaty z literatiry [30°].

Druh4 skupina $tvorjadrovych Ni zlugenin vykazuje motiv netplného dikubidnového
jadra s dvoma chybajiicimi vrcholmi. V CSD databéaze (verzia 5.38) je doposial’ evidovanych
47 takychto zlucenin a uziadnej z nich nebol pozorovany jav jednomolekulového
magnetizmu. 45 z tychto komplexov vykazuje centrum inverzie, ¢o znamend, Ze symetricky
nezavisld jednotka obsahuje len dva centralne atomy. To podstatne zjednodusuje analyzu

magnetickych vlastnosti tychto systémov. MagnetoStruktirne J-koreldcie aplikované na
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$tvorjadrovych komplexoch s [Nis(OR)s]*" jadrom sa ukazuju ako pouzitené aj u netiplnych
dikubanovych komplexov s [Nis(OR)s]* jadrom. Podla dostupnych zdrojov nebol Ziaden

podrobny rozbor magnetickej anizotropie u zlicenin tohto typu doposial’ vykonany.

Vzhladom na skuto¢nost, Ze atom Nil moze v pentakoordinicii (v zavislosti od typu
geometrie) vykazovat' vysSiu magneticki anizotropiu ako pri hexakoordinacii [24%], moze
mat’ pentakoordindcia centralnych atomov v neuplnom dikubdnovom jadre za nasledok
zaujimavejSie spravanie z pohladu magnetizmu. CSD databdza doposial’ eviduje len 3
Stvorjadrové zlugeniny s [Nis(OR)s]*" jadrom s dvoma atémami Ni" v pentakoordinacii a
dvoma v hexakoordinacii [30°,35]. PouZité aromatické Schiffové bazy obsahujiice donorové
atomy kyslika plnia mostikujiicu funkciu v [Nis(OR)s]*" jadre ale obsadzujii aj terminalne
pozicie. Koordindéni sféru centralnych atémov dopinajuo atomy kyslika pouzitého
rozpustadla (Obr. 11). Ani jedna z tychto zlucenin doposial’ nebola podrobena detailnej

magnetickej analyze.

b)

Obr. 11 Molekulova $truktara vybranych publikovanych Nis komplexov s [Nisg(OR)s]*" netiplnym

dikubdnovym jadrom s penta- a hexakoordinovanymi centralnymi atomami [30°,35%]. Atomy vodika
nie s z dovodu prehl'adnosti zobrazené. Farebny kod: zelena (Ni), ¢ervena (O), modry (N), sivy (C)

2.2.2 Sulasny stav problematiky: Komplexy Co!' s motivom kubdnového alebo
neuplného dikubanového jadra

Vyska energetickej bariéry relaxdcie magnetizacie je u vacSiny viacjadrovych komplexov

3d prvkov zaloZzend na vysokom zikladnom spinovom stave v ddsledku dominantnej

feromagnetickej vymennej interakcie v komplexe. U viacjadrovych komplexov Co vSak

k vyske energetickej bariéry prispieva aj vyrazna magneticka anizotropia atémov Co' ako
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vysledok velkého spin-orbitalneho spriahnutia. CSD databaza doposial’ eviduje viac ako 50
$tvorjadrovych komplexov s [Cos(OR)4]*" kubanovym jadrom, pric¢om podla dostupnych
informacii 4 z nich vykazuji pomalu relaxaciu magnetizacie molekulového povodu [36]. Ako
magneticky najzaujimavejSie sa javia komplexy [Cos(pm)sCla(MeO)s] (Hpm = pyridin-2-
ylmetanol MeO~ = metanolat, Obr. 12a) a [Cos(hepf)s(MeOH)4] (Hohepf = 2-(1-(2-
hydroxyetyl)-1H-pyrazol-3-yl)fenol, MeOH = metanol, Obr. 125).

1.57 —— 1500 Hz ]
- 1200 Hz -4+

800 Hz ]

—— 500 Hz -5+

T 200 Hz 1 U fk,= 644K
g 100 Hz 64 .
£ 50 Hz o {r,=38x107s
E 10 Hz g 7
:(‘hd - -
-84
9]
Sy |
e 10— T
9 10 016 018 020 022 024
T/ K
c) d)

Obr. 12 (a—b) Molekulova struktara kubanovych Cos komplexov vzorcov [Cos(pm)sCls(MeO)4] (a) a
[Coa(hepf)s(MeOH)4] (b) [36™9]. Atdmy vodika nie su z dovodu prehl'adnosti zobrazené. Farebny kod:
tmavomodra (Co), ¢ervena (O), modra (N), siva (C). Vysledky ac merani (c) a analyza ac dat (d) pre
desolvatovany komplex [Cos(hepf)s(MeOH)a]. Data st prevzaté z literatiry [369].

Komplex [Cos(pm)aCls(MeO)4] je vobec prvym jednomolekulovym magnetom na baze Co"
atomov [36%]. Styri hexakoordinované centralne atomy st bidentatne chelatovo koordinované
ligandom pm™ pri¢om atémy kyslika alkoxy skupin plnia mostikujticu funkciu v [Cos(OR)4]*"

kubanovom jadre. Anidony ClI” a MeO™ vystupuju ako termindlne monodentatne ligandy.
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Komplex vykazuje zakladny spinovy stav § = 6 ako vysledok vylucne feromagnetickej
vymennej interakcie medzi centrdlnymi atdbmami a axidlnou magnetickou anizotropiou (D <
0). Pomalé relaxacia magnetizacie bola zistend z hysteréznych merani pri milikelvinovych
teplotach. Druha zlacenina [Cos(hepf)s(MeOH)4] obsahuje tridentatne chelatovo sa viazuci
ligand hepf~ s {NO,} donorovym suborom atémov s atomami kyslika alkoxy skupin vo
vrcholoch kubanového jadra [369]. Koordinaénti sféru hexakoordinovanych centrdlnych
atomov dopinaju atomy kyslika koordinovanych molekal MeOH. Zluenina vykazuje
solvatomagneticky jav s prepnutim spinového stavu z nemagnetického do magnetického
a pomalu relaxaciu magnetizdcie desolvatovanej formy. Pre tuto zliceninu bola zistend
doposiall najvysSia hodnota efektivnej energetickej bariéry spomedzi S$tvorjadrovych

kubanovych komplexov Co", Uetr= 45,7 cm™! (Obr. 12¢-d).

Teplotna zéavislost’ efektivneho magnetického momentu zfr u Stvorjadrovych zlucenin s

[Co4(OR)4]*" kubanovym jadrom a hexakoordiniciou centrdlnych atdémov modze mat’ rozny

priebeh (Obr. 13) [37]:

I) prichladeni sa pozoruje narast hodnot e s maximom okolo 10 K a potom prudky pokles
(Obr. 13a) [11¢,36°,38];

I) pokles je pozvol'ny uz pri laboratdrnej teplote a s d’alSim chladenim nasledovany strms$im
poklesom smerujucim k nulovej hodnote e (Obr. 13b) [364,39];

IIT) s poklesom teploty sa hodnoty zef/ 8 menia len minimalne a pri nizkej teplote dochadza

k nédhlemu poklesu (Obr. 13¢) [40].
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Obr. 13 Teplotny priebeh efektivneho magnetického momentu pre modelovy kubanovy komplex Co"
s ekvivalentnou vymenou medzi vSetkymi interagujiucimi parmi s hodnotami parametrov: (a) J = +5
ecem!,D=+1cm,E/D=0,g=24;(b)J=-"S5cm!, D=+1 cm', E/D=0,g=2,4;(c) J=-0,5cm™,
D=+lcm,E/D=0,g=24.
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Nizkoteplotné spravanie vsetkych troch typov vSak odraza vysoku magneticku anizotropiu
atomov Co'. To znameni, Ze velkost S§tiepenia v rdmci spinovych multipletov je
porovnatel'na s velkost'ou Stiepenia medzi jednotlivymi multipletmi a dochddza k mieSaniu
multipletov. V takom pripade nie je splneny limit silnej vymenne;j interakcie a spin sa uz viac
nejavi ako spravne kvantové ¢islo na popis vlastnosti systému. Tento problém znemoznuje
ur¢it vymenne interakcie a zaroven parametre magnetickej anizotropie. Vzhladom na
uvedené sa experimentalne data vicésinou analyzuju v netiplnom teplotnom rozsahu [38¢,39°¢]
alebo len kvalitativne [38%,39%%40] a §tadium J-korelacii je obtazne. PouzZitie vypoétovych
metdd na baze DFT sa taktiez ukazuje ako nevhodné [11€]. Tento problém sa vSak na realnych
systémoch zvycajne redukuje deformaciou oktaédra a naslednym znizenim symetrie ¢im sa
znizi prispevok orbitdlneho momentu hybnosti, a spin sa tak opét’ javi ako vhodny na popis
systému. Takto sa v niektorych pripadoch podarilo zanalyzovat’ teplotné data v plnom rozsahu

[11°,36>4,38%] aviak pouzitie vypoctovych metod byva len vzacne [11¢,38?].

Stvorjadrové komplexy Co" s netiplnym dikubanovym jadrom su menej $tudované ako
kubanové komplexy. Z doposial menej ako 30 takychto zlucenin evidovanych v CSD
databaze bola zistend pomalé relaxacia magnetizacie u jednej z nich [41]. Komplex zloZenia
[Co4(N3)s(af)a] (af = 4,5-diazafluorén-9-6n) obsahuje Styri hexakoordinované centrdlne atdbmy
a Sest’ tn- alebo zs-mostikujliicich N3~ anidnov v Struktirnom motive neuplného dikubanového
jadra [Cos(OR)6]*" (Obr. 14a). Zvysné dva N3~ anidny sliZia ako termindlne monodentatne
ligandy a spolu s bidentatne chelatovo sa viazucimi ligandmi af dopliiaji koordinaénti sféru
atomov Co'. Teplotné merania boli analyzované v celom meranom rozsahu a odhalili
pritomnost’ silnej feromagnetickej vymennej interakcie (J1 = +15,2 cm™!, o = +6,6 cm™'). Na
zaklade merani v striedavom magnetickom poli sa podarilo zistit’ pol'om indukovani pomalt
relaxaciu magnetizacie v dvoch teplotnych rezimoch (Uesri = 40,0 cm™ a Uetrz = 6,2 cm™)
a so zvySenim aplikovaného pola sa pozorovalo vymiznutie druhého relaxa¢ného rezimu

(Obr. 14b—d) a posun Uesr1 k nizsej hodnote (32,1 cm™).
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Obr. 14 (a) Molekulova struktura netiplného dikubanového komplexu [Co4(N3)s(af)s] (@) [41]. Atomy
vodika nie st z dovodu prehladnosti zobrazené. Farebny kod: tmavomodra (Co), Cervena (O), modra
(N), siva (C). (b—d) Ac merania pri aplikovani jednosmerného magnetického pola velkosti 0,1 T (¢)
a 0,5 T (d) uvedené aj s vysledkami analyzy (b). Obrazky st prevzaté z literatry [41].

V Co'y komplexoch s netuplnym dikubanovym jadrom sa &asto vyskytuje aj dominantna
antiferomagnetickd interakcia [42]. Ukazuje sa vSak, ze pritomnost mostikujucich atomov
dusika alebo chléru vedie cCastejSie k feromagnetickej vymene [41,43]. Podla dostupnych
informécii autora bola doposial publikovand len jedna praca zaoberajica sa detailnym
Staidium vymennych interakcii a parametrov magnetickej anizotropie kombindciou
experimentalnych a vypoctovych metdéd v Co's systémoch s netiplnym dikubanovym jadrom
[43°]. Podla tejto Stadie bola pomocou CASSCF a NEVPT vypoctovych metdd zistend
vysokd magnetickd anizotropia penta- aj hexakoordinovanych centralnych atémov
a vypo¢itané hodnoty parametra D a E (|D| = 57-79 ecm™'; E/D = 0,19-0,29) boli priblizne

o jeden rad vyssie ako sila vymennej interakcie (J <3 cm™). Popis vymennych interakcii DFT
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vypoctami ukazoval len na semikvantitativny charakter metody. Publikacia neposkytla Ziaden

jednoznaény pohl'ad na magnetostrukturne J-korelacie.

2.2.3 Sucasny stav problematiky: Polymérne komplexy Co!' vykazujice jav
jednomolekulového magnetizmu

Ako bolo zmienené uz v kapitole 2.2 Jednomolekulovy magnetizmus a komplexy 3d
prvkov, jednomolekulovymi magnetmi moézu byt aj komplexy obsahujuce jeden
paramagneticky i6n produkujiici magnetickii anizotropiu v danom koordinacnom okoli.
Dolezité¢ vsak je, aby boli takéto jednojadrové komplexné jednotky v krystalovej Struktire
vzajomne oddelené z dovodu minimalizovania vymennych interakcii medzi nimi. Jednym zo
spdsobov, ako prediZit’ vzdialenost medzi susednymi paramagnetickymi centrami v §truktire
je pouzitie vhodného diamagnetického mostika na prepojenie komplexnych jednotiek do
polymérnych zlugenin [44]. Vzhladom na vysoki magnetickii anizotropiu atémov Co'l sa
pontikaji polymérne koordina¢né zlugeniny obsahujiice jednojadrové Co! jednotky ako

vhodny kandidéti na pozorovanie javu jednomolekulového magnetizmu [45—48].

Priprava koordinaénych polymérov Co' ¢asto zahffia pouzitie aspoti dvoch réznych N-
donorovych/N,O-donorovych ligandov, pricom jeden pdsobi ako mostikovy ligand a druhy
poskytuje donorové atomy na doplnenie koordina¢nej sféry centralneho atomu [45,46]. Vplyv
vyberu vhodného mostikového ligandu na pozorovanie pomalej relaxacie magnetizacie
molekulového povodu dokumentuje aj Studia na sérii troch 1D koordinacnych polyméroch
obsahujucich jednotku [Co(tmtappe)(linker)|** (tmtappe = 1,3,10,12-tetrametyl-1,2,11,12-
tetra-aza[3](2,6)pyridino[3](2,9)-1,10-fenantrolinofan-2,10-dién), kde linkerom je pyrazin, 4-
aminopyridin alebo 1,2-di(4-pyridyl)etan [45°]. Zatial o pri pouziti pyrazinu alebo 4-
aminopyridinu sa zistila pritomnost vymennych interakcii medzi centrdlnymi atoémami,
pouzitie vacSieho mostikujiceho ligandu (1,2-di(4-pyridyl)etan) viedla k priprave polom
indukovaného jednomolekulového magnetu (Obr. 15). Z dostupnych literarnych zdrojov sa
podarilo zistit’, Ze vzdialenost medzi susednymi centralnymi atomami v koordinaénych
polyméroch Co"' vykazujucich pomalt relaxaciu magnetizacie molekulového pdvodu sa
pohybuje v rozsahu 7-13 A [45-48], avSak ani v jednom pripade nebola tito relaxacia

pozorovana v nulovom poli.
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Obr. 15 Vplyv mostikujiceho ligandu na vzdialenost’ medzi centralnymi atbmami Co' a magnetické
vlastnosti zI¢enin prezentovanych v literatre [45°]. Obrazok bol prevzaty z literatary [45°].

V tejto triede koordinacnych zlicenin bola viac krat zistend pol'om indukovana pomala
relaxacia magnetizacie aj v systémoch s magnetickou anizotropiou typu I'ahké rovina [45,47].
Tento fenomén bol viackrat pozorovany pri axialnej kompresii oktaédra (D > 0) a niZSej
ekvatoridlnej distorzii (E/D nadobtida malé hodnoty) koordina¢ného polyédra [45*9147].
Ako priklad méze posluzit neddvna Stidia na 2D koordinacnom polyméry obsahujucom
jednotku [Co(pp?)(SCN)2] (ppt = 1H-3-(3-pyridyl)-5-(3'-pyridyl)-1,2,4-triazol) (Obr. 16)
[459]. Vizbové vzdialenosti v ekvatoridlnej rovine st navzajom podobné (2,18-2,23 A)
a dlhsie ako axidlne viizby (2,06-2,08 A). Tomu zodpoveda aj kladna hodnota parametra D a
nizka rombicita E/D, ¢o bolo Studované viacerymi metodami. Takyto jav je vSak v rozpore
s oCakavanym typom magnetickej anizotropie typu lahka os, ktory sa uvazuje pri teplotne
aktivovanej relaxacii magnetizacie a vysvetluje sa pritomnostou Ramanovho procesu ako

dominantného procesu relaxacie magnetizacie [45%%4,47].
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Obr. 16 (a) Fragment 2D Struktury zluceniny so vzorcovou jednotkou [Co(ppt)(SCN).] (ppt = 1H-3-
(3-pyridyl)-5-(3'-pyridyl)-1,2,4-triazol) prezentovane;j v literature [459]. Atdmy vodika nie st z dovodu
prehladnosti zobrazené. Farebny kdéd: tmavomodra (Co), modra (N), siva (C), zlta (S). (b)
Experimentalne HF-EPR spektrum tejto zluceniny (Cierna ¢iara) a vypocitané spektrum pre D > 0
(Cervend cCiara) D < 0 (modra Ciara). (c) Znazomenie teplotnej zavislosti mimofazovej zlozky

magnetickej susceptibility y" pre vybrané frekvencie striedavého pola pre tato zluceninu. Obrazky

boli prevzaté z literatary [459].

Dostatoéna separdcia centrdlnych atdmov v koordinaénych polyméroch Co!' vedie

k podstatnému zjednoduseniu interpretacie magnetickych vlastnosti, pretoze sa neuvazuje

vymenna interakcia medzi centralnymi atdémami. Najvacsi pocet polom indukovanych

jednomolekulovych magnetov na béaze takychto zlucenin obsahuje centrdlne atomy Co!!
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v hexakoordinacii [45%°1,46-48]. Vzhl'adom na vyznamny prispevok orbitalneho momentu
hybnosti k zdkladnému stavu sa na interpretaciu magnetickych vlastnosti pouziva model spin-
orbitalneho spriahnutia [45%746%°47,48%]. Ukazuje sa vsak, ze koncept spinového
Hamiltonidnu je taktiez pouzitelny [45%%f46947,48%]. Vysoki magneticki anizotropiu
hexakoordinovanych atéomov Co" dokumentuju aj zistené hodnoty parametra |D|, ktoré sa v
zéavislosti od miery a typu deformacie pohybuji v radovo v 10'-10> cm™!, &asto s nizkou

rombicitou (pomerom E/D) [45% % 47].

2.3 Molekulovy magnetizmus a komplexy 4f prvkov

V koordinaénych zltceninach 4f prvkov je rozstiepenie energetickych hladin ucinkom
spin-orbitélnej interakcie (rddovo 10° cm!) dlaleko vicsie ako ucinok ligandového pola
(radovo 10% cm™'). Vzhl'adom na vysoké spin-orbitalne spriahnutie, kvantové &isla S a ms uz
nepostacuju na popis systému a koncept spinového Hamiltonidnu nie je mozné pouzit. Na

popis systému sa preto pouziva celkovy moment hybnosti J a jeho projekcia my [49].

Na $tadium jednoduchSich 4f systémov s neparnou hodnotou J sa pouzivaji vypoctové
metody CASSCF/RASSI [50]. Tie umoZziuji spocitat’ energetické hladiny jednotlivych my
stavov ako dubletov a pravdepodobnost’ prechodu medzi jednotlivymi hladinami (Obr. 17).
Energia prvého excitovaného stavu tak priamo udava hodnotu energetickej bariéry teplotnej
relaxécie (zelené Sipky) systému. Vel'mi Casto sa vSak stava, Ze efektivna energetickd bariéra
Ukt zistend z ac merani je niz$ia ako vypocitand hodnota energie prvého excitovaného stavu
(zelené Sipky) z dovodu existencie d’alSich relaxa¢nych procesov (modré a Cervené Sipky)

[247].

23



3500
3000
2500 5+ %E, 5.
3.0
% 4- M 4+
£ 2000+
5 ) 1.5E
— 2.8
>
D 1500+ 3-== 28E2 > =3+
2 .
] 24 1.9E-
1000
2-m= 1.2E-6 24
500 /
1.8
0_ —

1-
T
4

-3

-1

0 1
M ()

Obr. 17 Znazornenie energetického diagramu magnetizacie (v us) pre vybrany komplex Dy
z literatury [24%]. Cierne &iarky znazorfiuju jednotlivé energetické stavy s projekciou my, zelené Sipky
reprezentuju teplotny relaxacny proces, modré zodpovedaju Orbachovmu relaxacnému procesu
a ¢ervené kvantovému tunelovaniu a teplotne asistovanému kvantovému tunelovaniu. Obrazok je

prevzaty z literatary [24%].

Uvedenymi metédami je mozné spocitat’ aj hodnoty g-faktorov jednotlivych stavov.
Rozdielne hodnoty g-faktorov v jednotlivych smeroch vypovedaji o magnetickej anizotropii
systému a hodnoty g, zlozky sa od gxy zlozky mo6zu lisit’ aj o Styri rady, Co vysvetl'uje vysokl
magneticku anizotropiu 4f systémov. Vzajomny pomer tychto zloziek g,/gxy hovori o axialite
systému a mozno na zaklade neho predpokladat teplotne aktivovanu relaxaciu [50°].
Koordinaéné ¢islo, tvar a deformdacia koordinaéného polyédra a rozloZenie elektrénove;j
hustoty na centrdlnom atéme sa spolu so symetriou ligandového pol'a a rozloZenim jeho
elektrostatického potencidlu ukazuju ako najddlezitejSie atributy ladiace magneticka

anizotropiu komplexov lantanoidov [50°,51].

Na zéklade obsadenia 4f orbitdlov centrdlneho atomu lantanoidu mozno ziskat obraz
rozloZenia elektronovej hustoty centrdlneho atomu. Takto mozno urcit’ aky tvar ma
elektronova hustota na centrdlnom atéme. V krajnych pripadoch nadobuda tvar splosten¢ho
alebo natiahnutého elipsoidu (Obr. 18). Z toho vyplyva volba ligandu, ktorého elektronova
hustota by mala dopliat’ elektronova hustotu na centralnom atéome, a tak branit’ pretoéeniu
magnetického momentu [51?%]. Takto mozno vysvetlit' napriklad vysSie hodnoty energeticke;j

bariéry pre jednojadrové sendvicové komplexy Tb'™, vktorych je elektronova hustota
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centralneho atomu sustredend v priestore medzi ligandmi a z hornej a dolnej strany je

doplnena elektrénovou hustotou ligandov [52].

©©e 0 0 0 - ¢

Ce(ll)  Pr(l)  Nd(l)  Pm()  Sm()  Eu(ll)  Gd{ll)
4f " 42 4t 4f+ 4f s 4f 4f 7
To(ll)  Dy(l)  He{l)  Eflly  Tm{l)  ¥b{Ul)  Lu(il)
af 4f° 4f 10 afm af af 4f 14

Obr. 18 Znazornenie tvaru elektronovej hustoty atomov lantanoidov v oxida¢nom stupni III. Obrazok
je prevzaty z literatary [517].

Néboj ligandov a ich vzdjomné usporiadanie v koordina¢nej sfére centralneho atomu 4f
prvku je taktiez dolezity faktor modulujici magnetickli anizotropiu zluéeniny [50°¢, 53].
Ukazuje sa, ze homoleptickd koordinacna sféra produkujuca izotropny elektrostaticky
potencial na centralnom atéme (Obr. 194, Obr. 194) vedie k absencii preferovanej orientacie
elektronovej hustoty centralneho atému a znizovaniu axiality systému. To je neZiaduci efekt
pre pozorovanie spravania jednomolekulového magnetizmu. Naopak, heterolepticka
koordinacna sféra s ligandmi r6zne velkych nabojov produkuje anizotropny elektrostaticky
potencial (Obr. 195, Obr. 19¢) ¢im dochadza k nérastu axiality systému. Elektronova hustota
sa potom orientuje do oblasti s niz§im elektrostatickym potencidlom, teda miest kde st dlhSie
vizby donorovy atom — centrdlny atom. Magneticky moment sa orientuje kolmo na miesta
najvacsej elektronovej hustoty centralneho atomu, teda do najkratSich vézieb. Takto moZno
predpovedat’ orientaciu magnetického momentu nielen v jednojadrovych systémoch ale aj pre

kazdy jeden atom vo viacjadrovych 4f systémoch [53].
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Obr. 19 Znazornenie elektrostatického potencidlu na povrchu centralneho atomu v Casticiach:
[Dy(H20)s]*" (a), [Dy(H20)s(OH)5] (b), [Dy(H20)2(OH)s]*" (c), [Dy(OH)s]* (d). Obrazky st prevzaté
z literatary [50°].

a)

Napriek vysokym hodnotam energie prvych excitovanych stavov je zistena energeticka
bariéra Uerr Casto podstatne nizSia. Toto zistenie je dosledok kvantového tunelovania
magnetizacie. Jav je vSak vo viacjadrovych komplexoch potld€any vdaka vymennym

interakciam medzi centralnymi atémami [17°, 54].

Vzhl'adom na zlozitost’ magnetickych vlastnosti viacjadrovych systémov sa ako vhodna
moznost’ ponuka Studium dvojjadrovych komplexov [18%], pripadne inych viacjadrovych
komplexov s vysokou molekulovou symetriou [55]. Vhodnou volbou polydentitnych
ligandov mozno premostit’ centrdlne atomy a sprostredkovat’ vymenné interakcie medzi nimi
ako aj ovplyvnit’ orientdciu anizotropnych osi jednotlivych centralnych atomov [18?]. Ako
ligandy mozno pouZzit’ makrocykly, S-ketoenolaty ¢i aromatické Schiffové bazy. Tato praca sa

1

venuje dvojjadrovym komplexom Ln™ so Schiffovymi bazami, a preto bude v d’alSom texte

venovana pozornost’ tejto skupine zlicenin.

2.3.1 Sacasny stav problematiky: Dvojjadrové komplexy Ln'" so Schiffovymi bazami
Doposial bolo pripravenych viacero jednomolekulovych magnetov na baze Ln»

komplexov, pri¢om centridlnymi atdmami si najéastejsie atomy Dy'!' [18%]. Tuto skutocnost’
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mozno vysvetlit' vysokou axialnou magnetickou anizotropiou atéomov Dy

v heterolepticke;j
koordinacnej sfére, Co dokladuju aj vyznamne odlisné hodnoty zloziek g-tenzora, g, = 16-20,
g, g < 1 [24°50°]. Na priklade dvoch izostruktirnych zlGéenin vzorca
[Lno(salben)r(acac)(H20)] (Obr. 20a, Ln = Yb, Dy, Hosalben = 2,2'-{benzén-1,2-
diylbis[nitrilo(F)metylylidén] } difenol) mozno vidiet’ ako niz§ia axialna anizotropia atomov
Yb'™ (g, = 6, gx, gy < 2) vedie k nizsej hodnote efektivnej energetickej bariéry (15,9 cm™ pre
komplex Yby a 52,0 cm™! pre Dy, analog) [56]. Komplex Yb, je tak polom indukovanym
jednomolekulovym magnetom (B = 0,2 T, Obr. 205) a Dy, analég vykazuje pomalu relaxaciu
magnetizacie v nulovom poli. Navyse, pre komplex Dy, bola zistena pritomnost’ dvoch
teplotne aktivovanych relaxaénych procesov (Uern = 52,0 cm™' a Uerz = 23,4 cm™')

pravdepodobne ako vysledok rozdielneho koordinacného okolia centralnych atomov.

1 | 10 o 160 | 1000
vl Hz
a) b)
Obr. 20 (a) Molekulova Struktara komplexu [Yba(salben),(acac)(H,0O)]. Atdomy vodika nie su
z dovodu prehl'adnosti zobrazené. Farebny kod: tmavozelena (YD), ¢ervena (O), modra (N), siva (C).

(b) Frekvencna zavislost mimofazovej zlozky magnetickej susceptibility. Zmerané v jednosmernom
poli velkosti 0,2 T. Obrazky st prevzaté z literatary [56°].

Rozdielna substitucia Schiffovej bazy alebo izoméria je jednou z moznosti ladenia
magnetickej anizotropie pripravenych zlucCenin, a teda aj moZzZnosti ovplyvnit pomala

relaxdciu magnetizacie [57,58]. Mukherjee a kolektiv publikovali pracu [58], v ktorej sa

Studovali dvojjadrové centrosymetrické komplexy vSeobecného vzorca
[Dy2(L"2(dmph)2(CH30H)2] (H2L' = 2-[(E)-(2-hydroxybenzylidén)amino]fenol — Hasalaph,
2-[(E)-(2-hydroxynaftalidén)amino]fenol - Hanalaph, 2-[(E)-(2-hydroxy-3-

metoxybenzylidén)amino]fenol — Homsalaph, Hdmph = 2,6-dimetoxyfenol, Obr. 21).
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Obr. 21 (a—) Molekulova struktira (vlavo) a teplotnd zavislost mimofazovej zlozky magnetickej
susceptibility meranej v nulovom jednosmernom magnetickom poli (vpravo) pre komplex
[Dya(salaph)>(dmph)>(CH;0H);] (a), [Dya2(nalaph)(dmph)>(CH30H),] (b) a
[Dya(msalaph),(dmph),(CH3;OH):] (¢). Atémy vodika nie st zdovodu prehladnosti zobrazené.
Farebny kod: tmavozelena (Dy), ¢ervena (O), modra (N), siva (C). Obrazky st prevzaté z literatury
[58].

Substituciou Schiffovej bazy sa vSak neladila len magneticka anizotropia komplexov (g, = 39,
gx, gy = 0) ale aj vymenne interakcie medzi centrdlnymi atoémami (J = 40,09 az +0,33 cm!) a
viedla k rozdielnym hodnotdm efektivnej energetickej bariéry pre komplexy (Uerr = 0,65 az
44,8 cm™). Vzhladom na centrosymetrickost’ zlugenin je v symetricky nezavislej jednotke len

jeden centralny atém, Co zjednodusilo analyzu.
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Dalsou moZnostou ladenia magnetickych vlastnosti je rozdielna substiticia na
doplnkovom ligande alebo jeho vymena [59,60]. Ako priklad mozno uviest’ pracu [60],
v ktorej Habib a kolektiv Studovali vplyv elektrénovej hustoty na doplnkovych ligandoch L™
(NOs~, CI,CHCOO", CICH,COO™, CH3COO, hfacac™ = 1,1,1,5,5,5-hexafluoroacetylacetonat,
acac”) v sérii dvojjadrovych centrosymetrickych komplexov Schiffovych baz vSeobecného
vzorca [Dya(msaldpt)(L")2] (Hamasaldpt = N',N*-bis(3-metoxysalicylidén)dietyléntriamin). S
rasticou elektronovou hustotou na ligande L" vrade hfacac, NO3, CLCHCOO",
CICH2COO™, CH3COO™ a acac™ klesa axialita systému (g, = 19,7 — 18,9, g« = 0,003 — 0,5,
gy =0,0006 — 0,09) a tym aj vyska efektivnej energetickej bariéry (Ues/cm ' = 71,4 — 10,4).

U=76 K ' U= 34 K
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Obr. 22 (a-b) Molekulova Struktura (a) aprehlad magnetickych vlastnosti (b) komplexov

vSeobecného vzorca [Dyx(msaldpt),(L").] publikovanych v literatire [60]. Obrazok bol prevzaty
z rovnakého zdroja.

&
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Hoci je vplyv ligandového pol'a v komplexoch lantanoidov d’aleko mensi ako spin-
orbitdlna interakcia, uvedené prace dokumentuju, ze magneticki anizotropiu a dynamické

magnetické vlastnosti dimérnych komplexov lantanoidov je mozné ladit’ chemickou cestou.
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3 EXPERIMENTALNA CAST
Cast’ tejto prace je sucastou publikacii, ktoré st uvedené v nasledujucich prilohach

k préci:

Priloha 1: Machata, M., Nemec, 1., Herchel, R., Travnicek, Z., An octanuclear Schiff-base
complex with a NaxNie core: structure, magnetism and DFT calculations, RSC Adv. 7 (2017)
25821.

Priloha 2: Nemec, 1., Herchel, R., Machata, M., Travnicek, Z., Tetranuclear Ni(II) and Co(II)
Schiff-base complexes with an M4Og defective dicubane-like core: zero-field SMM behavior

in the cobalt analogue, New J. Chem. 41 (2017) 11258.

Priloha 3: Herchel, R., Nemec, 1., Machata, M., Travnicek, Z., Solvent-induced structural
diversity in tetranuclear Ni(II) Schiff-base complexes: the first Nis single-molecule magnet

with a defective dicubane-like topology, Dalton Trans. 45 (2016) 18622.

3.1 Pouzité metody charakterizacie

e (Obsah uhlika, vodika a dusika bol zisteny pomocou analyzatora FLASH 2000 CHNS-O
od firmy ThermoFischer Scientific.

e Infracervené spektra v oblasti 4000-400 cm™

boli ziskané na FT-IR spektrometri
ThermoNicolet NEXUS 670 s pouzitim ATR techniky.

e Simultdnna termickd a diferencnd termickd analyza bola vykonand na termickom
analyzatoroch 6200 Exstar (Seiko Instruments Inc.) a STA449 F1 (Netzsch) pod
dynamickou atmosférou vzduchu (prietok 100 ml-min') od laboratornej teploty do
200 °C.

e Teplotné a polovo zavislé magnetické data v jednosmernom magnetickom poli (dc data
z anglického nazvu direct current) boli ziskané na MPMS XL—7 magnetometri a pristroji
na meranie fyzikalnych vlastnosti PPMS Dynacool. Na §tidium dynamickych vlastnosti
v striedavom magnetickom poli bol pouzity MPMS XL—-7 magnetometer. Experimentéalne
tidaje boli korigované na diamagneticky prispevok atémov [269].

e Praskova difrak¢na analyza bola vykonana na pristroji MiniFlex600 (Rigaku) s Cu—K,
ZiariGom (1 =1,5418 A).

e Monokrystalova difrak¢na analyza bola vykonand na pristroji Oxford Diffraction

Xcalibur™? so Sapphire CCD detektorom a Mo—K, ziari¢om (1= 1,5418 A) pri 150 K.
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Na zber a redukciu experimentalnych dat bol pouzity programovy balik CrysAlis (verzia
1.171.33.52, Oxford Diffraction). Na rieSenie Struktur bol pouzity program SHELXS-

2014 a ich vypresnenie bolo vykonané s pomocou programu SHELXL-2014 [61].

e Tvary koordinaénych polyédrov komplexov Ln'

SHAPE verzia 2.1 [62].

boli ur¢ené za pomoci programu

e Ab initio vypoCty zahffiajice vypocet konstanty J a D-, E- a g-tenzora boli vykonané
s pouzitim programového balika ORCA 3.0.3. Metoda DFT vyuzivajuca funkcionaly
B3LYP, PBEO, TPSSh a CAM-B3LYP bola pouzitd na vypocet hodnoty konstant
izotropnej vymennej interakcie J. VypoCty D-, E- a g-tenzora boli vykonané s pouzitim
SA-CASSCF/NEVPT2 (z anglického nazvu State average complete active space self-
consistent field/N-electron valence second order perturbation theory) vinovych funkeii.
Na vypocet interakcii a popis relaxacie v komplexoch Dy bol pouzity programovy balik
MOLCAS 8.0 s modulom SINGLE ANISO a POLY ANISO.

e Analyza dc dat vyuzivajica spinovy Hamiltonian bola vykonand s pouzitim programu

POLYMAGNET a programu MATLAB s aplikaciou EasySpin.

Podrobne;jsi popis pouzitych metdd je uvedeny v prilozenych publikaciach (Prilohy 1-3).

3.2 Pouzité chemikalie a ligandy

Vsetky chemikalie boli kupené zkomerénych zdrojov ako Sigma-Aldrich [chlorid
nikelnaty, hexahydrat (97 %), tetrakyanonikelnatan draselny (99 %), nitroprusid sodny,
dihydrat (99%), hexakyanoplati¢itan draselny (97 %), dusi¢nan gadolinity, hexahydrat (99,9
%), dusicnan terbity, pentahydrat (99,9 %), dusi¢nan dysprozity, hexahydrat (99,9 %), 2-
hydroxybenzaldehyd (99 %), 3-metoxy-2-hydroxybenzaldehyd (99 %), 5-chloro-2-
hydroxybenzaldehyd (99 %), 2-aminofenol (99 %), 2-amino-4-terc-amylfenol (97 %), 2-
amino-4-chlorofenol (97 %), 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazol (97 %), 1,3-
difenylpropan-1,3-dion (98 %)], Across Organics [octan nikelnaty, tetrahydrat (99,5 %),
chlorid kobaltnaty, hexahydrat (99 %), octan kobaltnaty, tetrahydrat (99 %), benzoan sodny
(99 %), tripropylamin (98 %)], Lachner, s r. 0. [metanol (>99 %), dietyléter (99,7 %)] a Penta
[dichlormetan (99,5 %), aceton (99 %)]. Obdrzané chemikélie boli pouzivané bez d’alSieho

éistenia.

Ligandy pouZzivané v tejto praci su zndzornené na Obr. 23. Ligand HoL1 (2-[(E)-(2-
hydroxybenzylidén)amino]fenol) bol pripraveny podl’a literatiry [63]. Derivaty ligandu HoL1
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(H2L2 = 2-[(E)-(2-hydroxy-3-metoxybenzylidén)amino]fenol, H»t-Am-L1 = 2-[(E)-(2-
hydroxybenzylidén)amino]-4-terc-amylfenol, H>CI-L1 = 2-[(E)-(2-
hydroxybenzylidén)amino]-4-chlorofenol, H>Cl--Am-L1 = 2-[(E)-(2-hydroxy-5-
chlorobenzylidén)amino]-4-terc-amylfenol) boli vyuzivané bez predchadzajicej izolacie a
ligandy L3 (4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazol) a HL4 (1,3-difenylpropan-1,3-dién)

boli ziskané z komer¢énych zdrojov.

H,t-Am-L1
H,L1 /@ @? L3

HL4

H2L2 N/@ m‘ !

Ry " S
QQ L HcieamLr O C
/O CI\@%N

Obr. 23 Schematické znazornenie Struktary ligandov pouzitych v tejto praci.

