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Seznam pouzitych zkratek a symbold

40H-benz - 4-hydroxybenzoat

Agir — parametr vyuZivany k popisu pfimé relaxace
(Rovnice 18)

AcimOx - acetylmethylimidazol-oximat

AcPyOx - acetylmethylpyridin-oximat

B — indukce magnetického pole

B,;‘ — koeficient Stevensova operdatoru

Cram - parametr vyuzivany k popisu Ramanovy relaxace
(Rovnice 19)

Ci — Spin phonon coupling pro k-ty fonon

Chdc - 6,6'-{cyclohexan-1,3,5-
diyltris[nitrilo(E)methylyliden]}dipyridin-3-
karboxamid

COT - cyklooktatetraen

COT* — 1,4-bis(trimethylsilyl)cyklooktatetraen

Cp* - 1,2,3,4,5-pentamethylcyklopentadienylovy anion
CpiPr4—1,2,3,4-tetraisopropylcyklopentadienylovy anion

CpiPraMe - 1-methyl-2,3,4,5-
tetraisopropylcyklopentadienylovy anion

CpiPratt - 1-ethyl-2,3,4,5-
tetraisopropylcyklopentadienylovy anion

CpiP> - 1,2,3,4,5-pentaisopropylcyklopentadienylovy
anion

Cpttt — 1,2,4-tritercbutylcyklopentadienylovy anion

CpMe4 — 1,2,3,4-tetramethylcyklopentadienylovy anion
C4BtPP — 1-piperidin-2,3,4,5-tetrafenylborolylovy dianion
d_lz) — vektor antisymetrické magnetické vymény

D — axialni parametr stépeni v nulovém magnetickém poli
D=12 —tenzor anizotropni magnetické vymény

Dtp — 2,5-di-t-butyl-3,4-dimethylfosfolylovy anion

E — rombicky parametr Stépeni v nulovém magnetickém
poli

Egip — energie dipdlové magnetické vymény

g — gyromagneticky faktor

g, — Landého gyromagneticky faktor

g —gyromagneticky faktor pro orbitalni moment hybnosti
gs — gyromagneticky faktor pro spinovy moment hybnosti
gxyy/. — slozka gyromagnetického faktoru v daném sméru
h — Planckova konstanta

h —redukovana Planckova konstanta

hpy - tris(2,2'-bipyrid-6-yl)methanol

H,hpmp = R-4-brom-2-((2-hydroxy-1-
fenylethylimino)methyl)fenol

k — Boltzmannova konstanta

J—celkovy moment hybnosti

Jex—interakcéni matice magnetické vymény

Jiso — interakcni konstanta isotropni magnetické vymény
(Rovnice 16)

L — orbitalni moment hybnosti

my — redukovand hmotnost pro k-ty fonon

Mn12ac —[Mn12012(CH3COO)16(H20)4)]'2CH3COOH'4H20
Mn30 —[Mn30024(0OH)s(02CCH2But)32(H20)2(MeNO,)4]

Ms — projekce spinu

Mt — saturacni magnetizace

n — exponent vyuZivany v popisu Ramanovy relaxace

ng — populovanost fononu a

N, — Avogadrovo Cislo

11, — vektor spojnice paramagnetickych center

neo - neokuproin

O — Stevenstiv operétor

Pc — ftalocyanin

piv - pivalat

Pn - [1,4-bis(trisisopropylsilyl)pentalen]

PzOx - pyrazoloximat

r — polomér mezi magnetickymi centry

S — spinovy moment hybnosti

t — relaxacni ¢as

tarm — relaxacni ¢as kvantového tunelovani

tqir — relaxacni ¢as pfimé relaxace

tors — relaxacéni ¢as Orbachovy relaxace

to — preexponencialni parametr Orbachovy relaxace

T - teplota

Ts — blokovaci teplota

THF — tetrahydrofuran

tppm - 6,6',6"-(methoxymethantriyl)tris(2-(1H-pyrazol-1-
yl)pyridin)

U/Uest — oznaceni pro energetickou bariéru magnetické
anizotropie

V= spin-fononova interakce pro fonon a

vk — vinocet k-tého fononu

Q«— normalova souradnice pro k-ty fonon

Wpe — Maticovy element rychlosti prechodu mezi
hladinami a a b pro vypocet relaxa¢niho ¢asu

x' —redlna slozka magnetické susceptibility (Rovnice 37)
X' —imaginarni slozka magnetické susceptibility (Rovnice
38)

Xt — izotermickd magnetické susceptibilita (Rovnice 37 a
38)

Xs — adiabaticka magnetické susceptibilita (Rovnice 37 a
38)

Ay — Sitka spektralni ¢ary fononu a

6 — Diracova delta funkce

ps — BohrQv magneton

Uess — efektivni magneticky moment

11;- vektor magnetického momentu

A — spin-orbitalni konstanta

o — orbitalni redukce

T—Cas

wgq — Uhlova rychlost fononu a

w — Uhlova rychlost

pj — hustota stavl

Yy — maticové elementy pro vypocet rychlosti relaxace
magnetizace
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Abstract

The central theme of this dissertation thesis is single-molecule magnetism, an effect that
induces the slow relaxation of molecules. This phenomenon is not rooted in magnetic
exchange interactions but rather in a molecular property known as magnetic anisotropy. The
primary focus of the field of single-molecular magnetism is to retain this ability at elevated
temperatures. Various approaches have been employed to develop new single-molecule
magnets and gain further insights into their properties and behaviour in order to create ones

that are more efficient.

A significant portion of the dissertation is devoted to the theoretical investigation of
dysprosium double-decker complexes, emphasizing their energetic structure and vibrational
properties. The examination includes the quantification of spin-phonon coupling. Two series
of complexes were studied: the first involving inorganic analogues of cyclopentadienyl, and
the second incorporating cyclopentadienyl ligands connected with butylene linkers. In both
series, the objective was to identify crucial vibrations that facilitate the transfer of energy for
magnetization relaxation. The findings highlight the possibilities for improving single-molecule

magnets through structural modifications.

Another segment focuses on exploring magnetic exchange interactions in 3d-4f systems and
demonstrating how these interactions influence magnetic anisotropy. The investigation
assesses whether controlling the exchange interactions in salen-type ligand 3d-4f systems can
lead to the development of better single-molecule magnets. Our contribution to the field
involves the synthesis and characterization of a series of VV-Ln"' complexes, scrutinized

through both theoretical and experimental methods.

Part of this dissertation thesis is dedicated to manipulating the coordination environment
geometry of Co', targeting the preparation of a trigonal prismatic shape. A series of complexes
with this shape was synthetized, revealing intriguing magnetic properties. Notably, one

complex exhibited single-molecule magnet behavior even in a zero magnetic field.

The thesis also encompasses collaborations on theoretical characterizations in two articles
related to 3d-4f systems. The first article discusses a large Ni4Dy3 cluster, while the second

focuses on a series of Ni-Ln complexes with Schiff base ligands.
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1.Uvod a cile prace

Tato disertacni prace je vénovana tématice jedno-molekulového magnetismu, tedy jevu, kdy
molekuly vykazuji schopnost pomalé magnetické relaxace. Technologické moZnosti, které by
lidstvu dalo ovladnuti tohoto jevu, jsou velké. Dalo by se ocekavat velké zlepseni kapacity
magnetickych pamétovych médii, dalsi moZnosti miniaturizace elektroniky nebo napftiklad i
rozvoj v oblasti spintroniky a kvantovych pocitacl. Nejvétsi prekazky na této cesté predstavuji
priliS nizké blokovaci teploty a nevhodné chemické vlastnosti (naptiklad nizka stabilita) u
potencidlné zajimavych materidll. PrestoZe v poslednich letech doslo kpomérné

dynamickému rozvoji tohoto oboru, je zde jeSté mnoho otdzek, které cekaji na zodpovézeni.

Celkovym jednoticim tématem disertacni prace je vyzkum mozZnosti, jak lze zlepsit jedno-
molekulové magnety pomoci manipulace jejich struktury. Tento problém fesi z mnoha
pohledl, v praci je zahrnuta syntetickd prace v laboratofti, provadéni experimentld pomoci
fyzikalné-chemickych technik a jejich nasledné vyhodnocovani a také vypocetni a teoretické
studium pfipravenych nebo i designovanych molekul. Podobné je z mnoha uhl{ pohlizeno i na
moznosti, jakymi je mozné vlastnosti studovanych latek ovliviiovat, zkouman byl systematicky
vliv strukturnich modifikaci, zamény donorovych atomu nebo zmény funkénich skupin s cilem
ovliviovat deformaci vysledného komplexu nebo sledovat vliv magnetickych vyménnych

interakci na vlastnosti latek.

Cilem této prace bylo rozsifit poznatky o vztahu struktury a magnetickych vlastnosti a pfipravit
nebo pfipadné ukazat cestu k potencialné lepsim jedno-molekulovym magnetim co se tyce
jejich energetickych bariér, blokovacich teplot nebo relaxacnich ¢asl. Konkrétné je préace
zamérena na jedno-molekulové magnety z oblasti jednojadernych 3d a 4f a vicejadernych 3d-
4f komplex(, zejména na komplexy obsahujici kobalt, dysprosium, terbium a erbium jako
paramagneticka centra s vyznamnou magnetickou anizotropii. Teoretickd ¢ast prace si tedy
klade za cil predstavit a popsat zaklady jedno-molekulového magnetismu a metod jeho studia
v rozsahu, ktery odpovida zaméreni a obsahu tématiky provddéného vyzkumu. Provedena
literarni reSerSe se zaméfila na porovnani jiz znamych systému pribuznych tém, které byly
v disertaéni praci studovany. Prakticka ¢ast prace shrnuje nové dosazené poznatky. Formou
komentare jsou struc¢né predstaveny vysledky dosazené pfi feSeni tématu, které byly
publikovany v impaktovanych odbornych ¢asopisech. Jednotlivé ¢asopisecké publikace jsou

nasledné uvedeny v kompletni podobé jako prilohy k diserta¢ni praci.
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2. Teoreticka ¢ast

2.1 Uvod do jedno-molekulového magnetismu
Jedno-molekulovy magnetismus je jev, ktery byl poprvé pozorovan v roce 1991 u komplexu
[Mn12012(CH3C00)16(H20)4)]-2CH3CO0OH-4H,0 oznadovaného zkratkou Mni12ac.' (Obrézek 1)
U tohoto komplexu byly pfi méreni magnetické susceptibility ve stfidavém poli pozorovany
vlastnosti, jako pomala relaxace magnetizace a magnetickd hystereze, které jsou obvykle
typické pro makroskopické magnetické materialy. Komplex Mn12ac se ukdazal jako mimoradny
pravé tim, Ze tyto vlastnosti maji Cisté molekulovy plivod a nejsou disledkem kooperativnich

jevd paramagnetickych center.?

Jako zakladni parametry, pomoci kterych lze jedno-molekulové magnety charakterizovat, se
béZné uvdadi anizotropni energeticka bariéra (Ueff), coZ je energie, nutnd k tomu, aby systém
zménil orientaci magnetického momentu, coz odpovida pfechodu z magnetického stavu Ms =
+S do stavu Ms = =S nebo naopak. Dalsi vyznamnou charakteristikou je pak blokovaci teplota
(Ts), kterda ma nékolik moznosti definice, ale u jedno-molekulovych magnetl je blokovaci

teplota nejéastéji definovana jako teplota, pfi které je relaxacni ¢as systému rovny 100 s.3

Ackoliv je Mn12ac pomérné velky systém, brzy bylo objeveno, Ze klicovou vlastnosti jedno-
molekulového magnetu neni celkovy spin systému, ale jeho magnetickd anizotropie,* nebot
bylo pfipraveno mnoiZstvi dalSich velkych vicejadernych systém( manganu, jako napfiklad
Mn30° ([Mn30024(OH)s(02CCH2BuUt)32(H20)2(MeNOz)4]), které ale nedosahovaly lepsich
vlastnosti nez Mn12ac. Toto vedlo ke studiu takzvanych jedno-iontovych magnetd, tedy
jednojadernych systémi, které maji ale velmi silnou anizotropii, kterda jim umoznuje
dosahovat velmi dobrych vlastnosti. Jednim z prvnich vyznamnych zastupcl byl komplex
[TbPcy], ktery také poukazal na vlastnosti lanthanoid(, které v mnoha dulezitych aspektech

predéily komplexy d-prvk(.®

Po tomto objevu se zacal vyzkum jedno-molekulovych magnetl soustfedit mnohem vice na
slouceniny lanthanoid(, zejména terbia a dysprosia, které se ukazaly jako prvky s nejvétsim
potencialem. Zatimco doposud byly vSsechny zmifiované a v té dobé zndmé jedno-molekulové
magnety s blokovacimi teploty nizS§imi nez 10 K, v roce 2011 byl objeven dimerni komplex

{[(Me3Si)2N]2(THF)Tb}2(u-n2:n%-N2)", ktery nejen Ze byl velmi zajimavy z chemického hlediska,
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nebot se jedna o vicejaderny komplex muistkovany pomoci radikalu, ale také dosahl blokovaci

teploty 14 K.”

Tato blokovaci teplota byla po pomérné dlouhou dobu neprekonana. Podafilo se ji prekonat
az s rozvojem teoretickych zakladd jedno-molekulového magnetismu, kdy bylo predpovézeno,
ze specificky u komplex dysprosia je mozné dosdhnout vysokych energetickych bariér
v geometriich, které maji axialni charakter.® Na zakladé tohoto pravidla bylo vyvinuto nékolik
komplex( ve tvaru pentagonalni bipyramidy dosahujicich rekordnich energetickych bariér,

které prekonaly hranici 1000 K, a jejichZ blokovaci teploty dosahovaly a7 ke 20 K.°

Podobna myslenka byla na pocatku dalsi, zatim posledni vyznamné a Uspésné skupiny jedno-
molekulovych magnetl, organokovovych sendvi¢ovych komplext dysprosia [Dy(Cp'™).]*
(Obrazek 1) a [Dy(Cp'P™)(Cp*)]*. ° Tyto komplexy maji energetické bariéry srovnatelné s vyse
zminovanymi pentagonadlnimi bipyramidami, avsak jejich blokovaci teploty jsou mnohem vyssi
— dosahuji az 80 K, coz uz je nad bodem varu dusiku, a jedna se tedy o velky krok smérem
k moznym praktickym aplikacim. Problémem téchto latek je ovsem jejich citlivost na vzduch a

vodu.

Obrdzek 1: Struktura komplexu Mn12ac, vodikové atomy a solventy nejsou zobrazeny, atomy Mn jsou oznaceny fialovou (Mn'")
a zelenou (Mn") barvou (vlevo).1 Struktura komplexu [Dy(Cptt),][B(CsFs)a] (vpravo)i©

Ziskavani novych poznatkd pfi vyzkumu jedno-molekulovych magnetl je jednak realizovano
pomoci popisu vlastnosti nové pripravenych systém(. Neméné dulezité je ovsem také

teoretické studium relaxacnich déjd, které nam umoznuje odpovédét na otazky, jestli Ize najit
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jesté vyhodnéjsi molekulové struktury nebo jak presné spolu souvisi blokovaci teplota a

energetickd bariéra.

2.2 Elektronova struktura kovovych iontU a jeji vztah k magnetismu
Z chemického pohledu jsou jedno-molekulové magnety vétSinou komplexy kov( patficich
mezi d- a f- prvky, nejcastéji jde o Co, Dy a Tb vzhledem k jejich vhodné elektronové konfiguraci
v béZnych oxidacnich stavech. PfestoZe je zfejmé, Ze ligandy a celkova struktura komplext ma
na jejich magnetické vlastnosti velky vliv, tento vztah je natolik komplexni, Ze jesté stdle nejsou

znamy zcela uspokojivé magneto-strukturni korelace.

v Vv

Co se tyce 3d-prvkd, jejich elektronovou strukturu Ize popsat jednoduseji, nez u tézsich d-
prvkd a f-prvkd, a tudiZz jsou jejich vlastnosti lépe probaddané. Obecné je za Stépeni
elektronovych hladin odpovédna elektron-elektronova repulze, stépeni v ligandovém poli a
spin-orbitdlni interakce (Obrazek 3). U 3d prvkl je v mnoha pripadech mozné diky jejich
nizkému prispévku spin-orbitalni interakce, ktery je obvykle mensi nez pusobeni ligandového
pole a elektronové repulze, pouzit model spinového hamiltonidnu vyuzivajiciho projekce spinu

(S, Ms), ktery je ve vétsiné pripadl aproximaci s pfijatelnou shodou s realitou.

Teoretickou hodnotu magnetického momentu je moiné pro 3d-prvky vypocitat pomoci

nasledujiciho vztahu:

Eell — g /S(S+ 1) (1)

Us

Kde g je g-faktor, ktery je obecné blizky hodnoté elektronu, tedy ptiblizné g = 2, ale mlze
nabyvatijinych hodnot v disledku jevd, jako jsou napfiklad spin-orbitalni interakce nebo Jahn-

Tellerav efekt.

Pro jedno-molekulovy magnetismus je jeho zdsadni slozkou kromé vlivu ligandového pole
zejména Stépeni v nulovém magnetickém poli (zero-field splitting), coz je jev, kdy dochazi ke
Stépeni energetickych hladin vlivem vzdjemné interakce vice neparovych elektron( v iontu.
Toto $tépeni je pritomné pouze u iontl, které maji celkovy spinovy moment vétsinez S=1/2.
V jeho zjednodusené formé Ize Stépeni v nulovém magnetickém poli zapsat pomoci tohoto

hamiltonidnu:12

A=S-D-S+ uggBS (2)
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ktery se sklada ze dvou ¢lend, prvni z nich popisuje Stépeni energetickych hladin v nulovém
magnetickém poli (zero-field splitting), druhy pak stépeni v magnetickém poli (Zeemanuiv jev).

V praxi se obvykle pouZivéd zjednodu$ené formy tohoto operatoru:*3
A =D (52 -182) + E(52 - $2) + 1ngBS G
- z 3 x y Usg

V tomto tvaru hamiltonianu se pak vyskytuji parametry D a E oznaCované jako axidlni a
rombicky parametr. Pfi plisobeni timto operdtorem nasledné ziskdme rozlozeni hladin (£ S, +
(5-1), ..., az po hladinu S = 0 pro ionty sceloCiselnym spinem a S = *1/2 pro ionty
s necelodiselnym spinem), kde energetické rozdily mezi hladinami budou ve vztahu
k parametrdm D a E (Obrazek 2). Tim, jak Stépeni v nulovém magnetickém poli ovliviiuje
energetické hladiny (pro ionty s polociselnym spinem nazyvané Kramersovy dublety), je axidlni

parametr D v pfimém vztahu s anizotropni energetickou bariérou:
Uett = |D|S? (4)
Uer = |DIS* — 1/4 (5)

kde vztah (4) plati pro ionty s celoCiselnym spinem a (5) pro ionty s polociselnym spinem.

B=1 5=32 S=2 S=52 © 5=1 5=137 S=2 S=52
40 — 10
W " _'_FF"""H‘
= 200 - B e o 3 .
R ,_J —
S D- ____ i I _,.H"""FFFF I __,—'-""F--- '3- { - j I
] —_— < E -
i 20t = 20} :
4 I I I i i I -\-\-\I-\HH""- A I 1 I i i i I_\I_-_"
o o2 4 0 2 4 0D 2 4 0D 2 4 0o 2z 4 o 2 4 o 2 4 o 2 4
E E E E E E E E
D = 10 (arbitrary units) D = —10 (arbitrary units)

Obrazek 2: Efekt stépeni v nulovém magnetickém poli na energetické hladiny iont( s riznym spinem4

Parametry D a E jsou ve velké mife zavislé na Stépeni v ligandovém poli a silné je ovliviuje tvar

koordinaéniho polyedru.

U tézsich d-prvku a lanthanoidd je situace komplikovana tim, Ze jejich spin-orbitdlni interakce
jsou vétsi nez efekt stépeni v ligandovém poli. Na popis tohoto jevu existuji dva modely, které
se lisi tim, jaky prvek interakce v kovovém iontu je dominantni (Obrazek 3). Pokud je to
elektronova repulze, pouzivame LS model, pokud je dominantni spin-orbitdini interakce, je

vhodnéjsi pouzit IM model.*
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Obrdzek 3: Elektronové interakce v atomu Tb"' s vyznacenymi jednotlivymi interakcemi,
jejichz vlivem dochdzi ke stépeni hladin, jako ilustrace pro fddovou velikost energetickych

rozdilii mezi hladinami.1®

U JM modelu se spin-orbitalni interakce vklada do modelu pomoci slouceni orbitalniho
momentu hybnosti L a spinového momentu hybnosti S do celkového momentu hybnosti J.

Maximalni hodnota celkového momentu hybnosti J je definovana jako:’
J=L+S

J mUzZe nabyvat hodnot (J, J-1,...,-J). Zakladni stav iontu je uréen na zakladé obsazeni jeho f-
orbital(. U iontd s obsazenim nizsim nez polovi¢nim je zakladni stav definovan jako J = |L-S|,
u iontd s nadpoloviénim obsazenim jako J = L+S. U iontl s polovicnim obsazenim, napfiklad
Gd?', je pFispévek spin-orbitalni interakce zanedbatelny, nebot jejich orbitdlni moment L je

pro jejich zakladni term roven 0, a popisuji se pouze pomoci spinového momentu hybnosti.

Pro vypocet hodnoty magnetického momentu pomoci celkového momentu hybnosti J je

definovan Landého g-faktor jako konstanta:

_3 S(S+1)-L(L+1)

9= 3 207 (6)

LS model pouziva pfi popisu iontu orbitalni moment L a spinovy model Sa k popisu spin

orbitdIni interakce vyuZiva zvlastni ¢len ve spinovém hamiltonianu:!8

ASoC = 325 3, (oLS)’ (7)
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Kde A je spin-orbitalni konstanta j-tého fadu a o je parametr orbitalni redukce.
Pro tento model se jako g-faktory vétSinou v praxi pouzivajig. =1 a gs= 2.

PFi vypoctu teoretickych magnetickych momentt pro lanthanoidy se vétsSinou uZiva pro tyto

Ucely jednodussiho JM modelu, kde plati nasledujici vztah: *°

“h=gJU+D (8)

Ale je odvozen i vztah pro LS model:?°

Pl = JgPLL + D + g3S(S + 1) (©)

ProtoZe maji lanthanoidy oproti spin-orbitalnim interakcim jen malou energii Stépeni
v ligandovém poli, je jejich limitni hodnota magnetického momentu prakticky nezavisla na

koordinacni sfére, a tedy z jeho hodnoty, na rozdil od d-prvk(i, neni mozné ziskat prakticky

zadné informace naptiklad o tvaru koordinacni sféry.

Analogicky jako pro d-prvky je pak pro lanthanoidy platny Curieho zakon v nasledujici formé:

_ Nauggj
== JU+1D (10)

2.3 Stépeni v ligandovém poli
Jako Stépeni v ligandovém poli se nazyva interakce mezi ndboji elektronovych para ligandu a
elektront v orbitalech centrdlniho atomu, jejimz vlivem je odstranéna degenerace d- nebo f-
orbitalu (Obrazek 4). Je bézné uplatfiovana u d-prvk(, kde v pripadé 3d-prvk( tvori dominantni
interakci, ktera zpUsobuje Stépeni zakladniho termu, vzhledem k nizké sile spin-orbitdlnich
interakci. Pro d-orbital je popsano, jak se d-orbitaly Stépi v béinych symetriich, kterych
geometrie chromoforu dosahuje. Dale je popsano, jaky vliv maji rlizné ligandy na Stépeni
ligandového pole a jak jsou na zakladé toho rozdéleny komplexy na vysokospinové (high spin)
a nizkospinové (low spin), podle usporadani jejich elektron zavislém na energetickém

rozlozeni d-orbitald.
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Obrdzek 4: Ukdzka stépeni d-orbitalli pro trigondlIni prizma (a) a oktaedr (b).%

Situace je komplikovanéjsi v pripadé f-orbital(, kde je vliv Stépeni v ligandovém poli maly
oproti spin-orbitalni interakci, a modely pouZivané pro 3d kovy zde nejsou uZite¢né. Pfesto je
pottfeba vliv ligandového pole popsat, nebot je to druh stépeni, ktery je na rozdil od spin-
orbitalni interakce a elektronové repulze vyvolany okolim kovového iontu. Pro tento ucel se

pouziva ¢len hamiltonidnu, ktery se vyjadfuje ve formé Stevensovych operatord:2?
H= Zk=2,4,6 Z§=_k B,? 0}? (11)

kde se tyto operatory zna&i jako O, B pak je koeficient, ktery miiZze nabyvat réiznych hodnot
v zavislosti na studovaném systému. Pod oznacenim ka g jsou rady operatoru, k nabyva
hodnot kladnych sudych &isel, ¢asto se pouziva do fadu 6, ale nékdy i do vyssich fada. Rad g

pak nabyvda hodnot od -k do +k.

PrestoZe jsou Stevensovy operatory popisovany jako ndstroj k popisu Stépeni v krystalovém

poli, maji mimo jiné také uzky vztah s parametry stépeni v nulovém magnetickém poli:
D = 3B2 (12)
E = B2 (13)

¢ehotz Ize vyuzit napfiklad pfi analyze magnetickych dat.
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2.4 Vicejaderné komplexy
V pfipadé, Ze se vice paramagnetickych center nachazi dostatecné blizko u sebe, dochazi u
nich k vzajemné interakci, ktera se projevuje dalSim Stépenim magnetickych hladin. Této
interakci se fikd magnetickd vyménna interakce. Sklada se ze dvou ¢asti; prvni z nich je dipdl-
dipodlova interakce, ktera se Sifi skrz prostor mezi centry. Lze ji kvantifikovat pomoci

nasledujiciho vztahu:
2
Egip = l:_?[ﬂl “fip — 3 (g - Myp) + (Hy * Tiyp)] (14)
kde u jsou vektory magnetickych moment(, n vektor jejich spojnice a r jejich vzdalenost.

Druhou sloZzkou vyménné interakce pak je takzvand supervyména, ktera je zpusobena
orientaci spinové hustoty ve vazebnych orbitalech a pfendsi se prostiednictvim chemickych

vazeb, napftiklad na ligandech.

Efekt Stépeni hladin prostfednictvim vyménnych interakci se popisuje pomoci ¢lenu ve

spinovém hamiltonianu:
Hex=$1-J13 S, (15)

ktery obecné popisuje interakci v mnohojaderném systému mezi kazdym pdarem
paramagnetickych center, kde je interakce vyjadfena pomoci tenzoru J*. Po Upravé Ize vztah

vyjadrit takto: 3
ﬁex = _]}szo 5185, + 5, 512 Sy +dyp (51XS3) (16)

kde prvni ¢len je izotropni vyména, ktera dava informaci o tom, o jaky typ vymény se jedna.
V nejjednodussim pripadé, kdy mame dvoujaderny systém, kde obé centra maji S; = S, =%,
pak dojde k tomu, Ze celkovy spin systému bude mit dva mozné stavy —S=S5:+S,=1a S = S;-
S2 = 0. Energeticky rozdil mezi témito stavy pak bude roven interakéni konstanté J*°, pokud
bude zakladni stav S = 1 (kdyZ /*° bude kladné), mluvime o feromagnetické vyménné interakci,
pokud bude S =0 (zdporné J*°), jedna se o antiferomagnetickou vyménnou interakci. (Obrazek

5).
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Obrdzek 5: llustrace energetickych hladin u systému S; = S, = %, které jsou Stépeny vyménnou interakci J's°, ve vyobrazeném
pfipadé je Js° zdpornd a vyménnd interakce antiferomagnetickd.?*

Druhy €len je takzvand anizotropni vyména a je definovan tenzorem D, ,, ktery rozhoduje o
orientaci vysledného magnetického momentu paru v prostoru. Treti ¢len je pak antisymetricka
vymeéna, jejiz pusobeni se sCitd s izotropni vyménou a muze zpUsobit vychyleni magnetickych

momentl od idealné paralelnich sméru.

U magnetické vyménné interakce se Casto uplatiiuje pfistup, kdy se ostatni ¢leny mimo
izotropni vyménu zanedbavaji. Tento jednoduchy a pfitom vétSinou dostacujici zplisob popisu
vymeénné interakce je vyhodny napfiklad i pro vétsi systémy, kde exponencialné nar(istd pocet

energetickych hladin s vyssim poétem magnetickych center.

Vyse uvedené modely magnetické vyménné interakce pouzivaji jako charakteristiku
paramagnetickych center spin. Toto je ovSsem problémem u lanthanoid(, jak uz bylo zminéno
v predchozich kapitolach, protoze jejich silnd spin-orbitdini interakce zplsobuje velkou
odchylku od cisté spinového modelu a lepsi metody popisu magnetické vyménné interakce
zatim nejsou pro lanthanoidy uspokojivé vyvinuty. Pro tyto Ucely se u lanthanoid(i pouziva
LinesGv model.?> Tento model vyuZiva pro kazdy Kramerstv dublet nahrazeni J za pseudospin

S = %, ktery se vyndasobi pfislusnym koeficientem, aby dosahl magnetického momentu
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v souladu s teorii. Jako korekci na prispévek vyssich hladin v dlsledku jeji teplotni populace

ma kazdy dublet pfifazen teplotné zavisly ekvivalent g-faktoru.

2.5 Relaxacni procesy
Jako magneticka relaxace se obecné oznacuje prechod materidlu do rovnovazného stavu,
obvykle ze stavu orientovaného vlivem magnetického pole do rovnovdzného stavu v nulovém
poli. Cas, b&hem kterého je této rovnovahy dosaZeno, se oznacuje jako relaxaéni ¢as a je
jednou z nejdulezitéjsich charakteristik u jedno-molekulovych magnetl. Z mikroskopického
hlediska relaxace magnetizace Uzce souvisi s energetickou bariérou, nebot ona je tim, co

spontanni relaxaci brani. K jejimu pfekonani maze dojit nékolika zplsoby.

Prvni z relaxacnich mechanism( je zajimavy tim, Ze nevyZzaduje Zadny prenos energie. Je jim
kvantové tunelovani magnetizace, tedy jev, ktery ma svij pavod v kvantové povaze atomu. Je
zajimavé, Ze jedno-molekulové magnety jsou fyzikalnimi systémy, kde je mozné kvantové jevy
pomérné snadno pozorovat. Jsou patrné napfriklad na hystereznich kfivkach nékterych jedno-

molekulovych magnetd, kde tvofi ,,schody” (Obrazek 6).%°

MM, ——

-1 05 0 05 1
poH | T ——»

Obrazek 6: Hysterezni krivky jedno-molekulového magnetu Nag(CsH12N)4[Fe4(H20)2(FeWoO34),] 45 H,0 s patrnou pritomnosti

kvantového tunelovdni magnetizace v podobé pribéhu krivky ve tvaru ,,schodi”.

Problematika tunelovani je pomérné komplikovana. Je zndmo, Ze je nutné, aby stavy, mezi
kterymi k tunelovani dochazi, byly témeér degenerované. Tento predpoklad je spojen také
s metodou, jakou je tunelovani bézné potlacovano pfi provadéni experimentdl, tedy mérenim
v magnetickém poli, které degeneraci odstrani prostfednictvim Zeemanova jevu (Obrdazek 7).
Timto zpUsobem se magnety déli na ,zero-field“ magnety, tedy ty, které vykazuji pomalou

relaxaci i bez magnetického pole, a ,field-induced”, které bez magnetického pole relaxuji
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rychle prostrednictvim tunelovani v zakladnim stavu, avsak pfi zapnutém magnetickém poli se
u nich relaxace objevuje.

Mg=0

Mg=-5 @ f M= 48
|Dis?

ro._,_,ql._c_’_‘. -

Obrdzek 7: llustrace kvantového tunelovdni magnetizace v anizotropni energetické bariére?’

Na druhou stranu ovSem, oproti této zazité predstavé, je situace komplikovana v tom, Ze
pokud by dvé hladiny lezici na opacnych strandch bariéry byly opravdu degenerované,
k tunelovani by dochdzet nemohlo.?® Ovsem vredlnych systémech hladiny nejsou
degenerované kvuli Zeemanovu efektu zvelmi malého, ale pro ucely teorie prakticky
vSudypritomného magnetického pole, které se dd pricist naptiklad molekulovému poli ze
sousednich molekul. Pro takovy pfipad pak byl odvozen nasledujici vztah, ktery umoziuje

predikce kvantového tunelovani z velikosti slozek g-tenzoru:

QM = —, T F/————
hoy /(g§+g§)+g§

kde B je velikost indukce? magnetického pole. Z tohoto vztahu byly Uspésné predpovézeny

2 2
=1 ugB  (gx+9gy) (17)

velikosti energetickych bariér pro jedno-molekulové magnety za predpokladu, Ze se vychazi

z velikosti sloZzek g-faktoru pro kazdy Kramers(v dublet zvlast.

Na zavér je nutné zminit, Ze tunelovani neprobihd pouze v zakladnim stavu, ale v kazdém
z Kramersovych dubletl a v kazdém rznou rychlosti. Nékdy se proto také oddéluje jako rGzné
relaxacni déje tunelovani v zdkladnim stavu a termicky asistované tunelovani, tedy relaxace
po excitaci do vyssSiho Kramersova dubletu. Co se tyCe designu molekul pro potlaéeni
tunelovani, z vySe uvedeného vztahu je zfejmé, Ze zalezi na velikosti g-tenzoru. Konkrétné
tunelovani Casto koreluje s velikosti rombickych sloZzek gy, je tedy nutné pfipravovat systémy

s co nejvétsi axiadlni anizotropii pro potlaceni kvantového tunelovani.

Vsechny ostatni zakladni relaxacni mechanismy pak vyZaduji prenos energie, ktery je

v pevnych latkdch prendsen pomoci takzvanych fonond, coz jsou vibrace krystalové mfizky,
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kterym je pro prenos energie mezi atomy pfifazena fiktivni pseudocastice. Existuji dva druhy
vibraci mftizky, kterym se fika akustické a optické fonony. Prvni vibruji pomoci zkracovani a
prodluZovani vzdalenosti mezi molekulami, a tim pfipominaji zvukové viny. Optické fonony

jsou podobné molekulovym vibracim, které se Sifi skrz cely krystal (Obrazek 8).
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Obrdzek 8: Zjednodusené zndzornéni akustickych a optickych fonond s vinovou délkou oznacenou jako a?°

Relaxacni mechanismy u jedno-molekulovych magnett se dale déli na jedno-fononové a dvou-
fononové déje podle poc¢tu fonony prenasenych excitaci, ze kterych se dané déje skladaji.3°
Jedinym déjem, ktery se fadi mezi jedno-fononové déje, je takzvana pfima relaxace, coz je déj,
vyZadujici pfitomnost magnetického pole, kdy dojde vlivem Zeemanova efektu k prechodu
mezi dvéma stavy, které se dostanou do rezonance s energii fononu. Pfipadna dalsi energie
muzZe byt dodana jako tepelna excitace, proto je déj zavisly i na teploté. Jeho popis pfi analyze

experimentalnich dat je obvykle provdadén pomoci nasledujici rovnice:3!
tair = AqirB*T (18)

Kde t je rychlost relaxace, A je parametr, B je indukce magnetického pole a T teplota. Tato
rovnice ale plati pouze pro Kramersovy ionty, pro ne-Kramersovy ionty je namisto B*

pouzivano pouze B2.3?
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Obrdzek 9: Zndzornéni relaxacnich déji (pfimy, Ramandv a Orbachiv) zprostfedkovanych fonony.33 Jako ,phonon cutoff” je

oznacena hranice energie, nad kterou fonony neinteraguji s Kramersovymi dublety.

Jednim ze dvou dvou-fononovych déju je Raman(v proces (Obrazek 9). Dochazi pfi ném
k pohlceni a vyzareni fotonu, pficemz mezistupném je tzv. virtudlni hladina, do které se systém
excituje a ze které nasledné dochazi k deexcitaci, coZ provazi pohlceni, ptipadné vyzareni
fononu. Je tedy nutné, aby byly vsystému dostupné fonony vrezonanci senergiemi
potifebnymi pro ptechody. Tento jev probihd kompetitivné s Orbachovym jevem a muize byt
aktivni i v oblasti teplot, kde systém nema dost energie na prekroceni energetické bariéry.

Ramanova relaxace pak sniZuje blokovaci teplotu, je tedy nasim zdjmem ji co nejvice potlacit.3*

Co se tyce teoretickych popisli a moznosti predikce Ramanovy relaxace, je zatim bohuzel asi
tim nejméné popsanym relaxaénim mechanismem. Jiz bylo prokdzano, Ze je divodem toho,
ze komplexy s vysokymi experimentalné zjisténymi energetickymi bariérami Uetr mohou mit
relativné nizké blokovaci teploty. Snaha o potlaceni Ramanovy relaxace by tak mohla pfinést
zlepSeni v této skupiné jedno-molekulovych magnet(.3®> Jediny zatim navrieny spolehlivy
zpUsob je ovsem omezeni fononl na nizsich energiich, aby jimi nemohla byt pfenasena

energie3®, co? je oviem zatim Ukol, jehoZ dosaZeni je v praxi velmi obtizné.

Pfi vyhodnocovani experimentdlnich dat je Raman(v déj obvykle popisovan pomoci

nasledujici rovnice:
tl;z}m = CRaan (19)

Kde Cje parametr, a n by mélo pro idealni pripady byt blizké 9 pro Kramersovy ionty, 7 pro ne-
Kramersovy ionty, 5 pfi pritomnosti nizko lezicich stavi blizkych zédkladnimu stavu a 2 pro

vysoké teploty.3’
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Druhym mechanismem, ktery se fadi mezi dvou-fononové mechanismy je Orbachiv
mechanismus, coZ je déj, kdy dochdzi kexcitaci do vysSich stav(i, a tedy k prekonani
energetické bariéry Ues, aby mohlo dojit ke zméné sméru magnetizace. V redlnych systémech
sice vétSinou nejde o excitaci do nejvyssiho dubletu. Obvykle staci pfechod do vyssiho stavu,
kde je tunelovani siln&jsi nez v zakladnim stavu (Obrazek 10).3® Tento dé&j je v teorii nékdy
ztotoZziovdn s takzvanym tepelné asistovanym tunelovanim (Obrazek 10), tedy excitaci do
vyssiho stavu pomoci pfimého mechanismu, a poté kvantovym tunelovanim. Prakticky ovsem

neni mozné tyto mechanismy odlisit.3°

Energy
(1

Obrdzek 10: Illustrace tepelné asistovaného tunelovdni (vlevo)3® a zobrazeni energetické bariéry jako ,prehrady”, kde ke zméné
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sméru magnetizace dojde v prvnim stavu, ktery to tunelovanim umoZznuje (uprostred), nebo idedlné aZ na vrcholu bariéry
(vpravo)3é

Tyto pfipominky jsou oviem pouze formalni. Fakticky je Orbachlv mechanismus relaxace
z hlediska jedno-molekulovych magnetll tim nejvyhodnéjsim pro jejich design, nebot Uzce
souvisi s energetickou bariérou, jejiz velikost jsme s dneSnim stavem poznani schopni do jisté
miry kontrolovat a designovat molekuly pro jeji maximalni velikost. Pro popis Orbachova jevu

se vétsSinou pouziva upravena verze Arrheniovy rovnice:

- _ U
torb = to exp(—-5) (20)

kde to je parametr, Uess energeticka bariéra, k Boltzmannova konstanta a T je teplota.

Bylo jiZz prokazano, Ze v pripadé komplexd s vyhradné Orbachovou relaxaci nebo v pfipadé
zanedbani Ramanovy relaxace spolu velmi dobre koreluje velikost energetické bariéry a

blokovaci teploty. Tento vztah Ize velmi jednodu$e napsat jako:3®
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_ Vet _ Uett (21)

T, =
B Orb In t_o 28
(tref

kde 28 je aproximovana hodnota, kterou dostaneme pfi dosazeni tf = 100 s (coZ vychazi
z blokovaci teploty), a za tose dosadi hodnota odpovidajici rozsahu 107! a7 10-*?, coZ odpovida
konstanté tou jedno-molekulovych magnet( typu dysprosocenia. Jak je vidét z extrapolace, je
i pfes jistou Uroven aproximace vidét jasnou korelaci mezi odhadovanou hodnotou blokovaci

teploty pro Orbachlv jev a velikosti energetické bariéry (Obrazek 11).
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Obrdzek 11: Korelace mezi velikosti Ug a blokovaci teplotou pro Orbachuv jev3®

2.6 Interakce fonond se spinovym momentem hybnosti

Jiz bylo v minulé kapitole popsano, Ze se energie pfi magnetické relaxaci prendsi za pomoci
takzvanych fonon( neboli vibraci krystalové mrizky. OvSsem ne kazdda vibrace interaguje
s magnetickym momentem stejné. Relaxace magnetizace je casto spojena s populaci
konkrétni vibrace. Pro popis této interakce byla zavedena veli¢ina oznacovana jako ,,spin-
phonon coupling”, kterd popisuje propojeni mezi spinem a fonony s vyuzitim teoretickych
metod. Fonony se pfi takovych vypoctech obvykle redukuji na molekulové vibrace, coz je
aproximace, ktera ale umoznuje vyuzit jednodussi vypocetni metody bez periodického DFT
nebo jiné korekce na okolni prostfedi. Spin-fononova interakce se poté zjistuje pomoci
vypoctu urcité veli¢iny spojené s magnetismem v rovnovaziné strukture a poté ve strukture
deformované vibracemi. Definice této veli¢iny se prozatim v literatufe v rliznych zdrojich
muZze lehce odliSovat.
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L o (22)

4 \2Q)2/) myy
V tomto pfipadé je spin-fononova interakce definovana jako druha derivace slozky g-faktoru
ve sméru z podle normalové soufadnice vibrace (Obrazek 12).4° Dale pak ve vztahu vystupuje

my jako redukovana hmotnost a v jako frekvence vibrace.
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Obrdzek 12: Prubéh zdvislosti g, na normdlové souradnici pro dvé vybrané vibrace (vlevo) a spin-fononové spektrum pro
studovany komplex [Cu(C4S:N>)2]4°

Vtomto pfipadé Escalera-Moreno et al. studovali komplex Cu" zpohledu molekuly
potencidlné pouZitelné pro kvantové pocitaCe, nicméné princip je stejny i u jedno-
molekulovych magnet(. Podafilo se opravdu potvrdit, Ze jsou urcité vibrace, které silné
interaguji se spinem a zpUsobuji pfenos energie (nebo u qubitl kvantovou dekoherenci),

zatimco ostatni maji pomérné maly vliv.

Existuji pak i jiné pFistupy, kdy je namisto g-faktoru v derivaci pouZito napfiklad D-parametru

nebo koeficientd Stevensonovych operator(.*!

V nedavné dobé se objevily i pfistupy, které jdou jesté o krok ddle a pokousi se dosahnout
kompletni teoretické predpovédi pro relaxacni ¢as u vSech relaxacnich proces, pro kterou by
pravé spin-fononova interakce méla byt klicovym parametrem. Pokud vime, jak dand vibrace
ovliviuje magnetickou relaxaci, je mozné ndsledné z jeji populovanosti pfi dané teploté a
hustoté stav(, které budou v rezonanci s energii prechodu mezi energetickymi hladinami spin-
orbitdlni interakce, predpovédét relaxacni ¢as pro vsechny déje, pfi kterych dochazi k prenosu

energie pomoci fonond.

Jako prvni byla spin-fononova interakce vyuzita pro charakteristiku magnetickych vlastnosti
pro komplex [Co(C(SiMe2ONaph)s).], kde ovsem nebyla pouzita teoreticka predpovéd, ale
koeficienty spin-phonon coupling byly ziskdny z experimentélnich dat.*? Pro analyzu dat bylo

pouzito nasledujiciho vztahu:
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1 _ 1 Va® Ag(2ng+1) 1 U
7 = tun Z“( h (Aa2+(h(ua)2)) tto exp( kT) (23)

Kde mimo jiz zmifovanych ¢lenl popisujicich kvantové tunelovani magnetizace a Orbachovu
relaxaci vystupuje prostiedni ¢len, ktery popisuje pfimou relaxaci na zakladé spin-fononové
interakce. Jako a jsou oznaceny jednotlivé vibrace. Pro kaidou z nich pak jsou v rovnici
specifické hodnoty V (spin-fononova interakce), A (Sifka spektralni ¢ary), n (populace vibrace)
a w (Uhlova rychlost). ProtoZe fonony jsou bosony, populace se obvykle pocitd pomoci Bose-

Einsteinova rozdéleni:

1
Ny = g — (24)

e kT -1
U spektralni Sitrky fononu se definice lisi, v pripadé této publikace byl pouzit nasledujici vztah:

hwq
_ (hwg)*-e KT

A= -—o—— (25)
(e kT ~1)?

Ale v jinych pfipadech se Sitka spektrdlni ¢ary pro zjednoduseni zafixuje na konstantni

hodnotu. 41°

Ve vysledku pak byla v pfipadé prace autorli Reta et al.*'® analyzovana kfivka zavislosti
relaxacniho ¢asu na teploté a bylo dosazeno shody na zakladé dosazeni za parametry tin, Va,

toa U (Obrazek 13).
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Obrdzek 13: Analyza relaxacniho casu pro komplexy [Co(C(SiMe;ONaph)s),] (1) a [Coo.02Zn9s.s(C(SiMe,ONaph)s);] (3)
V nedavné dobé byly ale publikovany dva rlizné, ale presto ve své podstaté podobné postupy,
jak lze relaxacni €as ziskat s vyuZitim vyhradné ab-initio vypoctl. Obé metody jsou zaloZeny na

vypoctu matice, kterd obsahuje maticovy element pro kazdou excitaci mezi kazdymi dvéma
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kombinacemi pfechod(l mezi energetickymi hladinami Kramersovych dublet(l. Tyto maticové

elementy jsou definovany nasledovné:*1P

V=IO |<f|ﬁSPJ|i>|2 (= 11, m) p; (| — B (26)

Pro Ef> Ej; pokud plati, Ze Ef < Ej, vypada vztah nasledovné:

2
—6 2T = . 2
vri=X3 o <f|HSP1|l>| (n; +1|Q;|my) p;(|Ef — ED (27)
kde f a i jsou dvé energetické hladiny a j je fonon. Definice spin-fononového hamiltonianu
vychazi ze Stevensovych operator(:

A BT\ —5
HSP] = Q; Zk=2,4,6 Zg:—k 0y, (a_Q’j> Olg (28)

kde Q je dislokace pro danou vibraci, a k, g, ©, B, O vychazi z definice pro Stevensovy

operatory.

Populace fononu n vychazi z Bose-Einsteinova rozdéleni, p je hustota stavl pro dany rozdil

energetickych hladin.

(AE-hw j)z

1 " )

pj(AE) = —=e 22 (29)

kde A je Sitka spektralni ¢ary, kterd zde byla definovdna jako konstantni pro vSsechny fonony
nezavisle na teploté a frekvenci. Vysledna matice ndm pak umozZnuje ziskat prevracené
hodnoty relaxacnich ¢ast pro jednotlivé prechody jako vlastni Cisla matice y, z nich je poté
mozné predpovédét relaxacni dynamiku na zakladé vybéru prechodi s nejkratsSimi relaxac¢nimi

casy.

Tento pristup byl pouZit k simulaci relaxacnich ¢asli pro nékolik realnych nebo teoretickych
komplex(, odvozenych na zakladé dysprosocenia. Uvadény rozptyl by mél byt v oblasti
jednoho desetinného fradu, coZ je, vzhledem k nutnosti zavadéni rdznych aproximaci,

pomérné prijatelna hodnota odchylky (Obrazek 14).
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Obrdzek 14: Simulované relaxacni ¢asy pro rizné analogy dysprosocenia, 6 je pro strukturu [Dy(Cp*r)(Cp*)]*

VysSe uvedeny postup umoznuje teoreticky vypocitat relaxacni ¢asy pro Orbachovu relaxaci.
Kromé néj byl publikovany i druhy pfistup, ktery kromé Orbachova jevu zohledriuje i
Ramanovu relaxaci (byt pojmy uvedené v clanku jsou vzhledem k poctu fononl ne zcela

odpovidajici definici uvedené v pfedchozi kapitole):43
Wl_ph = 2z E |<b|[/A | zGl_ph 30
ba p2 Ha a a)l (wba: wa) ( )

Takto je definovana rychlost relaxace mezi hladinami a a b, a jsou fonony, V je spin-fononova

interakce, G pak je hustota stav(, kterd je definovana nasledovné:
Gl_ph(wbafwa) = 6(wba - wa)ﬁa + S(wba + wa)(ﬁa + 1) (31)

Kde wpa je Uhlova rychlost energetického rozdilu mezi energetickymi hladinami, wq je Uhlova

rychlost fononu, n je populace fononu podle Bose-Einsteinova rozdéleni a 6 je Diracova delta:

_(wpgtwa)?

. 1
§(wpe wa) = lim-me a2 (32)

kde A je Sitka spektralni ¢ary definovana podobné jako v predchozim pfipadé.

Pro Ramanovu relaxaci pak je pouzit nasledujici vzorec:

A P 2
_ bV, |c)c|Vgla _
S R e ||>H’j I 6, e ) (33)

kde a a 8 jsou fonony, E jsou energie hladin a, b nebo c a G je hustota stava:
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GIP" = 8(wpa — wa + Wp)Ta(Tig + 1) + 8 (Wpa + Wa + Wp) (e + 1) (7 + 1) (34)
Gf_ph = §(wpg + Wg — W) (Mg + Vg + §(wpa — wq — wp)AaTp (35)

Vypocet relaxacniho ¢asu se poté provadi, stejné jako v pfedchozim pfipadé, pomoci vlastnich

Cisel z matic W, které obsahuji vSechny mozné prechody mezi vSéemi hladinami.

Tato metoda byla pouZita na popis relaxace komplexu [Dy(acac)s3(H20);] (Obrazek 15), a
dosahuje pomérné dobré shody s experimentem s odchylkou v podobnych fadech jako prvni

popsana metoda.
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Obrdzek 15: Porovndni vypocitané a experimentdlni relaxace pro [Dy(acac)s(H20),], Cerné tecky jsou experimentdini
hodnoty, éervend &dra relaxace z vzorce pro WM (Orbachova relaxace), zelend z W*Ph (Ramanova relaxace), modrd pak
jejich soucet.

2.7 Experimentdlni techniky studia jedno-molekulovych magnetd
Co se tyfe studia jedno-molekulovych magnetli, obecné se vyuZivd zejména
magnetochemickych, ale v mnoha pfipadech také spektralnich metod, které mohou
magnetické metody velmi dobfe dopliovat, protoZe pro magnetismus je klicova struktura
energetickych hladin ve stavbé atomu kovu. Cilem téchto metod je objevovat vztahy mezi

strukturou molekul, jejich vnitfni elektronovou strukturou a jejich magnetickymi vlastnostmi.

