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WYKAZ SKROTOW

A — parametr rozszczepienia nadsubtelnego
AC (Alternating Current) —pole magnetyczne przemienne

CASSCF (Complete Active Space Self-Consistent Field) — pelne pole samoistnego stanu

aktywnego z samoistnym polem

13C NMR (carbon-13 Nuclear Magnetic Resonance) — spektroskopia magnetycznego

rezonansu jadrowego wegla

DC (Direct Current) — pole magnetyczne stale
DMF — N,N-dimetyloformamid

DMSO - dimetylosulfotlenek

EPR (Electron Paramagnetic Resonance) — spektroskopia elektronowego rezonansu
paramagnetycznego

EtOH - etanol

FT-IR (Fourier Transform Infrared Spectroscopy) — spektroskopia w podczerwieni z

transformatg Fouriera
g — wspotczynnik rozszczepienia spektralnego

'H NMR (proton Nuclear Magnetic Resonance) — spektroskopia magnetycznego rezonansu

jadrowego protondéw

HOF — (Hydrogen-bonded Organic Frameworks) — sieci organiczne oparte na wigzaniu

wodorowym
Aex — dtugos¢ fali wzbudzenia

MeCN - acetonitryl
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MeOH — metanol

NMM — nanomagnetyk molekularny

QTM (Quantum Tunnelling of Magnetisation) — tunelowanie kwantowe

SCO (Spin Crossover) — przejscie spinowe

SIM (Single lon Magnet) — magnes pojedynczych jonow

SMM (Single Molecule Magnet) — magnesy czasteczkowe

SOF — (Supramolecular Organic Frameworks) — supramolekularne sieci organiczne
SPM/ZFSP — parametry rozszczepienia pola zerowego obliczone metodg modelu superpozycji
™ — Czas relaksacji magnetycznej

TD-DFT (Time-Dependent Density Functional Theory) — teoria funkcjonatu gestosci zaleznego

od czasu

Uerr (Spin-reversal Energy Barrier) — bariera energetyczna dla odwrdcenia spinu
ueff (Effective Magnetic Moment) — efektywny moment magnetyczny

UV-Vis — spektroskopia w $wietle ultrafioletowym oraz widzialnym

ZFS (zero field splitting) — rozszczepienie pola zerowego
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STRESZCZENIE W JEZYKU POLSKIM

Celem naukowym rozprawy doktorskiej pt. "Synteza nowych architektur
supramolekularnych metali d- i f-elektronowych o wlasciwosciach magnetycznych"
jest:

1) Synteza oraz charakterystyka strukturalno-spektroskopowa nowych uktadow
supramolekularnych z wybranymi jonami metali d- i f-elektronowych z ligandami
typu zasad Schiffa

2) Badanie wlasciwo$ci magnetycznych otrzymanych zwigzkow kompleksowych i
poznanie Kkorelacji magneto-strukturalnych ze szczegdélnym uwzglednieniem
wplywu jonu metalu, przeciwjonu oraz szkieletu organicznego liganda

Projektowanie
uktadéw

supramolekularnych

Synteza i | Svnteza zwiazkow |
charakterystyka 13<m lek: . h ‘
ligandow ) OOy )

-
Charakterystyka strukturalno-
spektroskopowa uktadow .
“_7 supramolekularnych |

Praca doktorska opisuje syntez¢ zwigzkéw kompleksowych jondéw metali

d- i f- elektronowych z ligandami typu zasad Schiffa, ktore réznig si¢ budowa kieszeni
koordynacyjnej, a takze zawierajg ugrupowania nie biorgce udzialu w koordynacji, ktore
powoduja istotny wptyw na budoweg architektur supramolekularnych i tym samym na
wykazywane wiasciwosci. Takie podejscie pozwala na zaobserwowanie wptywu niewielkich
zmian strukturalnych na wlasciwosci i przeprowadzenie korelacji magneto-strukturalnych.
Pierwsza praca z cyklu przedstawia rd6znorodno$¢ strukturalng otrzymang w wyniku
reakcji kompleksowania liganda HsL! z r6znymi jonami metali bloku d-, z uwzglednieniem
takich czynnikéw jak przeciwjon, pH, rozpuszczalnik 1 warunki prowadzenia reakcji.

Przeprowadzone badania rentgenostrukturalne, a takze badania w roztworze wykazaly, ze
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ligand moze przyjmowac rézne formy, ktore sg zwigzane z de/protonacjg oraz przeniesieniem

protonu. W rezultacie otrzymano architektury mono-, dwu- oraz tetrametaliczne.

Zastosowanie anionéw octanowych pozwolito na otrzymanie komplekséw 26
[Cd2(HLY),] oraz 27 [Mn2(HLY),], ktére tworza supramolekularne szkielety organiczne SOF
(Supramolecular Organic Frameworks) poprzez sie¢ wigzan wodorowych. Materiaty te
charakteryzuja si¢ wysoka porowatoscia, mozliwoscig dostosowania wielko$ci i ksztattu porow
oraz duza powierzchnig, co czyni je obiecujgcymi w takich zastosowaniach jak
magazynowanie/separacja gazow, kataliza i dostarczanie lekow.

Zwiazki mimo, ze nie wykazywaly zjawiska powolnej relaksacji pozwolity
zaobserwowaé pewne aspekty majgce wplyw na wilasciwosci magnetyczne. W przypadku
zwigzkow 25 [Mna(H2LY©)](NOs), a takze odpowiednika [Mnz(H2L1©)](ClO4)2, ktorego
struktura zostala opisana w pracy! kluczowa role odgrywat rodzaj przeciwjonu oraz
wewnatrzczasteczkowe oddziatywania supramolekularne, ktore prowadzily do powstania
przeciwstawnych  efektow  ferro- i antyferromagnetycznych.  Kompleks 23
[Ni2(HsLNH),(MeOH)2(MeCN)2](ClO4)4, stanowi doskonaty przyklad, jak niewielkie zmiany
mogg drastycznie wptyna¢ na wiasciwosci. W tym zwigzku warto$ci dziesietne kata wigzania
Ni-O-Ni decydowaly o charakterze ferromagnetycznym. Klatkowy kompleks Co(ll) 29
0 rdzeniu Co040s4 [Coa(H2LY0)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)s réwniez wykazat
oddziatywania ferromagnetyczne, a dzigki nieoczekiwanej budowie zostanie przebadany
elektrochemicznie pod katem redukcji tlenu, aby doktadnie wyjasni¢ mechanizm powstawania
jondéw OH' i ich obecnos$ci w strukturze.

Przeprowadzone badania w roztworze pozwolity zaobserwowac interesujacy przypadek dla
kompleksu 24 Cda(H2LY©);](ClO4)2, gdzie natychmiastowe rozpuszczenie krysztatow 24
ukazuje widmo H NMR przypisane wysoce symetrycznej 2:2 w petni zamknietej strukturze
F-C obserwowanej w stanie statym, ktéra niemal natychmiast zaczyna przeksztalcaé si¢
w architekturg 2:2 pot-zamknigta S-C. Zaobserwowane zjawisko zbadano uwzgledniajac
zmiany czasowe oraz wplyw temperatury, ktore wykazaty, ze zmiany sg odwracalne.

Szczegdlowa analiza strukturalna w ciele statym oraz w roztworze wykazata, ze nawet
teoretycznie nieistotne grupy jak podjednostka NH z pierscienia benzimidazolowego, ktdora nie

bierze bezposredniego udzialu w koordynacji, moze mie¢ ogromny wplyw na procesy
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samoasocjacji, co w dalszej perspektywie rzutuje na ich strukture komplekséw i ich utozenie w

ciele statym, koncowo wptywajac na wtasciwosci.

Druga praca wykazata w jakim stopniu grupa trytylowa wpltywa na tworzenie si¢
kompleksow lantanowcoéw z ligandami hydrazonowymi, ktore réznig sie liczbg kieszeni
koordynacyjnych. W syntezie zastosowano dwa strukturalnie podobne ligandy oraz jony
lantanowcow o r6znym ksztalcie gestosci elektronowe;j: sptaszczonej elipsoidy (oblate) Dy(l11)
dla zwigzkow 33, 34 i 37 oraz wydtuzonej elipsoidy (prolate) Er(I1I) dla zwigzkow 35, 36 1 38.
Otrzymane zwiazki posiadaty wysoki poziom izostrukturalno§ci w odniesieniu do
poszczegbdlnych ligandow 1 zastosowanych przeciwjondéw (trifluorometanosulfonian oraz
azotan(V)). Nie =zaobserwowano wplywu ugrupowan trytylowych na strukture
dwurdzeniowych homometalicznych architektur helikalnych z dwukieszeniowym ligandem
HsL*, jednak w przypadku jednokieszeniowego liganda HzL3 w potgczeniu z wystepujacym
wigzaniem wodorowym dochodzi do przeksztalcenia monordzeniowych zwigzkow
kompleksowych 33 — 36 w pseudo-dimeryczne uktady. Zwiagzki Dy(IlI) 33 i 34 stanowia
pierwszy przyklad SMM opartych na ukladzie trytyl-Ln, ktore sg zalezne od zastosowanego
przeciwjonu.

W ostatniej pracy z cyklu opracowano modularng platforme organiczng, ktora
umozliwia synteze magnetycznie izolowanych, monometalicznych kompleksow Cu(ll). Takie
podejscie pozwala na lepsze zrozumienie przebiegu relaksacji magnetycznej w uktadach S=%.
W tym przypadku, mozliwosci syntezy kompleksow wynikaja z: (i) charakteru
pieciodonorowych ligandow L59R powstajagcych w wyniku nieoczekiwanej redukcji liganda
typu zasady Schiffa L5; (ii) wybranego rozpuszczalnika; (iii) preferencji koordynacyjnych soli
metalu i obecnego przeciwjonu. Otrzymane zwigzki 39 [Cu(L°"%)(MeOH)](CIO4)2 i 40
[Cu(L>5"¢92)(H20)](O0TH)2 sa rzadkimi przyktadami magnetycznie izolowanych uktadéw Cu(II),
ktére wykazuja powolng relaksacje magnetyczna, przy czym zjawisko to jest bardziej wyrazne
w przypadku analogu 39 z chloranem(V11) niz 40 z trifluorometanosulfonianem. Wyniki badan
eksperymentalnych wskazaly, ze obecnos¢ powolnej relaksacji magnetycznej jest wynikiem:
(i) oktaedrycznych znieksztalcen strukturalnych powodowanych przez grupy alkoksylowe
dotgczone do szkieletu L574V2; (ii) uporzadkowania przestrzennego par Cu(I)---Cu(ll) w
komorce elementarnej, ktore kierowane jest poprzez obecne oddzialywania z anionami i

oddziatywania nt-7t pier$cieni aromatycznych.
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STRESZCZENIE W JEZYKU ANGIELSKIM

The scientific goal of the dissertation, entitled "Synthesis of new supramolecular
architectures of d- and f-electron metal ions with magnetic properties" is:
1) The synthesis and structural-spectroscopic characterization of new supramolecular
systems with selected d- and f-electron metal ions using Schiff base-type ligands
2) The study of the magnetic properties of the obtained complexes and understanding the
magneto-structural correlations, with special emphasis on the influence of the metal ion,
counterion, and organic scaffold of the ligand

Design of
supramolecular ‘

systems

Ligands synthesis ' Coordination
and characterization | complexes synthesis
3\

Structural and spectroscopic
characterization of
~ supramolecular systems

The dissertation describes the synthesis of d- and f-electron metal ions complexes with

Schiff base ligands. These complexes differ in the coordination pocket and also contain non-
coordinating moieties that significantly affect the structure of the supramolecular architectures
and, consequently, their magnetic properties. This approach allows us to demonstrate how small
structural changes can influence magnetic properties and prepare magneto-structural
correlations.

The first paper in the series shows the structural diversity resulting from the
complexation reaction of ligand HsL! with various d-block metal ions. Factors such as
counterion, pH, solvent, and reaction conditions were taken into account. Solid state and
solution studies revealed that the ligand can adopt different forms through de/protonation and
proton transfer processes, leading to the formation of mono-, bi-, and tetrametallic architectures.

The use of acetate anions allowed the preparation of complexes 26 [Cdz(HL?)2] and 27

[Mn2(HLY)2], which form supramolecular organic frameworks (SOFs) through a network of
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hydrogen bonds. These materials are characterized by their high porosity, tunable pore size and
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shape, and large surface area, making them promising candidates for applications such as gas
storage/ separation, catalysis, and drug delivery.

While these compounds did not exhibit the slow relaxation phenomenon, they allowed
us to observe certain factors influencing their magnetic properties. In the case of compounds
25 Mn2(H2L10)2(NO3z)2 and Mnz(H2L1C),(Cl04),, whose structure was described in paper?, the
key role was played by the type of counterion and intramolecular supramolecular interactions,
which led to opposite ferro- and antiferromagnetic effects. The complex 23
[Ni2(HsLNH),(MeOH)2(MeCN)2](Cl04)4 serves as an excellent example of how small changes
can have a significant impact on properties. In this compound, the specific values of
the Ni-O-Ni bond angle determined its ferromagnetic character. Furthermore, the caged Co(ll)
complex 29 with a C040s4 core [Coa(H2LYC)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)4 also
exhibited ferromagnetic interactions. Due to its unexpected structure, it will undergo
electrochemical testing to elucidate the exact mechanism of OH- ion formation and its presence
within the structure.

In-solution studies have observed an interesting case for the 24 Cdz(H2L1©)2](CIO4).
complex, where the immediate dissolution of the 24 crystals shows a *H NMR spectrum
attributed to the highly symmetric 2:2 fully closed F-C structure observed in the solid state,
which almost immediately starts to convert to a 2:2 semi-closed S-C architecture. The observed
phenomenon has been investigated, taking into account the temporal changes and the effect of
temperature, which have shown that the changes are reversible.

Detailed structural analysis in the solid state and in solution has shown that even
theoretically insignificant groups, such as the NH subunit of the benzimidazole ring, which is
not directly involved in coordination, can have a significant impact on self-association
processes, ultimately affecting the structure of complexes and their arrangement in the solid
state, thus influencing properties.

The second part of the study showed to what extent the trityl group influences the
formation of lanthanide complexes with hydrazone ligands that differ in the number of
coordination pockets. The synthesis involved two structurally similar ligands and lanthanide
ions with different electron density shapes: flattened ellipsoid (oblate) Dy(l11) for compounds
33, 34, and 37, and elongated ellipsoid (prolate) Er(I1l) for compounds 35, 36, and 38.
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The compounds obtained displayed a high degree of isostructurality concerning the respective

ligands and counterions employed (trifluoromethanesulfonate and nitrate(V)). Notably, no
significant influence of the trityl group was observed on the structure of the dinuclear helicates
with the two-pocket ligand HsL4. However, in the case of the one-pocket ligand H2L2 combined
with the presence of hydrogen bonding, a transformation from mono-core complex compounds
33 - 36 into pseudo-dimeric systems occurred. Dy(I11) compounds 33 and 34 represent the first
examples of SMMs based on the trityl-Ln system, which are dependent on the counterion used.

The last paper in the presents the development of a modular organic platform that
enables the synthesis of magnetically isolated, monometallic Cu(ll) complexes. This approach
enhances our understanding of magnetic relaxation in S=%; systems. In this case, the ability to
synthesize these complexes arises from several factors: (i) the nature of the five-donor L57d-R
ligands, resulting from the unexpected reduction of the Schiff base-type L° ligand; (ii) the
chosen solvent; (iii) the coordination preferences of the metal salt and the counterion present.
The resulting compounds 39 [Cu(L5d1)(MeOH)](CIO4)2 and 40 [Cu(L5"¢%?)(H,0)](OTf). are
rare examples of magnetically isolated Cu(Il) complexes that exhibit slow magnetic relaxation.
This phenomenon is more pronounced for the chlorate(VII) analogue 39 than for the
trifluoromethanesulfonate 40. Experimental results indicate that the presence of slow magnetic
relaxation is the result of: (i) octahedral structural distortions caused by alkoxy groups attached
to the L5412 scaffold; (ii) the spatial ordering of Cu(ll)---Cu(ll) pairs in the elemental cell,

directed by the present interactions with anions and n-w interactions of aromatic rings.
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ANKIETA DOROBKU NAUKOWEGO

Mgr Dawid Marcinkowski

Wykaz opublikowanych prac naukowych lub tworczych prac zawodowych oraz informacja o

osiggnieciach dydaktycznych, wspotpracy naukowej i popularyzacji nauki.
A. Publikacje wchodzace w sklad rozprawy doktorskiej

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna M.
Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected
structural complexity of d-block metallosupramolecular architectures within the
benzimidazole-phenoxo ligand scaffold for crystal engineering aspects ”, Sci. Rep., 2023,
zaakceptowana 16.10.2023 r. 1F=4,997.

Wktad doktoranta obejmowal: synteze oraz charakterystyke (*H NMR, *C NMR, ESI-
MS, FT-IR) nowego liganda H:L?, synteze zwigzkéw kompleksowych z ligandami:
HsL®: 1 - ([Cd2(H2LY©)](Cl04)2); 2 - [Mna(H2LYO)](NO3)2; 5 - ([Zn(H2L1O)(HsLY
) 7n(H20)](OTf)s) oraz HzL% 9 - [Co(HL?)2](CIO4); 12 - [Zn(H:L?)2]; 13 -
[Cd(H2L?),] ich charakterystyke strukturalno-spektroskopowa (FT-IR, XRD, DTA,
analiza elementarna), otrzymanie monokrysztaléw odpowiednich do pomiarow
rentgenostrukturalnych, wykonanie widm absorpcji i emisji dla zwigzkéw 1, 5, 12, 13 w
roznych rozpuszczalnikach (MeOH, MeCN, DMF, DMSO), ciele statym oraz r6znych
interwatach czasowych, przygotowanie ,,Supplementary Information”. Brat takze udziat
w pisaniu manuskryptu, przygotowaniu grafik, badaniach *H NMR, dyskusji korelacji

struktura- wlasciwosci magnetyczne.

2. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziot, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorczynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow magnetic
relaxation”, Chem. Eur. J., 2023, 29, e202300695. 1F=5,020.

Wktad doktoranta obejmowat: synteze oraz charakterystyke (*H NMR, ¥C NMR)

dwoch nowych ligandéw L1 oraz L2, synteze zwigzkow kompleksowych z ligandami:

10
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L1: 1 - [Dy(L-H)2(MeOH)2](CFsSOg3); 3 - [Er(L-H)2(MeOH),](CF3S0s) oraz L2:5 -
[Dy2(L2-H)3](NO3)z ich charakterystyke strukturalno-spektroskopowsa (ESI-MS, FT-IR,

XRD, DTA, analiza clementarna), otrzymanie monokrysztatdow odpowiednich do
pomiarow rentgenostrukturalnych, przygotowanie ,,Supplementary Information”. Brat
takze udzial w pisaniu manuskryptu, przygotowaniu grafik, dyskusji zaleznosci
struktura-wtasciwosci magnetyczne oraz potencjalnych wielofunkcyjnych zastosowan

opartych na metodach tektoniki molekularnej.

3. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed Acikgoz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
sUnderstanding the effect of structural changes on slow magnetic relaxation in
mononuclear octahedral copper(ii) complexes” Dalton Trans., 2022, 51, 12041-12055;
1F=4,569.

Wktad doktoranta obejmowal: synteze oraz charakterystyke strukturalno-
spektroskopowg (ESI-MS, FT-IR, XRD, analiza elementarna) dwoch nowych zwigzkoéw
kompleksowych ~ z  jonami  Cu(ll): 1 - [Cu(Lred!)(MeOH)](CIOs4)2;
2 - [Cu(Lred?)(H20)](OTf)2, otrzymanie monokrysztaldéw odpowiednich do pomiaréw
rentgenostrukturalnych, przygotowanie ,,Supplementary Information”, przygotowanie
wewnetrznej oktadki czasopisma (Inside Front Cover). Ponadto brat takze udziat w

pisaniu manuskryptu, przygotowaniu grafik, dyskusji korelacji magneto-strukturalnych.

B. Sumaryczny impact factor wszystkich publikacji doktoranta wedtug listy Journal Citation

Reports (JRC) na rok wydania publikacji wynosi: 42,420
- publikacji zawartych w przedstawionej dysertacji: 14,586
C. Laczna liczba cytowan:

- publikacji zawartych w prezentowanym cyklu wedtug bazy Web of Science oraz Scopus
(16.10.2023): 4

- wszystkich publikacji Doktoranta: 56
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. Indeks Hirscha wedthug bazy Web of Science oraz Scopus dla:

- publikacji zawartych w prezentowanym cyklu wedlug bazy Web of Science oraz Scopus
(16.10.2023): 1

- wszystkich publikacji Doktoranta: 4
. Pozostate publikacje:

. Marcin Runowski, Dawid Marcinkowski, Kevin Soler-Carracedo, Adam Gorczynski,
Ernest Ewert, Przemystaw Wozny, Inocencio R. Martin, ,, Noncentrosymmetric Lanthanide-
Based MOF Materials Exhibiting Strong SHG Activity and NIR Luminescence of Er’*:
Application in Nonlinear Optical Thermometry “, ACS Appl. Mater. Interfaces, 2023, 15,
2,3244-3252.

. Dawid Pakulski, Adam Gorczynski, Dawid Marcinkowski, Wiodzimierz Czepa, Tomasz
Chudziak, Samanta Witomska, Yuta Nishina, Violetta Patroniak, Artur Ciesielski, Paolo
Samori, ,,High-sorption terpyridine-graphene oxide hybrid for efficient removal of heavy
metal ions from wastewater”, Nanoscale, 2021, 13, 10490 — 10499.

. Aleksandra Bocian, Adam Gorczynski, Dawid Marcinkowski, Grzegorz Dutkiewicz,
Violetta Patroniak, Maciej Kubicki, “Bases, solvates and salts: new benzimidazole- and

pyridine-scaffolded ligands”, Acta Cryst. C, 2020, 76, 367-374.

. Adam Gorczynski, Dawid Marcinkowski, Maciej Kubicki, Marta Loffler, Maria Korabik,
Mirostaw Karbowiak, Piotr Wisniewski, Czestaw Rudowicz, Violetta Patroniak, “New
field-induced single ion magnets based on prolate Er(I1l) and Yb(IIl) ions: tuning the
energy barrier Ueff by the choice of counterions within Ns-tridentate Schiff-base scaffold”,
Inorg. Chem. Front., 2018, 5, 605-618.

Dawid Marcinkowski, Marta A. Fik, Teresa Luczak, Maciej Kubicki, Violetta Patroniak,
“New Mn(Il) complexes with benzoxazole-based ligands: synthesis, structure and their
electrochemical behavior" Polyhedron, 2018, 141, 125-132.
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6. Monika Walesa-Chorab, Dawid Marcinkowski, Maciej Kubicki, Zbigniew Hnatejko,

Violetta Patroniak, "The formation of mononuclear iron(ll) and zinc(ll) complexes and
dinuclear mesocates of copper(ll) with pyrazine-bis(bipyridine) ligand” Polyhedron, 2016,
118, 1-5.

F. Patent
Nazwa wynalazku: Kompleks zelaza(Ill), sposob jego otrzymywania oraz jego
zastosowanie jako adsorbent CO..

Opis wynalazku: Przedmiotem wynalazku jest nowy zwigzek chemiczny - kompleks
zelaza(Ill), jego synteza oraz zastosowanie jako adsorbent ditlenku wegla. Kompleks
podczas syntezy przy uzyciu metanolu tworzy strukture posiadajaca pory, bedace
rezultatem templatujacego efektu rozpuszczalnika. Kompleks posiada mata powierzchnig
wlasciwa rowna 6 m?/g, jednak charakteryzuje sie wysoka adsorpcja CO: rzedu
0,17 mmol/m? pod cisnieniem 1 bar w temperaturze 0°C oraz 0,10 mmol/m? pod ci$nieniem
1 bar w temperaturze 25°C. Dla porownania, adsorpcja CO2 pod cisnieniem 1 bar
w temperaturze 0°C dla wegla aktywnego — wykorzystywanego w tym samym

celu — wynosi 3,4 - 10°mmol/m?.

Numer patentu: 234354

Data i miejsce rejestracji: 2020-03-03; Urzad Patentowy Rzeczpospolitej Polskiej,
Zasieg rejestracji: krajowy

Autorstwo: Violetta Patroniak, Adam Gorczynski, Dawid Marcinkowski, Beata
Michalkiewicz, Jarostaw Serafin

G. Staze migdzynarodowe

1. 01.02.2021 - 01.05.2021.2021 - Staz naukowy w grupie prof. Krzysztofa
Matyjaszewskiego Department of Chemistry Carnegie Mellon University Pittsburgh, USA.
Realizacja projektu nr PPN/IWA/2019/1/00128 ,, Synthesis Of Copper(I/11) Complexes As
A New Superactive Catalysts In Atom Transfer Radical Polymerization Process” W ramach

programu im. Iwanowskiej Narodowej Agencji Wymiany Akademickiej
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Udziat w konferencjach:

Doktorant jest autorem oraz wspdtautorem 24 komunikatéw na konferencjach krajowych oraz

zagranicznych, w szczeg6lnosci wliczajac dwa wystgpienia w jezyku angielskim na

konferencjach migdzynarodowych oraz wspotautorstwo jednego nagrodzonego posteru.

a)
1.

b)

Wystapienia ustne:

Data i miejsce konferencji: Francja, Paryz, 23-25.05.2022

Nazwa konferencji: French-Polish Symposium on Chemistry 2022

Zasieg konferencji: Miedzynarodowa

Tytul referatu: Tuning of slow magnetic relaxation in trityl based lanthanide
supramolecular assemblies

Data i miejsce konferencji: Moskwa, Rosja, 22-26.04.2019

Nazwa konferencji: The Fifth International Scientific Conference Advances in Synthesis
and Complexing

Zasieg konferencji: Miedzynarodowa

Tytul referatu: Design and synthesis of H-bonded porous iron(ll1)/chromium(11l) materials

for selective removal of CO2 from the environment

Nagrodzone postery:

Data i miejsce konferencji: Poznan, Polska, 05.11.2016

Nazwa konferencji: III Sympozjum Mtodych Naukowcow

Zasieg konferencji: Ogolnopolska

Tytul posteru: Nowe kompleksy zelaza (III) i ich zastosowanie jako adsorbent CO2 (autor

prezentujacy)
Udzial w projektach badawczych:

Numer projektu: GRANT PRELUDIUM 2022/45/N/ST4/00344; Tytul projektu:
Wielofunkcyjne makrocykle jondéw lantanowcow jako sondy termoluminescencyjne do
wykorzystania w obrazowaniu komorkowym; Grantodawca wraz z nazwg konkursu:

Narodowe Centrum Nauki, Preludium 21; Miejsce realizacji: Uniwersytet im. Adama
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Mickiewicza, Poznan, Kwota dofinansowania: 139 993 zi; Czas trwania projektu:
01.2023-01.2025; Charakter udzialu w projekcie: Kierownik projektu

Numer projektu: DIAMENTOWY GRANT 0088/DIA/2018/47; Tytul projektu:
Poszukiwanie korelacji magneto-strukturalnych w kompleksach z jonami metali d- i f-
elektronowych o niskich i wysokich liczbach koordynacyjnych; Grantodawca wraz z
nazwg konkursu: Ministerstwo Nauki i Szkolnictwa Wyzszego, Diamentowy Grant ed.
VII; Miejsce realizacji: Uniwersytet im. Adama Mickiewicza, Poznan; Kwota
dofinansowania: 219 450 zi; Czas trwania projektu: 09.2018-09.2022; Charakter

udzialu w projekcie: Kierownik projektu

Numer projektu: Grant im. Iwanowskiej PPN/IWA/2019/1/00128; Tytul projektu:
Synthesis Of Copper(l/11) Complexes As A New Superactive Catalysts In Atom Transfer
Radical Polymerization Process; Grantodawca wraz z nazwa konkursu: Narodowa
Agencja Wymiany Akademickiej; Miejsce realizacji: Carnegie Mellon University,
Pittsburgh; Kwota dofinansowania: 39 000 zt; Czas trwania projektu: 02.2021-05.2021;

Charakter udzialu w projekcie: Kierownik projektu

Numer projektu: ,,Minigranty Doktoranckie” 017/02/SNS/0003; Tytul projektu: Nowe
osiowosymetryczne architektury supramolekularne jonow lantanowcow jako zrddlo
stabilnych nanomagnetykéw molekularnych; Grantodawca wraz z nazwa konkursu:
Inicjatywa Doskonalosci — Uczelnia Badawcza, Uniwersytet im Adama Mickiewicza w
Poznaniu; Miejsce realizacji: Uniwersytet im. Adama Mickiewicza, Poznan, Kwota
dofinansowania: 15 000 zi; Czas trwania projektu: 10.2021-12.2022; Charakter

udzialu w projekcie: Kierownik projektu

Numer projektu: Grant ,Najlepsi z Najlepszych 3.0.”; Tytul projektu: Badanie
wlasciwosci biologicznych i katalitycznych zwiazkow kompleksowych Cu(Il), Ni(ll),
Zn(1l), Co(II/1IT), Fe(I/IIT) z ligandami zawierajacymi ugrupowanie sulfonoamidowe.;
Grantodawca wraz z nazwa konkursu: Ministerstwo Nauki i Szkolnictwa Wyzszego;
Miejsce realizacji: Uniwersytet im. Adama Mickiewicza, Poznan; Kwota
dofinansowania: 166 320 zi; Czas trwania projektu: 09.2018-05.2019; Charakter

udzialu w projekcie: wykonawca i wspotautor wniosku
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6. Numer projektu: Grant SONATA 22020/45/N/ST4/01182; Tytul projektu:

© 0 N o g bk~ W DN PG

Wielofunkcyjny charakter makrocyklicznych kompleksow miedzi(Il) - wglad w
polimeryzacj¢ rodnikowa z przeniesieniem atomu (ATRP) oraz nanomagnetyzm
molekularny (NMM); Grantodawca wraz z nazwa konkursu: Narodowe Centrum
Nauki; Miejsce realizacji: Uniwersytet im. Adama Mickiewicza, Poznan; Kwota
dofinansowania: 1 617 171 zi; Czas trwania projektu: 06.2021-06.2024; Charakter
udzialu w projekcie: Wykonawca projektu

Numer projektu: Grant OPUS 2016/21/B/ST4/02064; Tytul projektu: Racjonalne
projektowanie nanomagnetykéw molekularnych: synteza, charakterystyka, opis
teoretyczny oraz komputerowe modelowanie ich wilasciwosci; Grantodawca wraz z
nazwg konkursu: Narodowe Centrum Nauki; Miejsce realizacji: Uniwersytet im. Adama
Mickiewicza, Poznan; Kwota dofinansowania: 1 200 090 zit; Czas trwania projektu:
05.2021-02.2022; Charakter udzialu w projekcie: Wykonawca projektu

Numer projektu: Grant OPUS 2016/21/B/ST5/00175; Tytul projektu: Oddziatywania
supramolekularne w ukladach opartych na heteropolianionach skondensowanych;
Grantodawca wraz z nazwa konkursu: Narodowe Centrum Nauki; Miejsce realizacji:
Uniwersytet im. Adama Mickiewicza, Poznan; Czas trwania projektu: 02.2018-06.2019;

Charakter udzialu w projekcie: Wykonawca projektu

Nagrody:

Laureat Programu Narodowego Centrum Nauki: PRELUDIUM, 2022 r.

Stypendium Fundacji UAM dla najlepszych doktorantow 2021/2022 r.

Laureat Programu im. Iwanowskiej Narodowej Agencji Wymiany Akademickiej, 2021 r.
Stypendium Ministra Nauki 1 Szkolnictwa Wyzszego 2018/2019 r.

Stypendium Marszatka Wojewodztwa Wielkopolskiego I1I-go stopnia 2018/2019 r.
Stypendium Rektora I-go stopnia dla najlepszych studentéw 2018/2019 .

Laureat Programu MNiSW: DIAMENTOWY GRANT, 2018 .

Stypendium Ministra Nauki 1 Szkolnictwa Wyzszego 2017/2018 .

Stypendium Rektora I-go stopnia dla najlepszych studentow 2017/2018 r.

10. Stypendium Ministra Nauki i Szkolnictwa Wyzszego 2016/2017 r.

11. Stypendium Rektora I-go stopnia dla najlepszych studentow 2016/2017 r.
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12. Stypendium Rektora I1-go stopnia dla najlepszych studentow 2015/2016 r.

13. Finalista konkursu "Ztoty Medal Chemii IChF PAN” na najlepszg prac¢ licencjacka 2017

r.

K. Aktywno$¢ pozanaukowa:

1. Udzial w organizacji konferencji 2" French-Polish Chemistry Congress 28-31.08.2023, Francja,
Montpellier

2. Udziat w organizacji konferencji French-Polish Symposium on Chemistry 23-25.05.2022,
Francja, Paryz

3. Udzial w organizacji konferencji Ile Assises Franco-Polonaises de Chimie 14-15.03.2018,
Francja, Paryz

4. Udzial w organizacji konferencji XIX Ogodlnopolskie Sympozjum Naukowego Kota
Chemikoéw UAM 24-26.03.2017, Polska, Jeziory

5. Czynny udzial zard6wno podczas organizacji pokazéw chemicznych jak i1 réwniez ich
prezentacji w ramach pracy w Naukowym Kole Chemikéw UAM. Czas realizacji: 10.2015—
12.2017

6. Organizacja pokazu chemicznego w ramach Poznanskiego Festiwalu Nauki i Sztuki
26.04.2017

7. Organizacja pokazu w ramach Nocy Naukowcow 29.09.2017

8. Udziat w organizacji konferencji 59 Zjazd Naukowy Polskiego Towarzystwa Chemicznego
19-23.09.2016, Polska, Poznan

9. Organizacja pokazu chemicznego w ramach Poznanskiego Festiwalu Nauki i Sztuki
20.04.2016

10. Organizacja pokazu w ramach Nocy Naukowcow 30.09.2016
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PRZEWODNIK PO PUBLIKACJACH STANOWIACYCH
ROZPRAWE DOKTORSKA

»oynteza nowych architektur supramolekularnych metali

d- i f-elektronowych o wlasciwosciach magnetycznych”

Wstep teoretyczny

Jean-Marie Lehn laureat nagrody Nobla w 1987 r. w dziedzinie chemii supramolekularnej
zdefiniowal ja jako ,,.chemi¢ poza czasteczka”. Celem tej dziedziny jest projektowanie
I wdrazanie do zastosowan uktadow posiadajacych okreslone funkcje, ktoérych budowa oparta
jest na komponentach molekularnych zwigzanych niekowalencyjnymi oddziatywaniami

2 Aby doktadnie pozna¢ idee¢ chemii supramolekularnej nalezy

migdzyczasteczkowymi.
rozdzieli¢ ja na poszczegdlne kategorie: chemia typu gos¢ — gospodarz, samoasocjacje
(self-assembly) oraz samoorganizacje (self-organization).> 3 Gléwnym czynnikiem
decydujacym o przyporzadkowaniu do odpowiedniej kategorii jest ksztalt oraz rozmiar
molekuly bioracej udziat w procesie. Czasteczka o znacznie wigkszych rozmiarach, ktéra ma
mozliwo$¢ owing¢ si¢ wokot innej jest okreslana mianem ,,gospodarza”, a czasteczka mniejsza
»gosciem”. (Rysunek 1A). W tym przypadku uktady, ktore posiadajg trwalg kieszen
molekularng zawierajgcg miejsca wigzace ,,goscia” beda z duzym prawdopodobienstwem
posiadaly taka samg struktur¢ w roztworze oraz ciele stalym. Doskonatym odniesieniem sg tutaj
kompleksy metal — ligand, ktore mozemy interpretowac jako uktady ,,go$¢ — gospodarz”, gdzie
ligand organiczny np. makrocykliczny otacza kation metalu tworzac stabilng architekture

supramolekularna.
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A I Synteza C7qSlccl‘zka
kowalencyjna goscia
— L
Male Wigksza czasteczka Kompleks goé¢-gospodarz
czasteczki (gospodarz) (roztwor i cialo stale)
’ H_N

. ‘ Krystalizacja ' ‘ .
e

Wigksza Mniejsza . . ‘

czgsteczka czasteczka

(gospodarz) (gosc)

Kompleks inkluzyjny gosé-gospodarz
(tylko cialo stale)

Synteza Spontaniczna
! kow. alcncyjna &amomgammqa

Mate Wigksza czgsteczka
czgsteczki

Rysunek 1. Schemat tworzenia si¢ uktadu supramolekularnego z blokow molekularnych typu: A - ,,go$¢ —

gospodarz”; B — kompleks inkluzyjny; C — samoasocjacja pomiedzy czasteczkami komplementarnymi.

Inne zjawisko towarzyszy zwigzkom nazywanymi klatratami, w ktorych podczas tworzenia
regularnej sieci krystalicznej zwigzku ,,gospodarza” powstaja puste luki, ktére zajmowane sg
przez czasteczki innego zwigzku (Rysunek 1B). Ze wzgledu na specyficzne warunki jakie
musza spetni¢ takie uktady, mozemy obserwowa¢ je tylko w ciele statym.®

Samoasocjacja nast¢puje podczas ltgczenia si¢ mniejszych czgsteczek za pomocy
nickowalencyjnych oddziatywan mig¢dzyczasteczkowych (Rysunek 1C). W tym procesie
czasteczki nie wykazuja charakterystycznych cech dla ,,gospodarza” lub ,,goscia”, poniewaz
ich rozmiary s3 zblizone, jednak konieczne jest wystepowanie czynnika w postaci wzorca
(templatu), odpowiednich ugrupowan lub innych czynnikéw wewnetrznych, ktore ukierunkujg
organizacj¢. Proces ten jest spontaniczny i prowadzi do ustalenia si¢ rownowagi pomiedzy
sktadnikami, w rezultacie tworzac zorganizowang architekture supramolekularng ktorej ksztatt

1 funkcje zaleza od specyficznych i lokalnych oddzialywan czasteczkowych.
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Samoorganizacja odnosi si¢ do procesu, w ktorym system pojedynczych molekut

spontanicznie organizuje si¢ w bardziej ztozong i skoordynowang strukture. W przeciwienstwie
do samoasocjacji nie jest konieczne wystepowanie dodatkowego czynnika kierujacego
procesem. W rezultacie poszczegolne sktadniki uktadu oddziatujg na siebie i organizujg si¢
w oparciu o lokalne oddziatywania.

Chemia supramolekularna jest dziedzing multidyscyplinarng, ktéra znajduje si¢ na
pograniczu chemii organicznej, chemii fizycznej i chemii koordynacyjnej, co pozwala na jej
szybki rozwdj oraz otrzymywanie ztozonych ukladéw o $ci$le okreslonych funkcjach.*
Doskonale obrazuja to liczne publikacje naukowe przedstawiajace przyktady takie jak maszyny
molekularne®, czujniki molekularne®, absorbenty gazéw’ , Katalizatory®, materialy
luminescencyjne®, magnetyki molekularne!® i inne.!

Jedng z dziedzin chemii supramolekularnej, ktora w ostatnich latach wzbudza spore
zainteresowanie jest stosunkowo mtoda dziedzina jaka jest nanomagnetyzm molekularny.
Wykorzystuje si¢ w niej zwigzki koordynacyjne, ktore wykazuja powolng relaksacje
namagnesowania na poziomie czgsteczkowym. Zjawisko to wystepuje w momencie dziatania
na zwigzek zewnetrznym polem magnetycznym, a nastgpnie jego wyltaczeniu, w efekcie
uporzadkowane zgodnie z kierunkiem pola magnetycznego spiny powracaja do swoich
pierwotnych stanéw. Proces ten zachodzi powoli ze wzgledu na obecno$¢ bariery energetyczne;j

(Uefr), ktora nalezy przekroczyé aby doszto do reorientacji spinu (Rysunek 2).%2

Energia

0° 90° 180°

Kat pomigdzy osia magnetyzacji i anizotropii

Rysunek 2. Proces powolnej relaksacji magnetycznej w SMM, ktory wynika z energetyczne] preferencji dla

namagnesowania wzdtuz dominujacej osi anizotropii magnetycznej.*?

Cechag charakterystyczng nanomagnetykow jest mozliwo$¢ wykazywania wihasciwosci

magnetycznych przez pojedyncze czasteczki, co pozwala na zwigkszenie ich wydajnosci i
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jednoczesng miniaturyzacj¢ do skali nano. Rozni je to od powszechnie stosowanych magnesow,

ktore sa zbudowane z materiatow ferromagnetycznych i wystepuja W nich domeny
magnetyczne, czyli obszary o miejscowym uporzadkowaniu momentow magnetycznych.
Taki rodzaj budowy powoduje, Zze magnesy posiadajg makroskopowe rozmiary, a ich
miniaturyzacja jest ograniczona ze wzgledu na wystepowanie wspomnianych domen.
Zwiazki posiadajace zdolno$¢ do powolnej relaksacji nazywane s3a nanomagnetykami
molekularnymi (Single Molecule Magnets - SMM).13 14

Zainteresowanie naukowcow skupia si¢ na tej klasie zwigzkow, poniewaz posiadaja one
zdolno§¢ do przechowywania 1 przetwarzania skwantowanej informacji na poziomie
molekularnym, co pozwolitoby w przysztosci na otrzymanie zaawansowanych materiatow
magnetycznych nowej generacji, zapewniajagc w ten sposob dostgp do urzadzen do
przechowywania danych o wysokiej gestosci 1 obliczen kwantowych. Taki postep mogltby
przyczynié sie do rozwigzania powaznego problemu Big Data®®, ktéry dotyczy niemozliwosci
szybkiego przetworzenia ogromnej ilosci danych, ktore produkowane sag w coraz wigkszej
ilosci 1 z coraz wigksza intensywnoscig. Kolejny kamien milowy, ktoéry moglby zostac
przekroczony to cyfryzacja i automatyzacja wielu elementow pracy laboratoryjnej, w tym
syntezy, analizy, krystalizacji i innych z wykorzystaniem tzw. uczenia maszynowego
(machine learning). Juz dzi$ pojawiaja si¢ pierwsze przyktady zwigzane z krokami podjetymi
w tym Kkierunku przez Cronina i wspétpracownikow.'® Nanomagnetyzm molekularny
zapoczatkowatl pionierski przyktad kompleksu (1) [Mni2(CH3COO)16(H20)4012] otrzymany
przez Lisal’, ale scharakteryzowany dopiero trzynascie lat pdzniej przez Novak’a i
wspolpracownikow (Rysunek 3A).28 Naukowcy jako pierwsi zaobserwowali zjawisko
powolnej relaksacji magnetycznej, niestety wlasciwosci te byty obserwowane tylko w bardzo
niskich temperaturach ok. 4 K. Od tej pory badania nad nanomagnetykami rozwijaty si¢ W
znaczagcym tempie. Kolejnym przetomem bylo otrzymanie przez Ishikawe
i wspotpracownikow!® ftalocyjaninowych kompleksow Tb(IIT) i Dy(III), ktore cechowat inny
mechanizm relaksacji niz ten obserwowany dla metali bloku d- (Rysunek 3B). Spowodowato
to przesunigcie zainteresowania z wielordzeniowych klastrow w kierunku ukladow
monometalicznych?, tworzac w ten sposob pojecie magneséw molekularnych zawierajacych

pojedyncze jony metalu (Single lon Magnets - SIM).?
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Rysunek 3. Archetypowi przedstawiciele pierwszych nanomagnetykoéw wraz z podstawowymi parametrami: A —
(1); B - (2) [ThPc,] (Pc-dianion ftalocyjanowy [C32NsH16]%).

Obecnie gltownym wyzwaniem dla naukowcow jest poszukiwanie zwigzkow, ktore
wykazuja nanomagnetyzm molekularny w temperaturze pokojowej, a takze petne zrozumienie
proceséw relaksacji, ktore sg kluczowe przy projektowaniu nowych, wysokowydajnych
magnesow molekularnych.?? Temperatura blokowania magnetycznego (Ts) jest kluczowym
parametrem opisujagcym temperatur¢ maksymalng, w ktérej mozliwe jest zaobserwowanie
histerezy magnetycznej. Ponadto pozwala poréwna¢ wydajnosé¢ SIMow, poniewaz jak dotad
zdecydowana wiekszo$¢ zwigzkow wykazuje zjawisko histerezy tylko w temperaturze ciektego
helu®. W ostatnim czasie pojawito sie kilka zwigzkow?* 28, ktére przetamaly bariere cieklego
helu, ustalajac jak dotychczas rekordowe temperatury blokowania. Jednym z nich jest
metalocen dysprozu (3) [(Cp™)2Dy][B(CsFs)a] (Cp™, 1,2,4-tri-tert-butylocyklopentadienyl),
ktory wykazuje histereze magnetyczng az do 60 K2, jednak prog ten nadal jest znacznie
mniejszy od bardziej praktycznego zakresu jakim jest temperatura cieklego azotu czyli 77 K.
Obecnym pionierem, ktory cechuje sie¢ najwyzsza temperaturg blokowania jest zwigzek
(4)=[(°-Cp*)Dy(n°>-Cp""™)][B(CsFs)4] (Cp'™, penta-izopropylocyklopentadienyl;
Cp’, pentametylocyklopentadienyl), ktéry posiada bezprecedensowa wartos¢é Tg=80K
(Rysunek 4A).?" Przyktad ten doskonale obrazuje wazny aspekt jakim jest odpowiednie
projektowanie zwiazkéw juz od samego poczatku. Naukowcy zmieniajac podstawniki w
pierscieniu cyklopentadienylowym wptyneli bezposrednio na ostateczng forme otrzymanego
zwigzku szczegoOlnie w dwoch aspektach: (i) zmniejszono odlegtos¢ kationu Dy(III) od

pierécienia cyklopentadienylowego, odlegtosci Dy-Cp” i Dy-Cp'™™® wynosity odpowiednio
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2,296 12,284 A, ktore sg érednio 0 0,026 A krotsze od analogicznych odlegtoéci 2,324 i 2,309

A wyznaczonych dla poprzedniego rekordzisty (3); (ii) zwiekszono kat pomiedzy kationem
metalu i pier$cieniami cyklopentadienylowymi, kat Cp-Dy-Cp w (4) wynosi 162,5°, a wigc jest
o prawie 9,7° szerszy od kata 152,85° wyst¢pujacego w (3), CO znaczgco zbliza te warto$¢ do
idealnego kata 180° (Rysunek 4B). Powyzsze modyfikacje pozwolily na wygenerowanie
silnego osiowego pola krystalicznego, ktére pozwala na zaobserwowanie histerezy powyzej
77 K (Rysunek 4C). Dodatkowo, §ledzac proces relaksacji okreslono, ze w przypadku (3)
drgania wigzan C-H bezposrednio wptywaja na proces relaksacji typu Orbacha, w celu
zredukowania tego efektu w (4) grupy te zostaly zastgpione grupami izopropylowymi.
Modyfikacja pozwolita na zwigkszenie wydajnosci magnesu molekularnego, niemniej jednak
drgania grup metylowych rowniez wptywaly negatywnie na proces relaksacji. Powyzsze

rozwazania sg cenng wskazowka, ktoére mogg stanowi¢ podstawe przy projektowaniu nowych

wysokowydajnych SMM.
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Rysunek 4. A — Schemat reakcji syntezy (4); B — Struktura krystaliczna zwigzku (4), dla przejrzysto$ci pominigto
atomy wodoru i przeciwjon [B(CsFs)4]; C — Wykres zaleznosci namagnesowania od czestotliwosci zmian pola

magnetycznego przedstawiajacy histereze w zakresie temperatur 2 — 75 K.27

Dotychczas naukowcy skupiali si¢ na uktadach zawierajacych tylko jeden izolowany jon
metalu, co ulatwialo wykluczenie odzialtywan z innymi jonami i prowadzilo do
wysokowydajnych SMM. Praca zaprezentowana przez Gould et al.?® ukazuje catkowicie nowe
podejscie w projektowaniu nanomagnetykéw molekularnych. Bimetaliczne kompleksy

lantanowcow (Cp'™™)2Lnzls (Ln: (5) Y, (6) Gd, (7) Tb, (8) Dy), zostaty otrzymane poprzez
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redukcje prekursora (Cp'™®).Lnz2ls z wykorzystaniem KCs (potassium graphite — grafit

interkalowany potasem) (Rysunek 5).

KCs
—p
- KI
grafit
' ‘ b 4
4<~~/~\\ ‘,)& (}/”/‘.N\
T (&5 FiL
(Cp'P3),Th, I, (7) (Cp™),Th, 15 (8) (Cp'),Dy,l;
2022 2022
Upp= 1990 K Ty = 65 K U,p=234TKT, = 72K

Rysunek 5. A — Ogdlny schemat syntezy zwiazkow (5 — 8) wraz ze strukturami krystalicznymi na przyktadzie
(Cp'"®);Thals. B — struktura krystaliczna zwigzku (8) . Atomy oznaczono: Tb — jasnozielony, Dy — niebieski, | —
fioletowy, C — szary, H — biaty.?

Badania strukturalne, spektroskopowe 1 obliczenia teoretyczne wykazaly, Zze jony
lantanowca w zwigzkach (5 — 8) po redukcji, zamiast przyjmowaé konfiguracje¢ elektronowa
odpowiednio 4f"5d* dla Ln(I1) i 4f" dla Ln(IIT) wykazuja delokalizacje walencyjna. Zgodnie z
formalizmem Robina-Daya klasy 111%® oznacza to, ze elektron d jest réwno podzielony
pomiedzy dwa centra metaliczne (Ln — Ln). Efektem tego zjawiska jest otrzymanie wigzania
lantanowiec — lantanowiec, a obecny stan elektronowy prowadzi do otrzymania
wysokospinowego stanu podstawowego izolowanego termicznie nawet w temperaturze
pokojowej. W potaczniu z duzg osiowa anizotropig magnetyczng prowadzi do otrzymania
uktadow (7) oraz (8), ktore charakteryzuja si¢ najwiekszym koercyjnym polem magnetycznym
zaobserwowanym dotychczas dla czasteczki, a nawet przewyzszajacym komercyjne magnesy.
Praca ukazuj¢ nowa ideg, ktéra pozwala na zastosowanie sprzezonych oddziatywan
wymiennych jako sposobu na otrzymanie wysokowydajnych stalych magnesow nowej
generacji oraz stanowi pierwszy przyktad oddziatywan wspotliniowyvch z duzg anizotropia
magnetyczng indukowang przez pole krystaliczne.

Powyzsze przyktady ukazuja wysokowydajne SMM, niemniej jednak zwigzki te borykaja
si¢ z kilkoma problemami, ktére mocno ograniczajg ich mozliwo$¢ wykorzystania w praktyce.

Zwiazki te sg szczegoOlnie wrazliwe na kontakt z powietrzem 1 wilgocig, co generuje
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konieczno$¢ zachowania szczegélnej ostroznosci I przechowywania w atmosferze gazu

obojetnego. Kolejnym aspektem jest takze skomplikowana i czasochtonna synteza.
Obecnie naukowcy skupiajg si¢ na poszukiwaniu nowych nanomagnetykow, ktore beda
stabilne na powietrzu oraz ich synteza bedzie przebiega¢ szybko z wysoka wydajnoscia.*°

Szczegdlng uwage poswiecono zwigzkom makrocyklicznym typu zasad Schiffa, poniewaz
zwigzki te mozna otrzyma¢ w jednym kroku metodg templatowsa. Reakcja polega na
przeprowadzeniu kondensacji zwigzkéw dikarbonylowych oraz diaminowych w obecnosci
jonu metalu, ktéry ustawia substraty w pozadanej konformacji i utatwia cyklizacj¢ prowadzac
do otrzymania zwigzku z wysoka wydajnoscig. Ponadto w zalezno$ci od zastosowanego
stosunku molowego substratow, dlugosci tancucha i promienia jonowego metalu reakcja
templatowa moze prowadzi¢ do produktow kondensacji [1+1], [2+2] lub [3+3], ktore
charakteryzuja si¢ rozng wielkoscia luki koordynacyjnej i iloscig atomow donorowych.
Metoda ta sprzyja mozliwo$ci wprowadzenia licznych modyfikacji poprzez odpowiedni dobor
substratow. 3!

Juz w roku 2015 Gavey*? zaprezentowala pierwsze proby wykorzystania ligandow
makrocyklicznych (L1 — L3) do badania wptywu na dynamike relaksacji w uktadach bazujacych
na jonach Dy(ll1) (Rysunek 6).

@YY@Y@Y

SEERDICNEPS

Rysunek 6. Wzory strukturalne ligandow makrocyklicznych L1 — L3 wykorzystanych do otrzymania zwigzkow
kompleksowych z jonami Dy(I11).

Zsyntezowano pierwsze kompleksy Dy(Ill) zawierajace ekwatorialnie skoordynowane
ligandy makrocykliczne typu zasad Schiffa, ktore wykazuja zachowanie SMM przy zerowym
polu DC (direct current). Niestety nie udato si¢ otrzymacé struktur Krystalicznych, co
wykluczyto mozliwosé szczegdtowej analizy procesu relaksacji.

Po 5 latach od pierwszego przyktadu Canaj i wspdtpracownicy®® otrzymali stabilny na
powietrzu kompleks makrocykliczny (9) [Dy"'(LN%)(PhsSiO)2](BPhs) - CH2Clo. W strukturze

zwiazku obecny jest pier§cien organiczny zblizony do L1 zaprezentowanego w pracy Gavey>?,
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jednak w tym, przypadku jest on 17-cztonowy zamiast 15-cztonowego (Rysunek 7A).

Pierscien makrocykliczny tworzy ptaszczyzng, a nad i pod plaszczyzng koordynuja osiowo
silne ligandy anionowe PhsSiO", co prowadzi do uktadu o geometrii bipiramidy pentagonalnej
(Rysunek 7BC). Potaczenie stabego pola ligandow z L4 z silnymi ligandami donorowymi
w pozycjach osiowych spowodowata ukierunkowanie anizotropii magnetycznej wspotliniowo
z wigzaniami O — Dy — O, w rezultacie zaobserwowano relaksacj¢ magnetyczng bez obecnos$ci

statego pola magnetycznego (DC) z Uefr wynoszacym 1108 K.

D c
kﬁ\-\‘\ /Q 2020

\ 2157(3)A Ug=1108KTy= 14K

Rysunek 7. A — Wzor strukturalny liganda La; B — Struktura krystaliczna kompleksu (9) wraz z najwazniejszymi
odlegtosciami pomigdzy atomami donorowymi a jonem centralnym; C — Poréwnanie obliczonej struktury

bipiramidy pentagonalnej (gora) ze strefa koordynacyjna w zwiazku (9).

Podobne podejscie zaprezentowat Zhu i wspotpracownicy®® syntezujac kompleksy
makrocykliczne zawierajgce 16-cztonowy pierscien Ls o zblizonej budowie do omdéwionych
powyzej (Rysunek 8A). Innowacja jaka zostata wprowadzona do struktury, byto zastosowanie
chiralnego liganda osiowego Lessr (R/S)-1-(2-hydroksynaftalen-1-yl)naftalen-2-ol, dzigki
ktoremu otrzymano dwa enancjomery (10) [Dy"'Ls(Ler)2](BPhs)-2H2O oraz (11)
[Dy"'Ls( (Les)2](BPh4)-2H20. Badania strukturalne zwiazkéw makrocyklicznych wykazaty, ze
jon Dy(IIl) jest lekko wychylony poza ptaszczyzne, dodatkowo jednostki naftalenowe
chiralnych ligandow osiowych oddzialuja z pierscieniem pirydynowym makrocykla (Rysunek
8B). Zjawisko to niekorzystnie wptywa na odlegto$¢ wigzania Dy — O, ktére rozni sie tylko o
0,03 A od pozostatych. Negatywny wptyw oddziatywan widoczny jest takze dla kata O — Dy —
0, ktorego wartos¢ wynosi 169,89°, co oddala t¢ wartos¢ od oczekiwanego kata 180° (Rysunek
8C). W rezultacie uktad przyjmuje posta¢ znieksztatconej bipiramidy pentagonalnej. Obecne

znieksztalcenia wplynety na obnizenie wspotliniowosci osi anizotropii magnetycznej od
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wigzania O-Dy-0O co odzwierciedlito si¢ w nizszych warto$ciach Uetf wynoszgcymi 402,9 K i

404,3 K w poréwnaniu z ponizej zaprezentowanymi przyktadami (Rysunek 8C).

2020 2020
Ugs=403KTa=19K Ug;=404KTz=19K

Rysunek 8. A — Wzér strukturalny liganda Ls zastosowanego w (10) i (11); B — Oddziatywanie stackingowe typu
n-1 pomiedzy pier§cieniem pirydynowym i jednostka naftalenowg chiralnego liganda osiowego Ler; C — Struktury

krystaliczne komplekséw (10) i (11) wraz z obliczonymi osiami anizotropii magnetycznej (czerwona strzatka).**

Liczne badania naukowcow pozwolity zaobserwowac kluczowe zjawisko, ktore moze
utrudnia¢ otrzymanie odpowiedniej geometrii. Wigkszos¢ ligandéw makrocyklicznych [1+1]
zawiera ugrupowania sktadajace si¢ z tancuchéw alifatycznych, ktére sg elastyczne i moga
powodowaé znieksztalcenia. Utrudnia to kontrole nad plaszczyzng ekwatorialng.
Rozwigzaniem jest zastosowanie dodatkowych jednostek aromatycznych co wplynie na
usztywnienie tworzacego si¢ pierscienia. Mozna to osiagnaé poprzez synteze uktadow [2+2],
co jako pierwszy zaprezentowal w 2019 r. Canaj i wspdtpracownicy.®® Otrzymano stabilne na
powietrzu makrocykliczne kompleksy Dy(lll) (12) [Dy"(L7)(2,4-di-'Bu-PhO).](PFe),
(13) [Dy"'(L7)(PhsSiO)2](PFs) oraz (14) [Dy"'(L7)(PhsSiO)2](BPhs) (2,4-di-'Bu-PhO=anion
2,4-di-tertbutylofenolu; PhsSiO=anion trifenylosilanolu) (Rysunek 9A). Uktady posiadaty
geometrie bipiramidy heksagonalnej (Den), ktora potaczyta sztywna ptaszczyzne ekwatorialng
z silnym osiowym polem ligandow, co pozwolilo na wygenerowanie 0si anizotropii
magnetycznej, ktora ukierunkowana jest wzdhuz wigzania O — Dy — O (Rysunek 9B).
Badania magnetyczne potwierdzity, ze zwiazki wykazuja powolng relaksacj¢ magnetyczng w
zerowym polu DC, a Uess wynosit odpowiednio 973 K dla (12), 1080 K dla (13) i 1124 K
dla (14). Badania eksperymentalne wsparto takze obliczeniami teoretycznymi, ktore wskazaty
na dwie wazne cechy: (i) zastosowany przeciwjon nie mial wplywu na barier¢ odwrdcenia

namagnesowania; (i) mniejsze znieksztatcenie geometrii Den promuje wyzszg osiowo$¢ i tym
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UM

samym wigksze wartosci bariery Uesr. Zasugerowano réwniez zmiang etylenodiaminowych na

faczniki zawierajace uktady aromatyczne np. o-fenylenodiaming lub
1,2-difenyloetylenodiaming, co pozwoli na dodatkowe usztywnienie pier§cienia
makrocyklicznego. Zastosowanie pier§cieni aromatycznych spowoduje takze efekt
wyciagajacy elektrony, ktory przesunie gestos¢ elektronowa od plaszczyzny i tym samym

zwigkszy anizotropi¢ magnetyczna.
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w temp. / DCM

/
wrzenia \
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Rysunek 9. A — Schemat syntezy prekursora makrocyklicznego oraz zwigzkéw (12 — 14); B — Struktura

krystaliczna (14) wraz z wygenerowang osig anizotropii magnetyczne;.

Powyzsze wskazowki zastosowal Li i wspotpracownicy® wprowadzajac fenolowe
podjednostki do pierscienia makrocyklicznego 1 ligandow osiowych. Otrzymali sze$¢
kompleksow  makrocyklicznych  z  ktorych  trzy  najwazniejsze  to  (15)
[Dy"(Ls)(PhO)2](BPhs)-4THF, (16) [Dy"'(Ls)(4-MeOPhO),](BPh4)-3THF, oraz (17)
[Dy"'(Ls)(naPh0),](BPh4)-4THF (PhOH=fenol; 4-MeOPhOH=4-metoksyfenol; naPhOH=2-
naftol) (Rysunek 10A). Zastosowanie aromatycznych podjednostek wptyneto pozytywnie na
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osiowo$¢ uktadow, ktora w porownaniu do zwiazkéw zaprezentowanych przez Canaj*®® byta

wyzsza. Osiagniecie prawie idealnej geometrii bipiramidy heksagonalnej (Dsn) byto mozliwe
poprzez powstanie wewnatrzczasteczkowych oddziatywan C-H--m pomiedzy pier§cieniami
aromatycznymi ligandow fenolowych i makrocykla (Rysunek 10B). Duza osiowos¢ przetozyta
si¢ takze na wyzsze wartosci Uefr, ktore wynosity 1100 K (15), 1338 K (16) i 1226 K (17).

A RO B
(BPhy)

0 0° U,,T=l33§'¥1‘3=6|(

(15) (16) (17)

Rysunek 10. A — Wzory strukturalne zwiazkow makrocyklicznych (15 — 17); B — Struktura molekularna
kompleksu (16), przedstawiajaca wewnatrzczasteczkowe oddziatywania C-H-m (pomaranczowa linia

przerywana).%

Zhu®’ poszedt o krok dalej wprowadzajac podstawniki fluorowe do szkieletu liganda, ktore
staty si¢ dodatkowym czynnikiem wyciagajacym elektrony z plaszczyzny ekwatorialnej
(Rysunek 11A), w potaczeniu z silnym polem osiowym ligandow Ph3SiO™ pozwolito to na
wygenerowanie osiowej anizotropii magnetycznej, ktorej kat wynosit 178°. Otrzymane dwa
enancjomerycznie czyste kompleksy makrocykliczne Dy(l1l) (18) RRRR-Dy-DenF12 i (19)
SSSS-Dy-DenF12 wykazywaty powolng relaksacje magnetyczng przy braku obecnosci pola DC
osiggajac rekordowg warto$¢ Uess rowng 1833 K dla (18) i 1819 K dla (19). Charakteryzowat
je takze najdtuzszy czas relaksacji siggajacy 2500 s w temperaturze 2 K, ktory byt nieosiggalny
dla dotychczas zsyntezowanych SMM stabilnych na powietrzu (Rysunek 11B). Otrzymany
uktad posiada imponujace warto$ci, niemniej jednak temperatury blokowania nadal pozostaja
bardzo niskie ze wzgledu na wystepowanie tunelowania kwantowego (QTM), ktore

powszechnie wystepuje w nanomagnetykach zawierajacych jony lantanowcow.*
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Rysunek 11. A — Schemat syntezy enancjomerycznie czystych kompleksow makrocyklicznych Dy(l1l) na
przyktadzie zwigzku (18). B — Struktura krystaliczna (18).

Opisane przyktady doskonale pokazuja, Zze nawet niewielkie zmiany strukturalne
wprowadzane w zwiazkach kompleksowych moga mie¢ ogromny wplyw na obserwowane
wlasciwos$ci. Nanomagnetyzm molekularny, to dziedzina, w ktdrej istnieje nieustanna potrzeba
syntezy nowych ukladéw pozwalajacych na $ledzenie zalezno$ci magneto-strukturalnych.
Poznanie tych zaleznosci pozwoli na lepsze zrozumienie procesoéw relaksacji, ktore jak dotad
stanowig jeden z kamieni milowych nanomagnetyzmu. Kolejnym aspektem jest takze
otrzymanie nanomagnetyka molekularnego, ktory bedzie wykazywat powolna relaksacje

magnetyczng w temperaturze pokojowej.
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2. Cel pracy

Celem naukowym rozprawy doktorskiej pt. "Synteza nowych architektur
supramolekularnych metali d- i f-elektronowych o wlasciwos$ciach magnetycznych”
jest:

1) Synteza oraz charakterystyka strukturalno-spektroskopowa nowych uktadow

supramolekularnych z wybranymi jonami metali d- i f-elektronowych z ligandami

typu zasad Schiffa

2) Badanie wilasciwosci magnetycznych otrzymanych zwigzkow kompleksowych i
poznanie Kkorelacji magneto-strukturalnych ze szczegdélnym uwzglednieniem

wplywu jonu metalu, przeciwjonu oraz szkieletu organicznego liganda

uktadow

Projektowanie
supramolekularnych

Synteza 1 Synteza zwigzkow
charakterystyka kompleksowych

ligandow

\

Charakterystyka strukturalno-
spektroskopowa uktadow
supramolekularnych

L —

Rysunek 12. Schemat przedstawiajgcy etapy pracy doktorskiej.
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3. Omoéwienie wynikéw badan

3.1. Praca nr 1: ,,Unexpected structural complexity of d-block metallosupramolecular
architectures within the benzimidazole-phenoxo ligand scaffold for crystal engineering
aspects” — Sci. Rep. 2023, zaakceptowana 16.10.2023 r.

PREFERENCJE KOORDYNACYJNE LIGANDA BENZIMIDAZOLOWO-FENOKSOWEGO

LANTANOWCE METALE BLOKU d- = m

R RR tBu 9
<> @ - @ e
RER -~ : oo , &0al—p

[Lnu(HLL ®Y]* wylgcznie bi-metaliczne uklady ~ N~ : "N : mono-, bi- oraz lctra—mctalic‘%nc ukiady, na ktore
)\ ' )\ ! wplyw ma:
HN SN 'N“ "NH! - forma liganda H,L!