3.3 Priprava komplexov

3.3.1 Komplexy obsahujice Struktirny motiv netiplného dikubanového jadra (1-3)

Osemjadrovy komplex vzorca (Pr3sNH)[Na:Nis(LL1)4(Bnz)s(HBnz)(OH)2(ace)] - Et2O (1)

Pevny benzoan sodny (0,22 g, 1,5 mmol, NaBnz) bol pridany k zelenej zmesi ligandu
H:L1 (0,11 g, 0,5 mmol) a NiCl: (0,18 g, 0,8 mmol, pouZity ako hexahydrat) v 20 ml acetonu
(ace). Vysledna zmes bola mieSana pri teplote varu. Po 15 min bol po kvapkach pridany
roztok tripropylaminu (Pr3N, 0,14 g, 1 mmol) v 5 ml acetonu. Potom bola zmes sfiltrovana a z
filtratu sa nechalo dosucha odparit’ rozpustadlo. Po 3 tyzdioch bola z filtratu ziskana zelena
pevna latka, ktora sa nechala rozpustit’ v 20 ml acetonu a ponechala krystalizovat’ vplyvom
pomalej diftizie Et2O do roztoku. Po dvoch diloch boli filtraciou izolované zelené krysStaly
komplexu 1. Vytazok: 24 %. Elementdrna analyza: vypocitané pre CiosHo7N5023NaxNie
(2207,0 g'mol™'): C, 56,8; H, 4,5; N, 3,1. Zistené: C, 56,4; H, 4,3; N, 3,1. (e spektroskopia
v strednej oblasti (v em™): w(O-H) = 3411 (w), v(N-H) = 3179 (w), W(Car—H) = 3058 (W),
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3020 (w), w(C—H) = 2970 (w), 2934 (w), 2876 (w), W(C=0) = 1614 (vs), WC=N), W(C=C) =
1597 (vs), 1537 (vs), W(C-0) = 1223 (s).

Stvorjadrové komplexy vzorca [Ms(L1)s(MeOH):], M = Ni (2), Co (3)

[Nig(L1)4(MeOH)2] (2). Metanolovy roztok (30 ml) ligandu H>L1 (0,05 g, 0,23 mmol) sa
pridal k roztoku Ni(ac)2 (0,06 g, 0,23mmol, ac™ = octan, pouzity ako tetrahydrat) v metanole
(10 ml), ¢o malo za nésledok vylucovanie hnedooranzovej zrazeniny. Po 15 min mieSania pri
teplote varu bol k tejto zmesi po kvapkach pridany metanolovy roztok PrsN (0,07 g, 0,48
mmol, v 3 ml metanolu). Reak¢na zmes sa nechala miesat’ pri teplote varu este 15 min
apotom sa vyli¢eny hnedooranzovy prasok oddelil filtraciou. Mati¢ny lih sa nechal
izotermicky kryStalizovat’ pomalym odparovanim rozpustadla pri laboratornej teplote. Po
niekol’kych dnoch boli vzniknuté tmavozelené krystaly oddelené filtraciou a premyté malym
mnozstvom Et;O. Vytazok: 61 %. Elementarna analyza: vypocitané pre CssHaaN4O10Nig
(1143,7 g'mol™): C, 56,7; H, 3,9; N, 4,9. Zistené: C, 56,8; H, 3,9; N, 4,8. Infracervena
spektroskopia v strednej oblasti (v cm™!): W(Car—H) = 3055 (m), v(C—H) = 2909 (m), 2835 (m),
v(C=N), v(C=C) = 1587 (s), 1538 (m), v(C—O) = 1220 (m).

[Cos(L1)4(MeOH):] (3). K roztoku ligandu H>L1 (0,05 g, 0,25 mmol) v 30 ml metanolu
umiestneného pod inertnou atmosférou (prad Nz) bolo po kvapkach pridanych 10 ml
metanolového roztoku Co(ac): (0,06 g, 0,25 mmol, pouzity ako tetrahydrat) za sicasného
vylu€ovania hnedého prasku. Po 15 min mieSania pri laboratornej teplote pod atmosférou N>
sa po kvapkéch pridal metanolovy roztok PrsN (0,07 g, 0,50 mmol v 3 ml metanolu) a zmes
sa nechala eSte 15 min mieSat’ za rovnakych podmienok. Vylic¢eny hnedy praSok sa izoloval
filtraciou a pouZil na d’alSie analyzy. Vytazok: 69 %. Elementarna analyza: vypocitané pre
Cs3H4N4O9Cos (1112,7 g'mol™): C, 57,2; H, 3,6; N, 5,0. Zistené: C, 57,3; H, 3.3; N, 4,9.
Infradervend spektroskopia v strednej oblasti (v ecm™): w(Ca—H) = 3060 (m), v(C-H) = 2917
(m), v(C=N), v(C=C) = 1600 (s), 1581 (s), 1542 (m), v(C-O) = 1214 (m).

3.3.2 Viacjadrové komplexy Co'"' so Schiffovymi bazami (4-6)

[Co4(r-Am-L1)4] (4). K roztoku 2-amino-4-terc-amylfenolu (0,04 g, 0,25 mmol) v 10 ml
metanolu bol pridany roztok salicylaldehydu (0,03 g, 0,25 mmol) v 10 ml metanolu za vzniku
oranzového roztoku. Zmes bola mieSana pri laboratdrnej teplote po dobu 15 min. Nasledne sa
pod pradom dusika po kvapkach pridaval roztok Co(ac). (0,06 g, 0,25 mmol, pouzity ako
tetrahydrat) v 10 ml metanolu po dobu 10 min za stcasného vylucovania hnedooranzovej

zrazeniny. Vylucena zrazenina bola odfiltrovand a vyuzivana na d’alSie analyzy. Vytazok 68
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%. Elementarna analyza: vypocitané pre C72H76N4OsCos (1361,1 g'mol™): C, 63.5; H, 5,6;
N, 4,1. Zistené: C, 63,2; H, 5,9; N, 3,8. Infraervena spektroskopia v strednej oblasti (v cm™):
V(Car—H) = 3056 (m), 3018 (m), v(C-H) = 2961 (m), 2926 (m), 2874 (m), v(C=N), w(C=C) =
1600(s), 1543(m), 1527(s), v(C—O) = 1207 (s).

[Co4(CI-L1)4(MeOH):] (5), [Co4(Cl-2-Am-L1)4] (6). Tieto zliceniny boli pripravované
rovnakym spdsobom ako zlicenina 4 stym rozdielom, ze sa namiesto 2-amino-4-ferc-
amylfenolu pouzilo ekvimoldrne mnozstvo 2-amino-4-chlorfenolu (0,04 g, 0,25 mmol;
zlucenina 5) a salicylaldehyd bol nahradeny 5-chlorosalicylaldehydom (0,04 g, 0,25 mmol;
zliCenina 6). ZluCenina S: Vytazok 63 %. Elementarna analyza: vypocitané pre
Cs4H40N4010Co4 (1282,5 g-mol™!): C, 50,6; H, 3,1; N, 4,4. Zistené: C, 50,9; H, 3,1; N, 4,0.
Infradervend spektroskopia v strednej oblasti (v cm™!): v(O—H) = 3157 (s), v(Car—H) = 3054,
3014 (m), v(C-H) = 2969 (m), 2922 (m), 2874 (m), v(C=N), vw(C=C) = 1603(s), 1577(s),
1542(s), 1527(s), v(C-0) = 1202 (s), v(C—CI) = 646 (s). TG merania: vahovy ubytok 5,5 %
v teplotnom rozsahu 28-150 °C s endotermickym pikom centrovanym na 92 °C (5,0 %
vypocitané pre dve molekuly metanolu). Zlicenina 6: Vytazok 60 %. Elementarna analyza:
vypocitané pre C72H72N4OsClsCos (1498,9 g-mol™!): C, 57,7; H, 4,8; N, 3,7. Zistené: C, 57,4;
H, 5,0; N, 3,5. Infradervena spektroskopia v strednej oblasti (v cm™): w(Car—H) = 3061 (m),
3025 (m), v(C-H) = 2961 (m), 2921 (m), 2874 (m), v(C=N), v(C=C) = 1596 (m), 1529 (s),
v(C-0) = 1265 (s), v(C-CI) = 655 (s).

3.3.3 Komplexy Co'' s diamagnetickymi kyanometalatmi (7-9)

[Co(LL3)2][Fe(CN)s(NO)] (7). Roztok ligandu L3 (0,14 g, 0,6 mmol) v 5 ml metanolu sa
zmieSal s roztokom CoCl; (0,07 g, 0,30 mmol, pouzity ako hexahydrat) v 5 ml vody za vzniku
cervenohnedého roztoku. K tejto zmesi sa pomaly pridal roztok Nax[Fe(CN)s(NO)] (0,09 g,
0,3 mmol, pouzity ako dihydrat) v 5 ml vody za vzniku béZovo sfarbenej zrazeniny. Vylucena
zrazenina sa odfiltrovala, premyla malym mnozstvom metanolu a dietyléteru, niekol’ko dni
nechala susit’ vo vdkuovom exikatore a pouzila na analyzy. Reakcia bola uskuto¢nend pri
laboratérnej teplote. Vytazok 54 %. Elementarna analyza: vypocitané pre CaoH20NisOCoFe
(751,4 g'mol™): C, 46,4; H, 2,7; N, 31,7. Zistené: C, 45,6; H, 2,4; N, 32,2. Infracervena
spektroskopia v strednej oblasti (v ecm™): v(N-H) = 3391 (w), (Car—H) = 3034 (w), w(C=N) =
2167 (s), 2140 (s), v(N=0) = 1893 (s), v(C=N), »(C=C) = 1608 (s), 1590 (s), 1573 (m), 1535
(m), 1518 (m).
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[Co(L3)2][Pt(CN)s] (8), [Co(L3)2][Ni(CN)4] (9). ZlucCeniny 8 a 9 boli pripravované
rovnakym sposobom ako zluc€enina 7 avsak s pouzitim iného kyanometaldtu — Ko[Pt(CN)¢]
(0,06 g, 0,15 mmol, latkové mnozstvo ostatnych reaktantov boli poloviéné vzhladom na
mnozstva uvedené v priprave zluCeniny 7; zlucenina 8) a Ko[Ni(CN)4] (0,07 g, 0,3 mmol;
zluCenina 9). Zlucenina 8: Vytazok 79 %. FElementarna analyza: vypocitané pre
C30H20N13CoPt (886,6 g~m01‘1): C, 40,6; H, 2,3; N, 28,4. Zistené: C, 41,0; H, 2,0; N, 28,0.
Infradervend spektroskopia v strednej oblasti (v ecm™): w(IN-H) = 3402 (w), W(Car—H) = 3023
(W), V(C=N) = 2212 (s), 2179 (s), v(C=N), v(C=C) = 1608 (s), 1589 (s), 1572 (m), 1536 (m),
1518 (m). Zlucenina 9: Vytazok 60 %. Elementarna analyza: vypocitané pre C2sH20N16CoNi
(698,2 g'mol™'): C, 48,2; H, 2,9; N, 32,1. Zistené: C, 47,4; H, 2,6; N, 31,8. Infradervena
spektroskopia v strednej oblasti (v ecm™): v(N-H) = 3392 (w), W(Car—H) = 3018 (w), W(C=N) =
2146 (s), 2122 (s), v(C=N), v(C=C) = 1606 (s), 1589 (s), 1570 (m), 1535 (m), 1516 (m).

3.3.4 Dvojjadrové Ln'! komplexy (10-15)

[Gd2(L2)2(L4)2(MeOH)2]-6MeOH (10). 3-metoxysalicylaldehyd (0,08 g, 0,5 mmol) a 2-
aminofenol (0,06 g, 0,5 mmol) boli rozpustené v 15 ml metanolu za vzniku oranzového
roztoku. Po 15 min miesania pri laboratérnej teplote sa pridal roztok ligandu HL4 (0,11 g, 0,5
mmol) v metanole (15 ml) a Gd(NOs3)3-6H>O (0,23 g, 0,5 mmol) v metanole (10 ml) za
vzniku svetlo¢erveného roztoku. Zmes sa nechala miesat’ pri laboratérnej teplote po dobu 15
min. Po uplynuti tejto doby sa k roztoku po kvapkach pridal PrsN (0,22 g, 1,5 mmol), ¢im
presla farba zmesi na ZIth. Vzniknuty roztok sa prefiltroval a ponechal izotermicky
krysStalizovat’ pomalym odparovanim rozpustadla pri laboratérnej teplote. Vylicené oranzové
krystaly boli izolované filtraciou a premyté dietyléterom. Vytazok: 36 %. Elementarna
analyza: vypocitané pre CssHasN2011Gd> (1261,5 g-mol™!): C, 55,2; H, 3,7; N, 2,2. Zistené: C,
55,1; H, 3,5; N, 2,0. Infradervena spektroskopia v strednej oblasti (v cm™!): {O-H) = 3594
(W), YC—H)ar = 3056 (w), C-H) = 2938 (w), 2905 (w), LC=C), YC=N) = 1596 (s), 1549
(s), 1514 (s), UC-O) = 1221 (s).

[Tb2(L2)2(L4)2(MeOH)2]-6MeOH (11), [Dy2(L2)2(L4)2(MeOH)2]-6MeOH (12). Tieto
komplexy boli pripravené rovnakym spoésobom ako komplex 10 s tym rozdielom, Ze namiesto
Gd(NO3)3-6H20 bolo pouzité ekvimolarne mnozstvo Tb(NO3)3-5H>0 (0,22 g, 0,5 mmol; 11)
alebo Dy(NOs3)3-6H>O (0,23 g, 0,5 mmol; 12). Zlicenina 11: Vytazok: 45 %. Elementarna
analyza: vypocitané pre CssHasN2O12Tb (1282,9 g'mol™!): C, 54,3; H, 3,8; N, 2,2. Zistené: C,
54,3; H, 3,6; N, 2,1. Infraervena spektroskopia v strednej oblasti (v ecm™): O-H) = 3310
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(W), UC—H)ar = 3056 (W), C-H) = 2937 (w), UC=C), AC=N) = 1595 (s), 1550 (s), 1515
(s), UC-0O) = 1221 (s). Zlucenina 12: Vytazok: 42%. Elementarna analyza: vypocitané pre
CssHasN2012Dy2 (1290,0 g'mol™!): C, 53,9; H, 3,9; N, 2,2. Zistené: C, 53,6; H, 3.6; N, 2,0.
Infracervena spektroskopia v strednej oblasti (v cm™): O-H) = 3315 (w), UC—H).r = 3056
(W), UC-H) = 2937 (w), 2908 (w), UC=C), YC=N) = 1596 (s), 1549 (s), 1515 (s), UC-O) =
1221 (s).

[Gd2(L2)2(L4)2(dmf)2] (13), [Tb2(L2)2(L4)2(dmf)2] (14), [Dy2(L2)2(L4)2(dmf)2] (15).
Komplexy 13—15 boli pripravené rovnakym sposobom ako komplexy 10—12 s tym rozdielom,
ze sa ako reakéné prostredie pouzila zmes MeOH (40 ml) s N,N-dimetylformamidom (dmf, 2
ml). Zlucenina 13: Vytazok: 44 %. Elementarna analyza: vypocitané pre CesHssN4O12Gd>
(1389,7 g'mol™'): C, 55,3; H, 42; N, 4,0. Zistené: C, 55,6; H, 4,2; N, 3,8. Infracervena
spektroskopia v strednej oblasti (v cm™): C—H)ar = 3054 (w), C-H) = 2914 (w), YC=0) =
1650 (vs), YC=C), (C=N) = 1598 (s), 1551 (s), 1513 (s), C-O) = 1218 (s). Zlucenina 14:
Vytazok: 52 %. Elementarna analyza: vypocitané pre CesHssN4O12Tb, (1393,1 g-mol™'): C,
55,1; H, 4,3; N, 4,0. Zistené: C, 54,7; H, 4,2; N, 3,8. Infracervena spektroskopia v stredne;j
oblasti (v ecm™): YC—H)ar = 3054 (w), YC-H) = 2916 (w), LC=0) = 1650 (vs), C=C),
UC=N) = 1598 (s), 1551 (s), 1512 (s), (C-0O) = 1218 (s). Zlucenina 15: Vytazok: 50 %.
Elementarna analyza: vypoéitané pre CesHssN4O12Dy> (1400,2 g-mol™!): C, 54,9; H, 4,2; N,
4,0. Zistené: C, 54,6; H, 4,3; N, 3,8. Infradervena spektroskopia v strednej oblasti (v cm™):
UC—H)ar = 3054 (w), UC-H) = 2914 (w), C=0) = 1650 (vs), LC=C), AC=N) = 1598 (s),
1551 (s), 1513 (s), UC-0O) = 1218 (s).

3.4 Neuspesné syntézy

Okrem syntéz komplexov 1-15 bolo d’alSie usilie vynaloZené aj na pripravu d’alSich latok
podobnych Struktarnych typov aich syntéza nebola tspeSna. Schematické znazornenie
vybranych netispesnych syntéz takychto latok zodpovedajlicich zameraniu dizertacnej prace je

znazornené na Obr. 24.
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Obr. 24 Schematické znazornenie neuspesnych syntéz komplexov s predpokladanym StruktGrnym
motivom netiplného dikubanového alebo kubanového jadra a dvojjadrovej Struktury.

Optimalizacia podmienok syntézy sa v spojeni s Casovou naroc¢nostou dokladnej
charakterizécie (Struktirnych a magnetickych) vlastnosti pripravenych zlucenin podpisala na
limitovanom pocte prezentovanych latok v tejto praci a je vysledkom prace vedeckého tymu

a nie len autora dizertacnej prace (viac vid’ kapitola 10 Spolupodiel autora na prdci).
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4 VYSLEDKY A DISKUSIA

4.1 Komplexy obsahujuce Struktirny motiv neiplného dikubanového jadra

4.1.1 Osemjadrovy komplex vzorca
(Pr3NH)[Na:Nis(L1)4(Bnz)s(HBnz)(OH)2(ace)]-Et20 (1)
Priprava a Struktara zluceniny 1 bola uvedena v diplomovej praci autora ale magnetické
vlastnosti boli Studované az neskdr asu prezentované v tejto praci. Priprava Struktara
a magnetické vlastnosti tejto latky boli publikované v ¢lanku, ktory sa nachadza v prilohe

k tejto préci (Priloha 1).
Struktirna charakterizacia

Struktara zli¢eniny 1 zahffia tripropylaméniovy kation (PrsNH'), komplexny
osemjadrovy anion [NaxNis(L1)4(Bnz)s(HBnz)(OH)2(ace)|” (Bnz™ = benzoatovy anion, ace =
aceton) a ko-kryStalizovanii molekulu Et;O. Zakladné krystalografické informdacie ako aj

tabul’ka hodnot vybranych struktarnych parametrov st uvedené v Prilohe 1.

Komplexny anién pozostdva zo Siestich Ni' atémov, dvoch Na' katiénov, Styroch
deprotonizovanych ligandov L1?7, piatich Bnz™ a dvoch OH™ anidnov, jednej molekuly HBnz
aace (Obr. 25q). Atémy Ni" si zabudované do dvoch neuplnych dikubanovych jadier
s mostikujicimi atdbmami kyslika fenoxy (Or) a hydroxy (Ony) skupin. Koordina¢nu sféru
atomov Ni' doplfiaju atémy kyslika karboxylatovych ligandov (Ok.) v rdznych
koordinaénych moédoch (2xn%n':u2, 1xn'm':pe, 2xn'm?:us and 1xn!, Obr. 25b) a molekula
ace. Vietky atomy Ni" st hexakoordinované, lisia sa vSak zlozenim chromoforu: {NiOs} pre
Ni4 a Ni6 a {NiNOs} pre ostatné atomy Ni". Rozdielna je aj deformacia koordina¢nych
polyédrov centralnych atomov Ni'! popisovana parametrom uhlovej distorzie X (v ©) [64] a je
nizSia uatomov Nil (63,5) aNi5 (77,8) v porovnani s ostatnymi (96,8-119,4). Vizbové
vzdialenosti (v A) v ramci koordinaénych polyédrov sa pohybuju v rozsahu 1,98-2,19 (Ni-O
viazby) a 1,99-2,03 (Ni-N vizby). Atomy sodika st koordinované len atomami kyslika
s vizbovymi dizkami (v A) vrozsahu 2,26-3,04. Prepojenie centrdlnych atomov Ni'
s atdbmami sodika zabezpe€uju atomy Or a Ony. Molekulova §truktiura komplexného anidnu je
stabilizovand dvoma silnymi vodikovymi vézbami medzi hydroxy skupinami a atomom

kyslika jednej karboxylovej skupiny (d(O---O) = 2,863(6) a 2,927(5) A).
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Obr. 25 (@) Komplexny anion zluceniny 1. Atdmy vodika nie su z dovodu prehl’adnosti zobrazené.

Farebny kod: svetlozelena (Ni), fialova (Na), cervena (O), modra (N), siva (C). (b) Znazornenie
mostikujucich schopnosti ligandu H,L 1 a karboxylatovych ligandov v 1.

Magnetické vlastnosti

Teplotné merania vykonané v jednosmernom magnetickom poli vykazuju hodnotu zefi/ 15
pri laboratérnej teplote rovna 7,55, ¢o zodpoveda Siestim neinteragujiicim atéomom Ni'l s g =
2,16. S poklesom teploty zostavaju hodnoty funkcie konStantné priblizne do teploty 75 K, pri
ktorej hodnota funkcie klesa na hodnotu 2,53 pri 1,9 K. Toto spravanie je charakteristické pre

systémy s dominantnou antiferomagnetickou interakciou.

Polovo zéavislé data merané do 5 T nevykazuji saturdciu hodndt Mmo/Naus
pravdepodobne z dovodu silnej antiferomagnetickej interakcie, pripadne Stiepenia v nulovom

poli. Pre Giplny popis systému je nutné postulovat’ spinovy Hamiltonidn v tvare

H :_le(sl 'Sz)_JB(Sl 'S3)_J14(Sl 'S4)_J23(Sz'ss)
~J3s (Sz 'Ss)_J26(S2 'Sé)_J34(Ss 'S4)_J35 (S3 'Ss) (%)

6
_']56(S5'Sé)+ﬂBzB'gi'Si

i=1
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b)

Obr. 26 (a) ZjednoduSeny obrazok vsetkych koordinacnych polyédrov v zlucenine 1 s oznacenim
centralnych atomov. Farebny kdod: svetlozelena (Ni), fialova (Na), Cervena (O), modra (N). () Schéma
vymenného spriahnutia v 1.

Rovnica 5 zahfiia 10 parametrov, €o je prili§ vysoky pocet parametrov na fitovanie.

Z tohto dovodu bola pre vypocet konstant Ju.» pouzita vypoCtovd metoda DFT s vyuzitim

Styroch r6znych funkcionalov (B3LYP, PBEO, TPSSh a CAM-B3LYP). BliZsie informacie

tykajice sa postupu vypoctov st uvedené v Prilohe 1. Nasledujuca tabul'ka uvadza vysledné

hodnoty konstant J,» spocitané pomocou uvedenych funkciondlov.

Tab. 1 Porovnanie hodnot konstant izotropnej vymennej interakcie (v em™!) v 1 zistenych s pouzitim
roznych DFT funkcionalov (B3LYP, PBEO, TPSSh a CAM-B3LYP)

B3LYP PBEO TPSSH CAM-B3LYP
Ji2 +10,5 +8,9 +9,6 +9.4
Jis -6,7 -4,7 -13,2 -2,5
J14 +16,9 +15,1 +14,7 +15,6
J2s +13,8 +11,9 +13,3 +12,0
J2s -12.,4 -8,9 -20,7 -7,1
Jas -14,2 -9.,3 -25.9 -6,5
J34 —-14,1 -9,5 -25,0 -7,0
J3s +7.,5 +6,8 +4.,6 +7,5
Jse6 +16,0 +13,8 +14,8 +14,2

Podl'a DFT vypoctov maju jednotlivé vymenné interakcie rovnaky charakter nezavisly na

pouzitom funkciondle a st feromagnetické pre pary Ji2, Jis, J23, J35 a Js6 a antiferomagnetické
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pre pary Ji3, J2s, Jo6 a J3s. Vysledky fitovania teplotnych a polovych dat s pouzitim tychto
hodndét konstant J,» zistenych pomocou jednotlivych funkciondlov su znazornené na Obr. 27a
aje zjavné, ze pouzitie funkciondlov B3LYP a PBEO sa javi ako najlepSie pre popis

experimentalnych dat.

9 5 20
8 15
T S— 4
L 104
%7 5
- 23 ]
:;:5 T experiment =° En
<, ——B3LYP = E 07
——PBEO = 2 2
= -54
34 TPSSh
CAM-B3LYP
2 -10 o
14
- -15
0 T T T T T T O e B ma e -20 T T T =
0 50 100 150 200 250 300 0 1 2 3 4 5 85 90 95 100 105
TIK BIT <(Ni-O-Ni)_ (°)
a) b)

Obr. 27 (a) Magnetické merania v jednosmernom poli pre zluceninu 1: teplotna zavislost’ efektivneho
magnetického momentu v poli 0,1 T (vl'avo) a priebeh izotermickej magnetizacie pri 2, 5 a 10 K
(vpravo). Prazdne krizky — experimentalne data, plné Ciary — vypocitané data s hodnotami konstant J,»
uvedenych v Tab. 1 a g = 2,16. (b) Magnetostruktiurna korelacia J vs. a (a = <(Ni-O-Ni)) popisana
rovnicou 6 pre Ju vypocCitané s pouzitim funkciondlu PBEO (Cervend plna Cciara). Interval
spol'ahlivosti je 95% (Cervené bodkované Ciary). Siva Ciarkovand Ciara reprezentuje predpokladant
hranicu uhla a medzi fero- a antiferomagnetickou interakciou.

Za ucelom najst magnetoStruktirnu korelaciu boli vynesené hodnoty konStant Jus
vypocitané s pouzitim funkciondlu PBEO ako funkcia vdzbového uhla Ni-O-Ni (uhol @)

(Obr. 27b). Vztah popisuje linearna funkcia v tvare
J(em™) =196(30)-1.99(31)-« (6)

s hranicou medzi fero- a antiferomagnetickou interakciou pre uhol a = 98,5 °, ¢o je v sulade
s magneto$truktiirnou korelaciou pre kub4dnové komplexy Nil premostené atémami kyslika

[30*€].
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4.1.2 Stvorjadrové komplexy vzorca [Ma(L1)s(MeOH):2] (2-3)

Vlastnosti zlacenin [M4(L1)4(MeOH)2], pricom M = Ni (2), Co (3) boli popisané
v publikécii (Priloha 2). Stidium zluéenin 2 a 3 nadvizuje na §tidium kubanového komplexu
[Nis(L1)4(MeOH)3(H20)]'MeOH  (2') a  neuplného  dikubdnového  komplexu
(PrsNH)2[Nia(L1)4(ac)2] (2'). Priprava, Struktiara a jednoducha analyza magnetickych
vlastnosti zlucenin 2' a 2" boli predmetom diplomovej prace autora. Detailnejsie Studium ich
vlastnosti v§ak bolo vykonané a publikované neskor a publikécia je stcastou prilohy k tejto
praci (Priloha 3). Vlastnosti tychto zlucenin buda v d’alSom texte diskutované spolo¢ne s

vlastnost’ami zluc¢enin 2 a 3.
Syntéza

Zluceniny 2 a 3 boli pripravené reakciou Schiffovej bazy HoL1, M(ac)2-4H>0 (M = Ni —
zlucenina 2, Co — zlGc€enina 3) a Pr3N ako bazou v prostredi MeOH (Obr. 28). Priprava sa
vsak lisila teplotnymi podmienkami a reakénou atmosférou: zlucenina 2 bola syntetizovana za
pristupu vzduchu pri teplote varu zmesi a zlu¢enina 3 pod atmosférou dusika za laboratorne;j

teploty.

Uvedena syntéza zliceniny 2 sa da chapat’ ako rozSirenie syntetickych podmienok, ktoré
viedli k syntéze zlucenin 2' a 2'" (Obr. 28). Tie boli pripravené z rovnakych reaktantov
a vrovnakom pomere a koncentracii pri teplote varu zmesi za pristupu vzduchu. Jediny
rozdiel spocival v pouziti rozpistadla (CH2Cl./MeOH pre 2' a CH2Cl pre 2'"). S ohl'adom na
uvedené bolo snahou rovnakou obmenou rozpustadla pripravit nové komplexy Co!

analogické komplexom Ni". Takato zmena viak zakazdym viedla k priprave zlu¢eniny 3.

.
=il 1~

| M(CH,C00),4H,0 + H,L + 2 Pr;N |

w1 [ ] .

CH,OH/CH,Cl,| 3

CH,Cl,

&

oo 00
ZOEZED

Obr. 28 Syntéza zlucenin 2, 2', 2" a 3.
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Strukturna charakterizacia

Monokrystaly vhodné pre monokrystalova rontgenova difraként analyzu sa podarilo
pripravit len pre komplex 2. IzoStrukturalita zlGceniny 3 bola potvrdend porovnanim
praskovych difrakénych zdznamov pre 2 a 3 (Obr. 29). Vzhl'adom na uvedené bude v d’alSom
texte blizSie diskutovana len Struktura komplexu 2. Tabul’ka zdkladnych krysStalografickych

udajov pre 2 je uvedena v Prilohe 2.
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Obr. 29 Porovnanie vypocitaného praskového difrakéného zdznamu zlGceniny 2 (Cervena krivka)
a experimentalne ziskaného zaznamu pre zliceninu 3 (Cierna krivka). Poznamka: teplota merania na
monokrystale zluceniny 2 bola 150 K zatial’ o teplota merania praskového difrakéného zaznamu pre
zltiCeninu 3 bola 298 K.

Molekulova Struktara zluceniny 2 pozostdva z dvoch paralelnych takmer planarnych
dvojjadrovych podjednotiek {Niz(L)2}, ktoré st navzajom posunuté a prepojené a vytvaraju
tak netplné dikubanové jadro v centrosymetrickom usporiadani (Obr. 30). V komplexne;j
Stvorjadrovej] molekule sa eSte nachddzaji dve koordinované molekuly MeOH. V
ekvatorialnej rovine su atomy Nil tridentdtne cheldtovo koordinované ligandom L1%
a mostikujiicim Or atémom susedného L1% ligandu s vizbovymi vzdialenostami (v A)
v rozsahu 1,98-2,08. Jednu axialnu poziciu obsadzuji atomy zo—Or (pre Nil a Nil* atomy,
d(Ni-0) =2, 0369 (18) A) alebo 15—Or atdmy (pre Ni2 a Ni2* atéomy, d(Ni-O) = 2, 1332(18)
A) zo symetricky zéavislej podjednotky {Nix(L):}. Druhu axialnu poziciu hexakoordinovanych
atomov Ni2 aNi2* dopliia atom kyslika koordinovanej molekuly MeOH (d(Ni-O) =
2,0776(19) A). Zvysné dva centralne atdomy (Nil a Nil*) su pentakoordinované, pricom

43



geometria koordinacného polyédra je blizsia k tetragonalnej pyramide (hodnota Addisonovho

Strukturneho parametra 7= 0,39) [65].

Obr. 30 (a) Molekulova Struktira komplexu 2. (b) Oznaceny obrazok koordinaénych polyédrov
zluceniny 2. Atomy vodika nie su z dévodu prehladnosti zobrazené. Farebny kod: tmavozelend (Ni),
gervena (O), modra (N), svetlozelena (C). Vizbové vzdialenosti (v A) v koordinaénych polyédroch:
d(Ni1l-01) = 2,0763(17), d(Nil-02) = 1,9772(17), d(Nil-03) = 2,0384(18), d(Nil-O4A) =
2,0369(18), d(Ni1-N1) = 2,009(2), d(Ni2—-O1) = 2,0239(17), d(Ni2—-O1A) = 2,1332(18), d(Ni2-03) =
2,0100(17), d(Ni2—04) = 2,0350(17), d(Ni2—05) = 2,0776(19), d(Ni2—N2) = 1,983(4).

Vzdialenost (v A) medzi susednymi centrdlnymi atémami v 2 je 3,09-3,19. Hodnoty
vazbovych uhlov Ni-O-Ni1 (v ©) v rdmci dvojjadrovej jednotky st v uzSom intervale (98,34(7)

a 100,07(8)) nez medzi dvojjadrovymi jednotkami (94,51(7), 98,80(8) a 100,34(7)).

Koordinované molekuly MeOH tvoria vodikové vizby (donor) s atbmami Or susednej
komplexnej molekuly so vzdialenostou d(O---O) = 2,754(4) A a tak prepdjaju komplexné
molekuly do 1D polymérnych retazcov (Obr. 31).
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Obr. 31 Fragment krystalovej Struktiry komplexu 2 so zvyraznenim vodikovych vézieb (Cierna
Clarkovana Ciara). Atomy vodika nie su z dovodu prehladnosti zobrazené. Farebny kod: tmavozelena
(Ni), cervena (O), modra (N), svetlozelena (C).

Porovndvanim Struktry komplexu 2 so Struktirou komplexov 2' alebo 2" mozno
vypozorovat’ niekol’ko spolo¢nych znakov (Obr. 30, Obr. 32). ZloZenie komplexov 2 a 2' je
velmi podobné: obidva obsahuju §tvorjadrové molekuly obsahujiice $tyri atomy Ni'', $tyri
deprotonizované ligandy L1~ a molekuly rozpustadla (dve molekuly MeOH (2) alebo tri
molekuly MeOH a jednu molekulu H,O (2')). Zabudované molekuly rozpustadla v 2 a 2'
maji za nasledok tvorbu vodikovych vézieb medzi susednymi komplexnymi molekulami
v kryStalovej Struktire atvorbu 1D supramolekulovych retazcov. Motiv jadra netplného
dikubanu v centrosymetrickom usporiadani ma komplex 2 spolo¢ny s komplexom 2'". Pri
pohl'ade na koordinacné polyédre je vSak vidiet podstatny rozdiel. Zatial’ ¢o zluceniny 2' a 2"
maju vSetky centradlne atomy hexakoordinované s chromoformi {NiNOs}, centralne atomy

zluCeniny 2 sa vyskytuju v penta- aj hexakoordinécii s chromoformi {NiNO4} a {NiNOs}.
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Obr. 32 (a) Molekulova struktara komplexu 2'. (b) Kubanové jadro zlG¢eniny 2' so zvyraznenim
koordina¢nych polyédrov. (¢) Komplexny anioén zluceniny 2". (d) Neuplné dikubanové jadro
zluceniny 2" so zvyraznenim koordinacnych polyédrov. Atdmy vodika nie si z dovodu prehl'adnosti
zobrazené. Farebny kod: svetlozelena (Ni), ¢ervena (O), svetlomodra (N), siva (C).

Magnetické vlastnosti

Teplotne o polovo zavislé merania pre 2 a 3 su znazornené na Obr. 33. Teplotné data
tychto zlacenin maja odlisny trend. Hodnoty gt/ 18 pri izbovej teplote st 6,6 (2) a 9,8 (3) a st
vysSie ako ocakavané hodnoty 5,7 (2) a 8,7 (3) pre Stvorjadrovy neinteragujlici systém zo
spinmi S; = 1 (1) alebo 3/2 (2), ¢o je mozné prisudit’ prispevku orbitdlneho momentu hybnosti
k zakladnému stavu (g > 2,0). Teplotné data pre 2 komplex maju pri chladeni spociatku
konstantny charakter az po teplotu okolo 100 K, s d’alSim chladenim hodnoty sef/ s klesaja
az na hodnotu 1,3 pri 1,9 K. Komplex 3 vykazuje s chladenim spociatku pozvolny, neskor

strms$i narast hodnot s/ s dosahujuc maximum rovné 14,3, ktoré je nasledované prudkym
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poklesom na hodnotu 10,8 pri 1,9 K. Uvedené spravanie zlicenin je vysledkom dominantne;j
antiferomagnetickej (2) alebo feromagnetickej (3) interakcie a nizkoteplotné data mézu byt

ovplyvnené aj magnetickou anizotropiou centralnych atomov, obzvlast’ v pripade komplexu 3.

6555880 27 0 2550 75100

0 25 50 75100
0 T T T T T T O 0+ T T T T T T
0 50 100 150 200 250 300 0 1 2 3 4 5 0 50 100 150 200 250 300
TIK BIT TIK

a) b)

Obr. 33 Magnetické merania v jednosmernom poli pre zliceniny 2 (a) a3 (b): teplotna zavislost’
efektivneho magnetického momentu pri 0,1 T (vl'avo) a priebeh izotermickej magnetizacie (vpravo).
Prazdne krizky — experimentalne data, plné &iary — vypoditané data. Cervena Giara pre komplexy 2 a 3
zodpoveda fitu experimentalnych dat pomocou J-modelu. Modra Ciara pre komplexy 2 a 3 zodpoveda
hodnotam parametrov urc¢enych z DFT a SA-CASSCF/NEVPT?2 vypoctov.

Pol'ové merania pre komplex 2 (Obr. 33a) neukazuji znamky saturacie poukazujuc na
pritomnost’ silnej antiferomagnetickej interakcie, pripadne Stiepenia v nulovom poli avSak pre
komplex 3 st experimentalne ziskané hodnoty v dosledku feromagnetickych interakcii blizko
limitnej hodnote. Na tUplny popis systému je nutné postulovat’ spinovy Hamiltonidn

v nasledujucom tvare

i=1 . i=1 (7)

pricom Ji zodpoveda vymennej ceste medzi M1-M2 a M1"~M2" parmi, .J prislicha M1-M2"
a M1*-M2 parom a J3 je priradena k paru M2-M2* (Obr. 34a). Podobne ako v pripade
komplexu 1, aj v tychto Stvorjadrovych systémoch je na popis systému potrebny vel’ky pocet
parametrov (Ji, Jo, J3, D1, D2, E1, E>, g). Tato skutocnost’ viedla k pouzitiu DFT vypoctov
s pouzitim funkcionalu B3LYP, ¢im sa podarilo ziskat' nasledujice hodnoty konStant
vymennej interakcie: J; =—10,6 cm™!, J, =+20,7 cm ™' a J5=42,5 cm™!, zakladny spinovy stav

S =0 pre komplex 2 a J; =—6,7 cm™!, J», = +13,0 cm™! a J5 = 40,13 cm™!, zakladny spinovy
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stav § = 0 pre komplex 3. Ako vidiet’ z Obr. 34b ziadna korelacia medzi hodnotami konStanty

J a uhlom M—O—-M nebola zistena.
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Obr. 34 (@) Schéma vymenného spriahnutia v zlti€eninach 2 a 3. (b) Grafické znazornenie vztahu
hodnoty J (vypocitanej metédou DFT) od vdzbového uhla M—O-M pre komplexy 2 a 3. Korelacia
medzi parametrami nie je zjavna.

Na analyzu parametrov charakterizujucich magnetickli anizotropiu jednotlivych
centralnych atomov (D, E a gi) vkomplexoch 2 a 3 bola pouzitd metoéda SA-
CASSCF/NEVPT2, pricom vysledky analyzy pontika Tab. 2. Hodnoty parametrov pre atdmy
Nil aNi2 st podstatne odlisné, ¢o je vsulade sodliSnou geometriou koordina¢nych

polyédrov tychto atomov.

Tab. 2 Hodnoty parametrov Stiepenia v nulovom poli a g-faktorov vypocitanych na
CASSCF/NEVPT2/def-TZVP(-f) Grovni pre centralne atomy v komplexoch 2 a 3.