Zakladni magnetochemickou metodou je magnetometrie, tedy metoda méreni magnetického

momentu vzorku. PouZiva se nékolik zplUsobu, jak tuto metodu pouzivat a rlizné konfigurace
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pfistroji. Obecné jsou nejvice pouzivané dvé konfigurace, VSM (vibrating sample

magnetometer) a SQUID (superconducting quantum interference device).

VSM vyuziva periodického vibracniho pohybu vzorku ve vzorkové komore, ktery je realizovany
pomoci motoru, ktery zajistuje stalou periodu a rychlost pohybu. Pohyb vzorku pak probiha
mezi detekénimi civkami, ve kterych se pohybem vzorku s nenulovym magnetickym
momentem indukuje elektricky proud, ktery se nasledné detekuje (Obrazek 16). Cely

experiment probiha v magnetickém poli, které je vytvareno elektromagnetem.**

SQUID magnetometr je pojmenovany podle detektoru, ktery vyuziva principu Josephsonova
jevu,® kdy dochazi k tunelovani elektrického proudu v supravodivé smycce pres tenkou vrstvu
izolantu, kterym je prerusend (Obrazek 16) v dlsledku shlukovani elektronl do tzv.
Cooperovych para. Elektricky proud ale mize pres bariéru proniknout v disledku kvantového
tunelovani. V dlsledku toho je pak oscilace proudu v supravodivé smycce velice citlivda na

zmény v magnetickém toku, éeho? se vyuzZiva pfi provadéni magnetickych méfeni.3

] Sample Holder
Magnetic field

A

Superconductor
Biasing Biasing
current current

Electromagnet

&
Oneperiodof 7~ F
voltage variation 5. _@ E'é; &
corresponds to__§ i
anincrease of g
one flux quantum 58

Obrdzek 16: Schématické ndkresy magnetometri typu VSM (vlevo)*¢ a SQUID (vpravo)*”

Experimenty s touto metodou se déli na metody ve stalém a ve stfidavém poli. Z metod ve
stalém poli jsou pfi studiu jedno-molekulovych magnetl nejcastéji provadény dva typy méreni

— méreni zavislé na poli a na teploté.

Méreni zavislosti magnetickych veli¢in na poli se obvykle uvadi jako zavislost magnetizace na

velikosti magnetického pole, a tato data pak vypovidaji o strukture energetickych hladin
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v systému. V pfipadé jednoduchého méreni zavislosti magnetizace na magnetickém poli ma
kfivka u iontd, které jsou isotropni, tvar takzvané Brillouinovy kfivky, ktera popisuje idealni
paramagnetikum. OvSem u iont(, které vykazuji anizotropii nebo kooperativni jevy, pak
dochazi deformaci, kterou jiz nelze pomoci Brillouinovy kfivky popsat bez zahrnuti téchto jevu.
S rostouci teplotou se tvar kfivky u paramagnetickych materiald méni na pfimku. Saturacni

hodnota magnetizace je dana nasledujicim vztahem:*?
Mg,e = Nappg$s (36)

V béiné pouzivaném zapise, kdy magnetizaci udadvame vydélenou Bohrovym magnetonem a

vztazenou na jednu molekulu, pak bude satura¢ni hodnota rovna gs.

Typickym mérenim provadénym v tomto rezimu je magnetickd hystereze. Zde se méfi smycka,
kde se od nulové hodnoty magnetického pole jeho hodnota zvySuje. Z maximalni hodnoty +H
se pak velikost postupné snizuje zpét na nulu a nasledné se toto opakuje v opacném sméru do

velikosti pole —H a tato smycka se opakuje.

M
-------- Ms

He[ O Hs

Obrdzek 17: Schéma hysterezni krivky*¢ s oznacenim vyznamnych bodu, Ms je saturacni magnetizace, Hs saturacni pole, M,
je remanentni magnetizace a H. je koercivni pole.

Magnetizace je v pocatku nulova a se zvySenim pole postupné saturuje. Pfi zméné sméru pole
se u materidld, které nevykazuji magnetickou hysterezi, krivka opét protne snulou. U
materialQ, které jsou hysterezni v nulovém poli, z(stdva takzvana remanentni magnetizace M.
a magnetizace se dostane na nulovou hodnotu az pfi aplikaci koercivniho pole H. (Obrazek 17).

Sitka hysterezni smy¢cky rozdéluje magnetické materialy na takzvané tvrdé a mékké.
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U méreni teplotni zavislosti se vétSinou vyhodnocuje zavislost magnetického momentu a
magnetické susceptibility na teploté. Tato metoda se dopliiuje spolu s méfenim zavislosti
magnetizace na magnetickém poli a vyhodnocuje se analogicky za poufziti spinového

hamiltonianu.

Kromé této metody je na misté zminit také dalSi typ méreni zavislosti magnetizace na teploté,
a tim je ,zero-field cooled magnetisation/field cooled magnetization“ (ZFCM/FCM). Toto
méreni spociva v tom, Ze se vzorek ochladi v nulovém magnetickém poli a nasledné zahftiva
v magnetickém poli. Pti zvySovani teploty dojde k naristu magnetizace v disledku orientace
magnetickych momentl ve sméru pole a ndsledné k jejimu poklesu vlivem entropie. V dalsi
fazi se pak vzorek v pfitomnosti magnetického pole ochlazuje. Z dat této zavislosti mizeme
odecist maximum krivky ZFCM, kde se nachazi blokovaci teplota. Dalsim dalezitym Gdajem je
bod, kde se rozdéluji kfivky ZFCM a FCM, kterému se fika ireverzibilni teplota. Rozdil mezi
blokovaci a ireverzibilni teplotou je pak ukazatelem distribuce relaxacnich ¢asli ve studovaném
materialu. Nékdy se také po méreni FCM méfi jesté remanentni magnetizace (RM), tedy
nasledné ochlazeni s vypnutym magnetickym polem (Obrdzek 18). Tato metoda je velmi
uziteCnd zejména pfi studiu kooperativnich jevll a Casto se vyuziva zejména u studia

nanocastic.
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Obradzek 18: Schématické zndzornéni metody ZFCM/FCM a vyvoje teploty, indukce vnéjsiho magnetického pole a magnetizace
na teploté v jednotlivych fazich (a), (I — priprava, Il — ZFCM, Il — FCM, IV — RM). Vysledné krivky zavislosti magnetizace na case
(b) s oznacenou blokovaci a ireverzibilni teplotou.?
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Pri studiu komplex( se ¢asto vyuZiva pouze jednoduchych méreni zavislosti magnetického
momentu nebo magnetické susceptibility na teploté ve stalém poli. Ztohoto méfeni lze
jednoduse poznat pfitomnost ferromagnetické vymény podle narlstu magnetického
momentu se sniZujici se teplotou, ktery zacina bodem zvanym Curieova teplota, cozZ je bod
prechodu feromagnetu v paramagnet. Naopak antiferomagnetickd vyména se projevuje
poklesem magnetického momentu od bodu prechodu, kterému se zde fika Néelova teplota.
Opacné je to pak s trendy u magnetické susceptibility. Jednoznacné Ize poznat pfitomnost
feromagnetické interakce podle maxima na kfivce zavislosti magnetického momentu na
teploté. Pokles magnetického momentu Ize wvysvétlit i jinymi faktory, neiZ je
antiferomagneticka vyména, napriklad depopulaci vyssich hladin zakladniho termu. Proto
uréeni pritomnosti této vymény vyZaduje analyzu magnetickych dat podle pfislusného

spinového hamiltonianu (Obrazek 19).
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Obradzek 19: Ukdzka zdvislosti magnetické susceptibility a magnetického momentu na teploté u dimeru S; = S, = %, kde Jis© =
100 K (delsi prerusované cdry), Js° = 0 K (neprerusovand ¢dra) a Jis° = -100 K (kratsi prerusované cary)?

Druhou kategorii jsou magnetickd méreni ve stfidavém magnetickém poli, kterd umoznuji
zjistovat dynamické jevy, jako napfriklad prfechod mezi magnetickymi fazemi. U jedno-
molekulovych magnetd je tato technika casto pouzivand na urcovani relaxacniho casu.
Principem je, Ze pfi pomalé relaxaci magnetizace se faze namérené stridavé susceptibility
zpozduje za fazi vnéjsiho stfidavého magnetického pole. Naméfenou susceptibilitu poté

mUzeme vyjadfit pomoci dvou slozek, redlné (fazové) a imaginarni (mimofazové):

X, _ XT—Xs (37)

T 1+w?t?
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n _ (XT—Xs)wt
1+ w272

(38)

Kde xr a xs je izotermicka a adiabaticka slozka magnetické susceptibility, w uhlova rychlost a T
Cas. Z téchto méreni je mozné ziskat Udaje o relaxanim casu, ktery lze ziskat z pribéhu kfivky
imagindrni slozky susceptibility, ktera ma v zavislosti na frekvenci magnetického pole

maximum v bodé, kde frekvence odpovida relaxa¢nimu ¢asu. (Obrazek 20)
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Obrdzek 20: Zndzornéni prubéhu krivek redlné a imagindrni susceptibility pro méreni stfidavé magnetické susceptibility?
Z téchto udaju poté muzZeme ziskat informace o magnetické relaxaci, pokud zméfime
stfidavou susceptibilitu pri riznych teplotach. Vysledkem bude zavislost relaxacniho ¢asu na

teploté, ktera se analyzuje pomoci modell relaxacniho ¢asu (rovnice 17-20).

Dalsi metodou studia magnetickych material(i, kterd je pouzita i vtéto prdci, je EPR
spektroskopie. Tato metoda je zalozend na Stépeni magnetickych hladin pomoci
magnetického pole a naslednym pohlcenim radiofrekvencniho zareni, coz dava informace o
mite $tépeni hladin. Stépeni hladin Ize popsat pomoci spinového hamiltonidnu a jeho

parametry Ize technikou EPR spektroskopie urcit.

Obecné, v nejjednodussim pripadé u spinového systému S = %, je energie pfechodu rovna
energii Stépeni Zeemanovych hladin a pro absorpci radiofrekvencniho zareni je mozno pouzit

tento vztah:

hv = ppgB
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V praxi se bézné EPR spektra zobrazuji jako derivace absorpce v zavislosti na magnetickém
poli. Ze zaznamu jde v takovém pfripadé rozlisit podle tvaru absorpéni krivky, jestli je g-faktor,

izotropni, nebo anizotropni. (Obrazek 21)
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Obrdzek 21: llustrace EPR spektra pro rozdilné gy, gy a g, (nahore), pro gx = gy, (uprostred), a pro izotropni g-faktor (dole).?
Obecné, jakmile v systému nar(istd pocet hladin, systém se velmi komplikuje a v EPR spektru
muUzZeme vidét nejen vliv Stépeni v nulovém magnetickém poli, ale i magnetické vyménné
interakce nebo hyperjemné interakce. Z EPR spekter tedy jde extrahovat informace o vSech

téchto jevech a napfiklad z hyperjemné interakce také o strukture této latky.

2.8 Teoretické metody studia jedno-molekulovych magnet(
Vypocetni metody se dnes vyuZzivaji snad ve vSech oblastech chemie, a je proto zfejmé, Ze se
dnes poutzivaji a pro charakterizaci komplexd vyuzivanych jako jedno-molekulové magnety.
Pro tyto Ucely se vyuZzivaji zejména metody DFT a multireferenéni metody zalozené na CASSCF

a pripadné dalSich metodach zahrnujicich dynamickou korelaci.

Metoda teorie funkciondlu hustoty (DFT) je velmi rozSifenou metodou kvantové chemie
zalozenou nikoli na feSeni Schrodingerovy rovnice pro elektrony, ale na nalezeni elektronové
hustoty, coz je vypocetné méné narocné. Problémovou casti tohoto postupu je prepocet
elektronové hustoty na energii, ktery neni exaktné vyresen, a jako jeho nahrada jsou takzvané
funkciondly, tedy aproximované metody vypocétu energie.*® Téchto funkciondll existuje
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pomérné Siroké spektrum a lisSi se mezi sebou ve zplsobu vypocltu energie, presnosti i

vypocetni naro¢nosti.

Vyhodou metody DFT je zejména jeji nizkd wvypocetni ndarocnost, kterd pfi studiu
paramagnetickych  koordinacnich sloufenin umozZiuje snadno provadét napfiklad
optimalizace struktur a vypocty vibracnich frekvenci. BohuZel neni vhodna pro vypocty tykajici
se podrobnéjsiho studia elektronové struktury kovl, zejména téch s vysSim protonovym
Cislem. DFT totiZz neni schopna popsat systém, kde se nachazi nizko leZici excitované stavy,
které jsou populované a silné ovliviiuji zakladni stav systému. Pro takovéto pripady se pouZzivaji

takzvané multireferen¢ni metody.

Asi nejcastéji pouzivanou multireferenéni metodou ve studiu jedno-molekulovych magnetu je
metoda je ,Complete Active Space Self-Consistent Field” (CASSCF). Existuji rlizné dalsi metody,
které popisuji systém, ktery vyZzaduje zahrnuti excitaci, jako naptiklad metody konfiguracni
interakce (Cl) nebo metoda vazanych klastrd (CC), avSak oproti CASSCF jsou tyto metody
pomérné dost vypocetné narocné. Vyhodou CASSCF je, Ze nezahrnuje excitace ve vsech
dostupnych orbitalech, ale pouze ve zvolenych aktivnich orbitalech, coZ znatelné snizuje

vypocetni naroc¢nost. (Obrazek 22)

Virtual space =

Active space =

Inactive space —

¥+t

Obrazek 22: llustrace aktivniho prostoru v CASSCF vypoctu®°

Problémem ve vypoctu CASSCF metody je takzvand dynamicka korelace, ktera ve vypoctu neni

zahrnuta, coz je ve zkratce korekce na vyménnou energii elektron( pfi pohybu. Tento problém
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se fesi svyuzitim pokrocilych metod vyuZivajicich poruchovou teorii, jako napriklad , N-
electron valence perturbation theory” (NEVPT2) nebo ,,Complete active space perturbation
které zahrnuji pfilis velké mnoZstvi stav(l v aktivnim prostoru, ale u komplext 3d kovl je
mozné je bézné vyuzivat.

Vyhodou téchto metod je, Ze dokazou urdit energii elektronovych stavli v atomu kovu po
Stépeni v ligandovém poli, coZ je uZite¢na véc u studia jedno-molekulovych magnetll nebo
sloucenin s kfizenim spinovych stavd, pripadné pak i dalsi vlastnosti, jako jsou napfiklad
hladiny po spin-orbitalni interakci, g-faktory nebo parametry stépeni v nulovém magnetickém

poli.

3.Soucasny stav problematiky

3.1Sendvicové komplexy lanthanoid( s ligandy typu cyklopentadienylu
Tato oblast chemie je pomérné intenzivné rozvijena od roku 2016, kdy byl ptipraven a
studovan komplex [Dy(Cp™),][B(CsFs)4] s blokovaci teplotou 60 K a nasledné pak také komplex
[Dy(Cp™™)(Cp*)][B(CsFs)a], ktery ma blokovaci teplotu az 80 K.1° Mimo tyto dva zndmé
komplexy ale v posledni dobé bylo pripraveno pomérné mnoho dalSich podobnych latek,

vyuzivajicich zajimavé magnetické vlastnosti téchto systémda.

Tabulka 1: Jedno-molekulové magnety typu sendvicovych komplext s lanthanoidy jako centrdlnimi atomy

SloZeni Uess Ts Ref
[Dy"(Cp*™)2]* 1760 60 10a
[Dy"(CpP)(Cp*)]* 2215 80 10b
[Dy"(Cp™r4),]* 1849 17 51
[Dy"(CpPraMe), ]+ 2112 62 51
[Dy"(Cp™rt),]* 1986 59 51
[Dy"(Cp'P*3),]* 1919 56 51
[DY"(Cp*)(n?-Pn)] 270 2.4 52
[Dy"(CaB*™"P),]- 2302 66 53
[Tb"(Cp*™),]* 42 54
[Tb"(Cp™5),] 1734 52 55
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[Dy"(Dtp).] 1760 23 56

[(TbCpMe4,)o(u-N2)]T 276 20 57
[(DyCpMe4,),(u-N2)]-  108.1 6.6 57
[Dy(Cp™"s)(CpPEt4)]* 1410 20 8
[Dy(BCaPhs)z] 1500 66 59
[Dy2(Cp™>)als] 1631 72 60
[Er(COT)(Cp*)] 228 61
[EF'(COT”).] 187 8 62
[Er2"'(COT”)s] 323 12.5 63
[Er2"(COT)4]* 187 12.9 63
[Er(CoHg)(COT)] 361 10 64

V téchto latkdch se wvyskytuji jako ligandy budto derivaty cyklopentadienylu a od néj
odvozenych heterocykld nebo vétsi aromatické cykly, jako je cyklooktatetraen, pfipadné
(CoHo)". Z kovli jsou zastoupeny hlavné Tb a Dy, které vytvari velmi dobré jedno-molekulové
magnety s péti¢lennymi kruhy, zatimco svétSimi ligandy se ukazuji jako dobré hlavné
komplexy Er. Nicméné, v porovnani s komplexy Dy a Tb maji komplexy Er pomérné nizké
blokovaci teploty, protoZe komplexy sendvi¢ového typu s péti¢lennymi ligandy dosahuiji
pomérné béiné blokovacich teplot nad 60 K. Jejich problémem je ovSem nizka stabilita kv(li
nizkému koordinacénimu dislu, kterého je dosazeno volbou ligandl s velkou sterickou
zabranou, které také umoznuji dosahnout vétsiho Uhlu mezi centrdlnim atomem a stredy
aromatickych kruh(, coz napomaha axialni anizotropii. V posledni dobé bylo vedeno mnoho
pokusl, jak se pfriblizit k rekordni blokovaci teploté 80 K napfiklad pomoci substituce

heteroatomy, ale zatim neuspésné.

3.2 Teoretické studie
Studium jedno-molekulovych magnetld je kromé experimentalnich metod realizovano i
vypocetnimi metodami a nékteré z praci, které byly publikovany, pomohly velkou mirou
vysvétlit chovani komplext jedno-molekulovych magnetd, pripadné pomoci najit spravné

zaméreni pro syntetické chemiky.
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DuleZitym ndstrojem pro teoretické studium jedno-molekulovych magnetud se stal software
Single_Aniso a Poly_Aniso.%> Tento software umozZfiuje pomoci vypoctd zjistit hladiny
Kramersovych dubletll a pravdépodobnosti prechodd mezi nimi na zakladé maticovych
elementll magnetického momentu, vypocitat operatory krystalového pole nebo napftiklad g-
faktory pro Kramersovy dublety na zakladé CASSCF vypoctl. V soucasné dobé je tento
program velmi rozsifeny a stal se jednou ze zdkladnich metod teoretické charakterizace jedno-

molekulovych magnetd.

Je pouzivany i v Cisté teoretickych pracich. Napftiklad jedna velmi vyznamnda od samotnych
autord programu se vénuje diskuzi o idedlnim tvaru koordinaéniho polyedru komplexu
lanthanoidt, zejména Dy", pomoci studia idedlniho teoretického komplexu [DyO]* a pomoci
riznych tvard pro komplexy [DyFn]3".%% Tato studie ukazala vyznam axidlniho usporadani
ligandl u komplex( dysprosia, které vede k velké axialni anizotropii a k velkym energetickym
bariéram (Obrazek 23). Tento objev vedl k vysvétleni velmi vysokych bariér Uess u komplex( ve
tvaru pentagonadlnich bipyramid, u kterych je axialita dosazena nerovnomérnou distribuci
elektronegativity u donorovych ligand(, kde jsou elektronegativni a nabité atomy v axialnich
polohach a v ekvatorialnich jsou casto slabsi ligandy s nulovym nabojem. Pozdéji bylo
podobnych vlastnosti dosazeno také s dysprosoceniem, coZ je dalsi typ komplext s axialni

symetrii.
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Obrdzek 23: Odhadovand velikost energetické bariéry pro komplexy [DyF,]>" v riznych tvarech koordinacniho polyedru.®
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V této souvislosti je moiné zminit techniku nazvanou ,molecular engineering”, kde jsou
vypocetné charakterizovany ab initio optimalizované komplexy, obvykle z dlivodu nemoznosti
studia realnych komplext kvali komplikované pripravé. Cilem téchto studii je obvykle nalézt
strukturni korelace a najit vhodné cile pro syntetické chemiky. Mezi pfiklady takovych studii
patfi napfiklad zajimavy ¢lanek studujici vliv magnetickych vyménnych interakci u
mnohojadernych komplexd sloZenych z jednotek [Mo"(CN);]* a V!, kde bylo zjisténo, Ze
energetickd bariéra je silné zavisla na struktufe téchto komplext a pfi jejich spojovani
vhodnym zpUsobem muze byt diky vlivu magnetickych vyménnych interakci zvétSovdna

(Obrézek 24).%7
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Obrézek 24: Pfiklad struktur vicejadernych Mo"'V!' komplexii a viiv jejich struktury na jejich Ues.5”

Metoda ,molecular engineering” se ¢asto vyuziva napriklad i pfi studiu derivat(i dysprosocenia
kvlli jejich velmi komplikované pfipravé a jejim ucelem je najit strukturni korelace a trendy,
které pomohou najit zaméreni pro pfipravu komplexd s vysokymi blokovacimi teplotami.
Vzhledem k modernim poznatkim se ¢asto také studuji magnetické vlastnosti s molekulovymi
vibracemi nebo spin-fononovou interakci. Jednoduchym indikatorem je napfiklad prekryv
energetickych prechodll Kramersovych dublet(i s molekulovymi vibracemi, ktery by mél byt
ukazatelem ohledné relaxacni dynamiky. Timto zplsobem byly studovany napftiklad analogy
dysprosocenia s 1,2,3,4,5-pentaisopropylcyklopentadienylem, 1,2,3,4,5-

pentajodcyklopentadienylem nebo 3,6,9-triisopropylfluorenem.%8

Kromé CASSCF vypoctl je v této ¢asti mozné zminit také modely, kterymi se dfive tyto vypocty
nahrazovaly kvali velké vypocetni naro¢nosti. Asi nejvyznamnéjsi z nich jsou REC (radial
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effective charge) a LPEC (lone pair effective charge).®® Oba dva jsou zaméfené na vypocet
elektronovych hladin kovovych iontl nikoli na zdkladé kvantové chemickych vypoctd, ale na
zdkladé hamiltonianu krystalového pole (Stevensovych operatord), které jsou vytvorené
z bodovych ndbojl reprezentujicich ligandy. Rozdil mezi modely je ten, Ze REC model pouziva
reprezentaci elektronového paru na spojnici jader, a je tedy vhodny pro jednoduché ligandy,
LPEC model uvaZuje i korekci na vychyleni elektronového pdru ze spojnice jader kvili rigidité
ligandu, napfiklad heterocyklu. Existuji programy’® a studie’?, kde tento model je pouZivén,
avsak jednoduchost modelu je velmi limitujici vzhledem k jeho presnosti, a vzhledem k rastu

vykonu pocitac dnes hraje vedle CASSCF metod jen podruznou roli.

Mimo zde zminéné jesté existuje celd rada teoretickych studii, ktera se zabyva relaxacni
dynamikou, objasnénim relaxacnich mechanismd nebo spin-fononovou interakci, ale
vzhledem k tomu, Ze jsou témto poznatkiim vénovany ¢asti 2.5. a 2.6. v Teoretické ¢asti, zde

tyto prace jiz znovu uvedeny nebudou.

3.3 Komplexy lanthanoidU a 3d kovU v systémech typu salenu jako jedno-molekulové
magnety

Komplexy lanthanoid( a 3d kovl jsou z pohledu molekulového magnetismu velmi zajimavé a
intenzivné studované systémy. U lanthanoid( je pro potfeby molekulového magnetismu
vhodné volit takové ionty, které maji velkou anizotropii a celkovy uhlovy moment J, nej¢astéji
jsou tedy pouzivany Dy", Tb", nebo Er'". Dalsi kov zajimavy z pohledu magnetismu pak je Gd",
nebot ma konfiguraci 4f’, jeho zékladni term je 8S a tento term je izotropni a ma nulovy
orbitdlni moment a jediny pfispévek spin-orbitaini interakce je z vyssich excitovanych hladin.
Kvali tomu je spin-orbitalni interakce u Gd"' nizka a lze jej dobFe popsat pomoci aproximace
analogicky jako 3d kovy, kde je mozné pouzit pouze spinovy moment hybnosti. Proto je u Gd"'
komplex( snazsi studovat magnetické vyménné interakce, nebot mezi spinovymi momenty je

magnetickd vymeéna obecné lépe definovana.

Pri syntéze jedno-molekulovych magnetl je pak anizotropni lanthanoid doplnén vhodnym 3d
kovem. Tyto kovy mohou byt diamagnetické nebo paramagnetické. Heterodimetalické
komplexy s diamagnetickymi kovy jsou pomérné casté a budou v této kapitole zminény, avsak

na magnetismus plsobi obvykle pouze zménou elektronové hustoty na donorovych atomech
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vlivem naboje, pfipadné zpUsobuiji sterické pnuti, ale Ize je povaZovat za metaloligandy, které
pfimo nepfispivaji k magnetismu systému. Oproti tomu paramagnetické kovy pfispivaji
k celkovému spinu molekuly a na rozdil od lanthanoidi maji 3d kovy tendenci tvofit silné
magnetické vyménné interakce, protoZe jejich neparové elektrony v d-orbitalech jsou stinény
méné, nez u f-orbital( v lanthanoidech. Tyto vlastnosti se pak dopliuji s vlastnostmi f-prvka,
nebot vyménné interakce s f-prvky maji vliv na kvantové tunelovani magnetizace’? a obecné

mohou ovliviiovat magnetickou anizotropii.”3

Systémy s ligandy typu salenu (Obrazek 15) jsou jednim z intenzivné studovanych systémdu,
ktery tvori heterometalické 3d-4f systémy, a to zfejmé kvuli jeho velké variabilité, kdy je
mozné provadét zmény na rliznych castech, napfiklad v fetézci mezi iminovymi skupinami
nebo v substituentech na poloze R1 a Ry, kde obvykle jsou skupiny obsahujici kyslik. Na tento
ligand se také pomérné snadno vaze mnoho 3d kovl a komplexy s 4f-prvky tvofi znacna cast
znich pomérné snadno. 3d kov se vaze do kavity tvorené atomy dusiku a kysliku
z hydroxylovych skupin (Obrazek 25: Obecny vzorec ligandu typu salenu a obecné syntetické
principy k pripravé komplexd s timto ligandem.) v koordinaénim okoli vétsSinou tvaru budto
Ctverce nebo oktaedru s dalSimi dvéma ligandy. Lanthanoid se pak vaze do kavity tvorené
kyslikovymi atomy a z druhé strany se na néj navazuji dalsi ligandy. Existuji i heterotrimetalické
systémy zaloZzené na téchto ligandech, které jsou tvofeny pomoci mistkujiciho

ambidentatniho ligandu, ¢asto jde o pfipojeni kyanometalatovych stavebnich blokd.

N Y Vel
— J— %o N </o N /<J/o
< + ™ + In ( M Ln
Ry R N \HN\,_,{‘;

Obrdzek 25: Obecny vzorec ligandu typu salenu a obecné syntetické principy k pfipravé

komplexd s timto ligandem.”*

Mezi d-prvky, které se vtomto systému objevuji, jsou vyznamné hlavné komplexy s médi,
vanadem, zinkem a niklem. Prvni zmiriované jsou vétSinou systémy Cu' a V', oboje tedy s ionty
paramagnetickymi se spinem S = %. Komplexy zinku a vétSinou i niklu jsou nejcastéji
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diamagnetické, nikl se v téchto systémech totiz vétSinou objevuje ve Ctvercové geometrii.
Vzhledem k tomu, Ze soudasti této prace je publikace na téma komplex V!V a lanthanoidd,
reSer$e byla zaméfena zejména na komplexy V' a analogicky také na komplexy Cu'. ReSerse
je soucasti této publikace (Kapitola 4.3.), je zamérend zejména na magnetické vyménné

interakce, pripadné magnetickou anizotropii, pokud u téchto komplexu byla zjisténa.

Komplexd vanadu a lanthanoidl popsaného slozeni neni zndmo pfilis mnoho. U komplexd
obsahujicich vanad nebyly dosud znamy Zadné jedno-molekulové magnety (prvni byly
publikovany v této praci — pfiloha €. 3). Komplexy médi a lanthanoid(l jsou studované vice a
také jsou lépe prozkoumané z hlediska jejich vlastnosti jako jedno-molekulovych magneta
(Tabulka 2:ReSerse 3d-4f komplext VVa Cu" a lanthanoidd Gd", Tb", Dy", Ho"' a Er'' s ligandy
typu salenu, a jejich vybrané parametry souvisejici s magnetickymi vyménnymi interakcemi a
anizotropii). NejvysSi zjiSténd bariéra Uesr mezi nimi je 42.3 Ku komplexu
[CuTb(L3)(NO3)3(CH3COCHs)]%2. Obecné se vlastnosti jednomolekulovych magnet( v téchto

3d-4f systémech vyskytuji zfejmé vyhradné v komplexech obsahujicich Dy"' a Tb'"".

Co se ty¢e magnetickych vyménnych interakci, je mezi témito slou¢eninami vidét zajimavy
trend. U v8ech komplex( obsahujicich Cu" byla zji§téna pfitomnost ferromagnetické vyménné
interakce, zatimco u komplexd V" jsou zastoupeny oba druhy vymény. PfestoZe tyto kovy maji
oba S = 1/2, rozloZeni elektron( v orbitalech je jiné a konkrétné u médi toto muize vysvétlit,

proc¢ je ve vSech studovanych pfipadech vyména ferromagneticka.
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Tabulka 2:Reserse 3d-4f komplexi V'V a Cu" a lanthanoidu Gd", Tb", Dy", Ho" a Er' s ligandy typu salenu, a jejich vybrané
parametry souvisejici s magnetickymi vymennymi interakcemi a anizotropii. Ligandy L1 — L23 jsou vyobrazeny na Obrdzku 26.

Komplex J(cm?) T (s?) Uett (K) Ref
[(VO)Gd(L1)]NO3:n(H.0)] -1.6 75
[(VO)Gd(L2)(NO:z)s(H20)] 1.5 76

[(VO)Gd(L3)(NOs)s(CHsCOCHs)] -2.6 76
[(VO)Th(L3)(NOs)3(CHsCOCHs)] 0.06(1) 7
[(VO)Dy(L3)(NOs)s(CH3COCHs)] 0.28(1) 7
[(VO)Ho(L3)(NOs)3(CHsCOCH3)] -0.19(1) 7
[(VO)Er(L3)(NOs)3(CH3sCOCHs)] -0.02(1) 77
[Cu2Th2(L4)2(NOs)d] >0 1.7-100 32 78
[Cu2Dy2(L4)2(NOs)a] >0 78
[CuGd(L5)(NO3)s] 4.38/6.59 7
[DyCulL5(CH3COO0)2(NO3s)] >0 80
[CuGd(L6)Cl3(CH3OH):] 7.78 81
[CuGd(S,S-L7)(NOs)s(CH3sOH)]x 12.57 82
[CuGd(R,R-L7)(NOs)3(CH3sOH)]x 14.816 82
[CuGd(L8)(CF3S0s3)3(H20):] 8.0(2) 83
[CuGd(L7)(CF3S03)2(H20):](CF3S03)-H.0-CH3COCH3 8.6(2) 83
[CuGd(L9)(NO:3):]2 6.94 84
[CuGd(L4)(NOs)2] 7.26 84
[CuGd(L10)(NO:s):]. 3.94 84
[CuGd(L11)(NOs)2(H20)]2 2.80 84
[CuGd(L12)(NOs)2(H20)]2 4.16 84
[CuGd(L13)(NOs)z(H20)]2 5.89 84
[CuGd(L13)(C;HsNO2):]2 2.56 84
[CuGd(L7)(NOs)3(H20)] 12.6 85
[CuGd(L14)(NO:)s] 10.8 85
[CuGd(L15)(NO:3)s] 8.08 86
[CuGd(L16)(NOs3)2.5(OH)o5(H20)]-0.5 H.0 3.3 87
[CuGd(L17)(NO3)s] 1.3 87
[CuGd(L18)(CF3CO0)3(CH30H).] 4.42(1) 88
[CuGd(L19)(NOs)3(CHsCOCHs)] 5.6 89
[CuGd(L3)(Cl)2(H20)4]CI-2H.0 10.1 90
[CuGd(L3)(Cl)3(H20)s] 8.8(4) 90
[CuGd(L2)(NsC2)3(H20) 7.8(1) 20
[CuGd(L2)(CF3COO0)s3(H.0) 6.3(1) %0
[CuGd(L20)(NOs)(H20)s] 11.4 o1
[CuGd(L3)(NO3)3(CH3COCH3s)] 6.9 92
[CuTb(L3)(NOs)3(CH3COCHs)] >3.3 7.1(9)-10°%° 42.3(4) 92
[CuDy(L3)(NOs)3(CHsCOCHzs)] 1.63(1) 4(2)-10°% 11.5(10) 92
[CuHo(L3)(NOs3)3(CH3COCH3s)] 1.09(2) 92
[CuEr(L3)(NO;3)3(CHsCOCHs)] 0.24(1) 92
[CuGd(L3)(CHs)s(CH:COCH3)] 5.2 93
[CuGd(L6)(CH3COO)(CF:COCH,COCF3).] 5.2 94
[CuTb(L3)(MeOH)(NOs)z(sal)] 4.2(2) 3.0(8)-10°® 32.9(4) 95
[CuDy(L3)(MeOH)(NOs)(sal)] 2.0(2) 1.02(11)-10° 26.0(5) 95
[CuHo(L3)(MeOH)(NOs3)2(sal)] 1.3(1) 95
[CuGd(L21)(NCS)3(H20)(CH3sCOCHs)] 9.20 %6
[CuGd(L22)(NCS)3(H20)]-2(CH3COCHs) 5.5 9%
[CuGd(L23)(NOs)2(H20)s]NO3 5.08 97
[CuTb(L23)(NOs)s(MeOH)] 2.1-10® 24.6 97
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Obradzek 26: Ligandy vyuZité pfi tvorbé komplexi uvedenych v Tabulce 2 spolu s jejich oznacenim.
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3.4Komplexy kobaltu ve tvaru trigonalniho prizmatu
Trigonalni prizma je tvar koordinacniho polyedru, ktery je vhodny pro jedno-molekulové
magnety kobaltu kvuli svému Stépeni v ligandovém poli (Obrazek 4: Ukazka Stépeni d-orbitall
pro trigonalni prizma (a) a oktaedr (b). V tomto typu symetrie (Dsn) je zdkladnim termem pro
konfiguraci 3d’ (tedy Co") “E. Pro tyto komplexy je béiné, Ze maiji velky a zaporny D-
parametr.®® Toto se ukazuje i v praxi, kde mnoho komplex( Co" ve tvaru trigonalniho prizmatu

ma vlastnosti jedno-molekulovych magnetd i v nulovém magnetickém poli.

Tabulka 3: Vybrané komplexy Co'' ve tvaru trigondlniho prizmatu spolu s jejich magnetickymi parametry a CSM (continuous
shape measurements)® popisujicimi odchylku od idedlIniho tvaru téchto komplexd

Komplex D (cm™) E (cm?) Uess (cm™) To (s) B (T) CSM TP CSM OH Ref.
[Co(tppm)][BPh4]. -97.2(2) 9.3(1)-1073 192 2.6(2) -107%2 0 0.554 15.893 100
[Co(hpy)][BPha]2:3CH:CI, -107.5(4) 3.5(3) 20 1.2(1)- 103 0 2.471 8.237 100
[Co(PzOx)3(BCsHs)]CI-CHCls -82 0.246 152 2.07-10° 0 0.828 16.272 101
[Co(AcimOx)3(BCsHs)]ClO4 -102.5 101 2.56-10° 0 0.905 13.462 102
[Co(AcPyOx)sBCsHs]ClO4 -86 194.6 3.55x10°% 0 2.006 10.042 103
{Na[(Chdc)Co]}(BPh4)3 -75.8 9.1-10* 52.6 0.1 1.793 9.293 104
[Co(tppm)][CIO4]2:2CH3CN-H.0 -80.7 0.6 39.2 1.7-10* 0 0.588 14.920 105
(HNEt3)[Co"Co"'3(hpmp)s] -115 2.8 76.3 1-107 0 2.341 9.284 106
[Co(neo)(CH3COO0):] 26.3 1.361- 1077 0.1 3.761 11.893 107
[Co(neo)(piv):] 13.2 6.2- 10 0.1 9.801 7.650 107
[Co(neo)(40H-benz),]-2CH:OH 12.2 1.04-10°° 0.1 10.110 6.352 107

Vy$e uvedené komplexy dosahuji energetickych bariér az 200 cm™, co? je sice maélo
v porovnani s lanthanoidy, ale mezi d-prvky jde o velmi dobré vysledky. Roli hraje i to, Zze u
lanthanoidl relaxace muze probihat mezi vy$simi Kramersovymi dublety, u kobaltu jsou tyto

dublety pouze dva.

Mezi komplexy uvedenymi v tabulce 3 si miZeme vSimnout, Ze je jejich geometrie dosahovano
pomoci tfi syntetickych postupl. Prvnim z nich je navdazani tfi bidentatnich heterocyklickych
ramen tak, aby rigidné drzely tvar, napfiklad na jeden atom boru nebo v polohach 1,3,5 na
cyklohexan.1%%-1% Dryhou metodou, vyuZitou u komplexu [Co"Co"'3(hpmp)e]*, je Co" obklopeny
tfemi ¢asticemi {Co"(hpmp)2}, kde hpmp je Sestivazny [N,04] ligand. Tyto &astice slouZi jako
metaloligandy, kazdd z nich se vaze dvéma kysliky na Co" a diky sterickym faktor(im drZi jeho
koordinaéni sféru ve tvaru trigondlniho prizmatu.'% P¥ibuznd je pak tfeti metoda, kde se
pouziva sterického vlivu pfimo ligandd, jak je vidét napfiklad u komplexu [Co(neo)(CH3COO0)2],
kde je pfri¢inou této geometrie pravdépodobné stericky vliv methylovych skupin na

neokuproinu, diky kterym komplex zaujima tvar blizky trigonalnimu prizmatu, avsak u vice
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objemnych ligandl pivalatu a 4-hydroxybenzoatu uz dochazi ksilné deformaci, kde neni

vysledny tvar blizky ani oktaedru, ani trigonalnimu prizmatu.!%’
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4.Vysledky a diskuse

Tato Cast je vénovand vysledkim dosazenych béhem feSeni disertacni prace, které byly
publikovany v impaktovanych ¢asopisech. Celkem bylo béhem feSeni této disertacni prace
publikovano 6 ¢lankl v odbornych ¢asopisech, které jsou zde nasledné kratce popsany a pak

jsou kompletné uvedeny jako pfilohy k disertacni praci. Jedna se o nasledujici ¢lanky:

1. Kotrle, K.; Herchel, R. Are Inorganic Single-Molecule Magnets a Possibility? A
Theoretical Insight into Dysprosium Double-Deckers with Inorganic Ring Systems.
Inorg. Chem. 2019, 58 (20), 14046-14057.
https://doi.org/10.1021/acs.inorgchem.9b02039. — Pfiloha 1, komentaf ke ¢lanku a

jeho zavérim je popsan v kapitole 4.1.

2. Kotrle, K.; Atanasov, M.; Neese, F.; Herchel, R. Theoretical Magnetic Relaxation and
Spin—Phonon Coupling Study in a Series of Molecular Engineering Designed Bridged
Dysprosocenium Analogues. [Inorg. Chem. 2023, 62 (42), 17499-175009.
https://doi.org/10.1021/acs.inorgchem.3c02916. — Pfiloha 2, komentar ke ¢lanku a

jeho zavérim je popsan v kapitole 4.2.

3. Kotrle, K.; Nemec, I.; Moncol, J.; Cizmar, E.; Herchel, R. 3d—4f Magnetic Exchange
Interactions and Anisotropy in a Series of Heterobimetallic Vanadium(IV)-
Lanthanide(lll) Schiff Base Complexes. Dalton Trans. 2021, 50 (39), 13883—13893.
https://doi.org/10.1039/D1DT01944A. — Pfiloha 3, komentar ke ¢lanku a jeho zavérim

je popsan v kapitole 4.3.

4. Kotrle, K.; Nemec, |.; Antal, P.; Petrielovd, K.; Cizmar, E.; Herchel, R. 2-
Formylphenoxyacetic Acid Schiff Bases: A Promising Ligand Scaffold for Readily
Available Trigonal Prismatic Co(ll) Single-lon Magnets. Inorg. Chem. Front. 2023, 10
(24), 7319-7332. https://doi.org/10.1039/D3Ql01691A. — Ptiloha 4, komentaf ke

¢lanku a jeho zavérdm je popsan v kapitole 4.4.

5. Bhanja, A.; Smythe, L.; Kotrle, K.; Ortu, F.; Herchel, R.; Murrie, M.; Ray, D. Synthesis of

Heptanuclear Ni4Dy3 Coordination Aggregate Using Tridentate Ligand: X-Ray
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Structure, Magnetism and Theoretical Studies. Inorganica Chim. Acta 2021, 526,
120524. https://doi.org/10.1016/].ica.2021.120524. - Pfiloha 5, komentar ke ¢lanku a

jeho zavérim je popsan v kapitole 4.5.

6. Dutta, B.; Guizouarn, T.; Pointillart, F.; Kotrle, K.; Herchel, R.; Ray, D. Lanthanoid
Coordination Prompts Unusually Distorted Pseudo-Octahedral Ni'" Coordination in
Heterodinuclear Ni—Ln Complexes: Synthesis, Structure and Understanding of
Magnetic Behaviour through Experiment and Computation. Dalton Trans. 2023, 52
(30), 10402-10414. https://doi.org/10.1039/D3DT01387A. - Priloha 6, komentar ke

¢lanku a jeho zavérim je popsan v kapitole 4.6.

4.1 Teoreticka studie anorganickych sendvicovych komplex( dysprosia jako analogl
cyklopentadienylovych komplexd

V ramci této ¢asti prace byly pomoci teoretickych metod studovany vlastnosti 5 komplexu
dysprosia ([Dy(Ns)2]*, [Dy(Ps)2]*, [Dy(B3N3)2]**, [Dy(BsP3)2]3*, [Dy(Bs3Ss3).]**. Studie byla
zamérena na jejich elektronovou strukturu a na magnetickou anizotropii, a to jak z pohledu
statického, tak z hlediska dynamickych vlastnosti, které se tykaji interakce molekulovych
vibraci s magnetickymi vlastnostmi (spin-fononova interakce). Cilem pak bylo na zdkladé této
analyzy evaluovat potenciadlni vyuZitelnost téchto komplext jako jedno-molekulovych
magnetl. Zaméfili jsme se také na vliv substituce uhlikovych atom( v organometalickych
komplexech dysprosia na magnetické vlastnosti latek, zejména spin-fononovou interakci, s
cilem prfipadné urcit, zda by tato substituce mohla byt potencidlné vyuzitelny smér pro design

jedno-molekulovych magnetu.

Na zacatku bylo nutné optimalizovat struktury téchto latek (Obrazek 27), coz bylo provedeno
pomoci metod DFT (detaily o provedeni vypocti jsou v Priloze 1). Pfi optimalizaci byly zaroven
vypocitany frekvence molekulovych vibraci a ovéreno, Ze Zadna z nich neni imaginarni, a tedy
optimalizovand struktura opravdu odpovida energetickému minimu. Dale pak bylo ovéfeno,
zda jsou ligandy aromatické, pro coz byl pouZit Shannondv index, vychazejici z informacni
entropie elektronové hustoty v kritickych bodech vazeb, které jsou definovany v teorii atom
v molekulach (QT-AIM). Po tomto ovéreni byly porovnany zakladni geometrické parametry,
bylo zjisténo, Ze jsou tyto kruhy o néco vice deformované v tom, Ze Uhel mezi stfedy kruhl a

centralnim atomem je mensi nez idedlnich 180°, a Ze tato deformace je u téchto komplexd
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vétsi nez u porovnavanych zndmych cyklopentadienylovych komplexd, a to pravdépodobné

z davodu substituce, kterd tvofi sterickou zabranu (Pfiloha 1 Tabulka 1)

Obrdzek 27: Optimalizované struktury komplexd [Dy(B3S3)2]%*, [Dy(BsNs)2J%*, [Dy(B3P3)s]*, [Dy(Ns)a], [Dy(Ps)a)* (a-e).

Dale pak byly prozkoumany magnetické vlastnosti a elektronova struktura pomoci metod
CASSCF a také metod zahrnujicich dynamickou korelaci NEVPT2 a DCD-CAS(2). Pomoci téchto
metod byly ziskany informace o elektronové strukture, napfiklad energie f-orbital(i (Priloha 1
Obrazek 2) nebo energeticka struktura Kramersovych dublet(. U ni bylo provedeno porovnani
metod a zjiSténo, Ze zahrnuti dynamické korelace zpUsobuje zvyseni energii Kramersovych
dubletl oproti béZiné CASSCF metodé, vice patrné je to u metody DCD-CAS(2). Porovnani
metod CASSCF z programu ORCA s vyuzitim ZORA relativistické korekce a z programu MOLCAS
s DKH korekci dava ocekdavatelné pomérné podobné vysledky. Metoda ZORA vsSak vypocitava
hladiny Kramersovych dublet( lehce vyssi. Co se tyce energetickych hladin komplexu, ukazuje
se, Zze nejvyssi Stépeni, a tim padem i nejvyssi anizotropii maji komplexy [Dy(Ns)2]*, [Dy(Ps)2]*
a [Dy(BsNs3)2]3*. Ztéchto vysledkd vyplyva, Ze mezi studovanymi komplexy maji vétsi
energetické stépeni komplexy s aniontovymi ligandy oproti neutralnim ligandim, a pak také

to, ze Stépeni roste s rostouci elektronegativitou atomu v ligandech (Obrazek 28).
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Obrdzek 28: Porovndni energie Kramersovych dubleti vypocitanych pomoci riznych metod pro studované komplexy.

Kromé vypoctu energii byla dale provedena analyza relaxace magnetizace pomoci softwaru
Single_aniso, ktery umoznuje vypocitat maticové elementy magnetického momentu mezi
hladinami Kramersovych dublett, coz by mélo odpovidat pravdépodobnostem prechodu mezi
témito hladinami. Z hladin pravdépodobnosti prfechodl Ize nasledné odhadnout, pres které
hladiny mUZe smérovat nejpravdépodobné;jsi cesta relaxace magnetizace. Idedlni stav je,
pokud cesta relaxace dosahuje k energeticky vysokym hladinam Kramersovych dublet(,

protozZe to teoreticky vede k vysokym energetickym bariérdm Ues (Obrazek 29).
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Obradzek 29: Zndzornéni Kramersovych dublett a pravdépodobnosti prechodii mezi nimi pro komplex [Dy(Ns),]*

| podle tohoto kritéria se ukdazala jako nejlepsi varianta ze studovanych komplext latka
[Dy(Ns)2]* kvili nizkému kvantovému tunelovani magnetizace, kde podle modelu Single_aniso
je mozné ocekavat silné tunelovani az od Sestého dubletu vyse, zatimco u ostatnich slouéenin
je tunelovani vyssi a ¢asto patrné uZ v nizsich dubletech. U latky [Dy(BsSs)2]** je navic
ofekdavatelné, Ze vdruhém dubletu dojde kvelké zméné orientace magnetizace oproti

zakladnimu stavu, coz je pro jedno-molekulovy magnet v praktickém pouziti nezaddouci.

Kromé analyzy jednotlivych stavl byla v prdci pouzita i metoda predpovidani velikosti
energetické bariéry (Pfiloha 1, rovnice 3 a 4). | z této metody se ukazuje komplex [Dy(Ns),]*
jako nejvice zajimavy, kde by jeho energetickd bariéra Uet méla dosahovat velikosti 1475 K,
coz je s relativné velkym odstupem i od ostatnich sledovanych komplexu, kde druhy [Dy(Ps).]*
ma pFedpovézenou velikost energetické bariéry 1127 K, poté [Dy(B3Ns3)2]3* s 1009 K. Ostatni
komplexy s derivaty borazinu maji pfedpovézenou velikost energetickych bariér nizsi nez 1000
K (734 K pro [Dy(BsP3)2]** a 650 K pro [Dy(B3S3)2]3*). Tyto hodnoty jsou sice nizsi, nez u
nejlepSich zndmych jedno-molekulovych magnetl, avsak i tak by byl alesporn komplex
[Dy(Ns)2]* zajimavou mozZnosti, jak pripravit potencialné velmi dobry jedno-molekulovy

magnet.

Mimo statickych vlastnosti byly v této praci zkoumdany i dynamické vlastnosti elektronové
struktury a magnetické anizotropie, tedy interakce s fonony reprezentovanymi molekulovymi
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vibracemi (spin-fononova interakce). Pro ten byly zvoleny dvé varianty vypoctu, pomoci
derivace g, nebo maticovych elementli magnetickych momentd z programu Single_aniso

(kar), podle deformace zplsobené vibracnimi maédy (Pfiloha 1 rovnice 5).
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Obrazek 30: Analyza spin-fononové interakce na zdkladé g, (vlevo) a maticovych prvk magnetického momentu (vpravo) pro
[Dy(Ps)2]*

Tato analyza umoziuje urcit aktivni vibrace, jejichz deformace koordinac¢niho okoli centralniho
atomu nejvice naruSuje magnetickou anizotropii, a tim padem usnadrfiuje magnetickou
relaxaci. U obou studovanych metod byla ¢asto nalezena pomérné dobra shoda, stejné jako
vyobrazeni vybranych nejvice aktivnich vibraci. Co se tyfe porovnani vSech studovanych
komplex( na zakladé velikosti koeficientl, ukazuji se jako nejvyhodnéjsi opét komplexy

[Dy(Ns)2]*, pfipadné [Dy(Ps)2]* (Obrazek 30).