H,L'© forma liganda w ktorym koordynacja } E - natura jonu metalu bloku d-

odbywa si¢ przez dwa ramiona benzimidazolowe, HAL" 3 5 - przeciwjon/rozpuszezalnik/stosunek reagentow

a grupa fenolowa jest zdeprotonowana 3 ' ' " W il "

---------- (Mn", , Co™MNIY, , Cd")
poprzednie badania H,L?kiedy R*- <2773 jestH Badania przedstawione w pracy
WYSOKO IZOSTRUKTURALNE UKLADY PRZESTRAJALNA ROZNORODNOSC STRUKTURALNA

Rysunek 13. Graficzne przedstawienie najwazniejszych aspektow pierwszej pracy.

W pierwszej pracy postanowiono zbada¢ potencjal koordynacyjny liganda HsL! z jonami
metali bloku d-, ktory tworzyt izostrukturalne dwurdzeniowe helikalne zwigzki kompleksowe
z lantanowcami(I111)%. Wsréd serii izostrukturalnych zwiazkéw tylko analog zawierajacy jony
Er(IIT) wykazywat wlasciwosci charakterystyczne dla SMM i byt pierwszym przyktadem tej
grupy zwigzkow przedstawionym w literaturze. Co ciekawe, nawet jon Dy(IIl) nie wykazat
powolnej relaksacji, co przy zachowaniu izostrukturalnosci uktadu stanowi bardzo wazne
przestanie dotyczace projektowania uktadow helikalnych o wlasciwo$ciach magnetycznych
SMM. Zastosowanie jonéw metali bloku d- pozwoli na otrzymanie nowych architektur
supramolekularnych. W przypadku ich wysokiego stopnia izostrukturalno$ci mozliwe bedzie
zaobserwowanie zmienno$ci wlasciwosci magnetycznych tych ukladow. Dodatkowo
otrzymano nowy ligand H,L?2, ktorego szkielet zostat oparty na modyfikacji liganda HsL!
poprzez redukcj¢ jednego z ramion opartych na podjednostce benzimidazolu. Ligand ten bedzie
stanowit uktad referencyjny dla zwiazkéw liganda HsL!. Ligand H2L? zostal zsyntezowany
poprzez kondensacje 2-(1-metylohydrazynylo)-1Hbenzo[d]imidazolu (syntetyzowany wedtug
nieznacznie zmodyfikowanej procedury zaadaptowanej z Povstyanoi i wspolpracownicy,
wydajnoéé: 90%)* z 5-tert-butylo-2-hydroksybenzaldehydem w bezwodnym EtOH. Struktura
otrzymanego produktu zostala potwierdzona analizami *H NMR (Rysunek 14) oraz *C NMR.
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Rysunek 14. Widmo *H NMR oraz wzor strukturalny liganda HoL?

Zwigzki kompleksowe liganda HsL! otrzymano w bezposredniej reakcji liganda z
odpowiednig solg metalu w stosunku 1:1 (metal : ligand) w mieszaninie MeOH/MeCN
(Co(Cl04)2:6H20 — 20, 29; Ni(ClO4)2:6H20 — 21, 23; FeClz-6H20 — 22; Cd(ClO4)2-6H20 — 24;
Mn(NOz)2-4H.0 — 25; Cd(CH3COO),:2H20 — 26; Mn(CH3C0O0)2-2H,0 — 27; Zn(CF3S03), —
28;).

Aby ulatwic¢ §ledzenie dalszego opisu wszystkie zwigzki zostaty zebrane w Tabeli 1.

Tabela 1. Zestawienie zwiazkow stanowiacych obiekt badan w pracy drugiej wraz ze schematycznym
przedstawienie ich struktur. (S-O) pot-otwarte —koordynacja przez jedno rami¢ liganda; (S-C) uktady pot-
zamkniete — jeden ligand koordynuje dwoma ramionami, a drugi tylko jednym; (F-C) zamkniete — koordynacja

przez oba ramiona liganda.

zwigzek sO1 ligand struktura
20 Co(Cl0O4)2:6H20 Hsl! o
21 Ni(ClO4)2:6H20 Hil!

1: 2 p6t — otwarty (S-O)

22 FeCl3-6H.0 HsL? 4
1: 1 pot— oi\}vgrty (S-O)

|
23 Ni(Cl104)2-6H20 HsL E %
2: 2 p6t — otwarty (S-O)

24 Cd(ClO4)2-6H0 Hil!
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25 Mn(NO3z)2-4H,0 HslL?
26 Cd(CH3COQ0),-2H,0 HsL!
27 Mn(CH3COO0),-2H.0 HsL! 2:2 zamkniety (F-C)

28 Zn(CF3S03); Hal ! §:3
N

2:2 p6t — zamkniety (S-C)

0 0
29 Co(CI04)2-6H20 Hal 2 ?

4:2 zamknigta struktura klatkowa
(F-C)

30 Co(Cl0O4)2-6H-0 HoL 2
31 Zn(CF3S0:3), HoL 2
32 Cd(Cl0O4)2-6H20 HoL 2

1: 2 pot — otwarty (S-O)

Zwigzek (20 - bragzowy) i (29 - czerwony) otrzymano z reakcji (20) poprzez rekrystalizacje
surowego produktu metoda powolnej dyfuzji w ukladzie MeOH, MeCN/iPr20, mieszaning
brazowych 1 czerwonych krysztaldéw rozdzielono recznie. W celu zwigkszenia wydajnosci
zwigzku 29 reakcje nalezy prowadzi¢ w stosunku 2:1 (metal : ligand). Zwiazek (21 - z6tty) i
(23 - z6tty) otrzymano z reakcji (21) poprzez rekrystalizacje otrzymanego proszku metodami
powolnej dyfuzji w uktadzie MeOH/tBuOMe dla 21 i MeOH, MeCN/iPr20 dla 23. W celu
zwigkszenia wydajnosci zwigzku 21 reakcja powinna by¢é prowadzona w stosunku
1:2 (metal : ligand).

Kompleksy z ligandem HzL? (30 - 32) otrzymano w podobny sposob, zmieniajgc stosunek
molowy na 2:1 (ligand : metal) oraz zastosowano MeOH jako rozpuszczalnik (Co(ClOs)2-6H20
- 30, Zn(CF3S03)2 - 31, Cd(ClO4)2:6H20 - 32) w 15 ml MeOH. W przypadku zwigzku 30
dodano H>O> w celu utlenienia Co(Il) do Co(III) i otrzymanie trwatego kompleksu.

Ligand HsL!, dzieki swojej konformacyjnej elastycznosci i mozliwosci wystepowania
roznych form protonacyjnych, pozwala na synteze roznorodnych komplekséw z jonami metali
bloku d-, pomimo ze wykorzystuje on tylko trzy centra koordynacyjne: dwa pier§cieniowe
atomy azotu z terminalnego pierscienia benzimidazolu oraz fenolowy atom tlenu. Poréwnujac
kwasowo-zasadowy charakter tych grup, mozna przewidzie¢ siedem form liganda, z ktorych

pie¢ obserwuje si¢ w ciele statym: podwdjnie-protonowany [HsL!]?*, neutralne HsL1-OH i
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HsL!-NH oraz pojedynczo- [H:L']- i podwojnie-deprotonowany [HL]?> (Rysunek 15).

Dodatkowo, istnienie pojedynczo-protonowanego [HsL']* i podwdjnie-protonowanego

[HsL1]** ustalono poprzez miareczkowanie UV-Vis (Rysunek 16) i wystepuje przy

benzimidazolowych atomach azotu. Niestety, z wykorzystaniem trietyloaminy jako zasady nie

udato si¢ otrzymac¢ form zdeprotonowanych, wynika to z faktu, ze zasada byta zbyt staba, zeby

w warunkach eksperymentu zdeprotonowa¢ ligand HsL!, a zastosowanie silniejszej zasady

powodowato degradacj¢ wigzania iminowego w ligandzie.

[H,L"]" monokation | ! [HsL"] neutralny

z
;3 o
=
z
=
0
-z

) Lo
oL Qo D
N* NN\Vé\,NNLN LN Nyby
I OH | | o H®

e o I

=" HaL"" _ tautomer H,L™! - tautomer

[H,L] monoanion H,L1° [HL]? dianion [L]* trianion

o E;L

I”E.;@ QN;NN\OO ,N;EN@ @;.;TN\@O ,NT;N@

Rysunek 15. Réznorodne formy liganda HsL2.
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Rysunek 16. Widma absorpcyjne miareczkowania liganda HsL': A — kwasem — HCI; B — zasadg - trietyloaming

(c=2- 10> M w metanolu).

Badane zwigzki koordynacyjne mozna pogrupowaé¢ wedlug ogolnego stosunku molowego

jonu metalu M™ i liganda HsL!, co pozwoli na przejrzyste przedstawienie wystepujace;j

roznorodnosci koordynacyjnej. Co ciekawe, zaobserwowano, ze energia ukladu oraz
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UM

wlasciwosci samoasocjacji, czyli dobor formy liganda do konfiguracji jonu metalu sg kluczowe,

a zastosowany stosunek molowy reagentow podczas reakcji ma wptyw na wydajnos¢ izolacji
produktu. Opisane ponizej uklady zostaly podzielone na poszczegolne grupy, ktore
odpowiadajg architekturze danych zwigzkow, sg to: pot-otwarte (S-O) — w ktorych tylko jedno
rami¢ benzimidazolowe liganda bierze udziat w koordynacji, poniewaz drugie jest
zablokowane w wyniku przeniesienia protonu z fenolu na benzimidazolowy atom azotu; uktady
pot-zamknigte (S-C) — jeden ligand koordynuje dwoma ramionami benzimidazolowymi, a
drugi tylko jednym (zablokowanie koordynacji przez transfer protonu tak jak w uktadach S-O)
oraz zamknigte (F-C), gdzie wszystkie ligandy wykorzystuja oba ramiona benzimidazolowe do
koordynacji. Gdy M™ < HsL!, obserwuje si¢ uktad pot-otwarty S-O o stosunku molowym 1:2
z zajetym jednym ramieniem wigzacym liganda, czego przyktadem sa struktury (20) i (21) ze
stabo koordynujacymi przeciwjonami - ClO4” - i jonami metali Co(l11) lub Ni(Il). Analogiczny
zwigzek udato si¢ otrzymac¢ z jednoramiennym ligandem HzL 2 z jonami Co(l11) (30) (Rysunek
17), ktory bedzie stanowil uklad referencyjny w badaniach NMR, ze wzgledu na swoj

diamagnetyczny charakter.

M <L S \ ~
stosunek A \\
molowy é 4

Co™ (20) i (30) lub Ni** (21);
Clo,

g @
©/->_

1 : 2 pol — otwarte . v/
P \ >€(

Rysunek 17. Struktury krystaliczne zwiazkow reprezentujacych grupe uktadéw 1:2 pot — otwartych: A — 20 (Co);

B — 21 (Ni); C — 30 (Co). Czerwona elipsa — widoczne przeniesienie protonu na pierScien benzimidazolowy.

Réwnomolowy stosunek M™:HsL! pozwala na kompleksowanie poprzez jedno lub dwa
ramiona liganda, co prowadzi do najbardziej r6znorodnych i nieoczekiwanych przyktadow

samoasocjacji (Rysunek 18).
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: Fe¥; CI(22) Fe¥'; Cl0,; MeO
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. 2:2 pét — zamkniety | | (F-C) | eprotonowane ramie liganda
2:2 pol - otwarty (S-0) (5-C)

Rysunek 18. Réznorodno$é strukturalna zwigzkéw kompleksowych przy réownomolowym stosunku M™ : HgL!

W zaleznosci od charakteru jonu M"™ i odpowiednich przeciwjondéw otrzymano uktady:
pot-otwarte S-O (22 — Fe(lI1)/CI; 23 — Ni(ll)/CIO47; Fe(111)/CIO4)*, w petni zamkniete F-C
(24-27 Mn(11)/Cd(I1)/CIO4/NO3s/AcO ) oraz szczegolny przypadek uktadu pot-zamknigtego
S-C (28— Zn(I1)/OTF). O ile potaczenie Fe(ll) i CI" prowadzito do zajecia pojedynczej kieszeni
koordynacyjnej NNO liganda HsL* w sposob 1:1 (M™:L) S-O (22), o tyle ten sam uklad
koordynacji S-O zaobserwowano dla Fe(l11) #* i Ni(ll) (23) w obecnosci chloranéw(VII) w
postaci komplekséw dimerycznych 2:2 (M"":L). Wskazuje to takze na istote wlasciwosci
koordynujacych przeciwjonu — umiarkowanie stabo odchodzace grupy jak ClI” moga
zablokowa¢ dostep drugiej kieszeni koordynacyjnej liganda organicznego, podczas gdy
w obecnosci stabo koordynujgcych chloranéw(VII) jest on preferowany. W tym przypadku
zaobserwowano przeniesienie protonu z atomu tlenu grupy fenolowej na benzimidazolowy
atom azotu, jednak tylko dla Ni(ll) (23) zaobserwowano mostki fenolowe, natomiast w zwigzku

Fe(11)* za zjawisko dimeryzacji odpowiadaja aniony metoksylowe (Rysunek 19).

Rysunek 19. Struktury krystaliczne zwigzkéw kompleksowych: A — 22 (Fe); B — 23 (Ni); C — Fe*/ClOs z

publikacji.** Czerwona elipsa — widoczne przeniesienie protonu na pierécien benzimidazolowy.
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W peli zamknigte uktady F-C o stosunku molowym 2:2 (M™:L) w formie H,L!©

(zdeprotonowany fenolowy atom tlenu i oba ramiona benzimidazolowe koordynujace)
zaobserwowano tylko dla jonéw metali Cd(Il) (24) i Mn(ll) (25), niezaleznie od tego,
czy wybrano aniony stabo (24) (ClOys) czy silnie (25) (NO3") koordynujace (Rysunek 20A).
Nieoczekiwany efekt otrzymano poprzez zastosowanie aniondw octanowych, ktore
doprowadzily do powstania identycznej podjednostki strukturalnej typu 2:2 F-C jak
poprzednio, lecz jednocze$nie odpowiadaja za deprotonacje¢ jednego z ramion liganda w
podjednostce benzimidazolowej. W rezultacie doprowadzito to do utworzenia si¢ sieci wigzan
wodorowych i powstania supramolekularnych szkieletow organicznych SOF (Supramolecular
Organic Frameworks) - (26 — Cd(11)/AcO")/(27 — Mn(l1)/AcO’) o charakterze porowatym
(Rysunek 20CD). SOF sg klasg materiatbw porowatych, sktadajacych si¢ z czasteczek, ktore
samoistnie tgczg si¢ poprzez oddzialywania niekowalencyjne, takie jak wigzanie wodorowe, -
7, sity van der Waalsa 1 oddziatywania elektrostatyczne, tworzac rozbudowang trojwymiarowa
sie¢. Wéréd nich wyrozniamy sieci HOF#? (Hydrogen-bonded Organic Frameworks), gdzie
sie¢ budowana jest gldwnie w oparciu o wigzanie wodorowe. Materiaty te charakteryzuja si¢
wysoka porowatoscig, mozliwoscig dostosowania wielkosci 1 ksztaltu porow oraz duzg
powierzchnia, co czyni je obiecujacymi w takich zastosowaniach jak magazynowanie i
separacja gazow, kataliza i dostarczanie lekow.*> “ W sieci kazdy z ligandow wystepuje w
podwojnie zdeprotonowanej formie [HL]*, dzieki czemu powstate kompleksy sa
elektrostatycznie neutralne i prawdopodobnie jest to najbardziej zdeprotonowana forma liganda
HsL!jakg mozna otrzymaé, co nie udato si¢ w przypadku miareczkowania UV-vis (Rysunek
15). Interesujacym przyktadem jest zwigzek koordynacyjny (28) Zn(lIl) z przeciwjonami OTf,
dla ktorego zaobserwowano strukturg 2:2 pot-zamknieta S-C (Rysunek 20B). Stanowi on
brakujaca posrednig forme pomiedzy uktadami 2:2 pot-otwartymi S-O i w pelni zamknietymi
F-C. Oryginalno$¢ struktury objawia si¢ w wystgpowaniu réznej liczby koordynacyjnej obu
kationéw Zn(II) oraz réznych stanach protonacyjnych ligandéow. Dla Zn1 liczba koordynacyjna
wynosi pi¢¢ i koordynacja odbywa sie przez dwa atomy azotu liganda, dwa mostkujace atomy
tlenu i dodatkowo przez atom tlenu skoordynowanej czasteczki wody. Ksztalt sfery
koordynacyjnej jest zblizony do piramidy kwadratowej, natomiast Zn2 posiada liczbe
koordynacyjng sze$¢ i ksztalt znieksztatconego oktaedru. W koordynacji biorg udziat cztery

atomy azotu z dwoch czgsteczek liganda i dwa mostkujgce atomy tlenu. W konsekwencji jeden
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z ligandow przyjmuje zdeprotonowang forme [H2L1"C]" i wykorzystuje pie¢ swoich atomoéw do
koordynacji, natomiast ligand B przyjmuje forme HaL™" i wykorzystuje tylko trzy wigzania

donorowe (przy czym jedno rami¢ benzimidazolu jest protonowane).

~ B A
[ ]

Rysunek 20. A — Struktura krystaliczna zwiazku F-C 24 (Cd). B — Struktura krystaliczna zwigzku 2:2 S-C 28
(Zn). Zielona elipsa — widoczna deprotonacja pierscienia benzimidazolowego. Czerwona elipsa — widoczne
przeniesienie protonu na pierscien benzimidazolowy C — Struktura krystaliczna zwigzku F-C 27 (Mn).
D — Upakowanie sieci krystalicznej 27 (SOF). Zielony - kompleks, czerwony - uporzadkowany toluen, zotty -

nieuporzadkowany toluen, niebieski - metanol.

Zastosowanie stosunku M">HsL! nie powodowalo zroznicowania strukturalnego, ale
skutkowato zwiekszeniem wydajnosci rekcji dla kompleksu (22) 1:1 (M™:L) S-O z solg FeCls,
poniewaz dodatkowy roéwnowaznik jonow Fe(lll) istnieje w postaci [FeCls]™ stanowiac
przeciwjon. Zaobserwowano jednak pelne wysycenie liganda skutkujace powstaniem
kompleksow 2:1 (M"":L) z solg Co(ClOa4)2 (Rysunek 21), ktora moze wigza¢ si¢ w obecnosci
anionéw hydroksylowych OH", co prowadzi do nieoczekiwanej architektury 4:2 (metal:ligand)
z rdzeniem Co0404 (29). Co cieckawe, gdy reakcje prowadzono w stosunku molowym 1:1
(M"™:L) otrzymano mieszaning krysztatow stanowigcych zarowno kompleksy pot-otwarte S-C
[Co(L1)2] (20) oraz w petni zamkniete F-C [Coa(L1)2] (29). Zaobserwowano, ze zaden z nich
nie jest termodynamicznie bardziej preferowany i mozna dostroi¢ koncowa wydajnosé
manipulujac jedynie stosunkiem molowym. Kwasowy charakter chloranéw(VII) sprawia, ze

obecnos$¢ jonéw OH™ w strukturze jest zaskakujaca. Prawdopodobnie dochodzi do redukcji
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obecnego w srodowisku reakcji Oz, ktora prowadzi do powstania H.O i OH™. Niemniej jednak,

szczegblowy mechanizm nie jest nam znany i wymaga przeprowadzenia rozszerzonych badan
elektrochemicznych, ktére moglyby potwierdzi¢ nasza hipoteze. Badania elektrochemiczne

zostaly zaplanowane i beda stanowity przedmiot osobnej pracy.

HL'"C e &y ClOy @ CH;OH (2 CH;CN

0 H,0 H

& *F

;
4

® co;clos ol 0

Mr>LL 4:2
stosunek molowy zamknigta struktura klatkowa

Rysunek 21. Schematyczne przedstawienie budowy zwiazku 29 (Co) oraz jego struktura krystaliczna.

Ro6znorodnos¢ strukturalna i tym samym duza ilo$¢ zmiennych utrudnia korelacje magneto-
strukturalne, dlatego badania magnetyczne zostaly przeprowadzone na wybranych uktadach
paramagnetycznych. Zwigzek 23 [Niz(HzL1NH),(MeOH)2(MeCN)2](ClO4)4 zostat wybrany ze
wzgledu na graniczne warto$ci katow Ni-O-Ni, ktore majg wplyw na charakter magnetyczny
zwigzkow %> 46 Kompleksy 25 [Mnz(H2L1C)](NOs), oraz [Mnz(H2L1©)](ClO4). otrzymany
przez dr Adama Gorczynskiego W pracy!, zostaty wybrane, w celu pordwnania
wplywu  przeciwjonu na  wlasciwosci  magnetyczne. Zwigzek 29  [Coa(HoLY
0)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)s zostal wybrany ze wzgledu na nieoczekiwang
budowe klatkowa. W pierwszej czesci przeprowadzono badania podatnos$ci magnetycznej w
polu DC na dimerycznym zwigzku 23 Ni(ll) (Rysunek 22). W przypadku tego uktadu wartosci
otrzymane z pomiardw byty troch¢ wyzsze niz te obliczone dla dwoch niesprz¢zonych jonow
Ni(Il), dodatkowo teoretyczne dopasowanie wynikow jest zgodne z wystgpowaniem
oddziatywan ferromagnetycznych.* 46 Katy Ni-O-Ni wystepujace w rdzeniu Ni2O2 wynosza
97,2°198,2° co sprawia, ze znajduja si¢ na granicy pomiedzy efektem ferromagnetycznym (katy
mniejsze niz 98°), a antyferromagnetycznym (katy wigksze od 98°).4” 48 Dodatkowo, znaczne
przesuniecie pierscieni fenolowych poza ptaszczyzne i widoczne znicksztatcenie rdzenia sg

zgodne z efektem ferromagnetycznym i potwierdzaja obserwacje dokonane podczas pomiaréw
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magnetycznych. Spadek wartosci y7(7) w bardzo niskiej temperaturze moze by¢ rowniez

przypisany rozszczepieniu pola zerowego (ZFS — zero field splitting) pojedynczych jonow
Ni(11).*° W uktadzie moze by¢ obecna pewna anizotropia, jednakze w rznych warunkach pola
statycznego nie stwierdzono powolnej relaksacji magnetycznej. Nalezy podkresli¢, ze w tym
przypadku na wiasciwosci magnetyczne najwiekszy wplyw mialy poszczegolne wartosci katow

Ni-O-Ni, co ukazuje, ze nawet bardzo mate zmiany mogg drastycznie zmienia¢ wlasciwosci

magnetyczne.
3,54 5+
A B Ni*; ClOg (23)
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4 | ]
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Rysunek 22. Wiasciwosci magnetyczne zwigzku 23: A — zalezno$ci molowej podatnosci magnetycznej od
temperatury y7(T) przy H=1 kOe wraz z odpowiednim dopasowaniem (niebieska linia). B — zaleznoé¢
namagnesowania od pola magnetycznego M(H) przy T=1,8 K wraz z symulacja (niebieska linia).

W kolejnej czgsci badan magnetycznych skupiono si¢ na badaniach podatnosci
magnetycznej w polu DC (Rysunek 23) dimeru (25) [Mnz(H2L¥©)](NOs), a takze
odpowiednika [Mn2(H2L1©)](CIO4)., ktorego struktura zostala opisana w pracy?.

Uktady te zostaly wybrane ze wzgledu na bardzo duze podobienstwo obu architektur, a
glowna roznica jest wystepowanie innego przeciwjonu w strukturze NOs™ dla 25 oraz ClO4 dla
kompleksu Mn(11)!. Badania wykazaly, ze zwiazek [Mn2(H2L1©)](CIO4). wykazuje bardzo
stabe oddziatywania antyferromagnetyczne o Junwvn=-0,07 cm™, co jest wartoscig nieco
mniejsza od oddziatywan wystepujacych typowo w takich uktadach molekularnych.%® 5t
Interesujacy okazat si¢ fakt, ze w podobnym zwigzku 25 zaobserwowano zupehnie
przeciwstawne stabe oddzialywania ferromagnetyczne z Jwmnwvn=+0,1 cm™. Powyzsze
obserwacje sugeruja, ze wystepujace efekty magnetyczne sg powigzane gldwnie z
przeciwjonem oraz oddzialywaniami supramolekularnymi w obu strukturach krystalicznych.
Obejmuja one: (i) rownolegle oddzialywania stackingowe n- m; (ii) wigzania wodorowe

obejmujgce protony N-H benzimidazolu biorgce udzial w tworzeniu mostkow opartych o

41



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii

obecne w sieci przeciwjony NOs™ (25) lub CIO4’, co skutkuje wytworzeniem rozbudowanej sieci

supramolekularnej. Inne cechy takie jak: niewielkie r6znice w odleglosciach Mn-O, katach Mn-

O-Mn i odlegtosciach Mn---Mn maja niewielki wptyw na wyzej zaobserwowane wlasciwosci,

co jest sytuacjag zupelie odmienna,

kompleksowego (23) Ni(ll).

porownujagc do powyze] opisanego zwigzku
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Rysunek 23. Wtasciwoéci magnetyczne [Mna(H2LY©)](NO3), (25): A — zaleznoéci molowej podatno$ci

magnetycznej od temperatury y7(T) przy H=1 kOe. B — zalezno$¢ namagnesowania od pola magnetycznego M(H)

przy T=1,8 K. Witasciwoéci magnetyczne [Mnz(HzLY©C)](ClO4);%: C — =zaleznosci molowej podatnosci

magnetycznej od temperatury y7(T) przy H=1 kOe. D — zalezno$¢ hamagnesowania od pola magnetycznego M(H)

przy T=1,8 K wraz z symulacjami.

Ostatnim zwigzkiem poddanym badaniom magnetycznym byl zwigzek 29, ktory

reprezentuje najbardziej ztozong strukture (Rysunek 24). W uktadzie zaobserwowano stabe

oddziatywania ferromagnetyczne, ktére widoczne sg najbardziej w niskim zakresie temperatur

(Rysunek 24A).
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Rysunek 24. Wiasciwosci magnetyczne zwiazku 29: A — zalezno$ci molowej podatnosci magnetycznej od
temperatury y7(T) przy H=1 kOe wraz ze zblizeniem na zakres niskich temperatur. B — — zalezno$¢

namagnesowania od pola magnetycznego M(H) przy T=1,8 K.

Przebieg namagnesowania M(H) jest zgodny z obecno$cig stabo sprz¢zonych czterech
jonow Co(Il) o efektywnym spinie Ser=1/> i wartosci g wynoszacej 4.33 T, co nastgpito w
wyniku potaczenia efektow rozszczepienia pola zerowego (ZFS) i przejscia spinowego
(SCO — spin crossover).>? Niemniej jednak, podobnie jak w przypadku pozostatych uktadow
nie stwierdzono wystepowania powolnej relaksacji magnetycznej do temperatury 1,8 K w
zmiennych warunkach pola statycznego, prawdopodobnie z powodu wyraznych oddziatywan
supramolekularnych przez wigzania wodorowe 1 oddzialtywania n-m.

Mimo, ze zwigzki nie wykazywaly zjawiska powolnej relaksacji magnetycznej
charakterystycznej dla SMM, to powyzsze badania pozwolily na zaobserwowanie, jak
niewielkie zmiany strukturalne mogg wplywaé na wiasciwos$ci magnetyczne. Zwigzek 23,
reprezentuje uktad, gdzie warto$¢ kata Ni-O-Ni decydowala o charakterze ferromagnetycznym,
a jego niewielka zmiana moglaby skutkowa¢ otrzymaniem ukladu o charakterze
antyferromagnetycznym. Kompleksy 25 oraz [Mnz(H2L1©)](ClO4),, ktory opisano w pracy?,
reprezentuja przyktady, w ktorych zmiana przeciwjonu wptywata na charakter zwiazku, i tak
25  [Mna(H2LY©)](NO3). byt  ferromagnetyczny, a  [Mnz(H2L*©)](ClO4),
antyferromagnetyczny.

Szczegbdlowa analiza uktadoéw w ciele statym pozwolita na lepsze zrozumienie zachowania
otrzymanych zwigzkéw w roztworze. Badania przeprowadzono za pomoca H NMR na
wybranych uktadach diamagnetycznych z ligandami HsL! oraz HoL? (Co(ll1); ClO4 — 20 i 30;
Cd(11); ClO4— 24; Zn(11);OTf — 28). Na rysunku 25 przedstawiono widma *H NMR liganda

HsL! oraz wybranych zwigzkow diamagnetycznych.
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Rysunek 25. Reprezentatywne widma *H NMR dla stabilnych diamagnetycznych architektur supramolekularnych
liganda H3L?! z jonami metali Co(III) (1:2 pét-otwarte), Cd(II) (2:2 calkowicie zamkniete i pot-zamkniete) oraz
La(lll) (2:3 helikalne). Widmo liganda wykonano w de-DMSO, natomiast pozostate w CD3CN.

W rejonie niskich ppm (odpowiednio 1,0 — 1,5 i 3,5 — 4,0) mozna zaobserwowac sygnaty
pochodzace od ugrupowan alifatycznych (grupy tert-butylowej oraz grupy metylowej z
ugrupowania hydrazonowego). Dla zwigzkow z ligandem HsL! obserwuje si¢ rozdzielenie tych
sygnatow, co $wiadczy o niesymetrycznym charakterze liganda oraz powstawaniu bardziej
ztozonych architektur supramolekularnych. Region aromatyczny 6,2 — 8,7 ppm obejmuje
pozostate nielabilne protony, przy czym wyrazne sa sygnaly ramienia benzimidazolowego (do
7,6 ppm), iminowe i fenolowe (powyzej 7,7 ppm). Najbardziej przesunicte sygnaly
przypisywane sa grupom -OH i -NH, jednak ich obecnos¢ zalezy od charakteru kompleksu, jak
rowniez rozpuszczalnika. Termodynamicznie stabilne i obojetne kompleksy Co(l11) 20 z HsL!
oraz 30 z HzL? wukazuja identyczne widmo charakterystyczne dla ukladow z
nieskoordynowanymi ramionami liganda w postaci uktadow pot-otwartych S-O. Dopiero w
przypadku skoordynowania liganda HsL! z diamagnetycznym La(OTf)s zaobserwowano

pojedynczy zestawu sygnatow, ktére mozna przypisa¢ bimetalicznym helikatom.®
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Interesujaca sytuacje obserwuje si¢ dla kompleksu Cd(II). Natychmiastowe rozpuszczenie

krysztatow 24 ukazuje widmo *H NMR przypisane wysoce symetrycznej w petni zamknietej
strukturze 2:2 F-C obserwowanej w stanie staltym, ktora niemal natychmiast zaczyna
przeksztalca¢ si¢ w architekturg 2:2 pot-zamknigtg S-C. Zaobserwowane zjawisko zbadano
uwzgledniajgc zmiany czasowe oraz wpltyw temperatury (Rysunek 26). Wykazano, ze wraz z
rosngcym czasem od rozpuszczenia, w roztworze pojawiajg si¢ nowe niescharakteryzowane
uktady, ktore sa widoczne w zakresie 7,3 — 7,8 ppm oraz 8,2 — 8,4 ppm. Zachodzace zmiany
mozna odwrdci¢ poprzez podgrzanie probki do 80°C i jej ponownemu ochtodzeniu, co

prowadzi ponownie do widma ukazujacego strukturg 2:2 pot-zamknieta S-C.

Sygnaly iminowe i Grupa metylowa z
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Rysunek 26. Widma *H NMR kompleksu 24 [Cda(H2LY®);](ClOy); ilustrujace czasowe oraz temperaturowe
zmiany zachodzace w roztworze. Widma zostaly wykonane w CD3CN. Struktur¢ F-C mozna zaobserwowacé tylko
po rozpuszczeniu krysztatdw zwiazku i natychmiastowym pomiarze; t° czas pojawienia sie silnego sygnatu grupy

iminowej i innych oznaczonych niebieskimi symbolami; t* czas w ktérym probke ogrzano do 80°C.

Jony metali o konfiguracji elektronowej d'°, takie jak Cd(IT) i Zn(II), s3 znane ze swojej
labilnosci w roztworze.>® ** Moze to prowadzié¢ do tworzenia architektur o bardziej ztozonej
budowie, co zwigzane jest z brakiem efektow stabilizujgcych pole krystaliczne (w
przeciwienstwie np. do niskospinowych zwigzkéw Co(IlI), ktore posiadajg inertny charakter ze

wzgledu na duza energi¢ stabilizacji pola krystalicznego). W przypadku zwigzku 28
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zaobserwowano bardzo ztozone widma, ktore wykluczaly jednoznaczng charakterystyke,

najprawdopodobniej ztozony asymetryczny charakter kompleksu Zn(l11) obserwowany w ciele
statym ulega w roztworze przemianom do form 1:2 S-O oraz 2:2 S-C, ktére wspotistniejg w
roztworze uniemozliwiajgc interpretacje widm, z powodu nalozenia si¢ poszczegdlnych
sygnatow.

W celu rozszerzenia wiedzy o zachowaniu kompleksow w roztworze przeprowadzono
badania absorpcyjne i emisyjne zwigzkéw (Rysunek 27). Do badan wybrano kompleksy 24
([Cd2(H2LYO)](ClO4)2), 28 ([Zn(H2LYO)(HsL®)Zn(H,0)](OTf)s), 31 (Zn(HL?),) oraz 32
(Cd(HL?)2). Kompleksy 24 i 28 reprezentujg grupe architektur z roznorodnoscig strukturalng z
ligandem HsL?, natomiast 31 i 32 sg stabilnymi, neutralnymi uktadami z ligandem HL2.
Pomiary przeprowadzono bezposrednio po rozpuszczeniu oraz po pigciu dniach od
rozpuszczenia (P) z wykorzystaniem réznych rozpuszczalnikow (MeOH, MeCN, DMEF,
DMSQO). Zastosowanie rozpuszczalnika protycznego (MeOH), pozwoli zbadaé wpltyw
wigzania wodorowego na zachowanie zwigzkéw W roztworze, a w ostatecznym efekcie na ich
wlasciwosci emisyjne. W przeciwienstwie do rozpuszczalnikow aprotycznych (MeCN, DMF,
DMSO), gdzie oddziatywania te nie beda obecne. Pomiary emisyjne dla zwigzku 24 wykonane
po pigciu dniach od rozpuszczenia probki wykazaty czterokrotny wzrost intensywnos$ci emisji
w przypadku probki rozpuszczonej w MeCN oraz dwukrotny wzrost intensywnos$ci emisji dla
probki w MeOH, co sugerowaloby powstanie ukladu 2:2 poét-zamknigtego S-C, co
potwierdzono badaniami NMR (Rysunek 25). Odmienne zachowanie wykazywaty uktady 1:2
pot-otwarte S-O (28, 31, 32), w tym przypadku nie odnotowano znacznych zmian, co $wiadczy

o stabilnosci tych uktadow w roztworze.
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Rysunek 27. Widma emisji dla zwigzku 24: A — w MeOH; B — MeCN. Widma emisji dla zwigzku 28: C — w
MeOH; D — MeCN.

Powyzsze badania pozwolity okresli¢ charakter koordynacyjny liganda HsL?, ktory tworzy
izostrukturalne bimetaliczne kompleksy helikalne z jonami lantanowcow(III), co opisano w
publikacji A. Gorczynski i wspotpracownicy.®® Wykorzystanie liganda HsL! do syntezy
zwigzkow kompleksowych z jonami metali bloku d- ukazato szerokg r6znorodnos¢ strukturalng
powstatych architektur supramolekularnych, a takze rozmaite mozliwosci protonacji liganda.
Szczegotowa analiza strukturalna w ciele statym oraz w roztworze wykazata, Zze nawet
teoretycznie nieistotne grupy jak podjednostka NH z pierscienia benzimidazolowego, ktora nie
bierze bezposredniego udziatu w koordynacji, moze mie¢ ogromny wplyw na procesy
samoasocjacji, co w dalszej perspektywie rzutuje na strukture¢ kompleksoéw i ich utozenie w
ciele statym, koncowo wptywajac na wiasciwosci. Zwigzki mimo, ze nie wykazywaty zjawiska
powolnej relaksacji pozwolity zaobserwowac pewne aspekty majgce wptyw na wiasciwosci
magnetyczne. W przypadku zwigzkéw Mn(II) kluczowa role odgrywatl rodzaj przeciwjonu oraz
wewnatrzczasteczkowe oddziatywania supramolekularne, ktore w prawie identycznych
zwigzkach  prowadzity = do  powstania  przeciwstawnych  efektow  ferro- i
antyferromagnetycznych. Kompleks Ni(Il), rowniez stanowi doskonaly przyktad, jak
niewielkie zmiany moga drastycznie wptynagé na wilasciwosci. W tym zwigzku wartosci

dziesi¢tne kata wigzania Ni-O-Ni decydowaly o charakterze ferromagnetycznym. Porowate
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sieci SOF stanowig rowniez interesujacy obiekt do dalszych badan w kierunku sorpcji gazoéw

takich jak Hz, CO., N2 itp. Klatkowy zwigzek Co(Il) o rdzeniu Co4O4 zostanie przebadany
elektrochemicznie pod katem redukcji tlenu, aby doktadnie wyjasni¢ mechanizm powstawania
jondbw OH™ 1 ich obecnosci w strukturze. Zaobserwowano, ze podjednostka NH z
imidazolu/benzimidazolu juz w jednokieszeniowych uktadach mocno wplywa na wlasciwosci

biologiczne® czy katalityczne.>® °’
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3.2. Praca nr 2: ,,Trityl-based lanthanide-supramolecular assemblies exhibiting slow
magnetic relaxation” — Chem. Eur. J., 2023, 29, e202300695.
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Rysunek 28. Graficzne przedstawienie najwazniejszych aspektow drugiej pracy.

Podczas projektowania wydajnych SMM konieczne jest wzigcie pod uwage kilku aspektow.
Oprocz odpowiedniego sktadu LnLn prowadzacego do silniejszego rozszczepienia pola
krystalicznego elektronowych stanéw wzbudzonych, istotna jest inzynieria drgan sieci
krystalicznej, tak aby byty one poza rezonansem z przejsciami elektronowymi.*® Jednoczesnie
ze wzgledu na elektrostatyczne efekty polaryzacyjne nalezy rozwazy¢ mechanizmy sprze¢zenia
spinowo-fononowego poza pierwsza sfera koordynacyjna jonu metalu.®® W tym aspekcie
konieczne jest uwzglednienie drugiej sfery koordynacyjnej zwigzkdéw kompleksowych w celu
optymalizacji ~ potencjalnego  zachowania =~ SMM.  Wykorzystanie  oddziatywan
niekowalencyjnych wplywa na rodzaj upakowania sieci krystalicznej, ale takze jest
odpowiedzialne za wspomniane powyzej oddzialywania fononowe, ktore moga negatywnie
wptywaé na zjawisko relaksacji magnetycznej. Wazne jest, aby rozpozna¢ ugrupowania
molekularne, ktére moga by¢ tatwo wprowadzone do struktury zwigzku i wykorzystane w
przypadku obecno$ci innych oddzialywan np. wigzah wodorowych lub wigzan

koordynacyjnych. W zwigzku z tym w pracy zwrdocono uwage na grupe trifenylometanowa

(trytylowa)®, ktora wykazuje tzw. "objecia trytylowe"5, obejmujace oddziatywania C-H---n

prowadzace do ,,obje¢” o symetrii sze$ciokrotnej lub czterokrotnej (Rysunek 29).
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Rysunek 29. Znane rodzaje ,,0bje¢ trytylowych” wystepujacych w zwigzkach: A — szeSciokrotne (6PE); B —

sze$ciokrotne przesunigte (OPE); C — ortogonalne czterokrotne (O4PE); D — rownolegle czterokrotne (P4PE).
Atomy wodoru zostaly pominigte dla przejrzystosci; E — ortogonalne czterokrotne ,,0bjecia trytylowe”
zaobserwowane w otrzymanych zwigzkach w opisywanej pracy. Grafika opracowana na podstawie pracy Dance

et al.bt

Ligandy typu zasad Schiffa zostaty zaprojektowane w oparciu o wczesniej zbadane ligandy
HsL! oraz HoL?, w ktorych grupa tert-butylowa zostata zastgpiona grupg trifenylometanows,

prowadzac do otrzymania dwoch nowych ligandow HoL 2 oraz HsL* (Rysunek 28 i 30).

grupa -
trytylowa :

N s 37 [Dyz(HzL")a](NOs)a
B ~ N
T + Ln(NO;)3 - [Era(HoL*)3)(NO3)s !

_________________________

_________________________________________

33 [Dy(Hlﬁ)z(Me H),1(0TH)
o

34 - [Dy(HL*),(MeOH);](NO3)
‘ 135 - [Er(HL%);(MeOH),|(OTf)
LY >N 136 - [EN(HL?);(MeOH), 5(H;0)o s)(NOy):
)\ + Ln(NOz)3
HN ~N Ln(OTf)3 T

Rysunek 30. Schematyczne przedstawienie liganda H,L® oraz HsL* wraz z ich motywami koordynacyjnymi.

Modyfikacja ta pozwoli okre§li¢ w jakim stopniu wprowadzenie nowego podstawnika
wplynie na formujace si¢ uklady supramolekularne zawierajace jony Ln(l1l). Dodatkowym
czynnikiem jest obecno$ci roznej liczby koordynujacych ramion liganda (H2L2 — jedno; HsL*
— dwa). Praca ta po raz pierwszy pokazuje, jak grupy trytylowe dotaczone do szkieletu liganda
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moga wplywaé na tworzace si¢ uklady supramolekularne i ich wtasciwosci SMM. Synteza

ligandow opierata si¢ na reakcji kondensacji 2-(1-metylohydrazynylo)-benzimidazolu i
odpowiedniego (di)aldehydu. Otrzymane krystaliczne proszki zostaty scharakteryzowane za

pomoca *H NMR; 3C NMR; FT-IR, ESI-MS (Rysunek 31 i 32).

8.0 7.5 7.0 65 6.0 5.5 5.0 45 4.0 35 3.0 25 20 1.5 1.0 05 0.0
f1 (ppm)

Rysunek 31. Widmo *H NMR liganda H,L?®

3.36 H20

sRgx 8

"o Q

»}95 = &

Rysunek 32. Widmo *H NMR liganda HsL*.

Kompleksowanie jonéw Dy(IIl) i Er(Ill) z ligandem H.L® w obecnos$ci trietyloaminy
prowadzi do powstania ~ monordzeniowych architektur ~ supramolekularnych
[Dy(HL3)2(MeOH);](CF3S0s) (33); [Dy(HL?3)2(MeOH)2](NOa) (34);
[Er(HL3)2(MeOH),](CFsSOs) (35) oraz [Er(HL3)2(MeOH)15(H20)05](NO3) (36) z duza

wydajnos$cig. Przy zastosowaniu HsL* preferencje koordynacyjne s skierowane w strong
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izostrukturalnych dwurdzeniowych homometalicznych uktadow helikalnych

[Dy(H2L*)3](NO3)3 (37) i [Er(H2L*)3](NOs)s (38), podobnie jak miato to miejsce w przypadku

liganda HsL! z jonami landanowcow.*® Zastosowanie réznego stosunku molowego liganda do

jonu metalu nie spowodowalo zmian w otrzymanych architekturach supramolekularnych,
wptywato jedynie na wydajno$¢ reakcji, co pozwala na zaobserwowanie tendencji HzL® do
tworzenia zwigzkow 0 stosunku molowym 2:1 (ligand:metal) oraz HsL* do tworzenia helikatow
0 stosunku 3:2 (ligand:metal). Czysto$¢ probek w stanie stalym zostala potwierdzona za
pomoca analizy elementarnej, spektrometrii ESI-MS, spektroskopii FT-IR, dyfraktometrii

proszkowej oraz badan termograwimetrycznych.
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Rysunek 33. Analiza DTA dla zwigzku: A — (33); B — (36).

Analiza DTA wykazata réznice w stabilno$ci termicznej otrzymanych uktadow (Rysunek
33). Kompleksy z jonem CF3sSOs™ (33, 35) wykazujg bardzo dobrg stabilno$¢ termiczng do
temperatury 330°C, ktora jest o okoto 50°C wyzsza niz dla zwigzkoéw zawierajacych NO3z™ (34,
36). Krzywe TG (33, 35) wskazuja na dwuetapowy rozktad: (i) desorpcja czasteczek
rozpuszczalnika (sygnat endotermiczny w zakresie 25 - 150°C); (ii) stopniowa degradacja
architektury molekularnej (33, 35 - powyzej 330°C). Krzywe TG (34, 36) wskazujg na
trzystopniowg degradacje: (1) desorpcja czasteczek rozpuszczalnika (sygnat endotermiczny w
zakresie 25 - 130°C); (ii) desorpcja czasteczek rozpuszczalnika (sygnal endotermiczny w
zakresie 150 - 260°C); (iii) stopniowa degradacja architektury molekularnej powyzej 280°C.

Dla zwiazkoéw 33 — 38 za pomocg metody powolnej dyfuzji w uktadzie MeOH,MeCN/PhMe
otrzymano pojedyncze krysztaly, ktore pozwolily na okre§lenie struktury zwigzkow z
wykorzystaniem technik dyfraktometrii rentgenowskiej. Zwiazki 33 — 36 moga zosta¢ opisane
ogbélnym wzorem [Ln(HL3)2(MeOH)2]* (33 — 35) oraz [Ln(HL?)2(MeOH)15(H20)05]" (36),

posiadajg liczbe koordynacyjng osiem, a koordynacja odbywa si¢ poprzez cztery atomy azotu i
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cztery atomy tlenu (N4Oa), przyjmujac ksztatt znieksztalconego antypryzmatu kwadratowego
(33 — 35 oraz 36 (Er2-MeOH)) lub dwunastoscianu trojkatnego 36 (Erl-H20). Kompleksy
Dy(I11) 33 [Dy(HL3)2(MeOH),](CF3S0s) i 34 [Dy(HL3)2(MeOH)2](NOs3) charakteryzujg si¢

bardzo zblizong strukturg, r6znigcg si¢ jedynie zastosowanym przeciwjonem. Zaobserwowano,

ze sgsiadujgce w sieci krystalicznej czasteczki tworzg ze sobg pseudo-dimeryczne uktady oparte
na wigzaniu wodorowym OH---O (metanol--metanol) oraz ,,obj¢ciach trytylowych” o symetrii
C2 (Rysunek 34).

Rysunek 34. A — struktura krystaliczna dimeru zwigzku 33 wraz z przedstawionymi wigzaniami wodorowymi
(niebieskie przerywane linie); B — struktura zwigzku 33, ligandy zostaty zaznaczone kolorem w celu fatwiejszej
identyfikacji; C — struktura zwigzku 33 uwidaczniajgca oddziatywania grup trytylowych (kolor czerwony). W

punkcie B i C atomy wodoru zostaty pominigte dla zachowania przejrzystosci.

Podobne motywy supramolekularne zaobserwowano rowniez w strukturach zawierajacych
jony Er(I1) 351 36 (Rysunek 35), cho¢ w tych przypadkach mamy do czynienia z dwoma
réznymi kompleksami, 35 jest zblizony budowa do 33 i 34. Natomiast, zwigzek 36 stanowi
interesujacy przypadek w ktérym dimer jest zbudowany z dwdch réznych czasteczek, jedna
zawiera skoordynowane czasteczki metanolu, a druga zawiera jedng czasteczke metanolu i
jedng czasteczke wody, co mozna przedstawic wzorem
[Er(HL3)2(MeOH)2][Er(HL3)2(MeOH)(H20)]?*. Co ciekawe, we wszystkich przypadkach
"zewnetrzne" grupy OH (pochodzace od metanolu lub wody) nie sa zaangazowane w zadne

wigzania wodorowe.
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Rysunek 35. A — struktura krystaliczna dimeru zwigzku 36 wraz z przedstawionymi wigzaniami wodorowymi
(niebieskie przerywane linie); B — struktura zwiazku 36, ligandy zostaty zaznaczone kolorem w celu tatwiejszej
identyfikacji; C — struktura zwigzku 36 uwidaczniajaca oddziatywania grup trytylowych (kolor czerwony). W

punkcie B i C atomy wodoru zostaty pominigte dla zachowania przejrzystosci.

Spogladajac pod katem projektowania wydajnych SMM nalezy zwrdci¢ uwage na
charakterystyczne cechy otrzymanych ukltadéw. Réznice w budowie sfer koordynacyjnych
Ln(I1l) sa zalezne od wybranego przeciwjonu (33, 35 - OTf; 34, 36 - NO3), co wplywa na
mechanizm relaksacji magnetycznej. Ponadto, ujemnie natadowane grupy fenolowe -Ophe
powoduja powstanie najmniejszej odleglosci pomigdzy atomem donorowym a centrum
metalicznym (atom donorowy) — Ln(III), co jest istotne z punktu widzenia wptywu potencjatu
elektrostatycznego wzdhuz kierunku gestosci elektronowej 4f Ln(111).62 W omawianych
zwigzkach katy O-Ln-O wynoszg 110 — 115° i s3 to kluczowe czynniki zwigzane z istnieniem
zjawiska powolnej relaksacji magnetycznej. Oprocz wigzania wodorowego, obecne ,,objecia
trytylowe” sg silag napgdowa w powstawaniu izostrukturalnych dwurdzeniowych uktadéw
homometalicznych (Ln---Ln ~ 5,8 A; 33 — 5,85 A, 34 - 5,82 A, 35 -5,80 A, 36 — 5,81 A)
(Rysunek 36).

Dy(OTf); (33)

Dy(NOs);3 (34)

Er(OTf), (35)

Er(NO3); (36)

Rysunek 36. Proces tworzenia si¢ zwigzkow dimerycznych 33 — 36 oparty na wigzaniu wodorowym i ,,objeciach

trytylowych”. Zielone przerywane linie przedstawiaja wigzanie wodorowe.
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Struktury dwurdzeniowych kompleksow homometalicznych 37 [Dy(H2L*)3](NOs3)s

i 38 [Er(H2L*)3](NOs)s (Rysunek 37) s bardzo zblizone do tych, ktore zostaty zaprezentowane

wezesniej dla pochodnych t-Bu.*

Rysunek 37. A — struktura krystaliczna zwigzku 37; B — struktura zwigzku 37, ligandy zostaty zaznaczone
kolorem w celu tatwiejszej identyfikacji; C — struktura zwigzku 37 grupy trytylowe zostaty oznaczone kolorem

czerwonym (brak oddziatywan). W punkcie B i C atomy wodoru zostaty pomini¢te dla zachowania przejrzystosci.

Trojwartosciowe kationy posiadaja w przyblizeniu symetri¢ Cs, z osia trdjkrotng biegnaca
wzdhuz kierunku Ln---Ln). Jony metalu przyjmuja liczbe koordynacyjng dziewie¢ (NsOs)
poprzez trzy mostkujgce atomy tlenu grup fenolowych i szes¢ atomow azotu, po dwa z kazdej,
z trzech czgsteczek liganda. Elastyczno$¢ liganda HsL* pozwala na bardziej zwarte
rozmieszczenie skoordynowanych atomow, co prowadzi do blizszych kontaktow Ln---Ln (Er-
--Er 3,49 A; Dy---Dy 3,53 A), niz ma to miejsce w przypadku zwiazkéw 33 — 36. Wieloscian
koordynacyjny ma ksztatt trjkatnego pryzmatu trygonalnego, a tadunek jest rownowazony
przez trzy aniony azotanowe(V). Charakter grup trytylowych w ligandzie HsL* jest odmienny
niz miato to miejsce w przypadku HoL3. W tym zwigzku grupy trytylowe uczestnicza jedynie
W generowaniu trojwymiarowej sieci krystalicznej bez obecnosci ,,0bje¢ trytylowych™.
Badania magnetyczne oraz opisane ponizej symulacje przeprowadzono we wspotpracy z
grupa prof. Roberta Podgajnego z Uniwersytetu Jagiellonskiego w Krakowie. W pehi
scharakteryzowane uklady zostaly poddane badaniom zmienno-temperaturowej podatnosci
magnetycznej w statym polu Hpc=1 kOe, natomiast zalezno$¢ namagnesowania od pola
magnetycznego zostala zmierzona w temperaturze T=1,8 K. Krzywe eksperymentalne dla
najbardziej interesujacych uktadow 33 i 34 wraz z teoretycznym dopasowaniem uzyskanym
metodami ab initio zostaty przedstawione na Rysunku 38. Uklady w obszarze wysokich

temperatur wykazuja niewielkie zmiany wraz ze wzrostem T, wartosci ymT w okolicy 300 K sg
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nizsze niz wartoéci obliczone dla wolnych jonow (14,12 cm®K mol™ na jeden jon Dy(lIl) dla
J=15/2 i 9;=4/3; 11,49 cm*Kmol™ na jeden jon Er(I11) dla J=15/2, g;=1,2). Podczas schtadzania

warto$¢ ymT dla zwigzkow Dy(II) 33 i 34 wzrasta powoli do ok. 100 K, nastgpnie w zakresie
100 — 30 K maleje, osiggajgc minimalng warto$¢ w temperaturze 1,8 K. Krzywe ymT(T) dla
zwigzku 37 Dy(l1l) oraz dla zwigzku 38 Er(l1l) majg bardzo zblizony ksztalt do krzywych 33 i
34.

A6 Dane eksperymentalne B 16 - Dane eksperymentalne
—— Symulacja SINGLE_ANISO 33 —— Symulacja SINGLE_ANISO 34
wd Symulacja POLY_ANISO ud— Symulacja POLY_ANISO
{ 12 4 F s { 12
mE.m' 5 rOOOCN0000000000 cogoo DE“D_ oooooc
5 s 5
e e = 8 e
= =3 = =
N g = N g =
2
4 = 1 4
2 0 0 10 20 30 40 50 60 70 2
50 60 70
H/kOe
05 T T T T T T 05 T T T T T T T T
[i] 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK

Rysunek 38. Zaleznos¢ molowej podatnosci magnetycznej od przy Hpc=1 kOe dla: A — 33; B — 34. Wykresy
pomocnicze przedstawiajg zalezno$¢ namagnesowania od pola magnetycznego w temperaturze T=1,8 K.
Kolorowe punkty reprezentuja dane eksperymentalne, natomiast linie ciggle pokazuja krzywe otrzymane z
obliczen ab initio, uwzgledniajace izolowane kompleksy Dy(l11) (dopasowanie SINGLE_ANISO) lub dimeryczne
uktady {Dy>} oparte na wigzaniach wodorowych i ,,objg¢ciach trytylowych” (dopasowanie POLY ANISO).

Na przebieg krzywych ymT(T) w niskich temperaturach wptywaja oddziatywania dipol-dipol
obecne w pseudo-dimerycznych uktadach opartych na wigzaniach wodorowych i ,,objeciach
trytylowych” (Rysunek 34 i 35), jak rowniez wymiana magnetyczna w obrebie czgsteczek
dimerycznych {Ln2} opartych na ligandach mostkowych (Rysunek 36). Obecnosé
oddziatywan dipolowych w 33 i 34 zostala potwierdzona obliczeniami ab initio, ktore
przeprowadzono dla izolowanych centrow Dy(III) (SINGLE ANISO) oraz dimerycznych
jednostek {Dy.} utworzonych przez wigzania wodorowe (POLY ANISO). Dopasowanie
POLY-ANISO pozwolito na lepsze dopasowanie krzywej eksperymentalnej, co dodatkowo
potwierdza oddzialywania wymienne.

W dalszej czgéci badan przeprowadzono pomiary w polu magnetycznym przemiennym
(AC), ktore wstepnie zostaty przeprowadzone dla wszystkich zwigzkow 33 — 38 w celu

zbadania ich wtasciwosci SMM. Jedynie monordzeniowe zwiazki Dy(I1l) 33 i 34 wykazywaty
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wyrazne i silne zalezno$ci podatnosci magnetycznej w fazie ym'(7) i poza fazg ym"(T) od
czestotliwosci zmian pola magnetycznego i temperatury, co pozwolito na racjonalng analize
proceséw relaksacyjnych i potwierdzenie zjawiska powolnej relaksacji magnetycznej
(Rysunek 39). Monordzeniowe kompleksy Er(I11) 35 i 36 wykazywaty zachowanie SMM tylko
w obecno$ci zewnetrznego pola magnetycznego, ktore niwelowato negatywne skutki takie jak
QTM, a ztozony charakter otrzymanych pasm nie pozwalal na wiarygodng analize,
prawdopodobnie jest to zwigzane z niedopasowaniem ksztaltu gestosci elektronowej jondw
Er(IIT) w postaci wydtuzonej elipsoidy (prolate) do obecnego pola ligandow. Dwurdzeniowe
zwigzki homometaliczne 37 i 38 nie wykazywaty sygnatow §wiadczacych o obecnos$ci zjawiska
powolnej relaksacji, co w przypadku zwigzku 38 jest wazng informacja, poniewaz identyczny

uktad z ugrupowaniem t-Bu wykazywat takie wtasciwosci.*

A 10 B 1o

12K

Hac= 2000 Oe Ha.= 1000 Oe

1 0 . 100 1000 1 0 h, 100 1000

E °{33 Hee=2000 0e_° F ‘34 Hae= 1000 Oe

0.0 0.1 02 03 0.4 05 06 0.0 0.1 0.2 03
TYK? K}

0a 05 06
Rysunek 39. Zalezno$¢ podatnosci magnetycznej od czgstotliwosci zmian pola magnetycznego (Hac=2 Oe) przy
polach zewngtrznych: A — 33 Hpc=0 Oe; B — 34 Hpc=0 Oe; C - 33 Hpc=2000 Oe; D — Hpc=34 1000 Oe we
wskazanych zakresach temperatur. Zalezno$¢ temperaturowa czasu relaksacji E — 33; F —34. W A — D, kolorowe
punkty reprezentuja dane eksperymentalne, podczas gdy linie ciggte najlepsze dopasowanie wedtug uogdlnionego
modelu Debye'a. W E — F, kolorowe punkty to czasy relaksacji otrzymane w A — D podczas, gdy linie ciagle
reprezentujg najlepsze dopasowanie wedtug roéwnania (1) z wykorzystaniem wktadu Ramana i QTM (dla Hpc=0

Oe) lub tylko procesu Ramana (33 dla Hoc=2000 Oe; 34 dla Hpc=1000 Oe).
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Sygnaty podatno$ci magnetycznej ym'(T) i ym"(T) dla 33 [Dy(HL3)2(MeOH),](CFsSOs3) i 34

[Dy(HL3)2(MeOH),](NOs) byty obserwowane przy Hac=2 Oe z Hpc=0 Oe w odpowiednim

zakresie czgstotliwosci zmian pola magnetycznego i temperatury dla obu kompleksow

(Rysunek 39A i 39B), co wskazuje na powolng relaksacje namagnesowania przypisywang
wlasciwosciom SMM. Na wykresach maksima sygnatow poza fazg ym''(v) przesuwajg si¢ w
kierunku niskich czestotliwo$ci zmian pola wraz z obnizaniem si¢ temperatury. Nastepnie w
zakresie niskich temperatur maksima ym” tylko nieznacznie przesuwajg si¢ w rejon najnizszych
czestotliwosci zmian pola dla zwigzku 33, a te dla 34 praktycznie nie wykazujg zmiany swoich
pozycji, co sugeruje szybka relaksacj¢ magnetyczng wynikajaca z tunelowania kwantowego
(QTM) dla obu kompleksow (Rysunek 39A i 39B). Poniewaz zjawisko QTM moze by¢
ostabione przez przytozenie zewnetrznego pola DC, wykonano seri¢ pomiarow zaleznosci
podatnosci magnetycznej od czestotliwosci zmian pola magnetycznego. Doprowadzito to do
wyznaczenia optymalnej wartosci Hoc, W celu otrzymania jak najdtuzszego czasu relaksacji.
Wartosci te wynosity 2000 Oe dla 33 1 1000 Oe dla 34 i zostaly zastosowane do dalszych badan
(Rysunek 39C i 39D). W tych warunkach, maksima na wykresach ym"(v) ptynnie przesuwaja
si¢ w kierunku wyzszych czestotliwo$ci zmian pola przy wzroscie temperatury. Poréwnujgc
dane otrzymane przy braku obecno$ci pola DC potwierdza ostabienie efektu QTM. Warto
podkresli¢, ze znaczne poszerzenie pasm ym''(v) dla 33 i 34 w obszarze wysokich czgstotliwosci
zmian pola i niskich temperatur mozna przypisa¢ wptywowi oddziatywan dipol-dipol i ,,0bjeé¢
trytylowych”, ktore zostaly juz wczesniej podkreslone w badaniach namagnesowania w statym
polu magnetycznym (Rysunek 38).

Otrzymane wyniki dla pomiarow w obecno$ci zewnetrznego pola DC i bez dopasowano do
modelu Debye'a w celu wyodrebnienia czasow relaksacji (Rysunek 39E i 39F). Mozna
zauwazyc¢, ze wykresy silnie odbiegaja od liniowosci wskazujac na proces relaksacji Orbacha,
ktéremu towarzyszom mechanizmy relaksacji Ramana 1 QTM. Wykresy zostaty

przeanalizowane przy uzyciu nast¢pujacego rownania:
11 = 197 exp(-Uett /T) + CramanTn + To™m (1)

gdzie pierwszy czton modeluje proces relaksacji Orbacha, drugi dotyczy procesu relaksacji
Ramana, a trzeci pochodzi z procesu QTM, ktory jest niezalezny od temperatury. Najlepsze

dopasowanie wynikow dla zwigzkow 33 1 34 otrzymano bez obecnosci zewngtrznego pola DC,
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uwzgledniajgc procesy relaksacji Ramana (dominujagcy w zakresie wysokich temperatur) i

QTM (dominujacy w zakresie niskich temperatur). Dla pomiaréw wykonanych w obecnosci
zewnetrznego pola DC najlepsze dopasowanie otrzymano stosujac tylko parametr relaksacji
Ramana, co potwierdza zniesienie efektu QTM w obecnosci zewngtrznego pola DC.
Zaobserwowang roznicg w procesach relaksacyjnych obu zwigzkéw byta podatnos$¢ procesu
relaksacji Ramana na zmiany nate¢zenia pola DC. W zwigzku 33 proces ten byl niezalezny od
zastosowanego pola (brak zmiany parametru n — Tabela 2), a w zwigzku 34 zmieniat si¢, wraz

ze zmiang pola DC (wzrost parametru n — Tabela 2).

Tabela 2. Zestawienie najlepiej dopasowanych parametrow relaksacji magnetycznej dla 33 i 34, uzyskanych z

rownania (1) i odpowiednich sktadowych (proces Ramana i/lub QTM).

Parametry Zwiazek 33 Zwiazek 34

Hoc / Oe 0 2000 0 1000
Craman / S71K™" 0,061(9) 0,063(7) 0,17(2) 0,048(5)
n 4,62(7) 4,61(6) 3,74(6) 4,16(5)
Q™[ S 0,15(2) - 0,063(3)

Aby doktadniej zrozumie¢ wiasciwosci magnetyczne 33 1 34, przeprowadzono
obliczenia ab initio w programie MOLCAS 8.2 w przestrzeni aktywnej (CASSCF) na
poszczegdlnych centrach Dy(IIl), ktoérych geometria koordynacyjna zostala wyznaczona
metodami rentgenograficznymi. Obliczenia przeprowadzono we wspOlpracy grupa
prof. Szymona Chorgzego z Uniwersytetu Jagiellonskiego w Krakowie. W pierwszym
podejsciu rozwazano izolowane centra Dy(IIl) 1 zastosowano program SINGLE ANISO

(Rysunek 40).
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Rysunek 40. A — Osie anizotropii magnetycznej stanéw podstawowych Dy(III) obliczone metodg ab initio dla 33
(identycznie dla 34); rzut po lewej odpowiada doktadnym kontaktom miedzyczasteczkowym w strukturze
krystalicznej, podczas gdy poszczegdlne rzuty obrocone o 90° zostaly oddzielone dla wigkszej przejrzystosci.
Grube niebieskie linie wskazujg osie anizotropii magnetycznej zwigzkéw Dy(IT). B — Sfery koordynacyjne uktadu
dimerycznego Dy(1) i Dy(2) powstajacego poprzez wigzanie wodorowe Ophe---Omeon,1. Szczegdlowe parametry
znajduja si¢ w Tabeli 3 i dyskusji w tekscie. Skroty: Oppe - atomy O fenolu; Omeon - atom O metanolu
zaangazowany we wiagzanie wodorowe Ophe--Omeon,1; Omeon,2 - atom O metanolu skoordynowany po przeciwnej

stronie do wigzania wodorowego; Ngzim - atomy N benzimidazolu; Nim - atomy N iminy.

Zastosowano dwa modele z r6znymi zestawami (mata baza, model S; duza baza, model
L). Na tej podstawie wyznaczono osie anizotropii magnetycznej, ktore odbiegaty od osi
charakterystycznych dla geometrii Dag. Zjawisko to sprawia, ze anizotropia magnetyczna nie
moze zosta¢ zaburzona przez geometri¢ uktadu. Wartos$ci g; stanéw podstawowych sa bliskie
granicy Isinga, ktora wynosi 20 dla wszystkich czterech centrow Dy(l11), co wskazuje na silng
anizotropi¢ magnetyczng Dy(lll) i wzmacnia wtasciwosci SMM. Niemniej jednak, sktadowe
poprzecznej anizotropii magnetycznej (gx i gy) w stanach podstawowych prowadza do
zauwazalnego tunelowania kwantowego. Sktadowe gx i gy dla 34 sa relatywnie wyzsze niz dla
33, co potwierdzaja dane eksperymentalne AC, wskazujac na silniejszy efekt QTM dla zwigzku
34 (Tabela 2). Ponadto, obliczono bariery blokowania namagnesowania centrow Dy(l11) dla
3311 34 (Rysunek 41).
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Rysunek 41. Bariery blokowania namagnesowania dla poszczegélnych centroéw Dy(II) uzyskane przy uzyciu

matej bazy (model S) w kompleksach: A — 33 i B — 34. Grube czarne kreski przedstawiaja dublety Kramera dla

poszczegolnych centrow Dy(III) w funkceji ich momentu magnetycznego wzdtuz osi magnetycznej. Czarne linie

odpowiadaja diagonalnym elementom macierzy poprzecznego momentu magnetycznego; niebieskie linie

reprezentuja procesy relaksacji Orbacha. Czerwone strzatki odpowiadajg najbardziej prawdopodobnej $ciezce

relaksacji magnetycznej. Liczby przy kazdej strzalce oznaczajg $rednie wartosci bezwzgledne odpowiedniego

elementu macierzowego przej$ciowego momentu magnetycznego.