Atom D (cm™) E/D gx gy g

Nil +26,8 0,26 2,35 2,44 2,19
Ni2 -9,47 0,29 2,21 2,17 2,26
Col +48,2 0,30 2,40 2,79 2,03
Co2 -76,0 0,19 2,41 2,77 1,94

Vzhladom na skuto¢nost, ze vysledky DFT vypoctov pre komplex 2 poukazuju na
dominantni antiferomagnetickt interakciu s nulovym zékladnym spinovym stavom a na
vysledky dat z magnetickych merani, sa na popis systému uvazoval spinovy Hamiltonian

v tvare
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H= —]1(§1 '§2 + §1* ‘ §2*) —]2(51 ‘ §2* + §1* §2) —]3(§2 §2*)
+ Z?:l UBgaBaSA‘a (8)

S hodnotami konstant J ziskanymi z DFT vypoétov (Ji = -10,6 cm™!, o, =+20,7 cm ! a J5=
+2,5 cm™') a spriemerovanim hodnét g-faktorov na hodnotu g = 2,28 sa bez d’alsieho fitovania
podarilo dosiahnut’ vyborn zhodu medzi experimentalnymi a vypocitanymi hodnotami (Obr.

33q).

Snaha o popis Cos systému podobnym spdsobom vsak ispesna nebola (Obr. 33h, modra
farba). Daldi pokus zahfiial fitovanie experimentdlnych dat vrozsahu 10-300
K s nasledujucimi hodnotami parametrov: J; = +1,4 cm™!, b =+73cm'aJ;=+084cm’!, g
= 2,49. Nizkoteplotné spravanie vSak zostdva nepopisané. Uvedené poukazuje na skutocnost’,
ze koncept spinového Hamiltonianu zlyhava pri uplnom popise spravania takychto systémov.
Dévodom je vysoky prispevok orbitdlneho momentu hybnosti k zdkladnému stavu. To
dokladd aj hodnota g, = 1,94 zistend z ab initio vypoctov (Tab. 2), ktord je v rozpore
z o¢akavanou hodnotou gi > 2,0 pre 3d’ systém. Na popis takéhoto systému je lepsie uvazovat
blizko leziace Kramersové dublety s efektivnym spinom Serr = 1/2. Zodpovedajice hodnoty
geti-faktorov v jednotlivych smeroch tak charakterizuji magnetickl anizotropiu systému
a pomocou vypoctov sa podarilo zistit’ nasledujuce hodnoty: gerx = 1,48, getry =2,11, gefr: =
6,92 pre Col atdm a getrx = 2,17, getry = 2,92, geftz = 7,06 pre Co2 atém. Tieto hodnoty
vypovedaju o axialnej magnetickej anizotropii systému s vyznamnou rombicitou. Uvedenym
sposobom sa vSak da urcit’ spravanie jednotlivych magnetickych centier v komplexe ale nie
ich vzijomna interakcia. Na popis vymennych interakcii vysoko axidlnych systémov
s Kramersovymi dubletmi moZno pouZit’ Isingov model. Ani ten vSak v tomto pripade nie je
aplikovatelny, pretoze ide o systém s nezanedbate'nou rombicitou (getry = 1,48, gefry =2,11

pre atom Col, gefrx = 2,17, gefiy = 2,92 pre Co2).

Porovnanim vysledkov magnetickych merani komplexov 2' a 2'" s meraniami pre
komplex 2 mozno spozorovat vyrazné rozdiely (Obr. 35a—b, Obr. 33). Teplotné zavislosti
pre 2' a 2" vykazuju pritomnost maxima (vyraznejSicho u 2') ako vysledok
vnutromolekulovej feromagnetickej interakcie v komplexoch a polové merania poukazuju na

saturaciu pri vyssich poliach (opiat’ vyraznejSia u 2').

Vzhl'adom na zlozitost” magnetickych vlastnosti tychto Stvorjadrovych systémov boli aj

v tomto pripade pouzité zmienené vypoctové metody (DFT a SA-CASSCF/NEVPT2) na
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zistenie hodnoty konsStant vymennej interakcie Ju», parametrov D, E a g-faktorov. Detailny

popis tychto vypoctovych postupov je uvedeny v Prilohe 3.
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Obr. 35 (a-b) Teplotne a polovo (vlozeny obrazok) zavislé merania pre zluceniny 2' (a) a 2'" (b). (c—
d) Schéma vymenného spriahnutia v zlG¢eninach 2' (¢) a 2" (d).

Schému vymenného spriahnutia v komplexoch 2' a 2" je moZzné vidiet' na Obr. 35¢—d.
metdédou DFT sa podarilo vypo¢itat hodnoty konstant J: Ji» = +8,6 cm ™!, Ji3 =—6,7 cm™!, Ji4
= 48,6 cm!, Jo3 =499 em™!, Jos = —6,3 cm! a J34 = 49,7 em!, zdkladny stav S = 0 pre
komplex 2' a Ji = +2,0 cm™!, /o = +78 em™! a J5 = +1,8 cm™!, zakladny stav S = 4 pre
komplex 2'". Tieto hodnoty boli korelované s vazbovym uhlom Ni—O-Ni « (Obr. 36), pricom
korelacia bola zistena len pre zluceninu s kubdnovym jadrom (2') a bola popisana linearnou
funkciou v tvare

J(em ™) =171(4) —1.72(4) - &(Ni-O-Ni) 9)
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Zistené hodnoty konstant J; aJ; pre 2'" su navzajom vel'mi podobné, a preto moézu byt
v d’alSej analyze povazované za rovnaké Ji = J3 a hodnota J> sa mdze aproximovat na

Stvornasobok hodnoty J.
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Obr. 36 Grafickd zavislost’ hodn6t konstanty J zistenej metodou DFT ako funkcia vdzbového uhla
Ni—O-Ni pre komplexy 2' a 2'"". Plna ¢iara zodpoveda rovnici 9.

Vypocitané hodnoty lokalnych parametrov Stiepenia v nulovom poli D a E ako aj hodnoty
g-faktorov pontika Tab. 3. Tieto hodnoty su pre jednotlivé centralne atdmy navzajom vel'mi

podobné, a preto mézu byt v d’alSej analyze povazované za rovnaké.

Tab. 3 Hodnoty parametrov Stiepenia v nulovom poli a g-faktorov pre Ni"' atdémy v komplexoch 2' a
2", Vypocet bol vykonany na urovni CASSCF/NEVPT2/def-TZVP(-f).

Atoém D (cm™) E/D 2x gy g
2' Nil +12,4 0,19 2,19 2,27 2,30
Ni2 +12,3 0,32 2,18 2,25 2,30
Ni3 +13,5 0,19 2,18 2,26 2,30
Ni4 +12,5 0,20 2,18 2,26 2,29
2" Nil +9,58 0,21 2,21 2,26 2,29
Ni2 845 031 2,12 2.24 228

Uvedené hodnoty su lokédlne a kazdy symetricky nezavisly centralny atdom ma svoj
vlastny suradnicovy systém, a tak aj vlastnl orientaciu D-, E- a g-tenzorov. Vzhl'adom na

skuto¢nost’, Ze spinovy Hamiltonian predpoklada kolinearitu lokalnych D-, E- a g-tenzorov,
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bolo nutné tieto parametre transformovat’ do spolocného molekulového suradnicového

systému.

S ohl'adom na uvedené zjednoduSenia bolo mozné analyzovat’ spravanie zlucenin 2' a 2"
so zahrnutim podstatne menSieho poctu parametrov ¢im sa napokon dospelo k nasledujucim
hodnotam: Ji» =+8,1 ecm™!, Ji3=-6,5 cm™, Jis =+8,9 cm™', Jo3 =49,9 cm ™!, Jo4 =—6,7 cm ™!,
JSa=493 cm !, g=2,15, Dioc = +14,5 cm™!, Eok/Diok = 0,27 pre 2' aJi = J3 =+2,6 cm™ !, Jo =
+10,5 cm™!, g = 2,31, Diok = +8,6 cm™!, Eiox/Diok = 0,28 pre 2'"'. Na tomto mieste je potrebné
zmienit’, ze hodnoty konstant Ju» pri analyze komplexu 2' boli uréené magnetostruktirnou
korelaciou, a preto boli fitované dva parametre z rovnice 9 (smernica a Usek) namiesto

Siestich roznych konstant Jap.

Nenulovy zékladny spinovy stav u komplexov 2'" a 3 a vysokd magnetickd anizotropia
centralnych atdbmov robi z tychto komplexov potencidlnych kandidatov na jednomolekulové
magnety. Teplotné merania v striedavom magnetickom poli (Obr. 37) odhalili frekvencna
zavislost mimofazovej zlozky y" v nulovom (3) alebo slabom aplikovanom poli (2'), ¢o
znamena, ze tieto latky st jednomolekulové (3) alebo pol'om indukované jednomolekulové

magnety (2'"").
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Obr. 37 (a—b) Experimentalne data z ac merani pre komplexy 2" (a, merané v jednosmernom
magnetickom poli velkosti 0,1 T) a3 (b — merané v nulovom jednosmernom magnetickom poli):
teplotna (vl'avo) a frekvencna (vpravo) zavislost’ kriviek ' a y".
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Teplotné krivky nevykazuju pritomnost’ maxima, a preto mozno na analyzu dat pouzit’ len

zjednoduseny vztah
In(x"/x') = In(2nfto) + Ueer/kT (10)

Hodnoty n a Uefr zodpovedajuce jednotlivym frekvenciam striedavého magnetického pola f
su uvedené v Tab. 4. Z hodnot Uesr (v cm™) je zjavné, Ze komplex 3 vykazuje vyssiu bariéru

pre teplotnu relaxéciu (9,8-12,0) v porovnani s komplexom 2 (2,5-4,8).

Tab. 4 Hodnoty efektivnej energetickej bariéry Ues a relaxacného Casu m pre zluceniny 2" a 3.
Hodnoty boli ziskané z modelu popisanym rovnicou 10.

fIHz 139 374 997

2" Uer/cm™ 2,5 3,0 4,8
/10 s 7,8 1,9 0,26
flHz 240 597 1490

3 Ueg/cm™ 9,8 12,0 12,0
70/107% s 1,3 0,51 1,4
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4.2 Komplexy Co!' so Schiffovymi bazami (4—6)

Strukturna charakterizacia

Nakol'ko krystalova Struktura zlucenin 4-6 nebola vyrieSena, bolo nutné predpoklad
o Strukture tychto zltcenin vyslovit’ na zaklade vysledkov z nepriamych metéd. Obmedzena
rozpustnost' viedla k pouzitiu len niektorych metdéd. Vysledky elementarnej analyzy
poukazuju na zlozenie vzorca [CosL4s(MeOH)y], HoL = Hot-Am-L1, x = 0 (4), HoL = HoCI-L1,
x =2 (5) a H;L = HoCl---Am-L1, x = 0 (6).

Absorpcia Ziarenia v IC oblasti v rozsahu 16001530 cm™ (v(C=N), v(C=C)) a 3060—
2870 cm! (UCa—H), UCai-H)) u zlaenin 4-6 napoveda o pritomnosti pouZitych
Schiffovych baz v tychto komplexoch. PouZitie termickej analyzy a infraCervenej
spektroskopie napomohlo zistit' pritomnost molekul MeOH u zliceniny 5. Odchylka
zisteného ubytku hmotnosti (5,5 %) z termogravimetrickych merani je v dobrej zhode s
vypocitanym tbytkom (5,0 %) pre jednu molekulu MeOH pripadajiicu na dva atémy Co'.
Pritomnost’ vibracie v infradervenom spektre s vlnoétom 3157 cm™! poukazuje na pritomnost’
O-H vibracie v tejto zlucenine. Vibracia je posunutd k nizSiemu vlnoctu, ¢o poukazuje na
tvorbu vodikovych vézieb a pripadni koordinaciu na centralny atom. Zahriatim zliceniny 5
na teplotu 100 °C na dobu 8 hodin sa podarilo odstranit molekuly MeOH, ¢im bola

pripravena zlucenina 5'.

[Co,(L),(MeOH),] (3-6) 3:H,L1,x=2 5: H,CI-L1, x = 2

\ @NQ §':H,CI-L1,x=0
N
OH ) OH
O @ \N OH ©\/OH\ OH
h{ (o)
0 hO\N 4: Hyt-Am-L1, x = 0 6: H,Cl-t-Am-L1, x = 0

cl
\ Y \N
H OH
OH OH

Obr. 38 Schematické zndzornenie predpokladanej Struktury komplexov 3—6.

Absencia O—H vibracii v infraervenom spektre zlucenin 4, 5' a 6 poukazuje na to, Ze
Schiffovd baza sa v zlucenine vyskytuje v dvojnasobne deprotonovanej forme. Na zaklade
vysledkov z CSD databazy mozno povedat, ze Schiffova baza H>L1 ajej derivaty sa

koordinuju dvomi atomami kyslika fenolato skupin ale aj atdmom dusika imino skupiny s
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{NO2} donorovym suborom atomov, preto sa tento spdsob koordinacie predpoklada aj
v zli¢eninach 4-6. Tieto tri atdmy v§ak nesta¢ia na nasytenie koordinacnej sféry Co! atémov,
preto sa predpokladd oligomérna Struktira. CSD databaza eviduje komplexy, v ktorych je
pomer ligandu H>L1 alebo jeho derivatov a atdémov 3d prvku 1:1, v jedno-, dvoj- alebo
Stvorjadrovej Strukture. Len Stvorjadrové komplexy nevyzaduju pritomnost doplnkového
ligandu na nasytenie koordinacnej sféry centralnych atdémov a Casto je ich koordina¢né ¢islo 5
alebo v pritomnosti rozpustadla ako ligandu 6. Predpokladé sa preto, ze Struktara zlic¢enin 4—
6 je Stvorjadrova. Vzhl'adom na podobnost’ vlastnosti zlucenin 4—6 so zluceninou 3 (zlozenie,
farba, rozpustnost’, magnetické vlastnosti) mozno predpokladat’, Ze zla€eniny 4—6 st svojou

Struktirou analogické zlicenine 3, teda Ze vykazuju motiv neuplné¢ho dikubanového jadra.

Magnetické vlastnosti
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Obr. 39 Teplotne zavislé dc merania vpoli B = 0,1 T pre zlaceniny 3-6. Prdzdne kruzky —

experimentalne data, plné Ciary — vypocitané data. Ziskané hodnoty konstant J,, a g st uvedené v
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Teplotne zavislé merania v poli B = 0,1 T pre zliceniny 4-6 vykazuji navzajom podobny
trend (Obr. 39H—¢) a st podobné meraniam pre zlic¢eninu 3 (Obr. 39a). Hodnota zef/ 1B sa
pri teplote 300 K pohybuje v rozsahu 9,2-9,8. Tato hodnota je vyssia ako spin-only hodnota
8,7 pre Stvorjadrovy neinteragujuci systém so spinmi S = 3/2 a g = 2, ¢o je dosledok prispevku
orbitalneho momentu hybnosti. Pri chladeni sa pozoruje mierny narast hodnot s/ 18, ktory je
nasledovany pruds$im rastom dosahujic maximum pri hodnote okolo 14 (zlu¢eniny 4 a 5),
16,1 (5') a 24.8 (6). Dalsim poklesom teploty dochddza k ndhlemu poklesu hodndt zeft/ s na
12—13 pre zlaceniny 4, 5, §' a 20,2 pre zliceninu 6. Prudky narast hodnot g/ s je dosledok
vnatromolekulovej feromagnetickej interakcie medzi centrdlnymi atémami Co' a
nizkoteplotné spravanie mozno prisudit’ Stiepeniu v nulovom poli a/alebo antiferomagnetickej

interakcii.

Vzhl'adom na podobnost’ magnetickych vlastnosti komplexov 4-6 s komplexom 3 mozno
predpokladat’ $tvorjadrovl Struktiru so Struktirnym motivom netplného dikubanového jadra
aj v tychto zlticeninach. Na fitovanie teplotnych dat v rozsahu 15-300 K bol postulovany
spinovy Hamiltonian v tvare rovnice 8. Ur¢ené hodnoty konStanty J a g-faktora pre zluceniny
4-6 su spolocne s hodnotami pre zluceninu 3 uvedené v Tab. 5. Hodnoty g-faktora sa
pohybuju v intervale 2,3-2,5 charakteristickom pre zlageniny Co" [66]. Vymenn4 interakcia
(J/em™!) v zlageninach 3-6 je feromagnetickd s hodnotami konstanty J (v cm™!) v intervale
+2,1 az +4,2 a najsilnejsia je v komplexoch 3 (+4,2) a 6 (+4,1). Na zaklade tychto vysledkov
mozno usudit, Ze zvolena substitiicia pouzitej Schiffovej bazy ladi silu vymennej interakcie

ale neovplyvniuje jej charakter.

Tab. 5 Hodnoty parametrov fitovania teplotnej zavislosti tes/us pre zlG¢eniny 3—6. Fitovanie bolo
vykonané pre data v rozsahu 15-300 K s pouzitim spinového Hamiltonidnu popisanym rovnicou 8.

Zlt&enina Jlem™ g
3 +4,2 2,40
4 +2.1 2,49
5 +2,2 2,37
5 +2,6 2,35
6 +4,1 2,30
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Porovnanie dc dat pre komplex 5§ a 5' jednoznacne hovori, ze pritomnost’ molekiul MeOH
v §trukture vplyva na magnetické vlastnosti, co demonstruji aj rozdielne hodnoty konstanty
Jlem™ (+2,2 pre zliceninu 5 a +2,6 pre zludeninu 5'). Zmena magnetickych vlastnosti
ovplyvnena pritomnostou rozpastadla v Struktare je v literatire oznacovana ako

solvatomagneticky jav (z anglického nazvu solvatomagnetic effect) [30°,369].

Vyrazné maximum na teplotnej krivke zluceniny 6 (Obr. 39¢) indikuje vnutorné
usporiadanie. Polovo zévislé hysterézne merania pri teplote 2 K odhalili pritomnost

hysterézie s koercivnym pol'om velkosti 0,002 T (Obr. 40).

10

0000 © ©

L
<L
<
Z o
=
£
= 2
5 0
. 2
00
©o?° 002 0 002
-10 -5 0 5
B/IT

Obr. 40 Hysterézne merania pre komplex 6 pri teplote 2 K.
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Merania v striedavom magnetickom poli pre zluceniny 4-6 odhalili pritomnost

frekvencne zavislého signalu v nulovom poli u vSetkych Styroch zlicenin (Obr. 41), ¢o znaci,

7e latky st jednomolekulové magnety. Hodnoty #"/10° mmol™! sa pre zliceniny 4-6

pohybuju radovo v jednotkach az desiatkach, avSak v pripade zliCeniny 6 je signal eSte

o jeden rad vyssi, ¢o indikuje silnejSie vnutorné usporiadanie. Treba vSak poznamenat, ze

zluCenina 6 nie je feromagnet,

pretoze

jednomolekulovych magnetov.
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Obr. 41 Ac merania v nulovom poli pre zluc¢eniny 4—6.
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Teplotné krivky »" zlozky pre zliceninu S nevykazuji pritomnost’ maxima, a preto boli

jej dynamické vlastnosti analyzované s pouzitim rovnice 10. Maximum na teplotnych
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krivkach y" pre zliceniny 4, 5' a 6 umoznuje na analyzu ac dat pouzit’ Arrheniovu rovnicu v

tvare

Int = Inty + Uegs/kT (11)
kde 7je dané vztahom

T=1/2nf (12)

a T je teplota zodpovedajiica maximu na krivke y". Zistené hodnoty efektivnej energeticke;j
bariéry a relaxacného Casu prehl'adne udéva Tab. 6. Hodnoty efektivnej energetickej bariéry
(Uet/em ™) pre zlu¢eniny 4-6 rastii v poradi 5 (16,8-18,2) < 5' (24,3) < 6 (30,6) < 4 (36,5).
Tieto vysledky dokladaju ako sa zmena substitiicie pouzit¢ho ligandu odzrkadluje nielen
v statickych ale aj v dynamickych magnetickych vlastnostiach pripravenych zlacenin.
Rozdielne spravanie zlicenin 5 a 5' v striedavom magnetickom poli dokladd existenciu

solvatomagnetického javu.

Tab. 6 Hodnoty efektivnej energetickej bariéry Uesr a relaxacného Casu n ziskané fitovanim podla
modelu popisanym rovnicou 10 (zluc¢enina 5) alebo rovnicou 11 (zli¢eniny 4, 5' a 6).

fTHz 345 716 1488
5 Uer/cm™ 16,8 16,3 18,2
w10% s 25 2.0 0,78
4 Uer/cm™ 36,5
/1078 s 1,0
5 Uer/cm™ 243
w10°%s 0,72
6 Uer/cm’™! 30,6
/108 s 0,31
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Obr. 42 (a—d) Analyza ac dat meranych v nulovom dc poli pre zluceniny 4-6. Na analyzu dat bola
pouzitd rovnica 10 (c) alebo rovnica 11 (a, b, d). Prazdne kruzky — experimentalne data, plné Ciary —

vypocitané data. Ziskané hodnoty Uesr a 7 st uvedené v Tab. 6.
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4.3 Komplexy Co'' s diamagnetickymi kyanometalatmi (7-9)

Strukturna charakterizacia

Absolutna Struktara zlacenin 7-9 nebola zistena. Limitovana rozpustnost’ tychto zlicenin
viedla k obmedzenému pouzitiu nepriamych metdd pre ziskanie Struktirnych informacii.
Vysledky elementarnej analyzy napovedaju, Ze tieto zlaCeniny do svojej Struktiry
zabudovavaju anién [Fe(CN)s(NO)]>~ (7), [Pt(CN)s]> (8), [Ni(CN)]* (9) a kation
[Co(L3)2]*" v pomere 1:1.

Pritomnost’ charakteristickych vibracii C=N vizieb s vinoctami v rozsahu 2140-2210
cm ! (a N=O vibricie pri vinoéte 1893 cm™! v spektre zlugeniny 7) nasvedéuje o zabudovani
kyano skupin (a v pripade zluceniny 7 aj NO skupiny) do Struktiry pripravenych zlicenin.
Charakteristické vibracie vizieb N-H (= 3400 cm™), Cor—H (3020-3030 cm!), C=C a C=N
(1520-1610 cm™') poukazujii na inkorporaciu ligandu L3 do $truktiry zlagenin 7-9.

Na zéklade vysledkov vyhl'adavania v CSD databéaze vyplyva, ze ligand L3 sa v drvivej
vacsine pripadov koordinuje bidentatne chelatovo pomocou atému dusika v polohe 3
triazolového kruhu a atdbmom dusika blizsieho pyridinového kruhu. Dve molekuly ligandu L3
takto obsadzuju Styri pozicie v koordina¢nej sfére atomu Co'. Vzhl'adom na velmi nizku
rozpustnost’ zlucenin 7-9 sa predpokladd polymérna Struktara, v ktorej kyanometalatovy
anién strieda jednojadrova [Co(L3)2]*" jednotka. Kyanometalaty tak pravdepodobne atdmami
dusika kyano skupin dopiiajii dve pozicie v koordina¢nej sfére hexakoordinovanych atémov
Co" podobne ako bolo zistené v analogickych zlugeninach obsahujicich atomy Fe'.

Predpokladana Struktura zli¢enin 7-9 je vykreslena na Obr. 43.

A A N\
N \ = N AN = N s
Iy () Iy Il @N N I ok
= — i 3 M- — =, N FN———Ni——=N NH
FN=— (TE :Nh—i_ﬁco‘\%—fﬂi “NM—PI—_Nmbg& I e /g C{‘\i___i_
I A A (O &
AU 4 Dl
Wi \ N \ A ]
- An | An — =
a) b) c)

Obr. 43 Schematické znazornenie predpokladanej Struktury komplexov 7 (a), 8 (b) a 9 (c).
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Magnetické vlastnosti

Vysledky magnetickych merani v jednosmernom magnetickom poli pre zla¢eniny 7-9 su
znazornené na Obr. 44. Funkcia s/ s dosahuje pri izbovej teplote hodnoty 4,6 (7), 4,5 (8)
a 4,8. Tieto hodnoty su vyssie ako spin-only hodnota 3,9 pre jednojadrovy neinteragujici
systém so spinom S = 3/2 a g = 2, ¢o je dosledok prispevku orbitdlneho momentu hybnosti
k zédkladnému stavu. Teplotne zdvislé merania v jednosmernom magnetickom poli pre
zluCeniny 7 a 8 vykazuji podobny trend, kde sa pri chladeni hodnoty ger/us udrzuja
spociatku na konStantnej irovni v okoli 4,5 az po teplotu priblizne 100 K. Nizkoteplotné data
su sprevadzané poklesom hodnét ser/ps na 3,7 (7) a 3,5 (8) pri 1,9 K. Teplotna zavislost’
et/ g pre zluCeninu 9 ma klesajuci trend pri chladeni a to v celom meranom rozsahu
dosahujuc hodnotu 3,5 pri teplote 1,9 K. Pokles hodndt e/ u zli€enin 7-9 je vysledkom

Stiepenia v nulovom poli a/alebo pritomnost’ou antiferomagnetickej interakcie.

£ £
3 . =y
[Fe(CN);(NO)]* [ [Pt(CN)]*
35 . 358
mostik mostik
3 3
0 100 200 300 0 2 4 0 100 200 300 0o 2 4
T/IK BIT T/IK BIT
a) b)

Mo ! g

¢)

Obr. 44 (a—) Dc merania pre zla¢eniny 7-9. Teplotna zavislost’ tes/ 15 pri B =0,1 T (vl'avo) a polova

zavislost Mmo/Naps pri T= 2 a5 K (vpravo). Prdzdne kruzky — experimentédlne data, plné Ciary —
vypocitané data. Ziskané hodnoty parametrov s uvedené v Tab. 7.
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Polovo zavislé merania pre 7-9 vykonané pri teplote 2 a5 K poukazuju na saturdciu
hodnot Mmo/Naps pri hodnote okolo 2, ¢o je pod ocakévanou hodnotou 3 pre tri nesparené

elektrony. Tato skuto¢nost’ podporuje predpoklad Stiepenia v nulovom poli.

Teplotné aj polovo zavislé merania boli simultdnne fitované s pouzitim spinového
Hamiltonidnu pre neinteragujuci jednojadrovy systém so Stiepenim v nulovom poli s vyuzitim
rovnice 3, ¢im sa podarilo ziskat’ hodnotu parametrov D, E/D a izotropné hodnoty g-faktora
(Tab. 7). Ziskané hodnoty parametra |D|[/cm™' (25-58) ako aj rombicita E/D (0,29-0,33)
poukazuju na vysoka magnetickll anizotropiu charakteristickil pre jednojadrové Co' systémy.
Hodnoty g-faktora v rozsahu 2,3-2.4 st typické pre jednojadrové Co systémy [66]. Pouzity
spinovy Hamiltonian sa ukazal ako vhodny pre popis spravania zlucenin 7-9, ¢o potvrdzuje
predpoklad existencie dobre izolovanych jednojadrovych [Co(L3)2]*" jednotiek oddelenych
diamagnetickymi kyanometalatmi [Fe(CN)s(NO)]** (7), [Pt(CN)s]*~ (8), [Ni(CN)4]*> (9).

Tab. 7 Hodnoty parametrov fitovania teplotnej a polovej zavislosti pre zluceniny 7-9. Na fitovanie
bol pouzity spinovy Hamiltonidn popisany rovnicou 3.

Zlugenina |D|/em™ E/D g
7 25 0,29 2,41
8 30 0,31 2,34
9 58 0,33 2,45
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Vysoka magnetickd anizotropia centralnych atdémov Co! v zlugeninich 7-9 a absencia
vymennych interakcii medzi [Co(L3)2]*" jednotkami viedla k skumaniu dynamickych
magnetickych vlastnosti tychto zlucenin. Ac merania (Obr. 45) odhalili frekvencne zavisly
signal pre " zlozku v aplikovanom jednosmernom poli B = 0,2 T, ¢o znaci, ze latky 7-9 su

pol'om indukované jednomolekulové magnety.
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Obr. 45 Ac merania v dc poli B=0,2 T pre zliceniny 7-9.
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Ac data pre zluCeniny 7-9 boli analyzované s pouzitim rovnice 10, ¢im sa podarilo ziskat’

hodnoty Uesra m (Tab. 8). Efektivna energeticka bariéra Uer (v cm™!) je vy$sia u zlugeniny 8

(14,1-18,6) a pre zluceniny 7 a 9 je navzdjom podobna (7,3-8,0 pre 7 a 5,8—7,6 pre 9).

Tab. 8 Hodnoty efektivnej energetickej bariéry Uesr a relaxacného Casu n pre zliceniny 7-9. Hodnoty

boli uréené s pouzitim modelu popisanym rovnicou 10.

flHz 345 716 1488
Uer/em™! 8,0 8,0 7,3
/107 s 11 11 1,4
Uer/em™! 7,6 5,9 5,8
/10 s 0,72 1,4 13
fiHz 130 440 1488
Uei/om™ 18,6 16,4 14,1
w/10° s 0,28 0,43 0,67
14 -1
R 009 © ? g . o
04 i ) ’
N 2]
o O - ) = o
~ ~ = -3 °
-2 G x
£ o 345Hz £ o 130Hz = 4
31 o less iz o l4sshiz 2l
o 1488 Hz
44, . . . . . . 54
0,2 0,5 0,6 02 03 04 05 : 0"4 0"5 O,'G
17/ T(K71) 1/ T(K‘W)
a) b) c)

Obr. 46 (a—) Analyza ac dat meranych v poli B = 0,2 T pre zluCeniny 7-9. Na analyzu dat bola
pouzita rovnica 8. Prazdne krizky — experimentalne data, plné Ciary — vypocitané data. Ziskané
hodnoty Uk a 7 st uvedené v Tab. 8.

Na zaklade uvedeného mozno usudit’ nasledovné:

e komplexy 7-9, ako zligeniny obsahujiice jednojadrové Co' jednotky prepojené

diamagnetickymi kyanometaldtovymi mostikmi, sa napriek predpokladanej polymérne;j
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Struktare ukazuji ako jedna z ciest pripravy (polom indukovanych) jednojadrovych
jednomolekulovych magnetov;

e zmena diamagnetického linkera vplyva na pomalil relaxdciu magnetizacie, pricom
velkost' Uesr pre pouzité linkery klesa v poradi [Pt(CN)s]*~ (8) > [Fe(CN)s(NO)]* (7) >
[Ni(CN)4]* (9).
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4.4 Dvojjadrové Ln'"' komplexy (10-15)
Syntéza

Zlageniny 10-15 boli pripravené reakciou, v ktorej vystupovala Schiffova baza 127,
ketoenolatovy ligand L4°, hexahydrat dusi¢nanu prislusSného lantanoidu(Ill) v pritomnosti
Pr3N ako bazy v mélovom pomere 1:1:1:3. Jediny rozdiel v reakénych podmienkach pripravy
zlicenin 10-12 a 13—15 predstavovalo pouzité rozpustadlo. Zatial' ¢o na pripravu zlucenin
10-12 bol pouzity MeOH ako rozpustadlo, zluceniny 13-15 boli pripravené v zmesi
MeOH/dmf v objemovom pomere 20:1 (Obr. 47). Tento rozdiel ma vsak podstatny vplyv na
Strukturu zltcenin. Molekulova aj kryStalova Struktara komplexov 10-12 zahfnia molekuly
MeOH, ktoré maju za nasledok tvorbu supramolekulovych 1D retazcov cez vodikové vizby.
Pritomnost” molektl dmf v reakénom prostredi pri priprave komplexov 13-15 viedla k
zabudovaniu molekul dmf do molekulovej Struktury a absenciu nekovalentnych kontaktov ako
vodikové vdzby & m7 interakcie (viac vid. nasledujuca kapitola Struktiirna

charakterizdcia).

(1:1:1:3)

HL4 MeOH / dmf
Q-0 l
mee Ln, komplexy 13—15
H,L2 @

20 s
oH on [ .

]

Obr. 47 Schéma syntézy komplexov 10-15. Farebny kod: zelena (Ln), ¢ervena (O), svetlomodra (N),
siva (C).

Strukturna charakterizacia

Monokrystalova rontgenova difrakéna analyza bola vykonand u vSetkych Siestich

zlicenin 10-15 a potvrdila izoStruktirnost’ v ramci série 10-12 a 13—-15. VzhI'adom na velku
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vzajomnu podobnost’ molekulovych struktar u tychto dvoch sérii, bude ich Struktiura v d’alSom

texte diskutovand spolo¢ne. Zakladné krystalografické udaje pre 10—15 a vybrané hodnoty

vzdialenosti a uhlov st uvedené v Tab. 9 a Tab. 10.

Tab. 9 Zékladné kryStalografické udaje pre zliceniny 10-15

10 1 12 13 14 15

gsytitva;"gr © Triklinicks  Triklinickd  Triklinicka  onor . oo MO

Zﬂ;’:;orov P1 Pi P1 P2i/c P2i/c P2i/c

24 071073 071073 071073 071073 071073 0,71073

a(A) 10.92754) 10,8918(2) 10,8879(2) 11,2483(6) 11,27203) 11,2658(4)

b(A) 1227954) 12,2785(2) 12,29292) 15,8733(9) 15,89003) 15,7771(4)

¢ (&) 13,7315(5)  13.6668(3) 13,60093) 15,6533(9) 15,53734) 15,3325(3)

() 64.9204)  65133(2)  65334(2) 90 90 90

B) 78,5513)  78,6452)  78.4532)  96,6312)  96,596(2)  96,209(2)

() 75,1543)  752042)  74.9942) 90 90 90

v (A3) 1604,71(11) 1594,92(6) 1589,06(6) 27762(3)  2764,50(2) 2744,58(13)

z I 1 1 2 2 2

TK) 13002) 13002) 13002) 190(2) 150(2) 13002)

P (@em?) 1,552 1,565 1.578 1,662 1,673 1,694

41 (mm™) 2,121 2072 2.406 2,438 2,607 2,772

Data /

obmedzenia/  5631/0/402  5605/0/402 5579/0/401 6052/0/168 4868/0/373  4151/0/373

parametre

RTR 00238/ 00198/ 00171/ 00724/ 00281/ 00216/
0,0282 0,0200 0.0175 0,0345 0,0332 0,0307

RI[I>26(] 00205 00177/ 00166/ 00383/ 00274/ 00226/

/R: (Vietky)  0,0241 0,0201 0.0183 0,0579 0,0428 0,0303

WRy [I>20(D] 0,0475/  0,0439/ 00418  0,1155 00628  0,0518/

/wR; (vietky)  0,0481 0,0443 0,0421 0.1271 0,0671 0,0533

Goodness-of-fit 1,025 1,105 1,079 0,962 1,031 0,967
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Tab. 10 Vybrané hodnoty vzdialenosti (v A) a uhlov (v °) v zli¢eninach 10-15

10 11 12 13 14 15

Ln-Of 2,339 2,325 2,313 2,343 2,329 2,313
Ln-Owy 2,5135(15)  2,5022(13)  2,4896(13)  2,520(3)  2,495(3)  2,475(3)
Ln-Nin 2,5050(19) 2,4893(17) 2,4791(17)  2,540(3)  2,523(3)  2,504(3)

Ln-Ok” 2,313 2,301 2,287 2,335 2,324 2,309

Ln-Os 2,4913(15)  2,4705(13) 2,4587(14)  2431(4)  24133)  2,394(2)
Ln-OsLn  108,066)  108,38(5)  108,54(5) 106,30(11)  106,48(9)  106,98(9)
Ln---Ln 3,8387(3)  3,8248(3)  3,8086(3)  3,8160(5)  3,8055(5)  3,7875(1)

Ln--Ln*  10,9275(5)° 10,8918(4)" 10,8879(4)" 8,9700(6)  8,9239(5)  8,9039(5)

‘priemerna hodnota z troch vizbovych vzdialenosti Ln—Op, “priemerna hodnota z dvoch vizbovych

vzdialenosti Ln—Og, “vnutromolekulové vzdialenosti, “medzimolekulové vzdialenosti, 'v ramci

supramolekulovych 1D retazcov.

a) b)

Obr. 48 (a—b) Molekulova Struktira komplexov 12 (a) a 15 (b). Atdmy vodika nie su z dovodu
prehladnosti zobrazené. Farebny kod: zelena (Dy), Cervena (O), modra (N), siva (C).

Centrosymetrickd molekula vSeobecného vzorca [Lna(L2)2(L4)2(solv)2] (solv =
rozpustadlo) obsahuje v symetricky nezavislej jednotke centralny atom Ln'!, Schiffovii bazu
L22", ketoenolatovy ligand L4~ a molekulu rozptstadla (MeOH pre 10-12, Obr. 48a alebo
dmf pre 13—15, Obr. 48b). Schiffové bazy koordinuju centrdlne atdémy v antiparalelnom
usporiadani tvoriac dvojjadrova jednotku {Lnx(L2),}?**. Ligand L2*  koordinuje centrilny

atom pomocou {NO,} donorového suboru atdmov a symetricky zavisly ligand L2%*
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koordinuje tento atom pomocou {O>} donorového siboru atomov (atdém kyslika metoxy
skupiny Om a Or atom) ¢im sa obsadzuje 5 miest v koordinacnej sfére. ZvysSne tri miesta
zaplhaji dva atémy kyslika chelatovo sa viazuceho ligandu L4~ ligandu a koordinovanej
molekuly rozptstadla. Vizbové vzdialenosti (v A) Ln—Or a Ln—Ok (2,29-2,34, Ok = atéom
kyslika L4~ ligandu) st kratSie ako vdazby Ln—Owm, Ln—Nim a Ln—Os (2,39-2,54, Nim = atom
dusika imino skupiny, Os = atom kyslika molekuly rozpustadla). Na tomto mieste mozno
podotkniit’, ze vizbové vzdialenosti (v A) s atdbmom Os st u komplexov 1012 dlhsie (2,46—
2,49) ako analogické vdzby u komplexov 13-15 (2,39-2,43), ¢o mozno prisudit’ silnejsej
schopnosti koordindcie molekuly dmf. S pouZitim programu SHAPE bola geometria
koordina¢ného polyédra oktakoordinovanych centralnych atémov identifikovana ako dvojcipa
trigonalna prizma s malou odchylkou od idedlnej geometrie (4,07—4,16 pre 10-12 a 2,13-2,31
pre 13—15).

Centralne atomy st premostené dvoma atdémami kyslika fenoxy skupin a tvoria tak
{Ln20,}*" jadro. Priemerna hodnota dizky tychto vizieb (v A) sa pohybuje v rozsahu 2,35—
2,37 (10-12) a 2,36-2,39 (13-15) so zodpovedajucimi hodnotami vazbovych uhlov (v °) Ln—
O-Ln 108,1-108,5 (10-12) and 106,3-107,0 (13-15).