Zavérem, v této praci bylo rozvinuto vyuZiti vypoctl Uess pomoci metody vyuzivajici vypocitané
hodnoty energii Kramersovych dublet(, cozZ je planovano rozvijet dale jako zajimavy ukazatel,
ktery lze ziskat pouze z teoretickych vypocth. Ddle také tato prace pfrispéla k rozvoji metod
vyuzivajicich spin-fononovou interakci a jeji zavéry byly pak dale rozvinuty. Mimo jiné byla
citovana i pfi syntéze sloucenin podobnych dysprosoceniu, obsahujicich heteroatomy
v aromatickych kruzich.>® Stejné tak se o predikovanych slou¢enindch studovanych v této
publikaci diskutovalo i vrdmci rozvoje teoretickych metod smérem k ab initio vypoctim

relaxa&nich ¢ast, kde byly vyuzity jako modelové systémy.*1?
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4.2 Teoreticka studie sendvi¢ovych komplexd dysprosia s alkylovymi spojkami jako
analogl dysprosocenia

Tato prace navazuje na zavéry zpracované v predchozi kapitole. Na rozdil od anorganickych
ligandl byly v této praci zvoleny ligandy typu cyklopentadienylu, které jsou pouzivané i u
redlnych komplex( tohoto typu. Byly tedy studovany komplexy s cyklopentadienylovymi kruhy
propojenymi pomoci butylenovych spojovacich ¢lankd, které byly k témto liganddm pfipojeny
v riznych poctech (1-5, komplexy jsou oznaceny podle jejich poctu) a rliznych polohach
(komplexy 2a a 2b - 1,2 a 1,3 izomery, a komplexy 3aa3b-1,2,3 a1,2,4 izomery) (Obrazek
31). Cilem této prace bylo optimalizovat struktury téchto komplexd a nasledné analyzovat
jejich magnetickou anizotropii prostfednictvim teoretickych metod studujicich Stépeni

energetickych hladin. Dale pak byly studovany také interakce téchto systém( s molekulovymi

vibracemi se snahou kvantifikovat spin-fononovou interakci.

Obrdzek 31: Optimalizované struktury komplexii 3b a 5

Pomoci metody DFT byly optimalizovany geometrie sedmi studovanych komplexud s rldznym
poctem a polohou linkerd (Pfiloha 2, Tabulka 1 a Schéma 1). Geometrické parametry u
optimalizovanych komplex( byly porovnany sgeometrickymi parametry u podobnych
sloucenin, u kterych jsou zndmy struktury, konkrétné s [Dy(Cp'"™)(CpMe)]* (6) a [Dy(Cp™®“3),]*
(7)1%2b, Porovnani (PFiloha 2 Tabulka 2) ukézalo, Ze u optimalizovanych struktur dochazi ke
zkracovani vzdalenosti mezi cyklopentadienylovym kruhem a centralnim atomem. Tento vliv
je zretelnéjsi u latek s vétsim poctem spojovacich ramen pravdépodobné kvli sterickému

vlivu. Podobny trend je vidét také u snizovani uhlu mezi stredy cyklopentadienylovych kruht
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a centralnim atomem, kde se opét tento uhel s poctem spojovacich ramen zmensuje.
Vyjimkou je komplex 3b, tedy komplex se tfemi rameny v polohach 1,2,4-, u kterého je tento
Uhel 168°, tedy vice, neZ u ostatnich studovanych komplexu a i porovnavanych molekulovych

struktur znamych komplexu.

U téchto komplex( byly také vypocitany frekvence molekulovych vibraci (Obrazek 32), aby
bylo zjisténo, Ze struktura odpovidd skuteénému energetickému minimu, tedy Ze zadné
z frekvenci nejsou imaginarni. Kromé sedmi studovanych komplexu, oznacenych jako 1, 2a,

2b, 3a, 3b, 4, 5, byla vypocitana spektra porovnanai s optimalizovanymi strukturami komplex
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Obrdzek 32: Simulovand infracervend spektra pro komplexy 1-7

Kromé toho byla provedena také analyza rigidity téchto komplex( zaloZena na dvou
metodach. Prvni metoda analyzuje velikost délky pohybu atomu dysprosia a atomU uhliku
v cyklopentadienylovych kruzich zpulsobenou vibracemi, kdy by teoreticky komplex
s nejmensimi pohyby mél byt nejvice rigidni. Tato metoda analyzy ukazala trend, Ze
s narUstajicim poctem spojovacich ramen rigidita roste, zaroven jsou ale studované komplexy
1-5 méneé rigidni nez komplexy 6 a 7. Druhda metoda analyzy rigidity se zabyvala poCtem nizko
lezicich molekulovych vibraci s myslenkou, Ze ¢im energeticky vySe se vibrace u komplexu
nachazi, tim vice je tento komplex rigidni. Podle této analyzy naopak vysly komplexy 6 a 7 jako

nejméné rigidni a jako nejvice rigidni se ukazaly komplexy 1 a 5 (Obrazek 33).
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Obrazek 33: Vysledky analyzy rigidity na zakladé pohybu atomu v dusledku molekulovych vibraci a poctu vibraci na nizkych
frekvencich

V dalsi fazi byla studovdna struktura energetickych hladin u studovanych komplexd pomoci
metody CASSCF. Pomoci této metody byl zjistén rozsah energetického Stépeni Kramersovych
dubletd, kde bylo zjisténo, Ze Stépeni je nejvétsi u latky 3b, ktera je srovnatelna a potencidlné
i lepsi, neZ porovnavané znamé komplexy [Dy(Cp)(CpMe)]* (6) a [Dy(Cp®“3),]* (7). Tato
vlastnost byla ddle porovnana s velikosti uhlu mezi centroidy a centralnim atomem, kde byla
nalezena zfejma korelace mezi velikosti Uhlu a Stépenim mezi zakladnim a prvnim excitovanym

Kramersovym dubletem (Obrazek 34).
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Obradzek 34: Energie Kramersovych dubleti (vlevo) a korelace energie prvniho excitovaného dubletu s thlem mezi stredy
ligandud (vpravo) pro komplexy 1-7, respektive 1-5.

Nasledné byly Kramersovy dublety analyzovany pomoci programu Single Aniso, ktery
umoznuje kvantifikovat pravdépodobnost prechodl mezi magnetickymi hladinami. Z téchto
dat vychazi, Ze signifikantni kvantové tunelovani magnetizace je pfitomné aZ ve vysSich
hladinach, u vétsiny komplex( od patého Kramersova dubletu, u komplexu 3b napfiklad az u
Sestého (Priloha 2, Obrazek 5). Z téchto dat byla nasledné vypocitana velikost energetické
bariéry (Priloha 1 Rovnice 1-3), a pomoci ni byly odhadnuty velikosti blokovacich teplot pro

Orbach(v jev.

Tabulka 4: Vypocitané velikosti energetickych bariér pro 300 K, odhady blokovacich teplot a energetické bariéry nezdvislé na
teplote (Priloha 2, rovnice 1-3)

Komplex 1 2a 2b 3a 3b 4 5 6 7

Uess/K 2069 2072 1991 1888 2306 1777 1749 2233 2023

Ts/K 73.9 74 71.1 67.4 82.3 63.4 62.5 79.8 72.3

Ugf/K 2239 2228 2221 2057 2423 1880 1805 2315 2069

Z téchto vysledkl se opét ukazuje, Ze co se tyCe vlastnosti plynoucich z distribuce
energetickych hladin, nejlepSim komplexem ze série by mél byt komplex 3b, zfejmé kvili jeho
strukture, kterd je vice linedrni, nez u ostatnich komplext. Lze také cekat, Ze by mohl
dosahovat podobnych vlastnosti, jako znamé komplexy 6 a 7, tedy nejlepsi v soucasnosti
zndmé jedno-molekulové magnety. Navic je vidét u komplex(i 6 a 7 pomérné dobra shoda

s experimentalnimi hodnotami (2219 K pro 6 a 1761 K pro 7).
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Jako dalSi rozSifeni moznosti jak studovat vlastnosti téchto latek byl sledovan vliv
molekulovych vibraci na magnetickou anizotropii pfipravenych latek. Pro tyto ucely byla v této
praci vyvinuta nova metoda, kterd spoléha na vypocet energetické bariéry Uesr pro struktury
deformované molekulovymi vibracemi (Pfiloha 2 Rovnice 4) (Obrdzek 35), ktera byla nasledné
porovndna s metodou vyuZivajici parametry krystalového pole (Pfiloha 2 Rovnice 6) (Obrazek
36). Vyhodou nové metody je, Ze pouziva veliinu pfimo spjatou s relaxaci magnetizace a
zapocitdva do vlivu vibraci jak zmény energetickych hladin, tak i prechodové magnetické

momenty mezi hladinami umérné rychlosti tunelovani mezi dublety.
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Obradzek 35: Porovndni spin-fononové interakce vypocitané metodou [0U"/0qq| v komplexech 1-6

Pomoci této metody je mozné urcit signifikantni molekulové vibrace, které budou zodpovédné
za prenos energie pfi magnetické relaxaci. Dulezitym parametrem je pak kromé velikosti spin-
fononové interakce také jejich energeticka dostupnost, ktera je nejvyhodné;jsi u komplext 1 a
5, kde jsou prvni vibrace energeticky vySe neZ u ostatnich komplex(. DalSim dilezitym
faktorem je pak prekryv vibraci s energiemi prechodd mezi Kramersovymi dublety. Tento
pfekryv je maly zejména u komplexu 3b, ktery ma energie Kramersovych dublet(i vyse nezZ

ostatni studované komplexy.
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Obrdzek 36: Porovndni spin-fononové interakce vypocitané metodou [0Bn!/dq./ v komplexech 1-6
Zavérem, v tomto ¢lanku byl teoreticky studovan novy a potencialné velmi zajimavy pfistup
k pfipravé novych jedno-molekulovych magnetli pomoci spojovani cyklopentadienylovych
ligandd, ktery by mohl vést ke komplexdm s velmi vysokymi energetickymi bariérami. Kromé
jejich charakterizace béZnymi teoretickymi metodami byla studie doplnéna o pomérné nové
metody ab initio vypoCtu energetické bariéry Ues a jeji vyuzZiti pro vypocet spin-fononové
interakce jako alternativu k sou¢asnym metodam. Celkové se jako nejlepsi komplex ze série
ukdzal 3b, ktery vynikd hlavné vysokou energetickou bariérou a odliSuje se od ostatnich

komplex( v geometrickych parametrech.

4.3Vyménné interakce a magneticka anizotropie v komplexech VV-Ln"'s Schiffovou
bazi typu salenu jako ligandem

Tato cast prace je vénovand pripravé a charakterizaci série dimernich komplex( vanadylu

s lanthanoidy (Gd (1), Tb (2), Dy (3), Er (4)). V systémech obsahujicich tyto kovy byly pomoci

experimentdlnich a teoretickych metod studovany jejich magnetické vlastnosti se zamérenim

na magnetické vyménné interakce a vlastnosti jedno-molekulovych magnetl. Existuje

pomérné velké mnozZstvi podobnych systém( obsahujicich Cu", avsak komplexy vanadu jsou
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v této oblasti pomérné madlo prozkoumané, a cilem této prace bylo tuto oblast vyzkumu
rozvinout. Dale pak tyto komplexy mohou byt potencidlné pouzitelné jako stavebni bloky pro

konstrukci heterotrimetalickych komplexa.1%8

V této Casti byla pripravena série ¢tyf komplex(. Syntéza byla provedena v nékolika krocich.
Nejprve byl pfipraven volny ligand (L) Schiffovou kondenzaci o-vanilinu a propylendiaminu.
Z tohoto prekurzoru byl nasledné reakci s [VO(acac)z] pripraven komplex [VO(L)], ktery vsak
nebyl izolovan a byl rovnou pouzZit do reakce s ptislusSnym dusi¢nanem lanthanoidu (Obrazek
37). Vysledny zeleny roztok byl zfiltrovdan a ponechan volné krystalizovat za laboratorni

teploty. Produkt se béhem nékolika dni vyloucil ve formé zelenych krystal(.
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Obrdzek 37: Schéma pfipravy komplexdi 1-4.
SloZzeni a fazovd Cistota pfipravenych vzorkd byla nasledné potvrzena pomoci CHNS
elementarni analyzy, FTIR spektroskopie a RTG praskové difrakce. Molekulové struktury
pfipravenych latek byly vyfeSeny pomoci monokrystalové rentgenové strukturni analyzy.
Z této analyzy bylo zjisténo, Ze slozeni komplexd je [Ln(VO)(L)(H20)(NOs)s] (1-4). Komplexy 1-
3 se ukazaly byt izostrukturni s koordinacnim cCislem lanthanoidu 10. Komplex 4 se lisi ve
zpUsobu vazani nitrato-ligandl k erbiu a jeho koordinacni Cislo je pouze 9. To je zpusobeno

tim, Ze jeden z nitrato ligandd je vazan pouze jednim kyslikem na rozdil od ostatnich, které
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jsou vazany bidentatné (Obrazek 38). Tento jev je pravdépodobné zpusoben klesajicim
iontovym polomérem v sérii vlivem lanthanoidové kontrakce. Koordinacni Cislo vanadu je ve
vdech komplexech 6. Tvary koordinaéniho polyedru byly popsdny pomoci softwaru SHAPE®® a
pro lanthanoidy byly uréeny jako tetradekaedr (komplexy 1-3) a tvar muffinu (komplex 4). U

vanadu byla geometrie koordinaéniho polyedru ve vSech ptipadech blizka oktaedru.

010

°8</ 07 01 03 wf‘
A
\/b (a)

Obrazek 38: Zobrazeni molekulovych struktur komplext 1-3 (a) a 4 (b), Prekryv struktur 3 s obéma variantami uspordddni ve
strukture 4 (c a d) a zobrazeni mezimolekulovych vodikovych vazeb u struktur 3 (e) a 4 (f)

Nasledné byla provedena magnetickda méreni. V prvé fadé byla pozornost vénovana DC
magnetickym mérenim, kterd byla vyuZita pro analyzu magnetickych vyménnych interakci.
Z grafu zavislosti magnetického momentu Ize vypozorovat, Ze u komplexu 2 (obsahujicim Tb)
je voblasti nizké teploty vidét maximum (i kdyz mélo patrné). Toto maximum je znakem
pfitomnosti feromagnetické vymény. Ostatni komplexy jej nemaji a pouhy pokles
magnetického momentu s klesajici teplotou, ktery vykazuji, mize byt sice zpUsoben
antiferomagnetickou vyménou, ale také dalsimi faktory, které s vyménnymi interakcemi

nesouvisi, napriklad s depopulaci vyssich hladin zdkladniho termu (Obrazek 39).
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Obrdzek 39: Vysledky magnetickych méreni magnetického momentu na teploté a magnetizace na magnetickém poli pro
komplex 1-4.

Aby bylo moiné spolehlivé popsat pozorované vlastnosti, bylo nutné provést analyzu
magnetickych dat pomoci teoretickych model(. Pro gadolinium se pouZivaji velmi jednoduché
modely, stejné jako pro d-prvky, nebot Gd" kvili své elektronové konfiguraci vykazuje jen
zanedbatelnou spin-orbitalni interakci. Proto byl i vtomto pfipadé pouZit zjednodusujici
spinovy hamiltonidn (Pfiloha 3 Rovnice 3), ktery ukdzal na pravdépodobnou pfitomnost
antiferomagnetické vymény. Pro ostatni lanthanoidy tento pfistup pouzit nejde kvuli tomu, Ze
u nich spin-orbitalni interakce velmi vyrazné ovliviiuje elektronovou strukturu jejich

zakladniho stavu.

Byly pro né zvoleny dva pfistupy, které vychazi z rGznych modell jak lanthanoidy popisovat,
konkrétné byly pouzity LS a JM modely (Ptiloha 3, Rovnice 4-5). Parametry D a E vychazeji ze
Stevensovych parametrd pro popis krystalového pole. Je to metoda, kterd byla poprvé
vyzkousSena v tomto pfipadé jako analogie spinového hamiltonianu. Oproti plnému popisu
pomoci Stevensovych operator( bylo cilem vytvorit model s nizSim poétem parametr(, ktery
Ize pouZit bez vyuZiti vypocetnich metod a zaroven neni pfeparametrizovany. Pomoci tohoto
modelu pak byla provedena analyza dat a byly stanoveny predpokladané velikosti
magnetickych vyménnych interakci (Tabulka 5). Vysledky téchto metod mezi sebou nejsou
dobre porovnatelné vzhledem k zasadnim rozdildm mezi modely. U komplexu 2 model v obou
pfipadech ukazal na pravdépodobnou pfitomnost feromagnetické vymény, u komplex( 3 a 4

se jako pravdépodobna ukazuje naopak antiferomagneticka vyména.
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Dale byly tyto komplexy studovany pomoci AC magnetickych méreni, ktera dokazi prokazat
pfitomnost pomalé relaxace magnetizace jako nenulovy signdl mimofazové slozky magnetické
susceptibility . Tento signal byl zjistén u komplexd 3 a 4 pfi méreni ve stalém magnetickém
poliB=0.4(3)a0.3(4) T. BohuZel u téchto komplexl nebylo mozné ddle vyhodnotit parametry
magnetické relaxace, pravdépodobné kvili prekryvu nékolika relaxacnich déja. | pres
komplikovany profil relaxace lze tyto komplexy zaradit mezi jedno-molekulové magnety.

Jednd se o prvni komplexy V'V — Ln", které tento jev vykazuji (Obrazek 40).
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Obrdzek 40: Méreni magnetické susceptibility ve stridavém poli pro komplexy 2 (nahore) a 3 (dole).

Kromé experimentalnich metod byly pro charakterizaci pfipravenych komplext vyuzity i
teoretické vypocty. Byly vyuzZity postupy umoziujici analyzu magnetické anizotropie a
magnetickych vyménnych interakci, a to jak pomoci metody BS-DFT, tak CASSCF. Co se tyce

analyzy magnetické anizotropie, ta byla studovana pomoci softwaru Single aniso a
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Poly_aniso, ktery vyuziva metody CASSCF a mimo anizotropie umoziuje zjistit také velikost
magnetickych vyménnych interakci. Pomoci téchto program(l je mozné porovnat energetickou
strukturu zdkladniho termu po Stépeni vyvolaném spin-orbitalni interakci pouze u iontu
lanthanoidu se zanedbanim vlivu dalsiho paramagnetického centra se strukturou
v heterospinovém systému. Nejenze dojde ke Stépeni vlivem magnetické vyménné interakce,
ale protoze V'V ma spin S = %, dojde ke zméné parity spinu v celém systému, z Kramersovych

systému se stanou non-Kramersovské a naopak.

Ve studovanych slouceninach 2-4 bylo, co se ty¢e magnetické anizotropie, sledovano hlavné
kvantové tunelovani magnetizace v zakladnim stavu. Vyjadfuje se bud'jako maticové elementy
magnetického momentu (u Kramersovych iontt), anebo jako ,tunelovaci Stépeni” (tunnelling
splitting), které je u non-Kramersovych iontd a jednd se o energeticky rozdil blizko lezicich
hladin, takzvanych pseudo-dubletl. Obecné plati, Ze ¢im bliZze u sebe hladiny pseudodubletu

jsou, tim silnéjsi je anizotropie non-Kramersova systému. 1%°

Vysledky vypocta dobre koreluji s experimenty. Ukazuji, Ze komplexy 2 a 3 maji sice znatelné,
ale ne pfilis silné tunelovani v zakladnim stavu, coz vysvétluje jejich chovani jako polem-
indukovanych jedno-molekulovych magnetl. Naopak komplex 4 bude prechazet ze zakladniho
stavu do stavu s opacnou magnetizaci, ktery vznika ze zakladniho stavu vlivem magnetickych
vyménnych interakci. To vysvétluje, pro¢ u tohoto komplexu nebyla experimentdlné

zaznamendna pomald relaxace magnetizace (Obrazek 41).
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Obrdzek 41: Vysledky Single_Aniso a Poly_Aniso analyzy prechodd mezi Kramersovymi dublety pro komplexy 2-4.
Pomoci metody Poly_aniso byly také vypocitany velikosti magnetickych vyménnych interakci,
kde bylo zjisténo, Ze vyména v komplexu 2 je feromagnetickd (J* = +0.716 cm™), zatimco

v komplexech 3 a 4 je antiferomagnetickd (J* =-1.69 cm™ a J® = -0.736 cm™).

Poté byly u studovanych komplex( vyhodnoceny magnetické vyménné interakce pomoci
dalsich dvou metod. Jednou z nich je metoda BS-DFT, kterd se u lanthanoidd mimo Gd" pfilis
nepouZiva, avsak existuji néjaké priklady'?, kdy byla pouZita, a jednim z cilG téhle préace bylo
porovnat metody i vzajemné. BS-DFT metoda vyuZiva pro vypocet magnetické vyménné
interakce energeticky rozdil mezi high-spin a ,broken symmetry” stavem, které by mély
reprezentovat stav s paralelni a antiparalelni orientaci magnetickych momentl u
paramagnetickych center. Analogicky k této metodé byl pouzit podobny postup u CASSCF
metody vychazejici z porovnani rozdilu mezi energiemi hladin zakladniho stavu s multiplicitou
(51+S2) a (51-S2). Teoreticky by méla byt velikost interakéni konstanty ve vSech vypocitanych

stavech pfiblizné stejna.t!?

Tabulka 5: Magnetické interakcni konstanty J& pro komplexy 1-4, ur¢ené pomoci riznych metod.

Metoda urceni Jex 1Gd 1Tb 1Dy 1Er

ISY ca—|S) v -1.41 cm™ - - -

[IM) 1= |S) v - 0.245cm™ -0.254 cm? -0.140 cm™?
ILS) t=|S) v - 0.775 cm™ -0.698 cm™ -1.56 cm™
CASSCF/POLY_ANISO - 0.716 cm? -1.69 cm? -0.736 cm!
BS-DFT (TPSSh) (Ruiz) -1.59 cm™! 0.00635cm®  -0.819 cm™? -2.46 cm™?
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BS-DFT (TPSSh) (Yamaguchi) -4.55 cm™? 0.0166 cm -1.96 cm™? -4.93 cm?

CASSCF/MT andM-2T levels - 1.07 1.25 1.65

NEVPT2/MTI andM-2T levels - 1.23 0.48 0.03

ProtozZe kazdd z metod pouziva ponékud jiny model, je tézké tyto hodnoty vzajemné porovnat.
Ocekavatelné nejkonzistentnéjsi vysledky jsou u metod, které pfi vyhodnocovani vyuzivaji
srovnani s experimentalnimi daty, tedy simulace pomoci spinovych hamiltoniant a Poly_aniso
CASSCF vypocty. VypoCty BS-DFT ukazuji shodu s experimentem ohledné znaménka
magnetické interakéni konstanty, avSak u komplexu 2 je jejich hodnota velmi mala, coz
ukazuje, Ze tato metoda pravdépodobné podhodnocuje energii ,broken symmetry” stavu.
Navic, protoze jde o metodu DFT, je zavisla na volbé funkcionalu a pro Sirsi vyuZiti této metody
by bylo nutné provést SirSi benchmarking, nakolik je tato metoda opravdu spolehliva. U
metody porovnavani energetickych hladin z CASSCF nebo NEVPT2 vychdazeji vSechny hodnoty
vyménnych interakci jako feromagnetické, metoda tedy pravdépodobné podhodnocuje
energie stavu s maximdlni multiplicitou spinu v systému. Je teoreticky mozZné pouzit
pokrocilejsi multireferenéni metodu, napfiklad MRCI nebo DDCI3. Tyto metody by mohly
dosahnout presnéjsich vysledkd, ale jsou velmi vypocetné narocné, tedy ne pfilis vhodné pro

lanthanoidy.

Tato prace prispéla k rozsifeni znalosti 3d-4f systému s ligandy typu salenu, kde byly objeveny
prvni jedno-molekulové ligandy, které obsahuji VV a lanthanoidy jako centralni atomy.
Teoreticky je tyto komplexy mozné pouzit jako stavebni bloky a studovat vliv dalSich
paramagnetickych center. Ddle pak vtéto praci byly vyzkouseny nové metody vypoctu
magnetickych vyménnych interakci pomoci simulace priibéhu kfivky magnetickych veli¢in na
spinovy hamiltonian upraveny pro potfeby lanthanoid(l, a k tomu bylo otestovano pomérné
Siroké spektrum metod na vyhodnocovani velikosti magnetickych vyménnych interakci. Po
publikaci této prace byly tyto navrhované metody aplikovany i v jinych studiich na dalSich

systémech 112113
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4.4 Série komplexd kobaltu ve tvaru trigondlniho prizmatu
V této Casti prace byla pripravena série kobaltnatych komplext jako jedno-molekulovych
magnetd s ligandem typu Schiffovy baze. (Obrazek 42). Tyto komplexy maji tvar blizky
trigondlnimu prizmatu, které je blizké D3, symetrii, od které je o¢ekavatelna silnd anizotropie
a vysoké a zaporné hodnoty D parametru Stépeni v nulovém magnetickém poli. Existuje
pomérné Sirokd fada komplexd, které tuto symetrii vyuZivaji a dosahuji parametr(i jedno-
molekulovych magnet( i v nulovém magnetickém poli, coz neni pro kobaltnaté komplexy moc

Casté (Priloha 4 Tabulka 1).

Bylo pfipraveno a studovano 6 komplex( s rlznymi Schiffovymi bazemi jako ligandy. Cilem
bylo ménit strukturu ¢asti ligandu pomoci zamény aminové ¢asti ligandu a sledovat vliv této
substituce na strukturu a magnetické vlastnosti komplexu, které by teoreticky mohly vést

k magneto-strukturnim korelacim.
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Obrdzek 42: Schémata reakci vedoucim k pfipravdm studovanych komplexti 1-6. (Pfiloha 1, Schéma 1)
Syntéza byla provedena in situ smichanim kyseliny 2-formylfenoxyoctové a octanu
kobaltnatého a ktéto smési byl pfidan pfislusny amin (1,2-ethylendiamin pro 1, 1,2-
fenylendiamin pro 2, 1,2-propylendiamin pro 3, 2-hydroxy-1,2-propylendiamin pro 4, 1,2-
cyklohexylendiamin pro 5 a 1,2-difenyl-1,2-ethylendiamin pro 6). VSechny komplexy kromé 2
byly dobre rozpustné v alkoholech, u komplexu 1 byly krystaly ziskany z methanolu, u 3-6 byly
ziskdny ze smési propanol-methanol. Nerozpustny komplex 2 byl rekrystalizovan
z dimethylsulfoxidu. Komplex 4 bohuZel nebylo mozné pfipravit v mnoZstvi dostate¢ném pro
dalsi studium v pozadované cistoté a byl charakterizovdn pouze pomoci monokrystalové

strukturni analyzy a teoretickych metod.

Pfipravené komplexy byly charakterizovdny pomoci CHNS elementarni analyzy, FTIR

spektroskopie, rentgenové praskové difrakce a rentgenové monokrystalové strukturni
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analyzy. (Pfiloha 4 Tabulka 2) VSechny studované latky tvori komplexy se slozenim [Col], u
komplex( 5 a 6 se v zakladni burice objevuji dvé symetricky neekvivalentni molekuly (Obrazek

43).

u’*% o1

Wy
N

Obrazek 43: Molekulové struktury komplexdi 1-6 (Pfiloha 1. Obrdzek 1)
Tvar koordinacnich polyedri pfipravenych komplext byl studovan pomoci softwaru SHAPE. Z
vysledk( bylo zjisténo, ze geometrie koordinacni sféry pro viechny komplexy odpovida tvaru
trigonalniho prizmatu, jedind vyjimka je komplex 3, ktery je na pomezi mezi tvary oktaedru a

trigonalniho prizmatu.

Magneticka méfeni byla provedena pro komplexy 1-3 a 5-6. Byla provedena méreni zavislosti
magnetizace na teploté a magnetickém poli (Obrazek 44) a dale také méreni susceptibility ve
stfidavém magnetickém poli, aby byla v pfipravenych komplexech potvrzena pritomnost

pomalé relaxace magnetizace.
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Obrazek 44: Vysledky méreni teplotni zavislosti magnetického momentu pro komplexy 1-3 a 5-6 (Priloha 1, Obrdzek 2)

Méreni ve stalém poli (DC) bylo vyhodnocovdno hlavné se zamérenim na parametry stépeni

v nulovém magnetickém poli u spinového hamiltonianu:
H=D(S?—-5%/3)+ E(S2 — S2) + ugBg$ (36)

Namérené vysledky byly porovnany se simulovanymi kfivkami. V tomto sméru se ukazaly jako

nejlepsi komplexy 1 a 3, které maji oba parametr D blizky -30 cm™.

Tabulka 6: Parametry spinového hamiltonidnu a korekce pro teplotné nezavisly paramagnetismus (TIP) pro komplexy 1-3 a 5-
6 ziskané pomoci magnetometrie (Priloha 1, Tabulka 3)

g D (cm™) E/D TIP (cm3mol?)
1 2.724; 2.299 -30.3 0.173 0
2 2.344 -13.2 0.281 2.55-10°
3 2.357;2.271 -17.0 0.195 3.34-10*
5 2.641; 2.395 -30.49 0.207 1.33-10°3
6 2.148; 2.326 15.5 0.274 1.67-10°3

' zapsano jako giso, N€bO gz; gxy

Pro komplexy 5 a 6, které obsahuji vice symetricky nezavislych molekul, od nichz Ize ¢ekat ne
zcela stejné magnetické vlastnosti, byl tento fakt zanedbdan. Nebylo by totiz mozné spolehlivé

urcit vétsi mnozstvi parametr nutnych k popisu takového systému.

U AC méreni byla zjiSténa pritomnost pomalé relaxace pfi méreni ve stalém poli. Méfeni byla
nasledné vyhodnocena pro viechny komplexy kromé 6, kde sice signal mimofazové slozky

susceptibility byl pfitomny, ale jen v nizkém rozsahu teplot, ktery neumoznoval vyhodnoceni.
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Namérend data pro ostatni komplexy byla vyhodnocena pomoci Havriliak-Negami modelu

(Priloha 1, Rovnice 4 a 5), a vysledné relaxacni ¢asy vyhodnoceny pomoci nasledujiciho vztahu:

“Uesr

171 = Ay TH™ir + CroypT™em + 75le™ T (37)

Vétsina z vyhodnocovanych ostatnich komplexi, mimo 3, vykazovala pfitomnost dvou
relaxacnich déja, avsak pouze u komplexu 5 byly tyto dva déje mozné vyhodnotit diky

dostate¢nému rozsahu teplot, kde jsou oba déje zaznamenatelné.

Tabulka 7: Vysledky vyhodnoceni parametrt relaxacnich procest pro komplexy 1-3 a 5-6 (Priloha 1, Tabulka 4)

Komplex log 1o (s2) Uest (K) C (s1K5) log Adgir (s2K1T-4)
1 8.445 72.89 0.135 4.603
2 6.263 33.63 0 4.583
3 9.311 50.53 0 3.323
5st 0 0 0.154 3.805
5f 0 0 78.277 5.886

T Pro 5 byly analyzovany dva procesy, oznacené jako pomalejsi (s) a rychlejsi (f)

Komplex log 1o (s2) Uesr (K) log Agir (s1K1T-4) log B (s2) log B, (s'1T-2)

1Zn 5.761 26.96 4.602 5.76 6.03

Kromé téchto méreni bylo provedeno méreni komplexu 1Zn s magneticky fedénym vzorkem
odvozenym od vzorku 1, ktery obsahuje zhruba 3% Co'" a 97% Zn'. Studium tohoto vzorku

ukazalo, Ze tento komplex mize relaxovat i v nulovém magnetickém poli.

Kromé magnetometrickych metod byly zavéry ovéreny také s vyuzitim EPR spektroskopie.
Tato metoda umoznila ovérit velikosti g-faktorl a také znaménka D parametru. Toto
znaménko a stejné tak pomér parametrd E/D vychazi vpomérné dobré shodé
s magnetometrickymi mérenimi. Analyza g-faktord také ukazuje na pravdépodobnou

pfitomnost silné axidlni anizotropie ve studovanych komplexech mimo 6.

Mimo tyto metody byly provedeny teoretické vypocty s cilem spolehlivéji vysvétlit vlastnosti
pripravenych latek. Pomoci metody CASSCF/NEVPT2 byla analyzovana elektronova struktura
pfipravenych komplex a také bylo pomoci modulu AILFT studovano stépeni d-orbital(i

v ligandovém poli (Obrazek 45).
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Obrdzek 45: Ab initio vypocitané Stépeni d-orbitalii (vlevo), stépeni hladin atomovych termu (uprostred) a Stépeni
Kramersovych dublett (vpravo) pro komplexy 1-6.
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U Stépeni d-orbitalt bylo studovano, zda jejich stépeni v krystalovém poli odpovida profilu
oCekavatelného v deformované trigonalné prizmatické geometrii. Idealni trigonalni prizma ma
energeticky nejnize orbital d,2, poté jsou dva degenerované orbitaly dy,, a d,z_,z, a nejvyse
jsou degenerované orbitaly d,, a d,,. Podobnou strukturu $té€peni orbital( Ize nalézt u viech
studovanych komplext kromé 3, 5b a 6b. Mimo to bylo studovdno $tépeni atomovych term(
v ligandovém poli a dale Stépeni hladin spin-orbitalnich interakci na Kramersovy dublety, kde
se ukazuje, Ze nejvétsi Stépeni, a tedy nejvétsi potencidlni energetickou bariéru Uefr, maji
komplexy 4, 1 a 5b. Navic byly vypocitany i parametry spinového hamiltonidnu (Pfiloha 4

Tabulka 7).

Byl vyuzit také software Single_aniso k detailnéjsimu zkoumani energetické bariéry Ues a ke
kvantifikaci prechodovych momentl mezi hladinami Kramersovych dubletl. U vétSiny
komplex se ukdzalo, Ze je u nich ocekdvatelné nezanedbatelné kvantové tunelovani
magnetizace vzdakladnim stavu, coZ vysvétluje nepfitomnost pomalé relaxace
v experimentech bez pouziti vnéjSiho magnetického pole. Navic je u komplexu 6b naznacena
pravdépodobna pfitomnost profilu anizotropie typu lehké roviny, ktery pomalou relaxaci
magnetizace neumoznuje, zatimco u komplexu 6a by anizotropie méla byt typu lehké osy.
Toto chovani, kdy jsou v krystalové struktufe komplexu dva typy molekulovych struktur
s opacnou anizotropii, vysvétluji nékteré jevy, jako napfiklad naméreny kladny D parametr u
EPR spektroskopie a zaroven pritomnost pomalé relaxace magnetizace na AC

magnetometrickych mérenich (Obrazek 46).
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Obrdzek 46: Energetické hladiny Kramersovych dublett a prechodové momenty mezi nimi pro komplexy 1 (vlevo) a 2 (vpravo)
V této préci byla pfipravena a dostupnymi metodami Siroce charakterizovana série zajimavych
komplext Co" ve tvaru trigonalniho prizmatu. Ukézalo se, Ze v3echny tyto latky vykazuji
pomalou relaxaci magnetizace, cozZ bylo dale studovano pomoci magnetometrickych metod,
EPR spektroskopie a vypocetnich metod. Pomala relaxace byla pozorovana pouze v nulovém
poli. U komplexu 1 byl pak ptipraven i magneticky redény vzorek, ktery vykazoval pomalou
relaxaci i vnulovém poli. Kromé toho byly studovany i geometrické parametry a vliv

deformace idealni geometrie na elektronovou strukturu centralnich atoma kobaltu.

4.5 Studium magnetickych vlastnosti komplexu {NisDys}
Tato Cast prace byla zamérena na teoretickou charakterizaci komplexu {NisDys}, ktery byl
pfipraven a charakterizovan pomoci experimentalnich metod spoluautory. Jedna se o
pomeérné velky sedmijaderny systém, ktery je navic pomérné malo symetricky, coz je pomérné

limitujici pFi studiu jeho vlastnosti.

Komplex obsahuje ligand HL typu Schiffovy baze, ktery byl pripraven reakci salicylaldehydu a
salicylaminu, cely komplex {NisDys} byl pak ptipraven in situ reakci ligandu H,L s dusi¢cnanem
dysprositym, chloridem nikelnatym, benzoanem sodnym a triethylaminem (Obrazek 47).

Z roztoku této smési byly pak izolovany zelené krystaly pripraveného komplexu.
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Obrdzek 47: Schéma syntézy komplexu NisDys.
Komplex Na[NisDys(L)a(u3-OH)a(u1,1,3,3-PhCO2)2(u1,3-PhCO2)a(CH30H)4] je tvofen dvéma
jednotkami typu dikubanu {Ni.Dy.}, které jsou propojeny spoleénym vrcholem, ktery je tvoren
jednim z atom( Dy", a dohromady tvofi tvar ,motylka“ (Obrdzek 48). Tyto jednotky jsou
mUstkované pomoci karboxylovych skupin, hydroxidovych skupin a také fenolickych kysliku

z ligand( L.

Dyl

(c)

Obrdzek 48: Schémata zndzornujici strukturu komplexu NisDys.
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Ackoli se komplex zdda byt symetricky podle centra inverze, a je tomu skuteé¢né pomérné blizko,
nenito zcela presné, nebot jsou obé dikubanové jednotky jinak deformované, coz se projevuje
zejména napfiklad na geometrii atom( Dy". Koordinaéni ¢islo je u viech atom( dysprosia 8,
koordinacni okoli atom( dysprosia, v ptiloze oznacené jako Dyl a Dy2 (tedy ,krajni“ atomy),
maji tvar nejblizsi k trigondlnimu dodekaedru a pomérné blizky také k tetragonalnimu
antiprizmatu. Koordinacni polyedr v okoli prostfedniho atomu Dy3 ma tvar nejblizsi ke krychli.
Atomy niklu jsou symetricky ekvivalentni v kazdé z dikubdnovych &asti (ale lisi se od Ni" center

v druhé casti) a vSsechny maji koordinacni ¢islo 6 v koordinacnim okoli tvaru oktaedru.

U magnetickych méreni byla u teplotni zavislosti magnetického momentu na teploté
naméfena v limité hodnota odpovidajici ¢tyfem atomdm Ni' a tfem atomOm Dy", jak je
oCekdvatelné ze struktury. PFi poklesu teploty pak zhruba od 100 K dochdzi k poklesu
magnetického momentu, coz Ize pfisoudit depopulaci vyssich hladin zakladniho termu nebo
antiferomagnetickym vyménnym interakcim. Pfi velmi nizké teploté se oproti tomu objevuje
maximum magnetického momentu typické pro feromagnetickou interakci (Obrazek 49).
Vzhledem k tomu, Ze se jednd o sedmijaderny komplex, je redlnd i moznost, ze se v ném
objevuji oba typy vyménnych interakci mezi rlznymi pary paramagnetickych iontl. Bohuzel
dalsi vyvhodnoceni na zakladé magnetickych dat je prakticky nemozné pravé kvuli poc¢tu atomu,

asymetrii komplexu a po¢tu moznych interakci a parametr(, které by na vyhodnoceni mohly

mit vliv.
30
EG 7 - OO0 000000 000
f;m'-ﬁ-e_:;:u-"-‘:' i i 25 -
< §l
o gypppapaeade
Z 20 Lunilill
%5 = Jrngelasts
= a0 ‘% i Pk - o
o S &
E = % . 2K
= 20 - Ya . 4K
~ cea . BK
F s
10 5 o
-
o Complex 1
1] . ’ D o
0 100 200 300 1] 1 2 3 4 5 5] T
E L H(T)

Obrazek 49: Vysledky magnetickych méreni zavislosti xT na teploté (vlevo) a magnetizace na magnetickém poli (vpravo) pro
komplex NisDys.
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Magneticka méreni AC susceptibility pak ukazala, Ze v tomto komplexu neni pfitomnda pomala
relaxace magnetizace ani v pritomnosti vnéjsiho magnetického pole a komplex tedy nepatfi

mezi jedno-molekulové magnety.

Pro dalsi vysvétleni vlastnosti téchto latek byly pouzity teoretické metody, zejména metody
CASSCF, pro atomy niklu pak byla pouZita metoda BS-DFT s cilem urcit velikost magnetickych
vyménnych interakci. Pomoci metod CASSCF byly pro vSechna paramagnetickd centra uréeny
energie d- a f- orbitali, energetické hladiny atomovych term( a Stépeni hladin po spin-
orbitdIniinterakci (Pfiloha 5 Obrazek 6). Z téchto dat bylo mozné odecist parametry spinového
hamiltonianu u atomd Ni", kde bylo zjisténo, Ze D=-13.9cm™* pro1a-129cmipro2aE/D=
0.265 pro 1 a 0.205 pro 2. Kromé toho byly analyzovany jednotlivé Kramersovy dublety u
atomG Dy" a bylo zjisténo, Ze maji pomérné velké pFispévky gx, coZ naznaluje
pravdépodobnou pfitomnost kvantového tunelovani magnetizace v zakladnim stavu a muze
to vysvétlovat nepfitomnost pomalé relaxace magnetizace. Ukazuje se, ze zvlasté atom Dy3
s geometrii koordinacni sféry ve tvaru krychle by mél vykazovat velké kvantové tunelovani
magnetizace. Pro potvrzeni vlivu tvaru geometrie chromoforu byly provedeny vypocty pro
idedIni tvary, které ukazuji, Ze idedlni O, symetrie kubické geometrie je opravdu z hlediska
rozloZeni energetickych hladin pro pfipravu jedno-molekulovych magnetl nevhodnd a Dyg

symetrie trigonalniho dodekaedru je vhodnéjsi (Priloha 6 Obrazek 7).

Poté byly analyzovany velikosti magnetickych vyménnych interakci, kde vzhledem k poctu
interakci a magnetickych stavli neni mozna Uplna analyza. Pro atomy dysprosia bylo mozné
kvantifikovat velikost dipdl-dipdlové slozky vyménné interakce, kde bylo vypocitano, Ze tato
slozka ma mezi vSemi atomy dysprosia feromagneticky charakter. Pomérné silnd je mezi

atomy Dy1 a Dy2, coz souvisi s jejich shodnou orientaci magnetického momentu.

Kromé toho byly vypocitany velikosti interakéni konstanty magnetické vyménné interakce pro
interakci mezi atomy niklu Nil a Ni2* a Ni1* a Ni2 pomoci metody BS-DFT. Vypoc¢ty naznacuiji,
Ze i mezi témito atomy je ocCekavana feromagnetickd vyménnad interakce. Bohuzel ostatni
interakce, zejména mezi atomy dysprosia a niklu, nebylo vzhledem ke komplikovanosti mozné
zjistit. AvSak i ziskané vysledky jsou v souladu s magnetickymi mérenimi, kterd indikuji

pravdépodobny vyskyt feromagnetické vymény v komplexu.
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4.6 Série komplexU [NiLn(L)2(NO3)s] s ligandem typu Schiffovy baze
V této Casti prace byla spoluautory pfipravena a charakterizovana série komplext obsahujicich
ionty Ni'" a Ln"" (Gd (1), Tb (2), Dy (3), Ho (4), Er (5), Yb (6), Y (7)). Cilem prace bylo
charakterizovat tyto slouéeniny z hlediska jejich magnetickych vlastnosti se zaméfenim na

jedno-molekulovy magnetismus a magnetické vyménné interakce.

Ligand L je Schiffova baze, ktera byla pfipravena kondenzaci o-vanilinu a 2-(methylthio)anilinu.
Komplexy byly nasledné pripraveny in situ reakci ligandu s Ni(NOs)2, Ln(NOs)s a triethyaminem
jako bazi (Obrdzek 50). Touto reakci vznikl zelenoZluty roztok, z néhoz byly ziskany krystaly,

vhodné pro rentgenovou strukturni analyzu.

- LNi(NOy), 6H,0

o 2.Ln(NO,),- xH,0

I\’| OH q& 3.E4N
>
@: @N e Acetonitrile
S -Dichloromethane (2:1)
| . Room temperature
HL Ln=Gd (1); Tb (2); Dy(3);

Ho(4); Er(5); Yb(6); and Y(7)

Obrézek 50: Schéma syntézy komplexdi 1-7

Strukturni analyza ukazala, Ze vSechny komplexy v sérii jsou izostrukturni. Nikl je vazan ligandy
L v koordinacnim prostfedi N20;S; a podle CSM analyzy pomoci programu SHAPE bylo
prokazano, Ze tvar jeho koordinacni geometrie je oktaedr, avsak v dlsledku deformace
ligandl koordinaci iontu lanthanoidu dochazi ke znatelné deformaci oktaedrické symetrie.
lonty lanthanoidu jsou mustkované pres fenolické kysliky a dale jsou vazané pres etherické
kysliky a nitrato ligandy. Koordinacni Cislo téchto atomU je 10 s tvarem koordinac¢niho okoli

nejblizSimu k dvojité zastfeSenému trigondlnimu prizmatu (Obrazek 51).
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Obradzek 51: Schéma geometrie koordinacniho polyedru komplexu 3
Pro vSechny pfipravené komplexy byla provedena magnetickd méreni ve stadlém magnetickém
poli. (Pfiloha 6, Obrazek 5) Z méreni teplotni zavislosti magnetického momentu na teploté jsou
zfetelné vidét ferromagnetické interakce u komplext 1 a 2, které se projevuji jako narust
magnetického momentu pfi nizkych teplotach. U komplext 3 a 5 je feromagneticka vyména
pravdépodobné pfitomnda také, ale neprojevuje se tak zfetelné, jen jako zlom na kfivce
zavislosti magnetického momentu na teploté. U ostatnich komplex( je na nizkych teplotach
patrny pokles magnetického momentu, ktery neni jasnym znakem pritomnosti magnetické

vyménné interakce.

Pfitomnost pomalé relaxace magnetizace byla studovana pomoci méfeni magnetické
susceptibility ve stfidavém magnetickém poli. Pfi téchto mérenich se ukazalo, Ze jedind
z téchto latek, kterd vykazuje pomalou relaxaci, je komplex 5 a to pouze v pfitomnosti stalého

vnéjsiho magnetického pole (Obrazek 52).
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Obrdzek 52: Vysledky méreni magnetické susceptibility ve stfidavém magnetickém poli pro komplex 5
Data zavislosti redlné a imaginarni magnetické susceptibility na frekvenci pro rlizné teploty a
pole byla vyhodnocena podle rovnice, kterd obsahuje ¢leny pro pfimy, Ramandv, Orbachiv
mechanismus relaxace a kvantové tunelovani magnetizace (Priloha 6, rovnice 3). Z analyzy dat

pomoci tohoto vztahu bylo zjisténo, Ze energeticka bariéra Uess = 12.1 Ka 10= 3.49(2) 1077 s.

Kvali vysvétleni chovani téchto komplexd hlavné z hlediska toho, pro¢ u nich neni zfetelna
pomalad relaxace magnetizace, byly pouzity teoretické metody. K analyze magnetickych
vlastnosti bylo vyuzito metody SA-CASSCF s vyuZitim softwaru Single_Aniso. Pomoci CASSCF
metody bylo zjiSténo rozlozeni energetickych hladin zakladniho termu po spin-orbitalni
zjisténo u komplexu 5, coz souhlasi se zavéry vyhodnoceni experimentalnich metod a
vysvétluje, pro¢ ma tento komplex nejvétsi potencial jako jedno-molekulovy magnet (Obrazek

53).
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Obrdzek 53: Energetické hladiny f-orbitalt a multipletd ligandového pole pro komplexy 1-6.
Tyto zavéry byly nasledné doplnény vysledky z programu Single_Aniso, kde byly analyzovany
vlastnosti lanthanoidd v podminkdach simulujicich pfipravené komplexy (atom Ni" byl pro déely

"' ma nejlepsi vlastnosti

vypoétu nahrazen atomem Zn'"). Z nich plyne, Ze komplex obsahujici Er
i co se tyce velikosti prechodového magnetického momentu mezi stavy zdkladniho
Kramersova dubletu, ktery by mél byt umérny velikosti kvantového tunelovani magnetizace,
atudiz je u tohoto komplexu o¢ekdvand nejmensi mira tunelovani z celé pripravené série. Ddle
byl pak podobné analyzovdn cely systém 5 pomoci programu Poly_aniso (Obrazek 54). Tato
analyza dale potvrzuje vysledky analyzy z programu Single_Aniso. Vysledky naznacuji, Ze u
komplexu 5 probiha i v zakladnim stavu nezanedbatelné tunelovani, coz vysvétluje, pro¢ neni
prfitomnd relaxace v nulovém poli, ale v magnetickém poli je toto kvantové tunelovani
magnetizace potlaceno, a komplex se proto chova jako polem indukovany magnet.
Energeticky rozdil mezi vypocitanou zadkladni a prvni excitovanou hladinou je 15.3 K, cozZ je
v dobré shodé s experimentdlné zjisténou bariérou Ues = 12.1 K. Tento program umozniuje
analyzovat i velikost magnetické vyménné interakce, ktera byla vypocitana jako
feromagnetickd interakce s interakéni konstantou J = 1.65 cm™. Kromé této metody byla
velikost magnetické vyménné interakce pro komplexy 1 a 5 ur¢ena také metodou BS-DFT, kde

bylo vzajemné porovnano nékolik DFT funkcionall (Priloha 6 Tabulka 1), které ukazaly, Ze

vymeéna je u obou komplext feromagnetického charakteru.
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Obrdzek 54: Single_Aniso analyza pro ionty lanthanoid( v komplexech 3 a 5 (nahore), Poly_Aniso analyza pro systém Er'"l —
Ni"'v komplexu 5 (dole vlevo) a porovndni simulovanych a experimentdlnich magnetickych méreni pro 5.

Zavérem lze shrnout, vtomto c¢lanku byla pripravena a charakterizovana série latek
obsahujicich Ni'" a lanthanoidy jako centrdlni atomy v dimernim systému s ligandem typu
Schiffovy baze. Tato série byla nasledné charakterizovana pomoci fyzikalné chemickych metod
a byla popsdna struktura pripravenych latek. Komplexy byly dale studovdny pomoci
magnetochemickych metod, na zakladé kterych bylo zjisténo, Ze jeden z komplexd, a to
komplex 5, se chova jako polem indukovany magnet. Tyto vlastnosti a také to, pro¢ ostatni
komplexy jedno-molekulovymi magnety nejsou, bylo vysvétleno na zakladé teoretickych
vypocta, které ukazaly maly energeticky rozdil mezi Kramersovymi dublety a nezanedbatelné

kvantové tunelovani magnetizace, které zpUsobuje rychlou magnetickou relaxaci u vétsiny
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latek mimo 5. Pomoci teoretickych vypoctl byla také provedena kvantifikace magnetickych
vyménnych interakci u latek 1 a 5, kde bylo vyhodnoceno, Ze interakce mezi magnetickymi

centry je u obou latek feromagneticka.

5.7avér
Tato disertacni prace byla feSena na zakladé pokyn( pro vypracovani a stanovenych cild

disertacni prace, které byly uvedeny v Gvodu prace. Ke splnéni stanovenych cili disertaéni

prace se lze vyjadrit nasledovné:

Tato préace byla roz¢lenéna na teoretickou ¢ast, ve které jsou sepsany zakladni principy, na
kterych je zalozen vyzkum jedno-molekulového magnetismu a které byly vyhodnoceny jako
relevantni vzhledem k tématlm feSenym v dalSich ¢astech disertacni prace. Nasledné byla
provedena reSerse, kterd je ¢lenénda do Ctyr Casti a nachazi se zde prehled komplexd typu
dysprosocenia se zamérenim na jejich magnetické vlastnosti. Nasledné jsou uvedeny vybrané
vyznamné teoretické prace z oboru vypocetni chemie zabyvajici se jedno-molekulovym
magnetismem a strukturnimi korelacemi v magneticky zajimavych komplexech. Dalsi ¢asti
reSerse poté byly vénovény komplexdim salenu s Cu"a V!V se zaméfenim na jejich magnetické

vyménné interakce a anizotropii a také komplextim Co'" ve tvaru trigonalniho prizmatu.