Poprzeczny moment magnetyczny w stanie podstawowym jest relatywnie wysoki

(migdzy 107 i 102 pB), ale znacznie mniejszy niz moment magnetyczny pierwszych stanow

wzbudzonych, dlatego tunelowanie kwantowe przez barier¢ moze mie¢ miejsce w pierwszym

stanie wzbudzonym dla wystarczajaco wysokiej temperatury.

Jesli chodzi o proces relaksacji typu Orbacha, spodziewano sig, ze powolna relaksacja

magnetyczna bedzie zachodzi¢ poprzez pierwsze stany wzbudzone dla 33 i 34. Podziat energii

dla najnizej potozonych poziomoéw Kramersa jest wiekszy w 33 niz w 34, co prowadzi do

wyzszej bariery energetycznej procesu Orbacha w 33. Dlatego spodziewano sig, ze relaksacja

magnetyczna bedzie zachodzi¢ wolniej dla 33, jednak w danych eksperymentalnych nie

zaobserwowano relaksacji typu Orbacha zarowno dla 33, jak i 34. Wskazuje to na dominacje

procesu Ramana, ktory nie jest bezposrednio zwigzany z obliczong anizotropig magnetyczna,
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poniewaz proces ten jest bardziej wrazliwy na tryby fononowe sieci krystalicznej. Zwiagzane z

tym obliczenia nie byly przedmiotem tej pracy.®?

Zaréowno 33, jak 1 34 zawieraja dwa krystalograficznie oddzielne kompleksy Dy(ll1)
Scisle potgczone wigzaniami wodorowymi, CO sprawia, ze oddziatywania dipolowe odgrywaja
znaczagcg role w procesach relaksacyjnych. Wnioski te wynikaja rowniez z poroéwnania
pomiarow magnetycznych DC, a zwlaszcza krzywych ymT(T), z odpowiednimi zalezno$ciami
obliczonymi za pomocg metody ab initio SINGLE_ANISO (Rysunek 38). W obu przypadkach
widoczne sa roznice pomigdzy symulacja SINGLE ANISO, a krzywa eksperymentalna.
Dlatego zastosowalismy program POLY ANISO, ktory stuzy do opisu oddzialywan
dipolowych i/lub wymiennych wewnatrz wielordzeniowych czgsteczek magnetycznych.®* W
tym podejsciu rozwazano jednostke dimeryczng Dyl-Dy2, korzystajac z informacji
otrzymanych dla uktadéw monomerycznych SINGLE_ANISO. Pod uwage brano tylko
oddziatywania dipolowe, poniewaz zatozono, ze dominujg nad oddzialywaniami wymiennymi
pomiedzy dwoma centrami Dy(III) potaczonymi stabymi wigzaniami wodorowymi (Rysunek
34 i 36). Podejscie znacznie lepiej odwzorowuje dane doswiadczalne, co ilustrujg krzywe
mT(T) (Rysunek 38). Uwzglednienie oddziatywan dipolowych w przypadku procesu Orbacha
spowodowato otrzymanie jeszcze wyzszej bariery blokowania namagnesowania niz w
podej$ciu SINGLE ANISO, co potwierdza dominacj¢ procesu relaksacji Ramana w obu

zwigzkach.
Korelacje magneto-strukturalne (aspekty strukturalne)

Aby doktadnie omowié korelacje magneto-strukturalne na samym poczatku nalezy
poréwnac struktury krystaliczne zwigzkow 33 i 34. Gtowna rdznicg migdzy strukturami 33 i 34
jest wystepujacy w nich przeciwjon: OTf dla 33 i NOs™ dla 34. Mozna oczekiwaé, ze rdznice
w strukturze krystalicznej wygenerujg inne pole krystaliczne ze wzgledu na r6zne odlegtosci
wiazan i1 katy wigzan. Rzeczywiscie, pomimo ogolnego podobienstwa niekowalencyjnych
oddzialywan migdzyczasteczkowych Dy(1)---Dy(2), obejmujacych wigzanie wodorowe
indukowane grupa trytylowa Dy(1)(-Ophe:--H-Owmeon,1-)Dy(2), obserwuje si¢ znaczace réznice
w sferach koordynacyjnych (Rysunek 40B, Tabela 3).
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Tabela 3. Najwazniejsze parametry strukturalne pierwszej sfery koordynacyjnej 33 i 34.

Dy'" 1Dy1 1Dy?2 2Dy1 2Dy?2
CShM/SAPR-8 1,381 1,224 1,284 1,340
Dy-Opne/ A 2,152 2,154 2,190 2,172
2,254 2,268 2,267 2,251

pheO-Dy-Ophe / degl® 110,63 113,39 109,41 114,79
Dy-Owmeon,1/ AlP! 2,395 2,405 2,358 2,405
pheO---H-Owmeor,1/ Al 2,630 2,656 2,646 2,641
Dy-Owmeon,2/ Al 2,442 2,454 2,415 2,457
Dy-Ngzm / Al 2,421 2,437 2,429 2,430
2,470 2,457 2,450 2,484

Dy-Nim / AF 2,562 2,565 2,530 2,584
2,553 2,561 2,542 2,519

Skroty: [a] Opne - atomy O fenolu; [b] Owmeon,: - atom O metanolu zaangazowany we wigzanie wodorowe
Ophe--Owmeon.2; [€] Omeon2 - atom O metanolu skoordynowany po przeciwnej stronie do wiazania wodorowego;
[d] Ngzim - atomy N benzimidazolu; [e] Nim - atomy N iminy.

Zgodnie z wynikami wyznaczania 0si anizotropii magnetycznej, atomy wewnetrznej
sfery mozna podzieli¢ na dwie grupy: (i) osiowe sktadajace si¢ z dwoch atoméw tlenu Opnhe
pochodzacych od ujemnie natadowanych grup fenolowych, jednego atomu azotu Nim fragmentu
iminowego i jednego azotu Ngzim fragmentu benzimidazolowego, wszystkie zlokalizowane
stosunkowo blisko osi anizotropii. (ii) ptaszczynowe zawieraja dwa atomy tlenu Omeon 0d
dwoch skoordynowanych czgsteczek MeOH i kolejng pare atomow azotu Nim i Nezim. Taki
uktad spelnia zasade osiowego rozklad ujemnego potencjalu elektrostatycznego ligandow
wzdhuz kierunku gestosci elektronowej Dy(III) 4f, co jest warunkiem koniecznym w
ksztattowaniu zachowania SMM w przypadku jonéw Dy(III) o gestosci elektronowej w
ksztalcie sptaszczonej elipsoidy (oblate). Kolejnymi waznym aspektem sa jak najkrotsze
odlegtosci Dy-O 1 odpowiadajace im katy O-Dy-O obejmujace ujemnie natadowane grupy
fenolowe. W tym przypadku Dy-O wynosza 2,15 A w 331 2,18 A w 34, co jest poréwnywalna
wartoécig w odniesieniu do wigkszoéci wysokowydajnych SMM zawierajacych jony Dy(111).%
Kroétsza dlugos¢ wigzania w 33 moze by¢ decydujaca dla wigkszego rozszczepienia poziomow
energetycznych, jakie zaobserwowano w obliczeniach ab initio. Jednak odpowiednie katy
wigzania O-Dy-O znacznie odbiegaja od liniowos$ci (110,63° i 113,39° dla 33 oraz 109,41° i
114,79° dla 34), co przy tak krotkich wigzaniach Dy-O moze skutkowaé ograniczong
skuteczno$cia w tworzeniu silnych osiowych pol krystalicznych. Odzwierciedlaja to
stosunkowo niskie przerwy energetyczne mig¢dzy dubletami KD w stanie podstawowym i

pierwszym stanem wzbudzonym dubletow KD w 33 i 34. Ponadto, przerwy energetyczne w 33
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sg wyzsze niz w 34, co wskazuje, ze krotsze odlegtosci Dy-O wpltywajg na tworzenie

silniejszego osiowego pola krystalicznego w podobnej sferze koordynacyjnej.

W kilku ostatnich pracach wykazano, ze zachowanie typowe dla uktadow SMM
zawierajacych jony dysprozu jest zwigzane nie tylko z wewnetrzng sferg Dy(III), ale rowniez
silny wptyw ma sfera zewnetrzna.’® % % W 33 i 34, aniony i czasteczki rozpuszczalnika
wchodza w interakcje z ligandem poprzez oddzialywania niekowalencyjne (np. oddziatywania
anion---H-Ngzim), co moze by¢ odpowiedzialne za site tunelowania kwantowego (QTM) w
niskiej temperaturze. Wyciagajacy elektrony anion trifluorometanosulfonowy w 33 moze
prowadzi¢ do redukcji tadunku na atomach azotu, co skutkuje stabszym poprzecznym polem
ligandéw w 33 i zmniejsza wktad QTM w procesy relaksacji. W rezultacie udziat QTM w 34
jest bardziej wyrazny i potwierdzajg to takze dane eksperymentalne.

Brak analitycznych sygnatéw w badaniach AC dla monordzeniowych kompleksow
Er(111) 35 i 36 mozna przypisaé do ksztattu gestosci elektronowej tego jonu w postaci
wydtuzonej elipsoidy (prolate), ktory jest stabo dostrojony z roztozonym osiowo tadunkiem
ujemnym pochodzacym od skoordynowanych ligandow. W  dwurdzeniowych
homometalicznych kompleksach 37 i 38 wiasciwosci SMM najprawdopodobniej zostaly
zablokowane przez wewnatrzczasteczkowe oddzialywania wymienne, niekorzystne sfery
koordynacyjne lub nieodpowiedni uktad osi anizotropii. Co ciekawe, opublikowany przez nas*
strukturalnie podobny ligand z grupa -C(CHs)s zamiast CPhs tworzyt izostrukturalng grupe
dwurdzeniowych homometalicznych helikatow (Tb, Dy, Ho, Er, Tm, YD), ale tylko analog
Er(IIT) wykazat stabe zachowanie SMM indukowane polem magnetycznym. Pokazuje to, jak

pozornie nieistotne grupy organiczne moga wptywaé na obserwowane wyniki magnetyczne.
Korelacje magneto-strukturalne (wplyw grupy trytylowej)

Aby lepiej oceni¢ i zrozumie¢ wptyw grupy trifenylometanowej na obserwowane
wlasciwos$ci magnetyczne uktadow trytyl-Ln, mozna podzieli¢ jej role na dwa aspekty posredni
1 bezposredni, co jest zwigzane z inzynierig krysztalu (A) i aspektami relaksacji magnetycznej
(B).

(A) Cechy strukturalne wysokowydajnych nanomagneséw opartych na zwigzkach
alkoksy/aryloksy sa zwigzane glownie z atomami donorowymi ligandéw i wywieraniem

silnych osiowych pdl krystalicznych®’, dlatego tez wptyw grupy -C(CeHs)s jest posredni,
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poniewaz kieruje upakowanie czasteczek w ciele krystalicznym (Rysunek 29). Dance i

wspolpracownicy zademonstrowali mozliwosci wykorzystania "obje¢ trytylowych"®!, ale ich
zastosowanie nie zostalo jeszcze zbadane w kontek$cie architektur supramolekularnych z
jonami Ln(111).68

Poréwnanie struktur 33 — 38 pozwala na wyciaggnigcie nastgpujacych wnioskow: (i)
liczba kieszeni koordynacyjnych w ligandzie przektada si¢ na obecno$¢ lub brak specyficznych
oddzialywan trytyl-trytyl - samoasocjacja jonéw Ln(IIl) z dwukieszeniowym ligandem HsL*
prowadzi do dwurdzeniowych homometalicznych architektur helikalnych, w ktorych
oddziatywania trytyl-trytyl nie wystepuja, podczas gdy z jednokieszeniowym ligandem HoL3
prowadzi do pseudo-dimerycznych uktadow w ktorych wystepuja czterokrotne ,,objecia
trytylowe”; (ii) oddzialywania trytyl-trytyl sa wspotodpowiedzialne za przeksztalcenie
monometalicznych ~ kompleksow 33 - 36 w  pseudo-dimeryczny  uktad
[Ln(HL3)2(MeOH)2][Ln(HL3)2(MeOH)2x(H20)x](Y)2 (Rysunek 36), ktore w przypadku
Dy(11) (33, Y=OTTf, x=0; 34, Y=NOs3, x=0) wykazujg wtasciwosci SMM w polu zerowym. W
sposOb posredni, ugrupowanie trytylowe jest takze odpowiedzialne za zwigkszenie odlegtosci
pomiedzy centrami metalicznymi Ln---Ln (ok. 5,8 A dla 33 — 36 oraz ok. 3,5 A w 37 — 38) i
ostabienie oddziatywan dipolarnych Ln-Ln, co odpowiada za r6znice w zachowaniu
magnetycznym mig¢dzy grupami 33 — 36 oraz 37 — 38.

Ponadto, podobne pod wzgledem struktury jednokieszeniowe ligandy NNO bez
obecnosci grupy -C(CsHs)s wykazuja koordynacje jonow Ln(IIl) tworzac dwurdzeniowe
homometaliczne zwigzki helikalne Ln-O-Ln.%® 7 Wskazuje to, ze ligandy tego typu maja
tendencj¢ do tworzenia wielordzeniowych zwigzkow kompleksowych z jonami Ln(III), a
zastosowanie ugrupowan trytylowych moze stanowi¢ narzedzie do zapobiegania tworzenia si¢
mostkéw Ln-O-Ln.

(B) Trytyl jest czasteczka organiczna, ktora wprowadza do uktadu drgania C-C, C=C i
C-H, ktore bezposrednio wptywaja na proces relaksacji. Dzieje si¢ tak za sprawa oddziatywan
spin-fonon wystepujacych w obecnosci drgan lekkich atoméw wodoru.*® %8 ™ Jest to
prawdopodobny powdd, dla ktérego czasteczka trytylu nie byla wezesniej szczegdtowo badana
w chemii SMM, poniewaz relaksacja Ramana zmniejszylaby efektywng bariere
namagnesowania Uesr.”? Niemniej jednak, przeprowadzone badania sa doskonatym krokiem do

rozwoju mozliwosci kontrolowanego tworzenia uktadow nanomagnetycznych poprzez
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»objecia trytylowe”. Rozwigzanie problemu wystepujacych drgan nasuwajg prace, ktore

wykazaly, ze wykorzystanie fluorowanych ligandow skutecznie redukuje anharmoniczne
procesy relaksacji Ramana’® i minimalizuje tunelowanie kwantowe QTM.’ Ponadto, Dance i
wspotpracownicy wykazali, ze nie ma wicekszych rdéznic miedzy motywami
supramolekularnymi i energiami uktadoéw opartych o perfluorowane i weglowodorowe
podjednostki”, dlatego motywy koordynacyjne otrzymanych uktadow powinny zostaé
odwzorowane przy wykorzystaniu czasteczki -C(CeFs)s 1 wykazywaé ,,objecia
perfluorofenylowe”.’

Niniejsze badania wykazaly w jakim stopniu grupa trytylowa wptywa na tworzenie si¢
nanomagnetykow molekularnych zawierajacych jony lantanowcow i ligandy hydrazonowe,
ktore roznig si¢ liczba kieszeni koordynacyjnych. W syntezie zastosowano dwa strukturalnie
podobne ligandy oraz jony lantanowcow o roéznym ksztalcie gestosci elektronowe;:
sptaszczonej elipsoidy (oblate) Dy(III) dla zwigzkoéw 33, 34 i 37 oraz wydtuzonej elipsoidy
(prolate) Er(IIl) dla zwigzkéw 35, 36 1 38. Otrzymane zwigzki wykazywaty wysoki poziom
1zostrukturalnos$ci w odniesieniu do poszczego6lnych ligandoéw 1 zastosowanych przeciwjonow:
trifluorometanosulfonian oraz azotan(V). Nie zaobserwowano wplywu ugrupowan trytylowych
na strukture dwurdzeniowych homometalicznych architektur helikalnych z dwukieszeniowym
ligandem HsL*, jednak w przypadku jednokieszeniowego liganda HzL® w polgczeniu z
wystepujacym wigzaniem wodorowym dochodzi do przeksztalcenia monordzeniowych
zwigzkow kompleksowych (33 — 36) w pseudo-dimeryczne uktady. Zwigzki Dy(IIl) 33 i 34
stanowiag pierwszy przykltad SMM opartych na uktadzie trytyl-Ln, ktére sa zalezne od
zastosowanego przeciwjonu. Teoretyczne badania ab initio wykazaty, ze r6znice w relaksacji
magnetycznej wynikaja z odmiennego stopnia dopasowania pomiedzy rozktadem gestosci
elektronowej 4f i osiowym charakterem ujemnego potencjatu elektrostatycznego dostarczanego
przez ligandy, a nie jak zaktadano ze wzgledu na symetrie. W aspekcie projektowania nowych
uktadow zaobserwowalismy mozliwo§¢ wykorzystania ,,0bj¢¢ trytylowych” do modulowania
wlasciwosci SMM, a otrzymanie perfluorowanego odpowiednika pozwolitoby na ograniczenie
relaksacji fononowej powodowanej przez drgania C-H i otrzymanie wydajnego

nanomagnetyka.
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3.3. Praca nr 3: “Understanding the effect of structural changes on slow magnetic
relaxation in mononuclear octahedral copper(ii) complexes” — Dalton. Trans. 2022, 51,
12041-12055.

Dalton
Transactions

An international journal of inorganic chemistry

rsc.ii/dalton

P ROYAL SOCIETY
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Rysunek 42. Graficzne przedstawienie najwazniejszych aspektow trzeciej pracy.

Ostatnia praca z cyklu przedstawia nowe podejscie, ktore pozwoli na bardziej doktadne
zbadanie nanomagnetykow molekularnych bazujacych na jonach metali bloku d-, ktore we
wczesniejszych badaniach nie wykazywaty zjawiska powolnej relaksacji. Obecne badania maja
na celu otrzymanie nanomagneséw molekularnych celem wykorzystania ich w urzadzeniach
do przechowywania danych 1 komputeréw kwantowych. Monometaliczne zwigzki
kompleksowe o niskich wartosciach spinu S=% sg doskonalym materialem do tychze
zastosowan, ale dotychczasowa wiedza na ten temat nie jest wystarczajaca. Interesujacymi
uktadami okazaly si¢ zwigzki kompleksowe jonow Cu(Il), w ktorych w ostatnim czasie
zaobserwowano powolna relaksacje magnetyczna.’” ® W pracy skupiono si¢ na syntezie
liganda, ktory pozwoli na celowe wprowadzanie modyfikacji strukturalnych i obserwacje ich

wplywu na wlasciwo$ci magnetyczne.

H2N I\
1 N
| 0 f N
—’
OI N IO Toluen, 120°C _{;?N’ )

] Sred

39 - X - ClO,; R~ CH;; Y - CH,OH
40 - X — CF,505; R — CH;CH,; Y — H,0

Rysunek 43. Schemat syntezy liganda L i jego zwigzkéw kompleksowych z Cu(Il).
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Ligand L otrzymano przez kondensacje 2,6-pirydynokarboksyaldehydu z 3-amino-5-

metyloizoksazolem (Rysunek 43). 2,6-pirydynokarboksyaldehyd (1,000 g, 7,4 mM) i 3-amino-
5-metyloizoksazol (1,488 g, 15,2 mM) umieszczono w kolbie okraglodennej wyposazonej w
nasadke Deana-Starka. Uktad przeptukano argonem i dodano bezwodny toluen (60 ml).
Powstalg zawiesing mieszano w temperaturze 140°C przez 6 godzin. Roztwoér w kolbie
zatezono (przez nasadk¢ Deana-Starka) i pozostawiono do powolnego ochlodzenia do
temperatury pokojowej w celu krystalizacji produktu. Otrzymane krysztaly odsaczono i
przemyto zimnym toluenem. Nastepnie poddano suszeniu na powietrzu otrzymujac biate
krysztaty liganda L° z wydajnoscig 44% (0,930 g, 3,1 mM). Zwiazek zostat scharakteryzowany
metodami spektroskopowymi (*H NMR, 3C NMR, FT-IR), spektrometrycznymi (ESI-MS)
oraz analizg elementarng, ktore potwierdzity strukture liganda L° (Rysunek 43).

W nastepnym etapie L° poddano reakcji kompleksowania z solami Cu(ClOa4),-6H.0
(39) i Cu(OTf)2 (40) w roztworze alkoholi MeOH (39) i EtOH (40). Nieoczekiwanie, podczas
reakcji doszto do przeksztatcen strukturalnych, ktore doprowadzity do asymetrycznej addycji
MeOH (39) lub EtOH (40) do wigzania iminowego w wyniku czego powstat chiralny N,O-
aminal L5912 (Rysunek 43), co potwierdzono badaniami rentgenostrukturalnymi.

Redukcja L® spowodowana jest obecnoscig jonow Cu(Il), a zastosowany
rozpuszczalnik 1 przeciwjon nie mialy wplywu na otrzymany diastereoizomer. W tym
przypadku oba zwiazki otrzymano jako izomer (S,S). Sposrod innych mozliwych chiralnych
1izomerdw, powstanie uktadow R,S oraz S,R jest mniej prawdopodobne ze wzgledu na obecnos¢
efektu templatowego, ktéory maksymalizuje konieczno$¢ koordynacji ze wzgledoéw
termodynamicznych. Motyw N,O-aminalu wystepuje W wielu produktach naturalnych,
farmaceutycznych i cennych prekursorach syntetycznych™ 8 dlatego opracowanie
skutecznych metod ich syntezy przyciaga uwage wielu badaczy.®: 8 Nasze badania sa
pierwszymi dotyczacym tworzenia N,O-aminali z aldimin, bez koniecznos$ci stosowania
zewngtrznego katalizatora chiralnego. W momencie publikacji pracy opisano tylko trzy
przyktady®! 8 8 dotyczace wykorzystania katalizatorow metalicznych w tworzeniu N,O-
aminali z pochodnych ketiminowych. Podejscie to mozna wykorzysta¢ do otrzymywania
chiralnych czasteczek z N,O-aminalami umieszczonymi w pozycjach 2, 6 pierScienia
pirydynowego, ktdre potencjalnie moga zosta¢ wykorzystane w syntezie ztozonych uktadow,

szczegOlnie o znaczeniu biologicznym lub magnetycznym.
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Rysunek 44. Struktury krystaliczne zwigzkéw kompleksowych Cu(ll): A — (39); B — (40). Elipsoidy sg
przedstawione na poziomie prawdopodobienstwa 50%, atomy wodoru sa pokazane jako kule o sztucznie

natozonych jednostkach.

Rysunek 44 przedstawia struktury krystaliczne 39 (A) i 40 (B). Dla zwiazku 39 pomiary
dyfrakcyjne przeprowadzono w temperaturze pokojowej oraz temperaturze ciekltego azotu
celem wykluczenia obecnosci przemian fazowych. Ligandy L5791 (C1O47; MeOH) i L5742 (OTf
, EtOH) owijaja sie wokot jonow Cu(Il) i r6znig sie obecnymi grupami metoksy (L57¢) lub
etoksy (L5%2) przylaczonymi do centrum stereogenicznego, w wyniku nieoczekiwanej addycji
alkoholu do wigzania iminowego (Rysunek 43). W obu strukturach krystalicznych zwiazki
wystepuja jako dikationy z dwoma anionami rownowazacymi tadunek: chloranowymi(VII)
(39) lub trifluorometanosulfonowymi (40). Liczba koordynacyjna dla obu zwigzkéw wynosi

sze$¢ i przyjmuje ksztalt znieksztatconego oktaedru (Rysunek 45).

Rysunek 45. Utozenie wielo$cianu koordynacyjnego wzdtuz dtuzszej osi dla: A — 39; B — 40.

Ze wzgledu na strukture liganda oktaedry sa wydluzone wzdhuz jednego kierunku (O7---
014), a wydhuzenie to wynosi az 25% w 39 i 24,7% w 40 (Rysunek 44 i 45). Taka geometria

jest zwigzana z konformacjg czasteczek ligandow, w ktorych pierécienie sg utozone w stosunku
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do siebie prostopadle. Skutkuje to rowniez powstaniem plaszczyzny sktadajacej si¢ z trzech
atoméw azotu liganda L5742 atomu tlenu pochodzacego od czasteczki rozpuszczalnika. Oba
zwigzki krystalizuja w uktadzie trojskosnym w grupie przestrzennej P-1, a komorka
elementarna zawiera dwie czgsteczki zwigzku kompleksowego Cu(Il). W strukturze
krystalicznej czasteczki 39 oddzialuja ze sobg poprzez nickowalencyjne odzialywania
n-m pomiedzy pierécieniami pirydyna-pirydyna (najmniejsza odlegtos¢ Cu---Cu ok. 8A).
Tworza one nieskonczone tancuchy sktadajace si¢ z naprzemiennie utozonych kationow i

aniondéw potaczonych wigzaniami wodorowymi (Rysunek 46).

Rysunek 46. Upakowanie sieci krystalicznej wraz z obecnymi wigzaniami wodorowym zwigzku 39. Wigzanie

wodorowe jest przedstawione niebieskg przerywang linia.

W kompleksie 40 gtéwnym motywem strukturalnym jest klaster skladajacy si¢ z
fragmentow strukturalnych potaczonych wigzaniem wodorowym, w ktorego w sktad wchodza:
dwa kationy (najmniejsza  odleglos¢ Cu---Cu ok. 9,7A), cztery aniony
trifluorometanosulfonowe i dwie czgsteczki rozpuszczalnika-etanolu (Rysunek 47). Catos¢
tworzy trojwymiarowg strukture krystaliczng za pomoca oddzialywan elektrostatycznych i

stabych migdzyczasteczkowych sit van der Waalsa, co odréznia te sie¢ od 39.
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T M rx M

Rysunek 47. Upakowanie sieci krystalicznej wraz z obecnymi wigzaniami wodorowym zwigzku 40. Wigzanie

wodorowe jest przedstawione niebieskg przerywang linia.

Aby uzyskac lepszy wglad w lokalng symetri¢ 39 i 40, przeprowadzono obliczenia przy
uzyciu oprogramowania SHAPE® 8, ktore wykorzystuje metode cigglych pomiaréw ksztattu
(CShM - Continuous Shape Measurements).®” Obliczenia te wprowadzaja parametr S, ktory
odpowiada stopniowi odchylenia od idealnego wieloscianu, przy czym S=0 odpowiada idealnej
geometrii. Otrzymane wartosci S=3,936 dla 39 oraz S=3,723 dla 40 wyraznie wskazujg znaczne
odchylenia od geometrii oktaedrycznej, sklasyfikowane jako strukturalnie powazne
znieksztatcenia (S>3). Co wazne, uklad zaprezentowany przez Boca’®, rowniez
charakteryzowat si¢ znacznym znieksztalceniem S=3,854 oraz S=4,313. Nalezy pami¢taé, ze
istotne chemicznie réznice sg widoczne juz przy zmianie parametru S o wartos¢ 0,1. Badane
uktady sg heterodonorowe (atomy donorowe N i O), dlatego przeprowadzono dodatkowsg
analize dotyczaca znieksztatconych ptaszczyzn obecnych w badanych oktaedrach, ktorej celem
bylo zrozumienie: (i) ktora cze$¢ architektury ligandéw jest odpowiedzialna za anizotropie
strukturalng istotng dla wlasciwosci magnetycznych oraz (ii) dlaczego obserwowane
wlasciwos$ci magnetyczne roznig si¢ w obu zwigzkach. Mozna wyrdzni€ trzy ptaszczyzny: (A)
(N2-N9-N17-MeOH/H20), ktora jest zalezna od obecnych czasteczek rozpuszczalnika MeOH
(39) lub H20 (40); (B) (MeOH/H20-07-N9-014) i (C) (N2-O7-N17-014), na ktore najwigkszy
wplyw majg znieksztatcenia O7-014 (Rysunek 48).
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101

Rysunek 48. Plaszczyzny A. B, C wybrane do badan SHAPE na przyktadzie zwigzku 39. Atomy wodoru zostaty

pominigte dla lepszej widocznosci. Plaszczyzny wyznaczone zielonymi przerywanymi liniami.

Nieoczekiwanie okazato sig, ze plaszczyzna (A) wykazuje znacznie wigksze znieksztalcenia w
kompleksie 40 (warto$¢ S=0,308 dla 40 oraz wartos¢ S=0,077 dla 39). Moze to roéwniez by¢
spowodowane obecnoscig innych przeciwjondéw (chloran(VII) 39 oraz
trifluorometanosulfonian 40) i wigzania wodorowego pomigdzy nimi. Wartosci S w
ptaszczyznach (B) i (C) wskazuja na silniejsze znieksztalcenia w 39 niz w 40.

Kolejnym krokiem w badaniach byto zbadanie wtasciwosci magnetycznych w statym
polu DC (direct current), ktore przeprowadzono we wspotpracy z grupa prof. Marii Korabik z
Uniwersytetu Wroctawskiego. Przeprowadzono badania zalezno$ci namagnesowania od
temperatury w zakresie temperatur 1,8 - 300 K i polu magnetycznym 0,5 T (Rysunek 49).
Wartosci iloczynu ymT (0,373+0,005 cm*Kmol™?, pes=1,73+0,01 B.M.) sa praktycznie stale w
catym mierzonym zakresie temperatur 1,8 - 300 K. Zwigzki wykazuja takze bardzo podobne
wlasciwosci, typowe dla nie oddzialujacego uktadu o wartos$ci spinu S=%, co potwierdza brak
oddziatywan = wymiennych  ferro-/antyferromagnetycznych  pomigdzy  czasteczkami

kompleksow w sieci krystalicznej.

0,20 J
A0 0,4 B 0.20. 04
— N ><
T, 018 103 3~ 15 loa™
E 0.10 40,2 7€ '”'E 0,10 7:‘:“
= g 5 0,2 )
0,05 = oo =3
401 ™ 01 =
0,00 0,00
0,0 0,0

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperatura (K) Temperatura (K)
Rysunek 49. Wykres zalezno$ci namagnesowania od temperatury w zakresie temperatur 1,8 - 300 K i polu
magnetycznym 0,5 T: A —39; B — 40.
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Aby potwierdzi¢ obecnos$¢ izolowanych jonow Cu(Il) przeprowadzono pomiary zalezno$ci

namagnesowania od pola magnetycznego w zakresie od 0 do 5 T w stalej temperaturze 2 K
(Rysunek 50).

A 1,01 1 B 1,04

0,8+ . 0,8
= 0,6 1 = 0,6
< Z
= 044 1 = 044

0,2 , 0,2

0,0+ 1 0.0

o 1 2 3 4 5 o 1 2 3 4 5
Pole magnetyczne (Oe) Pole magnetyczne (Oe)

Rysunek 50. Wykres zalezno$ci namagnesowania od pola magnetycznego w zakresie od 0 do 5 T w temperaturze
2 K: A-39; B-40.

Punkty eksperymentalne zgadzaja si¢ z funkcjg Brillouina dla S='2 i g=2, co dodatkowo
potwierdza zatozenia, ze centra Cu(Il) w obu zwigzkach sg izolowane magnetycznie. Ponadto,
jest to zgodne ze strukturami krystalicznymi (Rysunek 44 — 47). Niemniej jednak, badania w
polu DC nie pozwolily na zaobserwowanie rdéznic we wlasciwosciach magnetycznych
spowodowanych obecnymi odksztalceniami strukturalnymi.

W kolejnym kroku przeprowadzono pomiary w polu magnetycznym przemiennym AC
(alternating current) o wartoéci 3 - 10* T dla 16 czestotliwoéci zmian pola, w zakresie
temperatur 1,8 - 10 K. W zerowym polu DC (direct current) nie zaobserwowano proceséw
relaksacji magnetycznej. Sktadowa podatno$ci magnetycznej (poza faza ") dla kompleksow
39 i 40 przy braku obecnosci pola DC jest niewykrywalna, co wskazuje, ze czas relaksacji
magnetycznej (1) jest znacznie krotszy niz czas zmiany kierunku pola AC. Pomiary wykonane
przy zewnetrznym polu 0,1 T DC ujawniaja roznice we wlasciwosciach kompleksow 39 i 40.
Podatnos¢ magnetyczna w fazie ' (Rysunek 51A) i poza fazg y" (Rysunek 51BC) wykazuja
zalezno$¢ od temperatury i czgstotliwosci zmiany pola, z charakterystycznymi maksimami w

39, wskazujacymi na zjawisko powolnej relaksacji magnetyczne;.
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Rysunek 51. Wykres zalezno$ci podatnosci magnetycznej od temperatury dla zwiazku 39: A — w fazie y;

B — poza fazg y". C — wykres zaleznosci podatnosci magnetycznej od czestotliwosci zmian pola magnetycznego

Dla kompleksu 40 badania podatno$ci magnetycznej AC nie wykazaly obecno$ci
charakterystycznych maksimow na wykresach zaleznosci podatno$ci magnetycznej (w fazie y')
od temperatury (Rysunek 52A) i tylko stabymi sygnatami podatno$ci magnetycznej (poza faza
x") od temperatury przy wysokich czestotliwoSciach zmian zewnetrznego pola magnetycznego
(Rysunek 52BC). Brak stosownych sygnatow uniemozliwil wyznaczenie parametrow
relaksacji dla tego zwigzku. Dla zwigzku 40 nalezy zastosowac¢ znacznie silniejsze pole niz dla

39, co koreluje réwniez z wyrazniejszym charakterem powolnej relaksacji magnetycznej w

polu AC dla 39.
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Rysunek 52. Wykres zaleznosci podatno$ci magnetycznej od temperatury dla zwigzku 40: A — w fazie y'; B —

poza faza x". C — wykres zalezno$ci podatnosci magnetycznej od czgstotliwosci pola magnetycznego

Nastepnie rozwazono rozne rodzaje mechanizméw relaksacji, ktore moga by¢ obecne
w badanych uktadach o spinie S=Y: Orbacha, bezposredni, Ramana i QTM (tunelowania
kwantowego).’® 8 Niektore badania sugeruja, ze T nie jest zgodne z zalozeniami réwnania
Arrheniusa, ze wzgledu na brak stanow magnetycznych, ktére moga zapewni¢ $ciezke dla
wielofononowego mechanizmu relaksacji Orbacha. W zwigzku z tym zaklada si¢
wykorzystanie mechanizmé4w Ramana i bezposredniego, ktére dominuja odpowiednio w

wysokiej i niskiej temperaturze.®®%! Niemniej jednak, wyniki z pracy’® sugeruja uzycie
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rownania Arrheniusa do wyznaczenia energii aktywacji procesu relaksacji, jednoczesnie

sugerujac, ze efektywna bariera energetyczna spowodowana rozszczepieniem pola zerowego
(ZFS) w stanie podstawowym nie istnieje w ukladzie Cu(Il). Powoduje to eliminacje
mechanizmu Orbacha w procesie relaksacji w zwigzkach S='5. Analiz¢ procesow
relaksacyjnych w zwigzku 39 przeprowadzono z wykorzystaniem mechanizméw relaksacji
Ramana, bezposredniego oraz QTM. Obliczenia pozwolily na otrzymanie parametrow dobrze
charakteryzujacych procesy relaksacji, a ich wartoSci sg porownywalne z danymi

opublikowanymi przez Cui i wspotpracownikow®® (Rysunek 53A i Tabela 4)

Tabela 4. Dopasowanie roznych parametrow relaksacji kompleksu 39 wyznaczonych na podstawie badan AC

rysunek 53A.

Mechanizm relaksacji: a(stKl)  AEGEITAKY)  b(stKM n TQTM st Lit.
Raman-+bezos$redni+QTM
Pole DC 0,15 T 0,93 183851(9)  8,31(3) 3,102 0,02 2,93
Pole DCO0,10 T 1,06(2) 1649,32(1) 18,59(2) 1,32(1) 0,29(2) Ta praca

W oparciu o dane podatnosci magnetycznej AC dla 39 wykonano wykresy Cole'a-
Cole'a (Rysunek 53B).

_5’0_ A 0,07
55 0,061
601 = 0,05+
_ £ 0,041
© -6,5- 3
“ g 0,03
= 1.0, = o002
7.5 b=18.59, n=1.32, = 0.01.
a=1.06, =0.29 ’
-8,0- fam 0,00 . :
02 03 04 05 06 000 005 010 015 0,20
UT (K" 7" (emu/mol)

Rysunek 53. A — Wykres czasu relaksacji magnetycznej In(t) w funkcji odwrotnoéci temperatury T~ dla zwiazku
39. Ciagla niebieska linia — teoretyczne dopasowanie uwzglgdniajace mechanizmy relaksacji Ramana +
bezposrednii + QTM. B — Wykresy Cole'a-Cole’a dla 39 w polu DC=0,15 T. Punkty przedstawiaja dane

eksperymentalne, linie ciggte dopasowanie do uogolnionego modelu Debye'a.

Pozwalaja one na wyznaczenie parametru o, ktory opisuje rozktad czaséw relaksacji w
uktadzie magnetycznym. Warto$¢ graniczna a=0 opisuje pojedynczy proces relaksacji, podczas

gdy a=1 odpowiada nieskonczenie szerokiemu rozktadowi czasow relaksacji. Im szerszy
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rozklad czasow relaksacji, tym wieksza warto$¢ o.%* Mata warto§¢ wspotczynnika rozktadu o

(0,16 przy 4,4 K do 0,25 przy 1,8 K) dla kompleksu 39 wskazuje, ze proces relaksacji ma waski
rozktad czasu relaksacji, a parametr T wynosi 3,97 ms w temperaturze 1,8 K. Podobne
zaleznosci przedstawiono dla zwigzkoéw na bazie wanadu(IV), z S=15.%

Badania w przemiennym polu magnetycznym AC pozwolity zaobserwowaé réznice W
zachowaniu obu zwiazkéw w polu magnetycznym, pomimo niewielkich zmian zwigzek 39
wykazywat zjawisko powolnej relaksacji magnetycznej w przeciwienstwie do zwiazku 40.

W celu potwierdzenia korelacji badan magnetycznych z badaniami strukturalnymi
wykonano widma elektronowego rezonansu paramagnetycznego (CW-EPR) w temperaturze
ciektego azotu (pasmo X) i ciektego helu (pasmo Q), ktore przeprowadzono we wspolpracy z
grupg prof. Ireneusza Stefaniuka z Uniwersytetu Rzeszowskiego. Widma EPR w pasmie X w
temperaturze pokojowej dla 39 i 40 (Rysunek 54) sa niezalezne od temperatury do 77K. W
przypadku 39 widmo jest zalezne czg$ciowo, ale wyraznie rozdzielone ze wspotczynnikami
gl=2,06, gl=2,28 i rownoleglym parametrem rozszczepienia nadsubtelnego AI=175 G
wynikajacym z oddziatywania niesparowanego elektronu Cu(Il) ze spinem jadra miedzi I=°/>.
Widmo EPR kompleksu 40 wykazuje podobne warto$ci wspotczynnikow g: g1=2.06 i gl=2,25,

ale bez struktury nadsubtelnej.

A eksperyment B eksperyment
T dopasowanie | dopasowanie
o R=g
N3y Q]
2 4 B
g g
& :
2 a 9,~9,~2.06
2 2 _
K 5 1 9,=2.25
T T T T T T T T T T T T
240 260 280 300 320 340 360 240 260 280 300 320 340 360
Pole magnetyczne (mT) Pole magnetyczne (mT)

Rysunek 54. Widma EPR w pasmie X dla 39 (A) i 40 (B) w temperaturze pokojowej. Czerwona linia ciggta
przedstawia symulacje widma niezaleznego od temperatury. Identyczne widma otrzymano dla pomiarow w

temperaturze 77 K.

Z widm w pasmie Q (Rysunek 55) mozna uzyskac¢ cenne informacje, poniewaz struktury
nadsubtelne sg widoczne dla obu zwigzkéw, co nie miato miejsca w przypadku widm w

czestotliwosci pasma X.
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Rysunek 55. Widma EPR w pasmie Q dla 39 (A) i 40 (B) w zakresie temperatur 180 — 11 K.

W nizszych temperaturach cieklego helu obserwuje si¢ powstawanie bimodalnego piku dla
kompleksu 39 w zakresie pola magnetycznego 1200-1300 mT. Druga linia jest obrazem przej$¢
w kierunku prostopadlym (tj. xylB), efekt ten jest wyraznie obserwowany dla probki 39,
podczas gdy dla probki 40 jest mniej widoczny ze wzgledu na wigksze szerokosci linii. Ponadto
linla. LFMA (Low Field Microwave Absorption), ktora jest wskaznikiem oddziatywan
ferromagnetycznych, nie wystgpuje nawet w temperaturach ciektego helu dla obu badanych
probek. Oznacza to, ze oddzialywania ferromagnetyczne nie wystepuja w 39 i 40, co jest
zgodne z badaniami podatno$ci magnetycznej w polu DC. Warto$ci wspotczynnikow g ponizej
2,00 (od 1,86 — 1,99 od 4,5K — 12,5K) mogg sugerowac tworzenie si¢ rodnika o innej naturze,
tj. niezwigzanego z jonem Cu(Il). Przeglad literatury sugeruje, ze sygnal ten moze by¢
spowodowany tworzeniem si¢ kompleksow nitrozylowych Cu(I)-NO, ktére byly rozwazane
zardwno teoretycznie, jak 1 eksperymentalnie w matrycach zeolitowych 1 kompleksach matych
czasteczek. %% Tworzenie si¢ matych frakcji Cu(I)NO mozna wstepnie wyjasnié, zaktadajac,
ze ramiona koordynacyjne izoksazolu mogg uczestniczyé w przeniesieniu elektronu
Cu(I)->Cu(I). Schemat tworzenia si¢ rodnikow nitrozylowych Cu(I)NO przedstawiono na
rysunku 56. Obliczenia teoretyczne sugeruja rowniez, ze mozliwe jest istnienie blisko lezacych

stanow Cu(l).
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Rysunek 56. Schemat mechanizmu tworzenia si¢ rodnikéw nitrozylowych Cu(I)NO w badanych uktadach.

W uktadach S=Y4, w ktorych parametry rozszczepienia pola zerowego (ZFS), np. osiowe D, nie
sa dozwolone, a anizotropia magnetyczna wynika jedynie z anizotropii wspdtczynnikow g, tj.
roznicy [gz - gx].”® Wartosci dla 39 i 40 s3 trzykrotnie wyzsze niz dla powiazanego uktadu
przedstawionego w literaturze, co wskazuje, ze mozna je wykorzysta¢ do okreslenia anizotropii
magnetycznej. Niemniej jednak, w temperaturze ciektego helu wartosci [gz - gx] sa podobne

dla 39 40, przy czym relaksacja magnetyczna jest znacznie dtuzsza dla 39 niz w 40.

Korelacje magneto-strukturalne w ukladach na bazie Cu(Il) na podstawie otrzymanych

wynikow

W celu uzyskania doktadnej wiedzy o strukturze elektronowej przeprowadzono
szczegdlowg analize struktura-wlasciwosci, dodatkowo we wspotpracy z grupg prof. Czestawa
Rudowicza z Uniwersytetu im. Adama Mickiewicza w Poznaniu przeprowadzono obliczenia
teoretyczne ab initio oraz potempiryczne metoda modelu superpozycji (SPM).

Uzyskane wyniki pozwalaja na stwierdzenie kilku istotnych faktow na temat korelacji
miedzy budowa chemiczng zwiazkow 39 i1 40, a ich wlasciwoéciami magnetycznymi, w
szczegbdlnoSci mechanizmow relaksacji. Zaobserwowano nastepujace zaleznosci: powolna
relaksacja magnetyczna jest obserwowana tylko w obecno$ci zewngtrznego pola
magnetycznego DC i dotyczy zwigzku 39 [Cu(L5")(MeOH)](CIO4)2, podczas gdy jest prawie
nieobecna w zwigzku 40 [Cu(L5"¢%)(H,0)](OTf)2. Kazdy jon metalu jest izolowany w swojej
sieci krystalicznej bez zadnych oddziatywah wymiennych, co potwierdzaja struktury
krystaliczne (odlegtosci Cu---Cu ponad 8A), badania magnetyczne DC i EPR. Oznacza to, Ze
obserwowane réznice moga by¢ zwigzane z roznicami w symetrii jonu Cu(Il) w kompleksie

CuLn, wtorng sferg koordynacyjna i efektami upakowania sieci krystalicznej.
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Podobienstwo strukturalne wieloscianu koordynacyjnego [CuN3Os] (ptaszczyzna N3O

I osiowe odksztatcenie Oz — rysunek 42) jest zachowane w obu kompleksach, pomimo r6znic
w sktadzie ligandow L5 j L5792 oraz skoordynowanej czasteczki rozpuszczalnika. Osiowe
odksztalcenie oktaedryczne jest silniejsze w 39 niz w 40, a roznice te sg rowniez obserwowane
w badaniach EPR w roznych temperaturach. Plaszczyzna N3O jest bardziej znieksztalcona w
40 niz w 39, a obliczenia stanu wzbudzonego wskazujg na obecne odchylenia od symetrii.
Ogodlnie rzecz biorac, symetria zwigzku 39 jest podobna do symetrii porfiryn/ftalocyjanin, ktére
wykazuja zachowanie SIM/qubit ze wzgledu na obecng symetrie.%®

W stanie statym oba kompleksy posiadajg dwie rownowazne krystalograficznie
czasteczki, ale sa one nierbwnowazne magnetycznie. Co ciekawe, tylko w 39 czasteczki
oddzialuja ze sobg poprzez oddziatywania pirydyna-pirydyna n-m. Zapewnia to sztywne
upakowanie w sieci krystalicznej, przeciwnie do 40, co jest zwigzane z efektem wplywu
przeciwjonu i powstajacych wigzan wodorowych (ClOs w 39, CF3SOs” w 40). Struktura
molekularna obu zwigzkow nie jest pozbawiona wysokoenergetycznych drgan (C-H, NH),
ktore mogg rowniez przyczynia¢ si¢ do mechanizméw relaksacji typu Ramana, bezposredniego
i QTM. Boca i wspdtpracownicy’® wykazali, ze oktaedryczny [Cu(pydca)(dmpy)] - 0,5H20
(gdzie pydca - 2,6-dikarboksylan pirydyny, dmpy - 2,6-dimetanolopirydyna) wykazuje dwa
procesy relaksacji z barierami energetycznymi wynoszacymi U/ks=58,6 i 62,7 K. Moze to by¢
spowodowane istnieniem dwodch roznigceych sie centrow Cu(Il) w sieci krystalicznej, a kazde z
nich posiada inng lokalng symetri¢ Cu(ll).

Przeprowadzone przez nas badania pozwolitly na opracowanie modularnej platformy
organicznej, ktora umozliwia synteze monometalicznych zwigzkow kompleksowych Cu(ll)
oraz na lepsze zrozumienie przebiegu relaksacji magnetycznej w uktadach S=%. Mozliwosci
syntezy kompleksow wynikaja z: (i) charakteru pieciodonorowych ligandow L5redR
powstajacych w wyniku nieoczekiwanej redukcji liganda typu zasady Schiffa L5 (ii)
wybranego rozpuszczalnika; (iii) preferencji koordynacyjnych soli metalu i obecnego
przeciwjonu. Poniewaz zwigzki koordynacyjne SIM z jonami d° sg rzadko spotykane, jako
studium przypadku wykorzystano dwa strukturalnie podobne oktaedryczne zwigzki Cu(II).
Powyzsze aspekty (i) i (ii) majg najwickszy wptyw na przestrajalnos¢ powyzszego uktadu. Oba

analogi sa rzadkimi przykladami magnetycznie izolowanych kompleksow Cu(ll), ktore
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wykazuja powolna relaksacje magnetyczna, przy czym zjawisko to jest bardziej wyrazne w
y ]34 p 9 )@ magnetyczng, przy czym Zzj J ) Wyr

przypadku analogu z chloranem(V11) 39 niz trifluorometanosulfonianem 40.

Wyniki badan eksperymentalnych wskazuja, ze obecno$¢ powolnej relaksacji
magnetycznej jest wynikiem: (i) oktaedrycznych znieksztatcen strukturalnych spowodowanych
przez grupy alkoksylowe dolaczone do szkieletu L579-V2; (ii) uporzadkowania przestrzennego
par Cu(ll)---Cu(Il) w komorce elementarnej, ktore kierowane jest poprzez obecne
oddziatywania z anionami i oddzialywania m-n pierScieni aromatycznych. Przektada si¢ to na
charakter struktury nadsubtelnej obserwowanej w widmach EPR zwiazanej z oddziatywaniami
spinu elektronowego S=' jonu Cu(lIl) ze spinem jadrowym I=°/,. Relaksacja magnetyczna
przebiega poprzez potaczenie mechanizméw Ramana, bezposredniego i tunelowania
kwantowego (QTM).

Powyzsza strategie zastosowano po raz pierwszy na przykladzie zwigzkow
kompleksowych Cu(Il) i moze stanowi¢ podstawy do projektowania nowych nanomagnesow
zawierajacych jony Cu(Il). Istnieje wiele mozliwosci wprowadzania modyfikacji poprzez
zastosowanie koordynujagcych przeciwjonéw, a takze wprowadzenie perfluorowanych
podstawnikéw, ktore redukujg obecnos¢ wysokoenergetycznych drgan C-H wptywajacych na
mechanizmy relaksacji. Aspekty te sa obecnie przedmiotem szczegdlnego zainteresowania
naukowcow. >
Nalezy wspomnie¢, ze powyzsze korelacje zostalty przeprowadzone na szerokiej gamie

zwigzkow koordynacyjnych (Rysunek 57), a dwa kompleksy zaprezentowano w powyzszej
pracy.
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39 — [Cu(Ld1)(CH,0H)](C10,),

40 — Cu(L®)(H,0)](0TH),

42 — [Cu(LSred1)(C1)]Cl 43 — Cu(LL592)(CI)]Cl
B
l N Zwiazek X R Y
Hes N, s_H 39 Clo, CH, CH,OH
HN‘: S d NH 40 CF,SO; CH,CH, H,0
@ 41 clo, CH,CH, CH,CH,OH
N
\ N N“ / 2 |ca CH, ¢l
O Y 43 Cl CH,CH, ClI

Rysunek 57. A - Struktury krystaliczne zwiazkow, ktore zostaly wykorzystane do korelacji magneto-
strukturalnych: 39 - [Cu(L3"91)(CH30H)](CIO,)2 40 - Cu(L5*%)(H,0)](OTf)z;
41 — [Cu(L5"%2)(CH3CH,0H)](CIO4)z; 42 — [Cu(L5Td)(CI)]CI; 43 — Cu(L®®92)(CI)]CI. B — Ogélny schemat
zwigzku kompleksowego wraz z tabelg ulatwiajaca zaobserwowanie roznic strukturalnych: X —obecny przeciwjon

w sieci krystalicznej; R — grupa alkoksylowa dotaczona podczas redukcji liganda; Y — skoordynowana czasteczka.
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4. \WniosKi

Celem naukowym rozprawy doktorskiej byta synteza oraz charakterystyka strukturalno-
spektroskopowa nowych zwigzkow supramolekularnych wybranych jonéw metali d- i f-
elektronowych z ligandami typu zasad Schiffa oraz okreSlenie ich wiasciwosci
magnetycznych i poznanie Kkorelacji magneto-strukturalnych ze szczegolnym
uwzglednieniem wptywu jonu metalu, przeciwjonu oraz budowy szkieletu organicznego
liganda.

Moim zdaniem najwazniejsze osiggni¢cia wynikajace z przeprowadzonych badan sa

nastepujace:

e Reakcja kompleksowania liganda HsL! z r6znymi jonami metali bloku d- prowadzi do
architektur mono-, dwu- oraz tetrametalicznych o duzej r6znorodnosci strukturalnej, na
ktorg wplywaja: rodzaj przeciwjonu, rozpuszczalnik, pH roztworu, warunki
prowadzenia reakcji, a takze niekoordynujaca podjednostka NH pierScienia

benzimidazolowego

PREFERENCJE KOORDYNACYJNE LIGANDA BENZIMIDAZOLOWO-FENOKSOWEGO

LANTANOWCE METALE BLOKU d-

R.RR tBu ¢ 2O€
@ @ R' @ & fé'i‘ﬂc(l)i
Rié R -— I Tt : —_— L=@= ="

[Lnu(HLL)J wylacznie bi-metaliczne uklady N : N E mono-, bi- oraz lclra-mclali:,j%nc uklady. na ktore
)\ : )\ ! wplyw ma:
HN N ‘N "NH. - forma liganda T1,L!

H,L'© forma liganda w ktorym koordynacja } E - natura jonu metalu bloku d-

odbywa sie przez dwa ramiona benzimidazolowe, HAL1 : E - przeciwjon/rozpuszczalnik/stosunek reagentow

a grupa fenolowa jest zdeprotonowana 3 ! ! M W el "

---------- (Mn", , CoM NI, , Cd")
poprzednie badania HLZkiedy R*- <2273 jest H Badania przedstawione w pracy
WYSOKO IZOSTRUKTURALNE UKEADY PRZESTRAJALNA ROZNORODNOSC STRUKTURALNA

e Otrzymano trzynascie zwigzkéw kompleksowych i zaobserwowano, zZe:

— Aniony octanowe w kompleksach 26 [Cd2(HLY)2] oraz 27 [Mn2(HLY)2], prowadza do
powstania supramolekularnych szkieletow organicznych SOF (Supramolecular
Organic Frameworks) zbudowanych poprzez sie¢ wigzanh wodorowych

— Obecno$¢ oddziatywan ferromagnetycznych w zwiazku 25 [Mn2(H2L*©)](NOs). oraz
oddziatywan antyferromagnetycznych w zwiazku [Mn2(H2L1©)](ClOa). (otrzymanym
przez dr Adama Gorczynskiego, opisanym w publikacjil) jest efektem zastosowania
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roznych przeciwjonbw oraz obecnos$ci wewnatrzczasteczkowych oddziatywan
supramolekularnych

Jednoetapowa reakcja kompleksowania liganda HsL! z jonami Co(ll) prowadzi do
otrzymania dwoch réznych zwigzkéw kompleksowych: monometalicznego 20
[Co(H3L1NH),](Cl04)3(MeOH)2(H20)3 oraz tetrametalicznego 29 zawierajacego rdzen
C0s04 —  [Coa(H2L10)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)s  wykazujacego
wlasciwosci ferromagnetyczne

Grupa trytylowa w ligandzie HL3 wptywa na tworzenie si¢ kompleksow lantanowcow
z ligandami hydrazonowymi réznigcymi si¢ liczbg kieszeni koordynacyjnych. Zjawisko
to zaobserwowano dla monometalicznych zwigzkoéw 33 [Dy(HL2)2(MeOH)2](CF3SOs);
34 [Dy(HL?3)2(MeOH)2](NO3); 35 [Er(HL3)2(MeOH)2](CF3S0s) oraz
36 [Er(HL®)2(MeOH)15(H20)05](NO3s) ulegajacych przeksztalceniu w uklady

dimeryczne
a P Zasady projektowania Ln-SMM o
—E zerowym polu w obecnosci trytyli
\ ,, \ .............
. ; \ S L jon metalu Dy3* o gestosci
@ ................... elektronowej wydtuzonej horyzontalnie '
7 '
\ ; : PhN ligand fenokso-hydrazonowy z |
S /NYN,N,;\I«'\_ Ko pojedynczym ramieniem
Dy(ll) 1”3503 "objecia trytylowe" + wigzanie (b; ,.";765
e | ngt; wodorowe = ukfady dimeryczne “ .- v
b AP
/—\ = ’\ : ’,::,;N‘\H«=00e :
O o 3 L 57 - :; . anion triflanowy i« 3.
\—/‘./ ;:: Jf 9 .“'H:"‘K-:ﬂ.; o E
\ 588 IeF > HE§ o4
[Dy(HL3),(MeOH),](Y) i

Kompleksy Dy(I11) 33 [Dy(HL3)2(MeOH)2](CF3S0s) i 34 [Dy(HL3)2(MeOH)2](NOs)
stanowig pierwszy przyktad zero polowych nanomagnetykow molekularnych opartych
na uktadzie trytyl-Ln, ktérych wlasciwosci magnetyczne oraz mechanizm relaksacji sa

zalezne od zastosowanego przeciwjonu
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e Opisane badania sg pierwszym przykladem dotyczacym tworzenia N,O-aminali z
aldimin, bez konieczno$ci stosowania zewngtrznego katalizatora chiralnego

e Modularna platforma organiczna umozliwia synteze magnetycznie izolowanych,
monometalicznych ~ komplekséw 39 [Cu(L>®)(MeOH)](CIO4s)2, i 40
[Cu(L5e92)(H,0)](OTf). wykazujacych powolng relaksacje magnetyczng, bedaca
wynikiem oktaedrycznych znieksztatcen strukturalnych spowodowanych przez grupy
alkoksylowe dotaczone do szkieletu L5912 graz uporzadkowania przestrzennego par
Cu(I1)---Cu(Il) w komorce elementarnej kierowanego poprzez interakcje z anionami i

oddziatywania n-7t pier$cieni aromatycznych

e ROH B‘.
NP 3 A
d LGS W T
LN “*s. & wprowadzenie znieksztalcen “:..OO'.,' ;
<7 Q- o oW
o~ -O \ b :
v« dowolnos¢ w doborze ; R '
Py sztywny alkoholu - -}\"o- -
O troy_;)donorogwy Izolowane centrum elastyczny plaski kwadrat
ligand LS : S0 2 :
s metaliczne Cu(II) pigciodonorowy ! (=ecwens
(brak oddzialywan ligand L5rd-R osiowe
wymiennych Cu---Cu) alkoksylany

0,06
=005
o
| £ 0,04
£ 0,03
8
T 0,02
~N
0,01/
0,00

2" (emu/mol)

00 1000

0 v (Hz) A

Uzyskane korelacje magneto-strukturalne moga by¢ wykorzystane przy dalszym projektowaniu

wysokowydajnych uktadow magnetycznych.
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ABSTRACT

Design of metallosupramolecular materials encompassing more than one kind of supramolecular interaction can become deceptive, but it is necessary to
better understand the concept of the controlled formation of supramolecular systems. Herein, we show the structural diversity of the bis-compartmental
phenoxo-benzimidazole ligand HsL! upon self-assembly with variety of d-block metal ions, accounting for factors such as: counterions, pH, solvent and reaction
conditions. Solid-state and solution studies show that the parent ligand can accommodate different forms, related to (de)protonation and proton-transfer,
resulting in the formation of mono-, bi- or tetrametallic architectures, which was also confirmed with control studies on the new mono-compartmental
phenoxo-benzimidazole H,L? ligand analogue. For the chosen architectures, structural variables such as porous character, magnetic behaviour or luminescence
studies were studied to demonstrate how the form of HslL! ligand affects the final form of the supramolecular architecture and observed properties. Such
complex structural variations within the benzimidazole-phenoxo-type ligand have been demonstrated for the first time and this proof-of-concept can be used
to integrate these principles in more sophisticated architectures in the future, combining both the benzimidazole and phenoxide subunits. Ultimately, those
principles could be utilized for targeted manipulation of properties through molecular tectonics and crystal engineering aspects.

1. INTRODUCTION

Nature can harness weak, non-covalent interactions to achieve highly complex architectures, ultimately being responsible for
observed forms of Life that we know of.1-3 Supramolecular chemistry takes inspiration from there in an attempt to demonstrate
at least similar level of control and complexity, which could lead to materials formed via design, ultimately in a pre-programmed
and controlled manner.*7 The information encoded within the molecular building blocks can lead to their self-assembly, which can
be accomplished through implementation of the following approaches: (i) hydrogen-bonding motifs; (ii) metal-ligand coordination
bonding; (iii) other non-covalent interactions e.g. electrostatic, van der Waals electrostatic and m-interactions.8-1° Methods (i) and
(ii) provide a high degree of directionality and therefore numerous architectures can be formed of varying dimensionality,
specifically including cages®1112, metal-organic-frameworks (MOF)3-15, covalent-organic-frameworks (COF)6-19, HOFs2%-22 and
polymers?3-27, Controlled formation of such architectures can however become challenging when more than one supramolecular
interaction is taken under consideration.

We have turned our attention to the hydrazone ligands, since their flexibility and structural tunability, followed by facile
synthesis can lead to multifunctional metallosupramolecular architectures.?®31 These include e.g. photoresponsiveness32:33,
stimuli-reponsive magnetism?2°34, biological properties3536, sensing, preparative organic chemistry3’ and so on.33 Whereas the
hydrazone counterpart can solely serve as the connector of molecular tectons, we became specifically interested in the
structure/properties relations of the benzimidazole (‘benz’)38 and phenoxide (‘phenox’) based architectures. The former ones were
particularly recognized as influencing the biological activity and thus potential pharmaceutical applications.3244 The latter ones are
effective chelating units towards various coordination architectures, important from the point of view of molecular tectonics.

Our previous experience demonstrates that even subtle structural alterations such as topology of the non-coordinating
(benz)imidazole group can be responsible for significant changes in the catalytic processes of silanes with unsaturated organic
compounds?5-47, as well as for the biological outcomes in terms of interactions with nucleic acids.*® When ‘benz’ is combined with
‘phenox’ in a bis-compartmental ligand HsL!, we were able to demonstrate how lanthanide(lll) assemblies can help in better
understanding of molecular nanomagnetism and the underlying symmetry aspects.**51 When combined with Mn" or Fe'',
bimetallic assemblies were constructed that function as selective sensors for detection of neutrotransmitters.52.53 Importantly, we
did observe highly isostructural character of synthesized Ln'" helicates*?, conversely to the d-block metal ions where tunability of
structure was hinted on (Figure 1). We therefore decided to pursue the extent to which the architectures with d-block metal ions
can be modulated herein, thus leading to unexpected structural diversity for such a deceptively simple bis-compartmental ligand
HsL!. We herein provide a multilevel approach for modulation of varying coordination architectures via (i) different d-block metal
ions; (ii) counterion and experimental conditions (Figure 2). We also rationalize our understanding of the solid state/solution
structural features and how it translates to the observed luminescence and magnetic properties.
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Figure 1. Coordination behaviour of bis-compartmental phenoxo-benzimidazole ligand HsL! in the presence of lanthanides* and d-block metal ions.

2. RESULTS AND DISCUSSION

Ligand HslL!, thanks to its conformational flexibility and possibility of different protonation states, allows for the synthesis of a
variety of d-block metal ions complexes (Figure 2), even though it uses only three coordination centers: two ring nitrogen atoms
from terminal benzimidazole ring and the phenolic oxygen atom. When acid/base character of these groups is compared, 7 forms
of ligand can be envisaged (Scheme S3), out of which 5 are observed in the solid state (see Section 2.1): diprotonated [HsL1]%*,
neutral H3L-OH and H3LNH as well as mono- [H,L*°]- and bis-deprotonated [HL]Z. Please note that when acidity (pKa) constants
are compared, phenol (ca. 10)%* is easier deprotonated than benzimidazole (ca. 12.8)°°. But the relatively small differences allow
both forms H;L'O" and H3L"NH to be observed under synthetic reaction conditions, with basic character of the ‘benz’ promoting
the H* transfer. Such appears to be strongly dependent on the nature of the metal ion.>¢ The existence of monoprotonated [H4L]*
was established through the UV-Vis titrations (Figure S10) and happens at the benzimidazole nitrogen atoms. The protonated
benzimidazole arms were often observed upon the proton transfer from phenol to benzimidazole (see semi-closed S-C and semi-
open S-0 structures in Section 2.1)

Among the coordination compounds studied here, we group them according to the general molar ratio of the metal ion M"*
and HslL! ligand, since the observed structural diversity can then be presented in a more organized manner. The basic coordination
algorithms allow for M"*:HsL! molar ratio being in the 1:2; 1:1 and 2:1 modes or their subsequent multiplication. When M"* < HslL?,
an anticipated 1:2 semi-closed S-C system is observed with one binding subunit of the ligand occupied, as exemplified by structures
(10) and (11) with weakly coordinating counterions - here ClO4 - and Co(lll) or Ni(ll) metal ions, respectively (Figure 2 — blue arrow).
A similar reference compound was prepared with mono-compartmental phenoxo-benzimidazole H,L? ligand analogue with Co(lll)
ions (9). These species are stable under THNMR solution conditions and give a clear molecular fingerprint of the locked 1:2 (M :Hp..
1L") conformation with deprotonated phenoxo-group (see Section 2.3). The equimolar ratio (Figure 2 — red arrow) allows to
complexate one or two binding subunits of the ligand, leading to the most diverse and unexpected self-assembling examples.
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Figure 2. Schematic representation of ligand HsL?, its varying (de)protonation modes and associated molecular architectures. Semi-open (S-0); semi-closed (S-
C), fully-open (F-0) and fully-closed (F-C) nomenclature is associated with the ligand conformations and associated binding of the metal ion. Molecular formulas
and in-depth discussion is presented in Figure 3 (F-C), Figure 4 (S-O and S-C) and Figure 5 (F-O and S-C). Coloured oval marks stand for auxiliary monodentate
ligands, whereas ‘phenox’ and ‘benz’ phrases stand for the phenoxide and benzimidazole moieties of the ligand scaffold, respectively.