Kry$talova S§truktira komplexov 10-12 a 13-15 je podstatne odlisna. Sest
nekoordinovanych molekil MeOH v Struktire komplexov 10-12 prepdja cez retazce
vodikovych vizieb (Obr. 49, Cierna ciarkovana ciara) susedné komplexné molekuly do
supramolekulovych 1D retazcov. Dizky vodikovych vizieb (v A) sl v rozsahu 2,66-2,73.
Vzdialenost’ (v A) medzi centralnymi atdmami susednych komplexnych molekul v retazci je
10,89-10,93 pre 10-12. Naproti tomu sa v kryStalovej Strukture komplexov 13-15
nenachadzaju Ziadne vy$Sie zmienené nekovalentné kontakty a vzdialenost' (v A) medzi
dvoma najbliz§imi susednymi komplexnymi molekulami v krystalovej Strukture sa pohybuje

v rozsahu 8,90-8,97.
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Obr. 49 Fragment krystalovej Struktary komplexu 12 so zvyraznenim vodikovych vézieb (Cierna
Ciarkovana ¢iara). Atomy vodika nie su z dovodu prehl'adnosti zobrazené s vynimkou tych Co sa
podiel'aju na tvorbe vodikovych vézieb. Farebny kod: zelena (Dy), ¢ervena (O), modra (N), siva (C),
tmavoseda (H).

Magnetické vlastnosti

Vysledky teplotne apolovo zéavislych merani pre komplexy 10-12 a13-15 su
znazornené na Obr. 50. Hodnoty g/ s pri izbovej teplote su rovné 11,2 (10), 13,8 (11), 15,5
(12), 11,4 (13), 13,8 (14), 15,3 (15), Co zodpoveda oCakavanym hodnotam pre takéto systémy
(Gd2 - 11,2, J=8=7/2, g1 =2; Tbo — 13,8, J = 6, g1 = 3/2; Dy> — 15,1, J = 15/2, gy = 4/3)

pocitanych s pouzitim rovnice

o/l = \/zl?:lg;di(/i +1) (13)

Teplotna zavislost’ pre Gd2 (10 a 13) a Tby (11 a 14) komplexy vykazuje pri chladeni
konStantny charakter, ktory je nasledovany pozvol'nym (len Tbz komplexy) a neskor strmym
poklesom hodndt gef/ s na 8,4 (10), 8,0 (13), 11,6 (11) a 11,5 (14) pri 1,9 K. Nizkoteplotné
data pre Dy> komplexy maji odliSny charakter. Komplex 12 vykazuje mierny pokles hodndt
pri chladeni pod 100 K a nasledne narast dosahujic hodnotu 14,8 pri 1,9 K. Teplotny priebeh
funkcie ger/us pre komplex 15 vykazuje konStantny trend s klesajucou teplotou s nahlym
narastom na hodnotu 17,1. Nizkoteplotné spravanie u Gd> komplexov je charakteristické pre
systémy s antiferomagnetickou interakciou a/alebo Stiepenim v nulovom poli. Priebeh
teplotnych zavislosti u komplexov Tba a Dy, mozno vysvetlit' depopulaciou excitovanych
Starkovych hladin, magnetickou anizotropiou a/alebo feromagnetickou (komplexy Dy>)

pripadne antiferomagnetickou (komplexy Tb,) interakciou.
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Obr. 50 (a—b)Magnetické merania v jednosmernom poli pre zliceniny 10-12 (a) a 13—15 (b): teplotna
zavislost’ efektivneho magnetického momentu v dc poli B = 0,1 T (vlavo) a priebeh izotermickej
magnetizacie (vpravo). Prazdne krazky — experimentalne data, plné Ciary — vypocitané data.

Polovo zéavislé merania vykonané pri teplote 2 a5 K vykazuju saturdciu hodndt
Mmo/Naps len pre Gdx zlticeniny. Hodnoty Mmo/Naus pre Tbz a Dy2 nesaturuji ani pri
najvysSich hodnotach aplikovaného pola kvoli pritomnosti blizko leziacich excitovanych
stavov a/alebo magnetickej anizotropie. Rychly narast hodndt Mmo/Naus pre komplexy Dy»
je konzistentny s feromagnetickou interakciou v tychto komplexoch. V literatire bolo
publikovanych niekol’ko prikladov dvojjadrovych komplexov Dy™ s fenoxy mostikmi

vykazujucich pritomnost’ feromagnetickej interakcie [18%,56%,67].

Teplotné a polové data Gd» komplexov moZno analyzovat pomocou spinového

Hamiltonianu v tvare
H=—J(S;-5;) + D(82 + 8%/3) + upg,BS, (14)

¢im boli ziskané nasledujiice hodnoty parametrov: J = —0,13 cm™!, D =-0,22 cm™!, g = 2,01
pre 10 aJ = -0,17 cm™!, D = 0,25 cm™!, g = 2,04 pre 13. Tieto hodnoty konstanty J boli
overené metodou DFT (funkcional B3LYP), ktora poskytla podobné vysledky (J=-0,18 cm™!
pre 10 aJ =-0,20 cm ™! pre 13).

Vymenné interakcie v Dy> komplexoch boli Studované metodou CASSCF s pouzitim
modlu POLY ANISO v programe MOLCAS 8.0. Najskor sa zistoval vplyv dip6l-dipdlovych
interakcii. Touto metddou sa neda zistit” vel'kost” interakcie ale len jej charakter na zaklade

nasledujticej rovnice
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o P (3c0520-1) (15)

dipolar = 47Z' .

pricom Egipolar je energia dipol-dipdlovej interakcie, to je permeabilita vakua, g4 a g st
magnetické momenty interagujicich centrdlnych atémov, r je vzdialenost medzi tymito
atbmami a @ je uhol medzi magnetickym momentom a spojnicou jadier centralnych atémov.
Pri hodnotdch uhla 8 < 54,7 ° je interakcia feromagnetickd a pri 6 > 54,7 ° je
antiferomagneticka. Zistené hodnoty uhla € pre Dy, komplexy su 8= 7,6 ° (12) a §=9,3 °
(15), o potvrdzuje predpoklad pritomnosti feromagnetickej interakcie v tychto komplexoch.
Obr. 51 ponika porovnanie experimentilnych dat (prazdne krizky alebo obdiZniky) s
vypocitanymi zavislostami ger/us vs. T a Mmo/Nap vs. B so zahrnutim feromagnetickej
dipol-dipdlovej interakcie (modrd Ciara) a bez tychto interakcii (zelena cCiara). Postacujuci
popis experimentalnych dat sa vSak podarilo ziskat’ az po zahrnuti slabej vymennej interakcie

(Jex =—0,24 cm™! pre 12 a Jex =—0,16 cm™! pre 15, Servena &iara).

Mgt
]
1
Mo/ (Nystg)

13 T T T T T T T 0 13 T T T T T T

T T T T T T T 1 T T
0 50 100 150 200 250 300 012345867 0 50 100 150 200 250 300 0o 1 2 3 4
T (K) B(T) T (K) BIT (T/K)

a) b)
Obr. 51 (a—b) Zobrazenie dc dat pre komplexy Dya: 12 (a) a 15 (b). Prazdne krizky/obdizniky
zodpovedajl experimentalnym bodom a plné Ciary vypocitanym déatam s pouzitim metéody CASSCEF:
zelena Ciara — vypocitané data bez akychkol'vek interakcii, modré ¢iara — vypocitané data zahtiiajice
dipolarne interakcie, ¢ervena Ciara — vypocet zahriajuci dipolarne interakcie a vymenné interakcie (Jex
=-0,24 cm™' pre 12 a Jx=—-0,16 cm™! pre 15).

Ac merania boli vykonané pre Tb; a Dy» zlaceniny. V pripade Tb, zlicenin sa nepodarilo
ziskat’ Ziaden signdl ani po aplikacii slabého vonkajSieho jednosmerného magnetického pola.
Frekvencne zavisly signal #", indikujuci pomalud relaxaciu magnetizacie charakteristickll pre

jednomolekulové magnety, sa podarilo ziskat’ len pre Dy zluceniny (Obr. 52).
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Obr. 52 (a—b) Experimentalne data z ac merani v nulovom dc poli pre komplexy 12 (a) a 15 (b).

Vysledky merani v striedavom magnetickom poli pre Dy, komplexy boli analyzované
s pouzitim rovnice 10. Vypocitané hodnoty Uketr a 7 st uvedené v Tab. 11. Velkost’ hodnoty
Ut (v cm™) pre 12 (18,8-21,9) a15 (14,7-21,0) je navzidjom podobni a zodpoveda
hodnotam z literatary [18%,68].

Tab. 11 Hodnoty efektivnej energetickej bariéry Ues a relaxacného Casu 7 pre zluceniny 12 a 15.
Parametre boli ziskané s pouzitim rovnice 10.

fTHz 160 499 997
12 Uer/cm™ 21,9 18,8 21,2
/10 s 4.8 3,1 1,4

fIHz 178 422 997

15 Uer/cm™! 14,7 17,3 21,0
/107 s 8,3 2,2 0,45

b
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Obr. 53 (a—b) Analyza ac dat meranych v nulovom poli pre zluceniny 12 (a) a 15 (b). Na analyzu dat
bola pouzitd rovnica 10. Prazdne krizky — experimentalne data, plné Ciary — vypocitané data. Ziskané

hodnoty U.sra 7 su uvedené v Tab. 11.

Za celom lepSie pochopit’ dynamické vlastnosti zli¢enin 12 a 15 boli vykonané vypocty
metddou CASSCF s pouzitim modulu SINGLE ANISO pre molekulové fragmenty
[DyLu(L2)2(L4)2(s0lv)2] (solv = MeOH pre complex 12, dmf pre complex 15). Vypoctami sa

podarilo zistit’ nasledovné (Tab. 12):

e vyska prvého excitovaného stavu (E/k) je u oboch zligenin podobna, 160 cm™! pre 12
resp. 158 cm™! pre 15;

e axialita je v obidvoch komplexoch vel'mi podobna (g, = 19,6 pre 12 resp. 19,5 pre 15), g«
a gy zlozky st vyssie v komplexe 12 (gx = 0,020, gy = 0,030 pre 12 a gx = 0,005, gy =
0,006 pre 15), o poukazuje na rychlejsiu relaxaciu v komplexe 12.

e velkost odchylky (o) I'ahkej osi g-tenzora pre zédkladny a excitovany stav je mensia pre
komplex 15 (o= 26,0 ° pre 12 a a = 11,4 ° pre 15), ¢o poukazuje na pomalsiu relaxaciu

v tomto komplexe.

Tab. 12 Hodnoty energie v nulovom poli, g-faktorov a uhla « pre dva najnizSie Kramersové dublety
zistené metddou CASSCF pre komplexy 12 a 15.

12 15

E/Cm_l Ix 8y gz o (o)a E/Cm_l 8x 8y 8z o (o)
0 0,020 0,030 19,6 0 0,005 0,007 19,5

160 0,90 1,84 15,5 26,0 158 0,27 0,68 15,9 11,4

“ aje uhol medzi g. zlozkou excitovaného a zadkladného Kramersovho dubletu.
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Vypo¢itané hodnoty energie prvych excitovanych stavov £ (160 cm™ pre 12 a 158 cm™
pre 15) zodpovedaju energetickej bariére U teplotnej relaxdcie a su podstatne vyssSie ako
hodnoty Uesr (v cm™!) z analyzy ac dat (18,8-21,9 pre 12 a 14,7-21,0 pre 15). Tento rozpor je
mozné vysvetlit komplexnejSou relaxaciou zlucenin zahfiiajicu Orbachov, Ramanov proces

a kvantové tunelovanie.
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Obr. 54 Energeticky diagram a znazornenie relaxatnych procesov a ich pravdepodobnosti
v zlt€eninach 12 (a) a 15 (b). Zelené Sipky znédzoriuju teplotne aktivovany relaxacny proces, fialové
§ipky Orbachov proces a ¢ierne kvantové tunelovanie. Cisla charakterizuji pravdepodobnost
zodpovedajucich prechodov.
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Z energetickych diagramov na Obr. 54 je zrejmé, Ze obidve zluceniny relaxuju cez prvy
adruhy excitovany stav (zelené S$ipky, najvysSie cisla vyjadrujuce pravdepodobnost’
prechodu) a nasledne kvantovym tunelovanim (&ierne Sipky) a/alebo Orbachovym procesom
(fialové Sipky). Z porovnavania pravdepodobnosti jednotlivych prechodov (¢isla nad Sipkami)

je zrejmé, Ze relaxacia bude rychlejsia v komplexe 12.

Rozdielna rychlost’ relaxacie magnetizacie v zliceninach 12 a 15 mdze mat’ niekol’ko
dovodov. Komplexy 12 a 15 maji zabudované rozdielne rozpustadlo (MeOH — 12, dmf — 15)
do koordinacnej sféry, a tak vytvéaraji odlisné ligandové pole. Bolo ukdzane, ako mézu malé
Struktiirne zmeny vyznamne ovplyvnit’ magnetické vlastnosti komplexov [57%,69]. Ako druhy
faktor mozno zmienit’ pritomnost’ vyznamnych medzimolekulovych kontaktov v komplexe

12, ktoré mo6zu mat’ za nasledok potla¢enie pomalej relaxacie magnetizacie.
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5 ZAVER

Predkladana praca sa venuje problematike jednomolekulového magnetizmu, konkrétne
ladeniu magnetickych vlastnosti koordina¢nych zlucenin 3d a 4f prvkov chemickou cestou.
Podl'a stanovenych cielov v kapitole I Uvod a ciele prdce sa mozno k naplneniu stanovenych

cielov vyjadrit’ nasledovne:

Bola vypracovana literarna reSer§ na tému viacjadrovych komplexov Ni! a Co!
vykazujucich motiv kubanového a netiplného dikubanového jadra. Vysledky literarnej reSerse
poukazuji na nedostatok detailnych S$tadii magnetickej anizotropie takychto systémov.
Problematika polymérnych komplexov obsahujicich izolované jednojadrové Co' jednotky
poukazuje na potencial takychto zlicenin spravat’ sa ako jednomolekulové magnety, hoci
doposial’ nebolo publikovanych mnoho takychto jednomolekulovych magnetov. Spomedzi
viacjadrovych komplexov lantanoidov sa ako najjednoduchsie analyzovatelné systémy javia
dvojjadrové centrosymetrick¢é komplexy, priCom jednomolekulové magnety najcastejSie

obsahuju atomy Dy™

. Magnetické vlastnosti takychto zlucenin su casto Studované aj
teoretickymi metédami a vysledky stadii poukazuju na moznost’ ladenia magnetickych

vlastnosti chemickou cestou.

V skupine viacjadrovych komplexov 3d prvkov sa podarilo pripravit' a charakterizovat’
Struktirne a magnetické vlastnosti Styroch komplexov obsahujlicich motiv netplného
dikubanového jadra typu NigNaz (1), Nig (2 a 2'"), Cos (3) a kubanovy komplex typu Nis (2').

Zistené bolo nasledovné:

e rozdielna Struktura zlu¢enin 2, 2' a 2" je vysledkom pouZitia rézneho pomeru pouZzitych
rozpustadiel MeOH-CH:Cl; za ina¢ rovnakych podmienok;

e vo vSetkych piatich komplexoch sa vyskytuje feromagneticka a zaroven
antiferomagneticka interakcia avSak ich magnetické vlastnosti s rozdielne;

e predtym publikovanii J-korelaciu zaloZeni na vztahu J vs. <(Ni-O-Ni) sa podarilo
potvrdit’ v netiplnom dikubanovom komplexe 1 a kubanovom komplexe 2'; takyto
magnetoStruktirny vztah sa vSak v netplnych dikubanovych komplexoch 2, 2'" a3
nepotvrdil;

e komplexy 2 a 3 vykazuju napriek izoStrukturalite vyrazne odliSné magnetické vlastnosti;
interpretacia magnetickych vlastnosti Cos komplexu je vSak vel'mi problematickd z

dovodu prispevku orbitalneho momentu hybnosti k zakladnému stavu;
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pritomnost’ symetrického motivu kubanového a neuplného dikubanového jadra v
pripravenych Nis komplexoch (2, 2' a 2'") umoznila detailni analyzu parametrov lokalnej
magnetickej anizotropie; napriek vysokym hodnotam tychto parametrov (|D|/cm™ = 8,5—
29,1, E/D = 0,19-0,32) vedie skladanie nekolinearnych lokalnych D-tenzorov
k vyraznému znizeniu molekulovej magnetickej anizotropie v komplexoch 2, 2' a 2'";
magnetické vymenné interakcie sa tak vo viacjadrovych 3d systémoch ukazuji ako
dolezity faktor vplyvajuci na pomali relaxdciu magnetizicie a dominujica
feromagnetickd vymenna interakcia v komplexoch 2'" a 3 v kombinacii s magnetickou
anizotropiou vedie k pomalej relaxacii magnetizacie; Cos systém sa z hl'adiska vysky
energetickej bariéry (Ue/em™' = 9,8-12,0) javi ako perspektivnejsi v porovnani s Nis
komplexom (Uer/cm ! =2,5-4.8).

pripravené boli aj $tyri Co'! komplexy (4, 5, 5' a 6) s rozdielne substituovanymi
Schiffovymi bazami, u ktorych sa predpoklada Stvorjadrovéa Struktara; tieto zliceniny
vykazuju pomald relaxaciu magnetizacie v nulovom poli (Ues/cm ™' = 16,3-36,5), ktora je
zalozend na pritomnosti dominujucej vnutromolekulovej feromagnetickej interakcii

medzi centralnymi atomami.

Dalsou skupinou pripravovanych zla¢enin boli heterobimetalické komplexy (7, 8 a 9)

predpokladanej polymérnej S$truktiry so striedanim jednojadrovych Co!' jednotiek a

diamagnetickych kyanometalatov. Vysledky by sa dali zhrnit’ nasledovne:

vSetky tri komplexy sa spravaji ako pol'om indukované jednoidnové jednomolekulové
magnety s vel'kou magnetickou anizotropiou bez vyznamnych magnetickych vymennych
interakcii;

aj napriek vysokej magnetickej anizotropii (|[D|/cm™' = 25-58, E/D = 0,29-0,33) v
komplexoch 7-9 je vyska efektivnej energetickej bariéry relativne mala (Ues/cm ' = 5,8—
18,6);

pouzitie rozdielnych kyanometalatovych mostikov viedlo k ladeniu magnetickych
vlastnosti a vysky efektivnej energetickej bariéry v komplexoch 7-9;

neznalost’ Struktiry komplexov 7-9 znemoziiuje dokladnti charakterizaciu ich

magnetickych vlastnosti.

Struktirna charakterizacia a §tidium magnetickych vlastnosti boli vykonané aj na dvoch

pripravenych izoStrukturnych sériach centrosymetrickych Lno komplexov (Ln = Gd, Tb, Dy)

10-12 a 13-1S5. Zistené poznatky mozno zhrnit’ do nasledujtcich bodov:
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rozdielny pomer reakénych rozpustadiel (MeOH-dmf) ovplyviluje Struktiru
pripravenych komplexov a to v molekulovej (koordinovanad molekula MeOH v 10-12
alebo molekula dmf v 13-15) aj v krystalovej Struktire komplexov (kokrystalizované
molekuly MeOH tvoria vodikové vizby v 10-12, ziadne kokrystalizované molekuly
rozpustadla sa v komplexoch 13—15 nenachadzaju);

komplexy Gd» a Tby vykazuja pritomnost’ antiferomagnetickej vymeny zatial’ Co data pre
komplexy Dy> poukazuju na pritomnost’ feromagnetickej vymeny;

vel’ka spin-orbitdlna interakcia viedla u Kramersovych atomov (komplexy Dy> — 12 a 15)
k pozorovaniu pomalej relaxacie magnetizacie v nulovom poli;

centrosymetricky motiv umoznil detailni analyzu vlastnosti komplexov Dy a odhalil
rychlejSiu relaxaciu magnetizdcie v komplexe 12, pravdepodobne ako vysledok

koordinacie odlisného rozpustadla, pripadne tvorby medzimolekulovych kontaktov.
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6 CONCLUSION

Herein presented work deals with single-molecule magnetism topic, more concretely with
tuning of the magnetic properties of 3d and 4f based coordination compounds by using
chemical principles. According to the chapter I Introduction and aims of the presented

work, the goals of the thesis were achieved as follows:

Literature research on the topic of polynuclear cubane-like and defective dicubane-like
Ni'' and Co" complexes was performed. Results show that there is a lack of studies dealing
with the detailed investigation of magnetic anisotropy of such complexes. The topic of the
polymeric complexes composed of isolated mononuclear Co"! units shows the potential to be
perspective single-molecule magnets candidates, despite the limited number of thoroughly
studied single-molecule magnets in this area. In the field of polynuclear lanthanide
complexes, the dinuclear centrosymmetric complexes are the easiest systems to study and

they represent majority of the Dy

single-molecule magnets. Theoretical methods are often
used to study such compounds and the results show that magnetic properties can be tuned in a

chemical way.

In a group of polynuclear 3d metal complexes, new defective dicubane-like NigNa, (1),
Nig (2 a 2'") and Cos4 complexes (3) and cubane-like Nis complex (2') were prepared,
structurally and magnetically characterized. Conclusions can be highlighted in the following

points:

e different reaction solvents conditions (MeOH—CH2Cl>) in preparation of the compounds
2,2'"a 2" led to the preparation of the complexes with different structure;

e all five compounds exhibit competing ferromagnetic and antiferromagnetic exchange
interactions but diverse magnetic behaviour;

e already published J-correlation based on the relationship J vs. <(Ni-O-Ni) was
confirmed in defective dicubane-like complex 1 and cubane-like complex 2'; this
relationship was not confirmed in the complexes 2, 2'", and 3;

e isostructural complexes 2 and 3 exhibit significantly different magnetic behaviour;
interpretation of the magnetic properties of 3 is complicated task due to the strong
contribution of orbital magnetic moment to the ground state;

e presence of symmetric cubane-like and defective dicubane-like structural motif in Nig
complexes (2, 2' and 2'"") enabled detailed investigation of the parameters of the local

magnetic anisotropy; despite large local magnetic anisotropy of the central atoms
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(ID)/em™ = 8.5-29.1, E/D = 0.19-0.32), the overall magnetic anisotropy decreases due to
non-colinear alignment of the local magnetic anisotropy D-tensors;

magnetic exchange interactions seems to be very important factor in modulation of
relaxation dynamics in 3d polynuclear systems and prevailing ferromagnetic interactions
and large magnetic anisotropy in complexes 2'" and 3 led to slow relaxation of the
magnetization; the value of the effective energy barrier Uet/cm™' observed for the Cos
complex makes this compound to be more perspective for future molecular magnetism
research than similar Nis compound (2.5—4.8 and 9.8—12.0 for 2" and 3, respectively);
four Schiff base Co'' complexes (4, 5, 5' a 6) with supposed tetranuclear structure were
prepared; compounds exhibit slow relaxation of the magnetization in zero field (Uet/cm ™!
= 16,3-36,5) based on the predominant ferromagnetic coupling between the central

atoms.

Three heterobimetalic complexes (7-9) of supposed polymeric structure composed of the

alternating mononuclear Co™ units and diamagnetic cyanometalate bridges were prepared and

characterized. The concluding remarks are as follows:

all three complexes are field induced single-ion magnets due to large magnetic anisotropy
with no significant magnetic coupling;

despite the large magnetic anisotropy (|D|/cm™! = 25-58, E/D = 0.29-0.33) in 7-9, the
height of effective energy barrier Ue/cm™ is relatively small (5.8-18.6);

use of the different cyanometalates resulted in change of the effective energy barrier;
detailed investigation of magnetic properties was not possible to perform, because the

crystal structure of the compounds 7-9 is still unknown.

Two isostructural series of centrosymmetric Ln, complexes (Ln = Gd, Tb, Dy) 10-12 and

13—-15 were prepared, structurally and magnetically characterized. Results can be summarized

in the following points:

difference in the reaction solvents ratio (MeOH—dmyf) influenced molecular (coordinated
MeOH molecules — 10-12 or dmf molecules — 13-15) and crystal structure
(intermolecular contacts through co-crystalized MeOH molecules in 10-12 and no co-
crystalized solvent molecules in 13—15) of the prepared compounds;

the Gd2 and Tbz complexes exhibit the presence of antiferromagnetic interactions,

whereas the Dy> compounds show ferromagnetic interactions;
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large spin-orbit coupling in Kramers atoms (Dy> complexes — 12 and 15) led to the
presence of slow relaxation of the magnetization;

due to centrosymmetric structural motif, the detailed magnetic analysis could be
performed on Dy> complexes and it revealed faster magnetization relaxation in 12, which
can be result of incorporation of different solvent molecule in coordination sphere and/or

due to a presence of intermolecular contacts.
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8 ZOZNAM POUZITYCH SKRATIEK A SYMBOLOV

S — spinovy moment hybnosti Castice;

J — celkovy moment hybnosti Castice;

U — energeticka bariéra teplotnej relaxacie magnetizacie
D — parameter axialneho Stiepenia v nulovom poli;

ac — Alternating current;

¥ —fazova zlozka magnetickej susceptibility;

' — mimofazova zlozka magnetickej susceptibility;

ms — projekcia spinu;

H — Hamiltonian, operator energie systému;

S, — z-zlozka spinového momentu hybnosti Castice;

E — parameter rombického Stiepenia v nulovom poli;

Sx — x-zloZka spinového momentu hybnosti Castice;

Sy — y-zlozka spinového momentu hybnosti Castice;

15 — Bohrov magneton, s = 9,274-10724 JT!

ga — g-faktor v a-tom smere suradnicovej sustavy;

B. — zlozka magnetickej indukcie v a-tom smere stradnicovej sustavy;

Sq — spinovy operator pre zlozku spinu v a-tom smere suradnicovej stustavy;
J — konStanta vymenne;j interakcie;

S A — vektor spinu Castice A;

§B — vektor spinu Castice B;

Hstmp — 1,1,1-tris(hydroxymetyl)etan;

Hacac — pentan-2,4-dion;
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Jab — konStanta vymennej interakcie paru A—B;

Ue.tr — efektivna hodnota energetickej bariéry;

Hpmtp = 4-(pyridin-2-ylmetyl)tetrahydro-2 H-tiopyran-4-ol;
a — vazbovy uhol Ni-O—Ni;

Hpm — pyridin-2-ylmetanol;

MeO™ — metanolat;

Hahepf — 2-(1-(2-hydroxyetyl)-1 H-pyrazol-3-yl)fenol;
MeOH — metanol;

Lefr — efektivny magneticky moment;

af = 4,5-diazafluorén-9-6n;

CASSCF — Complete active space self-consistent field,
NEVPT2 — N-electron valence second order perturbation theory;
DFT — Density functional theory;

tmtappe - 1,3,10,12-tetrametyl-1,2,11,12-tetra-aza[3](2,6)pyridino[3](2,9)-1,10-

fenantrolinofan-2,10-dién;

A —angstrom, 10" m

ppt = 1H-3-(3-pyridyl)-5-(3"-pyridyl)-1,2,4-triazol;
my — projekcia celkového momentu hybnosti;

g, — g-faktor v smere osi z suradnicovej ststavy;
gxy — g-faktor v xy rovine stradnicovej sustavy;

gx — g-faktor v smere osi x siradnicovej ststavy;
gy — g-faktor v smere osi y suradnicovej ststavy;

Hasalben — 2,2'-{benzén-1,2-diylbis[nitrilo(E)metylylidén] } difenol;
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Hasalaph — 2-[(E)-(2-hydroxybenzylidén)amino]fenol;

Honalaph — 2-[(E)-(2-hydroxynaftalidén)amino]fenol;

Homsalaph — 2-[(E)-(2-hydroxy-3-metoxybenzylidén)amino]fenol;
Hdmph — 2,6-dimetoxyfenol;

hfacac —1,1,1,5,5,5-hexafluoroacetylacetonat;

Homasaldpt — N',N*-bis(3-metoxysalicylidén)dietyléntriamin;

ATR — Attenuated total reflectance;

dc — Direct current;

Ka — charakteristicka ¢iara rontgénového ziarenia,

A — vlnova dizka;

CCD - Charge-coupled device;

SA-CASSCEF — State average complete active space self-consistent field;
H:L1 = 2-[(E)-(2-hydroxybenzylidén)amino]fenol;

HzL2 — 2-[(E)-(2-hydroxy-3-metoxybenzylidén)amino]fenol;
Hyt-Am-L1 — 2-[(E)-(2-hydroxybenzylidén)amino]-4-terc-amylfenol;
H>CI-L1 — 2-[(E)-(2-hydroxybenzylidén)amino]-4-chlorofenol;
H>Cl--Am-L1 — 2-[(E)-(2-hydroxy-5-chlorobenzylidén)amino]-4-ferc-amylfenol);
L3 — 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazol;

HL4 — 1,3-difenylpropan-1,3-dion;

PrsNH" — tripropylamoniovy kation;

Bnz™ — benzoatovy anion,;

HBnz — kyselina benzoova;

ace — aceton;
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Et,O — dietyléter;
Pr3N — tripropylamin;
v—valencna vibracia
ac” — octanovy anion;
dmf— N,N-dimetylformamid;
Or — atom kyslika fenoxy skupiny;
Omny — atom kyslika hydroxy skupiny;
Oka — atom kyslika karboxylovej skupiny;
2'— parameter uhlovej distorzie od ide4lneho oktaédra;
d — vzdialenost’;
Mmool — moOlova magnetizacia;
Na — Avogadrova konstanta, Na = 6,022-10% mol!;
7— Addisonov parameter;
D;, Djox — lokalny parameter axialneho $tiepenia v nulovom poli;
E{, Ejox — lokalny parameter axialneho $tiepenia v nulovom poli;
Sefr — efektivny spin;
getr,x — efektivny g-faktor v smere osi x suradnicovej sustavy;
getry — efektivny g-faktor v smere osi y stiradnicovej sustavy;
getr,- — efektivny g-faktor v smere osi z stiradnicovej sustavy;
f— frekvencia striedavého magnetického pola;
 — relaxacny Cas;
k — Boltzmanova konstanta, k= 1,380-1072 JK;

B — magneticka indukcia;
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T — tesla;

Ok — atom kyslika ketoenolatového ligandu;

Owm — atom kyslika metoxy skupiny;

Nim — atom kyslika imino skupiny;

Os — atém kyslika molekuly rozpustadla;

gy — g-faktor systému popisané¢ho celkovym momentom hybnosti J;
Edipolar — energia dipolarnej interakcie;

o — permeabilita vakua, o = 4107 NA2;

i, 1 — magneticky moment i-tého a j-t€¢ho atému;

r — vzdialenost’ medzi i-tym a j-tym atomom,;

60— uhol medzi smerom magnetického momentu a spojnicou medzi centralnymi atdbmami;
Jex — vymenna interakcia;

E — energia stavu;

o — uhol medzi 'ahkou osou g-tenzora zakladného a excitovaného stavu.
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10 SPOLUPODIEL AUTORA NA PRACI

Na tomto mieste chcem prehlasit’, Ze mdj prispevok v prezentovanej praci je nasledovny:

e vyhladdvanie a spracovavanie literatiry v kryStalografickej databaze a dalSich
dostupnych zdrojoch;

e syntéza prezentovanych zlucenin;

e priprava vzoriek niektorych latok aich zmeranie na magnetometri MPMS XL-7 a
pristroji na meranie fyzikalnych vlastnosti PPMS Dynacool;

e interpretacia vysledkov z infracervenej spektroskopie;

e vyhodnotenie a analyza dc dat s pouzitim spinového Hamiltonidnu pre komplexy Co! (J-
model) a Gd";

e vyhodnotenie a zjednodusend analyza ac dat niektorych komplexov Co' a komplexy

DyHI.
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Junior researcher.
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molekulovych magnetii, 1.2.2015 — 31.12.2016, ¢len rieSite’'ského kolektivu.
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An octanuclear Schiff-base complex with a Na,Nig
core: structure, magnetism and DFT calculationst
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Marek Machata, lvan Nemec, and Zdenék Travnicek & *

The octanuclear Na,Nig complex (PrsNH)[NayNig(L)4(Bza)s(HBza)(OH)s(ace)l-Et,O (1), where PrsNH' = the
tripropylamonium cation, H,L = 2-[(E)-(2-hydroxybenzylidene)amino]phenol, HBza = benzoic acid and ace
= acetone, was synthesized and characterized by the elemental analysis, FTIR spectroscopy, single crystal
X-ray diffraction analysis, magnetic measurements and DFT calculations. All six Ni' atoms are
hexacoordinate with the {NiOg} or {NiNOs} chromophores forming two defective dicubane cores. The
static magnetic data were fitted to the simplified spin Hamiltonian model which resulted in averaged

) ferromagnetic and antiferromagnetic exchange parameters J = +53 cm ™%, and J = —9.2 cm™?,
iiggg&%éﬁ%ﬁgf&;og respectively, confirming the predominant role of the antiferromagnetic coupling in 1. The broken
symmetry DFT method with various functionals (B3LYP, PBEO, TPPSh and CAM-B3LYP) was used to

DOI: 10.1039/c7ra01374d dissect information about magnetic coupling. As a result, the isotropic exchange parameters (J,,) derived
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Introduction

Since the discovery of the first single-molecule magnets
(SMMs),' paramagnetic transition and inner transition metal
complexes have been the subject of research interest in the field
of molecular magnetism.> In order to obtain SMMs, a non-zero
spin ground state and non-negligible easy-axis magnetic
anisotropy are required. Thus, two basic strategies, that can
lead to the preparation of such compounds, can be recognized.
The first approach is aimed at modulation of the magnetic
anisotropy to favourable value and type (large, and axial,
respectively) by careful choice of the ligands and symmetry of
mononuclear complexes.** In the recent works a very large
single ion magnetic anisotropy of the Ni"' atoms was observed,
nevertheless, the slow relaxation of magnetization in mono-
nuclear Ni"" complexes is still observed only very rarely.® The
second strategy is aimed at preparation of the polynuclear
complexes with well-separated and large ground spin state.®
Potential drawbacks of the latter strategy arise from predomi-
nant antiferromagnetic coupling’ and/or decrease of magnetic
anisotropy due to different orientations of the local atomic D-
tensors.?*®° Thus, up to now, only a few homometalic and
polynuclear Ni"" SMMs have been reported.”'®** Nevertheless,
the research in the field of high-nuclear Ni" complexes has
brought the compounds with various structures such as

Department of Inorganic Chemistry, Regional Centre of Advanced Technologies and
Materials, Faculty of Science, Palacky University, 17. listopadu 12, CZ-771 46
Olomouc, Czech Republic. E-mail: zdenek.travnicek@upol.cz

T Electronic supplementary information (ESI) available. CCDC 1530435. For ESI
and crystallographic data in CIF or other electronic format see DOIL
10.1039/c7ra01374d
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by the PBEO or B3LYP functionals seem to be the best to match the experimental magnetic data.

wheels,? grids,** cages*'»'* or cubanes.”***#* Interestingly, the
majority of the Ni"! SMMs were reported for the cubanes.”!'*#
This might be attributed to the orthogonality of magnetic
orbitals in such compounds as the bonding angles between the
bridged metal centers are close to 90° favouring thus ferro-
magnetic coupling.'®

In our previous work® we have reported on the crystal
structure and magnetic properties of two new tetranuclear Ni"
compounds: [Ni,(L),(CH;0H)3(H,0)] and (PrzNH),[Niy(L),
(ac),], where Pr;NH' = the tripropylamonium cation, H,L = 2-
[(E)-(2-hydroxybenzylidene)amino]phenol and Hac = acetic
acid. We have shown that the used reaction solvent (i.e. CH;0H
and/or CH,Cl, in this case) strongly influence composition and
topology of the polynuclear clusters despite using the same
reactants and their ratios. Also, the magnetic properties of the
above mentioned compounds differ significantly and (Prs-
NH),[Niy(L)s(ac),] exhibits a field-induced slow relaxation of
magnetization. Furthermore, it must be noted that also other
previously reported 3d,"” 3d-4f'® or 4f* polynuclear compounds
with the H,L (and related) ligands exhibit interesting magnetic
properties. With respect to the above mentioned facts and as
a continuation of our ongoing study of polynuclear Ni"
compounds, we report here on the synthesis, crystal structure
and magnetic properties of the octanuclear cubane-based
complex of the formula (Pr;NH)[Na,Nig(L)4(Bza)s(HBza)(OH),-
(ace)]-Et,O (1), where HBza = benzoic acid, ace = acetone. The
evaluation of magnetic properties was supported by thorough
theoretical investigations utilizing a broken-symmetry DFT
method with the B3LYP, PBEO, TPPSh and CAM-B3LYP
functionals.
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Results and discussion
Synthesis and crystal structure

Compound 1 (Fig. 1) was prepared by one-pot synthesis using
NiCl,-6H,0, the Schiff base ligand H,L in the presence of
sodium benzoate and Pr;N as bases (molar ratios: 1.5 : 1:3 : 2),
and acetone as the reaction solvent, see the eqn (1). Note: the
molar ratios of the reactants mentioned above differ from those
given in the eqn (1). This may be associated with the fact that
the organic reactants behave as weak acids or bases which
influences the chemical equilibria in solution during the
reaction.

6NiCl, + 4H,L + 8NaBza + 7Pr;N + 2H,0 + ace 2
(Pr3NH)[NigNa,(L)4(Bza)s(HBza)(OH),(ace)]
+ 6(Pr;NH)Cl + 6NaCl + 2HBza (1)

The complex 1 crystallizes in the monoclinic space group
P24/c and comprises the PrsNH" cation, octanuclear complex
anion [Na,Nig(L)4(Bza)s(HBza)(OH),(ace)]” and co-crystalized
Et,O molecule. Basic crystal data, structure refinement param-
eters, and selected bond lengths and angles are listed in Tables
S1, S2, and Fig. S1 (in ESI}), respectively. The complex anion
(Fig. 1) is composed of six Ni"" atoms, two Na" atoms, four
deprotonated L*>~ ligands, two p>-OH™ and five Bza~ anionic
ligands, one HBza and acetone (ace) coordinated molecules. All
the Ni"" atoms are incorporated in two defective dicubane cores
mutually connected by one face with the bridging (vertex)
phenolate oxygen atoms (Opy,) and the hydroxo ligands (Ogy).
The remaining coordination sites are occupied by the oxygen
atoms originating from the carboxylate ligands (Oc,), which
adopt various bridging modes (2 x n*n":p? 1 x n'm'ip?, 2 x

kb

s/ Na2,

Ni4

Fig. 1 Molecular structure of the complex anion [NaxNig(L)4(Bza)s-
(HBza)(OH),(ace)] . Color code: bright green (Ni), violet (Na), red (O),
blue (N), grey (C). Hydrogen atoms are omitted for clarity.
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n'm*p’® and 1 x n', Fig. 1 and 2), and one acetone molecule. All
the Ni" atoms are hexacoordinate, but they differ in the
composition of their coordination polyhedra: {NiOg} for the Ni4
and Ni6 atoms, {NiNOs} for the remaining ones (Fig. 1).

Furthermore, another difference between the Ni central
atoms is observed. The coordination polyhedra of the Nil1 and
Ni5 atoms are less angularly distorted (as defined by the
parameter X, 63.47° and 77.80°) than the remaining ones
(96.8-119.4°). The bonding distances (in A) within the coordi-
nation polyhedra of the Ni"" atoms vary in the range of 1.98-2.19
for the Ni-O and 1.99-2.03 for Ni-N bonds.