Vramci praktické casti jsou shrnuty vysledky, které byly publikovany v celkem Sesti
publikacich. Dvé ztéchto publikaci jsou zaméreny na analogy komplex( dysprosocenia,
konkrétné jedna z nich na komplexy dysprosia s anorganickymi cyklickymi ligandy vazanymi ve
stejném modu jako cyklopentadienyl a druhd na komplexy dysprosia s ligandy typu
cyklopentadienylu propojené alkylovymi spojkami. Obé tyto prace jsou zaméreny na studium
energetické bariéry Ues a spin-fononové interakce a jednoznaénym pfinosem je popis nového
pristupu k metodam teoretickych vypoctl téchto veli¢in. Navic byly reSeny strukturni korelace
ve studovanych sériich, které maiji za ukol slouzit jako podklady pro budouci praci syntetickych

chemikd.

Nasledné byla vramci disertacni prace pfipravena série dvojjadernych komplexd se
Schiffovymi bazemi, které obsahuji trojmocné lanthanoidy (Gd, Th, Dy, Er) a vanadylovy
kation. V této ¢asti prace byly studovany magnetické anizotropie a také magnetické vyménné

interakce v téchto komplexech. Bylo zjisténo, Zze komplexy obsahujici Tb a Dy vykazuji pomalou
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relaxaci magnetizace, a jde tedy o prvni jedno-molekulové magnety typu V"V — Ln'", a navic byly

pomérné detailné a nékolika rlznymi metodami studovany magnetické vyménné interakce.

Dalsi ¢ast prace byla vénovéna sérii komplext Co" s ligandy typu Schiffovych bazi, které jsou
zajimavé jejich silnou tendenci k deformaci jejich geometrie do tvaru, ktery je blizky
trigondlnimu prizmatu, coz je typ koordinacniho polyedru, ktery u kovli s obsazenim d-orbitalt
d’” poskytuje potencidlné velmi zajimavé magnetické vlastnosti. Tato série byla
charakterizovdna pomoci experimentalnich a vypocetnich metod se zaméfenim na
magnetismus a bylo zjisténo, Ze vSechny studované komplexy jsou polem-indukované
magnety, a u latky s nejvice zajimavymi vlastnostmi bylo provedeno magnetické zfedéni
pomoci zinku, kde bylo nasledné zjisténo, ze je poté tento komplex jedno-molekulovym

magnetem i v nulovém magnetickém poli.

Nakonec jsou zde uvedeny dva c¢lanky, kde ma autor této disertacni prace podil jako
spoluautor u charakterizace 3d-4f komplex pomoci metod vypocetni chemie. V obou
pripadech jde o komplexy lanthanoidl a niklu. V prvnim pfipadé jde o sedmijaderny komplex
{NisDys}, kde byly teoreticky vyhodnocovany magnetické vymeénné interakce a anizotropie na
jednotlivych iontech dysprosia, avSak tento komplex bohuzZel nevykazoval pfiliS dobré
vlastnosti, co se jedno-molekulového magnetismu tyce, a je zajimavym spiSe z pohledu
syntetické chemie. Ve druhé z téchto praci byly charakterizovany komplexy niklu se sedmi
riznymi trojmocnymi kovy z oblasti lanthanoidl (Gd, Tb, Dy, Ho, Er, Yb) a yttriem. U téchto
komplex( byly opét vyhodnocovdny magnetické vyménné interakce a jejich elektronova
struktura. Ztéto skupiny se ukdazal byt jako jediny komplex zajimavy z pohledu jedno-

I Dlvodem zjisténym na zakladé analyzy vypocetnich

molekulového magnetismu komplex Er
metod je velké tunelovani v zakladnim stavu u ostatnich komplex( a také maly rozdil mezi
energiemi Kramersovych dubletl plynouci pravdépodobné z vlivu geometrie koordinaéniho

polyedru.
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ABSTRACT: Computational studies of sandwich dysprosium
double-decker complexes [Dy(L),]*'* as candidates for
single-ion magnets with several inorganic aromatic ring
systems (P;7, N;7, B;N;H; B;P;H, B;S;H;) have been
performed. The molecular structures were optimized with the
TPSSh functional, and the ground state properties were
investigated with the complete active space SCF method
(CASSCF) complemented by the dynamic correlation dressed
correction (DCD-CAS(2)) or NEVPT2. Besides the evalua-
tion of the magnetic moment blocking barrier, the impact of
the molecular vibration on the relaxation of magnetization was
also inspected. We were able to make predictions about the
performance of those molecules as single-molecule magnets,

*H,q,, splitting calculated by CASSCF/DCD-CAS(2)/ZORA
2000
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where estimated effective energy barrier, U, values are as high as 1475 K in the case of [Dy(N;),]”, which is the most
anisotropic complex from our choice of studied compounds, making them a potentially very effective carbon-free alternative to
organometallic double-decker dysprosocenium high-temperature single-molecule magnets.

B INTRODUCTION

In almost 30 years, progress in developing single-molecule
magnets went from discovery of this phenomenon on the
famous Mn,,Ac complex,' through many major breakthroughs,
such as the first lanthanide single-ion magnets,” to finally
reaching the blocking temperature of 14 K with the terbium
radical bridged dimer [Tb,(NSi,CeH,),(THF),(u—r*—
Nz)].3 A few years later, based on structural correlation
predictions, pentagonal bipyramidal complexes with highly
electronegative ligands in axial positions were proven to be
effective for developing single-molecule magnets with large
blocking temperatures and energy barriers over 1800 K with
[Dy(O'Bu),(py)s](BPh,).! Axiality of the ligand field is
characteristic also for the newest and most recent family of
single-molecule magnets, organometallic double-deckers,
which allowed for reaching blocking temperatures up to the
boiling point of liquid nitrogen and were an inspiration for this
theoretical study.

The first one among this family of “dysprosocenes” was
[Dy(Cp™),][B(CsFs)4] (Cp™ = 1,2,4-tri-terc-butylcyclopenta-
dienyl), whose preparation was not only a remarkable synthetic
success but also has led to a complex with a blocking
temperature 60 K, a value never seen before, and a reversal
barrier of 1760 K.° Later on, [Dy(Cp™)(Cp*)][B(C4F;),]
(Cp'™ = pentaisopropylcyclopentadienyl) was prepared with a
blocking temperature of 80 K and Uy = 2217 K,® where both
of those values are still unsurpassed today. In addition, a series

A Publi ion © 2019 American Chemical Society
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of complexes [Dy(Cp™**),][B(C4F;);] have been recently
prepared, where Cp"™" is cyclopentadiene substituted by
isopropyl in four positions and last one by hydrogen, methyl,
ethyl, and isopropyl. Hysteresis temperatures and energy
barriers have their lowest value for R = H, with T = 17 K and
U4 = 1848 K, and their highest value for R = Me, with Ty = 72
K and Ug = 2112 K.7 Also, many attempts on explaining the
behavior of single-molecule magnets were performed by
theoretical methods, aiming at insight into magnetic properties
by the evaluation of the zero-field splitting energy levels. This
can be achieved by employing ab initio multiconfigurational
SCF calculations like CASSCF capable of describing the
ground state properties of d- and f-metal ions.® This method
led to the prediction of the anisotropic energy barrier as an
energy difference between Kramers doublets and became one
of the most frequent and efficient tools used for characterizing
new single-molecule magnets, along with experimental
methods.” In addition, general relationships applicable to all
dysprosium-based single-molecule magnets taking into the
account various structural motifs were elucidated with the help
of the CASSCF method.'” The main conclusions were that
dysprosium’s anisotropy rises with the axial coordination
environment, which later led to the synthesis of pentagonal
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bipyramidal complexes and probably at least inspired recent
development of dysprosocenium-like compounds.

From comparing values of the magnetic moment reversal
energy barriers and hysteresis temperatures of dysprosocenium
SMMs,"" we can see that their dependence is not as clear as
theory might suggest. This is where a deeper understanding of
the relaxation mechanism comes into play. Apart from
quantum tunneling of magnetization,'* all other relaxation
mechanisms are of the spin—lattice origin, and therefore, they
are governed by phonon excitations. Phonons, in general, are
vibrations, both intermolecular and intramolecular, and it has
been suggested that their role in determining relaxation
pathways is crucial.'”> One of the approaches consists of
approximative assumption, where phonons can in some cases
be reduced to molecular vibrations, and calculations of
parameters important to relaxation, depending on structure
deformation caused by vibrations, can lead to revealing of
vibrational modes that are strongly coupled to the spin-
vibrational relaxation.'* However, this approach neglects the
intermolecular vibrations; therefore, it can be used mainly on
the well-isolated complexes with minimum noncovalent
intermolecular interactions, such as [Dy(Cp™),][B(CF;),],’°
where it was also successfully employed.

The striking performance of these double-decker sandwich
Dy'"! complexes™ in the realm of the single-molecule
magnetism led us to investigate the answer to the question
of whether complexes with other ring systems able to mimic
axial ligand field found in cyclopentadienyl complexes can lead
to novel SMMs. Thus, the goal of this article is to theoretically
inspect the crucial properties of the dysprosium-based single-
molecule magnets utilizing the inorganic aromatic rings as
ligands in analogy to recently published record-breaker
dysprosocenium compounds. For this purpose, we have chosen
two penta-membered rings, P~ and N7, as analogues of
cyclopentadienyl and three neutral six-membered rings,
B;N;H;, B;P;H and B;S;H; as examples from a wide
number of inorganic rings,"® which are on the edge between
aromatic and nonaromatic systems, to explore the geometry,
the electronic structure, the magnetic moment reversal barrier
U, and the influence of the molecular vibrations on the
magnetic relaxation phenomenon for [Dy™L,]*/3* complexes.
Although no complexes are known with those compounds
coordinating on lanthanide ions, they are well-known in
organometallic chemistry of other metals. The P~ serves as the
#*-ligand in many coordination compounds similar to
metallocene, but there is only one example of homoleptic
sandwich complex of Ti% [Ti(P;),]*", reported so far.'® On
the contrary, there are many heteroleptic sandwich or half-
sandwich compounds with a P~ ligand, mostly with central
atoms like iron'” or chromium.'® Moreover, the ligand has the
ability to act as a bridging ligand either in the #°-fashion or in
the #'-fashion, thus making it a suitable ligand for the synthesis
of polynuclear or polymeric coordination compounds, which
can be demonstrated by recently published heterobimetallic
Ru/Fe sandwich compounds'” or by binuclear U com-
pound.”’ Pentazole (N;~) anion is deeply studied due to its
utilization in the preparation of explosives; an advantageous
synthetic route was recently published,” and there are only
few complexes prepared comprised of 3d metals, in which
pentazole is bound in the #'-fashion.”” However, the 3d-
transition-metal metallocene analogs were already theoretically
studied, and even a possible synthetic route was proposed.”
The borazine derivatives coordinated in the 7°-fashion can be

found in half-sandwich carbonyl complexes with chromium
and manganese,24 and #'-B;N;H; with iron were also
reported.z‘:' The derivative of 1,3,5,2,4,6-triphosphatriborinane,
B;P;R;, was utilized in the formation of a carbonyl half-
sandwich complex of chromium.”® Up to now, there are no
known complexes of thioborazine (B;S;H;).

Therefore, the geometries of [Dy"'L,]*/** complexes with L
=DP.7, Ng7, ByN;Hg, BiP;H,, and B;S;H; were optimized with
the help of DFT method, and the aromaticity of these ligands
was also assessed. Subsequently, the several up-to-date
multireference theoretical approaches were applied to calculate
the zero-field splitting of “Hys;, of Dy™ ions in these
complexes, which enabled the analysis of the effective energy
barrier U based on the magnetic dipole transition moment
and the Boltzmann population of the multiplets. Furthermore,
the role of the molecular vibration modes on the magnetic
anisotropy and the magnetization relaxation properties were
inspected and discussed to better understand the advantages
and the limitation of these proposed fully inorganic SMMs.

B EXPERIMENTAL SECTION

Theoretical Methods. The DFT theoretical calculations were
carried out with the ORCA 4.1. software,”” using density functional
theory for structure optimizations and numerical frequency
calculations. DFT calculations were run with the hybrid meta-GGA
TPSSh functional.”™ We have used basis sets utilized for ZORA
relativistic approxjmatiou,y'J namely, quadruple-{ basis SARC2-
ZORA-QZV for Dym and ZORA-def2-TZVP for all other atoms,’’
except for H atoms for which split valence ZORA-def2-SVP was used.
The SARC/] Coulomb fitting basis set was utilized as an auxiliary
basis set.”’ Chain-of-spheres (RIJCOSX) approximation to exact
exchange was used’” as implemented in ORCA for [Dy(P;),]" and
[Dy(B;N;H,),]*", while RIJK approximation’® was applied for
[Dy(N;5),]", [Dy(B,P;H4),1*", and [Dy(B;S;H;),]*". Increased
integration grids (Gridé and Gridx6é in ORCA convention) and
tight SCF convergence criteria were used in all calculations.
Analogously, geometries of [Dy(Cp™),]* and[Dy(Cp*™)(Cp*)]*
were also optimized to verify the performance of TPSSh functional.
However, the posterior multireference calculations were done on the
experimental X-ray structures of these two complexes.

Subsequently, state average complete active space self-consistent
field (Si“t—Cz’\SSCF)"4 wave function calculations complemented by
the dynamic correlation dressed (DCD-CAS(2)) correction®” or by
N-electron valence second-order perturbation theory (NE.VT"JT?.)‘m
were done. Active space was defined as 9 electrons in 7 f-orbitals
resulting in 21 sextets, 224 quartets, and 490 doublets. The spin—orbit
interactions were treated with an approximation to the Breit—Pauli
form of the spin—orbit coupling operator (SOMF approximation).””
The same basis sets as in DFT calculations were used. The
calculations utilized the RIJCOSX approximation with the automati-
cally generated auxiliary basis from ORCA’s AutoAux implemented
opi:ion.3 8

Calculations related to spin dynamics were done with the
MOLCAS 8.0 program package™ using the same active space
CAS(9,7). The RASSCF method was employed in the CASSCF
calculations with the following numbers of multiplets: 21 sextets, 224
quartets, and 490 doublets. The spin—orbit coupling based on atomic
mean-field approximation (AMFI)™ was taken into account using
RASSI-SO with the following numbers of multiplets: 21 sextets, 128
quartets, and 130 doublets. The relativistic effects were treated with
the Douglas—Kroll Hamiltonian."' The following basis sets were
employed: ANO-RCC-VQZP for Dy and ANO-RCC-VTZP for all
other atoms.”” Then, the SINGLE_ANISO module™ was used to
caleulate all relevant information and magnetic data.
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Table 1. Selected Distances and Angles between Ring
Centroids and Central Atom for TPSSh Optimized

Structures and Their Comparison with X-ray Data for
Selected Published Dysprosium Sandwich Complexes

Dy—Centrl  Dy—Centr2  Centrl—Dy—Centr2
(4) (A)

complex (deg)
[Dy(Ps),]* 2379 2.389 1417
[Dy(N,),]* 2225 2225 153.5
[Dy(ByN,H),]* 2282 2.278 142.8
[Dy(B,PiH,),]* 2494 2.495 149.2
[Dy(BS;H;), ™ 2353 2353 146.7
[Dy(Cp™),]* 2318 2314 152.6
[Dy(Cp*=)(Cp*)]™* 2296 2284 162.5
[Dy(Cp™).]™ 2338 2337 156.1
[Dy(Cp™)(Cp*)]*” 2324 2.348 168.4

“The experimental X-ray structures. PThe DFT optimized molecular
structures.

B RESULTS AND DISCUSSION

The theoretical calculations were done for dysprosocenium-
like complexes [Dy"'L,]*** comprising the inorganic aromatic
ligands analogous to cyclopentadienyl, Py~ and N;~, and
neutral, six-membered rings B;N;H, BiP3Hg and B;S;H..
First, the results of the geometry optimization procedure are
discussed. Next, several theoretical multireference approaches
with and without dynamic correlation applied to [Dy™L,]***
complexes are compared. Subsequently, the effective energy
barriers U, were estimated based on the respective CASSCF
calculations. Furthermore, the impact of the molecular
vibrations on the reduction of U,; was also evaluated, so the
crucial properties of the herein proposed candidates for SMMs
are thoroughly discussed.

Geometry Optimizations. The TPSSh functional was
used for the calculations of the molecular geometry of
[Dy"L,]*/** complexes, and it was also applied also to

[Dy(Cp'™),]* and [Dy(Cp"*)(Cp*)]* complexes. The
comparison of the selected geometrical parameters in Table
1 proved its good performance. All optimized molecular
structures adapt geometry similar to dysprosium cyclo-
pentadienyl derivate complexes, with rings slightly distorted
from the axial geometry (Figure 1). For [Dy(N;),]* and
[Dy(P;),]", ligands adopt a near-eclipsed conformation, and
the same holds for [Dy(B,S,H,),]*; while for [Dy-
(B;N;H,),]%", it seems to be closer to a staggered
conformation. The complex [Dy(B,P,H,),]*" is situated in
between those two conformations. Coordinated ring systems
are planar, with only B;N;Hg and B;S;H; displaying small
deformations from the ideal plane. Optimizations were verified
by numerical frequencies calculation, which has shown no
imaginary vibrational modes present (Table S1 and Figure S1).

The selected parameters of the optimized geometries are
listed in Table 1. The distance between dysprosium ion and
ring centroids varies between 2.22 and 2.49 A, where the
shortest is found for [Dy(P;),]" and the longest for
[Dy(B;P,H;),]*, and these parameters are close to those
found in [Dy(Cp™),]* and [Dy(Cp™)(Cp*)]*. The angle
formed between the dysprosium ion and both centroids is in
the range from 142° to 153°, where the largest angle was found
for [Dy(P;),]" with the value almost identical to [Dy(Cp™),]".
Within the six-membered rings, the both the Dy—centroid
distances and centroid—Dy—centroid angle are increasing in
the order [Dy(B;N;H),]** < Dy(B;S;H;),]*" < [Dy-
(B3PyH), ™.

In case of the compounds studied here, both P;~ and N~
are supposed to be aromatic,"" while the aromaticity of
borazine and its derivates, despite being called “inorganic
benzene”, is a bit unclear when considering different criteria,**
As cyclopentadienyl-based sandwich complexes [Dy(Cp™),]"
and [Dy(Cp™*)(Cp*)]* provided record-breaking results, it is
evident that aromatic rings can serve very well to provide an
axial ligand field, which is the cardinal condition for the highest

-

Figure 1. Optimized molecular structures of complexes [Dy(B;S;H,),]*" (a), [Dy(B;N;H,),]*" (b), [Dy(B,P,H,),]*" (¢), [Dy(N;),]" (d), and

[Dy(Ps),]" (e)-

14048

97

DOI: 10.1021/acs.inorgchem.9b02039
Inorg. Chem. 2019, 58, 1404614057



Inorganic Chemistry

3000 4 _—

2500 4

2000 4

E (K)
|

1500 4

1000 - = =

500 4

3000 4

2500 - —

2000 —_—

1500 T —_—

E (K)
I
I
|
|
I
I

1000 —— —— —

500 ~ ——

Figure 2. CASSCF/DCD-CAS(2) energy splitting of f-orbitals (top)
and Kramers doublets of °Hj;, multiplet (bottom) in studied
complexes compared to previously studied dysprosium cyclo-
pentadienyl complexes.

U, and such geometry is hard to achieve with monodentate
Iigands.‘m Therefore, we have decided to evaluate the
aromaticity of the herein studied coordinated inorganic ring
systems with the help of the Multiwfn program.”” We have
assigned bond critical points, as defined in atoms in molecules
theory (AIM)," and determined the aromaticity as Shannon’s
entropy index as”’

N
SA =In(N) - Z (-plnp) (1)

o= Plrce)
i 9N

E,— P(races) (2)
where N is the number of bond critical points in the ring, rpcp
is the location of the bond critical point, and p is the electron

density at this point. The smaller this index is, the more
aromatic the system is, and it holds that SA equals 0.003—

0.005 to constitute the borderline between the aromaticity and
the antiaromaticity.” The calculated extremely low values of
the Shannon aromaticity index listed in Table 52 suggest the
presence of the aromaticity in all studied compounds.

Electronic Structures of Dysprosocenium-like Com-
plexes. First, the ORCA 4.1 computational package was used
to perform post-Hartree—Fock method calculations based on
state-average complete active space self-consistent field (SA-
CASSCF) approach to cope with the multiconfigurational
character of Dy-based complexes under study. The active space
was defined by 9 electrons in 7 f-orbitals, and the dynamic
electronic correlation was treated with second-order dynamic
correlation dressed CAS (DCD-CAS(2)). The ab initio ligand
field theory (AILFT)*® was employed in the analysis of
CASSCF/DCD-CAS(2) calculations, and as a result, the
energies of the f-orbitals are depicted in Figure 2 and listed in
Table S3 (Supporting Information). All studied compounds
have two almost degenerate low-lying f-orbitals, while the rest
of f-orbitals are higher in energy by at least 600—800 K. In
general, the lowest splitting of f-orbitals has been calculated for
complexes with borazine derivates, especially [Dy(B;P,H;),]*"
and [Dy(B;S;H;),]*", with the highest energy level at about
1200 K, while complex with borazine has its highest f-orbital
energy level close to 1600 K. Both pentagonal ring ligands led
to higher f-orbitals splitting with [Dy(N;),]*, showing splitting
up to 2100 K. This trend can be associated with increasing
electronegativity of donor atoms.

The ground state °H,; , is split into eight Kramers doublets,
and the lowest splitting was observed for complexes [Dy-
(ByPyH,),]*" and [Dy(B,S;H,),]*; both of these complexes
have almost identical energy levels with the highest level
approximately at 1000 K (Figure 2). A slightly higher expected
energy barrier is observed for [Dy(B;N;H,),]*" and [Dy-
(P5),]*, which both have the highest level at about 1500 K. Of
all studied complexes, the largest splitting was observed for
[Dy(N;),]", which is, with the highest state slightly below
2000 K, comparable to previously published [Dy(Cp™),]". All
Kramers doublets energies are listed in Table S4.

Furthermore, the contemporary multireference approaches
were tested to estimate the possible variation of the energy
splitting, because it is the decisive factor for the U estimation
of [Dy"L,]*'* complexes. Therefore, the well-established
dynamic electronic correlation method NEVPT2 (N-electron
valence second-order perturbation theory) was also applied,
and the energy comparison is depicted in Figure 3. It is evident
that both methods, DCD-CAS(2) and NEVPT?2, provided very
similar energy splitting diagrams, but utilization of NEVPT2
resulted in a slightly lower energy splitting. Next, we compared
also the standalone calculations based on CASSCF without any
dynamic correlation included. Results are displayed for the
calculation done in ORCA with ZORA and the respective
relativistic version of Ahlrichs basis set (ZORA-def2-TZVP)
and the segmented all-electron relativistically contracted basis
set for Dy and for the calculation done in MOLCAS with DKH
and the respective ANO-RCC basis set based on atomic
natural orbitals (ANQ), see Figure 3. Both calculations based
only on the static electronic correlation resulted in lower
energy splitting of ®H,s,, providing analogous results, see
Figure 3. To summarize, all four tested methods resulted in
similar energy schemes, but variation of the overall energy
splitting between CASSCF/DKH method done in MOLCAS
and the CASSCF/DCD-CAS(2)/ZORA method done in
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Figure 3. Comparison of Kramers doublets energy levels resulting from the zero-field splitting of °H 5, of [Dy™L,]*/3* complexes calculated by
CASSCF in ORCA with ZORA and SARC2/def2 basis sets complemented by DCD-CAS(2) or NEVPT2 and by CASSCF in MOLCAS with DKH

and ANO-RCC basis sets.

Table 2. CASSCF/DKH/ANO-RCC Energy Levels and the

Transition Magnetic Dipole Moments (ko) of KDs Calculated

with MOLCAS and SINGLE_ANISO Module along with the Evaluated Effective Energetic Barriers U

[DY(P5)2]+ [DY(N5)1]+ [DY(B3N3H6)2]1+ [DY(BAPJHﬁ)1]3+ [DV(BASAI'[J\)l]l+

E (K) ko E(K) kqr E (K) ko E (K) ke E (K) ke
KD1 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000
KD2 361 0.000 579 0.000 263 0.001 178 0.000 165 0.002
KD3 630 0.002 859 0.000 493 0.013 317 0.002 298 0.008
KD4 829 0.007 1020 0.003 703 0.061 443 0.020 421 0.135
KDs 982 0.291 1179 0.031 887 0.285 562 0.098 540 0.717
KDé 1096 0.292 1343 0.193 1035 1.896 664 2.171 654 2.046
KD7 1162 2919 1475 2227 1181 0.613 761 1.960 741 1.222
KD8 1240 0.224 1590 0.845 1281 0.335 800 3.546 801 1.081
Uy (K) 1127 1475 1009 734 650

ORCA was up to ca. 20%, which is important information
regarding our further evaluation of the U value.

The Effective Energy Barrier, U 4. For the more detailed
prediction of SMMs properties of [Dy"™L,]*** complexes, the
overall splitting of °H,; , multiplet is not sufficient information,
because very often the magnetic anisotropy of the respective
Kramers doublets (KD) induces quantum tunneling of the
magnetization either in the ground state or through excited
KDs, and the observed effective energy barrier are less than the
maximal splitting of eight KDs (Us << U,,.,). Therefore, it is
inevitable that the properties of each individual KD need to be
inspected and that the magnetic dipole transition moments
between various states that allow us to assess various relaxation
mechanisms (quantum tunneling, thermal relaxation, thermally
assisted tunneling) need to be assessed. Such analysis is
implemented in the SINGLE_ANISO module of MOLCAS,
and therefore, further investigation of SMMs properties is
based on CASSCFE/DKH calculations with ANO-RCC basis
set. The respective energy levels and calculated transition
probabilities are listed in Table 2, and the g-tensor values

quantifying the magnetic anisotropy of these KDs for all
compounds are listed in Table S5 with the respective Cartesian
coordinates in Table S6.

Qualitative analysis of these results is done through
respective diagrams showing the magnetic moment reversal
energy barriers, which are depicted in Figure 4 for [Dy(N;),]*
and [Dy(P;),]" complexes, whereas Figures $2—S4 show the
situation for [Dy(B;N;H¢),]*, [Dy(B;P;H;),]**, and [Dy-
(B3S;H;),]*" complexes. The values displayed on each arrow
are the mean absolute values for the corresponding matrix
elements of the transition magnetic moment between selected
KD states, and for values larger than 0.1, an efficient relaxation
mechanism is expected.”’

According to Figure 4 and Table 2, the complex [Dy(N;),]*
looks like the most promising candidate for high U4 SMM due
to the largest splitting of °H,5,, manifold and also due to the
fact that the transition magnetic dipole moment related to the
quantum tunneling is minute for the lowest Kramers doublets.
These transition magnetic dipole moments are negligible up to
sixth KD, and even there, the preferred pathway should be kept

14050 DOI: 10.1021/acs.inorgchem.Sb02039
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Figure 4. Kramers doublets energies and transition moments for studied compounds [Dy(P;),]" (top) and [Dy(N:),]" (bottom). Arrows depict
direct relaxation (blue), QTM (red), and thermally assisted QTM (green) relaxation processes.

without flipping the magnetization direction even to the
seventh doublet, making this complex possible of reaching an
energy barrier of ca. 1000 ecm™' (1439 K). The complex
[Dy(P;),]" has its Kramers doublets structure similar to the
previous complex, but its energy gaps between KDs are smaller
and the transition magnetic dipole moment related to quantum
tunneling grows significantly already for the fifth and sixth
doublet, thus weakening the energy barrier. In case of borazine
derivates (Figures S2—54), the analogous computations show
that the highest splitting between Kramers doublets occurs in

14051

100

[Dy(B;N3H),]** in the comparison to complexes [Dy-
(ByP;H;),]** and [Dy(B,S;H,),]*. However, the relaxation
path prediction suggests that in [Dy(B,S;H;),]** the magnet-
ization moment flips into the opposite direction during the
transition from the ground state into the second KD; therefore,
its reversal anisotropy energy barrier should not overcome this
energy separation. On the contrary, both relaxation paths for
[Dy(B;N;H),]** and [Dy(ByP3Hy),]*" are more similar,
having very low the transition magnetic dipole moments up
to the fourth KD which makes temperature-assisted quantum

DOI: 10.1021/acs.inorgchem.9b02039
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Figure 6. Spin-vibrational coupling coefficient C (left) and average transition magnetic dipole moments kg (right) for vibrational modes of

[DY(PS)Z]t

tunneling probable in the fifth KD. Due to the change of the
orientation of the magnetic moment for the sixth Kramers
doublets for both complexes [Dy(ByN;H,),]** and [Dy-
(ByPyHg), %, the effective barrier should not exceed these
energies.

Next, the effective energy demagnetization barriers U,y for
Orbach relaxation mechanism were computed by a previously
published method** utilizing energies of Kramers doublets and
the transition magnetic dipole moment related to the quantum
tunneling between them resulting from CASSCF calculations:

M
k(T)

UglT) = ), ——E,

i=1 N (3)
where M is the number of KDs, k; values are the
demagnetization rates for the respective doublets with E;
energies, and N is the normalization factor for k; (N, = X
k(T)). The demagnetization rate k; is defined as

14052

k(T) = ﬂz—

ah (4)

where kg is the Boltzmann constant, T is the temperature, Z is
the partition function, and Kkqp; values are the transition
magnetic dipole moment related to the quantum tunneling for
KDs, calculated from CASSCEF, along with energy levels E;, see
Table 2. These calculations provided the estimation of U in
the range from 650 to 1475 K for [Dy"'L,]"/** complexes, see
Figure 5 and Figures $5—S8.

It is obvious from results in Table 2 that [Dy(N;),]" seems
to be the most promising candidate among studied complexes.
Its predicted barrier (Figure 5) reaches the seventh Kramers
doublet up to 1475 K, which is a value comparable with the
best currently known single-molecule magnets. Other com-
plexes surpassing the 1000 K border are [Dy(Ps),]" with 1127
K and [Dy(B;N3H),]** with 1009 K; in both cases, those
values are close to the sixth Kramers doublet, and slight
differences are the result of contributions from relaxation
through upper or lower KDs. The barrier for [Dy(B,P;H,),]*

DOI: 10.1021/acs.inorgchem.9b02039
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Figure 8. Spin-vibrational coupling coefficient C (left) and average
[Dy(ByN;Hg), ™.

transition magnetic dipole moments kqp (right) for vibrational modes of

was predicted as 734 K, which is surprisingly slightly above the
sixth doublet with high transition magnetic dipole moment,
which can be explained by the contribution from relaxation
through seventh doublet. Similarly, [Dy(B,S;H;),]** has a
barrier of 650 K, reaching slightly below the sixth doublet
because of increased transition magnetic dipole moment in the
fifth doublet.

Spin-Vibration Coupling Analysis. The performance of
high-temperature SMMs is also affected by the phonons, hence
the lattice vibrations in the solid state, and therefore, it is also
important to assess the impact of the vibrations on the SMMs
properties.”” In some cases, the spin dynamics of SMMs were
explored by the theoretical approach in which the phonons can
be reduced only to molecular vibrations. Such an approach was
used in a case of [Dy(Cp™),]*,” where authors have proven
this presumption by measuring relaxation dynamics in crystals
and amorphous frozen solution with the same results.
Although we do not have opportunity to do this for the
herein studied [Dy"'L,]*3* complexes, we assume that this
tactic can also be used under the condition that suitable

14053

counterions would be incorporated into the final compounds
for minimizing noncovalent contacts in solid state. Therefore,
we have used an already published method with intentions to
make a complementary analysis, which can point out how
structure changes caused by molecular vibration affects g-
factors and the transition magnetic dipole moments related to
the quantum tunneling of Kramers doublets as this can lead to
reducing the U,y This method is able to show where those
systems’ “weak spots” are, thus making us able to predict which
parts of the molecule are affected by the vibrational modes that
cause major changes in the g-factor, and this information can
be valuable for the future design of better systems.

In this analysis, only vibrational modes with an energy lower
than estimated effective energy barrier U, for a given complex
were considered. Within this analysis, it is necessary to perform
CASSCF-based calculations for all modified geometries
induced by the selected vibrational modes. The input
geometries of a given vibrational mode were acquired by the
pltvib command in ORCA to generate the xyz trajectory file.
Two geometries with the largest displacements from reference
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transition magnetic dipole moments kg (right) for vibrational modes of

geometry were then chosen for the spin-vibration coupling
analysis. To cope with this task and to be compatible with our
estimation of U, done in the previous section, the subsequent
CASSCEF calculations were done in MOLCAS with the ANO-
RCC basis set and with the help of the SINGLE_ANISO
module.

We have used a previously published method of determining
the spin-vibration coupling constant C:"*

_ R[] 1
4 ()Qf myv,

. (%)

where g, is the g-factor for the z-axis, Q, is the normal vibration
coordinate, my, is the reduced mass, and v, is the vibration
frequency. To keep the spin-vibration coupling constant
dimensionless, we have used those values in SI units.

To gain insight into vibration-induced relaxation, it is
assumed that the first vibration with significant g-factor
changes would be the most important for the relaxation. In
theory, coefficient C should correspond with the transition
magnetic dipole moment related to the quantum tunneling. To
describe vibrational mode’s tunneling, we have made an
average of three values of calculated transition magnetic dipole
moments from the SINGLE_ANISO module. For that we have
used two geometries with maximal displacement, which were
used for the spin-vibration coupling analysis described above,
with the relaxed reference geometry as the third value. For a
list of calculated values corresponding to variations of g. and
the transition magnetic dipole moments, please see Tables S7—
S18.

First, the detailed analysis will be discussed for the
[Dy(Ps),]* complex. It is obvious that the most important
vibrations for magnetic tunneling relaxation are at 296 and 300
em™" (see SI gif files DyPS 2 296 and DyP5 2 300 for
visualization), because they do massive changes to both g-
factor and transition magnetic dipole moments (Figure 6). The
increase of the tunneling coefficients is significant mainly for
third and fourth Kramers doublets with energies of 630 and
829 K, respectively, see Table 2. Although those doublets
should not be populated immediately after these vibration
states around 300 cm™' become energetically available, we

14054

might assume that the relaxation route through those
vibrations will lead to the reduction of the estimated U,

In the case of [Dy(N;),]", we can observe relatively strong
anisotropy even in the fifth Kramers doublet (Table 2), but
higher states are more susceptible to large g-factor and
transition magnetic dipole moment changes due to structural
changes induced by vibrations (Figure 7). However, in the case
of this complex, we can see a relatively larger change of g-factor
represented by the coupling factor C than for the [Dy(P;),]"
complex, although those large changes do not correlate with a
transition magnetic dipole moments increase in many cases.
For the fifth doublet, there is vibration with significantly
increased tunneling at 160 cm™ (SI gif file DyNS_2-160).
Next, vibrations with increased tunneling are a series above
750 cm ™!, which are also affecting the fourth doublet, and then
above 880 cm™', affecting transition magnetic dipole moments
even in third doublets. However, those vibrations are
energetically quite high and therefore might not affect the
relaxation pathway significantly.

For [Dy(B;N;H,),]** (Figure 8), not many vibrations have
significantly increased tunneling; we can, however, clearly see
one at 294 cm™' (SI gif file DyB3N3H6_2-294) that has both
large spin-vibrational coupling and allowed tunneling in the
fourth Kramers doublet, therefore allowing relaxation through
alternative pathway, when fourth doublet gets populated. This
vibration represents Dy—N bond stretching.

For the [Dy(ByP;H),]* complex (Figure 9), we can see
very strong tunneling of magnetization enhanced by the
vibration at 128 ecm™" (SI gif file DyB3P3H6_2-128), which is
also very strongly coupled with g-factor change, surprisingly
mainly for the fourth and third doublet, while the fifth doublet
is not changed as much. We can assume that this vibration
would create one of the main paths for magnetization
relaxation.

For [Dy(B,S;H;),]%", we have not done this analysis, mainly
because of its change of direction of z-axis in the first excited
KD, which makes assumptions about its anisotropy in higher
KDs pointless.

To summarize, the spin-vibrational analyses suggest that the
molecular vibration will not influence the U, for [Dy(N;),]";
however, we may expect reduction of Uy in the case of
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[Dy(P;),]", [Dy(B:N;H),]*, and [Dy(B;P3H,),]*" com-
plexes.

B CONCLUSIONS

Geometry optimizations and electronic structure analyses have
been performed for five inorganic-based Dy™ sandwich
complexes with N5~ and Ps~ cyclopentadienyl analogs and
with borazine and its derivates B;P;H and B;S;H;. Our goal
was to investigate if those compounds could possess similar
magnetic properties as organometallic dysprosium double-
deckers with cyclopentadienyl ligands. It is suggested that, in
terms of the energy barrier height particularly, dysprosocenium
analogues [Dy(N;),]" and [Dy(P;),]" might reach comparable
values to record-breakers [Dy(Cp™),]* and [Dy(Cp®~)-
(Cp*)]*, and therefore, attempts on the preparation of
sandwich complexes with inorganic rings might be an
interesting feat not only from a synthesist’s viewpoint but
also from the view of possessing remarkable magnetic
properties.

Furthermore, analyses of affecting relaxation mechanisms by
molecular vibrations have been performed by calculation of the
spin-vibration coupling constants; the results were then
compared with the predicted quantum tunneling of magnet-
ization transition magnetic dipole moments. There is a
correlation between the high spin vibration coupling constant,
based on g-factor change, and high transition magnetic dipole
moments, which can be helpful for identifying the vibration
that is dominant for spin-phonon transitions for compounds,
for finding the preferred relaxation mechanism, and possibly
for tuning molecular structure to reach the highest possible
energetic barriers and hysteresis temperatures.

For complexes [Dy(Ps),]*, [Dy(B;N;H,),]*, and [Dy-
(ByP;H;),]*, we have found that a small number of vibrations,
usually one or two, cause increased transition magnetic dipole
moments related to quantum tunneling of the excited states
and therefore offering alternative relaxation paths at lower
energies than expected from calculations of U Therefore, a
possibility for further improvement would be a structural
modification of ligands, which would suppress this vibration, or
an increase in its energy to prevent it from being populated on
lower temperatures.

To conclude, the purely inorganic dysprosocenium sandwich
complexes are an interesting alternative to the organometallic
species reported so far and certainly deserve further
exploration.
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ABSTRACT: A detailed computational study of hypothetical
sandwich dysprosium double-decker complexes, bridged by various
numbers of aliphatic linkers, was performed to evaluate the effect of
the structural modifications on their ground-state magnetic
sublevels and assess their potential as candidates for single-
molecule magnets (SMMs). The molecular structures of seven
complexes were optimized using the TPSSh functional, and the
electronic structure and magnetic properties were investigated
using the complete active space self-consistent field method
(CASSCF). Estimates of the magnetic moment blocking barrier
(Ueg) and blocking temperatures (Ty) are reported. In addition, a
new method based on computed derivatives of effective demagnet-
ization barriers U, with respect to vibrational normal modes was
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introduced and applied to evaluate the impact of spin—phonon coupling on the SMM properties. On the basis of the computed
parameters, we have identified promising candidates with properties superior to those of the existing single-molecule magnets.

B INTRODUCTION

In recent years, research on single-molecule magnets (SMM:s)
has taken many remarkable steps toward increasing their
blocking temperatures (T3) and relaxation times (7). Today,
the most interesting systems are unquestionably the lanthanide
organometallic double-decker complexes. The increase of Ty
from 20 K, in the complexes reported early on,’ to 60 K for
[Dy(Cpm“*‘)z] [B(C(Fs)s] (Cpm“3 = 1,2,4 -tris-t-butylcyclopen-
tadienyl)” and to even higher temperatures, Ty = 80 K for
[Dy(Cp™™)(CpM=)][B(C4Fs),]* (Cp™ = pentaisopropyley-
clopentadienyl Cp™** = pentamethylcyclopentadienyl), paved
the way for systematic increases in the performance of these
remarkable SMM systems. In the search for even better
compounds, new methods have been foreshadowed, like the
replacement of carbon atoms in the cyclopentadienyl ring by
heteroatoms” or the creation of analogous [Ln"(Cp'™),] type
complexes.” Although these attempts did not produce a
blocking temperature of more than 80 K, the results are
nonetheless promising, and additional studies can further push
their limits. Sandwich complexes with different numbers of
carbon atoms with remarkable magnetic properties and strong
anisotropy, such as CgHy®™ or CgH,™ are also worth
mentioning, Interestingly, the most promising complexes
with these bigger ligands are complexes of erbium rather
than dysprosium.6

With such progress, one question comes to mind—why is
this class of complexes so much better than all the others?

© 2023 The Authors. Published by
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Their axial nature gives them the ability to have high energetic
barriers, surpassing 1000 or even 2000 K. Although such high
barriers have been seen before in pentagonal bipyramidal
complexes,' their blocking temperatures are much lower; the
highest of them [Dy(Cy;P0),(H,0);]Cl,, is “only” 20 K.
Nowadays, such behavior is usually explained by the Raman
relaxation mechanism. This mechanism allows for a reversal of
magnetization before reaching the temperature at which the
Orbach relaxation process becomes dominant.”

We already know that the magnetic relaxation energy is
preferably transferred via vibrations in the surroundings to the
thermal bath, e.g., through the low-energy vibrational modes of
the molecule or crystal lattice vibrations (phonons). Unfortu-
nately, first-principles calculations of the precise phonon
spectrum of a molecular crystal (see ref 45c as an
unprecedented model example using a frozen solution) to
the required precision are only possible if the crystal structure
is available, either experimentally or from periodic DFT
methods. However, this method is not feasible for molecular
structures that have been calculated ab initio by molecular
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engineering. Hence, the next best approximation is a study of
how the spin degrees of freedom couple to the molecular
vibrations. This provides at least the initial stage of the
mechanism that eventually leads to the dissipation of energy.
The hope is that this initial stage, which is specific to a given
molecular system, allows a comparison of related molecular
systems, because both optical and acoustic phonons at least
partially interact with molecules through their vibrational
modes, in the part of the spectrum of their respective energies.”
Thus, a careful study of how the spin degrees of freedom
couple to the molecular vibrations is indispensable to provide
insight into relaxation mechanisms.

This approach allows vibrational modes to be identified
along which the spin-Hamiltonian (SH) parameters of the
system significantly change. Such vibrations are labeled as
“active” vibrations. Identifying such vibrational modes provides
the insight necessary to engineer new systems, in which these
modes are affected through the chemical modification of the
molecular structure (e.g, the modification, addition, or
removal of substituents or functional groups). The goal is to
obtain a system in which magnetic energy transfer becomes
less efficient, which leads to longer relaxation times and higher
blocking temperatures. Similar ideas have been pursued for the
[Dy(Cp'™),][B(C4Fs),] complex,” where theoretical calcu-
lations have provided evidence for the importance of C—H
vibrations, when H is directly connected to the cyclo-
pentadienyl cycle. This was demonstrated in a study of a
series of similar H-substituted and alkyl-substituted cyclo-
pentadienyl complexes where big differences in relaxation
times were observed.”

The application of ab initio approaches to explain magnetic
anisotropy in dysprosium single-molecule magnets focuses on
first-principles calculations of anisotropy barriers, relaxation
times, or blocking temperatures at their equilibrium geometry.
A way that can predict the effective anisotropy barrier U is
based on the knowledge of the molecular structure and
energetic positions of the thermally accessible Kramers
doublets (KDs)."” The only methods that yield systematically
correct results for such systems are based on multireference
wave functions, such as the complete active space self-
consistent field (CASSCF) method or extensions of the
method that introduce dynamic electron correlation, such as
the N-electron valence perturbation theory to second order
(NEVPT2)" or the complete active space perturbation theory
to second order (CASPT2)."”

A very important parameter used in the prediction of U is
the magnetic dipole matrix elements for transitions between
KDs. An alternative method was recently proposed that uses
predictions of quantum tunneling rates based on ab initio
computed g-factors."”

In practice, one can employ the matrix elements of the
magnetic dipole operator as a means to estimate the tunneling
matrix elements. In fact, we have used such matrix elements
from CASSCF wave functions with some success in the past
for the in silico design of molecular systems."*

Based on such models, various methods have been proposed
for the calculation of the blocking temperature, which
ultimately is the central macroscopic property of interest. It
is important to study the effective barrier rather than the
“nominal” barrier that is obtained from the energetic position
of the KDs calculated at equilibrium geometry. Incorporating
the tunneling dynamics explains why the effective barrier does
not always strongly correlate with the nominal barrier. In fact,

it has been shown that the majority of the discrepancy arises
from different relaxation mechanisms as discussed in the work
of Aravena et al,” in which a simple approximation method
was proposed for the evaluation of blocking temperatures
induced by the Orbach mechanism. The results agreed with
the experimental blocking temperatures in some cases of high
Ty complexes; other complexes having larger barriers, but low
Ty, have been rationalized by the application of the mechanism
of Raman relaxation. However, the limitation of this method is
that it only examines the static properties, based on electronic
energy levels, and applies empirical observations to estimate
T. It does not provide reliable tools for the study of relaxation
times, which require an analysis of phonon dynamics to
estimate the attempt time, the 7, coefficient in the 7 = 7, X
exp(U,w/ksT) expression of the Orbach mechanism of
magnetic relaxation.

Recently, a more refined model for magnetic relaxation was
proposed; this is based on a consideration of the effect of
vibrational normal modes on the magnetic sublevels,"® These
studies have been validated with existing molecules and then
applied to the design of dysprosocenium complexes with the
desired SMM properties.'®

Here, we report our theoretical study of seven dysprosium
systems with ligand (Me),Cp(Lin)s,Cp(Me),, where Me =
methyl and Lin = butylene linker between Cp rings, with
various numbers of linkers and geometries. For clarity, they are
listed in Table 1, and some examples are shown in Scheme 1.

Table 1. List of Studied Complexes 1-5

number of number of linker
name linkers methyls positions composition
1 1 4 1 DyCy,Hs,
2a 2 3 1,2 DyCy,Hy,
2b 2 3 13 DyC,,H;,
3a 3 2 123 DyCagHi
3b 3 2 124 DyCagHag
4 4 1 1,2,34 DyC,sHyg
5 5 0 1,2,3,4,5 DyCioHyo

Scheme 1. Illustration of the Key Structural Features of the
Theoretical Complexes Studied

Lin Lin

‘ ~Cp
Lin=
CH,—Cp

Similar linker bridged sandwich complexes have already
been reported upon for transition metals with multiple
structural types. Such are nickel complexes with one linker
made of alkyl chains of different lengths (three, four, or six
atoms) that accounts for the possibility of the inclusion of
double bonds."” Similar molecular structures have also been
prepared with zirconium and may possibly be of use as
catalysts for po]ymerization.m Known molecular structures also

https://doi.org/10.1021/acs.inorgchem.3c02916
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exist for cobalt and rhodium, with doubly linked cyclo-
pentadienylophane-type ligands with linkers that contain 4
carbon atoms."”

However, most metallocenophane-type structures are
restricted to eighth group elements, especially iron and, to a
lesser extent, also ruthenium. Because of this, only molecular
structures with four-carbon linkers will be mentioned here,
even though many different types have been reported. For iron,
such compounds exist for any possible number of linkers, one
of which is the so-called superferrocenophane, which is a cage
with five linkers,”" although its synthesis is extremely
complicated. An interesting effect has been observed: as the
number of linkers increases, the distance between the iron and
cyclopentadienyl decreases. In the case of ruthenium, only
molecular structures with one’’ or two linkers in the 1,3-
positionsll are known.

This series of iron complexes inspired us to study similar
complexes of dysprosium and the effect of molecular vibrations
on the SMM parameters—the effective barriers U, and
relaxation time along with the dependence of the number of
linkers that are expected to induce rigidity and to have a
desirable effect on their SMM properties.

B COMPUTATIONAL DETAILS

All of the calculations were carried out using the ORCA
software suite. Geometrical optimization and frequency
calculations were performed using the ORCA release 4.2.0.
The CASSCF calculations were carried out in ORCA release
5.0.2./5.0.3.>" Geometry optimization with frequency calcu-
lations were done using the TPSSh meta-GGA functional,”
with a SARC2 basis set for dysprosium™ and TZVP bases from
the Ahlrichs def2 basis set for all other elements.” In these
computations, ZORA scalar relativistic corrections were
utilized.”” The RIJCOSX approximation was used to speed
up the calculations™ using SARC/] as an auxiliary basis.”
With ORCA 4.2.0, large integration grid settings were used
(Gridx9, Grid6, ORCA 4.2), with increased precision for
dysprosium (SpecialGridIntAcc 10), along with tight SCF
convergence criteria.

The TPSSh functional was chosen because it is one of the
best methods available to predict the geometries of lanthanide
compounds.*” With this setup, optimized structures (Figures 1

and S1-S5), as well as vibrational frequencies (Table S1),
were acquired. The convergence criteria were set to the
“TightOpt” settings available in ORCA; if any imaginary
frequencies were present, the optimization was rerun using the

Figure 1. Computed molecular geometries of 3b (left) and § (right).
The hydrogen atoms are omitted for clarity. The dotted lines depict
the centroid-Dy-centroid interactions.

17501
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“VeryTightOpt” setting, and the increment in the numerical
frequency calculation was set to 0.001.

State-averaged CASSCF calculations®" were done using the
Sapporo basis set for dysprosium,”” along with the def2-TZVP
basis set for other atoms, using the RIJCOSX approximation
with an “AutoAux” automatically generated auxiliary base.™
The CASSCF used a set of seven active orbitals with nine
electrons, CAS(9,7), which enabled the use of the ORCA ab
initio ligand field theory (AILFT) module to relate the
electronic structure to ligand field concepts.’® Relativistic
effects of the CASSCF calculations were treated by the
Douglas—Kroll-Hess (DKH) method.*® The SINGLE -
ANISO program™ was also utilized through its interface
with the ORCA program suite.

Spin—orbit coupling (SOC) within the scalar relativistic
CASSCF wave functions was taken into account through the
use of quasi-degenerate perturbation theory (QDPT). This
produces a relativistic (field free) energy spectrum composed
of KDs. Using these relativistic states, the matrix elements of
the magnetic dipole operator were evaluated and further used
to compute tunneling rates.