Depending on the nature of the M ion and the corresponding counterions, semi-open S-O (7 — Fe!/Cl-; 6 — Ni/ClO4; Fe"'/ClO4
52), semi-closed S-C (5 — Zn'"/OTf") and fully-closed F-C (1-4; Mn(I1)/Cd(11)/ClO4/NO3s/AcO) types of complexes are obtained. While
only a combination of Fe(lll) and Cl- leads to the single occupation of the HsL! ligands NNO binding pocket in a 1:1 (M"*:L) S-O
manner (7), the same S-O coordination algorithm is observed for Fe(lll)>2and Ni(ll) in the presence of perchlorates but as the 2:2
(Mr+:L) dimeric complexes, respectively. Proton transfer from phenolic oxygen to benzimidazole nitrogen is observed, however
the bridging through phenoxo-moiety is established only when Ni(ll) ions are employed; with Fe(lll) the deprotonated methoxy
anions are responsible for the dimerization phenomenon. The initially anticipated 2:2 (M"*:L) fully-closed F-C coordination
compounds (i.e. with the H,L¥© form; deprotonated phenol and both benzimidazole arms coordinating) were observed only for
Mn(Il) and Cd(Il) metal ions, irrespectively if we chose weakly (CIO47) or strongly (NO3°) coordinating anions. This suggest that such
architectural composition is preferred when there are no crystal field stabilization effects, as these are non-existent for d>-high
spin configuration octahedral ligand field splitting (Mn(ll)) and fully-closed d° (Cd(Il)) complexes. Very unexpectedly, when acetate
anions are used during the synthesis, the 2:2 F-C architectures become deprotonated at one of the benzimidazole-ligand arms,
thus leading to the porous supramolecular organic frameworks (SOF) - (3 — Cd(Il)/AcO") and (4 — Mn(ll)/AcO") - formed through
self-organization via the H-bonding-methanol of the above architectures. Each organic ligand exists in the doubly deprotonated
form [HL2]Z;, thus formed complexes are electrostatically neutral and plausibly constitute the limit to the degree of deprotonation
of the HsL! ligand. In addition, we were delighted to observe that when Zn(ll) as the metal ion and OTf- were used, the 2:2 (M"*:H;L1)
semi-closed S-C structure was observed, which is the missing link between the 2:2 (M"*:L) S-O and the 2:2 (M"*:L) F-C molecular
compositions. These differences were also observed in the structural solution and luminescent studies (see Sections 2.3 and 2.4).

We did not observe the similar structural diversity when M > HsL! reaction conditions were ensured. One could increase the
yield of the 1:1 (M"*:L) S-O complex formed from FeCls salts, since additional equivalent of Fe(lll) ions exists in the form of the
[FeCls]- entity as the counterion (7). However, we did observe the expected full saturation of the ligand resulting in the 2:1
(Mn*:HsL') composition with Co(ClO4), salt (Figure 2 — green arrow), which can bind with the adventitious hydroxyl OH- anions,
thus leading to the unexpected characterization of the 4:2 cuban-type architecture with the Co404 cube-like core (8). Interestingly,
when reaction was carried out in a 1:1 (M"*:HsL!) molar ratio with Co(ClO4), as the coordinating salt, a mixture of crystals was
obtained, which constitute both the F-O [Co4(H,L¥°),] cubane (8) and the S-C [Co(HsL-NH),] (10) complexes, proving that neither is
thermodynamically more preferred and one can tune the final yield of obtained compounds with the molar ratio only.

The ligand was previously presented by us®2, but due to important impact on crystallographic discussion it is presented in this
paper. The coordination of the metal centers in presented complexes is in general equal to 6 and adopted octahedral environment,
but there are some interesting exceptions; also the geometry of the ligands differs from case to case. Moreover, the crystal
structures of the complexes, besides the counterions, contain various solvent molecules, more or less disordered, which are
responsible for relatively high crystallographic R factors. In our opinion however, this does not makes an obstacle against the
reasonable discussion of the geometry of the complexes or the general features of the crystal structures.

2.1 SOLID STATE STRUCTURAL DESCRIPTION OF SYNTHESIZED ARCHITECTURES

2.1.1. Diprotonated form of ligand HsL!: [HsL']?* (ClOs),

There are two symmetry-independent cations in the asymmetric part of the unit cell, and they have very similar geometry (Figure
S1). One can however note, that relative orientation of phenolic OH and tert-butyl groups are reverse in both molecules (OH
hydrogen in each case makes reasonable hydrogen bonds). The cations are almost planar, the dihedral angles between the mean
planes of the terminal ring systems are 13.5° and 10.2° (the relevant geometrical features of the ligands are listed in the Table S1
in Sl). Intramolecular OH---N hydrogen bonds help in adopting such conformation. In the crystal structure, besides four perchlorate
anions, the methanol and (heavily disordered) toluene molecules have been found. The crystal structure results — besides the
electrostatic interactions between charged species) — form the extensive network of hydrogen bonds, involving all strong hydrogen
bond donors (Figure S2). The details of the hydrogen bonds are listed in Table S2 in SI.

2.1.2. M : H3L! equimolar, fully-closed architectures (the ones with both benzimidazole arms are occupied for coordination — Figure 3A)
2.1.2.1. [cdz(Hle'o)z](C|04)z; (1)

This complex belongs to the family of fully-closed F-C architectures and crystallizes in the C2/c space group, rendering the molecule
Co-symmetrical (twofold axis passes through midpoint between two deprotonated phenoxy oxygen atoms). The asymmetric unit
contains one Cd(ll) ion, one ligand molecule and one disordered perchlorate anion. There is an interesting disorder, over a center
of symmetry, leading to non-physically short interatomic contacts. The explanation can be found in the space-averaging nature of
the diffraction element; the center of symmetry is not real; in fact, in the crystal structures there are two symmetry-independent
molecules (in the space group C2), of slightly different conformation (Figure 3C), but — in order to avoid strong correlations — it is
easier to refine it as a disordered one in centrosymmetric space group. The complex is two-centered one, with almost planar Cd,0,
ring (roof angle of 0.2°). Cd(ll) ions are 6-coordinated, in a distorted octahedral geometry. There are no solvent molecules in the
structure, but there are relatively large voids which may accommodate small, disordered molecules. Hydrogen bond network
connects the cations and anions into the crystal structure (Figure 3F). Please note that we demonstrated the electrochemical
sensing properties of the related [Mn(H,L©)](ClO,4), complex®3 and here its magnetic properties will be studied (see Section 2.2).
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2.1.2.2. [an(Hle'o)](N03)z; (2)

The two-centered fully-closed F-C complex is also C,-symmetrical (twofold axis passes through C20A, C19A, C15A, O16A, 0168,
C15B, C19 and C20 atoms) in the space group C2/c, with the exactly planar Mn;,0, ring (due to the symmetry). The asymmetric
unit contains half of the Mn(ll) ion, two halves of two ligand molecules and one nitrate anion. The tert-butyl groups are disordered
over positions related by the twofold axis. Mn(ll) cations are six-coordinated, in a distorted octahedral fashion (Figure 3B). NOs-
anion exhibits strong coordinative tendencies to the metal ions, so here we expected, that it will coordinate, but surprisingly they
are present only in the outer coordination sphere (Figure 3E). This compound is very similar to the complex previously presented
by us>3, where non-coordinating ClO4™ ions were used, and to the isostructural cadmium analogue 1. Crystal packing is showed in
Figure 3G. Magnetic properties section 2.2 will compare the effect of anion: NO3 [Mn,(H,L1%)](NOs),and ClO4  [Mn(H,L-C)](ClO4),.
2.1.2.3. [Cdy(HLY),] (3) and [Mn(HLY),] (4)

These two complexes are highly isostructural: they crystallize in the same C2/c space group with very similar unit-cell parameters.
They occupy the same positions in the respective unit cells and show almost identical crystal packing schemes, therefore they are
discussed together (Figure 3DE). Similarity of Mn(Il) and Cd(ll) architectures was demonstrated for the cationic complexes 1 and
2. Both complexes are C,-symmetrical (space group C2/c, twofold axis passes through the middlepoint of O-:-0), roof shaped with
roof angles 6.9° for 3 and 6.0° for 4. The asymmetric units contain one metal cation, one whole ligand molecule and additionally
solvent: two toluene (of which one is disordered) and methanol molecules. The metal cations are six-coordinated in a distorted
octahedral fashion. It might be noted that these are only neutral two-centered complexes in the studied series, as a result of an
additional deprotonation of the benzimidazole NH ligand arm, facilitated by the choice of acetate anions. In the crystal structures
(Figure 3H) the apparent layers of complex and solvent molecules can be observed; there are hydrogen bonds between ligand and
methanol molecules, resulting in the SOF (Supramolecular Organic Framework)>7 architecture of potential porosity properties.
2.1.3. M : HsL! equimolar, semi-open architectures (the ones where at least one benzimidazole arms becomes protonated — Figure 4A)
2.1.3.1. [Zn(H,L1%)(HsL"NH)Zn(H,0)](OTH)s (5)

This complex is roof-shaped two-centered, with two oxygen atoms from two ligand molecules at bridging position (Figure 4B). The
roof angle (defined as a dihedral between two ZnO; planes) is 27.1(3)°. The peculiarity of the structure lies in the different
coordination numbers of both Zn cations, and in different protonation states of the ligands. Zn1A is five coordinated, by two ligand
nitrogen atoms, two bridging oxygens, and additionally by a coordinated water molecule; the coordination is close to square
pyramid (t parameter is 0.13), while Zn2 is six coordinated, in a distorted octahedral fashion, by four nitrogen atoms from two
ligand molecules, and two bridging oxygens. In a consequence, the ligand A adopts the deprotonated [H,L¥°]- form and uses five
of its atoms for coordination, while ligand B adopts the H3L"NH form and uses only three dative bonds (with one benzimidazole
arm protonated). In order to make reasonable hydrogen bonding scheme, ligand A is double-protonated, while ligand B — single,
as it accepts the hydrogen bond from the methanol molecule. In the crystal structure, besides methanol, also the diisopropyl
molecule found a place for itself. Hydrogen bonding connects all these elements into three dimensional network (Figure 4C).
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2.1.3.2. [Niz(H3L1'N“)2(MeOH)z(MeCN)Z](CIO4)4 (6)

This complex is also a roof shaped two-centered, with the roof angle of 16.18(6)°; however in this case both Ni(ll) cations are six
coordinated in a distorted octahedral fashion, by two nitrogen atoms and two bridging oxygen atoms from ligand molecules, and
by one nitrogen from acetonitrile and one oxygen from methanol molecules (Figure 4D). In the crystal structure (Figure 4E), besides
four perchlorate anions, four methanol molecules are also present and involved in extensive hydrogen bonding network. A rather
similar complex was previously obtained by us>2 with Fe(lll) cations and ClO,4” anions - [Fe,(HsL¥"NH);(MeO)2(MeOH),](ClO4),, where
the bridging character and [Fe;03] core was a result of the contribution of the deprotonated methoxide groups.

2.1.3.3. [Fe(HsL¥OH)Cl;][FeClJ] (7)

It is a monomeric complex, in which iron cation occupies (with 87.6(3)% : 12.4(3)% frequency) two possible coordination sites
(Figure 4F), the result of the space-averaging by diffraction experiment; indeed in the crystal structures there are two distinguished
complexes. The Fe ion is five coordinated (interestingly, in the less-occupied structure, one of the Fe-Cl bonds becomes quite long),
in the slightly distorted square-pyramid fashion. This example shows that spherical anions of moderate coordination propensity
can successfully lock only one of the benzimidazole arms, thus preventing more complex di- or polynuclear assemblies.



2.1.4. M : HsL! varying ratios (M™ < HsL! and M™ > H;L!) architectures (at least one benzimidazole arm becomes protonated — Figure 5A)
2.1.4.1. [Co4(H2L1-C)z(OH),(H20)2(MeCN)(MeOH)](ClO4)4 (8)

Here four symmetry-independent Co(ll) cations occupy the vertices of the approximate cube; the other four vertices come from
two ligand oxygen atoms and two hydroxyl ions (Figure 5B). All metal ions are six-coordinated in an octahedral fashion, the sixth
coordination place (three are neighbouring O-vertices, two nitrogen atoms from ligand molecules) being water, acetonitrile and
methanol. Four perchlorate anions, water and methanol molecules are involved in extensive network of H-bonds (Figure 5C).
2.1.4.2. [Co(HL?);](ClOq) (9)

This monomeric Co(lll) complex crystallizes in P2;/c monoclinic space group with distorted, octahedral 6-coordinated fashion by
four nitrogen atoms (two from imidazole ring and two imine nitrogen) and two oxygen atoms from ligand molecules (Figure 5D).
In the crystal structure, extensive H-bond network involves two water and one methanol molecules, creating three dimensional
network of cations, anions, and neutral molecules. This is a structural analogue of HsL?! ligand with only one benz coordinating arm
and ligand adopts a deprotonated form without the proton transfer to the benzmidazole arm (cf. with (10)).

2.1.4.3. [CO(Hgl.l'NH)z](C|04)3(M80H)2(H20)3 (10)

This is nonsymmetrical, monomeric complex with octahedrally 6-coordinated Co(lll) ion. Extensive H-bond network involves three
water and two methanol molecules, creating three dimensional system of cations, anions, and neutral molecules (Figure 5E).
Interestingly, the ‘phenoxo’ part deprotonated but the proton is sequestered by the second benz arm, making it non-coordinating.
2.1.4.4. [Ni(HsL¥NH),](Cl04),(MeOH); (11)

This monomeric compounds crystallizes in relatively rare P6122 hexagonal space group, in the CSD there are only 607 examples of
such symmetry (combined for two enantiomeric space groups, P6:22 and P6s22), which is ca. 0.05% of the total number of
structures deposited there. The complex is C,-symmetrical, as it lies across the twofold axis passing through the Ni(ll) ion.
Asymmetric unit contains one half of the Ni atom, one ligand molecule, two halfs of the perchlorate anion —also C>-symmetrical —
and additionally two methanol molecules, one ordered and one disordered across the twofold axis. The coordination number for
Ni(ll) is 6, in quite regular octahedral geometry (Figure 5F). In the crystal structure one can observe empty (or rather filled with the
dispersed electron density, maybe disordered solvent) channels along six-fold axis (z-direction, Figure 5G).

Co?*; ClO,; OH"
<l Co* or Ni?*; CIO,
N~ 1-OH
L
O CH3OH @ CHyCN Haf e < . .
1:2 semi-closed
0 H0 H s W molar
4:2 fully-open cage transfer ratio HaL™NH form

[H,L"°] form [Co(HsL"NH),](CIO,)3(MeOH),(H,0)3 (10)
[Ni(HaL™M"),](CIO,)(MeOH)s (11)

Figure 5. (A) Schematic representation of the obtained non-equimolar architectures; (B) Anisotropic ellipsoid representation of (8); (C) Unit cell and crystal packing of (8) along a
axis; (D) Anisotropic ellipsoid representation of (9); (E) Anisotropic ellipsoid representation of 10; (F) Anisotropic ellipsoid representation of 11; unlabeled atoms are related by
symmetry operation —x+y, y, 3/2-z; (G) in the crystal structure of (11) one can observe empty (or rather filled with the dispersed electron density, maybe disordered solvent) channels
along six-fold axis z-direction in the crystal structure of complex (11).
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Figure 6. Magnetic properties of [Mn,(H,L¥©)](NOs); (2): (A) the thermal dependence of molar magnetic susceptibility »7(T) at H = 1 kOe and (B) the variation of the magnetization
versus magnetic field M(H) at T = 1.8 K. Magnetic properties of [Mn,(H,L*©)](ClO,),°3: (C) the ¥T(T) at H=1kOe and (D) the M(H) at T = 1.8 K. Magnetic properties of (6): (E) the »T(T)
at H=1KOe and (F) the M(H) at 1.8 K. The relevant fits (A, C-F) or simulation (B) performed using the PHI%® software are shown as blue lines. The super-exchange magnetic coupling
Hamiltonian term is -2JS;S,. Magnetic properties of (8) (G) the xT(T) at H = 1 KOe and (H) the M(H) at T = 1.8 K. Inset (G): the »T(T) in low temperature region.

2.2 MAGNETIC PROPERTIES OF OLIGONUCLEAR SYSTEMS M,L,

2.2.1 Mn(ll) dimers - [Mnz(H2L1-C)](X or Y),; (X — NO3(2); Y — ClO, 53)

The thermal dependence of molar magnetic susceptibility y7(T) at H =1 KOe (Figure 6A) and variation of the magnetization versus
magnetic field M(H) at 1.8 K for [Mn;(H,L*-°)](NOs), (2) (Figure 6B) are presented. At 298 K the T is equal 8.50 cm3-K-mol~%, which
is comparable to 8.75 cm3-K-mol™ calculated for two uncoupled Mn(ll) centres of S =5/, and g = 2.0. On cooling ¥T(T) increases
very slowly down to ca. 20 K, then rises more steeply to the value 11.4 cm3-K-mol™ at 1.8 K. The M(H) dependence is close to the
general shape of Brillouin function for S =5 and giso slightly below 1.96. The ¥7(T) at H = 1 kOe (Figure 6C) and M(H) at 1.8 K for
[Mn3(H,L1-0)](ClO4), 53 (Figure 6D) are presented. At 298 K the T is equal 8.35 cm3-K:-mol™, which is comparable to 8.75
cm3:-K-mol™? calculated for two uncoupled Mn(ll) centres of S =5/, and g = 2.0. On cooling ¥T(T) decreases very slowly down to ca.
20 K, then decline more steeply to the value 5.63 cm3-K-mol™1. The M(H) dependence run slightly below the general shape of
Brillouin function for two uncoupled spins S = 5/; and giso = 1.96 in the region below 50 kOe. The yT(T) and M(H) curves were
reasonably reproduced using PHI software>8 considering magnetic super-exchange interactions model for cyclic phenoxo-bridged
Mn,0; dimers. For compound [Mn3(H,L1©)](ClO4),53 very weak antiferromagnetic interactions with Junmn = —0.07 cm—1 were
found, being a value somehow smaller than those in the range of tenths to units of cm~ found typically for molecular motifs of
that type.5°-61 Conversely to that, compound 2 showed effective weak ferromagnetic interactions with Junmn = +0.1 cm—1. The
above observations suggest that notable (in our weak interactions scale) ferromagnetic contribution is operating and could be
attributed to the unique and sophisticated supramolecular synthons present in both crystal structures.®2 This include (i) the parallel
- Tt stacking and perpendicular C-H---centroid contacts involving the side systems of ligands and (ii) side hydrogen bonds involving
benzimidazole N-H protons exposed fairly for external supramolecular bridging by NOs~ (2) or ClO4~ 33, forming a ladder of
[Mn3(H,L*©),] bars. The small differences in Mn-O distances, Mn-O-Mn angles and Mn---Mn distances are rather of minor
importance in face of literature systems. The detailed description of such complex magnetic supramolecular ladders composed of
spins S = 5/2 would require more sophisticated treatment involving numerical fitting and DFT calculations, and can be a topic of
further work.

2.2.2. Ni(l) dimer [Ni,(HsL"NH),(MeOH),(MeCN),](ClO4)4 (6)

The yT(T) at H = 1 KOe and M(H) at 1.8 K for (6) are presented in Figure 6EF. At 298 K the xT is equal 2.49 cm3-K-mol™2, which is
lightly larger than 2 cm3-K-mol* calculated for two uncoupled Ni(ll) centres of S=1 and g = 2.0. On cooling ¥T(T) increases slowly
to reach the maximum of 3.29 cm3-K-mol™ in T = 11.4 K, then fall down sharply to 2.08 cm3-K-mol~1. The M(H) dependence runs
slightly below the general shape of Brillouin function for two uncoupled spins S = 1 or one spin S = 2 (assuming gay = 2), reaching
3.75 NB but not tending to quick saturation. The y¥T(T) and M(H) were fitted simultaneously using PHI>® software considering the
ferromagnetic ground state Sgr = 2 and non-zero zero-field splitting (ZFS) parameter D for Ni(ll) ions to yield reasonable parameters
set of Jnini = +5.32 cm™, Dy = +6.12 cm™, gy = 2.20 and z/’ = -0.042, in line with the results obtained for the similar systems.63-67
The Ni-O-Ni angles of 97.2 and 98.2 deg in the Ni,O; core locate very close to the critical point between the ferromagnetic domain
(Ni-O-Ni smaller than 98 deg) and antiferromagnetic domain (Ni-O-Ni larger than 98 deg) and support the results of our magnetic
fit. Moreover, the significant out-of-plane shift of phenyl rings and the notable hinge distortion of the core, here 18.7 deg, are in
line with the effective ferromagnetic interactions. The fitting procedure disregarding the zero-field splitting (ZFS) D parameter



gives an alike values set considering the yT(T) data only (Jnini = +5.9 cm™2, gni = 2.20 and zJ’ = -0.075), whereas the M(H) cannot be
fairly reproduced in this way.

2.2.3. Co(ll) cube [Cos(HL*C),(OH)2(H20)2(MeCN)(MeOH)](ClO4)a (8)

The y¥T(T) at H=1 KOe and M(H) at 1.8 K for (8) are presented in Figure 6GH. At 298 K the yT is equal 12.2 cm3-K:mol~, which falls
fairly within the range 10.8-13.6 cm3-K-mol™1 calculated for four uncoupled Co(ll) centres of S = 3/,, assuming that g is located in
range 2.4-2.7.%8 On cooling yT(T) decreases very slowly down to ca. 75 K, then decline more steeply to the minimum of 8.93
cm3-K-mol™tat 13.6 K. Further it rises sharply to the maximum of 9.46 cm3-K-mol1 at 3.7 K and, again, falls down to 9.11 cm3-K-mol?
in 1.8 K limit. Such course of yT(T) locates fairly within the range of curves obtained by Sakiyama and Powell using the multi-
parameter model involving contributions of appropriate Co-Co exchange coupling, zero-field splitting, spin-orbit coupling, orbital
reduction and intermolecular interactions.®? In particular, the distinct small maximum located in low temperature region (inset of
Figure 6G) indicates only a faint predomination of ferromagnetic interactions between effective spins Sefs = 1/,, in the face of the
abovementioned model. The M(H) dependence tends very slowly to saturation and reach the value of 8.52 N3 at H = 50 kOe. Such
course of M(H) is consistent with the presence of weakly coupled four Co(ll) ions with the effective spin Sest = 1/, and effective g
value of 4.33 T due to combined effects of ZFS and SCO.%8 Some anisotropy can be present in this system, which is fairly indicated
by the reduced anisotropy M(H/T) (not shown), however, no slow magnetic relaxation was found down to 1.8 K in any static field
conditions, probably due to distinct combined supramolecular contacts along the hydrogen bonds and nt-it interactions.”0.71

2.3. SOLUTION NMR STUDIES

Comparison of X-ray solid state structures with diamagnetic coordination compounds (Co(lll);CIOs — (9) and (10); Cd(ll); CIO4— (1);
Zn(I1);OTf — (5)) allowed us to better understand their solution behavior and the self-assembly algorithms of HsL! ligand. Figure 7
shows 'HNMR spectra of HslL! ligand and representative diamagnetic architectures observed in solution. Aliphatic t-Bu and
hydrazone-methyl singlet signals are clearly observed in the low ppm regions (1.0-1.5 and 3.5-4.0 respectively); for HsL!-based
compounds, the methyl group is sensitive to duplication, which then indicates desymmetrization of coordinated ligand or more
complex architectures formed. The 6.2-8.7 ppm aromatic region covers the remaining non-labile protons, with the benzimidazole
arm (up to 7.6 ppm), the imine and phenoxo (above 7.7 ppm) signals being clearly discernible. Again, multiplication of signals is
indicative for coordination modes that are other than the symmetrical ones. The most downfield shifted signals are attributed to
the -OH and -NH groups, however their presence is dependent on the nature of the complex as well as solvent.
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Figure 7. Representative HNMR spectra of stable supramolecular diamagnetic architectures from the HslL! ligand with Co'" (1:2 semi-closed), Cd" (2:2 fully-closed and semi-open)
and La"'(2:3 helical) metal ions. Spectrum of ligand is in d6-DMSO, whereas the remaining ones are in CD3CN.
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Comparison of HsL! and H,L? ligands with their thermodynamically stable and inert Co'' complexes (9, 10) gives a THNMR
fingerprint of the non-coordinated ligand frameworks and the semi-closed S-C [ML;] moieties (Figure S3). Interestingly, in situ
reaction of HsL! with 2-fold excess of CoCl, under oxidative conditions, gives THNMR spectrum that is similar to the [Co(H,L),]*
(Figure S4) but differences in the labile proton region and exchangeable acetonitrile solvent signals suggest the [Co"(H;L-OH)Cl,]CI
architecture, of similarity to the Fe'' complex (7). This would suggest that the chloride anion is rather effective in maintaining the
1:1 semi-open architectures also in d3-MeCN solution, not only in the solid state. Titration of [Co(H3L¥-NH),](CIO4)3(MeOH)2(H20)s
(10) with Ag' triflate unambiguously confirms the locked character of the non-coordinating benzimidazole arm as a result of the
proton transfer from the phenoxo group (Figure S5).

Closed-shell d'© metal ions like Cd" and Zn'" are known for their labile character in solution’273 and therefore compounds (1)
and 5 where dissolved in different solvents. For compound (5), very complex spectra were observed, which precluded any
meaningful characterization; most probably the already complex dissymmetric character of the Zn" compound observed in the
solid state is further amplified with the additional dissociative equilibria (Figure S6).

An interesting situation however is observed for the Cd" complex. The immediate dissolution of crystals of (1) gives THNMR
ascribed to the highly symmetric 2:2 fully-closed F-C structure observed in the solid state, which almost immediately starts to
transform to the 2:2 semi-open S-O architecture (Figure 7). Time and solvent dependent spectra show subsequent generation of
additional species in CD3CN, which can be however ‘reseted back’ upon heating (Figure S7). Such time and temperature dependent
equilibrium is not observed in CD30D, where only the 2:2 S-O system is thermodynamically most stable (Figure S8). Overall, such
comparison shows that for Cd(Il) and Zn(ll) more complex species can also form, related to the lack of crystal field stabilization
effects (contrary to e.g. low spin Co'" species). This is also responsible for changes observed in the absorption and emission spectra
(see Section 2.4) Finally, complexation of ligand HsL! with diamagnetic La(OTf)s allows one to observe a single set of species, which
can be ascribed to the bimetallic triple-stranded helicates, per similarity to the previously observed systems (Figure 7 top). 4°-51
2.4 ABSORPTION AND EMISSION MEASUREMENTS
Complexes (1) ([Cd2(H2L10)](ClO4)2), (5) ([Zn(H2L1O)(H3LNH)ZNn(H,0)](0Tf)3), (12) (Zn(HL2);) and (13) (Cd(HL2),) were chosen as a
representative examples for the absorption and emission measurements, thanks to their emission and structural properties.
Complexes (1) and (5) represent the group of structural diversity with the HsL! ligand (see Sections 2.1 and 2.3), whereas (12) and
(13) are stable, neutral components with deprotonated form of ligand H,L2. The aim of this measurements was to check how the
possible structural transformations in solution influence their absorption/emission properties. Measurements were carried out at
room temperature in four different solvents (MeOH, MeCN, DMF and DMSO) and the absorption spectra of compounds (1), (5),
(12), (13) are shown in Figures $9-S12 in SI. The characteristic absorption bands between 240 and 380 nm in all complexes can be
assigned to m->1* transitions of the Schiff-base ligands and their intensity is time- and solvent-dependent.”475

Emission measurements were carried out for complexes in the solvents mentioned above immediately after dissolution and
after five days from dissolution (P). All spectra were shown in Figures $13-S16 in SI. Highest emission intensity for (1) and (13) was
in MeOH, with an excitation wave of 389 nm, with a maximum at 476 nm for (1) and with an excitation wave of 379 nm with a
maximum at 457 nm for (13). Emission measurements (P) of (1) showed in MeCN, a fourfold increase in the emission intensity and
for MeOH a two-fold increase in the emission intensity in comparison with the intensities obtained immediately after dissolution,
which would imply that the dissymmetric architectures formed in solution (see Section 2.4) are beneficial from the standpoint of
emission properties. For (13) only a slight increase in intensity was noted, but in MeCN formation of second band with maximum
at 470 nm was observed, possibly connected to aggregation.’® The similar behaviour was observed for (12), but the maximum of
the second band was at 430 nm. In (5) no changes were noted. As we can observe, for (1), the changes in emission intensity were
the highest probably connected with defined structural changes. For “open” system (5) and stable complexes (12) and (13) only
slight changes were noticed. Quantum efficiency measurements were carried out for complexes that exhibited better emission
properties (1 and 5) (see Table S4 for details). We also checked the emission properties in solid state, where no changes were
noticed, which confirmed, that changes are only present in solution (see Figure $S17 in SlI).

To investigate the forms of ligand present in solution, titrations were carried out with the acid-base, the changes were tracked
by UV-VIS spectroscopy (Figure S18). This experiment helped illustrate the ligand forms present in solution, and thus proved that
pH has a strong influence in the process of self-organization, and thus on the obtained structures of complex compounds.

3. Materials and methods

The metal salts, organic compounds and solvents were supplied by Merck Chemical Company and POCH. All chemicals mentioned
above were of analytical grade quality and were used as obtained without further purification. Fourier Transform Infrared (FT-IR)
spectra were performed by means of a FT-IR Bruker IFS 66v/S spectrophotometer, in the range between 400 and 4000 cm-! with
a resolution of 4 cm™. An average of 24 scans has been carried out for each sample. The samples were prepared on a KBr pellet
under a pressure of 0.01 torr. Mass spectra (ESI-MS) were determined by a Waters Micromass ZQ spectrometer in acetonitrile or
methanolic solutions with concentrations ~10-% M. The samples were run in the positive-ion mode. Sample solutions were
introduced into the mass spectrometer source with a syringe pump with a flow rate of 40 uL min-twith a capillary voltage of +3 kV
and a desolvation temperature of 300°C. Source temperature was 120°C. Cone voltage(Vc) was set to 30 V to allow transmission



of ions without fragmentation processes. Scanning was performed from m/z = 100 to 2000 for 6 s, and 10 scans were summed to
obtain the final spectrum. Simulations of mass spectra were conducted with enviPat programme?’’. Microanalyses were performed
using a Elementar Analyser Vario EL Ill. NMR spectra were run on a Spektrometer NMR Varian VNMR-S 400 MHz spectrometer
and were calibrated against the residual protonated solvent signals (DMSO-d6, d 2.50) which are given in parts per million. All
electronic absorption spectra were recorded with a Shimadzu UVPC 2001 spectrophotometer, between 220 and 800 nm, in 10 x
10 mm quartz cells using solutions 2 x 10> M with respect to the metal ions. Excitation and emission spectra were measured at
room temperature on a Hitachi 7000 spectrofluorimeter with excitation and emission slits of 2.5 nm. Magnetic properties were
measured using QD MPMS 5 XL magnetometer. The samples were sealed in plastic foil before the measurements. The (8) was
measured in the residue of mother liquor due to its instability in air. The original emu signals were carefully corrected in respect
to all diamagnetic contributions (foil and molecular diamagnetism). All fitting and simulations were performed using the
procedures included in PHI software.>8 The detailed synthetic procedures are demonstrated in the Supporting Information section.

4. CONCLUSIONS

We demonstrated the rich structural diversity of the benzimidazole/phenoxo ligand HsL! in the presence of variety of d-block metal
ions, which is tunable through the pH, nature of the metal and its molar ratio with respect to the ligand, counterions and solvent.
10 new solid state structures were obtained (12 overall) in the solid state, which demonstrated the possibility to form: 1:1 and 2:2
semi-open, 2:2 semi-closed and fully-closed architectures, the latter of which can be subsequently deprotonated to induce the
porous character and form the SOF-type materials. When ligand is subjected to non-equimolar mixtures, 1:2 semi-closed or 4:2
fully-open cage-like entities can be obtained, which overall demonstrate the various protonation/deprotonation levels of the HsL!
ligand and how it affects the final metallosupramolecular architectures. With the help of the H,L? ligand analogue with only one
benzimidazole pending arm, improved understanding of the solid state/solution behavior of the diamagnetic architectures was
ascertained. The dynamic equilibrium was observed for the d1%-species, which affected the absorption and emission properties of
the Zn(ll) and Cd(ll) compounds under study. The solvent and anions were also crucial to the construction of the various
architectures. Chosen paramagnetic compounds were studied for their magnetic properties to further demonstrate how small
structural differences elicit significantly varied magnetic responses. Ni(ll) and Mn(ll) dimeric supramolecular architectures are very
peculiar examples, where the [M,0;] core is at the structural intersection of the transition within the magnetic exchange
interactions, resulting in tunable ferromagnetic or antiferromagnetic interactions.

Current investigation further reinforces that combined H-bonding and dative bonds can successfully lead to variety of
supramolecular architectures, with the final properties/function being dependent on the final composition, rendering the a priori,
pre-programmed assembly even a bigger challenge. The systematic exploration of these systems will focus in the future on transfer
of the observed properties to functional materials.
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. Materials and methods

The metal salts, organic compounds and solvents were supplied by Merck Chemical Company and POCH. All chemicals
mentioned above were of analytical grade quality and were used as obtained without further purification. Fourier Transform
Infrared (FT-IR) spectra were performed by means of a FT-IR Bruker IFS 66v/S spectrophotometer, in the range between
400 and 4000 cm™ with a resolution of 4 cm™. An average of 24 scans has been carried out for each sample. The samples
were prepared on a KBr pellet under a pressure of 0.01 torr. Mass spectra (ESI-MS) were determined by a Waters Micromass
ZQ spectrometer in acetonitrile or methanolic solutions with concentrations ~10~* M. The samples were run in the positive-
ion mode. Sample solutions were introduced into the mass spectrometer source with a syringe pump with a flow rate of 40
uL min™ with a capillary voltage of +3 kV and a desolvation temperature of 300°C. Source temperature was 120°C. Cone
voltage(Vc) was set to 30 V to allow transmission of ions without fragmentation processes. Scanning was performed from
m/z = 100 to 2000 for 6 s, and 10 scans were summed to obtain the final spectrum. Simulations of mass spectra were
conducted with enviPat programme?. Microanalyses were performed using a Elementar Analyser Vario EL 11l. NMR
spectra were run on a Spektrometer NMR Varian VNMR-S 400 MHz spectrometer and were calibrated against the residual
protonated solvent signals (DMSO-d6, d 2.50) which are given in parts per million. All electronic absorption spectra were
recorded with a Shimadzu UVPC 2001 spectrophotometer, between 220 and 800 nm, in 10 x 10 mm quartz cells using
solutions 2 x 10> M with respect to the metal ions. Excitation and emission spectra were measured at room temperature on
a Hitachi 7000 spectrofluorimeter with excitation and emission slits of 2.5 nm. Magnetic properties were measured using
QD MPMS 2 XL magnetometer. The samples were sealed in plastic foil before the measurements. The 8 was measured in
the residue of mother liquor due to its instability in air. The original emu signals were carefully corrected in respect to all
diamagnetic contributions (foil and molecular diamagnetism). All fitting and simulations were performed using the
procedures included in PHI software.®
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11. Experimental section
Synthesis of ligand HsL?

+2 N " )\ /k
—
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Scheme S1. Synthesis of ligand HsL*.

Ligand HsL* was prepared as reported previously.! After synthesis *H NMR was performed to confirm structure and purity
of final product. tHNMR (400 MHz, ds -DMSO): 6 = 1.42 (s, 9H), 3.71 (s, 6H), 7.03 (m, 4H), 7.36 (m, 4H), 7.90 (s, 2H),
8.21 (s, 2H) ppm.
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Spectrum 1. *H NMR of HsL1.
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Synthesis of ligand H,L?
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Scheme S2. Synthesis of ligand HoL2.

Ligand H,L?To a 50 ml pressure tube containing 2-(1-methylhydrazinyl)-1Hbenzo[d]imidazole (synthesized via slightly
modified procedure adapted from Povstyanoi et al., yield: 90%) (53.3 mg, 0.33 mmol), 5-tert-butyl-2-hydroxybenzaldehyde
(58.8 mg, 0.33 mmol) dissolved in 20 ml of EtOHabs was added. Clear reaction mixture was flushed with inert gas, stirred
and heated in reflux for 4h, which resulted in formation of yellow precipitate. Residue were filtered via suction filtration
and dried in the vacuum.

Yield: 98.0 mg (93.0 %) HNMR (400 MHz, ds -DMSO): & = 1.33 (s, 9H), 3.65 (s, 3H), 6.85 (d, 1H), 7.01 (d, 2H), 7.25

(dd, 1H), 7.34 (m, 2H), 7.89 (d, 1H), 8.07 (s, 1H) ppm.2CNMR (125 MHz, ds -DMSO): § = 31.4, 31.7, 33.9, 115.6, 119.9,
123.48, 127.12, 135.6, 141.5, 153.5, 153.8 ppm.
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Spectrum 2. *H NMR of H,L2.
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Complexes (1 - 8) and (10 - 11) were prepared in the same manner. To a solution of ligand HsL! (100.0 mg, 0.20 mmol)
the appropriate metal salt was added (0.20 mmol) (Cd(ClO4), - 6H,0 — 1, Mn(NOs) - 4H,0 — 2, Cd(CH3;COO); - 2H,0 — 3,
Mn(CH3COOQ); - 2H,0 — 4, Zn(CF3S03), — 5, Ni(ClO4), - 6H,0 — 6, 11, FeCls - 6H,0 — 7 Co(ClO4), - 6H,0 — 8, 10) in 15
ml of MeOH/MeCN (1:1 v:v). Yellow (1-6, 11), orange (8, 10), dark green (7) solution formed instantly and then
triethylamine (0.20 mmol) was added. The color of the solutions has changed to a more intense one and the reaction mixtures
were stirred for 24 h at room temperature. After evaporation of solvents under reduced pressure, the residues were dissolved
in minimum volume of MeOH/MeCN (1:1 v:v) and precipitated by excess of Et,0. Yellow (1-6, 11), brown (8, 10), dark
green (7) solids were filtered via suction filtration and dried in the vacuum. Compounds (6 - yellow) and (11 - yellow) were
obtained from reaction (6) by recrystallization of crude product via slow diffusion methods in MeOH, MeCN/iPr,QO system
for 6 and MeOH/tBuOMe for 11. To increase yield of compound 11 the reaction should be carried out in 1:2 ratio (metal :
ligand). Compounds (8 - red) and (10 - brown) were obtained from reaction (8) by recrystallization of crude product via
slow diffusion methods in MeOH, MeCN/iPr,O system, mixture of brown and red crystals were separated manually. To
increase yield of compound 8 the reaction should be carried out in 2:1 ratio (metal : ligand).

Complexes (9, 12 - 13) were prepared in the same molar ratio of the ligand to the appropriate metal salt 2:1. To a solution
of ligand HzL2 (64.5 mg, 0.20 mmol) the appropriate metal salt was added (0.10 mmol) (Co(ClOs).- 6H,0 — 9, Zn(CFsS0s),
— 12, Cd(ClO4); - 6H20 — 13) in 15 ml of MeOH. For complexes (11 - 12) yellow solution formed instantly and then
triethylamine (0.20 mmol) was added. The color of the solutions has changed to a more intense one and the reaction mixtures
were stirred for 24 h at room temperature. For complex (9) brown solution formed instantly with visible brown precipitate.
To the reaction mixture 1 ml of 30% H,0, was added and reaction was stirred for 24 h at room temperature, which resulted
in formation of clear solution. After evaporation of solvent under reduced pressure, the residues were dissolved in minimum
volume of MeOH and precipitated by excess of Et;O. Brown (9) and yellow (12 - 13), solids were filtered via suction
filtration and dried in the vacuum.

Complex (1) Cdz(Hle'O)z] (ClO4)2

2 & - $+ZO—>W

Yield: 124.3 mg, 87% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCn/iPr,0 system. IR (KBr, cm™): vproad(O-H) methanol 3467; v(N-H) 3196 ; v(C-H)ar 3070; vas (CH3) 2960; vs (CH3
) 2865; v(C=C)ar 1659, 1592; v(C=N) 1477, 1380, 1377, v(C-0) 1275; 3(OCIO) 1162; v(C-H)a 1028, 952, 929, 829, 756,
734, 635, 574, 516, 432; v(CIO) 641. ESI-MS(+) m/z (%):606 (100) [Cd2(H.L*©),]?*, 1311 (15) [Cd2(H2L¥©),(ClO4)]".
Microanalysis was not carried out due to the explosive properties of perchlorates.

Complex (2) [an(Hle'o)z](NO3)2 -9 H,0O

o — g.+20_,m

Yield: 119.0 mg, 85% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/Et20 system. IR (KBr, cm™): vproad(O-H)methanot 3414; v(C-H)ar 3091, 3048; vas (CH3) 2948; vs (CH3) 2863;
V(C=C)ar 1760, 1631, 1607, 1575; vas(NO2) 1463; v(C=N) 1383, 1325, 1279, 1216; v(C-O) 1263; vs,broad(NO.) 1279, 1242,
v(NO) 1051; v(C-H)ar 1184, 1147, 1041, 1108, 1036, 1004, 944, 922, 899, 775, 656, 635, 564, 517, 496, 431; +(NO) 821.
ESI-MS(+) m/z (%):548 (70) [Mna(HoLY©)]>*, 1095 (10) [Mny(HoLYC)(HiL¥©)]*. Anal. calc. for [Mnz(H.LY
9)2(NO3)2(H20)0] (1385.21): C, 48.56; H, 5.68; N, 18.20; found: C, 48.96; H, 5.71; N, 18.23%.

Complex (3) [Cda(HLY),]

2 & = e $+ZO—>W
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Yield: 99.4 mg, 81% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/PhMe system. IR (KBr, cm™): Voroad(O-H)methanot 3401; v(C-H)ar 3049; vas(CH3 ) 2956; vs (CHs ) 2865;
V(C=C)a 1632, 1499, 1466; V.5(O-C-0) 1575; V5(0-C-0) 1443; v(C=N) 1410, 1377, 1332, 1244, 1216; v(C-0O) 1268; +(C-
H)a 1192, 1151, 1108, 1059, 1040, 1005, 946, 901, 823, 773, 736, 633, 601, 560, 520; 3(O-C-O) 675. ESI-MS(+) m/z
(%):606 (100) [Cd2(HoLY)2]?, 1211 (15) [Cda(H.LY)(HLY)]*. Anal. calc. for [Cdz(HLY),] (1216.32): C, 55.40; H, 4.98; N,
18.46; found: C, 54.20; H, 4.51; N, 17.30%.

Complex (4) [Mna(HLY),]

2 & = e $+ZO—>W

Yield: 88.9 mg, 80% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/PhMe system. IR (KBr, cm™): vproad(O-H)methanot 3396; v(C-H)ar 3041; vas(CHs ) 2956; vs (CH3 ) 2865;
V(C=C)ar 1626, 1615, 1489, 1461; Va(0O-C-0) 1578; Vs(O-C-0O) 1441; v(C=N) 1359, 1326, 1244; v(C-0O) 1273; v(C-H)ar
1182, 1145, 1106, 1059, 1033, 1004, 942, 901, 822, 772, 739, 622, 563, 521; 6(0-C-0) 661. ESI-MS(+) m/z (%):548 (100)
[Mna(H,LY)2]#, 1095 (20) [Mn(H2LY)(HLY)]*. Anal. calc. for [Mna(HL),] (1098.38): C, 55.9; H, 5.79; N, 17.38; found: C,
52.51; H, 5.43; N, 15.77%.

Complex (5) Zn(HoL¥©)(HsL™NH)Zn(H.0)](OTf)s

2 —mme—=i + 2( ) ——

Yield: 134.7 mg, 85% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/iPr,0 system. IR (KBr, cm™ ): v(N-H) 3286; v(C-H)ar 3054; vas(CH3 ) 2947(m); vs (CH3) 2867; v(C=C)a:
1646, 1629, 1574; v(C=N) 1467, 1372; vas(SO3); 1331; vas(CF3) 1283, 1248; vs(CF3); 1122; vs(SO3) 1031; v(C-H)ar 1004,
939, 822, 737, 625, 558, 517, 491, 428. ESI-MS(+) m/z (%):559 (100) [Znz(HoLYC)(HoL*NM)]?*, 1267 (15) [Zna(H LY
O)(H,L™NH)(CF3S03)]*. Anal. calc. for Zn(H,L°)(HsL*N")Zn(H20)](OTf)s - 3 H.0 (1639.21): C, 43.23; H, 4.18; N, 13.67;
found: C, 43.43; H, 4.53; N, 13.52%.

Complex (6) [Niz(HsL¥NH),(MeOH)2(MeCN)2](ClO4)4

po— h. 2 &
2(_0 3% & + 2 O — H

Yield: 125.1 mg, 75% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/tBuOMe system. IR (KBr, cm™): Viroad(O-H)methanot 3381; v(C-H)ar 3097, 3056; vas (CH3) 2961; vs (CH3)
2860; v(C=C)a 1661, 1629, 1581; v(C=N) 1467, 1395, 1358, 1321, 1289, 1233; v(C-O) 1257; 8(OC10) 1120, 1084; v(C-
H)a 1041, 1002, 948, 922, 821, 739, 526, 430; v(CIO) 625. ESI-MS(+) m/z (%): 551 (20) [Niz(H.L¥NH),]*, 651 (10)
[Ni(H2L*NH),(Cl04)]*. Microanalysis was not carried out due to the explosive properties of perchlorates.

Complex (7) [Fe(HsL¥°")Cl,][FeCls]

el + —'WN
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Yield: 71.2 mg, 86% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCn/PhMe system. IR (KBr, cm™): v(N-H) 3282; v(C-H)ar 3044; vas(CHs ) 2960; vs (CH3) 2850; v(C=C)ar 1653,
1608, 1590, 1541, 1474, 1464; v(C=N) 1361, 1329, 1283, 1226; v(C-0) 1257; v(C-H)a 1185, 1135, 1046, 1026, 1002, 966,
956, 924, 901, 854, 824, 809, 747, 675, 622, 611, 594, 542, 525. ESI-MS(+) m/z (%):548 (60) [Fe(HL*°")]*, 584 (30)
[Fe(H.L¥O™CI]*. Anal. calc. for [Fe(HsL¥°")Cl;[FeCls](MeOH)2(MeCN),] (965.19): C, 42.31; H, 4.59; N, 14.51; found:
C, 43.53; H, 5.05; N, 14.25%.

Complex (8) [Coa(H2L1°)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)4

zco—%—Q + 40—»

Yield: 47.9 mg, 28% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/iPr,0 system. IR (KBr, cm™): viroad(O-H) methanot 3434; v(N-H) 3140 ; v(C-H)ar 3039; vas(CH3) 2950; vs (CHs)
2863 v(C=C)a 1653, 1611, 1560; v(C=N) 1488, 1445, 1361, 1227; v(C-0) 1272; 5(OClO) 1158, 1089; v(C-H)a 1052, 1010,
973, 931, 826, 741, 686, 535; v(CIO) 624. ESI-MS(+) m/z (%): 523 (48) [Co(HsL1©),]?*; 1045 (100) [Co(H.L*©),]*. Cubic
complex was instable in ESI-MS conditions, so we were observed only peaks from defragmentation of the complex.
Microanalysis was not carried out due to the explosive properties of perchlorates.
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Spectrum 3. ESI-MS spectra of 8.
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Complex (9) [Co(HL?)2](ClO4)

2 S +O_.N

Yield: 107.1 mg, 86% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH/Et,0 system. IR (KBr, cm™): Vbroad(O-H) methanol 3391; v(N-H) 3144 ; v(C-H)a 3048, 3023; vas(CH3 ) 2954; vs (CH3)
2861 v(C=C)a 1611, 1533; v(C=N) 1480, 1463, 1362, 1259, 1214; v(C-0) 1274; 5(0OClO) 1178, 1149; v(C-H)a 1107, 1047,
1009, 975, 909, 832, 735, 681; v(CIO) 615. ESI-MS(+) m/z (%): 701 (100) [Co(H2L?).]*. Microanalysis was not carried out
due to the explosive properties of perchlorates. HNMR (400 MHz, CDsCN): & = 1.24 (s, 9H), 4.16 (s, 3H), 6.58 (d, 1H),
6.86 (m, 1H), 7.01 (m, 2H), 7.10 (dd, 1H), 7.22 (m, 1H), 7.52 (d, 1H), 8.42 (s, 1H) ppm.

|
=450
400
|'

J J 2SS J L350
~300
=250

JI|
|'| 200
|
|l
i
|| | 150
[
[
(.
[ 100
I| III
/ |
I | [ H
I Y [0
Ll | | - | |
| I || | I iv _.A.—»-’“// O | | |\
/ am =
MWJ |‘\w¢wﬂn—ﬂ"mﬂ-yﬂﬂ\--\" L-./"\—"I b UI A L,,, - —— oy u-pw"l .w\,al'..w 'Lw E ML N L.I% =0

T T T T ~ 7

T N o =) 9 0

= N0 0 = : mM I

— - oo (a2 ] ~ [=3]

T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Spectrum 4. *H NMR of 9.
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Spectrum 5. ESI-MS spectrum of 9 with theoretical prediction in red.

Complex (10) [Co(H3L™NH),](ClO4)3(MeOH),(H20)3

Z(ﬂ ,‘% & + 10—>

Yield: 58.5 mg, 43% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/iPr,0 system. IR (KBr, cm™): Viroad(O-H)methanol 3434; v(N-H) 3140 ; v(C-H)ar 3039; vas(CH3) 2950; vs (CH3
) 2863 v(C=C)ar 1653, 1611, 1560; v(C=N) 1488, 1445, 1361, 1227; v(C-0) 1272; §(OCIO) 1158, 1089; v(C-H)ar 1052,
1010, 973, 931, 826, 741, 686, 535; v(CIO) 624. ESI-MS(+) m/z (%):1143 (100) [Co(HsL™NH)(H.L1™NH)(CIO4)]*; 1043 (50)
[Co(H:L™™H),]*. Microanalysis was not carried out due to the explosive properties of perchlorates.

Complex (11) [Ni(HsL*N),](CIO4)2(MeOH)s

Yield: 78.8 mg, 68% based on ligand. Crystal suitable for X-ray analysis were obtained via slow diffusion methods in
MeOH, MeCN/tBuOMe system. IR (KBr, cm™): voroad(O-H)methanot 3474; v(N-H) 3158 ; v(C-H)ar 3094, 3051; vas(CHs)
2953; vs (CH3) 2862 v(C=C)a 1630, 1599; v(C=N) 1467, 1439, 1378, 1361, 1217, 1146; v(C-O) 1274; 5(OC10) 1187, 1120;
v(C-H)a 1044, 1005, 931, 897, 823, 758, 736, 665, 608, 530, 483, 431; v(ClO) 628. ESI-MS(+) m/z (%): 551 (18) [Ni(H.L"
NHYT*, 1045 (10) [Niz(HoLENH)(HsLENH)]*. Microanalysis was not carried out due to the explosive properties of perchlorates.

Complex (12) [Zn(HL?),]
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Yield: 87.0 mg, 79% based on ligand. IR (KBr, cm™ ): v(C-H)ar3035; vas (CH3) 2964; vs (CH3) 2902, 2864; v(C=C)a:: 1627,
1612, 1571, v(C=N) 1464, 1431, 1376, 1360, vas(SO3); 1306; vas(CF3) 1269, 1254; vs(CF3); 1180; vs(SOs) 1026(s), v(C-H)ar
1005(s), 938, 871, 846, 826, 757, 737, 675, 638, 614, 583, 513, 433. ESI-MS(+) m/z (%):321 (100) [HsL?]*, 301 (10)
[Zn2(H2L?)(CFsS03)]?*. Anal. calc. for [Zn(H:L?),]-3H,0 (762.22): C, 59.88; H, 6.35; N, 14.70; found: C, 59.06; H, 5.64;
N, 14.40%. *HNMR (400 MHz, ds -DMSO): & = 1.29 (d, 9H), 3.61 (d, 3H), 6.96 (m, 6.5H), 7.88 (s, 1H), 8.06 (s, 0.5H)
ppm.
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Spectrum 6. *H NMR of 12.
Complex (13) [Cd(HL?),]

2 E—mp +O_..N

Yield: 88.1 mg, 75% based on ligand. IR (KBr, cm™): v(N-H) 3275; v(C-H)a 3059, 3024; vas (CH3) 2962; vs (CH3) 2906,
2869; v(C=C)ar 1630(s), 1609, 1578; v(C=N) 1488, 1471, 1431, 1394, 1372, 1362, 1291, 1222, 1183; v(C-0) 1261; 5(OCIO)
1121, 1073; v(C-H)ar 1040, 1006, 957, 946, 920, 905, 824, 805, 756, 738; v(ClO) 625. ESI-MS(+) m/z (%):321 (50) [H4L?]",
421 (40) [(HsL?)(CIO4)]", 645 (10) [Cd2(HL?)CIO4]*. Microanalysis was not carried out due to the explosive properties of
perchlorates. tHNMR (400 MHz, dg -DMSO): § = 1.33 (m, 10H), 3.63 (s, 3H), 6.55 (s, 0.21H), 7.16 (m, 7H), 7.89 (d,
0.73H), 8.06(d, 1.14H) ppm.
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Spectrum 7. *H NMR of 13.
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I11. Crystallographic data

X-ray crystallography Diffraction data were collected by the w-scan technique, for 2, 3, 7, 9 at 100(1) K, for 8 and 10 at
130(1) K, and for 4 and 6 at room temperature, on Agilent Technologies Xcalibur four-circle diffractometer with Eos CCD
detector and graphite-monochromated MoK, radiation (A=0.71069 A), and for 1, 5 and 11 at 130(1) K and for HsL* at room
temperature on Agilent Technologies SuperNova four-circle diffractometer with Atlas CCD detector and mirror-
monochromated CuK, radiation (\=1.54178 A). The data were corrected for Lorentz-polarization as well as for absorption
effects.* Precise unit-cell parameters were determined by a least-squares fit of reflections of the highest intensity, chosen
from the whole experiment. The structures were solved with SIR92° and refined with the full-matrix least-squares procedure
on F? by SHELXL-2013.% All non-hydrogen atoms were refined anisotropically, hydrogen atoms were placed in idealized
positions and refined as ‘riding model” with isotropic displacement parameters set at 1.2 (1.5 for methyl or hydroxyl groups)
times Ueq Of appropriate carrier atoms. Positions of those hydrogen which cannot be reasonably placed by this procedure
(water molecules, some hydroxyl groups) were calculated according to potential hydrogen bonds. The crystals of HsL! and
1 turned out to be twinned, (which was taken into account during both data reduction and refinement); the BASF factor,
describing the content of one of the component® refined at 79.0(3)% for HsL! and at 78.0(7)% for 1.

In almost all structures the solvent molecules were found. Additionally, in some of them (2, 5, 7, 8, 10, 11) the large voids
filled with diffused electron density were found; as the modellings of solvent molecules were in these cases unsuccessful,
the SQUEEZE procedure’ was applied.

Crystal data: [HsL']?": 2(C2sH32NsO)?*-4(C104) - C7Hg-CH30H, M,=1515.21, triclinic, P-1, a=11.4426(5) A, b=13.0011(5)
A, c=24.5126(10) A, o= 90.991(3)°, B= 91.953(4)°, y= 92.005(4)°, V=3641.7(3) A3, Z=2, d=1.38 g-cm, u=2.16 mm™,
F(000)=1584. 25627 reflections collected up to 20 = 67.5°, 12871 symmetry independent, (Rin=8.60%), 7644 with I>2o(1).
Final R[[>26(1)]=10.20%, wR2[I>20(1)]=23.13%, Rlall refl.]=14.69%, wR2[all refl.]=26.03%, S=1.05, max/min Ap =
1.52/-0.58 e- A3,

1: CssHssCd2N1602-2(Cl04), M=1410.90, monoclinic, C2/c, a = 24.6186(15)A, b = 11.8872(6) A, c= 25.2254(19) A, B=
117.853(9)°, V= 6526.9(9) A%, Z=4, d=1.44 g-cm?, u=6.52 mm™, F(000)=2864. 48493 reflections collected up to 20 =
75.5°, 6604 symmetry independent (Rin=8.60%), 6302 with [>2co(I). Final R[I>25(I)]=10.59%, wR2[1>2c(1)]=28.70%,
R[all refl.]=11.03%, wR2[all refl.]=29.02%, S=1.08, max/min Ap = 2.91/-1.81 e- A3,

2: CsgHssMnaN1602-2(NO3), M=1221.08, monoclinic, C2/c, a= 22.6232(16) A, b= 23.8721(19) A, c=11.7805(11) A, p=
101.465(8)°, V=6235.3(9)A%, Z=4, d,=1.30 g-cm, p=0.47 mm*, F(000)=2536. 13702 reflections collected up to 20 = 50°,
5495 symmetry independent (Rin=6.46%), 3285 with I>2o(I). Final R[I>26(1)]=7.85%, wR2[[>26(1)]=19.56%, R[all
refl.]=12.78%, wR2[all refl.]=21.76%, S=1.13, max/min Ap = 1.02/-0.56 e- A3,

3: CsgHs6Cd2N16012-4(C7Hs)-2(CH30H), M=1642.58, monoclinic, C2/c, a= 26.597(3) A, b= 10.8810(8) A, c= 28.386(2)
A, B=102.252(10)°, V= 8027.9(13) A%, Z=4, dx=1.36 g-cm, p=0.59 mm*, F(000)=3408. 17410 reflections collected up to
20 =28.3°, 8384 symmetry independent (Rin=4.21%), 6602 with [>2c(I). Final R[I>26(I)]=6.08%, wR2[1>25(I)]=15.90%,
R[all refl.]=7.83%, wR2[all refl.]=17.46%, S=1.04, max/min Ap = 2.73/-1.84 e- A3,

4: CssHssMn2N 160, 4(C7Hs)-2(CH30H), M=1527.66, monoclinic, C2/c, a= 26.9331(16) A, b=10.5896(6) A, c=28.319(3)
A, B=103.216(7)°, V=7863.0(11) A%, Z=4, dy=1.29 g-cm™, p=0.38 mm™, F(000)=3224. 15194 reflections collected up to
20 = 25°, 6904 symmetry independent (Rin=3.17%), 5073 with [>25(I). Final R[[>25(1)]=5.58%, wR2[I>20(1)]=15.58%,
R[all refl.]=8.42%, wR2[all refl.]=16.80%, S=1.12, max/min Ap = 1.36/-0.60 e- A3,

5: CseHsoN1603Zn2-3(CF3S03)-CsH140-CH30H, M,=1716.40, triclinic, P-1, a = 13.0126(3) A, b = 14.8306(4) A, ¢ =
22.5212(5) A, a = 85.340(2)°, P = 81.718(2)°, y = 76.453(2)°, V = 4176.16(18) A%, Z=2, dx=1.37 g-cm, p=2.15 mm?,
F(000)=1772. 40230 reflections collected up to 20 = 67.5°, 14994 symmetry independent (Rin=3.95%), 13218 with [>2o(1).
Final R[I>206(I)]=14.65%, wR2[[>26(1)]=32.07%, R][all refl.]=15.48%, wR2[all refl.]=32.48%, S=1.04, max/min Ap =
3.84/-3.35e-A%,

6: Ce2H72N15Ni204-4(C104)-4(CH30H), M=1776.76, monoclinic, P21/c, a= 18.1687(4) A, b=24.4309(6) A, c= 19.1441(4)
A, p=111.448(3)°, V=7909.2(3) A3, Z=4, d=1.49 g-cm, p=0.70 mm, F(000)=3704. 33065 reflections collected up to
20 = 26.67°, 15279 symmetry independent (Rin=3.51%), 10196 with [>20(I). Final R[[>20(I)]=6.72%,
wR2[I>26(1)]=16.29%, R[all refl.]=11.14%, wR2[all refl.]=18.90%, S=1.03, max/min Ap = 1.85/-1.10 e-A"3.

7: CagHosCloFeNsO- CliFe-CH3CN, M,=900.10, triclinic, P-1, a = 12.0163(16) A, b = 12.469(2) A, ¢ = 15.283(3) A, o =
110.832(18)°, B = 106.727(15)°, y = 101.067(13)°, V = 1935.7(6) A3, Z=2, dy=1.54 g-em?, p=1.21 mm*, F(000)=918.
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13535 reflections collected up to 20 = 25°, 6810 symmetry independent (Rin=8.50%), 3300 with I>2c(I). Final
R[1>26(1)]=8.99%, wR2[1>26(1)]=17.42%, R[all refl.]=18.10%, wR2[all refl.]=21.15%, S=1.06, max/min Ap = 1.18/-0.79
e-AS

8: CsoHesC0sN1707-4(Cl04)- CH30H-H.0, M,=1810.88, monoclinic, P2:/n, a = 11.8757(8) A, b = 29.4996(19) A, ¢ =
23.369(4) A, B =102.610(12)°, V = 7989.2(15) A%, Z=4, d\=1.51 g-cm?, u=1.03 mm, F(000)=3716. 33667 reflections
collected up to 20 = 25°, 14030 symmetry independent (Rin=8.59%), 7973 with I>2c(I). Final R[[>20(1)]=11.48%,
wR2[I>20(1)]=27.66%, R[all refl.]=16.49%, wR2[all refl.]=30.06%, S=1.34, max/min Ap = 2.09/-0.92 e-A~.

9: C3gH42CoNgO2-(C104)- CH30H, M,=923.33, monoclinic, P2i/c, a = 14.5982(6) A, b = 13.8618(8) A, ¢ =23.7026(10) A,
o =90°, B =106.384(4)°, y = 90°, V = 4601.6(4) A3, Z=4, d}=1.33 g-cm, u=0.493 mm*, F(000)=1944. 19246 reflections
collected up to 20 = 25° 9852 symmetry independent (Rin=8.50%), 6080 with [>2co(I). Final R[I>2c(I)]=8.68%,
wR2[I>20(1)]=17.39%, R[all refl.]=14.26%, wR2[all refl.]=20.88%, S=1.04, max/min Ap = 1.52/-1.05 e-A=.

10: CsgHs7CoN1602-3(Cl04)-3(H20)-2(CH30H), M=1461.58, triclinic, P-1, a = 14.9788(10) A, b = 15.0390(10) A, ¢ =
20.7602(11) A, a = 99.992(5)°, B = 91.101(5)°, y = 110.153(6)°, V = 4307.8(5) A%, Z=2, di=1.13 g-cm™®, p=0.36 mm?,
F(000)=1522. 25520 reflections collected up to 20 = 25°, 15045 symmetry independent (Rin=6.60%), 5918 with [>2o(I).
Final R[I>206(I)]=11.53%, wR2[[>26(1)]=26.15%, RJall refl.]=20.80%, wR2[all refl.]=29.15%, S=1.09, max/min Ap =
1.43/-0.93 e-A3,

11: CssHssN1sNiO2-2C104-2(CH3OH), M=1308.86, hexagonal, P6:22, a= 14.2268(5) A, 57.828(4), V= 10136.3(12) A%,
Z=6, dx=1.22 g-cm3, u=1.29 mm, F(000)=3906. 42204 reflections collected up to 2@ = 67.5°, 6088 symmetry independent
(Rin=8.95%), 5452 with I>20(I). Final R[I>20(I)]=8.77%, wR2[[>20(I)]=21.24%, RJall refl.]=8.77%, wR2[all
refl.]=21.68%, S=1.13, max/min Ap = 0.77/-0.28 e- A3,

Crystallographic data (excluding structure factors) for the structural analysis has been deposited with the Cambridge
Crystallographic Data Centre, Nos. CCDC-1482453-1482463 for compounds [HsL'](ClOs4),, 1 — 11. Copies of this
information may be obtained free of charge from: The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK. Fax:
+44(1223)336-033, e-mail:deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk.

B

Figure S1. (top left) Anisotropic ellipsoid representation of the molecule A of a cation (HsL)?"; ellipsoids are drawn at the
50% probability level, hydrogen atoms are shown as spheres of arbitrary radii, hydrogen bond is shown as thin blue line.
(top right) Comparison of two symmetry-independent cations (fitting of the central rings).
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Figure S2. A crystal structure of [HsL](ClQ4). as seen along b-direction. Anions and solvent molecules are shown in van
der Waals spheres representation in order to visualize their filling-structure role.

Table S1. Relevant geometric parameters (A, °).A, B, C, D, E — mean planes of subsequent planar fragments: A: N1 — N9;
B: C2, N10, N12, C13, C14; C: C14, C15, C17, C18, C19, C24; D: C17, C25, N26, N27, C29; E: C30 — N37. The three
(for c.n. 6) or two (c.n. 5) largest angles around metal ion are listed.