The Na* atoms are hexacoordinate, coordinated solely by the
oxygen atoms with the bond distances (in A) ranging from 2.26
to 3.04. The Opy, atoms are not equivalent from the view of their
bridging functions and the asymmetry of L*~, which implies the
aforementioned non-equivalency, as was discussed previously.*®
In 1, the Op, atoms originating from the aldehydic part of the
ligand L~ adopt  bridging mode while the aminophenolic Opy,
atoms bridges three Ni" atoms (u?, Fig. 1 and 2). These atoms
connect defective dicubane cores with Na* atoms as well. Bond
angles between the double oxo-bridged Ni" atoms (in °) are
ranging from 90.7 to 94.9 (Ni1-O-Ni2, Ni1-O-Ni4, Ni2-O-Ni3,
Ni3-O-Ni5, Ni5-O-Ni6) and from 99.0 to 105.0 (Ni1-O-Ni3,
Ni2-0O-Ni5, Ni2-O-Ni6, Ni3-O-Ni4). Furthermore, the Ni atoms
are not bridged solely by the double oxo-bridging oxygen atoms.
Between the Nil and Ni4, and Ni5 and Ni6 atoms the additional
n":n*u® bridging by the Bza~ ligands (involving also bond with
adjacent sodium atom, Fig. 2) takes place (Fig. 1).

The molecular structure of the complex anion is stabilized by
two rather strong intramolecular hydrogen bonds between two
w>-OH groups and one Oc, atom (from syn-anti - benzoate

2X 1x 2X 1x
Ph Ph Ph Ph
oJxo o*o@ ogko@ o)\o’H

oW ® ©®o 6

nZmik NZmte Pty ninti,

M = Nior Na

Fig. 2 View of the bridging abilities of the benzoato (up) and H,L
(down left) ligands, and simplified picture showing all the coordination
polyhedrons and labelling of the metal atoms in 1 (down right).

This journal is © The Royal Society of Chemistry 2017
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ligand bridging two Na atoms) with d(O---O) = 2.863(6) and
2.927(5) A. The complexity of the molecular structure which was
described above is not surprising in context of the bridging
abilities of the H,L-type ligands (Fig. 2). The reactions of the Ni"
salts with the H,L-type ligands led previously to the preparation
of cubane and defective dicubane Ni, compounds,®** tetra and
hexanuclear NaNi; and NaNi; compounds,®
compound with bowl topology.*

There are no significant intermolecular contacts between the
adjacent complex anions in the crystal structure and the
shortest distance between the Ni"" atoms (in A) of the adjacent
complex anions is 9.6342(11). The only significant intermolec-
ular contact is the N-H---O hydrogen bond between the tri-
propylamonium cation (donor) and the carboxylate group of the
complex anion (acceptor) with the distance of 3.007(12) A
(Fig. S2 in ESI¥).

or even Niy,

Magnetic studies and DFT calculations

Variable-temperature dc magnetic data (Fig. 3, left) measured
from 1.9 to 300 K showed room temperature value of peg/up
equal to 7.55, which is consistent with six uncoupled Ni" atoms
with g = 2.16. The effective magnetic moment remains constant
down to approximately 75 K and on further cooling it drops to
2.53 pug at T = 1.9 K. Such behaviour suggests presence of
predominant antiferromagnetic coupling in 1.

Variable-field dc data (Fig. 3, right) measured up to 5 T do
not display saturation most probably because there are close-
lying spin states with various molecular spins affected also by
magnetic anisotropy. In order to interpret magnetic data for 1,
we postulated the following spin Hamiltonian

H = —J12(S1-S2) — J13(S1-S3) — J14(S1-S4) — J23(S2-S3)
—J25(S2°Ss) — J26(S2+S6) — J34(S3-S4) — J35(S3-8Ss)
6
_J56(SS'S6)+,U'BZB'gi'Si (2)
P
9 5

354 / O experiment
<, ——B3LYP
| ——PBEO
s ——TPSSh
——— CAM-B3LYP

2

1

0 T T T T T T T

0 50 100 150 200 250 300

TIK

Fig. 3 Magnetic data for 1: temperature dependence of the effective
magnetic moment recorded under 0.1 T (left) and the isothermal
magnetizations measured at 2, 5 and 10 K (right). Empty circles —
experimental data, full lines — calculated data with J,, parameters
resulted from DFT calculations listed in Table 1 and g = 2.16.

This journal is © The Royal Society of Chemistry 2017
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where the isotropic exchange interactions J,, among the adja-
cent nickel atoms bridged by the phenolato or hydroxido
ligands were considered together with Zeeman term (Fig. 4).
However, there are too many free parameters to simply fit the
experimental magnetic data and there is no simple magneto-
structural correlation available for this system, which could be
used to reduce number of J,.

Therefore, we utilized Density Functional Theory (DFT) with
the broken-symmetry approach to at least estimate values and
nature of J,, in 1 and eventually facilitate the analysis of the
magnetic properties following our previous works on poly-
nuclear compounds.”® Herein, the ORCA computation package
3.0.3 was employed for all the calculations and polarized triple-
zeta basis set def2-TZVP(-f) was used for all the atoms except for
carbon and hydrogen atoms, for which def2-SVP basis set was
used. The calculations were done for the molecular fragment
(Pr;NH)[Na,Nig(L),(Bza)s(HBza)(OH),(ace)] of 1 (Fig. 5). The
broken-symmetry spin states (BS) need to be calculated and
their energies compared to the energy of the high spin state (HS)
in order to compute J-parameters. Herein, the Ruiz's approach
was employed to derive the following relationships

Jp=(41+ 4, — 41,)/6

Jis= (41 — Ay + 45 — A4+ 41, — 434) /6

J14—( A3+A4+A34)/6

Jy=(—dy+ 4y + 434 — 456) /6

Jos = (4s — Ao + A1, — A34) /6 (3)
Jos = (—Ads+ 46 + 4s6)/6

J3 = (A +A4*A34)/()

Jis = (—di + dsu + 4s6) /6

Jse = (45 + 46 — As6) /6

where 4; = egs; — ens. We have tested several DFT functionals,
hybrid functionals B3LYP and PBEO, meta-hybrid functional
TPSSh and also range-separated hybrid functional CAM-
B3LYP.

@—; (4)
.

Fig. 4 Scheme of the magnetic coupling in 1.
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5 The

Fig. molecular  fragment  (PrsNH)[NaxNig(L)4(Bza)s-
(HBza)(OH),(ace)] of 1 and B3LYP calculated spin isodensity surface for
high spin state with the cutoff values of 0.01 e ap~>. Hydrogen atoms
are omitted for clarity.

The resulting J,, parameters are listed in Table 1 for all the
above mentioned functionals and the details for the B3LYP
functional are listed in Table 2. It follows from Table 1 that all
the functionals (B3LYP, PBEO, TPPSh and CAM-B3LYP)

Table 1 The comparison of the calculated isotropic exchange
parameters J,, (cm~?) for 1 using various DFT functionals

B3LYP PBEO TPSSh CAM-B3LYP
Jiz +10.5 +8.86 +9.63 +9.39
Jis —6.72 —4.69 —13.2 —2.50
J1a +16.9 +15.1 +14.7 +15.6
Jos +13.8 +11.9 +13.3 +12.0
J2s -12.4 —8.87 —20.7 —7.11
J26 —14.2 —9.26 —25.9 —6.49
J3a —14.1 —9.47 —25.0 —7.02
Js +7.48 +6.77 +4.64 +7.52
Js6 +16.0 +13.8 +14.8 +14.2

Table 2 B3LYP/def2-TZVP(-f)/def2-SVP calculated (S?) values and
relative energies of broken-symmetry (BS) spin states for (PrsNH)
[Na,Nig(L)4(Bza)s(HBza)(OH),(ace)] of 1¢

Spin state (8% 4; (oM™
HS, |acoaoo) 42.02 0

BS1, |Booooa) 22.02 62.030
BS2, |aBaoao) 22.01 —6.932
BS3, |aoBooa) 22.01 1.305
BS4, |aoaBao) 22.02 8.281
BS5, |aoaoBa) 22.02 33.140
BS6, |aoaoaf) 22.02 5.228
BS12, |BRococ) 10.01 —7.901
BS34, |aappBoc) 10.02 94.419
BS56, |aoaoBB) 10.01 —57.427

a
4; = €Bs,i — €HS-
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provided consistent sets of J-parameters concerning their
nature, concretely, J1,, J14, J23, J35 and Js¢ are all ferromagnetic,
and the J;3, /»s, Jos and Jz4 are all antiferromagnetic.

Next, the obtained four sets of J's values from each DFT
functional were afterwards used to calculate magnetic proper-
ties of 1 with the spin Hamiltonian in the eqn (2). The calcu-
lated magnetic data are depicted in Fig. 3, from which we may
conclude that PBEO and B3LYP derived j-parameters delivered
the best agreement with the experiment.

The CAM-B3LYP functional seems to slightly overestimate
effect of the ferromagnetic exchanges, whereas TPPSh over-
estimates the effect of the antiferromagnetic exchanges.
Furthermore, the attempt to find the magneto-structural
correlations was done for PBEO-derived parameters as out-
lined in Fig. 6, where a linear equation of the form

J(em™) = 196(30) — 1.99(31)-a (4)

was found using the average Ni-O-Ni angles (calculated as
average value of two Ni-O-Ni angles within the double oxo-
bridged pair) as a parameter « with the correlation coefficient
R® = 83.3. The relationship predicts the borderline between the
ferromagnetic and the antiferromagnetic exchange parameters
to be at o = 98.5°. This is in a very good agreement with the
magneto-structural correlations found for the Ni, cubane
compounds previously, in which the relationship between the
experimentally-derived J value and Ni-O-Ni angle is also linear
with a = 99°.%162*

Taking into the account that both PBEO and B3LYP derived
antiferromagnetic and ferromagnetic j-parameters are in more
less narrow interval, the experimental magnetic data were
analysed also with very simplified model using only two J-
parameters, thus averaging the ferromagnetic exchanges (Jp =
Ji2 =J1a = Ja3 =J35 = Js6) and the antiferromagnetic exchanges
(Jar = J1s = Jos = Ja6 = Jz4)- Under this assumption, good
agreement with the experimental data was achieved for Jr = +5.3

J(em™)

54
-104

154

-20 . . . .
85 90 95

<(Ni-O-Ni)_, (°)

i .
100 105
Fig. 6 A magneto-structural correlation, Jvs. a, & = < (Ni-O-Ni),,, for
the PBEO-calculated J-parameters. The confidence interval with 95%
is shown (dotted lines). The grey dashed lined represents predicted

borderline between the ferromagnetic and the antiferromagnetic
exchange parameters.
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Fig. 7 Magnetic data for 1: temperature dependence of the effective
magnetic moment recorded under 0.1 T (left) and the isothermal
magnetizations measured at 2, 5 and 10 K (right). Empty circles -
experimental data, full lines — calculated data with Jr = +5.3 cm~tand
Jar = —9.2cm~tand g = 2.20.

em ' and J,r = —9.2 cm™ " and g = 2.20 (Fig. 7). Both temper-
ature and field dependent magnetic data are well described by
this model, only calculated data for the isothermal magnetiza-
tion at T= 2 K are a bit higher than the experimental one, which
can be due the simplicity of the model and also due to expected
significant single-ion zero-field splitting for Ni" ions in
deformed octahedral coordination environment, which usually
leads to lower saturation values of the isothermal
magnetization.>

Conclusions

In conclusion, we have prepared a heterobimetallic complex
(PrzNH)[Na,Nig(L),(Bza)s(HBza)(OH),(ace)]- Et,O, (1). Its crystal
structure revealed that the paramagnetic Ni"" atoms are arranged
in two defective dicubane cores. Due to the structural complexity,
implying the magnetic exchange interactions in 1, a few DFT
functionals (B3LYP, PBEO, TPSSh, CAM-B3LYP) in combination
with the def2-TZVP(-f) and def2-SVP basis sets were utilized for
calculations of magnetic coupling parameters. It has been shown
that the PBEO and B3LYP methods provide the best estimates of
Jab- The nature of the magnetic exchanges is governed by the
average Ni,-O-Ni, angle with the estimated crossing point of the
ferromagnetic and antiferromagnetic values at o« = 98.5°, and
this value is in good agreement with that obtained using the
magneto-structural correlations (¢ = 99°) reported for the Ni,-
cubane compounds previously. Utilizing the theoretical calcula-
tions, the simplification of the spin Hamiltonian parameters was
suggested leading to the fitted average isotropic exchange
parameters, Jr = +5.3 cm ' and Jup = —9.2 cm ! confirming the
predominant role of the antiferromagnetic coupling in 1.

Experimental section
Synthesis

All used chemicals and solvents were purchased from
commercial sources and were used without any further purifi-
cation. The ligand H,L was prepared as reported previously.*

This journal is © The Royal Society of Chemistry 2017
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(Pr;NH)[Na,Nig(L)4(Bza)s(HBza)(OH),(ace)]-Et,O (1). Solid
sodium benzoate (1.5 mmol, 0.218 g) was added to a green
mixture of H,L (0.5 mmol, 0.107 g) and NiCl, (0.8 mmol,
0.178 g, used as a hexahydrate) in acetone (20 mL). The resulted
mixture was stirred at boiling point for 15 min and then the
solution of PrzN (1 mmol, 0.143 g) in acetone (5 cm®) was added
dropwise. Then, the mixture was filtered and left at room
temperature to evaporate to dryness. After 3 weeks the greenish
solid was obtained. It was dissolved in acetone (20 cm?®) and left
to crystallize by slow diffusion of Et,O for 2 days. The dark green
crystals were collected by filtration. Yield: 24% (63 mg). Anal.
Calc. for C;ycH101N5Na,NigO,5: C, 56.8; H, 4.5; N, 3.1. Observed:
C, 56.4; H, 4.3; N, 3.1. IR mid/ecm": »(O-H) 3411 (w), »(N-H)
3179 (W), »(Cai—H) 3058, 3020 (w), »(C-H) 2970, 2934, 2876 (w),
y(C=0) 1614 (vs.), »(C=N), »(C=C) 1597, 1537 (vs.), »(C-O)
1223 (s).

General methods

Elemental analysis (C, H, N) was performed on a Thermo-
Scientific Flash 2000 CHNS-O Analyser. The infrared spectrum
of the complex was recorded on a ThermoNicolet NEXUS 670
FT-IR spectrometer using the ATR technique on a diamond
plate in the range of 400-4000 cm™'. The magnetic data were
measured on powdered samples using a PPMS Dynacool system
(Quantum Design) with VSM option. Experimental data were
corrected for the diamagnetism of the constituent atoms by
using Pascals' constants and for the diamagnetism of the
sample holder.

X-ray diffraction analysis. X-ray diffraction experiment on
the selected crystal of 1 was performed on an Xcalibur™?
diffractometer (Oxford Diffraction Ltd.) equipped with
a Sapphire2 CCD detector using Mo-Ka radiation at 150 K. The
CrysAlis program package (version 1.171.33.52, Oxford Diffrac-
tion) was used for data collection and reduction.>” The molec-
ular structure was solved by direct methods SHELXS-2014 and
all non-hydrogen atoms were refined anisotropically on F* using
full-matrix least-squares procedure SHELXL-2014.® The
hydrogen atoms were found in differential Fourier maps (except
for those mentioned below) and their parameters were refined
using a riding model with Ujso(H) 1.2 (CH, CH,, OH) or 1.5 (CHj)
Ueq(C). Non-routine aspects of the structure refinement are as
follows: one propyl group of the PrsNH' cation is disordered
over two positions. The positions of the hydrogen atoms
belonging to the OH groups were not possible to determine
from difference Fourier map reliably. Therefore, the hydrogen
atoms were placed to the positions calculated by DFT method
and their positions were restrained by SHELXL DFIX instruc-
tions between the particular hydrogen atom and hydrogen
bonding acceptor atom (in both cases 022).

Theoretical methods. The DFT theoretical calculations were
carried out with the ORCA 3.0.3 computational package.*
Several DFT functionals, such as B3LYP,?>® PBE0,** TPSSh*! and
CAM-B3LYP** were used for calculations of the isotropic
exchange constants J, following Ruiz's approach,® by
comparing the energies of high-spin (HS) and broken-symmetry
spin (BS) states. The polarized triple-{ quality basis set def2-

RSC Aadv., 2017, 7, 25821-25827 | 25825



Open Access Article. Published on 15 May 2017. Downloaded on 24/05/2017 07:39:56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

TZVP(-f) proposed by Ahlrichs and co-workers was used for
nickel, nitrogen and oxygen atoms and def2-SVP basis set for
carbon and hydrogen atoms.** The calculations utilized the RI
approximation with the decontracted auxiliary def2-TZV/] and
def2-SVP Coulomb fitting basis set and the chain-of-spheres
(RIJCOSX) approximation to exact exchange® as implemented
in ORCA. Increased integration grids (Grid5 and Gridx5 in
ORCA convention) and tight SCF convergence criteria were used
in all calculations. The molecular fragment used in the calcu-
lations was extracted from the experimental X-ray structure and
only hydrogen atoms positions were optimized with the PBE
functional®® together with atom-pairwise dispersion correction
to DFT energy and the Becke—Johnson damping (D3BJ).*” The
calculated spin density was visualized with VESTA 3 program.*®
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Table S1 Crystal data and structure refinement parameters for compound 1.

Formula C110H107NsNa;NigO,4
M (g:mol?) 2281.19
Crystal system Monoclinic
Space group P2i/c

A(A) 0.71073

a (A 17.9459(5)

b (A) 27.5058(6)
c(A) 26.7230(7)
al(?) 90.000

B() 126.788(12)
7() 90.000

Vv (A3) 10564.0(14)

Z 4

T(K) 150(2)

Pealcd (gcm’?) 1.434
#(mm1) 1.131
Data/restraints/ parameters 18415/9/1297

Ry [1>20()]/Ry (all)

0.0622/0.1244

WRy? [I > 20(1)]/wR, (all)

0.1629/0.1802

Goodness-of-fit

0.938

largest peak and hole (e A-3)

1.324 and -0.687

CCDC number

1530435

Table S2 The metal-ligand bond distances (in A), the Ni-O-Ni bridging angles (in °) and
values of angular distortion parameters ' (in °) for Ni" atoms in 1.

Ni1-01 2.075(4) Ni4-02 2.026(4) | Na1l-01 2.303(4) Ni2—05-Ni3 90.70(13)
Ni1-02 1.993(4) Ni4—-04 2.050(4) | Na1-03 3.040(4) Ni2—08-Ni3 91.18(13)
Ni1-03 2.035(4) Ni4—07 2.086(4) | Na1-010 3.004(4) Ni2—08-Ni5 102.22(15)
Ni1-05 2.071(3) Ni4—09 1.983(4) | Nal-016 2.334(5) Ni2—-010-Ni5 | 104.97(15)
Ni1-09 2.059(3) Ni4-011 2.167(4) | Na1-022 2.256(5) Ni2—06-Ni6 98.98(15)
Ni1-N1 1.996(4) Ni4-012 2.107(4) | Na1-023 2.260(5) Ni2-010-Ni6 | 101.84(15)
Ni2—01 2.080(4) Ni5—08 2.091(3) | Na2-09 2.987(4) Ni3—07-Ni4 100.52(17)
Ni2—05 2.193(3) Ni5—010 2.038(3) | Na2-012 2.369(4) Ni3—09-Ni4 102.06(16)
Ni2—06 2.028(4) Ni5—013 2.064(4) | Na2-013 2.308(4) Ni3—08-Ni5 90.91(13)
Ni2-08 2.074(4) Ni5—014 2.006(4) | Na2-018 2.777(4) Ni3—013-Ni5 | 94.92(15)
Ni2-010 2.050(3) Ni5—018 2.046(4) | Na2-020 2.319(5) Ni5—010-Ni6 | 93.85(14)
Ni2—N2 2.010(5) Ni5—N4 2.002(5) | Na2-021 2.279(4) Ni5—014-Ni6 | 93.53(14)
Ni3-05 2.076(3) Ni6-06 2.093(4) | Nil-O1-Ni2 | 94.43(15) 3Ni1) 63.84
Ni3-07 2.026(4) Ni6—010 1.986(3) | Ni1-05-Ni2 | 91.29(13) JINi2) 119.43
Ni3-08 2.178(4) Ni6-014 2.029(4) | Ni1-O5-Ni3 102.40(15) | Ni3) 119.55
Ni3-09 2.083(4) Ni6-015 2.092(4) | Ni1-09-Ni3 102.56(15) | 3(Ni4) 110.10
Ni3-013 2.067(3) Ni6—016 2.133(4) | Nil-02-Ni4 | 93.91(15) 3INi5) 78.35
Ni3—N3 2.026(5) Ni6—017 2.063(4) | Nil-09-Ni4 | 93.18(14) SNi6) 96.98

"The octahedral distortion calculated from 12 cis angles found in the coordination polyhedron.




Fig. S1 The figure of the Na,Nig core showing all the donor atoms in 1. The remaining atoms
are omitted for clarity.

Fig. S2 Picture showing the N-H---O hydrogen bond (black dashed line) between the
tripropylamonium cation and complex anion in 1. The hydrogen atoms not involved into non-
covalent interactions are omitted for clarity.



Priloha 2



Open Access Article. Published on 28 August 2017. Downloaded on 26/09/2017 08:07:59.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

W) Check for updates ‘

Cite this: New J. Chem., 2017,
41, 11258

Received 26th June 2017,
Accepted 28th August 2017

DOI: 10.1039/c7nj02281f

' ROYAL SOCIETY
OF CHEMISTRY

Tetranuclear Ni(i1) and Co(i) Schiff-base
complexes with an M;4O¢ defective dicubane-like
core: zero-field SMM behavior in the cobalt
analoguet

Ivan Nemec, (2 Radovan Herchel, 2 Marek Machata and Zdenék Travnicek = *

Two isostructural tetranuclear M(i), complexes with the general formula [M4(L)4(CH3zOH),] were
prepared by the reaction of M(CHzCOO),-4H,0 and H,L in the presence of PrsN (M = Niin 1, Co in 2,
HoL = 2-{(E)-1(2-hydroxyphenyl)iminolmethyl}phenol, PrsN = tripropylamine). The crystal structure of 1
was determined by single-crystal X-ray diffraction and it was revealed that it possesses the defective
dicubane {Ni4Og}*>~ core with two penta- and two hexacoordinate Ni atoms. The isostructurality of both
complexes was confirmed by powder X-ray diffraction measurements. The analysis of the static
magnetic data revealed that the prevailing antiferromagnetic interaction leads to the diamagnetic
ground state in 1, whereas the ferromagnetic interactions dominate in 2. The analysis of magnetic data
was supported by broken-symmetry DFT and CASSCF/NEVPT2 calculations, where the latter disclosed
large magnetic anisotropy in both compounds. Moreover, the measurements of ac susceptibility in the
zero-applied magnetic field confirmed the presence of slow-relaxation of magnetization in 2 and thus,

rsc.li/njc

Introduction

Single molecule magnets (SMMs) are molecular compounds,
which are formed due to the existence of an intrinsic energy
barrier (U) capable of preserving their magnetic moment even
after the external magnetic field is removed. Since their
discovery,' there has been an increasing interest in the pre-
paration of new SMMs with a large U,> as well as in the
understanding and explanation of such behavior.” It is well
established that the height of U is defined by the relationship
U= |D| x §* for integer spins (S) and U = |D| x ($> — 1/4) for
non-integer spins, D being the axial parameter of magnetic
anisotropy. In this class of magnetic materials, synthesis of
polynuclear transition metal complexes is a very commonly
used approach.”

Nickel(n) and cobalt(u) coordination compounds are inter-
esting candidates for SMM preparation, because in certain
coordination numbers and coordination polyhedron symmetries
they can possess very large magnetic anisotropies with large
values of the D parameter and these can possibly lead to high

Department of Inorganic Chemistry, Regional Centre of Advanced Technologies

and Materials, Faculty of Science, Palacky University, 17. listopadu 12,

CZ-771 46 Olomouc, Czech Republic. E-mail: zdenek.travnicek@upol.cz

+ Electronic supplementary information (ESI) available. CCDC 1443521. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
€7nj02281f

11258 | New J. Chem., 2017, 41, 11258-11267

this compound behaves as a single-molecule magnet.

values of U.> In particular, the group of polynuclear nickel(n)
and cobalt(n) cubane-based compounds have emerged as very
interesting candidates for observation of the SMM phenomenon
and a large number of such compounds have been reported
previously.® The central atoms in such compounds are typically
bridged by the phenolato (when ligands are Schiff bases) or
alkanoamine oxygen atoms and the bridging angles are due to
the cubane topology being close to 90°. This means that the
magnetic orbitals are orthogonal and therefore the magnetic
coupling is ferromagnetic thus giving rise to a large spin
ground state.®®¥” Among tetranuclear nickel(n) and cobalt(n)
compounds, the reports on complexes with defective dicubane-
like topology®® are scarcer than those involving complexes
with single-cubane topology.®”:%¢/*»&m1® pyurthermore, when
one inspects the coordination polyhedra in such compounds,
complexes with purely hexacoordinate or with both penta- and
hexacoordinate central atoms can be distinguished. There are
several examples of such hexacoordinate compounds,®*° but
only a few examples of compounds with mixed coordination
numbers® and, to the best of our knowledge, no detailed
investigations of the magnetic properties have been carried
out. Recently, we have reported on two tetranuclear nickel(u)
compounds containing a tridentate Schiff base ligand H,L =
2-{(E)-[(2-hydroxyphenyl)imino]methyl}phenol with cubane
and defective dicubane-like topologies and significantly
different magnetic behaviours.™ In the cubane-based complex,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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[Ni4(L)4(CH3;0H)3(H,0)]-CH30H, the competing ferro- and anti-
ferromagnetic interactions led to the zero spin ground state,
but the compound with the defective dicubane topology,
(Pr3NH),[Ni,(L),(CH5COO0),], exhibited ferromagnetic coupling
between the central atoms and slow relaxation of magnetization
in the presence of an external magnetic field. As a continuation
of our ongoing study of compounds with defective dicubane
topology with use of the H,L-type of tridentate Schiff base
ligands, herein we report on the preparation of two isostructural
compounds with the general formula [M}(L),(CH;0H),] (M = Ni (1),
Co (2)). The crystal structure was determined by single-crystal X-ray
diffraction for 1, while the isostructurality of 2 was confirmed by
a powder X-ray diffraction experiment. The static and dynamic
magnetic properties of both compounds were thoroughly
studied both experimentally and theoretically. Moreover, slow
relaxation of the magnetization in a zero applied dc magnetic
field was observed for 2, which is the first example of a single-
molecule magnet with the {Co,06}>" defective dicubane core and
mixed hexa- and pentacoordination of the central atoms.

Results and discussion
Synthesis

In our previous work,"" we reported on the preparation of two Ni,
compounds involving the H,L ligand: [Ni,(L),(CH;0H)3(H,O)]:
CH;0H, (A in Fig. 1), and (PrzNH),[Niy(L),(CH;COO),], (B).
In their syntheses, the same reactant ratio was employed
(Ni(CH3COO), : H,L: Pr3N = 1:1:2). We revealed that the reaction
solvent(s) significantly influenced the structure of the resultant
compound. When pure dichloromethane was used, the defective
dicubane Ni, compound with all the Ni(u) atoms hexacoordinate
(B) was prepared, whereas when a CH,Cl,/CH3;0H solvent mixture
was used, the cubane Ni, compound (A) was isolated (Fig. 1).
Herein we report on the use of pure methanol as a reaction

g
VI E

| M(CH;C00),:4H,0 + H,L + 2 Pr;N |

(A)

i

® Co
CH,Cl, : S

Fig.1 Scheme of the synthesis of compounds 1, 2 and two other
previously published compounds (A) and (B) with the molecular structures
of the compounds represented by their Niy cores, where (A) =
[Niz(L)4(CH3OH)3(H,O)-CH3sOH. (B) = (PrsNH),[Ni4(L)4(CH3COO),],
PrsNH™ = the tripropylammonium cation.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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solvent, which led to the preparation of the third type of the Ni,
compound, we report here as compound 1.

Both the herein reported compounds were prepared using a
similar synthetic strategy by the reaction of the Schiff base
ligand H,L, metal(u) acetate salt (nickel - 1 or cobalt - 2) and
tripropylamine as the base in the molar ratio of 1:1:2 in
methanol. The difference was in their reaction atmospheres
and temperature conditions. The preparation of 1 was carried
out under aerobic conditions and the solution was stirred at its
boiling point. The synthesis of 2 was performed under an inert
atmosphere (N,) at laboratory temperature in order to avoid
oxidation of the cobalt(u1) atoms. Remarkably, unlike in the case
of the nickel(u) complexes, the use of any of the three different
reaction media (pure CH;OH, CH,Cl,/CH;OH mixture and pure
CH,Cl,) for the preparation of the Co(1) compound always led
to the same product (2) (Fig. 1).

Crystal structures

The crystal structure of 1 was determined by single crystal X-ray
structural analysis and the isostructurality of 2 was confirmed
by powder X-ray diffraction measurements (see ESI,T Fig. S1).
Therefore, only the structure of 1 will be discussed. The crystal
structure of 1 contains electroneutral complex molecules
consisting of four nickel(u) atoms, four doubly deprotonated
Schiff base ligands L>~ and two CH3;0H molecules. The mole-
cular structure of 1 consists of two almost coplanar dinuclear
subunits (further abbreviated as {Ni,(L),}) in a centrosymmetric
arrangement with the {Ni,Oc}*" defective dicubane core
(Fig. 2a). The coordination environment of the Ni(u) atoms
within {Ni,(L),} differs and the Ni1 atoms are pentacoordinate
({NO,}, with the coordination geometry close to square-
pyramidal, the value of the Addison parameter'” is t = 0.39)%
and the Ni2 atoms are hexacoordinate ({NOs}, Fig. 2a). In the
equatorial positions/square base plane, the nickel(i) atoms are
coordinated by three donor atoms (NO, donor set) from the
ligand L~ and bridging phenolate oxygen atoms (Opy,) from the
adjacent L*>~ ligand within {Ni,(L),}. The Ni-O bonds (2.01 to
2.13 A, besides one exception as explained below) are a bit
longer than the Ni-N bonds (2.009(2) and 1.983(4) A). The
rather short Ni-O distance is provided by the Opy, atom, which
is the only one not involved in the bridging of the Ni(u) atoms
(02 in Fig. 2b). The axial position for the pentacoordinate Nil
central atom is occupied by the p-Opy, (Ni1, d(Ni-O) = 2.0369(18) A)
atoms from the symmetrically related {Ni,(L),} subunit. Also, one
axial position of the Ni2 center is occupied by the bridging p*~Opy,
(d(Ni-0) = 2.1332(18) A) atom. The second position is occupied by
the oxygen atom of the coordinated CH;OH molecule (d(Ni-O) =
2.079(3) A). The Ni- - -Ni separation within {Ni,(L),} is 3.1028(6) A,
while the closest Ni- - -Ni separation between the subunits is a bit
shorter (3.0918(5) A). The Ni-O-Ni angles within {Ni,(L),} are in
the range of 98.34(7)-100.07(8)°. The Ni-O-Ni angles between the
symmetry related nickel(n) atoms adopt a larger range of values:
94.51(7), 98.80(8) and 100.34(7)°.

# 7 =0 for ideal square pyramidal and 1 for ideal trigonal bipyramidal geometry.
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Fig. 2 Molecular (a) and crystal (c) structures of 1 with the depicted defective dicubane core (b). Bond distances (in A) within the coordination
polyhedron of 1: (Ni1-O1) = 2.0763(17), (Ni1-02) = 1.9772(17), (Ni1-0O3) = 2.0384(18), (Ni1l-O4A) = 2.0369(18), (Ni1-N1) = 2.009(2), (Ni2-01) =
2.0239(17), (Ni2-O1A) = 2.1332(18), (Ni2-03) = 2.0100(17), (Ni2—04) = 2.0350(17), (Ni2-0O5) = 2.0776(19), (Ni2—-N2) = 1.983(4).

The coordinated CH;OH molecules form O-H- - -O hydrogen
bonds between the oxygen atom from CH3;OH and the Opj, atom
from the complex anion (Fig. 2b) with d(O---0) = 2.754(4) A.
Thus, the complex molecules are arranged into 1D supramole-
cular chains (Fig. 2c).

Magnetic properties

Description of magnetic properties. The temperature and
field dependent magnetic data of 1 and 2 are depicted in Fig. 3.

The room temperature experimental values, 6.6 ug and
9.8 up, for 1 and 2, respectively, are higher than the theoretical
values for the four non-interacting Ni(u) (1) or Co(u) (2) atoms
with S; =1 (1) or 3/2 (2) equal to 5.7 up or 8.7 for g = 2.0 due to
the contribution of the orbital angular momentum to the
ground spin state (g > 2.0). Temperature dependent data for
1 are almost constant down to 100 K, but then p.g starts to
decrease on further cooling reaching the value of 1.3 ug at 1.9 K.
The temperature data for 2 show gradual increase of peg/ i on
lowering the temperature up to the maximal value of 14.3 found
at 8.1 K, further cooling leads to a decrease to the value of
10.8 at 1.9 K. The character of the variable temperature data
for 1 indicates the prevailing antiferromagnetic intracluster
coupling, but in the case of 2 ferromagnetic intracluster coupling
dominates.

Before the analysis of the experimental magnetic data of 1
and 2, the predictive role of ab initio calculations in magneto-
chemistry was utilized with the aim of estimating the principal
parameters describing the exchange coupling and the zero-field
splitting in these molecular systems.">™*> Therefore, Density
Functional Theory (DFT) was applied to calculate the para-
meters of the isotropic exchange /,;, between the paramagnetic
ions, and the multireference method based on Complete Active
Space Self Consistent Field (CASSCF) was utilized to derive
information about the single-ion zero-field splitting tensor
parameters D and E. Having such information at our disposal,
the trustworthy spin Hamiltonians can be postulated and the
calculated parameters can be used as a starting point for fitting
of the experimental magnetic data. All theoretical calculations
were performed with a freely available computational package
ORCA."® All the calculations were done for molecular geometries
extracted from X-ray data and also for molecular geometries
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Fig. 3 Temperature and field dependent magnetic data for compounds 1
(top) and 2 (bottom). Experimental data — circles. Calculated data for 1:
BS-DFT: J; = —10.6 cm™, J, = 4207 cm™%, Js = +2.51 cm™?, g = 2.28
(blue line); analysis of experimental data (eqn (3)): J; = —10.1 cm™,
J» = 4155 cm™%, Js = 0, g = 2.32 (red line). Calculated data for 2:
BS-DFT: J; = —6.65cm™, J, = +13.0 cm™%, Jz = +0.127 cm™%, g = 2.49
(blue line); analysis of experimental data (eqn (3)): J; = +1.84 cm™,

Jo = 47.35cm™, Js = 0, g = 2.49 (red line).

optimized with the BP86 functional (see the Experimental section
for more details).

DFT calculations of the isotropic exchange. The calculations
of J,» are based on comparing the energy differences between
the high spin (HS) and broken-symmetry (BS) spin states.'”

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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These energies for tetranuclear molecular fragments were
calculated with the B3LYP hybrid functional incorporating also
the relativistic effects with the Oth order regular approximation
(ZORA) using a relativistic version of the polarized triple-¢
quality basis set def2-TZVP(-f) for all atoms. In the case of
compound 2, the molecular geometry was constructed from 1
by replacing nickel atoms by cobalt atoms. There are two
symmetrically independent metal atoms within the tetramers
(Fig. 2) and three different superexchange pathways, which can
be described by this spin Hamiltonian

FI = _]1(31‘32 + §1"§2’) _.]2(31‘32’ + 3‘1"32) _]3(32'32’) (1)

where J; corresponds to the M1-M2 and M1'-M2' pairs with the
interatomic distance equal to 3.103 A, J, corresponds to the
M1-M2' and M1-M2' pairs with the interatomic distance equal
to 3.092 A and J; corresponds to the M2-M2! pair with the
interatomic distance equal to 3.193 A (Fig. 4). Several BS spin
states were calculated, namely BS11’, BS12 and BS12/, and their
energy differences with the HS spin state, 4,5 = épsqp — €ns, Were
employed in the calculations of the j-parameters by applying
Ruiz’s approach as

J] = (+A11/ —A12+A121)/12

Jr = (+A11/+A12—A121)/12 (Za)
Jy = (A + A2 + 412) /6
Ji = (+diy — A + 412) /24
Jr = (+A11/+A12—A121)/24 (Zb)

Jy= (A + d1n+ A1) /12

where eqn (2a) holds for nickel complex 1 and eqn (2b) holds
for cobalt complex 2. The calculation details are listed in Tables 1
and 2 and the spin densities of the HS spin states are shown in
Fig. S2 and S3 (ESIt) for 1 and 2, respectively. The partial spin
delocalization from the metal atoms to the respective donor
atoms is clearly visible. Next, the J-parameters calculated
according to eqn (2) adopted the values J; = —10.6 cm ™",
Jo=+20.7 cm ' and J; = +2.51 cm™* for 1 and J; = —6.65 cm ™},
Jo=+13.0cm ' and J; = +0.127 cm " for 2 for geometries extracted

Fig. 4 Scheme of the magnetic exchange pathways in 1 (M = Ni) and
2 (M = Co).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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from experimental X-ray data. Analogous calculations for opti-
mized geometries resulted in similar values of the parameters:
Ji=-7.73cem %, J, =+20.6 cm ™' and J; = +3.33 cm ™! for 1 and
Ji=—6.56 cm™Y, ], =+12.4 cm ™' and J; = +0.175 cm ™! for 2.
Evidently, there are competing antiferromagnetic and ferro-
magnetic interactions in 1 and 2, but there is no simple
correlation of the calculated J-parameters with either the M-O-M
angle (Fig. $4, ESIT), or the M- --M distance (Fig. S5, ESIt).

Multi-reference calculations of the single-ion zero-field splitting
tensors. The single-ion zero-field splitting parameters and g-factors
in compounds 1 and 2 were calculated using multireference state
average complete active space (SA-CASSCF) wavefunctions comple-
mented by N-electron valence state perturbation theory (NEVPT2)
with CAS(8,5) and CAS(7,5) active spaces, respectively. Again, the
same basis set was used and also relativistic effects were included
with ZORA. This method is generally used to extract information
about magnetic anisotropy for transition metal complexes. Herein,
we used the molecular geometry of the whole tetranuclear complex
and by replacing three of the four metal atoms with diamagnetic
zinc atoms, the single-ion ZFS tensors were calculated for indi-
vidual crystalographically independent Ni or Co atoms.