The molecular structures and related properties were
modeled and viewed through the use of Avogadro,”
Mercury,™ and VESTA.*

M RESULTS AND DISCUSSION

Optimized Geometries and IR Spectra. The geometrical
parameters of the optimized structures are listed in Table 2,
and the coordinates of the optimized geometries are attached
in a Supporting Information file. Visualizations of the
structures are shown in Figures 1 and S1-S5.

Table 2. Comparison of the Selected Geometric Parameters
Based on Cyclopentadienyl Ring Centroids between the
TPSSh-Optimized Molecular Structures 1—5 and Selected
Dysprosocenium Compounds 6—7

complex Dy-Centrl Dy-Centr2 Centrl-Dy-Centr2
1 2297 2.298 157.12

2a 2293 2.298 154.02

2b 2289 2.287 154.30

3a 2.264 2.265 147.48

3b 2253 2.243 168.92

4 2.197 2.203 146.82

5 2.154 2.154 147.24

6 (ref 3)° 2.324 [2.296] 2.348 [2.284] 168.9 [162.5]

7 (ref 2)° 2.338 [2.318] 2.336 [2.314] 156.5 [152.6]

“Entries in square brackets are taken from reported X-ray data subject
to disorder in the case of 6.

It follows from Table 2 that the TPSSh functional provides
geometrical parameters similar to those found in the molecular
structures, confirmed by experimentation, of the already
known dysprosocenium compounds [Dy(Cp™),][B(C4E;),]
(7) and [Dy(Cp"*)(Cp™**)][B(CF;),] (6). In addition, we
can see a clear trend; as the number of linkers increases, the
molecular structure becomes increasingly deformed. If the
number of linkers is 3 or higher, the distance between the ring
centroids and metal is shortened by about 0.05 A for each
linker added. This might contribute to the increase in
instability of the complexes due to sterical deformation;
however, we have decided that we will also perform
calculations on these types of complexes (3a, 4, and §) in

https://doi.org/10.1021/acs.inorgchem.3c02916
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Table 3. Comparison of Selected Geometric Parameters of Ferrocene Analogues Based on Cyclopentadienyl Ring Centroids

name (CCDC structure 1D) Fe-Centrl Fe-Centr2 Centrl-Fe-Centr2
1,1',2,2"-bis(tetramethylene )-ferrocene (COBSAN)™ 1.625 1.646 173.75
(4)(3)(4)(1,2,3)ferrocenophane (BINMOA)* 1.638 1.639 172.19
(4)(4)(4)(4)(3)ferrocenophane (BETRUN)"' 1.606 1.606 178.88
—]
o V-\ [ s
H —2b
ad N ~\ [ 1} 3a
‘-"*\/-_v—\f—’—w ——3b
—a
e —— \V —
—6
W W —
T ¥ T T b T
0 1000 2000 3000 4000
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Figure 2. Simulated IR spectra for complexes 1—7 with the full width at half maximum (FWHM) set to 50 cm™".

order to study the effect of a higher number of linkers on the
nuclear vibrations and their vibronic activity.

Similar, though less pronounced, effects are also seen for
ferrocene derivatives, where the Fe-centroid distances become
shorter as the number of linkers increases. It is also
noteworthy, that with a smaller number of linkers, the angle
between the centroids is slightly deformed from the ideal of
180° (Table 3).

Computed vibrational frequencies show that none of the
optimized structures have any negative imaginary frequencies,
and thus, they represent true minima on the scalar relativistic
ground-state potential energy surface. The vibrational spectra
were simulated using the orca_mapspc program in infrared
mode with the boundaries set between 0 and 4000 cm™
(Figure 2). A full list of the frequencies can be found in Table
S1.

The results show clear trends across the series. In the low-
energy part of the spectra for complexes 1 and 2, there are two
areas with prominent vibrations around 500 and 1000 cm™". As
we compare complexes 1—5, we see that these are slightly
shifted and their intensity reduces. An inspection showed that
these are vibrations from the methyl substituents on the
cyclopentadienyl ring.

Similarly, interesting changes are seen around 2800 cm™,
and this was identified as stretching vibrations of the linkers’
methyl groups. Vibrations from carbons in the middle of a
linker are at lower frequencies around 2800 cm™, while
vibrations from the groups in the neighborhood of the ring are
slightly over 3000 cm™". Complex 1 is an interesting exception;
these vibrations are blue-shifted by about 200 cm™', and the
vibrations near to 3100 cm™" correspond to the stretching of
the methyl groups. In addition, in complex 5, vibrational
modes, due to the middle atoms in the linker chain, have lost
their shift and are almost overlapping, creating only a shoulder
at a peak of 3000 cm™'. Curiously, complexes 3a and 4 have
similar shoulders at 3000 c¢cm™', but in this case, these
vibrations emanate from the remaining methyl groups. In

complexes 2a and 2b, the same vibrations from the methyl
groups are seen as a shoulder on the blue side above 3100
em™!,

To allow comments on the rigidity of the molecular
structures, we performed a very simple evaluation. Two
different methods based on a comparison between the
vibrational displacement vectors of selected atoms were used.
The first method used to quantify vibrational displacement was
a simple comparison of the sum of the sizes of the
displacement vectors for each vibrational mode for the central
dysprosium and neighboring carbon. In addition to the studied
complexes, [Dy(Cp™*),]* (7)* and [Dy(Cp"™)(CpMs)]*
(6)* were also added to the comparison. Their vibrational
modes were calculated using the same methods applied to
complexes 1-5.

The second method was based on a comparison of the
distribution of significant vibrations (those with a Dy atom
displacement of more than 0.005 A were considered to be
significant) based on their frequency, as theoretically, shifting
these vibrations toward higher frequencies should be beneficial
for magnetic behavior."”

From this comparison (Figures S6 and S7), considering the
results from the first method, it can be concluded that there is
a general trend in the series of 1—§. An increase in the number
of linkers induces a decrease in vibrational displacement.
However, complexes 6 and 7 have even lower values of
vibrational displacement than 5. Therefore, the expectation
that a higher number of linkers restricts vibration seems to be
at least partially correct; however, it also seems that nonlinked
complexes, with substituted Cp rings, can also provide
complexes with high rigidity.

An advantageous feature of the proposed linked complexes
1-5 is that they lack significant molecular vibrations in the
area between 0 and 100 cm ™, especially complexes 4 and §, in
contrast to the nonlinked complexes 6—7, which have
vibrations that are generally shifted toward lower frequencies.

https://doi.org/10.1021/acs.inorgchem.3c02916
Inorg. Chem. 2023, 62, 17499-17509
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Thus, this justifies the concept that by adding linkers, it is 5 y=-884.037 +9.156 x
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Figure 3. Energy splitting of f-orbitals (top) and Kramers doublets
(bottom) of the °H,;, term for complexes 1-7.

The highest energy splitting of both the f-orbitals and KDs is
observed for complex 3b. However, the general trend across
the series is that as the number of linkers increases, the ligand
field splitting decreases for both KDs and f-orbitals (which are
of course related).

The correlation between the ligand field splitting of the
®H,,/, ground state of Dy’ into eight KDs with geometric
parameters again confirms the general trend that ligand field
splitting increases as axiality increases (Figure 3)."’

A strong correlation was found between the energy of the
lowest excited KD and the angle defined by the ligand
centroids and dysprosium atom; this confirms that axiality has
the strongest impact on the energetic splitting of KDs.
Interestingly, no similar correlation was found between the
bond length and ligand field splitting. This correlation is
particularly pronounced between 3a and 3b, which are both on
different ends of the correlation line; this can be traced back to
differences in the centroid-Dy-centroid angles, 148° for 3a in
comparison with 170° for 3b (Table 2, Figure 4).

Next, we calculated the matrix elements for the magnetic
transitions between the KDs and quantum tunneling rates;
these are listed in Table 4 and depicted in Figure 5 (see also
Figures S8—S10). The calculated g-factors for each KD are
listed in Tables S3—59.

We have also attempted to estimate the effective barrier for
the relaxation of magnetization (Table 5) using a method

where kqy; are the demagnetization magnetic dipole matrix
elements listed in Table 4, related to the quantum tunneling
within the given KD, Z is the partition function, and ky is the
Boltzmann constant [see the Supporting Information for the
MATLAB script that details the calculation of U(T)].*" The
temperature-dependences of k,(T) and U, for complexes 1—35
are plotted in Figures S11-S19.

In their article, Aravena et al. have also suggested an
approximation method for the prediction of the blocking
temperature of the Orbach mechanism by dividing the
theoretical energetic barrier by 28. This was derived in a
recently published article” from the formula of relaxation time,
with the assumption, that Ty, is temperature, when 7 = 100 s,
and 7, & 107" to 107'% This has been shown to agree to an
acceptable degree with the experimental values. The computed
values of Uy and Ty for complexes 1—-5 are summarized in
Table 5, where complexes 6 and 7 are also added for
comparison purposes.

However, Ug(T), given by eqs 1 and 2, is temperature-
dependent, while spin—phonon coupling is not. To overcome
this controverse, we introduce a temperature-independent
effective UL as an auxiliary quantity as per eq 3

T

i=1 Z kQTJi (3)

by simply omitting the Boltzmann factors in egs 1 and 2.
Theoretically, this should serve as a limiting value for Ul
which considers equal occupation of all KDs.

These results show that once again, 3b is an outlier among
the calculated U, values for the complexes and is predicted to

https://dol.org/10.1021/acs.inorgchem.3c02916
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Table 4. Energy of Kramers Doublets and Estimated Quantum Tunneling Rates

1 E (em™) 0 544 836
QTM 1% 10°° L1078 0.003
2a E (ecm™) 0 523 819
QTM 1x10°° 1 x 107" 0.002
2b E (cm™) 0 544 837
QrM 3x10°¢ 3Ix 107 0.009
3a E (em™) 0 480 771
QTM 1x107° 4% 107 0.009
3b E (em™) 0 663 955
QIM 5x 1077 4% 107° 0.001
4 E (em™) 0 457 740
QTM 2% 1078 6x 107" 0.013
5 E (ecm™) 0 451 746
QTM L g 2x10™ 0.004
6 E (em™) 0 569 848
QTM 1% 1077 1x107% 0.001
7 E (em™) 0 490 754
QrM 6x 107" 2%10°% 3x 107
£ £
2 S
> >
2 =
[ Q
c c
i L
LB TR | | L | | DL S S T
-10-8 6 4 -2 0 2 4 6 8 10
magnetic moment (s)
1800 - _— (3b)
E E
£ =
> >
=g 2
[} [}
= =
w L

ORI Y T K, TIeeeer

r 1171

ARG R Sl §

-10 -8 -6 -4

Tl

magnetic moment ()

2 0 2 4 6 8 10

1020 1197 1373 1520 1611
0.036 0.196 0.378 1.101 3.595
1014 1197 1371 1512 1597
0.031 0.188 0.279 1055 3422
1022 1201 1379 1526 1610
0.073 0.231 0.599 0.961 3.500
966 1148 1309 1422 1494
0.082 0.301 0.586 1.624 3.200
1095 1248 1433 1610 1727
0.004 0.070 0.202 1.012 3.590
921 1085 1222 1309 1375
0.114 0318 1.252 2.738 3.159
931 1085 1205 1258 1335
0.060 0.256 0.196 2.945 0.779
1016 1185 1367 1530 1629
0.002 0.047 0.097 0.365 3.496
926 1088 1248 1381 1458
0.001 0.032 0.238 0.307 3.508
1800 (3a)
1500 i
1200 -
900
600
300
04 R e A P
LI ] Trr1 1 71 T T T 1 T
10-8 6 420 2 4 6 8 10
magnetic moment (ug)
1800 (5)
1500
1200 o
900
600 -
004
1:76
0 - - R R A TR
Tyl YTrYrrrrrr1t
10-8 6420 2 4 6 8 10

magnetic moment (1)

Figure 5. Visualization of the ab initio demagnetization magnetic dipole matrix elements for complexes 1, 3a, 3b, and 5. The numbers presented for
the lowest six doublets represent the corresponding matrix element of the transverse magnetic moment (for values larger than about 0.1, an efficient
relaxation mechanism is expected). Dashed blue lines refer to (temperature-assisted) quantum tunneling,

have a barrier that is at least 200 K higher than the rest. This
correlates well with the predicted structural correlations
discussed above. Computed values of U,y Ty, and UL for
complexes 6 and 7 follow the order of parameters extracted

from the interpretation of the experimental a.c. and dc
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relaxation data 7: T, = 60 K, U,g = 1761 K, and 6: Ty, = 80 K,
Ug = 2219 K3

Spin—Phonon Coupling. Phonons are vibrations in the
crystal lattices. In the context of SMMs, they function as
transmitters of energy to/from the magnetic centers that are in
contact with the thermal bath (heat transfer) under the

https://doi.org/10.1021/acs.inorgchem.3c02916
Inorg. Chem. 2023, 62, 17499—-17509
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Table 5. Estimated Magnetization Blocking Barriers and Blocking Temperatures, Calculated for a Temperature of T = 300 K
from eq 1, and Temperature-Independent U,g, Calculated from eq 3

complex 1 2a 2b 3a
Ug/K 2069 2072 1991 1888
Tw/K 73.9 74 71.1 67.4
Uli/K 2239 2228 2221 2057

3b 4 5 6 7
2306 1777 1749 2233 2023

823 63.4 62.5 79.8 72.3
2423 1880 1805 2315 2069

Spin-phonon coupling (K)
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Figure 6. Comparison of the spin—phonon coupling parameters [0UJ/dq,| for complexes 1—6 calculated using eq 4.

condition of thermal equilibrium. Recently, the need to include
the effects of phonons to compute magnetic relaxation times
has risen, and several methods to quantify their effect have
been developed.** In a nutshell, these methods rely on a study
of the dependence of‘g—facl:ors.46 zero-field splitting parameters
D and E, crystal field operators,”” or energy separations
between KDs.

Here, we introduce a new approach that takes advantage of
an analysis of the impact of molecular vibration on U,y over
vibrational modes. We have attempted to use this method as it
utilizes information from all KD energies and transition rates,
weighted by, what should be, the most preferred relaxation
pathway

U

aqa (4)

o

where Ul is calculated using eq 3 and g, are normal modes.

From a computation point of view, the evaluation was done
through the displacement of atomic positions in Cartesian
coordinates by 0.05 A in all directions and recomputing the
CASSCEF electronic structure with the deformed structure. The
resulting values were transferred into dimensionless normal
modes (eigenvectors of a Hessian matrix)

) S A [au;:s
i

= [—— —_—
aqﬂ, i=1 \‘ Wy, dX:

(5)

where a corresponds to the respective normal mode, m is the
atomic mass, @, is the vibration angular frequency, and L is the
Hessian eigenvector matrix, and the summation is carried out
over 3N Cartesian coordinates (X). As the normal modes are
dimensionless, the resulting values of 10U};/dq,l are given in
units of U, which are the energy equivalents of K that are
usually used for U, The outcome of these calculations for 1—
6 is shown in Figure 6.

Only phonon modes below 500 cm™ are shown as it is
important to consider mostly those modes which are
achievable by thermal excitations at lower temperatures. It is
also noteworthy to mention that this is the energy range where
vibrations involving close coordination environment take place.
Necessarily, these will induce the largest changes of the
magnetic anisotropy with molecular distortions. All of the
calculated spin—phonon coupling coeflicients are listed in
Tables S10—S17.

The effect of spin—phonon coupling on magnetic relaxation
will be now discussed in the light of the following points of
departure: (i) lowest energy vibrations with maximum values
of 10U%}/dq,| will tend to dominate Raman relaxation times
and (ii) vibrations with maximum [0UL/0q,l values in the

1

https://doi.org/10.1021/acs.inorgchem.3c02916
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Figure 7. Comparison of the spin—phonon coupling parameters |0B,,/dq,| for complexes 1—6 from eq 6.

vicinity of the lowest excited KD, considering vibrational line
broadenings of the order of 10 cm™ (see refs 45¢,45d and
references cited therein) will mostly affect Orbach relaxation
times.

For complex 1, the vibration with the strongest coupling is
the one at 83 cm™". In this mode, the cyclopentadienyl rings
move away from each other and modulate the centriod1-Dy-
centroid2 angle, disturbing axiality (see animation compl-
vibr83.gif). Interestingly, this vibration resembles the most
active vibrations, which were found in our previous study on
inorganic ring systems.” However, in comparison to the other
members of the series, vibrational modes of 1 are shifted to
higher wavenumbers, thus tending to mitigate Raman
relaxation terms. Interestingly, the lowest excited KD coincides
with a vibration having a vanishingly small [0U}}/dq,| value
(Table S10, Figure 522). This is in favor of increasing Orbach
relaxation times.

In complex 2a, the situation is quite similar to that of
complex 1; the first vibration at 22 cm™' is very strongly
coupled but shifted to lower energies compared to 1, thus
facilitating Raman relaxation (comp2avibr22.gif). As for 1,
overlap between the lowest KD is very small, which is expected
to increase the Orbach relaxation times (Figure 523).

Unlike complexes 1 and 2a, complex 2b does not have a
vibration that has a 10U%}/dq,| that is significantly larger than
the others, with a maximal value of 10U/ dq,l = 48 em™, a
value in comparison with [0UL/dq,! = 94 cm™ for complex 2a.
The largest values are assigned to vibrations at 44 cm™
(twisting of —CH; groups and shift of the cyclopentadienyl
ring, comp2bvibrd4.gif) and 208 cm™' (bending on linkers,
comp2bvibr208.gif). Other significant vibrations are located at
53, 107, and 112 cm™' (twisting of —CH, groups on rings,
comp2bvibr53.gif, comp2bvibr107.gif, and comp2bvibrl12.gif,
respectively). There are two weakly coupled vibrations in the
vicinity of the lowest excited KD at 544 cm™' (Figure $24).

Complex 3a has four active vibrations; at 71 em™, a
deformation of the molecule through twisting of the cyclo-
pentadienyl rings (comp3avibr71.gif) is observed, with three
further vibrations at 85, 103, and 104 ecm™!, which move
cyclopentadienyl ligands, leading to opening of the structure,
similar to the active vibrations of previous complexes
(animations comp3avibr85.gif, comp3avibr103.gif, and com-
p3avibr104.gif, respectively). There are no vibrations in the

vicinity of the lowest excited KD at 480 cm™', which is
expected to favor increase of Orbach relaxation times (Figure
$25).

For complex 3b, the most important vibrations are at 33 and
43 cm™', and again these are dominated by twisting of the
—CH, groups (comp3bvibr33.gif and comp3bvibr43.gif,
respectively), accompanied by shifts of the cyclopentadienyl
rings. Another significant vibration is found at 224 cm™', with
the contribution of the linker atoms (comp3bvibr224.gif). It is
interesting that this molecule has a significantly smaller overlap
of active vibration with the KD energies than previous
complexes, particularly as far as the first excited KD at 663
cm™' is concerned, where no vibrational modes are present
nearby (see Figure S26).

In complex 4, the most significant vibrations are at 34 and
91 cm™', and both vibrations cause changes in the ligand—
metal bonds due to the movement of one linker
(comp4vibr34.gif and comp4vibr9l.gif, respectively). Other
prominent vibrations are at 170 and 199 em™!, which are
vibrations on linkers (comp4vibrl170.gif and comp4vibr199.gif,
respectively). We note on passing that rigidity induced by the
presence of linkers leads to a shift of these vibrations to higher
frequencies than in previous complexes. This is expected to
suppress pathways for Raman relaxation. Interestingly, also the
overlap of low KD energies, particularly the first excited
doublet, with vibrations is very small (see Figure $27); as a
result, no vibration is in resonance with its excitation energy.

Finally, in complex §, there are more significant vibrations
than in the previous ones. The first three vibrations at 72, 93,
and 103 cm™' are the most important; all of them are
vibrations of linkers that cause movement of the central
dysprosium atom (compSvibr72.gif, compSvibr93.gif, and
compSvibr103.gif, respectively). There are other important
vibrations; the highest of them is at 190 em™!, which is
vibration that causes movement in the cyclopentadienyl rings,
similar to that described in other complexes (compSvibr190.-
gif). There is a weak overlap between the lowest excited KD at
451 cm™ and a neighboring vibration at 444 cm™" (Figure
S28).

Phonons have certain levels of anharmonicity, which results
in broadening of their spectral line shape. Such effects are
beyond all contemporary models of magnetic relaxation based
on the Harmonic approximation.” Anharmonicity is expected

17506 https://doi.org/10.1021/acs.inorgchem.3c02916

inorg. Chem. 2023, 62, 17499-17509

115



Inorganic Chemistry

pubs.acs.org/IC

to lead to increase of the probability of nonresonant energy
transfer, thus contributing to a possible increase in the
relaxation rate (see refs 8,45a,47).

When comparing the phonon spectrum with the energies of
KDs (Figures S20 and S21), it is visible that especially the first
excited doublet in 3b has the lowest degree of overlap with
vibrations (Figure S26). Along with a higher KD splitting of
complex 3b, this is expected to contribute to the superiority of
this complex over the other complexes with a smaller number
of connections between rings. In particular, 2a and 2b have
vibrations that overlap their first excited KD with large spin—
phonon coupling matrix elements.

For comparison, we have attempted to use another common
method for the calculation of spin—phonon coupling, which
uses crystal field operators'’

V=
x|

Im

We have used second-order (I = 2) crystal field operators
from the SINGLE_ANISO software for |JM). The results
suggest that to a certain degree, there is an agreement between
the proposed 10U%/dq,l method for the calculation of spin—
phonon coupling coefficients (Figure 7).

In most complexes, the prominent vibrations arise at the
same frequencies that were found when using the previous
method, although their intensities may differ to a certain
degree, and some disagreements might be found, for example,
among the lowest-level vibrations of complex 6, where 16U}
0q,) shows quite a large number of active vibrations than for
|0B!,/dq,). Despite this, we think that 10Ul/dq,l is an
interesting alternative method, as it is tied to U, a property
that is inherently important for magnetic relaxation, and it also
respects the probability of the relaxation pathway due to the
use of magnetic moment matrix elements in the calculation.

aB!

CA)H!]'
dq

(/4

B CONCLUSIONS

In this work, a theoretical study of seven hypothetical double-
decker dysprosium complexes was carried out with one to five
functional butylene groups connecting the two axial cyclo-
pentadienyl ligands. Complexes of this type have been reported
to function as SMMs with record magnetization blocking
temperatures.””” The aim of the study was to analyze the effect
of the number of linkers and geometry on the vibrational
spectra, ligand field splitting of the °H,s, ground-state
multiplet, and SMM properties using correlated CASSCF
calculations.

We applied a model put forward by Aravena et al,”"” which
was shown to reproduce effective demagnetization barriers and
blocking temperatures reasonably well for a series of well-
documented Dy**-based SMMs. In this model, magnetic
dipole matrix elements for each KD and its CASSCF energies
were employed in the calculation of its contribution to the
thermally assisted quantum tunneling rates and effective
demagnetization barriers. When applying the model to the
series of complexes studied here, with the use of DFT-
optimized geometries, we came to the conclusion that complex
3b, with the highest axiality (as reflected by the angle
contended between the centroids of the two ligands and Dy,
170°), outperformed the other complexes in the series. These
considerations, based on the assumption of a frozen geometry,
have been extended to account for the entire set of molecular
vibrations of each complex. More specifically, the linear
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derivatives of the energies of the eight KDs and the matrix
elements of the magnetic dipolar transitions that connect
components with magnetizations of the opposite sign were
used to compute the (AUN/dq,), This approach is an
alternative method for the expression of spin—phonon
coupling, which utilizes the influence of molecular vibrations
on the energies of KDs and the transition probabilities between
magnetic sublevels. We see some advantages to this method,
such as the clear relation to perhaps the most important
characteristic of SMMs, and also to its ability to weigh the
individual contribution of vibrations, through their role in the
relaxation pathway. A comparison with the frequently used
10B!,/dq,) method shows similar vibrations active in magnetic
relaxation.

From this approach, one thing we observe is the energetic
profile of the vibration, where complexes 1 and 5 are different
from the other complexes studied as their vibrations are shifted
toward higher frequencies, which should be beneficial due to
the lower thermal population of active modes. From the
viewpoint of values of spin—phonon coupling, it seems to be
quite the opposite. In the middle of the series, complexes 2b—
4 seem to have better parameters in terms of their lower values
of spin—phonon coupling in low-lying vibrational modes.
Specifically, complex 3b is also interesting as it has a low
overlap between the vibrational modes and electron transition,
and in combination with a predicted high barrier and
reasonably low spin—phonon coupling, it is, in our opinion,
the most promising complex from the series that was studied.
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A series of heterobimetallic Ln"'-V'"" compounds [Ln(VO)L(INO3)5(H-0)l (Ln = Gd(1), Th(2), Dy(3). and Er
(4)) assembled by a Schiff base ligand (H:L = N,N'-bis(1-hydroxy-2-benzylidene-6-methoxy)-1,7-
diamino-4-azaheptane) were prepared and studied with experimental and theoretical methods. The
single-crystal X-ray analysis revealed the change of the coordination number from 10 found in 1-3 to 9
confirmed in 4. The DC magnetic data were fit with several Hamiltonians to extract the exchange and an-
isotropy parameters of complexes 1-4. This investigation of magnetic properties was carried out using
both DFT and CASSCF theoretical calculations. It was found out that exchange interactions in 1, 3 and 4
are antiferromagnetic, while 2 has ferromagnetic exchange interactions. Moreover, the AC susceptibility
measurements revealed the field-induced slow relaxation of magnetization in complexes 2 and 3 which is
complicated by the presence of three relaxation channels. Nevertheless, these compounds belong to the
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Introduction

Single-molecule magnets (SMMs) are a class of materials that
have sparked a lot of interest since their discovery in the
1990s. Such materials with properties like slow relaxation of
magnetization, magnetic hysteresis, and superparamagnetic-
like behavior are promising for many areas of practical use,
such as memory devices or quantum computing.' The story
began with Mn12ac, the first single-molecule magnet,” a large
12-nuclear cluster composed of Mn"' and Mn" cores with a
complicated magnetic exchange interaction structure. The
success of this compound led to the preparation of many
similar compounds with the aim to reach an even bigger
ground spin state than § = 10 for Mni12ac and to further
explore this newly discovered phenomenon. Some notable
examples of this class of single-molecule magnets are, for
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first To" =V and Dy"'-V'"V single-molecule magnets in this class of compounds.

example, smaller {Fey}* or {Mn,}* clusters but also extremely
large complexes, such as {Mn94}.5 Regardless of how interest-
ing those polynuclear systems were, the next breakthrough in
this field was not achieved by increasing the ground spin state
but rather by increasing the magnetic anisotropy of one
central atom. Thus, the proper choice of the central ion is
crucial as it turned out to be the case of complex [TbPc,]|™,
where Tb has an advantage over any 3™ row element by having
a much larger spin-orbit coupling.® This also started the era of
single-ion magnets, containing only one paramagnetic ion,
relying solely on magnetic anisotropy. However, one of the
compounds that pushed the limits of blocking temperature
was {[(Me;Si),N],(THF)Tb},(pn*n*N,)", a terbium dimer
bridged by the N,*~ radical.” This compound is unique also
due to its very strong magnetic exchange coupling that contrib-
utes strongly to its high blocking temperature (7 = 14 K). It is
worth mentioning that there are also other single-ion magnets
with high blocking temperatures, specifically a family of com-
plexes with a pentagonal bipyramidal shape that has blocking
temperatures in the range of 14-20 K,” and the recently discov-
ered organometallic double-deckers with cyclopentadienyl
derivates” that were able to reach blocking temperatures up to
80 K.

Although the current best performing compounds, in terms
of blocking temperatures and energetic barriers, are mono-
nuclear single-ion magnets, polynuclear systems are still an
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interesting topic for advanced studies. Magnetic anisotropy
has its origin in the splitting of magnetic energetic levels.
Those in the case of single-ion magnets have their origins
mainly from the contributions of spin-orbit coupling, crystal
field splitting, and electron repulsion.'” In polynuclear com-
pounds, one additional important parameter is the magnetic
exchange interaction. It creates additional splitting of energy
levels that can affect magnetic anisotropy in multiple ways as
the magnetic exchange has both isotropic and anisotropic con-
tributions. Interestingly, the magnetic exchange interaction
was found to suppress quantum tunneling of magnetization in
the ground state, which improves the SMM properties."* The
isotropic exchange interaction between two spins is usually
defined by Hamiltonian:

H=—J(5 -5) (1)

although other definitions are found in the literature. This
approach works well for 3™ row metals because the orbital
contribution to the total angular moment in the ground states
is usually quenched, which allows us to treat them as spin-
only magnetic systems. This is, however, impossible for lantha-
nide ions (except for Gd"') with much larger spin-orbit coup-
ling, whose total angular moment (J) is composed of spin (S)
and orbital (L) contribution.

J=S+L (2)

Another interesting difference between the 3d and 4f
elements is in the strength of a magnetic exchange."” Usually,
the exchange interactions are a lot stronger in polynuclear
complexes comprising d-block metals than f-block metals,
especially lanthanides. This different behavior arises from the
shielding of the unpaired electrons in (n-2)f-orbitals by the
valence ns-orbitals of the lanthanides. For this reason, it is
interesting to utilize pairing lanthanides with d-elements to
achieve larger magnetic exchange interactions between para-
magnetic centers. Because a vast number of 3d-4f complexes
have been prepared to this day, only compounds related to the
studied compounds will be mentioned here. These complexes
belong to a large family of “salen type” Schiff bases, which are
known to easily form complexes with 3d elements and lantha-
nides, with {N,O,} and usually {O,} coordination modes,
respectively, as the latter also depends on other substituents.
In addition, this type of compound is most abundant with Cu""
and Ni", and to a lesser extent, which we also mention in our
article, with V'V, Considering the magnetism of such com-
pounds, we would like to stress that the Cu" and V'Y ions both
contribute with § = 1/2, which also makes them magnetically
isotropic by their nature. The Ni" ions can be either diamag-
netic (a square planar shape of the coordination polyhedron)
or paramagnetic with § = 1 contribution (penta-, hexa-, and
heptacoordinations) and non-negligible magnetic anisotropy.
Unlike Ln"'-Cu" complexes, which have been studied very
intensively, there are only a few complexes of Ln"'-v'"Y with
ligands and geometry of central atoms as in salen-type com-
plexes (Table 1).
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Table 1 Magnetically characterized Ln"'-V" complexes with Schiff
base ligands®

Formula J(em™) Ref.
[(VO)GA(L1)]INO;-n(H,0) -16 13
[(VO)GA(L2)(NO3);(H,0)] 1.5 14
[(VO)GA(L3)(NO,)5(CH;COCH,)] —2.6 14
[(VOJTb(L3)(NO,)s(CH,COCH, )] 0.06(1) 15
[(VO)Dy(L3)(NO,),(CH,COCH, )] 0.28(1) 15
[(VO]HU[LS](NO;] (CH;COCH,)] —0.19(1) 15
[(VO)EI(L3)(NO3)3(CH;COCH;)] —0.02(1) 15

“The structures of the ligands are depicted in Fig. 1.1

It has been noted that while in Ln"'-Cu" complexes, the
magnetic exchange interactions are ferromagnetic in all found
cases (Table S17), the situation is different in Ln™-v" and
both ferromagnetic and antiferromagnetic interactions are
possible for those complexes. It is very likely that this is
caused by different locations of unpaired electrons in the
d-orbitals in the d' and d” electronic configurations. The
Th™-cu" and Dy"™-Cu" complexes often exhibited properties
of SMMs; however, this behavior has not been observed for
their vanadium analogs yet.

Therefore, we report here the synthesis and characterization
of four Ln"'-v"¥ compounds [Ln(VO)L(NO,);(H,0)] (Ln = Gd
(1), Th(2), Dy(3), and Er(4)) assembled by a Schiff base ligand
(H,L =  N,N-bis(1-hydroxy-2-benzylidene-6-methoxy)-1,7-
diamino-4-azaheptane). The in-depth study of their magnetic
properties supported by DC and AC magnetometry and by the
theoretical methods performed at the DFT and CASSCF levels
of theory is focused on a better understanding of the magnetic
exchange coupling between 3d and 4f metals. This can be
helpful for designing better performing SMMs based on either
3d-4f dinuclear or polynuclear complexes.

Experimental

General methods

The synthesis of the ligand H,L, intermediate [VO[L)]
(Scheme S171), and complexes [Ln(VO)L(NO;);(H,0)] was
inspired by previously published methods.'® The reagents
were purchased from commercial sources. The CHN elemen-
tary analysis was done using a Thermo Scientific Flash 2000
analyzer. The IR spectra were recorded using a Jasco FT/
TR-4700 spectrometer. The XPD patterns were measured using
a Rigaku MiniFlex600 diffractometer. The temperature-depen-
dent (T = 1.8-300 K, B = 0.2 T) and field-dependent (B = 0-7 T,
T =2, 5 and 15 K) magnetization and AC susceptibility (in the
frequency range 0.1-1000 Hz) measurements were performed
using a Quantum Design MPMS3 SQUID magnetometer.
Nascent powder samples were firmly pressed in a polypropyl-
ene VSM capsule and for such measurements, no subtraction
of the sample holder contribution is necessary. The magnetic
data were corrected for the diamagnetism of the constituent
atoms (#4i/107"2 m® mol ™ = =5 x M,).""
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The data collection for 3 was made using a Stoe StadiVari
diffractometer with a Pilatus3R 300 K hybrid pixel array detec-
tor and a microfocused Incoatec HB IpS 2.0 X-ray source (Ag
Ka). The data collection for 1, 2 and 4 was done using an
XtaLAB Synergy-1 diffractometer with a HyPix3000 hybrid pixel
array detector and a microfocused Photon]et-1 X-ray source (Cu
Ka). All the crystal structures were solved using the SHELXT
program™ and refined by the full matrix least-squares pro-
cedure with Shelxl (ver. 2018/3) in OLEX2 (version 1.3)."" The
multi-scan absorption corrections were applied using the
program LANA® or CrysAlisPro 1.171.40.82a.”" The molecular
structures and the packing diagram were drawn with
MERCURY.* The structure shape analysis was done with the
help of the SHAPE software.” The resulting crystal structures
were deposited in the Cambridge Structural Database under
the following CSD codes: 1 (2089692), 2 (2089693), 3
(2089694), and 4 (2089695).1

Crystal structure refinement. All non-hydrogen atoms were
refined anisotropically, The hydrogen atoms were placed into
the calculated positions and they were included in the riding-
model approximation with Uys, = 1.2U.¢(C) or 1.5U.q (CH; and
OH) and d(C-H) = 0.95-0.98 A. The hydrogen atoms of the
aqua ligands were located from the difference map and they
were further refined and restrained. The crystallographic data
are summarized in ESI, Table S2.f The non-routine aspects of
the refinement are as follows: in 1-3, two ~CH,- groups from
the aliphatic part of the Schiff base ligand are disordered over
two positions (occupation factor ratios, major: minor site =
61:39 in 1, 68:32 in 2, and 54:46 in 3). In 4, one of the
nitrate ligands is disordered over two positions with the major
site coordinating the Er atom in a monodentate fashion (occu-
pation factor 0.66). The nitrate ligand of the minor site (occu-
pation factor 0.34) coordinates the Er atom in a bidentate
manner.

Synthesis

H,L ligand. In 10 ml of methanol, o-vaniline (6 mmol) and
propylenediamine (3 mmol) were added and left at reflux
temperature overnight. The resulting yellow solution was evap-
orated under low pressure and the resulting reddish dense oily
liquid was overlayed with 10 ml of diethylether. After treating
this mixture with ultrasound, a yellow powder that precipitated
was filtered under reduced pressure and washed with diethyl-
ether (yield 81%). This product was then used without further
purification.

Analytics: cale. for HyL = CyoH2aN204, Mye = 342.39 - C
66.65%, H 6.48%, N 8.18%. Found: C 66.65%, H 6.48%, N
8.18%.

[VO(L)]. In 15 ml of methanol, H,L (1 mmol) and VO(acac),
(1 mmol) were mixed and left for one hour at reflux tempera-
ture. The resulting green precipitate was filtered under
reduced pressure and washed with diethylether (yield 77%).
This product was used without further purification.

Analytics: cale. for [VO(L)] - C1oH2oN,05V, My, = 407.31 -
C 55.75%, H 5.42%, N 6.84%. Found: C 55.25%, H 4.98%, N
6.59%.

This journal is © The Royal Society of Chemistry 2021
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[Ln(VO)L(NO;);(H,0)] (1-4). In 10 ml of acetonitrile, [VO(L)]
(0.1 mmol) was suspended and the mixture was slightly
heated. Then, 10 ml of acetone with Ln(NO;);xH,O
(0.15 mmol) was added dropwise. During this, the solution
changed color from yellow to green. The resulting mixture was
stirred for an hour and then filtered and left to stand. Over
several days, green crystals appeared in the solution, which
were filtered and washed with diethylether.

Analytics:  cale. for [Gd(VO)L(NO;);(H:0)] (1) -
CyoH5N,015VGd, My, = 768.59 - C 29.69%, H 2.62%, N
9.11%. Found: C 29.21%, H 2.79%, N 8.40%. IR mid in em™*
(ATR): 3568 (w), 3423 (w), 2951 (w), 1625 (s), 1568 (w), 1499
(m), 1465 (s), 1420 (m), 1341 (m), 1274 (s), 1224 (m), 1060 (m),
1027 (m), 988 (m), 939 (m), 855 (m), 735 (m), 635 (w).

Analytics:  cale. for [Tb(VO)L(NO;);(H.0)] (2) -
C1oH,,N,0,5VTh, My = 770.27 - C 29.63%, H 2.62%, N
9.09%. Found: C 29.58%, H 2.76%, N 8.76%. IR mid in em™*
(ATR): 3571 (w), 3421 (w), 2950 (w), 1625 (s), 1568 (w), 1500
(m), 1466 (s), 1421 (m), 1341 (m), 1275 (s), 1225 (m]), 1060 (m),
1026 (m), 988 (m), 939 (m), 855 (m), 735 (m), 635 (w).

Analytics:  cale.  for  [Dy(VO)L(NO;):;(H,0)] (3) -
CyoH25N>0,5VDY, Mo = 773.84 — C 29.49%, H 2.61%, N 9.05%,
C/N = 3.26. Found: C 29.38%, H 2.78%, N 8.82% C/N = 3.33. IR
mid in em™" (ATR): 3576 (w), 3421 (w), 2951 (w), 1625 (s), 1568
(w), 1503 (m), 1466 (s), 1432 (m), 1341 (m), 1275 (s), 1224 (m),
1060 (m), 1026 (m), 988 (m), 939 (m), 856 (m), 735 (m), 636 (w).

Analytics:  cale.  for  [Er(VO)L(NO;);(H,0)] (4) -
C1oH,N,0,5VEr, My = 778.62 — C 29.31%, H 2.59%, N
8.99%. Found: C 29.45%, H 2.72%, N 8.79%. IR mid in em™
(ATR): 3590 (w), 3397 (w), 2952 (w), 1623 (s), 1568 (W), 1505
(m), 1467 (s), 1433 (m), 1320 (m), 1273 (s), 1225 (m), 1059 (m),
1026 (m), 985 (m), 939 (m), 856 (m), 735 (m), 637 (w).

Theoretical calculations

The state average complete active space self-consistent field
(SA-CASSCF) wave function calculations were done with
OpenMOLCAS 19.11** for 2-4 in such a way that only one para-
magnetic metal ion was preserved, and all the others were
replaced by diamagnetic ions (Tb, Dy, and Er — Lu and V — Ti).
The active space was defined by five d-orbitals/seven f-orbitals
and the respective number of electrons for vanadium or lantha-
nide ions (V*: 1e, Tb": 8e, Dy"": 9¢, and Er'": 11¢). The RASSCF
method was used for the CASSCF calculations with the follow-
ing numbers of multiplets: 7 septets, 140 quintets, 113 triplets,
and 123 singlets for Th", 21 sextets, 224 quartets, and 490
doublets for Dy, 35 quartets and 112 doublets for Er'", and 5
doublets for V'Y, In the cases of Th", Er' and V', all the multi-
plets were included in the spin-orbit RASSI-SO procedure, while
the number of states for Dy'™ was limited as follows: 21 sextets,
128 quartets, and 130 doublets. ANO-RCC-VQZP was used for
paramagnetic lanthanides, ANO-RCC-VIZP was applied for
d-metals, nitrogen atoms and oxygen atoms, ANO-RCC-VDZP
for carbon, and ANO-RCC-VDZ for hydrogen atoms.”

The hydrogen atom position optimizations, broken sym-
metry DFT calculations, and CASSCF/NEVPT2 calculations
were performed with the help of the ORCA 4.2 software,”® with
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the use of the Libint library.”” The hydrogen-normalized struc-
ture was obtained by optimization using the BP86 DFT func-
tional,*® with the SARC2-ZORA-QZV basis for dysprosium® and
ZORA-TZVP bases from Ahlrichs def2 set for all the other
elements,* except C and H, in which the ZORA-SVP basis was
used. All of the bases were utilized for the ZORA relativistic cor-
rection.’” The RIJCOSX approximation was used to speed up the
calculation,** whereas SARC/J was used as an auxiliary basis.
Broken symmetry DFT calculations were performed with similar
settings, except with the usage of the TPSSh functional.**

The CASSCF/NEVPT2 energy difference between the states
with (N) and (N — 2) multiplicity calculations in ORCA was cal-
culated with DKH relativistic correction.* The basis used was
SARC2-DKH-QZVP for lanthanides and the other bases used
were similar to those in DFT, but with DKH utilization. In
addition, for CASSCF, the coulombic auxiliary basis def2/
SVP-C was used for all atoms except lanthanides, where an
automatically generated basis from the AutoAux®® ORCA func-
tion was used. Within these calculations, 8 roots for multiplici-
ties 8 and 6 were calculated for 2, 7 roots for multiplicities 7
and 5 were calculated for 3, and 13 roots for multiplicities 5
and 3 were calculated for 4. Active space was defined by seven
af-orbitals of lanthanide ion and one 3d-orbital corresponding
to a single occupied magnetic orbital (SOMO) of vanadium.
The number of electrons was the sum of electrons in the
valence shell of Ln™ and V" ions. The Avogadro 1.2.0°® and
VESTA 3”7 software were used for the analysis and visualization
of the computational results.

Results and discussion
Synthesis and characterization

In all the complexes that were prepared by the above-described
methods, we have observed that adding an excess of lanthanide
salt is necessary for dissolving most of the [VO(L)] reactant to
prevent contamination of the product. Crystals suitable for X-ray
analysis were formed from the solution in a matter of hours.
The composition and purity were verified by CHN analysis,
which had sufficiently good results for all complexes of the
series. The IR spectra (Fig. S27) and XPD patterns (Fig. $3-567)
are almost identical for all compounds, which suggest the iso-
structurality of the whole series, which was however proven not
true, as we further discuss in the structure description part.

Crystal structure description

Compounds 1-3 are isomorphic and crystallize in the monocli-
nic space group P2,/c. Compound 4 also crystallizes in the
monoclinic space group P2,/c (basic crystallographic data are
summarized in ESI Table S2+) but its crystal structure differs
and cannot be considered to be formally isostructural with 1-3
(vide infra). The crystal structures of 1-4 consist of complex
molecules having the general formula [Ln(VO)L(NO;);(H,0)].
The V'V ion is coordinated by two nitrogen and two oxygen
atoms of the L*” ligand forming an equatorial plane of the
deformed octahedron (continuous shape measures indexes for
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Op: 0.996 in 1, 0.975 in 2, 0.979 in 3, and 1.001 in 4), which
has in the axial positions two oxygen atoms from the vanadyl
group and the aqua ligand (Fig. 1). The shortest metal-ligand
bond length for the V'V ion is observed in the vanadyl group
(d(v-03) = 1.57-1.59 A), while the longest ones are observed
for the bonds with the aqua ligands (d(V-04) = 2.28-2.32 A).
The Ln central atoms in 1-3 are decacoordinated by ten
oxygen donor atoms. Four of them are provided by the outer
chelating pocket of the L*” ligands (two phenolate and two
methoxy oxygen atoms) and the remaining six originate from
three nitrate ligands, which coordinate Ln atoms in a biden-
tate fashion (Fig. 1a). The coordination polyhedron adopts a
very distorted shape close to the tetradecahedron (2:6:2) (Cay,
(continuous shape measures indexes are 2.909 in 1, 2.673 in 2
and 2.681 in 3); however, also the distortions calculated for the
sphenocorona (Cs,) and staggered dodecahedron (2:6:2, D,)
coordination polyhedra adopt similar values (see ESI, Tables
S3 and S47). In 4, the structure of the complex molecule is
affected by a positional disorder of one of the nitrate ligands.
In the major site (66%), the Er atom is nonacoordinated
because one of the nitrate ligands coordinates the metal atom
in a monodentate manner (Fig. 1b). The coordination polyhe-
dron has a shape closest to the spherical capped square anti-
prism (Cy, continuous shape measure index is 1.631). In the
minor site (34%), the nitrate ligand coordinates the Er atom
similarly as in 1-3 in a bidentate manner, thus forming a deca-
coordinate coordination polyhedron. However, of note here is
that the Er-011 bond is significantly longer (2.89(2) A) than
the similar bonds in 1-3 (Ln-011 = 2.64-2.69 A, Table 2).

The shortest Ln-O bond lengths are observed in the bonds
involving phenolate oxygen atoms (Ln-01/2 = 2.31-2.39 A).
Whereas the methoxy oxygen atoms form longer bonds (Ln-
05/6 = 2.45-2.54 A), the shorter bonds are observed for heavier
Ln atoms in agreement with the lanthanide contraction
(Table 2). The nitrate ligands form Ln-O bonds with a wide
range of bond lengths ranging between 2.26 and 2.69 A
(Table 2). Again, the trend corresponding to the lanthanide
contraction can be observed but remarkably with one excep-
tion: the Ln-011 bond lengths are longer for heavier Ln atoms
(Table 2). The intradimer Ln-.-V distances are similar in both
crystal structures (3.494(1) in 1, 3.4823(7) A in 2, 3.4741(6) A in
3, and 3.4357(9) A in 4).

The packing in the crystal structures of 1-3 is the same and
the main structural motif can be ascribed to a ladder-like
supramolecular substructure of the complex molecules inter-
connected by strong O-H:-O hydrogen bonds (d(O--0) =
2.80-3.25 A) formed between the hydrogen atoms of the co-
ordinated aqua ligands and the nitrate ligands of the neigh-
boring molecules (Fig. 1e). In 4, the above-mentioned reorgan-
ization of the coordination polyhedron influenced the
observed intermolecular interactions. The overall packing is
very similar to that in 1-3, but the change in the denticity of
one of the nitrate ligands from two (in 1-3) to one (4) led to a
reorientation of the hydrogen atoms of the aqua ligand. One
forms contact with the oxygen atom of the monodentately
bound nitrate ligand, while the second forms an intra-
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Fig. 1 The molecular structures of 3 (a) and 4 (b) with the major site of the disordered NOs~ ligand in the structure of 4 shown. An overlay of 3
(blue color) and 4 (red color) showing the major (c) or minor (d) site of the disordered NOs~ ligand in the structure of 4. A perspective view down
the b crystallographic axis of the fragments of the crystal structures of 3 (e) and 4 (major site of disorder shown, f). The hydrogen atoms (except for
those involved in hydrogen bonding, hydrogen bonding was depicted by black dashed lines) were omitted for clarity.

Table 2 The metal-ligand bond lengths in 1-4. All the distances are
listed in A

M-L 1(Gd) 2 (Tb) 3 (Dy) 4 (Er)
V1-01 1.973(5)  1.995(3)  1.991(2) 1.983(3)
V1-02 1.992(5)  1.978(3)  1.9755(19)  1.974(3)
V1-N1 2.074(7)  2.084(4)  2.078(3) 2.089(4)
V1-N2 2.087(6)  2.080(4)  2.082(2) 2.082(4)
Vi-03 2.321(6)  2.321(3)  2.287(2) 2.308(4)
V1-04 1.578(6)  1.584(3)  1.592(2) 1.586(4)
Ln-01 2.394(5)  2.380(3) 2.3716(18)  2.317(3)
Ln-02 2.386(5)  2.373(3)  2.3541(18)  2.314(3)
Ln-05 2.531(5)  2.520(3)  2.5051(19)  2.448(4)
Ln-06 2.536(5)  2.525(3)  2.5206(19)  2.461(4)
Ln-07 2.504(6)  2.487(3)  2.476(2) 2.441(4)
Ln-08 2.421(5)  2.411(3)  2.390(2) 2.376(4)
Ln-010  2.484(6)  2.457(4)  2.430(2) 2.301(14)", 2.35(3)"
Ln-011 2.649(8)  2.677(5)  2.692(2) 2.89(2)
Ln-013  2.453(5)  2.434(3)  2.409(2) 2.395(4)
Ln-014  2.488(6)  2.477(4)  2.472(2) 2.425(4)

“ Major disorder site in 4. ” Minor disorder site in 4.

molecular O-H---O hydrogen bond with the coordinated
nitrate anion. The overall structural motif is then the one-
dimensional chain formed along the ¢ crystallographic axis
(Fig. 1f). The parameters of the non-covalent interactions in
1-4 are summarized in greater detail in ESI (Table S5 and
Fig. S7-5107).

This journal is © The Royal Society of Chemistry 2021

We would like to dedicate the last paragraph of this section
to the discussion of the powder diffraction data as measured
for 1-4. At very first glance, one can see that the experimentally
obtained powder diffraction patterns of 1-4 (Fig. S3-S67) are
almost identical, thus confirming the isostructurality of 1-4.
However, as was discussed above, the structures of 1-3 and 4
differ significantly. Therefore, even when the powder diffrac-
tion data seemingly confirm the isostructurality of the studied
compounds, one should be very careful about drawing the
conclusions.

Magnetic measurements

The temperature and field-dependent DC magnetic measure-
ments were performed on complexes 1-4 and the results are
shown in Fig. 2.

The values of effective magnetic moments of the prepared
compounds 1-4 at 300 K, expressed in the unit of Bohr magne-
ton, are 9.77 (1), 9.72 (2), 10.60 (3), and 9.39 (4) and are close
to the theoretical values for uncoupled VV-Ln"' systems,
which are 8.12 (V-Gd), 9.87 (V-Tb), 10.79 (V-Dy) and 9.74
(V-Er). The magnetic moments stay constant on temperature
lowering down to approximately 50 K, where p.r starts to
decrease, which is most likely caused by the zero-field splitting
induced by the ligand-field and the spin-orbit interactions,
and also due to the magnetic interaction between paramag-
netic ions. The only exception is gadolinium, which is slightly
rising through almost the whole temperature range, which can
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Fig. 2 Magnetic data of 1-4. Temperature dependence of the effective
magnetic moment y.¢ calculated from the mean susceptibility measured
at B = 0.2 T and the isothermal magnetizations measured at T = 2 K.

be attributed to temperature-independent paramagnetism or
unknown impurity. The isothermal magnetizations displayed
in Fig. 2 show values between 5.2 and 7.2 at the maximum
magnetic field of 7 T and these values are lower than the
theoretical field saturation values 8.0 (V-Gd), 10.0 (V-Th), 11.0
(V-Dy) and 10.0 (V-Er), which confirm the significant magnetic
anisotropy of these complexes.