L2 | 1 2 3 4 5 6 7 8 9 10 11

C-N | 1328 | 1364 | 1355 |1.393 | 1.390 | 1.371 | 1.355 | 1.336 | 1.349 | 1.348(6) | 1.346 | 1.362
1343 | 1383 | 1344 | 1375 |1371 | 1356 | 1344 |1.322 | 1353 | 1.289(6) | 1.360 | 1.335
1.344 1.363 1368 | 1.363 1.380 1.370
1.338 1.337 1363 | 1.337 1.359 1.340

N-N | 1.389 | 1.376 | 1.394 | 1.374 | 1.369 | 1.393 | 1.394 | 1.400 | 1.393 | 1.407(5) | 1.415 | 1.382
1392 [1393 | 1387 | 1383 [1.388 |1.375 |1387 |1.395 |1.382 | 1404(5) | 1.387 | 1.394
1.397 1.390 1.368 | 1.390 1.388 1.383
1.396 1.389 1371 | 1.389 1.387 1.382

C=N | 1.266 | 1.309 | 1.287 | 1.289 | 1.280 | 1.305 | 1.287 | 1.278 | 1.301 | 1.296(6) | 1.310 | 1.282
1286 | 1275 | 1293 | 1292 |1289 | 1274 |1203 |1265 | 1257 | 1.289(6) | 1.279 | 1.281
1.281 1.298 1304 | 1.298 1.290 1.259
1.288 1.287 1.288 | 1.287 1.320 1.286

C-O | 1347 | 1328 | 1340 |1.324 | 1320 |1.314 |1.340 | 1312 |1.373 | 1.322(5) | 1.318 | 1.333
1.352 1.342 1336 | 1.342 1354 | 1.337(6) | 1.320

C-N- | 1086 | 1041 | 1054 | 1031 | 1023 | 1052 | 1054 | 1053 | 1046 | 107.1(4) | 107.6 | 1052

¢ 1103 | 1084 | 1068 | 1027 | 1021 | 1073 |1068 | 1064 | 1051 | 106.6(4) | 107.5 | 105.6
109.0 | 1061 | 1076 | 1059 |1065 | 1076 | 1076 | 1062 | 1052 | 105.9(4) | 1057 | 108.1
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1080 | 1054 | 1082 | 1045 | 1034 | 1055 |1082 |1093 | 1065 | 1053(4) | 1065 | 107.6
1091 | 1020 | 105.1 1032 | 1051 1045 108.6
1087 | 1053 | 106.5 1070 | 1065 106.3 107.6
109.0 1082 | 1080 107.9 105.9
109.1 1033 | 1085 104.1 106.4
AB |67 46 | 137 6.1 58 5.9 137 6.1 2.2 6.4 20.0
5.8 10.0 3.6 100 273 4.4
BIC |15 195 | 332 123 136 171 3322 132 244 25 383
6.4 335 40.7 335 316 13.4
cb |15 185 | 188 225 22.7 2538 188 123 26.0 277 9.6
3.2 23.0 14.8 23.0 25.8 236
DE |60 43 | 64 25 34 02 6.4 1.9 126 200 159
6.0 231 | 4.9 23.0 4.9 147 22.4
AE | 135 36 | 124 292 293 39.8 124 20 148 140 460
102 122 | 146 48 146 111 146
M- 2.248( | 2.111(3) | 2.2393) | 2.131(2) | 1,989(5) | 2.027(3) | 1.899(5) | 2.115(6) | 1.897(3) | 1.869(4) | 2.037(5)
016 N 2.164(3) | 2.262(4) | 2.159(2) | 2.021(5) | 2.148(3) | 1.84(1) | 2.368(6) | 1.864(3) | 1.867(5)
é')257( 2.084(5) | 2.020(3) 2.071(6)
2.178(5) | 2.112(3) 2.324(6)
M-N 2.26(1 | 2.190(4) | 2.172(4) | 2.169(3) | 2.023(6) | 2.020(4) | 2.038(7) | 2.052(8) | 1.932(4) | 1.919(6) | 2.085(6)
) 2.202(4) | 2.262(4) | 2.233(3) | 2.238(6) | 2.048(4) | 2.167(6) | 2.047(8) | 1.906(4) | 1.923(6) | 2.088(5)
)2'27(9 2.363(5) | 2.453(4) | 2.366(3) | 2.005(7) | 2.054(4) | 2.15(1) | 2.058(7) | 1.903(4) | 1.933(5)
2361 | 2364(0) | 2463(4) | 2.366(3) | 2.237(6) | 2.036(4) | 2.26(1) | 2.050(7) | 1917(4) | 1.959(6)
) 2.253(6) | 2.043(4) 2.088(8)
2.41(8 2.062(4) 2.052(8)
) 2.066(7)
M- 2.010(6) 2.120(7)
ggwat 2.081(7)
M- 2.148(3) 2.150(7)
E;:;?; 1.118(3)
M-OH 2.071(6)
2.088(6)
1.995(5)
2.086(6)
2.019(6)
M- 2.094(9)
N(CH
3CN)
M-C 2.204(3)
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22773)
2.22(1)
angles 161.4( | 161.8(1) | 163.1(1) | 1586(1) | 150.7(3) | 171.92) | 151.2Q2) | 172.1Q2) 176.4(3) | 174800)
2) 140.9(1) | 1333(1) | 13.7(1) | 143.1(3) | 169.6(2) | 139.9(2) | 168.4(3) 175.8(2) | 162.7(2)
2?1'5( 136.5(1) | 133.3(1) | 135.8(1) 166.8(1) 167.2(3) 175.4(2) | 162.7(2)
196.3( 173.2(6)
5) 159.6(2) | 173.02) | 140.1(5) | 173.5(2)
147.2(2) | 168.1(0) 166.4(3)
142.2(2) | 167.9(1) 162.1(3)
172.0(3)
169.5(2)
165.1(3)
172.4(3)
170.8(3)
163.2(3)
Table S2. Hydrogen bond data (A, ©)
D ‘ H ‘ A D-H A DA D-H---A
(HsLD)Z"
N1A H1A 04C 0.86 2.02 2.87498) 170
N3A H3A 02Di 0.86 2.07 2.852(8) 151
O16A H16A N26A 0.82 2.00 2.722(6) 146
N30A H30A 01G 0.86 1.98 2.838(8) 176
N37A H37A 04D 0.86 1.97 2.754(7) 152
N1B H1B O4F 0.86 1.98 2.765(7) 152
N3B H3B 01Cii 0.86 2.10 2.883(8) 152
016B H16B N12B 0.82 1.99 2.697(6) 144
N30B H30B O1Fii 0.86 211 2.853(8) 144
N37B H37B O3E 0.86 2.02 2.869(8) 169
01G H1G O2E 0.82 2.06 2.873(10) 171
1
N3A H3A o 0.86 2.06 2.889(16) 161
N37A H37A o1xi 0.86 2.08 2.912(17) 164
N37B H37B o< 0.86 1.92 2.744(16) 159
2
N3A H3A O2Cxi 0.88 2.26 3.000(7) 142
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N3A H3A O3 0.88 2.23 3.054(6) 155
N3B H3B o3cx v 0.88 1.99 2.856)6= 169
N30A H30A o1Bx 0.88 1.83 2.685(5) 164
0O1B H1B N3AX 0.84 1.86 2.683(5) 165
N30A H30A o1Bx 0.86 1.86 2.703(3) 168
01B H1B N3AX 0.82 1.88 2.689(3) 169
N3A H3A O3EV 0.88 1.98 2.857(9) 177
N30A H30A 01D 0.88 1.94 2.742(14) 151
N3B H3B O1EY 0.88 1.99 2.846(9) 165
01G H1G N30B 0.82 2.01 2.787(19) 156
o1w H1w1 O1F 0.82 1.86 2.660(8) 165
o1w H1W2 O2E 0.82 1.95 2.774(9) 175
N3A H3A 033V 0.88 2.09 2.895(5) 152
N30A H30A O1L 0.88 1.91 2.711(6) 151
N37A H37A 01K 0.88 1.99 2.809(6) 155
N3B H3B O2H 0.88 1.98 2.838(6) 166
N30B H30B O1N 0.88 1.83 2.702(6) 169
N37B H37B 023V 0.88 2.10 2.885(7) 148
OlE H1E 02GVii 0.88 1.97 2.708(6) 140
O1E H1E 02G™Vi 0.88 2.01 2.884(7) 175
O1F H1F O1M 0.82 1.93 2.722(5) 164
01K H1K O2H 1.00 1.89 2.870 165
OlL HiL 04) 1.00 1.74 2.740(6) 175
Oo1M H1M O1l 0.84 2.01 2.842(5) 171
O1N HIN O3HVii 1.00 2.25 3.003 131
O1N HIN O4H¥ 1.00 2.36 3.014(9) 123
N3A H3A Cl2Bxiii 0.88 2.50 3.378(7) 174
N37A H37A N1D** 0.88 2.02 2.893(10) 171
N3A N3A N3A N3A N3A N3A N3A
N30A N30A N30A N30A N30A N30A N30A
N3B N3B N3B N3B N3B N3B N3B
N30B N30B N30B N30B N30B N30B N30B
01D O1D 01D 01D 01D 01D O1D
01D O1D 01D 01D 01D 01D 01D
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O1lE O1E OlE OlE O1lE O1lE O1E
O1F O1F O1F O1F O1F O1F O1F
01K O1K 01K 01K 01K 01K O1K
O1M O1M O1M O1M O1M O1M O1M
O1N O1N O1N O1N O1IN O1IN O1N
O1N O1N O1N O1N O1IN O1IN O1N
9
NOOA NOOA NOOA NOOA NOOA NOOA NOOA
10
N1B N1B N1B N1B N1B N1B N1B
N3B N3B N3B N3B N3B N3B N3B
N30B N30B N30B N30B N30B N30B N30B
O1F O1F O1F O1F O1F O1F O1F
o1w o1w o1w o1w o1w o1w o1w
o2w o2w o2w o2w o2w o2w o2w
o2w o2w o2w o2w o2w o2w o2w
o2w o2w o2w o2w o2w o2w o2w
Oo3wW o3w Oo3wW Oo3wW Oo3wW Oo3wW o3w
11
N37A H37A 01D 0.88 2.19 2.945(8) 143
N30A H30A o1 0.88 1.82 2.692(8) 173
0o1C HiC O16A 0.84 1.75 2.592(8) 178
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IV. IH NMR solution studies

I
]
1:2 semi-closed | ' rl |
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Figure S3. Comparison of HsL* and H,L? ligands with their semi-closed 1:2 complexes with Co'"" ions in the presence of
perchlorate. Please note that solvent for ligands is d®>-DMSO, whereas for complexes it is CDzCN.
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Figure S4. Comparison of HzL! ligand with semi-closed 1:2 and 1:1 complexes with Co''" ions in the presence of perchlorate
and chloride anions. Please note that solvent for ligand is d®-DMSO, whereas for complexes it is CDsCN.
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Figure S5. Titration of [Co(HsL¥N"),](ClO4)s (10) with AgOTf in CDsCN.
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Figure S6. Comparison of HsL! ligand with semi-closed 2:2 Zn(OTf), complex 5 in deuterated acetonitrile and DMSO.
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Figure S7. Time-and temperature dependent changes of the [Cda(H2L1©);](ClO4)2 (1) complex in CDsCN solvent; F-C
structure is obtained only upon immediate dissolution of crystals of 1 and measurement; t° is the moment when strong
signal of imine is observed, followed other changes in the spectrum marked with blue marks, t* denotes heating
to 80°C, which ‘resets’ the equilibrium present in solution.
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Figure S8. Time-and temperature dependent changes of the [Cd.(H,L'©),](CIO4)2; (1) complex in CD;OD solvent; t° is
the moment when crystals of (1) are dissolved in solvent and the spectrum measured.
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V. Absorption and emission spectra

----------------------------------------------------------------------------------------------------------------------------------------------

[HsL']?* dication [H4L']* monocation E [HsL'] neutral ‘

\

P NH HN HN
NH HN NH HN@: E @;’LNN\ ’NN’L-;IQ @‘/L N ‘NN,L\N
N"\‘NN ’NN’L‘N N”kNN\ ‘NN’L‘N v | OH | | o | H®
CLE T ®H o ! o

: g < 8 @ZFQ H5L'CH - native H,L"NH _ tautomer

\ [HpL"] monoanion H,L'° [HL"} dianion [L"} trianion

Qe bam® Qo QL HG

Scheme S3. Possible form of HsL! ligand in a function of their protonation and deprotonation.
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Figure S9. Absorption spectra of compound 1 in different solvents. P- measurement after 5 days of dissolution. All
absorption spectra were recorded using solutions 2 x 10° M with respect to the metal ions. Extinction coefficients were

presented in Table S3.
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Figure S10. Absorption spectra of compound 13. All absorption spectra were recorded using solutions 2 x 10> M with
respect to the metal ions. Extinction coefficients are presented in Table S3.
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Figure S11. Absorption spectra of compound 5 in different solvents. P- measurement after 5 days of dissolution. All
absorption spectra were recorded using solutions 2 x 10° M with respect to the metal ions. Extinction coefficients are

presented in Table S3.
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Figure S12. Absorption spectra of compound 12 in methanol and acetonitrile. All absorption spectra were recorded using
solutions 2 x 10°° M with respect to the metal ions. Extinction coefficients are presented in Table S3.
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Table S3. Molar extinction coefficients for compounds 1, 5, 12, 13.

Molar
Compound Solvent Absorbance mﬁ?;ﬁ?ﬁ% co éaf);;[ic?grt][[o(r::m_
1 M-l)
1 MeOH 1.146 317 57 300
1 MeCN 1.106 316 55 300
1 DMF 1.081 323 54 050
1 DMSO 1.201 325 60 050
1-P MeOH 0.712 326 35600
1-P MeCN 0.649 326 32450
5 MeOH 0.621 322 31050
5 MeCN 1.415 321 70 750
5 DMF 1.318 333 65 900
5 DMSO 1.444 329 72 200
5-P MeOH 0.578 322 28900
5-P MeCN 1.152 321 57 600
12 MeOH 0.223 314 11 150
12 MeCN 0.038 346 1900
13 MeOH 0.875 341 43 750
13 MeCN 0.808 310 40 400
a) 1500 2500
giﬁi { H\ —fj:::: & 1500 316nm
: 200 / .-i ixonm_ E 1000 381nm
A AR e 2T
502 e \m 3890m - P ) 386nm
“"Wavelength . (nm) ™ Wavelength 5 (nm)
c) d)
g , E oo
g 100 324nm £
E 0 / 337nm E o0 -

400
200

0 -

400 450 500 550

600

650 700

Wavelength A (nm)
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-400
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339 nm
420 nm

600 650 700
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Figure S13. Emission spectra of compound 1 in: a) methanol, b) acetonitrile, ¢) dimethylformamide, d) dimethylsulfoxide.
P- measurement after 5 days of dissolution; wavelength values denote the excitation wavelengths.
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Figure S14. Emission spectra of compound 13 in: a) methanol, b) acetonitrile, ¢) dimethylformamide, d) dimethylsulfoxide.
P- measurement after 5 days of dissolution; wavelength values denote the excitation wavelengths.
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Figure S15. Emission spectra of compound 5 in: a) methanol, b) acetonitrile, ¢) dimethylformamide, d) dimethylsulfoxide.
P- measurement after 5 days of dissolution; wavelength values denote the excitation wavelengths.
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Figure S16. Emission spectra of compound 12 in: a) methanol, b) acetonitrile, ¢) dimethylformamide, d) dimethylsulfoxide.
P- measurement after 5 days of dissolution; wavelength values denote the excitation wavelengths.

Table S4. Collected results of quantum yields for complexes 1 and 5 with schematic representation.

[Cd,(H,L19)](CIO,) [Zn(H,L'-9)(H5L1-NH)
1) Zn(H,0)](OTf)3
(9)
Compound
FLUORESCEIN Solvent Sg?c? t[lg/g]]
1 MeOH 112
5 MeOH 0.66
1 MeCN 0.46
5 MeCN 0.55
QUININE
SULFATE
1 DME 274
5 DMF 0.96
1 DMSO 0.73
5 DMSO 315

S28



>
=

Complex 1 - Complex 1
25000 Complex 13 = Complex 13
- Complex 5§ S Complex 5
S Complex 12 e Complex 12
= 7]
— 3000 =
=
2000 k=
1000
0= R = —
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure S17. (A) Solid state emission spectra for compounds 1, 5, 12, 13. (B) Normalized solid state emission spectra for
compounds 1, 5, 12, 13.
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Figure S18. Absorption spectra of titration of ligand HsL! (up) with acid - HCI and (bottom) with base — triethylamine (c
=2-10%° M in methanol).

Spectra show two bands, whose absorption maxima are at A = 328 nm and A = 378 nm. During titration with acid,
the absorption intensity decreases and a slight hypochromic shift (blueshift) is present. As the first acid equivalent
is added, a proportional decrease in absorbance were observed. This indicates the formation of another protonated
form of the ligand, respectively HsL! — [H4L!]* after the addition of 1 equivalent, and [HsL']* — [HsL]?** after
addition of second equivalent of acid, no further changes were observed at UV spectra, which means that we were
able to protonate the ligand to form [HsL]?* (with two additional protons on N atom from imidazole ring — compare
with X-ray in Section 2.1.1.). The base titration of the protonated form of the ligand [HsL]?* illustrates its
deprotonation with the addition of subsequent base equivalents and the transition, respectively, from the form of
[HsL']?*— [HaL']*— HsL'. Further addition of triethylamine did not cause any change in the in absorbance
intensity, indicating that triethylamine is too weak a base to yield more deprotonated forms of the ligand ([H.L'],
[HL'TZ, [L'T%).
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Trityl-Based Lanthanide-Supramolecular Assemblies
Exhibiting Slow Magnetic Relaxation

Dawid Marcinkowski,” Maciej Kubicki,” Violetta Patroniak,” Tadeusz Muziot,"
Szymon Chorazy,' Le Shi, Mikotaj Zychowicz,” Anna M. Majcher-Fitas,"

Robert Podgajny,* and Adam Gorczynski*™

The triphenylmethane (trityl) group has been recognized as a
supramolecular synthon in crystal engineering, molecular
machine rotors and stereochemical chirality inductors in
materials science. Herein we demonstrate for the first time how
it can be utilized in the domain of molecular magnetic materials
through shaping of single molecule magnet (SMM) properties
within the lanthanide complexes in tandem with other non-
covalent interactions. Trityl-appended mono- (HL') and bis-
compartmental (HL?) hydrazone ligands were synthesized and
complexated with Dy(lll) and Er(lll) triflate and nitrate salts to
generate four monometallic (1-4) and two bimetallic (5, 6)
complexes. The static and dynamic magnetic properties of 1-6

Introduction

Various future applications like molecular spintronics™ quantum
information processing™ and high-density information storage®
has rendered Single Molecule Magnets (SMMs) a thoroughly
studied domain of a priority importance. Along this line,
numerous studies were performed to understand and predict
unique properties of these systems, magnetic hysteresis below
their blocking temperature (Tz) and magnetic bi-stability that
rely on the effective energy barrier to spin reversal (U)," all of
them controlled by relaxation of magnetization. The first
example of a SMM was a dodecanuclear manganese cluster
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were investigated, revealing that only ligand HL' induces
assemblies (1-4) capable of showing SMM behaviour, with
Dy(lll) congeners (1, 2) able to exhibit the phenomenon also
under zero field conditions. Theoretical ab initio studies helped
in determination of Dy(lll) energetic levels, magnetic anisotropic
axes and corroborated magnetic relaxation mechanisms to be a
combination of Raman and quantum tunnelling in zero dc field,
the latter being cancelled in the optimum non-zero dc field. Our
work represents the first study of magneto-structural correla-
tions within the trityl Ln-SMMs, leading to generation of slowly
relaxing zero-field dysprosium complexes within the hydrogen-
bonded assemblies.

synthesized by Lis®™ and magnetically characterized after

11 years by Caneschi et al., which exhibits U4=60 K and Ty=
3 K" That discovery gave birth to SMMs magnetochemistry and
launched the worldwide search for a holy grail of molecular
magnetism: an SMM system with a Ty above room temperature.
The interests towards this field currently focuses on f-block
elements,” with the highest T, reported by Guo etal.® for
organometallic Dy(lll) complex displaying magnetic hysteresis
at temperatures reaching liquid nitrogen. Gould et al. reported
that metal-metal bonding can enhance coercivity, which results
in an ultrahard Ln SMM exhibiting giant coercive fields of 14 T
below 60 K. The current molecular design criteria for such
systems are partially established, with anisotropy barriers over
2000 K,®' and ab initio methodologies for predictive design
and understanding of novel SMMs are becoming
indispensable"™ Apart from appropriate LnL, composition
towards stronger crystal field splitting of electronic excited
states, engineering of molecular vibrational modes so that they
are off-resonance with electronic transitions is important."'? At
the same time, spin-phonon coupling mechanisms beyond the
first coordination sphere of the metal ion need to be considered
due to electrostatic polarization effects.!'"®!

The design of the second coordination sphere of coordina-
tion complexes towards the optimization of potential SMM
behaviour goes straight in line with the domains of crystal
engineering and supramolecular chemistry.'”? Utilization of
non-covalent interactions will be inherently responsible for the
crystal packing effects but also for the above noted phonon
interactions that can adversely influence the magnetic relaxa-
tion phenomenon. It is important to identify molecular
synthons that can be easily implemented into the molecular
platform and reliably used when other interactions for example

© 2023 Wiley-VCH GmbH
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hydrogen-bonds or coordination bonding are present. We
therefore put our attention to the triphenylmethane (trityl)
group,"”? which was demonstrated in the past to exhibit the so
called ‘trityl embraces’,™ which encompass simultaneous edge-
to-face C—H-mt interactions of different degree, leading to
symmetric or offset embraces of six-fold or descending
symmetries (Figure 1).

This aromatic moiety is also of interest as protecting
group,”” molecular gyroscopes and machine rotors™ and
stereochemical chirality inductors or sensors."” Its chemistry
can also lead to tunable optoelectronic characteristics due to
the possibility to form highly stable radicals in variety of
molecular systems,"® of practical use as EPR in vivo probes or
spin labels in biomacromolecules." Trityl tripods were also
demonstrated as systems amenable for deposition on
surfaces,”” including successful incorporation within high-

gk
12T 4

Figure 1. Representative spacefill views of a typical phenyl embraces: (a) six-
fold phenyl embrace (6PE); (b) offset phenyl embrace (OPE); (c) orthogonal
fourfold phenyl embrace (O4PE); (d) parallel fourfold phenyl embrace (P4PE).
Hydrogen atoms were omitted for clarity; (e) Similar view of an orthogonal
fourfold phenyl embrace (O4PE), which is observed in our study. Based on

Dance et al."*'¥

trityl S
synthon ! 5

HN . -
! 5- [Dy,(L?)3](NO3)s :
! 8- [Ery(L?)s)(NOs)s |

_______________________

NTON 1 n(NOs);

1- [Dy(L")2(MeOH),1(OTf)
| 2-[Dy(L")(MEOH)INOS)
3 - [Er(L"),(MeOH),](OTf)
4 - [Er(L")p(MeOH); 5(H;0)o sINO3):

......................................

HL' 7 INE
)\ + Ln(NO3)3 T
HN' SN Ln(OTf)3

Figure 2. Structural representation of trityl-appended ligands used in this
study and their Ln(lll) coordination assemblies; removal of one benzimida-
zole arm leads to effective exposition of the trityl group, which results in
fine-tuning and shaping of the orientation of the Ln(lll) complexes and their
intermolecular contacts.

Chem. Eur. J. 2023, 29, €202300695 (2 of 12)

performance macrocyclic SMMs.”" Herein, we demonstrate for

the first time how trityl groups appended on ligand platform
(Figure 2) can influence formation of lanthanide assemblies
towards generation of single molecule magnets.

Results and Discussion
Strategy, synthesis and stability

Schiff-base ligands HL' and HL?> were designed so as to
determine the extent to which the trityl synthon can alter the
molecular composition of Ln(lll) assemblies in the presence of
varying hnumber of coordinating ligand arms (HL' - one; HL? -
two). Their synthesis was based on the condensation protocol
from the respective benzimidazole-hydrazine and (di)aldehyde;
the more detailed information is provided in Section Il in
Supporting Information.

Complexation of Dy(lll) and Er(lll) ions with HL' under
ambient conditions in the presence of triethylamine results in
efficient formation of mononuclear supramolecular architec-
tures [Dy(L"),(MeOH),](CF;SO;) (1); [Dy(L"),(MeOH),](NO;) (2);
[Er(L"),(MeOH),](CF,SO;) (3) and [Er(L"),(MeOH), 5(H,0),51(NO;)
(4). The complexation of HL? results in efficient formation of
dinuclear helical supramolecular architectures [Dy,(L?);](NO;),
(5) and [Er,(L?);](NO;); (6). Using the different ligand to metal
ratio did not cause changes in the obtained supramolecular
architectures, affecting the yield only, so we can observe the
tendency of HL' to form mononuclear compounds with 2:1
(ligand:metal) ratio and HL? to form dinuclear helicates with 3:2
(ligand:metal) ratio. The purity of samples in the solid state was
also confirmed by elementary analysis, FTIR spectroscopy,
powder diffraction, and thermal studies (see, Sectionll in
Supporting Information, Figures S15-522). DTA analysis showed
differences in thermal stability of all supramolecular architec-
tures. Complexes with CF;SO;~ (1, 3) ion reveal very good
thermal stability up to 330°C, which is around 50°C higher than
for the rest of compounds with NO;~ (2, 4-6). TG curves (1, 3)
indicate a two-step degradation: (i) desorption of solvent
molecules (endothermic peak in the 25-150°C; HF,,,=71°C);
(i) gradual degradation of the molecular architecture (1, 3 -
above 330°C; 5-6 — above 280°C). TG curves (2, 4) indicate a
three-step degradation: (i) desorption of solvent molecules
(endothermic peak in the 25-130°C; HF,,,,=84°C); (ii) desorp-
tion of solvent molecules (endothermic peak in the 150-260°C;
HF ,.«=206°C); (iii) gradual degradation of the molecular
architecture above 280°C).The structures of compounds 1-6
were unambiguously established with the single crystal X-ray
diffractometry techniques and are described in structural X-ray
characterization of Ln(lll) complexes section. Integrity of
observed assemblies under electrospray ionization conditions
Supporting Information MS) was also demonstrated (see,
Section Il in Supporting Information, Figures S9-514). The
successful complexation of Dy(lll) and Er(lll) cations by HL' and
HL? ligands into new coordination environment provides good
opportunity to expand the knowledge about trityl-based
architectures as Single Molecule Magnets.

© 2023 Wiley-VCH GmbH
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Structural X-ray characterization of Ln(lll) complexes

The starting point to the current study is based on our previous
experience and results for bimetallic helical t-Bu derivatives of
ligand HL? exhibiting field-induced SMM behavior with Er(lll)
cations.”? Herein, the application of trityl derivatives was
anticipated to increase our understanding of weakly directing
organic groups on crystal engineering and consequently on
magnetic properties. It is also worthy of note that CSD search
revealed that such Ln(lll) analogues with trityl groups were not
published yet. Perspective view of the molecules 1, 4 and 5 are
shown in Figures 3, 4 and 6 as representative examples of
obtained supramolecular architectures.

Displacement ellipsoid representations of all complexes can
be found in the Section lll in Supporting Information (Figur-
es 523-528). In general, mono-compartmental ligand HL' tends
to form one-centered complexes, while the bis-compartmental
HL? supports the self-assembly towards dinuclear u*-phenoxo-
bridged clusters. In the structures 1-4 the complexes have
general formulae [Ln(L"),(MeOH),]™ (1-3) or similar assembly
[Ln(L"),(MeOH), 5(H,0),51" (4) is formed, and the metal ions are
eight-coordinated (N,O,), in distorted square antiprismatic
geometry or triangular dodecahedron (see, Table S1 for relevant
geometrical parameters and Table S4 for SHAPE analysis). In 1
and 2, despite some differences imposed by different anions
(see, Section Il in Supporting Information) the two neighbouring
complex molecules form the OH--O hydrogen-bonded (meth-
anol--methanol) pseudo-dinuclear aggregates of approximate
or exact C,symmetry (Figure 3). The similar supramolecular
motifs are also observed in the structures of 3 and 4 (Figure 4),

although in these cases two different complexes are involved,
one with the second methanol molecule and the other with the
coordinated water molecule protruding outside the aggregate
in the direction opposite to the inner hydrogen bond systems.
For the latter case (4), [Ln(L"),(MeOH), s(H,0),s]" can be more
accurately described as [Er(L"),(MeOH),][Er(L"),(MeOH)(H,0)I*".
Interestingly, in all cases the “outer” OH groups (either from
methanol or water) are not involved in any hydrogen bonds.
Table S2 lists the geometries of hydrogen bonds, both com-
plex--complex and complex--counterion. The intricate differ-
ences in the Ln(lll) coordination spheres appear to be depend-
ent on the chosen counterion (1, 3 - OTf; 2, 4 - NOs), which will
have consequences on the magnetic relaxation mechanisms
(see, dynamic magnetic properties, theoretical calculations and
magneto-structural correlations sections). In addition, the
negatively charged “Op,. phenoxo groups establish the closest
(donor atom)-Ln(lll) distances, which is important from the
standpoint of the influence of electrostatic potential along the
direction of Ln(lll) 4f electronic density.” Together with the
O—Ln—0 angles (110-115 deg), these are crucial factors related
to the existence of slow magnetic relaxation phenomenon
observed later (see, dynamic magnetic properties, theoretical
calculations and magneto-structural correlations sections).
Apart from the hydrogen bonding, the fourfold trityl
embraces also seem to be the driving force towards generation
of essentially isostructural dinuclear assemblies (Ln--Ln~5.8 A; 1
-5848A, 2-5815A, 3 -5796 A, 4 - 5.807 A) (Figure 5). The
structures of the two-centered complexes 5 and 6 [Ln,(L?);]**
are quite similar to those reported previously for t-Bu
derivatives.”? The trivalent cations are approximately C;-sym-

Figure 3. (a) Perspective view of the hydrogen-bonded dimer of cationic complexes in 1; hydrogen bonds are shown as blue dashed lines; (b) Perspective
view of the complex in 1, ligands are marked in color for clarity; (c) Perspective view of the complex in 1, with exposed coordination polyhedra, trityl groups

are marked in red.

Figure 4. (a) Perspective view of the hydrogen-bonded dimer of cationic complexes in 4; hydrogen bonds are shown as blue dashed lines; (b) Perspective
view of the complex in 4, ligands marked in color for clarity; (c) Perspective view of the complex in 4, with exposed coordination polyhedra, trityl groups are

marked in red.
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trityl embrace;

Dy(OTfs (1) P,

Dy(NO;)3 (2)

Ry H
3C .
Er(OTf); (3)
Er(NO3); (4)

Figure 5. Formation of dimers towards compounds 1-4 through H-bonding
and trityl embraces. Green dashed lines indicate hydrogen bonding.

metrical (Figure 6) with the pseudo-three-fold axis running
along Ln--Ln direction). The metal ions are nine-coordinated
(NgO;), which involves three bridging oxygen atoms of the
phenoxo groups and six nitrogen atoms, two from each of three
different ligand molecules. The flexibility of the HL? ligand
molecule allows for a more compact positioning of the
coordinated atoms, which leads to a closer Ln--Ln contacts
(Er-Er 3.4864(3)A; Dy--Dy 3.5270(6)A - Table S1) compared to
the ones observed for t-Bu derivative (Er-Er 3.5101(5)A; Dy--Dy
3.5249(6)A).”? The coordination can be described as a face-
sharing tricapped trigonal prism (see, Table S5) and the charge
is balanced by three nitrate anions. For bis-compartmental
ligand HL? the trityl groups only participate in generation of
three-dimensional crystal lattice without the trityl-trityl inter-
actions, unlike in the case of monocompartmental ligand HL'.
Due to the relatively loose packing observed in all structures
(huge voids in the crystal structures, filled with diffused electron
density) four out of nine phenyl rings were found in two
alternative orientations, actually quite different ones. Interest-
ingly, the qualitatively comparable disorder is observed in both
structures.

SHAPE analysis and symmetry considerations

To gain a better insight into the polyhedral symmetry features
and their role in magneto-structural correlations the continuous
shape measures (CShM)?? method was applied for complexes
1-6 (Section IV in Supporting Information) using the SHAPE
software.” The results shown in Table S4 (1-4) indicate that

compounds 1-4 are best described as distorted square
antiprism (D,y symmetry), except for one Er(lll) center from 4
with coordinated H,0 molecule, where triangular dodecahe-
dron (D,q symmetry) is a more accurate representation. Note
that neither of the compounds perfectly match the idealized
reference polyhedra, though the obtained values are between
the chemically significant distortions (CShM>0.1) and the
structurally severe distortions (CShM>3).2¥ Importantly, the
presence of pseudo-dinuclear aggregates requires considera-
tion of two different coordination polyhedra, except for
compound 3, where two symmetry equivalent molecules are
generated. When different counterions (OTf~ vs NO;7) are
compared (1/3 vs 2/4), higher S values are obtained for the
former ones, which might contribute to the differences
observed in QTM contribution (see, dynamic magnetic proper-
ties and theoretical calculations sections). The results shown in
Table S5 (5, 6) indicate that both Ln(lll) polyhedra found in
dinuclear helicates are best described as tricapped trigonal
prisms (D5, symmetry — S values from ca. 1.7 to 1.9) and each
cationic centre within the molecule of the complex retains high
level of similarity. Er(lll) analogue 6 exhibits lower S values than
Dy(lll) complex 5, most plausibly related to the lanthanide
contraction phenomenon.

Static magnetic properties

Variable-temperature dc magnetic susceptibility of the properly
protected (see, experimental section) ground crystal samples of
1-6 was measured under an applied magnetic field H, =
1000 Oe, whereas the field dependence of magnetization was
measured at T=1.8 K. The experimental curves for the most
interesting compounds 1 and 2 together with the related ab
initio simulations (see the details in the Theoretical calculations
section) are presented in Figure 7, whereas the data for samples
3-6 are shown in Figure S29 and Figure S30. Representative
values at chosen temperatures for all curves are presented in
Table 1. In general, in the high-temperature region, the y,T(T)
curves show small changes with increasing T, and the y,T
values at the high-temperature limit (300 K) are lower than the
related values for the free ions (14.12 cm® Kmol™ per one Dy(lll)
for J=15/2 and g,=4/3, crystal-field split ground multiplet °H,s,
5 1149 cm® Kmol™' per one Er(lll) ion for J=15/2, g,=1.2,

Figure 6. (a) Perspective view of the complex in 5; (b) as in a) without H atoms, ligands marked in color for clarity. (c) View along Dy--Dy direction, trityl

groups are marked in red.
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Figure 7. Temperature dependences of the magnetic susceptibility-temper-
ature product, T gathered at Hy.=1000 Oe for 1 (a) and 2 (b). The insets
contain the field dependences of molar magnetization collected at T=1.8 K
shown for the respective compounds. The coloured points represent the
experimental data while the solid lines show the simulated curves obtained
from the ab initio calculations considering the isolated Dy(lll) complexes
(SINGLE_ANISO calculations, the red solid lines represent the average results
for two crystallographically different Dy(lll) complexes) or the dinuclear {Dy,}
units based on hydrogen bonds (POLY_ANISO calculations, the black solid
lines) (see the Theoretical calculations section for details).

Table 1. Selected values of y,T representing the y,T(T) curves at Hy.= 1000 Oe
(a) and selected values of M representing the M(H) curves at T=1.8 K (b) for
compounds 1-6.

1 2 3 4 5 6

(@) yuT/cm*Kmol ™

AnTexp 12.88 13.03 11.06 11.12 26.74 2038
(HT)

AnTeheor 14,121 14,121 11.49% 11.49% 28.24" 22.98"
(HT)

ImTexp 12.72 12.82 9.34 9.15 21.58 16.48
(50 K)

InTexp 10.19 1033 6.03 5.96 18.02 1345
(1.8K) 12.279
(b) M/pg

Megp 5319 5.249 4359 419 11.05¢ 8579
(satur.)

[a] Expected for one Ln(lll) centre according to the isolated ion model. [b]
Expected for two Ln(lll) centres according to the isolated ion model. [c] Local
minimum at T=5.5 K. [d] Measured at H=70 kOe. [e] Measured at H=50 kOe.
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crystal-field split ground multiplet *l;5,). Upon cooling, the y,T
for the Dy(lll) compounds 1 and 2 increase slowly down to ca.
100 K, further slowly decrease in the 100-30 K range, and below
this point, the depletion becomes more abrupt to reach
minimum LT value at 1.8 K.

The x,T(T) curves for the Er(lll) compounds 3 and 4 decrease
slowly down to ca. 50 K, then this tendency is only slightly
intensified down to LT limit. The x,T(T) curves for the Dy(lll)
compound 5 and for the Er(lll) compound 6 show very similar
shapes to those of 1 and 2, and those of 3 and 4, respectively.
Only at T=55K y,T(T) for 6 reaches the minimum of
12.27 cm® Kmol™" and increases to 13.43 cm® Kmol™' at 1.8 K.
The systematic variation of the y,T at high temperatures can be
attributed to the thermal depopulation of excited states in the
crystal-field split ground multiplet of Dy(lll) ion or Er(lll) ion. The
course of y,T(T) curves at low temperatures can be attributed
to the systematic depopulation of the m, levels within the
respective ground multiplets; however, the contributions from
dipole-dipole interactions within the dinuclear {Ln,} units based
on hydrogen bonds (Figures2, 3 and 4) in 1-4 as well as
magnetic exchange within the dinuclear {Ln,} molecules based
on bridging ligands (Figures 5 and 6) needs to be considered,
too.

The presence of dipolar interactions in 1 and 2 was
confirmed by the ab initio calculations which were performed
on the isolated Dy(lll) centres (SINGLE_ANISO simulation) and
the dinuclear {Dy,} units formed by hydrogen bonds (POLY_
ANISO simulation, see the Theoretical calculations section for
details). The latter approach gives a better reproduction of the
dc data (Figure 7) indicating the presence of non-negligible
dipolar interactions for these compounds. The M(H) curves
exhibit a steep increase along with the increasing magnetic
field at low fields up to ca. 11 kOe, and then a much slower
linear increase to the maximum values of the field. No
saturation of the signals was achieved up to 70 kOe which is
the result of the substantial magnetic anisotropy of the
systems.

Dynamic magnetic properties

Dynamic alternate-current (ac) magnetic measurements were
preliminarily tested for all compounds 1-6 to probe their SMM
properties. Only the mononuclear Dy(lll) compounds of 1 and 2
exhibited clear and strong frequency- and temperature-depend-
ences of the in-phase y,/(T) and out-of-phase y,,"(T) magnetic
susceptibility enabling the reasonable analysis of the relaxation
processes. The Er(lll) mononuclear complexes 3 and 4 did show
some y,,/(T) and y,,"(T) characteristics only under the applied Hy,
field, however their onset character (3) or strongly composed
shape within a narrow temperature range (4) did not allow any
reliable analysis. Neither of the two dinuclear compounds 5 and
6 showed any reasonable y,,"(T) signals.

The y,,/(T) and y,,"(T) magnetic susceptibility signals for 1
and 2 were observed at H,,=2Oe with H,,=00e in the
corresponding frequency and temperature range for both
complexes (Figures 8a, 9a, S31, and S32), which indicates slow
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Figure 8. Representative dynamic (ac) magnetic properties of 1, including
the frequency-dependences of the out-of-phase magnetic susceptibility, "
(H,.=2 Oe) at the H fields of 0 Oe (a) and 2000 Oe (b) at the indicated
temperatures, and the related temperature dependences of relaxation time
(). In (a) and (b), the coloured points represent the experimental data while
the solid lines show the best fits according to the generalized Debye model.
In (c), the coloured points are the relaxation times obtained in (a) and (b)
whereas the solid lines represent the best fit following the equation (1) using
the Raman and QTM contributions (for Hy,,=0 Oe) or the Raman process
only (for Hy.=2000 Oe). The best-fit parameters are gathered in Table 2.

relaxation of the magnetization attributable to SMM properties.
As can be seen from these figures, the peaks of out-of-phase
v (v) signal shift toward low frequency with a decreasing
temperature. At the lowest examined temperatures, the y\"’
maxima of 1 only slightly shift in the lowest frequencies region,
and those of 2 practically does not show the change of their
positions, which suggests the fast-magnetic relaxation rate
resulted from quantum tunneling of magnetization (QTM) for
both complexes. As the QTM phenomenon can be suppressed
by applying an appropriate dc field, the field-dependences of ac
susceptibility were measured at 4.0K for 1 (Figure S33) and
6.0 K for 2 (Figure S34). The relaxation time 7 extracted from the
ac magnetic data demonstrates that the relaxation rate comes
down to a minimum under 2000 Oe and 1000 Oe dc field for 1
and 2 (Figure S33c and Figure S34c¢), respectively. Therefore,
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further ac susceptibility measurements were carried out under
these optimal fields (Figures 8b, 9b, S35, and S36). At these
conditions, the maxima on the ¥, (v) plots smoothly shift
toward higher frequencies upon increasing temperature, when
compared with the zero-dc-field ac data, suggesting the dc-
field-induced weakening of the QTM effect (Figures 8 and 9).

It is worth stressing that 1 and 2 show inconspicuous
second tails of the yx,,"(v) in the higher frequency region at low
temperatures, which can be attributed to the disturbing
influence of dipolar interactions. Therefore, the T-variable ac
magnetic susceptibilities of two complexes were fitted under
zero and optimal-field using the single relaxation generalized
Debye model with limited frequencies to extract the relaxation
time 7 and its distribution factor a. The fitting of the ac
magnetic data was realized using the simultaneous fit of the

0.8

bt
®
|

Zu"! cm®mol!
o
=y
‘

0.24

2 em®mol™
o
(o))
7

1 10 v/ Hz 100 1000

0.0 0.1 02 10.3 0.4 05 0.6

Figure 9. Representative dynamic (ac) magnetic properties of 2, including
the frequency-dependences of the out-of-phase magnetic susceptibility, "
(H,.=2 Oe) at the Hy fields of 0 Oe (a) and 1000 Oe (b) at the indicated
temperatures, and the related temperature dependences of relaxation time
(c). In (a) and (b), the coloured points represent the experimental data while
the solid lines show the best fits according to the generalized Debye model.
In (c), the coloured points are the relaxation times obtained in (a) and (b)
whereas the solid lines represent the best fit following the equation (1) using
the Raman and QTM contributions (for Hy,=0 Oe) or the Raman process
only (for Hy.=1000 Oe). The best-fit parameters are gathered in Table 2.
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¥’ (¥) and 7, (v) curves within the dedicated relACs software.?®

The relaxation time was plotted as a function of T, as depicted
in Figures 8c and 9c for 1 and 2, respectively. One can see that
the In(r) versus T~' plots of 1 and 2 strongly deviate from
linearity indicative for the Orbach relaxation with the Arrhenius-
type thermal energy barrier, typically observed for best-
performance SMMs. This implies the presence of under-barrier
mechanisms of the Raman and QTM processes which can
contribute to magnetic relaxation of SMM systems.

Hence, the In(r) versus T~' curves were generally analyzed
using the following equation:

771 = ‘[071 eXp(_Ueff /T) + CRamanTn + ""QTM71 (1)

where the first term models the Orbach relaxation process, the
second is for the Raman relaxation process, and the third is
from the QTM process which is temperature independent. In
the first approach, to avoid over-parameterization in such an
equation containing five free variables, the effective energy
barrier (U.4) of Orbach relaxation process was obtained from
the ab initio calculations (see below). In addition, as the Orbach
relaxation occurs in the high temperature region and QTM
dominates mainly at the low temperature, identical values of
U are fixed at zero and optimal applied dc fields. For 1, the
value of U,; was fixed at 131.36 K (91.3 cm™') according to the
results obtained using a small basis (see below), and the curves
of the temperature dependences of the relaxation times for
both zero and optimal dc field were fitted simultaneously.
However, the results showed a very poor fitting and unreason-
able parameters following the equation (1), the used value of
U being simply too large. Therefore, only Raman and QTM
relaxation processes were considered which resulted in the
good-quality fit and the reasonable best-fit parameters (Ta-
ble 2). The best fit was performed separately for the zero-dc-
field curve indicating the presence of Raman and QTM
processes dominating at higher and lower temperature,
respectively (Figures 8c and S31d). On the contrary, the In(z)
versus T~ curve for the optimal dc field was successfully fitted
using only the Raman contribution indicating the expected
cancelling of the QTM by the applied dc field. The Raman
process was found to be only weakly field-dependent (Table 2)
showing the related n powers of 4.62(7) and 4.61(6) for Hy. of 0
and 2000 Oe, respectively; they are within the expected range
of 2-9 for Dy(lll) SMMs. We repeated the analogous procedure
for 2, using firstly the thermal energy barrier of 88.7 K
(61.65 cm™") of an Orbach relaxation suggested by the ab initio

Table 2. Summary of the best-fit parameters of the magnetic relaxation for
1 and 2 under zero and optimal applied dc field, obtained using the
selected contributions (Raman process and/or QTM) from the Equation (1).

parameters Compound 1 Compound 2

H,/Oe 0 2000 0 1000
Craman/S K" 0.061(9) 0.063(7) 0.17(2) 0.048(5)
n 4.62(7) 4.61(6) 3.74(6) 4.16(5)
Tar/s 0.15(2) - 0.063(3) -

Chem. Eur. J. 2023, 29, €202300695 (7 of 12)

calculations (see below). Similar to 1, the satisfactory fit could
not be achieved using the Orbach contribution. On the other
hand, the zero-dc-field In(z) versus T~' curve was successfully
described by the combined Raman and QTM processes, while,
at the optimal dc field, the Raman process alone well represent
the experimental data (Figures9c, S32d, and S36d). This
indicates the cancelling of the QTM by the applied dc field in 2
even that the QTM for the zero dc field was stronger in this
compound than in 1 (as represented by the smaller g,
Table 2). The Raman contribution was found to be stronger
dependent on the applied dc field, changing the power n from
3.74(6) to 4.16(5) upon the shift from the zero dc field to the
optimal dc field of 1000 Oe (Table 2).

Theoretical calculations

To further understand the magnetic behaviour of 1 and 2,
complete-active-space self-consistent field (CASSCF) ab initio
calculations on individual Dy(lll) centres based on X-ray
diffraction determined geometries have been carried out with
MOLCAS 8.2. In the first approach, the isolated Dy centres were
considered and the SINGLE_ANISO program was used (Fig-
ure 10a, Figure S37, see the details in the Supporting Informa-
tion). Two models with different basis sets (small basis, S model;
large basis, L model) were employed. The energy levels (cm™),
g (9. g, g,) tensors, and the lowest Kramers doublets (KDs) of
individual Dy(lll) centers for two complexes are shown in
Table S6.

Herein, the magnetic anisotropy axes (g,) of the ground
doublets for the four Dy(lll) centers are deviating from the
corresponding pseudo-S; axes of the D,q geometry (Figure S37).
Such mismatch indicates that the D,y geometry cannot
significantly reduce the transverse anisotropy in the considered
moieties. Although the g, values of the ground states are close
to the Ising limit of 20 for all four Dy(lll) centers, indicating a
strong magnetic anisotropy of Dy(lll) and supporting their
typical SMM behavior, the non-negligible transverse magnetic
anisotropic components (g, and g,) at ground states should
lead to a notable quantum tunnelling (Table S7 and Table S8).
The g, and g, of the ground Kramers doublets are relatively
higher for 2 than for 1 which agree well with the experimental
ac data showing the stronger QTM effect for compound 2
(Table 2). Furthermore, the calculated corresponding magnet-
ization blocking barriers (small basis and large basis) of the
Dy(lll) centers for 1 and 2 are shown in Figure11 and
Figure S38.

Although the transversal magnetic moment in the ground
state doublets are relatively high (between 107" and 1072 ), it
is much smaller than that of the first excited doublets, so
quantum tunnelling through the barrier can take place at the
first excited doublets for a sufficiently high temperature. As
long as the Orbach-type pathway is concerned the slow
magnetic relaxation is expected to occur through the first
excited states in 1 and 2. The energy splitting of the lowest-
lying Kramers is larger in Dy(lll) complexes of 1 than in those of
2 which leads to the higher expected energy barrier of the
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Figure 10. (a) Ab initio magnetic anisotropy axis of the ground states of
Dy(lll) fragments in 2 (also qualitatively representative for 1); the projection
on the left corresponds to the exact intermolecular contacts in the crystal
structure, while the individual projections rotated of 90 deg were separated
for the clarity sake. The thick blue lines indicate the magnetic anisotropy
axes of the Dy(lll) moieties. (b) The coordination spheres of two Dy(1) and
Dy(2) moieties contacted by the hydrogen bonds OppeOpeopn,1 involving the
description of coordinated atoms; for the detailed corresponding metric
parameters refer Table 3 and discussion in the text. Abbreviations: Og,. —
phenolate O atoms; Oyeon — Mmethanol O atom involved in the inter-cluster
OppOpeon, hydrogen bond; Oyeop,, — methanol O atom coordinated at the
opposite direction to the above hydrogen bond; N, — benzimidazole N
atoms; N;, — imine N atoms.

Orbach process in 1. Therefore, the magnetic relaxation is
expected to be slower in 1; however, the Orbach relaxation is
not visible in the experimental data in both 1 and 2, when
using the energy barriers suggested by the energy positions of
the first excited m, levels (see above). This indicates the
dominance of the under-barrier Raman relaxation which is not
directly related to the calculated magnetic anisotropy being
more sensitive to the phonon modes of the crystal lattice. The
related calculations are beyond the scope of this work.”” As
both 1 and 2 contain two crystallographically distinguishable
Dy(lll) complexes closely attached by hydrogen bonds, it is
expected that the dipolar interactions will play a non-negligible
role in their magnetism. This conclusion appears also from the
comparison of the experimental dc magnetic curves, in
particular the x,T(T) curves, with the respective dependencies
calculated using the ab initio SINGLE_ANISO approach (Fig-
ure 7). There are visible discrepancies between the SINGLE_
ANISO simulation and the experiment curve both in 1 and 2.
Therefore, we employed the POLY_ANISO module that is
implemented in MOLCAS 8.2 software and used to describe the
dipolar and/or exchange interactions within the polynuclear
magnetic molecules.”® In this approach, we are considering the

Chem. Eur. J. 2023, 29, €202300695 (8 of 12)

Figure 11. Magnetization blocking barriers for the individual Dy(lll) centers
obtained using the small basis (S model) in complexes 1 and 2. The thick
black lines represent the Kramers doublets of the individual Dy(lll) centers as
a function of their magnetic moment along the magnetic axis. The black
lines correspond to diagonal matrix elements of the transversal magnetic
moment; the blue lines represent Orbach relaxation processes. The red
arrows corresponding to the most probable path for magnetic relaxation.
The numbers at each arrow stand for the mean absolute values of the
corresponding matrix element of transition magnetic moment.

dinuclear Dy1-Dy2 unit taking the information about the single-
ion anisotropy of these two centres from the SINGLE_ANISO
calculations while taking into account the respective positions
of two complexes from the crystal structure. We consider the
dipolar interactions only as they are expected to dominate over
the exchange ones for two Dy(lll) centres linked only by weak
hydrogen bonds (Figure 3 and 5). These dipolar interactions are
calculated explicitly in this approach; thus, no fitting was
necessary. As the result, we obtained the energy splitting
scheme for the two-Dy-centre unit which is now the non-
Kramers system consisting of the series of dipolar states
(pseudo-doublets) with the characteristic tunnelling gaps
(Tables S9 and S10). We found that this approach much better
represents the experimental data, as illustrated by the y,T(T)
curves (Figure 7). The ground pseudo-doublets both in 1 and 2
reveal the very small tunnelling gaps of ca. 107® which agrees
well with the observation of the zero-dc-field slow magnetic
relaxation. Interestingly, the energy gaps remain tiny up to the
excited dipolar states with the energies of ca. 240 and 200 cm™'
for 1 and 2, respectively. This suggests that thanks to the
dipolar interactions, the expected thermal energy barriers of
the Orbach relaxation can be even higher than indicated by the
SINGLE_ANISO approach; thus, they are even less suitable for
the fitting of the ac magnetic data in 1 and 2 which supports
the dominance of the Raman relaxation process in both
compounds.
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Magneto-structural correlations

To discuss the observed schemes in the slow relaxation of the
magnetization one needs to compare the crystal structures of 1
and 2. The major difference between the structures of 1 and 2
is the peripheral counter anion being OTf~ for 1, and NO;~ for
2. Such differences in crystal structure might be expected to
generate a different crystal field due to different bond distances
and bond angles. Indeed, despite the overall topological
similarity of non-covalent intermolecular contacts Dy(1)--Dy(2),
involving a cyclic Dy(1)(—Oppe*Opeon,-).Dy(2)  trityl-induced
hydrogen bond synthon, notable differences in the first
coordination spheres are observed (Figure 10b, Table 3). Ac-
cording to the results of the magnetic easy axis determination,
the atoms of the inner sphere of Dy(lll) centers in 1 and 2 can
be classified into two groups. The axial ones consist of two
oxygen Op,,. atoms of the negatively charged phenolate groups,
one nitrogen N,, atom of the imine fragment and one nitrogen
N of the benzimidazole fragment, all located relatively close to
the easy axis. The equatorial ones comprise two oxygen Oyeon
atoms of coordinated MeOH and another pair of nitrogen N,
and Ng,,, atoms. Such an arrangement satisfies to the point the
axial distribution of ligands negative electrostatic potential
along the direction of Dy(lll) 4f electronic density compression,
being an important condition in shaping the SMM behavior in
the case of oblate Dy(lll) ions."® This is realized by the shortest
Dy—O distances and corresponding O—Dy—O angles involving
the negatively charged phenolate groups, with very short Dy—O
mean distances of 2.15 A in 1 and 2.18 A in 2, comparable with
the most of high performance Dy(lll)-based SMMs.*' The
shorter distance in 1 might be decisive for the larger energy
splitting of the ground multiplet as observed in the ab initio
calculations. However, the corresponding O—Dy—0O bond angles
deviate severely from linearity (here 110.63 deg and 113.39 deg
for 1, and 109.41 deg and 114.79 deg for 2), which, by such
short Dy—O bond distances, can results in rather a limited

Table 3. The most important structural parameters of the first coordina-
tion sphere of Dy(lll) in 1 and 2. Compare Figure 9b.

Dy(lll) fragment 1Dy1 1Dy2 2Dy1 2Dy2
CShM/SAPR-8 1.381 1.224 1.284 1.340
Dy-Oppo/A® 2.152 2.154 2.190 2172
2254 2.268 2267 2.251
pheO—Dy-Opp,/deg® 110.63 113.39 109.41 114.79
Dy-Opeon,/A® 2.395 2.405 2358 2.405
pheO*H-Opeon1/A® 2.630 2.656 2.646 2,641
Dy-Opeon /A€ 2442 2454 2415 2457
Dy-Ngim/A 2421 2437 2.429 2430
2470 2457 2.450 2484
Dy-N,,/A® 2.562 2.565 2.530 2.584
2553 2.561 2.542 2519

Abbreviatins: [a] Opy,. — phenolate O atoms; [b] Oy — Mmethanol O atom
involved in the intramolecular hydrogen bond; [c] Oy, — Methanol O
atom coordinated at the opposite direction to the above hydrogen bond;
[d] Ngzm — benzimidazole N atoms; [e] N, — imine N atoms.
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effectiveness in creating strong axial crystal fields. This is also
consistent with the relatively low calculated energy gaps
between ground KD doublets and first excited KD doublets in 1
and 2. In addition, the energy gaps in 1 are still higher than
those in 2, which indicates that the shorter Dy—O distance are
more pronounced for the formation of a stronger axial crystal
field in a similar coordination sphere. Several recent works have
also shown that the magnetic behavior of dysprosium-based
SMM:s is not only related to the inner sphere of Dy(lll), but the
outer sphere also has a strong influence."" ¥ |n 1 and 2,
anions and guests have a strong contact with ligand through
the non-covalent interactions (e.g. anion--H-Ng,, contacts),
which may be responsible for the difference of quantum
tunneling contributions at low temperature. Compared to the
nitrate anion in 2, the triflate with electron-withdrawing effect
in 1 may lead to a reduction of the charge on the nitrogen
atoms close to the equatorial position. This charge reduction
results in a weaker transverse ligand field in 1, implying smaller
quantum tunneling contributions. As a result, the contribution
of QTM is more pronounced in 2, which is also consistent with
the fact that experimental observations demonstrate.

The absence of reasonable ac characteristics for mononu-
clear Er(lll) complexes 3 and 4 could be attributed to the prolate
character of this ion, which harmonizes very weakly with the
axially distributed negative electrostatic potential provided by
the coordinated ligands set. As far as the dinuclear 5 and 6
complexes are concerned, the possible SMM properties were
most probably disabled by the intramolecular exchange
interactions, disfavoring coordination spheres or incompatible
anisotropy axes. Interestingly, structurally similar ligand with
—C(tBu); group instead of CPh; was previously published by
us® and from the isostructural group of dinuclear helicates (Th,
Dy, Ho, Er, Tm, Yb), only the Er(lll) analogue demonstrated
somewhat weak field-induced SMM behavior therein. This
shows how seemingly unimportant organic groups can influ-
ence the observed magnetic outcomes.

To better assess and understand the effect of the triphenyl-
methane moiety on the observed magnetic properties of trityl-
Ln assemblies, one can envision its role to be of indirect and
direct origin, which is related to the crystal engineering (A) and
magnetization relaxation aspects (B), respectively.

(A) The structural design features for high-performance
molecule nanomagnets based on aryloxy/alkoxy compounds
are mostly associated with ligand donor atoms and exertion of
strong axial crystal fields,®" therefore the effect of —C(C¢Hs);
group would be indirect in the sense that it modulates the
crystal packing of the molecules in the solid state (see Figure 1)
to aid in meeting the prerequisite metal ion-ligand geometries.
Dance et al. demonstrated the utility of the ‘trityl embraces™
but exploration of those in the context of Ln supramolecular
architectures is almost unexplored.®? Comparison of structures
1-6 presented in the paper allows to establish the following
conclusions: (i) the number of the coordination pockets in the
ligand translates to the presence or lack of the specific trityl-
trityl interactions - self-assembly of the Ln(lll) ions with bis-
compartmental ligand HL? leads to helical [Ln,(L?),]*" architec-
ture and no trityl embraces, whereas with mono-compartmental
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ligand HL' leads to [Ln(L"),(MeOH),.(H,0),]" assemblies and the
fourfold phenyl embrace motif is observed; (ii) the trityl-trityl
motif is co-responsible for the transformation of the noted
monometallic complexes 1-4 into the curious example of
pseudo-dimeric assemblies [Ln(L"),(MeOH),][Ln(L"),(MeOH), .-
(H,0),1(Y), (see Figure 5), which in the case of Dy(lll) (1, Y=OTf,
x=0; 2, Y=NO,, x=0) exhibit zero-field SMM behavior. Through
the indirect manner, bulky character of the phenyl embraces is
responsible for elongation of the Ln-Ln distances (ca. 5.8 A in
1-4 vs ca. 35A in 5 6) and weakened Ln-Ln dipolar
interactions, which accounts for the differences in magnetic
behavior between groups 1-4 and 5,6. In addition, when
structurally similar mono-compartmental NNO ligands without
the —C(C¢Hs); appendage coordinated Ln(lll) ions, Ln—O—Ln
bimetallic helical entities were obtained.®® In general alkoxide/
aryloxide ligands have the tendency to form bi- and oligometal-
lic complexes with Ln(lll) ions, which is hard to control in a
predictable manner,?" therefore utilization of trityl moieties
could provide a useful tool in terms of the prevention of
Ln—O—Ln bridge formation.

(B) From the direct point of view, trityl is an organic
molecule that endows the system with C—C, (=C and C—H
vibrations. One could expect the latter one to be the most
contributing for Raman relaxation pathways, a consequence of
the spin-phonon interactions associated with vibrations of light
hydrogen atoms."'**¥ That is the plausible reason why the trityl
moiety has not been studied in detail before in SMM chemistry,
since Raman relaxation would artificially decrease/diminish the
effective reversal magnetization barrier U below the real U
inscribed in the m; state ladder.®” Since fluorination of ligands
was recently demonstrated to effectively reduce the anhar-
monic phonon-assisted Raman relaxation processes®® and
minimize the QTM,®” utilization of the per-fluorinated/chlori-
nated trityl analogue —C(C4(F/Cl)s); for improved SIMs/SMMs
characteristics is a viable alternative and is currently being
pursued by us. Please note that Dance and co-workers did
demonstrate that there are no major differences between the
supramolecular motifs and energies of perfluorinated- and
hydro-aromatics® therefore construction motifs showed in this
paper should still be valid for —C(C¢Fs); moiety through the
perfluorophenyl embraces.”

Conclusions and Perspectives

In this study we have demonstrated the extent to which the
trityl group can influence the formation of SMMs based on
lanthanides and hydrazone ligands that differ with the number
of coordination binding pockets. Oblate (Dy(lll) - 1, 2, 5) and
prolate (Er(lll) - 3, 4, 6) representatives of lanthanides were
complexated with two structurally related hydrazone ligands to
generate six crystallographically characterized coordination
compounds, with a high level of isostructurality observed via
the given ligand class and chosen counterions (triflate vs
nitrate). While the effect of trityl moieties on the generation of
dinuclear helicates 5, 6 in bis-compartmental ligand HL? is
marginal, in mono-compartmental ligand HL' they work in
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tandem with hydrogen bonding to transform monometallic
Ln(lll) complexes 1-4 into the pseudo-dimeric assemblies.
Dysprosium analogues 1 and 2 thus represent the first
examples of zero-field trityl-Ln single molecule magnets of
properties dependent on the choice of the counterion.
Theoretical ab initio studies aided in establishing magneto-
structural correlations, which demonstrate that the differences
in magnetic behaviour originates from different degree of
matching between the 4f electronic density distribution and
rather axial-like character of negative electrostatic potential
provided by the ligands, rather than the symmetry. From the
crystal engineering standpoint,“” we provide design principles
that could utilize trityl moiety for further modulation of the
SMM properties, since even zero-field characteristic was
observed with Dy(lll) species. Perhalogenated analogues of the
trityl group can also aid in mitigation of phonon-based
relaxation events from highly energetic C—H vibrations. Since
the noted moiety is chiral, it can be utilized for surface
confinement™” and/or generation of persistent radicals;"’~'®
therefore multifunctional magnetic materials®? can also be
envisaged. A few examples, which are being currently pursued
by us include stereochemical sensors,* pseudocontact shift
agents (PCS tags)™ or photo-responsive systems,* which the
trityl moiety could inherently modulate.

Experimental Section

Materials and methods

All chemicals: the metal salts, organic compounds and solvents
were supplied by Merck Chemical Company or POCH as analytical
grade and used without further purification. All manipulations were
performed under aerobic conditions unless otherwise stated. The
synthesis of 2-hydroxy-5-tritylbenzaldehyde (a) was performed
following a previously published procedure.*? FTIR spectra were
obtained with a Bruker IFS 66v/S spectrophotometer. Microanalyses
were performed using a PerkinElmer 2400 CHN microanalyser. ESI-
MS mass spectra were determined by a Waters Micromass ZQ (1-4)
and Waters Maldi Q-Tof Premiere (5-6) spectrometer. Nuclear
magnetic resonance ('H and "*C NMR) were recorded on a Mercury-
plus-400 MHz spectrometer and calibrated against the residual
protonated solvent signals DMSO: 6 =2.5 given in ppm. Thermog-
ravimetry analysis were conducted on TGA 4000 PerkinElmer
apparatus. PXRD analyses were performed using Bruker AXS D8
Advance diffractometer in a quartz zero-background plate. The
direct current (DC) and alternating current (AC) magnetic measure-
ments were performed using Quantum Design MPMS-3 Evercool
magnetometer and QD MPMS 5 XL magnetometer. Freshly crystal-
lized samples were ground and immersed in the silicon oil and
loaded into a gel capsule. The capsule was fit into a long plastic
straw with two 3 cm delrin rods above and below. Alternative
sample preparation method involving the packing of sample into
the sealed plastic bag did not affect the results. The data of
magnetic susceptibility was carefully corrected for the diamagnetic
contributions of the sample holder setups and the diamagnetism of
the samples using Pascal constants.
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Synthesis of ligands

Synthesis of ligands HL' and HL> was performed under argon
atmosphere. For HL' 2-(1-methylhydrazinyl)-1Hbenzo[d]imidazole™”
(64.6 mg, 0.4 mmol) and 2-hydroxy-5-tritylbenzaldehyde (145.7 mg,
0.4 mmol); for HL?> 2-(1-methylhydrazinyl)-1Hbenzo[d]imidazole
(129.2mg, 0.8 mmol) and 2-hydroxy-5-tritylisophthalaldehyde
(156.9 mg, 0.4 mmol) were transferred to two-necked round bottom
flask equipped with the reflux condenser that was previously
flushed with argon. 10 mL of absolute ethanol was added via
syringe and the mixture was stirred on magnetic stirrer, resulting in
formation of transparent yellow solution. The mixture was heated
for a few hours under reflux what followed precipitation of yellow
solid. The content was cooled to room temperature, left to stir
overnight and the precipitate was subsequently filtered and
washed with ethyl alcohol resulted in microcrystalline yellow solid
that was dried under vacuum.

Synthesis of complexes

(1) Dy(L"),(MeOH),I(CF;S05); (2) [Dy(L'),(MeOH),J(NO,); (3) [Er-
(L"),(MeOH),](CF;S0s); (4) [Er(L"),(MeOH), 5(H,0)5)(NO5)

The 1-4 complexes were obtained in the same manner with a
constant 2:1 (ligand: metal) ratio. Ligand HL' (100.0 mg, 0.20 mmol)
was placed in a 100 mL round-bottom flask and dissolved in the
mixture methanol/acetonitrile (1:1, v:v) (30 mL). The appropriate
metal salt was added to the solution: Er(NO,);-5H,0 (44.3 mg,
0.1 mmol) (1), Dy(NOs);-6H,0 (457 mg, 0.1 mmol) (2), Er-
(CF;S0,);-6H,0 (61.4 mg, 0.1 mmol) (3), Dy(CF;SO;); (60.9 mg,
0.1 mmol) (4) dissolved in a mixture of methanol/acetonitrile (1:1,
v:v) (15 mL). Triethylamine (20.2 mg, 27,8 pL, 0.20 mmol) was then
added to the mixture.

(5) [Dy,(L?);1(NOs);; (6) [Ery(L?)]1(NO3);

The 5-6 complexes were obtained in the same manner with a
constant 3:2 (ligand: metal) ratio. Ligand HL? (205.0 mg, 0.30 mmol)
was placed in a 100 mL round-bottom flask and dissolved in the
mixture methanol/acetonitrile (1:1, v:v) (30 mL). The appropriate
metal salt was added to the solution: Dy(NOs);-6H,0 (91.3 mg,
0.2 mmol) (5), Er(NO;);-5H,0 (88.7 mg, 0.2 mmol) (6) dissolved in a
mixture of methanol/acetonitrile (1:1, v:v) (15 mL). Triethylamine
(30.3 mg, 41,7 pL, 0.30 mmol) was then added to the mixture.