The results for 1 are summarized in Table 3. The energy
levels and the contributions of the excited spin states to the
D-tensor are listed in Tables S2 and S3 (ESIt). The individual
D-tensor axes are visualized in Fig. S6 and S7 (ESI) for 1, and 2,
respectively. The values of the zero-field splitting parameters
and g factors vary over a wider range due to the different coor-
dination numbers of the central atoms (Table 3). The calculated
D = +26.8 cm ' for the Nil atom with © = 0.39 is not in
accordance with the recently published magneto-structural
correlation of the pentacoordinate Ni(n) complexes,'® where
D = 32.7 — 151-1 = —26.2 cm ' would be expected. The
discrepancy in the sign of D could be explained by the different
chromophore of Ni1, {NiO,N}, as compared to the data in
ref. 18, where all the compounds possessed the {NiO,N}
chromophore. D = —9.47 cm™ ' computed for Ni2 is in the
range of hexacoordinate Ni(i) complexes.'® Moreover, both
Ni(u) atoms possess a large rhombicity (E/D > 0.25), which
practically means that the sign of D becomes irrelevant. The
ZFS of pentacoordinate Co(u) complexes was recently studied°
and it was shown that for T > 0.29, positive D is expected.
Thus, D = +48.2 cm™' for Col seems to be in accordance
with this prediction. For hexacoordinate Co2, an even larger
D=+76.0 cm™ " was found, which is in the range of similar Co(i)
compounds.?’ Moreover, both Co(u) atoms possess a large
rhombicity (E/D > 0.19), which practically means that the sign
of D is irrelevant. Thus, the axial type of the magnetic aniso-
tropy should be observed for these ions.***° However, the
CASSCF/NEVPT?2 calculations for both Co1 and Co2 atoms also
showed that there were close lying excited states with energies
equal to 1022 and 678 cm™ ' (Table S2, ESIf), respectively.
Therefore, the spin Hamiltonian formalism is not valid anymore,
and the extracted values of the ZFS parameters and g-tensors
must be treated with great care. This is also evident from the
calculated value g, = 1.939 for Co2 (Table 3), which contradicts
the expected g; > 2.0 for the 3d’ electronic configuration.
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Table 1 The B3LYP/ZORA/def2-TZVP(-f) calculated net Mulliken spin densities, the (S%) values and relative energies of the high-spin (HS) and
broken-symmetry spin (BS) states for the molecular fragment [Ni4(L)4(CHsOH),] of 1°

Spin state Aijb (em™) 5) p(Ni1) p(Ni2) p(Ni2") p(Ni1")

HS, |otooror) 0 20.02(20.02) 1.69(1.67) 1.67(1.67) 1.67(1.67) 1.69(1.67)
BS11/,|BooiB) 60.708(77.204) 4.01(4.02) ~1.69(—1.68) 1.67(1.66) 1.67(1.66) ~1.69(—1.68)
BS12,|BBoo) 131.824(133.583) 4.02(4.02) ~1.69(—1.68) ~1.67(—1.66) 1.67(1.66) 1.69(1.68)
BS12/,|Bafa) —56.084(—36.429) 4.01(4.01) —1.69(—1.67) 1.67(1.66) —~1.67(—1.66) 1.69(1.67)

“ The values in parentheses were calculated for optimized geometries (see Experimental section for more details). > 4 j = €Bsij — EHs-

Table 2 The B3LYP/ZORA/def2-TZVP(-f) calculated net Mulliken spin densities, the ($%) values and relative energies of the high-spin (HS) and
broken-symmetry spin (BS) states for the molecular fragment [Co4(L)4(CH3zOH),] of 27

Spin state 47 (em™) (8% p(Co1) p(Co2) p(Co2") p(Co1")

HS, |orororor) 0(0) 42.04(42.04) 2.74(2.73) 2.73(2.72) 2.73(2.72) 2.74(2.73)
BS11/,|Boap) 75.773(69.719) 6.03(6.03) —2.73(—2.72) 2.73(2.73) 2.73(2.73) —2.73(—2.72)
BS12,|BPowcr) 156.312(149.526) 6.04(6.03) —2.74(—2.73) —2.73(—2.72) 2.73(2.72) 2.74(2.73)
BS12/,|Bofor) —79.021(—77.703) 6.03(6.03) —2.73(-2.72) 2.72(2.71) —2.72(—2.71) 2.73(2.72)

“ The values in parentheses were calculated for optimized geometries (see Experimental section for more details). * 4 j = €Bsij — EHs-

Table 3 The CASSCF/NEVPT2/ZORA/def2-TZVP(-f) calculated ZFS parameters and g-factors for the Ni(i) and Co(i) atoms in compounds 1 and 27

Atom D (ecm™) E/D G g .
1 Ni1 +26.8(+27.7) 0.256(0.229) 2.353(2.347) 2.441(2.431) 2.189(2.173)
Ni2 —9.47(+9.37) 0.294(0.246) 2.213(2.219) 2.167(2.163) 2.259(2.254)
2 Col +48.2(—22.4) 0.301(0.304) 2.401(2.287) 2.787(2.129) 2.031(2.500)
Co2 +76.0(+79.5) 0.191(0.245) 2.410(2.314) 2.769(2.806) 1.939(1.994)

“ The values in italics must be taken with great care, because the first excited state is relatively close to the ground state.

Actually, it seems that the “F atomic term of Co(n) is split into a
set of close-lying Kramers doublets (Table S2, ESIt), which
resembles the situation generally found for other lanthanide-
based Kramers ions, such as Dy(m) or Er(m). To evaluate the
magnetic anisotropy in such systems, the individual Kramers
doublets are usually treated with the effective spin Hamiltonian
for Segr = 1/2, which results in gegrtensors. Then, the g-anisotropy
is a measure of the magnetic anisotropy. Such a procedure
applied for the ground Kramers doublets of Col and Co2 revealed
Geffx = 1.622, Beffy = 2.626, Geffz = 7.422 and Geffx = 2.097, Betfy =
3.349, gefrz = 6.751, respectively. Obviously, there is the axial type
of the magnetic anisotropy (ger; > getf,xy), but with a significant
rhombic character (gefr,), > 0). In the case of the BP86-optimized
geometries of 1 and 2, the hexacoordinate M2 and M2’ metal
atoms are little affected by a small change of the coordination
geometry, and the CASSCF/NEVPT2 calculated ZFS parameters,
|D| and E/D, are very similar to those calculated for the geo-
metries extracted from X-ray data, see Table 3 and Tables S6, S7
(ESIt). The same also holds for the pentacoordinate Ni1 (Nil')
atoms where upon geometry optimization the 7 shifted from 0.39
to the value of 0.41, hence the ZFS parameters are almost the
same, e.g. D changed from +26.8 cm ™" to +27.7 cm ™, see Table 3.
In contrast, the coordination geometry of pentacoordinate Col
(Co1’) atoms considerably changed as manifested by the increase
of 7 from 0.39 to 0.57. This significant distortion can be attri-
buted to the Jahn-Teller effect, which operates for square-
pyramid geometry due to the “E ground state. Such a large

11262 | New J. Chem., 2017, 41, 11258-11267

change of 7 is reflected also in the ZFS parameters, D changed
from +48.2 cm ™' to —22.4 cm ™!, but leaving the rhombicity still
very large, E/D = 0.30. Analogous analysis of the ground
Kramers doublets with the effective spin S.s = 1/2 for Col
and Co2 centers resulted in gegrx = 1.478, gefry = 2.112, Zefrz =
6.920 and gefrx = 2.170, Zefry = 2.916, gegr,, = 7.058, respectively.
Thus, the results obtained for the optimized geometry of 2 also
show the axial type of the magnetic anisotropy (ges,; > Zeff,x,y)
with a substantial rhombic character (gefryy > 0).

Analysis of the experimental magnetic data. Based on the
molecular structures of 1 and 2, the following spin Hamiltonian
can be postulated

H= —Ji <§1 '§2+§1/ '§2/> —J2<§1 ~§2/+§1/~§2) —J3<§2~§2/>

4 4
+ ZDi/(Szz - SQ/}) +E,{ (*§x2 - Svyz) +:uBBzng‘§a
i=1

i=1 i=

(3)

where the isotropic exchange, the zero-field splitting and
Zeeman terms were included. Evidently, there are too many
free parameters (Jy, Ja, J3, D1, E1, Ds, E,, g) to fit the experi-
mental magnetic data. To avoid over-parameterization, firstly,
we focused on the temperature-dependent data of 1, where the
prevailing antiferromagnetic exchange should lead to the non-
magnetic ground spin state little affected by the zero-field
splitting. As a result, there are only four parameters ( /4, J5, /3, £)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 5 AC susceptibility measurements in zero (a) and non-zero (B = 0.1 T) applied magnetic field (b) for 2.

to vary. Interestingly, the DFT-calculated j-parameters (J; =
—10.6 cm ™, J, = +20.7 cm Y, J; = +2.51 cm ™}, g = 2.28) describe
the magnetic data of 1 very well (Fig. 3). Actually, a good fit was
already obtained for the case where we neglected the smallest
exchange parameter (J; = 0) and we found J; = —10.1 cm ™%, J, =
+15.5 ecm ™', J5 = 0 (fixed), and g = 2.32 (Fig. 3). These parameter’s
sets describe also the isothermal magnetization data fairly well,
especially at 7 = 5 K (Fig. 3). Further improvement would be
obtained by introducing also ZFS parameters (Di, Ei, D,, E,),
however, this would lead to over-parameterization and thus would
result in untrustworthy parameters. A similar approach was
adopted for 2. At first, the J-parameters calculated from DFT were
used to simulate magnetic data (Fig. 3), but there was a surpris-
ingly large discrepancy. This can be explained by the fact that
CASSCF/NEVPT? calculations showed that the spin Hamiltonian is
not applicable for the cobalt ions due to low-lying excited states.
We encountered a similar inconsistency between the DFT-
calculated J-parameters and experimental magnetic data for the
dinuclear compound [Co,(bedmpzp),(u-Cl),](PF¢), (bedmpzp =
bis(3,5-dimethyl-1H-pyrazol-1-yl-1-ethyl)(2-pyridylmethyl)amine),
where CASSCF/NEVPT2 calculations were also performed and
indicated the presence of close-lying excited states.>> Of course,
we tried to fit the magnetic data of 2 with the spin Hamiltonian
in eqn (3) neglecting the zero-field splitting terms in the
temperature range from 10 to 300 K and good fits were obtained
with J; = +1.41 cm ™', J, =+7.30 cm ™, J; = +0.84, g = 2.49 or also
forj, =+1.84cm™ ', J, =+7.35 cm™ ', J; = 0 (fixed), g = 2.49 (Fig. 3).
Nevertheless, we must stress here that despite the fact that the
magnetic data of 2 can be fitted within the spin Hamiltonian
formalism, a more sophisticated model including the contri-
bution of the orbital angular momentum is needed to properly
describe the experimental data. Such an approach, known as
the Griffith-Figgis formalism, is only available for (pseudo)-
octahedral Co(n) complexes®® and is completely missing for
pentacoordinate Co(u) compounds. Furthermore, there is an
unsolved problem, i.e. how to treat magnetic exchange among
Co(u) atoms in the situation where the spin Hamiltonian is
not applicable. Usually, in the case of the Kramers ions, the
exchange can be treated with the Ising model, however, this is
not permitted in our case, because according to CASSCF/
NEVPT2 calculations, the effective g-factors for Se = 1/2 are

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

all non-zero. Thus, we must conclude that the analysis of the
magnetic data for polynuclear complexes with a large contribu-
tion of the angular momentum is still a great challenge for
magnetochemistry.

Dynamic magnetic data. The ferromagnetic coupling and
significant magnetic anisotropy found in 2 encouraged us to
study also the dynamic magnetic properties. Therefore, AC
susceptibility measurements in the frequency range from 1 to
1500 Hz were performed in zero and non-zero static magnetic
fields (Fig. 5). Evidently, there is a frequency-dependent non-
zero out-of-phase signal for AC susceptibility below 3.5 K for
both measurements. However, there is only one maximum for
B4c = 0 T, and therefore we cannot estimate U by fitting AC
susceptibility data to the one-component Debye model and
Arrhenius plot. Therefore, the data for By, = 0 T were analyzed
using the approximate relationship>*

In(y"/x") = In(2nfte) + Ueet/kT 4)

giving the following values of the energy barrier (Ug/cm ™) and
relaxation time (¢/10~° s): 8.9, 0.35 for f= 15.5 Hz, 8.4, 1.2 for
f=38.6 Hz, 9.3, 1.1 for f= 96.2 Hz, 9.8, 1.3 for f= 240 Hz, 12, 0.51
for f=597 Hz, 12, 1.4 for f= 1490 Hz (Fig. 6). The slight variation

-1
f/Hz
= 155
24 ¢ 3886
A 962
il v 240 b
= 3 < 597
3 > 1490
=
-4
-5 -
| | | I
0.2 0.3 0.4 0.5
1/TIK'

Fig. 6 Analysis of the AC susceptibility data measured in a zero static
external field according to eqn (4).
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of the fitted parameters (Ues = 8.4-12 cm™ ') is most likely
caused by omitting the distribution of the relaxation processes.

Conclusions

In this work, we reported on the synthesis, structural and magnetic
properties of two isostructural compounds [Mj(L),;(CH;O0H),]
(M =Ni (1), Co (2)). The crystal structure of 1 revealed that this
compound possesses a {Ni,O¢}>~ core with a defective dicubane
topology and with mixed penta- and hexa-coordination. The
isostructurality of 2 was confirmed by powder X-ray diffraction
measurements. The analysis of variable temperature magnetic
data by applying the spin Hamiltonian formalism revealed
competing ferro- and antiferromagnetic interactions leading
to the S = 0 ground state in 1, but in 2 the exchange interactions
are of ferromagnetic nature providing thus the S = 6 ground
state. The analysis of experimental data was supported by
theoretical calculations and the use of BS-DFT calculations
resulted in prediction of the magnetic exchange coupling
constants, which agree rather well with those obtained from
the experiment in the case of compound 1. In 2, the calculated
exchange couplings were also predicted to be of prevailing
antiferromagnetic nature and this is in stark contrast to the
results of the fitting of the experimental data. With the aim to
elucidate this contradiction and to obtain magnetic anisotropy
parameters for each metal atom in 1 and 2, multiconfigura-
tional CASSCF/NEVPT2 calculations were performed. As a
result, large magnetic anisotropy both for penta- and hexa-
coordinate Ni(u1)/Co(u) atoms was predicted. More importantly,
it was revealed that the first excited states in 2 are very close to
the ground state and thus the spin Hamiltonian formalism is
not valid anymore. In other words, the magnetism of Co(u)
atoms in 2 cannot be adequately described by a well-separated
spin state with S = 3/2. Therefore, in 2, all the fitted or computed
magnetic parameters derived within the spin Hamiltonian form-
alism must be taken with great care. Thus, the above-mentioned
discrepancy between the DFT-calculated j-parameters of 2 and the
experimental magnetic data stem from the fact that single-
determinant calculations, such as those based on DFT, cannot
properly account for the multiconfigurational character of the Cof()
atoms in 2 and the large contribution of the angular momentum to
the ground state. Furthermore, the large magnetic anisotropy in 2
resulted also in the observation of the slow relaxation of the
magnetization in the zero-applied static magnetic field, which
makes 2 only the first example of a single-molecule magnet with
the {Co40¢}*" defective dicubane core and mixed hexa- and
pentacoordination of the central atoms.

Experimental
Synthesis

All used chemicals and solvents were purchased from commercial

sources and used without any further purification.
[Nig(L)4(CH3;0H),] (1). An orange solution of H,L (0.05 g,

0.23 mmol) in CH;0H (30 cm®) was mixed with a green solution
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of Ni(CH;COO),-4H,0 (0.06 g, 0.23 mmol) in CH;O0H (10 cm?)
and the resultant red solution was stirred for 15 min. Tripropyl-
amine (0.07 g, 0.48 mmol in 3 ml of CH;0H) was then added
dropwise. The reaction mixture was refluxed for next 15 minutes
and the brownish orange precipitate was filtered off. The mother
liquor was left undisturbed at room temperature, and dark
green prism shaped crystals were obtained after a few days.
Yield: 61%. Elemental analysis (crystalline phase): Anal. caled for
Cs4H44N,040Ni, (1143.74): C, 56.7; H, 3.9; N, 4.9. Found: C, 56.8;
H, 3.9; N, 4.8. FT-IR (ATR; cm ™ '): 3055(m), 3002(m), 2909(m),
2835(m), 2774(m), 1617(s), 1587(s), 1538(m), 1439(s), 1380(m),
1336(w), 1296(s), 1253(s), 1220(m), 1169(w), 1153(m), 1124(w),
1109(w), 1024(m), 919(w), 828(m), 737(s), 618(w), 517(w), 492(w),
450(w).

[Co4(L)4(CH30H),] (2). The synthesis was performed under
an inert N, atmosphere. An orange solution of H,L (0.05 g,
0.23 mmol) in CH;OH (30 cm®) was mixed with a red solution of
Co(CH;3C00),-4H,0 (0.06 g, 0.23 mmol) in CH;0H (10 cm®)
and the resultant brown orange solution was stirred for 15 min.
Tripropylamine (0.07 g, 0.48 mmol in 3 ml of CH;OH) was then
added dropwise. The reaction mixture was stirred for next
15 minutes and a brownish orange precipitate was filtered off.
The mother liquor was left undisturbed at room temperature and
a red microcrystalline powder was obtained after a few days. Yield:
69%. Anal. caled for Cs3H,0N,O9C0,4 (1112.66): C, 57.2; H, 3.6; N,
5.0. Found: C, 57.3; H, 3.3; N, 4.9. FT-IR (ATR; cm ™ '): 3060(m),
3015(m), 2917(m), 1600(s), 1581(s), 1542(m), 1434(s), 1378(m),
1328(w), 1278(s), 1235(s), 1214(m), 1168(w), 1144(m), 1125(w)
1106(w), 1035(m), 920(w), 826(m), 739(s), 606(w), 511(w), 489(w),
446(w).

’

Equipment, measurements and software

Elemental analysis was performed on a Thermo Scientific
FLASH 2000 CHNS-O Analyzer. Infrared spectra of the com-
pounds were recorded with a ThermoNicolet Nexus 670 FT-IR
spectrometer using the ATR technique on a diamond plate
in the region of 4000-400 cm™'. Temperature dependent
(T = 1.9-300 K, B = 0.1 T) and field dependent (B = 0-7 T,
T = 2 and 5 K) magnetic measurements were carried out on
powder samples on a SQUID magnetometer MPMS-XL7 (Quantum
Design) for 1 and a PPMS Dynacool system (Quantum Design) with
the VSM option for 2. The data were corrected for the diamagnetism
of the constituents.

X-ray diffraction analysis. Single crystal X-ray diffraction
data are listed in Table S1 (ESIt). The data were acquired using
an Oxford diffraction Xcalibur 2 CCD diffractometer with a
Sapphire CCD detector, a sealed tube (Mo Ko radiation, Ko =
0.71073 A) and equipped with an Oxford Cryosystems nitrogen
gas-flow apparatus. The CrysAlis program package (version
1.171.33.52, Oxford Diffraction) was used for data collection
and reduction.?® The molecular structures were solved by direct
methods SHELX-2014 and all non-hydrogen atoms were refined
anisotropically on F* using the full-matrix least-squares procedure
SHELXL-2014.%° All the hydrogen atoms were found in differential
Fourier maps and their parameters were refined using a riding
model with Ujso(H) = 1.2 (CH, CH,, OH) or 1.5Ucq(CH3). The X-ray
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powder diffraction patterns of all solid samples were recorded
on a Mini-Flex600 (Rigaku) instrument equipped with Bragg-
Brentano geometry, and with iron-filtered Cu Ko 1,2 radiation.

Theoretical methods. Ab initio theoretical calculations were
performed with an ORCA 3.0.3 computational package.'® Single
point DFT energy calculations based on X-ray geometries were
done using the B3LYP functional.”” The isotropic exchange
constants J were calculated by comparing the energies of
high-spin (HS) and broken-symmetry spin (BS) states using
Ruiz’s approach.?® Calculations of the ZFS parameters were
performed using the state average complete active space self-
consistent field (SA-CASSCF)*® wave functions complemented
by N-electron valence second order perturbation theory
(NEVPT2).*® The active spaces of the CASSCF calculations
comprise five metal-based d-orbitals and eight electrons for
nickel atoms, and seven electrons for cobalt atoms, CAS(8,5)
and CAS(7,5), respectively. In the state averaged approach all
multiplets for the given electron configuration were equally
weighted, which means 10 triplet and 15 singles states for
nickel atoms, and 10 quartet and 40 doublet states for cobalt
atoms. The ZFS parameters, based on dominant spin-orbit
coupling contributions from excited states, were calculated
through the quasi-degenerate perturbation theory (QDPT),*'
in which approximations to the Breit-Pauli form of the spin-
orbit coupling operator (SOMF approximation)*> and the effec-
tive Hamiltonian theory®® were utilized. In DFT calculations,
the relativistic version of the polarized triple-& quality basis set
(def2-TZVP(-f)) proposed by Ahlrichs and coworkers was used
for all atoms, whereas in the case of CASSCF calculations the
relativistic version of def2-TZVP(-f) was used for Co/Ni, N, O
atoms and def2-SVP was used for C and H atoms.** We also
used the RI approximation with the decontracted auxiliary
def2-TZV/] or def2-TZV/C Coulomb fitting basis sets and the
chain-of-spheres approximation to exact exchange.?® Increased
integration grids (Grid5 in ORCA convention) and tight SCF
convergence criteria were used in all calculations. Analogous
calculations were also done for the optimized geometries of 1
and 2, where the respective geometries were optimized using
the BP86 functional and ZORA with the relativistic version
def2-TZVP(-f) for Ni/Co, N, O atoms and def2-SVP for C and
H atoms. Atom pairwise dispersion correction to the DFT energy
with Becke-Johnson damping (D3B]J) was also included.*® The
list of optimized atomic coordinates is available in the ESI} in
Tables S4 and S5.
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Fig. S1 Comparison of the calculated powder diffraction pattern for 1 (red line) with the experimental
diffraction patterns collected for 1 (green) and 2 (black). Note: temperature of the single-crystal measurement
was 150 K, while temperature of the powder diffraction experiments was 298 K.



Fig. S2 The calculated the isodensity surfaces of the HS spin states using B3LYP/ZORA/def2-TZVP(-f) for 1. The
spin density is represented by yellow surface with the cutoff values of 0.01 e-boh=3. Hydrogen atoms were
omitted for clarity.

Fig. S3 The calculated the isodensity surfaces of the HS spin states using B3LYP/ZORA/def2-TZVP(-f) for 2. The
spin density is represented by yellow surface with the cutoff values of 0.01 e-boh=. Hydrogen atoms were
omitted for clarity.
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Fig. S4 The DFT derived J,,-parameters for compounds 1 and 2 vs. average M,-0-M,, angles. Full symbols
calculated for X-ray derived molecular geometries, empty symbols for BP86-optimized geometries.
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Fig. S6 The CASSCF/NEVPT2 principal axes of ZFS D-tensors (DX - magenta, DY — dark green, DZ — cyan)
visualized together with the molecular structure [NiZn3(L)s(CH;OH),] derived from X-ray data of compound 1.
Hydrogen atoms were omitted for clarity.

Fig. S7 The CASSCF/NEVPT2 principal axes of ZFS D-tensors (DX - magenta, DY — dark green, DZ — cyan)
visualized together with the molecular structure [CoZns(L)s(CHsOH),] derived from X-ray data of compound 1.
Hydrogen atoms were omitted for clarity.



Table S1. Basic crystallographic data for compound 1

1
Formula Cs4H44N4NizO49
M (g-mol?) 1143.74
Crystal system Triclinic
Space group pl
A (A) 0.71073
a(A) 8.4860(4)
b (A) 12.0008(7)
c(A) 12.9636(7)
al°) 112.276(5)
B(°) 97.062(4)
7(°) 108.048(4)
Vv (A3) 1117.36(11)
V4 2
T(K) 150
Pealed (8:CM73) 1.700
4 (mm?) 1.730
Data/restraints/parameters 3932/9/345
Goodness-of-fit 0.975

Rint/Rc

0.0407/0.0523
0.0340/0.0505

R [1> 20()]/R4 (all)

WR5? [I > 20(1)]/wWR, (all)
Maximum peak and hole (e A3)
CCDC number

0.0713/0.0767
0.568 and -0.669
1443521

Table S2. Energy levels (cm?) of ligand field multiplets in zero magnetic field derived from

CASSCF/NEVPT2/ZORA/def2-TZVP(-f) calculations for 1-2 using molecular geometries from X-ray data.

1 (Ni1) 1 (Ni2) 2 (Col) 2 (Co2)
o: 0.0000 0.0000 0.0000 0.0000
1: 19.9124 5.5776 0.0000 0.0000
2: 33.6048 12.2600 108.6404 160.1502
3: 4649.5372 8828.6879 108.6404 160.1502
4; 4749.4851 8939.8416 1021.7460 677.9864
5: 4939.7037 9033.2666 1021.7460 677.9864
6: 5931.1779 10147.2092 | 1169.4523 951.2741
7: 5972.9875 10174.4712 | 1169.4523 951.2741
8: 6105.5744 10259.1703 | 2242.9614 1370.9282
9: 10524.9791 | 13091.6143 | 2242.9614 1370.9282
10: 10581.7591 | 13228.5985 | 2320.1414 1491.2767
11: 10860.2768 | 13236.7928 | 2320.1414 1491.2767
12: 11403.8269 | 14759.4480 | 4725.0934 6402.4954
13; 11440.4924 | 16427.3591 | 4725.0934 6402.4954
14: 11662.9975 | 16966.0539 | 4827.1980 8942.2090
15: 13050.2594 | 16987.9052 | 4827.1980 8942.2090
16: 142953390 | 17093.8339 | 8666.3008 8999.3739
17: 14355.0085 | 18710.5261 | 8666.3008 8999.3739




18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
a7
48:
49:
50:
51:
52:
53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:
73:
74:

14509.6350
15165.1431
15372.8663
15384.5953
16426.4193
20334.1239
21024.0061
23639.1967
23779.2594
23809.2132
25190.4965
26480.8494
26930.5434
27028.6116
27320.3165
28286.1938
28357.8953
28478.1506
29421.9424
31779.2298
32824.6376
34707.7461
35213.6933
35664.5122
36634.3485
36985.7438
62162.2165

18907.0724
18971.0673
19843.3780
19884.9074
20010.0515
24648.8873
25696.2082
28348.4117
29031.0805
29166.4345
29231.6830
29687.3520
30743.2555
30786.4542
30875.7524
31041.2147
32302.7354
32324.3565
32413.1454
34813.2335
34929.4847
40441.7819
40781.0836
41476.1374
42281.2755
42592.1095
67092.0313

8697.5106

8697.5106

9033.4350

9033.4350

10464.3633
10464.3633
10577.2027
10577.2027
14061.9996
14061.9996
15539.7321
15539.7321
16005.7541
16005.7541
16166.3072
16166.3072
16211.2479
16211.2479
18651.6918
18651.6918
19574.8707
19574.8707
19665.0612
19665.0612
19714.4345
19714.4345
19834.9353
19834.9353
20087.5457
20087.5457
21898.2344
21898.2344
22175.6480
22175.6480
22242.4870
22242.4870
22639.2923
22639.2923
23057.5519
23057.5519
23265.9135
23265.9135
25946.2395
25946.2395
26037.6005
26037.6005
26847.9900
26847.9900
27514.6632
27514.6632
28189.5221
28189.5221
28886.9392
28886.9392
29754.6857
29754.6857
30809.8497

11048.8589
11048.8589
11490.1681
11490.1681
11556.4711
11556.4711
12813.1363
12813.1363
12907.0795
12907.0795
15861.9516
15861.9516
17221.9311
17221.9311
18513.7906
18513.7906
19023.2684
19023.2684
19677.5032
19677.5032
21401.9660
21401.9660
22188.0003
22188.0003
22665.9791
22665.9791
22937.5653
22937.5653
23052.5231
23052.5231
23258.6506
23258.6506
23505.0438
23505.0438
23677.2247
23677.2248
24368.4840
24368.4840
24590.9532
24590.9532
26812.1502
26812.1502
27335.2051
27335.2051
27403.8286
27403.8286
29310.9376
29310.9376
29806.4614
29806.4614
30297.9765
30297.9765
31280.8307
31280.8307
32548.9823
32548.9823
33133.7949




75:
76:
77:
78:
79:
80:
81:
82:
83:
84:
85:
86:
87:
88:
89:
90:
91:
92:
93:
94:
95:
96:
97:
98:
99:

100:
101:
102:
103:
104:
105:
106:
107:
108:
109:
110:
111:
112:
113:
114:
115:
116:
117:
118:
119:

30809.8497
31502.7698
31502.7698
32264.0568
32264.0568
32428.3719
32428.3719
32707.9534
32707.9534
33429.3408
33429.3408
34028.1827
34028.1827
34522.0079
34522.0079
35688.3771
35688.3771
36047.9359
36047.9359
36767.2083
36767.2083
41431.2846
41431.2846
42701.5538
42701.5538
42912.6509
42912.6509
44954.6833
44954.6833
45055.4289
45055.4289
45511.2530
45511.2530
45691.6028
45691.6028
61431.8172
61431.8172
62913.8331
62913.8331
65211.0795
65211.0795
66403.0738
66403.0738
67567.4404
67567.4404

33133.7949
33502.4233
33502.4233
34712.5924
34712.5924
36374.4375
36374.4375
36975.0474
36975.0474
37200.7597
37200.7597
38764.8918
38764.8918
39675.9500
39675.9500
40652.8072
40652.8072
40878.4091
40878.4091
41252.1356
41252.1356
42910.1222
42910.1222
44707.8409
44707.8409
45332.6626
45332.6626
46870.1898
46870.1898
47906.3039
47906.3039
48209.4437
48209.4437
48312.0540
48312.0540
65552.8222
65552.8222
67084.0735
67084.0735
68213.7704
68213.7704
69429.1413
69429.1413
69830.5383
69830.5383




Table S3. Individual contributions to D-tensor for 1 and 2 using molecular geometries from X-ray data

calculated by CASSCF/NEVPT2/ZORA/def2-TZVP(-f).

1 (Ni1) 1(Ni2) 2 (Col) 2 (Co2)
(25+1) | Root D E D E (25+1) | Root D E D E
3 0 0.000 | -0.000 | -0.000 0.000 | 4 0 -0.000 0.000 | 0.000 0.000
3 1 37.865 | 38.849 | -41.759 | -1.276 |4 1 37.019 | 37.017 | 39575 | 35.801
3 2 31.607 | -31.892 | 14.855 | -17.637 | 4 2 16.778 | -16.771 | 24.592 | -20.115
3 3 -27.004 | 1.192 15.014 | 15151 |4 3 5621 | -5.627 | 4.316 0.734
3 4 -5.807 0.066 | -0.030 0.028 |4 4 -11.784 | 0.036 | -7.567 -0.146
3 5 0916 | -0913 | -0.163 | -0.098 |4 5 1.087 | -1.117 | 0.954 0.367
3 6 -0.257 0.273 0.062 | -0072 |4 6 0392 | -0.001 | -0.011 -0.002
3 7 -0.020 0.003 0.009 | -0.003 |4 7 0.001 | -0.001 | 0.030 -0.046
3 8 0.088 | -0.090 0.015 | -0015 |4 8 -0.135 0.018 | 0.045 0.038
3 9 0.046 0.044 | -0.030 | -0.002 |4 9 0.054 | -0.054 | 0.072 -0.005
1 0 -0.239 0.249 0.027 0.001 |2 0 0.067 | -1.949 | -4.197 1.496
1 1 -0.025 0.011 | -0.001 0.001 |2 1 -0.090 0.111 2.313 0.256
1 2 -7.814 | -7.887 | 14614 | 0015 |2 2 -0.002 | -0.294 | 0.009 -0.002
1 3 -7.552 7567 | -6.570 6.545 |2 3 0904 | -1.332 | -0.487 -0.003
1 4 10.860 | -0.020 | -5.943 | -5.877 |2 4 -0.350 0339 | -0.551 -0.186
1 5 0915 | -0.162 | -0.004 | -0.001 |2 5 -0.084 0.022 | -0.548 -0.179
1 6 -0.014 0.009 | -0.033 | -0.047 |2 6 -0.706 | -0.799 | -0.805 0.398
1 7 0.018 0.049 | -0.114 0117 |2 7 -1.350 1.185 | -0.143 -0.070
1 8 0.502 | -0.002 | -0.031 0.051 |2 8 1.502 | -0.573 | 0.013 -0.049
1 9 -0.202 0.152 | -0.040 | -0.006 |2 9 0.335 0.006 | 0.353 0.055
1 10 -0.099 | -0.137 | -0.302 0.145 |2 10 -0.165 0.166 | 2.499 -0.019
1 11 -0.616 | -0.216 | -0.295 0274 |2 11 -0.025 0.024 | 0.025 0.013
1 12 -0.694 0.366 0.627 | -0.150 |2 12 -0.107 0.103 | -0.309 0.140
1 13 1.755 0.035 | -0.254 | -0424 |2 13 -0.162 | -0.167 | -0.188 -0.256
1 14 -0.002 0.003 0.001 | -0.000 |2 14 -0.103 0.111 | 0.026 -0.017
2 15 -0.241 0.246 | -0.044 -0.000
2 16 -0.050 | -0.138 | 0.086 -0.031
2 17 0.282 | -0.094 | 0.063 -0.005
2 18 -0.238 0.176 | 0.198 -0.113
2 19 0.197 | -0.214 | -0.400 0.323
2 20 -0.124 0.178 | 0.484 -0.064
2 21 1.801 | -0.038 | -0.177 -0.002
2 22 -0.062 | -0.082 | 0.034 -0.080
2 23 -0.042 0.000 | 0.177 0.074
2 24 -0.135 0.046 | 0.083 -0.014
2 25 0.110 | -0.056 | -0.232 0.085
2 26 -0.039 | -0.039 | -0.000 0.010
2 27 0.001 0.005 | -0.053 0.025
2 28 -0.167 0.175 | -0.138 -0.071
2 29 0.001 | -0.000 | 0.104 0.028
2 30 0.118 | -0.057 | -0.012 0.020
2 31 0.016 | -0.035 | -0.008 -0.015
2 32 -0.007 0.008 | -0.032 0.033
2 33 -0.033 0.032 | -0.028 -0.015
2 34 0017 | -0.010 | -0.011 -0.015
2 35 0.002 | -0019 | 0.041 0.002
2 36 -0.000 0.000 | -0.006 0.003
2 37 0.001 | -0.009 | 0.002 0.001
2 38 -0.006 0.007 | -0.005 -0.001
2 39 0.005 | -0.022 | -0.031 0.014




Table S4. The list of atomic coordinates of BP86/ZORA/def-TZVP(-f)/def2-SVP optimized geometry of the
molecular fragment of 1.

Ni 0.00190587860946
Ni 1.57555364021958

Ni -1.56696764016682

Ni 0.00598620258434
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3.32163395246037
3.96465520604265
2.71712602036261
3.99296977007183
3.57130249830589
4.56485120173981
4.65160483046233
2.86802896528876
3.17884054092140
-0.10996933247855
0.20817349939176
0.64468621421731
-0.06834630749451
0.15775019701224
-0.64915446088546
-0.86169106562216
-0.92957830439428
-1.32599614060198
-0.65260030949772
-1.53665393068159
-2.13785344315095
-1.64087461324032
-2.59684265674077
-3.20447438414225
-2.78895224595296
-3.54040529073163
-1.98816421499305
-2.12193564689090
-1.03499150025938
-0.41502899463086
-0.83538439803607
2.00655297749092
1.59128197406321
0.95690118702647
1.97189088526658
1.62554407523522
2.79179525146696
3.08384721132050
3.22030196109882
3.84543108680495
2.85366239326278
3.49855746385795
4.66993062144021
5.28244241904469
5.07612525554428
5.99141318036766
4.32397171218947
4.64216047024561
3.15441164206586
2.54427618724918
-0.81013443285642

-0.11605254110058
-0.06702626224518
0.06317731164228
0.11257188143881
2.19809057816675
2.84121691151235
-0.64816086642276
-2.03485313435534
-2.67062586409402
-2.66095912983098
-1.27822781127765
-1.42633298301085
-0.78934603025615
-2.40350200889226
-3.32234341739416
-2.94255919806368
-4.68237208611525
-5.39972458766146
-5.12551474837679
-6.19087881970934
-4.21473893036132
-4.57589049745628
-2.84340493221280
-1.96267220475903
-2.88034033471805
-0.98416915829383
-1.22618815190782
-2.13825671749143
-0.34214248594022
-0.54742947290126
0.82654436356666
1.53063784065349
1.09497637054231
1.99814849957625
0.22593591720367
2.16381377623495
2.92262392894212
2.41590773826840
4.25529680116946
4.81351528021183
4.89113988898135
5.94033758471093
4.16109513118719
4.64035528138200
2.79926473337772
0.44336862429791
0.83479361851631
1.65488499429806
0.14802538039424
0.45349117055511
-0.94434169300900
-1.47863781280840
-1.34212694243090
-2.17427734403810
-1.82816413457278

2.62613171366988
-0.04479291203122
0.04785582651282
-2.62294853452867
-0.37081725170023
-0.99820873660409
-2.50022237442526
0.32700093362050
-0.46542832275373
1.03517440535449
-0.13463754999668
0.99550457951572
1.66975726958800
0.94674773777588
-0.06658253278337
-0.99670757161578
0.13036886774129
-0.66649888170430
1.33552682085747
1.48309408777165
2.36553501088438
3.32190939508864
2.18632692341693
4.23105881569666
4.36179944152814
5.27236357591368
6.29994354116329
6.22979298175394
7.35468980339157
8.12525206980282
7.42244664996828
8.25388505089827
6.44596455224123
6.48773279359159
5.32616294757721
1.84151535348611
2.96712533125632
3.70470196016070
3.12058807119052
3.99975039103423
2.16033616827259
2.28040854406020
1.05658700147113
0.29200599915038
0.85430038404560
-2.00171211780241
-2.67965034448975
-2.28525293751984
-3.83422482101683
-4.35428796428402
-4.30923169792944
-5.21145416130889
-3.64774812653111
-4.01353327737538
3.14919169456366
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3.00970682812379
0.04505592324059
0.04707923411350
1.59886938021679
1.57155430964882
-3.31352659057820
-3.95711296753304
-2.70930503804437
-3.98079459020475
-3.55578677696604
-4.55235636181805
-4.64051007295349
-2.85864789310884
-3.17227257081212
0.11835301255030
-0.19934083434069
-0.63506442531884
0.07659975399586
-0.14919927922787
0.65648030401718
0.86857055964367
0.93647599640880
1.33203321237539
0.65993060658042
1.54320108220007
2.14393473612982
1.64714604795104
2.60234005061298
3.20949131881361
2.79439985935986
3.54535475128195
1.99423508353463
2.12812303041904
1.04175180541252
0.42236238702312
0.84230565476290
-1.99766188793995
-1.58211412128921
-0.94756050778015
-1.96274301901554
-1.61620228918882
-2.78296984411269
-3.07502888042862
-3.21178987897478
-3.83724158016543
-2.84512080400472
-3.49081732860301
-4.66263745727951
-5.27517325868496
-5.06920694727252
-5.98468741204026
-4.31703474033875
-4.63539432922635
-3.14693419505257
-2.53697560000381
0.81721101079086
-3.00140199820634

1.00724806762662
-1.06336129610593
0.57316336048436
0.89803703795446
-0.97701193914597
-2.20165558276440
-2.84435919195548
0.64512968401119
2.03564210794273
2.67127556189463
2.66239932784904
1.28129451439676
1.42344229397897
0.78684815774281
2.39980576193982
3.31851427077661
2.93853305853146
4.67865300415621
5.39584712930507
5.12207774518978
6.18751856352836
4.21145268884348
4.57281402413887
2.84002755683775
1.95978199053043
2.87770320928910
0.98142559062664
1.22411089548516
2.13651778976409
0.34023196467062
0.54595481207935
-0.82889523074983
-1.53295220498931
-1.09796747528311
-2.00155368620606
-0.22916150963009
-2.16795840977595
-2.92691330460393
-2.42023586574268
-4.25957736034961
-4.81793161129308
-4.89524309106469
-5.94444417706548
-4.16504915298183
-4.64417099881667
-2.80323365999324
-0.44626624528720
-0.83718088857466
-1.65724672521201
-0.15004563602707
-0.45533337791745
0.94229424670933
1.47667447922015
1.33943615682644
2.17182677226733
1.82493879274673
-1.01082605457174

-0.80964730682671
0.79406512606003
4.42283905050778
1.73377774601273
-1.86458236704224

0.37372568312523
1.00098075228847
2.50258576618466
-0.32302983042429
0.46772375510184
-1.03088211341984
0.14078977823329
-0.99287991892968
-1.66613463485608
-0.94330572274088
0.07031300696785
1.00072638702838
-0.12668411097041
0.67041090413293
-1.33218607080431
-1.47984195654619
-2.36244292780029
-3.31909474663344
-2.18323068244985
-4.22850334877643
-4.35953776923139
-5.26995668554549
-6.29810339738368
-6.22819448135914
-7.35300535706486
-8.12393322314136
-7.42032682505139
-8.25178366955336
-6.44336155322712
-6.48468759735687
-5.32331176493718
-1.83805094226126
-2.96345737248513
-3.70090617630449
-3.11688946717735
-3.99588584658244
-2.15677548700244
-2.27681014345602
-1.05324635165572
-0.28884078868523
-0.85101533394020
2.00391619309544
2.68137807258647
2.28696466822587
3.83560530553070
4.35543345775810
4.31068011331612
5.21278941884989
3.64976395752125
4.01531109518860
-3.14629406057974
0.81242247029201
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O -0.03635410749595
O -0.03966343771006
O -1.58997314489401
O -1.56338624604010

1.05964068799314
-0.57672427183200
-0.90223017500633

0.97350721746652

-0.79054622530390
-4.41967315397311
-1.73027772766914
1.86734141050829
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Table S5. The list of atomic coordinates of BP86/ZORA/def-TZVP(-f)/def2-SVP optimized geometry of the

mol
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ecular fragment of 2.