For the interpretation of the magnetic data of complex 1,
containing only Gd"™ and V'V ions, spin Hamiltonian formal-
ism is an appropriate approach. Therefore, the magnetic data
were analyzed using eqn (3)

H = —Joay (gvgcd) g .“BE(E\ng +§Gdgﬁd) (3)

where the isotropic exchange and Zeeman terms were intro-
duced. The best fit parameters are J;qy = —1.41 cm™ ' and gGd =
gy = 2,017, with added temperature-independent magnetism
=150 x 107" m® mol™ - Fig. S11.7 This high amount of ypy
might point out the presence of the ferromagnetic impurity in
the sample, which can explain the rise of the magnetic moment.
However, this behavior was found reproducible for independently
prepared batches of 1. In addition, a very slight sign of nonlinear
behavior was found in high-temperature magnetic data
(Fig. $127), which might suggest the presence of a ferromagnetic
impurity, possibly Gd,0;, in such a small amount, that we were
not able to detect by other analytical methods.

For 2, 3 and 4, an approach apphed for Ln""-Ni" complexes
was adopted and implemented.*® We have used the following
Hamiltonian for the fitting of magnetization and magnetic

susceptibility:
JLn )
3 (4)

+ Ein (Ax.an 7ijLnZ) 7k FB§@V§V =+ ?Lrjll\)

H=— In V(SVJIH)+D[11(Jan

where the ground state multiplet of Ln"™ is described in |

JM) basis, its zero-field splitting is defined by Dy,, and Ey,
(which can be viewed as Stevens operator coefficients for BY
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and B2),”” and the exchange coupling is defined between pseu-
dospin Ji,, (J1b = 6, Joy =Jer = 15/2) and spin Sy = 1/2. Here we
considered the anisotropic values of gy, and g of gi,, and the
isotropic gy fixed to a value of 1.95. The magnetic data were fit
with the POLYMAGNET program® and the best-fits are
depicted in Fig. S13-515,7 and the best-fit values of the
exchange interactions were _]'M = 0.245 cm™ for 2, f5 =
—0.254 em ™' for 3, and M = —0.140 em ™ for 4. The |Dyy|
values were found in the range 1.5 to 7.5 cm ™' (Table $6+) and
generally, the D,,, and E,,, values are comparable to those cal-
culated from CASSCF calculations and SINGLE_ANISO analysis
(Table $7,1 vide infra).

Next, a second method was employed, in which the |LS)
basis is used for Ln'" with the advantage that in this case, the
exchange interaction is defined as an exchange between true
spins. Hence, the following Hamiltonian was postulated

281, fo 2
Ly,
= _JrI[:n %(SVSLn 7 E ’tj Ln ULLHSLII)J+GDLII (Lz En” o+ 3n )
_; 1

+UELn( i yLn )+,!IBB(EVSV +gLnSLn +oLin)

(5)

where A, is the spin-orbit splitting parameter, defined by
default in the PHI software,” ¢ is the orbital reduction factor
due to covalency, and D;,, and E;, are parameters that act on
the orbital angular momentum. The Zeeman term parameters
were set as gpin = 1, gs1n = 2, and gy was again fixed to 1.95.
The analyses of the magnetic data of 2-4 were performed in
PHI and the best-fits are shown in Fig. §16-518.1 The best-fit
values of the magnetic exchange interaction are Ji37 =
0.775 em™" for 2, Jiiy = —0.698 em™' for 3, and ,‘af,f, =
—1.56 em™ " for 4. Note, that the J-values are reported according
to the Hamiltonian in eqn (1). The fit Dy, £, and o para-
meters are listed in Table S6,% and it holds that D, = 33392
and Ey, = B}#,, where B} is the Stevens operator parameter and
6 is the operator equivalent factor for the corresponding ions
(—2/45 for Tb™, —2/135 for Dy, and 2/495 for Er'™).

To summarize, both methods as defined by eqn (4) and (5)
and are suitable to describe the static magnetic properties of
compounds 2-4. It seems that the two main parameters, D and
E, as analogues of Stevenson operators, are sufficient to
capture the effect of ligand-field and spin orbit coupling at the
lowest energy levels populated within the experimental temp-
erature window. Furthermore, these approaches enabled us to
obtain some insight into the exchange interactions of lantha-
nides without having to use quantum chemical calculations.
Interestingly, the ferromagnetic coupling was established
between V" and Tb"™ ions in 2, while antiferromagnetic
exchange was found in Ln™
pounds 3 and 4.

Moreover, the AC magnetic susceptibility measurements
were also performed for 2-4. First, the AC susceptibility was
measured at the lowest temperature as a function of the mag-
netic field in order to identify the zero-field or field-induced
SMM behavior of these compounds. Compound 4 showed no

Kramers containing ions in com-
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Fig. 3 AC susceptibility data of 2. The temperature dependence of real
and imaginary molar susceptibilities at B = 0.3 T,

out-of-phase susceptibility signal (Fig. $191) in contrast to
compounds 2-3 (Fig. 3 and Fig. $207), for which a larger static
magnetic field was necessary to suppress the fast relaxation
mechanism. Compounds 2 and 3 show a similar behavior;
there are two evident slow relaxation processes located below 1
Hz and below 10 Hz, whereas the third relaxation process
emerges above 1000 Hz only for 2. Despite our effort, it was
not possible to find the physically reasonable fits of AC suscep-
tibility data with the Debye model, most probably due to over-
lapping of the relaxation channels. Nevertheless, these experi-
ments confirmed the presence of the slow relaxation of the
magnetization. Hence, the first examples of Th™-v'Y and
Dy""-v" field-induced SMMs are reported.

Theoretical calculations

The aim of the theoretical calculations was to assess various
approaches for the evaluation of the magnetic exchange
between 3d and 4f metals in the presented series of com-
pounds 1-4. All the discussed calculations were done on mole-
cular geometries obtained from experimental X-ray structures,
in which only the positions of hydrogen atoms were optimized
by DFT with the BP86 functional (Table S8%). First, we utilized
the standard method for molecular magnetism by employing
the POLY_ANISO module of the OpenMOLCAS software devel-
oped by Chibotaru and Ungur.** This approach utilizes the
state-averaged complete active-space self-consistent field
(SA-CASSCF) calculations separately done for each paramag-
netic ion within the complex to properly capture the multire-
ference character of these metal ions. Next, the SINGLE_ANISO
module evaluates the zero-field splitting energies and crystal-
field parameters. Finally, the POLY_ANISO module calculates
the energy levels, zero-field parameters, and magnetic pro-
perties for coupled systems by introducing the exchange inter-
action according to the Linnes model and also the dipolar
interactions. Such a workflow is now dominantly used to
analyze lanthanide-containing polynuclear compounds.
Therefore, the CASSCF calculations were done for V'V and
Th™, Dy", and Er'" ions in 2-4, which provided the infor-
mation of energy splitting of the respective atomic terms of *D
and "Fy, °H; 5/, and *L;5, due to the ligand field and the spin-
orbit interactions. As expected, the ground state properties of
V' are well defined by the g-tensor with the g-components

This journal is © The Royal Society of Chemistry 2021
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slightly lower than the free-electron value of 2.0023 and
showing small anisotropy (Table S9t). The principal axes of
ground-state doublets are shown in Fig. S21.1 The calculations
for Tb"' ions in 2 showed two almost energetically degenerate
levels, followed by two other excited states located at ~92 cm™
(Table S10%). As the Th™ ion is a non-Kramers ion, the tunnel-
ing gap (4.,,) within these pairs of states serves as an indicator
of the quantum tunneling of the magnetization.” The magne-
tization blocking barrier is depicted in Fig. 4. The A, of the
ground pseudo-doublet is relatively large; therefore, the relax-
ation of the magnetization should be fast.

In the case of the Dy™ ion of 3, the first three Kramers
doublets show the significant axial type magnetic anisotropy
(g: > g.,) but the values of g, are larger than 0.03, which
indicates a significant predisposition for the quantum tunnel-
ing of the magnetization as evidenced also by the relatively
large values of transition magnetic moment matrix elements
(Table S117). The principal axes of ground-state doublets are
shown in Fig. $22.1 Moreover, the first excited state is rather
close (23 em™") which certainly contributes to the reduction of
the potential for large magnetization reversal barriers. This is
also visualized in the plot of the magnetization blocking
barrier for 3 (Fig. 5).

Finally, the properties of Er ion of 4 were calculated
resulting in a reasonable energy gap of ~48 em ™' in the first
excited state; however, the ground state has significant
rhombic parameters (g, > 1.6) and the first excited state has
the easy-plane type magnetic anisotropy (Table S12f and
Fig. 6). The principal axes of the ground-state doublets are
shown in Fig. $23.1 Such a drastic change in the magnetic pro-
perties can be attributed to the changes in the oblate electron
densities of Th™ and Dy ions to the prolate electron density
of Er'" ions'* and also to the slight changes in the coordi-
nation polyhedron of Er' in contrast to other lanthanides
within this series.

I
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Fig. 4 Magnetization blocking barrier in 2 calculated for Tb"' by
SINGLE_ANISO (left) and for To"-V"Y by POLY_ANISO using Jg<h, =
+0.716 cm™ and J%P,, = —0.0232 cm™ (right) zoomed to the lowest
energy levels. The numbers presented in the plot represent the corres-
ponding matrix element of the transversal magnetic moment (for values
larger than 0.1, an efficient relaxation mechanism is expected) and A,
shows the tunneling gap of the indicated doublets.
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Fig. 5 Magnetization blocking barrier in 3 calculated for Dy" by
SINGLE_ANISO (left) and for Dy"'-V" by POLY_ANISO using Jgf, =
-169 cm™ and J5, = -0.0575 cm™* (right) zoomed to the lowest
energy levels. The numbers presented in the plot represent the corres-
ponding matrix element of the transversal magnetic moment (for values
larger than 0.1, an efficient relaxation mechanism is expected) and 4,
shows the tunneling gap of the indicated doublets.
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Fig. 6 Magnetization blocking barrier in 4 calculated for Er'"' by
SINGLE_ANISO (left) and for Er''-v" by POLY_ANISO using Jg<h) =
-0.736 cm™ and J§®,, = —0.0552 cm™ (right) zoomed to the lowest
energy levels. The numbers presented in the plot represent the corres-
ponding matrix element of the transversal magnetic moment (for values
larger than 0.1, an efficient relaxation mechanism is expected) and 4,,,
shows the tunneling gap of the indicated doublets.

Afterward, we fitted the experimental magnetic data (temp-
erature and field-dependent magnetization) for 2-4 with the
homemade routine in cooperation with the POLY_ANISO
module, and thus we were able to estimate the V"V-Ln"" mag-
netic interactions in this series of the compounds. The results
of the analysis are depicted in Fig. S247 and the exchange was
found to be ferromagnetic for Tb™-v"" with J&, =

+0.716 em " in contrast to Dy""-v"Y and Er'"-v"¥ in which anti-

ferromagnetic exchange was determined with j‘D"ﬁ{, -
—-1.69 em™" and f&<0 = —0.736 em™". The variation in the mag-

netic exchange can be assigned to the variation in f-orbitals
that are involved in mutual interactions. The POLY_ANISO
module also included the dipolar interaction (J%P) between
Ln"-v" jons into the computation and their exact values were

subsequently determined as: with Jo7 = —0.0232 em ™', J07 | =
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-0.0575 cm™' and JoP, = —0.0552 em™. Thus, the dipolar
exchange is much weaker than the magnetic superexchange in
this series of 3d-4f compounds. The knowledge about the Ln""-
V" exchange enabled us to construct also the magnetization
blocking barrier for compounds 2-4 that are shown in Fig. 4-6.
The ferromagnetic Th"™-V'"Y interactions resulted in the for-
mation of two Kramers doublets separated by ~2 em™" and the
relatively small values of the transversal magnetic moment
(~0.2 - Fig. 4), which indicate the possibility of the field-
induced slow relaxation of the magnetization. However, the
transversal magnetic moment between the first and second
Kramers doublets in the opposite direction of the magnetic
moment is close to 0.1, which suggests the speeding up of the
relaxations. The antiferromagnetic Dy""-V" led to a decrease in
the magnetic moment of the ground state pseudo-doublet and
the formation of the next pseudo-doublet at ~4 cm™" - Fig. 5.
The Ay, of both of these two doublets is relatively small and
thus we can expect the observation of the slow relaxation of the
magnetization at least after applying a non-zero static magnetic
field. However, the situation of 4 in the antiferromagnetic Er''-
VY exchange is worse because the value of Ay, and the transver-
sal magnetic moments among two analogous pseudo-doublets
are larger, indicating the predisposition for a much faster relax-
ation of the magnetization (Fig. 6).

The next theoretical method applied to the presented series
is DFT, which is frequently used for evaluating magnetic
exchange interaction through the broken-symmetry (BS)
approach for metal complexes. For 1, due to the nature of Gd""
and V" ions, orbital contributions to the ground state can be
neglected and a multireferential approach is not necessary
anymore. Therefore, the BS approach can be used to obtain
the values of the exchange interactions between metals. We
have utilized Ruiz’s approach:*’

Jroiz = 2A/[(81 + 82) % (81 + 85 +1)]
and Yamaguchi's approach:*®

Jvam = 28/((8%) s — {8%)ps)

where
A = Epg — Ens

With these approaches, we managed to evaluate [y, =
-1.59 cm™* and Jya, = —4.55 cm™ ', Thus, the coupling is anti-
ferromagnetic in nature, which is in concordance with the
experimental findings.

Although using the BS-DFT approach is not generally
advised for other lanthanides, mainly due to their multirefer-
ential nature, there have been some attempts to utilize it for
lanthanide compounds, whose authors claim to be successful.
One such example is the calculation of exchange interactions
between lanthanides and N,*" radicals."” Another study was
performed at the DFT theory level with the included simu-
lation of the location of p electrons in each of the possible
f-orbitals of the Tb(m) ion with the help of orbital location.*®
The authors came to an interesting conclusion, that in every
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configuration, the exchange interaction was estimated to be a
similar value. If this is universally valid, then the BS approach
might be a method that can provide us with approximate
values with the advantage of low-cost computation costs. We
have used the same computational settings as for the above-
mentioned complex 1 and obtained these results: Jpui, =
0.00635 em ™" and Jyam, = 0.0166 cm ™" for 2, Jrui; = —0.819 cm ™'
and Jyam = —1.96 cm™" for 3 and Jryi, = —2.46 cm ™! and Jyam =
—4.93 cm™! for 4. These exchange interaction parameters
cannot be directly compared with ones calculated with
POLY_ANISO, as POLY_ANISO exploits pseudospins for lantha-
nides within the Lines model, while the BS-DFT approach uti-
lizes real spin values. It is yet another approximation, as the
spin-orbit coupling is neglected in this approach. However, we
can see that the BS-DFT calculated J-values correctly predicted
the nature of the magnetic exchange in the Ln"™-v" series. In
addition, it must be mentioned that the BS-DFT values are
also comparable to values determined by the analysis of the
DC magnetic data with eqn (5) (Table S6f). Both methods
resulted in a stronger antiferromagnetic exchange of Er''-v'V
in 4 than of Dy"'-v" in 2. In our opinion, great care must be
taken when attempting to use the BS-DFT method for such
systems, and preferably a large-scale benchmarking would be
helpful to see which DFT functional and other computational
settings are desirable to acquire qualitative and quantitative
agreements with the experiments.

Finally, to address the multireferential nature of lanthanide
ions, we have also tried a different approach, where the lowest
energy levels are calculated by CASSCF with the help of the
ORCA software with the active space comprising all seven 4f-
orbitals and one singly occupied magnetic d-orbital (SOMO)
from V", The multiple low-lying roots (7 for 2, 8 for 3, and 13
for 4) were calculated separately for maximal (Mpax) and (Mpax
— 2) multiplicities to simulate both the configurations of the
unpaired electrons in the d-orbital of V(v) and therefore the
model ferromagnetic and antiferromagnetie coupling between
V(iv) and Ln(m). Such a method was already suggested by
Costes et al.*® The exchange interaction constant was then
obtained from the energy differences between the configur-
ations simulating the electron spins in the ferromagnetic and
antiferromagnetic couplings by using the Yamaguchi method.
The authors who developed this method have claimed that the
interaction constants should be similar through all energetic
states. However, we came to a similar conclusion from the
results (Table 3). It seems that CASSCF is overestimating the
high spin configuration as all interactions in complexes 2-4
came out as ferromagnetic, which contradicts the experiments.
With the aim to improve the level of the theory, we have
repeated the calculations with CASSCF/NEVPT2 (Table $137),
but unfortunately, this method has not led to results more
compatible with the experimental results. However, there is
still more space for improvements as there are even more
advanced methods for treating MRCI, which can give state
energies closer to reality; for example, DDCI3, which was
suggested as the most fitting method for exchange interactions
in the copper acetate dimer model calculations.” However,
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Table 3 CASSCF energy difference between the maximal multiplicity
states (modelling ferromagnetic interaction) and the M., — 2 states
(modelling antiferromagnetic interaction) in cm™ and the exchange
interaction constant obtained by the Yamaguchi approach

State AE(2) AE(3) AEM4) Jmvv (@) Joyvi(B)  Jwrv (4)
1 5.2 4.7 3.3 1.50 1.57 1.64
2 3.2 3.9 2.8 0.92 1.30 1.39
3 3.3 4.9 4.5 0.95 1.64 2.24
4 3.2 4.2 1.9 0.92 1.40 0.94
5 3.4 3.5 2.2 0.98 1.17 1.09
6 5.4 3.5 2.3 1.55 1.17 1.49
7 2.3 3.5 2.8 0.67 1.17 1.39
8 5.2 41 0.57 2.04
9 3L 1.84
10 4.5 2.24
11 4.0 1.99
12 3.0 1.39
13 3.6 1.79
Avg. 1.07 1.25 1.65

such methods are very expensive and using them on lantha-
nide systems can be problematic.

Conclusions

Four new heterobimetallic Ln™-V" complexes were character-

ized strueturally, and their magnetic properties were serutinized
by various experimental and theoretical methods. It has been
shown that complexes 1-3 are isostructural, whereas 4 differs in
the coordination mode of one nitrate ligand resulting in a
decrease in the coordination number from 10 to 9. The experi-
mental magnetic data were analyzed by various Hamiltonians
revealing the antiferromagnetic coupling in 1, 3 and 4, while
ferromagnetic coupling is present in 2. Special attention was
paid to the 3d-4f exchange with lanthanides having an angular
magnetic momentum. Therefore, multiple methods of character-
ization of magnetic exchange interactions were successfully
employed for 2-4, either based on |[JM) or |LS) basis describing
the Ln" ion properties. Moreover, three different theoretical
methods were employed based on (i) the CASSCF calculation
accompanied by the SINGLE_ANISO and POLY_ANISO modules,
(ii) the BS-DFT approach, and the (iii) CASSCF and CASSCF/
NEVPT2 calculations with active space comprising both f and d
orbitals. These results are compared for Jy,, v (em™") here:

Method 2 (Th"™-v™) 3 (Dy"™-v"Y) 4 (Er'"-v™)
[IM}in — |S)v 0.245 —0.254 —-0.140
|LShn — [S)v 0.775 —0.698 -1.56
CASSCF/ 0.716 -1.69 -0.736
POLY_ANISO

BS-DFT (Ruiz) 0.00635 —-0.819 —2.46
BS-DFT (Yamaguchi) 0.0166 -1.96 -4.93
CASSCF/*T and 1.07 1.25 1.65
M2 evels

NEVPT2/*T and 1.23 0.48 0.03
M= evels

There is some discrepancy among these methods; on the
other hand, for the lanthanides, the exchange interaction con-
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stant J.. is usually small compared to that of the d-block
elements. Therefore, the requirements of methods to estimate
its value correctly are very strict. Therefore, further research
must be performed to establish a theoretical method capable
of correctly predicting the magnetic exchange in 3d-4f or 4f
polynuclear compounds solely based on the structural infor-
mation. This would enable faster progress in this field of mole-
cular magnetism. To comment on the applied theoretical
methods, the most reliable is the utilization of CASSCF
together with SINGLE_ANISO and POLY_ANISO modules in
combination with the experimental magnetic data.

Furthermore, AC susceptibility confirmed the field-induced
slow relaxation of magnetization in 2 and 3. Thus, these com-
plexes belong to the first Th"™-v" and Dy"™-v' single-mole-
cule magnets in this class of compounds, which make a new
endeavor for similar molecular systems desirable.
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This article presents a series of six mononuclear Col(i) complexes 1-6 featuring ligands derived from a
hexadentate Schiff base family, originating from the condensation of (2-formylphenoxy)acetic acid with
various diamines. Notably, these complexes uniquely prefer a trigonal prism geometry, presenting a novel
approach to synthesizing complexes with this distinctive shape. The compounds were characterized by
elemental analysis, FT-IR spectroscopy, and single-crystal and powder XRD techniques. Furthermore, the
magnetism was investigated by DC and AC magnetic measurements and also complemented by X-band
EPR spectroscopy. The results reveal that the prepared complexes behave as field-induced single-mole-
cule magnets, characterized by a substantial negative axial zero-field splitting D-parameter and spin
reversal energetic barrier U.g reaching values up to 72 K. The theoretical methods based on CASSCF/
NEVPT2 calculations were applied to rationalize their magnetic properties. Moreover, these complexes
hold promising potential for further functionalization, offering opportunities to enhance their properties,
particularly towards developing zero-field single-molecule magnets as evidenced by the slow relaxation
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Introduction

In recent years, there has been significant development in the
field of single-molecule magnets (SMMs), a class of materials
that exhibit intriguing magnetic properties, including mag-
netic hysteresis and slow relaxation of magnetization at the
molecular level. This progress began with discovering and
studying these effects in large manganese polynuclear clusters,
such as the renowned Mni2ac.' Subsequent research has
explored a wide range of systems, with one notable subclass of
SMMs known as single-ion magnets. These magnets consist of
only one paramagnetic ion,? thereby minimizing the influence
of any magnetic exchange interactions. Among this class of
compounds, an important group, particularly within the first
transition metals row, comprises complexes containing Co()
as the central ion. Co(n) exhibits interesting magnetic pro-
perties due to its spin § = 3/2, making it a Kramers ion, and its
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of magnetization in zero static magnetic field observed for the zinc-diluted complex 1Zn.

relatively large spin-orbit coupling resulting from its occu-
pation of the d-orbital.?

Although leveraging spin-orbit coupling is key to designing
single-molecule magnets with significant magnetic anisotropy,
another crucial characteristic of 3d single ion magnets is ligand
field splitting, which is usually stronger than spin-orbit coupling.

In six-coordinated Co(u) complexes, the orbital contribution
is usually substantial due to the nature of the ground state,
which is Ty, for an octahedron (0), and *E' for a trigonal
prism (Dsy). It is common for the (pseudo)octahedral sym-
metry to result in large and positive values of the axial zero-
field splitting parameter D.* Positive D-parameter frequently
leads to the easy-plane type anisotropy, and only significant
rhombicity (E/D ratio) ean provide the axial type anisotropy.®
In the case of trigonal prism symmetry, the D-parameter is
typically large and negative.® The relationship between the
D-parameter and magnetic anisotropy barrier for half-integer
spin complexes, such as Co(u), is defined as:®

1
Uest = |D| (52 = Z) (1)
It is worth noting that a significant number of complexes
with a trigonal prismatic shape exhibit slow relaxation of mag-

netization even in the absence of an external magnetic field,
earning them the designation of zero-field SMMs. Table 1 lists

Inorg. Chem. Front.
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notable examples of trigonal prismatic and trigonally distorted
hexacoordinate complexes showing the slow relaxation of
magnetization.

It is evident that focusing on the design of Co(i) complexes
as potential candidates for SMMs holds intriguing possibilities,
including the potential for zero-field single-molecule magnets.
However, such magnets are still relatively rare among Co(u) com-
plexes as a whole due to the common occurrence of quantum
tunneling of magnetization in the ground state. In the case
of six-coordinated Co(u) complexes, the pseudo-octahedral shape
is the most commonly observed coordination polyhedron.
Therefore, efforts must be made to achieve the trigonal prism
shape. Various strategies have already been applied as can be
observed in Table 1. An effective approach, seen in most
cases,” ? involves the use of three heterocyclic binding sites,
each with two donor atoms, designed to prevent distortion and
maintain the desired shape. In another instance,'" the trigonal
prismatic shape is achieved through bridging oxygen atoms in a
tetranuclear core, where Co(n) is surrounded by three diamag-
netic Co(m) cores. In the last case,' the desired shape is attained
through steric hindrance caused by neocuproine methyl groups.

This work presents a series of six complexes (Scheme 1) that
employ Schiff base ligands with similar structural motifs. These
ligands induce a distorted coordination environment, compel-
ling the Co(n) complexes to adopt shapes that closely resemble
trigonal prismatic geometry. The ligands are derived from
(2-formylphenoxy)acetic acid, and by incorporating different
diamines, we observed a modulation of both the structural and
magnetic properties. While analogous structures have been
reported previously for Ni(u), Cu(n), Zn(u), and even Co(u), their

magnetic properties have not been studied in detail.*®°

Results and discussion
Synthesis and characterisation

The methods employed for the preparation of these complexes
are described in the Experimental section below. The Cof(u)

Inorganic Chemistry Frontiers
m
s 4
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2 O:“v + Co(CH,CO0),

0%3@

Scheme 1 General scheme for the synthesis of Co(i) complexes [Col]
of 1-6 with respective in situ prepared Schiff base ligands HL.

compounds 1-6 were synthesized by reacting a mixture of
cobalt(n) acetate and (2-formylphenoxy)acetic acid with the
corresponding amine.

Among these complexes, all except for 2 exhibit good solu-
bility in methanol (MeOH); however, only complex 1 yielded a
crystalline product from this solvent. As 3, 5, and 6 did not
crystallize from methanol due to their high solubility, a
mixture of propanol and methanol was chosen as the solvent.
For insoluble complex 2, crystals were obtained from dimethyl-

Table 1 Selected trigonal prismatic and trigonally distorted hexacoordinate Co(i) single-molecule magnets with magnetic parameters and continu-
ous shape measures (CSM) deviations from ideal Dsy, trigonal prismatic and Oy, octahedral geometries via SHAPE software’

Name D(em™) E(em™) Uest (em™) 7o (5) B(T) CSM TP CSM OH Ref.
Co(tppm)]|[BPh, —97.2(2) 9.3(1) x 107* 192 2.6(2) x 107+ 0 0.554 15.893 8
Co(hpy)][BPh,],-3CH,Cl, -107.5(4) 3.5(3) 20 1.2(1) x 107 0 2.471 8.237 8

Co(PzOx);(BCeH;)JCI-CHCl, -82 0.246 152 2.07 %1077 0 0.828 16.272 9

Co(AcimOx);(BCgH;)]ClO, -102.5 101 2.56x10°° 0 0.905 13.462 10

Co[AcPyOx);BC,H;|ClO, —-86 194.6 3.55x 107" 0 2.006 10.042 11

{Na[(Chdc)Co[}(BPh,), -75.8 9.1x 107" 52.6 0.1 1.793 9.293 12

[Coltppm)][CIO,],-2CH;CN-H,0 -80.7 0.6 39.2 1.7x107* 0 0.588 14.920 13

(HNEt;)[Co"'Co (hpmp)g] -115 2.8 76.3 1x1077 0 2.341 9.284 14

Co[neo)(CH;C00),] 26.3 1.361 % 1077 0.1 3.761 11.893 15

Co(neo)(piv),] 13.2 6.2%107° 0.1 9.801 7.650 15

Co(neo)(40H-benz),]-2CH,0H 12.2 1.04 x 107° 0.1 10.110 6.352 15

tppm = 6,6',6"-(methoxymethanetriyl)tris(2-(1H-pyrazol-1-yl)pyridine); hpy = tris(2,2"-bipyrid-6-yl)methanol; PzOx = pyrazoloximate, AcimOx =

acetylmethylimidazole-oximate, AcPyOx

acetylmethylpyridine-oximate,

Chdc 6,6"-{cyclohexane-1,3,5-diyltris[nitrilo(E)methylylidene]}

dipyridine-3-carboxamide; H.hpmp = R-4-bromo-2-((2-hydroxy-1-phenylethylimino)methyl)phenol; neo = neocuproine, piv = pivalate, 4OH-benz =

4-hydroxybenzoate.
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sulfoxide (DMSO). Complex 3 presented a challenge during its
preparation, as it often resulted in the formation of orange
powder. Ultimately, this problem was resolved by conducting
the reaction without heating the solution to the reflux temp-
erature. Unfortunately, complex 4 could not be obtained in the
required quantity and purity for bulk characterization due to
the formation of undesired byproducts. However, a small
number of single crystals of complex 4 were successfully pre-
pared, and its structure was determined through X-ray analysis.
This allowed us to characterize complex 4 at least with theore-
tical methods. The composition of the prepared complexes
was verified through elemental analysis, infrared spectrometry
(Fig. S11), and X-ray powder diffraction (Fig. $21). For complex
6, X-ray crystallography indicated the presence of co-crystal-
lized methanol solvent molecules, which displayed notable
disorder, likely stemming from solvent loss during the experi-
ment. It was not possible to model the solvent molecules prop-
erly and a solvent masking procedure was applied.*' The resul-
tant masked electron density corresponded to 1.25 methanol
molecules per complex molecule. Of note here is that the
single crystal measured had been promptly transferred from
the solution to high viscosity oil. This action very likely con-
tributed to the reduced rate of solvent loss. Thus, the observed
alignment between the outcomes of elemental analysis and
the assumption of a solvent-free complex is unsurprising.
Magnetically diluted complex 1Zn was prepared by using
Co(u) and Zn(u) acetate in a 1:9 molar ratio. Sample purity

Research Article

was verified by PXRD (Fig. S21) and CHNS elemental analysis.
The composition was studied by the AAS method, which
showed a mass fraction of Co of 0.32%, which means that the
diluted sample has formula C,,H22N,05C00.026Z1 974

Crystal structure description

Complexes 1, 4, and 5 crystallize in the monoclinic space
group P2,/n, while 2 and 3 crystallize in the triclinic space
group P1. Complex 6 crystallizes in the orthorhombic space
group Iha2. All diffraction experiments were conducted at
room temperature. Each compound consists of a [CoL] neutral
complex accompanied by co-crystallized solvent molecules of
MeOH in the case of 1, 3, 4, and 5, and DMSO in the case of 2.
In each complex, the cobalt atom is bonded to four oxygen
atoms and two nitrogen atoms. Notably, complexes 5 and 6
contain two symmetrically inequivalent molecules of the
complex [CoL] in the asymmetric unit, labeled 5a/6a and 5b/
6b, respectively (Fig. 1). Additional details about X-ray crystal-
lographic experiments are listed in Table S1.F

The shape of the cobalt coordination polyhedron in all
complex molecules is closest to a trigonal prism (Dyy,), as con-
firmed by calculations of continuous shape measures (CSMs)
using SHAPE software.” The minimal distortion pathway
between a trigonal prism and an octahedron, as well as the
deviation of the prepared complexes’ structures from the
pathway, is shown in Fig. S3.7 It is apparent that all complexes
exhibit significant deviations from an octahedron (Oy), except

Fig. 1 A perspective view of the crystal structures of 1-6, with hydrogen atoms omitted for the sake of clarity.
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for 3, which is nearly on the border between an octahedron
and a trigonal prism.

In addition to CSM, the shape of the geometry of the
coordination environment was also investigated using the
newly proposed structural parameter 75, a geometry index
ranging from 0 (ideal octahedron) to 1 (ideal trigonal prismatic
shape).”” This index is analogous to previously published 75
and 7; indices for penta- and tetracoordinate complexes,
respectively.”* The parameter 7, is defined as

_540—(a+p+y)

150 @

76

with the help of three angles a, # and y, which are the three
greatest valence angles of the coordination center. Index
shows that all prepared complexes are closer to trigonal pris-
matic than to octahedral geometry (Table 2). These results
seem to correlate well with CSM analysis (Fig. 541), showing 1
and 5a as the closest to the trigonal prism, from the studied
series.

Furthermore, a previously known similar complex, [Co(fpa-
pn)]-6H,0 (CSD code HOMFOF),'” was included in the SHAPE
analysis, which is a conformational isomer to 3 and exhibits a
structure much closer to an ideal octahedron. Interestingly,
the use of different solvents (HOMFOF synthesis used a
mixture of ethanol and water) for synthesis results in entirely
different structures, which are expected to possess distinct pro-
perties, especially from a magnetic standpoint.

The distances between the metal and ligand donor atoms,
as listed in Table 2, reveal that in most cases, the four bonds
between the central atoms and the Schiff base N-atoms or car-
boxylic group O-atoms have very similar lengths ranging
between 2.0 and 2.1 A. However, the bonds between Co and
the etheric group O-atoms (02 and 0O3) are longer, ranging
between 2.2 and 2.4 A. Furthermore, structures that differ from
others in terms of their shape (CSM), such as 3 and its isomer
with the CSD code HOMFOF, do not appear to differ signifi-
cantly in their bond lengths, except for a shorter distance
between the Co atom and the etheric O atom in the HOMFOF
structure.

Complexes 1-5 crystallize as crystal solvates, with dimethyl
sulfoxide as the solvent in structure 2, and methanol in all

Inorganic Chemistry Frontiers

other cases. Methanol is bound to the complex molecule
through a hydrogen bond. In structures 1, 4, and 5, it is bound
to the carboxylic group oxygen, which is not connected to the
central cobalt atom. In structure 3, methanol is bound to the
coordinating carboxylic oxygen atom. Moreover, structure 4
contains a ligand with a hydroxyl group, which forms a hydro-
gen bond with the ecarboxyl group oxygen, resulting in a supra-
molecular structure mediated by hydrogen bridges. Details
about observed significant hydrogen bonds are shown in the
ESI (Fig. S51).

Magnetic measurements

DC magnetic measurements were conducted for compounds
1-3 and 5-6. The measurements consisted of recording the
magnetization as a function of temperature under a magnetic
field of 0.2 T and as a function of the magnetic field (Fig. 2) at
temperatures of 1.8, 5, and 10 K (or 2 and 5 K for compound 1).

The effective magnetic moments of the prepared com-
pounds at a temperature limit of 300 K are as follows: 4.79uy
for compound 1, 5.15u5 for compound 2, 4.55u for compound
3, 5.13up for compound 5, and 4.83up for compound 6.

2.5

T

0 50 150 200 250 300

T (K)

100

Fig. 2 The effective magnetic moment dependence on temperature for
all studied compounds 1-3 and 5-6.

Table 2 Selected bond distances (A) and CSM deviations from ideal trigonal prism and octahedron for complexes 1-6

Co-N1 Co-N2 Co-01 Co-02 Co-03 Co-04 CSM TP CSM OH T
1 2.0829(19) 2.0736(18) 1.9911(14) 2.3176(14) 2.2822(15) 1.9848(16) 1.631 16.812 0.802
2 2.0883(13) 2.0681(13) 1.9922(12) 2.2846(12) 2.2688(11) 1.9759(12) 1.882 13.748 0.777
3 2.0770(15) 2.0929(15) 2.0370(13) 2.2257(13) 2.2451(13) 2.0110(13) 4.727 5.626 0.525
4 2.130(2) 2.092(2) 1.983(2) 2.335(2) 2.299(2) 1.993(1) 1.481 12.924 0.794
5a 2.0667(19) 2.0739(19) 1.9861(17) 2.2963(15) 2.3525(15) 1.9879(16) 1.911 17.842 0.802
5b” 2.083(2) 2.081(2) 1.9946(17) 2.2755(18) 2.2164(16) 2.0099(18) 1.472 12.663 0.785
6a 2.066(6) 2.107(8) 1.951(5) 2.336(5) 2.383(5) 1.970(7) 2.612 18.154 0.760
6b* 2.052(6) 2.065(8) 1.998(5) 2.399(6) 2.375(5) 1.978(6) 4.714 15.726 0.694
Co-N1 Co-N2 Co-01 Co-03 Co-04 Co-05
HOMFOF’ 2.063(2) 2.055(2) 2.042(2) 2.192(2) 2.184(2) 2.032(2) 10.644 1.530 0.320

“N1 and N2 for these structures are marked as N3 and N4 in Fig. 1. Same way, 01-04 are marked as 07-010. ” Labeled in a similar way as in
Fig. 1, in the HOMFOF cif file, N1 is N1, N2 is N2, O1 is O1, 02 is 03, 03 is O4 and 04 is O5.
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The spin-only value for § = 3/2 with g = 2.0 is 3.87us. The
observed larger values of the magnetic moment can be attribu-
ted to an increased g-factor resulting from orbital contribution
and temperature-independent paramagnetism.*’

DC magnetic data were analyzed using the following spin
Hamiltonian:

A =D(8,*—8%/3) + E(8:* — §,%) + upBgS (3)

The best-fitted spin Hamiltonian parameters are listed in
Table 3 with the standard deviations listed in Table S2, and
calculated magnetic data compared to the experimental ones
are depicted in Fig. S6-S10.7

For complexes 5 and 6, the fits neglected the inclusion of
two symmetrically inequivalent molecules in the asymmetric
unit. Instead, the fits were performed to obtain the same para-
meters for both molecules in order to prevent over-parameteri-
zation of the fit. In the case of complex 6, a positive
D-parameter was used in the fit, which was suggested by
theoretical calculations for one of its symmetrically inequiva-
lent molecules.

AC susceptibility measurements were performed on com-
pounds 1-3 and 5-6 in the presence of a static magnetic field
of 0.15 T (0.1 T for 1), because the tunneling of the magnetiza-
tion was too fast to observe the out-of-phase signal of AC sus-
ceptibility at zero static magnetic field. Under such circum-
stances, all the measured complexes exhibited out-of-phase
signals, indicating the presence of field-induced slow relax-
ation of magnetization. For the fitting of the AC in-phase and
out-of-phase susceptibilities, the Havriliak-Negami model was
used™

Xt —Xs (4)

X(w) =X+ (1 i (l-mz_)i—(z)li

This model is also derived for two relaxation processes:

X1, — Xs,
(1 + (fwry )~ )P
Xt, —Xs, (5)
(1+ (imrz)lf"*)ﬂ-’

zlw) =y, + +xs,

where yg and y; are adiabatic and isothermic parts of magnetic
susceptibility, @ and f are parameters describing peak asymmetry
and broadness. When two processes are considered, the model is
usually simplified with yg, = ys,. However, for certain complexes,
simplified variants of this model were employed, such as the

Table 3 The best-fitted parameters according to spin Hamiltonian (egn
(1)) for compounds 1-3 and 5-6

& D(em™) EID TIP (em® mol ™)
1 2.724; 2.299 -30.3 0.173 0
2 2.344 -13.2 0.281 2.55 %1077
3 2.357; 2.271 -17.0 0.195 3.34 %107
5 2.641; 2.395 -30.5 0.207 1.33 x 107°
6 2.148; 2.326 15.5 0.274 1.67 x 1077

“Written either as gis, OT g5 gy,

This journal is © the Partner Organisations 2023
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Cole-Davidson model (@ = 0), Cole-Cole model (# = 1), or Debye
model (a = 0; f = 1). Further information regarding the fit para-
meters can be found in Tables S3-57.F

For complexes 1, 2, and 5, the inspection of the Argand
(Cole-Cole) plot revealed the presence of two relaxation pro-
cesses. Consequently, the experimental AC data were fitted by
considering this observation. Subsequently, the temperature
dependence of the relaxation times was analyzed using the fol-
lowing equation:

Uiy

1= Agiy TH™ G T rale T (6)

where the direct, Raman, and Orbach relaxation mechanisms
are involved. Exponential coefficients were fixed to agree with
the theoretical values (ngi; = 4, fpam = 5)-°° Results are shown
in Fig. 3 for 1, and for the rest of the compounds in Fig. S11-
S16.f Complex 6 did not exhibit an observable maximum of
out-of-phase susceptibility within the measured frequency
range; hence, further analysis was not conducted for this
complex. The results for the remaining complexes are provided
in Table 4.

In the case of complexes 1 and 2, only a small range of
temperatures (2.2 K-2.6 K for 1 and 2.8 K-3.0 K for 2) exhibited
two clearly distinguishable processes that could be fitted.

o

1.80K
o 200K
o 220K
240K
260K
280K
3.00K
o 325K
o 350K
o 375K
400K
425K
o 450K
o 500K
o 550K
o B6.00K
6.50 K

0.3

0.2

0.1+

%" (cm®mol™)

0.0

0.5 1.0 15
x' (cm*mol™)

0.0

o Experiment
Fit

- - - - Direct
----Raman

- ---Q0rbach

log ' (s)

6 5 4 3 2
T(K)
Fig. 3 Argand (Cole-Cole) diagram of in-phase and out-of-phase AC

susceptibility (upper panel), and fit of relaxation time for 1 with eqn (6)
and parameters listed in Table 4.
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Table 4 Fitted parameters from analysis of relaxation processes

Inorganic Chemistry Frontiers

Complex logz, ™" (s7) Uerr (K) C(s K™ logAg;y (57" K1 T
1 8.45 + 0.86 72.89 + 12.59 0.14 + 0.01 4.60 + 0.05

2 6.26 + 0.16 33.63 +1.64 0 4.58 + 0.02

3 9.31 + 0.17 50.53 +1.28 0 3.32 + 0.03

557 0 0 0.15 + 0.01 3.81 + 0.07

5f 0 0 78.28 +12.24 5.89 + 0.39
Complex logzy ' (s71) Uegr (K) logAgir (s KT log B, (s7) log B, (s T7%)
1Zn 5.79 £ 0.10 27.16 £ 0.75 3.52 +0.03 3.66 £ 0.06 6.11 + 0.20

“ As both processes were analyzed for 5, they are marked as slower (s) and faster (f).

Consequently, we did not attempt to further analyze this
minor process due to insufficient data. For complex 5, two pro-
cesses were observable throughout the entire temperature
range, allowing us to analyze both of them. However, the data
for the faster process was not of sufficient quality to provide a
convincing analysis. Two options were tested for its analysis,
the combination of Orbach + direct processes, and the combi-
nation of Raman + direct processes. The first choice (Raman +
direct model) was chosen, because it provided reasonable
values of fitted parameters, whereas the second option
resulted in unrealistic small values of Ueg.

In the case of compounds 1, 2, and 3, values of U.g reason-
ably correlate with fitted D-parameters from the magnetic
data. However, this correlation is not evident in the case of
complex 5 for which we assume that the relaxation through
the Raman process is too fast to observe Orbach relaxation.

To further study the relaxation of prepared compounds,
complex 1 was selected as the most promising one and pre-
pared again as a metal diluted sample with Zn(u), leading to
complex 1Zn. Magnetic measurements (in the range of temp-
eratures 1.8-4.5 K for B = 0.1 T, and range of magnetic fields
0-0.5 T for T = 2 K) show quite a different relaxation profile
from non-diluted 1. We were able to fit the main relaxation
process, but there seem to be other minor relaxation pro-
cesses (some data seem to indicate even three relaxation
channels) that we could not analyze in detail due to the
insufficient resolution of these additional processes in 1Zn.
Therefore, we have focused only on fitting the most promi-
nent process with clearly visible maxima. The following
equation was used for fitting temperature and field-depen-
dent data simultaneously:

= Adh—Txr'lm‘“r -+ ”l_‘r_T}l‘Hz“ + Ta}e Lfm (7)

The coefficient for direct relaxation was fixed (ngir = 4)
according to the literature as was done in eqn (6) for undiluted
samples. However, the fitted U for the diluted complex is sig-
nificantly lower than U.y of 1 (Table 4). The most striking
difference between the relaxation in 1 and 1Zn is the signature
of zero-field relaxation observed in AC data suggested by the
decrease of the in-phase and increase of the out-of-phase com-

ponent of AC susceptibility close to the upper measurement
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frequency limit at 2 K. The relaxation time at zero static mag-
netic field of 1Zn is 0.63 ms at 2 K, confirming thus that
complex 1 can behave as zero-field SMM.

X-band EPR spectroscopy

The X-band EPR spectra of 1, 1Zn, 2, 3, 5, and 6 were measured
using powdered samples; the temperature evolution of the
EPR spectra (Fig. 5171) shows a decrease of the signal intensity
and a significant line broadening with increasing temperature
with the lack of spectral details above 30 K. The spin-
Hamiltonian and an effective S.g = 1/2 Hamiltonian were used
for the analysis of the experimental spectra obtained at 2.3 K.
While spin Hamiltonian is often used to describe the two
lowest Kramers doublets in Co(u), it is not possible to estimate
the value of the D-parameter from X-band EPR for such large
values as suggested from the analysis of magnetic data, only
the sign of D and E/D ratio. On the other hand, for a large split-
ting between the ground and first excited Kramers doublet,
highly anisotropic effective g-factors obtained from an effective
Setr = 1/2 Hamiltonian reflect the influence of higher electronic
states and the anisotropy of the crystal field. The spectra were
analyzed within the EasySpin Toolbox,*” including hyperfine
interaction (if resolved or necessary for the description) and an
anisotropic convolutional broadening AB (full-width at half-
height, which might reflect the unresolved hyperfine splitting).
The splitting due to the hyperfine coupling parameter A was
clearly identified only in the experimental EPR spectra of 1Zn
and 2 (see Fig. 4, 17, and S187).

First, the analysis using spin Hamiltonian formalism was
performed, clearly showing D < 0 for 2, 3, and 5 (see Fig. S177).
For the simulation, the D-parameter was tentatively set to
+10 em™', and the obtained parameters are summarised in
Table 5. Only one set of parameters was used to simulate the
EPR spectra of 5, but one cannot exclude the presence of a
second Co(n) site with similar parameters. Regarding the ana-
lysis of 6, the main component of the spectra at ~200 mT is
clearly compatible with D > 0. The experiment did not resolve
a possible contribution of the predicted Co(n) site with a nega-
tive D-parameter (vide infra); it might be due to the reduced
signal intensity or different line broadening. Interestingly, the
E/D ratio for 2, 5, and 6 well agrees with the analysis of mag-
netic data, while for 3 it seems closer to the CASSCF/NEVPT2
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Fig. 4 X-band EPR spectra of 2 obtained at 2.3 K, including simulated
spectra, an effective So¢ = 1/2 Hamiltonian and spin Hamiltonian
models.

Table 5 Spin Hamiltonian parameters for compounds 2, 3, 5, and 6
estimated from X-band EPR; only the sign of a large D parameter can be
estimated

D EDD Lo 8 &2 AB,, AB,, AB, (mT) A, (MHz)
2 — 0295 212,2.25235  50,45,55 700
3 - 0056 2.15,2.18,2.38 40,40, 180
5 0.155  2.11,2.16,2.28 140, 130, 250
6 + 0180  2.40,2.20,2.00 70,400,120

prediction. We could not reasonably reproduce the experimental
EPR data of 1 and 1Zn using the spin Hamiltonian approach,
most probably due to a significant influence of hyperfine split-
ting; therefore, an effective S.¢r = 1/2 Hamiltonian was used.

The results of the analysis of the EPR spectra using an
effective S.r = 1/2 Hamiltonian are summarised in Table 6.
They can be understood in the frame of the model that
includes spin-orbit coupling and a trigonal crystal field para-
meter § to split the *T, orbital triplet state originating from the
cubic crystal field.** The obtained effective g-factors in the
case of § < 0 equivalent to easy-axis anisotropy yield highly an-
isotropic g'; > g'y, g’ for |8 > 1000 em™?, similar to the ones
obtained for 1, 1Zn, 2, 3, and 5. Unlike our previous studies,
the two lower g-factor components do not reach the theoretical

Table 6 Effective Seir = 1/2 Hamiltonian parameters for compounds 1,
1Zn, 2, 3, 5, and 6 estimated from X-band EPR

T A'y, A'y, A'; (MHz) ABy, AB,, AB; (mT)
1 0.68, 2.40, 7.17 110, 580, 650 50, 45, 55
1Zn 071,250,717 110,720, 630 20, 22,22
2 0.83,1.77, 6.45 350, 290, 1800 40, 55, 65
3 0.82,1.79,6.15 400, 300, 650 20, 80, 100
5 0.74, 1.0, 6.10 120, 160, 180
6 —,3.39, —
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predictions of the quasi-degenerate perturbation theory.*” In
the case of 6, a strong central resonance line was assigned to g’
= 3.39 characteristic for 6 > 0 (easy-plane anisotropy).
Interestingly, for 1 and 1Zn, slightly different g-factors and
hyperfine interaction parameters were needed to simulate the
two datasets (Fig. S171). The full hyperfine splitting pattern
was not resolved even in the diluted sample. Differences in
obtained parameters might suggest that the Co(n) dilution also
leads to minor changes in its electronic spectra.

Theoretical calculations

Theoretical CASSCF/NEVPT calculations were conducted to
provide additional insights into the electronic structure of the
prepared complexes and to potentially identify structural corre-
lations and elucidate the magnetic behavior of the studied
compounds. The calculations were performed using molecular
structures derived from the X-ray data, and only the atomic
positions of the hydrogen atoms were optimized using the
DFT method.

The energy levels and zero-field splitting (ZFS) parameters
of the studied complexes were calculated using the complete
active space self-consistent field method (CASSCF) with a
7-electron in 5-orbital active space (CAS(7,5)), which corres-
ponds to the Co(i) 3d” electron configuration. The treatment
of dynamic electron correlation was performed using the
N-electron valence perturbation theory (NEVPT2) method. The
energy of the active metal d-orbitals was calculated using the
AILFT (Ab Initio Ligand Field Theory) module in ORCA.

In the case of an ideal trigonal prismatic geometry, the
d-orbitals are split into three energy levels. The lowest level
corresponds to the d,. orbital, followed by two degenerate orbi-
tals, d,, and d,= 2, and the highest level consists of two degen-
erate orbitals, d,, and d,.. Such ordering of orbitals is clearly
visible for all complexes except for 3 and 6b, suggesting that
most of the prepared complexes have crystal field splitting
similar to the trigonal prism (Fig. 5).