For all other experimental details see Supporting Information.
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I. General Information

All chemicals: the metal salts, organic compounds and solvents were supplied by Merck Chemical Company or POCH
as analytical grade and used without further purification. All manipulations were performed under aerobic conditions
unless otherwise stated. The synthesis of 2-hydroxy-5-tritylbenzaldehyde (a) was performed following a previously
published procedure.*® FT-IR spectra were obtained with a Bruker IFS 66v/S spectrophotometer and peak positions
are reported in cm™. Samples were prepared on a KBr pellet. Microanalyses were performed using a PerkinElmer 2400
CHN microanalyser. ESI-MS mass spectra were determined by a Waters Micromass ZQ (1 — 4) and Waters Maldi Q-
Tof Premiere (5 - 6) spectrometer in methanolic solutions with concentrations ¢ = ~10* M.  Simulations of mass
spectra were conducted with enviPat programme!*”). Nuclear magnetic resonance ('H and *C NMR) were recorded on
a Mercury-plus-400 MHz spectrometer and calibrated against the residual protonated solvent signals DMSO: 6 = 2.5
given in ppm. Thermogravimetry analysis was conducted for powdered samples of compounds on TGA 4000
PerkinElmer apparatus. Samples were placed in open corundum crucible and measured with a heating rate of 5 °C/min”".
The measurement was performed in the temperature range of 10—1000°C in N, atmosphere. PXRD analyses were
performed using a Bruker AXS D8 Advance diffractometer in a quartz zero-background plate. The direct current (DC)
and alternating current (AC) magnetic measurements were performed using Quantum Design MPMS-3 Evercool
magnetometer and QD MPMS 5 XL magnetometer. Freshly crystallized samples were ground and immersed in the
silicon oil and loaded into a gel capsule. The capsule was fit into a long plastic straw with two 3 cm delrin rods above
and below. Alternative sample preparation method involving the packing of sample into the sealed plastic bag did not
affect the results. The data of magnetic susceptibility was carefully corrected for the diamagnetic contributions of the

sample holder setups and the diamagnetism of the samples using Pascal constants.
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I1. Experimental section

Synthesis of ligand HL!
Ph
Ph Ph
Ph
P h
3 OH Nl
H» H y
H NZ “NH

Figure S1. Synthesis of HL!.

Synthesis of new Schiff-base ~ ligand  HL! was  performed  under argon  atmosphere.
2-(1-methylhydrazinyl)-1Hbenzo[d]imidazole (64.6 mg, 0.4 mmol)**! and 2-hydroxy-5-tritylbenzaldehyde (145.7 mg,
0.4 mmol) were transferred to two-necked round bottom flask equipped with the reflux condenser that was previously
flushed with argon. 10 ml of absolute ethanol was added via syringe and the mixture was stirred on magnetic stirrer,
resulting in formation of transparent yellow solution. The mixture was heated for a few hours under reflux what followed
precipitation of yellow solid. The content was cooled to room temperature, left to stir overnight and the precipitate was
subsequently filtered and washed with ethyl alcohol resulted in microcrystalline yellow solid that was dried under
vacuum. Yield: 175.0 mg (86.0 %) "H NMR (400 MHz, d6 -DMSO): & = 3.58 (s, 3H), 6.88 (m, 2H), 7.01 (dd, 2H), 7.19
(m, 9H), 7.30 (ddd, 8H), 7.60 (s, 1H), 7.98 (s, 1H) ppm. *C NMR (125 MHz, d6 -DMS0): § = 32.0, 63.8, 115.5, 119.3,
120.5,126.0, 127.7,129.7, 130.6, 133.4, 137.2, 137.4, 146.6, 153.5, 153.8 ppm. ESI-MS(+) m/z (%): 509 (100) [H,L']".
Selected IR (KBr, cm™): w(O-H) 3628, v(N-H) 3454; w(C—H). 3083, 3052, 3025; vos(CH3) 2963, 2925; vy(CH3) 2870,
2807; v(C=C)ar, V(C=N) 1625, 1597, 1558, 1491, 1458, 1445, 1411, 1377, 1356, 1323; v(C-0) 1270; p(C—H)ar, p(C—
H)ar 1206, 1153, 1129, 1106, 1081, 1035, 1005, 944, 920, 901, 827, 742, 723, 702, 649, 611.
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Figure S4. ESI-MS spectrum of ligand HL!.
Synthesis of ligand HL>

Ph
Ph Ph

Figure S5. Synthesis of HL2.

Synthesis  of new  Schiff-base  ligand HL?> was  performed under argon  atmosphere.
2-(1-methylhydrazinyl)-1Hbenzo[d]imidazole (129.2 mg, 0.8 mmol)** and 2-hydroxy-5-tritylisophthalaldehyde (156.9
mg, 0.4 mmol) were transferred to two-necked round bottom flask equipped with the reflux condenser that was
previously flushed with argon. 10 ml of absolute ethanol was added via syringe and the mixture was stirred on magnetic
stirrer, resulting in formation of deep yellow solution. The mixture was heated for a few hours under reflux what
followed precipitation of yellow solid. The content was cooled to room temperature, left to stir overnight and the
precipitate was subsequently filtered and washed with ethyl alcohol resulted in microcrystalline yellow solid that was
dried under vacuum. Yield: 234.0 mg (82.0 %) '"H NMR (400 MHz, d6 -DMSO): & = 3.63 (s, 6H), 7.24 (m, 9H), 7.36
(ddt, 10H), 7.61 (s, 2H), 8.10 (s, 2H) ppm. *C NMR (125 MHz, d6 -DMSO): & = 32.0, 63.9, 109.9, 116.3, 120.1, 120.9,
126.1,127.7,130.8,131.4, 134.1, 136.7, 137.4, 142.6, 146.4, 153.4 ppm. ESI-MS(+) m/z (%): 537 (60) [HL?-(CsHsN3)]",
681 (80) [H:L?]". Selected IR (KBr, cm™): w(O-H) 3606, v(N-H) 3458; w(C—H). 3081, 3050, 3026; v.s(CH3)
2952, 2921; vs(CHs) 2870, 2853; W(C=C)ar, v(C=N) 1625, 1596, 1557, 1490, 1481, 1457, 1445, 1410, 1377, 1356, 1311,
1302, 1279; v(C-0) 1265; y(C—H)ar, p(C—H)ar 1249, 1202, 1155, 1134, 1122, 1086, 1044, 1036, 1003, 941, 911, 894,
869, 824, 802, 752, 740, 705, 660, 620, 601, 580, 567, 538, 518, 499, 450, 442.
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Figure S8. ESI-MS spectrum of ligand HL?.
Preparation of complexes 1-4

The 1-4 complexes were obtained in the same manner with a constant 2:1 (ligand:metal) ratio. Ligand HL' (100.0 mg,
0.20 mmol) was placed in a 100 mL round-bottom flask and dissolved in the mixture methanol/acetonitrile (1:1, v:v)
(30 ml). The appropriate metal salt was added to the solution: Er(NOs); - 5H,O (44.3 mg, 0.1 mmol) (1),
Dy(NOs3); - 6H>0 (45.7 mg, 0.1 mmol) (2), Er(CF3S03)3 - 6H20 (61.4 mg, 0.1 mmol) (3), Dy(CF3S03); (60.9 mg, 0.1
mmol) (4) dissolved in a mixture of methanol/acetonitrile (1:1, v:v) (15 ml). When the salt was added to the ligand
solution, the color changes immediately from transparent to yellow. Triethylamine (20.2 mg, 27,8 ul, 0.20 mmol)
was then added to the mixture, resulting in an increase in the intensity of yellow color. The resulting mixture was stirred
for 24 hours at room temperature. After this time, the reaction mixture was evaporated to dryness under reduced pressure.
The residue in the flask was dissolved in a minimal amount of methanol/acetonitrile (1:1, v:v) (about 1 ml) and
precipitated by the addition of excess diethyl ether (approx. 30 ml). The resulting yellow precipitate was filtered off
with suction and dried in a vacuum. Yellow solid residue was recrystallized by slow evaporation of MeOH/MeCN

solution of complex in presence of toluene at lowered temperature (see Section 3 in SI).
Preparation of complexes 5-6

The 5-6 complexes were obtained in the same manner with a constant 3:2 (ligand:metal) ratio. Ligand HL? (205.0 mg,
0.30 mmol) was placed in a 100 mL round-bottom flask and dissolved in the mixture methanol/acetonitrile (1:1, v:v)
(30 ml). The appropriate metal salt was added to the solution: Dy(NOs); - 6H,O (91.3 mg, 0.2 mmol) (5), Er(NO3)s-
5H>O (88.7 mg, 0.2 mmol) (6) dissolved in a mixture of methanol/acetonitrile (1:1, v:v) (15 ml). When the salt was
added to the ligand solution, the color changes immediately from transparent to yellow. Triethylamine (30.3 mg, 41,7
ul, 0.30 mmol) was then added to the mixture, resulting in an increase in the intensity of yellow color. The resulting
mixture was stirred for 24 hours at room temperature. After this time, the reaction mixture was evaporated to dryness
under reduced pressure. The residue in the flask was dissolved in a minimal amount of methanol/acetonitrile (1:1, v:v)

(about 1 ml) and precipitated by the addition of excess diethyl ether (approx. 30 ml). The resulting yellow precipitate
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was filtered off with suction and dried in a vacuum. Yellow solid residue was recrystallized by slow evaporation of

MeOH/MeCN solution of complex in presence of toluene at lowered temperature (see Section 3 in SI).

[Dy(L'):(MeOH),](CFsS0;3) (1): Yield: 109.4 mg, 80% based on ligand. Elemental analysis calc. for
[Dy(L")2(MeOH),](CF3S0s) - 0.5PhMe - 3H,0 (1490.98): C, 60.01; H, 4.87; N, 7.52; found: C, 60.01; H, 5.20; N,
7.53 %. ESI-MS(+) m/z (%): 509 (80) [H.L']", 1178 (100) [Dy(L')]". Selected IR (KBr, cm™): VN-H 3415; v(C-H),
3084, 3052, 3028; vis(CH3) 2971; vi(CH3) 2921; v(C=C). 1629, 1608, 1581, 1535; v(C=N) 1488, 1471, 1447, 1373,

1316, 1283, 1268; vas(SO3) 1289, vas(CF3) 1242, 1225; v(CF3) 1173; vi(SO3) 1029; y(C-H).r 1083, 1008, 974, 948, 878,
832, 745.
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.I.L,n il A N v L i I}
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Figure S9. (up) ESI-MS spectrum of complex 1, (bottom) zoom per peak of complex with simulated isotopic distribution for Dy(III)
ions in red.
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[Dy(L'):(MeOH);](NOs) (2): Yield: 114.1 mg, 89% based on ligand. Elemental analysis calc. for
[Dy(L')2(MeOH),](NO3) - PhMe - 10H,0 (1638.09): C, 56.46; H, 5.54; N, 8.55; found: C, 56.91; H, 4.43; N, 8.20 %.
ESI-MS(+) m/z (%): 509 (80) [H.L'T", 1178 (100) [Dy(L")]". Selected IR (KBr, cm™): vN-H 3389; v(C-H). 3064,
3052, 3028; vas(CH3) 2963; vo(CHs) 2922; v(C=C), 1627, 1608, 1576, v(C=N) 1490, 1321, 1272, 1208; v(NO,) 1467,
1446; v(NO3") 1383;y(C-H)ar 1184, 1156, 1137, 1083, 1034, 1006, 975, 948, 829, 744.
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Figure S10. (up) ESI-MS spectrum of complex 2, (bottom) zoom per peak of complex with simulated isotopic distribution for
Dy(III) ions in red.
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[Er(L')(MeOH),](CF:S0;) (3): Yield: 112.5 mg, 82% based on ligand. Elemental analysis calc. for
[Er(L"),(MeOH),](CF5SOs) - 3PhMe - 4MeCN (1836.24): C, 65.41; H, 5.38; N, 9.15; found: C, 65.92; H, 5.32; N,
9.08 %. ESI-MS(+) m/z (%): 509 (80) [H.L']", 1182 (100) [Er(L").]". Selected IR (KBr, cm™): vN-H 3389; v(C-H),
3082, 3052, 3027; vas(CHsz) 2961; v(CH3) 2925; v(C=C).r 1628, 1608, 1579, 1534; v(C=N) 1488, 1468, 1446, 1383,

1321, 1208; vas(SO3) 1274, vas(CF3) 1242, 1225; vy(CFs) 1184; vi(SO3) 1034; y(C-H). 1142, 1137, 1082, 1007, 974,
948, 832, 745.
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Figure S11. (up) ESI-MS spectrum of complex 3, (bottom) zoom per peak of complex with simulated isotopic distribution for
Er(I1I) ions in red.
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[Er(LY)(MeOH),][Er(L')(MeOH)(H,0)|(NO3); (4): Yield: 111.8 mg, 87% based on ligand. Elemental analysis

calc. for [Er(L')2(MeOH),][Er(L!)2(MeOH)(H20)](NO3), - 2PhMe (2774.34): C, 65.80; H, 4.98; N, 9.09; found: C,

65.92; H, 5.32; N, 9.08 %. ESI-MS(+) m/z (%): 509 (80) [HoL']", 531 (10) [HL'+Na]", 1182 (100) [Ex(L')]". Selected

IR (KBr, cm™): vN-H 3401; v(C-H), 3083, 3053, 3024; vas(CHs) 2962; vy(CHs) 2918; v(C=C).: 1628, 1609, 1580,

1534; v(C=N) 1487, 1322, 1281, 1263, 1209; v(NO,) 1467, 1446; v(NO5") 1383; v(C-H)ar 1184, 1137, 1082, 1034, 1006,
948, 832, 745.
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Figure S12. (up) ESI-MS spectrum of complex 4, (bottom) zoom per peak of complex with simulated isotopic distribution for
Er(III) ions in red.
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[Dy2(L?)3](NO3)s (5): Yield: 168.6 mg, 90% based on ligand. Elemental analysis calc. for [Dya(L?);](NOs); - H20 -
MeOH (2600.44): C, 60.04; H, 4.30; N, 14.54; found: C, 59.92; H, 3.88; N, 14.08 %. ESI-MS(+) m/z (%): 681 (80)
[HoL2], 788 (20) [Dyx(L3):]**, 1181 (100) [Dyx(L*)(L*-H)J*". Selected IR (KBr, cm™): v(O-H) 3628, v(N-H)
3375; v(C—H)ar 3084, 3052, 3027; vos(CH3) 2968, 2931; vs(CH3) 2870, 2839; v(C=C)ar, v(C=N) 1626, 1608, 1571, 1489,
1466, 1453, 1429, 1385, 1325, 1307; w(C-0) 1264; y(C—H).r, p(C—H)ar 1240, 1217, 1196, 1182, 1155, 1139, 1108, 1075,
1033, 1008, 946, 901, 873, 831, 774, 710, 660, 625, 595, 563, 530, 475, 436.
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Figure S13. (up) ESI-MS spectrum of complex 5, (bottom) zoom per peak of complex with simulated isotopic distribution for

Dy(III) ions in red.
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[Er2(L2)3](NO3); (6): Yield: 165.3 mg, 88% based on ligand. Elemental analysis calc. for [Er(L2);]J(NOs); (2559.89): C,
60.52; H, 4.13; N, 14.77; found: C, 60.92; H, 4.31; N, 14.28 %. ESI-MS(+) m/z (%): 681 (20) [H.L2]", 791 (50)
[Era(L2)s]*", 1187 (100) [Era(L?),(L2-H)]*". Selected IR (KBr, cm™): v(O-H) 3630, v(N-H) 3370; w(C—H).: 3083,
3052, 3025; vas(CH3) 2966, 2925; v(CH3) 2869, 2853; w(C=C)ar, v(C=N) 1626, 1610, 1571, 1487, 1467, 1455, 1429,
1383, 1329; w(C-0) 1264; y(C—H)ar, p(C—H).r 1240, 1218, 1201, 1182, 1153, 1139, 1107, 1078, 1034, 1008, 947, 903,
872, 854, 831, 774, 745, 712, 659, 625, 595, 563, 532, 478, 437.
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Figure S14. (up) ESI-MS spectrum of complex 6, (bottom) zoom per peak of complex with simulated isotopic distribution for

Er(I1I) ions in red.
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Figure S15. Thermogravimetric analysis for compound 1.
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Figure S16. Thermogravimetric analysis for compound 2.

S16

800

900

T |
L o
o B

o o

T

'

—
(6] o

1 1
oA
(e ]
[Mw] mojpesH

T

'
n
w

- -3,0

- -3,5

[ 4,0
1000

- 0,0

L 05

I 1
o o
[Mw] mojpreaH

1

I
N
o

800

900




100

grm— 00
Sample mass -
90 — Heatflow L 05
80 --1,0
— 70
X - -1,5
% 60
2 - -2,0
= 50
%— - -2,5
g 40
- -3,0
@ 30
20 - -3,5
10 - -4,0
0 [ 45

100 200 300 400 500 600 700 800 900 1000

Sample temperature (°C)

Figure S17. Thermogravimetric analysis for compound 3.
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Figure S18. Thermogravimetric analysis for compound 4.

S17

[Mmuw] mojpesH

[Mw] mojesH



Sample weight [%]

Sample weight [%]

[ 0,0
Sample mass [
Heatflow
- -0,5
--1.0 T
0
D
=
o
--15 =
3
=
- -2,0
- -2,5
10 Jrrrrrer | RAAALLLLL | RARAREALL | RARARRALE T | RARARLLLL | RAAALLLLL | RARALLLLL | RARARAALE T -3,0
100 200 300 400 500 600 700 800 900 1000
Sample temperature (°C)
Figure S19. Thermogravimetric analysis for compound 5.
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Figure S20. Thermogravimetric analysis for compound 6.
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Figure S21. XRD patterns for compounds a) 1; b) 2; ¢) 3; d) 4. Comparison of XRD patterns for compounds e) 1/3 and b) 2/4.
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Differences between the intensity of signals of simulated and measured PXRD diffractograms are associated
with the poor X-ray diffraction of samples, which is associated with their inherent nature (note that for
compound 2, the synchrotrone radiation source had to be used for measurement of the scXRD). In addition,
upon prolonged exposition to air, samples gradually lose crystallinity, but we ensured that these do not affect
the measured magnetic data by treating freshly crystallized samples according to the procedure described in

Materials and methods.
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Figure S22. XRD patterns for 5-6 compounds.
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I1I. Crystallographic Data

X-ray crystallography

Diffraction data were collected for 1 and 3 - 6 at 130(1) K by the w-scan technique on Rigaku SuperNova four-circle
diffractometer with Atlas CCD detector, equipped with Nova microfocus CuK, radiation source (A = 1.54178 A). The
data were corrected for Lorentz-polarization as well as for absorption effects!*”). The diffraction data for 2, because of
the extremely small crystals, were collected at the MX14-2- beamline, Bessy II synchrotron, HZB, Berlin (A = 0.82656
A), by the spindle axis rotation technique. The structures were solved with SHELXTPY and refined with the full-
matrix least-squares procedure on F? by SHELXL-2013%%. All non-hydrogen atoms were refined anisotropically,
hydrogen atoms were placed in idealized positions and refined as ‘riding model” with isotropic displacement parameters
set at 1.2 (1.5 for methyl groups) times Uq of appropriate carrier atoms. In all cases the restraints were used for both the
geometry and displacement parameters, especially for the counterions. Moreover, the structure contains diffused
electron density which fills the voids — this were taken into account by means of SQUEEZE procedure®"). The relevant
crystallographic data together with the details of structure refinement are listed in Table S1 and S3.

The pair of similar Dy/Er structures 1 — 3 makes an interesting example. Both the structures can be refined in two unit
cells: P21/n with b parameter of more than 50A and two symmetry independent molecules in the asymmetric part of the
unit cell, and P2/n with one symmetry-independent molecule and the b parameter two times shorter. Interestingly,
structure 1 refines better in the previous unit cell (the second alternative leads to highly eccentric displacement
ellipsoids), while 3 in the smaller unit cell behaves quite properly, while the other possibility results in large residual
electron densities (ca. 8 e-A) in the vicinity of the metal ions. So, in principle the structures are highly isostructural
although the descriptions of them differ substantially. The next pairs, 2 — 4 and 5 — 6 in turn, are highly isostructural as
they have similar dimensions of the unit cells in the identical space groups, and the positions of atoms are almost
identical (isostructurality indices are around 99%). It should be noted that in case of complex 4 there are two molecules
in the structure, which differ in coordinated solvent molecules 4a coordinated by two molecules of methanol and 4b
coordinated by one molecule of methanol and one molecule of water. 4a is highly isostructural with 2 and 4b is very

similar, but differ with coordinated solvent as mentioned above.

Figure S23. Anisotropic ellipsoid representation of the complex 1; ellipsoids are drawn at the 50% probability level, hydrogen

atoms are shown as spheres of arbitrary radii.
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Figure S24. Anisotropic ellipsoid representation of complex molecule in 2; ellipsoids are drawn at the 50% probability level,

hydrogen atoms are shown as spheres of arbitrary radii.

Figure S25. Anisotropic ellipsoid representation of the complex 3; ellipsoids are drawn at the 50% probability level, hydrogen

atoms are shown as spheres of arbitrary radii.

Figure S26. Anisotropic ellipsoid representation of two complex molecules in 4; ellipsoids are drawn at the 50% probability level,

hydrogen atoms are shown as spheres of arbitrary radii.
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Figure S27. Anisotropic ellipsoid representation of the complex 5; ellipsoids are drawn at the 50% probability level, hydrogen

atoms are shown as spheres of arbitrary radii.

Figure S28. Anisotropic ellipsoid representation of the complex 6; ellipsoids are drawn at the 50% probability level, hydrogen

atoms are shown as spheres of arbitrary radii.

Table S1. Relevant geometrical parameters (A, °) with su’s in parentheses

1 (Ln=Dy) |2 (Ln=Dy) |3 (Ln=Er) |4 (Ln=Er)

2.470(5) 2.485(7) 2.393(18)
Ln-N1A 2.400(3)

2.459(5) 2.426(6) 2.449(13)

2.423(5) 2.433(7) 2.478(15)
Ln-N1B 2.44003)

2.435(5) 2.451(7) 2.467(15)

2.549(5) 2.519(7) 2.515(16)
Ln-N11A 2.533(3)

2.554(5) 2.530(7) 2.516(13)

2.566(4) 2.587(7) 2.541(16)
Ln-N11B 2.547(3)

2.568(4) 2.542(7) 2.525(13)

2.153(4) 2.172(5) 2.074(14)
Ln-O14A 2.138(2)

2.154(4) 2.192(5) 2.166(12)

2.253(4) 2.251(5) 2.237(12)
Ln-O14B 2.236(3)

2.26694) 2.267(5) 2.300(15)
Ln-O1(m) 2.437(5) 2.408(5) 2.373(2) 2.404(11)
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2.454(4) 2.430(7) 2.339(16)
Ln-02(m) 23904 2.448(6) 2.407(3) 2.459(11)
2.406(4)
Ln-02(w) 2.378(5) 2.330(11)
5(Ln=Dy) | 6 (Ln=Er) 5(Ln=Dy) | 6 (Ln=Er)
Lnl-O14A 2.308(3) 2.344(7) Ln2-O14A 2.324(3) 2.329(9)
Lnl-O14B 2.308(3) 2.334(6) Ln2-O14B 2.293(2) 2.314(6)
Lnl-014C 2.285(3) 2.309(6) Ln2-014C 2.307(3) 2.352(6)
Lnl-N20A 2.712(3) 2.701(8) Ln2-N1A 2.450(4) 2.463(8)
Lnl-N22A 2.461(3) 2.480(8) Ln2-N11A 2.585(3) 2.620(9)
Lnl1-N20B 2.631(3) 2.660(9) Ln2-N1B 2.448(4) 2.503(8)
Lnl-N22B 2.466(3) 2.494(7) Ln2-N11B 2.667(4) 2.677(8)
Lnl-NI1C 2.471(3) 2.485(9) Ln2-N20C 2.665(4) 2.717(8)
Lnl-N11C 2.648(3) 2.677(7) Ln2-N22C 2.451(4) 2.488(9)
Table S2. Hydrogen bond data (A, °)

1
N3A H3A O3F 0.88 1.98 2.819(9) 159
N3B H3B O2F! 0.88 2.02 2.901(10) | 174
O1B HIB O14B 0.95 1.75 2.651(5) 157
N3C H3C Ol1E™ 0.88 2.01 2.815(11) 151
N3D H3D O3E" 0.88 1.96 2.824(8) 169
01D HID 014D 0.95 1.75 2.622(5) 151
2
OlA HIA 014D 0.95 1.76 2.642(7) 153
N3A H3A OIE" 0.88 1.99 2.760(13) | 146
N3B H3B O3E" 0.88 1.96 2.836(11) | 171
01D HID O14B 0.95 1.68 2.591(7) 159
N3C H3C O3F 0.88 1.98 2.773(13) | 150
N3D H3D O2F"i 0.88 1.98 2.852(12) | 173
3
N3A H3A O1E" 0.88 2.12 2.900(7) 147
N3B H3B O3E 0.88 1.98 2.843(4) 168
01D HID O14B™ 0.95 1.75 2.624(4) 152
4
OlA HIA 014D 0.95 1.86 2.681(18) | 143
N3A H3A OIE' 0.88 2.55 3.153(15) | 126

S24




N3A H3A O2E" 0.88 2.42 3.255(18) | 159
N3B H3B O3E" 0.88 1.88 2.714(18) | 157
01D HID O14B 0.95 1.65 2.57(2) 161
N3C H3C O3F 0.88 1.87 2.702(15) | 157
N3D H3D O1F"i 0.88 2.33 3.068(15) | 162
5

N3A H3A 02D* 0.88 2.13 2.904(11) | 146
N24A H24A 03D 0.88 1.97 2.816(11) | 162
N3B H3B O3E 0.88 2.05 2.850(12) | 151
N24B H24B O2E"" 0.88 2.03 2.775(11) | 142
N3C H3C OlF 0.88 222 2.806(14) | 124
6

N3A H3A 02D* 0.88 2.15 2.913(6) 145
N24A H24A 03D 0.88 1.95 2.802(5) 161
N3B H3B O3E 0.88 2.04 2.832(7) 149
N24B H24B O2E" 0.88 2.02 2.790(5) 145
N3C H3C OlF 0.88 2.36 3.027(9) 132

Fax+1/2, y+1/2, -z+1/2; 1 -x43/2, y+1/2, -z+1/2; T -x43/2, y+1/2, -z+3/2; ¥ -x+1/2, y+1/2, -z+3/2; ¥ x-1, y+1, z; V' x,

y+1, 2 Vi x-1,y, z; Vi x+1, y, z; © x+3/2, y, -z+1/2;
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Table S3. Crystal data, data collection and structure refinement.

Compound

Empirical formula

Formula weight

Temperature (K)

Wavelength (A)

Crystal system
Space group
a(A)

b(A)

c(A)

a(’)

BC)

()
V(AY)

V4
Dyx(g cm™)
F(000)
p(mm™)
Reflections:

collected
unique (Rin)
with I>20(I)

R(F) [I>20(1)]
wWR(F?) [I>26(I)]

R(F) [all data]
wR(F?) [all data]
Goodness of fit

max/min Ap (e-A~

1

C71 H62 Dy
F3N8 07 S

1390.84
130(1)
1.54184

Monoclinic
P21/n
14.8928(2)
57.4317(7)
17.5525(2
90
95.402(1)
90°
14946.3(3)
8
1.236
5672.0
1.102

68322

30596 (0.099)

22575
0.0798
0.1554
0.0987
0.1650
1.058
5.77/-2.21

2

C70 H62 Dy
N10 010

1365.80
100(1)

0.82656
Triclinic
P1
14.401(3)
19.600(4)
27.204(5)
87.56(3)
87.88(3)
87.38(3)
7659(3)
2
1.165
2752
1.527

27447
27447
21533
0.0800
0.2115
0.0931
0.2199
1.007
2.21/-2.32

3

C71 H62 Er
F3N8 O7 S

1395.60

1.54184

Monoclinic
P2/n
14.7781(2)
28.6069(6)
17.7476(3)
90
95.5890(14)
90
7467.2(2)
4
1.241
2844.0
2.844

55048
13485
10936
0.0468
0.1264
0.0589
0.1344
1.136
1.10/-1.21

4

C69 H60 Er
N10 O10

1356.53
130(1)

1.54184
Triclinic
P1
14.2918(9)
19.4439(15)
26.8712(19)
85.272(6)
85.765(6)
87.974(6)
7418.2(9)
2
1.248
2860
2.551

16422
9194
7422
0.1000
0.2515
0.1139
0.2631
1.008
1.35/-0.84

5

C129 H104 Dy2
N27 O12

2549.39
100(1)
0.71073

Monoclinic
P21/c
16.7275(5)
24.6250(9)
31.9798(14)
90
98.963(4)
90
13012.1(8)
4
1.301
5180
1.207

51780
22881
14465
0.0868
0.1960
0.1388
0.2201
0.894
2.87/-1.57

6

C129 H104 Er2
N27 012

2549.83
130(1)
1.54184

Monoclinic
P21/c
16.73889(16)
24.4746(2)
31.3639(3)
90
99.3514(9)
90
12678.3(2)
4
1.336
5160
2.946

120586
25691
23028
0.0591
0.1623
0.0638
0.1668
1.031
3.19/-1.26
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IV. SHAPE analysis for lanthanide complexes

Table S4. SHAPE analysis for lanthanide complexes, which assumes coordination number 8 for Er(III) and Dy(III) central metal

ion. The lowest values of CShM are highlighted in red colour.

1 2 3 4
Shape Symmetry ) , ) , 1 Erl Er2
Dy Dy Dy Dy Er
(H20) | (MeOH)
Snub diphenoid
D24 4.115 | 4268 | 4.443 | 5298 | 6.548 | 3.090 5.603
(J84)
Biaugmented
2401 | 2.567 | 2.171 | 2972 | 2.889 | 2.007 2.625
trigonal prism
Biaugmented Cav
trigonal prism 2401 | 2.502 | 2.244 | 2969 | 4.415 | 1.989 3.110
J50)
Johnson
elongated
triangular D3n 24.146 | 23.904 | 24.282 | 25.272 | 26.645 | 24.169 | 26.576
bipyramid
J14)
Johnson
gyrobifastigium 13.675 | 13.883 | 13.332 | 13.107 | 15.193 | 13.599 | 13.877
J26) Dag
Triangular
1.893 | 2.111 | 2.208 | 2.581 | 3.138 | 1.327 1.692
dodecahedron
Square
Dudg 1.381 | 1.224 | 1.284 | 1.340 | 2.132 | 1.772 1.252
antiprism
Cube On 7.421 | 7.652 | 8.000 | 6.582 | 9.559 | 8.276 6.675
Hexagonal
Den 13.648 | 14.076 | 13.657 | 12.737 | 15.162 | 13.789 | 13.516
bipyramid
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Heptagonal
pyramid

C7v

22.299

22.148

22.354

22.993 | 22.076 | 22.881 | 22.286

Octagon

Dsn

29.780

29.322

30.034

29.907 | 31.083 | 30.275 | 29.889

The S parameter is an indicator of the ideal geometry and possible deviations. Note that when S = 0 it

corresponds to a perfect polyhedron; the larger value, the greater deviation from the ideal geometry.

Triangular dodecahedron

Square antiprism

4-Erl

1-Dy1-Dy2

2-Dy1-Dy?2

3-Erl

4-Er2

528




Table S5. SHAPE analysis for lanthanide complexes, which assumes coordination number 9 for Dy(III) and Er(III) central metal
ion. The lowest values of CShM are highlighted in red colour.

Shape Symmetry 5 6
Dyl Dy2 Erl Er2
Muffin C, 2.896 | 2.865 2.940 2.924
Hula-hoop Cyy 11.864 | 12.061 11.751 11.962
Tridiminished
v 10.802 | 11. 11.02 10.84
icosahedron J63 G 0-80 057 029 0.846
Spherical
tricapped 2.311 2.038 2.229 1.950
trigonal prism
Dsn
Tricapped
trigonal prism 1.897 | 1.738 1.810 1.715
J51
Spherical capped 2382 | 2293 2.356 2.258
square antiprism
Capped square 2807 | 2.726 2772 2.661
antiprism J10
Spherical- Cav
relaxed capped 9.260 9.723 9.419 9.613
cube
Capped cube J8 9.808 | 10.242 9.977 10.349
Johnson
triangular
cupola J3 Csy 9.799 | 10.188 9.841 10.275
Hept 1
.ep agmfa D7 18.393 | 19.328 18.644 19.629
bipyramid
Octagm‘lal Csy 24.504 | 24.581 24.434 24.391
pyramid
Enneagon Don 32.997 | 33.422 32.982 33.492

The S parameter is an indicator of the ideal geometry and possible deviations. Note that when
S = 0 it corresponds to a perfect polyhedron; the larger value, the greater deviation from the

ideal geometry.
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r-CCU J-CSAPR J-TCTPR
capped cube capped square tricapped
antiprism trigonal prism
J-TDIC MFF HH
!ridiminished muffin hula hoop
icosahedron
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V. Magnetic Measurements

The direct current (DC) and alternating current (AC) magnetic measurements for two samples were performed using
Quantum Design MPMS-3 Evercool magnetometer and QD MPMS 5 XL magnetometer. Each sample was ground to a
powder, immersed in the silicon oil and loaded into a gel capsule. The capsule was fit into a long plastic straw with two
3 cm delrin rods above and below the bag. The data of magnetic susceptibility were corrected for the diamagnetic
contributions of the sample holder and the diamagnetism of the samples using Pascal constants. To fit the frequency
dependences of the ac magnetic susceptibilities, ym' and ym” of 1 and 2 at the indicated temperatures and dc magnetic

fields, the generalized Debye model for a single relaxation process were used with the following equations (el) and

(e2):

1+(wt) " %sin("%/,)

' _ — )
X'(@) = xs+ (xr XS}1+2(wr)1‘“sin(”“/2)+(wr)2(1‘“) (el)

(wt)1~%cos(T%/,)

x'(w)=(r - XS)1+2(wr)1—“sin(”“/2)+(a)r)2(1—“) (€2)

where

s = the adiabatic susceptibility (at the infinitely high frequency of ac field),
xt = the isothermal susceptibility (at the infinitely low frequency of ac field),
T = the relaxation time,

a = the distribution (Cole-Cole) parameter,

and o is an angular frequency, that is @ = 2nv, with v being for the linear frequency in [Hz] units. The fitting of
In(z)(T™") curves was performed involving the data obtained in the Hy. field and in the non-zero optimum Hy. field

simultaneously both for 1 and 2.
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Figure S29. Temperature dependence of yu7 vs. T plots at 1 kOe, between 1.8 and 300 K for 3-6.

S32

250



T T T T T
5+ . 5
o)
0oco09o?®
] o0 ©°° 0" i 47 o 00 ©09° °
[} o ©
(o] © 3 1 o
= o o°
E 3 Ooo b %‘ 3 o7
= = o
o 1 = o
2] o _ 2] o
o | o
1—C§ . 148
ol
$ - g
o o]
O? T T T T OF T T T
0 10 20 30 40 50 0 10 20 30
H/ kOe H/ kOe
12 T T T T T T T T T T T T T T 12 T T T T
oooooooooooo
i 000 B i
10 10000999 10
8 & 5 E 8 1
o
=% o ~
Z o z
-
s 64 o 4 = 8-
o =
o
44 0 B 4
o
o
245 4 2
o
U ? T T T T T T T 0 T T T
0 10 20 30 40 50 60 70 0 10 20 30 40
H/kOe H/kOe
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Figure S31. Complete 7-variable alternate-current (ac) magnetic susceptibility characteristics of 1 under H,. =2 Oe, Hy = 0 Oe:
the frequency dependences of y” (a) and y' (b) at indicated temperatures from the 2—12 K range; the related Argand plots (c), and
the temperature dependence of the relaxation time, 7 (d). The solid lines in (a), (b) and (c) represent the best fits using the generalized
Debye model. The solid red line in (d) shows the best fit of the relaxation times taking into account the quantum tunneling of
magnetization (QTM) and the Raman process. The best-fit parameters were listed in Table 2. Each contribution to the overall

relaxation is depicted by a dashed line.
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Figure S32. Complete 7-variable alternate-current (ac) magnetic susceptibility characteristics of 2 under H,. = 2 Oe, Hy = 0 Oe:

the frequency dependences of y” (a) and y' (b) at indicated temperatures from the 1.8—15 K range; the related Argand plots (c), and

the temperature dependence of the relaxation time, 7 (d). The solid lines in (a), (b) and (c) represent the best fits using the generalized

Debye model. The solid red line in (d) shows the best fit of the relaxation times taking into account the quantum tunneling of

magnetization (QTM) and the Raman process. The best-fit parameters were listed in Table 2. Each contribution to the overall

relaxation is depicted by a dashed line.
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Figure S33. The field-dependences of ac magnetic susceptibility of 1 for H,. =2 Oe at 7= 4.0 K: frequency dependences of in-

phase (') and out-of-phase (y") components in various indicated dc fields (a), the related Argand plots (b), and the resulting field

dependence of magnetic relaxation time, 7 (¢). Solid lines in (a) and (b) represent the best fits to the generalized Debye model

providing the relaxation times presented in (c).
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Figure S34. The field-dependences of ac magnetic susceptibility of 2 for H,. =2 Oe at T = 6.0 K: frequency dependences of in-
phase () and out-of-phase (y") components in various indicated dc fields (a), the related Argand plots (b), and the resulting field
dependence of magnetic relaxation time, z (c). Solid lines in (a) and (b) represent the best fits to the generalized Debye model

providing the relaxation times presented in (c).
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Figure S35. Complete 7-variable alternate-current (ac) magnetic susceptibility characteristics of 1 under H,. = 2 Oe, Hq. = 2000

Oe: the frequency dependences of y” (a) and y' (b) at indicated temperatures from the 2—13 K range; the related Argand plots (c),

and the temperature dependence of the relaxation time, 7 (d). The solid lines in (a), (b) and (c) represent the best fits using the

generalized Debye model. The solid red line in (d) shows the best fit of the relaxation times taking into account the Raman process.

The best-fit parameters were listed in Table 2. The contribution of the Raman process (which is identical to the total fit in this case)

to the overall relaxation is also depicted by a dashed line.
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Figure S36. Complete 7-variable alternate-current (ac) magnetic susceptibility characteristics of 2 under H,. = 2 Oe, Hy. = 1000

Oe: the frequency dependences of y” (a) and y’ (b) at indicated temperatures from the 2.5-15 K range; the related Argand plots (c),

and the temperature dependence of the relaxation time, 7 (d). The solid lines in (a), (b) and (c) represent the best fits using the

generalized Debye model. The solid red line in (d) shows the best fit of the relaxation times taking into account the Raman process.

The best-fit parameters were listed in Table 2. The contribution of the Raman process (which is identical to the total fit in this case)

to the overall relaxation is also depicted by a dashed line.
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V1. Computational details

Ab initio calculations of CASSCF/RASSI/SINGLE ANISOF? type were carried out using the OpenMolcas quantum
chemistry software package.’) They were performed on the experimental geometry taken from single-crystal X-ray
diffraction analysis without optimization. Two crystallographically non-equivalent molecular clusters denoted as
1Dy1/2Dy1 and 1Dy2/2Dy2 of 1 and 2 respectively were considered. They consist of Dy’ complexes with all ligands
in the first coordination sphere omitting counter ions. The fragments of crystal structure employed for analysis together
with calculated main quantization axes (z) of the ground doublets are presented in Figure S37. Two models with different
basis sets were used: S - smaller with VDZP basis function quality for Dy** central ion and VDZ for other atoms and L
— larger with VTZP basis for Dy** and VDZP for atoms in the first coordination sphere. Table S6 contains contractions
and labels of basis sets S and L for all the atoms. Scalar relativistic effects were taken into account by employing second
order DKH (Douglas-Kroll-Hess) Hamiltonian and relativistic basis sets of an ANO-RCC type. In order to save disk
space Cholesky decomposition of ERI-s (electron repulsion integrals) was used with the 1.0-10"® threshold. In the first
step of employed procedure a state average multi-configurational self-consistent field (SA-CASSCF) calculation for 21
sextets, 224 quartets, and 490 doublets rising from different possible electron distributions for 4f° configuration is
performed. The active space was composed of 7 f-orbitals with 9 active valence electrons — CAS(9in7). In the next step,
all sextets, 128 quartets, and 130 doublets optimized as spin-free states in CASSCF step were mixed by the spin-orbit
coupling within RASSI (Restricted Active Space State Interaction Program) using mean-filed spin-orbit (SO) integrals
(AMFTI) resulting in 898 spin-orbit states In the final step, a SINGLE ANISO module was used to decompose spin-orbit
states into states with a definite projection of the total momentum on the located quantization axis and to extract three
components of the pseudo-g-tensor for eight ground Kramers doublets.> The obtained energy splitting of the J = 15/2
manifold, together with the gy, gy, g, components of the pseudo-g-tensors within the basis of each doublet (S = 1/2)
and decomposition of the ground state into states with definite angular momentum on the quantization axis are presented
in Tables S7 and Table S8. Magnetic transition probabilities between states are visualized in Figure 11 and Figure S38.
A comparison of simulated M(H) and y7(T) dependencies with experimental ones can be found in Figure 7. As the
distinct discrepancies between the calculated and experimental curves were found, we expanded the theoretical approach
employing the POLY ANISO module. In this approach, we performed the calculations for the dinuclear Dy1-Dy2 units
consisting of two Dy(Ill) centers linked by hydrogen bonds (Figures 3 and 5). The single-ion anisotropies of the
respective centres were taken from the results of the SINGLE ANISO approach; thus, in the POLY ANISO module,
we additionally take into account their respective positions in the crystal lattice and the dipolar interactions between
them. The details on these calculations with the proper references can be found in the main manuscript (Theoretical

calculations sections) while the results of these calculations are presented in Tables S9 and S10.

S40



2 280034

(b)

2Dy1 2Dy2

Figure S37. (a) Ab initio magnetic anisotropy axis of the ground states of Dy(1)(Il) and Dy(2)(Ill) fragments in 1
and 2.

Table S6. Description and contractions of the basis sets (two models: S - smaller, L - larger) employed in ab initio calculations of

the Dy™ crystal field in 1 and 2.

Basis set “S” Basis set “L”

Dy.ANO-RCC-VDZP 7S6P4D2F1G Dy.ANO-RCC-VTZP 8S7P5D3F2G1H

N.ANO-RCC-VDZ 352F N.ANO-RCC-VDZP 3S2P1D (first coordination sphere)

N.ANO-RCC-VDZ 3S2P (others)

0.ANO-RCC-VDZ 3S2P 0.ANO-RCC-VDZP 3S2P1D
C.ANO-RCC-VDZ 382P C.ANO-RCC-VDZ 382P
H.ANO-RCC-VDZ 2S H.ANO-RCC-VDZ 28

Table S7. Ab initio calculated energies (cm™) in 1 obtained by using the small basis sets and large basis sets. The g-tensors

components (g, gy, g-) of 8 ground Kramers doublets and their composition were presented.

Dy'! Basis | KDs | Energy/ Pseudo-g-tensor components Composition of the ground

ions sets em! Kramers doublet in the
gx 8y gz

|m;) basis on the

quantization axis within J =

15/2 manifold

KDo 0.000 0.0398 0.1412 19.1680

89.0% | —15/2)
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1Dyl KD 70.453 0.4851 0.6703 17.0487 8.5% | —11/2)
V) —

KD: | 127.745 0.2457 0.8387 13.8358 11% | = 5/2)
0.6% | —13/2)

KD; | 184.975 48192 6.0570 8.2975
0.5% | —9/2)

KDs | 225.570 1.3614 3.4489 12.7955

KDs | 262.530 0.3297 1.2322 17.4174

KDs | 316.205 0.0552 0.4177 17.7427

KD7 | 502.932 0.0093 0.0242 19.5212
KDo 0.000 0.0186 0.0624 19.4282 65.2% | — 15/2)
KD 102.190 0.5119 1.1404 16.1824 27.8% | +15/2)
3.9% | —11/2)

KD> | 156.194 0.1665 1.3069 13.1853
1.7% | +11/2)
KD; | 237.339 1.997 3.7156 10.1696 0.4% | —5/2)
KDs | 292.430 4.0094 49637 11.2975 0.3% | —9/2)

KDs | 324.004 0.2409 0.6790 17.2881

KDs | 387.940 0.3035 0.5112 18.0614

KD;7 | 552.707 0.0049 0.0330 19.4340
1Dy2 KDo 0.000 0.0149 0.0446 19.5176 82.7% | + 15/2)
KD 112.150 0.5430 1.2475 16.2603 11.8% | —15/2)
3.9% | +11/2)

KD> | 158.695 0.5902 1.0981 12.7642
0.6% | —11/2)
KD; | 227.139 4.4931 5.3697 9.1312 0.4% | +5/2)
KDs | 274.581 1.2155 5.3713 9.9683 0.3% | +9/2)

KDs | 291.025 0.8801 3.2550 14.3778

KDs | 369.131 0.0851 0.2518 18.2176

KD; | 547.395 0.0107 0.0294 19.5167
KDy 0.000 0.0106 0.0267 19.6374 95.6% | +15/2)
KD 138.014 0.4233 1.0583 15.8198 0.7% | —15/2)
2.9% |+ 11/2)

KD:> | 194.173 0.0042 1.1687 12.9192
0.3% | +9/2)

KD 277. 1.9851 62 10.482
3 77.603 985 3.6298 0.4827 0.3% | +5/2)

KDs | 341.537 8.2804 6.1772 3.4180

KDs | 362.680 1.2700 2.3375 15.7759

KDs | 440.791 0.2759 0.4222 18.2796

KD7 | 599.969 0.0081 0.0411 19.4325
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Table S8. Ab initio calculated energies (cm™') in 2 obtained by using the small basis sets and large basis sets.

The g-tensors components (gx, gy, g-) of 8 ground Kramers doublets and their composition were presented.

Dy'! Basis | KDs | Energy/ Pseudo-g-tensor components Composition of the ground

ions sets em! Kramers doublet in the
gx 8y gz

|my) basis on the

quantization axis within J =

15/2 manifold

2Dyl S KDo 0.000 0.0796 0.2017 19.2839 60.7% |+ 15/2)

KD 55.969 0.5080 0.6897 17.5458 30.6% | —15/2)
42% | +11/2)
23% | —11/2)
KD; | 165873 | 8.3493 6.4798 2.4548 0.7% | +5/2)

KD> 114.288 0.0058 1.1107 14.4412

KD4 202.864 8.8974 4.9750 0.4489 0.4% | —5/2)

KDs 252.415 0.8135 4.2448 13.4262

KDes 282.713 1.3327 2.1113 16.8768

KD~ 508.312 0.0066 0.0164 19.6776

L KDo 0.000 0.0368 0.0833 19.5483 94.8% |+ 15/2)

KDi | 92886 | 0.7738 1.6434 16.5192 3.5% | +11/2)
0.6% | +5/2)

KD, | 142080 | 03545 | 1.7585 13.0790
0.5% | —15/2)

KDs 221.128 0.1317 2.3853 10.4321

KDa4 271.622 3.7483 5.8168 10.3490

KDs 325.645 0.8139 2.8161 15.0088

KDs 369.850 0.8290 1.2224 18.0092

KD~ 549.543 0.0024 0.0206 19.6054

2Dy2 S KDo 0.000 0.0266 0.2346 19.1445 78.0% |+ 15/2)

KD 67.333 0.6391 1.0588 17.1362 13.0% | —15/2)
3.8% | +11/2)
1.7% | +9/2)
KD; | 168.169 | 2.3555 4.2855 10.3629 1.0% | +5/2)

KD» 111.883 1.3271 2.5303 13.6332

KD: | 194299 | 38591 | 4.6905 11.9246 0.6% | +7/2)

0, —
KDs 243.583 1.0362 1.6583 14.6149 05% 1-11/2)

KDs 364.458 0.1293 0.1850 18.0971

KD~ 421.771 0.0898 0.2973 18.7168

L KDo 0.000 0.0480 0.1272 19.4836 87.0% |+ 15/2)

KD 107.382 1.3298 3.6252 14.5427 7.9% | —15/2)
2.6% |+ 11/2)

KD» 152.651 0.9900 3.4008 11.1884
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KD3 234.936 2.1214 3.5956 8.7581 1.1% | +9/2)
KDs | 264.523 1.9223 4.3002 12.8674 0.6% | +5/2)
KDs 316.710 2.5097 2.6638 14.2183
KDgs 427.259 0.0578 0.1676 18.6853
KD~ 512.767 0.0413 0.1281 19.2965
600
500 4 1 Dy1 1 Dy2
500
400 - - -
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“E300 T - - e T- =
S Saqo A - -
w - - 1T}
200 -
- - 200 - -
0.27
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Figure S38. Magnetization blocking barriers for individual Dy

black lines represent the Kramers doublets of the individual Dy

11T

111

centers to a large basis (L model) in complexes 1 and 2. The thick

centers as a function of their magnetic moment along the magnetic

axis. The black lines correspond to diagonal matrix elements of the transversal magnetic moment; the blue lines represent Orbach

relaxation processes. The red arrows corresponding to the most probable path for magnetic relaxation. The numbers at each arrow

stand for the mean absolute value of the corresponding matrix element of transition magnetic moment.
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Table S9. The list of lowest-lying pairs of dipolar states with the respective energy gaps and the values of the main g factor (g),
obtained by the ab initio calculations of the dinuclear {Dyl-Dy2} units based on hydrogen bonds of 1 (Table S7) using the
POLY_ANISO module taking into account the intrinsic ab-initio calculated anisotropy of the respective centers with the dipolar

interaction between them.

Number of the pair | Energies of the states / | Energy gap Values of the of the
of dipolar states cm™! (tunnelling gap) / main g factor (g,)
(pseudo-doublets) cm™!

1 0.0; 0.0 2.4757-10°¢ 9.31429
2 0.423; 0.423 3.0619-10°¢ 37.93979
3 102.251; 102.251 3.94172-10° 18.39678
4 102.551; 102.551 5.84548:10°° 30.90255
5 138.059; 138.059 6.50893-10°° 13.89787
6 138.39; 138.39 9.67941-10° 32.58458
7 156.259; 156.259 7.13717-107 9.67821
8 156.552; 156.552 6.68511-10°° 32.02413
9 194.248; 194.248 1.33677-10* 13.75693
10 194.521; 194.521 1.32688-10* 29.99627
11 237.437;237.437 1.73986-10* 11.56653
12 237.664; 237.665 2.21398-10* 29.04102
13 240.273;240.274 5.77276:10* 20.26833
14 240.555;240.557 0.00167 24.75482
15 277.698; 277.699 3.80839-10* 11.15118
16 277.93;277.93 4.67939-10* 29.14734
17 292.588;292.588 1.70481-10* 17.67012
18 292.695;292.695 3.82916-10* 23.5395
19 294.298;294.301 0.00271 10.89327
20 294.535;294.537 0.00216 26.97647
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Table S10. The list of lowest-lying pairs of dipolar states with the respective energy gaps and the values of the main g factor (g),
obtained by the ab initio calculations of the dinuclear {Dyl-Dy2} units based on hydrogen bonds of 2 (Table S8) using the
POLY_ANISO module taking into account the intrinsic ab-initio calculated anisotropy of the respective centers with the dipolar

interaction between them.

Number of the pair | Energies of the states / | Energy gap Values of the of the
of dipolar states cm™! (tunnelling gap) / main g factor (g,)
(pseudo-doublets) cm™!

1 0.0; 0.0 7.3508:10°¢ 6.09989
2 0.424; 0.424 1.5463-107 38.55179
3 92.954; 92.954 8.85106:10°° 17.30414
4 93.24; 93.241 3.21156-10* 31.64743
5 107.465; 107.465 2.31684-10* 15.63071
6 107.723; 107.723 4.80912-10* 30.44865
7 142.147; 142.147 3.92932-10* 8.88314
8 142.436; 142.436 3.44316-10* 31.98416
9 152.74; 152.741 5.69487-10* 10.1673
10 152.986; 152.986 4.6939-10* 30.20446
11 200.35;200.351 7.70186-10* 22.51672
12 200.605; 200.613 0.00789 21.27741
13 221.225;221.225 428277104 10.87845
14 221.455;221.456 4.03182:10* 29.29874
15 235.059; 235.06 49675810 12.07795
16 235.235;235.236 6.89492-10* 27.70381
17 245.646; 245.656 0.01065 15.53624
18 245.842;245.85 0.00774 22.9671
19 249.565;249.576 0.01079 12.6081
20 249.773; 249.783 0.01003 24.40699
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Understanding the effect of structural changes
on slow magnetic relaxation in mononuclear
octahedral copper(i) complexest

Dawid Marcinkowski, 2 +2 Ariel Adamski,1® Maciej Kubicki, &2 @ Giuseppe Consiglio,”
Violetta Patroniak, )@ Tomasz Slusarski, > Muhammed Acikgdz,® Daria Szeliga,®
Nahir Vadra, 2 &f Mirostaw Karbowiak, (2 ¢ [reneusz Stefaniuk,?

Czestaw Rudowicz, (2@ Adam Gorczynski (2 *® and Maria Korabik*®

Current advances in molecular magnetism are aimed at the construction of molecular nanomagnets and
spin qubits for their utilization as high-density data storage materials and quantum computers.
Mononuclear coordination compounds with low spin values of S = % are excellent candidates for this
endeavour, but knowledge of their construction via rational design is limited. This particularly applies to
the single copper(i) spin center, having been only recently demonstrated to exhibit slow relaxation of
magnetisation in the appropriate octahedral environment. We have thus prepared a unique organic
scaffold that would allow one to gain in-depth insight into how purposeful structural differences affect
the slow magnetic relaxation in monometallic, transition metal complexes. As a proof-of-principle, we
demonstrate how one can construct two, structurally very similar complexes with isolated Cu(i) ions in an
octahedral ligand environment, the magnetic properties of which differ significantly. The differences in
structural symmetry effects and in magnetic relaxation are corroborated with a series of experimental
techniques and theoretical approaches, showing how symmetry distortions and crystal packing affect the
relaxation behaviour in these isolated Cu(i) systems. Our unique organic platform can be efficiently uti-
lized for the construction of various transition-metal ion systems in the future, effectively providing a
model system for investigation of magnetic relaxation via targeted structural distortions.

1. Introduction

Molecular nanomagnets (MNMs) are a research focus of scien-
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tists due to a variety of potential applications,"™ including
molecular spintronics,’>° high-density information storage,”®
quantum information processing or sensing.'®'® These
systems display magnetic hysteresis below their blocking temp-
erature (7p) and are magnetically bi-stable, exhibiting an
energy barrier to spin reversal (Ueg),"” > ultimately manifested
by macroscopic quantum tunneling of magnetization (QTM)
and slow relaxation of magnetization. The discovery of the
highest Tz by Guo et al,”® for an organometallic Dy(m)
complex displaying magnetic hysteresis at temperatures reach-
ing 80 K, could facilitate development of high-temperature
SIM devices. In addition, studies of various Dy(ui) congeners of
this family**>° indicate the importance of understanding the
magnetization relaxation mechanisms and magneto-structural
correlations.**”%* still, similar level of performance for
d-block MNMs is yet to be achieved.

Prerequisites for utilization of 3d complexes as molecular
nanomagnets are well-established.>** Importantly, the S = 1

Dalton Trans., 2022, 51,12041-12055 | 12041
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systems are excellent candidates for construction of molecular
qubits.*>*® Chosen examples based on V(wv),”*! Fe(v),*>"** Mn
(v),** Ni(m)*> or Ni(1)***” metal ions show how the choice of
ligand, electronic configuration of the metal ion and the
observed symmetry distortions all affect the magnetic relax-
ation and its mechanisms, which include combined phonon,
direct and Raman processes.’®*® The above compounds are
important contributions, nonetheless they are usually pretty
unstable at room temperature, which would limit their poten-
tial applications. Copper(u) ion on the other hand forms very
stable complexes and was demonstrated to be of interest for
molecular magnetism studies. Notable examples of S = 1, d°
Cu(u) systems were proposed to act as potential spin qubits
with phthalocyanines,*>*! porphyrines®*>® acetylacetonates or
dithiocatecholates ligating species.>®*® Recent record value of
1.4 ms coherence time was demonstrated by Dai et al.>® for a
(PPh,),[Cu(mnt),] (where mnt>~ is maleonitriledithiolate),
after dilution in isostructural diamagnetic Ni(u) matrix and
utilization of dynamic decoupling technique. As for the SIM
behavior, the examples of compounds with experimentally
determined field-induced slow magnetic relaxation with single
d® Cu(n) ion are rather scarce,’®®* whereas its origin is only
partially understood.*®*°

To achieve the desired molecular magnetic behavior in
S =1 coordination systems, the following molecular design
were proposed: (i) square planar coordination geometry; (ii)
coordinating atoms devoid of nuclear spin; (iii) rigidification
of the molecular architecture; (iv) minimization of the
protons influence above a certain radius from the metal (the
concept of spin diffusion barrier).!***%%¢ Nevertheless,
yet undiscovered features may also be important, which
can be established through meticulous magneto-structural
correlation studies. These can be facilitated by employing
modular organic platforms, since they may provide possible
predictions of magnetic parameters based on the structure
alone.*®

Herein, we present a unique example of system, which is
suitable for construction of monometallic transition metal
complexes, the structure of which can be carefully altered
within the ascertained symmetry regime. Stereospecific
addition of alcohol to imine ligand leads to pentadentate
ligands, which readily coordinate Cu(u) ion to form octahedral
complexes (Scheme 1).

ROH

. alkoxide implemented
symmetry distortions

., alterable alkohol
appendage

(solvent)

: N3O square
i planarplane

. rigid tridentate
: o N Schiff base
ligand L

isolated
monometallic
Cu(ll) center
(no Cu-—Cu
exchange interactions)

flexible pentadentate
N,O-aminal ligand L™*®

Scheme 1 Rationale behind the modular organic platform designed
and implemented in the present studies for monometallic magneto-
structural correlations.
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This framework is close to the N;O square plane, whereas
symmetry distortions are then applied through the axial alkox-
ide moieties. Alterable alcohol appendage and single Cu(u)
ionic centre with blocked intermetallic exchange interactions
make this platform a suitable starting point for better under-
standing of relaxation mechanisms and establishing magneto-
structural correlations. The effect of the surrounding ligands
and symmetry of the polyhedron on the static and dynamic
magnetic properties of Cu(u) ions in two systems is investi-
gated. To rationalize our experimental results extensive compu-
tational studies are carried out utilizing SHAPE analysis,
density functional theory (DFT)/ab initio and semiempirical
approaches. This combined strategy enables to draw con-
clusions on magnetization relaxation mechanisms, magneto-
structural correlations, the role of structural distortions, and
usefulness of the proposed organic platform for designing new
Cu(u) SIMs/qubits.

2. Results and discussion
2.1 Synthesis

Schiff base ligand L was synthesized via condensation of 2,6-
pyridinedicarboxaldehyde with 3-amino-5-methylisoxazole as
presented in Scheme 2. Although L was isolated and character-
ized (see Section II in ESIt), its complexation with CuX, salts
in the presence of alcohols leads to unexpected structural
transformations. Reactions of L with Cu(ClO,),-6H,O (1) and
Cu(OTf), (2) lead to the asymmetric addition of MeOH (1) or
EtOH (2) to the imine bond, resulting in the formation of
chiral N,0-aminal L™ which is unambiguously established
via X-ray crystallography of isolated coordination compounds 1
and 2 (Table S1f and Section 2.2). Whereas reduction of the
parent ligand L is most plausibly facilitated by the template
effect of Cu(u) ions, it is yet to be determined if such reaction
is diastereospecific or one of the chiral isomers (here S,S) crys-
tallized in the preferential manner. The solvent as well as the
counter ions OTf™ and ClO,” does not seem to affect the type
of the isomer obtained in both structures. Such chiral N,O-
aminal motif is found in a number of natural, pharmaceutical
products and valuable synthetic precursors.®”’ *® Therefore, the
development of effective and effortless methods for their syn-
thesis has attracted considerable research effort.”®”" This
report is the first on the formation of aldimine-derived N,O-
aminals, without the need of applying the external chiral cata-
lyst. Interestingly, only three studies’®”>”* on the use of metal-

HoN

X AsH
N - » Y("j},w
» -0 7N o o@
N —_— N N \N
8 5 Toluene, 120°C W l \
-

1-X-ClOg, R-CH Y - CH;OH
2-X-OTf, R- CHyCHj, Y - H,0

Scheme 2 Synthetic pathway leading to Schiff base ligand L and its
copper(i) complexes; blue sphere represents Cu(i) ion.

This journal is © The Royal Society of Chemistry 2022
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lic catalysts in the formation of N,0-aminals from related keti-
mines were reported so far. Altogether, our approach can be
used to form chiral molecules with the N,0-aminals, strategi-
cally placed at the 2,6-positions of pyridine, for potential use
in construction of more complex systems, particularly of bio-
logical or magnetic relevance.

2.2 Structural characterization of Cu(u) complexes

Fig. 1a and b shows the perspective views of molecules 1 (a)
and 2 (b) together with the numbering schemes. Table S2+
lists the relevant geometrical parameters. Structures were
refined for the perchlorate analogue at room- (1) and liquid
nitrogen-temperature (1') to unambiguously exclude phase-
transition changes. Pentadentate ligands Lyeq' (ClO,”; MeOH)
and Lyeq” (OTf-, EtOH) wrap around copper(n) ions and differ
by either methoxy (1) or ethoxy (2) groups attached to the
stereogenic center, as a result of the unexpected addition of
alcohol to the imine bond (Scheme 2).

In both crystal structures complexes exist as dications, with
two perchlorate (1) or triflate (2) anions balancing the charge.
Cu(u) centers are six-coordinated in distorted octahedral
fashion (Fig. 1c). Due to the structure of the ligand the octahe-
dra are elongated along one direction (O7---O14), and this
elongation is as large as 25% in 1 and slightly smaller in 2
(Fig. 1c and d). Such a geometry is related to the conformation
of ligand molecules, in which the ring planes are almost per-
pendicular one to another (Table S21). This also results in a
nearly square tetradentate plane formed by three nitrogen
atoms of the L™*? ligand and the oxygen atom from the
solvent molecule (see SHAPE analysis in Section 2.3). Both
compounds crystallize in the triclinic crystal system and P1
space group, with two molecules of Cu(u) complex in a unit
cell. In the crystal structure of 1, they symmetrically interact
with each other through the pyridine-pyridine n-n stacking
interactions (C, relation, smallest Cu---Cu distance ca. 8 A).
These form infinite chains of alternate cations and anions con-
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nected by the hydrogen bonds, with the second anion
threaded to this chain (Fig. 1f and Table S37). In 2, the main
structural motif is a cluster of hydrogen bonded structural
fragments: two cations (C, relation, smallest Cu---Cu distance
ca. 9.7 A), four triflate anions, and two solvent-ethanol mole-
cules (Fig. 1g). These principal motifs are connected to form
three-dimensional crystal structure by means of electrostatic
interactions and weak intermolecular van der Waals forces,
thus lacking of the degree of organization present in 1.

2.3 SHAPE analysis and symmetry considerations

To gain more insight into the local site-symmetry in 1 and 2,
calculations using SHAPE software’*”> were performed, which
utilize the continuous shape measurements (CShM)”® method.
S parameter is therefore introduced, which corresponds to the
degree of deviations from the perfect polyhedron with S = 0
corresponding to ideal geometry. Results shown in Table S47
clearly indicate that 1 and 2, as well as magnetically relevant
Cu(n) system studied by Boc¢a®® show significant deviations
from the octahedral geometry, classified as structurally severe
distortions (S > 3).”* Please note that the chemically significant
differences were classified to be visible from 0.1 value
changes.”*

Given that investigated systems are heterotopic in terms of
ligands nature (N and O donor atoms), we performed
additional analysis regarding square planar planes present in
the studied octahedra. The aim was to understand: (i) which
part of the ligands architecture is responsible for structural an-
isotropy of relevance to magnetic properties and (ii) why do
the observed magnetic properties differ in 1 and 2. Results are
gathered in Table S5.1 One can discriminate three planes: (4)
(N2-N9-N17-MeOH/H,0) which is dependent on the mono-
dentate MeOH (1) or H,O (2) solvent molecules; (B) (MeOH/
H,0-N9-07-014) and (C) (N2-N17-07-014) which are mostly
affected by the 07-014, distortions. Unexpectedly, it appears
that plane (4) alone exhibits significantly larger distortions in

d) e)

Fig. 1 Perspective views of dicationic complexes 1 (a) and 2 (b). Ellipsoids are drawn at the 50% probability level, hydrogen atoms are shown as
spheres of arbitrary units; the orientations of long axis of the coordination octahedron in 1 (c) and 2 (d); (e) superimposed structures of dicationic
complexes 1 (blue) and 2 (red); crystal lattice packing and hydrogen-bond motifs in 1 (f) and 2 (g); hydrogen bonds are shown as blue dashed lines.
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complex 2 (S-value 2 = 0.308 vs. S-value 1 = 0.077). This could
be also dependent on the H-bonding pattern with the per-
chlorate (1) or triflate (2) counterions. S-Values in planes (B)
and (C) favour stronger distortions in 1 than in 2, ascribed to
the plane formed by isoxazole/alkoxide moieties.