-0.11630024411217
1.59497337404468
-1.58858094833846
0.12457424191310
3.33337310317440
3.93856282481635
2.80608368498450
4.00164068147349
3.62537159355800
4.56768704029672
4.65431330244371
2.83764082027605
3.11198142482048
-0.14233047305078
0.13788196507300
0.53206465851266
-0.10692793267029
0.08920591671246
-0.60796353815342
-0.78826318757041
-0.84264793197594
-1.17039120078770
-0.60556110004774
-1.47631661369761
-2.07643929013155
-1.62325956880425
-2.53410023906867
-3.06977598013670
-2.76274138750599
-3.47316193388537
-2.05647438253971
-2.22238493856235
-1.15744302799265
-0.61541787575744
-0.92524917760270
2.04917836801382
1.66070863095308
1.03889531866633
2.03954551950829
1.70757128622018
2.83890127200580
3.13284755176301
3.24756116872823
3.85907484244468
2.87877679967389
3.54033156152898
4.66925226538433
5.24918188694663
5.07606046670002
5.95689824272049
4.36777272841203
4.68209368096175
3.24306386142250
2.66526337432987

0.06397717789635

-0.12661735290340

0.12320360421243

-0.06705806773740
2.15795506337089
2.82735568689164
-0.69386611902684
-2.12554084711624
-2.72050666900396
-2.78041544352505
-1.32400187807616
-1.58710414453967
-1.00617910998977
-2.38559728393014
-3.32775149959346
-2.97392495307373
-4.68527497804748
-5.41783435623512
-5.10923952395730
-6.17430697123230
-4.17651887547438
-4.51972030627708
-2.80499778684655
-1.90881475932299
-2.83019664824248
-0.95962066595434
-1.28707957896033
-2.24342272614045
-0.43366262632585
-0.70764129839286
0.79364869789585
1.47430112514596
1.15069929795650
2.10295838567033
0.30926188860804
2.09756091283374
2.84913831693889
2.35109877176914
4.18336408525028
4.73332658106711
4.82405821491810
5.87301262862818
4.09809461926728
4.58152573637462
2.73721821733408
0.43006493866637
0.89047240516340
1.73686515557649
0.24366860689689
0.60570514049784
-0.87841331393370
-1.37889156441559
-1.34945873261426
-2.20600347997960

2.66027716922900

-0.00991584947513

0.01209731547844

-2.65778878960423
-0.34835075187504
-0.98548404637528
-2.48811863393338

0.38446541690377
-0.46073877327409

1.07116869120243
-0.00543543592395

1.04602709883404

1.78271179198968

0.99557156085814
-0.01002408288268
-0.96832885506311

0.23294137169367
-0.55827037248013

1.48075513266067

1.66804947265528

2.50164441939934

3.49015904038472

2.26981123416899

4.29192864261427

4.39299118750418

5.35576954407370

6.40101636602840

6.33545973241332

7.47437100190283

8.26231248473943

7.53815466273707

8.38302055466822

6.53694442640387

6.56970780924909

5.40769707205967

1.89188135854131
3.02958928861991

3.78295542235538
3.18591041728510

4.07542866630459
2.21430072529555

2.33258450656496

1.10054643305892

0.32780466197812
0.89290327569241
-1.99389442160431
-2.69987547113442
-2.31217643157619
-3.87746549806400
-4.42018501312635
-4.34836494649222
-5.27117713501043
-3.65611225671534
-4.01848301658058
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-0.73288862802179
3.04691012638191
-0.01082579564382
-0.11901438272586
1.61775480541982
1.68978663932574
-3.32639323095412
-3.93166731146655
-2.79838984307129
-3.99241582354924
-3.61393472720288
-4.55772330613444
-4.64637345124435
-2.83031598511339
-3.10692143868570
0.14947362984603
-0.13120509941095
-0.52568576805744
0.11352553329476
-0.08310185585287
0.61498770986894
0.79514191376301
0.85027720469152
1.17834501536280
0.61317388278031
1.48498445351895
2.08489947742949
1.63255654317407
2.54377996798193
3.07933469693648
2.77300741125267
3.48385524783891
2.06689196525844
2.23348019253082
1.16737444571365
0.62558441772952
0.93470294593634
-2.04156148321804
-1.65337135065904
-1.03118120349305
-2.03291586992703
-1.70116380629759
-2.83267822767912
-3.12713877867194
-3.24111997847711
-3.85301066759195
-2.87174555066986
-3.53292131601926
-4.66161676318868
-5.24168115777576
-5.06797189475283
-5.94857078557956
-4.35951984158530
-4.67341605273444
-3.23497500710519
-2.65720579079861
0.74114550197060

-1.76931408288181
0.95746557786766
-1.05293157987000
0.73220993721990
0.82819964482591
-1.08331862694530
-2.16137060973291
-2.83093074095684
0.68982575045677
2.12595734582454
2.71969481359037
2.78240073639637
1.32563342321176
1.58518330501691
1.00633945687024
2.38241186379269
3.32445732096609
2.97040561277942
4.68203788433779
5.41452161906264
5.10616380186008
6.17127415779220
4.17351974171463
4.51677486185397
2.80196726367859
1.90596799233720
2.82751950457231
0.95689424783934
1.28436837723888
2.24076787193510
0.43088873983395
0.70485259783436
-0.79650434596954
-1.47730458867030
-1.15355572292268
-2.10593841055366
-0.31207905378661
-2.10061174946725
-2.85187901193457
-2.35381598783161
-4.18583046769024
-4.73555440208525
-4.82656456315177
-5.87531506594519
-4.10087027820672
-4.58432909253394
-2.74024163906291
-0.43385626948616
-0.89441752873421
-1.74070336589741
-0.24797807021477
-0.61022194810269
0.87398524855352
1.37413257629233
1.34515153003495
2.20174234320962
1.76637803790567

3.21595604091350
-0.78556974042369
0.80132272174780
4.46099852009905
1.77155779722198
-1.82036154853142
0.35030155918833
0.98716398283073
2.49085031241457
-0.37890587143807
0.46615958049850
-1.06469953409792
0.01133692419379
-1.04204810212738
-1.77946277165300
-0.99295221395292
0.01259840475183
0.97070464849343
-0.23016887240953
0.56099036969695
-1.47773657261509
-1.66491929620405
-2.49858246752909
-3.48696875365218
-2.26696639880032
-4.28879912673247
-4.38968962026994
-5.35260441095839
-6.39750520717913
-6.33174592744688
-7.47063027576304
-8.25819637215490
-7.53473880613540
-8.37934875795803
-6.53395952468559
-6.56684701040111
-5.40480309591991
-1.88973429397898
-3.02773463691237
-3.78077936731368
-3.18467131621151
-4.07442335041190
-2.21344836017131
-2.33224260791775
-1.09940345757766
-0.32698020330641
-0.89115279740370
1.99647811473164
2.70274150189347
2.31500239002118
3.88065807602825
4.42362982384929
4.35162069554437
5.27475968147347
3.65918118719697
4.02148102964675
-3.21314356742348
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-3.03983773253684 -0.96099567452742  0.78788832233330
0.01782196291701  1.04972281679378 -0.79880061053213
0.12763749688997 -0.73489510868364 -4.45872731851043
-1.60930053662522 -0.83166711712460 -1.76876036228229
-1.68213712618907  1.07936294521541  1.82304859029576



Table Sé.

Energy levels

(cm1) of

ligand field multiplets
CASSCF/NEVPT2/ZORA/def2-TZVP(-f) calculations for optimized geometries of 1 and 2.

1 (Ni1) 1 (Ni2) 2 (Col) 2 (Co2)
0: 0.0000 0.0000 0.0000 0.0000
1: 21.3810 7.0626 0.0000 0.0000
2: 34.0850 11.6681 50.5862 173.4563
3; 4728.1611 8774.7291 50.5862 173.4563
4: 4830.0626 8893.6497 1980.5939 646.9658
5: 5019.9839 8985.4476 1980.5939 646.9658
6: 6013.2399 10124.6247 | 2087.8967 991.6236
7: 6061.8224 10156.1605 | 2087.8967 991.6236
8: 6194.1269 10246.5955 | 3694.5185 1189.1843
9: 10870.7909 | 13315.8535 | 3694.5185 1189.1843
10: 11211.6470 | 13476.6937 | 3818.5298 1359.9945
11: 11416.6945 | 13486.3411 | 3818.5298 1359.9945
12: 11935.9354 | 14479.4105 | 4983.1081 6627.2494
13: 12496.3035 | 16379.6097 | 4983.1081 6627.2494
14: 12628.6394 | 17067.9627 | 5124.1003 8120.0568
15: 12949.7427 | 17122.6894 | 5124.1003 8120.0568
16: 15201.8863 | 17174.7629 | 7549.7026 8181.5547
17: 15324.9878 | 18994.6675 | 7549.7026 8181.5547
18: 15502.9715 | 19189.3710 | 7621.2264 10892.4309
19: 15862.5169 | 19254.6935 | 7621.2264 10892.4309
20: 16256.5449 | 19961.7512 | 11283.4988 | 10959.6303
21: 16343.2054 | 20005.2862 | 11283.4988 | 10959.6303
22: 16820.3780 | 20141.2694 | 11338.4882 | 11751.3199
23: 20439.7012 | 24637.9504 | 11338.4882 | 11751.3199
24: 21096.8308 | 25534.3083 | 11538.7943 | 12332.4446
25: 24063.3638 | 28603.4214 | 11538.7943 | 12332.4446
26: 24184.1812 | 29115.6156 | 14349.3723 | 12425.6884
27: 24201.1658 | 29239.4813 | 14349.3723 | 12425.6884
28: 25651.7587 | 29320.0196 | 14483.7641 | 15416.8511
29: 26966.5683 | 29840.8778 | 14483.7641 | 15416.8511
30: 27917.0099 | 30645.1897 | 14613.6528 | 16843.1659
31: 28006.5000 | 31371.3015 | 14613.6528 | 16843.1659
32 28264.8757 | 31556.1886 | 17423.4126 | 18457.2550
33; 29242.6119 | 31671.5027 | 17423.4126 | 18457.2550
34; 29338.4247 | 31934.5506 | 18118.7352 | 18969.3854
35: 29457.5088 | 32026.7306 | 18118.7352 | 18969.3854
36: 30305.4200 | 32079.2287 | 19092.9205 | 19671.2668
37: 32394.3853 | 34808.1826 | 19092.9205 | 19671.2668
38: 33887.4956 | 35403.1718 | 19293.2839 | 21215.3309
39: 35443.3389 | 40703.1789 | 19293.2839 | 21215.3309
40: 36150.7967 | 41225.6923 | 19349.3740 | 21819.7530
41 36931.2812 | 41629.7181 | 19349.3740 | 21819.7530
42: 37686.6067 | 42242.0670 | 19881.8275 | 21991.8584
43: 38106.9950 | 42623.0358 | 19881.8275 | 21991.8584
44: 62878.6029 | 67157.3723 | 20584.2900 | 22111.3478
45: 20584.2900 | 22111.3478
46: 20917.3870 | 22384.6983
47: 20917.3870 | 22384.6983
48: 22029.6689 | 22947.6227
49: 22029.6689 | 22947.6227
50: 22414.7789 | 23163.8929
51: 22414.7789 | 23163.8929
52: 22624.6513 | 23325.7693

in zero magnetic field derived from
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53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:
73:
74:
75:
76:
77:
78:
79:
80:
81:
82:
83:
84:
85:
86:
87:
88:
89:
90:
91:
92:
93:
94:
95:
96:
97:
98:
99:

100:
101:
102:
103:
104:
105:
106:
107:
108:
109:

22624.6513
22748.1535
22748.1535
23404.9877
23404.9877
24004.1645
24004.1645
24974.2862
24974.2862
25075.4738
25075.4739
26854.0549
26854.0549
27013.1134
27013.1134
28524.1043
28524.1043
29173.7402
29173.7402
29680.4309
29680.4309
30515.3214
30515.3214
31082.0525
31082.0525
31367.3296
31367.3296
31649.0077
31649.0077
31893.5547
31893.5547
32658.5186
32658.5186
33247.3863
33247.3863
33760.0150
33760.0150
35066.5118
35066.5118
35520.7961
35520.7961
36051.2024
36051.2024
41459.7427
41459.7427
42249.7782
42249.7782
42493.7965
42493.7965
44349.8044
44349.8044
44589.9833
44589.9833
45048.4708
45048.4708
45190.7928
45190.7928

23325.7694
23893.8713
23893.8713
24147.6368
24147.6368
25437.3391
25437.3391
26929.0313
26929.0313
26999.7031
26999.7031
29073.5019
29073.5019
29305.3574
29305.3574
29693.7320
29693.7320
30628.0554
30628.0554
32085.0758
32085.0758
32634.9222
32634.9222
33062.5394
33062.5394
34233.5178
34233.5178
35898.2176
35898.2176
36040.4073
36040.4073
36431.7324
36431.7324
38044.4541
38044.4541
39107.0070
39107.0070
39343.7438
39343.7438
39912.1843
39912.1843
40371.6928
40371.6928
42544.1856
42544.1856
44377.7584
44377.7584
45159.3965
45159.3965
46274.8552
46274.8552
47116.4854
47116.4855
47524.2571
47524.2571
47664.5454
47664.5454
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110:
111:
112:
113:
114:
115:
116:
117:
118:
119:

61522.8344
61522.8344
62193.1914
62193.1914
64416.0524
64416.0524
66053.3646
66053.3646
66712.7501
66712.7501

64839.7765
64839.7765
66645.0790
66645.0790
67707.1085
67707.1085
68450.1743
68450.1743
69052.7150
69052.7150
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Table S7. Individual contributions to D-tensor for optimized geometries of 1 and 2 calculated by

CASSCF/NEVPT2/ZORA/def2-TZVP(-f).

1 (Ni1) 1(Ni2) 2 (Col) 2 (Co2)
(25+1) | Root D E D E (25+1) | Root D E D E
3 0 0.000 0.000 0.000 | -0.000 |4 0 0.000 | 0.000 0.000 0.000
3 1 37.694 | 38.277 | 22.608 | 21.449 | 4 1 -44.922 | -0.037 | 42.538 | 41.920
3 2 30.471 | -30.841 | 18.537 | -17.969 | 4 2 8307 |-8.338 | 21.202 | -19.032
3 3 -17.822 | 0974 | -28.755 | -0335 |4 3 5190 |-5.366 | -9.518 1.500
3 4 -12.586 | -0.325 | -0.167 | -0.027 |4 4 6.847 | 6.857 3.482 -3.592
3 5 0.948 | -0.901 0220 | -0.121 |4 5 0.686 | -0.536 0.799 -0.819
3 6 -0.229 0.191 0.140 | -0.026 |4 6 0.268 | 0.286 0.023 0.025
3 7 -0.033 | -0.002 | -0.004 | -0.006 |4 7 0.001 | -0.000 0.131 -0.135
3 8 0.108 | -0.109 0.025 | -0.025 |4 8 0.032 | 0.048 0.062 -0.060
3 9 0.049 0.048 0.017 0.014 |4 9 0.048 | -0.044 0.092 0.092
1 0 -0.289 0.136 | -0019 | -0.018 |2 0 0.814 | -0.682 3.525 0.253
1 1 -0.040 0.006 | -0.003 | -0.001 |2 1 0296 | 0223 | -0.753 -2.893
1 2 7908 | -7.956 | -7.322 | -7.288 |2 2 0.740 | -0.075 | -0.124 0.124
1 3 7.421 7.418 | -6.430 6.539 |2 3 1.978 | -0.029 | -0.423 0.421
1 4 8.797 | -0.066 | 11.301 | 0.068 |2 4 0077 | 0076 |-1.221 -1.220
1 5 2.672 | -0.049 0.238 0.004 |2 5 0.261 | 0.008 | -0.105 0.059
1 6 -0.028 0.007 0.025 | -0.004 |2 6 1.854 | -0.154 | -0.804 0.802
1 7 0.051 0.124 | -0.143 0143 |2 7 -1.616 | 1.710 0.214 -0.049
1 8 0.334 0.006 | -0.069 | -0.026 |2 8 0.045 |-1.170 | -0.003 -0.000
1 9 -0.198 0.006 | -0.134 | -0.096 |2 9 0169 | -0.151 1.064 0.001
1 10 -0.153 | -0.186 | -0.014 0.047 |2 10 0142 | 0.141 2.694 -0.003
1 11 0471 | -0.049 0.094 0370 |2 11 0.000 | 0.000 | -0.040 -0.040
1 12 -0.429 0301 | -0303 | -0360 |2 12 0050 | 0.043 |-0.176 -0.182
1 13 1.560 0.140 0.772 0.149 |2 13 0325 | 0.002 |-0.223 0.203
1 14 -0.002 0.002 | -0.001 | -0.001 |2 14 0191 | 0.182 0.024 0.100
2 15 0.016 | 0.071 | -0.002 0.005
2 16 -0.157 | 0.159 0.032 -0.003
2 17 0069 |-0.017 | -0.088 -0.086
2 18 0.006 | -0.010 | -0.410 -0.675
2 19 0.078 | 0.056 0.150 0.028
2 20 0629 | -0.485 | -0.317 0.347
2 21 -0.584 | -0.473 | -0.005 -0.009
2 22 0.056 | 0.039 0.213 0.051
2 23 0.393 | 0.008 |-0.323 0.381
2 24 -0.164 | 0.170 0.044 0.000
2 25 0.007 | -0.085 | -0.019 0.037
2 26 -0.003 | 0.002 0.129 -0.003
2 27 -0.003 | -0.007 | -0.133 -0.110
2 28 -0.144 | 0.126 0.242 -0.046
2 29 -0.004 | 0005 |-0.134 0.152
2 30 0.008 | -0.088 | -0.007 0.007
2 31 0.061 | -0.016 | -0.004 -0.003
2 32 -0.007 | 0.005 | -0.009 0.009
2 33 -0.008 | 0.020 | -0.027 -0.027
2 34 0.002 | 0.000 | -0.042 -0.046
2 35 0.032 |-0.001 |-0.010 -0.045
2 36 -0.000 | 0.000 0.003 0.000
2 37 0.004 | -0.003 | -0.002 -0.002
2 38 -0.013 | -0.002 0.001 0.001
2 39 0.018 | -0.001 0.040 0.005

18



Priloha 3



ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

Solvent-induced structural diversity in tetranuclear
Ni(n) Schiff-base complexes: the first Nig
single-molecule magnet with a defective
dicubane-like topology+

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,
18622

Radovan Herchel, lvan Nemec, Marek Machata and Zdenék Travnicek*

Two tetranuclear Ni' complexes, namely [Ni4(L)4(CHsOH)s(H,O)-CHsOH (1) and (PrsNH)>[Ni4(L)4
(CH3COO0),] (2, PrzN = tripropylamine), were synthesized from a tridentate Schiff base ligand H,L (2-[(E)-
(2-hydroxybenzylidene)aminolphenol) and Ni(CHzCOO),-4H,0, using different solvents and their ratios
(CH3OH and/or CH,Cl,). The prepared Niy complexes are of different structural types, involving an NizO4
cubane-like core (1) and Ni4Og defective dicubane-like core (2), with all the Ni atoms hexacoordinated.
The complexes were characterized by elemental analysis, FT-IR spectroscopy, variable temperature and
field magnetic measurements, and single crystal X-ray analysis. The DFT and CASSCF/NEVPT2 theoretical
calculations were utilized to reveal information about the isotropic exchange parameters (Jj;) and single-
ion zero-field splitting parameters (D;, E)). The variable temperature magnetic data suggested the compe-
tition of the antiferromagnetic and ferromagnetic intracluster interactions in compound 1, which is in
contrast to compound 2, where all intracluster interactions are ferromagnetic resulting in the ground spin
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state S = 4 with an easy-axis type of anisotropy quantified by the axial zero-field splitting parameter D =
—0.81 cm™. This resulted in the observation of a field-induced slow-relaxation of magnetization (U =
3.3-6.7 K), which means that the complex 2 represents the first Niy single-molecule magnet with the
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www.rsc.org/dalton defective dicubane-like topology.

Introduction

Polynuclear coordination compounds with paramagnetic
metal centers have attracted much attention over the last few
decades due to their potential application as a new type of
magnetic material. Such molecular compounds may exhibit
slow-relaxation of magnetization of the molecular origin and
thus they can behave as single-molecule magnets (SMMs)."
Interesting quantum phenomena such as quantum tunneling
of magnetization (QTM),"” quantum coherence’® and
quantum interference’ have been found in such compounds.
SMMs have the potential to be utilized in ultra-high density
data storage devices,'"”’ quantum computing'® or molecular
spintronics.’” Despite the recent achievements in the research
of SMMs with one paramagnetic metal center (so called single-

Department of Inorganic Chemistry, Regional Centre of Advanced Technologies and
Materials, Faculty of Science, Palacky University, 17. listopadu 12,

CZ-771 46 Olomouc, Czech Republic. E-mail: zdenek.travnicek@upol.cz

tElectronic supplementary information (ESI) available: Additional X-ray data,
magnetic data and analysis, and details of theoretical calculations. CCDC
1443519-1443520. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c6dt03520e
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ion magnets),” in order to obtain SMMs, the synthesis of high-
spin polynuclear metal complexes is the most used approach
at all.> For obtaining such compounds it is essential to modu-
late molecular properties so that the coupling between neigh-
boring metal centers results in the non-zero ground spin state
with § > 1/2, and most importantly, the metal centers should
have non-negligible magnetic anisotropy.

In designing SMMs, coordination compounds involving Ni"
metal centers are particularly attractive because they can
possess large magnetic anisotropy on their central atoms.”
Furthermore, it is of interest that multiple polynuclear Ni"
compounds have often been shown to exhibit slow-relaxation
of magnetization.>® Among such polynuclear Ni" complexes,
compounds belonging to the class containing a tetranuclear
Ni-O-Ni bridged cubane-like core have been intensively
studied for the last few decades.®*”™"! For this type of com-
pound a correlation between the sign and value of the mag-
netic exchange constant (/) and structural properties has been
established.® According to these studies the Ni-O-Ni angle has
been recognized as the most important parameter.®® The mag-
netic exchange is expected to be ferromagnetic, when the bond
angle is close to 90°, while as the Ni-O-Ni angle increases, the
value of J decreases following a linear relationship. When the

This journal is © The Royal Society of Chemistry 2016
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angle is close to 99° the magnetic coupling between the Ni'
atoms becomes antiferromagnetic. In some of the cases, the
absolute value of |J| can exceed 20 cm™'.” However, some
examples can be found which do not follow the above-men-
tioned relationship.'*'”” This can be explained by additional
structural factors influencing exchange interactions such as
the Ni-O bond distance, the dihedral angle within the Ni,O,
unit and the Ni-O-R angle (R = substituent covalently bound
to the bridging oxygen atom) or the presence of an additional
bridging group which may also affect the character and
strength of the exchange coupling.'**””

While numerous studies have recently investigated cubane-
like Ni"" complexes,”***® which in some cases showed slow-
relaxation of magnetization,® only a few studies have focused
on Ni" complexes with a defective dicubane-like Ni,O4 core
with one shared face and one vertex missing from each cube
(Fig. 1).%¢"* Interestingly, both mentioned types of Ni" com-
plexes can be advantageously obtained by the reaction of a Ni"
salt and polydentate ligands such as Schiff bases, in which
oxygen atoms of phenoxo, alkoxo or hydroxo groups can act as
p® or p® bridging atoms incorporated in the cubane/defective
dicubane core.’>%¢*'° Furthermore, minor ligand changes can
significantly affect the Ni-O-Ni bond angles and Ni---Ni dis-
tances across the faces of the distorted cube significantly and
thus, they can change the magnetic properties of the prepared
complexes considerably.®*'® In this context, polydentate
Schiff base ligands derived from salicylaldehyde and its deriva-
tives are good candidates to be used for the synthesis of novel
cubane-like Ni"" complexes,'***»'7? and also, for the study of
not so well explored defective dicubane-like Ni" complexes.**?
The assembly process is also dependent upon the crystalliza-
tion conditions, such as temperature, solvent, pH and concen-
tration of reagents.®>**3“? All these factors can also signifi-
cantly influence both the structure and magnetic properties of
the resulting compounds. For example, Meyer and co-workers
showed how the incorporation of different solvent molecules
in the coordination sphere of Ni"' atoms within a distorted
cubane core resulted in the switching paramagnetic S =
4 ground state into the diamagnetic S = 0 ground state.®

Herein, we report the preparation, structural and magnetic
properties of two tetranuclear Ni" complexes with different

H,L + Ni(CH,COO0), + Pr;N (1:1:2)

CH,CI, /cmSy wzcg

Ni} cubane Ni; defective
complex 1 dicubane complex 2

; rg {NiNO.} ;jﬁr

Fig. 1 The scheme describing the preparation of compounds 1-2.
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topologies depending on different preparation conditions (sol-
vents’ ratio, Fig. 1): a cubane-like complex [Ni4(L),(CH;0H);3
(H,0)] (1, CH,Cl,: CH3;0H = 3:1) and a defective dicubane-
like complex (PrsNH),[Niy(L),(CH;COO),] (2, PrsNH' = tri-
propylammonium cation, CH,Cl, only). As a ligand the Schiff
base H,L (2-[(E)-(2-hydroxybenzylidene)amino]phenol) with
the {NO,} donor set was used.

Results and discussion
Synthesis

Two different tetranuclear Ni, complexes were successfully syn-
thesized by the reaction of a tridentate Schiff base ligand H,L
and Ni(CH3C00),-4H,0 in the molar ratio of 1:1 in the pres-
ence of Pr;N as a base using distinct reaction media (Fig. 1): a
cubane complex 1 (CH;0OH-CH,Cl, in the volume ratio 1:3)
and a defective dicubane complex 2 (CH,Cl, only). The fact
that the reactions in different solvents resulted in the for-
mation of different complexes can be reasonably explained on
the basis of their crystal structures. In particular, the way how
the solvent molecule is involved (or not involved) in the mole-
cular structure of each compound affects the resulting compo-
sition significantly (vide infra).

Description of structures

General features. The utilized ligand H,L (and its deriva-
tives) coordinates usually metal atoms in a tridentate manner
(the NO, atom donor set) by one imine nitrogen atom (Nyy,)
and two phenolate oxygen atoms which can act also as brid-
ging atoms (Fig. 2).5"°

The ligands are asymmetric and can be divided into the sali-
cylaldehydic and aminophenolic parts respective to the reac-
tants they originate from. The ligand asymmetry is apparent
when inspecting the bridging function of the oxygen atoms.
For example, previously reported Fe™ complexes involve both
types of the oxygen atoms in their structure (Og,; in the salicyl-
aldehydic part, O, in the aminophenolic part) as donor
atoms, but only the O, atoms serve as the bridging ones.’>*#
However, the further examples involving Nill,"** NillLn}!**"
and Fel'Ln" (ref. 15i,m) complexes (where Ln = Gd, Tb, Dy)
with L~ or 3m-L>~ ligands (H,-3m-L = (2-[(E)-(2-hydroxy-3-
methoxy-benzylidene)amino]phenol)) possessed the Ogy
atoms also in a bridging function. In both compounds (1-2),

XN SN
2 \ o 2 \ 0
R 1 03 Ty R 1 /O\M/
R R
M

Fig. 2 Schematic representations of the binding abilities of the ligand
H,L and its derivatives.
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the complex moieties contain four Ni"" atoms and four doubly
deprotonated Schiff base ligands L*. Basic differences
between the crystal structures of 1 and 2 can be summarized
into several points. Firstly, a cubane-like core can be found in
1, whereas compound 2 contains a defective dicubane core.
Secondly, despite the same reactants used in the preparation
of 1 and 2 their composition differs significantly. In 1, metha-
nol molecules are incorporated both into the complex mole-
cule as ligands and into the crystal structure as lattice solvent
molecules, with important consequences for crystal packing
(vide infra). In 2, two CH;COO™ anions are incorporated in the
molecular structure. Finally, it can be seen that the metal
centers in both 1 and 2 are hexacoordinated with the {NiNOs}
chromophores (Fig. 1 and 3).

[Niy(L),(CH;0H)3(H,0)]-CH;0H (1). Complex 1 crystallizes
in the triclinic space group P1 (Table S1}). The asymmetric
unit comprises one electroneutral tetranuclear
[Niy(L)4(CH30H);(H,0)] molecule (Fig. 3a) and one lattice
CH;0H molecule. The [Niy(j*>-0,)4] cubane core (Fig. 3b) con-
sists of the O, atoms of the Schiff base ligand and the Ni"
atoms occupying the alternating vertices of the distorted cube,
similarly to other Schiff base Ni" cubane-like core com-

View Article Online
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pounds.®®*'®'7 Each hexacoordinated Ni" atom in the
complex molecule of 1 involves the same coordination environ-
ment with similar bond lengths. The axial positions in the
coordination polyhedron are occupied by the oxygen atoms
from the coordinated solvent molecules (Os.y,) and by the p’-
0, atoms from the adjacent L>~ ligands.

In three cases, the Ogo, atoms originate from the CH;OH
molecules (d(Ni-Os,y,) = from 2.10 to 2.11 A) and in one case
from H,0 molecules (d(Ni-Ogqyy) = 2.085(3) A). The axial Ni-Op4
bonds are the longest with bond distances ranging from 2.22
to 2.28 A. Each Ni atom in 1 has the equatorial positions occu-
pied by three donor atoms from chelating ligand L>~ (4*-Oa,
Ogsar and Ny, atoms) and the fourth position is occupied by the
p*-0, atom from the adjacent L*~ ligand. The Ni-Ny,, bonds
adopt the shortest lengths: d(Ni-Nyy,) = 1.97-1.98 A. The Ni-O,
bonds within the chelate ring of the L*~ ligand are signifi-
cantly longer (from 2.04 to 2.07 A) than the Ni-Og, bonds
(from 1.95 to 1.97 A).

The coordinated solvent molecules are involved in the stabi-
lization of the cubane core as it was observed previously in
other cubane-based Ni" compounds.’*#%%%1%18 The hydrogen
bonds between the solvent molecules (CH;0H, H,O as hydrogen

Fig. 3 Molecular structure of the complex molecule in 1 (a) and view on a cubane-like core of 1 (b). Hydrogen atoms were omitted for clarity,
except for those which are involved in intramolecular hydrogen bonding (O—H---O black dashed lines). Bond distances (in A) within the coordination
polyhedra: (Ni1-0O1) = 2.052(2), (Ni1-02) = 1.957(2), (Ni1-05) = 2.234(2), (Ni1-07) = 2.069(2), (Ni1-09) = 2.111(2), (Ni1-N1) = 1.978(3), (Ni2-01) =
2.037(2), (Ni2—03) = 2.067(2), (Ni2—04) = 1.955(2), (Ni2—0O7) = 2.283(2), (Ni2-010) = 2.085(3), (Ni2—N2) = 1.967(3), (Ni3—-0O1) = 2.248(2), (Ni3-03) =
2.055(2), (Ni3-05) = 2.049(2), (Ni3-06) = 1.953(2), (Ni3-012) = 2.111(2), (Ni3—-N3) = 1.968(3), (Ni4—-03) = 2.221(2), (Ni4-05) = 2.055(2), (Ni4-07) =
2.044(2), (Ni4-08) = 1.974(2), (Ni4—011) = 2.097(2), (Ni4—N4) = 1.975(3). Molecular structures of the complex anion in 2 (c) and view on a defective
dicubane core of 2 (b). Bond distances (in A) within the coordination polyhedra for 2: (Ni1-O1) = 2.0076(19), (Ni1-O2A) = 2.0474(17), (Ni1-03)
2.1810(16), (Ni1-0O4) = 2.0387(16), (Ni1-O6) = 2.1050(16), (Nil-N1) = 2.030(5), (Ni2-02) = 2.1396(15), (Ni2—-O2A) = 2.0549(16), (Ni2—-0O3)
2.0580(17), (Ni2—04) = 2.9994(17), (Ni2—O5) = 2.0534(16), (Ni2—N2) = 1.989(2).

18624 | Dalton Trans., 2016, 45, 18622-18634 This journal is © The Royal Society of Chemistry 2016



Open Access Article. Published on 25 October 2016. Downloaded on 05/01/2017 07:25:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

bonding donors) and the adjacent Og, atoms are of significant
strength with donor---acceptor distances from a very narrow
range (from 2.63 to 2.69 A). This fact has a crucial influence on
the deformation of the cubane core; the Ni---Ni distances are sig-
nificantly shorter between the atoms lying within the hydrogen
bond bridged faces (3.06-3.10 A) than those without such intra-
molecular interaction (3.36 and 3.38 A). The shorter Ni---Ni sep-
arations resulted in smaller Ni-O,-Ni bond angles: 90.7-98.7° vs.
102.6-104.0 A. Such a structural relationship between the intra-
molecular hydrogen bonding and Ni---Ni distances was also
found in previously reported Ni, cubane compounds.'®

The intermolecular contacts in 1 are mediated mainly by
two hydrogen bonds between the coordinated H,O molecule
and non-coordinated CH;0H molecule (d(O---0) = 2.731(4) A)
and between the non-coordinated CH;OH molecule and the
Osa1 atom from the complex molecule (d(O--O) = 2.887(4) A).
These two hydrogen bonds form linear supramolecular 1D
chains along the crystallographic axis a (Fig. S17).

(Pr;NH),[Niy(L),(CH5CO0),] (2). Single-crystal X-ray diffrac-
tion analysis revealed that 2 crystallizes in the monoclinic
space group P2,/c. The molecular structure comprises centro-
symmetric tetranuclear [Ni (L)y(CH3CO0),]*>~ complex anions
(Fig. 3¢) and two PrzNH' cations. It should be noted that the
structural motif of the defective dicubane [Ni O] core was
found in several previously reported compounds,®**'* but to
the best of our knowledge, compound 2 represents the very
first example of a defective dicubane [Ni Og] compound with
only hexacoordinated Ni"" atoms of the {NiNOs} chromophores
in the complex molecule (Fig. 3d).

The complex anion in 2 can be also viewed as two parallel
and almost planar dinuclear {Ni,(L),} subunits symmetrically
related to an inversion center. Both subunits are slightly
shifted with respect to each other, so the metal atoms are in a
rhomb-like arrangement (Fig. 3c). The acetato ligand is brid-
ging the Nil and Ni2 atoms (by the oxygen atoms, O,.) in a
syn-syn manner (Fig. 3c). The O, atoms occupy one of the
axial positions in the coordination polyhedra of the Ni1 and
Ni2 atoms (d(Ni-Oa.) = 2.1050(16) and 2.0534(16) A). The
remaining axial positions are occupied by the p-O, atoms (in
the case of Ni1, d(Ni1-0,) = 2.1810(16) A) or p*-O, atoms (Ni2,
d(Ni2-0,) = 2.1396(10) A) from the symmetry related dinuclear
subunit. The equatorial planes within the coordination polyhe-
dra of the Ni1 and Ni2 atoms are formed by three donor atoms
from the chelating ligand L>~ (O,, Os, and Ny, atoms) and by
one bridging Og, (in the case of Ni1, d(Ni1-Og,) = 2.0387(15)
A) or O, (Ni2, d(Ni1-0,) = 2.0549(16) A) atom from the adja-
cent L*~ ligand within the dinuclear subunit.

The Ni---Ni separations in 2 are in all cases shorter than the
sum of van der Waals radii (r,qw(Ni) = 1.63 A). They are shorter
within the {Ni,(L),} subunit (d(Ni1---Ni2) = 3.0030(4) A) than
between the Ni” atoms which belong to different dimers
(d(Ni2---Ni2") = 3.1662(2) A and d(Ni1---Ni2') = 3.1971(6) A, sym-
metry code: (i) —x, 1 — y, 1 — 2). The Ni-O-Ni angles are
(94.12(7) and 96.10(7)°) within the {Ni,(L),} subunit smaller
than those between the symmetry related Ni atoms in the
complex molecule (97.87(7), 97.99(7) and 99.54(7)°).