In a free Co(n) ion, its ground atomic term is *F, which is
then followed by two excited states *P and *G. In ideal Oy, sym-
metry, 'F is split into *T; + *T, + *A, ligand field terms, P into
the “T, ligand field term, and *G into T, + T, + *A, ligand
field terms. If symmetry is reduced further to D, each *T term
splits into “E and *A, therefore ground term “F is split into 'E
+ 9E + *A, + *A; *A,, as is observed in the trigonal prism
Tanabe Sugano diagram.*” After further reduction of symmetry
by distortion from the ideal shape, 'E terms are split into 2
levels. Therefore, the 'F term splits into 7 non-degenerate
levels (ligand field terms) in non-ideal symmetry. Thus, if the
coordination polyhedron is close to the trigonal prism shape,
it should be theoretically possible to see distribution similar to
original terms - two close-lying levels from the ground “E
term, another two levels from the first excited *E term, and
finally three levels from *A terms. It is possible to spot this
energy level distribution on prepared complexes, mainly 1 and
4 (Fig. 5). Above ground term levels, 3 quartet levels are visible,
which are originating in “E and *A, from “P first excited term,
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Fig. 5 Ab initio energy of d-orbitals (left panel), ligand field terms (center panel), and ligand field multiplets (right panel) for studied complexes.

and also a large number of doublet states, which are from *G
and also higher doublet terms.

The spin-orbit interaction further splits the ‘" ground term
into two ligand field multiplets. Theoretically, the D;, sym-
metry is expected to yield large and negative D-parameters.
Our calculations have confirmed this assumption, and all the
relevant parameters for the studied compounds are listed in
Table 7 and Table S8t

Based on the results, it can be observed that among the
studied complexes, 5b and 1 exhibit the most favorable charac-
teristics due to their large negative D-parameter. However, it is
worth noting that this is a common feature among almost all
the complexes, except for the unusual case of 6b, which
appears to have an easy-plane anisotropy with its positive
D-parameter and significant rhombic components of the
g-tensor. The ZFS and g-factor parameters for complex 4 are
approximate because its low-lying excited states (Fig. 5)
exclude the application of spin Hamiltonian formalism.
Additionally, this is often associated with a larger anisotropy,
as evidenced by the significant splitting of the crystal field
multiplets (Fig. 5).

Moreover, we analyzed the variation of the calculated
D-parameter within the series for complexes with a geometry
close to the trigonal prism, namely, we took into account com-
plexes 1, 2, 4, 5a, 5b, and 6a that all have the splitting of
d-orbitals resembling the expected one for non-ideal Dj}, sym-
metry. In such a case, the largest contribution to the

Table 7 Calculated spin Hamiltonian parameters and g-factors for
studied complexes

D(em™)  E/D & rs ra AP (em™)

1 —52.54 0.074 2.216 2.096 2.760 —103.41
2 —38.40 0.050 2.128 2.188 2.602 —77.07
3 —-30.70 0.054 2.153 2.177 2.505 —61.67
4 -127.73 0.022 1.849 2,000 3.377 —255.66
5a —37.62 0.129 2.113 2.250 2.623 =771

5b —61.87 0.014 2.099 2.147 2.823 —123.78
6a —27.43 0.232 2.120 2.294 2.532 —59.13
6b 10.83 0.075 2.159 2.290 2.305 21.83

“For 4, spin Hamiltonian parameters are not completely relevant,
because it is not possible to fully describe its energy level splitting
with spin Hamiltonian formalism. ? The parameter 4 is defined as the
energy difference of the two lowest Kramers doublets.

Inorg. Chem. Front.

D-parameter stems from the electron excitation from ground
state electronic configuration d,.’d,.."d,'dy.'d,;" to the first
excited state electronic configuration d,’d. .'dg’d,."d..",
which corresponds to the electron transfer between d,. . and
d,, orbitals. Note that in the case of complex 4, the ordering of
these two orbitals is interchanged. Anyway, these two orbitals
have the same |m| values and thus such excitation (d,..,. <
d,,) has a large contribution to the D, part of the D-tensor,
which induces a large negative value of the D-parameter.®' The
slight energy difference between these orbitals in 4 results in a
configuration that closely resembles the orbitally degenerate
E’ ground state term. Thus, it is not surprising that calculated
anisotropy is huge and axial, with limited validity of spin
Hamiltonian formalism (Table 7).

Indeed, the respective correlation was established between
the D-parameter and the energy difference of two d-orbitals
Aeg = |e(dyy) — e(dyey2)| as depicted in Fig. 6. Evidently, the
magnetic anisotropy parameters are very sensitive to the
changes in the shape of the coordination polyhedron
reflected in d-orbitals splitting induced by the respective
ligand field.

=204 D =-165 + 0.123*As, -2.72e-5*Ac,2
@6a
aar*
-40 -9,
60 -
E -80 electron
-100
..... )
-120 1 ;“
-140 T T T T
0 500 1000 1500 2000

Aed = [e(dyy) - €(d,p.,0)| (M)
Fig. 6 A correlation established between the D-parameter and the

energy difference of two d-orbitals Aeg = le(d,) — eld,e_y2)| using
CASSCF/NEVPT2 results for complexes 1, 2, 4, 5a, 5b, and 6a.
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To gain a deeper understanding of magnetic behavior, we
utilized the computational module SINGLE_ANISO, which
enabled us to visualize the anisotropic energy barrier and cal-
culate transition rates as magnetic moment matrix elements.
These transition rates provide valuable insights into the prob-
ability of relaxation processes and help identify the pathways
for magnetization reversal transitions. In the case of a Co(n)
system with a spin of 3/2, there are only two Kramers doublets
that could potentially be involved in the relaxation. Of particu-
lar importance is the transition rate associated with the
ground state quantum tunneling of magnetization, as it deter-
mines whether the higher Kramers doublet will play a major
role in the relaxation mechanism. The output of the
SINGLE_ANISO module is depicted in Fig. 7 for 2, and in
Fig. S197 for the rest of the complexes.

Thus, it is evident that complexes 4 and 5b exhibit the
smallest tunneling probabilities in their ground state, which
aligns with previous findings describing these complexes as
highly anisotropic. These complexes demonstrate tunneling
probabilities below 0.1, which render them potential zero-field
SMMs. On the other hand, complexes 1, 2, and 3 exhibit tun-
neling probabilities above 0.1, suggesting that quantum tun-
neling of magnetization (QTM) is likely to play a significant
role in their relaxation. However, it is possible to suppress
QTM by applying a magnetic field, which transforms these
compounds into field-induced single-molecule magnets
(SMMs). Finally, complexes 5a and 6a show a high probability
of QTM, while complex 6b is predicted to have typical easy-
plane spin level splitting, indicating no potential for slow
relaxation of magnetization.

To assess the preference of ligand scaffold in complexes 1-6
for trigonal geometry, we chose to perform additional DFT
optimizations on their molecular structures in a vacuum with
the help of the well-established B3LYP functional. This
approach allows us to explore their optimal arrangement while
excluding the influence of crystal packing effects. Indeed, the

1.430
80- - -
# K
60
E 1249/ 7 0.088
S 40 i
> A
o s
[«}] it 3¢
£ 204
0.105
0] e o
-4 2 0 2 4

Magnetic moment (i)

Fig. 7 SINGLE_ANISO description of the magnetic moment matrix
elements between Kramers doublets for complex 2.
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coordination polyhedra in the optimized geometries of all the
complexes exhibit a tendency to adopt trigonal symmetry,
characterized by relatively modest TP CSM values ranging
between 1.6 and 3.7, and z, values found between 0.62 and
0.86 (Table $91). Remarkably, this inclination persists despite
the substantial relaxation observed in the calculated molecular
geometries. Evidently, this relaxation is reflected in the elonga-
tion of metal-ligand bond lengths, particularly those with the
etheric oxygen atoms (02 and 03), which extend well beyond
2.35 A (Table S9f). Thus, it seems that the herein utilized
ligand motif is rigid enough to provide Co" complexes with a
ligand field close to D; symmetry and certainly deserves
further exploration.

We opted to compare our findings also with the data avail-
able in CSD. Our search yielded eight crystal structures of com-
plexes containing the Co, Ni and Zn metal centers coordinated
with the 2-formylphenoxyacetic acid based Schiff base ligands.
Notably, all these complexes incorporate either identical or
their methoxy derivatives as those used in the synthesis of 1
and 3. Specifically, these ligands feature either ethylene (en) or
propylene (pr) linkers in their structures.

Upon examining their coordination polyhedra, we observed
that these complexes primarily adopt coordination environ-
ments that closely resemble either octahedral (Oh) or trigonal
prismatic (TP) geometries - Table $10.f Complexes with en
linkers tend to favor a trigonal prismatic coordination. Even
when the lowest CSM values indicate an octahedral geometry,
these values are notably high (>5; CSD codes: RUJNES,*
SIRMOX*?), comparable to those calculated for a TP geometry.
This suggests significant distortion from an idealized octa-
hedral shape.

Conversely, complexes featuring pr linkers and adopting an
Oh geometry (CSD codes: HOMFOF,'” QEBBIL," SIRMUD*?)
exhibit low CSM values (below 1.56), implying minimal devi-
ation from an ideal octahedral shape. Given that a TP geome-
try would induce a doubly degenerate ground state for the Co
() central atom—subject to strong Jahn-Teller distortion—it
is reasonable to conclude that ligand rigidity, particularly in
ligands with shorter en linkers, plays a key role in stabilizing
this geometry.**

These observations are consistent with the crystal structures
presented in this study. The most significant deviation from a
TP geometry was observed in 3 featuring a pr linker (Table 2;
CSM TP = 4.727, CSM Oh = 5.626). Interestingly, complex 4 fea-
turing a 2-hydroxypropyl linker closely approximated an ideal
TP geometry, even though its linker length is very similar to
that of the pr linker. However, this complex also incorporates a
hydroxyl group, which influences the overall structure not only
through steric hindrance but also by enabling intermolecular
hydrogen bonding.

These findings lead to a consideration of the somewhat
unpredictable effects of crystal packing and non-covalent inter-
actions. For example, the cobalt coordination environments in
solvatomorph 3 and HOMFOF differ markedly. Solvatomorph
3 is a methanol solvate, while HOMFOF contains six co-crystal-
lized water molecules per complex in its structure. Notably,
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complexes approximating an Oh geometry frequently feature
extensive solvation in their second coordination spheres, as
evidenced by the examples of HOMFOF, SIRMOX, and
SIRMUD.

In summary, we may conclude that DFT calculations can
predict the geometry of these complexes with reasonable accu-
racy - Fig. 520.1 A general guideline could be that rigid linkers
in Schiff base ligands based on 2-formylphenoxyacetic acid
contribute to the stabilization of a TP geometry in Co(n) com-
plexes. However, this conclusion must be interpreted with
caution, as non-covalent interactions, and particularly the co-
crystallization of solvent molecules, can significantly influence
the geometry of complex molecules in the solid state.

Experimental
General methods

(2-Formylphenoxy)acetic acid was prepared by a previously
published method.*® All the complexes were prepared by
in situ reactions of (2-formylphenoxy)acetic acid, respective
amine, and cobalt(u) acetate. The reagents were purchased
from commercial sources. The CHNS elementary analysis was
done using a Thermo Scientific Flash 2000 analyzer (Thermo
Scientific, Waltham, MA, USA). The IR spectra were recorded
using a Jasco FT/IR-4700 spectrometer (Jasco, Easton, MD,
USA) using the ATR technique on a diamond plate in the spec-
tral range of 400-4000 cm™'. The powder XRD patterns were
measured using a Rigaku MiniFlex600 diffractometer (Rigaku,
Austin, TX, USA) equipped with the Bragg-Brentano geometry
and using Cu Ka radiation. EPR spectra were measured on

powdered samples using a Bruker ELEXSYS II E500
spectrometer.
Synthesis

[Co(fpa-en)]-MeOH (1). In 10 ml of methanol, 72 mg of
(2-formylphenoxy)acetic acid (0.4 mmol) was mixed with
50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The mixture was
stirred for 10 minutes, then 12 mg of 1,2-ethylenediamine
(0.2 mmol) was added. The mixture was then refluxed for an
hour, during which it changed color to wine red or purple. The
mixture was then left to stand for three days, which produced
needle-like crystals, which were filtered off and washed with di-
ethylether. Crystals suitable for X-ray diffraction were grown by
diffusion of diethyl ether vapors into solution.

Anal. caled for C,,H,,N,0;C0 (1): Mo = 473.35 g mol ™" -
C 53.29; H 4.68; N 5.92%. Found: C 53.08; H 5.08; N 5.88%.

FTIR (ATR, cm™"): 3262 (m), 3053 (w), 2940 (w), 1620 (s),
1494 (s), 1383 (s), 1341 (s), 1244 (s), 1132 (m), 1015 (s), 940
(m), 891 (m), 753 (s), 598 (W), 528 (w).

[Co(fpa-pda)]-DMSO (2). In 10 ml of methanol, 72 mg of
(2-formylphenoxy)acetic acid (0.4 mmol) was mixed with
50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The mixture was
stirred for 10 minutes, then 21.6 mg of o-phenylenediamine
(0.2 mmol) was added and the mixture was refluxed for an
hour, which resulted in the precipitation of red powder. This
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powder was filtered off, washed with methanol and diethyl-
ether and dried. After this, the powder was recrystallized from
a mixture of methanol and dimethylsulfoxide (DMSO was
added dropwise to the suspension of the powder in methanol
until it fully dissolved) by diffusion of diethyl ether vapors,
which resulted in red crystals, which were filtered and washed
with diethylether.

Anal. caled for C,6H,4N,055C0 (2): My, = 567.48 g mol ™ -
C 55.03; H 3.91; N 4.94; S 5.65%. Found: C 54.51; H 4.15; N
4.94; S 5.07%.

FTIR (ATR, cm™): 3033 (w), 2991 (w), 2911 (s), 2165 (w),
1981 (w), 1638 (s), 1485 (s), 1380 (s), 1282 (s), 1237 (s), 1161
(m), 939 (m), 822 (m), 751 (s), 614 (W), 518 (w).

[Co(fpa-pn)]-MeOH (3). In 5 ml of propanol and 1 ml of
methanol, 72 mg of (2-formylphenoxy)acetic acid (0.4 mmol)
was mixed with 50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The
mixture was stirred for 10 minutes, then 15 mg of 1,3-propyle-
nediamine (0.2 mmol) was added, and the mixture was gently
heated for 20 minutes. Then, the product was crystallized by
diffusion of diethyl ether vapors, which resulted in purple
plate-like crystals, which were filtered off and washed with
diethyl ether.

Anal. caled for C;,H;4N,05C0(3): Mo = 487.38 g mol ™' - C
54.22; H 4.55; N 5.75%. Found: C 53.45; H 4.87; N 5.70%.

FTIR (ATR, em™): 3725 (w), 3630 (w) 3276 (m), 3080(w),
2930 (m), 2820 (w), 2297 (w), 2165 (w), 1618 (s), 1493 (s), 1437
(s), 1247 (m), 1128 (m), 1018 (s), 937 (m), 887 (m), 817 (m), 759
(s), 708 (m), 521 (w), 454 (w), 362 (w).

[Co(fpa-OHpn)]-MeOH (4). In 10 ml methanol, 72 mg of
(2-formylphenoxy)acetic acid (0.4 mmol) was mixed with
50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The mixture was
stirred and slightly heated for 5 minutes, and then 18 mg of
2-hydroxy-1,3-propylenediamine (0.2 mmol) was added; after
another 5 minutes, a purple solution was obtained and left to
crystallize by diffusion of diethyl ether, which produced a
small amount of purple crystals.

[Co(fpa-cn)]MeOH (5). In 5 ml of propanol and 1 ml of
methanol, 72 mg of (2-formylphenoxy)acetic acid (0.4 mmol)
was mixed with 50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The
mixture was stirred for 10 minutes, then 23 mg of cyclohexane-
1,2-diamine (0.2 mmol) was added, and the mixture was gently
heated for 20 minutes. Then, the product was crystallized by
diffusion of diethyl ether vapors, which resulted in purple crys-
tals, which were filtered off and washed with diethyl ether.

Anal. caled for C,5H,5N,05C0(5): My = 527.44 g mol™ - C
56.93; H 4.97; N 5.31%. Found: C 56.57; H 4.79; N 5.11%.

FTIR (ATR, cm™): 3411 (w), 3062 (w), 2929 (m), 2859 (m),
2166 (w), 1628 (s), 1497 (s), 1449 (s), 1381 (s), 1286 (s), 1128
(m), 1004 (s), 939 (m), 894 (m), 821 (m), 759 (s), 614 (w), 515
(w), 453 (W), 400 (W), 353 (w).

[Co(fpa-dpen)] (6). In 5 ml of propanol and 1 ml of metha-
nol, 72 mg of (2-formylphenoxy)acetic acid (0.4 mmol) was
mixed with 50 mg of Co(CH;C00),-4H,0 (0.2 mmol). The
mixture was stirred for 10 minutes, then 42 mg of 1,2-
diphenylethylen-1,2-diamine (0.2 mmol) was added, and the
mixture was gently heated for 20 minutes. Then, the product
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was crystallized by diffusion of diethyl ether vapors, which
resulted in purple crystals, which were filtered off and washed
with diethyl ether.

Anal. caled for C33Ha6N207C0(6): My = 593.51 g mol™ -C
64.76; H 4.08; N 4.72%. Found: C 64.23; H 4.41; N 4.53%.

FTIR (ATR, ecm™"): 3724 (m), 3598 (w), 3398 (m), 3031 (w),
2913 (w), 2360 (w), 2298 (w), 2113 (w), 1982 (w), 1619 (s), 1492
(s), 1376 (s), 1293 (s), 1131 (s), 1027 (s), 937 (m), 827 (m), 754
(s), 702 (s), 596 (m), 519 (w), 458 (w).

[C0o.026Z10 973(fpa-en)]-MeOH (1Zn). In 10 ml of methanol,
72 mg of (2-formylphenoxy)acetic acid (0.4 mmol) was mixed
with 5 mg of Co(CH;C00),-4H,0 (0.02 mmol) and 39 mg of
Zn(CH;C0O0),-2H,0 (0.18 mmol). The mixture was stirred for
10 minutes, then 12 mg of 1,2-ethylenediamine (0.2 mmol)
was added. The mixture was then refluxed for an hour, during
which it changed color to light purple. The mixture was then
left to stand for three days, which produced crystals, which
were filtered off and washed with diethylether.

Anal. caled for C;HzuNy0;C00.027ZN0.974 (1Z0): Mo =
479.66 g mol™" - C 52.59; H 4.20; N 5.84%. Found: C 52.35; H
4.49; N 5.72%.

Theoretical calculations

All theoretical calculations were performed with the use of the
ORCA 5.0.2. program package.*® Initial molecular structures,
obtained from X-ray data were treated by DFT hydrogen optim-
ization, with the BP86 functional,®® with basis sets from
Ahlrich def2 basis set,®” QZVP basis for Co, SVP for C and H
atoms, and TZVP for other atoms, and def2/] auxiliary basis.
Fully optimized molecular structures reported in Table S91
were obtained with the B3LYP®® hybrid DFT functional with
the help of D4 dispersion correction,* and the vibrational ana-
lyses confirmed proper convergence for complexes at local
energy minimum as there were no imaginary frequencies.

CASSCF calculations were done with the TZVPP basis for
Co and the TZVP basis for all other atoms and with def2/]
and def2-TZVP/C auxiliary basis sets. The dynamic electron
correlation was treated by the RI-NEVPT2 method,’® and
spin-orbit coupling by RI-SOMF(1x) approach.”’ CASSCF
was performed for 7 electrons in 5 d-orbitals (selected by
ORCA keyword “actorbs dorbs”), which corresponds to the
Co(m) valence electron configuration. The number of calcu-
lated roots responds to a maximal number of possible roots,
10 states with multiplicity Mg = 4 and 40 roots with Mg = 2.
For further analysis of Kramers doublets, the
SINGLE_ANISO module*? was used and set up to calculate
with two Kramers doublets. CASSCF calculations were done
with the “NoFrozenCore” keyword.

All calculations were performed with the help of the
RIJCOSX approximation,*® with improved integral precision,
enabled by “DEFGRID3” ORCA keyword, and strict conver-
gence “TightSCF” settings.

For visualization, the software Avogadro'® and Mercury’
were used. Magnetic data were analyzed with the help of soft-
ware PHI*® and RELACS."” In some parts of the text, ChatGPT
3" was used for grammar and stylistic corrections.

This journal is © the Partner Organisations 2023

Research Article

Conclusions

A series of six novel complexes were synthesized and character-
ized using a combination of theoretical and experimental
methods, focusing on magnetic properties. These complexes
exhibit a notable inclination towards adopting a trigonal pris-
matic geometry, as confirmed by both experimental obser-
vations and theoretical DFT calculations. This inclination is
influenced by the building blocks employed in constructing
the Schiff base ligand. This observation suggests the potential
for further adjustments and fine-tuning of the system to
enhance its performance in potential applications. Overall,
this system demonstrates remarkable versatility and holds sub-
stantial promise for further molecular optimization.

The magnetic properties of the studied complexes were
investigated using DC and AC magnetometry, as well as EPR
spectroscopy. The obtained results were used to extract the
parameters of the spin Hamiltonian. Four of the studied com-
plexes were experimentally confirmed to have large and nega-
tive D-parameter, indicating axial anisotropy, while complex 6
showed a positive D-parameter. These experimental findings
were also supported by theoretical calculations.

AC magnetic measurements revealed that the prepared
complexes exhibit characteristics of field-induced single-mole-
cule magnets, as evidenced by the significant quantum tunnel-
ing of magnetization in the ground state even without the pres-
ence of a magnetic field. In the presence of a magnetic field,
all of the prepared complexes demonstrate a slow relaxation of
magnetization, including also complex 6 which exhibits easy-
plane magnetic anisotropy. The observed field induced mag-
netic relaxation of 6 can be attributed either to the Raman
relaxation process or to the presence of complex 6a within the
asymmetric unit which possesses the axial type magnetic an-
isotropy suitable for the Orbach relaxation process as
suggested by theoretical calculations.

The most interesting results were obtained for zinc-diluted
sample 1Zn, for which the slow relaxation of magnetization
was observed already at zero static magnetic field.
Interestingly, the dilution of the sample resulted in changes in
spin Hamiltonian parameters as evidenced by EPR analysis
and also in changes in the parameters describing the magneti-
zation relaxation processes. Nevertheless, these results make
the utilized ligand scaffold promising for future preparation of
zero-field SMMs.
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The Schiff base ligand, 2-(((2-hydroxybenzyl)imino)methyl)phenol (HsL) having ONO donor centres are utilized
to synthesize {Ni4Dy3} coordination aggregate following the support of six benzoate bridging groups. Sequential
addition of Dy(NO3)3-6H20 and NiClz-6H20 to HL followed by PhCO2Na completes the coordination driven
aggregation of heptanuclear Na[Ni Dy3(L)4(js-OH)4(juy,1,3,3-PhCO2)a(jty 3-PhCO2)4(CH30H) 4] « CH2Cly-9H30 (1)
having 2,3,6M7 — 1 topology. Two adjacent perpendicular inverse NizDy, partial di-cubane units sharing a
common vertex through the central DyIH ion resulted a new structural arrangement within the Ni — Dy family of
coordination aggregates. The complex shows no slow magnetic relaxation under zero applied fields and only
shows a very weak field dependent magnetization. The DFT calculations revealed weak ferromagnetic exchange
between benzoato-bridged Ni" ions, whereas the CASSCF calculations were used to identify magnetic anisotropy
in Ni'l and Dy"' ions resulting in low-lying excited states of Dym ions with significant probability for the quantum

tunneling of the magnetization, which rationalize the observed fast dynamics in the magnetic properties.

1. Introduction

Choice and design of multidentate ligand plays a crucial role in co-
ordination driven multinuclear complex formation. Presence of two
different types of metal ions with different coordination preferences
towards the anionic ligand and co-ligands, lead to a literature unknown
coordination pathway for the formation of novel coordination aggre-
gate. Synthetic endeavour to obtain such agglomerate of metal ions lead
to the identification of new and aesthetically pleasing structures and
properties. The search for such molecules having multiple paramagnetic
metal ions of varying types led to the discovery of unique magnetic
behaviour; potentially suitable for high density information storage
[1,2], spintronics [3] and quantum computing [4]. Such compounds
also find application in catalysis [5], unique luminescence behaviour
[6,7] and quite often function as single molecule magnet (SMM) below a
particular blocking temperature (Tg). [8] Following the first report of
Mn;; aggregate as SMM [9], several ligand anions bound molecular
aggregates have been reported in search of new SMMs which can be
effective at higher temperature than the reported ones, [10-12] It is

* Corresponding author.
E-mail address: dray@chem.iitkgp.ernet.in (D. Ray).

hrttps://doi.org/10.1016/j.ica.2021.120524

important to note that to behave a molecule as SMM, it must have large
ground state spin, high energy barrier and most importantly significant
single ion-anisotropy; [13] choice of suitable lanthanide ions thus come
into play. The fast advances of Ln'" ions involving molecules, especially
the Dy incorporating compounds are of huge interest exhibiting
exceptional magnetic properties. [14-19] Use of organic ligand anions,
having borderline and hard donor centres, can thus be appropriate for
the growth of 3d—4f aggregates with interesting magnetic behaviour.
Amongst the 3d ions, choice of Ni' ion is advantageous because of its
appreciable contribution towards magnetic anisotropy [20] and for the
interesting exchange interactions with the D}A” ions within molecular
aggregates. [21,22]

Synthetic control for such coordination aggregate is itself highly
challenging as it depends on several factors like nature of ligand anion,
stoichiometric ratio of added metal ions, choice of solvents, pH adjust-
ment from the use of different bases, steric and electronic controls from
ancillary ions etc. [23] Alteration of any of these factors is sufficient to
change the composition and nature of the product along with its
preferred shape and topology. The Lewis acidic nature of the Ln'" jons
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also helps in the hydrolysis of the already coordinated water molecules
[24] and in situ generation of hydroxido linkers, which again helps in
constructing a multinuclear mineral like magnetic cage. [25] Several
multinuclear Ni"Dy™ based coordination aggregates has been synthe-
sized in the recent past which includes, NigDyy [26], NigDyg [27],
NigDy, [28], NigDyg [29], NigDy3 [30], NigDy; [31] having interesting
topology such as butterfly, square grid, cube, star etc. Both terminal and
central phenol group bearing Schiff bases have potential in synthesizing
many Ni-Ln complexes through subtle contrel of reactien conditions.
[32-35] However, fine tuning in the nuclearity of the aggregates and the
effect of use of ancillary bridges on the size of the aggregate, still re-
quires extensive synthetic endeavour.

Keeping all these factors in mind, we have focused our attention on
synthesizing a flexible phenol-based ligand and its suitability to trap Ni
and Dy" jons with the support of small ancillary bridges (Scheme 1).
Thus we have chosen, 2-(((2-hydroxybenzyl)imino)methyl)phenol
(HsL) to  synthesize Na[NisDys(L)a(u3-OH)a(p1,1,3,3-PhCO2)2(01,3-
PhCO3)4(CH30H)4]+CH3Cl5-9H,0 (1) from bridging action of hydroxido
and benzoate linkers. The present work reports detailed synthetic
endeavour, basic spectroscopic characterization, structure determina-
tion, magnetic measurements and theoretical validation of the observed
properties.

2. Experimental section
2.1. Starting materials

The chemical and reagents required in this work are of reagent grade
and used as obtained. Salicylamine is prepared following a modified
literature procedure. [36] The following starting materials were used
without further purification: NiCly-6H20 and NEt5 (S. D. Fine Chemicals,
Mumbai, India), Dy(NO3)3-6H,O (Alfa Aesar, India), salicylaldehyde
(Spectrochem Pvt. Litd. Mumbai).

2.2, Synthesis of 2-(((2-hydroxybenzyDimino)methyphenol (HzL).

The Schiff base ligand HaL has been synthesized by following a
modified synthetic protocol (Scheme 2). [37] Salicylamine (0.61 g, 0.50
mmol) was dissolve into 20 mL MeOH solution and added dropwise into
another MeOH solution {10 mL) of salicylaldehyde (0.61 g, 0.50 mmol).
After complete addition, the solution was refluxed for 4 h at 80 °C. A
vellow solid product was obtained after complete evaporation of solvent
which was next dried under vacuum over fused CaCl; and P40,¢. Yield:
92.1% (1.13 g). 'H NMR (400 MHz, CDCl3): 8.4 (s, 1H), 7.3-6.9 (t, 2H),
6.9-6.8 (d, 4H), 4.8 (s, 2H). Selected FT-IR data (KBr) em™': 3443 (br),
1654 (s), 1607 (m), 1534 (m), 1477 (s), 1278 (s), 1236 (m), 1175 (w),
1144 (m), 1078 (m}, 1037 (w), 723 (m). Anal. Calcd. for (%) C14H13NO>
(226.25): C, 73.99; H, 5.77; N, 6.16. Found: C, 74.29; H, 5.71; N, 6.20.

2.3. Synthesis of Na[NiyDys(L}4(u3-OH)4(ji1,1,3.5-PRCO2) 2(pt1, 5
PhC0)4(CH30H) 4]-CH,Cl»-SH,0 (1}

HL (0.023 g, 0.10 mmol) was dissolved in 10 mL of MeOH:CH2Cl;

TOo ¢
o/m\o® o

2111 21

y g
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(1:1, v/v) solvent mixture. A 5 mL of MeOH solution of Dy(NOg)3-6Hs0
(0.033 g, 0.075 mmol) and NEt3 (0.022 g, 0.20 mmol) was added into
the ligand solution. After 1 h of stirring, a 10 mL of MeOH solution of
NiCly-6H30 (0.024 g, 0.10 mmol) was added into that selution and af-
terwards solid sodium benzoate (0.029 g, 0.20 mmol) was added. The
bright green reaction mixture was next stirred for additional 4 h at room
temperature, filtered and kept for slow evaporation at low temperature
(10-15 “C) for crystallization. Green block shaped single crystals are
isolated after a week from the mother liquor, which were characterized
by single crystal X-ray structure determination. Yield: 0.024 g, 35%
(based on Dy). Anal. Caled for Cyg3H 13ClaN4NaDysNigO57 (2815.20): C,
43.94; H, 4.05; N, 1.99. Found: C, 44.12; H, 4.10; N, 2.01. Selected FT-IR
data (KBr) em™': 3363 (br), 1650 (w), 1595 (s), 1556 (s), 1478 (s), 1403
(5], 1290 (m), 1160 (w), 1032 (w), 900 (w), 855 (w), 754 (m), 717 (s),
593 (w).

2.4, Physical measurements

Elemental analysis (C, H, N) of the powder complex were done using
the Perkin — Elmer model 240C elemental analyzer, BRUKER D2
PHASER diffractrometer (30 kV/10 mA) were used for the powder X-ray
diffraction analysis of the powder sample using Cu — Ko radiation (.. =
15418 A) within 5-50° (20) range. For TR spectral measurement, a
Perkin — Elmer model RX1 FT — IR spectrometer fitted with KBr disks
has been used. Magnetic measurements were carried out on powdered
crystalline samples restrained in eicosane using a Quantum Design
MPMS 3 SQUID magnetometer. Data were corrected for the diamagnetic
contribution of the sample holder and eicosane by measurements, and
for the diamagnetism of the compound. [38]

2.5. Theoretical studies

The ORCA 4.2 computational software [39-41] was used for the
theoretical calculations, which were based on the experimental X-ray
structure complex anion of 1, [NigDy3(L)4(u3-OH)alpy,1,3,3-
PhCO2)a(p; 3-PhCO2)4(CH30H),]", in which only hydrogen atoms posi-
tions were normalized in Mercury software. [42] The Douglas-Kroll-
Hess Hamiltonian was used to treat relativistic effects [43,44]
together with Gaussian finite nucleus model [45] and the increased
radial integration accuracy for metal atoms was also set, We used DKH-
def2-TZVP for Ni, SARC2-DKH-QZVP for Dy, SARC-DKH-TZVP for Lu
and DKH-def2-SVP for all other atoms. [46,47] The auxiliary basis sets
were SARC/J and generated by the AutoAux [48] and the chain-of-
spheres (RLJCOSX) approximation to exact exchange was also used.
[49,50] The state average complete active space self-consistent field
(SA-CASSCF) wave functions calculations were done for systems having
only one paramagnetic ion, thus Ni atoms were replaced with Zn, and Dy
atoms were replaced by Lu. The active space defined by five d-orbitals/
seven f-orbitals and respective number of electrons for nickel/dyspro-
sium ions. The number of the involved multiplets was as follows: Nill —
10 triplets and 15 singlets, Dym — 21 sextets. The v-tensors and g-tensors
were evaluated with the effective Hamiltonian theory.

i 33

Scheme 1. Different coordination mode of L>~, PhCO3 and OH™ in complex 1.
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Scheme 2. Synthesis of H,L.

2.6. X-ray structural studies

Single crystal X-ray structural study of complex 1 is performed in a
Bruker SMART APEX-II CCD X-ray diffractometer equipped with a
graphite-monochromated Mo-Ka (A = 0.71073 A) radiation by the w
scan (width of 0.3° frame ') at 114 K with a scan rate of 5 s per frame.
SAINT, SMART and XPREP software’s have been used for indexing,
integration and space group determination. [51] Direct method using
SHELXT 2014/5 [52] is used to solve crystal structures and refined by
full-matrix least squares technique using SHELXL (2014/7) programs.
[53] Empirical absorption corrections (multi-scan) were carried out
using SADABS program. [54] All non-hydrogen atoms were refined with
anisotropic displacement parameters while hydrogen atoms were
incorporated at geometrical positions and were refined using the riding
model. DIAMOND software was used for presenting the molecular
structures. [55] The structure showed a solvent void filled with a
number of electron density peaks due to disordered/diffuse solvent and
cations; attempts to model this were not possible. Accordingly, the sol-
vent mask routine in OLEX2 [56] was used to account for the contri-
bution of the solvent. The volume and electron density were consistent
with the presence of one sodium ion (for charge balance) and 9 water
molecules (from the thermogravimetric analysis Fig. 51, ESI) per for-
mula unit. Refinement parameters for complex 1 are summarized in
Table 1 and ecrystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publications CCDC 2072451 (1).

Table 1

Crystallographic data and refinement parameter of complex 1.
Parameters Complex 1
Formula C103H113Cl2N4NaDy3Ni Oz
F.W.(g mol 1) 2815.20
crystal system monoclinic
space group C2/c
Crystal color Green
a/ A 22.38(3)
b/ A 19.13(2)
c/A 26.06(3)
a/ deg 90
p/ deg 99.256(18)
v/ deg 90
v/ A 11012(24)
7 4
D./gcm ? 1.698
p (mm 3 2.815
F(000) 5640
Total reflections 66,526
Unique reflections 10,063
Observed reflections 6186
R(int) 0.1461
Parameters 699
Ry; wRz (I = 20(1)) 0.0786, 0.2154
GOF (F%) 1.042
Largest diff peak and hole (e A~%) 1.391, —2.138
CCDC No. 2,072,451

3. Results and discussion
3.1. Ligand design strategy and synthetic aspects

Simple tridentate Schiff base ligands with ONO donor atoms are
known for their potential to synthesize spontaneous self-assembled
multinuclear aggregates. Few reports are there for the use of ONO
donor Schiff bases with one or two phenolate moiety showing coordi-
nation trapping of 3d metal ions. [57-60] This type of ligand system is
also useful in producing 4f [61] and 3d-4f complexes [62]. Usually for
coordinating both 3d and 4f ions simultaneously within one frame,
~OMe substituted ligands were used severely. But earlier in 2014, Schiff
base involving salicylaldehyde and 2-aminophenol, has been utilized to
synthesize NisDy; coordination cluster without any MeO — backbone
support. [63] Incorporation of extra -CHp spacer adjacent to imine ni-
trogen of ONO tridentate span increases the flexibility of the ligand
backbone suitable for coordinating 3d ions without accomplishing its
coordination demand, helps in synthesizing polynuclear complexes.
[64] Previously we have also shown the advantages of the introduction
of such flexible arm within ligand scaffold for synthesizing high nucle-
arity 3d-4f complexes. [65,66]

Herein, we have synthesized 2-(((2-hydroxybenzyl)imino)methyl)
phenol (H,L) from salicylaldehyde and salicylamine to capture multiple
numbers of Ni'' and Ln™ ions. Reaction of Dy(NO3)3:6H20 and
NiCly-6H20 with HsL and PhCO2oNa in 1:1(v/v) MeOH:CH5Cl; medium
followed by crystallization, resulted Na[NisDy3(L)4(p3-OH)4(py,1,3,3-
PhCO3)2(ji1,3-PhC0O2)4(CH30H)4] «CH2Clo-9H30 (Scheme 3) according
to eqn. 1.

4H,L + 3Dy(NO3)3-6H20 + 4NiCly-6Ho0 + 6PhCOzNa + 4CH30H +
CH3Cly—

Na[NisDys(L)4(p3-OH)4(p1,1,3,3-PhCO2)2(1 3-PhCO2)4(CH30H) 4]
«CH2Cly-9H20 + 8CI™ + 9NO3 + 5Na” + 12H" + 29H30 ---(eqn. 1)

Infrared spectroscopic analysis was done for complex 1 which dis-
plays a broad band around 3363 cm™ for O—H stretching frequencies
originating from lattice Ho0, coordinated MeOH and bridging hydrox-
ido groups. Ni"l ion bound imine groups show characteristic -C=N-
stretches at 1650 cm™, whereas for free ligand HsL it appears around
1654 cm™! (Fig. 52). Bridging benzoato groups of two categories record
sharp asymmetric (vacoo)) stretching frequencies at 1595 em™ and
1556 em™. The associated symmetric (varcoo)) stretching vibrations are
found at 1290 cm™' and 1403 cm™!. The signatory differences (A) in v,
(cooy and vgcoo) frequencies of 305 em™ and 153 em™ confirms the
existence of both iy 1,33 and py 3 modes of carboxylato couplers within
the resulting coordination aggregates. [67] Bulk sample prepared in
different batches are analysed by PXRD method. The experimental
diffraction traces for 1 is in good agreement with the simulated pattern
obtained by single crystal diffraction in favour of phase purity of the
bulk compound (Fig. S3). We have tried to explore the crystallization
protocol involving other Lo ions as well but the reaction pathway
found very much metal ion (Dym] specific.

3.2. Structural depiction of complex 1

The molecular structure of 1 is identified through single crystal X-ray
diffraction studies and the complex crystalizes in monoclinic C2/c space
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Na*

MeOH:CH,Cly(1:1), Shr
OH HO

H,L

Complex 1

Scheme 3. Synthetic route for complex 1.

group with Z = 4. The overall formula of the molecular structure after
the identification of Ilattice solvent molecules becomes, Na
[NigDy3(L)4(p3-OH)4(j11,1,3.3-PhCO2)a(j11,3-PhCO2)4(CH30H)4]
+CH3Cl3-9H20 (Fig. 1). The asymmetric unit of 1 is identified as
[NizDy3(L)2(p3-OH)a(1,1,3,3-PhCO2)(p1 3-PhCO2)2(CH30H),] (Fig. 2a).
The selected bond lengths and bond angles are specified in Table S1-52
of supporting information.

Detailed structural analysis confirms that the mono-anionic
{NisDy;3} aggregate is counterbalanced by a Na™ ion. The aggregate
contains four Ni! and three Dy'! centres capped by four L> supports,
each delivering ONO donor atoms. Characteristically each imine nitro-
gen donor binds each Ni"" centre within ONO pocket and bridges one
Dy centre via the phenolato oxygen. Interestingly the phenoxido ends
at the rigid imine side of L%, is utilized for establishing the Ni—Opy,—Dy
bridges and the other phenoxido ends remain mono-coordinated to Ni"
centres. The molecular core was built upon the peripheral supports from
six benzoate linkers and four p3-HO™ bridging groups where two partial
dicubane cores are remain fused. The [Ni4Dy3012]-’”r core is generated
from the fusion of two NiaDy partial dicubane core on the wings over
the central Dy3, having no support from ligand anion and act as con-
necting point of two perpendicular dicubanes (Fig. 2b). Both the two
open dicubane units shows an “inverse butterfly” [68] topology where

two Dy centres occupy the body position and two Nill centres

ereooce
AnaZCZY

Fig. 1. Molecular structure of complex 1 where the ligand backbone is differ-
ently coloured depending upon their metal ion connectivity. Counter-ion, H-
atoms and solvent molecules are removed for clarity.

positioned at the tip of the motif with separations of 5.626 and 5.654 A
Such inverse butterfly topology is rare in Ni-Ln family of complexes.

Among the benzoate linkers, four are py 3 type connecting one Nill
and one Dym centres while remaining two are of p;;33 type and
responsible for linking two Ni'' and one Dy™ centres (Fig. 2¢). Within the
two open-dicubane parts of the structure, a total four vertices are
occupied by the four oxygen donors from two 1 3 3-benzoato ligand
having the longest Ni-O distances of 2.157(7) -2.181(7) A, while the
shortest distances are coming for Ni-Ophenoxido bond within 2.010(7)
2.011(7) A. All four Ni"' centres stays in distorted NOs octahedral
environment (Fig. 3a and 3b) fulfilled from tridentate ONO coordination
of each L2~ in meridional fashion, two O from benzoato site, and one pi3-
hydroxido group. The average Ni-N distances from imine nitrogen do-
nors are lies within the range of 1.966(9) -1.971(9) A. SHAPE 2.1
analysis also confirms the octahedral coordination geometry around
each Ni"" centre (Table $3). Within the heptanuclear core structure the
mean plane analysis revealed that all the three Dym centres are nearly
co-planar. Within the two butterfly units, all four metal centres of each
unit are coplanar, and two such planar units possess an angle of 70.09°
to each other (Fig. 54).

Terminal bridging from phenoxido groups of ligand anion and
several ancillary oxygen donors provide eight-coordinated environment
towards the two terminal Dy"! centres Dyl and Dy2. Both centres are
coordinated by eight oxygen donor atoms in a slightly distorted trigonal
dodecahedron environment (TDD-8) (Fig. 3¢ and 3d); CShM analysis,
using SHAPE 2.1, gives values of 0.990 for Dyl and 0.907 for Dy2
(Table S4). Two of the eight oxygen atoms come from two different L%
ligands, two oxygen comes from two i1 3-benzoato groups, there are two
13-OH groups while the seventh and eighth coordination sites come from
two terminal MeOH donors. The central Dy3 centre remain in a sym-
metric environment occupied by four ps-hydroxido groups and four
oxygen atoms from two jiy 1 3 3-benzoato groups (Fig. 3e). The SHAPE
2.1 calculation suggests a distorted cubic geometry (CU-8 = 2.164,
Table S4). For Dyl and Dy2, the Dy-O bonds lie within 2.308(8) - 2.457
(8) A range where the shortest one is from benzoate oxygen (05) and
longest one is from MeOH oxygen (014). Similarly Dy-O bond lengths
around Dy3 remain within 2.298(7) -2.438(7) A where the p1,1,3,3-ben-
zoate oxygen (010) register the longest bond.

Within the molecular core, both the Dy1.--Dy3 and Dy2.--Dy3 dis-
tances are close by 3.862(5) and 3.836(5) A respectively and the Ni---Dy
separations are in shorter range within 3.402(4) -3.432(4) A. The core
structure gives #Dy1-012-Dy3 and ~Dy2-011-Dy3 angles registering
109.3(3)° and 108.1(3)° respectively. Three different types of oxygen
atoms record three different ~Ni-O-Dy angles. The #Ni-O-Dy angles from
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_.on
ff ~io424°

97.39°
-

(©)

Fig. 2. (a) Asymmetric unit of complex 1; (b) intermetallic distances (A) and angles within [NisDy30;] core consisting of fused double partial dicubane units; (c)
NiyDy; aggregate holding by six benzoate linkers of two different types.

(a)

014 0z 013%

Fig. 3. (a and b) Distorted octahedral geometry around Nil and Ni2 centres; (¢ and d) Distorted trigonal dodecahedron geometry around Dy1 and Dy2 centres; and
(e) Distorted cubic geometry around Dy3 centre.
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bridging benzoato groups are the smallest at 95.4(3) -98.2(3)" range.
The £Ni-O-Dy angles for phenoxido bridges and for hydroxido bridges
remain within the range of 103.1(3) -103.6(4)° and 98.2(3) -104.2(3)°
respectively. The NiyDy; aggregate is assembled without any secondary
H-bonding interactions. Only a weak hydrogen bonding contacts are
present between the coordinated MeOH and lattice water molecules
(Fig. S5).

3.3. Topological depiction

The topological description for the key structural features of 1 is
identified using methods of Kostakis et al. [69-71] The analysis shown
that the NisDy3 aggregate can be described by the symbol 2,3,6M7 — 1.
The 2,3,6M7 — 1 motif is comprised of four fused triangles; where each
triangle consists of two Dym and one Ni'' node (Fig. 4). With respect to
the central Dy"I node, the four Ni! nodes forms a tetrahedral arrange-
ment. The survey of the database [72] revealed that 2,3,6M7 — 1 motif is
reported for CusGdy [73], ZneNa [74], Zny [74] complexes, where the
Zny coordination polymer matches well with our topology.

3.4. Magnetic properties

The temperature dependent magnetic susceptibility data of complex
1, plotted as ¥T vs. T, is shown in Fig. 5. The data were collected over a
temperature range of 290-2 K in a magnetic field of 0.1 T. The experi-
mental value of yT at 290 K is 47.9 cm® mol ! K, consistent with the
expected yT value for uncoupled spins (4 Ni ions and 3 Dym ions (gpy =
1.333 and gy; = 2.3) = 47.8 em® mol ! K). The T value slowly decreases
to 47.0 cm® mol ™! K at 90 K and then more sharply to a plateau of 44.1
em® mol ! K at 20 K, before decreasing further to a minimum of 41.3
em?® mol ™! K. For complex 1, M/Nf = 23.5 at 2 Kand 7 T (Fig. 5) and is
not saturated due to the inherent magnetic anisotropy of the Dy and
Nil ions.

The AC susceptibility values are measured over a temperature range
of 40-2 K under zero dc field and under a field of 2000 Oe to probe
whether the complex displayed slow relaxation of the magnetisation. No
slow magnetic relaxation is observed under zero dc field (Fig. 57) and
only a very small response below 3 K is seen under the applied dc field
(Fig. 58), and therefore no further ac measurements were carried out. A
{NigDy3} complex with a different topology and containing one
diamagnetic Ni(II) centre giving an effective {NizDy3} unit shows
intramolecular ferromagnetic interactions and the onset (no maxima in
%"} of slow relaxation of the magnetisation at low temperature. For this
reported complex, no supporting theoretical studies were carried out so
the origin of the slow relaxation and hence the difference in properties to
1 is not clear. [63]

Fig. 4. 2,3,6M7 — 1 topological network for the present work. Green node; Ni!
and magenta node; Dy ions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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3.5. Theoretical CASSCF calculations

The theoretical calculations are performed employing the ORCA 4.2
computational package for the complex anion [NigDy3(L)4(p3-
OH)4(p1,1,3,3-PhCO2)(py 3-PhCO5)4(CH3;0H)4] ™ of 1. Herein, we
focused on the study of the magnetic anisotropy of paramagnetic Ni"
and Dy'" ions. Due to multireference character of such metal complexes,
the state-averaged complete active space self-consistent field (SA-
CASSCF) method was employed. In these calculations, the active space
was defined by eight electrons in five d-orbitals for Ni, which results in
ten triplets and fifteen singlets. There are two crystallographically in-
dependent nickel atoms for which these CASSCF calculations were
performed. First, ab initio ligand field theory (AILFT) [75,76] was used
to analyze the energies of d-orbitals as showed in Fig. 6. The pattern is
typical for octahedral complexes (set of toz and eg orbitals), however, the
degeneracy of ey orbitals is removed due to lower symmetry of the
ligand field.

The respective ligand field terms and multiplets are showed also in
Fig. 6 confirming well separated ground state S = 1 with the zero-field
splitting parameters: D = -13.9 cm ™' and E/D = 0.265 for Nil and D
=-12.9 em ! and E/D = 0.205 for Ni2. Such values are in reasonable
agreement with other Oy Ni! complexes. [77] Next, the CASSCF calcu-
lations were done for all three crystallographically independent
dysprosium atoms focusing on the ligand field induced splitting of °Hys,
o state. The Fig. 7 is showing the splitting of f-orbitals and energies of
ligand field multiplets. Dyl and Dy2 ions have similar geometry of the
coordination polyhedra, therefore, the calculated patterns of f-orbitals
and multiplet energy levels are similar. The energies of the eight
Kramers doublets are also listed in Table 2, together with g-tensor values
of each doublet for Sef = 1/2. The positive information deduced from
these calculation is that lowest Kramers possess large axial symmetry (g,
y less than 0.5, g; ~ 18-19), however, g, components are quite large,
thus the quantum tunneling of the magnetization is expected, Moreover,
lowest excited states are rather close and have larger g;, components
too, which increases also probability of thermally-assisted quantum
tunneling.

The analysis of the coordination polyhedra with the help of SHAPE
resulted in the best match for TDD-8 and CU-8 shapes and therefore we
have performed also CASSCF calculations for simple model complex
[DyFg]® having these symmetries of the ligand field - Fig. 8. In case of
TDD-8 symmetry, the ground state and first excited states are well
energetically separated have significant axial anisotropy: gx = 0.023, gy
= 0.023, g; = 19.858 for the first Kramers doublet and gy = 0.055, gy =
0.055, g, = 17.262 for the second Kramers doublet. On contrary, CU-8
symmetry provides three very close lying Kramers doublets separated
by less than 3 cm ! having also insufficient axial anisotropy: g, = 7.555,
& = 7.611, g = 7.659 for the first Kramers doublet, gx = 3.333, gy =
5.015, g, = 11.306 for the second Kramers doublet and g, = 1.200, gy =
4.267, g, = 12.028 for the third Kramers doublet. Thus, it can be
concluded that TDD-8 is superior to CU-8, and the larger deviation from
CU-8 symmetry for Dy3 atom than deviations of Dyl and Dy2 atoms
from TDD-8 (see section 3.2) is beneficial.