2.4 DC magnetic properties

The magnetic properties of powdered microcrystalline samples
1 and 2 were studied by measuring the thermal dependence of
the magnetic susceptibility in the temperature range of
1.8-300 K and magnetic field of 0.5 T. The field dependences
of the magnetization from 0 to 5 T for 1 and 2 were measured
at 2 K. In DC magnetic field both compounds show similar
properties, typical for non-interacting S = 1 spin system
(Fig. $27). The y,T product values (0.373 + 0.005 cm® K mol ™,
Hee = 1.73 + 0.01 B.M.) are practically constant in the whole
measured temperature range 1.8-300 K. The 1/y,, versus T
plots obeys the Curie-Weiss law with Curie constant C = 0.384
and 0.393 cm® K mol™ and Weiss constant § = —0.1 and
—0.3 K for 1 and 2, respectively. Simulation of magnetic sus-
ceptibility curves using molecular field correction:””"”®

Xm = # (1)
(Ngzﬁz)x

incorporated in the PHI program’® yields very low parameters:
z/' = —0.05 and —0.10 cm ™" for 1 and 2, respectively. The good-
ness of agreement factor R, defined as:

R— ZM (2)

exp T

was obtained as: R = 4.43 x 107° and 2.02 x 107° for 1 and 2,
respectively. This finding confirms that Cu(u) centers are
practically magnetically isolated in both compounds, in
accordance with determined X-ray structures (see Section 2.2).
Hence the effect of exchange interactions between Cu(u) ions
may be excluded. Magnetically isolated Cu(u) ions in the
crystal structure of 1 and 2 are also confirmed by magnetiza-
tion versus field measurements measured at 2 K (Fig. S37).
Experimental points agree with the Brillouin function for
=landg=2.

0.07b)
0.06

0.05-

0.04- o
0.03
0.02
0.01
0.00

72" (emu/mol)
7z "(emu/mol)
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2.5 AC magnetic properties

~* T oscillating field for 16
frequencies, in the temperature range 1.8-10 K. An external
magnetic DC field of 0.1 T was chosen from the maximum of
out of phase susceptibility y” versus magnetic field relation
(Fig. S4 and S57). Please notice that much stronger field must
be applied for complex 2 than for 1, which also correlates with
more pronounced character of slow magnetic relaxation in AC
field for the latter one (vide infra). The out of phase component
x" of 1 and 2 is silent at zero DC field, which indicates that the
magnetization relaxation time () is much shorter than lmw of
the AC field. Measurements done under 0.1 T DC field reveal
differences in properties of complexes 1 and 2. The in-phase 5’
(Fig. 2a) and out-of-phase " (Fig. 2b and c) susceptibilities
show temperature and frequency dependence with character-
istic maxima in 1,

Measurements were made at 3 x 10

indicating slow magnetic relaxation
phenomenon. Different types of relaxation mechanisms can be
potentially involved in molecular system: Orbach, direct,
Raman, and QTM components, respectively.®®®'

U
=11 exp( % T) +aT + bT" + tqmm (3)

In the literature, one can find different approaches to the
Arrhenius equation:

-1 _ e U
L O

performed in AC magnetic field studies for the relaxation pro-
cesses observed for coordination compounds with spin § = 3
Some authors suggest that  does not follow the Arrhenius be-
havior, because of lack of magnetic states besides mg = +1
doublet that can be thermally populated providing a path
for the multiphonon Orbach mechanism of relaxation.
Consequently, they propose to use Raman and direct mecha-
nisms, which dominate at high and low temperature
respectively.>>?”*° Other authors, such as Boca et al.,*® use
Arrhenius-like plot to determine activation energy of the relax-
ation process Ulkg and 7,, admitting that effective energy
barrier due to the zero-field splitting (ZFS) of the ground term
does not exist in the Cu(u) system. It results in elimination of
1

the Orbach mechanism in relaxation process in S = ; com-

(4)

—e—H263
—8— Hz100
-Hz159
—— H2251
Hz399
—e— H2629

2" (emu/mol)

Fig. 2 Temperature dependence of: (a) the in-phase y/, (b) the out-of-phase y" susceptibility and (c) " vs. frequency for complex 1.
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pounds. In the Raman process, relaxation follows through a
virtual state. The direct process describes relaxation from —1 to
+1 states with emission of a single lattice phonon. Relaxation
through QTM is facilitated by the systems transverse
anisotropy.®%®*

The analysis of the relaxation processes in 1 was carried out
using Raman, direct and QTM relaxation mechanisms. The
fact that Raman mechanism plays a dominant role in S = ]
system®” and that the In 7 vs. In T dependence is almost linear
(Fig. S67), suggests that direct relaxation mechanism cannot
be ignored.?” A linear fit to the equation Inz = b, + b, In T was
used to determine direct process parameters, which are b, =
—4.50 and b; = —2.07 and they are comparable to that recently
obtained for Cu(u) S = 1/2 system.”® We have also attempted to
extract the direct process term from field dependence of 7.

The direct spin relaxation mechanism can be expressed by
the following equation:®%%*

' = AH*T (5)

where A is an adjustable parameter, H is the external DC field,
T is the temperature. The value of H(DC) = 0.1 T was used to
determine the value of A4 for the direct mechanism and 1649
s7' T™* K" was obtained. The fitting results are shown in
Table 1 and Fig. 3a. Calculations taking into account Raman,
direct, and QTM mechanisms gave the respective parameters
as: b =18.59 s7' K'*? n =1.32; a = 1.06 and QTM equal 0.29.
These values are similar to those found for § =1 spins in Cu(u)
complexes.®" It is worth to note that all relaxation parameters
obtained by us are comparable with those published by Cui
et al.®" for five coordinate Cu() complex.

The Cole-Cole plots from the AC magnetic susceptibility
data of 1 (Fig. 3b) were fitted by the generalized Debye model
(Table S61).5>®* The a parameters describing the distribution
of the relaxation times in a magnetic system were extracted.
The limiting value of a = 0 describes a single relaxation
process, whereas a = 1 corresponds to an infinitely wide distri-
bution of the relaxation times. The wider the distribution of
the relaxation times, the larger the value of «.®> A small value
of the distribution coefficient a (0.16 at 4.4 K to 0.25 at 1.8 K)
for complex 1 indicates that the relaxation process has a
narrow distribution of relaxation time. The 7 parameters were
extracted from the Debye model (Fig. S61), with 7 = 3.97 ms at
1.8.K. Similar temperature relations and values were presented
for vanadium(iv)-based compounds, with § = 1.*

AC susceptibility measurements of complex 2 differ from
1, with no phase shift maxima present in the in-phase y' vs.
T dependencies (Fig. 4a) and only the slight onset of the out-
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Fig. 3 (a) Magnetization relaxation time In(z) in a function of reciprocal

temperature T~! of 1. The effect of using Raman + direct + QTM in
fitting procedure is presented in the form of a continuous line; (b) Cole—
Cole plots for 1 under 0.15 T DC field. The solid lines are the best fits to
the experiments with the generalized Debye model.

of-phase signals y” vs. T (Fig. 4b and c) under high external
magnetic field frequencies. Despite high structural resem-
blance of the Cu(u) coordination environment, the properties
of 1 and 2 differ significantly and this precluded us from
determination of the relaxation parameters for the latter
compound.

2.6 CW-EPR

Continuous wave electron paramagnetic resonance (CW-EPR)
spectra were recorded in X and Q band frequencies to corrobo-
rate magnetic phenomena (Sections 2.4 and 2.5) with struc-
tural studies (Sections 2.2 and 2.3). For experimental details
see EPR Section III in the ESI.§ CW-EPR spectra of complexes
1 and 2 in liquid nitrogen (X-band) and helium (Q-band) temp-
eratures with fitting protocols are shown in the ESI (Fig. S7-
S16t1) with representative ones in Fig. 5. The spectroscopic
splitting factors g, and gj for all spectra are presented in
Table 2 and prove their axial character type (g > gu)-
Transition energy levels at the resonance field B, are pre-
sented in Tables S7 and S8t and their graphical representation
in Fig. S17 and S18.f Room temperature X-band EPR spectra
of 1 and 2 (Fig. 5a and b) are temperature-independent down
to 77 K. For 1 the axial type spectrum is partially, but clearly
resolved with the g-factors g, = 2.06, g = 2.28 and parallel
hyperfine splitting parameter A = 175 G, resulting from the
interaction of the unpaired electron of Cu(u) with the spin of
copper nucleus I = 3/2. It is identical for both natural isotopes
of ®*Cu and ®°Cu, so eight hyperfine levels can be expected
with four allowed transitions: AMg = +1 and AM; = 0
(Fig. $197).%* The axial EPR spectrum of complex 2 exhibits
similar values of the g-factors: g, = 2.06 and g = 2.25 but with
no hyperfine structure.

Table 1 Fitting of different relaxation parameters of complex 1 determined from AC studies based on Fig. 3a

Relaxation mechanism: Raman + direct + QTM a(sT' K™ A% (sTPTTPKTY) b (s K" n Torvy S Ref.
DC field 0.15 T 0.93 1838.51(9) 8.31(3) 3.10(2) 0.02 61
DC field 0.10 T 1.06(2) 1649.32(1) 18.59(2) 1.32(1) 0.29(2) This work

“Calculated from field dependence of 7.
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Fig. 4 Temperature dependence of: (a) the in-phase 4/, (b) the out-of-phase »" susceptibility and (c) " vs. frequency dependence of the complex 2.
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—ft From spectra in Q-band (Fig. 5c¢ and d) valuable infor-

mation can be obtained, because the hyperfine structures are

more pronounced for both compounds and it can be also

— observed for complex 2, which was not the case for X-band
97225 frequencies.

Down in helium temperatures, formation of a bimodal

I - ‘ . , peak is observed for complex 1 in the range of 1200-1300 mT

= W s T oskcrded magnetic field. The second line is an image of transitions in

— 1k the perpendicular direction (i.e. xy|B), this effect is clearly

] S observed for sample 1, while for sample 2 it is less apparent

due to larger line widths. This phenomenon is even more

visible in temperature-dependent EPR spectra (Fig. S7 and

] S8t). In addition, the LFMA (low field microwave absorption)

line, which is an indicator of ferromagnetic interactions, does

1 not occur even up to helium temperatures for both tested

o | w0 @0 | raw wo om0 v o samples. This means ferromagnetic interactions are not

Hesnete et vesnereriaimt present in 1 and 2, which is consistent with the DC suscepti-

Fig. 5 X-band EPR spectra of 1 (a) and 2 (b) at RT; solid red line shows  bility studies (see Section 2.4). While the nature of this

temperature independent simulated spectra with parameters presented. phenomenon is yet to be unambiguously established, purity of

The same type of spectrum with the same parameters was observed at synthesized samples and the fact that it is manifested in both

77 K; superposition of Q-band spectra of 1 (c) and 2 (d) at chosen temp- . ]
erature intervals: simulated spectra are in the ESLt compounds 1 and 2 (although to a different extent, i.e. sharp
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Table 2 The fitted SH parameters: Zeeman factors (g;; dimensionless), hyperfine interaction (A;; in 10~* cm™) and spectral parameters for com-
plexes 1 and 2

1 2

Cmpd
Qa

EPR band X Q X (i) (ii) X Q X Q
T[K] 300 180 90 10.5 10.5 300 300 91 11
& 2.029 2.048 2.035 1.950 2.000 2.059 2.053 2.060 2.012
o 2.071 2.040 2.063 2.029 2.032 2.059 2.053 2.062 2.067
2 2.259 2.258 2.258 2.289 2.267 2.32 2.307 2.185 2.349
[g3 - gl] 0.230 0.210 0.223 0.339 0.267 0.261 0.254 0.125 0.337
Aq -4.79 2.739 —-3.33 23.34 23.35 —1.756 —0.0002 —0.0002 36.69
A, -0.37 —25.47 3.2x107° -0.116 0.0001 -0.232 0.0034 0.0002 —-60.04
Az 179.73 184.5 187.52 206.8 206.8 128.7 141.7 102.80 240.2
Lwpp LmT] 10.022 12.21 10.98 15.98 13.19 6.35 8.95 6.39 18
RMSD 0.005 0.011 0.010 0.056 0.07 0.031 0.032 0.028 0.11

“The SH parameters fitted to Q-band spectra at 10.5 K for: (i) a bimodal signal without constraints yielding the g; value lower than 2.000 and (ii)
for a monomodal signal with constraint of minimum g, value set at 2.000. For explanations, see text. ” All fittings were performed several times
for each case, starting from different input data, and as a result, similar final values were obtained with an accuracy of 3%. Hence, the final
results were selected taking into account the best fits, i.e. those with the lowest RMSD value.
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vs. broad signal, respectively) excludes the existence of unin-
tentional impurities. Also, the reversibly of this signal can be
observed only at very low temperatures (ca. below 25 K). In
addition, values of the g-factors below 2.00 (from 1.86-1.99
from 4.5-12.5 K) might suggest formation of radical of
different nature ie., not associated with the Cu(u) ion.
Literature survey suggests that this signal may be due to the
formation of Cu(1)-NO nitrosyl complexes, which were con-
sidered both theoretically and experimentally in zeolite
matrices and small molecule complexes.®**®® Formation of
small fractions of Cu()NO species can be tentatively explained,
when we assume that the isoxazole coordinating arms can par-
ticipate in the Cu(u) > Cu(1) electron transfer. Graphical repre-
sentation of the origin of the presumed Cu(i)NO nitrosyl-
related radicals is depicted in Scheme S1.} Note that electronic
structure calculations (Section 2.9.1) also suggest that exist-
ence of closely lying states of Cu(1) species may be feasible.

In the S = 1 systems, where the ZFS parameters, e.g. the
axial D, are not allowed, the magnetic anisotropy is due only to
the anisotropy of the g-factors, i.e. the [g, — g,] difference.®
The values (Table 2) for 1 and 2 are three times higher than for
the related system presented in the literature, which indicates
that it can be exploited in quantifying the magnetic anisotropy.
Nevertheless, since at liquid helium temperatures [g, — g:]
values are similar for 1 and 2, it is not the only parameter that
should be considered to explain the magnetic behavior (with
magnetic relaxation being much longer for 1 than in 2). One
can also observe that temperature significantly affects the ges
factor (Fig. S201) and the EPR line width B, (Fig. S21f) for
both compounds down to the liquid helium temperatures.

2.7 Theoretical calculations of spin Hamiltonian parameters

Using PHI program’® we simulated EPR spectra and variation
of electronic levels with external magnetic field for complex 1.
To simulate Cu(u) ion we set spin S as 1 and orbital quantum
number L as 2. Spin Hamiltonians (SH) parameters (Section
2.9) were calculated using MOLCAS® and we take g, = 2.0660,
g = 2.0920, g, = 2.3810 from NEVPT2 calculations (Section
2.9). Temperature was set at 300 K, field frequency at 10 GHz
(X-band), field was swept from 0.25 to 0.4 Tesla and was
directed along the x-, y-, and z-axis of g-tensor as well as
powder integration was used. We used anisotropic spectra line
widths to get better resemblance to experimental fits.
Observed anisotropic broadening (Fig. S23 and S24t) might
correspond to unresolved spectral features such as hyperfine
coupling®®®* and correlates with the experimentally observed
structures.

2.8 Optical spectroscopy

To gain more insight into the electronic levels of 1 and there-
fore the nature of observed slow magnetic relaxation, optical
spectroscopy and superposition model (SPM) calculations
(Section 2.10) were performed. Fig. S251 shows the absorption
spectrum measured at RT for complex 1. The intense bands
observed in the range of 22 000-50000 cm " are associated
with ligand-centered transitions. Electronic transitions of Cu

This journal is © The Royal Society of Chemistry 2022
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() ions are much less intense than those associated with
ligand absorption. They appear clearly for a more concentrated
sample (blue line) and are observed in the range of
12.000-21 000 cm™". Fig. 6 (top) shows the absorption spec-
trum recorded in the range of Cu(u) electronic transitions at
4.2 K. Two bands at approximately 14600 cm™' and
17300 cm ™' and a shoulder at approximately 12 600 cm™" are
clearly visible. Based on the above reasoning (details are in
Section IV in ESIt) and the results of ab initio calculations
(Section 2.9) the following energy level sequence can be pro-
posed for Cu(u) in 1 assuming approximate C, symmetry:
*Ao(dieyp + di) < 2A(dye + dyoye) < ?A(dyy) < *B(dy, + dy) < °B
(dy + dy;) (Fig. 6 (bottom)). Accordingly, to the proposed
energy levels structure four bands are expected in absorption
spectrum of 1. Deconvolution of the experimental spectrum
using four Gaussian functions is presented in the inset in
Fig. 6 (top). The obtained bands with maxima at 12743,
14441, 17 073 and 18 056 cm ™" correspond to transitions from
the ground *A;(d,e_ + d2) level to the *A(d, + dye—ye), *B(dy, +
dy), *B(dy, + d,;) and *A(d,,) excited levels. The value of Dg in
the Oy approximation can be estimated as the difference
between the average energy of levels arising from T,4(Op) and
E,(Op) states. This yields a value of Dg ~ 1015 em™, which
seems to be reasonably acceptable. For complex 2 the RT
absorption spectrum is practically the same as for complex 1
(Fig. S287). Therefore, for the purpose of present analysis we
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Fig. 6 (top) Absorption spectrum of 1 in the range of Cu(i) electronic

transitions at 4.2 K; (bottom) energy level diagrams for Cu(i) ion as a
function of symmetry changes.
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accepted the same energy level structure for complexes 1 and
2. The determined limiting values of Dg, ie. 1015 and
1285 cm™ ' were used in SPM analysis (Section 2.10).

2.9 Computations using ab initio methods

The ab initio methods cannot explain or provide direct infor-
mation on magnetic relaxation processes or specific chemical
aspects. However, there is a rationale for carrying out the
ab initio computations due to three advantages. (1) They may
assure that the predicted electronic structure of complexes 1
and 2 as well as so-computed spin Hamiltonian and/or ligand
(crystal) field Hamiltonian parameters are compatible with
those obtained by other methods. (2) The ab initio computed
spin Hamiltonian (SH) parameters (e.g. the g-tensor com-
ponents) and the crystal/ligand field (CF/LF) ones may be used
as starting parameters for fitting of various experimental data.
(3) The ab initio computed CF/LF parameters may serve as
input for independent modelling of the energy levels and thus
SH parameters. Below we present only key results, whereas
details of ab initio computations carried out using several
methods are provided in Section VI in ESL{

2.9.1 Electronic structure calculations. B3LYP solutions of
total spin S = 1 of Cu(u) ions of relevance to the magnetic pro-
perties are presented in Section VI in ESL{ This includes
Mulliken populations (Table S107) and Loewdin and Mayer
analysis®* (Table S117). Analysis of the B3LYP results indicates
what follows. Charges on the chemically equivalent N atoms
are essentially the same for 1 and 2, whereas main differences
arise from the O atoms. O7 and O14 atoms are responsible for
the axial structural distortions (Sections 2.3 and 2.10) and
slightly lower charges in 1 than in 2. The biggest difference in
charge comes from the coordinated solvent molecules, with
MeOH (1) translating to lower charge than H,O (2). This comes
from the inherent basicity of the molecule per se, but also
from the H-bonding pattern that differs within the synthesized
systems (Section 2.2). For experimental structure of complex 2
it was not possible to get the magnetic solution with spin loca-
lized at the Cu center. Cu atom is nonmagnetized with small
leakage of charge (+0.3863|e|). This corresponds more closely
to S =0 and Cu(1) oxidation state than to Cu(i; S = 1), nonethe-
less Cu(u) are known to be inherently more stable than Cu(i)
complexes, the latter being prone to oxidation. We did however
observe low-temperature helium EPR signals (Section 2.6) that
could speculatively suggest formation of small amounts of Cu
()NO moieties, thus explaining the observed magnetic solu-
tion. Only after optimization of geometric structure we
obtained magnetic state with localized magnetic moment but
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during the process of geometry optimization the bond between
Cu and H,O0 is broken and coordination number changes from
6 to 5. This suggest that there might be close-lying states with
different valence properties and geometrical structures.

Excited states were computed for complex 1 using TDDFT
with long-range corrected exchange-correlation functional
CAM-B3LYP. Results of representative multiconfigurational-
SCF calculations are provided below, whereas computational
details and detailed results are provided in Section VI in ESL.}
Calculations were performed using CASSCF method with
additional perturbations NEVPT2 to account for dynamic cor-
relations. For Cu(u) ion we choose the active space consisting
of five orbitals with major contribution of 3d atomic states
with 9 electrons that could occupy them. The self-consistent
procedure yields five states well separated from each other in
energy scale, i.e. orbital singlets (Table 3).

Calculations for complex 1 show that the ground state con-
sists of total 9 3d electrons in two major configurations: (i)
with unpaired 3d,. electron (~70%) and (ii) with unpaired
3d,2_ye electron (~29%). The 1st excited state is similar to the
ground state but proportions are nearly inverted for (ii) with
unpaired 3d,._,. electron (~68%) and (i) with unpaired 3d..
electron (~29%). Other excited states correspond to the follow-
ing configurations: 2nd - with unpaired 3d,, electron, 3rd -
with unpaired 3d,, electron, and 4th - with unpaired 3d,, elec-
tron. Calculations for complex 2 show that the ground state
consists of total 9 3d electrons in two major configurations: (i)
with unpaired 3d,. electron (~77%) and (ii) with unpaired
3d,._ye electron (~22%). The 1st excited state consists of two
configurations: (i) with unpaired 3d,, electron (~51%) and (ii)
with unpaired electron 3d,._. (~39%). The 2nd excited state is
similar to the 1st excited state but proportions are different for
(ii) with unpaired 3d,._,. electron (~37%) and (i) with unpaired
3d,, electron (~42%). Other excited states correspond to the
following configurations: 3rd - with unpaired 3d,, electron
and 4th - with unpaired 3d,, electron. The 3rd and 4th excited
state are well separated, suggesting that structure 2 is geome-
trically more distorted than structure 1.

The effects of the inclusion of NEVPT2 dynamic corrections
for the energy levels and the excited states for complex 1 are
discussed Section VI in ESL.f Comparative analysis of these
effects and the DFT results indicates what follows. The
MC-SCF Mulliken occupations of the selected atoms show
some differences with respect to DFT results. Most important
is the fact that the spin is more strongly localized at the Cu
site and electronic charge is closer to nominal charge 2+
(Table S107). Charges on atoms neighboring with Cu are larger

Table 3 Energies of the excited states w.r.t. the ground state (in cm™) calculated using CASSCF and NEVPT2 for complex 1 and 2

Excited state CASSCF 1 NEVPT2 1 CAM-B3LYP TDA 1 CASSCF 2 NEVPT2 2
1st 9699 12 680 12574 9972 12282
2nd 10420 14 255 17761 10 547 14048
3rd 12212 16186 17907 12134 16421
4th 12262 16215 18578 13228 18030
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than those obtained from DFT. Spins on these neighboring
atoms are very small. This finding is also supported by
Loewdin analysis (Table S14}). Nonrelativistic CASSCF excited
states are well separated from the ground state and this separ-
ation is significantly enlarged with inclusion of dynamic corre-
lations at NEVPT2 level. Consequences of the enlarged separ-
ations of states are discussed in Section VI in ESL.}

2.9.2 Calculations of the spectroscopic splitting factors g.
The g-tensor components (g, g, g,) were calculated in the
principal axis system (PAS) using ZORA approach (Table 4 and
Table S177).

Results indicate large difference between g, and (g, g),
whereas g, and g, differ slightly since our system has C; sym-
metry. The main magnetic axes, which correspond to the PAS
of Zeeman Hamiltonian,”® do not exactly correspond to the
molecular bonds of Cu and neighboring atoms but are lying
closely. CASSCF method overestimate the g-factors with respect
to NEVPT2 method, so (g;) components derived from the latter
one conform well to experimental data for axial symmetry Cu
(n) systems.”*®” We have also listed B3LYP results with the
basis aug-cc-pVTZ-J and CP(PPP) for Cu atom with extra fine-
ness of the grid to get more accurate values of the g tensor.
Products of magnetic susceptibilities and temperature 7T =
0’E/oB> for complexes 1 and 2 obtained using NEVPT2 are
plotted in Fig. S29.} Plots of EPR spectra (Fig. S23, S24} and
Section 2.7) obtained using MOLCAS®® and PHI’® support the
conclusion that hyperfine structure might be important in
such simulations.

2.10 SPM and MSH analysis

The rationale for employing the two semiempirical modelling
approaches, ie. SPM and MSH, are two-fold. (1) To comp-
lement and corroborate (a) the spin Hamiltonian parameters

Table 4 The g-tensor components for complexes 1 and 2 in the princi-
pal axis system (PAS) using ZORA approach

g CASSCF NEVPT2 CASSCF NEVPT2 B3LYP DFT
Tensor 1 1 2 2 1

I 2.081 2.067 2.074 2.058 2.048

& 2.115 2.093 2.113 2.087 2.054

jus 2.517 2.386 2.511 2.409 2.177
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obtained experimentally by EPR (Section 2.6) and computa-
tionally by DFT/ab initio approaches (Section 2.9) as well as (b)
CF parameters (CFPs) estimated experimentally by optical
spectroscopy (Section 2.8). This would enhance reliability of
the overall results. (2) To gain more insight into magneto-
structural correlations and thus explain differences in mag-
netic character of compounds 1 and 2. The results of calcu-
lations carried out to fulfil rationale (1) are presented below,
whereas those concerning rationale (2) are discussed in
Section 3.

For initial estimation of the g; factors, simplified MSH for-
mulas listed in Section VIIT were employed.”®®® The results
have indicated general suitability of the MSH approach. For
more accurate calculations of SHPs, the MSH formulas for
tetragonal (TE)'°'°® and orthorhombic'® % symmetry is
applied. To obtain input data for MSH formulas, the CFPs
By, "' are calculated using SPM for Cu(u) centers in 1 and 2
using the structural data for set C,, (Section V in ESIT). The
two plausible Dg values ~1015 cm™" and ~1285 cm™" esti-
mated by us experimentally from optical spectra (Section 2.8)
are adopted. Pertinent comments on reliability of usage of
SPM/CFP predictions as input data for MSH formulas are pro-
vided in Section VII in ESI.{ The results listed in Table 5 indi-
cate that after standardization (see Section VII in ESIf) the
axial CFP B,, of the highest magnitude and minimal values of
B,, and B,, are obtained, while B,, and B,, also change signs
along the choice of positive rhombicity ratio built into CST
package.“s'l“

The relations between the CF energy levels in eqn (S6) and
(S7) and those E; and E, employed in MSH formulas for tetra-
gonal symmetry in ref. 101 and 104 are as follows:

E, = 10Dq = AE = (|dx2—y2> — |dxy>)

E, =10Dq — 3Ds + 5Dt = AE = (|dxz,yz> — \dyz>) = AE
= (‘dx27y2> - |dxz>) (6)

In eqn (6) Dg denotes the cubic CFP, whereas Ds and Dt
denote the second- and fourth-rank tetragonal CFPs in the
conventional notation,"’”""*® respectively. Depending on the
shape of the distorted octahedron (Section 2.3) and thus the
strength of tetragonal CFPs, the ground state may be either
|dyeye) oF |dy2).*®%° This is also evident in our ab initio calcu-
lations (Section 2.9). Next, using the CFPs in Table 5 and the

Table 5 The CFPs in Wybourne notation By (in cm™) calculated using SPM with Dq ~ 1285 cm™ and Dq ~ 1015 cm™ for set C»,

Complex 1 Complex 2
CFPs Csy C,, after OR/ST* Cypy C,, after OR/ST*
Dq 1285 1015 1285 1015 1285 1015 1285 1015
Bso 15931 12584 —-28719 —22 685 16 017 12 651 —-26735 —-21118
By, 16 945 13 385 —-1283 -1014 15290 12 078 —2163 —-1708
Byo 31528 24 889 21424 16913 30963 24 443 21239 16 767
By, —8102 —6396 -1712 —-1351 —7429 —-5864 —-1279 -1010
By, 15305 12 082 23758 18756 14 822 11701 22958 18123

“The orthorhombic transformation (OR/ST) defined as $2:'°%"'>!1>116 (x,

This journal is © The Royal Society of Chemistry 2022
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conversion relations between the CFPs By, and (Ds, Dt) given
in ref. 118, the latter CFPs are calculated, and subsequently,
the energies E; and E, in eqn (6). Finally, the tetragonal SHPs:
g and A; are calculated by applying the respective MSH
formulas.'"'* To calculate the hyperfine structure para-
meters A; we employ analogous MSH formulas derived as func-
tions of the g; values and respective CF energies.'%° %

For orthorhombic symmetry,'®” "% four CF energies E; (i =
1-4) apply. The corresponding relations are:

Ei = 10Dgq
E, = 10Dg + 3Ds — 5Dt — 3D + 4Dp*

E; = 10Dq + 3Ds — 5Dt + 3D; — 4Dp>

E, = —4Ds — 5Dt (7)

in eqn (7) Dg, Ds and Dt have the same meaning as in eqn (6),
whereas D; and D, are the conventional orthorhombic CFPs,
which are related to the CFPs By, The orthorhombic (OR)
SHPs g; and A; calculated applying the respective MSH
formulas'® "% are listed in Table $19.1 To facilitate compari-
son of the orthorhombic g; and 4; components and the per-
pendicular tetragonal ones, the averaged values: (g, + g,)/2 ~
g1 and (A, + Ay)/2 ~ A, are also calculated, while the axial com-
ponents are directly comparable: g, ~ g and 4, ~ 4.

Three important points bearing on interpretation of results
in Table S191 must be kept in mind as discussed in Section
VII in ESL In view of these points, analysis of the results in
Table S197 leads to the following conclusions. The SHPs g; and
A; calculated using MSH formulas for the TE case may be
directly compared with experimental results in Section 2.3,
whereas those for the orthorhombic (OR) case - with the
ab initio results in Section 2.9. Results for both cases indicate
good mutual consistency, which shows the usefulness of the
ascent/descent in symmetry.'***** Employing the standar-
dized CFP sets in MSH calculations is even more crucial in the
TE case than in the OR case, in view of additional approxi-
mations involved in the TE case, ie. omitting the ortho-
rhombic CFPs: B,, and B,,.

The values of g; calculated in Table S191 by adopting TE
and OR formulas agree well with our experimental ones: g =
2.26 and g, = 2.05 for complex 1 and also with literature data
obtained for compounds with axial symmetry Cu-sites, see
Table S20.f Since EPR spectra were done on powdered
samples, the axes (x, , z) indicated for the fitted values, i.e. g
(2), g1 (x, y), may be considered only as the nominal principal
axes. Hence, they cannot be related the orientations of any
specific axes within the coordination octahedron (Fig. 1c and
d). Comparison of the theoretical 4; values in Table S191 with
our experimental value 4| = 175 (G) = 165.8 (10~* em™") for
complex 1 and the respective values in Table S207 reveals that
all experimental A are positive, whereas theoretical ones are
negative. This is due to the limited capabilities of the compu-
ter program used, have allowed fitting EPR spectra only with
the absolute values of the hyperfine interaction parameters
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|A|. Since no perpendicular splitting has been observed in EPR
spectrum, no accurate value of A; could be determined.
Attempts to simulate spectra using A, indicate that this is not
a sensitive parameter because any splitting is hidden in the
main EPR line. A good match has been obtained with A; equal
1 as well as 20 ecm™". Both formulas: TE and OR ones, yield
comparable sets of results and indicate that good agreement
may be obtained by appropriate matching of the adjustable
parameters. However, overall the Dg value (in ecm™") 1015
seems better than 1285, which yields larger CF energies (E;).
This finding conforms to that obtained in Section 2.8.
Comparison of the TE and OR results for sets C,, or both com-
plexes 1 and 2 in Table S197 indicates smaller differences
between the respective results than those for sets C,, after OR/
ST. This may be due to the approximations involved in the TE
case. Since no such approximations are involved in the OR
case, the results for sets C,, after OR/ST may be considered as
more accurate. Comparison of the results in Table S191 and
the respective results obtained by ab initio methods (Section
2.9) also favor the MSH results obtained with lower Dg value
for sets C,, after OR/ST. Importantly, the CF energies obtained
for sets C,, do not agree as well those for sets C,, after OR/ST.
This reinforces the importance of employing orthorhombic
standardization.

3. Magneto-structural correlations
and outcome

Results provided in Section 2 and in ESI} enable us to extract
some information on correlation between the chemical com-
position of 1 and 2 and their magnetic relaxation properties.
The following dependencies were observed in this study. Slow
relaxation of magnetization is observed only in the presence of
the external magnetic field and it mostly concerns compound
1 [Cu(Lred")(MeOH)](ClO,),, while it is much less pronounced
in compound 2 [Cu(Lred*)(H,0)](OTf),. Each metal ion is iso-
lated in its crystal lattice without any exchange interactions, as
confirmed by X-ray structures (Cu---Cu distances over 8 A), DC
magnetic and EPR studies. This means that observed differ-
ences can be related to variations in symmetry of Cu(u) ion in
CuL, complex, secondary coordination sphere, and/or
additional crystal packing effects.

Structural similarity of the [CuN;O;] coordination octa-
hedron (N3O square planar plane and O, axial elongation -
see, Scheme 1) is retained in both complexes, despite differ-
ences in the composition of ligands Lred' and Lred* and co-
ordinated solvent molecule. Axial octahedral elongation is
stronger in 1 than in 2 as determined by SHAPE studies
(Section 2.3) and the differences are also observed in tempera-
ture-dependent cw-EPR studies (Section 2.6). This phenom-
enon can be attributed to the Jahn-Teller distortions, which
were extensively studied to show structural and electronic con-
sequences of the Jahn-Teller effect.'** Present axial elongation
leads to an anisotropic distribution of d-electron spins, which
has huge impact on magnetic properties. The N;O plane is

This journal is © The Royal Society of Chemistry 2022
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more distorted from the pure square planar one in 2 than in 1
(Section 2.3), whereas the excited state calculations also point
to this symmetry deviation (Section 2.9.1). Overall, symmetry
of compound 1 is akin those of porphyrins/phthalocyanines,
which facilitate SIM/qubit behavior for symmetry reasons.’*>*
The charge analysis of the ground state of Cu®>" ions in
complex 1 and 2, indicates that the CASSCF/NEVPT2 state
energies and g; factors are typical for an octahedrally distorted
copper (i) complexes. The conclusions drawn from CASSCF cal-
culations are corroborated by TD-DFT and semiempirical
results as well as are consistent with level schemes for low
symmetries reported in literature.’®

To fulfil the rationale (2) of semiempirical calculations
(Section 2.10), we examine the dependence of the SPM calcu-
lated CFPs on the structural parameters of the complexes, e.g.
bond lengths, R;. This enables to gain insight on how the
changes in CFPs affect the MSH calculated SHPs: g; and A;. An
increase in R; values results in a decrease in E; values in both
TE and OR symmetry cases. This in turn induces a decrease in
g1 but an increase in g values. Similar trend is also observed
for A, and A, respectively. Computations also reveal that the
reason for the differences in the properties of both complexes
1 and 2 may not be solely related to the immediate surround-
ings of the Cu(u) ions and other factors, e.g. solid state packing
may play a role as discussed below.

In the solid state, both complexes show two molecules of
crystallographically equivalent but magnetically inequivalent
compounds (C, inversion axis) in the unit cell. Interestingly,
only in 1 they symmetrically interact with each other in anti-
parallel manner through the pyridine-pyridine n-rn stacking
interactions (Fig. S221), similarly as reported.””'* This
ensures the rigid crystal packing, which is otherwise more
loose in compound 2, which is related to the effect of the
counterion involved in the H-bonded packing (ClO,” in 1,
CF;S0;™ in 2). The molecular structure of both compounds is
not devoid of high-energetic vibrations (C-H, NH) that may
also contribute to relaxation mechanisms considered here, i.e.
of Raman, direct and QTM origin (Section 2.5). Bo¢a et al.®
showed that octahedral [Cu(pydca)(dmpy)]-0.5H,O (where
pydca - pyridine-2,6-dicarboxylate, dmpy - 2,6-dimethanolpyri-
dine) exhibits two relaxation processes with energy barriers
estimated as U/kg = 58.6 and 62.7 K. This may be due to exist-
ence of two distinct Cu(u) centers in the crystal lattice, each
with different local site symmetry Cu(u). Bo¢a’s group® also
showed that monometallic octahedral [CuLL',(H,0)] complex
(where L = 2,6-dimethanolpyridine and L’ = 3,5-dinitrocarboxy-
late) forms dimers that are arranged in the n-r stacking. This
leads to 1D-chain and/or ladder structure that also exhibits
two relaxation processes through the direct and Raman-like
contributions. Cui et al.®* showed that five-coordinate [Cu(12-
TMC)CI][B(C¢Hs)s] (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tet-
raaza cyclododecane) exhibits only one relaxation process in a
distorted square pyramidal geometry of copper(u) ion.
Korchagin et al.®® demonstrated that the quasi-one-dimen-
sional Cu(u) complex [Cu(hfac),(CITDPO)], (where hfac - hexa-
fluoroacetylacetonate, CITDPO 2,4-di-(tert-butyl)-9-chloro-
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benzo[5,6][1,4]oxazine[2,3-b]phenoxazine) relaxes through the
combination of two-phonon Raman and one-phonon direct
processes. Since these examples represent mutually unrelated
compounds, more studies of structurally similar monometallic
Cu(u) systems are needed to better understand the observed
phenomena.

4. Conclusions

Our study provides solid grounds for development of a
modular organic platform for controlled formation of magneti-
cally isolated, monometallic Cu(u) systems. This approach
would enable better understanding of magnetic relaxation
behaviour in S = 1 systems. Herein, the tunable capability of
the synthesized complexes comes from: (i) the unique penta-
dentate LredR N,0-aminal ligand family formed by unex-
pected in situ reduction of the parent Schiff base ligand L; (ii)
the chosen solvent/reagent alcohol; (iii) the coordination pre-
ferences of the metal salt and its counterion. Since the field-
induced SIM coordination compounds with d° ions are rarely
encountered, two structurally similar octahedral Cu(u) com-
pounds were prepared as the case study. The above aspects (i)
and (ii) affect modularity most significantly. Both analogues
are rare examples of magnetically isolated copper systems that
display slow relaxation of magnetisation, with phenomenon
being more pronounced for the perchlorate analogue 1 than
the triflate 2.*®

Experimental findings indicate that this behaviour is predo-
minantly the result of: (i) the octahedral structural distortions
exerted by the alkoxy groups appended on the L***/ scaffold;
(if) spatial arrangements of the Cu(u)---Cu(u) pairs in the unit
cell due to the crystal packing contacts, with anion and n-n
interactions being the most important. This translates to the
character of the hyperfine structure observed in the EPR
spectra as a function of temperature and applied frequencies,
related to the interactions of S = 1 electron spin of Cu(u) ion
with the nuclear spin I = 3/2. The relaxation of magnetization
proceeds through the combination of Raman, direct and QTM
processes.

The extensive ab initio ((TD-)DFT, CASSCF, NEVPT2) compu-
tations and semiempirical (SPM, MSH) -calculations have
included the following aspects. Cu(u) electronic states, g-
tensor and A-tensor components as well as ligand field para-
meters were calculated and compared with the experimentally
determined values. This enables to gain insight on how the
changes in CFPs affect the MSH calculated SHPs: g; and A;.
Such thorough and combined strategy allowed us to probe the
effect of geometrical and structural changes on copper(u) elec-
tronic states. Consequently, our investigations provided better
understanding of the observed magnetic behaviour. The
theoretical results corroborate experimental findings and are
consistent with level schemes for low symmetries reported in
literature.

The thorough and combined strategy, utilized for two Cu(u)
ion complexes for the first time, has also helped to delineate
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advantages and limitations of each of the several experimental
techniques and theoretical approaches employed. Hence, this
combined strategy may guide development of the design of
other potential Cu(u)-based nanomagnets as well. Additional
aspects concerning modularity in our study may be invoked,
e.g. strongly coordinating counterions. Interestingly, demon-
strated modular character of alkoxy groups would allow one to
attach perfluorinated arms to evaluate the role of aliphatic
CH, and CHj; vibrations on the relaxation behaviour in the
future. These aspects, together with the role of secondary
coordination sphere on magnetic relaxation mechanisms are
currently of particular interest."**
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X-ray graphical representations of crystallographically equivalent but magnetically
inequivalent Cu(l1) pairs of 1 and 2

The averaged EPR powder spectrum obtained from PHI simulations using integration over
several directions of magnetic field, for linewidth equal to 0.1 GHz, 0.15 GHz, 0.6 GHz along
the x-, y-, z-axis, respectively. The indicated transition corresponds to the magnetic field
directed along the x direction

EPR spectrum obtained from PHI simulations using integration over three main directions
of magnetic field, for linewidth equal to 0.05 GHz, 0.15 GHz, 0.6 GHz along the x-, y-, z-axis,
respectively. The indicated transitions correspond from upper to lower to the magnetic field
directed along the x-, y-, and z direction, respectively

Optical spectroscopy
Absorption spectrum for the thin film of 1 measured at RT

Coordination of the nearest ligands around Cu(ll) ion in: (a) the complex 1 and (b) 2. The
adopted Cartesian molecular axis system (CMAS) (X, Y, Z) reveals the approximate C:
symmetry of Cu(ll) center

S16

S17
S18
S18

S19

S20

S20

S21

S22

S22

S22

S23

S23

S24

S24
S25

S25

S27

S28

S29
S30

S30

S2



Figure S27
Figure S28

V.

Table S9

VI.
Figure S29

Table S10

Table S11

Table S12

Table S13

Table S14

Table S15

Table S16

Table S17

Table S18
VII.

Table S19

Table S20

VIIL.

Deconvolution of the spectrum of 1 into 3 bands
Absorption spectrum for the thin film of 1 and 2 measured at RT

Definitions of the axis systems (ASs) and input sets used for computational modelling of
complex 1 and 2

The atomic positions (¢, 6, R) within the MLn complex expressed in the CMAS (X, Y, 2)
defined in Figure S26 for sets C: and Cay

Computations using ab initio methods
xT plots versus temperature calculated with NEVPT2 for both compounds

Results of Mulliken populations for selected atoms (denoted by cif symbols) calculated using
B3LYP DFT and CASSCEF for complexes 1 and 2. Charges are in units of |e| and spin in Bohr
magnetons.

Mulliken populations for selected atoms calculated using B3LYP for complex 1 and basis set
ZORA-def2-SVP with exception of (*), where basis is def2-SPV. Charges are in units of |e|
and spin in Bohr magnetons; notation of atoms (symbol and number) is as in cif file

Mulliken populations for selected atoms calculated using CAM-B3LYP for complex 1; charge
is in units of |e| and spin is in Bohr magnetons

Energies of the excited states w.r.t. the ground state (in cm™?) calculated using CAM-B3LYP
for complex 1; results for B3LYP are shown for comparison

Mulliken, Loewdin and Mayer populations for selected atoms of complexes 1 and 2 calculated
using CASSCF approach. Basis sets is of ZORA-def2-SVP with exception of *where basis is
def2-SPV. Charges are in units of |e| and spin in Bohr magnetons; notation of atoms (symbol
and number) is as in cif file

Energies of Kramers doublet (KD) states (in cm-1) for complexes 1 and 2.

Composition of spin-orbit relativistic states being linear combinations of the nonrelativistic
NEVPT2 states mixed by SOC, which are denoted as: [number of root, S, Ms>. Only states
with major weights are listed. Number of root means the consecutive number of NEVPT2
state (0 is ground state (GS), 1 is 1% excited state etc.)

The A-tensor components (in 10* cm™) for complex 1 obtained using ZORA approach and
DKH one (including SOC correction of the 0 or 2" order)

Orbital energies (in cm-1) calculated using ab initio Ligand Field for complexes 1 and 2.
Orbitals expressed as the real 3d functions correspond to respective LF states.

SPM and MSH analysis

The conventional CFPs calculated using the CFPs Byq in Table 5 together with energy levels:
Ei (all in cm®) and SHPs: gi (dimensionless) and Ai (in 10 cmY).

The axial gi (dimensionless) and hyperfine parameters Ai (in 10 cm™) reported for Cu(ll)
ions in various compounds.
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I. General Information

All chemicals (the metal salts, organic compounds, solvents) were purchased from Merck Chemical Company or POCH as
analytical grade and used without further purification. Precoated aluminum sheets (Silica gel 60 F254, Merck) were used
for thin-layer chromatography (TLC), while the spots were visualized under UV light (BVL-6LC, Vilber) with a wavelength
of 254 nm. Column Chromatography (CC) was performed for the purification of the organic products, using 70-230 mesh
silica gel particles. Elemental analyses were performer on Elementar Analyser Vario EL Il (CHNS) and the results are
within £+ 0.3% of the theoretical values. Fourier Transform Infrared (FT-IR) spectra were performed by means of a FT-IR
Bruker IFS 66V/S spectrophotometer, in the range between 400 and 4000 cm* with a resolution of 4 cm™. An average of 24
scans has been carried out for each sample. The samples were prepared on a KBr pellet under a pressure of 0.01 torr. Mass
spectra (ESI-MS) were determined by a Waters Micromass ZQ spectrometer in acetonitrile or methanolic solutions with
concentrations ~107* M. The samples were run in the positive-ion mode. Sample solutions were introduced into the mass
spectrometer source with a syringe pump with a flow rate of 40 uLL. min"* with a capillary voltage of +3 kV and a desolvation
temperature of 300°C. Source temperature was 120°C. Cone voltage(Vc) was set to 30 V to allow transmission of ions
without fragmentation processes. Scanning was performed from m/z = 100 to 1000 for 6 s, and 10 scans were summed to
obtain the final spectrum. The synthesis of 2,6-pyridinedicarboxaldehyde (A) was performed following a previously
published procedure.*

X-ray crystallography Diffraction data were collected by the w-scan technique at room temperature (1) or at 100(1) K (1°,
2) on Rigaku XCalibur four-circle diffractometer with Eos CCD detector and graphite-monochromatized MoK, radiation
(A=0.71073 A). The data were corrected for Lorentz-polarization as well as for absorption effects.? Precise unit-cell
parameters were determined by a least-squares fit of 10512 (1), 7586 (1°) and 5533 (2) reflections of the highest intensity,
chosen from the whole experiment. The structures were solved with SHELXT-20132 and refined with the full-matrix least-
squares procedure on F2 by SHELXL-2013.2 All non-hydrogen atoms were refined anisotropically, hydrogen atoms were
placed in idealized positions and refined as ‘riding model” with isotropic displacement parameters set at 1.2 (1.5 for methyl
groups) times Ueq Of appropriate carrier atoms. The crystals of 1 displayed very weak diffraction only (despite the number
of tries) and therefore the quality of this structure determination is relatively low, but anyway good enough for determination
of general structural features; the low temperature structure of 1° also confirms reliability of measurement of structure 1; in
the structure of 2 the solvent methanol molecules were found disordered over two positions with site occupation factors of
69.3(7)/30.7(7)%. The shapes of displacement ellipsoids within the disordered fragment were subjected to rigid-bond
restraints (RIGU). Relevant experimental data and refinement details are reported in Table S1. Crystallographic data for the
structural analysis has been deposited with the Cambridge Crystallographic Data Centre, Nos. CCDC-1965451, CCDC-
1965452 and CCDC-2150965. Copies of this information may be obtained free of charge from: The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail: deposit@ccdc.cam.ac.uk, or www:
www.ccdc.cam.ac.uk.

Powder X-Ray diffraction (PXRD). PXRD analyses were performed using a Bruker AXS D8 Advance diffractometer. A
powdered microcrystalline sample was ground in an agate mortar and was deposited in the hollow of a quartz zero-
background plate.

Nuclear Magnetic Resonance. Nuclear magnetic resonance (*H and **C NMR) were recorded on a Mercury-plus-400 MHz
spectrometer and calibrated against the residual protonated solvent signals (CDCls: 6=7.26 and CDsCN-ds: 6= 1.94), given
in ppm.

Electron Magnetic Resonance. In order to immobilize our samples microcrystalline powder was placed in a 1mm thin-
walled quartz capillary and "pressed / squeezed", then positioned with quartz wool on both sides. This prevents reorientation
with respect to the magnetic field due to the "loosening” of powder and thus ensures keeping the sample in the right position.
The parameters pertaining to registering of EMR spectra are: X- band (Frequency 9.42 GHz, Power 94.64 mW); Q-band
(Frequency 33.92 GHz, Power 12.62 mW). Initial X-band EPR spectra of powdered microcrystalline sample were measured
at 295 K and at 77 K using a Bruker Elexys E 500 Spectrometer equipped with an NMR tesla meter and a frequency counter.
The experimental spectra were simulated using the computer program DoubletExact (S = !%) (using calculation of resonance
fields by diagonalization of the energy matrix) written by Prof. Andrew Ozarowski from National High Magnetic Field
Laboratory, Florida State University, Tallahassee, USA. Subsequent X (300 K — 90 K) and Q (300 K — 4 K) band studies
were measured using Bruker ELEXSY'S E580 equipped with Hall probe for induction control for CW mode and simulated
using EasySpin program.*® All fittings were performed several times for each case, starting from different input data, and
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as a result, similar final values were obtained with an accuracy of 3%. Hence, the final results were selected taking into
account the best fits, i.e. those with the lowest RMSD value.

SQUID Magnetometry. Magnetization measurements in the temperature range of 1.8-300 K at the magnetic field of 0.5
T and field dependent magnetization measurements in an applied magnetic field from 0 to 5 T at 2 K were carried out for a
sample of powdered crystals of compounds (0.04468 g 1 and 0.0480 g 2, using a Quantum Design SQUID Magnetometer
(type MPMS-3). The AC measurements of 1 and 2 were made under 0.1 T DC field and at 3-:10* T oscillating field, in the
temperature and frequency range: T = 1.8 — 10 K, v =1 — 996, Hz respectively. The magnetic data were corrected for the
sample holder (Quantum Design Clear Plastic Straws in Paper-AGC2, free of paramagnetic impurities). Corrections for
diamagnetism of the constituting atoms were calculated using Pascal’s constants®, the value of 60-10° cm®mol~ was used
as the temperature-independent paramagnetism of Cu(Il) coordination polymers.’

Optical Spectroscopy. The absorption spectra were recorded in the 800 - 200 nm range at 4.2 K on a Cary-5000 UV-Vis-
NIR spectrophotometer, equipped with an Oxford Instrument model CF1204 cryostat. In order to obtain the spectrum a well
ground mixture of samples with some silicon grease were placed between two quartz plates, approximately 1 cm in diameter,
and pressed to get a transparent layer.

Computational Studies.

Ab initio approaches. We have calculated electronic structure of complexes 1 and 2 using ORCA 4.2.1 code® ° for the
experimental X-ray structural data. For the sake of comparison to semiempirical results we have rotated and translated
coordinates from .cif file to put Cu atom in the center of computational cell and set Cartesian axes almost along the bonds
between Cu and its nearest neighbors (see Section 2.8). We have used basis ZORA-def2-SVP, suited to relativistic
calculations. Firstly. we have used B3LYP® exchange-correlation potential to calculate DFT magnetic ground state. Then
the resulting unrestricted orbitals were used as a starting point to CASSCF*! calculations with allowed 9 electrons to occupy
5 orbitals since we assume the nominal oxidicity of copper atom as 2+. Active space consisting of 5 orbitals was chosen as
the set of orbitals with major contribution from 3d orbitals of copper atom. We were considering 5 Kramers doublets in
such calculations with no frozen orbitals. Consequently, NEVPT2'? calculations were done for all states, to account for
dynamical correlations. Furthermore we have calculated excited states using time-dependent DFT (TDDFT) methods*®,
where we have used long-range potential CAM-B3LYP*.We have also accounted for scalar relativistic corrections and
included spin-orbit coupling (SOC) operator that mixes states'’. For that purpose we use two methods: (i) Oth-order regular
approximation (ZORA)*® and (ii) Douglas-Kroll-Hess (DKH)*. The SOC could be included within ZORA approach or as
1%t or 2" order DKH transformation of SOC operator?® 2,

Within procedures implemented in Orca® 22 we compute parameters of effective models based on ab initio results for
comparison with phenomenological models. Since we model molecule as one-center magnetic S = % system, the only
magnetic anisotropic behavior seen in experimental data could be interpreted as the anisotropy of g-tensor or A-tensor. The
tensors g and A are computed using effective models relying on the SOC operators which are computed at default from
densities calculated from scalar (quasi)relativistic equations. Effective SOC operators are computed with inclusion of so
called picture-change effect, which transforms relativistic operator to be fully consistent with used (quasi)relativistic
equations. This has been done with either Oth-order regular approximation (ZORA) or (up to 2™ order) DKH Douglas-Kroll-
Hess transformation of SOC operator. We have also derived parameters of Ligand Field model to describe optical
spectrum? 24

SPM and MSH analysis. To complement ab initio modelling (see Section 2.9) semiempirical modelling is carried out for
Cu(Il) centers in 1 and 2 utilizing two approaches: (1) superposition model (SPM)%: % analysis of the CFPs (SPM/CFP) in
Wyhbourne notation (Bkg)? 2" % and (2) microscopic spin Hamiltonian (MSH) calculations of the SH parameters (SHPs)?*-
3, Notations for the Hamiltonians Hsy and Her and the associated parameters were defined below. The SPM/CFP predictions
(approach 1) are carried out using the set denoted C,, in Section Il in SI. These results provide input into the relations for
the energy differences between the excited states and the ground state expressed in terms of CFPs**4°, Subsequently, the
MSH formulas (approach 2) for Cu(ll; 3d°) derived from the higher order perturbation theory®**° were utilized to calculate
SHPs, i.e. the spectroscopic splitting factors gi and the hyperfine splitting parameters A;. These MSH utilize knowledge of
the energy levels, the spin—orbit coupling constant ¢, and other microscopic parameters. To consider the ascent/descent in
symmetry method*3, the approximated MSH formulas®° suitable for tetragonal and orthorhombic symmetry are
employed. Further computational details and results are provided in the Section 2.10 in manuscript.
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Notations used for spin Hamiltonian (SH) and crystal field (CF) Hamiltonian. Two major branches of spectroscopy being
of interest to this study are optical spectroscopy*+“¢, and electron magnetic resonance (EMR) spectroscopy?®-3L. Hence, two
major types of Hamiltonians are considered herein: (i) the crystal field (CF) (or ligand field, LF) Hamiltonians Hcr together
with the free-ion Hamiltonians Hg, which are used to describe optical spectra of transition ions in crystals*4¢, and (ii) the
spin Hamiltonians (SH), which include the Zeeman electronic (Ze) term Hze, hyperfine interaction (HFI) between electronic
spin S and nuclear spin | (Hur), and the zero-field splitting (ZFS) Hamiltonians (Hzrs), which are used to describe EMR
spectra®®3!, Note that for Cu(ll) ion: S = Y%, | = %2, hence no ZFS terms apply, whereas only one ground multiplet 2D exists.
To describe EMR spectra of ions in crystals and transitions between spin states?®=! the concept of an effective spin
Hamiltonian (SH) has been introduced:3* 4’

Hsy = Hze + Hyp = ppB-g-S+pupl-A-S (1)

where g -is the Zeeman factor and A is the hyperfine tensor. For orthorhombic symmetry as well as in the principal axis
system for monoclinic or triclinic symmetry only the components (X, y, z) exist in Eq. (1), whereas for axial symmetry: gj,

grand Ay, Ay In terms of the Wybourne (Wyb) operators*® “°, i.e. the normalized spherical operators C{*” (Ciq), Her(Hir)

within the whole dN or fN configuration may be represented in two general forms, i.e. compact and expanded. In the compact

form3, i.e. with —k < q < +k, the triclinic Hce(HLe) may be given in several equivalent representation, most commonly as:3*
41, 48, 49

e U91) = 38,CL = 38,6,y =3 BECY .
kq kq kq

where the CF parameters (CFPs) Biq ( B: ) are in general complex, except for g =0, and C{ (Cyy’s) are to be summed

over all unpaired electrons of the unfilled shell of the RE (TM) ion, i.e.. C = ZC: (8,,9,). The conversion

relations between B/ (ESO) in Eq. (5) and By, (Wyb) in Eq. (2) may be found in, e.g.%® %%, In the expanded form3 “.4°,
i.e. with 0 <g< +k, the triclinic Hce is equivalently given as:

Hr (Wyb) = Z[Bkocg” +3°(Re B, (C + (C11'C)+iim B, (C — (-1yC ))} . 3)
k g=1

The real parts ReByq and the imaginary ImByq parts of the complex CFPs Byq in Eq. (2) are often replaced in Eq. (3) by the
symbols Byq and By.q, respectively, yielding a simplified form (with 0 < q < +k):

Her (Wyb) = z{smcsw 23 (BlC® + (17 CE )b, ,(C® — (-1 cs“))} ()

The notation in Eq. (4) is adopted in semiempirical modelling in Section 2.10. Caution is needed to avoid unintended
ambiguities with the symbols in Eq. (2) when comparing CFP sets reported in literature. The simplified crystal field (CF)
Hamiltonian for 3d" ions, acting only within the ground multiplet Z*1L, has the form:3

Her (ESO)= D" BIOJ(J or L) =) AX(r*)6,07 =3 C6,0] (5)
k,q kg

ka

where 0, denote the extended Stevens operators (ESO)** *! and B (A, C\) - the CF parameters (CFPs), which are all

real, whereas the so-called multiplicative Stevens factors & = a, B, and y for the rank k = 2, 4, and 6, respectively, are
tabulated, see, e.g. (4). The first form in Eq. (5) is utilized in MOLCAS®? and PHI®3 for Hcr(HLr) (and with the spin operator
(S) for Hzrs). Hence the notation in Eq. (5) will be used for presentation of CFPs modelled using ab initio methods. The
summation in Eqg. (2) and (5) includes all g components: -k <g< +k, whereas specific limits on the non-zero components g
are governed by the local site symmetry and group theory.3® The limit to the ranks k (k< 2I) for the operators acting within
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the ground multiplet and the associated CFPs arises from the orbital quantum number (I) of a given configuration, namely,
J(fN): 1 =3 yields k = 2, 4, and 6 or L(d"): | = 2 yields k = 2 and 4.
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I1. Experimental section — synthesis, X-ray data, magnetic studies
The imination of 2,6-pyridinedicarboxaldehyde with 3-amino-5-methylisoxazole (L)

2,6-pyridinedicarboxaldehyde (A) (1.000 g, 7.4 mM) and 3-amino-5-methylisoxazole (B) (1.488 g, 15.2 mM) were weighed
into a round-bottomed flask, which was fitted with a Dean-Stark cap. After flushing with argon, the anhydrous toluene (60
mL) was added and the resulting mixture was stirred at 140°C for 6 hours. The solution in the flask was concentrated (by
Dean Stark's tap) and allowed to slowly cool to the room temperature for the crystallization of the product. The crystallite
was filtered and washed with cold toluene. Drying in the air gave white crystals of the ligand L with yield of 44% (0.930g,
3.1mM).

'H NMR (400 MHz, CDsCN): 6 8.82 (2H, d, J = 0.58), 5 8.35-8.33 (2H, d, J =7.77), 8.08 (1H, tt, J = 7.52, 0.66, 0.58);
6.40 (2H,q, J = 7.52, 0.83, 0.91); 2.44 (1H,d, J = 0.91); *C NMR (400 MHz, CDCls): § 171.2, 196.2, 165.2, 153.8, 137.6,
124.8, 95.5, 12.8; FT-IR (KBr, cm™): v(O-H) 3477; v(N-H) 3385, 3195; v(C-H)arom 3066, 3003; vas(C-H)aiit 2927; vs(C-
H)ait 2891; v(C=C) 1716, 1629, 1606, 1580, 1566, 1551, 1470; v(C=N) 1450, 1429, 1396; 5(CHs) 1328; v(C-O) 1253, 1223;
v(C-H)arom 1158, 1134, 1077, 1048, 1009, 992, 965, 932, 924, 850, 823, 807, 785, 740, 697, 671, 646, 626, 596. ESI-MS(+)
m/z (%): 296 (100) [LH]*, 382 (12) [L(CHsOH):Na]*; Anal. calc. for [C1sH13NsO2] (295.30); C, 61.01; H, 4.44; N, 23.72;
0, 10.84, found: % C, 61.36; H, 4.26; N, 24.21 %.

1H_NMR___The synthesis of diimine type ligand.esp
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'H NMR and **C NMR spectra of L.

Synthesis of complex 1

The solution of copper(Il) perchlorate hexahydrate (0.113 g, 0.30 mM) in THF (2.4 mL) was added to a solution of ligand
L (0.180 g, 0.61 mM) in THF (3.0 mL), what gave rise to the blue precipitate. The latter was dissolved by the addition of
methanol (1.2 mL) and stirred for 24h at room temperature. The resulting complex was isolated by the crystallization using
the slow diffusion of diisopropy! ether into THF/MeOH solution of complex. The crystals suitable for the single crystal X-
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Ray crystallography and further studies were filtrated and washed with THF. Drying in the air gave blue crystals of complex
1 with yield of 52% (0.104 g, 0.16 mM).

FT-IR (KBr, cm™): v(O-H) 3477; v(N-H) 3385, 3195; v(C-H)arom 3160, 3053, 3032; vas(C-H)aiit 2975, 2939; vs(C-H)air 2898,
2841; v(C=C) 1627, 1555, 1521, 1471; v(C=N) 1442, 1392; 8(CHs) 1353; v(C-0O) 1262, 1219; 3(OCIO) 1146, 1091; y(C-
H)aom 1118, 1029, 1012, 957, 942, 836, 808, 781, 755, 721, 672, 637; y(Cl0O) 626. ESI-MS(+) m/z (%): 188 (100) [Cu(L-
H)K2(CH3OH)2]*", 489 (10) [CuL(CHsOH)CI]*, 503 (9) [CuL(CHsOH)OH]*, 521 (22) [CuL(CHsOH).CI]*, 535 (28)
[CuL(CH30OH),0OH]*, 549 (18) [CuL(CH30H)3;(MeO)]" Anal. calc. for [Cu(C17H21Ns04)(CH30H)][CIO4]. (653.87) The
explosive nature of perchlorates prevents elemental analysis of the complex.

Synthesis of complex 2

A solution of copper(ll) trifluoromethanesulfonate (0.137 g, 0.74 mM) in the absolute ethanol (1.0 mL) was added to the
mixture of A (0.050 g, 0.37 mM) and B (0.073 g, 0.74 mM) in the absolute ethanol (2.0 mL). The clear blue solution was
stirred for 24h at room temperature. The resulting complex was isolated by the crystallization using the diffusion of ethyl
acetate into mother solution. The complex crystals suitable for the single crystal X-Ray crystallography and further studies
were filtrated and washed with ethyl acetate. Drying in the air gave blue crystals of complex 2 with yield of 49% (0.138 g,
0.18 mM).

FT-IR (KBr, cm™): v(O-H) 3507; v(N-H) 3247, 3198; v(C-H)arom 3133, 3090, 3065; vas(C-H)air 2988, 2946; vs(C-H)air 2907;
V(C=C) 1630, 1574, 1537, 1476; v(C=N) 1448, 1412; 8(CHs) 1360; vas(SOs); 1340; vas(CFs) 1281; v(C-O) 1258, 1228;
ve(CF3); 1128; vs(SOs) 1032; y(C-H)wom 1064, 1013, 969, 950, 905, 889, 840, 812, 786, 762, 728, 713, 639.
ESI-MS(+) m/z (%):  278(100) [CuL(H.0)(CHsCOOCHs)]**, 599 (89) [CuL(H20)(CHsOH)sCI]*, 553 (26)
[CULCI(CH3OH)(H.0)2]*; Anal. calc. for [Cu(C1sH2sN504)(H.0)(CF3S0s).] (767.13); C, 32.88; H, 3.55; N, 9.13; found:
% C, 32.29; H, 3.53; N, 8.98 %.
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Figure S1. Experimental and simulated PXRD spectra of compounds 1 and 2.
Table S1. Crystal data, data collection and structure refinement.
Compound 1 la 2
Formula C13H25CUN5052+ C18H25CUN5052+ C19H27CUN5052+
-2Cl104 -2C104 -2CF3S03-CH3CH,OH
Formula weight ~ 653.87 653.87 813.20
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a(A) 9.7716(4) 9.6287(4) 9.5535(7)
b(A) 11.9652(4) 11.9833(5) 9.9440(6)
c(A) 12.2930(6) 12.0249(5) 17.7730(11)
ao(®) 80.798(3) 79.263(3) 92.720(5)
B(°) 68.698(4) 68.067(4) 90.720(5)
Y(°) 84.505(3) 83.306(4) 94.166(5)
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V(A3) 1320.75(10)
Z 2
Dx(g cm®) 1.644
F(000) 670
u(mmt) 1.102
Reflections:
collected 22490
unique (Rin) 4658 (0.099)
with I>26(I) 4241
R(F) [I>26(1)] 0.1325
WR(F?) [I>26(I)] 0.3081
R(F) [all data] 0.1377
WR(F?) [all data]  0.3104
Goodness of fit 1.046

max/min Ap (e-A- 2.22/-1.13

1262.84
2

1.720
670
1.153

12243

5461 (0.235)

4874
0.0298
0.0699
0.0354
0.0731
1.049
0.41/-0.48

1681.86(19)
2

1.606

834

0.871

12543
6737 (0.024)
6071
0.0332
0.0797
0.0379
0.0829
1.031
0.67/-0.46

Table S2. Relevant geometrical parameters (A, °) with s.u.’s in parentheses. A and C are mean planes of terminal five-membered rings,
B — of central pyridine ring.

Table S3. Hydrogen bond data (A, °).