This journal is © The Royal Society of Chemistry 2016
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In the crystal structure of 2, only one type of significant
intermolecular interaction is present: the N-H:--O hydrogen
bond between the Pr;NH' cation and the Og, atom from the
complex anion with the donor---acceptor distance 2.820(3) A.

Theoretical calculations of magnetic parameters

The ab initio calculations have become an integral part of the
deep-aimed studies of various physical properties of transition
metal complexes. Recently, we demonstrated that ab initio
methods can be successfully used in the predictive role in
magnetochemistry, thus helping in postulating trustworthy
spin Hamiltonians and guide the theoretical analysis of the
experimental magnetic data.'® Herein, we used the freely avail-
able computational package ORCA®® to predict the dominant
terms defining the magnetism of compounds 1 and 2, that is
the magnetic exchange among nickel atoms and also their
single-ion contributions to magnetic anisotropy.

DFT calculations of the isotropic exchange. The well-estab-
lished B3LYP functional together with the polarized triple-{
quality basis set def2-TZVP(-f) for all atoms was used to evalu-
ate the isotropic exchange constants / by comparing the energy
differences between the high spin (HS) and broken-symmetry
(BS) spin states. In compound 1, there are four symmetrically
independent nickel atoms with various interatomic distances,
so in general, we may expect six different isotropic exchange
parameters defined by the following spin Hamiltonian:

H= —]12(5:1 §2) —Jis (§1 §3) —]14(:5:1 '§4)
—J23 (52 §3) —Jaa (§2 ‘§4) —Ja4 (§3 '§4)

(1)

by the following Ruiz’s approach®” for the calculation of the
J-parameters, the expressions for individual j-values were
derived as

where the energy differences 4, are listed in Table S2.1 Then,
the calculated J; parameters have the following values: J;, =
+8.63 em™, J;3 = —6.71 em™Y, Ji4 = +8.62 em™, J,3 =
+9.90 em™Y, J4 = —6.30 em ! and J5, = +9.67 em L. It was
already demonstrated by Halcrow et al.*® and later by Meyer
et al.* that the isotropic exchange in Ni,-cubanes correlates
with the Ni-O-Ni angle. This is also supported by the herein
performed DFT calculations where the linear magneto-struc-
tural dependence was found in the form

Jlem™) =171(1) — 1.72(4) - a(Ni-O-Ni)

3)

as visualized in Fig. 4.

In compound 2, there are two symmetrically independent
nickel atoms and three different superexchange pathways.
Therefore, this spin Hamiltonian:

Dalton Trans., 2016, 45, 18622-18634 | 18625
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Fig. 4 The DFT derived J-parameters for compounds 1 and 2 (full
points). The full line corresponds to eqn (3).

H=—] (§1 -8, + Sy - §2’) = (§1 Sy + Sy - §2) —Js (§2 : §2’)
(4)

can be used to describe the isotropic exchange within the tetra-
mer of 2, where J; corresponds to the Ni1---Ni2 and Ni1'---Ni2'
pairs with the interatomic distance equal to 3.003 A, J, corres-
ponds to the Nil---Ni2' and Nil.--Ni2' pairs with the inter-
atomic distance equal to 3.197 A and J; corresponds to the
Ni2---Ni2' pair with the interatomic distance equal to 3.166 A.
Again, Ruiz’s approach®” was applied for the calculation of the
J-parameters as

J1=(A1+4, —A1,)/6
Jo=(A1 — Ay +Ay,)/6 (5)
Js=(42—41)/3

where the energy differences A are listed in Table S3 and the
calculated J-parameters adopted the values J; = +1.97 ecm™, J,
=+7.83 cm™ ' and J; = +1.82 cm ™. All the J-values suggest ferro-
magnetic coupling between the nickel atoms in 2. However,
there is no evident correlation between the molecular structure
parameters like the Ni-O-Ni angle (Fig. 4) or Ni---Ni distance
and the isotropic exchange parameters (Fig. S2, ESIT).
Multi-reference calculations of the single-ion zero-field split-
ting tensors. The progress in theoretical methods enabled us
to analyze also single-ion zero-field splitting in compounds 1
and 2 by multireference state average complete active space
self-consistent field (SA-CASSCF) wavefunctions complemented
by the N-electron valence state perturbation theory (NEVPT)
with CAS(8,5) active space. We used this method successfully
to analyze the magnetic anisotropy in other 3d metal com-
plexes.”* However, the analysis of ZFS in polynuclear species is
not an easy task and usually is done either by substituting some
paramagnetic metal atoms by diamagnetic ones, or by extracting
molecular fragments with only one metal atom. Herein, we
tested these approaches for compound 2 and calculated the
D- and g-tensors on the Nil atom using the molecular fragments
(2) [NiZns(L),(CH;CO0),J"", (b) [Ni(L)s(CH;COO)™", (c) [Ni(L)

18626 | Dalton Trans., 2016, 45, 18622-18634
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(PhO),(CH;CO0)~ and (d) [Ni(L)(CH;0),(CH;COO)P™ (see
Fig. S3 for details, ESI{).

We used the fact that only one L>~ ligand binds in a tri-
dentate fashion to the Ni1 atom, so in the molecular fragments (c)
and (d) the monodentate ligands L were replaced either by
PhO™ or CH30™ moieties (Fig. S3, ESIt). Reducing the number
of atoms involved in the molecular fragments of 2 resulted in
speeding up the CASSCF/NEVPT?2 calculations in the following
order (a) < (b) < (c) < (d). The effect of reducing the size of the
molecular fragment on the calculations of the D-tensor para-
meters D and E is documented as: D = +9.62 cm™ ", E/D = 0.18
for (a), D = +9.43 cm ™", E/D = 0.21 for (b), D = +9.58 cm™ ", E/D
=0.21 for (¢) and D = +8.02 cm ™, E/D = 0.19 for (d). Thus, the
calculations proved that the approaches (a—c) resulted in
almost the same ZFS parameters, only in the case of (d) the
D-parameter is slightly lower, which can be explained by the
difference in the electronic properties of phenyl/methyl groups
(=I/+I inductive effect), hence different electron densities on
the oxygen donor atom. Therefore, the justified approach (c)
based on using mononuclear fragments where monodentate
ligands L>~ are replaced by phenolato ligands was used to cal-
culate the ZFS parameters for all the nickel atoms in com-
pounds 1 and 2 and the results are summarized in Table 1.

The absolute value of the axial single-ion parameter |D|
varies between 8.5 and 13.5 cm ™" and also considerable rhom-
bicity (E/D) was found for all the nickel atoms in the studied
compounds 1 and 2 (Table 1). The calculated g-parameters are
in a narrow interval, g = 2.18-2.30. The individual g-tensor and
D-tensor axes are visualized in Fig. S4.f In all the molecular
fragments, the g-tensor axes coincide with the D-tensor axes,
and under conditions that the ZFS-tensor defines the coordi-
nation axes X, Y and Z, the following relationships hold true
for the g-components: gy = g5, g, = g3, 8- = g1 for D> 0, and g, =
2, & = &1, & = g3 for D < 0. This is in agreement with the sim-
plified relationships (eqn (6)) derived from ligand field theory
using second-order perturbation theory and so called
A-tensor®?

D= —Ag:+g —2g)/4

E=—Ag —g)/4 (©)

where A is the spin-orbit splitting parameter, A(Ni*")

—-315cem™.
Next, we need to discuss thoroughly the D-tensor orien-

tations in each studied compound, because within the spin

Table 1 The CASSCF/NEVPT2/def2-TZVP(-f)
meters for the nickel atoms in compounds 1-2

calculated ZFS para-

Atom D(ecm™) E/D 21 I 2
1 Ni1 +12.4 0.194 2.185 2.265 2.297
Ni2 +12.3 0.315 2.177 2.245 2.298
Ni3 +13.5 0.189 2.176 2.263 2.298
Ni4 +12.5 0.197 2.181 2.260 2.294
2 Ni1 +9.58 0.209 2.206 2.264 2.292
Ni2 —-8.45 0.309 2.199 2.236 2.279

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Magnetic data for compounds 1 (c) and 2 (f) showing the temperature dependence of the effective magnetic moment calculated from molar
magnetization measured at B = 0.1 T and reduced isothermal magnetizations measured at T = 2 and 5 K in the insets; full lines correspond to the cal-
culated data with parameters in text. Representations of the structural cores and ab initio calculated single-ion zero-field splitting tensor axes for 1
(a) and 2 (d). Schemes of the magnetic exchange pathways in cubane-like compound 1 (b) and defective dicubane-like compound 2 (e).

Hamiltonian formalism, the co-linearity of the local D-tensors
is generally assumed. The inspection of the local D-tensor axes
labelled as DX, DY and DZ in 1 (Fig. S41) showed that for all
four nickel atoms (Nil---Ni4), the DX axis coincides with O;-
Ni-Oy, the DY axis coincides with Ny,,—Ni-Oyp,, and the DZ axis
coincides with Opp-Ni-Og,),, wWhere Oy, is the oxygen donor
atom from the L>~ ligand bound in the terminal tridentate
fashion to the nickel atom, Opy, is the oxygen donor atom from
the L> ligand bound in the bridging monodentate fashion to
the nickel atom and Og,yy is the oxygen donor atom from the
CH;0H/H,0 ligand. If we assume idealized S, symmetry of the
Ni, molecular fragment of 1, then we can schematically visual-
ize in Fig. 5a the orientation of the local axes of all the nickel
atoms. Under this assumption holds D, = D; and D, = D,. If
the molecular axes are made identical to D, (or D3), then the
local axes of D, are transformed into the molecular coordinate
system (D’,) using C,4(y) operation of the symmetry as

Cy
D, “Y p,
D 0 0 D 0 0
pod ) pod (7)
o D, o || 0 D, o0
0 0 Dy 0 0 Dy

and analogously for D,. Then, the axial (D) and rhombic (E)
ZFS parameters, which are defined as

This journal is © The Royal Society of Chemistry 2016

(3/2)Dz

D=
E= (Dxx — Dyy)/Z

(8)

are transformed for the Ni2 and Ni4 atoms into the molecular
coordination system as

D' = (-D+3E)/2

9
E'=(D+E)/2 ©)
where these general relationships
Dy = —D/3+E
Dy, = —-D/3—E (10)

D, =2D/3

were utilized. The tetranuclear molecular fragment of 2 pos-
sesses the C; point group symmetry and the examination of the
local D-tensor axes revealed that for the Nil atom (similarly to
Nili), the DX axis coincides with O;-Ni-O;, the DY axis
coincides with Np,,-Ni-Op, and the DZ axis coincides with
Opp—Ni-O,., where O,. is the oxygen donor atom from the
acetato ligand. In the case of the Ni2 atom (similarly to Ni2'),
DY and DZ axes are interchanged (Fig. S4, ESIf). The orien-
tation of these local axes of all nickel atoms is schematically
visualized in Fig. 5d. Again, if the molecular axes are made
identical to D4, then the local axes of D, are transformed into
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the molecular coordinate system (D’,) using Cy4(x) operation of
the symmetry as

C.
D, ““ b,
D. 0 0 D 0 0
ex ) ex (11)
o b, o || 0o D, o
0 0 Dy 0 0 D

Now, the local D and E ZFS parameters for the Ni2 atom are
transformed into the molecular coordination system as

D'=(—D—3E)/2

E' =(-D+E)/2. (12)

As the operation of inversion has no effect on the D-tensor,
the local D-tensors of Ni1' and Ni2! atoms have the same pro-
perties as for Nil1 and Ni2 atoms.

Description of magnetic properties. The temperature and
field dependent magnetic properties of 1 and 2 are depicted in
Fig. 5. Variable temperature measurements of ucg/ug vs. T for
compounds 1 and 2 show a similar trend. The room tempera-
ture experimental values, 6.7ug for 1 and 2, are higher than the
theoretical value of the effective magnetic moment for four
non-interacting Ni'" atoms with S; = 1 is equal to 5.7uy for g =
2.0 due to the contribution of the angular momentum to the
ground spin state (g > 2.0). On lowering the temperature, pqg/
up gradually increases reaching the value of 6.7 (compound 1)
and 9.8 (compound 2). Further cooling leads to a decrease of
the piere/up value to 4.8 (compound 1) and 9.3 (compound 2) at
1.9 K. The high temperature behavior for compounds 1 and 2
is typical of compounds with prevailing intracluster ferro-
magnetic coupling and low temperature data suggest the pres-
ence of magnetic anisotropy of the Ni"" atoms. The lower
effective magnetic moment at low temperature in 1 than in 2
can be explained by the presence of intracluster antiferro-
magnetic coupling as derived from DFT calculations.
Moreover, from the field-dependent magnetization data shown
in Fig. 5 we can deduce that the ferromagnetic coupling is
dominant in compound 2, where M,,,/Naup almost reaches
the value of 8.0 while the high-field limit is lower in com-
pound 1 due to the presence of intracluster antiferromagnetic
coupling and zero-field splitting.

The analysis of the magnetic data for compound 1 is based
on the following spin Hamiltonian (Fig. 5b)

4 4 4 _ 4
AH==>"5"Jyi(Si-8)+> Si-Di-Si+pgBa y_gSa (13)
i=1 j=i+1 i=1 i=1

where the isotropic, ZFS and Zeeman terms were included. In
order to reduce the number of free parameters, and inspired
by the results of the above-mentioned ab initio calculations, we

parametrized the J;-value analogously to eqn (3) using
J(em™) = a — b - a(Ni-O-Ni) (14)

Furthermore, the CASSCF/NEVPT2 calculations showed that
the local ZFS parameters are very similar for all four symmetri-
cally independent nickel atoms (Table 1), so the following

18628 | Dalton Trans., 2016, 45, 18622-18634

View Article Online

Dalton Transactions

restriction was applied: D; = D, = D3 = Dy = Dy, and E; = E, =
E3 = E; = Ejoc. Also, the local ZFS parameters of D, and D, were
transformed according to eqn (9) in the spin Hamiltonian
(eqn (13)). Moreover, only the isotropic g-value was assumed,
because the ab initio calculated g-parameters do not possess
large anisotropy. Thus, we are left with only five independent
parameters for the fitting procedure, in which simultaneously
both temperature and field dependent data were analyzed. As
a result, the best-fitted parameters were obtained: a = 171.0,
b =-1.721, g = 2.147, Dpe = +14.5 cm™", Eje/Dioe = 0.267 and
yre = 12.9 x 107° m® mol™" (Fig. 5¢), where yrp stands for
temperature-independent paramagnetism (note: the estimation
of the standard deviations resulted in: a = 171(9), b = —1.72(9),
g = 2.147(4), Dioe = +14.5(3) em™, Ejoe = 3.9(2) em™).>* Then,
the individual J-values were calculated as J;, = +8.05 cm™",
Jis = —6.48 cm™Y, Ji, = +8.91 em™!, J,; = +9.93 ecm™, oy =
—6.74 cm ™" and J34 = +9.32 cm™". All the fitted parameters are
in very good concordance with the theoretical ones showing
the power of ab initio theoretical calculations in the analyses of
such complicated systems.

The analysis of the magnetic data for compound 2 is based
on the slightly modified spin Hamiltonian (Fig. 5e)

H= -] (§1 Sy + 8y §2’) - (§1 Sy + Sy - §2) -3 (52 §2)
4 4

+Z§i 'ﬁi '§i+MBBazg§a~
i=1 i=1
(15)

The situation in this complex is more complicated by the
fact that there is no magneto-structural correlation for the
J-parameters. From the DFT calculations of the j-values, we
can conclude that J; and J; are almost equal, so we can apply
the restriction that J; = J3, and that J, is four-times larger than
J1 or J3, so we also applied the restriction that J, = 4/;. In order
to further reduce the number of free parameters, the CASSCF/
NEVPT2 calculations were also utilized in such a way that
based on the opposite values of the local D, and D, para-
meters, these simplifications were used: Dy = Dy = Do, Dy =
D, = =Dy, and analogously E; = Eyr = Ejoc, E» = Ey = —Ejoc.
Then, the transformation of D, and D,  tensors was applied
using eqn (12) similarly as in the case of 1. The fitting pro-
cedure resulted in J; = J; = +2.61 cm™, J, = +10.5 cm ™", Djoc =
+8.60 cm ™', Ejoe/Dioe = 0.277 and g = 2.309 (Fig. 5f) (note: the
estimation of the standard deviations resulted in: J; = J; =
+2.61(4) em™", Dipe = +9(3) em™, Ejoe = 2(3) em™" and g =
2.309(3)).>> These derived parameters are in good conformity
with the theoretically predicted values, however, the estimated
standard deviations of ZFS parameters D), and Ej,. are rather
large showing smaller sensitivity of the experimental magnetic
data to the variation of these parameters. Nevertheless, such
uncertainty of the fitted ZFS parameters underlines the impor-
tance of ab initio methods in the theoretical analysis of the
magnetic properties of polynuclear species.

It is evident from the magnetic analysis that the structural
variations found in compounds 1 and 2 led to enhanced differ-
ences in their magnetic behavior despite a very similar chemical

This journal is © The Royal Society of Chemistry 2016



Open Access Article. Published on 25 October 2016. Downloaded on 05/01/2017 07:25:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

100 100
— (1) (2)
80 - 80
60 60 =
TE i p—
< 404 — 40 - —
Q = —
< — —
o = _
20 - E— 204 — -
o4 — —  — — | oA —
T T T T T T T T T T
0 2 4 6 8 0 2 4 6 8
28 28

Fig. 6 The energy patterns for compounds 1 and 2 calculated within
the isotropic exchange limit with the J;-parameters listed in the text and
setting all D and E parameters to zero.

composition. In order to better understand the interplay
between the ferromagnetic and antiferromagnetic exchange
interactions within these compounds, the energy levels were
plotted as a function of the final spin S under the condition
that the spin Hamiltonian is isotropic (all ZFS parameters are
zero) - Fig. 6.

From this plot it is obvious that the ground state for com-
pound 1 is § = 0 and there are close-lying states (<5 cm™") with
S =4 and S = 2. In contrast, ferromagnetic interactions in com-
pound 2 led to the ground state with the maximum spin, S = 4,
and the first excited state with S = 3 is separated by energy
difference AE = 7.4 cm™' (10.7 K). Furthermore, we have
depicted a three-dimensional plot of the molar magnetization
for 2 (Fig. 7a) from which is evident that there is an axial type
of the magnetic anisotropy with a small rhombicity. Therefore,
it seems appropriate to utilize giant spin approximation and
fit the isothermal magnetization data for 2 with the spin
Hamiltonian for the ground spin state S = 4 in order to alterna-
tively determine the magnetic anisotropy of the ground spin
state with eqn (16)

A= D(S‘ZZ - 32/3) + ptBagSa. (16)

The results of the analysis are shown in Fig. 7b and the
obtained parameters are D = —0.81 cm™" and g = 2.17 (note: the
estimation of the standard deviation resulted in: D = —0.81(3)
em™ and g = 2.17(1)).>> These values are comparable to the
previously reported Ni, SMMs as outlined in Table 2. However,
such large D-values result in ZFS of the S = 4 spin state into
|4,0), |4,+1), |4,+2), |4,£3) and |4,+4) states with the energy
separations equal to 0, D, 4D, 9D, and 16D, respectively. Thus,
the ground state |4,+4) is separated from the highest excited
state |4,0) by energy equal to 16D = 13.0 cm ™" and this value is
larger than calculated separation 7.4 cm™' between S = 4 and
S = 3 states in the isotropic limit (Fig. 6). Indeed, the detailed
inspection of the low-lying energy levels resulting from full
multi-spin Hamiltonian in eqn (15) and from giant spin
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Fig. 7 (a) The 3D plot of the molar magnetization calculated for 2 with
multi-spin Hamiltonian in eqn (15) for B = 0.5 Tat T = 2 K. (b) The
reduced isothermal magnetization data for 2 measured at T = 2 and 5 K
fitted with the single-ion zero-field splitting spin Hamiltonian for S = 4
(eqn (16)). Empty circles — experimental data, full lines — calculated data
with D = —0.81 cm™ and g = 2.17. (c) The comparison of the lowest
energy levels of 2 calculated with multi-spin Hamiltonian in egn (15)
(black and grey lines) and with giant spin approximation Hamiltonian in
eqgn (16) (red lines). The B indicates the direction of the magnetic field
parallel to the easy axis, whereas B, indicates the direction of the mag-
netic field perpendicular to the easy axis of the system.

approximation Hamiltonian in eqn (16) shows that only the
lowest energy levels are well recovered by the latter model
(Fig. 7c). Moreover, it is evident that there is a strong mixing of
different spin levels due to ZFS terms, so called S-mixing,* and
therefore the giant spin approximation would require inclusion
of the higher order Steven’s operators for ZFS to achieve even
better description of low-lying states, which was also discussed
for another Ni, compound, [Niy(hmp),(dmb),Cl;].>> To con-
clude, both the analyses showed that there is the axial type of
the magnetic anisotropy in 2, however the utilization of the
giant spin approximation is on the edge due to large mixing of
the ground state S = 4 with the excited state S = 3 induced by
ZFS.

The above discussed analysis of the static magnetic pro-
perties of 1-2, encouraged us to measure also AC susceptibility
data for compound 2, but there was no out-of-phase signal in
zero static magnetic field. However, the field dependent
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Table 2 List of the published Nijj SMMs with their basic SMM characteristics®

Compound D (em™) Uer (em™) 7o (5) Ref.
[N14(hmp)4(CH3OH)4Cl4]b —0.60 5a

Ni,(hmp),(CH;CH,0H),Cl,] —0.60 5.00 9.5x107° 5a and 6g

4(hmp)4(dmb)4Cl4] -0.61 1.39 6.3 x107° 5a,d
N14(hmp)4(dmp)4cl4 —-0.61 5f

Niy(hmp),(chp),Cly] —-0.59 5d

4(hmp) (dmb),Br,]” —-0.56 5d

Niy(‘Buhmp),(dmb),Cl,])” —-0.68 5d

4(H2thme)4(CH3CN) (NO;),-1.33NaNO; ? —0.43 5h

Ni,(Hidm),Cl,]” -0.75 5e

Ni,(Hpthtp),Clg —0.44 20.1 1.64 x107° 6k

Niy(Hmpp),Clg] —-0.88 6f
[Ni,(Hmpp),OH,Cl,]” —-0.63 6f
[Niy(mpzph),(OH)(CH;0);(CH;0H),](CH,0H)” —0.26 1.50 x 107° 17a
(PrsNH),[Ni,(L),(CH;CO0),] (2) -0.81 2.3-4.7 79.7-0.261 x 107° This work

Hhmp mb dmp chp 'Buhmp
T e e (7
N OH OH
H,thme H,idm Hpthtp Hmpp mpzph

HO HO—
NH—\\
HO OH
HO

“SMM behavior confirmed by magnetic hysteresis measurement, AC susceptibility data not available.

W\/

»Hhmp = (pyridin-2-yl)methanol; dmb =

3,3-dimethylbutan-1-ol; dmp = 2,2-dimethylpropan-1-ol; dmp = 3-cyclohexylpropan-1-ol; H'Buhmp = (4-tert-butylpyridine-2-yl)methanol; Hsthme

= 2-(hydroxymethyl)-2-methylpropane-1,3-diol; H,idm = iminodimethanol; Hpthtp =

4-(pyridin-2-yl)tetrahydro-2H-thiopyran-4-ol; Hmpp =

2-methyl-1-(pyridin-2-yl)propan-2-ol; Hmpzph = 2-(5-methyl-1H-pyrazol-3-yl)phenol.

measurement performed at 7 = 1.9 K confirmed a slow-relax-
ation of magnetization only in 2 (Fig. S5, ESIT) and for that
reason, AC susceptibility was acquired in the non-zero static
field, B4. = 0.5 T at low temperatures as shown in Fig. 8. Note:
AC susceptibility data were also taken for compound 1 in zero
and non-zero static fields, but no out-of-phase signal was
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Fig. 8 In-phase yea and out-of-phase yimag molar susceptibilities for 2

at the applied external field By = 0.5 T shown as a function of tempera-
ture (left) and ac frequency v (right). Lines serve as guide to the eye.
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detected, which indirectly confirmed our outcomes from mag-
netic analysis.

Unfortunately, we did not observe clear maxima on out-of-
phase susceptibilities for 2 down to 1.9 K, so the standard pro-
cedure for constructing the Argand (Cole-Cole) diagram was
not applicable. However, at least the approximate
relationship®®

In(y"/x')

for the extraction of the relaxation time and spin reversal
barrier (U) was applied to very low temperature data and
higher applied frequencies as visualized in Fig. S6.f As a
result, we obtained sets of the following parameters: 7, = 7.97
x107%s, U= 3.3 K for f=19.3 Hz, 7o = 2.44 x 10> 5, U = 3.6 K
for f=51.8 Hz, 7o = 7.83 x 10™° 5, U = 3.5 K for f = 138.9 Hz, 7,
=1.85x10°s, U= 4.2 K for f= 373.5 Hz 7o = 2.61 x 107" s,
and U = 6.7 K for f= 997.3 Hz. The variation of the fitted para-
meters can be explained by the distribution of relaxation pro-
cesses, which is usually treated by the parameter « in one-com-
ponent Debye’s model' and which is absent in this simplified
model. The spin reversal barrier U spans the interval of
3.3-6.7 K (2.3-4.7 em™ "), which is close to those reported for
the cubane-like Ni, SMMs listed in Table 2, except for the com-
pound [Ni,(Hpthtp),Clg] in the literature,** where reported U =
20.1 cm™" is much larger than the theoretically predicted
value, U = |D|-S* = |-0.44|-4> = 7.04 cm™". In the case of com-
pound 2, the determined barrier is lower than theoretically

= In(2nfz) + U/kT (17)

This journal is © The Royal Society of Chemistry 2016
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predicted, U = |D|-S* = |-0.81]-4> = 13.0 cm™", which may be
explained by simplicity of the giant spin approximation model
in deriving the D-parameter as discussed above and also due
to more complex relaxation phenomena taking place (combi-
nation of Orbach, Raman and direct processes), as was already
observed in the other previously reported Ni, SMMs (Table 2).

Conclusions

To conclude, the utilization of the tridentate Schiff base ligand
H,L (2-hydroxy-phenylsalicylaldimine) and Ni(CH;COO),-4H,0,
in different reaction solvent ratios, led to the synthesis of two
structurally different tetranuclear complexes 1 and 2. Single-
crystal X-ray structural analysis revealed that compound 1 con-
tains a cubane-like [Ni,O,4] core (a mixture of CH;OH : CH,Cl, in
vol. ratio 1: 3 was used), while compound 2 involves a defective
dicubane-like [NisOg] core (CH,Cl, only). Consequently,
the solvent molecules were incorporated in the structure of
compound 1 and they are involved in mediation of intra and
intermolecular hydrogen bonds. Compound 2 represents
the very first example of tetranuclear Ni” complex with a
defective dicubane core and with all the Ni" atoms being
hexacoordinate.

The variable temperature magnetic data suggested the pres-
ence of prevailing intracluster ferromagnetic coupling (1 and
2). However, more thorough analysis revealed the competition
between the antiferromagnetic and ferromagnetic intracluster
interactions in compound 1 which resulted in the S = 0 ground
spin state. This is in stark contrast to 2 with its § = 4 ground
spin state due to solely ferromagnetic coupling. Furthermore,
the energy states in both compounds are affected by signifi-
cant magnetic anisotropy of the metal atoms, which reflects
the structural variations in 1 and 2. The ab initio CASSCF/
NEVPT?2 calculations of the isotropic exchange parameters (J;)
using the DFT and single-ion zero-field splitting parameters
(D;, E;) played the key role in the advanced magnetic analysis
of these compounds, which resulted in the trustworthy para-
meter set. This was also achieved by simultaneous fitting of
temperature and field dependent magnetic data.

This work clearly shows the difficulty in the rational design
of highly anisotropic polynuclear complexes as candidates for
SMMs. Nevertheless, the field induced SMM behavior found in
compound 2 opens a new perspective for the preparation of
tetranuclear compounds with a defective dicubane-like topo-
logy and ferromagnetic exchange interactions acting as
nanomagnets.

Experimental section
Synthesis

All used chemicals and solvents were purchased from commer-

cial sources and used without any further purification.
[Nis(L)4(CH;0H);(H,0)]-CH;0H (1). A green solution of

Ni(CH;C00),-4H,0 (0.06 g, 0.23 mmol) in CH;0H (10 cm?)

This journal is © The Royal Society of Chemistry 2016
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was added to an orange solution of the H,L ligand (0.05 g,
0.23 mmol) in CH,Cl, (30 cm?). The dark red reaction mixture
was stirred for 15 minutes after which a solution of tripropyl-
amine (0.07 g, 0.48 mmol) in CH;OH (2 cm?) was slowly
added. The resultant mixture was stirred and refluxed for
additional 15 minutes and then it was filtered. The mother
liquor was then allowed to evaporate slowly at room tempera-
ture. After a few days, brownish green prism shaped crystals
were collected by filtration, washed with diethyl ether and
dried in a vacuum desiccator. Yield: 50% (36 mg). Elemental
analysis (crystalline phase): Anal. Caled for Cs¢Hs4N,O;3Ni,
(1225.84): C, 54.9; H, 4.4; N, 4.6. Found: C, 55.2; H, 4.0; N, 4.7.
FTIR, (ATR, cm™'): 3606(w), 3500(w), 3338(w), 3055(m),
3007(m), 2927(m), 1613(s), 1598(s), 1586(s), 1533(m), 1477(m),
1462(s), 1437(m), 1382(m), 1340(m), 1289(m), 1238(s),
1218(m), 1170(m), 1148(s), 1124(m), 1107(m), 1035(m),
918(m), 824(m), 739(s), 649(w), 617(m), 567(w), 518(m).
(Pr3NH),[Niy(L),(CH3CO0),] (2). An orange solution of H,L
(0.10 g, 0.47 mmol) in 10 cm® CH,Cl, was added to a green
suspension of Ni(CH;C00),-4H,0 (0.18 g, 0.70 mmol) in
30 cm® CH,Cl,. The resulting green suspension was stirred
and refluxed. The addition of tripropylamine (0.14 g,
0.94 mmol) in a small amount of CH,Cl, (2 cm®) after
15 minutes resulted in a change of color to dark red. The
mixture was refluxed for 15 minutes and then filtered. The
mother liquor was left undisturbed to evaporate slowly at room
temperature. After a few days, green prism shaped crystals
were filtered and dried in a vacuum desiccator. Yield: 44%
(40 mg). Elemental analysis (crystalline phase): Anal. Caled for
C,4HggNgO1,Ni, (1486.31): C, 59.8; H, 5.8; N, 5.7. Found: C,
59.6; H, 5.8; N, 5.5. FT-IR (ATR; cm™"): 3048(m), 2972(m),

2876(m), 2666(w), 1612(m), 1596(m), 1568(s), 1532(m), 1466(s),
1441(m), 1403(m), 1381(m), 1346(m), 1297(s), 1282(s),
1254(m), 1322(m), 1166(m), 1147(s), 1121(m), 1104(w),

1032(m), 957(w), 916(m), 826(m), 740(s), 655(w), 614(w),
511(m).

Equipment, measurements and software

Elemental analysis was performed on a Thermo Scientific
FLASH 2000 CHNS-O Analyser. Infrared spectra of the com-
pounds were recorded with a ThermoNicolet Nexus 670 FT-IR
spectrometer using the ATR technique on the diamond plate
in the region 4000-400 cm™'. Temperature dependent (T =
1.9-300 K, B = 0.1 T) and field dependent (B=0-7 T, T =2 and
5 K) magnetic measurements were carried out on an SQUID
magnetometer (MPMS, Quantum Design) on polycrystalline
samples. The data were corrected for the diamagnetism of the
constituents.

X-ray diffraction analysis

Single crystal X-ray diffraction data are listed in Table S1.1 The
data were recorded on an Oxford diffraction Xcalibur 2 CCD
diffractometer with a Sapphire CCD detector, sealed tube (Mo
Ko radiation, Ka = 0.71073 A) and equipped with an Oxford
Cryosystems nitrogen gas-flow apparatus. The CrysAlis
program package (version 1.171.33.52, Oxford Diffraction) was
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used for data collection and reduction.”” The molecular struc-
tures were solved by direct methods SHELX-2014 and all non-
hydrogen atoms were refined anisotropically on F> using the
full-matrix least-squares procedure SHELXL-97.>% All the hydro-
gen atoms were found in differential Fourier maps and their
parameters were refined using a riding model with Ujso(H) =
1.2 (CH, CH,, OH) or 1.5U.q (CHj).

Theoretical methods

Ab initio theoretical calculations were performed with the
ORCA 3.0.3 computational package.?® Single point DFT energy
calculations based on X-ray geometries were done using the
B3LYP functional.®® The isotropic exchange constants J were
calculated by comparing the energies of high-spin (HS) and
broken-symmetry (BS) spin states using Ruiz’s approach.’’
Calculations of the ZFS parameters were performed using the
state average complete active space self-consistent field
(SA-CASSCF)** wave functions complemented by the N-electron
valence second order perturbation theory (NEVPT2).>* The
active spaces of the CASSCF calculations comprises five metal-
based d-orbitals and eight electrons, CAS(8,5). In the state aver-
aged approach all multiplets for the given electron configur-
ation were equally weighted, which means 10 triplet and 15
singlet states. The ZFS parameters, based on dominant spin-
orbit coupling contributions from excited states, were calcu-
lated through the quasi-degenerate perturbation theory
(QDPT),** in which approximations to the Breit-Pauli form of
the spin-orbit coupling operator (SOMF approximation)*® and
the effective Hamiltonian theory®® were utilized. In all calcu-
lations, the polarized triple-{ quality basis set (def2-TZVP(-f))
proposed by Ahlrichs and co-workers was used for all atoms.*”
We also used the RI approximation with the decontracted
auxiliary def2-TZV/] or def2-TZV/C Coulomb fitting basis sets
and the chain-of-spheres approximation to exact exchange.*®
Increased integration grids (Grid5 in ORCA convention) and
tight SCF convergence criteria were used in all calculations.
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Solvent-induced structural diversity in tetranuclear Ni(ll) Schiff-base
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dicubane-like topology
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Table S1 Crystal data and structure refinements for compounds 1 and 2

1 2
Formula CseHsaNgNizOq3  CraHggNgNis 01,
M (g-mol?) 1225.84 1486.32
Crystal system Triclinic Monoclinic
Space group pl P2,/c
2(A) 0.71073 0.71073
a(A) 10.4566(4) 12.5714(6)
b (’A) 10.8854(4) 15.1014(10)
c(A) 23.552(9) 21.0065(13)
a(’) 77.019(3) 90
B(°) 78.705(3) 111.223(4)
7() 85.437(3) 90
v (A3) 2559.9(7) 3717.5(4)
Z 2 2
T(K) 100 100
Peaiea (8:cm?) 1.590 1.328
4 (mm?) 1.520 1.059
Data/restraints/parameters 8985/5/707 6517/2/472
Goodness-of-fit 0.928 0.967
Rt/ Ro 0.0507/0.0915  0.0312/0.0333
R [1 > 20(N)]/R, (all) 0.0400/0.0790  0.0331/0.0464
WRy® [I > 20(1)]/wWR; (all) 0.0834/0.0883 0.0868/0.0898
Maximum peak and hole (e A®) 0.741and -0.560 0.642 and -0.233
CCDC number 1443519 1443520



Table S2 The B3LYP/def2-TZVP(-f) calculated net Mulliken spin densities, the <S?> values and relative energies of
the high-spin (HS) and the broken-symmetry spin (BS) states for a molecular fragment [Nis(L)4(CH30H)3(H,0)] of 1.

spin state A (em?)  <52>  p(Nil)  p(Ni2)  p(Ni3) p(Ni4)
HS, | cooa> 0 20.02 1.67 1.67 1.67 1.66
BS1,|Baaa>  31.602 8.01 -1.67 1.67 1.66 1.67
BS2,|afaa> 36.681 8.01 1.67 -1.68 1.67 1.66
BS3,|aafa>  38.554 8.01 1.67 1.68 -1.67 1.67
BS12,|BPaa> 16.522 4.01 -1.67 -1.67 1.67 1.66
BS13,|Bafa> 110.443  4.01 -1.67 1.68 -1.67 1.67

BS14,|Baoaf> 15.855 4.01 -1.67 1.67 1.67 -1.67
@Ay = sij - s

Table S3 The B3LYP/def2-TZVP(-f) calculated net Mulliken spin densities, the <5§?> values and relative energies of
the high-spin (HS) and broken-symmetry spin (BS) states for the molecular fragment [Ni4(L)4(CH3COO),]? of 2.

spin state A (em?)  <52>  p(Nil)  p(Ni2)  p(Ni3) p(Ni4)
HS, | cooa> 0 20.02 1.68 1.67 1.67 1.68
BS1,|Baaa>  29.381 8.02 -1.68 1.67 1.66 1.68
BS2,|afaa> 34.848 8.01 1.68 -1.67 1.67 1.68
BS12,|BPaa> 52.435 4.02 -1.68 -1.67 1.67 1.68

@Ay = Epsjj - s



Fig. S1 A perspective view on the 1D supramolecular fragment of the crystal structure of 1. Hydrogen atoms are omitted for
clarity, except for those which are involved in hydrogen bonding (O—H-:-O black dashed lines)
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Fig. S2 The DFT derived J,,-parameters for compounds 1 and 2 (full points) vs. interatomic distance d(Ni,-+-Nip). Full line
suggests linear relationship in the case of 1.



a) [NiZn(L)4(CH5C00),]* b) [Ni(L)3(CH5COO0)]>

D=+9.62 cm?!

E/D=0.18 D=+9.43 cm?
E/D=0.21

c) [Ni(L)(PhO),(CH;CO0)]* d) [Ni(L)(CH30),(CH;COO)J*
D =+8.02 cm™!
E/D=0.19

D=+9.58 cm!

E/D=0.21

Fig. S3 The molecular fragments a) [NiZnz(L)s(CH3C00),]%, b) [Ni(L)3(CH3CO0)]*, €) [Ni(L)(PhO),(CH;CO0)1* and d)
[Ni(L)(CH30),(CH3CO0)]* derived from experimental structure of 2 and values of zero-field splitting parameters (ZFS)
calculated with the CASSCF/NEVPT2/def2-TZVP(-f) method.
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Fig. S4 The CASSCF/NEVPT2 principal axes of ZFS D-tensors labelled as DX, DY, DZ, and axes of g-tensors labelled as g1, g2,
g3 visualized together with the molecular fragments of compounds 1 and 2.
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Fig. S5 In-phase (s and out-of-phase yimag molar susceptibilities for complex 2 in non-zero static field at T= 1.9 K using f =
1000 Hz. Lines serve as guides for the eyes.
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Fig. S6 Analysis of AC susceptibility data of complex 2. Full points — experimental data, full lines — calculated data according
to the Equation 17.