The magnetic properties of 1 is impossible to treat with incorporating
interactions among paramagnetic ions due to very large number of spin
states, 3*16% = 5308416 and therefore only some aspects of the intra-
cluster interactions can be evaluated. First, we discuss the dipole—dipole
interactions between Dy ions. The respective orientations of g, axes of
ground Kramers doublets are displayed in Fig. 9. The dipole-dipole in-
teractions are evaluated between Dy'H ions using well-known formula,

7))

ipolar __Ho -3
B =% R, -2 -~ @

where magnetic moments were calculated based on the orientation of g,-
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Fig. 5. Left: Temperature dependence of ¥T for complex 1. Right: Magnetization vs. field data for complex 1 at 2, 4 and 6 K.
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Fig. 6. The results of the CASSCF calculations with CAS(8,5) for Ni ions in complex anion of 1. The plot of the d-orbitals splitting calculated by ab initio ligand field
theory (AILFT) (left), low-lying ligand-field terms (middle), and ligand-field multiplets showing splitting of ground triplet state (right).
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Fig. 7. The results of the CASSCF calculations with CAS(9,7) for Dy ions in complex anion of 1. The plot of the f-orbitals splitting calculated by ab initio ligand field
theory (AILFT) (left), and ligand-field multiplets showing splitting of °H, 5, state (right).
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Table 2

The CASSCF calculated energies and parameters for Dy™

centres of 1.
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Dyl Dy2

Dy3

glem 1) 80 8n & a () elem )

B 8 8 () £(em &0 8y &

1 0 0.088 0.096 19.440 0 0

0.348 0.400 15.513 39.5 37
0.009 0.088 19.719 131.8 67
1.131 3.128 11.484 24.1 89
5.110 6.406 7.542 90.0 111
0.456 0.811 10.349 101.1 131
0.125 0.506 14.575

110.6 182

0.000 0.001 19.668 1229 490

0.039 0.332 18.216 0

117.0 67 2.362 4.328 12.664 180.0

155.6 138 0.945 5.994 9.672 180.0

47.4 300 0.411 6.915 7.513 180.0

126.2 441 2.081 5.684 7.133 90.0

95.7 555 0.692 5.155 13.577 90.0

64.7 601 1.879 2.066 14.589 90.0

127.3 714 0.094 0.904 16.368 90.0

“angle « is the angle between the g, component of the lowest and the n™

Kramers pairs.
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Fig. 8. The results of the CASSCF calculations with CAS(9,7) for model complex [DyFg]> with the ideal symmetry of the coordination polyhedron: triangular
dodecahedron (TDD-8) and cube (CU-8). The plot of the f-orbitals splitting calculated by ab initio ligand field theory (AILFT) (left), and ligand-field multiplets

showing splitting of °H, s, state (right).

component of respective ground state Kramers doublets and r is the
distance between two magnetic moments. The analysis provided us with
these values: Ey3 =-1.96 x 10 em ™!, Eg3 = 2.45 x 10° cm ™ and Eqyp =
0.35 cm™!, suggesting a relatively strong ferromagnetic dipole interac-
tion between Dyl and Dy2, mostly due to very similar orientation of
their magnetic moments, and negligible dipole interactions between
adjacent ions.

Next, the isotropic exchange between Ni'' ions bridged by benzoate
groups (Nil-Ni2* and Nil*-Ni2) were calculated by the broken-
symmetry Density Functional Theory (DFT) using PBEQ hybrid func-
tional [79] and the same basis sets as for previous CASSCF calculations,
In this calculation, all other metals were replaced by their diamagnetic
analogues. The the energy difference between high-spin (HS) and
broken-symmetry (BS) spin states was calculated as /\ = Epg — Eys =
3.667 em !, thus proposing ferromagnetic coupling. The exchange
coupling J-parameter was calculated by Yamaguchi’s approach, [80,81]
which resulted in J = 1.84 cm™" for the spin Hamiltonian formulated as

H= ~~J(§1-§g) and the respective broken-symmetry spin density is
depicted in Fig. 10. Thus, the last unknow interactions in 1 are the ex-
change interactions of the types Dy-Dy and Dy-Ni. They cannot be
theoretically evaluated due to the lack of suitable theoretical approach
for 4f-4f and 4f-3d coupling, in which the lanthanide can not be
described by the spin Hamiltonian model. Moreover, the literature
survey of smaller and therefore theoretically tractable Ni-Dy system
with similar bridging ligands, for which Ni-Dy interactions were deter-
mined, was unsuccessful. This points to the fact that the investigation of
3d-4f coupling deserves more scientific exploration.

To summarize, the predispositions of 1 to behave as SMM are more
likely enhanced by the ferromagnetic dipolar coupling between Dyl and
Dy2 ions and also by the ferromagnetic exchange coupling between Ni
ions, but on other hand they are compromised by low lying excited states
of Dy ions and significant non-zero values of gxy of the respective
Kramers doublets, and quite large rhombicity of Ni' ions, which all
speeds up the QTM process.
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Fig. 9. The molecular structure of complex anion of 1 overlaid with violet
arrows representing the g,-axis of ground state Kramer doublet of respective Dy
atoms determined by CASSCF calculations visualized with VESTA 3 pro-
gram. [78]

Fig. 10. The calculated spin density distribution using PBEOQ functional for
anionic complex of 1 for the broken-symmetry state. Positive and negative spin
density is represented by yellow and cyan surfaces, respectively. The isodensity
surfaces are plotted with the cut-off value of 0.01 eag’. Hydrogen atoms are
omitted for clarity.

4. Conclusion

The tridentate ONO donor ligand 2-(((2-hydroxybenzyl)imino)
methyl)phenol, in the presence of ancillary bridging upon progressive
reaction with Dy(NO3)3-6H,0 and NiCl,-6H30 unfolded the aggregation
path to synthesize {NisDys} complex. Hydrolytic reaction condition
favoured the most readily self-assembling heptanuclear conglomerate 1
bearing four ligand anions, four Ni'! and three Dy'"! ions. Benzoate and
hydroxido linkers supported the molecular core which has a unique
topology where two nearly perpendicular inverse butterfly subunits,
fused at the central Dy centre. Complex shows an overall weak ferro-
magnetic exchange coupling in the low temperature regime. No slow
magnetic relaxation observed under zero dc field and only a slight
response below 3 K realised under the applied dc field. Theoretical
calculations exclude large U, for the system due to the presence of low-
lying excited states with insufficient axial magnetic anisotropy.
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Appendix A. Supplementary data

CCDC 2072451 contains the crystallographic data for 1. The elec-
tronic supplementary information (ESI) file contains TGA, FTIR, PXRD
curve, packing diagram, selected bond lengths and angles, SHAPE 2.1
analysis and AC susceptibility plots described in Figure $1-S7 and
Tables S1—S4 in the text, Supplementary data to this article can be found
online at https://doi.org/10.1016/j.ica.2021.120524.
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In this work, a new family of binuclear Ni'-Ln"" complexes with the formula [NiLn(L)2(NO3)s]-0.5H,0
(Lh = Gd, 1; Tb, 2; Dy, 3; Ho, 4; Er, 5; Yb, 6, Y, 7) was synthesized using a thioether group-bearing Schiff
base. Due to the strict hard/soft dichotomy between the 4f and 3d metal ions, selective coordination of
Ni" and 4f metal ions was achieved with the adjacent soft ONS and hard OO binding pockets of the
ligand. All the complexes 1-7 exhibit a Ni" centre in a distorted pseudo-octahedral geometry with the
Ln"' centres in distorted bicapped square-antiprism geometry. The huge distortion around the Ni'' centres
is triggered for the accommodation of larger lanthanoids to the adjacent OO coordination site, and this
forces the Ni'' centres to have a tridentate coordination from the ONS, as intermediate between meridio-
nal and facial binding. Field-induced single-molecule magnetic behaviour was observed for heterodi-
nuclear complexes involving Kramers lanthanide ions (Ln"" = Dy, Er and Yb), with magnetic relaxation
occurring through an Orbach process only for 5. DFT calculations using various functionals (BP86, B3LYP,
PBEO, TPSSh, PWPB95, R°SCAN) were applied to calculate the isotropic exchange, showing good agree-

Received 10th May 2023,
Accepted 30th June 2023

DOI: 10.1039/d3dt01387a

ment with the experiment (Jeq-ni = +1.78 cm™Y). CASSCF calculations for Ni'' and Ln" ions were also per-
formed to reveal detailed information about their electronic structure and magnetic anisotropy, support-
ing the experimental observations. This study accentuates the mutual distortion of coordination geometry

rsc li/dalton induced by flexibility of the ligand backbone with the simultaneous binding of two different metal ions.

density data storage, molecular spintronics, quantum compu-
tations, and magnetocaloric materials.”® From the era of

Introduction

The experimental coordination chemists have seen rekindled
interest in synthesizing new molecules combining two
different metal-ion (3d and 4f) centres for their potential use
as single-molecule magnets (SMMs).'™ This class of discrete
coordination complexes display slow relaxation of magnetiza-
tion and/or magnetic hysteresis below their blocking tempera-
tures (7g)." They have potential applications in ultrahigh-
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Mn;,;Ac showing slow relaxation of magnetization, several syn-
thetic methodologies have been explored to obtain newer
SMMs based on only 3d andfor 4f ions.”'® It has now been
identified that the 3d-4f magnetic interaction can be utilized
to slow the rate of magnetic relaxation processes in bimetallic
or higher order complexes."" Another approach for manipulat-
ing single-molecule magnetism is tuning the quantum tunnel-
ling of magnetization through such 3d-4f interactions.'” A het-
erometallic Fe'-Dy"" complex showing single-molecule mag-
netic behaviour with a huge anisotropy barrier of 319 em™*
has been reported by Tong and co-workers."® The magnetic
properties of the 4f ions is dependent on their coordination
geometry, surrounding ligand field, and magnetic interactions
with adjacent metal ions (3d or 4f)."" The coordination
environments and their deviation from regular ones have a
substantial influence on the behaviour of the newer group of
single-molecule magnets.'> Axially symmetric crystal-field

This journal is © The Royal Society of Chemistry 2023
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environments around the 4f ions and strong exchange coup-
ling between the metal ions could lead to a significant SMM
behaviour.'®*”

A pivotal condition for acquiring high-performance SMMs
is the efficacious involvement of the individual magnetic an-
isotropy of the metal sites'® and a large ground spin state
($)."° When the large magnetic moment and strong magneto-
anisotropy of 4f ions are combined with adjacent 3d ions, it
leads to stronger magnetic exchange than the 4f-4f
interactions.”™*" For the last three decades, planned synthesis
to obtain fascinating but simple magnetic molecules has
resulted in unique structures with more 3d and 4f ions, and
such arrangements gifted newer insights into molecular mag-
netism from the viewpoints of simple experiments and sup-
ported by magnetic measurements and theoretical justifica-
tions.** The 3d-4f magnetic exchange interactions are known
to be weak because of the quite efficient shielding of the 4f
orbitals of the Ln"™ ion by the fully occupied 5s and 5p
orbitals.**

In recent years, several examples of Cu-Ln complexes were
examined for their varying magnetic behaviours, and the
exchange coupling constants are dependent on the geometri-
cal factors.***” Such studies for Ni-Ln complexes are limited
because of the presence of the diamagnetic and square-planar
Ni centres having isotropic A, ground state.*™*" However, it
was found that even in a weak Oy, crystal field, mixing of the
excited states could lead to enhanced magnetic anisotropy and
hence induce zero-field splitting (ZFS).***" Apart from that,
the Ni'"' centre often exhibits ferromagnetic exchange coupling
with 4f metal ions.*>*” Hence, the new family of SMMs pos-
sessing large effective energy barriers for the reversal of mag-
netization (Ue.g), and hence higher blocking temperatures (7g),
can be constructed by putting highly anisotropic trivalent 4f
and bivalent Ni ions in close proximity. The higher coordi-
nation requirement around the Ln'" jons following ligand che-
lation is achieved by inorganic anions like NO;~, RCO,~
etc‘.’%ﬁ,.%q

Toward this goal, we made use of the ligand 3-methoxy-N-
[2-(methylsulfanyl)phenyl]salicylaldimine (HL) with fused and
adjacent ONS and OO coordination pockets for the synthesis
of a series of dinuclear complexes [NiLn(L),(NO;);]-0.5H,0
(Ln = Gd, Th, Dy, Ho, Er and Yb) and [NiY(L),(NO3)3]-0.5H,0.
While accommodating the two OO pockets around the 4f ions,
two ligand anion scaffolds suffer critical distortion of the octa-
hedral geometry, wrapping the Ni' center, which is further
amplified due to the coordination -SMe groups having the
larger S donor capable of accepting deviations from regular
bond angles and distances for ideal octahedral geometry. The
level of distortion was established from single-crystal X-ray
structural characterization of the synthesized series of com-
plexes. DC and AC magnetic susceptibility studies were per-
formed on polycrystalline powder samples to examine the con-
tributions from the highly distorted octahedral Ni" centre
frozen in intermediate coordination geometry, which is away
from the fac and mer isomers. To understand the electronic
structure and magnetic exchange coupling, ab initio calcu-

This journal is © The Royal Society of Chemistry 2023
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lations were performed for the correlation between experiment
and theory.

Experimental section
Reagents and starting materials

Chemicals used were obtained from the following sources: di-
chloromethane and triethylamine (SRL, Mumbai, India);
GA(NO;);:6H,0,  Tb(NO,);:5H,0,  Dy(NO;);-5H,0, and
Ho(NO;);-5H,0, Yb(NO;);-5H,0 and 2-(methylthio)aniline
(Alfa Aesar, UK); Er(NO;);-5H,0, and Y(NO;);-6H,O (Sigma
Aldrich); o-vanillin (Spectrochem Pvt. Ltd, Mumbai, India);
Ni(NO,),-6H,O and acetonitrile (E. Merck, India). All the
chemicals and solvents used in this work were reagent-grade
materials and used as received without further purification.

Synthesis of ligand

3-Methoxy-N-[2-(methylsulfanyl)phenyl]salicylaldimine (HL).
The Schiff base (HL) ligand was synthesized via a direct single-
step imine condensation reaction of 3-methoxysalicylaldehyde
(o-vanillin) and 2-(methylthio)aniline with a yield of 86%, as
reported earlier.”” ATR-FTIR and NMR spectral measurements
were performed for the characterization of HL, and the solid
ligand was used directly for reactions with two different types
of metal ion salts. Yield = 86%. Selected IR peaks: (KBr, em ™",
vs = very strong, br = broad, s = strong, m = medium, w =
weak): 1610 (s, 7cn); anal. caled (%) for Cy5H,5NO,S: C, 65.91;
H, 5.53; N, 5.12. Found (%): C, 65.76; H, 5.46; N, 5.17.

Synthesis of complexes

[Ln"™Ni"(L),(N0O;);]-0.5H,0 and [Y"Ni"(L),(NO;),]-0.5H,0.
A common method of synthesis was adopted to obtain all
seven compounds of the series. HL (0.2 mmol, 0.0546 g) was
dissolved in 10 mL of acetonitrile-dichloromethane (2:1)
solvent mixture. Solid Ni(NO;),-6H,0 (0.1 mmol, 0.0290 g) was
added, it followed by magnetic stirring for 1 h. After that, solid
M(NO;);-nH,0 (0.1 mmol; n = 6 for M*" = Gd (1); Y (7) and n =
5 for M*" = Th (2), Dy (3), Ho (4), Er (5) and Yb (6)) was added
to the pale-yellow solution and stirred further for 15 min.
Then, NEt; (0.2 mmol, 28 pl) was further added to the solu-
tion, and the reaction mixture was stirred for a further 7 h at
room temperature. A turbid yellowish-green solution was
obtained, which was filtered, and the clear greenish-yellow fil-
trate was left undisturbed for slow evaporation. Green block-
shaped air-stable crystals were acquired after a week, suitable
for single-crystal analysis. The characterization data of the
complexes are given below.

[NiGd(L),(NO;);]-0.5H,0 (1). HL (0.0546 g, 0.2 mmol),
Ni(NO;),-6H,0 (0.0290 g, 0.1 mmol), E;N (28 pl, 0.2 mmol),
and Gd(NO;);-6H,O (0.0451 g, 0.1 mmol). Yield: 0.040 g
(41.8%). Anal. caled (%) for C;0H,oNiN;O, 3 58,Gd: C, 37.70; H,
3.06; N, 7.33. Found (%): C, 37.40; H, 3.01; N, 7.50. Selected IR
peaks: (KBr, cm™'): 1619 (s, Fcx), 1383 (S, ino, )-

[NiTb(L),(NO;);]-0.5H,0 (2). HL (0.0546 g, 0.2 mmol),
Ni(NO;),-6H,0 (0.0290 g, 0.1 mmol), Et;N (28 ul, 0.2 mmol),
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and Tbh(NO;);-5H,O (0.0453 g, 0.1 mmol). Yield: 0.034 g
(35.6%). Anal. caled (%) for C3yHaoNiN;O, 3 55,Th: C, 37.64; H,
3.05; N, 7.32. Found (%): C, 37.52; H, 3.06; N, 7.39. Selected IR
peaks: (KBr, cm™'): 1618 (s, ), 1388 (s, fno, ).
[NiDy(L),(NO,);]-0.5H,0 (3). HL (0.0546 g, 0.2 mmol),
Ni(NOj;),6H,0 (0.0290 g, 0.1 mmol), Et;N (28 pl, 0.2 mmol),
and Dy(NO;);-5H,0 (0.0438 g, 0.1 mmol). Yield: 0.052 g
(54.1%). Anal. caled (%) for C3H,oNiN;043 58,Dy: C, 37.50; H,
3.04; N, 7.29. Found (%): C, 37.43; H, 3.08; N, 7.26. Selected IR
peaks: (KBr, em™"): 1621 (s, fc ), 1380 (s, Fxo, ).
[NiHo(L),(NO;);]-0.5H,0 (4). HL (0.0546 g, 0.2 mmol),
Ni(NO;),-6H,0 (0.0290 g, 0.1 mmol), Et;N (28 pl, 0.2 mmol),
and Ho(NO;);:5H,0 (0.0459 g, 0.1 mmol). Yield: 0.040 g
(41.5%). Anal. caled (%) for C3yH»NiN5O,3 55,Ho: C, 37.40; H,
3.03; N, 7.27. Found (%): C, 37.51; H, 3.06; N, 7.22. Selected IR
peaks: (KBr, em™"): 1622 (s, fox), 1388 (S, ino, )
[NiEr(L)»(NO;);]-0.5H,0 (5). HL (0.0546 g, 0.2 mmol),
Ni(NOj;),-6H,0 (0.0290 g, 0.1 mmol), Et;N (28 pl, 0.2 mmol),
and Er(NO;);-5H,O (0.0443 g, 0.1 mmol). Yield: 0.049 g
(50.8%). Anal. caled (%) for C;oH,oNiN5O,; 5S,Er: C, 37.31; H,
3.03; N, 7.25. Found (%): C, 37.39; H, 3.04; N, 7.28. Selected IR
peaks: (KBr, cm™): 1621 (s, bex), 1383 (s, no, )-
[NiYb(L),(NO;);]-0.5H,0 (6). HL (0.0546 g, 0.2 mmol),
Ni(NOj;),-6H,0 (0.0290 g, 0.1 mmol), Et;N (28 pl, 0.2 mmol),
and Yb(NOs);:5H,O (0.0443 g, 0.1 mmol). Yield: 0.044 g
(45.3%). Anal. caled (%) for CsyH,oNiN;0;3 55,Yb: C, 37.09; H,
3.01; N, 7.21. Found (%): C, 37.16; H, 3.03; N, 7.27. Selected IR
peaks: (KBr, cm™'): 1618 (s, icn), 1383 (s, Ino, )-
[NiY(L),(NO3)5]-0.5H,0 (7). HL (0.0546 g, 0.2 mmol),
Ni(NO;),-6H,0 (0.0290 g, 0.1 mmol), Et;N (28 pl, 0.2 mmol),
and Y(NO;);-6H,O (0.0383 g, 0.1 mmol). Yield: 0.050 g
(56.4%). Anal. caled (%) for C3yH»oNiN50,;55,Y: C, 40.60; H,
3.29; N, 7.89. Found (%): C, 40.30; H, 3.05; N, 7.70. Selected IR
peaks: (KBr, cm™"): 1623 (s, o), 1382 (s, Ino, ).

Physical measurements

ATR-FTIR spectra were measured on a PerkinElmer Spectrum
two spectrometer by placing the samples over the ATR crystal
of the instrument. A PerkinElmer model 240C elemental analy-
zer was used for elemental analysis (C, H, and N) of the
powder samples. The phase purity of the bulk samples was
checked from powder XRD patterns on a Bruker D2 PHASER
X-ray diffractometer (30 kV, 10 mA) with Cu-Ka radiation (4 =
1.5418 A) within the 5-50° (26) range and fixed-time counting
of 4 s at 25 °C.

Magnetic measurements

DC magnetic susceptibility measurements were performed on
a solid-immobilized polycrystalline sample with a Quantum
Design PPMS magnetometer between 2 and 300 K under an
applied magnetic field of 0.02 T for the temperature range of
2-20 K, 0.2 T for 20-80 K, and 1 T for 80-300 K. AC magnetic
susceptibility measurements were performed on Quantum
Design PPMS magnetometers over the 10-10 000 Hz frequency
range. These measurements were all corrected for diamagnetic
contribution, as calculated with Pascal’s constants.
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X-ray crystallographic measurements

A Bruker SMART APEX-II CCD X-ray diffractometer equipped
with graphite-monochromated Mo K (4 = 0.71073 A) radiation
and an @ scan (width of 0.3° per frame) was used for single-
crystal XRD structural studies of all of the complexes, per-
formed at 296 K for complexes 1-7 and with a scan rate of 6 s
per frame. The SAINT, SMART, and XPREP software packages**
were used for the index, integration, and space-group determi-
nation of each frame. The SHELXS-2014 ** direct method was
used to solve the crystal structure, which was again refined by
the full-matrix least-squares technique of the SHELXL (2014/
7)* programs within WINGX, version 1.80.05."" The multi-
scan method of the SADABS" program was used for empirical
absorption corrections. Heavier atoms such as Ni and Ln were
determined easily, whereas all other non-H atoms were refined
with anisotropic displacement, and the riding model was used
to incorporate the H atoms in idealized positions. DIAMOND
software® was utilized for presentation of the crystal struc-
tures. The crystal data and refinement parameters for com-
plexes 1-7 are summarized in Table S1.1 The crystallographic
data (excluding structural factors) have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publications CCDC 2163624-2163630.7

Theoretical calculations

The theoretical calculations were performed with the ORCA 5.0
software.”””" The state average complete active space self-con-
sistent field (SA-CASSCF)’” wave function method was applied
for all studied complexes. The active space was defined by
seven f-orbitals, and numbers of multiplets were determined
from the respective electronic configuration of the lanthanide
ions: Gd™ ion with 1 octet, 48 sextets, 392 quartets, and 784
doublets; Th™ ion with 7 septets, 140 quintets, 588 triplets,
and 490 singlets; Dy ion with 21 sextets, 224 quartets, and
490 doublets; Ho™ ion with 35 quintets, 210 triplets, and 196
singlets; Er'"™ ion with 35 quartets and 112 doublets; Yb"™ ion
with 7 doublets. In the case of Ni'' ions, the active space was
defined by five d-orbitals and eight electrons, which resulted
in 10 triplets and 15 singlets, and calculations were comple-
mented by N-electron valence second-order perturbation
theory (NEVPT2).*'° The Douglas-Kroll-Hess (DKH)
Hamiltonian was used to treat relativistic effects.”®”” The rela-
tivistic basis sets were utilized as follows: SARC2-DKH-QZV for
lanthanides and DKH-def2-TZVP for non-metal atoms except
for C and H atoms, for which the DKH-def2-SVP basis set was
used.”™*” The auxiliary basis set SARC/[*® and the AutoAux
generation procedure,”’ together with the chain-of-spheres
(RIJCOSX) approximation to exact exchange,**®* were used to
speed up the calculations. The three-dimensional plots of
molar magnetization (Fig. $13-518t) were made using a home-
made script and the SINGLE_ANISO module, which enables
the calculation of molar magnetization for any direction of the
magnetic field. The calculations of magnetic exchanges
between Gd(m) and Ni(u), along with Er(m) and Ni(u), were
carried out using the DFT method with the same basis as the
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above-described calculations. More strict convergence criteria
and integral precision were achieved by using “VeryTightSCF”
and “DefGrid3” keywords. Several DFT functionals were
applied, namely BP86,°* B3LYP,"**®* PBE0,"*’° TPSSh,”*
PWPB95 7> and R*SCAN.” The experimental X-ray structures
were used for all calculations, in which hydrogen atom posi-
tions were normalized in Mercury software.”* The calculated
data were visualized with the VESTA 3 program’ and the
Chemcraft software.

Results and discussion

The coordination reactivity of HL for preferential trapping of
3d and 4f ions was explored with Ni(NO;);6H,O and
Ln(NO;);-xH,0 (Ln = Gd, Tb, Dy, Ho, Er, Tb, Y) in the presence
of NEt;, as summarized in Scheme 1.

The reaction of HL and NEt; with Ni(NO,);-6H,0 and Ln
(NO;);xH,O in a 2:2:1:1 molar ratio, in acetonitrile-di-
chloromethane medium under room temperature and with
magnetic stirring, provided yellowish-green solutions from
which green block-shaped crystals of 1-7 were obtained in
41.8%, 35.6%, 54.1%, 41.5%, 50.8%, 45.3%, and 56.4% yields,
respectively (Scheme 1).

Single-crystal X-ray structure analysis revealed the formation
of severely distorted bimetallic neutral {Ni"Ln""} cores in 1-7.
Trapping of Ln"™/Y" ions from the used nitrate salts is facili-
tated by the bridging coordination of two phenoxido and two
adjacent -OMe groups. Metal ion salt-derived nitrate anions
occupy the remaining six coordination sites around the Ln"!/
Y™ ion, resulting in a bicapped square-antiprism coordination
environment. The existence of a larger 4f ion triggers a huge
alteration of the Oy, geometry around the adjacent Ni" ion. The
choice of -SMe group in the ligand anion backbone, with the
larger atomic radius of the sulphur atom, is accountable for
sustaining longer bond distances and bond angles at the Ni"
ion. After standardizing the synthetic procedure and optimiz-
ing the initial trials, the isolated products were characterized
using CHN analysis and through ATR-FTIR spectroscopic sig-
natures. The characteristic bond stretch for the Ni"" ion-bound

3.EGN

<N Acetonitrile

X

HL

Scheme 1 Synthetic routes for complexes 1-7.
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imine group, v¢_n, appeared at around 1618-1623 cm ' for
the entire family. These values are blue shifted compared to
the value of 1610 em™" for the free ligand (Fig. S1 in ESI{). The
bulk powder samples, synthesized in different batches, were
also analysed using PXRD technique. The experimental diffrac-
tion traces for all seven compounds are in good agreement
with the simulated patterns obtained using single-crystal diffr-
action data, which also confirm the phase purity of the bulk
compound (Fig. 52 and S3 in ESI{).

Description of the crystal structures

[Ln"™Ni"(L),(NO;);]-0.5H,0 and [Y"Ni"(L),(NO;);]-0.5H,0
(Ln = Gd, 1; Tb, 2; Dy, 3; Ho, 4; Er, 5; Yb, 6; and Y, 7). Suitable
single crystals of 1-7 were obtained from a MeCN-DCM (2:1,
v/v) solvent mixture. All the seven complexes are found to be
isostructural and crystallize in the monoclinic P2,/n space
group with Z = 4, and in all cases, the asymmetric unit con-
tains the whole molecule. Selected metric parameters pertain-
ing to the structures are listed in Tables $2-515 in the ESLt
Since the complexes are isostructural, the structural descrip-
tion is given mainly with respect to the Dy derivative (3) as a
representative example from the entire series. Each charge-
neutral bimetallic complex consists of a severely distorted
{Ni"Ln""} core (Fig. 1) shaped with the use of two bent L~
anions. Each L™ anion provides a twisted ONS coordination for
the Ni"" centre. This twisting is forced due to the accommo-
dation of the Ln™ ion side by having defined bidentate OO
coordination sites, ultimately arresting in bicapped square-
antiprism geometry. This twist in the ligand anion backbone
allows the very unusual deviation from planar meridional
coordination around the Ni"" centre. The planar structure is
normally expected in free ligand HL due to the maximum
amount of  conjugation.

The complex 3 consists of a {Dy"'Ni"'0,} type diamond core
(Fig. 2) developed from the connectivity of two phenoxido
oxygen donors (01 and O3) from two ligands. The binding of
4f ions enforces a huge strain on the otherwise planar ligand
backbone, resulting in severe distortion of the octahedral geo-
metry around the Ni'' centre within the N,S,0, coordination
sphere.

Ln=Gd (1); Tb (2); Dy(3);
Ho(4); Er(5); Yb(6); and ¥(7)
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Fig. 1 Molecular structure of 3 with the atom numbering scheme.
Hydrogen atoms are omitted for clarity. Color code: Ni' green, Dy"
magenta, N blue, O red, S yellow, C grey.

07

o1

Fig. 2 Severely distorted octahedral coordination geometry around Ni"
and bicapped square-antiprismatic coordination geometry around Dy"'
in 3.

For ONS tridentate chelation around the Ni ion, the Ni"-N
distances are slightly longer at 2.013 and 2.029 A, compared to
Ni"-0 distances at 1.997 and 1.995 A, while bulkier S donors
show comparatively longer Ni'-S separations at 2.556 and
2.545 A. The ligand bites form six- and five-membered chelate
rings, with the Opp-Ni-N;,, angles of 89.77° and 90.56° and
N;,,-Ni-S angles of 76.46° and 73.96°, respectively. In this

distorted
meridional

meridional

transition
state
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intermediate mode in 3, all the cis angles vary in a wide range
82.42-101.13°, and the S-Ni-S angle is 158.76°, which deviates
largely from ideal fac geometry. Thus, the final binding mode
can be assumed to be distorted facial type (Fig. 3).

The ligand bites form six- and five-membered chelate rings,
with the Op,~-Ni-Nj,, angles of 89.77° and 90.56° and Nj,,~Ni-
S angles of 76.46° and 73.96°, respectively. In this intermediate
mode in 3, all the c¢is angles vary in a wide range,
82.42-101.13°, and the S-Ni-S angle is 158.76°, which deviates
largely from ideal fac geometry. The N,O, basal plane is 26%
distorted toward Ty (z, value is 0.26).”® Thus, the final binding
mode can be assumed to be distorted facial type’” (Fig. 3).

During coordination of the Ln"™YY"™ ion, the geometry
around the Ni" ion experiences huge distortion and thus can
significantly deviate from a perfect octahedron. The magni-
tude of distortion from an ideal octahedral geometry can be
obtained by calculating the angular distortion parameter X.
Accordingly, we calculated the octahedral distortion parameter
,7® which can be defined as the sum of the deviations from
90° for the 12 cis angles of the Ni" octahedron. X is zero for a
perfect octahedral system. The distortion parameter Y Ni for 3
at 298 K is 76.43°, demonstrating huge distortion from the
regular 0), system. The coordination geometry around each
Ni" centre was analysed with a continuous shape measure
using the SHAPE program, and the CShM value obtained is
3.897, which also reflects a huge distortion from the perfect
octahedral geometry (the trigonal prism arrangement has a
CShM of 9.566, Table S16 in ESIT).””

The ten-coordinated environments around the Dy ion are
accomplished by two bidentate O, OMe parts from two L™ and
three 0,0 donor-based bidentate nitrate ions. The arrange-
ment of ten O donors around the Dy"" centres resulted in a
shape close to bicapped square-antiprismatic (Fig. 2; Dyg4, con-
tinuous shape measure index is 3.105 by SHAPE 2.1, Table S17
in the ESIT). Amongst them, the nature of three different types
of O donors gave Dy-O separations in the 2.332-2.751 A range,
where the shortest ones are from phenolate donors (2.332 and
2.310 A) and the longest ones (2.712 and 2.751 A) were for
-OMe donors (Fig. 4). Within this bicapped structure, the
longest axis is defined by 02-Dy1-04, subtending an angle of
175.08° at the Dyl centre. The three chelating NO;™ anions
recorded intermediate Dy-O separations in the 2.419-2.475 A
range.

11

I
;{--.\
N

distorted
Sacial

Sfacial

Fig. 3 Transition between ideal mer and fac octahedral geometries around the Ni' center. In the absence of Ln'", the geometry around Ni" is closer
to mer, while upon coordination of Ln'"', the geometry is best described as distorted fac, which is passed through distorted mer and TS.
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Fig. 4 Arrangement of different O-donors in bicapped square-antipris-
matic polyhedron around Dyl. Nil is omitted for clarity.

The bridging phenolate donors (01 and 03) register Dy1-O
(1/3)-Ni1 angles of 103.93° and 104.64°, respectively. This con-
nectivity brought Dyl and Nil at a distance of 3.415 A. Such
bridging arrangement provided the {Ni"Ln"0,} core with sub-
stantial variation in the 01-Dy""-03 and 01-Ni"-03 angles of
68.92° and 82.29°, due to the size and coordination number
differences between the two types of metal ions. The Ni-(p-
0),-Dy diamond core is almost planar, with a small hinge
angle of 4.38°.

The Ln"™...Ni" separations decrease in the order1>2>3 >4 >
5> 6 (Gd1---Nil, 3.454 A; Tb1---Ni1", 3.418 A; Dy1---Ni1, 3.415 A;
Hol---Nil, 3.412 A; Er1---Ni1, 3.403 A; Yb1.--Nil, 3.385 A), in
agreement with the lanthanide contraction (Fig. S207).

Magnetic properties

The static magnetic properties were studied by measuring the
thermal dependence of the y\7 product (ym is the molar mag-
netic susceptibility and T is the temperature in Kelvin) for
compounds 1-7 (Fig. 5). First of all, the y\,T(T) plot for 7 takes
a room-temperature value of 1.16 cm® K mol ™", in agreement
with a single paramagnetic Ni(n) centre in an octahedral
environment where the orbital moment is largely quenched
with § =1 and g = 2.15.*° The yuT product remains constant
down to 15 K, and then slightly decreases due to weak zero-
field splitting and/or intermolecular interaction. For 1, the
room-temperature yyT value is 9.35 cm® K mol™, in good
agreement with the expected value of 9.035 em® K mol™ for
two uncoupled Ni(n) (5§ = 1, g = 2.15) and Gd(m) (5 = 7/2, g =
2.00) ions. The yyT product remains almost constant, up to
50 K, and then increases at low temperature up to 12.63 cm® K
mol " at 2 K, which is close to the expected value for two ferro-
magnetically coupled Ni(u) and Gd(w) ions. The room-temp-
erature y\ T values are 12.70 cm® K mol™, 15.11 em® K mol ™,
14.84 em® K mol ™, 12.69 em® K mol™* and 3.56 cm® K mol ™,
in agreement with the expected values of 12.98 em® K mol *,
15.33 em® K mol™, 15.23 em® K mol™%, 12.64 em® K mol™! and
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Fig. 5 Thermal variation of the magnetic susceptibility yuT in the
2-300 K temperature range for 1 (red up triangles), 2 (blue lozenges), 3
(black circles), 4 (purple triangles), 5 (green squares), 6 (grey stars) and 7
(down orange triangles).

0 50

3.73 em® K mol™" for compounds 2-6, respectively. The ferro-
magnetic coupling is clearly observable in 2 between the Ni(n)
and Tb(m) ions, with an increase of yuT at low temperature,
while for 3 and 5, only a change of yT(T) slope is observed.
For 4 and 6, such magnetic interaction cannot be identified
from the y\T(T) curve. For all the compounds, the decrease of
mT(T) at low temperature is mainly attributed to thermal
depopulation of the M; doublet states of the lanthanide center.

The field variation of the magnetization for 1-7 is depicted
in Fig. S4.f The M(H) values are 8.48Nf, 6.39Nj, 6.58Np,
6.32Nf, 5.69Nf, 2.97Np and 1.28Nf at 50 kOe for 1-7, far from
the expected saturated value (except for 1 and 7) due to signifi-
cant magnetic anisotropy of the lanthanide ion.

The DC magnetic data analysis for compound 7, in which
the only paramagnetic ion is Ni"" with § = 1, was based on the
spin Hamiltonian comprising the zero-field splitting term
(ZFS) and Zeeman term as follows:

H = Dyi(8;* + 8%/3) + Eni(8:* — §,%) + punBgS. (1)

The magnetic data were fitted with the program
POLYMAGNET.?' The best fit was achieved for the positive
value of the axial ZFS parameter D = +8.1 cm™' with g = 2.09
and ypp = 2.38 ¥ 107" emu mol ™" (TIP is temperature indepen-
dent paramagnetism), see Fig. S5.7 It was found that the
rhombic parameter E does not improve the fit of the experi-
mental data; therefore, it was set to zero. The positive value of
D is in concordance with the magneto-structural correlation
published by Titis ez al.," because Ni" ions in 1-7 possess dis-
torted pseudo-octahedral arrangement.

Next, the compound 1 was analysed with following spin
Hamiltonian:

n IR - A2 i i
H = —Jsa-ni(ScaSni) + DnilS:” + 8 /3) + ppB(gaaSca + gniSni)-
(2)
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in which the isotropic exchange was also introduced. The ZFS
of Gd™ was neglected, as usually, the magnetic anisotropy of
this ion having ®S;/, ground multiplet is diminishing. The best
fit was found for Joqni = +1.78 cm™?, Dy = +8.4 em™* with
Zca = 2.0 (fixed), and gy; = 2.20, see Fig. S6.7 Thus, the ferro-
magnetic exchange was quantified. Also, we observed small
variations of the ZFS parameter of Ni' in 1 and 7, which is
also supported by small variations of these parameters as
deduced from the theoretical calculations (vide infra,
Table 5257).

The dynamic magnetic properties of the heterobimetallic
NiLn complexes were investigated. Only complex 5 displayed
an out-of-phase (y"y) component of the magnetic suscepti-
bility in zero applied DC field at 2 K, but with a maximum at a
higher frequency than 10 kHz (Fig. 6a). Such lack of slow mag-
netic relaxation behaviour could be due to an efficient relax-
ation through quantum tunnelling of the magnetization
(QTM). Nevertheless, it is well known that the latter can be
cancelled by applying an external DC field. Thus, the field
dependence of magnetic susceptibility was measured for all
the compounds. None of the compounds involving non-
Kramers lanthanide ions (integer spin) showed slow magnetic
relaxation in the 0-3000 Oe field range at 2 K due to spin
parity., Contrariwise, the three compounds involving aniso-
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tropic Kramers, Dy(m) (3, Fig. §7t), Er(m) (5, Fig. 6a and
Fig. 881) and Yb(m) (6, Fig. $97) displayed slow magnetic relax-
ation. The y"y maxima for 3 and 6 remain at higher frequency
than 10 kHz, while clear maxima are observed for 5 in the
experimental frequency range of 10-10000 Hz under an
applied field range of 0-3000 Oe at 2 K (Fig. 6a). The extended
Debye model (eqn (S1)f) allowed the extraction of the relax-
ation times at any DC field (see plot in Fig. 6b and
Table $181).*** When increasing the applied DC field, the
magnetization relaxation rate initially decreased until it
reached a minimum value, and then increased at higher DC
field values. Such behavior is coherent with relaxation via
QTM at low static magnetic field followed by the activation of a
direct mechanism for stronger fields. The ¢ vs. H plot was
fitted with (eqn 3):

B Ut
r’l(T,H)=AH4T+T}__;H2+r,,’16( °") +CT.  (3)

kT

k(T)

From left to right, the terms are the expressions of direct (A
is a constant for the direct process, H the magnetic field, and
T the temperature), QTM (with B, and B, as constants for the
QTM process) and thermally activated (Orbach and Raman)
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(a) Field dependence of the out-of-phase component of magnetic susceptibility (4"u) at 2 K in the field range of 0-3000 Oe for 5. (b) Field

variation of the relaxation time (z, black dots) for 5 with the best fitted curve in red. Each relaxation process is represented as follows: QTM (black
dashed line), direct (green dashed line), and thermally activated k(T) contribution (Orbach + Raman, blue dashed line). Parameters are given in the
text. (c) Frequency dependence of ;"\, at 1000 Qe in the temperature range of 2-7 K for 5. (d) Temperature variations of the relaxation times in the
range of 2 K to 3.5 K under 1000 Qe (full black circles). The red lines depict the best fits with parameters given in the text.
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(with Ueg = effective energy barrier, ky the Boltzmann constant,
C and n are respectively the constant and exponent for Raman
process) contributions. k(T) means that both Raman and
Orbach processes are thermally dependent.

The best fit was obtained with the following parameters:
B, =5.6(6) x 10° 57", B, = 2.2(3) x 107° Oe ™%, A = 1.37(7) x 107"
sT' K" 0e ™ and K(T) = 2.13(7) x 10" s" (Fig. 6b). While the
optimal field value is about 2000 Oe, the value of 1000 Oe was
selected as a good compromise between the "\ amplitude
and the relaxation time (7) to study the temperature-dependent
behaviour of magnetic susceptibility for 5 (Fig. 6c and
Fig. §107). In such applied magnetic field, a frequency depen-
dence of the magnetic susceptibility is observed in the 2-7 K
temperature range (Fig. 6¢ and Fig. $107), and 7 is extracted
using the extended Debye model (eqn (S1) and Table S197).

The thermal variation of 7 is depicted as log(z) vs. T in
Fig. 6d, and it can be fitted using the same eqn (3). The best
fit was found using an Orbach process only, with parameters
4 =12.1(2) K and 7, = 3.49(2) x 1077 s, in agreement with the
field dependence of magnetic susceptibility (Fig. 6b). The nor-
malized Argand attested that 80% of the sample is involved in
slow magnetic relaxation under an applied DC field of 1000 Oe
(Fig. s117).

Theoretical calculations

The magnetic properties of compounds 1-7 were investigated
by theoretical methods, namely, with the state average com-
plete active space self-consistent field (SA-CASSCF) wave func-
tion method, as described in detail in the Experimental
section. The calculations were performed for each dinuclear
unit by substituting the paramagnetic Ni'' with Zn" ion, and
similarly, by substituting paramagnetic Ln"™ with diamagnetic
Y" jon. With the help of ab initio ligand field theory
(AILFT),*>®® the energies of d- and f-orbitals were calculated,
respectively. Moreover, the computational results were ana-
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lysed with the SINGLE ANISO module,”” which provided the
ab initio magnetization blocking barriers, zero-field splitting
parameters, as well as g-factors, as summarized in Tables §20-
$24+ for Ln" ions and in Table $25% for Ni" ion.

First, the properties of Ni" will be discussed. The splitting
of d-orbitals, ligand-field terms, and ligand-field multiplets is
depicted in Fig. 7. The d-orbitals splitted in the distorted octa-
hedral ligand field in the following order: d,, = d,., dy, d.,
dy2_y2, with the spanning interval of ~14 000 cm !, where the
xy-plane is defined by {NiO,N,} atoms and z-axis by {SNiS}
atoms. The respective orbitals are shown in Fig. $12.1 The
ground atomic term °F of Ni" is split to *A,g, *Toy and *Tyg
ligand-field terms in the ideal O symmetry, but in the case of
complexes 1-7 studied herein, the symmetry is lower, and thus
further splitting of these *T-terms is observed (see Fig. 7,
middle). As a consequence of the spin-orbit coupling and
ligand field, the zero-field splitting of the (25 + 1) ground state
is evident in Fig. 7 (right). It was found that the axial ZFS para-
meter D for Ni" ion is in the narrow range of 13-14 em™" with
a relatively small rhombic parameter |E| around 2.4-2.6 em ™",
resulting in easy plane magnetic anisotropy (Fig. S13 and
Table S257).

Due to the inner character of f-orbitals, the effect of the
ligand field is weaker; the f-orbitals are split in the range from
500 to 700 cm ', and the splitting of the respective ligand-field
multiplets spans the interval up to ~400 cm™' for 2-6, as
depicted in Fig. 8. The ZFS parameter D = —0.021 cm™" for
Gd™ ion in 1 is negative and minute as expected, and the
rhombic parameter £ = —0.007 cm ' is negligible. Next, the
Kramers ions are the Dy" of 3, Er'" of 5 and Yb"™ of 6, for
which the analysis of the lowest Kramers doublet revealed an
axial type of magnetic anisotropy (Tables 821, 823, and S247);
the largest energy gap to the first excited state is found for Er'
of 5 with energy at 98 em™, and the lowest gap is found for
Dy of 3 with energy at 25 em™".

LF terms 1/ LF multiplets

20

15

10

1234567

Fig. 7 The output of the ORCA CASSCF/NEVPT2 calculations with CAS(8,5) for Ni" ions in complexes 1-7. The plot of the d-orbital splitting calcu-
lated using ab initio ligand field theory (AILFT) (left), low-lying ligand-field terms (middle), and ligand-field multiplets showing splitting of the ground

triplet state (right).
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Fig. 8 The output of the ORCA CASSCF calculations for Ln" ions in
complexes 1-6. Left: The plot of the f-orbital splitting calculated using
ab initio ligand field theory (AILFT). Right: Ligand-field multiplets
showing splitting of the ground atomic multiplet.

The calculated matrix element of the transversal magnetic
moment within the ground Kramers doublet is lowest for the
Er'" of 5; thus, this compound should have the best properties
to suppress the quantum tunnelling mechanism, as experi-
mentally observed (Fig. 9).

The non-Kramers ions, Th™ of 2 and Ho" of 4, possess the
two lowest levels, which can be considered as pseudo-doublets;
however their energy gap An, is relatively large (Awn =
4.0 em™" for Tb" and 4y, = 1.8 em™" for Ho", Tables S20 and
5227), which supports the lack of slow relaxation of the magne-
tization in these compounds (Fig. $191). Nevertheless, all Ln™
ions in 2-6 produce the axial type of magnetic anisotropy, as is
visible from the three-dimensional plots of the molar magneti-
zation shown in Fig. 513-518 in ESL}

Finally, the strength of the magnetic exchange interaction
in the Gd"-Ni" complex 1 and Er'""-Ni" complex 5 was calcu-
lated using DFT method via the broken symmetry (BS)
approach. This method is usually used for 3d metal ions and
for gadolinium ions due to the lower contribution of spin-
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Fig. 9 Magnetization blocking barrier of Kramers ions: Dy of 3, Er'"' of
5 and Yb" of 6 calculated using SINGLE_ANISO from the respective
CASSCF calculations, zoomed to the lowest energy levels. The numbers
presented in the plot represent the corresponding matrix element of the
transversal magnetic moment (for values larger than 0.1, an efficient
relaxation mechanism is expected).
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orbit coupling to the respective ground terms. BS-DFT is thus
only sporadically used for other lanthanides, and herein, we
present results not only for 1 but also for 5. In this work, two
methods of calculating the magnetic exchange interaction
were used (with spin Hamiltonian defined as H = —J(S,5,)),
namely the approach by Ruiz:*®

jRui?' = ZA/[(Sl "r‘Sz) . (Sl + 8 + l)]

and the approach by Yamaguchi:*®

24

JYam =
(Sus)*—(Sws)?

where in both equations,

In combination with several DFT functionals (BP86, B3LYP,
PBEO, TPSSh, PWPB95, R*SCAN), both methods were employed
to calculate the magnetic exchange interactions, and the
resulting values are compared in Table 1.

The results indicate that all of the methods used in this
study have produced similar outcomes, which confirm the
ferromagnetic nature of the magnetic exchange coupling
between Gd(m) and Ni(u), which is in accordance with experi-
mental data (Jgqn = +1.78 em™'). The best agreement is
found for J®"* calculated by BP86 and for j/*™™ calculated by
R’SCAN. The scale of the magnetic exchange interaction is
relatively small, although this is common among lanthanide-
containing systems, due to the shielding of their unpaired
electrons in f-orbitals. Similarly, the ferromagnetic exchange
was calculated by all functionals also for the Er(m) and Ni(i)
complex 5, which is in concordance with the experiment.
Interestingly, R*SCAN and PWPB95 functionals suggest that
ferromagnetic exchange is stronger in 1; however, other func-
tionals predicted stronger exchange in 5.

As the Er''-Ni" compound 5 showed the best SMM pro-
perties examined by AC susceptibility measurements, an
attempt was made to reveal detailed information about this
complex. Thus, a homemade routine was used to fit experi-
mental DC magnetic data of 5, both temperature and field
dependent, in cooperation with the POLY_ANISO module.”*
Herein, the eight lowest states of the Er'" ion and the three
lowest states of the Ni'" ion were included in the exchange

Table 1 Comparison of several DFT functionals employed in the DFT
broken-symmetry approach of magnetic exchange interaction
calculation

Gd"-Ni" complex 1 Er'"-Ni" complex 5

A ]l(ui.: ]Ymn A jituiz ]‘:'um
Method (em™) (em™) (em™) (em™') (em™) (em™)
BP86 21.619 1.74 3.08 23.524 5.38 7.84
B3LYP 16.741 1.36 2.40 9.785 2.24 3.26
PBEO 16.559 1.34 2.36 8.609 1.96 2.86
TPSSh 21.188 1.72 3.02 12.146 2.78 4.04
PWPB95 14.835 1.20 212 5.326 1.22 1.78
R’SCAN  12.571 1.02 1.80 3.584 0.82 1.20
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Fig. 10 The POLY_ANISO calculations for complex 5 with Jg,_y; = 1.65 cm™. Left: Magnetization blocking barrier zoomed to the lowest energy
levels. The numbers presented in the plot represent the corresponding matrix element of the transversal magnetic moment (for values larger than
0.1, an efficient relaxation mechanism is expected). Right: Temperature dependence of the ;T product and (inset) the isothermal magnetization
measured at T = 2 K. Experimental data — full symbols, calculated data — dotted line, calculated data scaled by 0.974 — full line.

interaction calculations. The best agreement was obtained
with Ji = 1.65 cm™" with the scaling factor 0.974 (Fig. 10).
The lowest energy gap is 10.7 em™" (15.3 K), which is in reason-
able agreement with the experimental value of A =12.1 K.

Conclusions

In summary, a -SMe donor group-bearing Schiff base HL was
utilized to isolate a new family of dinuclear Ni-Ln complexes
(1-6) and the corresponding yttrium analogue (7). The entrap-
ment of the larger Ln"" ion in the OO pocket adjacent to the
ONS part of L~ bound to the Ni" ion forces twisting of the
backbone while fixing the OO part around the Ln™ ions. The
comparatively larger -SMe donor group from one end of L™
absorbs the unusual distortion in octahedral geometry around
the Ni" ion. Such distortions lead to a distorted facial arrange-
ment of the ONS part of L™ for a family of binuclear Ni-Ln
complexes. The paramagnetic behaviour of the distorted octa-
hedral Ni(i1) was demonstrated by the magnetic behaviour of 7,
while 1 led to the conclusion that Ni(n) and Gd(m) are ferro-
magnetically coupled (Jga-ni +1.78 em ‘). Such ferro-
magnetic coupling could be also observed for 2, 3 and 5, while
it was not experimentally observed for the other heterobimetal-
lic complexes. The compounds involving Kramers lanthanide
ions such as Dy(m) (3), Er(u) (5) and Yb(m) (6) behave as field-
induced single-molecule magnets, while those involving non-
Kramers ions did not, due to spin parity. The slow magnetic
relaxation occurred through an Orbach process only for 5, with
an effective energy barrier of 12 K. Several DFT functionals
were applied to evaluate the isotropic exchange in 1, revealing
the good performance of the R®*SCAN functional. Moreover,
CASSCF/NEVPT2 calculations for Ni'' in 1-7 supported easy
plane magnetic anisotropy induced by the distorted octahedral

This journal is © The Royal Society of Chemnistry 2023

coordination polyhedra in these complexes. The CASSCF/
SINGLE_ANISO calculations provided the explanation for fast
magnetic relaxation in 2-6 and identified Er'" complex 5 as
the best candidate for SMM behaviour.
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