1 la 2
Cul-N2 1.964(8) 1.962(17) 1.9844(16)
Cul-07 2.489(8) 1.9689(16) 2.4475(15)
Cul-N9 1.996(8) 2.0084(16) 2.0113(17)
Cul-0O14 2.388(7) 2.3452(13) 2.3783(14)
Cul-N17 1.971(8) 1.9689(16) 1.9917(16)
Cul-O1A (O1W) 1.955(9) 1.9852(14) 1.9405(14)
N2-Cul-N17 178.0(4) 175.45(7) 174.86(7)
N9-Cul-O1A 175.1(4) 172.63(6) 171.94(7)
07-Cul-014 144.2(3) 144.29(5) 145.11(5)
A/B 73.9(4) 73.90(4) 72.82(7)
B/C 77.9(3) 77.91(3) 85.18(6)
A/C 76.11(5) 76.11(5) 74.47(7)
D H A D-H H-A DA D-H-—-A
1
N6 H6 0o4cC 0.86 2.19 2.995(16) 156
N15 H15 03B 0.86 221 2.956(16) 145
O1A H1A 018 0.93 2.52 3.040(13) 115
O1A H1A 02C 0.93 2.44 3.27(3) 149
la
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N6 H6 04C 0.83 2.16 2.973(2) 168
N15 H15 03B 0.88 2.15 2.919(2) 145
2

N6 H6 02B 0.88 2.25 3.056(2) 153
N15 H15 O1A 0.88 2.00 2.868(2) 168
Oo1w Hi1w1 01C 0.84 1.74 2.572(2) 171
Oo1w H1W?2 O3A 0.82 1.96 2.772(2) 170
01C H1C 03B 0.84 1.94 2.778(2) 173

Symmetry codes: ' x,1+y,z; "' 1-x,1-y,1-z.

Table S4. SHAPE analysis for 6-coordinated copper(Il) complexes that exhibit slow relaxation of magnetization.

Cul Cu2
Shape
P Symmetry 1 (this work) 2 (this work) (2017 Boca | (2017 Boca

(CN =6) etal.) etal.)

Johnson pentagonal
pyramid (J2) Csy 25.757 24.185 24.838 23.257
Pentagonal pyramid Csv 12.602 11.791 9.726 8.317
Octahedron On 3.936 3.723 3.854 4.313
Trigonal prism Dan 23.172 21.386 21.168 19.593
Hexagon Den 31.769 30.212 33.833 32.288

Table S5. SHAPE analysis for 1 and 2 assuming coordination number 4 as a function of different square planar planes.

1 2

_ N2-N9-N17- | MeOH-N9-O7- | N2-N17- N2-N9- | H20-N9- | N2-N17-

Shape (CN = 4) Symmetry MeOH 014 07-014 | N17-H.0 | 07-014 | 07-014
Plane Plane Plane Plane Plane Plane
Vacant trigonal Cav 32.758 28.151 22.294 30.056 28.284 22.795

bipyramid

Seesaw Cov 17.949 18.756 11.376 15.472 18.750 11.456
Tetrahedron Ta 31.741 33.375 20.136 28.531 33.017 20.851
Square planar Dan 0.077 4.097 4.669 0.308 3.935 4.172
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Figure S2. Temperature dependence of magnetic susceptibility and ymT product of 1(left) and 2 (right).
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Figure S3. Magnetization versus magnetic field, measured at 2 K of both complexes, 1 (left), 2 (right). Solid red lines show theoretical
Brillouin function for S =% and and g = 2.
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Table S6. Parameters from Debye>* model of complex 1.
T=18K T=2.4 K T=3K T=3.6K T=4 K T=4.6 K
T 0.003968 0.001901 0.001079 0.000710 0.000557 0.000427
a 0.251853 0.234399 0.213545 0.182279 0.198043 0.160460
i 0.229504 0.169299 0.133896 0.110691 0.099834 0.089990
X 0.015731 0.010726 0.085285 0.008126 0.007598 0.009630
R 1.14E-04 1.56E-04 1.84E-04 2.24E-04 1.08E-04 1.25E-04
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I11. CW-EPR

CW-EPR spectra were measured for the complexes 1 and 2 in the X- and Q-bands in the range from room temperature down
to liquid nitrogen and helium temperatures, respectively. Changes of EPR spectra for 1 and 2 as a function of temperature
are shown in Figure S7 and Figure S8, respectively and combined figure with representative temperatures (room, liquid

nitrogen, liquid helium) are in Figure S9.
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Figure S7. The temperature dependence of Q-band EPR spectra for complex 1.
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Figure S8. The temperature dependence of Q-band EPR spectra for complex 2.
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Figure S9. X-band (300K and 90K) and Q-band (10K) EPR spectra of 1 (a) and 2 (b) at 300K, 90K and 10K temperatures. Solid blue
line shows simulated spectrum; for complex 2 simulations were based on the use of one component only. Simulation for 1 (Q-band,
10K) was also performed with fixed parameter g1 = 2.000 and monomodal peak distribution (blue frame).

Sample superimposed EPR spectra obtained at 300 K for 1 and 2 are shown in Figure S10. These spectra enabled to
determine the EPR line parameters, i.e. the resonance field, line width Byp, and the EPR line intensity. Figure S11 shows the
temperature dependence of EPR line width By, for both compounds. Analysis of the temperature dependence of the width
and intensity of EPR line (Figures S10 and S11) has enabled to estimate the total intensity of the EPR line (Igpg) using the
relation: AB2, * Igpg, since this quantity is proportional to the area under the absorption curve. Figure S12 shows the
reciprocal dependence of the total EPR spectral intensity as a function of temperature down to liquid nitrogen regime.
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Figure S10. X-band EPR spectra for the Cu(ll) ion in complexes 1 (red) and 2 (blue) at 300 K.
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It appears that the data in Figure S12 are characteristic for the linear behavior predicted by the Curie law for slightly
exchange coupled ferromagnetic systems.>® However, the interpretation invoking exchange interactions between Cu(l1) ions
may be excluded based on the following arguments.
(1) The interatomic distances between Cu(ll) ions in complexes 1 and 2 are quite large, ranging from 0.8 - 0.95 nm,
moreover no suitable pathway for exchange interactions between neighboring Cu ions can be identified.
(2) The magnetic susceptibility studies (see Sections 2.4 and 2.5) indicate absence of exchange interactions.
(3) The EPR spectra observed by us for complex 1 are identical to the spectra from isolated paramagnetic centers.

For complex 2 a slight broadening of EPR lines at very low temperatures is observed, which may be ascribed either to very
weak exchange interactions between Cu(ll) ions or other factors. In any case, the above finding indicate that magnetic
interactions are negligible in complex 2, whereas the observed broadening is discernible only due to the high sensitivity of
the EPR method.

For complex 2 EPR spectra were first fitted using single center approach, i.e. taking into account separately one of the two
discernible spectral components: A and B. These results are shown in Figure S13 (300 K) and Figure S14 (91 K). In view
of the lack of satisfactory agreement, next we have considered combined simulations of both spectral components. The
existence of two centers in complex 2 is plausible based on the crystallographic structure. Figure S1 reveals two Cu(ll)
complexes in the unit cell, which are crystallographically equivalent but magnetically inequivalent being oriented in an
antiparallel way. The composite spectra obtained for complex 2 using two spectral components A and B arising from the
two centers are shown in Figure S15 (300 K) and Figure S16 (91 K).
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Figure S13. Experimental (exp) and fitted (fit) EPR spectrum using one spectral component only for complex 2 at 300 K.
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Figure S14. Experimental (exp) and fitted (fit) EPR spectrum using one spectral component only for complex 2 at 91 K.
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Figure S15. Experimental (exp) EPR spectrum for complex 2 and spectra simulated using: (i) simulations of separate lines (A, B) and
(ii) combined simulations of both spectral components (comb) at 300 K.
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Figure S16. Experimental (exp) EPR spectrum for complex 2 and spectra simulated using: (i) simulations of separate lines (A,B) and
(ii) combined simulations of both spectral components (comb) at 91 K.

Initially, we have encountered problems with interpretation of the temperature dependence of cw-EPR. Basically, there is
almost no change from room temperature to around 30 K for complex 2 (Figure S8). Then, below 30 K we observe changes
in the shape of the spectra, which can be due the appearance of two slightly distinct components. Interestingly, one
component is almost unchanged below 30 K, while the other component undergoes significant changes. Below 10 K the
changes of EPR spectra (see, Figure S7 - complex 1 and Figure S8 - for complex 2) are so large that their meaningful
interpretation pose problems. For complex 2 these problems may be solved by using two components, which results in a
much better matching of the simulated spectra and the experimental EPR spectrum (Figures S15 and S16). A more
meaningful interpretation of these changes would require other complementary measurements, which are beyond the scope
of this study. Note that also for complex 1 the spectra may be considered as due to two components, but both components
would appear the same above 30 K, whereas below 30 K one component undergoes some changes.

From the EPR data down to liquid nitrogen temperatures, it can be concluded that the perceived magnetization associated
to the paramagnetic centers in both compounds is negligible and thus follows a Curie-like behavior (compare with magnetic
studies Sections 2.4 and 2.5). This indicates that EPR spectra can be-ascribed to isolated paramagnetic centers in complexes
1 and 2. This finding means that exchange interactions, which could be acting in complexes 1 and 2, are indeed very weak
and incapable to produce long-range magnetization effects. Nevertheless, such negligible exchange interactions may be
strong enough to induce coalescence of lines and thus broadening of the spectra due to the hyperfine interactions.

For both complexes 1 and 2, calculations of energy levels were performed using EasySpin program* ® for the parallel (z) and
perpendicular (xy) directions of the static magnetic field Bo. Figures S17 and S18 show the energy levels as well as
microwave-induced transitions and their probabilities calculated using the fitted SH parameters in Table 1 for 300 K. The
figures illustrate the possible transitions between the states of the electronic spin (S = %2) and nuclear spin (I = %/,) observable
in our EPR studies and confirm the compliance with the observed spectra. 1). Transition energy levels at the resonance field
Bres are presented in Tables S7 and S8.
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Figure S17. Energy levels for complex 1 at resonance frequency 9.42108 GHz with Bo||z. Red lines show all possible transitions with
probability equal 1 generated automatically by EasySpin program.
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Figure S18. Energy levels for complex 1 at resonance frequency 9.42108GHz with By in the xy-plane. Red lines show all possible

transitions with probability from 0.98 to 1.0, blue lines - with probability from 0.0015 to 0.0026 generated automatically by EasySpin
program.

Table S7. Energy levels (ELs, in GHz) associated with the transitions at the resonance field (Bres) indicated in Figures S17 and S18 for
complexes 1 and 2.

complex 1 complex 1 complex 2 complex 2
Temp [K] 300 180 300 300
Band X Q X Q
Orientation|Bres Lower | Upper | Bres [Lower |Upper |Bres Lower [Upper |Bres Lower |Upper
ELs ELs ELs ELs ELs |ELs ELs ELs
[mT] | GHz GHz [mT] | GHz | GHz | [mT] | GHz | GHz | [mT] | GHz |GHz
Bol|z 272.4| -4.715 | 4.706 | 1042.9|-16.913(16.878| 272.3|-4.715| 4.705|1026.8|-16.914|16.879

289.4| -4.712 | 4.709 | 1060.5(-16.901|16.889| 284.2|-4.712| 4.708| 1040(-16.903|16.891
306.5| -4.709 | 4.712 |1077.9|-16.889(16.902| 296.0(-4.708| 4.712|1053.2|-16.891{16.903
323.5| -4.705 | 4.716 | 1095.5|-16.877(16.914| 307.9|-4.705| 4.715| 1066.3|-16.879|16.915
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Bol|(x,y) 309.6| -4.713 | 4.708 |1140.1)-16.905/16.886| 308.3|-4.712| 4.708|1135.4/-16.905|16.888
3194 | -4.711 4.71 | 1149.5|-16.899|16.892| 315.1|-4.711| 4.709| 1142.6(-16.900/16.894
3285 | -4.71| 4.711 |1158.7|-16.892|16.899| 321.5|-4.709| 4.711| 1149.8|-16.894|16.900
336.7 | -4.708 | 4.713 |1167.6|-16.886|16.905| 327.5|-4.708| 4.712|1156.7|-16.888|16.905

Table S8. Energy levels (ELs, in GHz) associated with the transitions at the resonance field (Bres) indicated in Figures S17 and S18 for
complex 2 and two components A and B.

Component A Component B
Bres Orientation | Lower | Upper | Bres Orientation | Lower | Upper
ELs ELs ELs ELs
[mT] GHz GHz [mT] GHz GHz
273.6 |Bllz -4.715 | 4705 | 284 [By|z -4.715 | 4705
289.8 -4.712 | 4.708 | 289.7 -4.712 | 4.708
306.0 -4.708 | 4.712 | 2955 -4.708 | 4.712
322.3 -4.704 | 4.716 | 301.3 -4.705 | 4.715
307.4 [Boll(x.y) 4713 | 4707 | 317.7 |Bdll(x.y) -4.711 | 4.709
316.6 -4.711 | 4.709 | 320.8 -4.709 | 4.711
325.1 -4.709 | 4.711 | 3238 -4.708 | 4.713
332.9 -4.707 | 4.713 | 324.6 -4.712 | 4.708
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Figure S19. Hyperfine energy levels of Cu(ll) ions in a coordination compound with allowed transitions indicated.
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CW EPR measurements enabled to determine the temperature dependence of the ger factor (Figure S21) and the EPR line
width Byp (Figure S22) for both compounds down to liquid helium temperature.
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Figure S21. Temperature dependence of the line width By, for the complexes 1 and 2.

Figure S22. X-ray graphical representations of crystallographically equivalent but magnetically inequivalent Cu(ll) pairs of 1 and 2.
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Figure S24. EPR spectrum obtained from PHI simulations using integration over three main directions of magnetic field, for linewidth
equal to 0.05 GHz, 0.15 GHz, 0.6 GHz along the x-, y-, z-axis, respectively. The indicated transitions correspond from upper to lower
to the magnetic field directed along the x-, y-, and z direction, respectively.
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V. Optical spectroscopy

The nearest surrounding of Cu(ll) ion in 1 is formed by 3 N atoms and 3 O atoms and the actual site symmetry of
Cu(ll) center is C1. The Figure S29 shows, that appropriate selection of (X, y, z) axis system (see Section 1V and
Table S9) allows to approximate the actual symmetry with C, symmetry. The axis system (X, y, z) was selected
with the origin (0, 0, 0) on the Cu atom, the oxygen atom O1A on the z axis, the N2 and N17 atoms almost exactly
on the x axis (angle 6 = 90.60°). The coordination polyhedron of Cu(ll) ion can be also considered as a distorted
octahedron (Sections 2.2 and 2.3). The major deviation from the ideal octahedron results from position of O7 and
014 atoms. The angles O7-Cu-O1A and O14-Cu-O1A are 111.13° and 104.56°, respectively, and the angles O14-
Cu-N2 and O7-Cu-N17 are 99.92° and 97.12°, respectively, whereas for perfect octahedron all angles should be
equal to 90°. Moreover, the Cu-014 and Cu-O7 distances (238.8 and 248.9 ppm) are larger than distances between
Cu and other atoms, which are very similar and confined within 195.6 pm (Cu-O1a) - 199.6 pm (Cu-N9) range.
This is also corroborated by the SHAPE calculations from the analysis of the deviations from the square planar
planes. From the three planes that can be constructed from the octahedral geometry by elimination of axial ligands,
the highest S value corresponds to the N2-N17-07-014 planes, both for complexes 1 and 2 (Tables S4 and S5).

Comparison of deviation between 1 and 2 in this plane is higher for 1 (4.669 vs 4.172) and this falls in line with
the results of magnetic studies i.e. that slow magnetic relaxation for the triflate analogue 2 is much faster than in
the case of 1. In addition, the deviation of the N2-N9-N17-MeOH/H,0 planes is also higher and should contribute
to the observed magnetic phenomena. Nevertheless, in spite of this deviation the use of the symmetry descent
scheme Oy, -> Dan -> C;, for rationalization of absorption spectrum of 1 is fully justified (Fig.6bottom). In the hole
formalism the degenerate 5d levels of 3d° configuration of Cu(ll) are split by an Oy, field into a double degenerate
2E4 and a triply degenerate %T,q states. A tetragonal distortion splits 2E4 into 2Bi1g(dx3-y?) and 2Aq4(dz?), whereas
2T,q into an orbital singlet ?Bog(dxy) and a doublet 2E4(dxy, dy,z).%® The tetragonal distortion may lead to shortening
or lengthening of the axial Cu-ligand bonds. In the first case the lowest energy level is ?Big(dx?-y?) and the
following relation between g values determined from EPR spectra are expected: gi> g1 > ge. Shortening of the axial
Cu-ligand bond corresponds to the 2A14(dz?) ground level and EPR spectra are then characterized by g: > gi= ge.%"
80 In our case the g-values obtained from EPR are g, = 2.26 and g, = 2.05 and this indicates that the ground level
would be dx2-y? at the tetragonal approximation. The lowering of symmetry from tetragonal to C, leads to
transformation of ?Big, 2A14 and 2B into 2A states, and the doublet 2Eq is splits into two 2B single states (Figure
6bottom). Moreover, for symmetry as low as C: a significant mixing is expected between 2A states originating
from 2E4(On) as well as between 2B states originating from 2T,4(Or) (Figure 6bottom). Accordingly, the lowest state
is expected to be a mixed dx2-y? and dz? state. An alternative interpretation could assume that the splitting of the
levels arising from Eq4(Op) is small. The absorption spectrum was measured starting from 4000 cm™ and no band
was observed in the energy range 4000 — 12,000 cm. Hence the energy difference between the two lowest levels
2A(Eg) would have to be smaller than 4000 cm™. Then the bands observed in the absorption spectrum would be
associated with transitions to 3 levels arising from T24(On). Figure S27 shows deconvolution of the spectrum into
3 bands obtained according to this assumption based on interpretation 1l. Matching the calculated and experimental
spectrum is slightly worse than in the case of deconvolution into 4 bands in the inset of Figure 6. Assuming this
alternative structure of energy levels and that the center of gravity of levels A(E,) is below 2000 cm™, then Dq can
be estimated as ~ 1285 cm™™.
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Figure S25. Absorption spectrum for the thin film of 1 measured at RT.
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Figure S26. Coordination of the nearest ligands around Cu(ll) ion in: (a) the complex 1 and (b) 2. The adopted Cartesian molecular axis
system (CMAS) (X, Y, Z) reveals the approximate C, symmetry of Cu(ll) center.
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Figure S27. Deconvolution of the spectrum of 1 into 3 bands.
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Figure S28. Absorption spectrum for the thin film of 1 and 2 measured at RT.
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V. Definitions of the axis systems (ASs) and input sets used for computational modelling of complex 1 and
2

Note that the crystallographic axis system (CAS) defined in cif file as (a, b, ¢) for 1 and 2 is non-Cartesian since the space
group is P1 for both structures. Hence, we have adopted the Cartesian molecular axis system (X, Y, Z) defined below with
respect to the structure of the ML, complex in each molecule. So defined AS is equivalent in nature to the notion of the
modified crystallographic axis system (CAS¥*), irrespective of various ways in which a CAS* may, in general, be selected
for ions in crystals. The nearest surrounding of Cu(ll) ion in 1 is formed by three N atoms and three O atoms and the actual
site symmetry of Cu(ll) center is C1. Considering very low symmetry of this ML, complex, it is convenient to employ the
ascent/descent in symmetry method, for references see, e.g. “#%. Here we have selected an axis system, which allows to
approximate most closely the actual triclinic symmetry with monoclinic C, symmetry. Hence, the axis system (X, Y, Z) was
selected with the origin (0, 0, 0) on the Cu atom, the oxygen atom O1A on the z axis, the N2 and N17 atoms almost exactly
on the x axis. This Cartesian molecular axis system, denoted for short as CMAS, is defined by the atomic positions (¢, 6,
R) within the ML, complex listed in Table S9 and is depicted in Figure S26.

Table S9. The atomic positions (¢, 6, R) within the ML, complex expressed in the CMAS (X, Y, Z) defined in Figure S26 for sets C,
and Cy.

1 2

Set C; Set C;
Cu 0.00 0.00 0.000 Cu 0.00 0.00 0.000
N2 -1.09 9440 1.964 N2 -2.11 9211  1.985

N17 -178.91 87.01 1.983 N17 -177.89 90.83 1.992
O7  -83.18 111.78 2472 O7  -80.84 11525 2447
014 100.01 103.42 2.385 014 98.45 99.65 2.378
N9  146.95 17457 2.007 N9 11180 172.26 2.011

O1A 0.00 0.00 1.990 Olw 0.00 0.00 1.943
Set Cyy Set Cov
Cul 0.00 0.00 0.000 Cu 0.00 0.00 0.000
N2 0.00 90.00 1.968 N2 0.00 90.00 1.988
N17 180.00 90.00 1.968 N17 180.00 90.00 1.988
O7 -90.00 107.95 2.439 o7 -90.00 107.45 2.413
014 90.00 107.95 2.439 014 90.00 107.45 2.413
N9 90.00 180.00 1.997 N9 90.00 180.00 2.011
O1A 0.00 0.00 1.952 Olw 0.00 0.00 1.943

The CMAS is used in all model calculations to ensure that the results are expressed in compatible axis systems. For the
reasons given below, two sets of the atomic positions are considered in this paper as input for modelling.

* Set denoted as XRD was obtained from the atomic positions (X, y, z) determined by Single Crystal X-Ray diffraction (see
Section 2.2) after proper rotation of the whole molecule to express the original (X, y, z) in the CMAS. This set exhibits the
actual triclinic C; symmetry.

* Sets denoted as Cyy and Op correspond to orthorhombic Cay and cubic On symmetry, respectively. The higher symmetry
approximations are considered in the spirit of the ascent/descent in symmetry method**® to facilitate direct comparison
with experimental data. These sets were generated by applying symmetrization procedure for the set XRD limited to the
ML, complex using the module SYMMOL®" %2 implemented in the WinGX - Version 2018.3 package® . The atomic
positions (¢, 6, R) within the ML, complex obtained for the symmetry approximated set C,, serve as input only for
semiempirical modelling. The cubic O, symmetry approximation is employed only for comparison of the CF energy levels
and to verify trends observed in CFPs for the respective symmetry cases.

On the one hand, the molecules 1 and 2 exhibit a high degree of structural similarity (see Section 2.2). Their approximate
closeness, at the level of the atomic positions (¢, 0, R) within the ML, complex, may be verified by comparing the respective
sets, see Table S9. On the other hand, distinct magnetic behavior of 1 and 2 have been observed, which may possibly be
accounted for by the computationally modelled quantities, including the CFP sets and the CF energy levels, the Zeeman
factors gi and the hyperfine tensor components Ai. Hence, it is worthwhile to explore the effect of crystallographic structure
of 1 and 2 on the modelled quantities at the level of: (a) the actual C; symmetry using ab initio modelling (see Section 2.9)
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as well as, for comparison, (b) the approximated C,, symmetry using semiempirical modelling (see Section 2.10).
Combination of the two modelling approaches enables comprehensive analysis of the properties of molecules 1 and 2 and
correlation of more accurate, but sophisticated, ab initio results (see Section 2.9) with intuitive interpretation of
semiempirical results. Semiempirical modelling provides also a simple method for interpreting optical spectra (see Section
2.8). Carrying calculations for two symmetry cases: C1 and Cyy, enables to study variation of, e.g. the excited state energies
and CFPs dominant in each case with the ascent/descent in symmetry as well as the low symmetry aspects inherent in CFP
sets. Detailed consideration of these aspects is envisaged in a forthcoming paper.
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V1. Computations using ab initio methods

Calculation of hyperfine structure for heavier elements like transition metals is still very demanding in terms of
methodology and computer resources.®® Therefore, we include only preliminary results. Generally, one could
calculate reasonable values of the A tensor computing 3 terms: Fermi contact term, spin dipolar term and term with
contribution of SOC to A.% % Since the A tensor depends on distribution of spin density, we have used Gaussian
finite nucleus model instead of point-charge model (implemented only for DKH).

In Tables S10 and S11 we calculate the Mulliken populations to show localization of charge and spin of Cu 3d electrons
and support modelling of compounds with pseudospin Hamiltonian. Table S10 in Sl lists Mulliken populations for Cu
atom and neighboring N and O atoms based on X-ray structures of complexes 1 and 2. The results show localization
of charge and spin of Cu 3d electrons and support modelling of compounds with pseudospin Hamiltonian?? with
value of spin equal to S = !4 (Sections IV and V in SI). Results of Mulliken analysis show that on 3d orbitals there
are 9.295 electrons, close to nominal value of 9. Spin for 3d shell is equal to 0.691, leaking mainly to N atoms.
Expectation value of operator of total S? is equal to 0.7521, close to ideal value of 0.75. Neighboring O atoms are
more electrically polarized than nitrogen atoms suggesting more ionic bonds, which is also supported by Loewdin
and Mayer analysis® (Table S11). The N atoms are more spin polarized than O atoms, suggesting that Cu-N are
more covalent bonds.

Energies of standard B3LYP hybrid functional are underestimated with respect to the CAM-B3LYP results. For functional
CAM-B3LYP three methods were utilized: (i) (simplified) Tamm-Dancoff Approximation®4, (ii) (simplified) TDDFT*® and
(iii) full TDA.®” Mulliken populations are listed in Table S12 and for the ground state these values are similar to those
calculated using standard DFT, whereas energies of excited states are listed in Table S13. Local charges and spins are almost
identical for methods (i) and (ii), but energies of STDA and TDA (Table S13) are closer to those calculated using
multiconfigurational SCF methods. Since molecules possess the Ci symmetry, the Kohn-Sham orbitals (microstates) in the
ground state may be degenerated only due to accidental degeneracy of spin orbitals. One-electron occupancies of microstates
contributing to the ground state were therefore studied and B3LYP results show (due to finite electronic smearing)
approximate order of KS orbitals.

These computations yield an approximate order of KS orbitals with major contribution of atomic 3d orbital as: the
lowest energy microstate is the doubly occupied 3dxz and (a spin orbital) 3dz? with minor admixture of 3dx2-y?,
followed by 3dyz and 3dxy orbitals. Next is well separated in energy 3dx2-y?, which is the closest occupied orbital
to the Fermi level. First unoccupied orbital is 3dz? with minor admixture of 3dx2-y? (B spin orbital). Occupied (o
spin orbital) counterpart of this spinorbital is the 3dz? lying near 3dxz microstate. Electron occupying this orbital
gives main contribution to the magnetic moment. Grouping of electrons is similar to that for higher symmetry cubic
case for 3d° ions, namely the degenerated state tq (3dxy, 3dyz, 3dxz) is separated from the degenerated state eq4
(3dx?-y?, 3dz?) lying closer to the Fermi level. The real 3d orbitals are expressed in the Cartesian molecular axis
system (CMAS) defined in Section V in SI. All 4 excited states within the ground multiplet ?D of Cu(ll; 3d°) ion
originate from excitations of electron density from occupied orbitals to only one  unoccupied orbital closest to
Fermi level (number 167b in ORCA output). This microstate has mainly 3dz? character consistent with DFT results
where unpaired electron (lone hole) in the ground state is of such symmetry. First excited state results mainly from
excitation of 3dx2-y? electron to 167b state, so we could approximate such state with hole on 3dx2-y? orbital. Second
and third excited states result from excitation of electron from dxy and 3dyz orbitals, fourth from 3dxz, 3dyz and
3dxy orbitals. Since TDDFT excited states are due to the d-electron excitations similarly as in the crystal field
picture, we assume that such TDDFT states correspond to the CF states.

In Table S13 excited states were calculated for complex 1, in Table S14 Mulliken, Loewdin and Mayer populations were
calculated using CASSCF approach, while Table S16 presents compositions of wavefunctions for one chosen state from
each Kramers doublet for complexes 1 and 2. In Table S17 we list values of the A tensor obtained using CASSCF and DFT.
MC-SCF methods are problematic for obtaining hyperfine constants due to difficulties with determining correct spin
densities in areas close to nuclei.®® Therefore we rely mainly on DFT methods®, where we have used increased accuracy
and combined the basis aug-cc-pVTZ-J and CP(PPP) for Cu atom. The closest results to experimental ones are obtained in
the Oth order of DKH correction to A, but the results seem not reliable since 2nd order DKH correction to A and DFT ZORA
are smaller by up to two orders of magnitude.

The inclusion of NEVPT2 dynamic corrections for complex 1 shifts the 1% excited state ~3000 cm™* up from the
ground state, and ~4000 cm™ for the 2", 3" and 4™ exited states. Difference between the 1% excited state and 2"
excited state is enlarged from ~700 cm™ to ~1600 cm*. Differences between the higher excited states obtained by

S33



CASSCF and NEVPT2 are similar. This suggests that dynamical correlations are most relevant for the two lowest
states with the unpaired 3dx2-y? and 3dz? electrons contributing to the magnetic moment. Because accurate
description of electronic correlations is crucial for optical spectra, the ab initio results are next mapped on effective
models to allow comparison with CF energy levels and semiempirical results in Sections 2.8 and 2.10 respectively.

Consequences of the enlarged separations of states due to inclusion of dynamic correlations at NEVPT2 level are
as follows. Due to such large separations, the mixing of states by SOC is small. The Kramers doublet states
resulting from action of SOC (Table S15) indicate that the relative energies are slightly changed with exception of
3 and 4™ excited states, which are now clearly separated in energy, while each being a Kramers doublet, as
expected for S = %. We have listed compositions of wavefunctions for one chosen state from each Kramers doublet
for complexes 1 and 2 in Table S16. Such states consist of two components: |S, +Ms> and |S, -Ms> with respective
mixing coefficients. Second states from each Kramers doublet have mixing coefficients interchanged for the
components |S, +Ms> and |S, -Ms>. In the case of complex 1 three lowest KD states consist mainly of one chosen
spin free state (i.e. root) with arbitrary spin direction with minor addition of the second spin free state with spin of
opposite direction. The fourth and fifth KD states are mixtures of spin free states originating from two roots, which
are the 3" and 4" excited NEVPT2 states. This is not surprising since the latter ones are relatively closer in energy
and SOC mixes them stronger. For complex 2, since all NEVPT2 spin free states are well separated, KD states are
only mixtures of states originating from one root.
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Figure S29. T plots versus temperature calculated with NEVPT2 for both compounds.

Table S10. Results of Mulliken populations for selected atoms (denoted by cif symbols) calculated using B3LYP DFT and CASSCF
for complexes 1 and 2. Charges are in units of |e| and spin in Bohr magnetons.

1 B3LYP CASSCF B3LYP CASSCF 2
Atom | Charge | Spin |Charge | Spin | Charge | Spin | Charge| Spin |Atom
Cul | 0.6856 | 0.6688 | 1.2939 (0.9788| 0.3863 |-0.014 | 1.1559 |0.9724| Cul
O7 |-0.4239(-0.0002|-0.6731|0.0009 |-0.3923|0.0006 |-0.6536|0.0008| O7
N9 |-0.1682| 0.1273 | -0.572 |0.0045|-0.2259|0.3141|-0.79790.0037 | N9
014 (-0.4232| 0.0001 |-0.6628|0.0007 |-0.3989|0.0017 | -0.6483 |0.0008 | 014
N2 [-0.1406| 0.0798 |-0.3651|0.0039|-0.1358| 0.04 |-0.3350(0.0035| N2
N17 |-0.1746| 0.0762 |-0.4903 |0.0041 |-0.1244|0.0307 | -0.3598|0.0038 | N17
O1A |-0.3631| 0.0347 |-0.5597|0.0024|-0.1829| 0 |-0.3085|0.0025| O1W
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Table S11. Mulliken populations for selected atoms calculated using B3LYP for complex 1 and basis set ZORA-def2-SVP with
exception of (*), where basis is def2-SPV. Charges are in units of |¢| and spin in Bohr magnetons; notation of atoms (symbol and number)

is as in cif file.

Atom: *Mulliken Mulliken Loewdin Mayer

Charge | Spin | Charge Spin | Charge Spin @ Charge
Cul 0.5682| 0.641 0.6856 0.6688 0.3097 0.6823 0.6856
o7 -0.4248 -0.0002 -0.4239 -0.0002 -0.1395 -0.0008 -0.4239
N9 -0.1236 | 0.1381 -0.1682 0.1273 0.0182 0.1132 -0.1682
014 -0.4243| 0.0001 -0.4232 0.0001 -0.114 -0.0004 -0.4232
N2 -0.1011 | 0.0857-0.1406 0.0798 -0.0142 0.0721 -0.1406
N17 -0.133 | 0.0821-0.1746 0.0762 -0.0285 0.0684 -0.1746
Ol1A |-0.2874 0.0351 -0.3631 0.0347 0.0361 0.0383|-0.3631

Table S12. Mulliken populations for selected atoms calculated using CAM-B3LYP for complex 1; charge is in units of |e| and spin is

in Bohr magnetons.

Atom: sTDA sTDDFT
charge | spin  charge @ spin

Cul 0.6929| 0.6986 0.6929  0.698
o7 -0.4182 -0.0004 -0.4182 -0.0004
N9 -0.1573  0.1175 -0.1574 0.1187
014 -0.4166 -0.0002|-0.4165 -0.0002
N2 -0.1373  0.0755 -0.1373 | 0.0757
N17 -0.1714 0.0717]-0.1715 0.0719
OlA -0.3647 0.0338/-0.3646 0.0339

Table S13. Energies of the excited states w.r.t. the ground state (in cm™) calculated using CAM-B3LYP for complex 1; results for

B3LYP are shown for comparison.

Excited CAM-B3LYP CAM-B3LYP CAM-B3LYP B3LYP
state sTDA sTDDFT TDA
Ist 12547 19471 12574 1360
2nd 17767 19706 17761 2920
3rd 17880 21108 17907 3517
4th 18512 21839 18578 4015

Table S14. Mulliken, Loewdin and Mayer populations for selected atoms of complexes 1 and 2 calculated using CASSCF approach.
Basis sets is of ZORA-def2-SVP with exception of *where basis is def2-SPV. Charges are in units of |e| and spin in Bohr magnetons;
notation of atoms (symbol and number) is as in cif file.

1 Mulliken 1 Loewdi
Atom Charge  Spin Charge
Cul 1.2939 1 0.9788 0.6336
07 -0.6731 |0.0009 -0.2295
N9 -0.572 1 0.0045 -0.0884

nl Mayer 1 Mulliken 2
Spin Charge Charge Spin
0.9727 1.2939 1.1559 0.9724
0.0016 -0.6731 -0.6536 0.0008
0.0052 -0.572 -0.6483 0.0008

Atom
Cu01
o7
014
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014 -0.6628 | 0.0007 -0.2331 0.0013 -0.6628 -0.3085 0.0025 o1w
N2 -0.3651 |0.0039 -0.0961 0.0045 -0.3651 -0.3350 0.0035 N2
N17 -0.4903 | 0.0041 -0.117 0.0045 -0.4903 -0.7979 0.0037 N9
OlA -0.5597 1 0.0024 -0.0422 0.0038 -0.5597 -0.3598 0.0038 N17

Table S15. Energies of Kramers doublet (KD) states (in cm™*) for complexes 1 and 2.
KD CASSCF NEVPT2 CASSCF NEVPT2

number 1 1 2 2

0 (GS) 0 0 0 0
1 9486 12515 9821 12196
2 10355 14170 10436 13959
3 12157 16071 12332 16566
4 13013 16893 13690 18353

Table S16. Composition of spin-orbit relativistic states being linear combinations of the nonrelativistic NEVPT2 states mixed by SOC,
which are denoted as: [number of root, S, Ms>. Only states with major weights are listed. Number of root means the consecutive number
of NEVPT2 state (0 is ground state (GS), 1 is 1%t excited state etc.).

KD KD states for complex 1 KD states for complex 2
number
0 (GS) | 0.7682|0 1/2 -1/2>+0.2278|0 1/2 +1/2> 0.8788|0 1/2 -1/2>+0.1168|0 1/2 +1/2>
1 0.836|1 -1/2 -1/2>+0.11|1 1/2 +1/2> 0.7245|1 -1/2 -1/2>+0.24|1 1/2 +1/2>
2 0.7022 1/2 +1/2>+0.19J2 1/2 -1/2> 0.87]2 1/2 +1/2>+0.07|2 1/2 -1/2>
3 0.373|4 1/2 +1/2>+0.272|3 1/2 -1/2>+0.207|3 1/2 +1/2> | 0.48|3 1/2 +1/2>+0.42|3 1/2 -1/2>
4 0.487|4 1/2 -1/2>+0.387|3 1/2 -1/2> 0.9/4 1/2 +1/2>

Table S17. The A-tensor components (in 10 cm™) for complex 1 obtained using ZORA approach and DKH one (including SOC
correction of the 0™ or 2" order).

A-tensor CASSCF DKH (2") B3LYP DKH (0™) B3LYP DKH (2" B3LYP ZORA
Ax -0.394 13.982 -0.4 -0.398
Ay -0.4 63.085 -0.459 -0.4
A, 0.837 65.225 0.853 0.853

We have calculated the A-tensor components (Ax, Ay, A;) in the principal axis system (PAS) using CASSCF and
DFT approach. Results are provided in Section V in SI. The free (spherical symmetry) Cu(ll; 3d°) ion has only one
(ground) multiplet 2D, which splits in octahedral symmetry CF into the lowest orbital doublet 2E4 and higher orbital
triplet 2T,4.2° We associate tentatively the ground state and the 1st excited state in Table 3 as originating from the
doublet, whereas the other excited states from the triplet. This sequence depends on the CF strength and the ?Eg4-
and 2T ,g-states may also intertwine. It is also validated by B3LYP one-electron occupancies of microstates (Kohn-
Sham orbitals) contributing to the ground state. To estimate roughly the value of the cubic CFP Dq, we averaged
energies of NEVPT2 states contributing to 2Eq and 2Toq. Their difference yields approximate value of the cubic CF
splitting 10Dq as 9213 cm, so Dg ~ 921.3 cm?, close to literature data?® of 1210 cm. The estimation of Dq from
TDA TDDFT yields Dg as 1179.5 cm, which is closer to literature data and compares well with those determined
in Section 2.8.

We have computed ab initio Ligand Field (LF) parameters, i.e. the matrix elements of Vs and Racah parameters
(A, B, C) as implemented in ORCA.2* 2* For the chosen active space in CASSCF or NEVPT2 a unitary operation
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is done to set all roots closest to L, single-configurational solutions. In single-electron picture these 5 states
correspond to the real 3d orbitals (or their combinations). Ligand field is understood as effective field acting on
single particle. Corresponding orbital energies obtained using CASSCF and NEVPT2 are listed in Table S18. As
expected for d or d° ions the computed Racah parameters B and C, which involve two-electron integrals, are zero,
whereas A = 217937 cm™ and A = 215623 cm™ for complex 1 and 2, respectively. Analysis of the LF results of
NEVPT2 for complex 1 indicates what follows. The energy 16215 cm of state with main contribution of 3dz?
electron is taken as reference energy. Then absolute energy differences between this energy and the excited states
energies are: 12680 (3dx?-y?), 14255 (3dxz), 16186 (3dxy), and 16215 (3dyz). These energy differences are almost
identical to NEVPT2 energies. This approach yields the lowest state as 3dz? hole, next state as 3dx?-y?, next two
states as mixed 3dxz and 3dyz, and the highest state as 3dxy. This assignment of the single-electron orbitals should
correspond directly to semiempirical results obtained using SPM/CFP for set C,, upon diagonalization of CF
Hamiltonian within the |L=2, M_> states of 2D multiplet (Section 2.10). One-electron excitations from the ground
state 3dz? to the 1st excited state 3dx2-y? correspond to optical transitions between NEVPT2 molecular states, so
our MC-SCF spectrum could be well modeled using LF model with single-particle states expressed as 3d real
orbitals. There is also agreement with TDDFT results, where excitations are mainly due to hopping of 3d electrons
to the first unoccupied orbital. Additionally, to gain better insight into optical spectroscopy results (Section 2.8),
using pure dipole approximation within NEVPT2 and CASSCF, we have calculated wavelengths corresponding to
optical transitions of CD and UV spectra. These values are (in nm): (788.6, 701.5, 617.8, 616.7) and (1031, 959.5,
818.8, 815.5), after conversion to [cm™] yield (12680, 14255, 16186, 16215) and (9699, 10420, 12212, 12262),
respectively, which in the first case compare very well with the experimental energy values of the transitions
(12743, 14441, 17073, 18056) (Section 2.8).

Table S18. Orbital energies (in cm™) calculated using ab initio Ligand Field for complexes 1 and 2. Orbitals expressed as the real 3d
functions correspond to respective LF states.

1 3d-orbitals: z? x2-y? Xz Xy yz
CASSCF 12263 2564 1841 50 0
NEVPT2 16215 3535 1960 29 0

2 3d-orbitals: z? X2-y2 + Xz X2-y2 + Xz yz Xy
CASSCF 13228 3256 2681 1095 0
NEVPT2 18030 5749 3982 1609 0
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VII. SPM and MSH analysis

The simplified MSH formulas?® *® for the factors gi were derived for Cu(ll; d°, S = %) in a tetragonally distorted
octahedron. In regular situations, when the EPR spectra are axial with equivalent x and y axes and two g values, g
(92) and g. (gx = gy), the ground state may be the |dx2-y? > or |dz? >. The following formulas were derived assuming

the ground state as dx2-y?, which applies to elongated octahedral, square pyramidal or square planar geometry: 2%
59

8¢
= 2.0023 + S6
g” - E(dxz_yz)_E(de) ( )

2§ 2¢
= 2.0023 + = 2.0023 + S7
o = E(dey)-E () " E(dey2)E(dy) &7

For Cu(ll; d®, S = '4) complexes the + sign applies in Eqs S6 and S7, so the g; factors are higher than ge (= 2.0023). Eqs S6
and S7 include only the spin-orbit coupling ({) contributions arising from the second order perturbation theory, which may
be not adequate for more realistic predictions. Similar formulas apply for the ground state |dz2>, which is an alternative
option for the idealized tetragonal site symmetry of a compressed octahedron.

A few important points bearing on reliability of usage of SPM/CFP predictions as input data for MSH formulas
must be considered.

(a) The CFPs obtained for set C,, (see Table 5) turn out to be highly non-standard?®* 25, since the respective
rhombicity ratios, B2 / B2o, are much greater than the maximum rhombicity ratio, i.e. 0.408, for CFPs in Wybourne
notation. Hence, for the reason given in point (b), orthorhombic standardization (OR/ST)%® 7° was carried out. In
general, the process of standardization limits the rhombicity ratio for CFPs in the Wybourne notation to the range
(0, 0.408), whereas CFPs or ZFSPs in the ESO notation to the range (0, 1) by a proper choice of the axis system.
Pertinent calculations are facilitated by the computer package CST.”™ 72 Note that applications of the
standardization amply indicate the advantage of systematic data presentation the parameter sets expressed in a
unique standardized form that ensures compatibility of data taken from various sources, see, e.g. for CFP sets®: 7
7376 'whereas for ZFSP sets® 777° and references therein. The standardized CFP sets are denoted in Table 4 as set
C,y after OR/ST.

(b) In the case of employing the CFPs obtained for set C,y and set Cyy after OR/ST as input for a diagonalization program
within the full 3d® configuration, the same energy levels would be obtained, since the standardization transformations leave
Hcr rotationally invariant.?*3! However, when employing the approximated MSH formulas®*4% 8-82 this may not be the case
for two reasons. First, the energies E; in Eg. (3) and (4) below are not exact solutions. Several approximations were made
during derivations of the MSH formulas using the higher order perturbation theory. Hence, it is essential to ensure that the
CFP sets to be used as input for subsequent MSH modelling exhibit the highest values of the dominant CFPs, i.e. those
corresponding to higher symmetry, while the minimal values of the CFPs corresponding to lower symmetry. In this case,
we shall maximize the tetragonal CFPs: Bao, Bag and Bas, While minimizing the remaining orthorhombic CFPs. These
conditions are ensured by application of proper orthorhombic standardization, which yields standardized CFP sets.

The points that bear on interpretation of results in Table S19 are as follows. (i) The numbering (i = 1 — 4) of CF energies
(Ei) does not reflect any ordering in magnitude. In Eq. (2) , E4 represents the splitting of the lower orbital E-doublet. The
values of E. are obtained as negative in our calculations. However, for proper interpretation of the sequence of CF energies
(-) sign of E4 must be changed to (+) sign, since here it only reflects the change of the nominal ground state within the lower
orbital E-doublet from one option to another, i.e. either |dx2-y? > or |dz? >. So the negative E,4 sign affects only that the
sequence of the states assigned to the first two CF energy levels and indicates that they should be inverted: | dx2-y? > €->
| dz?>. It does not mean that the negative value of E4 should be taken as the ground level and other levels rescaled to such
ground level set to zero. This finding bears significantly on interpretation of CF energies obtained from Eq. (2) and proper
comparison with optical spectra presented in Section 2.8. Note that for monoclinic C, and triclinic C; symmetry the ground
state becomes an admixture of both states |dx2-y? > and |dz2> (Sections 2.8 and 2.9). (ii) It should also be noted that by
reducing the set of four orthorhombic CF energies E;i (i = 1 — 4) in Eq. (2) to the tetragonal case by setting orthorhombic
CFPs to zero, instead of two CF energies E; (i = 1, 2) in Eqg. (1), we obtain three CF energies: Ei, E; = Ez and Ea4. This
mismatch arises from omission in3: 3.8 of the third CF energy level E4, which exists for tetragonal symmetry. This can be
checked by reducing orthorhombic equations for gi and A; to tetragonal case. Then, it turns out that the CF energy E4, which
represents the splitting of the lower orbital E-doublet for tetragonal symmetry, gives no contributions to gi and A;. It appears
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that for this reason E4 was simply omitted in MSH formulas in source papers.3*° (iii) There is an apparent problem: how
to explain that the Dq values in the lower (OR) part of Table 9 differ from those in the upper (TE) part, which are equal to
the respective ‘input’ Dq values? This is due to different formulas adopted in calculations of the cubic CF parameter Dq in
the TE and OR case. The Dq values adopted in the TE case are those experimentally determined from optical spectra, which
directly correspond to E; in Eq. (1), whereas no specific relation was provided for Dq in.3**° However, in the OR case Dq,
i.e. E1 in Eq. (2), is calculated using the relation:®82 Dqg = +/70/105 B,,. The differences between the OR and TE Dq
values amount up to about 30% for set C,, after OR/ST, whereas only 5% for set C..

Table S19. The conventional CFPs calculated using the CFPs Byq in Table 5 together with energy levels: E; (all in cm) and SHPs: g
(dimensionless) and A; (in 10 cmY).

TE formulas adopted

Complex 1 Complex 2
Cav Cav after OR/ST Cov Cay after OR/ST
Dqg 1285 1015 1285 1015 1285 1015 1285 1015
Ds -2276 -1798 4103 3241 -2288 -1807 3819 3017
Dt -282 -222 873 689 -293 -232 818 646
E1 12850 10150 12850 10150 12850 10150 12850 10150
E2 7431 5869 20794 16427 7452 5886 20218 15972
oL 2.1168 = 2.1469 @ 2.0499 @ 2.0646 2.1165 2.1464 2.0510 @ 2.0659
o 22879 | 23699 @ 2.2713 @ 23432 2.2879 23697 2.2715 2.3435
Al 16.1 22.9 0.9 4.2 16.0 22.8 11 4.5
Al -1719  -152.0 @ -168.4  -1495 -1719 -152.0 -168.5 @ -149.6
OR formulas adopted
Dq 1220 963 1893 1495 1181 932 1829 1444
Ds -2276 -1798 4103 3241 -2288 -1807 3819 3017
Dt -282 -222 873 689 -293 -232 818 646
D¢ 1977 1561 -150 -118 1783 1409 -252 -199
Dn 610 482 129 102 559 442 96 76
E1 12195 9627 18931 14945 11810 9324 18293 14441
E2 3287 2589 27839 21983 3300 2599 26804 21165
Es 10266 8104 25910 20460 9526 7520 24519 19361
E4 10512 8303 20775 = 16409 = 10619 8387 19367 = 15296
Ox 2.2423 | 23003 = 2.0358 @ 2.0455 = 22420 22997 @ 2.0371 2.0473
Oy 2.1008 = 2.1342 2.0382 @ 2.0487 @ 2.1063 @ 2.1406 2.0403 2.0514
(9x+gy)/2 21716 | 22173 @ 2.0370 = 2.0471 21742 22202 2.0387 2.0494
0z 23236 | 24232 21852 @ 22341 2.3343 24372 21916 2.2425
Ax 140.1 154.7 84.2 86.4 139.6 154.2 84.5 86.8
Ay -83.0 -76.9 -88.3 -85.9 -814 -75.0 -87.8 -85.2
(Ax+Ay)/2 | 2855 38.9 -2.05 0.25 29.1 39.6 -1.65 0.8
A; -126.4 -92.0 -183.1 -167.7 = -123.0 -87.6 -181.1 = -165.0
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Table S20. The axial gi (dimensionless) and hyperfine parameters A; (in 10 cm™) reported for Cu(ll) ions in various compounds.

Compound o] o A AL Ref. 10Dq
CaB407: 1464 270 84
Cuo 2.32 2.06 [154.5]* [28 5] Expt
2.32 2.06 -154 -28 Theo.® 13330
LiRbB4O7: _ 85
CuO 2.4451 2.0561 158 Expt.
2.445 2.058 -166 -22 Theo.%®
[CuLs] 158.2 86
2MeOH& 2.260 2.050 [167]*4 Expt.

* The original Ajvalues in units of [Gauss] were converted to [cm™] using relation: P [Gauss] => g x 0.4669 x P [10-* cm™'], where g is

the spectroscopic splitting factor.
& L — deprotonated form of 2-methoxy-6-(E-2-pyridyliminomethyl)-phenol.

# No units were assigned for the value 167 but since EPR spectra were in [G], we assumed [G] for A..
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7. D. Marcinkowski, M. A. Fik, T. Luczak, M. Kubicki, V. Patroniak ,,New Mn(II)
complexes with benzoxazole-based ligands: synthesis, structure and their electrochemical

behavior”, Polyhedron, 2018, 141, 125-132.

8. M. Walesa-Chorab, D. Marcinkowski, M. Kubicki, Z. Hnatejko, V. Patroniak , The
Jformation of mononuclear iron(ll) and zinc(Il) complexes and dinuclear mesocates of

copper (II) with pyrazine-bis(bipyridine) ligand”, Polyhedron, 2016, 118, 1-

Prowadzitam bezposredni nadzor nad pracami doktoranta. M¢j udziat polegat na pomocy w

opisach wynikow badafi we wszystkich wymienionych wyzej publikacjach, a takze dyskusji z

(@afww

recenzentami.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scistych

Poznan, 16.10.2023 r.

Dr Adam Gorczynski

Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydziat Chemii

Zaktad Syntezy Nanostruktur Funkcjonalnych

Oswiadczenie Promotora pomocniczego

Potwierdzam swoj wktad w nastepujace publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna
M. Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected
structural complexity of d-block metallosupramolecular architectures within the
benzimidazole-phenoxo ligand scaffold for crystal engineering aspects”, Sci. Rep., 2023,
praca zaakceptowana 16.10.2023 r.

Moj udziat obejmuje: syntezg oraz charakterystyke (‘"H NMR, 3C NMR, ESI-MS,
FT-IR) liganda H;L!, synteze zwigzkow kompleksowych z ligandem: H;L!: 3 -
[Cda(HL')2]; 4 - [Mna(HL")]; 6 - [Niz(H3L"NH),(MeOH)>(MeCN)2](Cl04)s; 7 -
[Fe(H;L'"®H)CL][FeCls]; 8 - [Cos(H2L'C)2(OH)2(H20)2(MeCN)(MeOH)](ClO4)s;
10 - [Co(H;L'"NH);](ClO4)3(MeOH)2(H20)3; 11 - [Ni(H3L!"NH),](Cl04)2(MeOH)3
ich charakterystyke strukturalno-spektroskopowg (FT-IR, XRD, DTA, analiza
elementarna), otrzymanie monokrysztalbw odpowiednich do pomiaréw
rentgenostrukturalnych, przygotowanie ,,Supplementary Information”. Bralem
takze udzial w pisaniu manuskryptu, przygotowaniu grafik, badaniach 'H NMR,
dyskusji korelacji struktura- wlasciwosci magnetyczne. Uczestniczylem aktywnie

w dyskusjach z recenzentami.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
Szkola Doktorska Nauk Scislych

2. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziol, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorczynski, ,, Trityl-based lanthanide-supramolecular —assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

Moj wktlad obejmowal: synteze zwigzkéw kompleksowych z ligandami: HL!: 2 -
[Dy(LY)2(MeOH):](NO3); 4 - [Er(L'Y)2(MeOH)15(H20)05](NO3) oraz HL?* 6 -
[Er2(L2)3](NO3)3 ich charakterystyke strukturalno-spektroskopowa (ESI-MS, FT-IR,
XRD, DTA, analiza elementarna), otrzymanie monokrysztatow odpowiednich do
pomiar6w rentgenostrukturalnych, przygotowanie ,,Supplementary Information”.
Bratem takze udzial w pisaniu manuskryptu, przygotowaniu grafik, dyskusji zaleznosci
struktura-wlasciwosci magnetyczne oraz potencjalnych wielofunkcyjnych zastosowan
opartych na metodach tektoniki molekularnej. Uczestniczylem aktywnie w dyskusjach

Z recenzentami.

3. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed A¢ikgdz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
wUnderstanding the effect of structural changes on slow magnetic relaxation in

mononuclear octahedral copper(ii) complexes” Dalton Trans., 2022, 51, 12041-12055.

Moj wkiad obejmowat: wykonanie obliczen SHAPE, interpretacje otrzymanych wynikow,
przygotowanie ostatecznej wersji manuskryptu, konceptualizacj¢ pracy, dyskusja korelacji
magneto-strukturalnych, przygotowanie grafik, przygotowanie ,,Supplementary Information”.

Uczestniczytem aktywnie w dyskusjach z recenzentami.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
Szkola Doktorska Nauk Scistych

Poznan, 16.10.2023 r.
Prof. dr hab. Maciej Kubicki
Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydziat Chemii
Zaklad Krystalografii

Oswiadczenie o wspélautorstwie

Potwierdzam swoj wklad w nastepujace publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna
M. Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected
structural complexity of d-block metallosupramolecular architectures within the
benzimidazole-phenoxo ligand scaffold for crystal engineering aspects”, Sci. Rep., 2023,
praca zaakceptowana 16.10.2023 r.

2. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziol, Szymon
Chorgzy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorezynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

3. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed Acikgoz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
,Understanding the effect of structural changes on slow magnetic relaxation in

mononuclear octahedral copper(ii) complexes” Dalton Trans., 2022, 51, 12041-12055.

Moj udziat w wyzej wymienionych publikacjach polegat na pomiarach dyfraktometrycznych

monokrysztalow i opisie uzyskanych wynikow. Uczestniczylem aktywnie w dyskusjach z

recenzentami.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scistych

Prof. dr hab. Robert Podgajny

Uniwersytet Jagiellonski w Krakowie

Wydziat Chemii

Zespot Nieorganicznych Materiatow Molekularnych

Krakow, 16.10.2023 r.

Oswiadczenie o wspolautorstwie

Potwierdzam swo6j wktad w nastgpujace publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna
M. Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected
structural complexity of d-block metallosupramolecular architectures within the
benzimidazole-phenoxo ligand scaffold for crystal engineering aspects”, Sci. Rep., 2023,
praca zaakceptowana 16.10.2023 r.

2. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziot, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorcezynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

Mo¢j udziat w wyzej wymienionych publikacjach polegat na koordynowaniu prac badawczych
zwigzanych z okreSleniem wlasciwosci magnetycznych uzyskanych potaczen: nad
wykonywaniem pomiardw magnetycznych, interpretacjg i opisem otrzymanych wynikow.
Bratem takze udzial w konceptualizacji pracy, przygotowaniu manuskryptu i grafik oraz
aktywnie uczestniczytem w dyskusjach z recenzentami. W pracy nr 1 przprowadzilem tez

procedury dopasowania danych magnetycznych celem uzyskania parametréw Jex, g1 D.

|
/ ( / f Podpisany elektronicznie przez
“ O 9 Robert Jerzy Podgajny
© 16.10.2023
17:48:37 +02'00°
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Universita degli Studi di Catania
Dipartimento di Scienze Chimiche

Viale A. Doria, 6

I-95125 Catania

Italy

Prof. Giuseppe Consiglio
Tel: 0039 095 7382828

email: giuseppe.consiglio@unict.it

Catania, 16™ October 2023

Declaration of co-authorship

I acknowledge my contributions to the following publications:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna M. Majcher-Fitas,
Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected structural complexity of d-block
metallosupramolecular architectures within the benzimidazole-phenoxo ligand scaffold for crystal

engineering aspects”, Sci. Rep., 2023, accepted 16.10.2023.

My contribution includes supervision on NMR analysis and interpretation of titrations and temperature

dependent NMR of ligand HsL!. I provided the resources to conduct the experiments.

2. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta Patroniak, Tomasz
Slusarski, Muhammed Agikgoz, Daria Szeliga, Nahir Vadra, Mirostaw Karbowiak, Ireneusz Stefaniuk,
Czestaw Rudowicz, Adam Gorczynski, Maria Korabik, ,,Understanding the effect of structural changes
on slow magnetic relaxation in mononuclear octahedral copper(ii) complexes” Dalton Trans., 2022, 51,

12041-12055.

My contribution includes supervision on synthesis, NMR analysis and interpretation of ligand. I provided the

resources to conduct the experiments.

Faithfully yours

frg Gt

Giuseppe Consiglio


mailto:giuseppe.consiglio@unict.it

UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

[AAM Szkola Doktorska Nauk Scistych

Krakow, 16.10.2023 r.

Dr Anna M. Majcher-Fitas

Uniwersytet Jagiellonski w Krakowie

Wydziat Fizyki, Astronomii i Informatyki Stosowanej
Zaklad Inzynierii Nowych Materiatow

Oswiadczenie o wspélautorstwie

Potwierdzam swdj wktad w nastepujace publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko,
Anna M. Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak,
,» Unexpected structural complexity of d-block metallosupramolecular architectures within
the benzimidazole-phenoxo ligand scaffold for crystal engineering aspects”, Sci. Rep.,

2023, praca zaakceptowana 16.10.2023 r.

2. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziol,
Szymon Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny,
Adam Gorezynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

Mo¢j udzial w wyzej wymienionych publikacjach polegal na pomiarach magnetycznych

zwigzkéw kompleksowych i analizie otrzymanych wynikow.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkota Doktorska Nauk Scistych

Prof. UAM dr hab. Zbigniew Hnatejko
Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydziat Chemii

Poznan, 16.10.2023 r.

Oswiadczenie o wspoélautorstwie
Potwierdzam swoj wktad w nastepujacg publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Giuseppe Consiglio, Zbigniew Hnatejko, Anna
M. Majcher-Fitas, Robert Podgajny, Adam Gorczynski, Violetta Patroniak, ,, Unexpected
structural complexity of d-block metallosupramolecular architectures within the
benzimidazole-phenoxo ligand scaffold for crystal engineering aspects”, Sci. Rep., 2023,
praca zaakceptowana 16.10.2023 r.

M¢j wudziat w wyzej wymienione] publikacji polegal na wykonaniu pomiaréw

spektrofotometrycznych (widm absorpcji i emisji zwigzkéow 1, §, 12, 13), wyznaczeniu

\o

wydajnosci kwantowych oraz interpretacji otrzymanych wynikow.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
Szkola Doktorska Nauk Scistych

UM

dr Tadeusz Muziot

Uniwersytet Mikotaja Kopernika w Toruniu
Wydzial Chemii

Katedra Chemii Nieorganicznej i Koordynacyjnej

Torun, 20.09.2023 r.

Oswiadczenie o wspolautorstwie
Potwierdzam swoj wklad w nastgpujaca publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziol, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorczynski, , Trityl-based lanthanide-supramolecular — assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

M6j udziat w wyzej wymienionej publikacji polegat na pomiarach dyfraktometrycznych
monokrysztatu zwigzku [Dy(L')2(MeOH)2](NOs) i opisie uzyskanych wynikow.

Vaders; Huniol
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scistych

Krakow, 16.10.2023r.

Dr hab. Szymon Chorazy, prof. UJ

Uniwersytet Jagiellonski w Krakowie

Wydziat Chemii

Zaktad Chemii Nieorganicznej

Grupa Wielofunkcyjnych Materialow Luminescencyjnych

Oswiadczenie o wspolautorstwie

Potwierdzam swdj wktad w nastepujaca publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziot, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorezynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow
magnetic relaxation”, Chem. Eur. J., 2023, 29, e202300695.

Moj udziat w wyzej wymienionej publikacji polegat na udziale w planowaniu i wykonaniu
pomiaréw magnetycznych, ich interpretacji i przygotowaniu stosownych fragmentow tekstu

manuskryptu, oraz dyskusji i opisaniu korelacji z wynikami obliczen teoretycznych ab initio.

15:13:35 +02'00'

Podpisany elektronicznie przez
Szymon Chorgzy
;LM J)?‘ 16.10.2023
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scistych

Krakow, 16.10.2023

Prof. dr hab. Robert Podgajny

Uniwersytet Jagiellonski w Krakowie

Wydziat Chemii

Zespot Nieorganicznych Materiatow Molekularnych

w imieniu dr. Le Shi (obywatela ChRL)

Oswiadczenie
Dotyczy pracy:

1. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziol, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorczynski, ,, Trityl-based lanthanide-supramolecular assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, €202300695.

Jako opiekun stazu podoktorskiego p. dr. Le Shi na Wydziale Chemii UJ w Krakowie w
okresie od stycznia 2021 r. do czerwca 2022 r. os§wiadczam, ze udziat p. dr. Shi w powyzszej
pracy polegat na wykonaniu cze$ci pomiardéw magnetycznych, wstepnej interpretacji danych

oraz przygotowaniu wstepnej wersji stosownego fragmentu manuskryptu.

/-\ ) o
}- ( / [ Podpisany elektronicznie przez
( U Raobert Jerzy Podgajny
7/ 16.10.2023
\ 17:49:47 +0200°
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

u/qM Szkota Doktorska Nauk Scistych

Krakow, 20.09.2023 r.

Mgr Mikotaj Zychowicz
Uniwersytet Jagiellonski w Krakowie
Wydzial Chemii

Grupa Wielofunkcyjnych Materialow Luminescencyjnych
Oswiadczenie o wspolautorstwie
Potwierdzam swoj wktad w nastepujgca publikacje:

1. Dawid Marcinkowski, Maciej Kubicki, Violetta Patroniak, Tadeusz Muziot, Szymon
Chorazy, Le Shi, Mikotaj Zychowicz, Anna M. Majcher-Fitas, Robert Podgajny, Adam
Gorezynski, , Trityl-based lanthanide-supramolecular —assemblies exhibiting slow

magnetic relaxation”, Chem. Eur. J., 2023, 29, ¢202300695.

M¢j udzial w wyzej wymienionej publikacji polegat na zaplanowaniu i wykonaniu calosci
obliczen teoretycznych, opracowaniu wynikéw pomiarow magnetycznych dla badanych

zwigzkOw oraz ich interpretacji wraz korelacja z symulacjami ab initio.

F.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

[AAM Szkota Doktorska Nauk Scislych

Dr Ariel Adamski

Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydziat Chemii

Zaktad Syntezy Nanostruktur Funkcjonalnych

Poznan, 20.09.2023 r.

Oswiadczenie o wspoélautorstwie
Potwierdzam swdj wkiad w nastgpujaca publikacjg:

1. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed Acikgoz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
wUnderstanding the effect of structural changes on slow magnetic relaxation in

mononuclear octahedral copper(ii) complexes™ Dalton Trans., 2022, 51, 12041-12055.

M6j wkiad obejmowat: synteze oraz charakterystyke strukturalno-spektroskopows (‘H
NMR, '3C NMR, ESI-MS, FT-IR, analiza elementarna) nowego liganda L!, otrzymanie
monokrysztalow odpowiednich do pomiaréw rentgenostrukturalnych, przygotowanie

opisu czesci eksperymentalne;j.

7/1#1'85 Lelomsla
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scislych

Poznan, 20.09.2023 r.

Dr Tomasz Slusarski.

Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydziat Chemii

Zaktad Spektroskopii i Magnetyzmu

Oswiadczenie o wspolautorstwie
Potwierdzam swoj wktad w nastepujgcg publikacje:

1. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed Acikgoz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
»Understanding the effect of structural changes on slow magnetic relaxation in

mononuclear octahedral copper(ii) complexes™ Dalton Trans., 2022, 51, 12041-12055.

M9j udzial w wyzej wymienionej publikacji polegal na wykonaniu obliczed DFT/CASSCF i
opisie uzyskanych wynikéw. Uczestniczylem aktywnie w pisaniu manuskryptu oraz

dyskusjach z recenzentami.

S/[/U\’éc;/)]/u‘
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Szkola Doktorska Nauk Scistych

New York, 20.09.2023 r.

Prof. Muhammed A¢ikg6z

The State University of New York (SUNY)
Maritime College

Department of Science

New York 10465, USA

Declaration of co-authorship
| acknowledge my contributions to the following publication:

1. Dawid Marcinkowski, Ariel Adamski, Maciej Kubicki, Giuseppe Consiglio, Violetta
Patroniak, Tomasz Slusarski, Muhammed Acikgoz, Daria Szeliga, Nahir Vadra, Mirostaw
Karbowiak, Ireneusz Stefaniuk, Czestaw Rudowicz, Adam Gorczynski, Maria Korabik,
,understanding the effect of structural changes on slow magnetic relaxation in
mononuclear octahedral copper(ii) complexes” Dalton Trans., 2022, 51, 12041-12055.

My contribution includes theoretical studies: Superposition Model (SPM) and Microscopic

Spin Hamiltonian (MSH) computations and their respective analysis.
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